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Abstract: A portion of pterosaur skull from the Romualdo

Member of the Santana Formation (?Albian–?Turonian, Cre-

taceous) of north-east Brazil provides new data on the mor-

phology and ontogeny of azhdarchoid pterosaur cranial

crests. The specimen consists of parts of the cranial bones

posterodorsal to the nasoantorbital fenestra, including partial

nasals, lacrimals, frontals and possibly the parietals. A poster-

odorsally directed premaxillary crest with a concave posterior

border is located dorsal to the posterior border of the naso-

antorbital fenestra. A well-defined suture indicates overlap-

ping, posterodorsally directed growth of the premaxilla over

the skull roof, suggesting that the generation of the premaxil-

lary crest is a late ontogenetic feature and thus probably rela-

ted to sexual display. The systematics of Tupuxuara and its

relationship to other azhdarchoids is reviewed and a cladistic

analysis of the group is presented. Tupuxuara is found to be

the sister-taxon to Azhdarchidae. Tupuxuara longicristatus

Kellner and Campos, 1988 is argued to be the only valid

named species in this genus and Thalassodromeus Kellner

and Campos, 2002 is considered a junior subjective synonym

of this taxon. As originally conceived, Tapejaridae is para-

phyletic: a new, more restrictive version of Tapejaridae

(including Tapejara and Sinopterus dongi) might exist, but its

monophyly is weakly supported. Furthermore, Tapejara was

found to be paraphyletic in all trees.

Key words: Pterosauria, Azhdarchoidea, Tupuxuara, onto-

geny, Cretaceous, Santana Formation, Brazil.

Cranial crests of pterodactyloid pterosaurs have

always drawn attention owing to their size and morphol-

ogy, and a considerable number of attempts have been

made to explain their function. It has been proposed that

they may have functioned aerodynamically (Heptonstall

1971; Bramwell and Whitfield 1974; Stein 1975; Wellnho-

fer 1991a), in sexual display or species recognition (Ben-

nett 1991, 1992, 2003; Campos and Kellner 1997), to

enhance stability while feeding in water while on the wing

(Wellnhofer 1987, 1991a; Frey et al. 2003a–c), or as loci

for muscle attachment (Eaton 1910; Mateer 1975; Bennett

2001). Recently, pterosaurs have been discovered in which

the bony part of the crest functioned as a support for soft

tissue extensions, with the best examples being Tapejara

from the Cretaceous Crato Formation of Brazil and Pter-

odactylus and Germanodactylus from the Jurassic Solnho-

fen Limestone of Germany (Martill 1993; Campos and

Kellner 1997; Martill and Frey 1998; Frey and Tischlinger

2000; Bennett 2002; Frey et al. 2003a). Similar ‘soft tissue’

crests have been postulated for other dsungaripteroid and

ctenochasmatoid taxa (Martill et al. 2000; Frey et al.

2003a) on the basis of fibrous structures within bony

crests that lie perpendicular to the cranial dorsal surface.

Given that cranial crest location and morphology

appears to be species-specific within pterosaurs, the pres-

ence of novel crest morphologies has been used to erect

new taxa (Kellner and Tomida 2000; Frey et al. 2003a, b).

However, some work indicates that pterosaur cranial

crests were morphologically variable during ontogeny and

may have been sexually dimorphic (Bennett 1992, 2002,

2003; Naish and Martill 2003; Frey et al. 2003c). They

may, therefore, be of limited value in the identification of

new taxa, except in those cases where large data sets per-

mit the identification of probable ontogenetic and sexual

variation. A new specimen described here, although frag-

mentary, displays a novel crest morphology that sheds

some light on the growth and structure of the cranial

crest in some azhdarchoids.

Institutional abbreviations. AMNH, American Museum of

Natural History, New York, USA; BSP, Bayerische Staatssamm-

lung für Paläontologie und Geologie, München, Germany; CB,
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Borgomanero Collection, Curitiba, Brazil; FHSM, Fort Hays

State Museum, Fort Hays State University, Hays, Kansas, USA;

IMCF, Iwaki Coal and Fossil Museum, Iwaki, Japan; MCT and

DGM, Museu de Ciências da Terra of the Departmento Nacional

de Produção Mineral, Rio de Janeiro, Brazil; MN, Museu Nac-

ional, Rio de Janeiro, Brazil; NSM, National Science Museum,

Tokyo, Japan; SMNK, Staatlisches Museum für Naturkunde,

Karlsruhe, Germany; MN, Museu Nacional, Rio de Janeiro,

Brazil; TMM, Texas Memorial Museum, Austin, Texas, USA;

UERJ, Universidade Estadual do Rio de Janeiro, Rio de Janeiro,

Brazil; ZMNH, Zhejiang Museum of Natural History, Hangzhou,

China.

LOCALITY AND STRATIGRAPHY

The new specimen is deposited in the Staatliches Museum

für Naturkunde Karlsruhe, specimen number SMNK PAL

3858. It was obtained through a commercial source and is

believed to have been collected in the vicinity of Santana

do Cariri in the south of the state of Ceará, Brazil (see

Martill 1993 for discussion of locality and source of

fossils).

The matrix and source of the specimen are consistent

with it having come from the nodule-bearing shales of

the Romualdo Member of the Santana Formation of the

Araripe Basin (Text-fig. 1). These highly fossiliferous

strata are poorly age constrained, but are thought to be

no older than early Albian (Pons and Berthou 1996) and

possibly as young as Turonian (see Martill and Wilby

1993 for discussion of age and geology of these deposits).

The Santana Formation has become famous for the diver-

sity (17 named pterosaur species from the Romualdo

Member, but probably taxonomically oversplit), abun-

dance and quality of preservation of its pterosaurs and

other fossil vertebrates (Maisey 1991; Wellnhofer 1991b;

Martill 1993; Kellner and Tomida 2000). The remains

occur in early diagenetic concretions and are frequently

preserved in an uncrushed state (Martill 1988) and several

have been reported with soft tissues preserved (e.g. Cam-

pos et al. 1984; Martill and Unwin 1989).

SYSTEMATIC PALAEONTOLOGY

PTEROSAURIA Kaup, 1834

PTERODACTYLOIDEA Plieninger, 1901

LOPHOCRATIA Unwin, 2003

AZHDARCHOIDEA Nessov, 1984 (sensu Unwin, 1992)

Definition. Tapejara wellnhoferi, Quetzalcoatlus northropi,

their most recent common ancestor and all its descend-

ants (Unwin 2003, p. 169).

Remarks. This taxon has its origins in the subfamily Azh-

darchinae, erected by Nessov (1984) to accommodate the

long-necked pterodactyloids Azhdarcho, Quetzalcoatlus

and Titanopteryx (¼ Arambourgiania). Though Nessov

(1984) placed Azhdarchinae within Pteranodontidae

Marsh, 1876, it later became clear that this was incorrect

and that Azhdarchidae should be elevated to the rank of

family (Padian 1986). Following the description of Tapej-

ara and Tupuxuara, several authors proposed monophyly

of a clade including these taxa and Azhdarchidae (e.g.

Kellner and Langston 1996; Unwin and Lü 1997) and this

has since been supported by cladistic analysis (e.g. Kellner

2003a, 2004a; Unwin 2003). The converted name Azhdar-

choidea has been used for this clade, first by Unwin

(1992) in an abstract and later in a preliminary analysis

TEXT -F IG . 1 . Location of the Chapada do Araripe of the Araripe Basin in Brazil, with main towns. Grey shading indicates outcrop

of Romualdo Member of the Santana Formation. For further details of the geology and stratigraphy, see Martill (1993).
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(Unwin 1995). Two phylogenetic definitions have recently

been published for Azhdarchoidea (Kellner 2003a, p. 125;

Unwin 2003, p. 169), and fortunately both agree on the

clade’s membership. We employ Unwin’s (2003) defini-

tion because this author coined the clade (Unwin 1992,

1995).

NEOAZHDARCHIA Unwin, 2003

Definition. Tupuxuara longicristatus, Quetzalcoatlus north-

ropi, their most recent common ancestor, and all its

descendants (Unwin 2003, p. 170).

Remarks. This taxon was erected by Unwin (2003, p. 170)

to include Tupuxuara + Azhdarchidae. Kellner (1989)

allied Tupuxuara with Tapejara wellnhoferi Kellner, 1989,

also from the Santana Formation, in the new family

Tapejaridae (because a more restrictive use of Tapejaridae

is discussed below, we refer to Kellner’s proposed Tup-

uxuara + Tapejara clade as ‘Tapejaridae sensu Kellner’).

Kellner (1989) proposed that tapejarid monophyly was

supported by the presence of a large sagittal crest that

extended posteriorly over the skull, a proportionally large

nasoantorbital fenestra and a ventrally inclined rostrum.

The description of a second species referred to Tupuxu-

ara, T. leonardii Kellner and Campos, 1994 (see below),

clearly lacked the third character and it was hence rejec-

ted as a tapejarid synapomorphy. This left only two char-

acters in support of Tapejaridae sensu Kellner (Kellner

2003a) though more recently Kellner (2003b, 2004a) has

proposed three further characters that might support its

monophyly: a thin subvertical lacrimal process on the

jugal, a comparatively small pear-shaped orbit and a

broad tubercle on the ventroposterior margin of the cora-

coid. In addition to Tapejara, Tupuxuara and Thal-

assodromeus sethi Kellner and Campos, 2002, Kellner

(2004a) regarded the recently described Sinopterus dongi

Wang and Zhou, 2003 from the Lower Cretaceous Jiufo-

tang Formation of western Liaoning, China, to belong

within Tapejaridae sensu Kellner. A second pterosaur

from the Jiufotang Formation, Sinopterus gui Li et al.,

2003, has also been suggested to be part of this group (Li

et al. 2003) and we also note that the Jiufotang Formation

taxa Jidapterus edentus Dong et al., 2003 and Chaoyango-

pterus zhangi Wang and Zhou, 2003 might prove to be

basal azhdarchoids.

Noting characters shared by Tupuxuara and Azhdarchi-

dae, but not seen in Tapejara, Unwin and Lü (1997) and

Unwin (2003) argued that Tapejaridae sensu Kellner was

paraphyletic, with Tupuxuara being closer to Azhdarchi-

dae than to Tapejara. Unwin (2003) named the Tupuxu-

ara + Azhdarchidae clade Neoazhdarchia. In contrast to

Tapejara, neoazhdarchians possess a notarium, exhibit

loss of contact between metacarpals I–III and the distal

syncarpal, and share a rostrum (measured from the anter-

ior margin of the orbit to the premaxillary tip) more than

88 per cent of total skull length. Neoazhdarchian mono-

phyly is not accepted in the pterosaur phylogeny of

Kellner (2003a, b, 2004a) who argued that Unwin’s

neoazhdarchian synapomorphies are dubious and that,

even when these characters are included within a cladistic

analysis, the monophyly of Tapejaridae sensu Kellner is

still supported.

Our assessment of the character evidence used to sup-

port these competing views has led us to favour neoazh-

darchian monophyly as more characters support this

clade than support monophyly of Tapejaridae sensu Kell-

ner. As discussed below, we performed a new cladistic

analysis incorporating the relevant characters, and consis-

tently found Neoazhdarchia to be monophyletic.

With regard to the characters employed to support the

monophyly of Tapejaridae sensu Kellner, the presence of a

large sagittal crest that extends posteriorly over the skull

is difficult to confirm as a character that is unique to

Tapejaridae sensu Kellner as has been argued (Kellner

2003a, b, 2004a) given that few azhdarchids preserve the

posterior part of the cranium. Furthermore, it is likely

that at least some azhdarchids did possess this character:

Kellner and Langston (1996, p. 229) figured a sagittal

crest in Quetzalcoatlus sp. that, when complete, presuma-

bly extended dorsoposteriorly over the cranium. Further-

more, Unwin and Lü (1997) and Unwin (2003) argued

that the crest morphology of Tapejara and Tupuxuara is

markedly different in detail and that this crest morphol-

ogy is widely distributed in lophocratian pterodactyloids.

(Unwin’s character 48: this codes for the presence of a

sagittal crest that incorporates soft tissues. We feel that

soft and bony sagittal crests are homologous.) It is con-

ceivable that sagittal crests of this type are even more

widely distributed within Pterosauria if the description of

such crests in non-pterodactyloids is valid (Czerkas and Ji

2002), and if soft tissue and bony crests are homologous,

as seems to be the case.

Kellner’s (1989, 2003a, 2004a) second proposed syna-

pomorphy uniting Tapejara and Tupuxuara concerns the

size of the nasoantorbital fenestra relative to the total

skull length. Supposedly, members of Tapejaridae sensu

Kellner possess a nasoantorbital fenestra 45 per cent or

more of total skull length, with skull length defined as

from the tip of the premaxilla to the squamosal (Kellner

2004a, p. 522). However, it is clear that tapejarids sensu

Kellner and azhdarchids cannot be reliably differentiated

in this way: in both Sinopterus dongi and Zhejiangopterus

the nasoantorbital fenestra is c. 45 per cent of the total

skull length, for example. We thus reject this character as

a synapomorphy of Tapejaridae sensu Kellner. By recalcu-

lating the proportional length of the nasoantorbital fenes-
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tra to skull length (measured from the tip of the premax-

illa to the posteriormost margin of the orbit), we found

almost continuous variation in this character (Table 1).

The greatest difference was not between tapejarids sensu

Kellner and azhdarchids, but between Zhejiangopterus and

Quetzalcoatlus. Importantly, the difference between Zheji-

angopterus and Sinopterus dongi was less than that

between Tupuxuara longicristatus and Tapejara imperator.

Of Kellner’s (2004a) three new possible synapomor-

phies, it is unclear if the presence of a thin subvertical

lacrimal process on the jugal truly is present in, and

unique to, Tapejaridae sensu Kellner. In some specimens

referred to this group the same process is no thinner than

it is in other lophocratians. That seen in Tapejara navi-

gans (Frey et al. 2003a), for example, is not notably thin,

nor is that in Sinopterus dongi (Wang and Zhou 2003).

The second character proposed recently to support

monophyly of Tapejaridae sensu Kellner, presence of a

comparatively small pear-shaped orbit, is also absent in

Sinopterus dongi and Tapejara navigans where the orbit is

the same shape as that figured for Quetzalcoatlus sp.

(Kellner and Langston 1996; Frey et al. 2003a; Wang and

Zhou 2003). Despite Kellner’s objections (2004a, p. 524)

it is almost impossible to differentiate satisfactorily this

pear-like orbit shape from that present in some ornithoc-

heiroids and ctenochasmatoids. Finally, it is difficult to

evaluate Kellner’s (2004a) proposed synapomorphy ‘well

developed and broad tubercle situated at the ventroposte-

rior margin of the coracoid’ (p. 524) given that, in our

examination of azhdarchoid scapulocoracoidea, we have

been unable to identify this character, nor has it been fig-

ured in the literature. We are therefore unable to assess

the utility of this character at present.

In examining the validity of the characters used by

Unwin (2003, p. 170) to support neoazhdarchian monop-

hyly, use of the presence of a notarium as a synapomorphy

for this group raises some problems, as discussed by Kellner

(2004a, p. 525). Although we agree with Unwin (2003) that

the notarium probably evolved independently several times

within Pterodactyloidea, its absence in Tapejara does not

demonstrate that this taxon lacked this structure given that

all reported Tapejara postcranial material belongs, appar-

ently, to juveniles (Kellner 2004a, p. 525). The convincing

application of this character must therefore await the dis-

covery of postcranial material of adult Tapejara. Unwin

(2003) also proposed that neoazhdarchians were united by

loss of contact between metacarpals I–III and the distal syn-

carpal. Unfortunately, as noted by Kellner (2004a, p. 525),

Unwin (2003, his character 37) coded Tupuxuara with ‘?’

for this character, thus apparently negating its use as a neo-

azhdarchian synapomorphy. However, based on examina-

tion of unpublished postcranial material referred to

Tupuxuara we can confirm that this character is present in

this taxon, and we accept it as a potential neoazhdarchian

synapomorphy.

Unwin (2003) also proposed that neoazhdarchians share

a rostrum (measured from the anterior margin of the orbit

to the premaxillary tip) more than 88 per cent of total skull

length. Kellner’s counter-argument (2004a, p. 525) was that

this ignored the fact that Tupuxuara exhibits a proportion-

ally larger nasoantorbital fenestra than do members of

Azhdarchidae, and that the part of the skull rostral to the

fenestra is, in Tupuxuara, more similar to that of Tapejara

than to that of any azhdarchid. We tested this by calcula-

ting the height : length ratio of the rostrum across pterod-

actyloid taxa, the resulting measurement being termed the

rostral index (RI) (Table 2). This is derived by dividing

the vertical height of the rostrum immediately anterior to

the nasoantorbital fenestra into the length of the rostrum

measured from the tip of the premaxilla to the nasoantor-

bital fenestra (Text-fig. 2).

The resulting values range from less than 1 in some

species of Tapejara to 10 in Pteranodon sternbergi

(Text-fig. 3). Among azhdarchoids, the data do not sup-

port Kellner’s (2004a, p. 525) contention that Tupuxuara

is more like Tapejara than it is like azhdarchids: instead,

RI values reveal a continuum, ranging from Tapejara (RI

values, 0Æ51–0Æ65), through Tupuxuara (RI values, 1Æ65–

2Æ45), to azhdarchids (RI values, 4Æ36–7Æ33). The partial

Javelina Formation skull TMM 42489-2, referred by Well-

nhofer (1991a, p. 144) to Quetzalcoatlus sp. but noted by

Kellner and Langston (1996, p. 230) and Kellner (2004a,

p. 529) to not belong to this taxon, has an RI of 2Æ45 and

is thus more similar to Tupuxuara than to Quetzalcoatlus.

TABLE 1 . Nasoantorbital fenestra ratios for azhdarchoid ptero-

saurs. Ratios were determined by dividing maximum length of

nasoantorbital fenestra into total length of skull (defined from tip

of premaxilla to posteriormost margin of orbit). ‘Difference’ refers

to that between the ratio of the taxon and the taxon above it in the

table. Data derived from skull diagram references given in table.

Taxon Ratio Difference

Quetzalcoatlus sp. 3Æ00 ·
Kellner and Langston (1996, fig. 7)

Zhejiangopterus linhaiensis 2Æ25 0Æ75

Unwin and Lü (1997, fig. 1)

Sinopterus dongi 2Æ16 0Æ09

Wang and Zhou (2003, fig. 1)

Tapejara wellnhoferi 2Æ02 0Æ14

Wellnhofer and Kellner (1991, fig. 4)

Thalassodromeus sethi 2Æ00 0Æ02

Kellner and Campos (2002, fig. 1)

Tapejara navigans 1Æ96 0Æ04

Frey et al. (2003a, fig. 1)

Tupuxuara longicristatus 1Æ79 0Æ17

Kellner (2004a, fig. 4)

Tapejara imperator 1Æ61 0Æ18

Campos and Kellner (1997, fig. 2)
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The specimen exhibits a morphology similar (though not

identical) to that regarded here as diagnostic for Tupuxu-

ara longicristatus (see below) and appears to represent a

closely related taxon. Importantly, the difference in RI

between this specimen and the azhdarchid Zhejiangopterus

(difference, 1Æ91) is not significantly greater than the dif-

ference in RI between the Javelina Formation specimen

and Tapejara navigans (difference, 1Æ8). The RI data

therefore show that Tupuxuara does not group obviously

closer to Tapejara based on rostrum proportions (contra

Kellner 2004a), but that Tupuxuara is intermediate in RI

between Tapejara and Azhdarchidae. Furthermore, RI is

variable within taxa (e.g. in Tupuxuara it ranges from

1Æ65 to 2Æ45), presumably due to ontogeny.

It should also be noted that several other characters,

conventionally regarded as azhdarchid apomorphies

(Unwin 2003, p. 181), appear (based on our examination

of unpublished specimens) to be present in Tupuxuara

and may also prove to be neoazhdarchian synapomor-

phies. These include a neural arch that merges with the

centrum, a proportionally short wing finger, a T-shaped

cross-section on the second and third wing phalanges,

and a proportionally long femur. We also note that

Tapejara lacks the median palatal ridge present in Tup-

uxuara and some members of Azhdarchidae. Confirma-

tion of the presence of the respective postcranial

characters awaits a full description of Tupuxuara material.

In conclusion, our evaluation indicates that the case for

neoazhdarchian monophyly is stronger than that for the

monophyly of Tapejaridae sensu Kellner.

However, Sinopterus dongi exhibits several characters

seen elsewhere only in Tapejara. These include a ventrally

deflected tip to the premaxillary rostrum, a finger-like

crest that projects posterodorsally from the parietal and a

distinct ventral dentary crest (Wang and Zhou 2003; Kell-

ner 2004a). Sinopterus gui Li et al., 2003 exhibits the vent-

rally deflected rostrum and ventral dentary crest but is

TABLE 2 . Rostral indices of selected pterosaurs. The nomenclature of ornithocheirids is confused: we refer NSM-PV 19892 (holotype

of Anhanguera piscator) to Coloborhynchus robustus and BSP 1987 I 46 (holotype of Tropeognathus mesembrinus) to Ornithocheirus

following Unwin (2003, p. 178). See text for discussion and Text-figure 2.

Taxon Rostral index Reference

Ornithocheirus mesembrinus BSP 1987 I 46 6Æ2 Kellner and Tomida (2000)

Anhanguera araripensis MN 4735-V 7Æ4 Kellner and Tomida (2000)

Anhanguera blittersdorfi MN 4805-V 6Æ33 Kellner and Tomida (2000)

Anhanguera blittersdorfi n. 40 Pz-DBAV-UERJ 7Æ14 Kellner and Tomida (2000)

Anhanguera santanae AMNH 22555 3Æ43 Kellner and Tomida (2000)

Coloborhynchus robustus NSM-PV 19892 6 Kellner and Tomida (2000)

Ludodactylus sibbicki SMNK PAL 3828 4 Frey et al. (2003)

Pteranodon longiceps (composite) 7Æ77 Eaton (1910)

Pteranodon sternbergi FHSM VP 339 10 Wellnhofer (1991a)

Cearadactylus atrox CB-F-PV-93 3Æ89 Kellner and Tomida (2000)

Tapejara navigans SMNK PAL 2344 0Æ65 Frey et al. (2003a)

Tapejara navigans SMNK PAL 2343 0Æ6 Frey et al. (2003a)

Tapejara wellnhoferi AMNH 24440 0Æ51 Wellnhofer and Kellner (1991)

Tupuxuara longicristatus MN 6591-V 1Æ92 Kellner and Campos (1988)

Tupuxuara longicristatus IMCF 1052 1Æ65 Kellner (2004a)

Thalassodromeus sethi DGM 1476-R 1Æ48 Kellner and Campos (2002)

Javelina Tupuxuara TMM 42489–2 2Æ45 Wellnhofer (1991a, p. 144)

Zhejiangopterus linhaiensis ZMNH M1323 4Æ36 Unwin and Lü (1997)

Quetzalcoatlus sp. TMM 41954–62 7Æ33 Kellner and Langston (1996)

TEXT -F IG . 2 . Relative position of SMNK PAL 3858 (see

below) on outline of skull of Tupuxuara. Dark grey shading

represents the combined premaxilla and maxilla, while lightest

grey represents crest developed from frontoparietals. Faint

arrows indicate dimensions used for determining rostral index

(RI) (see Table 2). Bold arrows indicate part of the diagnostic

morphology for Tupuxuara longicristatus: the rostrum dorsal to

the anterior part of nasoantorbital fenestra is approximately four

times deeper than the maxillary-jugal bar (see diagnosis).
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less well preserved: it may also be a close relative of

Tapejara but this is difficult to confirm. The characters

shared by Tapejara and Sinopterus dongi could be synapo-

morphies of a new clade for which the term Tapejaridae

could be co-opted: a potential definition for this clade

could be ‘all azhdarchoids closer to Tapejara wellnhoferi

than to Quetzalcoatlus northropi’ (a stem-based definition

is preferred given that it would be logical to include new

Tapejara-like taxa that lie outside of the Sinopterus dongi

+ Tapejara wellnhoferi clade within Tapejaridae). As dis-

cussed below, in our cladistic analysis monophyly of this

restrictive Tapejaridae was supported in some (but not

all) most parsimonious trees. We therefore reject Kellner’s

(2003a, p. 125) proposed phylogenetic definition of

Tapejaridae as ‘the most recent common ancestor of

Tapejara and Tupuxuara and all their [sic] descendants’,

because, if neoazhdarchian monophyly is upheld, Tapej-

aridae in this sense is synonymous with Azhdarchoidea.

Genus TUPUXUARA Kellner and Campos, 1988

Type species. Tupuxuara longicristatus Kellner and Campos,

1988.

Diagnosis. As for the type species (see below).

Discussion. This genus was erected by Kellner and Cam-

pos (1988) to accommodate Tupuxuara longicristatus, an

edentulous longirostrine pterosaur of uncertain affinities

TEXT -F IG . 3 . Selected pterosaur taxa plotted along a scale of rostral indices. Edentulous forms above the scale, toothed forms below.

Figures not to scale.
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from the Santana Formation of Brazil. A new azhdarchoid

taxon, Thalassodromeus sethi Kellner and Campos, 2002,

is regarded here as a junior subjective synonym of Tup-

uxuara longicristatus (see below).

Tupuxuara longicristatus Kellner and Campos, 1988

1988 Tupuxuara longicristatus Kellner and Campos,

p. 460, figs 1–4.

1989 Tupuxuara longicristatus Kellner and Campos;

Kellner, p. 441.

1991 Tupuxuara longicristatus Kellner and Campos;

Wellnhofer and Kellner, p. 90.

1991 Tupuxuara longicristatus Kellner and Campos;

Kellner, p. 371.

1994 Tupuxuara leonardii Kellner and Campos, p. 468;

figs 1–7.

1994 Tupuxuara longicristatus Kellner and Campos; Frey

and Martill, p. 403.

1999 Tupuxuara leonardii Kellner and Campos;

Wellnhofer and Buffetaut, p. 137.

2000 Tupuxuara leonardii Kellner and Campos; Kellner

and Tomida, p. 1.

2000 Tupuxuara longicristatus Kellner and Campos;

Kellner and Tomida, p. 94.

2002 Thalassodromeus sethi Kellner and Campos, p. 389;

figs 1–2.

2003a Tupuxuara cristata Kellner and Campos; Frey et al.,

p. 69, fig. 4.

2003a Tupuxuara leonardii Kellner and Campos; Kellner,

p. 125.

2003b Tupuxuara leonardii Kellner and Campos; Kellner,

p. 32.

2003b Thalassodromeus sethi Kellner and Campos; Kellner,

p. 35.

2003 Tupuxuara longicristatus Kellner and Campos;

Unwin, p. 145.

2003 Tupuxuara leonardii Kellner and Campos; Unwin,

p. 145.

2004 Tupuxuara leonardii Kellner and Campos;

Averianov, p. 434.

2004a Tupuxuara longicristatus Kellner and Campos;

Kellner, p. 521.

2004a Tupuxuara leonardii Kellner and Campos; Kellner,

p. 522, fig. 4.

2004a Thalassodromeus sethi Kellner and Campos; Kellner,

p. 524, fig. 5.

2004b Tupuxuara leonardii Kellner and Campos; Kellner,

p. 27. fig. 2.1.

Holotype. Partial skull (comprising partial premaxilla and

anterior portion of maxilla with the incomplete rim of the

nasoantorbital fenestra), metacarpal IV, left and right pha-

langes IV-1; specimen number MN 6591-V (taxon originally

erected when specimen was housed in private collection as

Coleção Desirée CD-R-003; Kellner and Campos 1988,

p. 460).

Stratotype. Romualdo Member, Santana Formation (?Albian–

?Turonian, Cretaceous).

Locality. Recorded only as from the flanks of the Chapada do

Araripe, probably Ceará State, north-east Brazil.

Revised diagnosis. Rostrum dorsal to anterior part of

nasoantorbital fenestra approximately four times deeper

than maxillary-jugal bar (Text-fig. 2), with dorsal and

ventral margins of dorsal process parallel, extending in

parallel fashion posteriorly to mid-length of nasoantorbit-

al fenestra.

Discussion. The type species of Tupuxuara, T. longicrista-

tus, was based on fragmentary cranial material and associ-

ated long bones. Based on the type material, the validity

of the genus is in some doubt as the features cited in the

original diagnosis by Kellner and Campos (1988) are

insufficient to distinguish Tupuxuara satisfactorily from

other members of Azhdarchoidea.

Kellner and Campos (1988, p. 460) initially diagnosed

T. longicristatus on the basis of a sagittal crest that origin-

ates on the rostral part of the premaxilla and projects

posteriorly, edentulousness, presence of a median palatal

ridge, presence of long and slim wing phalanges, and the

presence of two pneumatic foramina located on the prox-

imal articular surface of phalanx IV-1. In an emended

diagnosis, Kellner (1991) cited as diagnostic for T. longi-

cristatus a low sagittal crest on the anterior skull extend-

ing posteriorly, a horizontal rostrum (this is taken to

mean the ventral margin of the maxilla and premaxilla)

and a median ridge on the palate.

Of these purported diagnostic features, the presence of

a low sagittal crest on the anterior skull of T. longicrista-

tus extending posteriorly is not unique to this taxon as

other azhdarchoids exhibit a sagittal crest that can be des-

cribed in this way (e.g. Tapejara imperator Campos and

Kellner, 1997; Sinopterus dongi Wang and Zhou, 2003)

and a horizontal ventral margin to the premaxilla and

maxilla is also present elsewhere in Azhdarchoidea (e.g. in

Zhejiangopterus and Quetzalcoatlus). Regarding the med-

ian palatal ridge, although Kellner and Langston (1996)

claimed that this feature is not present in Quetzalcoatlus,

its presence cannot be ruled out for this taxon as the cra-

nial material is highly crushed and difficult to decipher

(E. Frey, pers. comm. 2002). Note that Kellner’s (1989)

specific mention of the absence of a median palatal ridge

in Tupuxuara is erroneous. Median palatal ridges appear

to have arisen independently several times within Ptero-

dactyloidea, being present in Ornithocheiridae, Dsungari-

pterus, Lonchodectidae, Gnathosaurus and Azhdarchoidea

(Nessov 1984; Bennett 1994, 2001; Unwin 2001, 2003)

and, within some taxa that possess them, they are repor-

ted to be variable in extent and size (e.g. Azhdarcho noted
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in Bakhurina and Unwin 1995). Use of the extent of the

palatal ridge as a putative diagnostic character is therefore

problematical. As discussed below, this has implications

for the validity of the supposed species Tupuxuara

leonardii.

With regard to postcranial characters, Kellner (1991,

p. 371) cited ‘long and slender’ first wing phalanx and

metacarpal IV as diagnostic for T. longicristatus. While

the terms ‘long’ and ‘slender’ are so vague that they can-

not be considered diagnostic without some quantification,

it does appear correct (based on examination of unpub-

lished specimens) that metacarpal IV and the first wing

phalanx are proportionally long and slender in T. longicri-

status when compared with those of ornithocheiroids and

ctenochasmatoids. However, the same is clearly true of

azhdarchids (Wellnhofer 1991a, p. 141; Unwin and Lü

1997). Kellner (1991) also cited the possession of two

pneumatic foramina on the first wing phalanx, with one

located at the ‘superior part of articulation with metacar-

pal IV’. While single pneumatic foramina have been

reported on the first wing phalanx of Coloborhynchus

robustus (Kellner and Tomida 2000), Santanadactylus pri-

cei (Wellnhofer 1985) and other pterosaurs, the distribu-

tion of these features in other pterosaur taxa is not well

known and this feature should therefore be treated cau-

tiously until its distribution is better understood.

A revised diagnosis of the genus Tupuxuara (and thus

by inference the type species T. longicristatus) provided by

Unwin (2003) cited the large sail-like cranial sagittal crest

as diagnostic for this taxon. However, this was based on

the referred skull IMCF 1052 and not on the type mater-

ial, and IMCF 1052 has more recently been referred to

the supposed second species of Tupuxuara, T. leonardii,

by Kellner (2004a). Before discussing the diagnosis of

T. longicristatus further we here evaluate the validity of

T. leonardii.

The type material of T. leonardii is problematical.

While Kellner and Campos (1994, p. 468) cited the holo-

type as MCT 1495-R, Kellner (2004a) cited MCT 1495-R

as a cast and listed MN 6592-V as the holotype. It would

therefore appear that, until recently, the holotype of

T. leonardii was a cast and not the original specimen. Like

T. longicristatus, the T. leonardii holotype is from the

nodules of the Romualdo Member of the Santana Forma-

tion. Given that the length and robustness of the median

palatal ridge differs in this specimen from that of the

T. longicristatus holotype (in T. leonardii the ridge,

reportedly, does not extend as far rostrally as it does in

T. longicristatus), Kellner and Campos (1994) proposed

that this specimen represented a new species. As discussed

above, this character appears to be subject to individual

variation within azhdarchoid taxa (e.g. Azhdarcho noted

in Bakhurina and Unwin 1995) and we therefore reject

the use of this character as a means of distinguishing

species. Furthermore, although Kellner and Campos

(1994) contended that the palatal ridge of T. leonardii

does not extend as far rostrally as that of T. longicristatus,

it can be seen from their figures of the T. longicristatus

holotype (Kellner and Campos 1988, p. 164) that the

ridge is weakly developed at its rostral end. Given that

the holotype of T. leonardii appears to preserve a portion

of the rostrum closer to the rostral tip than does the hol-

otype of T. longicristatus (Text-fig. 4), it is difficult to be

confident that the two specimens really are different in

this respect. It should also be noted that the holotypes of

T. longicristatus and T. leonardii appear to represent dif-

ferent-sized animals (Text-fig. 5), and thus any minor dif-

ference such as the length and robustness of the palatal

ridge could merely be due to ontogeny. Accordingly,

T. leonardii Kellner and Campos, 1994 is regarded here as

a junior subjective synonym of T. longicristatus Kellner

and Campos, 1988. Our proposed synonymisation of

T. leonardii with T. longicristatus means that the referred

specimen IMCF 1052 is also referable to T. longicristatus.

A full description of this specimen has yet to appear but

is reported to be in preparation (Kellner 2004a, p. 528).

Re-evaluation of the type material of T. longicristatus

has allowed us to formulate a revised diagnosis for this

taxon that does not rely on referred material. The com-

bined premaxilla-maxilla surrounding the anterior part of

the nasoantorbital fenestra is unusual in T. longicristatus

and apparently diagnostic, and the recognition of this

morphology means that T. longicristatus can be regarded

as a valid taxon (see above).

Thalassodromeus sethi Kellner and Campos, 2002 clearly

exhibits the morphology regarded here as diagnostic for

T. longicristatus and the question arises as to whether

Thalassodromeus is distinct from T. longicristatus. It

should be noted that, in the case of pterosaurs that exhi-

bit cranial crests that (as demonstrated by SMNK PAL

3858) appear to be variable ontogenetically and probably

A

B

TEXT -F IG . 4 . Overlain outlines of holotypes of A, Tupuxuara

leonardii (MN 6592-V), shaded, and B, Tupuxuara longicristatus

(MN 6591-V), unshaded, demonstrating how neither represents

identical portions of the rostrum.
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sexually, we prefer a ‘lumping’ approach in which indi-

viduals of a species exhibit a diverse array of cranial crest

morphologies (cf. Bennett 1992, 1994). If this approach is

employed, the prominent similarities apparent between

Thalassodromeus and T. longicristatus deserve to be

emphasised, not the minor differences.

Assessment of the diagnostic characters cited for Thal-

assodromeus sethi by Kellner and Campos (2002) indicate

that Thalassodromeus is not distinct from T. longicristatus.

Kellner and Campos (2002) listed the following features

as diagnostic for Thalassodromeus sethi: cranial crest com-

posed of premaxillae, frontal, parietal and supraoccipital,

starting at the skull tip and extending posteriorly, well

behind the occipital region; posterior end of cranial crest

V-shaped; suture between premaxillae and frontoparietal

portion of crest rectilinear; anterior portion of the pre-

maxillae and dentary with sharp dorsal and ventral edges;

palatines before palatal crest strongly concave; occipital

region of skull broader than in other tapejarids.

Of these purported diagnostic features, those involving

the size, extent and shape of the cranial crest are not

diagnostic as they show that Thalassodromeus sethi had

the same kind of crest as T. longicristatus. Furthermore,

as noted above it seems unwise to employ features of

crest size and morphology in a diagnosis. Juveniles,

females and males of the same species may be separated

as separate genera if this line of reasoning is followed, as

is demonstrated by the sometimes incredible amount of

intraspecific variation exhibited within Pteranodon longi-

ceps and some species of Nyctosaurus (Bennett 1992,

2001, 2003).

The ‘sharp dorsal and ventral edges’ of the premaxillae

and dentaries regarded as diagnostic for Thalassodromeus

are problematical as diagnostic characters. Firstly, pres-

ence or absence of these characters in other azhdarchoid

taxa are difficult to test given that pterosaur skulls are

often laterally compressed during fossilisation. The basal

azhdarchid Zhejiangopterus linhaiensis may well have dis-

tinctly laterally compressed keel-like premaxillary and

dentary symphyses for example, but this cannot be

determined as the skull is crushed flat in the lateral plane

(Unwin and Lü 1997). More importantly, ‘sharp dorsal

and ventral edges’ of the premaxillae and dentaries appear

widely distributed in Azhdarchoidea, and are not unique

to Thalassodromeus. For example, Kellner and Langston

(1996, p. 228) noted that the united dentaries of Quetzal-

coatlus sp. ‘form a sharp ventral keel’ and Wellnhofer and

Buffetaut (1999, fig. 5) figure a sharp ventral keel to the

dentary symphysis of the azhdarchoid BSP 1997 I 67

(Unwin 2001, p. 215 regarded this specimen as referable

to Tapejara). Regarding the strongly concave region of

the palate, this is also often difficult to test in pterosaurs

owing to lateral compaction.

Finally, difficulties are also attached to use of the broad

occipital region of the Thalassodromeus skull as a charac-

ter worthy of generic status. Kellner and Campos (2002,

p. 389) described the breadth of the Thalassodromeus

occiput as being ‘20% of squamosal to premaxilla length’,

with the width measured across the quadrates. Unfortu-

nately, considerable ambiguity is attached to the defini-

tion of this character. It is unclear where the length

between the squamosal and premaxilla is taken given that

in Thalassodromeus the premaxilla extends from the tip of

the rostrum posterodorsally well posterior to the occiput.

Furthermore, presence or absence of this character is

difficult to test in other taxa given a low sample size of

uncrushed pterosaur occiputs. Finally, if Thalassodromeus

certainly has a broader occiput than other basal azhdarch-

oids, it is conceivable that this is a feature related to

the large size of the Thalassodromeus skull relative to

that of other basal azhdarchoid specimens (Text-fig. 5).

TEXT -F IG . 5 . Tupuxuara specimens drawn to the same scale:

note the significant difference in size between the holotypes of

Thalassodromeus sethi and Tupuxuara longicristatus. Diagrams

based on Kellner and Campos (1988, 1994, 2002), Kellner

(2004a) and Wellnhofer (1991a).
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Elsewhere in Azhdarchoidea, Buffetaut et al. (2003) noted

that the robust occipital morphology of the giant azhdar-

chid Hatzegopteryx thambema may be a consequence of

this taxon’s large size. The broad occiput of Thal-

assodromeus may therefore be an incidental effect of its

growth allometry.

In conclusion, given the obvious similarity between

T. longicristatus and Thalassodromeus sethi, and the lack

of unarguable and phylogenetically significant differences

between them, we regard Thalassodromeus sethi as a

junior subjective synonym of T. longicristatus. The only

differences are demonstrably due to the specimen’s large

size, advanced ontogenetic stage and more complete con-

dition of preservation.

Finally on the subject of the taxonomy and synonymy

of T. longicristatus it should be noted that there is yet

another taxon that is probably synonymous with T. longi-

cristatus, namely ‘Santanadactylus’ spixi Wellnhofer, 1985.

Though referred to the ornithocheiroid genus Santanad-

actylus Buisonjé, 1980 by Wellnhofer (1985), it has been

widely noted since that ‘S.’ spixi is not an ornithocheiroid

and that its affinities lie elsewhere (Bennett 1989, 1994;

Wellnhofer 1991a; Kellner and Tomida 2000; Unwin

2003). Though Bennett (1989) suggested referral of ‘S.’

spixi to Dsungaripteridae, our comparison of ‘S.’ spixi with

unpublished T. longicristatus material suggests that they

may be conspecific. Indeed, Kellner and Tomida (2000, p.

94) noted that ‘S.’ spixi belongs to Tapejaridae sensu Kell-

ner, while Unwin (2003, figs 17–18) referred to ‘S.’ spixi as

‘?Tupuxuara sp.’. According to Kellner and Tomida (2000,

p. 94) a re-evaluation of ‘S.’ spixi is to appear in the

future. Note that ‘Santanadactylus’ spixi Wellnhofer, 1985

pre-dates T. longicristatus Kellner and Campos, 1988.

Tupuxuara cf. longicristatus SMNK PAL 3858

Text-figures 6–7

Remarks. The specimen described here is a skull fragment

from an azhdarchoid pterosaur in which a laterally com-

pressed premaxillary crest exhibits a shallowly concave

posterodorsal border dorsal to the posterior margin of

the nasoantorbital fenestra (Text-fig. 6). Although this

crest morphology has not been seen previously in any

azhdarchoid, the specimen is not considered to represent

a new taxon but a probable subadult of T. longicristatus

(see discussion below).

Material. Specimen number SMNK PAL 3858 held in the Staatl-

iches Museum für Naturkunde, Karlsruhe, Germany. Part of a

concretion enclosing a fragment of skull that comprises incom-

plete premaxillae, frontals, possible parietals, nasals and frag-

ments of lacrimals. A possible portion of dentary lying beneath

the frontals was exposed during sectioning.

Horizon. Romualdo Member of the Santana Formation, sensu

Martill and Wilby (1993).

Age. ?Albian–?Turonian (see above).

Locality. The specimen occurs in a typical nodule of the Romu-

aldo Member. These nodules are excavated in small mines, or

gleaned from field brash on the slopes of the Chapada do Ara-

ripe in southern Ceará, Pernambuco and Piaui in north-eastern

Brazil. The exact locality for this specimen is thought to be in

the region of Santana do Cariri in southern Ceará (information

supplied by a local fossil collector in Santana do Cariri). It

appears to have been collected from field brash as the specimen

is somewhat weathered and the broken edges of the concretion

are worn and soil stained.

Description. The specimen occurs in a flattish, laminated, early

diagenetic carbonate concretion with abundant cypridid ostra-

cods and has been split along a bedding plane. It has been sec-

tioned to reveal details of the skull cross-section and the nature

of the suture between the premaxilla and other elements of the

skull (Text-figs 6B, 7). The slab is approximately square and has

two margins that probably reflect the natural borders of the con-

cretion, while the other two margins are fracture surfaces indica-

ting that the original concretion was larger and more of the

skull had been preserved. Only half of the nodule remains, and

the split has left some bone in the now missing counterpart.

Thus some of the specimen is preserved with bone intact

whereas other parts are preserved as an external mould, or as

thin slivers of cortical bone adhering to the matrix. This acci-

dental splitting of the nodule has revealed some of the internal

structure of the specimen (Text-fig. 6A).

All of the bones are laterally compressed, but not crushed, and

in this respect form a highly compressed skull that tapers dorsally

to form a blade-like crest in cross-section (Text-fig. 7). The fused

nasals form the posterodorsal margin of the nasoantorbital fenes-

tra with a gentle posteroventral curvature. A fused suture is pre-

sent between the nasals and an anterior process of the frontals

(Text-fig. 7) and a second suture is visible between the frontals

and premaxillae. A thin (c. 0Æ5 mm) space between the frontals

and premaxillae shows that they were not fused in life (Text-

fig. 7). A small, subrectangular foramen is present in the postero-

ventral region of the right nasal (Text-fig. 6). Ventrally, a faint

suture marks the boundary between the nasals and the dorsal-

most extremity of the lacrimals and, while a small possible frag-

ment of right lacrimal is present, no part of the orbital margin is

seen. The convergence of the right nasal toward the ventral mar-

gin of the premaxilla defines a triangular, anteriorly directed pro-

jection of the frontals. A partial bone, obscured by the frontals,

was located during sectioning and may represent a detached par-

tial dentary (Text-fig. 7). The specimen corresponds to the region

of the Tupuxuara skull depicted in Text-figure 2.

Dimensions. Few meaningful dimensions can be derived from

SMNK PAL 3858, and those measurements that can be accu-

rately determined are difficult to relate to a location on the skull

(Table 3). The maximum dimensions of the specimen are

174 · 132 mm. The dorsal margin of the premaxilla approxi-
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mately parallels its suture with the frontals and is between 54

and 58 mm high measured perpendicular to this suture. Width

measurements taken from the cut surface can be accurately

determined (Text-fig. 7). The width of the nasals at their ventral

margin is 12 mm, tapering to a width of 6Æ5 mm at a point

15 mm dorsal to the ventral margin. They then expand slightly,

becoming 9 mm wide just below the suture with the premaxilla.

The nasal foramen has a maximum diameter of 8 mm. In cross-

section, the premaxilla is 5 mm wide at its suture with the fused

nasals and tapers dorsally until it is only 2 mm wide at a point

30 mm above the suture. It tapers towards its dorsal margin to a

minimum width of approximately 4 mm, but there appears to

TEXT -F IG . 7 . Cross-section of Tupuxuara cf. longicristatus

SMNK PAL 3858 made through the premaxillary crest, anterior

frontal and nasal. Section reveals laterally compressed (but

uncrushed) elements of the sagittal crest, fusion of nasals and

internal arrangement of trabeculae. Abbreviations as in Text-

figure 6.

A

B

TEXT -F IG . 6 . Tupuxuara cf. longicristatus, SMNK PAL 3858

prior to sectioning, Romualdo Member, Santana Formation

(Cretaceous), Chapada do Araripe, north-east Brazil. A, right

lateral view of partial skull. B, interpretative labelling of A.

X–Y ¼ line of section (see Text-fig. 7). Abbreviations (also for

Text-fig. 7): den, dentary; for, foramen; fron, frontal; lac,

lacrimal; med. sept, median septum between frontals; nas, nasal;

par, parietal; pmc, premaxillary crest; sut, unfused suture

between pmc and fron.
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be a slight mediolateral expansion at its dorsal border (Text-

fig. 7).

Interpretation. Although the specimen represents an

extremely small part of a skull, its pterosaurian affinities

are indicated by both the extremely thin nature of the

cortical bone and the vacuous nature of the intertrabecu-

lar cavities. In some regions of the premaxilla the cortical

bone is less than 0Æ2 mm thick. Its flattish aspect and the

symmetry of the elements seen in cross-section (Text-

fig. 7) indicate that they form part of a skull with a

prominent sagittal crest. When the upper ‘crest’ bone is

considered as a posterior extension of the premaxilla,

then elements ventral to this are readily recognisable as

frontals and possible parietals. An element located antero-

ventral to the frontals, but not quite uniting with the pre-

maxilla, is clearly a right nasal but, unusually, is

fenestrate. In Tapejara a fenestra is present at this loca-

tion but is formed by both the nasal and the lacrimal

(Wellnhofer and Kellner 1991).

The new specimen exhibits an unusual morphology in

which a sagittal crest composed of premaxillary bone

overgrows, but does not fuse with, a pair of laterally com-

pressed frontals. It is predominantly this morphology that

has allowed us to identify SMNK PAL 3858 as a member

of Azhdarchoidea as this configuration appears unique to

this group. It is clearly present in Tapejara (Wellnhofer

and Kellner 1991) and Sinopterus dongi, though has yet to

be confirmed for Azhdarchidae (see above). Similarly, the

extremely narrow width of the skull relative to its height

is typical of the azhdarchoids Tapejara and Tupuxuara.

While SMNK PAL 3858 resembles Tapejara wellnhoferi

in that the anterior part of its frontals forms a subtriangu-

lar projection between the premaxilla and nasals (Well-

nhofer and Kellner 1991), the specimen can be excluded

from Tapejara as in that taxon the premaxilla is not later-

ally compressed where it overgrows the skull roof. In con-

trast, the premaxillae of Tapejara form a thin hollow rod

with a rounded cross-section. This is true even of juvenile

Tapejara specimens whose skulls would have been smaller

than that of SMNK PAL 3858 (pers. obs.). The specimen

is comparable with Tupuxuara longicristatus as the sagittal

crest comprises laterally compressed premaxillae situated

both dorsal and posterior to the nasoantorbital fenestra

with their dorsal margin subparallel to the premaxillary

suture, and is thus referred to Tupuxuara.

Descriptions of Tupuxuara are not informative for the

region of the skull represented by SMNK PAL 3858. The

sagittal crest appears to comprise only the premaxillae,

and overgrows posteriorly the nasals, frontals and perhaps

parietals. A suture between the premaxilla and the nasals

and frontals in other Tupuxuara specimens originates

midway along the dorsal border of the nasoantorbital fen-

estra (Kellner and Campos 1988, 1994, 2002; Unwin

2003; Kellner 2004a). Although this latter region is miss-

ing from SMNK PAL 3858, projection of the premaxillary

suture anteriorly suggests that it would converge with the

dorsal margin of the nasoantorbital fenestra approxi-

mately 60 mm beyond the present margin of the block.

The small size of the specimen suggests that its crest can

be hypothetically ‘projected’ to match that of the adult

condition of T. longicristatus and because SMNK PAL

3858 matches well our prediction of what the subadult

stage of T. longicristatus would have looked like, we refer

the specimen to Tupuxuara cf. longicristatus.

ONTOGENY AND GROWTH OF THE
AZHDARCHOID CRANIAL CREST

Bony sagittal cranial crests are widespread in pterod-

actyloid pterosaurs, being present in Ornithocheiroidea

(e.g. Ludodactylus, Nyctosaurus, Pteranodon), Ctenochas-

matoidea (e.g. Cycnorhamphus), Dsungaripteroidea (e.g.

Dsungaripterus, Lonchognathosaurus) and Azhdarchoidea

(e.g. Tapejara, Tupuxuara), and are now known to occur

in non-pterodactyloids as well (Dalla Vecchia et al. 2002).

Recent work has confirmed that soft-tissue crests occur in

taxa where no bony crest is preserved, and it now seems

that the bony sagittal crests of ctenochasmatoids, dsunga-

ripteroids and azhdarchoids represent the mineralised

portions of crests that were ancestrally formed from soft

tissues: thus, soft-tissue and bony crests in these groups

are homologous (Frey and Tischlinger 2000; Bennett

2002; Frey et al. 2003a). The distribution of these crests

within Pterodactyloidea indicates that their presence is

plesiomorphic for Lophocratia, the pterodactyloid clade

that includes ctenochasmatoids, dsungaripteroids and

azhdarchoids (Unwin 2003).

In most pterosaurs where two or more elements form

part of the crest, growth of the bones appears to be coeval

and the crest becomes a single entity formed of fused

bone. Sutures in such crests are usually indistinguishable

TABLE 3 . Selected measurements of Tupuxuara cf. longicrista-

tus SMNK PAL 3858 from the Romualdo Member of the San-

tana Formation, Ceará, Brazil.

Nasals

12 mm wide at ventral margin

6Æ5 mm wide at a point 15 mm dorsal to the ventral margin

9 mm wide just below its suture with the premaxillae

Maximum diameter of nasal foramen 8 mm

Premaxillae

5 mm wide at suture with nasals

2 mm wide at a point 30 mm above suture

Average height of premaxillae measured perpendicular to

ventral margin 56 mm
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and even though the crest may increase in size during

ontogeny, it appears to be a single bone, lacking sutures.

In basal azhdarchoids, however, and in the specimen des-

cribed here in particular, the boundary between the pre-

maxillae and the underlying elements (nasals, frontals,

?parietals) is obvious and what appears to be a distinct

suture is seen (Text-figs 6–7). In cross-section the pre-

maxilla overlaps the convex dorsal surface of the frontals

without fusion. While cranial sutures may persist through

ontogeny because of their participation in mechanical

stimuli (e.g. Rafferty et al. 2003; Sun et al. 2004), we

detect no indication that the premaxillary sutures seen in

azhdarchoids were involved in cranial mechanics. The

presence of these sutures in the Tupuxuara specimens

suggests that the premaxillary component of the crest

overgrew the skull roof during ontogeny (Text-figs 7–8).

In view of our referral of SMNK PAL 3858 to Tupuxuara

cf. longicristatus, comparison with other examples of Tup-

uxuara longicristatus indicates that it was a subadult at

the time of death as the posterior margin of the cranial

crest had only reached a position dorsal to the posterior

margin of the nasoantorbital fenestra (Text-fig. 2). The

inferred ontogenetic enlargement of the crest supports the

idea that the cranial crests of at least some pterosaurs

were sexual display features, and sexual maturity of any

individual of a crested species could have been assessed

by the size and disposition of its crest.

In view of our synonymisation of Thalassodromeus sethi

with, and referral of IMCF 1052 to, T. longicristatus, the

new specimen SMNK PAL 3858 can be imagined as part

of an ontogenetic series for T. longicristatus. SMNK PAL

3858 represents a young individual in this series (Text-

fig. 8). IMCF 1052 represents an older individual in

which the premaxillary crest terminates a minimum of

c. 30 mm posterior to the orbit, and the Thalassodromeus

sethi specimen represents an old adult with a hypertro-

phied premaxillary crest in which the termination is

c. 500 mm posterior to the orbit (Text-fig. 8).

THE PHYLOGENY OF
AZHDARCHOIDEA

In an attempt to resolve the controversy over the mono-

phyly of Tapejaridae sensu Kellner vs. Neoazhdarchia

Unwin, 2003, we performed a cladistic analysis of Azhdar-

choidea utilising all the characters that have been

employed in this debate (Kellner 2003a, b, 2004a; Unwin

2003) as well as some new ones (Appendix). Our taxon

coding was hampered by the lack of published descrip-

tions of some key specimens that incorporate postcranial

remains, and we unfortunately had to code several char-

acters from unpublished material. Some characters (e.g.

characters 21 and 23) require confirmation from associ-

ated specimens and we hope to expand on this study in

future. A data set of 23 characters and eight taxa was ana-

lysed using NONA 2.0 with no multistate characters or

weighting. The results of a heuristic search generated

three most-parsimonious trees (MPTs), all with a length

of 32 steps, a CI of 0Æ71 and an RI of 0Æ70.

In all MPTs, Tupuxuara was the sister-taxon to

Azhdarchidae, supporting neoazhdarchian monophyly

(Text-fig. 9). Tupuxuara never formed a clade with any

species of Tapejara. Azhdarchidae was always monophy-

letic and Zhejiangopterus formed a sister-taxon to an

Azhdarcho-Quetzalcoatlus clade. Elsewhere there was less

agreement: arrangements where Tapejara and Sinopterus

D

C

B

A

TEXT -F IG . 8 . Hypothetical ontogenetic sequence of

premaxillary ⁄ fronto-parietal crest development in Tupuxuara

longicristatus. A, hypothetical juvenile stage in which the

premaxillary crest does not overlap the frontals. B, subadult

stage corresponding to SMNK PAL 3858, where the premaxillary

crest has overlapped the anterior parts of the frontals. C, adult

stage distinguished by termination of premaxillary crest being

posterior to occiput (loosely based on IMCF 1052). D, old adult

stage in which premaxillary crest terminates well beyond

occiput, and with V-shaped notch (based on DGM 1476-R).

Diagrams not to scale.
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formed a clade which was the sister-taxon to Neoazhdar-

chia (thus forming the restrictive version of Tapejaridae

discussed above), or formed successively more distant out-

groups to Neoazhdarchia, were equally parsimonious. The

latter arrangement was unexpected and indicates that even

the monophyly of our restricted version of Tapejaridae is

only weakly supported. Furthermore, the three Tapejara

species never formed a clade that did not include other

taxa. Even in the MPT where Tapejara and Sinopterus

dongi formed a clade, Sinopterus dongi was closer to a

Tapejara imperator + Tapejara wellnhoferi clade than was

Tapejara navigans. If this tree were favoured, a monophy-

letic Tapejara could be retained by either referring Sinopte-

rus dongi to Tapejara or providing Tapejara navigans with

a new generic name. Given that paraphyly of this Tapejara

+ Sinopterus dongi group was equally parsimonious, how-

ever, the monophyly of the genus Tapejara as presently

conceived is questionable and further study is required to

see whether Tapejara imperator and Tapejara navigans

truly belong with the type species of the genus.

In conclusion, the affinities of T. longicristatus within

Azhdarchoidea have been controversial, but character

evaluation and a cladistic analysis shows that T. longicri-

status is more closely related to azhdarchids than it is to

Tapejara, and thus Tapejaridae sensu Kellner is argued to

be paraphyletic. Monophyly of a clade including Tapejara

and Sinopterus dongi was not supported in all MPTs, and

all tapejarids may represent plesions on the azhdarchoid

stem. If this is correct then Tapejara as presently con-

ceived is not monophyletic.
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saur Nyctosaurus. Paläontologische Zeitschrift, 77, 61–75.

B R A M W E L L , C. and W H I T F I E L D, G. R. 1974. Biomechan-

ics of Pteranodon. Philosophical Transactions of the Royal Soci-

ety of London, B267, 503–581.

B UF F E T A U T, E., G R I G O R E S C U, D. and CS I KI , Z. 2003.

Giant azhdarchid pterosaurs from the terminal Cretaceous of

Translyvania (western Romania). 91–104. In B U F F E T A U T ,

E. and M A Z I N , J.-M. (eds). Evolution and palaeobiology of

pterosaurs. Geological Society, London Special Publication,

217, 347 pp.

B UI S O N J E , P. H. 1980. Santanadactylus brasiliensis nov. gen.,

nov. sp., a long necked, large pterosaurier from the Aptian of

Brasil. Proceedings of the Koninklijke Nederlandse Akademie van

Wetenschappen, B, 83, 145–157.

C A M P O S , D. A. and K E L L N E R , A. W. A. 1997. First occur-

rence of Tapejaridae in the Crato Member (Aptian), Santana

Formation, Araripe Basin, northeast Brazil. Anais da Academia

Brasileira Ciências, 69, 83–87.

—— L I G A BU E , D. and T A Q U E T, P. 1984. Wing membrane

and wing supporting fibres of a flying reptile from the Lower

Cretaceous of the Chapada do Araripe (Aptian; Ceará State,
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383–401. In J A R DI N É , S., DE K L A S Z , I. and D E BE N A Y ,
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APPENDIX

Characters used for parsimony analysis

1. Tip of premaxillary rostrum: horizontally continuous with

rest of rostrum (0), ventrally deflected (1) (Kellner 2003a;

character 4).

2. Premaxillary crest: lacking (0) or exhibiting elongate spine

(1).

3. Premaxillary crest extending posteriorly over skull: absent (0),

present (1).

4. Median palatal ridge: absent (0), present (1).

5. Teeth: present (0), absent (1).

6. Nasoantorbital fenestra: less than 40 per cent skull length

(measured from premaxillary tip to posterior edge of orbit)

(0), more than 40 per cent skull length (1).
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7. Comparatively small pear-shaped orbit: absent (0), present

(1) (Kellner 2003a; character 10).

8. Orbit: located high on skull (0), located ventral to level of

dorsal margin of nasoantorbital fenestra (1) (Unwin 2003,

character 60).

9. Thin subvertical lacrimal process on jugal: absent (0), present

(1) (Kellner 2003a, character 18).

10. Posterodorsal finger-like crest on parietal: absent (0), present

(1).

11. Occiput: facing posteriorly or posteroventrally (0), facing

ventrally (1) (Unwin 2003, p. 181).

12. Distinct ventral dentary crest: absent (0), present (1).

13. Notarium: absent (0), present in adults (1) (Unwin 2003,

character 31).

14. Metacarpals I–III and distal syncarpal: with at least some

metacarpals contacting syncarpal (0), contact lost (1) (Un-

win 2003, character 37).

15. Rostrum (measured from anterior margin of orbit to pre-

maxillary tip): less than 88 per cent of total skull length (0),

more than 88 per cent of total skull length (1) (Unwin

2003, p. 170).

16. Fifth cervical vertebra: not proportionally elongate (0), pro-

portionally elongate (at least eight times longer than broad)

and with neural spine absent (1) (Unwin 2003, p. 181).

17. Cervical vertebrae: neural arch in typical position (0),

merges with centrum (1).

18. Cervical vertebrae: lateral pneumatic foramen present on

centrum (0), absent (1) (Kellner 2003a, character 47).

19. Broad tubercle on ventroposterior margin of coracoid:

absent (0), present (1) (Kellner 2003a, character 57).

20. Metacarpal IV and first wing phalanx: subequal in diameter

to combined diameter of radius and ulna (0), gracile in rela-

tion to combined diameter of radius and ulna (1).

21. Wing finger: proportionally long (more than 50 per cent

total wing length) (0), proportionally short (c. 50 per cent

total wing length) (1) (Unwin 2003, p. 181).

22. T-shaped cross-section on second and third wing phalanges:

absent (0), present (1).

23. Femur: only slightly longer than humerus (0), proportionally

long (more than 1Æ6 times length of humerus) (1) (Unwin

2003, p. 181).

Data matrix

P ¼ polymorphic for this character.
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