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ARTICLE

THE POSTCRANIAL SKELETON OF THE AQUATIC PARAREPTILE MESOSAURUS

TENUIDENS FROM THE GONDWANAN PERMIAN

SEAN PATRICK MODESTO

Department of Biology, University of Toronto in Mississauga, Mississauga, Ontario, L5L 1C6, Canada, sean_modesto@cbu.ca

ABSTRACT—The postcranial skeleton of Mesosaurus tenuidens, a reptile from the Lower Permian of eastern South Amer-
ica and southern Africa, is redescribed and illustrated in detail. The number of presacral vertebrae varies in M. tenuidens
from 29 to a maximum of 33, which falls just short of the maximum (34-35 presacrals) known in its close relative Stereoster-
num tumidum. A cleithrum is reported for the first time in a mesosaur. The head of the interclavicle is triangular, rather
than diamond-shaped as in other basal reptiles, including S. fumidum. The carpus of M. tenuidens is apomorphic in that the
intermedium and the lateral centrale are coossified. The lateral centrale pedis is absent. Reappraisal of the aquatic adapta-
tions of M. tenuidens suggests strongly that this reptile was fully dedicated to an aquatic lifestyle. Pervasive pachyostosis of the
postcrania probably allowed animals to maintain neutral buoyancy in the uppermost 3—4 m of the water column. Additionally,
such pachyostosis may have helped to control rolling at the surface, or perhaps served to maintain forward momentum during
periods of gliding while moving underwater. Limited movement at the elbow and the ankle suggests that M. tenuidens could
not walk on land, but individuals may have been able to push themselves across terrestrial substrates, perhaps in a manner
analogous to that seen in female extant marine turtles on nesting beaches.

INTRODUCTION

Amniotes have been invading the aquatic medium for over 300
million years. Indeed, the amphibious nature of many extant rep-
tiles and the remarkable evolutionary successes of Mesozoic ma-
rine reptiles so intrigued Alfred Sherwood Romer that, in one of
his last contributions to vertebrate paleontology, he questioned
the consensus that amniotes had originated under terrestrial con-
ditions (Romer, 1974). Yet despite steady advances in our knowl-
edge of the anatomy and the evolutionary history of Paleozoic
amniotes over the past three decades, the earliest invasions of
aquatic environments by amniotes still pale in comparison with
those of the succeeding Mesozoic Era.

Aquatic amniotes are known throughout the late Paleozoic.
The oldest record is a diapsid reptile from the Upper Carbonifer-
ous of North America (deBraga and Reisz, 1995). Ophiacodon-
tid synapsids are commonly regarded as having been amphibious
piscivores of freshwater systems of the North American Lower
Permian (Romer and Price, 1940; Romer, 1948). The diapsid
Claudiosaurus germaini, from the Upper Permian of Madagascar
(Carroll, 1981), appears to have been well adapted for aquatic
life. Another Madagascan diapsid, Hovasaurus boulei, is inter-
esting because it appears to be the Paleozoic diapsid most highly
modified for an aquatic way of life (Currie, 1981), and it passed
through the end-Permian extinction event to appear in the earli-
est Triassic (Ketchum and Barrett, 2004).

The most enigmatic aquatic amniotes of the Paleozoic are
mesosaurid parareptiles. Known only from Lower Permian sedi-
ments of southern Africa and eastern South America, mesosaurs
are characterized by their elongate skulls, numerous long and
slender teeth, paddle-like limbs, and greatly thickened trunk ribs
(Gervais, 1865; MacGregor, 1908; Oeclofsen and Aratjo, 1987).
Mesosaurs are distinguished from other Permo-Carboniferous
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amniotes not only by their distinctive anatomy, but also by their
geographic distribution, because they are the oldest amniotes
known from the southern paleolatitudes, predating by several
million years the diverse synapsid and reptilian faunas of the
Beaufort Group of South Africa.

Gervais (1865) described the first mesosaur, Mesosaurus
tenuidens, from the Lower Permian of South Africa. Subse-
quent authors assigned additional species from the Lower Per-
mian of both South Africa and Brazil to the genus Mesosaurus
(Seeley, 1892; Giirich, 1889; MacGregor, 1908), but these were
synonymized with M. tenuidens by Oelofsen and Araujo (1987).
Cope (1886) erected Stereosternum tumidum for material from
the Brazilian Permian, and Shikama and Ozaki (1966) erected
Brazilosaurus sanpauloensis from the same strata; both species
remain valid. The overwhelming majority of, if not all, specimens
of M. tenuidens have been collected from the black shales of the
Whitehill Formation of southern Africa and the Irati Formation
of Brazil. Similarly, most, if not all, specimens of S. tumidum have
been collected from the limestones of both formations, as were
all specimens of B. sanpauloensis (Araujo, 1976; Oelofsen and
Aratijo, 1987). The three species are thus considered to have been
coeval (Oelofsen and Aratjo, 1983, 1987).

The friable nature of the black shales of the Irati and White-
hill formations has resulted overwhelmingly in the collection of
partial skeletons of M. tenuidens, whereas the more sturdy lime-
stones have resulted in the collections of great numbers of more-
or-less complete skeletons of S. tumidum and B. sanpauloensis.
The bone of specimens of M. tenuidens is generally much softer
than the encasing shale matrix, and it is traditional for the bone
to be picked out of the matrix, resulting in negative molds suit-
able for casting. Multiple positive casts can be made, and these
are readily transportable. This may be one of the reasons the os-
teology of M. tenuidens has been the subject of many more de-
scriptive works (Gervais, 1865; Seeley, 1892; Giirich, 1889; Mac-
Gregor, 1908; Wiman, 1925; von Huene, 1941; Oclofsen, 1981)
than those of the other two mesosaurs, despite the widespread
availability of excellent skeletons of, for example, S. tumidum,
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in museums worldwide. The latter species has been the subject
of only a handful of studies (Cope, 1886; Osborn, 1903; Aratjo,
1976; Modesto, 1999), whereas the anatomy of the rare species
Brazilosaurus sanpauloensis has been described in detail by only
Shikama and Ozaki (1966) and Sedor and Ferigolo (2001).

Early casting methods and materials used by early workers
such as Seeley (1892) and MacGregor (1908) to study the skele-
ton of M. tenuidens, however, were relatively crude with re-
spect to modern latex-casting technology (Baird, 1955; Heaton,
1982). Casts made of gutta percha and of plaster conveyed only
the most obvious and robust anatomical features, and it is be-
cause of this that a detailed description of the cranial skeleton
of M. tenuidens, which consisted largely of small and thin bones
compared to the postcranial skeleton, was not possible until re-
cently (Modesto, 2006). Accordingly, the postcranial skeleton of
this species has been better documented than the cranial skele-
ton, and it is no surprise that the postcranial characteristics of
mesosaurs have seen more use than cranial ones in the consider-
ation of mesosaurid systematics (Oelofsen and Aratjo, 1987) and
in the investigation of amniote phylogeny (Gauthier et al., 1988;
Laurin and Reisz, 1995).

Despite the numerous previous descriptions that have been
published on M. tenuidens, the use of latex-casting technology
in the study of this reptile, as part of a larger review of the
anatomy and the relationships of Mesosauridae (Modesto, 1996,
1999, 2006), reveals that further details can be gleaned from the
postcranial skeleton. Such additional osteological information is
of interest from a phylogenetic perspective. The advent of phylo-
genetic systematics in studies of amniote phylogeny has permit-
ted investigators to eschew the subjective identification of ‘key’
characters (e.g., temporal fenestration), and allowed them to con-
struct suites of apomorphies, from all regions of the skeleton, use-
ful for diagnosing clades. Towards this purpose, a comprehen-
sive redescription of the postcranial skeleton of M. tenuidens is
necessary to document the full range of characters and possible
variation.

Institutional Abbreviations—AMNH, American Museum of
Natural History, New York; BHM, Black Hills Museum of Natu-
ral History, Hill City, South Dakota; GPIT, Institiit fiir Geowis-
senschaften, Universitdt Tiibingen; MCZ, Museum of Compar-
ative Zoology, Harvard University, Cambridge, Massachusetts;
NSM, National Science Museum, Tokyo; MNHN, Muséum Na-
tional d’Histoire Naturelle, Paris; SAM, Iziko: South African
Museum of Cape Town; SMNH, Swedish Museum of Natural
History, Uppsala; SMNS, Staatliches Museum fiir Naturkunde,
Stuttgart.

Anatomical Abbreviations—an, angular; ar, articular; as, as-
tragalus; ax, axis; ¢, coronoid; ca, calcaneum; cl, clavicle; clei, clei-
thrum; co, coracoid; cr, cervical rib; ¢v, caudal vertebra; d, den-
tary; dr, dorsal rib; ect f, ectepicondylar foramen; fe, femur; fi,
fibula; gl, glenoid; h, humerus; i, intermedium; icl, interclavicle; il,
ilium; is, ischium; 1, lacrimal; le, lateral centrale; p, parietal; pra,
prearticular; post, postzygapophysis; pu, pubis; ra, radius; s, sacral
vertebra; sa, surangular; se, scapula; so, supraoccipital; sr, sacral
rib; st, supratemporal; ti, tibia; tr pr, transverse process; ul, ulna;
ule, ulnare.

GEOLOGICAL SETTING

Mesosaurs are known from the Whitehill Formation (Ecca
Group) of South Africa and Namibia in Africa (Oelofsen, 1987)
and from the Irati Formation of Brazil, the Mangrullo Formation
of Uruguay, and from presumably equivalent strata at Villarrica,
Paraguay, in South America (Barberena, 1972). The Whitehill
Formation (known in early literature as the ‘White Band of the
Dwyka’) is regarded as Lower Permian by South African work-
ers (Oelofsen, 1981; Pickford, 1995), whereas the Irati Formation
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has been regarded as (what is now) Middle Permian (Kazanian)
by South American workers on the basis of plant, palynomorph,
and insect evidence (Barberena, 1972; Pinto, 1972; Barberena et
al., 1985). A stratigraphic correlation between the Whitehill and
Irati formations was first proposed by du Toit (1927) and later ex-
pounded by Oelofsen (1981, 1987). Oclofsen and Aratjo (1983,
1987) regarded the two formations as coeval, with the mesosaur-
bearing shales in South America and southern Africa having
been deposited in separate arms of an epicontinental sea. Oelof-
sen and Araujo (1987) estimated the age of the Whitehill and
Irati formations to be Sakmarian (middle Early Permian). An ab-
solute date of 278.4 4= 2.2 Ma was recently determined for lower-
most strata of the Irati Formation (Santos et al., 2006), confirming
an Early Permian (Artinskian) age for this formation. By exten-
sion, the Whitehill Formation of southern Africa can be regarded
as Artinskian in age.

The Irati Formation was divided into two zones by Barber-
ena (1972) and Aragjo (1976): ‘Zone A’ consists mainly of black
shales that crop out in the Brazilian state of Sdo Paulo, whereas
‘Zone B’ is comprised predominantly of limestones that crop out
in Parand, Santa Catarina, and Rio Grande do Sul. All specimens
from the black shales of the Whitehill Formation and Zone A
of the Irati Formation are identified as Mesosaurus tenuidens by
Oclofsen and Aratjo (1983, 1987). Most specimens from Zone B
of the Irati are identified as Stereosternum tumidum and a mi-
nority as Brazilosaurus sanpauloensis by Oelofsen and Aratjo
(1983). It should be noted that there has been no stratigraphic
control for specimens collected from the same areas and local-
ities on either continent. Accordingly, it is impossible to deter-
mine whether those specimens that I assign to M. tenuidens on
the basis of discrete characters, yet resemble S. tumidum in terms
of vertebral counts and axial morphology, predate or are con-
temporaneous with M. tenuidens specimens with ‘classic’ verte-
bral counts and morphology recorded by early workers such as
MacGregor (1908).

MATERIAL AND METHODS

The following specimens formed the basis of this study or
were examined for comparative purposes. GPIT 1757-2, ver-
tebral column, ribs, and appendicular elements; GPIT 1757-3,
dorsal vertebra; GPIT 1757-4, sacral vertebra; GPIT 1757-5,
isolated scapulocoracoid; GPIT T8F34, partial coracoid; GPIT
T9F32, scapulocoracoid; GPIT T9F33, scapulocoracoid; GPIT
TI9F309, partial forelimb; GPIT T9F44, pelvis and femur; GPIT
TI9F42, partial pelvis; GPIT T9F40, nearly complete pelvis; GPIT
TO9F53, partial skeleton preserving hip region; GPIT T9F39,
femur, fibula, and partial pes; MCZ 3373, partial skeleton; MCZ
4033, partial trunk; MNHN 1865-77 (holotype), anterior half
of skeleton of subadult individual; MNHN 1946-10 15, partial
trunk with gastralia; SAM-PK-709, partial skeleton of a small
adult (?) exposed in ventral view; SAM-PK-9327, partial skull
and mandible, cervical vertebrae, ribs, and pectoral skeleton;
SAM-PK-K8400a, caudal series posterior to posterior-most
rib-bearing caudal; SMNH R203b, skull and anterior thorax of
a large subadult. The MNHN and SAM specimens are from
the Whitehill Formation, whereas the MCZ, GPIT, and SMNS
specimens are from the Irati Formation. All specimens were cast
in latex and/or silicone rubber for the purposes of study.

The following specimens were examined for comparative pur-
poses. All are from Zone B of the Irati Formation, and are
assigned to S. fumidum unless indicated otherwise: AMNH
11002, partial skeleton with skull, preserved partly as impression;
AMNH 23794, skeleton of small subadult with posterior regions
poorly preserved; AMNH 23795, complete skeleton of small indi-
vidual in three blocks; AMNH 23797, complete skeleton of small
individual in three blocks; AMNH 23798, nearly complete skele-
ton of a small individual; AMNH 23799, nearly complete skeleton
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FIGURE 1. Mesosaurus tenuidens, reconstruction of skeleton in left lateral view. The gastralia are omitted for clarity.

of a small individual; BHM 999, nearly complete skeleton of an
adult; NSM uncatalogued, holotype of Brazilosaurus sanpauloen-
sis, anterior part of skeleton exposed in section; SMNS 51560,
nearly complete skeleton of B. sanpauloensis.

Because the genera Mesosaurus, Stereosternum, and
Brazilosaurus are monotypic, these names are used for conve-
nience to refer to their respective species in this paper.

DESCRIPTION

The material studied allows for a composite reconstruction of
the skeleton of Mesosaurus tenuidens in left lateral view (Fig. 1).
It is based on GPIT T9F33, T9F39, T9F40, T9F42, and T9F44,
GPIT 1757-2, SAM-PK-709, SAM-PK-9327, SAM-PK-K8400a,
and SMNH R203b. The skull is taken from the work of Modesto
(2000).

Axial Skeleton

Eleven or 12 cervical vertebrae are present in Mesosaurus. The
anterior cervicals differ in many respects from the dorsal verte-
brae in both taxa, but it is difficult to distinguish the posterior-
most cervicals from the anterior-most dorsal in the absence of
well-preserved ribs because these vertebrae exhibit transitional
characteristics. The proatlas is not identifiable in the available
specimens of Mesosaurus; its presence in Stereosternum is in-
ferred by an articulating facet for it on the atlantal neural arch
and on the exoccipital (Modesto, 1999). The atlas is represented
mainly by the neural arch (Modesto, 2006), which does not differ
greatly from those of other early reptiles. A small epipophysis is
present, although only the base is preserved in the specimen pre-
serving the best neural arch (Modesto, 2006: fig. 6). The remain-
ing ossifications of the atlas are not readily identifiable among the
many fragments of bone that are usually preserved at the junc-
ture between the braincase and the vertebral column (Modesto,
2006). For example, in SAM-PK-K8381 there is a polygonal ele-
ment that exhibits the expected size and shape of a fused atlantal
pleurocentrum and axial intercentrum (Modesto, 2006: fig. 10),
but it is otherwise relatively featureless.

The axis consists of a coalesced neural arch and centrum. The
axial centrum is about 80% the length of the centrum of the suc-
ceeding vertebra (Fig. 2). Shallow concavities are present on the
ventrolateral surfaces of the axial centrum, and they are sepa-
rated sagittally by a ventral keel or raised ridge. The articulat-
ing surface for the rib is a single elliptical or teardrop-shaped
facet that occupies the anterior half of the base of the neural arch
(Figs. 2, 3). The prezygapophyses are inclined at about 45° to the
sagittal plane, whereas the postzygapophyses are inclined roughly
horizontally. Mammillary processes project posterodorsally di-
rectly above the postzygapophyses, from which slender exten-

sions extend dorsally up the lateral surfaces of the axial neural
spine. The outline of the axial neural spine is rarely visible in
specimens of Mesosaurus, but when completely exposed is dis-
tinctly angular, as though the top had been truncated (Modesto,
2006: fig. 5).

The axial pleurocentrum is the shortest presacral, and the cer-
vical centra gradually increase in sagittal length posteriorly along
the column (Figs. 2, 3). The postaxial centra invariably follow that
of the axis in ventral morphology; if the latter cervical displays a
ventral keel, the succeeding cervical will also, although the centra
become flat (Fig. 2) or more rounded (Fig. 3) posteriorly. The cer-
vical neural arches, like those of the dorsal series, are expanded
transversely (Figs. 4, 5), but not to the extent seen in diadecto-
morphs and seymouriamorphs. The ratio of neural-arch length to
width is 1:1, a ratio that is comparable to other small- to medium-
sized amniotes that have been described as having ‘swollen’ ver-
tebrae, including Captorhinus and Labidosaurus (Sumida, 1987,
1990) and Varanosaurus (Sumida, 1989). As in other early am-
niotes (e.g., Petrolacosaurus: Reisz, 1981:fig. 14; Procolophon: de-
Braga, 2003:fig. 6; Archaeovenator: Reisz and Dilkes, 2003:fig. 1),
the neural spine of cervical 3 is shorter than that of the axis. The
spines of cervicals 4-6 are lower still, although this is not apparent
in the dorsal views illustrated in Figures 4 and 5, but the condi-
tion is the same as in Stereosternum (Modesto, 1999:figs. 1,2). The
neural spines of the remaining cervicals then increase gradually in
height toward the posterior end of the series. This phenomenon
is seen also in araeosceloid diapsids (Reisz, 1981; Reisz et al.,
1984), and presumably is associated with the presence of a long
neck. Apart from their shorter neural spines, the cervical verte-
brae are distinguished from the dorsals by their deeper transverse
processes (Figs. 2, 3; Modesto, 2006:figs. 4-6). The articular sur-
faces for the ribs are elliptical, face ventrolaterally, and are linked
to the anterior lip of the centrum by a slender strip of articulat-
ing surface, although this last feature is not always present on the
anterior-most cervicals. The transverse processes are best devel-
oped in the posterior-most cervicals 9 to 11 or 12, in the case of
MCZ 3373 (Fig. 4).

The dorsal vertebrae are massively constructed. The dorsal
centra have the appearance of swollen spools: their slightly con-
vex lateral surfaces lean strongly laterally and merge smoothly
with the ventral surfaces of the swollen transverse processes
(Figs. 2, 3). The neural arches are more robustly developed
than those of the cervicals, with relatively larger mammillary
processes. In anterior view the anterior zygapophyses are usually
horizontal; they may be slightly concave or slightly convex
dorsally. The facets may be inclined up to 20° to the horizontal,
but there does not appear to be any organization of inclined
or horizontal articulating surfaces, as paired facets may vary
on the same vertebra (Fig. 6A). The anterior zygapophyses are
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FIGURE 2. Mesosaurus tenuidens, SMNH R203B. Skull, mandible,
presacral vertebrae 2-15, associated ribs, pectoral girdle elements, and
humeri in ventral view. Drawn from a latex cast. Numbers indicate pre-
sacral vertebrae.

bounded posteriorly by the strongly vertical buttresses of the
transversely expanded pedicels, which must have limited twisting
of the column. Zygosphenes and zygantra are present but are not
well reproduced in the latex rubber casts of isolated vertebrae
(Fig. 6A) or they are largely obscured because of articulation of
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the material, and are seen partially only in some cases, such as
on vertebra 15 in GPIT 1757-2 (Fig. 7).

The dorsal neural spines of most Mesosaurus are tall and vary
in morphology: they may be rectangular in lateral view, taper to
a point, or lie somewhere between these two basic types. ‘Low’
neural spines are seen in Mesosaurus specimens with 32-33 pre-
sacral vertebrae, such as MCZ 3373 (Fig. 4), whereas ‘tall’ spines
are typical of those specimens with slightly fewer cervicals and
dorsals, such as GPIT 1757-2 (Fig. 7). In either case, the lat-
eral surfaces of the neural spines are always vertical, such that
the base of each spine is distinct from the arch proper (Fig. 7),
and the proximal portions of the anterior edges may feature ver-
tical prominent ridges for the interspinalis muscles. The neural
spines of long-bodied Mesosaurus (e.g., MCZ 3373) resemble
those of specimens of Stereosternum. As in the posterior cervi-
cals, the transverse processes extend laterally beyond the pedi-
cel, although they gradually come to extend no farther than the
zygapophyses in the posterior-most dorsals. The facet for the rib
proper connects to the anterior edge of the centrum via a slen-
der, anteroventral extension of its articulating surface (Fig. 7).
Fortuitous sections through vertebrae of AMNH 11002, a spec-
imen referable to Stereosternum, indicate that the dorsal neural
arches of this mesosaur are composed of dense bone (Modesto,
1999:fig. 3), and presumably the same condition pertains to the
dorsal vertebrae of Mesosaurus. What is known of the dorsal ver-
tebrae of Brazilosaurus indicates that they differ little from those
of Mesosaurus apart from their relatively lower neural spines (Se-
dor and Ferigolo, 2001:fig. 3), which are about two-thirds the
height of those preserved in GPIT 1757-2 (Fig. 7).

Two sacral vertebrae are present (Figs. 4, 7). Except for their
ribs, the sacrals do not differ greatly in morphology from the pre-
ceding dorsals, and the abrupt reduction in neural arch width seen
in the sacral series of terrestrial amniotes (e.g., Owenetta: Reisz
and Scott, 2002:fig.1) is not present. Each sacral vertebra is fused
indistinguishably to its respective ribs in adults. The contact sur-
face for the rib is extensive: it occupies nearly the anterior half of
the lateral surface of the centrum in lateral aspect, and extends
ventrally from the zygapophyseal plane to the ventral surface of
the centrum (Figs. 6B, 7).

About 60-65 caudal vertebrae are present, a number compa-
rable to the 66 caudals reported for Brazilosaurus (Sedor and
Ferigolo, 2001). Unlike the caudal series of coeval terrestrial
tetrapods, the caudals of mesosaurs undergo a gradual rather
than dramatic decrease in both width and length posteriorly
(Figs. 7, 8). Intercentra are absent: hemal arches either become
fused indistinguishably with the vertebra, or they articulate di-
rectly via paired facets on transversely expanded posteroventral
region of the centra. There is no ontogenetic evidence that cau-
dal intercentra, if ever present, have fused with the pleurocentra
in mesosaurs. The pleurocentra are bevelled slightly anteriorly,
presumably to accommodate the enlarged posterior portion of
the preceding centrum (Fig. 8). The enlarged posterior portion of
the centrum is accentuated by a slight trough that runs down the
lateral surface of the centrum. This trough was misinterpreted by
both Osborn (1903) and Broom (1904) as a fracture line facilitat-
ing caudal autotomy. Evidence for caudal autotomy in Stereoster-
num is similarly absent (Modesto, 1999). Fine cracks are present
in some of these troughs in several specimens, but the presence
of similar cracking on other bones of the same specimens sug-
gests post-mortem breakage resulting from crushing, rather than
an adaptation for caudal autotomy.

The anterior-most caudal neural arches do not differ signif-
icantly from those of the presacrals, except that the mammil-
lary processes are either reduced to mere nubbins or are absent
(Fig. 7). Intervertebral foramina and their associated zygapophy-
ses diminish in size posteriorly and disappear at about caudal 35
(Fig. 8). The breadth of the caudal neural arches diminishes grad-
ually as one proceeds posteriorly to the tip of the tail, and neural
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FIGURE 3. Mesosaurus tenuidens, SAM-PK-709. The ‘Cape Town specimen’ of Seeley (1892) in ventral view. The tip of the snout is missing; the
skull would have extended another 25 mm anteriorly, judging from the length of the splenials. Drawn from a silicone cast. Numbers indicate presacral
vertebrae.
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sacrals

1cm

FIGURE 4. Mesosaurus tenuidens, MCZ 3373. Partial skull roof, mandibles, axial skeleton in dorsal view, with associated appendicular elements.
Drawn from a latex cast. Numbers indicate presacral vertebrae.
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FIGURE 5. Mesosaurus tenuidens, SAM-PK-
9327. Posterior portion of skull and mandible,
cervical vertebrae and ribs, and pectoral skele-
ton in dorsal view. Drawn from a latex cast.
Arabic numbers indicate presacral vertebrae.
Roman numerals indicate metacarpals.
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FIGURE 6. Mesosaurus tenuidens, isolated vertebrae. A, GPIT 1757-3,
a mid-dorsal vertebra in anterior view. B, GPIT 17574, first sacral verte-
bra in posterior view. Drawn from latex casts.

spines are present on all but the posterior-most six or seven cau-
dals. The caudal neural spines are posterodorsally directed and
are more slender anteroposteriorly than those of precaudal verte-
brae. However, the transverse thickness of the caudal spines may
exceed those of the latter and assume a more rounded, less blade-
like cross-section (Fig. 7). Posterior to the ribbed vertebrae, the
caudal neural spines demonstrate steep increases in height, with
maximum height achieved by the neural spine of caudal vertebra
19 or 20. The neural spines then display an almost impercepti-
ble decrease in height posteriorly. The tips of the neural spines
on the first dozen post-rib caudals exhibit slight anteroposterior
expansions in large specimens, with neighboring spines usually
developed to the same degree.

Hemal arches, or chevrons, are present from the fourth to
the penultimate caudal vertebra. The hemal arches in individual
specimens are either V-shaped, resembling closely the chevrons
of other Permo-Carboniferous amniotes, or are conspicuously
wishbone-shaped. Only the latter form of chevron is seen in the
examined specimens of Stereosternum (e.g., BHM 999: Modesto,
1999). The hemal spines of the anterior-most caudals are re-
markably short compared to their respective arches, but be-
come relatively longer as one progresses posteriorly down the tail
(Fig. 8). This appears to be accomplished by reduction in the
height of the arch proper rather than elongation of the spines,
because the chevrons in the anterior half of the tail are all of sim-
ilar overall height, although succeeding chevrons display a grad-
ual decrease in height posteriorly. The tips of the hemal spines
in large specimens are commonly expanded anteroposteriorly,
a phenomenon that accompanies distal expansion of the neural
spines when the latter is present. The hemal arches are commonly
fused to the posterior ends of the centra in the largest specimens.

Ribs are present from the atlas to caudal vertebra 11, 12,
or 13. All ribs are holocephalous. Rib morphology is the only
useful clue for distinguishing posterior cervicals from anterior
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FIGURE 7. Mesosaurus tenuidens, GPIT 1757-2. Articulated vertebral
column from presacral ?14 to caudal 10, mainly in right lateral view, with
associated ribs and appendicular elements, mainly in dorsal view. Roman
numerals indicate metatarsals. Drawn from a latex cast.
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FIGURE 8. Mesosaurus tenuidens, SAM-PK-K8400a. Series of articulated caudal vertebrae in right lateral view, with hemal arches in lateral and
posterior views. Specimen preserves that portion of the tail distal to the caudals bearing ribs; vertebrae are numbered in reverse. Drawn from a latex

cast.

dorsal vertebrae. Most cervical ribs are flattened and feature
truncated distal tips of finished bone, whereas the dorsal ribs
are rounded in cross-section and exhibit unfinished tips, which
is suggestive of their continuation in cartilage and, by extension,
contact with a cartilaginous sternum. MacGregor (1908) and von
Huene (1941) described 11 cervicals in Mesosaurus, and this may
be the most common complement of cervical vertebrae. MCZ
3373, however, exhibits at least 12 cervicals, and the same num-
ber may be present in SAM-PK-709. Both specimens are refer-
able to Mesosaurus using the criterion of a long skull attached
to a relatively short neck, listed by Oelofsen and Aradjo (1987).
The anterior-most cervical ribs are slender, rod-like structures
(Figs. 2-4), and in those specimens that clearly have 11 cervi-
cals these rod-like ribs are present posteriorly as far as cervical
3 or 4, and they are no longer than the centrum of the vertebrae
to which they articulate. In specimens with 12 cervicals, rod-like
ribs are present further posteriorly in the cervical series and they
attain lengths of 1.5 times the length of the associated centrum.
This is in contrast to the condition seen in Stereosternum, in which
rod-like ribs are present as far posteriorly as cervical 9, and reach
up to 4 cervical centra in length (Modesto, 1999). Although cer-
vical ribs of this length are not seen in specimens referable to
Mesosaurus, this may be due to limitations in preparation im-
posed by the black shale (which must be cast in silicone or latex
rubber). In specimens of Stereosternum the great length of the
rod-like ribs can only be seen where the cervical vertebrae have
been carefully prepared. The head of each cervical rib is enlarged,
bears an oval articulating facet, and exhibits a prominent anterior
process. The anterior process becomes less prominent and acute
posteriorly in the series. None of the ribs are fused to their respec-
tive vertebrae. Sedor and Ferigolo (2001) interestingly report the
fusion of cervical ribs to vertebrae in a specimen of Brazilosaurus.

The characteristic banana shape of the dorsal ribs is one of the
most distinctive features of Mesosaurus (Figs. 2—4, 7), which it
shares with Stereosternum. The posteromedial surface of the head
of the rib bears an elongate articular facet for contact with the
transverse process of the vertebra (Figs. 3, 7). The strongly curved
dorsal portion is compressed dorsoventrally. The ventral, thick-
ened portions are roughly circular in cross-section. Maximum rib
diameter in juvenile Mesosaurus is ca. 45% the sagittal length
of the associated vertebra. In very large specimens this figure is
just over 60% in adults, but it can reach 80% in exceptionally
large individuals (e.g., GPIT 2253,000). In comparison, rib diam-
eter in Stereosternum ranges from approximately 40% in subadult
specimens (e.g., AMNH 11002) to just over 50% in large speci-
mens (Modesto, 1999). A small dimple is present approximately
midway down on both the anterior and posterior surfaces of the
dorsal ribs and may have served for the attachment of an inter-
costal cartilage (Fig. 2). The distal ends of all but the posterior
three dorsal ribs are abruptly truncated and doubtlessly contin-
ued via a cartilaginous intermediate rib to the sternal cartilage.
The posterior-most dorsal ribs abruptly decrease in length poste-
riorly (Fig. 7).

There are two pairs of sacral ribs (Figs. 4, 7). Both ribs resem-
ble dorsoventrally compressed cylinders, with distal ends that are
slightly expanded anteroposteriorly and that contribute more-or-
less equally to the sacroiliac suture. In some specimens the first
sacral rib may be narrower than the second and so has a slightly
smaller contact with the ilium (Fig. 7).

The anterior-most 11-13 caudals bear moderately curved ribs
that are fused to their respective vertebra (Fig. 7). The bases of
the ribs are subcircular in section, but distally the ribs are ex-
panded anteroposteriorly. The second pair of caudal ribs is al-
ways the largest and longest of the series, although the third
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FIGURE 9. Mesosaurus tenuidens, MNHN 1946-10 15. Ventral view of
posterior trunk showing arrangement of gastralia. Drawn from a latex
cast.

pair are not much smaller. Succeeding ribs become increasingly
shorter posteriorly, and the last two or three caudal ribs are mere
nubbins. The proximal portions of the posterior-most caudal ribs
are directed slightly anterolaterally, with the tips curving slightly
posterolaterally. The caudal ribs of Stereosternum are similar in
morphology, whereas those of Brazilosaurus differ from those
of the other two mesosaurs in being subcircular in cross-section
(Sedor and Ferigolo, 2001:fig. 4).

Gastralia

Dermal riblets, or gastralia, are well developed. These are ar-
ranged in a compact series of orzo-like bars that covered the belly
between the pectoral and pelvic girdles and form a dense, in-
terfingering sheet about six gastralium-lengths in width (Fig. 9).
Each riblet is dorsoventrally flattened and is roughly as long as an
average dorsal vertebra is broad. Overlapping occurs only along
the midline, but there is no consistent pattern; where overlapping
is present, the medial tips of the gastralia are slightly expanded.
Chevron-shaped median elements are not present.

Appendicular Skeleton

The shoulder girdle consists of scapulocoracoid, clavicle, in-
terclavicle, and cleithrum. The presence of the last element in
Mesosaurus is noted here for the first time. The general struc-
ture of the scapulocoracoid has been misinterpreted by all previ-
ous authors except MacGregor (1908). The aberrant reconstruc-
tions of the pectoral girdle by Seeley (1892) and Broom (1904)
are rooted in their misinterpretation of the orientation of the two
scapulocoracoids in SAM-PK-709, in which the scapulocoracoids
have settled on the ventral aspect of the rib cage, with their cora-
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coid portions lying laterally, and their scapular portions lying me-
dially (Fig. 3).

The cleithrum is a short splinter of bone that rests upon the
anterodorsal surface of the clavicular dorsal shaft (Fig. 5). It is a
relatively nondescript element that might otherwise be misidenti-
fied as a small gastralium if separated from its associated clavicle.
The cleithrum rests almost entirely upon the clavicle: only 1 mm
of the cleithrum of SAM-PK-K9327 extends dorsally beyond the
tip of the clavicle, which suggests that it did not contact the scapu-
locoracoid.

The clavicle consists of an expanded ventral plate and a slen-
der dorsal process (Figs. 2, 3, 5). The dorsal process curves only
slightly as it extends upwards from the ventral plate. The plate-
like portion is teardrop-shaped, and is smooth and featureless ex-
cept for the occasional irregular, tiny dimple. The plate dimin-
ishes in thickness posteriorly from the slightly thickened anterior
margin.

The interclavicle is the most delicate element in the postcra-
nial skeleton, and because of its uniform thinness it usually con-
forms to the relief of underlying bones. The head is a flat, smooth
sheet of bone, and the stem is an elongate blade that runs poste-
riorly along the midline of the shoulder girdle (Figs. 2, 3, 5, 10B).
Whereas the head is conspicuously diamond-shaped in Stereoster-
num (Modesto, 1999:fig. 1), it is roughly triangular in Mesosaurus
(Figs. 3, 10B). The posterolateral margin of the head is lightly
grooved for the reception of the anterior edge of the scapuloco-
racoid (Fig. 10B). The base of the stem is slightly constricted, and
posteriorly the stem becomes slightly expanded transversely be-
fore narrowing again to an acuminate tip.

The scapulocoracoid ossifies as a single unit with no detectable
sutures. It consists of a dorsoventrally short scapular portion and
a ventral coracoid plate. Small, presumably immature specimens
(Fig. 2) indicate that the scapulocoracoid ossifies from two cen-
ters: a scapular ossification and a single coracoid ossification. The
latter occupies the region in which anterior and posterior cora-
coids are positioned in other basal amniotes (e.g., Captorhinus:
Holmes, 1977:fig. 4). In lateral aspect the scapula is a relatively
low, posterodorsally angled, fin-like bone (Figs. 3, 11). The an-
terodorsal margin is strongly convex in lateral aspect, whereas
the posterior edge is deeply concave and slightly thicker. The
glenoid buttress is dorsoventrally short compared to those of co-
eval terrestrial tetrapods, occupying only the lower third of the
posterior margin of the scapular blade. There is no supraglenoid
foramen. The scapular and coracoid portions are joined at an
angle of approximately 100° and a distinct notch along the an-
terior margin marks the former division of the two ossifications
(Figs. 10A, 11C). The plane of the coracoid was presumably al-
most horizontal. In young specimens the coracoid is elliptical
in ventral view (Fig. 2), but the posterior end becomes slightly
squared in adults. The anterior and medial margins form a
broadly convex edge in ventral view, whereas the posterior mar-
gin is slightly concave. Relative to the length of the coracoid, the
glenoid is the same length as those of other contemporaneous
amniotes, but it is relatively deeper dorsoventrally. The glenoid
is distinctively bipartite in structure, but unlike the flat surfaces
described for pareiasaurs and turtles (Lee, 1993), its scapular and
coracoid portions are strongly convex in transverse section. Im-
mediately medial to the anterior end of the glenoid, the coracoid
foramen pierces the coracoid portion of the bone (Figs. 2, 10A,
11). The medial surface of the scapulocoracoid is smooth and fea-
tureless, with no suggestion of the subcoracoscapular and cora-
coid fossae-and-ridge system of other early tetrapods.

The humerus is the same relative length as in basal reptiles
such as Paleothyris (Carroll, 1969:fig. 2), Procolophon (deBraga,
2003:fig. 3), and Thuringothyris (Miiller et al., 2006:fig. 2), be-
ing ca. 4 dorsal centra long (Fig. 3). The humerus resembles
most closely that of Paleothyris (Carroll, 1969) in its relative
slenderness. It is distinguished from those of contemporaneous
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FIGURE 10. Mesosaurus tenuidens, pectoral elements. A, GPIT 1757-5, a right scapulocoracoid in ventrolateral view, and associated humerus and
epipodials in ventral view. B, MCZ 4033, dorsal view of interclavicle, reproduced approximately to same relative size as elements in A. Drawn from

latex casts.

amniotes, however, in that its distal end is angled slightly more
postaxially, such that the anterior margin is roughly straight and
the posterior margin is slightly more concave when the bone
is viewed in distal-dorsal or distal-ventral aspect. In the largest
specimens of Mesosaurus, the proximal and distal ends are an-
gled at ca. 60° (Fig. 10A), which contrasts with the condition in
Stereosternum in which the planes of the two heads are set at
right angles to each other. In small specimens of Mesosaurus, the
humeri of which are equivalent in size to those of large Stere-
osternum, this angle is 90°, and in subadult Mesosaurus of inter-
mediate size this angle is approximately 75-80°. Unlike the con-
spicuous flaring seen in the humeri of the amniote genera men-
tioned above, the proximal end of the humerus is more rounded
in cross-section and appears only slightly expanded beyond the

FIGURE 11. Mesosaurus tenuidens, isolated scapulocoracoids. A, GPIT
T8F34, partial coracoid with glenoid in lateral view. B, GPIT T9F32,
scapulocoracoid in lateral view. C, GPIT T9F33, scapulocoracoid in me-
dial view. Drawn from latex casts.

diameter of the shaft, although it is impossible to measure the
breadth of the proximal expansion with the present material. The
articulating surface for the glenoid occupies only the proximal
8% of the humerus, whereas this figure is 12-15% in other Pale-
ozoic reptiles (Holmes, 1977; Reisz, 1981) and 17-22% in basal
synapsids (Romer and Price, 1940). The deltopectoral crest, to
which inserted the pectoralis musculature (Holmes, 1977), is a
low, elongate ridge, and a small tubercle on the opposite proxi-
modorsal surface may have served for the insertion of the scapu-
lohumeralis muscle. Evidence for muscle attachment is other-
wise lacking. The diameter of the shaft is about 10% the total
length of the bone. The distal width of the bone is comparable
to that seen in Paleothyris, being slightly less than 35% the total
length of the humerus. Compared to the same feature in other
reptiles, the entepicondyle appears to be feebly developed; it oc-
cupies only the distal 12% of the humerus, whereas this figure
is 15-21% in contemporaneous eureptiles (Holmes, 1977; Reisz,
1981). In addition, the entepicondylar thickening on the dorsal
surface, which runs distally from the shaft, is less conspicuous
than that for the ectepicondyle. As in other early reptiles, the
ectepicondyle is relatively small (when compared to the area re-
ceiving the epipodials), and the supinator process is directed dis-
tally. The latter feature, however, extends distally almost to the
tip of the ectepicondyle, and in the largest humerus the supina-
tor process is joined to the ectepicondyle by a bridge of bone,
resulting in an ectepicondylar foramen (Fig. 10A). The distal end
of the bone is conspicuously truncated in distal-dorsal (or distal-
ventral) view, and the areas forming the articulating surfaces for
the radius and the ulna are not developed into a capitellum and a
trochlea, respectively, as in other basal amniotes.

The radius resembles those of other early amniotes (e.g.,
Captorhinus: Holmes, 1977:fig. 9; Thuringothyris: Miiller et al.,
2006:fig. 9), but is relatively shorter, being just under half the
length of the humerus (Figs. 3, 5, 10A). The shaft is smooth and
featureless. Both ends are usually flat as though truncated, but
the distal end is roughly hemispherical in the largest available
specimen (Fig. 10A). The end diameters are about 15% the to-
tal length of the radius.

The ulna is approximately the same length as the radius (Figs.
3, 5, 10). An olecranon process is absent. The postaxial edge of
the ulna is slightly longer than the concave preaxial edge, such
that the articulating surfaces of both the proximal and distal ends
are directed slightly preaxially (Fig. 5). The proximal and distal
ends of the ulna are approximately the same proportions as those
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in the radius and their articulating surfaces. As with the radius,
the shaft of the ulna is smooth and featureless.

The elements constituting the manus are usually perfectly as-
sociated in specimens in which the forearm is preserved in an ab-
ducted position. The manus is relatively short, being ca. 66% the
total length of the humerus. In dorsal aspect the curved digits of
the manus describe an almost perfect ovoid (Figs. 3, 5), which
suggests that the fingers were embedded within a web of skin,
as described for Stereosternum (Rosler and Tatizana, 1989), the
whole of which probably formed a stout paddle.

The radiale and the medial centrale are absent from the manus
of Mesosaurus (Figs. 3, 12). Both conditions are shared with Stere-
osternum (Modesto, 1999). A radiale is present in Brazilosaurus
(pers. observ.). The radiale was presumably present in life as car-
tilage, judging from the squared notch formed by the surround-
ing elements. The intermedium and the lateral centrale, although
initially separate in small specimens (Fig. 5), become co-ossified
in larger individuals. In SAM-PK-709 these elements are fused
indistinguishably on the left side, whereas a trace of the suture
remains in the right carpus (Fig. 3). This composite bone ap-
pears to have invaded the space normally occupied by the medial
centrale in other amniotes, and it contacts all other carpal ele-
ments; it may have had a small contact with the radius proximally
along its medial edge. The robust, polygonal ulnare is the sec-
ond largest carpal element; it does not extend proximally much
beyond the lateral centrale. The articulating facets for the ulna
on the proximal carpals are oriented obliquely, which suggests
that extension and flexion of the manus was greatly restricted.
A small perforating foramen is present between the ulnare and
the composite intermedium-lateral centrale. A pisiform, present
in Stereosternum (Modesto, 1999), is absent in Mesosaurus
(Fig. 12). Among the distal carpals, the first is the largest, the
fourth is second largest, and those in-between are slightly smaller
and subequal in size. Distal carpal 5 does not appear to be ossi-
fied in any of the available specimens. There is, however, a tiny,
rounded element that is preserved adjacent to the shaft of the
second metacarpal of GPIT T9F39 and is obviously disarticulated
(Fig. 12); it may represent the distal carpal of this well-ossified in-
dividual and, if so, the fifth distal carpal is dwarfed by the other
carpal elements.

The first metacarpal is relatively broad. The remaining
metacarpals are slender, with the expanded ends of each never
more than 30% the total length of their respective element. The
metacarpals differ from those of contemporary amniotes (e.g.,
Captorhinus: Holmes, 1977:fig. 11) in that the second and third
metacarpals, rather than the fourth, are the longest of the five.
The digits generally become more slender as one progresses lat-
erally across the manus (Figs. 3, 5), although this may not be true
of very large individuals (Fig. 12). The first four digits arch later-
ally, but the fifth digit curves medially (Fig. 3). Relative to their
respective metapodials, the manual digits are relatively much
shorter than those of other early amniotes (e.g., Captorhinus:
Holmes, 1977:fig. 11; basal synapsids: Reisz, 1986:fig. 28). The sec-
ond digit is at least 33% longer than its respective metacarpal in
these other amniotes, but it is subequal to the second metacarpal
in Mesosaurus and other mesosaurs; the third and fourth dig-
its are at least 60% the length of their respective metacarpals
in synapsids, captorhinids, and araeosceloids, but this figure is
less than 15% in mesosaurs. The phalangeal formula is modi-
fied slightly from the primitive amniote pattern of 2-3-4-5-3, to
2-3-4-4-3, with the loss of a single phalanx from the fourth digit.
Non-ungual phalanges appear slightly more constricted in dorsal
view than those of the amniotes mentioned above. The unguals
are bluntly spade-shaped in dorsal view. Flexor tubercles are ab-
sent.

In contrast to the relative gracility of the pectoral girdle, the
pelvic girdle is massive and robust (Figs. 7, 13). The constituent
elements are completely fused together only in the largest spec-
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imens of Mesosaurus, although there is usually some trace of
the sutures between the ilium, the pubis, and the ischium in
most adult specimens. The two halves of the pelvic girdle are
never strongly integrated together along the ventral midline,
as they are in terrestrial stem reptiles, and there is always a
transverse notch present that separates the pubis and the is-
chium medially. The notch resembles very closely that present
in the Late Permian diapsid Claudiosaurus germaini (Carroll,
1981).

The ilium consists of two regions: a ventral portion forming
the dorsal rim of the acetabulum and a dorsal, blade-like portion
contacting the sacral ribs. The thick, stump-like ventral portion
is strongly symmetrical and hatchet-shaped in medial aspect (Fig.
13B). The dorsal region of the ilium is a tapering, posterodor-
sally directed blade. The blade is relatively short, being equal in
anteroposterior length to the combined ends of the sacral ribs

FIGURE 12. Mesosaurus tenuidens, GPIT T9F39. Distal portion of fore-
limb in dorsal view. Drawn from a latex cast. Roman numerals indicate
metacarpals.
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FIGURE 13. Mesosaurus tenuidens, pelvic elements. A, GPIT T9F44, pubes and ischia in ventral view, left ilium in lateral view, and left femur in
anterior view. B, GPIT T9F42, partial left pelvis in medial view. C, GPIT T9F40, nearly complete left pelvis in medial view. Drawn from latex casts.

(Fig. 7). The dorsal margin of the blade is sharply edged in juve-
niles and small, well-ossified adults, but it becomes thick and ru-
gose in very large individuals. The lateral surface of the iliac blade
features a system of oblique, closely set grooves, which proba-
bly served for the origins of the appendicular musculature. The
medial surface of the blade features more prominent ridges and
grooves parallel to those on the lateral surface for the reception
of the sacral ribs. The sutural surface for the sacral ribs occupies
most of the medial surface of the iliac blade.

The pubis is a massive, plate-like bone (Fig. 13). It is the largest
pelvic element, usually marginally larger than the ischium, al-
though the largest specimen examined features an exceptionally
large pubis (Fig. 13C). The pubis has its greatest thickness along
its posterodorsal margin, where it contacts the ilium and forms
the anteroventral rim of the acetabulum. The thickened, antero-
lateral margin, however, is not distinguished in lateral aspect as
a pilaster-like structure as in other early amniotes (e.g., basal
synapsids: Reisz, 1986:fig. 32; Captorhinus: Holmes, 2003:fig. 1);
the thick edge merges smoothly with the ventrolateral surface,
and a pubic tubercle is absent. The pubis also encloses the ob-
turator foramen along this margin. This foramen is elliptical in
outline, with its long axis perpendicular to the posterodorsal mar-
gin of the pubis. The distance of the obturator foramen from the
edge of the bone varies among Mesosaurus individuals and may
appear ostensibly as a notch in dorsal aspect in those individuals

where the foramen lies very close to the posterodorsal margin of
the pubis. The obturator foramen is completely enclosed by bone
in all specimens attributable to Stereosternum.

The ischium differs little from the plesiomorphic form of a
large, quadrangular plate (Figs. 7, 13, 15). The ischium is uniform
in thickness, except anterolaterally, where it thickens abruptly to
abut the ilium and form the posteroventral corner of the acetab-
ulum.

The femur (Figs. 4, 7, 13-15), like that of Stereosternum
(Modesto, 1999), is a slender element. This bone is invariably pre-
served on its side, and consequently it is difficult to determine the
widths of the proximal and distal ends. The proximal end width
is about 22% total femoral length. The width of the distal end
of the femur is slightly narrower, approximately 18% femoral
length. The gracile shaft narrows to about 9% of total length in
Mesosaurus, whereas this figure is about 11% in Stereosternum.
The shape of what is visible of the proximal head suggests that
it would be subcircular in end view, except in those specimens
where it is conjoined with the internal trochanter. In some indi-
viduals of Mesosaurus the proximal articular surface has moved
onto this trochanter, and accordingly the articular surface is pear-
shaped and bifaceted; the main articulating surface of the prox-
imal head and the smaller articulating surface of the trochanter
are two flat surfaces joined at an angle of ca. 135° (Fig. 14).
The internal trochanter in other specimens of Mesosaurus and
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FIGURE 14. Mesosaurus tenuidens, GPIT
T9F39. Left femur in anterior view, with as-
sociated fibula and partial pes in ventral view.
Roman numerals indicate metatarsals. Drawn
from a latex cast.
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all those of Stereosternum is distinct, as in other basal amniotes,
in being separated from the head by a smooth region of perichon-
dral bone. There is neither a fourth trochanter nor an adductor
ridge system extending down the ventral surface of the shaft, and
the intertrochanteric fossa is relatively shallow. The two distal
condyles are subequal, slightly to moderately convex in lateral
view, and their articulating surfaces are contiguous.

The tibia is just under two-thirds the total length of the fe-
mur (Figs. 4, 7, 13). The proximal end is well developed, with
a width that is just under 30% the total length of the bone. It ap-
pears subcircular in cross-section, and its articulating surface is
strongly convex in side view. The maximum width of the distal
end is about 15% the total length of the bone, and it is roughly
triangular in cross-section. The shaft is smooth-surfaced, with no
indication of ridges or concavities for muscle attachment.

The fibula is the larger of the two epipodials and is about two-
thirds the length of the femur (Figs. 4, 7, 14, 15). The bone is
compressed dorsoventrally, and the proximal head is equal in
size to the distal expansion. The proximal articulating surface is a
dorsally arched, slightly rounded crescent of smoothly finished
bone, whereas the distal articulating surface is slightly longer
and neither as arched nor as rounded. In contrast to the straight
or even slightly concave fibular postaxial margin in early terres-
trial amniotes (e.g., Paleothyris: Carroll, 1969:fig. 2; Captorhinus:
Holmes, 2003:fig. 5; Archaeovenator: Reisz and Dilkes, 2003:fig.
1), the postaxial margin here is slightly convex in dorsal view.
The preaxial edge of the fibula is markedly concave, a feature
undoubtedly related to the presence of subequal, flared proximal
and distal ends.

The astragalus is by far the largest tarsal element in mesosaurs
(Figs. 14, 15). In most specimens of Mesosaurus and some of
Stereosternum the astragalus appears to be augmented distally
by the incorporation of the lateral centrale, and concomitantly
the astragalus contacts distal tarsals 2—4 (Fig. 14). The distinctive
L-shaped outline of the astragali of contemporaneous terrestrial
amniotes (e.g., Captorhinus: Holmes, 2003:fig. 6) is subdued in

mesosaurs: the proximal width is only slightly narrower than the
width of the distal end, and accordingly the preaxial margin is
relatively straight. Except for the sharply edged medial edge of
the proximal process, the margins are thickened such that ven-
tral and dorsal surfaces of the bone are gently concave. As in
other early amniotes, the dorsomedial corner of the astragalus,
the area contacting the tibia, is the thickest portion of the bone,
and the articulating surface receiving the tibia is slightly saddle-
shaped. The articulating surface for the fibula is elliptical in end
view and is slightly convex in dorsal view. The lateral margin con-
tacting the calcaneum is reduced in proximodistal length relative
to the length of the bone, is slightly concave in dorsal view, and is
notched for the perforating foramen. As noted by Rieppel (1993),
the position of the foramen varies along the distal half of the lat-
eral margin of the astragalus. A groove presumably for the per-
forating artery extends anteromedially from the notch along the
ventral surface of the bone.

The calcaneum is relatively small compared to the astragalus
(Figs. 14, 15) and lacks the plate-like appearance characteristic
of calcanei of contemporaneous terrestrial amniotes (e.g., basal
synapsids: Reisz, 1986:fig. 33; Captorhinus: Holmes, 2003:fig. 6).
In dorsal view the bone resembles a slightly truncated spade. The
calcaneum is thick medially where it abuts the astragalus. This
thickness extends laterally along the longitudinal axis of the bone
to its lateral apex, and the calcaneum becomes gradually thinner
towards the anterolateral and posterolateral free edges. When
present, the notch for the perforating foramen bisects the medial
margin (Fig. 14).

The lateral centrale is invariably absent in Mesosaurus. The
presence of the lateral centrale in Stereosternum is variable, and
one specimen, BHI 999, appears to be polymorphic for the pres-
ence of this bone (Modesto, 1999).

The first distal tarsal is the largest of the five, doubtlessly be-
cause it is associated with the most robust metatarsal bone (Figs.
14, 15). The remaining distal tarsals are smaller and distinguish-
able from one another only when preserved in articulated pedes;
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FIGURE 15. Mesosaurus tenuidens, GPIT T9F53. Sacral vertebrae, an-
terior caudal vertebrae, and right pelvic elements in ventral view; femur
in anterior view; and crus and pes in ventral view. Roman numerals indi-
cate metatarsals. Drawn from a latex cast.

the fourth distal tarsal is only marginally larger than the second
and third distal tarsals. The first element is triangular in dorsal
aspect, whereas the remaining distal tarsals are polygonal or sub-
circular in outline; together they form a distally arched series. The
fifth distal tarsal appears to ossify only in the largest individuals
of Mesosaurus (Fig. 14).

Whereas the phalangeal formula of the pes is 2-3-4-5-5 in all
examined specimens of Stereosternum and in most specimens of
Mesosaurus, an additional phalanx is present in the fourth digit of
at least one specimen of the latter taxon (Fig. 15). The first digit is
ca. 17% total femoral length, which is quite short in comparison
with the pedes of coeval terrestrial amniotes, in which it is about
27% and 39% in captorhinids and romeriids, respectively. The
digits increase gradually in length laterally, with the fifth toe as
the longest. Interestingly, the fourth digit of GPIT T9F53 is still
shorter than the fifth, despite the presence of the additional pha-
lanx (Fig. 15). Distal phalanges of digits 1-4 are similar in build
to those of the manus. The phalanges forming the fifth toe are
generally longer and are conspicuously more slender than those
of the other digits, particularly the ungual, which is not spade-
shaped and more closely resembles the proximal phalanges.

DISCUSSION
Functional Anatomy of the Postcranial Skeleton

Mesosaurs have long been regarded as aquatic forms, but only
their most conspicuous skeletal features have been described as
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adaptations to an aquatic lifestyle (Gervais, 1865; Seeley, 1892;
Osborn, 1903; Carroll, 1988). Furthermore, the degree to which
mesosaurs may have been adapted to life in the water has not
been explored fully, although many opinions have been ventured
in the literature (Barberena, 1972; Bakker, 1975; Carroll, 1982;
Oclofsen and Aratjo, 1983, 1987). A reappraisal of the aquatic
adaptations of mesosaurs is of interest, because many mesosaurid
apomorphies were acquired convergently by aquatic diapsids,
and a detailed understanding of their biology should advance pa-
leobiological studies of amniote adaptation to the aquatic realm.

A cursory examination of the skeleton of mesosaurs suggests
that no portion of the skeleton had escaped modification for an
aquatic existence. The aquatic adaptations manifest in the skull
of Mesosaurus have already been reviewed by Modesto (2006).
The present redescription permits the consideration of postcra-
nial mesosaurid apomorphies that are indicative of a fully aquatic
lifestyle. Because the postcranial skeleton has figured strongest
in prior discussions of mesosaurs and their aquatic habitus, an
assessment of the aquatic adaptations of the vertebrae and the
appendicular skeleton is presented below.

The morphology of the postcranial axial skeleton is derived in
many respects over that seen in contemporaneous basal reptiles,
and the majority of features may be attributable to an aquatic
existence. The most obvious and frequently noted apomorphy of
mesosaurid skeletons is the greatly thickened nature of the trunk
ribs characteristic of both Stereosternum and Mesosaurus. The
ribs are constructed of dense bone (i.e., are pachyostotic). The
ribs of Brazilosaurus have been described as slender and lacking
pachyostosis (Shikama and Ozaki, 1966; Oeclofsen and Aratjo,
1987). Whereas the ribs of this mesosaur are indeed slender com-
pared to its better-known relatives, ribs exposed in section in the
holotype reveal that they too consist of dense bone (pers. ob-
serv.). The banana-shaped dorsal ribs formed a chest that was
dorsoventrally deeper than those of terrestrial amniotes whose
ribs are curved throughout (Fig. 1).

The vertebrae are commonly described as ‘swollen’ in that the
arches are transversely expanded and have conspicuously convex
dorsolateral surfaces, as are those of captorhinid reptiles (Heaton
and Reisz, 1986; Sumida, 1990). Interestingly, the dorsal centra
of the mesosaurs are also ‘swollen,” so much so that the spool
shape typical of the dorsal centra of other amniotes is totally ob-
scured. Damage to neural arches and centra in specimens of both
Brazilosaurus and Stereosternum indicates that the vertebrae are
as densely ossified as the dorsal ribs; they clearly do not pos-
sess the spongy interior common to bones of terrestrial tetrapods
(e.g., Dilkes and Reisz, 1986:fig. 1). Presumably the vertebrae of
Mesosaurus were also composed of pachyostotic bone, but this
cannot be verified with the material at hand (silicone and latex
rubber casts). The robust build of the hemal arches of specimens
referred to Brazilosaurus and some skeletons of Stereosternum
have also been described as pachyostotic (Oelofsen and Aratjjo,
1983), and where seen in section this description of the hemal
arches is confirmed.

Pachyostosis in fossil tetrapods is commonly interpreted as an
adaptation permitting prolonged submergence by counterpoising
the volume of the lungs (Carroll, 1982). If this was the sole func-
tion of pachyostosis in mesosaurs, it might imply that they occu-
pied only the first 3-4 m of the water column, because marine
iguanas (Amblyrhynchus cristatus, which are approximately the
same size as mesosaurs) have little difficulty overcoming their
natural buoyancy below this depth (Dawson et al., 1977). Bal-
last may also have served to prevent rolling when floating on
the surface (Seymour, 1982; de Buffrénil and Mazin, 1989). Al-
ternatively, pachyostosis might have served to increase the mass
of the animal without a concomitant increase in the girth of the
trunk (which would increase drag). Increase in their specific grav-
ity could have permitted mesosaurs to maintain forward motion
by alternating periods of gliding with active thrusting movements.
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Marine iguanas are able to ‘cruise’ through water indefinitely, but
must do so on the surface via aerobic respiration (Bartholomew
et al., 1975). If mesosaurs possessed a physiology not much dif-
ferent than that of modern iguanas, pachyostosis might have per-
mitted mesosaurs to swim submerged for longer periods by re-
ducing the energetic cost of maintaining a constant speed and
incorporating intermittent gliding periods; a concomitant benefit
might include less frequent breaching of the surface for air. This
interpretation might account for the pervasiveness of pachyos-
tosis throughout the skeleton of mesosaurs. Because of their
sheer size, large marine reptiles such as pliosaurs could proba-
bly have afforded to glide occasionally during swimming with-
out a concomitant reduction in speed (Godfrey, 1984). Among
extant swimmers, penguins commonly glide at all speeds, and
large species decelerate more slowly than smaller ones (Clark and
Bemis, 1979). Mesosaurs are among the smallest aquatic reptiles
known and it is probable they would have decelerated quickly
when gliding if they had the specific gravity of a terrestrial rep-
tile. Pachyostosis in mesosaurs, therefore, may have functioned
to compensate for their small body size, by helping to maintain
forward momentum during brief lulls in active swimming. Per-
haps such a locomotory strategy may have been used for rela-
tively long migrations (e.g., by females to nesting beaches), or for
smaller, more frequent journeys (particularly if prey species were
distributed patchily).

Other aspects of the presacral column appear to reflect
adaptation for aquatic locomotion. The articulating facets of the
anterior and posterior zygapophyses are nearly horizontal, an
orientation that would have reduced the torsion characteristic of
backbones of early terrestrial tetrapods (Holmes, 1989; Sumida,
1990) and limited the column to movement in the horizontal
plane. As interpreted for mosasaurs by Russell (1967), the pres-
ence of zygosphenes and zygantra helped to make the presacral
column of mesosaurs resistant to twisting forces and may also
have served to reduce lateral movements of the trunk. Similarly,
the absence of intercentra (except those of the atlas and the axis)
and the concomitantly close fit between adjacent pleurocentra
presumably served to restrict torsion of the presacral column.
These modifications made the presacral column a relatively
rigid structure; as seen in most articulated mesosaur specimens,
the dorsal columns are remarkably ramrod straight. Very sim-
ilar modifications for stiffening of the presacral column were
described for pachypleurosaurs by Carroll and Gaskill (1985),
who regarded them together as adaptations for reducing lateral
movements of the head and anterior part of the trunk during
aquatic locomotion (stereotypic actions typical of early terrestrial
tetrapods that would create excessive drag while swimming).

The mesosaurid tail is very deep compared to those of con-
temporary terrestrial reptiles. Caudal neural spines increase pro-
gressively in height posteriorly along the proximal, ribbed cau-
dals and reach their maximum extent just at the end of the ribbed
series; the spines then decrease only gradually in height towards
the tip of the tail. Similarly, the hemal arches and spines persist to
the tip of the tail and decrease gradually in height. The neural and
hemal spines together thus formed an effective sculling organ,
presumably powered by muscles arising from the strongly devel-
oped caudal and sacral ribs. Considering the stiffened nature of
the trunk, the organization of the axial skeleton suggests that
mesosaurs were carangiform (subundulatory) swimmers: as in
modern crocodiles, the body would have been rigid with propul-
sion provided almost exclusively by the tail, and the limbs rele-
gated to minor roles during aquatic locomotion (Carroll, 1985).

Appendicular morphology should accordingly reflect the loco-
motory strategy outlined above. The reduction in the relative size
of the forelimb in aquatic tetrapods is generally attributed to the
need to reduce drag in which the tail is the primary propulsive
organ. Limb proportions of mesosaurs have been described as
being unmodified from proportions seen in contemporary ter-
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restrial amniotes (Barberena, 1972), but such statements are not
entirely correct. With respect to the trunk, the relative length of
the humerus (ca. 4 dorsal centra) is similar to those of terrestrial
reptiles such as Paleothyris, Procolophon, and Thuringothyris,
whereas the femur (also ca. 4 dorsal centra) is the same relative
size as in Procolophon (deBraga, 2003:fig. 4) and Rhiodenticu-
latus (Berman and Reisz, 1986:fig. 3), but slightly shorter than
in Paleothyris (ca. 4.5-4.7 dorsal centra: Carroll, 1969:figs. 1, 2),
and conspicuously shorter than in Archaeovenator (ca. 6 dorsals:
Reisz and Dilkes, 2003:fig. 1) and Owenetta (ca. 6 dorsals: Reisz
and Scott, 2002:fig. 1). The mesosaurid forelimb, however, is
clearly shorter than the hind limb, and it extends posteriorly no
farther than halfway down the trunk of articulated skeletons.
Reduction in the relative length of the forelimb was achieved by
shortening of the distal elements: the epipodials are only 50% the
length of the humerus, and the manus is considerably shortened
relative to the width of the carpus compared to those of other
basal reptiles. The simple rounded notch-like design of the
glenoid suggests that the mesosaurid humerus was not restricted
to stereotyped movements as reconstructed for early terrestrial
reptiles, which are characterized by a screw-shaped glenoid
(Holmes, 1977). Accordingly, the forelimb probably could have
been held against the side of the trunk during locomotion, and
the size reductions seen in the distal portions of the forelimb
suggest that it is unlikely that the forelimb was a major propulsive
organ. However, other aspects of forelimb morphology suggest
that the arm may have been used for steering and maneuvering.
The symmetry of the articulating surface of the glenoid and the
simple rounded proximal head of the humerus suggest that the
entire forelimb had a greater range of movement compared to
that of terrestrial amniotes. Beyond the shoulder, the whole fore-
limb was held relatively straight, with the elbow rendered rigid
by end-to-end contacts between the humerus and its epipodials,
as indicated by the absence of capitular and trochlear surfaces
on the humerus, which would facilitate adduction of the ante-
brachium as reconstructed for captorhinids and inferred for basal
amniotes (Holmes, 1977). Stiffening of the wrist is suggested by
the acute angle formed by the contact between the ulna and the
carpus. More distally, the manus is imparted a subcircular outline
by the posteriorly curving digits 1-4 and converging digit 5. The
phalanges are reduced slightly in number, all are flattened, and
the unguals are spade-shaped and lack flexor tubercles, intimat-
ing that the manus was encased almost entirely in flesh, forming
a small paddle. Modifications for limiting bending at the elbow
and wrist and for the formation of a paddle are unexpected if the
limb was merely held against the body while swimming. Instead,
together with the range of movement afforded by the shoulder
joint, they suggest that the forelimb was used for steering while
the animal was cruising, or was employed in maneuvering
during rapid swimming (perhaps in close quarters pursuit of
prey or in agonistic interactions with conspecifics and other
mesosaurs). The latter postulate seems particularly plausible
given that the trunk was held rigid by the construction of the
dorsal vertebrae and probably could not contribute effectively to
steering.

The hind limb does not appear to have been modified as dra-
matically as the forelimb, but it does feature several modifications
that can be inferred as aquatic adaptations. As remarked upon
above, the femur is approximately the same relative length as, or
slightly shorter than, those of many contemporaneous terrestrial
reptiles. Whereas the head of the femur is subcircular in end view
(rather than anteroposteriorly elongate), suggesting considerable
freedom of movement at the hip, the nature of the hip joint does
not suggest that the femur was capable of being directed as far
posteriorly as the humerus. Relative to the femur, the epipodials
are similar in length to those of terrestrial basal amniotes, and
they seem to have been capable of the same degree of movement
at the knee. The propodial and the epipodials are more slender
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than those of most contemporaneous terrestrial amniotes, and
this might reflect the lost (or much reduced) role these elements
had in support of the body. The most salient modifications of the
hind limb are seen in the tarsus and the toes. The calcaneum is
greatly reduced in size relative to the astragalus and lacks the
plate-like appearance of other Permo-Carboniferous amniotes,
and the fibula meets the calcaneum and the astragalus at a much
more acute angle than those seen in other basal reptiles. In addi-
tion, the articulating surface for the tibia is restricted to the edge
of the astragalus. Presumably these arrangements would have
minimized movement between the crus and the ankle. The pedal
digits increase progressively in length, with digit 5 the longest; the
latter is the result not only of the addition of two elements to the
fifth toe, but also by increased relative length of its phalanges.
The first four toes resemble those of the manus in being slightly
flattened with spade-like unguals, whereas those of the last digit
are not. Like the manus, the pes may have supported swimming
membranes, and the relatively flat crus may have supplemented
the functional area of the pes. The size of the hind limbs indi-
cates that they must have trailed aside the body during locomo-
tion. In most well-preserved mesosaurid skeletons, the hind legs
are commonly preserved with the femur directed laterally and
the crus and pes directed posteriorly, an attitude common to the
‘water corpses’ of reptiles described by Weigelt (1989). However,
the actual position of the limb might not have been too differ-
ent when the animal was under speed, with the femur possibly
directed slightly more posteriorly, and the pes held horizontally
to minimize the profile of the leg in anterior aspect; the hind
limbs positioned in this fashion would have resembled the diving
planes on a submarine. Except for the normally developed knee,
the modifications described for the hind limb parallel those ob-
served for the forelimb. Accordingly, the interpretations for the
latter appendage may apply also to the hind limb. The area of
the paddle formed by the pes would have been 3-4 times greater
than that formed by the manus, which suggests a greater role for
the pes than for the manus in steering and maneuvering during
locomotion.

The modifications of the vertebral column and appendicu-
lar skeleton of mesosaurs indicate a strong commitment to an
aquatic lifestyle. The deep, rigid body combined with the rela-
tively short, inflexible forelimbs suggests that mesosaurs would
have been ungainly at terrestrial locomotion. The relatively in-
flexible construction of the forelimb suggests that it was not well
suited for lifting the front end of the body on land, but instead
may have been used to drag the body forward, perhaps in con-
junction with pushing actions provided by the hind limbs. Perva-
sive pachyostosis of the skeleton would have made locomotion on
land energetically costly (de Buffrénil and Mazin, 1989), as well
as adding to the reduction in speed and agility already limited
by skeletal design. Accordingly, mesosaurs probably did not ven-
ture onto land very often, and perhaps just the females may have
landed ashore to lay eggs, as do those of extant marine turtles. If
so, this might account for the relatively conservative proportions
of the hind limb compared to those of the forelimb, because mod-
ifications for swimming in the hind limb of turtles are thought to
be limited by their use in nest construction (Seymour, 1982).
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