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ABSTRACT

Triassic dinosaurs of Brazil are found in Santa Maria and Caturrita formations, Rio Grande
do Sul state, Brazil. There are three species known from the Santa Maria Formation (Stau-
rikosaurus pricei, Saturnalia tupiniquim and Pampadromaeus barberenai), and two from
Caturrita Formation (Guaibasaurus candelariensis @nd Unaysaurus tolentinoi). 7hese di-
nosaur materials are, for the most part, well preserved and allow for descriptions of muscula-
ture and biomechanical studies. The lateral rotation of the Saturnalia femur is corroborated
through calculations of muscle moment arms. The enbanced supracetabular crest of Saturnalia,
Guaibasaurus, Staurikosaurus, Herrerasaurus ischigualastensis, Efraasia minor and Chor-
mogisaurus novasi suggests that basal dinosaurs may have maintained an inclination of the
trunk at least 20° on the horizontal axis. The pectoral girdle articulation of basal sauropodo-
morphs (Saturnalia and Unaysaurus) was established using a new method, the Clavicular
Ring, and the scapular blade remains near 60° on the horizontal axis. This is a plesiomorphic
condition among sauropodomorphs and is also seen in the articulated plateosauridae Seitaad
ruessi. The Brazilian basal dinosaurs were lightweight with a body mass estimated around
18.5 kg for Staurikosaurus, 6.5 kg for Saturnalia, and 17 kg for Guaibasaurus. Pampadro-
maeus probably weighed 2.5 kg, but measures of its femur are necessary to confirm this hypoth-
esis. The Triassic dinosaurs from Brazil were diversified but shared some functional aspects that
were important in an evolutionary context.
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INTRODUCTION (Bittencourt & Langer, 2011; Cabreira ef al., 2011;

Delcourt & Grillo, 2011; Kellner ez al., 2011; Santuc-

Knowledge of Brazilian dinosaurs increased  ci & Arruda-Campos, 2011; Zaher ez al., 2011). Tri-
substantially with the description of new species,  assic dinosaurs of Brazil were found in the Santa Ma-
and referred materials have been registered annually  ria and Caturrita formations in central Rio Grande do
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Sul, belonging to the Rosdrio do Sul Group (Langer
et al., 2007a; Bittencourt & Langer, 2011). They rep-
resent the oldest Brazilian strata in which dinosaur
remains were found. The basal condition of some taxa
even confuses their positioning in the phylogenetic
context (Bittencourt & Kellner, 2009; Langer et /.,
2011). On the other hand, some materials are so well
preserved as to allow reconstructions of the muscu-
lature (Langer, 2003; Langer ez al., 2007b; Grillo &
Azevedo, 2011) and biomechanical studies (Langer,
2003; Grillo, 2007; Grillo & Azevedo, 2006, 2010;
Delcourt ez al., 2011a, b; Delcourt, 2012).

Triassic dinosaurs of Brazil have been given and
important role in the evolutionary scenario, but not
as much as Argentine dinosaurs like Eoraptor lunen-
sis Sereno, Forster, Rogers & Monetta, 1993, Herre-
rasaurus ischigualastensis Reig, 1963, and Eodromaeus
murphi Martinez, Sereno, Alcober, Colombi, Renne,
Montanez & Currie, 2011. However Brazilian stem-
sauropodomorphs (i.e., Saturnalia rupiniquim Langer,
Abdala, Richter & Benton, 1999 and Pampadromaeus
barberenai Cabreira, Schultz, Bittencourt, Soares,
Fortier, Silva & Langer, 2011) help us to under-
stand Sauropodomorph evolution since its most
basal forms (Langer er al, 1999; Langer & Benton,
2006; Cabreira et al, 2011). Here we aim to enrich
the current state of knowledge on the biomechan-
ics of Triassic dinosaurs from Brazil, with comments
on sauropodomorph pectoral girdle articulation and
mass prediction.

Dinosaur Biomechanics

Biomechanical studies have increased understand-
ing of the biology of the dinosaur in recent years (Al-
exander, 2006; Hutchinson & Gatesy, 2000; Hutchin-
son, 2005; Hutchinson ez a/, 2005; Hutchinson &
Gatesy, 2006; Hutchinson ez al., 2011). Staurikosaurus
and Saturnalia, Triassic dinosaurs from Brazil, have
contributed to this knowledge (Grillo, 2007; Grillo &
Azevedo, 2006, 2010; Delcourt ez al., 2011a, b).

Langer (2003) proposed that the Saturnalia fe-
mur turned laterally during the retraction phase of the
leg. In this scenario the distal femoral condyles turned
laterally and the femoral head turned medially. This
occurred because the main retractor muscle of the fe-
mur (i.e., caudofemoralis longus) was inserted into the
medial surface of the femur (Langer, 2003). Delcourt
et al. (2011b) corroborated that some muscles (flexor
tibialis externus, flexor tibialis internus 2, ischiotrochan-
tericus, puboischiofemorales externi 1-3, puboischiofe-
moralis internus 1, anterior portion of caudofemoralis

longus, and caudofemoralis brevis) had a reduced mo-
ment arm for lateral rotation of the Saturnalia femur.

The moment arm about a given joint is the
major determinant of skeletal muscle function in ver-
tebrates (Hutchinson et 4/, 2005). It is measured as
the smallest distance between the line of action (i.e.,
force) of a muscle-tendon complex and the center of
rotation of a join (Hutchinson ez al., 2005). Accord-
ing to Nagano & Komura (2003) smaller moment
arms are not favorable for muscle contraction, but
during fast locomotion, the opposite occurs: when
muscles reach maximum contraction velocity, longer
moment arms result in smaller joint moment, power,
and work outputs. So it is possible that the lateral ro-
tation increased the locomotive performance of Sazur-
nalia during fast locomotion (Delcourt ez al., 2011b),
corroborating with Langer’s (2003) hypothesis, but
more studies are necessary to confirm this hypothesis.

Furthermore on the subject of locomotion, some
authors (Molnar & Farlow, 1990; Carrier et /., 2001)
suggested that theropods had strength in some regions
of the supracetabular crest, as well as the pubic pedun-
cle. This condition allowed the femur head to fit be-
low the strength if the ilium remained inclined beyond
the horizontal position. Molnar & Farlow (1990) sug-
gested that this configuration of the ilium allowed the
pelvic girdle and the trunk to be oriented at a substan-
tial angle relative to the horizontal during locomotion.

Some basal saurischians like Saturnalia, Guai-
basaurus, Staurikosaurus, Herrerasaurus, Efraasia mi-
nor Galton, 1973 and Chromogisaurus novasi Ezcurra,
2010 possessed an enlargement of the supracetabular
crest that was inclined relative to the line of the ver-
tebral column by 20° to 25°, approximately (Fig. 1).
It is possible that this inclination corresponded to the
trunk inclination at least during fast locomotion, as
proposed by Carrier ez a/. (2001). If this hypothesis is
correct, even stem-sauropodomorphs (i.ce., Saturnalia,
Pampadromaeus) were fully bipedal and during the
evolution of sauropodomorphs the quadruped stance
was adopted depending on the weight increase and
proportion of forelimbs and hind limbs, as noted by
Upchurch (1997). Some authors proposed that basal
sauropodomorphs were facultative bipedal/quadru-
pedal (Langer, 2003; Galton & Upchurch, 2004;
Langer et al., 2010). However, further analyses that
involve considerations about the center of mass po-
sition (see Hutchinson & Gatesy, 2006; Hutchinson
et al., 2007) and muscle force, as well as a better un-
derstanding on the relation between muscle moment
arms and posture in extant taxa are necessary to con-
firm stem-sauropodomorph bipedalism and the trunk
inclination of basal saurischians.
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Pectoral Girdle Articulation

Pectoral girdle articulation and position rela-
tive to the ribcage is hard to determine (Mallison,
20105 Delcourt ez al., 2011c¢). According to Mallison
(2010), the pectoral girdle should be U-shaped in the
sauropodomorph Plateosaurus, allowing little or no
rotation of the scapula against the ribcage. This re-

striction in rotation was caused by the fusion of the
clavicles (Mallison, 2010), which was observed in
some dinosaurs (Currie & Madsen, 1996; Makovicky
& Currie, 1998; Yates & Vasconcelos, 2005; Lipkin

et al., 2007). Remes (2008) figured that the pelvic
girdle changed orientation during the evolution of
the Sauropodomorpha: the angle of the scapula, rela-
tive to the horizontal axis, ranged from 45° to 65° in
sauropodomorphs. However, more inclined angles,
near 60°, are plesiomorphic and are seen in basal
sauropodomorphs.

Delcourt ez al. (2011c¢) developed a simple meth-
od to articulate the pectoral girdle in stem-sauropodo-
morphs. They observed that, in articulated skeletons
of several dinosaur taxa (e.g., Yates & Vasconcelos,

2005, fig. 1A; Xu er al., 2006, fig. 1), the distance

FIGURE 1: Ilium in lateral view of Triassic dinosaurs showing the angles of enlargement of the supracetabular crest. In A, Saturnalia with
25° B, Staurikosaurus with 26° C, Chromogisaurus with 23° (modified from Ezcurra (2010)); D, Efraasia, with 23° (modified from Langer
et al. (2011)); E, Guaibasaurus with 17° (modified from Langer et al. (2011)) and E Herrerasaurus with 33°.
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from the ventral surface of the first dorsal vertebra to
the acromion process (that corresponds to the articu-
lation point for the clavicle) is roughly equivalent to
the largest length of the coracoid. They proposed that
this length could be used as the diameter of a circle
(the Clavicular Ring) that, when positioned tangent
to both acromia and the ventral surface of the first
dorsal vertebra, would indicate the anterior position
of the pectoral girdle. For determining the position of
the scapula, it was necessary to determine the width
of the ribcage and of the U-shaped pectoral girdle and
rotate it (using the acromia as pivot axis) till the scap-
ula contacted the ribs. The Clavicular Ring, is ori-
ented on the vertical plane, and as it is connected to
both acromia, the dorsal part of the ring should touch
the ventral surface of the first vertebra to articulate
the pectoral girdle. In Saturnalia, after articulating the
pectoral girdle using the Clavicular Ring (diameter of
40.72 mm), the main axis of the scapula formed an
angle of 60.13 degrees with the horizontal axis, which
corresponds to the inclination proposed for the scapu-
lar blade in sauropodomorphs (Delcourt ez al., 2011c¢)

In this paper, the same method was applied to
the plateosaurid Unaysaurus (Leal et al., 2004; Lloyd
et al., 2008). The Unaysaurus Clavicular Ring has a
diameter of 102.2 mm, and the orientation of the
pectoral girdle is 60 degrees to the horizontal, ac-
cording to this method (Fig. 2). Interestingly, this
condition is similar to the one found in Seitaad ruessi
Sertich & Loewen, 2010, probable plateosauridae
from Kayenta Formation, Arizona, USA. There is an
articulated pectoral girdle preserved for this dinosaur,
and it suggests that the scapula blade formed an angle
of approximately 60° (Sertich & Loewen, 2010). This
orientation confirms the Remes (2008) proposition as
explained above.

Mass Prediction in Basal Dinosaurs

The mass of extinct animals has been measured
by different methods by some authors (Motani, 2001;
Christiansen & Farifa, 2004; Hutchinson ez al.,
2007; Gunga et al., 2007). The method that uses a
correlation between mass and the dimensions of long
bones, developed by Christiansen & Farifia (2004),
had high correlation coefficients (= 0.975) in extant
taxa, and within the measured bones (e.g., femur, tibia
and fibula) the femur was more representative (cor-
relation coefficients = 0.995). From this method, the
masses of the basal Brazilian dinosaurs could be eas-
ily estimated, as seen in Table 1. These values corre-
spond to the approximated mass, because the formula

TABLE 1: Relationships between femur length and prediction
mass of Guaibasaurus, Pampadromaeus, Saturnalia and Staurikosau-
rus from Christiansen & Farifia (2004) formula.

Taxon Femur Length (mm) Approximate Mass (kg)
Guaibasaurus 214 - 17
Pampadromaeus 117 (?) 2.5 ()
Saturnalia 157 6.5
Staurikosaurus 220 18.5

proposed by Christiansen & Farina (2004) was based
on theropod data only. Since Staurikosaurus and
Guaibasaurus are considered basal theropods accord-
ing to the most recent phylogenetic studies (Langer
et al, 2011; Martinez et al, 2011), the use of this
formula is justified. Saturnalia is not a theropod, but
a stem-sauropodomoph. However, according to their
basal position, which was close to the theropod-sau-
ropodomorph dichotomy (Langer ¢z al., 1999; Langer
& Benton, 2006; Martinez et al., 2011), the estimat-
ed mass might be not far from reality.

There is no published information about the
measures of the femur of Pampadromaeus, so we
couldn’t predict its mass. If the scale of fig. S2 (Ca-
breira er al., 2011) is correct, Pampadromaeus may
have reached approximately 2.5 kg in body mass.
The mass of Unaysaurus was not predicted for two
reasons: first it is not a preserved femur; and second,
even if the tibia was preserved, the method used here
is appropriate for theropod dinosaurs. The use of this
method for Saturnalia and Pampadromaeus was justi-

fied above.

CONCLUSION

As seen above, among other Brazilian dinosaurs,
the Triassic forms are well preserved, allowing studies
in biomechanics and muscular reconstruction. Based
on the osteological evidence, the basal saurischian
probably had its trunk erected at least 20° relative
to the horizontal, and basal sauropodomorphs (i.e.,
Saturnalia and Pampadromaeus) perhaps were fully
bipedal.

The Clavicular Ring methodology provides a
new approach for reconstructing the scapular blade
orientation relative to the horizontal axis. The ple-
siomorphic condition of the articulate pectoral girdle
(i.e., 60°; Remes, 2008) is found using the Clavicular
Method in Saturnalia and Unaysaurus and it is con-
firmed by Seitaad ruessi.

The basal dinosaur from Brazil (i.e., Saturnalia,
Staurikosaurus and Guaibasaurus) were lighter than
most derived dinosaurs, as seen in several species of
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theropods (Christiansen & Farifia, 2004), and the bi-
pedal condition was very important for the evolution-
ary success of dinosaurs (Langer ez al., 2010).

Some functional aspects help us to understand
basal dinosaur paleoecology and evolution beyond the
phylogenetic framework. The high-quality preserva-
tion of the fossils of the Santa Maria and Caturrita

formations allows for morphological, biomechanical
and phylogenetic studies. Based on the information
above presented, we conclude that the different Bra-
zilian species of Triassic dinosaurs were diversified,
but at the same time shared some functional aspects

that were important for their evolutionary context as
a group.

FIGURE 2: Unaysaurus Pectoral girdle articulated using Clavicular Ring. The black arrow shows the ring that contacts the ventral surface
of the first dorsal vertebra to the acromion process. The angle is approximately 60°. Scale bar = 50 mm.
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RESUMO

Dinossauros do Tridssico brasileiro foram encontrados
nas formagées Santa Maria e Caturrita, Rio Grande
do Sul, Brasil. Sio conbecidas trés espécies da Forma-
¢do Santa Maria (Staurikosaurus pricei, Saturnalia
tupiniquim ¢ Pampadromacus barberenai) e duas
da Formagio Caturrita (Guaibasaurus candelariensis
e Unaysaurus tolentinoi). Os materiais associados a
esses dinossauros encontram se muito bem preservados,
permitindo descrever a musculatura e realizar estudos
biomecénicos. A rotacio lateral do fémur de Saturnalia
é corroborada pelos cilculos de biomecinica, e o reforgo
da crista supra-acetabular de Saturnalia, Guaibasau-
rus, Staurikosaurus, Herrerasaurus ischigualastensis,
Efraasia e Chromogisaurus novasi sugere que dinossau-
ros basais possivelmente mantivessem o tronco inclinado
ao menos 20° em relagio ao eixo horizontal. A arti-
culagio da cintura peitoral de sauropodomorfos basais
(Saturnalia ¢ Unaysaurus) foi estabelecida utilizando a
metodologia de “Clavicular Ring” e a limina escapular
permanece proxima a 60° em relagio ao eixo horizon-
tal, uma condicio plesiomdrfica para sauropodomorfos e
também encontrada no plateossaurideo articulado Sei-
taad ruessi. Os dinossauros basais do Brasil eram leves
e as estimativas de massa foram de 18,5 kg para Stauri-
kosaurus, 6,5 kg para Saturnalia e 17 kg para Guaiba-
saurus. Provavelmente Pampadromaeus tinha 2,5 kg,
mas medidas do fémur sio necessdrias para confirmar
essa hipdtese. Os dinossauros do Tridssico brasileiro fo-
ram diversificados, mas compartilham alguns aspectos
funcionais que foram importantes dentro do contexto
evolutivo.

PaLavras-CHAVE: Dinossauros; Tridssico; Biomecani-
ca; Articulagio; Massa.
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