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a b s t r a c t

Patagonia has yielded the most comprehensive fossil record of Cretaceous theropods from Gondwana,
consisting of 31 nominal species belonging to singleton taxa and six families: Abelisauridae, Noasauridae,
Carcharodontosauridae, Megaraptoridae nov. fam., Alvarezsauridae, and Unenlagiidae. They provide
anatomical information that allows improved interpretation of theropods discovered in other regions of
Gondwana. Abelisauroids are the best represented theropods in Patagonia. They underwent an evolutionary
radiationdocumented fromtheEarly Cretaceous through tothe latest Cretaceous, andare representedby the
clades Abelisauridae and Noasauridae. Patagonian carcharodontosaurids are known from three taxa (Tyr-
annotitan, Giganotosaurus and Mapusaurus), as well as from isolated teeth, collected from Aptian to Cen-
omanian beds. These allosauroids constituted the top predators during the mid-Cretaceous, during which
gigantic titanosaur sauropodswere the largest herbivores. Megaraptorans have become better documented
in recent years with the discovery of more complete remains. Megaraptor, Aerosteon and Orkoraptor have
been described from Cretaceous beds from Argentina, and these taxa exhibit close relationships with the
Aptian genera Australovenator, from Australia, and Fukuiraptor, from Japan. The Gondwananmegaraptorans
are gathered into the new familyMegaraptoridae, and the Asiatic Fukuiraptor is recovered as the immediate
sister taxon of this clade. Although megaraptorans have been recently interpreted as members of Allo-
sauroidea, we present evidence that they are deeply nested within Coelurosauria. Moreover, anatomical
information supports Megaraptora as more closely related to the Asiamerican Tyrannosauridae than
thought. Megaraptorans improve our knowledge about the scarcely documented basal radiation of Gond-
wanancoelurosaurs and tyrannosauroidsas awhole. Information athand indicates that SouthAmericawas a
cradle for the evolutionary radiation for different coelurosaurian lineages, including some basal forms (e.g.,
Bicentenaria, Aniksosaurus), megaraptorans, alvarezsaurids less derived than those of Laurasia, and unen-
lagiids, revealing that Gondwanan coelurosaurs played sharply differing ecological roles, and that theywere
taxonomically as diverse as in the northern continents. The unenlagiids represent an endemic South
American clade that has been recently found to be more closely related to birds than to dromaeosaurid
theropods. Analysis of the theropod fossil record from Gondwana shows the highest peak of origination
index occurred during the AptianeAlbian and a less intense one in the Campanian time spans. Additionally,
peaks of extinction index are recognized for the Cenomanian and TuronianeConiacian time spans. In
comparison, the Laurasianpatterndiffers fromthatofGondwana in thepresenceof anolder extinctionevent
during the AptianeAlbian time-span and a high origination rate during the Cenomanian time-bin. Both
Laurasian and Gondwanan theropod records show a peak of origination rates during the Campanian.
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1. Introduction

Cretaceous rocks from Patagonia in southern Argentina, have
yielded the most comprehensive record of Cretaceous non-avian
orous dinosaurs during the Cretaceous: The evidence from Patagonia,
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theropods from the Southern Hemisphere. Currently 31 valid species
have been named largely belonging to the following theropod clades:
the ceratosaurians Abelisauridae and Noasauridae, the basal tetanur-
ans Carcharodontosauridae and Megaraptora, and the highly derived
coelurosaurians Alvarezsauridae and Unenlagiidae (see SI part 1). The
fact that suchdisparatemorphotypesare recorded in theCretaceousof
South America strongly indicates that an important evolutionary
diversification of carnivorous dinosaurs occurred in the southern
landmasses. However, the Patagonian record is still patchy if
compared, for example, with some outstanding North American and
Asian dinosaurian assemblages. Nevertheless, the Patagonian
theropod record is by far the most relevant and informative among
Gondwanan continents (i.e., Africa, Australia, Madagascar, India, and
Antarctica). Some of the theropod species discovered in Patagonia are
known on the basis of skulls and fairly complete skeletons (e.g. Car-
notaurus, Skorpiovenator, Giganotosaurus, Buitreraptor), thus offering
insights into the anatomy and phylogeny of abelisaurids, carchar-
odontosaurids, and maniraptorans. The remaining Cretaceous
theropod species from Patagonia, although anatomically less well
known, are informativeenough toallowanalysisof different aspects of
theropod phylogeny, such as the basal coelurosaurian diversification.
This rich and variegated fossil record of Patagonian theropods (Fig. 1)
improves our understanding of the systematics and evolutionary
history of the carnivorous dinosaurs of Gondwana as a whole.

The aims of the present paper are: 1) review the available Pata-
gonian record of the Cretaceous non-avian theropods; 2) discuss the
systematics of Gondwanan theropods in light ofwhatwe know from
Patagonia; 3) evaluate the paleobiogeographic evolution of Gond-
wanan theropods with respect to their northern counterparts; and
finally, 4) provide a picture of the macroevolutionary patterns
observed in the evolutionary history of southern theropods.

Institutional abbreviations. AMNH, American Museum of Natural
History, New York, USA; IGM, Mongolian Institute of Geology, Ulaan
Fig. 1. Map of the Argentinean Patagonia showing the localities that have yielded currently k
dark gray and Argentina in light gray.
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Baatar,Mongolia;MACN-Pv;MuseoArgentinodeCienciasNaturales
“Bernardino Rivadavia”, Buenos Aires, Argentina; MB, Museum für
Naturkunde der Humboldt Universität, Berlin, Germany; MCF-
PVPH, Museo Carmen Funes, Paleontología de Vertebrados, Plaza
Huincul, Neuquén, Argentina; MCNA-PV, Museo de Ciencias Natu-
rales y Antropológicas (J. C. Moyano) de Mendoza, Mendoza,
Argentina; MDT-Pv, Museo Desiderio Torres, Sarmiento, Chubut,
Argentina; MMCH-Pv, Museo Municipal “Ernesto Bachmann”, Villa
El Chocón, Neuquén, Argentina; MPCA, Museo Provincial “Carlos
Ameghino”, Cipolleti, Río Negro, Argentina; MPEF-PV, Museo Pale-
ontológico Egidio Feruglio, Paleontología de Vertebrados, Trelew,
Chubut, Argentina; MUCPv, Museo de la Universidad Nacional del
Comahue, Neuquén, Neuquén, Argentina; NMV, Museum Victoria,
Melbourne, Australia; PVL, Paleontología de Vertebrados, Instituto
‘Miguel Lillo’, San Miguel de Tucumán, Argentina; USNM, National
Museum of Natural History (formerly United States National
Museum), Smithsonian Institution, Washington, D.C., USA.

2. The fossil record of Patagonian theropods

The Mesozoic sedimentary basins that have yielded remains of
Cretaceous theropods are the Neuquina Basin, at the NW corner of
Patagonia, the San Jorge Basin, located on the Atlantic side of Central
Patagonia, and the Austral Basin, extended on the southern extreme
of Patagonia (Fig. 1). Stratigraphically, most discoveries come from
continental units of ages ranging from Barremian to Maastrichtian
(see SI part 1). This record is the richest in Gondwana, and currently
constitutes a “Rossetta stone” facilitating understanding of the
origin, evolution, and radiation of theropods from the southern
hemisphere. Overall, the Patagonian record effectively provides a
chronologically wider database for analysis of macroevolutionary
patterns such as origination and extinction rates, and phylogenetic
relationships, as well as constituting the most comprehensive
tetrapod record from Gondwanan landmasses.
nown species of theropod dinosaurs. The direction of the arrow indicates north. Chile in
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The Cretaceous beds of Patagonia have yielded at least five main
theropod lineages, namely Abelisauroidea, Carcharodontosauridae,
Megaraptora, Alvarezsauridae, and Unenlagiidae. Among these
clades, the abelisauroids were the most abundant during the Late
Cretaceous in Patagonia. Below we review each of these main
theropod clades, devoting particular attention to their stratigraphic
distribution and phylogenetic relationships.

2.1. Abelisauroidea

Abelisauroidea is a ceratosaurian group erected by Bonaparte
(1991a) and defined phylogenetically as the least inclusive clade
including the common ancestor of Carnotaurus sastrei, Noasaurus
leali, and all descendants (Wilson et al., 2003). Abelisauroids un-
derwent their main evolutionary radiation in Gondwana during the
Cretaceous, but their fossil record indicates that Europe was also
populated by these theropods. Abelisauroids attained considerable
morphological disparity, taxonomic diversity, and numerical
abundance in the southern continents, and their fossil remains
have been recovered in Argentina, Brazil, Morocco, Niger, Lybia,
Madagascar, India, and France (Carrano and Sampson, 2008; Novas,
2009; Smith et al., 2010; }Osi and Buffetaut, 2011). These cerato-
saurian theropods have not been recorded in the highly productive
Late Cretaceous dinosaur beds from North America and Asia, thus
supporting the hypothesis that abelisauroids were restricted to the
southern landmasses and Europe.

Traditionally Abelisauroidea has been divided into two main
branches: the Noasauridae, uniting small-sized and gracile abeli-
sauroids (e.g., Noasaurus leali) (Bonaparte, 1991a), and the Abeli-
sauridae, including medium to large, robust animals, such as the
bizarre Carnotaurus sastrei (Fig. 2). The Noasauridae are known
from Cretaceous beds in northern Argentina (Bonaparte and
Powell, 1980), Madagascar (Sampson et al., 2001; Carrano et al.,
2002, 2011), India (Novas et al., 2004; Carrano et al., 2011), and
Niger (Sereno, 2010), with the Malagasy Masiakasaurus knopfleri
(Carrano et al., 2002, 2011) being the most completely preserved
noasaurid currently described. Up to now, noasaurids are only
represented in Patagonia by the Barremianeearly Aptian Ligabueino
andesi (Fig. 3) and the Santonian Velocisaurus unicus. New material
of the latter taxon reveals the presence of pedal unguals with
proximally bifurcated collateral grooves and a deep, triangular
depression on the ventral surface, both of which are features
originally documented among abelisaurids (Novas and
Bandyopadhyay, 2001). The new, and as yet undescribed, Veloc-
isaurus specimen is also characterized by an elongated and gracile
tibia, with its distal end bearing an almost flat anterior surface for
articulation with the ascending astragalar process, thus closely
resembling the condition present among derived coelurosaurians
(e.g., ornithomimids, tyrannosaurids; Welles and Long, 1974). The
derived, coelurosaurian-like morphology of distal tibia and astra-
galus recorded among noasaurids contrasts with the more primi-
tive, Ceratosaurus-like condition documented in abelisaurids,
thereby revealing diversity in the anatomy, proportions and
possibly function of abelisauroid hindlimbs.

The richest record of the family Abelisauridae in the world
consists of that of the Cretaceous beds of Patagonia. The presence of
abelisaurid remains from the Puesto La Paloma Member of the
Cerro Barcino Formation (Chubut Province, Argentina) indicates
that the family was already present in southern South America
since at least the AptianeAlbian (Rauhut et al., 2003). Younger re-
cords of Abelisauridae for Patagonia include the early Cenomanian
Ekrixinatosaurus novasi (Fig. 4), the late Cenomanianeearly Turo-
nian Ilokelesia aguadagrandensis (Fig. 5) and Skorpiovenator bus-
tingorryi (Fig. 6), the CenomanianeTuronian Xenotarsosaurus
bonapartei, the late Campanian Abelisaurus comahuensis (Fig. 7) and
Please cite this article in press as: Novas, F.E., et al., Evolution of the carniv
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Aucasaurus garridoi, and the Maastrichtian Carnotaurus sastrei and
Quilmesaurus curriei (the latter taxon has been considered as a
nomen dubium by Juárez Vallieri et al., 2007).

Juárez Valieri et al. (2011) suggested that Ekrixinatosaurus novasi
is probably the largest abelisaurid yet known, being even larger
than Carnotaurus sastrei. This interpretation was based on the ab-
solute skull size, which is larger in Ekrixinatosaurus (e.g., maxilla
length: 44.8 cm; transverse width of skull roof at level of post-
orbitals: 33 cm) than Carnotaurus (maxilla length: 28 cm; trans-
verse width of skull roof at level of postorbitals: 26 cm).
Nevertheless, comparisons of available hindlimb bones clearly
show that the holotype of Carnotaurus sastrei is roughly 15% larger
than Ekrixinatosaurus novasi. For example, the distal end of femur in
Carnotaurus measures 18.6 cm in transverse width, versus 16.5 cm
in Ekrixinatosaurus. Thus, it seems that Carnotaurus was larger in
body size than Ekrixinatosaurus, but had a proportionately smaller
skull.

Abelisauroids in general, but particularly abelisaurids, exhibit
strongly reduced forelimbs and hands (Senter, 2009; Burch and
Carrano, 2012). Indeed it has been proposed that abelisaurids,
such as Carnotaurus and Majungasaurus, lacked grasping abilities,
and that ungual manual phalanges were lacking on these taxa
(Agnolín and Chiarelli, 2010). A recent analysis of the hand in
Carnotaurus (Ruiz et al., 2011) reconstructed the hand of this abe-
lisaurid as having an ungual phalanx on digit III. However, the fossil
material on which these authors based their reconstruction re-
mains unprepared, and most elements of the hand are still
obscured by matrix, thus impeding reconstruction of the
morphology of the hand of Carnotaurus. It must be noted that the
element interpreted as an ungual by Ruiz et al. (2011) is here
considered a bone of dubious identity. The element differs from
theropod unguals in being stout and block-like, having a textured
external surface, and in lacking any indication of a sharp edge or
collateral vascular grooves. We thus follow Agnolín and Chiarelli
(2010) in considering that there is no evidence for the presence
of ungual manual phalanges in abelisaurid hands, a conclusion
which is also supported by Aucasaurus (Coria et al., 2002) and
Majungasaurus (Burch and Carrano, 2012).

Abelisaurids also exhibit stout hindlimbs, with a proportionally
robust and short femur and tibia. A remarkable example of this
condition is the Indian Lametasaurus (Matley, 1923; Novas et al.,
2004), with a tibial length only three times the maximum ante-
roposterior diameter of its proximal end. In sharp contrast, the
Patagonian Carnotaurus sastrei was originally interpreted
(Bonaparte et al., 1990) as bearing elongate hindlimbs. However,
Juárez Valieri et al. (2011) pointed out that the exceptionally
slender proportions of the hindlimbs reconstructed for Carnotaurus
may be artifactual, an interpretation that we judge highly plausible
(this is due to the fragmentary condition of both femora and tibiae
in the holotype specimen of Carnotaurus sastrei). In other words,
Carnotaurus may have had a shorter and stouter femur, in agree-
ment with the remaining abelisaurids (e.g., Ekrixinatosaurus,
Rahiolisaurus, Majungasaurus, Aucasaurus; Juárez Valieri et al.,
2011; Novas et al., 2010).

The abelisauroid record of Argentina has served as a firm basis
for taxonomical identification of isolated bones recorded in India
(Novas and Bandyopadhyay, 1999, 2001; Novas et al., 2004;
Méndez et al., 2010), Madagascar (Sampson et al., 2001), and Africa
(Sereno et al., 2004; Novas et al., 2005; Smith et al., 2010). In this
context, we provide the following observations regarding the Af-
rican abelisaurid Kryptops palaios, recently described by Sereno
and Brusatte (2008). The specimen was collected from levels of
the AptianeAlbian Elrhaz Formation of Niger. Kryptops was foun-
ded on the association of postcranial bones (i.e., pelvic girdle and
fused sacrals, and some dorsal vertebrae) and an isolated maxilla
orous dinosaurs during the Cretaceous: The evidence from Patagonia,
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Fig. 2. Skull and neck of the aberrant abelisaurid Carnotaurus sastrei (MACN-Pv-CH 894, holotype). Note the well-developed frontal horns.
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Fig. 3. Selected bones of Ligabueino andesi (MACN-Pv-N 42, holotype). (A) Right ilium in lateral view, left femur in (B) anterior and (C) posterior views. Abbreviations: amf,
anteromedial fossa; at, anterior trochanter; ef, extensor fossa; fh, femoral head; ip, ischiadis peduncle; pap, preacetabular process; pop, postacetabular process; pp, pubic peduncle;
tfc, tibiofibular crest. Scale bar equals 5 mm.
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Fig. 4. Selected bones of Ekrixinatosaurus novasi (MUPv-294, holotype). (A) Left maxilla in lateral view, (B) right dentary in lateral view, skull roof in (C) dorsal and (D) ventral views,
and posterior cervical vertebra in (E) right lateral and (F) anterior views. Abbreviations: aof, antorbital fenestra; ap, ascending process; di, diapophysis; fr, frontal; ns, neural spine;
pa, parietal; poz, postzygapophysis; prz, prezygapophysis; sc, sagittal crest; stf, supratemporal fenestra. Scale bar equals 20 cm in (AeD) and 10 cm in (EeF).
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collected 15 m away from the postcranial elements. Previous au-
thors assumed that all these elements pertained to a single indi-
vidual, and based on the shape of the maxilla, they referred
Kryptops to the Abelisauridae. Although the maxilla exhibits apo-
morphic features supporting its assignment to this family (e.g.,
Please cite this article in press as: Novas, F.E., et al., Evolution of the carniv
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extensive external neurovascular texturing, reduction of the
antorbital fossa, and subvertical ascending process), the postcranial
bones exhibit a morphology inconsistent with those of Abelisaur-
idae, Abelisauroidea, or even Ceratosauria. As noted by Sereno and
Brusatte (2008), the vertebrae and pelvic girdle assigned to
orous dinosaurs during the Cretaceous: The evidence from Patagonia,
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Fig. 5. Selected skull bones of Ilokelesia aguadagrandensis (MCF-PVPH-35, holotype). (A) Right postorbital in lateral view, (B) distal end of left postorbital in lateral view, (C) right
quadrate in posterior view and (D) basioccipital in right lateral view. Abbreviations: ap, anterior process; bt, basal tubera; ds, distal step; itf, infratemporal fenestra; lc, lateral
condyle; mc, medial condyle; o, orbit; oc, occipital condyle; pp, posterior process; qh, quadrate head; vp, ventral process. Scale bar equals 5 cm.
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Kryptops exhibit major differences from these elements in abeli-
saurids. Furthermore, the postcranial bones assigned to Kryptops
exhibit allosauroid features, such as dorsal vertebrae with strongly
developed interspinosuous ligament scars in the neural spines, and
a pubis with an anteriorly concave shaft and strongly enlarged
pubic boot. Moreover, the presence of high posterior dorsal and
sacral neural spines and highly pneumatized sacral vertebrae
support their referral to Carcharodontosauridae rather than to
Abelisauridae. Accordingly, the hypodigm of Kryptops should be
restricted to the holotype maxilla that possesses abelisaurid af-
finities, while the postcranium shows allosauroid features. It must
be noted that similar observations and conclusions on the sys-
tematic position of Kryptops has been recently reached by Carrano
et al. (2012).

The most recent phylogenetic analyses conducted in order to
assess abelisauroid relationships are those of Carrano and Sampson
Please cite this article in press as: Novas, F.E., et al., Evolution of the carniv
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(2008), Canale et al. (2009) and Pol and Rauhut (2012). These an-
alyses found a monophyletic Noasauridae (Carrano and Sampson,
2008; Canale et al., 2009). The Indian Laevisuchus, the European
Genusaurus, and the Patagonian Velocisaurus were included by
Carrano and Sampson (2008) within Noasauridae, and Ligabueino
and the Jurassic African Elaphrosaurus were included by Canale
et al. (2009) within this family group. Pol and Rauhut (2012)
considered Noasauridae to be composed of Noasaurus, Veloc-
isaurus,Masiakasaurus and Laevisuchus, whereas Elaphrosauruswas
included together with Limusaurus and Spinostropheus within an
informal clade of “elaphrosaurs”. It should also be noted that
Elaphrosaurus was found by Carrano and Sampson (2008) to be
outside Abelisauroidea, thus yielding a polyphyletic Noasauridae
sensu Canale et al. (2009). The monophyly of Noasauridae was
supported by the following synapomorphies by Carrano and
Sampson (2008): maxilla with a short and rectangular palatal
orous dinosaurs during the Cretaceous: The evidence from Patagonia,
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Fig. 6. Skull bones of Skorpiovenator bustingorryi (MMCH-Pv 48, holotype). (A) Skull in right lateral view and (B) left mandible in medial view. Abbreviations: an, angular; aof,
antorbital fenestra; d, dentary; emf, external mandibular fenestra; itf, infratemporal fenestra; mx, maxilla; o, orbit; po, postorbital; pra, prearticular; sa, surangular; sf, splenial
foramen; spl, splenial. Scale bar equals 10 cm.
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process, anteroventral border of antorbital fenestra demarcated by
a raised ridge, less than 12 maxillary teeth, paradental plates
obscured in medial view, cervical neural spines positioned at the
level of the anterior half of the centrum, anterior cervical vertebrae
with long and thin epipophyses, dorsal vertebral centrum length
more than twice centrum height, mid-sacral centra not constricted
transversely, femur with a medial epicondyle represented by a long
flange, metatarsal II with a reduced width relative to the widths of
Please cite this article in press as: Novas, F.E., et al., Evolution of the carniv
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metatarsals III and IV, andmetatarsal IVwith a distal end taller than
broad. In the sameway, themonophyly of Noasauridae is supported
by the following synapomorphies recognized in the analysis by
Canale et al. (2009): cervical vertebrae postzygapophyses swept
back and posteriorly surpassing the posterior end of vertebral
centrum, cervical neural arches low and elongated, and ilium with
an acute preacetabular process that is subequal in length to the
postacetabular process. It should be noted that none of the
orous dinosaurs during the Cretaceous: The evidence from Patagonia,
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Fig. 7. Skull of Abelisaurus comahuensis (MPCA-11098, holotype) in (A) left lateral, (B) right lateral, (C) dorsal and (D) posterior views. Abbreviations: aof, antorbital fenestra; en,
external naris; fr, frontal; la, lacrimal; mx, maxilla; na, nasal; oc, occipital condyle; pa, parietal; po, postorbital; q, quadrate; qj, quadratojugal; so, supraoccipital; sq, squamosal. Scale
bar equals 20 cm.
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noasaurid synapomorphies found by Carrano and Sampson (2008)
and Canale et al. (2009) are present simultaneously in both ana-
lyses. Later, Pol and Rauhut (2012), obtained the following noa-
saurid synapomorphies: cervical neural spines positioned at the
level of the anterior half of the centrum, mid-cervical vertebrae
with postzygapophyses overhanging the centrum posteriorly,
elongate dorsal vertebral centrum, and reduced shaft and proximal
end of metatarsal II. It is worth noting that the above mentioned
phylogenetic analyses on noasaurid relationships differ from each
other regarding the genera that are considered members of the
family. Consequently, the monophyly, taxonomic composition, and
list of synapomorphic features of the Noasauridae are still under
debate. A phylogenetic analysis including a comprehensive list of
characters and increased taxonomic sample is needed in order to
shed light on the phylogenetic relationships of this group of small-
sized abelisauroids.

Regarding Abelisauridae, Carrano and Sampson (2008) and
Canale et al. (2009) found a consistent taxonomic content for the
group, with Rugops as its most basal representative. However, Pol
and Rauhut (2012) found the recently described Jurassic Eoabeli-
saurus mefi as the most basal member of Abelisauriae (see below).
Carrano and Sampson (2008) listed the following unambiguous
synapomorphies of Abelisauridae: maxilla and nasal with a sculp-
tured external surface, prefrontals partly or completely fused in
adults, contact between the postorbital and lacrimal that excludes
the frontal from the orbital rim, lacrimal fossa covered by a dermal
ossification, and paradental plates vertically striated or with a
ridged surface (Fig. 8). However, Canale et al. (2009) recovered the
following synapomorphies of Abelisauridae: external surface of the
cranial roof bones with large tubercles on nasals and small-sized
tubercles among the remaining cranial roof bones, including
postorbital and lacrimal; tooth apex centrally positioned, with
Please cite this article in press as: Novas, F.E., et al., Evolution of the carniv
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mesial margin strongly convex and distal margin straight or slightly
curved; premaxillary and maxillary interdental plates bearing
vertical ridges; premaxilla with a reduced palatal process; antor-
bital fenestra with a ventral margin located at the same level as the
ventral margin of the antorbital fossa; antorbital fossa ante-
roposteriorly reduced; and maxilla with a large lateral articulation
surface for the nasal (Fig. 8). Both phylogenetic analyses agree in
the recognition of dermal cranial bones (e.g., premaxilla, maxilla,
nasal) with a sculptured lateral surface and paradental plates with a
ridged medial surface as synapomorphies of Abelisauridae.

Phylogenetic hypotheses about the relationships within Abeli-
sauridae differ substantially between the hypotheses presented by
Carrano and Sampson (2008) and Canale et al. (2009). Carrano and
Sampson (2008) depicted Ekrixinatosaurus as the sister taxon of a
node that encompasses a South American clade made up of Iloke-
lesia and Carnotaurus, and an Indo-Malagasy group including
Majungasaurus, Indosaurus and Rajasaurus. Following this phylo-
genetic arrangement, Carrano and Sampson (2008) stated that “the
simplest explanation for this pattern is that the Indo-Malagasy
forms dispersed from South America into these two regions,
although this could have occurred prior to tectonic separation
(direct terrestrial dispersal) or after (vicariance)”. Based on this
evidence, Carrano and Sampson (2008) do not favor an early
severing of Africa from the remaining southern landmasses (i.e., the
“Africa-first” hypothesis; Sampson et al., 1998), nor a late connec-
tion between Africa and other Gondwanan continents into the Late
Cretaceous (Wilson et al., 2003; Sereno et al., 2004).

Alternatively, the analysis conducted by Canale et al. (2009)
recovered a South American abelisaurid clade, Brachyrostra,
composed of Carnotaurus, Aucasaurus, Ilokelesia, Ekrixinatosaurus
and Skorpiovenator. Brachyrostrans are characterized by strongly
ornamented and shortened skulls with a progressive trend to
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Fig. 8. Time calibrated phylogenetic tree showing the relationships of the main Abelisauroid clades. Node 1 (Abelisauroidea): 1 e reduced ascending process of maxilla, 2 e reduced
antorbital fossa, 3 e expanded mandibular fenestra. Node 2 (Abelisauridae): 4 e anteroposteriorly shortened and dorsoventrally tall maxilla, 5 e oblique jugalemaxilla contact, 6 e

anteriorly inclined distal end of postorbital, 7 e reduced forelimbs, lacking ungual phalanges. Node 3 (Brachyrostra): 8 e caudal transverse processes anteroposteriorly expanded.
Node 4 (Carnotaurini): 9 e cervical epipophyses with anterior process, 10-very reduced cervical neural spines.
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enclosure of the orbit (Fig. 8). The Patagonian Abelisaurus and the
Malagasy Majungasaurus are interpreted as successively closer
sister taxa of Brachyrostra. One of the most interesting conclusions
reached by Canale et al. (2009) is the basal position of Majunga-
saurus with respect to Brachyrostra, being distantly related to
Carnotaurus. The latter phylogenetic arrangement contrasts with
previous hypotheses in which both taxa appeared to be more
closely related to each other than to other abelisaurids (Sampson
et al., 1998; Sereno, 1999; Wilson et al., 2003; Sereno et al.,
2004). In congruence with the vast majority of previous analyses,
Rugops and Abelisaurus were recovered as successive sister groups
of the remaining abelisaurids (i.e., Carnotaurinae; Sampson et al.,
1998; Sereno, 1999; Carrano et al., 2002; Coria et al., 2002;
Wilson et al., 2003; Sereno et al., 2004).
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It should be noted that the bachyrostran Ilokelesia aguada-
grandensis (Fig. 5) was formerly described by Coria and Salgado
(2000) as the basalmost abelisauroid. Nevertheless, recent ana-
lyses have posited Ilokelesia nested within derived abelisaurids.
Coria and Salgado (2000) described the left postorbital of Ilokelesia
as having a relatively acute and unexpanded end of the jugal pro-
cess, lacking a distal fan-shaped expansion, although this condition
appears to be due to the poor preservation of the bone. In fact, the
distal end of the right postorbital is preserved in the holotype of
Ilokelesia aguadagrandensis, allowing recognition of the typical
abelisaurid morphology as possessing a subrectangular distal end
with a well-developed distal fan-shaped expansion (Fig. 5A).

The recovery of an abelisaurid clade restricted to South America
(i.e., Brachyrostra) suggests a new model for abelisaurid diversi
orous dinosaurs during the Cretaceous: The evidence from Patagonia,
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fication. It suggests that at least from the Cenomanian to the Maas-
trichtian, most South American abelisaurids may have been isolated
from other Gondwanan relatives. This is in concordance with some
paleogeographical reconstructions of the sequence of isolation of the
Gondwanan landmasses (Krause et al., 2007), but does not necessarily
apply to the diversification of the remaining Cretaceous terrestrial
tetrapods from South America (see below).

The phylogenetic arrangement proposed by Canale et al. (2009)
affects previous hypotheses regarding primary homology of the
origin of horns among abelisaurids. The presence of horn-like
structures in the skull roof was thought to represent an apomorphy
of Carnotaurinae (¼Rajasaurus þ (Majungasaurus þ Carnotaurus))
(Sereno et al., 2004). However, the latter interpretation is not sup-
ported by Canale et al. (2009) because they are optimized as inde-
pendent neomorphisms, in which the horn-like prominences
present in abelisaurid taxa differ in position as well as in bone
composition (i.e., a single frontal eminence inMajungasaurus, a pair
of frontal horns in Carnotaurus, and dorsally inflated postorbitals in
Skorpiovenator and Ekrixinatosaurus).

The morphological diversity of abelisauroids has been recently
increased with the description of the basal form Austrocheirus isasii
(Ezcurra et al., 2010). The holotype specimen of this taxon comes
from the late Turonianeearly Coniacian Pari Aike Formation of
Santa Cruz Province (Fig. 9), representing the southernmost abeli-
sauroid record. Austrocheirus represents the earliest known large
abelisauroid bearing non-atrophied hands. The evidence provided
by this taxon suggests that the strong forelimb reduction recorded
in derived abelisaurids is not directly correlated with their
increased body size, but rather that such shortening of forelimb
bones seems to be an evolutionary event exclusive to Abelisauridae
within Ceratosauria (Ezcurra et al., 2010). Austrocheirus was found
within a polytomy at the base of Abelisauroidea with Noasaurus,
Ligabueino, Masiakasaurus, Elaphrosaurus, and Abelisauridae
(Ezcurra et al., 2010). Thus, Austrocheirus indicates the presence of
medium-sized (roughly 8 m, based on comparisons with Cerato-
saurus; Madsen and Welles, 2000) basal abelisauroids at least until
the Coniacian. Rauhut (2012) has recently considered Austrocheirus
as an indeterminate theropod, casting doubts about its abelisauroid
affiliation, based on alternative identifications of metacarpal III and
manual phalanx described by Ezcurra et al. (2010). However, the
element originally identified as metacarpal III exhibits lateroven-
trally deflected distal condyles which are separated by a wide and
deep median notch, and shaft proportionally short proximodistally,
a set of traits supportive of the identificationmade by Ezcurra et al.,
(2010). Besides, the available isolated non-ungual phalanx exhibits
distal condyles strongly asymmetrical in ventral view, and with the
lateral condyle much more proximally extended than the medial
one, constituting features supportive of its original identification
as a manual element. In sum, we keep original interpretation
of Austrocheirus as a member of Abelisauroidea, pending further
information.

The oldest records of abelisauroid theropods include Berber-
osaurus liassicus from the Early Jurassic of Africa (Allain et al., 2007),
Eoabelisaurus mefi from Middle Jurassic beds of Central Patagonia
(Pol and Rauhut, 2012), Elaphrosaurus bambergi from the Late
Jurassic (Tithonian) of Tanzania (Janensch, 1920), and Limusaurus
inextricabilis from the Late Jurassic of China (Xu et al., 2009). We
agree with Rauhut (2012) in considering the recent report of a basal
abelisauroid from the Middle Jurassic of England as problematic
and its systematic position should be regarded as an indeterminate
averostran (contra Ezcurra and Agnolín, 2012a). The discoveries of
Berberosaurus and Eoabelisaurus have been interpreted in support
that the origin of Abelisauroidea must be traced back to the Early
Jurassic. However, recent reanalyses of Berberosaurus (Carrano and
Sampson, 2008; Ezcurra et al., 2010) indicate that this taxonmay be
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better considered as a basal non-abelisauroid ceratosaurian.
Regarding Eoabelisaurus, Pol and Rauhut (2012) found this taxon as
a Middle Jurassic member of Abelisauridae, thus weakening the
interpretation that the paleobiogeographical diversification of the
group was in concert with the continental fragmentation of
Gondwana during the Cretaceous (Sereno et al., 2004; Carrano and
Sampson, 2008; Canale et al., 2009). Pol and Rauhut (2012)
recognized several synapomorphies supporting Eoabelisaurus as a
member of Abelisauridae, including: 1) laterally covered lacrimal
antorbital fossa, 2) broad cervical prespinal fossae, 3) ante-
roposteriorly short anterior caudal neural spines, 4) absence of a
ventral groove in the anterior caudals, 5) presence of rudimentary
centrodiapophyseal laminae in the anterior mid-caudals, 6)
reduced distal ginglymus in the manual phalanges, and 7) presence
of a flexor depression in the pedal unguals. However, some of these
characters deserve comments regarding their respective distribu-
tions among Ceratosauria: character 1 is also observed in Cerato-
saurus nasicornis (USNM 4735); character 2 is also present in
Noasaurus leali (PVL 4061); character 3 is also present in Cerato-
saurus nasicornis (e.g., USNM 4735, fourth caudal vertebra; Madsen
and Welles, 2000: plate 17e); character 5 was recently reported for
the noasauridMasiakasaurus (Carrano et al., 2011) and its condition
is unknown in Laevisuchus, Noasaurus and Velocisaurus; and finally,
character 6 is also present in the “elaphrosaur” Limusaurus (Xu
et al., 2009), but it is absent in Ceratosaurus (Gilmore, 1920: 105,
106) and Masiakasaurus (Carrano et al., 2011: fig. 20). Accordingly,
characters 1, 2, 3, and 5 do not represent unambiguous apomor-
phies of Abelisauridae, but probable apomorphies of Abelisaur-
oidea or Ceratosauria. In sum, we consider that the phylogenetic
relationships of Eoabelisaurus deserve further testing in future
quantitative analyses.

2.2. Carcharodontosauridae

The Carcharodontosauridae includes all the allosauroid thero-
pods that are more closely related to Carcharodontosaurus than to
Allosaurus or Sinraptor (Holtz et al., 2004). Although members of
this theropod family were first recorded in Cenomanian beds of
Africa (i.e., Carcharodontosaurus saharicus), the most complete
fossil record currently known of this group comes from Patagonia.
The most complete and informative carcharodontosaurids are
Giganotosaurus carolinii (Candeleros Formation; Coria and Salgado,
1995) (Fig. 10), represented by an almost complete skeleton that
includes a partial skull, andMapusaurus roseae (Huincul Formation;
Coria and Currie, 2006), represented by several specimens corre-
sponding to different ontogenetic stages (Coria and Currie, 2006).
To this list must be added Tyrannotitan chubutensis from the Aptian
Cerro Castaño Member of the Cerro Barcino Formation, which adds
valuable information about the early history of the group (Novas
et al., 2005) (Fig. 11).

The Cretaceous Carcharodontosauridae constitutes the youngest
clade of Allosauroidea. The latter group also includes the Late
Jurassic Allosaurus from North America (Madsen, 1976), and the
Sinraptoridae from Asia and Europe (Currie and Zhao, 1993;
Benson, 2010) (Fig.12). Derived carcharodontosaurids evolved large
skulls, reaching lengths in Giganotosaurus of 190 cm from pre-
maxilla to quadrate (Calvo and Coria, 2000), thus surpassing the
length of the largest skull of Tyrannosaurus rex (140 cm long;
Larson, 1991). This group of medium to gigantic theropods posses
widely fenestrated skulls, in some cases with heavily sculptured
facial bones, especially in derived forms (Fig. 12). The fusion of
cranial bones (frontal to its counterpart, prefrontal to lacrimal) is
also a common trait. In carcharodontosaurids the postorbital is in
contact with the lacrimal above the orbit (excluding the frontal
from the orbital rim) and has an anteriorly projected suborbital
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Fig. 9. Outcrops of the Mata Amarilla Formation (Upper Cretaceous) at the shore of Viedma Lake, the fossil site where the holotype of Austrocheirus isasii was collected.
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flange. Some authors (Holtz and Rey, 2007) have hypothesized that
larger forms as Mapusaurus and Carcharodontosaurus hunt and fed
upon the huge coeval titanosaurian sauropods such as Argentino-
saurus (Bonaparte and Coria, 1993) and Paralititan (Smith et al.,
2001).

It was previously thought that the Carcharodontosauridae was a
group of Gondwanan distribution (Currie and Carpenter, 2000;
Novas et al., 2005; Coria and Currie, 2006), but now it is relatively
well established that this clade attained a global distribution by the
Early Cretaceous, as evidenced by the Patagonian Tyrannotitan, the
European Concavenator from the Barremian of Spain (Ortega et al.,
2010), Eocarcharia from Aptian beds of Niger (Sereno and Brusatte,
2008), and Kelmayisaurus from the Early Cretaceous of China
(Brusatte et al., 2012). Moreover, recent findings appear to indicate
that carcharodontosaurids were already present by the Late
Jurassic, as suggested by the discovery of the genus Veter-
upristisaurus in the Tithonian Tendaguru Formation of Tanzania
(Rauhut, 2011). Moreover, Shaochilong from Turonian beds of China
(Brusatte et al., 2009), indicates the survival of carchar-
adontosaurids in the post-Cenomanian of Asia. The subfamily
Carcharodontosaurinae is restricted to the AfricaneSouth American
realm (i.e., Carcharodontosaurus, Mapusaurus, Giganotosaurus)
(Brusatte and Sereno, 2008) (Fig. 12). Carcharodontosaurines
constituted some of the dominant large predatory dinosaurs from
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the Aptian to Cenomanian, sharing the role of top predators with
the similarly large spinosaurids.

Carcharodontosaurid phylogeny has been the focus of much
research, and in the last 15 yearsmore than 15 cladistic studies have
been presented focusing on Allosauroidea and Carcharodontosaur-
idae (i.e., Sereno et al., 1996; Harris, 1998; Forster, 1999; Currie and
Carpenter, 2000; Holtz, 2000; Coria and Currie, 2002a; Rauhut,
2003; Holtz et al., 2004; Novas et al., 2005; Coria and Currie, 2006;
Smith et al., 2007, 2008; Brusatte and Sereno, 2008; Sereno and
Brusatte, 2008; Brusatte et al., 2009; Benson, 2010; Benson et al.,
2010a; Ortega et al., 2010; Eddy and Clarke, 2011). This makes
Allosauroidea one of themost debated archosaurian clades in terms
of its internal phylogenetic relationships. Although allosauroid
phylogeny has been debated, a consensus is now emerging, and
three recent datasets (i.e., Brusatte and Sereno, 2008; Benson et al.,
2010a; Eddy and Clarke, 2011) recovered the same basic topology
with Sinraptoridae, Allosaurus andNeovenator as successively closer
sister taxa of Carcharodontosauridae. Another point of agreement is
the recognition of a group of derived gigantic Cenomanian allosau-
roids including Carcharodontosaurus, Giganotosaurus and Mapu-
saurus. Several authors proposed Tyrannotitan as a basal
carcharodontosaurid, being sister to the clade formed by Gigan-
otosaurus and Carcharodontosaurus (Novas et al., 2005; Smith et al.,
2007; Sereno and Brusatte, 2008; Benson et al., 2010a). On the other
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Fig. 10. Selected skull elements of Giganotosaurus carolinii (MMCH-Pv 1, holotype). (A) Left maxilla in lateral view, (B) braincase in dorsal view, (C) anterior end of left dentary in
lateral view and right quadrate in (D) posterior and (E) medial views. Abbreviations: ap, ascending process, dc, dentary chin; nc, neural crest; oc, occipital condyle; pf, pneumatic
foramen; pop, paraoccipital process; qh, quadrate head. Scale bar equals 10 cm.
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hand, Coria and Currie (2006) suggested that Tyrannotitanmay be a
more derived carcharodontosaurid, closely related to the South
American Giganotosaurus and Mapusaurus. In agreement with the
latter proposal, the cladistic analysis here conducted (see SI) places
Tyrannotitan inside Giganotosaurini (i.e., a clade of derived carch-
arodontosaurines also including Giganotosaurus and Mapusaurus).
These three Patagonian taxa share a postorbital process of the jugal
with an anteroposteriorly wide base, absence of pleurocoels on
caudal vertebrae, a femurwith a reduced fourth trochanter, a poorly
defined cruciate ridge on the distal femur, and a shallow extensor
groove on the distal femur (Coria and Currie, 2006; Brusatte and
Sereno, 2008). Following these analyses, the South American
giganotosaurinins and the African Carcharodontosaurus form the
Gondwanan subfamily Carcharodontosaurinae. The Laurasian
carcharodontosaurids Shaochilong and Acrocanthosaurus are suc-
cessively sister taxa to Carcharodontosaurinae. Eocarcharia, Con-
cavenator and Neovenator are here positioned in an unresolved
polytomy at the base of Carcharodontosauridae.

Anatomical information afforded by Patagonian carchar-
odontosaurids allows testing of previous interpretations regarding
the taxonomic diversity of African theropods. An example is the
identification of some isolated and unusual neck vertebrae
belonging to a large and bulky dinosaur, originally described as
“Spinosaurus B” by Stromer (1934). These vertebrae from the Cen-
omanian of northern Africa were considered by Russell (1996) as
Please cite this article in press as: Novas, F.E., et al., Evolution of the carniv
Cretaceous Research (2013), http://dx.doi.org/10.1016/j.cretres.2013.04.00
being sufficiently different from other theropods to justify the
erection of a new taxon, Sigilmassasaurus brevicollis. These cervicals
are distinguished by their broad, low, and strongly opisthocoelous
centra, a reniform caudal articular surface, a prominent keel on
their ventral surface, and the presence of a single pleurocoel behind
the parapophyses. The internal bone organization is of the cam-
erate type, the neural spines are weakly developed, and the epi-
pophyses are absent. Sereno et al. (1996) and Brusatte and Sereno
(2008) interpreted these cervicals as belonging to Carchar-
odontosaurus saharicus, proposing Sigilmassasaurus brevicollis as a
subjective junior synonym of Carcharodontosaurus saharicus.
However, none of the Sigilmassasaurus-like cervicals were found in
association with cranial material of Carcharodontosaurus (Paul
Sereno, pers. comm. to FEN). Moreover, as noted by Novas et al.
(2005a), these cervicals differ markedly from these of the better-
known Patagonian carcharodontosaurids (i.e., Giganotosaurus, Tyr-
annotitan, and Mapusaurus), which bear dorsoventrally deep
centra, a weakly developed ventral keel (if present), strongly
developed epipophyses, a sharp prezygoepipophyseal ridge, and
double pleurocoels. Also, in Giganotosaurus and Tyrannotitan at
least, the internal bone tissue is of camellate type. Overall, the
Sigilmassasaurus-like cervical vertebrae do not correspond to
Carcharodontosaurus, nor to Carcharodontosauridae. Preliminar
results presented by Evers et al. (2012) provided conclusive evi-
dence for the spinosaurid affinities of Sigilmassasaurus.
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Fig. 11. Selected bones of Tyrannotitan chubutensis (Museo Provincial Egidio Feruglio, Chubut province, MPEF-PV 1157). (A) Right dentary in lateral view, (B) left scapulocoracoid in
lateral view, left humerus in (C) anterior and (D) lateral views and (E) distal end of left radius in lateral view. Abbreviations: co, coracoid; gf, glenoid fossa; sc, scapula. Scale bar
equals 20 cm.
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2.3. Coelurosauria

Coelurosauria is a diverse clade of tetanuran theropods that are
phylogenetically defined as the most inclusive clade containing
Passer domesticus but not Allosaurus fragilis, Sinraptor dongi and
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Carcharodontosaurus saharicus (Holtz, 1994; Sereno, 2005). To date,
the fossil record of Laurasian coelurosaurs provides the most
complete and informative resource for understanding the clade’s
anatomy and evolution. However, documentation of coelurosaurian
theropods from the southern continents has increased considerably
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Fig. 12. Time calibrated strict consensus tree showing the relationships of the main carcharodontosaurid clades. Node 1 (Carcharodontosauridae): 1-blade-like teeth with marginal
enamel wrinkles, 2-postorbital with postorbital boss and 3-orbital process. Node 2 (Acrocanthosaurus þ Carcharodontosaurinae): tall dorsal neural spines which are “H” shaped in
section. Node 3 (Carcharodontosaurinae): 4-reduced ascending process and antorbital fossa on the maxilla, 5-subrectangular chin, 6-anterior process on lacrimal, 7-anterodorsally
inclined occiput. Node 4 (Giganotosaurini): 8-femur with reduced fourth trochanter and 9-shallow anterior distal extensor groove. Abbreviations: CARCH., Carcharodontosaurinae;
GIGAN., Giganotosaurini.
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since 1990, yielding valuable evidence regarding their diversifica-
tion in Gondwana (e.g., Kellner, 1999; Novas, 1997a, 2009; Novas
and Puerta, 1997; de Klerk et al., 2000; Martill et al., 2000;
Makovicky et al., 2005; Novas et al., 2009, 2012; Agnolín et al.,
2012; Choiniere et al., 2012). Remains of at least 13 non-avian
coelurosaur nominal species have been recovered from different
Cretaceous beds in South America, Africa, Madagascar, and
Australia. In particular, Cretaceous beds from Patagonia greatly
enlarged our understanding of the evolutionary history of Coelur-
osauria as awhole. The list of coelurosaurs from this region of South
America includes the basal Aniksosaurus darwini (Bajo Barreal
Formation, Cenomanian; Martínez and Novas, 2006) and Bicente-
naria argentina (Candeleros Formation, Cenomanian; Novas et al.,
2012), the alvarezsaurids Alvarezsaurus calvoi (Bajo de la Carpa
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Formation, Santonian; Bonaparte, 1991b), Patagonykus puertai
(Portezuelo Formation, late Turonianeearly Coniacian; Novas,1996,
1997a), Achillesaurus manazzonei (Bajo de la Carpa Formation,
Santonian; Martinelli and Vera, 2007), Bonapartenykus ultimus
(Allen Formation, Maastrichtian; Agnolín et al., 2012), and Alna-
shetri cerropoliciensis (Candeleros Formation, Cenomanian;
Makovicky et al., 2012), and the unenlagiids Unenlagia comahuensis
(Portezuelo Formation, late Turonianeearly Coniacian; Novas and
Puerta, 1997), Unenlagia paynemili (Portezuelo Formation, late
Turonianeearly Coniacian; Calvo et al., 2004a), Buitreraptor gon-
zalezorum (Candeleros Formation, Cenomanian; Makovicky et al.,
2005), Neuquenraptor argentinus (Portezuelo Formation, late Turo-
nianeearly Coniacian; Novas and Pol, 2005), Pamparaptor micros
(Portezuelo Formation, late Turonianeearly Coniacian; Porfiri et al.,
orous dinosaurs during the Cretaceous: The evidence from Patagonia,
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2011, but see below for an alternative interpretation) and Austro-
raptor cabazai (Allen Formation, Maastrichtian; Novas et al., 2009).
In addition, it is here proposed that megaraptoran theropods are
not allosauroids closely related to carcharodontosaurids, but basal
members of Coelurosauria (see below).

2.3.1. Basal Coelurosauria
Bicentenaria argentina is a very basal coelurosaur known from

more than a hundred bones belonging to different individuals
(Novas et al., 2012). Its basal position within Coelurosauria is sug-
gested by retention of double neural spines on the proximal caudal
vertebrae, the distal end of femur showing a mediodistal crest, and
by a transversely narrow ascending process of the astragalus.
Bicentenaria argentina was placed as a very basal coelurosaur,
nested between the archaic allosauroids and the lineage leading to
the avian radiation (Novas et al., 2012). Its basal position and the
absence of closely related taxa imply an extensive ghost lineage for
the Bicentenaria lineage of about 70 million years. Bicentenariawas
a medium sized theropod approximately 3 m long with elongate
and gracile hindlimb bones, and an overall morphology reminis-
cent to that of some basals coelurosaurs such as Tanycolagreus,
Coelurus, Ornitholestes, Aniksosaurus and Santanaraptor. The body
size of these basal coelurosaurs is considerably less than those of
non-coelurosaurian averostrans, such as ceratosaurians, spinosau-
roids, and allosauroids. Quantitative analyses indicate two main
episodes of drastic size reduction in the evolutionary history of
Coelurosauria (Novas et al., 2012): the first episode occurred at the
base of the clade, as represented by Bicentenaria, Zuolong, Tanyco-
lagreus, Coelurus and Aniksosaurus; and a second major size
reduction took place at the base of Paraves (Turner et al., 2007a).
The reductions in body size documented among coelurosaurs
would have allowed adult individuals to exploit ecological niches
not occupied by larger basal theropod clades. This hypothesis
would explain the marked evolutionary radiation of Coelurosauria
during the Middle and Late Jurassic.

Another basal coelurosaur recorded in the Cretaceous of Pata-
gonia is Aniksosaurus darwini (Martínez and Novas, 2006) (Fig. 13).
Some plesiomorphic features present in Aniksosaurus closely
resemble the basal tetanuran Allosaurus, including the stout pro-
portions of the fore- and hindlimb bones. Aniksosaurus was
included for the first time in a numerical phylogenetic analysis by
Choiniere et al. (2010a) who recovered this taxon as a basal
compsognathid based on the presence of a fibular crest that ex-
tends from the proximal articular surface in the tibia. However, in
Aniksosaurus the proximal margin of the fibular crest is clearly
below the proximal articular surface of the tibia (MDT-PV 1/50), as
it is the plesiomorphic state for tetanurans (Rauhut, 2003). More-
over, Aniksosaurus exhibits some plesiomorphic features absent in
the remaining compsognathids and maniraptorans, such as a distal
end of the tibia with a notch for the reception of the ascending
astragalar process (Fig. 13D). Accordingly, the compsognathid af-
finities of Aniksosaurus are here regarded with caution. In contrast,
the phylogenetic analysis performed by Novas et al. (2012) indicate
that Aniksosaurus may represent a basal maniraptoriform
coelurosaur.

In addition to Bicentenaria and Aniksosaurus, four more basal
representatives of Coelurosauria have been recovered in other re-
gions of Gondwana: the African Nqwebasaurus, from the Lower
Cretaceous Kirkwood Formation, the Australian Timimus, from the
AptianeAlbian Eumeralla Formation (Benson et al., 2012), and
Mirischia and Santanaraptor, both from the Aptian Santana For-
mation of northeastern Brazil. This evidence demonstrates that a
disparity of coelurosaurian clades, different from those recorded in
Laurasia, radiated in Gondwana during the course of the Cretaceous
(Novas, 2009).
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2.3.2. Megaraptora
The first evidence for the presence of an enigmatic lineage of

large-clawed theropods was provided by Novas (1998) with the
description of Megaraptor namunhuaiquii from the late Turoniane
early Coniacian Portezuelo Formation of NW Patagonia. The holo-
type of Megaraptor is composed of a fragmentary postcranium,
including ulna, manual phalanx I-1, metatarsal III and the manual
ungual of digit I (originally interpreted as the pedal ungual of digit
II; Calvo et al., 2004b). This genus was formerly considered (Novas,
1998) as a probable member of Coelurosauria based on the gracile
proportions of both phalanx I-1 and metatarsal III. However, gen-
eral morphology of Megaraptor remained unknown until recently,
when more complete specimens came to light (Calvo et al., 2004b).
This new source of information allowed Calvo et al. (2004b) to
recognize some basal tetanuran characters in Megaraptor: scapular
blade craniocaudally wide with respect to its proximodistal length,
proximal third fan-shaped, presence of fourth metacarpal and pu-
bis with a notably expanded proximal end. These authors also
indicated that Megaraptor represented a new lineage clearly
distinct from other basal tetanurans, such as spinosaurids and
carcharodontosaurids. The first quantitative phylogenetic analysis
to evaluate the relationships ofMegaraptorwas conducted by Smith
et al. (2007), who recovered this taxon as a derived member of
Carcharodontosauridae, based on vertebral features previously
identified by Calvo et al. (2004b). Brusatte and Sereno (2008) also
supported allosauroid affinities for Megaraptor. However, a revised
version of the dataset of Smith et al. (2007) recovered Megaraptor
within Spinosauridae (Smith et al., 2008), a hypothesis supported
by the presence of a suite of forelimb features.

Sereno et al. (2008) described the unusual and highly pneu-
matized theropod Aerosteon riocoloradensis from the Santonian
Cañadón Amarillo Formation of western Argentina (Fig. 14), sug-
gesting allosauroid affinities for this taxon. Novas (2009) advanced
the possibility that Aerosteon and Megaraptor were closely related
basal tetanurans sharing a similar morphology in the postorbital,
cervical and caudal vertebrae, scapula and pubis. Subsequently,
Benson et al. (2010a) conducted a comprehensive study on basal
tetanuran phylogeny, including Megaraptor and Aerosteon. These
authors recovered a monophyletic group formed by Megaraptor,
Aerosteon and a suite of taxa previously considered either as basal
coelurosaurs (i.e., Orkoraptor burkei, Chilantaisaurus tashuikouensis;
Novas et al., 2008; Benson et al., 2010a) or basal allosauroids (i.e.
Fukuiraptor kitadanensis, Neovenator salerii, Australovenator winto-
nensis; Hutt et al., 1996; Azuma and Currie, 2000; Hocknull et al.,
2009). This new clade, named Neovenatoridae by Benson et al.
(2010a), was found by these authors as deeply nested within
Allosauroidea. Additionally, the neovenatorids were recovered as
the sister-taxon of Carcharodontosauridae, both forming the new
clade Carcharodontosauria (Benson et al., 2010a). Within Neo-
venatoridae, the European Neovenator and the Asiatic Chilantai-
saurus were depicted as successive sister taxa to the new group
Megaraptora, a clade conformed by Megaraptor, Orkoraptor, Aero-
steon, Australovenator, and Fukuiraptor. Two megaraptoran clades
were recognized by Benson et al. (2010a), one including the Asiatic
Fukuiraptor and the Australian Australovenator and the other
composed of the South American Megaraptor and Aerosteon,
whereas the Patagonian Orkoraptor was recovered as a wildcard
taxon occupying different positions within Megaraptora (Benson
et al., 2010a). In this phylogenetic context, megaraptorans were
envisaged as “coelurosaur parallels” in Cretaceous ecosystems,
allowing them to coexist with large-bodied abelisaurids and
carcharodontosaurids (Benson et al., 2010a).

However, we believe that the allosauroid affinities of mega-
raptorans are based on several features whose distribution among
Tetanurae is problematic; for example, some of the purported
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Fig. 13. Selected skeletal remains of Aniksosaurus darwini (MDT-Pv 1/49). Left ilium in (A) lateral and (B) ventral views, (C) right femur in posterior view, (D) left foot in anterior view
and (E) distal end of right tibia in anterior view and. Abbreviations: I-IV, first to fourth pedal digit; ac, acatabulum; bf, brevis fossa; cf, coppedicus fossa; fap, facet for the reception of
the ascending process of teh astragalus; fh, femoral head; ft, fourth trochanter; gt, greater trochanter; ip, ischial peduncle; pap, preacetabular process; pf, popliteal fossa; pop,
postacetabular process; pp, pubic peduncle; tc, tibial condyle; tfc, tibiofibular crest. Scale bar equals 5 cm.
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allosauroid, carcharodontosaurian, and/or neovenatorid traits
show a wider distribution among Tetanurae (e.g., acromial process
subrectangular, single meckelian foramen in dentary, presence of
ulnar olecranon process, camellate internal vertebral structure,
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strongly constricted posterior dorsal vertebrae; see SI parts 2 and
3), and others are present not only among carcharodontosaurids,
but also in tyrannosauroids (e.g., femoral head proximomedially
inclined, pubic boot enlarged, neural spines of posterior dorsals
orous dinosaurs during the Cretaceous: The evidence from Patagonia,
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Fig. 14. Selected postranial bones of Aerosteon riocoloradensis (MCNA-PV 3137, holotype) left lateral view, except for the furcula in anterior view. Abbreviations: bf, brevis fossa; co,
coracoid; db, distal boot; fu, furcula; gf, glenoid fossa; ip, ischiadic peduncle; ns, neural spine; paf, posterior articular facet; pap, preacetabular process; pl, pleurocoel; pop,
postacetabular process; pu, pubis; sc, scapula. Scale bar equals 20 cm.
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anteriorly inclined, pneumatic quadrate, see SI parts 2 and 3).
Also, features listed as shared by Megaraptora and Neovenator
(Benson et al., 2010a) are present in tyrannosaurids (e.g., Tyran-
nosaurus) or among other tetanurans (e.g., middle-posterior
dorsal vertebrae with small, flange-like lateral extensions of
postzygapophyseal facets, iliac cuppedicus fossa bounded dor-
somedially by a prominent shelf, femoral lateral condyle pro-
jected further distally than the medial condyle, anterolateral
process of tibial lateral condyle curves ventrally as a pointed
process). In this regard, several of the synapomorphies recog-
nized in support of the clade Carcharodontosauria (Benson et al.,
2010a) are questionable, and deserve further testing within the
context of a phylogenetic dataset also including tyrannosauroids
and other basal coelurosaurs.

In order to test the phylogenetic relationships of neovenatorids
among tetanurans, we constructed a new data matrix including
relevant characters from the Benson et al. (2010a) and Brusatte
et al. (2010a) datasets, that are informative for allosauroids and
tyrannosauroids, respectively (see SI parts 2 and 3). It is worth
mentioning that the analysis conducted by Benson et al. (2010a)
only included three basal representatives of Coelurosauria (e.g.,
the compsognathid Compsognathus and the basal tyrannosauroids
Tanycolagreus and Guanlong), thus numerous potential synapo-
morphies with more derived coelurosaurs (especially Tyranno-
sauridae) remained unsampled. The resulting most parsomonious
trees here recovered depict Megaraptor and its lineage as members
of Coelurosauria. The European Neovenator is nested within Allo-
sauroidea among the most basal members of Carcharodontosaur-
idae, together with Eocarcharia and Concavenator. It should be
noted that this position of Neovenator is consistent with that ob-
tained by Benson et al. (2010a), although the clade Neovenatoridae
is monotypic under the current topology. The purported basal
megaraptoran Chilantaisaurus is found here as a non-megaraptoran
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tetanuran of problematic affinities. Benson et al. (2010a) defined
Megaraptora as the most inclusive clade comprising Megaraptor
namunhuaiquii but not Chilantaisaurus tashiukouensis, Neovenator
salerii, Carcharodontosaurus saharicus or Allosaurus fragilis.
Accordingly, following the recovered topology of our phylogenetic
analysis, the taxonomic content of Megaraptora is the same as that
of Coelurosauria. However, the taxa placed within Megaraptora by
Benson et al. (2010a) remain as amonophyletic clade here. Thus, we
propose the following modified diagnosis for Megaraptora to
maintain its original taxonomic content: stem-based clade
including all theropods more closely related to Megaraptor
namunhuaiquii than to Chilantaisaurus tashiukouensis, Neovenator
salerii, Carcharodontosaurus saharicus, Allosaurus fragilis, Baryonyx
walkeri, Tyrannosaurus rex, and Passer domesticus. In addition, we
consider that the morphology observed in the Gondwanan mega-
raptorans differs from that of the Asiatic Fukuiraptor (see SI parts 2
and 3). Accordingly, we erected the new clade Megaraptoridae nov.
to include the southern megaraptorans, being defined as a stem-
based clade including all theropods closer to Megaraptor namun-
huaiquii than to Fukuiraptor kitadaniensis, Chilantaisaurus tashiu-
kouensis, Neovenator salerii, Carcharodontosaurus saharicus,
Allosaurus fragilis, Baryonyx walkeri, Tyrannosaurus rex, and Passer
domesticus.

Several synapomorphies support the position of Megaraptora
within Coelurosauria, which emerge from the phylogenetic analysis
here performed (Fig. 15; see a detailed explanation of each feature
in SI part 2): 1) maxillary and dentary teeth with reduced or absent
mesial denticles (this condition is present in Fukuiraptor, Austral-
ovenator, and Orkoraptor, and has also been reported in comp-
sognathids, basal tyrannosauroids and basal oviraptorosaurians;
Rauhut, 2003; Novas et al., 2008); 2) iliac cuppedicus fossa dorso-
medially bounded by a prominent shelf (a very deep cuppedicus
fossa that is bounded by a prominent shelf of bone is documented
orous dinosaurs during the Cretaceous: The evidence from Patagonia,
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Fig. 15. Comparison of selected bones of a basal tetanuran (Allosaurus), megaraptorans (Aerosteon, Australovenator) and Tyrannosauridae (Tyrannosaurus). (AeH) Allosaurus, (I, J)
Aerosteon, (KeP) Australovenator and (QeX) Tyrannosaurus. (A, I, Q) Ilia in left lateral view, (B, J, R) ilia en ventral view, (C, K, S) left femur in anterior view, (D, L, T) left tibia in
anterior view, (E, M, U) left metatarsal III in anterior view, (F, N, V) left fibula in lateral view, (G, O, W) left femoral head in proximal view, and (H, P, X) right astragali in anterior view.
Numbers indicate characters and codings considered in the text and in SI parts 2 and 3. Not to scale. (AeH) redrawn from Madsen (1976), (I, J) drawn from photographs of the
authors, (KeP) redrwan from Hocknull et al. (2009), and (QeX) redrawn from Osborn (1917) and Brochu (2003).
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in Chilantaisaurus andmost coelurosaurs, including tyrannosaurids,
ornithomimids, Caudipteryx, Khaan specimen IGM 100/1002, dro-
maeosaurids and basal birds, as well Aerosteon; this feature was
also convergently acquired by Neovenator; Novas, 1996; Rauhut,
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2003; Benson and Xu, 2008; Brusatte et al., 2009); 3) iliac brevis
fossa almost hidden in lateral view by the brevis shelf (in Torvo-
saurus, Allosaurus, Neovenator, and Giganotosaurus, the brevis fossa
is widely exposed in lateral view; on the contrary, in Stokesosaurus,
orous dinosaurs during the Cretaceous: The evidence from Patagonia,
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Tyrannosauridae indet. AMNH 5468; Tarbosaurus; Alioramus;
Tyrannosaurus rex, Khaan, IGM 100/1002, Deinonychus, Archaeop-
teryx, Unenlagia, Rahonavis, and the megaraptoran Aerosteon, the
brevis shelf projects more ventrally and it meets the caudal surface
of the ischiac pedicle of ilium; Rauhut, 2003; Novas, 2004; Sereno
et al., 2008); 4) femoral greater trochanter prominent and proxi-
mally projected (in Allosaurus, Neovenator and Mapusaurus the
greater trochanter is continuous with the femoral head and is more
distally located than the proximal margin of the femoral head
whereas the greater trochanter in coelurosaurs is offset from the
femoral head by an anteroposterior groove on its proximal end, a
condition reported in several deinonychosaurians, oviraptorids,
therizinosaurids, tyrannosaurids and birds; Madsen, 1976; Holtz,
1994, 2000; Rauhut, 2003; Coria and Currie, 2006; Brusatte et al.,
2009); 5) femoral head square in proximal view, with lateral
margin anteroposteriorly extended (in Neovenator and Allosaurus
the greater trochanter is anteroposteriorly narrow, making the
proximal end of femur in proximal view teardrop-shaped; this is
not the case in Tyrannosauridae, Therizinosauroidea, Oviraptor-
osauria, Troodontidae and Dromaeosauridae; Osborn,1917;Maleev,
1974; Ostrom, 1976; Barsbold et al., 1990; Russell and Dong, 1993;
Currie and Peng, 1993); 6) tibial facet for the reception of the
ascending process of the astragalus almost flat (present in Aero-
steon and Australovenator, and differs from the step-like facet seen
in Allosaurus, Neovenator and more basal theropods; Azuma and
Currie, 2000; Hocknull et al., 2009; see Rauhut, 2003; Benson,
2010); 7) fibular shaft abruptly narrowed distal to the
M. iliofibularis tubercle (present in Tanycolagreus, Compsognathus,
Struthiomimus, Deinonychus and other coelurosaurs, and among
megaraptorans it is also present in Australovenator and Aerosteon;
Osborn, 1917; Ostrom, 1969, 1978; Carpenter et al., 2005); 8)
astragalar ascending process height more than 0.5 times width of
the astragalar body (this condition is present in most coelurosaurs,
including tyrannosaurids and the megaraptorans Fukuiraptor, Aer-
osteon and Australovenator; on the contrary, in more basal thero-
pods including Allosaurus andMapusaurus the ascending process of
the astragalus is low and transversely narrow; Welles and Long,
1974; Azuma and Currie, 2000; Rauhut, 2003; Coria and Currie,
2006; Hocknull et al., 2009); 9) transverse width of ascending
process of the astragalus occupying the total width of the anterior
surface of distal tibia (this is a condition present in all known
coelurosaurs, including Aerosteon, Fukuiraptor, and Australovenator;
Azuma and Currie, 2000; Hocknull et al., 2009); 10) fibular facet of
the ascending process of the astragalus reduced and laterally ori-
ented (this condition occurs in tyrannosaurids, ornithomimids,
troodontids and dromaeosaurids, as well as the megaraptorans
Aerosteon, Australovenator, and Fukuiraptor; but in Allosaurus and
Mapusaurus the fibular facet is craniolaterally oriented and almost
continuous with the anterior surface of the ascending process of
the astragalus; Madsen, 1976; Coria and Currie, 2006); 11) distinct
anterior development of the lateral condyle of the astragalar body
(in Albertosaurus, Troodon, Deinonychus, and ornithomimids the
lateral portion of the astragalus is forward projecting, a condition
also documented in Aerosteon, Australovenator, and Fukuiraptor;
Welles and Long, 1974; Azuma and Currie, 2000; Rauhut, 2003;
Hocknull et al., 2009); and 12) metatarsal III slender and elongate
(present in most coelurosaurs, as well as Megaraptor and Austral-
ovenator, contrasting with the stouter condition seen in basal tet-
anuras, including Allosaurus and Neovenator; Madsen, 1976; Novas,
1998; Brusatte and Sereno, 2008; Hocknull et al., 2009).

As it was mentioned previously, several of the purported apo-
morphies proposed by Benson et al. (2010a) as uniquely shared by
megaraptorans and carcharodontosaurids are also present in
tyrannosauroids (see SI parts 2 and 3). Thus, due to the position of
Megaraptora within Coelurosauria, several of these features are
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parsimoniously optimized as apomorphies shared by mega-
raptorans and tyrannosauroids, and convergently acquired in
Carcharodontosauridae. Accordingly, in the current analysis we
found megaraptorans deeply nested within Tyrannosauroidea. The
apomorphies that megaraptorans share with tyrannosauroids and
more inclusive clades include (see SI parts 2 and 3): 1) metacarpal
III length <0.75 length of metacarpal II; 2) pubic symphysis inter-
rupted distally by a large median fenestra visible in anterior view;
and 3) pneumatic quadrate with a deep anterior recess at the
intersection of distal condyles and pterygoid wing. In addition,
Megaraptora was recovered as the sister taxon of Xiongguanlong þ
Tyrannosauridae on the basis of several synapomorphies,
including: 1) cervical vertebrae with hypospheneehypantrum
accessory articulations (this feature is also present among carch-
arodontosaurids; Smith et al., 2007; Li et al., 2010); 2) posterior
dorsal neural spines �1.5 taller than long (Zheng et al., 2009; this
feature is also present among carcharodontosaurids); 3) pubic shaft
anteriorly concave in lateral view (this condition is present in
Aerosteon and tyrannosaurids, being absent in basal tyrannosau-
roids such as Coelurus and Guanlong, inwhich the shaft is anteriorly
convex; Benson et al., 2010a); 4) distal pubic boot with the anterior
projection well expanded in comparison to the posterior one; 5)
length of the pubic boot �60% the length of the entire pubis (this
condition is shared by the megaraptorid Aerosteon and tyranno-
saurids, as well as Neovenator and carcharodontosaurids; Benson
et al., 2010a); 6) lesser trochanter high, near the level to the
greater trochanter (Rauhut, 2003; this feature is present in ovir-
aptorids, therizinosaurids, ornithomimosaurs, Xiongguanlong and
derived tyrannosaurids, being absent in basal tyrannosauroids such
as Coelurus and Tanycolagreus; the high position of the lesser
trochanter in megaraptorids contrast with the much lower condi-
tion seen in carcharodontosaurids, Allosaurus and Neovenator;
Madsen, 1976; Brusatte and Sereno, 2008; Coria and Currie, 2006);
7) fourth trochanter robust (Rauhut, 2003; this trochanter is
reduced to a tiny proximodistally oriented ridge in ornithomimo-
saurs, oviraptorosaurians, paravians, as well as basal tyrannosau-
roids, including Coelurus, Tanycolagreus, and Ornitholestes;
Carpenter et al., 2005; in contrast, in the megaraptorids Austral-
ovenator and Fukuiraptor and in Xiongguanlong and derived tyran-
nosaurids the fourth trochanter is represented by a stout ridge; Li
et al., 2010), 8) tibial lateral malleolus laterally projected, repre-
senting more than 5% of tibial total length (within Coelurosauria
this feature is absent in ornithomimosaurs, basal paravians such as
Deinonychus, and basal tyrannosauroids such as Coelurus and
Tanycolagreus; a laterally expanded lateral malleolus of distal tibia
is documented in the megaraptorids Australovenator and Aerosteon,
as well as in tyrannosaurids; also present in carcharodontosaurids;
Sereno and Brusatte, 2008) (see SI parts 2 and 3).

In addition, megaraptorids are diagnosed by an extensive list of
syanpomorphies, including: opisthocoelous cervical vertebrae,
manual ungual of digit I three times longer than its proximal depth,
transversely compressed, and with a dorsoventrally elliptical
proximal end, metatarsal III with distal ginglymoid proximally
extended and extensor fossa wide and crescent shaped (Fig. 16).

Removing megaraptorids from Carcharodontosauria and Allo-
sauroidea allows us to return to the interpretation that these two
later clades were absent from terminal Cretaceous ecosystems of
South America, and that they were succeeded by large-bodied
ceratosaurians (abelisaurids) and coelurosaurians (megaraptorans,
unenlagiids) in Late Cretaceous times (see Novas et al., 2009). In
addition, megaraptorids have not been recovered so far from the
Upper Cretaceous deposits of North America and Asia, both of
which preserve tyrannosaurid-dominated faunas (Brusatte et al.,
2009, 2010b). Conversely, southern faunas are devoid of the
tyrannosaurid theropods.
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Fig. 16. Selected bones of megaraptorans. (A, C) Orkoraptor, (B, D, F, H) Aerosteon, (E, G, K, L, M, O)Megaraptor and (I, J, N, P) Australovenator. Right postorbital in (AeB) lateral and (Ce
D) dorsal views, (EeF) mid-cervical vertebrae in left lateral views, (GeH) left scapula in lateral views, left ulna in (I, K) proximal and (J, L) lateral views, (MeN) left metacarpals I and
II and digit I in anterior view, and (OeP) right metatarsal III in anterior views. Abbreviations: I-II, first to second manual digit/metacarpal; ac, acromion; ap, anterior process; ef,
extensor fossa; gf, glenoid fossa; lf, laterosphenoid facet; ol, olecranon; pl, pleurocoel; prz, prezygapophysis. Scale bar 5 cm. (A, C) redrawn from Novas et al. (2008), (B, D, F) redrawn
from Sereno et al. (2008) and (I, J, N, P) redrawn from Hocknull et al. (2009).
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Documentation of members of Megaraptoridae in Patagonia
has increased in recent years. In addition to the previously known
taxa Megaraptor namunhuaiquii, Aerosteon riocoloradoensis and
Orkoraptor burkei, there are other less well known specimens that
belong to this clade. Among them, Martínez et al. (2001) and
Lamanna et al. (2004) mentioned the presence of aMegaraptor-like
theropod from the Bajo Barreal Formation (CenomanianeTuronian)
of Chubut province, Argentina. This specimen shows the hyper-
trophied first manual ungual and pleurocoelous caudal vertebrae,
indicating its membership to Megaraptoridae.

Porfiri et al. (2008) described from the Bajo de la Carpa For-
mation (Santonian), Neuquén province, Argentina, a series of pos-
terior dorsal vertebrae and partial sacrum (composed by 5
vertebrae), ribs and fragments of ilium. This specimen shows
complex pneumatic dorsal and sacral vertebrae with tall neural
spines inclined forward. This combination of features may indicate
that this theropod also belongs to the Megaraptoridae.

The discovery of a yet unnamed large theropod was announced
by Coria and Currie (2002b) from the Portezuelo Formation
exposed at Sierra Barrosa, Neuquén Province. Based on the infor-
mation afforded by these authors, we believe that the specimen
they described is a megaraptorid. For example, the incomplete
skeleton shows complex pneumatic dorsal, sacral and caudal
vertebrae with pleurocoels, a hyperpneumatic ilium with pneu-
matopores at its posterior end, pubis vertically oriented with an
expanded pubic boot and a transversely wide cuppedicus fossa
(Coria and Currie, 2002b; Coria et al., 2001), which are features
present in megaraptorid theropods.

From the same locality and horizon where the holotype of Aero-
steonwas collected, some associatedmetatarsals and phalangeswere
found, including an isolated right manual ungual of the second digit
(MCNA-PV-3075) and a single right manual ungual of the first digit
(MCNA-PV-3112), both resembling Megaraptor. These specimens
indicate thepresenceofmoremegaraptorid specimens in these strata.
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Outside the South American context, megaraptorids are
currently well-known from Australia, where the nearly complete
skeleton of Australovenatorwas recovered (Hocknull et al., 2009), as
well as some fragmentary specimens also referred to as indeter-
minate megaraptorans (Smith et al., 2008; Benson et al., 2012).
Regarding Africa, the pedal unguals reported by Stromer (1934) and
Novas et al. (2005a) as belonging to the enigmatic “Spinosaurus B”
from the Cenomanian of Egypt and Morocco, exhibit a closely
similar morphology, albeit not identical, to that of Australovenator
(Hocknull et al., 2009). As in the latter taxon, “Spinosaurus B” ex-
hibits an apomorphic flat ventral surface, which is concave proxi-
mally, and sharply defined longitudinal marginal ridges separating
the ventral side from the lateral and medial surfaces of the ungual.
These features contrast with the bulkier and more rounded lateral
keels and shallower longitudinal grooves seen in spinosaurid pedal
phalanges (Mateus et al., 2011). The presence of these features in
“Spinosaurus B” contributed to the historically enigmatic nature of
the specimens because they had not been reported in other known
theropods. However, their presence in Australovenator suggests
that at least the pedal unguals of the “Spinosaurus B” taxon may
belong to Megaraptora, thus supporting the possible presence of
this clade in the early Late Cretaceous of Africa.

In terms of stratigraphic range, megaraptorans are currently
confined to rocks of Aptian (i.e., Fukuiraptor,Australovenator) though
Coniacian (e.g., Megaraptor) and eventually Santonian (e.g., Aero-
steon) ages. Novas et al. (2008) provisionally reported a Maas-
trichtian age for the megaraptoran Orkoraptor, leading to the
interpretation that theclade survivedupto theendof theCretaceous
(Benson et al., 2010a). However, the age of the beds that yielded
Orkoraptor (i.e., Mata Amarilla Formation, former Pari Aike Forma-
tion) seems to be CenomanianeSantonian (O’Gorman and Varela,
2010; see SI part 3). In this regard, Patagonian megaraptorid re-
mains are currently documented in pre-Campanian Upper Creta-
ceous beds.
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In our interpretation, megaraptorans were basal coelurosaurs
that shared the role of top predators with other large theropods
such as abelisauroids and carcharodontosauroids. Although most
authors have concluded that the Laurasian top predatory dinosaurs
were the coelurosaurs (represented by Tyrannosauridae), in clear
contrast with archaic-dominated predatory Gondwanan faunas
(Sereno, 1999; Holtz, 2004; Brusatte et al., 2010b), the presence and
abundance of tyrannosauroid megaraptorans in most Cretaceous
southern faunal assemblages suggest that they were also
outstanding predators in Gondwana. Megaraptorans considerably
improve our knowledge about the scarcely documented basal ra-
diation of Gondwanan coelurosaurs, as well as tyrannosauroids as a
whole.

2.3.3. Alvarezsauridae
Alvarezsauridae is a group of maniraptoran theropods originally

erected by Bonaparte (1991b) in order to include the highly
distinctive genus Alvarezsaurus, from the ConiacianeSantonian
Bajo de la Carpa Formation of Neuquén province. Posteriorly,
several new Patagonian species were included in this family:
Patagonykus puertai (from the Coniacian Portezuelo beds, Neuquén;
Novas,1996,1997a), Achillesaurus manazzonei (from the Coniaciane
Santonian Bajo de la Carpa Formation, Neuquén; Martinelli and
Vera, 2007), Bonapartenykus ultimus (from the CampanianeMaas-
trichtian Allen Formation, Río Negro; Agnolín et al., 2006, 2012;
Salgado et al., 2009) and Alnashetri cerropoliciensis (from the upper
Cenomanian Candeleros Formation, Río Negro; Makovicky et al.,
2012). In addition to the South American forms, the Alvarezsaur-
idae also includes the avian-like clade Parvicursorinae, represented
by Cretaceous European, Asiatic and North American taxa such as
Mononykus, Shuvuuia and Parvicursor (Perle et al., 1993; Karhu and
Rautian, 1996; Chiappe et al., 1998; Hutchinson and Chiappe, 1998;
Naish and Dyke, 2004; Alifanov and Barsbold, 2009; Xu et al.,
2010a; Nesbitt et al., 2011) [it must be noted that the Late Jurassic
Haplocheirus sollers was formerly described as the most basal
alvarezsaur (Choiniere et al., 2010b) but it was recently re-
interpreted as an early ornithomimosaur (Choiniere et al., 2011)].

Alvarezsaurids are highly derived theropods diagnosed by an
extensive list of synapomorphies, including a lightly built skull
bearing numerous small teeth restricted to the anterior portion of
the snout, large and rounded orbits, postorbital and jugal lacking
contact, robust humerus with a proximally projected inner tuber-
cle, robust ulna with enlarged olecranon, block-like carpometa-
carpus, handwith very robust digit I carrying a large and stout claw,
and keeled sternum, among other features (Novas, 1996, 1997a,
2009; Chiappe et al., 1998, 2002). A recent phylogenetic analysis
(Agnolín et al., 2012) revealed a main dichotomy at the base of
Alvarezsauridae (Fig. 17) between the group including the newly
named South American clade Patagonykinae (Bonapartenykus and
Patagonykus) and another clade composed of the Patagonian taxon
Alvarezsaurus and the Parvicursorinae subfamily. The parvicursor-
ines are currently restricted to the northern hemisphere, and
include approximately ten different nominal species (Chiappe et al.,
2002; Alifanov and Barsbold, 2009; Longrich and Currie, 2009; Xu
et al., 2010a, 2011a). Parvicursorines are diagnosed by several
bizarre derived traits, such as opisthocoelous cervical and anterior
thoracic vertebrae, procoelous synsacrum, a biconvex vertebra
uniting the dorsal and sacral vertebral series, procoelous caudal
vertebrae, and an opisthopubic pelvis with rod-like poster-
oventrally oriented pubis and ischium, recalling the condition
present in derived ornithurine birds (Chiappe et al., 2002). To date
no parvicursorine remains have been reported from the southern
landmasses. Curiously, in Agnolín et al. (2012) analysis, Alvar-
ezsaurus was recovered as the sister taxon of Parvicursorinae,
whereas in previous analyses this Patagonian genus was usually
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regarded as the most basal alvarezsaurid (e.g. Novas, 1996, 1997a;
Chiappe et al., 2002; Longrich and Currie, 2009; Choiniere et al.,
2010a,b). The clade encompassing Alvarezsaurus and parvicursor-
ines is characterized by bearing shortened phalanges on pedal digit
IV, and an ilium completely lacking a cuppedicus fossa (Agnolín
et al., 2012) (Fig. 17). However, in the most recent analysis dealing
with alvarezsaurid phylogeny, Makovicky et al. (2012) again
recovered Alvarezsaurus as themost basal member of the group and
Patagonykus, Bonapartenykus and the recently described Alnashetri
within a polytomy together with a monophyletic Parvicursorinae.

Bonapartenykus and Patagonykus (i.e. the patagonykines) retain
several plesiomorphies that are absent in Parvicursorinae,
including: subvertical pubis with extensive distal pubic boot, pubic
shaft with pubic apron still present, pubic shaft subtriangular in
cross-section, posterior margin of proximal end of pubis devoid of a
longitudinal sulcus for the ischium, and hypospheneehypantrum
additional articulations present and well developed on dorsal
vertebrae. Agnolín et al. (2012) found the following synapomorphy
for Patagonykinae: coracoid with its ventral half medially tilted
with respect to the lateral surface of the bone and a profusely
sculptured ventral half (Fig. 18A). The sculptured surface is
composed of several bumps separated by splitting grooves, prob-
ably suggesting some kind of skin cornification. Moreover, the
medial tilting of the coracoid and the expected presence of a
strongly developed sternum (not preserved), indicate the existence
of a wide breast for these South American alvarezsaurids (Agnolín
et al., 2012).

Achillesaurus manazzonei was described by Martinelli and Vera
(2007) on the basis of a highly incomplete postcranium. The fact
that this specimen was found in the same beds and at the same
locality where Alvarezsaurus was found, together with the incom-
plete nature of the only known specimen, prompted some authors
to propose that Achillesaurus manazzoneiwas of dubious taxonomic
validity (Novas, 2009) and likely a junior synonym of Alverzsaurus
calvoi (Makovicky et al., 2012). Although Achillesaurus may repre-
sent a fully grown specimen of Alvarezsaurus (currently known by a
single juvenile individual; Bonaparte, 1991b) (Makovicky et al.,
2012), some anatomical features suggest that Achillesaurus may
belong to the patagonykines and thus may not be closely related to
Alvarezsaurus. In fact, Achillesaurus resembles Patagonykus and
Bonapartenykus in several features, including the general
morphology of the proximal femur, the presence of a subcircular
lateral depression on the cranial half of the centrum in the proximal
caudals (only known in Patagonykus), and a transversely com-
pressed and cranially protruding medial condyle of the astragalus
(Martinelli and Vera, 2007). These traits are absent in other alvar-
ezsaurids (e.g. Alvarezsaurus, Shuvuuia; Bonaparte, 1991b; Chiappe
et al., 2002), and a numerical phylogenetic analysis may indicate
that they constitute synapomorphies of the Patagonykinae.
Accordingly, the presence of Patagonykus and other closely related
South American taxa demonstrates the survival of basal alvar-
ezsaurids into the latest Cretaceous in Patagonia, while highly
derived parvicursorines evolved on the northern continents
contemporaneously.

One of the most interesting recent discoveries regarding Pata-
gonian alvarezsaurid paleobiology consists of the discovery of the
holotype of Bonapartenykus ultimus in close association with two
partial eggs (Fig. 19). Association of dinosaur eggs with embryos or
adult individuals that allow taxonomic identification are scarce,
and reports in the literature are restricted to megalosauroids,
allosauroids, oviraptorids, therizinosaurids, troodontids and dro-
maeosaurids (Norell et al., 1994, 1995, 2001; Mateus et al., 1997;
Varricchio et al., 1995, 2002; Grellet-Tinner et al., 2006; Kundrát
et al., 2008; Weishampel et al., 2008; Bever and Norell, 2009;
Araújo et al., 2012). Thus, this specimen of Bonapartenykus
orous dinosaurs during the Cretaceous: The evidence from Patagonia,
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Fig. 17. Time calibrated phylogenetic tree showing the relationships of the main alvarezsaur clades. Node 1 (Alvarezsauria): 1 e hand with large digit I with a very stout ungual claw,
2 e elongate snout with small teeth restricted to the anterior end of muzzle, 3 e expanded anterior process of lacrimal, 4 e large and rounded orbit, 5 e loss of postorbitalejugal
contact. Node 2 (Alvarezsauridae): 6 e hand with reduced digits II and III and block-like metacarpals, 7 e opisthocoelous thoracic and sacral vertebrae. Node 3 (Patagonykus þ
Bonapartenykus): 8 e medially tilted and ornamented ventral half of coracoid. Node 4 (Alvarezsaurus þ Parvicursorinae): 9 e total absence of cuppedicus fossa on ilium. Node 5
(Parvicursorinae): 10 e modified bird-like pelvis, 11 e elongate and proximally fused metatarsals.
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represents the first direct association of skeletal remains and
oological material documented for the Alvarezsauridae. The eggs
found near the skeleton of Bonapartenykus show an external sur-
face extensively ornamented with ridges and bumps. This
morphology resembles eggs previously reported in basal manir-
aptoriform theropods (e.g., therizinosauroids, oviraptorosaurians;
Weishampel et al., 2008) and referred to the elongatoolithid
oofamily (Agnolín et al., 2012). In more derived maniraptoran taxa
such as the basal paravians Byronosaurus and Troodon, the external
eggshell surface is nearly smooth, with faint longitudinal striations
(Norell et al., 1994; Varricchio et al., 2002; Bever and Norell, 2009),
as is also the case in living and fossil birds (Schweitzer et al., 2002;
Grellet-Tinner and Chiappe, 2004). The presence of a highly
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ornamented external surface of the eggshell in Alvarezsauridae,
Therizinosauroidea and Oviraptorosauria suggests that this condi-
tion is symplesiomorphic for Maniraptoriformes, and that an
almost smooth eggshell represents a derived condition for para-
vians, including birds (Agnolín et al., 2012). Alvarezsaurid eggshells
exhibit unique and highly apomorphic features absent in the
remaining coelurosaurs that support the erection of a new oofamily
Arriagadoolithidae (Agnolín et al., 2012).

2.3.4. Unenlagiidae
Paraves is currently considered as the clade encompassing the

theropod clades Deinonychosauria (which currently includes Dro-
maeosauridae and Troodontidae) and Avialae (Gauthier, 1986;
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Fig. 18. Selected skeletal pieces of the alvarezsaurid Bonpartenykus ultimus (MPCA-1290). (A) Left coracoid in lateral and posterior views, (B) dorsal vertebra in left lateral view, (C)
left pelvic elements in left lateral view, (D) left tibia in anterior view and (E) left femur in lateral view. Abbreviations: at, anterior trochanter; co, coracoid; gf, glenoid fossa; gt,
greater trochanter; il, ilium; ns, neural spine; prz, prezygapophysis; pu, pubis; sc, scapula, tp, transverse process; vtc, ventral tilting of the coracoid. Scale bar equals 5 cm.
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Holtz, 2000). Until recently, the fossil record of basal paravians was
geographically restricted to the Northern Hemisphere (Norell and
Makovicky, 2004), but recent discoveries have demonstrated that
they were also present and highly diversified in the southern
landmasses, suggesting that an important adaptive radiation took
place in Gondwana during the Cretaceous (Novas and Pol, 2005;
Makovicky et al., 2005; Novas et al., 2009). South American para-
vians are included within the clade Unenlagiidae [in most previous
literature this clade was considered as Unenlagiinae, but here we
follow the taxonomy employed by Agnolín and Novas (2011) who
recovered this group outside Dromaeosauridae], which have been
documented from different Cenomanian to Maastrichtian units of
northwestern Patagonia (Novas and Puerta, 1997; Calvo et al.,
2004a; Novas and Pol, 2005; Makovicky et al., 2005; Novas et al.,
2009; Gianechini and Apesteguía, 2011).

Unenlagiidae is phylogenetically defined as the clade that in-
cludes all taxa closer to Unenlagia comahuensis than to Velociraptor
mongoliensis and Microraptor zhaoianus (Makovicky et al., 2005).
The Unenlagiidae includes the Patagonian Unenlagia comahuensis
(Novas and Puerta, 1997; Novas, 1999, 2004, 2009), Unenlagia
paynemili (Calvo et al., 2004a), Neuquenraptor argentinus (Novas
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and Pol, 2005), Buitreraptor gonzalezorum (Makovicky et al., 2005)
(Fig. 20) and Austroraptor cabazai (Novas et al., 2009) (Fig. 21).
Recently, the taxon Pamparaptor micros was referred to Unenlagii-
dae on the basis of an incomplete foot collected from beds of the
Portezuelo Formation, Neuquén (Porfiri et al., 2011) (but see below
for an alternative interpretation). The latest Cretaceous Rahonavis
ostromi from Madagascar, originally described as a basal bird more
derived than Archaeopteryx (Forster et al., 1998), was also consid-
ered by some authors (e.g., Makovicky et al., 2005; Novas and Pol,
2005; Novas et al., 2009; Turner et al., 2007a,b) as a member of
Unenlagiidae. More recently, O’Connor et al. (2011) indicated that
the anatomy of Rahonavis matches better with that of a derived
ornithuran and not an unenlagiid, a conclusion that also was
independently reached by Agnolín and Novas (2013). Ezcurra
(2009) and Benson et al. (2012) reported the presence of prob-
able unenlagiid fragmentary remains from the AptianeAlbian of
Australia and Maastrichtian of Colombia, respectively.

The monophyly of Unenlagiidae is supported by several derived
characters, including: elongate anterior portion of maxilla, large
number of small and unserrated teeth, vertical pubis, dorsal margin
of postacetabular blade of ilium concave, pedal phalanx II-2 with
orous dinosaurs during the Cretaceous: The evidence from Patagonia,
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Fig. 19. Fossil egg associated with the holotype of Bonapartenykus ultimus (MPCA-1290). Note the strongly ornamented external surface. Scale bar equals 3 cm.
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transversely narrow posteroventral keel, and ischium with deeply
concave posterior end (Makovicky et al., 2005; Zheng et al., 2009;
Agnolín and Novas, 2011) (Fig. 22). However, higher-level re-
lationships of unenlagiids are still a matter of debate. In its original
Fig. 20. Skull of Buitreraptor gonzalezorum (MPCA-245, holotype) in (A) right lateral and (B)
mf, maxillary fenestra; j, jugal; mx, maxilla; na, nasal; pa, parietal; po, postorbital. Scale ba
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description, Unenlagia was interpreted closer to birds than to dro-
maeosaurids (Novas and Puerta, 1997), an interpretation subse-
quently adhered to by some authors (Forster et al., 1998; Xu et al.,
1999; Holtz, 2000; Rauhut, 2003; Novas, 2004). Nevertheless,
dorsal views. Abbreviations: an, angular; aof, antorbital fenestra; d, dentary; fr, frontal;
r equals 5 cm.
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Fig. 21. Life reconstruction of Austroraptor cabazai. Scale bar equals 1 m (drawing by R. Vera).
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most researchers concluded that Unenlagia and its kin were deeply
nested within deinonychosaurian dromaeosaurids (Norell and
Makovicky, 1999; Novas and Pol, 2005; Makovicky et al., 2005;
Longrich and Currie, 2008; Xu et al., 2008; Novas et al., 2009; Hu
et al., 2009). In this phylogenetic context, several unenlagiid
derived features were viewed as examples of an evolutionary
convergence with birds, and particularly the elongated forelimbs of
Rahonavis (and its inferred potential for flight capability) were
accepted as independently evolved from those of birds (Makovicky
et al., 2005; Senter, 2007; Novas, 2009). Nevertheless, recent re-
views by O’Connor et al. (2011) and Agnolín and Novas (2013) re-
turn Rahonavis to its previous position as a basal ornithuran and
unenlagiids to that as the sister group of birds (Fig. 22). These au-
thors propose that most characters previously employed in order to
unite unenlagiids with deinonychosaurians (e.g. Xu et al., 2000,
2008; Makovicky et al., 2005; Novas and Pol, 2005; Norell et al.,
2001; Turner et al., 2007a,b; Novas et al., 2009) are more wide-
spread than previously thought (e.g., lacrimal with anterodorsal
process much longer than posterior process, nutrient foramina on
external surface of the dentary within a deep groove, femur with
mound-like posterior trochanter distinctly raised from shaft, sub-
arctometatarsalian metatarsus, large, longitudinal flange along
caudal face of metatarsal IV, modified digit II carrying a trenchant
ungueal claw) or were not properly observed in available unenla-
giid specimens (e.g., dentaries lacking distinct interdental plates,
splenial exposed as a broad triangle between dentary and angular).
In the same way, Agnolín and Novas (2011) undertook a detailed
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reappraisal of the synapomorphies that supported the monophyly
of Dromaeosauridae þ Unenlagiidae in previous studies and found
that most of them were also present in basal birds, such as
Archaeopteryx and Jeholornis (e.g. maxillary fenestra represented by
a small and dorsally displaced opening, lacrimal T-shaped in lateral
view, extension of supratemporal fossa over most of the ascending
process of the postorbital, sinusoidal anterior emargination of
supratemporal fossa on frontal, epipophyses of cervical vertebrae
placed distally on postzygapophyses, parapophyses of posterior
dorsal vertebrae distinctly projected on pedicels, manual unguals
with dorsal arch higher than level of dorsal extremity of proximal
articular surface, hallucal ungual strongly curved). Available evi-
dence supports, on the contrary, that unenlagiids are closely related
to avialans, in agreement with the original proposal (Novas and
Puerta, 1997). Derived features in support of this hypothesis
include: splenial not exposed on lateral surface of mandible,
triangular acromion with apex pointing away from and subparallel
to the scapular blade, ischiac peduncle of pubis short being nearly
continuous with the lateral surface of pubic shaft, ischidiac shaft
with its minimum anteroposterior diameter more than 20% of total
length of ischium.

Rahonavis was described as a basal bird by Forster et al. (1998),
and although some authors defended its inclusion within Unenla-
giidae (e.g., Makovicky et al., 2005; Novas and Pol, 2005; Novas
et al., 2009), several others (Zhou and Zhang, 2002; Hwang et al.,
2002; Xu et al., 2008; O’Connor et al., 2011) found the Malagasy
taxon to be placed within Avialae. Several derived features support
orous dinosaurs during the Cretaceous: The evidence from Patagonia,
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Fig. 22. Time calibrated phylogenetic tree depicting the relationships of the Unenlagiidae. Node 1: 1 e posterolateral flange on manual phalanx II-1, 2 e penultimate manual
phlanax elongate and bowed. Node 2: 3 e short and stout ilium, 4 e proximal pubis rounded, 5 e preacetabular blade expanded. Node 3 (Unenlagiidae): 6 e low dentary carrying
small unserrated teeth, 7 e elongate muzzle. Node 4 (Unenlagia þ Austroraptor): 8 e reduced deltopectoral crest on humerus. Node 5 (Anchiornis þ Avialae): 9 e elongate humerus
and radius/ulna. Abbreviations: UNEN., Unenlagiidae.
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Rahonavis as a basal bird more derived than Archaeopteryx, and
Rahonavis shares the following characters with birds, including
Archaeopteryx: robust scapula with sharply ridged dorsal margin
close to its distal end, total length of humerus subequal to femur,
radius longer than femur, humeral deltopectoral crest length more
than 30% of total humeral length, pubic symphysis length less than
40% of total pubic length, reduced lateral cnemial crest of tibio-
tarsus, and very large hallucal ungual (Agnolín and Novas, 2013). All
these features are derived characters absent in more basal taxa,
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including unenlagiids and dromaeosaurids, and indicate avialan
affinities for Rahonavis. This new phylogenetic arrangement sug-
gests that derived features once thought to be evolutionary con-
vergences with birds, including the particularly elongated
forelimbs of Rahonavis (and its inferred potential for flight capa-
bility) did not originate independently from those of birds, being in
fact synapomorphies uniting Rahonavis and Aves.

Pamparaptor micros was described by Porfiri et al. (2011) and
assigned to the Unenlagiidae by these authors based mainly on
orous dinosaurs during the Cretaceous: The evidence from Patagonia,
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several shared characters of the metatarsals (e.g., metatarsal III
proximally pinched, metatarsal IV with a caudal longitudinal
flange, metatarsal II posteriorly embracing metatarsal III). However,
none of these features constitute unambiguous synapomorphies of
Unenlagiidae, and all of them are currently considered as diagnostic
of more inclusive clades (i.e., Maniraptora, Paraves; Agnolín and
Novas, 2011). Pamparaptor shares with birds a very elongate
metatarsus, and a distally extended metatarsal IV, subequal in
distal extension to metatarsal III. Moreover, in Pamparaptor meta-
tarsals II and IV lack any sign of a distal ginglymoid, a condition also
shared with birds, but absent in dromaeosaurids and unenlagiids
(Agnolín and Novas, 2011). In addition, the claw is more elongate
and acute than in most deinonychosaurians (Porfiri et al., 2011).
Thus we regard the phylogenetic position of Pamparaptor as an
indeterminate paravian until a detailed description of the holotype
specimen became available. Accordingly, the Unenlagiidae is
unambiguously composed of Buitreraptor gonzalezorum, Unenlagia
comahuensis, Unenlagia paynemili and Austroraptor cabazai, all
recovered from the Upper Cretaceous of Patagonia, Argentina.

Our phylogenetic framework weakens some previous proposals
on early bird distribution and radiation. For example, Xu and Zhang
(2005) proposed a Laurasian, or more precisely Asiatic, location for
the origin of birds, indicating that most plesiomorphic represen-
tatives of Troodontidae and Dromaeosauridae were recorded in
Eastern Asia. However, recent evidence favors Unenlagiidae as the
immediate sister group of Avialae and all unquestionable unenla-
giids come from South America (Makovicky et al., 2005; Novas,
2009). In addition, the oldest known avialan, Archaeopteryx, is
recorded in Europe, and the basal bird Rahonavis comes from
another Gondwanan landmass, Madagascar. In view of the
extremely incomplete fossil record of basal paravians, it is not
possible to confidently establish a center of origin for the Avialae,
especially given that their diversification occurred during the
Middle Jurassic, when the continents were mostly joined together
into a single landmass.

Accordingly, the close relationship between Unenlagiidae and
Avialae invites to investigate in more detail their anatomy, which
potentially will shed light on questions concerning with the early
evolutionary radiation of birds, such as postural activities and
flapping abilities related with the origin of flight.

3. Theropod paleobiogeography

Hypotheses concerning the Cretaceous paleobiogeography of the
southern continents have strongly relied on information gathered
from theropod dinosaurs. Documentation of abelisaurids during the
1980s and 1990s from Cretaceous beds of South America, India and
Madagascar suggested that these theropods were abundant, diverse
and widespread in Gondwana. This evidence also supports the
interpretation (e.g., Bonaparte, 1991a) that Gondwana remained
geographically isolated from Laurasia during most of the Cretaceous
prior to the CampanianeMaastrichtian. The role of large predators
in Gondwana was mainly played by abelisaurids, in sharp contrast
with North America and eastern Asia, in which the largest-bodied
carnivores were the tyrannosaurids (Bonaparte, 1991a). Discov-
eries in Patagonia of the chicken-sized Velocisaurus unicus
(Bonaparte, 1991b) and the even smaller Ligabueino andesi
(Bonaparte, 1996) demonstrated that the evolutionary radiation of
Cretaceous abelisauroids also included small predators. This evi-
dence further differentiated the Gondwanan dinosaur assemblages
from those of North America and Asia, in which abelisauroids seem
to have been absent, and the role of small carnivores was played by
coelurosaurian maniraptorans (Bonaparte and Kielan-Jawarowska,
1987). Similarly, pioneering studies of late Mesozoic paleobiogeog-
raphy (e.g. Lillegraven et al., 1979; Smith et al., 1981; Bonaparte,
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1986; Bonaparte and Kielan-Jawarowska, 1987) have recognized
sharp distinctions between the tetrapod assemblages of Laurasia
(i.e., North America, Europe and Asia) and Gondwana (i.e., South
America, Africa, Antarctica, India, Madagascar and Australia).

However, discoveries of purported Gondwanan lineages (e.g.
abelisaurids, spinosaurids, carcharodontosaurians, alvarezsaurids)
in Laurasian territories blurred the sharp faunal distinctions once
recognized between southern and northern landmasses. Several
authors (e.g., Casamiquela, 1964; Sues and Taquet, 1979; Rage, 1981,
2003; Bonaparte et al., 1984; Rich and Vickers-Rich, 1989, 1994; Le
Loeuff, 1991; Russell and Dong, 1993; Sereno et al., 2004) attemp-
ted to explain these anomalous occurrences, invoking the devel-
opment of temporary terrestrial landbridges either between
Europe-Africa, North AmericaeSouth America and AsiaeAustralia,
thus allowing northesouth faunal interchanges at different mo-
ments of the Cretaceous. Such incongruences in faunal distribution
lead some authors (see Xu, 2010; Xu et al., 2011a) to express serious
doubts regarding the GondwanaeLaurasia paleobiogeographical
dichotomy.

More recently, an alternative palaeobiogeographical model, the
“Eurogondwanan hypothesis” (sensu Ezcurra and Agnolín (2012b);
but see also Le Loeuff (1991) for a different usage of the term
“Eurogondwana”), has been presented. This new hypothesis aims to
explain not only the presence of ‘Gondwanan’ taxa in Laurasia, but
also the absence of northern tetrapod lineages in Gondwana. The
model proposes that most of the areas that currently compose the
European region had a close biogeographical affinity with Gond-
wana during the earliest Cretaceous (i.e., BerriasianeHauterivian
times, allowed by a connections through Africa) (Fig. 23).

The recognition of an Eurogondwanan fauna from the Berriasian
to Hauterivian is based on the shared presence in Europe and
Gondwana of spinosaurid theropods, rebbachisaurid and derived
titanosaurian sauropods, basal dryomorph ornithopods, and bor-
eosphenidan, peramurid, and thereuodontid mammals (e.g.; Rage,
1988; Buffetaut, 1989; Le Loeuff, 1991; Russell, 1993; Martill and
Hutt, 1996; Charig and Milner, 1997; Sigogneau-Russell and Ensom,
1998; Martill and Naish, 2001; Dalla-Vecchia, 2003; Torcida et al.,
2003; Juárez Valieri et al., 2004; Kielan-Jaworowska et al., 2004;
Ruiz-Omeñaca et al., 2005;GheerbrantandRage, 2006;Canudoet al.,
2008, 2009; Coria et al., 2010; Ezcurra and Agnolín, 2012b) (Fig. 23).
These tetrapod clades yet remain unrecorded in Asiamerica for the
same time-span.

After the Hauterivian, several Eurogondwanan tetrapod clades
made their appearance in Asiamerica, including megaraptorans
(i.e., Fukuiraptor; Azuma and Currie, 2000), carcharodontosaurids
(i.e., Shaochilong; Brusatte and Sereno, 2008), and spinosaurids
(Allain et al., 2012), in conjunction with other amniote groups such
as basal titanosauriforms and derived titanosaurians (Wilson and
Upchurch, 2009), notosuchian crocodylomorphs (Wu and Sues,
1996), and possibly boreosphenidan mammals (Ezcurra and
Agnolín, 2012b). This evidence is interpreted as indicative of the
coalescence of Europe with Asiamerica during the Barremian, after
a short interval of isolation of the European region with its Euro-
gondwanan fauna. Thus, during the Barremian probably took part a
bidirectional biotic interchange between the European region and
Asia, but not implying the dispersal of typical Laurasian taxa into
Gondwana.

In our interpretation, Gondwana remained isolated from
Laurasia during Barremian to Santonian. During this time of isola-
tion some amniote clades (e.g. unenlagiid and noasaurid theropods,
mahajangasuchid and peirosaurid crocodylomorphs, and gondwa-
natherian mammals) acquired a wide geographic distribution
across the southern continents, and their absence in Laurasia in-
dicates that these clades were strict endemics of Gondwana (Krause
et al., 1997; Makovicky et al., 2005; Candeiro and Martinelli, 2007;
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Fig. 23. Global paleogeographic reconstructions showing the main biogeographical model and connections here proposed for the (A) Late Jurassic, (B) BerriasianeHauterivian, (C)
Barremian-earliest Aptian, and (D) AptianeAlbian time-slice. The white arrows depict biogeographical connections among and within southern landmasses and/or Europe and the
black arrows between Asia and North America or within Laurasia (modified from Ezcurra and Agnolín, 2012b). (AeD) redrawn from Blakey (2006) and modified following Canudo
et al. (2009) regarding the position of the Apulian Plate.
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Larsson and Sues, 2007; Carrano and Sampson, 2008; Novas, 2009;
Sereno and Larsson, 2009) (Figs. 23, 24).

During the CampanianeMaastrichtian Europe renewed its
faunal connections with the southern landmasses, rather thanwith
Asiamerica (Fig. 24) (Le Loeuff, 1991; Ezcurra and Agnolín, 2012b).
This paleobiogeographical signal is based on the common presence
of basal didelphoids and ungulatomorph mammals, podocnemi-
doid turtles, madtsoiid and boid snakes, baurusuchid and trem-
atochampsid crocodylomorphs, carnotaurine theropods, and
derived titanosaurian sauropods in Europe and southern land-
masses (de Broin, 1977, 1980; Lavocat, 1977; Rage, 1981, 1996;
Crochet and Sigé, 1983; Buffetaut, 1985, 1989; Astibia et al., 1990; Le
Loeuff, 1991, 1993, 1995; Lapparent de Broin and Murelaga, 1996;
Allain and Pereda Suberbiola, 2003; Kielan-Jaworowska et al.,
Please cite this article in press as: Novas, F.E., et al., Evolution of the carniv
Cretaceous Research (2013), http://dx.doi.org/10.1016/j.cretres.2013.04.00
2004; Company et al., 2005; Rasmusson and Buckley, 2009;
Cadena et al., 2010; Williamson et al., 2010; Ezcurra and Agnolín,
2012b). The re-connection of the European region and South
America via Africa during the CampanianeMaastrichtian is sup-
ported by the presence of Laurasian tetrapod lineages in the
CampanianeMaastrichtian of South America and Antarctica (e.g.,
lambeosaurine and ankylosaurian ornithischians, and ungulato-
morphs and basal didelphoid mammals; Ezcurra and Agnolín,
2012b) (Fig. 24). This model constitutes an alternative to the
traditional hypothesis of a dispersal event between North America
and South America via a terrestrial bridge during the latest Creta-
ceous (Rage, 1981; Bonaparte, 1984, 1986). This Panamerican
connection rests on weak and controversial paleogeographic evi-
dence (Schmidt-Effing, 1979; Rage, 1981; Pitman et al., 1993) and
orous dinosaurs during the Cretaceous: The evidence from Patagonia,
1



Fig. 24. Global paleogeographic reconstructions showing the main biogeographical model and connections here proposed for the (A) AptianeAlbian, (B) CenomanianeSantonian,
(C) CampanianeMaastrichtian, and (D) PaleoceneeEocene time-slices. The white arrows depict biogeographical connections within Gondwana and Atlantogea and the black arrows
within Laurasia and Asiamerica (modified from Ezcurra and Agnolín, 2012b). (AeD) redrawn from Blakey (2006) and modified following Oliveira et al. (2010) regarding the South
Atlantic paleogeography.
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most recent paleogeographic reconstructions do not depict such a
land bridge (Scotese, 2001; Blakey, 2006). On the other hand,
available geological evidence strongly suggests that South America
and Africa still remained connected during the latest Cretaceous
through the Rio Grande Rise and Walvis Ridge (Le Pichon and
Hayes, 1971; O’Connor and Duncan, 1990; Parrish, 1993; Ferrari
and Riccomini, 1999; Schettino and Scotese, 2005). Paleobatho-
metric and geological evidence supports the presence of an island
chain allowing the establishment of paleobiogeographical con-
nections between these two southern landmasses across the South
Atlantic, from the Campanian to Eocene (Oliveira et al., 2010).
Moreover, the absence of the most abundant North American
CampanianeMaastrichtian tetrapod lineages in the latest Creta-
ceous of South America (e.g., anguimorph lizards, tyrannosaurid,
troodontid, therizinosaurid, oviraptosaurid, and velociraptorine
theropods, and marginocephalian ornithischians; Ezcurra and
Agnolín, 2012b) constitutes an incongruent pattern under the
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Panamerican land bridge model. Accordingly, since these abundant
North American taxa are also absent in latest Cretaceous beds of
Europe, the dispersal of Laurasian forms (e.g., hadrosaurids, anky-
losaurids) to South America is considered here more likely to have
occurred from Europe via Africa rather than from North America
directly to South America. These evidence led Ezcurra and Agnolín
(2012b) to propose the new biogeographic paleoprovince of
Atlantogea, composed of the European territories, Africa, South
America, Antarctica and Australia from the CampanianeMaas-
trichtian to the Eocene.

4. Analysis of Australian theropods in view of Patagonian
evidence

As indicated above, the Patagonian theropod fossil record
currently constitutes the best source of information to allow
identification of carnivorous dinosaurs recorded in other regions of
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Gondwana. In particular, the paleobiogeographic relationships of
dinosaur assemblages of Australasia constitute a topic of heated
debate (Rich and Vickers-Rich, 1994, 2003; Vickers-Rich and Rich,
1997; Smith et al., 2008; Hocknull et al., 2009; Agnolín et al.,
2010; Benson et al., 2010b; Barrett et al., 2011; Fitzgerald et al.,
2012). Agnolín et al. (2010) recently proposed that the Australian
dinosaur faunas were very similar to those of other Gondwanan
regions, especially South America. On the other hand, Barrett et al.
(2011), Benson et al. (2012) and Fitzgerald et al. (2012), based on the
theropod record from the Early Cretaceous of southern Australia,
proposed a different paleobiogeographic model, which may be
termed as the “Cosmopolitanism Hypothesis”. These authors
pointed out that the Cretaceous Australian assemblages were part
of a cosmopolitan global dinosaur fauna which acquired distinctive
taxonomical features through regional extinctions. They proposed
that most of the higher clades of Theropoda (e.g., Spinosauridae,
Ceratosauria, Tyrannosauroidea, Ornithomimosauria, Maniraptora)
were present in Australia by the end of the Early Cretaceous. Barrett
et al. (2011), Benson et al. (2012) and Fitzgerald et al. (2012) stated
that the currently known Australian dinosaur record undermines
previous hypotheses which considered the Cretaceous faunas of
this continent as endemic (Rich and Vickers-Rich, 1994, 2003;
Vickers-Rich and Rich, 1997) or predominantly Gondwanan in
composition (Agnolín et al., 2010).

With the aim to evaluate the paleobiogeographic relationships
of the Cretaceous dinosaur assemblages from Australia, we
examine the evidence supporting the presence of spinosaurids,
ornithomimosaurs, tyrannosauroids, and ceratosaurians on this
continent. These fossils, consisting of isolated pieces, most of them
incomplete and deformed, come from the AptianeAlbian Eumer-
alla andWonthaggi formations, cropping out in diverse localities of
the Victoria County, southeastern Australia (Benson et al., 2012).
Among the several theropod specimens there collected, four of
them have been considered pivotal in discussing the paleo-
biogeography of Cretaceous Australian dinosaurs: a spinosaurid
cervical vertebra (Barrett et al., 2011; Benson et al., 2012), an
ornithomimid caudal vertebra (Benson et al., 2012), a tyrannosau-
roid pubis (Benson et al., 2010b, 2012) and a ceratosaurian astra-
galocalcaneum (Fitzgerald et al., 2012). A summary review of these
specimens follows.

4.1. Spinosaurid cervical (NMV P221081)

Barrett et al. (2011) reported the presence of Spinosauridae in
Australia based on a partial anterior cervical vertebra collected in
the Early Cretaceous Eumeralla Formation. Barrett et al. (2011)
supported the assignment of the specimen to Tetanurae based on
the presence of an opisthocoelous centrum, a camerate internal
structure, a single pair of anteriorly situated pneumatic foramina
(pleurocoel), and a space between the prezygapophyses wider than
the neural canal. However, most of these features seem to be also
present among non-tetanuran theropods (for example, abelisau-
roids; Bonaparte et al., 1990; Sereno et al., 2004; Carrano et al.,
2011; see SI part 6). Moreover, Barrett et al. (2011) proposed spi-
nosaurid affinities for the specimen NMV P221081 particularly on
the basis on the elongate vertebral centrum and a pleurocoel
divided internally by a fine, subvertical lamina, that these authors
judged to be “identical to Baryonyx” (Benson et al., 2012:4). In re-
gard to this latter feature, it must be noted that the morphology of
the pleurocoel of the purported spinosaurid cervical is low and
elongate, and divided by a lamina that is posterodorsally inclined,
thus clearly differing from that of Baryonyx (see SI), in which the
pleurocoel is rounded and its internal lamina is anterodorsally in-
clined. No other theropods with divided anterior pleurocoels (e.g.,
carcharodontosaurids, megaraptorids, tyrannosauroids) exhibit the
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unusual morphology seen in the Australian specimen. NMV
P221081 exhibits a moderately convex cranial articular surface of
the centrum, differing from the ball-shaped surface characteristic
of spinosaurids (e.g., Baryonyx, Spinosaurus; Stromer, 1915; Russell,
1996; Charig and Milner, 1997) and other basal tetanurans (e.g.,
Allosaurus, carcharodontosaurids). NMV P221081 exhibits a cam-
erate internal structure present in disparate tetanuran clades, such
as spinosaurids and in a yet undescribed juvenile specimen of
Megaraptor namunhuaiquii. The unusual pleurocoel of NMV
P221081, in conjunction with the moderately convex cranial artic-
ular surface of the centrum, and its camarate internal structure,
present a combination of features not seen in post-axial cervicals of
other theropods, including spinosaurids, megaraptorids, and
carcharodontosaurids. Thus there is no firm anatomical evidence in
support of the referral of NMV P221081 to Spinosauridae; on the
contrary, anatomical characteristics afforded by this fragmentary
vertebra lead us to refer this specimen as an indeterminate aver-
ostran or tetanuran, at best.

4.2. Ornithomimosaur caudal (NMV P186168)

Benson et al. (2012) indicated the presence of an indeterminate
ornithomimosaur in Australia on the basis of a partial proximal
caudal vertebra. These authors based their identification on the
proplatycoelous centrum and a sheet-like anteroposteriorly
expanded transverse processes subequal to the anteroposterior
length of the neural spine. Both features are not unique to ornitho-
mimosaurs and are widely present among basal abelisauroids, such
as Elaphrosaurus andMasiakasaurus (MB unnumbered; Novas et al.,
2004; Carrano et al., 2002, 2011). Another feature cited in support of
ornithomimosaurian affinities for the caudal vertebra is the internal
structure of the neural arch, consisting of numerous irregularly-
shaped chambers, which resemble the ornithomimosaur Archae-
ornithomimus. However, the distribution of this feature is poorly
knownwithin Theropoda. General proportions of this vertebra have
been also cited to support an ornithomimosaur relationship, but
similar proportions of centrum and transverse processes are also
exhibited in theropods other than ornithomimosaurs (for example,
the ceratosaurians Ceratosaurus andMajungasaurus; Gilmore,1920;
O’Connor, 2007). In sum, NMV P186168 exhibits general character-
istics that are widely present among theropods, and referral to
Ornithomimosauria is questionable.

4.3. Tyrannosauroid pubis (NMV P186046)

Regarding the presence of “stem”-tyrannosaurids, Benson et al.
(2010b, 2012) described a distorted, broken and partially preserved
pair of pubes, that was assigned to a “stem”-tyrannosaurid. The
specimen was re-interpreted by Herne et al. (2010) as an indeter-
minate neotetanuran, but Benson et al. (2010c, 2012) offered new
evidence that this bone belongs to a tyrannosauroid coeluro-
saurian. Features recognized by Benson et al. (2010c, 2012) in
support of their interpretation include the presence of a prominent
and laterally rugose, flange-like tubercle on the proximal pubis, a
transversely narrow pubic apron, and a transversely narrow and
parallel-sided distal pubic boot. However, direct observation of the
specimen NMV P186046 reveals that each of these regions of pubes
is badly damaged and deformed, as was previously noted by Herne
et al. (2010). The right pubis exhibits a similar profile (in side view)
as in tyrannosaurids and megaraptorids (e.g., Aerosteon, Mega-
raptor), with an anteriorly convex flange-like prominence. The
pubic shaft is certainly narrow (in anterior aspect), resembling
coelurosaurs (Benson et al., 2012), but the left pubis of specimen
NMV P186046 reveals that the pubic apron was wider than that
preserved on the right pubis. A strongly anteroposteriorly
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expanded distal pubic boot is a feature that NMV P186046 shares
with tyrannosaurids, but also with carcharodontosaurids and
megaraptorids. Direct study of the specimen reveals that the distal
end of the pubis has lost most of its lateral and distal surfaces, thus
a transversely narrow boot constitutes a preservational artifact, and
not a true coelurosaurian synapomorphy. It is noteworthy that in
NMV P186046 the surface of the anterior extension of the distal
pubic foot is fused, almost flattened, andwith a slight median ridge.
In contrast, in tyrannosaurids and megaraptorids the dorsal surface
of the anterior extension of the pubic boot is grooved. This condi-
tion may represent an autapomorphic feature of NMV P186046, not
recognized in previous work (Benson et al., 2010b, c, 2012; Herne
et al., 2010). Overall, general morphology of NMV P186046 is
congruent with tyrannosaurids and megaraptorids, the later ones
beingwell documented in Cretaceous beds of Australia (Smith et al.,
2008; Hocknull et al., 2009), thus the referral of NMV P186046 to
this family clade may represent the best supported option.

4.4. Ceratosaurian astragalocalcaneum (NMV P221202)

Fitzgerald et al. (2012) reported the presence of Ceratosauria on
the basis of an isolated anddistorted fused astragalocalcaneum from
Early Cretaceous beds of the Wonthaggi Formation, San Remo,
southeast Australia. The specimen was regarded as a ceratosaurian
due to the presence of a combination of characters, including: coo-
sified astragalus and calcaneum, ascending process of astragalus
with parallel-sided base, distinct fossa at the base of the ascending
process of the astragalus that is not associated with the transverse
grooveof astragalar body.However, this combinationof characters is
not unique of Ceratosauria, but it is also present inmostmembers of
the coelurosaurian clade Alvarezsauridae (e.g., Alvarezsaurus, Mon-
onykus, Patagonykus; Novas, 1996). Fitzgerald et al. (2012) indicated
that the Australian specimen shareswithMasiakasaurus, and differs
from remaining ceratosaurs, a pair of pits into an oval fossa at the
base of the ascendingprocess, and adistinct eminence on themedial
edge of the ascending process. It isworthmentioning that these two
characters are also documented in the alvarezsaurids Patagonykus
and Mononykus (Novas, 1996). Moreover, the morphology of the
medial edge of the ascending process of the astragalus has been
previously considered as diagnostic of Alvarezsauridae (Novas,
1996). However, the presence of an ascending process restricted to
the lateral three-quarters of the astragalar body clearly contrasts
with the condition observed in alvarezsaurids, megaraptorids and
other coelurosaurs. The ascending process of the astragalus exhibits
a vertical groove on its posterior surface (NMVP221202), whichwas
previously documented in the megaraptorids Aerosteon and NMV
P150070 (formerly Allosaurus sp.). Furthermore, the base of the
ascending process of NMV P221202 is distinctly asymmetric in
posterior view, with the lateral margin being considerably more
ventrally extended than the medial one, thereby strongly con-
stricting anteroposteriorly the tibial facet at the level of the lateral
margin of the ascending process. This condition was only observed
in megaraptorids (i.e., NMV P150070, Aerosteon, Australovenator).
The calcaneumof the Australian specimen exhibits awell developed
and obliquely oriented posteodorsal notch for the articulation with
the tibia, a condition synapomorphic of Tetanurae (i.e.,
SpinosauroideaþAvetheropoda;Holtz et al., 2004), thusweakening
the affinities originally proposed with Ceratosauria, in which this
notch is absent. In summary, we consider that the evidence to sup-
port the assignment of the astragalocalcaneum NMV P221202 to
Ceratosauria is weak and it may be preferable to identify it as an
indeterminate averostran.

Overall, taxonomic allocations of the most relevant theropod
specimens from Victoria are far from conclusive, meaning that the
paleobiogeographic signals they provide are ambiguous and
Please cite this article in press as: Novas, F.E., et al., Evolution of the carniv
Cretaceous Research (2013), http://dx.doi.org/10.1016/j.cretres.2013.04.00
preventing any convincing statement about the cosmopolitan na-
ture of the Cretaceous dinosaur fauna from being made. We
consider that the current evidence favors Gondwanan affinities for
the Australian theropod assemblages (see SI, part 6, for a quanti-
tative analysis), as evidenced by the most complete theropod
specimen from Australia, Australovenator from the Winton Forma-
tion (Hocknull et al., 2009), which is phylogenetically close to the
Patagonian megaraptorids, as demonstrated in the present paper.
In congruence with this interpretation, a number of other speci-
mens fromVictoria are also assignable toMegaraptora, including an
isolated ulna (NMV P186076; Smith et al., 2008), isolated vertebrae,
as well as an abundant collection of shed teeth (Benson et al., 2012).
We thus conclude that the theropod assemblages from Australia
can be comfortably interpreted within a Gondwanan faunal realm.

5. Theropods as evidence of provincialism across Gondwana

Because southern landmasses were joined and/or in close
proximity during the Cretaceous, the dinosaur assemblages from
Gondwana have been usually considered to have been uniformly
distributed across the entire supercontinent. It is clear that the
AptianeCenomanian continental faunas from northern Africa and
Brazil closely resemble each other (Calvo, 1999), and those from
Madagascar, India and Patagonia are also very similar in composi-
tion (Bonaparte, 1986, 1999). However, the available fossil record
suggests that Cretaceous dinosaur distribution in Gondwana was
not uniform, but rather that notable distinctions emerge when
comparing the reptile assemblages from the Sahara, Brazil, Pata-
gonia and Australia (Novas et al., 2005; Novas, 2009; Benson et al.,
2012). Such distinctions may be explained as having been due to
paleoclimatic and paleoecological conditions which impacted both
plant and animal distributions. In fact, some differences become
apparent when dinosaurian faunas from northern Gondwana (i.e.,
Sahara þ northern South America) are compared with those from
southern Gondwana (i.e., Patagonia þ Australasia), and in a palae-
obiogeographic analysis presented here, northern Gondwana and
southern Gondwana appear as separated monophyletic clades (see
SI, part 6). In fact, northern South America exhibits several simi-
larities with the fossil faunas of Saharan Africa, including the
commonpresence of arganodontid and ceratodontid-like dipnoans,
dominance of podocnemidoid pleurodire turtles, presence of
anhanguerid pterosaurs, and among theropods, the presence of
top-predatory spinosaurid and sigilmassasaurid taxa (Apesteguía,
2002; Novas et al., 2005, 2009; Agnolín, 2010; Kellner et al., 2011;
previous reports of isolated spinosaurid teeth from Patagonia were
dismissed by Bertini, 2010). On the contrary, southern Gondwanan
faunas, including those of Argentina and Australasia, are marked by
the common presence of basal dipnoans, predominance of chelid
pleurodiran turtles, and among theropods a great diversity and
abundance of megaraptorids (Apesteguía, 2002; Smith et al., 2008;
Agnolín, 2010; de la Fuente et al., 2011; see Méndez et al., 2012).

Taxonomically, the Cretaceous dinosaur fauna of Australia is
similar to the rest of Gondwana. Evidence to support this includes
the fossil assemblage recently documented in the Winton Forma-
tion, which is composed of a megaraptorid and two titanosaurian
taxa (Hocknull et al., 2009; Agnolín et al., 2010; Benson et al.,
2010a). This faunistic composition is similar to typically Patago-
nian faunas, in which both megaraptorids and titanosaurians are
recorded together. Similar assemblages remain unrecorded in other
southern and northern landmasses. The main differences between
Patagonian and Australian faunas relate to the relative abundance
of certain theropod groups, as in the case of the materials collected
from the Eumeralla Formation (late Aptianeearly Albian), Otway
Group of the Otway ranges, southwest of Melbourne, in which no
remains unambiguously referable to Abelisauroidea have been
orous dinosaurs during the Cretaceous: The evidence from Patagonia,
1



F.E. Novas et al. / Cretaceous Research xxx (2013) 1e42 33
identified so far. This is in sharp contrast with Patagonia, in which
abelisauroids are notably abundant and diverse (Novas, 2009).
Australia is known to have been home to megaraptorids during the
AptianeAlbian at least, as demonstrated by the discovery of an
isolated, but diagnostic ulna from Flat Rock locality (Smith et al.,
2008; Agnolín et al., 2010), the well preserved remains of Austral-
ovenator (Hocknull et al., 2009) which shares outstanding
Fig. 25. Temporally calibrated Gondwanan theropod tree showin
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apomorphies with Patagonian megaraptorans, and an abundant
collection of more that a hundred teeth collected by Tom Rich and
collaborators in the Flat Rocks locality recently interpreted as
belonging to Megaraptora (Benson et al., 2012). The morphology of
these teeth fits well with the morphology described for the Pata-
gonian Orkoraptor (Novas et al., 2008) and Australovenator
(Hocknull et al., 2009), in which the tooth crown shows an eight-
g their phylogenetic relationships and temporal occurrences.
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shaped cross-section at its base, strongly reduced mesial denticles,
and strongly curved mesial and distal margins of the teeth. Overall,
these fossil specimens reveal a predominance of megaraptorids in
Australia which is not seen in the remaining southern continents.
This evidence, taken in joint with the apparent absence of abeli-
sauroids in Australia, may be explained as evidence of certain de-
gree of provincialism in the context of the Gondwanan realm.
Fig. 26. Global macroevolutionary patterns of th

Please cite this article in press as: Novas, F.E., et al., Evolution of the carniv
Cretaceous Research (2013), http://dx.doi.org/10.1016/j.cretres.2013.04.00
6. Tempo and mode of the Patagonian Cretaceous theropod
macroevolution

Most, if not all, of the theropod lineages that inhabited Pata-
gonia and the rest of Gondwana during the Cretaceous originated
during the Jurassic (Makovicky et al., 2005; Zhang et al., 2008; Hu
et al., 2009) (Figs. 25, 26). The Gondwanan Jurassic theropod
eropod dinosaurs along the Late Mesozoic.
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record is strongly biased and represented by a small number of
widely dispersed assemblages of disparate age: the latest Early
Jurassiceearly Middle Jurassic Cañadon Asfalto Formation, the
Kimmeridgian Tendaguru beds, and the Early Jurassic Toundoute
series (Janensch, 1925; Bonaparte, 1986; Rauhut, 2005, 2011;
Weishampel et al., 2004; Allain et al., 2007). These Jurassic Gond-
wanan assemblages have yielded basal tetanurans (e.g. Piatnitzky-
saurus, Condorraptor), basal ceratosaurians (e.g. Elaphrosaurus,
Eoabelisaurus, Berberosaurus) and basal allosauroids (e.g. “Allo-
saurus tendagurensis”, Veterupristisaurus) (Janensch, 1925;
Bonaparte, 1986; Rauhut, 2005, 2011). To date, no coelurosaurian
remains have been reported from the Jurassic of the southern
continents. In contrast, the Jurassic Laurasian record is taxonomi-
cally richer and includes basal ceratosaurians, basal tetanurans,
plus a wide array of coelurosaurian clades (e.g., tyrannosauroids,
compsognathids, scansoriopterygids, archaeopterygids; Rauhut,
2003; Zhang et al., 2008; Xu et al., 2011a). This rich Laurasian re-
cord allows recognition of a peak in origination index at the
Bathonian (Fig. 27). At this age a disparate set of tetanuran lineages
is recorded for the first time, as represented by basal tyrannosau-
roids (i.e., Proceratosaurus; Rauhut, 2005; Rauhut et al., 2010),
bizarre oviraptorosaurs (e.g., Epidendrosaurus; Agnolín and Novas,
2013), and basal avialans (Anchiornis; Agnolín and Novas, 2013),
indicating that an overall theropod phylogenetic branching was
well underway since the Bathonian at least (Figs. 25, 26, 28).
Additionally, the Laurasian record suggests a significant extinction
event occurred at the JurassiceCretaceous boundary (p < 0.001),
which is in agreement with a mass extinction event recognized for
other continental and marine biotas (Raup and Sepkoski, 1984)
(Fig. 27). The poor Gondwanan theropod record does indicate
extinction events similar to those in Laurasia (p ¼ 0.785, it does not
depart from background extinction levels) (Table 1).
Fig. 27. Comparative graphic showing origination (red) and extinction (blue) indexes
of theropods in Laurasia (top) and Gondwana (bottom). The asterisks depict extinction
events significantly differing from background extinction levels after bootstrapping.
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The theropod record in Gondwana is also poor during the start
of the Early Cretaceous (i.e. BerriasianeBarremian; Fig. 25). In
Patagonia, two sedimentary units yielded theropod remains from
this epoch: the Valanginian Bajada Colorada Formation, which
provided scarce remains of basal tetanurans (Apesteguia and
Bonaparte, 2004; Gianechini et al., 2011a), and the late Barre-
mianeearly Aptian La Amarga Formation, which yielded the basal
abelisauroid Ligabueino and some indeterminate theropod teeth
(Bonaparte, 1996). Thus, knowledge of the Gondwanan theropod
assemblages from this time interval is not sufficient to allow reli-
able recognition of macroevolutionary patters. However, the richer
Laurasian record indicates a peak in the theropod origination index
for the BerriasianeBarremian (Fig. 26; see SI part 1). This peak
corresponds to the taxonomic diversification of several tetanuran
clades during the Barremian, including spinosaurids, carchar-
odontosaurids, ornithomimosaurs, therizinosauroids, oviraptor-
osaurs, troodontids, dromaeosaurids and ornithurines.
Nevertheless, it should be noted that the ghost lineages of these
clades and the oldest body fossil remains suggest Middle Jurassic
origins (e.g., Makovicky et al., 2005; Hu et al., 2009; Choiniere et al.,
2010b; Rauhut, 2011) (Figs. 25, 27).

The AptianeAlbian record from Gondwana reveals a diverse
theropod fauna composed of ceratosaurs, spinosaurids, carchar-
odontosaurids and basal coelurosaurs (Bonaparte, 1986; Sereno
et al., 1996, 1998; Leanza et al., 2004; Novas, 2009) (Fig. 28).
Nevertheless, the Patagonian record is still restricted to a small
number of specimens, including the purported ceratosaurid Gen-
yodectes (Rauhut, 2004), the carcharodontosaurid Tyrannotitan
(Novas et al., 2005), and two isolated abelisaurid caudal vertebrae
(Rauhut et al., 2003). Thus the major predatory lineages that
dominated early Late Cretaceous terrestrial ecosystems in Patagonia
first appear in the terminal Early Cretaceous. It should be noted that
a high origination peak is recorded for the AptianeCenomanian in
Gondwana (Fig. 27). However, this peak seems to be an artifact
resulting from the almost unknown southern theropod record prior
to the AptianeAlbian (Weishampel et al., 2004). In Laurasia we
observe a significant extinction event in the AptianeAlbian
(p ¼ 0.001 and p < 0.001 for the Aptian and Albian, respectevely),
which is not recorded in the southern record (p ¼ 0.545 and
p ¼ 0.727). The available AptianeAlbian theropod record from
Gondwana suggests that the extinction observed in Laurasia may
constitute a regional event (Table 1). All major theropod lineages
known from themid-Cretaceous of Gondwana (e.g., ceratosaurians,
spinosaurids, carcharodontosaurids, megaraptorids) are also
recorded in the early Late Cretaceous (Novas, 2009).

In the CenomanianeConiacian we recognize high extinction
indices in Gondwana (0.58 and 0.67), but only the TuronianeCon-
iacian value significantly departs from background extinction levels
(p¼ 0.048) (Table 1). In the Cenomanian the spinosaurids and some
basal coelurosaurs went extinct along with basal abelisaurids and
carcharodontosaurids (Novas et al., 2005) (Figs. 27, 28). A similar
faunal extinction and replacement may be seen in other vertebrate
groups such as dipnoans (Apesteguía et al., 2007; Agnolín, 2010),
rebbachisaurid sauropods (Apesteguía, 2002; Novas et al., 2005;
Salgado and Coria, 2005), crocodylomorphs and turtles. In the case
of turtles, the early and mid-Cretaceous record appears to be
dominated by Prochelidella-like chelids, whereas in post-
Cenomanian beds they are replaced by larger more modern chel-
ids and podocnemidoids (Lapparent de Broin and de la Fuente,
2001; de la Fuente et al., 2011). Regarding crocodylomorphs, spe-
cies of Araripesuchus numerically dominate AptianeTuronian beds
of Argentina and Brazil (Price, 1959; Ortega et al., 2000; Pol and
Apesteguía, 2005), but they are replaced by more derived noto-
suchians by TuronianeSantonian times (Bonaparte, 1991b). The
Gondwanan TuronianeConiacian theropod record is almost
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Fig. 28. Macroevolutionary patterns of theropod dinosaurs in the Late Mesozoic of Gondwana.

F.E. Novas et al. / Cretaceous Research xxx (2013) 1e4236
represented by Patagonian forms. At this stage the Patagonian
theropod assemblages suffered high extinction rates, including the
last record of carcharodontosaurids (Novas, 2009). In addition,
abelisaurids, megaraptorids, and unenlagiids lost several of their
genera (Fig. 25). Aside from theropods, diplodocimorphs went
extinct by the end of the Cenomanian, and most non-saltasaurine
titanosaurs vanished by the end of the TuronianeConiacian (Coria
and Salgado, 2003; Salgado and Coria, 2005). In this regard, the
different taxonomic selectivity between the Cenomanian and
TuronianeConiacian events suggests that they were caused by
different processes acting over several million years, rather than a
single extinction event. In contrast, the CenomanianeConiacian
time span exhibited a strong fall in the values of origination indices
(Fig. 27). In our analysis, focused on theropod dinosaurs, no Cen-
omanian or TuronianeConiacian extinctions are evident in the
fossil record of the northern continents (Table 1) (Weishampel
et al., 2004). However, it must be noted that some authors have
documented important changes in terrestrial vertebrate faunal
composition in Laurasia by Cenomanian times (Jacobs andWinkler,
1998). In addition, and also contrasting with the southern theropod
faunas, a peak in the origination index is observed for the Laurasian
faunas after the AptianeAlbian mass extinction, due to the diver-
sification of derived therizinosauroids and ornithomimids.
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By the end of the Late Cretaceous, bothGondwanan andLaurasian
theropod assemblages shared a similar macroevolutionary pattern,
consisting of a continuous increase of extinction levels (Fig. 27;
Table 1) until reaching the KT boundary, and a peak in species orig-
ination by the end of the Campanian. Gondwana exhibits a dinosaur
faunal composition during the SantonianeMaastrichtian differing
from those previous to the TuronianeConiacian extinction event,
including a diversification of “noasaurids”, derived abelisaurids,
alvarezsaurids and birds (Bonaparte, 1991a, 1999; Novas, 1997a;
Apesteguía, 2002; Agnolín and Martinelli, 2009). During the Santo-
nian, the last megaraptorids are recorded in Patagonia (Porfiri et al.,
2008; Gianechini et al., 2011b) and during the Maastrichtian the
unenlagiids reached the position of top predators alongside abeli-
saurids innorthernPatagonia (Novas et al., 2009). The compositionof
the ornithischian faunasunderwentmajor change in Patagonia at the
SantonianeCampanian boundary. Small to medium-sized basal
euiguanodontids usually recovered in Cenomanian and Santonian
beds were replaced in the CampanianeMaastrichtian by larger and
abundant hadrosauriforms and basal ankylosaurians (Brett-Surman,
1979; Bonaparte, 1984; Salgado and Coria, 1996).

In conclusion, theropod faunas from Gondwana underwent
macroevolutionary pathways seemingly differing from those from
Laurasia, with a lack of synchronicity in origination peaks and
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Table 1
Extinction indexes and results of the non-parametric statistical analyses for the
Gondwanan and Laurasian theropod semi-strict supertrees.

Time-slice Extinction index P-value Upper boundary

Laurasia
Aalenian 0.0000 0.001* 172
Bajocian 0.1818 0.982 168
Bathonian 0.2000 0.759 165
Callovian 0.1481 0.512 161
Oxfordian 0.2308 0.485 156
Kimmeridgian 0.1304 0.219 151
Tithonian 0.4000 <0.001* 145.5
BerriasianeBarremian 0.2273 0.973 125
Aptian 0.4286 0.001* 112
Albian 0.4643 <0.001* 99.6
Cenomanian 0.0000 <0.001* 93.5
TuronianeConiacian 0.2308 0.271 85.8
Santonian 0.2500 0.393 83.5
Campanian 0.3600 0.500 70.6
Maastrichtian 0.9737 <0.001* 65.5

Gondwana
Aalenian 0.3333 0.334 172
BajocianeKimmerigdian 0.2000 0.524 151
Tithonian 0.2500 0.785 145.5
BerriasianeBarremian 0.2000 0.250 125
Aptian 0.4444 0.545 112
Albian 0.4545 0.727 99.6
Cenomanian 0.5789 0.232 93.5
TuronianeConiacian 0.6667 0.048* 85.8
Santonian 0.4286 0.635 83.5
Campanian 0.4286 0.336 70.6
Maastrichtian 0.8889 0.005* 65.5

Bold letter indicates time-slices with high extinction indexes.
Asterisks indicate high P-value.
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extinction events occurring on both supercontinents (Fig. 27).
Gondwana lacks evidence of an extinction event that affected
Laurasia during AptianeAlbian times (Table 1), as well as the high
origination peak during the Cenomanian in Laurasia. Additionally,
the extinction event recognized in Gondwana for the Cenomanian
and TuronianeConiacian, is not evidenced in Laurasia.

7. Conclusions

7.1. Abelisauroidea is the best represented theropod clade in the
Cretaceous beds of Patagonia. The monophyly of Noasauridae and
the intrarelationships among basal abelisauroids and derived abe-
lisaurids remain an open question. Recent work agrees regarding
the monophyly of Abelisauridae, and Canale et al. (2009) have
recognized the Brachyrostra as a less inclusive clade of South
American abelisaurids.

7.2. Carcharodontosaurid theropods played the role of top
predators in Patagonia and Africa from Aptian through Coniacian
times, but apparently attained their maximum diversity during the
Cenomanian. The carcharodontosaurids achieved a global distri-
bution during the mid-Cretaceous and their presence has been
recently documented in Asia. The clade Giganotosaurinae includes
a suite of giant South American forms.

7.3. Recent interpretations allow recognition ofMegaraptora as a
clade of mid- to large-bodied cosmopolitan allosauroid theropods
(e.g., Brusatte and Sereno, 2008; Hocknull et al., 2009; Benson et al.,
2010a). However, we recover megaraptorans not only inside Coe-
lurosauria, but also as probable members of Tyrannosauroidea. This
phylogenetic hypothesis lends support to the interpretation that
Patagonia, and probably also the rest of Gondwana, was a cradle for
the evolutionary radiation of awide variety of basal coelurosaurians.

7.4. The alvarezsaurids were a group of small coelurosaurs,
recorded in latest Cretaceous beds of Patagonia. The Patagonian
forms are plesiomorphic with respect to those recovered in
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northern continents. A recent phylogenetic analysis has found a
monophyletic clade of South American forms, including the Turo-
nian Patagonykus and the Maastrichtian Bonapartenykus, both from
northwestern Patagonia.

7.5. The unenlagiids seem to represent an endemic clade of
South American derived coelurosaurs. They ranged from small to
large forms with a disparate forelimb anatomy and proportions.
Although they were interpreted as members of Dromaeosauridae,
recent phylogenetic analyses have recovered them as basal avialans
closely related to birds.

7.6. The Patagonian Cretaceous theropod record has contributed
to the understanding of the global historical paleobiogeography.
Late Mesozoic paleobiogeography has been characterized by a
distinction between the northern territories of Laurasia and the
southern landmasses of Gondwana. The repeated discovery of
Gondwanan lineages in some of the Laurasian continents has led to
alternative scenarios explaining these anomalous occurrences. In
order to explain these paleobiogeographic patterns, a new model
has been recently proposed, in which Europe and ‘Gondwanan’
territories possessed a common Eurogondwanan fauna during the
earliest Cretaceous. Subsequently, following the Hauterivian, the
European territories severed from Africa and after isolation then
connected to Asiamerica resulting in a faunal interchange. This
model explains the presence of ‘Gondwanan’ taxa in Laurasia and
the absence of Laurasian forms in the southern territories during
the Cretaceous.

7.7. The Gondwanan theropod record suggests the presence of
provincialism in the southern landmasses during the Cretaceous.
Northern South America presents closer biogeographic affinities
with Africa and southern South America with Australasia. However,
the Australasian theropod assemblage differs from that of other
Gondwanan areas in its abundance of megaraptorids and probable
absence of abelisaurids, carcharodontosaurids and spinosaurids.

7.8. The Late Cretaceous macroevolutionary patterns observed
in Gondwana differ from those recorded in the northern conti-
nents. These differences include the occurrence of extinction
events during the Cenomanian and TuronianeConiacian in
Gondwana that are not recorded in northern dinosaur assem-
blages. Although the theropod assemblages of Gondwana and
Laurasia were distinctly different to each other, assemblages from
both continents show a common macroevolutionary pattern dur-
ing post-Coniacian times.
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