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(Crocodyliformes: Thalattosuchia): morphology and
palaeobiological insights
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The metriorhynchid crocodyliform Cricosaurus araucanensis (Gasparini & Dellapé) has been documented from Tithonian (Upper Jurassic) strata of
the Vaca Muerta Formation exposed in the Neuquén Basin, northwest Patagonia, Argentina. Postcranial components of this species were mentioned
but not described in the original analysis. Subsequently, other authors described the forelimbs. The postcranial elements of metriorhynchids are
poorly documented in comparison with their skulls, but new data from C. araucanensis reveal delayed ossification of the caudal neurocentral
sutures indicating skeletal paedomorphosis affecting not only the appendicular skeleton but also the posterior region of the vertebral column. The
morphology of the caudal region (transverse processes of the first caudal vertebrae ventrally deflected) and the reduction in the femur of the fourth
trochanter suggest a reduction of the hypaxial musculature allowing increased epaxial musculature. This pattern of musculoskeletal arrangement is
consistent with the swimming style and propulsion by lateral undulation of the tail, as proposed by previous authors.
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THE METRIORHYNCHIDAE are a family of Meso-
zoic marine crocodyliforms characterized by extensive
skeletal and physiological adaptations to a pelagic life-
style (see Fraas 1902, Andrews 1913, Hua 1994, Hua
and de Buffrénil 1996, Fernandez and Gasparini 2000,
2008, Young et al. 2010). The evolutionary history of
metriorhynchids ranges from the Middle Jurassic (upper
Bajocian—lowermost Bathonian; Cau and Fanti 2011) to
Early Cretaceous (lower Hauterivian; Debelmas 1952),
and it is expressed by a rich fossil record.

In recent years, a revival in studies of metriorhyn-
chids has expanded our knowledge of this group’s evo-
lutionary relationships (Pol and Gasparini 2009, Young
and Andrade 2009, Young ef al. 2010, 2011a, b) and
their palaeobiology, including putative niche partitioning
within the clade (Pierce et al. 2009, Young et al. 2010),
body-size variation (Young et al. 2011a) and soft anat-
omy of the snout and braincase (Fernandez and Herrera
2009, Fernandez et al. 2011, Herrera et al. in press a).
In contrast to the diversity and abundance of metri-
orhynchid skulls, postcranial skeletons are scarce and
limited to a few well-preserved remains from a few spe-
cies, but many of them are disarticulated. The postcra-
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nial skeleton of metriorhynchids differs from that of
other crocodyliforms, especially in its reduced and pad-
dle-like forelimbs, loss of bony armour and hypocercal
tail. These fundamental differences are classically attrib-
uted to adaptations to the marine environment (Fraas
1902, Andrews 1913, 1915, Hua 1994, Hua and Buffe-
taut 1997, Young et al. 2010).

The Late Jurassic/Early Cretaceous marine herpe-
tofauna from northwestern Patagonia (Neuquén Basin,
Argentina) is among the best-known and taxonomically
diverse assemblages of Mesozoic marine reptiles from
Gondwana. This fauna includes ichthyosaurs, plesio-
saurs, turtles and thalattosuchian crocodyliforms
(Gasparini and Fernandez 2005, 2011). Exposures of
the Tithonian—Berriasian levels of the Vaca Muerta For-
mation in northwestern Patagonia (Neuquén Basin) have
yielded abundant and well-preserved metriorhynchid
specimens that are assignable to Purranisaurus potens
Rusconi, 1948, Cricosaurus araucanensis (Gasparini
and Dellapé, 1976), Dakosaurus andiniensis Vignaud
and Gasparini, 1996, and a new Patagonian species
(Herrera, Gasparini & Fernandez, in press). Most of the
specimens are represented by three-dimensional skulls,
whereas postcranial elements have been recovered only
for the new Patagonian species and C. araucanensis.
The latter is the best-known and documented species;
its fossil record includes not only skeletal material but
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also natural casts of the snout and braincase (Fernandez
and Gasparini 2000, 2008, Fernandez and Herrera 2009,
Herrera et al. in press a). Since its original description,
C. araucanensis has not been revised in detail. Gaspa-
rini and Dellapé (1976) based their diagnosis mainly on
cranial features and mentioned the existence of postcra-
nial elements without describing them. The only contri-
bution dealing with postcranial anatomy of this species
(Herrera et al. 2009) describes exclusively its forelimbs.

Here, we describe the postcranial morphology of
Cricosaurus araucanensis based on the holotype and
several new specimens recovered during recent field-
work. We also evaluate the palacobiological aspects that
can be inferred from the specimens.

Material and methods

The described material consists of three specimens of
Cricosaurus araucanensis including the holotype and
one new specimen, which could only be assigned to
Cricosaurus sp. (MLP 86-XI-10-8) because of the ele-
ments preserved. The specimens MLP 72-IV-7-1 and
MLP 73-11-27-6 are adult, whereas MLP 73-11-27-1 and
MLP 86-XI-10-8 are sub-adult.

The holotype (MLP 72-IV-7-1) comprises: five post-
axial cervical vertebrae, 16 dorsal vertebrae, two sacral
and four caudal vertebrae, ribs, gastralia, haemal arches,
incomplete pectoral girdle and forelimbs, and incom-
plete pelvic girdle and hind limbs (Figs 1-3, 4A-E,
SA-E, 6). Specimen MLP 73-11-27-1 comprises six dor-
sal vertebrae, a pectoral girdle and an incomplete left
forelimb (Fig. 4F). Specimen MLP 73-11-27-6 consists
of 11 dorsal vertebrae, two sacral vertebrae and 12 cau-
dal vertebrae, an incomplete pelvic girdle and both fem-
ora (Fig. 7A, B). MLP 86-XI-10-8 consists of the
posterior region of the vertebral column, the second
sacral vertebra and 20 caudal vertebrae (Fig. 7C-E).

All specimens were recovered from lower Tithonian
(Upper Jurassic) levels of the Vaca Muerta Formation
exposed at Cerro Lotena (39°11'S; 69°40'W) and Bosque
Petrificado (39°12'S; 69°42'W) in central western Argentina.

Institutional abbreviations. GPIT, Institut fir Geowis-
senschaften Biogeologie, Tiibingen, Germany; MLP,
Museo de La Plata, La Plata, Argentina; SMNS, Staatli-
ches Museum fiir Naturkunde, Stuttgart, Germany.

Anatomical abbreviations. ac, acetabulum; a.pr, anterior
process; ar.f, articular surface for the femur; ar.fi, articu-
lar surface for the fibula; ar.i, articular surface for the
ilium; ar.r, articular surface for the radius; ar.s, articular
surface for the sacral rib; ar.t, articular surface for the
tibia; ar.u, articular surface for the ulna; ca.v, caudal
vertebra; ce.v, cervical vertebra; co, coracoid; co.f, cora-
coid foramen; c.r, cervical rib; dc, deltopectoral crest;
di, diapophysis; d.r, dorsal rib; d.v, dorsal vertebra; fe,
femur; fi, fibula; ga, gastralia; h, humerus; ha, haemal
arch, ha.a, haemal arch articulation; hy, hypapophysis;
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is, ischium; mc, metacarpal; pa, parapophysis; ph, pha-
lanx; pi, pisiform; PIFI2, M. puboischiofemoralis inter-
nus 2; prez, prezygapophysis; ps, pubic symphysis; pu,
pubis; r, radius; ra, radiale; sc, scapula; s.r, sacral rib;
s.v, sacral vertebra; ti, tibia; tr.p, transverse process; u,
ulna; ul, ulnare; 4°tr, fourth trochanter.

Description
General preservation

The postcranial skeleton of MLP 72-IV-7-1 is preserved
in four slabs, numbered 1 to 4. Slab 1 contains five artic-
ulated postaxial cervical vertebrae, four partially articu-
lated dorsal vertebrae, a pectoral girdle and incomplete
forelimbs (Fig. 1A, B). Slab 2 contains seven disarticu-
lated dorsal vertebrae and ribs (Fig. 1C, D). Slab 3 has
five disarticulated dorsal vertebrae, two sacral vertebrae
and one caudal vertebra, pelvic girdle elements and an
incomplete hind limb (Fig. 2A, B). Slab 4 is the smallest
of the series and contains three disarticulated caudal ver-
tebrac and haemal arches (Fig. 2C, D). The sacral verte-
brae, pelvic girdle elements, the left humerus and the
right femur were extracted from the matrix (Figs 3A, B,
4A-E, 5A-E, 6). In MLP 73-11-27-1 there are six articu-
lated and partially preserved dorsal vertebrae in contact
with the incomplete pectoral girdle and left forelimb
(Fig. 4F). In MLP 73-11-27-6, the vertebral column is
preserved articulated within the matrix, although incom-
plete. The pelvic girdle and left hind limb are disarticu-
lated and partially preserved (Fig. 7A, B). In MLP 86-
XI-10-8, the postcranial skeleton is preserved in one
slab. The sacral vertebrae and the first eight caudal verte-
brae are articulated. At this point, the vertebral column is
disarticulated and rotated 180° with respect to the ante-
rior portion of the column. Posteriorly, there are three
articulated caudal vertebrae, one vertebra displaced from
the vertebral column. Beyond this, there are eight other
articulated caudal vertebrae (Fig. 7C-E).

Axial skeleton

Cervical vertebrae. The atlas—axis complex is not pre-
served in any of the specimens of Cricosaurus araucan-
ensis. The description of the cervical vertebrae is based
on MLP 72-IV-7-1. As in all metriorhynchids (see Fraas
1902, Andrews 1913, Wilkinson et al. 2008, Young
et al. in press), there are five postaxial cervical verte-
brae in C. araucanensis (Fig. 1A, B). In the first post-
axial cervical vertebra, the shape of the centrum in
anterior view is oval and slightly concave. In lateral
view, the postzygapophysis extends beyond the poster-
ior margin of the centrum. The parapophysis is short
and positioned on the centrum ventral to the diapophy-
sis. The parapophysis surface is anteroposteriorly oval
in outline. The diapophysis is associated with the neural
arch and is angled 45° downwards from the sagittal
plane of the vertebra. The diapophysis is longer than
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Fig. 1. Cricosaurus araucanensis (MLP 72-IV-7-1), photographs and drawings of slabs 1 and 2. A, Photograph (above) and drawing (below) of
slab 1 (cervical and anterior dorsal vertebral region) in left lateral view. B, Photograph (above) and drawing (below) of slab 1 in right ventrolateral
view. C, D, Photograph (above) and drawing (below) of slab 2 (middle dorsal vertebral region). Scale bars = 3 cm.

the parapophysis, and its articular surface is circular in
outline. Both the parapophysis and diapophysis are
borne on the anteromedial region of the centrum.

In lateral view, the prezygapophysis of the second
postaxial cervical vertebra extends slightly beyond the

anterior margin of the centrum, whereas the postzygap-
ophysis extends markedly beyond the posterior margin
of the centrum. In the third to fifth postaxial cervical
vertebrae, the postzygapophysis is located at the same
level as the posterior margin of the centrum. The
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Fig. 2. Cricosaurus araucanensis (MLP 72-1V-7-1), photographs and drawings of slabs 3 and 4. A, B, Photograph (above) and drawing (below) of
slab 3 (posterior dorsal vertebral region). C, D, Photograph (above) and drawing (below) of slab 4 (anterior caudal vertebral region). Scale bars = 3 cm.

hypapophysis of the first and second postaxial cervical
vertebrae form a medial crest along the ventral surface
of the centrum. The hypapophyses of both the fourth
and fifth cervical vertebrac are more developed in the
anterior portion of the centrum (Fig. 1B). In the first
three postaxial cervical vertebrae, the parapophysis is
evident in ventral view; lateral to the hypapophysis, in
the fourth postaxial cervical vertebra, the parapophysis
is not visible in ventral view (Fig. 1B).

The following changes are observed in these succes-
sive cervical vertebrae: (1) the centrum becomes
increasingly longer and wider towards the end of the
series; (2) the parapophysis moves from a lateroventral
position in the centrum to a laterodorsal position in
relation to the neural arch; and (3) the increased size of
the centrum is related to an increased size of the parap-
ophysis and diapophysis. The neurocentral suture is
open in all cervical vertebrae.

Dorsal vertebrae. In MLP 72-1V-7-1, the most complete
specimen of Cricosaurus araucanensis, 16 partially
articulated dorsal vertebrae are preserved. The first
dorsal vertebra is slightly disarticulated from the fifth
cervical vertebra and totally disarticulated from the

second dorsal vertebra. This latter is totally disarticulat-
ed, but the third and fourth dorsal vertebrae are articu-
lated with each other (Fig. 1A, B). The 12 remaining
dorsal vertebrae are disarticulated (Figs 1C, D, 2A, B).
Due to disarticulation of the vertebral column, the exact
number of dorsal vertebrae can not be determined. In
MLP 73-11-27-1, six incomplete, articulated and latero-
medially compressed dorsal vertebrae are preserved. In
MLP 72-1V-7-1, the parapophysis of the first dorsal ver-
tebra passes partially onto the neural arch, and on the
remaining dorsal vertebrae, the parapophysis passes
wholly onto the neural arch. The dorsal centra in ante-
rior/posterior aspect are circular; they are hour-glass
shaped in ventral view. As in Cricosaurus suevicus
(Fraas 1902) and Metriorhynchus (Andrews 1913), the
centra become more elongated towards the posterior
region. The transverse processes are long and antero-
posteriorly expanded at the base. The parapophysis
forms a step-like prominence on the anterior margin of
the transverse process; therefore, it is approximately 2.5
times shorter than the diapophysis. In the anterior dorsal
vertebrae, the parapophysis surface is circular in outline
and slightly concave, whereas it is oval in the posterior
dorsal vertebrae. The diapophysis surface is oval and
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Fig. 3. Sacral and caudal vertebrae of Cricosaurus araucanensis
(MLP 72-IV-7-1). A, First sacral vertebra in anterior view. B, Second
sacral vertebra in posterior view. C, Caudal vertebrae in right lateral
view. Scale bars = 5 cm.
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larger than the parapophysis surface. In extant croco-
diles, the hypapophysis is present in the first three or
four dorsal vertebrac (Hoffstetter & Gasc 1969),
whereas, in C. araucanensis, the hypapophysis is not
developed in any of the dorsal vertebrae. The articular
surfaces of pre- and postzygapophyses are dorsolaterally
inclined forming an angle of 20-25° to the sagittal
plane. The neural spines are incomplete except for the
last dorsal vertebra. The dorsal margin of this neural
spine is convex and mediolaterally broadened, as was
described by Andrews (1913) for Metriorhynchus. The
only complete dorsal vertebra in MLP 73-11-27-6 shows
the same feature.

Sacral vertebrae. In MLP 72-IV-27-1 and MLP 73-II-
27-6, both sacral vertebrae are partially preserved. In
MLP 72-1V-27-1, the centrum of the first sacral vertebra
is incompletely preserved, whereas the left sacral rib is
not preserved (Fig. 3A). The second sacral vertebra
lacks both the neural spine and the tip of the left sacral
rib (Fig. 3B). In MLP 73-11-27-6, the centrum of the
first sacral vertebra and the proximal portion of the
sacral rib are not preserved, and the second sacral verte-
bra and sacral rib are partially preserved (Fig. 7A, B).
The neural spine is completely preserved in the first
sacral vertebra of MLP 72-IV-27-1 and in the second
sacral vertebra of MLP 73-11-27-6. The neural spine of
the first sacral vertebra of MLP 72-IV-7-1 is higher and
narrower than the neural spine of the dorsal vertebrae.
In MLP 72-IV-27-1, the centrum of the first sacral ver-
tebra is almost flat posteriorly, whereas the centrum of
the second sacral vertebra is circular, and slightly con-
cave anteriorly and more concave posteriorly. In croco-
dyliforms, the centrum of the second sacral vertebra is
shorter than the centrum of the first sacral vertebra
(Hoffstetter & Gasc 1969). This character is not
expressed in Cricosaurus araucanensis (MLP 72-1V-7-
1), where the first sacral vertebra is 32 mm long, and
the second is 33 mm long.

As in metriorhynchids (e.g., Cricosaurus suevicus,
SMNS 9808; Metriorhynchus superciliosus, SMNS
10116; Dakosaurus maximus, Fraas 1902 and Torvon-
eustes carpenteri, Wilkinson et al. 2008), the sacral ribs
are ventrally deflected (Figs 3A, B, 7A). This deflection
is similar to Dakosaurus maximus figured by Fraas
(1902, tafel III, Fig. 5) and more pronounced than in
Metriorhynchus superciliosus and Torvoneustes carpen-
teri. The sacral rib of the first sacral vertebra is directed
slightly backwards, whereas the sacral rib of the second
vertebra is directed forwards. The first sacral rib does
not reach further backwards than the posterior centrum
face. In contrast, the rib of the second sacral vertebra
extends further forwards than the anterior centrum face.
The proximal portion of the right first sacral rib is
mediolaterally wider and anteroposteriorly narrower
than the second sacral rib. However, the distal end of
the first sacral rib is less anteroposteriorly expanded
than the second. In anterior view, the first sacral rib has
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Fig. 4. Forelimb  of  Cricosaurus
araucanensis. A-E, MLP 72-1V-7-1, F,
MLP 73-11-27-1. A, Left humerus in
dorsal view. B, Left humerus in ventral
view. C, Distal articular surface of left
humerus. D, Left humerus in anterior
view. E, Left humerus in posterior view.
F, Photograph (left) and drawing (rigth)
of left forelimb in ventral view. Scale bars
A-B,D-E=3cm C=1cm, F=5cm.

a marked concavity over the length of the rib (Fig. 3A).
In posterior view, this concavity is only on the proximal
region of the rib, whereas towards the distal portion
there is a triangular surface posteromedially oriented.
This surface corresponds to the articulation with the
second sacral rib. Anterior to this surface is the articular
surface of the ilium. In anterior and posterior views, the
second sacral rib is mediolaterally compressed.

Caudal vertebrae. In MLP 72-1V-7-1, only four disartic-
ulated caudal vertebrae are preserved and exposed in
different views (Fig. 2C, D). MLP 73-1I-27-6 has 12
articulated caudal vertebrae (Fig. 7A, B) and MLP 86-
XI-10-8, 20 (Fig. 7C). The vertebrae in both specimens
are exposed in left lateral view. In MLP 73-11-27-6, the
ribs are fused to the vertebral body only in the first two
caudal vertebrae (Fig. 7A, B). The ribs are anteroposte-
riorly narrower and ventrally deflected, as described for
the sacral ribs. In the caudal vertebrae of MLP 72-1V-7-
1, the ribs are fused to the vertebral body and ventrally
deflected (Figs 2C, 3C); we infer that these correspond
to the first caudal vertebrae. The vertebrae are hour-
glass-shaped. In MLP 72-IV-7-1, the centrum of the
supposed first caudal vertebra is shorter than the cen-
trum of the second and third vertebrae, which is a fea-
ture described by Andrews (1913) for Metriorhynchus.
However, in MLP 73-1I-27-6 all centra are approxi-
mately equal in length. There are two anteroposteriorly
directed crests in the ventral region of the vertebrae of
MLP 72-1V-7-1. The articulation surfaces for the hae-
mal arches are in the anterior and posterior portion of

these crests (Fig. 2C, D). These articulation surfaces are
more developed in the anterior region. The neural
spines are partially preserved in all specimens. The neu-
ral spine of the first vertebrae of MLP 73-11-27-6 is par-
allel to the anteroposterior axis of the vertebra, whereas
at least from the ninth caudal vertebra, the neural spines
slope posteriorly (Fig. 7A), which is a feature shared
with C. suevicus (SMNS 9808). The anterodorsal por-
tion of the neural spine has a marked notch. The neural
spine thus formed by a small anterior process and pos-
teriorly by the principal body of the neural spine (Figs
2C, 3C, 7A). This characteristic is shared with Crico-
saurus suevicus (GPIT/Re/7322) from the third to the
fifteenth caudal vertebrae. According to Fraas (1902),
this characteristic is also present in Rhacheosaurus
gracilis.

Ribs. The ribs associated with the atlas and axis are not
preserved in any of the specimens. The second cervical
rib is preserved in MLP 72-IV-7-1 (Fig. 1A). The shaft
of the rib extends anteroposteriorly, parallel to the longi-
tudinal axis of the vertebra. The capitular and tubercular
processes are almost perpendicular to the rib shaft. The
capitular process is shorter than the tubercular process.
The dorsal ribs of MLP 72-1V-7-1 and MLP 73-11-27-6
are disarticulated and included in the matrix (Figs 1, 2A,
B, 7A). The middle to posterior portion of MLP 72-1V-
7-1 has 10 disarticulated dorsal ribs but arranged in the
same orientation (Fig. 1D). The ribs are long, postero-
ventrally curved and subcircular in outline. The tubercu-
lar process is longer than the capitular process; the latter
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B ars1 a.pr

Fig. 5. Pelvic girdle of Cricosaurus araucanensis. A—E, MLP 72-1V-7-1, F-G, MLP 73-11-27-6 photographs and drawings of pelvic girdle. A, Left
ilium in lateral view. B, Left ilium in medial view. C, Right ischium in lateral view. D, Right ischium in medial view. E, Right ischium in
proximal view. F, Right ischium in lateral view. G, Right pubis. Scale bars = 3 cm.

is oval in cross-section. The length and thickness of the
ribs decrease posteriorly.

Gastralia. The dorsal region of MLP 72-IV-7-1 bears
some disarticulated elements that are not consistent with
the orientation described for the ribs (Fig. 1D). These
bones are slender and shorter than the dorsal ribs. One of
them is V-shaped, and the remaining elements are
slightly curved (Fig. 1D). According to Fraas (1902), the
gastralia in Cricosaurus suevicus are formed by one
medial V-shaped piece and two curved lateral elements.
Based on this description, we interpret these elements to
be gastralia.

Haemal arches. Some disarticulated anterior haemal
arches are preserved in MLP 72-IV-7-1 and MLP 73-II-
27-6 (Figs 2C, D, 7A). The haemal arches are articu-
lated with the intervertebral region of the 9-11 caudal
vertebrae in MLP 86-XI-10-8 (Fig. 7A). The anterior
haemal arches are Y-shaped. The arms are shorter than
the ventral process (Fig. 2D) and the articulation surface
with the vertebra is slightly rounded. The proximal por-
tion of the ventral process is rounded, whereas the distal
portion is lateromedially compressed (Fig. 4F).

Appendicular skeleton

Scapulae. Both scapulae are incompletely preserved in
MLP 72-1V-7-1 (Fig. 1A, B), whereas MLP 73-11-27-1
retains only the proximal portion of the left scapula
articulated with the coracoid and the humerus (Fig. 4F).
As in other metriorhynchids (e.g., Cricosaurus suevicus,
GPIT/Re/43/97/3-4; Dakosaurus maximus, Fraas 1902
and Metriorhynchus, von Arthaber 1906), the scapula is
flattened with expanded proximal and distal ends. These
expansions are more developed at the anterior margin,
whereas the posterior margin of the scapula is quite
straight (Fig. 1A). The right scapula is approximately
55 mm long and is articulated with the coracoid and
humerus in MLP 72-IV-7-1. These articulation surfaces
are straight and thickened. In MLP 73-1I-27-1, the prox-
imal portion is not expanded (Fig. 4F).

Coracoid. The coracoid is dorsoventrally flattened with
expanded proximal and distal ends (Figs 1A-B, 4F).
The anterior margin is strongly concave, whereas the
posterior is slightly concave. The right coracoid of
MLP 72-IV-7-1 is 59 mm long, 42 mm wide on the
proximal expansion and 43 mm wide on the distal
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expansion. These measurements on the left coracoid are
55, 42 and 38 mm, respectively. The articulation sur-
faces with the humerus and scapula are dorsoventrally
thickened. In MLP 73-1I-27-1, only the proximal por-
tion is expanded, and the distal region has the same
width as the shaft (Fig. 4F). The coracoid is 40 mm
long, 23 mm wide on the proximal expansion and 13
mm wide on the distal expansion. The distal expansion
of the right coracoid in MLP 72-IV-7-1 bears a small
coracoid foramen without a notch (Fig. 1B). Accord-
ing to Andrews (1913), the coracoid in Metriorhynchus
is larger than the scapula; in C. araucanensis and
C. suevicus (SMNS 9808), these bones are approxi-
mately equal in size.

Forelimb. The description is based on incomplete fore-
limbs of MLP 72-IV-7-1 (Figs 1B, 4A-E) and an
incomplete left forelimb of MLP 73-1I-27-1 (Fig. 4F).
The right forelimb of MLP 72-IV-7-1 and the left one
of MLP 73-1I-27-1 are articulated, in contact with the
pectoral girdle and exposed in ventral view.

Humerus. The humerus is short with the proximal end
expanded; the distal end has approximately the same
width as the shaft (Fig. 4A, B, F). The left humerus of
MLP 72-IV-7-1 is 45 mm long, 26 mm wide at the
proximal end and 15 mm wide at the distal end. In
MLP 73-11-27-1, these measurements are 31, 15 and
12.5 mm, respectively. The humerus is dorsoventrally
compressed (Fig. 4D, E); in dorsal view it is convex
(Fig. 4A), whereas in ventral view it is concave at the
proximal end and flat distally (Fig. 4B). The humeral
head is very convex anteroposteriorly. The articular
region is wide anteroposteriorly and narrow dorsoven-
trally. The deltopectoral crest is restricted to a small
knob on the anterior margin of the humerus (Fig. 4A,
B, F). The posterior margin of the humerus is concave.
The distal articulation surface is on the distal margin
and continues to the anterior margin (Fig. 4A, B), as in
Metriorhynchus (Andrews 1915) and in the new Patago-
nian metriorhynchid (Herrera et al. in press b). The
articular surface with the ulna is oval and slightly
concave. The articular surface with the radius is sub-
rectangular and flat (Fig. 4C). These articular surfaces
are oriented at 45° to each other (Fig. 4A, B, F).

Radius. As in other metriorhynchids, the radius of Cric-
osaurus araucanensis is a flattened disk-like bone. The
anteroposterior axis is equal to the proximodistal axis so
that the anteroposterior/proximodistal ratio is approxi-
mately 1. In Metriorhynchus superciliosus sp. (Andrews
1913), Metriorhynchus sp. (Andrews 1915) and in the
new Patagonian metriorhynchid (Herrera et al. in press
b), the anteroposterior axis is shorter than the
proximodistal axis. In MLP 72-IV-7-1, the anterior
margin is strongly convex and the articular surfaces with
the humerus, ulna and radiale are straight (Fig. 1B). The
articular surface with the humerus is restricted to the
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proximomedial margin. The articular surface with the
ulna is shorter than the articular surface with the radiale.
The sub-adult specimen, MLP 73-11-27-1, has ill-defined
articular surfaces; therefore, the radius is rounded
(Fig. 4F). The left radius of MLP 72-IV-7-1 has dorso-
ventrally thickened articular regions, as described by
Andrews (1913) for Metriorhynchus superciliosus.

Ulna. The ulna is slightly larger than the radius in Cric-
osaurus araucanensis (Figs 1B, 4F). The ulna is sub-
rectangular with a strongly convex posterior margin.
The articular surfaces with the humerus and radius are
straight. As described for the radius, the articular sur-
faces are better defined in the adult specimen (MLP 72-
IV-7-1) than in the sub-adult (MLP 73-II-27-1). As in
C. suevicus (SMNS 9808) and Rhacheosaurus gracilis
(Ammon 1905), the anteroposterior axis is longer than
the proximodistal axis. In MLP 72-IV-7-1, the antero-
posterior axis is 21 mm and the proximodistal axis is
18 mm. These measurements in MLP 73-1I-27-1 are 15
and 13 mm, respectively. In contrast, in Metriorhynchus
from the Oxford Clay (Andrews 1915) and Metriorhyn-
chus superciliosus (Andrews 1913), the ulna is more
expanded proximodistally than anteroposteriorly; there-
fore, this bone has a columnar aspect.

Radiale. The radiale in C. araucanensis is subquadran-
gular (Figs 1B, 4F), as in C. suevicus (SMNS 9808)
and Cricosaurus sp. (GPIT/Re/07285), and different
from the new Patagonian metriorhynchid, in which it is
circular (Herrera ef al. in press b). The radiale has two
straight articular surfaces; the articular surface with the
radius is long and clearly defined, whereas the articular
surface with the ulna is short. Distal and posterior mar-
gins are convex without defined articular surfaces (Figs
1B, 4F). The radiale and radius are similar in size in C.
araucanensis (Figs 1B, 4F), the new Patagonian metri-
orhynchid (Herrera et al. in press b), C. suevicus
(SMNS 9808), Cricosaurus sp. (GPIT/RE/07285) and
Rhacheosaurus gracilis (Ammon 1905). Radial enlarge-
ment is probably a common characteristic associated
with Rhacheosaurini (sensu Young et al. 2011b). How-
ever, this can not be confirmed until more complete and
articulated metriorhynchid forelimbs are described.

Ulnare. The posterior half of the ulnare in MLP 72-
IV-7-1 is broken, however its outline can be defined
(Fig. 1B). As in the new Patagonian metriorhynchid
(Herrera et al. in press b), C. suevicus (SMNS 9808)
and Metriorhynchus (Andrews 1915), the ulnare is
smaller than the radiale. The ulnare of MLP 72-IV-7-1
does not contact the radius, as in extant crocodiles
(Miiller and Alberch 1990). The ulnare contacts meta-
carpals II and IIT in MLP 73-11-27-1 (Fig. 4F).

Pisiform. The pisiform is preserved in MLP 73-1I-27-1
and is discoidal and more developed than the ulnare
(Fig. 4F). The central region is strongly ossified,
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whereas the margins are poorly defined, suggesting poor
ossification. The pisiform is preserved distal to the ulna
and posterior to the ulnare. In Cricosaurus suevicus
(SMNS 9808), the exposed forelimb is disarticulated;
however, there is an element between the humerus and
the ulna that may correspond to the pisiform displaced
with respect to its natural position.

Metacarpals. All metacarpals are preserved in MLP 73-
11-27-1 (Fig. 4F), whereas only metacarpal 1 and an
unidentified metacarpal are preserved in MLP 72-IV-7-1
(Fig. 1B). In C. araucanensis, metacarpal I has the cres-
cent shape typical of other metriorhynchids. The ante-
rior margin is convex, whereas the posterior one is
concave. The distal and proximal margins are straight.
In MLP 73-11-27-1, the proximal margin contacts the
radiale and ulnare. Metacarpals II to V are long and flat-
tened with the distal margins expanded. In metacarpal
V, this expansion is more pronounced. Metacarpals II
and III contact the ulnare (Fig. 4F).

Phalanges. Distal to metacarpals IV and V, in MLP 73-
II-27-1, there are two small and sub-pentagonal pha-
langes (Fig. 4F). The articular surfaces are straight; the
anterior and posterior margins are convex.

llium. The left ilium is completely preserved in MLP
72-1V-7-1, whereas the right ilium lacks the anterior
process. The outline of the ilium in C. araucanensis
is subtriangular (Fig. 5A, B), as in other metriorhyn-
chids (Fraas 1902, Andrews 1913, Herrera et al. in
press b, Young et al. in press). The dorsal margin is
quite straight and terminates approximately level with
the midpoint of the acetabulum (Fig. 5A), as in Met-
riorhynchus superciliosus and Suchodus brachyrhyn-
chus but unlike in Mr Leeds’ specimen (Young et al.
in press). The anterior process projects anteriorly by a
short, thin process that is slightly curved ventrally
and exceeds the anterior margin of the ilium
(Fig. 5A, B). Ventral to this process, the anterior mar-
gin of the ilium is straight. In lateral view, the pos-
terior half of the ilium corresponds approximately
with the acetabulum (Fig. 5A). The acetabulum in C.
araucanensis is shallower than in extant crocodiles.
In medial view on the dorsal region, there is a rough
area that corresponds to the articular surface for the
sacral ribs. This area begins posterior to the anterior
process of the ilium and is slightly constricted in the
middle region. The constriction separates the rough
area into two regions; the dorsoanterior area corre-
sponds to the articular surface for the first sacral rib,
whereas the posterior and slightly ventral one corre-
sponds to the articular surface for the second sacral
rib. The articular surface for the first sacral rib is lar-
ger than that for the second (Fig. 5B). The postero-
ventral margin of the ilium is undulate (Fig. 5A).
The anterior process of the ischium fits with the most
anterior wave of the posteroventral margin of the
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ilium. The contact between pubis and ilium has been
described by Andrews (1913) for Metriorhynchus and
Steneosaurus. According to Claessens and Vickaryous
(2012) this interpretation is incorrect, and there is no
contact between the pubis and ilium in these croco-
dyliforms. However, due to the state of preservation,
we can not identify an articular facet for the pubis
on the anterior process of the ischium in any of the
specimens of Cricosaurus here studied.

Ischium. Both ischia are incompletely preserved in
MLP 72-1V-27-1. The left ischium is preserved from
the neck to the proximal region, and the right one from
the most proximal region of the ischiadic wing to the
proximal region (Fig. 5C, D). The right ischium is com-
pletely preserved in MLP 73-11-27-6 and exposed in lat-
eral view (Figs 5F, 7A). The ischia of C. araucanensis
are roughly triangular and resemble those of other met-
riorhynchids (e.g., Cricosaurus suevicus, SMNS 9808;
Metriorhynchus superciliosus, SMNS 10116 and Tor-
voneustes carpenteri, Wilkinson et al. 2008). The proxi-
mal end is divided into two processes separated by a
notch. The anterior process is small and nearly circular
in cross-section. This process is longer than the poster-
ior one (Fig. 5C, D, F). The tip of the anterior process
is a convex surface with a small articulation surface for
the ilium. The posterior process is much larger than the
anterior one and subquadrangular (Fig. 5C-D, F). This
process has two articulation surfaces positioned in two
planes. The articulation surface for the ilium is trans-
verse to the major axis of the ischium. The articulation
surface for the femur is oblique to the major axis of the
ischium. Both articulation surfaces are slightly concave.
In MLP 73-11-27-6, the ischiadic wing is flat with two
regions clearly defined that form an angle of approxi-
mately 90° to each other (Fig. 5F). The anterior region
is longer than the posterior one and corresponds to the
surface for the union with the right ischium.

Pubis. The pubis is completely preserved only in MLP
73-11-27-6, but it is broken at the ends (Fig. 5G). The
pubis shaft is rod-shaped, whereas the distal end is
expanded. It is 73 mm in long and 38 mm wide at the
distal end where there is a straight area that may repre-
sent the pubic symphysis (Fig. 5G).

Hind Limb. The hind limbs are incompletely preserved
in MLP 72-1V-7-1. Both femora are preserved but only
the right is complete. Zeugopodial elements and a meta-
tarsal are partially preserved. The left femur is com-
plete, and the right femur is partially preserved in MLP
73-11-27-6.

Femur. The femur has the sigmoidal shape typical of
other metriorhynchids (Fig. 6; Fraas 1902, von Arthaber
1906, Andrews 1913, Wilkinson et al. 2008, Herrera
et al. in press b, Young et al. in press). The femur is
dorsoventrally compressed with the planes of both proxi-
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Fig. 6. Right femur of Cricosaurus araucanensis (MLP 72-IV-7-1).
A, Dorsal view. B, Ventral view. Scale bar = 10 cm.

mal and distal ends parallel. In cross-section, the diaphy-
sis is lenticular, whereas the epiphyses are circular. The
right femur of MLP 72-IV-7-1 is 170 mm long with a
proximal head width of 28 mm and a distal head width
of 21 mm. The left femur of MLP 73-11-27-6 is 150 mm
in total proximal-distal length. The femoral head is
rounded without differentiated condyles as in Torvoneus-
tes carpenteri, which has two condyles laterally protrud-
ing (Wilkinson et al. 2008). In proximal view, the dorsal
margin of the femoral head is rounded; the ventral mar-
gin is triangular. The articular surface of the femoral
head is triangular in Mr Leeds’ specimen (Young et al.
in press). The distal articular surfaces form a 45° angle
(Fig. 6) as in C. suevicus (SMNS 9808) and the new
Patagonian metriorhynchid (Herrera ef al. in press b).
The articular surface of the fibula is twice as long as the
articular surface of the tibia. Both surfaces are flat and
subquandrangular. Dorsally on the right femur of MLP
72-1V-7-1, there is a prominent structure with a rough
surface on the proximal region and over the posterior
margin (Fig. 6A). In extant crocodiles, this is the inser-
tion area of M. puboischiofemoralis internus 2 (Romer
1923; PIFI2, Hutchinson and Gatesy 2000, Carrano and
Hutchinson 2002, Otero et al. 2010). Posterior to this
area, and over the posterior margin, there is a flat area
that might correspond to the insertion area of M. ischiot-
rochantericus (ISTR). In extant crocodiles, the ISTR
inserts in the proximal-posterior region of the femur
(Otero et al. 2010). In medial view of the proximal-pos-
terior region, there is a protrusive, very rough area
(Fig. 6B), also evident in Metriorhynchus superciliosus
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(SMNS 10116), Metriorhynchus sp. (GPIT/Re/0302)
and the new Patagonian metriorhynchid (Herrera et al.
in press b). In contrast, this very rough area is flat in T
carpenteri (Wilkinson et al. 2008). Although in metri-
orhynchids this protrusive and rough area does not form
a low ridge, it corresponds to the osteological correlate
for the attachment of the caudofemoralis muscles and
was interpreted as a reduced fourth trochanter (Herrera
2012, Herrera et al. in press b). The absence of fourth
trochanter sensu stricto has been considered a character
shared by all metriorhynchids (e.g., Wilkinson et al.
2008, Young and Andrade 2009, Young et al. 2010, in
press). However, these authors described a flattened rug-
ose surface in the area where the fourth trochanter is
located in other crocodyliforms.

Tibia. Only the proximal region of the left tibia is pre-
served in MLP 73-11-27-6. The tibia is long and slightly
dorsoventrally compressed and has expanded proximal
and distal ends (Fig. 7A). It is stouter than the fibula,
which is a characteristic shared with Gracilineustes
leedsi (=Metriorhynchus laeve of Andrews 1913), the
new Patagonian metriorhynchid (Herrera et al. in press
b) and Cricosaurus suevicus (SMNS 9808). The proxi-
mal end is more expanded than the proximal end of the
fibula (Fig. 7A).

Fibula. The proximal region of the left fibula is pre-
served in MLP 73-11-27-6, whereas the distal end is pre-
served as an impression in the matrix (Fig. 7A). The
fibula is long with the proximal and distal ends slightly
expanded. The length inferred is 54 mm. The length of
the fibula in MLP 73-11-27-6 is approximately one-third
the length of the femur, as described by Andrews
(1913) for Metriorhynchus and Cricosaurus suevicus
(SMNS 9808, SMNS 90513).

Discussion

The postcranial remains of Cricosaurus araucanensis
provide additional information on the skeletal architec-
ture of metriorhynchids. Although the postcranial mor-
phology is less informative of phylogeny than the skull
[postcranial features represent only 15% of the charac-
ters used in phylogenetic analyses by Pol and Gasparini
(2009) and 27% by Young et al. (in press)], they pro-
vide significant insights into the species’ palaecobiology.
Two traits are of particular interest: the closure pattern
of the neurocentral suture and the morphology of the
caudal vertebrae.

Neurocentral sutures and morphological maturity in
Cricosaurus araucanensis

As demonstrated in extant crocodylians, neurocentral
sutures in most caudal vertebrae are fully closed at
hatching, whereas the remaining sutures close later in
ontogeny (Brochu 1996). On this basis, Brochu (1996)
proposed that in Crocodyliformes, the closure of the
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neurocentral suture can be used as an indicator of rela-
tive maturity, providing a size-independent criterion of
morphological maturity in extinct forms.

In contrast to squamates (Rieppel 1992a, b), the
sequence of neurocentral suture closure is caudal to
cranial in crocodylians. The neurocentral suture clo-
sure in Alligator mississippiensis occurs in very late
postnatal ontogeny after they reach sexual maturity.
Before sexual maturity, completely fused centra and
neural arches are restricted to the caudal vertebral
series, whereas presacral vertebrae commonly remain
unfused throughout postnatal ontogeny, retaining open
sutures in very mature individuals (Ikejiri 2012).
Recent findings suggest that the crocodilian closure
pattern is widespread among other archosaurs,
although with certain variations (e.g., Irmis 2007,
Renesto 2008, Evans et al. 2011). Within thalattosu-
chian crocodilyforms, the caudal-cranial sequence of
neurocentral suture closure has been proposed for cf.
Pelagosaurus sp. (Delfino and Dal Sasso 2006) and
Mr Leeds’ specimen (Young et al. in press).
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Fig. 7. A, B, Cricosaurus araucanensis
MLP 73-11-27-6. A, Postcranial elements
in left lateral view. B, Detail of sacral and
most anterior caudal vertebral region.
C-E, Cricosaurus sp. MLP 86-XI-10-8.
C, Caudal vertebral region in left lateral
view. D, Detail of haemal arches.
Figure rotated 180° with respect to C. E,
Detail of the second sacral vertebra
and most anterior caudal vertebrae.
Arrows indicate the neurocentral suture.
Scale bars A, B=3cm,C=10cm, D, E
=5cm.

The Cricosaurus araucanensis holotype reveals the
same pattern of neurocentral closure as in extant croco-
dylians. The caudal, sacral and dorsal vertebrae have
the neurocentral suture closed, whereas, in cervical ver-
tebrae it remains open, indicating that the specimen is
an adult and has a caudal-cranial sequence of neurocen-
tral suture closure.

Specimens MLP 73-1I-27-1 and MLP 86-XI-10-8
have open sutures in the dorsal vertebrae, and articu-
lated sacral and first caudal vertebrae, respectively. Both
specimens are smaller in overall size than the holotype
of C. araucanensis (humerus length, 45 mm for MLP
72-1V-7-1 versus 31 mm for MLP 73-1I-27-1; second
sacral centum length, 33 mm for MLP 72-IV-7-1 versus
20 mm for MLP 86-XI-10-8). The open sutures and the
small size of both specimens suggest that they were
not fully mature individuals at the time of death. The
pattern observed in MLP 86-XI-10-8 is quite interest-
ing. In contrast to extant crocodylians, in which caudal
neurocentral sutures are completely closed just after
hatching (Brochu 1996, Ikejiri 2012), these sutures
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remain completely open, indicating that neurocentral
suture closure occurs later in postnatal ontogeny
(Fig. 7D, E). Although an accurate measure of body
length can not be determined, a comparison of the ver-
tebral lengths with those of the Cricosaurus araucanen-
sis holotype suggests that MLP 86-XI-10-8 was not a
newborn.

Delayed timing of neurocentral closure, as
observed in the caudal vertebrae, suggests the occur-
rence of skeletal paedomorphosis, which is a wide-
spread heterochronic process among secondarily
adapted aquatic reptiles. In the particular case of mar-
ine reptiles, Rieppel (1989) pointed out that skeletal
paedomorphosis primarily affects the appendicular
skeleton. In the case of metriorhynchids, deeply modi-
fied forelimbs transformed as paddles and poor ossifi-
cation may have evolved by paedomorphosis (Herrera
et al. 2009). However, new information indicates that
delayed ossification occurs also in the vertebral col-
umn of metriorhynchids and probably also in basal
thalattosuchians. This is not surprising, as delayed
ossification appears to be a general phenomenon
throughout the skeleton rather than restricted to limbs
and girdles (Carroll 1997). Delayed ossification affect-
ing the neurocentral sutures is well documented in
basal pleurosaurs and sauropterygians, in which a
loosely attached arch occurs throughout ontogeny
(Brown 1981, Carroll and Gaskill 1985, Rieppel
1989).

Open sutures in dorsal and proximal caudal verte-
brae of postnatal specimens of cf. Pelagosaurus (Delfi-
no and Dal Sasso 2006, Delfino and Sanchez-Villagra
2010) suggest that this paedomorphic trait was common
to thalattosuchians. Further exploration of a more exten-
sive sample of thalattosuchians would be useful to test
this hypothesis.

Morphology of caudal vertebrae

In extant crocodiles, the M. caudofemoralis longus
extends from the third to 11th—15th caudal vertebrae
(e.g., Romer 1923, Gatesy 1990, Otero et al. 2010).
The point at which the caudal ribs disappear can be
used as an indicator of the caudal extension of this
muscle (Gatesy 1990). Schwarz-Wings et al. (2009)
proposed for dyrosaurids that the decrease in width of
the transverse processes and the height of the haemal
arches indicate a sharp terminal decline of the cross-
section of the M. caudofemoralis longus.

In Cricosaurus sp. (MLP 86-XI-10-8), the first 11
caudal vertebraec have transverse processes, whereas in
C. araucanensis (MLP 73-11-27-6) all caudal vertebrae
preserved (i.e., 12) have transverse processes. The trans-
verse processes (=caudal rib) of the anteriormost caudal
vertebrae are ventrally deflected, as in the sacral verte-
brae. This feature is also present in Metriorhynchus
superciliosus (SMNS 10116; von Arthaber 1906).
According to Andrews, (1913) this feature is also pres-
ent in Oxford Clay metriorhynchids, at least in the first
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13 or 14 caudal vertebrae. The transverse processes in
the first caudal vertebrae of C. araucanensis are borne
entirely on the centrum and do not bear the neural arch.
The inverse situation (i.e., the strong dorsally inclined
angle of the transverse processes and the elevation of
the transverse processes on the neural arch) has been
described in some theropods (Persons and Currie
2011a). This morphology was interpreted as being
related to an expanded hypaxial region, which the M.
caudofemoralis could have filled at the expense of the
epaxial region (Persons and Currie 2011a).

The transverse processes are reduced in width in
comparison with the sacral ribs in MLP 73-1[-27-6 and
MLP 86-XI-10-8. The transverse processes are reduced
to a small knob from fifth caudal vertebra backwards in
MLP 86-XI-10-8. In M. superciliosus (SMNS 10116),
the first 17 caudal vertebrac have transverse processes
that decrease in size backwards. In C. suevicus (SMNS
9808), the first 11 caudal vertebraec have transverse
processes, and from the fifth to 11th, the transverse
processes decrease rapidly in size. This morphology
(i.e., reduced and ventrally deflected transverse
processes) would have restricted the expansion of the
caudal hypaxial musculature (i.e., the M. caudofemoral-
is and M. ilio-ischiocaudalis) and increased the space
for the epaxial musculature (i.e., the M. spinalis and M.
longissimus). The reduction of caudofemoralis muscle
in metriorhynchids has been previously proposed by
others authors based on the reduced fourth trochanter
(Hua 1994, Hua and Buffetaut 1997). The morphology
described for the caudal vertebrac reinforces this
hypothesis.

The notch described for the neural spine of the
caudal vertebrae in Cricosaurus araucanensis and
C. suevicus was related to an additional muscular
insertion on the caudal vertebrae (Fraas 1902). In
extant reptiles, the M. spinalis inserts onto the tips
and lateral surfaces of the neural spines and M. lon-
gissimus inserts onto the dorsal surfaces of the trans-
verse processes and on the lateral faces of the neural
arches (Persons and Currie 2011a, b). The anterior
process present in the neural spine of the caudal verte-
brae in some Cricosaurus specimens could have been an
insertion site for the M. spinalis. The relationship
between the height of the neural spine and the haemal
arches of dyrosaurids was related to the cross-section
area of epaxial and hypaxial tail muscles (Schwarz-
Wings et al. 2009). Unfortunately, due to preservation
of Patagonian metriorhynchids, this relationship can not
be determined along the tail. In extant reptiles, the
epaxial musculature is involved in mediolateral and dor-
soventral tail movements, and in maintaining tail stabil-
ity (Persons and Currie 2011b). A putative increased
epaxial musculature in Cricosaurus araucanensis,
related to tail movements, is consistent with the swim-
ming style and mode of propulsion by lateral undulation
of the tail proposed for metriorhynchids (Massare
1988).
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