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ABSTRACT
Except for some rare exceptions, the arrangement of the carpus remains poorly
understood among sauropodomorphs, mainly because of a bad preservation in
the fossil record. When preserved, it is difficult to identify the carpal elements,
which are rarely found in articulation. Whereas the carpus of Prosauropoda is
relatively well known by the remains of Massospondylus and Plateosaurus, the
structure of the sauropod carpus is still unknown and subject to many inter-
pretations so far. Here, we redescribe the manus and the wrist of ? Bothriospondylus
madagascariensis, a Bathonian (Middle Jurassic) sauropod from the Majunga
Basin in Madagascar, previously described by Lavocat in 1955. The wrist consists
of five carpal elements, an unusual disposal among sauropods, which typically
preserves most of the time three or fewer carpal bones. Moreover, these five
carpal elements are arranged in three carpal rows, another unexpected feature
regarding to other sauropods. The comparison of the Malagasy carpus with
KEYWORDs  that of an hypothetical basal archosaur leads us to propose a new hypothesis of
Dinosauria,  homology for the carpus of ? Bothriospondylus. Therefore, this specimen would
Sauropoda,  consist in: a radiale, the fused distal carpal 1 with the intermedium and one
CAPUS, 1 two centrales, and three distal elements (distal carpal 2, distal carpal 3, and

manus,
homology.  distal carpal 4 or distal carpal 4 + ulnare).
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INTRODUCTION

RESUME

Redescription du poignet et de la main de Bothriospondylus madagascariensis :
nouvelles données sur la morphologie du carpe des Sauropoda.

Hormis quelques rares exceptions, 'arrangement du carpe est trés mal connu
au sein des sauropodomorphes, principalement en raison de la rareté des restes
connus dans le registre fossile. Lorsqu’ils sont connus, un second probleme repose
sur la difficulcé A identifier les éléments du carpe, rarement trouvés en articula-
tion. Alors que le poignet des prosauropodes est relativement bien documenté
chez Massospondylus et Plateosaurus, la structure du carpe des sauropodes est
toujours débattue et a été jusqu'a présent I'objet de nombreuses interprétations.
Ici, nous redécrivons la main et le poignet de ? Bothriospondylus madagascariensis,
un sauropode du Bathonien (Jurassique moyen) du bassin de Majunga sur
I'ile de Madagascar, précédemment décrits par Lavocat en 1955. Constituée
de cing éléments, la structure du carpe est inédite au sein des sauropodes qui
présentent habituellement trois éléments au moins. Ces cinq carpiens sont de
plus organisés en trois rangées, une autre caractéristique intéressante au regard
des autres carpes connus de sauropodes. La comparaison avec le modéle d’un
poignet d’archosaure primitif hypothétique permet de proposer des hypotheses
d’homologie pour les éléments du carpe de ? Bothriospondylus. Ainsi, le poignet
de ce spécimen consisterait en un radial, en un élément fusionné composé du
carpien distal 1 avec I'intermédiaire et un ou deux centraux, et de trois autres
carpiens distaux (carpien distal 2, carpien distal 3 et carpien distal 4 ou carpien
distal 4 + ulnaire).

MATERIALS AND METHODS

A cast of the articulated manus that was made in

In 1954, Lavocat prospected in the southwest of
the Majunga Basin, near Tsinjorano, where many
sauropod remains were already reported by Col-
lignon (1954). One site received Lavocat’s atten-
tion, Manary-Abo, located near the site that later
yielded many juvenile sauropod remains attributed
to Lapparentosaurus madagascariensis (Ogier 1975;
Bonaparte 1986). The Manary-Abo site from the
Bathonian (Middle Jurassic; Lavocat 1955b) yielded
a nearly complete skeleton of ?Bothriospondylus
madagascariensis Lydekker, 1895 that included a
complete forelimb in articulation including the
carpal bones (Lavocat 1955a-c, 1957; Fig. 1). Al-
though it is clearly a eusauropod, ? Bothriospondylus
madagascariensis is a nomen dubium (Upchurch ez
al. 2004). The wrist displays five carpal bones ar-
ranged in three rows, an unexpected feature among
sauropods.
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situ at the time of Lavocat’s discovery allows us to
propose a faithful 3D reconstruction of the manus
of ?Bothriospondylus (Fig. 2). The CT analysis of
the original specimen was performed at the Ville-
neuve-St-Georges Hospital, and the reconstruc-
tion was produced with the MIMICS software
(MATERIALISE 2007). The assumptions of homo-
logy here proposed are based on an hypothetical
primitive reptile condition, following Romer (1956:
379, fig. 179B). Due to the anterior position of the
radius to the ulna, we consider the manus positioned
in a traditional orientation according to Wilson &
Sereno (1998, with the Mcl placed anteriotly) con-
tra Bonnan (2003, with the Mcl placed medially).
Due to the tubular arrangement of the manus, the
carpals are organized according to an angle about
270°, but for convenience the description of the
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TaBLE 1. — Measurements (in cm) of the manus of ?Bothriospondylus madagascariensis. Abbreviations: L, length; H, height; sA-P,
anteroposterior diameter; sA-P prox, proximal anteroposterior diameter; @T prox, proximal transverse diameter; sA-P mid, middle
anteroposterior diameter; oT, transerve diameter; 6T mid, middle transverse diameter; oA-P dist, distal anteroposterior diameter;

oT dist, distal transverse diameter.

Element Specimen number H oA-P oT
Carpals radiale MNHN MAJ 289-2 4.66 - 14.85
dclt+c+i MNHN MAJ 289-8 15.15 15.78 21.63
dc2 MNHN MAJ 289-5e 6.13 8.51 6.78
dc3 MNHN MAJ 289-11 5.25 7.68 5.09
dc4 MNHN MAJ 289-7 8.07 10.90 13.21
Element Specimen number L oA-P oA-P oA-P oT oT oT
prox mid dist prox mid dist
Metacarpals Mcl MNHN MAJ 289-5a,c 31.10 13.33 5.76 7.98 12.52 6.69 10.08
Mcll MNHN MAJ 289-5b  36.50 11.14 6.22 7.92 11.45 6.51 12.30
Meclll MNHN MAJ 289-6 38.50 9.90 6.04 7.65 12.30 5.58 12.97
MclV MNHN MAJ 289-9a  36.80 12.40 6.78 8.67 10.48 5.70 -
McV MNHN MAJ 289-9b - 7.25 4.53 - 10.17 5.89 -
Phalanges -1 MNHN MAJ 289-5d  12.46 7.75 - 6.78 10.84 - 8.88
I-2 (pollex) MNHN MAJ 289-10  17.24 9.02 - - 7.78 - -
1I-1 MNHN MAJ 289-4a  10.19 7.56 - 4.62 11.13 - 9.39
1I-2 MNHN MAJ 289-4b 3.89 2.50 - 3.1 4.81 - 6.34
11-1 MNHN MAJ 289-1 8.67 7.29 - 4.11 10.70 - 8.50

dislocated manus follows the orientation given in
Figures 3 and 4. The measurements of the different
elemencts (carpals, metacarpals and phalanges) are
given in Table 1.

The material is deposited in the Majunga basin
collections in the Muséum national d’'Histoire natu-
relle, Paris (MNHN MA]J).

DESCRIPTION

CARPUS

The carpus of ?Bothriospondylus madagascariensis
preserves five elements arranged in three rows
(Fig. 2C). The five elements display a rugose surface,
suggesting the presence of cartilage in life.

Proximal carpals

There are two proximal carpal elements.
The first (MNHN MA]J 289-2; Fig. 3A-C) has
a crescent-like shape (the “torus-like element” of
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Lavocat 1955b, ¢). The height is regular, but the
element becomes thick medially. The distal surface
is more flatctened medially to contact the proximal
surface of the larger element of the carpus (the
“main bone” of Lavocat 1955b, ¢). It is placed
antero-medially on this element (Fig. 2D). This
bone is tentatively interpreted as the radiale (r),
because of its contact with the radius.

The second proximal carpal (MNHN MAJ 289-
8; Fig. 3D, E, G) is subcylindrical. It is inclined
dorsolaterally. Its distal end is firmly fused with the
posterior part of the proximal surface of the “main
bone” (Fig. 3E; see below “distal carpals”). The
suture between the two elements is only visible in
posterior view of the “main bone”. This element is
tentatively identified as the intermedium (i), because
of contact with the radius and its posterolateral
position to the radiale (Fig. 2D).

Distal carpals
There are four distal carpal elements.
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Fic. 1. — Photograph of field works in 1954, Manary-Abo (Majunga Basin, Madagascar). Here, one of the planters who helped Lavocat
to realize excavations, with the radius and complete manus on the left (after Lavocat 1955a).

The larger element of the carpus represents what
Lavocat named the “main bone” (Lavocat 1955b, c).
This bone (MNHN MA]J 289-8; Fig. 3D-G) has
an elliptical outline in proximal view. It is taller
proximodistally than any other carpal. The proxi-
mal surface is slightly convex if we except the fused
intermedium (see above “proximal carpals”), and
the distal surface bears two unequal shallow con-
cavities (the medial being the largest) separated by
alow osseous ridge. The anterolateral and posterior
surfaces are pierced by foramina. The element is
also pierced right through from the distal edge of
the lateral surface to the lateral edge of the distal
surface; this opening is of uncertain interpretation.
In articulation, the distal surface of this “main bone”
covers the proximal end of the first metacarpal
(mcI) medially and the two adjacent distal carpals
of smaller size laterally (which overlap the second
and third metacarpals; Fig. 2C, D). This bone is
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identified as the distal carpal one (dc1) considering
its position above the mcl. Its position relative to the
two distal carpals suggests it is a composite element
that is fused with one or two centrale(s) (dcl + c),
as already suggested by Lavocat (1955b, ¢). These
two hypothetical centrales could thus represent a
“centrale” row fused with the first distal carpal. Ac-
cording to this hypothesis, the “main bone” would
represent a fusion between three different levels: the
intermedium (proximal row, see above), the two
centrale (“middle” row) and the first distal carpal
(distal row). The “main bone” is thus identified
here as “del + ¢ + 1.

The second distal carpal (MNHN MA]J 289-5e;
Fig. 3H, I) has a 8-shaped proximal outline that
is oriented anteroposteriorly, with the anterior
part smaller than the posterior one. This second
distal element is placed on the posterior part of
the proximal end of the second metacarpal (mclI)
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dcl +c+i

mcl

Fic. 2. — 3D reconstruction of the manus of ?Bothriospondylus madagascariensis: A, anterior view; B, lateral view; C, detail of the
carpus in lateral view; D, arrangement of the carpus in proximal view. Abbreviations: de1 + ¢, distal carpal 1 fused with one (or two)
centrale; de1 + ¢ + i, distal carpal 1 fused with one (or two) centrale and intermedium; dc2, distal carpal 2; de3, distal carpal 3;
dc4, distal carpal 4 (possibly fused with distal carpal 5); i, intermedium; I-1, phalanx I-1; 1-2, phalanx I-2 (pollex); lI-1, phalanx 1I-1;
11-2, phalanx II-2; 1lI-1, phalanx IlI-1; mcl, metacarpal 1; mcll, metacarpal 2; mclll, metacarpal 3; mclV, metacarpal 4; mcV, meta-
carpal 5; r, radiale. The arrow indicates the anterior part of the manus in D.

(Fig. 2D). It contacts the mcl laterally and extends
its proximal surface laterally. Although it is un-
clear on the original specimen, the CT study of
the manus reveals the absence of fusion between
this element and the two first metacarpals. It is
identified as the distal carpal 2 (dc2) according
to its position.

The third distal element (MNHN MA]J 289-11;
Fig. 3]-M) is ovoid. Its medial surface is flattened
to contact the dc2, and the distal one is slightly
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bevelled proximolaterally. The posterior surface is
slightly convex and corresponds to the presumed
contact with the fourth distal element (Figs 2D;
3K). In proximal view, a shallow groove extends
anteroposteriorly on the posterior two thirds of
the bone, while the anterior third displays a large
depression which corresponds to the opening on
the distal part of the anterolateral surface of the dcl
+ ¢ + 1. This third distal element is located laterally
to the dc2 and recovers the anteromedial part of the
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Fic. 3. — Carpal elements of ?Bothriospondylus madagascariensis: A-C, radiale (MNHN MAJ 289-2) in proximal (A), anterior (B) and
distal (C) views; D-G, “main bone” dc1 + ¢ + i (MNHN MAJ 289-8) in anterior (D), posterior (E), distal (F) and proximal (G) views;
H, I, distal carpal 2 (MNHN MAJ 289-5¢) in lateral (H) and proximal (I) views; J-M, distal carpal 3 (MNHN MAJ 289-11) in anterior (J),
posterior (K), proximal (L) and medial (M) views; N-Q, distal carpal 4 (MNHN MAJ 289-7) in medial (N), anterior (O), posterior (P) and
proximal (Q) views. Abbreviations: dc1 + ¢, distal carpal 1 fused with one (or two) centrale; dc2/3-f, contact facet with distal carpals
2 and 3; dc3-f, contact facet with distal carpal 3; dc4-f, contact facet with distal carpal 4; mcl-f, contact facet with metacarpal 1;
i, intermedium; s, suture of the fusion between dc1+c and i. Scale bars: 5 cm.

proximal end of the metacarpal III (mcIIl) (Fig. 2D).
It is identified as the distal carpal 3 (dc3).
Because it was not found in articulation, the po-
sition of the fourth element (MNHN MAJ 289-7;
Fig. 3N-Q) is unclear and subject to interpretation.
Here, we postulate this element is astride the lateral
part of the proximal end of the mclII and the en-
tire proximal surface of the metacarpal IV (mcIV)
(Fig. 2D). This assumption is supported by a planar
and circular surface on the medial surface of the bone,
which could represent a contact with the posterior
surface of the dc3 according to our interpretation
(Figs 2D; 3N). So, we consider this element as the
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distal carpal 4 (dc4), even if it is also possible to
consider it as the ulnare or a fusion between dc4
and ulnare. This bone is the second larger after the
dcl + ¢ +i. It has a D-like outline in proximal view,
with a plane anterior surface in our hypothesis. The
proximal surface is convex while the distal one is
plane to contact the proximal end of the mcllI and
mclV according to this orientation. It is pierced by
a large foramen on the anterior surface.

METACARPALS

The mcI-IIT (mcl: MNHN MA]J 289-5a,c; mcll:
MNHN MA]J 289-5b; mcIll: MNHN MAJ 289-6;
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mcl

mcll

Fic. 4. — Metacarpals and phalanges of ?Bothriospondylus madagascariensis: A, B, metacarpals I-lll (mcl: MNHN MAJ 289-5a,c;
mcll: MNHN MAJ 289-5b; mclll: MNHN MAJ 289-6), distal carpal 2 (MNHN MAJ 289-5€) and phalanges I-1 (MNHN MAJ 289-5d) and
11I-1 (MNHN MAJ 289-4a) in connexion in anterolateral (A) and anteromedial (B) views; C, metacarpal IV (mcVI: MNHN MAJ 289-9a) in
anterior view; D, metacarpal V (mcV: MNHN MAJ 289-9b) in anterior view; E, proximal view of the metacarpals with the distal carpal 2
in connexion; F, G, phalanx I-2 (pollex, MNHN MAJ 289-10) in lateral (F) and proximal (G) views; H, phalanx I-1 (MNHN MAJ 289-5d)
in dorsal view; I, phalanges II-1 (MNHN MAJ 289-4a) and II-2 (MNHN MAJ 289-4b) in dorsal view; J, phalanx Ill-1 (MNHN MAJ 289-1)
in dorsal view. Abbreviations: dc2, distal carpal 2; mcl, metacarpal 1; mcll, metacarpal 2; mclll, metacarpal 3; mclV, metacarpal 4;
mcV, metacarpal 5; I-1, phalanx I-1; ll-1, phalanx II-1. Scale bars: 5 cm.

Fig. 4A, B) were found in articulation. Although
the mcIV-V (mcIV: MNHN MAJ 289-9a; mcV:
MNHN MA] 289-9b; Fig. 4C, D) were found
separated from the first three, there is no doubt
about the tubular arrangement of the manus. McII
is heightened relative to the mclll, but in natural
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position the proximal articular surfaces of these two
bones should be on the same level while the shift
between the two first metacarpals is natural accord-
ing to the position of the dc2 (Figs 2A, B; 4A). The
metacarpals are gracile and present a subvertical
orientation in a digitigrade posture, as observable
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in many neosauropods and Mamenchisaurus youngi
Pi, Ouyang & Ye, 1996 or Lapparentosaurus Bo-
naparte, 1986 (Ogier 1975; Ouyang & Ye 2002).
They contact each other proximally and distally
with small articular surfaces (Fig. 2A, B), as usually
observed in sauropods (Apesteguia 2005). McI-IV
are of equivalenc size, nevertheless the first is slightly
smaller as in all non macronarian sauropods (Wil-
son 2002) and Camarasaurus lewisi Jensen, 1988
(McIntosh et al. 1996a). The distal part of the fifth
metacarpal is broken, and it is thus impossible to
determine if this element is really smaller than the
mclV as in Ferganasaurus Alifanov & Averianov,
2003. The proximal articular surface of the first
metacarpal is subrectangular but those of other
metacarpals are subtriangular (Fig. 4E). The distal
surfaces of metacarpals I-IV are subrectangular and
divided in two condyles. Both the proximal and
distal articular surfaces are perpendicular to the
longitudinal axis of diaphyses. The articular sur-
faces for the phalanges extend on the anterior face
of the distal end of the metacarpals, in contrast to
Brachiosaurus Riggs, 1903, in which these surfaces
become restricted to distal surface (Janensch 1922,
1961). Like in Shunosaurus Dong, Zhou & Zhang,
1983 (Zhang 1988), Lapparentosaurus (Ogier 1975),
and Camarasaurus Cope, 1877 (Osborn 1904),
this peculiar morphology allows the phalanges to
articulate at approximately 90° (Fig. 2A, B). This
suggests a highest mobility with a possibility of flexor
movements contrary to the single, rigid, block-like
structure postulated by Bonnan (2003).

PHALANGES

Only five phalanges belonging to the digits I to III
have been collected (Fig. 4F-]). The first phalanx of
the digit I (I-1; MNHN MA]J 289-5d; Fig. 4H) is
longer proximodistally than transversely and of rec-
tangular shape, contrary to the first phalanx broader
transversely than proximodistally in other sauropods
(Upchurch 1998; Wilson & Sereno 1998; Wilson
2002; Upchurch ez 4l. 2004). The proximal articular
surface is twisted laterally relatively to the whole
phalanx. This morphology confers to the phalanx a
laterally inclined position relatively to the shaft of
the first metacarpal, and a divergent arrangement
to other phalanges (Fig. 2A). Although there is no
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collateral fossa, this phalanx I-1 displays a strong
concavity on the lateral surface of the distal end.
In distal view, the articular surface is rectangular,
contrary to Lapparentosaurus and some other sau-
ropods where this surface is trapezoid. The first
phalanges of digit II and III (II-1, MNHN MA]J
289-4aand I1I-1, MNHN MA]J 289-1; respectively
Fig. 41 and Fig. 4]) are wider than long and their
distal articular surfaces extend dorsally and ventrally.
The ungual of digit I (I-2 or pollex, MNHN MA]
289-10; Fig. 4F, G) is relatively conical and slightly
curved ventrally in lateral view. It only displays a
slight longitudinal groove on its lateral surface. Its
proximal surface is transversely slightly compressed
and presents two articular facets (the medial one is
the larger). Following the twist of phalanx I-1, the
pollex is also slightly inclined laterally, leading its
lateroventral edge to contact the ground (Fig. 2A).
The ungual of digit IT (1I-2, MNHN MA]J 289-4b;
Fig. 41) is very reduced, wider than longer, and nail-
like. As in sauropods, digit II (and probably digit
I1I) has two phalanges (Upchurch 1998; Wilson &
Sereno 1998; Wilson 2002; Upchurch ez al. 2004).
This lead us to consider the following phalangeal
formula: 2-2-22-2-2.

DISCUSSION

COMPARISONS WITH OTHER SAUROPODS

The carpus of ?Bothriospondylus presented in this
study displays some unusual features such as the
number, the shape, and the arrangement of the
carpal elements. It thus prevents any interpreta-
tion with the traditional characters proposed in
most recent phylogenetic analyses, which usu-
ally consider in Sauropoda three or fewer carpals,
rounded or block-shaped (Upchurch 1998; Wil-
son & Sereno 1998; Wilson 2002; Upchurch ez .
2004). However, some comparisons on metacarpals
and phalanges lead us to determine more precise
phylogenetic relationships of this specimen of
2Bothriospondylus.

Therefore, this manus displays some classical
features of Sauropoda as the distal articular sur-
face of the Mcl perpendicular to the long axis
of the shaft (except in Omeisaurus Young, 1939,
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Fic. 5. — Schematic reconstitution of carpus: A, hypothetical primitive reptile condition after Romer (1956); B, Massospondylus cari-
natus after Broom (1911); C, ?Bothriospondylus madagascariensis. Absent or unpreserved elements are figured in white; present or
preserved elements are figured in grey; doted lines indicate element of uncertain position; fused elements are linked with dark grey

lines. Abbreviations: ¢, centrale; dc, distal carpal; I, intermedium; P., pisiform; R., radiale; Ra., radius; U.,

Mamenchisaurus youngi, Ferganasaurus, Jobaria
Sereno et al., 1999 and diplodocids) and the digit
I with two phalanges (except in Opisthocoelicaudia
Borsuk-Bialynicka, 1977). The tubular arrangement
of subparallel metacarpals in a U-shaped manus,
subtending an angle of 270° (Fig. 4E), is charac-
teristic of nearly all neosauropods, just as the first
phalanges of digits II and III wider than long. In
the same way, the gracile metacarpals could refer
?Bothriospondylus to macronarian sauropods like
Brachiosaurus, Camarasaurus and Malawisaurus
Haughton, 1928, buc this character is also observable
in eusauropods like Lapparentosaurus, Atlasaurus
Monbaron, Russell & Taquet, 1999 and jobaria.
Interestingly, ? Bothriospondylus presents a phalanx
I-1 longer than wider (Fig. 4H) contrary to other
known sauropods and its rectangular shape is dif-
ferent to the wedge-shaped phalanx I-1 of jobaria
and diplodocids. Finally, the mcl is shorter than the
mclV and displays a divided distal articular surface
contrary to Lapparentosaurus, Ferganasaurus and
some titanosauriforms (Brachiosaurus, Malawisaurus,
Opisthocoelicaudia).

Using only the manus, it is thus difficult to de-
termine the phylogenetic relationships of this speci-
men of ?Bothriospondylus. This sauropod does not
correspond to Lapparentosaurus madagascariensis
discovered at proximity and thus accents the diversity
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ulnare; UL., ulna.

of the Bathonian sauropods in the Majunga Basin
(Madagascar). However, this specimen of ? Bothrio-
spondylus can be excluded from basal eusauropods,
diplodocoids and titanosauriform sauropods. There-
fore, it could be closer to derived eusauropods or
basal macronarian sauropods. The study of the re-
maining part of the skeleton would allow to clarify
its phylogenetic position in the future.

CARPAL PATTERN IN ? BOTHRIOSPONDYLUS
Regarding to their odd shape nature, the articulation
and orientation of the sauropod carpal bones are
problematic, as well as their identitification (Bon-
nan 2003), and the problem of carpus homology
among sauropods has been debated for a long time
(Osborn & Granger 1901; Hatcher 1902; Osborn
1904; Gilmore 1936; Mclntosh 1990; Wilson &
Sereno 1998; Upchurch 1998; Bonnan 2003; Up-
church ez al. 2004; Apesteguia 2005). Therefore,
it remains uncertain whether the three or fewer
carpals generally preserved in sauropods (McIntosh
1990; Wilson & Sereno 1998) represent proximal
or distal elements (Apesteguia 2005).

The Figure 5 details the hypotheses of homology
proposed for ?Bothriospondylus madagascariensis
(Fig. 5C), assumptions based on an hypothetical
basal archosaur (Fig. 5A) and the well known carpus
of Massospondylus (Fig. 5B).
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Interestingly, Osborn (1904) postulated the larger
carpal of Camarasaurus, then considered as the
radiale, would rather represent the coalescence of
the distal elements as suggested by the articular
facets for the metacarpals I-1II on its distal end
(Mclntosh et al. 1996a, b). Lavocat (1955b, ¢)
confirmed this assumption of the distal position
of the larger carpal element thanks to its distal arti-
cular facets (Fig. 3D, F) and the position of the
“torus-like” or crescent element (here considered
as a radiale) above it (Fig. 2C, D). As previously
suggested by Lavocat (1955b, ¢) and according to
our hypotheses of carpus homology, we consider
that the “main bone” of Lavocat could be assigned
to the fusion of the dc1, one or two centrale(s) and
the intermedium.

Concerning the proximal row, the radiale is
reduced while the ulnare seems to be absent or un-
ossified in this specimen, except if the hypothetical
dc4 is considered as the ulnare (as considered in
Argyrosaurus; Apesteguia 2005) or a fusion between
dc4 and ulnare. Although fused to dcl + ¢ (the
“main bone”), the intermedium seems to be a dis-
tinct element in regard of the “main bone” shape,
contrary to the block-like carpals previously found
in other sauropods like Aparosaurus Marsh, 1877,
Camarasaurus or Diplodocus Marsh, 1878.

The arrangement of the distal elements is strongly
correlated to the shift of the mcl relative to the mcll
(Fig. 2C). Indeed, consequently to this shift, we can
observe a fusion between three elements of three
different levels: the intermedium (proximal row),
one or two centrale (“middle” row) and the distal
carpal 1 (distal row). ? Bothriospondylus could thus
represent the first evidence of the presence of three
carpal rows in a sauropod carpus (Fig. 5C). Another
consequence is the overlapping of the “dcl + ¢ + {7
on the two adjacent distal elements (dc2 and dc3;
Fig. 2C, D). The same metacarpal and carpal ar-
rangement is observed in prosauropods where the
dcl (+ ¢?) overlaps the de2, like in Massospondylus
Owen, 1854 (Cooper 1981: 737, fig. 32, 740,
fig. 38; Broom 1911: pl. XV, figs 7, 8; Fig. 5B) and
Plateosaurus von Meyer, 1837 (Huene 1932: pl. XI,
fig. 1A, B). Interestingly, this shift becween mcl and
II is also present in the sauropods Tazoudasaurus
Allain ez al., 2004 (Allain & Aquesbi in press), Atla-
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saurus (Monbaron et al. 1999), Brachiosaurus (Ling
pers. obs.) and possibly in Aparosaurus (Hatcher
1902: pls 19, 20; Bonnan 2003: 604, fig. 7C, D).
In Tazoudasaurus, a possibly dcl (+ ¢?) is placed
above the two first metacarpals and leaves a gap
between its distal end and the proximal surface of
the mcll, possibly occupied by a dc2 unfortunately
unpreserved or unossified (it is a juvenile specimen,
Allain & Aquesbi in press). In Atlasaurus, the larger
carpal also overlaps the two first metacarpals with
the dc2 possibly fused to the dcl (+ ¢?), while the
dc3 is free (Monbaron et 2/l. 1999).

The number of carpal bones is a character com-
monly used in phylogenetic studies of Sauropoda.
Basal sauropods have usually three carpal elements
(MclIntosh 1990) and the presence of two or fewer
elements being characteristic of Neosauropoda
(Mclntosh 1990; Upchurch 1998; Wilson & Sere-
no 1998; Wilson 2002). Therefore, the five carpals
preserved in the wrist of ? Bothriospondylus and the
fewer elements in other sauropods can be inter-
preted in three ways:

— 1) ontogenetic hypothesis — a better ossification
in ? Bothriospondylus: the number of carpal elements
(five or more) is plesiomorphic and inherits from
prosauropods. In regard of the ossification sequence
in some extant taxa (Chelonia, Crocodylia; Burke &
Alberch 1985; Miiller & Alberch 1990), the distal
row seems to be the first to ossify, the proximal
elements representing the last one. Therefore, the
highest number of carpals in ? Bothriospondylus,
although possibly autapomorphic, could represent
an older individual with an extremely advanced os-
sification and fusion of the carpal elements and the
first occurrence of an ossified proximal rows;

— 2) phylogenetic hypothesis — a more advanced
fusion in other derived sauropods: correlated with
the high development of the graviportality in most
derived neosauropods, a reduced carpus could repre-
sent a more advanced fusion of the carpal elements,
in relation with an hypothetical loss of mobility
due to the columnar support of the body-mass.
According to this hypothesis, the carpus of basal
sauropods could be plesiomorphically constituted
of five carpals or more, while a reduction would
occur in most derived neosauropod which would
reduce to two or fewer elements, even absent in
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Titanosauria (except Argyrosaurus; Apesteguia 2005).
In this assumption, ?Bothriospondylus would thus
represent the primitive condition of numerous
carpals in macronarian neosauropods;

— 3) taphonomic hypothesis: the same pattern of
carpal arrangements could be found in other sauro-
pods (especially closely related ones), but it has not
been found them yet because preservation of these
elements in articulation is rare.

CONCLUSION

The wrist of ?Bothriospondylus represents the first
evidence of the presence of three carpal rows in
a sauropod, as previously suggested by Lavocat
(1955b, ¢). Likewise, the presence of five carpals
constitutes an unusual feature among sauropods,
which commonly display only three or fewer ele-
ments as classically considered. Therefore we propose
to reconsider the systematic importance accorded
to carpals in the most recent phylogenetic studies
(McIntosh 1990; Upchurch 1998; Wilson & Sereno
1998; Wilson 2002).

If the interpretation of this particular arrangement
is always uncertain relatively to the other sauropods
where carpals are preserved, three scenarios can be
proposed to date: a better ossification of the carpus in
a possibly older individual (ontogenetic hypothesis),
a possible reduction of the carpus in more derived
neosauropods in relation with a highly-developed
graviportality (phylogenetic hypothesis), and a bad
preservation (taphonomic hypothesis) of the carpus
in other sauropods. A combination of these three
hypotheses could also be considered.
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