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Theropods are a widely taxonomically, paleobiogeographically and morphologically diverse 
group that include the extant birds. The non-avian theropod record in the Iberian Peninsula 
is represented by Portuguese taxa and some fragmentary remains in Spain. However, the two 
taxa founded in Las Hoyas fossil site represent the most complete theropod inside the Iberian 
Peninsula and Europe. 

Las Hoyas fossil site is a Konservat-Lagerstätte that is reconstructed as a subtropical wetland 
with a strong biannual seasonality.  The fossils from Las Hoyas are characterized by their 
completeness, articulation and preservation of soft-tissues and colour patterns. Two non-avian 
theropods founded in this site, Pelecanimimus polyodon and Concavenator corcovatus, show these 
preservation features, which allow to perform an exhaustive paleoecological analysis.

Concavenator is the most complete dinosaur founded in the locality and, also, it represents the 
largest taxon preserved. Although its taphonomic features are coherent with the preservation 
framework of the Las Hoyas wetland, its terrestrial condition and size are infrequent in the fossil 
site, and thus, its presence raises issues about its processes of preservation. One of the aims 
of the current PhD thesis is reconstructing the taphonomic history that affect to Concavenator 
carcass. The methodology consists of several methods proposed in previous studies about the 
archosaurian preservation in Las Hoyas fossil site. The taphonomic analysis shows that Concavenator 
carcass suffered several processes as: early decay, dragging and slightly transport, rehydration 
and, finally, entombing into the microbial mats developed in Las Hoyas pools. These processes 
were consistent with the dynamic of the climate in Las Hoyas during the Lower Cretaceous. 
Therefore, the results not only clarify the processes produced on Concavenator, but it also sheds 
light on the understanding of mechanism acting in Konservat-Lagerstätten throughout the world. 

The exquisite preservation of Concavenator allows to discern several anatomical features in the 
skeleton and soft-tissues impressions. In this PhD thesis, these soft-tissues impressions have been 
analysed and the results have determined a new conception of various anatomical structures, 
such as the avian podotheca.  This podotheca is consisting of three types of scales, similar to 
those observed in the extant birds, plantar pads with an arthral disposition and corneous sheet 
around the ungual phalanges. Moreover, the completeness of the skeleton has allowed to carry 
out an exhaustive osteological description and phylogenetic analysis. Concavenator is a basal 
member of Carcharodontosauridae and has several synapomorphies within the clade as the 
lacrimal-postorbital contact or a peg-and-socket articulation between the ilium and ischium, 
among others.  This phylogenetic position of Concavenator has the best obtained support value 
of branches until now.

Historically, carcharodontosaurids have been considered exclusively from Gondwana, however, 
recent discoveries show several taxa throughout Laurasia. The European position of Concavenator 
during the Early Cretaceous is key to understand the faunal interchanges between both continents. 

Finally, two unusual and striking features are present in Concavenator, a series of bumps on the 
ulnar shaft and hypertrophied neurapophyses of the posterior dorsal and anterior caudal vertebrae. 
Both features have been analysed in the current thesis. The muscle reconstruction of the forearm 
suggests that the bumps are not related to myological origin. Regarding the axial skeleton, the 
unusual features of its vertebrae bestow stiffness during the locomotion and these features could 
be related to the presence of an axial structure in the pelvic area. These results propose new 
future research projects in order to determinate the functional morphology of both structures. 





RESUMEN





Resumen

7

Los terópodos son un grupo de dinosaurios muy diverso taxonómicamente, 
paleobiogeográficamente y morfológicamente, que incluye a las aves actuales. El registro de 
terópodos no avianos en la Península Ibérica está restringido a varios taxones del Jurásico y 
Cretácico, generalmente representados por restos fragmentarios en España. Sin embargo, dos de 
los taxones más completos en la Península Ibérica y en Europa han sido hallados en el yacimiento 
de Las Hoyas (Cuenca).

Las Hoyas es un yacimiento de conservación excepcional que ha sido interpretado como un 
humedal subtropical con una fuerte estacionalidad anual. Los fósiles de Las Hoyas se caracterizan 
por hallarse con frecuencia prácticamente completos, articulados y preservar a menudo tejidos 
no esqueléticos y a veces patrones de coloración. Los dos taxones de terópodos no avianos 
hallados, Pelecanimimus polyodon y Concavenator corcovatus, presentan evidencia tegumentaria que 
permite realizar un estudio más informativo de su modo de vida.

Concavenator corcovatus es el dinosaurio más completo hallado en Las Hoyas y el fósil de 
mayor tamaño. A pesar de que sus características tafonómicas son coherentes con el marco 
de preservación del paleo-humedal, los taxones terrestres de gran tamaño son  escasos en el 
yacimiento y su presencia suscita cuestiones sobre su preservación. Por tanto, una de las líneas 
de investigación de la presente tesis doctoral se centra en reconstruir la historia tafonómica en 
base a procesos bioestratinómicos y fosildiagenéicos que  afectaron a la carcasa de Concavenator. 
El protocolo realizado para este estudio se basa en metodologías aplicadas previamente en el 
registro de arcosaurios de este yacimiento. Los análisis tafonómicos muestran que la carcasa 
de Concavenator sufrió procesos de descomposición temprana, arrastre y ligero transporte, 
rehidratación y, finalmente, hundimiento dentro del tapete microbiano desarrollado en las lagunas 
del yacimiento de Las Hoyas.  Estos procesos son congruentes con la dinámica climática de Las 
Hoyas durante el Cretácico Inferior. Los resultados obtenidos no sólo esclarecen los procesos 
que afectaron a Concavenator, sino que también arrojan luz a la comprensión de los mecanismos 
que actúan en los Konservat-Lagerstätten a nivel general.

Diversas características anatómicas, tanto esqueléticas como no esqueléticas, son posibles 
de determinar gracias a la exquisita preservación de Concavenator. En la presente tesis 
doctoral los distintos tejidos no esqueléticos preservados han sido analizados. Los resultados 
determinan una nueva concepción de diversas estructuras anatómicas, como es el caso de una 
podoteca aviana, que por primera vez puede describirse con cierta precisión en un terópodo 
no aviano. Esta podoteca está constituida por tres tipos de estructuras tegumentarias: escamas 
similares a las de las aves actuales, almohadillas plantares con una disposición artral y estuches 
córneos recubriendo las falanges ungueales. Además, el esqueleto prácticamente completo 
de Concavenator ha permitido realizar una exhaustiva descripción osteológica y analizar 
posteriormente las relaciones de parentesco del taxón. Concavenator ocupa una posición basal 
dentro del clado Carcharodontosauridae y posee varias sinapomorfías que sustentan esta 
hipótesis,  como son el contacto lacrimal-postorbitario o una articulación cóndilo-cotilar entre 
el ilion y el isquion, entre otras. Esta hipótesis filogenética de Concavenator presenta los mayores 
valores de soporte de ramas obtenidos hasta ahora para este clado.

Históricamente, los carcarodontosáuridos eran considerados exclusivos de Gondwana, sin 
embargo, recientes descubrimientos muestran su presencia a lo largo del continente laurásico. La 
posición europea de Concavenator durante el Cretácico Inferior es congruente con la hipótesis 
que formula una distribución paleobiogeográfica amplia de los caracarodontosáuridos.
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Finalmente, Concavenator presenta dos características inusuales y llamativas, una serie de 
papilas en la diáfisis de la ulna y la elongación de las espinas neurales en sus vértebras dorsales 
posteriores y caudales anteriores. Ambas características han sido estudiadas en esta tesis 
doctoral. Un análisis de reconstrucción muscular del antebrazo sugiere que las papilas ulnares no 
estarían relacionadas con un origen miológico. Por tanto, se mantiene la hipótesis de que dichas 
papilas están relacionadas con ancestros tegumentarios de las plumas. En cuanto al esqueleto 
axial, las características inusuales de las vértebras de Concavenator aportarían rigidez durante la 
locomoción y podrían estar vinculadas a la existencia de una estructura axial, como algún tipo de 
joroba, desarrollada en la zona pélvica. Estos resultados proponen líneas de investigación futuras 
que intentarían determinar el carácter funcional de ambas estructuras. 
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I.1 FossIl RECoRd And EvoluTIonARy HIsToRy oF THE 
THERoPod dInosAuRs 

Saurischia was defined by Langer (2004) as “a stem-based taxon including all dinosaurs that 
share a more recent common ancestor with Allosaurus than with Stegosaurus”.  Historically, the 
name of Saurischia was coined by Seeley (1887) to designate those dinosaurs that possess a 
propubic pelvis and considered as the sister group of Ornithischia. Nevertheless, its monophyly 
was not formally established until Gauthier (1986). Most of the members of this clade are placed 
in two higher clades: Theropoda and Sauropodomorpha (Holtz and Osmólska, 2004). 

Theropods are a diverse taxonomic group that include the extant birds (Holtz and Osmólska, 
2004). Originally, the clade was established by Marsh (1881) as the group that include all known 
Mesozoic carnivorous taxa. Gauthier (1986) was the first one formally defining Theropoda as 
“birds and all saurischians that are closer to birds than they are to sauropodomorphs” (emended 
by Holtz (1998)). The synapomorphies proposed by Holtz and Osmólska (2004) were the 
following: (i) the ectopterygoids possess a ventral fossa; (ii) intramandibular joint; (iii) cervical 
epipophises elongated and prong-shaped; (iv) pneumatization of the axial column and long bones; 
(v) elongated prezygapophyses of distal caudal vertebrate; (vi) greatly reduced manual digit 
V; (vii) Metacarpals I-III are closely appressed proximally; (viii) deep extensor depressions on 
metacarpals I-III. 

Since William Buckland published the first theropod taxon, Megalosaurus¸ in 1824, a large 
number of new theropods has been discovered, changing intensely the higher-level theropod 
relationships to the present day. The theropod classification currently comprising more than 
30 family and super-family clades (Fig. I.1). The group is wide morphologically and taxonomically 
diverse, having a complex classification (Hendrickx et al., 2015).  Theropods appeared in the Late 
Triassic, being the first theropod specimens from the Carnian of Argentina (Reig, 1963; Sereno et 
al., 1993; Martínez et al., 2011). Coelophysoids were the first important radiation of theropods 
during the Late Triassic (Rauhut, 2003) but the origin of the most group of theropods occurred 
during Jurassic (Tykoski and Rowe, 2004). 

Tetanurae  (Gauthier, 1986) was defined as “the most inclusive clade containing Passer domesticus 
but not Ceratosaurus nasicornis”. In the most recent study about the clade (Carrano et al., 2012), 
a new diagnosis was defined based on the next unambiguous synapomorphies: (i) moderate 
anterior ramus of the maxilla; (ii) presence of a maxillary ‘fenestra’; (iii) anteriorly location of the 
posterior end of the tooth row relative to the orbit; (iv) presence of antorbital fossa on nasal; (v) 
overlapped jugal-lacrimal contact; (vi) separated maxillary paradental plates; (vii) broad humeral 
trochanters; (viii) hypertrophied internal tuberosity of humerus; (ix) prominent deltopectoral 
crest; (x) metacarpal I contacted to the middle of metacarpal II; (xi) obtuse articular surface 
of metacarpal I; (xii) metacarpal III on palmar surface respect other metacarpals; (xiii) ventral 
notch in the ischial obturator process; (xiv) shallowly notched the proximal end of metatarsal 
III. Several taxa from the Early and Middle Jurassic of China and Antarctica as Sinosaurus triassicus 
(Xing, 2012), Cryolophosaurus (Hammer and Hickerson, 1994) and Monolophosaurus (Zhao and 
Currie, 1993) have been interpreted as basal tetanurans (Carrano et al., 2012). The two major 
radiation within Tetanurae are Megalosauroidea and Avetheropoda (Carrano et al., 2012) (Fig. 
I.1). The first clade is composed by three subclades: (i) Piatnitzkysauridae; (ii) Megalosauridae; 



Chapter I

12

and (iii) Spinosauridae (Fig. I.1). The two first subclades are restricted to the Middle-Late Jurassic 
(Carrano et al., 2012). However, the subclade Spinosauridae are certainly known from the Early 
Cretaceous to the Late Cretaceous (Stromer, 1915; Charig and Milner, 1986, 1997; Kellner and 
Campos, 1996; Sereno et al., 1998; Sues et al., 2002). Avetheropoda (Paul, 1988a) is consisting of 
two major subclades, Allosauroidea and Coelurosauria (Fig. I.1). Carrano et al. (2012) proposed 
the following synapomorphies for Avetheropoda: (i) ventral process of the postorbital above to 

Figure I.1. Cladogram of relationship of theropods. The tree is based on the results of the 
phylogenetic analysis obtained by Carrano et al. (2012) (Basal Tetanurae); Brusatte et al. (2016) 
(Tyrannosauroidea); Choiniere er al. (2014) (Coelurosauria basal) and Turner et al. (2012) (Paraves).
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the ventral margin of the orbit; (ii) haemal process of the chevrons strongly posteriorly curved; 
(iii) presence of a ridge in the medial surface of the ilium; (iv) two notches on puboischiadic 
plate; (v) large and oval pubic obturator foramen; (vi) absence of an articular groove on proximal 
surface of femoral head; (vii) presence of articular trochanter in femur; (viii) anteroposteriorly 
shallow through in the distal end of femur; (ix) deeply notched proximal end of metatarsal 
III; (x) elliptical cross-section of pedal unguals. Allosauroids were dominant in the Late Jurassic 
and Early Cretaceous, decreasing its diversity in the Late Cretaceous due to the appearance of 
tyrannosaurids as dominant predators (Brusatte et al., 2009; Zanno and Makovicky, 2013). The 
clade is divided into: (i) the exclusively Asian subclade Metriacanthosauridae; (ii) Allosauridae, 
composed by Allosaurus and Saurophaganax (Carrano et al., 2012); (iii) the widely distributed 
Neovenatoridae; and (iv) the well-supported Carcharodontosauridae clade. Neovenatoridae and 
Carcharodontosauridae formed the more inclusive clade Carcharodontosauria. Concavenator 
corcovatus was initially described as basal member of this clade (Ortega et al., 2010). 
Neovenatoridae subclade is currently in debate. Several authors (Benson et al., 2010; Carrano 
et al., 2012; Zanno and Mackovicky, 2013) have suggested neovenatorids as a more inclusive 
clade, including Neovenator and megaraptorans. However, other authors as Novas et al. (2013) 
and Porfiri et al. (2014) have proposed Neovenatoridae as a monospecific clade only including 
a Neovenator; and megaratorans as a subclade within Tyrannosauroidea. Carcharodontosauridae 
(Stromer, 1931) clade is a wide cosmopolitan group (Csiki et al., 2016) that includes medium and 
large theropods, whose record is initiated in the Late Jurassic (Rauhut, 2011), reaching the Late 
Cretaceous (Brusatte et al., 2009). 

Coelurosauria (Huene, 1914) was defined by Sereno (2005) as “the most inclusive clade 
containing Passer domesticus but not Allosaurus fragilis, Sinraptor dongi and Carcharodontosaurus 
saharicus”. Within non-avian Coelurosauria, the most studied and best known clade is probably 
Tyrannosauroidea (Brusatte et al., 2010). Tyrannosauroidea is composed by small and large 
theropods that lived from the Middle Jurassic to the extinction of the non-avian theropods in 
the K/P boundary (Brusatte and Carr, 2016).  The most derived clade are Tyrannosauridae, being 
the main predators during the Late Cretaceous (Brusatte et al., 2009). Compsognathidae and 
Ornithomimosauridae are more derived subclade than Tyrannosauroidea and more primitive 
than Maniraptora (Fig. I.1). Finally, Maniraptora (Gauthier, 1986) is the most derived clade within 
Theropoda and includes: (i) Alvarezsauroidea; (ii) Therizinosauria; (iii) Oviraptorosauria; and (iv) 
paraves. The last group is the clade defined as the most inclusive group that contains the unique 
subclade (Avialae), which survive to the Cretaceous-Paleogene extinction. 

I.2 THERoPod FossIl RECoRd In THE IbERIAn PEnInsulA  

The Portuguese theropod record is abundant and include remains ranging from the Middle 
Jurassic to the Late Cretaceous. The non-tetanuran record is represented by several remains 
of Ceratosauria (Mateus and Antunes, 2000a; Mateus et al., 2006; Hendrickx and Mateus, 2014a; 
Malafaia et al., 2015). Tetanurans is the most representative group in Portugal, with specimens 
identified as the megalosauroid Torvosaurus (Mateus and Antunes, 2000b; Mateus et al., 2006; 
Malafaia et al., 2008; Hendrickx and Mateus, 2014b; Malafaia et al., 2014), the allosauroid Allosaurus 
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(Pérez-Moreno et al., 1999; Rauhut and Fechner, 2005; Mateus et al., 2006; Malafaia et al., 2010), 
a juvenile allosauroid (Malafaia et al., 2016), remains of the genus Lourinhanosaurus (Mateus, 1998; 
Mateus et al., 2001; Hendrickx and Mateus, 2012) and small coelurosaurian theropod remains 
(Hendrickx and Mateus, 2014a; Malafaia et al., 2014). 

In Spain, the theropod record is slightly scarce when compared to the portuguese one. In 
general, this record has representatives of Abelisauroidea, Megalosauroidea, Allosauroidea 
and Coelurosauria from the Late Jurassic and the Early and Late Cretaceous. Abelisauroidea 
is represented by several isolated teeth and pedal phalanges from Armuña (Late Campanian) 
(Pérez-García et al.,2016); remains from Laño (Late Campanian) (Astibia et al., 1990) and remains 
from Lo Hueco (Campanian-Maastrichtian) (Ortega et al., 2015). Members of Megalosauroidea 
have been described from several remains from Mas de la Parreta (Valencia) and identified 
as Baryonichinae (Canudo et al., 2004, 2008; Gasulla, 2015; Gasulla et al., 2006; 2013). Other 
remains belong to Barionichinae and also have been described in La Rioja and Burgos (Viera 
and Torres, 1995; Izquierdo-Montero et al., 1997; Fuentes-Vidarte et al., 2001). Allosauroidea is 
represented by several indeterminate teeth and isolated bones (e.g. Ruíz-Omeñaca et al., 2009; 
Gascó et al., 2012; Gasulla, 2015). However, the allosauroid clade better represented in Spain 
is Carcharodontosauridae. Apart from several isolated teeth (e.g. Canudo et al., 2010; Torices 
et al., 2012), carcharodontosaurids are represented by the complete skeleton of Concavenator 
(Ortega et al., 2010) from Las Hoyas fossil site¸ and an isolated distal femur from the early 
Barremian of Mirambel Formation (Teruel) (Gasca et al., 2014). Finally, several remains of non-
avian coelurosaurian have been described in Spain, although the only known taxa is Pelecanimimus 
polyodon (Pérez-Moreno et al., 1994), from Las Hoyas fossil site (below described). The rest of the 
coelurosaurian remains belong to several morphotypes of teeth and isolated remains (e.g. Gascó 
et al., 2012; Ortega et al., 2015).

I.3 lAs HoyAs FossIl sITE 

I.3.1. HISTORY OF LAS HOYAS

In 1984, Santiago Prieto Villar, a geologist from Cuenca, discovered the existence of a laminated 
limestone with an abundant number of fossils. Popularly, this limestones were often used as 
embellishment of facades and other construction purposes. The quality of the preservation of 
those fossils aroused his interest for the origin of the limestones. Santiago Prieto visited the 
nameless, hitherto, fossil site in order to discover more interesting fossil material. At that moment, 
Santiago Prieto did not hesitate about the importance of the discovery and immediately travelled 
to Madrid in order to visit an expert (Poyato-Ariza and Buscalioni, 2016). The visited place was 
the Universidad Complutense de Madrid, where the palaeontologists Nieves López and José Luis 
Sanz were meeting (José Luis Sanz, Pers. Comm). Both experts were surprised with the exquisite 
preservation of the fossils and they stablished that the age of the fossil site would be Late Jurassic 
or Early Cretaceous (Poyato-Ariza and Buscalioni, 2016). Although, the interest in the discovery 
was common for both professors, Sanz was finally the candidate to study the fossil site because 
he was working in Mesozoic reptiles (José Luis Sanz, Pers. Comm). 
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In the summer of 1985, José Luis Sanz together with a small group of students from the 
Universidad Autónoma de Madrid, went to the fossil site in order to explore it and to learn 
about the basic field works in Palaeontology (Poyato-Ariza and Buscalioni, 2016). From this first 
expedition until present day, every summer a group of students have the opportunity to explore 
the joyful experience to excavate in a Konservate-lagerstätte as Las Hoyas. Regarding the site 
name, “Las Hoyas” was the popular name of a public area where the fossil site is located, a name 
that refer to the sinkholes, funnel-like formations, typical for this calcareous zone (Poyato-Ariza 
and Buscalioni, 2016). 

Three decades of research with the participation of numerous specialists, collaborators and 
students, have been essential to reach the status of one of the most challenging and exceptional 
Mesozoic fossil Lagerstätten in the world. The first paper published about Las Hoyas (Sanz et 
al. (1988) presented the geological framework of the site. The first outstanding discovery was 
Iberomesornis romerali (Sanz and Bonaparte, 1992), an enantiornithine bird discovered by Armando 
Díaz Romeral, a local amateur. Currently, the research team is a multidisciplinary and extensive 
group, with specialists from all over the world (Poyato-Ariza and Buscalioni, 2016). The research 
has been historically developed in collaboration with the Museo de Las Ciencias de Castilla-La 
Mancha (Cuenca) and, currently, with the Museo de Paleontología de Castilla-La Mancha (Cuenca) 
since its inauguration in 2015. This museum is the place where the fossil collections are housed 
and presented in a local permanent exhibition. Las Hoyas is a relevant palaeontological heritage 
in Spain, enclosed in a natural protected area (Monumento Natural Palancares y Tierra Muerta) 
and recently declared as BIC (Bien de Interés Cultural) (Poyato-Ariza and Buscalioni, 2016). 

I.3.2 FOSSIL RECORD OF LAS HOYAS FOSSIL SITE

During this thirty years of research more than 130 genera have been discovered (Sanz et 
al., 2015). The fossil site has produced representatives from Chlorobionta, Mollusca, Nemertea, 
Platyhelminthes, Nematopoda, all the main groups of Arthropoda, Chondrichthyes and 
Osteichthyes. Within Tetrapoda, representatives of Lissamphibia, Chelonia, Squamata, Crocodylia, 
Pterosauria, Dinosauria and Mammalia have been described (Poyato-Ariza et al., 2016). 

Due to the main objective of this thesis, this section is focused in the tetrapod record of Las 
Hoyas. Within Lissamphibia, several specimens have been discovered from the three groups that 
compound the clade, Albanerpetontidae, Urodela and Salentia (Poyato-Ariza et al., 2016). All 
known skeletons of albanerpetontids, except a partial skeleton from the Italian Early Cretaceous, 
were collected from Las Hoyas (Evans, 2016a), being the holotype of Celtedens ibericus (McGowan 
and Evans, 1995), the most complete specimen. Urodela are the most common tetrapod fossil 
from Las Hoyas, represented by two distinct taxa, Valdotriton gracilis  (Evans and Milner, 1996) and 
a unnamed taxa (Evans, 2016b).The three most complete and articulated specimens of Salentia 
found in Las Hoyas are Gracilibatrachus avallei (Báez, 2013), Iberobatrachus angelae (Báez, 2013) and 
cf. Eodiscoglossus (Báez, 2016), being the two firsts endemic from Las Hoyas (Báez, 2016). 

Although the turtle remains from Las Hoyas are scarce, the only specimen that has been 
prepared for study is a well preserved fossil (Pérez-García et al., 2016). The holotype of Hoyasemys 
jimenezi (Pérez-García et al., 2012) is an almost complete skeleton and is described as a member 
of Cryptodira. Five genera of lizard (Squamata) are known from Las Hoyas: Meyasaurus (Evans 



Chapter I

16

and Barbadillo, 1997), Scandensia (Evans and Barbadillo, 1998; Bolet and Evans, 2011), Hoyalacerta 
(Evans and Barbadillo, 1999), an undeterminated paramacellodid (Evans and Bolet. 2016) and 
a new taxon (Bolet and Evans, 2012). The crocodilian assemblage of Las Hoyas is dominated 
by derived neosuchians and the association is composed of ten almost complete specimens 
(Buscalioni and Chamero, 2016). Despite the scarcity of the material of pterosauria, three distinct 
taxa have been described based on teeth and an incomplete skull (Vullo and Marugán-Lobón, 
2016). The unique named taxa is Europejara olcadesorum (Vullo et al., 2012), the holotype and only 
known specimen corresponds to an incomplete skull and a lower jaw. The taxa is a member of 
Tapejarida, a still debated family (Lü et al., 2006; Kellner and Campos, 2007; Unwin and Martill, 
2007). Europejara is mainly characterized by a well-developed bony sagittal crest in the anterior 
portion of the dentary, slightly curved posteriorly (Vullo et al., 2012; Vullo and Marugán-Lobón, 
2016). Finally, the most recent tetrapod discovery is the first mammal of Las Hoyas and the 
second Mesozoic complete mammal skeleton of Europe, Spinolestes xenarthrosus (Martin et al., 
2015). Spinolestes is identified as a Eutriconodonta, a basal clade of theriiform mammals. The 
exceptional preservation of integumentary structures allows to identify some tiny details of the 
hair as cuticular cells (Martin et al., 2015). Spinolestes preservation also shows the presence of 
inner organs as lung bronchioles (Martin et al., 2015). 

A more extensive mention in this section is dedicated to the representatives of Dinosauria. 
In Las Hoyas fossil site, the fossil record is represented by 6 distinct taxa of non-avian and 
avian dinosaurs. All the specimens found are in an exquisite state of preservation, being mostly 
represented by almost complete skeletons. The unique fossil of an ornithopod was tentatively 
assessed to Mantellisaurus (Llandrés-Serrano et al., 2013) although an accurate determination is 
difficult to test, since only a distal portion of the hindlimb was found (Fig. I.2a). However, it should 
be hifhlighted the preservation state of this hindlimb, where several integumentary structures 
have been preserved, included the corneous sheath. 

The rest of taxa of Las Hoyas fossil site are representatives of Theropoda. The specimens are 
almost complete skeletons, and they are exclusive from Las Hoyas.  Above mentioned, the avian taxon 
Iberomesornis (Sanz and Bonaparte, 1992) was the first remarkable specimen described in Las Hoyas, 
and from that moment, the birds have occupied an important role in the research achievements of 
the fossil site. Besides Iberomesornis, the discover of Concornis lacustris (Sanz and Buscalioni, 1992) 
and Eoalulavis hoyasi (Sanz et al., 1996) allowed to reconstruct the early radiation of the basal birds, 

Figure I.2. non-avian dinosaurs fossil from las Hoyas. (a) Hindlimb of cf. Mantellisaurus 
(MCCM-LH 30677) (Llándres-Serrano et al., 2013). (b) Holotype of Pelecanimimus polyodon 
(MCCM-LH 7777) (Pérez-Moreno et al., 1994).
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and it shed light on the study of the flight capabilities. Currently, Las Hoyas fossil site has the most 
complete and well-known record of Mesozoic birds in Europe (Sanz et al., 2015). Additionally, it 
should be noted the existence of the fossil MCCM-LH 31444, a distal forelimb of an enantiornithine 
bird, which reveals the morphology of the integument of the wing and the connective structures 
associated to the insertion of the flight feathers to the bone (Navalón et al., 2015). 

Pelecanimimus polyodon (Fig. I.2b) was the first non-avian dinosaur described in the site (Pérez-
Moreno et al., 1994) and the first ornithomimosaurian found in Europe. The fossil have revealed 
dentition on both jaws with numerous teeth, which suggest an alternative evolutionary process of 
the dentition within Ornithomimosauria. The holotype is the anterior half of the skeleton, including 
a complete skull, a complete cervical vertebrae series, most of the dorsal vertebrae, the pectoral 
girdle and sternum, and both complete forelimbs. Like the other dinosaur taxa, Pelecanimimus 
also preserve integumentary impressions as an occipital crest and a gular pouch. Finally, the most 
recent non-avian dinosaur discovered in Las Hoyas is Concavenator corcovatus (Ortega et al., 2010), 
the objective of this PhD thesis. Concavenator is a Carcharodontosauria represented by a unique 
specimen whose holotype is an almost complete and well-preserved skeleton. 

I.3.3 GEOLOGICAL SETTING AND PALAEOGEOGRAPHICAL FRAMEWORK

Las Hoyas fossil site is located in the Serranía de Cuenca, 30 km far east of the city of Cuenca. 
The Serranía de Cuenca is part of the Southwestern Domain of the Iberian Range, a NW-SE 
trending chain of mountains located in the central-eastern half of Spain (Fig. I.3). The Iberian 
Range resulted from the tectonic inversion of the Iberian Basin, an intracratonic extensional 
rifting basin, that was formed during the Late Permian-Early Triassic and remained active all 
throughout the Mesozoic until the Alpine convergence.

During the Upper Jurassic-Lower Cretaceous, the Iberian Basin experienced a second rifting 
cycle related to the opening of the central Atlantic and the rotation of the Iberian Plate (Salas 
and Casas, 1993; Salas et al., 2001; Mas et al., 2004). This phenomena divided it into several 
palaeogeographic domains in turn divided into many basins of graben and half-graben type.

In the Serranía de Cuenca (Southwestern Domain), rifting was recorded by some Upper Barremian 
continental deposits (Vicente and Martín-Closas, 2013) distributed into two lithostratigraphic units 
related by a lateral change of facies: El Collado Sandstone Formation and La Huérguina Limestone 
Formation (Vilas et al., 1982). The Upper Barremian sediments of La Huérguina and El Collado 
overlie unconformably Middle Jurassic marine limestones (Yémeda Fm., Chelva Group; Fernández-
López and Gómez, 2004) that underwent pedogenic and karstic processes prior to and during the 
continental Early Cretaceous sedimentation (Fregenal-Martínez et al., 2014a, 2014b).

Las Hoyas  fossil site is located in the homonymous basin of Las Hoyas (Fregenal-Martínez and 
Meléndez, 1993) (Fig. I.3). Las Hoyas Basin is a small, 7 km. long (strike section), and 2 km. wide (dip 
section) half-graben type basin, currently inverted, and filled by a circa 400 m. thick outcropping 
succession of deposits of La Huérguina Fm. (Fregenal-Martínez, 1998; Fregenal-Martínez and 
Meléndez, 2000). This succession is made up of chiefly carbonate sediments deposited in distal 
alluvial and palustrine plains, and different types of lacustrine environments (Fregenal-Martínez, 
1998; Fregenal-Martínez and Meléndez, 2000; Fregenal-Martínez and Meléndez, 2016).
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The syn-extensional sediments of La Huérguina Fm. are featured by a complex internal 
stratigraphic architecture strongly controlled by tectonics (Fregenal-Martínez et al., 2014a). 
At Las Hoyas Basin the stratigraphic succession of La Huérguina Fm. has been divided into 

Figure I.3. Geological localization of las Hoyas fossil site. (a) Situation of the Southwestern 
Domain of the Iberian Ranges in the Iberian Peninsula and geological map of this Domain. Black 
arrow indicates the location of the Las Hoyas subbasin. (b) Geological map of the area where Las 
Hoyas subbasin is located in the Serranía de Cuenca Red point indicates the localization of Las 
Hoyas fossil site (Modified from Fregenal-Martínez, 1998).
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four different depositional sequences separated by local unconformities or paraconformities 
(Fregenal-Martínez 1998, Fregenal-Martínez and Meléndez 2000). Las Hoyas fossil site is located 
in the second sequence, named Rambla de Las Cruces II Sequence, which is entirely composed 
of a broad variety of limestones and a few marlstones facies of lacustrine and palustrine origin.

Besides extensional tectonics, climate and the composition and distribution of substrate and 
source areas were the main paleogeographical constraints on sedimentation of La Huérguina 
Fm. Sea level did not influence sedimentation, since the Serranía de Cuenca did not received 
any direct marine influence (Poyato-Ariza and Talbot, 1998; Fregenal-Martínez 1998; Fregenal- 
Martínez et al., 2014a; Fregenal Martínez and Meléndez, 2016). 

Concerning climate, the palaeogeographical and palaeoclimatic reconstruction performed by 
Ziegler et al. (1987, 1982 and 1988), among others, for the Lower Cretaceous have placed the Iberian 
Plate in the Western Tethys in a latitude 25-30ºN, at the dry divergent subtropical zone. Those studies 
proposed a seasonal warm and semi-arid subtropical climate, with alternating wet and dry seasons.

Haywood et al. (2004) proposed an alternative model for Barremian Wealden climates 
in Western Europe that describes a climate of strong temperature seasonality with mean 
temperatures of 4-8ºC during the cold months, and 36-40ºC during the warm months; an average 
daily precipitation of 4-8 mm/day per year around and over 16 mm/day during the cold season, 
and negative moisture budget as a result of very high evaporation rates.

Successive facies analyses on deposits of La Huérguina Fm. at different areas of the Serranía 
de Cuenca have repeatedly shown sedimentological evidence of seasonality and pointed climate 
as a highly relevant allocyclic control of sedimentation (Gierlowski-Kordesch and Janofske,  1987; 
Gierlowski-Kordesch, 1991; Gómez-Fernández and Meléndez, 1991; Fregenal-Martínez and 
Meléndez, 1993; Fregenal-Martínez 1998; Fregenal-Martínez and Meléndez, 2000; Buscalioni and 
Fregenal-Martinez, 2010; Muñoz-García et al., 2012).

Concerning substrate and source areas, the marine Jurassic limestones of the Yémeda Fm. 
(Chelva Group) constitute the substrate and source areas of the Upper Barremian basins in 
the central areas of the Serranía de Cuenca. The extensional landscape during La Huérguina 
sedimentation was characterized by a flat and smooth topography, with disperses ridges of Jurassic 
limestones at the edge of the basins (Fregenal Martínez, 1998; Fregenal-Martínez et al., 2014a, 
2014b). These ridges were associated to the main faults (fault shoulder uplift) and, given the low 
fault throws, they would be of relatively low altitude (Fregenal-Martínez et al., 2014a). Therefore, 
the watershed and source areas would have been mostly composed of carbonates. Carbonate of 
the source areas was eroded and leached by surface and groundwater that delivered it into the 
basins, as both detrital fragments and dissolved calcium carbonate.

I.4 HyPoTHEsEs And objECTIvEs 

The current PhD thesis is focused in two main research projects. On the one hand, the aim 
of the thesis is establish a hypothesis about the taphonomic process that affected to the carcass 
of the theropod dinosaur Concavenator corcovatus. Concavenator was found in Las Hoyas fossil 



Chapter I

20

site and the holotype is an almost complete and articulated skeleton with an exquisite state of 
preservation. Las Hoyas is a Konservat-Lagerstätte, where the fossil are perfectly preserved. The 
fossil founded in this locality are represented by small and medium sized taxa, thus, an almost 
6 meters long dinosaur is unusually preserved in this site. Therefore, a study of the conditions 
and process that were held for the preservation of this individuals is required. Noteworthy, 
Concavenator preserve skin impressions and, other soft tissues impressions, around several areas 
of its body. Associated to the taphonomic analysis, an assessment of this impressions is also 
performed in this thesis.

On the other hand, the second main research project is to provide a new hypothesis of the 
phylogenetic position of Concavenator, and to falsate additional morphofunctional hypotheses 
of this theropod dinosaur. Previous studies have carried out a phylogenetic analysis using 
Concavenator as Operational Taxa Unit (OTU). However, the results showed a swapping 
position of Concavenator or a low branch support within the clade. Therefore, an osteological 
description, phylogenetic implications of the anatomical elements and a phylogenetic analysis 
are carried out in this PhD thesis. Moreover, Concavenator presents two unusual features: 
(i) bumps on the shaft of the right and visible ulna; and (ii) two dorsal neurapophyses 
hypertrophied. An in-depth study of these two features could clarify the morphological 
functionality of both structures.    

The following hypotheses and their corresponding objectives are focused based on these two 
research projects. 

I.4.1 TAPHONOMIC ANALYSIS

Hypothesis 1: The taphonomic characters of Concavenator corcovatus are consistent 
with characteristic fossilization processes of a Konservat-Lagerstätte, where the microbial 
mats were developed. 

Hypothesis 2: The carcass of Concavenator corcovatus was generated closed to the 
fossilization site and, thus, the transport and disarticulation processes was not occurred 
during the biostratinomic phase. 

Hypothesis 3: The state of preservation and taphonomic characters of Concavenator 
corcovatus are consistent with an early inclusion within a microbial mat. 

From these hypotheses, the following objectives are proposed for the taphonomic analysis:

objective 1: Perform and apply a descriptive and taphonomic interpretational 
protocol to the Concavenator corcovatus skeleton.

objetive 2: Review and check the results with those obtained in previous 
taphonomic studies performed in Las Hoyas fossil site about archosaurs and other 
vertebrates.

objetive 3: Identify and stablish the composition of the soft tissues and integumentary 
impressions preserved.



Introduction

21

objetive 4: Perform the integration of research results into the actuo-taphonomic 
experiments, which are carrying out in other studies about the fossilization in microbial mats.

I.4.2 PHYLOGENETIC ANALYSIS

Hypothesis 1: Concavenator corcovatus is a basal member of Carcharodontosauria 
(Dinosauria, Theropoda).

Hypothesis 2:  The node Carcharodontosauria consists of a basal dichotomy 
composed by two clades, Carcharodontosauridae and Neovenatoridae.

Hypothesis 3: The phylogenetic relationship of Concavenator corcovatus is closer to 
Carcharodontosauridae than to Neovenatoridae.

Based on this phylogenetic hypothesis, the succeeding objectives has been proposed:

objective 1: Establish the phylogenetic relationship of Concavenator corcovatus within 
Carcharodontosauria.

objetive 2: Identify the synapomorphies and autapomorphies that define the taxon.

I.4.3 MORPHOFUNCTIONAL ANALYSIS

Regarding the two unusual features, the following hypotheses are raised:

Hypothesis 1: The ulnar bumps of Concavenator corcovatus are homologous to those 
quill knobs observed in extant birds.

Hypothesis 2: If the hypothesis 4 is right, Concavenator had a series of appendages 
in the forearm that could be considered as ancestral skin structures to the current hand 
secondary feathers.

Hypothesis 3: If the hypotheses 4 and 5 are right, the ancestral feathers are an 
evolutionary novelty for the basal Tetanurae clade. 

Hypothesis 4: The presence of a hypertrophied neurapophyses in the axial skeleton 
of Concavenator suggests the existence of a back structure that could be interpreted as a 
kind of energetic reservoir.

In order to test these previous hypothesis, three objectives have been proposed:

objective 1: An in-depth study of the ulnar bumps of Concavenator corcovatus.

objective 2: Test the alternative hypothesis about a myological origin of the ulnar 
bumps of Concavenator corcovatus.

objective 3: Detailed study of the hypertrophied neurapophyses of Concavenator 
corcovatus and perform a morphological interpretation, comparing with extant and extinct 
humped animals. 
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I.5 GEnERAl mATERIAl And mETHods

I.5.1 MATERIAL

The material studied as main aim of this PhD thesis is the holotype of Concavenator 
corcovatus (MCCM-LH 6666). The holotype consists in an almost complete and articulated 
skeleton. Most of the anatomical elements are in lateral view, especially skull and axial elements. 
The appendicular skeleton is visible in different views. The holotype is preserved inside a 
fined laminated limestone and some areas of the skeleton are not accessible. The well state 
of preservation of the holotype allows to show skin and soft tissues impressions in several 
areas around the skeleton. The material is currently housed in the Museo de Paleontología de 
Castilla-La Mancha (Cuenca, Spain).

The osteological comparison was performed with remains of other taxa of Allosauroidea, 
the most inclusive clade that includes Carcharodontosauria. The material that was examined is 
represented in four tables according to the anatomical elements (Tables I.1-I.4). This material is 
housed in distinct institutions throughout the world : Natural History Museum of Utah (Utah, 
USA); Brigham Young University (Utah, USA); Dinosaur National Monument (Utah, USA); 
North Carolina Museum of Natural Science (North Carolina, USA); Sam Noble Oklahoma 
Museum of Natural History (Oklahoma, USA); Natural History Museum of London (London, 
UK); Dinosaur Isle Museum of Isle of Wight Geology (Sandown, UK); Museo Paleontológico 
Egidio Feruglio (Trelew, Argentina); Museo Municipal Carmen Funes (Plaza Huincul, Argentina); 
Museo Ernesto Bachmann (El Chocón, Argentina); Fukui Prefectural Dinosaur Museum (Fukui, 
Japan). 

For the phylogenetic analysis, several other theropod taxa was directly examined from these 
institutions and others, as the Museo Argentino de Ciencias Naturales Bernardino Rivadavia 
(Buenos Aires, Argentina).

I.5.2 METHODS 

Taphonomic analysis

The taphonomic established protocol integrates a number of sedimentological and 
taphonomic techniques. The analyses of the sedimentary matrix was performed with samples 
collected in the field and related to the holotype of Concavenator. The sampling technique is 
based on the layer-by-layer technique proposed in Fregenal-Martínez (1998) and Buscalioni 
and Fregenal Martínez (2010).The samples was subjected to petrographic analysis in order 
to analyse the microfacies and to SEM analyses in order to characterize the microbial mats. 
Several analyses have been done to reconstruct the biostratinomic processes. These analyses 
are based in the previous taphonomic studies of the archosaurs from Las Hoyas fossil 
site (Cambra-Moo and Buscalioni, 2003; Cambra-Moo, 2006), and are the following: (i) the 
dispersion states of the carcass; (ii) the carcass angles analysis; and (iii) the estimation of the 
biostratinomic production time. The fossildiagenetic processes was analysed based on the 
bone deformation description. 
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Table I.1. list of skull material. Material revised by first-hand of cranial elements of Allosauroids. 
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Table I.2. list of axial material. Material revised by first-hand of axial elements of Allosauroids.
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The soft tissues impressions, for both taphonomic analysis and the interpretation of the 
podotheca structure, were analysed under ultraviolet light in order to highlight the type of 
tissues and recognize the mineralogical composition. For the taphonomic analysis, the UV-
light images was subject to image analysis, using the program ImageJ 1.47 (Rasband, 1997), to 
test quantitatively the percentages of the types of impressions. The description of the skin 
impressions preserved was performed using the terms defined by Kim et al. (2010). Moreover, 
the podotheca was analysed using the Extant Phylogenetic Bracket (EPB) approaching (Witmer, 
1995).

Table I.3. list of appendicular material. Material revised by first-hand of elements of the 
pectoral girdle and forelimb of Allosauroids.
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Phylogenetic analysis

The osteological description of the anatomical elements follows the usual anteroposterior and 
dorsoventral depiction of the skeleton. Thus, the order of the anatomical elements is skull, axial 
skeleton and, finally, appendicular skeleton, being firstly described the forelimbs and, posteriorly, 
the hindlimbs. The description of the material from the holotype MCCM-LH 6666 was compared 
with other members of Allosauroidea, especially with those taxa that was first-hand reviewed 
(see Tables I.1-I.4). Posteriorly, a phylogenetic distribution of features of the complete skeleton 
of Concavenator was performed within the phylogeny of Tetanurae (Carrano et al., 2012). This 

Table I.4. list of appendicular material. Material revised by first-hand of elements of the pelvic 
girdle and hindlimb of Allosauroids.



Introduction

27

approach allows to discuss the relevance of the skeletal morphology in a phylogenetic framework, 
and identify some novelties in the anatomy of carcharodontosaurid theropods, especially, in 
Concavenator. Finally, a phylogenetic analysis was carried out in order to establish the position of 
Concavenator and discuss its phylogenetic relationships. 

For the phylogenetic analysis, a new matrix of morphological characters x taxa was generated, 
based in previous theropod matrices (e.g. Brusatte and Sereno, 2008; Benson et al, 2010; Carrano 
et al., 2012; Novas et al., 2013). The creation of the matrix was scored using Mesquite 3.01 
(Maddison and Maddison, 2008) and, posteriorly, processed with TNT 1.5-beta (Goloboff et al., 
2008). The coding of the characters was produced apart from the personal examination of some 
Operational Unit Taxa (OTU) or from previous publications. 

Morphofunctional analysis

The morphological function of the two unusual structures of Concavenator was also analysed. 
The ulnar bumps was related to the myological reconstruction of the forelimb. This reconstruction 
was performed using the Extant Phylogenetic Bracket (EPB) (Witmer, 1995), knowing the 
myological reconstruction of several taxa of crocodiles and birds. The unusual axial structure was 
analysed by osteological comparison with other dinosaur structures and some extant animal that 
preserve an analogous axial skeleton. 

I.5.3 ANATOMICAL ABBREVIATIONS

Skull

aof, antorbital fenestra

aofo, anteorbital fossa

AR, articular

arm, anterior ramus of maxilla

cfp, cultreiform process

cgr, central groove 

d, dentary

en, external naris

f, foramen

fo, foramina

Fo, frontal

fpct, foramen posterior chorda tympani

gr, groove

in, internal naris

iop, intraorbital process 

j, jugal

jpr, jugal pneumatic recess

l, lacrimal

lc, lateral condyle

lgl, lateral glenoid of surangular

lh, lacrimal horn

lmx, left maxilla

lpr, lacrimal pneumatic recess

lr, lateral ridge of articular

lrn, lateral ridge of nasal

lsA, left surangular

lssa, lateral shelf of surangular

m, maxilla

mc, medial condyle

mf, maxillary fenestra

mgl, medial glenoid of surangular

mr, medial ridge of surangular
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Axial skeleton

mssa, medial shelf of surangular

mxb, maxillary body

n, nasal

nf, narial fossa

nmn, naso-maxillary notch

np, nasal process

o, orbit

ob, orbital boss

PA, palatine

papr, palatine pneumatic recess

PF, prefrontal

Pm, premaxilla

pmb, premaxillary body

pmf?, premaxillary fenestra 

pmt , premaxillary teeth

Po, postorbital

pop, postorbital process of jugal

PR, parietal

PRE, prearticular

prm, posterior ramus of maxilla

psf, posterior surangular foramen

PT, pterygoid

pvp, posteroventral process

Q, quadrate

Qj, quadratojugal

RsA, right surangular

rtp, retroarticular process

sA, surangular

v, vomer

vg, vascular groove

vpal, vomeropterygoid ramus of palatine

vpar, vomeropalatine ramus of the 
pterygoid 

1, centrodiapophyseal lamina of CV

aap, anterior attachment process

acdl, anterior centrodiapophyseal lamina

apc, anterior process of CdV

apch, anterior process of chevron

AT, atlas

AX, axis

cdf, centrodiapophyseal fossa

Cdv, caudal vertebra

Ch, chevron

cp, capitulum

CR, cervical rib

Cv, cervical vertebra

dp, diapophysis

dpch, distal process of chevron

dv, dorsal vertebra

ep, epipophysis

f, foramen

gr, groove

ns, neural spine

pap, posterior attachment process

pcdl, posterior centrodiapophyseal lamina

pl, pleurocoel

poz, postzygapophysis

pp, parapophysis

ppc, posterior process of chevron

prcdf, prezygaocentrodiaphophyseal fossa

prz, prezygapophysis

sn, sacral neurapophysis

sv, sacral vertebra

tb, tuberculum

tp, tranversal process
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Appendicular skeleton

4tr, fourth trocanther

adp, anterior distal process of ischium

ap, acromion process

app, anterior process of pubis

As, astragalus

asr, articular surface to radius

atr, accessory  trochanter

avp, anteroventral process

b, bumps of ulna

bf, brevis fossa

bg, buldge

C, calcaneus

cf, coracoid foramen

conc, concavity

cp, coronoid process

cuf, cuppedicus fossa

dasu, distal articular surface to ulna

dCI, distal carpal I

dCII, distal carpal II

dpc, deltopectoral crest

dt, distal tubercle

dT, distal tarsal

dtr, greater trochanter

ect, ectepicondyle

ent, entepicondyle

ep, epicleidial process

Fb, fibula

ff, fibular flange

fh, femoral head

fmb, fossa musculus brachialis

ft, flexor tubercle

gf, glenoid fossa

hc, humeral concavity

hh, humeral head

iftb, iliofibularis tubercle 

ilpis, iliac process of ischium

ilpp, iliac process of pubis

isp, ischial process

it, internal tuberosity

itbg, ischial tuberosity groove

lbs, lateral brevis shelf

lc, lateral condyle

lIl, left ilium

lIs, left ischium

lp, lateral process of ulna

lP, left pubis

ltr, lesser trocanther

mbs, medial brevis shelf

mc, medial condyle

mCI, metacarpal I

mCII, metacarpal II

mCIII, metacarpal III

mm , medial malleolus

mT, metatarsal

olg, oblique ligamental groove

on, obturator notch

op, olecranon process

pf, posterior flange

pfc, posterior flange of caput

PhI, phalanx 

pop, postacetabular process

pp, pubic process

prp, preacetabular process

pvp, posteroventral process

rc, radial condyle

RIl, right ilium
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Muscles

I.5.4 INSTITUTIONAL ABBREVIATIONS

•	 AmnH, American Museum of Natural History (New York, USA)

•	 AodF, Australian Age of Dinosaurs Museum of Natural History (Winton, Australia)

•	 bmnH, Natural History Museum (London, England, UK)

•	 bsP, Bayerische Staatssammlung für Paläontologie und Historische Geologie (München, 
Germany)

•	 byu, Brigham Young University (Provo, Utah, USA)

•	 CmnH, Carnegie Museum of Natural History (Pittsburgh, Pensilvania, USA)

•	 Cv, Municipal Museum of Chongqing (Chongqing, China)

•	 dIno,  Dinosaur National Monument (Vernal, Utah, USA)

•	 dmnH, Denver Museum of Nature and Science (Denver, Colorado, USA)

•	 FmnH, Field Museum of Natural History (Chicago, Illinois, USA)

•	 FPdm, Fukui Prefectural Dinosaur Museum (Katsuyama, Fukui, Japan)

RIs, right ischium

RP, right pubis 

sac, supracetabular crest

T, tibia

tfc, tibiofibularis crest

uc, ulnar condyle

vp, ventral process of pubis

an, M.anconeus

apl, M.abductor pollicis longus

ar, M.abductor radialis

bb, M.biceps brachii

br, M.brachialis

cb, M.coracobrachialis

ea, M.epitrochleoanconeus

fcu, M.flexor carpis ulnaris

fdbp, M.flexor digitores breves profundus

fdl, M.flexor digitorium longus

ls, M.levator scapulae

p, M.pectoralis

pa, M.pronator accesorius

pt, M.pronator teres

s, M.supinator

sbc, M.subcoracoideus

sbs, M.subscapularis

shp, M.scapulohumeralis posterior

tb, M.triceps brachii

tr, M.trapezius
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•	 IvPP, Institute of Paleontology and Paleoanthropology (Beijing, China)

•	 IWCms/mIWG, Dinosaur Isle Museum of Isle of Wight Geology (Sandown, England, UK)

•	 ldm-lCA, Lofeng Dinosaur Museum-Lufeng Chuanjie A´na (Jingshan, Yunnan, China)

•	 mACn, Museo Argentino de Ciencias Naturales Bernardino Rivadavia (Buenos Aires, 
Argentina)

•	 mb, Humbolt Museum für Naturkunde (Berlin, Germany)

•	 mCF, Museo Municipal Carmen Funes (Plaza Huincul, Neuquén, Argentina)

•	 mCZ, Museum of Comparative Zoology, Harvard University (Cambridge, Massachusetts, 
USA)

•	 mds, Dinosaur Museum (Savannakhet, Laos)

•	 ml, Museu da Lourinhã (Lourinhã, Portugal)

•	 mnA, Museum of Northern Arizona (Flagstaff, Arizona, USA)

•	 mnHn, Muséum National d’Historie Naturelle (Paris, France)

•	 mnn, Musée National du Niger (Niamey, Niger)

•	 mPEF, Museo Paleontológico Egidio Feruglio (Trelew, Chubut, Argentina)

•	 muCP, Museo de la Universidad Nacional del Comahue (Neuquén, Argentina)

•	 muCPv-Ch, Museo Ernesto Bachmann (El Chocón, Neuquén, Argentina)

•	 nCsm, North Carolina Museum of Natural Science (Raleigh, North Carolina, USA)

•	 omnH, Sam Noble Oklahoma Museum of Natural History (Norman,Oklahoma, USA)

•	 oumnH, Oxford University Museum (Oxford, England, UK)

•	 Pvl, Fundación Miguel Lillo, Universidad Nacional de Tucumán (San Miguel de Tucumán, 
Tucumán, Argentina)

•	 PW, Paleontological Collections, Department of Mineral Resources (Bangkok, Thailand)

•	 QG, National Museum of Natural History (Bulawayo, Zimbabue)

•	 QW, Giant Buddha Temple Museum (Leshan, Sichuan, China)

•	 sdm, Stroud and District Museum (Dorset, UK)

•	 sGm, Ministère de l’Énergie et des Mines (Rabat, Morocco)

•	 smns, Staatliches Museum für Naturkunde (Stuttgart, Germany)



Chapter I

32

•	 smu, Southern Methodist University (Dallas, Texas, USA)

•	 uA, Departement de Paléontologie, Université d’Antananarivo (Antananarivo, Madagascar)

•	 uCmP, University of California Museum of Paleontology (Berkeley, California, USA)

•	 umnH, Natural History Museum of Utah (Salt Lake City, Utah, USA)

•	 usnm, National Museum of Natural History, Smithsonian Institution (Washington, USA)

•	 yPm, Peabody Museum of Natural History, Yale University (New Haven, USA)

•	 Zdm, Zigong Dinosaur Museum (Zigong, Sichuan, China)
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II.1 InTRoduCTIon: SEdImEnTologICAl, TAPHonomICAl 
And PAlAEoCologICAl ovERvIEw of lAS HoyAS

II.1.1. SeDIMenToLoGy anD PaLaeonVIRonMenT

Fregenal-Martínez and Meléndez (2016) have recently proposed that the fossiliferous 
laminated limestones of Las Hoyas accumulated in what they termed “carbonate pools”. Pools 
can be described as extremely shallow bodies of still water, poorly delineated and confined,  
which might also be considered a type of “limnetic wetland” (sensu Van der Valk, 2006). These 
pools were almost entirely occupied by layered microbial mats. In sedimentological terms they 
can be assimilated to a type of shallow marginal lacustrine environment filled with multilayered 
microbial mats that experienced frequent, seasonal water-level oscillation. These pools or bodies 
of lacustrine water would be integrated into a patchy landscape, a large complex of wetlands 
composed of a mosaic of environments where sedimentation was dominated by carbonate 
deposition: ponds, marshy and swampy prairies, micro-islands, and shallow slowly flowing channels, 
among others (Buscalioni and Fregenal-Martínez, 2010; Fregenal-Martínez and Meléndez, 2016).

The fossiliferous sediments are finely laminated limestones composed almost entirely 
of calcium carbonate with a small fraction of clays and organic matter. at macroscopic scale, 
lamination consists of a millimeter-scale alternation of wavy dark and light laminae. Laminated 
facies show a homogeneous appearance at field scale (Fig. II.1); however up to eight different 
microfacies can be petrographically distinguished (Fregenal-Martínez, 1998). These microfacies 
can be grouped in two alternating microfacies associations (Buscalioni and Fregenal-Martínez, 
2010; Fregenal-Martínez and Meléndez, 2016).

1. The first association of microfacies is made up of massive or positively graded 
millimetric laminae deposited by underflow currents and decantation of allochthonous 
detrital very fine carbon¬ate particles and vegetal debris. Those levels alternate with thin 
and wavy laminae of dense micrite and microsparite that, in turn, correspond to calcification 
of thin microbial mats. The association represents sedimentation under a persistent and 
shallow lamina of water during seasonal flooding and longer-term wet periods. The arrival 
of detrital sediments inhibits the growth of microbial mats, so the more continuous and 
abundant is the arrival of sediments, the less abundant and thinner are the laminae formed 
by calcification of microbial mats.

2. The second association of microfacies reflects the autochthonous production of 
carbonate linked to the growth of benthic layered microbial mats during periods of low 
water level conditions. Fossilized microbial mats show the typical features of stromatolites 
(Riding, 2000, 2011). They consist of wavy, irregular laminae of micrite, miscrosparite, sparite, 
or peloidal micrite, which, in general, lack porosity, show a very homogeneous fabric, and 
are densely packed. They enclose small pockets and thin discontinuous laminae of detrital 
trapped grains, or alternate with laminae of very fine detrital carbonate sediments with 
debris of plants and other organic remains that were transported during occasional floods. 
They represent sedimentation during dry periods, when the arrival of detrital sediments is 
rare and the growth and calcification of microbial mats is the dominant process.
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Some  tops of calcified microbial mats show desiccation cracks, and flakes of the 
desiccated mats are incorporated as clasts into the detrital laminae. at macroscopic scale, 
mat related structures and microbially induced sedimentary structures or MISS (noffke 
et al., 2006, 2001; noffke, 2009), such as wrinkle marks are common (Fregenal-Martínez and 
Meléndez, 2016). occasional extreme low water levels can be deduced from the appearance 
of dinosaur and crocodile trails and isolated tetrapod footprints associated to these 
facies,                                                                                                                                                                                

The stratigraphic arrangement of all these microfacies follows a cyclic vertical pattern, where 
the first microfacies association passes gradually into the second, stacking laterally persistent 
cycles. alternation occurs at several scales, from cycles of just a few centimeters to cycles 50 
cm-thick. They represent cycles of inundation and progressive shallowing upwards, occasionally 
ending up with subaerial exposure and dessication. This cyclicity has been interpreted to be 

figure II.1. map of las Hoyas fossil site and the situation of the mCCm-lH 6666 fossil. 
(a) Map of Las Hoyas fossil site, showing the localization of the different squares of excavation, 
each is usually given a colour name. Black arrow indicates the position where Concavenator was 
founded within Moon Green square (Modified from Cuesta, 2012). (b) Drawing of the area marked 
in (a) showing the arrangement and the orientation of the fossil the moment it was unearthed. 
(c) General view of the Moon Green square. (d) Close-up view of the area sampled layer-by-layer 
inside Moon Green Square.
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climatically driven (Buscalioni and Fregenal-Martínez, 2010; Fregenal-Martínez and Meléndez, 
2016), and it reflects the alternation of wet and dry periods at several scales of time. This is also 
coherent with the regional reconstructions above detailed (Ziegler et al., 1988; Haywood et al., 
2004) that propose a subtropical seasonal climate for the region during the Barremian.

Laminated limestones are sparsely interbedded with irregular slabby limestones that 
correspond to slightly silty grainstones-to-packstones composed of highly reworked bioclastic 
fragments, peloids, intraclasts, and plant debris. Some beds are extremely rich in plant debris. 
They may also show centimeter-scale cross-bedding produced by ripple migration. This facies 
interfingers with laminated limestones as lenses and “tongue-shaped” cm-thick, narrow layers 
representing the distal reaches of non-confined flows that entered the pools carrying sediments 
and allochthonous organic remains during flooding and high water periods, (Fregenal-Martínez 
and Meléndez, 2016).

In summary, the locality of Las Hoyas was formed in a lacustrine environment, a very shallow 
carbonate pool covered by extensive microbial mats, and whose environmental and sedimentary 
dynamics was chiefly controlled by the subtropical climate characterized by the alternation of 
wet and dry seasons. During wet seasons those pools were connected to and laterally fed by 
superficial unconfined flows of water, fine grained carbonate sediments and organic remains that 
entered the body of water as underflows and mostly as suspended load. Occasionally coarser 
sediments transported as bedload reached the pool leaving layers of slabby limestones. During 
dry seasons pools were isolated, water level dropped and microbial mats grew massively.

II.1.2. TaPHonoMy anD PaLaeoeCoLoGy 

Fossils from Las Hoyas show the typical “Konservat-Lagerstätten style of preservation”. 70-
80% of the fossils from Las Hoyas are fully articulated, and most of them show no evidences for 
having been transported over long distances. For instance, elements are not broken or abraded, 
exoskeletons of crustaceans show few disarticulated appendages or antennae; fish scales are 
preserved in situ, and axial columns and tails of fishes appear articulated; tetrapods show limited 
dispersion of body elements (Buscalioni and Fregenal-Martínez, 2010). Preservation of a wide 
range of organic components is another feature of the locality, mineralized muscle, tissue imprints, 
chitin, or cellulose. eyeballs and peritoneal membranes and mineralized replicas of myomeres 
in fish are common. It is also remarkable the preservation of the scaly-skin of crocodiles and 
albanerpetontids (McGowan and evans, 1995); the preservation of mineralized muscles of the 
dinosaur Pelecanimimus polyodon (Briggs et al., 1997); the preservation of mineralized feathers in 
Eoalulavis hoyasii (Sanz et al., 1996); and the preservation of insects and crustaceans as impressions 
preserving organic matter, colour patterns and tracheal and gut tracts (Delclòs et al., 2004).

Following the classification of Seilacher et al (1985) Las Hoyas have been interpreted as a 
Konservat Lagerstatte resulting from bacterial sealing, and its taphonomic features have been 
explained by inclusion of organism’s remains in microbial mats (Buscalioni and Fregenal-Martínez, 
2010; Fregenal-Martínez and Meléndez, 2016). As above explained, calcification of microbial mats 
would be also one of the main processes involved in the genesis of the laminated limestones 
facies where fossils are found (Buscalioni and Fregenal-Martínez, 2010; Fregenal-Martínez and 
Meléndez, 2016).
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Mats has been directly observed in the preservation of tissue imprints in fish eyes (Gupta 
et al., 2008), and in the preserved skin and mineralized muscle of the dinosaur Pelecanimimus 
polyodon (Briggs et al., 1997). Bacterial sealing would guarantee the subsequent development 
of preservation under the typical conditions of anoxia where the biogeochemical processes of 
mineralization and replication of delicate organic structures take place (Gupta et al., 2008; Iniesto 
et al., 2009, 2013).

Rapid inclusion in microbial mats would be equivalent to a situation of fast burial, that is, the 
remains of organisms would be wrapped inside the mat in the span of a few days, preventing 
disarticulation, the loss of delicate anatomical details, and the infilling of cavities and spaces 
between body parts by sediment, thus explaining the overlapping areas of a body in some insects. 
Taphonomic experiments indicate that burial events could have happened in less than 20 days 
(Briggs, 1995; Cambra-Moo and Buscalioni, 2003; Cambra-Moo, 2006; Iniesto et al., 2013).

In general, most of the plants and invertebrate fossils preserved in Las Hoyas are centimeter 
or decimeter sized (Buscalioni and Poyato-Ariza, 2016). The fish are represented by a variety of 
size, from small primitive teleosts of 3-4 cm long to the coelacanth and the longest complete 
specimens of Vidalamia that reach 30 cm long (Poyato-ariza and Martín-abad, 2016). The Las 
Hoyas lizard reach snout-vent length of 35-40 mm (evans and Bolet, 2016) and the anurans about 
20-40 mm (Baez, 2016). The birds founded in the fossil site are small sized relative to coeval 
ornithurines and other basal birds (Zhou, 2014; Buscalioni and Poyato-ariza, 2016). The non-
avian dinosaur Pelecanimimus is 2.5 meters long, being a small-medium sized theropod. However, 
Concavenator corcovatus is 6 meters long, and then it is the largest fossil found at this site.

The causes of the bias towards small tetrapod taxa in Las Hoyas might be related with the 
type of ecosystem that assemblages of Las Hoyas are interpreted to represent, that is a wetland 
ecosystem (Buscalioni et al., 2008; Buscalioni and Fregenal-Martínez, 2010). Such a size bias is 
expectable in wetlands (Van der Valk, 2006), being Concavenator a remarkable exception to this 
general rule.

as introduced above Las Hoyas have been interpreted to represent a subtropical seasonal 
wetland, a lentic ecosystem strongly influenced by ecological stress linked to water availability, 
in turn ruled by seasonal climate (Buscalioni et al., 2008; Buscalioni and Fregenal-Martínez, 2010; 
Buscalioni et al. 2016).

Following the scheme proposed by Van der Valk (2006) for equivalent extant ecosystems, 
Buscalioni et al. (2008) defined four categories of species inhabiting Las Hoyas wetlands: (1) 
obligate aquatic species, that can be found either in the water column or in flooded soils; in Las 
Hoyas this is the dominant category, 64% of the taxa (excluding arthropods and macrophytes); 
(2) amphibious species, that spend part of their life cycle in wetlands, this category accounting for 
24% of Las Hoyas taxa; (3) facultative species, which may be found in wetlands and in terrestrial 
environments, these being just 12% of Las Hoyas taxa (excluding macrophytes); (4) incidental 
species, that is, species that are just occasionally found in wetlands and usually inhabit terrestrial 
environments.

Facultative and incidental species are diverse but uncommon in Las Hoyas, and they consist of 
lizards, dinosaurs (Buscalioni et al., 2008; Buscalioni and Fregenal-Martínez, 2010) and pterosaurs 
(Vullo et al., 2009, 2012), whereas birds can be considered to fall within a wide range from 
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amphibious to incidentals (Buscalioni and Fregenal-Martínez, 2010). Therefore, Concavenator 
corcovatus would be an incidental organism in Las Hoyas wetlands as it had inhabited terrestrial 
environments.

II.2 mATERIAl And mETHodS

II.2.1. FoSSIL MaTeRIaL

This study focuses on the taphonomic analysis of the holotype (MCCM-LH 6666) of 
Concavenator corcovatus (ortega et al., 2010), a nearly complete and articulated skeleton preserving 
some impressions of delicate integumentary structures such as small polygonal scales under the 
pedal digits and in the metatarsal area (Cuesta et al., 2015), structures associated to sheaths over 
ungual phalanges and continuous impression delimiting dorsally and ventrally the outline around 
the caudal vertebral series. The sample analysed belongs to the collections of the Museo de 
Paleontología de Cuenca (Spain). 

The fossil MCCM-LH 6666 shows a lateral position of burial, being exposed the right region 
of the body. The posture is characterized by the slight curvature of skull and neck over the back, 
the dorsal extension of the tail and the flexion of the limbs that appear overlapped on the ventral 
part of the body. The skeleton presents a medium-degree of disarticulation and a non-significant 
absence of elements.

The holotype MCCM-LH 6666 was founded in the Moon Green square, located in the nW of 
the Las Hoyas fossil site. The square is close to the irregular slabby and cross bedded limestone. 
The orientation of the main axis of the fossil of Concavenator is ne-SW, perpendicular to the axis 
of the cervical and caudal skeleton (Fig.II.1).

Integumentary impressions can be observed in several areas on the specimen, and can be 
divided into four morphological groups: (1) polygonal scales, (2) filamentous structures arranged 
following a parallel pattern, (3) wrinkled oriented prints, and (4) unstructured impressions. Many 
of these structures can be recognized due to their location and organization such as the pedal 
pads under the phalanges, sheaths over the ungual phalanges, muscle bundles between the neural 
spines of the medium caudal vertebrae, and skin impressions around metartarsal and distal caudal 
vertebrae. The displacement from their original position, shown bysome structures, is also a 
significant characteristic, being especially remarkable the clear detachment of the pedal pads 
from its original location under the phalanges (Cuesta et al. 2015).

II.2.2. anaLySIS oF THe SeDIMenTaRy MaTRIx 

The sedimentological study of the sedimentary matrix was performed on the samples obtained 
in the field, and on samples collected from the block of sediments that encloses the fossil of 
Concavenator corcovatus. Sample LH-6666 was taken for the petrographic analysis of microfacies, 
just 50 cm. far from the skull. other samples coming from the sediments directly lying on the 
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fossil were used for SeM analyses. Sediment samples analysed were located close to the ventral 
part of the middle-cervical vertebrae and it encloses some integumentary impressions.

The succession of laminated sediments laterally equivalent to the bed where Concavenator 
corcovatus was found were sampled following the layer-by-layer continuous sampling technique 
(Fig. II.1d), usually applied for the compilation of sedimentological and taphonomical data at Las 
Hoyas fossil site (Fregenal-Martínez, 1998; Buscalioni and Fregenal-Martínez, 2010).

Three continuous stratigraphic logs were obtained; being the total thickness of sampled 
sediments 20 cm. The upper part of the sampled succession correlates with the 6 cm-thick block 
that contain the fossil of Concavenator.

Thin sections covering the entire thickness of the sampled successions were used for the 
microscopic description, allowing the detailed reconstruction of the microfacies succession, and 
the correlation with sample LH-6666.

a detailed description and interpretation of the relationships between the synsedimentary 
deformation structures observed in the sediment matrix and the skeletal parts related have been 
also carried out.

Scanning electron microscopy (SEM) 

The two samples observed was obtained from the sediment matrix close to the ventral area 
of the skull and cervical skeleton. observations of the sample were performed using a Zeiss 
Ultra 55 SEM equipped with a field emission gun and a Hitachi S-300 N.Images were obtained 
with the microscopes operating under vacuum at 30 kV and a working distance of 11.6 mm, 33.1 
mm and 38.1 mm.

II.2.3. SkeLeTaL TaPHonoMIC anaLySeS 

The exhaustive study of the taphonomic features of a carcass provides information on both 
the biostratinomic and the fossildiagenetic processes that the original organic remains have 
undergone. In this study the reconstruction of the biostratinomic processes have been done 
after the analysis of (1) the dispersion states of the carcass, (2) the cascass angles analysis and (3) 
the estimation of the biostratinomic production time.

Concerning fossildiagenetic processes, the description of bone deformation has been the key 
for interpreting processes associated to burial such as mechanical and chemical compaction.

Dispersion states of the carcass

The dispersión states of the carcass has been established following the method proposed 
by Cambra-Moo and Buscalioni (2003) and Cambra-Moo (2006), which considers percentages 
or disarticulation, overlap, and the significant absence of some of the bone elements. Cambra-
Moo and Buscalioni (2003) and Cambra-Moo (2006), characterized these variables on a data 
base composed of 122 specimens of fossils archosaurians and lepidosaurians coming from 
different fossil-lagerstätten localities all around the world. The analysis assumed that the general 
morphology of a tetrapod can be decomposed into anatomical modules, and proceeded assigning 
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discrete binary values to every module, one value for each of the three considered variables, e.g. 
anatomical modules disarticulated, overlapped or absent are coded as 1. The outcomes of the 
analyses were three different matrixes where the values corresponding to Concavenator corcovatus 
(MCCM-LH 6666) have been introduced. Cambra and Buscalioni (2003) also included hypothetic 
sample with minimal and maximum extreme states of disarticulation, overlap and absence.

estimated percentages of disarticulation, overlap and absence of MCCM-LH 6666 were 
obtained after this coding, using the software PaST 2.17 (Hammer et al., 2011).

Disarticulation was assessed using a disarticulation sequence obtained after a cluster analysis 
of the disarticulation matrix proposed by Cambra-Moo and Buscalioni (2003) and Cambra-Moo 
(2006).The cluster analysis was carried out using the Gower’s similarity index or the “average 
linkage” in PaST. The sequence shows the order of disarticulation of each body module. The 
modules with highest distance values are the first disarticulated in the sequence and the modules 
with lowest distance occupied latest position in the order of the sequence.

 In order to stablish the disarticulation sequence of Concavenator, two clusters was 
performed in the current study: (1) specimens in lateral position of preservation (n=62); (2) 
non-avian dinosaurs taxa (n=31). except Concavenator, the data of the rest of taxa was obtained 
from the data matrix of Cambra and Buscalioni (2003) and Cambra-Moo (2006).

Carcass angles analyses 

Cambra-Moo (2006) developed a protocol to describe the relative position of the body modules 
of archosaurs fossil carcasses. The protocol consists of the counter-clockwise measurement of 
the angle between the centroid of the entire body and the centroid of each separate anatomical 
module. The results allow to describe the distribution of the modules in the burial position. 
Cambra-Moo (2006) proved experimentally that such distribution is related with three possible 
sets of environmental conditions: subaerial exposure, rapid burial, and aquatic environment.

Following the method proposed by Cambra-Moo (2006), the burial position of Concavenator 
corcovatus have been determined measuring the angles between the centroid of the body fossil 
and its four anatomical modules, that is head, forelimb, hindlimb and tail. The angles were measured 
using the program ImageJ 1.47 (Rasband, W.S., 1997). We compare the angles of the position 
of MCCM-LH 6666 with the percentages obtained in the experiment by each environmental 
conditions proposed by Cambra-Moo (2006). Moreover, the values obtained for these angles 
were later restored to their original position in the field using the schematic maps done during 
excavation of the fossil. once they were restored, the angles were analysed in relation to the 
main paleocurrent directions known to be relevant in the depositional system.

Biostratinomic production time

The equation (equation [1] and [2]) proposed by Davis and Briggs (1998) to calculate the 
time elapsed after the death of one individual of bird until the cascass is buried was used herein:

 [1] e– λ Ψ t = W/W0

 [2] Ψ = 0.12 e 0.07 T
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Where: e= natural log, λ= 0,14 value of decay constant, Ψ= temperature constant, t= elapsed 
time (in days), W= weight at time t, W0 = initial weight, T= estimated palaeoenvironmental 
temperature (Cº).

If the model developed by Haywood et al. (2004) for Barremian Wealden climates of Western 
europe is assumed, the cold month mean temperature (T1) for Las Hoyas should have been 20ºC, 
and the warm month mean temperature (T2) 44ºC.

The initial weight (W0) of the specimen was estimated using different methods (e.g. 
(Christiansen and Fariña, 2004; Seebacher, 2001) which relate the long bone dimensions and total 
length of the specimen, to the body mass. Seebacher (2001) proposed a regression equation 
relating total length (x) to total body mass (y) (equation [3]). Christiansen and Fariña (2004) 
proposed several bivariate and multivariate equations that use different long bones dimensions 
to calculate body mass (y). 

 Among the available equations the most appropriate to the specific features of MCCM-
LH 6666 have been chosen (equations [4]-[11]).

 [3]      y= 0.73x3.63

 [4]      log10y=-6.288+3.222 log10 FL

 [5]      log10 y= -2.028+2:641 log10 F dia aP

 [6]      log10 y = -2.099+2.337 log10 T distal LM

 [7]      log10 y= -5.656+2.714 log10  FL+0.431  log10 F dia LM

 [8]      log10  y= -5.512+2.674 log10 FL+ 0.447 log10 T dia aP

 [9]      log10 y= -5.622+2.740 log10 FL+0.380  log10 T dia LM

 [10]    log10 y= -5.051+2.254 log10 FL+0.714 log10 T distal LM

 [11]    log10 y= -6.202+3.093 log10 FL+0.202 log10 Fib distal LM

Where: FL= Femur length, F dia aP= Femur midshaft anteroposterior width, T distal LM= 
Tibia distal lateromedial width, F dia LM= Femur midshaftlateromedial width, T dia aP= Tibia 
midshaft anteroposterior width, T dia LM= Tibia midshatlateromedial width, Fib distal LM= Fibula 
midshaftlateromedial width.

In addition, the body mass at burial time (W) (equation [12]) has been calculated using the 
equation proposed by Cambra-Moo (2006). The equation relates body mass at burial time with 
the disarticulation-absence percentage (%D-a) and the initial mass).

 [12]  W = [(% D-a) / 100] W0
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Bone deformation 

The fossildiagenetic stages associated to burial usually involve processes of mechanical and 
chemical compaction, dissolution and mineralization that affect bones. a detailed observation and 
description of some bone features such as deformation, fractures or collapses have been done in 
order to recognize the effects and to interpret such fossildiagenetic processes.

II.2.4. SoFT-TISSUeS anaLySIS  

The specimen MCCCM-LH 6666 is characterized by the presence of integumentary 
impressions in a good state of preservation (Cuesta et al., 2015). The soft-tissues impressions 
preserved provide relevant data on mummification processes and on the taphonomic processes 
that result on exceptional preservation. Commonly, the study of soft-tissues involves making 
use of methods and techniques that are potentially destructive. In this case, the application of 
those destructive techniques has been discarded because of the uniqueness of the herein studied 
specimen. However, the study of the preserved soft tissues of Concavenator by means of UV light 
and image analysis have allowed to obtain a general characterization of them.

UV light and image analysis 

a fragment of the specimen MCCM-LH6666 was examined and photographed under UV 
light in order to recognize and separate different kinds of preserved soft-tissues. This fragment 
is a block that contain 5 caudal vertebrae from 14th to 18th.The area occupied by bones and 
integumentary impressions is 1038.62 cm2. other fragments were examined in previous studies 
(Cuesta et al., 2015; Cuesta et al., 2016).UV-a lamp with a wavelength of 365 nanometres was 
used. We used a photographic protocol based on previous studies (Hone et al., 2010; Tischlinger, 
2005; Tischlinger and Arratia, 2013), excepting the use of colour filter which was discarded by 
technical reasons. The exposure time was a few seconds in accordance to the features of the light 
and the fossil. The first stage of the analysis consist of exposing the fossil to the UV radiation. This 
radiation produces luminescence, which ceases when the radiation is removed. This luminescence 
is known as fluorescence and the degree of fluorescence depend on the composition of the 
material (Tischlinger and arratia, 2013). Given that different types of mineralized soft-tissues 
usually show different composition, distinct degree of fluorescence, allow to differentiate distinct 
types of soft tissues. In addition different types of soft tissues usually follow different patterns of 
decomposition, their identification allows to estimate their rates of decay.

The photographs obtained were processed by image analysis with ImageJ 1.47 (Rasband, 1997). 
This technique allows to separate distinct areas, which represents different types of soft-tissues, 
on the basis of their fluorescence. The first step consisted on discriminating and discarding the 
bone surface in order to analyse just the matrix surface, where the soft tissues are preserved. 
Besides, the areas susceptible to contain other possible elements that produce fluorescence, 
such as instrumentation marks or dust, were also eliminated.Following, the photographs were 
converted to 8-bits grayscale images, where the lower threshold limits were adjusted to mark 
out each area with differential fluorescence. Finally, a mask set was generated based on fixed 
thresholds, in order to quantify the percentages of area occupied by each identified element with 
respect to the total evaluated area. The results were interpreted after integration with the data 
obtained under visible light.
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II.3 RESulTS

II.3.1 SeDIMenToLoGICaL anaLySIS

The petrographic study of sample LH-6666 and the 20 cm-thick nearby and laterally equivalent 
succession have revealed the presence of six microfacies (Cuesta, 2012), out of the eight that 
usually are found in the fossiliferous laminites of Las Hoyas (Fregenal-Martínez, 1988; Buscalioni 
and Fregenal-Martínez, 2010).

The studied succession is arranged in cycles composed of microfacies of very fine grained 
carbonate detrital sediments deposited by underflows and decantation of overflows, which 
gradually pass upwards to microfacies formed by calcification of microbial mats (Cuesta, 2012).

This matches the usual associations of microfacies, and the stratigraphic cyclical pattern that 
the fossiliferous limestones of Las Hoyas follow. That, in turn, reflects the alternation of high 
water level conditions in the lacustrine pool during wet periods and low water level conditions 
during dry periods, as previously explained.

Cuesta (2012) identified up to eight different cm-thick cycles in the studied succession. 
The fossil of Concavenator corcovatus is located in the gradual transition from the “wet facies 
association” to the “dry facies association” of the sixth cycle (Fig.II.2).  It is embedded in a 
millimetric alternation of wavy laminated fine grained microbialites and micritic laminae deposited 
by decantation (Cuesta, 2012). The remains were buried during a period characterized by a 
progressive decrease in events of flooding and supply of detrital sediment, and by an increase 
in the frequency of dry periods, thus favouring the development of thin fine grained laminated 
microbialites (Cuesta, 2012).

figure II.2. Position of mCCm-lH 6666 within the sedimentary sequence. Left: Close-up 
lateral view showing the relationships of the fossil with the enclosing finely laminted sediments. 
Right: Stratigraphic log obtained from thin sections after the vertically continuous sampling of the 
sediments associated to the fossil, and log of the identified microfacies. The fossil of Concavenator is 
embedded between the gradual transition from the “wet facies association” (Microfacies 2 and 3) 
to the “dry facies association” (Microfacies 5 and 6).



Taphonomic analysis

45

Fine  grained laminated microbialites are the result of synsedimentaty precipitation due to 
heterotrophic bacterial calcification of EPS (Extracellular Polimeric Substances) and other cellular 
products (Riding, 2011). The calcified biofilms have been observed under the SEM (Scanning Electron 
Microscope) in some sediment matrix samples from MCCM- LH-6666 that were obtained close 
to the ventral part of the middle-cervical vertebrae. At low magnification, the typical wrinkles and 
peduncles of the microbialites (Riding, 2011) are observed on the surface of the sediment (Fig.II.3a, 
b, c); as the image is enlarged, diverse components of the biofilm are identifiable, such as fungal 
hyphae, clusters of micrite, mineralized coccoids and the surrounding ePS (Fig.II.3d, e, f). 

II.3.2 FoSSIL-SeDIMenTaRy MaTRIx ReLaTIonSHIPS

The entombing of the fossil of Concavenator corcovatus produced a remarkable amount of syn-
sedimentary structures of deformation in the sediments. Most of the observed structures reflect 
a ductile behaviour of the sediments (Fig.II.2, 4). although the sedimentary matrix underlying the 
fossil appears overcompacted, the original lamination is still preserved. at some point it has suffered 
hydroplastic deformation showing micro-convolute lamination. The sedimentary matrix replicates 
the external shape of almost every skeletal element. The amount and features of deformation 
are not homogeneously distributed and they vary depending on the weight of each anatomical 
element. That is, the heaviest anatomical elements such as the skull produced stronger compaction 
on the underlying sediment (Fig.II.4c, d) while the compaction produced by the lighter caudal 
region (Fig.II.4a, b) is lesser by far.

Figure II.3. SEM image of biofilms associated to specimen MCCM-LH6666. (a) Superficial 
view of biofilm showing the association of wrinkles and peduncles structures (white arrows) at 
low magnification. (b) Superficial view of biofilm presenting the typical peduncles structures at low 
magnification. (c) Detail of area marked in (b) showing the peduncles and surrounding EPS. (d) Close-up 
view of biofilm components including: h, fungal hypha; m, aggregated clusters of micrite; c, mineralized 
coccoids and the surrounding ePS. (e) Detail of area marked in (d) showing intimate relationship 
between the aggregated micrite and fungal hypha (black arrow). The biofilm components described in 
(d) are also visible here. (f) Close-up view of the continuation of the fungal hyphae that is shown in (e). 
note again the close spatial relationship between hypha, micrite and coccoids with ePS (black arrow).
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The overloading produced by the corpse allowed that the underlying laminated layer of 
sediment  stretched and “flowed” laterally in all directions, penetrating inside the anatomical 
voids of the corpse, and wrapping it around. The voids are filled by sediments distorted with 
soft-sediment structures of deformation. as it can be observed in Figure II.2, this recalls the load 
and flame sedimentary structures which are produced when a thick layer of coarser and denser 
sediments embedded in water is deposited upon a cohesive muddy bed of sediments.

Hence, it can be deduced that carcass sunk under its own weight inside a substrate composed 
by a semi-consolidated mixture of microbial mats and plastic micritic sediments behaved like a 
visco-elastic, flexible and cohesive layer, something like a “rubbery bath mat”.

II.3.3 SkeLeTaL TaPHonoMIC anaLySIS

Dispersion states of the carcass

The calculation of the dispersion states following the above explained methodology, which 
uses percentages of disarticulation, overlap, and significant absence of some of the bone elements, 
results in: (1) 48,48% of disarticulation; (2) 5.9 % of absence; and (3) 11.1 % of overlap. 

figure II.4. Central photograph of the complete fossil and photograph and drawings of 
the cross-section view of some areas on the specimen mCCCm-lH 6666, showing the 
spatial relationship between the fossil and the sediment matrix. (a) Third chevron in distal 
view. (b) Sixth caudal vertebra in posterior view. (c) Seventh cervical vertebra in lateral-anterior 
view. (d) 8th cervical vertebra in anterior view. all areas are indicated in the central photography. 
The drawings show the deformation of the main lamination in the sediment matrix, represented by 
a dotted grey.
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according to these outcomes, the skeleton of Concavenator shows a medium-degree of 
articulation, being the most remarkable disarticulated areas the forelimbs joints, the pelvic girdle 
and hindlimbs joints, and some caudal vertebrae. another relevant observation is that gastralia ribs 
appear disarticulated and accumulated on the ventral part of the pectoral area. Most of these ribs 
are oriented in the same direction, perpendicular to the long axis of the body.

The cluster analysis proposed by Cambra-Moo and Buscalioni (2003) to obtain the disarticulation 
sequence for lateral position and Dinosauria on the basis of the modules of the body have been 
modified adding the codes of Concavenator, as above mentioned (Fig.II.5). The results obtained from 
the lateral position (Fig. 6a) matrix are similar than that disarticulation sequence by modules in 
lateral position originally proposed by Cambra-Moo and Buscalioni (2003). The disarticulated areas 
observed on Concavenator follow partially this sequence from state 1 to 12, representing a middle step 
of the whole sequence (Total states=24).other anatomical elements were disarticulated earlier in 
Concavenator than predicted by the disarticulation sequence. For instance, the elements of theforelimb 
and hindlimb modules (states 15b, c; 16c; 19; 24), the caudals (state 16b) and the pelvic girdle (state 23). 

Despite  the presence of disarticulation, all elements are highly associated with respect to their 
initial anatomical position. Therefore, the absence of bone elements is not significant and just some 
caudal vertebrae from the medial and distal region of the tail are absent. The overlap degree is 
also low, mainly affecting both,  limbs and pelvic girdle, being this directly linked to the lateral burial 
position presented by the skeleton.

Carcass angles analyses

Figure II.6 shows the angles that describe different positions of each one of the modules of 
the carcass relative to the centroid of the total body. The measurements of these distinct angles 
obtained from specimen MCCM-LH 6666 are shown in Table II.1 where these angles are compared 
to the approximate ranges obtained by Cambra-Moo (2006) for each environment of preservation.

The angle  of the head is closer to 90º than to 270º due to the slight curvature of the neck 
towards the dorsal region and to the orientation of the longitudinal axis of the head in respect to 
the neck, being both oriented towards the same direction. The angles of both limbs are correlated 
with their flexed position on the ventral region. Finally, the anterior part of the tail has a great 
curvature in relation to its natural position and it is almost parallel to the head and neck. Due to the 
high disarticulation and the absence of elements that occur in the caudal vertebrae, the position of 
the distal tail with respect to the body is unknown. Therefore, this distal part of the axial skeleton 
has not been considered. 

Following  the interpretation of Cambra-Moo (2006) which correlates the angles values with 
environmental conditions and processes, the angle of the head would be indicative of an aquatic 
environment. The rest of the modules correlate with fast burial processes or subaerial exposure 
conditions, consequently other data are necessary to evaluate the possible biostratinomic 
environmental conditions.

Biostratinomic production time (BPT)

In order to quantify the BPT, the initial body mass (W0) of Concavenator was estimated from 
the formulas proposed by Christiansen and Fariña (2004), and Seebacher (2001). The results show 
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figure II.5. disarticulation sequences from binary matrix. (a) Disarticulation sequence for 
specimens with lateral burial position, n=62. Four units of disconnection are clustered: Pectoral 
girdle and forelimb, Pelvic girdle and thoracic cage, head and axial skeleton; and Hindlimb. (b) 
Disarticulation sequence for exemplars of Dinosauria, n=31. abbreviations: Pct= pectoral girdle, FL= 
forelimb, Plv= pelvic girdle, CV= cervical vertebrae, DV= dorsal vertebrae, ScrV= Sacrals vertebrae, 
CdV= caudal vertebrae, HL= hindlimb, r=right; and l=left. 
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figure II.6. measurements of angles of the carcass of mCCm-lH 6666.angles obtained 
from the centroid of the total body from specimen MCCM-LH 6666 to the centroid of the separate 
modules (head, forelimb, hindlimb and tail). each angle is obtained measuring counter-clockwise.

Table II.1. Measurements of the angles obtained between the centroid of the separate modules 
relative to the centroid of the total body from specimen MCCM-LH 6666, compared with the 
approximate ranges proposed by Cambra-Moo (2006) for each environment of preservation.
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figure II.7. deformation on some bones caused by fossildiagenetic processes. (a) Pubis 
shaft folding over the left tibia and under the right hindlimb. (b) Dorsal ribs folding over the left 
femur. (c) Gastralia accumulation presenting ductile deformation. (d) Caudal vertebral centrum 
showing an unusual narrow width.
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an average body mass of 441.83 kg. The body mass at time of burial (W) was calculated using the 
percentages of disarticulation (%D), being the percentages of absence (%a) discarded due to its 
low value. The W obtained was  214.22 kg. Finally, the temperature values used were 20ºC (Cold 
and wet season) and 44ºC (Warm and dry Season).

The final result for the BPT is 11 days for a temperature of 20ºC, and 2 days for 44ºC. These 
results are consistent with those obtained by Cambra-Moo (2006) for Las Hoyas fossil site for 
20ºC, where the mean values of BPT are between 7 to 17 days.

Bone deformation

Concerning bone deformation, the most conspicuous observed feature is the ductile or plastic 
deformation of long bones, such as dorsal ribs, gastralia and pubis (Fig.II.7a, b, c). This ductile 
behaviour allowed to develop the excellent coupling between the bones that overlap and  intersect 
each other. Besides, the loss of width of certain elements such as vertebral centrums is a common 
observed feature (Fig.II.7d). Several fractures are developed in several bones, especially in long 
bones as hindlimb bones or neural spines. It is remarkable the presence of several collapses in the 
surface of the bones, produced by mechanical compaction. For instance, the right ulna presents a 
collapse in the proximolateral surface. The skull also shows several deformation and collapses in 
some bones, especially in rostral elements as maxilla. 

II.3.4 SoFT-TISSUeS TaPHonoMIC anaLySeS

UV light and image analysis

The continuous impressions delimiting dorsally and ventrally the outline around the medium 
caudal vertebrae can be observed under visible and UV light (Fig.II.8). These impressions of soft-
tissues are characterized by light colours (white and yellow) and the presence of filamentous 
structures around the caudal edge of the neural spine under visible light (Fig.II.8a). Under UV light, 
two different UV-induced visible fluorescence responses (low and high) can be observed (Figure 
II.8b). Using ImageJ, two lower thresholds limits (LTL) in the grayscale image analysed (0-250) have 
been proposed to delimit these different fluorescence responses. Integrating the mask created 
on the basis of these two LTL in both observations (visible and UV light) it is possible to identify 
quantitatively two different types of tissues. Calcium carbonate and calcium phosphate minerals 
tend to have significant fluorescence emission (Tischlinger and Arratia 2013), being consistent 
with the phosphatization processes of certain tissues that occur in their preservation (Briggs et 
al., 1993, 1997; Schweitzer, 2011). Therefore, the high response areas (LTL 75) would be more 
phosphatized soft-tissues. Moreover, these areas coincide with filamentous-structured zones, 
whose orientation and disposition match with interosseous ligaments and, thus, are interpreted 
as phosphatized muscle or ligamentary bundles. Conversely, the low response areas (LTL 55) 
represent poorly phosphatized skin impressions and other unidentifiable tissues.

Table II.2  shows the relationship between the percentages of area that are occupied by each 
type of tissue. Therefore, the muscle tissues occupy a 37.28% relative to the total soft-tissues 
impressions preserved in this fragment of the fossil. The rest of the impressions (62.72 %) has 
a low fluorescence and does not show any preserved pattern (scales, filaments), thus, its origin 
reamins unknown.The large area occupied by impressions  of musculature indicates a significant 
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figure II.8. Integumentary impressions preserved on the medium caudal vertebrae 
of the specimen mCCm-lH6666. (a) Photograph under visible light. arrow indicates the 
filamentous structures with parallel pattern. (b) Photograph under UV light and analysed by ImageJ. 
The yellow lines delimit all the soft-tissues impressions preserved and the red lines mark the areas 
more phosphatized.
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percentage of the muscle tissues preserved. These results are consistent for other areas non 
assessment in current analysis with integumentary impressions, thus this analysis facilitates partly 
the interpretation of these structures on the specimen. 

II.4 TAPHonomIC dISCuSSIon

II.4.1 TaPHonoMIC eVoLUTIon oF ConCaVEnator CorCoVatus

The accomplished taphonomic study points to a subaerial production of the carcass of 
Concavenator corcovatus. The calculation of the biostratinomic production time indicates that a 
period of 11 days (20ºC) or 2 days (44ºC) elapsed between death and final burial. Several taphonomic 
features of the fossil support that during such period the corpse suffered decomposition in 
lateral position with the right side of the body up, and under subaerial conditions:

 1. Disarticulation of the limbs due to the decay of the ligaments connecting joints. This 
process follows a sequence characterized by the preferential and earlier disarticulation of 
the exposed right limbs, starting by the forelimbs and ending by the hindlimbs (Hill, 1979; 
Davis and Briggs, 1998; Cambra-Moo and Buscalioni, 2003).

2. Separation of the skin from the bone in limbs. This process can be mainly observed 
on the pedal pads of Concavenator (Cuesta et al., 2015). It has been proven experimentally 
that this is a common process in the case of bird’s carcasses in subaerial environments 
Cambra-Moo (2006).

Table II.2. Results obtained in the image analysis by ImageJ. (a) Measurements of areas in 
cm2 and mean grayscale for different surfaces of the fossil fragment (i.e. total surface, fossil surface, 
sediment matrix surface, total soft-tissues surface and muscle tissues surface). (b) Distinct percentages 
(%) of each surface relative to others surfaces.
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3. Purge of the abdominal zone. The amount of gas produced during the early stages 
of decomposition varies from some areas of the body to others. The highest production 
occurs in the abdominal area, which tends to expand until it finally breaks and collapses 
letting the gas to be purged (Cambra-Moo (2006). The occurrence of this process in 
the case of Concavenator produced the disarticulation of gastralia ribs and explains their 
oriented arrangement. 

4. Mummification of the carcass. This process is generally associated to high temperatures 
and low air humidity. Mummification commonly drains the liquid phase of decaying soft 
tissues (Carpenter, 2007), and avoids the disarticulation of the skeleton, acting as a 
protective enclosure which, in turn, slows decomposition. There is a general agreement 
on the relevance of mummification for preservation of soft tissues of archosaur’s remains 
(Carpenter, 2007; Manning et al., 2009; Herrero and Farke, 2010; Lingham-Soliar and Glab, 
2010), provided that they are early mineralized. Several evidences indicate that Concavenator 
underwent mummification:

a. Folded tissues in the some areas and skin contour attached to bone around the 
caudal vertebrae. These evidences can be observed under UV-light and are linked to the 
early removal of lipids during the first stages of decay (Lingham-Soliar and Plodowski, 
2010).

b. There are disarticulated bones but they are in perfect anatomical association as 
it can be observed on the skeletal fossil. It is due to the protection of the mummy that 
avoids the complete disassociation of the bones.

c. The carcass did not reach an advanced state of decay in spite of the long time 
it remained exposed. In fact it shows features typical of an intermediate state of 
decomposition (i.e. purge, disarticulation, separation of skin…) but the low level of 
skeletonization (final of decay) and the abundant presence of collagen tissues, such as 
muscles, point to a slowdown of decay processes Lingham-Solier and Glab, 2010).

Decomposition under subaerial conditions, and mummification are processes compatible 
with the terrestrial life habitat of Concavenator, but unsuitable with its final burial place at the 
lacustrine environment of Las Hoyas pools. Therefore after a short period under subaerial and 
dry conditions the carcass had to be dragged and transported. From this moment on the carcass 
suffered rehydration and its taphonomic evolution occurred in aquatic conditions as revealed by 
the carcass angles analysis carried out herein and based on Cambra-Moo (2006). The measured 
neck curvature typically corresponds to an aquatic environment (Cambra-Moo, 2006).

To this point the biostratinomic evolution described is consistent with the seasonal 
environmental dynamic of Las Hoyas deduced after the sedimentological analysis (see chapter 
3.2). This is also coherent with the results of the experimental work of Lingham-Soliar and 
Glab (2010) who showed that dehydration of terrestrial animal carcasses is a key process in 
preservation of soft tissues since it may greatly retard their decay while retaining their structural 
identity. Notwithstanding with this, final preservation of such tissues depends on the occurrence 
of early mineralization processes that would require their rehydration. Thus, seasonal climates 
would provide the most suitable conditions to preserve soft tissues in terrestrial animals, which 
might undergo dehydration during dry seasons and rehydration and mineralization during wet 
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seasons (Lingham-Soliar and Glab, 2010). The time elapsed between rehydration and the onset of 
mineralization should be short, since rehydration would promote and accelerate decay processes 
that had been retarded by dehydration. The preservation in Concavenator of muscle tissues, 
which are especially prone to rapid autolysis, is also indicative of early authigenic mineralization; 
hence transport from the place where the carcass was mummified to the place of entombing in 
microbial mats had to be quite short.

Therefore, in that framework, the carcass of Concavenator had been produced and laid down 
in subaerial conditions and, shortly after, it had been transported during flooding to its final place 
of burial in the microbial mats that grew in the pool of Las Hoyas; there, final preservation of 
the skeleton and mineralization of soft tissues took place. Transport was short and gentle since 
the original posture was kept and the carcass remained articulated. The precise location of the 
fossil in Las Hoyas site is quite close to the lateral change of facies from laminated fossiliferous 
limestones to irregular slabby limestones that represented the sediments deposited by overland 
flows; this is, close to the edge of the pool. The body axis of the fossil is roughly perpendicular to 
head and tail that lay parallel and pointing “upstream” (towards the area where the flood entered 
the pool), thus evidencing the influence of the passive drifting of the skeleton in its death position 
(Faux and Padian, 2007). 

Several experiments made by Coard and Dennell (1995) and Coard (1999) showed that dry-
articulated bones have a higher transport potential than dry disarticulated or wet articulated and 
disarticulated bones. The enclosure of the skeleton of Concavenator in the mummy had kept it dry 
and articulated, which in turn had guaranteed a high transport potential.

The main problem of the transport hypothesis is the large size and mass of the specimen, being 
the initial mass of over 400 kg and the remaining after initial decomposition and mummification 
of 214.22 kg. Moreover, the fossil association shows a great quantity of charophite complete 
fossils which good preservation indicates a very slow flow and low energy. The experiments 
performed by Coard and Dennell (1995) and Coard (1999) were made with animals carcasses 
much smaller and a constant flow velocity of the 0.30 m•s-1. Accordingly, there are no evidences 
that the transport of Concavenator was possible on a slower flow. 

Once on its final location in Las Hoyas the carcass had to be covered by microbial mats so 
the preservation of soft tissues might occur (Briggs, 2003). The UV-light and image analyses of 
preserved soft-tissues have revealed the presence of structures with high fluorescence due to 
their phosphatic composition (Hone et al., 2010) and located between the neural spine of caudal 
vertebrae. They can be interpreted as muscles tissues which are usually preserved by authigenic 
early mineralization, chiefly by calcium phosphate (Briggs et al., 1993; Briggs, 2003). Muscle tissues 
correspond to 37.28% out of the total soft-tissues preserved in the tail of Concavenator.

The inclusion of organism’s remains in microbial mats explains the taphonomic features of the 
locality as a Konservat-Lagerstätte generated by bacterial sealing (Buscalioni and Fregenal-Martínez, 
2010). The role of biofilms in early authigenic mineralization and replication of delicate organic 
structures in Las Hoyas has been repeatedly proven (Briggs et al., 1997; Gupta et al., 2008, among 
others). as previously described the fossil of Concavenator corcovatus is embedded in a millimetric 
alternation of wavy laminated fine grained calcified microbialites and micritic laminae deposited 
by decantation (Cuesta, 2012) (Fig. II.2). The calcified multilayered biofilms have been observed 
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under the SeM in samples obtained close to the ventral part of the middle-cervical vertebrae of 
the specimen, in which diverse components of the biofilm can be recognized (Fig.II.3d, e, f).

Besides providing the adequate conditions for soft tissues preservation by bioprecipitation 
(Briggs, 2003), microbial mats contribute to exceptional preservation characteristic of Konservat-
Lagerstatten growing over the carcass preventing disarticulation (o’Brien et al., 2008), protecting 
the corpse from scavengers and currents and delaying decay. Hence, microbial mats are also 
responsible of maintaining the body integrity of the carcasses (Iniesto et al., 2013). Body integrity 
involves preservation of tegument continuity, connectivity, and three-dimensional shape, all of 
them common features in exceptional fossilization. The experiments carried out by Iniesto et al. 
(2013) have revealed that small neon tetra fishes whose body length is about 2.5 cm lying on the 
microbial matsof experimental tanks result entirely covered and entombed in the mat after 30 
days (Iniesto et al., 2013).

The entombing of Concavenator in microbial mat should have been a fast process, since in 
aquatic environment and under the typical high temperatures of Las Hoyas subtropical climate, 
the rates of disarticulation and decay should have been high. Therefore, to that point the question 

figure II.9. Paleoartistic reconstruction. Carcass of Concavenator sink in the microbial mats of 
Las Hoyas pool. Illustration by Carlos de Miguel-Chaves.  
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that arise concerns the capacity of the microbial mat to cover a carcass the size of Concavenator 
fast enough. The time that might take to cover a 6 m long corpse that weighted 214.22 kg is 
probably much longer than the 15 to 30 days period observed in the experiment of Iniesto et al. 
(2013) for small fishes.

This problem might be avoided if the rehydrated mummy of Concavenator had sunk under 
its own weight inside a substrate composed by a semi-consolidated mixture of microbial mats, 
and plastic micritic sediments that behaved like a visco-elastic and cohesive layer (Fig.II.9). In 
certain aspects, it might be envisaged like a process similar to sinking in quick sands. That process 
of collapsing into the substrate can be inferred from the distribution of the syn-sedimentary 
structures of deformation that the sink of the carcass produced. In this sense, it is especially 
noticeable that anatomical voids of the corpse are filled by protruding of distorted laminated 
sediments that seem to have stretched and flowed laterally due to the overloading produced by 
the heavy corpse on the substrate, while preserving most of its original fabric. 

Therefore entombing in microbial mats and in the anoxic substrate had been an almost instant 
process. The surface of the body that might have remained exposed over the top of the microbial 
mat had been reduced drastically and it had been covered by the cyanobacterial filaments in a very 
few weeks. In this moment, decay had not progressed for most of the carcass and mineralization 
of soft tissues had started almost immediately. Beyond explaining the body integrity and the 
preservation of soft tissues, this would also explain that the fossil had kept taphonomic features 
diagnostic of an earliest biostratinomic period when decay, disarticulation and mummification 
occurred under subaerial conditions. Some of the results of the carcass angle analysis correspond 
to either subaerial or fast burial conditions, being both concurrent in the herein analysed case.

The biostratinomic period under aquatic conditions would be quite short and the taphonomic 
features acquired during it correspond to the slight curvatures of the neck and, perhaps, the 
beginning of the process of deformation of long bones, such as dorsal ribs, gastralia and pubis.

The curvature of the neck might have occurred during rehydration while the carcass was 
dragged and shortly transported, probably floating, before sinking.

Ductile deformation of long bones typically occurs by hydration (Gupta et al., 2006). 
Hydration of the bones reduces its fragility, while dry bones are more stiff and fragile. In the case 
of Concavenator the observed ductile deformation was probably caused by burial compaction 
while the bones were still wet. Hydration of the bones might have started while the mummy was 
rehydrated but given that transport and permanence in the aquatic environment was probably 
very short, it might have been inside the sarcophagus created by the microbial mat (Iniesto et al., 
2013) that complete hydration of the bones took place.

II.4.2 IMPLICaTIonS FoR LaS HoyaS KonsErVat-LagErstättE

In the first instance Concavenator corcovatus seems to be an atypical fossil in Las Hoyas Konservat-
Lagerstätte, because: (1) it is a terrestrial vertebrate, more precisely a non-avian dinosaur, a group 
rarely found in the locality. The record of non-avian dinosaurs of Las Hoyas is composed by some 
footprints, two species of theropod dinosaurs represented by one specimen each, Pelecanimimus 
polyodon and Concavenator corcovatus, and the isolated hindlimb of a basal hadrosaurid, probably 
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Mantellisaurus atherfieldensis. (2) It is unusually large compared to the small and medium sized 
fossils that characterize Las Hoyas. The size of the tetrapods retrieved in Las Hoyas range from 
5 to 30 cm, very far from the total length of 6 m. of Concavenator. In the same time Concavenator 
meets the usual exceptional preservation common to all fossils in Las Hoyas, preserving soft 
tissues and showing a high degree of articulation and skeletal integrity.

after the taphonomic analysis of the specimen of Concavenator corcovatus, we are in conditions 
to affirm that in fact the singularity and rareness of this fossil in the framework of Las Hoyas 
are not such but something predictable and coherent with the ecological, environmental and 
taphonomic dynamics of the locality, while the possible sparse presence of other exceptionally 
well preserved terrestrial vertebrates is also expectable.

The paleoecological reconstruction of Las Hoyas (Buscalioni and Fregenal-Martínez, 2010) has 
shown that its fossil assemblages represent a subtropical seasonal wetland, a lentic ecosystem 
ruled by seasonal climate and impacted by cyclicity and ecological stress linked to oscillations in 
water availability. The locality have a prominent facies bias and a characteristic cyclical arrangement 
of the stratigraphic and palaeontological record that reflect alternating wet and dry climatically 
controlled periods. This facies bias result in the alternation of facies deposited during dry and 
wet periods, each facies bearing a different fossil assemblage with contrasted features regarding 
richness, abundance and taphonomic features (Buscalioni and Fregenal-Martínez, 2010).

The paleoecological structure and dynamics depicted in Las Hoyas have been also observed in 
other coeval and close localities of La Huérguina Fm. in microfossils associations and bone beds 
(Buscalioni et al., 2008). Despite the difference in the type of association regarding the modes of 
fossilization, all the localities can be reconstructed as representative of seasonal, lentic wetland 
ecosystems. all of the studied associations show similar percentages (Buscalioni at al., 2008) of 
the ecological groups that characterize wetlands: obligate aquatic, amphibious, facultative and 
incidental species (Van der Valk, 2006). These fossil localities are dominated by the presence of 
aquatic and amphibious organisms and a few remains of facultative and occasionally incidental 
ones. Dominance of small sized species of tetrapods is also a feature shared by all the analysed 
associations. Such feature is characteristic of this type of ecosystems (Van der Valk, 2006). Large-
bodied dinosaurs would be part of the group of incidental organisms that rarely dwell in the 
wetland environments and inhabit open terrestrial environments peripheral to the wetlands 
where the fossil localities formed (Buscalioni et al., 2008; Buscalioni and Fregenal-Martínez, 2010). 
although it might be thought that the absence of large bodied dinosaurs in Las Hoyas can be 
explained by taphonomical reasons, e.g. due to the difficulties to preserved large remains in 
microbial mats, this does not justify their absence in bone beds and microfossil associations where 
the likelihood of preserving disarticulated parts of them should be high.

Therefore the rareness of Concavenator corcovatus and the general scarcity of terrestrial 
organisms and large-bodied dinosaurs in Las Hoyas and surrounding localities can be explained as 
a reflection of the composition of the extinct ecosystem at a wide regional scale.

notwithstanding with this, the dynamics of the reconstructed ecosystem predicted the 
occasional presence of terrestrial vertebrates, since wet episodes might recover carcasses 
previously exposed subaerially (mummified in some cases) or in litter, i.e., plant debris (Buscalioni 
and Fregenal-Martínez, 2010). Terrestrial animals might enter the wetlands looking for food and 
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water supplies during droughts and dry seasonal periods, dying due to the extreme temperatures 
and lack water that, in turn, would favoured their subsequent mummification. The taphonomic 
analysis of Concavenator corcovatus have shown that this might have been the mean of production 
and the environment where the earliest biostratinomic processes took place. Flooding during 
the wet season and/or occasional storms during the dry season would provide the possibility of 
transporting the mummy of Concavenator to its final burial place in Las Hoyas, while rehydration 
of the mummified soft tissues would favour its preservation (Lingham-Soliar and Glab, 2010).

Mummification is also a process that had been previously observed in Las Hoyas, in the 
albanerpetontid Celtedens (McGowan and evans, 1995). Llandrés-Serrano et al. (2013) also 
suggested that subaerial mummification was involved in the preservation of an isolated and 
articulated hindlimb of the basal iguanodontid Mantellisaurus.

To this point, it is worth to highlight the major role that seasonal climate played in the fossilization 
of Concavenator corcovatus, and its relevance as the ultimate controller of the sedimentological, 
ecological and taphomomic dynamics of Las Hoyas.

Therefore, it can be concluded that the presence of Concavenator and its preservations is 
linked to common ecological processes in Las Hoyas ecosystem and it cannot be considered 
such as a rare event, it might be said that in fact it is normal than Concavenator and other large-
bodied dinosaurs are rare in Las Hoyas although they can occur. The results of the taphonomic 
analysis of Concavenator corcovatus are also in accordance with the interpretation of Las Hoyas 
Konservat-Lagerstätte as a “palaecological Lagerstätte” that mainly record background sedimentation, 
ecological and palaeobiological processes, rather than exceptional events, and whose taphonomic 
structure is ecologically and, in the last instance, climatically controlled (Buscalioni and Fregenal-
Martínez, 2010).

although the ecological and paleoenvironmental framework explain the presence of 
Concavenator in Las Hoyas regarding its production and biostratinomic evolution, its final entombing 
in the microbial mats of Las Hoyas is a different problem. as it has been proposed above it was the 
physical state and subsequent rheological behaviour of the sediments and multilayered biofilms 
what allowed that the mummy of Concavenator got immediately inserted into the substrate, hence 
eluding the period of decay and degradation that a carcass of that size would have undergone until 
the microbial mat had entirely covered it.

nothing is known about this particular aspect of the nature and physical behaviour of microbial 
mats at Las Hoyas, and it is completely impossible to say if that might have been the usual behaviour 
of the substrate or if it was just something occasional. However it can be hypothesized that this 
is the mechanism that allowed, in the last instance, the fossilization of carcasses of the rare large 
bodied dinosaurs that might have been produced in Las Hoyas ecosystem. In this sense, it would 
be interesting to explore how common this behaviour of the substrate was, in order to establish 
the bias that this might have introduce in the abundance of this group of fossil organisms in the 
locality.

once included in the microbial mats the remains of Concavenator suffered processes quite 
similar to others remains in Las Hoyas and acquired the typical style of exceptional preservation 
that characterize the locality.



Chapter II

60

II.4.3 GeneRaL IMPLICaTIonS

The results of the taphonomic analysis of Concavenator corcovatus and its meaning in the 
framework of Las Hoyas Konservat-Lagerstätte also provides some insights into the constraints on 
the presence and exceptional preservation of terrestrial vertebrates in Konservat-Lagerstätten, and 
into the problem of bias in Konservat-Lagerstätten.

The idea that seasonal climates play a prominent role in the origin of accumulations of fossil 
terrestrial vertebrates is as old as the seminal taphonomic work of Weigelt (1927, translated 
1989). Continental ecosystems ruled by seasonal climate experience dry seasons and severe 
droughts that cause large mortalities and congregate a big amount of animals around the remaining 
and scarce sources of water (Weigelt, 1989, Behrensmeyer et al., 1992); subsequent storming and 
flooding during rainy seasons concentrate, transport and bury the produced carcasses, and can 
lead to the development of different types of fossil concentrations (Behrensmeyer et al., 1992) 
depending on the modes of transport and the environment of burial.

Beyond that, Lingham-Soliar and Glab (2010) have proven that seasonality may also provide 
the adequate conditions to explain the preservation of soft tissues of terrestrial vertebrates 
by inducing cycles of dehydration and mummification during droughts, thus retarding decay of 
collagen and keratin, and rehydration during flooding, that aids in restoring the original fiber’s 
configuration and favours the perminaralization and authigenic mineralization of the tissues, 
necessary to preserve them (Briggs, 2003).

The taphonomic analysis of Concavenator confirms the deep impact of climate seasonality in its 
occurrence and preservation, and beyond that in its exceptional preservation. Hence it converges 
and strengthens the known hypotheses on the factors controlling the record of terrestrial 
vertebrates. However, when the problem is focused to the preservation of terrestrial vertebrates 
in Konservat-Lagerstätten the spectrum of situations is fairly broad and much more factors come 
into scene, even if just continental and coastal localities are considered.

Interestingly, mummification has been described in terrestrial vertebrates of the Lower 
Cretaceous Jehol Biota in China (Jiang et al., 2014), in the Brazilian Lower Cretaceous Santana 
Formation (Holtz and Barberena, 1994) and in the record of the Upper Jurassic Solnhofen localities 
(Davis, 1996; kemp and Unwin, 1997). For instance, in the case of the Jehol Biota recent studies 
have shown than phreatomagmatic eruptions triggered pyroclastic density currents (PDC) that 
were responsible for massive mortalities, and immediate transport of the bulk of the terrestrial 
vertebrates from different habitats, into lacustrine environments where they were fast buried 
by fine grained volcanic ash (Jiang et al., 2014). Exceptional preservation of soft tissues occurred 
because dry, hot acid volcanic ashes which coated the carcasses, produced burning, charring and 
mummification of the tissues thus becoming more resistant to decay and better preserved (Jiang 
et al., 2014). Those tissues were later preserved by authigenic mineralization once rehydrated in 
the burial lacustrine environment (Jiang et al., 2014).

In the cases of Las Hoyas, the Santana Fm. and the Solnhofen localities dehydration occurred by 
exposition of the carcasses, under subaerial conditions of dryness and high temperatures, in the 
framework of seasonal climates, and resulted in mummification. Carcasses were later rehydrated 
and buried in aquatic environments.
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Therefore the cycles of dehydration and rehydration suggested by Lingham-Soliar and Glab 
(2010) as responsible for exceptional preservation of soft tissues in terrestrial vertebrates might 
apply to most Konservat-Lagerstätten, although the specific mechanisms for dehydration and 
mummification can differ from one locality to another, and do not seem to be exclusively linked 
to climate seasonality.
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a b s t r a c t

The podotheca is the structure of scales covering the foot in extant birds. It is usually assumed that this
structure is present in the whole clade of theropod dinosaurs; however, the knowledge of the origin of the
podotheca is based on scarce direct evidence and its point of emergence within Theropoda is ambiguous.
Herewe discuss the relatively complete andwell preserved podotheca of the basal tetanurae Concavenator
corcovatus, which allows the description of its structure and its osteological correlation. We describe the
skin pattern around the autopod of Concavenator and we compare it with available fossil skin impressions
and the skin of extant crocodiles and birds. These scale impressions present a similar pattern to those
observed in the autopod of avian theropods, so our results suggest that Concavenator have a bird-like
podotheca. On the other hand, there is a current debate about the ichnologicaleosteological correlation
in dinosaurs, derived from the lack of knowledge about the position of the phalanges in relation to the
plantar pads of the podotheca. We describe, in Concavenator, an arthral condition of the position of the
plantar pads. This condition would be the basal condition in the tetanurans and, thus, the ichnological
record could be interpreted with an additional criterion. The autopod of Concavenator provides the first
evidence of this type of structure in a non-avian theropod and it sheds light on the origin and distribution
of this structure in the theropod large lineage.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The pes of extant birds is covered, from the tibiotarsus to the end
of the toes, by an integumentary structure that is a layer of scales
known as podotheca. This structure is composed of three distinct
types of scales (Stettenheim, 2000) showing a characteristic pattern
of arrangement. Scutate and scutellate scales are the largest; mostly
rectangular, and regularly arranged, situated on the anterior surface
of the tarsometatarsus and the dorsal surface of the toes. In
contrast, the smallest and irregular reticulate scales are located on
the underside of toes and the posterior surface of the tarsus
(Stettenheim, 2000). Traditionally, the presence of an avian podo-
theca has been inferred for the whole Theropoda clade (Hitchcock,
1836; Lull, 1904; Heilmann, 1926); however, the knowledge of the
origin of this structure in non-avian theropods is conditioned by
the limited fossil record of the skin covering the pes (Ji et al., 2001;

Pu et al., 2013). In Dinosauria, skin impressions around the foot
have been described in the hadrosaurids Saurolophus osborni,
Saurolophus angustirostris and Corythosaurus casuaris (Brown,1916;
Bell, 2012; Bell, 2014). The anterior surface of the metatarsus of
S. osborni is covered with scales like pebbles of 2 mm in diameter
(Bell, 2012). Skin impressions over the digits are composed of
slightly elongated hexagons of 7 mm and other smaller scales,
randomly positioned (Bell, 2012; Bell, 2014). Saurolophus angustir-
ostris present skin around the ankle joint and the dorsal surface of
the pes. This skin is comparatively simpler than the skin of
S. osborni, consisting of uniform pebbles 1e2 mm in diameter
devoid of variation (Bell, 2012). Corythosaurus casuaris presents a
similar pattern of the scales to other hadrosaurian (Brown, 1916;
Bell, 2014). Moreover, skin impressions associated to pedal bones
are also preserved in the basal ceratopsian Psittacosaurus (Mayr
et al., 2002), with small (1e2 mm) and irregular tuberculate
scales arranged in rosettes around and over metatarsals. Scales
preserved over the metatarsal IV lack variation in size or shape. All
of these impressions show a different pattern of size and arrange-
ment from those observed in the avian podotheca. However, the
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recently described Kulindadromeus, a basal neornithischian, shows
a skin patch around the tibia and the metatarsal area (Godefroit
et al., 2014) that presents scales similar to those of birds.

Crocodiles, the extant sister group of birds, do not exhibit a bird-
like podotheca. The pes is only covered by rectangular and ellip-
soidal scales, presenting an oblique arrangement with respect to
the axis of the toes (Alibardi and Thompson, 2000). The absence of
a podotheca in the closest extant out-group of dinosaurs does not
provide a strong support to the presence of this structure in non-
avian theropod. Therefore, using the Extant Phylogenetic Bracket-
ing (EPB: Witmer, 1995), the skin coverage of the autopod in
Theropoda clade is reconstructed as Level II of inference.

Ichnological evidence is an alternative source of information
about the skin coverage of the pes of dinosaurs. Based on this ev-
idence, it is known that the skin pattern on the pes of some sau-
ropods is different from the crocodilian-like structure and from the
avian podotheca. Preserved scale impressions in sauropod foot-
prints have a polygonal contour and are arranged in rosettes, where
each polygon is separated by grooves (Platt and Hasiotis, 2006).
These data are also consistent with the distribution of scales
interpreted on sauropod embryos (Coria and Chiappe, 2007).
Furthermore, a similar pattern of scale impressions in rosettes is
also observed in footprints attributed to Stegosaurus and Ankylo-
saurus (McCrea et al., 2001; Mateus et al., 2011). Available ornith-
opods footprints show a unique large pad beneath the digits
(Langston, 1960; Currie et al., 1991), unlike the multipads of the
avian podotheca. This isolated digital pad is observed in a preserved
foot of Mantellisaurus from Las Hoyas (Llandres-Serrano et al.,
2013). Furthermore, the paleoichnological records of other arch-
osauriforms have been also compared. The footprints of ichno-
family Chirotheriidae were associated to several members of the
crurotarsi (Avanzini, 2000; Avanzini et al., 2007). In the skin im-
pressions of its digits some of them show millimetre-sized ellip-
soidal and rectangular scales. These scales are arranged in irregular
rows crossing obliquely the digit axis and forming a checkerboard
pattern (Avanzini, 2000; Avanzini and Mietto, 2008; Avanzini et al.,
2011; Díaz-Martínez and P�erez-García, 2012).

Therefore, neither direct nor indirect evidence provided by out-
groups of Theropoda provide unambiguous information on the
coverage of skin neither on the feet of basal theropod groups nor on
the origin of extant bird podotheca.

We test herein the presence of an avian podotheca in the Teta-
nurae clade, analyzing the holotype specimen of Concavenator
corcovatus Ortega et al., 2010 (MCCM-LH 6666). This specimen
partially preserves the skin covering the pes. The analysis of its
integumentary impressions enables a description of the first evi-
dence of this structure in non-avian theropods.

2. Material and methods

The integumentary impressions analysed belong to MCCM-LH
6666, the holotype of Concavenator corcovatus (Ortega et al.,
2010), a well-preserved, nearly complete and articulated skeleton
from the Lower Cretaceous (Barremian stage) in Las Hoyas fossil
site (Cuenca, Spain). The current study focus on the delicate
integumentary structures located under the pedal digits and in the
metatarsal area of the right pes of Concavenator. This autopod is
almost complete and themetatarsals and phalanges are arranged in
dorsal view, except the distal phalanges of digit III and IV that are
placed on lateral position. It is difficult to make observations in the
left pes because it is situated below the right tibia, and the only
visible elements are the phalanx II-1 and part of the bone of
metatarsal II in lateral view. The sample analysed here belongs to
the collections of the Museo de las Ciencias de Castilla-La Mancha
(Cuenca, Spain).

2.1. Description of the fossil sample under visible light

Soft tissues and skin impressions data were analysed under
visible light following standard procedures and using the descrip-
tive terms defined by Kim et al. (2010). They were separately
described according to their location on the foot, differentiating
between skin impressions from the ankle region and from the
phalangeal region. The patches were measured on pictures using
ImageJ 1.47 (Rasband, 1997).

2.2. UV-induced visible fluorescence photographs

The pedal soft-tissues impressions of the specimen MCCM- LH-
6666 were examined and photographed under UV-A light in order
to recognize and establish essential details of the impressions.
UV-A lamps with a wavelength of 365 nm were used for this pur-
pose. The photographic protocol was carried out based on previous
studies (Tischlinger, 2005; Hone et al., 2010; Tischlinger and
Arratia, 2013). The exposure time was a few seconds, in accor-
dance to the features of the light and the fossil.

3. Geological setting

Las Hoyas fossil site (Fig. 1) is situated 30 Km NE from the city of
Cuenca, in the Cuenca Province (Spain), within Las Hoyas subbasin
in the Serranía de Cuenca. The latter is part of the Iberian Ranges,
which runs NW-SE in the East Central part of the Iberian Peninsula.

Las Hoyas subbasin was filled mainly with deposits of the La
Hu�erguina Fm, with almost 400 m of distal alluvial and palustrine-
lacustrine deposits from Barremian age (Fregenal-Martínez and
Mel�endez, 2000). Las Hoyas fossil site is considered as a Konse-
vart-lagerst€atte, given the widely diversity of the fossil remains and
their quality of preservation (Buscalioni and Fregenal-Martínez,
2010).

4. Results

4.1. Skin impressions of metatarsal area

The preserved skin impressions are located in the lateral side of
metatarsal IV and around metatarsal V (Fig. 2). The soft-tissue
mainly consists of skin impressions with different rate of preser-
vation, resulting from the distinct mineralization associated to the
authigenic early mineralization (Briggs et al., 1993; Briggs et al.,
1997). This differentiation has been also observed in Pelecanimi-
mus polyodon (Briggs et al., 1997), where the outlines of the tissues
are associated to the phosphatized microbial mats and a three-
dimensional detail was preserved in an iron carbonate (Briggs
et al., 1997). Therefore, the variation on the preservation is not
randomly arranged. On the one hand, there are distinctive scales on
the proximal end of the patch. These impressions have a well-
defined structure but do not present a recognizable relief. On the
other hand, there are poorly preserved impressions on the distal
end, where the scales are unrecognizable.

The scale impressions present a diameter range of few milli-
metres to centimetres (Fig. 2B, C). The shape is variable and it is
hardly related to the size. Therefore, the outline of smaller scales is
commonly irregular, although some of them seem to have a sub-
regular pentagonal shape. In contrast, the medium-sized scales
have a well-defined elongated hexagonal outline. Despite the fact
that the shape and size of the scales are not uniform, they have the
pattern of a honeycombwith a progressive variation in size, where
the smallest scales are situated in the closest area to the lateral
surface of metatarsal IV and the largest scales appear distal to
this surface. The scales are separated by 1e2 mm from the
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neighbouring impressions, but these boundaries do not present a
notable relief. The surface of the impressions is also flattened and
lacks ornamentation.

A similar pattern is observed in a patch located proximal to the
distal tarsal and metatarsals (Fig. 2B). In general, its scales are quite
similar to those described above, although they show some dif-
ferences, such as an intermediate size of the scales (5 mm) and an
inverse pattern of arrangement (smaller external scales and
medium-sized central scales).

4.2. Skin impressions of the phalangeal area

The skin impressions around the pedal phalanges are preserved
in several areas such as: (1) along the lateral side of digit IV, from
proximal end of phalanx IV-1 to beyond the ventral surface of
ungual phalanx IV-5; (2) in lateral side of phalanx III-1 and prox-
imal end of phalanx III-2; (3) from the distal end of phalanx III-2 to
beyond the distal end of phalanx III-4; (4) in dorsomedial side of
distal digit III and in distal position to phalanx II-1 (Fig. 2A).

In digit III and IV, the limit of the outline of the impression of soft
tissues is parallel to the edge of bones with approximately 20 mm
wide. In the distal end of both digits, the outline of the impressions
shows an oval shape and its width increases, reaching 39.5 mm in
digit IV and 55.21 mm in digit III. In digit II, only the oval shaped
outline is visible. The boundary between the skin impression and
the sedimentary matrix is well determined by different changes of
colour. There are several constrictions marked on these boundary
outlines (Fig. 3A, B).

Preservation range varies in different areas. For most of them,
the scale impressions are poorly defined, even becoming unrec-
ognizable. In this case, the scales present irregular form, very small
sizes (<1 mme2 mm) and their arrangement seems to be random.
Contrary to those areas of poor preservation, the impressions on
the ventral side to phalanges IV-4 and IV-5 show well-preserved
scales, with a slightly negative epirelief (Fig. 3C, D). These scales
are closely spaced, with a raised boundary, less than 1 mm wide,
separating them. A nearly linear pattern of the scales can be
observed perpendicularly oriented to the long axis of the phalanx. A
colour pattern is associated to the scales with different range of
preservation: the better-preserved scales show some kind of red-
dish colours in contrast to the light colour observed in the areas of
poor preservation.

In addition to the integumentary structures previously
described, there is another type of soft-tissues preserved which is
located on the distal end of the ungual phalanges of digit III and IV
(Fig. 3A, B). Their length is 61.83 mm and 48.77 mm respectively.
This impression protruded beyond the tip of the ungual phalanx by
41.27% of the total claw length for the digit III and 31.78% for the
digit IV. The shape of the outline is slightly curved. The impressions
lack ornamentation and show a white colour. There is a curved line
on the centre of the impression associated to digit III (Fig. 3A). The

Fig. 2. Photographs of the ankle region of the right pes of MCCLM-6666 under visible
light. A, Dorsal view of the ankle region showing two skin-impression patches. Scale
bar, 5 cm. B, Detail of the area over tarsal and metatarsal showing the most proximal
patch showing three different kinds of scales. Scale bar, 1 cm. C, Detail of the patch
around metatarsal IV and V. Note the pattern of arrangement of the three kinds of
scales. Scale bar, 1 cm. Abbreviations: Mt II, Metatarsal II; Mt III, Metatarsal III; Mt IV,
Metatarsal IV.

Fig. 1. Locality where the holotype MCCM-LH 6666, here studied, was found, at the Las Hoyas fossil site (indicated with a star), 30 km NE from the city of Cuenca, Cuenca Province,
Spain.
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impression of the digit IV is incomplete and, thus, the same line is
not observable.

4.3. UV-induced visible fluorescence photographs

The images obtained under UV radiation show different colour
patterns over the fossil and sediment matrix (Fig. 3B). The most
evident difference is the boundary between the sediment matrix
and the patches of skin impressions. This differentiation is possible
due to the darker tone of the sediment matrix, in contrast to the
impressions that present a more fluorescent response. The striking
fluorescent patches are the tissues associated to the ungual
phalanx.

5. Discussion

Due to their location, arrangement and shape, the impressions
observed around the autopod of MCCM-LH 6666 are interpreted as
the skin around the ankle area, the plantar pads and the ungual
sheaths; as suggested by Ortega et al. (2010).

The scale impressions have been compared with the skin of the
pes in certain taxa (eg Alligator mississippiensis, Struthio camelus,
Gallus gallus domestic). Concavenator has the same arrangement of
the integumentary structure as the podotheca of extant birds
(reticulate, scutate and scutellate scales) differing from those of
extant crocodiles and sauropod dinosaurs.

Accordingly, the arrangement can be interpreted in function of
the podotheca structure of extant birds, as explained below. The

largest scales prints around the proximal ends of metatarsals IV and
V would correspond to those of the anterior and anterolateral
surfaces of these ones, and the surrounding smallest scales would
be those situated on the posterior surface. The scales preserved
from the digits are similar to those irregular and small from the
ankle. These impressions would correspond to the papillae forming
the pads. These papillae resemble to those observed on the toepads
from ostriches (El-Gendy et al., 2012).

We interpret the impressions associated to ungual phalanges as
the evidence of the corneous sheath. These claw sheaths protrude
from the tip of the ungual phalanx by 41.27% (digit III) and 31.78%
(digit IV) of the total claw length. We observe that these percent-
ages differ from those of modern birds (Manning et al., 2009; El-
Gendy et al., 2012) and extinct avian theropods (Pu et al., 2013),
which show a variability ranging from 12% to 30%. It is possible to
explain the sheath overcoming based on taphonomic processes. We
propose that the sheath and the rest of the skin are displaced from
their anatomical position due to the detachment of the skin from
the bone because of the taphonomic process affecting the carcass of
Concavenator. Concavenator suffered a subaerial exposition in sub-
tropical conditions (Cuesta and Fregenal-Martínez, 2012) that could
explain the detachment of the soft tissues from the bone, as it has
been observed in actuotaphonomic experiments (Cambra-Moo,
2006) and in the fossil record (Hone et al., 2010; Bell, 2012). This
hypothesis is supported by the presence of the lateral groove of
claws for the phalanx (Stettenheim, 2000) in digit III. The distal tip
of this groove in the sheath is separated 25 mm from the tip of the
vascular groove in the phalanx, indicating the total length of the

Fig. 3. Photographs of the digital region of the right pes of MCCM-LH 6666 under visible and UV light. A, Dorsal view of the digital region showing the skin impressions around the
digits. Note the constrictions marked on the outline of the impressions (black arrows) and the curved mark in the sheath impressions (red arrow). Scale bar, 5 cm. B, Dorsal view of
the digital area under UV light. Scale bar, 5 cm. C, Detail of the impressions associated to the distal digit. Note the linear pattern of arrangement in the reticulate scales. Scale bar,
1 cm. D, Drawing of the detail of the scale impressions associated to the distal digit showing in C. Scale bar, 1 cm. Abbreviations: Dg III, Digit III; Dg IV, Digit IV. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.).
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displacement. We have established the anatomical position
through retrodeformation of this known displacement (Fig. 4).

Since the beginning of dinosaur ichnology (e.g. Hitchcock, 1858;
Lull, 1904), it has been discussed the location of the interpad
grooves with respect to the phalanges. There are two relative po-
sitions in the present-day avian podotheca: arthral (Lull, 1904,
1915) (the interpad groove does not fit the joint between two
phalanges); and mesarthral (Peabody, 1956; Baird, 1957) (the
interpad groove fits the joint between two phalanges). Rainforth
(2003) proposed that the arthral condition is primitive in non-
avian dinosaurs and the variability between both character states
is due to evolution in more derived taxa. In basal birds, as in
Sapeornis, the arthral condition is present (Pu et al., 2013). We
interpret the constrictions on the outline of digital impressions in
Concavenator as derived from the interpad grooves like those
observed in extant birds (Bock andMiller, 1959; Stettenheim, 2000;
Milan, 2006; El-Gendy et al., 2012). We determine the presence of
an arthral condition in this specimen based on the retrodeformed
autopod of Concavenator (Fig. 4C, D), supporting the hypothesis that
this state is primitive for non-avian dinosaurs (Rainforth, 2003) as
occurs in basal birds (Milan, 2006; El-Gendy et al., 2012; Pu et al.,
2013). Nevertheless, as Smith and Farlow suggested (2003), the
strict assumption of one condition or another is an over-
simplification because they have a broad variability among in-
dividuals and species in extant birds.

Moreover, the ichnological evidence proposes that digit IV of
theropods presents four pads (Thulborn, 1990; Farlow et al., 2000)
as occurs in Concavenator (Fig. 4C, D). The commonly accepted
ichnologicaleosteological correlation suggests that the phalanx
IV-4 is completely covered by the distal pad (Smith and Farlow,
2003; Xing et al., 2014) while the remaining phalanges present
an arthral condition. Nevertheless, the pads in Concavenator show a
different distribution. Its second pad completely covers the phalanx
IV-2 while the phalanx IV-4 exhibits the arthral condition (Fig. 4C,

D). Therefore, the foot of Concavenatorwould refuse this hypothesis
or, at least, the traditional interpretationwould not be applicable to
forms with the same condition as Concavenator.

The arrangement of the scales, the pedal pads and the corneous
sheath described in Concavenator confirm the presence of an avian
podotheca in a non-coelurosaurian theropod. As commented
before, the origin of this structure was ambiguous within the
theropoda lineage because it is present in extant birds but not in
extant crocodiles. Taking into account the autopod of Concavenator,
the presence of the avian podotheca would be unambiguously
positioned in the common ancestor of Avetheropoda (clade
comprising Allosauroidea and Coelurosauria: Carrano et al., 2012)
(Fig. 5). However, Godefroit et al. (2014) have recently published a
paper about the skin patch around the tibia and metatarsal of
Kulindadromeus, an ornithischian dinosaur, which presents two
types of scales similar to the scutella and the reticula in birds. It is
possible to pose that the pedal scales of Kulindadromeus may be
homologous to those of Concavenator. If this hypothesis is sup-
ported by further research, the origin of this structure would be
situated on the Dinosauria node, forcing us to interpret the loss of
the podotheca in sauropods as a reversion to the primitive condi-
tion. In any case, the podotheca of Concavenator provides key evi-
dence for the evolutionary history of this structure.

6. Conclusion

Historically, the reconstruction of the pes of theropod dinosaurs
was based on an accelerated optimization of the ambiguous rise of
the avian podotheca in the evolution of the group. Concavenator
provides evidence of the presence of an avian podotheca structure
in a non-avian theropod, supporting the presence of this condition
for, at least, the Avetheropoda clade. Moreover, the reconstruction
of the complete structure allows the establishment of the arthral
disposition of the plantar pads as the basal condition in Tetanurae.

Fig. 4. Reconstruction of the relationships between skin and bone. A, Photography of the whole right pes under visible light. B, Line drawing of the whole right pes showing the
impressions in their position on the fossil. Bone tissues in white, pedal pads in dark grey and corneous sheath in light grey. C, Line drawings of the whole right pes showing the
correct position of the impressions relative to the bone. Bone tissues in white, pedal pads with modified position in dark grey, corneous sheath with modified position in light grey
and impressions in the fossil position in a lighter grey. D, Reconstruction in dorsal view of the whole pes in function of the known skin, showing the hypothetical track of the
Concavenator corcovatus and its osteological correlation. The discontinuous lines indicate incomplete areas. Scale bar, 5 cm.
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In addition, we propose a different correlation between the pha-
langes and plantar pads from those observed in modern birds and
from what had been assumed in the reconstruction of the track
records. Therefore, this correlation might be taken into account
when establishing the relationship between ichnological and
osteological evidence in non-avian theropods.
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RESUMEN

Las técnicas bajo luz ultravioleta permiten discriminar sobre la disposición de algunos restos y suturas que no son 
visibles en determinados fósiles. Además, es una herramienta no destructiva para analizar de visu las impresiones de los 
tejidos blandos preservados, clasificándolos según su fluorescencia. La respuesta fluorescente de cada material está ligada a 
su composición y permite identificar distintos tipos de tejidos. En este trabajo, se presentan los resultados obtenidos mediante 
un análisis con luz ultravioleta en Concavenator corcovatus (Cretácico Inferior, Cuenca). Estos resultados establecen una mejor 
identificación de algunos caracteres y una distinción de los tejidos blandos asociados a su extremidad posterior.

Palabras clave: Luz ultravioleta, terópodos, dinosaurios, preservación excepcional, técnicas no destructivas. 

ABSTRACT 

The ultraviolet light techniques allow to discriminate the location of some remains and sutures that are not visible 
in some fossils. Moreover, it is a non-destructible method in order to analyse the soft tissues impressions, classifying 
based on the fluorescence response. This fluorescence is linked to the composition of the sample and allows to identify 
distinct type of tissues. Here, we show the results obtained in an UV light analysis on Concavenator corcovatus (Lower 
Cretaceous, Cuenca). The results establish a better identification of some features and distinguish the different skin 
impressions around the hindlimb of the specimen. 

Key words: Ultraviolet light, theropods, dinosaurs, exceptional preservation, non-destructive techniques.

INTRODUCTION

The use of ultraviolet light techniques and photography to analyse fossils has improved substantially in recent 
years (Hone et al., 2010). Therefore, the number of studies of fossil material under ultraviolet light is increasingly 
common, especially in those found in lithographic limestones (Tischlinger, 2005; Haug et al., 2009; Hone et al., 2010; 
Kellner et al., 2010; Schweigert et al., 2010; Rauhut et al., 2012; Tischlinger & Arratia, 2013; Foth et al., 2014; Cuesta 
et al., 2015). The analysis of fossils under ultraviolet light helps to discriminate some features, as hidden bony sutures 
or fossil boundaries from the sedimentary matrix. Moreover, the main asset of these techniques is to reveal soft tissues 
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remains, as scales, feathers and muscles, which are poorly or not discernible in visible light, using a non-destructive 
method. However, the drawback of this techniques is the high cost of all the equipment.  

Ultraviolet light is an electromagnetic radiation with a wavelength between 10 nm to 40 nm. This wavelength is 
shorter than the visible light, but longer than X-rays. Artificial ultraviolet lamps present a UV bulbs and filters that are 
optimized in a specific fraction of the UV spectrum. Different UV lamps exist depending on their emissions range. UV-C 
or short wave ultraviolet is a lamp with an emission from 100-280 nm. UV-B or midwave ultraviolet is from 280-320 nm. 
UV-A or longwave ultraviolet has a range from 320-400 nm. The first stage of the analysis is to expose the fossil to the UV 
radiation. This radiation produces luminescence, which ceases when the radiation is removed. This luminescence is known 
as fluorescence and the degree of fluorescence depend of the composition of the material (Tischlinger & Arratia, 2013).

Here, we perform an analysis under ultraviolet light on the holotype of Concavenator corcovatus Ortega et al., 
2010 (MCCM-LH 6666). Concavenator is a theropod dinosaur from Las Hoyas fossil site (Lower Cretaceous. Cuenca, 
Spain). Several skin impressions are preserved around the hindlimb (Cuesta et al., 2015) and the axial skeleton. Some 
of these impressions are observable in visible light but other are revealed under UV light. The aspect of some elements 
of the fossil and sedimentary matrix is similar (Briggs et al., 1997; Gupta et al., 2008) and both are no discernible in 
several areas. We carried out this analysis in order to discriminate accurately the limits of the bones and their sutures, 
and assessment the soft tissues impressions around the hindlimb. 

Results show a great difference between the fluorescence of bones and matrix, which allows to distinguish 
the sutures and to delimit the skeleton. Moreover, different fluorescence are produced in the skin impressions. This 
change in fluorescence response involves a different composition of the soft tissues. To discriminate this composition, 
other more precise chemical techniques should be carried out in order to recognize these elements, helping the current 
methodology to focus on the other analyses in next works.

MATERIAL AND METHODS

The holotype MCCM-LH 6666 of Concavenator corcovatus is a well-preserved nearly complete and articulated 
skeleton. The study of the soft tissues impressions is focused on the delicate integumentary structures located under 
the pedal digits and in the metatarsal area of the right pes of Concavenator. The sample analysed here is housed in the 
collections of the Museo de Paleontología de Castilla-La Mancha (Cuenca, Spain).

UV-induced visible fluorescence photographs and image analysis
The specimen MCCM- LH-6666 was examined and photographed under UV-A light in order to recognize and 

to establish essential details of soft-tissues and bones. UV-A lamps with a wavelength of 365 nanometres was used. 
The photographic protocol was carried out based on previous studies (Hone et al., 2010; Tischlinger, 2005; Tischlinger& 
Arratia, 2013), except the use of colour filter which was dismissed by technical aspects. The exposure time was a few 
seconds in accordance to the features of the light and the fossil.

The photographs obtained were processed by image analysis with the software Image J 1.47 (Rasband, 1997). This 
method allows to delimit distinct areas in function on their fluorescence response. For this, bone surface was discarded in 
order to analyse only the matrix surface, where the skin impressions are preserved. Besides, other possible elements that 
produce fluorescence, such as instrumentation marks or dust, must be borne in mind, thus the areas susceptible to these 
factors were also eliminated. Following, the photographs were converted to 8-bits grayscale images where the lower 
threshold limits were adjusted to mark out each distinct fluorescence area. Finally, mask set were generated based on the 
fixed thresholds in order to integrate these masks data observed in the photography under visible light.

RESULTS

The images obtained under UV radiation show up distinct colour patterns over the fossil and sediment matrix 
(Fig. 1, 2). The most evident difference is the limit between the sediment matrix and the patches of indeterminate soft 
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tissues impressions and the bones. This differentiation is possible due to the darkest tone of the sediment matrix, in 
contrast to the fossil material that presents higher fluorescence response.

The sutures among bones are more discernible under UV light than under visible light (Fig. 1). The area where 
exist a major conflict is in the cranium and the cervical vertebrate. The UV light allows to identify some characters 
related to the arrangement of the sutures. For example, the position of the anterior end of the jugal seems not reach the 
posterior end of internal antorbital fenestra under visible light. However, the UV analysis shows that the jugal contacts 
with the rim of the antorbital fenestra as in other carcharodontosaurids (Fig. 1).

Figure 1. Photographs of 

the cranial and cervical 

region of MCCM-LH 

6666 under visible and 

UV light. A) Cranial and 

cervical region under 

visible light. B) Cranial 

and cervical region 

under UV light. Note 

the different in the 

sutures that accurately 

delimitingthe different 

bones.

Figure 2. Photographs of the digital region from right pes of 

MCCM-LH 6666 under visible and UV light and results from 

image analysis. A) Dorsal view of digital region under visible light, 

showing the skin impressions around the digits. B) Dorsal view 

of digital area under UV light. Note the different fluorescence 

response between the sediment matrix and some skin impressions. 

Moreover, the different colour pattern inside the impressions region 

is also observable. C) Photography (A) showing the mask created 

from the results of using ImageJ on the picture (B). D) Photography 

(B) with the area delimited by the mask created from the results of 

the image analysis.  
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The skin impressions associated to the pes of Concavenator have distinct fluorescence response (Fig. 2B). The 
striking fluorescence patches correspond to tissues associated to the ungual phalanges. However, the skin near to the 
other phalanges is radically different and it do not shows fluorescence response.

The results of the imaging analysis allow to delimit the areas which present more UV-induced visible fluorescence 
(Fig.2D). The mask generated is posteriorly showed in the visible light photography in order to observe the relationship 
between both (Fig. 2C). On the one hand, this darkest areasunder UVare closely related to the redder areas observed 
under visible light, which are close to the bones. In the other hand, the fluorescence patches are associated to the light 
colour zones under visible light (Fig. 2C). These areas correspond with the ungual sheath and the inferior part of the 
pedal pads.

DISCUSION

The light emitted from samples under UV radiation shows different colour pattern that are related to their 
chemical and structural composition (Riquelme et al., 2009). Fossils of bones of vertebrates are easily discernible under 
UV light, becausethey tend toward significant fluorescence emission, due to a usually much higher percentage of 
phosphorus, and calcium phosphate (Tischlinger & Arratia, 2013). Usually, the sutures have lower fluorescence emission, 
and thereforeare discernible under UV light, allowing to resolve conflicts about some phylogenetical characters.

Respect to the skin impressions, the images of UV-induced visible fluorescence show three distinct colour 
patterns that have marked limit of threshold in their grayscale spectrum. The darkest areas are located adjacent to 
the bone and they match those reddish areas observed in visible light. Previous studies (Briggs et al., 1997; Gupta et 
al., 2008), where the SEM analyses of soft-tissues of the fossil from Las Hoyas was performed, claimed the presence 
of iron carbonate that is resulting of an authigenic mineralization of this tissues. The iron minerals generally have an 
absorption band at longer wavelength than UV spectrum (Szalai et al., 2013), thus, these minerals may cause that 
fluorescence to diminish or disappear. The source of the iron used in mineralization, would be the organism itself 
(Briggs et al., 1997; Schweitzer et al., 2014), associated to the blood and vessel, thus the patches of these minerals 
near to the bones is linked to this source. Conversely, calcium carbonate and calcium phosphate minerals tend 
to have significant fluorescence emission (Tischlinger & Arratia 2013), being consistent with the phosphatization 
processes of certain tissues that occur in their preservation (Briggs & Kear, 1993; Briggs et al., 1997; Schweitzer, 
2011). Fossils with traces of organic materials also emit quite fluorescence when they are exposed to UV radiation 
(Tischlinger& Arratia, 2013), which could indicate the presence of conserved traces of keratin in the ungual sheath 
(Stettenheim, 2000; Manning et al., 2006) due to the resistance of this compound to decay processes (Manning et 
al., 2009; Edwards et al., 2011; Schweitzer, 2011).  

CONCLUSIONS

The UV light is a technique increasingly used in the analysis of fossils. In some fossils, especially those immersed 
in their sediment matrix, several bones and sutures are hidden in visible light. The UV light allows to highlight this 
structures due to the composition mainly based on calcium phosphate. The fluorescence response is linked to the 
composition of the sample. For that, the analyses of the images under UV light allow to discern between distinct areas 
in the soft tissues impressions with distinct composition by a non-destructive testing.  
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III.1 InTRoduCTIon And bACkgRound

Ortega et al. (2010) described the holotype of Concavenator corcovatus (MCCM-LH 6666) as a 
carcharodontosaurid with two unusual features: hypertrophied neurapophyses of two presacral 
vertebrae forming a hump-like structure and small bumps on the shaft of the right ulna. Besides 
these distinctive features, the authors proposed several diagnostic features in the specimen. In the 
skull, the features were: (i) recesses on nasal bones; (ii) a thickened postorbital boss; (iii) strongly 
rugose dorsal surface of the nasal bones; (iv) anterior end of the jugal bone posterior to the 
internal antorbital fenestra; (v) thick dorsoventral of the lacrimal anterior process; (vi) rugosity 
on the lacrimal horn; (vii) no fenestra on the lacrimal bone; (viii) the anteriormost point of the 
lateral lamina of the ventral process in the lacrimal is dorsal to the mid-height of the process; 
(ix) no suborbital process on the lacrimal; (x) weak enamel wrinkles on teeth; and (xi) no crown 
curvature of teeth. The features proposed for the axial skeleton were: (i) high and anteriorly 
directed neurapophyses of anterior caudal vertebrae; (ii) small and thorn-like caudal process 
on the neurapophyses of the anterior caudal vertebrae; and (iii) accessory centrodiapophyseal 
lamina on the posterior dorsal vertebrae. Finally, the authors proposed the next appendicular 
features: (i) prominent and rugose distal tubercle of ischium; and (ii) preacetabular blade of the 
ilium with a convex ventral portion of the anterior edge and hook-like ventral process. 

All these features proposed by Ortega et al. (2010) have been reviewed and discussed in 
this study. This new and exhaustive revision has revealed some novelties in the skeleton of 
Concavenator corcovatus. 

Carcharodontosauridae is a monophyletic group with a wide distribution around Laurasia and 
Gondwana (Csiki-Sava et al. 2016) during the Cretaceous. Although the clade is well-represented 
by a high diversity, many taxa are known from not complete specimens. This has resulted in 
some skeletal regions better described than others. Only Acrocanthosaurus atokensis has a 
complete and well-described skull (Harris, 1998; Currie and Carpenter, 2000; Eddy and Clarke, 
2011) within Carcharodontosauridae. Other taxa of this group preserve a numerous anterior 
elements, although they have not been extensively described at present, as Giganotosaurus carolini 
(Coria and Salgado, 1995; Coria & Currie, 2002), Mapusaurus roseae (Coria and Currie, 2006) 
and Carcharodontosaurus saharicus (Sereno et al., 2006). Little skull material is known from other 
carcharodontosaurids (although it is diagnostic), represented by few or not extensively described 
specimens, such as Eocarcharia dinops (Sereno and Brusatte, 2008), Shaochilong maortuensis (Hu, 
1964), Sauroniops pachytolus (Cau et al., 2013) and Tyrannotitan chubutensis (Novas et al., 2005; 
Canale et al., 2014). Neovenatorids, sister group of Carcharodontosauridae in most phylogenetic 
analyses (Benson et al., 2010; Carrano et al., 2012; although see Novas et al., 2013 and Porfiri et 
al., 2014 for different phylogenetic hypothesis) are poorly represented by cranial material from 
Aerosteon riocoloradensis (Sereno et al., 2008), Australovenator wintonensis (Hocknull et al, 2009); 
Neovenator salerrii (Hutt et al., 1996; Brusatte et al., 2008), the recently described Murusraptor 
barrosaensis (Coria and Currie, 2016), and few teeth from Fukuiraptor kitadaniensis (Azuma 
and Currie, 2000). Probably, the best studied, most well-preserved and most complete non-
carcharodontosaurid allosauroid skull is that of Allosaurus fragilis (Osborn, 1912; Madsen, 1976). 
Other allosauroids that preserve almost complete skulls are Sinraptor dongi (Currie and Zhao, 
1994) and Yangchuanosaurus shangyouensis (Dong et al., 1978).
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The axial skeleton is not better represented within Carcharodontosauridae. Only 
Giganotosaurus carolini, Tyrannotitan chubutensis and Acrocanthosaurus atokensis present almost 
complete axial skeletons. However, only the vertebrae of Tyrannotitan chubutensis have been 
described in depth at present (Canale et al., 2014), in spite of their poor preservation. As with 
in the skull, the best preserved and described axial skeleton within Allosauroidea is that of 
Allosaurus (Madsen, 1976). Some other allosauroids have well-preserved axial skeletons, such as 
Saurophaganax maximus (Stovall, 1941; Chure, 1995), Neovenator salerii (Hutt et al., 1996; Brusatte 
et al., 2008) and Yangchuanosaurus shangyouensis (Dong et al., 1978). Within neoveantorids, several 
taxa present unusual and diagnostic vertebrae, as Aerosteon (Sereno et al., 2008), Murusraptor 
(Coria and Currie, 2016) and Siats meekerorum (Zanno and Makovicky, 2013). 

Only Acrocanthosaurus and Concavenator have complete pectoral girdle and forelimbs, with 
all the skeletal elements preserved. Other carcharodontosaurids preserve some forelimb 
elements, such as the Argentinian carcharodontosaurines. Giganotosaurus only preserves the left 
scapular blade and an incomplete left coracoid (Coria and Salgado, 1995; Canale et al., 2014). 
The available material of Tyrannotitan chubutensis (Novas et al., 2005; Canale et al., 2014) includes 
the proximal end of the left scapulacoracoid, a fragment of the right humeral shaft and the right 
radius. Mapusaurus roseae preserves the distal end of the left humerus, the left radius and some 
phalanges (Coria and Currie, 2006). Within Allosauroidea, Allosaurus, Fukuiraptor, Australovenator, 
Megaraptor namunhuaiquii and Sinraptor also preserve elements of the forelimb skeleton (Madsen, 
1976; Currie and Zhao, 1994; Novas, 1998; Azuma and Currie, 2000; Currie and Azuma, 2006; 
Porfiri et al., 2014). 

In contrast to the poorly represented forelimb in the allosauroid record, the pelvic girdle and 
the hindlimb is almost complete in Acrocanthosaurus (Harris, 1998; Currie and Carpenter, 2000), 
Saurophaganax (Stovall, 1941); Allosaurus (Maden, 1976); Mapusaurus (Coria and Currie, 2006); 
Giganotosaurus (Coria and Salgado, 1995), Sinraptor (Currie and Zhao, 1994), Aerosteon (Sereno et 
al., 2008), Australovenator (White et al., 2013) and Neovenator (Hutt et al., 1996; Brusatte et al., 2008).

 Here, we address the first detailed osteological description of the complete skeleton of 
Concavenator corcovatus. The anatomical elements from the specimen are compared with all the 
material above mentioned, especially with those that have been reviewed personally (see Material 
and Methods of chapter I).  

The description of a complete taxa as Concavenator allows to discuss the relevance of these 
elements in a phylogenetic framework of carcharodontosaurids and allosauroids. 

III.2 osTEologICAl dEsCRIPTIon And ComPARIson of 
ConCavenator CorCovatus 

III.2.1. OSTEOLOGICAL DESCrIPTION AND COMPArISONS OF SkuLL

The skull of MCCM-LH6666 is preserved in right lateral view (Fig. III.1). It is almost complete, 
except for the occipital region and part of the snout, which are broken. The lower jaw is partially 
hidden by sediment. The dorsal view of the skull is also mostly hidden, and the medial side is 



Osteological revision

79

completely inaccessible. Three openings are preserved in the skull: the antorbital fenestra, the orbit, 
and part of the external naris. The shape of the antorbital fenestra is suboval, anteroposteriorly 
short and anteriorly rounded. The orbit is keyhole-shaped, as in most theropods. All the 
measurements of the skull elements are in Table A.1 (Appendix 1).

 

figure III.1. Complete skull of Concavenator corcovatus (mCCm-lH 6666). (a) Photography 
of complete skull in right lateral view. (b) Line drawing of complete skull in right lateral view. Grey 
areas are hidden region. Dashed lines represented material not in figure.
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Premaxilla 

The premaxilla is fragmented, preserving the narial processes, a fragment of the body and three 
partially complete teeth (Fig. III.2). The complete size of the premaxillary body is not accessible 
due to this fragmentation. The number of alveoli is also unknown, although two teeth from the 
right premaxilla and one situated at the front have been preserved, which seems to belong to the 
left premaxilla. The fragment of the premaxillary body does not present any foramina, because it 
is not complete enough. The supranarial and subnarial processes are preserved, anteroventrally 
bordering the external naris, which is only preserved in its premaxillary part. The supranarial 
process is complete and shows a depression in the dorsal apex, indicating a W-shaped contact 
with the nasal as in most theropods. This process is dorsoventrally wider next to the subnarial one. 
The inclination of the process is strongly posterordorsal. The subnarial process is flattened. The 
relation between the nasal and maxilla is unknown because the premaxillary-maxillary contact is 
completely missing. A nasal fossa, dorsoanterior to the external naris, is strongly depressing the 
premaxilla.

Maxilla 

The maxilla is not complete. It preserves the posteroventral process, the ascending process 
and a fragmentary maxillary body, which is not informative enough (Fig. III.3). The single fragment 
of the body has a slightly rough surface close to the alveolar rim but is smooth dorsally, distinct 
to the strongthly-textured surface of most derived carcharodontosaurids. Four neurovascular 

figure III.2. Right premaxilla of Concavenator corcovatus (mCCm-lH 6666). (a) 
Photography of right premaxilla in lateral view. (b) Line drawing of right premaxilla in lateral view. 
Grey areas are hidden region. 
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foramina are preserved in a single row over the alveolar rim. These foramina are small, rounded 
and isolated, similar to those in Allosaurus, Sinraptor, Eocarcharia (Sereno and Brusatte, 2008) but 
do not have a groove as in more derived carcharodontosaurids (Eddy and Clarke, 2011). The 
region of the contact with the premaxilla is missing.

figure III.3. maxillae of Concavenator corcovatus (mCCm-lH 6666). (a) Photography of 
right maxilla in lateral view and partial left maxilla. (b) Line drawing of right maxilla in lateral view 
and partial left maxilla. Grey areas are hidden region. 
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The  ascending ramus is completely preserved but deformed by burial, with several recess¬es 
and bulges. It is smoothly curved and posterodorsallly oriented, as in most theropods. It contacts 
with the lacrimal by a V-shaped process in its posterodorsal apex. The maxillary ‘fenestra’ (Witmer, 
1997) is anteroventral to the ascending process. It is a large, laterally oriented, suboval and deep 
fenestra, obscured by burial collapse. A developed fenestra is shared with Avetheropoda. The 
presence of a promaxillary ‘fenestra’ (Witmer, 1997) cannot be ascertained because the anterior 
rim of the antorbital fossa is missing. However, a little portion of a foramen is appreciable anteriorly 
and ventrally to the maxillary ‘fenestra’. This could be the dorsal part of the promaxilary ‘fenestra’ 
(Fig. III.3b), although the mediolateral compression of the skull complicates its description. The 
antorbital fossa occupies the ascending and the posteroventral ramus of the maxilla. The anterior 
extension reaches the maxillary ‘fenestra’, although its most anterior margin is unknown. Eddy 
and Clarke (2011) suggest that the antorbital fossa in Acrocanthosaurus is short because it extends 
only to the posterodorsal border of maxillary ‘fenestra’. However, the lateral and medial shelf 
identified in Eddy and Clarke (2011) belongs also to the antorbital fossa and thus it is as extensive 
as in Concavenator and other allosauroids (Witmer, 1997). Acrochantosaurus (Eddy and Clarke, 
2011) and Eocarcharia (Sereno and Brusatte, 2008) have an ‘accessory fenestra’, dorsally to the 
maxillary ‘fenestra’. However, in Concavenator, it is not possible to distinguish this foramen due 
to several burial collapses in the surface of the maxilla. Eddy and Clarke (2011) define a new 
character in Acrocanthosaurus and Eocarcharia: the presence of a notch in the dorsal apex of the 
lateral shelf of the ascending ramus for the naso-maxillary process. Concavenator seems to have 
a similar notch in this position (Fig. III.3b), although the naso-maxillary process is not visible 
(Fig. III.4). The posteroventral ramus of the maxilla is also completely preserved. The antorbital 
fossa is dorsoventrally thick and ventrally limited by a ridge on the posteroventral ramus as in 
Acrochantosaurus. This ridge is dorsoventrally thin. The posterior end is not ventrally inclined as 
in Acrocanthosaurus and Eocarcharia but rather similar to others allosauroids (Eddy and Clarke, 
2008) and it does not project further than the orbit under the anterior ramus of the jugal. The 
tooth row is extended anterior to the orbit as in most theropods. 

nasal 

The nasal is almost complete (Fig. III.4). The dorsal region is almost completely obscured 
by sediment and, thus, the mediolaterally width and the medial suture are not accessible. The 
anteriormost end, the subnarial and supranarial processes bordering the external naris dorsally 
and ventrally, are missing. The dorsal rim is fragmented. Its dorsal margin is rough and slightly 
prominent, similar to those of Allosaurus, Neovenator and Yangchuanosaurus (Dong et al. 1983), 
although not so as in Giganotosaurus, Carcharodontosaurus and Mapusaurus. Pronounced dorsolateral 
rims with lateral crests are developed in all allosauroids. under this margin, four recesses or 
foramina appear on the lateral surface, with the posteriormost three connected by a groove 
(Ortega et al., 2010). These pneumatic recesses are laterally-facing as those of Acrocanthosaurus, 
Allosaurus, Sinraptor, Yangchuanosaurus (Dong et al., 1983), not ventrally as those of Neovenator, 
Giganotosaurus and Mapusaurus. Other theropods, such as the tyrannosauroids Guanlong (Xu et 
al. 2006) and Yutyrannus (Xu et al. 2012) or other basal tetanurans such as Sinosaurus (Xing, 2012) 
and Majungasaurus (Sampsom and Witmer, 2010) have similar recesses. Despite their variability 
in number and orientation among the distinct taxa, these recesses have been proposed to be 
homologous (Brusatte et al. 2008). Their location in the same area of the nasal in members of 
the same group supports this trait as a homology. The preserved anterior region is occupied by 
an elongated and depressive narial fossa. Basal-most tetanurans, including allosauroids, present a 
large fossa (Carrano et al., 2012). 



Osteological revision

83

However, as Eddy and Clarke (2011) mentioned, Concavenator has as a more elongated and 
acuminate posterior narial fossa than those of Acrocanthosaurus and Carcharodontosaurus¸ also 
differing from those more rounded and shorter of Allosaurus, Sinraptor and Neovenator.  This fossa 
is bordered by ridges, dorsally and ventrally. The dorsal ridge is slightly dorsoventrally thick and 
more laterally pronounced than that of the ventral border. The ventral ridge is reduced anteriorly 
due to a slightly dorsally expansion of the maxilla. The lateral ridge is developed in the dorsal 
margin and prolonged up to the middle length of the lacrimal in lateral view (Fig. III.4b). The 
posterior ramus has a bulge in its middle length that occupies part of the ascending ramus of 
the maxilla. This bulge is shared with allosauroids and is also developed in other theropods. Its 
presence indicates the participation of the nasal in the antorbital fossa. However, the fossa is not 
occluded by a ventrolateral overhanging lamina as in derived carcharodontosaurids. 

Lacrimal 

The lacrimal is completely preserved (Fig. III.5). Its dorsal surface is as rough as the nasal 
surface. A low dorsal crest is developed in the lacrimal. Posteriorly, it changes to a quadrangular 
and rough lacrimal horn, similar in size to some that of metriachantosaurids as Sinraptor or 
Yangchuanosaurus (Dong et al., 1983) and other carcharodontosaurids, Acrocanthosaurus. It is 
not as posteriorly projected as the wide fan-shaped process in derived carcharodontosaurines. 

figure III.4. Right nasal of Concavenator corcovatus (mCCm-lH 6666). (a) Photography 
of right nasal in lateral view. (b) Line drawing of right nasal in lateral view. Grey areas are hidden 
region.
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However, the dorsal projection is reduced, not as raised as the horn of Allosaurus. The posterior 
margin of the lacrimal horn contacts with the anterior margin of the postorbital, closing the dorsal 
margin of the orbit. This contact is shared by all carcharodonotosaurids, but not by primitive 
allosauroids such as Allosaurus (Madsen, 1976), Yangchuanosaurus (Dong et al. 1983) or Sinraptor 
(Currie and Zhao, 1993), which have a gap between both facial bones.  

The lacrimal is ‘L’ shaped  with an angled close to 90º, as in most theropods. The anterior 
process contacts with the nasal and the maxilla. The contact with these bones is straight and 
ventrally inclined. The dorsal rim of this process is slightly curved as in other carcharodontosaurids. 
The anterior process is dorsoventrally thick, with a wide antorbital fossa in its ventral area, as 
occurs in most theropods. In the lateral surface of the anterior process there are two foramina, 
on the antorbital fossa (Fig. III.5b). These openings have been described in Acrocanthosaurus (Eddy 
and Clarke, 2011, Pers. Obs. by EC) and are present in Giganotosaurus, Sinraptor and Allosaurus. A 
lacrimal pneumatic recess is present anteroventrally to the lacrimal horn. Although Ortega et al. 
(2010) suggest that the specimen lacks a lacrimal fenestra, it is possible to observe a compacted 
recess on the lacrimal horn with uV-light (Fig. III.6). This fenestra has a large and oval outline as 
in Averostra. However, the burial compaction makes the internal structure difficult to discern, 
although it seems to have multiples openings as in other allosauroids. The posteroventral process 
completely contacts with the jugal in the ventral end. This process has a lateral and medial plate 
separated by a sulcus, as present in Acrocanthosaurus, Carcharodontosaurus and Giganotosaurus. 
The lacrimal lateral plate is anteriorly projected, splitting the antorbital fossa in its middle height 
in lateral view as in most theropods. This differs from Ortega et al (2010), which suggested the 
anteriormost point of the lateral lamina in the lacrimal to be situated dorsal to the mid-height 
of the ventral process. The lacrimal does not have any intraorbital process as in Acrocanthosaurus, 
Mapusaurus, Giganotosaurus and Sinraptor. However, it has a small process in its middle height, which 
is present in some Allosaurus specimens (Chure, 2000) and proposed to be the anteroventral 

figure III.5. Right lacrimal of Concavenator corcovatus (mCCm-lH 6666). (a) Photography 
of right lacrimal in lateral view. (b) Line drawing of right lacrimal in lateral view. 
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margin of the ocular cavity (Chure, 2000). The lacrimal medial plate is occupied by the antorbital 
fossa. This plate contacts ventrally with the jugal bone. Its ventral end is anteroposteriorly wide 
and triangular.

Postorbital 

The postorbital is not complete. The posterior ramus, which would contact with the squamosal, 
is missing and the ventral process lacks its dorsoposterior part (Fig. III.7). 

The postorbital has a robust, rugose, dorsoventrally wide and quadrangular orbital boss, 
which contacts with the lacrimal anteriorly. As mentioned, this postorbital-lacrimal contact 
delineates the dorsal margin of the orbit. The postorbital boss is strongly projected laterally, 
making the postorbital protrude laterally from the skull, occupying 1/3 of the orbital height. 
The margin of the postorbital boss is rimmed and extremely rugose in lateral view. All known 
carcharodontosaurids have this boss, interpreted as the fusion of a palpebral bone with the 
postorbital (Coria and Currie, 2006). However, the morphology is different in derived taxa 
such as Acrocanthosaurus, Mapusaurus, Carcharodontosaurus and Giganotosaurus. These taxa have a 
dorsoventrally low and sinuous postorbital boss. In contrast, the postorbital boss of Concavenator 
is thicker dorsoventrally, dorsally square and ventrally rounded. Eocarcharia (Sereno and Brusatte, 
2008) has a postorbital boss more similar to that observed in Concavenator. The postorbital boss 
of Eocarcharia is dorsoventrally wide and ventrally rounded as in Concavenator. However, the 
peculiar morphology of Concavenator could be an autopomorphy (Ortega et al., 2010). All known 
carcharodontosaurids (Eddy and Clarke, 2011; Pers. Obs. EC) have an anteroposteriorly oriented 
and sinuous vascular groove in the posterior part of the lateral surface in the orbital brow. 

figure III.6. Complete skull of Concavenator corcovatus (mCCm-lH 6666). Skull of 
Concavenator under uV light, highlighting the suture lines and bones.



Chapter III

86

Concavenator also has this vascular groove, posteroventrally located in the lateral surface. All 
these features in the carcharodontosaurid postorbital boss differ from the rugose lateral surface 
of the postorbital in the rest of allosauroids as in Allosaurus, Yangchuanosaurus (Dong et al. 1983), 
Saurophaganax and Sinraptor. These differences could be related to the fusion of the some similar 
to the “palpebral” and postorbital bones suggested by Coria and Currie (2006). Concavenator has 
a suture in the dorsal surface (Fig. III.8) similar to that observed in Mapusaurus (Coria and Currie, 
2006; Pers. Obs. EC), implying the fusion of “palpebral”+postorbital in these taxa. 

The ventral  ramus is anteriorly inclined as in other carcharodontosaurids. Its lateral surface 
has a posterior ridge throughout its length. The ramus has a round and anteriorly projected flange 
(intraorbital process sensu Sereno and Brusatte, 2008), just ventral to the orbital brow (Fig. III.7b). 
This intraorbital process is not developed in Allosaurus and metriacanthosaurids, whose anterior 
surface is straight or slightly curved. However, the flange is present in other allosauroids such 
as carchardontosaurids and other theropods such as abelisaurids and tyrannosauroids (Chure, 
2000; Sereno and Brussate, 2008; Xu et al. 2012). The morphology and situation of this process 
differs among distinct taxa. For instance, the process is more dorsally located (just ventral to 
the orbital brow) in Concavenator than it is in Eocarcharia. This dorsal position is a derived 
condition within the group (Sereno and Brusatte, 2008). Moreover, in Eocarcharia, the process is 
small and triangular, distinct to the well-developed and rounded one in Concavenator.  Derived 
carcharodontosaurids, such as Carcharodontosaurus, have a triangular but well-developed process. 
Acrocanthosaurus has the most distinctive morphology, with the triangular and robust flange being 
almost independent of the ventral process, similar to that of Carnotaurus sastrei (Eddy and Clarke, 
2011). Giganotosaurus also has a rounded process but more developed than in Concavenator. The 

figure III.7. Right postorbital of Concavenator corcovatus (mCCm-lH 6666). (a) 
Photography of right postorbital in lateral view. (b) Line drawing of right postorbital in lateral view. 
Grey areas are hidden region.
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position of this flange is specular with the position of the posterior process in the lacrimal because 
both of them are the ventral limit of the ocular cavity (Chure, 2000; Eddy and Clarke, 2011). 

The postorbital is one of the only cranial bones that it is accessible in dorsal view. It is 
laterally broad as in other carcharodontosaurids (Fig. III.8). The lateral margin is the most 
elevated region and the surface is strongly pitted, corresponding with the dorsal surface of the 
postorbital boss. Dorsally, the postorbital roughness projects rostrally. Holtz (1998) identified 
this feature in Carcharodontosaurus and Giganotosaurus. It is now known to be a feature shared by 
all carcharodontosaurids (Brusatte and Sereno, 2008). The sutures with the frontal and parietal 
are accessible, except the posterior suture with the parietals, where the bones are more fused. 
The depression of the supratemporal fossa is missing along with the posterior region. 

figure III.8. dorsal view of the skull roof of Concavenator corcovatus (mCCm-lH 6666). 
(a) Photography of skull roof in dorsal view. (b) Line drawing of skull roof in dorsal view. Grey area 
is the sediment matrix.
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figure III.9. Right jugal of Concavenator corcovatus (mCCm-lH 6666). (a) Photography of 
right jugal in lateral view. (b) Line drawing of right jugal in lateral view. 
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Jugal 

The jugal is not complete. The posterior region, including the dorsal and ventral quadratojugal 
prongs, and the posterodorsal region of the postorbital process are missing (Fig. III.9). The 
anterior process is complete. Ortega et al. (2010) suggested that the jugal bone is posterior to 
the antorbital fenestra, as in Allosaurus. However, it is possible to discern under uV-light (Fig. III.6) 
that it reachs the anterorbital fenestra with a distinct anterior process as in most theropods. 
Therefore, it is the posteroventral corner of the antorbital fossa. This process contacts dorsally 
with the ventral process of the lacrimal and it is ventrally supported by the posterior ramus of 
the maxilla, separating the lacrimal from the maxilla. This feature differs from Allosaurus, in which 
the jugal position is more posterior. The antorbital fossa is demarcated by a curved and raised 
ridge in the same position that Allosaurus and other carcharodontosaurids. In this fossa, the jugal 
presents a foramen (Fig. III.9b), anterior to the posterior limit of the fossa, which corresponds 
with a jugal pneumatic recess similar to those seen in other allosauroids, such as Sinraptor, 
Acrocanthosaurus, Tyrannotitan and Mapusaurus, and in Megalosaurus (Benson, 2010); tyrannosaurids 
(Bakker et al., 1988) and a range of other basal tetanurans (Witmer, 1997). Sereno et al. (1994, 
1996) considered this jugal pneumatic foramen a synapomorphy of Tetanurae, although most 
coelurosaurians appear to lack this structure (Witmer, 1997).

The postorbital process is triangular, higher than its basal width as in most theropods, and 
slightly posterodorsally oriented in lateral view. The postorbital process is bordered by: (i) a 
raised rim that limits with a slightly concave posterior surface, and (ii) the ventral rim of the 
orbital cavity. The postorbital is slightly separated from the jugal, probably by burial deformation. 
Their contact is probably in the anterodorsal surface of the postorbital process of the jugal. The 
contact is posterodorsally inclined. 

Althought it is not complete, the ventral margin of the jugal is straight up to the anterior 
region to the level of the postorbital process. Thus, there is not a developed ventral convexity in 
lateral view, as in Allosaurus. In the preserved anteroventral region there is an anteroposteriorly 
oriented groove. The ventral region lacks the prominent horizontal ridge which runs throughout 
the lateral surface as occurs in more derived carcharodontosaurid, such as Acrocanthosaurus, 
Mapusaurus and Tyrannotitan (Canale et al., 2014; Pers. Obs. EC).

Quadratojugal and quadrate

Only the posteroventral region of the quadratojugal is accessible, the rest of the bone is missing 
(Fig. III.10). Posteriorly, the medial condyle of the quadrate is accessible as is, slightly, the lateral 
condyle in lateral view. The lateral surface of the quadratojugal is smooth and unornamented, 
except the posterior margin that is rough and with a thin groove. Moreover, the central area of 
the lateral surface has a slightly and shallow groove. The posteroventral corner has a posterior 
process as in other theropods. In posterior view, it is possible to observe a portion of the posterior 
surface of the quadrate. However, the suture between both bones is hidden by sediment. The 
pneumatic recess of the quadrate is also not accessible as it is buried in sediment. In lateral view, 
the lateral condyle or ectocondyle (Hendrickx et al., 2015) is visible under the posteroventral 
region of the quadratojugal (Fig. III.10b). The medial condyle or entocondyle (Hendrickx et al., 
2015) is rounded and protruded more posteriorly than the quadratojugal.
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Prefrontal, frontal and parietal 

The prefrontal is only visible in dorsal view, and preserves just its posterior region (Fig. III.8). It 
has a triangular outline. The dorsal surface is rugose. It is dorsally raised respect to the adjacent 
bones, the lacrimal, the postorbital and the frontal. The prefrontal-lacrimal contact is not fused 
(Fig. III.8a) as in non-carcharodontosaurid allosauroids, Acrocanthosaurus and Eocarcharia, disctint 
to the fused prefontral-lacrimal in carcharodontosaurines (Currie and Carpenter, 2000; Brusatte 
and Sereno, 2008; Sereno and Brusatte, 2008; Cau et al., 2013). The frontal is slightly accessible in 
dorsal view. Only the lateral portion of the right frontal is accessible, and thus, the fusion between 
both paired frontals cannot be ascertained. Its lateral region contacts anterolaterally with the 
prefrontal and postorbital. The likely presence of a contact with the lacrimal is unknown since 
it is obscured by sediment. The contact with the prefrontal and postorbital is a shallow grove, 
as in Acrocanthosaurus (Eddy and Clarke, 2011). The dorsal surface of the frontal is smooth. The 
posterior contact with the parietal is fused and not completely discernible. The fusion between 
both bones is a character of Carcharodontosauridae (Brusatte and Sereno, 2008), although 
Foster (1999) recognized the fusion in other theropod as Carnotaurus.  

Palatine, vomer and pterygoid

Some bones of the palatal complex of Concavenator are accessible through the antorbital and 
orbital fenestrae (Fig. III.11). The anterior ramus of the pterygoid is partially visible through the 
orbit; while through the antorbital fenestra the following are visible: (i) the vomeropterygoid ramus 
of the palatine, in articulation with the posterior part of the vomer, and (ii) the vomeropalatine 
ramus of the pterygoid. The disposition is not diagnostic, but some features can be seen. The 
palatine preserves a pneumatic recess in the ventral part of the vomeropterygoid ramus as 
in Acrocanthosaurus (Harris, 1998), Sinraptor (Currie and Zhao, 1993), Allosaurus and Neovenator 
(Brusatte et al. 2008), a feature of allosauroids. This ramus is anteroposteriorly broad in the dorsal 
region and presents a wide flange in its anteroventral edge, bordering the internal naris dorsally. 

figure III.10. Right quadratojugal and quadrate of Concavenator corcovatus (mCCm-
lH 6666). (a) Photography of right quadratojugal and quadrate in lateral view. (b) Line drawing of 
right quadratojugal and quadrate in lateral view. Grey areas are hidden region.
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The vomeropalatine ramus of the pterygoid is highly fractured. This part of the bone contacts 
anteriorly to the palatine with the vomer, overlapping it laterally. The contact between these two 
bones is absent in Allosaurus (Madsen, 1976). However, the pterygoid overlaps the vomer in other 
allosauroids, such as Sinraptor (Currie and Zhao, 1993) and Acrocanthosaurus (Eddy and Clarke, 
2011). This feature is shared with the coelurosaur Tyrannosaurus (Osborn, 1912; Molnar, 1991). 
The posteriormost region of the pterygoid has a dorsal process close to the jugal. 

Dentary 

The dentary is not complete, with three fragments preserve: one associated with the 
premaxilla, one with the maxillary body fragment, and the posteriormost is almost completely 
hidden by sediment (Fig. III.12). The anterior-most has a lateral surface with several foramina. 
The anterior surface is not squared, as in most derived carcharodontosaurids, and it is blunt and 
unexpanded as in Ceratosauria and Tetanurae (including Allosaurus and Sinraptor) (Benson, 2010). 
Although several studies (Benson, 2010; Carrano et al., 2012) regard the anterior dentary end 
of Neovenator as rounded and dorsoventrally expanded, as in most of megalosauroids, actually 
Neovenator has an anterior end similar as those of Allosaurus and Sinraptor, as proposed by 
Brusatte et al. (2008), and thus, as Concavenator (Pers. Obs. EC). The anteroventral corner lacks 
an articular brace (Eddy and Clarke, 2011) or anteroventral chin (Novas et al., 2013) as most 
derived carcharodontosaurids. The maxillary fragment is highly fractured. However, the maxilla 

figure III.11. Palatal complex of Concavenator corcovatus (mCCm-lH 6666). (a) 
Photography of palatal complex in lateral view. (b) Line drawing of palatal complex in lateral view. 
Grey areas are hidden region.
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obscures the lateral sulcus and the neurovascular foramina.  The posterior-most fragment shows 
the dorsal contact with the surangular, posterior to the last maxillary tooth. In this contact, the 
dentary projects posteriorly by a lateral process near to the dorsal margin, which is referred to 
as the intramandibular joint (Currie and Zhao, 1993). The external surface is smooth, disctinct to 
carcharodontosaurines (Brusatte and Sereno, 2008).

surangular and angular 

The surangular is preserved in two fragments. The anterior one is almost completely hidden by 
sediment. The lateral surface has several fractures. The posterior fragment preserves its contact 
with the angular and the articular (Fig. III.13). The surangular has a well-developed lateral shelf 

figure III.12. Right dentary of Concavenator corcovatus (mCCm-lH 6666). (a) Photography 
of right dentary in lateral view. (b) Line drawing of right dentary in lateral view. Grey areas are 
hidden region.
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as most theropods. under this shelf, two posterior foramina have been preserved, as occur in 
other allosauroids, except Acrocanthosaurus, which has a single foramen (Eddy and Clarke, 2011). 
The lateral surface is slightly rugose. The surangular is deformed, with its dorsal region laterally 
oriented. In dorsal view, the medial shelf is also accessible, diverging anteriorly from the lateral 
shelf. The depression between these shelves is the attachment of the M. adductor mandibulae 
externus (Sampson and Witmer, 2007). In dorsal view, a fragment of the prearticular is visible, 
medial to the medial shelf. Ventrally, the posterior fragment of the angular is visible. Its lateral 
surface is smooth, with its posterior region projected posterodorsally.

 

articular

Both articulars are accessible: the right one, the most complete, in dorsal view, and the left 
one in medial view (Fig. III.13). Both are lateromedially wide. A glenoid region splits the bone in 
lateral and medial surfaces by an anteromedially-oriented ridge. This ridge is medial. It is triangular 

figure III.13. surangulars, right prearticular and articulars of Concavenator corcovatus 
(mCCm-lH 6666). (a) Photography of both surangulars in laterodorsal and medial view; both 
articulars in dorsal and medial view; and right prearticular in dorsal view. (b) Line drawing both 
surangulars in laterodorsal and medial view; both articulars in dorsal and medial view; and right 
prearticular in dorsal view. Grey areas are hidden region.
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and anteroposteriorly broader and more developed than in Acrocanthosaurus. A reduced glenoid 
ridge is characteristic in Acrocanthosaurus and Mapusaurus, distinguishing it from basal-positioned 
glenoid ridges in allosauroids. Another ridge is located laterally, more anterior to the lateral 
glenoid. This is the anterior wall, which is tall as in all tetanurans. The medial wall is also sharp 
as in Sinraptor and Allosaurus. The foramen posterior for the chorda tympani can be seen in the 
medial surface of both articulars. It has a triangular outline and a strongly concave medial surface. 
Posterior to this process, the semicircular retroarticular process of the articular is expanded 
mediolaterally, and not further posteriorly projected. The attachment surface is posteriorly 
oriented, as in allosauroids and some coelurosaurians. Anterior to the retroarticular process, a 
well-developed spine is present in carcharodontosaurids (Harris, 1998; Eddy and Clarke, 2011), 
but in Concavenator it is broken. 

figure III.14. Teeth of Concavenator corcovatus (mCCm-lH 6666). (a) Anterior-most 
premaxillary tooth. (b) Posterior-most premaxillary tooth. (c) Anterior-most preserved maxillary 
tooth. (d) Biggest maxillary tooth. (e) Detailed of enamel wrinkles on the maxillary tooth in (d).



Osteological revision

95

teeth 

A total of 7 teeth have been preserved in the holotype of Concavenator: three premaxillary 
teeth, one of them incomplete, two anterior, and two posterior maxillary teeth (Fig. III.14). All of 
them, except that from the left premaxilla, are exposed in labial view.  

The anterior-most maxillary teeth are the largest. Both have marginal enamel wrinkles (marginal 
undulations sensu Hendrickx et al. 2014). The best-preserved wrinkles are in the largest teeth as 
in Giganotosaurus (Brusatte et al., 2007; Pers. Obs. EC). The wrinkles are associated with the distal 
carina, being more prominent close to the crenulations; and low bands, difficult to discern, in the 
crown and the medial carina (Fig. III.14d, e). This distribution is similar in carcharodontosaurids, 
but in Concavenator the wrinkles are weaker than those of more derived carcharodontosaurids 
such as Carcharodontosaurus saharicus (Stromer, 1931; Sereno et al., 1996) and Giganotosaurus. In 
Mapusaurus and Tyrannotitan, the wrinkles occur on the basal region of the crown (Brusatte et al., 
2007; Pers. Obs. EC); however, in Concavenator they appear thorough the whole tooth. The surface 
lacks ornamentation, unlike other theropods (i.e spinosaurids). The crown of the maxillary teeth 
is mediolaterally compressed, with an elliptical cross-section, and is slightly curved as in most 
theropods except spinosaurids. Maxillary and premaxillary teeth have crenulated carinae as most 
theropods. Carinae are difficult to discern in premaxillary teeth, due to the sediment hiding them 
partially.

III.2.2. OSTEOLOGICAL DESCrIPTION AND COMPArISONS OF AXIAL  
SkELETON   

The axial skeleton of MCCM-LH 6666 is almost complete and articulated, including ribs. Only 
the atlas and some caudal vertebrae are almost or completely missing. All the vertebrae are 
preserved in right lateral view, in articulation. Such preservation makes difficult describing the 
articular surfaces, zygapophyses and other anatomical elements on most vertebrae. Altogether, 
the fossil preserves 9 cervical vertebrae, 13 complete dorsal vertebrae, 5 sacral vertebrae and a 
total of 39 caudal vertebrae, partially or completely preserved. Also, 9 right and 3 left cervical ribs, 
12 right and 6 left dorsal ribs, and 24 chevrons have been preserved close to anatomical position, 
although some of them are just partially visible. The gastral ribs are preserved disarticulated, 
scattered ventrally to the rib cage. 

The neural arch and centrum are fused in all vertebrae. Most are completely preserved, 
especially the dorsal series. The cervicals have been preserved as several fragments of the fossil 
slab. The axis only preserves the neurapophyses, and the 5th to 9th presacral vertebrae are 
incomplete and fractured. The caudal series has been preserved in several associated fragments. 
Some anterior, middle and posterior caudal vertebrae are completely missing, and thus the caudal 
sequence is not complete in some areas. The transverse processes are broken in some dorsal and 
anterior caudal vertebrae. 

The neural spines are low and morphologically disparate in the cervical and anterior dorsal 
series. Two posterior dorsal vertebrae have elongated neurapophyses, more than twice the 
height of the immediately preceding ones. Some of the most anterior caudals also have elongated 
neurapophyses, although not as tall as those of the two posterior dorsal spines. The height of the 
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neural spines decreases gradually toward the posterior end. In general, the pneumaticity on the 
axial skeleton is difficult to observe due to the compaction the vertebrae have experimented. 
Although the ribs are still in anatomical position, many have disarticulated. The taphonomic 
deformation has affected the preservation of the ribs. Most ribs, especially the dorsal ones, are 
slightly fractured and completely deformed, plastically adapting their shapes to the bones under 
them.

Soft-tissue impressions have been preserved around the caudal series. Between some 
neurapophyses, muscle impressions have been preserved, indicating the orientation of the 
interspinous ligaments. The most posterior fragment of the tail has preserved ventral square 
scales. 

Cervical vertebrae

The atlas-axis complex is not complete. Only the neural spine, a posterior fragment of the 
centrum, the visible epiphophysis and postzygapophysis of the axis, and the apex of the visible 
epipophysis of the atlas have been preserved (Fig. III.15). 

The apex  of the visible epipophysis of the atlas is acuminate and elongated. The morphology 
indicates that this structure is well-developed, as in Acrocanthosaurus, Tyrannotitan, and most 
theropods, distinct to the short epipophyses of Allosaurus and the transversally expanded 
epipophyses of Saurophaganax.

 The neurapophysis of the axis is triangular in lateral view. Although the anterior view is not 
accessible, it appears to be transversally compressed as in Allosaurus, distinct from Mapusaurus 
or Giganotosaurus, in which it is transversally widened. The spine is posterodorsally oriented. 
The apex of the neural spine is tapered, in contrast to the axial spine of Allosaurus, which is 
quadrangular in its dorsal apex. This morphology is similar to that of Neovenator and Baryonyx. The 
postzygapophyses are articulated with the prezygapophyses of the 3rd vertebra. The epipophyses 
protrude 2 cm beyond the postzygapophysis and the apex is tapered in a triangular process. The 
epipophyses of Concavenator are further projected than those of Allosaurus and Giganotosaurus.

A total of 8 postaxial cervical vertebrae have been preserved in articulation and with cervical 
ribs (Fig. III.15). Three vertebrae are complete. The most posterior vertebrae, however, are 
fragmented, with some anatomical elements missing. The centra are complete only from the 3rd 
to the 6th vertebrae. These four vertebrae also preserve the diapophyses. Altogether, the pre and 
postzygapophyses are preserved in all vertebrae. From the 4th to the 7th vertebrae, the neural 
spines are fragmented. 

The neurapophyses of the 3rd and 4th vertebrae are similar to that of the axis. The spines 
are posteriorly projected, transversally compressed and tapered toward the apex. These apices 
are triangular in lateral view. The 5th, 6th and 7th vertebrae have rectangular neurapophyses, 
posterodorsally oriented and anteroposteriorly wide, and transversally compressed as a 
sheet. The posterodorsal apex of the spine is further projected posteriorly than in the rest of 
neurapophyses. 

The last cervical vertebrae (8th, 9th and 10th) have a thorn-like neurapophyses. These spines 
are slightly wider transversally than those of their predecessors. The posterior surface develops a 
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posterior flange. These neural spines are slightly oriented posteriorly. This morphological transition 
in the last cervical neural spines is similar to that observed in Allosaurus, Acrocanthosaurus and 
most theropods. 

The longest cervical vertebrae are the last five as in most of theropods (Table A.2, Appendix 
1). The centra are opisthocoelous, as in most theropod dinosaurs. However, the anterior surface 
outline is only accessible in the 7th vertebra. This opisthocoelous condition is more similar to 
that of Allosaurus than that of derived carcharodontosaurids. All along the series, the vertebral 
centra are slightly dorsoventrally compressed. All vertebrae have single pleurocoels, being visible 
only posterior to the tuberculum of the cervical ribs as most of theropods, distinct to the double 
pleurocoels of carcharodontosaurines (Canale et al., 2014). The prezygapophyses are triangular in 
lateral view, especially the anterior-most vertebrae, and they are shorter than the postzygapophyses, 
The postzygapophyses are posterodorsally projected. The epipophyses are well-developed, 
further posterodorsally projected than the postzygapophyses of most theropods. The apex of the 
epipophyses is acuminate and triangular, as in metriacanthosaurids, Tyrannotitan, Mapusaurus and 
ceratosaurids (Carrano et al, 2012). The diapophyses are triangular and the prezygodiapophyseal 
lamina is anteroventrally rounded in the middle cervical vertebrae. The diapophysis of the last 
cervical vertebra is thorn-like and ventrally directed. A posterior centrodiapophyseal lamina is 
visible in lateral view. This lamina borders the postzygocentrodiapophyseal fossa ventrally as in 
most theropods. The parapophyses are in connection with the ribs in most vertebrae, and thus, 
these parapophyses are not accessible. However, the position of the capitulum in relation to the 
centrum shows that the parapophysis is anteriorly located as in basal allosauroids, distinct from 
its middle position in Carcharodontosauria. 

Dorsal vertebrae 

The specimen has 13 dorsal vertebrae (Fig. III.16, 17). The vertebrae are articulated and complete, 
and the ribs are associated with the vertebrae although disarticulated. Altogether, all along the 
dorsal series, the vertebral centra are slightly anteroposteriorly longer than dorsoventrally high, 

figure III.15. Cervical vertebrae of Concavenator corcovatus (mCCm-lH 6666). (a) 
Photography under uV-light of cervical vertebrae in lateral view. (b) Line drawing of cervical 
vertebrae in lateral view. Dark grey areas are hidden region.
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as in most theropods (Table A.3, Appendix 1). The anteroposterior length of the dorsal centra 
increases posteriorly. The lateral surfaces of the centra are smooth, with some roughnesses on 
the dorsal, anterior and posterior surfaces. The articular surfaces of the centra are not accessible. 
The prezygapophyses and postzygapophyses are difficult to discern due to tight articulation 
between both. In all vertebrae, the prezygapophyseal articular facets are dorsally oriented, 
anteriorly inclined anteriorly. The postzygapophyses have a ventrally oriented articular facet. The 
hypantrum and hyposphene, probably present, are not accessible in any vertebra. All neural spines 
are transversally compressed as sheets, distinct to the transversely broad spines present in most 
derived carcharodontosaurids (Coria and Currie, 2006). The orientation of the neurapophyses is 
generally posterior, as in Tyrannotitan, Giganotosaurus and Mapusaurus, but distinct to those observed 
in some allosauroids such as Allosaurus; Neovenator or Sinraptor. The size of the neural spines is 
progressively increases posteriorly thorough the series, until the 11th and 12th vertebrae. These 
posterior vertebrae have elongated neurapophyses, five times the height of the centrum (Ortega 
et al., 2010) and twice the height of the 10th spine. Hypertrophied neurapophyses are relatively 
common within carcharodontosaurids. Carcharodontosaurus (Stromer, 1931); Acrocanthosaurus 
(Harris, 1998); Tyrannotitan, Mapusaurus and Giganotosaurus have spines taller than twice the vertebral 
centrum height. However, these elongated spines are present in all the dorsal series and not only 
in particular vertebrae, as in Concavenator. From the 4th to the 11th vertebrae, the neurapophyses 
are posteriorly directed and overlap with the neural spines of their posterior vertebrae. However, 
the dorsal view is not accessible in order to assess the presence of an interlocking between the 
neural spines, similar to the handle caudal vertebrae in ankylosaurs (Coombs, 1995; Arbour, 2009).

The first dorsal vertebra is the shortest anteroposteriorly. The associated rib is ventrally 
displaced from its original position, obscuring the parapophysis. Posterior to the rib, there is a 
small oval pleurocoel as in most theropods. The ventral surface of the centrum is almost straight. 
The neural arch is relatively high. The neural canal is not accessible, as are the prezygapophyses. 

figure III.16. Anterior dorsal vertebrae of Concavenator corcovatus (mCCm-lH 6666). 
(a) Photography of anterior dorsal vertebrae in lateral view. (b) Line drawing of anterior dorsal 
vertebrae in lateral view. 
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The articular facet of the postzygapophysis is lateroventrally directed. The postzygapophysis is 
not as posteriorly projected posteriorly as those of the cervical vertebrae. The neurapophysis is 
thorn-like, as in the last cervical spines. This condition is similar in Allosaurus. However, the dorsal 
morphology is different (Fig. III.16b). The dorsal spine has two small processes in the posterior 
surface. The dorsal apex is more developed dorsally in the posterior edge and rounded in the tip. 
The diapophysis is anteriorly located in the neural arch, although incomplete. It is more laterally 
oriented than those of the cervical vertebrae, and anteroposteriorly narrow but dorsoventrally 
robust, with a triangular outline in cross-section. Ventrally, two laminae are visible. The most anterior 
is posteroventrally directed and robust. It is the posterior centrodiapophyseal lamina. The most 
posterior is thinner, and has the same orientation. This lamina is the centropostzygapophyseal 
lamina, which is also present in other theropods. 

The second dorsal vertebra is also relatively short anteroposteriorly. The parapophysis is 
visible. It is more dorsally located in the centrum than the first dorsal. The parapophysis is a 
kidney-shape process, anteroposteriorly narrow and dorsoventrally long. Posteriorly, a small oval 
pleurocoel is present. The ventral surface of the centrum is slightly straight. The neural arch is also 
relatively tall, as in the first dorsal. The pre and postzygapophyses are not accessible, as the rib is 
on top of them. The neural spine has a peculiar morphology. It is anteroposteriorly narrow, as the 
first spine, but the dorsal region has a posterior process, posterodorsally inclined, narrow and 
rounded. The spine develops an anteriorly projected process in the anterior surface, ventral to 
the dorsal apex. The diapophysis is laterally oriented, as in the first dorsal. It is anteroposteriorly 
narrow and dorsoventrally robust, with a triangular outline in cross-section. The anterior 
centrodiapophyseal lamina is accessible. It is more slender than the posterior centrodiapophyseal 
lamina of the first dorsal. The rib obscures the posterior centrodiapophyseal laminae, making it 
unaccesible. Posterior to this lamina, a triangular centrodiapophyseal fossa is delimited. 

The centrum of the third dorsal vertebra is almost obscured by two dorsal ribs. Only the 
ventral part of the lateral surface of the centrum is accessible. This surface is flat, but laterally is 
pinched into a sharp ridge. The neural spine is thorn-like shaped, but the morphology is different 
from those of the preceding anterior dorsal neural spines. The 3rd spine is rectangular and lacks 
anterior or posterior processes. Its dorsal apex is rounded and posterodorsally developed. The 
transverse processes are more posterodorsally oriented than those of the preceding vertebrae. 
The dorsoventral width is reduced and it has a suboval cross-section. The centrodiapophyseal 
fossa is slightly visible in the dorsal part, being shallow and oval in outline. 

The 4th centrum is also completely obscured by several ribs. Only the neurapophysis and 
transverse process are accessible. The neural spine is rectangular in lateral view, anteroposteriorly 
widened, its width slightly increasing toward the dorsal part. The anterior surface has a small, 
rounded and dorsally located process. The diapophysis is more posteriorly oriented than in the 
anterior vertebrae. The dorsoventral width is more reduced than that of the 3rd vertebra. 

The 5th dorsal vertebra is anteroposteriorly longer than the predecessors. The centrum 
is partially accessible. The ventral surface is slightly concave, with the posterior surface more 
ventrally projected in lateral view. The parapophysis is obscured by overlaying ribs, as is the 
probable presence of a pleurocoel. The neural spine is anteroposteriorly wider than the 4th spine. 
It is rectangular, with a flat dorsal apex. It is slightly wider in the dorsal part. The anterior surface 
has a “hook-like” process, similar to, but more ventrally placed than those in Compsognathus 
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(Peyer, 2006) or Dilophosaurus (Welles, 1984). This process is interpreted as a ligament attachment 
scar. The transverse process is a dorsoventrally flat and posteriorly oriented lamina. 

The centrum of the 6th dorsal vertebra has a slight constriction in the ventral surface, with 
the anterior and posterior surfaces farther ventrally projected. This constriction is shared by 
allosauroids (Carrano et al., 2102). The ribs completely obscure the parapophysis and partially 
the lateral surface of the vertebra. The neural spine is anteroposteriorly wider than the 5th spine. 
The anterior surface has slightly osseous projections that are in the base of the spine, and has 
also an anterior hook-like process. The dorsal part of the spine is very broad anteroposteriorly. 
The posterior apex is further posteriorly projected. The transverse process is a flat lamina, more 
posteriorly projected than those of the anterior vertebrae.

The centrum of the 7th dorsal vertebra is not accessible. The neural spine is posteriorly oriented, 
with the posterior surface of the apex posteriorly projected and anchored with the anterior surface 
of the next spine. About middle-height, an anteroposteriorly constriction is developed, producing 
an hourglass-like shape in the neurapophysis in lateral view. The anterior surface also has slightly 
triangular projections in its base. The diapophysis is posterodorsally oriented. Ortega et al. (2010) 
proposed that an accessory centrodiapophyseal lamina as in Baryonyx (Charig and Milner, 1997) was 
present. However, this lamina is actually the anterior centrodiapophyseal lamina, less developed than 
those of the most anterior vertebrae as in most theropods. Concavenator also lacks an accessory 
centrodiapophyseal lamina as those described as autapomorphies of Tyrannotitan (Canale et al., 2014). 
The anterior centrodiapophyseal lamina is posterodorsally inclined. The posterior centrodiapophyseal 
lamina is more developed, and is more vertically oriented than the anterior lamina. Two fossae are 
accessible in lateral view, under the diapophysis. The prezygocentrodiapophyseal fossa is anterior to 
the anterior centrodiapophyseal lamina and it is deeply expanded, as in allosauroids (Carrano et al., 
2012). The centrodiapophyseal fossa is developed between both centrodiapophyseal laminae, it is 
triangular in lateral view and it is slightly deeply excavated.

 The 8th dorsal vertebra is similar to the 7th vertebra. The centrum is completely visible, 
except the parapophysis, which is situated in the lateral surface of the neural arch. The centrum 
lacks pleurocoels, therefore, Concavenator only has pleurocoels in the anterior dorsals. The 
neural spine is taller than preceding ones. Anteriorly, the interspinous ligament scars are well-
marked. The posterior apex is posterodorsally oriented and also overlaps with the anterior 
apex of the posterior spine. The morphology is almost rectangular in lateral view, although it 
also has a constriction middle-height. The transverse process is posterodorsally oriented and 
dorsoventrally thin. The anterior centrodiapophyseal lamina is more developed than that of 
the 7th vertebra, although is less developed than the posterior centrodiapophyseal lamina. The 
prezygocentrodiapophyseal and centrodiapophyseal fossa are deeply developed.

The centrum of the 9th dorsal vertebra has a strong constriction. The ribs obscure its lateral 
surface. The neural spine is longer than that of the preceding vertebra. It is rectangular, with a 
dorsal apex not as flat as in the anterior vertebrae. This dorsal surface is anteroventrally inclined 
due to the dorsal projection of the posterior edge. The posterior edge overlaps slightly with 
the 10th spine. The neurapophysis has small anterior and posterior processes, both at the same 
height. The diapophysis is flat and posterodorsally oriented. The centrodiapophyseal laminae are 
partially obscured, but the anterior is less developed than the posterior. The last one is developed 
as a prominent ridge, ventral to the diapophysis.
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The centrum of the 10th dorsal vertebra is similar to that of the anterior  vertebra (Fig. III.17). 
The neurapophysis is strongly elongated (neurapophysis to anterior surface of the centrum ratio 
= 1.28), although not as much as in the 11th and 12th vertebrae. It is slightly directed posteriorly, 

figure III.17. Posterior dorsal, sacral and anterior caudal vertebrae of Concavenator 
corcovatus (mCCm-lH 6666). (a) Photography of posterior dorsal, sacral and anterior caudal 
vertebrae (first block) in lateral view. (b) Line drawing of posterior dorsal, sacral and anterior 
caudal (first block) vertebrae vertebrae in lateral view. 
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as the dorsal surface is anteroventrally inclined. The neurapophysis also has small anterior and 
posterior processes, as the 9th vertebra has. The last ones are more dorsally located in the 
posterior surface. The diapophysis is completely accessible, and similar to that of the 9th vertebra. 
The prezygocentrodiapophyseal fossa is posteriorly elongated and deeply excavated. The anterior 
centrodiapophyseal lamina is anteroventrally inclined and thinner than the posterior lamina, but 
more developed than those of anterior vertebrae. The centrodiapophyseal lamina is broad and 
deep. The posterior centrodiapophyseal lamina is almost vertically oriented. 

The 11th and 12th dorsal vertebrae have partially accessible centra. Both lack pleurocoels, 
with the ribs obscuring the parapophyses. Both centra have a strong constriction. The diapophyses 
of the 11th and 12th dorsal vertebrae are incomplete. The spine of these two vertebrae are 
hypertrophied (Fig. III.17). The neural spine height to anterior centrum height ratio is 4.11 and 
4.14, respectively. The apex of the 11th spine, with a triangular outline of the apex in lateral view, 
is posteriorly projected and converges with the apex of the posterior spine. The anterior surface 
of the 11th spine is posteriorly curved the apex being the thinnest part of this structure. The 12th 
neurapophysis is more rectangular in lateral view than the anterior one. The length increases 
anteroposteriorly in the middle of the height. The posterior dorsal part of the spine is missing, 
having an “L” outline. Both 11th and 12th vertebral spines present a strong vertical striation in 
the dorsal part of the lateral surface. The neurapophyses of the 13th dorsal vertebra is slightly 
accessible. Only the anterodorsal apex protrudes above the iliac blade. The height is lesser than 
the anterior neurapophyses, although it might be broken. The centrum of this last dorsal vertebra 
is located under the preacetabular blade of the ilium. It is only partially accessible but it is possible 
to observe that it has a strong central constriction.

sacral vertebrae

There are 5 sacral vertebrae as in most theropods (Fig. III.17). The vertebrae are partially 
accessible due their position under the iliac blade. The presence of pneumaticity in the centrum 
cannot be assessed. The ventral margin of the middle centrum is strongly arched, as in ceratosaurs 
and carcharodontosaurids (Carrano et al., 2012; Canale et al., 2014). The 1st sacral vertebra is 
completely obscured by the pelvic elements. The 2nd, 3rd and 4th vertebrae are fused, preserving 
the suture line. The 5th vertebra is not fused. The centra are dorsoventrally low and are not very 
constricted, distinct to those of Tyrannotitan and Giganotosaurus. The size of the neural spines is 
reduced, distinct to the adjacent vertebrae, and thus, these neurapophyses are obscured by the iliac 
blade (Ortega et al., 2010). Only the dorsal apex of the 5th spine is slightly visible, protruding above 
the postacetabular process. The spine presents a posterodorsally oriented apex. This last spine is 
complete, not broken.

Caudal vertebrae  

There are 39 preserved caudal vertebrae in different states of preservation (Figs. III.17, 18, 19). 
Altogether, the size of the vertebral centra diminishes across the caudal series from the anterior-
most toward the posterior-most vertebrae (Table A.4, 5, Appendix 1). All these vertebrae lack 
pleurocoels in the lateral surface of the vertebral centrum, distinct to derived carcharodontosaurids 
and megaraptors. These vertebrae are preserved in 4 different unconnected blocks, separated by 
gaps with missing parts.
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 The first block is anatomically articulated with the sacral vertebrae. It consists of 6 almost 
complete vertebrae, except the last two (Fig. III.17). The spines of these vertebrae are separated 
from the centrum by a fracture. All these anterior neural spines have thin anterior and posterior 
“hook-like” processes, slightly dorsally oriented and located slightly ventrally to the middle of the 
height, similar to those above described in dorsal vertebrae. These processes are not preserved 
in any other allosauroid and thus, could be an autopomorphy of Concavenator.

The first  caudal vertebra has a centrum dorsoventrally higher than anteroposteriorly long, 
being the posterior articular surface taller than the anterior one. The ventral margins of these 
anterior and posterior surfaces are anteriorly oriented. These anterior caudal vertebrae have a 
groove in the ventral surface of the centrum, as occur in other allosauroids, although shallower 
than in Ceratosaurus (Madsen, 1076), but not as in carcharodontosaurids, which present a 
ridge. The spine of the 1st caudal vertebra is rectangular in lateral view and the dorsal apex is 
anteroposteriorly relatively wide, with an anterior ventral notch.

The second caudal vertebra has a centrum with the same proportions as the anterior one. 
The ventral margins of the anterior and posterior surfaces also are anteriorly oriented. The 
neural spine of this vertebra is hypertrophied respect to the rest of the caudal vertebrae (Ortega 
et al., 2010), but not as much as in the last dorsal vertebrae. The neural spine height to anterior 
centrum height ratio is 2.72. The apex of this spine is strongly inclined anteriorly, and oriented 
pointing toward the 11th and 12th dorsal spines. The lateral surface of this apex is strongly 
striated.

The third caudal vertebra has similar proportions, but the margins of the articular surfaces 
are ventrally oriented as in the following 4th, 5th and 6th vertebrae. The neurapophysis is also 
hypertrophied as much as the second spine. However, the apex is not anteriorly oriented. 
Conversely, this spine has a triangular apex in lateral view, with the posterior edge more projected 
dorsally than the anterior edge. The lateral surface of the dorsal part of the neural spine is also 
strongly vertically striated. 

The 4th and the 6th caudal vertebrae are possible to observe only in posterior view. The 
vertebrae are transversally compressed, probably due to compaction processes. The neural arch 
has an oval shape, but the proportions are deformed. The 4th vertebra has a slightly hypertrophied 
spine, although smaller than those of the 2nd and 3rd caudals, the neural spine height to anterior 
centrum height ratio being 2.25. Its apex is slightly rounded and vertically oriented. The width 
changes anteroposteriorly along the spine. The dorsal apex and the basal part are narrower than 
the middle part, where the anterior and posterior processes are located, being the anterior and 
posterior surfaces slightly convex in lateral view. These processes are narrower than those of the 
anterior vertebrae.

The 5th caudal vertebra has an incomplete centrum. The spine is sligthly posteriorly directed, 
and also incomplete.

The 6th caudal vertebra preserves a complete centrum, part of the transverse process, and 
the ventral part of the neural spine. This element has the better preserved transverse process of 
this block. It is dorsolaterally oriented and incomplete, and narrow in its basal part. 
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Posterior to the 6th  caudal vertebra, there is a gap in the vertebral series. The next preserved 
vertebrae are located in another articulated block (Fig. III.18a, b). The last complete vertebra of 
this block is similar to the 19th vertebra described in Allosaurus by Madsen (1976).  Therefore, 
the block is interpreted as including the 13th to the 20th caudal vertebrae of Concavenator. If 
this hypothesis is correct, then the first fragment of an isolated neural spine belongs to the 13th 
caudal vertebra. Its dorsal apex has the anterior edge farther dorsally projected. From the 14th 
to 19th vertebrae, the height of the neural spine decreases along the series. These spines are 
also anteroposteriorly narrow and rod-like shaped as in all Allosauroidea. From the 15th caudal 
vertebra on, an accessory anterior process is developed, as in Allosaurus. This process is triangular 
and is more developed in the following vertebrae. From the 14th caudal vertebra on, the centrum 
starts to be anteroposteriorly longer than dorsoventrally high, being rectangular in lateral view.  
The centra elongate toward the posterior-most vertebra in this block. The middle vertebrae 
have a posteriorly oriented ventral margin at the anterior and posterior surfaces. From the 14th 
vertebra on, the transverse processes are lateroposteriorly oriented. This orientation is not 
possible to identify in the 13th neural spine because its centrum is missing. 

The 14th caudal vertebra has a neural spine divided into a smaller, pointed, anterior process 
and a higher, rodlike, posterior spine, as in Allosaurus (Madsen, 1976). The posterior edge of the 
dorsal apex is missing, and the anterior edge has a small anteriorly projected bulge. The vertebral 
centrum is incomplete, lacking the anterior articular surface. A slight fragment of the transverse 
process is preserved, being anteroposteriorly thinner than those of the anterior vertebrae.

The 15th caudal vertebra is complete, although the transverse process is almost missing. The 
neurapophysis is complete, and it is similar to that of the anterior one, although the anterior 
budge of the spine is reduced. The anterior edge of its apex is strongly striated and more dorsally 

figure III.18. Caudal vertebrae of Concavenator corcovatus (mCCm-lH 6666). (a) 
Photography of the second block of caudal vertebrae in lateral view. (b) Line drawing of the second block 
of caudal vertebrae vertebrae in lateral view. (c) Photography of the third block of caudal vertebrae in 
lateral view. (d) Line drawing of the third block of caudal vertebrae vertebrae in lateral view.
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projected than the anterior spine. The centrum is dorsoventrally lower than those of more 
anterior vertebrae and it is rectangular in lateral view, not quadrangular. The postzygapophysis is 
situated on the posterior base of the neural spine. 

The 16th caudal vertebra is almost complete, but with a fracture that split it in three pieces. 
The spine is similar to that of the anterior vertebrae, although the anterior process is more 
acuminate and dorsally projected than those of the 14th and 15th vertebrae. The dorsal apex is 
slightly more reduced. The prezygapophisis is placed in an anterodorsal process in connection 
with the anterior postzygapophisis. The 17th caudal vertebra is complete and similar to the 16th. 

The 18th caudal vertebra has a complete centrum, more anteroposteriorly elongated than 
that of the anterior vertebrae. The prezygapophysis is slightly reduced. Only the anterior process 
of the spine is preserved. 

The 19th caudal vertebra has an anterior process of the spine less dorsally oriented than those of 
preceding vertebrae. This process is slightly anterodorsally inclined. The centrum is anteroposteriorly 
elongated. The 20th vertebra is incomplete, having preserved only a partial centrum. 

The next block has 5 complete vertebrae (Fig. III.18 c, d). The 5th of these vertebrae is similar 
to the 25th vertebra of Allosaurus as described by Madsen (1976). Before the most anterior 
complete vertebra of this block, a posterior fragment of the centrum of the 21th is preserved, 

figure III.19. Caudal vertebrae of Concavenator corcovatus (mCCm-lH 6666). (a) 
Photography of the fourth block of caudal vertebrae in lateral view. (b) Line drawing of the fourth block 
of caudal vertebrae vertebrae in lateral view. (c) Photography of the posterior-most caudal vertebrae in 
lateral view. (d) Line drawing of posterior-most caudal vertebrae vertebrae in lateral view.
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again, if the position interpretation is correct. From the 22nd caudal vertebrae on, the anterior 
process of the spine is more developed and the posterior process or spine starts to decrease. 
From the 25th on both processes are associated with the pre and postzygapophyses and all the 
spinal complex is reduced. 

The 22th caudal vertebra is completely preserved. The centrum is strongly anteriorly elongated 
and dorsoventrally reduced. The transverse process is complete and reduced, laterally oriented. 
The anterior process of the spine is more separated anteriorly from the posterior spine and 
dorsally reduced in comparison with preceding vertebrae. The spine is posterodorsally projected 
and reduced. The prezygapophysis is anteriorly projected but incomplete. 

The 23th caudal vertebra is also complete. The centrum is also relatively elongated and has a 
groove in its lateral surface. The prezygapophysis is in contact with the anterior postzygapophisis. 
It is anteriorly projected and occupies a quarter of the length of the anterior vertebra. The 
presence of elongated prezygapophyses is a feature shared by allosauroids. The posterior process 
of the spine has a dorsal apex slightly widened anteroposteriorly. 

The 24th caudal vertebra is incomplete. Only the posterior part of the centrum has been 
preserved. This centrum has a groove in its lateral surface. 

The 25th caudal vertebra is complete and also has a groove in the lateral surface of the 
centrum. It is anteroposteriorly elongated. The anterior process of the spine is less developed 
than those of the preceding vertebrae. The posterior process of the spine is posterodorsally 
projected. The postzygapophysis is dorsally inclined. 

The 26th caudal vertebra is more anteroposteriorly elongated than preceding vertebrae. The 
centrum has two grooves, one ventrally located on the lateral surface, and the other one in the 
dorsal part of the lateral surface. The prezygapophysis is anteriorly projected, occupying a third 
of the length of the 25th vertebra. Only the prezygapophysis of the 27th vertebra is preserved 
and it is as long as the preceding one.

It is postulated that the next block could  start with the 28th caudal vertebra, although the 
spine is more developed than those described in Allosaurus by Madsen (1976) (Fig. III.19 a, b). 
This vertebra and the posterior 29th and 30th are similar. Their centra are anteroposteriorly 
elongated and have a deep and narrow groove across its lateral surface. The prezygapophyses 
are strongly projected anteriorly, reaching almost the middle length of the respective anterior 
vertebra. The posterior process of the spine is posteriorly projected and reduced. 

The 31st caudal vertebra has the posterior process of the spine much reduced, obscured by 
the postzygapophysis. From the 32nd to the last vertebra of this block, the 38th caudal vertebra, 
the anteroposteriorly length of the centrum increases while the dorsoventral height of the 
centrum decreases. The centrum groove is well-developed, long and deep. The prezygapophyses 
have a sigmoidal morphology and are elongated, reaching almost up to the middle length of the 
anterior vertebra. The spines are almost completely reduced. 

Finally, the tail preserves a last block with the posterior-most vertebrae (Fig. III.19 c, d). This 
block has a total of 7 anteroposteriorly elongated and very dorsoventrally narrow vertebrae. 
The prezygapophyses are curved, anteriorly projected and obscuring the postzygapophyses. 
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The lateral surface of the centrum is excavated by a shallow groove. These vertebrae lack 
neurapophyses.

A total of 24 chevrons have been preserved in anatomical position. All of them well-preserved 
(Fig. III.17, 18, 19). 

The anterior-most chevrons are relatively long, and anteroposteriorly broader than 
transversally in the haemal process (Fig. III.17). The articular surface is slightly concave and rough. 
There are developed processes, anterior and posterior to the anterior articular surface, as in 
most theropods. The anterior processes are anteriorly oriented and the posterior processes are 
more laterally projected. The haemal process is large and curved posteriorly. It is transversally 
thin, being a flange in its distal apex. The haemal fossa is deep, triangular and located in the 
proximoposterior surface of the chevron. 

The haemal processes of the chevrons from the middle caudal vertebrae are anteroposteriorly 
thin and short (Fig. III.18). The haemal spine is more posteriorly curved than in the anterior 
chevrons. The distal end is slightly broad and transversally flattened as in all allosauroids. 

Posteriorly, the chevrons diminish in length and are more posteriorly oriented (Fig. III.19). The 
haemal spine is strongly curved and “L” shaped as in all allosauroids except Giganotosaurus. The 
haemal fossae are reduced. 

Cervical ribs 

A total of 12 right and left ribs have been preserved in anatomical connection with the cervical 
vertebrae. Several ribs are fragmented and slightly deformed (Fig. III.15). The two anterior cervical 
ribs are incomplete, with only the distal end of the shaft preserved. The rest of the cervical ribs 
are almost complete and well-preserved. Measurements in Table A.6., Appendix 1.

The ribs lack pneumatic foramina. The shaft is slightly suboval in proximal cross-section and 
rounded in distal cross-section. They taper toward the distal end.  

Dorsal ribs

A total of 18 left and right dorsal ribs have been preserved (Fig. 16, 17). The ribs are anatomically 
articulated with the dorsal vertebrae. Several ribs are fragmented and strongly deformed. The 
right ribs are better accessible.

The second rib is the best preserved and accessible (Fig. III.16). The lateral surface is smooth 
with a rugosity on the dorsal and ventral region, scars of insertion of interosseous ligaments. The 
articular surface is not accessible. The tuberculum is strongly rough and striated. In the base of 
the tuberculum, there is a suboval pneumatic foramen.

Gastralia 

An accumulation of disarticulated gastralia is located on the ventral surface of the pectoral 
box of MCCM-LH 6666. Most of these gastralia are fragmented and deformed. The shaft of each 
unidentified gastralium is curved and transversally thin. The distal end is tapered as in many 
theropods, but distinct to the club-shaped prominence observed in derived carcharodontosaurids.
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III.2.3. OSTEOLOGICAL DESCrIPTION AND COMPArISONS OF  APPENDICuLAr 
SkELETON 

Pectoral girdle

Scapulacoracoid

Both scapula and coracoid are almost complete (Fig. III.20). The left scapulacoracoid is exposed 
in medial view. It is fully fused together and the suture line is difficult to determine because of the 
rugose surface of the bone. However, it is possible to observe this suture better under uV light 
(Fig. III.20b). The right scapulacoracoid is also fused, and it is visible on its ventral side, showing the 
glenoid fossa. The glenoid on the scapula is flat, bounded by a slight rim and it is anteroventrally 
oriented. The posterior surface of the scapular glenoid has a rough texture as in other theropods. 
On the coracoid, the glenoid is posteroventrally oriented, its surface is abraded. For that reason, 
contrary to the features on the other one, this glenoid does not have a marked rim. Both surfaces 
form an obtuse angle, like in Allosaurus, Tyrannotitan, Giganotosaurus, and Acrocanthosaurus, and 
unlike in Neovenator. The glenoid fossa is anteroposteriorly longer than mediolaterally wide, as 
in Allosaurus and most theropods, but unlike the autapomorphic mediolaterally wide fossa in 
Neovenator (Brusatte et al. 2008). Both glenoids are equally developed as in Allosaurus. A concave 
and abrupt notch between the glenoid fossa and the posteroventral process of the coracoid is 
present as in Allosaurus, Neovenator, and Acrocanthosaurus, but unlike Tyrannotitan and Giganotosaurus.

The left scapula  is not completely exposed because its posterior end is located under the 
axial skeleton. The dorsal margin on the left scapular blade is slightly convex and its ventral 
margin is concave in medial view. The acromial process is prominent. It projects abruptly, forming 
a straight angle with the blade, like in other allosauroids and most non-avian theropods, but 
differing from the gradual change in ceratosaurs and megalosauroids. In general, the width is 
constant along the entire length of the blade. However, it is narrower anteriorly before expanding 
in the acromial process. The presence of a distal expansion, as in Allosaurus or Acrocanthosaurus, 
cannot be assessed because the left scapula is not complete, and the right one is fractured on 
this region. The scapular blade is more slender than in other allosauroids (Table A.7, Appendix 
1). The minimum width/length ratio in Concavenator is 0.059, in contrast to 0.083 in Allosaurus or 
0.13 in Neovenator. However, Acrocanthosaurus also has a slender scapular blade, with a ratio of 
0.70. Mapusaurus has a ratio of at least 0.092, but its length is incomplete, and thus, it has to be 
actually more slender. In ventral view, the right scapula is medially curved. 

The scapular blade is relatively thin in the posterior end, widening anteriorly, where it has a 
suboval cross-section. The left coracoid is completely preserved but deformed in its anterodorsal 
and anteroventral sides. This deformation implies that the coracoid is strongly separated from the 
acromial process in the scapulacoracoid suture, and thus, the medial surface is strongly concave. 
The coracoid is robust near the glenoid fossa. The posteroventral process in the left coracoid 
is further projected posteroventrally, with its apex oriented ventrally as in Giganotosaurus, 
Tyrannotitan and other theropods. However, the right coracoid is broken and the posteroventral 
process is absent. The maximum diameter of the coracoid foramen is 9 mm in the medial side and 
it presents a suboval outline. This foramen is 35 mm from the glenoid fossa, thus, on the middle 
length of the medial surface of the coracoid, as in Allosaurus and Tyrannotitan, but distinct to the 
ventral coracoid foramen of Mapusaurus. 
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figure III.20. Pectoral girdle of Concavenator corcovatus (mCCm-lH 6666). (a) 
Photography of left scapulacoracoid in medial view; right scapulacoracoid in ventral view and fucula. 
(b) Line drawing of left scapulacoracoid in medial view; right scapulacoracoid in ventral view and 
fucula. Dashed and dark grey area is missing region.
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Furcula

The furcula has been preserved under the right scapulacoracoid (Fig. III.20). Only the epicleidial 
process is observable. This process is tapered toward the apex as in other basal tetanurae, and 
not expanding as is the apomorphic condition in tyrannosauroids (Nesbitt et al. 2009). A small 
facet, ventral to the epicleidial one, is present as in other theropods, and in some Allosaurus 
specimens such as uuVP 5753 and uuVP 11690 (Chure and Madsen 1996).

Forelimb and manus

The total length of the complete forelimb is a 118 % the length of the femur, smaller 
than in Allosaurus (124%) but bigger than in Acrocanthosaurus (90%). Although the forelimbs 
are relatively short, the right manus is elongated, being a 63% of the total forearm length. 
Acrocanthosaurus and Allosaurus also have elongated manus: 64% and 63%, respectively, of the 
total forearm length.  

Humerus 

The right humerus (Table A.7, Appendix 1) is a 39% the length of the scapulocoracoid, similar 
to Acrocanthosaurus (32%). respect to the length of the femur, the humerus of Concavenator 
is 42%, slightly lesser than in Allosaurus (44%) but greater than in Acrocanthosaurus (33%). The 
right humerus is exposed in anterior view. The humeral head has a suboval outline in proximal 
view, expanded lateromedially as in Acrocanthosaurus and Allosaurus. The internal tuberosity 
is triangular in anterior view as in Allosaurus, and it is confluent with the humeral head. The 
head has an anteroposteriorly oriented concavity in the middle of its width, separating the 
great tubercle from the rest of the head (Fig. III.21). This feature is visible on the left humerus, 
but it is not possible to observe it completely in the right humerus. Acrocanthosaurus also has 
this groove, not seen in other theropods. Therefore, it is likely that this character could be 
a synapomorphy of carcharodontosaurids. The long axes of the proximal and distal ends are 
twisted relative to each other, as in other tetanurans. Thus, the shaft is sigmoidal in medial 
view. However, it is straight in anterior view as in juvenile specimens of Allosaurus, but unlike 
adult Allosaurus and Acrocanthosaurus, where it is lateromedially inclined. Only the distal end of 
the deltopectoral crest is visible. The crest is anteriorly oriented, although its apex is slightly 
curved medially. The outline is rectangular in lateral view, like in Allosaurus and Acrocanthosaurus. 
However, it is not as high as in others allosauroids. The ratio deltopectoral crest height/
humeral length is 0.08 in Concavenator, lesser than the ratios of Allosaurus and Acrocanthosaurus 
(0.13). The humeral foramen is present in the medial surface. The proximal and distal ends are 
damaged, but the humeral condyles can be recognized. The lateral condyle is anteroposteriorly 
thin, rounded distally further projected distally than the medial condyle. Conversely, the medial 
condyle is anteroposteriorly thicker. The entepicondyle is slightly pronounced as in Allosaurus. 
The ectepicondyle is not observable in Concavenator. An intercondylar groove is present, 
proximolateral to distomedial oriented. The fossa above the medial condyle is present but 
not as well-defined as in the anterior surface, differing from those of Allosaurus and other 
theropods. The left humerus is incomplete. It is exposed in anteromedial view. The internal 
tuberosity is also relatively well-developed. The proximal end is expanded lateromedially. The 
shaft is not distally complete, thus, the condyles are not visible, and it is badly deformed in its 
middle length. 
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Ulna 

The right ulna is 69% the length of the humerus, similar to that of Acrocanthosaurus (67%). The 
ulna of Concavenator is relatively slender, and it has a minimal width/length ratio of 0.10 (Tabla III.7). 
Conversely, Acrocanthosaurus has a stouter ulna, with a higher minimal width/length ratio of 0.14. 

The proximal end of the bone is very affected by abrasion, fracturing and compaction (Fig. 
III.22). The olecranon process is less prominent than those in Allosaurus and Acrocanthosaurus, but 
has a similar proportion as that of Fukuiraptor. This process has an oval contour in proximal view. 
There is not a vertical crest on the posterior surface like in megaraptors (Benson et al. 2010), 
except Fukuiraptor. This genus does not have that crest (Pers. Obs. EC), but the posterior surface 
is strongly rough. The proximolateral surface of Concavenator has collapsed due to the mechanical 
compaction during burial. Thus, the lateral tuberosity is deformed and located more posteriorly 
than in Allosaurus. This tuberosity is well developed as in Allosaurus, but not as strongly developed 
as in Acrocanthosaurus, and it is not distally extended as in some megaraptors and megalosauroids 
(Benson, 2010). The surface in contact with the radius has parallel longitudinal striations. On the 
olecranon process, the coronoid process is slightly more anteriorly projected than in Allosaurus, 
but less than in Acrocanthosaurus, The coronoid process forms an anterior triangular wedge. Both 
processes are situated in the same axis as in other theropods, and unlike that in Baryonichinae 
(Charig & Milner, 1997). The shaft is straight in anterior view, and anteriorly curved in lateral 
view, as in some juvenile ulnae of Allosaurus and Fukuiraptor but distinct from adult Allosaurus and 
Acrocanthosaurus. The proximal end is wide anteroposteriorly, tapering distally and just slightly 

figure III.21. Right humerus of Concavenator corcovatus (mCCm-lH 6666). (a) 
Photography of right humerus in anterior view. (b) Line drawing of right humerus in anterior view. 
Dashed line is hidden region.
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expanding right at the distal end. A series of bumps are present on the posterolateral surface. 
These bumps are developed throughout a slight ridge. Three of them are the most marked, 
separated 6 mm from each other and located more laterally than posteriorly. The distal-most 
two are separated 10.6 and 16.7 mm respectively. The bumps of Concavenator will be studied 
elsewhere. The distal end has a squared outline in distal view, with slightly marked anterior and 
medial condyles. The distal surface is rough due to the articulation with the ulnar carpal. The 
anterior surface is flat, slightly smooth and slightly concave where it articulates with the radius. 

Radius 

The shaft of the right radius is straight in lateral view, although slightly curved posteriorly in 
the proximal end due to deformation (Fig. III.22). The proximal end is anteroposteriorly wider 
than the shaft. The articular surface with the humerus is smooth and concave. The distal end has 
a triangular outline in lateral view and is relatively wide anteroposteriorly. The distal surface is 
projected anteroventrally like in other allosauroids. The articular surface has an anteroposterior 
groove to articulate with the ulna and carpals. 

Carpals

Two carpals are present in the specimen under the distal end of right ulna and radius 
(Fig. III.23). This position difficults their observation and description, but is possible to 
identify the distal carpals I and II. The distal carpal II is displaced from its original location 
over metacarpal II. Both are exposed in medial view. They present an oval outline, being 
the distal carpal I longer than II. The distal carpal I has a concave surface in this view.

figure III.22. Right ulna and radius of Concavenator corcovatus (mCCm-lH 6666). (a) 
Photography of right ulna and radius in lateral view. (b) Line drawing of right ulna and radius in 
lateral view. Dashed line is hidden region.
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Metacarpals

All the right metacarpals have been preserved (Fig. III.23). They are located under the ulna and 
radius and are exposed in ventral view. The first metacarpal is the shortest, and its articulation 
with metacarpal II and its proximal end is obscured, under the radius. It presents a groove in its 
ventral surface running from the proximal to the distal end, joining the intercondylar sulcus. The 

figure III.23. Right manus of Concavenator corcovatus (mCCm-lH 6666). (a) Photography 
of right manus in palmar view. (b) Line drawing of right manus in palmar view. Dashed line is 
hidden region.
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distal end has two relatively well-developed and asymmetrical condyles. The lateral condyle is 
bigger than the medial one. The second metacarpal is partially visible. It is the longest and broadest 
(Table A.7, Appendix 1). Its ventral surface is also concave in its proximal end. The proximal end 
is mediolaterally wide, expanding to join metacarpal III and, possibly, with metacarpal I. The lateral 
surface of this end is concave to articulate with metacarpal III. The ventral surface has a relatively 
developed flexor groove. The distal end is partially under the radius, and only the lateral condyle 
is visible. Metacarpal III is located almost completely under the ulna. The proximal end contacts 
over with metacarpal II. The medial condyle of its distal end is visible. It is rounded and relatively 
well-developed. 

Manual phalanges 

The right manus is complete and exposed in ventral and lateral view, but placed under the 
ulna, radius and humerus. The largest ascertainable non-ungual phalanx is II-2, although phalanx 
I-1 is incomplete and was probably the largest. The length of digit II is 84% the length of the 
humerus. This proportion is similar to that in Acrocanthosaurus. The proportions between the 
digits are similar in both taxa (Table A.7, Appendix 1). Phalanx I-1 has ginglymoid articulations 
with the metacarpals. It is not possible to observe the articulation with the metacarpals in 
the other phalanges. Phalanges II-2 and III-3 have also ginglymoid articulations with preceding 
proximal phalanges. The visible distal ends show developed condyles, but the collateral ligament 
pits are shallow and poorly defined. Although phalanx III-1 is obscured, it is possible to determine 
its proportions (Table A.7, Appendix 1). Phalanx III-3 is as long as the combined length of the 
proximal phalanges III-1 and III-2. The visible manual unguals are phalanges II-3 and III-4. Phalanx 
II-3 is strongly curved. Phalanx III-4 is more reduced and less curved than phalanx II-3. Both 
phalanges are proximally tall and have a relatively well-developed flexor tubercle. The height to 
length ratio is 0.57 in III-4, similar to that of Allosaurus (Madsen, 1976). 

Pelvic Girdle

Ilium

The right ilium is completely preserved in lateral view. The left ilium is hidden under the 
matrix, although its pubic and ischial peduncles are accessible in ventral view (Fig. III.24). The 
lateral surface of the iliac blade develops a wide concavity for the M. iliofemoralis and M. iliotibialis, 
rimmed dorsally, posteriorly and ventrally, but does not present a vertical ridge separating both 
concavities, as in some Allosaurus specimens and other theropods. The dorsal margin is slightly 
convex as in most theropods. This dorsal rim is strongly striated, likely related with the origin of 
M. iliotibialis. The iliac blade is relatively large and low, resembling those of other theropods. The 
anterior margin of the preacetabular process has a concave dorsal contour and a convex ventral 
outline in lateral view (Ortega et al., 2010). The concavity is different in form and position to 
that dorsal to the iliotibilais flange present in tyrannosaurids (Osborn, 1917; Maleev, 1976). The 
anterior concavity is relatively wide dorsoventrally and not as deep as in tyrannosaurids. It has an 
irregular rim and shows some fractures, thus, likely it might be an incomplete broken edge and not 
a true feature of the iliac blade. Ventral to the concavity, a hook-like process is ventrally projected, 
very similar to that of tyrannosaurids, with a curved anterior surface, a posteriorly projected 
process, and a rounded edge on the posteroventral surface. This morphology is different from the 
subtriangular with a straight posteroventral surface present in others theropods. However, the 
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hook-shaped process of Concavenator is not further projected anteriorly than the anterior rim 
of the preacetabular process, as in tyrannosaurids. The cuppedicus fossa is a preacetabular notch 
posterior to the anteroventral process, not hidden by a lateral shelf as in other allosauroids and 
theropods. A shelf on medial surface, adjacent to the cuppedicus fossa is present. This cuppedicus 
shelf is visible in ventral view and is slightly developed as in Allosaurus and Giganotosaurus, unlike 
the synapomorphy of megaraptors (Benson et al., 2010), which present a well-marked medial 
shelf. The depth of the preacetabular process is higher than the postacetabular process, but 
this last one is longer, reaching almost twice the length of the ischial peduncle. The posterior 
blade has a rounded outline in lateral view, although it is not complete dorsoventrally. The 
supracetabular crest is a laterally projected shelf, as in most tetanurans. Posteriorly, a gap develops 
between the supracetabular crest and the brevis shelf on the lateral surface. The brevis shelf is 

figure III.24. Pelvic girdle of Concavenator corcovatus (mCCm-lH 6666). (a) Photography 
of right ilium in lateral view; partial left ilium in medial view; right pubis in lateral view; partial left 
pubis in medial view; right ischium in lateral view and partial left ischium in medial view. (b) Line 
drawing of right ilium in lateral view; partial left ilium in medial view; right pubis in lateral view; 
partial left pubis in medial view; right ischium in lateral view and partial left ischium in medial view. 
Dark grey area is hidden region.
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posterodorsally oriented as in Allosaurus, Mapusaurus and Giganotosaurus. The medial wall of the 
brevis fossa is visible laterally on the anterior area, as in ceratosaurs, some megalosauroids and 
other allosauroids. The posterior end of the lateral shelf is broken. The brevis fossa broadens 
gradually toward the posterior side, distinct to the condition in metriacanthosaurids and 
coelurosaurs. The pubic peduncle is ventrally oriented and relatively broad anteroposteriorly 
in its ventral part. The anterior edge of the peduncle is posterior to the preacetabular edge, 
as in most tetanurans. The acetabular margin of the public peduncle is flat. The pubic peduncle 
length to width ratio is 2.26. The size of the pubic peduncle is longer than the ischial one, which 
is a tetanuran condition. The ischial peduncle is anteroposteriorly thin and mediolaterally wide. 
Although the right peduncle is incomplete, the apex of the left peduncle is rounded, unlike in 
most coelurosaurians.

Pubis 

The right pubis is complete but partially hidden by the femur, tibia and fibula (Fig. III.24). The 
left pubis is partially accessible. The visible shaft is fractured, but straight in lateral view. It is in 
anatomical connection with the ischium and left pubis, but separated from both ilia. The proximal 
end is anteroposteriorly broad. The iliac peduncle is dorsally oriented. The puboiliac articulation 
is planoconcave, unlike in ceratosaurians. The pubic portion of the acetabulum is shorter than 
the ischial portion. The femoral head hides the puboischiadic plate. Therefore, it is not accessible 
to observe the number of foramina and notches in this plate. However, the ischial peduncle 
of the pubis has a ventral process that rims an obturator notch (Fig. III.24b). This process is 
developed in other theropods such as Ichtyovenator (Allain et al.2012) or Sinraptor and some 
individuals of Allosaurus (uMNH VP 3031; uMNH VP 8100; uMNH VP 24863). However, other 
allosauroids have not a ventrally projected process. The length of the pubis is approximately 
similar to the length of ischium. The medial side of the pubic shaft is not accessible, thus, the 
pubic apron is not visible. The tibia hides the pubic boot, thus it is not possible to determine if 
it is as developed as in other carcharodontosaurs. However, the anterior expansion of the distal 
end is visible. It is rounded and slightly further projected.

Ischium

The right ischium is completely exposed. The left ischium is hidden under the right one 
(Fig. III.24). Both are anatomically connected. The right shaft has a mid-length fracture but it is 
apparently straight in lateral view. The proximal end is anteroposteriorly wide, but mediolaterally 
thin. The articulation surface with the ilium is triangular in dorsal view. This articulation is peg-
and-socket, thus, with a deep concave surface, as in Acrocanthosaurus, Giganotosaurus, Mapusaurus 
and Carcharodontosaurus, in contrast to that of Allosaurus and sinraptorids. Posterior to the 
iliac peduncle is a posteriorly-directed flange, as in carcharodontosaurids and allosaurids, but 
unlike in Neovenator. Ventrally to this flange, a groove develops on the posterolateral surface, 
extending distally along the shaft. This groove is homologous to the scar of M. adductor 
femoris 2 (Hutchinson, 2001b). It is also present in allosauroids as Neovenator, Allosaurus and 
Acrocanthosaurus. As in other theropods, the dorsolateral rim of the iliac peduncle has a reduced 
ridge that could be the antitrocanther. The puboisquiatic plate is dorsoventrally developed as a 
pubic peduncle. However, the visible area is enclosed and it is not possible to know if there is 
an ischial foramen. Moreover, the femoral head hides the obturator process. The acetabular rim 
is concave and anteroposteriorly short.
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 The shaft is mediolaterally thicker than anteroposteriorly. The posterior edge has a distal 
ischial tubercle as in Allosaurus and Acrocanthosaurus, close to a fracture in the middle of the 
shaft. However, it is not as marked as in others theropods such as Herrerasaurus, Megalosaurus 
or tyrannosaurids (Osbom, 1906, 1917; Parks, 1928; Lambe, 1917; Maleev, 1974), as proposed by 
Ortega et al. (2010). It does not present a large triangular ischial tubercle as metriacanthosaurids 
(Currie and Zhao, 1993). The cross section of paired midshafts of the ischia is oval. The symphyses 
of both ischia are not accessible. The distal end is expanded and has a triangle outline in lateral 
view and is not spatula-shaped, as in Allosaurus, Giganotosaurus and Mapusaurus. Anteriorly, the 
distal boot is strongly developed and anterodorsally projected as in Neovenator, Acrocanthosaurus 
and metriacanthosaurids. The lateral surface is rugose, with vertical striations and small foramina. 
It is not possible to assess whether both distal ends were fused, although they probably were.

Hindlimb and pes 

Femur

The right femur is visible in posterior view. The left femur is partially visible in medial view. 

The right femur is broken, the proximal third separated from the rest of the bone. The posterior 
and lateral surface of the proximal end is eroded, mainly affecting the greater trochanter and the

figure III.25. Right femur of Concavenator corcovatus (mCCm-lH 6666). (a) Photography 
of right femur in lateral view. (b) Line drawing of right femur in lateral view. 
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trochanteric shelf (Fig. III.25, 26). The femoral head is slightly dorsomedially oriented, not as much as 
in carcharodontosaurines, but more than in the rest of Carcharodontosauria. In proximal view, the 
femoral head is medially oriented as in other tetanurans, and differs from the strongly anteromedial 
orientation in Neovenator (Brusatte et al. 2008). The posterior flange of the caput is well-developed 
ventrally. A deep oblique ligament groove is present on the posterior surface of head, limited 
medially by a well-developed posterior lip. The greater trochanter and the trochanteric shelf are 
not accessible due to the erosion on the posterolateral surface of the head. It is possible to assume 
than the greater trochanter was anteroposteriorly wide, although narrower than the caput, differing 
to the condition in coelurosaurs (Hutchinson, 2001a). The lesser trochanter is 34 mm from the 
femoral head, rising and passing its ventral margin, as in most non-coelurosaurian Orionides, except 
some metriacanthosaurids and megaraptoran allosauroids (Carrano et al. 2012). It is separated 
from the greater trochanter by a deep cleft. In lateral view, an accessory trochanter seems to be 
present, but is mostly hidden by sediment. The fourth trochanter is posteriorly projected on the 
posterior surface of the femur. It is not complete in its proximal part. This trochanter is a semioval 
flange, unlike that of coelurosaurs. Its lateral surface is strongly rough. 

figure III.26. Right femur of Concavenator corcovatus (mCCm-lH 6666). (a) Photography 
of right femur in posterior view. (b) Line drawing of right femur in posterior view. 
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In posterior view,  the shaft is straight, although slightly deformed in the distal region. It is 
anteroposteriorly thinner than lateromedially, thus, having a suboval cross section. 

The distal end, including the condyles, is missing. The proximal part of the tibiofibularis crest 
is visible. It is posteriorly oriented, but it is not possible to establish its morphology and distal 
orientation. In distal view, the proximal outline of the extensor groove is accessible, and appears 
to be a relatively deep groove. The flexor groove is also deep in the accessible proximal area. 

The left femur is fractured in its distal end, but it is completely preserved. The femoral head is 
slightly medially oriented in proximal view as occurs in the right femur. The outline of the caput is 
suboval, with a well-developed posteroventral flange. The shaft is posteriorly inclined in its distal 
end. The trochanters are hidden by sediment.

Tibia 

The tibia is stout and large. The length of tibia to length of femur ratio is 0.85 (Table A.8, 
Appendix 1), slightly longer than in Acrocanthosaurus (0.74) but not as large as in Neovenator (0.93).  

The anterior surface is accessible in the right tibia. The tibia is articulated with the right 
fibula, astragalus and calcaneus (Fig. III.27). The right tibia is not complete: the proximal end is 
missing, including the cnemial crest and both condyles. Several collapses are present throughout 
its shaft. 

The shaft is straight in anterior view. It is mediolaterally wider than anteroposteriorly, and 
thus the cross section is suboval. The fibular flange is located on the anterolateral surface, 
contacting the fibula, and is wedge shaped in anterior view. This crest does not extend to the 
proximal end of the tibia as in other allosaurs. The distal end of the shaft is mediolaterally 
expanded, having a triangular outline. The astragalar facet is triangular and proximolaterally 
oriented, in contact with the astragalus. The fibula hides the lateral malleolus, and its contact 
with the calcaneus is not accessible. The medial malleolus is oriented almost medially, as in the 
rest of Allosauria. 

Fibula

The right fibula is articulated with the tibia, calcaneus and astragalus (Fig. III.27). Only the 
anterior and lateral surfaces are accessible. The proximal end is also missing. The shaft is 
mediolaterally thinner than anteroposteriorly, the cross section suboval. Distally to the fibular 
flange of tibia, the iliofibularis tubercle is developed as a moderate bulge as in most theropods. 
The lateral surface of the shaft is smooth, but the proximal end is not accessible and it is not 
possible to know whether it had a lateral groove or not. The distal end is anteroposteriorly 
broadened to articulate with the astragalar ascending process. The contact for this process is 
developed as a suboval flange. 

Astragalus 

The right astragalus is well-preserved in anterior view, in contact with the tibia, calcaneus 
and fibula (Fig. III.27). The ascending process is lateroproximally oriented and located on the 
anterolateral part of the astragalus. Its lateral surface contacts completely with the fibula. The 
lateral contact surface for the fibula is slightly concave. The oblique angle of the dorsal margin 
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of the ascending process is low, as in some carcharodontosaurids and Neovenator, but unlike in 
Acrocanthosaurus, allosaurids and megaraptors. The height/width ratio of the ascending process 
is 1.08, and its height relative to depth of the astragalar body is subequal, as in all allosauroids 
except megaraptors, and most theropods.

Figure III.27. Right tibia, fibula, astragalus and calcaneus of Concavenator corcovatus 
(mCCm-lH 6666). (a) Photography of right tibia, fibula, astragalus and calcaneus in anterior 
view. (b) Line drawing of right tibia, fibula, astragalus and in anterior view. 
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The articular surface for the distal end of the fibula is reduced and lateral in the astragalar 
body, as in all Averostra. The medial condyle is lateromedially longer than the lateral condyle. The 
distal condyles are slightly anteriorly oriented as in most theropods. 

Calcaneus and distal carpal

The right calcaneus is articulated with the astragalus and fibula (Fig. III.27). It is semilunar 
shaped in lateral view. The dorsal surface is concave for the fibular contact. It has a medially 
oriented distal process in anterior view for the astragalar contact.

The distal carpal is preserved disarticulated and located near to metatarsals III and IV (Fig. 
III.28). Only the proximal surface is accessible. The outline is triangular.

Metatarsals

All the right metatarsals, except metatarsal I, are well-preserved in dorsal view (Fig. III.28). 
The left pes is hidden by the right hindlimb, but metatarsals II and III are slightly accessible in 
anteromedial view. 

The metatarsals are relatively large and robust, with a length to minimal width ratio of 9.5 (Table 
A.8, Appendix 1), not as large as those of some megaraptors (Benson et al., 2010). The metatarsals 
are large relative to the small dimensions of the foot, with a digit III length to metatarsal III length 
ratio of 0.61. Metatarsals II and IV have a similar length. The shaft of metatarsals II and III is straight 
in dorsal view, in contrast with the distally curved shaft of metatarsal IV, as in all allosauroids.

The right metatarsal II has a slight torsion in the shaft due to the distally relative canted 
orientation of the proximal and distal condyles. The distal end is triangular in dorsal view. In 
proximal view, the outline is square. It contacts metatarsal III throughout its whole lateral surface. 
The lateral collateral ligament pit is rounded and deep. The medial collateral ligament pit is hidden 
by sediment. The dorsal surface of the distal ends has a slightly marked extensor fossa. The distal 
condyle is bulbous and rounded.

The right metatarsal III is the longest. The shaft is straight in dorsal view and does not present 
a canted distal end. The proximal end is broadened and has a lateral process for contacting 
metatarsal IV. The shaft is thinner in its middle length than in the proximal and distal ends. The 
extensor fossa is deeper than those of the metatarsal II. The distal condyle is ginglymoid. The lateral 
collateral ligament pit is relatively widened but it is not deep. The medial one is not accessible.

The shaft of the right metatarsal IV is laterally oriented in the distal end. It is expanded in the 
proximal end. The articular surface is slightly concave. The medial surface has a concavity for the 
articulation with metatarsal III. A suboval ridge is developed in the lateral surface of the proximal 
end to articulate with metatarsal V. The distal condyle is bulbous, with a slight groove on the 
dorsal surface for the insertion of M. extensor digitorum longus. It is broader than tall, as in most 
theropods. The collateral ligament pits are not accessible.

Metatarsal V is the shortest and slenderest, with a proportion relative to metatarsal IV of 
0.39 (Table A.8, Appendix 1), less than 50% of length, as in most theropods. The proximal end is 
strongly widened relative to the distal end in medial view, and it is rough where it articulates with 
metatarsal IV.  The distal end is a non-articular triangular apex. The shaft is anterodistally curved.
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Pedal phalanges 

The right pes is almost complete (Fig. III.28). Only phalanx II-3 and the whole digit I are 
missing. Phalanges II-2 and IV-2 only are fragments, but the rest of phalanges are almost complete. 
The right limb hides most of the right pes, but phalanx II-1 is accessible in medial view.

Digit II is the most damaged. right phalanx II-1 lacks a complete distal end. The left II-1 has 
a suboval and shallow medial collateral ligament pit. The proximal articular surface of the right 
phalanx is concave and in contact with metatarsal II. Only a fragment of the proximal end is 
preserved in phalanx II-2. Phalanx II-3 is missing. 

Digit III is the longest, although it is shorter than metatarsal III. The digit III length to metatarsal 
III length ratio is 0.61 (without ungual phalanx) (Table A.8, Appendix 1). The combined length of 
the proximal phalanges (III-1+III-2) to femur ratio is 0.21, very similar to that of Acrocanthosaurus 

figure III.28. Right pes of Concavenator corcovatus (mCCm-lH 6666). (a) Photography 
of right pes in dorsal view. (b) Line drawing of right pes in dorsal view. Dashed line are incomplete 
region.
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(0.20). Phalanx III-1 only preserves the shaft and part of its proximal end. The hyperextensor 
pit is relatively deep and marked. The proximal articular surface is concave and in contact with 
metatarsal III. This phalanx is more robust than II-1. Phalanx III-2 is shorter and more slender 
than III-1. The proximal end is missing. The distal end is glinglymoid and the medial condyle is 
projected further than the lateral condyle. The hiperextensor pit is strongly marked and deep. 
Both collateral ligament pits are wide and suboval, but the medial collateral pit is deeper than 
the lateral pit. Phalanx III-3 is in lateral view. The lateral collateral ligament pit is relatively deep 
and semilunar shaped. The proximal end is wide relative to the distal end. The proximal articular 
surface is slightly saddle-shaped. Phalanx III-4 is also in lateral view. The ungual is anteroposteriorly 
longer than IV-5, and slightly curved. There is a well-developed flexor tubercle in its proximal 
surface for the insertion of M. flexor digitorum longus. The lateral vascular groove is single, marked 
and proximally broaden. 

Digit IV is complete, except for phalanx IV-2, which is fragmented. Phalanx IV-1 is relatively 
thick lateromedially and anteroposteriorly short. The proximal articular surface is rounded, and 
in contact with metatarsal IV. This phalanx is wider in its proximal end, although less than the rest 
of proximal phalanges. It is split in two parts due to a fracture in the middle of the shaft. The distal 
end has two well-developed condyles. The distal articulation is ginglymoid. The hiperextensor pit 
is relatively deep and wide. The lateral collateral ligament pit is deeper than the medial one, but 
both are wide and suboval. Only two fragments phalanx IV-2 have been preserved, the medial 
proximal end and the lateral distal condyle. However, both fragments are associated and it is 
possible to know the length of the phalanx. It is shorter than IV-2. The lateral collateral ligament 
pit is shallow and rounded. Phalanx IV-3 is completely preserved. The proximal articular surface is 
saddle shaped. The shaft is lateromedially thinner than those of phalanx IV-2. The distal condyles are 
well-developed. The medial one is slightly further projected than the lateral. The hiperextensor pit 
is rounded and deep. The lateral collateral ligament pit is deeper than the medial one. The position 
of phalanx IV-4 is slightly rotated in relation to the anterior phalanx, and thus, the lateral surface is 
completely visible. The articular surface is similar to that of IV-3. Its dorsal surface lacks an extensor 
pit. The lateral collateral ligament pit is narrow and shallow. The lateral condyle is well-developed 
ventrally. The ungual phalanx is dorsoventrally thin in lateral view. It is shorter and less curved than 
that of digit III. The lateral vascular groove is wider but less marked than those in phalanx III-4.  

III.3 PHYlogEnETIC APPRoACH 

III.3.1. PHyLOGENETIC APPrOACH OF THE SkuLL 

The partial completeness of the skull of MCCM-LH 6666 and its good preservation makes 
possible to review previously cited features and to identify new characters, useful for a phylogenetic 
approach of this specimen. Also, many of these features are useful in diagnosing allosauroid clades, 
especially Carcharodontosauridae.

 The skull of tetanurans is characterized, among others traits, by the presence of a jugal 
pneumatic recess in the antorbital fossa (Sereno et al., 1994; Sereno et al., 1996) and a tall anterior 
wall in the dorsal surface of the articular (Smith et al., 2007). Both features are present in the 
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skull of Concavenator. However, many features in MCCM-LH 6666 are shared with Avetheropoda 
taxa. For instance, the development of the maxillary recess as a fenestra (Gauthier, 1986) or the 
posteriorly oriented surface of attachment of the retroarticular process (Carrano et al., 2012).

Concavenator shares with other allosauroids the following features: (i) low, longitudinal lateral 
ridges on the pronounced dorsolateral rim of the nasal, distinct to the high lateral crests of some 
coelophysoids and dilophosaurids (rauhut, 2003); (ii) lacrimal horn as a low, broad and rugose 
bar (Harris, 1998). Although this feature is also observed in other non-allosauroid tetanurans, 
such as Afrovenator (Sereno et al., 1994), and is more developed as a great horn in Allosaurus 
(Madsen, 1976); (iii) lateral surface of the lacrimal with several foramina (Eddy and Clarke, 2011); 
(iv) a pneumatic recess in the ventral part of the palatine (Brusatte and Sereno, 2008); and 
(v) two posterior foramina, ventrally situated to the lateral ridge of the surangular, although 
Acrocanthosaurus only has a unique foramen (Eddy and Clarke, 2011).

Probably the most diagnostic bone of the skull of carcharodontosaurids is the postorbital. 
In Concavenator, this bone has several features shared with the rest of the group: (i) the lacrimal 
and postorbital contact, keeping off the frontal to the dorsal orbit rim, a trait proposed as a 
synapomorphy of Carcharodontosauridae within Allosauroidea (Sereno et al., 1996; Novas et 
al., 2013; Eddy and Clarke, 2011). However, other theropods such as abelisaurids (Carrano and 
Sampson, 2008) and tyranosaurids (Holtz, 2001; Brochu, 2003) also have this contact over the 
orbit, (ii) the development of a postorbital boss, whose morphology varies within the clade. The 
orbital brow of Concavenator is also developed as in the rest of the group, although more similar 
to that of Eocarcharia than that to other carcharodontosaurids. This postorbital boss has been 
identified as the union between the palpebral and postorbital bones (Coria and Currie, 2006). 
As aforementioned, Concavenator has a suture in the dorsal surface that suggests this fusion. 
Eddy and Clarke (2011) suggest another synapomorphy of the clade related with the postorbital 
boss: the presence of an anteroposteriorly oriented vascular groove on its lateral surface. 
Concavenator has this vascular groove as do the rest of carcharodontosaurids that preserve 
this bone. The ventral process of the postorbital of Concavenator has two synapomorphies of 
Carcharodontosauridae: (i) its anteroventrally orientation (Brusatte and Sereno, 2008); (ii) the 
presence of an intraorbital process (Sereno and Brusatte, 2008), whose morphology varies 
within the clade. The latter synapomorphy, however, is also present in other groups such as 
abelisaurids and tyrannosauroids (Chure, 2000; Sereno and Brussate, 2008; Xu et al. 2012). Finally, 
the dorsal surface of the postorbital has a rugosity that is rostrally projected in Concavenator and 
carcharodontosaurids (Holtz, 1998).

The rest of the skull also has carcharodontosaurid synapomorphies. Eddy and Clarke (2011) 
observed a notch in the dorsal apex of the ascending ramus of the maxilla in Acrocanthosaurus 
and Eocarcharia. The presence of this notch in Concavenator suggests this feature is another 
synapomorphy of the group. Mapusaurus seems to also have this notch (Pers. Obs. EC) and the 
rest of carcharodontosaurines have not preserved the dorsal apex of the ascending ramus. Other 
cranial synapomorphies proposed by Eddy and Clarke (2011), and featured in Concavenator, are: (i) 
the presence of a sulcus, between the lateral and medial shelf, on the anterior margin of the ventral 
ramus of the lacrimal; (ii) the curvature of the lacrimal, dorsal to the lacrimal recess in lateral 
view. In dorsal view, two synapomorphies are present in Concavenator: (i) fused posterior contact 
of the frontal with the parietal (Brusatte and Sereno, 2008), although this fusion is present in 
other theropods (Foster, 1998); (ii) developed lacrimal-frontal contact, except in Acrocanthosaurus 
(Currie and Carpenter, 2000; Cau et al., 2013). 
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figure III.29. Enamel wrinkles in teeth. (a) Mapusaurus roseae (MCF PVPH-108.171). (b) 
Mapusaurus roseae (MCF PVPH-108.103). (c) Mapusaurus roseae (MCF PVPH-108.8). (d) Giganotosaurus 
carolinii (MuCPv-Ch 1). (e) Carcharodontosaurus saharicus (SGH Din-1). (f) Neovenator salerii (MIWG 
6348). (g) Allosaurus fragilis (uMNH-VP 0213). (h) Megalosaurus bucklandii (BMNH r234). (i) 
Megalosaurus bucklandii (BMNH 41305). (j) Megalosaurus bucklandii (BMNH 47963). 
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Finally, one of the most controversial features is the enamel wrinkles in the teeth (Fig. III.29). 
Concavenator has enamel wrinkles on the two largest maxillary teeth of the holotype MCCM-LH 
6666, as most carcharodontosaurids. As afore described, these enamel wrinkles are not as high 
as in Giganotosaurus (Fig. III.29d) (Coria and Salgado, 1995, Pers. Obs. EC) and Carcharodontosaurus 
saharicus (Fig. III.29e) (Stromer, 1931, Pers, Obs, EC). However, the wrinkles are marginal situated 
and similar to those of carcharodontosaurids. The presence of this wrinkled surface of the crown 
has been, historically, a qualitative diagnostic character of Carcharodontosauridae (Sereno et al., 
1996; Chure et al, 1999; Vickers-rich et al., 1999). However, these structures are widespread in 
the fossil record (Brusatte et al., 2007). Enamel wrinkles are present in other theropods besides 
carcharodontosaurids, such as basal tetanurans and tyrannosauroids (Brusatte et al., 2007).

Within Carcharodontosauridae , the enamel wrinkles are present in Carcharodontosaurus, 
Giganotosaurus, Mapusaurus, Tyrannotitan, Acrocanthosaurus and Eocarcharia, besides Concavenator. 
Their presence, distribution and morphology are highly variable among the distinct taxa.  The 
most developed and numerous wrinkles have been described in C. saharicus (Stromer, 1931; 
Sereno et al., 1996). Giganotosaurus also has marked wrinkles. The rest of the group has less 
developed wrinkles. Moreover, Carcharodontosaurus saharicus (Fig. III.29e) (Brusatte and Sereno, 
2005), Mapusaurus (Fig. III.29 a, b, c) (Coria and Currie, 2006; Pers. Obs. EC) and Tyrannotitan 
(Canale et al., 2014) have a distinct pattern due to the basal location of the wrinkles. However, 
the common feature is that all these taxa have more notorious wrinkles close to the serrations 
that become low bands in the middle of crown. 

Other allosauroids with enamel wrinkles are Neovenator (Fig. III.29f) (Brusatte et al., 2008; Pers. 
Obs. EC); Allosaurus (Fig. III.29g) (Brusatte et al., 2007; Pers. Obs. EC) and Fukuiraptor (Azuma and 
Currie, 2000; Currie and Azuma, 2006; Pers. Obs. EC). The wrinkles in Allosaurus are prominent 
bands all across the crown, being more marked in the labial surface and the distal carina (Brusatte et 
al., 2007). Fukuiraptor has less developed wrinkles in both sides and carinae. Some megalosauroids, 
such as Torvosaurus (Brusatte et al., 2007) and Megalosaurus (Fig. III.29 h, i, j) (Benson, 2010; Pers. 
Obs. EC) also have wrinkles on the teeth crowns. Tyrannosauroids preserve the wrinkled surface 
on the premaxillary, maxillary and dentary teeth. These structures are exclusive in the labial 
surface of the premaxillary teeth and in both side in the rest of the jaw (Brusatte et al. 2007). 
Brusatte et al (2007) proposed the enamel wrinkles could be a synapomorphy of Tetanurae 
that would be later lost in derived coelurosaurians. However, abelisaurids such as Skorpiovenator 
(Canale et al., 2009) have enamel wrinkles, in the highest margin of the crown. Therefore, this 
feature turns up several times in the Averostra lineage, being the primitive condition. 

Concavenator has several simplesiomorphies that does not share with derived 
carcharodontosaurids. For instance, the maxillary body is smooth and lacks extensive external 
sculpturing (Brusatte and Sereno, 2008). The ventral region of the jugal lacks the prominent 
horizontal ridge (Eddy and Clarke, 2011). The prefrontal-lacrimal contact is not fused (Currie 
and Carpenter, 2000; Brusatte and Sereno, 2008; Sereno and Brusatte, 2008; Cau et al., 2013). The 
anteroventral corner of the dentary lacks articular brace (Eddy and Clarke, 2011), also called an 
anteroventral chin (Novas et al., 2013). A non-reduced glenoid ridge such as in Acrocanthosaurus 
and Mapusaurus (Eddy and Clarke, 2011) is not present. Finally, the anterior surface of the 
dentary is blunt, unexpanded and not square (Benson, 2010). However, Concavenator has a derived 
character in the location of the prefrontal, which is anteriorly situated respect to the frontal in 
more basal carcharodontosaurids as Eocarcharia (Sereno and Brusatte, 2008) and Sauroniops (Cau 
et al., 2013).
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The skull of Concavenator does not have many autapomorphies. Only two exclusively 
features are observed in MCCM-LH 6666 and both were previously reported in Ortega et al. 
(2010). These autapomorphies are the connection between the recess on the lateral surface 
of the nasal and the rounded morphology of the postorbital boss, distinct to the rest of 
carcharodontosaurids. 

III.3.2. PHyLOGENETIC APPrOACH TO THE AXIAL SkELETON 

The axial skeleton of MCCM-LH 6666 has a combination of several simplesiomorphies and 
synapomorphies within Allosauroidea, suggesting the axial skeleton of Concavenator is the result 
of mosaic evolution. Moreover, Concavenator has several autapomorphies that could be related to 
the peculiar axial structure associated with the hypertrophied axial neurapophyses. This structure 
and its possible functionality are discussed below. 

Concavenator has elongated prezygapophyses in distal caudal vertebrae, also present in most 
avetheropods. Several features in Concavenator are shared by other allosauroids, such as a 
constriction in the dorsal vertebral centrum, a much expanded prezygocentrodiapophyseal fossa 
in dorsal vertebrae, broad and transversally flattened distal end of the chevrons and strongly 
curved in “L” shape middle chevrons. The most exclusive Allosauria clade share with Concavenator 
middle caudal vertebrae with a neural spine divided into a smaller, pointed, anterior process, and 
a higher, rod-like, posterior spine (Madsen, 1976).

Within Allosauroidea, Carcharodontosaurids have the next features also observed in 
Concavenator: (i) a posterior orientation of the neurapophyses of dorsal vertebrae; (ii) 
hypertrophied posterior neurapophyses of dorsal vertebrae (below more extensively discussed); 
(iii) sacrum ventrally concave in lateral view (although this feature is also shared with ceratosaurs 
(Carrano et al., 2012)). Long epipophyses in cervical vertebrae is a synapomorphy proposed 
by Canale et al. (2014), however this character is also observed in some ceratosaurians and 
metriacanthosaurids (Pers. Obs. EC).

Other features have been discussed as synapomorphies of carcharodontosaurids (Canale et 
al., 2014). However, many of them are not present in Concavenator¸ which has the primitive state 
shared with the rest of Allosauroidea. For instance, the robust and transversally thick dorsal 
neural spines in derived carcharodontosaurids (Coria and Currie, 2006) are distinct to the 
transversally compressed neural spines of Concavenator. The opisthocoelous centrum in cervical 
vertebrae is less pronounced in Concavenator than in carcharodontosaurines, being more similar 
to those observed in basal allosauroids. Concavenator lacks double pleurocoels in cervical and 
dorsal vertebrae, unlike most derived carcharodontosaurids. The sacrum of Concavenator is not 
very constricted, and the caudal vertebrae also lack pleurocoels unlike giganotosaurins (Canale 
et al., 2014). Finally, the anterior caudal vertebrae have a ventral groove and not a marked ridge 
as the rest of carcharodontosaurids.

Within Carcharodontosauria, Concavenator has two simplesiomorphies shared with basal 
allosauroids: (i) parapophyses are anteriorly situated in the centra of the cervical vertebrae, and 
(ii) pleurocoels are present only until the middle dorsal vertebral series and not in all the dorsal 
series. 
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Finally, Concavenator is unique in the following features: (i) although other carcharodontosaurids 
have hypertrophied neurapophyses in the dorsal vertebrae, Concavenator only has two dorsal 
neurapophyses hypertrophied. This feature is also present in the anterior-most caudal vertebrae 
as well; (ii) dorsal neurapophyses are morphologically distinct to those of other theropods 
(imbrication between them, developing of the accessory processes, reduced interspinous 
ligament scars, great variability of the morphology through the series); (iii) anterior and posterior 
accessory processes in the neurapophyses of the anterior caudal vertebrae.

III.3.3. PHyLOGENETIC APPrOACH TO THE APPENDICuLAr SkELETON 

The forelimb of Concavenator shows several affinities with Orionides 
(Avetheropoda+Megalosauroidea sensu Carrano et al. 2012). For instance, the presence of a 
notch between the acromion process and the coracoid in the scapulacoracoid suture, and the 
development of a marked internal tuberosity of the humerus. Within Orionides, numerous 
features allow to consider that Concavenator is more closely related to Avetheropoda than to 
Megalosauroidea. Concavenator lacks a midlength process in the scapular blade (Bakker et al., 1992; 
Currie and Zhao, 1993; Benson, 2010). Furthermore, Concavenator has a slender scapular blade; a 
long posteroventral process of the coracoid; presence of a fossa musculus brachialis in the anterior 
surface of the humerus; an abrupt and perpendicular acromial process; and a transversely broad 
humeral head like others allosauroids and basal tyrannosauroids, but lesser than in Baryonichinae. 

Avetheropoda also share the distal expansion of the scapular blade, present in Allosaurus, 
Acrocanthosaurus, and others, but Concavenator and other carcharodontosaurids such as 
Giganotosaurus, Mapusaurus and Tyrannotitan do not completely preserve the posterior end of the 
scapula. Thus, it is not possible to assess the presence of this character neither in Concavenator 
nor in carcharodontosaurines.

Within Avetheropoda, Concavenator differs from coelurosauria because the humeral condyles 
are developed on the distal end, and are not limited to the anterior surface (kirkland et al. 2005). 
Moreover, the humerus of Concavenator shows some features shared by allosauroids. For instance, 
the relative orientation of the proximal and distal humeral ends is canted in anteroposterior 
view (Fig. III.30). In addition, the presence of symmetric glenoid rims of the scapulacoracoid 
is also a character shared by allosauroids, differing from the asymmetric one in coelurosaurs 
(Carpenter, 2002). The manus of Concavenator is long in relation to the forearm (Ortega et al., 
2010). However, this proportion is similar to the manus of Allosaurus and Acrocanthosaurus. Thus, 
it could be a feature of the Allosauroidea clade. 

Concavenator shows some primitive characters for allosauroids in the morphology of the 
ungual phalanges, mainly phalanx II-3. This one has a marked curvature and a well-developed 
flexor tubercle, as in Allosaurus, differing from those of Acrocanthosaurus and Mapusaurus. However, 
other characters are more derived, such as the humeral head having a concavity on the middle of 
its proximomedial surface, present in Acrocanthosaurus but absent in Allosaurus and Saurophaganax 
(Fig. III.30). This character could be most likely a synapomorphy of carcharodontosaurids, but 
more information on the forelimb of this group is needed in order to test this hypothesis. Finally, 
the scapulacoracoids of Concavenator are fused. This fusion is present in Carcharodontosauria 
(Canale et al. 2014), except in Mapusaurus (Coria and Currie, 2006), but not in Allosaurus (Madsen, 
1976).
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Within Carcharodontosauridae , there is a difference in ulnar morphology. Concavenator has a 
slender and curved ulna, more similar to that of Allosaurus. However, more derived species such 
as Acrocanthosaurus have a stout and straight ulna. The increase in robustness of the forearm is 
also observed in Tyrannosauroidea, and it is associated with its size reduction. This downward 
trend in arm size is also seen in carcharodontosaurids. Both features are paedomorphic, which 
are a trade-off linked to the peramorphic processes that are associated with gigantism (Long 
and McNamara, 1995; McNamara, 2012; Canale et al. 2015). Nevertheless, in order to test the 
hypothesis of a possible heterochrony in the forelimb of carcharodontosaurids, more data on the 
morphology and paleohistology of the forelimb of this clade is needed.

figure III.30. Comparative of humerus in allosauroids. (a) Saurophaganax maximus (OMNH 
01935). (b) Allosaurus fragilis (Byu 13260). (c) Allosaurus fragilis (uMNH-VP 10779). (d) Fukuiraptor 
kitadaniensis (FPDM-V-8383). (e) Acrocanthosaurus atokensis (NCSM 14345). (f) Mapusaurus roseae 
(MCF PVPH-108.45). (g) right humerus of Concavenator corcovatus (MCCM-LH 6666). (h) Left 
humerus of Concavenator corcovatus (MCCM-LH 6666). 
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Concavenator also has features that are not observed in other carcharodontosaurids or 
Allosaurus. For instance, the proportions of the phalanges of digit III (Table A.3, Appendix 1) 
are more similar to those of some coelurosaurs, such as the basal tyrannosauroid Guanlong 
wucaii Xu et al. (2006). In Concavenator phalanx III-3 is as long as the combined length of the 
proximal phalanges III-1 and III-2, while in Guanlong the combined length of the two proximal 
phalanges is slightly longer than III-3. On the other hand, allosauroids have a 60% longer combined 
length of the proximal phalanges respect to the distal phalanx. These proportions could be an 
autapomorphy of Concavenator. The proportion of the olecranon process is also peculiar, as it is 
low in comparison with the whole length of the ulna (Table A.2, Appendix 1). This proportion is 
similar in Fukuiraptor (allosauroid sensu Benson et al. 2010; Carrano et al. 2012; tyrannosauroid 
sensu Porfiri et al. 2014) and Guanlong. Finally, the anterior depth of the deltopectoral crest is 
relatively lower than those of other tetanurans (Carrano et al., 2012). This character could be 
also another autapomorphy of Concavenator.  

A median vertical iliac ridge is present in some basal tetanurans such as Megalosaurus (Benson, 
2009), Siamotyrannus (Buffetaut et al, 1996), and some Allosaurus specimens (uMNH-VP 8119). 
Some of these ridges are only a faint remainder, as it is only well-developed in some tyrannosauroids 
and Syamotyrannus (rauhut, 2003). Although some allosauroids have this ridge, Concavenator lacks 
it. The anterodorsal iliac concavity is a synapomorphy of tyrannosaurids (Osborn, 1971; Maleev, 
1976), although it seems to be present in all tyrannosauroids (Brusatte & Carr, 2016). However, 
the concavity developed in Concavenator is further anteriorly located than those in tyrannosaurids, 
and it is placed in the anterior rim and not in the anterodorsal rim of the preacetabular process. 
In addition, Sereno et al. (2009) suggested that the tyrannosaurid synapomorphy is a concavity 
with a depth at least 15% of the length of its concave margin. The depth of the concavity in 
Concavenator is 12.4% its length. The rim of this concavity is irregular and shows strong rugosity 
and fractures; thus, this concavity could be likely a broken area on the preacetabular process. The 
inaccessibility of the left ilium does not allow testing this hypothesis. rauhut (2003) describes 
all the iliac anteroventral processes as hook-process. However, Sereno et al. (2009) proposed to 
distinguish between subtriangular processes and subquadrate processes with recurved anterior 
margin, projecting farther anteriorly than remainder of anterior end. Concavenator would have 
a subtriangular process distinct to the subtriangular process of the other theropods such as 
Aerosteon, Allosaurus or Giganotosaurus. The process in Concavenator has a recurved anterior margin 
and a recurved posterior margin, as in tyrannosaurids, but in contrast, the anteroventral process 
is not farther anteriorly projected than the anterior end of the preacetabular process. Therefore, 
the particular hook process of Concavenator is an autapomorphy. The “cuppedicus” fossa is present 
in all avetheropodan dinosaurs (Hutchinson, 2001b), although Benson et al. (2010) suggest the 
presence of a medial shelf over the “cuppedicus” fossa (“cuppedicus” shelf) is a synapomorphy 
of megaraptors. This shelf is plesiomorfically present in archosaurs (Hutchinson, 2001b). The 
plesiomorphic condition is a small shelf, but it is ventrolaterally expanded in Avetheropoda (Holtz, 
2000; Hutchinson, 2001b).  Concavenator has this expanded medial “cuppedicus” shelf as others 
allosauroids. However, megaraptors have a more developed shelf, as described by Benson et al. (2010).

The remainder iliac blade morphology is similar to that of Allosaurus: low and large, with a 
preacetabular process deeper than the posterior one. However, derived carcharodontosaurids 
such as Giganotosaurus and Mapusaurus have a higher iliac blade. The anterior end of the medial 
wall of the brevis fossa in Concavenator is visible in lateral view. This character is shared among 
Orionides, although some ceratosaurs also have this feature. Within Avetheropoda, the brevis fossa 
is posteriorly broadened in all allosauroids but metraicanthosaurids. The shape of the acetabular 
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margin of the pubic peduncle is flat in all allosauroids, although this character is also shared with 
piatnizkysaurids and abelisaurids. The proportions of the pubic peduncle in Concavenator are 
similar to those of the rest of carcharodontosaurs and some coelurosaurians. The wide pubic 
articulation relative to the ischial one is a tetanuran condition. The ischial peduncle is rounded in 
Concavenator as in most tetanurans, except coelurosaurians.

The puboischiadic plate is reduced within Tetanurae (Hutchinson, 2001b) by forming foramina 
and fenestrae. This reduction is a result of mosaic evolution (Allain et al. 2012). Concavenator 
has a ventral process in the ischial peduncle of the pubis. This process could be the rim of an 
enclosed obturator foramen, but it is possible to distinguish the end of that process (Fig. III.24), 
and it seems an obturator notch exists. The obturator notch is open in several tetanuran taxa 
and all Avetheropoda (Hutchinson, 2001b). The ventral process is developed in Allosaurus, but 
it is reduced in derived carcharodontosaurids. The ischial plate is not accessible, and thus the 
presence of an obturator notch or a foramen is not discernible. All Allosauria have an open notch 
on the ischium, thus this condition would be most likely be the condition in Concavenator. The 
pubic boot is anteroposteriorly expanded in Tetanurae (Hutchinson, 2001b) and a greater pubic 
boot (60% the length of pubis shaft) is a synapomorphy within Carcharodontosauria. However, 
the tibia hides the boot in Concavenator, and its morphology cannot be determined. Despite 
the anterior processes of the distal end is accessible in both pubes. This process is present in 
Siamotyrannus (Brusatte and Sereno, 2008) and within Allosauria and Tyrannosauroidea. 

The ischium of Concavenator has several features shared by allosauroids, such as the ischial 
tuberosity that is reduced to a groove (Brusatte et al., 2008). The posterior flange to the iliac 
peduncle, an allosaurid synapomorphy, is present in Concavenator. The distal ischial tubercle slightly 
marked is also shared with allosaurids. The obturator process is a distinct anatomical structure 
within Tetanurae and it is a pronounced anterior process within Avetheropoda (Hutchinson, 
2001b). However, Concavenator has most of its puboischiadic plate hidden by the femoral head, 
and thus, the characterization of the obturator process is not possible. In Neotheropoda, the 
distal end of the ischium is expanded, forming a “boot” (Hutchinson, 2001b). This expansion 
results in distinct morphologies. Within Allosauroidea, metriacanthosaurids, except Sinraptor 
in which it is poorly-expanded (Currie & Zhao, 1994), present an expanded anterior process 
on the ischial end. An anterior process is also present in Neovenator (Brusatte et al., 2008), 
Acrocanthosaurus (Harris, 1998) and Concavenator, but it is absent in Allosaurus (Madsen, 1976), 
Giganotosaurus and Mapusaurus, which have a spatula-shaped end. However, the ischial distal end 
in these taxa has a boot-shape that differs from those of metriacanthosaurids. This boot-shaped 
process is a synapomorphy of Carcharodontosauria (Canale et al. 2014). 

relative to the hindlimb , Concavenator has two neotheropodan synapomorphies: (i) broad 
distal end of metatarsal IV and (ii) non-articular metatarsal V.  The astragalus has a low oblique 
angle of the dorsal margin that is a plesiomorphy shared with most theropods, including basal 
ones, except megaraptors, Acrocanthosaurus, allosaurids and abelisaurids. The distal condyles of 
the astragalus are anteriorly oriented, a character that is shared with Averostra and not present 
in basal theropods. Concavenator has the tetanuran characters of a medially oriented femoral head 
in proximal view (Hutchinson, 2001a), a craniolateral aliform lesser trochanter (Novas, 1996; 
Carrano, 2000), and an accessory trochanter (Hutchinson, 2001). The features that Concavenator 
shares with the rest of Orionides are the presence of an extensor groove on the anterior 
surface of the femur and the articulation of the astragalus with the calcaneus. Concavenator is 
more closely related to Avetheropoda than to Megalosauroidea, within Orionides, because the 
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lesser trochanter of the femur has an accessory trochanter and the proximal surface of the 
femoral head lacks an “articular groove” (Carrano et al. 2012). However, the fourth, greater and 
lesser trochanters differ from those of coelurosaurs because the first has a semioval shape, the 
second is narrower than the femoral head, and the third does not reach the proximal rim of 
the greater trochanter (Hutchinson, 2001a). The tibia has two features shared with Allosauria: 
(i) fibular crest does not extend to the proximal end, and (ii) medial malleolus is medially 
oriented. Two potential synapomorphies of carcharodontosauria are observed in Concavenator: 
(i) femoral head has a dorsomedially orientation, although not so as more derived forms (Fig. 
III.31). Other non-carcharodontosaurian taxa have been described with this feature, such as the 
tyrannosauroid Appalachiosaurus (Carr et al., 2005). However, the femoral head of this taxa is not 
dorsomedially directed as in carcharodontosaurians, and (ii) foot of Concavenator is slightly small 
compared with the rest of basal tetanurans. The proportion relative to the femur is low, similar 
to Acrocanthosaurus, but distinct to the rest of allosauroids. Therefore, this tendency toward 
small feet could be a synapomorphy of carcharodontosauria. Size reduction of the posterior 
autopodium could be related to the reduction of size and robustness in the forelimb, which are 
paedomorphic processes related with the gigantism of the group (Gould and Lewontin, 1979; 
Long and McNamara, 1995; Canale et al., 2015).

figure III.31. Comparative of femur in allosauria. (a) Allosaurus fragilis (uMNH-VP 7884) 
(inverted). (b) Concavenator corcovatus (MCCM-LH 6666). (c) Tyrannotitan chubutensis (MPEF-PV 1157). 
(d) Giganotosaurus carolinii (MuCPv-Ch 1). 
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IV.1 InTRoduCTIon And bACkgRound 

The first aspect to discuss is the taxon validity of Concavenator corcovatus Ortega et al. (2010). 
After its first description in 2010, Concavenator was suggested by Naish (2011) and Maisch 
(2016) as a synonymous of the European taxon Becklespinax altispinax (sensu Olshevsky, 1991; 
or Altispinax dunkeri sensu Huene, 1923; Maisch, 2016). Concavenator and Becklespinax show a 
comparable elongation of the neural spines of some of the last dorsal vertebrae, and somehow, 
this might suggest this synonymy (or a close relationship). However, the presence of long 
neural spines is not unusual in the theropod record, which has been increased significantly in 
recent years, mostly within the spinosaurid and carcharodontosaurid clades. Besides of the best 
known taxa, as Spinosaurus (Stromer, 1915; Ibrahim et al., 2014) and Acrocanthosaurus (Currie 
and Carpenter, 2000), new information of the recently discovered taxa shows hypertrophied 
spines that imply a bony “sail” or similar structures, such as the spinosaurid Ichtyovenator (Allain 
et al., 2012) from Laos, and the complete ornithomimosaur Deinocheirus mirificus (Lee et al., 
2014) from Mongolia. The type material of Becklespinax altispinax (BMNH R1828), consisting 
only of three posterior dorsal vertebrae, has been compared with the 10th, 11th and 12th dorsal 
vertebrae of Concavenator corcovatus (MCCM-LH 6666) (Fig. IV.1). Anatomical comparison 
indicates the existence of substantial differences between the two taxa (Carrano et al., 2012; 
Cuesta et al., 2013). Concavenator shows a constriction of the vertebral centra as in Neovenator or 
Acrocanthosaurus, and clearly different from Baryonyx and Becklespinax. The neural spines of both 
taxa differ in their orientation, because the spines of Becklespinax show an anterior orientation in 
contrast with the spines of Concavenator, which are posteriorly directed. Moreover, the spines of 
Becklespinax are considerably broader mediolaterally and widened toward their apices than the 
spines of Concavenator. In addition, Becklespinax shows, at least, three elongated neurapophyses 
instead of only two in Concavenator. In conclusion, the anatomical comparison between both taxa 
allows to discard the synonymy between Concavenator and Becklespinax (Cuesta et al., 2013), in 
spite of being relatively close both chronostratigraphically and geographically.

The phylogenetic position of Concavenator corcovatus within Carcharodontosauria has been 
discussed in recent phylogenetic analyses (Ortega et al., 2010; Carrano et al., 2012; Zanno and 
Macovicky, 2013; Canale et al., 2014; Porfiri et al., 2014; Coria and Currie, 2016).

The first phylogenetic hypothesis of Concavenator corcovatus was proposed by Ortega et al. 
(2010). In this study, Concavenator corcovatus holotype was scored for the morphological data 
matrix of Benson (2010), which includes the posterior modifications proposed by Benson et al. 
(2010). The strict consensus tree (Fig. IV.2) obtained in Ortega et al. (2010) shows a Concavenator 
in a basal politomy of Carcharodontosauria, together with Eocarcharia and the two linages of 
this group, Neovenatoridae and Carcharodontosauridae. In this analysis, Concavenator swaps its 
position within Carcharodontosauria as a basal carcharodontosaurian, a basal carcharodontosaurid 
or more derived than Eocarcharia. Although, an analysis of Majority Rules shows that the most 
common placement is as basal Carcharodontosauridae, more derived than Eocarcharia (54%). 
Posteriorly, these authors excluded Eocarcharia from the analysis and Concavenator occupied 
the most basal position within Carcharodontosauridae. Two unambiguous synapomorphies 
are shared by Concavenator and carcharodontosaurids: (i) postorbital contacts lacrimal; and (ii) 
postorbital ventral process developed as a large and curving flange.
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Concavenator was also included in Carrano et al. (2012) phylogenetic hypothesis. This analysis 
was based on a new data matrix of 351 morphological characters and 61 taxa. Concavenator is a 
basal member of Carcharodontosauridae in a dichotomy with Eocarcharia in the strict consensus 
of this study (Fig. IV.2). However, the branch support is low in these results (Bremmer support 
is 1). Posterior studies has been performed including new taxa of Megaraptora using this matrix 
(Zanno and Macovicky, 2013; Apesteguia et al., 2016; Coria and Currie, 2016). The position of 
Concavenator does not vary when compare to the results obtained by Carrano et al. (2012). 

Novas et al. (2013) presented a phylogenetic analysis for the theropods of Patagonia based 
on the previous data set of Canale (2010). Concavenator is recovered as a basal member of 
Carcharodontosauridae, together with Neovenator and Eocarcharia. Posteriorly, Canale et al. 
(2014) performed a modified analysis focused on Carcharodontosauridae and based on Canale 
(2010) data matrix, obtaining the same of Novas et al. (2013) (Fig. IV.2). Finally, Porfiri et al. (2014) 
published a new phylogenetic analysis (based on modifications of Novas et al. (2013) data matrix) 
where the Megaraptora group is placed within Tyrannosauroidea. In this analysis, Concavenator 
is also recovered as a basal member of Carcharodontosauridae, in politomy with Neovenator, 

Figure IV.1. Becklespinax altispinax and Concavenator corcovatus comparison. (a) Holotype 
of Becklespinax (inverted image). (b) The 10th; 11th and 12th dorsal vertebrae of Concavenator.
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Figure IV.2. Previous phylogenetic analysis. Strict consensus of Allosauroidea in the matrix 
of Ortega et al. (2010), Carrano et al. (2012) and Canale et al. (2014). In bold, the hypothesis of the 
position of Concavenator proposed by these authors.  
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Figure IV.3. Previous phylogenetic analysis. Strict consensus of Allosauroidea in the matrix of 
Porfiri et al. (2014), Apesteguia et al. (2016) and Coria and Currie (2016). In bold, the hypothesis of 
the position of Concavenator proposed by these authors.  
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Eocarcharia and Carcharodontosauridae (Fig. IV.3). In all the aforementioned analyses the 
position of the megaraptorians out of Allosauroidea implies the position of Neovenator within 
Carcharodontosauridae and the non-validity of the more inclusive clade Carcharodontosauria. 
Posterior studies using this data matrix, including a new taxa of Megaraptora (Apesteguia et al., 
2016; Coria and Currie, 2016), show a slightly variation of the position of Concavenator. Apesteguia 
et al. (2016) recovered Concavenator as the most basal member of Carcharodontosauridae and 
the dichotomy between Acrocanthosaurus+Eocarcharia is more derived positioned. Neovenator is 
more basal form than Coelurosauria; and megaraptorans (Fukuiraptor, Australovenator, Aerosteon, 
Orkoraptor and Megaraptor) are located as sister group of Coelurosauria (Fig. IV.3). Coria and 
Currie (2016) excluded Eocarcharia from the analysis, and Concavenator is considered as more 
derived form than Neovenator and within Carcharodontosauridae (Fig. IV.3). 

Although all the studies agree about the basal position of Concavenator within 
Carcharodontosauria or Carcharodontosauridae, its phylogenetic relationship with other 
members of the group lacks agreement. Short anatomical information was originally provided 
by Ortega et al. (2010) and might results in an ambiguous position of Concavenator within the 
clade. The systematic revision of the complete osteology of Concavenator (see chapter III) 
adds valuable information for a new morphological data matrix. This new morphological data 
matrix is mainly based on the Tetanurae clade, and, in particularly on Carcharodontosauridae. A 
phylogenetic analysis was performed in order to test the phylogenetic position of Concavenator 
within Carcharodontosauridae. 

IV.2 MATERIAl And METHods  

IV.2.1 OPeRATIONAL TAxONOMIC uNITS  

Outgroup

As in Carrano et al. (2012), Eoraptor lunensis Sereno et al.,1993 and Herrerasaurus ischigualastensis 
Reig, 1963 were selected as outgroup taxa. Both taxa were described as basal theropod (Novas, 
1993; Sereno et al., 1993), and several posterior analyses continue considering them as true 
theropods (Sereno et al., 1993; Nesbitt et al., 2009). However, their phylogenetic affinities have 
been debated, considering these taxa as non-Dinosauria (Fraser et al., 2002) or as non-theropod 
basal saurischian (Langer, 2004; ezcurra, 2006). The most recent analysis of basal saurischian 
considers these taxa as basal theropods (Martill et al., 2016). Therefore, both taxa are considered 
basal theropods in this analysis and their basal positions concede accurately resolution of 
character state at root nodes.  

Ingroup

The aim of this analysis is re-analyse the phylogenetic relationship of Concavenator corcovatus. 
Previous studies proposed Concavenator as a basal Carcharodontosauria (Allosauroidea). 
Allosauroidea is one of the two main groups of basal tetanurans, together with Megalosauroidea. 
For that reason, this phylogenetic analysis is focused in the phylogeny of basal tetanurans. 
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The present taxa data set is based on Carrano et al. (2012), mainly focused on the phylogeny of 
basal tetanurans. However, some modifications are carried out in respect to this matrix. Angaturama 
limai Kellner and Campos, 1996 and Poekilopleuron bucklandii eudes-Deslongchamps, 1837 with 
more than 90% of missing data, were removed; also were removed Pivetesaurus divesensis (Walker, 
1964), that only preserves the braincase and whose diagnosis as distinct taxon is ambiguous 
since it is not possible to compare with other megalosauroids; Streptospondylus altdorfensis von 
Meyer, 1832 and Xuanhanosaurus qilixianensis Dong, 1984 that lack significant coded characters, so 
were also removed of the analysis. Moreover, another recent basal tetanuran taxa was included, 
as Ichthyovenator laosensis Allain et al., 2012. The OTu ‘Dilophosaurus’ sinensis Hu, 1993 used in 
Carrano et al., (2012) was replaced by Sinosaurus triassicus due to the synonymy proposed by 
xing (2012). ‘Syntarsus’ kayentakatae Rowe, 1989 was included as a valid OTu based on previous 
cladistic analyses (Rowe, 1989; Tykoski and Rowe, 2004; Benson et al., 2010; ezkurra and Brusatte, 
2011). With regard to Allosaurus (Carrano et al., 2012), the genus includes three species: Allosaurus 
europaeus Mateus et al., 2006; Allosaurus fragilis Marsh, 1877 and Allosaurus jimmadseni Chure et al., 
2000. A. europaeus and A. jimmadseni are not considered in the present analysis. A. europaeus was 
not revised by first-hand and, currently, it is been revised; and A. jimmadseni is a nomen nudum and 
a new detailed descriptive research is currently in preparation (D. Chure pers. comm; M. Loewen 
pers. comm.). Finally, Guanlong wucaii xu et al., 2006 was proposed as a basal tyrannosauroid, as in 
Benson (2010), instead of Proceratosaurus bradleyi (Woodward, 1910), as in Carrano et al. (2012) 
due to Guanlong is known through more complete material, and presents more coded characters. 

Carrano et al. (2012) do not included the carcharodontosaurids Veterupristisaurus milneri 
Rauhut, 2011; Kelmaiasaurus petrolicus Dong, 1973; Sauroniops pachytholus Cau et al., 2013 and 
Taurovenator violantei Motta et al., 2016. These taxa are poorly represented, with more than 90% 
of missing data, and all of them have been discarded of the current phylogenetic analysis. 

The ingroup is composed by a total of 58 OTus. 17 taxa were re-scored and reviewed based 
on the direct observation of the original specimens or casts. The remaining taxa were scored 
using photos and published descriptions. The ingroup taxa are listed with their corresponding 
systematic information in two sections. The first one is listed below and includes those taxa 
that was examined by first-hand, with a briefly personal¬ description where some features are 
remarked. The material observed within the referred material is indicated by asterisk.  The second 
section is listed in Appendix 3 and includes those taxa that were studied by published papers. The 
locality and horizon information is only referred to type material.

Systematic palaeontology of personal reviewed OTUs 

Theropoda Marsh, 1881 sensu Gauthier, 1986

neotheropoda Bakker, 1986, sensu Sereno, 1998

Ceratosauria Marsh, 1884

Ceratosaurus nasicornis Marsh, 1884

Holotype. usnM 4735 (complete skull and partially complete skeleton).

Referred Material. MWC 1.1: holotype of C. magnicornis (complete skull and partial 
skeleton); uMnH-VP 5278*: holotype of C. dentisulcatus (Madsen and Welles, 2000), considered 
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C. nasicornis by Carrano and Sampson (2008) (partial skull and skeleton); bYu-VP serie 
(metatarsal, caudal vertebrae, dorsal vertebrae, skull, femur, articulated pelvis and sacrum). 

locality and horizon. Holotype from Marsh-Felch Quarry, Cañon City (Colorado, uSA); 
Brushy Basin Member (Morrison Formation, Kimmeridgian-Tithonian, Late Jurassic). Holotype 
of “C. dentisulcatus” fom Cleveland-Lloyd Dinosaur Quarry (utah, uSA); Brushy Basin Member 
(Morrison Formation, Kimmeridgian-Tithonian, Late Jurassic) (Madsen and Welles, 2000).

Personal description. The premaxilla only has three alveoli. The premaxillary body is taller 
than anteroposteriorly large. The dentary is deformed, presenting a dorsally oriented bend in 
the anterior region. The splenial presents a small and enclosed foramen. The postorbital process 
of the jugal is dorsally oriented, anteroposteriorly thin throughout all the length and “rod-like” 
shaped. The quadratojugal and quadrate are fused. 

The neural spine of axis is posterodorsally inclined, anteroposteriorly wide and with a rounded 
apex. The epipophyses of the axis and cervical vertebrae are further posteriorly projected, 
tapered and thick, very similar to those described in Concavenator. In the most posterior cervical 
vertebrae is possible to observe two small and suboval pleurocoels, the anterior one is dorsal to 
the parapophysis and the posterior one is situated on the middle and dorsal area of the lateral 
surface of the centrum. The 6th cervical vertebra is fused to the tuberculum of the cervical rib. 
The first dorsal vertebrae have a rod-like neural spine with anterior and posterior processes 
in its midlength. The neural spines of the dorsal vertebrae lack metaplastic projections of the 
interspinous ligament scars. In the posterior dorsal vertebrae, the parapophysis are strongly 
laterally projected, more than the half of the length of its diapophysis. 

The scapula is robust and the acromion process is gradual and oblique. The femoral head is 
medially oriented and the lesser trochanter does not reach the ventral margin of the head. 

Tetanurae Gauthier, 1986

Megalosauroidea (Fitzinger, 1843)

Piatnitzkysauridae Carrano, Benson and Sampson, 2012

Marshosaurus bicentesimus Madsen, 1976b

Holotype. uMnH-VP 6373* (left ilium).

Referred material. uMnH-VP 7820* (premaxilla); uMnH-VP 7824*, 7825* (maxillae); 
uMnH-VP 6364*, 6367*, 6368* (dentary); uMnH-VP 6372*, 6374* (ilium); uMnH-VP 
6384*, 6386*, 6387* (pubis); uMnH-VP 6379*, 6380* (ischium); CMnH 21704 (partial 
skull and partial skeleton); dMnH 3718 (partial skull and vertebrae); YPM-Pu 72-1 (pelvis).  

locality and horizon. Cleveland-Lloyd Dinosaur Quarry (utah, uSA); Brusy Basin Member 
(Morrison Formation, Kimmeridgian, Late Jurassic) (Madsen, 1976b).

Personal description. The premaxilla is anteroposteriorly longer than dorsoventrally high. 
There is a well-developed ridge, which bounds the antorbital fossae in the maxilla. The anterior 
surface of the dentary is rounded and slightly upturned. 
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The ischial peduncle of the pubis has a ventral process similar to that described in Concavenator, 
it does not enclosed the pubic foramen. The pubic boot is short and the distal end lacks the 
anterior process. The distal end of the ischium is triangular, with a posterior process ventrally 
oriented. 

Piatnitzkysaurus floresi Bonaparte, 1979

Holotype. PVl 4073 (partial skull and skeleton).

Referred material. MACn-CH 895* (partial skull and skeleton)

locality and horizon. Cerro Cóndor Village (Chubut, Argentina); Cañadón Asfalto 
Formation (Sierra de Olte Group, Bajocian-Callovian, Middle Jurassic) (Bonaparte, 1979).

Personal description. The pleurocoels are only developed in the anterior presacral 
vertebrae.  The neural spines of dorsal vertebrae are dorsally oriented and lack metaplastic 
projections of ligament scars. The infraprezygapophyseal fossae are not expanded.

 The brevis fossa of the ilium is expanded in the posterior region. The postacetabulum 
process is posterodorsally oriented. The pubic peduncle is much longer than the ischial one. 
The pubis presents an enclosed foramen in the puboischiadic plate. The anterior distal process 
is not developed and the pubic boot is small. There is a posterior flange in the posterior surface 
of the iliac peduncle of the ischium as in other piatnizkysaurids. The articulation with ilium is 
planoconcave. The puboischiadic plate is incomplete but seems to lack a notch between it and 
the pubic peduncle. The femoral head is slightly anteromedial oriented. The proximal surface 
has an oblique groove as in other megalosauroids. The oblique posterior ligament groove is 
well-developed and bounded by a posterior lip. The cnemial crest is proximally directed. The 
fibular crest is extending to proximal end. The medial malleolus is distally oriented. The astragalar 
surface is lateromedially thin. The distal end of the metatarsal IV is laterally curved in dorsal view. 

Condoraptor currumili Rauhut, 2005

Holotype. MPEF-PV 1672* (left tibia)

Referred material. MPEF-PV 1694*, 1695* (teeth); MPEF-PV 1673*-1675* (cervical 
vertebrae); MPEF-PV 1676*, 1680*, 1697*, 1698*, 1700*, 1709* (dorsal vertebrae); 
MPEF-PV 1681*, 1701* (sacral vertebrae); MPEF-PV 1682*, 1683*, 1702*, 1715* (caudal 
vertebrae); MPEF-PV 1703* (chevron); MPEF-PV 1687*, 1704* (ilium); MPEF-PV 1696* 
(pubis); MPEF-PV 1689* (ischium); MPEF-PV 1690*, 1691* (femur); MPEF-PV 1692* 
(metatarsal IV); MPEF-PV 1693* (pedal ungual phalanx).

locality and horizon. Las Chacritas (Chubut, Argentina); Cañadón Asfalto Formation 
(Sierra de Olte Group, Bajocian-Callovian age, Middle Jurassic) (Rauhut, 2005). 

Personal description. The cervical vertebrae present a ventral ridge in the centrum as 
a well-developed flange. This ridge is more developed in the posterior cervical vertebrae. The 
pleurocoels are situated in the posteroventral corner and expanded inside the parapophyses. These 
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pleurocoels are strongly wide and deep. The epipophyses are short and the prezygapophyses are 
further anteriorly projected in the cervical vertebrae. These vertebrae are slightly opisthocoelic. 
The pleurocoels are large in the anterior elements of dorsal series. All the neurapophyses are 
broken in the dorsal series, although the MPeF-PV 1680 preserves an almost complete neural 
spine, which is slightly anteriorly oriented. The MPeF-PV 1682 is the most complete caudal 
vertebra. This anterior caudal vertebra has a ventral groove on the centrum.  The neural spine is 
elevated, dorsally oriented, and has a triangular, small and anteriorly oriented flange on the base.  

The ilium is incomplete and presents two foramina, one dorsally to the acetabulum and 
another dorsoposteriorly located to the ischial peduncle. The pubic peduncle is mostly vertical 
without any kink. Two fragments of the pubis are preserved. The fenestra in the obturator process 
is not enclosed. The shaft presents a bulge in the posterior surface. The proximal end of ischium 
is partially preserved, lacks the pubic peduncle and the obturator process. The articulation with 
ilium is planoconcave. A posterior rounded flange is developed in the posterior surface of the 
pubic peduncle. The distal end of the right and the left femur are preserved, but lack one of 
the condyles. The tibiofibularis crest is well-developed and broad. The fibular crest of the tibia 
is suboval and well-developed. This crest is extended to the proximal surface of the tibia. The 
metatarsal IV is slightly laterally curved in dorsal view. The ungual phalanx is not complete.

Tetanurae Gauthier, 1986

Megalosauroidea (Fitzinger, 1843)

spinosauridae Stromer, 1915

baryonychinae Charig and Milner, 1986

Baryonyx walkeri Charig and Milner, 1986

Holotype. bMnH R9951* (partially complete skull and postcranial skeleton).

Referred material. IWCMs 2012.563* (dorsal vertebra); IWCMs 5122*, 1995.208*, 
234*, 235*, 2012.594* (teeth); IWCMs 6527* (manual phalanx) (Hutt and Newberry, 2004)

locality and horizon. Smokejack’s Brickworks, Wallis Wood, Ockley (uK); upper Weald 
Clay (Wealden series, Barremian, early Cretaceous) (Charig and Milner, 1997). 

Personal description. The premaxilla is anteroposteriorly elongated with six alveoli. The 
nasals lack marked dorsolateral rims. The angle between the anterior ramus and the posteroventral 
ramus of the lacrimal is acute. The lacrimal presents a triangular and posterodorsally projected 
lacrimal horn. The anterior ramus presents one foramen visible in lateral view. The jugal is 
incomplete, and lacks the postorbital process. The anterior end of the dentary is upturned and 
dorsoventrally expanded. The third alveolus is wider than the rest of the alveoli. The neurovascular 
foramina is wide, deep and parallel to the tooth row. The lateral surface of the dentary is smooth. 
The teeth have serrated carinae. 

The prezygapophyses of the cervical vertebrae are further anteriorly projected. The 
epipophyses are rounded and smaller than those of Concavenator. The neural spines are small and 
rectangular in lateral view. The neurapophyses of the 8th cervical vertebra have strong metaplastic 
rougness in the interspinous ligament scar. The anterior dorsal neural spines of Baryonyx are 
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dorsally projected, smaller than those of the posterior series and rectangular shaped in lateral 
view with a rounded apex. The posterior end of the centrum of these vertebrae is ventrally 
more projected than the anterior one. The anterior and posterior centrodiapophyseal laminae 
are more strongly developed than those described in Concavenator, and are almost dorsoventrally 
oriented. The posterior dorsal vertebrae present a more anteroventrally directed anterior 
centrodiapophyseal lamina. IWCMS 2012.563 is a complete dorsal vertebra with an elongated 
neural spine. This spine is dorsally oriented, sheet-shaped and slightly dorsally broad. Its apex is 
strongly striated. This vertebra present an accessory centrodiapophyseal lamina parallel to the 
anterior lamina. This lamina was described in Concavenator by Ortega et al. (2010) but the current 
study shows that they are not homologous structures. Moreover, the accessory lamina described 
in Tyrannotitan (Canale et al., 2014; see below) is different to those of Baryonyx. The dorsal neural 
spines in Baryonichinae are also characterized by a webbing in their bases. The neurapophyses 
observed in Baryonyx also present metaplastic projections, especially in the posterior interspinous 
ligament scars. The pleurocoels only are developed up to the 6th dorsal vertebra, as most basal 
tetanurans. A possible mid-caudal neural spine is posteriorly projected, anteroposteriorly thin 
and lacks anterior process as the mid-caudal neural spines of allosauroids and other theropods.

The scapula is robust. The deltopectoral crest of the humerus is anterolaterally oriented. The 
olecranon process is oblique to the axis of coronoid process. The medial and lateral processes 
of the ulna are hypertrophied.

Tetanurae Gauthier, 1986

Megalosauroidea (Fitzinger, 1843)

Megalosauridae Fitzinger, 1843

Duriavenator hesperis (Waldman, 1974)

Holotype. bMnH R332* (anterior region of the skull)

locality and horizon. Grenhill, Sherborne, Dorset (uK); Parkinsonia parkinsoni Zone 
(Inferior Oolite Group, late Bajocian, Middle Jurassic) (Waldman, 1974; Benson, 2008).

Personal description. The premaxilla is not complete but it is diagnostic. The posterior 
surface presents a dorsoventrally row of a total of five small foramina. The dentary is also 
incomplete, with a groove in the lateral surface. The maxilla presents a wide maxillary ‘fenestra’.

Megalosaurus bucklandii Mantell, 1827

Holotype. ouMnH J.13506 (right dentary)

Referred material. oYMnH J. series (partial skull and partial postcranial skeleton); bMnH 
series* (partial skull and partial complte postcranial skeleton); sdM series (maxilla,tooth, 
dorsal centrum, dorsal ribs, sacrum, coracoids, humerus, ischium, femora, metatarsal IV)

locality and horizon. Stonesfiled (Oxforshire, uK); Taynton Limestones Formation (middle 
Bathonian, Middle Jurassic) (Benson et al., 2008).
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Personal description. The maxilla has a deep and large neurovascular groove in the 
lateral surface. The anterior caudal neural spines are posteriorly oriented. The ventral surface 
of caudal vertebrae have a longitudinal groove. The ilium presents a vertical ridge dorsally to 
the acetabulum in the lateral surface of the iliac blade. The anterior margin of the preacetabular 
process is convex. The width of the brevis fossa is subequal throughout all its length. The shaft 
of the ischium is curved in lateral view. The distal tubercle of the ischium is well-developed. The 
astragalar surface in the tibia is short and mediolaterally wide.

Tetanurae Gauthier, 1986

Allosauroidea Marsh, 1878

Metriacanthosauridae Paul, 1988a

Sinraptor dongi Currie and Zhao, 1993

Holotype. IVPP 10600 (complete skull and partial postcranial skeleton). Cast from holotype 
housed in FPdM*.

locality and horizon. Junggar Basin (xinjiang uygur Zizhiqu, China); Shishugou Formation 
(Oxfordian, Late Jurassic) (Currie and Zhao, 1993).

Personal description. The nasal presents a lateral pneumatic foramina similar to that of 
Concavenator. Dorsal to these foramina, pronounced dorsolateral rims are laterally projected. 
The dorsal surface of the nasal lacks a median horn. The lacrimal has an infraorbital flange, 
rounded and not strongly posteriorly projected. The anterior ramus of the jugal extends to the 
posteroventral rim of the antorbital fenestra with a distinct anterior process. The lacrimal horn is 
developed as in other allosauroids, but not as a triangular horn as in Allosaurus. The lateral surface 
of the anterior ramus of the postorbital is rough, and the dorsal surface is a convex roughness. 

The neural spine of the dorsal vertebrae are moderately tall as in other metriacanthosaurids. 
The acromion process is perpendicular to the scapular blade. The iliac blade lacks vertical ridge 
dorsal to the acetabulum in the lateral surface. The medial ‘cuppedicus’ ridge is slightly developed 
as in other allosauroids. The femoral head is medially oriented. 

Tetanurae Gauthier, 1986

Allosauroidea Marsh, 1878

Allosauridae Marsh, 1878

Saurophaganax maximus Ray, 1941

Holotype. oMnH 01123* (neural arch of anterior dorsal vertebra).

Referred material. oMnH serie* (partial skull and almost complete postcranial skeleton).

locality and horizon. Stovall Quarry (Cimarron County, Oklahoma, uSA); Morrison 
Formation (Tithonian, Late Jurassic) (Chure, 1995). 
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Personal description. The postorbital lacks a prominent and ornamented orbital boss, as in 
Allosaurus. The anterior ramus is shorter than the ventral ramus, but it could be incomplete. The 
ventral ramus is ventrally oriented.

The atlas is characteristic in Saurophaganax. An autapomorphy described by Chure (1995) is 
the absence of prezygapophyses.  The epipophyses of the atlas are different to those of other 
allosauroids, elongated and distally fan-like expanded. The epipophyses are not preserved in the 
postaxial cervical vertebrae. The anterior cervical vertebrae have a developed ventral keel. The 
cervical vertebrae have two pleurocoels but these ones do not extent throughout the complete 
dorsal series. The unique neural spine preserved of the anterior caudal vertebrae is OMNH 1122, 
but it is incomplete. Their centrum lack pleurocoels. These vertebrae lack centrodiapophyseal 
laminae. The prezygapophyses in the distal elements are further anteriorly projected. The ventral 
surface has a groove. The posterior process of the chevrons are laterally oriented. The chevrons 
OMNH 1102, 1104, 1438, and 1439 present a broad anteroposteriorly and fan-like expanded 
distal end, distinct to those observed in other allosauroids. 

The humerus is slightly slender, similar to that of Concavenator. The shaft is sigmoidal in anterior 
view. The humeral head lacks middle concavity as in Concavenator and Acrocanthosaurus. The 
supracondylar fossa of humerus is deeply excavated for the M. brachialis. The condyles are rounded, 
although are slightly flattened. The entepicondyle is less developed than the ectepicondyle. The 
ulna is incomplete proximally and distally. The ulna and radius are robust. The radius is straight 
in lateral view. The proximal end is anteroposteriorly expanded. The ungual phalanx of the first 
manual digit is substantially the largest of the manus, as in Allosaurus. A medial ridge is developed 
dorsal to the cuppedicus fossa but it is not projected as in Neovenator. The articulation between 
the ischium and the ilium is planoconcave. There is a posterior directed flange on the posterior 
surface of the iliac peduncle of the ischium. The femur head is slightly anteromedially oriented. 
The lesser trochanter lacks a well-developed accessory trochanter. The tibiofibularis crest is 
broad as in other allosauroids. The ascending process of the astragalus is tall and wide. 

Allosaurus fragilis Marsh, 1877

Holotype. YPM 1930 (lateral tooth crown; a centrum of the 13th or 14th dorsal vertebra, 
anterior caudal centrum, fragment of a centrum of an indeterminate vertebra, rib fragment, a 
midshaft of a right humerus, a right pedal phalanx III-1). 

Referred material. dIno 3984* (complete skull), uMnH-VP serie* (complete skeleton); 
bYu series* (almost complete skeleton); AMnH series (almost complete skeleton); CMnH 
11844 (dentary); MCZ 3897 (partial skeleton); usnM serie (partial skeleton).

locality and horizon. Felch Quarry, Garden Park (Colorado, uSA); Morrison Formation 
(Kimmeridgian-Tithonian, Late Jurassic) (evanoff and Carpenter, 1998)

Personal description. The premaxillary body is longer than taller, distinct to those of 
carcharodontosaurids. The maxillary body is anteroposteriorly large. The maxillary ‘fenestra’ is 
wide and it is open in the medial and lateral surface. The nasal does not present a strong rugose 
surface as in carcharodontosaurids, but some nasals developed tall dorsolateral ridges. Some 
nasals (BYu-2028, uMNH-VP 9142; uMNH-VPC 237) present three pneumatic openings in the 
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lateral surface, similar to those observed in Concavenator. The lacrimal lacks a suborbital flange 
in the ventral process. The lacrimal horn is more developed and squared than that described in 
Concavenator. The lacrimal recess presents multiples openings. The contact between postorbital 
and jugal is slightly different in carcharodontosaurids and that observed in DNM 3984, being in 
this skull an almost horizontal contact. However, the postorbital-jugal contact in BYu-1068 is 
similar to the inclined contact in carcharodontosaurids. The ventral surface of the jugal presents 
a convex outline distinct to those observed in carcharodontosaurids. The anterior ramus of 
jugal does not reach the antorbital fenestra as in Concavenator and other carcharodontosaurids, 
and lacks pneumatic foramen. The postorbital lacks an ornamented and prominent orbital boss 
as in carcharodontosaurids, and the anterior ramus is shorter and does not contact to the 
lacrimal. The postorbital also lacks the suborbital process. The anterior end of the dentary is 
blunt as in Concavenator, and distinct to the dentary with an anteroventrally process as derived 
carcharodontosaurids. The palatine also presents a pneumatic recess. The anterior glenoid wall 
of the articular is as elevated as that observed in Concavenator, and more higher than those of 
Acrocanthosaurus. 

The atlantal epipophyses are similar than those above described in Acrocanthosaurus. The axial 
epipophyses are not as elongated and acuminate as that observed in Concavenator. The dorsal 
surface of the neural spine of the axis is flat and straight, distinct to the tapered dorsal apex 
of Concavenator. However, both neural spines are transversally thin as a sheet. The epipophyses 
of the cervical vertebra are elongated as in Concavenator, but the apex of the epipophyses are 
rounded in Allosaurus and strongly tapered in Concavenator. The pleurocoels of the cervical 
vertebra are anteroposteriorly elongated. The neural spine of the proximal cervical vertebrae are 
transversally flat as a sheet, distinct to the triangular and tapered neural spines of Concavenator, 
and this morphology remains along the mid-cervical vertebra. These neural spines are similar to 
those of the mid-cervical vertebrae of Concavenator. The neural spine of the anterior dorsal and 
posterior cervical vertebrae are “rod-like” but more regular than those of Concavenator. Along 
the dorsal series, the dorsal neural spines present metaplastic roughness of the interosseous 
ligament as is observed in BYu-17256; BYu-13946; uMNH-VP 20238, among others. The anterior 
centrodiapophyseal laminae are lesser developed than the posterior laminae, as in Concavenator. 
The development of the anterior lamina decreases toward the posterior region of the dorsal 
series. The caudal vertebrae lack centrodiapophyseal laminae and pleurocoels. The mid-caudal 
vertebrae present an “L”-shaped neural spines with a developed anterior process, features shared 
with other allosauroids. The prezygapophyses of the distal caudal vertebrae are strongly elongated. 

The coracoid of Allosaurus is rounded in the anterior surface and shorter than that of 
Concavenator and other carcharodontosaurids. The posteroventral process is not as projected as 
those of Acrocanthosaurus or Concavenator. The coracoid presents a subglenoid notch. The glenoid 
is ventrally oriented. The acromion process is strongly marked and perpendicular to the scapular 
blade. The shaft of the humerus of juvenile Allosaurus (BYu-5096; uMNH-VP 11768; uMNH-
VP 7794) is straight in anterior view, similar to the shaft of the humerus of Concavenator. The 
humerus in adult individuals is slightly more inclined in anterior view. Abovementioned, the internal 
tuberosity is triangular and well-developed in Allosaurus, similar to those of Acrocanthosaurus and 
Concavenator. The supracondylar fossa, where is originated the M. brachialis, is well-developed in 
the humera of adult individuals. The ulnar epicondyle is strongly marked. Mediolaterally, the ulna of 
BYu-13011 is extremely thin, similar to those observed in A. jimmadseni (DINO 11541), although 
it is different to another juvenile ulna (BYu-11568) that is transversally robust. Some ulnae are 
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slightly curved in lateral view as in Concavenator.  The lateral process of the ulna is well-developed 
as in Concavenator¸ but in both taxa is not distally developed, as is the case in megaraptorans 
(Benson et al., 2010). The muscular ridges of the lateral surface of the radius in Allosaurus are not 
as developed as those observed in Concavenator and Acrocanthosaurus. The ungual phalanges are 
similar to those of Concavenator, strongly curved and with a well-developed flexor process. The 
ilium BYu-17281 has an anteroventral process as a “hook”, slightly similar to that observed in 
the ilium of Concavenator. The ischium develops a flange posterior to the iliac peduncle. The ischial 
obturator process is separated by the pubic peduncle by a notch. The distal end is expanded as a 
fan and the lateral surface is striated. The articulation with the ilium is planoconcave, distinct to 
that of carcharodontosaurids. The pubis of the juvenile BYu-5292 presents a ventral process in 
the ischial peduncle as in Concavenator, and it is also observed in A. jimmadseni. This process is also 
observed in the pubis of the adult uMNH-VP 24863. The pubic boot is elongated but only a 30% 
the shaft length. The femoral head is medially oriented, distinct to those of carcharodontosaurids. 
The caput presents a strongly marked posteroventral ridge. The femur also presents an accessory 
trochanter. The flexor fossa has a low ridge for the cruciate ligaments in some specimens as uMNH-
VP 7884, 7889, 7906. The medial malleolus of the tibia is medially projected as in other allosauroids. 

Tetanurae Gauthier, 1986

Allosauroidea Marsh, 1878

Carcharodontosauria Benson, Brusatte and Carrano, 2010

neovenatoridae Benson, Brusatte and Carrano, 2010

Neovenator salerii Hutt et al.1996

Holotype. bMnH R10001*, MIWg 6348* (partial skull and postcranial skeleton).

Referred material. MIWg 63502* (partial postcranial skeleton); MIWg 2002.186 
(teeth); MIWg 5470* (cervical and dorsal vertebrae); MIWg 2010.4* (dorsal vertebra); 
MIWg 7409*, 2010.37* (tibia).

locality and horizon. Isle of Wight (uK); Wessex Formation (late Hauterivian-early 
Barremian, early Cretaceous) (Brusatte et al., 2008).

Personal description. There is a broad and excavated maxillary ‘fenestra’ on the maxilla. The 
anteroventral border of the antorbital fossa is rounded. The maxillary body is anteroposteriorly 
enlarged and dorsoventrally thin. The anterior surface of the dentary is blunt and expanded as 
in Concavenator. The dentary is slightly straight in dorsal view. The 3rd alveolus is longer than the 
others alveoli in the row. 

The epipophyses of the anterior cervical vertebrae are elongated as in Concavenator, but 
the apex is rounded, thick and not posteriorly tapered. The prezygapophyses of the cervical 
vertebrae are anteriorly projected. The opisthocoelic condition of the cervical vertebrae is not 
so strongly developed as in derived carcharodontosaurids. A single and suboval pleurocoel is 
posteriorly situated to the parapophysis in the cervical vertebrae. The neural spine of 7th cervical 
vertebra is anteroposteriorly thin and rod-like shaped. It is smaller than that of Concavenator. 
From the 1st dorsal to the 12th dorsal vertebrae (last dorsal preserving neural spine), the 
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metaplastic projections are developed in the interspinous ligament scars. The neural spine of 1st 
dorsal is anteroposteriorly thin and small, as in the posterior cervical neural spines. The posterior 
dorsal neural spines are anteriorly oriented. All the dorsal vertebrae present pleurocoels. The 
1st caudal vertebra also presents strongly metaplastic projections in its neural spines. This neural 
spine is posteriorly directed. The caudal centrum lack pleurocoels. The chevron of the middle 
caudal vertebrae are distally anteroposteriorly expanded and are slightly posteriorly curved. The 
prezygapophyses of the distal caudal are further anteriorly projected. 

The scapular blade is more robust than that of Concavenator. The glenoid fossa has an acute angle 
between both sides. This fossa is mediolaterally wider than anteroposteriorly long. The ilium is not 
complete, but the medial ridge on the cuppedicus fossae is preserved and it is well-developed. The 
pubis of MIWG 6352 presents a ventral process in the ischial peduncle, although less projected 
than in Concavenator. The articulation of the ischium with the ilium is planoconcave. The ischiadic 
distal end is similar to that of Concavenator, with an anterior process, and strongly striated. 

Megaraptor namunhuaiquii Novas, 1998

Holotype. MCF-PVPH 79* (ulna, manual phalanges I-1, I-2 and distal metatarsal III)

Referred material. MCF-PVPH 80* (anterior caudal vertebrae); MuCPv 341 (partial 
postcranial skeleton); MuCPv 595* (incomplete skull and postcranial skeleton of a juvenile 
specimen). This last material was not included in the phylogenetic analysis due to the juvenile condition. 

locality and horizon. Sierra del Portezuelo (Neuquén, Argentina); Río Neuquén Formation 
(Turonian-Coniacian, Late Cretaceous) (Novas, 1998; Calvo et al., 2004; Garrido, 2010).

Personal description. The anterior caudal vertebrae observed are possibly associated to 
Megaraptor although doubtlessly to the same individual (Pers.Com. RC). There are pleurocoels 
developed as enlarged pneumatic fossae in the lateral surface of the centrum. 

The ulna is strongly thin transversally. The shaft is lightly curved in lateral view. The olecranon 
process is tall and transversally thin, as a blade. Posteriorly to this process, a ridge is distally 
developed. The lateral process is strongly developed, distally extending up to the midshaft. The 
distal end is similar to that of Allosaurus in distal view. Both manual phalanx I-1 and I-2 are 
anteroposteriorly long. The ventral surface of the proximal end of phalanx I-1 is slightly pinched. 
The ungual phalanx has asymmetrical vascular grooves, one of them is ventrally more developed 
than the other. The metatarsal III is not completely preserved. 

Fukuiraptor kitadaniensis Azuma and Currie, 2000

Holotype. FPdM-V97122* (associated cranial and appendicular bones)

Referred material. FPdM-V9134* (cast of FPDM-V9712203, tooth); FPdM-V9712297* 
(dorsal centrum); FPdM-V9712208* (distal caudal); FPdM-V96082443* (left humerus); 
FPdM-V8383* (cast of FPDM-V9712209, right humerus); FPdM-V9712210* (right* ulna); 
FPdM-V8385* (cast of FPDM-V9712211, right manual ungual phalanx); FPdM-V8386* (cast 
of FPDM-V9712212, right manual phalanx II-2); FPdM-V9130* (cast of FPDM-V9712213, left 
manual ungual II-3); FPdM-V9712219* (right femur); FPdM-V8394* (cast of FPDM-V9712220, 
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right tibia); FPdM-V8395* (cast of FPDM-V9712221, right astragalus); FPdM-V8396* (cast of 
FPDM-V912222, right metatarsal I); FPdM-V8397* (cast of FPDM-V9712223, right metatarsal II); 
FPdM-V9712224* (right metatarsal III); FPdM-V9129* (cast of FPDM-V9712226, right phalanx 
III-1); FPdM-V8401* (cast of FPDM-V9712227, right phalanx III-2); FPdM-V980804015*, 
96082406*, 980727006*, 980812103* (distal caudal vertebrae). 

locality and horizon. Katsuyama (Fukui Prefecture, Japan); Kitadani Formation (Akaiwa 
Subgroup, Tetori Group, Albian, early Cretaceous) (Azuma and Currie, 2000).

Personal description. The centrum of the dorsal vertebrae is strongly constricted. The 
prezygapophyses of the distal caudal vertebrae are not as elongated as those observed in other 
allosauroids.  

The coracoid is similar to that of Allosaurus, circular-shaped in lateral view and the posteroventral 
process is not enlarged. The humeral head is mediolaterally expanded and lacks a groove in the middle, 
as in Acrocanthosaurus and Concavenator. The internal tuberosity is well-developed and triangular 
shaped as in Allosaurus. The shaft is curved in anterior view and mediolaterally thinner dorsally to the 
distal end. In the anterior surface and dorsally to the condyles, the fossa to the M. brachialis is deep.  
The preserved ulna was considered by Azuma and Currie (2000) as right one. However, the preserved 
sector of the proximal surface lacks the lateral process or tuberosity, suggesting that it corresponds 
to the medial surface, and so, this element should be referred as a left ulna. The shaft is curved as 
in Allosaurus and Concavenator. The shaft is also not mediolaterally thin as in Megaraptor, being more 
robust than in other megaraptorans. The ulna lacks the posterior ridge to the olecranon process that 
was defined as a synapomorphy of megaraptorans (Benson et al., 2010). The olecranon process is not 
further dorsally projected as in Concavenator, but the surface between the olecranon and coronoid 
process is anteroventrally inclined and continuous. This condition is distinct to the horizontal and 
abruptly separated olecranon process present in Concavenator. The distal end is oval in distal view and 
lacks the medial process as in Allosaurus. The manual phalanx are slightly slender.

The femoral head is medially inclined. The caput presents a well-developed posteroventral 
flange. The lesser trochanter does not reach the proximal surface, staying 20 mm below. The 
femur presents a triangular accessory trochanter. The tibiofibularis crest is broad and longitudinal. 
Only the proximal half of the tibia is preserved. The ascending process of the astragalus is broad, 
occupying all the astragalar body, and taller than those of other theropods, being considered an 
autapomophy of this taxon by Azuma and Currie (2000). 

Tetanurae Gauthier, 1986

Allosauroidea Marsh, 1878

Carcharodontosauria Benson, Brusatte and Carrano, 2010

Carcharodontosauridae Stromer, 1931

Acrocanthosaurus atokensis Stovall and Langston, 1950

Holotype. oMnH 10146* (partially complete skull and postcranial skeleton).

Referred material. oMnH 10147* (partial skeleton); NCSM 14345* (almost complete 
skull and postcranial skeleton); SMu 74646 (partial skull and partial postcranial skeleton).
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locality and horizon. Mr. Hernand Arnold Farm (Atoka County, Oklahoma); Antlers 
Formation (Trinity Group, Aptian-Albian, early Cretaceous) (Stovall and Langston, 1950). 

Personal description. The lateral and dorsal surfaces of the nasal are rough. The nasals 
present a dorsolateral crest. The nasals also present several foramina more medially situated 
than those of Concavenator, and more similar than those of derived carcharodontosaurids. The 
angle between the anterior ramus and posteroventral ramus of the lacrimal is completely right. 
Although Giganotosaurus and Concavenator also present an almost right angle, the lacrimal of these 
taxa is slightly more acute than that of OMNH 10146. The lacrimal of NCSM 14345 presents 
foramina in the lateral surface of the anterior ramus, as Concavenator. The development of the 
lacrimal horn is similar to the horn of Concavenator. The jugal of the holotype presents a deep and 
well-developed jugal pneumatic foramen, as the rest of the observed carcharodontosaurids. The 
ventral surface of both jugals of NCSM 14345 is straighter than that of Allosaurus. The postorbital 
of the holotype is more similar to those of the carcharodontosaurids than that of Allosaurus, with 
a prominent supraorbital boss. The dorsal surface of the postorbital boss presents a suture as 
those observed in Concavenator, Mapusaurus and Giganotosaurus. However, as was mentioned in 
chapter III, the postorbital boss is dorsoventrally thinner than the dorsoventrally robust orbital 
boss of Concavenator. The postorbital of the holotype presents a small infraorbital process, 
distinct to that of NCSM 14345, that it is triangular and well-developed. The palatine presents 
a pneumatic recess as in Concavenator. The prefrontal contacts the postorbital and lacrimal in 
medial side, as in Concavenator, and distinct to the most anterior position in Eocarcharia and 
Sauroniops (Cau et al., 2013).

The atlas presents triangular epipophyses which are not as elongated as the thorn-like shaped 
epipophyses of Concavenator. The neural spine of the 6th cervical vertebra is high, relative to the 
centrum. The anterior process of the 3th, 4th and 5th cervical neural spines are well-developed 
and triangular shaped. This process is slightly similar, but bigger, than those observed in the dorsal 
neurapophyses of Concavenator.  The neurapophyses of the dorsal vertebrae are relatively tall, as 
the posterior dorsals of Concavenator. However, the middle dorsal spines are different between 
both taxa because Concavenator has a smaller and transversally thinner neural spine than those of 
Acrocanthosaurus, and lack a lateral groove. The caudal vertebrae presents two small pleurocoels 
that are distinct to the elongated fossae in carcharodontosaurins (see below in Giganotosaurus) 
but considered both as ‘pleurocoelic’ structures. The neural spines are similar to those observed 
in Allosauroidea.

 The coracoid of the holotype is slightly dorsoventrally longer than those observed in Allosaurus, 
and does not present the circular morphology of Allosaurus. Therefore, the coracoid is slightly 
more similar to that of Concavenator, presenting both a large posteroventral process. Both humeri 
present an invagination in the humeral head as in Concavenator (described in chapter III). The 
internal tuberosity is well-developed and triangular as in Allosaurus and Concavenator. The humerus 
is more robust than that of Concavenator, being mediolaterally broader. The supracondylar fossa 
of humerus is deep and well-developed. The morphology of the deltopectoral crest is more 
similar to that of Concavenator than those of Allosaurus and Saurophaganax, but more anteriorly 
projected. The shaft is distally canted as in other allosauroids. The ulna of NCSM 14345 is more 
robust and straight than the one of Concavenator. The olecranon process is much higher than the 
small olecranon process of Concavenator. The anterior surface presents a foramen in the middle 
of the shaft in both ulnae. The distal end is wider than those of Allosaurus and Concavenator. The 
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crest separating the lateral musculature in the radius is strongly marked as in Concavenator. The 
proximal and distal ends of the radius in NCSM 14345 are wider than those of Allosaurus and 
Concavenator. 

The proximal pubis is not preserved in any specimen. The ischium preserves a notch in the 
obturator process but it is not possible to know if the pubis presents the foramen enclosed or 
an obturator notch.  The distal end of the femur in OMNH 10146 and NCSM 14345 presents 
an elongated tuberosity between both condyles in the posterior surface for the attachment 
of the cruciate ligaments that are observed in Allosaurus, Tyrannotitan and Sinraptor. The medial 
malleolus of tibia is almost medially oriented, distinct to the lateral one which is distally projected. 
The ascending process of the astragalus is broader and taller than that of Concavenator. The 
metatarsals are slender as those of Concavenator. 

Giganotosaurus carolinii Coria and Salgado, 1995

Holotype. MuCPv-Ch 1 (Partial skull and postcranial skeleton).

Referred material. MuCPv-95* (dentary).

locality and horizon. el Chocón (Neuquén, Argentina); Candeleros Formation (Río Limay 
Subgroup, Neuquén Group, Cenomanian, Late Cretaceous) (Coria and Salgado, 1995; Garrido, 2010).

Personal description. The premaxilla and maxilla are strongly ornamented in the lateral 
surface. The maxilla lacks maxillary ‘fenestra’. The maxillary body is higher than anteroposteriorly 
long. There is a prominent and rough dorsolateral crest in the nasals. The nasals also present a 
pneumatic foramen, anterolaterally oriented. The lacrimal crest and horn are strongly developed 
and rough. The lacrimal recess is deeply excavated and there is a foramen in the lateral surface of 
the anterior ramus. The angle between both ramus is slightly less right than in Acrocanthosaurus. 
The postorbital has a dorsoventrally thin, laterally projected and ornamented orbital boss as in 
other carcharodontosaurids. The dorsal surface shows a suture between the orbital boss and the 
postorbital as in Mapusaurus (Coria and Currie, 2006). The infraorbital process is rounded and 
expanded as in Concavenator, but more ventrally situated in the ventral ramus. The anterior end 
of the dentary is dorsoventrally expanded and there is a process in the anteroventral corner. 
The retroarticular process is blunt and posteriorly directed as that of Concavenator. The lateral 
surface of the dentary is strongly rough.  

The neural spine of axis is transversally broad, distinct to that of Concavenator. The axial 
epipophyses are further posteriorly projected as in Concavenator but with a thick and rounded 
apex. The cervical vertebrae have double elongated pleurocoels. The pleurocoels are developed 
throughout all the dorsal series, distinct to those of Concavenator. The 6th dorsal vertebra is 
the unique vertebra that preserves an almost complete neural spine. This neural spine is high, 
transversally thick and with a groove in the lateral surface. There are elongated depressions on the 
lateral surface of the anterior caudal vertebrae. These depressions are called “pleurocoelic fossae” 
by Canale et al (2014) and are also presents in Tyrannotitan and Mapusaurus (see below). These 
depressions have been not considered homologous to those described in Carcharodontosaurus 
saharicus (Stromer, 1931) by previous phylogenetic analysis (Carrano et al., 2012; Canale et al., 2014). 
However, the fossae are described as actual pleurocoels due to the topological and morphological 
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homology with those of Carcharodontosaurus and other theropods where pleurocoels have been 
scored as in Torvosaurus (Benson et al., 2010; Carrano et al., 2012). Rauhut (1995) and Sereno 
et al. (1996) proposed this feature as a synapomorphy of carcharodontosaurids, although it is 
present in some megalosauroids (Benson et al., 2010; Carrano et al., 2012). The prezygapophyses 
of the distal caudal vertebrae are anteriorly elongated. 

The scapula is more robust and shorter than the slender scapula in Concavenator. The coracoid 
was described as small, hook-shaped and with an externally open coracoid foramen by Coria and 
Salgado (1995). However, the coracoid is not complete and the dorsoanterior region is missing 
(Canale et al., 2014; Pers. Obs.). The posteroventral process is elongated and ventrally oriented. 
The acromion process of the scapula is also not complete. The ventral surface of the scapula 
shows and oval bulge in the midlength. There is a triangular anteroventral process in the ilium 
that is not as hook-like shaped as that observed in Concavenator. There is a medial cuppedicus 
ridge as in other allosauroids but not as medially projected as in some megaraptorans. The 
postacetabular process is more directed posteroventrally than those observed in Mapusaurus or 
Concavenator. The left pubis has a ventral process in the ischial peduncle as in Concavenator, but 
less ventrally projected. The ilio-ischiadic articulation is peg-and-socket. The distal end of ischium 
is anteroposteriorly broad. The femoral head is dorsomedially oriented. The posteroventral flange 
of the caput is well-developed. The oblique ligament groove is deeply excavated in the posterior 
surface of the femoral head, bounding medially by well-developed lip. The anterior surface of the 
distal end of the femur is occupied by a mediolateral crest as in Mapusaurus and Tyrannotitan (see 
below), bounding by a wide depression. The astragalar surface of the tibia is mediolaterally wider 
than in Concavenator. 

Mapusaurus roseae Coria and Currie, 2006

Holotype. MCF PVPH-108.1* (right nasal).

Referred material. MCF PVPH serie* (complete skeleton).

locality and horizon. Cañadón del Gato (Plaza Huincul, Neuquén, Argentina) ; Huincul 
Formation (Río Limay Subgroup, Neuquén Group, Middle Cenomanian-early Turonian, Late 
Cretaceous) (Coria and Currie, 2006; Garrido, 2010).

Personal description. The lateral surface of the maxilla is strongly ornamented as in other 
carcharodontosaurins. The nasal, which belongs to the holotype, has several pneumatic recesses 
as in Concavenator, ventrally located to a laterally projected ridge with multiples swellings. Both 
jugals are not complete, but one of them preserves the pneumatic jugal recess in the anterior 
ramus. The orbital boss of the postorbital is similar to that of others carcharodontosaurids, with 
a marked suture in the dorsal surface. The ventral process is short, but it is probably incomplete. 

The neural spine of the axis is similar to the above described in Giganotosaurus. The epipophyses 
of the axis are elongated and tapered as those of Concavenator. The epipophyses of the preserved 
cervical vertebrae are similar than those of the axis and the epipophyses of the anterior cervical 
vertebrae of Concavenator. The posterior apexes of the neural spines are posterodorsally directed. 
The most relevant feature of the preserved dorsal vertebrae is the elongated and mediolaterally 
thick neural spine with a deep vertical trough in the lateral surface as in Giganotosaurus. The 
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anterior caudal vertebrae also present an elongated and posteriorly directed neural spine. The 
prezygapophyses of the distal caudal vertebrae are elongated as in other allosauroids. 

The humerus is curved in anterior view. It is not complete but is robust and short. The fossa 
supracondylar for the attachment of the M. brachialis is deep. The radius is also robust as the 
humerus. The ilium is complete, but it is not well-preserved. The preacetabular process lacks the 
anteroventral process but it could be eroded. The articulation of the ischium with the ilium is also 
peg-and-socket. The femoral head is dorsomedially oriented as in other carcharodontosaurids. 
The anterior surface of the distal end also presents a crest as in Giganotosaurus and Tyrannotitan. 
Although it is not preserved on the astragalus, the astragalar fossa in the anterior surface of the 
tibia indicates that the ascending process is mediolaterally wide and distinct to Concavenator but 
similar to those of carcharodontosaurins.

Tyrannotitan chubutensis Novas et al., 2005

Holotype. MPEF-PV 1156* (partial skull and postcranial skeleton).

Referred material. MPEF-PV 1157* (partial skeleton).

locality and horizon. estancia ‘La Juanita’ farm (Chubut, Argentina); Cerro Castaño Member 
(Cerro Barcino Formation, Albian, early Cretaceous) (Novas et al., 2005; Canale et al., 2014).

Personal description. The anterior end of the dentary is dorsoventrally expanded as in 
other derived carcharodontosaurids but the anterior margin is anteroventral-posterodorsally 
oriented in lateral view. The dentary is slightly curved to the anterior region. A total of 15 alveoli 
are preserved. The pneumatic recess of the jugal is preserved in the anterior ramus as a deep 
fossa. 

The epipophyses of the atlas are similar to those observed in Concavenator, elongated and 
tubular shaped. All the dorsal vertebrae have pleurocoels. The infraprezygapophyseal fossa is 
expanded as in other allosauroids. The dorsal neural spines develop metaplastic projections of 
the interspinous ligament scars. These neural spines are tall, transversally thick and present a 
lateral groove. The hyposphene is a vertical ridge. The anterior caudal vertebra has pneumatic 
fossa in the lateral surface as in other carcharodontosaurins, which are identified as caudal 
pleurocoels. The neural spine is tall and it is deformed in the apex. It lacks a ligament process as 
in Concavenator, but presents a metaplastic projection of the anterior ligament scar. The anterior 
surface of the transverse process is slightly excavated.

The posteroventral process of the coracoid is strongly ventrally projected. The coracoid 
glenoid lip is not well-developed. A subglenoid fossa is not developed. The foramen coracoid is 
ventrally situated in the lateral surface. Anteroventrally to the foramen, there is a well-developed 
biceps tubercle. The femoral head is dorsomedially inclined as in other carcharodontosaurids. An 
oblique ligament groove is deep and bounded by a crest in the posterior surface of the head. The 
trochanteric shelf is well-developed, distally to the lesser trochanter. The mediodistal crest in the 
epicondyle is well-developed as in Mapusaurus and Giganotosaurus, delimiting a wide extensor 
fossa. The tibiofibularis crest is broad. As described Canale et al. (2014), an anterior crest is 
developed in the fibular fossa.
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IV.2.2 PHYLOGeNeTIC ANALYSIS

This current analysis presents a new morphological data matrix based upon previous studies 
(see percentages of morphological characters in Appendix 2) where Concavenator corcovatus was 
analysed (Ortega et al., 2010; Carrano et al., 2012; Zanno and Macovicky, 2013; Canale et al., 2014; 
Porfiri et al., 2014) and other data matrices on theropods (e.g. Holtz, 1998; Rauhut, 2003; Smith 
et al., 2007; Carrano and Sampson, 2008; Brusatte and Sereno, 2008; Benson et al, 2010; Novas 
et al., 2013). The data matrix has 58 taxa and 378 characters, among which 30 are unordered 
and 25 are ordered multistate characters (chrs. 11, 31, 61, 62, 73, 75, 101, 124, 137, 147, 159, 169, 
216, 221, 242, 272, 296, 303, 328, 329, 332, 353, 354, 362, 368). We modified 30 characters from 
the aforementioned previous matrices and 6 new characters have been added (see Appendix 
2, 3). Numerous characters of previous matrices were not employed in this analysis. The main 
reasons for excluding these characters are based on the criteria proposed by Sereno (2007): (i) 
uninformative or ambiguous description of the character; (ii) redundant or dependent of existing 
characters; (iii) substantial missing data.    

The matrix was manged using Mesquite 3.01 (Maddison and Maddison, 2008) and imported 
into TNT 1.5-beta (Goloboff et al., 2008). We performed a heuristic tree search in order to 
find most parsimonious trees (MPTs), using random addition sequences (1000 replications) of 
Wagner trees. Subsequently, we exposed the results to tree bisection reconnection (TBR) as 
branch-swapping algorithm, saving 100 trees per replicate. The MPTs resulted from both search 
iterations were examined under strict consensus. The consistency index (CI) and the retention 
index (RI) were calculated using the ‘stats.run’ script. The branch support in this phylogenetic 
hypothesis was tested using the methodology proposed by Goloboff et al., 2008 to calculate 
Bremer support values (see below) and resampling methods such as bootstrap and jacknife 
(with default settings). The Bremer support is calculated finding suboptimal trees where different 
groups are non-monophyletic. For this purpose, optimal trees (suboptimal is 1 step) are the initial 
point for searches, saving successively larger sets of more suboptimal trees (increasing the value 
of the suboptimal). This increasing of suboptimal values in several steps avoids filling the memory 
with many suboptimal trees that will overestimate the Bremer support (Goloboff et al., 2008). In 
addition, some constrained analyses were carried out to compare them with previous phylogenetic 
hypotheses. The constraints were defined forcing several OTus in a specific taxa group (force= 
command) and, posteriorly, performing a search enforcing constraint (Goloboff et al., 2008). 

Two additional analyses were performed with the same data matrix using Implied Weighting and 
Extended Implied Weighting. The Implied Weighting methods calculate the weights of characters 
inversely to their homoplasy (Farris, 1969; Goloboff, 1993). This methodologies would improve the 
results due to further fit of the trees; i.e. larger Consistency Index (Farris, 1969; Goloboff, 1993). The 
Implied Weighting is carried out including the command piwe= before the data matrix and, posteriorly, 
performing a heuristic tree search as above mentioned. The extended Implied Weighting was proposed 
by Goloboff (2014). This methodology takes in account missing data of the characters. The characters 
with numerous missing data could inflate their assigned weight due having relatively less homoplasy 
(Goloboff, 2014). Assigning different weights depending on their missing entries, assuming that the 
non-observed entries could have non-observed homoplasy, is the proposed solution by this new 
method (Goloboff, 2014). To run an automatic analysis of character weight in function of missing data, 
the command xpiwe(* is introduced after the data set and previous to the heuristic search. Finally, 
a resampling of both analyses was performed in order to compare with the unweighted analyses. 
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IV. 3 REsulTs

The heuristic search and the following TBR branch-swapping algorithm produced 12 most 
parsimonious tress (MPT’s) of 1103 steps. The consistency index (CI) was 0.395 and the retention 
index (RI) was 0.694. The strict consensus of the MPTs is shown in Fig. IV.4. 

The strict consensus provides a new phylogenetic position for Concavenator. Although 
Concavenator occupies a basal position within Carcharodontosauridae, as in previous analyses (Fig. 
IV.2, 3), it appears more derived than Eocarcharia. Bremer support of Carcharodontosauridae is one 
of the highest of all nodes (Bremer=4). The branch supports from resampling are also significant, 
especially the bootstrap support (Fig. IV.4). All of these branch support values are the higher than 
the values obtained in other previous studies (Table IV.1). The node within Carcharodontosauridae, 
which excludes Eocarcharia, has a lower Bremer support, although higher than in previous studies 
(Table IV.1). The resampling also provides high supports for this node. The Carcharodontosauridae 
clade has the following synapomorphies: (i) anteroventrally inclined anterior end of junction between 
the medial wall and the paradental plates in the maxilla; (ii) lacrimal contacting with postorbital 
(although it is also shared with abelisauroids and tyrannosaurids); (iii) angled anteroventrally 
oriented ventral process of the postorbital; (iv) anteriorly projected rugosity in the dorsal surface 
of the postorbital; (v) anteromedial corner of the supratemporal partially roofed. Concavenator 
and derived carcharodontosaurids have the following synapomorphies: (i) supraorbital shelf of 
postorbital formed by additional ossification; (ii) a large suborbital flange in the ventral process 
of the postorbital; (iii) frontal-parietal suture is fused; (iv) humeral head presenting a concavity 
in its proximal surface in anterior view; (v) peg-and-socket iliac articulation of the ischium.

 Regarding  the rest of the clade, Carcharodontosaurus occupies a more basal position than 
other carcharodontosaurins, being the sister taxa of Giganotosaurini. Giganotosaurini (Coria 
and Currie, 2006, nomen translatum Brusatte and Sereno, 2008) is the most derived clade within 
Carcharodontosauridae, consisting of Tyrannotitan, Mapusaurus and Giganotosaurus, as also noted 
by Novas et al. (2013) and Canale et al. (2014). However, unlike in Canale et al. (2014), Tyrannotitan 
forms a politomy together with Giganotosaurus and Mapusaurus. The carcharodontosaurines are 
the highest supported clade within Carcharodontosauridae, although Bremer support is slightly 
low (Fig. IV.4). The results of the branch support also are the highest compared with recent 
previous studies (Table IV.1). The synapomorphies of this clade are: (i) sculptured lateral surface 
of the maxilla and nasal; (ii) extensive ossification of the interorbital region. 

Neovenatoridae is the sister group of carcharodontosaurids, as is also proposed by Benson et 
al. (2010). This group is composed by Neovenator, and a politomy formed by the megaraptorans 
(Benson et al., 2010). The phylogenetic position of megaraptorans is still widely discussed. Benson et 
al. (2010) and posterior studies, as Carrano et al. (2012) and Zanno and Macovicky (2013), proposed 
that this group is nested within Allosauroidea. However, more recent studies, such as Novas et al. 
(2013) and Porfiri et al. (2014), suggest a position within tyrannosauroids for this group. Later studies 
including new megaraptoran taxa (Bell et al., 2015; Apesteguia et al., 2016; Coria and Currie, 2016) 
have analysed the phylogeny of this group. Bell et al. (2015) assert that the allosauroid hypothesis 
is not a worse statistically explanation of the data than the tyrannosauroid placement, based on a 
Templeton test in the data matrix of Novas et al. (2013). However, the results of Apesteguia et al. 
(2016) provided a different hypothesis of the megaraptoran position, based on its modifications 
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Figure IV.4. strict consensus of current analysis. Strict consensus of the MPTs obtained 
in the unweighted analysis. up to the nodes is the Bremer support and down to the nodes is 
Bootstrap/Jacknife resampling supports. The nodes indicated are: 1. Neotheropoda; 2. Averostra; 
3. Tetanurae; 4. Orionides; 5. Megalosauroidea; 6. Megalosauria; 7.Avetheropoda; 8. Coelurosauria; 
9. Allosauroidea; 10. Metriacanthosauridae; 11. Allosauria; 12. Carcharodontosauria; 13. 
Neovenatoridae; 14. Megaraptora; 15. Carcharodontosauridae; 16. Giganotosaurini. In bold, the 
hypothesis of the position of Concavenator proposed.



Chapter IV

158

of  the data matrix of Porfiri et al. (2014). In this analysis, Neovenator and megaraptorans are the 
sister group of coelurosauria, being excluded from both tyrannosauroid and allosauroid clades. 
In the results proposed, Chilantaisaurus occupies a coelurosaurian position, related to basal 
coelurosauria such as Ornitholestes and Compsognathus, distinct to the megaraptoran position 
proposed by Benson et al. (2010). 

Some variations  observed in the new results within Allosauroidea, in relation to previous 
studies, are the phylogenetic position of Leshansaurus and Lourinhanosaurus. In the current analysis, 
the first taxon appears in the base of Allosauroidea as sister taxa of Metriacanthosauridae, 
distinct to the megalosauroid affinity proposed by Carrano et al. (2012) but more similar to the 
assignation to Sinraptoridae by Li et al. (2009). In the current result, Lourinhanosaurus occupies 
a basal position within Coelurosauria as proposed by Carrano et al (2012). However, it had 
previously been described as Allosauroidea (Mateus, 1998; Benson, 2010; Benson et al., 2010). 
Respect to the new subfamily Metriacanthosaurinae proposed by Carrano et al. (2012), it remains 
on the strict consensus, but Sinraptor dongi occupies a more basal position. 

In the rest of Tetanurae several different results have been obtained respect to previous studies. 
Eustreptospondylus occupies a more derived position within Megalosauria than that proposed by 
Carrano et al. (2012). Monolophosaurus appears as a basal member of Megalosauria and not related 
to Chuandongocoelurus (Benson, 2010; Carrano et al., 2012). Finally, Cryolophosaurus is positioned 
outside Averostra, as sister taxon of this group, distinct to its more derived position within 
Tetanurae proposed by Carrano et al. (2012). Cryolophosaurus was also described in this basal 
position by Smith et al (2007). Sinosaurus triassicus occupies a similar position to Cryolophosaurus, 
differing from recent phylogenetic proposals. xing (2012) proposed that Sinosaurus was outside 
Coelophysoidea and Carrano et al. (2012) proposed the same position than for Cryolophosaurus, in 
the base of Tetanurae. Outside Tetanurae, Elaphrosaurus is retrieved as an abelisauroid, supporting 
the Rauhut and Carrano (2016) proposal, different from the basal position within Ceratosauria 
proposed by Carrano and Sampson (2008) and Carrano et al. (2012). 

The conflictive position of some taxa that affect the phylogeny of Allosauroidea were forced 
in several constraints (Appendix 4). The relationship of Concavenator with Neovenator in several 
previous studies (Canale et al., 2014; Porfiri et al., 2014) is tested forcing the position of Concavenator 
within Neovenatoridae. The results show that eight additional steps are necessary to consider 

Table IV.1. Comparative of branch support. Comparative of the support of branch obtained 
in the current analysis with those obtained in previous analysis where Concavenator was used as 
OTu: Ortega et al. (2010); Carrano et al. (2012); Zanno and Macovicky, 2013 and Porfiri et al. (2014). 
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Concavenator in a more basal position than Neovenator. Furthermore, the resolution within 
Carcharodontosauria is reduced to a politomy. Constraint obtained by forcing megaraptorans 
within Coelurosauria, as proposed Novas et al. (2013) and Porfiri et al., 2014, shows that 17 
additional steps are necessary for megaraptorans to be considered the sister taxon of a clade that 
includes coelurosaurs but excludes Lourinhanosaurus. The proposed position of Lourinhanosaurus 
in Allosauroidea (Mateus, 1998) results in five additional steps (as a basal member of Allosauria) 
respect to the coelurosaurian position obtained in the present analysis. Constraint of Leshansaurus 
within Megalosauroidea, as proposed Carrano et al. (2012), is resolved with 10 additional 
steps, with the new position is within Megalosauridae, in a politomy with Eustreptospondylus, 
Duriavenator and Dubreuillosaurus. Finally, the position of Chilantaisaurus in Allosauroidea requires 
eight additional steps. The strict consensus of constraint shows Chilantaisaurus in a politomy with 
Avetheropoda. The inclusion of Chilantaisaurus in Neovenatoridae, as proposed by Benson et al. 
(2010), implies five additional steps and Chilantaisaurus and Fukuiraptor group together as sister 
group of Neovenator and megaraptorans. Allosauridae (Allosaurus+Saurophaganax) is more derived 
than Carcharodontosauridae and the sister group of Neovenatoridae with this inclusion. 

The strict consensus of Implied Weighting analysis shows several modifications in the topology 
respect to the unweighted analysis (Fig. IV.5). Sinosaurus triassicus occupies a similar position to 
that proposed by Carrano et al. (2012) within Averostra but outside Tetanurae. Monolophosaurus 
is excluded from Orionides to the base of Tetanurae, similar to the position obtained by Benson 
(2010) and Carrano et al. (2012). Elaphrosaurus occupies a basal position in Ceratosauria as 
in Carrano et al. (2012) and distinct to the new proposal, which considers it a Noasauridae 
(Abelisauroidea) (Rauhut and Carrano, 2016). The Piatnitzkysauridae, proposed by Carrano 
et al. (2012), is the sister group of Avetheropoda and outside of Megalosauroidea. Historically, 
Piatnitzkysaurus was classified as allosaurid (Bonaparte, 1979; Bonaparte, 1986; Sereno et al., 1996). 
Marshosaurus and Condorraptor are closely related to Piatnitzkysaurus (Rauhut, 2005) and the three 
taxa were proposed as basal Tetanurae (Rauhut, 2005) and posteriorly as megalosauroids (Carrano 
et al., 2012). Therefore, the new position retrieved in the Implied Weighting strict consensus is 
contrary to what has so far been proposed. Lourinhanosaurus is located in the base of Allosauria, 
a similar result to that obtained in the previously mentioned constrained analysis, and the Mateus 
(1998) proposal. Finally, Fukuiraptor occupied the base of Neovenatoridae and a new politomy 
between other megaraptorans and Neovenator is recovered. Carcharodontosauridae retains the 
topology of the unweighted analysis. The resampling support are variable. Several nodes have 
higher bootstrap or jacknife supports than in the unweighted analysis. Focusing on Allosauroidea, 
the complete clade has better support in the Implied Weighting analysis. Metriacanthosauridae 
has a similar support in both analyses. Allosauria (including Lourinhanosaurus) and Neovenatoridae 
have a significantly lower support than in the unweighting analysis. Carcharodontosauria has a 
significantly higher bootstrap value in the Implied Weighting result and a slightly lower jacknife 
value. Carcharodontosauridae also has a mismatch between both values, being meaningfully 
lower the bootstrap and higher the jacknife in the Implied Weighting analysis. Similar results 
in support values are present in the node which includes Concavenator and the more derived 
carcharodontosaurids. Carcharodontosaurines remain with similar support values in both 
analyses and, finally, Giganotosaurini has higher values in the Implied Weighting analysis. 

The results in the topology of the strict consensus of the Extended Implied Weighting analysis 
(Fig. IV.5) are the same than those in the Implied Weighting analysis, except in Neovenatoridae. 
Fukuiraptor is excluded from Neovenatoridae being the sister taxon of Carcharodontosauria 
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instead. The bootstrap support value of Megaraptora without Fukuiraptor is lower than in the 
unweighted analysis, but the jacknife is slightly higher. In general, all the support values for 
Allosauroidea in the extended Implied Weighting analysis are lower than those observed in the 
unweighted analysis.

Figure IV.5. strict consensus of current analysis. Strict consensus of the MPTs obtained in 
the Implied Weighting analysis (left) and Extended Implied Weighting (right). Up to the nodes is the 
Bootstrap reesampling support and down to the nodes is Jacknife resampling supports. In bold, the 
hypothesis of the position of Concavenator proposed.
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IV.4 PHYlogEnETIC dIsCussIon

IV.4.1 THe PHYLOGeNeTIC POSITION OF CONCAVENATOr WITHIN 
ALLOSAuROIDeA

The results obtained in the present phylogenetic analyses recovered a basal position for 
Concavenator corcovatus within Carcharodontosauridae in all the MPTs. This position is yielded in 
the three analyses that have been carried out (unweighting, Implied Weighting, extended Implied 
Weighting). This position of Concavenator slightly differs from the previous hypothesis. The strict 
consensus proposed by Ortega et al. (2010) shows a politomy within Carcharodontosauria, and 
the position of Concavenator swaps between several placements within this clade. Although the 
Majority Rule consensus shows that Concavenator has the same position than the current study 
in the 54% of the MPTs, the results in this PhD thesis shows that this position is unambiguous.  
Carrano et al. (2012) recovered a dichotomy of Eocarcharia and Concavenator in the base of 
Carcharodontosauridae. Nevertheless, Concavenator is more derived than Eocarcharia in the 
present analysis. The position obtained in others studies (Canale et al., 2014; Porfiri et al., 2014) 
lies, in the absence of megaraptorans, as an allosauroid clade. The coelurosaurian position of 
megaraptorans implied a basal position of Concavenator, Neovenator and Eocarcharia within 
Carcharodontosauridae. In Apesteguia et al. (2016) Neovenator is positioned as sister taxa of 
Coelurosauria, and Concavenator keeps the carcharodontosaurid basal position. However, 
Eocarcharia is located in a more derived dichotomy with Acrocanthosaurus. Finally, the results of 
Coria and Currie (2016) do not used to Eocarcharia as OTU. The present topologies showed 
higher values for branch support (Bremer support, Jacknife, Bootstrap) and a more stable position 
for Concavenator within Carcharodontosauria. 

The Carcharodontosauridae clade is composed by Eocarcharia, Concavenator, Acrocanthosaurus, 
Shaochilong and the carcharodontosaurins Carcharodontosaurus, Tyrannotitan, Mapusaurus and 
Giganotosaurus. As mentioned in chapter IV, Carcharodontosauridae shared the following 
unambiguous synapomorphies (see maps in Appendix 5): 28 (0→1); 60 (0→1); 72 (0→1); 75 
(1→2); 96 (0→1). 

All the synapomorphies are situated in the skull, probably due to the wide material information 
found of Carcharodontosauridae. Some of this synapomorphies are not accessible in Concavenator, 
especially those associated to medial surface. 

The character 28 is the inclination of the anterior end of the junction between the medial 
wall and the paradental plates. The plesiomorphic condition is a horizontal anterior end of this 
junction, as occur in basal taxa, such as Dilophosaurus. Within Allosauroidea, Allosaurus, Neovenator 
and Sinraptor also present the plesiomorphic condition. However in Carcharodontosauridae this 
anterior end is anteroventrally inclined. This derived condition is also presented in Megalosauridae 
and Marshosaurus. This character is not accessible in Concavenator, because it is located on the 
medial surface of the maxilla. 

Other synapomorphy is the character 60. This character concerns to the contact between 
the lacrimal and the postorbital (Fig. IV.6). The presence of this contact is considered the derived 
condition. All the carcharodontosaurids, which preserved both bones, rejected the frontal to 
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the dorsal rim of the orbital due to this contact. However, this feature is not possible to test 
in Shaochilong and Tyrannotitan. As was mentioned in the chapter III, this character is present in 
other groups, such as abelisaurids (Carrano and Sampson, 2008). In the current phylogenetic 
approach, the contact between both bones is present in the abelisaurid Majungasaurus and in the 
sinraptorids Yangchuanosaurus shangyouensis and Yangchuanosaurus hepigensis. This conditions is a 
convergence with several groups throughout the phylogeny. In the rest of the basal tetanurans, 
frontals are visible in lateral view over the orbit, separating lacrimal to postorbital.

The character 72 refers to the orientation of the ventral process of postorbital (Fig. IV.7). 
All the theropods show the primitive condition of a subvertical ventral process. However, 
carcharodontosaurids present an anteroventrally angled ventral process. This character is not 
accessible in Shaochilong, Carcharodontosaurus and Tyrannotitan specimens. 

As the character 72, the derived condition of the character 75 is only presented in 
Carcharodontosauridae. This character is related with the form of the dorsal surface of the 
postorbital. In carcharodontosaurids the postorbital has a rugosity in the dorsal surface that 
is projected anteriorly. This feature is visible in all taxa except in Tyrannotitan and Shaochilong, 
which is ambiguous. The plesiomorphic condition is a smooth dorsal surface common in most 

Figure IV.6. Character 60: Contact lacrimal and postorbital. (a) Allosaurus (DINO 3984); 
(b) Concavenator (MCCM-LH 6666); (c) Acrocanthosaurus (NCSM 14345).
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theropods. However, an intermediate state, a convex rugosity in the dorsal surface, is present as 
a parallelism in derived megalosaurids, in the sinraptorids Sinraptor dongi and Yangchuanosaurus 
shangyouensis, and in Allosauridae (Allosaurus+Saurophaganax). 

Finally, the opening of the anteromedial corner of the supratemporal fossa is the character 
96. The plesiomorphic condition is a dorsally opened anteromedial corner and it is showed 
in all non-carcharodontosaurid theropods analysed in the present study. On the other hand, 
carcharodontosaurids has an anteromedial corner partially roofed by a small shelf of the frontal-
parietal. This derived condition is exclusively shared by the members of this group. However, in 
Concavenator, the supratemporal fossa is not accessible due to the absence of the posterodorsal 
area of the skull. Tyrannotitan and Mapusaurus also has an ambiguous condition of this character.

There are other synapomorphies shared by Concavenator and more derived 
carcharodontosaurids, as is mentioned in chapter IV. This synapomorphies are: 69 (0→1); 73 
(1→2); 98 (0→1); 250 (0→1); 318 (0→1). 

Most of these synapomorphies are located in the skull, as was previously mentioned. Some of 
these characters present the plesiomorphic condition in Eocarcharia (characters 69, 73 and 98). 
On the other hand, some of them are ambiguous in Eocarcharia (characters 25 and 318), thus, this 
synapomorphies would be ambiguous in Carcharodontosauridae.

The character 69 refers to the ossification associated to the supraorbital shelf in the 
postorbital. This synapomorphy was observed firstly by Coria and Currie (2006), who identified 
the ossification as a “palpebral”. The presence of this ossification is the derived condition, only 
observed in the members of Carcharodontosauridae. However, Eocarcharia shows the primitive 
state, the absence of a suture that implies this extra ossification, as the rest of the theropods. It 
is only not accessible in Shaochilong and Tyrannotitan, within the clade. 

Another character associated to postorbital is the number 73. This synapomorphy concerns 
the suborbital flange on the ventral process (Fig. IV.7). The most derived condition is the presence 
of a large and well-developed suborbital flange that is developed in all carcharodontosaurids, 

Figure IV.7. Character 72: orientation ventral process of postorbital; Character 73: 
suborbital flange of postorbital; and Character 75: dorsal surface of postorbital. (a) 
Allosaurus (uMNH-VP9103); (b) Concavenator (MCCM-LH 6666); (c) Giganotosaurus (MuCPv-Ch 1).
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except in Carcharodontosaurus, which has an incomplete flange, and in eocarcharia, which 
presents an intermediate condition (Shaochilong and Tyrannotitan lack a preserved postorbital).. 
The intermediate state is the presence of a suborbital flange but as a small evidence. This 
state is convergent in various taxa within Averostra, apart from Eocarcharia, as in Ceratosaurus, 
Monolophosaurus, Yangchuanosaurus shangyouensis, Sinraptor, Yangchuanosaurus hepigensis and 
Aerosteon. Majungasaurus also presents the most derived state. The other theropods lack the 
suborbital flange, considered as the plesiomorphic state. 

The character 98 is relative to the suture between the parietal and the frontal. The presence 
of this suture is a derived condition showed in all carcharodontosaurids, except in Eocarcharia, 
which shares the absence of this suture with non-carcharodontosaurid theropods. In Tyrannotitan 
and Mapusaurus this character is inaccessible. 

The character 250 is the new proposal as potential synapomorphy of the clade mentioned 
in the chapter III. The character concerns to the presence of a concavity in the middle of the 
proximal surface of the humeral head (see Fig. III.30). This feature is only accessible today in 
Concavenator and Acrocanthosaurus, due to the fact that carcharodontosaurid record has few 
or no forelimb material. Although is dealt as a character shared by Concavenator and derived 
carcharodontosaurids, the ambiguity in Eocarcharia implies that this character is an ambiguous 
synapomorphy of the whole clade. 

Finally, the character 318 is presented in Concavenator and derived carcharodontosaurids, 
but ambiguous in Eocarcharia, Shaochilong and Tyrannotitan. The character is relative to the iliac 
articulation of the ischium. Carcharodontosauridae presents the derived condition, a peg-and-
socket articulation (Fig. IV.8). As a convergence, this character also appears in basal neotheropods, 
such as abelisauroids and Coelophysis rhodesiensis. 

Other ambiguous synapomorphies of Carcharodontosauridae, ambiguous in Concavenator and 
Eocarcharia, are: a premaxillary body whose high/length ratio is >2 (9 (0→2)); a tall and expanded 
nuchal wedge and alae on parietal (100 (0→1)); a wide participation of the supraoccipital, which 
is extending ventrolaterally around the foramen magnum (101 (1→2)); presence of ventrolateral 
pair of pneumatic cavities invading neck of the occipital condyle and joining medially (106 (0→1)). 
The clade formed by Concavenator and derived carcharodontosaurids also has several ambiguous 
synapomorphies, whose are ambiguous in Concavenator due to its location: the paradental plates 
are 1.8 times higher than wide (30 (0→1)); supratemporal fossa is extending onto dorsal surface 
of the posterior process of postorbital (70 (0→2)). 

Abovementioned, Concavenator corcovatus occupies a basal position within 
Carcharodontosauridae. The taxon is represented by some character, which appear with its 
ancestral condition. The plesiomorphic character of Concavenator are: a reduced suborbital 
process of the lacrimal as Allosaurus (Ch.59); a blunt and unexpanded anterior end of the dentary, 
as in the rest of Allosauroidea (Ch.137); transversely compressed neural spine of dorsal vertebrae 
as in most theropods (ch.210); absence of pleurocoels in caudal vertebrae (ch.223). 

Concavenator corcovatus presents several autapomorphies, discussed in the description of 
the skeleton (chapter III), that implies the validity of this taxon. This autapomorphies are the 
following: (i) the connection between the recesses on the lateral surface of the nasal; (ii) the 
rounded morphology of the postorbital boss; (iii) only two posterior dorsal and anterior caudal 
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neurapophyses hypertrophied; (iv) imbrication, accessory process, reduced interspinous ligament 
scars and great morphological variability in the dorsal vertebra series; (v) anterior and posterior 
accessory processes in the anterior caudal neurapophyses; (vi) the length of the manual phalanx 
III-3 is equal to the combined length of the proximal phalanges III-1 and III-2; (vii) low olecranon 
process in comparison to the whole length of the ulna; (viii) the anterior deep of the deltopectoral 
crest is low respect to the humeral size.

Figure IV.8. Ch.318: Articulation ischium-ilium. (a) Allosaurus (uMNH- VP20726); (b) 
Acrocanthosaurus (NCSM 14345); (c) Concavenator (MCCM-LH 6666).
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IV.4.2 PALeOBIOGeOGRAPHIC IMPLICATIONS OF CONCAVENATOr

Carcharodontosauridae is a monophyletic group with a wide distribution around Laurasia 
and Gondwana during the Cretaceous (Csiki-Sava et al., 2016). Historically, the group was 
considered exclusive of Gondwana (e.g. Coria and Currie, 2006; Novas et al., 2005). However, 
posterior discoveries of carcharodontosaurids in europe and Asia (e.g. Brusatte et al., 2009, 2012; 
Ortega et al., 2010; Gasca et al., 2014) and the diagnosis of Acrocanthosaurus atokensis Stovall and 
Langston (1950) from North America as a carcharodontosaurid (Sereno et al., 1996) involve 
that the group have a wider paleogeographical distribution. The temporal range is Barremian 
(early Cretaceous) to Santonian (Late Cretaceous) (Fig. IV.9). Concavenator is, hitherto, the 
earliest carcharodontosaurid genus defined during the Cretaceous. However, incomplete and 
fragmentary material, formally named as Veterupristisaurus, from the Late Jurassic of Tanzania, 
has been suggested as carcharodontosaurid material (Rauhut, 2011). Therefore, a Late Jurassic 
origin of the carcharodontosaurids is suggested. However, the widespread appearance of 
carcharodontosaurids throughout the world (Fig. IV.10) would not occur until the Aptian (Csiki-
Sava et al. 2016). Despite it is a cosmopolitan group, during the Late Cretaceous (Cenomanian-
Maastrichtian) carcharodontosaurids are more abundant in Gondwana (Fig. IV.10), represented by 
plentiful material of Carcharodontosaurus (Stromer, 1931; Sereno et al., 1996; Brusatte and Sereno, 
2007; Le Loueff et al., 2012; Richter et al., 2013) and the isolated frontal of Sauroniops (Cau et 
al., 2013) in Africa, and Mapusaurus (Coria and Currie, 2006), Giganotosaurus (Coria and Salgado. 
1995), and incomplete material from Brazil and Argentina (Vilas-Bôas et al., 1999; Candeiro et 
al., 2011; Fernandes de Azevedo et al., 2012; Motta et al., 2016) in South America. However, 
there are still taxa in Laurasia as Shaochilong (Brusatte et al., 2009), an isolated tooth from 
Japan (Chure et al., 1999) and isolated teeth from France (Vullo et al., 2007). Although the last 
known carcharodontosaurid genus recorded is Shaochilong (Turonian), there is younger material 
(Campanian-Maastrichtian) from an indeterminate carcharodontosaurid from found in Brazil 
(Fernandes de Azevedo, et al., 2012). Therefore, the complete record of carcharodontosaurids, 
including fragmentary and indeterminate material, ranges from the Late Jurassic to the Campanian-
Maastrichtian around Laurasia and Gondwana, being its best documented record from the Aptian. 

Historically, the final breakup of the supercontinent Pangea during the Mesozoic implied 
recognizing a severe distinction between the Laurasian territories (North America, europe 
and Asia) and Gondwanan landmasses (South America, Africa, Madagascar, India, Antarctica and 
Australia) based on biotic evidence (Bonaparte, 1986). However, the number of discovering about 
Gondwanan lineages in Laurasia have increased in recent years (e.g. Allain and Suberbiola, 2003; 
Sereno et al., 2004; Brusatte et al., 2009, 2012; Ortega et al., 2010; Barrett et al., 2011; Gasca et 
al., 2014; Tortosa et al., 2014). The presence of these faunas in Laurasia has supposed alternative 
hypotheses to explain this occurrences (e.g. Sues and Taquet, 1979; Loeuff and Buffetaut, 1991; 
Sereno et al., 2004; Gheerbrant and Rage, 2006; ezcurra and Agnolín, 2012;Dunhill et al., 2016). 
Based on ezcurra and Agnolín (2012), during the earliest Cretaceous (Berriasian-Hauterivian), 
europe presents significant biogeographical affinities with Gondwana by faunal interchanges via 
Africa. Posteriorly, europe becomes isolated from Africa and a biotic interchange was exclusively 
performed between europe and Asia during the Aptian-Albian and Cenomanian-Santonian, although, 
over again, europe shared stronger common vicariant distributions with Gondwana landmasses 
in the Campanian-Maastrichtian. The Paleobiogeographic distribution of carcharodontosaurids 
matches with the hypothesis proposed by ezcurra and Agnolín (2012). The origin of the clade is 
situated in Africa during the Late Jurassic (Rauhut, 2011; Cziski et al., 2016) and posteriorly, during 
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the earliest Cretaceous, a biotic interchange of the carcharodontosaurid faunas was displaced to 
the european territories. The presence of an isolated teeth from Valanginian of Romania (Cziski 
et al., 2016) that is proposed as carcharodontosaurid, together the presence of Concavenator 
in the Barremian and rests of a carcharodontosaurid in the Aptian of Spain, is congruent with 

Figure IV.9. Temporal calibration of the current strict consensus indicating the 
paleobiogeographical distribution. Strict consensus topology obtained from the current 
analysis for Carcharodontosauridae, calibrated temporally. Thick lines next to each taxon represent 
temporal range obtained in the publish paper (see list of taxa). Each taxon is accompanied by 
its paleobiogeographical area (green: Africa; purple: europe; red: Laramidia+Appalachia (North 
America); yellow: Asia; blue: South America).  Branches of the phylogeny are not scaled to time.
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Figure IV.10. Paleogeographical distribution of all discovered Carcharodontosauridae. 
(a) Paleobiogeographical distribution during the Early Cretaceous. 1: Carcharodontosauridae 
indet, Romania, Valanginian (Csiki-Sava et al., 2016); 2: Carcharodontosauridae indet., Thailand, 
Barremian (Buffetaut and Suteethorn, 2012); 3: Concavenator corcovatus, Spain, Barremian (Ortega 
et al., 2010); 4: Carcharodontosauridae indet., Spain, Aptian (Gasca et al., 2014); 5: Tyrannotitan 
chubutensis, Argentina, Aptian-Albian (Novas et al., 2005); 6: Eocarcharia dinops, Niger, Aptian-Albian; 
7: Acrocanthosaurus atokensis, uSA, Aptian-Albian (Stovall and Langston, 1950); 8: Kelmayiasaurus 
petrolicus, China, (Dong, 1973); 9: Carcharodontosauridae indet., China, Aptian (Mo et al., 2014); 
10: Carcharodontosauridae indet., China, Aptian (Lu et al., 2014); 11: Carcharodontosaurus saharicus, 
North of Africa, Albian-Cenomanian (Stromer, 1931). (b) Paleobiogeographical distribution during 
the Late Cretaceous. 1: Carcharodontosauridae indet., France, Cenomanian (Vullo et al., 2007); 2: 
Sauroniops pachytholus, Morocco, Cenomanian (Cau et al., 2013); 3: Carcharodontosauridae indet., 
Japan, Cenomanian-early Turonian (Chure et al., 1999); 4: Carcharodontosaurus saharicus, North of 
Africa, Albian-Cenomanian (Stromer, 1931); 5: Mapusaurus roseae, Argentina, Cenomanian-Turinian 
(Coria and Currie, 2006); 6: Giganotosaurus carolinii, Argentina, Cenomanian (Coria and Salgado, 
1995); 7: Shaochilong maortuensis, China, Turonian (Hu, 1964); 8: Carcharodontosauridae indet., 
Brasil, Campanian-Maastrichtian (Fernandes-de Azebedo, 2012); 9: Taurovenator violantei, Argentina, 
Cenomanian-Turnian (Motta et al., 2016). 
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this hypothesis (Fig. IV.10). Posteriorly, during the Albian-Aptian, even during the Barremian, a 
coalescence between Asia and Europe allows the dispersion of the group in the Asian continent. 
The Asian record of Carcharodontosauridae is frequent during this period (Brusatte et al., 
2012; Buffetaut and Suteethorn, 2012; Lu et al., 2014; Mo et al., 2014). The interchange between 
Asia and North America is produced during all Mesozoic, and the occupation of the Asian 
territories during Aptian-Albian, favoured the presence of Acrocanthosaurus in North America. 
Finally, Carcharodontosaurinae has been widely accepted as an endemic subclade of Gondwanan 
carcharodontosaurid (e.g. Brusatte and Sereno, 2007; Novas et al., 2013; Sereno, 1999). The 
record of this clade is strictly restricted to Africa (Carcharodontosaurus) and South America 
(Mapusaurus, Tyrannotitan and Giganotosaurus) (Fig. IV.10). The results obtained in the current 
phylogenetic analysis matches with previous studies (Novas et al., 2013; Canale et al., 2014) 
where carcharodontosaurins are split in the basal position of the African Carcharodontosaurus and 
the infra-clade Giganotosaurini, uniting the South American taxa. This relationship is associated 
to patterns of continental fragmentation that indicate a vicariant evolution within the clade 
(Cziski et al., 2016).  The decrease of carcharodontosaurids in Laurasia landmasses during the 
Late Cretaceous would be associated to the ecological release of tyrannosauroids of these areas 
during the end of the Cretaceous (Brusatte et al., 2009; Zanno and Makovicky, 2013).
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V.1 InTRoduCTIon 

Concavenator corcovatus has two unusual features previously described in Ortega et al. (2010). 
These features are: (i) series of bumps (papillae) on the lateroposterior surface of the ulnar 
shaft (Fig.V.1a, b); and (ii) hypertrophied neurapophyses on the posterior dorsal and anterior 
caudal vertebrae. 

V.2 THE ulnAR bumPs of concavenator 

A series of small bumps on the right ulna were originally identified as quill knobs (Ortega et 
al. 2010) due to their topographical homology with these structures, present in some derived 
theropod including birds (Kurzanov, 1987; Forster et al. 1998; Turner et al. 2007; De Palma et 
al. 2015). Quill knobs are scars produced by the anchoring of the follicular ligament of remiges 
feathers to the bone. Therefore, Ortega et al. (2010) considered these quill knobs were evidence 
of non-scale skin appendages in the same position and homologous that the avian remiges. The 
bumps are located on the posterolateral surface of the ulna of Concavenator. Although quill knobs 
are generally located on the posterior surface of the ulna, some taxa, such as Gallinula chloropus 
(MNCN 26625), develop these knobs on its lateral surface (Fig.V.1c). However, an alternative 
hypothesis has been formulated, associating the bumps with scars of interosseous ligaments, a 
muscular insertion, or an intermuscular crest (see supplementary material of Foth et al. 2014). 
In order to test these hypotheses for the present PhD thesis, a myological reconstruction of the 
complete forelimb of Concavenator has been performed

The forelimb myology  of dinosaurs has been reconstructed in a few taxa (Nicholls and Russell, 
1985; Dilkes, 2000; Carpenter and Smith, 2001; Jasinoski et al. 2006; Langer et al. 2007; Maidment 
and Barrett, 2011; Burch, 2014; Fearon and Varricchio, 2016). Among these, fewer have been 
carried out in theropods and they do not reconstruct the complete forelimb myology, except the 
recent reconstruction (Burch, 2014) of the basal theropod Tawa hallae Nesbitt et al., 2009. 

The reconstruction of unpreserved tissues in extinct taxa requires a phylogenetic context 
based on the knowledge of these tissues in the most closely related extant taxa. Several methods 
have been developed based upon phylogenetic context (Bryant and Russell, 1992; Witmer, 1995; 
Burch, 2014). We reconstructed the myology of the Concavenator forelimb using, mainly, the 
Extant Phylogenetic Bracket (EPB) described by Witmer (1995). More recently, Burch (2014) has 
proposed a new methodology, which consists on the analysis of data from forelimb myology on a 
broad sample of extant archosaurs using maximum likelihood ancestral state reconstruction. Our 
results were compared with the results proposed by this new methodology. 

The extant EPB of non-avian theropods are extant crocodiles and birds. There are numerous 
studies on avian myology (Fisher and Goodman, 1955; George and Berger, 1966; McKitrick, 1991; 
Meyers, 1996; Maxwell and Larsson, 2007; Zhang and Yang, 2013), whereas there are few studies 
on crocodilian myology, most being recent studies (Meers, 2003). One of the main  challenges of 
these studies is establishing the homology among forelimb muscles from such different extant 
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figure V.1. bumps preserved on the right ulna of mCCm-lH 6666. (a) Photograph of shaft 
of the right ulna of Concavenator in anterolateral view. (b) Photograph of bumps on surface of the 
right ulna in lateral view. (c) Left ulna of Gallinula chloropus (MCNM-26625) in lateral view showing 
the distribution of quill knobs of secondary remiges on lateral surface. The black arrows indicate 
the position of bumps.
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lineages, especially in the antebrachium and manus. One of the main caveats is that birds and 
crocodiles have greatly divergent morphologies in their forelimbs in relation with their different 
functions. Besides that, as previous studies on dinosaur myological reconstruction (Jasinoski 
et al. 2006; Burch, 2014), it is also necessary to consider other taxa, such as testudines or 
lepidosauria, due the similarities in some structures. In addition, Abdala and Diogo (2010) 
partially resolved the homology problem in reptile limbs and established a fundamental basis to 
consider in paleontological reconstruction.

 Several muscles have origins and insertions on the surface of forelimb bones. As the 
holotype of Concavenator is partially buried in sediment, the attachment areas and scars of some 
muscles cannot be observed. Thus, only the musculature associated with the exposed areas of 
the forelimb can be reconstructed. 

For the myological reconstruction of Concavenator, all available data on muscle attachments was 
obtained from published studies on saurischians (Nicholls and Russell, 1985; Carpenter and Smith, 
2001; Jasinoski et al. 2006; Langer et al. 2007; Burch,  2014); crocodylian (Meers 2003); lepidosaurians 
(Russell and Bauer, 2008); birds (Fisher and Goodman, 1955; McKitrick, 1991; Meyers, 1996; Maxwell 
and Larsson, 2007; Zhang and Yang, 2013) and other reptilian myology (Abdala and Diogo, 2010). An 
osteological analysis from extant taxa was conducted on 77 avian species (45 different families) and 
two crocodylian species from the zoological collections from MNCN. 

V.2.1 MYOLOGICAL RECONSTRuCTION OF THE FORELIMB

V.2.1.1 Myological reconstruction of pectoral girdle muscles

M. scapulohumeralis posterior (shp)

The M. scapulohumeralis posterior originates from the posteroventral or ventral surface of 
the scapular blade, dorsal to the glenoid in crocodiles and birds (Fisher and Goodman, 1955; 
McKitrick, 1991; Meers, 2003; Maxwell and Larsson, 2007). This muscle continues ventrally as far 
as the constriction of the scapula. The origin of this muscle is fleshy in both crocodiles and birds 
(Meers, 2003), thus there is not an osteological correlation. In this case, it has to be reconstructed 
with a level I’ of inference (Witmer, 1995). In Concavenator, the ventral edge of the anterior part of 
the blade has a smooth surface in he left scapula in medial view. The right scapula shows a narrow 
area, posterior to the insertion of the M. triceps brachii in ventral view. Probably, these areas were 
the origin of the M. scapulohumeralis posterior (Fig.V.2).

Both crocodiles and birds show the insertion of this muscle on the posterior surface of the 
humerus (Meers, 2003; Jasinoski et al., 2006), being phylogenetically unequivocal reconstructed 
in the same position in theropods (Jasinoski et al., 2006; Burch, 2014). However, this area of the 
humerus is not visible in Concavenator. 

M. subscapularis (sbs)

The origin of M. subscapularis is on the medial side of the scapula, along the half to two thirds 
of its length in crocodiles and slightly ventral in birds (Fisher and Goodman, 1955; McKitrick, 1991; 
Meers, 2003; Maxwell and Larsson, 2007; Burch, 2014). The origin of this muscle is associated 
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figure V.2. myological reconstruction of pectoral girdle. (a) Pectoral girdle of Concavenator 
under uV light, showing the bones in detail. (b) Pectoral girdle bones of Concavenator under visible 
light. Note the different scars of the muscle. (c) Reconstruction of the origin and insertion of 
muscles associated to pectoral girdle.
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dorsally to a medial ridge developed on the surface of the scapular blade (Jasinoski et al., 2006; 
Burch, 2014). In Concavenator, a thick medial ridge runs through the ventral side of the medial 
surface of the scapula could be the ventral boundary of the origin of M. subscapularis. Since the 
surface has several striations, this muscle must have extended from the area dorsal to this medial 
ridge up to two thirds posterior to the scapular blade (Fig.V.2).

In birds and crocodiles the tendinous insertion of this muscle is shared with the insertion 
of M. subcoracoideus (see below) on a rough area on the internal tuberosity of the humerus 
(Jasinoski et al., 2006; Burch, 2014). The internal tuberosity is well-developed in Concavenator, 
with a rough texture marking the common insertion of M. subscapularis and the M. subcoracoideus 
(Fig.V.3). 

M. levator scapulae (ls) and M. trapezius (tr) 

In crocodiles, both muscles insert on the anterior edge of the scapular blade (Meers, 2003), 
but both have been lost in birds and other maniraptoran theropods (Jasinoski et al., 2006). The 
insertion of M. levator scapulae leaves a scar in crocodiles (Meers, 2003), thus, this osteological 
correlation implies a Level II of inference (Witmer, 1995). The insertion of M. trapezius does not 
leave an osteological correlation, but both muscles insert in the same site in crocodiles (Meers, 
2003), thus, its reconstruction is a Level II’ of inference. In Concavenator, the dorsal edge of the 
scapular blade has a rough texture that indicates the presence of both muscles (Fig.V.2). 

M. subcoracoideus (sbc)

The origin of M. subcoracoideus is the same for M. subscapularis in crocodiles (Meers, 2003). 
However, the origin is on the medial surface of the coracoid in birds and other reptiles, like 
lepidosaurs (Fisher and Goodman, 1955; McKitrick, 1991; Maxwell and Larsson, 2007; Burch, 
2014). Therefore, the origin has been reconstructed in this position for non-avian theropods 
(Jasinoski et al., 2006; Burch, 2014). There are no  osteological correlates in the medial surface of 
the coracoid of Concavenator, although the area around the coracoid foramen is slightly concave 
and smooth, indicated it was most likely the origin of M. subcoracoideus (Fig.V.2).

The insertion is on the internal tuberosity of the humerus via a shared tendon with M. 
subscapularis in crocodiles and birds (Fisher and Goodman, 1955; McKitrick, 1991; Meers, 2003; 
Maxwell and Larsson, 2007). Concavenator has a rough patch on the internal tuberosity as 
mentioned, indicating the insertion of this muscle (Fig.V.3).

V.2.1.2 Myological reconstruction of humeral muscles

M. biceps brachii (bb)

In crocodiles (Meers, 2003) and paleognathous birds (Maxwell and Larsson, 2007) M. 
biceps brachii has a single head that originates from the coracoid tubercle, on the lateral 
surface of the coracoid. Therefore, this origin is unequivocally existent in non-avian theropods 
(Carpenter and Smith, 2001; Jasinoski et al., 2006; Burch, 2014). This muscle has a secondary 
head in neognathous birds, originating on the internal tuberosity on the humerus (Fisher 
and Goodman, 1955; McKitrick, 1991; Jasinoski et al., 2006). The presence of this origin is 
ambiguous phylogenetically in non-avian theropods. Nevertheless, a striated depression on the 
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humeral internal tuberosity has been observed in several theropods (Carpenter and Smith, 
2001; Jasinoski et al., 2006; Burch, 2014). This surface has been considered as an osteological 
correlate with the origin of a secondary head in non-avian theropods. In Concavenator, the 
origin of the head on the coracoid cannot be observed because the coracoid tubercle is in its 
non-visible lateral surface, hidden by sediment. However, Concavenator also has an area with a 
rough surface on the internal tuberosity of the humerus (Fig.V.3), next to M. subscapularis and 
M. subcoracoideus insertions. This rugosity could be interpreted as the humeral head origin of 
M. biceps brachii, as in other theropods.

The insertion area is also ambiguous phylogenetically because birds have two tendons on the 
proximal ends of the radius and the ulna (Fisher and Goodman, 1955; McKitrick, 1991; Maxwell 
and Larsson, 2007; Meyers, 1996) instead of the unique insertion on the proximal end of the radius 
in crocodiles (Meers, 2003). However, the presence of an ulnar tendon in lepidosaurs supports 
the reconstruction of this ulnar tendon in non-avian theropods (Burch, 2014). This insertion is 
generally on the anteromedial surface of the proximal end in both bones. The anteromedial side 
of the radius and the ulna is not visible in Concavenator, and thus it is not possible to establish 
the area of insertion of this muscle. In the basal theropod Tawa, the insertion is reconstructed on 
a bulge on the anterior surface of the radius and the ulna (Burch, 2014). However, Concavenator 
lacks this bulge on the anterior edge of the radius.

figure V.3. myological reconstruction of humerus. (a) Right humerus of Concavenator under 
visible light in anterior view (b) Reconstruction of the origin and insertion of muscles associated 
to the humerus. 
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M. brachialis (br) 

Crocodiles have a long and narrow M. brachialis origin on the cranioventral edge of the 
humerus, whose roughness runs from the deltopectoral crest peak to the caudoventral boundary 
of M. triceps brachii caput mediale (Meers, 2003). Birds have a fossa above the humeral condyles 
on the anterior surface of the humerus, referred to as the Fossa musculus brachialis (Baumel et 
al., 1993). A similar anterior intercondylar depression is present in many theropods. It has been 
interpreted as the origin of M. brachialis in Tyrannosaurus (Carpenter and Smith, 2001), where it is 
similar to extant birds. However, this intercondylar depression is absent or poorly developed in 
basal theropods like Tawa and Herrerasaurus, and some derived theropods like dromaeosaurids 
(Jasinoski et al., 2006; Burch, 2014). Thus, in these, the origin of M. brachialis has been reconstructed 
in a crocodylian position (Jasinoski et al., 2006; Burch, 2014). Concavenator and other allosauroids 
(see chapter III), such as Allosaurus, Mapusaurus and Acrocanthosaurus present a slight concavity 
on the ulnar condyle in the anterior surface of the humerus (Fig.V.3). This concavity would be 
related to the Fossa musculus brachialis of birds and the origin of M. brachialis. The presence of this 
fossa in allosauroids and coelurosauria involve the distal displacement of the origin of this muscle, 
placed as in birds. Therefore, the avian location of M. brachialis would have appeared in Tetanurae, 
although the location of this origin would have reverted to the primitive crocodilian condition in 
dromaeosaurids (Jasinoski et al., 2006).

The insertion area of the M. brachialis is shared with the M. biceps brachii and both are not 
accessible in Concavenator. 

M. coracobrachialis (cb)

The origin of M. coracobrachialis is in the lateral surface on the posteroventral process of 
coracoid, posterior to the origin of M. biceps brachii in both crocodiles (Meers, 2003) and birds 
(Maxwell and Larsson, 2007). This area is not accessible in Concavenator.

The insertion is on the anterior surface of the humerus, medial to the deltopectoral crest in 
both extant taxa. Therefore, the reconstruction of this muscle is unequivocal for theropods. The 
insertion site is determined by a broad and subtriangular depression on the anterior surface of 
the humerus in some theropods (Burch, 2014). Therefore, in Concavenator, the insertion could be 
reconstructed on the anterior surface of the humerus due to a slight concavity on this area and 
located medial to the deltopectoral crest (Fig.V.3).

M. pectoralis (p)

As the insertion area of M. pectoralis is on the medial surface of the deltopectoral crest in both 
crocodiles (Meers, 2003) and birds (Fisher and Goodman, 1955; McKitrick, 1991) this insertion 
is phylogenetically unequivocal for nonavian theropods. Concavenator has a smooth surface in the 
distal part of the medial surface of the deltopectoral crest (Fig.V.3). Nevertheless, the extension 
of the insertion site is difficult to establish because this insertion lacks scars that might indicate it.

M. pronator teres (pt)

M. pronator teres originates on the proximal area of the humeral entepicondyle in crocodiles 
(Meers, 2003) and birds (Fisher and Goodman, 1955; Maxwell and Larsson, 2007; Zhang and Yang,
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2013). Therefore, the origin of this muscle in theropods is unequivocal (Burch, 2014). Concavenator 
has a concavity with striations upon the entepicondyle of the humerus, indicating the origin of 
the M. pronator teres (Fig.V.3).

The insertion anchors on the anteromedial surface of the radius in crocodiles and birds. Since, 
the medial surface of the radius of Concavenator is not visible, it is not possible to reconstruct the 
insertion site of M. pronator teres.

M. flexor digitorum longus (fdl)

The origin of the M. flexor digitorum longus is divided in two heads, M. flexor digitorum longus 
superficialis and M. flexor digitorium longus profundus, that coalesce into a single tendinous insertion 
(Burch, 2014). M. flexor digitorum longus superficialis is present in crocodiles and birds (McKitrick, 
1991; Meyers, 1996; Meers, 2003; Zhang and Yang, 2013), except in ratites (Maxwell and Larsson, 
2007), and thus can be unambiguously reconstructed in nonavian theropods (Burch, 2014). The 
origin is on the humeral entepicondyle, between the origin of M. pronator teres and M. flexor 
carpi ulnaris (see below). M. flexor digitorum longus profundus arises from the medial surface of the 
ulna in all studied taxa (McKitrick, 1991; Meyers, 1996; Meers, 2003; Zhang and Yang, 2013). In 
Concavenator the origin of M. flexor digitorium longus superficialis is placed under the M. pronator 
teres on the medial surface of the entepicondile (Fig.V.3). The origin of M. flexor digitorium longus 
profundus is not visible.

Both heads are inserted as a single tendon in crocodiles (Meers, 2003), and it is the most 
probable state at crown Aves (Burch, 2014). The attached tendons are inserted on the flexor 
surface in the terminal phalanges of the digit I-III in crocodiles (Meers, 2003). In birds it is normally 
inserted only on the major digit (digit II: Bever et al. (2011) as is observed in the taxa studied 
(Fisher and Goodman, 1955; McKitrick, 1991; Meyers, 1996; Zhang and Yang, 2013). Therefore, 
the reconstruction of the insertion is phylogenetically equivocal in Theropoda. However, the 
presence of a tendinous slip on digit I corresponds to the crocodylian condition (Burch, 2014), 
placing the plesiomorphic state at crown Aves. In addition, another slip is observed on the digit 
III in Struthio. The basal theropod Tawa has the insertion on digits I-III as in crocodiles (Burch, 
2014), due to the well-development and functionality of these digits. The insertion of the fused 
muscles in Concavenator is reconstructed on the ventral surface of the distal ungual phalanges, 
which present a well-developed proximoventral process (Fig.V.4).

M. flexor carpi ulnaris (fcu)

The origin of M. flexor carpi ulnaris is on the entepicondyle of the humerus, distal to M. flexor 
digitorum longus superficialis in both crocodiles (Meers, 2003) and birds (Fisher and Goodman, 
1955; McKitrick, 1991; Meyers, 1996; Maxwell and Larsson, 2007; Zhang and Yang, 2013). Therefore, 
its origin can be unequivocally reconstructed in nonavian theropods. In Concavenator, this muscle 
arises from the entepicondyle of the humerus, more laterally than the origin of M. flexor digitorum 
longus superficialis (Fig.V.3).

The insertion of M. flexor carpi ulnaris.is equivocal due it is related to the wrist bones, which 
show modifications thorough the theropod lineage. The insertion is on the pisiform in crocodiles, 
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figure V.4. myological reconstruction of manus. (a) Right forearm and manus of Concavenator 
under visible light (b) Reconstruction of the origin and insertion of muscles associated to forearm 
and manus.
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whereas it is on the neomorphic ulnare in birds (Kundrát, 2009). Some authors (Jasinoski et al., 
2006) claim this bone is completely lost, and that the M. flexor carpi ulnaris of birds is attached 
posteriorly to the cartilaginous precursor of the pisiform.  Basal theropods have both bones, 
and the myological reconstruction of Tawa proposes the muscle inserts in both the pisiform and 
ulnare (Burch, 2014). However, derived theropods lost the pisiform and ulnare (Botelho et al., 
2014), although some authors (Currie and Carpenter, 2000; Chure et al., 2001; Senter and Robins, 
2005) have identified the intermedium as ulnare. Therefore, the insertion in non-avian tetanurans 
corresponds to a Level III of inference and it is not possible to reconstruct it on Concavenator 
with confidence.

M. epitrochleoanconeus (ea) 

This muscle has been reported in turtles (Walker, 1973), lepidosaurs (Russel and Bauer, 
2008) and some birds (Maxwell and Larsson, 2007). Its presence is highly probable since crown 
Archosauria (Burch, 2014), and thus, its reconstruction in non-avian theropod is unequivocal. The 
origin is on the entepicondyle of the humerus in turtles, lepidosaurs and birds. In turtles and 
lepidosaurs is associated to M. flexor carpi ulnaris, whereas in birds it originates from M. pronator 
accessorius. In Tawa, it has been reconstructed on the entepicondyle, anterior to the origin of 
M. flexor carpi ulnaris (Burch, 2014). This is also the position suggested for its reconstruction in 
Concavenator (Fig.V.3).

On the other hand, the insertion is unequivocally situated on the posteromedial surface of the 
ulna in birds and lepidosaur (Maxwell and Larsson, 2007; Russel and Bauer, 2008; Burch, 2014) but 
it is not possible to observe this area in Concavenator.

M. pronator accesorius/M. pronator profundus (pa)

The homology of the M. pronator accesorius has been widely discussed (Straus, 1942; Diogo 
and Abdala, 2010; Abdala and Diogo, 2010; Burch, 2014). This muscle is only present in turtles 
and lepidosaurs but absent in crocodiles and birds (Abdala and Diogo, 2010). However, this 
muscle is present in some birds (Straus, 1942). On the other hand, this muscle is homologous to 
the M. pronator profundus in neognathous birds (Burch, 2014), which is considered homologous, 
together with M. pronator superficialis, to M. pronator teres (Abdala and Diogo, 2010). Since 
M. pronator superficialis and M. pronator profundus have different areas of origin and insertion 
(Fisher and Goodman, 1955; McKitrick, 1991; Baumel et al., 1993; Meyers, 1996; Zhang and 
Yang, 2013), both can be considered homologous to M. pronator teres and M. pronator accesorius 
respectively.  

The origin of M. pronator accesorius is on the ventral part of the entepicondyle of the humerus, 
near the origin of M. flexor digitorium longus superficialis, in turtles, lepidosaurs (Burch, 2014) and 
neognathous birds (Fisher and Goodman, 1955; McKitrick, 1991; Meyers, 1996; Zhang and Yang, 
2013). In Concavenator the origin of M. pronator accesorius is under the M. pronator teres and 
anterior to M. flexor digitorium longus superficialis, on the medial surface of the entepicondyle 
(Fig.V.3).

The insertion of this muscle is on the medial surface of the radius in all extant taxa and thus, 
in Concavenator it is not visible to reconstruct.  
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V.2.1.3 Myological reconstruction of the forearm

M. triceps brachii (tb)

M. triceps brachii has several heads of origin that concur posteriorly in a single tendinous 
insertion in crocodiles and birds; thus, the presence of this muscle in theropods is unequivocal. 
However, the number of heads differs in both taxa, being ambiguous phylogenetically in nonavian 
theropods (Table V.1). M. triceps longus lateralis/scapulotriceps (sct) is unequivocally reconstructed 
in theropods, occupying a small and rough area posterodorsal to the scapular lip of the glenoid 
fossa (Jasinoski et al., 2006; Burch, 2014). In Concavenator, the posterodorsal surface of the scapular 
lip of the glenoid fossa has a rugose surface in the right scapula that probably represents the 
origin of the scapular head of M. triceps brachii (Fig.V.2).

M. coracotriceps is absent in Paleognathae and is vestigial in some Neognathae (Dilkes, 1999; 
M. Anconaeus coracoideus: George and Berger, 1966)(George and John, 1966). Therefore, the 
presence of M. triceps longus caudalis/coracotriceps is ambiguous in nonavian theropods. However, 
a functional extrapolation, based on the pectoral girdle of chameleons, due its similarity with that 
of theropods (Nicholls and Russell, 1985), suggests the absence of this muscle in dromaeosaurids 
(Jasinoski et al., 2006) and basal theropods (Burch, 2014). 

M. triceps brevis intermedius/humerotriceps (tbm) has a wide origin on the posterior surface of 
the humeral shaft in crocodiles and birds (McKitrick, 1991; Meers, 2003; Zhang and Yang, 2013), 
but there are no scars due it is a fleshy attachment. Therefore, this origin is a Level I’ of inference. 
Only the medial side of the humerus is visible in Concavenator (Fig.V.3). The limits of the origin 
of M. triceps brevis intermedius/humerotriceps are suggested on the basis of the origin of M. biceps 
brachii and M. pronator teres (see above).  

Table V.I. Heads of M. triceps brachii in reptiles. Nomenclature and presence of the heads of 
M. triceps brachii in different taxa sensu distinct authors. M. triceps longus lateralis/scapulotriceps and 
M. triceps brevis intermedius/humerotriceps are the unique phylogenetically unequivocal in theropods.
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M. triceps brevis cranialis of crocodiles (Meers, 2003) is absent in birds (Jasinoski et al., 2006). 
Therefore, its presence in nonavian theropods is phylogenetically equivocal.  The origin of this 
head is linear on the craniolateral surface of the humerus, posterior to the deltopectoral crest. 
The posterolateral rim of the deltopectoral crest is not visible in Concavenator, and thus, it is not 
possible to reconstruct the origin of M. triceps brevis cranialis.

All the heads of M. triceps brachii in all extant taxa coalesce into a single tendon, which inserts 
on the posterior surface of the olecranon process of the ulna (McKitrick, 1991; Meers, 2003; 
Zhang and Yang, 2013). Concavenator has a marked roughness on the posterior surface of the 
olecranon (Fig.V.5), which is interpreted as the insertion area of the unique tendon of M. triceps 
brachii.

M. supinator (s)

M. supinator originates on the humeral ectepicondyle in crocodiles (Meers, 2003) and birds 
(Fisher and Goodman, 1955; McKitrick, 1991; Meyers, 1996; Maxwell and Larsson, 2007; Zhang 
and Yang, 2013), although the position in crocodiles is more proximal than in birds. A new study 
suggests the avian disposition is distal due to an adaptation for the flight (Burch, 2014). Therefore, 
position of the origin is reconstructed in the basal theropod Tawa hallae as seen in crocodiles 
(Burch, 2014). In Concavenator, the origin is not reconstructed because the ectepicondyle is not 
visible.

The insertion is unequivocally situated on the anterolateral surface of the radius in theropods, 
as that is the location in all studied taxa (Fisher and Goodman, 1955; McKitrick, 1991; Meyers, 
1996; Meers, 2003; Maxwell and Larsson, 2007; Zhang and Yang, 2013). The radius of Concavenator 
has a surface more extended laterally in the distal end (Fig.V.5b). This surface probably represents 
the insertion of M. supinator. It is separated from M. abductor radialis by a marked edge. There is a 
rough patch before reaching the proximal end that probably represents the proximal boundary 
of the insertion area.

M. abductor radialis (ar)

This muscle is present in lepidosaurs (Russel and Bauer, 2008) and crocodiles (Meers, 2003) 
but absent, or vestigial, in birds (George and Berger, 1966). In Lepidosauria, this muscle is divided 
in two bellies (Russel and Bauer, 2008); in contrast, a unique belly is developed in crocodiles 
(Meers, 2003). This distribution, and a residual presence in birds suggest this muscle was reduced 
within Archosauria (Burch, 2014). The origin is on the humeral ectepicondyle in crocodiles 
(Meers, 2003), but this area is not visible in Concavenator.

The different insertion of M. abductor radialis in crocodiles and birds (George and Berger, 
1966) involves an equivocal reconstruction of the insertion in nonavian theropods (Burch, 2014). 
This insertion could be situated on the lateral surface of the radius as in crocodiles (Meers, 
2003) or could be fused distally with the M. extensor carpi radialis as in birds (George and Berger, 
1966). In Tawa, this muscle was reconstructed as in crocodiles (Burch, 2014). Over the putative 
insertion, Concavenator has a smooth and concave surface on the lateral side of the radius that 
is interpreted as the insertion of M. abductor radialis (Fig.V.5b). Ridges on both sides limit this 
surface, anteriorly and posteriorly, thus being separated from M. supinator and M. abductor pollicis 
longus.



Morphofunctional hypotheses

185

M. abductor pollicis longus (apl)

The origin of this muscle is bipennate in crocodiles and birds, except in Passeriformes 
(George and Berger, 1966). This origin has a head arising from the cranial surface of the ulna 
and another head arising from the caudal surface of the radius (Fisher and Goodman, 1955; 
McKitrick, 1991; Meyers, 1996; Meers, 2003; Maxwell and Larsson, 2007; Zhang and Yang, 2013). 
Therefore, M. abductor pollicis longus is unequivocally originates from the ulna and radius in 
theropods. The radial head in Concavenator originates from the posterolateral surface of the 
shaft of the radius. This surface is anteriorly separated from M. abductor radialis by a ridge. The 
ulnar head is on the lateral side of the anterior surface of the ulna. The origin is situated on the 
distal part of this surface, and Concavenator has a smooth and delimited surface that can be seen 
in lateral view (Fig.V.5b).

Crocodiles have the insertion on the radiale (Meers, 2003), in contrast to the insertion on 
metacarpal I in birds. However, the insertion on metacarpal I in lepidosaurs (Russel and Bauer, 
2008) suggests that this might have been the condition in crown Archosauria (Burch, 2014). 
Although metacarpal I is preserved in Concavenator, its base is not visible.

M. anconeus (an)

In all studied taxa (Fisher and Goodman, 1955; McKitrick, 1991; Meyers, 1996; Meers, 2003; 
Maxwell and Larsson, 2007; Abdala and Diogo, 2010; Zhang and Yang, 2013), the origin of M. 
anconeus is on the ectepicondyle of the humerus. Therefore, this reconstruction is a Level I of 
inference in Theropoda (Carpenter and Smith, 2001; Burch, 2014). The origin is not observable in 
Concavenator, as well as the origin of M. supinator and M. abductor radialis.

This muscle inserts on the lateral surface of the ulna in crocodiles (Haines, 1939; Meers, 
2003) and birds. Although most of the taxa have the insertion on the anterolateral surface of 
the ulna (Fisher and Goodman, 1955; Meyers, 1996; Abdala and Diogo, 2010; Zhang and Yang, 
2013), in some birds the insertion has moved posteriorly (McKitrick, 1991; Maxwell and Larsson, 
2007). This insertion is fleshy (Burch, 2014); thus, the surface does not have scars in any of the 
taxa studied (Pers. Obs. by EC). In basal theropods, the insertion has been reconstructed on the 
anterolateral surface of the ulna (Burch, 2014), associated with a prominent ridge that provides a 
separation between the origin of the ulnar head of M. abductor pollicis longus and the M. anconeus 
insertion area. On the anterolateral surface of the ulna of Concavenator, there is a smooth surface 
delimited anteriorly by a ridge that separates the insertion of M. anconeus and the origin of the 
M. abductor pollicis longus (Fig.V.5b). Posteriorly to the M. anconeus, this area is delimited by the 
ulnar bumps in Concavenator. 

V.2.1.4 Myological reconstruction of manual muscles 

M. flexor digitores breves profundus (fdbp)

In crocodiles, the origin of this muscle is on the ventral surface of the distal carpals and 
metacarpals, and the insertion is on the flexor surface of the first phalanx of digits I, II and III 
(Meers, 2003). In birds, M. flexor digitores breves profundus to digit I is called M. adductor alulae. It 
arises from the craniodorsal side of the proximal carpometacarpus and its insertion is on the 
caudodorsal side of the midshaft of the alular digit (McKitrick, 1991; Meyers, 1996). M. adductor
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digiti majoris corresponds to M. flexor digitores breves profundus on digit II. The origin is on the 
cranioventral surface of the carpometacapus, and it inserts on the cranioventral surface of the 
proximal end of the first phalanx of the major digit (McKitrick, 1991; Meyers, 1996). The muscle 
on digit III is M. flexor digiti minoris that originates on the carpometacarpus and inserts on the base 
of the proximal phalanges of the minor digit, on its caudoventral surface (McKitrick, 1991; Meyers, 
1996). In nonavian theropods, the origin is reconstructed from the distal carpals and metacarpals, 
as in crocodiles, and the insertion from the ventral surface of the first phalanx of each digit. Due 
to the position of the distal carpals and metacarpals in Concavenator, reconstructing the origin is 
not possible. The phalanges are preserved in lateral view and partially covered by other bones, 
thus, the insertion of this muscle is also difficult to establish in the specimen. However, phalanx 
I-1 has a well-developed flexor surface on its proximal end, and thus, this tubercle could be the 
insertion of M. flexor digitores breves profundus (Fig.V.4).

figure V.5. osteology and myological reconstruction of the right ulna and the radius. 
(a) Right ulna and radius of Concavenator in lateral view. Note the position of lateral process 
and coronoid process respect to the olecranon process. (b) Reconstruction of the origin and 
insertion of muscles associated to the ulna and the radius in lateral surfaces, showing that bumps 
are situated posterior to M. anconeus insertion.
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V.2.2. DISCuSSION AND CONCLuSION

The hypothesis postulates the bumps situated on the posterolateral surface of the ulna of 
Concavenator are topographically homologous to a series of quill knobs, indicating the presence 
of ligaments for the anchorage of non-scale skin appendages. Their presence, size and position is 
variable among extant birds, with patterns of bone growth and reabsorption clearly homoplastic 
among avian taxa (Hieronymus and Simons, 2012; Hieronymus, 2015). This homoplasy is assumed 
to reflect ligament architecture (Hieronymus, 2015) instead of a convergent flight capacity 
(Turner et al., 2007).

Some alternative hypotheses have been proposed to explain the ulnar bumps of Concavenator, 
associating them with the attachment sites for interosseous ligaments (see supplementary data 
on Foth et al., 2014), an intermuscular crest, or the attachment scar for the insertion of an 
ulnar muscle. The interosseum radioulnare ligament is situated in interposed surfaces between 
bones (Chauveau and Arloing, 1906). Except for a depression located on the caudal surface 
of the distal region of the radius, there are no osteological correlations to the attachment of 
this ligament in birds (Baumel et al., 1993). In crocodiles, there is a scar for the interosseous 
ligament on the anterior surface of the ulna (margo interosseous: Cong et al., (1998)). Foth et 
al. (2014) considered that the surface containing the structures interpreted as quill knobs were 
placed on the anterolateral surface of the Concavenator ulna. However, these structures extend 
from the lateral to the posterolateral surface of the ulna, not in front of the radius position. The 
interpretation of the ulnar orientation proposed by Foth et al. (2014) seems to be derived from 
deformation of the bone due to the collapse of its proximal tip (see chapter III).

As an alternative hypothesis, the crest with the ulnar knobs could be interpreted as part of 
an intermuscular crest between M. anconeus and M. abductor pollicis longus (Foth et al., 2014). 
However, based on the current myological reconstruction, the bumps are located posterior to 
the insertion of M. anconeus and not between both muscles. 

Finally, a third possible alternative is to consider this crest as a muscular scar for the insertion 
of M. anconeus. However, as far as it is known, this insertion is a fleshly attachment (Burch et 
al., 2014) that produces a smooth and featureless surface, without scars or other osteological 
correlation (Benjamin et al., 1986). Below, this hypothesis is further discussed. 

The myological reconstruction of the forearm does not facilitate any evidence supporting 
a topographical relationship between the crest with bumps present in Concavenator and an 
osteological correlation of a myological feature. In this case, the interpretation of these structures 
as quill knobs is the most parsimonious hypothesis.

The presence of a scaly skin, without feathers or their precursors, is the primitive condition 
in Dinosauria as is for most ornithischians, all sauropodomorphs and some non-coelurosaurian 
theropods, including allosauroids (Barret et al., 2015). Scaly skin is also the condition in 
Concavenator: several signs of scales are visible in the tail and hindlimb (Ortega et al., 2010; Cuesta 
et al., 2015). However, the reinterpretation of the bumps of Concavenator as ulnar papillae involves 
the presence of filaments, at least in the forelimb of the specimen. The presence of protofeathers 
in an allosauroid suggests this condition is a synapomorphy inside the most inclusive clade of 
allosauroids and coelurosaurians, Avetheropoda (Fig.V.6).
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figure V.6. Phylogenetic context of the concavenator integumentary filaments. Feather 
morphotypes discovered in many groups and taxa of dinosaur (Rauhut et al., 2012; Xu et al., 2010; 
Zelenitsky et al., 2012) are represented in a dinosaur phylogeny (Senter, 2007; Carrano et al., 
2012; Godefroit et al., 2014). The morphotypes 1-2 are single filamentous structures (Xu & Guo, 
2009), morphotypes 3-7 are multiples filamentous structures (Xu & Guo, 2009) and morphotype 
8-9 are structures with rachis and well-developed vanes (Xu & Guo, 2009). The quill knobs of 
Concavenator (red) would be associated to the morphotypes 1-2. The unique adult and large non-
coelurosaurian theropod with filamentous structures is Concavenator, thus, this structure would 
be a synapomorphy of Avetheropoda (blue branches) or, even, of Tetanurae (green node), if this 
hypothesis is tested in future analysis.
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V.2.3. PROSPECTIVE 

Although the results obtained in the myological reconstruction of the forearm of Concavenator 
show, at first, that bumps would not be related with a myological feature, several aspects have to 
be taken into account. The lateral position of the more proximal bumps still poses questions. Even 
though several extant bird develop dorsal remigial papillae as Gallinula (Pers. Obs. EC), Fregata and 
Cathartes (Hyeronimus, 2015), their position does not seem to be as close to a muscle attachment 
as it would occur in Concavenator. This closeness could lead to mechanical friction between the 
insertions of integumentary filaments and M. anconeus during its extensional function. As the 
interosseum ligament scars and the intermuscular crest between M. anconeus and M. abduptor pollicis 
longus are rejected, based on the myological reconstruction, the only option is that the development 
of these bumps could be related to the insertion of M. anconeus. Although, as abovementioned, the 
insertion of this muscle is fleshy (i.e. non tendinous nor aponeurosis attachment, but by collagenous 
fine fibres), a mechanical process could be affecting the preservation of a hypothetical scar: (i) 
calcification of the cartilage of this insertion of M. anconeus; and (ii) metaplastic ossification of these 
elastic and fine fibrous-like structures (fleshy attachment). All these structures and the quill knobs 
have striking histological pattern. An origin by endochondral ossification (i.e. calcified cartilage) has 
“tube like” structures and lacks fine and transversely oriented fibres (Benjamin et al., 1986; Cerda et 
al., 2015). The enthesis produced by metaplastic ossification usually exhibits the histological feature 
from the non-osseous tissue (Cerda et al., 2015; Wilson et al., 2016). In the case of elastic fibres, this 
produced fine fibrous-like structures oriented perpendicularly to the main axis of the metaplastic 
ossification (Cerda et al., 2015). Finally, a histological cross section of remigial papillae exposes 
significant erosion rooms within the papillae themselves, which are independent of the medullary 
cavity of the ulna (Hyeronimus, 2015). Therefore, a histological study of the bumps of Concavenator 
will bestow more enlightening results about the origin of these ulnar structures. The exclusiveness 
of the ulna of the holotype of Concavenator avoids performing a destructive histological cut in the 
sample. Although non-destructive methods such as Synchrotron Radiation or Micro-CTs caning 
could be effective to this purpose, the area of the limestone slab, where the ulna is located, is 
110x98 cm, and thus, this size is, hitherto, unworkable in both equipment.  

V.3 funCTIonAl AnATomy of AxIAl skElETon

 As above-mentioned, Concavenator corcovatus is another example of a theropod with some 
type of hypertrophied dorsal structure, having only two dorsal and two caudal vertebrae with 
this feature. These vertebrae are in a specific area: in Concavenator’s pelvic girdle and hindlimbs, 
coinciding with its centre of mass. The apices of all dorsal spines have an unusual structure and 
orientation, mainly those elongated. All of them are posteriorly targeted, forming an apparently 
stiff structure, unlike the first caudal vertebrae that has anteriorly directed spines. The analysis 
of this singularity in Concavenator is key in understanding its function that, hitherto, is unclear 
(Ortega et al., 2010). 

All of the axial skeleton of Concavenator displays autapomorphic features (i.e. hypertrophied 
neurapophyses, anterior and posterior processes in neural spines) that could be part of a single 
functional complex, forming a mechanism of stability of the axial skeleton. 
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The most impressive feature is the hypertrophied neural spines. Mechanically, the tallest 
neural spines are, normally, placed in that region of the back where the bending moments are 
greater (Alexander, 1985). This mechanism is due to the height of the neural spines being related 
with those forces acting on them. Orientation of the neural spine is parallel to the resultant 
force produced by all the musculature (Alexander, 1985) (Fig.V.7a).  The height of the spine is 
proportional to the moment arm the muscle should exert on the spine in order to stiff the 
vertebral column (Fig. V.7b). Therefore, the variation on the orientation and the height of the 
spine throughout the vertebral column implies a specific function in the different regions of the 
axial skeleton. The elongated vertebrae close to the hindlimb in Concavenator would be due to 
the cantilever bridge paradigm (Bailey, 1997). In this analogy, when the axial skeleton is bended 
during locomotion, the interspinous ligaments and the epaxial musculature are stretched as much 
as the distance between the apices of the spines. Therefore, this effect is most pronounced in 
those elongated spines. These bending moments along the posterior section of the dorsal region 
and the anterior section of the caudal region would increase during locomotion close to the 
hindlimb, due to the hip extensors and flexors that generate forces throughout the gait cycle 
(Alexander, 1985). 

Another feature  is the relation between the anterior and middle dorsal neural spines. This 
dorsal region of the vertebral column of Concavenator has overlapping neural spines. It is not 
possible to observe if this overlapping in lateral view is also an interlocking between the spines. If 
these vertebrae were interlocked, the resultant structure would be similar to those of the handle 
vertebrae of ankylosaurs (Coombs, 1995; Arbour, 2009). The interlocking neural spines would 
have stiffened the dorsal region of the axial skeleton. Stiffening the vertebral column would avoid 
the vertebrae bending ventrally due their own weight. This ventral bending of the axial column 
would affect the locomotion due to the origin of the hip musculature along the ventral vertebral 
column (Wilson et al., 2016). 

Finally, several processes and roughness in the neural spines are an autapomorphic character 
in Concavenator. Wilson et al. (2016) suggested the strong roughness of interspinous ligament 
scars in the neural spines are the result of a metaplastic process, a permanent transformation 
of tissue type (Horner et al., 2016). These metaplastic spinal projections in non-avian theropods 

figure V.7. schemas explaining the resultant force in neural spines. (a) Resultant force 
of the force produced by the epaxial muscles is parallel to the neural spines orientation. (b) The 
spinous muscles balanced force to the centrum. Mechanical advantage of this force increases 
when the neural spine is taller, i.e. if the A-A’ distance increases, lever arm (CD) also is increased 
(CD’) (Modified from Kardong, 2007). 
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appear numerously thorough theropod phylogeny as physiological responses to large body size 
(Wilson et al., 2016). These projections are induced by ventrally directed forces which affect the 
interspinous and supraspinous ligaments of large-bodied theropods. Therefore, the metaplastic 
roughness involves a stiffening of the vertebral column in these theropods. Concavenator lacks 
metaplastic projections as those described by Wilson et al. (2016) and this absence is coherent 
with the hypothesis of this study due to Concavenator is a medium sized theropod. However, 
Concavenator has a different mechanism for spinal rigidity. The presence of “hook-like” and 
triangular processes in the dorsal neural spines (see chapter III), similar to those of Compsognathus 
(Peyer, 2006) and Dilophosaurus (Welles, 1984) are interpreted by Wilson et al. (2016) as part of 
the osseous neural spines, which serve to decrease interspinous spaces and maximize bony 
support along the spinal column. The anterior and posterior processes observed in the anterior 
caudal vertebrae (see chapter III) could be analogous with those of the dorsal neurapophyses. 
However, a different hypothesis is proposed below. 

The metaplastic process also occurs in the apical region of the neural spines associated 
with the supraspinous ligament (Wilson et al., 2016). Concavenator has a rugose projection in 
the apex of the second caudal vertebra. This projection is strongly oriented anteriorly to the 
apex of the last dorsal vertebrae, as mentioned in chapter III. The roughness is produced by 

figure V.8. myological reconstruction of axial skeleton. (a) Cross section of the epaxial 
muscles in extant crocodiles: 1. M.multifidus+M.spinalis+M.articulospinalis; 2. M.tendinoarticularis; 
3. M.longissimus; 4. M.iliocostalis. (b) Cross section of the epaxial muscles in extant birds: 1. 
M.multifidus+M.spinalis+M.articulospinalis; 2. M.tendinoarticularis; 3. M.longissimus; 4. M.iliocostalis 
(Modified from Schwarz-Wing, 2009). (c) Myological reconstruction of epaxial muscle of posterior 
dorsal and anterior caudal of Concavenator.
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stress during bone development (Benjamin et al. 2002) and the main remodelling orientation of 
that bone is the same that the direction of stress based on the process known as Wolff´s law 
(Biewener et al., 1996; Inoue et al., 1998). According to this law, the apical extension of the caudal 
neural spine of Concavenator would be directed in the orientation to the supraspinous ligament. 
Therefore, the supraspinous ligament would link the apex of the 12th dorsal vertebra with the 
2nd caudal vertebra and the processes in the anterior caudal vertebrae would be associated 
with the supraspinous ligament of the short sacral spines, suggesting a particular architecture of 
this ligament. The strong development of the metaplastic roughness in the 2nd caudal vertebra is 
produced by a great stress response. This response would be the result of an increasing of weight 
in this region. One of the hypotheses proposed by Ortega et al. (2010) is the presence of a hump-
like structure, similar to that of some mammals, in the sacral region of Concavenator. The location 
and the reduced neural sacral spines suggest that this hump would be similar to the caudal hump 
of camels. The caudal hump of camels is attached to the superficial subcutaneous adipose tissue 
and the supraspinous ligament (Endo et al., 2000). Therefore, the tensional stress produced in the 
supraspinous ligament that would link the dorsal and caudal vertebrae would be produced by the 
presence of a white adipose and connective tissue structure over it. Moreover, an approximation 
to the axial myological reconstruction (Fig.V.8), based on the EPB (see Appendix 4), indicates 
that all the region under this supraspinous ligament would be formed by the epaxial musculature 
related to the tallest neural spines. This reconstruction is coherent with the function of the tall 
neural spines proposed by Alexander (1985).  

V.3.1. CONCLuSION 

Regarding the axial skeleton, the vertebral column of Concavenator presents several novelties 
of mechanism to stiff the axial skeleton in order to trade off the bending moments: (i) tall neural 
spines; (ii) hook-like processes; (iii) interlocking dorsal vertebrae; and (iv) metaplastic apical 
region of the supraspinous ligament in caudal vertebra. This stiffening is related with a large-body 
size (Wilson et al., 2006) or to trading off the presence of a specific anatomical element, such as 
the tail club of ankylosaurs (Arbour, 2009). In the case of Concavenator, a medium sized theropod¸ 
the specialization of its axial skeleton could be related to the presence of a hump structure in 
the sacral region, although the size and mass is not possible to estimate. Humped dinosaurs have 
been related with subtropical palaeoenviroments with strong seasonal changes (Bailey, 1997). 
This hypothesis is congruent with the climate from West Europe during the Barremian Age 
Haywood et al., 2004).

V.3.2 PROSPECTIVE 

The presence of a hump-like structure on the back of Concavenator is the main hypothesis 
to explain its unusual axial skeleton (Ortega et al., 2010). Although the anatomical description 
reveals several features compatible with such hypothesis, future research is essential in order 
to test it. As abovementioned, the axial structure of Concavenator seems to present a stiffening 
mechanism for the vertebrae in order to support an extra structure. In relation with this 
hypothesis, future methodologies are proposed in this thesis, such as a Finite Element Analysis 
(FEA), a powerful tool to test functional morphology quantitatively. Previous to this FEA, a 3D 
photogrammetric scanner of the axial skeleton of Concavenator would be needed, as well a 3D 
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myological reconstruction in order to generate the mesh that will be used in the FEA. The main 
goal is to measure the levels of strain on the axial skeleton during locomotion, with the putative 
hump-like structure in the back of Concavenator. Its position and size would be different in order 
to measure the strain differences quantitatively.
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VI.1 COnClusIOns 

The current PhD thesis have proposed several objectives in relation to the hypothesis 
formulated for the three research projects. Several evidences and appropriate criteria have 
been provided in order to formulate the following conclusions:

VI.1.1 TAPhonoMIC AnAlySIS

•	 The seasonality of the subtropical climate was the major factor lying behind most of the 
processes that the carcass of Concavenator suffered. Seasonal climate was already known 
to be responsible for palaeoecological dynamics of las hoyas ecosystem: a subtropical 
seasonal system of wetlands and a lentic ecosystem impacted by hydroperiods, i.e. cyclical 
fluctuations	in	water	availability.

•	 The carcass of Concavenator show taphonomic evidence of decay under subaerial 
exposure	conditions	and	mummification	that	occurred	during	the	dry	season.	Later	on,	it	
was	dragged,	shortly	and	gently	transported	during	the	flooding	event	that	occurs	at	the	
wet	and	cold	season.	In	this	process	the	carcass	was	rehydrated	and,	finally,	it	sunk	under	
its own weight in the plastic substrate composed of mud and layered microbial mats of 
Las	Hoyas	freshwater	pools.	While	mummification	would	retard	decay,	rehydration	of	the	
carcass and fast entombing in microbial mats would favour early authigenic mineralization 
of integumentary and soft tissues.

•	 The taphonomic features and processes shown by Concavenator are coherent with 
common environmental and taphonomic processes in las hoyas Konservat-Lagerstätte. 
hence, the seemingly uniqueness of Concavenator in the framework of las hoyas, where 
terrestrial vertebrates represent just 12% out of the total taxa retrieved in the locality, 
and fossils larger than 50 cm are very uncommon, is not such, at least in taphonomic 
factors. 

•	 The rapid inclusion of large-sized carcasses in the thin-layered microbial mats is a 
necessary step to guarantee early mineralization and thus exceptional preservation. The 
study of Concavenator shows that occurrence of this rapid entombing is strongly related 
to the rheology of the substrate, which in the studied case behaved almost as “quick 
sands” that easily sucked the heavy carcass of Concavenator, creating a sarcophagus of 
microbial mats.

•	 Climate seasonality might guarantee the occurrence of cycles of dehydration-
mummification	 and	 rehydration	 of	 the	 carcasses,	 proven	 to	 favour	 the	 exceptional	
preservation of delicate integumentary and soft tissues. however, when las hoyas is 
compared to other known Konservat-Lagerstätten with similar preservation styles, there 
are other situations that would result in development of dehydration-rehydration cycles. 
hence that would be common factor that unify the preservation styles of terrestrial 
vertebrates in Konservat-Lagerstätten, but not necessarily the occurrence of seasonal 
climate.
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•	 Concavenator provides evidence of the presence of an avian podotheca structure in a non-
avian theropod, supporting the presence of this condition for, at least, the Avetheropoda 
clade. 

•	 The reconstruction of these complete pedal structure allows the establishment of the 
arthral disposition of the plantar pads as the basal condition in Tetanurae. Therefore, 
this correlation might be taken into account when establishing the relationship between 
ichnological and osteological evidence in non-avian theropods.

•	 The UV light allows to highlight several bones and sutures due to the composition mainly 
based	on	calcium	phosphate.	The	fluorescence	response	is	 linked	to	the	mineralogical	
composition of the sample. For that, the analyses of the images under UV light allow to 
discern between distinct areas in the soft tissues impressions with distinct composition 
by a non-destructive testing.

VI.1.2 PhylogeneTIC AnAlySIS

•	 The study of the osteology of Concavenator reveals several synapomorphies that support 
the phylogenetic position of Concavenator within Avetheropoda, Allosauroidea and 
Carcharodontosauridae. 

•	 As other Avetheropoda, Concavenator has: (i) maxillary recess as a fenestra; (ii) 
posteriorly oriented surface of the attachment of the retroarticular process; (iii) 
elongated prezygapophyses in distal caudal vertebrae; (iv) slender scapular blade; (v) 
long posteroventral process of the coracoid; (vi) Fossa	musculus	brachialis	in the humerus; 
(vii) abrupt and perpendicular acromial process respect to the scapular blade; (viii) 
transversely broad humeral head; (ix) presence of a “cuppedicus” fossa in the ilium; (x) 
ventrolaterally expanded “cuppedicus” shelf; (xi) ventrally open obturator notch in the 
pubis; (xii) presence of an accessory trochanter on the lesser trochanter in femur; and 
(xiii) proximal surface of femur lacks “articular groove”.

•	 Concavenator shares with Allosauroidea: (i) low, longitudinal lateral ridges on the 
dorsolateral rim of the nasal; (ii) lacrimal horn as a low, broad and rugose bar; (iii) lateral 
surface of the lacrimal with several foramina; (iv) pneumatic recess in the ventral part of 
the palatine; (v) two posterior foramen on the surangular; (vi) constriction in the dorsal 
vertebral centrum; (vii) much expanded infraprezygapophyseal fossa in dorsal vertebrae; 
(viii)	broad	and	transversally	flattened	distal	end	of	chevrons;	(ix)	strongly	curved	in	“L”	
shape middle chevrons; (x) distally development of the humeral condyles; (xi) canted 
relative orientation of the proximal and distal humeral ends; (xii) symmetric glenoid 
rims of the scapulacoracoid; (xiii) large length of the manus respect to the forearm; (xiv) 
the	ungual	phalanges	present	a	marked	curvature	and	a	well-developed	flexor	tubercle;	
(xv) posteriorly broad brevis fossa in the ilium; (xvi) reduced ischial tuberosity; (xvii) 
posterior	flange	on	the	iliac	peduncle	of	the	ischium;	and	(xviii)	slightly	marked	ischial	
tubercle. 



Conclusions

199

•	 The apomorphies that Concavenator shares with Carcharodontosauridae are: (i) lacrimal 
and postorbital contact; (ii) development of a postorbital boss; (iii) anteroventrally 
orientation of the postorbital ventral process; (iv) presence of a intraorbital process in 
the postorbital; (v) roughness rostrally projected in the dorsal surface of postorbital; (vi) 
notch in the ascending ramus of the maxilla; (vii) presence of a sulcus on the anterior 
margin of the lacrimal ventral ramus; (viii) curved dorsal surface of lacrimal; (ix) fused 
contact of frontal and parietal; (x) lacrimal and frontal contact; (xi) posterior orientation 
of the dorsal neurapophyses; (xii) ventrally concave sacrum; and (xiii) concavity on the 
middle of the proximomedial surface of the humeral head. 

•	 Concavenator	also presents determinate autapomorphies such as; (i) connection between 
the recess on the lateral surface of the nasal; (ii) rounded morphology of the postorbital 
boss; (iii) two hypertrophied dorsal and caudal neurapophyses; (iv) imbricated dorsal 
neurapophyses with anterior processes and variable morphology; (v) anterior and 
posterior accessory processes in the anterior caudal neurapophyses; (vi) length of 
the phalanx III-3 similar to the combined length of the proximal phalanges (III-1+III-2); 
(vii) low proportion of the olecranon process respect to the ulna; (viii) anteriorly low 
deltopectoral crest; and (ix) curved but not anteriorly projected preacetabular hook. 

•	 The hypothesis about the unambiguous basal position of Concavenator within 
Carcharodontosauridae	is	confirmed.	This	result	is	proposed	in	the	three	phylogenetic	
analyses that have been performed (unweighting, Implied Weighting and extended Implied 
Weigthing). The results show the higher values of branch support respect to previous 
studies.

•	 The Carcharodontosauridae clade is composed by Eocarcharia, Concavenator,	
Acrocanthosaurus, Shaochilong and the carcharodontosaurins Carcharodontosaurus,	
Tyrannotitan, Mapusaurus	and Giganotosaurus.

•	 The Carcharodonotosauridae clade shares the following synapomorphies based on 
the phylogenetic analysis and some are also previously observed in the osteological 
analysis: (i) anteroventrally inclined anterior end of junction between medial wall and 
paradental plates in the maxilla; (ii) lacrimal contacting with postorbital (although it is 
also shared with abelisauroids and tyrannosaurids); (iii) angled anteroventrally oriented 
ventral process of postorbital; (iv) anteriorly projected roughness in the dorsal surface 
of postorbital; (v) anteromedial corner of supratemporal fossa partially roofed.

•	 Concavenator shares the following ambiguous apomorphies within Carcharodontosauridae: 
(i)	supraorbital	shelf	of	postorbital	formed	by	additional	ossification;	(ii)	large	suborbital	
flange	 in	 ventral	process	of	postorbital;	 (iii)	 frontal-parietal	 suture	 fused;	 (iv)	humeral	
head presenting a concavity in the proximal surface in anterior view; (v) peg-and-socket 
iliac articulation of ischium.

•	 The position of Concavenator as a basal carcharodontosaurid supports the hypothesis of 
the wide paleobiogeographical distribution of this group, and the probable existence of 
palaeogeographic connections between gondwana and laurasia at the late Jurassic or 
at the early Cretaceous.
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VI.1.3 MorPhoFUnCTIonAl AnAlySIS

•	 The myological reconstruction of the forearm does not facilitate any evidence supporting 
a topographical relationship between the ulnar bumps present in Concavenator and the 
osteological correlation of a myological feature. In this case, it is considered that the previous 
interpretation of these structures as quill knobs is, currently, the most parsimonious 
hypothesis. Although, further histological studies of the bumps of Concavenator will be 
necessary in order to clarify and asseverate the origin of these ulnar structures. 

•	 The vertebral column of Concavenator presents several evolutionary novelties that 
could be interpreted as mechanism to stiff the axial skeleton in order to trade off the 
bending moments: (i) tall neural spine respect to the centrum; (ii) hook-like processes; 
(iii) interlocking dorsal vertebrae; and (iv) metaplastic apical region of the supraspinous 
ligament in caudal vertebrae. This stiffening is related to the possible presence of a hump 
structure in the sacral region, although the size is not possible to estimate. A future Finite 
element analysis (FeA) could be a powerful tool for testing the hypothesis about the 
presence of a hump in Concavenator.

VI.2 COnClusIOnEs 

la presente tesis doctoral propone varios objetivos en función de hipótesis previas planteadas 
dentro	de	tres	líneas	principales	de	investigación:	tafonomía,	filogenia	y	análisis	morfofuncional.	
numerosas evidencias y herramientas de contrastación han sido aportadas para formular las 
siguientes conclusiones:

VI.2.1 AnálISIS TAFonóMICo

•	 la estacionalidad del clima subtropical es el factor principal que condicionó la mayoría 
de los procesos operados en la carcasa de Concavenator. este clima estacional ya ha 
sido previamente interpretado como responsable de las dinámicas paleoecológicas del 
ecosistema de las hoyas, un humedal con una fuerte estacionalidad subtropical. Se trata 
de	un	ecosistema	léntico	afectado	por	hidroperiodos,	es	decir,	fluctuaciones	cíclicas	en	la	
disponibilidad de agua.

•	 la carcasa de Concavenator muestra evidencias tafonómicas de descomposición bajo 
un	ambiente	subaéreo,	y	procesos	de	momificación	durante	un	periodo	de	clima	seco.	
Posteriormente la carcasa fue arrastrada y brevemente transportada durante un evento 
de inundación que tendría lugar en un momento de estación húmeda; la carcasa sería 
entonces	rehidratada	y,	finalmente,	se	hundiría	en	un	sustrato	plástico	compuesto	de	barro	
y	tapetes	microbianos	en	las	lagunas	de	agua	dulce	de	Las	Hoyas.	Mientras	la	momificación	
retardaría los procesos de descomposición, la rehidratación y el rápido enterramiento en 
los	tapetes	microbianos	favorecería	la	mineralización	autigénica	temprana	de	los	tejidos	
tegumentarios	y	no	esqueléticos.	
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•	 Los	procesos	y	características	tafonómicas	que	se	determinan	después	de	analizar	la	carcasa	
de Concavenator son coherentes con el ambiente común y los procesos tafonómicos del 
yacimiento de conservación excepcional de las hoyas. Por lo tanto, la aparentemente 
singularidad de Concavenator dentro del marco de este yacimiento, donde los vertebrados 
terrestres sólo están representados por el 12% de todo el registro y los fósiles superiores 
a 50 cm son muy escasos, no está probablemente producida por factores tafonómicos.

•	 la rápida inclusión de una carcasa de gran tamaño, como la de Concavenator, en un 
tapete	microbiano	finamente	laminado,	es	un	requerimiento	necesario	para	garantizar	la	
mineralización temprana y, por tanto, la preservación excepcional del organismo. el estudio 
tafonómico de Concavenator muestra que la aparición de este rápido enterramiento está 
relacionado con la reología del sustrato, que en este caso se comportó como algo parecido 
a unas “arenas movedizas”, que hundieron rápidamente el cuerpo de Concavenator, creando 
un sarcófago de tapete microbiano. 

•	 la estacionalidad climática podría garantizar la aparición de ciclos de deshidratación-
momificación	 y	 rehidratación	 de	 las	 carcasas,	 favoreciendo	 la	 preservación	 de	 tejidos	
tegumentarios	y	no	esqueléticos,	que	no	son	comunes	en	el	registro	fósil.	Sin	embargo,	
cuando el yacimiento de las hoyas es comparado con otros conocidos Konservat-
lagerstätten, con estilos similares de preservación, se observan otras condiciones que darían 
lugar al desarrollo de ciclos de deshidratación-rehidratación. Por tanto, estos ciclos serían 
un	factor	común	que	unifica	los	estilos	de	preservación	de	los	vertebrados	terrestres	en	
Konservat-Lagerstätten, aunque probablemente existen otros factores adicionales.

•	 Concavenator muestra evidencias de la presencia de una estructura similar a la podoteca 
de las aves actuales en los terópodos no avianos, indicando esta presencia, al menos, en 
el clado Avetheropoda. 

•	 la reconstrucción de esta estructura completa en el autópodo posterior permite 
establecer una disposición artral de las almohadillas plantares respecto a las falanges 
óseas, como la condición primitiva de tetanuros. Por lo tanto, esta correlación debería 
tenerse en cuenta cuando se establecen las relaciones entre el registro icnológico y las 
evidencias osteológicas en terópodos no avianos. 

•	 los análisis bajo luz ultravioleta permiten realzar algunos huesos y suturas no tan 
discernibles bajo luz visible, debido a su composición, principalmente de fosfato cálcico. 
La	 respuesta	 de	 fluorescencia	 está	 relacionada	 con	 la	 composición	mineralógica	 de	 la	
muestra. Por tanto, los análisis de las imágenes bajo luz UV permiten diferenciar entre 
distintas	áreas	en	 las	 impresiones	de	tejidos	no	esqueléticos	con	distinta	composición,	
usando	una	técnica	no	destructiva	para	el	fósil.	

VI.2.2 AnálISIS FIlogenéTICo

•	 el estudio osteológico de Concavenator revela varias sinapomorfías que soportan las 
hipótesis de la pertenencia de Concavenator  a los clados Avetheropoda, Allosauroidea y 
Carcharodontosauridae.
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•	 Como otros miembros de Avetheropoda, Concavenator presenta: (i) receso maxilar 
desarrollado	como	una	ventana;	(ii)	superficie	de	la	articulación	del	proceso	retroarticular	
posteriormente	 orientada;	 (iii)	 vértebras	 caudales	 distales	 con	 prezigapófisis	 alargadas;	
(iv) escápula esbelta; (v) proceso posteroventral del coracoides alargado; (vi) presencia de 
una Fossa	musculus	brachialis en el húmero; (vii) proceso acromial abrupto y perpendicular 
respecto	a	la	diáfisis	de	la	escápula;	(viii)	cabeza	humeral	transversalmente	amplia;	(ix)	fosa	
“cupédica”	en	el	ilion;	(x)	cresta	“cupédica”	expandida	ventrolateralmente;	(xi)	escotadura	
obturadora ventralmente abierta en el pubis; (xii) presencia de un trocánter accesorio en el 
trocánter	menor	del	fémur;	y	(xiii)	superficie	proximal	del	fémur	carece	de	“surco	articular”.

•	 Concavenator comparte con Allosauroidea: (i) crestas longitudinales bajas sobre el borde 
dorsolateral del nasal; (ii) cuerno lacrimal como una barra poco proyectada, amplia y 
rugosa;	(iii)	superficie	lateral	del	lacrimal	con	varios	forámenes;	(iv)	receso	neumático	en	la	
zona ventral del palatino; (v) dos forámenes posteriores en el surangular; (vi) constricción 
de	los	centros	vertebrales	dorsales;	(vii)	fosa	infraprezigapofiseal	muy	expandida	en	las	
vértebras	dorsales;	(viii)	parte	distal	del	proceso	hemal	amplio	y	plano	transversalmente;	
(ix)	arcos	hemales	de	las	vértebras	caudales	medias	con	fuerte	forma	de	“L”;	(x)	cóndilos	
humerales	desarrollados	distalmente;	 (xi)	orientación	 ladeada	 relativa	entre	 las	epífisis	
proximal	y	distal	del	húmero;	(xii)	bordes	glenoideos	simétricos	del	escapulacoracoides;	
(xiii) gran longitud de las manos respecto a la del antebrazo; (xiv) falanges ungueales 
presentando	una	curvatura	marcada	y	un	buen	desarrollado	tubérculo	flexor;	(xv)	fosa	
brevis del ilion posteriormente amplia; (xvi) tuberosidad isquiática reducida; (xvii) lámina 
posterior	desarrollada	sobre	el	pedúnculo	ilíaco	del	isquion;	y	(xviii)	tubérculo	isquiático	
marcado ligeramente.

•	 las apomorfías que Concavenator	comparte con Carcharodontosauridae son: (i) contacto 
entre el lagrimal y el postorbitario; (ii) proyección postorbital desarrollada; (iii) proceso 
ventral del postorbitario anteroventralmente orientado; (iv) proceso infraorbitario 
en	 el	 postorbitario;	 (v)	 rugosidad	 proyectada	 rostralmente	 en	 la	 superficie	 dorsal	 del	
postorbitario; (vi) escotadura en la rama ascendente del maxilar; (vii) presencia de un 
surco	en	el	margen	anterior	de	 la	rama	ventral	del	 lacrimal;	 (viii)	 superficie	dorsal	del	
lacrimal curvada; (ix) contacto fusionado entre frontal y parietal; (x) contacto entre frontal 
y	lacrimal;	(xi)	orientación	posterior	de	las	neurapófisis	de	las	vértebras	dorsales;		(xii)	
sacro	ventralmente	cóncavo;	y	(xiii)	concavidad	a	mitad	de	la	superficie	proximomedial	
de la cabeza humeral.

•	 Concavenator	 también	 presenta	 determinadas	 autapomorfías:	 (i)	 conexiones	 entre	 los	
recesos nasales; (ii) morfología redondeada del proceso dorsal del postorbitario; (iii) dos 
espinas	neurales	hipertrofiadas	en	las	dorsales	posteriores	y	las	caudales	anteriores;	(iv)	
espinas	neurales	de	las	vértebras	dorsales	imbricadas	con	procesos	anteriores	y	variación	
en sus morfologías; (v) procesos anteriores y posteriores accesorios en las espinas 
neurales	de	 las	 vértebras	 caudales	 anteriores;	 (vi)	 longitud	de	 la	 falange	 III-3	 similar	 a	
la longitud combinada de las falanges proximales (III-1+III-2); (vii) baja proporción de 
la	 longitud	 	del	 proceso	olécranon	 respecto	 a	 la	 de	 la	 ulna;	 (viii)	 cresta	deltopectoral	
anteriormente poco proyectada; y (ix) proceso anteroventral del preacetábulo curvado, 
pero no proyectado anteriormente. 
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•	 Se	confirma	la	hipótesis	que	sitúa	filogenéticamente	a	Concavenator	en una posición basal, 
no ambigua, dentro de Carcharodontosauridae. este resultado aparece en los tres análisis 
filogenéticos	que	se	han	llevado	a	cabo:	unweighting, Implied	Weighting y Extended	Implied	
Weighting. los resultados muestran los valores de soporte de ramas más altos respecto 
a estudios previos. 

•	 el clado Carcharodontosauridae está compuesto por Eocarcharia, Concavenator,	
Acrocanthosaurus, Shaochilong, y los carcharodontosaurinos Carcharodontosaurus,	
Tyrannotitan, Mapusaurus y Giganotosaurus.

•	 Los	 carcarodontosáuridos	 comparten	 las	 siguientes	 apomorfias	 en	 base	 al	 análisis	
filogenético,	 algunas	 de	 las	 cuales	 también	 fueron	 observadas	 en	 el	 estudio	 previo	
osteológico:	 (i)	 superficie	 anterior	 de	 la	 unión	 entre	 la	 pared	 medial	 y	 las	 placas	
paradentarias en el maxilar inclinada anteroventralmente; (ii) contacto entre lacrimal y 
postorbitario (aunque este carácter lo comparte con abelisauroideos y tiranosáuridos); 
(iii) proceso ventral del postorbitario en un ángulo orientado anteroventralmente; (iv) 
rugosidad	proyectada	anteriormente	en	 la	superficie	dorsal	del	postorbitario;	 (v)	zona	
anteromedial de la fosa supratemporal parcialmente techada.

•	 Concavenator	 corcovatus comparte las siguientes apomorfías ambiguas dentro de 
Carcharodontosauridae: (i) lámina supraorbitarioa del postorbitario formada por una 
osificación	adicional;	(ii)	gran	lámina	suborbitaria	en	el	proceso	ventral	del	postorbitario;	(iii)	
frontal	y	parietal	fusionados;	(iv)	cabeza	humeral	presentando	una	concavidad	en	la	superficie	
proximal en vista anterior; (v) articulación de tipo cóndilo-cótilo entre isquion e ilion.

•	 la posición basal de Concavenator dentro de los carcarodontosáuridos es congruente 
con	 la	hipótesis	de	una	distribución	paleobiogeográfica	amplia	del	grupo,	y	 la	probable	
existencia	 de	 conexiones	 paleogeográficas	 entre	 Gondwana	 y	 Laurasia	 en	 el	 Jurásico	
Superior o en el Cretácico Inferior.

VI.2.3 AnálISIS MorFoFUnCIonAl

•	 la reconstrucción miológica del antebrazo de Concavenator no concluye ninguna evidencia 
congruente con una correlación entre las papilas ulnares y la musculatura. Por tanto, se 
considera que la interpretación previa de estas estructuras como papilas ulnares avianas 
es actualmente la hipótesis más parsimoniosa. en cualquier caso, será necesario en el 
futuro realizar un estudio histológico de estas papilas para la obtención de un resultado 
más esclarecedor sobre el origen de estas estructuras ulnares.

•	 la columna vertebral de Concavenator presenta varias novedades evolutivas que pueden ser 
interpretadas  como mecanismos para otorgar rigidez al esqueleto axial, compensando los 
momentos	flectores:	 (i)	altas	espinas	neurales	respecto	al	centro	vertebral;	 (ii)	procesos	
accesorios	en	las	espinas;	(iii)	imbricación	entre	las	vértebras	dorsales;	y	(iv)	deformación	
metaplásica	de	la	región	apical	de	las	vértebras	caudales	por	el	 ligamento	supraespinoso.	
esta rigidez está relacionada con la posible presencia de una estructura similar a una joroba 
en	 la	 región	 sacra.	 Un	 futuro	 análisis	 de	 elementos	 finitos	 podría	 ser	 una	 herramienta	
fundamental para contrastar la hipótesis de la existencia de una joroba en Concavenator.
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Table a.1. Measurements of skull of Concavenator corcovatus (MCCM-LH 6666) 

Table a.2. Measurements of cervical vertebrae of Concavenator corcovatus (MCCM-LH 6666)  
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Table a.3. Measurements of dorsal vertebrae of Concavenator corcovatus (MCCM-LH 6666) 

Table a.4. Measurements of caudal vertebrae of Concavenator corcovatus (MCCM-LH 6666) 
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Table a.5. Measurements of posterior-most caudal vertebrae of Concavenator corcovatus 
(MCCM-LH 6666) 

Table a.6. Measurements of ribs vertebrae of Concavenator corcovatus (MCCM-LH 6666) 
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Table a.7. Measurements of pectoral girdle and forelimb of Concavenator corcovatus 
(MCCM-LH 6666) 
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Table a.8. Measurements of pelvic girdle and hindlimb of Concavenator corcovatus 
(MCCM-LH 6666) 
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List of CharaCters used in the Current phyLogenetiC anaLysis:

Skull:

1.premaxilla, premaxillary body in front of external naris, proportions relative to body ventral 
to nares: shorter, angle between anterior and alveolar margins > 75° (0), longer, angle < 70 (1); 
much longer, external naris entirely posterior to premaxillary body (2). 
(Carrano et al., 2012, ch.6. Modified from Paul, 1988b; Sereno et al., 1998, ch.8; Sereno, 1999, ch.2; Holtz, 
1998, ch.6; Coria and Salgado, 2000, ch.30; Rauhut, 2003, ch.2; Holtz et al., 2004, ch. 13; Yates, 2005 6, ch.2, 
5; smith et al., 2007; ch.6; Benson et al., 2010, Ch.1; novas et al., 2013, ch.27).

2.premaxilla, inter-premaxillary suture in adults: open (0), fused (1). 
(Sereno et al., 1998, ch.10; Holtz et al., 2004, ch.10; Benson et al., 2010, Ch.2; Carrano et al., 2012, ch. 1).

3.premaxilla, form of premaxilla-nasal suture: V-shaped (0), W-shaped (1). 
(Holtz, 1994, ch.104; Sereno, 1999, ch.108; Sereno et al., 2004, ch.12; Yates, 2005, ch. 233; Smith et al. 2007, 
ch.16; Benson et al., 2010, Ch.3; Carrano et al., 2012, ch. 5).

4.premaxilla, relation between subnarial process and nasals: contacted, excluding maxilla from 
narial margin (0), separated by maxillary contribution to narial margin (1). 
(russel and dong, 1993, ch. 1; Currie, 1995, ch.1; forster, 1999, ch.15; Currie and Carpenter, 2000, ch.2; 
Benson et al., 2010; ch.5; Carrano et al., 2012, ch. 3. Modified from Gauthier, 1986, ch.1; Perez-Moreno et 
al., 1994, ch.8; Makovicky andSues, 1998, ch.7; Holtz, 1998, ch.8, 10; Rauhut, 2003, ch.6; Holtz, et al., 2004, 
ch.19; yates, 2005, ch.6; Coria and Currie, 2006, ch.2; smith et al., 2007, ch 10).

5.premaxilla, subnarial foramen on premaxilla-maxilla suture, morphology: distinct foramen 
(0), expanded channel (1). 
(Holtz, 1994, ch.25; Carrano et al., 2012, ch. 10. Modified from Coria et al., 2002, ch.11; Holtz et al., 2004, 
ch.25; Yates, 2005, ch.234; Carrano and Sampson, 2008, ch.4; Novas et al., 2013, ch.11).

6.premaxilla, mediolateral constriction of posterior portion: absent (0), present (1). 
(Rauhut, 2003, ch. 8; Holtz et al., 2004, ch.24; Yates, 2005, ch.8; Smith et al., 2007, ch.21; Carrano et al., 2012, 
ch. 8. Modified from Kellner and Campos, 1996, ch.5; Sereno et al., 1998, ch.6; Allain, 2002, ch. 16; Benson 
et al., 2010; ch.7).

7.premaxilla, articulation with maxilla, form: planar (0), interlocking (1). 
(Carrano et al., 2012, ch. 11. Modified from Sereno et al., 1998, ch.11; Sereno et al., 2004, ch.7; Holtz et al., 
2004, ch.21; Benson et al., 2010, ch.8).

8.premaxilla, ventral portion of anterior margin, inclination: vertical (0), inclined slightly 
posterodorsally (1). 
(Brusatte and Sereno, 2008, ch.4. Modified from Novas et al., 2013, ch.10, 28).

9.premaxilla, height/length ratio of premaxillary body ventral to external naris: 0.5–2.0 (0), < 
0.5 (1), > 2.0 (2). 
(Carrano et al., 2002; ch.5; Smith et al, 2007; ch.5; Carrano et al., 2012, ch. 2. Modified from Paul 1988(b); 
Holtz, 1994, ch.13; Sereno, 1999, ch.7; Holtz, 1998, ch.5; Coria and Salgado, 2000, ch.30; Coria et al., 2002, 
ch.10; Allain, 2002, ch. 1; Rauhut, 2003, ch.1; Sereno, et al., 2004, ch.4; Holtz, et al., 2004, ch. 12; Yates, 2005, 
ch.1; Carrano and Sampson, 2008, ch.5, Brusatte and Sereno, 2008, ch.3).
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10.premaxilla, long axis of external naris, length relative to anteroposterior diameter of the 
orbit: less than 50% (0), more than 50% (1).  
(Brusatte and Sereno, 2008, Ch.1. Modified from Holtz et al. 2004, ch.51).

11.premaxilla, nasal process, posterior extent relative to posterior tip of subnarial process: 
anterior (0); even (1), posterior (2). 
(Yates, 2005, ch.228; Smith et al., 2007, ch.14; Carrano et al., 2012, ch. 4).

12.premaxilla, diastema (‘subnarial gap’) adjacent to maxilla along alveolar margin: absent (0), 
present (1). 
(Rowe, 1989, ch.13; Holtz, 1994, ch.6; Sereno, 1999, ch.34; Forster, 1999, ch.12; Holtz, 1998, ch. 11; Coria 
and Salgado, 2000, ch.12;  Carrano et al., 2002, ch.2; Rauhut, 2003, ch.9; Sereno et al., 2004, ch.9; Holtz et al., 
2004, ch.23; Yates, 2005, ch.9; Carrano et al., 2012, ch.7. Modified from Paul, 1984 (a)).

13.premaxilla, development of maxillary process: well–developed (0), reduced to a short 
triangle (1).  
(Sampson et al., 1996; Smith et al., 2007, ch. 11; Carrano and Sampson, 2008, ch.3; Carrano et al., 2012, ch. 
9. Modified from Holtz, 1998, ch.8; Carrano et al., 2002, ch.4; Sereno et al., 2004, ch.8, Benson et al., 2010, 
ch.6).

14.Maxilla, promaxillary fenestra: absent (0), present (1).  
(Holtz, 1994, ch.84; Sereno et al., 1998, ch.41; Sereno, 1999, ch.53; Carrano et al., 2002, ch.8; Allain, 2002, 
ch.6; Rauhut, 2003, ch.16; Sereno et al., 2004, ch.13; Yates, 2005, ch.16; Smith et al., 2007, ch.32. Modified 
from Harris, 1998, ch.2; Currie and Carpenter, 2000, ch.3; Holtz, 1998, ch.16; Holtz et al., 2004, ch.37; Novas 
et al., 2005, ch.1; Coria and Currie, 2006, ch.3; Carrano et al., 2012, ch. 27; novas et al., 2013, ch.17).

15.Maxilla, promaxillary fenestra, depth: shallow (0), extends into anterior ramus as a canal (1). 
(Sereno et al., 1996, ch.22; Sereno, 1999, ch.18; Allain, 2002, ch.7; Yates, 2005, ch.235. Modified from Carrano 
et al., 2002, ch.9; Holtz et al., 2004, ch.37; Brusatte and Sereno, 2008, ch.10; Carrano et al., 2012, ch. 27).

16.Maxilla, promaxillary fenestra, orientation: laterally (0), anteriorly (1). 
(Holtz et al. 2004, ch.38; Brusatte and Sereno, 2008, Ch.7).

17.Maxilla, dimensions of promaxillary fenestra opening: small foramen (0), large fenestra (1). 
(Harris, 1998, ch.2; Brusatte and Sereno, 2008, ch.10; Benson et al., 2010, Ch.14; Carrano et al., 2012, ch. 28. 
Modified from Holtz, 1998, ch.20; Allain, 2002, ch.5).

18.Maxilla, development of maxillary ‘fenestra’: absent (0), fossa (1), fenestra (2). 
(Gauthier and Padian, 1985; Holtz, 2004, ch.40; Benson et al., 2010, Ch.15; Carrano et al., 2012, ch. 26. 
Modified from Gauthier, 1986, ch.13;  Holtz, 1994, ch.108; Sereno et al., 1996, ch.1; Makovicky and Sues, 
1998, ch. 8; Harris, 1998 (a), ch.2; Sereno et al., 1998, ch.41; Holtz, 1998, ch.17; Sereno, 1999, ch.8; Forster, 
1999, ch.13; Currie and Carpenter, 2000, ch.3; Carrano et al., 2002, ch.7; allain, 2002, ch.6; rauhut, 2003, 
ch.17; novas et al., 2005, ch.1; yates, 2005, ch.17; Coria and Currie, 2006, ch.3; smith et al., 2007, ch.29; 
novas et al., 2013, ch.17).

19.Maxilla, pneumaticity on medial side of posterior section of ascending ramus: absent (0), 
present (1). 
(Holtz, 1998, ch.21; Benson et al., 2010, ch.16; Carrano et al., 2012, ch. 30).
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20.Maxilla, development of pneumatic fossa (excavatio pneumatica) in ascending process: absent 
(0), present (1). 
(Sereno et al., 1994; Holtz, 1998, ch.22; Carrano et al., 2002, ch.10; Holtz, 2004, ch.45; Brusatte and Sereno, 
2008, ch.9; Carrano et al., 2012, ch. 29. Modified from Harris, 1998, ch.2; Benson et al., 2010, ch.17).

21.Maxilla, anteromedial/palatal process, position on medial surface of the maxillary anterior 
ramus: central (0), dorsal (1). 
(Modified from Benson et al., 2010, Ch.18; Carrano et al., 2012, ch. 16).

22.Maxilla, palatal process, morphology: ridged or fluted prong (0), plate-shaped (1). 
(Sereno et al., 1998, ch.12; Benson et al., 2010, Ch.19. Modified from Carrano et al., 2002, ch.11; Smith et 
al., 2007, ch.33; Carrano and Sampson, 2008, ch. 8; Carrano et al., 2012, ch. 15).

23.Maxilla, secondary palate formed from enlarged maxillary component: absent (0); present (1).
(Charig and Milner, 1997; Benson et al., 2010, Ch.20; modified from Smith et al., 2007, ch.34).

24.Maxilla, paradental plates, ventral extent relative to lateral wall: as far ventral (0); fall short (1). 
(Britt, 1991; Benson et al., 2010, Ch.24, Carrano et al., 2012, ch. 20).

25.Maxilla, maxillary interdental plates, separation: separated (0); fused (1). 
(Zhao and Currie, 1993; Currie, 1995, ch.15; Makovicky and Sues, 1998, ch.29; Forster, 1999, ch.3; Currie 
et al., 2003, ch.29; Benson et al., 2010, ch.21. Modified from Holtz, 1998, ch.135; Azuma and Currie, 2000, 
ch.62; Holtz et al., 2004, ch.272; Carrano et al., 2012, ch. 138; Novas et al., 2013, ch.25).

26.Maxilla, maxillary interdental plates, visibility: fully visible (0); bases concealed in medial view 
by medial wall of bone (1). 
(Sampson et al., 2001; Carrano et al., 2002, ch.60; Carrano and Sampson, 2008, ch.70; Benson et al., 2010, 
Ch.22; Carrano et al., 2012, ch. 139).

27.Maxilla, medial surface of maxillary interdental plates, texture: smooth or finely pitted (0); 
dorsoventrally striated (1). 
(Sampson et al, 1996; Carrano et al., 2002, ch.61; Smith et al., 2007, ch.37; Carrano and Sampson, 2008, 
ch.69; Benson et al., 2010, Ch.23; Carrano et al., 2012, 140).

28.Maxilla, anterior end of junction between medial wall and paradental plates, inclination: 
horizontal (0); anteroventrally (1). 
(Benson et al., 2010, ch.218, Carrano et al., 2012, ch. 17).

29.Maxilla, horizontal ridge (prominent ‘lingual bar’) between palatal process and antorbital 
fenestra: absent (0), present (1).  
(Carrano et al., 2012, ch.18).

30.Maxilla, paradental plates, depth relative to anteroposterior width: low, < 1.8 (0); tall > 1.8 (1). 
(Carrano et al., 2012, ch. 19. Modified from Brusatte and Sereno, 2008, ch.15; Benson et al., 2010, ch.222; 
novas et al., 2013, ch.26).

31.Maxilla, anterior ramus, anteroposterior length: short (0), moderate (1), extremely long (2).  
(Bakker et al., 1992. Modified from Sereno et al., 1996, ch.32; Sereno et al., 1998, ch.1; Holtz, 1998, ch14; Sereno, 1999, ch.8; 
Carrano et al., 2002, ch.6; Holtz et al., 2004, ch.28, 30; Yates, 2005, ch.11; Coria and Currie, 2006, ch.11; Smith et al., 2007, 
ch.24; Carrano and Sampson, 2008, ch.6; Benson et al., 2010, ch.9; Carrano et al., 2012, ch. 12; Novas et al., 2013, ch.30).
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32.Maxillla, orientation of anteriormost alveolus: vertical (0), angled anteriorly (1). 
(Benson et al., 2010, ch.10; Carrano et al., 2012, ch.13; Novas et al., 2013, ch.23. Modified from Sereno et 
al., 2004, ch.9; Holtz et al., 2004, ch.32).

33.Maxilla, shape of ascending ramus: smooth curve (0), abruptly changes orientation (1). 
(Carrano et al., 2012, ch.14).

34.Maxilla, arrangement of nutrient foramina on lateral surface: single row or no distinct pattern 
(0), two parallel rows (1). 
(Carrano  et al.,  2012, ch.21).

35.Maxilla, anteroventral border of antorbital fossa, demarcated by raised ridge: absent (0), 
present (1). 
(Modified from Rowe, 1989; Sues, 1997, ch.3; Sereno, 1999, ch.44; Azuma and Currie, 2000, ch.2; Rauhut, 
2003. Ch.15; Carrano et al., 2002, ch.12; Sereno et al., 2004, ch.37; Holtz et al., 2004, ch.33; Yates, 2005, 
ch.15, Smith et al., 2007, ch.28; Carrano and Sampson, 2008, ch.9; Benson et al., 2010, ch.13; Carrano et al., 
2012, ch.22).

36.Maxilla, anterior margin of antorbital fossa, form: rounded (0), squared (1). 
(rauhut, 2003, ch.13; yates, 2005, ch.13; Benson et al., 2010, ch.11; Carrano et al., 2012, ch.23).

37.Maxilla, anterior end of antorbital fossa, position relative to naris: posterior (0), ventral (1). 
(Sereno et al., 2004, ch.35; Carrano et al., 2012, ch.25).

38.Maxilla, tooth row, position of the posterior end relative to orbit: beneath (0), anterior (1). 
(Gauthier and Padian, 1985; Gauthier, 1986, ch.38; Holtz, 1994, ch.110; Sereno et al., 1996, ch.6; Harris, 1998, 
ch.3; Holtz, 1998, ch.133; Makovicky and Sues, 1998, ch.6; Sereno, 1999, ch.3; Forster, 1999, ch.1; Currie and 
Carpenter, 2000, ch.5; Carraneo et al., 2002, ch.57; Allain, 2002, ch.2; Sereno et al., 2004, ch.68; Novas et 
al., 2005, ch.3; Coria and Currie, 2006, ch.5; Carrano et al., 2012, ch.31. Modified from Rauhut, 2003, ch.70; 
Holtz et al., 2004, ch.267; Yates, 2005, ch.70; Smith et al., 2007, ch.3; Benson et al., 2010, ch.92).

39.Maxilla, articulation with jugal, development: slot or groove (0), lateral shelf (1). 
(Carrano and Sampson, 2008, ch.34; Carrano et al., 2012, ch.32. Modified from Sereno et al., 2004, ch.18).

40.Maxilla, anteroposterior length of jugal contact relative to total jugal length: less than 50% 
(0), more than 50% (1). 
(Sampson et al., 1998; Carrano et al., 2012, ch.33. Modified from Sereno, 1999, ch.7; Coria et al., 2002, ch.6; 
Holtz et al., 2004, ch.115; Sereno et al., 2004, ch.19; Carrano and Sampson, 2008, ch.11).

41.Maxilla and nasal, external surface texture: smooth (0), sculptured (1). 
(Novas, 1997; Carrano and Sampson, 2008, ch.1; Carrano et al., 2012, ch.34. Modified from Sereno, 1999, 
ch.19; Forster, 1999, ch.11; Coria et al., 2002, ch.1; Carrano et al., 2002, ch.1; Rauhut, 2003, ch.18; Sereno 
et al., 2004, ch.2; Yates, 2005, ch.18; Brusatte and Sereno, 2008, ch.16; Benson et al., 2010, ch.29; Novas et 
al., 2013, ch.24, 34).

42.nasals, shape in dorsal view: expanding posteriorly (0); subequal width throughout their 
length (1). 
(Bakker et al., 1988; Rauhut, 2003, ch.21; Brusatte and Sereno, 2008, ch.17; Benson et al., 2010, ch.25; Novas 
et al., 2013, ch.35).
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43.nasals, inter-nasal contact in adults: separate (0), partly or fully fused (1). 
(Zhao and Currie, 1993; Sereno, 1999, ch.21; Forster, 1999, ch.16; Holtz, 1998, ch.28; Currie and Carpente, 
2000, ch.8; Coria et al., 2002, ch.2; Carrano et al., 2002, ch.14; Holtz et al., 2004, ch.61; Sereno et al., 2004, 
ch.29; Novas et al., 2005. Ch.6; Coria and Currie, 2006, ch.8; Smith et al., 2007, ch.40; Carrano and Sampson, 
2008, ch.12; Benson et al., 2010, ch.26; Carrano et al., 2012, ch.35; Novas et al., 2013, ch.33).

44.nasals, median horn: absent (0); present (1). 
(Marsh, 1884; Benson et al., 2010, ch.27; modified Holtz et al., 2004, ch.57).

45.nasals, development of dorsolateral surfaces:  nasals low and dorsally convex (0), pronounced 
dorsolateral rims, sometimes with lateral crests (1), tall, parasagittal crests (2), inflated and forming 
a hollow midline crest (3). 
(Carrano et al., 2012, ch.40. Modified from Rowe, 1989, ch.25; Holtz, 1998, ch.26, 27; Rauhut, 2003, ch.22; 
Holtz et al., 2004, ch.58,59; Yates, 2005, ch.22; Smith et al., 2007, ch. 42,43; Benson et al., 2010, ch.28).

46.nasal, participation in antorbital fossa: absent (0), present (1). 
(Zhao and Currie, 1993; Sereno et al., 1996, ch.39; Harris, 1998, ch.4; Holtz, 1998, ch.24; Sereno, 1999, ch.124; 
Forster, 1999, ch.23; Azuma and Currie, 2000, ch.84; Currie and Carpenter, 2000, ch.7; Allain, 2002, ch.14; 
Currie et al., 2003, ch.36; Rauhut, 2003, ch.20; Coria and Currie, 2006, ch.7; Carrano et al., 2012, ch.37. Modified 
from yates, 2005, ch.20; smith et al., 2007, ch.39; Benson et al., 2010, ch.30; novas et al., 2013, ch.229, 251).

47.nasal, antorbital fossa in lateral view: visible (0), occluded by ventrolateral overhanging lamina (1). 
(Coria and Currie, 2006; Benson et al., 2010, ch.31; Carrano et al., 2012, ch.38).

48.nasal, pneumatic foramina: absent (0), present (1). 
(Zhao and Currie, 1993; Holtz, 1998, ch.29; Forster, 1999, ch.17; Carrano et al., 2002, ch.15; Currie et al., 
2003, ch.37; Rauhut, 2003, ch.19; Holtz et al., 2004, ch.62; Yates, 2005, ch.19; Smith et al., 2007, ch.38; Benson 
et al., 2010, ch.32; Carrano et al., 2012, ch.39; novas et al., 2013, ch.37).

49.nasal, posterior narial margin, development: weak fossa (0), large fossa (1), laterally splayed 
hood (2) 
(Sereno et al., 1994. Modified from Holtz, 1998, ch.9; Carrano et al., 2002, ch.16; Smith et al., 2007, ch.41; 
Carrano and Sampson, 2008, ch.14; Carrano et al., 2012, ch.36).

50.nasal, sculpturing: low rugosity (0), deeply rugose, bears large excresences (1). 
(Carrano et al., 2012, ch.41. Modified from Holtz, 1998, ch.26; Benson et al., 2010, ch.29; Novas et al., 2013, 
ch.38).

51.Lacrimal, length of anterior process relative to ventral process: subequal (0), ~75% (1). 
(Benson et al., 2010, ch.36; Carrano et al., 2012, ch.50. Modified from Sereno et al., 1998, ch.2; Sereno, 1999, 
ch.8; Carrano et al., 2002, ch.28; Holtz et al., 2004, ch.77; Smith et al., 2007, ch.56).

52.Lacrimal, anterior process, dorsoventral width: deep (0), narrow, includes antorbital fossa 
and rim (1), narrow, antorbital fossa only (2). 
(Carrano et al., 2012, ch.42. Modified from Paul, 1984b, ch.8; Sereno et al., 1996, ch.33; Carrano et al., 2002, 
ch.27; Holtz et al., 2004, ch.77; Carrano and Sampson, 2008, ch.30; Benon et al., 2010, ch.37).

53.Lacrimal, horn morphology: small rugosity (0), low, broad, rugose bar (1), triangular horn (2). 
(Gauthier, 1986; Carrano et al., 2012, ch.47. Modified from Harris, 1998, ch.11; Azuma and Currie, 2000, 
ch.66; Currie and Carpenter, 2000, ch.14; Rauhut, 2003, ch.32; Novas et al., 2005, ch.11; Coria and Currie, 
2006, ch.14; Smith et al., 2007, ch.52; Benson et al., 2010, ch.38; Novas et al., 2013, ch.55).
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54.Lacrimal, lacrimal fenestra: absent (0), present (1). 
(Molnar et al., 1990; Holtz, 1994, ch.27; Sereno et al., 1996, ch.2; Harris, 1998, ch.10; Sereno, 1999, ch.1, 113; 
Currie and Carpenter, 2000, ch.13;  Coria et al., 2002, ch.13; allain, 2002, ch.3; rauhut, 2003, ch.31; sereno 
et al., 2004, ch.22; Yates, 2005, ch.31; Coria and Currie, 2006, ch.13; Smith et al., 2007, ch.51; modified from 
Benson et al., 2010, ch.39; Carrano et al., 2012, ch.45. Modified from Novas et al., 203, ch.54).

55.Lacrimal, lacrimal fenestra, morphology: small foramen (0), large oval opening with associated 
dorsal rugosity, swelling or “horn” (1). 
(Modified from Benson et al., 2010, ch.39; Carrano et al., 2012, ch.45; Novas et al., 203, ch.54).

56.Lacrimal, openings in lacrimal recess, numbers: single (0), multiple (1). 
(Molnar et al., 1990; Azuma and Currie, 2000, ch.67; Holtz, 1998, ch.33; Benson et al., 2010, ch.40; Carrano 
et al., 2012, ch.46; Novas et al., 2013, ch.238. Modified from Currie et al., 2003, ch.25).

57.Lacrimal, anteriormost point of lateral lamina of ventral process, situation: around midheight 
of ventral process (0); dorsal to midheight of ventral process (1). 
(Benson et al., 2010, ch.41; Carrano et al., 2012, ch.43).

58.Lacrimal, lateral lamina of ventral process, projection relative to antorbital fossa: anterior 
projection, separating the fossa in dorsal and ventral portions (0), does not project far anteriorly, 
not reach the fossa (1). 
(Modified from Smith et al., 2007, ch.58; Benson et al., 2010, ch.42; Carrano et al., 2012, ch.44).

59.Lacrimal, suborbital process: absent or reduced (0), present (1). 
(Gauthier and Padian, 1985; Holtz, 1998, ch.36; Sereno, 1999, ch.114; Coria and Salgado, 2000, ch.39; Carrano 
et al., 2002, ch.31; Holtz et al., 2004, ch.79; Smith et al., 2007, ch.57; Carrano and Sampson, 2008, ch.32; 
Benson et al., 2010, ch.43; Carrano et al., 2012, ch.48; Novas et al., 2013, ch.230. Modified from Currie and 
Carpenter, 2000, ch.19; Coria and Currie, 2006, ch.19; Brusatte and Sereno, 2008, ch.21).

60.Lacrimal, contact with postorbital: absent (0), present (1). 
(Novas, 1992; Sereno et al., 1996, ch.48; Harris, 1998, ch.8; Sereno, 1999, ch.22; Azuma and Currie, 2000, 
ch.90; Currie and Carpenter, 2000, ch.11; Coria et al., 2002, ch.3; Allain, 2002, ch.38; Rauhut, 2003, ch.39; 
Sereno et al., 2004, ch.24; Yates, 2005, ch.39; Smith et al., 2007, ch.55; Carrano and Sampson, 2008, ch.20; 
Brusatte and Sereno, 2008, ch.20; Benson et al., 2010, ch.44. Modified from Holtz et al., 2004, ch.105; 
Carrano et al., 2012, ch.62; Novas et al., 2013, ch.44).

61.Lacrimal, angle between anterior and ventral rami: >90° (0), ~90° (1), <75° (2). 
(Benson et al., 2010, ch.35; Modified from Sereno et al., 1998, ch.15; Currie et al., 2003, ch.23; Holtz et al., 
2004, ch.74; Smith et al., 2007, ch.60; Carrano et al., 2012, ch. 49).

62.Jugal, anterior end, position relative to internal antorbital fenestra: excluded, doesn’t reach 
its posterior rim (0), expressed at rim with distinct anterior process extending beneath it (1), 
posterior, reaching its posterior rim (2) 
(Modified from Holtz, 1994, ch.86; Holtz, 1998, ch.58; Harris, 1998, ch.14; Currie and Carpenter, 2000, 
ch.17; Rauhut, 2003, ch.24; Currie et al., 2003, ch.17; Holtz et al., 2004, ch.121; Yates, 2005, ch.24; Coria and 
Currie, 2006, ch.17; smith et al., 2007, ch.50; Benson et al., 2010, ch.33; Carrano et al., 2012, ch.51).

63.Jugal, pneumatisation: absent (0), present (1). 
(Zhao and Currie, 1993; Azuma and Currie, 2000, ch.65; Holtz, 1998, ch.61; Smith et al., 2007, ch.47; Brussate 
and Sereno, 2008, ch.28; Benson et al., 2010, ch.34; Carrano et al., 2012, ch.52; Novas et al., 2013, ch.56).
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64.Jugal, antorbital fossa: absent (0), present (1). 
(Zhao and Currie, 1993; Sereno, 1999, ch.19; Carrano et al., 2002, ch.33; Carrano et al., 2012, ch.53. Modified 
from Rauhut, 2003, ch.25; Holtz et al., 2004, ch.116; Yates, 2005, ch.25; Brusatte and Sereno, 2008, ch.27).

65.Jugal, lacrimal articulation, morphology: abuts, no flange (0), overlapping, flange present (1). 
(Sereno et al., 1994; Sereno et al., 1996, ch.3; Sereno, 1999, ch.2; Allain, 2002, ch.4; Sereno et al., 2004, ch.26; 
Carrano and Sampson, 2008, ch.35; Carrano et al., 2012, ch.54. Modified from Holtz, 1998, ch.34; Carrano 
et al., 2002, ch.34; Holtz et al., 2004, ch.76).

66.Jugal, postorbital process, height with respect to its basal anteroposterior length: wide based, 
process height less than twice the length of the base (0), vertical narrow based, process height 
equal or more than twice the length of the base (1). 
(novas et al., 2013, ch.60).

67.Jugal, posterior process, dorsoventral size:  shallow (0), deep (1). 
(Sereno et al., 1994; Carrano et al., 2012, ch.56. Modified from Sereno et al., 1998, ch.43).

68.postorbital, lateral surface of anterior process, width and ornamentation: thin and 
unornamented or weakly rugose (0), dorsoventrally thickened into a laterally projecting and 
highly rugose platform (1). 
(Benson et al., 2010, ch.45; Novas et al., 2013, ch.231. Modified from Carrano et al., 2002, ch.24).

69.postorbital, supraorbital shelf formed mostly by additional ossification or “palpebral” of 
Coria and Currie (2006): absent (0), present (1). 
(Coria and Currie, 2006, ch.11; Benson et al., 2010, ch.46; Carrano et al., 2012, ch.61. Modified from 
Brusatte and Sereno, 2008, ch.26; Novas et al., 2013, ch.50).

70.postorbital, paricipation in supratemporal fossa: fossa extends onto dorsal surfaces of 
anterior and posterior processes (0), anterior process only (1); posterior process only (2). 
(Benson et al., 2010, ch.47; Carrano et al., 2012, ch.60. Modified from Sereno, 1999, ch.54; Sereno et al., 
2004, ch.45).

71.postorbital, articulation with jugal, morphology: planar (0) grooved ventral process with 
u-shaped cross-section (1). 
(Sereno et al., 1994; Sereno et al., 1996, ch.35; Sereno et al., 1998, ch.44; Carrano et al., 2002, ch.22; Rauhut, 
2003, ch.41; Yates, 2005, ch.41; Smith et al., 2007, ch.71; Carrano et al., 2012, ch.57. Modified from Allain, 
2002, ch.25; Holtz et al., 2004, ch.102; Benson et al., 2010, ch.48).

72.postorbital, ventral process, orientation: subvertical (0), angled anteroventrally (1). 
(Gauthier, 1986; Brusatte and Sereno, 2008, ch.22; Novas et al., 2013, ch.51. Modified Smith et al., 2007, 
ch.73).

73.postorbital, suborbital flange on the ventral process: absent (0), present as small evidence 
(1), present as large flange (2). 
(Gauthier and Padian, 1985; Harris, 1998, ch.9; Currie and Carpenter, 2000, ch.12; Allain, 2002, ch.39; Coria 
and Currie, 2006, ch.12; Carrano et al., 2012, ch.58. Modified from Sereno et al., 1996, ch.49; Holtz, 1998, 
ch.53; Coria et al., 2002, ch.14; Carrano et al., 2002, ch.23; Currie et al., 2003, ch.47; Rauhut, 2003, ch.40; 
Holtz et al., 2004, ch.108; Yates, 2005, ch.40; Smith et al., 2007, ch.69; Carrano and Sampson, 2008, ch.23;  
Brusatte and Sereno, 2008, ch.23; Novas et al., 2013, ch.46).
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74.postorbital, ventral tip of ventral process, position relative to ventral margin of orbit: 
substantially above (0), approximately same level (1). 
(Currie and Zhao, 1993; Holtz, 1998, ch.49; Coria and Currie, 2006, ch.10; Benson et al., 2010, ch.49; 
Carrano et al., 2012, ch.59. Modified from Harris, 1998, ch.7; Currie and Carpenter, 2000, ch.10; Allain, 
2002, ch.13; Holtz et al., 2004, ch.109; Smith et al., 2007; ch.72; Brusatte and Sereno, 2008, ch.24; Novas et 
al., 2013, ch.47).

75.postorbital, dorsal surface, form: smooth (0), convex rugosity (1), anteriorly-projecting rugosity (2). 
(Brusatte and Sereno, 2008, ch. 25. Modified from Holtz, 1998, ch.52).

76.postorbital, articulation with squamosal, form: tongue-in-groove (0), helical (1). 
(Carrano et al., 2012, ch.63. Modified from Novas et al., 2013, ch.45).

77.Squamosal, constriction of lower temporal fenestra: absent (0), present (1). 
(Gauthier, 1986; Holtz, 1998, ch.57; Currie et al., 2003, ch.69; Holtz et al., 2004, ch.112; Benson et al., 2010, 
ch.51; Carrano et al., 2012, ch.72. Modified Allain, 2002, ch.31; Brusatte and Sereno, 2008; ch.29).

78.Squamosal, anterodorsal lamina: emarginated by upper temporal fenestra (0), continuous (1). 
(smith et al., 2007, ch.79; Benson et al., 2010, ch.52; Carrano et al., 2012, ch.73).

79.Squamosal, flange covering quadrate head laterally: absent (0), present (1). 
(Novas, 1992; Novas, 1996, ch.18; Holtz, 1998, ch.56; Smith et al., 2007, ch.80; Carrano et al., 2012, ch.74. 
Modified from Sereno, 1999, ch.4).

80.Squamosal, articulation with quadratojugal, form: at tip (0), broad (1). 
(Paul, 1988b; Rauhut, 2003, ch.45; Yates, 2005, ch.45. Modified from Holtz, 1998, ch.64; Carrano et al., 2002, 
ch.36; Holtz et al., 2004, ch.124;  Smith et al., 2007, ch.82; Carrano et al., 2012, ch.75).

81.Quadratojugal, anteriormost point of ventral process, localization relative to lower 
temporal fenestra: ventral (0), anterior (1). 
(Holtz, 1994, ch.49; Holtz et al., 2004, ch.126; Benson et al., 2010, ch.59; Carrano et al., 2012, ch.76).

82.Quadrate, pneumatisation: absent (0), present (1). 
(Makovicky and Sues, 1998, ch.12; Holtz, 1998, ch.71; Currie et al., 2003, ch.55; Rauhut, 2003, ch.48; Smith et 
al., 2007, ch. 87; Benson et al., 2010, ch.54; Carrano et al., 2012, ch.77; Novas et al., 2013, ch.67).

83.Quadrate, height of dorsal ramus relative to orbit height: less (0), greater (1). 
(Bakker et al., 1992; Holtz, 1998, ch.68; Benson et al., 2010, ch.53; Carrano et al., 2012, ch.78. Modified from 
Sereno et al., 1996, ch.46; Harris, 1998, ch.16; Azuma and Currie, 2000, ch.98; Currie and Carpenter, 2000, 
ch.20; Coria and Currie, 2006, ch.20).

84.Quadrate, foramen: present (0), absent (1). 
(Sereno et al., 1996, ch.36; Coria and Salgado, 2000, ch.42; Coria et al., 2002, ch.15; Allain, 2002, ch.26; 
Carrano and Sampson, 2008, ch.41; Benson et al., 2010, ch.55; Carrano et al., 2012, ch.81. Modified from 
Harris, 1998, ch.17; Holtz, 1998, ch.67; Currie and Carpenter, 2000, ch.21; Carrano et al., 2002, ch.39; 
Rauhut, 2003, ch.49; Yates, 2005, ch.49; Coria and Currie, 2006, ch.21; Smith et al., 2007, ch.89; Novas et al., 
2013, ch.66).

85.Quadrate, medial foramina adjacent to condyles: absent (0), present (1). 
(Carrano et al., 2012, ch.84. Modified from Benson et al., 2010, ch.57).
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86.Quadrate, fused to quadratojugal in adults: absent (0), present (1). 
(Modified from Holtz, 1994, ch.50; Smith et al., 2007, ch.86; Benson et al., 2010, ch. 58).

87.Quadrate, axis in posterior view, mediolateral orientation relative to a horizontal line dawn 
through the articular condyles: vertical (0), oblique (1). 
(Carrano et al., 2012, ch.79. Modified from Benson et al., 2010, ch.56).

88.Quadrate, height of pterygoid flange relative to complete bone: 2/3 (0), subequal (1). 
(Carrano et al., 2012, ch.80).

89.Quadrate, axis in lateral view, orientation relative to a horizontal axis: vertical (0), anterior 
(1), posterior (2). 
(Paul, 1984a; Carrano et al., 2012, ch.82). 

90.Quadrate, head shape in dorsal view, form: oval (0), subrectangular (1). 
(Sereno et al., 1998, ch.27; Carrano et al., 2012, ch.83).

91.Laterosphenoid, articulations: frontal and postorbital (0), postorbital only (1). 
(Sereno, 1999, ch.118; Sereno et al., 2004, ch.59; Carrano et al., 2012, ch.64).

92.prefrontal, articulation with frontal, form: planar (0), peg-and-socket (1).
(Sereno, 1994; Sereno et al., 1996, ch.5; Harris, 1998, ch.6; Holtz, 1998, ch.38; Sereno, 1999, ch.20; Azuma 
and Currie, 2000, ch.91; Carrano et al., 2002, ch.17; Allain, 2002, ch.24; Holtz et al., 2004, ch.84; Carrano et 
al., 2012, ch.66).

93.parietal, articulation with supraoccipital: abuts (0), overlaps (1). 
(Coria and Currie, 2002, ch.14; Carrano et al., 2012, ch.68).

94.parietal, development of medial skull table: flat and broad (0), narrow with sagittal crest (1), 
very broad, widely separating upper temporal fenestra (2). 
(Carrano et al., 2012, ch.69. Modified from Holtz, 1998, ch.43; Sereno, 1999, ch.24; Coria and Salgado, 2000, 
ch.43; Coria and Currie, 2002, ch.12; Rauhut, 2003, ch.43; Currie et al., 2003, ch.44; Carrano and Sampson, 
2008, ch.22).

95.Orbit, shape: dorsoventrally tall, “keyhole”-shaped (0), expanded and subcircular (1).
(Benson et al., 2010, ch.60. Modified from Holtz, 1994, chs.28, 73; Harris, 1998, ch.18; Novas et al., 2013, 
ch.16).

96.Supratemporal fossa, anteromedial corner: open dorsally (0) partially roofed over by a 
small shelf of the frontal-parietal (1). 
(Forster, 1999, ch.33; Holtz et al., 2004, ch.96; Brusatte and Sereno, 2008, ch.33; Benson et al., 2010, ch.61; 
Carrano et al., 2012, ch.71; Novas et al., 2013, ch.41. Modified from Coria and Currie, 2002, ch.1; Smith et 
al., 2007, ch.67).

97.Frontal, interfrontal suture fused: absent (0), present (1). 
(Holtz, 1998, ch.41; Brusatte and Sereno, 2008, ch.34; Novas et al., 2013, ch.42).

98.Frontal, suture with parietal fused: absent (0), present (1). 
(Forster, 1999, ch.38; Smith et al., 2007, ch.65; Brusatte and Sereno, 2008, ch.35; Novas et al., 2013, ch.43).
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99.parietal, nuchal plate with respect to postorbital attachments: not parallel (0), parallel (1). 
(Coria and Currie, 2002, ch.10; Brusatte and Sereno, 2008, ch.37; Benson et al., 2010, ch.62).

100.parietal, nuchal wedge and alae, size and elevation: moderate (0), tall and expanded (1). 
(Carrano et al., 2002, ch.21; Smith et al., 2007, ch.76; Carrano and Sampson, 2008, ch.23; Benson et al., 2010, 
ch.63; Carrano et al., 2012, ch.70. Modified from Holtz, 1994, ch14; Sereno et al., 1999, ch.25; Forster, 1999, 
ch. 35, 36; Coria et al., 2002, ch.5; Coria and Currie, 2002, ch.11).

101.Supraoccipital, participation in foramen magnum: absent, exoccipitals contact dorsally 
(0), narrow, separating exoccipitals on dorsal edge of foramen (1), wide, supraoccipital extends 
ventrolaterally around foramen magnum (2). 
(Carrano et al., 2012, ch.89. Modified from Harris, 1998, ch.19; Allain, 2002, ch.45; Currie et al., 2003, ch.12; 
Holtz et al., 2004, ch. 203; Smith et al., 2007, ch.96; Benson et al., 2010, ch.64).

102.Supraoccipital, width of knob relative to foramen magnum diameter: equal (0), 1.5x (1). 
(Carrano et al., 2012, ch.88. Modified from Forster, 1999, ch.39; Coria and Currie, 2002, ch.13; Smith et al., 
2007, ch.97; Novas et al., 2013, ch.81).

103.Supraoccipital, anteroposterior depth of median ridge relative to occipital condyle length: 
less (0), greater (1). 
(Carrano et al., 2002, ch.44; Smith et al., 2007, ch.95; Carrano and Sampson, 2008, ch.51; Carrano et al., 
2012, ch.87. Modified from Holtz, 1994, ch.24; Holtz, 1998, ch.84; Sereno et al., 2004, ch.55).

104.paroccipital process, position of ventral rim of distal end relative to occipital condyle: at 
same level (0), below (1). 
(Rauhut, 2003, ch.54; Holtz et al., 2004, ch.170; Yates, 2005, ch.54; Smith et al., 2007, ch.91; Benson et al., 
2010, ch.72; Carrano et al., 2012, ch.85).

105.paroccipital process, orientation: process approximately horizontal or dorsolaterally 
inclined (0), process ventrolaterally oriented (1).  
(Paul, 1988b; Benson et al., 2010, ch.71; Carrano et al., 2012, ch.86. Modified from Harris, 1998, ch.24; 
Forster, 1999, ch.28; Azuma and Currie, 2000, ch.41; Currie and Carpenter, 2000, ch.26; Carrano et al., 2002, 
ch.42; Allain, 2002, ch.32; Rauhut, 2003, ch.52; Holtz et al., 2004, ch.167, 168; Yates, 2005, ch.52; Coria and 
Currie, 2006, ch.26; smith et al., 2007, ch.90; novas et al., 2013, ch.72).

106.Basioccipital, ventrolateral pair of pneumatic cavities invading neck of occipital condyle 
and joining medially: absent (0), present (1). 
(Coria and Currie, 2002, ch.6; Smith et al., 2007, ch.98; Brusatte and Sereno, 2008, ch.41; Benson et al., 2010, 
ch.68; Carrano et al., 2012, ch.90).

107.Basioccipital, sharp dorsoventrally oriented lamina situated immediately ventral to 
occipital condyle: absent (0), present (1). 
(Carrano et al., 2012, ch.91).

108.Basioccipital, fossa ventral to occipital condyle in basioccipital apron, width relative to 
occipital condyle: ½ or less (0), 2/3 (1). 
(novas, 1997; Benson et al., 2010, ch.67; Carrano et al., 2012, ch.92).

109.Basioccipital, notch along contact with exoccipital-opisthotic: absent (0), present (1). 
(Bakker et al., 1988; Harris, 1998, ch.25; Holtz, 1998, ch.99; Benson et al., 2010, ch.70; Carrano et al., 2012, ch.93).
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110.Basioccipital, width of basal tubera relative to occipital condyle width: ≥ (0), < (1). 
(Holtz, 1998, ch.97; Azuma and Currie, 2000, ch.12; Holtz, 1998, ch.97; Carrano et al., 2002, ch.43; Allain, 
2002, ch.33; Currie et al., 2003, ch.4; Holtz et al., 2004, ch.188; Smith et al., 2007, ch.102; Brusatte and 
Sereno, 2008, ch.39; Benson et al., 2010, ch.66; Carrano et al., 2012, ch.94; Novas et al., 2013, ch.71).

111.Basisphenoid, location of basipterygoid processes relative to basal tubera: anterior or 
slightly anteroventral, basisphenoid recess opens ventrally (0), ventral, basisphenoid recess narrow 
and opens posteroventrally (1), anteroventrally, basisphenoid recess opens posteroventrally (2). 
(Charig and Milner, 1997; Benson et al., 2010, ch.73; Carrano et al., 2012, ch.95).

112.Basisphenoid, depth of basisphenoid recess: shallow (0), very deep (1). 
(Zhao and Currie, 1993; Sereno et al., 1996, ch.52; Harris, 1998, ch.23; Rauhut, 2003, ch.57; Currie et al., 
2003, ch.5; Yates, 2005, ch.57; Carrano and Sampson, 2008, ch.45; Carrano et al., 2012, ch.96).

113.Basisphenoid, shape of opening for basisphenoid recess: ovoid (0), teardrop-shaped (1). 
(Carrano and Sampson, 2008, ch.46; Carrano et al., 2012, ch.97).

114.Basisphenoid, depth of indentation between basal tubera and basisphenoid processes: 
deep notch (0), shallow embayment (1). 
(Carrano and Sampson, 2008, ch.47; Carrano et al., 2012, ch.98).

115.Basisphenoid, proportions of basipterygoid processes: elongate (0), broad (1). 
(Sereno et al., 1994; Carrano et al., 2012, ch.99. Modified from Sereno et al., 1996, ch.41; Harris, 1998, ch.28; 
Currie and Carpenter, 2000, ch.30; Rauhut, 2003, ch.58; Coria and Currie, 2006, ch.30).

116.Braincase, exit of cranial nerves X and Xi: laterally through the jugular foramen (0); posteriorly 
through a foramen lateral to the exit of the cranial nerve Xii and the occipital condyle (1). 
(rauhut, 2003, ch.60; Benson et al., 2010, ch.69).

117.Braincase, number of foramina (representing cranial nerves Xii, Xi and X) exiting 
ventrolateral to occipital condyle: two (0); three (1). 
(Carrano et al., 2012, ch.100. Modified from Benson et al., 2010, ch.69).

118.Braincase, ventral extension of subcondylar recess: pronounced (0); shallow (1); narrow 
incisure (2). 
(Modified from Carrano and Sampson, 2008, ch.48; Carrano et al., 2012, h.101).

119.Braincase, shape of ventral margin of paroccipital process and stapedial groove/foramen 
ovale: open curve (0); acute/closed curve (1). 
(Carrano et al., 2012, h.102).

120.Braincase, anteroposterior angle of occiput in lateral view: vertical (0), sloping 
anterodorsally–posteroventrally (1). 
(Holtz, 1998, ch.101; Currie et al., 2003, ch.63; Benson et al., 2010, ch.65; Carrano et al., 2012, ch.103. 
Modified from Forster, 1999, ch.43; Novas et al., 2013, ch.68).

121.Braincase, morphology of trigeminal foramen: single (0), partly split (1), fully split (2). 
(Currie and Zhao, 1993; Carrano et al., 2012, h.104. Modified from Harris, 1998, ch.26; Azuma and Currie, 
2000, cj.16; Currie and Carpenter, 2000, ch.38; Allain, 2002, ch.19; Rauhut, 2003, ch.61; Yates, 2005, ch.61; 
Coria and Currie, 2006, ch.28; Carrano and Sampson, 2008, ch.43).
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122.Braincase, median ridge separating exits of left and right sixth cranial nerves: present (0), 
absent (1). 
(Coria and Currie, 2002, ch.5; smith et al., 2007, ch.113; Benson et al., 2010, ch.75; Carrano et al., 2012, ch.105).

123.Braincase, number of tympanic recesses: two (0), three (1). 
(Makovicky and Sues, 1998, ch17; Holtz, 1998, ch.90; Carrano et al., 2012, ch.106).

124.Braincase, internal carotid pneumatization: absent (0), fossa (1), opening (2). 
(Carrano et al., 2012, ch.107. Modified from Sereno et al., 1996, ch.40; Harris, 1998, ch.27; Sereno, 1999, 
ch.127; Azuma and Currie, 2000, ch.15; Currie and Carpenter, 2000, ch.29; Allain, 2002, ch.23; Holtz et al., 
2004, ch.176; Smith et al., 2007, ch.106).

125.Braincase, ossification of interorbital region: weak (0), extensive, ossified sphenethmoid 
and interorbital septum (1). 
(Bakker et al., 1988; Forster, 1999, ch.42; Coria and currie, 2002, ch.4; Carrano et al., 2002, ch.40; Smith et 
al., 2007, ch.111; Carrano and Sampson, 2008, ch.42; Benson et al., 2010, ch.74; Carrano et al., 2012, ch.108).

126.palatine, morphology of jugal process: tapered process (0), expanded process (1). 
(Sereno et al., 1994; Harris, 1998, ch.32; Currie and Carpenter, 2000, ch.34; Carrano et al., 2002, ch.45; 
Smith et al., 2002, ch.115; Sereno et al., 2004, ch.54; Holtz et al., 2004, ch.142; Coria and Currie, 2006, ch.34; 
smith et al., 2007, ch.115; Benson et al., 2010, ch.76; Carrano et al., 2012, ch.111; novas et al., 2013, ch.239).

127.palatine, shape: triradiate (0), tetraradiate, well developed jugal process (1). 
(Sereno et al., 1996, ch.43; Currie and Carpenter, 2000, ch.31; Currie et al., 2003, ch.43; Coria and Currie, 2006, 
ch.31; Carrano and Sampson, 2008, ch.52; Carrano et al., 2012, ch.109. Modified from Harrys, 1998, ch.29; 
Holtz, 1998, ch.76; Rauhut, 2003, ch.65; Holtz et al., 2004, ch141; Yates, 2005, ch.65; Smith et al., 2007, ch.114).

128.palatine, anteroposterior extent of maxillary flange: short (0), extended (1). 
(Carrano et al., 2012, ch.110).

129.palatine, orientation of maxillary contact: lateral (0), ventral (1). 
(Carrano et al., 2012, ch.112).

130.palatine, pneumatic recess: absent (0), present (1). 
(Holtz, 1998, ch.78; Azuma and Currie, 200, ch.85; Carrano et al., 2002, ch.46; Holtz et al., 2004, ch.144; 
Carrano et al., 2012, ch.113; Novas et al., 2013, ch.82. Modified from Harris, 1998, ch.33; Currie and 
Carpenter, 2000, ch.35; Coria and Currie, 2006, ch.35; Brusatte and Sereno, 2008; ch.47).

131.pterygoid, pocket on ectopterygoid flange: absent (0), present (1). 
(Gauthier and Padian, 1985; Holtz, 1994, ch.88; Carrano et al., 2002, ch.47; Carrano and Sampson, 2008, 
ch.53; Carrano et al., 2012, ch.114).

132.ectopterygoid, dorsoventral depth: narrow (0), deep (1). 
(Carrano et al., 2012, ch.115. Modified from Rauhut, 2003, ch.67; Holtz et al., 2004, ch.151; Yates, 2005, 
ch.67; Smith et al., 2007, ch.118).

133.ectopterygoid, ventral fossa: absent (0), present (1). 
(Paul, 1984b; Sereno et al., 1996, ch.23; Makovicky and Sues, 1998, ch.10; Sereno, 1999, ch.87; Carrano et 
al., 2012, ch.116. Modified from Harris, 1998, ch.34; Azuma and Currie, 2000, ch.39; Currie and Carpenter, 
2000, ch.36; Holtz, 1998, ch.81; Allain, 2002, ch.9; Rauhut, 2003, ch.67; Carrano and Sampson, 2008, ch.57; 
Novas et al., 2013, ch.84).
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134.ectopterygoid, lateral depth of ectopterygoid fossa: shallow (0), deep (1). 
(Sereno et al., 1994; Carrano et al., 2002, ch.48; Carrano et al., 2012, ch.117. Modified from Harris, 1998, 
ch.35; Sereno, 1999, ch.22; Forster, 1999, ch.31; Allain, 2002, ch.8; Novas et al., 2013, ch.84).

135.Mandible, size of external mandibular fenestra: small to moderate (0), large (1). 
(Paul, 1984b, ch.26; Holtz, 1994, ch.29; Harris, 1998, ch.38; Currie and Carpenter, 2000, ch.37; Holtz, 1998, 
ch.118; Carrano et al., 2002, ch.49; Allain, 2002, ch.44; Carrano and Sampson, 2008, ch.58; Brusatte and 
Sereno, 2008, ch.48; Carrano et al., 2012, ch.118. Modified from Azuma and Currie, 2000, ch.68; Holtz et al., 
2004, ch.234; Novas et al., 2013, ch.85).

136.Mandible, position of anterior end of external mandibular fenestra relative to last dentary 
tooth: posterior (0), ventral (1). 
(Sereno, 1999, ch.29; Coria et al., 2002, ch.7; Carrano et al., 2002, ch.50; Sereno et al., 2004, ch.61; Holtz 
et al., 2004, ch.235; Smith et al., 2007, ch.124; Carrano and Sampson, 2008, ch.59; Carrano et al., 2012, 
ch.119).

137.dentary, shape of anterior end in lateral view: blunt and unexpanded (0), dorsoventrally 
expanded, rounded, and slightly upturned (1), ‘squared off ’ in lateral view via anteroventral 
process (2). 
(Paul, 1984b, ch.21; Smith et al., 2007, ch.125; Benson et al., 2010, ch.77; Carrano et al., 2012, ch.120. 
Modified from Sereno et al., 1996, ch.50; Sereno et al., 1998, ch.6; Harris, 1998, ch.36;Azuma and Currie, 
2000, ch.33; Holtz, 1998, ch.105; Sereno et al., 2004, ch.62; Holtz et al., 2004, ch.209; Yates, 2005, ch.239;  
Brusatte and Sereno, 2008, ch.49; Novas et al., 2013, ch.88, 89).

138.dentary, size of mesialmost alveoli: subequal (0), third alveolus circular and enlarged (1). 
(Gauthier and Padian, 1985; Sereno, 1999, ch.38; Sereno et al., 2004, ch.71; Holtz et al., 2004, ch.213; Benson 
et al., 2010, ch.79; Carrano et al., 2012, ch.121. Modified from Gauthier, 1986, ch.36; Harris, 1998, ch.48; 
Rauhut, 2003, ch.83; Yates, 2005, ch.83; Smith et al., 2007, ch.128; Novas et al., 2013, ch.273).

139.dentary, shape in dorsal view: straight (0), curves anteromedially (1). 
(Bakker et al., 1988; Azuma and Currie, 2000, ch.31; Rauhut, 2003, ch.76; Holtz et al., 2004, ch.212; Yates, 
2005, ch.76; Benson et al., 2010, ch.78; Carrano et al., 2012, ch.122. Modified from Holtz, 1994, ch.104; 
Sereno, 1999, ch.18; Currie and Carpenter, 2000, ch.1; Holtz, 1998, ch. 107; Sereno et al., 2004, ch.70; Coria 
and Currie, 2006, ch.1; Brusatte and Sereno, 2008, ch.53; Carrano and Sampson, 2008, ch.64; Novas et al., 
2013, ch.91).

140.dentary, paradental groove: narrow along entire length (0), wide anteriorly defining a 
distinct gap between medial dentary wall and paradental plates (1). 
(Benson et al., 2010, ch.81; Carrano et al., 2012, ch.123).

141.dentary, longitudinal groove housing dorsally situated row of neurovascular foramina on 
lateral surface, development: weak (0), well-defined (1). 
(Modified from Holtz et al., 2004, ch.217; Benson et al., 2010, ch.80; Carrano et al., 2012, ch.124).

142.dentary, posterior end of principal neurovascular foramina row, location: parallels the 
tooth row (0); curves ventrally as it extends posteriorly (1). 
(Brusatte and Sereno, 2008, ch.51).

143.dentary, number of Meckelian foramina: one (0), two (1). 
(Benson et al., 2010, ch.82; Carrano et al., 2012, ch.125; Novas et al., 2013, ch.243).
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144.dentary, external surface, texture: smooth (0); rugose, marked by prounounced lineations 
and ridges (1). 
(Brusatte and Sereno, 2008, ch.52).

145.dentary, morphology of posterior end: notched by external mandibular fenestra (0), 
straight or slightly concave (1). 
(Zhao and Currie, 1993; yates, 2005, ch.77; Coria and Currie, 2006, ch.77; smith et al., 2007, ch.122; Brusatte 
and Sereno, 2008, ch.55; Carrano et al., 2012, ch.126. Modified from Forster, 1999, ch.4; Rauhut, 2003, ch.77; 
Holtz et al., 2004, ch.222, 226, 237).

146.dentary, morphology of surangular articulation just above external mandibular fenestra: 
small notch (0), large socket (1). 
(Sampson et al., 1998; Carrano et al., 2002, ch.54; Sereno et al., 2004, ch.63; Smith et al., 2007, ch.121; 
Carrano and Sampson, 2008, ch.63; Carrano et al., 2012, ch.127).

147.Splenial, contour of posterior edge: straight (0), curved (1), notched (2). 
(Sereno et al., 1994; Sereno et al., 1996, ch.24; Harris, 1998, ch.40; Sereno, 1999, ch.23; Carrano et al., 2002, 
ch.51; Rauhut, 2003, ch.79; Yates, 2005, ch.79; Smith et al., 2007, ch.131; Carrano and Sampson, 2008, ch.61; 
Carrano et al., 2012, ch.128. Modified from Currie and Carpenter, 2000, ch.39; Holtz, 1998, ch.120; Allain, 
2002, ch.10; Coria and Currie, 2006, ch.39).

148.Splenial, size of splenial (‘mylohyoid’) foramen: small (0), large (1). 
(Sereno et al., 1998, ch.16; Currie et al., 2003, ch.66; Carrano et al., 2012, ch.129).

149.Splenial, foramen in ventral part: completely enclosed by bone (0), open anteroventrally (1). 
(Rauhut, 2003, ch.78; Holtz etal., 2004, ch.239; Yates, 2005, ch.78; Smith et al., 2007, ch.130; Benson et al., 
2010, ch.97; Carrano et al., 2012, ch.130).

150.Surangular, horizontal ridge on lateral surface below mandibular joint: weak (0), strong (1). 
(Gauthier, 1986. Modified from Holtz, 1998, ch.116; Holtz et al., 2004, ch.230; Smith et al., 2007, ch.133; 
Carrano and Sampson, 2008, ch.60; Benson et al., 2010, ch.98; Carrano et al., 2012, ch.131).

151.Surangular, number of posterior surangular foramina: one (0), two (1). 
(Benson et al., 2010, ch.100; Carrano et al., 2012, ch.132. Modified from Azuma and Currie, 2000, ch.102; 
Holtz, 1998, ch.113, 114).

152.Mandibular glenoid, morphology of medial edge: flat or rounded (0), projecting (1). 
(Carrano et al., 2012, ch.133).

153.Mandibular glenoid, development of anterior wall: weak (0), tall (1). 
(Smith et al., 2007, ch.136; Carrano et al., 2012, ch.134).

154.Retroarticular process, length: long (0), blunt (1). 
(Carrano et al., 2012, ch.135. Modified from Harris, 1998, ch.43; Makovicky and Sues, 1998, ch.23; Holtz, 
1998, ch.124; Holtz et al. 2004, ch.249, Brusatte and Sereno, 2008, ch.58).

155.Retroarticular process, mediolateral width relative to posterior width of dentary: ≤ 
(0), > (1). 
(Carrano et al., 2012, ch.136. Modified from Rauhut, 2003, ch.73; Holtz et al. 2004, ch.249; Yates, 2005, ch.73; 
Smith et al., 2007, ch.139; Brusatte and Sereno, 2008, ch.58; Novas et al., 2013, ch.86).
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156.Retroarticular process, orientation of attachment surface: posterodorsal (0), posterior (1). 
(Sereno et al., 1994; Sereno et al., 1996, ch.25; Harris, 1998, ch.44; Sereno, 1999, ch.24; Currie and Carpenter, 
2000, ch.40; Holtz, 1998, ch.123; Carrano et al., 2002, ch.53; Rauhut, 2003, ch.74; Holtz et al., 2004, ch.248; 
Yates, 2005, ch.74; Coria and Currie, 2006, ch.40; Smith et al., 2007, ch.140; Carrano et al., 2012, ch.137).

157.Teeth, curvature: present, marked (0), reduced (1). 
(Modified from Sereno et al., 1998, ch.35; Holtz et al., 2004, ch.265; Benson et al., 2010, ch.96; Carrano et 
al., 2012, ch.141; Novas et al., 2013, ch. 5).

158.Teeth, crown striations: absent (0), present (1). 
(Bakker et al., 1988; Sereno et al., 1998, ch.18; Benson et al., 2010, ch.93; Carrano et al., 2012, ch.142).

159.Teeth, enamel wrinkles: absent (0), present, extending as bands across labial and lingual 
tooth surfaces (1), pronounced marginal enamel wrinkles (2). 
(Benson et al., 2010, ch.95; Carrano et al., 2012, ch.143; Brusatte et al. 2007. Modified from Currie and 
Carpenter, 2000, ch.42; Novas et al., 2013, ch.1).

160.Teeth, mid-crown cross-section: elliptical (0), circular (1). 
(Sereno et al., 1998, ch.17; Holtz et al., 2004, ch.266; Benson et al., 2010, ch.91; Carrano et al., 2012, ch.144; 
novas et al., 2013, ch.7).

161.Teeth, root shape: broad (0), tapered (1). 
(Sereno et al., 1998, ch.21; Benson et al., 2010, ch.94; Carrano et al., 2012, ch.145).

162.Teeth, maxillary and dentary, serrations: present (0), absent (1). 
(Sereno et al., 1998, ch.36; Rauhut, 2003, ch.85; Yates, 2005, ch.85; Smith et al., 2007, ch.36; Benson et al., 
2010, ch.88; Carrano et al., 2012, ch.146. Modified from Holtz, 1998, ch.128).

163.Teeth, maxillary and dentary, extent of anterior carina: to base of crown (0), at mid-height 
of crown or more dorsally (1). 
(Gauthier, 1986; Benson et al., 2010, ch.89; Carrano et al., 2012, ch.147).

164.premaxillary teeth, number: four (0), three (1), five (2), six/seven (3). 
(Bakker et al., 1988; Benson et al., 2010, ch.83; Carrano et al., 2012, ch.150; Novas et al., 2013, ch.15. 
Modified from Harris, 1998, ch.47; Sereno et al., 1998, ch.19; Forster, 1999, ch.2; Holtz, 1998, ch.3; Rauhut, 
2003, ch.5; Holtz et al., 2004, ch.7; Yates, 2005, ch.5; Smith et al., 2007, ch.8; Carrano and Sampson, 2008, 
ch.2; Brusatte and Sereno, 2008, ch.2).

165.premaxillary teeth, arrangement of carinae: nearly symmetrical, on opposite sides (0), 
more asymmetrical, both on lingual side (1). 
(Bakker et al., 1988; Holtz, 1994, ch.126; Carrano et al., 2002, ch.56; Yates, 2005, ch.232; Smith et al., 2007, 
ch.19; Carrano and Sampson, 2008, ch.67; Carrano et al., 2012, ch.148. Modified from Harris, 1998, ch.46; 
Coria and Carpenter, 2000, ch.41; Allain, 2002, ch.28; Benson et al., 2010, ch.84; Novas et al., 2013, ch.4).

166.premaxillary teeth, serrations: present (0), absent (1). 
(Rauhut, 2003, ch.84; Holtz et al., 2004, ch.259; Yates, 2005, ch.84; Smith et al., 2007, ch.17; Carrano et al., 
2012, ch.149).

167.premaxillary teeth, spacing: even (0), paired and spaced (1). 
(Carrano et al., 2012, ch.151).
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168.premaxillary teeth, size of tooth 1 relative to others: subequal (0), smaller (1). 
(Sereno et al., 1998, ch.38; Carrano et al., 2012, ch.152. Modified from Holtz et al., 2004, ch.261; Benson et 
al., 2010, ch.85).

169.Maxillary teeth, number: > 17 (0), 11–17 (1), < 11 (2). 
(Carrano et al., 2012, ch.153. Modified from Carrano et al., 2002, ch.58; Holtz et al., 2004, ch.252; Smith et 
al., 2007, ch.35; Carrano and Sampson, 2008, ch.68; Benson et al., 2010, ch.86).

170.Maxillary teeth, mid-tooth spacing: adjacent (0), with diastemata (1). 
(Sereno et al., 1998, ch.20; Carrano et al., 2012, ch.154).

171.dentary teeth, size and number relative to maxillary teeth: approximately equal (0), 
smaller and approximately 1.5 times as numerous (1). 
(Holtz, 1998, ch.127; Carrano et al., 2012, ch.155. Modified from Pérez-Moreno et al., 1994; Sereno et al., 
1998, ch.26; Carrano et al., 2002, ch.59; Smith et al., 2007, ch.127; Benson et al., 2010, ch.87; Novas et al., 
2013, ch.3).

Axial Skeleton:

172.presacral vertebrae, anterior face of anterior elements: flat (0), convex (1). 
(Gauthier, 1986; Russel and Dong, 1993, ch.24; Sereno, 1999, ch.125; Holtz, 1998, ch.147; Carrano et al., 
2002, ch.62; Rauhut, 2003, ch.95; Sereno et al., 2004, ch.79; Holtz, et al., 2004, ch.290; Yates, 2005, ch.95; 
Smith et al., 2007, ch.151; Benson et al., 2010, ch.113; Carrano et al., 2012, ch.156. Modified from Harris, 
1998, ch.55, 65; Azuma and Currie, 2000, ch.28; Currie and Carpenter, 2000, ch.48; Coria and Currie, 2006, 
ch.48).

173.presacral vertebrae, pleurocoel posterior to parapophysis (anterior pleurocoel) in 
anterior elements: absent (0), present (1). 
(Gauthier, 1986; Sereno, 1999, ch.121; Carrano et al., 2002, ch.64; Sereno et al., 2004, ch.80; Carrano et al., 
2012, ch.157. Modified from Holtz, 1994, ch.4; Harris, 1998, ch.58; Makovicky and sues, 1998, ch.36; Holtz, 
1998, ch.148; Coria and Salgado, 2000, ch.2; Rauhut, 2003, ch.89; Holtz et al., 2004, ch.291; Yates 2005, ch.89; 
Smith et al., 2007, ch.148; Benson et al., 2010, ch.111; Novas et al., 2013, ch.98).

174.presacral vertebrae, posterior pleurocoel in anterior elements: absent (0), present (1). 
(Gauthier, 1986; Sereno, 1999, ch.1; Carrano et al., 2002, ch.65; Sereno et al., 2004, ch.43; Carrano et al., 2012, 
ch.158. Modified from Holtz, 1994, ch.4; Harris, 1998, ch.58; Makovicky and sues, 1998, ch.36; Holtz, 1998, 
ch.148; Coria and Salgado, 2000, ch.2; Rauhut, 2003, ch.89; Holtz et al., 2004, ch.291; Yates 2005, ch.89; Smith 
et al., 2007, ch.148; Carrano and Sampson, 2008, ch.78; Benson et al., 2010, ch.111; Novas et al., 2013, ch.98).

175.presacral vertebrae, extent of anterior pleurocoel: anterior dorsals only (0), all dorsals, 
to sacrum (1). 
(Harris, 1998, ch.66; Brusatte and Sereno, 2008, ch.67; Carrano et al., 2012, ch.159. Modified from Russel and Dong, 
1993, ch.27; Azuma and Currie, 2000, ch.38; Currie and Carpenter, 2000, ch.57;Rauhut, 2003, ch.106; Yates, 2005, 
ch.106;Coria and Currie, 2006, ch.57; Smith et al., 2007, ch.168; Benson et al., 2010, ch.115; Novas et al., 2013, ch.106).

176.Vertebrae, internal structure of pneumatic centra: absent, ‘pleurocoels’ if present, form 
fossae, not foramina (0), camerate (1), camellate (2). 
(Zhao and Currie, 1993; Harris, 1998, ch.62; Azuma and Currie, 2000, ch.25; Currie and Carpenter, 2000, ch.53; 
Holtz, 1998, ch.181; Carrano et al., 2002, ch.66;  Rauhut, 2003, ch.96; Holtz et al., 2004, ch.334; Yates, 2005, ch.96; 
Coria and Currie, 2006, ch.53; Smith et al., 2007, ch.152; Carrano and Sampson, 2008, ch.73; Benson et al., 2010, 
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ch.109; Carrano et al., 2012, ch.160; Novas et al., 2013, ch.104. Modified from Brusatte and Sereno, 2008, ch.64).

177.atlas, length of epipophyses: moderate (0), elongate (1). 
(Gauthier, 1986, ch.69; Makovicky and Sues, 1998, ch.30; Holtz et al., 2004, ch.277; Carrano et al., 2012, ch.161).

178.atlas, atlantal neural arch, pneumatic foramen in dorsolateral surface: absent (0), present (1). 
(Sereno et al., 2008; Benson et al., 2010, ch.226).

179.axis, spinous process shape: dorsal end expanded transversely (0), tapers mediolaterally (1). 
(Gauthier, 1986, ch.39; Sereno et al., 1996, ch.7; Makovicky and Sues, 1998, ch.31; Holtz et al., 2004, ch.279; 
Benson et al., 2010, ch.103; Carrano et al., 2012, ch.162. Modified from Holtz, 1994, ch.112; Harris, 1998, 
ch.53; Sereno, 1999, ch.4; Currie and Carpenter, 2000, ch.47; Holtz, 1998, ch.139; Coria and Currie, 2006, 
ch.47; Novas et al., 2013, ch.93).

180.axis, orientation of intercentrum ventral surface: horizontal or slightly anteroventral (0), 
tilted anterodorsally (1). 
(Currie and Zhao, 1994; Benson et al., 2010, ch.101; Carrano et al., 2012, ch.163. Modified from Harris, 
1998, ch.50; Currie and Carpenter, 2000, ch.44; Coria and Currie, 2006, ch.44; Brusatte and Sereno, 2008, 
ch.60).

181.axis, length of epipophyses: moderate (0), long (1), short (2). 
(Gauthier, 1986; Holtz, 1998, ch.144; Carrano et al., 2012, ch.164. Modified from Harris, 1998, ch.52; Currie 
and Carpenter, 2000, ch.46; Carrano et al., 2002, ch. 67; Rauhut, 2003, ch.92; Holtz et al., 2004, ch.286; Yates, 
2005, ch.92; Coria and Currie, 2006, ch.46; Carrano and Sampson, 2008, ch.74; Novas et al., 2013, ch.94).

182.axis, morphology of spinopostzygapophyseal lamina: broad, well-developed (0), invaginated (1). 
(Carrano and Sampson, 2008, ch.75; Benson et al., 2010, ch.106; Carrano et al., 2012, ch.165).

183.axis, development of parapophyses: moderate/large (0), reduced/absent (1). 
(Holtz, 1998, ch.142; Carrano et al., 2002, ch.69; Smith et al., 2007, ch.143; Benson et al., 2010, ch.105; 
Carrano et al., 2012, ch.166; Novas et al., 2013, ch.236. Modified from Forster, 1999, ch.51; Holtz et al., 
2004, ch.284).

184.axis, development of diapophyses: moderate (0), reduced or absent (1). 
(Gauthier, 1986; Forster, 1999, ch.51; Carrano et al., 2002, ch.70; Carrano et al., 2002; ch.70; Smith et al., 
2007, ch.144; Benson et al., 2010, ch.104; Carrano et al., 2012, ch.167; Novas et al., 2013, ch.235. Modified 
from Holtz, 1994, ch.10; Sereno, 1999, ch.124; Sereno et al., 2004, ch.77; Carrano and Sampson, ch.76).

185.axis, pleurocoels: absent (0), present (1). 
(Holtz, 1994, ch.11; Sereno, 1999, ch.39; Forster, 1999, ch.50; Holtz, 1998, ch.145; Coria and Salgado, 2000, 
ch.14; Carrano et al., 2002, ch.71; Rauhut, 2003, ch.91; Sereno et al., 2004, ch.73; Holtz et al., 2004, ch.287; 
Yates, 2005, ch.91; Smith et al., 2007, ch.142; Carrano and Sampson, 2008, ch.77; Benson et al., 2010, ch.102; 
Carrano et al., 2012, ch.168).

186.Cervical vertebrae, morphology of anterior pleurocoel: single opening (0), two openings 
oriented anteroventral-posterodorsal or very plastic morphology (1). 
(Carrano et al., 2012, ch.169. Modified from Smith et al., 2007, ch.150; Benson et al., 2010, ch.111).

187.Cervical vertebrae, middle, shape of anterior pleurocoel: round (0), anteroposteriorly 
elongate (1). 
(Carrano et al., 2012, ch.170).
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188.Cervical vertebrae, anterior, ventral keel, development: prominent (0), weak ridge (1). 
(Modified from Harris, 1998, ch.51; Forster, 1999, ch.49; Azuma and Currie, 2000, ch.10; Currie and 
Carpenter, 2000, ch.45; Rauhut, 2003, ch.97; Holtz et al., 20004, ch.89; Yates, 2005, ch.97; Coria and Currie, 
2006, ch.45; Carrano and Sampson, 2008, ch.81; Brusatte and Sereno, 2008, ch.61; Benson et al., 2010, 
ch.107; Carrano et al., 2012, ch.171; Novas et al., 2013, ch.280).

189.Cervical vertebrae, anterior, demarcation of dorsal surface of neural arch from diapophyseal 
surface: gently sloping (0), ridge (prominent prezygapophyseal-epipophyseal lamina) (1). 
(Coria and Salgado, 2000, ch.23; Carrano et al., 2002, ch.72; Holtz et al., 2004, ch.302; Smith et al., 2007, ch.158; 
Carrano and Sampson, 2008, ch.79; Carrano et al., 2012, ch.172. Modified from Novas et al., 2013, ch.103).

190.Cervical vertebrae, position of parapophysis on centrum: anterior (0), middle (1). 
(Carrano et al., 2012, ch.173).

191.Cervical vertebrae, articular surface of prezygapophyses: planar (0), flexed (1). 
(Gauthier, 1986, ch.56; Harris, 1994, ch.78; Harris, 1998, ch.60; Azuma and Currie, 2000, ch.27; Currie and 
Carpenter, 2000, ch.51; Holtz, 1998, ch.153; Rauhut, 2003, ch.100; Holtz et al., 2004, ch.149; Yates, 2005, 
ch.100; Coria and Currie, 2006, ch.51; Smith et al., 2007, ch.157; Carrano et al., 2012, ch.174).

192.Cervical vertebrae, perimeter of anterior articular surface: not rimmed by a flattened 
peripheral band (0), flat, forming a distinct rim (1). 
(Carrano et al., 2012, ch.175).

193.Cervical vertebrae, anterior, transverse distance between prezygapophyses relative to 
width of neural canal: < (0), >, prezygapophyses situated lateral to neural canal (1). 
(Rauhut, 2003, ch.99; Benson et al., 2010 ch.110; Carrano et al., 2012, ch.176. Modified from Gauthier, 
1986, ch.4; Makovicky and Sues, 1998, ch.35; Holtz, 1998, ch.155; Carrano et al., 2002, ch.76; Carrano and 
Sampson, 2008, ch.84).

194.Cervical vertebra, anterior, epipophyses, length relative to postzygapophyses: short, slightly 
most posteriorly projected than postzygapophyses (0), long, strongly posteriorly projected than 
postzygapophyses (1). 
(Novas, 1992; Holtz, 1998, ch.152; Holtz et al., 2004, ch.296. Modified from Makovicky and Sues, 1998, ch.41; 
Forster, 1999, ch.55; Azuma and Currie, 2000, ch.24; Holtz, 1998, ch.149; Carrano et al., 2002, ch.77; Rauhut, 
2003, ch.102; Yates, 2005, ch.102; Smith et al., 2007, ch.159; Carrano and Sampson, 2008, ch.85; Carrano et 
al., 2012, ch.177; novas et al., 2013, ch.101).

195.Cervical vertebra, anterior, epipophyses, morphology of posterior apex: tapered and thin 
(0), tapered and thick (1), rounded and thick (2). 
(Modified from Novas, 1994b, ch.34; Sereno, 1999, ch.89; Carrano et al., 2002, ch.77; Smith et al., 2007, 
ch.159; Carrano and Sampson, 2008, ch.85; Carrano et al., 2012, ch.177; Novas et al., 2013, ch.101).

196.Cervical vertebrae, middle, pleurocoel penetrates centrum through parapophysis: absent 
(0); present (1). 
(rauhut, 2005; Benson et al., 2010, ch.112).

197.Cervical vertebrae, anteroposterior length of neural spines: nearly as long as centrum (0), 
≤ 75% centrum length (1). 
(Sampson et al., 2001; Carrano et al., 2002, ch.78; Carrano et al., 2012, ch.178. Modified from Smith et al., 
2007, ch.164).
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198.Cervical vertebrae, longest post-axial elements: first five (0), last five (1). 
(Gauthier, 1986; Holtz, 1998, ch.164; Holtz et al., 2004, ch.313; Carrano et al., 2012, ch.179).

199.Cervical vertebrae, middle, length/height ratio of centra: less than 3 (0), more than 3 (1). 
(Novas, 1992; Carrano et al., 2002, ch.79; Smith et al., 2007, ch.153; Carrano and Sampson, 2008, ch.86; 
Benson et al., 2010, ch.108; Carrano et al., 2012, ch.180. Modified from Sereno, 1999, ch.45; Holtz, 1998, 
ch.160; Coria and Salgado, 2000, ch.45; Sereno et al., 2004, ch.78).

200.dorsal vertebrae, pneumaticity/webbing at base of neural spines: absent (0), present (1). 
(Charig and Milner, 1997; Sereno et al., 1998, ch.24; Benson et al., 2010, ch.123; Carrano et al., 2012, ch.181).

201.dorsal vertebrae, accessory centrodiapophyseal lamina: absent (0), present (1). 
(Charig and Milner, 1997; Sereno et al., 1998, ch.25; Benson et al., 2010, ch.122; Carrano et al., 2012, ch.182).

202.dorsal vertebrae, size of infraprezygapophyseal fossa: small (0), expanded (1). 
(Carrano et al., 2012, ch.183).

203.dorsal vertebrae, anterior, ventral keel pronounced, around 1/3 the height of centrum: 
absent (0), present (1). 
(Modified from Makovicky and Sues, 1998, ch.42; Benson et al., 2010, ch.116; Carrano et al., 2012, ch.184).

204.dorsal vertebrae, anterior, size of pneumatic foramen in centrum: small (0); enlarged (1). 
(Carrano et al., 2012, ch.185).

205.dorsal vertebrae, elevation of parapophyses: slightly elevated from centrum (0), project 
far laterally, more than half the diapophyseal length (1). 
(Novas, 1991a; Harris, 1998, ch.67; Carrano et al., 2002, ch.81; Sereno et al., 2004, ch.89; Smith et al., 2007, 
ch.180; Carrano and Sampson, 2008, ch.90; Benson et al., 2010, ch.121; Carrano et al., 2012, ch.186).

206.dorsal vertebrae, orientation of hyposphene laminae: diverge ventrolaterally (0), parallel 
and sheet-like (1). 
(Benson et al., 2010, ch.117; Carrano et al., 2012, ch.187).

207.dorsal vertebrae, position of parapophyses in posteriormost elements: on the same level 
as transverse process (0); distinctly below transverse process (1). 
(Russel and Dong, 1994, ch.26; Rauhut, 2003, ch.111; Sereno et al., 2004, ch.90; Holtz et al., 2004, ch.335; 
Yates, 2005, ch.111; Smith et al., 2007, ch.179; Carrano et al., 2012, ch.188).

208.dorsal vertebrae, distinct step-like ridge lateral to hyposphene, running posterodorsally 
from dorsal border of neural canal to posterior edge of postzygapophyses: absent (0); present (1). 
(Brusatte et al., 2008; Benson et al., 2010, ch.118; Novas et al., 2013, ch.244).

209.dorsal vertebrae, middle and posterior, postzygapophyses with tab-like lateral extensions 
of articular facets: absent (0); present (1). 
(Benson et al. et al., 2010, ch.214; Carrano et al., 2012, ch.190).

210.dorsal vertebrae, morphology of neural spines: transversely compressed sheets (0), 
transversely broad anteriorly and posteriorly, central regions of lateral surface embayed by deep 
vertical troughs (1). 
(Coria and Currie, 2006; Benson et al., 2010, ch.119; Carrano et al., 2012, ch.191).
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211.dorsal vertebrae, posterior, inclination of neural spines: vertical or posterior (0), anterior (1). 
(Harris, 1998, ch.68; Azuma and Currie, 2000, ch.37; Currie and Carpenter, 2000, ch.58; Holtz, 1998, ch.179; 
Holtz et al., 2004, ch.329; Coria and Currie, 2006, ch.58; Benson et al., 2010, ch.124; Carrano et al., 2012, 
ch.192; Novas et al., 2013, ch.108, 285).

212.dorsal vertebrae, height of posterior neural spines relative to centrum height: low, ≤ 1.3x 
(0), moderate, 1.4-1.8x (1); tall, ≥ 2.0x (2). 
(Bakker et al., 1988. Modified from Sereno et al., 1998, ch.23; Azuma and Currie, 2000, ch.36; Holtz, 1998, 
ch.167; Benson et al., 2010, ch.120; Carrano et al., 2012, ch.193; Novas et al., 2013, ch.284).

213.dorsal vertebrae, posterior, centrum constriction: weak (0), strong (1). 
(Holtz et al., 2004, ch.325; Brusatte and Sereno, 2008, ch.70; Carrano et al., 2012, ch.194).

214.dorsal vertebrae, centrum length relative to height: more than 2 (0), less than 2 (1).  
(Carrano and Sampson, 2008, ch.92; Carrano et al., 2012, ch.195. Modified from Sereno, 1999, ch.48; Rauhut, 
2003, ch.112; Carrano et al., 2002, ch.83; Sereno et al., 2004, ch.88; Holtz et al., 2004, ch.337; Yates, 2005, 
ch.112; Smith et al., 2007, ch.169; Brusatte and Sereno, 2008, ch.68; Novas et al., 2013, ch.107).

215.Sacral vertebrae, centrum pneumaticity: absent (0), pleurocoelous fossae (1); pneumatic 
foramina (2). 
(Carrano et al., 2012, ch.196. Modified from Holtz, 1994, ch.48; Forster, 1999, ch.58; Azuma and currie, 2000, 
ch.99; Currie and Carpenter, 2000, ch.59; Holtz, 1998, ch.183; Rauhut, 2003, ch.115; Holtz et al., 2004, ch.338; 
Yates, 2005, ch.115; Coria and Currie, 2006, ch.59; Brusatte and Sereno, 2008, ch.71; Benson et al., 2010, ch.126).

216.Sacral vertebrae, number: 2 [primordial sacrals only] (0), 5 [1 dorsosacral, 2 caudosacrals] 
(1), 6 [2 dorsosacrals, 2 caudosacrals] (2). 
(Gauthier, 1986; Carrano et al., 2012, ch.197. Modified from Makovicky and Sues, 1998, ch.49; Sereno, 1999, 
ch.6, 127, 15, 39; Forster, 1999, ch.59; Rauhut, 2003, ch.113; Holtz, 1998, ch.185; Coria and Salgado, ch.18; 
Carrano et al., 2002, ch.84; Sereno et al., 2004, ch.91; Holtz et al., 2004, ch.340; Yates, 2005, ch.113; Smith et 
al., 2007, ch.182; Carrano and Sampson, 2008, ch.93; Benson et al., 2010, ch.125).

217.Sacral vertebrae, transverse dimensions of middle centra relative to other sacrals: 
equivalent (0), constricted (1). 
(Sereno, 1999, ch.32; Holtz, 1998, ch.186; Carrano et al., 2002, ch.85; Sereno et al., 2004, ch.94; Holtz et al., 
2004, ch.341; Smith et al., 2007, ch.183; Carrano and Sampson, 2008, ch.94; Benson et al. et al., 2010, ch.231; 
Carrano et al., 2012, ch.198).

218.Sacral vertebrae, orientation of ventral margin of middle centra: approximately horizontal 
(0), strongly arched (1). 
(Sereno, 1999, ch.16; Carrano et al., 2002, ch.86; Sereno et al., 2004, ch.93; Holtz et al., 2004, ch.342; 
Carrano and Sampson, 2008; Carrano et al., 2012, ch.199).

219.Sacral vertebrae, dorsal edge of neural spines, width relative to remainder of spine: as thin 
(0), transversely thickened (1). 
(Carrano and Sampson, 2008; ch.96; Carrano et al., 2012, ch.200).

220.Sacral vertebrae, pneumaticity of neural arches: weak or absent (0), paired fossa ventral 
to diapophyses (1). 
(Sereno et al., 2004, ch.97; Carrano and Sampson, ch.98; Benson et al., 2010; ch.230; Carrano et al., 2012, ch.201).
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221.Caudal vertebrae, anterior, morphology of ventral surface: flat (0), groove (1), ridge (2). 
(Rauhut, 1995; Benson et al., 2010, ch.128; Carrano et al., 2012, ch.202. Modified from Harris, 1998, ch.73; 
Azuma and Currie, 2000, ch.20; Holtz, 1998, ch.193; Coria and Salgado, 2000; ch.1; Rauhut, 2003, ch.120; Holtz 
et al., 2004, ch.358, 362; Yates, 2005, ch.120, 121; Coria and Currie, 2006, ch.62; Novas et al., 2013, ch.113).

222.Caudal vertebrae, L-shaped neural spines: absent (0), present (1). 
(Russel and Dong, 1994, ch.29; Rauhut, 2003, ch.125; Holtz et al., 2004, ch.355; Yates, 2005, ch.125; Smith et 
al., 2007, ch.198; Carrano et al., 2012, ch.203. Modified from Benson et al., 2010, ch.130).

223.Caudal vertebrae, pleurocoels (large pneumatic foramina in centrum): absent (0), present (1). 
(Rauhut, 1995; Sereno et al., 1996, ch.55; Harris, 1998, ch.72; Currie and Carpenter, 2000, ch.61; Holtz, 1998, 
ch.191; Smith et al., 2007, ch.188; Brusatte and Sereno, 2008, ch.72; Benson et al., 2010, ch.129; Carrano et 
al., 2012, ch.204; Novas et al., 2013, ch.112).

224.Caudal vertebrae, proximal, development of centrodiapophiseal laminae on neural arches:  
weak (0), prominent, comparable to those of the dorsal vertebrate (1). 
(Benson et al. et al., 2010, ch.215; Carrano et al., 2012, ch.205; novas et al., 2013, ch.115).

225.Caudal vertebrae, anterior, proportions of neural arch base relative to centrum 
proportions: < (0), ≥ (1). 
(Carrano and Sampson, 2008, ch.100; Carrano et al., 2012, ch.206).

226.Caudal vertebrae, middle, morphology of neural spines: rod-like and posteriorly inclined 
(0), subrectangular and sheet-like (1), rod-like and vertical (2). 
(Rauhut, 2003, ch.124; Holtz et al., 2004, ch.354; Yates, 2005, ch.124; Smith et al., 2007, ch.197; Benson et al., 
2010, ch.131; Carrano et al., 2012, ch.207. Modified from Carrano et al., 2002, ch.88; Carrano and Sampson, 
2008, ch.99).

227.Caudal vertebrae, distal, length of prezygapophyses: not elongated (0); strongly elongated, 
overhanging at least one-quarter of the length of the preceding centrum (1). 
(Gauthier, 1986; Rauhut, 2003, ch.122; Benson et al., 2010, ch.132; Novas et al., 2013, ch.114).

228.Cervical ribs, articulation with cervical vertebrae in adults: separate (0), fused (1). 
(Gauthier and Padian, 1985; Gauthier, 1986, ch.55; Harris, 1998, ch.79; Holtz, 1998, ch.165; Carrano et al., 
2002, ch.90; Holtz et al., 2004, ch.314; Carrano and Sampson, 2008, ch.102; Benson et al., 2010, ch.114; 
Carrano et al., 2012, ch.208).

229.Gastralia, distal end of medial element, shape: tapered (0); club-shaped prominence (1). 
(Brusatte and Sereno, 2008, ch.74. Modified from Novas et al., 2013, ch.117).

230.Sacral ribs, articulations in adults: separate (0), fused together (1). 
(Sereno, 1999, ch.58; Coria and Salgado, 2000, ch.5; Sereno et al., 2004, ch.95; Holtz et al., 2004, ch.348; 
Carrano et al., 2012, ch.211. Modified from Rauhut, 2003, ch.116; Yates, 2005, ch.116; Smith et al., 2007, ch.187).

231.Sacral ribs, position of posterior attachment to ilium: ventral (0), posterodorsal (1). 
(Sereno, 1999, ch.128; Sereno et al., 2004, ch.105; Smith et al., 2007, ch.185; Carrano et al., 2012, ch.212).

232.Sacral ribs, depth relative to ilium height: < 85% (0), ≥90% (1). 
(Carrano et al., 2012, ch.213).
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233.Chevrons, morphology in middle caudal vertebrae: rodlike or only slightly expanded 
ventrally (0), L-shaped (1). 
(Sereno et al., 1994; Sereno et al., 1996; ch.26; Harris, 1998, ch.76; Sereno, 1999, ch.26; Forster, 1999, ch.61; 
Currie and Carpenter, 2000, ch.65; Holtz, 1998, ch.208; Carrano et al., 2002, ch.93; Rauhut, 2003, ch.130; 
yates, 2005, ch.130; Coria and Currie, 2006, ch.65; smith et al., 2007, ch.201; Benson et al., 2010, ch.135; 
Carrano et al., 2012, ch.214; Novas et al., 2013, ch.210, 232).

234.Chevrons, proximal articular surface: divided into anterior and posterior facets by distinct 
transverse ridge (0), no ridge, but low lateral mounds may be present, one on each side (1). 
(Benson et al., 2010, ch.134; Carrano et al., 2012, ch.215).

235.Chevrons, curvature: straight or gently curved (0), strongly curved (1). 
(Holtz, 1998, ch.207; Carrano et al., 2012, ch.216).

236. Chevrons, anterior process: absent (0); present (1). 
(Sereno et al., 1994; Sereno et al., 1996, ch.8; Harris, 1998, ch.75; Sereno, 1999, ch.5; Forster, 1999, ch.62; 
Currie and Carpenter, 2000, ch.64; Holtz, 1998, ch.205; Rauhut, 2003, ch.128; Carrano et al., 2002, ch.94; 
Sereno et al., 2004, ch.106; Yates, 2005, ch.128; Coria and Currie, 2006, ch.64; Smith et al., 2007, ch.199; 
Benson et al., 2010, ch.133; Carrano et al., 2012, ch.217).

237.Chevrons, morphology of distal end in anterior and middle elements: expanded 
anteroposteriorly (0), unexpanded, tapers ventrally (1). 
(Holtz, 1994, ch.109; Holtz, 1998, ch.209; Benson et al., 2010, ch.136; Carrano et al., 2012, ch.218).

Appendicular Skeleton:

238.Scapula, angle between blade and acromion: gradual and oblique (0), abrupt and 
perpendicular (1).  
(Currie and Zhao, 1994; Harris, 1998, ch.85; Currie and Carpenter, 2000, ch.69; Holtz, 1998, ch.214; Carrano et al., 
2002, ch.95; Holtz et al., 2004, ch.388; Benson et al., 2010, ch.138; Carrano et al., 2012, ch.219. Modified from Rauhut, 
2003, ch.134; Yates, 2005, ch.134; Coria and Currie, 2006, ch.69; Smith et al., 2007, ch.214; Novas et al., 2013, ch.122).

239.Scapula, size of acromion process: moderate (0), marked (1).  
(Holtz, 1998, ch.213; Rauhut, 2003, ch.134; Yates, 2005, ch.134; Coria and Currie, 2006, ch.69; Smith et al., 
2007, ch.214; Brusatte and Sereno, 2008, ch.96; Carrano et al., 2012, ch.220).

240.Scapula, midshaft expansion of blade: absent (0), present (1). 
(Bakker et al., 1992; Harris, 1998, ch.87; Carrano et al., 2012, ch.221).

241.Scapula, distal expansion of blade: marked (0), weak (1). 
(Bakker et al., 1992; Pérez-Moreno et al., 1993, ch.2; Harris, 1998, ch.88; Forster, 1999, ch.64; Holtz, 1998, 
ch.212; Carrano et al., 2002, ch.96; rauhut, 2003, ch.133; yates, 2005, ch.133; smith et al., 2007, ch.213; 
Carrano et al., 2012, ch.222. Modified from Holtz et al., 2004, ch.386; Novas et al., 2013, ch.121).

242.Scapula, length/width ratio of blade: ≤ 7 (0), 7.5–9 (1), > 10 (2). 
(Paul, 1984 (a); Carrano et al., 2012, ch.223. Modified from Harris, 1998, ch.86; Makovicky and Sues, 1998, ch.59; 
Forster, 1999, ch.63; Sereno, 1999, ch.98; Holtz, 1998, ch.211; Carrano et al., 2002, ch.97; Rauhut, 2003, ch.132; 
Holtz et al., 2004, ch.385; Yates, 2005, ch.132; Coria and Currie, 2006, ch.69; Smith et al., 2007, ch.212; Carrano and 
Sampson, 2008, ch.105; Brusatte and Sereno, 2008, ch.97; Benson et al., 2010, ch.137; Novas et al., 2013, ch.119).
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243.Scapulacoracoid, humeral length/scapular length ratio: < 0.8 (0); > 0.8 (1). 
(new character).

244.Scapulocoracoid, shape of anterior margin: indented or notched between acromial process 
and coracoid suture (0), smoothly curved and uninterrupted across scapula–coracoid contact (1). 
(Harris, 1998, ch.84; Forster, 1999, ch.65; Currie and Carpenter, 2000, ch.68; Holtz, 1998, ch.215; Holtz et al., 
2004, ch.390; Coria and Currie, 2006, ch.68; Brusatte and Sereno, 2008, ch.94; Benson et al., 2010, ch.139; 
Carrano et al., 2012, ch.224; Novas et al., 2013, ch.118).

245.Scapulocoracoid, glenoid lip: moderate (0), marked (1). 
(Carrano et al., 2012, ch.225).

246.Coracoid, development of posteroventral process: low, rounded posteroventral eminence 
(0), pronounced, posteroventrally tapering process (1). 
(Gauthier and Padian, 1985; Sereno et al., 1998, ch.29; Carrano and Sampson, 2008, ch.106; Brusatte and 
Sereno, 2008, ch.95; Carrano et al., 2012, ch.226. Modified from Sereno et al., 1996, ch.59; Harris, 1998, 
ch.89: Makovicky and Sues, 1998, ch.61; Sereno, 1999, ch.28; Forster, 1999, ch.66; Azuma and Currie, 2000, 
ch.29; Rauhut, 2003, ch.136; Carrano et al., 2002, ch.98; Sereno et al., 2004, ch.109; Holtz et al., 2004, ch.395; 
Yates, 2005, ch.136; Benson et al., 2010, ch.140; Novas et al., 2013, ch.124).

247.Coracoid, development of biceps tubercle (= acrocoracoid process): absent or poorly 
developed (0), conspicuous and well developed as tuber (1), developed as a posteroventrally 
oriented ridge (2). 
(Pérez-Moreno et al., 1994, ch.13; Holtz, 1998, ch.219; Holtz et al., 2004, ch.396; Benson et al., 2010, ch.141; 
Carrano et al., 2012, ch.227; Novas et al., 2013, ch.240).

248.Coracoid, prominent fossa on ventral surface posteroventral to glenoid (subglenoid fossa): 
absent (0); present (1). 
(Benson et al. et al., 2010, ch.216; Carrano et al., 2012, ch.228; Novas et al., 2013, ch.247).

249.Humerus, shape of head: elongate (0), globular (1). 
(Coria et al., 2002, ch.22; Carrano et al., 2002, ch.100; Rauhut, 2003, ch.140; Holtz et al., 2004, ch.420; Yates, 
2005, ch.140; Smith et al., 2007, ch.221; Carrano and Sampson, 2008, ch.109; Carrano et al., 2012, ch.229).

250.Humerus, head, concavity in the middle of its proximal surface: absent (0), present (1). 
(new Character).

251.Humerus, humerus length to femur length ratio: >0.35 (0); <0.35 (1). 
(Novas, 1993; Carrano et al., 2002, xh.99; Benson et al., 2010, ch.142. Modified from Novas et al., 2013, ch.233).

252.Humerus, longitudinal torsion of shaft: absent (0), present (1). 
(Pérez-Moreno et al., 1993, ch.7, 8; Holtz, 1994, ch.52, 72; Harris, 1998, ch.93; Azuma and Currie, 2000, 
ch.59; Currie and Carpenter, 2000, ch.72; Holtz, 1998, ch.234, 235; Carrano et al., 2002, ch.102; Rauhut, 
2003, ch.143; Sereno et al., 2004, ch.113; Holtz et al., 2004, ch.418; Yates, 2005, ch.143; Coria and Currie, 
2006, ch.72; Smith et al., 2007, ch.220; Carrano and Sampson, 2008, ch.112; Carrano et al., 2012, ch.230; 
novas et al., 2013, ch.125).

253.Humerus, size of trochanters relative to midshaft diameter: < (0), > 150% (1).
(Azuma and Currie, 2000, ch.56, Holtz, 1998, ch.240; Holtz et al., 2004, ch.425. Modified from Pérez-
Moreno et al., 1993, ch.9; Sereno et al., 1998, ch.30; Carrano et al., 2012, ch.231).



Appendix 2

262

254.Humerus, development of internal tuberosity: low/rounded (0), hypertrophied (1). 
(Russel and Song, 1994, ch.35; Holtz, 1998, ch.237; Rauhut, 2003, ch.141; Holtz et al., 2004, ch.423; Yates, 
2005, ch.141; Smith et al., 2007, ch.222; Carrano et al., 2012, ch.232).

255.Humerus, length of deltopectoral crest relative to total bone length: 0.41–0.49 (0), < 0.4 
(1), > 0.50 (2). 
(Modified from Sereno et al., 1998, ch.3; Sereno, 1999, ch.121; Rauhut, 2003, ch.142; Carrano et al., 2002, 
ch.103; Holtz et al., 2004, ch.427; Yates, 2005, ch.142; Smith et al., 2007, ch.223; Benson et al., 2010, ch.144; 
Carrano et al., 2012, ch.233; Novas et al., 2013, ch.241).

256.Humerus, deltopectoral crest apex, orientation: anteriorly (0), anterolaterally (1). 
(Sereno et al., 1998, ch.31; Benson et al., 2010, ch.145; Carrano et al., 2012, ch.235).

257.Humerus, prominent ulnar epicondyle: absent (0); present (1).
(Benson and Xu, 2008; Benson et al., 2010, ch.147).

258.Humerus, relative orientation of proximal and distal condyles in anteroposterior view: 
parallel, humerus straight (0), distal canted (1). 
(Carrano et al., 2012, ch.236. Modified from Benson et al., 2010, ch.143).

259.Humerus, anterior surface of bone adjacent to ulnar condyle: smooth or gently depressed 
(0), bears well-defined fossa (1). 
(Benson et al., 2010, ch.146; Carrano et al., 2012, ch.237; Novas et al., 2013, ch.234).

260.Humerus, shape of distal condyles: rounded (0), flattened (1). 
(Carrano et al., 2002, ch.101; Sereno et al., 2004, ch.114; Yates, 2005, ch.247; Smith et al., 2007, ch.225; 
Carrano and Sampson, 2008, ch.110; Carrano et al., 2012, ch.238).

261.Ulna and radius, development of radial external tuberosity and ulnar internal tuberosity: 
low, rounded (0), hypertrophied distal ends of radius and ulna broadened (1). 
(Sereno et al., 1998, ch.33; Makovicky and Sues, 1998, ch.66; Smith et al., 2007, ch.230; Benson et al., 2010, 
ch.150; Carrano et al., 2012, ch.239).

262.Ulna, morphology of olecranon process: transversely robust (0); transversely compressed 
and ‘blade-like’ (1). 
(Smith et al., 2008, ch.348; Benson et al. et al., 2010, ch.219; Carrano et al., 2012, ch.243; Novas et al., 2013, ch.128).

263.Ulna, crest extending distally along posterior surface from olecranon process: absent (0), 
present (1). 
(Smith et al., 2008, ch.350; Benson et al. et al., 2010, ch.225; Carrano et al., 2012, ch.244).

264.Ulna, olecranon process, high respect to the ulnar length ratio: <0.18 (0); >0,18 (1). 
(new character).

265.Ulna, olecranon process, orientation of the olecranon axis relative to axis of coronoid 
process: straight (0); oblique (1). 
(new character).

266.Ulna, medial and lateral processes hypertrophied on proximal end: absent (0), present (1). 
(Smith et al., 2008, ch.349; Benson et al., 2010, ch.149; Carrano et al., 2012, ch.245).
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267.Ulna, length relative to minimum circumference: stout, < 2.3 (0); gracile > 2.6 (1). 
(Benson et al., 2010, ch.148; Carrano et al., 2012, ch.246).

268.Radius, shaft, form: straight (0); curves laterally (1). 
(Benson et al., 2010, ch.151; Carrano et al., 2012, ch.240).

269.Radius, humeral articulation surface, outline in lateral view: slightly concave (0); saddle-
shaped (1), convex (2). 
(new character).

270.Radius, radius length to humeral length ratio: > 0.5 (0); <0.5 (1). 
(Rauhut, 2003, ch.145; Smith et al., 2007, ch.229; Choiniere et al., 2010, ch.277; Novas et al., 2013, ch.130).

271.Carpals, large distal carpal capping Mc i and parts of Mc ii: absent (0), present (1). 
(Gauthier, 1986, ch.21; Benson et al., 2010, ch.153).

272.Manus, composition: digit iV and V present (0), digit iV present, digit V absent (1), digits iV 
and V absent (2); MC iV present, phalanges iV and digit V absent (3). 
(Paul, 1984a; Carrano et al., 2012, ch.249. Modified from Gauthier, 1986, ch.22, 23, 46; Holtz, 1994, ch.96; 
Harris, 1998, ch.100; Makovicky and Sues, 1999, ch.70; Sereno, 1999, ch.9, 100, 132, 30; Forster, 1999, ch.70; 
Azuma and Currie, 2000, ch.76; Currie and Carpenter, 2000, ch.79; Holtz, 1998, ch.256, 257; Carrano et 
al., 2002, ch.108; Rauhut, 2003, ch.153; Sereno et al., 2004, ch.119; Holtz et al., 2004, ch.449, 450, 465; Yates, 
2005, ch.153; Coria and Currie, 2006, ch.79; Smith et al., 2007, ch.241; Brusatte and Sereno, 2008, ch.98; 
Benson et al., 2010, ch.158; Novas et al., 2013, ch.137).

273.Manus, manual digits, lengths: iii longest (0), ii longest (1). 
(Novas, 1994b, ch.47; Pérez-Moreno et al., 1993, ch.17; Sereno, 1999, ch.131; Rauhut, 2003, ch.154; Sereno 
et al., 2004, ch.116; Holtz et al., 2004, ch.467; Yates, 2005, ch.154; Smith et al., 2007, ch.242; Carrano et al., 
2012, ch.250. Modified from Holtz, 1998, ch.270).

274.Metacarpals, transverse width of proximal articular ends relative to minimum transverse 
shaft width: < (0), ≥ 2x (1). 
(Brusatte and Sereno, 2008, ch.99; Benson et al., 2010, ch.154; Carrano et al., 2012, ch.251).

275.Metacarpals, metacarpal I, length to minimum width ratio: 1.4–1.9 (0), ≥ 2.4 (1). 
(Gauthier, 1986; Benson et al., 2010, ch.155; Carrano et al., 2012, ch.252. Modified from Rauhut, 2003, 
ch.164; Holtz et al., 2004, ch.454; Yates, 2005, ch.164; Smith et al., 2007, ch.235).

276.Metacarpals, metacarpal i, length relative to length of metacarpal ii: > 50% (0), < 50% (1). 
(Gauthier and Padian, 1985; Pérez-Moreno et al., 1993, ch.14; Russel and Dong, 1994, ch.41; Carrano et 
al., 2002, ch.106; Smith et al., 2007, ch.234; Carrano et al., 2012, ch.253. Modified from Holtz, 1994, ch.124; 
Harris, 1998, ch.98; Currie and Carpenter, 1000, ch.77; Holtz, 1998, ch.260; Holtz et al., 2004, ch.453; Coria 
and Currie, 2006, ch.77).

277.Metacarpals, metacarpal i, extent of contact with metacarpal ii relative to shaft length: < 
1/3 (0), 1/2 (1). 
(Gauthier, 1986; Carrano et al., 2012, ch.254. Modified from Pérez-Moreno et al., 1993, ch.16; Holtz, 1994, 
ch.95; Harris, 1998, ch.97; Currie and Carpenter, 2000, ch.76; Holtz, 1998, ch.261; Carrano et al., 2002, 
ch.105; Rauhut, 2003, ch.148; Holtz et al., 2004, ch.455; Yates, 2005, ch.148; Coria and Currie, 2006, ch.76; 
smith et al., 2007, ch.236; Benson et al., 2010, ch.156).
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278.Metacarpals, metacarpal i, angle between facet for metacarpal ii and proximal articular 
facet: perpendicular (0), obtuse (1). 
(Carrano et al., 2012, ch.255).

279.Metacarpals, metacarpal iii, position of base relative to those of other metacarpals: at 
same level (0), on palmar surface (1). 
(Gauthier, 1986, ch.45; Pérez-Moreno et al., 1993, ch.19; Holtz, 1998, ch.266; Holtz et al., 2004, ch.463; 
Carrano et al., 2012, ch.256).

280.Metacarpals, metacarpal iii, shape of proximal end: rectangular (0), triangular (1). 
(Russel and Dong, 1994, ch.43; Holtz, 1998, ch.267; Rauhut, 2003, ch.156; Holtz et al., 2004, ch.464; Yates, 
2005, ch.156; Smith et al., 2007, ch.244; Carrano et al., 2012, ch.257).

281.Metacarpals, metacarpal iii, width relative to width of metacarpal ii: > 50% (0), < 50% (1). 
(Gauthier and Padian, 1985; Gauthier, 1986, ch.76; Pérez-Moreno et al., 1993, ch.18; Sereno et al., 1996, 
ch.10; Sereno, 1999, ch.6; Forster, 1999, ch.69; Holtz, 1998, ch.264; Carrano et al., 2002, ch.107; Rauhut, 
2003, ch.151; Sereno et al., 2004, ch.118; Holtz et al., 2004, ch.461; Yates, 2005, ch.151; Smith et al., 2007, 
ch.239; Carrano et al., 2012, ch.258).

282.Manual unguals, manual ungual i, length/height ratio: < 2.5x (0), >2.5x (1). 
(Sereno et al., 1994; Carrano et al., 2012, ch.259. Modified from Sereno et al., 1996, ch.38; Sereno et al., 
1998, ch.5; Sereno, 1999, ch.123; Holtz, 1998, ch.279; Rauhut, 2003, ch.161; Yates, 2005, ch.161; Smith et al., 
2007, ch.249; Benson et al., 2010, ch.159).

283.Manual unguals, proximal height/width ratio: transversely broad, < 2.0 (0), transversely 
narrow, > 2.4 (1). 
(Benson et al., 2010, ch.223; Carrano et al., 2012, ch.260. Modified from Pérez-Moreno et al., 1993, ch.21).

284.pelvic elements, articulations in adults: separate (0), fused (1). 
(Holtz, 1994, ch.118; Harris, 1998, ch.120; Sereno, 1999, ch.2; Forster, 1999, ch.83; Holtz, 1998, ch.285; Coria 
and Salgado, 2000, ch.6; Carrano et al., 2002, ch.109; Carrano and Sampson, 2008, ch.116; Benson et al., 
2010, ch.160; Benson et al., 2010, ch.160; Carrano et al., 2012, ch.261).

285.ilium, large external pneumatic foramina and internal spaces: absent (0), present (1). 
(Benson et al. et al., 2010, ch.217; Carrano et al., 2012, ch.262).

286.ilium, vertical ridge on lateral surface of blade dorsal to acetabulum: absent (0), present (1). 
(Russell and Dong, 1994, ch.46; Harris, 1998, ch.103; Currie and Carpenter, 2000, ch.82; Holtz, 1998, ch.295; 
Holtz et al., 2004, ch.503; Coria and Currie, 2006, ch.82. Modified from Rauhut, 2003, ch.172; Yates, 2005, 
ch.172; Benson et al., 2010, ch.162; Carrano et al., 2012, ch.263; Novas et al., 2013, ch.242).

287.ilium, posterior width of brevis fossa: subequal to anterior width, fossa margins subparallel 
(0), twice anterior width, fossa widens posteriorly (1). 
(Zhao and Currie, 1993; Holtz, 1998, ch.291; Carrano et al., 2002, ch.110; Rauhut, 2003, ch.176; Holtz et 
al., 2004, ch.497; Yates, 2005, ch.176, Smith et al., 2007, ch.270; Carrano and Sampson, 2008, ch.117; Benson, 
2010, ch.168; Carrano et al., 2012, ch.264).

288.ilium, height of lateral wall of brevis fossa relative to medial wall: taller along whole length 
(0), shorter anteriorly, exposing medial wall in lateral view (1). 
(Carrano et al., 2012, ch.265; Novas et al., 2013, ch.147, 154).
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289.ilium, morphology between supraacetabular crest and brevis shelf on lateral surface: gap 
(0), continuous ridge (1). 
(Holtz et al., 2004, ch.511; Smith et al., 2007, ch.273; Carrano and Sampson, 2008, ch.118; Carrano et al., 2012, ch.266).

290.ilium, ventrolateral development of supracetabular crest: large/pendant ‘hood’ (0), reduced shelf (1). 
(Gauthier, 1986; Pérez-Moreno et al., 1993, ch.26; Sereno, 1999, ch.3; Carrano et al., 2002, ch.112; Sereno 
et al., 2004, ch.122; Holtz et al., 2004, ch.509; Smith et al., 2007, ch.268; Benson et al., 2010, ch.170; Carrano 
et al., 2012, ch.267; novas et al., 2013, ch.151).

291.ilium, orientation of pubic peduncle: mostly ventral (0), mostly anterior or ‘kinked’ double 
facet with anterior and ventral components (1). 
(Carrano et al., 2002, ch.113; Rauhut, 2003, ch.178; Sereno et al., 2004, ch.126; Holtz et al., 2004, ch.516; 
Yates, 2005, ch.178; Smith et al., 2007, ch.267; Benson et al., 2010, ch.169; Carrano et al., 2012, ch.268).

292.ilium, shape of acetabular margin of pubic peduncle: transversely convex or flat (0); 
transversely concave (1). 
(Benson et al., 2010, ch.167; Carrano et al., 2012, ch.269).

293.ilium, relative sizes of pubic and ischial articulations: subequal (0), pubic articulation ≥ 130% 
of isquial articulation (1). 
(Gauthier and Padian, 1985; Sereno et al., 1996, ch.11; Harris, 1998, ch.107; Sereno, 1999, ch.7; Forster, 1999, 
ch.71; Holtz, 1998, ch.304; Carrano et al., 2002, ch.114; Rauhut, 2003, ch.177; Sereno et al., 2004, ch.130; 
Holtz et al., 2004, ch.514; Yates, 2005, ch.177; Smith et al., 2007, ch.266; Carrano and Sampson, 2008, ch.121; 
Benson et al., 2010, ch.165; Carrano et al., 2012, ch.270).

294.ilium, anterior margin of preacetabular process, profile: gently convex (0); straight (1). 
(Brusatte and Sereno, 2008, ch. 77; Carrano and Sampson, 2008, ch.122; Benson et al., 2010, ch.161).

295.ilium, morphology of ischial peduncle: rounded (0) acuminate (1). 
(Carrano et al., 2012, ch.271).

296.ilium, pubic peduncle length to width ratio: ≤ 1 (0), 1.3–1.75 (1), > 2 (2). 
(Carrano et al., 2012, ch.272. Modified from Pérez-Moreno et al., 1993, ch.28; Sereno et al., 1996, ch.30; Harris, 1998, 
ch.106; Sereno, 1999, ch.33; Forster, 1999, ch.75; Azuma and Currie, 2000, ch.61; Currie and Carpenter, 2000, ch.84; 
Holtz, 1998, ch.305; Carrano et al., 2002, ch.115; Rauhut, 2003, ch.175; Holtz et al., 2004, ch.515; Yates, 2005, ch.175; 
Coria and Currie, 2006, ch.84; Smith et al., 2007, ch.265; Benson et al., 2010, ch.166; Novas et al., 2013, ch.146).

297.ilium, ridge on medial surface adjacent to preacetabular notch (“cupedicus fossa”): absent 
(0), present (1). 
(Modified from Sereno, 1999, ch.32; Forster, 1999, ch.74; Holtz et al., 2004, ch495; Smith et al., 2007, ch.264; 
Benson et al., 2010, ch.164; Carrano et al., 2012, ch.273; Novas et al., 2013, ch.148).

298.ilium, ridge on medial surface adjacent to preacetabular notch (“cupedicus fossa”), 
development:  weakly developed (0), strongly developed, forming a shelf (1). 
(Novas, 1991b; Modified from Carrano et al., 2012, ch.273).

299.ilium, preacetabulum length relative to anterior edge of pubic peduncle: reaches anteriorly 
to same point as (‘brachyiliac’) (0), or well past (‘dolichoiliac’) (1). 
(Paul, 1984a; Pérez-Moreno et al., 1993, ch.23; Holtz, 1998, ch.286; Carrano et al., 2002, ch.116; Brusatte and 
Sereno, 2008, ch.78; Carrano et al., 2012, ch.274).
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300.ilium, depth of preacetabular process: shallow (0), deep (1). 
(Gauthier, 1986; Holtz, 1994, ch.22; Russel and Dong, 1994, ch.45; Makovicky and Sues, 1998, ch.75; Forster, 
1999, ch.73; Holtz, 1998, ch.292; Carrano et al., 2012, ch.275).

301.ilium, anteroventral lobe of preacetabular process: absent (0), present (1). 
(Sereno et al., 1994; Harris, 1998, ch.102; Currie and Carpenter, 2000, ch.81; Rauhut, 2003, ch.168; Holtz 
et al., 2004, ch.499; Yates, 2005, ch.168; Coria and Currie, 2006, ch.81; Smith et al., 2007, ch.253; Carrano 
and Sampson, 2008, ch.123; Benson et al., 2010, ch. 163; Carrano et al., 2012, ch.276. Modified from Sereno, 
1999, ch.31; Holtz, 1998, ch.294).

302.ilium, shape of dorsal margin: convex (0), straight (1). 
(Holtz, 1994, ch.45; Holtz, 1998, ch.296; Carrano et al., 2002, ch.117; Carrano and Sampson, 2008, ch.120; 
Carrano et al., 2012, ch.277).

303.ilium, postacetabulum length relative to ischial peduncle length: ≤ (0), > (1), 2x (2). 
(Carrano et al., 2012, ch.278).

304.ilium, depth of postacetabular process: shallow (0), deep (1). 
(Carrano et al., 2012, ch.279).

305.ilium, shape of posterior margin of postacetabular process: convex (0), concave (1), straight 
(2), with prominent posterodorsal process but lacking posteroventral process (3). 
(Gauthier and Padian, 1985; Carrano et al., 2012, ch.280. Modified from Gauthier, 1986, ch.77; Sereno, 1999, 
ch.5; Holtz, 1998, ch.297, 298; Carrano et al., 2002, ch.119; Sereno et al., 2004, ch.124; Holtz et al., 2004, 
ch.506; Smith et al., 2007, ch.262; Carrano and Sampson, 2008, ch.119; Brusatte and Sereno, 2008, ch.76).

306.pubis and ischium, puboischiadic plate, morphology and foramina/notches: fully closed 
along midline, ischial foramen enclosed and/or obturator foramen of pubis also enclosed (0) open 
along midline, obturator foramen of pubis enclosed, and 1–2 notches in ischium (1), open along 
midline, obturator notch in pubis, 1 or 2 notches in ischium (2). 
(Gauthier and Padain, 1985. Modified of Pérez-Moreno, 1994a, ch.33, 34, 35, 36; Holtz, 1994, ch. 1, 91, 94; 
Sereno et al., 1996, ch.12, 61; Harris, 1998, ch.108, 114; Sereno et al., 1998, ch.45; Sereno, 1999, ch.94, 9, 8, 
44, 87; Forster, 1999, ch.78, 82; Currie and Carpenter, 85, 91; Rauhut, 2003, ch. 180, 181, 188; Carrano et 
al., 2002, ch.121, 125; Sereno et al., 2004, ch.131, 133, 139; Holtz et al., 2004, ch.519-522, 528, 529, 543, 545; 
Yates, 2005, ch.180, 181, 188; Coria and Currie, 2006, ch.85, 87, 91; Smith et al., 2007, ch.276, 277, 278, 287; 
Benson et al., 2010, ch.172; Carrano et al., 2012, ch.281; Novas et al., 2013, ch.155, 163).

307.pubis, articulation between apices in adults: unfused (0); fused (1). 
(Benson et al., 2010, ch. 177; Carrano et al., 2012, ch.283).

308.pubis, contact between distal portions: separate distally (0), contacting (1). 
(Zhao and Currie, 1994; Harris, 1998, ch.110; Currie and Carpenter, 2000, ch.87; Holtz, 1998, ch.311, 314; 
Carrano et al., 2002, ch.120; Rauhut, 2003, ch.182; Holtz et al., 2004, ch.526, 530; Yates, 2005, ch.182; Smith et 
al., 2007, ch.279; Carrano and Sampson, 2008, ch.124; Benson et al., 2010, ch.173; Carrano et al., 2012, ch.284).

309.pubis, angle between long axes of shaft and boot: 75–90° (0), < 60° (1). 
(Carrano et al., 2012, ch.285. Modified from Holtz, 1998, ch.315).

310.pubis, morphology of symphysis: marginal (0), broad (1). 
(Sereno, 1999, ch.135; Sereno et al., 2004, ch.135; Carrano et al., 2012, ch.286).
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311.pubis, morphology of obturator foramen: small and subcircular (0), large and oval (1). 
(Carrano et al., 2012, ch.287).

312.pubis, anterior expansion of distal end: absent (0), present (1). 
(Paul, 1984a; Gauthier, 1986, ch.79; Holtz, 1994, ch.30; Russel and Dong, 1994, ch.51; Carrano et al., 2012, 
ch.288. Modified from Pérez-Moreno et al., 1993, ch.31; Harris, 1998, ch.113; Makovicky and Sues, 1998, 
ch.82; Forster, 1999, ch.76; Azuma and Currie, 2000, ch.96; Coria and Carpenter, ch.90; Rauhut, 2003, 
ch.187; Holtz et al., 2004, ch.533; Yates, 2005, ch.187; Coria and Currie, 2006, ch.90; Benson et al., 2010, 
ch.75; novas et al., 2013, ch.162).

313.pubis, boot length relative to shaft length: < (0), > 30% (1), > 60% (2). 
(Gauthier and Padian, 1985; Carrano et al., 2012, ch.289. Modified from Holtz, 1994, ch.98; Harris, 1998, 
ch.111; Sereno et al., 1998, ch.34; Sereno, 1999, ch.41; Forster, 1999, ch.77; Holtz, 1998, ch.317; Benson et 
al., 2010, ch.174; Novas et al., 2013, ch.160).

314.pubis, shape of boot in ventral view: broadly triangular (0), narrow, with subparallel margins (1). 
(Holtz, 1994, ch.21; Harris, 1998, ch.112; Azuma and Currie, 2000, ch.94; Currie and Carpenter, 2000, ch.89; 
Rauhut, 2003, ch.185; Yates, 2005, ch.185; Coria and Currie, 2006, ch.89; Smith et al., 2007, ch.282; Benson 
et al., 2010, ch. 176; Carrano et al., 2012, ch.290).

315.pubis, articulation with ilium: planoconcave (0), pegand-socket (1). 
(Samspon et al., 2001; Carrano et al., 2002, ch.123; Sereno et al., 2004, ch.128; Smith et al., 2007, ch.267; 
Carrano and Sampson, 2008, ch.125; Carrano et al., 2012, ch.291).

316.ischium, length relative to pubis length: 75–80% (0), <70% (1), > 80% (2). 
(Gauthier, 1986; Carrano et al., 2012, ch.292. Modified from Pérez-Moreno et al., 1993, ch.32; Holtz, 1994, 
ch.34; Harris, 1998, ch.117; Makovicky and Sues, 1998, ch.84; Sereno, 1999, ch.46, 42; Forster, 1999, ch.80; 
Azuma and Currie, 2000, ch.64; Currie and Carpenter, 2000, ch.94; Holtz, 1998, ch.320; Carrano et al., 2002, 
ch.129; Rauhut, 2003, ch.191; Holtz et al., 2004, ch.538; Yates, 2005, ch.191; Coria and Currie, 2006, ch.94; 
Smith et al., 2007, ch.284; Novas et al., 2013, ch.165).

317.ischium, shaft orientation: straight (0), ventrally curved (1). 
(Gauthier, 1986; Benson et al., 2020, ch.178; Carrano et al., 2012, ch.293).

318.ischium, articulation with ilium: planoconcave (0), peg-and-socket (1). 
(Sereno et al., 2004, ch.129; Smith et al., 2007, ch.274; Carrano and Sampson, 2008, ch.129; Benson et al., 
ch.179; Carrano et al., 2012, ch.294; Novas et al., 2013, ch.166).

319.ischium, morphology of antitrochanter: large and notched (0), reduced (1). 
(Sereno, 1999, ch.6, 7; Holtz, 1998, ch.321; Carrano et al., 2002, ch.128; Sereno et al., 2004, ch.137, 138; 
Holtz et al., 2004, ch.541, 542; Smith et al., 2007, ch.269; Benson et al., 2010, ch.180; Carrano et al., 2012, 
ch.295).

320.ischium, notch ventral to obturator process: absent (0), present (1). 
(Rauhut, 1995; Rauhut, 2003, ch.190; Carrano et al., 2002, ch.126; Holtz et al., 2004, ch.544; Yates, 2005, 
ch.190; Smith et al., 2007, ch.289; Carrano and Sampson, 2008, ch.127; Benson et al., 2010, ch.182; Carrano 
et al., 2012, ch.296. Modified from Harris, 1998, ch.116; Makovicky and Sues, 1998, ch.81; Sereno, 1999, 
ch.43; Currie and Carpenter, 2000, ch.93; Coria and Currie, 2006, ch.93).

321.ischium, morphology of symphysis: unexpanded (0), expanded as apron (1). 
(Benson et al., 2010, ch.184; Carrano et al., 2012, ch.297; Novas et al., 2013, ch.168).
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322.ischium, prominent, rugose distal tubercle: absent (0); present (1). 
(Currie and Zhao, 1994; Benson et al., 2010, ch.183).

323.ischium, cross-sectional shape of paired midshafts: oval (0), heart-shaped, medial portions 
of shafts extend posteriorly as midline flange (1). 
(Carrano et al., 2012, ch.298. Modified from Sereno, 1999, ch.47).

324.ischium, morphology of distal end: rounded (0), expanded, triangular (1). 
(Russel and Song, 1994, ch.52; Carrano et al., 2002, ch.127; Rauhut, 20003, ch.193; Carrano and Sampson, 
2008, ch.128; Benson et al., 2010, ch.185; Carrano et al., 2012, ch.299. Modified from Forster, 1999, ch.79; 
yates, 2005, ch.193; smith et al., 2007, ch.290; novas et al., 2013, ch.169).

325.ischium, posteriorly-directed flange on iliac peduncle: absent (0); present (1). 
(Brusatte and Sereno, 2008, ch. 82).

326.ischium, articulation at distal end in adults: separate (0), fused (1). 
(Harris, 1998, ch.118; Currie and Carpenter, 2000, ch.95; Holtz, 1998, ch.328; Holtz et al., 2004, ch.554, 
Coria and Currie, 2006, ch.95; Benson et al., 2010, ch. 186; Carrano et al., 2012, ch. 300).

327.ischium, semicircular scars on posterolateral surface of ischium, just distal to iliac process: 
absent (0), present (1). 
(Holtz, 1994; Holtz, 1998, ch. 326. Modified from Zanno and Makovicky, 2013, ch. 354; Novas et al., 2013, 
ch.167). 

328.Femur, head orientation: 45° anteromedial (0), 10–30° anteromedial (1), medial (2). 
(Novas, 1992; Carrano et al., 2012, ch. 301. Modified from Holtz, 1994, ch.12; Forster, 1999, ch.84; Azuma 
and Currie, ch.48; Carrano et al., 2002, ch.130; Rauhut, 2003, ch.195; Holtz et al., 2004, ch.557; Yates, 2005, 
ch.195; smith et al., 2007, ch.293; novas et al., 2013, ch.172). 

329.Femur, head angle: ventromedial (0), horizontal (medial) (1), dorsomedial (2). 
(Smith et al., 2007, ch.294; Benson et al., 2010, ch. 187; Carrano et al., 2012, ch. 302; Novas et al., 2013, 
ch.171. Modified from Harris, 1998, ch.121; Currie and Carpenter, 2000, ch.97; Holtz, 1998, ch.330; Carrano 
et al., 2002, ch.132; Coria and Currie, 2006, ch.97; Brusatte and Sereno, 2008, ch.83).

330.Femur, groove on proximal surface of head oriented oblique to long axis of head (‘articular 
groove’): absent (0), present (1). 
(Benson et al., 2010, ch. 188; Carrano et al., 2012, ch. 303).

331.Femur, oblique ligament groove on posterior surface of head: shallow, groove bounding 
lip does not extend past posterior surface of head (0), deep, bound medially by well-developed 
posterior lip (1). 
(Benson et al., 2010, ch.189; Carrano et al., 2012, ch. 304).

332.Femur, placement of lesser trochanter relative to femoral head: does not reach ventral 
margin (0), rises past ventral margin (1), rises to proximal surface (2). 
(Paul, 1984(a); Carrano et al., 2012, ch. 305. Modified from Harris, 1998, ch.124; Makovicky and Sues, 
1998, ch.86; Sereno, 1999, ch.69; Forster, 1999, ch.81; Currie and Carpenter, 2000, ch.100; Rauhut, 2003, 
ch.199; Yates, 2005, ch.199; Coria and Currie, 2006, ch.100; Smith et al., 2007, ch.298; Novas et al., 2013, 
ch.179).
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333.Femur, morphology of anterolateral muscle attachments at proximal end: continuous 
trochanteric shelf (0), distinct lesser trochanter and attachment bulge (1). 
(Carrano et al., 2012, ch. 306).

334.Femur, development of fourth trochanter: prominent semioval flange (0), very weak (1). 
(Gauthier and Padian, 1985; Sereno, 1999, ch.45; Modified from Pérez-Moreno et al., 1993, ch.38; Makovicky 
and Sues, 1998, ch.87; Azuma and Currie, 2000, ch.45; Currie and Carpenter, 2000, ch.102; Holtz, 1998, 
ch.337; Rauhut, 2003, ch.201; Holtz et al., 2004, ch.560; Yates, 2005, ch.201; Coria and Currie, 2006, ch.102M 
Smith et al., 2007, ch.301; Brusatte and Sereno, 2008, ch.86; Benson et al., 2010, ch. 192; Carrano et al., 2012, 
ch. 307; Novas et al., 2013, ch.180).

335.Femur, distinctly projecting accessory trochanter (derived from lesser trochanter): weak, 
forms slightly thickened margin of lesser trochanter (0), present as triangular flange (1). 
(Carrano et al., 2012, ch.308. Modified from Makovicky and Sues, 1998, ch.3; Benson et al., 2010, ch.191; 
novas et al., 2013, ch.176).

336.Femur, M. femorotibialis externus origin medially on anterodistal surface: faint, small rugose 
patch (0), pronounced rugose depression that extends to distal femur (1). 
(Carrano et al., 2012, ch. 309. Modified from Pérez-Moreno, 1994a, ch.41, Sereno, 1999, ch.102; Azuma and 
Currie, 2000, ch.42; Holtz, 1998, ch.339; Rauhut, 2003, ch.202; Holtz et al., 2004, ch.569; Yates, 2005, ch.202; 
Smith et al., 2007, ch.302; Benson et al., 2010, ch.194).

337.Femur, greater trochanter, width relative to caput: narrower (0), as wide (1). 
(Modified from Benson et al. et al., 2010, ch. 228). 

338.Femur, development of medial epicondyle: rounded (0), ridge (1). 
(Benson et al., 2010, ch.195; Carrano et al., 2012, ch. 310. Modified from Forster, 1999, ch.87Azuma and 
Currie, 2000, ch.49; Currie and Carpenter, 2000, ch.10; Holtz, 1998, ch.340; Carrano et al., 2002, ch.135; 
Rauhut, 2003, ch.202; Yates, 2005, ch.202; Coria and Currie, 2006, ch.105; Carrano and Sampson, 2008, 
ch.133; Brusatte and Sereno, 2008, ch.85; Novas et al., 2013, ch.185).

339.Femur, distal extensor groove: absent (0), present (1). 
(Forster, 1999, ch.86; Benson et al., 2010, ch.193; Carrano et al., 2012, ch. 311. Modified from Pérez-Moreno, 
1994a, ch.42; Harris, 1998, ch.127; Azuma and Currie, 2000, ch.44; Currie and Carpenter, 2000, ch.103; 
Holtz, 1998, ch.341; Holtz et al., 2004, ch.570; Coria and Currie, 2006, ch.103; Smith et al., 2007; ch.303; 
Brusatte and Sereno, 2008, ch.87; Novas et al., 2013, ch.181).

340.Femur, morphology and orientation of tibiofibularis crest: broad (0), narrow, longitudinal 
(0), lobular, oblique (2). 
(Carrano and Sampson, 2008, ch.134; Carrano et al., 2012, ch. 312. Modified from Novas et al., 2013, 
ch.178).

341.Femur, infrapopliteal ridge connecting medial distal condyle and crista tibiofibularis: absent 
(0), present (1). 
(Benson et al., 2010, ch.197; Carrano et al., 2012, ch. 313).

342.Femur, orientation of long axis of medial condyle in distal view: anteroposterior (0), 
posterolateral (1). 
(Benson et al., 2010, ch.198; Carrano et al., 2012, ch. 314).
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343.Femur, projection of lateral and medial distal condyles: approximately equal (0), lateral 
projects distinctly further than medial, distal surface of medial is gently flattened (1). 
(Brusatte and Sereno, 2008, ch.84; Benson et al., 2010, ch.196; Carrano et al., 2012, ch. 315; Novas et al., 
2013, ch.184).

344.Femur, morphology of distal end: central depression connected to crista tibiofibularis by 
a narrow groove (0), anteroposteriorly oriented shallow trough separating medial and lateral 
convexities (1). 
(Benson et al. et al., 2010, ch.233; Carrano et al., 2012, ch. 316).

345.Tibia, shape of edge of lateral malleolus: smoothly curved (0), tabular notch (1). 
(Carrano et al., 2002, ch.137; Holtz et al., 2004, ch.590; Smith et al., 2007, ch.309; Carrano et al., 2012, ch. 318).

346.Tibia, morphology of distal cnemial process: rounded (0), expanded proximodistally (1). 
(Sereno, 1999, ch.137; Forster, 1999, ch.89; Holtz, 1998, ch.346; Carrano et al., 2002, ch.138; Smith et al., 
2007, ch.306; Carrano and Sampson, 2008, ch.135; Benson et al., 2010, ch.199; Benson et al., 2010, ch.199; 
Carrano et al., 2012, ch. 319. Modified from Sereno et al., 2004, 144).

347.Tibia, lateral condyle: confluent with cnemial crest anteriorly in proximal view (0); strongly 
offset from cnemial crest by incisura tibialis (1). 
(Rauhut, 2003, ch.204; Benson et al., 2010, ch.200; Novas et al., 2013, ch.189. Modified from Pérez-Moreno 
et al., 1993, ch.44).

348.Tibia, medial condyle: bulbous eminence, not continuous with posterior surface of head (0); 
extends distally as a ridge that merges with posterior surface of head (1). 
(Benson et al., 2010, ch.201).

349.Tibia, distal end transversely expanded and articulates with calcaneum: no (0); yes (1). 
(Paul, 1984(b); Sereno et al., 1996, ch.14; Harris, 1998, ch.132; Sereno, 1999, ch.10; Forster, 1999, ch.88; 
Holtz, 1998, ch.352; Carrano et al., 2002, ch.139; Carrano and Sampson, 2008, ch.136; Benson et al., 2010, 
ch.204; Carrano et al., 2012, ch. 317. Modified from Rauhut, 2003, ch.219; Smith et al., 2007, ch.328).

350.Tibia, form of medial malleolus: oriented distally and medial surface smooth (0); oriented 
distally and distinct ‘shoulder’ present in outline of medial surface in posterior view (1); oriented 
almost medially, ‘shoulder’ absent (2). 
(Benson et al., 2010, ch.205; Novas et al., 2013, ch.187. Modified from Brusatte and Sereno, 2008, ch.90).

351.Tibia, morphology of lateral (fibular) condyle: large (0), small and lobular (1). 
(Russel and Song, 1994, ch.55; Sereno, 1999, ch.42; Holtz et al., 2004, ch.582; Carrano et al., 2012, ch. 320. 
Modified from Pérez-Moreno et al., 1993, ch.44).

352.Tibia, morphology of fibular crest: narrow (0), bulbous (1). 
(Gauthier, 1986, ch.30; Pérez-Moreno et al., 1993, ch.30; Holtz, 1994, ch.100; Holtz, 1998, ch.350; Benson et 
al., 2010, ch.203; Carrano et al., 2012, ch. 323).

353.Tibia, development of fibular crest: extends to proximal end of tibia as high crest (0), 
extends to proximal end of tibia as low ridge (1), does not extend to proximal end of tibia (2). 
(Pérez-Moreno et al., 1993, ch.30; Holtz, 1998, ch.351; Rauhut, 2003 ch.206; Holtz et al., 2004, ch.585; Yates, 
2005, ch.206; Smith et al., 2007, ch.38; Benson et al., 2010, ch.202; Carrano et al., 2012, ch. 324).
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354.Fibula, depth of fibular fossa on medial aspect: groove (0), deep fossa (1), shallow fossa (2). 
(Gauthier, 1986; Holtz, 1998, ch.355; Carrano et al., 2002, ch.140; Rauhut, 2003, ch.210; Carrano et al., 2012, ch. 325).

355.Fibula, length relative to femur: greater than 70% (0), less than 70% (1). 
(Brusatte and Sereno, 2008, ch. 92; Novas et al., 2013, ch.192).

356.Fibula, position of fibular fossa on medial aspect: posterior edge (0), central (1). 
(Gauthier, 1986; Carrano et al., 2012, ch. 326).

357.Fibula, size of iliofibularis tubercle: faint scar (0), large (1), anterolaterally curving flange (2). 
(Coria and Salgado, 1995; Carrano et al., 2012, ch. 327. Modified from Carrano et al., 2002, ch.141; Rauhut, 
2003, ch.211; Yates, 2005, ch.211; Smith et al., 2007, ch.316; Carrano and Sampson, 2008, ch.138; Benson et 
al., 2010, ch.209).

358.Fibula, lateral surface of proximal end: shallow longitudinal trough situated posteriorly (0); 
trough absent or weak groove present, surface convex (1). 
(Benson et al., 2010, ch. 207).

359.astragalus, articulation between ascending process and fibula in adults: separate (0), fused (1). 
(Pérez-Moreno et al., 1993, ch.49; Holtz, 1994, ch.2; Holtz, 1998, ch.359; Carrano et al., 2002, ch.142; Smith 
et al., 2007, ch.318; Carrano and Sampson, 2008, ch.139; Carrano et al., 2012, ch. 329).

360.astragalus, orientation of distal condyles: ventral (0), 30-45° anterior (1). 
(Sereno et al., 1994; Sereno et al., 1996, ch.18; Harris, 1998, ch.136; Sereno, 1999, ch.14; Forster, 1999, ch.93; 
Currie and Carpenter, 2000, ch.110; Holtz, 1998, ch.364; Carrano et al., 2002, ch.143; Rauhut, 2003, ch.217; 
Sereno et al., 2004, ch.158; Holtz et al., 2014, ch.605; Yates, 2005, ch.217; Coria and Currie, 2006, ch.110; 
Smith et al., 2007, ch.324; Carrano and Sampson, 2008, ch.141; Carrano et al., 2012, ch. 330).

361.astragalus, dorsal margin of ascending process, oblique angle: low (0), high (1). 
(Modified from Azuma and Currie, 2000, ch.8; Carrano et al., 2012, ch. 332).

362.astragalus, ascending process height relative to depth of astragalar body: less (0), subequal 
(1), > 1.6 times (2). 
(Carrano et al., 2012, ch. 333. Modified from Pérez-Moreno, 1994, ch.46; Holtz, 1994, ch.81; Harris, 1998, 
ch.135; Makovicky and Sues, 1998, ch.89; Forster, 1999, ch.96; Azuma and Currie, 2000, ch.5; Currie and 
Carpenter, 2000, ch.109; Carrano et al., 2002, ch.146; Rauhut, 2003, ch.215; Holtz et al., 2004, ch.602; Yates, 
2005, ch.215; Coria and Currie, 2006, ch.109; Smith et al., 2007, ch.321; Carrano and Sampson, 2008, ch.145; 
Brusatte and Sereno, 2008, ch.93; Benson et al., 2010, ch227; Novas et al., 2013, ch.195).

363.astragalus, prominent proximolateral extension: absent (0); present (1). 
(Benson et al. et al., 2010, ch. 232; Carrano et al., 2012, ch. 334).

364.astragalus, development of articular surface for distal end of fibula: large, dorsal (0), 
reduced, lateral (1). 
(Holtz, 1994, ch.101; Sereno et al., 1996, ch.17; Sereno, 1999, ch.13; Holtz, 1998, ch.360; Carrano et al., 2002, 
ch.148; Rauhut, 2003, ch.213; Carrano and Sampson, 2008, ch.144; Carrano et al., 2012, ch. 336).

365.astragalus, posterolateral and medial crest: absent (0), present (1). 
(Modified from Sereno, 1999, ch.140, 141; Carrano et al., 2012, ch. 337, 338).



Appendix 2

272

366.astragalus, articulation with calcaneum in adults: separate (0), fused (1). 
(Harris, 1998, ch.133; Sereno, 1999, ch.13; Forster, 1999, ch.94; Azuma and Currie, 2000, ch.17; Curie and 
Carpenter, 2000, ch.10; Holtz, 1998, ch.366; Coria and Salgado, 2000, ch.9; Carrano et al., 2002, ch.149; 
Holtz et al., 2004, ch.607; Yates, 2005, ch.251; Coria and Currie, 2006, ch.107, Smith et al., 2007, ch.327; 
Carrano and Sampson, 2008, ch.143;  Carrano et al., 2012, ch. 339).

367.Metatarsals, metatarsal I, length relative to length of metatarsal II: ≥ 50% (0), < 50% (1). 
(Harris, 1998, ch.139; Sereno, 1999, ch.142; Carrano et al., 2002, ch.150; Rauhut, 2003, ch.222; Sereno et al., 
2004, ch.161; Smith et al., 2007, ch.332; Carrano et al., 2012, ch. 340).

368.Metatarsals, metatarsal iii, shape of proximal end: rectangular (0), shallow notch (1), deep 
notch (2). 
(Sereno et al., 1994; Carrano et al., 2012, ch. 341. Modified from Sereno et al., 1996, ch.20; Harris, 1998, 
ch.141; Sereno, 1999, ch.15; Forster, 1999, ch.97; Azuma and Currie, 2000, ch.80; Holtz, 1998, ch.376; Carrano 
et al., 2002, ch.152; Sereno et al., 2004, ch.164; Smith et al., 2007, ch.335; Benson et al., 2010, ch.212).

369.Metatarsals, metatarsal iii, midshaft cross-sectional shape: rectangular (0), wedge-shaped, 
plantar surface pinched (1). 
(Sereno et al., 1994; Sereno et al., 1996, ch.21; Sereno, 1999, ch.16; Forster, 1999, ch.98; Holtz, 1998, ch.373; 
Sereno et al., 2004, ch.165; Holtz et al., 2004, ch.620; Benson et al., 2010, 213; Carrano et al., 2012, ch. 342).

370.Metatarsals, metatarsal III, relative proportions of shaft: short and thick, length/transverse 
width ratio < 12.0 (0), long and gracile, ratio > 12.5 (1). 
(Gauthier, 1986, ch.31; Holtz, 1994, ch.54, 67; Benson et al., 2010, ch.221; Carrano et al., 2012, ch. 343).

371.Metatarsals, metatarsal iV, proportions of distal end: broader than tall (0), taller than broad (1). 
(Sereno, 1999, ch.144; Sereno et al., 2004, ch.166; Smith et al., 2007, ch.341; Carrano and Sampson, 2008, 
ch.147; Carrano et al., 2012, ch. 344; Novas et al., 2013, ch.205).

372.Metatarsals, metatarsal iV, shaft, orientation in dorsal view: straight (0); distolaterally curved (1). 
(New character. Modified from Wilson and Currie, 1985; Holtz, 1994, ch.62; Holtz, 1998, ch.374).

373.Metatarsals, metatarsal V, morphology of distal end: articular (0), non-articular (1). 
(Paul, 1984, ch.45; Holtz, 1998, ch.372; Carrano et al., 2002, ch.153; Rauhut, 2003, ch.223; Holtz, 2004, 
ch.614; Yates, 2005, ch.223; Smith et al., 2007, ch.343; Carrano et al., 2012, ch. 345).

374.Metatarsals, metatarsal V, length relative to length of metatarsal iV: > 50% (0), < 50% (1). 
(Currie and Zhao, 1994; Harris, 1998, ch.142; Holtz, 1998, ch.372; Carrano et al., 2002, ch.154; Rauhut, 2003, 
ch.223; Holtz et al., 2004, ch.614; Yates, 2005, ch.223, Smith et al., 2007, ch.342; Carrano et al., 2012, ch. 346).

375.Metatarsals, antarctometatarsus: absent (0), present (1). 
(Gauthier, 1987, ch.51; Harris, 1998, ch.140; Carrano et al., 2002, ch.155; Smith et al., 2007, ch.336; Carrano 
and Sampson, 2008, ch.148; Carrano et al., 2012, ch. 347).

376.pes, pedal unguals, morphology of lateral and medial grooves: single (0), double (1). 
(Carrano et al., 2002, ch.156; Smith et al., 2007, ch.344; Carrano and Sampson, 2008, ch.149; Carrano et al., 
2012, ch. 348).

377.pes, pedal unguals, digit ii, mediolateral symmetry: symmetrical (0), asymmetrical (1). 
(Carrano et al., 2002, ch.157; Smith et al., 2007, h.346; Carrano and Samspon, 2008, ch.150; Carrano et al., 
2012, ch. 350).
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378.pes, pedal digit phalanges, length of i-1 + i-2 relative to iii-1: greater (0), less than or equal (1). 
(Sereno et al., 1994; Sereno et al., 1996, ch.31; Harris, 1998, ch.145; Sereno, 1999, ch.34; Forster, 1999, ch.99; 
Azuma and Currie, 2000, ch.87; Holtz, 1998, ch.382; Carrano et al., 2002, ch.158; Holtz et al., 2004, ch.630; 
Smith et al., 2007, ch.345; Carrano and Samspon, 2008, ch.151; Carrano et al., 2012, ch. 351).

Percent of total non-modified characters used in current study based on:

Carrano et al., 2012: 80,42%

Benson et al., 2010: 39,15%

Brusatte and Sereno, 2008: 9,8%

novas et al., 2013: 1,32%
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Theropoda Marsh 1881 sensu Gauthier, 1986
neotheropoda Bakker, 1986, sensu Sereno, 1998

Coelophysoidea Nopcsa, 1928, sensu Sereno et al. 2005

Dilophosaurus wetherilli (Welles, 1954)

Holotype. UCMp 37302 (nearly complete skeleton).

Locality and horizon.  Coconino County (Arizona, USA); Silty Facies (Kayenta Formation; 
Early Jurassic) (Welles, 1954, 1984).

‘Syntarsus’ kayentakatae Rowe, 1989.

Holotype. Mna 2623 (partial skeleton).

Locality and horizon.  Arizona, USA; Kayenta Formation (Sinemurian–Pliensbachian) (Rowe, 
1989; Tykoski & Rowe, 2004).

Coelophysis bauri (Cope, 1887)

neotype. aMnH 7224 (almost complete skull and postcranial skeleton)

Locality and horizon. Ghost Ranch (Río Arriba County, New Mexico); Chinle Formation (Late 
Triassic) (Carrano et al., 2012).

Coelophysis rhodesiensis (Raath, 1969)

Holotype. KMV 8701 (partial skull and partial postcranial skeleton).

Locality and horizon. Southcote farm, Mashonaland North (Zimbabwe); Forest Sandstone 
Formation (Hettangian-Sinemurian, Early Jurassic) (Raath, 1969).

neotheropoda Bakker, 1986, sensu Sereno, 1998
averostra Paul, 2002

Sinosaurus triassicus (Hu, 1993)

Holotype. QG1 (partial postcranial skeleton).

Locality and horizon. Qinglongshan Mountain, Muchulang Village, Jinning County, (Yunnan, 
China); Lufeng Formation (Hettangian-Sinemurian, Early Jurassic) (Hu, 1993; Xing, 2012)

Cryolophosaurus ellioti Hammer and Hickerson, 1994

Holotype. FMnHpR1821 (posterior portion of skull and partial postcranial skeleton).

Localiy and horizon.  Beardmore Glacier (central Transantarctic Mountains, Antarctica); 
Hanson Formation (Sinemurian–Pliensbachian, Early Jurassic) (Hammer and Hickerson, 1999; 
Smith et al., 2007).
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neotheropoda Bakker, 1986, sensu Sereno, 1998
Ceratosauria, Marsh 1884

Elaphrosaurus bambergi Janensch, 1920

Holotype. MB.R. (no-numbered) (partial postcranial skeleton).

Locality and horizon. Kindope (Tendanguru, Tanzania); Tendanguru Formation (late 
Kimmeridgiense-late Tithonian, Late Jurassic) (Janensch, 1920).

Majungasaurus crenatissimus (Depéret, 1896)

Holotype. MnHn MaJ-1 (left dentary).

Locality and horizon. Mahajanga Basin (Madagascar); Anembalemba Member, Maevarano 
Formation (Maastrichtian, Late Cretaceous) (Depéret, 1896; Sampson et al., 1998).

Masiakasaurus knopfleri Sampson et al., 2001

Holotype. Ua 8680 (left dentary).

Locality and horizon. Mahajanga Basin (Madagascar); Anembalemba Member, Maevarano 
Formation (Maastrichtian, Late Cretaceous) (Carrano et al., 2002).

Tetanurae Gauthier, 1986

Chuandongocoelurus primitivus He, 1984

Holotype. CCG 20010 (partial postcranial skeleton).

Locality and horizon. Chuandong (Sichuan, China); Xiashaximiao Formation (Middle Jurassic) 
(He, 1984).

Tetanurae Gauthier, 1986
Megalosauroidea (Fitzinger, 1843)

Monolophosaurus jiangi Zhao and Currie, 1993

Holotype. iVpp 84019 (complete skull and postcranial skeleton).

Locality and horizon. Jiangjunmiao Depresion Junggar Basin (Xinjiang, China); Shishugou Formation 
(middle Bathonian-late Callovian, Middle Jurassic) (Zhao and Currie, 1993; Zhao et al., 2010).

Tetanurae Gauthier, 1986
Megalosauroidea (Fitzinger, 1843)

Spinosauridae Stromer, 1915

Spinosaurus aegyptiacus Stromer, 1915

Holotype. BSp 1915 (partial skull and skeleton).
Locality and horizon. Baharije Oasis (Egypt); Baharife Formation (Albian-early Cenomanian, 
Late Cretaceous) (Smith et al., 2006).
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Irritator challenger Martill et al., 1996

Holotype. SMnS 58022 (nearly complete skull).

Locality and horizon. Southern Cearzi (Brazil); Romualdo Member, the Santana Formation 
(Albian, Early Cretaceous) (Martill et al., 1996).

Ichtiovenator laosensis Allain et al., 2012

Holotype. MdS BK10-01-15 (partial skeleton).

Locality and horizon. Bam Kalum, Tang Vay area, Savannakhet Province (Laos); 2Grès supérieurs” 
Formation (late Barremian-early Cenomanian, Early Cretaceous) (Allain et al., 2012)

Suchomimus tenerensis Sereno et al., 1998

Holotype. Mnn GdF 500 (partial postcranial skeleton).

Locality and horizon. Gadoufaoua outcrop, Agadez, Niger, Elrhaz Formation (Aptian?, Early 
Cretaceous) (Sereno et al., 1998).

Tetanurae Gauthier, 1986
Megalosauroidea (Fitzinger, 1843)

Megalosauridae Fitzinger, 1843

Eustreptospondylus oxoniensis Walker, 1964

Holotype. OUMnH J.13558 (partial skull and postcranial skeleton of a juvenile individual). 

Locality and horizon. Wolvercot and Littlemore (Oxfordshire, UK); Oxford Clay Formation 
(late Callovian, Middle Jurassic) (Walker, 1964). 

Magnosaurus nethercombensis  (Huene, 1923)

Holotype. OUMnH J.12143 (fragmentary skull and postcranial skeleton).

Locality and horizon. Nethercomb, Dorset (UK); Inferior Oolite (ealr Bajocian, Middle Jurassi) 
(Huene, 1923; Waldman, 1974)

Afrovenator abakensis Sereno et al., 1994

Holotype. Mnn TiG1 (an incomplete skull and postcranial skeleton).

Locality and horizon. Agadez (Niger); Tiourarén Formation (Irhazer Group, Middle-Late 
Jurassic) (Lapparent, 1960; Sereno et al., 1994; Rauhut and López-Arbarello, 2009).

Dubreuillosaurus valesdunensis Allain, 2002

Holotype. MnHn 1998-13 (an almost complete skull and fragmentary postcranial skeleton).

Locality and horizon. Conteville, Calvados (France); Progracilis Zone (Calcaires de Caen 
Formation; middle Bathonian, Middle Jurassic) (Allain, 2002).
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Torvosaurus tanneri Galton and Jensen, 1979

Holotype. BYU-Vp 2002 (left and right forelimb)

Locality and horizon. Dry Mesa Quarry, Montrose County (Colorado, USA); Brushy Basin 
Member, Morrison Formation (Kimmeridgian-Tithonian, Late Jurassic) (Galton and Jensen, 1979)

Tetanurae Gauthier, 1986
Coelurosauria Huene, 1920

Lourinhanosaurus antunesi Mateus, 1998

Holotype. ML 370 (partial postcranial skeleton).

Locality and horizon. Peralta (Lourinhã, Portugal); Sobral Formation (late Kimmeridgian-
Tithonian, Late Jurassic) (Mateus, 1998).

Guanlong wucaii Xu et al., 2006

Holotype. iVpp V14531 (partly articulated skeleton).

Locality and horizon. Wucaiwan area, Junggar Basin (Xinjiang, China); Shishugou Formation 
(Oxfordian, Late Jurassic) (Xu et al., 2006).

Ornitholestes hermanni Orborn, 1903

Holotype. aMnH 619 (almost complete skull and partial postcranial skeleton).

Locality and horizon. Bone Cabin Quarry (Wyoming, USA); Morrison Formation (Kimmeridgian-
Tithonian, Late Jurassic) (Osborn, 1903).

Compsognathus longipes Wagner, 1861

Holotype. BSp aSi 563 (complete skull and postcranial skeleton).

Locality and horizon. Bavaria, Jachenhausen/Kehlheim (Germany); Solnhofen Lithographic 
Limestones (Tithonian, Late Jurassic) (Peyer, 2006).

Chilantaisaurus tashuikouensis Hu, 1964

Lectotype. iVpp V.2884.1 (right humerus).

Locality and horizon. Chilantai (Nei Mongol Zizhiqu, China); Ulansuhai Formation (Turonian 
age, Late Cretaceous) (Benson and Xu, 2008).

Tetanurae Gauthier, 1986
allosauroidea Marsh, 1878

Leshansaurus qianweiensis Li et al., 2009

Holotype. QW 200701 (partial skull and postcranial skeleton).

Locality and horizon. Leshan, Qianwei (Sinchuan, China); Shangshaximiao Formation (Late 
Jurassic) (Li et al., 2009).
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Tetanurae Gauthier, 1986
allosauroidea Marsh, 1878

Metriacanthosauridae Paul, 1988a

‘Szechuanosaurus’ zigongensis Gao, 1993

Holotype. ZdM 9011 (partial postcranial skeleton).

Locality and horizon. Dashanpu, Zigong Municipality (Sichuan, China); Lower Xiaximiao 
Formation (Middle Jurassic) (Gao, 1993).

CV 00214 cf. Szechuanosaurus campi (Dong et al., 1983)

Hypodigm. CV 00214 (partial postcranial skeleton).

Locality and horizon. Wujiaba Quarry (Zigong city, Sichuan, China); Shangshaximiao Formation 
(Oxfordian–early Kimmeridgian, Late Jurassic)  (Dong et al., 1983).

Yangchuanosaurus shangyouensis Dong, 1975

Holotype. CV 00215 (complete skull and postcranial skeleton).

Locality and horizon. Yongchuan County (Sichuan, China); Shangshaximiao Formation 
(Oxfordian-early Kimmeridgian, Late Jurassic) (Dong, 1975).

Shidaisaurus jinae Wu et al., 2009

Holotype. LdM-LCa 9701-iV (partial skull and postcranial skeleton).

Localiy and horizon. Laochangjing village, Chuanjie township, Lufeng County (Yunnan, China); 
Lufeng Formation (early Middle Jurassic) (Wu et al., 2009).

Siamotyrannus isanensis Buffetaut et al., 1996

Holotype. pW9-1 (posterior dorsal vertebrae, sacrum, anterior caudal vertebrae and pelvic 
girdle).

Locality and horizon. Phu Wiang Distric (Khon Kaen Province, Thailand); Sao Khua Formation 
(Barremian-Aptian, Early Cretaceous) (Buffetaut et al., 1996; Racey and Goodall, 2009).

Yangchuanosaurus hepingensis Gao, 1992

Holotype. ZdM T0024 (complete skull and postcranial skeleton).

Locality and horizon. Dashanpu Dinosaur Quarry (Sichuan, China); Shangshaximiao Formation 
(Oxfordian-early Kimmeridgian, Late Jurassic) (Gao, 1992).

Metriacanthosaurus parkeri (Huene, 1923)

Holotype. OUMnH J.12144 (partial postcranial skeleton).

Locality and horizon. Weymouth (Dorset, UK); Weymouth Member, Upper Oxford Clay (early 
Oxfordian, Late Jurassic) (Huene, 1923, Walker, 1964).
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Tetanurae Gauthier, 1986
allosauroidea Marsh, 1878

Carcharodontosauria Benson, Brusatte and Carrano, 2010
neovenatoridae Benson, Brusatte and Carrano, 2010

Aerosteon riocoloradensis Sereno et al., 2008

Holotype. MaCn-pV 3137 (incomplete skull and postcranial skeleton).

Locality and horizon. Cañadón Amarillo (Mendoza, Argentina); Anacleto Formation (Neuquén 
Group, Campanian, Late Cretaceous) (Sereno et al., 2008; Garrido, 2010).

Australovenator wintonensis Hocknull et al., 2009

Holotype. aOdF 604 (partial skeleton).

Locality and horizon. Elderslie Station (Queensland, Australia); Winton Formation (late Albian, 
Early Cretaceous) (Hocknull et al., 2009).

Tetanurae Gauthier, 1986
allosauroidea Marsh, 1878

Carcharodontosauria Benson, Brusatte and Carrano, 2010
Carcharodontosauridae Stromer, 1931

Eocarcharia dinops Sereno and Brusatte, 2008

Holotype. Mnn Gad2 (postorbital).

Locality and horizon. “Gadoufaoua” (Ténéré Desert, Niger); Elrhaz Formation (Aptian–Albian, 
Early Cretaceous) (Sereno and Brusatte, 2008).

Shaocilong maortuensis (Hu, 1964)

Lectotype. iVpp V2885.2 (braincase and posterior part of the skull roof).

Locality and horizon. Maortu, eastern Alashan Desert (Nei Mongol Zizhiqu, China); Ulansuhai 
Formation (Turonian, Late Cretaceous) (Brusatte et al., 2009).

Carcharodontosaurus saharicus Stromer, 1931

Holotype. BSp 1922 x46 (partial skull and postcranial skeleton).

Locality and horizon. Timimoun (Algeria); Baharîje Beds (Albian-Cenomanian age, Early-Late 
Cretaceous) (Stromer, 1931).
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Figure a.1. Concavenator constrains in neovenatoridae.
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Figure a.2. Megaraptora constrains in Coelurosauria.
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Figure a.3. Lourinhanosaurus constrains in allosauroidea.
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Figure a.4. Leshansaurus constrains in Megalosauroidea.
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Figure a.5. Chilantaisaurus constrains in allosauroidea.
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Figure a.6. Chilantaisaurus constrains in neovenatoridae.
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Figure a.7. Unambiguous synapomorphy 28.
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Figure a.8. Unambiguous synapomorphy 60.
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Figure a.9. Unambiguous synapomorphy 72.
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Figure a.10. Unambiguous synapomorphy 75.
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Figure a.11. Unambiguous synapomorphy 96.
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Figure a.12. ambiguous synapomorphy 69.
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Figure a.13. ambiguous synapomorphy 73.
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Figure a.14. ambiguous synapomorphy 98.
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Figure a.15. ambiguous synapomorphy 250.



Appendix 6

318

Figure a.16. ambiguous synapomorphy 318.
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Table a.10. Origin and insertion of the epaxial muscles in crocodylia, aves and sauropod 
proposed by Schwarz-Wings, 2009 to dorsal vertebrae.
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Table a.11. Origin and insertion of the epaxial muscles in crocodylia, aves and sauropod 
proposed by Schwarz-Wings, 2009 to dorsal vertebrae.



Myological reconstruction of axial skeleton

323

Table a.12. Origin and insertion of the epaxial muscles in lepidosauria, crocodylia and 
aves proposed by Tsuihiji, 2005/2007 to dorsal vertebrae.
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Table a.13. Origin and insertion of the epaxial muscles in lepidosauria, crocodylia and 
aves proposed by Tsuihiji, 2005/2007 to dorsal vertebrae.
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Table a.14. Origin and insertion of the epaxial muscles in crocodylia and aves proposed 
by Organ, 2006 to dorsal vertebrae.
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Table a.15. Origin and insertion of the epaxial muscles in crocodylia and aves proposed 
by Organ, 2006 to dorsal vertebrae.
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Table a.16. Origin and insertion of the epaxial muscles in caudal vertebrae proposed by 
arbour, 2009 (ankylosauria); Schwarz-Wings et al., 2009 (Crocodylia); Cong et al., 1998 
(Alligator).
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