
Anais da Academia Brasileira de Ciências (2019) 91(Suppl. 2): e20180782 
(Annals of the Brazilian Academy of Sciences)
Printed version ISSN 0001-3765 / Online version ISSN 1678-2690
http://dx.doi.org/10.1590/0001-3765201920180782
www.scielo.br/aabc  |  www.fb.com/aabcjournal

An Acad Bras Cienc (2019) 91(Suppl. 2)BIOlOgICAl SCIeNCeS

The Evolution of Pneumatic Foramina in Pterosaur Vertebrae

RICHARD BUCHMANN and TAISSA RODRIGUES

laboratório de Paleontologia, Departamento de Ciências Biológicas, Centro de Ciências Humanas e Naturais, 
Universidade Federal do espírito Santo, Avenida Fernando Ferrari, 514, goiabeiras, 29075-910 Vitória, eS, Brazil

Manuscript received on September 24, 2018; accepted for publication on January 18, 2019

How to cite: BUCHMANN R AND RODRIgUeS T. 2019. The evolution of Pneumatic Foramina in Pterosaur 
Vertebrae. An Acad Bras Cienc 91: e20180782. DOI 10.1590/0001-3765201920180782.

Abstract: Pterosaurs possess skeletal pneumatization, which can be assessed externally through the 
observation of pneumatic foramina. These foramina vary in position, shape, and number among taxa. Here 
we propose new characters referring to the position and number of pneumatic foramina present in cervical 
and dorsal vertebrae of pterosaurs. A cladistic analysis was performed after first-hand study of material in 
collections and using data from the literature in order to test these new characters for homology, and they 
were subsequently mapped in a strict consensus tree. The analysis resulted in nine equally parsimonious trees 
with 215 steps each. The strict consensus tree obtained does not present significant differences in relation 
to trees obtained in previous studies. The mapping performed identified that most pneumatic foramina 
evolved independently in several lineages, and only two of the eight added characters appeared once in 
the evolution of pterosaurs. In general, pneumatic foramina were more common in the Dsungaripteroidea, 
however, the flattened preservation of non-pterodactyloids and in the Archaeopterodactyloidea often 
precludes their visualization, and therefore the presence of vertebral pneumatization may be broaden with 
the discovery of new, better preserved specimens.
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INTRODUCTION

Pterosaurs are known as the first vertebrates 
to develop the ability to fly actively. This is 
possible due to the presence of an extremely 
specialized skeleton with unique features, such as 
the presence of wings and of pneumatic bones, a 
condition analogous to birds (Nesbitt 2011) which 
considerably decreases bone mass, reducing the 
weight of the animal. Internal bone pneumatization 

can be inferred by the observation of external 
structures, such as the pneumatic foramina, which 
are connected to internal cavities.

Besides pterosaurs and extant birds, 
postcranial pneumatization is also observed in 
the Sauropodomorpha and non-avian Theropoda 
(O’Connor 2006, Butler et al. 2012), raising 
questions about the evolution of this system 
in archosaurs (Butler et al. 2012). As some 
archosauriforms, such as Erythrosuchus, have 
limited evidence of pneumatization such as 
foramina and fossae that do not contact pneumatic 
chambers, Butler et al. (2012) did not exclude 
the possibility of skeletal pneumatization being 
plesiomorphic for Archosauria.
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In birds, postcranial pneumatization is 
associated with the presence of air sacs, which allow 
the invasion of air inside the bone. Considering 
the role of pneumatic structures in avian lung 
ventilation, its presence in pterosaurs suggests the 
existence of a respiratory system analogous to that 
present in birds (Claessens et al. 2009).

Postcranial pneumatization in pterosaurs is 
mostly inferred for the vertebral column, although 
specimens with a wingspan greater than 2.5 m 
also tend to present evidences for pneumatization 
in the appendicular skeleton (Butler et al. 2009, 
Claessens et al. 2009). In birds, pneumatic 
foramina are observed in vertebral regions that do 
not compromise the bone’s integrity, thus varying 
between taxa (Müller 1908). Possibly the same 
happened in pterosaurs.

In all phylogenetic proposals so far raised for 
the Pterosauria, characters referring to the vertebrae 
are limited mainly to the morphology of mid-
cervicals or the ontogenetic fusion of structures, 
such as between the atlas and axis and the formation 
of the notarium (Kellner 2003, Unwin 2003, Wang 
et al. 2008, Andres et al. 2014) and thus could be 
further explored. In this aspect, Andres et al. (2014) 
incorporate new characters referring to the size and 
proportion of different types of vertebrae, including 
dorsals and caudals (characters 17 to 21). However, 
generally, characters on vertebral pneumatization 
refer only to the presence of pneumatic foramina 
on the lateral sides of the centrum in the mid-
cervical vertebrae, such as characters 44 in Kellner 
(2003), 47 in Wang et al. (2008) and 159 in Andres 
et al. (2014). Andres et al. (2014) proposed a new 
character on the presence of pneumatic foramina 
laterally to the neural canal (character 160); 
however, the occurrence of the pneumatic foramina 
dorsally to the neural canal, commonly observed 
in dsungaripteroids, was not discussed. Pneumatic 
foramina present in dorsal vertebrae were also not 
included in their analysis.

The present study aims to better understand 
possible homologies and convergences in the 
evolution of pneumaticity in Pterosauria.
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Janeiro, Rio de Janeiro, Brazil; NSM-PV, Division 
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Museum, Tokyo, Japan; YPM, Yale Peabody 
Museum of Natural History, New Haven, USA.

MATERIALS AND METHODS

We used as a base the data matrix from Wang et 
al. (2008), a dataset which has been updated and 
corrected several times since its first proposal 
(Kellner 2003) and therefore likely has fewer, if 
any, character states incorrectly scored. This data 
matrix also focused on the Pterodactyloidea, which 
besides including the largest known pterosaurs 
(and therefore the ones more prone to possess 
pneumatization), are generally better preserved, 
facilitating the visualization of pneumatic foramina 
and therefore of skeletal pneumatization. In 
addition, this matrix presented few pterodactyloid 
terminal taxa in which data regarding the vertebral 
column data was not preserved and thus would be 
missing data.

As in the original analysis by Wang et al. 
(2008), the outgroup was composed by three 
successive outgroups: Ornithosuchus longidens 
(Huxley 1877) (the one outgroup defined as such 
in TNT), Herrerasaurus ischigualastensis Reig, 
1963, and Scleromochlus taylori Woodward, 1907. 
In this analysis, we used the 79 characters and the 
46 species analyzed in the original matrix. Here, 
we considered Anhanguera santanae (Wellnhofer 
1985) a nomen dubium, after Pinheiro and 
Rodrigues (2017) and substituted this species for 
the specimen AMNH 22555 (Anhanguera sp.), 
which was previously referred to this taxon.
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eight characters were incorporated into this 
matrix; three of them were proposed by Andres et 
al. (2014) (their characters 158, 159 and 160) and 
five of them are new (Figure 1). Four of these five 
were proposed based on codification of nominal 
variables (Hawkins 2000), referring to either the 
absence or the presence of pneumatic foramina 
in cervical and dorsal vertebrae, establishing that 
characters are attributes that can be proposed each 
as transformations, being independent of each other 
(De Pinna 1991).
Character 80: Mid-cervical vertebra, neural arch, 
lateral surface, pneumatic foramen: absent (0); 
present (1) (from Andres et al. 2014).
Character 81: Mid-cervical vertebra, centrum, 
lateral surface, pneumatic foramen: absent (0); 
present (1) (from Andres et al. 2014).
Character 82: Mid-cervical vertebra, lateral to 
neural canal, pneumatic foramen: absent (0); 
present (1) (from Andres et al. 2014).
Character 83: Mid-cervical vertebra, dorsal to 
neural canal, pneumatic foramen: absent (0); 
present (1) (new).
Character 84: Posterior cervical vertebra, centrum, 
lateral surface, pneumatic foramen: absent (0); 
present (1) (modified from Wang et al. 2008).
Character 85: Cervical vertebra, centrum, lateral 
surface, quantity of pneumatic foramina: always 
single (0); more than one (1) (new).
Character 86: Free dorsal vertebra, transverse 
process, base, pneumatic foramen: absent (0); 
present (1) (new).
Character 87: Free dorsal vertebra, centrum, lateral 
surface, pneumatic foramen: (0) absent; present (1) 
(new).

With respect of the number of lateral 
pneumatic foramina, we chose not to create a 
multistate character and assumed that the variation 
in number probably evolved secondarily to the 
origin of a lateral foramen. Thus, we opted for 
contingent coding, in which each attribute is 
treated as a separated character, as suggested by 

Forey and Kitching (2000). Therefore, as character 
85 depends on the presence of characters 81 and/or 
84, it is possible to have an inapplicable condition 
for some terminal taxa. Inapplicable codings were 
scored as “?”, as in the original matrix (Wang et al. 
2008). However, in the figures missing data and 
inapplicable characters related to the characters 
being investigated are differentiated. Individual 
variations in which, for instance, a foramen is 
observed only in one side of the vertebra, were 
scored as present.

Character 47 of the original matrix, “Pneumatic 
foramina on the side of centrum in cervical 
vertebrae”, was divided in two characters to 
consider variations in the pneumatization between 
mid-cervical and posterior cervical vertebrae 
(present characters 81 and 84).

The data matrix was edited with Mesquite, 
version 3.03 (Maddison and Maddison 2015) 
and the phylogenetic analysis was performed 
in TNT, version 1.1 (Goloboff et al. 2008). All 
characters were considered with equal weights 
and non-addictive. The analysis was performed 
using Traditional Search with the tree bisection-
reconnection (TBR) algorithm, although the 
software uses both TBR and subtree pruning-
regrafting (SPR). 5,000 additional random 
sequence replications were used. The branches 
were collapsed when their minimum size was zero. 
Characters regarding vertebral pneumatization 
were mapped on a strict consensus tree using 
ACCTRAN optimization.

RESULTS

The analysis resulted in nine equally parsimonious 
trees with 215 steps each, longer than the ones 
found by Wang et al. (2008), who found the 
most parsimonious trees with 193 steps each. 
The strict consensus tree recovered the taxa in 
similar positions as those presented by Wang 
et al. (2008), except for the formation of a large 
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Figure 1 - Pneumatic foramina in pterosaur vertebrae. a) Pneumatic foramina on the lateral 
surface of the neural arch in a mid-cervical vertebra of Raeticodactylus filisurensis (BNM 
14524). b) Pneumatic foramen on the lateral surface of the centrum in a mid-cervical 
vertebra of Anhanguera piscator Kellner & Tomida, 2000 (NSM-PV 19892; replica MN 
5023-V). c) Pneumatic foramina adjacent to the neural canal in a mid-cervical vertebra of 
Azhdarcho lancicollis (ZIN PH 144/44). d) Pneumatic foramen dorsally to the neural canal 
in a mid-cervical vertebra of Anhanguera sp. (AMNH 22555). e) Two pneumatic foramina 
on the lateral surface of the centrum in a posterior cervical vertebra of Thalassodrominae 
sp. (MN 6566-V). f) Two pneumatic foramina on the lateral surface of the centrum in a 
mid-cervical vertebra of Anhanguera piscator (NSM-PV 19892; replica MN 5023-V). 
g) Pneumatic foramina on the bases of the transverse processes in a dorsal vertebra of 
Anhanguera piscator (NSM-PV 19892; replica MN 5023-V). h) Pneumatic foramina on 
the lateral surfaces of the centra in two dorsal vertebrae of Dimorphodon macronyx (gSM 
1546). Abbreviations: con, condyle; cot, cotyle; hyp, hypapophysis; nc, neural canal; ns, 
neural spine; pf, pneumatic foramen; poz, postzygapophysis; prz, prezygapophysis; tpr, 
transverse process. Scale bar: 1 cm.



RICHARD BUCHMANN and TAISSA RODRIgUeS THe PNeUMATIC FORAMINA IN PTeROSAUR VeRTeBRAe

An Acad Bras Cienc (2019) 91(Suppl. 2) e20180782 5 | 13 

polytomy involving Sordes pilosus Sharov, 1971, 
Preondatylus buffarini Wild, 1984, Scaphognathus 
crassirostris (goldfuss, 1861), Dorygnathus 
bathensis (Theodori, 1830), Dimorphodon 
macronyx (Buckland, 1829), Peteinosaurus 
zambelli Wild, 1978, Carniadactylus rosenfeldi 
Dalla Vecchia, 1995, and the Novialoidea; and 
Tropeognathus mesembrinus Wellnhofer, 1987 
was recovered in a polytomy with the species of 
Anhanguera.

The presence of pneumatic foramina on 
the lateral surface of the neural arch in mid-
cervical vertebrae (character 80) is relatively 
common among non-pterodactyloids, appearing 
as a synapomorphy of the Novialoidea and with 
independent origins in non-novialoid species such 
as Sordes pilosus, Dorygnathus banthensis and 
Carniadactylus rosenfeldi. The absence of this 
foramen is synapomorphic for the Pterodactyloidea 
(Figure 2a). The presence of pneumatic foramina 
on the lateral surface of the centrum in mid-cervical 
vertebrae (character 81; Figure 2b) is common 
among the Dsungaripteroidea, being observed in 
52.6% of the analyzed species (26.3% absent; 21% 
missing data). This foramen appeared at least three 
times in the evolutionary history of pterosaurs: 
once in the Ornithocheiroidea, being secondarily 
lost in Istiodactylus latidens (Seeley, 1901) and 
in the Azhdarchidae, and was also acquired 
independently in the non-pterodactyloids Sordes 
pilosus and Dimorphodon macronyx.

The presence of pneumatic foramina on the 
lateral sides of the neural canal of the mid-cervical 
vertebrae (character 82) is a synapomorphy of the 
Dsungaripteroidea, and lost secondarily in AMNH 
22555, Tropeognathus mesembrinus and Phobetor 
parvus (Bakhurina, 1982) (Figure 3a). The presence 
of pneumatic foramina dorsally to the neural canal 
in mid-cervical vertebrae (character 83) appeared 
three times, and only among dsungaripteroids: in 
the Azhdarchoidea, AMNH 22555 and Pteranodon 
longiceps Marsh, 1876 (Figure 3b).

The presence of pneumatic foramina on the 
lateral surface of the centrum of the posterior cervical 
vertebrae (character 84) appeared as a synapomorphy 
of the Anhangueridae, with a convergent origin in 
Rhamphorhynchus muensteri (goldfuss, 1831), 
a novialoid non-pterodactyloid, and Azhdarcho 
lancicollis Nessov, 1984, an Azhdarchidae (Figure 
4a). The presence of variation in the number of 
lateral foramina (character 85) was observed only 
in the Anhangueridae, and was recovered as a 
synapomorphy of the clade (Figure 4b).

Among the analyzed specimens, the presence 
of pneumatic foramina on the base of the 
transverse process in dorsal vertebrae (character 
86) appeared at least four times independently 
among novialoids: Rhamphorhynchus muensteri, 
Pteranodon longiceps, Anhangueridae and 
Azhdarchoidea (Figure 5a). Pneumatic foramina 
on the lateral surface of the centrum in dorsal 
vertebrae (character 87) were present in only two 
of the analyzed species: Dimorphodon macronyx 
and Nurhachius ignaciobritoi Wang et al., 2005 
(Figure 5b).

DISCUSSION

In the pterosaur fossil record, most three-
dimensionally preserved material belongs to the 
Dsungaripteroidea (Wellnhofer 1991, Bennett 
2001, Averianov 2010, eck et al. 2011). Non-
dsungaripteroids are commonly found flattened and/
or articulated (Wellnhofer 1975, Butler et al. 2009), 
precluding the observation of possible pneumatic 
foramina, either on the lateral sides of the central 
or adjacent to the neural canals. This preservation 
may have influenced the fact that the analysis 
didn’t point out any homologous appearances of 
the added characters in non-novialoids, suggesting 
only independent acquisitions in these basal taxa.

Claessens et al. (2009) suggest that in non-
pterodactyloids the pneumatization is either limited 
to the posterior cervical and dorsal vertebrae or it is 



RICHARD BUCHMANN and TAISSA RODRIgUeS THe PNeUMATIC FORAMINA IN PTeROSAUR VeRTeBRAe

An Acad Bras Cienc (2019) 91(Suppl. 2) e20180782 6 | 13 

Figure 2 - Character evolution mapped on the strict consensus tree. a) Character 80. b) Character 81. Red, 
state 0; blue, state 1; gray, state unknown (missing data). 1, Pterosauria; 2, Novialoidea; 3, Pterodactyloidea; 
4, Dsungaripteroidea; 5, Ornithocheiroidea; 6, Azhdarchoidea.
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Figure  3 - Character evolution mapped on the strict consensus tree. a) Character 82. b) Character 83. Red, 
state 0; blue, state 1; gray, state unknown (missing data). 1, Pterosauria; 2, Novialoidea; 3, Pterodactyloidea; 
4, Dsungaripteroidea; 5, Ornithocheiroidea; 6, Azhdarchoidea.
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absent, with the exception of some genera such as 
Rhamphorhynchus. However, pneumatic foramina 
on the lateral surface of the neural arch of the mid-
cervical vertebrae (character 80) were present only 
in non-pterodactyloids. Bennett (2001) points out 
a peculiar pneumatic foramen on the base of the 
prezygapophysis, in similar position to the observed 
in non-pterodactyloids, only on the fourth cervical 
vertebra of the specimen YPM 2440, attributed to 
the genus Pteranodon; however, he also notes that 
there appears to be some variation in the position 
of the foramen, which possibly was originally 
positioned on the centrum.

Although the flattened preservation might have 
negatively influenced the observation of lateral 
pneumatic foramina in mid-cervicals (character 
81) in non-dsungaripteroids, the analysis could be 
made in more than half of their species present in 
the matrix, and most of them lack this character 
(84.6% of analyzed non-dsungaripteroids). In 
the Azhdarchidae, the absence of this pneumatic 
foramen has been previously described as a family-
level synapomorphy (Henderson and Peterson 
2006, Averianov 2010). Although we did not 
observe the lateral foramen in mid-cervicals of 
Archaeopterodactyloidea, the literature records 
the presence of this foramen in Ctenochasmatidae 
pterosaurs, such as Gnathosaurus subulatus von 
Meyer, 1833.  The presence of the lateral foramen 
in the mid-cervicals of the Ctenochasmatidae is 
considered an important character to distinguish 
their cervicals from the Azhdarchidae, since both 
present anatomical similarities, such as pronounced 
elongation (Andres and Qiang 2008).

The presence of lateral pneumatic foramina 
on posterior cervical vertebrae (character 84) was 
not as abundantly distributed as in mid-cervicals; 
this could be a bias due to the scarcity of known 
posterior cervical vertebrae in relation to mid-
cervicals. The presence of lateral pneumatic 
foramina in mid-cervicals is independent from 
the ones in posterior cervicals: in two of the eight 

species in which both characters could be assessed, 
this variation was present: Pteranodon longiceps 
has lateral pneumatic foramina in the mid-cervicals 
but none in the posterior cervicals (Bennett 2001) 
and the opposite occurs in Rhamphorhynchus 
muensteri and Azhdarcho lancicollis (Bonde and 
Christiansen 2003, Averianov 2010).

The number of lateral pneumatic foramina 
on the centrum of cervical vertebrae (character 
85) depends on their presence (that is, characters 
81 and/or 84 being scored as 1), which certainly 
entails a low character presence rate in this analysis 
(inapplicable character in black in Figure 4b). 
The variation of the number of lateral foramina 
was observed only between the fifth and eighth 
cervical. Although recovered as a synapomorphy 
of the Anhangueridae, the presence of two or more 
lateral pneumatic foramina on the centrum in mid- 
and posterior cervical vertebrae is also reported 
in the Thalassodrominae (Vila Nova et al. 2015, 
Buchmann et al. 2018), suggesting a convergence 
in both clades.

The formation of the notarium in osteologically 
mature dsungaripteroids precludes the observation 
of the anterior and posterior faces of the vertebrae 
and, consequently, the coding of characters 82 and 
83. The presence of pneumatic foramina on the 
lateral sides of the neural canal of the mid-cervical 
vertebrae (character state 82.1) was found as a 
synapomorphy of the Dsungaripteroidea, but in 
the rhamphorhynchid Sericipterus wucaiwanensis 
Andres et al., 2010, not included in this matrix, 
it is possible to notice the presence of foramina 
laterally to the neural canal in the third cervical of 
the specimen (Andres et al. 2010), which suggests 
an independent origin. These pneumatic foramina 
adjacent to the neural canal in mid-cervical 
vertebrae usually exhibit small size in relation to 
the neural canal, but this condition varies. This 
is the case of the Azhdarchoidea, in which the 
pneumatic foramina adjacent to the neural canal in 
the mid-cervicals of Tapejara wellnhoferi Kellner, 
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Figure 4 - Character evolution mapped on the strict consensus tree. a) Character 84. b) Character 85. Red, 
state 0; blue, state 1; gray, state unknown (missing data); black, inapplicable character. 1, Pterosauria; 2, 
Novialoidea; 3, Pterodactyloidea; 4, Dsungaripteroidea; 5, Ornithocheiroidea; 6, Azhdarchoidea.
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Figure 5 - Character evolution mapped on the strict consensus tree. a) Character 86. b) Character 
87. Red, state 0; blue, state 1; gray, state unknown (missing data). 1, Pterosauria; 2, Novialoidea; 3, 
Pterodactyloidea; 4, Dsungaripteroidea; 5, Ornithocheiroidea; 6, Azhdarchoidea.



RICHARD BUCHMANN and TAISSA RODRIgUeS THe PNeUMATIC FORAMINA IN PTeROSAUR VeRTeBRAe

An Acad Bras Cienc (2019) 91(Suppl. 2) e20180782 11 | 13 

1989 are comparatively smaller than those seen 
in Azhdarcho lancicollis (Averianov 2010, eck 
et al. 2011). The size of the pneumatic foramina 
in different vertebrae of a sequence also present 
variation, as seen in Azhdarcho lancicollis, which 
has pneumatic foramina adjacent to the neural 
canal in cervical VI comparatively smaller than in 
cervical VII (Averianov 2010), which seems to be 
natural variations along the neck.

Also, asymmetry is present in at least some 
species of Dsungaripteroidea, such as tapejarids and 
anhanguerids, including variations in the number 
and sizes of pneumatic foramina adjacent to the 
the neural canal or on the lateral sides of the centra 
(Wellnhofer 1991, Vila Nova et al. 2015, Buchmann 
et al. 2018). Such condition demonstrates that a 
pronounced asymmetry of pneumatic foramina was 
common in this clade.

When present, the notarium of the species 
analyzed frequently did not present pneumatic 
foramina on the base of transverse processes 
(Bennett 2001, Averianov 2010, Kellner et al. 
2013), but was observed in the free dorsal vertebrae. 
In other specimens described in the literature 
pneumatic foramina are absent in the notarium, 
as in MN 6588-V, identified as Tapejaridae indet. 
(Sayão and Kellner 2006).

The presence of pneumatic fossae on the bases 
of the transverse processes is relatively common in 
the free dorsal vertebrae of novialoids. Association 
of these fossae to pneumatic foramina varies, 
though. They are associated in Rhamphorhynchus 
muensteri, but not in Sericipterus wucaiwanensis, 
another rhamphorhynchid (Bonde and Christiansen 
2003, Andres et al. 2010). Those pneumatic fossae 
are limited by laminar structures and were probably 
associated with soft tissues.

Although pneumatic foramina on the centrum 
of the dorsal vertebrae (character 87) were present 
only in two of the analyzed species, they were 
reported previously in other non-pterodactyloids, 
such as Raeticodactylus filisurensis Stecher, 2008, 

suggesting independent origins (Butler et al. 2009). 
As character 85, character 87 also is observed only 
in free dorsals (Butler et al. 2009, Wang et al. 2005).

CONCLUSION

According to the analysis, only character states 
82.1 and 85.1 appeared only once among 
pterosaurs, but both have already been reported 
in the literature as present in other species that 
are currently not incorporated into this matrix, 
such as in Sericipterus wucaiwanensis and some 
thalassodromines (Andres et al. 2010, Vila Nova et 
al. 2015, Buchmann et al. 2018), which once again 
points to independent origins. All other characters 
showed at least one convergent acquisition, most of 
them within the Dsungaripteroidea.

Pneumatic foramina along the vertebral column 
were more common in the Dsungaripteroidea. 
In non-dsungaripteroids, most foramina were 
acquired through convergent evolution. However, 
most of these species are not three-dimensionally 
preserved, preventing the observation of many 
features and boosting the number of missing data 
in the matrix.
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