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“Em algum lugar algo incrivel esta esperando ser descoberto” (BEGLEY, 1977, p. 46).



RESUMO

A Bacia Sedimentar do Araripe abrange uma area entre os estados do Ceard, Piaui e
Pernambuco, tendo sua origem relacionada a abertura do Oceano Atlantico Sul. A Formacéo
Romualdo teve sua deposicdo entre o Neoaptiano e o Eoalbiano e é conhecidapela grande
quantidade de concrecdes calcarias, a maioria contendo fosseis de excepcional preservacao.
Com excecdo dos peixes, 0s pterossauros sdo os vertebrados mais abundantes da bacia, e seus
fosseis estdo entre os mais bem preservados do mundo. Esta tese de doutorado tem como
objetivo o estudo taxondmico e paleoecoldgico de fosseis de pterossauros da Formagédo
Romualdo, contribuindo com novos dados sobre aspectos ontogenéticos, associacao
fossilifera e distribuicdo geogréfica do grupo no Cretéceo Inferior da Bacia do Araripe. O seu
formato é de coletanea de artigos, onde serdo apresentados trés manuscritos: 1) O primeiro
compreende a descricdo e identificacdo de um fragmento anterior de rostro de pterossauro
coletado no municipio de Exu, Pernambuco. A partir de analises cladisticas e de morfometria
geométrica, foi visto umaintima correspondéncia com o género Anhanguera, sendo o primeiro
relato desse génerosem crista pré-maxilar, corroborando propostas anteriores de essa ser uma
caracteristica fortemente controlada pela ontogenia ou por dimorfismo sexual; 2) o segundo
manuscrito consiste na descricdo anatbmica de trés espécimes diferentes de pterossauros,
coletados no Sitio Sobradinho, no municipio de Jardim, Ceara. Os fosseis aqui descritos sao
relevantes pela boa preservacdo e pela escassez de registros com procedéncia geograficae
estratigrafica. Nesse sentido, qualquer nova ocorréncia é de interesse e deve ser
documentada, sendo esta a primeira descricdo formal de pterossauros para essa localidade; 3)
0 Ultimo nédulo descrito, proveniente de Jardim (CE) é composto por dois individuos
preservados em um nédulo calcario arredondado de aproximadamente 10 cmde diametro.
Foram observadas caracteristicas do clado Anhangueria, como expansdo daregido anterior do
rostro. Os exemplares séo considerados juvenis pelo diminuto tamanho. Caso a atribuicdo a
Anhangueria seja confirmada, a possivel presenca de uma crista pré-maxilar sagital indica que
essa caracteristica teria controle ndo puramente ontogenético, sendo também aventado o

dimorfismo sexual.

Palavras-chave: pterosauria; ontogenia; Bacia do Araripe; morfologia; sistematica.



ABSTRACT

The Araripe Sedimentary Basin covers an area within the states of Ceara, Piaui
and Pernambuco, with its origin related to the opening of the Southern Atlantic Ocean.
The Romualdo Formation was deposited between the Neoaptian and the Eoalbian, and
is known for the abundance of calcareous concretions, most of which containing fossils
of exceptional preservation. Apart from fishes, pterosaurs are the most abundant fossil
vertebrates in the basin, and their fossils are among the best preserved in the world.
Thisdoctoral thesis aims at the taxonomic and paleoecological study of pterosaur fossils
from the Romualdo Formation, contributing to new data on ontogenetic aspects,
fossiliferous associations, and geographic distribution of the group in the Lower
Cretaceous of the Araripe Basin. It is organized as a collection of manuscripts, as
follows: 1) The first manuscript is focused on the description and identification of a
pterosaur rostral fragment collected in the municipality of Exu, Pernambuco. A close
correspondence with the genusAnhanguera was recovered from cladistic and geometric
morphometrics analyses, making this the first report of this genus without a
premaxillary crest. This corroborates previous proposals that this character is strongly
controlled by ontogeny or sexual dimorphism; 2) The second manuscript consists of the
anatomical description of three pterosaur specimens collected from the Sitio
Sobradinho, in the municipality of Jardim, Ceara. These fossils are relevant due to their
good preservation and the scarcity of recordswith geographic and stratigraphic origin. In
this sense, every new occurrence is of interestand must be documented. This is the first
formal description of pterosaurs for this locality; 3) The last material described comes
from Jardim (CE) and consists of two individuals preserved in a rounded limestone
nodule approximately 10 cm in diameter. Some featuresof the clade Anhangueria were
observed, such as the expansion of the anterior region of the rostrum. The specimens
are considered juveniles due to their small size. The putative presence of a sagittal
premaxillary crest indicates that this morphological characteristic cannot be considered

only ontogenetic in nature, and the possibility of sexual dimorphismis considered.

Keywords: pterosauria; ontogeny; Araripe Basin; morphology; systematics.
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1 INTRODUCAO

A Bacia do Araripe é considerada a maior dentre as bacias interiores do Nordeste do
Brasil, sendo também a mais estudada (Assine, 1992). Abrange trechos do sul do estado do
Ceard, leste do Piaui e noroeste de Pernambuco, e sua origem e evolugéo estdo intimamente
relacionadas a abertura do oceano Atlantico Sul. A megassequéncia pos-rifte da bacia, que
corresponde ao Grupo Santana, € constituida, da base ao topo, pelas formacdes Barbalha,
Crato, Ipubi e Romualdo (Assine et al, 2014).

A Formacdo Romualdo esta depositada sobre a camada de gipsita (Formacao Ipubi), e
é caracterizada por arenitos calciferos, argilitos, folhelhos e margas de natureza flavio-
lacustre, estuarina e marinha. E considerada um Lagerstitte, por possuir uma grande
guantidade de fdsseis de preservacdo excepcional (Maisey, 1991). Dentre os tetrapodes
fosseis da Formacdo Romualdo, os pterossauros sdo 0s mais abundantes e diversos.

Anhangueridae ¢ um grupo de pterossauros pterodactiloides dentados e com margem
dorsal do crénio cdncava, reconhecidos por terem a ponta anterior dos pré-maxilares
expandidos, crista sagital e dentes anteriores mais desenvolvidos (Rodrigues e Kellner, 2013;
Holgado et al., 2019). Boa parte dos anhanguerideos descritos e mais bem preservados vieram
da Formacdo Romualdo, na Bacia do Araripe, com quatro géneros atualmente validos
(Cearadactylus, Anhanguera, Tropeognathus e Maaradactylus), além de dezenas de espécimes
referidos. Porém, varios estudos sugerem que a diversidade de espécies seja superestimada, ja
gue muitos taxons foram diagnosticados com base em diferencas sutis ha morfologia da crista
pré-maxilar, uma caracteristica comprovadamente varidvel ontogeneticamente ou
sexualmente dimorfica em algumas espécies de pterossauros (e. g. Pinheiro e Rodrigues,
2017).

Aqui sdo apresentados cinco novos espécimes de pterossauros, sendo um fragmento
anterior de um rostro fino e alongado, sem crista sagital, coletado no municipio de Exu,
estado de Pernambuco. Um umero, fragmento de pelve, escapulas, coracoides, vértebra e
costela provenientes do Sitio Sobradinho, municipio de Jardim, Ceara. Por ultimo, uma
concre¢do contendo dois individuos coletada no Sitio Engenho Velho, também em Jardim.

Este trabalho se propfe a descrever o material osteoldgico e realizar a identificacéo
taxonémica de novos fdsseis de Pterosauria da Formacdo Romualdo, levando em conta a
posicdo geogréfica e, quando possivel, o contexto estratigrdfico do material de estudo, além
de levantar inferéncias a cerca da ontogenia de cada material estudado.
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2 OBJETIVOS

2.1 Objetivo Geral

Esse trabalho tem, por objetivo, a identificagdo taxondmica, levando em consideragédoa
morfologia e paleobiologia (com énfase em aspectos ontogenéticos) de novos fdsseis de
pterossauros da Formacdo Romualdo, contribuindo com dados sobre anatomia, ontogenia e

dimorfismo sexual de anhanguerideos do Cretaceo Inferior da Bacia do Araripe, NE do Brasil.
2.2 Obijetivos especificos

a) ldentificacdo taxondmica e descricdo morfoldgica do material de estudo pertencente as
colecbes do DGEO-CTG-UFPE (Departamento de Geologia, Centro de Tecnologia
Geociéncias da Universidade Federal de Pernambuco) e do MCNHBJ (Museu de
Ciéncias Naturais e de Histdria de Barra do Jardim);

b) Confeccdo de perfis estratigraficos integrados a fauna associada, de afloramentos de
Pernambuco e Ceard;

c) Tecer inferéncias a respeito da ontogenia de cada material, incluindo consideracfes

sobre sua relacdo com a descricdo taxondmica.
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3 A AREA DE ESTUDO

Os trabalhos de campo, que permitiram a obtencdo de dados geoldgicos, com
confeccdo de secOes estratigraficas, prospeccdo e coleta de fosseis, foram realizados nos
municipios de Exu (Pernambuco) e Jardim (Ceard), ambos localizados ao sul da Bacia do

Acraripe (Figura 1).

Figura 1 - Mapa da Bacia do Araripe e a Formagdo Romualdo. Com o limite dos municipios, destaque para Exu,
Pernambuco e Jardim, Ceara, e indicagdo do local dosrespectivos afloramentos

40°30'0"W 39°00'0"W

Santana
do Cariri

Pl

Araripe

Araripina

9 Afloramentos
Bacia do Araripe
Formagéo Romualdo

Fonte: O Autor (2022).

O municipio de Exu localiza-se no noroeste do estado de Pernambuco, na
microrregido do Sertdo do Araripe. Um dos materiais estudados foi coletado no Sitio Zé
Gomes (Figura 2A), (39°34’18” O 7°31°16” S), afloramento ja reportado na literatura
(Aureliano et al., 2013; Duque e Barreto, 2018).

Os outros materiais sdo provenientes do municipio de Jardim, no sul do estado do
Ceara, na microrregido do Cariri, das localidades Sitio Engenho Velho e Sitio Sobradinho(24M

0482006 9163052) (Figura 2B).
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Figura 2 - Dois dos trés afloramentos estudados. A, Sitio Zé Gomes em Exu - PE; B, Sitio
Sobradinho em Jardim - CE

Fonte: O Autor (20 ).
3.1  Bacia Sedimentar do Araripe

Localizada ao sul do estado do Ceard, leste do Piaui e noroeste de Pernambuco, a
Bacia do Araripe €é, de todas as bacias interiores do Nordeste, a mais extensa e
geologicamente complexa (Assine, 1992).

A Bacia Sedimentar do Araripe se destaca na geomorfologia da regido Nordeste do
Brasil pela presenca da Chapada do Araripe, uma feicdo morfoldgica alongada na dire¢doEW e
de topo plano, suavemente mergulhante para oeste e limitada por escarpas erosivase ingremes
(Assine, 2007). Seu preenchimento sedimentar ndo esta restrito apenas a chapada, também
ocupando a regido do Vale do Cariri (Assine, 1992). A bacia tem sua principal area delimitada

ao Norte pelo lineamento de Patos e ao Sul pela falha de Farias Brito.

3.1.1 Geologia e Estratigrafia da Bacia do Araripe

A Bacia do Araripe estd inserida sobre embasamento pré-cambriano da Zona
Transversal da Provincia Borborema (Ponte e Ponte Filho, 1996). A sua origem e evolugéo
estdo relacionadas com a ruptura do Supercontinente Gondwana e a abertura do Oceano
Atlantico Sul (Assine, 2007; Kellner, 2002). A evolucdo tectono-sedimentar da Bacia do

Araripe foi resumida por Ponte e Ponte Filho (1996) como trés estagios, pré-rifte, sin-rifte e
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pos-rifte. Mais recentemente foram reconhecidas cinco sequéncias, as quais sdo descritas
abaixo.

A deposicao da bacia se inicia com uma sequéncia paleozoica da Formacédo Cariri,
com arenitos médios a muito grossos (Fambrini et al., 2020). Segue a esta uma sequénciade
inicio de rifte, composta pela Formacédo Brejo Santo (predomentemente pelitos) e pelosarenitos
da porcdo inferior da Formacao Missdo Velha. A sequéncia climax de rifte é constituida pelos
arenitos grossos da porcao superior da Formacdo Missdo Velha e pelospelitos e arenitos da
Formacdo Abaiara. A megassequéncia pos-rifte da bacia € divida em duas (Assine, 2007;
Assine et al., 2014), a pos-rifte I, que litoestratigraficamente corresponde ao Grupo Santana, é
constituida de rochas siliciclasticas e carbonaticas das Formagdes Barbalha, Crato, Ipubi e
Romualdo. A pds-rifte 11 é caracterizada pelas formacGes Araripina e Exu.

A Formacdo Barbalha apresenta, na porcdo inferior, canais fluviais que se encerram
com a deposicao de pelitos lacustres de grande continuidade lateral e, na por¢do superior,niveis
delgados de conglomerado, sobrepostos por arenitos com intercalagdes de pelitos (Fambrini et
al., 2020).

Estas facies dao lugar a folhelhos cinza escuro/esverdeados e a calcarios laminados de
origem lacustre da Formacdo Crato, atribuida a um sistema transgressivo, a sucessao mista
desta formacdo é caracterizada pela alternancia de bancos de calcario laminado e de facies
siliciclasticas, correspondente a um sistema de nivel alto. Logo ap6s h& a deposicdo dos
evaporitos (gipsita/anidrita), correspondentes a Formacdo Ipubi, marcando condicdes de
elevada aridez (Assine et al, 2014).

A Formacdo Romualdo estd depositada sobre a camada de gipsita. Sua idade
normalmente é estabelecida a partir da Palinozona P-270 (Regali et al., 1974) — Aptiano
Superior, pela ocorréncia de Sergipea variverrucata, e pela assembleia de ostracodes, com a
biozona Damonella grandiensis (Biozona O11) (Weber, 1964 in: Brito et al., 1984),
estabelecendo uma idade local do Andar Alagoas, correspondente ao Aptiano/Albiano (Brito
et al., 1984). Recentemente, Barreto et al. (2022) estabeleceram uma idade absoluta para a
Formacdo Romualdo de 110 + 7,4 Ma., a partir da geocronologia U-Pb em dentes de
Cladoclyclus gardneri.

A Formacdo Romualdo teve sua deposicdo entre o Neoaptiano e o Eoalbiano. E
caracterizada por arenitos costeiros em sua porcao inferior. Seu empilhamento € de carater
transgressivo, com onlap costeiro de sudeste para noroeste e deposicao de facies marinhassobre
0 embasamento a oeste e noroeste (Assine et al, 2014). Os argilitos costeiros dao lugar a uma

secdo de argilito e folhelhos marinhos cinza escuros/pretos, onde se encontram niveis com
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nodulos calcérios, na sua maioria, fossiliferos. Esses fosseis deram a formacgdo o titulo de
Lagerstétte, por possuir uma grande diversidade e quantidade de fosseis com preservacdo
excepcional (Maisey, 1991). Acima desta secdo ha camadas delgadas de coquina e calcario

coquindide (Figura 3).

Figura 3 - Perfil estratigrafico. A, localidade Zé Gomes, no municipio de Exu
(Pernambuco); B, localidade Sobradinho, municipio de Jardim (Ceard), ilustrando a sucessao

litologica caracteristica da Formagdo Romualdo

8]
@ Bivalves < Peixe
R Gastropodes O Ambar
O Concregdo
@ Fiecies calcarea
% Camardo Flaser bedding
P2y Estratéficagéo
cruzada
%% Caranguejo iz
=2 Pterossauro
Il Folhelno
77| Arenito

=14 Calcarenito
Siltito
Coquina

Fésseis Litologia

—( Pterossauros . Arenito

& Queldnio :] Arenito calcifero

i Peixes - Folhelho

@ Coprélitos D Cloita

@ invertebrados L ©'PSI
Argila—J | # Planta || Estratificacdo cruzada
Areia muito fina -~

+ ner Icar

Areia fina (O Concregdes calcéreas

Fonte: O Autor (2022).
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3.1.2 Paleontologia da Formag¢édo Romualdo

Os folhelhos escuros da Formagdo Romualdo constituem o nivel estratigrafico mais
fossilifero da Bacia do Araripe, 0 que se deve as concregdes carbonéticas ali abundantes,
originadas, possivelmente, em eventos de mortandade em massa. Tal mortandade poderiaestar
associada a uma variacdo brusca na salinidade, temperatura ou oxigenacdo do ambiente
(Assine, 1992; Martill, 1988; Fara et al., 2005).

Os fésseis preservados no interior das concre¢des geralmente ndo estdo compactados,
apresentando, comumente, preservacdo excepcional. Muitas vezes estdo associados a tecidos
moles (Kellner, 1996). O alto grau de preservacdo indica um ambiente de aguas calmas, com
pouco oxigénio no fundo (Brito, 1975; Martill, 1988).

H& registros de uma grande diversidade de organismos fdsseis, incluindo
invertebrados como moluscos, equinoides, crustaceos e insetos. Dentre os microfossseis ha
ostracodes, foraminiferos, palinomorfos e nanofésseis calcarios (Branner, 1915; Bruno e
Hessel, 2006; Arai et al., 2000; Pinheiro et al., 2014; Freitas et al.,2016; Araripe et al., 2017;
Pereira et al., 2017; Do Prado et al., 2019; Tomé et al., 2023; Gomes et al., 2023). As plantas
na Formacdo Romualdo sdo representadas por troncos, folhas, sementes e frutificacbes (Lima,
2013; Sucerquia et al., 2015). Os icnofosseis sdo representados, em quase sua totalidade por
coprolitos, principalmente de peixes (Souto, 2002), mas também ha ocorréncia de um ovo
amnidtico (Abreu et al., 2020).

Dentre os vertebrados, os peixes sdo abundantes e diversos, incluindo Chondrichthyes,
representados pelo tubardo Tribodus limae e as raias lansan beurleni e Stahlraja sertanensis;
e os Osteichthyes, na maioria Actinopterygii, incluindo os raros e basais Obaichthys
decoratus e Dentilepisosteus laevis, os Pycnodontiformes Neoproscinetes penalvai e lemanja
palma, até os mais representativos Vinctifer comptoni,Rhacolepis buccalis, Tharrhias araripis
e Brannerion latum (Polck et al., 2015). Os maiores espécimes sdo 0s predadores
Calamopleurus cylindricus e Cladocyclus gardneri.Para a Formagdo Romualdo foram descritas
trés espécies de sarcopterigeos celacantideos, Axelrodichthys araripensis, Mawsonia gigas e
Mawsonia brasiliensis (ver Polck et al., 2015, para uma revisao).

No que diz respeito aos tetrapodes, é reportada a ocorréncia dos Crocodiliformes
Araripesuchus gomesii e Caririsuchus camposi. Quanto aos queldnios, Carvalho et al.
(2019) consideram atualmente cinco espécies validas: Araripemys barretoi, Santanachelys
gaffneyi, Brasilemys josai, Cearachelys placidoi e Euraxemys essweini. Segundo Carvalho e

Barreto (2015), foram reportados na literatura a presenga de pelo menos quarenta exemplares
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de fosseis de quelbnios da Formagdo Romualdo. No entanto, raramente se conhece a
procedéncia geografica destes.

Vaérios fdsseis de Dinosauria ja foram documentados para Formacdo Romualdo, dentre
eles, materiais fragmentados e/ou isolados (Leonardi e Borgomanero, 1981; Campos, 1985;
Frey & Martill, 1995; Bittencourt e Kellner, 2004). Cinco espécies foramdescritas, incluindo
dois espinossaurideos, Angaturama limai e Irritator challengeri e trés celurossaurideos,
Santanaraptor placidus, Mirischia asymmetrica e Aratasaurus museunacionali, sendo o
ultimo coletado no folhelho, na base da formacao, e ndo nas concrecdes carbonaticas.

Os pterossauros estdo entre os grupos de arcossauros fosseis mais bem representados
no Brasil, com registro em pelo menos cinco estados (Ceard, Piaui, Pernambuco, Paraibae
Parand). Se destacam, entretanto, os espécimes coletados em depdsitos do Grupo Santana,

com uma enorme diversidade e relativa abundancia nas formacdes Crato e Romualdo.
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4 PTEROSSAUROS

4.1 Aspectos gerais

Os pterossauros foram o primeiro grupo de diapsidos a desenvolver adaptacdes para o
voo. Tiveram sua primeira irradiagdo no final do Periodo Tridssico, com primeiro registro
datado do Carniano-Noriano (Ezcurra et al., 2020), e diversificaram-se, até sua extin¢do no
fim da Era Mesozoica (Wellhofer, 1991, Unwin, 2005). A hipotese filogenética mais recente
acerca da origem do grupo é a partir dos lagerpetideos, um grupoenigmatico de avemetatarsais
cursoriais, que viveram ha cerca de 237 milhdes de anos. Estudos recentes, como os de
Ezcurra et al. (2020) e Muller (2022), a partir de dados filogenéticos e caracteristicas
morfologicas, sugerem que 0s pterossauros evoluiram a partir de ancestrais terrestres
quadrupedes semelhantes aos lagerpetideos, que gradualmente adquiriam adaptacdes para o
V00.

A tipica morfologia dos pterossauros esta intimamente relacionada a adaptacéo para o
ambiente aéreo, que inclui 0ssos pneumatizados, com cortex extremamente delgados; esterno
largo com quilha ventral na extremidade anterior e juncdo coraco-esternal; membro anterior
alongado com metacarpais alongados e aumento excepcional do quartodigito, além do 0sso
pterdide e da membrana alar (Cuvier, 1801; Wellnhofer, 1991; Romer, 1956). As alteraces
cranianas estdo relacionadas a seu tamanho proporcionalmente grande, onde o rostro é a maior
parte, as narinas externas sdo dispostas posteriormente a fileira de dentes pré-maxilares, um
longo processo postero-dorsal da pré-maxila e fossa glenoide disposta lateralmente (Romer,
1956; Sereno, 1991).

Além da morfologia, as adaptacdes em Pterosauria também se deram tanto no plano
fisiolégico quanto ecoldgico. Uma prova do sucesso do grupo é a grande diversidade
encontrada no registro fossil, compreendendo organismos dos mais diversos tamanhos,
ocupando diversos nichos e estratégias ecologicas.

O estudo de aspectos paleobiolégicos e paleoecoldgicos de pterossauros se torna uma
tarefa laboriosa, ja que o grupo é consideravelmente distinto de qualquer representante
arcossauro vivente. Algumas aves modernas podem ser utilizadas como analogos atuais,em
termos de adaptagdes para o voo, comportamento alimentar e desenvolvimento ontogenético.

Uso de novas técnicas também ajudam a obter novas compreensées.
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4.2 Pterossauros da Formagdo Romualdo

Em Kellner e Tomida (2000), Rodrigues e Kellner (2013) e Pinheiro (2014) é possivel
encontrar uma revisdo detalhada da taxonomia de pterossauros do Grupo Santana,sintetizada
aqui. Desde a primeira descricdo, varios tdxons foram acrescentados e invalidados (por
sinonimia ou nomina dubia) da lista de espécies validas para a Bacia doAraripe. A Formagao
Romualdo conta com cerca de 20 espécies consideradas validas no momento, distribuidas
principalmente nos taxons Tapejaridae (sem dentes) e Anhangueridae (com dentes).

O primeiro pterossauro descrito para a Formagdo Romualdo foi o Araripesaurus
castilhoi, descrito por Llewellyn Price em 1971, cujo holétipo contém radio, ulna, complexo
carpal, metacarpos, falanges e pterdide (Price, 1971). A segunda espécie para a formacéo foi o
Araripedactylus dehmi, baseado apenas na primeira falange do dedo da asa direita
(Wellnhofer, 1977). O terceiro género descrito, Santanadactylus, estd representado pelas
espécies S. araripensis, S. brasilensis, S. pricei e S. spixi (Maisey, 1991). Porém, é sugerido
por Kellner (1990) que Santanadactylus pricei e Araripesaurus castilhoi sejam sinbnimos,
devido a similaridades anatdmicas. O mesmo autor considerou

S. araripensis como Anhanguera araripensis, baseado na margem dorsal da crista pré-
maxilar. Por fim, segundo Kellner e Tomida (2000), as espécies Araripesaurus castilhoi,
Araripedactylus dehmi e Santanadactylus pricei ndo possuem caracteristicas diagndsticas
suficientes para distingui-las dos demais taxons.

H& uma concordancia de que o crénio de um pterossauro é a parte mais importante
para fins taxondmicos, pois nele esta a maioria dos caracteres diagndésticos, entdodificilmente
novos taxons serdo propostos apenas com materiais pos cranianos como foino principio das
descobertas (Wellnhofer, 1991; Kellner, 2006).

O primeiro registro de pterossauro sem dentes encontrado em uma concre¢édo calcariada
Formacdo Romualdo € representado por um cranio incompleto e alguns fragmentos de
membros anteriores, e foi batizado por Kellner e Campos (1988) como Tupuxuara
longicristatus, até entdo sem atribuicdo taxonémica em nivel supra-genérico. No ano seguinte,
com a descricdo do pequeno pterossauro, também sem dentes, Tapejara wellnhoferi, foi
proposto um novo clado dentro de Pterodactyloidea: Tapejaridae (Kellner, 1989).

Os tapejarideos sdo animais desdentados, com grande crista sagital na parte anterior do
cranio, estendendo-se posteriormente e uma grande fenestra nasoanterorbital (Kellner,1989). O
grupo foi dividido em Thalassodrominae, representado pelas espécies Tupuxuara leonardi, T.

longicristatus, Thalassodromeus sethi e, mais recentemente por Kariridraco dianae; e
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Tapejarinae, que inclui Caupedactylus ybaka, Tapejara wellnhoferi, Tupandactylus imperator
e Tupandactylus navigans, para a Formagdo Romualdo.

Anhangueridae estd incluso em Anhangueria, um taxon criado por Rodrigues e
Kellner (2013), que inclui Camposipterus (Inglaterra), Iberodactylus (Espanha) e Hamipterus
(China). Por possuir duas sinapormofias compartilhadas com Anhangueria, Pinheiro (2014)
também incluiu Brasileodactylus araripensis, que é primeira espécie descrita para o Grupo
Santana por material craniano e ndo contém crista sagital. Outra espécie sem crista €
Barbosania gracilirostris, que também é incluida em Anhangueria por Pinheiro (2014), pois
apresenta expanséo rostral e possui dentes anteriores maiores que 0s demais.

Os anhanguerideos sdo o0s mais representativos para a Formacdo Romualdo:
Tropeognathus mesembrinus, Maaradactylus kellneri, Cearadactylus atrox e as espécies de
Anhanguera, que, apods a revisdo de Pinheiro e Rodrigues (2017), sdo validos A. blittersdorffi;

A. piscator e A. spielbergi.

4.2.1 Relac0es filogenéticas

Os debates acerca dos estudos das relacdes de parentesco entre taxons dentro
Pterosauria sdo acalorados e ainda ndo é possivel se chegar a um consenso. Desde o primeiro
estudo cladistico de Howse (1968), ja houve dezenas de propostas (ex. Bennett, 1989, 1994;
Kellner, 2003, 2004; Unwin, 2003; Wang et al., 2005; Andres et al., 2010; Andres et al.,
2014), que diferem desde a nomenclatura empregada como na topologia das arvores. Aqui,
usaremos a recente matriz de dados de Holgado et al. (2019) (Figura 4).
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Figura 4 - Arvore filogenética simplificada de Pterosauria, de acordo com asanélises mais recentes, com
desdobramento de Anhangueria. Silhuetas fora de escala
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Fonte: Modificado de Holgado et al. (2019)

Ainda antes de esses estudos serem testados através da metodologia cladistica, os
pterossauros foram classificados em dois grandes grupos, até entdo facilmente distinguiveis
através de caracteristicas osteologicas (Figura 5): ‘“Rhamphorhynchoidea” (0s
“ranforrincoides”) e Pterodactyloidea (os pterodactiloides).

Contendo formas basais, que viveram durante o Triassico e Jurassico, 0S
“ranforrincoides” sdo todos aqueles pterossauros ndo inclusos dentro do clado
Pterodactyloidea, formando, portanto, um grupo parafilético (Kellner, 2003). Por sua vez, 0s

pterodactil6ides surgiram durante o Jurassico e se desenvolveram até o final do Cretaceo.
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Figura 5 - Principais diferencas entre esqueletos de um pterossauro nao pterodactil6ide, aesquerda
(Rhamphorhynchus muensteri) e um pterossauro pterodactiloide, a direita (Pteranodon longiceps), em vista
ventral e fora de escala
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Fonte: Modificado de Witton (2013).

Pterodactyloidea se diferencia dos ndo pterodactiléides em diversas caracteristicas
morfologicas (Wellnhofer, 1991; Kellner, 2003; Unwin, 2003), dentre as mais importantes,
podem ser citadas: 1) fenestras nasais e anterorbitais confluentes em pterodactiloides e
separadas em ranforrincdides; 2) a presenca de dentes em toda extensdodas maxilas em nédo
pterodactildides, nos pterodactiloides os dentes estdo concentrados em regides especificas ou
sdo ausentes; 3) condilo occipital posicionado ventrocaudalmente em Pterodactyloidea e
caudalmente em ndo pterodactildides; 4)auséncia de costelas nas vértebras cervicais médias
em pterodactildides; 5) cauda reduzida em Pterodactyloidea; 6) quinto digito do membro
posterior reduzido em Pterodactyloidea e 7) alongamento dos metacarpais em
Pterodactyloidea.

Em 2009, houve a nomeagdo do clado Wukongopteridae, caracterizados por uma
combinacdo Unica de pterossauros basais e avancados (Wang et al., 2009). Enquanto os
wukongopterideos possuem as caudas longas dos ndo pterodactiloides, apresentam vértebras
alongadas no pescoco e uma Unica fenestra nasoantorbital, caracteristicas dos
pterodactildides, sendo entdo classificados como Pterodactyloidea basal, contribuido parauma

melhor compreendo das relagdes evolutivas em pterossauros.
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De acordo com Holgado et al. (2019), Anhanguerinae é o taxon Anhangueridae com
mais representantes brasileiros, todos provenientes da Bacia do Araripe (Figura 6):
Ludodactylus, Cearadactylus, Maaradactylus e Anhanguera. Sendo o primeiro da Formacéo
Crato e os trés seguintes da Formacdo Romualdo. O Unico género de Anhangueridae, que nao

esta incluso em Anhanguerinae, na Formacdo Romualdo, é Tropeognathus.

Figura 6 - Anhanguerideos da Formacdo Romualdo. A, Tropeognathus mesembrinus; B
Maaradactylus kellneri; C, Anhanguera spielbergi; D, Anhanguera blittersdorffi; E, Anhanguera
piscator; F, Cearadactylus atrox

Fonte: Modificados de Holgado e Pegas (2020);Bantim et al. (2014); Pinheiro et al. (2017);
Veldmeijer (2006) e Vila Nova et al. (2014).
Nota: Escala: 10 cm.

4.2.2 Anhangueridae

O clado Anhangueridae foi proposto por Campos e Kellner em 1985. Desde entdo, sua
taxonomia e a de tdxons intimamente relacionados se mostrou controversa e vem sendo
contestada por varios autores, havendo interpretacdes de sinonimias, nomina dubiae introducéo
de novos géneros (Kellner, 1990; Kellner e Tomida, 2000; Fastnacht, 2001; Unwin, 2001,
Rodrigues e Kellner, 2013; Andres et al., 2014; Pinheiro e Rodrigues, 2017; Longrich et al.,
2018; Pégas et al, 2019; Holgado e Pégas, 2020).

As anélises publicadas podem nédo entrar em acordo, mas todas mostram que o0 grupo
alcangou uma grande diversidade morfologica e distribuicdo geogréafica durante o Cretaceo.
Conforme os ultimos estudos, Anhangueridae conta com 18 espécies, divididasentre os taxons
Tropeognathinae, Coloborhynchinae e Anhanguerinae, com representantes encontrados nos

Estados Unidos, Brasil, Marrocos, Inglaterra, China e Australia (Holgado et al., 2019;
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Holgado e Pégas, 2020).

Tradicionalmente, os anhanguerideos sdo reconhecidos por serem pterossauros com
dentes, e por terem a ponta anterior do pré-maxilar expandida e com crista sagital no dorso,
sendo essa uma sinapomorfia do género Anhanguera. Apos a descri¢do da primeiraespécie de
Anhanguera, em 1985, dezenas de cranios, depositados em varias cole¢des nomundo, ja foram
atribuidas ao género, incluindo espécies descritas a partir de diferencassutis na morfologia e
posicao da crista pré-maxilar.

Ainda ndo € um consenso, mas ja foi sugerida por varios autores (Bennet, 1992, 1994;
Carpenter et al., 2003; Frey et al., 2003; Unwin, 2005; Lu et al., 2011; Wang et al., 2014;
Pinheiro e Rodrigues, 2017) a possibilidade das cristas pré-maxilares em pterossauros serem
caracteristicas sexualmente dimdrficas e/ou sujeitas a alteracdo ontogenética. Nesse caso, ndo
devendo ser usado como caractere diagndstico.

Em uma revisdo do género Anhanguera, Pinheiro e Rodrigues (2017) reanalisaram
caracteristicas supostamente diagndsticas de A. blittersdorffi, “A. araripensis”, “A. santanae”,
“A. robustus”, A. piscator e A. spielbergi, o que revelou que a maioria dos caracteres usados
para definir as espécies eram problematicos, pois se referiam a morfologia da crista, estando
dentro da faixa de variagéo intraespecifica. O Unico caraterinequivoco que permaneceu para
Anhanguera foi 0 quinto e sexto pares de dentes superiores serem menores do que o quarto e
0 sétimo, sendo retidas apenas trés espécies potencialmente validas: A. blittersdorffi, A.

piscator e A. spielbergi.

4.3  Aspectos ontogenéticos e dimorfismo sexual

Vaérias espécies de pterossauros, de grupos taxondmicos diferentes, ostentam algum
tipo de crista sagital. Apesar de ser uma caracteristica com ampla importancia em analises
filogenéticas, sua funcdo exata ainda ndo € um consenso, j& foram sugeridos o auxilio
aerodinamico durante o voo, a troca de temperatura corporal, ou 0 uso em comportamentos
sociais como exibicdo de ameaca ou para atrair possiveis parceiros (Bennett, 1992; Kellner e
Campos, 2002; Hone et al., 2012).
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A partir do registro de embrides, imaturos, juvenis e sub-adultos, foi constatado que a
crista sagital é varidvel durante o estagio de desenvolvimento de algumas espécies (Bennett et
al., 1995; Wang et al., 2017). Em 2014 dois estudos com séries ontogenéticasinquestionaveis
acrescentaram novos dados a essa discussdo. Uma associagdo de pelo menos 47 individuos de
diferentes estagios de crescimento mostrou variacdo ontogenética em Caiuajara dobruskii,
refletida principalmente pelo tamanho e inclina¢do da crista pré-maxilar, em um crescimento
alométrico positivo (Manzig et al., 2014).

O segundo estudo relata a descoberta de uma bonebed com 40 individuos contendo
machos e fémeas de Hamipterus tinshanensis, bem como varios ovos (Wang et al., 2014).Foi
demostrado que o tamanho e a forma da crista pré-maxilar sdo sexualmente variaveisdentro
dessa espécie. O dimorfismo sexual em pterossauros chineses havia sido relatadoquando um
espécime de Kunpengopterus foi encontrado associado a dois ovos (L et al.,2011; Wang et
al., 2015). A partir da avaliacdo de outros espécimes, foi demonstrado que os machos tinham
cristas relativamente grandes, enquanto as fémeas ndo possuiam cristas cranianas
desenvolvidas. Varia¢Ges da forma da crista sagital também foram relatadas em Pteranodon,
onde supostos machos e fémeas apresentam crista, mas, nos machos, elas sdo maiores que as
das supostas fémeas (Bennet, 1992;1994).

E um razoavel consenso que cristas pré-maxilares em pterossauros sdo potencialmente
dimérficas sexualmente e/ou sujeitas a variacdo ontogenética, sendo seu uso limitado como
caracteristicas diagndsticas, pelo menos em individuos que aparentemente estdo em estagios
diferentes do desenvolvimento.

Apesar dessas evidéncias, é necessario que toda essa questdo seja abordada com
cautela, ja que os pterossauros ndo deixaram descentes. Comparando com espécies viventes
de outros taxons (Canejo et al., 2022), entretanto, constatam-se casos em que individuos
machos jovens se assemelham com adultos do sexo oposto, como ocorre em Gavialis
gangeticus. A selegcdo sexual mutua, onde tanto machos como fémeas s&o ornamentados,
também é uma realidade em arcossauros viventes, portanto ndo pode ser ignorada como uma

possibilidade para pterossauros (Hone et al., 2012).
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5 MATERIAL

Foram analisados cinco espécimes (Figura 7), preservados em concrecfes calcarias
tipicas da Formacdo Romualdo, Bacia do Araripe. Um deles foi coletado no Sitio Zé Gomes,
municipio de Exu, Pernambuco e estd tombado na Colecdo Cientifica do DGEO-CTG-UFPE
(Departamento de Geologia, Centro de Tecnologia e Geociéncias da Universidade Federal de
Pernambuco. Recife, PE, Brasil). Os demais exemplares sdo provenientes do municipio de
Jardim, Ceard, cedidos para estudo pelo MCNHBJ (Museude Ciéncias Naturais e de Histdria

Barra do Jardim. Jardim, CE, Brasil).
5.1 Material de Exu - PE

O exemplar DGEO-CTG-UFPE 8283 é uma porcdo anterior de um rostro fino e
alongado de pterossauro, com aproximadamente 150 mm de comprimento, que estava envolto
quase totalmente por uma matriz calcéria avermelhada, com uma das laterais erodidas e um

pequeno dente quebrado a mostra.
5.2 Material de Jardim — CE

Os espécimes, que foram coletados no Sitio Sobradinho, em Jardim (CE), consistem
em um Umero isolado (MCNHBJ 363), escapulas e coracdides, uma vértebra e uma costela
(MCNHBJ 340) e uma cintura pélvica (MCNHBJ 341). MCNHBJ 380 foi coletado no Sitio
Engenho Velho, no mesmo municipio. Trata-se de um nédulo arredondado contendo

elementos 6sseos de dois individuospequenos.

Figura 7 - Material de estudo. A, DGEO-CTG-UFPE 8283; B, MCNHBJ 341;C
MCNHBJ 340; D, MCNHBJ 363; E, MCNHBJ 380. Fora de escala
LK ;

Fonte: O Autor (2022).
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6 METODOS

6.1 Coleta e preparagdo de fosseis

Nos trabalhos de campo, realizados nos municipios de Exu (PE) e Jardim (CE), foram
realizados levantamento de se¢Bes estratigraficas para a descricdo da litologia, estruturas
sedimentares, coleta de fosseis e de fauna associada.

As técnicas de preparacdo dos fosseis contidos em concregdes seguiram as
recomendacdes de Santos (1985); May et al. (1994); Kellner (1995); Silva e Kellner (2006),
sendo possivel a visualizacdo das feicbes morfoldgicas e anatbmicas do organismo. Foram
utilizados equipamentos como martelos, talhadeiras, agulhas, disco diamantado acoplado a
microretifica, Paraloid (copolimero de etilmetacrilato e metacrilato, diluida em acetona) e
cola a base de cianocrilato, além de equipamentos de protecdo individual. Devido ao tamanho,
MCNHBJ 380 foi preparado sob um estereomicroscépio, com uma agulha muito fina presa

em suporte.

6.2 Medicdo, fotografia e edigdo de imagens

Com os elementos dsseos isolados da matriz, foram realizadas as medicdes, utilizado-se
um paquimetro digital universal de aco inoxidavel 150 mm/6”. As fotos foram feitas em
varios angulos com camera Canon EOS Rebel e editadas posteriormente com os softwares
Adobe Photoshop® CC e CoreDRAW® 2019. Para o espécime MCNHBJ 380, as fotos
também foram realizadas com uma camera AxioCam, acoplada ao estereomicroscopio

Discovery V12 da Zeiss, utilizando-se o programa Zen Blue.

6.3 Morfometria geométrica

A morfometria geométrica bidimensional foi aplicada com o objetivo de estabelecer
relacbes de tamanho e posicdo dos alvéolos dentarios rostrais entre 0s pterossauros
anhanguerideos e taxons relacionados, para avaliar a qual espécime ou agrupamento DGEO-
CTG-UFPE 8283 teria mais similaridade morfologica.

Um total de 21 cranios (e fragmentos de cranios) foram analisados, a partir de
fotografias em vista ventral e 14 marcos anatdmicos foram digitalizados no software TPSDig

e depois identificados no TPSRelw (Rohlf, 2010), enquanto todas as anélises foram realizadas
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com o pacote de software MorphoJ versdo 1.06a (Klingenberg, 2011).
Ap0s a sobreposicao de Procrustes, uma Analise de Componentes Principais (PCA)

foiutilizada para investigar a variacdo morfoldgica dentro da amostra escolhida.

6.4  Andlise filogenética

Para acessar as relagdes de DGEO-CTG-UFPE 8283 dentro da estrutura filogenéticade
Holgado et al. (2019), conforme atualizacdo de Cerqueira et al. (2021), a analise foi realizada
utilizando os algoritmos TBR e SPR do software TNT 1.5 (Goloboff and Catalano, 2016),
com Random seed e 100 repeti¢cdes. Posteriormente, os valores de suporte de Bremer também

foram calculados.

6.5 Microtomografia computadorizada

Um dos fosseis estudados, MCNHBJ 380, foi submetido a varios testes em
microtomografia computadorizada (uCT) para definicdo de poténcia e tensdo de corrente
necessarias para um melhor resultado. As analises experimentais foram realizadas no
microtomografo de raios-x Nikon Metrology XTH 225 ST, localizado no Laboratério de
Tomografia Computadorizada de Raios-X (LTC-RX) do Departamento de Energia Nuclear da
UFPE, e no Microtomografo MicroCT Skyscan Bruker, no Instituto de Petréleo e dos
Recursos Naturais (IPR), localizado na PUCRS.

O objetivo de usar a técnica de pCT € analisar os elementos Osseos que estdo no
interior da concrecdo calcaria, sem a necessidade de prepara-la, pois o espécime é bastante
delicado e 0 acesso a esses 0ss0s possibilitaria uma melhor descricdo e identificacdo. Naofoi

obtido nenhum resultado satisfatério nas andlises realizadas.
6.6 Luz Ultravioleta
O espécime MCNHBJ 380 foi observado sob duas lampadas de luz ultravioleta de

3600 A e comprimento de onda de 365 nm, com o objetivo de aumentar o contraste entrea

rocha e o fossil, auxiliando na preparacao e observagédo de possivel tecido mole preservado.
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7 RESULTADOS

A presente tese de Doutorado tem como formato de resultado uma coletanea de
artigos cientificos, na qual o primeiro (Figura 8) e o segundo artigo (Figura 9) estdo

publicado eo terceiro estd em vias de elaboracao.

7.1 Artigo | — The ontogenetic growth of Anhangueridae (Pterosauria, Pterodactyloidea)

premaxillary crests as revealed by a crestless Anhanguera specimen

Publicado na revista Journal of Vertebrate Paleontology, no dia 11 de Outubro de

2022. O artigo | encontra-se completo anexado no Apéndice A desta tese.

Figura 8 - Captura da pagina do artigo I. Acessado em 14 de Fevereiro de 2023
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7.2 Artigo Il — New pterosaur specimens with geographic and stratigraphic procedence
from the Romualdo Formation (lower Cretaceous, Araripe Basin, Brazil)
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7.3 Artigo Il — Associagdo de pterossauros juvenis no Cretaceo do Brasil

A ser submetido a revista Scientific Reports (apds traducédo para o Inglés).

Associacao de pterossauros juvenis no Cretaceo do Brasil

RESUMO

Os pterossauros foram os primeiros vertebrados adaptados ao v6o. A fragilidade de seus
esqueletos pneumaticos pode ter influenciado em sua fossilizagdo, tronando mais comum
encontra-los em depositos de preservacdo excepcional. A Bacia do Araripe, no nordeste do
Brasil, € um desses destaques no registro de pterossauros, com uma grande diversidadee fdsseis
bem preservados, h& anos contribuindo para o entendimento da paleobiologia dogrupo. Nas
ultimas décadas, muito se descobriu sobre a evolugdo e ontogenia dos pterossauros, mas ainda
ha lacunas a serem preenchidas. Aqui relatamos dois novos pterossauros provenientes da
Formacdo Romualdo. Ambos sdo considerados juvenis pelo diminuto tamanho e por terem
0ssos do crénio articulados, mas com sutura visivel entre os pré-maxilares e maxilares. A
aparente presenca de uma crista pré-maxilar incipiente indica que essa ndo é uma
caracteristica exclusiva de pterossauros dentados maduros, contrariando concepgdes anteriores
e favorecendo a hipotese de dimorfismo sexual aliadaa presenca destas estruturas cranianas.

Introducéo

A anatomia Unica dos pterossauros esta intimamente relacionada a adaptacdo para o ambiente
aéreo, que inclui 0ssos pneumatizados e com cortex extremamente delgados; membro anterior
extenso com metacarpais alongados e aumento excepcional do quarto digito, além do o0sso
pterdide e da membrana alar™®l. As alteracBes cranianas estdo relacionadas ao tamanho
proporcionalmente grande, onde o rostro é a maior parte (na maioria dos pterossauros), as
narinas externas sao dispostas posteriormente a fileira de dentes pré-maxilares, além da
presenca de um longo processo pdstero-dorsal do pré- maxilart.

Fosseis de pterossauros sdo reconhecidamente raros, devido a fragilidade de seus esqueletos
pneumaticos que, na maior parte das vezes, condiciona sua preservagdo a espécimes
comprimidos ou fragmentados. T&o raros quanto os esqueletos de individuos maduros, séo
evidéncias fdsseis do desenvolvimento pré-natal desses répteis voadores. O primeiro
pterossauro foi descrito em 1784121, mas ovos e embrides s6 foram relatados a partir de 20044
8 desde entdo foram apresentadas novas evidéncias sobre a biologia reprodutiva, estudo do
crescimento ontogenético e dimorfismo sexual nesse grupo.

Os primeiros estagios da historia de vida dos pterossauros ainda nao sdo claramente
compreendidos, devido a raridae de ovos, embrides e séries ontogenéticas para a maioriados
taxons. Também é notavel a dificuldade de destinguir filhotes de pequenos adultos®. Em um
levantamento, utilizando métodos quantitativos, Unwin e Deeming!*? identificaram estagios
de desenvolvimento nos pterossauros, indicando 0s registros
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dentro de pré-natal (estagios intermediarios, médio e tardio) e pos-natal (recém-nascido,
imaturo e maturo). Na Bacia do Araripe, ja consagrada por apresentar espécimes de
pterossauros excepcionalmente bem preservados, apesar de ter registros de juvenis e sub-
adultos, identificados por paleohistologia e desarticulacdo ou baixo grau de fusionamentodos
ossost*t12 até 0 momento ndo ha nenhuma ocorréncia de ovos, espécimes imaturos ou recém-
nascidos.

Apresentamos aqui dois pequenos pterossauros pterodactiloides preservados em umaunica
concrecdo calcérea tipica da Formacdo Romualdo, com provavel preservacao de tecido mole.

Resultados

Contexto geoldgico.

O material de estudo foi coletado por José Carvalho Coutinho Junior, na superficie do terreno,
no Sitio Engenho Velho, localizado no municipio de Jardim, sul do estado do Ceara, Nordeste
do Brasil (Figura 1). Outros fdsseis coletados na mesma localidade sdo os peixes Tharrhias,
Vinctifer, Rhacolepis e Cladocyclus, além de coproélitos e moluscos.

A Bacia sedimentar do Araripe esta localizada no Nordeste brasileiro, abrangendo trés
estados: Ceara, Piaui e Pernambuco. Sua origem e evolucdo estd intimamente ligada a
abertura do oceano Atlantico sull®, A megasequéncia pos-rifte corresponde ao Grupo
Santana, que conta, dentre suas unidades, a Formacdo Romualdo, considerada um
Fossillagerstatte por sua abundéncia de fosseis e comum preservacdo de tecido nédo
ossificado™. A idade da Formagao Romualdo é estimada por dados bioestratigraficos!*®! entre
0 Aptiano e o Albiano. Corroborada por datacdo absoluta em 110 + 7,4 Ma
(Aptiano/Albiano), a partir de geocronologia U-Pb em dentes do peixe Cladocyclus gardneri
(Barreto et al., 2022).
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Figura 1. Mapa da Bacia do Araripe no Nordeste do Brasil, com destaque para 0 municipio de
Jardim e localizagdo do Sitio Engenho Velho.

Sisteméatica paleontoldgica.

Pterosauria Kaup, 1834

Pterodactyloidea Plieniger, 1901

Pterodontoidea Marsh, 1876 sensu Kellner,

2003Anhangueria Rodrigues e Kellnerlte

Anhangueria sp.

Material. Concrecdo carbonéatica (Figura 2) contendo um individuo com cranio,
mandidula, ossos longos e elementos ndo identificados (MCNHBJ 380A) e um
segundo cranio isolado e fragmentado (MCNHBJ 380B). Depositado no Museu de
Ciéncias Naturais e de Historia Barra do Jardim (MCNHBJ), Jardim — CE.

Localidade e horizonte. Material preservado em um nédulo calcério tipico da Formagao
Romualdo (Aptiano/Albiano), Grupo Santana da Bacia do Araripe. Coletado no Sitio
Engenho Velho, no municipio de Jardim - Cear4, Nordeste do Brasil.
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Figura 2. MCNHBJ 380 antes da preparagdo. Escala: 50 mm.

Descricdo e comparagao.

MCNHBJ 380 consiste em uma Unica concrec¢do arredondada de aproximadamente 95 mm de
didametro por 40 mm de espessura, encontrada na superficie do terreno. O espécime MCNHBJ
380A estava preservado proximo a superficie da concrecdo, com grande parte da lateral
esquerda do cranio exposta, com excecdo da regido mais proximal do rostro e acrista pré-
maxilar, que foi exposta por preparagdo mecanica, assim como outros 0ssos e 0 segundo
cranio (MCNHBJ 380B). MCNHBJ 380A e um esqueleto parcial de pterossauro de tamanho
diminuto. Seu cranio é alongado, com 53 mm de comprimento e margem dorsal reta.
Apresenta o que aparenta ser uma crista sagital pré-maxilar baixa, de3 mm na maior altura, se
iniciando na regido mais anterior do rostro. MCNHBJ 380B é um cranio sem a sua regiao
distal preservada, sendo um pouco menor que MCNHBJ 380A, porém apresentando grande
semelhanga ao primeiro. Nesse espécime, a margem da fenestra nasoanterorbital estad bem
delimitada, mas a preservacdo dos dentes seencontra comprometida. Abaixo de cada cranio ha
um o0sso longo ndo identificado.

Pré-maxilar. Apresenta um formato triangular em ambos os espécimes. No primeiro cranio
(MCNHBJ 380A) ndo é possivel ver uma sutura entre a pré-maxila e as maxilas bem
delimitada, pois essa regido que margeia a fenestra nasoanterorbital (naof) esta quebrada.
Contudo, em MCNHBJ 380B, essa sutura é bem visivel, principalmente com
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0 uso de luz ultravioleta, seguindo em linha reta até a margem da fenestra. Em ambos os
espécimes a crista sagital pré-maxilar (pmcr) é bem delimitada. A superficie anterior do rostro
é arredondada e logo se torna plana na margem da crista pré-maxilar sagital, que ésemelhante
a uma lamina, lisa, extremamente fina e com margem dorsal levemente arredondada (Figuras
3; 4a). A crista pré-maxilar estd visivelmente separada da pré- maxila, o que ndo configura
como desarticulacdo da pré-maxila, ja que sutura entre este 0sso e a maxila se localiza logo
abaixo. A natureza dessa separac¢ao néo foi identificada.

Figura 3. Primeiro cranio (MCNHBJ 380A).

O clado Anhangueria contém espécies sem nenhuma crista anterior na pré-maxila
(Camposipterus nasutus; Guidraco venator; Ludodactylus sibbicki), outras com cristas
(Iberodactylus  andreui; Hamipterus tianshanensis;  Tropeognathus mesembrinus;
Coloborhynchus clavirostris; Uktenadactylus wadleighi; Siroccopteryx moroccensis;
Caulkicephalus trimicrodon; Liaoningopterus gui; Maaradactylus kellneri; Anhanguera
piscator; A. spielbergi; A. blittersdorffi), e materiais onde ndo € possivel verificar
(Cearadactylus atrox). Além disso, em um anico género é possivel ter individuos com uma
grande variedade de formatos e tamanhos, com a presenca de individuos sem crista,como é o
caso de Anhangueral®. Em comparagBes com Anhangueria, poucos espécimes apresentam
condigdo semelhante a MCNHBJ 380, onde a crista pré-maxilar se inicia na extremidade
rostral. Este é o caso de Tropeognathus mesembrinus, embora, neste Gltimo é evidente o
angulo reto na margem anterior da crista, arredondado em MCNHBJ 380.

Maxilar. E alongada, compondo quase dois tercos do tamanho do cranio, com 37 mm de
comprimento. Sua margem ventral esta totalmente preservada, mas nem todos os alvéolos
dentérios sdo visiveis. Sua margem ventral possui leve curvatura em direcdo anterior. Em
MCNHBJ 380B € observada uma possivel quilha palatal, ndo sendo possivel precisar sua
morfologia devido a preservacdo. A possivel quilha, entretanto, ndo se estende a extremidade
anterior do rostro.

Fenestra nasoanterorbital. Em MCNHBJ 380A, os limites da fenestra nasoanterorbital s&o
pouco claros, sendo visivel por uma impressdo no sedimento. Em MCNHBJ 380B, entretanto,
suas marges sdao bem claras. Em ambos, ela ocupa parte consideravel do comprimento do
cranio, como na maioria dos Pterodactyloidea. Em nenhum dos Anhangueria em que se
conhece a posicao da crista sagital pré-maxilar, a estrutura
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ultrapassa a margem anterior da fenestra nasoanterorbital, como nos espécimes aqui
apresentados (Figura 4a).

e S

naof

Figura 4. Segundo cranio - MCNHBJ 380B. a, Detalhe do cranio em luz branca,evidenciando
as margens da pmcr e da naof; b, Cranio sob luz ultravioleta. Abrevia¢es: m, maxila; naof,
fenestra nasoanterorbital; pmcr, crista pré-maxilar. Seta branca, sutura entre pré-maxila e
maxila; setas pretas, dentes.

Mandibula. Apenas MCNHBJ 380A apresenta mandibula preservada, levemente deslocada
em direcdo posterior. A lateral esquerda do ramo esquerdo e o supra-angular estdo expostos.
A margem anterior é levemente arredondada. A margem ventral ndo apresenta crista dentaria
evidente.

Denticdo. Ha muitos dentes e alvéolos vazios em MCNHBJ 380A. A presenca de alvéolos
vazios indica uma implantacdo dentaria tecodonte. O tamanho de cada dente dificultou a
preparacdo e visualizagdo, impedindo uma estimativa precisa de sua quantidade. Foram
observados aproximadamente 16 dentes e 09 alvéolos na maxila. Os dentes da mandibulaestéo
em melhores condigdes, tendo aproximadamente 28 dentes e 08 alvéolos vazios. Osdentes sdo
lisos, pontiagudos e levemente curvados, tipico de anhanguerideos. Foi possivel expor 0s
primeiros oito dentes rostrais esquerdos. Aparentemente os dentes maiores estdo na ponta do
rostro, condicdo sinapomorfica para Anhangueria, assim comoa expansao anterior. O dente 1
superior é voltado para baixo, o dente 2 é reduzido e estd um pouco mais acima, 0 3 e 4 sdo
maiores e dispostos muito juntos um do outro. Os dentes seguintes mantém o mesmo
tamanho com espacamento entre eles variando. Os
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dentes ndo sdo lateralizados, apenas o dente 7 aparenta estar deslocado (Figura 5). MCNHBJ
380B ndo possui mandibula, e os dentes da sua maxila ndo estio em boas condicBes. E
possivel visualizar com auxilio de luz ultravioleta (UV) pelo menos 26 dentes e varios
alvéolos vazios.

Figura 5. Dentigdo anterior de MCNHBJ 380A. Fotos em angulos diferentes evidenciando o
1° a0 8° dente da maxila esquerda.

Outros elementos esqueléticos. Acima do primeiro cranio ha um osso longo, parcialmente
sobreposto pelo crénio. Sua parte exposta mede 34 mm comprimento. A largura da
extremidade mais larga mede 4 mm, sendo que a extremidade mais delgada possui 2 mmde
largura. Este elemento apresenta sinais de achatamento e fraturas. Abaixo do segundocranio
(MCNHBJ 380B) também h& um osso logo, com 33 mm x 5 mm. Ao redor da concregdo é
possivel ver o corte transversal de varios 0ssos longos diminutos, que estdo no interior da
matriz. Na superficie, ha alguns ossos achatados, muito finos, que ndo foram identificados.

Casca de ovo?

MCNHBJ 380 ndo apresenta nenhum contorno que possa representar um ovo fechado, como
ja previamente reportado na literatural®l. Na regifo posteroventral ao primeiro cranio, ha a
presenca de uma estrutura com ornamentacfes arredondadas, que reage a luz ultravioleta
(UV), com alguns fragmentos ¢sseos achatados ndo identificados (Figura



38

6b;d). Essa regido tem contorno arredondado, se expandindo até uma regido proxima a
mandibula, com textura diferente e um contorno semelhante a uma bolsa gular (Figura 6c).

Em 2004, Wang e Zhou!*! descreveram um ovo contendo embrido de Ornithocheiridae
(IVPP V13758), da Formacéo Yixian. Os autores relataram manchas de casca de ovo que
exibiam ornamentagdes “papilla-like”, muito semelhantes as ornamentagdes observadas nessa
estrutura de MCNHBJ 380. Um segundo ovo, JZM-03-03-2, da mesma idade do anterior,
também foi descrito para a China no mesmo anol’l. Nesse caso, a casca do ovo é bem
delimitada e, segundo os autores, macia e coriacea, ndo apresentando as ornamentacdes
previamente relatadas. Nenhuma ornamentacdo semelhante também foi relatada para ovos de
Pterodaustrol®! e Hamipterust®, onde a superficie é lisa. Levando isso em consideracéo, é
possivel que as estruturas relatadas no primeiro ovo de pterossauro descrito ndo sejam
necessariamente partes de casca de ovo.

Os espécimes aqui descritos ndo aparentam apresentam caracteristicas de embrides, mas
ha& peculiaridades que podem representar caracteristicas ontogenéticas, se comparados com
outros cranios conhecidos. As articulacdes visiveis, como a sutura entrepré-maxilas e maxilas
s&o comparaveis a sub-adultos*”, assim como as proporcdes gerais do cranio.
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Figura 6. MCNHBJ 380. a, fotografia em luz branca; b, fotografia em luz ultravioleta; ¢
e d, detalhes das estruturas com ornamentacdes “papilla-like”.

Discussao

O espécime MCNHBJ 380 apresenta caracteristicas condizentes com o clado Pterosauria],
tais como o0ssos do membro anterior alongados com com parede 0ssea extremamente fina
(considerando os 0ssos longos preservados); rostro proporcionalmentegrande, alongado e com
um longo processo postero-dorsal da pré-maxila. Possui sinapormofias de Pterodactyloideal?],
como fenestras nasais e anterorbitais confluentes, em uma Unica abertura; possivelmente o
condilo occipital posicionado ventrocaudalmente, de acordo com o formato do crénio e
presenca de uma crista parietal. As sinapormofias de Pteranodontoidea ndo podem ser testadas
aqui, pois sdo principalmente p6s craniais, mas MCNHBJ 380 é semelhante a muitos
pteranodontoidese pode ser identificado como Anhanguerial*®! devido a expansdo anterior na
ponta dos pré-maxilares e a extremidade da mandibula alta. Anhangueria inclui os clados
Hamipteridae e Anhangueridae. Hamipteridae apresenta estrias e sulcos curvos na regido
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anterior da crista pré-maxilar. O diagnéstico de Anhangueridae revisado!*® inclui dentes
anteriores marcadamente aumentados e margem dorsal do crénio cbncava, ausentes em
MCNHBJ 380.

A posicdo da crista pré-maxilar em relacdo a margem anterior da fenestra nasoanterorbital
varia consideravelmente entre os pterossauros anhanguerideos™ e mesmo no clado
Anhangueria. Ainda assim, uma expansao posterior que ultrapassa a margem anterior desta
abertura parece uma condicdo Unica nos espécimes aqui descritos. Em alguns tdxons como
Anhanguera blittersdorffi e A. piscator, as cristas expandem-se até uma regido proxima aos
limites rostrais desta abertura. Em Maaradactylus, Tropeognathus, A. spielbergi e Hamipterus
é observada uma condicdo intermediaria, com a crista se iniciando a uma curta distancia
anterior a fenestra. Em alguns casos, essa distancia chega a ultrapassar o tamanho da prépria
abertura nasoanterorbital, como em Liaoningopterus e Caulkicephalus. Em MCNHBJ 380
elas se sobrepdem, o que pode representar um caractere ontogeneticamente variavel.

A presenca da crista sagital pré-maxilar tem sido apontada como fortemente controlada
pela ontogenia, mas que também é potencialmente sexualmente dimorfical?®- 2825171 A
presenca de crista em MCNHBJ 380, individuos juvenis, indica que essa ndo pode ser uma
caracteristica exclusiva de pterossauros maduros, pelo menos nesse taxon.Nao ha duvidas de
gue a ontogenia atua na forma, tamanho e posi¢do das cristas sagitais,mas a variacdo sexual é
tdo forte quanto isso, e ndo podemos ignorar a possibilidade de selecdo sexual mutual?®l.
MCNHBJ 380 nos lembra que entender o desenvolvimento de organismos extintos ndo é
tarefa facil e toda premissa deve ser tratada com cautela. Aindaassim, a presenca de cristas pré-
maxilares em individuos em estagios ontogenéticos imaturos parece indicar o carater
dimorfico da estrutura.

O desenvolvimento precoce em pterossauros é tema de recente debate, tendo sido sugerido
que embrides e filhotes de pterossauros mostram um nivel surpreendente de desenvolvimento
esquelético, com esqueletos bem ossificados e grandes asas, sendo mecanicamente adaptados
para o voo ativo desde cedo™®. Uma das espécies de pterossauro com desenvolvimento
ontogenético mais bem conhecido é o ctenochasmatideo Pterodaustro guinazui?®6:3032 ng
qual individuos muito jovens ja apresentam dentes adaptados a filtracdo, como nos adultos, e
crescimento relativamente rapido nos primeiros dois anos, atingindo cerca da metade do
tamanho adulto. O crescimento rapido também foi observado em Rhamphorhynchusl®Y. O
especime MCNHBJ 380 ja apresenta propor¢des do cranio e dentes comparaveis a individuos
maduros de Anhangueria, favorecendo a hipétese de desenvolvimento precoce no clado.

Métodos

O espécime MCNHBJ 380 precisou ser preparado para expor 0ssos da extremidade anterior
do cranio e de outras regides. Primeiramente foi utilizado um disco diamantado pequeno,
acoplado em microretifica para retirar a maior parte do sedimento, para o
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restante da preparacdo, mais minuciosa foi utilizada uma agulha bem fina, presa em um
suporte. Devido ao tamanho e delicadeza do espécime, a preparacdo foi feita sob um
estereomicroscopio Zeiss Discovery V12, e as fotografias tomadas com uma cémera
AxioCam e aplicativo Zen. A luz ultravioleta € um método bastante utilizado, para fins
diferentest®>34. Aqui, o material foi observado sob duas lampadas de luz ultravioleta (UV) de
3600 A, com o objetivo de aumentar o contraste entre a rocha e o fossil, auxiliando na
preparacao e observagdo de possivel tecido mole preservado. Ja havia resinaParaloid em varias
partes do fossil, o que dificultou um pouco a reagcdo com a luz UV, mas foi decidido por bem
ndo retirar a resina para evitar fragmentacdo do espécime.
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8 CONSIDERACOES FINAIS

Mesmo com tantos fosseis de pterossauros relatados para a Formagdo Romualdo
(ficando atras apenas dos peixes, entre os vertebrados), em sua grande maioria depositados
em colecOes estrangeiras, todo novo achado € de grande importancia. Podendo trazer novas
visBes sobre temas j& consolidados para o grupo, principalmente sefor conhecida a localizacdo
exata de coleta (geografica e estratigrafica) e se utilizado técnicas variadas (ex. morfometria
geométrica, luz ultravioleta, microtomografia, paleohistologia). A morfometria aplicada aos
alvéolos dentarios provou ser uma ferramenta Gtil na investigacdo das relagdes entre taxons de
pterossauros dentados, inclusive com a utilizagdo de espécimes fragmentéarios.

Nas ultimas décadas, muito se aprendeu sobre a biologia evolutiva e estudo do
crescimento dos pterossauros, mas a impressdo € que ainda ha muitas lacunas do
conhecimento a serem preenchidas. O estudo de ontogenia deve ser cada vez mais levadoem
consideragdo nas analises taxondmicas. Muitas caracteristicas tidas como sinapomorficas
podem se tratar de aspectos fortemente controlados pela ontogenia e/ou dimorfismo sexual, ou
ser decorrente da mistura temporal.

Quanto mais tivermos registros com informacgdes geogréficas, estratigraficas e de
associacao fossilifera, agregando mais ao contexto, mesmo se tratando de elementos 0sseos ja
conhecidos na literatura especifica, poderemos, aos poucos, ir desvendando sutilezas da
biologia e ecologia desses seres alados e entender essa majestosa diversidadede pterossauros

qgue vdo nos céus do que hoje é o Nordeste brasileiro hd mais de 100 milhdes anos.
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PTERODACTYLOIDEA) PREMAXILLARY CRESTS AS REVEALED BY A CRESTLESS
ANHANGUERA SPECIMEN
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ABSTRACT—The Anhangueridae are a clade of toothed pterodactyloid pterosaurs, known from their characteristic
anteriorly expanded premaxillae and conspicuous rostral sagittal premaxillary and dentary crests. Most known
anhanguerids come from the Lower Cretaceous Romualdo Formation within the Araripe Basin of northeast Brazil. With
four currently valid genera and several specimens referred to the clade, anhanguerids are the most abundant and diverse
tetrapod group in the Romualdo Formation. However, some studies suggest this diversity may be overestimated, as many
taxa have been diagnosed based on subtle differences in their premaxillary crests, a structure argued to be either
ontogenetically variable or sexually dimorphic. Here we describe an anterior fragment of a gracile pterosaur rostrum that
possesses the single diagnostic feature of Anhanguera (fifth and sixth pairs of dental alveoli smaller than the fourth and
seventh), but lacks a sagittal crest. The affinities of the new fossil among other toothed pterosaurs were tested through
both cladistic and geometric morphometric approaches, which allow referral of the new specimen to Anhanguera. The
absence of a crest in the new specimen of Anhanguera suggests that this structure varies in terms of ontogeny and/or sex,
and that perhaps it was influenced by sexual selection.

SUPPLEMENTAL DATA—Supplemental materials are available for this article for free at www.tandfonline.com/UJVP.
Citation for this article: Duque, R. R. C,, F. L. Pinheiro, and A. M. F. Barreto. 2022. The ontogenetic growth of Anhangueridae

(Pterosauria , Pterodactyloidea) premaxillary crests as revealed by a crestless Anhanguera specimen. Journal of Vertebrate
Paleontology. DOI: 10.1080/10.1080/02724634.2022.2116984

INTRODUCTION

The clade Anhangueridae was proposed by Campos and
Kellner (1985) and, since then, its taxonomy has prompted contro-
versy, with several revaluations and propositions of synonymia,
nomina dubia and introduction of new genera (Kellner, 1990;
Kellner and Tomida, 2000; Fastnacht, 2001; Unwin, 2001; Rodri-
gues and Kellner, 2013; Andres et al., 2014; Pinheiro and Rodri-
gues, 2017; Longrich et al., 2018; Pégas et al, 2019; Holgado and
Pégas, 2020). Although published taxonomic works may disagree
in several aspects of anhanguerid definition and nomenclature,
they demonstrate that the group reached a considerable diversity
and geographic distribution during the Cretaceous. According to
the most recent propositions, the Anhangueridae consist of 18
species, divided into the taxa Tropeognathinae, Coloborhynchi-
nae, and Anhanguerinae, with specimens found in the U.S.A,,
Brazil, Morocco, England, China, and Australia (Holgado et al,,
2019; Holgado and Pégas, 2020).

The Anhanguerinae is the Anhangueridae subclade in which
most of the Brazilian representatives are classified, all of them
coming from the Araripe Basin: Ludodactylus, Cearadactylus,
Maaradactylus, and Anhanguera. Among those, Ludodactylus
is the only genus thus far described for the Crato Formation,
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and all the remaining were recovered from the Romualdo For-
mation. After the description of Anhanguera blittersdorffi
(Campos and Kellner, 1985), tens of anhanguerid skulls have
been collected and reported, being kept in scientific collections
around the world. As a rule, individual anhanguerid species
were described mostly based in subtle morphological discrepan-
cies in their premaxillary crests and overall skull proportions (see
Pinheiro and Rodrigues, 2017). However, albeit still not being a
consensus, it has been suggested by many authors (Bennett, 1992,
1994; Carpenter et al,, 2003; Frey et al,, 2003; Unwin, 2005; Lu
et al, 2011; Wang et al,, 2014; Pinheiro and Rodrigues, 2017)
that the premaxillary crest in pterosaurs is a sexually selected,
dimorphic feature, being subject to ontogenetic variation and
not suitable as a diagnostic feature.

In a review of the genus Anhanguera, Pinheiro and Rodrigues
(2017) reanalyzed supposedly diagnostic features of
A. blittersdorffi, “A. araripensis,” “A. santanae,” “A. robustus,”
A. piscator, and A. spielbergi, revealing that most features pre-
viously used to define these species were problematic, as they
mainly referred to crest morphology and position, characters
proved to fall within the range of intraspecific variation. Accord-
ing to these authors, after the exclusion of sagittal crest charac-
ters from Anhanguera definition, the single feature kept for
diagnosing the genus was the fifth and sixth pairs of teeth
being smaller than the fourth and seventh ones. Pinheiro
and Rodrigues’ (2017) reappraisal considered only three
species as potentially valid: A. blittersdorffi, A. piscator, and
A. spielbergi.
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FIGURE 1. A, map of the Araripe Basin, northeastern Brazil, highlighting the Exu County, Pernambuco, and the location of Sitio Zé Gomes (7°31'16’
'S, 39°3418''W); B, stratigraphic chart of Sitio Zé Gomes, displaying the level from where DGEO-CTG-UFPE 8283 was collected. Modified from

Duque and Barreto (2018: figs. 1-2).

Here we present a new pterosaur specimen from the
Romualdo Formation, which comprises the anterior portion of
a long rostrum that, albeit lacking a sagittal premaxillary crest,
is consistent with its identification as Anhanguera. Phylogenetic
and geometric morphometric analyses were run in order to
recover the affinities of the new material, as well as to test the
validity of rostral dental alveoli size and distribution in the taxon-
omy of anhanguerids and similar taxa.

GEOLOGICAL SETTING

The Araripe Basin is arguably the most complex interior sedi-
mentary basin of northeastern Brazil, having its origins and evol-
ution related to the splitting of the African and South American
continents (Assine, 1992). It is limited to the north by the Patos
Lineament and to the south by the Farias Brito Fault, being
inserted over the Precambrian Borborema Province. Its area
covers the southern of Ceard, eastern of Piaui, and western of
Pernambuco states (Fig. 1A), with a 38°30"-40°55'W longitude
and 7°05’-7°50’S latitude (Viana and Neumann, 2002).

The Santana Group is composed by three sedimentary units,
from bottom to top: the Crato, Ipubi, and Romualdo formations

(Assine, 1992; Neumann and Cabrera, 1999). Among those, the
Crato and Romualdo Formations are the best known, as much
for their faciological complexity, as for their abundant and excep-
tionally preserved fossils. The Romualdo Formation, which had
its deposition between the Neoaptian and the Eoalbian, is
characterized by a sequence of claystone and dark gray/black
marine shales, with presence of several levels where limestone
concretions are abundant, most of them preserving fossils
within. The Romualdo Formation has produced the largest diver-
sity of pterosaurs of the Santana Group. Above the concretion-
bearing levels, the Romualdo Formation displays slim layers of
coquinas and cochinoid limestone (Assine et al., 2014).

The studied specimen comes from the southern region of the
Araripe Basin, in a locality known as “Sitio Zé Gomes,”
located in the homonymous district, Exu County (Fig. 1A),
western Pernambuco state. It was exposed on the surface,
within a shale layer over the cochinoid limestone beds
(Fig. 1B), uppermost portion of the Romualdo Formation. The
Sitio Zé Gomes has yielded a great fossil diversity, mainly
composed by fishes, identified as Vinctifer, Tharrhias, Rhacolepis,
Neoproscinetes, Notelops, Brannerion, Cladocyclus, and Axelro-
dichthys. A specimen of the testudine Araripemys barretoi was
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also recovered, as well as a previously described anhanguerid
pterosaur (Duque and Barreto, 2018).

MATERIAL AND METHODS

Institutional Abbreviations—AMNH, American Museum of
Natural History, New York, NY, U.S.A.; BSP, Bayerischen Staats-
sammlung fiir Paldontologie und Historische Geologie, Munich,
Germany; CAMSM, Sedgwick Museum, Cambridge University,
Cambridge, U.K; CSRL, Centro Studi e Ricerche Ligabue,
Venice, Italy; DGEO-CTG-UFPE, Departamento de Geologia,
Centro de Tecnologia and Geociéncias, Universidade Federal de
Pernambuco, Recife, Brazil; IVPP, Institute of Vertebrate Paleon-
tology and Paleoanthropology, Chinese Academy of Sciences,
Beijing, China; IWCMS, Isle of Wight County Museum Service
at Dinosaur Isle, Sandown, Isle of Wight, U.K.; LINHM, Long
Island Natural History Museum, New York, NY, U.S.A.; MN,
Museu Nacional, Rio de Janeiro, Brazil; MPSC, Museu de Paleon-
tologia em Santana do Cariri, Santana do Cariri, Brazil; NHM,
The Natural History Museum, London, U.K; NSM, National
Museum of Nature and Science, Tokyo, Japan; RGM, Nationaal
Ntuurhistorisch Museum, Leiden, Holland, the Netherlands;
SAO, Sammlung Oberli, St. Gallen, Switzerland; SMNK, Staa-
tliches Museum fiir Naturkunde, Karlsruhe, Germany; SMU,
Southern Methodist University, Dallas, TX, U.S.A.

Materials, Preparation, and Measurements

The specimen DGEO-CTG-UFPE 8283 consists of the
anterior portion of a slim and long pterosaur rostrum, deposited
in the scientific collection of the Geology Department, Center of
Technology and Geosciences of the Federal University of Per-
nambuco, Recife, Brazil.

The specimen was isolated from a typical Romualdo For-
mation limestone concretion using standard mechanical prep-
aration protocols (Santos, 1985; May et al., 1994). Measures
were taken with a digital universal stainless steel caliper 150
mm/6". Photographs were taken with a Canon EOS Rebel
Camera and edited with the software Adobe Photoshop® CC
and Core]DRAW® 2019.

Geometric Morphometrics

Two-dimensional geometric morphometrics was applied to test
the relevance of size and position of rostral dental alveoli in the
characterization and diagnosis of anhanguerids and closely
related taxa. In this framework, the analysis was also employed
to test morphological congruence between DGEO-CTG-UFPE
8283 and other specimens that compose the morphometric
dataset we assembled.

A total of 21 specimens were used in the analysis, these being:
the cimoliopterids Camposipterus nasutus (CAMSM B 54556),
Cimoliopterus dunni (SMU 76892), and Cimoliopterus cuvieri
(MHN 39409); two specimens of the hamipterid Hamipterus tian-
shanensis (IVPP V 18935 1 and MN 7536); the tropeognathines
Siroccopteryx moroccensis (LINHM 016) and Tropeognathus
mesembrinus (BSP 1987 I 46); the coloborhynchines Colobor-
hynchus clavirostris (NHM R 1822) and Uktenadactylus wadleighi
(SMU 73058); and the anhanguerines Caulkicephalus trimicrodon
(IWCMS 2002.189.1), Cearadactylus atrox (MN 7019-V), “Ceara-
dactylus” ligabuei (CSRL 12692/12713), Maaradactylus kellneri
(MPSC R 2357), Anhanguera sp. (AMNH 22555), Anhanguera
sp. (SMNK PAL 3895), Anhanguera sp. (NHM R 11978), Anhan-
guera sp. (SAO 16494), Anhanguera sp. (SMNK PAL 2302),
Anhanguera blittersdorffi (MN 4805-V), Anhanguera spielbergi
(RGM 401 880), and DGEO-CTG-UFPE 8283.

We used photographs of specimens in ventral view, based on
which 14 landmarks were plotted for each specimen. Landmarks

were taken from the anteriormost and posteriormost limits of
each of the seven first tooth alveoli. As such, landmarks reflect
the size, position, and orientation of alveoli, as well as their rela-
tive distribution throughout the alveolar margin. When alveoli
are anteriorly directed and cannot be seen in ventral view, their
correspondent landmarks were superimposed. The landmarks
were digitalized using the software TPSDig (Rohlf, 2010),
while all analyses were carried out using the Morpho] software
package, version 1.06a (Klingenberg, 2011). After the Procrustes
superimposition, a Principal Component Analysis (PCA) was
used to investigate morphometric variation within the chosen
sample. As Coloborhynchus clavirostris (NHM R 1822) only pre-
serves its six anteriormost alveoli, missing landmarks were esti-
mated for this specimen by the use of the TPS method
(function estimate.missing) of the Geomorph package (R
environment) (Adams and Otarola-Castillo, 2013).

Phylogenetic Analysis

We assessed the relationships of DGEO-CTG-UFPE 8283
within the phylogenetic framework of Holgado et al. (2019), as
modified by Cerqueira et al. (2021). Scoring of DGEO-CTG-
UFPE 8283 in Cerqueira et al. (2021) data matrix (see the Sup-
plemental Data) resulted in a dataset composed by 61 oper-
ational taxonomic units (OTUs) and 146 characters. All
characters are non-additive and have the same weight. The
analysis was conducted by a heuristic search, using the tree bisec-
tion reconnection algorithm of TNT version 1.5 (Goloboff and
Catalano, 2016), with random seed and 100 replications (100
trees held by replicate). Bremer support values were later calcu-
lated, also using TNT 1.5.

SYSTEMATIC PALEONTOLOGY
PTEROSAURIA Kaup, 1834
PTERODACTYLOIDEA Plieninger, 1901
ANHANGUERIA Rodrigues and Kellner, 2013
ANHANGUERIDAE Campos and Kellner, 1985
ANHANGUERINAE Holgado, Pégas, Canudo, Fortuny,

Rodrigues, Company, and Kellner, 2019
ANHANGUERA Campos and Kellner, 1985
ANHANGUERA sp.

(Fig. 2)

Material—Anterior fragment of a pterosaur rostrum, DGEO-
CTG-UFPE 8283.

Locality and Horizon—Romualdo Formation, Lower Cretac-
eous (Aptian/Albian), Santana Group, Araripe Basin, Exu muni-
cipality, Zé Gomes district (7°31'16’’'S, 39°34'18"'W),
Pernambuco state, Brazil.

Preservation—At the time of the field prospection, DGEO-
CTG-UFPE 8283 had its largest portion still covered by lime-
stone matrix, forming a long carbonate concretion. At the
exposed portion, a large cavity filled with calcite crystals could
be observed, and a fragmented tooth was also evident at the
surface. After mechanical preparation, the specimen revealed
to be preserved in three dimensions, with no evidence of distor-
tion or flattening. Almost the whole left surface of the rostrum
was, however, eroded off prior to collection.

Description—As preserved, the specimen measures 143 mm in
its largest (longitudinal) extension, being 28.6 mm deep in its pos-
terior region. The outer bone wall was, as reported, largely
eroded off prior to collection, being extremely thin (about 0.3
mm thick) in its preserved portions. The specimen is triangular
in transverse section (Fig. 2) and, in lateral view, the rostrum
widens posteriorly, while tapering anteriorly. As a premaxillary
crest is absent, the tip of the rostrum is dorsoventrally flat,
being larger than deep in an anterior view.
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E

FIGURE 2. DGEO-CTG-UFPE 8283 (Anhanguera sp.) in A, right lateral view; B, left lateral view; C, palatal view; D, dorsal view; E, posterior view; F,

rostral view. Scale bar equals 50 mm.

The dorsal surface of the fused premaxillae is anteriorly round,
sharpening posteriorly to form a keel. The suture between the
right premaxilla and the maxilla is visible as a faint line close
to the posterior limit of the specimen, fading at a region near
the seventh tooth position.

As mentioned above, the right side of the specimen is
better preserved, and 12 tooth alveoli are clearly visible com-
posing the right alveolar margin. The specimen bears a con-
spicuous palatal keel, deeper in its posterior end but fading
anteriorly, where the palatal surface becomes convex. The
first alveolus is anteriorly faced, and the rostrum shows an
anterior expansion that extends until the fifth alveolus. Pos-
terior to that, there is a subtly narrower area, where the
sixth and seventh alveoli are located. The right side of the
specimen is completely eroded, but there remains a fragmen-
ted tooth, still articulated to its socket, probably correspond-
ing to the second left element. The erosion made the tooth
root visible, its preserved part being straight, 22 mm long

and 5.4 mm wide, with a circular transverse section. Portions
of the posterior two teeth are also visible, anteroventrally
oriented but broken at their bases.

The fifth, sixth, and seventh alveoli are smaller than the
second, third, fourth, and eighth ones. From the first to the
eighth, the alveoli are mainly circular, the following four being
small and elliptical. The alveoli are increasingly spaced poster-
iorly (Table 1). The sagittal palatal crest begins right after the
seventh alveolus. The crest is well defined posteriorly, rivalling
the alveolar margin in deepness. Anteriorly, it fades to form
the convex anterior palatal surface.

Comparison—Specimen DGEO-CTG-UFPE 8283 can be
readily assigned to the Anhangueria (Rodrigues and Kellner,
2013) due to the presence of an anterior expansion of the pre-
maxillae and for having its larger teeth placed in the tip of the
rostrum (a feature that can be inferred by measuring alveolar
sizes). The Anhangueria includes Hamipterus, Iberodactylus
and the clade Anhangueridae.
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TABLE 1. DGEO-CTG-UFPE 8283 (Anhanguera sp.), measures of
the dentition in mm.

Alveolus Diastema
Quantity Diameter Quantity Diameter
T 5.14 1-2 1.97
2 6.3 2-3 3.38
3 6.37 3-4 3.17
4 6 4-5 3.59
5 5 5-6 5.68
6 45 6-7 7

7 5.34 7-8 8.8

8 5.8 8-9 9.4

9 5.85 9-10 12
10 5.3 10-11 12.78
11 5.3 11-12 14.8
12 5.2

Kellner (1996, 2003) considered as synapomorphies of the
Anhangueridae: (1) Premaxillary sagittal crest confined to
anterior portion of skull; (2) Tip of premaxilla slightly expanded;
(3) Short, blade-like dentary sagittal crest. Specimen DGEO-
CTG-UFPE 8283, albeit displaying expanded premaxillae,
lacks a premaxillary crest, supposedly characteristic of the
Anhangueridae. In spite of that, DGEO-CTG-UFPE 8283
shows some diagnostic features of the Anhanguerinae, such as
an enlarged fourth premaxillary tooth, which is larger than the
fiftth and sixth teeth and as large as (or larger) than the third
tooth (Holgado etal., 2019). In addition, the new specimen dis-
plays a feature considered to be synapomorphic to the genus
Anhanguera: the fifth and sixth alveolar pairs are smaller than
the fourth and seventh ones (Kellner, 2003; Pinheiro and Rodri-
gues, 2017). The taxonomic revision of Pinheiro and Rodrigues
(2017), also backgrounded by an extensive morphometric analy-
sis, considered only three Anhanguera species as valid, those
being: Anhanguera blittersdorffi, Anhanguera spielbergi, and
Anhanguera piscator.

Anhanguera blittersdorffi Campos and Kellner 1985, the type
species of Anhanguera genus, has its holotype (MN 4805-V) con-
sisting of an isolated skull (lacking the lower jaw) with a large
number of alveoli in the upper jaws (26 pairs) and a well-devel-
oped sagittal crest. Based on the fusion degree of cranial bones,
this specimen was referred as a mature individual (Kellner and
Tomida, 2000). As it seems, MN 4805-V and DGEO-CTG-
UFPE 8283 belong in the same genus, as both share the single
Anhanguera synapomorphy (see above). Actually, the most strik-
ing differences between the two specimens are related to the
presence of a premaxillary crest in MN 4805-V and the extension
of the palatal crest, which extends from the fifth to the ninth
alveoli in A. blittersdorffi.

A second Anhanguera species, Anhanguera spielbergi, is only
known by its holotype (RGM 401 880), which consists of a
large skull displaying an exceptionally deep, blade-like premaxil-
lary crest that begins in the rostral end of the skull and is better
developed than the one of Anhanguera blittersdorffi holotype
(MN 4805-V). The palatal keel of RGM 401 880 is as subtle as
the one of DGEO-CTG-UFPE 8283, extending from the fifth
to the ninth tooth pairs. Is also noteworthy that the skull of
AMNH 22555 (formerly assigned to “Anhanguera santanae” by
Wellnhofer, 1991) apparently lacks a prominent sagittal crest,
even though the dorsal margin of the premaxillae was eroded
off in this particular specimen (Pinheiro and Rodrigues, 2017).
The nine rostral-most tooth alveoli are preserved in AMNH
22555, their distribution throughout the upper jaws being very
similar to what is seen in DGEO-CTG-UFPE 8283. Also, its
palatal crest gently rises starting from the fifth pair of

alveoli, in a similar condition to what is displayed by
A. blittersdorffi.

In the holotype of Anhanguera piscator (NSM-PV 19892), the
extension of the sutures between the premaxillae and maxillae
cannot be discerned, in a similar condition to what is displayed
by DGEO-CTG-UFPE 8283. In spite of that, the A. piscator
holotype was most likely a juvenile at the time of death, as
demonstrated by the lack of fusion between several bones con-
sidered as ontogenetic proxies. According to Pinheiro and Rodri-
gues (2017), this would explain the low premaxillary crest in this
particular specimen. The fusion between maxillae and premaxil-
lae occurred early in pterosaur ontogeny, thus being a poor
choice as a proxy for ontogenetic development. The size of the
A. piscator premaxillary crest was proposed as diagnostic of
this species by Kellner and Tomida (2000), later disregarded by
Pinheiro and Rodrigues (2017). The holotype of A. piscator
still has its lower jaws in occlusion, preventing from viewing its
palatal morphology.

The specimen SAO 16494, formerly referred to Colobor-
hynchus araripensis by Veldmeijer et al. (2006) was later assigned
to Anhanguera sp. (Pinheiro and Rodrigues, 2017), and has a
well-developed premaxillary crest. SAO 16494 is similar to
DGEO-CTG-UFPE 8283 in having a palatal ridge starting pos-
terior to the seventh tooth pair. This condition differs from
several known Anhanguera skulls. As an example, specimen
NHM R 11978, which also has a well-developed premaxillary
crest, has a palatal crest that rises posterior to the eighth tooth
pair.

The Anhanguerinae Cearadactylus atrox (MN 7019-V) differs
from DGEO-CTG-UFPE 8283 for having its four most rostral
tooth pairs larger than the following ones. In addition, its
palatal ridge rises level with the fifth tooth pair, and the specimen
probably had a small sagittal premaxillary crest (Vila Nova et al,,
2014). An allegedly second Cearadactylus species, “Cearadacty-
lus” ligabuei, was probably based on a composite, and was inva-
lidated by Vila Nova et al. (2014).

Among the largest anhanguerid skulls known thus far stands
the holotype of Maaradactylus kellneri (MPSC R 2357). In this
species, alveolar pairs fifth, sixth and seventh are smaller than
the fourth and eighth, differing, thus, from Anhanguera. The
palate displays a low longitudinal ridge starting close to the
fifth tooth pair, and fading level with the 13th. Maaradactylus
kellneri bears a long and deep premaxillary crest (Bantim
et al, 2014). Tropeognathus mesembrinus, also known by large
skull material, has an exceptionally large premaxillary crest,
which extends until the anteriormost limit of the rostrum (Well-
nhofer, 1987). Similar to A. blittersdorffi, AMNH 22555, and
Maaradactylus kellneri, the palatal ridge of T. mesembrinus holo-
type (BSP 1987 146) begins level with the fifth tooth pair (Well-
nhofer, 1987).

Another specimen worth noting is BSP 1991 1 27, described by
Veldmeijer et al. (2009). BSP 1991 1 27 is a fragmentary skull
lacking the tip of the rostrum, as well as several postcranial
elements. BSP 1991 I 27 also comes from the Romualdo For-
mation, and is similar to DGEO-CTG-UFPE 8283 in several
aspects: both are slim, crestless, with a transversal triangular
section and a dorsally expanded and flattened anterior portion.
Also, the distance between consecutive alveoli increases in pos-
terior direction (Fig. S2). Differences between both specimens
include the fact that (1) BSP 1991 1 27 would have, if complete,
an about 22% larger rostrum; (2) its last three alveoli are more
rounded than ellipsoid; and (3) the alveoli demonstrate to be
overall larger than the condition observed in DGEO-CTG-
UFPE 8283. In addition, the palatal crest of BSP 1991 I 27
begins more posteriorly when compared with the specimen we
describe.

BSP 1991 1 27 was attributed by Veldmeijer et al. (2009) to
Brasileodactylus sp., mainly because of the absence of a
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FIGURE 3. Principal Component Analysis of morphometric data collected from 21 analyzed specimens. Landmarks 1 and 14 are depicted in a line
drawing of DGEO-CTG-UFPE 8283. Remaining landmarks (not numbered) should be considered sequentially, in an anterior-posterior direction.

premaxillary crest, which we believe to be a weak diagnostic
feature. Comparisons between BSP 1991 I 27 and Brasileodacty-
lus holotype (MN-4804-V) are limited because the latter only
preserves a mandibular symphysis, which is absent in BSP 1991
I 27. However, BSP 1991 I 27 also appears to present the single
Anhanguera synapomorphy, the fourth and seventh alveoli
being larger than the fifth and the sixth ones. As such, BSP
1991 I 27 may also represent a crestless Anhanguera. Unfortu-
nately, the fact that this specimen lacks its anterior rostral end
prevented its inclusion in our morphometric dataset.

Geometric Morphometrics

The Principal Component Analysis results (Fig. 3) are consist-
ent with current phylogenetic and taxonomic propositions for the
relationships of the Anhangueridae and closely related taxa (e.g.,
Holgado and Pégas, 2020). All the specimens that are

unambiguously assignable to Anhanguera (A. blittersdorffi (MN
4805-V), A. spielbergi (RGM 401 880), Anhanguera sp.
(AMNH 22555; SMNK PAL 3895; NHM R 11978 and SAO
16494)) are clustered together in the two-dimensional PCA
morphospace.

Cimoliopterids (Cimoliopterus dunni, C. cuvieri, and Campo-
sipterus) are also clustered together, but the occupied morpho-
space that defines the taxon in our analysis also includes
Siroccopteryx. Interestingly, Maaradactylus stands close to
Caulkicephalus in the horizontal axis (first principal component),
while Tropeognathus remains alone in the opposite extremity of
this same principal component.

Relevant to our study, specimen DGEO-CTG-UFPE 8283
falls inside the morphospace occupied by unambiguous Anhan-
guera specimens. As such, at least concerning the morphology
of the alveolar margin, the new specimen is indistinguishable
from Anhanguera.
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Phylogenetic Analysis

Our phylogenetic assessment of DGEO-CTG-UFPE 8283
resulted in 15 equally parsimonious trees of 350 steps each (CI
= 0.65, RI = 0.86). The strict (= Nielsen) consensus (Figs. 4, S1)
recovers DGEO-CTG-UFPE 8283 within a clade together with
Anhanguera piscator, AMNH 22555, and Anhanguera blitters-
dorffi. As demonstrated by the consensus topology, all recovered
trees depict DGEO-CTG-UFPE 8283 in a sister-OTU relation-
ship with A. blittersdorffi, whereas the relationships of the
clade composed by these two and the remaining Anhanguera
remain unresolved. The clade (DGEO-CTG-UFPE 8283 +
AMNH 22555 + A. piscator + A. blittersdorffi) lies in a polytomy
together with Liaoningopterus gui and (Maaradactylus kellneri +
Cearadactylus atrox). As such, our phylogenetic results are in
perfect agreement with the identification of DGEO-CTG-
UFPE 8283 as an additional Anhanguera specimen. Calculated
Bremer support values (Fig. 4) are mainly low, as is usual for pter-
osaur phylogenetic assessments.

DISCUSSION

As mentioned above, our morphometric analysis of premaxil-
lary and maxillary dental alveoli is consistent with the most
recent taxonomic proposals (Holgado et al, 2019), and demon-
strated to be a useful tool in identifying fragmentary specimens.
Results of our analysis may also shed light on other issues besides
the attribution of DGEO-CTG-UFPE 8283, such as the validity
of the recently erected taxon Cimoliopteridae (Camposipterus
and Cimoliopterus).

When described, the first Santana Group anhanguerids were
diagnosed by characters that, after further discoveries, were
demonstrated to be either well distributed within the clade
or ontogenetically variable. As such, several Anhanguera
species were recently invalidated, such as “A. cuvieri”,

“A. fittoni,” “A. araripensis,” “A. santanae,” and “A. robustus”
(Pinheiro and Rodrigues, 2017). The geometric morpho-
metric-based allometric regressions of Pinheiro and Rodrigues
(2017) demonstrated a strong positive allometric growth in the
sampled anhanguerid skulls, especially with respect to their
sagittal crests. It was, then, concluded that crest size and pos-
ition are strongly ontogenetically controlled in Anhanguera
(Fig. 5), being poor choices for the diagnosis of nominal
taxa. We should note that, in our PCA results, the specimens
recovered in the closest position to DGEO-CTG-UFPE 8283
were AMNH 22555 and SMNK PAL 3895. Curiously, both rep-
resent the Anhanguera specimens with the smallest sagittal
crests. The first (AMNH 22555) features a short rostrum and
an apparently better-developed crest, while the latter (SMNK
PAL 3895) presents a comparatively long rostrum and a very
subtle crest.

It has already been discussed (e.g., Bennett, 1992, 1994, 2006;
Carpenter et al., 2003; Frey et al,, 2003; Unwin, 2005) that ptero-
saur premaxillary crests are potentially sexually dimorphic and
subject to ontogenetic variation, being of limited use as diagnos-
tic features. In 2014, two unexpected discoveries added to this
discussion, shedding light over interesting aspects of pterosaur
biology. One assemblage with at least 47 individuals of different
growth stages showed that the ontogenetic variation in Caiuajara
dobruskii is reflected mainly by the size and inclination of its pre-
maxillary crest, with this structure becoming bigger and steeper
in the course of the development, in a characteristic positive allo-
metric growth (Manzig et al.,, 2014). The second study reports the
discovery of a 40-individual bonebed containing males and
females of Hamipterus tianshanensis, as well as several eggs.
Wang et al. (2014) demonstrated that the rostral anterior expan-
sion is an ontogenetic feature in Hamipterus and that the pre-
maxillary crest’s size and shape are sexually dimorphic within
the species. Three years before, sexual dimorphism in pterosaurs
was already reported for Chinese specimens, when Li et al.
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FIGURE 5. Artistic reconstruction based on specimen DGEO-CTG-UFPE 8283. A, skull of a young individual; B, reconstructed skull of an onto-
genetically advanced individual. Scale bar equals 100 mm. Digital painting by Matheus Fernandes Gadelha.

(2011) described a Darwinopterus specimen associated with two
eggs, which was later attributed to Kunpengopterus (Wang et al.,
2015; Zhou et al, 2021). That finding, together with the assess-
ment of several other similar specimens, showed that the darwi-
nopteran males had relatively small pelvises and large cranial
crests, while females had larger pelvises and lacked cranial
crests. Variations on pelvis morphology and crest shape were
also observed in Pteranodon, while, in this genus, both males
and females present crests, those of the males being larger than
the ones of the assumed females (Bennett, 1992, 1994). This
mutual sexual selection (where both males and females are orna-
mented and both select mates) is also a reality in extant animals,
and thus cannot be ignored as a possibility for some pterosaurs
(Hone et al,, 2012).

The holotype of Brasileodactylus araripensis (MN 4804-V)
consists of a crestless fragmented mandibular symphysis
(Kellner, 1984). While analyzing the ontogeny of the four speci-
mens attributed to Brasileodactylus at that time, Bennett (2018)
highlighted several similarities between Brasileodactylus and
Anhanguera. Both AMNH 24444 and BSP 1991 I 27 show signs
of size-independent skeletal immaturity (Bennett, 2018). When
first described by Veldmeijer (2003), AMNH 24444 was still
embedded within its original carbonaceous concretion, with the
exposed portions of its right premaxilla and dentary considerably

eroded, which prevents the recognition of the diagnostic charac-
ters of Anhanguera and Brasileodactylus. The attribution of
AMNH 24444 to Brasileodactylus is, thus, debatable and, as far
as the Brasileodactylus record goes, the relationship between
this genus and Anhanguera is still elusive, and more complete
specimens of the former are needed in order to enlighten this
issue.

All the proposed Anhanguera species were traditionally
diagnosed by the presence of a premaxillary sagittal crest con-
fined to the rostral end of the skull, subtle variations of this
structure being the main distinguishing features between
nominal taxa (Campos and Kellner, 1985; Kellner and
Tomida, 2000). Comprehensive assessments of Anhanguera
ontogeny (e.g., Pinheiro and Rodrigues, 2017) are recent, and
demonstrate that the strong allometric growth of premaxillary
crests makes those structures ill-suited for taxonomic purposes
(Fig. 5). We presented, here, strong anatomical, morphometric,
and phylogenetic support for the attribution of DGEO-CTG-
UFPE 8283 to Anhanguera sp., this being the first crestless
Anhanguera recognized as such. The existence of crestless
Anhanguera individuals is in perfect agreement with the onto-
genetic growth of pterosaur headcrests, as well as with the pro-
posed use of the crests as display ornaments. While the
ontogenetic growth of Anhanguera premaxillary crests was
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already well-established, we should also consider the possibility
that this structure was sexually dimorphic within the genus, an
issue that will probably be solved by future discoveries and
comprehensive analyses of recovered samples.

CONCLUSIONS

Geometric morphometrics applied to dental alveoli has
proved to be a useful tool in investigating the relationships of
toothed pterosaurs taxa, especially with regard to fragmentary
specimens. Morphometrics, thus, appears to be a more efficient
tool than the use of sagittal crests as diagnostic features, a prac-
tice that resulted in an overestimated diversity of Romualdo For-
mation pterosaurs (Pinheiro and Rodrigues, 2017).

All the methodological approaches we used (anatomy, mor-
phometrics, and phylogenetics) are in agreement with the identi-
fication of DGEO-CTG-UFPE 8283 as a further Anhanguera
specimen. The lack of a premaxillary crest in the new specimen
is consistent with intrageneric variation, probably reflecting the
fact that Anhanguera premaxillary crests were strongly con-
trolled by ontogeny, sexual dimorphism also not being discarded.
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Pterosaurs are the second most abundant fossil vertebrates in the Araripe Basin, Northeastern Brazil. As a matter
of fact, this sedimentary unit has produced some of the best-preserved pterosaur fossils worldwide. In spite of
that, most Araripe pterosaur fossils lack collection data, including precise geographic coordinates and fine-scale
stratigraphic procedence. Here we describe the first pterosaur fossils from the Sobradinho site (Ceara state,
Northeast Brazil). The new specimens have full collection data, being composed by exceptionally-preserved,
uncompressed bones. Preserved materials include one humerus, two scapulae, two coracoids, one vertebra,
one rib, and a fragment of the pelvic girdle with diagnostic features of the Pteranodontoidea. Aside from the
morphological description of the new specimen, we also discuss its ontogeny, associated fauna, and the
importance of geographic and stratigraphically controlled pterosaur collections, especially within the context of

the Araripe Basin.

1. Introduction

Pterosaurs were the first vertebrates with clear adaptations for
powered flight. Among these adaptations, the bone pneumatization
makes skeletal remains extremely delicate and unsusceptible to fossil-
ization (Elgin and Hone, 2013). The Araripe Basin (Northeastern Brazil)
is one of the most important deposits for the study of pterosaurs, pro-
ducing fossils with high preservation quality and relative abundance.
Within the calcareous concretions from the Romualdo Formation (Early
Cretaceous) the preservation is mostly tridimensional (Maisey, 1991),
and several fairly complete specimens are known, including skulls and
articulated postcranial remains (Price, 1971; Wellnhofer, 1977; Kellner,
1984; Dalla Vecchia and Ligabue, 1993; Veldmeijer, 2003; Elgin and
Frey, 2011; Pinheiro et al,, 2012; Aureliano et al.,, 2014; Cerqueira et al.,
2021).

Since the early days of paleontological research in the Araripe Basin,
most of the published specimens lacked accurate collection data,
consequence of a long-lasting history of exploration and appropriation
originated from scientific colonialism (Gibney, 2014; Cisneros et al,

2021). It is, thus, common to find Araripe fossils in museums and private
collections across the globe, with no or low data of their provenance.

Over the last decade, the number of publications reporting pterosaur
findings from the Araripe Basin with more accurate geographic data
(identification of the site or quarry and geographic coordinates) has
increased. Currently those records correspond to seven reports: (1) one
metacarpal bone and one phalanx from the Romualdo Site, Crato - CE
(vila Nova et al, 2011); (2) humeral fragments, pteroid, metacarpal 1V,
pre-axial and distal syncarpals and phalanges from the Baixa Grande
Site, Araripe - CE (Kellner et al., 2013); (3) one ulna from the Zé Gomes
Site, Exu - PE (Aureliano et al., 2014); (4) one skull from the Sao
Gongalo Site, Santana do Cariri - CE (Bantim et al., 2014); (5) a radius
fragment, ulna, metacarpals III and 1V, carpal and sesamoids from the
Lagoa de Dentro Site, Araripina - PE (Duque and Barreto, 2018); (6)
phalanges I-III of the three first manual digits and a fragment of the
fourth digit from the Cedro Site, Exu - PE (Duque and Barreto, 2018); (7)
one rostral fragment from the Zé Gomes Site, Exu - PE (Duque et al.,
2022) and (8) phalanges from the Escorrego Site, I[pubi - PE (Duque and
Barreto, 2022).
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The municipality of Jardim, in Ceara, is known as having produced
the historically first fossil fishes from America (Agassiz, 1841; Jordan,
1919). As for pterosaurs, a single specimen was reported for Jardim,
AMNH 22555, described by Wellnhofer (1991) as Anhanguera santanae
and posteriorly reclassified as Anhanguera sp. By Pinheiro and Rodrigues
(2017). The precise locality of its collection is, however, unknown.
AMNH 22555 is currently stored in the collections of the American
Museum of Natural History, New York, US.

Although not presenting new information on morphology or taxon-
omy, the specimens we describe here are relevant for their good pres-
ervation, with no signs of flattening or distortions. More importantly,
the new specimens add up to the growing record of pterosaurs with
geographic and stratigraphic provenance from the Araripe Basin, in a
prospect to properly correlate the Araripe Basin faunal successions.

Institutional abbreviations: AMNH, American Museum of Natural
History, New York, United States; BSP, Bayerische Staatssammlung fiir
Palaontologie und Historische Geologie, Munich, Germany; MCNHB]J,
Museu de Ciéncias Naturais e de Historia Barra do Jardim, Jardim,
Brazil; MNHS, Museum of Natural History Sintra, Lisboa, Portugal;
MPSC, Museu de Paleontologia “Placido Cidade Nuvens”, Universidade

Regional do Cariri, Santana do Cariri, Brazil; NGMC, National Geolog-
ical Museum of China, Beijing, China; NSM-PV, National Science

Museum, Tokyo, Japan; PALEOLAB, Laboratorio de Paleontologia do
Departamento de Geologia, Centro de Tecnologia e Geociéncias da
Universidade Federal de Pernambuco, Recife, Brazil; PIN,
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Paleontological Institute, Russian Academy of Sciences, Moscow, Russia;
RGM, Nationaal Natutuurhistorisch Museum, Leiden, Netherlands;
SMNK, Staatliches Museum fiir Naturkunde Karlsruhe, Karlsruhe, Ger-
many; SMNS, Staatliche Museum fiir Naturkunde Stuttgart, Stuttgart,
Germany; UvA M, Geological Institute of the University of Amsterdam,
Netherlands; YPM, Peabody Museum of Natural History, New Haven,
United States.

2. Geological setting

The Araripe Sedimentary Basin comprehends parts of Ceara, Piauf
and Pernambuco states (Northeastern Brazil), within the longitudes
38°30" to 40° 55" W and latitudes 7°05'to 7°50’ S (Viana and Neumann,
2002). The basin is limited to the North by the Patos Lineament and, to
the South, by the Farias Brito fault (Viana and Neumann, 2002).

The age of the Romualdo Formation corresponds to the palynozone
P-270 (Regali et al., 1974) - Late Aptian, with the occurrence of Sergipea
variverrucata, and the ostracods assemblage from the Damonella grandi-
ensis biozone (Biozone 011) (Weber, 1964 in: Brito et al,, 1984). This
establishes the Romualdo Fm. age within the Alagoas local stage
(Aptian/Albian) (Brito et al, 1984). Recently, Barreto et al. (2022)
established an absolute date of 110+7,4 Ma for an outcrop of the
Romualdo Formation.

The Sobradinho Site (24 M 0482 006 9163052) is located about 25
km from Jardim (Fig. 1), southernmost Ceara state, Cariri microregion.

@ Lagoa de Dentro site - Araripina (Pernambuco)
® Escorrego site - Ipubi (Pernambuco)

© Baixa Grande - Araripe (Ceara)

O sio Gongalo - Santana do Cariri (Ceard)

© Cedro site - Exu (Pernambuco)

® 7é Gomes site - Exu (Pernambuco)

® Romualdo site - Crato (Ceara)

® Sobradinho site - Jardim Ceara)

40°30'0"W
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Santana
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Araripe Basin
Romualdo Formation

Fig. 1. (A) Location map of the Araripe Basin, Northeastern Brazil, highlighting the municipalities where geographical procedance of pterosaurs is found, indicating

the location of each fossiliferous site. Modified from Coutinho et al. (2021).
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3. Materials and methods

The studied material, collected in the Sobradinho Site, is now part of
the paleontological collection of the Museu de Ciéncias Naturais e de
Historia Barra do Jardim (MCNHB]J), in Jardim, Ceara, Brazil. The ma-
terial consists of three specimens preserved in calcareous concretions

from the Romualdo Formation. Field collection of the specimens
occurred in distinct moments: firstly, one isolated left humerus

(MCNHB]J 363) was recovered from a limestone concretion, being fol-

lowed by a partial pelvic girdle (MCNHB] 341) and a nodule containing
two scapulae, two coracoids, one vertebra and one rib (MCNHB] 340).

The Sobradinho Site is considered as the type section for the
Romualdo Formation (Custodio et al., 2017). All specimens presented

here come from the shale layer between 5 and 10 m in the 50-m strat-

igraphic section.

The specimens went through preliminary preparation at the
MCNHBJ. Their complete isolation from the matriX, however, required

mechanical preparation techniques (Santos, 1985; May et al,, 1994) in

PALEOLAB. Preparation was conducted with the aid of manual tools,
such as chisels, and a diamond disc coupled to a rotary tool. Photographs
were taken with a Canon EOS Rebel camera, being posteriorly edited
with Adobe Photoshop® CC and Core]DRAW® 2019 softwares. For the
measurements, we used a universal digital pachymeter. Araripe Basin
anhanguerids and related taxa were used for comparison (Table 1).

4. Results
4.1. Systematic paleontology

Pterosauria Kaup, 1834.
Pterodactyloidea Plieninger, 1901.

Ornithocheiroidea Seeley, 1870 sensu Kellner (2003).

Pteranodontoidea Marsh, 1876 sensu Kellner (2003).

Lanceodontia Andres et al., 2014.

Anhangueridae Campos and Kellner, 1985.

Anhangueridae indet.

Material. MCNHBJ 363, one complete left humerus.

Horizon, Age, and Location. Romualdo Formation, Early Creta-
ceous, Aptian-Albian of the Araripe Basin. The specimen was collected in
the Sobradinho Site, Jardim, Ceara Northeast Brazil.

Comparative Description. Pterosaur humeri are relatively common
in the Romualdo Fm. Fossil record, and the overall morphology of
specimen MCNHB] 363 is in agreement with several previous de-
scriptions (De Buisonje, 1980; Wellnhofer, 1985, 1991; Kellner and
Tomida, 2000; Veldmeijer, 2003; Veldmeijer et al,, 2005; Bantim et al.,
2021). The specimen consists of a left humerus measuring 188 mm in
length (Fig. 2). It is stout and distally expanded, with a comparatively
narrow diaphyseal portion (less than 20 mm in diameter). The most

evident structure of the sgecimen is its prominent delt%pectoral crest.
Initially, MCNHB]J 363 was not completely isolated from the rock

matrix, and the proXimal region was prepared for this study. The bone is
almost complete, reflecting its original shape, even though some parts of

its surface lack the outermost bone layer. The proximal region (in dorsal
view) is slightly fragmented, and preparation marks are evident on the

processus medialis (pm).

The proximal articulation surface (excluding the deltopectoral crest)
has a maximum width of 46 mm, being stomach-shaped (Fig. 2E). Its
overall shape is similar to what is displayed by specimens we have
compared. In ventral view, the proximal epiphysis bears a depression
that extends in the distal direction until about one-third of the bone,
being limited by the deltopectoral crest (dpc). The dorsal surface is
convex and displays a well-developed pneumatic foramen (pfo).

On the ventral part of the distal epiphysis, there is a depression that
extends until one-third of the bone in proximal direction, being limited
by a prominent muscular scar (mus), where the bone surface is convex.
In its mid-length, the bone has an oval transverse section.
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Table 1
Specimens used in the comparison.
Specimen First description Current taxonomy References
AMNH Santanadactylus Santanadactylus Wellnhofer (1991);
22552 pricei pricei Kellner and Tomida
(2000)
AMNH Anhanguera santanae Anhanguera sp. Wellnhofer (1991);
22555 Pinheiro and
AMNH Pterodactyloidea Pterodactyloidea }I%(()rﬂlr;ls’rurefl(‘)zig)()l]7]
22569 indet. indet.
BSP 19801 Santanadactylus Anhanguera sp. Wellnhofer (1985);
43 pricei Kellner (1990);
Pinheiro and
Rodrigues (2017)
BSP 1982 1 Santanadactylus nomen dubium Wellnhofer (1985);
89 araripensis Kellner (1990);
Pinheiro and
BSP 19821 Santanadactylus cf. S. Pterodactyloidea Rodrigues (2017)
92 araripensis indet. }2’(‘11]1"“(}1‘”[“;9(510()’91 );
BSP 1991 1 Brasileodactylus sp. Anhanguerinae Veldmeijer et al.
27 (2009); Buchmann
etal. (2021)
MN 6594- Tropeognathus cf. Tropeognathus cf. Kellner et al. (2013)
\% T. mesembrinus T. mesembrinus
MNHS/ Barbosania Barbosania Elgin and Frey
00/85 gracilirostris gracilirostris (2011)
MCT Anhangueridae Anhangueridae Kellner et al. (2013)
1838-R indet. indet.
MPSC R Anhangueridae Anhangueridae Kellner et al. (2013);
1395 indet. indet. Bantim et al. (2021)
NSM-PV Anhanguera piscator Anhanguera piscator Kellner and Tomida
19892 (2000)
PIN 5028- Ornithocheiroidea Ornithocheiroidea Averianov et al.
3 indet. indet. (2007)
RGM 401 Coloborhynchus Anhanguera spielbergi Veldmeijer (2003)
880 spielbergi
SMNK Arthurdactylus Arthurdactylus Frey and Martill
PAL conandoylei conandoylei (1994)
1132
SMNK Coloborhynchus nomen dubium Elgin (2015);
PAL robustus Rodrigues and
1133 Kellner (2013);
Pinheiro and
Rodrigues (2017)
SMNS Coloborhynchus nomen dubium Veldmeijer (2002);
55409 araripensis Kellner (1990);
Pinheiro and
Rodrigues (2017)
UVAM Santanadactylus Pteranodontidae De Buisonje (1980);
4894 brasiliensis indet. Bennett (1989)
NGMC 99- Istiodactylus sinensis Istiodactylus sinensis Andres and Ji
07-011 (2006)
IVPP Hamipterus Hamipterus Wang et al. (2014)
V18932 tianshanensis tianshanensis
SMNK Tapejara wellnhoferi Tapejara wellnhoferi Eck et al. (2011)
PAL
1137
YPM 1175 Pteranodon Pteranodon Williston (1897);
Bennett (1991),
2001
MN 6588- Tapejaridae Tapejaridae Sayao and Kellner
\% (2006)
LPU 1535 Tapejaridae Tapejaridae Cheng et al. (2021)
GP/2E Tupandactylus Tupandactylus Beccari et al. (2021)
9266 navigans navigans

The caput humeri (ch) of MCNHBJ 363 is smooth and presents a low

convexity, like what is displayed by other Anhangueria humeri (NSM-
PV, 19892; AMNH 22555; RGM 401 880; MPSC R 1395). This differs
from the well-marked crest present in AMNH 22555; UvA M 4894 and
BSP 1982 I 89. This distinct crest was considered by Kellner and Tomida
(2000) as ontogenetic in nature, with no taxonomic value (contra
Wellnhofer, 1985). This assumption was, however considered as un-
likely by Veldmeijer (2006) when this author described Anhanguera
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Fig. 2. MCNHBJ 363, left humerus. Photographs in lateral (A), ventral (B), medial (C), dorsal (D), proximal (E), and distal (F) views. Abbreviations: ch, caput
humeri; fpo, foramen pneumaticum; mus, muscle scar; pm, processus medialis; trr, trochea radialis; tru, trochlea ulnaris. Scale bar = 5 cm.

spielbergi.

The processus medialis (pm) is a posteriorly-directed expansion,
extending from the proXimal epiphysis towards the humeral shaft. In
proximal view, this process displays a low angle in the dorsal direction,
similar to what is seen in NSM-PV 19892; BSP 1982 1 92; BSP 1982 1 89;
SMNS 55409; RGM 401 880 and MPSC R 1395, a feature unnoticeable in
BSP 1991 I 27 and AMNH 22552. The pm bears a pneumatic foramen
(pf) in its dorsal surface, a typical feature of Lanceodontia, displayed for
instance in Istiodactylus sinensis (Andres and Ji, 2006), Brasileodactylus
sp. (BSP 1991 I 27) and anhanguerids. There is no pfo in the anterior
ventral surface, a feature is displayed by Hamipterus tianshanensis (Wang
et al, 2014), Tapejara wellnhoferi (Eck et al,, 2011), Pteranodontinae and
Azhdarchoidea.

The deltopectoral crest (dps) is substantially larger than the proc-
essus medialis. It extends in ventral direction, starting as a thin flange
that expands medially, ending in a slight medially-directed bend, where
the crest thickens. In lateral view, the crest margin is straight, being
sloped about 40° from the main axis of the bone. This angle is abrupt
when compared to what is displayed by NSM-PV 19892, BSP 1991 [ 27
and MPSC R 1395, being similar to AMNH 22552. The specimens BSP
1980 I 43, AMNH 22555, UvA M 4894, and RGM 401 880 have delto-
pectoral crests with inclined proxXimal margins, differing from MCNHB]
363.

The right humerus of specimen BSP 1982 I 89 (the holotype of
“Santanadactylus araripensis”, later regarded as Anhanguera sp. (Pinheiro
and Rodrigues, 2017)) is incomplete, lacking the distal part of its del-
topectoral crest. However, the remaining of this bone is strikingly
similar to MCNHB]J 363, apart from being 52 mm shorter.

Still in lateral view, the extremity of the deltopectoral crest expands
beyond the remaining of the crest outline, what differs from other
specimens we used for comparison purposes (Table 1). Albeit less

developed, specimens like BSP 1991 1 27 (Brasileodactylus sp.) and

AMNH 22552 (referred to Santanadaylus pricei) are the only ones that

have a similar crest outline. This character is the main feature (apart
from the smaller size) that distinguishes MCNHB] 363 from A. piscator.
The main surface of the deltopectoral crest is concave in ventral
view, and displays conspicuous muscle scars, similar to what was
described for similar taxa (Wellnhofer, 1985, 1991; Kellner and Tomida,

2000; Veldmeijer, 2006; Elgin and Frey, 2011). An additional muscle

scar is noticeable ventrolaterally, close to the distal epiphysis. This
condition is also similar those of other anhanguerians we used for

comparison (see Table 1).

The distal articulation surface has a roughly triangular outline (50
mm of maximum width), and this is a common condition among
anhanguerians (e.g. Wellnhofer, 1985, 1991; Kellner e Tomida, 2000).
Between the trochlea ulnaris (tru) and the trochlea radialis (trr), there is
a large circular pneumatic foramen (10 mm in diameter). Albeit smaller,
an additional foramen is located close to the trochlea ulnaris, being also
visible in the ventral view.

Wellnhofer (1985) identified two small structures as the trochlear
epiphyses in distal end of the BSP 1982 I 92 humerus. Kellner and
Tomida (2000) reported an unfused epiphysis, placed close to the
ventral end of the distal articulation in the NSM-PV 19892 (Anhanguera
piscator) humerus, distal to the pneumatic foramina. Elgin and Frey
(2011) described an isolated bone near the distal margin of Barbosania
gracilirostris (MNHS/00/85) humerus, similar to what was reported by
Bantim et al. (2021) in MPSC R 1395. A similar structure was not found
in the specimen we describe, nor in AMHN 22552, BSP 1982 [ 89, SMNK
PAL 1133, RGM 401 880, PIN 5028-3, and SMNS 55409. Bennett (1993)
considered the grade of epiphyseal fusion as a proXy of ontogenetic
maturity in Pteranodon, in which a secondary nucleus of ossification
fuses to the bone in mature individuals. In MCNHB] 363 this second
ossification was, most likely, unfused and lost.

Anhangueridae indet.

Material. MCNHBJ 340 a single limestone concretion preserving two
scapulae and coracoids, one vertebra, and one rib.

Horizon, Age, and Location. Romualdo Formation, Early Creta-
ceous (Aptian-Albain) of the Araripe Basin. Sobradinho Site, Jardim
municipality, Ceara, Northeast Brazil.

Comparative Description. MCNHB] 340 are shoulder girdles
associated to a disarticulated vertebra and rib.

The shoulder girdle elements of MCNHB] 340 are well preserved,
being the scapulae and coracoids unfused. The lack of fusion, considered
as an ontogenetic feature, is indicative of immature animals (Kellner and
Tomida, 2000). The bones present a morphology comparable to those of
Pteranodontoidea, being similar to what was previously described for
anhanguerids.

All of the bones that compose MCNHB] 340 come from the same
individual, even though there are slight differences between the left and
right scapulae. The processus scapularis (prsca) of the right scapula was
eroded, damaging all its margin until the glenoid fossa. In the left
scapula this margin is concave. Other differences between both bones
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are more subtle or related to preservation, such as the shape of the
articulation surfaces of the scapula with the vertebra (acv) (Fig. 3).

As occur in AMNH 22555 (Anhanguera sp.), and Anhanguera piscator,
the scapulae present pneumatic foramina closer to their posterior mar-
gins, in ventrolateral view. The surface of the suture with the coracoid is
slightly eroded in both scapulae, where it is possible to observe the
trabeculae. Some degree of erosion is also observable closer to the
medial region. The curvature in ventral direction is more expressive
than in AMNH 22555, being more similar to A. piscator.

A remarkable difference between MCNHBJ] 340 and AMNH 22555
(Anhanguera sp.) is that the proximal region of the articulation surface
with the coracoid (sco) is more developed in the latter, shaping a
shallow crest in the anterior view that is not observed in MCNHB] 340.
In comparison with A. piscator, the prsca is better developed, and the
posterior margin extending to the glenoid fossa displays a deeper
concavity.

The Brasileodactylus sp. (BSP 1991 1 27) described by Veldmeijer
et al. (2009) preserves a pair of scapulae and coracoids with a very
similar morphology to the specimens described herein. In spite of that,
the scapulae of BSP 1991 I 27 are more ventrally bended, similar to those
of Anhanguera spielbergi (RGM 401 880).

The right and left coracoids of MCNHB] 340 do not show any
significative difference between each other (Fig. 4). Both coracoids have
signs of erosion on the processus coracoidalis (prcor), which is more
evident in the right coracoid. The left coracoid also presents erosion in
its articulation surface with the scapula. The coracoids are less stout
than the scapulae, despite being longer. They present expansions in their
proximal ends and a reduced articulation surface with the sternum.

Similar to the scapulae, the overall morphology of the coracoids
agrees with AMNH 22555 (Anhanguera sp.) and NSM-PV 19892
(Anhanguera piscator), with some small differences. The articulation
surface (asc) of the right coracoid is smoother than in AMNH 22555,
being thus closer to NSM-PV 19892. The processus coracoidalis of
AMNH 22555 deviates from the axis of the bone proximally, differing
from A. piscator and MCNHBJ 340. A similar feature shared between
those three specimens is the oval, posteriorly expanded articular surface.
The shoulder girdle of MCNHB] 340 has an interesting proportion
between its two composing bones (Table 2), with a particularly short
coracoid in comparison with the scapula (sca/cor = 0,74). Albeit this is
the rule for pteranodontoids (Kellner, 1996), anhanguerids present
proportionally shorter scapulae than what is observed in the new
specimen (Kellner and Tomida, 2000).
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Vertebra and rib: Only one vertebra and one rib were preserved in
MCNHB]J 340, what makes comparisons limited due to the paucity of
data. When compared to previously described Araripe Basin pterosaur
vertebrae (e.g. Wellnhofer, 1985, 1991; Kellner and Tomida, 2000;
Veldmeijer et al, 2009; Veldmeijer, 2003), the new specimen shows
similarities with posterior cervical or anterior dorsal elements.

The vertebra (Fig. 5A-D) is procelic, with a robust and large (albeit
broken) neural spine. The right prezygapophysis is broken, but the left
one reveals that this structure was considerably expanded anteriorly,
with articulation surfaces facing dorsomedially. Two foramina are pre-
sent below the prezygapophysis articulation facet. The post-
zygapophyses are small. The right transverse process is slightly smaller
than the neural spine, forming an angle of 90° with the latter. The left
transverse process was not preserved. The neural canal is triangular,
with rounded edges, and the two pneumatic foramina are placed on its
sides in posterior view.

The pneumatic foramina are diagnostic of a highly pneumatized
vertebra. The ventral portion of the neural arc is smooth, expanding into
the prezygapophysis. The cotyle and condyle have an oval, transversely
elongate shape, and the condyle presents two small pointed processes in
its ventral margin. In ventral view, the centrum has similar length and
width, with concave lateral margins pierced by small pneumatic
foramina.

MCNHB]J 340 vertebra is comparable with the ninth cervical verte-
brae of the specimens BSP 1991 [ 27 (Brasileodactylus sp.) and AMNH
22555 (Anhanguera sp.). The latter present small rectangular processes
on the ventral edges of their cotyles, a feature absent in MCNHB] 340.
The main differences between the BSP 1991 I 27 and the new vertebra is
that, in the former, the angle of the neural spine and the transverse
process is greater than 90°. Also, in anterior view, BSP 1991 I 27 displays
crests extending along the neural canal, from the larger foramina to-
wards the neural spine. In addition, the neural canal of BSP 1991 I 27,
corresponding to the ninth cervical vertebra, is rounded. AMNH 22555
ninth cervical vertebra has a subtriangular neural canal with rounded
edges, but bears more obtuse angles than what is displayed by MCNHBJ
340. Also, the same element of AMNH 22555 has slenderer pre-
zygapophyses and better developed postzygapophyses.

The rib (Fig. 5E-F) is a small structure, distally broken and missing
most of its tubercle. The bone between the tuberculum and the capit-
ulum is very thin, so a piece of limestone matrix was kept to protect the
rib. A pneumatic foramen is placed between the capitulum and the
tuberculum. The rib shaft is arched, with oval transverse section and

Fig. 3. MCNHB] 340, right scapula (A, B, C, D) and left scapula (E, F, G, H). Photos in ventral (A, F), dorsal (B, E), medial (C, G), and lateral (D, H) views. Ab-
breviations: ass, articular surface of the scapula; fgl, fossa glenoidalis; mus, muscle scar; pfo, pneumatic foramen; prsca, processus scapularis; sco, articulation facet to

the coracoid. Scale bar = 5 cm.
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prcor fgl

Fig. 4. MCNHB] 340, left (A, B, C, D, E, F) and right (G, H, [, ], K, L) coracoid. Photographs in lateral (A, G), posterior (B, H), medial (C1I), dorsal (D, ]J), anterior (E,
K) and ventral (F, L) views. Abbreviations: asc, articular surface of the coracoid; fgl, fossa glenoidalis; pfo, pneumatic fo ramen; prscor, processus coracoidalis; ssc, the

surface of the suture against the scapula; tub, tubercle. Scale bar = 5 cm.

Table 2
Measurements of the scapulae and coracoids (in mm).
Left scapula length 82 Right scapula length 82
Maximum width of the left 44 Maximum width of the right 45
scapula proximal articulation scapula proximal articulation
Maximum width of the left 24 Maximum width of the right 24
scapula distal articulation scapula distal articulation
Left coracoid length 112 Right coracoid length 109
Maximum width of the left 37 Maximum width of the right 38
coracoid proXimal articulation coracoid proXimal articulation
Maximum width of the left 19 Maximum width of the right 20

coracoid distal articulation coracoid distal articulation

smooth surface. The rib morphology reveals similarities with the cer-
vical ribs of AMNH 22555, BSP 1991 I 27, and the holotypes of
Anhanguera piscator and A. spielbergi.

Anhangueridae indet.

Material. MCNHBJ 341, a right pelvis partial that includes ischium,
pubis, and part of the ilium.

Horizon, Age, and Location. Romualdo Formation, Early Creta-
ceous (Aptian-Albain) of the Araripe Basin. This specimen was also
collected from the Sobradinho Site, Jardim municipality, Ceara,
Northeast Brazil.

Comparative Description. Specimen MCNHBJ 341 consists of an
isolated right pelvis, preserved in three dimensions and broken in some
portions.

The pre-acetabular portion of the ilium is broken in a region close to
the articular surface for the first sacral vertebra (asv. 1) (Fig. 6). The
outline of the breakage reveals a circular transversal section. The iliac
blade is slightly medially bended, forming a wide angle between it and
the anterior margin of the pubis. It is not possible to infer the length of
the pre-acetabular portion. As an Ornithocheiroidea feature, however,
the pre-acetabular region should measure more than half of the ilium
length (Hyder et al,, 2014). Also, the dorsal inclination angle in this
taxon is typically larger than 90° (Wellnhofer, 1985; Hyder et al,, 2014).

The post-acetabular process is incomplete. Its preserved part is short
and presents a medially-directed curvature. In medial view, the ilium
has three elongated concavities, which is similar to other anhanguerid
specimens (such as Anhanguera piscator holotype). Those concavities are
interpreted as articular facets for the sacral vertebrae. The cranial facet
is located at the pre-acetabular process, while the second (asv. 2) and the
third (asv.3), lie close to the mid-portion of the acetabulum.

The pubis and ischium are laterally flat, blade-shaped bones, with
approximately the same size and shape, but bear significative differ-
ences. The dorsal portion of both bones is thick, massive, becoming
gradually, laterally compressed in ventral direction, also bending
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E

F

Fig. 5. MCNHB] 340, posterior cervical vertebra and a left dorsal rib. Photos in anterior (A, E), left lateral (B), posterior (C, F), and right lateral (D) views. Ab-
breviations: cap, capitulum; con, condyle; cot, cotyle; nc, neural canal; ns, neural spine; pfo, pneumatic foramen; prex, prezygapophysis; poz, postzygapophysis; tp,

transverse processes; tub, tubercle. Scale bar = 5 cm.

Fig. 6. MCNHB] 341. Right pelvis, photos in lateral (A), medial (B), cranial (C), and caudal (D) views. Abbreviations: ac, acetabu lum; asv, articular surface for sacral
vertebra; app, articular surface for prepubis; il, ilium; is, ischium; obfo, obturator foramen; ipop, ischiopubic opening; pu, pubis; tub, tubercle. Scale bar = 5 cm.

inwards, resulting in a twisted shape.

The pubis and ischium are fused to the ilium and partially fused to
each other. Between those elements, it is visible a subtle suture line that
crosses the acetabulum and ends in a large ischiopubic opening, crossing
the obturator foramen (obfo). The obfo is a large aperture located in a
shallow depression, posteroventrally to the acetabulum and piercing the
posterior part of the pubis. Two pneumatic foramina are visible on the
interior margin of the obfo.

The anterior margin of the pubis and the posterior part of the ischium
are concave, and the posterior portions of the two bones are curved in
the medial direction. Their ventral margins are eroded. A small tubercle
is present on the anterior margin of the pubis, ventral to the acetabulum.
This structure was probably a muscle insertion, similar to what was
proposed for Anhanguera spielbergi (RGM 401 880).

Between the three pelvic bones, there is a large oval acetabulum with
32 mm in its largest diameter. The acetabulum is fully fused but bears
two raised lines on its anterior and caudal borders. This suture indicates
that the largest part of the acetabulum is dorsally formed by the ilium,
with an antero- and posteroventral contributions, respectively, of the
pubis and ischium. A depression placed on the posteroventral margin of
the acetabulum corresponds to the ischiopubic suture. A foramen is
placed between the base of the pre-acetabular process of the ilium and
the acetabulum.

The morphology of the pelvic girdle shows almost no variation

within the Ornithocheiroidea aside clear ontogenetic changes. The latter
turn, in are mostly related to proportions and the presence or absence of
clear, suture lines (Hyder et al.,, 2014). At least seven pterosaur pelvic
girdles have already been reported for the Araripe Basin, but those are
mostly incomplete.

The main difference between MCNHB] 341 and specimens of
Anhanguera sp. AMNH 22555 (Wellnhofer, 1991) and Anhanguera pis-
cator NSM-PV 19892 (Kellner and Tomida, 2000) relate to the complete
fusion of the pelvic bones, absent in these later. AMNH 22555 and NSM-
PV 19892 also display unfused cranial bones and disarticulated
scapulocoracoids, most likely representing immature individuals. As
such, MCNHB] 341 can be assigned to an older individual, when
compared to AMNH 22555 and NSM-PV 19892.

The holotype of Anhanguera spielbergi (RGM 401 880) has a robust
skull with fused bones, a fully fused pelvis, and scapulocoracoids,
without evidence of sutures in pelvis and presenting a pair of ischiopubic
openings (Veldmeijer, 2003).

Arthurdactylus conandoylei is a Pterodactyloidea closely related to
Anhangueridae, described for the Crato Formation bearing a preserved
pelvic girdle (Frey and Martill, 1994). Its holotype (SMNK PAL 1132)
differs from AMNH 22555 and NSM-PV 19892 in having a more oval
ischiopubic opening, similar to the condition displayed by MCNHB]
341.

The anhanguerid SMNK PAL 1133 (Elgin, 2015) has a similar
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morphology to MCNHBJ 341, but this comparison is hindered by the fact
that the ischium is incomplete in the former. It is, thus, not possible to
know for sure if there is an opening between the ischium and the pubis
or the former has a fused ischiopubic plate. SMNK PAL 1133 also dis-
plays correlates of a mature ontogenetic stage, such as fused scap-
ulocoracoids, sacral vertebrae, and pelvic bones. A completely fused
ischiopubic plate is regarded as typical of osteologically mature in-
dividuals (Bennett, 1990; Hyder et al., 2014).

Pteranodon pelvic girdles have laterally closed ischiopubic plates, but
the overall shape of bones differ from Araripe Basin anhanguerids,
mainly due to the presence of post-acetabular processes fused to the
neural spines of the posterior synsacrals in Pteranodon (Williston, 1897;
Bennett, 1991, 2001).

Kellner et al. (2013) described a Tropeognathus mesembrinus (MN
6594-V) specimen with preserved pelvic girdle, but the material is not
complete, limiting the comparison. In this case, it is possible to observe
that the pre-acetabular process of MN 6594-V ilium is robust, being
larger than the acetabulum, while the opposite occurs in the MCNHB]
341. It is not clear, however, if this character is ontogenetically
controlled.

The Crato Formation tapejarids (e.g. Kellner, 1995; Sayao and Kell-
ner, 2006; Cheng et al., 2021 e Beccari et al., 2021) have plate-shaped
pubes and ischia. Their morphology, however, differs from anhanguer-
ids, and it was confirmed by Sayao and Kellner (2006) that this condi-
tion is of systematic, rather than ontogenetic, value.

4.2. Associated fauna

The exposed section of Sobradinho Site measures about 50 m. Within
it, pterosaur fossils were found in a shale layer that ranges from 5 to 15
m. The same layers have already produced plant fragments, coprolites
and fish of the genera Rhacolepis, Vinctifer, and Cladocyclus.

Based on information extracted from the MCNHB]J collection data-
base, it was also possible to survey all specimens collected from Sobra-

dinho Site. Most of them, however, lack precise stratigraphic

information, so that the survey can only be applied for the outcrop as a
whole. There are 117 listed fossils from the locality, 73% consisting of
fish, where the most abundant taxa are: Rhacolepis (n = 23), Vinctifer (n
=22) and Calamopleurus (n =10). Less abundant taxa include Notelops
(n = 5), Brannerion (n = 3), Araripichthys (n = 3), Axelrodichthys (n = 2)
and Araripelepidotes (n 1). The Sobradinho site has also produced
crustaceans (including a holotype of Araripenaeus timidus, Pinheiro et al.,,
2014), plants and testudines.

4.3. Stratigraphic correlation among the pterosaur findings in the
romualdo formation

The Sobradinho site presents a stratigraphic column of approxi-
mately 100 m thick, the most complete of the Romualdo Formation
(Custodio et al., 2017). In the present study, the upper 50 m of this
exposure were analyzed, where the pterosaur fossils were found along
the first 5 and 10 m (Fig. 7).

Few studies on pterosaurs from the Santana Group report a precise
stratigraphic position of the specimens (Vila Nova et al., 2011; Aureliano
et al, 2014; Duque and Barreto, 2018; Duque et al,, 2022; b). Vila Nova
etal. (2011) used Fara et al. (2005) for the nomenclature of sedimentary
layers (names based on informal nomenclature). Here, an attempt was

made to correlate the findings of the Sobradinho site with other pub-
lished data, including a comparison with the results of Fara et al. (2005).

The specimen described by Vila Nova et al. (2011) includes the left

wing metacarpal and the first wing phalanx, collected in a 2.48-m-thick
stratigraphic section at the Romualdo site, located between the munic-
ipalities of Crato and Barbalha (state of Ceara), in the northern region of
the Araripe Basin. According to the authors, the fossil was collected in
the shale layer called Pds-Lageta, above a level of 8 cm of limestone
without invertebrates (Lageta), which should correspond to a basal

Journal of South American Earth Sciences 127 (2023) 104408

portion of the Romualdo Formation.

In the municipality of Exu, in Pernambuco, there are three reports of
pterosaurs (Aureliano et al, 2014; Duque and Barreto, 2018; Duque
et al, 2022). At the Cedro site, a carbonate concretion containing pha-
langes was found near the surface of the terrain, at the top of a 2-m shale
layer located between two coquinoid limestone layers. At this level,
there is a large amount of concretions with coprolites associated with the
skulls of the fish Calamopleurus cylindricus, as well as Rhacolepis buccalis.
Septarian concretions are also observed there. With the exception of the
occurrence of fish, this level in the Cedro site resembles the “Ovos de
Peixe” layer of the Fara et al. (2005) stratigraphy. In the latter, however,
the fish Vinctifer comptoni is the most abundant. This section corresponds
to a portion near the top of the Romualdo Formation.

In Sitio Zé Gomes, also in Exu, there are two pterosaur occurrences,
an Anhanguera sp. rostrum (Duque et al., 2022) collected on the surface
of the terrain, just above a layer of coquina with mollusks and crusta-
ceans, and an ulna obtained below the coquina level (Aureliano et al,
2014). In this outcrop, the vertebrate species that stands out in quantity
is Vinctifer comptoni, followed by Tharrhias araripis, which are also
common species in the locality of Parque dos Pterossauros from the
study by Fara et al. (2005). However, in this locality, the first species is
abundant at the top of the section (layer “Ovo de Peixe”), and the second
occurs more in the “Base”, “Lageiro de Peixe” and “Pré-Lageta”. The
levels where the pterosaurs from Sitio Zé Gomes were found could be
comparable to the “Ovos de Peixe” layer, but septarian nodules were not
found in this site. Coquinas are also absent in Parque dos Pterossauros,
but pterosaur finds are mainly located in the uppermost portion of the
Romualdo Formation.

In Lagoa de Dentro, located in the municipality of Araripina (Per-
nambuco), also in the southern region of the basin, there also a pterosaur
occurrence (Duque and Barreto, 2018). It consists of carpals and frag-
ments of the left wing’s radius, ulna, and metacarpals from an indeter-
minate Anhangueridae. The stratigraphic profile is 5 m thick, starting
from the Ipubi Formation. At its top, there are intercalations between
shales containing fish-bearing carbonate concretions. The pterosaur
specimen was collected from the uppermost shale layer. The most
common species from this layer Vinctifer comptoni and Calamopleurus
cylindricus, as well as Rhacolepis buccalis, Axelrodichthys araripensis, and
Tharrhias araripis. According to Fara et al. (2005), an intercalation be-
tween shales and limestone levels occurs near the base, where lie the
levels “Lageiro do Peixe”, “Pré-Lageta” and “Lageta”. There, the most
common taxon is Tharrhias araripis.

In the municipality of Ipubi (PE), pterosaur bones (possibly pha-
langes of the wing finger) were also collected (Duque and Barreto,
2022). These specimens were found on the surface, from which a 2-m-
deep profile was excavated, revealing eight layers of calcareous
sandstone intercalated with shale. Fossil fishes associated with the
pterosaur include Vinctifer comptoni (N = 12), Rhacolepis buccalis (N =
5), Notelops brama (N = 5), and Cladocyclus gardneri (N = 4). Similar to
Lagoa de Dentro, this outcrop resembles the “Lageiro do Peixe”,
“Pre-Lageta”, and “Lageta” intercalation (Fara et al.,, 2005), where the
pterosaur could associated to the “Post-Lageta” layer. However, the
thickness and quantity of layers differ between the two studies.

5. Discussion
5.1. Ontogeny

It was possible to identify ontogenetic proxies in all the specimens
described here. As discussed, the humerus MCNHBJ 363 can be referred
to an immature individual because it lacks distal ossification centers. In
turn, MCNHB]J 340 was also reminiscent of an immature individual, as
the shoulder girdle elements were found unfused and disarticulated,
being also smaller when compared to other disarticulated specimens,
such as BSP 1991 I 27 (Brasileodactylus sp); NSM-PV 19892 (Anhanguera
piscator); RGM 401 880 (Anhanguera spielbergi) and AMNH 22555
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Fig. 7. Stratigraphic section of the localities where pterosaurs with stratigraphic providence are recorded. A, Lagoa de Dentro site, Exu - PE (Duque and Barreto,
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R.R.C. Duque et al.

(Anhanguera sp.).

There is no evidence for noticeable development in the vertebra
associated to MCNHB] 340, which is also an indicative of an early
ontogenetic stage. However, the specimen is incomplete, so that its
position as the ninth cervical element should be regarded with caution.
If this particular element had a more anterior position, the absence of a
notarium is only expected.

The pelvis of MCNHB]J 340 is fully isolated, being disarticulated from
the sacrum. An ischiopubic suture is present between the obturator fo-
ramen and the ventral aperture, indicating a not fully developed indi-
vidual. This is further evidence that pelvic bones in ornithocheirid
pterosaurs ossify before a posterior fusion to the sacral vertebrae,
following a complete fusion with the ischiopubic plate, which is the last
stage of fusion in the pelvic girdle development. Even so, it is possible
that at least some of these characters could be influenced by sexual
dimorphism, with mobile pelvis in females, making it easier to lay eggs
(Bennett, 1994; Lii et al., 2010; Geist et al.,, 2014).

5.2. Pterosaurs and stratigraphic control

It is consensual that the Santana Group species richness is over-
estimated, as most of the subtle morphological differences that histori-
cally were used as diagnostic for lower-rank clades could be better
explained as individual, sexual or ontogenetic variations (Duque et al.,
2022).

In addition, according to Pinheiro and Rodrigues (2017), some ver-
tical (temporal) variation in morphology is expected, which would be an
alternative interpretation for the Santana Group pterosaur diversity.
Since stratigraphically-controlled excavations in the Romualdo Forma-
tion evidence faunal turnovers in fish communities (Fara et al., 2005), it
is possible that the same occurs for pterosaurs. However, the lack of
stratigraphic control for most pterosaur collections makes the recogni-
tion of pterosaur successions impossible at this point.

The methodology of Fara et al. (2005) defines layers based on the
number and shape of concretions and the diversity of fish species.
However, these parameters seem to be very variable along a sedimen-
tary basin with over 12.000 km? of extension (Arai et al, 2004). Ac-
cording to the authors, the section carried out at the Parque dos
Pterossauros site (Santana do Cariri - CE) has a thickness of about 2.5 m
and is representative of the Romualdo Formation, as all informally
recognized levels along the basin are present at the site (Fara et al,
2005). However, it is known that the Romualdo Formation at the
Sobradinho site has a section with about 100 m in thickness.

Our interpretations suggest that the section proposed by Fara et al.
(2005) does not represent the whole Romualdo Formation, as the
thickness, concentration, and size of the carbonate concretions vary
along the extent of this unit. There is a variation in the fish community
structure, but it is not explained what could drive these changes and why
they would be generalized rather than localized. This variation may not

correlate with other sites, as the diversity of species may vary depending
on the environment in which they lived, not being the same in different

geographical positions and ages within the limits of the Araripe Basin.

The use of informal and local nomenclature to name sedimentary
layers based on the shape of concretions and diversity of species is valid
but can be more useful when associated with a study that identifies
formal lithologies and stratigraphic markers in the basin, such as the
occurrence of coquinas near the top of the Romualdo Formation, as well
as a better identification of the associated fauna.

6. Conclusion

Geographic and stratigraphic control of pterosaur collections and
efficient curation of fossils make it possible to carry out integrative
studies, which will probably culminate on a better understanding of the
Araripe Basin faunal successions, as well as in more productive future
field prospections. Here we have described and provided taxonomic
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statements for three completely new Romualdo Formation pterosaur
specimens, all of them with precise geographic and stratigraphic refer-
encing. In this respect, our work is a new step towards a better under-
standing of Araripe Basin pterosaur diversity and faunal successions.
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