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ARTICLE

THEMALAGASY CYNODONTMENADON BESAIRIEI (CYNODONTIA;
TRAVERSODONTIDAE) IN THEMIDDLE–UPPER TRIASSIC OF BRAZIL
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1Departamento de Paleontologia e Estratigrafia, Instituto de Geociências, Universidade Federal do Rio Grande do Sul, Av. Bento
Gonçalves, 9500, pr�edio 43127, Caixa Postal 15001, CEP 91501-970, Bairro Agronomia, Porto Alegre, Rio Grande do Sul, Brazil

tomaz.melo@gmail.com
2Evolutionary Studies Institute, University of the Witwatersrand, Private Bag 3, WITS 2050, Johannesburg, South Africa

nestor.abdala@wits.ac.za; marina.soares@ufrgs.br

ABSTRACT—The traversodontid cynodontMenadon besairiei, previously known from the ‘Isalo II’ group of Madagascar, is
reported for the first time from the Triassic of southern Brazil. New material referable to M. besairiei was collected in the
Schoenstatt outcrop (Santa Cruz do Sul municipality), which belongs to the Santacruzodon Assemblage Zone (Carnian) in
the Santa Maria Supersequence. Their attribution to the Malagasy taxon is based on the presence of a deep snout; four upper
incisors, with procumbent first and second incisors, and three lower, procumbent incisors; five upper postcanines, the first one
‘peg-like’; six lower postcanines, the two most anterior and the most posterior being reduced; the quadrangular form of the
postcanines; a pterygoid reaching the jugal and excluding the maxilla from the suborbital fenestra; a mandible with a tall
coronoid process covering the last lower postcanine laterally; and a posteriorly projected angular process. A cladistic analysis
of traversodontid cynodonts was performed based on a matrix composed of 30 taxa and 78 characters. In the resulting trees,
M. besairiei nested within the clade Gomphodontosuchinae, the only traversodontid subclade reasonably well supported.
Thus, the presence of M. besairiei is established in the Santa Cruz do Sul fauna, constituting the first record for South
America and confirming the previously proposed biostratigraphic correlation between the ‘Isalo II’ and the Santacruzodon
Assemblage Zone.

Citation for this article: Melo, T. P., F. Abdala, and M. B. Soares. 2015. The Malagasy Cynodont Menadon
Besairiei (Cynodontia; Traversodontidae) in the Middle–Upper Triassic of Brazil. Journal of Vertebrate Paleontology.
DOI: 10.1080/02724634.2014.1002562.

INTRODUCTION

Traversodontids are one of the most diverse groups of non-
mammaliaform cynodonts. The earliest records of this clade are
from the Middle Triassic (Anisian) of South America and Africa,
and it becomes a cosmopolitan lineage towards the end of the
Middle Triassic and into the Late Triassic (Bonaparte, 1962;
Chatterjee, 1982; Gow and Hancox, 1993; Sues et al., 1999; Bat-
tail and Surkov, 2000; Abdala et al., 2001; Kemp, 2005; Kam-
merer et al., 2008; Abdala and Ribeiro, 2010). The success of the
group is usually interpreted as being related to adaptations for
oral processing of food (Hopson, 1984; Goswami et al., 2005),
including labiolingually expanded postcanines that show a rela-
tively complex occlusal pattern (Crompton, 1972; Kemp, 1980;
Go~ni and Goin, 1990).
Knowledge about these herbivorous cynodonts has grown con-

siderably since the first contributions by Huene (1928, 1936),
who described the first representative of the traversodontids, dis-
covered in the Middle Triassic of Brazil. At least four new spe-
cies of this group have been recognized from Triassic Brazilian
faunas in the last decade (Abdala et al., 2002; Abdala and
Ribeiro, 2003; Abdala and Sa-Teixeira, 2004; Reichel et al.,
2009). This is more than has been described in the rest of the
world during this period (Abdala and Ribeiro, 2010; Liu and
Abdala, 2014). Traversodontids underwent a remarkable

diversification during the Middle Triassic, although this was
mostly restricted to a Gondwandan faunal event (Abdala and
Ribeiro, 2010). Therefore, the study of the diverse traversodon-
tid cynodonts in fossil assemblages from the Santa Maria Super-
sequence is of prime importance for our understanding of the
diversification of this group and also for understanding morpho-
logical changes in this lineage seen in the transitional fauna of
Santa Cruz do Sul (see below).
The Pinheiros-Chiniqu�a Sequence of Horn et al. (2014) Zerfass

et al. (2003) (D base of the Santa Maria Formation sensu Andreis
et al., 1980; base of the Santa Maria 1 Sequence of Zerfass et al.,
2003) is represented by the Dinodontosaurus Assemblage Zone
(Schultz et al., 2000), which includes the following traversodon-
tids: Traversodon stahleckeri, Massetognathus ochagaviae,
Luangwa sudamericana, and Protuberum cabralense (Huene,
1936; Barberena, 1981a, 1981b; Abdala and Sa-Teixeira, 2004;
Liu et al., 2008; Reichel et al., 2009; Kammerer, 2014). In the
younger Hyperodapedon Assemblage Zone (Candel�aria
Sequence of Horn et al., 2014; D base of the Santa Maria 2
Sequence of Zerfass et al., 2003) there are two traversodontids:
the abundant Exaeretodon riograndensis and the extremely rare
Gomphodontosuchus brasiliensis, which is known only from the
type specimen (Huene, 1928; Hopson, 1985; Schultz et al., 2000;
Abdala et al., 2002). In the more recently proposed Santacruzo-
don Assemblage Zone (Soares et al., 2011a; originally defined as
the ‘Traversodontid Biozone’ by Abdala et al., 2001), which is
considered to be temporally intermediate between the two previ-
ous assemblage zones, there is a remarkable dominance of*Corresponding author.
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traversodontid cynodonts (Abdala et al., 2001; Soares et al.,
2011a; Raugust et al., 2013). From this faunal association Santa-
cruzodon hopsoni (Abdala and Ribeiro, 2003), Menadon sp.
(Melo et al., 2009), and forms defined as Massetognathus-like,
which have not yet been formally described, have been identified.
In this contribution we present a detailed description of

recently discovered specimens of traversodontids from the San-
tacruzodon Assemblage Zone, including a nearly complete cra-
nium and several partial lower jaws, previously reported by
Melo et al. (2009; UFRGS-PV-1164-T and UFRGS-PV-1165-T).
The morphology of these specimens indicates that they belong to
Menadon besairiei, previously known only from Madagascar.
Institutional Abbreviations—FMNH, Field Museum of Natu-

ral History, Chicago, Illinois, U.S.A.; GPIT, Institut und
Museum f€ur Geologie und Pal€aontologie der Universit€at
T€ubingen, T€ubingen, Germany; UA, Universit�e d’Antananarivo,
Antananarivo, Madagascar; UFRGS-PV, Universidade Federal
do Rio Grande do Sul, Porto Alegre, Brazil.

STUDY AREAAND BIOSTRATIGRAPHY

A new faunal association with a marked predominance of tra-
versodontid cynodonts was discovered in 1998 on the outskirts of
Santa Cruz do Sul City, southern Brazil. This fauna was origi-
nally recorded only from the Schoenstatt outcrop, located at the
side of the road RS 471 (Fig. 1A).
The Schoenstatt outcrop (UTM zone 22; 359767E, 6709062N)

is represented by approximately 20 m of massive mudstones

interpreted as floodplain deposits, followed by 15 m of non-fos-
siliferous sandstones representing channel facies (Bertoni-
Machado and Holz, 2006).
Abdala et al. (2001) recognized four types of traversodontids

in the Santa Cruz do Sul fauna (termed types I–IV). Type I
traversodontids were interpreted as closely related to Gompho-
dontosuchus (Hopson, 1985), Menadon (Flynn et al., 2000), Sca-
lenodontoides (Gow and Hancox, 1993), and Exaeretodon
(Bonaparte, 1962). Type II was considered similar to Dadadon
(Flynn et al., 2000; Ranivoharimanana et al., 2011; Kammerer
et al., 2012); type III was similar to Massetognathus (Romer,
1967), and type IV was represented by a small fragment of max-
illa with postcanines, resembling the Laurasian traversodontid
Boreogomphodon (Sues and Olsen, 1990; Liu and Sues, 2010;
Sues and Hopson, 2010).
In addition to traversodontid cynodonts, there are also records

of chiniquodontid cynodonts (Abdala et al., 2001), cf. Probai-
nognathus (Soares et al., 2011a), and the proterochampsian arch-
osauromorph Chanaresuchus bonapartei (Raugust et al., 2013).
Bertoni-Machado and Holz (2006) interpreted these fossil

accumulations as being produced by biogenic action. This assem-
blage is predominantly composed of skulls and lower jaws with-
out preferential orientation. The authors have interpreted these
remains as portions of the skeleton that are generally discarded
by vertebrate scavengers or predators.
The co-occurrence of some South American Ladinian forms

(e.g., Massetognathus-like material) and forms also found in the
Ladinian–Carnian ‘Isalo II’ beds from Madagascar (e.g., the

FIGURE 1. A, map of the Paran�a Basin, South America and lithostratigraphy of the area of study (modified from Soares et al., 2011a); B, chrono-
stratigraphy of the southern Brazilian Triassic and depositional sequences (modified from Horn et al., 2014), biostratigraphy after Schultz et al.
(2000) and Soares et al. (2011a), ages after Gradstein et al. (2012).

Melo et al.—Malagasy cynodont from Brazil (e1002562-2)
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Dadadon-like Santacruzodon; Flynn et al., 2000) was considered
similar to those found in the fossiliferous deposits of Santa Cruz
do Sul, which represent a distinct Ladinian–Carnian biostrati-
graphic unit. Abdala et al. (2001) defined it as the Traversodon-
tid Biozone. This unit is temporally intermediate between
the Dinodontosaurus and Hyperodapedon assemblage zones
(Abdala et al., 2001; Schultz et al., 2000). Modifications to the
geological time scale (Gradstein et al., 2012) indicate that the
age of the Argentine Ischigualasto Formation (Furin et al., 2006;
Rogers et al., 1993) and, by correlation, the Hyperodapedon
Assemblage Zone, is Carnian/Norian. Thus, the Santacruzodon
Assemblage Zone could possibly be Early Carnian (Liu and
Abdala, 2014). In fact, according to U-Pb dating from the
Schoenstatt outcrop, Philipp et al. (2013) have defined an U-Pb
isochrone of 236 C 1.5 Ma, which marks the maximum age limit
of the Santa Maria Santa Cruz Sequence in which the Santacru-
zodonAssemblage Zone is recognized.
Of the four originally differentiated traversodontid morpho-

types of traversodontids from the Santa Cruz do Sul fauna
(Abdala et al., 2001), only type II has been formally described
and named Santacruzodon hopsoni (Abdala and Ribeiro, 2003),
a species endemic to this Brazilian fauna. The single specimen
representing type IV was recently also reinterpreted as a speci-
men of S. hopsoni (Soares et al., 2011a). Considering that S. hop-
soni is unique to this fauna, Soares et al. (2011a) proposed
naming this unit the Santacruzodon Assemblage Zone, replacing
the Traversodontid Biozone originally proposed by Abdala et al.
(2001) (Fig. 1B).
More recently, traversodontids with similarities to those from

Santa Cruz do Sul were discovered in two other outcrops in the
Venâncio Aires and Vera Cruz municipalities in Rio Grande do
Sul (Reichel et al., 2005; Melo et al., 2010; Soares et al., 2011b).
In addition to the morphological similarities of the traversodon-
tids, the fossils from these three localities show the same diage-
netic pattern, with a predominance of quartz permineralization,
differing from other Triassic localities (Dinodontosaurus and
Hyperodapedon assemblage zones) where there is a predomi-
nance of calcitic permineralization (Reichel et al., 2005; Teixeira
et al., 2010). This new information allows for the geographic
expansion of the SantacruzodonAssemblage Zone.

SYSTEMATIC PALEONTOLOGY

THERAPSIDA Broom, 1905
CYNODONTIA Owen, 1861

EUCYNODONTIA Kemp, 1982
TRAVERSODONTIDAE Huene, 1936 (sensu Kammerer,

Flynn, Ranivoharimanana, and Wyss, 2008)
MENADON BESAIRIEI Flynn, Parrish, Rakotosamimanana,

Ranivoharimanana, Simpson, and Wyss, 2000

Holotype—UA 10601, partial skull.

Additional Specimens—From Madagascar: FMNH PR 2444,
partial skull and postcranial material; FMNH PR 2104, isolated
lower jaw. From Brazil: UFRGS-PV-0269-T, dentaries of a juve-
nile; UFRGS-PV-0434-T, dentaries; UFRGS-PV-0891-T, incom-
plete lower jaw; UFRGS-PV-0903-T, snout; UFRGS-PV-0905-
T, lower jaw; UFRGS-PV-1054-T, dentaries (432 in Abdala
et al., 2001); UFRGS-PV-1164-T, nearly complete skull;
UFRGS-PV-1165-T, dentaries, right maxilla, and left premaxilla;
MCN-PV 0505, dentaries; MCN-PV 2750, skull associated with
vertebrae, a scapula-coracoid, and other postcranial bones.

Geographic Provenance and Age—Basal ‘Isalo II’ (D For-
maç~ao Makay [sensu Razafimbelo, 1987]), Morondava Basin,
Madagascar; Santacruzodon Assemblage Zone, Santa Cruz do
Sul, Paran�a Basin, Brazil (Flynn et al., 1999; Abdala et al.,
2001). Late Triassic (Gradstein et al., 2012).

Emended Diagnosis—Traversodontid with four large upper
incisors, I1 and I2 being procumbent and I3 and I4 caniniform;
I4 recurved and serrated; upper canine similar in size to incisors;
canine anteriorly tilted, with its alveolus labiolingually narrower
than those of the incisors; absence of diastema between last
upper incisor and canine; eight upper postcanines; i1 to i3
procumbent; six to seven lower postcanines, quadrangular to
trapezoidal in occlusal view; last lower postcanine reduced in
size; suborbital process of jugal absent; ventral process of squa-
mosal in the zygoma laterally covering the quadrate-quadratoju-
gal complex.

COMPARATIVE DESCRIPTION

General Morphology of the Skull

The most complete skull, UFRGS-PV-1164-T, is laterally
compressed, but is markedly similar to the skull of Menadon
besairiei (FMNH PR 2444), described by Kammerer et al.
(2008). The Brazilian skull, UFRGS-PV-1164-T, is more com-
plete than FMNH PR 2444 and preserves the entire postorbital
region, except for the quadrate and quadratojugal. In addition, a
nearly complete postcanine dentition is preserved in the Brazil-
ian specimen from Santa Cruz do Sul. In relation to Exaeretodon,
the skull of UFRGS-PV-1164-T is elevated, with the preorbital
region shorter than the postorbital. The lateral platform of the
maxilla is less pronounced than in other traversodontids such as
Massetognathus and Santacruzodon (Figs. 2 and 3).

Snout

The snout of UFRGS-PV-1164-T is indistinguishable from
that of Menadon specimen FMNH PR 2444 (Kammerer et al.,
2008). As in the Malagasy specimen, it is quite tall, a trait also
present in Gomphodontosuchus (Hopson, 1985), Protuberum
(Reichel et al., 2009), and in juveniles of Exaeretodon (Abdala
et al., 2002). The snout morphology does not seem to be affected
by taphonomic deformation present in the Brazilian specimen
from Santa Cruz do Sul.
In palatal view, the anterior margin of the premaxilla is semi-

circular, with a more marked convexity than in FMNH PR 2444.
The holotype (UA 10601) seems to have a more pointed anterior
margin, although it may be a result of postmortem deformation.
In lateral view, the narial opening is bordered anterodorsally by

the premaxilla and posterodorsally by the septomaxilla. The con-
tact between the premaxilla andmaxilla is observed in the postero-
dorsal margin of the former, at the level of the septomaxillary
foramen. The premaxilla is deep below the nares, similar to that of
FMNH PR 2444 (Kammerer et al., 2008) and Protuberum
(Reichel et al., 2009). The holotype of M. besairiei (Flynn et al.,
2000) has a much shallower premaxilla, as in Exaeretodon (Bona-
parte, 1962;Abdala et al., 2002), probably due to distortion.
The internarial process of the premaxilla, which forms the

anterior border of the external naris, is well developed and
nearly complete, anteriorly bordering the external naris. This
opening is bordered anteroventrally by the premaxilla, postero-
ventrally by the maxilla, and dorsally by the nasal.
Sutures of most of the elements in the snout are not clear

because of the fracturing of bones in this region. In general, the
configuration of the maxilla, nasal, and lacrimal seems to be simi-
lar to that of Menadon (Kammerer et al., 2008) and also similar
to other traversodontids (Barberena, 1974).
The maxilla has a constriction behind the canines, and the

postcanine teeth are located medially in relation to the canines.
The maxilla-jugal suture is positioned anteroventral to the orbit.

Orbit and Zygoma

The orbits are semicircular, high and located laterally, resem-
bling Protuberum and probably Gomphodontosuchus and less

Melo et al.—Malagasy cynodont from Brazil (e1002562-3)
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FIGURE 2. Skull ofMenadon besairiei, UFRGS-PV-1164-T.A, right lateral view; B, ventral view; C, dorsal view. Scale bar equals 1 cm.

Melo et al.—Malagasy cynodont from Brazil (e1002562-4)
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FIGURE 3. Interpretative drawing of the skull of Menadon besairiei, UFRGS-PV-1164-T. A, right lateral view; B, ventral view; C, dorsal view.
Abbreviations: 1–5, postcanine dentition; Bo, basioccipital; Bsf, basisphenoid; caep, cavum epiptericum; Ept, epipterygoid; F, frontal; jf, jugular fora-
men; Ju, jugal; La, lacrimal; Mx, maxilla; Na, nasal; occ, occipital condyles; Op, opisthotic; P, parietal; Pa, palatine; Pf, prefrontal; Pmx, premaxilla;
Po, postorbital; prfs, paracanine fossa; Pro, prootic; Psf, parasphenoid; Pt, pterygoid; smf, septomaxillar foramen; Smx, septomaxilla; Sq, squamosal;
tf, trigeminal foramen; tp, transverse process of the pterygoid. Scale bar equals 1 cm.

Melo et al.—Malagasy cynodont from Brazil (e1002562-5)
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dorsally placed than in Exaeretodon and Massetognathus. The
postorbitals form the posterodorsal posterior margin of the orbit,
overlapping the prefrontals and covering them anteriorly and
extending back over one-third of the sagittal crest. The lacrimal
and prefrontals form the anterodorsal portion of the orbit.
The prefrontal seems to be a rectangular bone; however, frag-
mentation of the bone on both sides of the skull makes interpre-
tation of its sutures difficult.
The jugal borders the posteroventral half of the orbit and con-

tacts the postorbital. The anterior portion of the jugal contacts
the lacrimal dorsally, the maxilla anteroventrally, and the ptery-
goid ventrally. As is observed in traversodontids (with the excep-
tion of Exaeretodon), a dorsolateral projection of the pterygoid
excludes the maxilla from the margin of the suborbital fenestra
(Kammerer et al., 2008).
The zygoma is elevated, very similar to that of Exaeretodon

and Malagasy Menadon specimens (Bonaparte, 1962; Kammerer
et al., 2008). The dorsal margin of the zygoma does not surpass
the dorsal margin of the orbit, being located at mid-orbital
height, as in Menadon from Madagascar (Flynn et al., 2000).
Similar to Menadon and Massetognathus (Romer, 1967; Kam-
merer et al., 2008; Liu et al., 2008), there is no suborbital process
of the zygoma (also termed the descending process of the jugal).
On the contrary, this process is strongly developed in Exaereto-
don (Abdala et al., 2002) and, to a lesser extent, in Protuberum
(Reichel et al., 2009).
Posterior to the orbit, the jugal is divided by the anterior pro-

jection of the squamosal into a short dorsal process and a long
and robust ventral one. This condition is similar to that in Exaer-
etodon (Bonaparte, 1962; Abdala et al., 2002) and Scalenodon-
toides (Gow and Hancox, 2003), but with the dorsal projection
proportionally smaller and the ventral one less robust and less
ventrally directed, as in Protuberum (Reichel et al., 2009) and
Malagasy Menadon (Flynn et al., 2000). The ventral projection
of the jugal extends to the sulcus of the squamosal that lodges
the quadrate and quadratojugal.
In the squamosal, the zygomatic and cranial portions are sepa-

rated by a deep ‘V’-shaped incision typical of gomphodont cyno-
donts (Fig. 4). The zygomatic portion of the squamosal
represents the posterodorsal half of the zygomatic arch.

Skull Roof

The sutures of the skull roof are difficult to interpret. The fron-
tal is short, of similar anteroposterior length to the prefrontal. It
is possible to recognize the sutures between the frontals and
between the left prefrontal and frontal of UFRGS-PV-1164-T,
which are jagged lines, running parallel to the sagittal plane of
the skull.
The anterior margin of the frontal seems to be located at the

level of the anterior border of the orbit, as is the case in Exaereto-
don (Bonaparte, 1962). As reported by Kammerer et al. (2008)
for Malagasy Menadon, a prominent interorbital depression is
observed in the entire region in which the frontals are located.
The posterior portions of both frontals form a wedge between the
anterior portions of the parietals. At the junction between the
frontal, parietal, and postorbital, the low sagittal crest ascends
posteriorly above the level of the interorbital roof. As in most tra-
versodontids, the crest is slightly higher than the skull at the level
of the parietal-frontal suture and extends to the lambdoid crests
for most of the length of the temporal fenestra, unlike in Protube-
rum (Reichel et al., 2009) and Scalenodontoides (Battail, 2005).
Only a fragment of the skull ofMenadon described by Kammerer
et al. (2008) preserves part of the sagittal crest, which looks simi-
lar to the crest represented in UFRGS-PV-1164-T.
In the first one-third of the parietals, there is a cleft between

these elements, at the place where the parietal foramen is usually

located in other traversodontids (e.g., Protuberum, Traversodon,
Luangwa), but there is no defined foramen.

Occiput

The occiput of UFRGS-PV-1164-T is laterally compressed,
resembling an isosceles triangle with the angle of divergence of
the lambdoid crests being approximately 60 degrees. The fora-
men magnum is high and ovoid, albeit also deformed by lateral
compression. The condition of the occipital plate in the Brazilian

FIGURE 4. A, posterior view of the skull of Menadon besairiei,
UFRGS-PV-1164-T; B, interpretative drawing. Abbreviations: Bo,
basioccipital; Eo, exoccipital; fm, foramen magnum; Ip, interparietal; Ju,
jugal; Op, opisthotic; Po, postorbital; ptc, posttemporal canal; So, supra-
occipital; Sq, squamosal; T, tabular. Both scale bars equal 1 cm.

Melo et al.—Malagasy cynodont from Brazil (e1002562-6)
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specimen is similar to that in FMNH PR 2444 and different from
that in the holotype, in which the foramen magnum is more cir-
cular. The occipital condyles are well developed and separated
by a sulcus formed by the basioccipital. A short paroccipital pro-
cess of the opisthotic is in contact laterally with the base of the
zygomatic process of the squamosal lateral to the occipital con-
dyle. The narrow lambdoid crest projects posterolaterally, its
dorsal margin being formed by the cranial process of the squa-
mosal, which extends ventrolaterally to the base of the crest
where it forms a ‘V’-shaped angle with the zygomatic process of
the squamosal.
An elongated supraoccipital is located above the foramen

magnum and is in contact with the tabulars laterally. Dorsal to
the supraoccipital there is a suture that indicates the presence
of the interparietal, which resembles that described in Exaereto-
don argentinus by Bonaparte (1962). There is no reference to
this bone in the occiput of the Malagasy specimen of Menadon
(Flynn et al., 2000; Kammerer et al., 2008). The posttemporal
canal appears to lie on the border between the tabular and the
opisthotic.

Palate

The palate in UFRGS-PV-1164-T is poorly preserved with
numerous breaks. The secondary palate exhibits a prominent lat-
eral extension at the level of the canines, presenting a constric-
tion in the region posterior to these teeth. Paracanine fossae are
located medially to the canines as in Gomphodontosuchus and
Malagasy specimens of Menadon (Hopson, 1985; Kammerer
et al., 2008) and not posteromedially as in the other Gompho-
dontosuchinae. It was not possible to determine whether the inci-
sive foramina, which seem to be confluent, are completely
enclosed by the premaxillae or if the maxillae also participate in
their posterior margin (Fig. 2B).
A longitudinal crest formed by the medial portion of the pala-

tine extends from the level corresponding to the first preserved
postcanine to that of the fourth postcanine and diverges posteri-
orly along the lateral borders of the internal choanae to form the
posterior margin of the palatal plate. The median crest is
remarkably deep, reaching the level of the postcanine crowns,
but this is more likely a preservational artifact produced by lat-
eral compression of the skull. The posterior margin of the sec-
ondary palate extends back to the level of the anterior margin of
the fourth postcanine as in the Malagasy Menadon (Abdala,
pers. observ.).
The only visible sutures on the palate are those on the midline

between the palatines and pterygoids. There is a pair of palatine
crests converging posteriorly towards the cultriform process of
the parasphenoid. The transverse processes of the pterygoids are
located lateral to the palatine crests and projected posteroven-
trally as in Exaeretodon (Abdala et al., 2002). The quadrate
ramus of the pterygoid extends to the level of the anterior mar-
gin of the cavum epiptericum.

Basicranium

This region is poorly preserved in UFRGS-PV-1164-T. The
basicranial morphology is represented by a short basioccipital
and a triangular basisphenoid. The paroccipital process seems to
be comparatively narrower than is usual for traversodontids,
resulting in a narrower occiput, as seen in the Malagasy speci-
mens of M. besairiei (Kammerer et al., 2008). In the squamosal
portion observed in ventral view, it is possible to recognize the
notch for the articulation of the quadrate and quadratojugal.
This notch is delimited laterally by the ventral portion of the
jugal (Fig. 4).

Lateral Wall of the Braincase

The ascending process of the epipterygoid and the anterior
lamina of the prootic are located medial to the ventral margin of
the parietal. The anterior lamina of the prootic is less expanded
anteroposteriorly than is the epipterygoid. The trigeminal open-
ing, delimited between the prootic and epipterygoid, is observed
on the left side of UFRGS-PV-1164-T. The posterior margin of
the prootic is in contact with the cranial portion of the squamo-
sal. As in Exaeretodon, the lateral projection of the prootic is
well defined, having the posterolateral margin in contact with
the squamosal and the anterior margin in contact with the quad-
rate ramus of the epipterygoid.

Mandible

The dentary is anteroposteriorly short and dorsoventrally
high, presenting three procumbent incisors, one canine, and six
postcanines. The shallowly sloping symphysis between the denta-
ries is fused and robust, extending posteroventrally to the level of
the third postcanine. This region differs from the steeply sloping
symphyseal region of Exaeretodon and Gomphodontosuchus. A
midline depression in the back of the symphysis is observed in
this region, not so developed as in Gomphodontosuchus, but
clearly more so than in Exaeretodon (Hopson, 1985; Abdala
et al., 2002).
The horizontal ramus is robust and transversely expanded. A

very tall coronoid process projects posterodorsally, obscuring in
lateral view the alveolus of the last postcanine. The angle of the
dentary is well developed and posteriorly projecting as in Exaer-
etodon and M. besairiei (Bonaparte, 1962; Flynn et al., 2000).
There is a deep emargination in the posterior portion of the den-
tary, dorsal to the angle, similar to Exaeretodon. The anterior
margin of the prominent masseteric fossa is located at the level
of the second postcanine, as in Gomphodontosuchus, Exaereto-
don, Scalenodontoides, and Malagasy Menadon (Bonaparte,
1962; Hopson, 1985; Flynn et al., 2000). The mental foramen is
located on the swelling on the anterodorsal margin of the masse-
tetic fossa (Fig. 6A).
There is no preservation of postdentary bones, but a narrow

postdentary sulcus suggests that they were reduced as in Exaere-
todon (Bonaparte, 1962; Liparini et al., 2013).

Dentition

The upper dentition (Fig. 5) in UFRGS-PV-1164-T is repre-
sented by four incisors, one canine, and five postcanines. The first
and second incisors are procumbent as in Menadon besairiei
(Kammerer et al., 2008). Incisor alveoli are ovoid, labiolingually
wider but anteroposteriorly shorter than those of the canines.
There is no diastema between the incisors and canine, whereas a
long diastema separates the latter from the first postcanine. This
region is poorly preserved, and it is possible that some anterior
postcanines (not preserved here) would imply a shorter
diastema.
The maxillary tooth row is anteriorly parallel and slightly

divergent posteriorly. The first postcanine is considerably smaller
than the remaining teeth, with its crown showing signs of wear,
and having a rounded-triangular outline with the apex directed
anteriorly. This condition strongly resembles that of Gompho-
dontosuchus (Hopson, 1985). The next four postcanines are
successively larger, with labiolingually enlarged crowns of
quadrangular occlusal outline and implanted slightly obliquely
on the maxilla.
Strong postdepositional erosion of the postcanines limits

detail, but it is clear that a large posterior buccal main cusp was
joined to an anterobuccal accessory cusp by a crest, to form a
longitudinal cutting edge. The deepest portion of the occlusal
basin is located anterolingually, medial to the sectorial buccal
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crest. There is a main posterior lingual cusp connected by a crest
to an anterolingual accessory cusp. In addition, an anterior crest
connects the anterior lingual and anterior buccal cusps. The pos-
terior transverse crest ascends from the base of the posterior buc-
cal cusp to the posterior lingual cusp without evidence of a
central cusp. The posterior crest is slightly concave, allowing
only a small imbrication (shouldering sensu Hopson, 1985)
between successive postcanines, a condition closer to that of
Gomphodontosuchus (Hopson, 1985) than Exaeretodon.
The three lower incisors are large, strongly procumbent, and

have chisel-like, self-sharpening tips, much like in Exaeretodon
and, especially, in specimens of M. besairiei (Bonaparte, 1962;
Flynn et al., 2000). Whereas i1 and i2 are of equivalent size, i3 is
smaller, the three forming an almost continuous shearing sur-
face. The canine is curved posteriorly, ellipsoid in cross-section
and somewhat procumbent, but never markedly longer than the
incisors. There is a very short diastema (»2.0 mm) between the
canine and the first postcanine (Fig. 6D).
The first lower postcanine is peg-like, without an occlusal

basin. The second has the same crown height as successive post-
canines and shows an incipient basin. The morphology of the
third to fifth postcanines is similar to that of other traversodonts,
quadrangular in occlusal view, with an anterior transverse crest
and a shallow occlusal basin, although its cusps are not clearly
recognizable due to wear. The sixth and last postcanine is much
reduced, comparable to the first lower postcanine, as occurs in
M. besairiei (Flynn et al., 2000). In all specimens, the lower post-
canines are canted posteriorly, whereas the upper ones are
canted anteriorly (Fig. 6B, C, E).

Discussion

Following the description of the Brazilian material, it is clear
that the anatomical details indicate a high degree of similarity to
the Malagasy traversodontid Menadon besairiei. The major dif-
ference is the absence of the three first simple upper postcanines
found in the holotype of M. besairiei (Flynn et al., 2000). How-
ever, these simple anterior postcanines are also not present in
specimen FMNH PR 2444 of M. besairiei. Discussing this differ-
ence, Kammerer et al. (2008) alluded to preservational causes,
but another possibility suggested by these authors is ontogeny,
and that the three single-crowned, anterior postcanines were lost
in FMNH PR 2444 due to growth pattern. Exaeretodon is known
to reduce the number of postcanines during ontogeny (Abdala
et al., 2002) by adding fewer teeth posteriorly than are lost

anteriorly, so it is possible that other Gomphodontosuchinae,
such as Menadon, displayed the same pattern. This condition is
the opposite to that of Massetognathus and early diverging tra-
versodontids, which tend to increase the number of postcanines
with growth (Abdala and Giannini, 2000; Kammerer et al.,
2012). Preservation in the specimens from Brazil is in fact quite
poor, so that comparison in detail with the better-preserved
specimens from Madagascar (especially the holotype) is ham-
pered. We believe, however, that the close similarity in morphol-
ogy and size of the lower postcanines (comparing, for example,
the lower jaws of UA-10601 and UFRGS-PV-1165-T), the gen-
eral morphology of the mandible (robust horizontal ramus and
well-projected angle), the shallow anterior end of the dentary
compared with the deep region below the postcanines and the
shallowly sloping symphysis, the short and quite high snout, and,
especially, the presence of a high crest in the anterior portion of
the upper postcanines warrant taxonomic assignment of the Bra-
zilian material toMenadon besairiei.
From our morphological study and phylogeny (see below), it

can be seen that M. besairiei resembles Gomphodontosuchus
brasiliensis (Fig. 7). This enigmatic taxon, the first traversodontid
described (Huene, 1928), is represented by only the holotype, a
poorly preserved partial skull and lower jaw discovered in an
outcrop near the city of Santa Maria, corresponding to the
Hyperodapedon Assemblage Zone of the Santa Maria 2
Sequence and is the first traversodontid ever described (Huene,
1928). We find several features of similarity in our material toM.
besairiei and G. brasiliensis, such as high skull, paracanine fossa
medial to canine, simple anterior upper postcanines, and incipi-
ent shouldering of the upper postcanines.
Although there are some similarities between these forms,

there are also significant differences. Among these, the labiolin-
gually wide posterior upper postcanines appear to be somewhat
more expanded (i.e., look more rectangular) in G. brasiliensis,
differing from the nearly quadrangular crowns of M. besairiei.
Additionally, the former has small, non-procumbent incisors,
whereas the latter has larger, procumbent incisors.
Furthermore,G. brasiliensis was collected in a well-established

association in Brazil, coeval with the Argentine Ischigualasto
Formation, that configures younger stratigraphic units, with no
species in common with the Santacruzodon Assemblage Zone or
Isalo II.
Moreover, the presence of M. besairiei in the Santacruzodon

Assemblage Zone is consistent with other similarities between
this fauna and the Isalo II assemblage, both of which possess

FIGURE 5. Stereo pair of the postcanine dentition ofMenadon besairiei (UFRGS-PV-1164-T) in occlusal view. Scale bar equals 1 cm.
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FIGURE 6. Lower jaws of Menadon besairiei. A, UFRGS-PV-1165-T, in right lateral view; B, UFRGS-PV-1054-T in occlusal view; C, UFRGS-PV-
0434-T, in occlusal view;D, UFRGS-PV-0434-T, in lateral view; E, stereo pair of UFRGS-PV-0891-T, in occlusal view. Both scale bars equal 1 cm.
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closely related massetognathine (sensu Kammerer et al., 2012)
and chiniquodontid cynodonts: S. hopsoni (Abdala and Ribeiro,
2003) and D. isaloi (Flynn et al., 2000); and Chiniquodontidae
indet. (Abdala et al., 2001) and Chiniquodon kalanoro
(Kammerer et al., 2010), respectively.

Phylogenetic Analysis

We present a cladistic analysis of traversodontid cynodonts
with the aim of exploring whether additional scores for charac-
ters present in the Brazilian material of Menadon have any sig-
nificant result on its placement among traversodontids. For this
analysis, we used the data matrix of 78 characters and 30 taxa
compiled by Liu and Abdala (2014) with an additional character
(character 78 in the present analysis; originally character 48 of
Gao et al., 2010). We also updated the scoring of Dadadon after
Kammerer et al. (2012). Characters 8, 50, and 66 were coded
according to the new Brazilian material. Characters 30, 31, and
55 were coded differently from previous matrices and 64 and 65
were considered not applicable to Menadon. The data matrix is
project P1223 in Morphobank. The software TNT (Tree analysis
using New Technology) was used for the phylogenetic analyses
(Goloboff et al., 2008).
Figure 8 shows the strict consensus of nine equally parsimoni-

ous trees resulting from an analysis in which the multistate char-
acters 2, 10, 25, 31, 32, 48, 52, 54, and 73 were scored as additive
(Lipscomb, 1992). The placement ofMenadon in the clade Gom-
phodontosuchinae is as recovered in previous phylogenetic anal-
yses (Kammerer et al., 2008, 2012; Liu and Abdala, 2014).
Several interesting points result from this analysis. The most
basal traversodontid is the European Nanogomphodon from the
Ladinian, a taxon known by an isolated lower postcanine. This is
followed by a polytomy including Scalenodon angustifrons, a
clade formed by Pascualgnathus and Andescynodon, and a sec-
ond clade including the remaining traversodontids. This analysis
recovered the Massetognathinae as recently defined by Kam-
merer et al. (2012), but the two species of Massetognathus do
not form a monophyletic group. The clade with two Laurasian

traversodontids is placed between Massetognathinae and Gom-
phodontosuchinae, somewhat resembling the topology obtained
by Liu and Abdala (2014). To evaluate monophyletic groups we
present values of Bremer support, which is the number of extra
steps necessary that will result in the loss of a monophyletic
group from the strict consensus tree (Bremer, 1994), and of
relative Bremer support, which also takes into account evidence
in favor of, and against, a monophyletic group (Goloboff and
Farris, 2001). Bremer support (Bs) values were poor for the
majority of the monophyletic groups: traversodontids have
Bs 3/relative Bs support 44; the clade formed by Protuberum
(Scalenodontoides, E. argentinus, E. riograndensis) has Bs 3/
relative Bs 44, whereas Gomphodontosuchinae has Bs 2/relative
Bs 56. Massetognathinae is poorly supported: Bs 1/relative Bs 17.
A second analysis was performed excluding Nanogomphodon

from the data matrix, because the basal position of this form
was, in our understanding, a result of a lack of information (or
else the presence of three cusps in the lower postcanines). The
strict consensus tree, resulting from 22 trees, also considers the
multistate characters with adjacent states as additive. The results
of this analysis do not differ significantly from the previous anal-
ysis (only the absence of Nanogomphodon at the base of traver-
sodontids) but support values were slightly higher:
traversodontids (Bs 4/rBs 44), Protuberum (Scalenodontoides,
Exaeretodon argentinus, Exaeretodon riograndensis) (Bs 6/rBs
50), and Gomphodontosuchinae (Bs 4/rBs 45). Support for Mas-
setognathinae continued to be the same than as in the previous
analysis. The clade formed by Pascualgnathus and Andescyno-
don has support of Bs 2/rBs 25, and the group formed by two spe-
cies ofMandagomphodon has Bs 2/rBs 22.
We also performed sensitivity analyses by considering all multi-

state characters as non-additive and by implementing implied
weighting (with values of K coefficients set to 3; see Goloboff,
1993). These analyses are referred to below with the following
abbreviations: o, ordered; uo, unordered (non-additive); iw,
implied weight; wN, without Nanogomphodon. The major modifi-
cations obtained from the comparison of the strict consensus
resulting from this experimentation are as follows: (a) Scalenodon

FIGURE 7. Comparative drawing of right upper and left lower postcanines of A, Exaeretodon; B, Gomphodontosuchus; C, Malagasy Menadon
(based on the holotype); D, Brazilian Menadon (based on UFRGS-PV-1164-T). Abbreviations: abac, anterior buccal accessory cusp; abc, anterior
buccal cusp; alc, anterior lingual cusp; aw, anterior wall; bmc, buccal main cusp; pbac, posterior buccal accessory cusp; pbc, posterior buccal cusp;
pbmc, posterior buccal main cusp; plc, posterior labial cusp; tc, transverse crest. Modified from Hopson (1985).
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angustifrons is the most basal traversodontid (uo iw wN; uo iw);
(b) Pascualgnathus and Andescynodon do not form a monophy-
letic group and are placed between S. angustifrons and remaining
traversodontids (uo iw; uo iw wN); (c) Pascualgnathus and Andes-
cynodon form the most basal clade of traversodontids (o iw wN);
(d) Traversodon forms a monophyletic group with the two species
of Luangwa (uo iw; uo iw wN); (e) the clade Boreogomphodon
jeffersoni, Arctotraversodon has a basal position between Andes-
cynodon and the Mandagomphodon clade (uo iw; uo iw wN);
and (f) Massetognathinae was not recovered as monophyletic
group in any of the consensus trees obtained from the sensitivity
analyses.
In summary of these analyses, the only clade recovered with a

reasonable support in Traversodontidae is Gomphodontosuchi-
nae (which includes, among others, Menadon). Massetognathi-
nae is also recovered in our main analyses, although with poor
support. Species of Mandagomphodon, Luangwa, and, to some
degree, Exaeretodon appear as sister taxa, whereas the species of
Massetognathus are recovered as paraphyletic. The basal-most
traversodontid continues to be undefined, with some resolution
suggesting the African Scalenodon angustifrons and others in the
clade formed by the South American traversodontids Pascualg-
nathus and Andescynodon.
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Arco do Rio Grande; pp. 154–157 in VIII Symposium Interna-
tional on Tectonics–XIV Simp�osio Nacional de Estudos
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