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Predatory Dinosaur Remains from Madagascar:
Implications for the Cretaceous Biogeography
of Gondwana

Scott D. Sampson,* Lawrence M. Witmer, Catherine A. Forster,
David W. Krause, Patrick M. O’Connor, Peter Dodson,
Florent Ravoavy

Recent discoveries of fossil vertebrates from the Late Cretaceous of Madagascar include
several specimens of a large theropod dinosaur. One specimen includes a nearly com-
plete and exquisitely preserved skull with thickened pneumatic nasals, a median frontal
horn, and a dorsal projection on the parietals. The new materials are assigned to the
enigmatic theropod group Abelisauridae on the basis of a number of unique features.
Fossil remains attributable to abelisaurids are restricted to three Gondwanan land-
masses: South America, Madagascar, and the Indian subcontinent. This distribution is
consistent with a revised paleogeographic reconstruction that posits prolonged links
between these landmasses (via Antarctica), perhaps until late in the Late Cretaceous.

Dinosaurs underwent their greatest diver-
sification during the Late Jurassic and Cre-
taceous. Although plate tectonics during
this interval had a profound impact on the
evolution of dinosaurs and coeval terrestrial
faunas, this impact remains poorly under-
stood, in part because of a paucity of fossil
remains from southern continents. Recent
expeditions have resulted in important di-
nosaurian discoveries on all major land-
masses that once formed the southern su-
percontinent of Gondwana, and it is now
possible to begin assessing the biogeograph-
ic history of dinosaurian clades, at least on a
gross scale (I, 2).

Current models of the sequence and tim-
ing of Gondwanan fragmentation are based
predominantly on geophysical evidence and
have yet to be rigorously tested with non-
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marine fossils. Plate fragmentation can set
minimum dates for the origin of particular
terrestrial and freshwater clades if members
are present on two or more landmasses.
Conversely, phylogenetic patterns can pro-
vide increased paleogeographic resolution
and serve as independent tests of tectonic
models (3).

Here, we describe theropod dinosaur fos-
sils from the Upper Cretaceous (!Campani-
an) Maevarano Formation, Mahajanga Ba-
sin, northwestern Madagascar (4). Fragmen-
tary dinosaur remains have been reported
from the Mahajanga Basin for more than a
century (5), with three taxa erected during
that period (5-7): a sauropod, Titanosaurus
madagascariensis; a theropod, Majungasaurus
crenatissimus; and a pachycephalosaur, Ma-
jungatholus atopus. Recent excavations in this
same field area have yielded a rich diversity
of fossil vertebrates, including abelisaurid
theropods, titanosaurid sauropods, birds,
crocodilians, snakes, turtles, fishes, frogs, and
mammals (8—10). The fossils occur predom-
inantly in coarse-grained sandstone facies,
and a variety of indicators suggest a semi-
arid, seasonal depositional environment
(11). Many specimens occur as disarticulated
yet associated skeletons amassed into con-
centrations, likely representative of time-av-
eraged assemblages (11).

One of the theropod specimens (FMNH
PR 2100) includes a nearly complete skull

(12)—among the best preserved and most
complete dinosaur skulls known—and most
of the tail. The skull is disarticulated and
individual bones are virtually undistorted,
allowing comprehensive and detailed study
of all elements (Fig. 1). The external sur-
face of many elements is covered in rugose
sculpturing, and the skull roof is adorned
with three median ornamentations: thick-
ened, fused nasals; a low frontal horn; and a
parietal eminence. The total skull length is
57 c¢m, and comparisons with a closely re-
lated taxon, Carnotaurus sastrei from Argen-
tina (13), suggest a total adult body length
of about 7 to 9 m. A second specimen (UA
8678) of the same taxon includes an incom-
plete and disarticulated skull, most of the
precaudal axial column, and the left ilium.
Several of the vertebrae and ribs, particu-
larly in the cervical region, were recovered
in articulation. The small size of the skull
elements relative to those of FMNH PR
2100, combined with the lack of fusion
between several vertebral centra and corre-
sponding neural arches, indicates that this
animal was immature at the time of death.

Although large theropod materials from
the Maevarano Formation have generally
been referred to Majungasaurus crenatissimus
(5, 6, 9), the inadequacy of the holotype
and neotype specimens (14) requires that
this taxon be regarded as a nomen dubium.
Comparison of the recently collected mate-
rials with the fragmentary holotype speci-
men of the putative Malagasy pachycepha-
losaur, Majungatholus atopus, demonstrates
that Majungatholus is not a pachycephalo-
saur but rather a “domed” theropod (15).
This finding has biogeographic significance
in that it removes the only report of a
pachycephalosaur from a Gondwanan land-
mass, thereby restricting occurrences of this
dome-headed ornithischian clade to Laur-
asia. Thus, the materials described herein
are referred to Majungatholus atopus and
placed within the enigmatic theropod group
Abelisauridae (16).

The skull of Majungatholus atopus is rela-
tively short and broad, with large antorbital,
laterotemporal, and external mandibular
fenestrae (Fig. 1). The snout is blunt and
relatively deep at the level of the nares, with
elongate, thickened, and rugose nasals. A
large, bilateral pneumatic foramen pierces
the fused nasals, and computerized tomo-
graphic (CT) imaging demonstrates that this
structure is virtually hollow, supported inter-
nally only by thin bony struts. The orbital
fenestra is rounded dorsally, with processes of
both the lacrimal and postorbital projecting
into it ventrally, outlining the position of
the eye. Just caudal to the nasals is a rough-
ened, conical median projection arising from
the frontals. CT imaging shows this frontal
horn to be hollow as well. The holotype of
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Majungatholus has a similar, though broader
and fully fused, median structure on the fron-
tals that is also rugose. A third, smaller spec-
imen (FMNH PR 2099), presumably even
more immature than UA 8678, bears a low,
divided, relatively smooth swelling atop par-
tially fused frontals.

Behind the frontal horn of FMNH PR
2100 is a large projection of the parietals,
diamond-shaped in dorsal view. This pari-
etal eminence, formed by caudodorsal ex-
pansions of the parietals and supraoccipital,
is about the same height as the frontal horn.
The frontal and parietal ornamentations are
separated by a deep, saddle-shaped trough
that is floored by a median depression. The
occiput displays the primitive theropod
condition in being vertically oriented, but
shares with other abelisaurids a high, broad,
arching transverse nuchal crest. As in other
abelisaurids, the mandibular rami are widely
spaced, the mandibular symphysis is small,
and contacts between the dentary and post-
dentary elements are relatively restricted
(associated with enlargement of the exter-
nal mandibular fenestrae). The teeth resem-
ble those of other abelisaurids in being rel-
atively low-crowned and blade-like (13).

The postcranial skeleton of Majungatho-
lus exhibits a combination of autapomor-
phies, derived abelisaurid characters, and
primitive ceratosaurian features (Fig. 2)
(16—18). The postaxial cervical vertebrae
have low and broad centra, abbreviated
neural spines, and elongate, robust epi-
pophyses. The ilium is relatively low, with a
pronounced supracetabular shelf, an elon-
gate postacetabular process, and a deep bre-
vis fossa. Unlike the condition in other
theropods, the cervical ribs are bifurcate
distally and several are pierced proximally
by multiple, enlarged pneumatic foramina.

Recent phylogenetic analyses (17) recog-
nize two major clades within Theropoda,
Ceratosauria and Tetanurae, with abelisau-
rids generally regarded as a Cretaceous radi-
ation of ceratosaurs (Fig. 3). Abelisaurid sy-
napomorphies of Majungatholus include ex-
ternal sculpturing of facial and cranial ele-
ments, a high and transversely expanded
nuchal crest, and enlarged external mandib-
ular fenestrae (18). Within Abelisauridae,
Majungatholus and Carnotaurus share several
derived features, including a stout postorbit-
al, a large parietal eminence, and a triangular
splenial with a straight caudal margin (19).

During Late Cretaceous times, the top
predators in most Laurasian terrestrial eco-
systems were the large-bodied tyrannosau-
rids, which suggests that this tetanuran
clade may have originated after the split
between Laurasia and Gondwana. Earliest
Late Cretaceous (Cenomanian) paleoenvi-
ronments in northern Africa appear to have
been dominated by the lesser known but
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equally giant carcharodontosaurids, as well
as spinosaurids and coelurosaurs (Fig. 3)
(20). Carcharodontosaurids are also present

REPORTS

in early Late Cretaceous deposits of Argen-
tina (20), indicating a minimum origina-
tion date in the Early Cretaceous, circa 120

Fig. 1. Reconstruction of the skull and lower jaws of Majungatholus atopus, based on preserved elements
of FMNH PR 2100 (72). (A) Left lateral view of skull and lower jaws; (B) rostral view of skull; (C) occipital view
of skull; (D) dorsal view of skull; (E) palatal view of skull. Numbered features: 1, thickened nasals; 2,
pneumatic foramen of nasal; 3, frontal hom; 4, parietal eminence; 5, enlarged antorbital fenestra; 6,
lacrimal with suborbital process; 7, postorbital with suborbital process; 8, enlarged laterotemporal
fenestra; 9, enlarged external mandibular fenestra; 10, nuchal crest; 11, median depression between
frontal hor and parietal eminence. All elements were molded and cast, and then reassembled as shown.

5¢cm

3cm

Fig. 2. Selected elements of the postcranium of UA 8678, Majungatholus atopus: midcervical vertebra
in (A) anterior, (B) right lateral, and (C) dorsal views (cranial end facing top of page); (D) right cervical rib
in lateral view; (E) left cervical rib in medial oblique view; (F) left ilium in lateral view. Numbered features:
1, broad, low centrum; 2, low neural spine; 3, elongate epipophyses; 4, bifurcation of body of cervical
rib; 5, enlarged pneumatic foraminae; 6, relatively low ilium with elongate postacetabular portion; 7,
pronounced supracetabular crest. The thin, elongate cervical rib shaft is broken away in (E) and only
partially preserved in (D).
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million years ago (Ma), before the isolation
of Africa (21). The group may have been
present in the Cretaceous of North Amer-
ica (20), though this contention is disputed
(22). Abelisaurids show several derived fea-
tures thought to characterize carcharodon-
tosaurids, including broad postorbital-lacri-
mal contact and postorbital with suborbital
flange (23). It is uncertain whether these

T T S TS A S R R T R
characteristics evolved independently in
the two groups, or whether they indicate a
common ancestry.

Although abelisaurids were reported
from the Late Cretaceous of Europe (24)
and northern Africa (25), these materials
are scanty and their phylogenetic affinities
require confirmation from more complete,
diagnostic material (26). The only fossils

Fig. 3. Summary of phy- &
logenetic, temporal, and & ¢,'b°
biogeographic  relation- $ e 0\\)9 . 9,,\)‘ &8 @S 6°&° &
ships of nonavian thero- R & W& PP e N

& o @ O S
pod genera from the & & W F o o O i o
Cretaceous of Gond- PO N ‘-\ "I' Q; Y’ ? f’ ? ? ? 65 Ma
wana 2, 17,20,65, 56 Laol WOy 7 KW L

; » Cret.
Taxa include  most [ N R N N B [ T Y
named genera recov- gay[l 1L L L L
ered from Cretaceous Cret)) 1 I I I I | | A | I 1 1 1
deposits on Gondwanan T e e I e ————_ L)
landmasses.
NEOTETANURAE
ABELISAURIDAE

M South America
@ India

A Africa

* Madagascar

EOTHEROPODA

Fig. 4. Revised paleogeo-
graphic reconstruction of the
fragmentation of Gondwana
during the Cretaceous (27). (A)
During the Early Cretaceous
(circa 120 Ma), plate tectonic
activity severed subaerial con-
nections between Africa and
South America, fully isolating Af-
rica, while connections were
maintained among other Gond-

wanan landmasses. (B) At the

close of the Early Cretaceous,
subaerial links were retained
among Gondwanan  land-
masses exclusive of Africa. (C)
These continental links persist-
ed until sometime in the middle
to late Late Cretaceous (per-
haps as late as 80 Ma). Mada-
gascar and the Indian subconti-
nent were attached to Antarcti-
ca via an isthmus comprising

several terranes, including the
Kerguelen Plateau. Stars indi-
cate confirmed records of abe-
lisaurid theropods.

an Subcontinent,
Kerguelen Plateau
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clearly attributable to this group have been
recovered from South America, Madagas-
car, and India, and only from late Late
Cretaceous horizons (Fig. 3) (23). The In-
dian fossils include at least two abelisaurid
taxa, referred to as Indosuchus and Indosau-
rus (27, 28), but the lack of associations
among the fragmentary, isolated remains
makes this sample problematic (29). The
South American abelisaurid fossils are more
informative, with two taxa (Abelisaurus and
Carnotaurus) represented by nearly com-
plete skulls (13, 28, 30).

Most paleogeographic reconstructions
depict the Cretaceous as the most active
interval of Gondwanan fragmentation, with
Indo-Madagascar separating from Antarcti-
ca by about 125 Ma, South America sepa-
rating from Africa before 100 Ma, and
Madagascar separating from the Indian sub-
continent at 85 to 90 Ma (31). Separation
of South America and the Antarctic Pen-
insula occurred in the Oligocene (31). Ig-
noring ecological influences, this sequence
of fragmentation would predict that the
elements of the Late Cretaceous terrestrial
biota of South America would be more
similar to those of Africa than to those of
Indo-Madagascar.

In contrast to these paleogeographic re-
constructions, Hay et al. (21) postulated a
subaerial link between Indo-Madagascar
and Antarctica across the Kerguelen Pla-
teau that persisted until as late as 80 Ma,
much later than the final separation be-
tween South America and Africa (Fig. 4).
The Kerguelen Plateau is thought to have
been emplaced after the rifting between
Indo-Madagascar and Antarctica (21, 32).
This revised reconstruction would predict a
greater similarity of the Late Cretaceous
terrestrial biota between South America
and Indo-Madagascar (via Antarctica) than
between South America and Africa. Also,
from the time of its physical isolation from
South America, Africa should exhibit in-
creasing endemism.

The known distribution of abelisaurids
(Argentina, Indian subcontinent, and
Madagascar), like that for gondwanathere
mammals (10), is consistent with at least
two major biogeographic hypotheses: (i)
Abelisaurids originated before the major
continental fragmentations of the Early
Cretaceous, and spread throughout most of
Gondwana and’ perhaps into Laurasia. In
keeping with ‘this scenario, the current ab-
sence of documented African abelisaurids is
attributable to poor sampling, differential
extinction, or both. (ii) Abelisaurids origi-
nated sometime in the Early Cretaceous
after the tectonic isolation of Africa. If so,
abelisaurids never existed on Africa but
rather dispersed between South America
and Indo-Madagascar via Antarctica, mak-
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ing use of the postulated land bridge across
the Kerguelen Plateau. Both views are
equally probable given the data at hand.

Reconstructions of dinosaur biogeogra-

phy initially focused on distinctions be-
tween Laurasian and Gondwanan faunas
(33). More recently, it has been argued that
dinosaur faunas were relatively cosmopoli-
tan until the beginning of the Late Creta-
ceous, at which time the isolation of conti-
nental landmasses by oceanic barriers re-
sulted in an abrupt shift toward marked
provincialism (20, 34). Recent paleogeo-

gr

aphic and paleontological data, including

those presented here for abelisaurid thero-
pods, suggest an alternative hypothesis: Af-
rican faunas became increasingly endemic
during the Cretaceous after Africa’s isola-
tion from South America, whereas reten-
tion of subaerial connections among the

re

maining Gondwanan landmasses resulted

in relatively extensive cosmopolitanism for
the associated terrestrial faunas, perhaps un-
til late in the Late Cretaceous.

13.

14,
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