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a b s t r a c t

A new species of the sail-crested pterosaur Tupuxuara is described from the Santana Formation of Brazil,
Tupuxuara deliradamus sp. nov. The holotype, a partial skull, and a larger, partial skull referred to the
same taxon differs from Tupuxuara leonardii by having a nasoantorbital fenestra with an acutely-angled
posterior border with a long, straight posterodorsal margin, a reclined cranium, and an orbit situated
entirely in the ventral half of the nasoantorbitral fenestra. Unfortunately, neither specimen is comparable
with the fragmentary rostrum representing Tupuxuara longicristatus. In addition, resolution of a recent
nomenclatural problem over the correct name for the clade containing Tupuxuara and its sister taxon,
Thalassodromeus, is provided. Both genera are used by different authors as the nomenclatural basis for
the group, but ‘‘Tupuxuaridae’’ has never been explicitly erected as a new taxon, and therefore fails to
meet ICZN criteria that new taxa are only valid if authors clearly indicate their intention to establish new
names. By contrast, ‘‘Thalassodrominae’’ was explicitly erected as a name for the Thalasso-
dromeusþ Tupuxuara clade, thereby fulfilling all ICZN requirements for naming of a new taxon and
making Thalassodromeus stand as the type genus for this group.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Even though remains of azhdarchoid pterosaurs had been
known at least as early as the 1950s (Arambourg, 1954) and
possibly as early as the 1920s (Nesov, 1991, discussing Gilmore,
1928), they were not recognised as a definable group until the
1990s (Unwin, 1992). Tupuxuara longicristatus Kellner and Campos,
1988, an azhdarchoid with a bony, posteriorly sweeping cranial
crest from the Early Cretaceous Santana Formation of northeast
Brazil (Fig. 1; see Martill, 2007 for a review of the age of these
deposits), has been recognised as an incontrovertible member of
this group since 1992 and has featured prominently in discussions
over azhdarchoid taxonomy since (e.g. Kellner, 1995, 2001, 2003a,b,
2004; Unwin, 2003; Lü et al., 2006, 2008; Martill and Naish, 2006).
Since the discovery of Tu. longicristatus, two new sail-crested azh-
darchoids have been described, also from the Santana Formation:
ssil Museum, Japan; KPMNH,
an; MCT, Museu de Ciências
ineral, Rio de Janeiro, Brazil;
K, Staatliches Museum für
rtsmouth, England.
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a second Tupuxuara species, Tu. leonardii Kellner and Campos, 1994;
and the other a second genus, Thalassodromeus sethi Kellner and
Campos, 2002.

The taxonomy of these forms has attracted considerable
controversy considering the relatively few taxa concerned: their
position within Azhdarchoidea; their diagnoses; the status of
Thalassodromeus as a distinct taxon and the validity of both
Tupuxuara species have all been contested by various authors (e.g.
Unwin, 2003; Kellner, 2003a, 2004; Lü et al., 2006; Martill and
Naish, 2006; Kellner and Campos, 2007). It was recently suggested
that all Tupuxuara-like pterosaurs were synonymous with Tu.
longicristatus and that the differences between allegedly distinct
taxa were attributable to taphonomic or ontogenetic influences
(Martill and Naish, 2006). This synonymy has since been refuted by
Kellner and Campos (2007) who demonstrated clear distinctions
between these forms (this has been accepted by Martill and Naish;
Martill, pers. comm. 2007) and, subsequently, three species of sail-
crested azhdarchoids are recognised. Here, new material from the
Santana Formation is described and suggested to represent a fourth
sail-crested taxon: a partial skull, consisting of a complete cranium
(note that the use of ‘‘cranium’’ here specifically refers to the
braincase and its surrounding features, not the entire skull as it is
often used) and posterior part of the mandible, is thought to
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Fig. 1. Location of the Chapada do Araripe, North East Brazil and the Romualdo Member of the Santana Formation.
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represent a third species of Tupuxuara. However, while the Tupux-
uara affinities of the new specimen are clear, there is some confu-
sion over the correct nomenclature of the group it should be placed
in: some authors use Thalassodromeus as the type genus of the
clade containing Tupuxuara and Thalassodromeus (e.g. ‘‘Thalasso-
drominae’’ of Kellner and Campos, 2007), but other workers prefer
Tupuxuara (e.g. ‘‘Tupuxuaridae’’ of Sayão and Kellner, 2006; Lü
et al., 2008). Thus, before describing the new material, an attempt
to resolve this nomenclatural confusion is provided.

2. Thalassodrominae vs. Tupuxuaridae

Numerous cladistic analyses have suggested that Tupuxuara and
Thalassodromeus comprise a distinct clade within Azhdarchoidea
(Kellner, 2004; Unwin, 2005; Lü and Ji, 2006; Lü et al., 2006; Martill
and Naish, 2006; Unwin and Martill, 2007; Andres and Ji, 2008) and
the vernacular ‘‘tupuxuarids’’ has often been used to refer to this
grouping (e.g. Kellner, 2004; Unwin, 2005; Lü and Ji, 2006; Lü et al.,
2006; Martill and Naish, 2006; Humphries et al., 2007; Unwin and
Martill, 2007; Witton and Naish, 2008). The first formalisation of
this term was published by Sayão and Kellner (2006) in their
discussion of the significance of the notarium in characterising
a ‘‘tupuxuarid’’þ azhdarchid (¼ Neoazhdarchia [Unwin, 2003])
clade:

‘‘Esta observação vai contra a idéia de Lü et al., (2006) que
baseado na ausência do notário no tapejarı́deo Huaxiapterus
corollatus argumenta que esta estrutura aproximaria um clado
denominado Tupuxuaridae (Tupuxuaraþ Thalassodromeus sethi
Kellner & Campos, 2002) de Azhdarchidae.’’ Sayão and Kellner,
2006, p. 35 (my emphasis)

The use of ‘‘Tupuxuaridae’’ by these authors is in error as the
report under discussion (Lü et al., 2006) uses the vernacular term
‘‘tupuxuarids’’ and not ‘‘Tupuxuaridae.’’ Regardless of this error,
subsequent publications (Lü et al., 2008; Claessens et al., 2009)
have used ‘‘Tupuxuaridae’’ on the assumption that Sayão and
Kellner’s (2006) use of the formalised term makes it a valid name.
In 2007, Kellner and Campos gave the Tupuxuaraþ Thalassodromeus
clade a second name, Thalassodrominae (the different suffixes of
these names reflect a long-running dispute over the position of
Tupuxuara-like pterosaurs within Azhdarchoidea: a full discussion
of this controversy is beyond the scope of this work, but the reader
is referred to Lü et al., (2006), Kellner (2004) and Kellner and
Campos (2007) for recent contributions to this debate). Irrespective
of the phylogenetic placement of the group, the identical content of
Tupuxuaridae and Thalassodrominae means that only one name
can be valid. Tupuxuaridae has priority over Thalassodrominae by
one year, but, importantly, while Sayão and Kellner (2006) provide
a name and generic content for the group, their use of the term
does not meet the requirements of ICZN article 16.1 for erection of
new taxa:

‘‘Article 16.1. All names: intention of authors to establish new
nominal taxa to be explicit. Every new name published after
1999, including new replacement names (nomina nova), must be
explicitly indicated as intentionally new.’’ International Code of
Zoological Nomenclature (1999).

Under this article, erection of new taxa post-1999 must be
accompanied by clear statements of intent by the authors. This is
further clarified in the recommendation that accompanies the
article:

‘‘Recommendation 16A. Means of explicitly indicating names as
intentionally new. To avoid uncertainty about their intentions,
authors proposing new names. are advised to make their
intentions explicit by using in headings, or at first use of new
names in proposals, appropriate abbreviations of Latin terms
such as ‘fam. nov.’, ‘g. nov.’, ‘sp. nov.’, ‘ssp. nov.’, or some strictly
equivalent expression such as ‘new family’, ‘new genus’, ‘new
species’, ‘new subspecies’, ‘n. fam.’, ‘n. g.’, ‘n. sp.’, ‘n. ssp.’, ‘nomen
novum’.’’ International Code of Zoological Nomenclature (1999).

No publication using ‘‘Tupuxuaridae’’ (Sayão and Kellner, 2006;
Lü et al., 2008; Claessens et al., 2009) adheres to these guidelines,
failing to explicitly state their intention to create a new taxon.
Tupuxuara, therefore, cannot be considered the nomenclatural basis
of this clade. Kellner and Campos (2007), however, followed these
guidelines when erecting ‘‘Thalassodrominae,’’ specifically
declaring their intent to erect a new name (‘‘n. taxon’’ being the
term used–see Kellner and Campos, 2007, p. 5). This meets ICZN
procedure for erection of a new taxon and Thalassodromeus
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subsequently stands as the nomenclatural basis for any group
containing Tupuxuara, Thalassodromeus and any taxa more closely
related to them than to other azhdarchoids (see ICZN article 36.1).
Thus, ‘‘Thalassodrominae’’ or ‘‘Thalassodromidae’’ should be used
rather than ‘‘Tupuxuarinae’’ or ‘‘Tupuxuaridae’’ in discussions of
this group.
3. Systematic palaeontology

PTEROSAURIA Kaup, 1834

PTERODACTYLOIDEA Plieninger, 1901

AZHDARCHOIDEA Nesov, 1984

NEOAZHDARCHIA Unwin, 2003

THALASSODROMIDAE Kellner and Campos, 2007 (converted
clade name)

TUPUXUARA Kellner and Campos, 1988

Tupuxuara deliradamus sp. nov. (SMNK PAL 6410)

2004 cf. Tupuxuara sp. Steel, p. 43.

2008 Tupuxuara deliradamus Witton, pp. 187–194, 201.

2008 Tupuxuara Steel, p. 114.
3.1. Derivation of name

From the Latin, dr¼ crazy and adamas¼ diamond, referring to
the distinctive, angular profile of the nasoantorbital fenestra in this
taxon.
3.2. Holotype

SMNK PAL 6410 (Figs. 2 and 4), partial skull with complete orbit
and temporal regions, posterior margin of nasoantorbital fenestra,
jaw joint with articulated posterior region of mandible and fron-
toparietal region of the cranial crest; UP 2000.1–12 (Fig. 2C),
transverse cross-sections of SMNK PAL 6410 skull and mandible
taken anterior to the cranium.
3.3. Referred material

KPMNH DL 84 (Figs. 3 and 4), cranium and mandible.
3.4. Type locality and horizon

Santana do Cariri region in southern Ceará, Brazil: Romualdo
Member, Santana Formation, from an outcrop on the flanks of the
Chapada do Araripe (Fig. 1; Early Cretaceous,?Albian/Cenomanian
[Martill, 2007]).
3.5. Diagnosis

Tupuxuara with a prominent 120 degree angle in the posterior
margin of the nasoantorbital fenestra with the angle vertex situated
at the lacrimal fenestra; posterodorsal border of nasoantorbital
fenestra straight; relatively slender quadrate reclined to 150
degrees from long axis of maxillary bar; orbit positioned below
mid-height of the nasoantorbital fenestra.
3.6. Material and preservation

SMNK PAL 6410 is preserved in a buff-coloured laminated
concretion typical of the Romualdo Member (Fig. 2A). It was
purchased from a commercial dealer and is thought to have come
from the Santana do Cariri region of the Chapada do Araripe. The
fossil has suffered no compaction but the nodule is fractured along
contours of longer bone elements: these cracks were filled with car
body-filler prior to acquisition of the specimen by SMNK. Some
chemical preparation has been performed on the right side of the
skull using 7 per cent acetic acid, revealing the three-dimensional
preservation of the fossil and exposing the internal bone structure.
Thin-sections taken from the anterior portion of the specimen
reveal the cross-section of the jugals, palate and mandibular rami
(UP2000.1 of Steel, 2004, 2008). Posterodorsal elements of the
specimen project beyond the nodule margins and indicate selective
preservation of the cranial region. The left squamosal and retro-
articular process can be seen projecting through the weathered,
unprepared side of the nodule.

3.7. Description

SMNK PAL 6410 comprises an essentially complete cranium and
partial mandible, although much of the laterally-facing bone
compacta has weathered away to expose the internal bone struc-
ture. The portion of skull directly anterior to the cranium has been
removed for thin-section preparation and histological studies (see
Steel, 2004, 2008), while much of the skull posterodorsal to the
cranium was not preserved or has weathered away. Only the right
side of the skull is fully exposed but elements of the left side project
beyond the nodule to reveal a skull 42 mm wide across the
jaw-joint. Other gross dimensions are unobtainable due to the
incomplete nature of the specimen. The missing compacta makes
determining bone sutures and external textures difficult. Better
preserved fragments suggest a fibrous bone texture reminiscent of
those found in osteologically immature Pteranodon specimens
(Bennett, 1993), but some caution is expressed over this interpre-
tation because of the fragmentary nature of the bone surface.

3.7.1. Cranium
The cranium is compact with the orbit, temporal fenestra and

jaw joint all positioned in close proximity. The dorsal crest and
nasoantorbital fenestra occupy much of the specimen, reducing
most cranial bones to slender struts and bars. A ventrally-bowed arc
of laterally prominent bones defines the top of the cranium and is
apparently comprised of the lacrimal, postorbital and parietal
(Fig. 2B). Bones situated above this arc taper sharply into the crest,
creating a relatively ‘‘boxy’’ cranium beneath. This morphology is
emphasised by the squamosal and quadrate, which protrude
prominently from the frontoparietal crest. The squamosal can be
readily identified as the posteriormost cranial bone and a prom-
inent, anteroventrally directed process extending parallel with the
quadrate towards the retroarticular process of the mandible, but its
contacts with other bones are ill-defined. Save for a few flecks of
bone, the quadrate and quadratojugal are represented by an
internal mould: this suggests these combined elements formed
a robust strut of 10 mm width and as laterally prominent as the
neighbouring squamosal and jugal. The ventral margin of these
elements forms the jaw joint and a possible suture directly dorsal to
this may indicate the ventral extent of a slender prefrontal. The
jugal is identified by its triradiate morphology and bears a slender
dorsal process only 3 mm wide. A possible suture can be seen
between the jugal and lacrimal, extending anterodorsally across the
bar with a strong dorsal inclination. Like the jugal, the lacrimal is
triradiate with rapidly tapering, slender processes. It bears a small,



Fig. 2. Tupuxuara deliradamus sp. nov. A, photograph of right lateral view of SMNK PAL 6410; B, line drawing; C, transverse cross-section of region immediately anterior to jaw joint.
Fr, frontal; J, jugal; L, lacrimal; Mdr, mandibular rami; Par, parietal; Ptr, pterygoid; Q, quadrate; Sq, squamosal. Scale bar represents 50 mm (A, B) and 10 mm (C).
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central fenestra and, although the original shape of this perforation
is hard to ascertain, a tapered ventral margin is preserved. The
internal structure of the lacrimal suggests that the lacrimal fenestra
penetrated the entire bone width.

The tear-shaped orbit occupies most of the cranium and tapers
from a rounded dorsal margin to an acute angle anteroventrally.
The orbit is asymmetrical along its 42 mm long-axis with the
posterior margin more concave and inclined 150 degrees from the
palate. The relatively straight anterior margin, by contrast, inclines
105 degrees from the palate. A 10 mm wide supratemporal fenestra
is situated posterior to the orbit and directly beneath the base of the
crest. In lateral profile this fenestra has a sub-triangular outline.
Bone has flaked away from much of the quadrate and prohibits
detection of the infratemporal fenestra, but the proximity of the
jugal and quadrate suggests it was very slender or possibly closed.
The largest vacuity of the cranium is the partially preserved
nasoantorbital fenestra which, with a minimum height of 67 mm, is
over 50 per cent taller than the orbit. Its posterior margin has
a distinctly angular and concave profile with a sharp 120 degree
angle formed between the posteroventral and posterodorsal
margins. This angle is formed from the straight dorsal jugal process
extending 105 degrees from the maxillary bar until the height of
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the lacrimal fenestra, where the anterior extension of the lacrimal
and nasal are deflected anteriorly to incline 50 degrees from the
palate.

3.7.2. Cranial crest
An expansive crest, presumed to be formed by the frontals and

parietals, comprises a significant proportion of the specimen above
the orbit and supratemporal fenestra. The weathered edges of the
nodule inhibit attempts to accurately record the width of this
structure, but it is clearly extremely thin (< 2 mm?). Numerous
bony septa, each approximating 0.1 mm in thickness, radiate from
the cranium throughout the crest and occur with 2–3 mm spacing.
Small walls of bone, approximately half the height of the septa,
extend transversely between the septa to create semi-partitioned,
quadrilateral chambers. The septa and their chambers are irregu-
larly perforated by sub-circular foramina of variable size but never
greater than 1 mm in diameter.

3.7.3. Palate
A series of 12 thin-sections (UP 2000.1–12 of Steel (2004)) from

the region directly anterior to the cranium reveal details of the
palate and jugal up to 30 mm from the cut nodule edge (Fig. 2C).
The jugal cross-section changes anteriorly from elliptical to sub-
circular, decreasing in height marginally as it does so. Elements of
the palatal region, most probably posterior components of the
pterygoid apparatus, are medioventrally displaced from the jugal
bars. Their ventral position suggests the palate was highly convex at
this region, distended over 11 mm from the ventral margin of the
jugals (Fig. 2C). This distance also applies to the maximum width of
the subtemporal fenestra, represented by the distance between the
medioventral margin of the jugal and lateral edge of the pterygoid.
The anteriormost extension of the subtemporal fenestra is indi-
cated by the narrow bar of the right ectopterygoid, which extends
transversely between the pterygoid and jugal 30 mm anterior to
the jaw articulation. The proximal region of the pterygoids appears
to be formed of two elements, with struts of sub-circular cross-
section positioned laterally to a dorsoventrally compressed medial
bar. The medial elements taper distally to leave only the relatively
robust sub-circular elements forming the oral roof (see Steel, 2004
for further discussion of the histology of these elements).

3.7.4. Mandible
The lower jaw is only represented by the posteriormost region

of the mandibular rami, although it is still articulated with the
quadrate. The retroarticular process extends 12 mm posterior to
the jaw articulation and forms a blunted triangle in lateral profile.
The rami cross-section changes anteriorly from triangular to sub-
rectangular with increasingly thin dorsolateral margins, but the
occlusal margins retain thicker (1 mm) bone walls than the lateral
(0.3 mm). A slight increase in depth is also seen from 11 mm at the
jaw articulation to 13 mm at the anterior extremity. A network of
fine trabeculae can be seen in both the rami cross-sections and
retroarticular process where the compacta has been removed.

4. Discussion

SMNK PAL 6410 can be confidently referred to Pterodactyloidea
through both its thin compacta and expansive nasoantorbital
vacuity, and the position of the orbit below the dorsal margin of the
nasoantorbital fenestra indicates placement in Azhdarchoidea
(Unwin, 2003). The dorsal orbital margins of tapejarids are typically
only marginally lower than the height of the dorsal margin of the
nasoantorbital fenestra (e.g. Wellnhofer and Kellner, 1991; Campos
and Kellner, 1997; Lü et al., 2006), whereas those of neo-
azhdarchians are typically much lower: the position of the SMNK
PAL 6410 orbit in the ventral half of the nasoantorbital fenestral
height suggests it can be referred to Neoazhdarchia. The slender
dorsal jugal process and open ventral orbital region exclude it from
Azhdarchidae (in which the ventral portion of the orbital region is
ossified, see Cai and Wei, 1994; Kellner and Langston, 1996) and the
posterior termination of the dorsal region of the nasoantorbital
fenestra before the jaw joint suggests it is not a chaoyangopterid
(Lü et al., 2008). The combination of an open ventral orbital region,
slender dorsal jugal processes and termination of the nasoantor-
bital fenestrae is found in members of Thalassodromidae, however,
and although a complete thalassodromid sail-crest cannot be
observed on SMNK PAL 6410, the heightened frontoparietal region
is reminiscent of those seen on thalassodromids: it is likely,
therefore, that SMNK PAL 6410 represents a member of this group.

Within Thalassodromidae, the palate of SMNK PAL 6410
compares well with that of Tupuxuara as the oral roof of this taxon
is considerably distended below the ventral margin of the jugal and
maxilla along the length of the nasoantorbital fenestra (Fig. 3D and
E). While only the posteriormost portion of the palate is preserved
in SMNK PAL 6410, it is clearly distended below the ventrolateral
margin of the jugal (Fig. 2C) in a Tupuxuara-like fashion. This
condition contrasts markedly with the palate of Thalassodromeus,
which is strongly concave at the jaw joint, and the new specimen
also lacks the intranasal foramen diagnostic of this form (Kellner
and Campos, 2007). The distended palate and lack of a nasal
foramen suggests that SMNK PAL 6410 can therefore be placed in
Tupuxuara, an identification agreeing with those of Steel (2004, cf.
Tupuxuara; 2008, Tupuxuara). Unfortunately, the specimen cannot
be compared with the fragmentary rostrum that represents the
only known remains of Tu. longicristatus (Fig. 3A; Kellner and
Campos, 1988), but comparisons can be made between SMNK PAL
6410 and material referred to Tu. leonardii. The Tu. leonardii holo-
type is a fragmentary rostrum (Fig. 3B; Kellner and Langston, 1996),
but two more complete specimens referred to the same taxon bear
cranial remains: the large, complete skull IMCF 1052 (Fig. 3D;
Kellner, 2003a, 2004; Unwin, 2003; Veldmeijer 2006) and the
catastrophically fractured but relatively complete juvenile skull,
SMNK PAL 4330 (Fig. 3C; Martill and Witton, 2008). These speci-
mens show that the posterior nasoantorbital fenestral border of
SMNK PAL 6410 differs considerably from those of Tu. leonardii as
well as those of other azhdarchoids: this margin is gently curved in
Tu. leonardii and most azhdarchoid taxa (Fig. 4; Cai and Wei 1994;
Kellner and Langston 1996; Campos and Kellner 1997; Wang and
Zhou 2003; Frey et al., 2003) or forms a tight angle in the poster-
odorsal region of the skull in chaoyangopterids (Lü et al., 2008).
Tu. leonardii and SMNK PAL 6410 also demonstrate very different
cranial configurations: the quadrate of SMNK PAL 6410 is angled at
150 degrees from the long axis of the maxillary bar (Fig. 4), whereas
that of Tu. leonardii is angled to 130 degrees and is relatively robust.
The orbital long-axis of SMNK PAL 6410 is somewhat more reclined
relative to the jawline compared to that of Tu. leonardii, and the
entire orbit of the new specimen is located beneath the mid-height
of the nasoantorbital fenestra. Similarly positioned orbits have
been found in azhdarchids (Cai and Wei, 1994; Kellner and Lang-
ston, 1996), but, like most other azhdarchoids, Tu. leonardii has
a significant portion of its orbital height within the upper-half of
the nasoantorbital fenestra height.

The cranial features of SMNK PAL 6410 have yet to be demon-
strated in any other thalassodromid specimens, save for KPMNH DL
84 (Figs. 3E and 4, note that the rostrum of this skull is recon-
structed and of no taxonomic use), a partial skull and mandible
placed in Tu. leonardii by Veldmeijer (2006). While the ventrally-
distended palate, mandibular morphology, imperforate nasal and
the presence of a thalassodromid cranial crest are in agreement
with placement in Tupuxuara, KPMNH DL 84 differs significantly



Fig. 3. Material referred to Tupuxuara. A, Tu. longicristatus (holotype, fragmentary rostrum, MN 6591-V); B–D, Tu. leonardii (B, holotype, fragmentary rostrum, MCT 1495-R; C,
shattered skull and mandible, SMNK PAL 4330; D, complete skull and mandible, IMCF 1052); E, Tu. deliradamus, cranium and mandible (the rostrum of this specimen has been
restored), KPMNH DL 84. D and E, after photographs kindly provided by A. Veldmeijer and E. Endenberg. Scale bars represent 50 mm (A–C) 100 mm (D, E).
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from Tu. leonardii in virtually all aspects of its cranial morphology.
The relatively slender quadrate is reclined 150 degrees from the
long axis of the maxillary rami, the orbit reclined and positioned
beneath the mid-height of the nasoantorbital fenestra, and the
straight posterior borders of its nasoantorbital fenestra form
a pronounced 120 degree angle around the lacrimal (Fig. 4). These
details make the cranium of KPMNH DL 84 considerably different to
that of Tu. leonardii but almost identical to those of SMNK PAL 6410.
Both KPMNH DL 84 and IMCF 1052 have comparably-sized Tu.
leonardii counterparts (IMCF 1052 and SMNK PAL 4330, respec-
tively), suggesting the differences between these two skull morphs
are probably not attributable to ontogenetic influences. In addition,
the crania of these skulls appear to represent one of two clear
morphologies (curved posterior margin of nasoantorbital fenestra;
high-angled quadrate; high orbit vs. straight-bordered, angular
posterior nasoantorbital fenestra; reclined, slender quadrate; low



Fig. 4. Schematic comparisons of crania referred to Tupuxuara. A, SMNK PAL 6410; B, KPMNH DL 84; C, IMCF 1052; D, SMNK PAL 4330. Note the straightened posterodorsal margin
of the nasoantorbital fenestra of A and B (Tu. deliradamus) compared to the concave margins of C and D (Tu. leonardii). Angles of A, B and C denote degrees between the jugal bar and
the quadrate. Also note the relatively swollen lacrimal regions (arrowed) of the larger Tupuxuara skulls (B and C) compared to the smaller (A and D).
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orbit) with no ‘‘intermediate’’ variants. This lack of morphological
continuity appears to indicate that these skulls are not variants of the
same species, and, consequently, there seems little reason to place
KPMNH DL 84 and SMNK PAL 6410 in Tu. leonardii. Rather,
SMNK PAL 6410 is thought to represent a new Tupuxuara taxon,
Tu. deliradamus, with KPMNH DL 84 referred to the same species. The
incomparability of both Tu. deliradamus specimens to that of
Tu. longicristatus is unfortunate as their occurrence in the same
deposit creates the possibility that they may represent the same
taxon, but, until overlapping skull material of these taxa are found
that can shed light on this issue, the two are regarded here as distinct
from each other.
5. Growth, variation and diversity of thalassodromids

Pterosaurs demonstrate substantial variation within single
species under the influences of ontogeny (e.g. Bennett, 1995, 1996,
2003, 2006; Codorniú and Chiappe, 2004; Martill and Naish, 2006;
Lü et al., 2006; Chinsamy et al., 2008) and sex (Bennett, 1992). This
fact was vigorously applied to thalassodromids by Martill and Naish
(2006) in their suggestion that such variation permitted syno-
nomising Tupuxuara and Thalassodromeus on grounds that the
latter taxon represented an old, gerontic Tupuxuara. Although these
authors over-stressed the influences of intraspecific variation (see
above), they do highlight the problem of distinguishing significant
taxonomic differences from variation within fossil morphospecies.
The morphologies that distinguish Tu. leonardii from Tu. delir-
adamus are seen across a number of specimens apparently repre-
senting differently aged individuals, strongly suggesting that these
skull morphs are not consequences of continuous intraspecific or
ontogenetic variation. In addition, it is thought that the cranial
differences observed here are not related to sexual dimorphism in
one species (as observed in other Pteranodon: see Bennett, 1992).
Pterosaur dimorphism is thought to influence both cranial crest and
body size (Bennett, 1992), but the large Tupuxuara skulls discussed
here do not appear to differ significantly in these respects. Thus, it is
more parsimonious to assume that the differences between Tu.
deliradamus and Tu. leonardii reflect genuine taxonomic differences
rather than intraspecific variation.

Finally, it was noted in the course of these taxonomic studies
that large Tupuxuara skulls have comparably swollen lacrimals
compared to their juvenile counterparts (Fig. 4). In modern
archosaurs, the lacrimal bone supports the apparatus of the nasal
gland that plays a role in potassium or sodium regulation in many
taxa (Peaker and Linzell, 1975). It is possible, therefore, that the
swelling of this bone during the ontogeny of Tupuxuara relates to an
increase in nasal gland size or complexity in larger Tupuxuara,
perhaps suggesting greater osmoregulatory requirements in larger
forms. An alternative hypothesis is that that the swollen lacrimal
reflects a larger lacrimal gland, which has a vomerolfactory role in
modern squamates (Rehorek, 1997). This function is less likely than
osmoregulation, however, as there is little evidence for other
vomerolfactory structures in any modern or extinct archosaurs
(Senter, 2002). It is noteworthy that other azhdarchoids also appear
to have complex or large lacrimal bones compared to other ptero-
saurs (e.g. Wellnhofer and Kellner, 1991): the palaeobiological
significance of this is worthy of further investigation.
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