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ARTICLE

THE BASAL TITANOSAURIAN RUKWATITAN BISEPULTUS (DINOSAURIA, SAUROPODA)
FROM THE MIDDLE CRETACEOUS GALULA FORMATION, RUKWA RIFT BASIN,

SOUTHWESTERN TANZANIA
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ABSTRACT—Whereas titanosaurians represent the most diverse and cosmopolitan clade of Cretaceous sauropod dinosaurs,
they remain rare components of Cretaceous African faunas. Currently recognized continental African titanosaurians include
Aegyptosaurus baharijensis and Paralititan stromeri from early Upper Cretaceous deposits near Bahariya Oasis, Egypt, and
Malawisaurus dixeyi and Karongasaurus gittelmani from the Lower Cretaceous (~Aptian) Dinosaur Beds of Malawi, in
addition to several undesignated and fragmentary forms across the continent. Here, we describe a new titanosaurian taxon,
Rukwatitan bisepultus, on the basis of a partial, semiarticulated postcranial skeleton recovered from the middle Cretaceous
Galula Formation in southwestern Tanzania. Unique to Rukwatitan are carotid processes on posterior cervical vertebrae, a
deep coracobrachialis fossa and subquadrangular cross-section of the humerus, and a slender, curved, teardrop-shaped pubic
peduncle on the ilium. Parsimony and Bayesian phylogenetic analyses of 35 sauropod taxa congruently place Rukwatitan as a
non-lithostrotian titanosaurian, a relationship supported by cervical vertebrae with undivided pleurocoels and strongly
procoelous anterior caudal vertebrae. Rukwatitan differs from the potentially penecontemporaneous and geographically
proximate Malawisaurus by exhibiting weakly developed chevron articulations and posteriorly inclined neural spines on the
middle caudal vertebrae, a proximally robust and distally unexpanded humerus, and an anteroventrally elongated coracoid.
Similar to biogeographic patterns identified in certain crocodyliform clades (e.g., small-bodied notosuchians), titanosaurians
on continental Africa appear to exhibit a regional (e.g., southern versus northern Africa), rather than a continental- or

supercontinental-level signal.

SUPPLEMENTAL DATA—Supplemental materials are available for this article for free at www.tandfonline.com/UJVP

INTRODUCTION

Following the end of the Jurassic Period, titanosauriform sau-
ropods achieved peak diversity and a global distribution by the
end of the Cretaceous (Wilson, 2002; Upchurch et al., 2004; Bar-
rett and Upchurch, 2005; Curry Rogers, 2005; Upchurch and
Barrett, 2005; Cerda et al., 2012b). Specifically within the titano-
sauriforms, the diversification of titanosaurians during the Creta-
ceous coincides with the decline of Diplodocoidea. This latter
group diminished in diversity and was restricted to Africa, South
America, and Europe through the early Late Cretaceous (Sal-
gado and Bonaparte, 1991; Sereno, 1999; Barrett and Upchurch,
2005; Rauhut et al., 2005; Upchurch and Barrett, 2005; Wilson,
2005; Sereno et al., 2007; Whitlock, 2011). The vast majority of
known Cretaceous sauropods pertain to titanosaurians, with
South America yielding the majority of named taxa (approxi-
mately 39 valid titanosauriform sauropods, many considered tita-
nosaurians; Mannion and Otero, 2012) and providing the best
documentation of the diversity present within the clade (Salgado
et al., 1997; Leanza et al., 2004; Apesteguia, 2007; Salgado and

*Corresponding author.
Color versions of one or more figures in this article can be found
online at www.tandfonline.com/ujvp.

Bonaparte, 2007; Novas, 2009; Mannion and Calvo, 2011;
D’Emic, 2012; Mannion et al., 2013). Recent discoveries in Asia
are also expanding our knowledge of titanosaurian diversity
(Wilson and Upchurch, 2009; Mannion, 2011; Mannion and
Calvo, 2011; D’Emic, 2012). Numerous stem, basal, and derived
titanosaurians are recovered from the middle Cretaceous
(Aptian-Cenomanian) deposits of South America (e.g., Ande-
saurus delgadoi Calvo and Bonaparte, 1991 [Mannion and Calvo,
2011]; Argentinasaurus huinculensis Bonaparte and Coria, 1993;
Chubutisaurus insignis del Corro, 1975 [Carballido et al., 2011];
Epachthosaurus sciuttoi Powell, 1990 [Martinez et al., 2004];
Ligabuesaurus leanzai Bonaparte, Gonzalez Riga, and
Apesteguia, 2006; Tapuiasaurus macedoi Zaher, Pol, Carvalho,
Nascimento, Riccomini, Larson, Juarez-Valieri, Pires-Dom-
ingues, da Silva, and de Almeida Campos, 2011; for a more inclu-
sive list, see Mannion and Calvo, 2011:table 7), yet members of
the clade remain rare components in contemporaneous Creta-
ceous terrestrial faunas of Africa. Four titanosaurians have been
formally recognized from Cretaceous deposits on continental
Africa: Karongasaurus gittelmani and Malawisaurus dixeyi
(Jacobs et al., 1993; Gomani, 2005) from the Aptian Dinosaur
Beds (DB) of Malawi and Paralititan stromeri and Aegyptosau-
rus baharijensis (Stromer, 1932; Smith et al., 2001) from the Cen-
omanian Bahariya Formation of Egypt. Karongasaurus is based
on an isolated dentary and several referred cylindrical teeth with
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high-angled wear facets, with the latter traits considered derived
titanosaurian features (Wilson, 2002; Gomani, 2005; Zaher et al.,
2011). Malawisaurus is based on several associated partial skele-
tons and a variety of referred isolated cranial and postcranial ele-
ments that represents the most complete African titanosaurian
(collected from seven different localities; Gomani, 2005:table 1).
Paralititan is based on an associated postcranial skeleton of an
extremely large individual (Smith et al., 2001), and Aegyptosau-
rus baharijensis (Stromer, 1932) has been considered a titanosau-
rian (Upchurch, 1995; Wilson, 2002; Upchurch et al., 2004) or
titanosauriform (Wilson and Sereno, 1998). Unfortunately,
specimens of Aegyptosaurus were destroyed during World War
II (Smith et al., 2001). Angolatitan adamastor (Mateus et al.,
2011), from the late Turonian Tadi Beds of Angola, has been
recovered as a titanosauriform (Mateus et al., 2011; some topolo-
gies of Mannion et al.,, 2013) or a potential titanosaurian
(D’Emic, 2012; some topologies of Mannion et al., 2013) and is
based on a partial right forelimb. Additional titanosaurian mate-
rial has been recovered from continental Africa but is generally
too fragmentary to properly assign to lower taxonomic levels
(Greigert et al., 1954; Lapparent, 1960; Broin et al., 1974; Ken-
nedy et al., 1987; Bellion et al., 1990; Moody and Sutcliffe, 1990;
Sereno et al., 1999; O’Leary et al., 2004; O’Connor et al., 2006;
D’Emic and Wilson, 2012).

Hence, the discovery of a novel titanosaurian provides impor-
tant new information on middle Cretaceous faunas from conti-
nental Africa and will help differentiate faunal elements
recovered from the Rukwa Rift Basin of southwestern Tanzania
from potentially penecontemporaneous faunas from other parts
of the continent (e.g., the Dinosaur Beds of Malawi, various cir-
cum-Saharan locales). Here, we describe a new titanosaurian,
Rukwatitan bisepultus, consisting of a partial, associated postcra-
nial skeleton from the middle Cretaceous Galula Formation
(Aptian—Cenomanian) of southwestern Tanzania (Figs. 1-2).
This discovery sheds light on the early evolutionary history of
titanosaurians outside of South America and prior to their Late
Cretaceous dominance. The new African titanosaurian further
expands upon existing phylogenetic, paleobiological, and

TABLE 1. Selected measurements (in mm) of Rukwatitan bisepultus.

Element CL ACH ACW PCH PCW NASH
APCV 492 100 174 106 195 —
PCV 478 — — — — —
ucv - - - - - -
Dvnal — — — — — —
ACV (A) 104 169 151 151 134 182
ACV (B) — 141 — 144 — —
ACV (C) 107 — — 129 149 —
MCYV (1/3) 113 128 132 — — 153
MCV (2/3) 116 — — — — 145
MCV (3/3) 121 — — 122 114 132
MCV (A) 120 115 126 113 122 —
MCV (B) 131 108 104 107 97 110
MCV (C) 107 79 — 75 — —
L PW MW DW
Scapula blade 620 193 155 284
Humerus (H) 910 321 136 260
Humerus (R) 1015 297 114 —

Vertebral elements are listed in anterior-posterior order. Dashes indicate
where measurements could not be taken because of damage, missing, or
inaccessible areas. Abbreviations: ACH, anterior centrum height; ACV,
anterior caudal vertebra; ACW, anterior centrum width; APCV, ante-
penultimate cervical vertebra; CL, centrum length (excluding condyles);
DVnal, neural arch of first dorsal vertebra; DW, distal width; H, holo-
type; L, element length; MCV, middle caudal vertebra; MW, midlength
width; NASH, neural arch and spine height; PCH, posterior centrum
height; PCV, penultimate cervical vertebra; PCW, posterior centrum
width; PW, proximal width; R, referred; UCV, ultimate cervical vertebra.

regional paleobiogeographical perspectives for sauropods specif-
ically and Gondwanan terrestrial vertebrate faunas more gener-
ally (Sereno et al., 2004; Curry Rogers, 2005; Krause et al., 2006,
2007; O’Connor et al., 2006; Sereno and Brusatte, 2008; Wilson
and Upchurch, 2009; D’Emic, 2012).

MATERIALS AND METHODS

Computed Tomography—Materials of Rukwatitan bisepultus
(RRBP 07409) were scanned on a Philips Brilliance computed
tomography (CT) 64-channel scanner using the following proto-
col: 120 kV, 200 mA, and a slice thickness of 1.0 mm. Digital
visualization of raw DICOM files was completed in Avizo 6.3
(Visualization Science Group (VSG)/FEI, U.S.A.).

Institutional Abbreviations—MAL, Malawi Department of
Antiquities, Lilongwe, Malawi; RRBP, Rukwa Rift Basin Proj-
ect, Tanzanian Antiquities Unit, Dar es Salaam, Tanzania;
TNM, Tanzanian National Museums, Dar es Salaam, Tanzania.

SYSTEMATIC PALEONTOLOGY

DINOSAURIA Owen, 1842
SAURISCHIA Seeley, 1887
SAUROPODA Marsh, 1878
TITANOSAURIA Bonaparte and Coria, 1993
RUKWATITAN BISEPULTUS, gen. et sp. nov.
(Figs. 3-12)

Etymology—Rukwatitan, from ‘Rukwa’ (masc.), referring to
Lake Rukwa of southwestern Tanzania and the structural rift
basin of the same name from which the holotype and referred
humerus were recovered, and ‘titan’ (Greek), offspring of Ura-
nus and Gaea, symbolic of brute strength and large size; bisepul-
tus (Latin), twice buried, in reference to dual nature of holotype
specimen being initially entombed in an overbank-derived mud-
stone, with a portion of the same skeleton later being mobilized
by a paleochannel and reburied nearby as part of a channel sand-
stone facies.

Holotype—Rukwa Rift Basin Project (RRBP) 07409, partial
skeleton including three posterior cervical vertebrae, one partial
anterior dorsal vertebral neural arch, three anterior caudal verte-
brae, six middle caudal vertebrae, two chevrons, multiple partial
dorsal ribs, distal left scapula, partial left and right coracoids, left
humerus, partial right ulna, left ilium, and proximal right pubis
(Fig. 3). Discovered by J. J. W. Sertich on June 9, 2007.

Type Locality and Horizon—Locality RRBP 2007-02 (Namba
2), approximately 25 km south of Lake Rukwa in the Galula
Study Area, in the middle portion of the Namba Member, Galula
Formation, Rukwa Rift Basin, southwestern Tanzania (locality
coordinates on file at Ohio University and with the Tanzania
Antiquities Unit). The only other fossil yet identified from the
Namba 2 locality is a partial peirosaurid crocodyliform Rukwasu-
chus yajabalijekundu (Sertich and O’Connor, 2014).

Localities and Referred Specimens—RRBP 03151, right
humerus (Fig. 10H-K) referred to Rukwatitan bisepultus, was
recovered from locality RRBP 2003-10.

Age and Distribution—Materials described herein were recov-
ered from the middle portion of the Namba Member of the
Galula Formation of the Red Sandstone Group, Rukwa Rift
Basin, southwestern Tanzania (Fig. 1). Based on several lines of
geological and faunal evidence, the age of the Galula Formation
has been constrained to the middle Cretaceous (Aptian-Ceno-
manian), with best estimates between 100 and 110 Ma (Roberts
et al., 2004, 2010, 2012; O’Connor et al., 2006, 2010). The Namba
Member (Fig. 2) is dominated by very fine- to medium-grained
sandstones, with minor mudstone and siltstone lenses represent-
ing deposition within a broad fluvial braidplain system (Roberts
et al., 2010).
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FIGURE 1. Expanded (A) and detailed (B) regional maps to illustrate exposures of the middle Cretaceous Galula Formation (red/dark gray) in
southwest Tanzania. The location of the type locality (RRBP 2007-02; Namba 2) of Rukwatitan bisepultus is denoted by black stars in A and B, with
locality TZ-10 indicated by the ‘1’ in A. The location of the Malawi Dinosaur Beds is denoted by 2’ in A and is shown to illustrate the proximity of
the two units relative to one another. C, basin cross-section approximating the hashed line in B, showing the stratigraphic and structural relationships
among the dinosaur-bearing Galula Formation, the underlying Karoo Supergroup, and the overlying Lake Beds sequences. The approximate location
of the Namba 2 locality in C is denoted by the large, single-headed black arrow. Opposing arrows bracketing thin lines illustrate fault structures

through the cross-section.

Diagnosis—Titanosaurian sauropod diagnosed by the follow-
ing suite of autapomorphies: ventral surface of posterior cervical
vertebrae with (1) weakly developed carotid processes posteri-
orly and (2) paired shallow fossae anteriorly that are not sepa-
rated by a thin keel; (3) posterior cervical vertebrae with
anteroposteriorly elongate and undivided fossa posterior to the
anterior centrodiapophyseal lamina that deeply invades the ven-
tral surface of the diapophysis; (4) accessory tubercle on the ven-
tral surface of the cervical rib capitulum, lateral to the
capituloparapophyseal suture; (5) deep coracobrachialis fossa on
proximal humerus bounded by strong anteriorly projecting delto-
pectoral crest and strong anteromedial ridge, extending to
approximately the humeral midshaft; (6) flattened anterior,
medial, lateral, and posterior surfaces at the humeral midshaft,
resulting in a subquadrangular cross-section; and (7) pubic
peduncle on the ilium that is teardrop-shaped, with the
‘tail’ curving posteriorly, slightly longer transversely than
anteroposteriorly.

Additionally, the following combination of phylogenetically
informative characters assist with the placement of Rukwatitan

bisepultus as a basal titanosaurian: undivided pleurocoels on cer-
vical vertebrae; strongly procoelous anterior caudal vertebrae,
with the apex of the posterior condyle positioned on the dorsal
half of the centrum; pedicles of the neural arch attached to the
anterior half of caudal vertebral centrum; unforked chevrons
with a deep hemal canal; and squared proximolateral corner of
the humerus. Notably, Rukwatitan lacks the ventral longitudinal
hollow on the caudal vertebral series typical of many other
titanosaurians.

SEDIMENTOLOGIC AND TAPHONOMIC CONTEXT

Whereas the vast majority of fossil localities in the Galula For-
mation represent isolated elements, a handful of associated to
near-perfectly articulated skeletons and rare bonebeds do exist.
With two exceptions, all of the multielement bone accumulations
and most of the isolated bones collected during the course of 11
field seasons in the Cretaceous succession are all preserved
within fluvial channel sandstones. The titanosaurian specimen
recovered from locality RRBP 2007-02 (Namba 2) represents
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ilium; SC, left scapular blade; VR, vertebral rib; 1, map view of antepenultimate cervical vertebra (Fig. 4A—F); 2, map view of longitudinally sectioned
vertebral series (PCV, UCV, DVnal; as anatomically illustrated in Fig. 4G); 3, map view of articulated middle caudal series (Fig. 7A-C). Scale bar in
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D equals 5 cm.

one of the most remarkable vertebrate fossil accumulations in
the Galula Formation. It reveals a window into the genesis of the
archetypical channel-hosted vertebrate fossil accumulations in
the Galula Formation, and indeed more generally. The Rukwati-
tan bisepultus holotype material can confidently be assigned to a
single individual, although paradoxically, the partially articu-
lated skeleton is preserved both as an autochthonous overbank
assemblage and allochthonous fluvial channel assemblage. The
site preserves a partially articulated skeleton entombed within a
fine-grained overbank mudstone that was subsequently incised
into and partially eroded and transported by a high-energy flu-
vial channel (Fig. 2A, B). The fluvial system transported many

FIGURE 3. Silhouette reconstruction of Rukwatitan bisepultus to illus-
trate those portions of the skeleton recovered from locality RRBP 2007-
02 and included as part of the holotype. Scale bar equals 1 m.

of the smaller elements away; however, the channel belt rapidly
filled back in and much of the eroded skeleton was transported
only a few meters and redeposited within the base of the channel
sandstone facies.

The site was discovered in a steep alcove oriented perpendicu-
lar to the Namba River bed, providing a three-dimensional (3-
D) cross-sectional view of the bones and their relationship with
the entombing strata. A traditional quarry with a plane view ori-
entation and excavation strategy was not possible due to the
steep, cliff-like nature of the exposure. Instead, the excavation
proceeded from the alcove wall inwards, resulting in a cross-sec-
tional style quarry map (Fig. 2A). Irrefutable evidence of the
association between allochthonous channel elements and the
autochthonous overbank elements comes in the form of multiple
precisely matched broken elements between the two facies that
yield perfect jigsaw-like fits along matching broken ends of bones
(e.g., a caudal vertebra, Fig. 2D; left humerus, Fig. 10A-D). The
in situ overbank-hosted skeleton includes a string of partially
articulated cervical vertebrae and dorsal ribs, along with associ-
ated portions of the pelvic and pectoral girdles and forelimb ele-
ments. Other than the partial right ulna and partial right pubis,
both of which were recovered from the channel facies, all other
elements are derived from the left side of the animal and were
recovered in the overbank facies. Moreover, the articulated cer-
vical vertebral series preferentially preserve the lower left side
of the elements. Whereas the dorsal aspect of the neural arches
was eroded by the paleochannel, the right side of the vertebral
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series was eroded immediately prior to discovery and excavation.
The fluvial assemblage of bones from this skeleton is dominantly
composed of large, robust elements, although abundant bone
fragments also exist. Presumably, some of the lighter material
was transported downstream. Large mudstone bank collapse
blocks are also directly associated with the bones within the base
of the incised channel, demonstrating that the channel rapidly
filled after down-cutting into the overbank mudstone-hosted
skeleton. Unfortunately, the site was discovered in a relatively
freshly eroded alcove along the banks of the Namba River, sug-
gesting that a significant portion of the otherwise articulated/
associated skeleton was likely lost to modern erosion. This
makes it difficult to fully assess how much of the skeleton was
present, prior to the fluvial incision and entrainment of the bones
into the channel sandstone facies.

DESCRIPTION
Cervical Vertebrae

Two posterior cervicals, one ‘cervicodorsal,” and a portion of
the succeeding dorsal neural arch were recovered in articulation
from the Namba 2 quarry. Hence, the recovered presacral verte-
bral series of Rukwatitan bisepultus spans the cervicodorsal tran-
sition. For consistency within this contribution and because the
exact regional vertebral count in Rukwatitan is not known, the
recovered vertebrae will be discussed as follows: the first pre-
served vertebra of the series will be designated as APCV (ante-
penultimate cervical vertebra); the second preserved vertebra of
the series will be designated at PCV (penultimate cervical verte-
bra); the third preserved vertebra of the series will be designated
as UCV (ultimate cervical vertebra); and the final fragmentary
neural arch of the series will be designated as DVnal (neural
arch of the first dorsal vertebra).

The first two cervical vertebrae in the series (APCV and PCV)
have fused cervical ribs, with the succeeding vertebra (UCV)
exhibiting a fused bony loop that lacks the extended body of the
rib (Fig. 4A, E-G). The next element in the series (DVnal)
exhibits the unfused condition, with a distinct articulation pres-
ent at the diapophyseal articular surface (Fig. 4G). Interpreta-
tion of the dorsal neural arch fragment is based on the presence
of a preserved diapophysis that is in articulation (but not fused)
with the tuberculum of a partial dorsal rib and marked increase
in length of the centroprezygapophyseal lamina. Whereas cervi-
cal ribs and cervical vertebrae typically fuse during ontogeny,
dorsal ribs do not normally fuse with their respective dorsal
vertebrae.

All three cervical vertebrae preserve at least some compo-
nents of the centrum and the neural arch. The first two vertebrae
of the series (Fig. 4A-G) are the most complete and provide
information regarding the centrum and ventral portion (e.g.,
pedicles, zygapophyses) of the neural arch, whereas the two pos-
terior vertebrae are fairly incomplete. The dorsal portion of each
neural arch (e.g., neural spines, laminae) is not preserved due to
post-depositional Cretaceous-age channel incision, erosion, and
reburial of part of the skeleton. A clear erosional scour surface is
evident within the quarry and along the dorsal portion of the ver-
tebral series and the ilium (Fig. 2A). The right half of PCV and
UCYV and most of DV1 were lost to modern erosion and repre-
sent the state of the materials at the time of discovery. Exposed
along the erosional surfaces within all of the recovered presacral
vertebrae is the internal camellate tissue structure typical of som-
phospondylian titanosauriforms (Wilson and Sereno, 1998;
D’Emic, 2012).

Regarding the more complete vertebra (APCV), the centrum
is dorsoventrally compressed, imparting a low and wide profile
(Fig. 4C, E). The prezygapophysis is low and positioned immedi-
ately dorsal to the dorsal limit of the centrum, with the interpre-
zygapophyseal distance approximately twice the width of the

condyle (Fig. 4C). The distance between the prezygapophyses is
comparable to that in posterior cervical vertebrae of other tita-
nosaurians such as Rapetosaurus krausei (Curry Rogers, 2009:fig.
12), but is noticeably wider and closer to the centrum than the
prezygopophyses of the posterior vertebrae in Trigonosaurus pri-
cei (Campos et al., 2005:fig. 3). The preserved relatively high-
angled spinoprezygapophyseal and postzygodiapophyseal lamina
(Fig. 4F) suggest that the neural spine of the vertebra would
have been quite tall as expected in this vertebral transition zone.

Vertebral centra of APCV and PCV are well preserved and
strongly opisthocoelous, exhibiting a ventral margin of the poste-
rior cotyle that extends further posteriorly than the dorsal mar-
gin (Fig. 4E, G). The centrum is elongate and dorsoventrally
compressed in APCV and PCV, but is considerably anteropos-
teriorly shorter in the UCV (see Table 1 for metrics; Fig. 4). A
large, oval, undivided pleurocoel is present on the lateral surface
of the centrum in both APCV and PCV, as in many titanosau-
rians (Wilson, 2002). The deepest portion of the pleurocoel
occurs at the level of the parapophysis and shallows considerably
towards both the anterior and posterior ends of the centrum.
The dorsal surface of the parapophysis is not excavated. A pneu-
matic fossa is located anterior to the rather small and short ante-
rior centrodiapophyseal lamina (ACDL). Posterior to the
ACDL is an anteroposteriorly elongate fossa that invades the
diapophysis dorsally from the pleurocoel such that a thin layer of
the diapophysis and part of the posterior centrodiapophyseal
lamina separates this fossa from the infrapostzygapophyseal
fossa (postzygapophyseal centrodiapophyseal fossa; Wilson
et al., 2011) of the neural arch (PCV in Fig. 4G; APCV in
Fig. 5B). This relatively deep, undivided, and elongate fossa rep-
resents a potential autapomorphy until better material is recov-
ered and additional studies of titanosaurian pleurocoel
morphologies are completed. The ventral surface of the centrum
is slightly concave longitudinally and moderately concave lat-
erally, such that the parapophysis projects just ventrolaterally
from the anterior half of the centrum (Fig. 4B, E-G). The ven-
tral surface of the centrum (at least in APCV) also exhibits (1)
paired shallow subcircular fossae immediately lateral to the mid-
line at the level of the parapophysis but without a sharply defined
keel; and (2) low bilateral ridges set just off of the midline that
run along the anteroposterior axis (Fig. SA, C, E). The paired
ventral fossae may be similar to the concavities described in frag-
mentary cervical vertebrae of uncertain position in the titanosau-
rian Gondwanatitan faustoi and the first three cervical vertebrae
of Mongolosaurus haplodon; however, the concavities are
deeper, and elongated along the midline axis on the former and
are separated by a prominent bony ridge or keel in both taxa
(Kellner and Azevedo, 1999:fig. 5; Mannion, 2011:fig. 8). The
ridges (tentatively referred to as carotid processes in this study
and previously reported to not be present in sauropods; Wedel
and Sanders, 2002) are best developed in APCV and only incipi-
ently present in PCV. The carotid process, at least in Aves,
serves as the origin for the flexor colli medialis and ventrails
muscles and bound the carotid fossa (Baumel and Witmer, 1993;
Wedel and Sanders, 2002). Together, these two features of the
ventral surface of the posterior cervical vertebrae are considered
autapomorphies of Rukwatitan. At the point of fusion between
the parapophysis and the costal capitulum, a small process proj-
ects posteriorly from the robust suture that characterizes the
fused capituloparapophyseal ramus (Fig. 5D). A tubercle is pres-
ent on the ventral surface of the capitulum just lateral to this
suture on both the APCV and PCV (Fig. 5A, D). The tubercle
may represent a region of remodeled bone marking the line of
fusion at the capituloparapophyseal suture. Until this is better
characterized among sauropods more generally, it remains
unclear whether this represents transient morphology related to
the precise ontogenetic stage of this individual or a taxon-specific
characteristic. This tubercle is absent from posterior cervical
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FIGURE 5. Posterior cervical vertebra of Rukwatitan bisepultus (RRBP 07409; APCV in Description). A, ventral; B, left lateral views showcasing
key features. B is a digital reconstruction based on computed tomography (CT) scans. Insets C and D are in close ventral views. Inset E is in postero-
ventral view. Anterior is to the left in both A and B. Insets D and E are rotated 90° clockwise relative to A. Dashed line in B represents where the
transverse cross-section of F was taken from the CT scans. Abbreviations: cp, carotid processes; cpr, capituloparapophyseal ramus; dp, diapophysis;
eprl?, epipophyseal-prezygapophyseal lamina?; ipof, infrapostzygapophyseal fossa; pe, pleurocoel; ped, pleurocoel, dorsal expansion; pp, parapophy-

sis; tub, tubercle; vf, ventral fossa. Scale bar equals 5 cmin A, B, and F.

vertebrae of the basal titanosaurian Malawisaurus dixeyi
(Gomani, 2005) and derived titanosaurians Trigonosaurus pricei
(Campos et al., 2005:figs. 10, 14) and Rapetosaurus krausei
(Curry Rogers, 2009) and is provisionally considered an autapo-
morphy of Rukwatitan. The centroprezygapophyseal lamina is
short and undivided, with a small fossa present medially on the
lamina and ventral to the intraprezygapophyseal lamina (Fig. 4C).
The posterior centrodiapophyseal lamina is long and curves medi-
ally along its course. The bases of the left spinoprezygapophyseal
and postzygadiapophyseal laminae are preserved on the centrum
of APCV (Fig. 4F). The spinoprezygapophyseal lamina is angled
steeply posteromedially, with the postzygadiapophyseal lamina
angled only moderately in a posteromedial direction. The spinodia-
pophyseal fossa, bounded by the neural spine, prezygapophysis,
postzygapophysis, and diapophysis, is deep and may have a weakly
developed subhorizontal lamina (epipophyseal-prezygapophyseal
lamina, EPRL; Wilson and Upchurch, 2009; Wilson et al., 2011;
Wilson, 2012) that divides the fossa into dorsal and ventral portions
(Fig. 5B). The EPRL is present in several neosauropods and some
theropods that exhibit a prominent epipophysis (Wilson, 2012).

The thin and fragmentary nature of the lamina precludes any
unequivocal assessment in Rukwatitan, but the preserved morphol-
ogy is at least suggestive that it was present.

Caudal Vertebrae

Three anterior caudal vertebrae were recovered. Although
two vertebrae are incomplete, both missing various portions of
the centrum and the neural arch (Fig. 6G-L), the other specimen
is well preserved and missing only the right prezygapophyseal
facet and the tip of the neural spine (Fig. 6A-F). The two ante-
rior-most caudal vertebrae (Fig. 6A-I) have a centrum that is
strongly procoelous, a trait that is typical of most titanosaurians
(Salgado et al., 1997; Sanz et al., 1999; Wilson, 2002, 2006; see
Phylogenetic Relationships, below). The posteriorly projecting
condyle is asymmetrically skewed dorsally in the anterior-most
caudal vertebra. The other anterior caudal vertebra (Fig. 6J-L)
is amphiplatyan-amphicoelous and suggests that the strongly
procoelous condition in Rukwatitan is only present within the
most proximal caudal vertebrae. A similar pattern of the

< FIGURE 4. Posterior cervical vertebra and cervicodorsal vertebral series of Rukwatitan bisepultus (RRBP 07409). A-F, posterior cervical verte-
bra (APCV in description); A, dorsal; B, ventral; C, anterior; D, posterior; E, right lateral; and F, left lateral views. C-F are digital reconstructions
based on computed tomography (CT) scans. G, cervicodorsal series in left lateral view with interpreted outline below. Abbreviations: con, condyle;
cot, cotyle; cr, cervical rib; dp, diapophysis; DVnal, first neural arch of dorsal vertebra; ped, pleurocoel, dorsal expansion; pedl, posterior centrodiapo-
physeal lamina; PCV, penultimate cervical vertebra; po, postzygapophysis; podl, postzygodiapophyseal lamina; pr, prezygapophysis; prdl, prezygodia-
pophyseal lamina; sdf, spinodiapophyseal fossa; sprl, spinoprezygapophyseal lamina; tprl, intraprezygapophyseal lamina; UCYV, ultimate cervical
vertebra. Scale bar equals 5 cm.
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FIGURE 6. Anterior caudal vertebrae of Rukwatitan bisepultus (RRBP 07409). A-F, proximal-most anterior caudal vertebra; A, right lateral; B, left
lateral; C, anterior; D, posterior; E, ventral; and F, dorsal views. G-I, second recovered anterior caudal vertebra; G, left lateral; H, anterior; and I, ven-
tral views. J-L, third recovered anterior caudal vertebra; J, left lateral; K, posterior; and L, dorsal views. Anterior is to the left in B, F, G, and J and to
the right in A, E, and 1. Abbreviations: po, postzygapophysis; pocdf/posdf, postzygapophyseal centrodiapophyseal/spinodiapophyseal fossa; pr, prezy-
gapophysis; tubp, tubercle of prezygapophysis; tubt, tubercle of the transverse process. Scale bars equal 5 cm.

procoelous-to-amphicoelous progression along the caudal verte-
bral series is exhibited by the basal titanosaurians Andesaurus
delgadoi (the procoelous condition is only incipient; Calvo and
Bonaparte, 1991; Mannion and Calvo, 2011), Malawisaurus dix-
eyi (Gomani, 1999, 2005), and Traukutitan eocaudata (Juarez
Valieri et al., 2011). The cotyle is subrectangular, being taller
than wide, with rounded corners (Fig. 6C). The anteroposterior
length of the centrum is short, giving the centrum a tall

appearance. The lateral and ventral surfaces of the centrum are
slightly concave, flaring peripherally toward the margin of the
anterior articulation. Although there is not a significant depres-
sion on the lateral surface of the centrum ventral to the trans-
verse process, a few small fossae are present. The overall shape
of the centrum is similar to a subrectangular box rather than a
cylinder, a condition exhibited by all recovered caudal vertebrae
of Rukwatitan. The anterior and posterior chevron facets are
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reduced, with a slight concavity occupying the space between the
right and left sides of each pair. There is no ventrolateral ridge
that connects the anterior and posterior chevron facets. A longi-
tudinal ventral hollow on caudal vertebrae, typically considered
a titanosaurian character (Wilson, 2002; Curry Rogers, 2005;
D’Emic 2012), is not present in Rukwatitan. The neural arch is
positioned over the anterior half of the centrum, with a trans-
verse process that projects laterally at the dorsal limit of the cen-
trum. The former trait has been wused to characterize
Titanosauriformes (Upchurch, 1995, 1998; Salgado et al., 1997,
Wilson, 2002; Curry Rogers, 2005). The transverse process
pinches distally, forming a dorsoventrally restricted, rounded
plank that exhibits a slight posterior curve (Fig. 6C, E). This pos-
terior curve extends to the posterior margin of the centrum, simi-
lar to the anterior caudal vertebrae of some titanosauriforms
such as Malawisaurus (Gomani, 2005). This differs from the con-
dition exhibited by Andesaurus and other titanosauriforms in
which it extends past the posterior margin of the centrum (Man-
nion and Calvo, 2011; Mannion et al., 2013). A subtle tubercle
lies near the junction of the transverse process and the neural
arch. This feature is well developed in the more derived titano-
saurians such as Baurutitan britoi (Kellner et al., 2005) and Epac-
thosaurus scuittoi (Martinez et al., 2004). The neural arch is
robust and exhibits a tall neural spine that angles slightly poster-
odorsally (Fig. 6B, D). Whereas the prespinal and postspinal
laminae are present, laminae formed by the confluence of the
spinoprezygapophyseal and spinopostzygapopyhseal laminae are
only weakly developed. Both prespinal and postspinal fossae are
present, with the postspinal fossa being deeper than the prespinal
fossa (Fig. 6C, D). Several small fossae line the walls within the
prespinal fossa. The prezygapophysis projects anteriorly past the
anterior margin of the centrum. A subtle tubercle is present on
the spinoprezygopophyseal lamina between the facet and the
neural spine. This tubercle extends ventrally along the medial
surface as a ridge. This feature is also present in saltasaurids,
Phuwiangosaurus, and Tangvayosaurus (D’Emic, 2012). The
prezygapophyseal facet is subcircular and is steeply angled dor-
somedially. The intraprezygapophyseal lamina is restricted to a
small contribution at the ventral limit of the prespinal fossa
(Fig. 6C). There is a weakly excavated postzygapophyseal cen-
trodiapophyseal/spinodiapophyseal fossa (Wilson et al., 2011)
just anterior to the postzygapophysis (Fig. 6D, K). The postzyga-
pophyseal facet is directed ventrolaterally, roughly teardrop-
shaped, with the tail directed dorsally, and slightly concave. The
intrapostzygapophyseal lamina is present and thin.

A total of six middle caudal vertebrae (Figs. 2D, 7), including
an articulated series of three vertebrae, were recovered. All are
very well preserved except for two specimens. In the first incom-
plete specimen, the neural arch is sheared along an oblique plane
and only preserves the centrum, pedicles, and prezygapophyses.
Fortunately, a partial neural arch that includes the neural spine
and postzygapophyses was recovered separately from the quarry.
The broken edges of each partial vertebra are complementary
(e.g., part of the vertebrae was found in the in situ mudstone
facies and the other part was found in the adjacent fluvial sand-
stone facies), thereby allowing a direct association between the
two pieces (Fig. 2D; see Sedimentologic and Taphonomic Con-
text, above). The second incomplete specimen is a recovered dis-
tal middle caudal and is heavily eroded, preserving a partial and
damaged centrum and the base of the neural arch (Fig. 7I-L).
The centrum of the anterior-most middle caudal vertebra is
slightly rhomboidal in lateral view, canting anteriorly (Fig. 7A).
The other five middle caudal vertebrae appear rectangular in lat-
eral view. Generally, the centrum of the middle caudal vertebrae
exhibits a nearly flat anterior articular facet and a posterior facet
that is slightly concave, a state that differs from derived titano-
saurians in which the middle caudal vertebrae are procoelous
(Wilson, 2002; Upchurch et al., 2004). The centrum is only

slightly concave laterally and ventrally and is subrectangular in
shape, similar to the anterior caudal vertebrae described above.
The anterior and posterior chevron articular facets are not well
developed and do not connect by means of a ventrolateral ridge
(Fig. 7A, F). The ventral surface is smooth and lacks a longitudi-
nal hollow (Fig. 7H, L). The transverse process is greatly
reduced and consists of a laterally facing circular rugosity. Inter-
estingly, the left transverse processes in the articulated middle
caudal series consist of small projections originating from the
ventral portion of the rounded rugosity, but these features are
not preserved on the right side (Fig. 7B). It is likely that this rep-
resents the normal decrease in size of the transverse processes
along the caudal series and is asymmetrically preserved. The dor-
sal part of the circular rugosity is represented by a weakly devel-
oped tubercle (Fig. 7C-E, I). The ventrally reduced transverse
process and dorsally developed tubercle in middle caudal verte-
brae are well developed in the derived titanosaurian Baurutitan
britoi and less so in Alamosaurus sanjuanensis (Kellner et al.,
2005). Kellner et al. (2005) suggests that the dorsal tubercle is
homologous with a similar tubercle on the transverse process in
anterior caudal vertebrae; however, other titanosaurians (e.g.,
Saltasaurus loricatus and Neuqeunsaurus australis) do not exhibit
the tubercle on the transverse process of anterior caudal verte-
brae. Moreover, Epacthosaurus and Gondwanatitan both exhibit
“lateral ridges” (Salgado et al., 1997:27) at the approximate loca-
tion indicated by Kellner et al. (2005). Whether the lateral ridges
and the dorsal tubercle are homologous remains unclear. Rukwa-
titan exhibits a condition similar to that in Baurutitan, with the
tubercle less developed in more anterior caudals in the former.
The neural arch is positioned anteriorly on the centrum, similar
to the condition observed in the more anterior vertebrae within
the caudal series. The neural spine is transversely compressed,
anteroposteriorly expanded, and canted posterodorsally. The
spinoprezygapophyseal and spinopostzygapopyhseal laminae of
the neural arch are only weakly developed, but prespinal and
postspinal laminae are well developed. As such, the pre- and
postspinal fossae are present and ventrally bounded by short
intraprezygapophyseal and intrapostzygapophyseal laminae,
respectively (Fig. 7D, E). The prezygapophysis extends slightly
past the anterior end of the centrum. The prezygapophyseal facet
is oval, flat, and steeply inclined dorsomedially. The postzyga-
pophysis overhangs the posterior third of the centrum and is oval
and slightly concave. A weakly developed postzygapophyseal
centrodiapophyseal/spinodiapophyseal fossa (Wilson et al.,
2011) is present on the base of the neural spine just anterior to
the postzygapophysis (Fig. 7A).

Ribs

Multiple cervical ribs have been preserved and are fused with
their respective cervical vertebrae (Figs. 4, 5). Cervical ribs asso-
ciated with the posterior cervical series are elongate and extend
beyond the succeeding vertebra, with rib shafts positioned imme-
diately ventral relative to the shaft of succeeding cervical ribs.
The cervical rib of the PCV is reduced such that the rib shaft
only extends minimally from the capitulotubercular contacts.
Many of the cervical ribs have been recovered or prepared in dis-
crete pieces that were in articulation and close association. The
anterior projection of the cervical rib is dorsoventrally flattened
and only extends to the posterior margin of the condyle (Fig. 4E,
F). This differs from the condition in Malawisaurus in which the
anterior projection extends to the anterior margin of the condyle
in the posterior cervical series (Gomani, 2005:fig. 9). The proxi-
mal dorsomedial surface of the cervical rib possesses multiple
shallow, pneumatic excavations. The cross-sectional shape of the
rib shaft trends from a dorsoventrally compressed plank proxi-
mally to rod-like distally.
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FIGURE 7. Middle caudal vertebrae of
Rukwatitan bisepultus (RRBP 07409). A-C,
articulated series of three middle caudal ver-
tebrae; A, right lateral; B, dorsal; and C, last
caudal vertebra of the series in left anterolat-
eral views. D-H, isolated middle caudal ver-
tebra; D, anterior; E, posterior; F, right
lateral; G, dorsal; and H, ventral views. I-L,
isolated distal middle caudal; I, anterior; J,
posterior; K, right lateral; and L, ventral
views. Anterior is to the right in A-B, F-H,
and K-L. Abbreviations: po, postzygapophy-
sis; pocdf/posdf, postzygapophyseal centro-
diapophyseal/spinodiapophyseal fossa; pr,
prezygapophysis; tp, transverse process; tub,
tubercle. Scale bar equals 5 cm.

Multiple disarticulated dorsal ribs have been recovered
(Fig. 2A), but the majority of these elements do not preserve
proximal or distal ends. Three partial left anterior dorsal ribs
were recovered in close association with the left scapular blade,
and a right posterior dorsal rib preserving the capitulum, tuberc-
ulum, and proximal region of the shaft was also recovered
(Fig. 8A-D). Of the three preserved anterior dorsal ribs, one
preserves the majority of the proximal end albeit with slight ero-
sion of the tuberculum and partial capitulum (Fig. 8A, B). Cam-
ellate texture can be seen due to the erosional surface along the
tuberculum and seems to be present proximally but not within
the shaft distally. The capitulum and tuberculum are widely sep-
arated by a capitulotubercular web that exhibits multiple, shal-
low pneumatic fossae across its medial surface (Fig. 8B).
Proximally at this level, the rib moderately bulges out laterally
before becoming transversely compressed along the shaft. Gen-
erally, the cross-sections of the recovered partial dorsal ribs are
transversely compressed and plank-like throughout the length,
typical of titanosauriforms (Wilson, 2002).

The proximal third of a right posterior dorsal rib (Fig. 8C, D)
is well preserved, with the exception of slight erosion on the sur-
face of the capitulum and tuberculum. An acute angle separates
the supporting axes of capitulum and tuberculum, indicating a
posterior position of the rib along the vertebral column. There is

a slight ‘kink’ in the rib shaft immediately distal to the junction
of the capitular and tubercular axes, with the remainder of the
rib shaft being transversely expanded and plank-like. A single,
large pneumatic foramen pierces the shaft at the base of the
capitulotubercular web (Fig. 8D). Pneumatic anterior dorsal ribs
are common among titanosauriforms (Wilson and Sereno, 1998;
Wilson, 2002). Although the extent and patterning of pneumatic
features in posterior dorsal ribs remain relatively unknown (Wil-
son and Sereno, 1998; Wilson, 2002; Wedel, 2003), pneumaticity
within this region is minimally present in Malawisaurus and Dia-
mantinasaurus (Gomani, 2005; Hocknull et al., 2009).

Chevron

One partial chevron blade and a single complete chevron were
recovered, with the latter being well preserved (Fig. 8E-G). The
partial chevron blade is larger and assumed to be from a more
anterior position, but is otherwise unremarkable. The complete
chevron is deeply divided to approximately one-half of the total
length and unforked (Fig. 8E, F), as is typical in titanosaurians
(Wilson, 2002). The division between the rami forms a narrow
‘V’ shape, and the articular ends are not joined together by a
crus (Fig. 8E, G). The flat articular facets are subtriangular and
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FIGURE 8. Dorsal rib and chevron morphology of Rukwatitan bisepul-
tus (RRBP 07409). A-B, anterior dorsal rib; A, posterior; and B,
close-up views, with B illustrating the detailed morphology of the capitu-
lotubercular web. C-D, posterior dorsal rib; C, anterior; and D, posterior
views. E-G, chevron; E, anterior; F, left lateral; and G, dorsal views.
Anterior is toward the top in G. Abbreviations: cam, camellate texture;
cap, capitulum; pf, pneumatic foramen; tub, tuberculum; w, capitulotu-
bercular webbing. Scale bars equal 5 cm.

face posteromedially. The distal half of the chevron is laterally
compressed and expanded anteroposteriorly.

Pectoral Girdle

Pectoral elements of Rukwatitan are currently limited to the
left scapular blade and portions of both coracoids (Fig. 9). Unre-
markable portions of the right scapula(?) were recovered, but
are otherwise heavily eroded and extremely fragmentary. The
left scapular blade is well preserved and is associated with the

Proximal «——> Distal

FIGURE 9. Left scapular blade morphology and left coracoid of Ruk-
watitan bisepultus (RRBP 07409). A-D, left scapular blade; A, lateral; B,
ventral; C, proximal; and D, distal views. B and D are digital reconstruc-
tions based on computed tomography (CT) scans. E-G, left coracoid; E,
lateral; F, medial; and G, posterior views. Abbreviations: cf, coracoid
foramen; gl, glenoid; scap, scapular articulation. Scale bars equal 5 cm.

three proximal dorsal ribs noted above (Fig. 9A-D). The partial
left coracoid preserves part of the coracoid foramen, partial
scapular and glenoid articular surfaces, and the anteroventral
aspect of the element. The right coracoid exhibits a slightly bet-
ter scapular articular surface, but the remainder has been eroded
away and weathered. As such, only the left coracoid will be
described below.

Scapula—The orientation of the scapula for the description
assumes that the long axis of the blade is positioned along
the anteroposterior axis. The scapular blade is generally
thin, especially along the edges. The blade expands distally
along the dorsal and ventral margins, with the ventral edge
exhibiting a slightly more developed concavity than the dor-
sal margin (Fig. 9A). Proximally, the blade is medially con-
cave and flattens distally. The scapular blade exhibits a
roughly ‘D’-shaped cross-section near the incomplete proxi-
mal end that is common in most neosauropods (Wilson,
2002). In cross-sectional view (Fig. 9C), the ventral margin
tapers to an acute angle and the dorsal margin is rounded.
The distal margin is rugose, more so laterally than medially
(Fig. 9D). The medial surface of the preserved scapular
blade does not exhibit the ventral or dorsal ridges that are
observed in Lirainosaurus astibiae and several other titano-
saurians (Sanz et al., 1999).
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Coracoid—The orientation of the coracoid for the description
assumes that its glenoid contribution faces posteriorly. Because
the anterodorsal portion of the coracoid is not preserved, the
overall shape cannot confidently be described as either oval or
rectangular (e.g., character 156 of Wilson, 2002). The presence
of fortuitous breaks, eroded surfaces, and CT scan data reveal
that the coracoid is not pneumatic as has been interpreted in
some derived saltasaurids (e.g., Cerda et al., 2012a). The lateral
surface is gently convex, with the medial surface being gently
concave. Moderate texturing occurs near the scapular and gle-
noid articular surfaces. The scapulocoracoid is unfused, and cor-
acoid foramen is inferred to be patent. The partial glenoid is
oval-shaped posteriorly, with a continuing surface facing poster-
olaterally (Fig. 9E, G). There is no prominent, hook-like infra-
glenoid lip as observed in derived titanosaurians such as
Opisthocoelicaudia skarzynskii (Fig. 9E, F; Borsuk-Bialynicka,
1977:pls. 7-8). The ventral corner of the coracoid is rounded, and
the distance between the glenoid and the ventral corner is much
longer than in Malawisaurus dixeyi (Gomani, 2005:fig. 19),
Tapuiasaurus macedoi (Zaher et al., 2011:fig. 5), and Rapetosau-
rus krausei (Curry Rogers, 2009:fig. 33). The coracoid appears to
have been proximodistally longer and approaching the condition
of derived titanosaurians (e.g., saltasaurids; Wilson, 2002), but
due to the incomplete nature of the element, this remains a ten-
tative assessment. The partial anteroventral margin is gently
curved and does not appear rectangular as in more derived tita-
nosaurians (Upchurch, 1998; Wilson, 2002; D’Emic, 2012).

Humerus

The left humerus (Fig. 10A-G) of the holotype of Rukwatitan
is well preserved, although the recovered distal end was dis-
placed (approximately 1.5 m) from the proximal end (see
Fig. 2). In anterior view, the humerus is relatively slender at mid-
shaft, with moderately expanded proximal and weakly expanded
distal ends. The humeral head is positioned medially on the prox-
imal end and extends to an equivalent position with the proximal
end of the deltopectoral crest (Fig. 10A-C, E). The proximal
and lateral margins of the humerus form a squared-off corner
(Fig. 10A), a feature exhibited by many titanosaurians and vari-
ably present within the more inclusive titanosauriforms
(Upchurch, 1999; Wilson, 2002; Upchurch et al., 2004; Mannion
and Calvo, 2011; D’Emic, 2012; Mannion et al., 2013). The
humeral head extends posteriorly and overhangs the posterior
margin of the humeral shaft and continues laterally as a lip
(Fig. 10B, D). The proximal and posterior margins of the
humeral head curve sharply to form this overhanging portion. A
deep coracobrachialis fossa is situated on the anterior surface of
the proximal half of the humerus (Fig. 10A, G). The fossa is
prominent due to the anterior extension of the deltopectoral
crest on the lateral margin of the humerus and anteromedial
extension of the medial ridge. This fossa is clearly visible in prox-
imal and cross-sectional views (Fig. 10E, G) and is even more
apparent in the humerus here referred to Rukwatitan (RRBP
03151; Fig. 10I). Within the coracobrachialis fossa, a rugose
bump (m. coracobrachialis brevis attachment; Borsuk-Bialy-
nicka, 1977) is positioned on the proximomedial surface. The
deltopectoral crest is represented by a ridge that spans from the
proximal end through approximately half of the humeral length
and exhibits a moderate medial expansion along the distal half
(Fig. 10A). The anterior-most margin of the deltopectoral crest

curves slightly laterally (Fig. 10G). The proximal third of the
posterior surface of the humerus is slightly concave, bounded by
the lip along the proximal margin and a prominent posterior pro-
tuberance at approximately one-third of the distance along the
shaft (Fig. 10B, D). An incipient lateral bulge is positioned on
the lateral surface of the humerus at the level of the deltopec-
toral crest and slightly more proximal than the posterior protu-
berance (Fig. 10A-C), similar to the condition in derived
titanosaurians but not Malawisaurus (D’Emic, 2012). The cross-
section at the midshaft is subquadrangular, with flattened ante-
rior, posterior, lateral, and medial surfaces (Fig. 10G, J). This
cross-sectional shape differs from other sauropods where the
cross-sectional outline is either elliptical (most sauropods) or
round (e.g., Rebbachisauridae, Wilson, 2002; however, see Man-
nion et al., 2012:table 4) and is here considered an autapomor-
phy of Rukwatitan. This subquadrangular cross-section is even
more pronounced in the referred humerus (RRBP 03151;
Fig. 10J). The distal humerus expands slightly along the trans-
verse axis, with no evidence of prominent epicondyles. The distal
end is gently convex on both medial and lateral condyles; how-
ever, the distinction between the two condyles is subtle. The
medial condyle projects slightly anterior relatively to the shaft,
whereas the lateral condyle is in-line with the longitudinal axis
(Fig. 10B, D, F). In more derived titanosaurians, the distal con-
dyles are distinct and extend anteriorly from the shaft, whereas
the condition in Rukwatitan only incipiently exhibits this condi-
tion (Wilson, 2002).

An isolated right humerus (RRBP 03151) from a different
locality is also referred to Rukwatitan. Similar in overall mor-
phology (Fig. 10H-K), the specimen is more elongate (by
approximately 10%) and slightly more gracile than the holotype
humerus. The slenderness of the referred specimen is similar to
the derived titanosaurian Muyelensaurus pecheni (Calvo et al.,
2007:fig. 12b), except that the coracobrachialis fossa and proxi-
mal portion is more prominent in Rukwatitan. The element is
well preserved and missing only the posterior and most distal
margins of the medial and lateral condyles. The deep coracobra-
chialis fossa is more developed than on the holotype specimen
due to an accentuated anteromedial ridge. A deep coracobra-
chialis fossa is also described on humeri of the Late Cretaceous
Gondwanatitan faustoi and Argyrosaurus superbus (Kellner and
Azevedo, 1999; Mannion and Otero, 2012); however, the fossa in
Rukwatitan differs from the condition observed in these taxa.
The anteromedial ridge in Argyrosaurus persists for most of the
humeral length and the fossa appears more open proximally
(Mannion and Otero, 2012:fig. 2¢). In Rukwatitan, the anterome-
dial ridge ends roughly halfway along the length of the humerus,
and the coracobrachialis fossa is more constricted by the antero-
medial ridge and pronounced deltopectoral crest. The fossa in
Gondwanatitan is bounded laterally by the anteromedially
curved deltopectoral crest. The deltopectoral crest in Rukwatitan
does not curve medially but rather projects anteriorly. There-
fore, Rukwatitan is unique in having a deep coracobrachialis
fossa that is bounded by a combination of a strong anteriorly
projecting deltopectoral crest and a strong anteromedial ridge
that only persists through the proximal half of the humerus.

Ulna

The right ulna (Fig. 11) is partially preserved and consists
of the shaft and proximal expansions, whereas the proximal

< FIGURE 10. Left humerus (RRBP 07409) and right referred humerus (RRBP 03151) of Rukwatitan bisepultus. A-G, left humerus; A, anterior;
B, lateral; C, posterior; D, medial; E, proximal; F, distal; and G, series of cross-sectional views. Cross-sections in G are digital reconstructions based
on computed tomography (CT) scans. H-K, referred right humerus (images reversed); H, anterior; I, proximal; J, cross-sectional; and K, distal views.
Anterior is to the top in E-G and I-K. Abbreviations: amr, anteromedial ridge; dpc, deltopectoral crest; hh, humeral head; Ib, lateral bulge; lc, lateral

condyle; me, medial condyle; pr, protuberance. Scale bar equals 5 cm.
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FIGURE 11. Right ulna of Rukwatitan bisepultus (RRBP 07409). A,
anterolateral; B, anteromedial; C, posteromedial; D, posterolateral; E,
cross-sectional; and F, distal views. E is a digital reconstruction based on
computed tomography (CT) scans. Anterior is to the top in E and F. Dot-
ted line in C represents level of which E was taken from CT scans.
Abbreviations: alp, anterolateral process; amp, anteromedial process; pp,
posterior process. Scale bar equals 5 cm.

articular surface, olecranon process, and distal end are not pre-
served. The ulna is generally slender and moderately expanded
proximally such that the three proximal processes form an
asymmetrical, tri-lobed cross-section (Fig. 11E). Although the
anteromedial process is more pronounced than either of the
anterolateral or olecranon/posterior processes, all three are rela-
tively slender. The anteromedial and anterolateral processes
form a wide groove along the anterolateral surface to accommo-
date the radius. Midway along the shaft within this groove lies a
low ridge that grades onto the distal portion of the element
(Fig. 11A). Less pronounced grooves are present between the
anteromedial and posterior processes and between the anterolat-
eral and posterior processes. The anteromedial process continues
as a low ridge that persists more distally than do the other two
processes. The medial surface of the shaft bows distally. The pos-
terior surface retains a relatively straight margin throughout its
length. The distal portion of the ulna is not preserved, terminat-
ing near the distal radial articulation. In distal view, the pre-
served ulnar shaft exhibits a subrectangular cross-section
(Fig. 11F).

Pelvic Girdle

The pelvic girdle of Rukwatitan is represented by a nearly
complete left ilium and the proximal portion of the right pubis
(Fig. 12). Although both elements are well preserved, the dorsal
margin of the iliac crest and the distal portion of the pubis were
eroded subsequent to the initial depositional event. The left
ilium was recovered within the overbank mudstone (Fig. 2A).
By contrast, the proximal right pubis was recovered within an
eroded block of the channel sandstone, suggesting that it was
originally eroded at some point in the past and redeposited
within the channel facies. The ilium contributes the largest pro-
portion of the acetabular rim, with an elongated pubic peduncle
and a reduced ischial peduncle. The ischium can be inferred to

contribute a larger portion of the acetabular rim than the pubis
(Fig. 12A, H).

Ilium—The dorsal margin of the ilium is not preserved. It
appears that the ilium is not pneumatic due to the lack of internal
camellate texturing or large internal cells either through direct
observations of eroded surfaces or via CT scans. Several ilia
have been reported or described, with internal morphology con-
sistent with pneumatic bone in the titanosauriform Euhelopus
zdanskyi (Wilson and Upchurch, 2009) and several derived tita-
nosaurians (Saltasaurus loricatus, Rocasaurus muniozi, and Neu-
quensaurus australis, Cerda et al., 2012a; Epachhosaurus sciuttoi,
Martinez et al., 2004; Lirainosaurus, Sanz et al., 1999; Sonido-
saurus sathangaobiensis, Xu et al., 2006; Diamantinasaurus matil-
dae, Hocknull et al., 2009; Alamosaurus sanjuanensis, Woodward
and Lehman, 2009). In these forms, the extent of putative iliac
pneumaticity is generally limited in the dorsal region of the ante-
rior and medial iliac blades, neither of which is preserved in Ruk-
watitan. The preacetabular iliac blade is semicircular and robust
anteriorly (Fig. 12B), as in ilia of most titanosauriforms
(Upchurch, 1998; Wilson and Sereno, 1998; Wilson, 2002). The
preacetabular process flares anterolaterally (Fig. 12C, F) like
most titanosauriforms, but not to the extent that it is perpendicu-
lar to the long axis of the body as exhibited by derived titanosau-
rians (Salgado et al., 1997; Wilson, 2002). The iliac blade thins
towards the middle section of the element, with a rugose surface
texture apparent along the dorsal margin at both anterior and
posterior ends. The preacetabular process is slightly concave
ventrally but flattens along the anteroventral edge of the ele-
ment. The relatively long postacetabular process is nearly level
with the ischial peduncle, but delineated from it by a small notch
(Fig. 12A, D, F). The pubic peduncle is elongate and extends
perpendicular to the long axis of the ilium. The articular surface
for the pubis is teardrop-shaped, with the ‘tail’ of the teardrop
curving posteromedially (Fig. 12F). The lateral margin of the
pubic peduncle is markedly expanded along the anteroposterior
axis, with a slight lateral bulge (Fig. 12A, F). The anterior and
posterior margins of the pubic peduncle meet to form a sharp
medial ridge that spans the length of the peduncle. The posteri-
orly curved, teardrop-shaped articular surface and relatively
slender pubic peduncle of Rukwatitan contrasts with many tita-
nosauriforms wherein the pubic peduncle is transversely
expanded and slightly crescent-shaped. In more derived titano-
saurians such as Neuquensaurus australis (Salgado et al., 2005),
the robust pubic peduncle is teardrop-shaped, with only a mini-
mal posterior curvature. Moreover, Gondwanatitan faustoi
(Kellner and Azevedo, 1999:fig. 18) also exhibits a significant
transverse expansion of the pubic peduncle. The titanosaurian
pelves described in Campos and Kellner (1999) are also similar
to the condition in Gondwanatitan. Thus, Rukwatitan is unique
in exhibiting a slender, curved, teardrop-shaped pubic peduncle
that is less transversely expanded than in derived forms. By
contrast, the ischial peduncle is low, rounded, and somewhat
crescent-shaped, with an anterolaterally facing concavity
(Fig. 12F).

Pubis—The proximal end of the right pubis is preserved, with
slight surface erosion on the articular surfaces for both the ilium
and ischium (Fig. 12G-L). The acetabular margin and oval obtu-
rator foramen are well defined (Fig. 12G, H), with the latter
entirely enclosed by surrounding bone. The obturator foramen is
positioned ventral to the posterior aspect of the acetabular mar-
gin. The long axis of the obturator foramen appears to be slightly
offset from the long axis of the pubis. This would differ from
Andesaurus and other titanosauriforms in which the long axis of
the obturator foramen is in-line with the long axis of the pubic
shaft (Mannion and Calvo, 2011). This inference is tentative
owing to the absence of the distal pubic shaft and its exact orien-
tation relative to the body and obturator foramen. The cross-sec-
tion along the fracture plane is thin and teardrop-shaped, with
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FIGURE 12. Pelvic girdle of Rukwatitan bisepultus (RRBP 07409). A-F, left ilium; A, lateral; B, anterior; C, dorsal; D, medial; E, posterior; and F,
ventral views. Ilium images are digital reconstructions based on computed tomography (CT) scans. G-L, right pubis; G, lateral; H, medial; I, anterior;
J, posterior; K, dorsal; and L, ventral views. Abbreviations: ace, acetabulum; amb, pubic ambiens; ilp, iliac peduncle; ip, ischial peduncle (of ilium);
isp, ischial peduncle (of pubis); of, obturator foramen; poap, postacetabular process; pp, pubic peduncle; prap, preacetabular process. Scale bar equals

5 cm.

the wider part positioned medially. The pubic ambiens process is
weakly developed, short, and slightly angled with respect to the
anterior margin of the pubis. The articular surface for the ilium
is broad, flat, and triangular, with a convex anterior surface. This
surface grades into the slightly curved acetabular margin posteri-
orly. The ischial articular surface faces posterodorsally and forms
a steep angle relative to the acetabular margin (Fig. 12H). The
ischial articulation sweeps laterally before abruptly ending at the
incomplete distal end.

PHYLOGENETIC RELATIONSHIPS

The phylogenetic affinity of Rukwatitan was assessed using the
character definitions and data matrix of Wilson (2002), with
modifications from the Zaher et al. (2011) analysis of Tapuiasau-
rus macedoi. Zaher et al. (2011) also included the Early-middle

Cretaceous somphospondylans Diamantinasaurus matildae
(Hocknull et al., 2009), Tangvayosaurus hoffeti (Allain et al.,
1999), and Phuwiangosaurus sirindhornae (Suteethorn et al.,
2009). Additionally, Andesaurus delgadoi (Calvo and Bonaparte,
1991) was incorporated into the data matrix based on redescrip-
tions from Mannion and Calvo (2011). Andesaurus serves as a
key taxon in defining Titanosauria (Andesaurus delgadoi, Salta-
saurus loricatus, their most recent common ancestor and all
descendants; Bonaparte and Coria, 1993; Wilson and Upchurch,
2003; D’Emic, 2012; Mannion et al., 2013) and for explicitly test-
ing the titanosaurian affinities of Rukwatitan. The addition of
Rukwatitan to this matrix brings the total number of taxa to 35
(see Supplementary Data, Appendix S1). Zaher et al. (2011)
added 12 cranial characters to this matrix based on information
from Upchurch et al. (2004), Curry Rogers (2005), and Wilson
(2005), resulting in a total of 246 characters (see Supplementary
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Data, Appendix S2). In addition to adding the novel scorings for
Rukwatitan, the current phylogenetic analyses include modified
scorings for Euhelopus zdanskyi (Wilson and Upchurch, 2009;
Zaher et al., 2011). Characters 8, 37, 64, 66, and 198 were treated
both as ordered (as originally in Wilson, 2002) and unordered
states. However, the topologies of the ordered and unordered
analyses are indistinguishable from one another. A total of
51 characters (approximately 21% of the total characters,
and 30% of the postcranial characters) were scored for Ruk-
watitan. Although the total number of scored characters may
seem low (79% missing data from the total characters), the
variety of scored characters represents several different
regions of the skeleton, including axial and both appendicular
regions.

Parsimony analyses were conducted in PAUP version 4.0b10
(Swofford, 2003) using random addition and tree-bisection-
reconnection options within the heuristic search framework and
was cycled for 10,000 repetitions. Both bootstrap and jackknife
resampling analyses were performed to calculate nodal support
values (Felsenstein, 1985; Farris et al., 1996). In addition,
Bremer support values were generated (Bremer, 1994). Each
resampling analysis ran 1000 replicates using the heuristic search
algorithm with random addition and tree-bisection-reconnection
options in PAUP version 4.0b10 (Swofford, 2003). Jackknife val-
ues over 50% are reported in Figure 13, whereas the bootstrap
values can be accessed from Supplemental Data. The heuristic
search produced 24 most parsimonious trees (MPTs) with a
length of 484 steps. The strict consensus effort results in a mostly
resolved tree, except for polytomies within the Rebbachisauridae
and Tangvayosaurus, Andesaurus, Rukwatitan, Malawisaurus,
and more derived titanosaurians nodes. The majority-rule con-
sensus tree maintains the polytomies within Rebbachisauridae
and with Tangvayosaurus, Andesaurus, and more derived titano-
saurians (Fig. 13A). Not surprisingly the consensus trees are
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generally consistent with the tree topologies as promoted by
both Wilson (2002) and Zaher et al. (2011). Rukwatitan is placed
outside the clade formed by Malawisaurus and more nested tita-
nosaurians (hereafter Lithostrotia; sensu Upchurch et al., 2004;
D’Emic, 2012) in 63% of the 24 MPTs, whereas the latter group-
ing is seen in 75% of the 24 MPTs. A suite of characters (indi-
cated by the bracketed numbers; see Character List in Appendix
S2) support the relationship of Rukwatitan with Lithostrotia,
including undivided pleurocoels on cervical vertebrae [83], pro-
coelous anterior caudal vertebrae [118], and acromial edge of
the distal scapular blade not expanded [152]. However, several
of these characters have also been identified elsewhere within
Sauropoda: procoelous anterior caudal vertebrae are found in
some diplodocoids (e.g., Diplodocus) and non-neosauropods
such as Mamenchisaurus, Bellusaurus, and Turiasaurus (Young,
1954; Dong, 1990; Royo-Torres et al., 2006), and an unexpanded
acromial edge of the distal scapular blade is found in some
non-neosauropods, diplodocoids, and Euhelopus (Wilson, 2002;
Wilson and Upchurch, 2009; D’Emic, 2012). Thus, the features
listed that support Rukwatitan with Lithostrotia as a clade are
informative when viewed within the context of Titanosauri-
formes. Rukwatitan is positioned among basal titanosaurians and
is excluded from Lithostrotia by the absence of a ventral longitu-
dinal hollow on the caudal vertebrae [132], a character that has
also been used to help diagnose titanosaurians (Wilson, 2002;
Curry Rogers, 2005; D’Emic, 2012).

In addition to the parsimony-based phylogenetic analysis dis-
cussed above, a Bayesian phylogenetic analysis was performed
to evaluate the relationship of Rukwatitan within a model-based
framework to provide a complementary assessment and perhaps
to aid in resolving the ambiguities (e.g., low Bremer and jack-
knife values; Fig. 13A) surrounding the basal titanosaurian area
of the trees produced from the parsimony analysis. Only a hand-
ful of Bayesian analyses have incorporated morphological data
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FIGURE 13. Results of the parsimony and Bayesian phylogenetic analyses. A, the 24 most parsimonious trees reduced into a majority-rule consensus
tree, with frequency of clades (>50%) in parentheses and Bremer and jackknife (>50%) nodal support values where applicable; B, resultant Bayesian
topology from the gamma rates model with posterior probabilities at each node. Abbreviations: Dip, Diplodocoidea; Lith, Lithostrotia; Salt, Saltasaur-

idae; Titan, Titanosauria; Tsf, Titanosauriformes.
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in combination with molecular data or used morphological data
exclusively. For examples of combined data sets, see Nylander
et al. (2004), Lee (2005), Wiens et al. (2005, 2010), Magalldn,
(2010), Pyron (2011), Ronquist et al. (2012), and Wood et al.
(2013), and for exclusively morphological data sets, see Lewis
(2001), Miiller and Reisz (2006), Clarke and Middleton (2008),
Snively and Cox (2008), Prieto-Marquez (2010), Kear and Bar-
rett (2011), and Lee and Worthy (2012), with the latter six stud-
ies focused on morphological data exclusively within vertebrate
paleontology. The Bayesian approach used herein generally fol-
lows the analytical protocol of Nylander et al. (2004) and Prieto-
Marquez (2010), in which the Mk model (Markov model with ‘k’
number of observed states; Lewis, 2001) is used as the standard
likelihood model for morphological data in MrBayes 3.1.2 (Huel-
senbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003).
As addressed by Miiller and Reisz (2006) and Prieto-Marquez
(2010), the Mk model is better suited when autapomorphies are
included in the data set in order to prevent biased estimation of
the branch length parameters, because this in turn may influence
tree topology (Lewis, 2001; Miiller and Reisz, 2006). Miiller and
Reisz (2006) reported only minor differences in branch lengths,
posterior probabilities, and taxon placement in analyses that
alternatively omitted or included autapomorphies. We included
autapomorphies in the present analyses in order to better esti-
mate the branch length parameters (see Appendix 2; Miiller and
Reisz, 2006; Prieto-Mérquez, 2010). Future studies exploring the
influence of autapomorphies on the models and topologies are
needed to expand upon the Bayesian phylogenetic methodology
for morphological data where only variable characters are gener-
ally recorded (Lewis, 2001).

The Bayesian analysis was performed using two different mod-
els. The first model assumed equal rates of character change
(equal-rates model) and the second model assumed variable
rates of character change as established by a gamma-shaped dis-
tribution parameter (gamma rates model). The default priors in
MrBayes 3.1.2 were used, with each analysis continuing through
14,000,000 generations and sampled every 100 generations with 3
chains (1 ‘cold’ chain and 2 ‘hot’ chains sampling the tree space).
The first 25% of sampled generations were discarded as the
‘burn-in,” with the remaining samples used to construct the con-
sensus tree (the choice of 25% burn-in is the default value for
the convergence diagnostics in MrBayes and is usually enough to
discard the initial ‘climbing’ phase before reaching stationarity;
Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck,
2003). Both trials reached stationarity early during the runs from
both graphical (using the ‘sump’ command in MrBayes creates a
trace plot of the log-likelihoods per sampled generation) and sta-
tistical (standard deviation of split frequencies below 0.05) per-
spectives. Selection of the preferred model may be determined
in two ways. The first criterion selects the model with the har-
monic mean of the log-likelihoods closest to 0, whereas the sec-
ond criterion uses the harmonic means from the different models
to compute the Bayes factor, a statistic to assess which model is
more strongly supported by the data (Kass and Raftery, 1995;
Miiller and Reisz, 2006). The Bayes factor is twice the difference
of the harmonic means from the two models. Any difference
greater than 10 indicates a strong difference between the two
models, in which case the model with the log-likelihood closest
to 0 is the preferred model.

The resultant topologies from both equal and gamma rates
Bayesian models are in general agreement, with only minor
differences in branch lengths and nodal posterior probabilities.
Perhaps most importantly the Bayesian topologies generally
agree with the parsimony topology. The harmonic mean of the
log-likelihoods of the equal-rates model is —3355.03 and the
gamma rates model is —3237.85. Based on log-likelihoods alone,
the gamma rates model is preferred over the equal-rates model.
The Bayes factor, twice the difference of the harmonic means of

the log-likelihood, is equal to 234.36 and suggests that the pref-
erence for the gamma rates model is strongly supported. Herein,
the Bayesian topology discussed will be based on the gamma
rates model and is figured showing all compatible groupings
(Fig. 13B; the equal-rates model topology is not figured but the
tree file is available in Supplemental Data). The posterior prob-
ability for the clade of Rukwatitan and Lithostrotia (notably in
the same position as in the parsimony analysis) is well supported
at 90%, but Lithostrotia is markedly lower at a posterior proba-
bility of 66%. The derived titanosaurian clade (to the exclusion
of Rukwatitan and Malawisaurus) has a high posterior probabil-
ity at 99% (Fig. 13B). This suggests that Malawisaurus is only
slightly more probable to form a clade with derived titanosau-
rians than if Rukwatitan was grouped with derived titanosau-
rians or as sister taxon to Malawisaurus. The results of the
Bayesian analysis indicate some ambiguity in the position of
Rukwatitan and Malawisaurus with respect to derived titanosau-
rians. This ambiguity is consistent within the parsimony frame-
work, because the addition of one extra step to the tree can
place Rukwatitan as either sister taxon to Malawisaurus or more
derived than Malawisaurus. Areas of difference between the
parsimony and Bayesian topologies include the placement of
Diamantinasaurus, Isisaurus, and Nemegtosaurus in the Bayes-
ian analysis (however, note that these taxa are not well sup-
ported in their placement with low posterior probabilities of
68%, 40%, and 60%, respectively). In contrast to more recent
analyses, Nemegtosaurus is no longer positioned among the
clade of titanosaurians (e.g., the clade of Rapetosaurus and
Tapuiasaurus, which has a low posterior probability of 34%)
best known from well-preserved cranial material (e.g., Zaher
et al., 2011:fig. 7). Instead, Nemegtosaurus is positioned rela-
tively closer to Saltasaurus, the only other taxon of derived
titanosaurians in the data matrix that preserves cranial mate-
rial. Characters that support Nemegtosaurus outside of the
Rapetosaurus and Tapuiasaurus clade and more closely
related to Saltasaurus include basipterygoid process diverging
at an angle less than 30° [47], sheet-like basal tubera [48],
and deeper, anterior ramus relative to minimum depth of the
dentary [55]. Finally, to further evaluate both trees, we calcu-
lated the total number of additional steps required to gener-
ate the topology for the Bayesian tree within a parsimony
framework using Mesquite version 2.75 (Maddison and Mad-
dison, 2011) and then compared the score with the parsimony
tree. The number of steps for the Bayesian tree is 486 com-
pared with the 484 steps for the parsimony tree. The main
difference between the topologies of the two analyses occurs
with regard to the placement of several taxa within Lithostro-
tia as discussed above. The Bayesian topology is only two
steps longer than the parsimony topology. This is generally
similar to the results of Miiller and Reisz (2006), who
reported that topologies of their Bayesian analyses were
three to four steps longer than their MPT.

Opverall, both the parsimony and Bayesian topologies broadly
agree with one another and specifically in the placement of Ruk-
watitan as a basal titanosaurian to the exclusion of lithostrotian
titanosaurians (Fig. 13). Interestingly, Rukwatitan shares select
lithostrotian characters proposed as part of recent efforts to
characterize relationships among titanosauriforms (D’Emic,
2012; Mannion et al., 2013). For example, the presence of an
elongate (i.e., at least half the functional centrum length) para-
pophysis in posterior cervical vertebrae and procoelous anterior
caudal vertebrae of the D’Emic (2012) analysis would suggest
lithostrotian affinities for Rukwatitan. Additionally, Rukwatitan
exhibits the incipient expression of a tubercle on the dorsal mar-
gin of the prezygapophysis in the anterior caudal vertebrae and a
humerus with a weakly developed posterolateral bulge at the
level of the deltopectoral crest, both of which are considered
synapomorphies of Saltasauridae (D’Emic, 2012). Similarly,
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Mannion et al. (2013) identified other lithostrotian features that
are expressed in the Rukwatitan materials, including an undi-
vided lateral condyle on the humerus in his standard character
(LSDM) analysis and the lack of ventral keel in postaxial cer-
vical centra in his continuous and discrete character (LCDM)
analysis. However, it is important to note that both authors
primarily focused on relationships of non-titanosaurian titano-
sauriforms. Although the current data matrix includes 12 tita-
nosaurian taxa, this represents a fraction of the total number
(over 50 genera) of potential titanosaurians established
to date. Hence, the current study provides a first approxima-
tion for establishing the basic phylogenetic affinities of
Rukwatitan.

DISCUSSION AND CONCLUSIONS

Rukwatitan bisepultus represents an important new taxon for
characterizing southern African Cretaceous faunas for two rea-
sons. First, Rukwatitan is a prominent member in a relatively
new middle Cretaceous African fauna from the Rukwa Rift
Basin (RRB) and allows for direct comparisons with the titano-
saurian Malawisaurus dixeyi from the potentially penecontem-
poraneous and geographically proximate Dinosaur Beds (DB) of
Malawi. The current phylogenetic analyses suggests Rukwatitan
not as the sister taxon to Malawisaurus, but rather as a non-lith-
ostrotian titanosaurian. Taken together, both Rukwatitan and
Malawisaurus form a paraphyletic African grade (although with
some ambiguity noted in Phylogenetic Relationships, above).
Second, Rukwatitan contributes to the characterization of Meso-
zoic African faunas more generally and facilitates comparisons
among southern (i.e., sub-Saharan) and northern (i.e., circum-
Saharan) African Cretaceous faunas. The regional biotic similar-
ity hypothesis (O’Connor et al., 2006) posits a significant overlap
between the sub-Saharan RRB and the DB faunas, with the sub-
Saharan faunas being generally distinct from the circum-Saharan
faunas.

The holotype of Rukwatitan bisepultus is complete enough to
allow a detailed comparison with Malawisaurus dixeyi (Jacobs
et al., 1993; Gomani, 2005). Based on overall size, Rukwatitan
appears larger than any of the recovered material of Malawisau-
rus. The maximum centrum lengths of posterior cervical verte-
brae and the maximum length of the humerus in Rukwatitan are
all significantly longer than equivalent elements recovered for
Malawisaurus (see Table 1 for Rukwatitan measurements; see
tables 2, 5, and 8 in Gomani [2005] for Malawisaurus measure-
ments). For example, the holotype and referred humeri of Ruk-
watitan are approximately 20% and 28% longer, respectively,
than the longest of the three reported humeri of Malawisaurus
(MAL-316; Gomani, 2005:table 7). This may be attributed to dif-
ferences in ontogenetic stage between the specimens, but the
extent of skeletal fusion (e.g., fusion of neural arches and centra
along the axial skeleton) within both taxa suggests relatively
(skeletally) mature individuals. Additionally, the anterior projec-
tion of the cervical rib in Malawisaurus extends to the anterior
margin of the condyle of the posterior cervical centrum, whereas
it only extends to the junction of the condyle and anterior margin
of the posterior cervical centrum in Rukwatitan. The caudal
vertebral series also provide an opportunity for comparative
observations. The following features are shared between Mala-
wisaurus and Rukwatitan: (1) procoelous anterior caudal verte-
bra; (2) vertebrae that become progressively more amphiplatyan
in the middle caudal series; and (3) anterior caudal vertebra with
a flat ventral surface (e.g., see MAL-200; Gomani, 1999:fig.1;
Gomani, 2005:figs. 14-16). Notable differences between the two
taxa include (1) anterior caudal vertebra with an anteroposterior
sulcus immediately ventral to the transverse process and middle
caudal vertebrae with (2) prominent chevron articular facets;
and (3) a ventral longitudinal groove (Gomani, 1999, 2005) in

Malawisaurus, but not in Rukwatitan. Additionally, middle cau-
dal vertebrae of Malawisaurus exhibit a prezygapophysis that is
nearly parallel along the anteroposterior axis and a dorsally
directed neural spine. In contrast, middle caudal vertebrae of
Rukwatitan possess an anterodorsally projecting prezygapophy-
sis and posterodorsally angled neural spine. Moreover, a number
of differences are apparent in the appendicular skeleton between
the two taxa. For example, the coracoid of Rukwatitan is proxi-
modistally elongate relative to Malawisaurus based on the dis-
tance between the glenoid and anteroventral corner. The humeri
of Rukwatitan differ from Malawisaurus (MAL-221; Gomani,
2005) in having (1) a more robust proximal end with a well-
developed humeral head; (2) a deep coracobrachialis fossa; and
(3) aless transversely expanded medial condyle at the distal end.
Malawisaurus also lacks the prominent posterior protuberance,
the lateral bulge, and the subquadrangular midshaft cross-section
observed in Rukwatitan. Finally, the ulna of Rukwatitan has a
wider radial fossa than that in Malawisaurus (MAL-218;
Gomani, 2005:fig. 21). These specific morphological findings are
consistent with the results of the phylogenetic analyses con-
ducted herein and support Rukwatitan as a distinct taxon from
Malawisaurus.

Previous preliminary sauropod comparisons between the RRB
and DB faunas have included isolated sauropod teeth (RRBP
[TNM] 02093; Roberts et al., 2004; Stevens et al., 2008) and iso-
lated procoelous middle caudal vertebrae (RRBP [TNM] 02065,
RRBP [TNM] 02072) from locality TZ-07, all of which have
been provisionally referred to Titanosauria (O’Connor et al.,
2006). Those procoelous middle caudal vertebrae contrast with
the morphology observed in both Rukwatitan (this contribution)
and Malawisaurus (Jacobs et al., 1993; Gomani, 1999, 2005), in
which the middle caudal vertebrae are amphiplatyan/amphicoe-
lous. Hence, the recovery of procoelous middle caudal centra
from the Galula Formation suggests the presence of at least one
additional derived titanosaurian in the RRB fauna. It is notable
that Gomani (1999) also described two additional types of caudal
vertebrae along with the caudal elements of Malawisaurus dix-
eyi. The first type, referred to as ‘undesignated morph 1’ (MAL-
5 from locality CD-4; Gomani, 1999, 2005), is generally similar to
the caudal vertebrae described by O’Connor et al. (2006),
because both are procoelous middle caudal vertebrae of derived
titanosaurian affinities. However, the second vertebral series,
referred to as ‘undesignated morph 2’ (MAL-1, MAL-3, MAL-
222, and MAL-230 from locality CD-9, the same bone bed that
the holotype of Malawisaurus was recovered; Gomani, 1999,
2005), shares some characteristics with Rukwatitan. For example,
these middle—distal caudal vertebrae are subrectangular, amphi-
coelous, and exhibit relatively poorly developed chevron facets.
However, ‘undesignated morph 2’ vertebrae also exhibit a weak
longitudinal groove on the ventral surface of the centrum and
have a vertically oriented neural spine, features not observed in
the recovered middle caudal vertebrae of Rukwatitan. This
seems to suggest that there were, at minimum, four different
titanosaurian morphs  (i.e., Malawisaurus, Rukwatitan,
‘undesignated morph 1,” ‘undesignated morph 2’) in sub-Saharan
Africa during the middle Cretaceous. How the variation
observed in ‘undesignated morph 1’ and ‘undesignated morph 2’
from Malawi and the unassigned materials from the RRB relate
to either Rukwatitan or Malawisaurus remains unresolved.
Moreover, the way in which these vertebral morphs may be affili-
ated with the other Dinosaur Beds titanosaurian, Karongasaurus
gittelmani, also remains unresolved. The holotype of this taxon is
based entirely on an isolated dentary and several referred teeth
(dentary, MAL-175; teeth, MAL-7, 10-16, 33, 36, 39, 153, 156,
267-269, 271, 272, 307; Gomani, 2005). The teeth associated with
Karongasaurus are narrow-crowned, with a high-angled wear
facet, features typical of derived titanosaurians (Upchurch, 1998;
Wilson, 2002; Upchurch et al., 2004) but that differ significantly
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from the teeth of Malawisaurus. The teeth in the latter form are
broad, but not spoon-shaped, with high angle wear facets
(Gomani, 2005). The future recovery of better preserved, associ-
ated, and articulated materials will allow these issues to be
addressed.

Rukwatitan bisepultus adds an important new taxonomic
datum to the terrestrial vertebrate record of continental Africa
during the middle Cretaceous. The basal titanosaurians Malawi-
saurus dixeyi (Gomani, 2005) and Rukwatitan aid in supporting
the regional biotic similarity hypothesis put forth by O’Connor
et al. (2006) and the more general regional endemism hypothesis
(Jacobs et al., 1996) to account for the distribution of terrestrial
vertebrate faunas on continental Africa. A similar pattern has
been identified in other terrestrial vertebrates, where the closely
related notosuchian crocodyliforms Pakasuchus kapilimai
(O’Connor et al., 2010) and Malawisuchus mwakasyungutiensis
(Gomani, 1997) together form either a monophyletic grouping
or successive outgroups to the exclusion of crocodyliforms from
other regions of Africa and Gondwana more generally
(O’Connor et al., 2010; Sertich and O’Connor, 2014). Although
not included in the present phylogenetic analyses, resolving the
relationship of the titanosaurian Paralititan stromeri from north-
ern Africa (Smith et al., 2001) would help assess this hypothesis.
Only three phylogenetic analyses have included Paralititan
(Smith et al., 2001; Curry Rogers, 2005; Mannion and Upchurch,
2011). Smith et al. (2001) found Paralititan within a totally unre-
solved titanosaurian clade, and both Curry Rogers (2005) and
Mannion and Upchurch (2011) found Paralititan as a basal tita-
nosaurian, with the Late Cretaceous Argyrosaurus of South
America as a sister taxon in some of their reported trees. Addi-
tionally, Malawisaurus was found to be only distantly related to
Paralititan, nested within a clade of titanosaurians that preserve
cranial material. However, due to the amount of missing data for
Paralititan and the number of MPTs (approximately 200,000 in
Curry Rogers [2005] and 50,000 in the Mannion and Upchurch
[2011] reanalysis of her matrix prior to applying reduced con-
sensus efforts) in her most inclusive analysis, Curry Rogers
(2005) excluded Paralititan and several other problematic taxa
(e.g., the destroyed Aegyptosaurus) from her more constrained
phylogenetic analyses. Rukwatitan differs from Paralititan in
several ways even if the latter is based on fragmentary material.
The anterior caudal centrum of Rukwatitan is taller than wide,
whereas the anterior caudal centrum of Paralititan is roughly
equal in terms of height and width. Besides being much larger
than Rukwatitan, the humerus of Paralititan is more trans-
versely expanded distally and exhibits well-developed and elon-
gated supracondylar ridges, a strongly sinusoidal proximal
surface, an elongated and medially deflected deltopectoral crest,
and well-developed anterolateral and anteromedial ridges along
the distal half (Smith et al., 2001). Future treatments that
include Paralititan with additional basal and derived titanosau-
rians may be able to aid in resolving these regional and paleo-
biogeographic issues.

The terrestrial vertebrate faunas from the middle Cretaceous
of northern Africa are notably different from the growing faunas
from southern Africa, particularly with regard to dinosaurian
forms. Large-bodied theropods (e.g., spinosaurids, carcharodon-
tosaurids), sauropods (rebacchisaurids, non-titanosaurian titano-
sauriforms, and rare fragments of titanosaurians), and
ornithopods currently characterize middle Cretaceous faunas of
northern Africa (Weishampel et al., 2004). With the exception
of the titanosaurians, none of the aforementioned dinosaur
clades from northern Africa have been identified, described, or
reported from middle Cretaceous RRB or DB of sub-Saharan
Africa (O’Connor et al., 2006). To properly assess whether this
represents a regional paleobiogeographic signal or simply sam-
pling bias requires continued exploration of middle Cretaceous
deposits of southern Africa.
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