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ABSTRACT—The transition from basal sauropodomorphs to sauropods is one of the most dramatic evolutionary transformations in the history of dinosaurs. Constituent taxa of this transition were recorded mainly in South Africa and South
America, and to a lesser extent in North America. We describe here the postcranial anatomy of four specimens of basal
sauropodomorphs from the Late Triassic of Patagonia, Argentina, and identify them as adult individuals of Mussaurus patagonicus. The material is composed of one subadult and three adult specimens and was originally identified as Plateosaurus.
The completeness of the material provides more complete knowledge of this taxon and allows us to introduce aspects of
basal sauropodomorph anatomy that were poorly understood until now, such as the configuration and arrangement of the
distal carpal elements. The phylogenetic relationships of Mussaurus patagonicus are tested through a cladistic analysis of
basal sauropodomorphs based on the anatomy of these specimens rather than on the post-hatchling and juvenile specimens previously known for this taxon. Mussaurus is recovered as a non-sauropod anchisaurian, being the sister group of
Aardonyx plus more derived sauropodomorphs and is depicted outside the ‘quadrupedal clade,’ given the presence of plesiomorphic features such as a humerus/femur ratio <0.8, a curved femoral shaft in lateral view, and a nearly circular femoral
midshaft cross-section. Mussaurus patagonicus adds new and valuable information that helps to clarify the core of the basal
sauropodomorph-sauropod transition.
SUPPLEMENTAL DATA—Supplemental materials are available for this article for free at www.tandfonline.com/UJVP

INTRODUCTION
Basal sauropodomorphs have been found in every major landmass, including Antarctica (Smith and Pol, 2007, and references therein). The fossil record of basal sauropodomorphs from
South America has greatly increased during the last decade (e.g.,
Langer, 2003; Leal et al., 2004; Martı́nez, 2009; Apaldetti et al.,
2011; Pol et al., 2011). Upper Triassic beds from Argentina have
yielded a particularly rich fossil record for this group, which
includes Chromogisarurus novasi, Panphagia protos, Coloradisaurus brevis, Riojasaurus incertus, Leyesaurus marayensis, and
Mussaurus patagonicus, the latter constituting the only known
dinosaur taxon from the Late Triassic (Laguna Colorada Formation; Norian) of Patagonia (Santa Cruz Province, Argentina).
Mussaurus patagonicus was originally described based on
several nearly complete post-hatchling specimens (including the
holotype) found at the type locality of the Laguna Colorada
Formation (Bonaparte and Vince, 1979). These remains were
described briefly and named, and are currently housed at the
Instituto Miguel Lillo, Tucumán, Argentina (PVL specimens).
During these expeditions, two additional specimens (a juvenile
and an adult) were also recovered from the eastern margin of
the Laguna Colorada locality (PVL 4587 and MACN-SC 3379),
both of which are currently undescribed. Casamiquela (1980)
briefly published on the discovery of several subadult and adult
specimens of ‘prosauropods,’ collected between 1961 and 1964
at the northwestern margin of the Laguna Colorada locality.
Casamiquela (1980:144) referred these specimens to the genus

*Corresponding

author.

Plateosaurus, and these consist of nearly complete postcranial
remains of, at least, three adult and subadult specimens housed
at Museo de La Plata (MLP specimens). More recently, in
field trips led by one of the authors (D.P.), a series of juvenile,
subadult, and adult specimens of Mussaurus were collected, of
which only two sets of well-preserved skull remains of juvenile
specimens have been published (Pol and Powell, 2007a).
Given that previous authors (Pol and Powell, 2005; Salgado
and Bonaparte, 2007) noted that the material described by
Casamiquela might represent adult and subadult specimens of
Mussaurus patagonicus, and given the availability of recently collected adult sauropodomorph specimens from the same locality,
a detailed analysis and description of these adult and subadult
specimens was required in order to assess the taxonomic identity
of these remains and evaluate its impact on our understanding on
the phylogenetic affinities of Mussaurus patagonicus.
Here we describe in detail the postcranial anatomy of adult
and subadult individuals of Mussaurus patagonicus based on the
specimens published by Casamiquela (1980) as well as recently
collected adult material from the type locality. The identification of these specimens as Mussaurus patagonicus is based on the
presence of autapomorhic features (and a unique combination of
characters) shared by the adult, juvenile, and post-hatchling specimens. This new information from the adult specimens of Mussaurus allows us to expand the diagnosis of this taxon, including
the recognition of new autapomorphies and a unique combination of characters.
Mussaurus patagonicus has rarely been included in previous
phylogenetic analyses, mainly because only juvenile specimens
were known. Upchurch et al. (2007) incorporated M. patagonicus into a data matrix and scored cranial characters from the
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post-hatchling specimens described by Bonaparte and Vince
(1979), recovering this taxon in a basal position within
Sauropodomorpha, close to Pantydraco and Efraasia. Yates
(2004), Pol and Powell (2005), and Sereno (2007) regarded M.
patagonicus as a more derived taxon, more closely related to
sauropod outgroups (e.g., melanorosaurids) than to the most
basal sauropodomorphs (i.e., Pantydraco, Efraasia, and plateosaurids) based on the skull anatomy of the juvenile specimens
described by Pol and Powell (2007a). Here, we analyze the phylogenetic position of Mussaurus based on scorings derived from
the postcranial anatomy of the adult and subadults specimens of
this taxon.
Institutional Abbreviations—ACM, Beneski Museum of Natural History, Amherst, Massachusetts, U.S.A.; AMNH, American Museum of Natural History, New York, New York,
U.S.A.; BP, Bernard Price Institute, Johannesburg, South
Africa; FMNH, Field Museum of Natural History, Chicago,
Illinois, U.S.A.; GPIT, Institut und Museum für Geologie
und Paläontologie, Universitat Tübingen, Tübingen, Germany;
IVPP, Institute of Vertebrate Paleontology and Paleoantropology, Beijing, Peolple’s Republic of China; MACN, Museo Argentino de Ciencias Naturales ‘Bernardino Rivadavia,’ Buenos
Aires, Argentina; MB, Institut für Palaontologie, Museum fur
Naturkunde, Humbolt-Universität, Berlin, Germany; MCZ, Museum of Comparative Zoology, Harvard University, Cambridge,
Massachusetts, U.S.A.; MLP, Museo de La Plata, La Plata, Argentina; MPEF, Museo Paleontológico ‘Egidio Feruglio,’ Trelew,
Chubut, Argentna; MPM, Museo Regional Provincial ‘Padre
M. J. Molina,’ Rı́o Gallegos, Santa Cruz, Argentina; NHMUK,
The Natural History Museum, London, U.K.; NMQR, National Museum, Bloemfontein, South Africa; PVL, Instituto
‘Miguel Lillo,’ Tucumán, Argentina; PVSJ-UNSJ, Paleontologı́a
de Vertebrados–Museo de Ciencias Naturales, Universidad Nacional de San Juan, San Juan, Argentina; SAM, Iziko–South
African Museum, Cape Town, South Africa; SMNS, Staatliches
Museum für Naturkunde, Stuttgart, Germany; TMM; Texas
Memorial Museum, Austin, Texas, U.S.A.; UMNH, Utah Museum of Natural History, Salt Lake City, Utah, U.S.A.; USNM,
National Museum of Natural History, Smithsonian Institution,
Washington, D.C., U.S.A.; YPM, Yale Peabody Museum, New
Haven, Connecticut, U.S.A.
Anatomical Abbreviations—I, digit I; II, digit II; III, digit III;
IV, digit IV; V, digit V; 4t, fourth trochanter; ac, acetabulum;
acp, acromion process; ap, ascending process; bf, brevis fossa; c4,
cervical vertebra 4; c5, cervical vertebra 5; c6, cervical vertebra 6;
c7, cervical vertebra 7; c8, cervical vertebra 8; cc, cnemial crest;
cf, cuboid fossa; ch, chevron; clp, craniolateral process; cmp,
craniomedial process; co, coracoid; colp, collateral ligament pit;
cs, caudosacral vertebra; csr, caudosacral rib; cvp, caudoventral
process; dc, deltopectoral crest; dc I, distal carpal I; dc II, distal
carpal II; dd, dorsal depression; di, diapophysis; ds, dorsosacral
vertebra; dsr, dorsosacral rib; dt, dorsal tubercle; ff, fibular
face; fh, femoral head; ft, flexor tubercle; gl, scapular glenoid; gr,
groove; gt, greater trochanter; hh, humeral head; hy, hyposphene;
ib, iliac blade; ig, intercondylar groove; il, ilium; ip, iliac peduncle; ilp, ischial peduncle; is, ischial shaft; it, internal tuberosity;
lat, lateral trochanter; lg, lateral groove; lt, lesser trochanter; mc
I, metacarpal I; mc II, metacarpal II; mc III, metacarpal III; mc
IV, metacarpal IV; mc V, metacarpal V; mcI cs, metacarpal I
contact surface; mcII cs, metacarpal II contact surface; mcIII cs,
metacarpal III contact surface; mcIV cs, metacarpal IV contact
surface; mcV cs, metacarpal V contact surface; mt I, metatarsal I;
mt II, metatarsal II; mt III, metatarsal III; mt IV, metatarsal IV;
mt V, metatarsal V; mt I cs, metatarsal I contact surface; mt II cs,
metatarsal II contact surface; mt III cs, metatarsal III contact surface; mt IV cs, metatarsal IV contact surface; mt V cs, metatarsal
V contact surface; ns, neural spine; ol, olecranon; opl, obturator
plate; pa, parapophysis; pap, pubic apron; pb, posterior bulge;
pcdl, posterior centrodiapophyseal lamina; po, postzygapophysis;

TABLE 1.
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Source of comparative data used in this study.

Taxon

Source

Aardonyx celestae
Adeopapposaurus mognai
Anchisaurus polyzelus
Antetonitrus ingenipes
Apatosaurus louisae
Blikanasaurus cromptoni
Camarasaurus supremus
Camelotia borelalis
Chubutisaurus insignis
Coloradisarurus brevis
Efraasia minor
Glacialisaurus hammeri
Guaibasaurus candelariensis
Herrerasaurus ischigualastensis
Kotasaurus yamanpalliensis
Leonerasaurus taquetrensis
Lessemsaurus sauropoides
Lufengosaurus huenei
Massospondylus carinatus
Melanorosaurus readi
Panphagia protos
Pantydraco caducus
Plateosauravus cullingworthi
Plateosaurus engelhardti
‘Plateosaurus’ gracilis
Riojasaurus incertus
Ruhelia bedheimensis
Sarahsaurus aurifontanalis
Saturnalia tupiniquim
Seitaad ruessi
Sellosaurus gracilis
Tazoudasaurus naimi
Tehuelchesaurus benitezi
Thecodontosaurus antiquus
Unaysaurus tolentinoi
Vulcanodon karibaensis
Yunnanosaurus huangi

BP/1/6510, 5379c, 5379d, 6602
PVSJ 610
ACM 41109, YPM 208, 209,
1883
BP/1/4952
Gilmore, 1936
SAM-PK-K403
Osborn and Mook, 1921
BMNH R2870
Carballido et al., 2011
PVL 5904
SMNS 57539, 12216
FMNH PR 1823, 1822
MCN 2355
PVSJ 373
Yadagiri, 2001
MPEF-PV 1663
PVL 4822
IVPP V15
BP/1/4934, 5421, 4693, 4377
NM QR3314, 1551,
SAM-PK-K3449
PVSJ 874
BMNH NHMUK P77/1
SAM-PK-K3342, 3343, 3344,
3345, 3347, 3348, 3350, 3351,
3356, 3602, 3603
SMNS 13200
GPIT 18392, SMNS 5715
PVL 3526, 3663, 3808, MLR 56
MB RvL1
TMM 43646-2, 43646-3
MCP 3844-PV
UMNH VP 18040
SMNS 17928
Allain and Aquesbi, 2008
MPEF-PV 1125
YPM 2195
USFM 11069
Cooper, 1984
NGMJ 004546

podl, postzygodiapophyseal lamina; pop, postacetabular process;
pp, proximal plate; ppdl; parapodiapophyseal lamina; prdl,
prezygodiapophyseal lamina; prp, preacetabular process; pup,
pubic peduncle; pz; prezygapophysis; ra, radiale; rf, radial face;
rup, ulnar process of the radius; s1, first sacral vertebra; s1r,
first sacral rib; s2, second sacral vertebra; s2r, second sacral rib;
sb, scapular blade; sc, sacral ribs; sk, sagittal keel; spol, spinopostzygapophyseal lamina; tf, tibial face; tp, transverse process;
vr, ventromedial ridge. The numbers in the figures indicate the
character and the character state (enclosed by parentheses).
Terminology—Anatomical terminology used herein follows
traditional or ‘Romerian’ directional terms (e.g., anterior, posterior) (Wilson, 2006) for composite structures of the skeleton (e.g.,
anterior/posterior caudal vertebrae). Veterinarian terms (e.g.,
caudal, cranial) were used here to make reference of parts of a
single bone (e.g., cranial face of the femur).
Source of Comparative Data—The comparisons made with
other saurischian dinosaurs in this contribution were based on
personal observations and on the literature specified in Table 1.
SYSTEMATIC PALEONTOLOGY
DINOSAURIA Owen, 1842
SAURISCHIA Seeley, 1887
SAUROPODOMORPHA Huene, 1932
ANCHISAURIA Galton and Upchurch, 2004
SAUROPODIFORMES Sereno, 2007
MUSSAURUS PATAGONICUS Bonaparte and Vince, 1979
(Figs. 2–18)
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Holotype—PVL 4068, articulated skeleton of a post-hatchling
individual.
Referred Material—PVL 4208, partially articulated skeleton of
a post-hatchling individual. PVL 4209, partial skull and lower jaw
of a post-hatchling individual associated with partially articulated
postcranial material. PVL 4210, almost complete skull associated with postcranial remains of a post-hatchling individual. PVL
4211, incomplete skull and mandible and disarticulated postcranial elements of a post-hatchling individual. PVL 4212, partially
articulated elements of a post-hatchling individual. PVL 4213,
three closely associated skeletons of post-hatchling individuals.
PVL 4587, partially articulated skeleton belonging to at least two
different juvenile individuals. PVL 5865, articulated skeleton and
almost complete skull of a post-hatchling individual. MPM-PV
1813/1, skull articulated with a cervicodorsal series of a juvenile
individual. MPM-PV 1813/2, isolated skull of a juvenile individual. MPM-PV 1813/4, skull articulated with a cervicodorsal series,
scapular girdle, and forelimbs of a juvenile individual. MPM-PV
1814, incomplete right manus with articulated distal carpals of an
adult individual. MACN-SC 3379, partially articulated postcranial remains of an adult individual, consisting of several cervicodorsal vertebrae, forelimb, and hind limb remains. MLP 61-III20-22, postcranial skeleton, including vertebral remains and limb
elements of an adult individual. MLP 61-III-20-23, postcranial
skeleton, consisting of dorsal vertebrae, sacrum, ilia, ischia, pubis,
and fragmentary remains of the forelimb and hind limb of a putative subadult individual. MLP 68-II-27-1, postcranial skeleton
consisting of articulated cervical (with fragmentary cranial bones
associated), dorsal and caudal vertebrae, and girdle and limb elements, belonging to two incomplete adult individuals (specimens
A and B).
Locality and Horizon—Laguna Colorada locality, Santa Cruz
Province, Argentina (Fig. 1). Laguna Colorada Formation, El
Tranquilo Group (Norian, Late Triassic; Jalfin and Herbst, 1995).
The PVL, MACN, and MPM specimens were collected from the
eastern margins of Colorada Lake. The PVL post-hatchling specimens (except for the juvenile PVL 4587) as well as the MPM
juvenile individuals were found in two distinct quarries, partially
articulated and closely associated to each other, along the eastern margin of Colorada Lake. The subadult and adult MLP specimens were recovered from the northwest margin of Colorada
Lake.
Emended Diagnosis—Mussaurus patagonicus is a basal
sauropodomorph with the following unique combination of characters (autapomorphies marked here with asterisks): cranial margin of the premaxilla directed posterodorsally, forming an angle
of 45◦ with the alveolar margin; main body of premaxilla craniocaudally shorter than deep; ventral ramus of lacrimal straight and
anteroposteriorly narrow, markedly constricted at midheight; absence of lateral (superficial) lamina of lacrimal covering the posterodorsal region of antorbital sinus; presence of a thin ridge
along the entire ventral ramus of the lacrimal; straight ventral
end of descending process of postorbital; rostral extension of the
infratemporal fenestra underneath the orbit; cranial and dorsal

rami of quadratojugal subperpendicular to each other; presence
of a dorsally projected peg-like process on the cranial tip of the
dentary (immediately anterior to the first mandibular tooth)∗ ;
low and elongated caudal end of mandibular rami (posterior to
the external mandibular fenestra) with only gently sigmoid dorsal margin∗ ; dorsoventrally expanded cranial end of mandibular
symphysis; premaxillary teeth and cranial maxillary teeth with
sigmoid distal margin lacking serrations on their margins (or having weakly developed broad denticles at the apical region); posterior maxillary teeth lanceolate with serrations on the mesial and
distal margins of the apical region; presence of a robust caudal
infradiapophyseal lamina (subcircular in cross-section); presence
of a well-developed prezygodiapophyseal lamina in middle dorsal vertebrae∗ ; presence of a ventromedial robust ridge extending
along the medial surface of the scapula reaching the distal third of
the scapular blade∗ ; distal carpal I smaller than distal carpal II∗ ;
presence of a well-developed convex bulge on the caudomedial
margin of astragalus∗ ; astragalus with concave distal lateromedial
surface∗ .
Comments—The emended diagnosis expands that provided by
Pol and Powell (2007a) for craniodental characters, which was
emended from the original diagnosis based on the post-hatchling
type material (Bonaparte and Vince, 1979). The only reference to
the postcranial skeleton in previous diagnoses was limited to general terms such as “dorsal vertebrae, pelvis, and posterior limb
bones prosauropod-like” (Bonaparte and Vince, 1979:175). The
attribution of the juvenile individuals described by Pol and Powell (2007a) (MPM-PV 1813/1, MPM-PV 1813/2, MPM-PV 1813/4,
and PVL 4587) to Mussaurus patagonicus was based upon their
cranial anatomy, including autapomorphies shared with the posthatchling holotype material (see Pol and Powell, 2007a). Despite
the lack of detailed postcranial anatomical data from the postcranium of the type material, due to its extremely early ontogenetic
stage, the well-preserved adult specimens described here as Mussaurus patagonicus share autapomorphic traits with the juvenile
specimens (PVL, MPM-PV) and therefore provide a solid basis for referring the adult specimens to this taxon. Here, we expand the diagnosis of this taxon by providing additional autapomorphies and a unique combination of characters found in the
postcranial anatomy of the adult specimens described herein. It
must be noted that several of the general postcranial characters
included in the original diagnosis of this taxon (Bonaparte and
Vince, 1979) are subject to ontogenetic change (as reported in
other basal sauropodomorphs; Reisz et al., 2005) and therefore
cannot be considered as diagnostic.

DESCRIPTION
Axial Skeleton
Cervical Vertebrae—Cervical vertebrae are present in MLP
68-II-27-1 and in MACN-SC 3379. MLP 68-II-27-1 specimen
B possesses the best-preserved elements; hence, the following
description will be based mostly upon the latter.

FIGURE 1. Mussaurus patagonicus locality
map. A, Argentina in a global context showing
Santa Cruz Province; B, cropped detail of the
area where Mussaurus patagonicus was recovered. The gray star denotes Laguna Colorada
site.
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FIGURE 2. Mussaurus patagonicus, cervical vertebrae (MLP 68-III-27-1 specimen B). A–D, cervical vertebrae 4 and 5 in left lateral (A, B) and
dorsal (C, D) views (B, D, interpretative drawings); E–H, cervical vertebrae 6–8 in left lateral (E, F) and dorsal (G, H) views (F, H, interpretative
drawings). Scale bar equals 10 cm.

There are two articulted series of cervical vertebrae in MLP
68-II-27-1. The anterior-most series is composed of two elements, most probably the fourth and fifth cervical vertebrae
(Fig. 2A–D). The second series is composed of three vertebrae,
probably the sixth to eighth cervicals (Fig. 2E–H).
The preserved cervical vertebrae have a craniocaudally elongated centrum, with length/height ratios of 2.31 in the anteriormost element (Fig. 2A, B) and 1.85 in the posterior-most element
(Fig. 2E, F) (see Supplementary Data 1 for measurements). In
the partially articulated specimen MACN-SC 3379, a midcervical centrum is approximately three times as long as high.
The presence of elongated cervical vertebrae has been noted
as a synapomorphic character of Sauropodomorpha (Gauthier,
1986). The ventral margin of cervical vertebrae is craniocaudally
concave due to the dorsoventral height of the cranial and caudal
articular surfaces. Cervical vertebrae 4 and 5 are lateromedially
compressed, whereas cervicals 6 to 8 increase the lateromedial
width of the cranial and caudal ends. The ventral surface of the
cervical centra bears a well-developed keel, as in Massospondy-

lus carinatus (BP/I/5421), Lufengosaurus, Coloradisaurus,
Leonerasaurus, Adeopapposaurus, and Panphagia. This condition contrasts with that in other basal sauropodomorphs (e.g.,
Plateosaurus engelhardti, Anchisaurus, Pantydraco, and Riojasaurus [PVL 3808]) in which the ventral surface of the cervical
centra is rounded and lacks a well-developed sagittal keel. The
articular surfaces of the cervical centra are amphicoelous, as
in other saurischians (although this character is subsequently
modified in derived sauropods, which have an opisthocoelous
condition). Parapophyses are visible only on the posterior-most
element, placed on the craniolateral surface of the centrum.
Diapophyses are present in the anterior-most series but become
more evident at the level of the seventh cervical vertebra and
are well developed and ventrally oriented in the last vertebra of
the series. The neural arch is placed at midlength of the centrum.
The prezygapophyses are straight and project craniodorsally,
extending beyond the cranial margin of the neural arch (rather
than being short and dorsally recurved as in most sauropod taxa).
Their articular facets are nearly horizontal in cervical vertebrae
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4 and 5. Along the cervical series (cervical 8) the prezygapophyses project more dorsally and their articular facets are more
medially exposed, suggesting that the curvature of the neck was
pronounced in this region. The postzygapophyses of the cervical
vertebrae are as long as the prezygapophyses and their distal
ends also extend beyond the caudal margin of the neural arch.
The prezygapophyses and postzygapophyses diverge from their
counterparts at an angle of 30◦ . The cervical postzygapophyses of
Mussaurus patagonicus seem to lack epipophyses, although this
might be a preservational artifact. The lamination of the arch is
poorly developed, as in most basal sauropodomorphs. The only
laminae visible are prezygodiapophyseal.
Dorsal Vertebrae—The better-preserved series belongs to
MLP 61-III-20-22, which includes four mid-dorsal vertebrae arranged in articulation (Fig. 3A–F) and an isolated posterior vertebra (Fig. 3G–L).
The dorsal vertebrae of MLP 61-III-20-22 are proportionately
short with respect to the cervical vertebrae of MLP 68-II-27-1
specimen B, and their craniocaudal length is approximately
1.04 times their dorsoventral height. In all of the available
materials, the dorsal centra are gently amphicoelous and possess
concave craniocaudal ventral surfaces and lateral faces. The
lateral surfaces of the centra possess a shallow depression,
but it is acamerate (sensu Wedel et al., 2000) and lacks a
well-defined pneumatic camera or pleurocoel (i.e., a deep,
rounded, discrete, and sharp-edged depression such as those
present in eusauropods). The ventral surface lacks a keel. A
keel structure is common on the anterior-most dorsal vertebrae
of some basal sauropodomorphs (e.g., Massosspondylus and
Adeopapposaurus). It is not possible to assess the presence
of a ventral keel in the anterior-most dorsal vertebrae of M.
patagonicus due to the lack of this part of the axial column.
The neural arches of MLP 61-III-20-22, MLP 61-III-20-23, and
MACN-SC 3379 are strongly sutured but not completely fused
to the vertebral centra. MLP 68-II-27-1 and the posterior dorsal elements of MACN-SC 3379, however, have neural arches
that are slightly dislocated from their original positions, indicating that the neurocentral suture was not completely closed in
these specimens. The degree of neurocentral fusion in these specimens varies along the axial series, because their cervical neural
arches are fused to their centra (a pattern also noted in other
sauropodomorphs; Gallina, 2010). The craniocaudal extension of
the neural arches is greater than their dorsoventral depth, as in
most basal sauropodomorphs.
The parapophyses are large, subcircular, and located at the
bases of the prezygapophyses, just above the neurocentral suture and close to the neural arch cranial margin (Fig. 3A, C, E,
F, I, L). Parapophyses are present in MLP 61-III-20-22, MLP 68II-27-1, and MACN-SC 3379, indicating an anterior-middle (thoracic) position for the vertebrae. MLP 61-III-20-23 lacks parapophyses, a feature characteristic of posterior dorsal vertebrae.
The diapophyses are laterally or dorsolaterally oriented and supported ventrally by two main laminae: the prezygodiapophyseal
lamina cranially, and the posterior centrodiapophyseal lamina
caudally. The presence of a prezygodiapophyseal lamina in the
mid-dorsal vertebra of M. patagonicus is unusual because this
lamina is commonly absent in this region of the column in basal
sauropodomorphs, but occurs in eusauropods (Yates, 2007; Pol
et al., 2011). Sarahsaurus aurifontanalis also possesses a welldeveloped prezygodiapophyseal lamina on the middle dorsal vertebrae. A third lamina, the parapodiapophyseal, is present in dorsal vertebrae of MLP 61-III-20-22 (Fig. 3E, F, I, L). The anterior
dorsal vertebrae of the specimen MACN-SC 3379 have an extremely thin and weakly developed parapodiapophyseal lamina
that extends cranioventrally to connect the two articular facets
for the ribs. This lamina is not distinguishable in MLP 68-II-27-1
due to poor preservation. Caudal to the diapophyses there is a
postzygodiapophyseal lamina (Fig. 3A, C, H, K).

The prezygapophyses of the anterior dorsal vertebrae of
Mussaurus patagonicus are reduced in comparison with those
of the cervical elements, although they project anteriorly and
extend beyond the cranial margin of the centrum. The prezygapophyseal articular facets are set rather horizontally in MLP
61-III-20-22 and slightly oblique to the horizontal plane in
MLP 68-II-27-1. There is no evidence of spinoprezygapophyseal
laminae in any of the preserved material. The postzygapophyses
are lateromedially wide, having their medial margins almost
in contact with each other. As in Leonerasaurus and the basal
sauropods Lessemsaurus and Antetonitrus, there are spinopostzygapophyseal laminae, which delimit a deep postspinal fossa
(Fig. 3H, K). Hyposphene-hypantrum articulations are present,
as in most basal sauropodomorphs (Galton and Upchurch, 2004).
The neural spine of the anterior dorsals is subrectangular
in lateral view, being dorsoventrally low and craniocaudally
elongated, as in most basal sauropodomorphs. Their dorsal end
is lateromedially thin, lacking the broad spinal table present in
some basal sauropodomorphs (e.g., Plateosaurus engelhardti)
and derived eusauropods. The caudal margin of the dorsal neural
spines of Mussaurus patagonicus is markedly concave in lateral
view, a character also present in other basal sauropodomorphs
(e.g., Plateosaurus engelhardti, ‘Plateosaurus’ gracilis [GPIT
18392], Lufengosaurus, Yunnanosaurus [NGMJ 004546], and
Coloradisaurus).
The posterior dorsal vertebrae of Mussaurus patagonicus,
preserved in MLP 61-III-20-23, lack the weakly developed parapodiapophyseal lamina present in the mid-dorsal vertebrae. This
reduction is similarly present in other basal sauropodomorphs,
because the parapophysis in the posterior dorsal vertebrae is
adjacent to the diapophysis.
Sacrum—The sacrum of Mussaurus patagonicus is composed
of at least three vertebrae and a putative fourth element, which
may be considered as a caudosacral (Fig. 4). Three sacral vertebrae are present in all basal sauropodomorphs, except for
basal forms that have only two (e.g., Saturnalia tupiniquim and
Pantydraco caducus), and sauropods and their most closely related outgroups that have four or more sacral vertebrae (e.g.,
Melanorosaurus readi [NMQR 3314] and Leonerasaurus taquetrensis). The widespread condition of three sacral vertebrae
among basal sauropodomorphs is interpreted as a dorsosacral
in addition to the two primordial reptilian sacral elements
(e.g., Efraasia minor [SMNS 57539], Ruhelia bedheimensis, Massospondylus carinatus [BPI/I/5421], Lufengosaurus huenei, Yunnanosaurus huangi [NGMJ 004546], and Anchisaurus polyzelus).
Plateosaurid sauropodomorphs, however, have a sacrum composed of the two primordial sacrals plus a caudosacral (e.g., Plateosaurus engelhardti and ‘Plateosaurus’ gracilis [SMNS 5715]).
The criteria for recognizing the homology of sacral elements in
basal sauropodomorphs have been extensively discussed in the
recent literature and are based on their relative position, the morphology of the sacral ribs, and the fusion of some of the sacral
centra (Galton, 1999, 2001; Galton and Upchurch, 2000; Moser,
2000; Yates, 2003a; Pol et al., 2011).
Two almost complete sacra of Mussaurus patagonicus are preserved in MLP 68-II-27-1 specimen A and in MLP 61-III-20-23, as
well as the poorly preserved primordial sacrals of MLP 61-III-2022. The morphology of the sacrum of M. patagonicus is congruent
with the most generalized condition of basal sauropodomorphs,
in which three sacral vertebrae are preserved attached to the ilium. The anterior-most element is identified as a dorsosacral, followed by the two primordial sacrals. Also, there is a fourth element placed posteriorly, which is regarded here as a caudosacral
(see below).
The dorsosacral vertebra is incomplete, including only the caudal half of the centrum and the distal portion of the sacral rib.
The latter structure extends laterally and reaches the dorsal internal margin of the acetabular rim, in deep contact to the proximal
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FIGURE 3. Mussaurus patagonicus, middle dorsal vertebrae (MLP 61-III-20-22). A–D, articulated dorsal vertebrae in left lateral (A, C) and dorsal
(B, D) views (C, D, interpretative drawings); E, F, detail of the first vertebra of the articulated sequence (F, interpretative drawing); G–L, isolated
anterior dorsal vertebra in cranial (G, J), caudal (H, K), and left lateral (I, L) views (J–L, interpretative drawings). Scale bar equals 10 cm.
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FIGURE 4. Mussaurus patagonicus, sacrum (MLP 61-III-20-23). A, B, sacrum with both ilia in dorsal view (B, interpretative drawing); C, D, sacrum
without ilia in right lateral view (D, interpretative drawing); E, F, sacrum without ilia in ventral view (F, interpretative drawing). Scale bar equals
10 cm.

portion of the pubic peduncle, as in Leonerasaurus (Fig. 4A, B).
The contact with the ilium has a craniocaudally elongated pattern, as in other basal sauropodomorphs (e.g., Leonerasaurus and
Massospondylus).
The second sacral vertebra (first primordial sacral) is
placed at the level of the caudal margin of the acetabulum
(Fig. 4A, B), which differs in the pattern present in other basal
sauropodomorphs in which the primordial sacral is at the middle level of the craniocaudal extent of the acetabulum (e.g., Plateosaurus and Leonerasaurus). The centrum is lateromedially
constricted with respect to the subsequent ones, and both conditions are also present in the first primordial sacral of Leonerasaurus taquetrensis. The centrum is fused to the subsequent
sacral vertebra (second primordial); hence, there is no clear demarkation between them. Fusion of the two primordial sacral
centra is also present in other basal sauropodomorphs (e.g.,
Leonerasaurus) and is one of the criteria used for recognizing the
two primordial sacrals in this group (Wilson and Sereno, 1998;
Pol et al., 2011). The vertebral body is similar in width to the
presacral vertebrae, but is notably narrower and more rounded
ventrally than the subsequent sacral elements. The neural arch is
firmly fused to the centrum and is not well preserved. The base

of the neural spine is preserved and is lateromedially narrow and
craniocaudally elongated, as in presacral vertebrae. Diapophyses
are placed above the parapophyses, but only the former have preserved parts of the sacral ribs attached. The diapophyses merge
with the neural arch and have in lateral view flat cranial and dorsal margins and a caudoventrally concave margin, giving an inverted ‘L’-shape in cross-section. Although there are some minor differences, the sacral rib of this element shares with the first
primordial sacral rib of other basal sauropodomorphs (e.g., Plateosaurus, Massospondylus, and Leonerasaurus) the presence of
a markedly concave caudal surface, providing another anatomical criterion for identifying this element as the first primordial
sacral. The first sacral rib contacts the ilium at the level of the
caudal margin of the acetabulum, differing from the condition
present in Plateosaurus and Leonerasaurus in which that structure is placed at the mid-level of the acetabulum. The parapophyses arise from the centrum and are both broken at their
base.
The third element of the sacrum (i.e., the second primordial
sacral) is placed at the level of the caudal margin of the ischiadic
peduncle and is well preserved in MLP 61-III-20-23 (Fig. 4A,
B). This vertebral centrum is the most craniocaudally elongated
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of the sacral vertebrae (Fig. 4C–F). It is slightly wider than
high, having a slightly convex ventral surface, with two ventral
surfaces separated by a tenuous sagittal ridge. The neural arch is
partially preserved and lacks the neural spine. The diapophyses
and parapophyses are well developed as a continuous structure
and have a concave cranial surface ventrally, and concave caudal
surface dorsally, determining an inverted-’S’-shape contact with
the ilium. The dorsal portion of the sacral rib, derived from the
diapophyses, projects caudodorsally and expands craniocaudally
towards its contact with the cranial region of the postacetabular
process of the ilium. The ventral region of the sacral rib is derived
from the parapophyses and contacts the base of the ischiadic
peduncle.
Posterior to the third sacral (second primordial sacral) there
is an additional vertebra preserved in articulation in MLP 61-III20-23 (Fig. 4A, B). This element may represent a caudosacral vertebra because the entire element is enclosed between the postacetabular processes of the ilia and the caudal margin of its centrum
does not extend beyond the caudal margin of the postacetabular
wing of the ilium. Unfortunately, the transverse processes (and
putative sacral ribs) are not preserved and hence we cannot determine if this element contacted the postacetabular process of
the ilium. It should be noted, however, that the sacral rib of the
second primordial sacral only occupies the cranial half of the medial surface of the postacetabular process of the ilium, leaving
ample space for the anchorage of an additional (caudosacral) rib.
Further pelvic remains are needed to determine if this element is
a caudosacral element, as is present in sauropods and their most
closely related outgroups (Pol et al., 2011).
Caudal Vertebrae—A nearly complete articulated series of 30
caudal vertebrae is preserved in MLP 68-II-27-1 specimen A,
lacking its anterior-most and posterior-most elements (Fig. 5).
The anterior-most vertebrae of the preserved series have
length/height ratios of 0.73 and the same width/height ratio,
thereby corresponding to anterior caudal vertebrae. These
values increase in the distal-most vertebrae to 1.86 and 1.45,
respectively, showing the typical centrum elongation of most
saurischians (see Supplementary Data 1 for measurements). It
is not possible to determine the condition of the articular faces
of the anterior and middle caudal centra because the series
is articulated. Nonetheless, the posterior caudal centra have
exposed amphicoelous articular facets.
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As specified above, the anterior caudal centra are tall and lateromedially compressed, with a flat ventral surface. The lateral
surfaces are concave and lack depressions or any kind of coels.
The neural arch with all of its structures is not completely preserved in any of the caudal vertebrae. The anterior caudal transverse processes (ACTPs; sensu Gallina and Otero, 2009) are well
developed, although not completely preserved. They are almost
horizontal (whereas those of the left side are dorsolaterally oriented due to deformation) and caudolaterally oriented, as it is
common for the anterior-most caudal vertebrae and corresponding to the single ACTP morphology described by Gallina and
Otero (2009) in sauropods. The anterior caudal transverse processes are dorsoventrally flat, whereas the posterior transverse
processes become subcircular in cross-section. The posteriormost presence of these structures exceeds the 30th caudal vertebrae. The prezygapophyses are well developed and extend beyond the cranial margin of the centrum in all preserved caudal
vertebrae. The articular faces are nearly circular and almost vertically oriented. The junction between both prezygapophyses is
‘U’-shaped. The postzygapophyses are placed at the base of the
neural spine at a higher level than the prezygapophyses. The base
of the neural spine is craniocaudally elongated, as in the rest of
the axial skeleton, but is also tall as preserved, despite the fact
that none of the spines are complete. The neural spines are caudodorsally oriented in all the caudal series and are lateromedially
compressed.
As in most saurischians, the lamination of the caudal region
of Mussaurus patagonicus is poorly developed. No laminae are
present below the neural arch. The only laminae present are the
prezygo- and postzygodiapophyseal laminae, and the prominent
pre-and postspinal laminae.
Chevrons—Articulated hemal arches are partially preserved
until the 10th caudal vertebra (Fig. 5). Despite the fact that
only the proximal portions are preserved, it can be noted that
the morphology of the preserved chevrons corresponds to the
closed ‘Y’-shaped morphotype described by Otero et al. (2012)
for sauropods.
Pectoral Girdle
The best-preserved scapula belongs to MLP 68-II-27-1 specimen A, which has an almost complete right scapular blade fused

FIGURE 5. Mussaurus patagonicus, caudal vertebrae (MLP 68-II-27-1 specimen A). A, B, nearly complete caudal sequence in right lateral view (B,
interpretative drawing). Scale bar equals 10 cm.
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FIGURE 6. Mussaurus patagonicus, right
scapula and coracoid (MLP 68-II-27-1 specimen
A) in A, lateral; and B, C, medial views (C,
interpretative drawing). Scale bar equals 10 cm.

to a partially preserved coracoid (Fig. 6). Incomplete proximal
scapulae are also present in MACN-SC 3379.
Scapula—The scapula of Mussaurus patagonicus is narrow,
elongate, and slightly convex lateromedially. The scapular blade
is distally expanded and proximally constricted, with its ventral
margin slightly curved downwards, as in Adeopapposaurus. Proportionally, the scapula of M. patagonicus is more slender than
in other basal sauropodomorphs (e.g., Plateosaurus engelhardti,
Massospondylus carinatus [BPI/I/5421], and Riojasaurus incertus
[PVL 3663]). The slenderness of this element is produced by a
remarkable extension of the constricted shaft (occupying approximately half of the scapular length) and a poorly expanded
distal end. In this sense, the maximum scapular blade width is
approximately 22% the total length of the scapula, the same
ratio that is present in juvenile specimens of M. patagonicus
(PVL 4587), and that may be a diagnostic feature of this taxon,
shared only with Leonerasaurus. The scapular blade is rather
constricted, with its minimum width being 11% of the total
length of the scapula. This ratio is relatively low, considering
that most basal sauropodomorphs have minimum scapular shafts
varying from 15% to 17% (Pol and Powell, 2007b). Regarding
the proximal region, it is 39% of the total length of the scapula
at the level of the acromion process and the scapular glenoid
lip. The medial surface has an elongated ridge extending from
the medioventral surface of the proximal portion of the scapula
to the distal third of the scapular balde (Fig. 6B, C). This ridge
is present in two adult specimens (MLP 68-II-27-1, MACN-SC
3379) and also in the juvenile PVL 4587. This unusual feature is
otherwise known in Adeopapposaurus from the Early Jurassic
of northwestern Argentina and seems to be present also in
Unaysaurus from the Late Triassic of Brazil (Leal et al., 2004:fig.

4C, D), Thecodontosaurus antiquus, and Plateosauravus cullingworthi, although in these taxa it is not as developed as in M.
patagonicus (A. Yates, pers. comm.).
The acromion process is evident although not completely preserved and forms an angle of 75◦ with respect to the dorsal margin of the scapular blade when this structure is projected cranially. This condition resembles those of massospondylids and
more derived sauropodomorphs. Despite its incompleteness, it
can be seen that the acromion process is reduced, as in most
non-eusauropod sauropodomorphs (Wilson, 2002), although it
presents a thickened craniodorsal margin. The glenoid region
preserves the scapular lip, whereas the contribution of the coracoid is not well preserved. The acromion process and the scapular lip are not aligned to each other as in those of other basal
sauropodomorphs (e.g., Anchisaurus, Sellosaurus, Lessemsaurus,
and Plateosaurus). In this regard, this condition is similar to that
of Massospondylus carinatus (Cooper, 1981) and eusauropods
(e.g., Apatosaurus louisae, Chubutisaurus insignis, and Camarasaurus supremus) in which the acromion process and the scapular lip are not aligned, the latter being more ventrally positioned.
The scapulae of MLP 68-II-27-1 and MACN-SC 3379 are
coosified with the partially preserved coracoid. Both scapulae and
coracoids are medially curved. The lateral surface of the proximal
portion of the scapula has a supracoracoideal fossa, just below the
coracoids. In living crocodiles, this surface corresponds to the attachment site of the M. coracobrachialis brevis dorsalis (Meers,
2003).
Coracoid—The coracoid of Mussaurus patagonicus is partially preserved in MACN-SC 3379 and MLP 68-II-27-1. Unfortunately, the cranial and caudal margins are not preserved,
but only the ventral margin is present and is rather straight
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FIGURE 7. Mussaurus patagonicus, right humerus (MLP 68-II-27-1 specimen A) in A, cranial; B, medial; C, caudal; D, lateral; E, proximal (cranial
towards top); and F, distal (cranial towards top) views. Scale bar equals 5 cm.

(Fig. 6A–C). The dorsoventral length of the coracoids is subequal
to the dorsoventral length of the proximal portion of the scapula
up to the dorsal limit of the acromion process.
Forelimb
Adult specimens of Mussaurus patagonicus MLP 68-II-27-1
(specimens A and B) and MACN-SC 3379, and the subadult MLP
61-III-20-23 possess elements of the forelimbs. Most of the forelimbs of MLP 68-II-27-1 are complete and several elements were
recovered in articulated or semiarticulated position (e.g., both antebrachium plus manus) (see Supplementary Data 1 for measurements).
Humerus—The humerus of Mussaurus patagonicus is a gracile
bone with expanded proximal and distal ends (Fig. 7A) and
a relatively constricted midshaft. In this regard, the proximal
expansion/total length ratio of the bone falls within the range
of most basal sauropodomprphs (0.30–0.40), except for massospondylids, which have larger values (approximately 0.50). In
contrast, the distal expansion of the humerus is relatively invariant in all basal sauropodomorphs, ranging between 0.3 and 0.36
(being 0.33 in Mussaurus). The humerus of the adult specimens
is remarkably gracile in comparison with those of most basal
sauropodomorphs (e.g., Massospondylus carinatus [BPI/I/4934],
Lufengosaurus huenei, Yunnanosaurus huangi [NGMJ 004546],
Plateosaurus engelhardti [MB skelett 25], Coloradisaurus brevis, and Riojasaurus incertus [PVL 3808]). Interestingly, the
proportions of the humerus in M. patagonicus resemble those
of the most basal sauropodomorphs (e.g., Thecodontosaurus
and Saturnalia) as well as those of sauropods Antetonitrus
ingenipes (BPI/I/4952) and eusauropods and their most closely
related outgroups (e.g., Melanorosaurus readi [NMQR 3314] and
Leonerasaurus).
The proximal end has a sigmoidal shape in proximal view (Fig.
7E), although not as sigmoid as in Coloradisaurus. In Riojasaurus
and more derived sauropodomorphs, instead, the humeral prox-

imal margin is cranially concave and lacks a sigmoidal outline.
The proximal end is well differentiated from the deltopectoral
crest by a sharp edge, as in Adeopapposaurus and Massospondylus, but differing from the condition present in Plateosauravus
(SAM-PK-K3342) in which the contact between the deltopectoral crest and the proximal end is marked by a thick margin. The medial region of the proximal end of the humerus
bears an internal tuberosity, although this structure is not well
preserved in the available specimens. The internal tuberosity
is not as developed as in other basal sauropodomorphs (e.g.,
Massospondylus carinatus [BPI/I/4934], Coloradisaurus, Lufengosaurus, and Yunnanosaurus huangi [NGMJ 004546]). In this
sense, the condition present in Mussaurus resembles that of
sauropods. The lateral and proximal margins of the proximal
end of the humerus join each other at an angle of 90◦ , as in
Adeopapposaurus and Coloradisaurus, but differing from other
basal sauropodomorphs (e.g., Plateosaurus) in which the contact
is not set at a right angle but forms a proximolaterally convex
outline. The deltopectoral crest is a distinctive structure laterally placed with respect to the proximal end and laterocranially
projecting (Fig. 7A–D). It rises abruptly from the proximolateral
margin of the humerus and extends distally, occupying 35% of
total humeral length when measured from the base of the crest.
Most basal sauropodomorphs have a longer deltopectoral crest,
ranging between 45% and 55% of humeral length (e.g., Massospondylus carinatus [BPI/I/4934], Lufengosaurus, Plateosaurus
engelhardti, Coloradisaurus, Riojasaurus [PVL 3808], and Leonerasaurus). The condition in M. patagonicus resembles that of
one of the most basal sauropodomorphs (i.e., Saturnalia) as well
as that of derived sauropodomorphs (e.g., Antetonitrus ingenipes
[BPI/I/4952], Lessemsaurus, Kotasaurus, and Vulcanodon). The
deltopectoral crest is rather high, as in all basal saurischians, and
has a broad cranial surface. The edge of the deltopectoral crest is
straight, being almost parallel to the long axis of the shaft, as in
most basal sauropodomorphs, resulting in a subrectangular outline. Other forms, in contrast, have an oblique edge of this crest,
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following the lateral margin of the shaft (e.g., Riojasaurus incertus
[MLR 56], Coloradisaurus, Lufengosaurus, and Yunnanosaurus
huangi [NGMJ 004546]). The caudolateral surface of the deltopectoral crest of M. patagonicus has a well-developed ridge,
which is proximodistally elongated and extends up to the distal end of the crest. A similar ridge is present in Plateosauravus
(SAM-PK-K3342) and Sarahsaurus (TMM 43646-2), although in
the latter taxon the ridge is slightly sigmoid.
The humeral shaft is subcircular in cross-section, as in most
non-eusauropod sauropodomorphs (eccentricity index [ECC] between 1.06 and 1.13), such as Coloradisaurus (ECC = 1.17) and
Riojasaurus (ECC = 1.2). However, the lateromedial width is
slightly larger than the craniocaudal length. The former is parallel to the proximal articular surface. The shaft is well differentiated from the proximal and distal ends, and the lateral
and medial margins of the shaft are parallel-sided, as in other
basal sauropodomorphs (e.g., Plateosaurus, Coloradisaurus, Riojasaurus, and Massospondylus). This condition is different from
that of Lessemsaurus, in which the shaft is highly constricted. The
distal end of the humerus of Mussaurus patagonicus is lateromedially wide and craniocaudally narrow (Fig. 7F). Its cranial surface bears a shallow but broad semicircular fossa, a widespread
feature among basal sauropodomorphs. The distal condyles are
equally poorly preserved; hence, the supracondylar fossa is not
deeply excavated. Massospondylids, Plateosaurus, and Saturnalia instead, have a well-delimited fossa, which is different from
the deep but not sharply delimited fossa of Lessemsaurus. The
caudal surface of the distal end has a tenuous depression between both condyles. The major (lateromedial) axis of the distal end is aligned with the major (lateromedial) axis of the proximal end. This is in contrast to the condition of Riojasaurus,

in which the long axes of both ends are not aligned to each
other.
The humeral/femoral length ratio of Mussaurus patagonicus
is 0.65, and falls within the range of other non-eusauropod
sauropodomorphs. Among basal sauropodomorphs, this ratio
varies between 0.55 (Saturnalia tupiniquim) and 0.70 (e.g.,
Melanorosaurus readi [NMQR 3314]), whereas the ratio in eusauropods always exceeds 0.8 (Gauthier, 1986).
Ulna—Nearly complete left and right ulna of Mussaurus patagonicus are preserved in MLP 68-II-27-1 specimen A (Fig. 8A–F).
The ulna is about 60% the length of the humerus, which is similar
to the condition of most non-eusauropod sauropodomorphs, with
the exception of Yunnanosaurus huangi NGMJ 004546, Lufengosaurus huenei, and Melanorosaurus readi (SAM-PK-K3449), in
which this ratio varies between 55% and 67%.
The proximal end of the ulna is expanded both lateromedially
and craniocaudally, resulting in a triangular profile in proximal
view, as in most sauropodomorphs (Fig. 8E). This proximal articular shape is determined by the development of the craniomedial and craniolateral processes. The maximum proximal length
(craniocaudal) is 40% of the total length of the ulna. This ratio
is measured at the level of the craniomedial process, which is the
best developed of the proximal processes of the ulna. The proximal width (lateromedial), measured at the level of the craniolateral process is 28% of the total length of the ulna. Both processes
delimit a shallow, craniolaterally facing radial fossa, as in Aardonyx (Yates et al., 2010). As in most basal sauropodomorphs,
the radial fossa of M. patagonicus is only a shallow concavity. In sauropods and their most closely related outgroups (i.e.,
Melanorosaurus readi [NMQR 3314], Lessemsaurus, Antetonitrus ingenipes [BPI/I/4952], Vulcanodon karibaensis, and more

FIGURE 8. Mussaurus patagonicus, right ulna
and radius (MLP 68-II-27-1 specimen A). Ulna
in A, lateral; B, cranial; C, medial; D, caudal;
E, proximal (anterior towards top); and F, distal
(anterior towards top) views. Radius in G, craniolateral; H, cranial; I, caudomedial; J, caudal;
K, proximal (cranial towards top); and L, distal (cranial towards top) views. Scale bar equals
10 cm.
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derived forms), the radial fossa is deep and is bounded caudally by a prominent craniolateral process of the ulnar proximal
end (Wilson and Sereno, 1998; Bonnan, 2003; Yates and Kitching, 2003; Bonnan and Yates, 2007). Opposite to the radial fossa
there is also a slightly concave margin over the medial side of
the ulna, a condition also reported in Lessemsaurus sauropoides,
Melanorosaurus readi (SAM-PK-K3449), and Antetonitrus ingenipes (BPI/1/4952), but absent in most other sauropodomorphs
(e.g., Vulcanodon, Yunnanosaurus, and Tehuelchesaurus). The
ulnar proximal end bears a well-developed olecranon process
that extends above the proximal articulation (Fig. 8A, C, E). A
similar condition is present in Aardonyx celestae, Melanorosaurus
readi (SAM-PK-K3532), and Antetonitrus ingenipes.
The ulnar shaft is craniocaudally expanded proximally and
becomes constricted distally. In lateral aspect, the caudal margin is rather straight, although the distal-most portion displays
a shallow depression just above the distal articular surface. This
feature is also present in Aardonyx (Yates et al., 2010:fig. 3D).
The cranial margin of the shaft is concave, as in Aardonyx,
Melanorosaurus, Antetonitrus, and Adeopapposaurus. The lateral
margin is slightly convex, whereas the medial margin is concave,
giving the shaft a curved aspect in cranial view. The shaft is lateromedially compressed and presents a triangular cross-section with
one tip pointing laterally in the proximal one-third, but becomes
elliptical in cross-section in the distal two-thirds.
The distal end of the ulna is lateromedially expanded, with
the maximum distal end length 30% of the total length of
the bone (Fig. 8F). This condition is similar to that of other
basal sauropodomorphs (e.g., Massospondylus, Lessemsaurus,
Melanorosaurus, Aardonyx, and Adeopapposaurus), but contrasts with that of eusauropod outgroups (e.g., Vulcanodon and
Tazoudasaurus) in which the distal end is much less expanded.
The long axis of the distal articular surface is parallel to the craniolateral proximal process and perpendicular to the craniomedial
process. There is a well-developed scar on the craniolateral surface of the distal end, which Yates et al. (2010) interpreted in
Aardonyx as a ligament scar for attachment to the radius. The
distal articular surface is convex.
Radius—As in the ulna, the radius of Mussaurus patagonicus is
notably elongated and slender in comparison with those of other
basal sauropodomorphs (Fig. 8G–L). The right radius of MLP
68-II-27-1 was found in natural articulation with the ulna and was
disarticulated for its study; hence, its approximate articular relationship with the ulna can be interpreted.
The radius has its proximal and distal ends almost equally expanded (maximum proximal length/total radial length = 0.29;
maximum distal length/total radial length = 0.27). The length
of the radius is 52% of the total length of the humerus, resembling the proportions of Adeopapposaurus. The proximal end
is subtriangular, with the long axis of the proximal end lateromedially oriented (Fig. 8K). A similar condition is present in
Aardonyx. In contrast, Massospondylus (QG 1390) has an elongated proximal articular surface but with rounded cranial and
caudal edges. The shaft of the radius is rather straight, as in
most basal sauropodomorphs, and its cross-section is subcircular.
The distal end of the radius of M. patagonicus is subovoid, as in
other sauropodomorphs (Fig. 8L). The caudal margin of the distal end has a well-developed groove, most probably for contact
with the ulnar distal scar (Fig. 8J). A similar feature is present
in Antetonitrus (‘radial ulnar process’; Remes, 2008) but not in
other basal sauropodomorphs (e.g., Plateosaurus and Adeopapposaurus). The long axis of the distal articular surface is at 45◦
with respect to the long axis of the proximal articular surface.
Carpus—Of the carpus, three carpal elements of each autopodium are preserved in individual A of MLP 68-II-27-1
(Fig. 9A). These carpal elements correspond to distal carpals I
and II, plus a putative radiale. MPM-PV 1814 has also preserved
two distal carpals in natural articulation, helping to determine the
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relative position and homology of the carpal elements of Mussaurus patagonicus.
Distal carpal I is the smallest of the three elements preserved.
It is subtriangular in proximal view, with one of the apices pointing laterally. The proximodistal length is 83% of its lateromedial
length. The palmar surface is thickened with respect to its dorsal surface. This element is compressed proximodistally and its
orientation when articulated is with the proximal surface facing
proximomedially, whereas the distal surface faces laterodistally,
in contact with the proximal surface of metacarpal I. The proximal surface of distal carpal I has a clear surface for the contact
to the putative radiale. The distal surface of distal carpal I has
two distinct and well-defined articular facets: one for the contact
to the metacarpal I on its medial portion, and the other for the
articulation with the distal carpal II located on its lateral portion. Distal carpal I of Mussaurus is notably smaller than that
of other basal sauropodomorphs (e.g., Adeopapposaurus, Plateosaurus, and Massospondylus) and also differs in shape, being
subtriangular instead of discoidal.
Distal carpal II is a robust element with a plantar surface that
is much more expanded proximodistally than its dorsal surface;
hence, the outline in lateral/medial view is triangular, with one
of the tips pointing dorsally. The lateromedial length is 77% of
its dorsoplantar length. The palmar suface outline is subquadrangular, with four well-defined margins. The medial side of the
square bears an articular surface for distal carpal I, a condition
also reported in Adeopapposaurus and Massospondylus. Two
distinct surfaces face distally: a mediodistal facet for its contact
with the proximal surface of metacarpal I, and a slightly concave laterodistal facet for contact with the proximal surface of
metacarpal II. The proximal surface is also slightly concave where
is overlapped by the third element of the carpus (the putative
radiale).
The third element is tentatively interpreted as a radiale given
its relative position to the rest of the carpus, and its large size.
This is the largest preserved element of the carpus, although not
as developed as that of basal forms (e.g., Herrerasaurus), is proximodistally compressed, and has been completely preserved in
natural articulartion in MLP 61-II-27-1 specimen A and MPMPV 1814. The dorsoplantar height of this element exceeds its lateromedial width. The proximal surface is convex and is in contact
with the radius in MPM-PV 1814. The distal surface is rather flat
and overlaps distal carpal II and partially distal carpal I.
Manus—The manus of Mussaurus patagonicus has been preserved almost or partially complete in all adult individuals (MLP
68-II-27-1, MLP 61-III-20-23, MACN SC 3379, and MPM-PV
1814); hence, its morphology can be studied in detail. MLP 68-II27-1 has both almost complete manus from the same individual
(individual A) (Figs. 9, 10). MLP 60-III-20-23 possesses incomplete remains of digits I, II, and III. The following description is
based mostly on the manus of 68-II-27-1 (individual A). Unguals
from digits III–V are not preserved.
The metacarpus of Mussaurus patagonicus is short (less than
38% of the length of the humerus plus radius), broad, and
has the characteristic condition of all basal sauropodomorphs
in which the proximal end of metacarpal I is proximally inset
from the rest of the metacarpals (Sereno, 1999). The arrangement of the metacarpus also displays the arch seen in most basal
sauropodomorphs (Fig. 9B–G).
Metacarpal I (Fig. 9B, C) is broad and much shorter
than the other metacarpals, as it is common for most basal
sauropodomorphs. The proximal end is subquadrangular. The
dorsoplantar height is 78% of its lateromedial width, whereas
the proximodistal length is 71% of the proximodistal length of
metacarpal II. The lateromedial width is 86% of its proximodistal length. The dorsal and plantar margins of the proximal surface
are rather parallel and concave, although the dorsal margin close
to the medial end has a well-developed tubercle that projects
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FIGURE 9. Mussaurus patagonicus, right carpus and metacarpus (MLP 68-II-27-1 specimen A). A, plantar view of metacarpals I and II with articulated carpal elements preserved. The detail of the distal carpal elements correspond to proximal and distal views (from left to right); B, metacarpus
in proximal (upper), dorsal (middle), and distal (lower) views; C, metacarpal I in (from left to right) dorsal, lateral, ventral, and medial views; D,
metacarpal II in (from left to right) dorsal, lateral, ventral, and medial views; E, metacarpal III in (from left to right) dorsal, lateral, ventral, and
medial views; F, metacarpal IV in (from left to right) dorsal, lateral, ventral, and medial views; G, metacarpal V in (from left to right) dorsal, lateral,
ventral, and medial views. All scale bars equal 3 cm.

dorsally. The medial margin is convex and the lateral margin is
concave and fits with the medial surface of metacarpal II. There
is a distinct and clearly delimited surface on the lateral margin
of the proximal surface, which faces proximomedially and contacts distal carpal I. The lateroplantar and laterodorsal corners of
the proximal surface are well developed and present ridges that
extend distally along the shaft, creating the concave lateral surface of metacarpal I. The proximal surface is rather flat and is
twisted approximately 45◦ medially with respect to the distal articular surface.

The shaft of metacarpal I is short, lateromedially wide, and
dorsoplantarly flat, although it is thicker on its lateral side and
slightly tapers medially. The medial margin is flat and the lateral margin is concave for the accommodation of metacarpal
II. Distally, the articular condyles of this element are highly
asymmetrical. An asymmetrical distal end of metacarpal I is
present in basal saurischians (Gauthier, 1986), but the degree of
asymmetry present in Mussaurus patagonicus is higher than of
other basal sauropodomorphs (e.g., Plateosaurus and Adeopapposaurus). The distal articular surface is subtrapezoidal, with the
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lateral margin almost straight and the medial margin markedly
concave. Both condyles are well developed and have extensive
articular surfaces (extending along an angle of approximately
180◦ ). The lateral condyle is dorsoventrally higher and more distally located than the medial condyle. Consequently, the first
manual phalanx of digit I is slightly deflected medially with respect to the rest of the manus. The medial condyle is well developed plantarly and tapers dorsally. The area between both
condyles is deeply grooved. Collateral ligament pits are present
and well developed on both distal condyles. The medial collateral
pit is rounded and lacks well-defined margins, whereas the lateral
pit is elliptical, with the major axis oriented dorsoplantarly, and
has well-defined margins.
Metacarpal II (Fig. 9B, D) is, together with metacarpal III,
the longest element of the metacarpus. The proximal articular
surface is subrectangular, with its lateromedial width 63% of
the dorsoplantar length and 36% of the proximodistal length of
metacarpal II. The lateral and medial margins are subparallel, the
dorsal margin is flat to slightly concave, and the plantar margin
is convex. The proximal surface is convex and fits with the concave distal surface of distal carpal II. The dorsoplantar axis of the
proximal articular end is nearly perpendicular with respect to the
lateromedial axis of the distal end, although it is slightly laterally oriented. The shaft of metacarpal II is well defined, with lateral and medial sides almost parallel to each other and its dorsal
and plantar surfaces are proximally expanded and taper distally.
The shaft is much broader than that of the other metacarpals
(except for metacarpal I). The distal articular surface is rather
convex and continuous, with a weakly developed intercondylar
groove. It has a subtrapezoidal shape, with the lateral margin flat
and the medial margin dorsoplantarly oblique. The dorsal margin is flat, whereas the plantar margin is slightly concave. Distally,
both condyles are placed at the same level. The lateral ligament
pit is more deeply excavated and better defined than the medial
pit.
Metacarpal III (Fig. 9B, E) is as long as metacarpal II,
although it is more slender. The proximal articular surface
is triangular, with its apex pointing plantarly. The maximum
lateromedial width is 82% of its dorsoplantar length and 38%
of the proximodistal length of metacarpal III. The dorsal and
medial margins are straight and set at 90◦ to each other, whereas
the lateral margin is slightly concave for the articulation with
metacarpal IV and oriented obliquely with respect to the dorsal
margin of the proximal end of metacarpal III. The medial margin
has a distinct flat surface in its dorsal region for articulation with
metacarpal II. The proximal surface of metacarpal III is convex.
The shaft is twisted, so that the dorsoplantar axis of metacarpal
III is set at 45◦ with respect to the lateromedial axis of the distal
end. As in metacarpal II, the lateral and medial sides of the
shaft of metacarpal III are almost parallel to each other and its
dorsal and plantar surfaces are proximally expanded and taper
distally. Both lateral and medial surfaces bear a concavity close
to their proximal ends. The dorsal surface of the shaft is flat and
lateromedially expanded with respect to the plantar surface. The
proximal portion of the latter has a prominent scar that extends
up to the proximal end of the metacarpal III.
The distal end of metacarpal III lacks an intercondylar groove,
being a continuous, almost rounded surface that is less lateromedially expanded than the proximal end. The medial margin is
almost straight and the lateral margin is dorsoplantarly oblique.
Both collateral ligament pits are poorly developed.
Metacarpal IV (Fig. 9B, F) is slightly shorter than metacarpals
II and III. Nonetheless, the general proportions are similar to
those of metacarpal III. The proximal articular surface is triangular, with one broad apex pointing dorsomedially and an acute
tip apex pointing plantomedially. The lateromedial width is 80%
of the dorsoplantar height and 39% of the proximodistal length
of metacarpal IV. All margins of the proximal articular surface
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are straight. The margin that contacts metacarpal III faces dorsomedially, whereas the margin that contacts metacarpal V faces
lateroplantarly, and the dorsal margin is dorsolaterally oriented.
The proximal surface is convex. The shaft becomes progressively
constricted towards the distal end. The medial and lateral surfaces of the shaft are flat. The distal articular surface lacks welldifferentiated articular condyles and an intercondylar groove. Its
general shape is rounded, although it is slightly more expanded
lateromedially than dorsoplantarly. The ventral margin of the
distal end is slightly straight and the dorsal margin is more convex. The collateral ligament pits are present and better developed
than those of metacarpal III.
Metacarpal V (Fig. 9B, G) is robust and the smallest element of
the metacarpus. The proximal end is rounded, with its lateromedial width 127% of its dorsoplantar height and 73% of the proximodistal length of metacarpal V. The lateral margin is straight
and continues proximally in a slightly convex surface for articulation with metacarpal IV. The dorsal margin is markedly concave
and the plantar and lateral margins form a continuous convex
edge. The proximal surface is also convex. The shaft is poorly developed, having a proximodistally short constriction between the
proximal and distal ends. The cross-section of the shaft is subcircular. The distal articular surface is rounded and lacks differentiated condyles; however, the lateral portion is bulkier and more
distally projected than the medial part.
Manual phalanx I.1 (Fig. 10) is robust with an expanded
proximal end and is the largest manual phalanx. The proximal articular surface is almost quadrangular, with the lateromedial width being subequal to the dorsoplantar length and
69% of its proximodistal length. The proximal end has two distinct articular facets for articulation with the distal condyles of
metacarpal I. The lateral articular facet is large and proximolaterally facing, whereas the medial articular facet is smaller
and proximomedially facing. The medial facet extends over
the medial margin, creating the expanded proximomedial region of this phalanx. The dorsal and palmar margins are flat.
The shaft of manual phalanx I.1 is poorly developed and has a
quadrangular cross-section. The distal articular surface is trapezoidal and twisted medially approximately 60◦ with respect
to the proximal end. The condyles are well developed and
separated by a well-defined intercondylar groove. The dorsal
margin of the distal articular surface is 67% of the width of the
plantar margin. The lateral and medial margins are obliquely set
with respect to each other. The medial collateral ligament pit is
much more strongly developed than the lateral pit.
The ungual of digit I (Fig. 10) is the largest in the manus.
It is curved and lateromedially compressed, as in most basal
sauropodomorphs. The proximal articular surface is lateromedially constricted, its width being 55% of its dorsoplantar length
and 23% of the phalanx’s proximodistal length. The lateral and
medial edges of the proximal end are not parallel to each other,
and the medial one is notably convex. These edges have a distinctive rugose surface that continues on to the dorsal portion of
the proximal articular surface, towards the well-developed flexor
tubercle. There are two distinct concave articular facets on the
proximal surface of the ungual that receive the convex distal
condyles of manual phalanx I.1. The lateral and medial surfaces
of the ungual bear curved grooves that originate near the proximopalmar margin. These grooves extend distally, running parallel to the dorsal margin of the ungual until the distal tip of the
bone. The cross-section of the ungual is subtriangular.
Manual phalanx II.1 (Fig. 10) is the second largest nonterminal phalanx after manual phalanx I.1, being 70% of
the proximodistal length of the latter. In general terms,
the non-terminal phalanges of M. patagonicus are more robust than in other basal sauropodomorphs (e.g., Pantydraco,
Plateosaurus, and Adeopapposaurus), but resemble in their
length/width ratio those of other anchisaurian sauropodomorphs
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FIGURE 10. Mussaurus patagonicus, manual phalanges (MLP 68-II-27-1 and MLP 60-III-20-23). A, dorsal (upper) and proximal (lower) views; B,
right lateral (upper) and distal (lower) views. Terminal phalanx of digits I and II in B are reversed from the left side. Dotted silhouettes denotes
missing element. Phalanges I.1, IV.1, and V.1 correspond to MLP 68-II-27-1 specimen A; phalanges I.2, II.1, II.2, II.3, and III.1 correspond to MLP
68-II-27-1 specimen B; phalanx III.2 correspond to MLP 60-III-20-23. Scale bar equals 3 cm.

(e.g., Melanorosaurus and Yunnanosaurus). The proximal
articular surface is subtrapezoidal, with the palmar edge straight
and the lateral and medial margins slightly tapering dorsally. The
lateromedial width is 118% of the dorsopalmar length and 83%
the proximodistal length of the phalanx. There is no evidence
for articular faces on the proximal surface. As in the other non-

terminal manual phalanges of Mussaurus patagonicus, the shaft is
reduced to a short and poorly developed constriction. The crosssection of the shaft is trapezoidal, as the proximal end of manual
phalanx II.1. There is a slight depression on the dorsal surface,
close to the distal end, for the extensor ligament. The distal end
is as expanded as the proximal end and bears two distinct and
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well-developed condyles, which are subequally developed and
separated by a deep intercondylar groove. The lateral condyle
has a vertical margin, whereas the medial edge of the medial
condyle is set obliquely, creating a lateromedial asymetry of the
distal condylar surface of phalanx II.1. The collateral ligament
pits are well defined.
Manual phalanx II.2 (Fig. 10) is smaller than phalanx II.1,
being 50% of the length of phalanx I.1, although similar in its
general proportions and shape. The mediolateral width is almost
equal to its proximodistal length, denoting the abovementioned
robustness of the non-terminal phalanges of M. patagonicus.
The proximal articular surface is subtriangular, with a dorsally
pointed tip. The ventral margin is flat, whereas the lateral,
medial, and dorsal margins are markedly convex, constituting
three slightly defined lobes. The proximal surface is divided in
two distinct concave articular facets that articulate with the distal
condyles of phalanx II.1. The shaft is almost nonexistent, being
a transitional constriction between proximal and distal ends. As
in phalanx II.1, the lateral and medial distal condyles of phalanx
II.2 are well differentiated, asymmetrical, and separated by an intercondylar groove. In distal view, the lateral margin of phalanx
II.2 is dorsoventrally straight and the medial edge is oblique.
The ungual of digit II (Fig. 10) is very different from that
of digit I, being smaller, less curved, and less compressed. The
length is 42% of that of the digit I ungual. The proximal articular
surface is almost rounded, with two distinctive concave facets, as
in the digit I ungual. The lateromedial length of the proximal end
is approximately 37% of the total length of the ungual. The dorsal and plantar edges of the proximal end are thickened, forming
two distinct tubercles. The dorsal tubercle is poorly developed,
whereas the plantar tubercle continues ventraly as a raised rugose surface. The lateral and medial surfaces have two grooves
that originate from the proximoplantar portion and run parallel
to the dorsal edge until the distal tip, as in the digit I ungual. The
plantar surface of the ungual is rather flat, whereas the lateral and
dorsal surfaces are continuously convex.
The non-terminal phalanges of digit III (Fig. 10) are very similar to each other in morphology; hence, they will be described
altogether. Two non-terminal phalanges have been preserved in
manual digit III, three being the widespread condition among
basal sauropodomorphs (Galton and Upchurch, 2004). The general morphology and proportions are similar to the non-terminal
phalanges of digit II, although they are smaller. Phalanx III.1 is
50% of the length of phalanx I.1, and phalanx III.2 is 36% of the
length of phalanx I.1. Their dorsoplantar height is almost 80%
of their lateromedial widths and their proximal articular surfaces
are rather rounded. The shaft is reduced to a simple and short
constriction. The distal end has two defined condyles separated
by an intercondylar groove, although these are not as defined as
those of the non-terminal phalanx of digit I. Collateral ligament
pits are well defined, as in other non-terminal phalanges.
One non-terminal phalanx is present in digit IV. Phalanx IV.1
resembles those of digit III in both shape and size. The proximal
articular surface is rounded and its lateromedial width is almost
equal to its dorsoplantar height. The distal condyles are well developed and are not clearly separated from the proximal end by
a phalangeal shaft.
Manual phalanx V.1 (Fig. 10) is 38% of the length of phalanx
I.1. The proximal articular surface is triangular, with a dorsally
pointing tip. The lateromedial width and dorsoplantar height are
subequal. The shaft is poorly developed and is dorsoplantarlly
compressed. The distal end is also triangular, with no differentiation into condyles.
Pelvic Girdle
Articulated pelvic remains of MLP 61-III-20-23 and MLP 68II-27-1 and a left ilium of MLP 61-III-20-22 were preserved in
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the available adult and subadult specimens of Mussaurus patagonicus.
Ilium—The ilium of M. patagonicus is elongated, although it is
not possible to determine how high it is because none of the iliac
blade was preserved in its entirety (Fig. 11A, B, E). Its general aspect is similar to the condition in basal sauropodomorphs (Galton
and Upchurch, 2004). The preacetabular process is partially preserved only in MLP 68-II-27-1, being subtriangular, with its apex
directed cranially (Fig. 11E). The cranial end of the preacetabular process is slightly deflected ventromedially, as in some basal
sauropodomorphs (e.g., Massospondylus carinatus [BPI/I/4693],
Yunnanosaurus huangi [NGMJ 004546], and Riojasaurus incertus [PVL 3808]). Other basal sauropodomorphs, however, have
a straight cranial tip of the preacetabular process (e.g., Lessemsaurus and Pantydraco). It is not possible to determine the cranial extent of the preacetabular process with respect to the pubic peduncle because the cranial end of the former has not been
preserved. It is not possible to determine the presence of the
notch placed between the preacetabular process of the ilium
and the iliac blade in M. patagonicus due to the incompleteness of the iliac blade. Such a structure is present in most basal
sauropodomorphs (except for Saturnalia, Pantydraco, and Plateosaurus engelhardti). The preserved portion of the preacetabular process of the ilium of M. patagonicus has a thickened ventral
margin and becomes thinner towards its dorsal edge.
Little can be said about the iliac blade of Mussaurus patagonicus due to its incompleteness in all the available specimens.
It is notably thin lateromedially, in contrast to the broad blade
of Plateosaurus (GPIT 18392). In dorsal view, the iliac blade
is markedly concave laterally at the level of the acetabulum.
This region has only been preserved in the adult specimen
MLP 61-III-20-23, and resembles the condition in other basal
sauropodomorphs (e.g., Plateosaurus [GPIT 18392] and Riojasaurus [PVL 3808]).
The postacetabular process is as long as the distance between
the pubic and ischiadic peduncles, although its shape cannot be
determined due to preservational artifacts. The ventral margin
of the postacetabular process is located close to the level of the
dorsal margin of the acetabulum, a rather ventral position in comparison with the condition in most basal sauropodomorphs (e.g.,
Pantydraco, Plateosaurus engelhardti, Massospondylus carinatus
[BPI/I/4693], Lufengosaurus, Yunnanosaurus [NGMJ 004546],
and Riojasaurus [PVL 3808]). The ventral surface of the postacetabular process has a narrow but craniocaudally elongated brevis fossa bounded by sharp lateral and ventromedial crests and a
shelf that attaches to the sacral rib of the second primordial sacral
vertebra (Fig. 11C). The brevis fossa of M. patagonicus resembles
in breadth that of most basal sauropodomorphs. However, a similarly extensive craniocaudal development, from the caudal end of
the ischiadic peduncle to the caudal margin of the postacetabular
process, is present only in Riojasaurus (PVL 3808), Saturnalia,
and Efraasia (SMNS 17928) among basal sauropodomorphs. The
caudolateral surface of the postacetabular region of M. patagonicus has a rounded, positive scar, just above the brevis fossa.
The pubic peduncle is craniocaudally narrow and lateromedially wide. Its cranial surface is markedly convex, whereas its caudal surface (i.e., the acetabular surface) is markedly concave. Its
cross-section is drop-shaped, with the tip pointing medially. The
pubic peduncle is notably long dorsoventrally, being 40% of the
total craniocaudal length of the ilium, as in all sauropodomorphs.
The pubic peduncle projects cranioventrally at an angle of approximately 50◦ with respect to the longitudinal axis of the ilium. Its lateromedial length is 40% of the craniocaudal length.
The lateral edge of the pubic peduncle has its cranial half rather
rounded, whereas the caudal half develops as a sharp margin,
forming a supracetabular crest that covers dorsally the acetabulum up to the origin of the ischiadic peduncle. This sharp edge is
also present in Plateosaurus (GPIT 18392) and Riojasaurus (PVL
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FIGURE 11. Mussaurus patagonicus, ilia. Left ilium of MLP 61-III-20-23 in A, lateral; B, medial; C, ventral; and D, dorsal views. E, right ilium of
MLP 68-II-27-1 in lateral view. All scale bars equal 10 cm.

3808). The medial margin forms an acute edge along the entire
length of the pubic peduncle.
The ischial peduncle is not completely preserved in the available specimens. It is much shorter than the pubic peduncle, as
in some basal sauropodomorphs (e.g., Massospondylus carinatus [BPI/I/4693] and Lufengosaurus). The caudally directed heel
present in the caudoventral corner of the ischial peduncle of some
basal sauropodomorphs (e.g., Plateosaurus engelhardti and Riojasaurus [PVL 3808]) is absent in M. patagonicus.
The acetabular region is proportionally short craniocaudally
and dorsoventrally high, although not as high as in Riojasaurus
(PVL 3808), Lessemsaurus, Plateosaurus, Adeopapposaurus, and
Sarahsaurus. Instead, the condition present in M. patagonicus
resembles that of Massospondyus carinatus (BPI/I/4693) and
Leonerasaurus. As in other basal sauropodomorphs (except for
Saturnalia), the supracetabular crest is widest at the base of
the pubic peduncle. The acetabulum is completely open, lacking the incipiently developed medial wall present in the most
basal sauropodomorphs (e.g., Saturnalia and Pantydraco) and
other basal dinosaurs (e.g., Herrerasaurus [Novas, 1993] and
Guaibasaurus [MCN 2355]). The internal dorsal and cranial faces
are slightly concave, whereas caudally, along the ischial peduncle,
this surface is markedly convex.

Pubis—Five pubes of Mussaurus patagonicus are known from
the adult and subadult specimens: a nearly complete left pubis
from MLP 61-III-20-23, on which the following description is
mostly based (Fig. 12), the shafts of the left and right pubes in
MLP 68-II-27-1, and the shafts of the right pubis of MLP 61-III20-22 and the left pubis of MACN-SC 3379.
The pubis is composed of a proximal, subacetabular region
enclosing the obturator foramen (which is not preserved in the
available specimens), and a distal region or pubic apron (Fig.
12A). The obturator foramen and the medial margin of the
shaft have not been preserved in any of the available specimens.
The proximal region of the pubis preserves the iliac peduncle,
whereas the acetabular contribution and the ischiadic peduncle
have not been preserved. The long axis of the iliac peduncle is
almost craniocaudally oriented and is twisted with respect to the
plane of the shaft, which is lateromedially expanded. The lateral
margin of the pubic apron lacks the well-developed pubic tubercle that is present in Herrerasaurus (Novas, 1994) and the basalmost sauropodomorphs (e.g., Saturnalia and Efraasia [SMNS
17928]), and Plateosaurus engelhardti. Distal to the pubic plate,
the pubis becomes flat and lateromedially wide, forming the
characteristic pubic apron of basal sauropodomorphs. Nonetheless, the transition between the proximal plate and the distal
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FIGURE 12. Mussaurus patagonicus, left pubis (MLP 61-III-20-23). A,
dorsal; B, ventral; C, distal; D, lateral views. Scale bar equals 10 cm.

shaft is marked by a thickening of the bone, which determines a
laterally convex surface of the proximal portion of the shaft (Fig.
12A, B). In contrast to the short and broad derived condition
of eusauropod pubes, the lateromedial width of the pubic apron
of M. patagonicus is approximately 22% of its proximodistal

FIGURE 13. Mussaurus patagonicus, articulated
ischia (MLP 61-III-20-23). A, dorsal; B, distal; C,
right lateral views. Scale bar equals 10 cm.
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length. The proximodistal length of the pubic apron is 74%
of the total length of the pubis. The lateral margins of the
pubic apron are rather concave in cranial view, as in some
basal sauropodomorphs (e.g., Sarahsaurus, Coloradisaurus,
Massospondylus, and Adeopapposaurus). The blades of the
pubic apron are transversely oriented, but are not as broad
and laminar as those of the most basal sauropodomorphs (e.g.,
Thecodontosaurus antiquus [Benton et al., 2000] and Efraasia
minor [SMNS17928]), Plateosaurus engelhardti, and Riojasaurus
incertus (PVL 3808). The shaft cross-section is drop-shaped,
with the lateral margin being the thickest. The distal ends of
the pubes are slightly expanded lateromedially, as in most basal
sauropodomorphs. This expansion, however, is not as well
developed as in Coloradisaurus (Fig. 12C).
Ischium—The nearly complete right and left ischia of MLP
61-III-60-23 (Fig. 13), partial shafts of the right and left ischia of MLP 68-II-27-1, and a fragment of the proximal obturator plate and shaft of a right ischium in MLP 61-III-60-22 are
present.
The ischium is composed of an expanded obturator plate that
occupies the proximal one-third of the bone, and an elongated
ischial shaft (Fig. 13A, C). The plate is medially concave,
cranially narrow, and caudodorsally thickened. The proximal
plate of MLP 61-III-20-23 is not completely preserved, although
the dorsal margin of the ischial obturator plate bears a robust,
subcircular iliac peduncle. The craniodorsal region of this plate is
broken in MLP 61-III-20-23. At this point, the ischium is laminar,
being lateromedially narrow and craniocaudally extensive. The
pubic peduncle is not preserved and the acetabular contribution
is only partially preserved in the left ischium. The dorsolateral
margin of the ischial shaft bears a proximodistally oriented
groove placed over the transitional region from the obturator
plate and the shaft, a feature present in all saurischians, except
for Herrerasaurus (Yates, 2003a). The distal end of the obturator
plate has not been completely preserved in any of the available
specimens of Mussaurus patagonicus; therefore, it cannot be
determined if the marked notch that divides the obturator
plate from the ischial shaft in other basal sauropodomorphs
was
present
(e.g.,
Plateosaurus
and
Riojasaurus
[PVL 3663]).
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FIGURE 14. Mussaurus patagonicus, left femur (MLP 68-II-27-1 specimen A). A, cranial; B, lateral; C, caudal; D, medial; E, proximal (cranial
towards top); F, distal (cranial towards top and reversed from the right side) views. Scale bar equals 5 cm.

The ischial shaft is almost complete in MLP 61-III-20-23, lacking only the cranioventral edge. When articulated, both shafts
are parallel to each other along their distal thirds, and diverge
laterally proximally. The dorsocaudal margin is thickened and almost flat, whereas the cranioventral margin is laminar. Moreover,
the dorsocaudal margin is thickest distally and becomes progressively thinner proximally. The ischial shaft is subtriangular in
cross-section, as in all basal sauropodomorphs (except for Anchisaurus). The lateroventral surface of the shaft becomes more
laterally oriented proximally at the level of the obturator plate.
The cranioventral margin of the distal third of the shaft has a
proximocaudally oriented sharp edge. The medial margin of the
shaft of MLP 68-II-27-1 bears a well-developed ridge that extends
along the shaft. This feature is not present in MLP 61-III-20-23
and is regarded here as individual variation. The dorsocaudal surface of the shaft of MLP 68-II-27-1 is slighty concave. Distally, the
ischial shaft increases its dorsoventral depth (Fig. 13B). Thus, the
distal end of the ischium is markedly expanded dorsoventrally
with respect to the shaft. In distal view, the conjoined ischial ends
have a dorsoventrally high triangular outline. This condition is
also present in other basal sauropodomorphs (e.g., Plateosaurus
engelhardti, Coloradisaurus brevis, and Massospondylus carinatus [BPI/I/4394]).

Hind Limb
Both femora, tibiae, fibulae, and elements of the pes are preserved in MLP 68-II-27-1 and MLP 61-III-20-22, and some hind-

limb elements are present in MLP 61-III-20-23 and MACN-SC
3379.
Femur—The femur of Mussaurus patagonicus (Fig. 14) has
the general features found in most basal sauropodomorphs, being rather straight in cranial view and curved in lateral view
(Galton and Upchurch, 2004), although not as much as in the
basal-most forms (e.g., Saturnalia). The proximal region has a
well-developed head, the major axis of which is oriented perpendicular to the longitudinal axis of the skeleton. Therefore,
the femoral head is oriented subparallel to the transverse axis
of the distal femoral condyles. This condition is present in all
sauropodomorphs except for the most basal forms (e.g., Saturnalia, Thecodontosaurus antiquus [Benton et al., 2000], and
Efraasia [SMNS 12216]) and Plateosaurus engelhardti. The long
axis of the femoral head is almost perpendicular to the long
axis of the femoral shaft. The greater trochanter is well developed and placed distal to the level of the femoral head (Fig.
14A, E). The lesser trochanter is poorly developed, reduced to
a low ridge extending proximodistally on the cranial surface of
the proximal end of the femoral shaft (Fig. 14C). This condition
is generalized among basal sauropodomorphs, with the exception of some forms traditionally regarded as melanorosaurids in
which the crest is notably well developed (e.g., Riojasaurus [PVL
3808] and Melanorosaurus readi [NMQR 3314]). Basal saurischians and Saturnalia also differ in the morphology of the lesser
trochanter, which is a well-developed, rounded tubercle (Gauthier, 1986). The fourth trochanter is well developed as a proximocaudally elongated crest located on the caudomedial margin
of the proximal half of the shaft, close to the midshaft, as in
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FIGURE 15. Mussaurus patagonicus, right tibia and fibula (MLP 68-II-27-1 specimen A). A, G, cranial; B, H, lateral; C, I, caudal; D, J, medial; E, K,
proximal (cranial towards top); F, L, distal (cranial towards top) views. Scale bar equals 5 cm.

all non-eusauropod sauropodomorphs (Fig. 14A, B, D). In lateral view, the fourth trochanter has an asymmetric profile. Proximally, this ridge decreases in height gradually, whereas distally it
ends rather abruptly, as in most basal sauropodomorphs (Langer,
2003). In caudal view, the fourth trochanter is slightly displaced
towards the medial margin of the femoral shaft, a character
present in Riojasaurus (PVL 3808), Coloradisaurus, and anchisaurian sauropodomorphs (Anchisaurus, Melanorosaurus
readi [NMQR 1551], Antetonitrus [BPI/I/4952], and most eusauropods). The base of the fourth trochanter at its contact with
the shaft is lateromedially broad and becomes narrower caudally;
hence, its cross-section is subtriangular.
The femoral shaft is well defined from the proximal and distal ends and is subcircular in cross-section (ECC = 1.2), as in
most basal sauropodomorphs (Fig. 14A–D). Basal sauropods,
such as Antetonitrus (BPI/I/4952), and eusauropods, instead, have
an elliptical cross-section of the femur, with the long axis oriented lateromedially (Wilson and Sereno, 1998; Yates and Kitching, 2003). The cranial surface of the femur is markedly convex, and has two distinct surfaces, one craniolateral and one
craniomedial, for the attachment of the m. femorotibialis, as described for sauropods by Otero and Vizcaı́no (2008). The point
of contact between the two surfaces was regarded by Otero
(2010) as the femorotibialis crest, a derived character state of
the primitive linea intermuscularis cranialis (Hutchinson, 2001)
also present in basal forms (e.g., Herrerasaurus) and other basal
sauropodomorphs (e.g., Saturnalia and Plateosaurus).
The distal end of the femur is slightly expanded lateromedially with respect to the femoral shaft (Fig. 14F). The fibular and tibial condyles are well defined by a constriction produced by the extensor depression cranially, and the popliteal
fossa caudally. The extensor depression is well developed, as in
all sauropodomorphs except for the most basal forms (e.g., Saturnalia, Pantydraco, and Efraasia [SMNS 12216]). The caudal
surface of the distal femur has a well-developed popliteal fossa
extending between the tibial and fibular condyles. Both fibular and tibial condyles are caudally exposed, as in most basal
sauropodomorphs. In contrast, sauropods and their more closely
related outgroups (e.g., Aardonyx) lack a caudal exposure of
the distal femoral condyles (except for Lessemsaurus). The distal condyles are almost equally developed. The inner margin
(i.e., popliteal margin) of the tibial condyle is rather straight,

whereas the inner margin of the fibular condyle is laterally
oblique.
Tibia—Six tibiae of the adult and subadult specimens of Mussaurus patagonicus were recovered: the right and left tibiae of
MLP 68-II-27-1 (Fig. 15A–F) and MLP 61-III-20-22, a right tibia
of MLP 61-III-20-23, and a left tibia of MACN-SC 3379.
The tibia of M. patagonicus is significantly shorter than the
femur, being 72% of the length of the latter bone in MLP 68II-27-1. Among basal sauropodomorphs, this ratio varies significantly, ranging from subequal proportions (e.g., Saturnalia and
Adeoppaposaurus) to relatively short tibiae (e.g., Mussaurus). In
sauropods (e.g., Vulcanodon, Lessemsaurus, and eusauropods),
the tibia is even shorter, being less than 60% of the femoral
length. The proximal end is expanded, corresponding to 36–38%
of the total length of the bone (Fig. 15A–C, E). The proximal articular surface is subtriangular and lateromedially narrow, with
one tip craniolaterally pointing, although it is poorly preserved
in all the available specimens. The cnemial crest extends craniolaterally, as in most basal sauropodomorphs. The shaft of the
tibia is straight and subcircular in cross-section (Fig. 15A–D).
The proximal portion of the tibia is lateromedially narrow and
towards the distal end markedly expands lateromedially, as in
other sauropodomorphs (except for the basal sauropodomorphs
Saturnalia and Pantydraco). The distal end is lateromedially elongated and its major axis is oriented approximately 90◦ with respect to the major axis of the proximal end (Fig. 15A, C, F).
The distal articular end has the characteristic concave articular
facet for the pyramidal ascending process of the astragalus. The
cranial and caudal surfaces of the tibial distal end are extensive,
the former being slightly concave and the latter mildly convex.
The lateral surface of the distal tibia bears a pronounced groove
that extends proximodistally and is bounded caudally by the welldeveloped descending caudoventral and craniolateral processes.
The caudoventral process does not reach the lateral margin of the
distal tibia, a condition also present in Anchisaurus, Aardonyx,
and more derived sauropodomorphs (Fig. 15C, F). These processes enclose the ascending process of the astragalus that fits
into the proximodistally oriented groove. The cranial margin of
the distal end of the tibia is laterally elevated; hence, the craniolateral process is placed more proximally than the caudoventral
process of the tibia. The margin of the distal end of the tibia is
obliquely oriented with respect to the major axis of the shaft.
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Fibula—The better-preserved and complete fibulae of Mussaurus patagonicus belong to MLP 68-II-27-1 (Fig. 15G–L). The
fibula of M. patagonicus is slender and long, being 75% of the
femoral length (Fig. 15G–J). The proximal and distal ends are
poorly expanded (maximum proximal and distal lengths are 2%
of the total length of the fibula). The proximal articular surface has a concave medial margin and a convex lateral margin;
hence, the proximal end is crescent-shaped, as in other basal
sauropodomorphs (e.g., Plateosaurus engelhardti and Adeopapposaurus). The proximal end is lateromedially flattened and
slightly expanded craniocaudally with respect to the fibular shaft.
The caudal expansion of the proximal surface becomes thinner than the cranial expansion. The shaft of the fibula is almost
straight in lateral view and laterally curved in cranial view. The
cross-section is subcircular, with the medial surface being flatter
than the lateral surface. The lateral surface of the shaft bears
a tenuous scar located close to the proximodistal midpoint for
the insertion of the ligament of the m. ilioiofibularis. The cranial
surface of the scar has a noticeable shallow fossa that is ovoid
and oriented proximodistally. This fossa is also present in Plateosaurus engelhardti.
The distal end is only slightly expanded craniocaudally, having
a subovoid distal articular surface. The caudal and medial surfaces of the distal end of the fibula are flat. The craniolateral surface, instead, bears a vertical ridge that extends over the distal
fourth of the fibula. The caudolateral surface of the fibula bears
another vertically directed ridge that joins the former ridge at the
medial surface.
Astragalus—The astragali have been preserved articulated to
the tibia in all specimens, but the right astragalus of MLP 68-II27-1 was disarticulated for study (Fig. 16).
The astragalus of Mussaurus patagonicus resembles that of
other basal sauropodomorphs. Nonetheless, the main body
of the astragalus is not subrectangular as in other basal
sauropodomorphs and basal saurischians (e.g., Saturnalia and
Herrerasauridae [Novas, 1989]), but kidney-shaped, with an almost straight cranial margin and a convex caudal margin (Fig.
16C, D). A convex caudal margin of the astragalus is also present
in Plateosaurus engelhardti, Blikanasaurus, Tazoudasaurus (Allain and Aquesbi, 2008:fig. 30E), and Vulcanodon (Cooper,
1984:fig. 25B). The caudal margin of the astragalus of M. patagonicus, however, displays a prominent bulge placed on the medial side of the caudal margin (Fig. 16B). This structure is an autapomorphy of the Patagonian taxon. Plateosaurus engelthardti
and Blikanasaurus possess a similar bulge, although it is much
less well developed in these taxa. The major axis of the astragalus is oriented lateromedially and the craniocaudal length
is approximately 40% of the length of the former. The proximodistal depth of the astragalar main body is notably low but
varies along its lateromedial axis, unlike in other non-eusauropod
sauropodomorphs. Instead, the cranial margin of the element is
highest at its medial side, whereas the caudal margin of the astragalus is highest at its lateral end. The caudolateral corner of the
astragalus forms a right angle, as in most basal sauropodomorphs.
The proximal surface is divided in two distinct articular facets: a
medial facet for the contact with the main surface of the distal
end of the tibia, and a lateral facet cranial to the ascending process for articulation with the craniolateral process of the distal
end of the tibia (Fig. 16C). The distal surface of the astragalus is
craniocaudally convex and lateromedially concave. The ascending process is lateromedially oriented, unlike some basal forms
(e.g., Herrerasaurus and Saturnalia). The vascular foramina and
associated fossa commonly present at the base of the ascending
process of most non-sauropod sauropodomorphs cannot be observed in any of the available specimens of Mussaurus patagonicus. This structure is absent in Sauropoda (Wilson and Sereno,
1998); however, its absence in Mussaurus patagonicus might be

FIGURE 16. Mussaurus patagonicus, right astragalus (MLP 68-II-27-1
specimen A) in cranial (A), caudal (B), proximal (C), distal (D), medial
(E), and lateral (F) views. Scale bar equals 5 cm.

due to the poor preservation of this surface in the available astragali of this taxon. None of the available specimens of Mussaurus
patagonicus possess a calcaneum preserved.
Tarsals—Four distal tarsal elements of MLP 60-III-20-22 are
preserved (Fig. 17A–D). Three of them are incomplete; hence,
their identification cannot be assessed with confidence. One of
the elements is a distal tarsal III (Fig. 17A), based on its similarities with those of Adeopapposaurus, Massospondylus, and
Plateosaurus. It has a subrhomboidal elongated shape, although
one of its surfaces is not preserved. The preserved portion has
two facets separated by a tenuous ridge, as in Adeopapposaurus.
The largest distal tarsal element is putatively identified as a distal
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FIGURE 17. Mussaurus patagonicus, left tarsus and metatarsus (MLP 61-III-20-22). A, distal tarsal III in proximal view; B, distal tarsal IV in proximal
view; C, indeterminate distal tarsal; D, fragment of indeterminate distal tarsal; E, metatarsus in proximal (upper), dorsal (middle), and distal (lower)
views; F, metatarsal I in (from left to right) dorsal, lateral, ventral, and medial views; G, metatarsal II in (from left to right) dorsal, lateral, ventral, and
medial views; H, metatarsal III in (from left to right) dorsal, lateral, ventral, and medial views; I, metatarsal IV in (from left to right) dorsal, lateral,
ventral, and medial views; J, metatarsal V in (from left to right) dorsal, lateral, ventral, and medial views. Scale bar equals 3 cm (A–D) and 10 cm
(E–J).

tarsal IV (Fig. 17B). It has a subtriangular outline, as in those of
other basal sauropodomorphs (e.g., Efraasia, Adeoppaposaurus,
Massospondylus, and Plateosaurus). As in distal tarsal III, one of
the surfaces is not preserved. The smallest of the preserved distal tarsals is the best-preserved element, being almost complete

(Fig. 17C). It is kidney-shaped, but its position and identity cannot be determined because these elements were not preserved
in natural articulation, although it could be a lateral distal tarsal.
The remaining element (Fig. 17D) is very fragmentary and could
not be identified.
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Pes—Metatarsal elements are described based on MLP
60-III-20-22 in which the right and left pes are preserved
(Fig. 17E–J). There are also preserved elements in MLP 61-III27-1 and MACN-SC 3379.
Metatarsal I (Fig. 17E, F) is a short, robust element, slightly
constricted at its midpoint, and is the shortest element of the
metatarsus (except for the reduced metatarsal V), being approximately 71% as long as metatarsal II and 61% the length of
metatarsal III. Its proximal end is slightly expanded lateromedially and dorsoplantarly flattened. The dorsoplantar length of
the proximal end is 53% of the lateromedial length and the latter is 41% of the proximodistal length. There is a medial bulge
close to the proximal end and dorsal surface, the site of insertion of the m. extensor hallucis longus (Fechner, 2009). This
bulge is also present in Coloradisaurus, Plateosaurus, and Massospondylus. The dorsal surface of the proximal end also has a
bulge on the medial half. The plantar proximal surface overlaps
a concave surface on the proximomedial end of metatarsal II and
bears rugosities on its plantar surface. The shaft of metatarsal I
is only slightly constricted, being subequal in breadth to that of
metatarsal II. This condition contrasts with the derived condition of eusauropods in which metatarsal I is much wider than the
metatarsal II (Wilson and Sereno, 1998). The cross-section of the
shaft is subovoid, with an eccentricity index of 1.8 at the midshaft
in the left element and 2.1 in the right element. The distal end
of metatarsal I is highly asymmetrical. The lateral end of the articular surface is an extensive and rounded convex surface. The
medial articular surface, instead, is dorsoplantarly low. In distal
view, the lateral and medial margins of the distal articular surface are obliquely oriented. The lateral surface of the distal end
of metatarsal I bears a rounded, well-delimited shallow ligament
pit. The medial ligament pit is proportionally poorly developed.
Metatarsal II (Fig. 17E, G) is 86% of the length of metatarsal
III. As in most basal sauropodomorphs, the proximal surface
has concave lateral and medial margins for the articulation of
metatarsals I and III, respectively (Sereno, 1999). The overall outline of the proximal end presents an hourglass shape
in proximal view, as in Coloradisaurus and Massosspondylus
and much more pronounced than in Plateosaurus. The lateral
concavity is secondarily lost in Vulcanodon and more derived
sauropodomorphs. The proximal articular surface is flat and
markedly tall dorsoventrally. The maximum lateromedial length
of the proximal end is 68% of the dorsoplantar length and 28%
of the proximodistal length of metatarsal II. The lateroplantar
and medioplantar flanges of the proximal surface are well developed; the plantar margin of the proximal end is more developed than the dorsal margin, as in other taxa such as Coloradisaurus. The surface for the distal tarsal is not exposed plantarly, as
in those of massospondylids (e.g., Glacialisaurus, Lufengosaurus,
and Coloradisaurus). The plantar margin is straight and proximally facing, whereas the dorsal margin is oblique and dorsomedially facing. The articular surfaces for metatarsals I and III
bear rugosities. The dorsolplantar axis of the proximal end is
laterally twisted by 60◦ with respect to the lateromedial axis of
the distal end. The shaft of metatarsal II is poorly constricted
lateromedially but is much lower dorsoventrally with respect
to the proximal end. The eccentricity index at the midshaft of
metatarsal II is 1.2. The lateral and plantar surfaces of the shaft
are flat, whereas the dorsomedial surfaces are continously convex. Three bony ridges frame the shaft ventromedially, ventrolaterally, and dorsolaterally; the former being the best developed.
There is a scar over the laterodorsal surface of the shaft, which
is also present in Plateosaurus. The distal end of metatarsal II
has two well-developed articular condyles separated by a shallow intercondylar groove. The medial condyle is lateromedially
narrower than the lateral condyle. Additionally, the plantar end
of the broad lateral condyle bears a small laterally directed process. The surface of the condyles is not flat, the lateral condyle

being laterally oblique. Both condyles have moderately well developed collateral ligament pits, being rather extensive but shallow, although the lateral pit is deeper than the medial. A dorsal
depression for the extensor ligament is absent in metatarsal II.
Metatarsal III (Fig. 17E, H) is the longest element of the
metatarsus. The proximal articular facet is subtriangular, with
one tip pointing dorsolaterally. The lateromedial length of the
proximal end is 75% of its dorsoplantar length and 20% of
the proximodistal length of metatarsal III. The medial edge
for contact with metatarsal II is slightly convex, whereas the
lateral edge for contact with metatarsal IV is slightly concave.
The palmar surface is not as exposed as in the massospondylids
Glacialisaurus, Coloradisaurus, and Lufengosaurus. The dorsal
surface of the proximal end has a shallow depression that extends
along the proximal third of the shaft, as in Glacialisaurus and
Massospondylus. The lateromedial axis of the proximal end is set
at 45◦ with respect to the major axis of the distal end. The shaft
of metatarsal III is significantly narrower than that of metatarsals
I and II. Proximally, the shaft of metatarsal III is delimited by
three bony ridges, which gives a triangular cross-section. The
ridges disappear towards the distal end, so that the shaft becomes
subovoid in cross-section. At this point, the major axis of the shaft
is oriented transversely and has an eccentricity index of 1.3. The
distal articular surface is similar to that of metatarsal II, although
the medial condyle is slightly higher than the lateral condyle. As
in metatarsal II, the lateral condyle is laterally oblique; hence,
the articular surface of the distal end faces medially. The medial
condyle surface is rather flat. The whole distal end is medially
deflected, as in other basal sauropodomorphs (e.g., Plateosaurus
engelhardti, Coloradisaurus, and Massospondylus carinatus
[BPI/I/4377]). The medial collateral ligament pit is elongated
and shallow, with poorly defined edges, whereas the lateral pit
is deeper with well-defined edges. The dorsal surface of the
distal end has a shallow, but well-developed, semilunate-shaped
depression for the extensor ligament. The intercondylar groove
is not as well developed as in metatarsal II.
Metatarsal IV (Fig. 17E, I) is only slightly shorter than
metatarsal III, its length being 90% of the latter’s, and subequal
in length to metatarsal II, as in most basal dinosaurs (except
Pantydraco; Yates, 2003b). This element is markedly expanded
at its proximal end and poorly expanded at its distal articular
surface. The proximal end is lateromedially broad and dorsoventrally low, as in most basal sauropodomorphs (e.g., Plateosaurus
engelhardti and Massospondylus carinatus [BPI/I/4377]). A
well-developed crest extends proximodistally along the dorsal
surface of the proximal end, delimiting a concave medial surface
that is overlapped by metatarsal III and a slightly convex lateral
surface. The dorsoventral length at the level of the crest is 30%
of the lateromedial length of the proximal end of metatarsal IV,
as in Massospondylus. In other taxa, this ratio reaches 50% (e.g.,
Blikanasaurus, Plateosaurus, Coloradisaurus, Yunnanosaurus,
and Saturnalia). The lateromedial length of the proximal end is
44% of the proximodistal length of metatarsal IV. The dorsoplantar length at the level of the crest is 40% of the lateromedial
length of the lateral half (taken from the dorsal crest to the lateral margin of the proximal end). The dorsal and plantar edges
of the lateral half are approximately parallel one to another
along their entire extent. The plantar edge of the proximal end
is concave, more so than that in other basal sauropodomorphs
(e.g., Saturnalia, Plateosaurus, Yunnanosaurus, Massospondylus,
and Blikanasaurus). The articular surface for articulation with
metatarsal III is concave. As in other basal sauropodomorphs
(Blikanasaurus, Yunnanosaurus, and Coloradisaurus), the depth
of this concavity is related to the development of the dorsal
crest.
The shaft of metatarsal IV is dorsoplantarly flattened and
lateromedially wide. The eccentricity index is similar to that
of metatarsal I (1.81). The cross-section is subovoid, with the
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FIGURE 18. Mussaurus patagonicus, left pedal phalanges (MLP 61-III-20-22). A, dorsal (upper) and proximal (lower) views; B, left lateral (upper)
and distal (lower) views. Terminal phalanx of digit IV in B are reversed from the right side. Dotted silhouettes denotes missing element. Scale bar
equals 3 cm.

lateral margin being narrower than the medial one. The medial
margin of metatarsal IV has a well-developed bulge located
close to the proximal end of the shaft. A similar, although less
developed, process is present in other basal sauropodomorphs
(e.g., Plateosaurus engelhardti and Massospondylus carinatus
[BPI/I/4377]). This bulge fits within a slight depression on the
lateral margin of the shaft of metatarsal III. There is another
bulge placed over the lateral surface of the distal end of the shaft
of metatarsal IV. Distally, metatarsal IV is poorly expanded with
respect to the shaft. The distal articular surface is subquadrangular in cross-section, being proportionally narrower than that
of metatarsals I, II, and III. The articular surface is undivided
and slightly convex. Other basal sauropodomorphs, instead,
have a hemispherical and remarkably convex distal articular
surface (e.g., Riojasaurus [PVL 3526]). The dorsal margin of the
proximal end is rather straight, whereas the ventral margin is
concave, as in the other metatarsals. The lateroplantar corner
of the distal articular surface of metatarsal IV has a remarkably
well developed flange that projects laterally. Above this flange,
metatarsal IV bears a large and elongated collateral ligament
pit, which is open proximally and distally. The medial collateral
ligament pit is shallow and poorly delimited. The dorsal fossa for
the extensor ligament is absent in metatarsal IV.
Metatarsal V (Fig. 17E, J) is flat and triangular, as in all basal
sauropodomorphs. It tapers distally along most of its length, except for its distal fourth where its medial and lateral margins
of this element are subparallel. Metatarsal V is the shortest el-

ement of the metatarsus, being 48% of the length of metatarsal
III. The proximal end is dorsoplantarlly low and remarkably wide
lateromedially. The proximal articular surface has a lateral subvertical margin, whereas the medial edge is dorsoplantarly low,
giving the proximal end a triangular shape. A slightly developed
crest extends on the dorsolateral surface of its proximal end, as in
Coloradisaurus and Massospondylus. The ventral margin of the
proximal end is slightly concave. The shaft is not well defined
with respect to the proximal and distal ends. The lateral margin of
the shaft is straight and is aligned with the proximodistal axis of
the shaft. This condition contrasts with the funnel-shaped morphology of other basal sauropodomorphs (e.g., Lessemsaurus,
Massospondylus, and Coloradisaurus). In lateral view, the dorsal margin of the shaft is concave and the ventral margin is convex, resulting in a dorsally curved profile. The cross-section of
the shaft is triangular up to the distal third of the metatarsal V,
where the cross-section becomes rounded. At this point, the ventral surface bears a rugose bulge. The distal tip of this element is
a simple rounded surface. None of the available specimens has a
pedal phalanx associated with this element. Although this may be
preservational, several basal sauropodomorphs lack a pedal phalanx in this digit (e.g., Pantydraco, Anchisaurus, and Riojasaurus
[PVL 3526]).
The pedal digits of Mussaurus patagonicus are described based
on MLP 60-III-20-22 (Fig. 18). The phalangeal formula is 2-3-45-1(?). The first pedal digit is composed of a single non-terminal
phalanx and a large ungual. Phalanx I.1 is rather elongated (as
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are the first phalanges of digits II and III) and lateromedially
constricted at its midpoint. The maximum lateromedial width is
61% of the proximodistal length of the phalanx, similar to the
condition in Coloradisaurus, but contrasting with the more robust phalanx I.1 of Plateosaurus and Massospondylus. The proximal articular surface is rounded, concave, and undivided, with
the dorsal edge convex and the ventral edge rather straight,
as in the first phalanges of the remaining digits. In other basal
sauropodomorphs (e.g., Massospondylus), the proximal articular
surface is subtrapezoidal with two distinct articular facets. The
major axis of the proximal articular surface is twisted 20◦ with respect to the lateromedial axis of the distal articular surface. When
the first digit is articulated, the proximolateral half of the phalanx
would not have contacted the ground due to its torsion. Thus,
only the ventral surface of the proximomedial portion of pedal
phalanx I.1 would have contacted the ground. The shaft is well
differentiated from the proximal and distal ends and has subparallel lateral and medial margins. The dorsal surface is concave
and the lateral and medial margins of the shaft are oblique to
each other, tapering dorsally. This is in contrast with the morphology of the other first phalanges, in which the dorsal surfaces
of the shafts are flat. The distal articular surface has two welldeveloped condyles separated by a deep intercondylar groove.
The lateral and medial surfaces of the distal end of phalanx I.1 are
oblique to each other. The dorsopalmar length of both condyles
is equal, although the lateral condyle is lateromedially broader.
The collateral ligament pits are well defined, the medial one being more deeply excavated and with well-defined margins.
The ungual of digit I is only slightly larger than pedal phalanx
I.1, but is shorter than metatarsal I. This condition is present in all
sauropodomorphs more basal than Vulcanodon, except for the
most basal forms (e.g., Saturnalia and Pantydraco). The ungual of
pedal digit I is laterally compressed and markedly recurved ventrally. This ungual, however, is not ventrally curved as in derived
sauropodomorphs (e.g., macronarians). At its proximoventral
end, this ungual bears a poorly developed flexor tubercle. Its
proximal articular surface has two distinct concave articular
surfaces and is subtriangular, having a broad ventral base and a
narrow dorsal apex. The lateral and medial surfaces of the ungual
are flat and bear a single groove, which recurves plantarly at
the proximal portion. As in other basal sauropodomorphs (e.g.,
Plateosaurus engelhardti, Massospondylus carinatus [BPI/I/4377],
and Lessemsaurus), the ventral edge of the medial surface of the
ungual is notably sharp in comparison with its lateral counterpart.
Pedal digit II has two non-terminal phalanges and a welldeveloped ungual. The entire digit is significantly longer than
pedal digit I, but shorter than pedal digits III and IV. The first
phalanx of pedal digit II is robust and short, its lateromedial
length being 61% of its proximodistal length, as in phalanx I.1.
Phalanx II.1 is the largest of the pes. Its proximal end is expanded
and the proximal articular surface is subcircular, undivided, and
concave, having a slightly flattened ventral margin. In other taxa
(e.g., Plateosaurus, Massospondylus, and Coloradisaurus), the
lateromedial width of the proximal articular surface is significantly broader than the dorsopalmar height. The lateroplantar
corner is expanded proximally and plantarly has a thickened
bulge. Hence, in plantar view, the lateral margin of the proximal
end is expanded, as in Massospondylus. The shaft is well defined
and has subparallel lateral and medial margins. The dorsal surface is flat and faces slightly laterally. There is a dorsal depression
for the extensor ligament pit close to the distal end. The ventral
surface of the shaft is concave. The distal articular surface has two
well-developed condyles completely separated by a deep intercondylar groove, although not as marked as in Plateosaurus. The
medial condyle is dorsoplantary higher than the lateral condyle.
As in pedal phalanx I.1, the lateral and medial margins of the distal condyles are not parallel to each other, diverging plantarly. In
dorsal view, the lateral condyle has its palmar margin more lat-

erally expanded than the medial condyle. The collateral ligament
pits are large and well defined, particularly the medial one.
Phalanx II.2 is more robust than the other second pedal phalanges, its lateromedial width being 85% of its proximodistal length, similar to the proportions in Plateosaurus and Massospondylus, but differing from the more gracile phalanx II.2 of
Coloradisaurus. The proximodistal length is 65% of the proximodistal length of phalanx II.1. The proximal articular surface
is triangular, with the apex pointing dorsally, as in other basal
sauropodomorphs. There are two well-defined articular facets,
the lateral being the largest. In other basal sauropodomorphs
(Plateosaurus and Massospondylus), the medial and lateral facets
are equally sized. The maximum axis of the proximal surface is
laterally twisted by 15◦ with respect to the major axis of the distal end, as in phalanx I.1. The transition from the proximal to the
distal end is marked by a constriction rather than a well-defined
shaft. Along this transition the phalanx maintains the triangular
cross-section present in the proximal and distal ends. The distal
articular surface of pedal phalanx II.2 is also ginglymoid and the
lateral and medial margins of the condyles are markedly oblique
to each other, creating a trapezoid-shaped profile in distal view.
The width of the dorsal margin is 60% of that of the ventral margin, differing from other basal sauropodomorphs (Plateosaurus,
Massospondylus, and Coloradisaurus) in which the distal articular outline is subquadrangular. The condyles are well defined and
the collateral ligament pits are well developed.
The ungual of the second pedal digit is more robust than that
of the first pedal digit. The proximal end is subcircular and has a
single concave facet, as in Plateosaurus and Massospondylus.
The available material includes two non-terminal phalanges
and a rather small ungual for the third pedal digit. Because most
basal sauropodomorphs have three non-terminal phalanges in
digit III, it is likely that the distal-most non-terminal phalanx is
not preserved in MLP 60-III-20-22, although it is preserved in
MACN-SC 3379. This digit is the longest element of the pes, although the fourth digit is only marginally shorter. The first phalanx is as elongated as in other basal sauropodomorphs (e.g., Plateosaurus engelhardti [SMNS 13200], Massospondylus carinatus
[BPI/I/4377], and Riojasaurus [PVL 3526]) but not as much as in
the basal sauropodomorph Pantydraco (Galton et al., 2007). The
lateromedial width is 61% of the proximodistal length of the phalanx. The proximal end is expanded and subcircular, with the ventral margin rather straight, as in Massospondylus, although not
as straight as in Plateosaurus. The proximal articular surface is a
slightly concave single facet, as in all other first pedal phalanges in
Mussaurus. As in phalanx II.1, the proximoplantar corner is lateroproximally expanded and bears a noticeable proximodistally
oriented oblique groove on its plantar surface, a feature not reported in other basal sauropodomorph. The shaft is well defined
with parallel lateral and medial margins. The dorsal and plantar
margins are flat. The cross-section of the shaft is subquadrangular and the dorsopalmar/lateromedial ratio is 0.65. There is a shallow dorsal depression for the extensor ligament close to the distal
end. The distal end is less expanded than the proximal end both
lateromedially and dorsopalmary. The intercondylar groove is
poorly developed, contrasting with the condition in Plateosaurus
and Massospondylus in which the intercondylar groove is present
in all pedal phalanges. The shape of the distal articular surface
is subtrapezoidal, and, as in the other first phalanges, the ventral
margin of the lateral condyle is laterally expanded. The collateral
ligament pits are well defined, although the lateral one is deeper.
Phalanx III.2 is robust, as are the other distal phalanges.
The lateromedial width is 83% of its proximodistal length. The
proximal end is expanded and the proximal articular surface
is subtrapezoidal and bears two articular facets, the lateral
being the largest. The shaft is poorly defined as a short, constricted portion of the phalanx. At this point, the cross-section
is subtrapezoidal and the dorsal surface is flanked laterally and
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medially by two ridges that arise from the distal condyles, as
in Massospondylus. Distally, there is a shallow fossa for the
extensor ligament. The distal articular surface is much wider
than high, the dorsoplantar/lateromedial ratio being 0.6. In distal
view, the profile of the articular surface is subtrapezoidal, with
the medial edge subvertical and the lateral edge more obliquely
oriented, diverging ventrally with respect to the medial edge.
The condyles are more differentiated in comparison with those
of phalanx III.1. The collateral ligament pits are well developed,
the medial pit being placed in a broad depression that extends
proximally toward the medial margin of the shaft.
Phalanx III.3 is preserved in MACN-SC 3379. This phalanx is
similar in shape to phalanx III.2, although it is more robust, its lateromedial width being 87% of its proximodistal length. Its proximal and distal faces are not visible.
The ungual of pedal digit III is less ventrally recurved,
dorsoventrally shorter, lateromedially wider, and slightly smaller
than those of digits I and II. The proximal surface, although
broken in MLP 60-III-20-22, is subcircular (as in Plateosaurus
and Massospondylus) and has a single concave articular facet.
The ventral surface of pedal ungual III is flattened and has sharp
ventromedial and ventrolateral edges. The lateral and medial
surfaces have an clear collateral groove extending for almost
the entire length of the ungual that is ventrally deflected at its
proximal end, as in Plateosaurus and Massospondylus, but does
not extend ventrally. The ungual of the third pedal digit lacks a
flexor tubercle.
Pedal digit IV is composed of four non-terminal phalanges and
a rather small ungual, as in other basal sauropodomorphs. This
condition is plesiomorphic for Dinosauria and is subsequently
reduced in eusauropods (Gauthier, 1986). As mentioned above,
this digit is the second longest of the pes, being slightly shorter
than pedal digit III. The non-terminal phalanges are similar in
shape to those of the other digits but are remarkably smaller. All
these phalanges have a marked constricted shaft, both dorsoplantarly and lateromedially, particularly phalanges IV.2, IV.3, and
IV.4.
Phalanx IV.1 is the most elongate element of this digit, its lateromedial length being 78% of its proximodistal length, whereas
the latter is 77% of the proximodistal length of phalanx II.1.
The proximal end is expanded both lateromedially and dorsoplantarly, more so than the distal end, as in Massospondylus and
Plateosaurus. The proximal articular facet is rather rounded, although the lateromedial width is slightly more developed than the
dorsoplantar height. The dorsal margin of the proximal articular
surface is more convex than the plantar, as in Massospondylus
and Plateosaurus. The proximal articular end is also a single concave articular facet. The shaft is defined, as in the first phalanges
of the other digits, although in MLP 60-III-20-22 this region has
been damaged and is mostly reconstructed. Despite its incompleteness, it can be inferred that phalanx IV.1 is more slender
than those of Massospondylus and Plateosaurus, in which phalanx IV.1 is notably more robust. The shaft cross-section of this
phalanx is subtrapezoidal and the distal end is less expanded than
the proximal end.
Phalanx IV.2 and the more distal phalanges are more robust
than phalanx IV.1 but have a similar overall morphology. Phalanges IV.3 and IV.4 are similar in size, whereas phalanx IV.4
is the smallest of the pes. In these three phalanges, the proximal end is expanded both lateromedially and dorsoplantarly, as
in Massospondylus, with a proximal articular surface that is triangular with the apex pointing dorsally, as in Plateosaurus. The
dorsal and plantar margins bears a proximally directed heel, the
dorsal being more developed than the plantar. The proximal
articular surface has two subequal articular facets, as in Plateosaurus and Massospondylus. The shaft is poorly developed,
being a short constriction with a subtrapezoidal cross-section.
The palmar surface is slightly concave. The distal articular surface

1163

of phalanx IV.2 is expanded and has an intercondylar groove, as
in Plateosaurus. The medial margin is straight, whereas the lateral margin is obliquely oriented, as in the other pedal phalanges
(and also in Massospondylus). The distal articular surface of phalanx IV.3 is trapezoidal and lacks well-defined condyles, differing from the condition in Plateosaurus where the distal surface of
phalanx IV.3 has well-defined condyles. In both phalanges IV.2
and IV.3, the collateral ligament pits are well developed. Phalanx
IV.4 is robust and lacks a differentiated shaft. The proximal articular surface is triangular, concave, and has two well-defined articular surfaces, as in Plateosaurus and Massospondylus. The distal
articular surface is trapezoidal.
DISCUSSION
Autapomorphic Features of Juvenile, Subadult, and Adult
Mussaurus Specimens
The post-hatchlings (PVL specimens; Bonaparte and Vince,
1979) and juveniles (PVL 4587 and MPM specimens; Pol and
Powell, 2007a) of Mussaurus patagonicus have noteworthy differences from the adult specimens described herein in characters related to linear proportions, which are features that commonly vary through ontogeny in basal sauropodomorphs (Reisz
et al., 2005). However, there are several postcranial characters
not related to proportions that are found in both these adult and
non-adult specimens. In addition to having been recovered from
the same locality and stratigraphic horizon, the adult specimens
described herein are identified as M. patagonicus because they
share a number of characters with the juvenile specimens, listed
below, which are optimized as autapomorphies of the species in
the phylogenetic analysis presented below. Although they are not
exclusive to M. patagonicus, they contribute to a unique character combination that diagnoses this taxon and are present in the
juvenile and adult specimens (see Emended Diagnosis, above).
These features are discussed, with comments on their characterstate distributions within Sauropodomorpha.
Presence of a Well-Developed Prezygodiapophyseal Lamina
in Middle Dorsal Vertebrae (Character 158)—The presence of
a well-developed prezygodiapophyseal lamina is a common feature in the cervical region and anterior-most dorsal vertebrae of
sauropodomorphs. The existence of such a lamina in the middle dorsal vertebrae is only widespread among basal saurischians (e. g., Staurikosaurus, Herrerasaurus, and Guaibasaurus) and
sauropods. Mussaurus patagonicus possesses the primitive condition of a well-developed prezygodiapophyseal lamina in the
middle dorsal vertebrae, although the lack of posterior dorsals
precludes the complete tracking of this structure. Juvenile specimens (PVL 4587) also possess a well-distinguished prezygodiapophyseal lamina in the middle dorsal vertebrae. Because the
only basal sauropodomorph apart from Mussaurus that possesses
this lamina is Sarahsaurus aurifontanalis, from the Early Jurassic
of North America, the presence of a prezygodiapophyseal lamina in PVL 4587 corroborates the taxonomic linkage between the
juvenile and adult specimens.
Longitudinal Medial Ridge of the Scapula (Character 363)—
The scapula of Mussaurus patagonicus has on its ventral surface,
close to the ventral margin, a distinctive longitudinal ridge that
extends from the proximal expansion almost to the distal end of
the blade. A similar feature is present in other sauropodomorphs
such as Unaysaurus, Adeopapposaurus, and Melanorosaurus, although in Mussaurus the ridge is more markedly developed and
extends through the distal third of the distal blade. This condition
is observed both in the juvenile (PVL 4587) and adult specimens,
so the development of this character is an autapomorphic condition of Mussaurus (and does not seem to vary ontogenetically).
Presence of a Well-Developed Bulge on the Caudolateral Margin of Astragalus (Character 362)—Most basal sauropodomorphs
and basal dinosauriforms (i.e., Marasuchus, Saturnalia, and
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Herrerasaurus) have a straight caudal margin of the astragalus.
As mentioned above, Mussaurus patagonicus has a convex caudal margin of the astragalus, a feature also present in Plateosaurus engelhardti, Blikanasaurus, and the basal sauropods
Tazoudasaurus and Vulcanodon. Nonetheless, M. patagonicus
differs from those taxa in having a distinct bulge of the caudomedial margin of the astragalus, which is so far an autapomorphy
of this taxon present in the juvenile (PVL 4587) and the adult
specimens described here.
Distal Surface of Astragalus Lateromedially Concave (Character 364)—Another character that corroborates the taxonomic
identification of the adult and juvenile specimens of Mussaurus
patagonicus is found on the distal surface of the astragalus. The
distal surface of the astragalus in this taxon is lateromedially
concave. This feature is present in the juvenile specimen PVL
4587 and it is extremely developed in the adult individuals. This
character state is also present in some basal forms (e.g., Efraasia, Plateosaurus, Riojasaurus, and Coloradisaurus), but is an autapomorphic trait within the taxonomic context of Anchisauria,
the clade to which Mussaurus belongs (see below) and therefore
is optimized as an autapomorphy in the terminal branch leading to this taxon in the phylogenetic analysis. Moreover, the distal surface of the astragalus of basal sauropods is markedly different in being lateromedially convex (e.g., Lessemsaurus and
Neosauropoda). Another feature present on the ventral surface
of the astragalus, which corroborates the variability in this character, is the presence of a flat distal surface. This morphology is
widely distributed, being present in the basal dinosaurs Marasuchus and Herrerasaurus, as well as in the sauropodomorphs
Sarahsaurus, Adeopapposaurus, and the basal sauropods Vulcanodon and Tazoudasaurus.
This latter character must not be confused with character 355
proposed by Smith and Pol (2007:appendix 1), in which they refer
to the craniocaudal convexity of the distal articular surface of the
astragalus.
Phylogenetic Relationships
The new postcranial materials of Mussaurus described herein
reveal a combination of characters shared with the post-hatchling
individuals (Bonaparte and Vince, 1979) and the juvenile specimens (PVL, MPM; Pol and Powell, 2007a). In order to test the
phylogenetic affinities of Mussaurus within Sauropodomorpha,
the phylogenetic relationships of this taxon were tested here scoring the morphology of the subadult and adult specimens in a
cladistic analysis (Supplementary Data 2 and 3).
The strict consensus tree of the 10 most parsimonious trees
(MPTs) obtained from this analysis (Fig. 19) shows a fairly good
degree of resolution, with the exceptions of small polytomies
in the clades constituted by Unaysaurus, Plateosaurus gracilis,
P. engelhardti, and P. ingens, by Coloradisaurus, Glacialisaurus,
and Lufengosaurus, and at the base of Anchisauria composed
by Seitaad, Yunnanosaurus, and Anchisaurus plus more derived
sauropodomorphs (MDS).
‘Prosauropods’ are recovered as a paraphyletic group within
Sauropodomorpha, as in most recent cladistic analyses (Yates,
2007; Yates et al., 2010; Apaldetti et al., 2011; Pol et al.,
2011), although some authors have identified a ‘core’ monophyletic Prosauropoda (Galton and Upchurch, 2004; Upchurch
et al., 2007). All MPTs show Mussaurus patagonicus as a basal
member of Anchisauria, being the sister group of Aardonyx
+ MDS. The terminal branch leading to M. patagonicus has
nine characters optimized as unambiguous autapomorphies (see
Supplementary Data 2), whereas the clade constituted by Mussaurus + MDS (= Sauropodiformes) is supported by four unambiguous synapomorphies: concave caudal margin of middle

dorsal neural spines (character 173.1), lack of longitudinal ventral sulcus on proximal and middle caudal vertebrae (character 190.1), length of manual digit one greater than the length
of manual digit two (character 233.1), and femoral axis weakly
bent (character 280.1). This clade, together with Yunnanosaurus,
Seitaad, and Anchisaurus, constitutes Anchisauria, a clade supported here by two unambiguous synapomorphies: absence of
frontal contribution to the supratemporal fenestra (character
57.1) and straight lateral margins of the pubic apron in anterior
view (character 264.0).
The phylogenetic position of Mussaurus presented here places
this taxon in the core of the ‘prosauropod’-sauropod transition,
together with Aardonyx, Leonerasaurus, Melanorosaurus, and
Camelotia, constituting the clade defined as Sauropodiformes
by Sereno (2007). Although Mussaurus is a taxon closely related to Sauropoda, there are some features that support its exclusion from the obligatory ‘quadrupedal clade,’ composed by
Melanorosaurus + MDS (see Yates et al., 2010). Those characters are hyposphenes in the dorsal vertebrae equal to the height
of the neural canal (character 157.2), straight caudal margin of
middle dorsal neural spines in lateral view (character 173.0), and
two or more dorsosacral vertebrae (character 177.2).
Yates et al. (2010) listed additional features that are present
in the quadrupedal clade that neither necessarily imply, nor are
definite adaptations for, quadrupedalism, such as the presence of
at least four sacral vertebrae and an eccentric femoral shaft. In
this regard, Mussaurus patagonicus has a nearly circular femoral
midshaft cross-section (ECC = 0.8) and probably four sacral elements (see Description, above).
To evaluate the robustness of the phylogenetic position retrieved for Mussaurus within Sauropodomorpha, support measures were calculated (Fig. 19; Supplementary Data 2). In general terms, support values are low. Bremer support values vary
from 1 to 3, and only a few nodes display values between 4 and
6, whereas bootstrap and jackknife frequency values are mostly
<50%. When fragmentary taxa such as Blikanasaurus, Camelotia, Jingshanosaurus, and Glacialisaurus are removed from support calculations, the values increase slightly, although the general robustness of the tree is still low.
In order to more precisely assess the robustness of the inclusion of Mussaurus patagonicus within Anchisauria, alternative
positions of this taxon were tested through constrained analyses in TNT. For example, forcing the position of Mussaurus into
basal positions within Sauropodomorpha, close to Pantydraco
and Efraasia (as proposed by Upchurch et al., 2007), implies 20
extra steps (significant, P < 0.05 as measured by the Templeton
test) within the context of the data sets used in this study, resulting in a remarkably suboptimal topology. Forcing Mussaurus into
a position as a non-anchisaurian massopodan (for example, as the
sister group of massospondylids) resulted in suboptimal topologies that are six steps longer that the MPTs of the unconstrained
analysis (non-significant, P > 0.2 as measured by the Templeton
test). Moving Mussaurus to be the basal-most member of Anchisauria (i.e., as the sister group of Anchisaurus) results in a tree
that is three steps longer (non-significant, P > 0.2 as measured
by the Templeton test). Finally, placing Mussaurus in a more derived position, among the basal nodes of the ‘quadrupedal clade’
(i.e., Melanorosaurus and Camelotia, + MDS) implies at least
nine extra steps (P-values between 0.09 and 0.03 as measured by
the Templeton test).
These exploratory analyses reveal that there is strong support for placing Mussaurus patagonicus within (or close to) Anchisauria but outside the ‘quadrupedal clade,’ representing the
most basal member of the clade Sauropodiformes (sensu Sereno,
2007) and placing this taxon in a key position for understanding
the ‘prosauropod’-sauropod transition.
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FIGURE 19. Strict consensus of the phylogenetic analysis. Numbers at the nodes represent Bremer support values (left) and Bootstrap values >50%.
The complete support values are presented in Supplementary Data 2).

Evolutionary Mechanisms in the Basal
Sauropodomorph-Sauropod Transition: Patterns and Processes
Patterns of Morphological Acquisitions—A key point in the
transition from basal sauropodomorphs to sauropods is the
acquisition of quadrupedal locomotion (Wilson and Sereno,
1998; Bonnan, 2003; Bonnan and Yates, 2007; Yates et al.,
2010). As a member of the basal sauropodomorph-sauropod
transition, Mussaurus constitutes an excellent case study to test
the evolutionary pattern of character transformations towards
the acquisition of the quadrupedal posture of sauropods (already
corroborated in Melanorosaurus; Bonnan and Yates, 2007). The
forelimb of M. patagonicus displays many plesiomorphic features
such as well-expanded humeral ends, an arched metacarpus, and
a robust metacarpal I with a medial divergent pollex. On the
contrary, the development of a craniolateral process of the ulna is

a derived feature, shared with other non-sauropod anchisaurian
sauropodomorphs (e.g., Aardonyx and Melanorosaurus) and
that is extremely developed in sauropod dinosaurs (Wilson and
Sereno, 1998; Yates et al., 2010). Another derived condition
present in the forelimb of Mussaurus is the proportion of the
manus, which is less than 38% of the length of the humerus plus
the radius, as in Melanorosaurus and Sauropoda (Bonnan and
Yates, 2007). Such a mixture of a primitive ‘prosauropod-like’
manus and a derived ‘sauropod-like’ antebrachium is congruent
with the mosaic evolution of the forelimb, as previously proposed
for Melanorosaurus (Bonnan and Yates, 2007). Its presence in
Mussaurus and its more basal position within Anchisauria implies
not only that the morphological changes of the antebrachium and
the manus on the line to Sauropoda were not temporally linked,
but also that they occurred several nodes before the origin of
the quadrupedal clade. These broadly separated phylogenetic
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FIGURE 20. Simplified cladogram depicting the functional progression in Sauropodomorpha. Gray blocks denote the functional steps of morphological acquisitions for graviportal quadrupedalism.

events denote an even more distant phylogenetic decoupling of
the functional connection between forelimb morphology and
manus shape than previously noted (Bonnan and Yates, 2007;
Yates et al., 2010).
In light of evaluating the sequence of appearance of
quadrupedal-related features in the basal sauropodomorphsauropod transition, a ‘functional progression’ can be inferred
from the primitive basal sauropodomorph forelimb to the advanced sauropod graviportal condition (Fig. 20). This progression begins with taxa placed at the base of Sauropodiformes (e.g.,
Mussaurus patagonicus and Aardonyx celestae). Although these
taxa lack most of the features that characterize the quadrupedal
clade, they have the craniolateral process of the ulna typical of
the sauropod antebrachium. This feature alone is insufficient to
infer quadrupedal locomotion, although it suggests that at least
semipronation of the manus and the first step to the quadrupedal
condition.
Melanorosaurus and the basal sauropods Lessemsaurus and
Antetonitrus represent the basal members of the quadrupedal
clade (Yates et al., 2010). On one hand, they display a more developed craniolateral process of the ulna, which delimits a deep
radial fossa that accommodates the radius in a craniomedial position with respect to the ulna, allowing a more pronated manus
(Bonnan and Yates, 2007). On the other hand, the sacrum is composed of at least four sacral vertebrae, the humerus/femur ratio is
>0.8, and the femur displays a more eccentric shaft cross-section,
which are conditions present in more derived sauropods.
Despite the fact that these taxa present evident quadrupedal
features, they still retain characters that indicate facultative
bipedal locomotion or, at least, other functions than weightbearing for the forelimb, such as the presence of an olecranon

process on the ulna, a medially divergent pollex on manus digit I,
and a well-developed deltopectoral crest.
The next step in the functional progression is the acquisition of
graviportal quadrupedalism, which is achieved by increased robustness and alignment of the limb bones in order to minimize
lateral forces and to reduce limb bone flexion (Wilson and Carrano, 1999; Carrano, 2001). Graviportal quadrupedalism is fully
developed in basal members of Eusauropoda, which solved the
problem of limb flexion by reducing the olecranon process, developing a ‘U’-shaped metacarpus, and straightening the femoral
shaft.
Evolutionary Process in Sauropod Origins—The abovementioned evolutionary scenario invokes the following questions: Because several morphological features exclude Mussaurus
patagonicus and Aardonyx celestae from the quadrupedal clade,
how can the ‘sauropod-like’ antebrachium of these taxa be explained? Was it shaped by natural selection for a particular function other than quadrupedalism? Or can its origin not be attributed to a particular function at all?
The presence of an ulnar craniolateral process in Mussaurus and Aardonyx is a striking feature that might have
had other functions than quadrupedalism, or might have been
non-adaptive, but available for co-option in more derived
sauropodomorphs (e.g., for enhancing graviportal quadrupedalism). This would imply that the ‘sauropod-like’ antebrachium,
characterized by the craniolateral process of the ulna, arose early
but lacked an apparent adaptive value, meaning that it was not
selected for the role of quadrupedal locomotion or body support,
as has been suggested for this morphology in eusauropods.
Following the terminology of Gould and Vrba (1982), we
propose that the morphology of the antebrachium of basal

OTERO AND POL—POSTCRANIAL ANATOMY OF MUSSAURUS PATAGONICUS
sauropodiformes, such as M. patagonicus and A. celestae, represents a nonaptation (i.e., a feature whose origin cannot be
ascribed to the direct action of natural selection) but that was subsequently co-opted in eusauropods to the function of body support, together with other traits (e.g., ‘U’-shaped metacarpus), and
therefore should be interpreted as an exaptation of Eusauropoda.
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