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Resumo 

Pterossauros e aves são arcossauros alados que se originaram no Mesozóico. O 

voo permitiu que representantes de ambos os clados explorassem nichos anteriormente 

vagos, e a diferenciação dos membros anteriores em asas tornou o pescoço desses animais 

um membro ativo e funcional usado durante o forrageamento. Atualmente, as aves se 

diversificaram e possuem pescoços de comprimentos variados, adaptados a diferentes 

hábitos de vida. No entanto, a falta de descendentes existentes de pterossauros cria 

lacunas no conhecimento sobre a biologia desse grupo, incluindo sua anatomia cervical e 

biomecânica. Aqui, identificamos e descrevemos a disposição vertebral e a influência dos 

tecidos moles cervicais na posição do pescoço em repouso de aves viventes. Em seguida, 

aplicamos esses dados para estabelecer e inferir a posição do pescoço em repouso, 

reconstruir os tecidos moles cervicais e quantificar os prováveis movimentos realizados 

pela musculatura do pescoço dos pterossauros. Para tanto, dissecamos os pescoços de 

espécimes representando dezesseis espécies de aves viventes e utilizamos tomografias 

computadorizadas da série cervical dos pterossauros Anhanguera piscator, Azhdarcho 

lancicollis e Rhamphorhynchus muensteri com preservação tridimensional do maior 

número de elementos vertebrais. Inferimos as forças dos músculos cervicais de 

pterossauros multiplicando a espessura do ponto mais largo do músculo e seu valor de 

tensão. Descobrimos que a espessura da cartilagem intervertebral de aves viventes varia 

ao longo do pescoço e que a excluir pode distorcer as reconstruções do pescoço de animais 

extintos. Também reconhecemos dezesseis músculos associados ao pescoço de aves 

viventes. As vértebras de arcossauros viventes e pterossauros mostraram convergências 

evolutivas que nos permitiram reconstruir cartilagens sinoviais nas articulações e 

ligamentos neste último. De acordo com a angulação das vértebras cervicais, o pescoço 

dos pterossauros provavelmente tinha uma forma levemente sinuosa quando em posição 

de repouso. Além disso, inferimos treze músculos cervicais em pterossauros. Concluímos 

que em pterossauros a musculatura responsável pelos movimentos dorsoventrais do 

crânio e pescoço era provavelmente mais robusta e forte, como nas aves viventes, e que 

os músculos menos robustos estavam associados à estabilização do pescoço ou à 

realização de força adicional para os movimentos cervicais. 

 

Palavras-chave: Vértebras cervicais, Pterosauria, Aves, Aequorlitornithes, Músculos 

cervicais, Ligamentos cervicais. 



 
 

Abstract 

Pterosaurs and birds are winged archosaurs that originated in the Mesozoic. Flight 

allowed representatives of both clades to explore previously vacant niches, and the 

differentiation of forelimbs into wings made the neck of these animals an active, 

functional limb used during foraging. Presently, birds have diversified and have necks of 

varying lengths, which are adapted to different life habits. However, the lack of extant 

descendants of pterosaurs creates gaps in the knowledge regarding the biology of this 

group, including its cervical anatomy and biomechanics. Here, we identify and describe 

the vertebral arrangement and influence of cervical soft tissues on the neck position at 

rest of extant birds. We then apply this data to establish and infer the neck position at rest 

and associated cervical soft tissues, and quantify the likely movements performed by the 

neck musculature of pterosaurs. For that end, we dissected the necks of specimens 

representing sixteen species of extant birds and used computed tomography scans of the 

cervical series of the pterosaurs Anhanguera piscator, Azhdarcho lancicollis and 

Rhamphorhynchus muensteri with three-dimensional preservation of the largest number 

of vertebral elements. We inferred the cervical muscles forces for pterosaurs by 

multiplying the thickness of the widest point of the muscle and its stress value. We found 

that the thickness of the intervertebral cartilage of extant birds varies along the neck and 

that excluding it can distort reconstructions of the neck of extinct animals. We also 

recognized sixteen muscles associated with the neck of extant birds. The vertebrae of 

extant archosaurs and pterosaurs showed evolutionary convergences that allowed us to 

reconstruct synovial cartilages in joints and ligaments in the latter. According to the 

angulation of the cervical vertebrae, the pterosaur neck probably had a slightly sinuous 

shape when in a rest position. Furthermore, we inferred thirteen cervical muscles in 

pterosaurs. We conclude that in pterosaurs the musculature responsible for the 

dorsoventral movements of the skull and neck was probably more robust and stronger, as 

in extant birds, and that less robust muscles were associated with stabilizing the neck or 

performing additional force for cervical movements. 

Key words: Cervical vertebrae, Pterosauria, Birds, Aequolitornithes, Cervical muscles, 

Cervical ligaments.
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Introduction 

Archosauria is a monophyletic group of Diapsida reptiles, currently represented 

only by Crocodylia and Aves (Nesbitt, 2011). The clade is supported by several 

synapomorphies, such as the presence of the anterorbital fenestra in the skull and the 

fourth trochanter in the femur (Nesbitt, 2011). The diversified morphological features of 

extant and extinct archosaurs allowed the representatives of this clade to explore varied 

niches (Kellner, 1994; Sick & Pacheco, 1997; Molnar et al., 2015).  

One of the least studied topics on archosaur anatomy is neck function, despite its 

implications for understanding their posture during locomotion and foraging (Witton & 

Naish, 2008; Averianov 2013; Snively et al., 2013; Naish & Witton, 2017). In birds, 

because the forelimbs are adapted for flight and the mouth for capturing food, the 

presence of a mobile neck is important (Marek et al., 2021). Their neck is divided into 

three functional segments, in which the cranial and the middle segments have greater 

flexibility in all axes (Boas, 1929; Zusi, 1962). There are differences between its 

functional modules, which are reflected on the anatomical variation presented by the 

cervical vertebrae along the length of the neck (Terray et al., 2020). These differences 

indicate that each neck region requires different levels of resistance and that there are 

distinct associations of soft tissues along the neck (Tambussi et al., 2012; Cobley et al., 

2013). Lastly, despite bird neck anatomy being currently well known, descriptions are 

often based on an isolated specimen of a species (Kuroda, 1962; Zusi & Storer, 1969; 

Landolt and Zweers, 1984; Zusi & Bentz, 1984). 

The bird clade Aequortlitornithes has representatives distributed in environments 

in tropical, temperate, and polar areas (Kuroda, 1991; Prince et al., 1992; Guinard et al., 

2010; Anchudia et al., 2017). They have adaptations that allow for aquatic foraging, such 

as hook-shaped beaks to capture and hold prey, keel-shaped bodies that favor diving, flat 

feet for swimming, and black and white coloration (Sick and Pacheco, 1997; Schreiber & 

Burger, 2001; Yuri et al., 2013; Prum et al., 2015). Their necks vary between extremely 

elongate as in flamingos to short as in terns, and neck length is relevant for the proper 

positioning of the head of birds with different foraging habits (Zweers et al., 1994; 

Wendeln & Becker, 1996; Barbraud et al., 2003). Birds with long necks have more robust 

cervical muscles and ligaments, due to the load required to perform cervical movements 

(Tambussi et al., 2012; Marek et al., 2021). The comparative analysis of the neck of birds 
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that present great morphological diversity within the same order could allow the 

identification of anatomical differences related to the varied foraging habits. 

Furthermore, the osteological, arthrological and myological anatomical 

description of the neck of Aequorlitornithes is also useful to support inferences on the 

cervical soft tissues of extinct archosaurs phylogenetically close to birds (Witmer, 1995). 

The recognition of osteological correlates in Aequolitornithes can be useful to support 

this type of inference in pterosaurs, as both represent clades of generally long-necked 

winged archosaurs (Sick and Pacheco, 1997; Kellner, 2003). Furthermore, piscivorous 

habits with different foraging strategies, as present in the Aequorlitornithes, has also been 

inferred for many pterosaurs (Sick and Pacheco, 1997; Bennett, 2001; Kellner and 

Campos, 2002). 

Pterosaurs are extinct Mesozoic archosaurs that also had their forelimbs 

specialized for flight (Kellner, 1994; Butler et al., 2009). Due to their flight capabilities, 

pterosaurs and birds share several convergent characteristics, such as the presence of a 

developed sternum and bone fusions, allowing to use extant birds as analogs for pterosaur 

biology (Bennett, 2001; Kellner & Campos, 2002; O'Connor, 2006; Butler et al., 2012). 

The cervical vertebrae of pterosaurs vary in morphology between species and 

along the neck of a single individual, as in birds (Wellnhofer, 1991; Kellner & Tomida, 

2000; Bennett, 2001; Veldmeijer, 2009; Eck et al., 2011; Vila Nova et al., 2015, 

Buchmann et al., 2018; Andres & Langston Jr., 2021). Similarly to birds, the pterosaur 

neck is also classically divided into anatomical segments: the atlas and axis as specialized 

vertebrae for articulation with the skull, the mid-cervical vertebrae, which occupy the 

middle of the neck, and the posterior cervical vertebrae, at the caudal end (Bennett, 2001; 

Vila Nova et al., 2015). 

The presence of cervical anatomical segments indicates that some regions of the 

neck could be more flexible and resistant than others (Bennett, 2001; Kellner & Tomida, 

2000; Averianov, 2003; Vila Nova et al., 2015). However, there is still a shortage of 

research into the flexibility, strength and elasticity of vertebral elements (Williams, 2021). 

In addition, cervical arthrology has been still little discussed, despite the influence that 

the intervertebral cartilage can exert on the angulation between the vertebrae and on the 

range of neck movements in archosaurs (Tsuihiji, 2004; Tambussi et al., 2012; Taylor & 

Wedel, 2013). 



 

18 
 

The anatomical differences present among the cervical vertebrae of pterosaurs 

imply changes in the shape and extent of the soft tissue attachment sites, which probably 

reflects on the volume and efficiency of muscles and ligaments (Tambussi et al., 2012; 

Cobley et al., 2013). Currently, few inferences regarding the presence of pterosaur 

cervical muscles according to the recognition of osteological correlates have been made 

(Bennett, 2003; Witmer et al., 2003; Habib & Godfrey, 2010, Bennett, 2003; Elgin & 

Frey, 201; Naish & Witon, 2016). Furthermore, the foraging and locomotion habits of 

pterosaurs are often presented disregarding the influence and activity of ligaments and 

cervical muscles (Nesov, 1984; Kellner & Langston Jr., 1996; Prieto, 1998; Kellner & 

Tomida, 2000; Kellner & Campos, 2002; Humphries, 2007; Averianov, 2013; Padian et 

al., 2021; Williams et al., 2021). Thus, the identification of osteological correlates from 

extant archosaurs has the potential to support inferences regarding the neutral position of 

the neck and the presence and volume of soft tissues, allowing analyses about the 

execution of the cervical movement of pterosaurs. 
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Objectives 

The main objective of this thesis is to reconstruct and/or describe the osteological, 

arthrological and myological anatomy of the neck of pterosaurs and Aequolitornithes 

(Reptilia, Archosauria) and to make inferences on the possible neck movements 

performed by pterosaurs. 

Specific objectives 

• To describe how the osteological, arthrological and myological differences in 

the neck of different Aequorlitornithes birds relate to the cervical position at rest; 

• To identify whether pterosaur vertebrae had osteological correlates compatible 

with the soft tissue attachment sites of extant archosaurs; 

• To analyze whether there would be differences in the angulation of the segments 

of the articulated cervical series of pterosaurs; 

• To investigate how the thickness of muscles can be inferred according to the 

proportion observed at the sites of soft tissue attachments; 

• To analyse whether the probable movements indicated by the inferred muscles 

are in accordance with suggested habits for pterosaurs. 
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Abstract 

 

Birds have extremely flexible necks, which help their foraging. However, studies on the 

variation of osteological anatomy and soft tissue comparing bird necks are rare, despite 

the large variation seen between species. Here, we analyze and compare the morphology 

of the neck of the Aequolitornithes, a clade known for the use of several strategies in 

aquatic foraging, noting the differences responsible for their varied cervical 

morphologies. We dissected specimens representing fifteen species of the 

Aequorlitornithes and two specimens belonging to the Inopinaves for comparison. The 

cervical vertebrae differ morphologically along the neck in all birds analyzed but in all 

they are organized in only three functional segments that respond to neck movement. The 

synovial cartilage present in the articulatio intercorporalis affects the angulation between 

the vertebrae and also represents a small proportion in the length of the avian neck. 

However, this proportion is not greater than that seen in animals that have intervertebral 

discs. The presence of articular capsules ensures that the zygapophyses are extremely 

mobile in the analyzed birds, presenting an overlap between consecutive zygapophyses 

that varies between > 50% and < 50% during the resting position and neck movement, 

respectively. The shorter cervical muscles, commonly restricted to the first segment, 

showed variation in origin sites between species, mainly in Pelecaniformes. The muscle 

attachment site in the vertebrae was frequently associated with rough surfaces, but not 

exclusively. The cervical flexor and extensor muscles are six times thicker than the area 
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of muscular origin, while in the other muscles the value of this proportion is reduced by 

half. Furthermore, the width of the musculature lying lateral to the vertebra represents 

one third of the total width of any cervical cross-section, which is useful for estimating 

the volume of soft tissue when only osteological material is available. Furthermore, the 

zygapophyses disposition and slippage and soft tissues thickness we observed may 

support cervical reconstructions and kinetic models for extinct animals. Our analysis 

points to morphological differences of vertebrae and soft tissues along all segments of the 

neck and between species, which we hypothesize may reflect different biomechanical 

requirements.  

Key-words: Birds, cervical vertebrae, musculature, synovial cartilage, joint, anatomy. 

Introduction 

Wings are one of the most outstanding features present in birds. They have 

allowed birds to explore important ecological niches, enabling their evolutionary 

radiation and diversification. However, they also brought some constraints. Due to their 

highly specialized forelimbs, birds need to use their mouths to capture food, thus having 

a mobile neck is an important asset (Marek et al., 2021). 

The avian neck is classically divided into three segments, according to the 

movements performed by each portion (Boas, 1929). Historically, neck anatomy has been 

well described, although studies have been frequently based on individual species 

(Kuroda, 1962; Zusi and Storer, 1969; Landolt and Zweers, 1984; Zusi and Bentz, 1984). 

Comparative anatomy, including osteological, arthrological, and myological descriptions, 

have rarely focused on variation between species of the same clade. 

Aequorlitornithes are distributed worldwide, including tropical, temperate, and 

glacial environments (Kuroda, 1991; Prince et al., 1992; Guinard et al., 2010; Anchundia 

et al., 2017). They have morphological adaptations that allow aquatic foraging, such as 

hook-shaped beaks to capture and hold prey, keel-shaped body to favor diving, flat feet 

for swimming, and black and white coloration (Sick and Pacheco, 1997; Schreiber and 

Burger, 2001; Yuri et al., 2013; Prum et al., 2015). The length of the neck is relevant for 

positioning the head properly during the different habits of birds in this clade (Zweers et 

al., 1994). Their necks usually range from small to large, as seen in terns and flamingos, 

respectively (Wendeln and Becker, 1996; Barbraud et al., 2003). In addition, birds with 
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longer necks have stronger cervical muscles and ligaments due to the forces required to 

perform the movements (Tambussi et al., 2021; Marek et al., 2021). 

The analysis of the morphological and size variations present in the cervical 

vertebrae, cartilages and musculature of the Aequorlitornithes also is useful to understand 

how such variations occurred in the neck of extinct archosaurs through the Extant 

Phylogenetic Bracket (EPB) method, which establishes criteria to support inferences 

about the probable soft tissues in fossil species (Witmer, 1995). Aequorlitornithes species 

are also useful to support this sort of inference in pterosaurs, as they represent a clade 

with different foraging strategies for piscivorous habits, such as most pterosaurs (Sick 

and Pacheco, 1997; Bennett, 2001; Kellner and Campos, 2002). 

Material and Methods 

Here, we describe specimens belonging to 15 species of Aequorlitornithes with 

aquatic foraging, representing five orders. We also analyzed two individuals of 

Inopinaves for comparison (Table 1). 

The specimens were dissected on the premises of the Institute for the Research 

and Rehabilitation of Marine Animals (Instituto de Pesquisa e Reabilitação de Animais 

Marinhos - IPRAM), in Cariacica, Espírito Santo, Brazil. IPRAM is responsible for the 

rehabilitation of birds and other aquatic tetrapods (under the following authorizations: 

SISFAUNA IEMA 001/2014, process 68077610; IEMA 001/2014, process 67277780; 

and SISBIO 34510 and 26896). The dissected birds died or were euthanized after 

veterinary monitoring. 

Table 1. Taxonomic identification, sex and dry body weight at the time of death or 

euthanasia of the dissected specimens. 

Aequorlitornithes Species Sex Weight (kg) 

Charadriiformes Haematopus palliatus  

Temminck,1820 

Male 0.37 

 Larus dominicanus 

Lichtenstein, 1823  

Female 0.73 

 Sterna hirundo 

Linnaeus, 1758  

Male 0.07 
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 Thalasseus acuflavidus 

(Cabot, 1847) 

Female 0.16 

Pelecaniformes Ardea alba 

Linnaeus, 1758  

Male 1.09 

 Ixobrychus exilis 

(Gmelin, 1789) 

Undetm. 0.09 

Phaethontiformes Phaethon aethereus 

Linnaeus, 1758  

Male 0.62 

Procellariiformes Calonectris diomedea 

(Scopoli, 1769) 

Female 0.55 

 Procellaria aequinoctialis 

Linnaeus, 1758 

Female 0.66 

 Puffinus puffinus 

(Brünnich, 1764) 

Female 0.24 

 Thalassarche chlororhynchos  

(Gmelin, 1789) 

Male 1.50 

 Thalassarche melanophris 

(Temminck,1820) 

Male 2.23 

Suliformes Fregata magnificens 

Mathews, 1914 

Male 1.46 

 Nannopterum brasiliensis 

(Gmelin, 1789) 

Female 0.75 

 Sula leucogaster 

(Boddaert, 1783) 

Female 1.19 

Inopinaves    

Accipitriformes Coragyps atratus 

(Bechstein, 1793) 

Undetm. 1.52 

Cariamiformes Cariama cristata 

(Linnaeus, 1766)  

Undetm. 2.30 

 

We identified the cervical series following Zusi (1962), who considers cervical 

vertebrae as those that do not have ribs or those in which they are fused to the centrum. 

For the description of vertebral, arthrological and myological anatomy, we followed the 
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nomenclature presented by Baumel and Witmer (1993). Dissections were made with a 

scalpel, scissors, and forceps to access the superficial and deep muscles and ligaments of 

the neck. 

Total neck length was measured using a measuring tape. We used a caliper to 

measure the length, height, and width of the lacuna interzygapophysialis in each vertebra, 

following Tambussi et al. (2012). The measurement of thickness of the synovial cartilage 

present in the articulatio intercorporalis was taken on the ventral surface, using a caliper. 

The complexity of the heterocoelous facies articularis made it difficult to accurately 

establish a single value for joint thickness, so we separated the values in <0.5, =0.5, and 

>0.5 mm. For a more precise quantification of the additional length of synovial cartilage 

in the articulatio intercorporalis relative to the length of the cervical series, we calculated 

the difference between the total length of the articulated cervical series and the sum of 

the centrum length of all disjointed cervical vertebrae, as proposed by Taylor and Wedel 

(2013). 

The measurements of the overlapping of articulatio zygapophysialis were taken 

with a caliper. The measurements were taken with the vertebrae in articulation, so that 

one could observe the influence of articular capsules in their range of motion, although it 

precluded a more precise measurement. 

We refer to the muscles that extend only in the cranial third as "short muscles of 

the neck". Muscle length was measured with a measuring tape. "Thickness" was 

determined as the distance between the edge of the muscle closest to the vertebra to the 

most superficial opposite edge (Figure 1). The thickness was measured with a caliper at 

the mid-length of short muscles and the mid-length of the first, second, and third segments 

of long muscles. In muscle descriptions, “branches” are defined as bundles that extend 

cranially and are bilaterally arranged, and “portions” as bundles that overlap and may or 

may not be arranged bilaterally. 
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Figure 1. Bird Cervical vertebrae and muscles in transverse section. Brackets show the orientations in 

which muscle thicknesses were measured. 

Anatomical abbreviations 

ac, ansa costotransversaria; arc, articular capsule; asc, ascendens cervicales; biv, 

biventer cervicis; cap, carotid process; com, complexus; cop, costal process; faca, facies 

articularis caudalis; facr, facies articularis cranialis; fcl, flexor colli lateralis; fopn, 

pneumatic foramen; ftr, foramen transversarium; fvcr, fovea cranioventralis; hyp, 

hypapophysis; ica; articulatio intercorporalis; icr, intercristales; isp, interspinalis; itr, 

intertransversarii; inc, inclusi; lc, lateral crest; lco, ligamentum collaterale; lcv, longus 

colli ventralis; ldca, longus colli dorsalis pars caudalis; ldcr, longus colli dorsalis pars 

cranialis; lis, ligamentum interspinalis; linz, lacuna interzygapophysealis; ms, muscle 

scar; nc, neural canal; ns, neural spine; poz, postzygapophysis; prz, prezygapophysis; rcd, 

rectus capitis dorsalis; rcl, rectus capitis lateralis; rcv, rectus capitis ventralis; spc, 

splenius capitis; ta, tuberculum ansae; td, torus dorsalis; toc, transverse oblique crest; tpr, 

transverse process. 

1. Osteology 

The total length of the cervical series and the number of vertebrae varied in the 

analyzed species (Table 2). All analyzed Pelecaniformes had 17 cervical vertebrae, and 

all other species of Aequorlitornithes, except one of Procellariiformes and of Suliformes, 

had 13 or14 cervicals (Table 2). 
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The cervical vertebrae vary in length between segments. The longest vertebrae are 

mainly located in the transitional region between the first and second segments, usually 

the fifth, sixth or seventh vertebra. The shortest vertebrae are at the cranial and caudal 

ends of the neck: the atlas and axis, cranially, and the most caudal cervical. In all analyzed 

specimens, the prezygapophyses are craniodorsally oriented, and the postzygapophyses, 

caudoventrally. This allows for a total overlap between consecutive articular surfaces 

(Figure 2). 

 

Figure 2. Photographs and interpretative drawings of the articulated cervical vertebrae. (A, B) Complete 

cervical series belonging to Haematopus palliatus in dorsal view; (C, D) cervical series from atlas to 

seventh vertebra belonging to Procellaria aequinoctialis in left lateral view; (E, F) cervical series from the 

ninth to the fourteenth vertebra belonging to Procellaria aequinoctialis in left lateral view. Scale bar: 10 

mm. 

Throughout the cervical series, the width of the lacuna interzygapophysealis of 

the prezygapophyses is always wider than that of the postzygapophyses (Figure 2). The 

transverse oblique crest extends from the base of the postzygapophyses to the 

dorsomedial portion of the neural arch in all cervical vertebrae (Figure 3). 
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Figure 3. Photographs and interpretative drawings of the cervical vertebrae. (A, B) fifth vertebra belonging 

to Sula leucogaster in cranial view; (C, D) eighth vertebra belonging to Procellaria aequinoctialis in 

caudolateral view; (E, F) eighth vertebra belonging to Procellaria aequinoctialis in dorsal view; (G, H) 

eleventh vertebra belonging to Thalassarche chlororhynchos in ventral view. Scale bar: 10 mm. 

 

All vertebrae have heterocoelous facies articularis in the centrum, with the facies 

articularis cranialis wider than the caudalis. The ansa costotransversaria is developed 

and forms the foramen transversarium along the cervical column (Figure 2). The articular 

surfaces, processes ends, and lateral surface of the ansa costotransversaria are rough 

compared to the other surfaces in cervical vertebrae. Laminar surfaces are slightly smooth 

(Figure 3). 
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In almost all species, the vertebrae of the first two segments of the neck have 

pneumatic foramina on the laterocranial portion of the centrum (Figure 3). Besides having 

these foramina in the same location, the vertebrae of the third segment also present 

foramina lateromedially on the centrum and neural arch, except in the analyzed 

Pelecaniformes (Figure 2). Nannopterum brasilianus was the only species that did not 

present any pneumatic foramen in cervical vertebrae. 

Table 2. Proportional length and number of birds vertebrae per neck segment. 

Abbreviations: v, vertebrae. 

Species  Seg. I 

(%) 

Seg. II 

(%) 

Seg. III 

(%) 

Total neck 

length (mm) 

Aequorlitornithes     

Charadriiformes     

Haematopus palliatus 35.7 38.1 26.1 126 

 5 v 4 v 3 v 12 v 

Larus dominicanus 26.6 48.9 24.5 167 

 5 v 5 v 3 v 13 v 

Sterna hirundo 36.6 38.6 25.6 83 

 5 v 5 v 4 v 14 v 

Thalasseus acuflavidus 32.4 39.4 28.0 114 

 5 v 5 v 4 v 14 v 

Pelecaniformes     

Ardea alba 27.5 47.0 26.3 554 

 5 v 7 v 5 v 17 v 

Ixobrychus exilis 23.5 53.5 22.9 186 

 5 v 7 v 5 v 17 v 

Phaethontiformes     

Phaethon aethereus 28.5 38.9 32.4 154 

 4 v 5 v 5 v 14 v 

Procellariiformes     

Calonectris diomedea 33.9 42.0 24.0 183 

 5 v 5 v 3 v 13 v 

Procellaria aequinoctialis 32.2 40.3 27.3 161 

 5 v 5 v 4 v 14 v 

Puffinus puffinus 35.3 34.0 29.9 106 

 5 v 4 v 4 v 13 v 

Thalassarche chlororhynchos 32.2 36.2 31.5 302 

 5 v 4 v 4 v 13 v 

Thalassarche melanophris 33.5 35.1 31.2 310 

 5 v 4 v 4 v 13 v 

Suliformes     

Fregata magnificens 35.1 45.2 19.6 269 

 5 v 5 v 4 v 14 v 

Nannopterum brasiliensis 37.9 36.4 25.5 258 

 5 v 5 v 4 v 14 v 

Sula leucogaster 30.0 40.0 30.0 303 
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 5 v 6 v 5 v 16 v 

Inopinaves     

Accipitriformes     

Coragyps atratus 34.8 38.1 26.9 215 

 5 v 5 v 4 v 14 v 

Cariamiformes     

Cariama cristata 36.4 37.5 26.0 280 

 5 v 6 v 4 v 15 v 

 

1.1. Vertebrae of the first segment 

The analyzed birds often have five vertebrae in this segment (Table 2), increasing 

in length caudally (Figure 2). Atlas and axis, even when articulated, do not exceed the 

length of the third vertebra, in any species. The atlas intercentrum is laterally compressed. 

Cranially, the condyloid fossa is concave and oval, and articulates with the occipital 

condyle in the skull. Caudally, the facies articularis axialis of the atlas is concave and 

laterally expanded. The neural arch is dorsally flat and the pedicles are laterally expanded. 

The neural spine is absent. 

The axis is dorsoventrally expanded (Figure 2). Cranially, in the centrum, the 

facies articularis atlantica is concave and laterally expanded. Ventrally, there is a well-

developed hypapophysis, which stands out as a site for muscular attachment (Figure 2). 

The facies articularis caudalis is heterocoelic. The neural arch presents an odontoid 

process that extends cranially, to articulate with the atlas. The neural spine is high and 

dorsocaudally expanded (Figure 2), and its cranial face has a well-developed muscle scar. 

Postzygapophyses are dorsocaudally expanded, but do not reach the height of the neural 

spine. The lacuna interzygapophysealis of the postzygapophyses of the axis is always 

smaller than the height of this vertebra; hence, in all analyzed species the axis is higher 

than wide. 

The subsequent vertebrae have a dorsolaterally expanded neural arch, while the 

centrum is dorsoventrally reduced and craniocaudally elongated. The third and fourth 

vertebrae often present well-developed hypapophyses (Figure 2). The tuberculum ansae 

and lateral crest in the ansa costotransversaria are frequently laterally developed (Figure 

3). Very marked muscle scars are seen on the edges of the tuberculum ansae (Figure 3). 

The sulcus caroticus is open on the last vertebra of the segment. Costal processes are 

fused to the ansa costotransversaria and are arranged ventrally to the centrum, extending 
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caudally. The torus dorsalis is often shallower in the third and fourth vertebrae than in 

the axis; they are, however, well developed in the fifth (Figures 2 and 3). The neural spine 

is dorsally extended and usually has a cranial orientation (Figure 2). 

Comments. This segment is shorter in the Pelecaniformes than in the other 

analyzed clades. Phaethon aethereus is the only analyzed bird that does not have five 

vertebrae composing the segment. In Suliformes and Thalassarche, the last vertebra of 

this segment is the longest of the cervical series. Apparently, there is a direct relationship 

between the increased width of the condyloid fossa of the atlas and the length of this 

vertebra, which is longer in Ardea alba and shorter in Sterna hirundo. The width of the 

lacuna interzygapophysealis of the postzygapophyses of the axis also reflects the height 

of the axis. Thalassarche melanophris had the highest axis and the widest facies 

articularis caudalis, while Sterna hirundo had the lowest axis and the narrower facies 

articularis caudalis. 

In Pelecaniformes, the hypapophyses extend craniocaudally in the vertebrae of 

this segment, whereas in other birds they are limited to the cranioventral portion. The 

length of the costal processes in the first segment frequently reaches the mid-length level 

of the centrum, although in Phaethon aethereus and Thalassarche melanophris they 

extend to near the end, and in the Pelecaniformes they do not reach the mid-length. This 

could be explained by the longer vertebrae in the latter. Pelecaniformes are the only of 

the analyzed birds that do not present a laterally developed ansa costotransversaria. This 

is reflected in the diameter of the foramen transversarium, which is smaller than in the 

others. Phaethon aethereus is the only analyzed bird that does not have an open sulcus 

caroticus in the last vertebra of this segment. 

The widths of the lacuna interzygapophysealis in the post-axial vertebrae exceed 

their heights in the analyzed Charadriiformes and Pelecaniformes. The neural spine is 

lower and longer in the Pelecaniformes and Sula leucogaster. The third cervical vertebra 

is the highest in the neck only in Calonectris diomedea, Phaethon aethereus, and Puffinus 

puffinus. Only in Phaethon aethereus, Sterna hirundo, and Thalasseus acuflavidus the 

neural spines are not cranially oriented. 

1.2. Vertebrae of the second segment 
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This segment was often the longest of the analyzed birds. The vertebrae are 

distinguished from those of the other segments by the more dorsoventrally compact neural 

arches (Figures 2 and 3). The centra are craniocaudally expanded, similar to the more 

caudal vertebrae of the first segment (Figures 2 and 3). The longest vertebrae of the 

segment are in the cranial portion, which are frequently also the longest of the whole 

neck. However, unlike the first segment, not all birds have a caudal increase in the length 

of this segment’s vertebrae. 

The facies articularis cranialis are usually wider than in the vertebrae of the first 

segment. The vertebrae have no hypapophysis (Figure 3). The sulcus caroticus is open 

and concave, located below the facies articularis cranialis (Figure 3). Laterally, the 

carotid processes are bilaterally arranged and ventromedially oriented (Figure 3). The 

tuberculum ansae is more laterally expanded and the costal processes are longer in this 

segment (Figures 2 and 3). Muscle scars are present around the tubercles, although not as 

deep as in the first segment (Figures 3). 

The most cranial vertebrae in the segment frequently have the longest 

postzygapophyses and the widest lacunae interzygapophysialis of the whole neck. The 

torus dorsalis are most prominent in this segment (Figures 3 and 4), and neural spines are 

extremely low and dorsocranially oriented (Figures 2 and 3). 

 

Figure 4. Photographs and interpretative drawings of the articulated cervical vertebrae in ventral view. (A, 

B). Cervical series from ninth to fourteenth vertebra belonging to Procellaria aequinoctialis; (C, D) cervical 

series from tenth to thirteenth vertebra belonging to Thalasseus acuflavidus. Scale bar: 10 mm. 
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Comments. Only Thalassarche and the Suliformes did not present the longest 

vertebra of the neck in this segment. The width between the carotid processes is narrower 

in the Pelecaniformes and wider in the Procellariiformes, Suliformes and Phaethon 

aethereus. The costal processes in Charadriiformes and Pelecaniformes are not as long as 

in other Aequorlitornithes. The torus dorsalis is more developed in Pelecaniformes than 

in other Aequorlitornithes, but these birds also have very low neural spines. 

1.3. Vertebrae of the third segment 

The vertebrae have a craniocaudally compressed centrum and a dorsoventrally 

expanded neural arch, making them more similar to the thoracics (Figures 2 and 3). The 

vertebrae are usually taller than those of other segments, due to their tall neural arch and 

to the presence of hypapophysis (Figure 2). 

Ventrally to the facies articularis cranialis, the fovea cranioventralis is well 

developed and presents an hypapophysis that extends cranioventrally and that is larger in 

height and length in more caudal vertebrae (Figure 2 and 3). The ansa costotransversaria 

extends craniodorsally and laterally (Figure 2). The more caudal vertebrae have laterally 

developed transverse processes (Figure 2). Costal processes fused to the ansa 

costotransversaria are ventrocaudally oriented and are smaller than the vertebrae in other 

segments (Figure 3). 

The lacuna interzygapophysealis of the prezygapophysis is wider than in other 

segments, due to the lateral extension of the ansa costotransversaria. The craniodorsal 

increase of the ansa costotransversaria also contributes to the elevation of the 

prezygapophyses in relation to the neural arch, reaching a taller level than the neural spine 

(Figure 2). The more caudal ones have extremely tall neural spines, frequently short in 

length (Figure 2). 

Comments. The third segment of the neck is the shortest of the analyzed species, 

except Phaethon aethereus. The analyzed Pelecaniformes present the hypapophysis in a 

more caudal position. Although frequently reduced, the tuberculum ansae is still 

considerably prominent in the Procellariiformes, Suliformes, and Phaethon aethereus. 

The height of the zygapophyses allows for these articulations to be more dorsal than in 

the previous segments (Figure 2). The analyzed Pelecaniformes have a long neural spine, 

extending from the cranial to the caudal portion of the neural arch. 
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2. Arthrology 

2.1. Atlas and axis 

The articulatio atlanto-occipitalis has a fibrous cartilage covering all margins of 

the fossa condyloidea. The ligamentum apicis dentis is present inside the fossa 

condyloidea. It is thin and short, extending from the connection with the occipital condyle 

to the cranial end of the incisura fossae. 

The articulatio atlanto-axialis joint in the intervertebral space between the facies 

articularis axialis and atlantis is usually <0.5 mm thick. The processus articularis 

caudalis of the atlas articulates with the base of the odontoid process and the dorsocranial 

surface of the axis, also through synovial cartilage. Two ligaments are associated with the 

articulatio atlanto-axialis: the ligamentum medianum atlantoaxiale is a single bundle that 

extends from the ventral base of the odontoid process to the dorsal surface of the atlantical 

centrum, and the ligamentum collaterale atlantoaxiale extends laterally from the 

odontoid process to both sides of the facies articularis caudalis of the atlas. 

Comments. In Phaethon aethereus, the cranial surface of the odontoid process is 

enveloped by synovial cartilage next to the incisura fossae of the atlas. In the analyzed 

Pelecaniformes and Nannopterum brasilianus, both ligaments restricted to the atlanto-

axialis joint are ossified. 

2.2. Articulatio intercorporalis and ligaments associated with the centrum in 

post-axial cervical vertebrae 

The articulatio intercorporalis is composed by a thin layer of synovial cartilage 

over the heterocoelous facies articularis of both vertebrae involved (Figure 4). The 

intervertebral meniscus is immersed in the synovial fluid. The articulatio intercorporalis 

is limited by the articular capsule, a thin layer that lines mediolaterally and dorsoventrally 

the synovial cartilage (Figure 5). 
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Figure 5. Photographs and interpretative drawings of the articular capsules associated with the facies 

articular caudalis of the cervical vertebrae. (A, B) tenth vertebra belonging to Thalassarche melanophris 

in caudal view; (C, D) ninth vertebra belonging to Thalassarche melanophris in left lateral view; (E, F) 

ninth vertebra belonging to Thalassarche chlororhynchos in left lateral view. Scale bar: 10 mm. 

In the segments I and II of the neck, the thickness of the synovial cartilage in the 

articulatio intercorporalis is often <0.5 mm. Caudally, there is a continuous increase in 

their thickness in the third segment vertebrae, in which this value is usually >0.5 mm 

(Figure 4). In Suliformes and Procellariformes, except Puffinus puffinus, the thickness of 

the articulatio intercorporalis between the last two vertebrae of the cervical series is >1 

mm. Even when each joint is apparently not that thick, some birds show a significant 

difference in the length of the cervical series with and after removing the cartilaginous 

tissue from the facies articularis, as it frequently ranges from 3.5 to 5.6% of the total 

length of the neck (Table 3). 

The ligamentum collaterale is located laterally to the centrum, bordering the 

lateral surface of the articular capsules. It originates on the laterocaudal surface of all 

cervical vertebrae, except the atlas, and attaches to the ansa costotransversaria of the next 

vertebra (Figure 2). 
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We observed two ligaments ventrally to the centrum in different regions of the 

cervical series. The ligamentum ventrolaterale attaches to both carotid processes and 

extends to the ventrolateral surface of the subsequent cranial vertebra, between the fifth 

and the caudalmost vertebra of the second segment. The ligamentum intercristale ventrale 

is present only in the third segment, where it attaches to the hypapophysis. It usually 

extends from the cranialmost cervical vertebra that has an hypapophysis to the last 

cervical. 

Table 3. Proportion of cartilage to the neck length of birds. Abbreviations: CV, sum of 

the centrum lengths of the cervical vertebrae; TOTAL, total neck length; CART, 

percentage of cartilage to neck length. 

 CV (mm) TOTAL (mm) CART (%) 

Aequorlitornithes    

Charadriiformes    

Haematopus palliatus 118 125 5.6 

Larus dominicanus 157 165 4.8 

Sterna hirundo 79 82 3.6 

Thalasseus acuflavidus 109 113 3.5 

Pelecaniformes    

Ardea alba 551 553 0.3 

Ixobrychus exilis 183 185 1.1 

Phaethontiformes    

Phaethon aethereus 145 153 5.2 

Procellariiformes    

Calonectris diomedea 172 182 5.5 

Procellaria aequinoctialis 153 160 4.3 

Puffinus puffinus 99 104 4.8 

Thalassarche chlororhynchos 286 299 4.3 

Thalassarche melanophris 294 307 4.2 

Suliformes    

Fregata magnificens 258 268 3.7 

Nannopterum brasiliensis 245 256 4.2 

Sula leucogaster 290 302 4.0 
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Inopinaves    

Accipitriformes    

Coragyps atratus 209 215 1.9 

Cariamiformes    

Cariama cristata 267 280 4.6 

 

Comments. The presence of synovial fluid in the articulatio intercorporalis 

indicates that this is the most flexible neck joint. Fregata magnificens, Sula leucogaster, 

Thalassarche chlororhynchos and Thalassarche melanophris present a >0.5 mm 

thickness in each articulatio intercorporalis of the third segment. Pelecaniformes differed 

from the others regarding the thickness of the cartilage to the total neck length, having 

considerably less cartilage filling the articulatio intercorporalis (Table 3). In the analyzed 

Pelecaniformes, Suliformes, and Thalassarche, the ligamentum collaterale was ossified, 

conferring lateral stiffness. 

2.3. Articulatio zygapophysialis and ligaments associated with the neural arch 

in post-axial cervical vertebrae 

The zygapophyses also present synovial cartilage, limited by articular capsules 

and with extremely thin menisci between the articular facets. They show an overlap that 

varies between =50% and >50% along the cervicals at rest position. Pelecaniformes, 

Suliformes, and Thalassarche presented overlap varying between <50% and =50% in the 

first and second segments, although in the third segment the values were similar to those 

seen in the other Aequorlitornithes. 

Due to the presence of synovial fluid and menisci, the articulatio zygapophysialis 

has a malleability that allows one zygapophysis to slide over the other. The total flexion 

of the neck requires minimal overlapping of the zygapophyses in the first and second 

segments. In the third segment, flexion is more limited and the zygapophyses overlap 

varies between <50% and =50%. 

Dorsally to the neural spine, we observe the ligamentum elasticum interspinale 

and ligamentum elasticum interlaminare. Both are easily recognizable from the more 

caudal vertebrae of the second neck segment to the end of the neck, with the ligamentum 

elasticum interspinale being the more robust (Figure 2). Although less robust, both 
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ligaments extend to the cranialmost vertebrae in the second segment in Thalassarche and 

in Suliformes, except Nannopterum brasilianus. 

Comments. Due to the thickness of the cartilage and the anatomy of the 

zygapophyses, the articulatio zygapophysialis does not contribute to the length of the 

cervical series. Pelecaniformes and Nannopterum brasilianus stand out for presenting less 

overlapping of the zygapophyses with the neck at rest. The third segment presents greater 

overlapping of the zygapophyses in relation to the first and second segments during rest 

or flexion of the neck. 

3. Myology 

Sixteen cervical muscles are recognized in most analyzed birds (Figure 6). The 

muscles are arranged bilaterally, except for the splenius capitis and interspinales, which 

are median. All muscle attachments to the ansa costotransversaria are aponeurotic. 

However, muscles also show aponeuroses attached to other surfaces, such as the 

hypapophysis, making it difficult to determine the type of muscle attachment based on 

the fixation site alone. 

 

Figure 6. Interpretative drawings of the arrangement of the superficial musculature (A), deep musculature 

(B) and the deeper rectus capitis (C) of Sula leucogaster in left lateral view. Scale bar: 50 mm. 

Muscles that do not extend to at least the second segment of the neck are thicker. 

Variations in the thickness of muscles that extend to the entire length of the neck occur 

due to contact with the vertebral surface. The presence of the ansa costotransversaria and 

of processes in the neural arch make the vertebral surfaces irregular, which shifts the 

depth of the inner surface of the muscles in relation to the vertebral cortex. Therefore, the 
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thickness of the cervical muscles varies along the neck, being thickest in the third 

segment. The thickness of biventer cervicis, complexus, splenius capitis, longus colli 

dorsalis pars. cranialis and caudalis, rectus capitis ventralis, flexor colli medialis and 

longus colli ventralis is approximately six times the area of origin of the muscles, while 

in the other muscles the thickness is only about three times wider (Table 4 and 5). 

Table 4. Area of origins and thickness of the transversospinalis muscles of birds. Muscle 

thickness was measured at their thickest point. 

 biv com spc ldcr ldca asc icr  isp 

Aequorlitornithes         

Charadriiformes         

Haematopus 

palliatus 

        

Origin area 0.32 1.46 1.04 0.52 0.53 1.0 0.67 0.39 

Muscle thickness 1.9 9.4 5.9 2.9 2.9 3.1 2.3 1.1 

Larus 

dominicanus 

        

Origin area 0.34 1.62 1.01 0.50 0.53 1.45 1.28 0.45 

Muscle thickness 2.3 9.4 6.2 2.7 2.8 3.9 3.0 1.6 

Sterna hirundo         

Origin area 0.17 1.0 0.55 0.27 0.28 0.70 0.48 0.14 

Muscle thickness 1.1 5.3 3.1 1.4 1.6 2.4 1.9 0.5 

Thalasseus 

acuflavidus 

        

Origin area 0.17 0.95 0.52 0.31 0.32 0.65 0.53 0.18 

Muscle thickness 1.2 6.1 3.1 1.5 1.5 2.4 1.9 0.6 
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Pelecaniformes         

Ardea alba         

Origin area - 1.01 1.15 0.66 0.68 1.12 0.90 0.42 

Muscle thickness - 6.2 7.7 3.6 3.7 3.5 2.8 1.2 

Ixobrychus exilis         

Origin area - 0.83 0.54 0.21 0.20 0.70 0.57 0.16 

Muscle thickness - 5.1 2.8 1.3 1.3 2.2 1.6 0.5 

Phaethontiformes         

Phaethon 

aethereus 

        

Origin area 0.45 1.61 1.06 0.59 0.59 1.27 1.02 0.22 

Muscle thickness 2.3 10.0 6.5 3.2 3.3 3.8 3.1 1.5 

Procellariiformes         

Calonectris 

diomedea 

        

Origin area 0.47 1.89 1.18 0.51 0.53 1.45 1.02 0.41 

Muscle thickness 2.4 11.1 6.6 3.2 3.4 4.2 3.1 1.5 

Procellaria 

aequinoctialis 

        

Origin area 0.42 1.62 1.11 0.56 0.57 1.37 1.10 0.56 

Muscle thickness 2.5 8.9 6.8 3.3 3.3 4.0 3.4 1.8 

Puffinus puffinus         

Origin area 0.43 1.43 1.15 0.59 0.62 1.34 0.98 0.52 
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Muscle thickness 2.3 8.0 6.7 3.4 3.5 4.0 3.1 1.7 

Thalassarche 

chlororhynchos 

        

Origin area 0.42 1.71 1.10 0.60 0.64 1.36 1.53 0.71 

Muscle thickness 2.9 10.1 6.7 3.3 3.4 4.5 3.8 2.0 

Thalassarche 

melanophris 

        

Origin area 0.43 1.65 1.10 0.61 0.67 1.35 1.52 0.71 

Muscle thickness 3.0 10.0 6.5 3.2 3.4 4.4 3.6 2.2 

Suliformes         

Fregata 

magnificens 

        

Origin area 0.52 2.02 1.01 0.52 0.53 1.45 1.21 0.69 

Muscle thickness 2.7 11.9 6.2 3.2 3.4 4.4 3.5 2.0 

Nannopterum 

brasiliensis 

        

Origin area - 2.00 1.14 0.55 0.57 1.8 1.10 0.44 

Muscle thickness - 11.1 6.7 3.3 3.3 4.2 3.2 1.8 

Sula leucogaster         

Origin area 0.50 2.23 1.20 0.64 0.64 1.67 1.48 0.80 

Muscle thickness 3.2 13.0 7.0 3.6 3.7 4.8 3.9 2.5 

Inopinaves         

Accipitriformes         

Coragyps atratus         
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Origin area 0.43 2.0 1.13 0.60 0.63 1.7 1.22 0.68 

Muscle thickness 2.7 12.3 7.0 3.4 3.4 4.5 3.4 2.0 

Cariamiformes         

Cariama cristata         

Origin area 0.56 2.01 1.18 0.59 0.62 1.56 1.34 0.70 

Muscle thickness 3.1 12.4 7.1 3.8 3.8 4.4 3.8 2.2 

Table 5. Area of origins and thickness of the longuissimus, iliocostalis and hypaxial 

muscles of birds. Muscle thickness was measured at their thickest point. 

 rcd int rcl fcl rcv fcm inc  lcv 

 

Aequorlitornithes         

Charadriiformes         

Haematopus 

palliatus 

        

Origin area 2.53 1.18 2.58 1.90 1.09 0.90 0.89 0.57 

Muscle thickness 7.4 3.4 7.9 6.6 6.9 5.2 2.5 3.0 

Larus 

dominicanus 

        

Origin area 2.25 1.45 2.08 2.09 1.05 0.92 0.97 0.64 

Muscle thickness 7.1 4.3 6.1 6.5 6.0 5.2 3.1 3.3 

Sterna hirundo         

Origin area 1.15 1.06 1.02 1.13 0.66 0.55 0.67 0.36 

Muscle thickness 3.7 3.1 2.9 3.7 3.6 3.0 2.3 1.9 
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Thalasseus 

acuflavidus 

        

Origin area 1.31 0.97 1.08 1.24 0.71 0.67 0.75 0.41 

Muscle thickness 4.1 3.0 3.5 4.2 3.9 3.5 2.3 2.0 

Pelecaniformes         

Ardea alba         

Origin area 1.41 1.37 1.67 1.35 0.59 0.60 0.87 0.72 

Muscle thickness 4.3 4.2 5.1 4.2 3.1 3.4 2.8 3.9 

Ixobrychus exilis         

Origin area 1.05 0.81 0.96 0.74 0.34 0.39 0.47 0.40 

Muscle thickness 3.1 2.4 3.0 2.4 1.7 2.0 1.6 2.0 

Phaethontiformes         

Phaethon 

aethereus 

        

Origin area 2.53 1.36 2.22 2.09 1.38 0.99 1.11 0.68 

Muscle thickness 8.2 4.3 7.1 6.4 7.8 5.4 3.5 3.7 

Procellariiformes         

Calonectris 

diomedea 

        

Origin area 2.52 1.41 1.95 2.57 1.37 1.16 1.01 0.67 

Muscle thickness 8.2 4.3 6.2 7.9 7.9 7.0 3.2 3.6 

Procellaria 

aequinoctialis 

        

Origin area 2.01 1.35 1.69 2.18 1.12 0.99 1.17 0.67 
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Muscle thickness 6.2 4.5 5.3 6.7 6.0 5.7 3.6 3.8 

Puffinus puffinus         

Origin area 1.97 1.33 1.42 1.98 0.97 0.95 1.17 0.66 

Muscle thickness 5.9 4.3 4.5 6.2 5.3 5.2 3.3 3.6 

Thalassarche 

chlororhynchos 

        

Origin area 2.43 1.54 2.06 2.46 1.31 1.19 1.32 0.78 

Muscle thickness 7.3 4.9 6.4 7.8 7.2 6.6 4.0 4.3 

Thalassarche 

melanophris 

        

Origin area 2.44 1.50 2.02 2.31 1.40 1.24 1.19 0.74 

Muscle thickness 7.8 5.0 6.4 7.3 7.6 6.7 3.8 4.1 

Suliformes         

Fregata 

magnificens 

        

Origin area 2.55 1.49 2.35 2.44 1.33 1.19 1.20 0.68 

Muscle thickness 8.1 4.7 7.6 7.7 7.9 7.0 3.7 4.0 

Nannopterum 

brasiliensis 

        

Origin area 3.02 1.59 2.66 3.10 1.81 1.56 1.14 0.65 

Muscle thickness 9.4 4.6 8.4 9.9 9.6 9.0 3.5 3.8 

Sula leucogaster         

Origin area 3.21 1.71 3.67 3.11 1.67 1.65 1.33 0.78 

Muscle thickness 10.0 5.1 11.7 9.7 8.7 8.9 4.0 4.3 
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Inopinaves         

Accipitriformes         

Coragyps atratus         

Origin area 3.04 1.43 2.49 2.40 1.34 1.15 1.43 0.63 

Muscle thickness 9.5 4.7 8.1 7.4 7.3 6.8 3.7 4.0 

Cariamiformes         

Cariama cristata         

Origin area 3.0 1.55 2.79 2.51 1.47 1.23 1.37 0.70 

Muscle thickness 9.1 4.7 8.5 7.9 7.7 7.0 4.0 4.3 

 

The neck cross section does not represent an exact circumference at any point on 

the birds’ neck, however, the height and width in cross-sectional view are approximately 

equivalent (Figure 7). The musculature disposed laterally to the vertebra represents 

approximately one third of the width of the cross section in any part of the neck of birds, 

being therefore about half of the vertebral width (Figure 7). 
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Figure 7. Cross-section showing the ninth vertebra in Haematopus palliatus (A) and Procellaria 

aequinoctialis (B) in cranial view, and in Thalasseus acuflavidus (C) and Phaethon aethereus (D) in caudal 

view. The ruler on the left side and below each cross section shows that the width and height are equivalent. 

The metric marked in yellow indicates that the lateral musculature represents approximately 25% of the 

width of the cervical vertebra. Scale bar: 10 mm. 

3.1. Epaxial muscles 

3.1.1 Transversospinalis group 

Biventer cervicis 

It is the narrower among the muscles that extend throughout the entire neck. It is 

located dorsally to the longus colli dorsallis pars caudalis and between the complexus 

muscles (Figure 8). The origin is located on the caudal face of the neural spines of the 

notarium (when present) or cervicodorsales vertebrae (Figure 6). The insertion of the 

muscle is at the dorsomedial end of the crista nuchalis transversa (Figure 6). 
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Comments. This is the only muscle that does not have attachments in the cervical 

vertebrae in any of the analyzed birds. It is absent in Ardea alba, Ixobrychus exilis, and 

Nannopterum brasilianus, which had the longus colli dorsalis pars caudalis as the 

dorsalmost neck muscle (Figure 8). 

Figure 8. Photographs of the superficial muscles of the neck of Sterna hirundo (A) and Nannopterum 

brasilianus (B) in dorsal view. 

Complexus 

This is a superficial muscle that occupies the laterodorsal portion of the first neck 

segment (Figures 6 and 9). Laterally, it has folds that divide it into bellies, whose number 

varies between species (Figures 6 and 9). This is the thickest neck muscle of all analyzed 

species (Table 4). 

The origins of the complexus usually attach to the torus dorsalis and the lateral 

crest of the fourth or fifth cervical vertebra, through transverse aponeuroses (Figure 10). 

The cranialmost portion of the muscle extends craniodorsally and inserts on the margins 

of the crista nuchalis transversa. 

Comments. The number of bellies varied between two in the analyzed 

Pelecaniformes and three in the other Aequorlitornithes (Figure 9). Pelecaniformes also 

differ in the muscular origin, which is more caudally located on the lateral crest of the 

fourth cervical vertebra, while in other birds the aponeurosis extends to the fifth cervical 

vertebra. Only in Phaethon aethereus the more caudal muscular origins are on the fifth 

and sixth vertebrae, culminating in a proportionally longer complexus (Figure 9). 
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Figure 4. Photographs and interpretation of the superficial muscles of the neck of Phaethon aethereus (A, 

B), Sula leucogaster (C, D) and Ardea alba in left lateral view. 

Splenius capitis 

This muscle has two bellies, with the shorter under the longer one. Both have a 

triangular shape with broad cranially oriented bases, and are superimposed by the 

complexus (Figure 6). The origins of the shorter belly attach on the cranial face of the 

neural spine of the axis by an aponeurosis, while those of the longer belly connect to the 

cranial face of the top of the neural spine of the third vertebra (Figures 10). The insertions 

attach on the crista nuchalis transversa, deeper than the insertion of the complexus, and 

extend to the paraoccipitals. 

Comments. The analyzed Pelecaniformes had the origins of both bellies only on 

the axis. 
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Figure 10. Interpretative drawings indicating muscle attachment sites on the vertebrae. (A) Cervical series 

from the atlas to seventh vertebra belonging to Procellaria aequinoctialis in left lateral view; (B) cervical 

series from the ninth to the fourteenth vertebra belonging to Procellaria aequinoctialis in left lateral view; 

(C) fifth vertebra belonging to Sula leucogaster in cranial view; (D) sixteenth vertebra belonging to Sula 

leucogaster in ventral view. Scale bar: 10 mm. 

Longus colli dorsalis (pars cranialis and caudalis) 

These muscles are apparently continuous, showing similarities in their origins and 

insertions; however, they are separated by faciae. The pars caudalis is longer and more 

superficial (Figure 6, 8 and 9), and entirely overlaps the pars cranialis (Figure 11). 

The more caudal origins of the pars cranialis are on the caudal face of the base of 

the neural spine, varying between the eighth, ninth, and tenth cervical vertebrae, by an 

aponeurosis (Figure 10). The pars caudalis had its most caudal origins placed caudally to 

the cervical series, on the caudal surface of the base of the neural spine of the notarium 

and/or more cranial free thoracic vertebrae, by an aponeurosis (Figure 6). 

The insertions of the pars caudalis are in the most caudal cervical vertebrae, on 

the torus dorsalis of vertebrae of the second and third segments of the neck in all the 

analyzed birds (Figure 10). A single filament of the pars caudalis extends along the first 

segment of the neck and converges with the more cranial filaments of the pars cranialis, 

forming a single tendon that inserts on the torus dorsalis of the axis (Figure 10). 
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Comments. In birds that lack the biventer cervicis, the left and right longus colli 

dorsalis pars caudalis are arranged side by side, being the most dorsal muscles of the 

neck (Figure 8). A proportionally longer longus colli dorsalis pars cranialis was observed 

in Sula leucogaster and in both Pelecaniformes analyzed. 

 

Figure 11. Photographs of the deep long muscles of the neck in Thalassarche chlororhynchos (A, B) and 

Calonectris diomedea (C, D) in dorsal view. 

Ascendens cervicalis 

This muscle is arranged bilaterally to the cervical series and has complex 

attachments with each cervical vertebra along its length. They are located next to the 

prezygapophyses’ bases, laterally the ansa costotransversaria, and on the torus dorsalis 

(Figure 10). The same sites harbor the most caudal and cranial origins and insertions, 

respectively, of this muscle. The most caudal origins are located laterally on the centrum, 

bordering the parapophyses of the notarium or more cranial free thoracic vertebrae 

(Figure 6). Cranially, the insertion is established via a transverse aponeurosis, attached to 

the torus dorsalis of the axis (Figure 10). 

Comments. Among the muscles whose length is longer than or equal to that of 

the neck, the ascendens cervicalis is the thickest in the first segment of the analyzed birds, 

except in Ardea alba, Sterna hirundo, and Thalasseus acuflavidus (Table 4). Along the 
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second segment, its less thick than the intertransversarii (Table 4). This makes the 

ascendens cervicalis the only long muscle that does not show an increase in thickness 

from the cranial to the caudal direction in the analyzed birds. 

Intercristales 

These are segmented and deep muscles, placed bilaterally to the neural arch of the 

cervical series (Figures 6, 7 and 11). Their origins are on the last cervical vertebra and the 

insertions, on the atlas and axis (Figure 10). The attachment sites, from the base of the 

neck to the axis, are on the transverse oblique crest of each vertebra (Figures 8 and 10). 

In the atlas, they are dorsolateral, on the neural arch. All attachments are by aponeuroses 

(Figure 11). 

Interspinales 

These are segmented and deep muscles, whose fleshy portions are arranged 

between the neural spines of the cervical vertebrae (Figures 6 and 11). Their attachment 

sites are located on the cranial and caudal surfaces of the neural spines, extending 

dorsoventrally in these structures (Figures 10 and 11). 

3.1.2. Longissimus group 

Rectus capitis dorsalis 

This superficial muscle is arranged craniocaudally, dorsally to the other rectus 

capitis (Figures 6 and 9). Its origins are established via a transverse aponeurosis, usually 

in the more caudal vertebrae of the first segment of the cervical series (Figures 6 and 10). 

The aponeurosis lies laterally on the prezygapophyses and close to the bases of the costal 

processes. The insertions are arranged ventrolaterally to the occipital condyle, on the 

basioccipital. 

Comments. There is variation in the vertebra where the muscle originates. Most 

frequently, muscles originate laterally to prezygapophyses of the fifth vertebra (Figures 

6 and 10). Pelecaniformes presents the most caudal origin in the same location, but on the 

sixth vertebra, and terns (Sterna hirundo and Thalasseus acuflavidus) usually present the 

origin laterally to the neural arch of the fourth vertebra. 

Intertransversarii 
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These muscles are superficial and arranged bilaterally on the cervical series 

(Figures 6 and 9). Unlike others, they are composed of intersegments, which have a 

complex system of filaments that attach to each vertebra in the neck, making them 

visually easy to distinguish from others (Figure 9). They extend from the axis to the last 

cervical vertebra. All attachments, including origins and insertions, are located on the 

tuberculum ansae and the lateral crest through aponeuroses (Figure 10). 

Comments. These are usually the thickest of the long muscles in the second and third 

segments. Their thickness is wider especially in the Procellariiformes and Suliformes 

(Table 4). 

3.1.3. Iliocostalis group 

Rectus capitis lateralis 

This muscle is more superficial and lateral than the other rectus capitis (Figures 6 

and 9). It originates through an aponeurosis, generally on the lateral face of the 

hypapophysis of the third vertebra (Figure 6). The muscle also attaches laterally to the 

hypapophysis of the axis, and ventrolaterally to the intercentrum of the atlas (Figure 10). 

The insertions are present on both ventral ends of the paraoccipital processes. 

Comments. This is typically the shortest neck muscle, except in birds that have 

an extremely short complexus (Table 6). Although its origin is usually on the third 

vertebra, the Procellariiformes and Ardea alba present a more caudal origin, extending 

through a thin aponeurosis to the fourth vertebra (Figure 12). Among the short neck 

muscles, this is the thinnest in the Procellariiformes, Suliformes (except Sula leucogaster) 

and in both terns analyzed (Sterna hirundo and Thalasseus acuflavidus) (Table 5). 

Table 6. Length and thickness (in mm) of the “short muscles” of each analyzed species. 

 com rcd rcl rcv fcl 

Aequorlitornithes      

Charadriiformes      

Haematopus palliatus      

length 34.7 37.1 22.2 31.2 42.8 

Larus dominicanus      

length 32.2 41.8 26.3 29.6 56.4 

Sterna hirundo      

length 22.4 21.7 17.8 19.2 26.1 

Thalasseus acuflavidus      

length 25.3 19.7 13.0 18.8 22.4 
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Pelecaniformes      

Ardea alba      

length 32.5 64.1 40.6 56.3 72.3 

Ixobrychus exilis      

length 10.9 21.1 11.0 19.4 21.4 

Phaethontiformes      

Phaethon aethereus      

length 54.8 29.3 16.7 27.5 45.5 

Procellariiformes      

Calonectris diomedea      

length 38.3 41.5 25.6 34.3 50.8 

Procellaria aequinoctialis      

length 33.5 42.8 29.4 37.8 56.6 

Puffinus puffinus      

length 31.1 36.4 28.7 34.9 42.0 

Thalassarche chlororhynchos      

length 59.4 55.3 32.5 49.4 67.9 

Thalassarche melanophris      

length 53.8 54.7 36.0 48.9 69.1 

Suliformes      

Fregata magnificens      

length 47.2 50.3 35.5 40.1 58.0 

Nannopterum brasiliensis      

length 43.2 56.2 36.4 51.9 78.1 

Sula leucogaster      

length 76.3 78.6 55.9 61.5 99.3 

Inopinaves      

Accipitriformes      

Coragyps atratus      

length 41.3 43.3 38.5 42.8 63.5 

Cariamiformes      

Cariama cristata      

length 51.1 59.8 47.5 59.4 73.4 

 

Flexor colli lateralis 

These are the longest "short muscles" (Table 6), exceeding the caudal limit of the 

first segment in all analyzed birds (Figures 6 and 9). Although they are superficial, their 

first third is arranged deeper than the rectus capitis muscles (Figures 6 and 9). Their more 

caudal origins attach laterally to the tuberculum ansae and on the lateral crest of the sixth 

or seventh vertebra (Figure 10). Such attachments, in the same locations, are also present 

on the fifth and fourth vertebrae (Figure 10). The insertions extend along the costal 

process of the third vertebra and laterally to the axis and to the atlas centrum and 

intercentrum (Figure 10). 
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Comments. Only the more cranial insertion is by a tendon, and the other 

attachments are made by aponeuroses. These are frequently the longest among the 

superficial "short muscles", except in Phaethon aethereus. 

3.2. Hypaxial muscles 

Rectus capitis ventralis 

This superficial muscle is arranged craniocaudally, ventrally to the other rectus 

capitis (Figures 6, 9 and 12). Unlike those others, the filaments form two distinct bellies, 

one medial and one lateral, which are easily identified (Figure 12). The origins occur 

through aponeuroses on the hypapophysis of the more cranial vertebrae of the first 

segment (Figure 10). Additional attachments are observed ventrolaterally on the axis and 

atlas, beneath the attachment site of the rectus capitis lateralis (Figure 10). Insertions are 

present on the basioccipital, ventrally to those of the rectus capitis dorsalis. 

Comments. In Pelecaniformes, Procellariiformes, Haematopus palliatus, 

Nannopterum brasilianus, and Phaethon aethereus, the more caudal origin of the medial 

belly is on the fifth vertebra (Figure 10), while in other taxa it is on the fourth vertebra. 

 

Figure 12. Photographs of the superficial muscles of the neck of Puffinus puffinus (A) and Phaeton 

aethereus (B) in ventral view.  

Flexor colli medialis 

This muscle is arranged deeper and ventrally to the flexor colli lateralis, although 

both have very similar muscle filaments. Its more caudal origins are found on the carotid 

and costal processes of the cranial vertebrae of the second segment. Along its length, the 

filaments connect to costal processes and ventrolateral surfaces of the centrum of the first 

segment vertebrae (Figure 10). The insertions extend on the laterocaudal surface of the 

long hypapophysis, often of the third vertebra and axis (Figure 10). 
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Comments. This muscle is as long as the flexor colli lateralis, which is usually 

attached to the same vertebrae, albeit more caudally. The type of attachments varies: as 

the flexor colli lateralis, only the more cranial insertion is by a tendon, and the rest by 

aponeuroses. 

Inclusi 

These are narrower and deep muscles, arranged bilaterally to the centrum of the 

vertebrae (Figures 6 and 7) and totally overlapped by the intertransversarii (Figure 7). 

They originate on the last cervical vertebra, attaching to the middle portion of the costal 

processes and laterally to the centrum (Figure 10). Attachments such as those are also 

present in each vertebra of the cervical series (Figure 10). Their insertion is lateral to the 

centrum of the axis (Figure 10). All attachments are performed by aponeuroses. 

Comments. The filaments of these muscles are similar to the deeper portion of 

the intertransversarii, making their identification difficult, especially in Pelecaniformes. 

Longus colli ventralis 

This is the superficial muscle arranged more ventrally on the cervical series 

(Figures 6, 9 and 12). Its most caudal origin attaches, through tendons, on the laterocaudal 

surface of the ventral process of the notarium, or of the third or fourth free thoracic 

vertebrae (Figure 6 and 12). Throughout the cervical series, it presents a complex system 

of muscular attachments on each vertebra, located laterally to the hypapophysis 

(commonly in the first and third segment vertebrae) and/or the carotid process (commonly 

in the second segment vertebrae) (Figure 10). The insertions are established by a thin and 

long tendon, attached to the axis, ventrally to the insertion of the flexor colli medialis 

(Figure 10). 

Comments. Although both cranial and caudal attachments have developed 

tendons, apparently all other attachments in each vertebra are performed by aponeuroses. 

Discussion 

Differences in the morphology of the vertebrae between the segments of the 

cervical series of birds were already expected, as necks are adapted to different types of 

stress caused by diverse selective pressures (Muller et al., 2010). Although we have 

followed previous works and considered three segments in the neck of Aequorlitornithes, 
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if we had evaluated them on the basis of vertebral shape or range of motion, there would 

be more modules (Guinard et al., 2010; Terray et al., 2020). The inclusion of atlas, axis, 

and the anterior post-axial cervical vertebrae in a single segment does not exclude the fact 

that atlas and axis make up an additional functional partition (Dzemski and Christian, 

2007; Guinard et al., 2010). Vertebrae on the cranial part of the second segment are also 

different from the subsequent ones by their elongate shape, and were also previously 

recognized as representing a separate module in birds (Terray et al., 2020). 

The fifth and ninth cervicals have been recognized as transitional vertebrae 

between the first and second, and second and third segments, respectively, of the 

Phorusrhacidae Andalgalornis steulleti (Tambussi et al., 2012). However, their 

classification in different modules is not supported in any of the Aequorlitornithes and 

Inopinaves we studied, based on the vertebral anatomy and/or movement restriction, even 

in Cariama cristata, which, as Andalgalornis, also belongs to the Cariamiformes 

(Alvarenga and Höfling, 2003). 

The third segment presents the widest vertebrae we observed, which reflects the 

predominance of lateral incursions in the range of motion of this part (Dzemski and 

Christian, 2007). Although the vertebrae are wide, the segment is short, which may be 

related to the lower need for absorbing tensions generated by dorsoventral flexions (Zusi, 

1962). 

The heterocoelous facies articularis and the orientation of the zygapophyses 

confer high flexibility in the vertebral joints even without the presence of vertebral discs, 

as in other Amniota (Taylor and Wedel, 2013). Although most birds analyzed have a 

significant difference in neck length with or without synovial cartilage between the 

vertebrae, the proportion of cartilage to bone do not exceed 5.6%, which is fewer than the 

additional length of cartilage in the neck of mammals, alligators and ostriches (Cobley et 

al., 2013; Taylor and Wedel, 2013). This difference possibly occurs due to the heterocoely 

of the facies articularis, which limits intervertebral space (Baumel and Witmer, 1993; 

Taylor and Wedel, 2013), and due to the delicacy of the synovial cartilages in the birds 

we analyzed, which differ from the robust intervertebral discs seen, for instance, in 

ostriches (Cobley et al., 2013). 

The thicker synovial cartilage in the articulatio intercorporalis than in the 

zygapophysialis is probably related to the greater resistance required by the centrum, 
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which needs to absorb mechanical shocks between the facies articularis during 

movement (Humphries et al., 2007; Liu and El-Rich, 2020). The variation in the thickness 

of the synovial cartilage present in the articulatio intercorporalis, especially between the 

more caudal cervical vertebrae, affects the center of rotation of the vertebrae and, 

consequently, analyzes of the range of motion of the neck widely used in fossil species 

(Jones et al., 2021). 

The short neural arch, the thinness of the cartilage between the articulatio 

intercorporalis, and the reduced overlapping of zygapophyses indicates a high dorsal 

flexibility in the second segment of the neck of the birds analyzed (Cobley et al., 2013). 

This allows this segment to be the most vertical of the three, reducing tensions in the third 

segment, which is the base of the neck (Dzemski and Christian, 2007). The maximum 

dorsal and ventral flexions of the second and first segments in the Aequorlithornithes, 

respectively, agree with the usual tensegrity patterns of bird necks, in which the opposite 

forces complement each other (Furet et al., 2018; Fasquelle et al., 2019). However, the 

maximum and minimum flexions discussed here represent the limits of flexibility of the 

intervertebral joint for each segment, which does not mean that it represents the maximum 

and minimum mobility performed by a bird in a given movement in life (Jones et al., 

2021). 

The morphology of the muscles we observed agrees with previous descriptions 

(Kuroda, 1962; Zusi and Storer, 1969; Landolt and Zweers, 1984; Zusi and Bentz, 1984; 

Vanden-Berge and Zweers, 1993; Tsuihiji, 2005, 2007; Snively and Russel, 2007). The 

medial and lateral bellies of the rectus capitis ventralis have been seen in other 

Aequorlitornithes and in non-Aequorlitornithes birds (Kuroda, 1962, Zusi and Storer, 

1969; Landolt and Zweers, 1984; Vanden-Berge and Zweers, 1993). The biventer cervicis 

muscle arranged bilaterally in the analyzed Aequorlitornithes birds may vary for a single 

bundle, as seen in Pygoscelis, which also belongs to that clade (Kuroda, 1962). The 

biventer cervicis was the only muscle we observed attached to the notarium and skull, a 

characteristic already recognized in the literature for birds (Landolt and Zweers, 1984; 

Zweers et al., 1987; Vanden-Berge and Zweers, 1993), although we also observed it in 

birds that do not have a notarium. 

The variation we observed regarding the vertebra where a muscle has its origin 

has also been reported in other descriptions of the avian neck musculature (Kuroda, 1962; 
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Zusi and Storer, 1969; Landolt and Zweers, 1984; Tsuihiji, 2005, 2007; Snively and 

Russel, 2007). It seems to be frequent that muscles with the same length as the neck 

originate more caudally when more cervicals are present (Zusi and Storer, 1969; Tsuihiji, 

2005, 2007; Snively and Russel, 2007). Although this also happens for some short 

muscles, there are exceptions, such as a more caudal origin of the rectus capitis ventralis 

muscle in Haematopus palliatus, a short-necked bird, and more cranial origins of the 

complexus and splenius capitis in Pelecaniformes, which are long-necked birds. 

Pelecaniformes also stood out for their thinner short muscles, even in Ardea alba, 

which has the longest neck of all analyzed birds. The reduced thickness in the most cranial 

region of the long muscles contributes to weight reduction in first segment of the neck, 

which already supports the accumulation of short muscles and the skull (Vanden-Berge 

and Zweers, 1993; Dzemski and Christian, 2007).  

We observed some similarities between Pelecaniformes and Nannopterum 

brasilianus: in both, the ligaments associated to the atlas and axis are ossified; they have 

a small overlap of the zygapophyses, and lack the biventer cervicis muscle. Anhinga 

anhinga, which is phylogenetically close to Nannopterum brasilianus (Yuri et al., 2013; 

Prum et al., 2015), also lacks the biventer cervicis (Boas, 1929). However, this may also 

be related to similar foraging habits, such as diving and swimming in deeper water (Vidal 

et al., 1986; Sick and Pacheco, 1997; Dzemski and Christian, 2007; Taylor et al., 2009; 

Muller et al., 2010), although movements during feeding are probably confined to two or 

only one segment (Dzemski and Christian, 2007). 

The main difference observed between the myology of most Aequorlitornithes 

and of the two species of Inopinaves we analyzed regards the vertebra in which some 

muscles originate. In Cariama cristata, the complexus originates in the fourth vertebra 

and apparently is also divided into two portions, as in the analyzed Pelecaniformes 

(Figure 13). Cariama cristata is also similar to the Pelecaniformes by the more caudal 

origin of the splenius capitis, which is attached only to the cranial surface of the neural 

spine of the axis (Figure 13). In contrast, the complexus of Coragyps atratus has its 

attachments and morphology similar to that observed in the most Aequorlitornithes. 

However, its rectus capitis lateralis originates in the fourth vertebra, as in 

Procellariiformes and Pelecaniformes, while that of Cariama cristata originates in the 

third vertebra, as often seen in the Aequorlitornithes (Figure 13). 
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Figure 13. Photographs and interpretation of the superficial muscles of the neck (A, B) and interpretative 

drawings of the arrangement of the superficial musculature (C), deep musculature (D), origin of the 

complexus muscle (E) and origin of the splenius capitis and rectus capitis dorsalis and lateralis muscles 

(F) of Cariama cristata in left lateral view. Scale bar: 50 mm. 

Considering that the cervical anatomy of the Aequorlitornithes may be useful for 

reconstructing soft tissues of extinct, long-necked piscivorous archosaurs, some 

considerations are relevant. First, the number of neck vertebrae in the birds dissected 

varies, unlike what is observed in crocodilians, its phylogenetically closest extant clade 

(Nesbitt, 2011), which usually have only nine vertebrae (Chamero et al., 2014; Iijima & 

Kubo, 2019). Variation in the number of vertebrae contributes to the establishment of 

long necks in some birds, although the increase in vertebral length is the main variable in 

neck length (Marek et al., 2021). Also, variations in muscle thickness along the entire 

length of the three segments do not reflect a thicker neck in them, but the latter seems to 

be more directly related to the width of vertebrae in the analyzed birds. The proportion of 
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thickness equivalent to six times the area of origin of the cervical flexor and extensor 

muscles and half of this value for the other muscles proved to be reliable to determine the 

cervical muscle volume of extinct archosaurs, whose reconstructions are limited to the 

establishment of origin and muscle insertion (Snively and Russell, 2007; Snively et al., 

2013). Furthermore, the formula that relates the width of the musculature disposed 

laterally to the vertebra being equivalent to one third of the total width of any cross-

section of the neck has the potential to confirm the full thickness of the cervical 

arrangement. Lastly, the relationship between the vertebral surface roughness and the 

presence of an aponeurosis is frequent for mammalian muscle attachment sites (Bryant 

and Seymour, 1990). However, aponeurotic attachments have also been observed on 

some smooth surfaces, precluding more precise inferences regarding this relationship in 

soft tissue reconstructions based on osteology alone (McGowan, 1979, 1986). 

The third neck segment of the analyzed birds has synovial cartilage, ligaments and 

muscles that are thicker than the previous ones. The thickness of the ligaments and 

musculature in this segment indicates a high mechanical demand, which is supplied by a 

greater storage of elastic energy in response to ventral flexion by the pronounced 

ligamentum elasticum interspinale and interlaminare and the greater muscular force to 

execute the movement by the volume of the muscles (Gál, 1993; Dzemski and Christian, 

2007). The frequent increase in the thickness of the synovial cartilage between the facies 

articularis of the more caudal vertebrae challenges the recognized concept of "neutral 

position" used in reconstructions of extinct animals, which minimizes the size of the space 

between the vertebrae by predicting that the cervical soft tissues would be in relaxation 

with complete pairing of the facies articularis and zygapophyses (Stevens and Parrish, 

1999). Besides, due to the increase in the thickness of synovial cartilage in the 

intervertebral joints in the posterior cervical vertebrae, we agree that the partial overlap 

between the zygapophyses ensures a more accurate reconstruction of the neck (Vidal, 

2020). 

The partial overlap of the zygapophyses seen when the neck is at relaxed is 

different from what was established for the neutral position by Stevens and Parrish 

(1999). However, an overlap <50% during movement has been suggested before for other 

amniotes (Vidal et al., 1986; Stevens and Parrish, 2005; Taylor et al., 2009). The presence 

of a synovial capsule wrapped around the zygapophyses, observed here and in other birds 

(Baumel & Raikow, 1993), allows them to present very low overlap during the maximum 
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range of motion. However, we observe that the anatomy of the zygapophyses itself sets a 

limit for the sliding of facets, as observed for the limit of sagittal flexion for other 

amniotes (Jones et al., 2021). Therefore, predictions made using only disarticulated 

vertebrae can underestimate the overlap of zygapophyses (Vidal et al., 2020). The 

variation in the overlap of the zygapophyses along the cervical series and the thickness 

of the synovial joint observed here reflect on the angulation displayed by the vertebrae in 

different neck segments. 

Conclusions 

The cervical vertebrae vary anatomically within the three classically established 

segments and relates to the flexibility of the neck of the birds, which justifies the 

proposition of more neck modules supported by the vertebral anatomy. The synovial 

cartilage present between the Aequorlitornithes vertebrae does not represent an increase 

in the neck length as observed in animals that have intervertebral discs. Although 

minimally reflected in the length of the neck, the thickness of the intervertebral spaces 

and the level of overlap of the zygapophyses impact the angulation between vertebrae, 

due to the position of the center of rotation in the articulatio intercorporalis. Such 

vertebral spaces, as well as the ligaments and muscles of Aequorlitornithes, are thickest 

in the third segment of the neck, which we hypothesize may be an evolutionary response 

to biomechanical requirements. Among all the Aequorlitornithes analyzed, 

Pelecaniformes is the clade that most differs from the others, due to the level of overlap 

of the zygapophyses, thickness of the intervertebral and muscle spaces and muscle 

insertion sites. 

Aequorlitornithes birds showed well-marked rough areas and scars on the 

vertebrae that relate to their muscular insertions and joints, which facilitates the 

recognition of osteological correlates in fossil species. The roughness presented on the 

surfaces of the vertebrae was mainly, but not exclusively, associated with aponeurotic 

muscle insertions. The longer intervertebral spaces in the most caudal cervical vertebrae 

and the partial overlap of zygapophyses while the neck of Aequorlitornithes is relaxed is 

different from what was established for neutral pose of extinct animals (Stevens & 

Parrish, 1999). We assumed that the thickness of the cervical muscles is approximately 

three to six times the area of the muscle origins, which has proved to be a reliable formula 

to estimate the volume of the neck muscles of Aequorlitornithes birds. Furthermore, the 
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height and width of the neck are approximately equivalent, and the muscles arranged 

laterally to the vertebra represent one-third of the width of the cross section, which could 

confirm cervical thickness in reconstructions of fossil archosaurs that have anatomically 

similar cervical. 
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Abstract 

The lack of any pterosaur living descendants creates gaps in the knowledge of the biology 

of this group, including its biomechanics, which makes it difficult to understand their 

posture and life habits. To mitigate part of this issue, we aimed to reconstruct the cervical 

osteology and arthrology of three pterosaur genera, which allowed us to make more 

assertive inferences about the position of the neck of these animals at rest. We used CT 

scans of the cervical series of the pterosaurs Anhanguera piscator, Azhdarcho lancicollis 

and Rhamphorhynchus muensteri for the reconstructions, species representative of 

different pterosaur clades and for which there are known three-dimensionally preserved 

cervical series. For the recognition of ligaments, cartilages in joints, and levels of 

overlapping of the zygapophyses, we used the Extant Phylogenetic Bracket method, 

based on extant birds and Caiman latirostris. We infer that the pterosaur intervertebral 

joint was probably covered by a thin layer of synovial cartilage whose thickness possibly 

varied along the neck, being thicker in the posterior region. Ignoring this cartilage can 

distort the reconstructions of pterosaur necks. According to the angulation of the cervical 

vertebrae, the pterosaur neck could be slightly sinuous when in rest position. Most of the 

ligaments extended along the neck and were likely more robust in the base, near the 

shoulder.  

Key words: cervical biomechanics, cervical vertebrae, cervical ligaments, Pterosauria, 

Archosauria. 
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Introduction 

 Pterosaurs and birds have several converging characteristics, such as the presence 

of pneumatic bones, a well-developed sternum and the fusion of some bones, which 

allows extrapolating functions from avian structures to those of pterosaurs (Bennett, 

2001; Kellner & Campos, 2002; O'Connor, 2006; Butler et al., 2012). These hypothetical 

extrapolations can be tested through biomechanical studies (Rayfield, 2007; 

Lautenschlager, 2017). An understudied topic in pterosaur biology is the functional 

anatomy of the neck, despite the importance of cervical position in their biology and 

behavior (Witton & Naish, 2008; Averianov 2013; Naish & Witton, 2017). 

 In birds, the neck is divided into three functional segments, in which the first and 

second more cranial ones present greater freedom of movement in all axes (Boas, 1929; 

Zusi, 1962). The distinct vertebral morphology also allows the pterosaur neck to be 

classified into three anatomical segments, of which the atlas and axis represent the more 

cranial segment, with specialized vertebrae for articulation with the skull, mid-cervical 

vertebrae (i.e., from the third to the seventh cervical vertebrae) constitute the second 

segment and occupy the middle of the neck, and two posterior cervical vertebrae at the 

caudal end are the third segment.  

However, so far, little has been investigated about the biomechanics of the 

pterosaur neck segments, despite the reasonably common preservation of vertebral 

elements (Bennett, 2001; Kellner & Tomida, 2000; Averianov, 2010; Vila Nova et al., 

2015). Furthermore, little is known about neck arthrology, even though it influences the 

cervical angulation and degree of freedom of movement of the neck in archosaurs 

(Tsuihiji, 2004; Tambussi et al., 2012; Taylor & Wedel, 2013). Thus, the present study 

aims to reconstruct the cervical arthrology and to infer the position of the pterosaur neck 

at rest, which could support more assertive proposals regarding cervical movements 

during locomotion and foraging. 

Material and methods 

We analyzed the cervical vertebral column of the holotype of Anhanguera 

piscator (NSM-PV 19892) (Kellner & Tomida, 2000), which comes from the Lower 

Cretaceous Romualdo Formation in the Santana Group (Araripe Basin, Brazil) and is 

housed in the collection of the National Museum of Nature and Science, in Tsukuba, 

Japan; of specimens attributed to Azhdarcho lancicollis (ZIN PH, several specimens; and 
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CCMGE 1/11915) (Averianov, 2010), from the Upper Cretaceous Bissekty Formation at 

Dzharakuduk, Uzbekistan and housed in the Paleoherpetological collection of the 

Zoological Institute of the Russian Academy of Sciences (ZIN PH) and Chernyshev’s 

Central Museum of Geological Exploration (CCMGE), both in Saint Petersburg, Russia; 

and a specimen attributed to Rhamphorhynchus muensteri (MGUH 1891.738) (Bonde & 

Christiansen, 2003) from the Upper Jurassic Solnhofen limestones of southern Germany 

and housed in the Geological Museum/Natural History Museum of Denmark, 

Copenhagen, Denmark. The choice of the specimens is justified by the excellent three-

dimensional preservation of almost all cervical vertebrae. 

Computed tomography (CT) scans of the Anhanguera piscator holotype were 

scanned at 300 to 310 kV and 200 μA, with different voxel sizes for different scans (listed 

in Table 1). The complete plate containing Rhamphorhynchus muensteri (MGUH 

1891.738) was scanned at 120 kV and 280 μA, and the voxel sizes were 0.2 mm. The CT 

scans of the cervical vertebrae and notarium of Azhdarcho lancicollis (ZIN PH; several 

specimens) were given to this research but the scan data were unavailable. 

Table 7. Voxel sizes for different scans of the Anhanguera piscator holotype. 

Element Voxel size (mm) 

Skull 0.198 

Atlas + axis and cervical III 0.065 

Cervical IV 0.075 

Cervical V 0.175 

Cervical VII 0.166 

Cervical VIII 0.166 

Cervical IX 0.166 

Dorsal I 0.166 
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The osteological reconstructions of the damaged parts of the vertebrae and the 

inclusion of the soft tissues were performed using the Blender 3D software, version 2.91 

(Blender Development Team, 2019). The vertebrae of Rhamphorhynchus muensteri are 

attached to a slab that displays the cervical series in ventral view on the main surface of 

the slab and the neural spines on the opposite surface (Figure 1). The vertebrae were 

digitally isolated from the matrix and reconstructed based on previously published 

photographs and drawings of the cervical vertebrae of other specimens of this species 

(Wellnhofer, 1975). The cervical vertebrae of Anhanguera piscator were already 

extracted from the rock before scanning, but as its sixth vertebra was not preserved, we 

reconstructed it using as a basis the dimensions of the sixth vertebra of AMNH 22555, 

belonging to Anhanguera sp. (Wellnhofer, 1991; Pinheiro & Rodrigues, 2017), due to the 

similarity of their other preserved vertebrae. We had to make more inferences for the 

osteological reconstruction of the cervical vertebral series of Azhdarcho lancicollis, due 

to the lack of completely preserved specimens. The well-defined regionalization in the 

cervical vertebrae of Anhanguera piscator, Rhamphorhynchus muensteri and other 

pterosaurs, including other azhdarchids (Bennett, 2001; Pereda-Suberbiola et al. 2003; 

Kellner, 2010), indicates that Azhdarcho lancicollis probably also had mid-cervical and 

posterior cervical vertebrae with distinct morphologies. The differences are noticeable in 

their lengths, which are very long in mid-cervical vertebrae. 
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Figure 14. Photograph (A), CT scan (B), and interpretative drawing (C) of the cervical series of the 

specimen MGUH 1891.738, attributed to Rhamphorhynchus muensteri, in ventral view. Scale bar: 10 mm. 
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The measures of length, height and width of the vertebrae of Anhanguera piscator 

and Rhamphorhynchus muensteri were taken first-hand with a caliper. The same 

measurements for Azharcho lancicollis were taken from Averianov (2010) or measured 

in the MeshLab software, version 2021.10 (Cignoni et al., 2008). We used the 

nomenclature by Baumel & Witmer (1993) for the osteological and arthrological 

description.  

The inferences regarding cervical arthrology and the level of overlapping of the 

zygapophyses made here were supported by the criteria of the Extant Phylogenetic 

Bracket (EPB) (Witmer, 1995). To support the EPB we used data obtained first-hand, by 

dissecting several extant birds (species listed in the previous chapter) and an alligator 

(Caiman latirostris). The dissected avian specimens died or were euthanized at the 

Institute for the Research and Rehabilitation of Marine Animals (IPRAM), in 

Cariacica/ES, Brazil, which is responsible for the rehabilitation of marine animals under 

the following authorizations: SISFAUNA IEMA 001/2014, process 68077610; IEMA 

001/2014, process 67277780; and SISBIO 34510 and 26896. The alligator was 

euthanized at the Caiman Project headquarters (under the coordination of the Marcos 

Daniel Institute, a non-profit organization), in Vitória/ES, Brazil (under the authorization: 

SISBIO 92997549)., and dissected at the Universidade Federal do Espírito Santo’s 

Veterinary Hospital, in Alegre/ES, Brazil. The angles between the vertebrae were also 

measured in Blender 3D software, version 2.91 (Blender Development Team, 2019), and 

were obtained by the position of the vertebral axis in relation to the axis of its anterior 

vertebra (Figure 2). The distance between the condyle and the cotyle of the next vertebra 

was measured in the central and peripheral regions of this joint (Figure 2). The area of 

the zygapophyses was measured only in the vertebrae belonging to Anhanguera piscator 

and Azhdarcho lancicollis, due to the vertebrae of Rhamphorhynchus muensteri being 

preserved articulated. Both these measurements were obtained using the ImageJ software 

(Schneider et al., 2012). 
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Figure 15. Drawings showing the method of measuring the angles (A) and distance (B) between the 

analyzed vertebrae. The continuous red line represents the axis of the vertebral condyle and the dashed red 

line represents the axis of the condyle of the next vertebra. Abbreviations: ce, distance between condyle 

and cotyle in the central portion of the joint; pe, distance between condyle and cotyle in the peripheral 

portion of the joint. 

The partial articulation between the zygapophyses indicates the presence of gaps 

between the condyle and the cotyle of the adjacent cervical vertebra, which would be 

filled by synovial cartilage, annular ligaments and fluid (Baumel & Raikow, 1993; Taylor 

& Wedel, 2013). The increase in cervical length due to the presence of vertebral cartilage 

was calculated by subtracting the total length of the articulated vertebrae with partial 

overlapping zygapophyses and the sum of the lengths of all cervical vertebrae and per 

neck segment (Taylor & Wedel, 2013).  

Although the atlas and axis of Rhamphorhynchus muensteri are not fused as in the 

other analyzed pterosaurs, we disregarded the span length in this joint because, due to the 

absence of zygapophyses and restriction of movement between these vertebrae, the 

addition of cartilage would be irrelevant for the neutral pose analysis and to the degree of 

freedom to which the neck would be subject. 

Anatomical abbreviations 

ac, ansa costotransversaria; arc, articular capsule; co, cotyle; con, condyle; ep, 

epipophysis; fopn, pneumatic foramen; fov, fovea; hyp, hypapophysis; lcol, ligamentum 

collaterale; lilm, ligamentum elasticum interlaminare; lisp, ligamentum elasticum 

interspinale; lnuc, ligamentum nuchae; nc, neural canal; ns, neural spine; poex, 

postexapophysis; poz, postzygapophysis; prex, preexapophysis; prz, prezygapophysis; ro, 

roughness; syn, synovial cartilage; tpr, transverse process. 

Reconstruction of the pterosaur neck 
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All analyzed vertebrae of Azhdarcho lancicollis have prominent hypapophysis 

and postexapophyses preserved, with the exception of the seventh, which does not have 

a well-preserved centrum. The neural spines of the mid-cervical vertebrae of this species 

are known by fragmented parts, mainly from the third and seventh vertebrae (ZIN PH 

131/44; ZIN PH 138/44). We observed that these neural spines are highest at the cranial 

and caudal ends of the fourth, fifth, and sixth vertebrae (ZIN PH 144/44; CCMGE 

1/11915, ZIN PH 139/44; ZIN PH 147/44), with the middle part of these vertebrae having 

a low spine and thus a cylindrical appearance. The seventh vertebra (ZIN PH 138/44) 

does not have a preserved neural spine but the latero-dorsal laminae of the neural arch are 

directed towards the mid-dorsal surface along the entire vertebral length, giving the neural 

arch a triangular cross-section, different from the more cranial vertebrae. This 

architecture indicates the presence of a neural spine of uniform height along the seventh 

vertebra of this pterosaur (Figure 3), but the dimensions presented by the neural arch are 

not consistent with the presence of a tall neural spine, and it apparently does not exceed 

the maximum height of the neural spine of the sixth vertebra (ZIN PH 147/44). 

 

Figure 16. CT scans and interpretative drawings of the seventh vertebra (A, B) in left lateral view and the 

eighth vertebra (C, D) in left dorsolateral view (ZIN PH 138/44 and ZIN PH 137/44, respectively) of 

Azhdarcho lancicollis. Dashed line indicates reconstructed regions. 

The posterior cervical vertebrae of Azhdarcho lancicollis are less preserved than 

the others. The eighth vertebra (ZIN PH 137/44) has a short centrum and a neural arch 
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whose dorsal region is completely lost (Figure 3C). In addition to a fragmented centrum 

of reduced craniocaudal length, the ninth vertebra (ZIN PH 122/44) still has part of its 

vertically projected neural arch preserved, suggesting a tall neural spine. We thus interpret 

that the neural spines of both posterior cervical vertebrae of this pterosaur are taller than 

those of the mid-cervicals (Figure 3D). This morphology is similar to that of the dorsal 

vertebrae, and is also observed in the posterior cervical vertebrae of Anhanguera piscator 

and Rhamphorhynchus muensteri (Figure 4E, F). 

The cervical vertebrae of the three analyzed pterosaurs are procoelous and exhibit 

an extremely convex condyle (Figure 4). The presence of synovial cartilage in the joints 

is suggested by the roughness, mainly on the margins, of the articular surfaces of the 

zygapophyses, cotyle and condyle of the pterosaurs (Figure 4). There is also a discreet 

dorsomedial fovea in the condyle, which is more robust in the posterior cervical vertebrae 

(Figure 4). 
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Figure 17. Photographs and interpretative drawings of the fourth vertebra (A, B) in caudal view, fifth 

vertebra (C, D) in cranial view and eighth vertebra (E, F) in caudal view of Anhanguera piscator (NSM-

PV 19892) and the articulated seventh and eighth vertebrae (G, H) in ventrolateral view of 

Rhamphorhynchus muensteri (MGUH 1891.738). Dashed line indicates reconstructed regions. Dotted 

regions indicate greater surface roughness. Scale bar: 10 mm. 



 

77 
 

Although the atlas-axis and the third vertebra are still articulated in the 

Anhanguera piscator holotype, we cannot be sure that the angle and distance between 

them, as preserved, are similar to the position of the neck at rest.  

The partial overlapping of the zygapophyses we calculated as approximately 50% 

for the joints between the axis and the mid-cervical vertebrae and approximately 75% for 

the joints in the posterior cervical vertebrae is similar to the arrangement observed for the 

position of the neck at rest in extant birds. This amount of overlapping of the 

zygapophyses and the anatomical differentiation of the pterosaur vertebrae allow 

inferences regarding the possible sinuosity of the neck. The short postzygapophyses and 

the less convex condyle of the third vertebra compared to the other mid-cervical vertebrae 

of pterosaurs indicate that this vertebra was articulated orienting itself more ventrally in 

relation to the axis, as is also the orientation of the fourth cervical in relation to the third 

vertebra (Table 2). This arrangement suggests a downward curvature in relation to the 

atlas and axis (Figure 5). 

Table 8. Angles of inclination and distance (from the central and peripheral region) of 

the condyle and cotyle between a vertebra and its succeeding one on the neck of 

pterosaurs at rest. (+) above and (-) below the axis of succeeding vertebra. Abbreviations: 

ATAX, atlas and axis; CV, cervical vertebra; DV, dorsal vertebra. Roman algorisms 

indicate each vertebra’s position. 

 Angle Central 

distance (mm) 

Peripheral 

distance (mm) 

Anhanguera piscator    

ATAX – CV III -22° 2.02 2.47 

CV III – CV IV -6° 1.98 2.48 

CV IV – CV V +7° 2.15 2.22 

CV V – CV VI +6° 2.04 2.62 

CV VI – CV VII +19° 3.33 3.94 

CV VII – CV VIII +10° 3.67 4.62 
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CV VIII – CV IX -6° 4.49 4.76 

CV IX – DV I -10° 5.24 5.64 

Azhdarcho lancicollis     

ATAX – CV III -46° 0.79 1.67 

CV III – CV IV -14° 0.95 1.28 

CV IV – CV V +12° 0.98 1.31 

CV V – CV VI +16° 1.04 1.25 

CV VI – CV VII +5° 1.33 1.78 

CV VII – CV VIII +7° 2.2 2.59 

CV VIII – CV IX +20° 2.46 2.62 

CV IX – DV I -19° 2.14 2.25 

Rhamphorhynchus muensteri    

ATAX – CV III -17° 0.11 0.13 

CV III – CV IV -2° 0.08 0.11 

CV IV – CV V +2° 0.10 0.11 

CV V – CV VI +6° 0.29 0.32 

CV VI – CV VII +12° 0.32 0.36 

CV VII – CV VIII -4° 0.38 0.48 

CV VIII – CV IX +3° 0.42 0.44 

CV IX – DV I +6° 0.43 0.49 

 

The largest angle found was always in the most cranial joint of the neck of the 

analyzed pterosaurs. The more ventral orientation of the third vertebra relative to the axis 
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and of the fourth vertebra relative to the third indicates that this region was slightly 

ventrally arcuate up to the fourth vertebra (Table 2). The articulated series of the mid-

cervical vertebrae (i.e., post-fourth vertebra) is arched in the opposite orientation to that 

observed between the axis and the fourth vertebra, which conferred sinuosity to the necks 

of the analyzed pterosaurs (Figure 4). In Anhanguera piscator and Rhamphorhynchus 

muensteri, the second largest angle between the neck joints is found between the sixth 

and seventh cervicals (Table 2). In Azhdarcho lancicollis, the largest angle between the 

mid-cervical vertebrae is seen more cranially, between the fifth and sixth vertebrae. The 

angle observed between the joints and lengths of the fourth to sixth vertebrae and those 

observed at the base of the neck of Azhdarcho lancicollis makes its neck more vertical 

than that of the analyzed others (Figure 5).  

The cervical series is straighter in the posterior segment of the neck of all analyzed 

pterosaurs, based on the orientations of the joints between consecutive vertebrae (Table 

2). The difference between the mid and posterior regions of the neck was also due to the 

longer prezygapophyses and the more convex condyle of the mid-cervical vertebrae 

compared to the posterior cervical vertebrae. 
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Figure 18. Reconstruction of the position at rest of the cervical vertebral column of Anhanguera piscator 

(A), Azhdarcho lancicollis (B) and Rhamphorhynchus muensteri (C) in left lateral view. Inset on the upper 

right corner shows a reconstructed Anhanguera piscator skull and neck. The intervertebral cartilage and 

cartilage of the zygapophyseal joints are shown in light brown. Scale bars: 10 mm. 

In all analyzed pterosaurs, the prezygapophyses of the cervical vertebrae have 

their facets turned dorsally and slightly cranially, and oriented towards the medial side, 
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while the opposite is observed in the postzygapophyses, whose facets are pointed 

ventrally, slightly caudally and turned laterally to the vertebrae. This allows the 

zygapophyses, partially superimposed in rest position, to slide their cartilage on top of 

each other in all directions, though limited by an articular capsule, with friction reduced 

by the synovial fluid (Figure 6). The only exception to this orientation of the articular 

facets are the postzygapophyses of the axis, which are entirely turned ventrally, especially 

in Azhdarcho lancicollis, demonstrating that the movement in the articulation with the 

prezygapophyses of the third vertebra is possibly more horizontal, thus differing from the 

other cervicals, which are likely to slip slightly diagonally. Besides the orientation, we 

observed that the area of the facets of the zygapophyses seems to be larger in the middle 

portion of the neck. Considering the different species, the zygapophyses of Azhdarcho 

lancicollis are slightly wider, increasing in the craniocaudal distance they can slide over 

each other and possibly impacting the neck’s range of motion. 
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Figure 19. Detail of the reconstruction of the neck at rest position of Anhanguera piscator (A), Azhdarcho 

lancicollis (B) and Rhamphorhynchus muensteri (C), showing the reconstructed articular capsule and 

cervical ligaments. 

As a result of the articulation of the cervical series with the partial overlap of the 

zygapophyses, the gaps presented between the vertebral condyles and the cotyles indicate 
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that the intervertebral cartilage corresponds to 2.1%–6.5% of the total neck length (Table 

3).  

Table 9. Proportion of total cartilage in the neck length. Abbreviations: CV, sum of the 

centrum lengths of the cervical vertebrae; TOTAL, total neck length; CART, percentage 

of synovial cartilage on the neck centra. 

 CV (mm) TOTAL (mm) CART (%) 

Anhanguera piscator 353.4 378.3 6.5 

Azhdarcho lancicollis 539.6 551.4 2.1 

Rhamphorhynchus muensteri 51.9 54.1 4.0 

 

The shorter length of the pre- and postzygapophyses in the posterior cervicals 

indicates that the thickness of the cartilage present in the intervertebral joint in this region 

was greater than in the more cranial portions of the neck. In the latter, the 

prezygapophyses were elongate cranially and compensated the length of the condyle. The 

increase in cartilage thickness was gradual along the neck (Table 2; Figure 7). Due to the 

very convex condyle, the synovial cartilage in the peripheral part of the joint was probably 

thicker (Table 2). Although the ligamentous system of the pterosaur neck is difficult to 

understand, the presence of the ligamentum collaterale and ligamentum elasticum was 

highly likely. The ligamentum collaterale is suggested by the developed postexapophyses 

with rough surfaces along the entire cervical series in all analyzed pterosaurs (Figure 4), 

which would be points of insertion of this ligament. The preexapophyses present laterally 

to the cotyle indicate that this ligament possibly behaved as an extension of the articular 

capsule, which would contribute to joint stiffness throughout the neck (Figure 6). 
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Figure 20. Reconstruction of the neck at rest position of Anhanguera piscator (A), Azhdarcho lancicollis 

(B) and Rhamphorhynchus muensteri (C) in ventral view, with the anterior and posterior portions of the 

neck in detail (middle and right-side columns, respectively). 

The elevated head in relation to the neck, as observed in our reconstructions of the 

position at rest (Figure 5), hints the presence of elastic ligaments present dorsally to the 
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cervical vertebrae for stabilization (Figure 6). The presence of developed neural spines 

along the necks of Anhanguera piscator and Rhamphorhynchus muensteri supports the 

presence of the ligamentum elasticum interlaminare, which was possibly attached to the 

bases of the neural spines. The extremely reduced neural spines in the mid-cervical 

vertebrae of Azhdarcho lancicollis suggest a peculiar absence of this ligament in the 

middle portion of the neck (Figure 6). 

Although the incomplete preservation of the top of the neural spines made it 

difficult to identify osteological correlates, we observed scars and roughness on the 

medial surface of the cranial and caudal portion of the neural spines of the cervical 

vertebrae, which we are interpreted as indicating the presence of the ligamentum 

elasticum interspinale (Figure 6). Scars and roughness are also present at the site on the 

dorsal vertebrae of Anhanguera piscator and Rhamphorhynchus muensteri, suggesting 

that the ligament is not limited to the neck. 

The top of the neural spines of the cervical vertebrae also has a well-defined rough 

area along the entire neck. This could be interpreted as indicating the presence of the 

ligamentum nuchae, dorsally arranged and attached to each neural spine (Figure 6). 

Alternatively, the scar could also be from the insertions of the epaxial muscles in these 

same places. The constant increase in the width of the top of the neural spine from the 

mid-cervical to the posterior cervical vertebrae supports the hypothesis that this ligament 

was thinnest in the mid-portion of the neck and its thickness gradually increased to the 

base of the neck (Figure 8). In addition, such a ligament could present itself as an 

additional surface of muscle attachments when associated with vertebrae with low neural 

spines (Figure 6). 
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Figure 21. Reconstruction of the neck at rest position of Anhanguera piscator (A), Azhdarcho lancicollis 

(B) and Rhamphorhynchus muensteri (C) in dorsal view, with the anterior and posterior portions of the 

neck in detail (middle and right-side columns, respectively). 

Discussion 
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Due to differences in vertebral morphologies from one neck region to the other, 

transitional vertebral morphologies are commonly present between them and between the 

cervical and dorsal vertebrae of archosarus (Bennett, 2001; Tambussi et al., 2012; Iijima 

& Kubo, 2019). For instance, the first set of vertebrae posterior to the neck of birds are 

commonly named cervico-dorsales (Baumel & Witmer, 1993). 

The presence of a tall neural spine in posterior cervical vertebrae also seems 

appropriate as it has been recorded in azhdarchid and azhdarchoid pterosaurs (Pereda-

Suberbiola et al., 2003; Aires et al., 2014, Vila Nova et al., 2015; Buchmann et al., 2018; 

Andres & Langston Jr., 2021). 

In the analyzed pterosaurs, the morphology of the mid-cervical vertebrae ranged 

from extremely long with low neural spines to long with more developed neural spines, 

consistent with what is widely observed in Pterodactyloidea (Howse, 1986; Wellnhofer 

1991; Kellner & Tomida, 2000; Bennett, 2001; Pereda-Suberbiola et al., 2003; Ösi et al., 

2005; Averianov, 2010; Henderson & Peterson, 2006; Beccari et al., 2021; Andres & 

Langston Jr., 2021). In Rhamphorhynchidae, neural spines are apparently tall in all mid-

cervical vertebrae, which are slightly longer than the posterior cervical vertebrae 

(Wellnhofer, 1975; Andres et al., 2010). The variation in the height of the neural spines 

in the mid-cervicals seen among pterosaurs imply differences in the locations of muscular 

adnexa and in the mobility of the neck. The tall neural spines of the mid-cervical vertebrae 

of Anhanguera piscator and Rhamphorhynchus muensteri, together with the long 

prezygapophyses, may indicate a certain level of restriction to the dorsal extension in this 

portion of the neck, suggesting that this region might not extend much beyond the position 

at rest (Witton & Naish, 2008; Molnar et al., 2015). The longer centra we observed mainly 

in mid-cervicals is the main mechanism of neck elongation in pterosaurs, as also seen in 

extant birds and in non-avian dinosaurs, although they also have more cervical vertebrae 

(Taylor & Wedel, 2013; Marek et al., 2021). The fewer number of vertebrae and the 

elongation of the mid-cervicals compared to extant birds may also have contributed to 

lesser overall neck flexibility in pterosaurs (Dzemski & Christian, 2007). However, this 

relative inflexibility likely strengthened the intervertebral joints, which are more stable in 

the presence of an intervertebral space (Witton & Naish, 2008; Vidal et al., 2020).  

In all pterosaurs analyzed, the posterior cervical vertebrae have tall neural spines 

and lateral bone extensions with diapophyses, related to transverse processes, which may 
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be homologous to those observed in the dorsals in other archosaurs (Wellnhofer, 1975; 

Bennett, 2001; Souza, 2018). As in the mid-cervicals, the bigger length or height of these 

processes in the posterior cervical vertebrae may limit mobility in this region of the neck, 

even though those structures are compatible with osteological correlates for the origin of 

cervical muscles (Boas, 1929; Witton & Naish, 2008; Tambussi et al., 2012, Iijima & 

Kubo, 2019). The craniocaudally shorter centrum in posterior cervicals in relation to the 

other cervicals is also observed in extant birds and crocodylians (Iijima & Kubo, 2019; 

Terray et al., 2020). 

The anatomical vertebral segments recognized here according to the cervical 

anatomy of pterosaurs are widely recognized in extant birds and crocodilians (Terray et 

al., 2020; Mook, 1921; Iijima & Kubo, 2019). The definition of such regions is important 

to recognize the possible attachment sites of muscle and/or ligament tissue in extinct 

archosaurs (Wedel & Sanders, 2002; Tsuihiji, 2004, 2005, 2007; Snively & Russell, 

2007). Although the cervical osteological modules are not related to the functional 

segments of the neck (Kambic et al., 2017) in archosaurs, they are related to the muscles’ 

anatomy and morphology, which in turn are associated to varied locomotor and foraging 

habits in extant species (Molnar et al., 2015; Marek et al 2021). Therefore, the 

morphological variation between cervical vertebrae in the analyzed pterosaurs, especially 

in the azhdarchid, may reflect differences in that animal’s life habits (Averianov, 2013; 

Naish & Witton, 2017) in relation to the Anhanguera and Rhamphorhynchus. 

The procoelous pterosaur cervicals differ from the heterocelic morphology of 

those in extant birds and resemble the morphology of the cervical vertebrae of extant 

crocodylians, in which they constitute joints that guarantee stiffness to the neck while 

maintaining a large range of motion (Baumel & Witmer, 1993; Molnar et al., 2015). The 

variation in convexity of the condyles and the length of the zygapophyses between the 

cervical modules probably causes the variation of movements along the neck in range of 

motion analyzes of extinct animals, since the bone intersection between these structures 

and adjacent vertebrae are the main factors that limit movement (Jones et al., 2021; Padian 

et al., 2021). However, disregarding the presence of soft tissue during manipulation of 

the vertebrae tends to reveal a range of motion that was not necessarily performed by the 

animal in life (Hutson & Hutson, 2012; Padian et al., 2021). The convex condyle of the 

cervical vertebrae of pterosaurs makes a precise fit to the cotyle of its neighboring 

vertebra, especially in the mid-cervicals, as observed in the measurements of the 
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intervertebral space (Table 2) and supports the hypothesis of a thin layer of cartilage 

covering this gap. Furthermore, the anatomical differences observed in the hypapophysis 

of pterosaurs when compared to those of crocodylians and the presence of 

preexapophyses and posexapophyses, which originate directly from the ventral portion of 

the cotyle and condyle, respectively, suggest that pterosaurs did not have a fibrous ring 

in the joint, or that, if present, it would be thinner than in extant crocodylians (Salisbury 

& Frey, 2001; Fronimos & Wilson, 2017). 

Considering cartilage and ligaments allows for more assertive inferences 

regarding different levels range of motion throughout the neck, as demonstrated in extant 

birds (Boas, 1929; Zusi, 1962; Dzemski & Christian, 2007, Molnar et al., 2015). The 

presence of a dorsomedial fovea (fovea condyli) and of flattened ventral edges in relation 

to the central region of the condyle are consistent with osteological correlates for the 

presence of synovial cartilage in extant crocodylians and birds (Salisbury & Frey, 2001; 

Fronimos & Wilson, 2017; Chapter I). The vertebrae of the analyzed pterosaurs showed 

a certain roughness on several surfaces, which is also considered a correlate of the 

presence of synovial cartilage due to its presence in extant crocodylians (Fronimos & 

Wilson, 2017), although some roughness is also found in mammalian bones (McGowan, 

1986). The rough edges of the zygapophyses, cotyle and condyle in the analyzed pterosaur 

vertebrae support inferences on the presence of a fibrous articular capsule connected to 

the synovial cartilage in these joints, also present in extant crocodylians (Schwarz et al., 

2007; Fronimos & Wilson, 2017; Chapter I). Furthermore, the presence of the joint 

capsule in extant birds fixes the joint and can allow both facets to slide until the 

zygapophyses are nearly disarticulated (Taylor et al., 2009; Cobley at al., 2013; Kambic 

et al., 2017). Establishing the level of overlap of the zygapophysis is also important before 

submitting a 3D model to range of motion analysis, so that the level of disarticulation is 

measured from the neck position at rest (Jones et al., 2021).  

Our estimates of intervertebral cartilage thickness are based on the intervertebral 

space that defines the length of synovial cartilage in extant animals (Vidal et al., 2020). 

This cartilage adds length to the neck, but that can vary according to the animal’s 

ontogenetic stage, as there may be a reduction in the space throughout the animal’s life 

(Vidal et al., 2020). The proportion of cartilage to the total neck length of the analyzed 

pterosaurs differs from that observed in extant mammals and crocodylians, which have 

more than 10% of the neck length composed of cartilage (Taylor & Wedel, 2013). Such 
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difference was expected due to the presence of intervertebral discs in the joints of extant 

mammals and some crocodylians, which are more robust than the likely thin synovial 

cartilages in the vertebrae of pterosaurs, according to the osteological correlates presented 

(Taylor & Wedel, 2013; Vidal et al., 2020). The proportion of cartilage we estimated for 

Azhdarcho and Rhamphorhynchus is similar to that observed in the Neognathae birds 

analyzed in the previous chapter. As in Azhdarcho lancicollis, extant birds with extremely 

long and dorsoventrally compact vertebrae, as Ardea alba and Ixobrychus exilis, also had 

less intervertebral cartilage in the neck (see previous chapter). The relatively thin 

intervertebral joint capsules proposed for Azhdarcho lancicollis corresponds to the 

intervertebral soft tissue thickness previously proposed for a range of motion analysis of 

the vertebral series of another azhdarchid pterosaur (Padian et al., 2021). The estimated 

6.5% proportion of cartilage that makes up the length of the neck in Anhanguera piscator 

is similar to that observed in ostriches (6.3%), despite the presence of fibrous ring in 

ostrich joints, which increase the thickness of intervertebral space (Cobley et al., 2013). 

Studies with Sauropodomorpha vertebrae also indicated large differences in this 

proportion, but this may also occur due to ontogenetic factors (Taylor & Wedel, 2013). 

Although the proportion of cartilage obtained for pterosaurs reveals a smaller amount 

compared to extant mammals and crocodylians, we must consider that adding even small 

sums of cartilage impacts not only the length, but also the dorsoventral angulation and 

flexibility of the neck (Cobley et al., 2013; Taylor & Wedel, 2013). The presence of larger 

intervertebral spaces in the posterior region of the neck indicates that this region could 

have less dorsoventral flexion due to the greater volume of synovial cartilage between the 

vertebrae (Cobley et al., 2013; Molnar et al., 2014; Iijima & Kubo, 2019). The 

identification of variations in the thickness of the intervertebral synovial cartilage along 

the neck allows for more precise inferences of its range of motion, considering that the 

center of rotation is located in the intervertebral space (Haher et al., 1991; Selbie et al., 

1993; Wintrich et al., 2019; Jones et al., 2021). 

The position of the neck at rest we estimate here, with approximately 50% and 

75% overlap of the zygapophyses in the mid-cervical and posterior cervical vertebrae, 

respectively, differs from the Osteological Neutral Pose (ONP), which establishes total 

overlap of the zygapophyses (Stevens & Parrish, 1999). Considering that partial overlap 

seems adequate to suggest the position of the animal's neck in life, these overlap levels 

will determine differences in terms of a more or less extended natural pose of the neck 
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(Taylor et al., 2009). The partial overlapping of the zygapophyses we attributed here 

contributes to show intervertebral flexibility in extinct archosaurs (Cobley et al., 2013; 

Iijima & Kubo, 2019) and that the variation in the overlapping level of the zygapophyses 

may indicate a restriction of mobility in the posterior segment of the pterosaur neck. 

Considering that movement requires sliding between the zygapophyses, the reduced 

overlap level could be limited to > 50%, as observed in extant archosaurs and mammals 

(Stevens & Parrish, 2005; Dzemski & Christian, 2007; Taylor et al., 2009). In addition, 

the presence of synovial cartilage ensures greater mobility in the sliding movement of the 

zygapophyses (Vidal et al., 1986), although a posture of full neck extension does not 

necessarily require a high sliding between the zygapophyses (Vidal et al., 2020). 

The relative verticalization of the of the neck at rest position of Azhdarcho 

lancicollis is inferred by the angles observed in the mid and posterior segments of the 

neck, which were obtained by combining the partial overlap zygapophyses, intervertebral 

space thickness, and convexity of the condyles in vertebrae of both regions, and is also 

observed in extant amniotes (Taylor et al., 2009). This combination favored a larger angle 

with the axis of the third vertebra oriented more ventrally in relation to the second vertebra 

(axis), and in the mid-cervical vertebrae, smaller angles with the axes of the vertebrae 

always above their anterior vertebra. This result differs from the reconstruction of the 

neck in neutral posture for the same species proposed by Averianov (2013). A more 

vertical neck relative to the atlas and axis, which are arranged horizontally, is consistent 

with the neck posture of extant Amniota (Taylor et al., 2009). The reconstruction of the 

neck of Quetzalcoatlus by Padian et al. (2021) has a much more vertical neck in relation 

to the trunk in the normal position (as called by the authors), which was inferred based 

on the greater angles between the joints in the posterior portion of the mid-cervical series. 

We believe that the reconstruction of the cervical series of Quetzalcoatlus may differ due 

to using different levels of overlapping of the zygapophysis and spacing between the 

vertebrae in this region, but the authors do not indicate how they defined the values used 

in their work (Padian et al., 2021).  

The verticalization of neck of the Azhdarcho lancicollis in relation to Anhanguera 

and Rhamphorhynchus observed here probably meant that it required less force to balance 

the neck and head, bringing both closer to the center of mass (Dzemski & Christian 2007; 

Marek et al., 2021). However, we consider that the neck of Azhdarcho lancicollis would 

only be as vertical as suggested for Quetzalcoatlus by Padian et al. (2021) during dorsal 



 

92 
 

extension. Unlike what we suggested for Azhdarcho lancicollis, the necks of the other 

pterosaurs we analyzed would probably be arranged more horizontally in relation to the 

trunk and may have suffered higher static pressure, especially at their bases (Dzemski & 

Christian, 2007; Taylor et al., 2009). 

Scars are abundant in the analyzed pterosaur vertebrae, as expected in archosaur 

bones (McGowan, 1986). We interpreted many of them as muscular, although it is 

assumed that few muscles leave scars in extant archosaurs (Nicholls & Russell, 1985). 

Depressions on the base and roughness on the cranial and caudal surface of pterosaur 

neural spines are also observed in attachment sites of the ligamentum elasticum 

interlaminare and ligamentum elasticum interspinale in extant birds (Tsuihiji, 2004; 

Tambussi et al., 2012; see also the previous chapter). A depression on the cranial surface 

of the base of each neural spine of the mid-cervical and posterior cervical vertebrae 

demonstrates that the ligamentum elasticum interlaminare was discontinuous, as in extant 

birds (Tsuihiji, 2004; Tambussi et al., 2012). The presence of a ligamentum elasticum 

interlaminare restricted only to the cranial and caudal ends of the neck in Azhdarcho 

lancicollis is also observed in birds with extremely long necks, as in Rheiformes (Tsuihiji, 

2004). Furthermore, the absence of the ligament in this region supports previous 

interpretations of inflexibility of the mid-cervical vertebrae of azhdarchid pterosaurs 

(Witton & Naish, 2008). 

Tall neural spines with thick tops in the pterosaur posterior cervical vertebrae 

resemble those seen in extant birds, in which the ligamentum nuchae is also thicker in 

this region (Tambussi et al., 2012).  The presence of the ligamentum nuchae dorsally to 

the cervical series in pterosaurs is supported by the presence of developed tuberosities on 

top of the neural spines of successive cervical vertebrae in extant birds (Tsuihiji, 2004). 

However, the thickness of the top of neural spines may also be associated with the 

presence of muscles from the developed transversospinalis group (Snively & Russell, 

2007). 

The above-mentioned ligaments could exert passive forces, stabilize the cervical 

series, and store energy (Dzemski & Christian, 2007). The long length and great strength 

and elasticity of the ligamentum elasticum interlaminare and ligamentum elasticum 

interspinale may have contributed to support the weight and helped to restore the neck to 

the rest position after ventral flexion (Gál, 1993; Tsuihiji, 2004; Witton & Naish, 2008; 
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Tambussi et al., 2012; Naish & Witton, 2017). The presence of the ligamentum nuchae 

above the cervical series could mean an additional surface for muscle attachments 

originating from the pectoral girdle (Dimery et al., 1985). Furthermore, the presence of a 

robust ligamentum nuchae would probably contribute to the stabilization of the skull 

above the height of the trunk in a position at rest (Dimery et al., 1985; Tsuihiji, 2004). 

The robustness of the ligamentum collaterale and intervertebral thickness of cartilages in 

the posterior segment probably contributes to the stability of this region, decreasing the 

range of motion and increasing stiffness between joints, which would also increase 

resistance to possible compression loads caused by dorsoventral flexion of the neck of 

these pterosaurs (Cobley et al., 2013; Molnar et al., 2014; Iijima & Kubo, 2019; Moore, 

2020). Such resistance is probably further maximized in dsungaripteroids, including 

Anhanguera and Azhdarcho, by the formation of the notarium in osteologically mature 

individuals (Witton & Habib, 2010; Aires et al., 2021). 

Conclusions 

Pterosaur mid-cervical and posterior cervical vertebrae compose two distinct 

cervical anatomical modules, with longer mid-cervical vertebrae with more convex 

condyles and longer prezygapophyses, and shorter posterior cervicals with more 

developed vertebral processes. The presence of a fovea and extensive convex condyles, 

besides a rough area that borders all the articular surfaces of the vertebrae of the 

pterosaurs we analyzed, supports the presence of synovial cartilage in the vertebral joints, 

which are thicker near the base of the neck and probably affect the neck length and 

angulation at rest position. 

The position of the neck at rest of the pterosaurs analyzed here indicates that they 

probably kept their heads above the level of the trunk and slightly flexed in a ventral 

direction. The verticalization of the neck in Azhdarcho lancicollis in rest position is 

inferred by the orientation of the vertebrae above the main axis of their subsequent 

vertebrae, from the fourth to the ninth cervicals. 

The osteological correlates observed in the vertebrae of pterosaurs support the 

presence of the ligamentum collaterale, ligamentum elasticum interspinale, ligamentum 

elasticam interlaminare and ligamentum nuchae. Probably, most ligaments were present 

throughout the entire neck, except for the ligamentum elasticum interlaminare, which 

may have been absent in the middle section of the neck of Azhdarcho lancicollis, as 
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suggested by the lack of correlates. The scars and robustness of the neural spines indicate 

that the ligaments were probably more robust in the final segment of the neck. We discuss 

that the presence of these ligaments could probably stabilize the cervical series exert 

passive forces and store energy. 
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Abstract 

 The cervical series of pterosaurs has vertebrae that vary in morphology along its 

length. Such osteological variations represent changes in the neck soft tissues, such as 

ligaments and muscles, and reflect on their efficiency. Here, we aim to identify the 

presence of osteological correlates in the cervical vertebrae and skull of pterosaurs to infer 

attachment sites for the cervical musculature. We also aim to determine the intensity 

capacity of each muscle, by examining their origin area and volume. Analyzes were 

performed on three-dimensionally preserved cervical series of Anhanguera piscator 

(NSM-PV 19892), Azhdarcho lancicollis (ZIN PH, several specimens) and 

Rhamphorhynchus muensteri (MGUH 1891.738), which were digitized for subsequent 

muscle reconstruction. Osteological correlates were identified from structures observed 

in vertebrae and skulls of extant archosaurs and supported by the criteria of the Extant 

Phylogenetic Bracket (EPB). The proportion of the muscle volume was defined based on 

observations of extant archosaurs, and corresponds to six times the value of the area of 

origin for muscles arranged dorsally and ventrally to the cervical series, and three times 

the value of the area of origin for the other muscles. The estimation of muscle capacity 

was calculated by multiplying the maximum muscle volume and the muscle stress value. 

According to the recognized osteological correlates, we inferred the presence of thirteen 

cervical muscles, of which only two do not correspond to a level I inference by the EPB. 

Six of the thirteen muscles had a limited length between the cranial end and the middle 

of the cervical series, which probably ensured an extremely mobile head. The muscles 

that perform dorsal extension and ventral flexion demonstrated greater robustness and, 

consequently, greater efficiency for the execution of movements. Dorsal extension could 

also be optimized by the action of epaxial ligaments. The muscles that showed extremely 

low potential serve a cervical stabilization function or represent only an additional activity 

for movements performed by more robust muscles. Most of the epaxial muscles were 

attached to the bones by aponeuroses, which is consistent with the stability near the base 
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of the neck, while the hypaxial muscles were attached by tendons, which may have 

contributed to the flexibility of the ventral movements. 

Key words: cervical biomechanics, cervical vertebrae, cervical muscles, Pterosauria, 

Archosauria, neck. 

Introduction 

 The pterosaur cervical vertebrae have unique specializations, varying 

morphologically between species and in different areas of the neck within the same 

individual (Wellnhofer, 1991; Kellner & Tomida, 2000; Bennett, 2001; Veldmeijer, 2009; 

Eck et al., 2011; Vila Nova et al., 2015, Buchmann et al., 2018; Andres & Langston Jr., 

2021). Usually, their neck is anatomically segmented in the anterior cervical vertebrae 

(atlas and axis), the mid-cervical vertebrae (third to seventh), and posterior cervical 

vertebrae (eighth and ninth) (Bennett, 2001; Vila Nova et al., 2015). The anatomical 

complexities presented by these different segments reflect variations in the attachments 

of soft tissues, such as joints, ligaments, and muscles (Tambussi et al., 2012; Cobley et 

al., 2013). Muscle attachment sites in pterosaur vertebrae can be recognized through 

osteological correlates in extant archosaurs, and these inferences can be supported based 

on the Extant Phylogenetic Bracket criteria (Witmer, 1995). 

Inferences regarding the presence of muscles of the transversospinalis and 

longissimus groups were previously made, mainly by the identification of insertion sites 

in correlates in the occipital region of the skull (Witmer et al., 2003; Habib & Godfrey, 

2010, Naish & Witton, 2016). Dorsal muscles associated with the execution of 

appendicular movements that are arranged superficially at the base of the neck were also 

previously inferred (Bennett, 2003; Elgin & Frey, 2011). However, a complete analysis 

identifying possible osteological correlates in cervical vertebrae of different pterosaurs 

has not yet been performed. 

 Furthermore, inferences about pterosaur foraging habits and locomotion are often 

presented disregarding the activity of the cervical muscles (Nesov, 1984; Kellner & 

Langston Jr., 1996; Prieto, 1998; Kellner & Tomida, 2000; Kellner & Campos, 2002; 

Humphries, 2007; Averianov, 2013; Padian et al., 2021; Williams et al., 2021). The 

procoelous condyle of the cervical vertebrae indicates that the long necks of pterosaurs 

were mobile (Bennett, 2001; Fronimos & Wilson, 2017) but  the convexity of the 
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condyles and the length of the vertebral processes, especially in Pteranodontoidea, 

indicate that the neck was not be sinuous and flexible like that of extant birds (Boas, 1929; 

Zusi, 1962; Kellner & Tomida, 2000; Bennett, 2001; Guinard et al., 2010; Eck et al., 

2011; Cobley et a., 2013; Vila Nova et al., 2015, Fronimos & Wilson, 2017; Buchmann 

et al., 2018; Andres & Langston Jr., 2021). The identification of sites of insertion and 

inferences of muscle volume can more assertively demonstrate muscle efficiency and 

allow to extrapolate the cervical movements possibly performed by pterosaurs (Porro et 

al., 2012). 

Here, we aim to identify osteological correlates of muscles in the cervical 

vertebrae and occipital region of pterosaurs, to establish the maximum potential of the 

force exerted by the musculature, and to relate these forces to cervical stability and 

mobility. 

Material and methods 

For soft tissue reconstruction, we used 3D digital models of the cervical vertebrae 

of the holotype of Anhanguera piscator (NSM-PV 19892), housed in the collection of the 

National Museum of Nature and Science, in Tsukuba, Japan (Kellner & Tomida, 2000); 

of several specimens of Azhdarcho lancicollis, housed in the Paleoherpetological 

collection of the Zoological Institute of the Russian Academy of Sciences (ZIN PH) and 

in the Chernyshev’s Central Museum of Geological Exploration (CCMGE 1/11915), both 

in Saint Petersburg, Russia (Averianov, 2010); and of a specimen attributed to 

Rhamphorhynchus muensteri (MGUH 1891.738), housed in the Geological 

Museum/Natural History Museum of Denmark, Copenhagen, Denmark (Bonde & 

Christiansen, 2003). All cervical series were previously digitally reconstructed and 

articulated (see the previous chapter). The choice of these pterosaur specimens is justified 

by the excellent three-dimensional preservation of almost all vertebrae, which enables the 

recognition of osteological correlates. 

The digital reconstruction of the muscles in the 3D models was done using 

Blender 3D software, version 2.91 (Blender Development Team, 2019). Anatomical 

nomenclature that had not yet been used for pterosaur vertebrae was established following 

the Nomina Anatomica Avium (Baumel et al. 1993). The recognition of the osteological 

correlates was carried out after avian vertebrae and that of a dissected alligator (Caiman 

latirostris) (see Chapter 1). The specimen of Caiman latirostris was euthanized by 
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veterinarians of the Caiman Project (Marcos Daniel Institute) (under the authorization 

SISBIO 92997549) and dissected at the University Federal do Espírito Santo. 

The pterosaur soft tissue inference was supported by the criteria of the Extant 

Phylogenetic Bracket (EPB) (Witmer, 1995). We followed the hypothesis of homology 

between extant bird and crocodilian neck muscles established by Tsuihiji (2005; 2007). 

The names suggested for the musculature of pterosaurs were decided on the basis of the 

greatest similarity between the locations, amount, and shape of attachments of the 

muscles of extant birds or crocodilians. 

The thickness of the belly of each flexor and extensor muscle arranged dorsally 

and ventrally to the cervical series was calculated as six times the muscle’s origin area, 

as we observed in extant birds in Chapter I. The thickness of each thin muscle arranged 

laterally to the cervical series was defined as three times the muscle’s origin area, after to 

the same reasoning.  

The maximum possible force production (Fpmax) of the muscles was obtained by 

multiplying the cross-sectional area of each muscle by the isometric muscle stress value, 

as previously established in extant crocodilians (Porro et al., 2011). We considered the 

isometric muscle stress value to be equivalent to 25 N/cm2 (Herzog, 2007). 

Anatomical abbreviations 

ac, ansa costotransversaria; arc, articular capsule; bo, basioccipital; ca, capitulum; caat, 

capitulum of the atlas; caax, capitulum of the axis; ceat, centrum of the atlas; ceax, 

centrum of the axis; cnt, crista nuchalis transversa; com, complexus; con, condyle; ep, 

epipophyses; flx, flexor colli; fm, foramen magnum; fov, fovea; ftr, foramen 

transversarium; hyp, hypapophysis; incr, intercristales; insp, interspinales; intr, 

intertransversarii; lcas, longissimus capitis superficialis; lcap, longissimus capitis 

profundus; loc, longus colli; mus, muscle scar; nc, neural canal; ns, neural spine; oc, 

occipital condyle; pa, parapophysis; poex, postexapophysis; preex, preexapophysis; po, 

paraoccipital; poz, postzygapophysis; prz, prezygapophysis; rcl, rectus capitis lateralis; 

rcv, rectus capitis ventralis; soccr, supraoccipital crest; spca, splenius capitis; tat, atlas 

tubercle; tax, axis tubercle; td, torus dorsalis; toc, transverse oblique crest; tpr, transverse 

process; trca, transversospinalis capitis; trce, transversospinalis cervicis; tub, tubercle 

Identification of osteological correlates 
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Due to the state of preservation, it was not possible to identify osteological 

correlates in the neural arch of the atlas and axis of MGUH 1891.738 (Rhamphorhynchus 

muensteri). The centrum of the atlas of Anhanguera piscator and Azhdarcho lancicollis 

presents the cotyle expanded in the medial portion, thinning ventrally, forming a process 

located on the cranioventral surface similar to a short hypapophysis (Figure 1). The atlas 

of both these pterosaurs has bulges laterally that resemble muscle attachment sites in 

avian vertebrae (Figure 1). Craniolaterally, in the ansa costotransversaria of the axis of 

all analyzed pterosaurs, tubercle and capitulum are observed, which are more developed 

in Azhdarcho lancicollis (Figure 1). The epipophysis of the axis is well developed in 

Anhanguera piscator and Azhdarcho lancicollis, resembling the torus dorsalis of extant 

birds (Figure 1). The axis’ neural spine is tall and its cranial face has a well-defined 

muscular scar in both Pterodactyloidea pterosaurs, resembling that seen in extant birds 

(Figure 1). 
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Figure 22. Photographs/3D models and interpretative drawings of the atlas and axis of Procellaria 

aequinoctiallis (A, B), Anhanguera piscator (C, D) and Azhdarcho lancicollis (E, F) in cranial (CV) and 

left lateral view (LLF). Dotted regions indicate greater surface roughness. Scale bar: 10 mm. 

In the rest of the vertebrae, the hypapophyses of all analyzed pterosaurs are well 

developed ventrocranially, as in extant birds, and are longer in the mid-cervical vertebrae. 
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The hypapophysis of the eighth vertebra of pterosaurs is pronounced and extends 

cranioventrally, and it is wider than the hypapophyses present in the mid-cervical 

vertebrae (Figure 2). The preexapophyses are located laterally to the hypapophysis of 

each vertebra in Anhanguera piscator and Azhdarcho lancicollis, as seen in extant birds 

ventrally to the ansa costotransversaria (Figure 2). These pterosaurs have the 

preexapophyses of the eighth vertebra longer than those in ninth vertebra, but the 

hypapophysis and preexapophyses of the posterior cervicals are not as developed as in 

the mid-cervicals (Figure 2). We observed the presence of a capitulum in the entire 

cervical series of Rhamphorhynchus muensteri, in the same region where preexapophyses 

are present in the other pterosaurs analyzed, indicating the presence of articulation 

surfaces for the cervical ribs (Figure 2). The ansa costotransversaria of pterosaurs is not 

developed as in extant birds (Figure 2). Short bony structures that extend ventrolaterally 

to the ansa costotransversaria are defined here as tubercles in all pterosaurs analyzed, 

after the developed tuberculum ansae in extant birds (Figure 2). Anhanguera piscator and 

Azhdarcho lancicollis have transverse processes longer than tubercles in the posterior 

cervical vertebrae, as in more posterior cervicals of extant birds (Figure 2). 

Robust epipophyses are present on the dorsal surface of the postzygapophyses of 

Anhanguera piscator e Azhdarcho lancicollis, as seen on the torus dorsalis in extant birds 

(Figure 2). The epipophyses of the eighth vertebra are the most developed of all in the 

cervical series, while in the ninth vertebra they are more discrete (Figure 2). Transverse-

oblique crests are seen in Anhanguera piscator and Azhdarcho lancicollis and are shorter 

and more concave than in extant birds. The posterior cervical vertebrae of Azhdarcho 

lancicollis do not present the region of the transverse-oblique crests preserved, however, 

in Anhanguera piscator the crests are reduced in the eighth vertebra and absent in the 

ninth. The neural spines are tall throughout the cervical series in Anhanguera piscator 

and Rhamphorhynchus muensteri, which are observed in the counter slab in the latter. 

The cervical vertebrae of Azhdarcho lancicollis have reduced or absent neural spines in 

the mid-cervical vertebrae. In Anhanguera piscator, the posterior cervical vertebrae have 

tall neural spines with a blade-like shape, differing from the shape commonly presented 

in mid-cervical vertebrae, which are sharp-like (Figure 2), while the shape of the neural 

spines of Rhamphorhynchus muensteri does not vary along the neck, and the analyzed 

material of Azhdarcho lancicollis does not present this structure preserved in posterior 

vertebrae. 
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Figure 23. Photographs and interpretative drawings of the fifth (A, B), eighth (C, D) and ninth (E, F) 

cervical vertebrae of Anhanguera piscator in right lateral view and the articulated cervical series of 

Rhamphorhynchus muensteri in ventral view. Dotted regions indicate greater surface roughness. Scale bar: 

10 mm. 

Cervical musculature reconstruction 
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Epaxial muscles 

Transversospinalis group 

Transversospinalis capitis 

This muscle is probably the most dorsal in the neck (Figure 3). Its insertion was 

probably on the dorsal portion of the supraoccipital crest of the skull, which is wide in 

Anhanguera piscator (Figure 4). It would probably be attached on the broad surfaces of 

the top of the neural spines of mid-cervical vertebrae, including on the reduced neural 

spines of the mid-cervical vertebrae of Azhdarcho lancicollis (Figure 5). The elongated 

top of the neural spine of the first dorsal (or notarial) vertebra and posterior cervical 

vertebrae indicates that the origins of the muscle were attached to them, as is observed in 

extant birds and crocodilians (Figure 5). Its wide areas of origin indicate robustness near 

the posterior cervical vertebrae, due to the width of the top of the neural spines (Table 1). 

We consider its presence to be supported as a level I inference by the EPB, being 

homologous to the biventer cervicis and transversospinalis capitis of extant birds and 

crocodilians, respectively. 

Complexus 

The muscle probably had a superficial position and was located craniolaterally in 

the neck (Figure 3). The crista nuchalis transversa bordering both lateral surfaces of the 

occipital region of the skull of Anhanguera piscator provides a wide area for its 

attachment (Figure 4). The muscle probably attached to the tubercles and epipophyses 

from the axis to the fourth vertebra, as is seen in extant birds and crocodilians (Figure 5). 

Its origin was probably on the tubercles developed laterally to the ansa costotransversaria 

of the fifth and sixth vertebrae and on the prominent epipophyses in the fourth and fifth 

vertebrae, which indicates that it extended along only the cranial half of the neck (Figure 

5). The developed osteological correlates indicate a robust muscle, which may have 

presented its thickest portion between the third, fourth and fifth vertebrae (Table 1). 

According to the similarities of the osteological correlates, the muscle was probably 

homologous to the complexus and transversospinalis capitis of extant birds and 

crocodilians, respectively, representing a level I inference by the EPB. 
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Figure 24. Cervical muscle reconstruction showing the superficial musculature of Anhanguera piscator 

(A), Azhdarcho lancicollis (B) and Rhamphorynchus muensteri (C) in left lateral view. Scale bar: 10 mm. 

Transversospinalis cervicis 
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It was probably the deepest of the transversospinalis group, being overlapped by 

the complexus, transversospinalis capitis, and longissimus capitis superficialis (Figure 

6). The presence of well-developed epipophyses in all cervical vertebrae of Anhanguera 

piscator and Azhdarcho lancicollis supports the presence of attachments of this muscle 

in each vertebra from the axis onwards, as in extant birds and crocodilians. Its origin was 

likely attached to the robust epipophyses of the seventh and eighth vertebrae and at the 

mid-height of the posterior edge of the neural spine of the ninth cervical or first dorsal (or 

notarial) vertebra, as seen in extant birds and crocodilians (Figure 5). Although the 

preservation of MGUH 1891.738 makes it difficult to visualize its correlates on the mid-

cervical vertebrae, we observed the presence of developed epipophyses in the seventh, 

eighth and ninth vertebrae, confirming the presence of the origins of this muscle (Figure 

2). According to the osteological correlates, this may have been the thickest cervical 

muscle in pterosaurs, based on the broad dorsolateral regions of the neural arch, mainly 

of the sixth and seventh vertebrae. Correlates support that it was likely homologous to the 

longus colli dorsalis, pars. cranialis and caudalis, in extant birds, and transversospinalis 

cervicis, in extant crocodilians, which indicates a level I inference by the EPB. 

Splenius capitis 

This muscle was single, arranged dorsomedially and superimposed by the cranial 

portions of the complexus and transversospinalis capitis (Figure 7). The depression 

surrounding the edge of the crista nuchalis transversa in the occipital region of the skull 

of Anhanguera piscator indicates that its insertions were probably completely overlapped 

by those of the complexus up to the most dorsal portion of the paraoccipitals. The muscle 

scar present on the cranial surface of the neural arch of the axis probably corresponds to 

the most cranial origin of this muscle. The slender shape of the cranial surface of the 

neural spine of the third vertebra suggests that the more caudal origin of splenius capitis 

attaches to this vertebra, as in extant birds (Figure 5). The presence of a muscle scar on 

the broad cranial surface of the axis neural arch suggests that the muscle was robust, but 

we must consider that this is the only muscle we infer for the neck that is not bilaterally 

arranged (Table 1). According to the osteological correlates identified, it would probably 

be homologous to the splenius capitis of extant birds, and to the epistropheo-capitis and 

atloïdo-capitis of extant crocodilians, which we consider a level I inference by the EPB. 
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Figure 25. Photography (A) and interpretative drawing with locations of muscular attachments (B) of the 

occipital region of the skull of Anhanguera piscator. Scale bar: 10 mm. 

Intercristales 

These muscles probably extended deeply throughout the cervical series, arranged 

laterally to the base of the neural spines and superimposed by the transversospinalis 

cervicis (Figure 7). The prominent transverse oblique crest presented caudolaterally to 

the bases of the neural spines of Anhanguera piscator and Azhdarcho lancicolis indicates 

that their attachments were present from their insertion on the axis to their origins in the 

seventh and eighth vertebra, in which the transverse oblique crest is more concave due to 

the morphology of the epipophyses (Figure 5). Due to the mode of preservation of MGUH 

1891.738, we can observe these structures only at the origins of the muscles in the 

posterior cervical vertebrae; however, it was likely present in the rest of the cervical series 

of Rhamphorhynchus muensteri. Shallow osteological correlates indicate that these 

muscles were extremely thin (Table 1). They were likely homologous to the intercristales 

and interarticulares of extant birds and crocodilians, respectively, representing a level I 

inference by the EPB. 
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Interspinales 

These muscles are arranged in segments between the neural spines of the cervical 

vertebrae, probably bordering the ligamentum elasticum insterspinale (Figure 7). The 

cranial and caudal ends of the neural spines of the cervical vertebrae are thick and have a 

slight concavity at their margin, indicating attachments of a pair of thin muscles from the 

neural spine of the axis to that of the dorsal vertebrae (Figure 5). These muscles are 

homologous to the interspinales present in extant birds and crocodilians, which supports 

their presence as a level I inference by the EPB. 

Longissimus and Iliocostalis group 

Longissimus capitis superficialis 

It is probably the most superficial muscle of this group (Figure 6). The lateral 

margins of the paraoccipitals in the skull of Anhanguera piscator provide a wide area of 

insertion, as in extant crocodilians (Figure 6). The transverse processes gradually increase 

in length from the fifth to the posterior cervical vertebrae, supporting the hypothesis that 

this muscle was attached to each vertebra from the half to the end of the cervical series 

(Figure 5). Although the preservation of MGUH 1891.738 attached to a slab makes 

analysis difficult, we observed that more developed transverse processes are also present 

from the fifth vertebra onwards. The origin of the muscle was probably associated with 

the broad transverse processes of the ninth cervical and first dorsal vertebrae, as is also 

seen in extant crocodilians. The broad surfaces of the transverse processes suggest that 

the longissimus capitis superficialis was the most robust muscle disposed laterally to the 

cervical series. Apparently, there is no homologue in extant birds, which is consistent 

with a level II inference by the EPB in this case. 
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Figure 26. Locations of muscular attachments in the cervical vertebral column of Anhanguera piscator. 

Scale bar: 10 mm. 

Longissimus capitis profundus 

This muscle would be superimposed by the longus capitis superficialis (Figure 6). 

Probably, the depressions on the basioccipital bones of Anhanguera piscator are its 

insertion sites, as in extant birds and crocodilians (Figure 4). It attached to the short 

transverse processes of the first half of the neck of pterosaurs, as also seen in extant 

crocodilian vertebrae (Figure 5). In extant birds its attachments occur on the costal 

processes, which are absent in pterosaur vertebrae. In extant crocodilians, the origin of 

the longissimus capitis profundus is also anterior to the muscular attachments of the 

longissimus capitis superficialis. The origin of the longissimus capitis profundus in 

pterosaurs was possibly on the fifth vertebra, which supports the inference of a thin 

muscle arranged laterally to the cervical series (Table 1). It would probably be 

homologous to the rectus capitis dorsalis and longissimus capitis profundus of extant 

birds and crocodilians, respectively. We thus consider a level I inference for the presence 

and position of the muscle insertion and level II for the rest of the muscle attachments. 

Table 10. Established area of muscle origins and maximum suggested thickness of each 

inferred cervical muscle. This table disregards the bilateral arrangement. 



 

116 
 

 Area of muscle origin 

(cm²) 

Muscle thickness 

(cm²) 

Anhanguera piscator   

Transversospinalis capitis 0.8088 4.853 

Complexus  1.0961 6.577 

Transversospinalis cervcicis 1.9211 11.527 

Splenius capitis 1.5710 9.426 

Intercristales 0.1720 0.516 

Interspinales 0.1183 0.355 

Longissimus capitis superficialis 0.8003 2.401 

Longissimus capitis profundus 0.1806 0.542 

Flexor colli 0.1036 0.311 

Intertransversarii 0.2990 0.897 

Longus colli  1.2503 7.502 

Rectus capitis ventralis 0.6238 3.743 

Rectus capitis lateralis 0.3983 1.195 

Azhdarcho lancicollis    

Transversospinalis capitis 0.2995 1.377 

Complexus 0.3925 2.355 

Transversospinalis cervicis 0.4135 2.481 

Splenius capitis 0.5861 3.517 

Intercristales 0.0190 0.057 

Interspinales 0.0060 0.018 
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Longissimus capitis superficialis 0.2783 0.835 

Longissimus capitis profundus 0.0580 0.174 

Flexor colli 0.0706 0.212 

Intertransversarii 0.0846 0.254 

Longus colli 0.5278 3.167 

Rectus capitis ventralis 0.3921 2.353 

Rectus capitis lateralis 0.2070 0.621 

Rhamphorhynchus muensteri   

Transversospinalis capitis 0.0378 0.227 

Complexus 0.0541 0.325 

Transversospinalis cervicis 0.0806 0.484 

Splenius capitis 0.0801 0.481 

Intercristales 0.0043 0.013 

Interspinales 0.0016 0.005 

Longissimus capitis superficialis 0.0330 0.099 

Longissimus capitis profundus 0.0213 0.064 

Flexor colli 0.0110 0.033 

Intertransversarii 0.0243 0.073 

Longus colli 0.072 0.433 

Rectus capitis ventralis 0.0350 0.210 

Rectus capitis lateralis 0.0226 0.068 

 

Flexor colli 
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It was probably superimposed by the longissimus capitis superficialis and 

extended laterally to the neural arch of the cranial half of the cervical series (Figure 6). 

The most cranial insertions of this muscle would attach to the osteological correlates 

present laterally to the centrum and intercentrum of the axis and atlas, respectively, 

probably next to the attachments of the longissimus capitis profundus (Figure 5). The 

presence of tubercles laterally on the ansa costotransversaria in the third, fourth and fifth 

vertebrae in the analyzed pterosaurs indicates the presence of muscular attachments along 

the cervical series, as in extant birds and crocodilians (Figure 5). We consider that its 

origin was on the tubercles of the sixth vertebra, which are more developed than in the 

more cranial vertebrae of Azhdarcho lancicollis and Rhamphorhynchus muensteri, 

although they still suggest a thin muscle (Table 1). It was probably homologous to the 

flexor colli lateralis, in extant birds, and portions of the longissimus cervicis and 

iliocostalis cervicis, in extant crocodilians. The attachment sites of both muscles in extant 

crocodilians are found near the prezygapophyses and on the cervical ribs, differing from 

the position and anatomy of the osteological correlates present in the vertebrae of 

Anhanguera piscator. Therefore, we suggest the presence of only one flexor colli muscle 

disposed laterally, as observed in extant birds, representing an EPB II inference for the 

position of the insertions. 

Intertransversarii 

We suggest the presence of this muscle laterally to the neural arch of the cervical 

series and superimposed by the flexor colli and longissimus capitis profundus, in the first 

half of the neck, and by the longissimus capitis superficialis, along its entire length 

(Figure 7). The muscle was attached to the concavity that borders the lateral tubercles of 

vertebrae from its insertion on the axis to its origin in the ninth cervical and first dorsal 

vertebra (Figure 5). The small areas of origin indicate that this was the thinnest long 

muscle of the pterosaur neck (Table 1). It is present with the same nomenclature in both 

extant taxa, but in birds it is superficial and in crocodilians, deeper (as we suggest here 

for pterosaurs). As the characteristics of the osteological correlates of the attachment sites 

are similar in both extant taxa, we establish them as an EPB inference level I. 
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Figure 27. Muscular reconstruction of the neck of Anhanguera piscator (A), Azhdarcho lancicollis (B) and 

Rhamphorynchus muensteri (C), without the transversospinalis capitis, complexus and longissimus capitis 

superficialis, in left lateral view. Scale bar: 10 mm. 

Hypaxial muscles 

Longus colli 



 

120 
 

We suggest that this muscle was positioned ventrally to the cervical vertebrae, 

being superimposed by the rectus capitis ventralis in the first half of the neck and 

superficial in the other half (Figure 7). The prominence present in ventral view of the 

centrum of the axis of Anhanguera piscator and Rhamphorhynchus muensteri and on the 

first third of the length of the atlas-axis of Azhdarcho lancicollis is possibly associated 

with its insertion (Figure 5). The well-developed hypapophyses and preexapophyses in 

all mid-cervical vertebrae suggests that the muscle was attached along the entire neck 

(Figure 5). The cervical ribs of Rhamphorhynchus muensteri probably also had 

attachment sites, as in extant crocodilians (Figure 5). Its origin is restricted to the 

attachment on the hypapophyses of the eighth cervical to the third dorsal vertebrae (Figure 

5). The wide areas of origin on the posterior cervical and first dorsal vertebrae support 

the presence of a robust muscle, mainly in the caudal half of the neck (Table 1). It is 

probably homologous to the longus colli ventralis in extant birds and to portions of the 

longus colli in extant crocodilians. In extant archosaurs, the origin is on the ventral surface 

of the centrum and the hypapophyses of the posterior cervical and free thoracic vertebrae, 

indicating that the muscle could also be as long in pterosaurs. In Anhanguera piscator 

and Azhdarcho lancicollis, additional attachments could be established in the 

preexapophyses, due to the scars and roughness of this structure, as in the carotid 

processes of extant birds. The attachments suggested represent an inference level I for the 

hypapophyses and ventral surfaces of the centrum. However, an inference level III is 

considered for attachments in preexapophyses. 

Rectus capitis ventralis 

This muscle was superficial and located ventrally (Figure 6). It probably inserted 

into the depressions observed on the ventrolateral surface of the basioccipital of the skull 

of Anhanguera piscator (Figure 4). We suggest that it was attached to vertebrae that had 

well-developed hypapophyses, which would indicate its origin on the fifth vertebra and 

further attachments from the intercentrum of the atlas to the fourth vertebra in all analyzed 

pterosaurs (Figure 5). An origin on the highly developed hypapophyses allows the 

inference of a robust muscle limited in length, from the head to the half of the neck (Table 

1). It was homologous to the rectus capitis ventralis, which attaches to the hypapophyses 

of the vertebrae of extant birds, and to the rectus capitis anticus major, which attaches to 

the ventral processes of the vertebrae of extant crocodilians. The insertion in both extant 

taxa is concentrated on each side of the ventral portion of the basioccipital, as we suggest 
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in Anhanguera piscator. Therefore, the muscle insertions described here can be 

considered an EPB inference level I. 

 

Figure 28. Muscular reconstruction of the neck of Anhanguera piscator (A), Azhdarcho lancicollis (B) and 

Rhamphorynchus muensteri (C) without the transversospinalis capitis, complexus, transversospinalis 



 

122 
 

cervicis, longissimus capitis superficialis, longissimus capitis profundus, flexor colli, rectus capitis 

ventralis and rectus capitis lateralis in left lateral view. Scale bar: 10 mm. 

Rectus capitis lateralis 

It was probably superimposed by the longissimus capitis superficialis (Figure 6). 

The pronounced ventral margins of the paraoccipital processes in the skull ofAnhanguera 

piscator support the inference of its insertion (Figure 4). The atlas and axis attachments 

would likely be on the ventrolateral surface of the centrum and intercentrum, respectively 

(Figure 5). In Rhamphorhynchus muensteri, this muscle was probably attached to the 

ventral surfaces of the capitulum of the vertebrae of the cranial half of the neck. The origin 

would probably also be on the developed hypapophyses of the fourth and fifth vertebrae, 

but on the lateral surfaces. According to the attachment surfaces of the origins, this muscle 

was the thinnest of the hypaxial muscles and extended from the head to the half of the 

neck (Table 1). It was likely homologous to the rectus capitis lateralis and to a portion of 

the iliocostalis capitis of extant birds and crocodilians, respectively. The attachment sites 

in the capitulum of the vertebrae of Rhamphorhynchus muensteri are similar to those seen 

in extant crocodilians. The attachments on the hypapophyses is similar to that observed 

in extant birds, which present these prominent structures in the anterior segment of the 

neck, as discussed in Chapter I. Therefore, we assume an EPB inference I for the muscle 

attachments. 

Maximum possible force production (Fpmax) by the cervical muscles 

 According to our reconstruction, the cervical muscle arrangement was the same 

size in width and height and its shape was circular in cross-sectional view anywhere in 

the neck (Figure 8). The area filled by epaxial muscles in any region of the neck is larger 

than the area containing hypaxial muscles, being approximately double in Anhanguera 

piscator and Rhamphorhynchus muensteri. The larger epaxial area is due to the thickness 

of the transversospinalis muscles, the number of epaxial muscles, and their dorsal and 

lateral arrangements. Laterally to the cervical vertebrae, the sum of the width of 

musculature on both sides corresponds to approximately one third of the total width at the 

widest point of any cross-section of the neck. This same value also represents 50% of the 

width of the vertebra (Figure 8). The sum of the width of both sides of the lateral cervical 

musculature varies between species and is proportionately thinner in Azhdarcho 

lancicollis, representing 32 to 34% of the total width of the neck transverse sections, while 
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Anhanguera piscator and Rhamphorhynchus muensteri present 35 to 36.5% and 33.5 to 

34%, respectively. 

 

Figure 29. Cross-section showing the fourth (A) and seventh (B) cervical vertebra of Anhanguera piscator, 

the fourth (C) and sixth (D) cervical vertebra of Azhdarcho lancicollis and the fourth (E) and sixth (F) 

cervical vertebra of Rhamphorhynchus muensteri in cranial view. The ruler on the left and below each 

cross-section shows the height and the width of the neck, respectively. The red marks on the ruler below 
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the cross-section indicate that the width of the lateral musculature, which together represents approximately 

one third of the total width of the neck and 50% of the width of the vertebra. Ruler measurements shown 

in millimeters. 

The most robust muscles of the neck were those whose thickness corresponded to 

six times their area of origin (Table1). According to our estimates, the longer and more 

superficial musculature has a greater potential than the deep muscles and/or than the 

musculature limited to the first segment of the neck (Table 2). The Fpmax calculated for 

the transversospinalis capitis and transversospinalis cervicis, and for the longus colli and 

rectus capitis ventralis muscles, indicate an optimal potential for neck extension and 

flexion, respectively (Table 2) (Snively & Russell, 2007). The great potential of the 

longissimus capitis superficialis, together with the transversospinalis capitis, probably 

ensured vast lateral incursions of the neck and skull (Table 2) (Snively & Russell, 2007). 

Table 11. Area established for the locations of maximum thickness of each inferred cervical muscle and 

Maximum possible force production (Fpmax) of each muscle. The cross-sectional areas were multiplied by 

two for muscles arranged bilaterally. 

 Cross-sectional area 

(cm²) 

Fpmax (N) 

Anhanguera piscator   

Transversospinalis capitis 9.706 242.65 

Complexus 13.154 328.85 

Transversospinalis cervicis 23.054 576.35 

Splenius capitis 9.426 235.65 

Intercristales 1.032 25.80 

Interspinales 0.710 17.75 

Longissimus capitis superficialis 4.802 120.05 

Longissimus capitis profundus 1.084 27.10 

Flexor colli 0.622 15.55 

Intertransversarii 1.794 44.85 
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Longus colli 15.004 375.10 

Rectus capitis ventralis 7.486 187.15 

Rectus capitis lateralis 2.390 59.75 

Azhdarcho lancicollis    

Transversospinalis capitis 2.754 68.85 

Complexus 4.710 117.75 

Transversospinalis cervicis 4.962 124.05 

Splenius capitis 3.517 87.925 

Intercristales 0.114 2.85 

Interspinales 0.036 0.90 

Longissimus capitis superficialis 1.670 41.75 

Longissimus capitis profundus 0.348 8.70 

Flexor colli 0.424 10.60 

Intertransversarii 0.508 12.70 

Longus colli 6.334 158.35 

Rectus capitis ventralis 4.706 117.65 

Rectus capitis lateralis 1.242 31.05 

Rhamphorhynchus muensteri   

Transversospinalis capitis 0.454 11.35 

Complexus 0.650 16.25 

Transversospinalis cervicis 0.968 24.20 

Splenius capitis 0.481 12.02 
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Intercristales 0.026 0.65 

Interspinales 0.010 0.25 

Longissimus capitis superficialis 0.198 4.95 

Longissimus capitis profundus 0.128 3.20 

Flexor colli 0.066 1.65 

Intertransversarii 0.146 3.65 

Longus colli 0.866 21.65 

Rectus capitis ventralis 0.420 10.50 

Rectus capitis lateralis 0.136 3.40 

 

 The splenius capitis also has great potential for lateral movements in the cranial 

segment of the neck, along with the rectus capitis lateralis which performs this function 

in the same region (Snively & Russell, 2007). The reconstructed height of the longissimus 

capitis superficialis and the potential of the splenius capitis and rectus capitis lateralis 

are consistent with the ability to perform twisting movements of the skull and the neck 

(Snively & Russell, 2007). 

 The low potentials recovered for the flexor colli and longissimus capitis profundus 

are explained by the presence of muscles such as rectus capitis ventralis and longissimus 

capitis superficialis, which are more robust and perform the flexion and torsion function, 

respectively (Snively & Russell, 2007). The low potential of the intercristales and 

interspinales indicate that they were probably related to the stabilization of the cervical 

series (Snively & Russell, 2007; Carlson, 1978). 

Discussion 

 Of the thirteen pterosaur muscles we reconstructed here, only the longissimus 

capitis superficialis and flexor colli had not a EPB level I inference because we could not 

recognize the correlate of the muscle attachment site present in one of the extant 

archosaurs (Tsuihiji, 2005; 2007; Snively & Russell, 2007). Nevertheless, we consider 
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that the tubercles representing vestiges of transverse processes in Anhanguera piscator 

and Azhdarcho lancicollis indicate an attachment site for the longissimus capitis 

superficialis and the flexor colli (Naish & Witton, 2017). 

 The proportion of height and width of all cross-sections of the cervical muscles is 

equivalent to that observed in extant birds (Figure 8) (Chapter I). The lateral musculature 

corresponding to one third of the width at the widest point of any cross-section of the 

neck is also observed in extant birds and supports our inferences on the thickness of 

muscles disposed laterally to the cervical series in pterosaurs (Chapter I). This proportion 

also agrees with the measurements presented by the neck muscles of the dissected 

alligator. 

 Our inference of the transversospinalis capitis with a more medial insertion on 

the supraoccipital crest of Anhanguera piscator differs from the hypothesis of a 

dorsolateral insertion on the occipital region of the skull of the azhdarchid Hatzegopteryx, 

which would indicate an attachment on the edges of the nuchal crest (Naish & Witton, 

2017). Here, we assume that the nuchal crest anchored the insertion of the complexus, as 

in extant birds, because besides their role in extension, the muscles attached to the broad 

crista nuchalis transversa would contribute greatly to the lateral movement of the skull 

(Burton, 1974; Snively & Russell, 2007). Our inference of the insertion of the longissimus 

capitis superficialis on the wide paraoccipitals of Anhanguera piscator agrees with the 

hypothesis that a robust muscle would attach to this surface in Hatzegopteryx (Naish & 

Witton, 2017), although Naish and Witton (2017) inferred it to be the spino-capitis 

posticus. In any case, either the longissimus capitis superficialis or the spino-capitis 

posticus would dorsally extend and/or laterally flex the neck, due to the position of the 

insertion and other muscle attachments of both of them, as observed along the cervical 

series in extant crocodilians (Cleuren & De Vree, 2000; Tsuihiji, 2005; 2007; Snively & 

Russell, 2007). Besides the transversospinalis capitis and longissimus capitis 

superficialis presenting great Fpmax, they probably extended to the base of the neck and 

would insert on large surfaces of the dorsal and lateral portions of the occipital region of 

the skull, which would confer mechanical advantage for dorsal extension and lateral 

movements of the head and neck (Seidel, 1978; Frey, 1988; Cleuren & De Vree, 2000; 

Snively & Russell, 2007; Naish & Witton, 2017). 
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The sturdiness and strength we suggest for the muscles limited to the cranial half 

of the pterosaur neck is consistent with the wide and developed insertion sites present on 

the occipital region of Anhanguera piscator (Witmer et al., 2003; Habib & Godfrey, 

2010). The insertion of the longissimus capitis profundus and rectus capitis ventralis on 

the wide concavities of the basioccipitals of Anhanguera piscator would provide a great 

mechanical advantage for ventral neck flexion (Cleuren & De Vree, 2000; Naish & 

Witton, 2017). Our identification of osteological correlates that indicate the insertion and 

origin of the splenius capitis on the skull and third vertebra, respectively, was similar to 

that observed in Hatzegopteryx, although in that pterosaur the muscle was named as the 

homologous epistropheo-capitis (Naish & Witton, 2017). 

The atlas and axis of Anhanguera piscator and Azhdarcho lancicollis are 

morphologically similar to those of extant birds and crocodilians, but the pterosaur axis 

has more osteological correlates in common with extant birds (Mook, 1921). The anatomy 

of both vertebrae is consistent with the great potential for torsion and ventral flexion that 

the splenius capitis, longissimus capitis profundus and rectus capitis muscles could exert 

on them (Cleuren & De Vree, 2000; Dzemski & Christian, 2007; Witton & Naish, 2008, 

Taylor et al., 2009; Guinard et al., 2010). The reduced neural spines in azhdarchids and 

the evolutionary change of transverse processes into tubercles in all pterosaurs analyzed 

are consistent with slightly thinner muscles associated with the mid-cervical vertebrae 

when compared to those at the base of the neck (Naish & Witton, 2017). However, muscle 

scars may be less prominent in the middle of the neck, as they may not be associated with 

an insertion nor origin, which are usually more expressive attachments to ensure 

mechanical advantage (Naish & Witton, 2017). 

Attachments to the neural spines of the mid-cervical vertebrae demonstrate that 

the transversospinalis capitis is thick along the cranial half of the neck in pterosaurs, 

differing from the thin biventer cervicis of extant birds, as seen in Chapter I. Despite the 

reduced neural spines in the mid-cervical vertebrae of Azhdarcho lancicollis, the presence 

of the transversospinalis capitis in azhdarchid pterosaurs has been proposed previously 

based on the height of the neural spines at the cranial and caudal ends of the neck (Witton 

& Naish, 2008). Furthermore, our estimates of muscle thickness indicate a slightly thick 

musculature dorsally, as also observed in avian vertebrae, which have a reduced neural 

spine (Chapter I). This demonstrates that the size of a correlate should not be the only 

indication of muscle thickness (Naish & Witton, 2017).  
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Our reconstruction of a transversospinalis cervicis attached to the epipophyses 

agrees with previous inferences about extensor muscles being attached to zygapophyses 

in azhdarchid vertebrae (Herrel & De Vree, 1999; Tsuihiji, 2005; Snively & Russell, 

2007). Our inferred length for the transversospinalis cervicis along the neck of 

Rhamphorhynchus muensteri is also supported by the presence of epipophyses in mid-

cervical vertebrae (Wellnhofer, 1975). Despite the developed extensor muscles, neck 

extension in Anhanguera piscator and Rhamphorhynchus muensteri probably did not 

allow for an extremely sinuous neck, due to limitations imposed by the tall neural spines 

and elongate prezygapophyses (Witton & Naish, 2008; Molnar et al., 2015). 

The developed hypapophyses provide an area for the attachment of the longus 

colli in all mid-cervical vertebrae of the analyzed pterosaurs, differing from extant 

archosaurs, which frequently present this pronounced structure only near the base of the 

neck (Chamero et al., 2014; Iijima & Kubo, 2019; Chapter I), but whose developed 

cervical ribs provide additional attachment sites in the first segment of the neck (Cleuren 

& De Vree, 2000; Tsuihiji, 2007; Snively & Russell, 2007). Furthermore, the presence of 

hypapophyses prevents the opening of the sulcus caroticus and, thus, the presence of 

carotid processes, which are attachment sites for the longus colli ventralis in the second 

neck segment in extant birds (Tsuihiji, 2007; Snively & Russell, 2007). The large 

hypapophyses and postexapophyses limit ventral flexion less than the neural spines limit 

extension (Witton & Naish, 2008). The convex condyles of the mid-cervical vertebrae 

and the robustness of the transversospinalis capitis and cervicis and of the longus colli 

indicate ample dorsoventral flexion in the mid-neck (Burton, 1974; Frey, 1988; Tsuihiji, 

2004; Dzemski & Christian, 2007; Snively & Russell, 2007; Fronimos & Wilson, 2017; 

Iijima & Kubo, 2019). 

We suggest attachments of the longissimus capitis superficialis from the fifth to 

the ninth vertebrae in Anhanguera piscator due to the similarity of the osteological 

correlates present in the specimen AMNH 22555, identified as Anhanguera sp., which 

has the sixth and cranial portions of the seventh vertebrae preserved (Wellnhofer, 1991; 

Pinheiro & Rodrigues, 2017). The longissimus capitis superficialis was probably less 

thick in the cranial half of the neck, indicating that it exerted lateral incursions with 

greater intensity in the caudal cervical portion (Cleuren & De Vree, 2000). However, the 

presence of the complexus, splenius capitis and rectus capitis lateralis, which also move 

the skull laterally, would contribute to the complexity of these movements (Burton, 1974, 
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Snively & Russell, 2007). The mid-portion of the neck of Azhdarcho lancicollis has the 

thinnest lateral musculature of the analyzed pterosaurs, which may be due to its elongate 

vertebrae, but yet it is only slightly thinner than in Anhanguera piscator and 

Rhamphorhynchus muensteri, supporting the hypothesis that azhdarchids also have strong 

lateral musculature (Naish & Witton, 2017). 

Our reconstruction of the complexus, longissimus capitis profundus, flexor colli, 

rectus capitis ventralis and rectus capitis lateralis muscles extending from the skull to 

the fifth or sixth vertebra in pterosaurs is similar to that observed in Aequorlitornithes, as 

discussed in Chapter I. However, in pterosaurs this length reaches approximately half the 

neck, while in extant birds it does not exceed the first cervical segment (Chapter I). We 

named the muscle "flexor colli" here without specifying its lateral or medial arrangement, 

as we did not find evidence to support the presence of another flexor muscle belonging 

to the iliocostalis group, as seen in extant birds (Tsuihiji, 2007). The absence of the sixth 

vertebra and of the cranial portion of the seventh vertebra also made it difficult to infer 

the origin of the complexus, longissimus capitis profundus, flexor colli, rectus capitis 

ventralis and rectus capitis lateralis muscles in Anhanguera piscator (Kellner & Tomida, 

2000). However, the presence of developed tubercles and short hypapophyses in the sixth 

and seventh vertebrae in AMNH 22555 (Wellnhofer, 1991) support our inferences as 

postcranial elements are very similar within the genus (Kellner & Tomida, 2000). 

The length of six muscles (complexus, splenius capitis, longissimus capitis 

profundus, flexor colli, rectus capitis ventralis and rectus capitis lateralis) being limited 

to about half of the neck indicates that the cranial cervical portion could be subject to 

great stress (Dzemski & Christian, 2007). The Fpmax of the complexus and rectus capitis 

ventralis is higher than that of the transversospinalis cervicis and longus colli in the 

cranial portion of the neck, suggesting that both were the ones mainly responsible for the 

dorsoventral and lateral movements of the skull (Table 2) (Burton, 1974; Cleuren & De 

Vree, 2000; Snively & Russell, 2007). Furthermore, although the longissimus capitis 

profundus, flexor colli, and rectus capitis lateralis have considerably lower Fpmax, they 

probably contributed additional force to extension, flexion, and lateral movements of the 

skull, respectively (Cleuren & De Vree, 2000; Snively & Russell, 2007). The absence or 

reduction of transverse processes, tubercles and cervical ribs in the most cranial mid-

cervical vertebrae indicate that lateral movements performed mainly by 

transversospinalis, splenius capitis and rectus capitis lateralis muscles could be wider 
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close to the skull (Burton, 1974; Cleuren & De Vree, 2000; Dzemski & Christian, 2007; 

Snively & Russell, 2007; Witton & Naish, 2008; Molnar et al., 2015). 

We suggest that in pterosaurs the intercristales muscles attach to the developed 

transverse oblique crests in the mid-cervical vertebrae, differing from that seen in extant 

crocodilians, although the muscle attachments occur anatomically at the same location 

(Tsuihiji, 2005; Snively & Russell, 2007; Chamero et al., 2014; Iijima & Kubo, 2019). 

The Fpmax of the intercristales was the lowest compared to the other long muscles, but 

was constant throughout its length, probably conferring stability and contributing to 

intervertebral dorsoventral flexion in the mid-cervical series (Table 2) (Snively & Russell, 

2007). 

The posterior cervical vertebrae of all analyzed pterosaurs have more developed 

osteological correlates than the mid-cervical vertebrae, due to the attachment of muscular 

origins being more robust than others along the cervical series (Kellner & Tomida, 2000; 

Averianov, 2013, Naish & Witton, 2017). The cranio-caudal increase in height, length 

and thickness of the top of the neural spines of the cervical vertebrae of Anhanguera 

piscator and Rhamphorhynchus muensteri is also present in extant crocodilians and 

indicates a more robust transversospinalis capitis in the caudal half of the neck (Chamero 

et al., 2014; Iijima & Kubo, 2019). Such robustness would optimize the Fpmax for 

executing the movement in this cervical region (Table 2), agreeing with the hypothesis of 

a great mechanical advantage for neck extension (Seidel, 1978; Frey, 1988; Snively & 

Russell, 2007; Naish & Witton, 2017). 

Our interpretation of the tranversospinalis cervicis and longus colli being thicker 

between the end of the mid-cervical vertebrae and the beginning of the posterior cervical 

vertebrae is consistent with the developed epipophyses and hypapophyses, which were, 

respectively, probable attachment sites for each muscle in this region of the neck in 

pterosaurs (Wellnhofer, 1975; Wellnhofer, 1991; Averianov, 2010). The great Fpmax of 

both muscles is consistent with the execution of ventral flexion, dorsal extension and 

lateral incursions of a slightly sinuous neck in this region, considering the raising of the 

head in an alert position or lowering it to the ground for foraging (Seidel, 1978; Frey, 

1988; Cleuren & De Vree, 2000; Snively & Russell, 2007). Cervical dorsal extension 

performed by the transversospinalis muscles would also be optimized by robust epaxial 

ligaments mainly in the caudal half of the neck, which contributed to support the skull 
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and maintain the neck position at rest, as discussed in the previous chapter (Gál, 1993; 

Dzemski & Christian, 2007, Witton & Habib, 2010). 

The wide transverse processes of the posterior cervical vertebrae provide 

attachment areas for the longissimus capitis superficialis and are compatible with its 

greater thickness near the base of the neck in pterosaurs, as present in extant archosaurs 

and discussed in Chapter I. A thicker longissimus capitis superficialis in the posterior 

segment of the neck probably optimized the dorsal extension, torsion and lateral 

movements, though the width of the transverse processes indicate less amplitude in this 

area (Cleuren & De Vree, 2000; Boas, 1929; Witton & Naish, 2008; Tambussi et al., 

2012). 

The robustness of the muscles, ligaments and synovial cartilages in the caudal 

portion of the neck provides flexibility and intensity to a rigid, less pneumatized, and 

stable region (Witton & Habib, 2010; Averianov, 2013; Gutzwiller et al., 2013; Iijima & 

Kubo, 2019; Buchmann at al., 2021; Chapters I and II). In all analyzed pterosaurs, the 

larger cranial surface of the neural spines of the posterior cervical vertebrae probably 

contributes to more robust and stronger interspinales muscles, which provide more 

stability to this neck sector (Carlson, 1978). 

We suggest attachments of the complexus, longissimus capitis profundus, and 

intertransversarii muscles along the neck to rough surfaces of the ansa 

costotransversaria of pterosaur vertebrae. In extant birds and crocodilians, they attach to 

the vertebrae by aponeuroses (Snively & Russell, 2007; Chapter I). This is also observed 

for the flexor colli lateralis in extant birds and for the longissimus colli superficialis in 

extant crocodilians (Snively & Russell, 2007; Chapter I). The transversospinalis cervicis 

is the only muscle we inferred whose respective homologues have aponeurotic 

attachments to smooth bony surfaces in extant birds and crocodilians (Snively & Russell, 

2007; Chapter I). Therefore, we assumed the aforementioned muscles could be also be 

aponeurotic in pterosaurs, which would ensure more stability and strength for their 

muscle fibers (McGowan, 1979; 1986; Bryant & Seymour, 1990; Snively & Russell, 

2007). The fibers of the complexus, which we suggest attach to epipophyses, and of the 

longus colli, rectus capitis ventralis and rectus capitis lateralis muscles, which we 

propose attach to hypapophyses, probably do so by tendons, as seen in extant archosaurs 

(Snively & Russell, 2007; Chapter I), that if so would confer greater mobility and 
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flexibility to them (McGowan, 1979; 1986; Bryant & Seymour, 1990; Snively & Russell, 

2007).  

Conclusion 

 Based on the osteological correlates present in the cervical vertebrae of the 

analyzed pterosaurs, we infer the presence of thirteen cervical muscles, of which only two 

didn’t have an inference level I by the EPB criteria. Six of them probably had limited 

length from the head to about the middle of the cervical series, enabling complex 

movements and a mobile head, but likely subjected the cranial cervical region to more 

stress. 

We estimate that the area filled by the epaxial muscles was greater than that of the 

hypaxial muscles and that the sum of the widths of both lateral muscles represents one 

third of the total width in all cross-sections. The height and width of the neck had the 

same proportion in all regions, as in extant archosaurs. 

The interspinales and intercristales muscles have low strength potential, which 

indicates that both had a limited role in cervical stabilization. The longissimus capitis 

profundus and flexor colli also showed low potential, but that may be related to the 

existence of stronger muscles that are also responsible for rotating and flexing the neck, 

restricting the function of both muscles to additional force movements and flexibility. 

The hypaxial muscles were attached by tendons, while the epaxial muscles were 

more often attached by aponeuroses, which could have provided more stability for the 

latter, especially in origins near the base of the neck, and more flexibility for the hypaxial 

flexors. 

The robust neck musculature we inferred for pterosaurs would ensure mobility 

and strength for a long neck, which also supports a relatively long skull. The muscles with 

the greatest potential for force production were the neck extensors and flexors, which 

probably provided intensity for the execution of dorsoventral movements. Their 

robustness in approximately the middle of the neck and the complexity of the vertebral 

anatomy also indicates that these dorsoventral movements may have been performed with 

greater amplitude and intensity in that region. However, estimates of cervical motion 

should be inferred with caution, as many of the properties that influence mechanics can 

be difficult to observe in fossils. Other factors must also be considered for the execution 
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of the movements we discuss, such as vertebral bone resistance to loads and tensions 

generated by soft tissues. 
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Final Conclusions 

The cervical vertebrae of extant birds vary anatomically in different segments of 

the neck, which reflect on the morphology of the associated soft tissues and consequently 

on the flexibility of the different cervical sectors. Pelecaniformes was the group that most 

differed among the Aequorlitornithes, due to the level of overlap of the zygapophyses, 

sites of muscle attachments and the thickness of the intervertebral spaces and muscles. 

The thin synovial cartilage and the level of overlap of zygapophyses did not significantly 

increase cervical length in Aequorlitornithes birds, as is the case of vertebrate necks that 

have intervertebral discs. However, the presence of synovial cartilage influences the 

angulation between the vertebrae in the neck position at rest, considering that the center 

of rotation would be located in the intervertebral space. The intervertebral spaces, 

ligaments and muscles of the Aequorlitornithes are thickest in the third segment of the 

neck, which we hypothesize is a response to biomechanical requirements. 

Aequorlitornithes showed roughness and scars on the vertebrae related to their soft tissue 

attachments, which facilitate the recognition of osteological correlates in fossil species. 

The osteological correlates indicate that the intervertebral space of the pterosaur 

neck was likely filled with thin synovial cartilage, as in extant birds. The pterosaur neck 

position at rest differs from a vertical neck and from the division into three mobile 

segments as in extant birds. However, the analyzed pterosaurs had a slight cervical 

sinuosity, which is more pronounced in Azhdarcho lancicollis due to the high angulation 

present between their posterior cervical vertebrae. 

Four ligaments were identified associated with rough surfaces and/or scars in 

avian vertebrae that were also recognized in correlates present in pterosaurs. These 

ligaments would confer joint stiffness, cervical stabilization, and the execution of passive 

forces in pterosaurs, such as restoring the neutral position of the neck without energy 

expenditure, as occurs in extant birds. 

We identified thirteen cervical muscles according to osteological correlates in 

pterosaur vertebrae, from sixteen cervical muscles associated with scarring and/or 

roughness on the vertebral surface we recognized in birds. Most aponeurotic muscle 

attachments were associated with rough surfaces in extant birds. Tendon attachments 

were common for hypaxial muscles with ventral neck flexion function in birds. We 

inferred the same types of attachments for each muscle in pterosaurs due to the similarity 
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of the correlates, which probably contributed to greater cervical stabilization for epaxial 

muscles and flexibility for hypaxial muscles. 

The maximum thickness of the cervical muscles responsible for dorsoventral 

flexion in extant birds was approximately six times their area of origin. The other muscles 

had their maximum thickness equivalent to three times the area of origin. This proportion 

proved to be reliable to reconstruct the neck of pterosaurs, due to the similarity of the 

muscular origins and vertebral morphology. Besides, musculature arranged laterally to 

the cervical series represented approximately one third of the width of the vertebrae, and 

the height and width of the neck cross-section were the same size in all regions. This 

allowed us to confirm that the inferred volumes of the pterosaur muscles were adequate 

for the complete cervical arrangement. 

The cervical muscles that were potentially the strongest were those with 

dorsoventral flexion function, which possibly provided intensity to this movement. The 

low potential of the interspinales and intercristales muscles is probably due to the 

limitation of the stability and joint flexion function of both. The low force potential 

obtained for some muscles with limited length between the head and the middle of the 

neck may mean that they are mostly synergistic, exerting only additional forces and/or 

contributing to the flexibility of complex movements. 

The presence of thicker vertebral spaces and more developed osteological 

correlates in the vertebrae from the middle to the base of the neck of pterosaurs support 

the hypothesis that the synovial cartilage, ligaments, and muscles would be thicker in the 

caudal half of the neck, as is also observed in the extant birds. This probably contributed 

to a wider angulation between the vertebrae, more resistance to the ligaments, and more 

robustness for the execution of muscle movement in this region, which we hypothesize is 

a response to the biomechanical demands at the base of the neck. 
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