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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES

Ocean and Earth Science

Thesis for the degree of Doctor of Philosophy

INSIGHTS INTO MASS ESTIMATION, PNEUMATICITY, AND ANATOMY OF

PTEROSAURS: IMPLICATIONS FOR LOCOMOTION

by Elizabeth G. Martin-Silverstone

Pterosaurs were both the first and largest vertebrates to achieve powered flight,
surviving for over 150 million years, and ranging in size from 0.5-11m wingspans. This
large size was achieved through a number of adaptations, including a membraneous
wing supported by a single elongated finger, a strongly developed forelimb, and a pneu-
matised skeleton with hollow bones. This thesis aims to quantify aspects of pterosaur
pneumaticity, mass estimation, and wing bone morphology and deduce how these relate
to pterosaur locomotion and flight. Using computed tomography (CT), the internal
structure of pterosaur bones is visible, and the degree of pneumaticity is compared
to other animals, indicating large pterosaurs were among the most pneumatised ani-
mals. A large database of pterosaur wing bone geometry and cross-sections shows that
small pterosaurs were biomechanical generalists, resistant to loads both common in flight
and terrestrial locomotion, while most larger pterosaurs sacrificed terrestrial capabili-
ties in favour of low mass and resisting increased loads in flight. To better understand
pterosaur body mass, a study of avian mass found that the relationship between skeletal
mass and total mass may be accurate in neornithine birds, but should not be expanded
to pterosaurs. Related, validation tests show that CT scans can be used to accurately
estimate bone mass and volume, which can be incorporated into pterosaur mass studies.
Building on this, a 3D skeletal reconstruction of an individual Coloborhynchus was used
in a detailed estimate of the volume and mass of a single individual, in order to compare
results from di↵erent methods. Although arguably subjective, 3D reconstruction more
accurately represents the soft tissue than a minimum convex hull method, and is better
at estimating mass than skeletal correlates such as humeral circumference. Finally, in-
vestigation of large pneumatic foramina in the sacrum of a small-bodied pterosaur lead
to the identification of spinal nerve foramina in the first study of pterosaur postcranial
neurology. Di↵erences in neural canal size reveal potential patterns in locomotion, with
some animals having highly innervated hindlimbs, while others have relatively poor
innervation. This thesis provides new information on mass estimation in pterosaurs,
pneumaticity, wing bone geometry, and locomotory patterns. Together, these results
show that while some pterosaurs were the most pneumatic animals, there is significant
variability, overturning conventional wisdom. This builds on previous ideas of pterosaur
locomotion, giving more evidence to the idea that most larger, more-derived pterosaurs
were optimised for flight, while smaller, more-basal pterosaurs were generalists.
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Chapter 1

Introduction

Figure 1.1: Reconstruction of a small pterosaur from Hornby Island.
Described by Martin-Silverstone et al. (2016). Image copyright Mark Witton,
used with permission.

Contrary to popular belief, pterosaurs are neither birds nor dinosaurs of any

kind, and have confused scientists and the public since they were first described by Collini

in 1784. They were both the first vertebrates to take to the air using powered flight,

appearing as many as 50 million years before birds, and also the largest animals ever to

do so. They have long fascinated scientists, although they have been relatively poorly

understood compared to their contemporary sister-group, the Dinosauria. Due to the

lack of morphologically similar analogues or descendants in addition to their generally

poor preservation, they have been di�cult to understand and study. The mid 20th

century saw pterosaur studies fade into obscurity, picking up again in the ’70s. Within

the last 30 or so years, pterosaur palaeontology has made a triumphant return, with

1
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Figure 1.2: Image of the first described pterosaur specimen, described
by Collini (1784). Type specimen is now known as Pterodactylus antiquus,
BSPG AS I 739. Image copyright David Hone, used with permission.

more studies, particularly including new technology and analytical techniques, which I

aim to summarise in this Introduction, and expand on in this thesis.

1.1 History of pterosaur research

The first pterosaur fossil was described in 1784 by the Italian naturalist Cosimo

Collini (Fig. 1.2). The specimen is nearly complete, and was found in the Solnhofen

Plattenkalk of modern Bavaria (Collini, 1784). Collini and others were interested in

the long arm and digit. The strange digit, combined with the fact that Solnhofen

is a marine lagoonal deposit, contributed to the original interpretation of this animal

using its arms like paddles to swim through the water. After discussions with Johann

Hermann, a French/German scientist, Georges Cuvier published the first description

of the specimen as a flying reptile, suggesting the long finger would have supported

a membrane used in flight (Cuvier, 1809). Cuvier (1809) suggested the name ‘Ptero-

Dactyle’ for the animal (although it was originally incorrectly called ‘Petro-Dactyle’ due

to a typographical error), which was formalised as Pterodactylus.

1.1.1 Pterosaur classification

While some researchers pushed the idea of Pterodactylus being aquatic (e.g.

Wagler 1830), it was generally agreed that they were some kind of volant animal (e.g.

Cuvier 1801, 1809; von Sömmerring 1817), although exactly what kind of animal was
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still unclear. Early ideas suggested that they were some kind of bat-like mammalian an-

imal, seen in the first reconstructions of pterosaurs by Johann Hermann and Samuel

Thomas von Sömmerring (von Sömmerring, 1812, 1817; Taquet and Padian, 2004).

British palaeontologist Harry Seeley recognised a number of features in common between

pterosaurs and birds, and suggested pterosaurs were closely related to birds, placing

pterosaurs into a new sub-class called ‘Ornithosauria’ (e.g. Seeley 1870, 1901). How-

ever, as early as 1801, Cuvier was positive of their reptilian a�nity, noting a number of

reptilian characteristics (e.g. Cuvier 1801, 1809). Several decades later, British palaeon-

tologist Richard Owen supported the reptilian view, publishing several monographs on

British pterosaurs as part of his “Fossil Reptilia” (e.g. Owen 1851, 1859, 1861, 1874).

In 1871, the first North American pterosaurs were described, following the reptilian

classification put forth by Owen (Marsh, 1871, 1872).

As it became accepted that pterosaurs were indeed reptiles, the question of what

kind of reptiles they were and how they evolved became more prominent. Unfortunately,

pterosaur fossils from the Triassic are rare (Barrett et al., 2008), and often poorly pre-

served, making it di�cult to understand exactly how they evolved, and where in the

reptilian tree they sit. The earliest possible pterosaur fossil comes from the Carnian-

Norian boundary of the Triassic of southern Brazil, an animal called Faxinalipterus

(Bonaparte et al., 2010). This was thought to be significant due to its unique morphol-

ogy, and the suggestion that pterosaurs may have evolved in a continental environment,

rather than a more marine environment as previously thought. However, other stud-

ies doubt the pterosaurian identity of Faxinalipterus (Soares et al., 2013). Nearly all

Late Triassic pterosaur finds come from the mid to late Norian of northern Italy, in-

cluding Preondactylus (Wild, 1984; Dalla Vecchia, 1997), Peteinosaurus (Wild, 1978),

Eudimorphodon (Zambelli 1973; Dalla Vecchia 2003, although for a di↵erent taxonomic

opinion see Kellner 2015), Carniadactylus (Dalla Vecchia, 2009a), and Austriadactylus

(Dalla Vecchia, 2009b). Other identifiable Triassic pterosaurs have been found in Austria

(Austriadactlyus, Dalla Vecchia et al. 2002) (Fig. 1.3), Switzerland (Caviramus, Fröbisch

and Fröbisch 2006), and Greenland (Eudimorphodon, Jenkins et al. 2001). More recently,

and still awaiting a formal description, the first North American Triassic specimen has

been found, a well-preserved large dimorphodontid pterosaur that appears to be from

the Late Triassic of Utah (Britt et al., 2015a,b). What all Triassic pterosaur finds have

in common is that none of them appear to be transitional, all volant and fully nested

within the Pterosauria. The other di�cult aspect of Triassic pterosaurs is that they are

typically preserved in a 2D fashion, almost entirely flattened in such a way that it is

di�cult to see many features, such as in Austriadactylus seen in Fig. 1.3.

While the majority of phylogenetic analyses place pterosaurs within the Ar-

chosauria, they have been described as members of other diapsid groups, including as

protorosaurs (Peters, 2000), and non-archosaurian archosauromorphs (Bennett, 1996a,
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Figure 1.3: Type specimen of Austriadactylus, SMNS 56342 described
by Dalla Vecchia et al. (2002). Scale = 5 cm.

2013). By evaluating these positions, Hone and Benton (2007b) found that non-archosaurian

positions had significantly less support than those suggesting pterosaurs were archosaurs.

Gauthier (1986) first used the term Ornithodira to refer to the clade formed by pterosaurs

and dinosaurs, finding them as sister taxa. The majority of analyses since have supported

this relationship, with Scleromochlus taylori representing the closest known relative to

pterosaurs and further characters supporting this relationship, including features of the

vertebral column, forelimbs, and hindlimbs (e.g. Sereno 1991; Hone and Benton 2007b;

Nesbitt and Hone 2010; Nesbitt 2011; Ezcurra 2016).

1.1.2 Pterosaur phylogenetics

Phylogenetic relationships within the Pterosauria have also been contentious.

The first major large-scale phylogenetic analyses were published in 2003 in the same

volume by Kellner (2003) and Unwin (2003) (Fig. 1.4). Both phylogenies have been

updated over the years, but still hold the same general topology and relationships. An

example of an updated Unwin tree is seen in Fig. 1.4C, taken from the paper in which the

wukongopterid pterosaur Darwinopterus was described (Lü et al., 2010). Primary di↵er-

ences between these two phylogenies are mostly within the Pterodactyloidea, including

the positions and existence of the Ornithocheiroidea, Ornithocheiridae, and Anhangueri-

dae clades, as well as the Dsungaripteroidea and Dsungaripteridae. Over the last several
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years, Andres has provided yet another shake-up of the pterosaur phylogenetic tree by

combining the Unwin and Kellner schemes to make a supermatrix in one of the most

comprehensive studies of pterosaur taxonomy to date. This saw some major changes such

as the Anurognathidae positioned in Pterodactyloidea, and germanodactylids no longer

being closely related to dsungaripterids (Andres and Ji, 2008; Andres, 2010; Andres

et al., 2010; Andres and Myers, 2013; Andres et al., 2014). More recent work suggests

that further changes are afoot, with significant changes to Azhdarchidae suggested (An-

dres and Langston, 2015). Even more recently, Vidovic and Martill (2017) provide yet

another interpretation of the pterosaur phylogenetic tree, which has the anurognathids

as sister-group to Monofenestrata, and Germanodactylus outside of Dsungaripteroidea.

Throughout this thesis, I will follow the general Unwin scheme as it is the

phylogeny most widely used by pterosaur researchers at present. In this scheme, non-

pterodactyloids consist of dimorphodontids, anurognathids, campylognathoidids and

rhamphorhynchids, with Wukongopteridae representing the first group of Monofenes-

trata, as the transitional forms between basal non-pterodactyloids and pterodactyloids

(Fig. 1.4C, Lü et al. 2010). Pterodactyloids are then split into the Ornithocheiroidea

and Lophocratia, where ornithocheiroids include pteranodontians, ornithocheirids and

istiodactylids, while Lophocratia are ctenochasmatoids, dsungaripteroids, lonchodectids

and azhdarchoids.

1.2 General pterosaur anatomy

The Pterosauria share a number of osteological characters that unite them into

a single, monophyletic clade. Figure 1.5 shows skeletal reconstructions of two well-

known pterosaurs, the Jurassic pterosaur Rhamphorhynchus muensteri, and the Late

Cretaceous Pteranodon longiceps. Perhaps the most obvious of these features are those

related to their adaptations for flight, such as the elongated 4th digit that supports

the wing, the shape and structure of the scapulocoracoid joint, made robust for flight,

and the presence of a unique bone in the wrist known as the pteroid (Sereno, 1991;

Nesbitt, 2011). The elongated fourth digit acting as the primary support for the wing

membrane di↵erentiates pterosaurs from bats (where the membrane stretches between

four elongated digits, like a hand) and birds (where the wing is formed by a reduced

manus, soft tissue, and feathers). Other features found in all pterosaurs include some

degree of postcranial pneumaticity (discussed in more detail below), a proportionally

large skull, and elongated cervical vertebrae (Sereno, 1991; Nesbitt, 2011).

Another important feature that makes pterosaurs unique is their membraneous

wings. For a long time, the true form of the membranes was unknown, due to their soft

tissue nature, and the requirement for truly exceptional preservation to provide more
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Figure 1.4: Summary of major groups from four large pterosaur phy-
logenetic studies. A) From Unwin (2003); B) from Kellner (2003); C)
from Lü et al. (2010) (derived from Unwin 2003); D) from Andres and My-
ers (2013). Select major clades as defined in their respective papers: 1,
Pterosauria; 2, Monofenestrata; 3, Pterodactyloidea; 4, Archaeopterodacty-
loidea; 5, Ctenochasmatoidea; 6, Ornithocheiroidea; 7, Pteranodontia; 8, Pter-
anodontoidea; 9, Lophocratia; 10, Dsungaripteroidea; 11, Azhdarchoidea; 12,
Neoazhdarchia.

details. Pterosaur membranes are divided into three general sections: the propatagium,

from the pteroid to the medial portion of the body; the brachiopatagium, from the end of

the 4th wing phalanx to the leg (which can be further divided into the actinopatagium

and tenopatagium); and the uropatagium, between the legs, to some extent (Kellner

et al., 2010; Elgin et al., 2011). Fossils such as the ‘Zittel wing’ (Fig. 1.6) show the

general shape and extent of the brachiopatagium, while other exceptionally preserved

specimens from Brazil and China showed that the brachiopatagium extended all the way

to the distal portion of the legs, as far as the ankle (Frey et al., 2003b; Kellner et al.,

2010; Elgin et al., 2011). The brachiopatagium is supported by fibres called actinofibrils,

thought to aid in reinforcing the membrane, likely formed of keratin (Wellnhofer, 1987a;

Bennett, 2000; Palmer, 2017). Some exceptionally preserved wing membranes have re-

vealed that while thin, the pterosaur flight membranes (or at least the brachiopatagium)
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Figure 1.5: Skeletal reconstruction of a typical non-pterodactyloid
(A-C) and a typical pterodactyloid (D-F) pterosaurs. A-C, Rham-
phorhynchus muensteri ; D-F, Pteranodon longiceps, both in dorsal, ventral and
left lateral views, respectively. Images not to scale. Image copyright Mark
Witton, used with permission.

had a complex structure, with di↵erent layers of actinofibrils, faschia, muscle, and vascu-

lar structures (Frey et al., 2003b; Kellner et al., 2010). Finally, pterosaurs appear to have

some kind of filamentous integumentary covering known as pycnofibres, although it is

currently unknown exactly what the purpose of these fibres was (Unwin and Bakhurina,

1994; Bakhurina and Unwin, 1995; Kellner et al., 2010).

One more pterosaurian characteristic is the presence of elaborate head crests

likely used for sexual selection (Hone et al., 2011; Knell et al., 2013), which are common,

but not universal. They can be cranial crests directed dorsally or posteriorly from the

cranium, maxillary crests stemming from the midline of the maxilla and rostrum, or

even mandibular crests that jut out from anterior portion of the mandible (see ptero-
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Figure 1.6: Photograph of the ‘Zittel wing’ specimen. Rhamphorhynchus
muensteri showing the outline of the brachiopatagium, BSPG 1880 II 8.

dactyloid crest diversity in Fig. 1.7). These crests are often bony, but are also frequently

formed from soft tissue, seen in exceptionally preserved pterosaurs such as Tupandactylus

(Pinheiro et al., 2011).

1.2.1 Non-pterodactyloids vs. pterodactyloids

There are a number of morphological features that separate the more basal non-

pterodactyloid (or “rhamphorhynchoid”) pterosaurs from the derived pterodactyloids.

Non-pterodactyloids typically have elongated tails, separated nasal and antorbital fenes-

tra in the skulls, and a short metacarpus while more derived pterodactyloids have a long

metacarpus, short tail, and confluent nasoantorbital fenestra (Fig. 1.8) (Witton, 2013).

A transitional clade between these two groups, the Wukongopteridae, reveals features

of both groups, suggesting that the evolution of pterodactyloids occurred in a modular

fashion, rather than all at once (Wang et al., 2009; Lü et al., 2010).

Features found in fully-grown larger pterodactyloid pterosaurs (dsungaripteroids,

ornithocheiroids and some azhdarchoids) include the notarium and supraneural plate of

the sacrum (Kellner, 2003; Unwin, 2003; Hyder et al., 2014). The notarium is a series

of fused dorsal vertebrae that form a confluent dorsal plate between fused neural spines

in which the scapula articulates. The notarium is particularly robust in larger, older

animals, creating a large area for muscle attachment. The supraneural plate of the

sacrum is similar, with a series of fused neural spines. The robust notarium is presum-

ably related to the significant degree of pectoral musculature needed in large pterosaurs,

providing a sturdy place for attachment (Bennett, 2003).

1.2.2 Ontogenetic changes

Like most vertebrates, pterosaurs change morphologically throughout ontogeny,

with juveniles having some di↵erent features than adults. Although young pterosaurs

are relatively rare, all ontogenetic stages are known, including embryos still within eggs

(Chiappe et al., 2004; Wang and Zhou, 2004). From these and other young pterosaur
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Figure 1.7: Diversity of pterodactyloid head crests. A) Pterodactylus an-
tiquus; B) Dsungaripterus weii ; C) Tupandactylus imperator ; D) Ornithocheirus
mesembrinus; E) Pteranodon sternbergi ; F) Thalassodromeus sethi. Images not
to scale. Image copyright Mark Witton, used with permission.

finds, we know that juvenile pterosaur bones in the wing ossified early, suggesting young

pterosaurs were capable of flight early on, leading to the term ‘flapling’ (Unwin, 2005).

Much of our information on pterosaur growth comes from the seminal work by

Bennett, taking advantage of the thousands of Pteranodon remains of all ages, as well as

the numerous well-preserved pterosaurs from the Solnhofen Plattenkalk (Bennett, 1993,

1996b,c). He sought to identify size-independent features that could be used to classify

ontogenetic-stages of pterosaurs. For this, Bennett looked at characteristics of growth

such as fusion of elements, degree of ossification of elements, and bone texture. Bennett

found that younger animals had more unfused elements, lower degrees of ossification, and

pitted or rough bone texture, whereas mature individuals were typically highly fused,

fully ossified, and had smooth bone (Bennett, 1993, 1996b,c). Further work by Kellner

(2015) proposed six ontogenetic stages, from OS1 with elements unfused and only a small

degree of ossification (e.g. hatchlings) to OS6 where there is complete fusion, including

elements that appear to fuse last such as the humeral epiphyses (mature adults).

It is important to note that an animal may reach sexual maturity (and therefore

‘adulthood’) before full osteological maturity, and therefore extinct animals that may

be considered juveniles or subadults in a palaeontological or osteological context may

actually have been fully reproducing adults (Hone et al., 2016). Related to this is the

presence of cranial crests in some pterosaurs, which are thought to be related to sexual

selection, discussed previously (Hone et al., 2011; Knell et al., 2013). This is supported

by new exceptional finds such as the bonebed of Caiuajara dobruskii in Brazil, which has
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Figure 1.8: Diagram of major evolutionary changes between non-
pterodactyloids and pterodactyloid pterosaurs. Image displays the two
major phases of modular evolution where Phase 1 shows changes occurring be-
tween basal non-pterodactyloids and wukongopterids, while Phase 2 indicates
changes between wukongopterids and pterodactyloids. Image copyright Mark
Witton, used with permission.

animals of all ages and reveals a gradual elaboration of the cranial crest as the animal

got older (Manzig et al., 2014).

1.3 Pneumaticity in pterosaurs

A key feature in birds which has allowed them to be so successful is the air-sac

system, an important component of the respiratory system, which allows for e�cient

gas-exchange via flow-through ventilation (Duncker, 1971). In the cranium, the air-sacs

are not connected to the pulmonary system, and consist of the tympanic and nasal

pneumatic systems (Witmer, 1990), while the pulmonary system consists of a number of

air-sacs, including cervical, clavicular, and abdominal air-sacs in addition to the lungs

(McLelland, 1989). Among extant animals, birds are unique by having extensions of the

air-sac system called diverticula that invade and hollow out bones of the axial, and in

some cases, the appendicular skeleton (Duncker, 1971, 1989; O’Connor, 2004).

Similar to birds, an important characteristic of the Pterosauria is the ubiquity

of postcranial skeletal pneumaticity (PSP), present to some degree in all members of

the group. While many animals have cranial pneumaticity, postcranial and in particular

appendicular pneumaticity is less common. PSP has been positively identified in several

groups of archosaurs, including non-avian dinosaurs (both sauropods and non-avian

theropods), birds, and pterosaurs, although their identification in basal archosauriforms

is controversial (Butler et al., 2012a; Benson et al., 2012). Appendicular pneumaticity is

even more rare, being identified primarily in birds and pterosaurs (Benson et al., 2012).
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Figure 1.9: Diagram of camerate (left) vs. camellate (right) bone in
sauropods. Image from Wedel et al. (2000).

Recognising PSP in extinct animals has been di�cult and subject to significant

controversy. Britt (1993) discussed a number of osteological correlates that can be used

for recognising pneumaticity in bones, including but not limited to; large external foram-

ina, broad and smooth or crenulated pneumatic tracks, and internal chambers opening

externally via a foramen. However, some of these features have also been identified in

crocodilians, which do not exhibit postcranial pneumaticity (O’Connor, 2006), and it

has therefore been suggested that the only unambiguous way to recognise PSP is the

presence of a large internal chamber that opens to the outside via a large foramen (Britt,

1997; O’Connor, 2006; Wedel, 2007; Benson et al., 2012). Another feature that can help

to recognise pneumaticity in bones of extinct archosaurs is the organisation of the in-

ternal structure. Pneumatic bones are organised in a distinct way, with the presence

of camerate (few larger, rounded chambers that are connected within and by relatively

thick-walled bones) or camellate (many small, angular, interconnected chambers within

and separated by thin-walled bones) bone (Fig. 1.9; Britt 1993; Wedel 2007; Benson

et al. 2012), although in reality these make a continuous spectrum including everything

in between (Wedel et al., 2000). Birds typically have camellate bone (O’Connor, 2006),

while both camellate (Smith et al., 2004; Naish et al., 2013) and camerate (Bonde and

Christiansen, 2003) bone have been identified in pterosaurs, although the definitions

given by Wedel et al. (2000) may re-classify the camerae seen in Rhamphorhynchus

as camellae. Apostolaki et al. (2015) more recently studied osteological evidence of

cervical pneumaticity in the ostrich and found that while vertebral laminae, ridges of

bone on vertebrae that relate to ligament and muscle attachment and are often found

near pneumatic foramina, do not always indicate the presence of pneumaticity, they are

more strongly developed near pneumatic foramina or fossae. They suggest that laminae

alone are not significant evidence for PSP, but strongly developed laminae combined

with closely located pneumatic foramina may indicate PSP.
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Figure 1.10: Dorygnathus banthensis humerus showing foramen pre-
viously identified as a pneumatic foramen (indicated by arrow) by
Padian (2008b). Scale = 2 cm.

These criteria for PSP have been di�cult to apply to pterosaurs, particularly

the more basal, non-pterodactyloid pterosaurs. Axial PSP has been positively identified

in vertebrae of several non-pterodactyloid taxa, including Rhamphorhynchus, Raetico-

dactylus, and Dimorphodon (Britt, 1993; Bonde and Christiansen, 2003; Butler et al.,

2009a; Claessens et al., 2009). It has also been identified in the pelvic girdle of three

pterodactyloid pterosaurs (Claessens et al., 2009; Naish et al., 2013; Funston et al.,

2017). However, appendicular PSP has been harder to clarify or identify. Wild (1971)

and Wellnhofer (1975) both suggest that the wing bones of the non-pterodactyloids Do-

rygnathus and Rhamphorhynchus, respectively, were pneumatised, however they both

also say that no pneumatic foramina are present. According to the criteria mentioned

above, this statement cannot be true. Conversely, pneumatic foramina have been iden-

tified in Campylognathoides (Padian, 2008a), and Dorygnathus (Padian and Wild, 1992;

Padian, 2008b) (Fig. 1.10) without additional evidence, and sometimes in places atypical

of pterosaur pneumatic foramina in other taxa (i.e. on the diaphysis). As the position

of pneumatic foramina in avian long bones appears to be non-random and located in

areas of lower biomechanical stress (see Witmer 1997 and references therein), it seems

unlikely that this example from Dorygnathus (Fig. ??) represents a pneumatic bone or

foramen. Other studies have not found evidence for appendicular skeletal pneumaticity

in these taxa (Claessens et al., 2009). More derived pterodactyloid pterosaurs, on the

other hand, have significant evidence of PSP, with pneumatic foramina present in the

cervical vertebrae, wing bones, and even the pelvis of azhdarchoids and ornithocheiroids

(see Claessens et al. 2009 for details, Funston et al. 2017). The presence or absence

of pneumatic foramina found in specific regions of di↵erent bones are considered diag-

nostic in several clades, depending on the classification, including Ornithocheiroidea,

Dsungaripteroidea, and Azhdarchoidea (Fig. 1.11, Kellner 2003; Unwin 2003).
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Figure 1.11: Pterosaur bones showing pneumatic features. A) Humerus
of an azhdarchid pterosaur, possibly Quetzalcoatlus sp. (Currie and Jacobsen,
1995; Godfrey and Currie, 2005), TMP 92.83.4, with a magnified region (B)
showing a pneumatic foramen (not to scale). C) Unidentified pterodactyloid
pterosaur wing bone from the Santana Formation showing a typically large
internal chamber with relatively thin bone walls (NSM-PV 18225-b). Scale = 5
cm.

1.3.1 Quantifying pneumaticity

A number of di↵erent methods have been suggested to quantify and compare

pneumaticity between or within species and bones. Avian PSP has been quantified using

a pneumaticity index, a ratio of how many bones are pneumatised out of a number of

possibly pneumatised anatomic units (O’Connor, 2004). This gives a number between

0 and 1, with higher numbers representing animals with more pneumatised elements.

Wedel (2005) suggested using air space proportion (ASP) to quantify pneumaticity in

sauropods, which is a relative amount of air with respect to total volume of a bone,

allowing for comparisons between bones. Conversely, Fajardo et al. (2007) used the

relative amount of trabecular bone volume compared to the total volume to compare

amounts of bone in pneumatised vs. apneumtised bird vertebrae. Only one study has

attempted to quantify pneumaticity in pterosaurs, calculating the ASP of a limited

number of bones from a single specimen of an unknown, juvenile azhdarchoid pterosaur

(Elgin and Hone, 2013).
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1.3.2 Function of postcranial pneumaticity

The exact function of pneumaticity in animals exhibiting postcranial pneumatic-

ity has been heavily debated. Witmer (1997) summarises three major hypotheses, as

well as proposing a fourth: 1) skeletal pneumaticity results in weight reduction by re-

ducing the amount of bony material; 2) skeletal pneumaticity results in biomechanically

advantageous bones that are more sti↵ and more resistant to bending while having less

bony material; 3) pneumaticity provides some kind of thermoregulatory function by

placing a cooler air pocket in a heat-filled muscle; and 4) the epithelium of diverticula

functions to pneumatise bone in an opportunistic manner while being constrained by

biomechanical loading within the bone in question.

With these potential functions in mind, studies on pterosaur pneumaticity have

generally focused on the presence or absence of pneumaticity in pterosaurs and in specific

pterosaur bones rather than on function (e.g. Britt 1993; Bonde and Christiansen 2003;

Butler et al. 2009a; Bonde and Leal 2015). One study focused on the evolution of the

respiratory system and presence of postcranial pneumaticity as a facilitator for large

body-size in pterosaurs (Claessens et al., 2009), although Geist et al. (2014) disagrees

with the idea that postcranial pneumaticity equates to a bird-like respiratory system.

The two important potential functions related to pterosaurs that will be discussed in

more detail here are those of weight reduction and biomechanical advantages. Weight

reduction is commonly put forward as the main driver for skeletal pneumaticity, but this

does not really hold true for a number of reasons. The skeletons of pneumatised animals

do not appear to be any lighter than apneumatised animals (Prange et al., 1979), and

individual elements actually appear to be more dense in air-filled bones than in their

marrow-filled counterparts (Dumont, 2010). There is also additional evidence that at

least some pterosaur bones were heavier than previously thought, possibly making them

heavier than equivalent bird bones (Martin and Palmer, 2014b). Although this seems

counter-intuitive initially, Witton (2013) explained this in a straight forward manner,

which I will borrow here:

...a pneumati[s]ed bone may be thought of as an inflated balloon: it weighs

the same when it’s deflated, but is stretched to a much larger size. The

walls of pneumati[s]ed bones become thinner and thinner as the bone mass

is stretched further, meaning that the bones expand without gaining mass.

We may therefore interpret heavily pneumati[s]ed animals as small forms

inflated to the dimensions of big ones, making them lightweight compared to

non-pneumati[s]ed species of the same proportions but not, strictly speaking,

making their skeletons lightweight. (Witton 2013, p. 38)

While mass of the bone itself is not necessarily relevant, pneumatised bones in
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life will be slightly lighter than apneumatised bones as they are not full of marrow, which

will make up a certain amount of mass. This brings us to the biomechanical question of

pterosaur pneumaticity. While not specifically a function of pneumaticity, measurements

of relative cortical thickness such as K values (the ratio of inner bone radius to outer

bone radius, e.g. Currey and Alexander 1985; Cubo and Casinos 2000; Suhai et al. 2006)

and R/t values (the ratio of outer radius to cortical thickness, e.g. Currey and Alexander

1985; Fastnacht 2005) are related to both relative strength and sti↵ness of the bones

and pneumaticity. Larger pneumatised bones tend to be more resistant to bending than

smaller, apneumatised bones (e.g. Currey and Alexander 1985). Hazlehurst and Rayner

(1992) and Fastnacht (2005) have both looked at these in a range of pterosaurs to make

inferences on pterosaur flight and ecology, although a wide-ranging or phylogenetically

contextualised study is lacking. The similar shapes and structures found in bird bones

have been shown to increase resistance to bending and torsion, with reinforcing struts

and ridges to help prevent bending and buckling (see Sullivan et al. 2017 for details).

1.4 Mass estimation in pterosaurs

Regardless of the e↵ect of pneumaticity on the mass of the animal, accurately

estimating the mass of an extinct animal is essential in answering questions about biome-

chanics, locomotion, and behaviour, as mass is considered the single most important

factor related to locomotor mode and biomechanics (Biewener, 1989). There are two

general ways of estimating the mass of animals; through volumetric means, or by find-

ing skeletal features closely correlated with body mass (Brassey, 2016). In pterosaurs,

mass estimation has been fraught with controversy. As the largest animals ever to fly,

and since mass is directly related to an animal’s ability to achieve lift in flight, accu-

rately estimating pterosaur mass is essential to understand their flight capabilities or

biomechanics.

Due to the lack of modern analogues and closely related animals, pterosaur

workers have favoured volumetric methods of mass estimation. Unfortunately, pterosaur

mass estimations vary widely depending on the method used, even within volumetric

methods. For example, Table 1.1 shows the variation of mass estimates for 13 genera

of pterosaurs, using three wide-scale studies of mass estimation, Hazlehurst and Rayner

(1992), Witton (2008) and Henderson (2010). Other studies add more confusion, adding

more of a range of masses (e.g. 70-276 kg Quetzalcoatlus northropi, Chatterjee and

Templin 2004; Sato et al. 2009). These ranges are particularly problematic when it comes

to studies of flight capabilities. While the majority of studies suggest that Quetzalcoatlus

was capable of flight (e.g. Norberg 1990; Marden 1994; Witton and Habib 2010; Habib

2013; Palmer and Habib 2014), a 544 kg estimated mass lead Henderson (2010) to

hypothesise that giant pterosaurs had secondarily lost their ability to fly, spending all of



16 CHAPTER 1. INTRODUCTION

Hazlehurst and Rayner
(1992)

Witton (2008) Henderson (2010)

Genus M* S M S M S
Anurognathus - - 0.04 0.35 0.00478 0.216
Dimorphodon - - 1.24 1.01 1.30 1.42
Eudimorphodon 0.015 0.412 0.40 0.85 0.325 1.00
Preondactylus - - 0.08 0.45 0.437 0.446

Rhamphorhynchus
0.013
0.240

0.404
1.052

0.26 0.89 0.986 1.62

Sordes - - 0.14 0.56 0.0758 0.634
Anhanguera 16.5† 5.0† 11.98 4.01 6.52 4.09

Dsungaripterus 4.70 3.24 9.01 2.51 10.7 3.60
Nyctosaurus 1.87 2.72 2.66 2.04 - -

Pteranodon 16.6 6.95
10.53
36.68

3.70
5.96

18.6 5.34

Pterodactylus
0.008
0.096

0.224
0.595

0.07 0.43 0.708 1.48

Pterodaustro - - 0.87 1.17 0.590 1.23
Quetzalcoatlus - - 259.06 9.64 544 11.2

Table 1.1: Examples of variation in mass calculated for pterosaur gen-
era. M = mass (kg), S = wingspan (m). * indicates masses calculated using
the method in Bramwell and Whitfield (1974), †indicates mass estimated using
the same method, but results from Strang et al. (2009).

their time on the ground. Some studies suggest that at least some giant pterosaurs may

have spent a significant time on the foraging on the ground, but there is no indication

they were not capable of flying when needed (Witton and Naish, 2008, 2015; Naish and

Witton, 2017). It was subsequently realised that Henderson (2010) had used incorrect

measurements when making his model of Q. northropi in his volumetric study, thereby

overestimating the size of the torso by a considerable amount (Witton and Habib, 2010),

reminding us of the importance and possible problems and biases of using correct body

dimensions in volumetric mass estimates.

Although 3D skeletal outlines from digital scanning (laser-scanning) have been

used to estimate the mass of other extinct animals such as dinosaurs (e.g Bates et al.

2009; Mallison 2010; Hutchinson et al. 2011; Sellers et al. 2012; Brassey et al. 2015), this

has only been done with pterosaurs through completely manually fabricated skeletal

models (Henderson, 2010). No 3D skeletal models of mounted or fossilised bones have

been used to estimate total body mass in pterosaurs.

1.5 Using CT scans

X-ray computed axial tomography, or computed tomography (CT) scanning is

becoming more and more common in palaeontology as it becomes increasingly financially
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Figure 1.12: A nearly complete Pteranodon sternbergi. UALVP 24238
represents one of the most complete and best preserved specimens of Pteranodon
sternbergi, still in a significant degree of articulation and still in the form as it
was found (Martin-Silverstone et al., 2017). Note that the 2nd, 3rd, and 4th
WPs on the right hand side of the image are reconstructed with plaster. Scale
= 10 cm.

viable and high-resolution micro (µ)-CT scanners become more common and accessible.

This method uses X-rays at multiple angles to capture evenly sliced tomograms, or slices,

in three-dimensions which allows for a three-dimensional image of the specimen to be

reconstructed (Sutton et al., 2014). The advantage of CT scans and so-called ‘virtual

palaeontology’ is clear: it allows for seeing within bones and rocks without destroying the

specimen, as well as seeing fossils in their original shape, without preparation which can

sometimes damage them (Sutton et al., 2014). The first study using CT scans and fossils

was looking at mammalian fossils from Omo, a hominid site (Tate and Cann, 1982).

As early as 1988, the true nature of CT scanning and its usefulness in palaeontology

was discovered when a study using CT scans of Archaeopteryx was published (Haubitz

et al., 1988). Although this is significantly lower resolution than that used now, this

study revealed how much we can learn using this method. Unfortunately, fossil CT

scanning is not always possible or particularly good quality, as it relies on su�cient

density di↵erences between the matrix and fossil, and the absence of some minerals

such as pyrite, which can cause significant scattering of the X-rays (Sutton et al., 2014;

Lautenschlager, 2016).

As the first CT scanners were invented for medical purposes (Hounsfield, 1973),

their resolution was relatively low, and the amount of detail seen from fossils scanned

medically tends to be low. Medical scanners rely on a stationary object with the beams

rotating around the patient. However, the advent of µ-CT scanning allowed for stronger

X-rays by placing the object in question on a rotating slide and having the X-rays come
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from a stationary source (Sutton et al., 2014). This work was pioneered by the University

of Texas High-Resolution X-Ray Computed Tomography Facility.

Most commercial µ-CT facilities, especially those easily accessible and a↵ordable

to palaeontologists, have relatively small CT scanners that can only scan material with

diameters on the order of 20-30 cm in a single scan (though multiple scans can be stitched

together), such as those scanners at the Natural History Museum in London, and the

University of Bristol. These types of scanners also limit the length of specimens that

can be studied, as they must be able to fit in the chamber. Ideally, specimens fit within

a single scan, but larger specimens can be scanned in several vertical scans with the 3D

volumes stitched together afterward, although this is not ideal due to overlaps and is

more di�cult. For this reason, many large fossils are scanned using medical scanners (e.g

Wedel et al. 2000; Schwarz et al. 2007; Witmer and Ridgely 2008; Claessens et al. 2009).

However, large, custom-built µ-CT scanners that are capable of scanning large specimens

do exist, such as the Hutch scanner at the µ-VIS Centre for Computed Tomography,

University of Southampton. This system is capable of scanning large specimens in a

single scan, with diameters up to 1 m, and maximum dimension of 1.5 m. µ-VIS was

responsible for scanning the rostrum of a large pliosaur, and while the resolution was not

the best (527 µm), this was a feat most scanners could not match (Fo↵a et al., 2014).

1.5.1 CT scans in pterosaurs

The first study of pterosaurs using CT scans looked at the endocasts of Rham-

phorhynchus and Anhanguera to compare their brain structure to that of birds (Witmer

et al., 2003), a method which is still commonly used (e.g. Codorniú et al. 2016). Habib

(2008) used CT scans of the humerus of Bennettazhia to investigate the internal struc-

ture and strength, while tooth replacement was investigated by Fastnacht (2008), and as

previously discussed, Claessens et al. (2009) used CT scans to investigate pneumaticity

and respiration in Anhanguera. Hone et al. (2012) visualised the stomach contents of

a Velociraptor which supposedly contained pterosaur material, and CT scans have also

been used to estimate the bone mass in pterosaur bones (Martin and Palmer, 2014b).

Most recently, Palmer (2017) used a number of scans from wing bones of ornithocheirids

to inform on the likely membrane structure, based on the strengths and strains they

could withstand.

Unfortunately, the pneumatic nature of pterosaur bones makes them highly sus-

ceptible to taphonomic deformation, in particular, crushing. Although animals like Pter-

anodon are known from thousands of specimens, including nearly complete specimens

such as in Fig. 1.12, most bones are crushed in a way that they are almost 2D (e.g. Fig.

1.13). These crushed specimens do not hold as much information as 3D preserved fossils,

and therefore tend to be ignored in aspects of virtual palaeontology. Other problems for
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Figure 1.13: Crushed wing bone of Pteranodon. AMNH FARB 153a shows
the flattened nature typically found in Pteranodon fossils. The arrow in the top
image shows where the bone is clearly collapsed with the lateral cortex visible.
The bottom image shows the metal rod attached to the specimen for stability,
since it is only a few mm thick in some places. Scale = 5 cm.

pterosaur CT scans arise when the matrix the fossil is in (if still encased or infilled) is

too similar in density to the bone, or when the matrix contains metallic minerals that

scatter the X-rays, like pyrite (issues discussed in Sutton et al., 2014). For example,

high resolution µ-CT scans were attempted by G. Dyke on a Rhamphorhynchus skeleton

preserved in a slab from the Solnhofen Plattenkalk, in the collections at the NHMUK.

However, the density of the bones was too similar to the matrix, and despite the µ-

VIS team spending time to recover more information, no detail was visible (G. Dyke

pers. comm.). Additionally, a handful of relatively well-preserved pterosaur bones from

the Cambridge Greensand from the CAMSM were scanned, but the similar density and

presence of pyrite prevented any details from being seen (pers. obs.). Another prob-

lem with pterosaur CT scanning is that many complete, small-bodied pterosaurs, such

as Cycnorhamphus suevicus (Fig. 1.14) are preserved in a 2D planar fashion on large

slabs that are di�cult to fit into scanners, and problematic for the beam to penetrate,

resulting in poor quality scans.

For this reason, the majority of studies on pterosaur CT scans have focussed on

3D material from Brazil (Witmer et al., 2003; Fastnacht, 2008; Claessens et al., 2009)

and from the UK (Martin and Palmer, 2014b; Palmer, 2017), with a handful of other

specimens scanned. When compared to other contemporaneous reptiles, this means

pterosaurs are comparatively less well studied when it comes to 3D anatomy and CT

scans.

1.6 Aims and objectives

The three major aims of this thesis are: 1) to better understand pterosaur pneu-

maticity through quantitative means and identifying pneumaticity in pterosaurs using

CT scans and wing bones; 2) to compare methods of mass estimation in pterosaurs
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Figure 1.14: Cycnorhamphus suevicus (GPIT/38-1) from the Late
Jurassic of Nusplingen, Germany. Note the relatively large size of the
shale slab preserving the specimen.

such as the use of mathematical regressions and volumetric methods; and 3) to study

pterosaur wing bone morphology to better understand the functional implications of

pneumaticity. These aims will be achieved by increasing the number of CT scans of

pterosaurs, investigating anatomy using CT scans and traditional methods, using mod-

ern birds to explore the use of of birds as an analogue for pterosaurs in body mass

estimation, and pterosaur soft tissue reconstruction. The main questions of each chap-

ter relate to the above aims as follows:

1. Chapter 2: Air space proportion in pterosaur limb bones using com-

puted tomography and its implications for previous estimates of pneu-

maticity –How do pterosaurs compare to other animals such as birds and sauropods

in terms of their degree of pneumaticity? Does location of pneumaticity estimates

matter if looking at cross-sections?

Hypothesis: Pterosaur wing bones will show higher degrees of PSP than other

animals, and degree of pneumaticity will remain relatively stable throughout the

bone.

• This is studied using ASP from a number of pterosaur wing bones and com-

pared to values in the literature from sauropods, birds, and other pterosaurs.

• ASP is calculated throughout many slices of the bone to understand the

variation.

2. Chapter 3: Exploring the relationship between skeletal mass and total

body mass in birds – Is there a statistically significant correlation between

skeletal mass and total body mass of birds as has previously been suggested? How

is this relevant to the body mass of pterosaurs?
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Hypothesis: The relationship between skeletal mass and total body mass in

birds will not be statistically correlated as previous studies suggest, and that this

relationship will prove to be less relevant to pterosaurs.

• Skeletal mass vs total body mass is investigated using a large database of

extant birds with and without phylogenetic control.

3. Chapter 4: Estimating avian bone mass using computed tomography:

implications for the palaeobiology of extinct animals – Can mass of modern

bones be accurately estimated using CT scans? What implications does this have

for estimates of skeletal mass and total body mass in pterosaurs?

Hypothesis: Bone mass can be accurately estimated using CT scans by calculat-

ing the area at various points and integrating to calculate the volume.

• Modern bird bones are analysed and volume calculated at various intervals

to see how this changes the bone mass estimate.

• Known thresholding algorithms are tested on modern bird bones and pterosaur

fossils to understand their reliability in fossils.

4. Chapter 5: Variation in cortical thickness and pneumaticity in pterosaurs

– What are the biomechanical and structural limitations of the shape of pterosaur

wing bones, especially with respect to pneumaticity? How does pterosaur bone

thickness vary between taxa?

Hypothesis: The structure of wing bones in pterosaurs will vary depending on

locomotion, size and phylogenetic relationships. Pterosaur bone wall thickness will

be smaller in large-bodied pterosaurs, and will be phylogenetically significant.

• Cortical thickness of a large number of pterosaurs across pterosaur phylogeny

are studied to determine any phylogenetically-linked characters, or relation

to pneumaticity.

• Biomechanical features such as bending sti↵ness and relative thickness are

explored to comment on pterosaur palaeoecology.

5. Chapter 6: Mass estimation and distribution of Coloborhynchus ro-

bustus using volumetric estimation – Can pterosaur body mass be more

accurately estimated using CT scans from a single individual and an accurate 3D

skeletal model?

Hypothesis: Volumetric estimates using data from a well-preserved 3D pterosaur

fossil will be more accurate than previous volumetric estimates or mass estimates

derived from skeletal correlates.
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• Muscular and soft tissue reconstructions are used to inform and estimate the

volume of Coloborhynchus robustus and comment on previous methods of

pterosaur mass estimation.

• Explore the possibility of using skeletal correlates to estimate mass in pterosaurs.

6. Chapter 7: Does postcranial palaeoneurology provide insight into pterosaur

behaviour and lifestyle? Re-evaluation of pneumaticity in a small-

bodied azhdarchoid – Are the large pneumatic foramina identified in the sacrum

of the small-bodied pterosaur Vectidraco actually pneumatic in nature? If so, why

is this small pterosaur so highly pneumatic, and if not, what are these foramina?

Hypothesis: These foramina are not pneumatic in nature due to their unusual

location for pneumatic foramina. Instead, these foramina are either vascular or

nervous.

• CT scans are used to explore the anatomy of these foramina.

• Further analysis of other pterosaur sacra reveal new ideas about the neural

canal and innervation of the pterosaur hindlimb.



Chapter 2

Air space proportion in pterosaur

limb bones using computed

tomography and its implications

for previous estimates of

pneumaticity

This chapter is modified from a paper published in PLoS ONE which can be

found in Appendix A:

Martin, E.G. and Palmer, C. 2014. Air space proportion in pterosaur limb bones

using computed tomography and its implications for previous estimates of pneumaticity.

PLoS ONE 9: e97159.

EM(S) designed the study, performed the analysis, interpreted the results, and

wrote the manuscript. CP edited the manuscript.

Methods and specimen information are derived from a paper published from my

MSc at the University of Bristol, published in the Journal of Vertebrate Paleontology,

but this study was not part of my MSc degree.

Martin, E.G. and Palmer, C. 2014. A novel method of estimating pterosaur

skeletal mass using computed tomography scans. Journal of Vertebrate Paleontology

34: 1466–1469.
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2.0.1 Abstract

Air Space Proportion (ASP) is a measure of how much air is present within

a bone, which allows for a quantifiable comparison of pneumaticity between specimens

and species. Measured from zero to one, higher ASP means more air and less bone.

Conventionally, it is estimated from measurements of the internal and external bone

diameter, or by analysing cross-sections. To date, the only pterosaur ASP study has

been carried out by visual inspection of sectioned bones within matrix. Here, computed

tomography (CT) scans are used to calculate ASP in a small sample of pterosaur wing

bones (mainly phalanges) and to assess how the values change throughout the bone.

These results show higher ASPs than previous pterosaur pneumaticity studies, and more

significantly, higher ASP values in the heads of wing bones than the shaft. This suggests

that pneumaticity has been underestimated previously in pterosaurs, birds, and other

archosaurs when shaft cross-sections are used to estimate ASP. Furthermore, ASP in

pterosaurs is higher than those found in birds and most sauropod dinosaurs, giving

them among the highest ASP values of animals studied so far, supporting the view that

pterosaurs were some of the most pneumatised animals to have lived. The high degree of

pneumaticity found in pterosaurs is proposed to be a response to the wing bone bending

sti↵ness requirements of flight rather than a means to reduce mass, as is often suggested.

Mass reduction may be a secondary result of pneumaticity that subsequently aids flight.

2.1 Introduction

Pterosaurs were a group of flying archosaurian reptiles that evolved during the

Triassic, making them the earliest vertebrates capable of powered flight by over 50

million years. They also diversified and evolved rapidly and to great sizes, including

the largest-ever flying animal, Quetzalcoatlus northropi, with a wingspan of over 10 m.

Although pterosaur flight capabilities have been greatly debated (e.g. Bramwell and

Whitfield 1974; Brower 1983; Witton 2008; Henderson 2010; Witton and Habib 2010),

numerous physiological adaptations such as a bird-like respiratory system (Claessens

et al., 2009), progressive neurological systems (Witmer et al., 2003) and well developed

flight membranes (Elgin et al., 2011) suggest these animals were very capable volant

organisms. The bird-like respiratory system present in pterosaurs (Claessens et al., 2009)

comprised lungs and an extensive air sac system with diverticula that pneumatised the

postcranial skeleton. Although this is unique to birds among extant animals, it appears

to have been common among extinct non-avian archosaurs, including sauropodomorph

dinosaurs (Britt, 1993; Wedel, 2005; Schwarz et al., 2007), non-avian theropod dinosaurs

(Britt, 1993; O’Connor, 2006; Benson et al., 2012), and pterosaurs (Claessens et al., 2009;

Britt, 1993; Bonde and Christiansen, 2003; Butler et al., 2009a; Naish et al., 2013; Elgin
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and Hone, 2013).

Pneumaticity is most often studied on a presence or absence basis (e.g. Britt

1993; Butler et al. 2009a, 2012a, but can also be quantified through a relative pneumatic-

ity index (O’Connor, 2004, 2006), or by looking at the volume of pneumatic cavities.

This air space proportion (ASP), is defined as the proportion of bone cross section occu-

pied by air space compared to the total cross-sectional area (Wedel, 2005). Essentially,

it gives the percentage of bone area taken up by air. Like the pneumaticity index, this

value can be used for comparison between specimens and taxa, and with respect to the

degree of pneumatisation seen throughout an ontogenetic stage. ASP is a relatively new

way of measuring pneumaticity that has been applied mainly to sauropods (e.g. Taylor

and Wedel 2013), but also once to pterosaurs (Elgin and Hone, 2013). As ASP is a new

metric, it can be di�cult to compare these values to comparable characters found in

the literature. In terms of long bones, the K value has been used to assess the cortical

thickness as a ratio of inner to outer bone radius, which allows for comparison between

taxa, and has been used in birds (Currey and Alexander, 1985; Cubo and Casinos, 2000;

Suhai et al., 2006) and pterosaurs (Fastnacht, 2005). Geometrically, ASP is equal to

K

2 for a given circular long bone shaft of constant cortical thickness, which allows the

conversion of published K values to ASP values, assuming the absence of trabeculae in

the given section.

Previous fossil ASP and K studies have one thing in common: they were mea-

sured from a single section of the bone that was usually where the specimen had been

broken and exposed naturally, which tends to be in the shaft. These studies have not

looked at how ASP might vary throughout the bone, and therefore the values used from

single shaft cross section are assumed to be representative of the entire bone. The advent

of computed tomography (CT) scanning provides a non-destructive way of investigating

ASP throughout a bone. While CT studies on pterosaurs in the past have focused on

axial (Claessens et al., 2009) and cranial (Witmer et al., 2003) characteristics, more

recent studies have focused on the wing bones to answer locomotory questions (Habib,

2008; Martin and Palmer, 2014b).

Here, previously reported pterosaur wing bone CT scans (Habib, 2008; Martin

and Palmer, 2014b) and additional scans of wing bones (Table 2.1) were analysed to

calculate ASP throughout individual bones. These values were compared to previously

published ASP and K values from birds, sauropods, and pterosaurs.

2.2 Materials and Methods

CT scans from nine pterosaur wing bones from ornithocheirid, istiodactylid, and

tapejaroid pterosaurs were analysed (Fig. 2.1, Table 2.1). Six specimens are identified
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Specimen Bone Formation Taxonomic Group
Completeness

(Length)
NHMUK PV

R3880
WP? ?Vectis, UK

Istiodactylidae
indet.

fragment

NHMUK PV
OR35228

WP?
Upper Greensand,

UK
Ornithocheiridae

indet.
fragments

NHMUK PV
OR39411

WP1 Lower Chalk, UK Ornithocheirus sp. 80% complete*

NHMUK PV
OR41637

WP1 Lower Chalk, UK
Ornithocheiridae

indet.
75% complete*

Uncatalogued
UP WP1

WP1 Santana, Brazil
Ornithocheiridae

indet.
complete

Uncatalogued
UP WP2

WP2 Santana, Brazil
Ornithocheiridae

indet.
complete

Uncatalogued
UP WP3

WP3 Santana, Brazil
Ornithocheiridae

indet.
90% complete*

USNM 11925 Humerus Hudspeth, USA
Bennettazhia
oregonensis

complete

Table 2.1: Details of nine wing bone specimens from numerous
pterosaurs where WP indicates wing phalanx. *indicates estimate.

as ornithocheirid wing phalanges: three first wing phalanges (WP1), one second wing

phalanx (WP2), one third wing phalanx (WP3), and fragments from a wing phalanx of

indeterminate position. In addition, an indeterminate istiodactylid wing phalanx and

the holotype humerus from the tapejaroid Bennettazhia were analysed. All specimens

studied are pterodactyloid pterosaurs. CT scans of Rhamphorhynchusyielded no infor-

mation due to the density of the matrix and bone, while other basal pterosaurs have

not yet been scanned as they have not been made available to study. In this chapter,

the term “end-specimen” refers to a bone shaft with at least one complete proximal or

distal end, while the term fragment indicates specimens where only a shaft fragment is

present.

NHMUK specimens were scanned at the Imaging and Analysis Centre of the

Natural History Museum, using a Nikon Metrology HMX ST 255 µ-CT scanner. These

specimens were scanned isometrically at a resolution of 0.1271 mm. UP specimens were

scanned at the University of Southampton µ-VIS facility, using a custom built Hutch

µ-CT scanner. These specimens were scanned a resolution of 0.1202 ⇥ 0.1202 mm, with

a slice distance of 10 mm. Both NHMUK and UP specimens were scanned for and

supplied by Colin Palmer. USNM 11925 was scanned at the Smithsonian’s National

Museum of Natural History in Washington, DC at a resolution of 0.2227 ⇥ 0.2227 mm,

with a slice distance of 0.5 mm. These scans are courtesy of Mike Habib.

Cortical area was determined for each scan using the method in Martin and

Palmer (2014b). The ‘Threshold’ function of ImageJ (Abramo↵ et al., 2004) was first
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Figure 2.1: Most of the specimens used to calculate ASP using CT
scans. A) NHMUK PV OR39411; B) NHMUK PV OR41637; C) NHMUK PV
R3880; D) UP WP1; E) UP WP2 (left) and WP3 (right); and F) NHMUK
PV OR35228 (not to scale). A,B,D-F used with permission from C. Palmer. C
cropped from original, copyright NHMUK CC BY 4.0.

used to ensure that only bone was included in each image by adjusting the grey-scale

value to include, including both trabecular and cortical bone. The image was then

made binary to insure all pixels were white or black, and then the ‘Analyze Particles’

function of ImageJ was used to calculate the area of boney tissue present (Fig. 2.2).

Total area for each slice was determined using the same method with the entire filled-in

cross-section. Once cortical area and total area were known, ASP was determined by

subtracting the ratio of cortical area to total area from one, which gives the proportion

of the total area occupied by air. This was done at set increments throughout the bones

for the end-specimens, varying depending on the length of bone and distance between

the scans (see Appendix A), and two to four times in the fragments depending on the

bone length. Plots of length vs. ASP (Fig. 2.3) show the variation of ASP throughout

the bone and values were compared to those found in previous studies of birds, sauropod

dinosaurs, and pterosaurs.

2.3 Results

The ASP distributions for each wing phalanx show a similar pattern to the bone

volume distribution for the same bones in Martin and Palmer (2014b), with the ends

of the bone having proportionally higher air space than the shaft (Fig. 2.3). However,

ASP shows higher variability than volume within a single bone which is mostly constant

throughout the shaft (Martin and Palmer, 2014b). While WP1 and WP2 appear to

be similar in their ASP value and distribution, the single WP3 in our dataset (UP

WP3) has a lower central shaft ASP value than any other bone studied, 15% lower than

the proximal head, and 10% lower than the lowest ASP recorded in any other bone.

However, UP WP3 maintains the pattern of high ASP in the ends and lower in the
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Figure 2.2: CT scan images from two di↵erent regions of pterosaur
first wing phalanx. A and B show the unmodified CT scans from A) the
distal end of UP WP1 and B) the mid-shaft of UP WP1, while C and D show
the modified and corrected images used in the calculation. Air space proportion
(ASP) is calculated by determining the cross-sectional area of the internal, air
filled cavity (the black centre of D) and dividing that by the total cross-sectional
area, including the white cortical tissue and the black cavity. In areas with
trabeculae, like C, the calculation of the air space includes the air found in
individual trabeculae around the edges. Scale = 10 mm.

shaft. While all wing phalanges exhibit the same general pattern, the humerus (USNM

11925) does not, with the ASP generally increasing from the proximal to distal end, and

with a marked increase between 55% and 70% of the length of the bone. The fragments

were found to have average ASP values lower than end-specimens (Table 2.2). There is

a 5-19% di↵erence between the average ASP calculated and the lowest ASP found in the

end-specimens, and a 10-29% di↵erence between the lowest and highest measured ASP

values (Table 2.2). Details of measurements made at each slice for all specimens as well

as a summary of bird data can be found in Appendix A.
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Figure 2.3: Plot of air space proportion over the length in six pterosaur
wing bones. These plots show a polynomial line fit for each bone to show the
general shape distribution. Exact measurements can be seen in Appendix A.

2.4 Discussion

2.4.1 Comparison with previous studies

ASP values found in this study are within the range previously published in the

literature for pterosaurs (Tables 2.2, 2.3), although important di↵erences are discussed

below. The ASP values also appear to be within the range of cervical vertebrae of

sauropod dinosaurs with high ASP, although they do not exhibit the wide range seen

in sauropods (Taylor and Wedel, 2013). However, these ASP values do exhibit a higher

percentage of air in the bones than do bird wing bones (Currey and Alexander, 1985;

Cubo and Casinos, 2000; Suhai et al., 2006) (Table 2.3). Values reported for Pteranodon

(Currey and Alexander 1985; and derived from previously published literature, Bramwell

andWhitfield 1974) are higher than those found here. However, the results of Pteranodon

ASP may not be accurate because the original cortical thickness values (Bramwell and

Whitfield, 1974) have been transformed first into K (Currey and Alexander, 1985), then

additionally into ASP here. It has also been suggested that the initial transformation

into K was not accurate (Currey and Alexander, 1985). Alternatively, as di↵erent taxa

exhibit contrasting degrees of pneumaticity and wall thicknesses (see below), it may be

that Pteranodon surpasses other pterosaurian taxa in its proportion of air to bone. The
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Specimen
Specimen
Grade*

Range of ASP Average ASP

NHMUK PV
R3880

fragment 0.71-0.77 0.74

NHMUK PV
OR35228

fragment 0.74-0.76 0.76

NHMUK PV
OR39411

End-specimen 0.68-0.88 0.77

NHMUK PV
OR41637

End-specimen 0.70-0.88 0.83

UP WP1
Complete
end-specimen

0.77-0.87 0.81

(Th 57)** 0.56-0.76 0.79

UP WP2
Complete
end-specimen

0.69-0.84 0.76

UP WP3 End-specimen 0.59-0.76 0.68

USNM 11925
Complete
end-specimen

0.77-0.85 0.81

Table 2.2: Values of air space proportion in nine pterosaur wing bones.
*Definitions for fragment and end-specimen can be found in material and meth-
ods on page 25. **Indicates specimen that was thresholded at a lower value of
57 to test the a↵ect of thresholding on the results. Exact measurements can be
found in Appendix A.

limited sample size and phylogenetic spread of our study combined with the crushed

nature of Pteranodon remains from the Niobrara Formation limit our ability to analyse

this further as few three dimensional specimens exist.

Fastnacht (2005) reported a lower range of ASP in dsungaripteroid pterosaurs,

although it is unknown which bones or specimens his conclusions were based on. Dsun-

garipteroids have thick-walled bones compared to other pterosaurs (Unwin, 2003), which

explains the lower value of ASP (Fastnacht, 2005). This may be relevant to the debated

taxonomic nature of Bennettazhia, the humerus studied here (USNM 11925). Although

this specimen is typically referred to as an azhdarchid (Nessov, 1991), the lack of proxi-

mal pneumatic foramina characteristic of azhdarchids suggests it may be better to con-

sider it an indeterminate tapejaroid (Dsungaripteroidea + Azhdarchoidea; M. Witton,

pers. comm.). Alternatively, it may represent a di↵erent group, which is suggested by

a recent phylogenetic analysis that does not support the traditional grouping of Tape-

jaroidea (Andres and Myers, 2013). Another explanation for the di↵erence in values

may come from the method of converting K values to ASP in pterosaurs. While K

2 is

equal to ASP for semi-circular shaft cross sections with constant wall thickness such as

those seen in most birds, pterosaur wing phalanges are sub-triangular in cross section

with thickness increasing towards the corners. As it is unclear which bones the dsun-

garipterid values came from (Fastnacht, 2005), this di↵erence could be from converting
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Taxonomic Designation
Element
(if known)

ASP

Pterosaurs
Pteranodon ingens
(Currey and Alexander, 1985)*

Humerus
Radius
Ulna
Metacarpal
WPs

0.90
0.81
0.90
0.86
0.74-0.88

Dsungaripteroid
(Fastnacht, 2005)*

Unknown 0.26-0.28

Azhdarchoid (juvenile)
(Elgin and Hone, 2013)

Rib
WP
Femur
Tibia
CV

0.77
0.27
0.66
0.72
0.83

Birds
Numerous species
(Currey and Alexander, 1985)*

Humerus
Radius
Ulna
Femur
Metatarsal

0.46-0.74
0.28-0.64
0.29-0.64
0.38-0.76
0.21-0.74

Several species
(Cubo and Casinos, 2000)*

Marrow-filled
Air-filled

0.11-0.69
0.49-0.71

Hooded crow and black-billed
magpie (Suhai et al., 2006)

Humerus
Femur
Tibiotarsus

0.52-0.67
0.55-0.67
0.34-0.61

Sauropods
Numerous species
(Taylor and Wedel, 2013)

CV
DV
Pre sacral vert.
Caudal vert.

0.28-0.89
0.36-0.78
0.65-0.85
0.47

Table 2.3: ASP values from previous studies. *indicates ASP values con-
verted from K values. Vert. is short for vertebra

non-circular bone cross sections to ASP values which may not be accurate.

Comparison with data published from SMNK PAL 3985, an indeterminate ju-

venile azhdarchoid, (Elgin and Hone, 2013) demonstrated that the rib, femur, tibia, and

cervical vertebra ASP ranges are similar to those found in this study. However, the only

bone in SMNK PAL 3895 directly comparable here is a wing phalanx, and represents

the smallest ASP found with only 0.27 (Table 2.3), notably di↵erent from wing phalanx

ASP found here (Table 2.2). An ASP of 0.27 was determined by taking a picture of

a cross section of the specimen which had the internal structure exposed, and applied

the calculated ASP from this single cross section throughout the bone (Elgin and Hone,

2013). It may be that a more comprehensive study of this specimen using CT analysis

would reveal a larger ASP more characteristic of other bones. Further analysis of this

specimen is needed to determine its pneumatic properties in more detail. Additionally,

the fact that this specimen is a juvenile may be related to the results, although it is

currently not understand how ontogeny is related to pneumaticity.
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When comparing the results here with those of studies estimated from K values

of the long bones of birds, pterosaur ASP exhibits a narrower range than that of birds

(Tables 2.2, 2.3). The pterosaur results are at the high end of the bird range, and

the extreme values are greater than the highest bird ASP estimates. This adds further

support to the view that pterosaurs were highly pneumatic, which may have been linked

to their well developed respiratory system and possibly contributed to their ability to

reach gigantic sizes (Claessens et al., 2009).

In comparison with sauropod dinosaurs, the ASP of pterosaur wing bones is

similar to that of the high end of the range seen in sauropod vertebrae (Tables 2.2,

2.3). As only wing elements were studied here, a direct comparison between comparable

elements in sauropods and pterosaurs is not possible, and is a subject that holds promise

for future study. In summary, it appears that the wing elements of pterodactyloid

pterosaurs possess higher ASP values than the long bones of birds, and are comparable

to the most pneumatised sauropod vertebrae.

2.4.2 ASP patterns within pterosaur wing bones

Although not statistically significant due to the small number of samples, it

appears that ASP decreases (and therefore the proportion of bone volume increases)

distally along the phalanges (Table 2.2, Fig. 2.3). UP WP1 and NHMUK PV OR39411

show higher ASP values throughout the bone than that of UP WP2. NHMUK PV

OR41637 has a similar distribution throughout the shaft of the bone to UP WP2, but

has a higher ASP in the proximal head. However, UP WP3 has lower ASP than all

other specimens, barely overlapping with any other specimens, while still sharing the

general pattern of highest ASP at the ends. This suggests that the pterosaur wing

phalanges are more highly pneumatised proximally, and decrease in pneumatisation

distally. However, while UP WP2 and WP3 are from the same individual, UP WP1 is

not. Further investigation is required to determine if pneumaticity does actually decrease

distally, or if the results reported here represent individual variation.

2.4.3 Implications of ASP variation within bones

Although comparison of degrees of pneumaticity within taxa is valuable, the

more important finding of this study is the degree of variation of ASP within individual

bones (Fig. 2.3). Previous studies have reported ASP or K values from a single cross

section through the bone that is generally in the shaft, either from the specimen itself,

an image, or in rare cases from a single CT scan slice (Currey and Alexander, 1985; Cubo

and Casinos, 2000; Fastnacht, 2005; Suhai et al., 2006; Elgin and Hone, 2013; Taylor and

Wedel, 2013). This study shows that ASP is not constant throughout a bone: ASP is
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higher in the heads than in the shafts. This was not expected as the heads of the bones

are filled with spongy trabecular bone, but the very thin walls of the trabeculae mean

that there is a large proportion of air space. Also, increased diameter in the heads is

coupled with decreased cortical thickness towards the heads (as much as 50% decrease

Martin 2012).

The di↵erence between the average ASP and the smallest ASP measured in each

specimen is 5-19%, while the di↵erence between the highest and lowest measurements

is 10-29% (Table 2.2). These di↵erences highlight the problem of using a single section

to quantify pneumaticity within a bone since the shaft consistently shows a lower ASP

than the heads. Although this trend is clear for pterosaur wing phalanges, it is not

in the humerus USNM 11925 (Table 2.2). It is unknown if this is a general feature of

humeri, or this single taxon and more investigation is needed.

It is also unknown if variation of ASP throughout a bone is solely characteristic

of pterosaurs, or if it is present in other animals with pneumaticity, such as birds and

sauropods. Further work must therefore be done on both sauropods and birds to deter-

mine if the variation is present within these groups as well as pterosaurs, and to what

extent ASP may have been underestimated in these taxa. As biomechanical studies are

often based on shaft cross-sections, this has implications for the use of a shaft cross-

section to determine the bone-to-air ratio. This result may also apply to apneumatic

bones, those that are filled with marrow, which were not studied here, and require more

study.

2.4.4 Variation of pneumaticity in larger flying animals

Larger flying birds consistently have higher pneumaticity than smaller flying

birds, and in groups with variable pneumaticity, the largest species always show higher

pneumaticity (O’Connor, 2004, 2006). ASP may also be higher in larger animals, sug-

gested by large pterosaurs consistently having higher ASP than birds, although further

studies on the distribution and degree of pneumaticity in smaller pterosaurs are nec-

essary. This reveals a general trend in flying animals to increase ASP as they become

larger. Traditionally, pneumaticity in birds has been attributed to reducing mass by

hollowing out the bones, but this is likely to be only one of several possibly entangled

factors. Another plausible driver is proposed here. Geometric considerations show that

as bones get larger and thinner walled (and therefore as ASP increases), specific sti↵-

ness (sti↵ness per unit mass) also increases (Currey and Alexander, 1985; Currey, 2002).

Young’s Modulus (material sti↵ness) of bone also increases with increasing density (Cur-

rey, 2002) implying that bones with higher density are also more sti↵ in bending. As

bird and bat wing bones appear to be more dense than equivalent mammal bones (with-

out taking into account the added density from marrow in apneumatic bones; Dumont



34 CHAPTER 2. ASP IN PTEROSAUR WING BONES

2010), this suggests an evolutionary pressure to increase the sti↵ness of bones in flying

animals. The sti↵ness of a bone is the result of the Young’s Modulus of the bone, and the

shape of its cross-section, with bending sti↵ness increasing rapidly as the diameter of a

bone increases. This leads to a strong new hypothesis: ASP increases with size in flying

animals as an adaptation to increase bone bending sti↵ness related to the pressures of

flight. The resulting decrease in bone mass may be a beneficial by-product caused by

the decrease in bone volume and loss of marrow that come with pneumaticity.

2.5 Conclusions

By using results obtained from the CT scanning of pterosaur wing bones, it has

been possible to quantify the variation of pneumaticity as a continuous variable over

the full length of fossil bones for the first time. Significant variation of ASP within

individual bones is revealed, suggesting that previous estimates of sauropod, bird, and

pterosaur pneumaticity based on inspection of single bone cross sections may signif-

icantly underestimate the degree of pneumaticity. Our results demonstrate that this

is true for pterosaur wing bones, but further research is required to confirm the re-

sult in sauropods, birds, and in the axial skeleton of pterosaurs. Further evidence that

pterosaurs were more pneumatic than birds is provided, which I propose is due to the

increased pressures of flight in larger animals, specifically related to bending sti↵ness,

while weight reduction is a secondary advantage.
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3.0.1 Abstract

Total body mass (TBM) is known to be related to a number of di↵erent osteo-

logical features in vertebrates, including limb element measurements and total skeletal

mass. The relationship between skeletal mass and TBM in birds has been suggested as

a way of estimating the latter in cases where only the skeleton is known (e.g. fossils).

This relationship has thus also been applied to other extinct vertebrates, including the

pterosaurs, while other studies have used additional skeletal correlates found in modern

birds to estimate TBM in archosaurs, mammals, and more. However, most previous

studies have used TBM measured from extant animals and compiled from the literature

35
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rather than from direct measurements, producing values from population averages rather

than from individuals. Here, a new dataset of 487 extant birds encompassing 79 species

that have skeletal mass and TBM recorded at the time of collection or preparation is

reported. I combine both historical and new data for analyses with phylogenetic con-

trol and find a similar and well-correlated relationship between skeletal mass and TBM.

Thus, it is confirmed that TBM and skeletal mass are accurate proxies for estimating

one another. I also look at other factors that may have an e↵ect on avian body mass,

including sex, ontogenetic stage, and flight mode. While data are well-correlated in all

cases, phylogeny is a major control on TBM in birds strongly suggesting that this rela-

tionship is not appropriate for estimating the total mass of taxa outside of crown birds,

Neornithes (e.g. non-avian dinosaurs, pterosaurs). Data also reveal large variability in

both bird skeletal and TBM within single species; caution should thus be applied when

using published mass to test direct correlations with skeletal mass and bone lengths.

3.1 Introduction

Body mass (total body mass; TBM) is strongly correlated with an animals

biology, physiology and mode-of-life (Campione and Evans, 2012). Thus, accurately

measuring TBM allows other aspects of lifestyle to be inferred (e.g. metabolism, growth

rate, population density, diet, reproductive strategy; Brown et al. 1993; Gillooly et al.

2001, 2002). TBM is the single most important variable controlling locomotor mode and

hence biomechanics (Schmidt-Nielsen, 1984; Biewener, 1989). In birds, measuring and

understanding body mass is critical because of flight: lift (L) is directly proportional to

TBM (m) (Eq. 3.1)

L ⇡ mg (3.1)

where g is the acceleration due to Earth’s gravity.

In living birds, TBM can be easily and accurately measured as the sum of

skeletal and non-skeletal mass (Prange et al., 1979; Field et al., 2013) by weighing living

individuals or fresh carcasses. This relationship is relevant to the study of fossils because

soft-tissues are never preserved in a useful form and because paleontologists have devoted

a great deal of e↵ort estimating TBM for extinct organisms (e.g. Farlow et al. 2005;

Bates et al. 2009; Henderson 2010; Kubo 2011; Field et al. 2013). Establishing a robust

and reliable relationship between TBM and its constituent skeletal mass provides a

powerful tool for interpreting the fossil record. A previously published scaling exponent

for extant birds (Prange et al., 1979) has, for example, been applied for mass estimation

in another group of flying vertebrates, the extinct pterosaurs (Witton, 2008); this is

of interest because these vertebrates attained body sizes of approximately 250 kg and

wingspans of 10-12 m, the largest flying animals ever (Witton and Habib, 2010).
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Uncertainty in estimations of soft tissue densities in extinct animals (Biknevi-

cius, 1999) has meant that existing methods to calculate TBM in fossils either which on

body volume and/or density reconstructions (e.g. Bramwell and Whitfield 1974; Bates

et al. 2009; Henderson 2010) have been supplemented or replaced by the use of scaling

relationships (e.g. Hurlburt et al. 2003; Farlow et al. 2005; Campione and Evans 2012;

Field et al. 2013).

Prange et al. (1979) presented the first comprehensive data-based study ad-

dressing the TBM/skeletal mass relationship in living birds and mammals. They re-

ported correlations using measurements from literature (mammals) and from fresh bird

carcasses and demonstrated an allometric relationship independent of ecology or lifestyle

but similar for both groups. Substantial subsequent work has built on Prange et al.

(1979) employing allometric analyses to estimate the masses of extinct animals (e.g.

Anderson et al. 1985; Farlow et al. 2005; Witton 2008) and discussing the scaling re-

lationships controlling avian body mass (e.g. Anderson et al. 1985; Olmos et al. 1996;

Farlow et al. 2005; Longrich et al. 2011). However, most previous studies have one factor

in common: although bone measurements come from skeletons, TBM is often derived

from literature, most frequently the extensive compendium of Dunning (2007) and its

earlier iteration (Dunning, 1992). This means that while skeletal measurements capture

individual and species-level variation, TBM almost never does. In addition, most of

Dunning’s (2007) species means for avian TBM were themselves recycled from existing

literature (e.g. Dunning 1992) and thus captured various subspecies and/or geographic

regions within data o↵ered for a single species. These factors are known to have a sub-

stantial a↵ect on TBM as avian body mass can vary significantly across a breeding range

and with time of the year.

In this study, Prange et al. (1979) is revisited, presenting: (1) a re-analysis of

this original dataset for birds; (2) analysis of a new unique dataset of individuals from a

single museum collection; (3) exploration of a comprehensive pooled dataset comprising

TBM and skeletal measurements from Prange et al. (1979) augmented by a the new

dataset; and (4) a study of whether additional factors such as ontogenetic stage, sex, or

flight mode a↵ect the TBM to skeletal mass relationship in birds. Importantly, TBM is

a character of very high phylogenetic dependence (Blomberg et al., 2003), meaning that

closely related species have similar body sizes. Therefore these analyses are controlled

for common descent using a recent molecular phylogenetic tree for birds (see below).

Finally, I comment on the implications of using scaling relationships for living birds to

estimate TBM in extinct animals, especially with respect to the flight capabilities of

birds and pterosaurs.
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3.2 Methods

3.2.1 Data

The Prange et al. (1979) dataset for living birds comprises 308 specimens

encompassing 206 species. The second dataset comprises skeletal element measurements

and individual TBMs taken from birds in the ornithology collection at the Royal British

Columbia Museum, Victoria, Canada (RBCM) (by GK and CJ), which is a public and

permanent repository. Specimen numbers and data for all of the material studied can

be found in Appendix Table B.1. This collection is unique because individual TBMs

were recorded either when specimens were collected or when carcasses were donated to

the RBCM. Thus, individual bones, skeletons, and TBMs for 487 extant flying birds in

this collection were weighed and measured, encompassing 15 orders spanning 79 flying

species (Appendix B). In this dataset, TBMs vary from 46g to 12000g. All skeletons were

prepared at the RBCM for taxonomic evaluation; dry skeletal masses were measured

using an electronic pan balance accurate to 0.1g. In cases where skeletons are not

entirely complete because one of a pair of bones was broken or missing, the mass of

the existing member of the pair was used. For completeness and for future studies,

lengths and widths of individual bones were measured with electronic calipers accurate

to 0.01mm (expanded dataset with data not used in this thesis can be found as Electronic

Supplementary Materials for this paper on figshare1).

The RBCM dataset was also divided in order to test additional sources of vari-

ation. Sexual variation was explored by dividing the specimens into males (n=190)

and females (n=200), where known. Specimens where the sex was unknown were dis-

regarded. Limited information was known on ontogenetic stage, allowing specimens to

be divided only into hatchling year (HY), or above hatchling year (AHY). Di↵erences

between these two groups were then studied. Finally, flight mode was determined for

each species. Each species was categorised into one of four flight modes, based on Close

and Rayfield (2012): continuous flapping, flap-gliding, soaring, or burst-adapted flight.

Flap-gliding refers to birds that interject periods of gliding (not soaring) between periods

of flapping, at regular intervals (e.g. Pennycuick 2008; Close and Rayfield 2012), while

soaring specifically describes birds that use rising air or the wind shear over the sea

(dynamic soaring) (Bruderer et al., 2010; Sachs et al., 2013). Burst-adapted flyers are

those that typically stay on the ground (such as grouse or ptarmigans) but are capable

of rapid take-o↵s with high frequency wing beats (Close and Rayfield, 2012). While

prior studies have included intermittent bounding (Pennycuick, 2008; Close and Ray-

field, 2012; Sachs et al., 2013), which is typical of passerines, the RBCM dataset did not

include any birds with this flight mode and it was therefore eliminated. Classification

1
https://figshare.com/articles/_Exploring_the_Relationship_between_Skeletal_Mass_and_

Total_Body_Mass_in_Birds_/1588328

https://figshare.com/articles/_Exploring_the_Relationship_between_Skeletal_Mass_and_Total_Body_Mass_in_Birds_/1588328
https://figshare.com/articles/_Exploring_the_Relationship_between_Skeletal_Mass_and_Total_Body_Mass_in_Birds_/1588328
https://figshare.com/articles/_Exploring_the_Relationship_between_Skeletal_Mass_and_Total_Body_Mass_in_Birds_/1588328
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of flight mode was determined through the literature (Bruderer et al., 2010; Close and

Rayfield, 2012), by viewing video footage on Getty Images (www.gettyimages.co.uk),

ARKive (www.arkive.org), The Internet Bird Collection (www.ibc.lynxeds.com), the

Cornell Lab of Ornithology (www.macaulaylibrary.org), or in rare cases on YouTube

(www.youtube.com). However, videos of some species were not found and flight mode for

these species was assumed based on closely related species, or from personal observation.

Two significant outliers, almost certainly errors, in Prange et al. (1979) were

removed from these analyses: the Black-striped Sparrow (Arremonops conirostris) be-

cause its skeletal weight is listed as 50.5% of its TBM (the rest of the species in our

data sets have a TBM range from 2.5% to 21.6%; and the Pearl-spotted Owl (Glaucid-

ium perlatum) because its listed body weight is given as 6.9g (this species weighs on

average 69g and 91g for males and females respectively; Dunning 2007). Additionally,

the extinct Lord Howe Swamphen (Porphyrio alba) and Rallus longirostris, subject to

taxonomic controversy, were removed, because their molecular taxonomic positions are

unclear (e.g. Taylor 2010; BirdLife International 2015). Finally, Prange et al. (1979)

reported two subspecies of Sandhill Crane (Grus canadensis), of which we only used the

one with a larger sample size (i.e. G. canadensis tabida) because phylogenetic compara-

tive analyses used here only allow a single data point per species, while the two Sandhill

Crane subspecies are considerably di↵erent (Dunning, 2007), therefore calculating a sin-

gle mean for the species may not be ideal. By removing these problematic taxa and

individuals, the final Prange et al. (1979) dataset re-analysed in this study consists of

300 specimens and 203 species.

3.2.2 Analyses

Two initial sets of analyses were performed. First, the bird data published by

Prange et al. (1979) was re-analysed using phylogenetic control (203 species) (Ericson

et al., 2006; Hackett et al., 2008), with trees downloaded from http://birdtree.org.

Hackett et al. (2008) was favoured as it is more recent and was a better fit as it had

lower AIC values in the models. Then, the RBCM dataset was analysed both with and

without phylogenetic control, as with the Prange et al. (1979) dataset. After these

initial analyses, the Prange et al. (1979) data and the RBCM data were pooled and

analysed (270 species; 12 species overlap, Appendix Table B.2), using the same phylo-

genetic control. Average TBM and skeletal mass (SM) for overlapping species (n=12)

were calculated as weighted means, where weights were represented by the number of

specimens measured in each collection. Finally, this method was then repeated for the

RBCM dataset once it was divided into di↵erent sexes, ontogenetic stages, and flight

modes. These di↵erent groups were then compared.

Since species are not independent data points (because of their shared evolu-

www.gettyimages.co.uk
www.arkive.org
www.ibc.lynxeds.com
www.macaulaylibrary.org
www.youtube.com
http://birdtree.org
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tionary history (White et al., 2009), phylogenetically controlled models are used for

analyses. These models implement a variance-covariance matrix that helps to account

for the expected similarity of species based on their degree of phylogenetic relatedness.

For this, phylogenetic trees from http://birdtree.org were used. 1000 trees with the

backbone tree of Hackett et al. (2008) were downloaded, and a dated, rooted, ultra-

metric consensus tree was calculated using the SumTrees software (2010), and branch

lengths calculated as arithmetic means of the lengths of the corresponding split or clade

in the source trees. Both TBM and skeletal mass were log transformed (base 10) prior to

analyses and association between skeletal mass and TBM was tested using phylogenetic

generalised least squares (PGLS), as implemented in the R package caper (Orme et al.,

2013). I used skeletal mass as the response variable and TBM as the predictor variable

(x) following Prange et al. (1979) in order to compare the two results. Additionally,

since these models are asymmetrical (i.e. the relationship between x and y depends

on which one of these is the dependent and which is the explanatory variable) and the

association had been repeatedly used to predict TBM from skeletal mass (incorrectly

using the allometric equation of Prange et al. (1979), models were repeated with the

two variables interchanged. Slope di↵erences were tested using PGLS models where the

dependent variable was expressed as SM minus SM predicted based on TBM, using the

allometric equation published by Prange et al. (1979). In light of a recent critique of the

major axis (e.g. RMA) regression approach used in estimating allometric associations

(Hansen and Bartoszek, 2012; Serrano et al., 2015), this approach was not used.

3.3 Results

This re-analysis of the Prange et al. (1979) bird data using phylogenetic control

found a slightly but not significantly larger allometric exponent than previously reported

(skeletal mass, SM = 0.059⇥TBM1.079, R2 = 0.97). The allometric exponent estimated

(1.079 ± 0.013 SE) does not di↵er significantly (t = 0.65, p = 0.5150) from the one

estimated by Prange et al. (1979: 1.071 ± 0.102) (Figs. 3.1, 3.2).

Analysis of the pooled dataset (n = 270 species, 787 specimens) also resulted in a

slightly larger allometric exponent than estimated by Prange et al. (1979: SM = 0.059⇥

TBM1.082, R2 = 0.97; Figs. 3.1, 3.2). Again, the revised estimated allometric exponent

(1.082 ± 0.012 SEM) does not di↵er significantly from the first estimate of Prange et

al. (1979: t = 0.91, p = 0.3589). Additionally the allometric exponent (1.085 ± 0.029)

in the equation calculated based on the RBCM dataset alone (SM = 0.064⇥TBM1.085,

R

2 = 0.95) was similar to that estimated by Prange et al. (1979: t = 0.47, p =

0.6393). The reversed models, where TBM was predicted based on SM, resulted in an

allometric equation of TBM = 12.560 ⇥ SM0.901 (SE = 0.011) for the data extracted

from Prange et al. (1979), TBM = 12.395⇥SM0.895 (SE = 0.010) for the pooled dataset

http://birdtree.org
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Figure 3.1: Linear scale association between total body mass and skele-
tal mass in birds. Plotted on a linear scale using (a) the data published by
Prange et al. (1979) and (b) the pooled dataset (RBCM and Prange et al.
1979). Black line represents the association estimated by Prange et al. (1979),
red line represents the association estimated here, dashed lines represent stan-
dard errors.

and TBM = 10.601⇥ SM0.871 (SE = 0.023) for the RBCM dataset.

Analysis of sexual variation in the RBCM dataset of TBM vs. SM between

females (58 species, SM = 0.070 ⇥ TBM1.118, SE = 0.035, R2 = 0.95) and males (64

species, SM = 0.063⇥TBM1.054, SE = 0.036, R2 = 0.93) revealed no statistically signif-

icant di↵erence in the allometric exponent between the two (t = 1.83, p = 0.07305; Fig.

3.3). Additionally, no statistically significant di↵erences were found in the allometric

exponent estimated based on specimens that were above their hatchling year (AHY, 77

species, SM = 0.064 ⇥ TBM1.080, SE = 0.029, R2 = 0.95) or in their hatchling year

(HY, 17 species, SM = 0.090⇥TBM1.072, SE = 0.086, R2 = 0.91), the only ontogenetic

information available in the RBCM dataset (t = 0.29, p = 0.7746; Fig. 3.4).

Finally, no statistical di↵erences were found in the allometric exponent esti-

mated based on species with di↵erent flight modes of soaring (12 species, SM = 0.064⇥

TBM1.045, SE = 0.062, R2 = 0.97), flap-gliding (21 species, SM = 0.083 ⇥ TBM1.153,

SE = 0.063, R2 = 0.95) and continuous flapping (43 species, SM = 0.067 ⇥ TBM1.099,

SE = 0.040, R2 = 0.95) in the RBCM dataset. Di↵erence in allometric exponents are

not significant (flap-gliding soaring, t = 1.63, p = 0.1206; flap-gliding continuous, t =

0.76, p = 0.4579; continuous soaring t = 1.19, p = 0.2395; Fig. 3.5). Unfortunately, a

model could not be made for the burst-adapted flyers as there were only three species,

and therefore I could not test burst-adapted flyers against other flight modes.
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Figure 3.2: Logarithmic scale association between total body mass and
skeletal mass in birds. Plotted on a log scale using (a) the data published by
Prange et al. (1979) and (b) the pooled dataset (RBCM + Prange et al. 1979).
Black line represents the association estimated by Prange et al. (1979), red
line represents the association estimated here, dashed lines represent standard
errors.

3.4 Discussion

Despite addition of considerably more, and arguably more accurate, mass data

and analysis under phylogenetic control, these results corroborate the relationships re-

ported in Prange et al. ((1979): Figs. 3.1, 3.2). Thus, although I advocate use of these

re-calculated scaling exponents, TBM and skeletal mass provide accurate proxies for

estimating one another.

Nevertheless, comparing the new RBCM dataset with the original Prange et al.

(1979) dataset, several important further observations can be made. There is significant

variation in the RBCM dataset, with many specimens deviating from the relationship

(although overall well-correlated). This can be more easily seen when data is shown with

a linear scale, rather than logarithmic (Fig. 3.1) and can be explained mainly by two

factors. Primarily, this new dataset is made up of a significant number of individuals

from each species: the average number of specimens per species in the RBCM dataset

is 12.97 (ranging from 1 to 30), while the Prange et al. (1979) data averages 2.14

individuals per species (ranging from 1 to 6). With so many more individuals used here,

further variation is expected as a larger subset of each species has been measured. The

overall relationship, while very similar, has changed slightly; the RBCM dataset is also

slightly less positively allometric.
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Figure 3.3: Sexual variation between total body mass vs. skeletal mass
relationships in birds. Red = female, blue = male, black solid line represents
the total relationship for the entire dataset, while coloured solid lines represent
the association for each sex, dashed lines represent standard errors.

It is important to further discuss this highly variable new dataset; skeletal mass

and TBM are variable within a species. For example, the Rhinoceros Auklet (Cerorhinca

monocerata) has TBM ranging from 258.7 g to 616.2g, and skeletal masses from 12.4-

39.7g (Fig. 3.6). Additionally, the Northern Saw-whet Owl (Aegolius acadicus) is even

more variable, with ranges from 48-184g TBM and skeletal mass from 3.3-5.7g, with

the heaviest individual (TBM=184g) having a light skeleton (4.4g). These ranges in

TBM are primarily due to di↵erences in ages of birds: it can be di�cult to tell when

found how old the bird is, so some of these may be younger individuals (perhaps non-

breeding subadults). Additionally, female TBM will vary as they collect and expend

resources during the breeding season, accumulate calcium in bones and mobilise it to

create eggshells. Similarly, whole bird TBM is known to fluctuate before and during

migration. Looking at A. acadicus again, in addition to the heaviest animal having a

light skeleton, there is a di↵erence in skeletal mass of almost 2g in animals with TBM of

60.4-60.9g (skeletal mass 3.5 and 5.3g, respectively). The skeletal masses of some birds

are known to change during moulting (Murphy et al., 1992) and again during breeding

season (Dacke et al., 1993).

It is also important to discuss these results in light of possible sexual variation

and di↵erences in flight modes. While there was no significant di↵erence between the

sexes, there does appear to be a slight di↵erence between males and females which may

be caused by two outliers in the male dataset (Fig. 3.3). In the case of males the two

heaviest species in the RBCM dataset (Phoebastria nigripes, Phoebastria immutabilis
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Figure 3.4: Total body mass and skeletal mass association in two dif-
ferent ontogenetic stages of birds. Red represents hatchling year (HY),
blue represents above hatchling year (AHY), black line represents the relation-
ship determined here for the entire dataset, coloured solid lines represent the
relationship for each ontogenetic stage, while dashed lines represent standard
errors.

TBM = 6.15 kg and 4.90 kg on average) have much lower SM than predicted by the

relationship (SM = 0.2302 kg and 0.1920 kg on average respectively). Only 2 and 1

male specimens were measured for these species respectively, therefore this low skeletal

mass with respect to body mass could be sampling error and may originate from the

heavier than average body condition of these three specimens measured. It is possible

that these two outlier species alter the slope in the case of males. More specimens where

sex is identifiable are needed to determine if this slight di↵erence is indeed significant,

and focus should be put on larger-bodied species to be able to generalise our results to

a wider body size range.

Additionally, data suggest that for active flying birds there is no significant dif-

ference in the relationship between total body mass and skeletal mass across di↵erent

flight styles. This is not necessarily expected as TBM strongly a↵ects locomotion (e.g.

Schmidt-Nielsen 1984; Biewener 1989) and therefore this relationship may be expected

to change between di↵erent locomotory strategies. Further studies should look at burst-

adapted flyers such as grouse, ptarmigans, and tinamous in order to see if birds that

are adapted primarily to life on the ground (but have the ability to fly when pressured)

have any di↵erences with respect to skeletal structure and mass. Extending this fur-

ther could involve looking at ratites and fully terrestrial forms such as kiwis, emus and

ostriches, as well as birds that have been modified for life in the water, including pen-

guins and flightless cormorants. Finally, this study was biased towards non-passerine
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Figure 3.5: Total body mass and skeletal mass association in birds of
three di↵erent flight modes. Blue = soaring, red = flap=gliding, green =
continuous flapping. Solid lines represent the association for each flight mode,
dashed lines represent standard errors.

birds, and additional studies should include passerines and other birds known to exhibit

intermittent bounding flight (see Pennycuick 2008; Bruderer et al. 2010).

Although a clear and strong scaling relationship exists within these data for

modern birds (Neornithes), these analyses cannot inform the issue of whether, or not,

exponents are reliable for mass estimations of extinct taxa outside of this clade. Al-

though not significantly di↵erent in these datasets, phylogenetic control did result in

a di↵erent scaling exponent than without control for relationships. This dataset does

not allow testing for di↵erences within taxa that are not closely related, for example

enantiornithine or hesperornithine birds, non-avian theropod dinosaurs, or pterosaurs.

Enantiornithine birds were dominant during the second half of the Mesozoic, living until

the end of the Cretaceous, and were mostly fully flying birds. Their forelimb propor-

tions were generally similar to modern neornithines, but their hind-limb proportions

were quite di↵erent (Dyke and Nudds, 2009). In addition to these di↵erences, they also

shared a distinct shoulder morphology, as well as a higher degree of pneumaticity and

extensive appendicular air sacs not seen in modern birds (Walker, 1981; Chiappe and

Walker, 2002; Walker and Dyke, 2009), suggesting that a direct use of this relationship

would not be reliable. Hesperornithines, on the other hand, were diving birds. They

di↵ered from most modern birds by having exceptionally large feet, numerous teeth,

vestigial wings, and little to no pneumaticity (Bell and Chiappe, 2016). The morpholog-

ical dissimilarities between them and modern neornithines also suggests this relationship

may not be ideal, which may explain why mass estimates using di↵erent methods relying
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Figure 3.6: Total body mass and skeletal mass variation in the
Rhinoceros Auklet (Cerorhinca monocerata) showing within-species
variation and deviation from regression slopes. Black line represents the
association estimated by Prange et al. (1979), red line represents the association
estimated here based on the pooled dataset, dashed lines represent associated
standard errors.

on modern bird studies result in di↵erent masses (Bell and Chiappe, 2016).

Moving further into non-avian dinosaurs makes this relationship even less reli-

able, and other mass estimation methods such as allometric relationships (e.g. Campione

and Evans 2012; Campione et al. 2014) and volumetric methods (e.g. Bates et al. 2009;

Sellers et al. 2012) are probably better used in this case.

However, this relationship has been applied to mass estimates for pterosaurs, a

group outside the avian-dinosaurian line. With knowledge of dry skeletal mass alone,

Witton (2008) argued that it is possible to extrapolate total body mass of pterosaurs

using the same allometric relationship found in Prange et al. (1979), as the relation-

ship appeared to be universal. This relationship was applied to pterosaurs as it avoids

the di�culties in estimating the volume and density of soft tissue and the extent of

air spaces when calculating total body mass (Witton, 2008). The exact phylogenetic

position of pterosaurs is heavily debated (e.g. Bennett 1996a; Benton 1999; Hone and

Benton 2007b), but they are most often placed as a sister-group to dinosaurs, with Di-

nosauromorpha and Pterosauria making up the Ornithodira (e.g. Sereno 1991; Benton

1999; Nesbitt 2011). This places them distant from neornithines in a phylogenetic sense.

The idea that phylogentic position may play an important role in whether this relation-

ship can be used to predict TBM is supported by the fact that other animals such as

snakes (Prange and Christman, 1976) and lizards (Metzger and Herrel, 2006) appear
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not to follow the originally Prange et al. (1979) relationships, and actually di↵er sub-

stantially. According to the Extant Phylogenetic Bracket (Witmer, 1995a), it would be

important to understand if this relationship holds true in crocodilians, the next closest

extant relative to pterosaurs. However, there is currently no data available on this topic,

and would be an interesting area of future research.

Another potential problem with applying this relationship to pterosaurs is that

TBM of pterosaurs is generally larger than in birds, especially for large bodied pterosaurs

(Witton, 2008; Henderson, 2010). Fig. 3.1 shows that most of the bird TBMs are under

10 kg, with only large flightless birds (e.g. ostriches and rheas) with masses more typical

of estimated pterodactyloid pterosaur masses. The largest flying bird in these analyses

is the trumpeter swan (Cygnus buccinator, TBM = 10.8 kg), less than 10% of the

estimated TBM of the largest pterosaurs (Paul, 2002; Witton, 2008; Henderson, 2010).

This may indicate further issues with extrapolating this relationship to pterosaurs with

body masses more typical of 100-250kg.

Martin and Palmer (2014b) found that the bones of pterosaurs were significantly

heavier than those predicted by Witton (2008), suggesting that this method may not

be entirely accurate for pterosaurs. Pterosaurs are significantly morphologically di↵er-

ent from birds, having a single extended digit forming the main wing spar, a flexible

membrane forming the wing surface, a filamentous integumentary covering of pycnofi-

bres rather than feathers, and many more (Witton, 2013). Furthermore, it appears that

pterosaurs (at least the larger species) were even more highly pneumatised than birds

(Martin and Palmer 2014a, Ch. 2), making them substantially di↵erent. These mor-

phological di↵erences combined with the results here indicate that phylogeny plays an

important role in this relationship and suggests that this relationship should not be used

to determine pterosaur body mass, and alternative methods should be sought.

3.5 Conclusion

In conclusion, the previously reported relationship between TBM and skeletal

mass in extant neornithine birds is confirmed after more than doubling the sample size,

although phylogeny does e↵ect the result, suggesting that this relationship may not

be accurate in estimating TBM in extinct non-neornithine clades such as non-avian

theropod dinosaurs and pterosaurs. Alternatively, variation cannot be explained by

factors including sex, ontogenetic stage, or flight mode (excluding burst-adapted flyers).

I encourage others to use this large dataset for additional studies and recommend further

analyses of these data.
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4.0.1 Abstract

Accurate estimates of total body mass (TBM) are essential if we are to under-

stand the locomotion and biomechanics of extinct animals, especially fliers. Computed

tomography (CT) imaging has been used in the past to estimate the volumes and hence

mass of fossil bones, including for extinct pterosaurs. These flying reptiles provide an

interesting case study as some members of this lineage are thought to have attained giant

body sizes, with wingspans of up to 11 m and TBMs in excess of 200 kg. A CT-based

method for estimating bone volumes and potentially more accurate TBMs is validated
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here by estimating the mass of several bird bones. Methods include high resolution CT

(micro-CT or µ-CT) scanning, followed by three-dimensional (3D) reconstruction, and

total volume and segmental volume estimation using integration of CT scanned sections.

These results suggest that methods used to estimate volume on the basis of 3D recon-

structions from manual segmentation are less accurate than those that employ sectional

integration approaches (3D reconstruction methods over-estimate by as much as 20-25%

more than sectional methods), most likely because of the enhanced discrimination of

the latter where a user has more control over the material included, something that is

currently di�cult to do in 3D reconstruction methods. I therefore urge caution when

estimates of volume or mass based on manually segmented CT scan data are used in

biomechanical studies, especially those involving flight, as volumes and hence TBMs

might be over-estimated. This means that caution should be exercised in future when

estimating the mass of large fossil animals, such as giant pterosaurs, using reconstructed

CT data alone; they may be lighter if this is not accounted for in estimations. Further

studies are needed to determine the accuracy of similar automated methods and their

results.

4.1 Introduction

Accurately estimating the total body mass (TBM) of animals is important if

we are to understand their biology, in particular movement and biomechanics. This is

especially the case for extinct animals where just the skeleton remains as evidence for

TBM. For this reason, paleobiologists have investigated the validity and applicability

of di↵erent approaches to estimate TBM, a problem of increasing uncertainty as the

completeness of a fossil decreases.

In palaeobiology, particularly when animals have no close living relatives or

morphological analogues, the use of skeletal correlates for TBM has recently become

commonplace as a significant relationship between these two factors is evident through-

out tetrapods (e.g. Campione and Evans 2012; Field et al. 2013; Campione et al. 2014;

Campione 2017). A number of studies have shown that skeletal measurements, such as

femur length or shaft diameter, are correlated with TBM (see Brassey 2016). In the

most complete and phylogenetically diverse study in this area to date, Campione and

Evans (2012) even argued for the presence of a universal scaling relationship between the

total minimum circumference of proximal limb bones (stylopodial shaft circumference)

and TBM in all quadrupedal terrestrial tetrapods. This scaling relationship was later

expanded to encompass all non-avian bipeds, allowing for the hypothetical calculation

of TBM in all non-avian bipedal and quadrupedal terrestrial animals (Campione et al.,

2014). Completing a review of the tetrapod record, Field et al. (2013) compiled a large

amount of data bearing on correlates in the avian skeleton. This study showed that
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the length of the humeral articular facet of the coracoid is the best correlated measure-

ment in birds to use for estimating TBM. However, these methods are not considered

appropriate for estimating pterosaur TBM because these extinct flying reptiles have no

phylogenetically-close living relatives, lack convincing extant morphological analogues,

and were biomechanically unlike any other animals, living or extinct, rendering tradi-

tional scaling methods impotent.

Another method of estimating the TBM of extinct animals, including pterosaurs,

is to apply a volumetric approach, estimating the total volume of an animal in various

ways and allocating varying densities to di↵erent regions. Volume can be approximated

by laser-scanning mounted skeletons (e.g. Bates et al. 2009), computer modelling (e.g.

Henderson 1999, 2010; Brassey et al. 2015), or via simple calculations based on skeletal

measurements (e.g. Bramwell and Whitfield 1974). In addition, estimates for pterosaur

TBM have also been made by applying the skeletal mass (SM) to TBM relationship

known to exist in birds (Prange et al., 1979) on the basis of geometric reconstructions

of pterosaur bones (Witton, 2008). This method allows SM to be estimated by calcu-

lating bone volume and applying a density function on the basis of modern animals.

However, Martin and Palmer (2014b) aimed to apply this method to pterosaurs with

the goal of developing an application using CT scans to more accurately estimate SM.

Based on a detailed study of the wing bones, the results showed that earlier methods

were not accurate and that this relationship was not reliable for pterosaurs, most likely

because birds are not thought to be close analogues for pterosaurs (Witton and Habib,

2010). Subsequent studies have shown that this relationship is phylogenetically depen-

dent, and further caution against using this approach to estimate TBM in extinct flying

animals, and especially extrapolating to the large body sizes seen in pterosaurs (Chapter

3, Martin-Silverstone et al. 2015b).

I predict that estimating SM and TBM using CT can improve accuracy com-

pared to other methods that rely on geometrical reconstructions of bone shapes since CT

and other volume imaging approaches can account for the existence of trabeculae (i.e.

bone porosity) and variations in cortical and trabeculae thickness throughout the bone

matrix, as well as changes in shape from diaphysis to epiphysis (Martin and Palmer,

2014b). In this chapter, I test this hypothesis and utilise CT imaging to estimate the

mass of modern bird bones of di↵erent sizes and shape. I then compare the estimated

masses with measured bone masses, and discuss the implications of this approach to

calculating the TBMs of fossil animals.
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Species
Common
name

Catalogue
Number

Bone Pn
Mass
(g)

Marus bassanus Gannet 252 Humerus Yes 14.9
Tarsometatarsus No 2.3

Vertebra Yes 1.3
Phasianus colchicus Pheasant 906 Humerus Yes 1.8

Tarsometatarsus No 1.3
Vertebra Yes 0.2

Phalacrocorax carbo Cormorant 2 Humerus No 13.4

Table 4.1: Avian bones used in this study. Pn indicates whether the bone
is pneumatic or not.

4.2 Materials and Methods

Seven bird bones from the University of Southampton Osteoarchaeology Skele-

ton Collection, Department of Archaeology (Table 4.1) were studied. Most of these

bones are from bird carcasses donated to the university where they were then cleaned

and curated. In order to look at pneumatised and apneumatised bones, as well as

bones with simplified (long and tubular) vs. complex (complicated geometric shapes)

structures, three humeri, two vertebrae, and two tarsometatarsi were studied, giving

a variety of shapes and structures of postcranial bones. Unless otherwise mentioned,

humeri and vertebrae are pneumatic, while tarsometatarsi generally lack air spaces. A

sub-adult gannet (#252, Morus bassanus) and adult pheasant (#906, Phasianus colchi-

cus) humerus, vertebra, and tarsometatarsus were studied, as well as an apneumatic

cormorant humerus (#2, Phalacrocorax carbo).

Bones were first weighed on a standard scale to the nearest tenth of a gram,

before being CT scanned at the µ-VIS facility at the University of Southampton. Scan-

ning was conducted using a custom 225 kVp Nikon/Metris HMX ST scanner equipped

with a 2000 x 2000 pixel flat panel detector. To ensure su�cient flux, a tungsten (W)

target was selected, the voltage was set at 155 kVp and the beam was pre-filtered with

1 mm of aluminium (Al). The current was set at 95 µA (14.7W), and the source to

detector distance was 672.56 mm, resulting in a pixel resolution of 49.6 µm(voxel size of

reconstructed volume is 49.6 µm3).

The specimens were placed upright in a Perspex tube and positioned on the

rotation stage, so that the long axis of the tube coincided with the stage’s centre of

rotation (COR); polyethylene packaging foam was used between the individual bone

specimens to ensure mechanical stability. The position of the specimen and the distance

from the X-ray source were such that ensured that the whole tube remained within the

field of view during the full 360-degree rotation. To cover the whole length of the tube

at the aforementioned resolution, the imaging volume was divided into four sub-volumes
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Figure 4.1: Image showing four di↵erent sub-volumes for scanning.

(Fig. 4.1) and each sub-volume was scanned separately keeping the imaging condition

constant.

2501 projections were taken over the 360-degree rotation (Angular Step =

4.169), with 16 frames being averaged per projection to improve the signal to noise

ratio. Exposure time of each projection was 134 ms and the gain was set to 30 dB. Once

the scans were complete, the reconstruction’s parameters were defined using Nikon’s

CTPro software and reconstructed in Nikon’s CTAgent reconstruction software, which

uses a filtered back projection algorithm. The reconstructed volumes of each raster were

then concatenated into a single volume using Fiji (Schindelin et al., 2012) and each bone

was segmented and saved as separate volumes for further analysis.

Bone volume was calculated using three approaches, initially via 3D reconstruc-

tion and volume calculation using the volume analysis and visualisation software package
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Avizo (v. 8.2, Visualization Sciences Group). The labelling function in Avizo 8.2 al-

lows a material (bone, in this case) to be selected and considered individually and any

remaining soft tissue to be removed. Segmentation (selection of the pixels or voxels of

interest using greyscale values or specific region of interest, ROI - Lautenschlager 2016;

Racicot 2017) was done manually using the magic-wand tool to select a pixel with a

given greyscale. This allows for the ROI to be grown to encompass a range of greyscale

values, until the entire bone is selected according to the user. Manual segmentation was

chosen because it allowed for more control over the material selected, which is especially

important for the application of this method on fossils. Use of the ‘Material statistics’

module in Avizo then outputs a volume estimate for each material of the specimen. Ap-

plying this method, every fifth slice of the dataset (every 248 µm) was used in order to

create a model as the file size of entire scans are too large and unwieldy to manipulate.

The second volume calculation method applied follows Martin and Palmer

(2014b) by using the software Fiji (Schindelin et al., 2012) to calculate the areas of

CT scan slices along the length of a bone and then integrating the result to obtain the

cortical volume. This is known here as the sectional integration method. For humeri

and tarsometatarsi, area was measured at every 50th slice (every 2.48 mm) across the

diaphyses and every 100th slice (every 4.96 mm) across the epiphyses, with the excep-

tion of the first and last in each specimen, taken where bone was still visible. Vertebrae

measurements were taken every 25th slice (every 1.24 mm), initially using the ‘Make

Binary’ tool of Fiji, an iterative selection method (Ridler and Calvard, 1978) which au-

tomatically determines the threshold of greyscale values it will keep or not, based on

the median value present. Each bone was also thresholded manually to allow the user

to determine the presence, or absence, of bone by visual inspection rather than allowing

automatic computer determination. Once each area was calculated, numerical integra-

tion using the trapezium rule produces a total volume (Martin and Palmer, 2014b).

However, since the accuracy of the trapezium rule is sensitive to the rate of change of

the cross-section areas, the diaphyses of long bones were measured less frequently than

epiphyses (see Appendix C for details on the trapezium rule). For this reason, the gannet

vertebra was measured more frequently (every ten slices, 0.496 mm) in Fiji to account

for change of shape and to determine if this significantly changed mass estimates. A

sensitivity analysis was then conducted to further test the validity of using the trapez-

ium rule method, as done by Martin and Palmer (2014b). Thus, volumes determined

using the entire data set of the cormorant humerus and gannet vertebra via a standard

thresholding algorithm (see below) were compared to the same number of subsets used

in Fiji (algorithmic thresholding images, see below).

The volume of each specimen was then calculated using standardised thresh-

olding algorithms via the ‘Auto Threshold’ function of Fiji, which allows 16 di↵erent
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thresholding algorithms to be applied to a sample1. After testing all algorithms using

the ‘try all’ option, any methods that assumed a bimodal sample histogram – as sam-

ples are not bimodal – were eliminated (e.g. the Intermodes and Minimum method).

Li’s Minimum Cross Entropy (Li) thresholding method (Li and Lee, 1993; Li and Tam,

1998; Sezgin and Sankur, 2004) and the Kapur-Sahoo-Wong (MaxEntropy) thresholding

method (Kapur et al., 1985; Sezgin and Sankur, 2004) fit the data best and were selected

(Appendix C). I also tested the Otsu clustering threshold algorithm (Otsu, 1979), one

of the most commonly used thresholding methods (Sezgin and Sankur, 2004). These

methods were applied to the entire dataset for all specimens, while area was calculated

for each slice using Mathematica, summed to attain total volume.

In order to test how resolution a↵ects the accuracy of bone mass estimation, a

small sample of bones were re-sampled to decrease resolution. The entire slice dataset

of these elements were downsampled by factors of two (99.3 µm/px, three humeri, two

vertebrae) and three (149 µm/px, cormorant and gannett humeri) using the Resample

module in Avizo. The same methods were then used to calculate bone volumes. In

resampled specimens, areas were taken every fifth slice across the diaphyses, every tenth

in the long bone epiphyses, and every twelfth in resampled vertebrae.

After the volume was determined, estimated mass was calculated by multiply-

ing by density. Modern bird bones have varying densities depending on the bone and

species, ranging from 1.82 g/cm3 to 2.07 g/cm3 (Dumont, 2010). However, since actual

density is unknown, as is the case with fossil bones, the standard accepted value of 2.00

g/cm3 (Currey, 2002) was used here, averaged from a number of di↵erent bones from

di↵erent animals. Finally, the di↵erence between the actual measured bone mass and

the calculated bone mass was determined.

In order to test the validity of built-in thresholding algorithms on fossil bones,

a subset of CT scans from previous studies (Martin and Palmer 2014a,b, Chapter 2)

was used based on the pterosaur first wing phalanx (NHMUK PV OR 39411; Natural

History Museum, London, UK). This specimen was chosen due to its relative complete-

ness and the high density contrast between the bone and surrounding matrix. The shaft

region was chosen because of the more complete cortical bone in this region compared

to the diaphyses (Martin and Palmer, 2014b). Following the method above, the ‘Auto

Threshold’ module of Fiji was used, employing the ‘try all’ option to see if any resulting

tests resembled the bone.
1
summarised on the ImageJ website – http://imagej.net/Auto_Threshold

http://imagej.net/Auto_Threshold
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Figure 4.2: Plots showing actual measured and estimated mass of seven
avian bones using di↵erent methods. A) Two larger humeri; B) A small
humerus, two tarsometatarsi and one vertebra; and C) one small vertebra. Ab-
breviations as in Table 4.1. Bars indicate 20% variance from the actual measured
mass.
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4.3 Results

4.3.1 Variation between methods

The majority of methods applied (using the standard density of 2.00 g/cm3)

over-estimated bone mass by between 4% and 69%, while a few produced under-estimates

of between 7% and 13%. In general, these results show that estimating mass using

segmental integration in Fiji is more accurate than manual segmentation in Avizo (Fiji

results are between 15% and 17% inaccurate on average versus 41% inaccurate using

Avizo), while manual thresholding using Fiji was slightly more accurate (4% to 23%:

average 15%) than using the automated ‘Make Binary’ feature (-10% to 31%: average

17%) (Fig. 4.2, Table 4.2).

Down-sampling generally resulted in less accurate mass estimations, with the

down-sampled manually segmented Avizo results being less accurate than down sampled

segmental integration results. Down-sampled Avizo results for the cormorant humerus

were much less accurate than original data (31% to 49% over-estimate versus 9%), while

down-sampled Fiji results were more accurate than before down-sampling (0% to 4%

under-estimate versus a 10% under-estimate and a 4% over-estimate).

In particular, mass estimates calculated using manual segmentation in Avizo

were less accurate in estimating the mass of vertebrae (over-estimates in the range 60%

to 69%) than those computed using segmental integration in Fiji (over-estimates in the

range of 20% to 31%) (Fig. 4.2, Table 4.2). However, on average, all methods more

accurately estimated the masses of larger bones (i.e., gannet and cormorant humerus,

gannet tarsometatarsus) than their smaller counterparts (9-15% vs. 21-27%) (Fig. 4.2,

Table 4.2). While the mass of the majority of bones was over-estimated, the gannet

tarsometarsus and cormorant humerus were both under-estimated more often than over-

estimated.

Results show that mass estimations computed using standard thresholding al-

gorithms varied in accuracy, but Maximum Entropy was the most accurate, resulting

in just 11% of over-estimation on average (Table 4.2). The second most e↵ective was

Otsu, slightly less accurate at 16%, while Li was among the most inaccurate, generating

estimates with up to 29% variation.

Data show that actual bone masses are linearly correlated to estimated masses

based on both manual segmentation in Avizo (R2 = 0.992) and segmental integration,

with manual integration estimates slightly better correlated than binary ones (R2 =

0.997 and 0.982, respectively) (Fig. 4.3). Thresholding algorithms are not as well-

correlated, however, with Li being the most accurate (R2 = 0.988), and Maximum

Entropy the worst (R2 = 0.965). Otsu was intermediate at R2 = 0.977 (Fig. 4.3).
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4.3.2 Sensitivity analysis

When the sensitivity analysis using the trapezium rule was applied to these data

in order to calculate the mass of more complicated elements (e.g. gannet vertebrae),

results revealed few di↵erences between methods. Estimating the mass of the gannet

vertebra using the original manual thresholding method and every 25 slices in Fiji pro-

duced an over-estimate of 26% (1.64 g) while the use of every ten slices was 27% higher

(1.65 g). Similarly, most trapezium rule estimates using the manual Fiji thresholding

method and the three algorithms were within 1% of the total mass estimated using the

entire bone from both the cormorant humerus and the gannet vertebra. Using the Max-

imum Entropy algorithm (the most accurate of the methods tested; Table 4.2) allowed

for the entire datasets to easily be studied in more detail of the gannet vertebra and

cormorant humerus. In the gannet vertebra, using the trapezium rule on every 10, 25,

and 50 slices were all within 1% of the estimate using every slice. As the distance is

increased to every 100th slice it becomes less accurate. At 100 slices, it is still only 4%

di↵erent, but increases rapidly to 10% (every 150 slices) and 55% (every 250 slices).

The cormorant humerus shows a similar pattern with every 100 and 200 slices, as well

as using every 50 in the epiphyses and 100 in the diaphysis being within 2% of every

slice. Trying the extreme of every 500 slices gave an under estimate of 17%. Plots of

the area at di↵erent slices reveals how the pattern changes depending on how frequently

area is measured (Fig. 4.4).

4.3.3 Thresholding algorithms on fossil bones

Testing di↵erent thresholding methods on the fossil pterosaur bone proved un-

successful. By visually inspecting the results of the montage to determine the best

algorithm for thresholding, the algorithms were generally unable to di↵erentiate be-

tween bone and matrix in several places, leaving much of the matrix included in the

thresholded images (Fig. 4.5). A slice with little matrix was more accurately thresh-

olded, but this was not consistent over the whole region of the bone, making a volume

estimate impossible for this sample.

4.4 Discussion

The strong linear relationship seen between actual and estimated bone mass

irrespective of method shows that within a single approach, estimates are not a↵ected

significantly by type of bone, size, or pneumaticity. The higher y-intercept using the

manually segmenting Avizo method is likely due to the more frequent over estimations

seen using this software compared to segmental integration in Fiji (Fig. 4.3A). The
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Figure 4.3: Linear regressions of actual versus estimated mass for seven
bird bones. A) Regressions with mass estimates from 3D reconstructions in
Avizo; B) Regressions using binary and manual segmental integration in Fiji;
C) Regression using Li (Li and Lee, 1993), Maximum Entropy (Kapur et al.,
1985), and Otsu (Otsu, 1979) thresholding algorithms.
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Figure 4.4: Plots of area calculations taken at di↵erent lengths along
the bone in two bird bones. A) Gannet vertebra with measurements taken
at six di↵erent frequencies; B) Cormorant humerus with measurements taken at
four di↵erent frequencies. Subset in B indicates measurements that were taken
at every 50th slice in the epiphyses and every 100th slice in the diaphysis.

slightly di↵erent correlations seen using Fiji show that using the manual method of

estimation in Fiji is both more accurate and more consistent than that of the binary

method (Fig. 4.3B). However, due to the small sample size, this may be skewed due to

the lower estimate in the cormorant humerus using the binary method.

The sensitivity analysis testing the accuracy of the trapezium rule method used

by Martin and Palmer (2014b) showed that this method is not significantly less accurate

than estimating the mass using the entire bone. The change of shape is accounted for
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Figure 4.5: Example of montages created when trying to determine
which thresholding algorithm to use for the fossil NHMUK PV OR
39411. A) Section with a large amount of surrounding matrix, and; B) Section
with little surrounding matrix. Stars indicate Li, Maximum Entropy, and Otsu
thresholding used in this study.

su�ciently as long as the slices are measured close enough together. Fig. 4.4 shows

that even taking measurements as infrequently as every 20% of the bone length for a

complicated bone does not strongly a↵ect the results (every 100 slices in the gannet

vertebra). As the distance between slices is increased, important information begins to

be missed. For this reason, we recommend measurements at 10% bone length intervals,

at the very least. Future studies should follow what has been done here and try to

measure as frequently as possible in order to account for changes in shape, especially in

complicated bones such as vertebrae.

4.4.1 Possible explanations for mass discrepancies

These results have significant implications for using CT scans to calculate vol-

umes of bones, especially in palaeontology. First and foremost, the lower accuracy of

mass estimation coming from manually segmenting in Avizo must be addressed. In the

smaller bones (Fig. 4.2B,C, Table 4.2), mass estimations made using manual segmen-

tation in Avizo have consistently over-estimated the mass. In fact, only the cormorant

humerus (Fig. 4.2A, Table 4.2) has a mass estimation within 20% of the actual mass.

The first possible explanation with respect to this study is due to the subsampling of

scans. As the resolution was very high and the dataset was large, the dataset was sub-

sampled before running the analysis, so only every 5th slice was used to create the model.

As the scans were taken with isotropic voxels of 49.6 µm, using every 5th slices essentially

made the voxels 49.6 x 49.6 x 248.0 µm, increasing the possibility for extra volume to be

included when looking at certain views. Although in 2D it looks as though a small area

was highlighted, a larger volume was actually being added to the total volume in some

cases. However, in an analysis of the full volume of two gannet bones, while they were
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slightly more accurate, the manually segmented Avizo estimates still over-estimated the

mass by 17% (humerus) and 26% (tarsometatarsus). Another explanation is that Avizo,

in general, does not share the same discrimination as Fiji when selecting the material,

as it is more di�cult to account for changes of density throughout the scans. Since it

is based on the greyscale value of each pixel, the results are less accurate than with the

manual thresholding in Fiji, where the decision of what to include is made by a person

who knows what part is bone and what is not.

One explanation for the inaccuracies in mass estimates could be by the use of

bone density of 2.00 g/cm3 (Currey, 2002), instead of di↵erent densities for di↵erent

bones (Dumont, 2010). For example, Dumont (2010) found that the average density

of passerine bird femora was around 1.82 g/cm3. If other apneumatised leg bones such

as the tarsometatarsus had a similar density, this would make the estimated bone mass

approximately 10% less. For the pheasant tarsometatarsus, this would make the estimate

closer to the actual mass using all methods. However, the gannet tarsometatarsus would

actually be less accurate when using Fiji, and closer using Avizo. Humerus densities in

Dumont (2010) range from 1.84-2.21 g/cm3, with an average of 2.04 g/cm3, another

variation of 10%. With the exact volumes and densities of the bones unknown, there

is no way to tell if the correct density was used. Additionally, as higher densities are

one way that bones can deal with increased biomechanical loading while retaining thin

walls (Dumont, 2010), smaller birds may have had lower densities, more similar to the

passerine bird femora mentioned previously. This suggests that the higher density of 2.00

g/cm3 may be more relevant for large bones such as the gannet and cormorant humerus

rather than the smaller bones. This may explain why the gannet and cormorant humeri

were, on average, more accurately estimated than the small bones. Although this does

not explain why the gannet tarsometatarsus was under-estimated by most methods,

while the other small bones were drastically over-estimated.

Another possible explanation for the inaccuracies seen in the smaller bones is

related to the fact that these bones are vertebrae. Avian vertebrae are formed of cancel-

lous bone and highly trabecular in nature. High resolutions are needed for CT scanners

to accurately detect and display trabecular bone. Previous studies have suggested that

avian vertebral trabeculae are on average 108-122 µm thick (Fajardo et al., 2007), while

mammalian long bone epiphysis trabeculae can be as low as 138 µm thick (Doube et al.,

2011). As the resolution of these scans is 49.6 µm this should not cause a large problem,

however, smaller items such as trabeculae often appear highly pixelated and larger than

they actually are.

Finally, a strong possibility and also problematic explanation for the discrepan-

cies, especially with those found in Avizo, is that the manual segmentation and thresh-

olding methods introduce user error. Manual segmentation was selected for two primary

reasons: 1) it gives the user more control to select material that should or shouldn’t be
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included; and 2) automatic segmentation methods are often not possible in fossils due

to CT artefacts and density problems (e.g. Ni et al. 2012). Similar to the threshold-

ing algorithms tested using the segmental integration method, automatic segmentation

methods can be applied to 3D volumes using grey-scale values (e.g. Buie et al. 2007;

Abel et al. 2012), and also 3D spatial information (e.g. Scherf and Tilgner 2009; Gross

et al. 2014). While automated segmentation increases the reproducibility of a study, the

variability in accuracy using thresholding algorithms in Fiji indicates that the automated

method used is important. For example, the Li algorithm was less accurate than the

other algorithms and the segmental integration methods in 5 of seven bones. Manual

segmentation involves a large degree of subjectivity, and unfortunately, controlling for

this subjectivity is di�cult.

4.4.2 Implications of incorrect bone mass estimates

For a single bone, if the mass is incorrectly estimated by 69%, this can be a

significant problem if studies are being done on that specific bone and how that might

a↵ect biomechanical properties of the bone. For understanding patterns and correlations

between characteristics such as bone mass and sti↵ness or other biomechanical features,

this is important and accurate estimates of mass and volume are necessary. However,

in terms of the e↵ect on TBM of an animal, total SM can be important, but single

element mass is less so. For example, Prange et al. (1979) found that SM varied

from 2.5% (Archilochus colubris, the ruby-throated hummingbird) to 12.9% (Melagris

gallopavo, the wild turkey) of TBM, while my study in Chapter 3 (Martin-Silverstone

et al. 2015b) found it varied from 2.1% (Patagioenas fasciata, the band-tailed pigeon) to

36.7% (Gavia immer, the common loon), although this may be related to the fact that

the G. immer individual was a juvenile, and appears to have an uncharacteristically low

TBM (see Appendix B, Martin-Silverstone et al. 2015b). While a single bone may only

make up <1% to 2.1% (humerus, S3; Martin-Silverstone et al. 2015b), if all bones are

over-estimated by 50%, then that will a↵ect the TBM.

4.4.3 Implications for fossil mass estimation

SM and TBM show positive allometry in birds, so SM is proportionally heavier

in larger birds than smaller birds (Chapter 3, Prange et al. 1979; Martin-Silverstone et al.

2015b). Reliable estimation of SM and TBM is essential when it comes to understanding

flying animals since an animal’s body mass is directly related to its required aerodynamic

lift. In the case of extinct animals, this is relevant as over-estimating a skeleton by 50%

could result in a similar overall over-estimation of TBM, which could in turn negatively

impact biomechanical studies and underestimate an animal’s ability to fly. For example,
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pterosaurs were the largest animals to ever fly, and significant work has been undertaken

to better understand their flight capabilities and biomechanics (e.g. Bramwell and Whit-

field 1974; Elgin et al. 2008; Habib 2008; Palmer and Dyke 2009; Palmer 2011). Recent

studies have suggested that giant pterosaurs such as Quetzalcoatlus northropi were on

the very upper limit of pterosaur size in terms of flight, based on the mechanics required

for take-o↵ rather than landing or flight itself (Palmer and Habib, 2014). Considering

bird and bat flight is a↵ected by the addition of a radio transmitter as low as 5% of their

TBM (Caccamise and Hedin, 1985; Aldridge and Brigham, 1988), over estimations in

pterosaurs could result in biomechanical studies reaching invalid conclusions based on

incorrect mass estimates. For example, Henderson (2010) estimated Q. northropi at 544

kg, making it too heavy to fly given its anatomy. However, the measurements leading to

this estimate over-estimated the torso size, in turn over-estimating the total mass of the

animal (Witton and Habib, 2010). This shows the importance of correctly estimating

the mass of extinct animals, and why it is essential to accurately estimate the volume of

bones in biomechanical or mass estimates relying on these measurements. However this

does not address how modern bat masses increase as much as 30% during pregnancy

(Aldridge and Brigham, 1988), and some birds can see a fat accumulation of as much as

50% of their TBM during the winter (Odum et al., 1961), yet still manage to survive,

albeit with changes to behaviour.

The strong correlations between actual TBM and estimated bone mass in all

methods suggests that it may be possible to use the linear regressions to more accurately

estimate the latter in fossils, once mass has been estimated using one of these methods.

However, the low sample size is not ideal, and this method may need to be tested further

to determine its accuracy amongst other bones and other taxa.

Finally, these results are important when looking at fossil bone mass estimation

using these methods. This study was completed on modern bones at high resolution,

meaning the common problems associated with fossil CT studies were non-existent.

Since it can be di�cult to remove all the rock from around and within a fossil prior to

CT scanning, this study was relatively easy as there were no problems with di↵erentiating

matrix from bone (e.g. Martin and Palmer 2014a,b, Chapter 2). Additionally, as fossils

are frequently incomplete and damaged, areas often need to be reconstructed in order

to estimate the total volume (e.g. Martin and Palmer 2014a,b, Chapter 2). These

di�culties can be seen in the attempt to use common thresholding algorithms to estimate

the volume of a section pterosaur wing phalanx used in Martin and Palmer (2014a;

2014b) and Chapter 2. Figure 4.5A shows the di�culties that Fiji had in thresholding a

section of the diaphysis of the wing phalanx where there was a large amount of matrix

present. Although sections with less matrix appear to be easier to threshold (Fig. 4.5B),

they were not ideal thresholding results, and di↵ered from the modern bird bones in

which algorithms worked better. This, combined with the fact that the modern bird
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bones did not require matrix removal or reconstruction and yet were still incorrectly

estimated, means that a high degree of caution should be taken if using this method

with fossils.

4.4.4 Other potential concerns

There are a number of potential concerns that are related to the methods and

software here that I was unfortunately unable to study in more detail, but would like to

highlight as possible areas for future research.

Avizo and other 3D reconstruction software have a number of di↵erent segmen-

tation methods to separate the feature in question from its surroundings. This is based

on selecting voxels that represent the feature and assigning them to specific materials.

This can be done in an entirely manual way (for example using the Lasso or Paintbrush

tool in Avizo), or in a slightly more automated way by using the Magic Wand tool to

select grey-scale values representing the feature. The Lasso and Paintbrush tools allow

for more flexibility, but are also more subjective, whereas the Magic Wand tool is more

consistent throughout the scans, but typically is less flexible. Fossil studies are typically

done with a combination of the Magic Wand and Painbrush to account for changes in

density, missing data, or inclusion of matrix. Segmentation method likely a↵ects the

volume, and future studies could look at quantifying this a↵ect, trying a purely manual

approach and comparing it to a hybrid and automated approach within a single software.

User error was alluded to previously as a possible source of error in mass es-

timation here. Although di�cult to quantify individual user bias, previous studies on

volumetric mass estimation of Tyrannosaurus rex have found that there was a consis-

tent di↵erence between di↵erent users over- or under-estimating body mass (Hutchinson

et al., 2011). Additional studies could have several people segment the same bone and see

how the biases of individuals a↵ects the total volume and mass for the bone. Hutchinson

et al. (2011) acknowledge that it is di�cult to account for these biases, but with further

studies, we can be further aware of the a↵ects these biases have.

This study focused on comparing results in Avizo to those found from Fiji, but

there are a number of other 3D reconstructions software that have not been tested.

Avizo was used here for two primary reasons: a) it is the reconstruction software I

am most familiar with; and b) it is considered to be preferred for quantification and

calculations than some other available software by some (O. Katsamenis, pers. comm.).

Other licensed 3D reconstruction software (e.g. VGStudio Max) and free software (e.g.

SPIERS, www.spiers-software.org) have 2D and 3D measuring capabilities, and an

interesting study would be to compare the results found between di↵erent software.

Overall, although both methods tested here involve manual thresholding or seg-

www.spiers-software.org
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mentation which is more subjective and di�cult to replicate, the manual segmental

integration method in Fiji appears to produce the most accurate results that are appli-

cable to fossils. Future studies could look at the use of these methods in fossils that have

little-to-no matrix, such as those that have been prepared by acid, to see if thresholding

algorithms can be used. Additionally, the use of automated segmentation methods look-

ing at grey-scale value (Buie et al., 2007; Abel et al., 2012), morphological filters (Gross

et al., 2014) and 3D spatial information (Scherf and Tilgner, 2009) should be compared

to these methods, following studies of soft tissue in the medical field comparing manual,

semi-automated, and automated segmentation methods (e.g. Bergouignan et al. 2009;

Heimann et al. 2009; Morey et al. 2009). This type of study would give us a better idea

of the use of di↵erent segmentation methods in fossils and the best way to get a more

accurate value for bone volume and mass while reducing subjectivity and increasing

reproducibility.





Chapter 5

Variation in cortical thickness

and pneumaticity in pterosaurs

5.0.1 Abstract

The ‘thin’-walled nature of pterosaur bones has been identified as a character-

istic feature for this group, although any definitions on exactly what constitutes ‘thin’

is lacking. Cortical thickness has been attributed to biomechanics, pneumaticity, and

phylogeny, although never with any great deal of quantitative data. Here, I look at

the variation in cortical thickness of pterosaur bones to understand biomechanical lim-

itations, phylogenetic patterns, and if there is any relationship to pneumaticity with a

large sample size. I present a dataset of over 115 pterosaur wing bone geometric features

such as radius and thickness, comparative measures of radius to thickness (R/t) and in-

ner to outer radius (K) ratios and estimates of bending sti↵ness. These data suggest

that R/t and K can be informative for pneumaticity and possibly phylogenetic position,

but thickness alone is not phylogenetically diagnostic. Smaller pterosaurs were capable

of withstanding several loading regimes, including compression, buckling, torsion and

buckling, based on second moment of area and R/t values, consistent with animals that

frequently take-o↵ and land during flight. Larger pterosaurs sacrificed resilience in com-

pression and local impact to maximise the bone mass to sti↵ness ratio, indicative of

animals spending significant time in the air, consistent with other studies. The large

azhdarchid pterosaur Hatzegopteryx thambena has an extremely thick-walled humerus,

making it resistant to compression and buckling, but also has the highest bending sti↵-

ness of pterosaurs studied. This is consistent with recent studies that H. thambena was

adapted for a more terrestrial life, but still capable of flight.

69
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5.1 Introduction

As mentioned in Chapter 2, pterosaurs are generally described as being highly

pneumatised and having thin-walled bones. Previous authors have used ‘thin’ to describe

a wide range of pterosaur cortical thickness, from 0.2 mm (Hone et al., 2012), to 1.7

mm (Currie and Russell, 1982), while others simply state that the bone is ‘thin’-walled

(e.g. Carpenter et al. 2003; Bu↵etaut et al. 2004), all of which make quantitative com-

parisons between specimens or conclusions of phylogenetic, biomechanical or diagnostic

significance di�cult. Although ‘thin’ is by far the most used term to describe pterosaur

bone walls, at least a handful of studies have described some pterosaur bones as being

‘thick’-walled, particularly with respect to dsungaripterids, with relative wall thickness

of limb bones being recognised as a phylogenetic character (e.g Unwin 2003; Kellner

2003; Fastnacht 2005). A cervical vertebrae (EME 315) of an azhdarchid (reported as

Hatzegopteryx ), and the Hatzegopteryx humerus (FGGUB R1083) from Romania have

‘thick’ walls, measuring 3-5 mm and 4-7 mm thick, respectively (Bu↵etaut et al., 2003;

Naish and Witton, 2017). The latter data point to a previously under-represented and

unrecognised variation in pterosaur cortical thickness, which may have biomechanical

significance and be phylogenetically controlled.

Relative cortical thickness of wing bones has been discussed briefly using the

ratio of radius to thickness (R/t) or by using K values, a ratio of inner to outer ra-

dius of a bone. These values have been used in a general biomechanical sense, looking

at only a restricted number of large-bodied pterosaurs and comparing them to mod-

ern animals (Currey and Alexander, 1985), in a more taxon-based biomechanical sense

to look specifically at dsungaripterids (Fastnacht, 2005), or as an argument for large-

bodied pterosaurs having lower overall densities than small-bodied pterosaurs and birds

(Hazlehurst and Rayner, 1992).

As discussed in Chapter 1, the identification of postcranial skeletal pnuematic-

ity (PSP) in pterosaurs has been fraught with controversy. Despite these studies and

discussions on what features are indicative of pneumaticity, there are still studies that

have described pterosaur bones as being pneumatised without unambiguous evidence.

Elgin and Hone (2013) described a juvenile azhdarchoid pterosaur as being pneumatised

based on the cross-section of bones showing the thickness of the cortical bone and the

cavities within without any pneumatic foramina being present. Similarly, Naish et al.

(2013) described large pneumatic foramina in the vertebrae of Vectidraco daisymorrisae,

despite being unable to see the internal structure of the bones (discussed later in Chap-

ter 7). This is partially compounded by the issue of ‘thin’-walled bones, where ‘thin’ is

taken to be synonymous with pneumatised, with little data to support such a contention.

Here I have compiled the largest, most comprehensive dataset of pterosaur cor-

tical thickness, cross-sectional features and biomechanical data, amassing 120 specimens
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from basal pterosaurs up to the most derived azhdarchids (Table 5.1). The idea that

cortical thickness is phylogenetically controlled is tested, as are the relationship between

relative cortical thickness, and biomechanical features such as bending sti↵ness, com-

pression, and buckling. These data allow me to comment on the palaeoecology of some

pterosaurs. This study allows for observations on pterosaur palaeoecology, phylogenetic

characters, and pneumaticity to be made.

Lowest Taxonomic ID Unwin 2003 (Fig. 7) class. Andres and Myers 2013 class. Class. here* n
Dimorphodon macronyx Dimorphodontidae Dimorphodon macronyx Dimorphodontidae 1
Rhamphorhynchus muensteri Rhamphorhynchinae Rhamphorhynchus muensteri Rhamphorhynchidae 14
Dorygnathus banthensis Rhamphorhynchinae Dorygnathus banthensis Rhamphorhynchidae 4
Istiodactylus latidens Istiodactylus Istiodactylus latidens Istiodactylus 5
Anhanguera santanae Ornithocheiridae Anhanguera santanae Ornithocheiridae 2
Anhanguera piscator Ornithocheiridae Anhanguera piscator Ornithocheiridae 1
Coloborhynchus robustus Ornithocheiridae NA Ornithocheiridae 3
Ornithocheirus Ornithocheiridae Ornithocheirus simus Ornithocheiridae 4
”Brasileodactylus”1 Ornithocheiridae NA Ornithocheiridae 3
Ornithocheiridae Ornithocheiridae ? Ornithocheiridae 6
Pteranodon longiceps Pteranodontidae Pteranodon longiceps Pteranodontidae 1
Pteranodon sternbergi Pteranodontidae Pteranodon sternbergi Pteranodontidae 1
Pteranodon Pteranodontidae ? Pteranodontidae 1
Cycnorhamphus suevicus Cycnorhamphus Cycnorhamphus suevicus Ctenochasmatoidea 1
Pterodactylus antiquus Pterodactylus Pterodactylus antiquus Ctenochasmatoidea 3
Lonchodectidae Lonchodectidae ? Pterodactyloidea indet.2 1
Germanodactylus rhamphastinus Germanodactylus Germanodactylus rhamphastinus Dsungaripteroidea 3
Germanodactylus cristatus Germanodactylus Germanodactylus cristatus Dsungaripteroidea 2
Noripterus complicidens Dsungaripteridae Noripterus complicidens Dsungaripteroidea 1
Bennettazhia oregonensis NA Bennattazhia oregonensis Dsungaripteroidea 1
Dsungaripteridae Dsungaripteridae ? Dsungaripteroidea 2
Tapejara wellnhoferi Tapejara Tapejara wellnhoferi Azhdarchoidea 1
Hatzegopteryx thambema Azhdarchidae** NA Azhdarchoidea 1
Montanazhdarcho minor Azhdarchidae NA Azhdarchoidea 1
Quetzalcoatlus sp. Azhdarchidae Quetzalcoatlus sp. Azhdarchoidea 1
Azhdarchidae Azhdarchidae ? Azhdarchoidea 7
Azhdarchoidea ? ? Azhdarchoidea 1
”Rhamphocephalus” Rhamphorhynchinae NA Non-Pterodactyloidea indet.3 9
”Araripedactylus” NA NA Pterodactyloidea indet.4 5
Santanadactylus NA NA Pterodactyloidea indet.5 2
”Santanadactylus pricei” NA NA Pterodactyloidea indet.5 4
Pterodactyloidea ? ? Pterodactyloidea indet. 11
Pterosauria ? ? Pterosauria indet. 17

Table 5.1: Taxonomic summary of material used in this study. Class.
here is for classification given in previous studies, * indicates taxonomic des-
ignation for graphical comparison used here, NA indicates taxa that were not
present in the study, ? indicates material with not enough diagnostic informa-
tion to assign to a group. n = 120.
1Validity of “Brasileodactylus” debated, but most agree it belongs to the Or-
nithocheiridae (sensu Unwin 2003, e.g. Kellner and Tomida 2000; Frey et al.
2003a; Elgin and Frey 2011). 2Taxonomic validity of Lonchodectidae recently
questioned, considered invalid here (Averianov, 2012; Rodrigues and Kellner,
2013). 3Recent investigation into“Rhamphocephalus” suggests it is not valid
(O’Sullivan, 2015). 4Validity of “Araripedactylus” debated, Kellner and To-
mida (2000) place it within Pterodactyloidea. 5Validity and a�nities of “San-
tanadactylus” debated (e.g. Bennett 1989; Kellner and Campos 1992; Kellner
and Tomida 2000), placed here as Pterodactyloidea indet.
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5.2 Materials and Methods

The dataset consists of data from 120 wing bones (humeri, ulnae, radii, WMC,

and WP) from pterosaurs of nine identifiable families, as well as a number of indeter-

minate specimens. A summary of the taxonomic distribution of data can be found in

Table 5.1, while a detailed list is in Appendix Table D.4. I collected data primarily from

specimens from museums, but also from CT scans, pictures or data from colleagues, and

the literature.

First, I measured most specimens using digital callipers to 0.01 mm, from

longitudinal- and cross-sections, as well as damaged specimens that allowed for cor-

tical thickness to be measured (i.e. crushed or broken specimens). Specimens studied

from CT scans or photographs were measured using Fiji (Schindelin et al., 2012) to

the nearest hundredth millimetre. Where possible, I took measurements of the maxi-

mum diameter and cortical thickness at the mid-diaphysis (mid-shaft), due to the nature

of taphonomic pterosaur bone crushing. While they may collapse in one direction (e.g.

dorsoventrally), they typically retain a similar maximum dimension of the bone diameter

without deformation (e.g. antero-posterior). For specimens where the cortical thickness

in a single section varies (i.e. wing phalanges), I took several measurements in di↵erent

places (typically a measurement in a thick area, a thin area, and a mid-thickness area)

and an average was used.

Next, I compared specimens through several metrics. K values, a ratio of in-

ternal radius (r) to outer radius (R), often used to quantify the internal structure of

bones (e.g. Currey and Alexander 1985; Cubo and Casinos 2000), were calculated using

the maximum R and the r in the same cross-sectional slice by subtracting the cortical

thickness (t) from R. As K is typically used for circular cross-sections and pterosaur

bones are rarely circular, maximum R was used as it is most easily comparable between

specimens. Another standard measurement to compare the structure of bones and to as-

sess strength is the R/t value, which I calculated for all available specimens (e.g. Currey

and Alexander 1985; Fastnacht 2005). K and R/t are closely related, both describing

the relative thickness of the bones with respect to their size. Mathematically speaking,

one can be calculated from the other:

K = 1�
1

R/t

 ! R/t =
1

1�K

(5.1)

For specimens where a cross-section was visible, I also calculated the second

moment of area, I, as an estimate of resistance to bending, using Fiji (Schindelin et al.,

2012) and the macro MomentMacro1. If oriented correctly, I
xx

gives the resistance to

1
available from Dr. C. Ru↵, http://www.hopkinsmedicine.org/fae/mmacro.html

http://www.hopkinsmedicine.org/fae/mmacro.html


5.2. MATERIALS AND METHODS 73

Bone
Equation for
Bone Length (l)

R

2 n

Humerus l = 11.395d0.8905 0.975 8
Ulna/radius l = 38.381d0.5747 0.905 6
Wing phalanx l = 34.237d0.8402 0.926 31

Table 5.2: Relationship between maximum diaphyseal diameter (d)
and total length in three di↵erent regions of the pterosaur wing. n
indicates number of specimens used each regression. Data for each regression
can be found in Appendix D.

bending in the dorsoventral direction, and I

yy

gives the anteroposterior bending resis-

tance, while I

max

and I

min

give the maximum and minimum values. For consistency,

I report only I

max

as for some bones it can be di�cult to identify anteroposterior vs.

dorsoventral in cross-sections and thus were not oriented properly in Fiji.

To maximise the number of specimens included in the dataset, I estimated the

length of incomplete specimens using allometric relationships between the maximum di-

aphyseal diameter of the bone and the length in complete specimens using the relation-

ships shown in Table 5.2. I determined allometric relationships for humeri, ulnae/radii,

and wing phalanges. Wingspan estimates were made from allometric relationships be-

tween bone length and wingspan in a number of pterosaur groups from data compiled

by Mark Witton (pers. comm., Appendix Table D.5). Relationships for di↵erent groups

used here can be found in Table 5.3.

Finally, I tested patterns within taxonomic groups and the e↵ects of phylogeny.

Specimens were categorised into large-scale taxonomic categories for comparison (Table

5.1). As phylogenetic relationships play a role in the correlation of variables (i.e. species

are non-independent variables in terms of statistical analyses), simple comparisons must

be considered with phylogenetic control also (Felsenstein, 1985; Freckleton et al., 2002).

I tested phylogenetic comparisons using two phylogenetic trees, the consensus tree of

Andres and Myers (2013) in order to test di↵erent species, and the family-level tree of

Unwin (2003), which is often used by pterosaur workers. For both analyses, the mean of

each variable was calculated for each species using all available specimens (for Andres

and Myers 2013), or each species or family (for Unwin 2003). As Unwin (2003) did not

include a formal tree with species relationships, an informal tree using the information

given in Table 1 and Figure 7 of Unwin (2003) was tested. Dated trees were created

using the R package paleotree (Bapst, 2012), with occurrence data from FossilWorks2.

Dated trees with approximate branch lengths are shown in Fig. 5.1. I implemented the

phylogenetic generalised least squares (PGLS) model through the R package caper

(Orme et al., 2013), which allows for comparison between linear regressions both with

and without phylogenetic control. PGLS was used to compare the linear regression of

2
http://fossilworks.org

http://fossilworks.org
https://www.cran.r-project.org/web/packages/caper/index.html
http://fossilworks.org
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Taxonomic Group n Bone
Equation for
Wingspan (s)

R

2

Azhdarchoidea 10 Humerus s = 24.369l0.9389 0.993
Ulna s = 12.502l1.0075 0.994
WP1 s = 16.063l0.884 0.995
WP2 s = 8.3701l1.0852 0.979

Dsungaripteroidea 3 Humerus s = 0.549l1.8632 0.993
Ulna s = 0.1156l2.074 0.968
WP1 s = 21.62l0.8538 0.9996
WP2 s = 32.087l0.7774 0.999

Ctenochasmatoidea 7 Humerus s = 15.148l1.0342 0.976
Ulna s = 15.477l0.953 0.947
WP1 s = 15.849l0.9094 0.967
WP2 s = 12.802l0.9997 0.976

Ornithocheiroidea 8 Humerus s = 7.4099l1.16981 0.628
Ulna s = 1.4714l1.3915 0.723
WP1 s = 4.5897l1.1103 0.947
WP2 s = 11.699l0.9938 0.955
WP3 s = 17.61l0.9826 0.938

Non-Pterodactyloidea 12 Humerus s = 19.669l0.9527 0.887
Ulna s = 15.678l0.9276 0.873
WP1 s = 27.247l0.8161 0.887
WP2 s = 18.618l0.8925 0.963

Table 5.3: Relationship between bone length (l) and wingspan (s) of
di↵erent wing bones in five groups of pterosaur. n indicates number of
species used in this calculation. Data was collected by Mark Witton, and can
be found in Appendix Table D.5.

R and t, with R as the predictor variable (x) and t as the response (y). I used Pagel’s �

to test phylogenetic signal — how statistically dependent a species’ trait is due to their

phylogenetic relationships (Revell et al., 2008) — of the individual variables R, t, and

K, which gives a number between 0 and 1 where 1 is a high phylogenetic signal, and 0

is no signal (Pagel, 1999; Freckleton et al., 2002). Pagel’s � was calculated using the R

package geiger (Harmon et al., 2015).

5.3 Results

For all bones studied, the distribution of R/t values is strongly clumped, with

more than half of the bones studied falling in the smallest third of R/t values by distribu-

tion (Fig. 5.2). R vs. t in all bones is poorly correlated, with R

2 of 0.389 and randomly

distributed residuals, indicating the linear model is a good fit even though the correlation

is poor (t = 0.581+0.0602R; p = 2.7⇥10�14; AIC = 161) when the outlier Hatzegopteryx

thambena is included (Fig. 5.3). When H. thambena is removed, the pattern changes

with a linear model being more poorly correlated (t = 0.773+0.027R; p = 0.0009; R2 =

https://cran.r-project.org/web/packages/geiger/index.html
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Figure 5.1: Time calibrated phylogenetic trees used for phylogenetic
control and to test for phylogenetic signal of di↵erent characters.
Phylogenetic trees derived from Andres and Myers (2013) (A), and Unwin (2003)
(B, C). B is the large taxonomic grouping phylogeny found in Figure 7 of Unwin
(2003), while C is an informal species-level tree based on the species found in
Unwin (2003).
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Figure 5.2: Distribution of R/t (A) and K (B) values by number of
occurrences and taxonomic group in 118 pterosaur wing bones. Each
bar indicates a range of R/t values from .00 to .99 for each initial number, with
the final bar indicating everything over 21.00 (A), while bars in B reveal K
values between 0.3 to 0.39, for example. Taxonomic colouration is the same in
each plot.

0.090; AIC = 127), while a nonlinear model fits better (t = 0.675R0.211; p = 1.3⇥10�18;

AIC = 116). Individual bones reveal somewhat di↵erent patterns (Fig. 5.3). The

humerus has the highest R

2 value (t = 0.164 + 0.083R; R2 = 0.732; p = 4.7 ⇥ 10�6;

AIC = 37), although removing the outlier results in a much more poorly correlated,

statistically insignificant model, although a lower AIC value (t = 0.745 + 0.0143R; R2

= 0.094; p = 0.215; AIC = 10). The wing phalanges are less well correlated (R2 =

0.234; p = 8.4⇥ 10�6; AIC = 67), while the ulna linear model is poorly correlated and

the relationship is not significant (R2 = 0.172; p = 0.098; AIC = 0.7). The radius and

WMC thickness are very poorly correlated. Looking at cortical thickness alone shows

a wide range, from 0.16 mm to 5.5 mm, with most clumping between 0.5 and 1.5 mm

(Fig. 5.3).

When individual bone lengths of the humerus, ulnae, and WPs are compared to

R/t and K values, both R/t and K increase with the size of the bone in all bones (Fig.

5.4). K tend to be better fitted with length than R/t is in all bones. The relationships
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Figure 5.3: Radius (R) vs. thickness (t) of 120 pterosaur wing bones.
Lines indicate linear models for each bone, and all bones (orange). R2 values for
each linear model are: Humerus, R2 = 0.732; Radius, R2 = 0.0000524; Ulna,
R

2 = 0.172; WMC, R2 = 0.151; WP, R2 = 0.242; all bones, R2 = 0.389.

between length and both R/t andK have the lowest exponent in the WP. The y-intercept

is di↵erent, although similar in all three bones for R/t while the K y-intercepts are the

same for the ulna and WP, and di↵erent for the humerus. Wing phalanges are noticeably

di↵erent from the humerus and ulna.

Comparing individual bone R/t and K values to estimated wingspans and the

maximum second moment of area (I) reveal interesting patterns. Both R/t and K values

are correlated with the estimated wingspan of the animal (Fig. 5.5A). When comparing

to I, both R/t and K are less well correlated (Fig. 5.5 B). The relationship between

wingspan and maximum I is more strongly correlated (R2 = 0.699), and there are no

clear patterns between di↵erent groups, although ornithocheirids do appear to clump

in the middle of the plot (Fig. 5.6). Azhdarchoids appear to have a slightly steeper

slope, but similar intercept compared to all species. However, the azhdarchoid sample

size is just 5, and therefore not statistically significant. Although the sample size of

di↵erent bones is also too low for statistically significant patterns, humeri appear to be

represented with a slightly higher slope than all bones, while wing phalanges may be

slightly lower. With the low sample sizes it is di�cult to determine the cause for these

patterns and whether or not they are actual patterns or artefacts of the small sample

size and limited taxonomic distribution.
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Figure 5.4: Length vs. R/t (A) and K (B) values of three di↵erent
pterosaur wing bones. R/t regressions in (A): humerus, R/t = 0.0153l1.29,
AIC = 104; ulna, R/t = 0.0364l1.095, AIC = 108; WP, R/t = 0.0212l1.008, AIC
= 382. K regressions in (B): humerus, K = 0.413l0.149, AIC = �60; ulna,
K = 0.180l0.295, AIC = �43; WP, K = 0.189l0.253, AIC = -138. l is the total
length of the bone. The humerus outlier Hatzegopteryx thambena has been
removed.

5.3.1 Phylogenetic patterns

When controlling for phylogeny, results vary between methods. Using species

and phylogenetic relationships found in Andres and Myers (2013) reveals very little dif-

ference and poor correlation when controlling for phylogeny (Table 5.4, Fig. 5.7A). More

di↵erences are visible in both the large-scale Unwin (2003) analysis, and the species-level

analysis, although the regressions do not di↵er substantially (Table 5.4, Figs. 5.7B,C).

The regression of the full dataset displayed here (Fig. 5.3), is more similar to that seen

in the large-scale Unwin analysis than either the species level Unwin analysis or Andres

and Myers. None of the phylogenetically controlled regressions showed any phylogenetic

signal in radius vs. thickness, all having � of 0, meaning that there is no statistical

di↵erence between the regressions with or without phylogenetic control.

When radius and thickness are compared as separate features, or when R/t is
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Figure 5.5: R/t and K values compared to wingspan (A) and I (B) in
all possible pterosaur wing bones studied. A) Lines indicate non-linear
regressions for wingspan (s = 5824.64K3.37, AIC = 1002; s = 1007.61(R/t)0.55,
AIC = 992. B) Lines indicate log-linear regressions for I (I = �4.996 + 14.89K,
R

2 =0.453, AIC = 118; I = 5.753 + 0.191R/t, R2 = 0.293, AIC = 125).

analysed as a single trait, the results change. All analyses find a phylogenetic signal in

the radius of wing bones, with the Andres and Myers phylogeny and species-level Unwin

phylogeny both showing strong phylogenetic signal (Table 5.5). Conversely, the analysis

using Andres and Myers and the large-scale Unwin tree find no phylogenetic signal in

the cortical thickness of wing bones, while there is a possible signal in the species-level

Unwin tree. When R/t is considered as a single trait, it shows strong phylogenetic signal

in all analyses (Table 5.5), contradictory to the regression results in Table 5.4. Finally,

and similarly to R, K shows a strong phylogenetic signal in the Andres and Myers and
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Figure 5.6: Second Moment of Area (I) in bones representing a range
of pterosaurian wingspans. Line represents a nonlinear model between
wingspan and I of I = (2.23⇥ 10�10)s3.65, where s is wingspan, R2 = 0.699

species-level Unwin trees, but reveals only a weak signal from the large-scale Unwin

phylogeny. As R/t and K are related, these results are expected.

5.3.2 Outlier

In several plots (Figs. 5.3, 5.5, 5.6) there is a very clear outlier, the humerus of

the azhdarchid Hatzegopteryx thambena. H. thambena has the largest wingspan, radius,

cortical thickness and second moment of area of any pterosaur wing bone in this study.

However, it does not have the highest R/t, and is actually situated in the middle of

possible R/t values at 9.2. The palaeoecological implications of this will be discussed in

more detail later on, but it should be noted that this outlier is a real outlier and not an

error. To test how much this datapoint was a↵ecting the entire regressions in Fig. 5.5,

the plot was replotted without Hatzegopteryx thambena (Fig. D.1).

5.4 Discussion

Some general trends in the taxonomic distribution of R/t and K values can

be seen. While I found the majority of R/t values in the lowest third of the dis-

tribution (Fig. 5.2A, mean R/t = 7.04), these are dominated by non-pterodactyloid

and dsungaripteroid pterosaurs, among bones of identifiable taxonomic groups. Con-

versely, the larger two-thirds of the distribution see primarily ornithocheiroids and azh-

darchoids. Azhdarchoids appear to be more commonly found in the lower-mid ranges

of R/t than ornithocheiroids (ornithocheiroids include Istiodactylus, Ornithocheiridae,

and Pteranodontidae from Table 5.3). I see similar trends in the distribution of K



5.4. DISCUSSION 81

Figure 5.7: Phylogenetically controlled radius and thickness in
pterosaur wing bones using three di↵erent phylogenies. A) R vs. t

using species and phylogenetic relationships from Andres and Myers (2013); B)
uses large-scale taxonomic groupings from Unwin (2003); C) uses an informal
species-level tree derived from Unwin (2003). In all graphs, blue indicates non-
phylogenetically controlled regressions, while orange (A) and red (B,C) indicate
the PGLS model.
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Phylogeny Regression Equation R

2
p �

Andres and Myers (2013) t = 0.594 + 0.0296R 0.378 0.007 NA
Andres and Myers (2013) PGLS t = 0.596 + 0.0297R 0.404 0.005 0
Unwin (2003) large-scale t = 0.534 + 0.0657R 0.392 0.029 NA
Unwin (2003) large-scale PGLS t = 0.545 + 0.0694R 0.437 0.019 0
Unwin (2003) species t = 0.579 + 0.0248R 0.370 0.010 NA
Unwin (2003) species PGLS t = 0.519 + 0.0292R 0.470 0.002 0

Table 5.4: Regressions of radius vs thickness in three di↵erent phy-
logenetic datasets both with and without phylogenetic control. pgls
indicates regressions developed using the phylogenetic generalised least squares
method (Orme et al., 2013), large-scale indicates analysis of Unwin (2003) using
his large taxon group, while species indicates an informal species-level tree using
the species used in Unwin’s study. � indicates Pagel’s �, a test of phylogenetic
signal.

values, with non-pterodactyloids and dsungaripteroids dominating the middle ranges,

while ornithocheiroids, azhdarchoids and unidentified pterodactyloids (which tend to be

large-sized pterodactyloids from the Santana Formation) are common in the larger K

value ranges, which is unsurprising given Eq. 5.1 (Fig. 5.2B). The distribution of K

appears to be slightly biased towards thinner bones, with a mean K of 0.77.

�

Phylogeny R t R/t K

Andres and Myers (2013) 1 0 1 0.60
Unwin (2003) large-scale 0.56 0 0.91 0.34
Unwin (2003) species 0.99 0.69 1 0.74

Table 5.5: Phylogenetic signal of osteological measurements in
pterosaur wing bones. Pagel’s � indicates phylogenetic signal from 0-1.

This observation is important when considering the pneumatic nature of pterosaur

bones. As discussed in Chapter 1 and Chapter 2, pterosaurs are among, if not the most

highly pneumatised animals to have existed. However, this is limited to the larger-bodied

pterosaur families such as ornithocheiroids and azhdarchoids. Postcranial axial pneu-

maticity has been identified in a number of non-pterodactyloid genera, including Rham-

phorhynchus, Raeticodactylus, and Dimorphodon (Britt, 1993; Bonde and Christiansen,

2003; Butler et al., 2009a; Claessens et al., 2009), but its presence in the appendicular

skeleton of non-pterodactyloids has been debated. Some studies have suggested the wing

bones of Dorygnathus and Rhamphorhynchus were pneumatised (Wild, 1971; Wellnhofer,

1975), although the bones lack pneumatic foramina. Conversely, possible pneumatic

foramina have been identified in Campylognathoides (Padian, 2008a) and Dorygnathus

(Padian and Wild, 1992; Padian, 2008b), although these are generally in places inconsis-

tent with pneumatic foramina location in other taxa, such as mid-diaphysis. According

to the criteria for unambiguous recognition of pneumaticity (Britt, 1997; O’Connor,

2006; Wedel, 2007; Benson et al., 2012), none of these animals can be considered to
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unambiguously have appendicular pneumaticity, a position supported by Claessens et

al. (2009). Dsungaripteroids also show no evidence of appendicular pneumatisation

(Claessens et al., 2009), and while it has been suggested that ctenochasmatoids may

(Claessens et al., 2009; Witton, 2013), I found no evidence to support this. It has been

suggested that apneumatised bird bones have thicker walls than equivalent pneuma-

tised bones of similar size (Cubo and Casinos, 2000), but this is hard to determine in

pterosaurs – it is uncommon to have two similarly sized identical bones, one of which is

pneumatic and one of which is not.

However, the presence of dsungaripteroids, non-pterodactyloids and ctenochas-

matoids in similar regions of the R/t and K distributions is consistent with the idea

these animals did not have pneumatised appendicular skeletons. In general, if a wing

bone has an R/t of 4.0 or greater, it is likely pneumatic, considering the taxonomic

distribution seen in Fig. 5.2, and over 5.0 is almost definitely pneumatised, with only

two apneumatised bones in this distribution, out of 78 bones over 5.0. Similarly, K

values greater than 0.80 are most likely indicative of a pneumatic bone. The majority of

the indeterminate material consisting of low R/t and K values are labelled as “Rham-

phocephalus”, a nomen dubium consisting of rhamporhynchid and basal monofestratan

material (O’Sullivan, 2015), all thought to be apneumatised. Although this is certainly

not the final word, it is good evidence that this is the case, and as they tend to clump

together in the distributions, I propose R/t and K values may be used as indicators of

likelihood of pneumatisation of appendicular elements in the future.

5.4.1 Comparison with previous studies

Few studies have looked at the cortical thickness of pterosaur wing bones in de-

tail, aside from mentioning the value of thickness, or more often, that it is ‘thin-walled’,

and even fewer studies have looked at non-pterodactyloids. So called ‘thinness’ of bones

has been used to identify pterosaur remains in the past, including those described as pos-

sible Velociraptor prey (Hone et al., 2012), although thickness alone has been suggested

as a poor indicator (Steel, 2003). De Ricqlès et al. (2000) state that pterosaur bones are

generally thinner walled than similarly sized bird bones and that typical values of 0.5

mm or less are commonly given for pterosaur bones over 100 mm in length. They also

suggest, based on unpublished data, that smaller pterosaur bones are frequently much

thinner, reaching values of less than 0.2 mm, although no information on which bones

or where the measurements were taken was provided. Other studies show very small

thickness values in axial skeletal elements (0.06-0.14 mm), and greater thickness in wing

bones (e.g. 0.42 mm in the humerus; Elgin and Hone 2013). My data (Fig. 5.3) suggest

that these extremely thin values are uncommon, at least as mid-diaphysis cortical thick-

nesses. In all bones studied, just one was less than 0.2 mm thick, a very small ulna from
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Figure 5.8: Examples of cross-sections of six pterosaur wing bones from
di↵erent taxa. A, humerus of Ornithocheirus (NHMUK R 1357); B, ulna of
an unidentified azhdarchid (TMP 1965.14.39); C-D, WMCs of Brasileodactylus
(C, AMNH FARB 24444) and an unidentified dsungaripterid (D, uncatalogued
SGP specimen); E-F, WPs of “Araripedactylus dehmi” (E, BSPG 1976 I 117)
and Rhamphorhynchus (F, SMNS 59421). Scale = 1 mm.

Rhamphorhynchus (BSPG 1938 I 503/1), and just 10 were less than 0.5 mm, despite a

large number of bones from small-bodied taxa being measured (Dimorphodon, Rham-

phorhynchus, Dorygnathus, Pterodactylus, Cycnorhamphus, and “Rhamphocephalus”).

The majority of specimens in this study have average mid-diaphysis cortical thicknesses

of 0.5-1.5 mm (e.g. Fig. 5.8). This study greatly increases our understanding of cortical

thickness variation, especially in non-pterodactyloids, which until now had been poorly

understood (Martin-Silverstone et al., 2015a). It also increases our knowledge of what

constitutes normal ranges of pterosaur wing bone cortical thicknesses.

Witton (2008) used data from Steel (2004) to determine cortical thickness from

bone diameter in order to estimate bone mass. His regression was a non-linear regression,

unlike the linear regression found here. As shown above, the linear regression of radius

to cortical thickness has little correlation (R2 =0.391), but a non-linear regression like

the one used by Witton (2008) is even worse (R2 =0.340). This may be due to the

fact that Witton used only moderate to large pterosaurs, a point that he recognised as

problematic due to the sparse information on small pterosaur cortical thicknesses in the

literature.

Even fewer studies have looked at pterosaur bone geometry quantitatively. The

first study by Currey and Alexander (1985) discussed R/t and K of tubular bones in

several groups of animals, and included a small number of so-called ‘Pteranodon’ wing

bones (although at least one of these is not Pteranodon, as it is listed as NHMUK

41637 in Bramwell and Whitfield 1974, which is an ornithocheirid). They found R/t

values of 7 (WP) to 20 (humerus) and K values between 0.90 and 0.95. Hazlehurst and

Rayner (1992) briefly discussed R/t in a number of pterosaurs as a way of estimating the
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volume of air sacs in smaller pterosaurs vs. larger Cretaceous pterodactyloids. They use

the di↵erence in R/t values found between small pterosaurs and large pterodactyloids,

similar to the distribution found here (Fig. 5.2), as evidence that larger pterodactyloid

pterosaurs had a lower overall density than modern birds, and therefore chose not to

attempt any mass estimations. They did not use their finds to make any inferences

about biomechanics or loading, only on ecological interpretations. Naish and Witton

(2017) briefly mention R/t in the cervical vertebrae of the azhdarchids Hatzegopteryx

and Arambourgiania, as being 9.45 and 9.90, respectively, a calculation possible only

in azhdarchid cervical vertebrae which are typically elongate with long centra, closely

resembling long bones.

By far the largest quantitative study of R/t and K in pterosaurs is that by Fast-

nacht (2005). He found that dsungaripteroid pterosaurs had R/t values less than non-

dsungaripteroid (1.8–2.0 vs. 3.8–20) withK values following a similar pattern of 0.4–0.55

vs. 0.73–0.95. Unfortunately, there is no indication of which skeletal elements, where on

the elements, or from which taxa (other than dsungaripteroid vs. non-dsungaripteroid)

these measurements were taken, making detailed comparisons di�cult. However, a few

useful comparisons are possible. First of all, while I found dsungaripteroid pterosaurs

solely in the range of small R/t and K, there are also several non-dsungaripteroids in

this range (Fig. 5.2). Lower R/t values are dominated by non-pterodactyloid pterosaurs

such as Rhamphorhynchus and Dorygnathus (Fig. 5.2A), with the lower half of known

K values showing a similar pattern of taxonomic distribution (Fig. 5.2B). An important

di↵erence to note between my study and Fastnacht (2005) is that whereas I was often

dealing with fragments only seen in two dimensions, meaning that full 3D shape and

values could not be determined, Fastnacht (2005) calculated R/t as a range for each

specimen, given that pterosaur bones are usually not circular in shape. As I took the

maximum radius for each specimen, it might be expected that my results would be

generally higher than Fastnacht (2005), when in reality they are typically less.

5.4.2 Comparison to non-pterosaurians

Studies of R/t and K are common in other animal groups, starting with Cur-

rey and Alexander (1985), who looked at tubular bones of many tetrapods including

mammals, reptiles, and birds. The lower range R/t values of Pteranodon in Currey

and Alexander (1985) of 7.0 were similar to the highest values of some bird bones, both

pneumatised and apneumatised, but much higher than those found in flightless birds,

bats, and land mammals. This led them to suggest that pterosaurs had generally higher

R/t and K than other animals. My data (Fig. 5.2A) suggest that many pterosaurs,

especially small-bodied pterosaurs and possibly those with apneumatised appendicular

skeletons, have wing bones of similar construction to birds, with R/t < 9.0. Even among
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large bodied azhdarchoids and ornithocheiroids, smaller values are seen. Comparison of

K values show that pterosaurs tend towards larger K, with values greater than 0.6 being

common, and especially those of 0.8 and 0.9 (Fig. 5.2B), whereas birds (pneumatised

or not) rarely exceed K = 0.8 (Currey and Alexander, 1985; Cubo and Casinos, 2000;

Suhai et al., 2006). However, the means of both pterosaur and bird K values appear

to be similar, with 0.67–0.79 reported for di↵erent bones, both pneumatised and apneu-

matised in several studies (Currey and Alexander, 1985; Cubo and Casinos, 2000; Suhai

et al., 2006).

5.4.3 Biomechanical and Palaeoecological Implications

Previous studies on pterosaur biomechanics and aerodynamics, and in wings

in particular, have tended to focus on a single species or genus (e.g. Bramwell and

Whitfield 1974), or specific groups (e.g. dsungaripteroids, Fastnacht 2005). Other

studies have looked mostly at larger pterosaurs to understand biomechanics in larger

animals, and some applied these findings to a wide range of pterosaurs (e.g. Habib

2008; Wilkinson 2008; Palmer and Dyke 2009; Palmer and Habib 2014; Palmer 2017).

Hindlimb biomechanical studies are becoming more common in pterodactyloids (e.g.

Costa et al. 2014a,b; Frigot 2017), although rigorous biomechanical studies of any sort

are rare in small-bodied non-pterodactyloid pterosaurs. Witton (2015) attempted a

functional study of terrestrial locomotion in early pterosaurs, although it was more

qualitative and descriptive than quantitative. My large-scale dataset presents introduc-

tory observations and suggestions about the biomechanics and palaeoecology of both

non-pterodactyloid and pterodactyloid pterosaurs, although some definitions and expla-

nations are important first.

In flight, the key stresses wing bones will endure are bending and torsion (e.g

Alexander 1996; Currey and Alexander 1985; Swartz et al. 1992; Biewener and Dial

1995; Cubo and Casinos 1998, 2000; Currey 2002). First, a bone’s resistance to bending

is determined by the geometric properties of the bone (second moment of area, I), and

the sti↵ness of the material itself, the Young’s Modulus, E (e.g. Palmer 2017). I in a

given cross-section can be calculated using

I =
⇡

4
(R4
� r

4) (5.2)

where R is the external radius and r is internal radius, or external radius minus the

thickness, for bones of circular cross-section. For bones that are not circular, such as

those of pterosaurs, it is necessary to di↵erentiate between I in the dorsoventral direction

(I
xx

) and that in the anteroposterior direction (I
yy

), where R is an e↵ective radius in

the direction in question. While di↵erent bone constructions and di↵erent bones reveal

divergent patterns of I
xx

and I

yy

in pterosaurs (Palmer, 2017), only the maximum value



5.4. DISCUSSION 87

(I
max

) has been reported here. Second, I

p

, the polar moment of inertia (sometimes

denoted as J), is the ability of a beam to resist torsion, and is calculated for a circular

cross-section as

I

p

=
⇡

2
(R4
� r

4) (5.3)

which closely resembles the second moment of area. Both I and I

p

are highly dependant

on the radius of the bone, rapidly increasing as the radius increases. They also depend

on the thickness slightly, but are much more susceptible to changes in radius. Next, I
p

can be used in turn to calculate the maximal torsional stress (�) on a given cross-section,

using

� =
⌧a

I

p

(5.4)

where ⌧ is the amount of torque applied to the bone and a is the moment arm of that

force (Swartz et al., 1992), which is the distance from the centre of the bone to the place

at which you want to calculate the stress, typically the maximum radius of the bone.

Though � depends linearly on a such that stress increases with a and therefore radius,

it also depends directly on I

p

. Since I
p

is dependent on the radius to the 4th power, the

torsional stress will decrease as the radius of the bone increases, countering the a↵ect of

the moment arm. The torque a bone can withstand will increase as the radius increases.

Finally, compressive forces act significantly on bones. Following Fastnacht (2005), a

bone will fail under compression when

F = c⇥A (5.5)

where F is the force which causes the bone to fail, c is the compressive strength of the

bone, and A is the cross-sectional area at the point in question, calculated as

A = ⇡(R2
� r

2) (5.6)

which again depends on the radius of the bone. However, now the thickness is more

important relative to the radius than in the case of I. Another important mechanical

property is buckling strength. Due to the fact that buckling is related to the length of

the bone, which is not accurately known for most bones, I will not consider it in detail.

Figure 5.5 shows a general trend of increasing I, as both R/t and K values

increase, as expected from Eq. 5.2. Smaller pterosaurs have smaller I (Fig. 5.6),

which is due to the smaller loads experienced by smaller pterosaurs with lower weights

(Hazlehurst and Rayner, 1992; Witton, 2008; Henderson, 2010; Witton and Habib, 2010).

Similarly, R/t and K both increase as bones get larger in individual pterosaur bones,

although the rate of increase is di↵erent (Fig. 5.4). This suggests that as pterosaur bones

get longer, they also become more resistant to bending. This theory can also be applied

to torsion, with resistance to torque becoming larger in pterosaur bones with a larger



88 CHAPTER 5. CORTICAL THICKNESS

Figure 5.9: Comparison of di↵erent e↵ects of altering the geometric
properties of an apneumatised bone on the overall mass of a bone.
Y-axis indicates the percentage of mass relative to solid for di↵erent mechanical
propperties related to bending, meaning that at 1.0, the bone is equally as heavy
whether it is solid or hollow. Image reproduced from Currey and Alexander
(1985) and Currey (2002).

cross-section according to Eq. 5.4. Currey and Alexander (1985) showed the e↵ects of

di↵erent R/t configurations on various mechanical properties related to bending in a

marrow-filled bone (Fig. 5.9). Although this graph is a general comparison for marrow-

filled bones, marrow itself is not thought to be a significant contributor to bone sti↵ness

(Currey and Alexander, 1985; Cubo and Casinos, 2000), meaning this is still relevant

for pneumatised bones.

although the e↵ect of hydraulic strengthening in bones has been debated, (see

Liebschner and Keller 2005 for details). Comparing the Currey and Alexander (1985)

plot to the R/t distribution in pterosaurs (Fig. 5.2), it appears that many pterosaurs fit

in the portion of the graph related to impact strength. Local impact is when a sudden

force is applied to a specific area of bone, which primarily depends on the thickness of

the bone at that location, rather than shape of the entire bone. But as pterosaurs get

larger and their bone diameters increase, the higher R/t and relatively thinner bones

allow the bone mass to stay low, while retaining a high bending sti↵ness. However, this

makes them more susceptible to local impacts and buckling.

Although the plot in Fig. 5.9 only goes to R/t of 10, it appears that, as Equation

5.2 predicts and as Figures 5.5 and 5.6 show, increasing R/t in pterosaurs maximises

the ratio between sti↵ness and mass. Any ‘mass savings’ discussed here from pneuma-

tisation or increased R/t do not necessarily result in a directly lighter bone than by

not pneumatising (e.g. Dumont 2010; Martin and Palmer 2014b for details), but bones

are maximally sti↵ for a minimum added mass. The optimum K value for pneumatised

long bones has been calculated as 0.93 (R/t=14, Eq. 5.1). At this value the likelihood

of failure due to buckling and bending is lowest for a maximally light bone (Alexander,

1996), which is similar in value to many large-bodied pterosaurs. At K > 0.93, the bone
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is sti↵er, but also heavier, whereas at K < 0.93 the bone may be lighter, but experiences

a greater chance of buckling. The optimal point for lowest mass at greatest sti↵ness is

0.93. As large, hollow bones become thinner, the likelihood of failure due to buckling

rapidly increases, a problem that likely explains why pterosaur bones do not have higher

K values than 0.93.

R/t is also related to a bone’s resistance to compressive forces (Eqs. 5.5 and 5.6).

For a bone with a given radius, as R/t increases (i.e. as the thickness decreases), the

ratio of bending strength to compressive strength increases. For this reason, it has been

thought that dsungaripteroids were more resistant to compressive forces and also local

buckling than against bending, with respect to other pterosaurs (Fastnacht, 2005). The

data presented here can be expanded to look at all pterosaurs. Taking into account what

was mentioned previously, the low R/t values of small-bodied pterosaurs suggests that

they were more resilient with respect to local impact, compressive forces, and potentially

local buckling as well. Due to their smaller size and therefore lower loading regimes,

smaller pterosaurs were not required to make the same tradeo↵s that larger pterosaurs

needed to, allowing them to be generally resistant to all forms of mechanical loading. In

particular, compressive loads, but also buckling, are important in terrestrial locomotion,

with compressive loads being particularly typical during take-o↵ and landing (Swartz

et al., 1992; Biewener and Dial, 1995; Fastnacht, 2005).

Although not mathematically considered here, buckling is also a problem en-

countered in flight if the wing bones are exceptionally thin (and therefore not likely

a concern for small pterosaurs in flight). In theory, the bony struts of cortical bone

(commonly called ‘trabeculae’) help to support the bone and keep it from buckling in

thin bones (Pennycuick, 2008), which has been proposed as a way that large pterosaurs

resisted buckling (de Ricqlès et al., 2000). However, preliminary biomechanical studies

on pterosaur wing bones have suggested that these bony struts actually do not prevent

deformation, and may be related to anchoring the air sacs within the bones (Frigot and

Palmer, 2013a,b).

Within a given size-class, pterosaurs with lower R/t and K values were likely

spending more time on the ground than their high R/t and K valued counterparts.

Table 5.6 shows a subset of data from Fig. 5.5, revealing R/t values in ten individuals of

similar size, revealing some interesting patterns related to compressive forces, buckling,

and bending. GPIT SGP, an unidentified dsungaripterid pterosaur has the lowest R/t

value of this subset, giving it a higher ratio of compressive strength compared to bending

strength. This follows the information given by Fastnacht (2005) that dsungaripterids

were more resistant to compressive forces than other similarly-sized pterosaurs related

to the fact that they appear to have been more adapted to live on the ground, and

seem to have experienced heavy loading (Witton, 2008). This may also be relevant to

Bennettazhia oregonensis, and its questionable taxonomic status discussed in Chapter 2.
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Specimen Taxonomic Group Bone Wingspan (mm) R/t
TMP 82.19.295 Azhdarchidae WP1 2500 5.8
GPIT SGP Dsungaripteridae WP1 2500 3.3
LACM 50927 Pteranodon sp. WP 2600 4.2
NHMUK PV R

39117
Ornithocheiridae Hum 2900 8.3

RAM 18659 Azhdarchidae Hum 3100 10.3*
USNM 11925 Bennettazhia oregonensis Hum 3200 6.8
AMNH FARB

24444
‘Brasileodactylus’

Hum,
WP1

3200 15.6†

MOR 391 Montanazhdarcho minor Hum 3200 16.1**
AMNH FARB

22555
Anhanguera sp. Ulna 3400 17.1

NHMUK PV R
176

Istiodactylus latidens
WP1
L, R

3600 10.9†

Table 5.6: Summary of R/t values in ten pterosaurs of a similar size-
class. Data are a subset of data in Fig. 5.5. Wingspans estimated to the
nearest 100 mm. *indicates measurement taken from an image from A. Farke,
and **data taken from McGowen et al. (2002). †indicates values calculated
from an average of two bones for a single individual.

Regardless of whether B. oregonensis is considered a dsungaripteroid, dsungaripterid,

or azhdarchid, the lower R/t values than its similarly-sized counterparts are important.

It does appear to have a markedly lower R/t value than azhdarchids or ornithocheirids

of similar size, suggesting this animal also may have been more terrestrially-inclined,

although this is a generalisation from a single bone and may not be the best supported

hypothesis. LACM 50927 is a smaller Pteranodon that has a low R/t value, contrary

to the usual ideas of pteranodontids being well-adapted, proficient flyers (Bramwell

and Whitfield, 1974; Bennett, 2001a; Witton, 2013). However, LACM 50927, which is

undescribed, is likely a sub-adult which may explain the low values as smaller pterosaurs

tend to have lower R/t values than their larger counterparts. Ontogenetic e↵ect was not

studied here due to the small number of specimens of clear sub-adults and di�cult in

identifying ontogenetic stage in some material. However, initial study into the bone

strength of some pterosaur hatchlings suggest that they had just as strong humeri as

adults (Witton et al., 2017), indicating ontogeny may play little to no role here.

Related to this, and a possible explanation for some of the variation seen in

Table 5.6, are the di↵erent relationships seen between length and R/t or K in di↵erent

wing bones (Fig. 5.4). The humerus generally has a higher exponent, meaning that the

R/t increases more rapidly with length than in the ulna or WP. Conversely, WPs have a

lower exponent, increasing more slowly with length than the other bones. This suggests

that the humerus undergoes rapidly increasing higher loads as the wingspan increases,

whereas wing phalanges have lower loads, not increasing as rapidly with wingspan. This

is supported by the finds in Palmer (2017), that the humerus had the highest I, and I
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decreased distally along the wing. Table 5.6 illustrates interesting patterns within the

same bone across di↵erent taxa, with the dsungaripterid having the lowest R/t of all and

within WPs, while ornithocheirid and azhdarchoid ulnae and humeri have the highest

R/t.

While earlier studies have suggested that early pterosaurs were poor quadrupedal

terrestrial locomotors (e.g. Unwin (1987, 1988, 1999)), or well-adapted to a bipedal

terrestrial life (e.g. Padian (1983a,b, 2003)), a recent study has challenged these be-

liefs, suggesting they would have been proficient quadrupedal locomotors on the ground

(Witton, 2015). The data presented in this chapter are unable to show how well early

pterosaurs could move around on the ground, but they do suggest they were capable of

withstanding frequent take-o↵s and landings. This idea is supported here by the wing

bone geometries, given that it is widely accepted that pterosaurs were quadrupedal lo-

comotors (e.g. Lockley et al. 1995; Bennett 1997; Hwang et al. 2002; Mazin et al. 2003;

Chatterjee and Templin 2004; Mazin et al. 2009, although see Padian 2008c for a dif-

ferent opinion on early pterosaurs). Small-bodied pterosaurs were also resistant to local

impact, compression and buckling, as seen in the low R/t values, important in take-o↵

and landing (Figs. 5.2, 5.5). While many rhamphorhynchines and campylognathoidids

appear to have had sea-bird like lives spending much of their time in the air, it has

been postulated that other small-bodied pterosaurs, including Dorygnathus, landed fre-

quently, but with limited activity on the ground itself (Witton, 2015). Dorygnathus

and other small-bodied early pterosaurs were also seemingly well adapted to climb trees

(Padian, 2008a; Witton, 2015).

Other studies suggest that all smaller-bodied pterosaurs were seabird-like, roost-

ing in trees or on cli↵s (Chatterjee and Templin, 2004; Witton, 2008, 2013). The idea

of many earlier, small-bodied pterosaurs spending a lot of time in forested habitats with

significant take-o↵ and landing is further supported by their dentition, which favours

an insectivorous and even potentially vegetative diet (Ősi, 2011). As small-bodied

pterosaurs experienced lower loads, they are able to retain strength in several di↵erent

loading regimes, without having to prioritise for weight savings. Conversely, large-bodied

pterosaurs such as ornithocheiroids are thought of as proficient flyers, spending a lot of

time in the air, and poor terrestrial locomotors (Chatterjee and Templin, 2004; Witton,

2008, 2013; Hyder et al., 2014). Their habitats typically consisted of open-ocean areas,

spending a significant amount of time flying over bodies of water where impact would

be less likely (Witton, 2013). Large-bodied pterosaurs necessarily needed to maintain

a lower mass, and optimised for whichever loading regime they encountered most. For

ornithocheirids, high R/t values and high I, indicate their bones were optimised for

bending sti↵ness and mass reduction. In general, as pterosaurs evolved and spread into

di↵erent niches, they became more disparate as a clade and became larger (Hone and

Benton, 2007a; Prentice et al., 2011; Foth et al., 2012; Benson et al., 2014), requiring
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their bones to become stronger and more adapted to flight loading regimes.

5.4.3.1 Hatzegopteryx and other outliers

Azhdarchids, the largest pterosaurs of all, typically lived in more terrestrial

settings, likely using terrestrial soaring methods similar to terrestrially soaring birds,

as supported by their similar wing shapes (Witton and Naish, 2008; Witton, 2008,

2013). This is in addition to a growing body of evidence that azhdarchids were proficient

terrestrial locomotors, with some species spending a significant time on the ground as

well as in the air (Witton and Naish, 2008, 2015; Hwang et al., 2002; Carroll et al.,

2013; Naish and Witton, 2017; Witton, 2017). This brings us back to the question

of Hatzegopteryx thambena alluded to above. H. thambena, from the Maastrichtian

of Romania, is the largest terrestrial predator known at this time in western Europe

(Witton and Naish, 2015). This, along with biomechanical analysis of a purported

cervical vertebra, has lead to the idea that H. thambena was an apex-predator, adopting

the ‘terrestrial-stalking’ feeding strategy (Witton and Naish, 2008, 2015; Naish and

Witton, 2017). While the flight capabilities of H. thambena have not been directly

studied in detail, Witton and Habib (2010) suggest that, based on anatomical features,

all giant azhdarchids would have been capable of flight. This is consistent with the idea

that large azhdarchid pterosaurs may have been approaching the size limit for flight, but

had not yet passed that threshold (Habib, 2013; Palmer and Habib, 2014), contrary to

the views of other previous studies (e.g. Sato et al. 2009; Henderson 2010). The humerus

of H. thambena appears as an outlier in all plots (Figs. 5.3, 5.5 and 5.6), with a large

radius (51 mm), considerable thickness (5.5 mm) and extremely high I values of over 10

000 000 mm4. As previously explained, large I, K and R values are indicative of animals

undergoing high bending and torsional loads, important in flight, which suggests that

H. thambena was indeed capable of flight and that it was prioritising sti↵ness to weight

ratios by having the highest possible ratio. However, it also had a relatively low R/t

and extremely thick bones compared to other pterosaurs, more important to withstand

compressive forces related to time on the ground. This is further biomechanical evidence

to suggest that H. thambena likely engaged in a significant amount of time on the ground,

and was a proficient terrestrial locomotor in addition to being capable of flight.

Unfortunately, the extreme case of H. thambena is di�cult because it is both

an outlier that does not follow the general patterns of other animals, and is the largest

of any other animal studied here. It is not known if the unique nature of H. thambena

is solely related to its size, or because it truly had a unique morphology. The Roma-

nian dinosaur fauna from the Late Cretaceous Hatzeg Island displays evidence of island

dwarfism, all being small-bodied likely due to the limited resources found on islands

(e.g Benton et al. 2010; Grigorescu 2010). The largest theropod is a small-bodied dro-
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maeosaur (Csiki et al., 2010; Brusatte et al., 2013) that has also been suggested to be

a flightless, omnivorous, avialan (Cau et al., 2015), while Hatzegopteryx dwarfs every-

thing else, leading to suggestions of it being an apex-predator (Bu↵etaut et al., 2003;

Naish and Witton, 2017). It is possible that this particular environment, di↵erent from

those of other giant pterosaurs, produced a unique morphology and palaeoecology for

Hatzegopteryx, potentially even leading to speculation of flightlessness in Hatzegopteryx.

However, more data is needed from other large-bodied pterosaurs to really understand

this problem.

In summary, these results suggest that small-bodied and early pterosaurs were

generalists, able to withstand impact, compression and buckling, typical of animals that

frequently take o↵ and land while living in habitats comprising of cli↵s and forests. As

they were relatively small, they were not particularly optimised for any particular load-

ing regime, nor for body mass, a↵ording the ability of being able to withstand all types

of loading relatively well. Larger pterosaurs, especially ornithocheirids, were adapted for

bending sti↵ness and high torsional stress, with bones constructed of as little material

as possible, typical of animals spending a significant time in the air, landing landing

when necessary. However, Hatzegopteryx thambena had extremely strong wings to with-

stand bending and torsion in flight, as well as thick walls for withstanding compressive

forces and buckling, consistent with current ideas of H. thambena palaeoecology. It is

not currently known if these concepts can be applied to other giant pterosaurs such as

Quetzalcoatlus northropi and Arambourgiania philadelphiae due to insu�cient remains

and un-described material. Although there is a significant amount of material known

from the smaller Quetzalcoatlus sp., only the wing exists from Q. northropi (Lawson,

1975; Langston, 1981), making any body scaling di�cult. Another problem with Quet-

zalcoatlus is that a full description of the material is currently non-existent (although a

description is underway, B. Andres pers. comm.), and only a handful of photographs or

reconstructions can be found in the literature, none of which include any information on

cortical thickness or dimensions (e.g. (Lawson, 1975; Witton and Naish, 2008; Witton

and Habib, 2010). A. philadelphiae is known from only a small number of fragmentary

remains of both the axial and appendicular skeleton, and only a single WMC has been

positively identified as wing material (Frey and Martill, 1996; Martill et al., 1998; Mar-

till and Moser, 2017). This material is insu�cient for any meaningful observations on

biomechanics.

5.4.4 Phylogenetic Implications

Cortical thickness has been used by some authors as a phylogenetic character

of dsungaripterids (e.g. Unwin 2003; Kellner 2003), but not by others (e.g. Andres

and Myers 2013; Vidovic and Martill 2017). The results for phylogenetic signal (Table
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5.5) suggest that thickness alone should not be used as a phylogenetic character, as it

likely carries little or no phylogenetic signal. The di↵erence in results between di↵erent

phylogenetic trees is interesting, but may be due to the fact that the species-level tree

from Unwin (2003) was an informal tree based on assumed relationships. Mid-diaphysis

radius does appear to be phylogenetically correlated, with all studies finding a value

significantly higher than �=0. This is unsurprising as body size evolution in pterosaurs,

for which diaphyseal radius can be considered a proxy, appears to be a product of Cope’s

Rule, meaning that as pterosaurs evolved, they got bigger, with the largest animals

found at the end of their evolutionary history (Hone and Benton, 2007b; Benson et al.,

2014). It has been suggested that body size may be phylogenetically driven (Benson

et al., 2014), and therefore the bone radius showing a strong phylogenetic signal is not

unexpected. R/t as a character itself (rather than as the regression analysis of R vs. t),

and K, may also be related to phylogeny. Interestingly, R/t appears to give a strong

phylogenetic signal in all three analyses (Table 5.5), while K is less strong, but still

suggests a phylogenetic signal. Although R/t and K are directly related to each other

(Eq. 5.1), they have di↵erent strengths of phylogenetic signal.

While long bone cortical thickness has been used to distinguish dsungaripterid

bones in the past (Unwin, 2003; Kellner, 2003; Fastnacht, 2005), the only clear dsun-

garipterid species in this analysis does not show particularly thick cortices. The ulna

of Noripterus complicidens has a thickness of 0.75 mm and a radius of 2.7 mm (Hone

et al., 2017), giving it an R/t of 3.6 and K of 0.72, neither of which are distinctive

among similarly sized animals (Fig. 5.2). However, some unidentified ’dsungaripterid’

material from the Lower Cretaceous of southwest China (material from the Sino-German

Cooperation Project, currently housed at GPIT) appear to be among the thickest bones

in this study (1.73 mm and 2.98 mm), the latter of which can be seen as another clear

outlier in Figure 5.3. It seems that while some dsungaripterids have thick-walled bones,

not all share this character.

Another interesting feature is the di↵erence in results between the large-scale

vs. species-level Unwin (2003) analysis (Fig. 5.7, Tables 5.4, 5.5). The results are very

di↵erent between the two, and it is unclear how to determine which is better to use.

It may be that the large-scale analysis is more accurate as it allows true accounting

for the variability within a group by including animals that have not been named, or

do not appear in a species-level analysis. For example, a recently described small-

bodied azhdarchoid pterosaur from British Columbia, Canada was not named due to the

incomplete nature of the specimen, but is unlike other azhdarchoids in being very small-

bodied (Martin-Silverstone et al., 2016). The R/t of the humerus is just 3.5, and the K

value is 0.72, in addition to having a lower air space proportion than other azhdarchoids.

These values are more similar to those of small-bodied (and non-azhdarchoid) pterosaurs.

As it is unnamed, and its exact phylogenetic position is unclear, this variability would
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be lost in a species-level analysis. However, using large-scale groups allows for the

inclusion of indeterminate specimens or those named after the phylogeny was made.

Conversely, using large-scale groups may not properly reveal phylogenetic control by

averaging measurements, making patterns appear more or less clear than in they should.

5.5 Conclusion

In summary, pterosaur bones are not as thin-walled as previously thought, and

the use of the word ‘thin’, without a quantitative definition should not be used to de-

scribe pterosaur material, as it is not su�ciently descriptive. Cortical thickness alone

does not show a strong phylogenetic signal, although it is poorly correlated when con-

sidered together in a linear regression with the radius of the bone. The independent

character R/t, however, is correlated with a number of features, including wingspan and

bending sti↵ness. This leads to the hypothesis that small-bodied pterosaurs evolved to

optimally withstand impact, compressive forces, and buckling, features important for

animals taking o↵ and landing frequently, and living in dense forested or cli↵top areas,

unlike large-bodied pterosaurs which were adapted for life on the wing, fully optimised

to withstand bending and torsional forces. However, giant pterosaurs such as Hatze-

gopteryx thambena may have been equally well adapted to life on the ground and in the

air, supporting the idea that giant azhdarchids may have foraged and spent significant

time on the ground while still being capable of flight. Pterosaur bone wall thickness is

not phylogenetically correlated, with thickness alone showing no phylogenetic signal at

all. Thickness is more likely to be a correlate of palaeoecology than that of phylogeny,

and should not be considered as phylogenetically descriptive, except possibly in the case

of dsungaripterids, which were not sampled in detail here.





Chapter 6

Mass estimation and distribution

of Coloborhynchus robustus using

volumetric estimation

6.0.1 Abstract

Mass estimation of pterosaurs has long been controversial, impeded by a poor

fossil record and understanding of soft tissue distribution. Previous studies have been

suggested to rely too much on modern birds as analogues, or claimed degrees of pneu-

maticity that are improbable. CT scans of a well-preserved 3D skeleton of Coloborhynchus

robustus (SMNK PAL 1133) are used to create a 3D skeletal reconstruction, and infer

the soft tissue body outlines and volumes, using muscular reconstructions as a guide.

Densities of di↵erent regions were assigned based on previous pterosaur studies and oth-

ers on birds, taking into account their di↵erences where possible. The result for a 5

m wingspan C. robustus is 30.9 kg. Sensitivity analysis was conducted using convex

hull volume estimation, resulting in a slightly lower preferred mass of 29.5 kg. This is

heavier than estimates from other volumetric studies of similarly sized, closely related

animals, but similar to those derived from regressions and scaling equations previously

used for estimating pterosaur mass. Skeletal correlates were also tested to see if any

produced likely results as there are strong relationships between limb element dimen-

sions and body mass in modern animals. However, currently well-supported correlates

such as circumference or diameter of the humerus or femur produced substantial over-

(humerus) or under-(femur) estimates, and are therefore not currently recommended for

use in pterosaurs.

97
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6.1 Introduction

Pterodactyloid pterosaurs are among the most highly pneumatised animals to

have ever lived, with bones containing up to 90% airspace (Martin and Palmer 2014a,

Chapter 2). Their thin-walled bones su↵er from poor preservation potential (Witton,

2013). Numerous studies have looked at the preservation biases seen in pterosaur finds,

and have shown that they su↵er from the ‘Lagerstätten-e↵ect’, where pterosaur finds are

concentrated in sites of exceptional preservation known as Lagerstätten (Butler et al.,

2009b, 2012b, 2013; Dean et al., 2016).

This means that well preserved, nearly complete pterosaur fossils are relatively

rare, and finds are dominated by fragments and partial skeletons, especially of larger

pterosaurs. This can make biomechanical or functional studies di�cult as relying on

incomplete fossils and inferences and assumptions based on scaling and allometry from

other, closely related animals can be challenging. In particular, large-scale studies of

mass estimation in pterosaurs have relied on partial skeletons, often reconstructed from

other closely related animals (Witton, 2008; Henderson, 2010). Witton (2008) attempted

to circumvent this problem by using a relationship found in birds (Prange et al., 1979)

between skeletal mass and total body mass and applying this to pterosaurs. While this

method was good in principle as it required information only from bones, it was not

the most accurate way of estimating pterosaur mass. Other studies have shown that it

underestimates the bone mass, and that the relationship is strongly phylogenetically de-

pendent, suggesting it is unwise to use outside the Neornithes (Martin and Palmer 2014b;

Martin-Silverstone et al. 2015b, Chapter 3). Henderson (1999) developed a computer-

based volumetric slicing method (similar to the pre-computer slicing method adopted

by Bramwell and Whitfield 1974) for estimating the volume and therefore mass of ex-

tinct animals based on the outline of the animal, which he then applied to pterosaurs

(Henderson, 2010). This method should, in theory, be more accurate as it is based on

the volume of the body, but is again based on incomplete fossil specimens, which can

result in errors. This was proven to be inaccurate in at least one case, with a large

over-estimate of Quetzalcoatlus northropi due to incorrect measurements – the model

used in the estimate had a torso of 1.8 m, while it is now thought to be approximately

0.65 m (Witton and Habib, 2010). Volumetric estimations would benefit substantially

from more complete pterosaur material on which to base estimates, as previous studies

have relied on poorly preserved material or scaling of close relatives. More complete,

three-dimensionally preserved specimens would allow for more accurate estimations sim-

ilar to studies using 3D volumetric estimates using nearly complete dinosaur skeletons

(e.g. Mallison 2010; Brassey et al. 2015).

While mass estimation methods based on volumetrics have been commonly used

to estimate the body mass of extinct animals (e.g. Bramwell and Whitfield 1974; Brower
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and Veinus 1981; Brower 1983; Henderson 1999, 2010), recent volumetric studies have

used a convex hull approach. The minimum convex hull uses an algorithm to fit a min-

imum volume around an anatomical unit, essentially shrink-wrapping the bone or limb,

resulting in a minimum total body volume once added together (Sellers et al., 2012;

Brassey, 2016). A regression is then applied to this volume, derived from modern taxa

that have been used as a validation of volume vs. mass, to account for the underes-

timation typically resulting from the minimum convex hull. Like the other volumetric

methods, the disadvantage of convex hull is that it requires a complete or nearly complete

skeleton to either reconstruct digitally, or to laser scan. Another form of mass estima-

tion in extinct animals involves using skeletal correlates and scaling equations derived

from modern animals, that are strongly correlated with body mass, such as humeral

circumference, femoral circumference, and more (e.g. Anderson et al. 1985; Campbell

and Marcus 1992; Campione and Evans 2012; Field et al. 2013). The advantage to these

methods is that they do not require complete skeletons, with just single bone estimates

possible. However, they have been criticised for not properly accounting for the variation

in body size and shape seen in a number of extinct clades such as sauropod dinosaurs

(e.g. Sellers et al. 2012; Brassey 2016). Neither convex hull nor scaling equations have

been applied to pterosaurs before, nor has there been a detailed 3D reconstruction or

volumetric study of a single, well-preserved individual.

The Santana Formation of Brazil is a well known Konservat-Lagerstätte, with

exceptional preservation of vertebrates from the Early Cretaceous of Gondwana (e.g.

Maisey 1991; Martill 2001; Kellner 2002; Fara et al. 2005; Martill 2007). In particular,

the Romualdo Member has been a remarkable site for three-dimensionally preserved

pterosaurs, including some partial skeletons of Anhanguera santanae (Wellnhofer, 1991),

Tapejara wellnhoferi (Eck et al., 2011), the largest Tropeognathus mesembrinus (Kellner

et al., 2013) and a particularly well preserved skeleton of Anhanguera piscator (Kellner

and Tomida, 2000), in addition to a wealth of other exquisite finds (e.g. Wellnhofer

1987b; Fastnacht 2001; Veldmeijer 2003; Veldmeijer et al. 2006). Another well-preserved

3D pterosaur to come from the Romualdo Member is SMNK PAL 1133, a partial skeleton

of Coloborhynchus robustus (Elgin, 2014). This specimen has appeared infrequently

in the literature (Wilkinson, 2008; Elgin and Frey, 2012; Geist et al., 2014), and was

described in detail in Ross Elgin’s PhD thesis (Elgin, 2014), but a formal description is

lacking.

SMNK PAL 1133 is an ideal specimen on which to attempt a more detailed mass

estimation and volumetric reconstruction, due to its undistorted, three-dimensionally

preserved nature, relative completeness (including mirrored elements), and relative ease

of CT scanning. Here, I present a 3D reconstruction of the skeleton, a 3D visual re-

construction of the pectoral musculature, and a volumetric reconstruction of the major

soft tissue areas in order to obtain a detailed mass estimation of Coloborhynchus ro-
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Element Side State Notes
Rostrum NA inc. broken, unknown exactly how much is missing
CV6 NA near comp. reconstructed ns. and R zyg.
Notarium NA near comp. 6th vert. heavily reconstructed
DV (3) NA near comp. ns. on one reconstructed

Sacrum NA near comp.
ns. on all vert. reconstructed, posterior SV heavily
reconstructed

Caudals (5) NA near comp. minor ns. reconstruction

Sternum NA partial
most of cristospine present, significant reconstruction
of sternal plate

Scapcc R near comp. minor reconstruction of distal post parts of both
Humerus R comp.
Ulna R comp.
Radius R comp. broken in two, but has been repaired
Proximal
Syncarpal

R comp.

Distal
Syncarpal

R comp.

Preaxial
Carpal

R comp.

WMC R partial prox. half present, dist. half reconstructed

WMC L partial
prox. and dist. epiphyses present,
diaphysis reconstructed

WP2 R comp. broken and scanned in 2 pieces

Pelvis R partial
pre- and post- acetabular processes reconstructed,
postero-ventral portion of ischium reconstructed

Femur R near comp. femoral head reconstructed

Table 6.1: List of CT scanned elements from SMNK PAL 1133. Inc.
indicates elements that were incomplete and not reconstructed before scan-
ning, while partial indicates elements that were incomplete but had been recon-
structed with plaster to approximate size. Comp. indicates complete elements,
while near comp. refers to elements that had been repaired in a minor fashion.

bustus. This is the first time this kind of detailed study of mass estimation in a single

pterosaur individual has been attempted and allows for comparison and critical exam-

ination of previous mass estimation methods. Similar studies have been attempted in

dinosaurs, including the first such study through CT scans of a complete Plateosaurus

(Mallison, 2010), and through photogrammetry of individual elements of a near complete

Stegosaurus (Brassey et al., 2015).

6.2 Material and Methods

SMNK PAL 1133 is a 3D preserved partial skeleton of Coloborhynchus robus-

tus (according to Wilkinson 2008; Elgin 2014) from the Santana Formation of Brazil

(although see below for alternative views of ornithocheirid taxonomy). It consists of
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a mandible, anterior rostrum, two cervical vertebrae, notarium, sternum, three dorsal

vertebrae, a sacrum with partial pelvis, five caudal vertebrae, a partial left wing (scapulo-

coracoid, humerus, radius, ulna, proximal and distal syncarpals, preaxial carpal, WMC,

partial WP1, and complete WP2), a left femur, and some smaller bones of the manus

and pes. Most of the bones are in good condition, with the cortex intact in some places,

and bones preserved in 3D. Fusion of the carpals into syncarpals, the fully fused scapu-

locoracoid, and the fused extensor tendon process of WP1 are all indicators that this

animal was an adult pterosaur, as is full epiphyseal ossification and lack of pitting on

the bone surfaces (Bennett, 1993). Although Elgin (2014) suggested that the visibility

of some vertebral sutures and other features implies this animal was a young adult,

according to the six ontogenetic stages (OS) proposed by Kellner (2015), it is at least

OS5, if not a fully mature OS6 (e.g. the humeral epiphyses are fully fused).

Ornithocheroid and ornithocheirid taxonomy is strongly debated, stemming

from di↵erences in the first two major pterosaur phylogenies published (Kellner, 2003;

Unwin, 2003), the often fragmentary remains, and the early description of a number of

species (see Unwin 2001; Rodrigues and Kellner 2008, 2013). While Anhanguera (Cam-

pos and Kellner, 1985) and A. santanae (Wellnhofer, 1991) are generally accepted (al-

though see Pinheiro and Rodrigues 2017 for a recent alternative view), Coloborhynchus

(Owen, 1874; Lee, 1994) and especially C. robustus (Wellnhofer, 1987b; Fastnacht, 2001)

are controversial. Although Coloborhynchus specimens have been described from the

UK (Owen, 1874; Unwin, 2001; Martill and Unwin, 2012), the US (Lee, 1994), and

the Santana Formation of Brazil (Wellnhofer, 1987b; Fastnacht, 2001; Veldmeijer, 2003;

Veldmeijer et al., 2006), some authors argue that Coloborhynchus should be restricted to

those specimens found in the US and UK, and that Brazilian species should be consid-

ered as belonging to Anhanguera (see Rodrigues and Kellner 2008 for details). SMNK

PAL 1133 was initially described as Coloborhynchus robustus (Elgin, 2014), citing the

arguments given by Fastnacht (2001), Unwin (2001) and Veldmiejer et al. (2006) as va-

lidity for this diagnosis based on features seen in the dentition, rostrum and skull. This

specimen has been additionally been described in the literature as C. robustus (Wilkin-

son, 2008; Elgin and Frey, 2012; Vidovic and Martill, 2017), or just as Coloborhynchus

(Geist et al., 2014). As the present study is not taxonomic in nature, the exact tax-

onomic identity of SMNK PAL 1133 will not be discussed further. To stay consistent

with the previously published literature on this specimen and Elgin (2014), I will refer

to SMNK PAL 1133 as Coloborhynchus robustus.
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Figure 6.1: Three-dimensional skeletal model of Coloborhynchus robustus (SMNK PAL 1133) made from CT scans.
Skeleton in dorsal (A), right lateral (B), and anterior (C) views. Grey, bones that were CT scanned from SMNK PAL 1133 (see Table
6.1; blue, bones that have been mirrored from grey elements; red, cylinders made to represent missing bones according to approximate
calculated sizes; green, cervical vertebrae that are copied from the original SMNK PAL 1133 cervical vertebrae and modified for
approximate size; yellow, bones represented from other individuals (skull, AMNK FARB 24444, cervical vertebra, unknown SMNK
specimens) to approximately the correct scale.
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6.2.1 Skeletal model formation

The majority of the skeleton (Table 6.1) was CT scanned at the University

of Southampton µ�VIS facility using a custom built 450kVp/225 kVP Hutch walk-in

CT scanner with a 2000 x 2000 pixel flat panel detector at a resolution of 131 µm.

The specimens were packed upright, using polyethylene foam to ensure stability, in two

Perspex tubes which were positioned on the rotation stage, so that the long axis of the

tube coincided with the stage’s centre of rotation (COR). The tubes were divided into

four sub-volumes and scanned consecutively in order to assess the entire volume of the

tubes (similar to those seen in Fig. 4.1). Overlaps of the resulting scans were removed

and each bone was separated into individual RAW files by O. Katsamenis at µ�VIS.

The CT scans were then segmented in the Avizo 8.1 (VSG, France) software

package to make 3D meshes of each bone. These meshes were then exported as OBJ

files, and imported into Meshlab (version 2016.12; Cignoni et al. 2008) where they

were reduced in size using the Quadric Edge Collapse Decimation tool, which allows

for smaller, more simplified meshes, allowing for combination of these files as an entire

skeleton.

The OBJ files of each bone were then imported into AutoDesk Maya (2016, Ver-

sion 2) and oriented into skeletal articulation and life position during flight (Fig. 6.1).

Orientation and articulation was possible through comparison with images of fossils in

museum collections (in particular those from the AMNH and BSPG), and from the liter-

ature, using especially Wellnhofer (1985; 1991), Kellner and Tomida (2000), Wilkinson

(2008) and Elgin (2014). As the limb elements were not present on both sides, the right

elements were duplicated and mirrored to the left side of the animal. Axial skeletal

elements that were not preserved were not reconstructed, but space was left to accom-

modate elements thought to be missing, based on the relative size of the animal and

comparing to the nearly complete axial column seen in AMNH FARB 22555, a partial

skeleton and the holotype of Anhanguera santanae (Wellnhofer, 1991). CV3, CV4, and

CV5 were estimated in size based on CV6, which was present. Limb elements that

were not present (WP3, WP4, tibia), and the WP1, which had only the most proximal

epiphysis preserved, were modelled using simple cylinders to best represent their length

and mid-diaphysis diameter. WP length was estimated using a dataset of individuals

with complete wings of pterodactyloid wingspans and element lengths (M. Witton pers.

comm., Table D.5), while diameter was estimated based on a linear relationship seen

between the mid-diaphysis diameter and total length of wing phalanges in pterosaurs,

discussed in Chapter 5 (Table 5.2, Appendix D). Specifically, WP1 length was estimated

using the average of the results from the relationships between the humerus, ulna, and

WP2 lengths and WP1 length, while WP3 and WP4 lengths were estimated using the

relationship between WP2 and their lengths (Table 6.2). Unfortunately, the tibia is in-



104 CHAPTER 6. MASS ESTIMATION

Element used Relationship R

2 Length (mm)
Humerus WP1 l = 1.277l + 123.13 0.76 WP1=493
Ulna WP1 l = 0.985l + 94.54 0.76 WP1=479
WP2 WP1 l = 1.078l + 47.639 0.93 WP1=554

WP1=510*
WP2 WP3 l = 0.705l + 15.294† 0.98 WP3=345*
WP2 WP4 l = 0.535l + 40.197† 0.76 WP4=290*

Table 6.2: Regressions used to estimate missing WP lengths in SMNK
PAL 1133. Based on Table D.5. * indicates length estimated to the nearest 5
mm. †indicates regressions calculated without Nyctosaurus data, as WP4 is not
found in Nyctosaurus, indicating these relationships may change for WP length
in this genus.

frequently preserved in pterosaurs, making its length harder to estimate. Length was ap-

proximated based on other specimens with tibiae and femora preserved and discussed in

Elgin (2014; unidentified ornithocheirid SMNK PAL 3854, SMNK uncatalogued ‘Tupux-

uara-like azhdarchoid’), and from the unpublished data of Witton (2008; pers. comm.,

based on AMNH FARB 22555). I also compared the specimen to Anhanguera piscator

(NSM-PV 19892), which had a slightly larger predicted tibia length (although it is in-

complete) with respect to the femur than in others, although A. piscator is a juvenile or

subadult which may explain the di↵erence. For this reason, I assumed a femur:tibia ratio

of 0.75, more similar to those found in Elgin’s and Witton’s studies. As the posterior

region of the skull and cranium are missing from this specimen, the cranium of AMNH

FARB 24444 was used as an approximation, but may not be exactly to scale.

6.2.2 Soft tissue reconstruction

Three-dimensional muscular reconstruction of the pectoral girdle (Fig. 6.2)

followed the detailed 2D muscular reconstruction of Anhanguera in Bennett (2003), and

further visualisation by Molnar (2009) and Witton (2013). Information on ligaments

and tendons in the pterosaur wing were also used to inform on the extent of soft tissue

reconstruction (Prondvai and Hone, 2008). Individual distal wing and leg muscles were

not reconstructed as they are small and to a large degree do not dictate the size of the

soft tissue. However, body outlines of these regions were informed by reconstructions

and identification of muscle attachment points of the distal wing (Bennett, 2008) and

hindlimb (Costa et al., 2014b) in Anhanguera, along with visualisations (Molnar, 2009;

Witton, 2013). Deeper muscles were reconstructed first, with superficial musculature

reconstructed afterwards.

Soft tissue reconstruction in fossils is di�cult and muscular reconstruction is

subject to significant error (Bryant and Seymour, 1990), although this can be reduced

by using the Extant Phylogenetic Bracket (EPB, Witmer 1995a). To properly recon-
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struct the pectoral musculature in pterosaurs, the same muscles would need to be present

in their close extant relatives, crocodilians and birds. This, in theory, would allow for

accurate reconstructions of the musculature including potential cross-sectional area, rel-

ative size of the muscles, and length of ligaments. In reality, the EPB typically provides

potential locations for the originations and insertions of muscles, which are most often

reconstructed as cylinders to visualise muscle locations and estimate muscle moment

arms (e.g. Hutchinson et al. 2005; Curtis et al. 2008, 2009; Costa et al. 2014b). Laut-

enschlager (2013) built on this method when reconstructing the jaw musculature of the

theropod Erlikosaurus andrewsi, introducing a method allowing for jaw muscle volume

and cross-sectional area to be estimated. Although this method has been applied to

the jaws of other extinct animals such as sauropods (Button et al., 2014), ornithomi-

mosaurs (Cu↵ and Rayfield, 2015), and extinct marsupials (Sharp, 2014), it has only

been applied to jaw musculature, where muscles are substantially confined by osteolog-

ical margins. Currently there is no non-subjective method to apply to muscles that are

not highly-constrained by osteological features. For this reason, detailed study of the

size and shape of individual muscles was outside the scope of this study, and therefore

body outline size was taken as an approximation encompassing musculature. Figure 6.2

should not be used as a volumetrically accurate estimation of muscle volume, but used

as a visual aid to see the minimum extend of musculature.

Muscle reconstruction was based on Bennett (2003; 2008), who applied the EPB

using Dilkes (2000) as a model. Dilkes (2000) detailed the reconstruction of muscula-

ture in the dinosaur Maiasaura using the extant taxa Testudines, Sphenodon, Squamata,

Crocodylia, and Aves, which was then followed and modified by Bennett (2003; 2008).

Approximate muscle shape and size were formed with the goal of having the minimal

realistic extent in the exterior measure in order to make a minimal body outline. Indi-

vidual muscles were reconstructed using polygons in Autodesk Maya (2016, Extension 2)

and modified to reach approximate origination and insertion points. This is based on the

same principles as the minimum convex hull method, but rather than shrink-wrapping

the bone or limb without other anatomical information, the outline can encompass a

known amount of musculature, even if it is only a small amount.

The neck and body outlines were created using polygons in Autodesk Maya

(2016, Extension 2), and made to fully encompass all musculature and skeletal elements

present. Body outlines were made to encompass a minimum region of soft tissue likely

to be present in the neck, body, forelimb and hindlimb, as pterosaurs likely had an

insignificant amount of fatty or epithelial tissue due to mass saving (Fig. 6.3). Both the

wings and legs were formed using lofted surfaces, by creating a curve around di↵erent

sections of the wing and connecting them to create a single polygon surface (Fig. 6.4).

Body outline meshes were then exported to STL files for volume calculation.

A 3D outline of the membrane was not created for measurement purposes due
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Figure 6.2: Three-dimensional muscular reconstruction of the left pec-
toral girdle of Coloborhynchus robustus (SMNK PAL 1133). Skeleton
in dorsal (A), ventral (B), left lateral (C) and anterior (D) views. bi, m. biceps ;
cor, m. corachobrachialis; dsc, m. deltoides scapularis; lat, m. latissimus dorsi ;
lsc, m. levator scapulae; pec, m. pectoralis; ster, m. sternocleidomastoideus;
sup, m. supracoracoideus; ter, m. teres major ; trap, m. trapezius; tri, m.
triceps. Images not to scale.

to the di�culty in accurately modelling a feature so thin. Details on the volumetric

estimation of the patagia are found below. Unfortunately, despite the fact that there

is a relatively well preserved mandible associated with SMNK PAL 1133 (Elgin, 2014),

it was not available for loan when I visited the museum, and therefore was not CT

scanned. Additionally, no cranium is known for this specimen. For this reason, no soft

tissue reconstruction was done for the cranium. The volume was estimated following

the method described below.
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Figure 6.3: Body outlines used for 3D volumetric reconstruction and
estimation (3D-VRE) of SMNK PAL 1133. Skeleton in dorsal (A, anterior
(B), and left lateral (C) views. Body outline colour scheme as follows: green,
neck; yellow, body; blue, wing musculature; purple, leg.

The outlines described above combined with the volumetric estimation method

described below is referred to as the 3D volumetric reconstruction and estimation method

(3D-VRE) below.

6.2.3 Volume and mass estimation

Each individual body volume mesh was then imported into Meshlab (version

2016.2, Cignoni et al. 2008), simplified (to make the file manageable) and repaired be-

fore volume estimation was possible: each mesh underwent a similar process, applying

the Cleaning and Repairing filters ’Merge close Vertices’ and ’Remove faces from Non-

Manifold Faces’. In order to close holes and calculate volumes, all surfaces must be

two-manifold, meaning that they must be able to be unfolded into a single piece with-

out overlapping pieces. Once the mesh was two-manifold, any holes present could be

closed (Remeshing, simplification and reconstruction > Close holes). Finally, once the
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Figure 6.4: Diagrammatic representation of using lofted curves to cre-
ate the muscular section of the wings of Coloborhynchus robustus
(SMNK PAL 1133). Skeleton in dorsal (A,B) and anterior (C,D) views. A
and B show the curves used for lofting around the musculature, while B and D
show the mesh created from the curves for the volumetric calculation.

mesh was two-manifold and ’watertight’, volume was calculated (Quality measure and

Computations > Compute Geometric Measures), which gives a number of measurements

including volume in cm3.

The volume of the flight membranes (patagia) was estimated using simple shapes

to make up the shape of the di↵erent patagia and measuring the dimensions using Fiji

(Schindelin et al., 2012) (Fig. 6.5). The most anterior portion of the patagium, the

propatagium, extends from the medially-directed pteroid to the glenoid or neck (Palmer

and Dyke, 2009; Elgin et al., 2011; Palmer, 2017). Here, it is measured from the preaxial

carpal to the shoulder/wing musculature at the glenoid. While the exact shape and

extent of the brachiopatagium is unknown, there is significant evidence that it extended

down to the ankles or mid-hindlimb at least (Elgin et al., 2011). I have used a shape
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somewhat intermediate to that of configurations 1 and 9 of Figure 2A in Elgin et al.

(2011). The uropatagium was modeled on a configuration similar to that seen in Figure 1

of Palmer (2017). Although exact thickness of the patagia is unknown, Henderson (2010)

modelled it at just 0.3 mm for pterodactyloids. Recent mechanical studies inferring the

mechanical properties of the membrane have determined it was likely a higher-modulus

material better for membrane tension, suggesting the thickness of the membrane of

ornithocheirids was no less than 0.5 mm, and likely closer to 1 mm (Palmer, 2017).

As SMNK 1133 is a larger-sized individual with a wingspan of approximately 5 m, a

thickness of 1 mm has been used here. At 1 mm thick, the membrane does not make up

a significant portion of the volume of the entire animal, changing by 1 kg (approximately

3%) with a change of thickness to 0.5 mm.

Figure 6.5: Outline of the body of SMNK PAL 1133 showing membrane
shape assumed. Area and volume were estimated for each geometric shape,
assuming a uniform thickness of 1 mm based on Palmer (Palmer, 2017). Scale
= 300 mm.

Images in Elgin (2014) indicate that the mandible was 500 mm in length, and

approximately 160 mm wide at the posterior end of the rami. Based on other well

preserved ornithocheirid pterosaur crania and mandibles (AMNH 24444; AMNH 22555,

Wellnhofer 1991; NSM-PV 19892, Kellner and Tomida 2000), this suggests an approx-

imate cranium length of 600 mm, with a maximum width of 160 mm. The volume of

the cranium and mandible were estimated as a single unit, using a pyramid as a roughly

representative geometric shape.

Lung volume was estimated following the method used in Henderson (2010)

with a relationship for lung volume based on size in birds (Schmidt-Nielsen, 1984):

V

lung

= 29.6⇥m

0.96 (6.1)

where V

lung

is the lung volume, and m is body mass. This equation is applied serially,

first using the body mass calculated from the total volume without accounting for lung

volume, and then the resulting lung volume is used to calculate a new body mass, and so
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forth. This was done until there was less than a 0.0000001% change in volumes between

each iteration, in this case taking five iterations. See Henderson (2010) for a breakdown

of the equations and more detailed explanation.

In order to check the 3D model and make sure that all osteological and muscular

aspects were covered by the polygons made to represent di↵erent body shapes, some

overlap occurred between all other 3D modelled regions (wing, neck and leg) and the

body segment. To compensate for this approximately 10% overlap, the volume of the

torso calculated was multiplied by 0.9 to calculate the mass not including the overlapped

areas.

Mass for each section was then calculated using densities based on previous

studies. Henderson (2010) used a variety of body densities for di↵erent regions (e.g. 0.85

g/cm3 for the trunk, 0.3 g/cm3 for the head and neck, 0.9 g/cm3 for the muscled section

of the wing, 1.1 g/cm3 for the patagium, and 1 g/cm3 for the leg), which gave an overall

total density for Anhanguera santanae of 0.621 g/cm3. The trunk volume was calculated

by subtracting the estimated lung volume. However, since pterosaurs had a significant

number of air sacs in addition to the lungs (Claessens et al., 2009), a lower density of

0.85 g/cm3 can be used for the remaining volume. I used the same densities as those in

Henderson (2010) for all body regions except for the muscular section of the wing. While

Henderson (2010) opted to use the same value seen in bird wings where air sacs appear

to occupy approximately 10% of the total volume, there is significant evidence that

larger pterosaurs had higher degrees of pneumaticity than did birds (Martin and Palmer

2014a, Ch. 2), and likely contained a significant subcutaneous diverticular network,

more like those of so-called hyper-pneumatic birds (O’Connor, 2009; Claessens et al.,

2009). To account for the potential hyper-pneumatic condition in pterosaurs, a density

of 0.8 g/cm3 was used here.

For comparison of this body mass to other methods, I also calculated the min-

imum convex hull volume using MeshLab (Cignoni et al., 2008). This allows for a min-

imum volume surrounding the bone, essentially shrink-wrapping the bones (e.g. Sellers

et al. 2012; Brassey et al. 2015; Brassey 2016). The body was divided into di↵erent

sections for the convex hulling: head + neck, body (including CV8 and tail), wing

(calculated by dividing into four sections of scapulocoracoid + humerus, ulna/radius +

carpals + WMC, WP1 + WP2, and WP3 +WP4), and leg (divided into femur and tibia

sections). The same patagial volume was used as previously, as well as the same method

to account for lung volume as used above.

I also used scaling equations for mass estimation to test if these equations were

capable of estimating pterosaur body mass accurately. I used the R package MASSTI-

MATE (Campione, 2016) to implement a number of scaling equations for non-avian

extinct animals (e.g. Anderson et al. 1985; Campione and Evans 2012; Campione et al.
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Figure 6.6: Examplar CT scan sections from the right humerus of
SMNK PAL 1133. Scans from the proximal (A), mid-diaphysis (B) and
distal (C) regions of the humerus. Arrows indicate where outer cortex can be
seen. Note no cortex is preserved in A.

2014), and one avian scaling equation (Campbell and Marcus, 1992) as well as a recent

study of skeletal correlates in birds (Field et al., 2013). Scaling equations for quadrupedal

animals are based on a combination of both humeral and femoral circumference (An-

derson et al., 1985; Campione and Evans, 2012), while bipedal estimates for non-avian

animals are based on just the femur circumference (Anderson et al., 1985; Campbell and

Marcus, 1992; Campione et al., 2014)). Field et al. (2013) looked at both the humeral

and femoral circumferences (as separate equations, unlike in quadrupedal animals) in

birds, although they found the most accurate correlate was actually the articular facet

of the glenoid, which was not used here. Details of the di↵erent scaling methods used

can be found in Table 6.6.

6.2.4 Bone mass and volume estimation

The original goal of this study was to also calculate a comprehensive list of bone

mass of all elements, in order to comment on the relationship between bone mass and

total mass used by Witton (2008), and to determine if a more accurate relationship could

be gleaned from a complete specimen. I planned on using the results found in Chapter

4 and Martin and Palmer (2014b) to accurately estimate bone mass. Unfortunately,

many of the elements in the present specimen do not have cortex preserved in much

of the bones (Fig. 6.6), but instead the specimens are preserved as internal moulds by

the matrix inside the bone and small portions of cortex still present, where it has not

flaked o↵ or dissolved. This makes any volume estimates highly subjective. As so few

elements could be estimated, and therefore no useful percentage of the skeletal mass

could be calculated, skeletal mass was not estimated for SMNK PAL 1133. As, a less

subjective value of the density or volume of the wings accounting for the pneumaticity

within the bones was not possible, the method of Henderson (2010) was employed, as

detailed above.
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Volume (cm3) Density (g/cm3) Number Mass (kg) % total mass
Head 3840 0.3 1 1.152 4
Neck 5783.6 0.3 1 1.735 6
Body 13865.8 0.85 1 11.786 38
Wing (no
patagia)

7743.8 0.80 2 12.390 40

Patagia 846.6 1.1 2 1.863 6
Leg 994.4 1.0 2 1.989 6
Total 38649.2 0.833* - 30.914 -

Table 6.3: Volumes and masses of di↵erent regions of Coloborhynchus
robustus, SMNK PAL 1133 using manual volume reconstruction.
* indicates average density for the animal (total body mass/total volume).

6.3 Results

Using 3D-VRE I found the total mass of an adult Coloborhynchus robustus

(SMNK PAL 1133) with a wingspan of approximately 5 m to be 30.9 kg (Table 6.3). The

muscled section of the wings accounted for the largest percentage of body mass, making

up 40% of the total body mass, while the body (including the abdomen and thorax)

accounted for 38% of the total mass. The neck, leg, and membranes all accounted for

6%, while the head was just 4%.

Table 6.4 summarises some relevant body mass estimates used for comparison

here. Henderson (2010) found Anhanguera santanae to be just 6.52 kg, Tupuxuara

longicristatus was 22.8 kg, and Pteranodon longiceps was 18.6 kg, based on volumetric

methods. On the other hand, using the relationship between skeletal mass and total mass

found in birds (Prange et al., 1979), Witton (2008) found Anhanguera to be 11.98 kg,

while his large Pteranodon was 36.68 kg, and small Pteranodon was 10.53 kg. Finally,

Strang et al. (2009) estimated the mass of Anhanguera piscator to be 16.5 kg, for a

similarly sized animal to SMNK PAL 1133, based on volume distributions of Pteranodon

ingens in Bramwell and Whitfield (1974), although it is nearly half the mass of my

estimate. Other studies have used the Bramwell and Whitfield method (1974), to look

at a large number of pterosaur species masses. However, in each of these cases, only

one large-bodied pterosaur was studied, a Pteranodon with a wingspan of 6.95 m, found

to be 14.9 kg (Brower and Veinus, 1981) and 16.6 kg (Hazlehurst and Rayner, 1992).

Similarly, Chatterjee and Templin (2004) estimated Anhanguera at 7.58 kg. Again, these

are much lighter than the estimates found here, for the reasons which will be discussed

below.

For an animal of the same shape, mass scales with length (l) approximately as

l

3 (Alexander, 1998). This is roughly the case with mass scaling to wingspan in birds

(Rayner, 1988; Norberg, 1990), although some birds have a slightly lower scaling expo-
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nent (Greenewalt, 1962). Assuming this is the case in these pterosaurs, and assuming

these pterosaurs had the same body shape, I can directly compare my mass estimate to

previous studies. However, these pterosaurs likely did not share the same body shape

(Witton, 2013), and I can only compare to Coloborhynchus robustus here. When scaled

to a 5 m wingspan, Henderson’s (2010) mass estimates change to: Anhanguera san-

tanae, 11.9 kg; Tupuxuara longicristatus, 41.1 kg; and Pteranodon longiceps, 15.3 kg

(Table 6.4). Both A. santanae and P. longiceps are less than my estimate (39% and

50% of my estimate, respectively) while T. longicristatus is actually 40% heavier than

here. The estimates by Witton (2008) follow a similar pattern with A. santanae being

75% of this mass (23.2 kg) and the large Pteranodon 70% of my estimate (21.7 kg). Con-

versely, the small Pteranodon when scaled was 2.2 times heavier than my estimate (66.9

kg). Finally, the estimates by Brower and Veinus (1981) and Hazlehurst and Rayner

(1992) for a 6.95 m Pteranodon are 18% and 20%, respectively, of my estimate. When

Chatterjee and Templin (2004) is scaled to 5 m, the animal is still 30% of the mass found

here.

Study Anhanguera Tupuxuara Pteranodon Q. northropi

Henderson 2010 6.52 (4.09) 22.8 (4.11) 18.6 (5.34) 544 (11.2)
Scaled* 11.9 41.4 15.3 NA

Witton 2008 11.98 (4.01) –
10.53 (2.70)
36.68 (5.96)

259.1 (9.54)

Scaled* 23.2 –
66.9
21.7

NA

Strang et al. 2009 16.5 (5.00) – – –
Brower and Veinus 1981 – – 14.9 (6.95) –
Scaled* – – 5.48 –
Hazlehurst and Rayner 1992 – – 16.6 (6.95) –
Scaled* – – 6.18 –
Sato et al. 2009 – – 93.0 (6.95) 276.0 (10.4)
Scaled* – – 34.6 NA
Chatterjee and Templin 2004 7.58 (4.69) – 16.6 (6.95)† 70.0 (10.39)
Scaled* 9.2 – 6.18† –

Table 6.4: Summary of estimated body masses for four pterosaur gen-
era from numerous studies. Masses in kg. Scaled* indicates estimates scaled
to a 5.0 m wingspan to match the size of SMNK PAL 1133. Number in brackets
of estimates indicates wingspan of animal used in each study, in m. Q.northropi
measurements were not scaled due to much larger wingspan, and morphological
di↵erences between azhdarchids and ornithocheirids. †indicates measurements
taken from Hazlehurst and Rayner (1992).

Some di↵erences can be found between the masses of di↵erent regions in Hen-

derson (2010), Strang et al. (2009) and the 3D-VRE mass. Henderson (2010) found the

arms consisted of just 6-22% of the total body mass, while the axial mass (including

the head, neck, torso and tail) accounted for 73-89% of the total mass for animals with

wingspans of 4-6 m (not including the apneumatised Dsungaripterus). More similar to
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the findings here, the legs were 2-6%, and the patagium mass was 2-3%. Although the

total body mass found in Strang et al. (2009) is about half what I found here, the

percentage of di↵erent body sections is similar, with Strang et al. (2009) finding the

wings take up to 44%, the torso and hips 36%, both the head and neck made up 6%,

while the legs were slightly more at 8% of the total body mass.

6.3.1 Convex hull and bivariate scaling

Mass estimates using convex hull and bivariate scaling methods varied substan-

tially from the original volumetric mass. Table 6.5 shows that using the minimum convex

hull, I found a nearly 25% decrease in mass at 23.6 kg. This is primarily caused by smaller

head+neck, and body volumes, although all volumes were smaller using the convex hull

method. This is more similar to the masses predicted for Tupuxuara (Henderson, 2010).

Figure 6.7 shows the convex hull reconstruction.

Figure 6.7: Convex hull outlines used for volume estimates of SMNK
PAL 1133. Body in dorsal (A) and left lateral (B) views. Images produced in
MeshLab (Cignoni et al., 2008).

Calculating mass using known bivariate equations was highly variable (Table

6.6). Equations assuming a quadrupedal animal accounting for both humeral and

femoral circumference substantially over-estimated the mass of the animal compared to

what I estimated, even using equations that are meant to be universal for all tetrapods

(regressions from Anderson et al. 1985; Campione and Evans 2012). Equations derived

from bipedal animals and assuming bipediality using just femoral circumference gener-

ally resulted in much lower estimated body masses, even less than dictated from the

convex hull estimate (equations from Anderson et al. 1985; Campbell and Marcus 1992;

Field et al. 2013; Campione et al. 2014). Interestingly, the only estimate at all close to
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Volume (cm3) Density (g/cm3) Number Mass (kg) % total mass
Head and
neck

4774.0 0.3 1 1.432 6

Body 9435.3 0.85 1 8.020 34
Wing (no
patagia)

7437.1 0.80 2 11.899 50

Patagia 846.6 1.1 2 1.863 8
Leg 205.7 1.0 2 411.0 2
Total 31208.0 0.757* - 23.6 -

Table 6.5: Volumes and masses of di↵erent regions of Coloborhynchus
robustus, SMNK PAL1133 using minimum convex hull. * indicates
average density (total body mass/total volume).

the 3D-VRE estimate came from the humeral circumference equation found in Field et

al. (2013), derived from modern birds, which also assumes bipedality.

A summary of the mass estimates using di↵erent methods in this study can be

found in Table 6.7.

6.4 Discussion

This study represents the first attempt at estimating TBM in pterosaurs using

a 3D skeletal model produced from fossil data. It is the first foray into digital and vol-

umetric modelling of pterosaurs by combining muscular reconstructions and commonly

used mass estimation methods. For this reason, there are a number of interesting results

and implications which are discussed in detail below.

6.4.1 Comparison with previous studies

As mentioned above, there are some significant di↵erences between the mass

that I found for Coloborhynchus robustus using 3D-VRE and previous studies, in par-

ticular those of Henderson (2010) and Strang et al. (2009), starting with the neck.

The estimates in Strang et al. (2009) were based on the method used by Bramwell

and Whitfield (1974). Bramwell and Whitfield (1974) assumed, based on the neck of

a Canadian goose, that the neck of Pteranodon would be slender, just accommodating

the cervical vertebrae. While this may be the case in geese, many birds (e.g. ostriches)

have thicker necks, with substantial tissue and musculature surrounding the vertebrae

(Wedel, 2003). The soft tissue 3D models used by Henderson (2010) also include animals

with very slender necks, both in dorsal and lateral views, especially for pterodactyloids

(see Henderson 2010, Fig. 3). Muscular reconstructions (Fig. 6.2) suggest that there
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3D-VRE Convex Hull Mod. 3D-VRE Skel. Correlates
Mass (kg) 30.9 23.6 29.5 5.4-122.8

Table 6.7: Summary of body mass estimates for SMNK PAL 1133 using
di↵erent methods in this study. Modified 3D-VRE indicates the combined
3D-VRE/convex hull approach detailed below, representing the favoured mass
estimate here. Skel. correlates are a summary of those in Table 6.6.

had to be a larger amount of tissue surrounding the cervical vertebrae than accounted

for in these estimates (Bennett, 2003; Witton, 2013). This is especially evident in the

lateral view, when considering the size and location of m. sternocleidomastoideus. Re-

cent studies on pterosaur necks have suggested that their necks (at least azhdarchids)

were more robust than previously thought, and should be reconstructed without ‘shrink-

wrapping’ the cervical vertebrae (Vremir et al., 2015; Naish and Witton, 2017). This idea

of a more robust neck has also been applied to sauropod dinosaurs (Taylor and Wedel,

2013). However, the presence and shape of m. sternocleidomastoideus is debatable, and

will be discussed further below.

Similar problems exist when the torso of the pterosaur is considered. Although

the torso using 3D-VRE may appear at first glance to be too robust when compared to

models such as those used by Henderson (2010), especially in the pectoral girdle and

abdominal regions, this outline is the minimum possible in order to account for the major

muscles and bones (Fig. 6.3). When compared to Henderson (2010), my model appears

to be both deeper and wider at the pectoral girdle. As the 3D-VRE reconstruction

is based on an undistorted, well preserved, 3D preserved specimen, the depth of the

anterior section is accurate, based on the size of the scapulocoracoid. Additionally, the

pectoral girdle width appears to be accurate based on muscular reconstructions (Fig.

6.2; Bennett 2003; Witton 2013). Specifically, the torso outline must accommodate m.

latissimus dorsi and m. pectoralis, which the 3D-VRE outline does.

Bramwell and Whitfield (1974; and therefore also Strang et al. 2009 for An-

hanguera) suggested the body of Pteranodon was at most 50% solid by volume based on

the lungs and air sacs. In the end, they favoured the much smaller 30% solid (or 70%

air), resulting in a considerably lower density than that of birds, and other values that

have been used for pterosaurs in the past (Proctor and Lynch, 1993; Henderson, 2010).

This estimate was based on the hypothesis that the lungs would have made up 20% of

the volume of the trunk in birds, with air sacs being another 20%, and since pterosaurs

were thought to be more pneumatic, these authors rounded up their values significantly.

This density is highly unlikely, given that an animal with 50-70% pneumaticity by vol-

ume would not have enough soft tissue to cover their skeletons adequately, let alone

su�cient flight musculature (Paul, 2002; Witton, 2008; Witton and Habib, 2010). Fur-

thermore, estimating the lung volume using the relationship found in Schmidt-Nielsen

(1984) for birds suggests that the lungs only accounted for approximately 5% of the
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trunk volume and 2% of the total volume, similar to results found using Henderson’s

(2010) data. This is another example of problematic nature of the Strang et al. (2009)

mass estimate. Additionally, as all Pteranodon specimens are flattened, it is unclear

how Bramwell and Whitfield (1974) measured aspects like the depth of the torso, and

therefore how this same method could be applied to Anhanguera.

The muscular portions of the wings of Henderson’s models (2010) appear to be

significantly smaller proportionally than those I have used in the 3D-VRE, particularly

in the pectoral girdle (Fig. 6.2). Again, his models do not appear to accommodate

extensive musculature, including m. latissimus dorsi, m. triceps, m. biceps, and m.

pectoralis. As the main flight actions were likely provided by these muscles, it is highly

unlikely that they were as small as Henderson’s models indicate.

In terms of total body mass estimates, it is di�cult to directly compare, as

previous studies have not studied animals with wingspans similar to SMNK PAL 1133.

However, as mentioned in the results, based on allometric scaling relationships in birds

showing that the total body mass of an animal scales with wingspan (Rayner, 1988; Nor-

berg, 1990; Alexander, 1998), comparisons are possible. As mentioned above, the scaled

Henderson (2010) estimates of Anhanguera santanae and Pteranodon longiceps and Wit-

ton’s (2008) A. santanae and large Pteranodon were lower than my Coloborhynchus

robustus estimate. Conversely, the scaled Tupuxuara longicristatus (Henderson, 2010)

and small Pteranodon (Witton, 2008) were both larger than my estimate (Table 6.4,

6.7). Directly relevant are the lower estimates found for A. santanae, given that it

was the most closely related to Coloborhynchus robustus. As the Strang et al. (2009)

Anhanguera piscator was estimated to have had an approximately 5 m wingspan, no

additional scaling was necessary, and it is nearly 50% less in mass I calculated here.

The particularly low estimate given using Henderson’s method is likely attributed to the

small body outlines mentioned above. Although the di↵erence between my estimate and

Witton’s is less drastic, this is likely due to the use of the relationship between skeletal

mass and total mass in birds and applying it to pterosaurs. The validity of comparing

other species to the estimate here through scaling is limited, given that this type of

scaling is only accurate for animals of the same body shape (Alexander, 1998), and it

is thus important to note that the body shapes of ornithocheirids (A. santanae and C.

robustus), pteranodontids (Pteranodon) and azhdarchoids (Tupuxuara) varied (Witton,

2013).

Witton (2008) developed allometric equations to calculate mass from wingspan

in a number of groups of pterosaurs:

m = 0.681s2.807 (basal pterosaurs) (6.2)
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m = 0.519s2.550 (pterodactyloids) (6.3)

m = 0.551s2.516 (all) (6.4)

where m is the total body mass (kg) and s is the wingspan in metres. This relationship

was determined using 20 pterosaur genera, seven ‘basal’ (non-pterodactyloids) and 13

pterodactyloid pterosaurs based on first estimating pterosaur skeletal mass and then to-

tal body mass. Using these allometric equations, with a wingspan of 5 m, Coloborhynchus

robustus comes out at 31.6 kg (using Eq. 6.4) or 31.4 kg (using Eq. 6.3). This is very

similar to the mass estimation using 3D-VRE (30.9 kg, Table 6.7). This will be discussed

in more detail below.

Additionally, the average body density changes significantly depending on method-

ology. Henderson (2010) found an average total body density for pterodactyloid pterosaurs

of 0.680 g/cm3, with just 0.621 g/cm3 for Anhanguera piscator. Conversely, the average

density he calculated for birds was 0.806 g/cm3. Using 3D-VRE, I calculate an average

density of 0.833 g/cm3 (Table 6.7), more similar to Henderson’s bird density average.

Using the minimum convex hull method, I found an average density of 0.757 g/cm3

(Table 6.5), still more similar to the density found in birds than that of pterosaurs in

Henderson (2010). This is due to the larger body volumes determined in this study

than in Henderson (2010). As the muscle volume and mass increases, the lung volume

increases at a slightly lower rate (to an exponent of 0.94), which will result in an overall

higher density.

6.4.2 Accuracy of mass estimation methods in pterosaurs

In the past, studies have estimated the mass of single pterosaurs species with

a large degree of variation. For example, published Anhanguera body masses range

from 6.5-16.5 kg, Pteranodon estimates from 14.9-36.7 kg, and Quetzalcoatlus northropi

ranging from 70 kg to 544 kg (e.g. Table 6.4, Bramwell and Whitfield 1974; Brower

and Veinus 1981; Hazlehurst and Rayner 1992; Chatterjee and Templin 2004; Witton

2008; Strang et al. 2009; Henderson 2010). This study further highlights this problem,

revealing a variety of estimates for a single individual of Coloborhynchus robustus ranging

from 5-120 kg based on scaling methods, vs. 23-31 kg based on volumetric estimates

(Table 6.7).

6.4.2.1 Volumetric methods

Volumetric methods such as those used by Henderson (2010) and Bramwell and

Whitfield (1974) are arithmetically and theoretically robust, but are highly susceptible
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to inaccuracies in the assumed shape of the animal. Older applications of these methods

in pterosaurs assumed higher degrees of pneumaticity than is likely – even given that

pterosaurs are among the most highly pneumatised animals to have ever lived – and

low degrees of muscularisation, both of which are unlikely for these animals (Bramwell

and Whitfield, 1974; Brower and Veinus, 1981; Hazlehurst and Rayner, 1992). As our

understanding of pterosaur biology and anatomy increases, it becomes clear that they

were highly muscularised animals (Bennett, 2003, 2008). The pectoral girdle in partic-

ular was notably muscular due to the power required to get pterosaurs o↵ the ground,

assuming a quadrupedal launch, proposed by Habib (2008). It is essential to take as-

pects of soft tissue and musculature, informed by the fossils themselves, into account

when using volumetric body mass estimation methods such as those used by Henderson

(2010), Bramwell and Whitfield (1974), and Strang et al. (2009). The sensitivity of

volumetric mass estimation to variations in linear dimensions is clearly demonstrated by

the extremely high mass estimate for Quetzalcoatlus northropi of 544 kg in Henderson

(2010). This is significantly higher than any other estimate for Q. northropi, and was

due to incorrect dimensions being used in the production of the model (Witton and

Habib, 2010).

However, these 3D volumetric methods, including the 3D-VRE method used

here, are essentially similar to informed sculpting, and are therefore hindered by a

large amount of subjectivity and bias of the investigator (Hutchinson et al., 2007, 2011;

Brassey, 2016). Hutchinson et al. (2011) found that di↵erent investigators consistently

over- or under- estimated the volume/mass of Tyrannosaurus rex based on their own

biases of making the volumetric model. Unfortunately, they also recognised that this

subjectivity is virtually impossible to quantify, and the best that can be done is to

acknowledge that it is an issue and that these estimates are not necessarily the most sci-

entifically accurate or rigorous (Hutchinson et al., 2007, 2011). I attempted to minimise

these issues by informing my reconstruction based on rigorous muscular reconstructions

and validation using methods such as convex hull, which will be discussed below.

Another potential source of variation in the results from volumetric mass esti-

mation methods is the application of densities. For animals that have no closely related

living species, assignment of densities to di↵erent regions, or of the body as a whole, is

particularly di�cult. Density of bones is relatively conserved, ranging from 1.75-2.25

g/cm3 in birds, bats and small mammals (Dumont, 2010), with a standard average value

of 2.00 g/cm3 (Currey, 2002). Densities of di↵erent regions of tissue are more di�cult to

estimate due to the relative di↵erences in soft tissue, while it is di�cult to quantify the

volumes of structures such as air sacs. As mentioned previously, Henderson (2010) used

various densities for di↵erent sections based on modern bird densities in the literature.

I generally agreed with these density choices, except those for the muscular portion of

the wings, where I estimated a lower density due to the likelihood of hyper-pneumaticity
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found in large-bodied pterosaurs based on studies of hyper-pneumaticity in birds and

large degrees of osteological pneumaticity in pterosaurs (O’Connor 2009; Claessens et al.

2009; Martin and Palmer 2014a, Ch. 2). As the wings and body make up approximately

40% of the TBM, density changes in these regions are important. In my 3D volumet-

ric mass estimation, a 10% change in density of the wing changes the total body mass

estimate by about 4%, while a 10% change in body volume density results in a change

of TBM by about 8%. The higher overall density used in the body than the wing is

responsible for the greater percentage di↵erence when density is changed.

6.4.2.2 The presence and e↵ect of m. sternocleidomastoideus

Although pterosaur necks are being more often recognised as robust, muscular

structures (Vremir et al., 2015; Naish and Witton, 2017), the lateral view of the body

outline of SMNK PAL 1133 (Fig. 6.3) has a more robust neck than is expected. This

is driven primarily by the reconstruction of m. sternocleidomastoideus (Fig. 6.2). Dis-

cussions with M. Habib (pers. comm.) suggest that the musculature reconstruction of

m. sternocleidomastoideus in particular by Bennett (2003) and Witton (2013) should

be regarded with some skepticism due to its incompatibility with those of other reptiles.

In lepidosaurs and crocodilians, m. cucullaris is split into two branches: m.

sternocleidomastoideus and m. trapezius (Dilkes, 2000). In lepidosaurs, m. sternoclei-

domastoideus inserts onto the clavicle, while in crocodilians it inserts onto the sternum.

For this reason, and because Dilkes (2000) found in an outgroup analysis that it would

have attached to the dinosaur clavicle, Bennett (2003) reasoned that m. sternoclei-

domastoideus must have inserted onto the pterosaurian sternum. This was supported

by the idea that the pterosaur clavicle is incorporated into the sternum (Wild, 1993),

and that Bennett recognised crenulations on the cristospine of the Anhanguera sternum,

which he assumed was for a muscle attachment. However, there are some problems with

this interpretation. First of all, the avian m. cucullaris does not split into two separate

muscles, but has two branches with additional ‘slips’ which can insert onto numerous

locations including the clavicle, ligaments, fascia, or pectoral girdle musculature (Dilkes,

2000). Additionally, Dilkes (2000) expresses uncertainty about the homology of the dif-

ferent branches m. cucullaris and therefore m. sternocleidomastoideus in lepidosaurs,

crocodilians and birds, and thus also in dinosaurs and pterosaurs. Finally, although

Bennett (2003) recognised crenulations on the cristospine of the holotype of Anhanguera

piscator (NSM-PV 19892) which he attributed to muscle attachments, he was unable to

find any such crenulations on the cristospine of Pteranodon or muscle scars on that of

Campylognathoides, although he does suggest rugose edges on the cristospine of Pteran-

odon may be attributed to muscle attachments. This may suggest that there are no such

muscle attachments here, and the so-called crenulations on A. piscator were taphonomic
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in nature, or may be attributed to something else.

For these reasons, it is entirely possible, and seems likely given the implausible

reconstruction of the neck of Coloborhynchus robustus here, that m. sternocleidomas-

toideus should not be reconstructed as it has been by Bennett (2003) and Witton (2013)

and also used here. It may have inserted higher up onto other pectoral musculature or

soft tissue as seen in birds, or it may have a di↵erent structure all together, given the

concerns of homology expressed by Dilkes (2000). Additional studies on the musculature

of this region and the muscular reconstruction of pterosaurs is needed to fully understand

this problem. More on how this reconstruction has directly a↵ected the mass estimation

can be found below.

6.4.2.3 Convex hull

Minimum convex hull volume estimates of SMNK PAL 1133 result in a nearly

15% decrease in the volume and a 25% decrease in mass of Coloborhynchus robustus

(Table 6.5). The convex hull method of estimating mass of extinct animals aims to

account for some of the subjectivity of other 3D methods by combining a 3D volumetric

estimate with a bivariate regression (Sellers et al., 2012; Brassey, 2016). The convex hull

itself is a minimum volume from ‘shrink-wrapping’ the skeleton. This does not accurately

represent the volume of the animal due to the variability of soft tissue including fat

and muscle, and therefore modern animals are applied in parallel to get a consistent

relationship between the volume found using the minimum convex hull and the actual

animal volume. This technique was first applied to fossils by Sellers et al. (2012) using

large mounted mammalian skeletons to estimate the mass of sauropod dinosaurs. They

found that on average, the convex hull volume under-estimated the total body mass

by 21%. This is near the 25% di↵erence seen here between my 3D volumetric method

and the convex hull method, and therefore may tentatively be taken as an accurate

approximate method.

A comparison of the original 3D reconstruction (Fig. 6.3, Table 6.7) and the

convex hull outline (Fig. 6.7, Table 6.5) shows the largest di↵erences in the estimates

of the head+neck and wing. This is especially obvious in the neck, in both dorsal

and lateral view. The muscular reconstruction shown in Figure 6.2 shows the large

m. sternocleidomastoideus running from the cristospine of the sternum to the base of

the skull, based on Bennett (2003). The convex hull does not account for this, nor

does it account for the wider musculature across the base of the neck and between the

scapulocoracoids, such as m. trapezius. For the reasons mentioned above with respect

to the m. sternocleidomastoideus reconstruction, the convex hull volume of the neck

is currently favoured. If the initial 3D volume estimation for the skull and head is

removed and replaced with a more conservative estimate derived from the convex hull,
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the total mass of the animal changes only slightly, decreasing to 29.5 kg, representing the

modified 3D-VRE estimatate in Table 6.7. Although the volume is essentially halved in

this region, the small density and relatively small total percentage results in a relatively

low TBM change. This shows that the relative importance of di↵erent regions changes

in terms of their inputs to the mass estimation. The body/trunk region and wings

contribute more mass due to their relatively larger volumes and densities than the neck,

and therefore changes in the volume of the neck do not change the TBM significantly.

Unfortunately, the application of convex hull method is not entirely appropriate

for pterosaurs. The application of the convex hull mass estimation method to extinct

animals relies on a valid dataset of modern animals from which to develop the regression.

This typically requires closely related (e.g. using pigeons for dodo estimation, Brassey

et al. 2016; or modern gira�ds for extinct Sivatherium estimates, Basu et al. 2016), or

morphologically similar animals (e.g. large-bodied mammalians to estimate sauropod

masses, Sellers et al. 2012). Neither of these are currently possible for pterosaurs. As

the sister group to dinosaurs, the closest living animals are birds and crocodiles, nei-

ther of which are particularly morphologically similar (e.g. Sereno 1991; Benton 1999;

Nesbitt 2011; Ezcurra 2016). While some convex hull studies have tried to estimate

the mass of extinct birds, these are flightless birds such as dodos (Brassey et al., 2016).

Furthermore, the use of birds as an extant analogue for pterosaurs, especially large-

bodied pterosaurs has been questioned (Witton and Habib 2010; Martin and Palmer

2014b; Martin-Silverstone et al. 2015b, Ch. 3). Of clear relevance is the fact that the

volumetric estimate I found through 3D-VRE vs. the convex hull estimate is similar

to predictions in previous studies for the di↵erence between the minimum convex hull

and the actual mass. It is not currently known if this is due to the subjectivity prob-

lems of ‘informed sculpting’ mentioned above, or if it is an actual anatomical feature of

pterosaurs.

6.4.2.4 Scaling equations

The other method of estimating body mass in extinct animals is by using scaling

equations based on the relationship between specific skeletal correlates and total body

mass. Skeletal correlates have a long history of application, in particular those of the

femur and humerus, being the main weight-bearing bones in animals (e.g. Anderson et al.

1985; Campbell and Marcus 1992; Campione and Evans 2012; Field et al. 2013; Campione

et al. 2014). These rely on large datasets of extant animals and features highly correlated

with mass. Using extant animals, datasets of several hundred animals are possible,

accounting for large degrees of variation, and thus statistically significant correlations

(Campione and Evans, 2012; Field et al., 2013). They also have the advantage of allowing

the study of incomplete fossil specimens, without relying on pristine, 3D skeletons or
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replicas based on scaled versions of closely-related animals. However, these methods

have been criticised for over-simplifying the morphological disparity in extinct animals,

and not truly accounting for the di↵erences in morphological features such as robustness

of elements, or the extreme sizes found in some fossils (Brassey et al., 2015; Brassey,

2016). Another problem is the presence of skeletal correlates that may be di�cult to

identify or measure in fossils, due to their location (e.g. the glenoid articular facet, Field

et al. 2013), raising the question of usefulness with respect to fossils.

Table 6.6 shows that the mass estimates for Coloborhynchus robustus vary signif-

icantly (from 5.4–122.8 kg) depending on scaling equation and element used. In general,

equations assuming Coloborhynchus was quadrupedal, therefore accounting for both

humeral and femoral dimensions, greatly over estimate the mass, while those assuming

bipedality, only accounting for femoral circumference, greatly under-estimated the mass.

Despite some debate, trackways show that at least larger, more-derived pterosaurs – such

as Coloborhynchus robustus – were quadrupedal, if not all pterosaurs (e.g. Lockley et al.

1995; Hwang et al. 2002; Mazin et al. 2003). The robust nature of the humerus combined

with the relatively weaker femur has lead to the hypothesis that in addition to being

quadrupedal terrestrial locomotors, pterosaurs may have taken o↵ using a quadrupedal

launch, vaulting themselves into the air using their extremely robust, muscular fore-

limbs (Habib, 2008), similar to the quadrupedal vaulting seen in vampire bats (Riskin

and Hermanson, 2005). This extreme morphology may explain the disparity between

mass estimates accounting for the humerus vs. femur shapes. Mass estimates based on

the humerus suggest a mass much higher for a quadrupedal animal than the volume

suggests, whereas those relying on just the femur of a bipedal animal result in a much

lower mass. This further accentuates the degree of variation between the humerus and

femur.

Interestingly, while using scaling equations derived from the femora of birds

(Campbell and Marcus, 1992; Field et al., 2013) results in a much lower mass than

expected (Table 6.6), the only scaling equation that was within 10% of the estimated

3D volumetric mass was the humeral circumference relationship in birds (Field et al.,

2013). This is not immediately expected due to the significant morphological di↵erences

between birds and pterosaurs, suggesting that birds should not be used as analogues of

pterosaurs (Witton and Habib, 2010; Martin and Palmer, 2014b). This is especially cu-

rious given the robustness of pterosaur humeri compared to birds, mentioned previously.

More data are needed to know if this relationship is accurate for pterosaurs, as a sample

size of one (based on subjective 3D volumetric mass estimates), is insu�cient.

Another type of bivariate equation relating skeletal mass and total body mass

in birds (Prange et al., 1979), led Witton to generally higher pterosaur TBM estimates

than Henderson (Witton, 2008; Henderson, 2010). While these estimates appear to be

closer to my observations using a 3D reconstruction, this method is not recommended
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due to the substantially heavier bones found in pterosaurs (Martin and Palmer, 2014b),

despite their high degrees of pneumaticity (see Dumont 2010 for information on why

pneumatised bones are not actually ‘lighter’), the high degree of variation within both

skeletal mass and total body mass seen in birds, and the fact that TBM is highly

phylogenetically correlated (Ch. 3, Martin-Silverstone et al. 2015b). The similarity in

calculated masses may be more of a coincidence than an actual anatomical feature.

Generally, the use of scaling equations has been criticised in a recent study esti-

mating the TBM of a relatively complete Stegosaurus (Brassey et al., 2015). These au-

thors calculated the convex hull volume in three di↵erent ways, the minimum, preferred,

and maximum convex hulls. Brassey et al. (2015) found that all scaling equations over-

estimated the mass, even with their unrealistic maximum convex hull, using equations

from Campione and Evans (2012) and Anderson (1985). Furthermore, the maximum

preferred convex hull estimated did not overlap with even the minimum estimate based

on the Campione and Evans (2012) regressions. However, it is important to note that

these di↵erences may be related to the fact that the Stegosaurus specimen studied was

not a mature individual, a key requirement of scaling equations.

6.5 Implications and conclusions

This study has highlighted the di�culty of using standard mass estimation

methods in order to estimate pterosaur body mass. The unavoidably subjective nature

of the 3D volumetric method makes it di�cult to reliably estimate mass. However,

less subjective methods are currently incomplete or highly variable for pterosaurs. Al-

though the 3D-VRE method used here estimates the mass of Coloborhynchus robustus

to be higher than most previous estimates of mass in similarly sized, closely related

pterosaurs (Strang et al., 2009; Henderson, 2010), the informed nature of the estimates

suggest it is more reliable than previous estimates. Allometric relationships developed

to estimate TBM from wingspans in pterosaurs appear to accurately estimate the mass

(Witton, 2008), although the exact reasoning for this is unclear, given that this method

is known to underestimate bone mass in pterosaurs (Martin and Palmer, 2014b). Addi-

tionally, minimum convex hull and bipedal scaling equations appear to under-estimate

the volumes and therefore masses of pterosaurs, scaling especially so, while quadrupedal

scaling vastly over-estimates values. These results suggest that a high degree of cau-

tion needs to be applied to pterosaur mass estimates. Given that previous estimates

for a single species (Quetzalcoatlus northropi) have ranged from 70 kg (Chatterjee and

Templin, 2004), to 544 kg (Henderson, 2010), it is not surprising that this is an issue,

although one would hope that with more information and technology our estimates will

improve. While the 3D reconstruction technique includes a degree of subjectivity, it is

currently preferred as we currently lack the necessary data to accurately apply convex
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hull or scaling equations to pterosaurs. Consequently, using a combination of the convex

hull (for the skull and neck) and the 3D reconstruction method, I therefore suggest a

mass of 29.5 kg for this 5 m wingspan Coloborhynchus robustus specimen, SMNK PAL

1133.

Future studies should estimate a range of convex hull volumes, such as those

in Brassey et al. (2015), or a reconstructed musculature combined with convex hull

approach (Cu↵ et al., 2017), similar to that attempted here with the volumetric recon-

struction. Furthermore, sensitivity analyses should be applied to the 3D-VRE approach

in order to further understand any sources of error or inaccuracies in this model, es-

pecially with respect to decreasing the degree of subjectivity in these estimates. Addi-

tionally, more work on the use of convex hull and scaling equations is needed to better

understand if these methods hold any promise for pterosaurs, or if these animals were

simply too morphologically unique from modern animals. For now, perhaps the best

method is a 3D volumetric estimate acknowledging biases and attempting to account

for inaccuracies, potentially combined with a minimum convex hull to get a minimum

and maximum volumes, similar to Brassey et al. (2015).
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7.0.1 Abstract

The postcranial palaeoneurology of fossil reptiles is comparatively understudied

with respect to cranial neurology, and the handful of studies that exist focus predomi-

nantly on crocodyliforms and dinosaurs. The intervertebral foramina of the vertebrate

spines house major nerves that emerge from the spinal cord and exit the neural canal

to innervate surrounding tissues and the extremities. In the heavily fused (and typically
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distorted or poorly preserved) pterosaurian sacrum, intervertebral foramina can be di�-

cult to observe and hence have rarely been identified. The Lower Cretaceous azhdarchoid

Vectidraco from the Isle of Wight, UK known only from a partial pelvis and sacrum

exhibits large, paired foramina on each sacral vertebra, originally identified as pneumatic

foramina. Computed tomography (CT) scanning reveals that these communicate with

the neural canal and are therefore intervertebral foramina for the major sacral nerve

roots, consistent with those seen in other animals. The sacral vertebrae of Vectidraco

are fully fused, and intervertebral foramina occur dorsolaterally on the centra. The same

structures can be identified in other three-dimensionally preserved pterosaur sacra, in-

cluding those of Anhanguera and Coloborhynchus. The sizes of the sacral and notarial

neural canals are compared to give interpretations of palaeoecology and locomotion,

following previous studies. The relatively large sacral neural canal found in Vectidraco

implies a large sacral plexus of the spinal cord for innervation of the legs, consistent

with findings in birds and reptiles. When compared to that of Anhanguera, this sup-

ports previous hypotheses that azhdarchoids may have been more hindlimb-proficient

than ornithocheiroids, an observation linked to terrestrial ability. The neural canal size

in the notarium of Coloborhynchus also suggests that ornithocheirids spent less time

on the ground since a larger brachial plexus and comparatively small sacral plexus in a

single animal indicates stronger innervation of the pectoral region and wings than the

sacrum and legs. As this is the first study to focus on postcranial palaeoneurology in

pterosaurs, more studies on other taxa ranging the pterosaur tree are needed to reveal

patterns amongst pterosaurs as a whole.

7.1 Introduction

Pterosaurs are a group of extinct flying archosaurian reptiles that inhabited the

skies above non-avian dinosaurs between the Late Triassic and the end of the Cretaceous,

dying out in the end-Cretaceous mass extinction. The group encompasses substantial

variation in size (wingspans range from c 50 cm to c 10 m) and marked diversity in

feeding apparatus, proportions, wing form, and in inferred ecology and lifestyle (Witton,

2013). Exceptional specimens that preserve integumentary soft tissues have provided

substantial insight into pterosaur biology and anatomy (e.g. Unwin and Bakhurina

1994; Frey et al. 2003b; Kellner et al. 2010), and phylogenetic hypotheses that find

pterosaurs to be bracketed by crocodyliforms and lepidosaurs on one side and birds on

the other (e.g. Sereno 1991; Hone and Benton 2007b; Nesbitt 2011) allow us to make

predictions about aspects of palaeobiology not yet seen in the fossil record. Despite a

recent burst of interest in pterosaurian anatomy and biology, several areas remain poorly

understood and arguably understudied (especially in comparison to their close relatives

the dinosaurs); among these is pterosaur palaeoneurology.
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Historically, palaeoneurological studies have focused on the brains and endocasts

of extinct vertebrates (e.g. archosaurs, Witmer et al. 2008; Carabajal 2012; Sobral et al.

2016; mammals, Macrini et al. 2007; amphibians, Romer and Edinger 1942; and fishes,

Gai et al. 2011), and pterosaurs are no exception. Pterosaur fossils are generally rare

compared to other Mesozoic animals, and their skeletons were fragile, leaving their bones

frequently crushed and distorted. Early studies of pterosaur endocasts focused on gross

morphology visible in the broken or distorted fossils (e.g. Newton 1888; Bennett 2001b),

while more recent studies have used computed tomography (CT) scanning to reconstruct

the morphology in complete, three-dimensionally preserved pterosaurs (Witmer et al.,

2003; Codorniú et al., 2016).

Postcranial neurological studies in fossils, however, are even scarcer than those

devoted to cranial structures and, among fossil archosaurs, have predominantly been

restricted to crocodyliforms and dinosaurs. The presence of a lumbosacral enlargement

(an area in the sacral vertebrae where the neural canal is enlarged compared to the rest

of the spine, in some cases grossly enlarged) has long been recognised in dinosaurs, the

structure variously being interpreted as some kind of sacral brain (e.g. Marsh 1881),

or related to digestion or feeding (Branca, 1914). However, Lull (1917) argued that

this feature is common in many dinosaurs regardless of feeding strategy or size, and

proposed a role related to innervation of the limbs. Studies on modern animals have

noted the increase of spinal cord size present in areas innervating the limbs in reptiles that

have them, whereas limbless forms such as snakes lack cervical/brachial or lumbosacral

enlargements (Kusuma et al., 1979). Similarly, Streeter (1904) noted that the brachial

enlargement of ostriches was almost non-existent, whereas the lumbosacral enlargement

was “enormous”.

Gi�n (1990) introduced hypotheses formulated on this data to the field of

palaeobiology; she described how correlations between the relative size of the spinal

cord and increased innervation were linked to locomotory function and lifestyle in living

animals, an idea then applied to a selection of fossil reptiles and mammals following

examination of data on inferred nerve pattern and size. She found a close relationship

between the size of the neural canal and size of the spinal cord (Gi�n, 1995a,b), and

that the size of the neural canal can be used to predict relative locomotory ability or

limb use. For example, the sacral plexus, which innervates the hindlimbs, was relatively

much larger in an ostrich than in a pigeon or lizard, while the ostrich brachial plexus

was comparatively small (Gi�n, 1990). The relative plexus size was studied in lepi-

dosaurs, birds, and crocodyliforms (Gi�n, 1990, 1995a,b). Gi�n (1990; 1995a; 1995b)

then applied this technique to non-avian dinosaur, crocodylifor, and plesiosaur fossils

with semi-complete vertebral columns, with varying success. She was able to use neu-

rological evidence to infer forelimb use in theropods via examination of data on their

brachial enlargements: theropods with proportionally small forelimbs like Tyrannosaurus
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and Carnotaurus also had comparatively smaller brachial enlargements than those of

Deinonychus and Saurornitholestes (Gi�n, 1995b). Although spinal cord anatomy and

neural canal size varies between di↵erent groups of animals, this method has also been

successfully applied to modern and fossil marine carnivorans (Gi�n, 1992). More re-

cently, O’Gorman and Fernandez (2017) drew from Gi�n’s work to infer the location of

the brachial plexus in elasmosaurid plesiosaurs, important in determining regionalization

in the vertebral column of plesiosaurs. Much of the work cited here was performed before

the implementation of a↵ordable, high resolution computed tomography (CT) scanning,

and is thus of restricted use compared to modern data. Work prior to that of Gi�n had

certainly linked neural canal size with locomotion in, for example, non-avian dinosaurs

(Lull, 1917) and Triassic mammals (Jenkins and Parrington, 1976), but Gi�n’s studies

(Gi�n, 1990, 1992, 1995a,b) were the first to quantify the fossil data involved. The

work relied on relatively complete vertebral columns that were also free of matrix, or

on published images (which do not always feature the necessary details). In this study,

CT scans provide data superior to that gleaned both from direct observation of fossils

and diagrammatic interpretations of them, since an investigator can now examine the

size of the neural structures in specimens that are still embedded in matrix where not

all features can be seen.

The primary focus here is Pterodactyloidea, a diverse pterosaur clade char-

acterised by reduction of the tail, elongation of the metacarpus, a proportionally large

skull, and merging of the naris with the antorbital fenestra (Unwin, 2003; Kellner, 2003).

Several lineages within this clade evolved substantially larger sizes than those present

in non-pterodactyloid pterosaurs, though exactly how many times such size increases

occurred is di�cult to determine, given that competing phylogenetic hypotheses for

Pterodactylooidea di↵er substantially regarding the relationships between large taxa

(Unwin, 2003; Kellner, 2003; Andres and Myers, 2013). Several aspects of wing special-

isation, combined with hindlimb reduction, increased skeletal pneumatisation and other

features, indicate that pterodactyloids of many species were highly aerial, and proficient

flight abilities were clearly typical of species across the group (e.g. Bramwell and Whit-

field 1974; Wilkinson 2008; Palmer 2011). However, limb and pelvic anatomy, augmented

by copious data from trackways (e.g. Hwang et al. 2002; Lockley and Rainforth 2002;

Mazin et al. 2009), demonstrate that many of these animals were also adept terrestrial

locomotors, and that members of some groups may even have foraged and fed extensively

on the ground (Witton and Naish, 2008; Witton, 2013; Witton and Naish, 2015; Naish

and Witton, 2017; Witton, 2017). Members of the Azhdarchoidea in particular – the

toothless, Cretaceous clade that includes the typically gigantic, long-jawed azhdarchids,

the short-faced tapejarids, and the intermediate chaoyangopterids and thalassodromids

– appear well adapted for terrestrial behaviour; in particular the azhdarchids with their

long hindlimbs and compact feet (Witton and Naish, 2008; Witton, 2013; Witton and

Naish, 2015). Conversely, other pterodactyloids – ornithocheirids (sensu Unwin 2003)
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among them – are thought to have been less terrestrially capable, and to have been

specialised for the capture and consumption of prey while flying (Witton, 2013).

Vectidraco daisymorrisae is an azhdarchoid pterosaur from the Aptian Ather-

field Clay Formation of the Isle of Wight, UK, described from an articulated pelvis,

sacrum, and partial vertebral column with a preserved pelvic length of just 40 mm

(Naish et al., 2013). The four vertebrae (one dorsal and three sacrals), were originally

described as possessing large, paired pneumatic foramina located dorso-laterally on the

centra. As noted by Naish et al. (2013) and Hyder et al. (2014), the pterosaur pelvis

has received relatively little attention compared to the rest of the body and numerous

questions relating to anatomy, function and variation in this part of the skeleton have

yet to receive investigation.

To investigate the potential significance of the small overall size and propor-

tionally large foramina of this specimen, I studied its anatomy using scans from 3D

computed tomography scans. Unexpectedly, interesting data was also obtained for the

neural canal and gross neuroanatomy of the vertebral column and was then compared

to CT scan data obtained from two other pterosaurs: the ornithocheirids Anhanguera

and Coloborhynchus robustus. In contrast to V. daisymorrisae, both Anhanguera and

C. robustus have relatively complete vertebral columns.

7.2 Material and Methods

NHMUK PV R36621 is the holotype and only specimen of Vectidraco daisymor-

risae, represented by a partial pelvis and articulated sacral and dorsal vertebra (Fig.

7.1A) (Naish et al., 2013). The specimen was CT scanned at the Natural History Mu-

seum using a Nikon Metrology HMX ST 225 scanner at 210 kV to a resolution of 35

µm. CT scans of the sacrum and pelvis of AMNH FARB 22555 (Fig. 7.1B), a par-

tially complete skeleton of Anhanguera, were made at Stony Brook University Hospital

in 2003 and provided by P. O’Connor. Details are available in Claessens et al. (2009).

AMNH FARB 22555 is typically referred to in the literature as Anhanguera santanae

(e.g. Wellnhofer 1991; Claessens et al. 2009), although a recent study suggests there is

not enough information to diagnose it to that species (Pinheiro and Rodrigues, 2017),

and therefore will be referred to as Anhanguera here. SMNK PAL 1133, a partially

complete Coloborhynchus robustus with a complete articulated sacrum (Fig. 7.1C) (El-

gin, 2014), was CT scanned at the µ�VIS X-Ray Imaging Centre at the University of

Southampton, using a custom built 450kVp/225 kVP Hutch walk-in CT scanner with a

2000 x 2000 pixel flat panel detector at a resolution of 131 µm, as described in Chapter

6.
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Figure 7.1: Three pterosaur specimens used in this study in dorsal (top) and left lateral (bottom) views. A) Vectidraco
daisymorrisae (NHMUK PV R36621) partial sacrum and pelvis, dorsal view photo by Barry Marsh; B) Anhanguera (AMNH FARB
22555) dorsal vertebrae, sacrum, and pelvic block; C) Coloborhynchus robustus (SMNK PAL 1133) sacrum. Scale = 50 mm.
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The anatomy of each specimen was then analysed using the Fiji (Schindelin

et al., 2012) and Avizo 8.1 (VSG, France) software packages. Dimensional data on

neural canal size was collected at the junction of each vertebra in the sacrum, or at the

anteriormost point that is preserved (note that collection of this data is not contingent

on CT scan images for unfused vertebrae). Neural canal area and centrum area were

calculated by shading the area of each portion followed by the “analyse particles” option

in Fiji. These were then compared directly and by normalising for size through ratios

(neural canal area to centrum area) to compare between specimens. Details of these

measurements can be found in Appendix F.

Figure 7.2: Vectidraco daisymorrisae (NHMUK PV R36621) sacral
vertebrae in right lateral view with CT images showing intervertebral
foramina. Dashed lines indicate approximately where each CT scan was taken,
yellow arrows indicate right intervertebral foramina, anterior is to the right. DV
= dorsal vertebra, S = sacral vertebra with corresponding number. Images not
to scale.
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Figure 7.3: CT scan of the posterior-most dorsal vertebra of Vectidraco
daisymorrisae. Yellow arrows indicate pneumatic foramina, white arrows
show pneumatic excavations not connected to the exterior in this slice.

7.3 Description and Results

7.3.1 Vectidraco lateral foramina

To discuss the lateral foramina, an updated anatomical interpretation of Vec-

tidraco is necessary in view of new data on the correct number of vertebrae present.

The original description stated that there were four vertebrae: one dorsal, and three

sacrals (Naish et al., 2013). The dorsal vertebra was stated to possess “ventral bulges”

on the centrum, the implication being that these were not homologous with the fused

and expanded junctions seen at the junctions of the fused sacral vertebrae. CT scanning

suggests, however, that these expanded bulges are indeed the fused junctions of vertebrae

within the sacrum. I therefore suggest the presence of six vertebrae: the posterior-most

dorsal vertebra, and five sacrals (Fig. 7.2). Four sacral ribs are present (Fig. 7.1A), and

evidence for a fifth can be seen on the lateral side of the first sacral vertebra and medial

side of the ilium. The neural spine of the first sacral has been lost.
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The CT scans of the V. daisymorrisae sacrum show that the foramina previously

identified as large, paired lateral pneumatic foramina communicate with the neural canal

(Fig. 7.2). These foramina do not enter and excavate either the centra or the neural

spines of any vertebrae in Vectidraco, suggesting that they are not pneumatic: instead it

is concluded that they are the openings for passage of the spinal nerves as they exit the

spinal cord and neural canal between adjacent vertebrae, an interpretation consistent

with the reinterpretation of vertebral number and relationships given previously. These

openings are commonly referred to as intervertebral foramina. Although the locations

of these foramina in Vectidraco daisymorrisae do not always appear exactly at the junc-

tion between two vertebrae, CT scans indicate that intervertebral foramina often appear

externally as if they are anterior to the junction while moving posteriorly towards the

junction within the vertebrae. Pneumatic foramina are still present in Vectidraco, specif-

ically on the dorsolateral side of the zygopophyses of the sacral vertebrae; pneumatic

excavations are also present on the neural spines and neural arches (Fig. 7.3).

Intervertebral foramina are also present in the sacra of both Coloborhynchus

robustus (SMNK PAL 1133) and Anhanguera (AMNH FARB 22555) (Fig. 7.4). In both

cases, these can be observed both with and without CT scanning.

7.3.2 Neural canal patterns

Coloborhynchus and Anhanguera do not exhibit an enlarged sacral neural canal,

usually representative of the presence of a lumbosacral enlargement in other diapsids

(Gi�n, 1990, 1995a,b; O’Gorman and Fernandez, 2017) (Figs. 7.5, 7.6). Although

Vectidraco has the smallest sacrum of the three pterosaurs studied (and is presumably the

smallest animal), it has a proportionally large sacral neural canal. By direct comparison,

the sacral neural canal in Vectidraco is similar in size to that of Anhanguera, but smaller

than that of Coloborhynchus (Fig. 7.5A). When normalised for size (via use of a ratio

comparing neural canal size with the size of the articular face of the centrum), Vectidraco

and Coloborhynchus have similarly sized sacral neural canals, while Anhanguera’s is

much smaller (Fig. 7.5B).

Elsewhere in the vertebral column, both Anhanguera and Coloborhynchus pos-

sess a brachial enlargement at the notarium, presumably for accommodation of the

brachial plexus (Fig. 7.6). In both cases, the brachial enlargement is larger than

the sacral neural canal in the same animal. The brachial enlargement is larger in

Coloborhynchus than in Anhanguera, especially in direct comparison, and to a lesser

extent in the normalised comparison (Fig. 7.6). Because Vectidraco is known only from

a partial sacrum, it is currently unknown whether or not it had an enlarged brachial

plexus.
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Figure 7.4: Sacra in left lateral view of two pterosaurs with CT images showing intervertebral foramina. A) Anhanguera
(AMNH FARB 22555) fused posterior pelvic/sacral block; B) Coloborhynchus robustus (SMNK PAL 1133) fused sacrum. Dashed lines
indicate approximately where each CT scan was taken, yellow arrows indicate left intervertebral foramina, anterior is to the left. Images
not to scale.
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Figure 7.5: Neural canal area comparisons in three pterosaur sacra.
A) Centrum area vs. neural canal area in three pterosaur sacra, with linear
regression lines: Vectidraco daisymorrisae, y = 0.538x � 1.738 (R2 = 0.835);
Coloborhynchus robustus, y = 0.276x + 11.182 (R2 = 0.900); Anhanguera, y =
0.215x�4.413 (R2 = 0.888). B) Normalised neural canal area (ratio of centrum
area to neural canal area as seen in A at di↵erent vertebral junctions in the
sacrum identified at the anterior articulation of the vertebra number listed.
Sacral vertebrae are represented by segments 23 to 27, as seen in Vectidraco
daisymorrisae.

7.4 Discussion

7.4.1 Intervertebral foramina and pneumatic foramina in pterosaur

sacra

The identification of intervertebral foramina in the sacrum of Vectidraco is un-

surprising since such structures were likely ubiquitous across archosaurs; despite this,
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Figure 7.6: Neural canal area comparisons across the entire vertebral
column of three pterosaurs A) Neural canal area measured at the anterior
junction of di↵erent vertebrae; B) Normalised neural canal area (ratio of cen-
trum area to neural canal area as seen in A) at di↵erent vertebral junctions
identified at the anterior articulation of the vertebra number listed. Notarium
represented between cervical vertebra 9 (position 9) and dorsal vertebra 5 (po-
sition 14). Sacral vertebrae are represented by segments 23 to 27, as seen in
Vectidraco daisymorrisae. Gaps represent vertebrae that are missing, or areas
that were not measureable. Vertebral segment numbers derived from AMNH
22555 and Wellnhofer (1991). Arrows indicate hypothesised location of the
brachial plexus (bp) and lumbosacral plexus (lsp).

they have gone virtually undiscussed in the literature. This might in part be due to

the frequent poor preservation of pterosaur pelves and sacra, but it is more likely the

consequence of under-study and general lack of interest in the pterosaurian pelvis. Naish

et al. (2013) created a phylogenetic analysis based on pelvic characters and noted how

previous authors had variously used 0, 1 or 2 characters from the pelvis in supposedly

representative scoring of the pterosaur skeleton. This study also indicates the e↵ec-

tiveness of using CT scans to determine anatomical characters. While some pterosaur
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sacra can be prepared in such a way that the intervertebral foramina are clearly visible

(e.g. SMNK PAL 1133 and AMNH FARB 22555), others are too fragile or small to

remove the matrix, as seen in Vectidraco, which led to an incorrect identification of the

intervertebral foramina as pneumatic foramina. As the only unambiguous evidence of

postcranial skeletal pneumaticity in fossils is the presence of a large internal chamber

opening externally via a foramen (Britt, 1993; O’Connor, 2006; Wedel, 2007), CT scans

are often the only way to determine if either; a) large internal chambers are present; or

b) the foramen connects both the external surface of the bone and the internal cham-

ber. For this reason, CT scans are being used increasingly to determine the pneumatic

nature of fossil bones (e.g. Wedel 2008; Claessens et al. 2009; Martin and Palmer 2014a;

Watanabe et al. 2015). As such, I strongly recommend the use of CT scans to aid in

determining the pneumatic nature of fossil bones.

7.4.2 Implications for palaeobiology

Enlarged sections of the diapsid spinal cord in the brachial and lumbosacral en-

largements of diapsids help to accommodate the brachial and lumbosacral nerve plexuses

(Kusuma et al., 1979). It is from these regions that the large nerves responsible for in-

nervating the limbs exit the spinal cord, continuing distally along the limbs. Although

both Anhanguera and Coloborhynchus show no obvious lumbosacral enlargements, and

Vectidraco does not preserve an entire vertebral column to compare, pterosaurs still pre-

sumably had a lumbosacral plexus, consistent with other diapsids requiring innerveration

of the hindlimb. The relatively large lumbosacral plexus of V. daisymorrisae is interest-

ing, especially when compared to Anhanguera, and to a lesser extent, Coloborhynchus.

The large lumbosacral plexus suggests that the hindlimbs of Vectidraco were relatively

highly innervated compared to those of Anhanguera, and potentially innervated in a

manner similar to those of Coloborhynchus. Based on the limb-level nerve/vertebral

relationships reported by Gi�n (1995a) to be present in lizards (Mivart and Clarke,

1877), crocodylians (Bronn, 1890) and birds (Boas, 1933), this increased innervation

likely involved the sciatic nerve, and possibly the femoral and obturator nerves as well.

In several diapsid groups, both overall spinal cord size and the size of spinal en-

largements have been shown to relate closely to locomotion and limb function. Kusuma

et al. (1979) found that limbless lizards or snakes have no cervical or lumbosacral

enlargements at all, since there are no limbs to innervate and therefore no need for

a large plexus in these regions. However, crocodylians, turtles and other reptiles all

showed obvious enlargements of the spinal cord related to the development and location

of their limbs, those with strongly developed posterior extremities possessed especially

large lumbosacral enlargements. Ostriches – the wings of which are not used in loco-

motion but only in relatively simple movements relevant to display and balance – have
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a small brachial enlargement and a far larger lumbosacral enlargement (Streeter, 1904;

Gi�n, 1995b). Additionally, for a given body size, the brachial enlargement is smaller

in non-flyers compared to weak flyers, while weak flyers in turn generally have smaller

brachial enlargements than strong flyers, although there are some exceptions to this

(Gi�n, 1995b). Finally, typical birds (e.g. the pigeon Columba) that rely on both their

legs for walking and takeo↵ and their wings for flying have similarly sized brachial and

lumbosacral enlargements Gi�n (1995b). Relative spinal cord enlargement size appears

to be somewhat related to at least relative locomotory performance, and can be applied

tentatively here. However, it should be noted that none of the studies by Gi�n used

any kind of phylogenetic control and were not put into any phylogenetic context. As we

know that species are not independent in terms of statistical analyses and correlations

between variables (e.g. Freckleton et al. 2002), these should be accounted for where

possible.

Vectidraco was hypothesised by Naish et al. (2013) to be a small-bodied mem-

ber of the Azhdarchoidea, their phylogenetic analysis hinting at a position outside tge

Neoazhdarchia and perhaps close to tapejarids. This interpretation is important with

respect to data on the size of the lumbosacral plexus and the information this poten-

tially provides on the unknown hindlimbs of Vectidraco. Azhdarchoidea (sensu Un-

win 2003 and Kellner 2003) – a clade currently understood to contain Tapejaridae,

Chaoyangopteridae, Thalassodromidae and Azhdarchidae – is thought to be one of the

most terrestrially adept groups. Azhdarchoid fossils tend to be found in continental

or marginal marine deposits (Witton, 2013), a hypothesis consistent with isotopic data

suggesting terrestrial occurrence and association with freshwater (Tütken and Hone,

2010). Morphological evidence – including long, slender legs and the configuration of

the pelvis – strongly supports competent terrestrial abilities in azhdarchids (Witton and

Naish, 2008; Hyder et al., 2014; Funston et al., 2017); a purported azhdarchid trackway

from the Upper Cretaceous of Korea also indicates e�cient terrestrial locomotion in

this group (Hwang et al., 2002; Witton and Naish, 2008). Particularly important is the

large postacetabular process in the Neoazhdarchia, thought to anchor large hindlimb

musculature (Hyder et al., 2014). The large postacetabular process, thought to anchor

m. iliofibularis (Frigot, 2017), and lumbosacral plexus of Vectidraco strongly support

the hypothesis that this animal was terrestrially adept, and more so than larger, non-

azhdarchoid pterosaurs like Anhanguera. Without the rest of the vertebral column for

Vectidraco, I cannot comment on its relative aerial abilities, only that it appeared to have

more highly innervated hindlimbs than at least some ornithocheirids (e.g. Anhanguera),

which is consistent with a more terrestrial lifestyle. Of incidental note here is that the

Dsungaripteridae is included within the Azhdarchoidea by some authors (Andres and

Myers, 2013) and also provides clear evidence for terrestrial proficiency, namely the

thick-walled, curved femora (Fastnacht, 2005), relatively long hindlimbs, and presence

in terrestrial sediments (Witton, 2013). However, with a sample size of one, that is very
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incomplete, I recognise that the evidence presented here is weak, and more information

is needed.

Unfortunately, the argument of poor terrestrial capabilities in ornithocheirids vs.

strong capabilities in azhdarchoids potentially breaks down with respect to Coloborhynchus,

as both Vectidraco and Coloborhynchus have similarly sized lumbosacral plexuses. The

Romualdo Formation of Brazil, where both Anhanguera (AMNH FARB 22555) and

Coloborhynchus (SMNK PAL 1133) were found, has as many as seven valid ornithocheirid

genera (Anhanguera, Barbosania, Brasileodactylus, Cearadactylus, Coloborhynchus, San-

tanadactylus, and Ornithocheirus; Elgin and Frey 2011). This leaves the possibility

for many morphologically similar species to be occupying the same niche. If some or-

nithocheirids, such as Coloborhynchus, were slightly more adept on land, this could allow

them to occupy a marginally di↵erent niche, preventing one over-crowded role. More

taxa and specimens of these genera and species are needed to address this question fur-

ther, as well as further anatomical studies on the hindlimbs and pelvis of Coloborhynchus,

which is outside the scope of this study.

The large brachial plexus reported here for ornithocheirids is also noteworthy

from a palaeoecological context. Both Coloborhynchus and Anhanguera show larger

brachial enlargements than lumbosacral enlargements, seemingly not showing any lum-

bosacral enlargement at all (Fig. 7.6). This increased brachial enlargement size indicates

a considerable brachial plexus for the ulnar, radial, and median nerve roots to inner-

vate the forelimbs/wings (see the nerve structures in a lizard, Lecuru-Renous 1968;

crocodylian, Bronn 1890; and bird, Bubien-Waluszewska 1985 as seen in Gi�n 1995b).

This configuration is opposite relative to that present in ostriches (Streeter, 1904; Gi�n,

1995b), and di↵erent from the generally similarly sized enlargements seen in other birds

(Gi�n, 1995b). On the basis of this bird-led data, the size disparity between the brachial

plexus and lumbosacral plexus in the ornithocheirids Coloborhynchus and Anhanguera

is interpreted as an indicator of a substantially heavier reliance on their forelimbs in

these pterosaurs. This agrees with other lines of evidence showing that ornithocherids

were more aerially than terrestrially adapted (see Witton 2013 for details). Additionally,

analysis of their pelvic musculature and their relatively short hindlimbs imply that they

would have been poor terrestrial locomotors (Witton 2013; Hyder, et al. 2014). This is

important when discussing the possible launch mechanism of pterosaurs.

While many studies have assumed pterosaurs took o↵ in a similar matter to

birds, relying on their hindlimbs to launch themselves into the air using a jump or

running take o↵ (e.g. Bramwell and Whitfield 1974; Chatterjee and Templin 2004; Sato

et al. 2009), more recent analyses have suggested that larger pterosaurs were significantly

heavier than previously thought, and that they may have taken o↵ using a quadrupedal

launch, similar to that of some bats (e.g. Habib 2008; Witton 2008; Henderson 2010).

Use of a quadrupedal launch would decrease reliance on the hindlimbs and pelvis during
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takeo↵, rendering them significantly less useful than in those of birds. It follows that

less reliance on the pelvis during interaction with the substrate would not require a large

lumbosacral plexus as this would add additional mass that would be a hindrance during

flight. It should be mentioned that the presence of a brachial enlargement that is larger

than the lumbosacral one reported in Crocodylus by Gi�n (1995b) was attributed to

frontal accumulation resulting from an increased number of ascending and descending

nerve fibres approaching the cranium, rather than to increased innervation of the limbs as

discussed here for pterosaurs. However, seeing as the pterosaurs included in this study do

not clearly possess a gradual decrease in the size of the neural canal of the non-enlarged

vertebrae here, I feel that a link with innervation rather than frontal accumulation better

serves as an explanation.

7.4.3 E↵ects of ontogeny and size

It is important to discuss the potential impact of ontogeny and size on the

form of the spinal cord and its enlargements, especially with respect to Vectidraco; Vec-

tidraco is significantly smaller than the other pterosaurs studied here with an estimated

wingspan of less than 1 m (Naish et al., 2013). Is the relatively large size of the lum-

bosacral plexus in this taxon a product of a potential juvenile status? Two lines of

evidence dispute this. First, the only known Vectidraco specimen appears to be a small-

bodied adult, there being no evidence to suggest that it was a juvenile. Naish et al.

(2013) list a number of features that they suggest indicate an osteologically mature indi-

vidual, including closed sutures between the pelvic bones, fusion of the neural arches to

the centra, fully ossified pelvic bones, and fusion of the sacral ribs to the sacrum (Naish

et al., 2013). In my study of the specimen, I saw no indications that these observations

were incorrect, including no indication of typical bone texture seen in juvenile pterosaurs

(Bennett, 1993). Secondly, juvenile pterosaurs (vernacularly termed ‘flaplings’ by Unwin

2005) appear to be well adapted for flight; even embryos possess well-developed wings

(e.g. Wang and Zhou 2004; Chiappe et al. 2004; Witton et al. 2017), indicating that

they were likely flight-capable soon after hatching (Unwin, 2005). Ergo, there is no rea-

son to believe that the lumbosacral enlargement – or any structure related to terrestrial

locomotion – would be any larger in a juvenile than an adult. Furthermore, the An-

hanguera specimen AMNH FARB 22555 appears to have a smaller lumbosacral plexus

than Vectidraco with respect to its size, and it is not mature; the lack of co-ossification of

elements such as the carpals and scapulacoracoid indicate subadult status (Wellnhofer,

1991).

With ontogeny discounted, could the overall size of Vectidraco provide an alter-

nate explanation for its large lumbosacral plexus? Hallgr̀ımsson and Maiorana (2000)

found that smaller mammals and birds have significantly lower mass variability because
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a specific amount of mass that must be devoted to organs and systems, a fact especially

relevant to the nervous system and brain. The brain makes up a larger percentage of the

total mass in smaller animals than in larger ones, and a similar relationship presumably

also extends to the central and peripheral nervous systems (Hallgŕımsson and Maiorana,

2000). This might partially explain the large lumbosacral plexus of Vectidraco given

that the animal is so much smaller than both Anhanguera and Coloborhynchus.

7.5 Conclusion and Future Studies

To summarise, Vectidraco daisymorrisae has an unusually large sacral neural

canal, and is therefore inferred to have a significant lumbosacral plexus, with respect

to Anhanguera. This is taken as evidence that it may have been a proficient terrestrial

locomotor, a hypothesis consistent with data from azhdarchoids in general (Witton and

Naish, 2008; Witton, 2013; Witton and Naish, 2015; Funston et al., 2017). In contrast,

the larger brachial plexus (with respect to the lumbosacral plexus) seen in ornithocheirids

is consistent with substantial innervation of the wings, and with data indicating that

these animals spent little time on land and were highly aerial, perhaps being on par

with extant frigatebirds (Palmer, 2011). This adds support to the quadrupedal launch

hypothesis, as poorly innervated hindlimbs would be insu�cient on their own for taking

o↵ in a traditional manner like birds. However, it should be noted that as there is no

preserved notarium or anything other than the sacrum for Vectidraco, it is unclear how

large the brachial plexus would be, or the relative size of its brachial vs. lumbosacral

plexuses.

However, it should be noted that the sample size in this study is extremely small.

Observations for V. daisymorrisae are made from an incomplete specimen, and there

are only a total of three pterosaurs used in this study, none of which have a complete

vertebral column. For this reason, palaeoecological inferences are extremely tentative,

and perhaps most relevant when compared relatively between these specimens, and

particularly with respect to other anatomical features. Currently, this can only be used

as a feature to further support inferences made through other anatomical or geological

evidences, rather than a something that should be used alone.

This study should be seen as an initial foray into the study of postcranial pale-

oneurology in pterosaurs, and significant work remains to be done in this field. Future

work should look at additional sacra to see if the patterns reported here are consis-

tent throughout pterosaurs, and look for variation with ontogeny and the size spectrum

present within this clade; data from complete vertebral columns should also be obtained.

Further studies should also look at the variation of neural canal size in a phylogenetic

context, taking into account the relatedness of the species in question, something that
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is not possible with the sample size of three studied here. Additionally, it would be

beneficial to conduct further validation studies on modern taxa, especially of a wide

selection of birds of di↵ering flight habits, in order to compare to pterosaurs. While the

pelvis has not been as well studied as other areas of pterosaur anatomy (Naish et al.,

2013), recent studies on pelvic evolution (Hyder et al., 2014), musculature (Costa et al.,

2014b; Frigot, 2017) and their relation to terrestrial locomotion (Funston et al., 2017)

have at least provided a foundation for our understanding of pterosaur pelvic anatomy

and biomechanics.



Chapter 8

Conclusions and Future Studies

In this thesis, I have explored the methods of mass estimation in pterosaurs,

starting with birds as a comparison, investigated the identification and degree of pneu-

maticity in bones through characteristics of long bone geometry and the use of CT scans,

I have made a 3D model of a pterosaur skeleton directly from CT scans of a single ani-

mal, and I have validated and applied previous methods used to estimate bone mass in

fossils. However, there is a significant amount of work still to be done in these regards,

especially with respect to pterosaurs. Here, I will summarise this work and highlight

some of areas of future research.

8.1 Summary remarks

Chapter 2 looked at quantifying the degree of pneumaticity in pterosaur wing

bones for the first time, via the air space proportion (ASP), initially proposed by Wedel

(2005) as a means of quantifying pneumaticity in sauropods. My study was the first of

its kind looking at the variation of ASP within a single bone, and showed that using

a mid-diaphysis cross-section underestimates the total ASP, as epiphyses have signifi-

cant space within the trabeculae. I also showed that in terms of postcranial skeletal

pneumaticity, large-bodied pterosaurs are among the most pneumatised animals ever to

exist, having higher degrees of pneumaticity than sauropods and birds, supporting my

initial hypothesis.

In Chapter 3, I investigated the relationship between skeletal mass and total

body mass in birds, and whether it should be applied to pterosaurs as Witton (2008)

had previously done. Contrary to my initial hypothesis that the relationship would

not be statistically correlated, with a new dataset that is substantially larger than the

original Prange et al. (1979) study, the relationship is confirmed. However, it was

found to have a strong phylogenetic signal, suggesting that its use outside of Neornithes

145
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is likely inaccurate. This study also showed that skeletal and body masses can vary

substantially in some species, implying that ranges may be a better way of reporting

body masses than just single values. This suggests that contrary to previous studies,

this relationship should not be applied to pterosaurs as a means to estimate pterosaur

body mass, consistent with my initial hypothesis.

Although this relationship of skeletal mass and total body mass is not recom-

mended for use in pterosaurs, bone mass and volume may still be useful in other mass

estimation and biomechanical studies. Therefore a validation of previous bone mass

estimation methods by Martin and Palmer (2014b) was performed in Chapter 4. This

showed that CT scans are more accurate at estimating the bone mass of long bones than

vertebrae, likely related to the high degree of variation in the trabecular network on ver-

tebrae. Additionally, while thresholding algorithms are useful in modern animals, fossils

with substantial matrix or low contrast do not respond well to these studies. The initial

hypothesis that CT scans can be used to accurately estimate bone mass and volume

using segmental integration is supported.

Thorough analysis of a large sample size in Chapter 5 revealed no phylogenetic

patterns in the absolute thickness of pterosaur wing bones, only when they are rela-

tive to size do they show any phylogenetic significance. This is contrary to previous

studies, conventional wisdom, and my initial hypothesis that specific pterosaur taxa –

and indeed all pterosaurs – have extremely thin-walled bones, and that they are phy-

logenetically important. It also overturns well-ingrained views that all pterosaurs are

thin-walled, showing similar patterns of thickness, when in actual fact there is signifi-

cant variation. Smaller pterosaurs were resistant to several types of loading including

bending, buckling, compression and local impacts, while larger pterosaurs underwent

necessary trade-o↵s, sacrificing all but bending sti↵ness as they achieved large size. The

giant pterosaur Hatzegopteryx appears to have been unique, being more similarly-built

to smaller pterosaurs, resistant to buckling, bending and compression. This is consistent

with ideas that it was more terrestrial than other large pterosaurs (Naish and Witton,

2017), and is consistent with the initial hypothesis that locomotion and size would dic-

tate the structure of pterosaur wing bones.

Chapter 6 investigated the use of 3D volumetric methods of mass estimation in

pterosaurs made possible through CT scans of a well-preserved Coloborhynchus robustus

skeleton. Muscular reconstructions by Bennett (2003; 2008) informed the formation of

soft tissue boundaries, making a minimum possible volumetric outline. These findings

were heavier than previous estimates, suggesting that other volumetric methods are un-

derestimating pterosaur mass. Application of convex hull and regressions of skeletal

correlates generally resulted in drastic under-estimating (convex hull and femur-based

correlates) or highly over-estimating (humerus-based correlates) of the mass. This sug-

gests that pterosaurs may have been too morphologically unique for typical skeletal
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correlates and convex hull methods. My initial hypothesis was that 3D volumetric esti-

mates would be more accurate at estimating mass than previous estimates and skeletal

correlates, which is supported here, although sensitivity analyses are necessary to further

understand this.

Finally, studies of CT scans of the sacrum of Vectidraco daisymorrisae (Chap-

ter 7) revealed that foramina previously identified as pneumatic in nature are actually

intervertebral foramina for the major sacral nerves, confirming the initial hypothesis.

This lead to the first study of postcranial neurology in pterosaurs, comparing the size of

the neural canal in Vectidraco, Anhanguera, and Coloborhynchus, inspired by studies by

Gi�n (1990; 1995a; 1995b). Vectidraco had a relatively large neural canal, and there-

fore sacral plexus, compared to Anhanguera, which is likely related to higher degrees

of hindlimb use in Vectidraco. Both Anhanguera and Coloborhynchus have much larger

brachial plexuses than sacral, consistent with other evidence that they were relatively

poor terrestrial locomotors, spending significant time in the air.

This thesis has shown that large pterosaurs were among the most pneumatised

animals to ever live, and yet conventional wisdom of them also having the thinnest

bone walls is false. Bone wall thickness is not phylogenetically correlated, irrespective

of which phylogeny is used. Estimating body mass in pterosaurs has proven to continue

to be di�cult, with previously commonly used methods such as convex hull and scaling

being inconsistent or currently not possible. Volumetric methods are currently the best

method of mass estimation, and subjectivity can be mitigated through muscular recon-

struction and sensitivity analysis. Finally, CT scans are essential for correctly identifying

pneumatic features, and pneumatic foramina previously identified in a pterosaur sacrum

are actually intervertebral foramina, leading to the first postcranial neurological study

in pterosaurs.

8.2 Looking forward

Although significant advances have been made in the last 30 years or so in

palaeontology and in pterosaur palaeontology in particular, there is still a significant

amount of work that can be done. New technological advances and fossil finds make

for an exciting future in palaeontology, long moving past traditional out-dated ideas of

palaeontology.

8.2.1 Use of CT scans in palaeontology

One of the main take home messages from this work and one thing I would

like to push for future research, although not particularly novel, is the use of imaging
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and in particular CT scanning in palaeontology. Traditional study of fossils can only

reveal so much, and without the additional information given from studying the internal

structure of bones, incorrect information can be given. In the initial study of Vectidraco

daisymorrisae (Naish et al., 2013), anatomical errors were made and pneumatic foramina

were incorrectly identified, which were easily recognised with the study of the specimen

using CT scans (Chapter 7). Because the matrix is essential to the structural integrity

of the specimen, it cannot be removed, and therefore this type of anatomical study

would not be possible without either destruction of the specimen, or CT scanning. CT

and synchrotron technologies are increasingly being used to identify internal structures,

and especially pneumaticity in extinct animals (e.g. Wedel 2005; Schwarz et al. 2007;

Claessens et al. 2009; Watanabe et al. 2015), and I strongly recommend its use in further

studies. It is not always financially or physically viable for numerous reasons, but if it

is possible, it should be taken advantage of. The recent push for open data especially

with respect to CT scans and digital morphology studies also makes this more feasible,

with scans more readily being shared and data more open (Davies et al., 2017).

8.2.1.1 CT scans and pterosaurs

There is still a significant amount of research that can be done with pterosaurs

in terms of CT scanning. Throughout my PhD, I collected CT scans from a large number

of pterosaurs, and have amassed what is likely the largest collection of pterosaur scans

of any single researcher, although not all of the scans were featured in this thesis (Ap-

pendix ??). Additional specimens were not studied for a number of reasons, including

insu�cient resolution (e.g. DFMMh/FV 500) or contrast (NHMUK Rhamphorhynchus,

CAMSM assorted material) and irrelevance to the project (e.g. TMP cervical vertebrae,

Romanian mandibular symphysis). However, the main reason for leaving CT scans out

was simply due to time constraints. SMNK PAL 1137 is a well preserved subadult

Tapejara wellnhoferi which includes a skull, rostrum, and significant portions of the

postcranial skeleton (Eck et al., 2011). Initial plans were to include this specimen in

a mass reconstruction, but time constraints and incomplete scans made this di�cult.

However, study of this specimen would be beneficial in providing more details about the

internal structure of the skull and mandible (Fig. 8.1).

Additional studies could expand on palaeoneurological and neurovascular stud-

ies of pterosaurs, including looking at CT scans of lower jaws (such as the skull and

mandible of Tapejara, SMNK PAL 1137, Fig. 8.1 and a mandibular symphysis collected

in Romania in 2014, Fig. 8.2). Interesting recent studies on the mandibular symph-

ysis of the pterosaur Bakonydraco has suggested the first non-reproductive presence

of medullary bone (Prondvai and Stein, 2014), while initial studies of the Romanian

mandibular symphysis suggest this is may not be accurate (pers. obs.). Details of
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Figure 8.1: CT scan section showing the skull (top) and lower jaw
(bottom) of Tapejara wellnhoferi. SMNK PAL 1137 skull section in lateral
view, mandible in dorsal view.

unique morphologies such as the slit-like foramina present on toothless pterosaur rostra

are more visible with CT scans, providing more information on the neurovascular system

(Ősi et al., 2005; Averianov, 2010; Ibrahim et al., 2010).

Current information on small-bodied, non-pterodactyloid pterosaurs based on

CT scans is limited to the endocast studies of Rhamphorhynchus (Witmer et al., 2003)

and Allkaruen (Codorniú et al., 2016). Further information on the internal bone struc-

tures of small-bodied and non-pterodactyloid pterosaurs would be ideal, focusing on

individuals that have been prepared outside of matrix, such as CM 11431, a Rham-

phorhynchus muensteri (Hone et al., 2013). Specimens like this may be candidates for

CT scanning in the future.

Advances in imaging technology may also be useful in pterosaurs. Synchrotron

technology is becoming more common in palaeontology, and uses a beam of high-energy

particles from a cyclic particle accelerator which allows for higher contrast in samples

(Sutton et al., 2014). The last 10 years has seen a number of important fossil-based syn-

chrotron studies, including fossil embryos (Donoghue et al., 2006), life history of Acan-

thostega (Sanchez et al., 2016), feather and bone chemistry of Archaeopteryx (Bergmann

et al., 2010), and even the internal structure of plants (Smith et al., 2009). Synchrotron

technology might be helpful in studying the internal structure of those blocks that have

too little contrast when analysed using current CT technology. To my knowledge, no
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Figure 8.2: Azhdarchid mandibular symphysis found at Râpa Rosie.
Specimen in dorsal view. Note the presence of several small, sometimes slit-like
foramina on the occlusal surface, arranged in rows.

synchrotron studies have ever been attempted with any pterosaur fossils, and this is

clearly an avenue of study that should be tested.

8.2.2 Study of pneumaticity

This thesis touched on a number of aspects of pneumaticity, including quanti-

fying pneumaticity and comparing pterosaurs to other taxa (Chapter 2), the structure

of pterosaur wing bones and how this may relate to pneumaticity (Chapter 5), and

problems with identifying pneumatic foramina and where they are (or are not) found in

pterosaur sacra (Chapter 7). Throughout this study, it also became evident how much

information is currently unknown with respect to pneumaticity. Many of these aspects

are related to the idea of using more CT scans to look at pterosaurs, as these questions

often cannot be answered without knowledge of the internal structure of the bone. Di-

rectly related to this research, additional studies should look at ASP in a wider variety

of pterosaur bones in order to compare between taxa, bones, and individuals.

Although most evidence suggests that small-bodied, non-pterodactyloid (and

some pterodactyloid) pterosaurs did not possess pneumatised appendicular skeletons

(Claessens et al., 2009), it is not definitive. This is primarily due to the fact that the

location we would expect to find pneumatic foramina on wing bones are not generally

visible in slabs such as those known from the Solnhofen or Posidonia Shale, or are not

preserved. As these small-bodied pterosaurs are seldom prepared out of the matrix,

the entire bone cannot be examined, and therefore identification of foramina is di�cult.

While I doubt that foramina identified as pneumatic foramina in animals such as Doryg-
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Figure 8.3: Skull and lower jaw of Anhanguera piscator Kellner and
Tomida 2000. NSM-PV 19892 in left lateral view. Scale = 100 mm.

nathus (Padian and Wild, 1992; Padian, 2008b) and Campylognathoides (Padian, 2008a)

are indeed pneumatic due to their location and lack of consistency in other specimens,

CT scans and further studies are warranted to confirm.

Cranial pneumaticity has long been recognised in pterodactyloid pterosaurs (e.g.

Wellnhofer 1987b, 1991; Wellnhofer and Kellner 1991; Bennett 2001b) but has received

only cursory attention in non-pterodactyloids (Witmer, 1997; Ősi et al., 2010). Nu-

merous studies on modern birds have shown the cranial air sac system of birds is not

pulmonary in nature, but there are two di↵erent systems, a tympanic and nasal pneu-

matic system (see Bremer 1940a; Hogg 1984b; Witmer 1990, 1995b for details). This has

lead to a number of studies on the cranial pneumatic system of theropod dinosaurs (e.g.

Rauhut and Fechner 2005; Kundrát and Janáček 2007; Gold et al. 2013), and studies on

the evolution and homology of these systems across archosaurs (Witmer, 1995b, 1997).

Unfortunately, the only studies that look at pterosaurs are larger-scale, more general

studies, and often focus on external features(Witmer, 1997; Ősi et al., 2010). Now that

more general studies have been done, we can focus on more specific pterosaurian quesi-

tons. For example, Bonde and Leal (2015) attempted to investigate cranial pneumaticity

in Rhamphorhynchus using CT scans, but the scans were unsuccessful. CT scans of 3D

preserved skulls such as Anhanguera piscator (Fig. 8.3) could be used to better under-

stand the craniofacial pneumatic system in pterosaurs and how it relates to that of birds

and non-avian dinosaurs.

Finally, the question that I think has the most potential and is the most in-

teresting is the question of ontogenetic development of pneumaticity. A small number

of studies have looked at the development of pneumaticity in birds, but have been lim-

ited in taxa and methodology, primarily because the most recent study was completely

over 30 years ago (Bremer, 1940b; Hogg, 1984a). These studies focused mainly on the

soft tissue development, and did not discuss their e↵ect on the thickness of bone, or

how this changed through ontogeny in relation to the pneumatic system. The ques-

tion of how bone thickness changes with respect to pneumaticity through ontogeny is

particularly relevant to large pterosaurs, as there are currently no confirmed juvenile
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large-bodied pterosaurs in the Late Cretaceous. It has previously been suggested that

small pterosaurs were outcompeted by birds, leading to their early extinction and domi-

nance of large pterosaurs in the Late Cretaceous sky (Benson et al., 2014). However, this

does not explain the lack of hatchling or juvenile fossils of large pterosaurs found during

this time, and the few small bones that have been found appear to be small subadults or

adults (see Martin-Silverstone et al. 2016 for details). One possible explanation may be

that young large-bodied pterosaurs had bones so thin that they are just not preserved,

similar to other preservation biases seen in pterosaurs (Butler et al., 2012b; Dean et al.,

2016). However, in order to understand this, it is essential to look at modern animals.

8.2.3 Future of mass estimation

In Chapters 3, 4 and 6, I discussed numerous problems related to mass estima-

tion in pterosaurs, and attempted to touch on these issues. The method employed by

Witton (2008) was an arithmetically robust idea at the time, employing the relationship

between SM and TBM in birds, relying on data solely from fossils themselves and avoid-

ing any soft tissue assumptions which have proven to be problematic (Hutchinson et al.,

2007; Brassey, 2016). The relationship presented by Prange et al. (1979) appeared to

be robust, and similar in other animals, giving Witton good cause to use it. However,

it is clear that as initially discussed by Martin and Palmer (2014b) and expanded on in

Chapter 3, the relationship between SM and TBM in birds is not necessarily a reliable

method for estimating the mass of pterosaurs. Chapter 6, highlights the subjectivity

of volumetric estimates through a mass estimation of Coloborhynchus robustus using a

3D skeletal reconstruction made from CT scans. While other volumetric methods are

less preferred due to their under-estimates of tissue and density, this method still has a

certain degree of necessary subjectivity involved, which is di�cult to account for. Un-

certainty in densities may be diminished by reliable estimates of air space volume using

CT scans, but this is only possible in fossils that retain cortical bone tissue.

However, as there are highly correlated relationships between SM and TBM

(Prange et al., 1979), and skeletal correlates of TBM (e.g Campione and Evans 2012),

bone mass and/or volume may be a reliable feature in estimating total body mass in

the future. Chapter 4 suggests that bone mass can be accurately estimated using CT

scans, as long as the bone preserves its cortical tissue. Unfortunately, skeletons like that

of SMNK PAL 1133 often lose at least some of their cortical tissue, making any cortical

estimates di�cult. More work on pterosaur skeletal mass and potential relationship

to total mass may provide a quicker way to estimate TBM directly from a specimen,

without the subjective additions of soft tissue. It is also possible that additional work on

traditional skeletal correlates could lead to a more useful correlate to estimate pterosaur

body mass. Recent statistically robust studies have looked at both linear and quadratic
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models for mass estimation in extinct animals, and may lead to better mass estimation

methods in pterosaurs (e.g. Campione and Evans 2012; Campione et al. 2014; Campione

2017). Unfortunately, current data, such as those presented in Chapter 6, suggest that

commonly used correlates and relationships are not valid for pterosaurs. It may be

that pterosaurs are just too morphologically di↵erent and not closely related enough to

modern animals for these types of analyses.

In addition to attempting to improve on the methods of traditional volumetric

estimation and skeletal correlates, the use of previously untested existing methods such

as the convex hull method may prove to be useful (Brassey, 2016). A modified form of

the convex hull method was tested by Cu↵ et al. (2017) on an extinct feline. As one

of the criticisms of basic convex hull estimates is that they consistently under-estimate

the body mass by ‘shrink-wrapping’ the skeletons (Sellers et al., 2012; Brassey, 2016),

Cu↵ et al. (2017) combined a muscular reconstruction with a modified convex hull vol-

ume to accurately account for musculature. Similarly, studies estimating the TBM of

a single Stegosaurus individual performed three di↵erent volume estimates using con-

vex hull – a minimum, preferred, and maximum estimate – to calculate more realistic

volumes (Brassey et al., 2015). While pterosaurs are morphologically distinct and phylo-

genetically distant from any modern animals, future research should look at other flying

animals such as bats and birds to see if these animals have any relevance to the mass

estimation of pterosaurs.

8.3 And finally...

Nearly every month there is a new study published on pterosaurs, and we are

learning more every day. As Mark Witton said, we are now in the ‘Golden Age of

pterosaurology’ (Witton, 2013), which includes the largest number of pterosaur workers

ever. Our dynamic community has produced a number of pterosaur-only volumes, and

we hold a vibrant meeting every 2-3 years, with exciting research presented each time.

With increases in fossil finds, technology, and collaborations, the next decade is going

to be a great time for pterosaur palaeontology.

However, as we move forward, we must first understand modern animals if we

are going to have an idea of understanding how pterosaurs and other extinct animals

lived. The future of pterosaur palaeontology should be alongside modern anatomical

studies, and in the context of modern and related animals, not only with pterosaurs in

mind. The possibilities are endless, and it is an exciting time!
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Appendix ASP

Data

This section of the appendix consists of additional data from Chapter 2 to sup-

port the analyses found in the thesis.

Slide
Number

Distance
(mm)

Bone Area
(mm2)

Total Area
(mm2)

ASP

Prox12 20 202.657 1351.658 0.850067843
Prox9 50 133.735 1046.848 0.87224984
Prox6 80 84.16 661.114 0.872699716
Prox3 110 92.699 508.744 0.817788514
Prox0 140 76.271 415.049 0.816236155
Mid4 170 88.928 420.698 0.788617963
Mid7 200 83.929 384.491 0.781714006
Mid10 230 85.142 381.79 0.776992588
Mid13 260 83.986 367.11 0.771223884
Mid16 290 86.703 369.018 0.765043982
Dist2 320 83.697 377.527 0.778301949
Dist5 350 79.247 393.536 0.798628334
Dist8 380 82.267 431.563 0.809374298
Dist11 410 89.072 482.68 0.815463661
Dist14 440 86.284 543.969 0.841380667
Dist17 470 90.141 616.7 0.853833306
Dist20 500 127.256 699.892 0.818177662
Dist23 530 135.424 788.155 0.82817593
Dist26 560 170.46 885.708 0.807543795

Average 0.813869163

Table A.1: Area and ASP calculations for UP WP1.

155



156 APPENDIX A. APPENDIX ASP

Slide
Number

Distance
(mm)

Bone Area
(mm2)

Total Area
(mm2)

ASP

2 0 307.523 1220.151 0.747963162
5 30 144.88 899.809 0.838988052
8 60 105.768 654.019 0.838279928
11 90 103.082 486.653 0.788181723
14 120 89.488 377.888 0.763189093
17 150 65.145 302.412 0.784581961
20 180 67.992 269.297 0.747520396
23 210 66.764 247.322 0.73005232
26 240 61.997 233.87 0.734908282
29 270 63.629 232.758 0.726630234
33 310 73.093 235.445 0.689553824
36 340 60.711 235.806 0.742538358
39 370 82.441 266.769 0.690964842
50 400 135.855 506.043 0.731534672
46 440 113.683 631.221 0.819899845
43 470 150.625 664.22 0.773230255

Average 0.759251059

Table A.2: Area and ASP calculations for UP WP2.

Slide
Number

Distance
(mm)

Bone Area
(mm2)

Total Area
(mm2)

ASP

36 0 184.809 600.388 0.692184054
33 30 96.401 408.099 0.763780357
30 60 74.911 294.422 0.745565888
27 90 52.904 207.113 0.744564561
23 130 42.593 165.242 0.742238656
20 160 45.67 140.623 0.675230937
17 190 39.891 111.553 0.642403163
14 220 42.983 104.951 0.59044697
11 250 39.79 103.607 0.61595259
9 270 39.01 104.228 0.625724373
6 300 39.4 112.391 0.649438122
3 330 39.891 118.431 0.66317096
0 360 43.127 133.211 0.67625046

Average 0.678996238

Table A.3: Area and ASP calculations for UP WP3.
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Slide
Number

Distance
(mm)

Bone Area
(mm2)

Total Area
(mm2)

ASP

19 NA 250.571 1070.698 0.765974159
42 NA 262.121 1021.508 0.743397996
93 NA 265.837 972.786 0.726726125
112 NA 254.254 936.617 0.728540054
152 NA 253.137 886.344 0.714403211

Average 0.735808309

Table A.4: Area and ASP calculations for NHMUK PV R3880. As the
specimen is a fragment, there is no distance known.

Slide
Number

Distance
(mm)

Bone Area
(mm2)

Total Area
(mm2)

ASP

14 19.065 90.116 467.379 0.807188599
24 31.775 75.618 466.006 0.837731703
44 57.195 31.937 272.945 0.882991079
64 82.615 45.555 226.695 0.799047178
84 108.035 43.197 184.903 0.76638021
104 133.455 46.88 172.497 0.728227158
124 158.875 43.213 161.77 0.732873833
144 184.295 52.712 169.266 0.688584831
164 209.715 43.795 160.413 0.726985967
327 235.135 41.743 155.05 0.730777169
347 260.555 34.829 170.203 0.795367884
367 285.975 33.617 144.921 0.768032238

Average 0.772015654

Table A.5: Area and ASP calculations for NHMUK PV OR39411.

Slide
Number

Distance
(mm)

Bone Area
(mm2)

Total Area
(mm2)

ASP

37 NA 40.085081 169.5088918 0.763522252
57 NA 43.213 176.727 0.755481619
77 NA 47.102 183.605 0.743460145
97 NA 43.916 181.525 0.758071891

Average 0.755133977

Table A.6: Area and ASP calculations for NHMUK PV OR35228. As
the specimen is a fragment, there is no distance known.
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Slide
Number

Distance
(mm)

Bone Area
(mm2)

Total Area
(mm2)

ASP

9 12.71 286.195 967.633 0.704231873
29 38.13 98.5 792.988 0.875786267
49 63.55 67.881 532.288 0.872473172
69 88.97 63.519 432.082 0.852993182
89 114.39 59.804 319.098 0.812584222
109 139.81 60.159 326.82 0.815926198
129 165.23 62.211 330.358 0.81168611
149 190.65 72 360.276 0.800153216
169 216.07 70.013 375.202 0.813399182
194 241.49 50.466 373.797 0.864990891
214 266.91 66.378 406.59 0.836744632
234 292.33 53.778 460.595 0.883242328
254 317.75 81.612 547.715 0.850995499
274 343.17 87.964 564.597 0.844200377

Average 0.831386225

Table A.7: Area and ASP calculations for NHMUK PV OR41637.

Slide
Number

Distance
(mm)

Bone Area
(mm2)

Total Area
(mm2)

ASP

796 5 95.632 474.193 0.798326842
736 35 234.94 1045.95 0.775381232
676 65 77.834 351.988 0.778873143
616 95 73.868 324.275 0.77220569
556 125 79.47 517.324 0.846382538
496 155 160.973 1009.016 0.840465364
456 175 143.076 949.476 0.849310567

Average 0.808706482

Table A.8: Area and ASP calculations for USNM 11925.

Source Group K ASP
Suhai et al. 2006 Crow

humerus 0.78 0.6084
femur 0.79 0.6241
tibiotarsus 0.71 0.5041
Magpie
humerus 0.78 0.6084
femur 0.77 0.5929
tibiotarsus 0.67 0.4489

Cubo and Casinos 2000 marrow filled (avg) 0.65 0.4225
gas filled (avg) 0.77 0.5929
highest 0.82 0.6724

Currey and Alexander 1985 gas filled 0.86 0.7396
marrow filled 0.86 0.7396
unknown filling 0.87 0.7569

Table A.9: Avian K data and converted ASP values from various stud-
ies.
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Appendix B

Appendix Bird Mass

This appendix consists of additional data from Chapter ?? to support the anal-

yses found in the thesis.

Bird mass data
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Table B.1: Specimen data for Chapter 3. Specimen numbers from RBCM; F = female; M = male; ? indicates insu�cient data;
HY = hatchling year; AHY = above hatchling year; cont. flap. indicates continuous flapping.

Species Common Name Specimen # Sex Age Flight mode Source TBM (kg) SM (kg) N

Accipiter cooperii Cooper’s Hawk 23601 M AHY soaring Bruderer et al. 2010 0.2604 0.0184 8

Accipiter cooperii Cooper’s Hawk 23377 M AHY soaring Bruderer et al. 2010 0.264 0.0185 8

Accipiter cooperii Cooper’s Hawk 23029 ? AHY soaring Bruderer et al. 2010 0.3138 0.0176 8

Accipiter cooperii Cooper’s Hawk 17361 F AHY soaring Bruderer et al. 2010 0.3428 0.0299 8

Accipiter cooperii Cooper’s Hawk 17009 F AHY soaring Bruderer et al. 2010 0.359 0.0251 8

Accipiter cooperii Cooper’s Hawk 23366 ? AHY soaring Bruderer et al. 2010 0.408 0.0412 8

Accipiter cooperii Cooper’s Hawk 22402 F AHY soaring Bruderer et al. 2010 0.533 0.0301 8

Accipiter cooperii Cooper’s Hawk 20099 F AHY soaring Bruderer et al. 2010 0.546 0.0252 8

Accipiter gentilis Northern Goshawk 22507 F AHY soaring Bruderer et al. 2010 0.576 0.0613 10

Accipiter gentilis Northern Goshawk 22455 M AHY soaring Bruderer et al. 2010 0.608 0.0547 10

Accipiter gentilis Northern Goshawk 23761 M AHY soaring Bruderer et al. 2010 0.622 0.0502 10

Accipiter gentilis Northern Goshawk 23165 M HY soaring Bruderer et al. 2010 0.6778 0.0473 10

Accipiter gentilis Northern Goshawk 22488 F AHY soaring Bruderer et al. 2010 0.678 0.0483 10

Accipiter gentilis Northern Goshawk 22528 M HY soaring Bruderer et al. 2010 0.69 0.0492 10

Accipiter gentilis Northern Goshawk 22526 M AHY soaring Bruderer et al. 2010 0.81 0.0555 10

Accipiter gentilis Northern Goshawk 22527 F AHY soaring Bruderer et al. 2010 1.19 0.0716 10

Accipiter gentilis Northern Goshawk 23610 F AHY soaring Bruderer et al. 2010 1.19 0.0726 10

Accipiter gentilis Northern Goshawk 23253 F AHY soaring Bruderer et al. 2010 1.3002 0.0721 10

Accipiter striatus Sharp-shinned Hawk 23798 M AHY soaring Bruderer et al. 2010 0.0984 0.0057 11

Accipiter striatus Sharp-shinned Hawk 22752 M AHY soaring Bruderer et al. 2010 0.101 0.0051 11

Accipiter striatus Sharp-shinned Hawk 17407 M AHY soaring Bruderer et al. 2010 0.104 0.006 11

Accipiter striatus Sharp-shinned Hawk 17535 M AHY soaring Bruderer et al. 2010 0.1057 0.0053 11

Accipiter striatus Sharp-shinned Hawk 22728 F AHY soaring Bruderer et al. 2010 0.124 0.0097 11

Accipiter striatus Sharp-shinned Hawk 17530 F AHY soaring Bruderer et al. 2010 0.1488 0.0108 11

Accipiter striatus Sharp-shinned Hawk 18541 F AHY soaring Bruderer et al. 2010 0.1587 0.01 11

Accipiter striatus Sharp-shinned Hawk 22732 F AHY soaring Bruderer et al. 2010 0.164 0.0108 11

Accipiter striatus Sharp-shinned Hawk 18327 F AHY soaring Bruderer et al. 2010 0.165 0.012 11

Accipiter striatus Sharp-shinned Hawk 17529 ? AHY soaring Bruderer et al. 2010 0.1876 0.0112 11

Accipiter striatus Sharp-shinned Hawk 22480 F AHY soaring Bruderer et al. 2010 0.195 0.00922 11

Aechmophorus occidentalis Western Grebe 23255 M AHY cont. flap. Close and Rayfield 2012 1.06 0.058 1

Aegolius acadicus Northern Saw-whet Owl 18519 ? AHY flap-gliding assumed 0.046 0.004 33

Aegolius acadicus Northern Saw-whet Owl 19537 M AHY flap-gliding assumed 0.048 0.0033 33

Aegolius acadicus Northern Saw-whet Owl 18238 F AHY flap-gliding assumed 0.0522 0.0047 33

Aegolius acadicus Northern Saw-whet Owl 22443 F HY flap-gliding assumed 0.055 0.0038 33

Aegolius acadicus Northern Saw-whet Owl 19982 F AHY flap-gliding assumed 0.0599 0.0045 33

Aegolius acadicus Northern Saw-whet Owl 22740 M AHY flap-gliding assumed 0.0602 0.0047 33

Aegolius acadicus Northern Saw-whet Owl 23374 F AHY flap-gliding assumed 0.0604 0.0053 33

Aegolius acadicus Northern Saw-whet Owl 23821 M AHY flap-gliding assumed 0.0606 0.0042 33

Aegolius acadicus Northern Saw-whet Owl 19962 M AHY flap-gliding assumed 0.0609 0.0035 33

Aegolius acadicus Northern Saw-whet Owl 17318 F AHY flap-gliding assumed 0.066 0.0046 33

Aegolius acadicus Northern Saw-whet Owl 23152 M AHY flap-gliding assumed 0.0684 0.0043 33
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Aegolius acadicus Northern Saw-whet Owl 19491 M AHY flap-gliding assumed 0.069 0.0042 33

Aegolius acadicus Northern Saw-whet Owl 23150 ? AHY flap-gliding assumed 0.0707 0.0047 33

Aegolius acadicus Northern Saw-whet Owl 22440 M HY flap-gliding assumed 0.072 0.0041 33

Aegolius acadicus Northern Saw-whet Owl 22232 ? AHY flap-gliding assumed 0.073 0.005 33

Aegolius acadicus Northern Saw-whet Owl 17531 M AHY flap-gliding assumed 0.0738 0.0039 33

Aegolius acadicus Northern Saw-whet Owl 18332 F AHY flap-gliding assumed 0.075 0.005 33

Aegolius acadicus Northern Saw-whet Owl 23153 M AHY flap-gliding assumed 0.0766 0.0043 33

Aegolius acadicus Northern Saw-whet Owl 19492 M AHY flap-gliding assumed 0.077 0.004 33

Aegolius acadicus Northern Saw-whet Owl 23329 ? AHY flap-gliding assumed 0.078 0.0047 33

Aegolius acadicus Northern Saw-whet Owl 18548 M AHY flap-gliding assumed 0.079 0.0047 33

Aegolius acadicus Northern Saw-whet Owl 17362 M AHY flap-gliding assumed 0.0791 0.0041 33

Aegolius acadicus Northern Saw-whet Owl 22444 F HY flap-gliding assumed 0.082 0.0046 33

Aegolius acadicus Northern Saw-whet Owl 23426 F HY flap-gliding assumed 0.0859 0.0051 33

Aegolius acadicus Northern Saw-whet Owl 17325 F AHY flap-gliding assumed 0.0864 0.0052 33

Aegolius acadicus Northern Saw-whet Owl 19997 F AHY flap-gliding assumed 0.088 0.0048 33

Aegolius acadicus Northern Saw-whet Owl 19538 F AHY flap-gliding assumed 0.0885 0.0057 33

Aegolius acadicus Northern Saw-whet Owl 18328 ? AHY flap-gliding assumed 0.0925 0.0049 33

Aegolius acadicus Northern Saw-whet Owl 17262 F AHY flap-gliding assumed 0.0927 0.0054 33

Aegolius acadicus Northern Saw-whet Owl 23593 F AHY flap-gliding assumed 0.0942 0.0049 33

Aegolius acadicus Northern Saw-whet Owl 23788 F HY flap-gliding assumed 0.098 0.005 33

Aegolius acadicus Northern Saw-whet Owl 19939 ? AHY flap-gliding assumed 0.145 0.0046 33

Aegolius acadicus Northern Saw-whet Owl 23763 ? AHY flap-gliding assumed 0.184 0.0044 33

Aegolius funereus Boreal Owl 19996 F AHY flap-gliding www.ibc.lynxeds.com 0.0796 0.0057 12

Aegolius funereus Boreal Owl 23595 F AHY flap-gliding www.ibc.lynxeds.com 0.086 0.0082 12

Aegolius funereus Boreal Owl 23507 M AHY flap-gliding www.ibc.lynxeds.com 0.0962 0.0064 12

Aegolius funereus Boreal Owl 22445 M AHY flap-gliding www.ibc.lynxeds.com 0.105 0.0106 12

Aegolius funereus Boreal Owl 22674 F AHY flap-gliding www.ibc.lynxeds.com 0.112 0.0087 12

Aegolius funereus Boreal Owl 23535 F AHY flap-gliding www.ibc.lynxeds.com 0.1126 0.0067 12

Aegolius funereus Boreal Owl 22350 M AHY flap-gliding www.ibc.lynxeds.com 0.115 0.0069 12

Aegolius funereus Boreal Owl 23534 M HY flap-gliding www.ibc.lynxeds.com 0.1152 0.0062 12

Aegolius funereus Boreal Owl 19990 F HY flap-gliding www.ibc.lynxeds.com 0.1215 0.0087 12

Aegolius funereus Boreal Owl 23378 F AHY flap-gliding www.ibc.lynxeds.com 0.132 0.0087 12

Aegolius funereus Boreal Owl 23823 F AHY flap-gliding www.ibc.lynxeds.com 0.14 0.0083 12

Aegolius funereus Boreal Owl 23427 M AHY flap-gliding www.ibc.lynxeds.com 0.247 0.0065 12

Anas americana American Wigeon 13209 F AHY cont. flap. Bruderer et al. 2010 0.559 0.0281 1

Aphriza virgata Surfbird 12051 F AHY flap-gliding www.gettyimages.co.uk 0.145 0.006 4

Aphriza virgata Surfbird 12041 M AHY flap-gliding www.gettyimages.co.uk 0.167 0.0073 4

Aphriza virgata Surfbird 17044 F AHY flap-gliding www.gettyimages.co.uk 0.172 0.0084 4

Aphriza virgata Surfbird 12042 F AHY flap-gliding www.gettyimages.co.uk 0.2354 0.0079 4

Aquila chrysaetos Golden Eagle 20126 M AHY soaring Bruderer et al. 2010 3.075 0.3166 6

Aquila chrysaetos Golden Eagle 20129 ? AHY soaring Bruderer et al. 2010 3.076 0.3434 6

Aquila chrysaetos Golden Eagle 22388 F AHY soaring Bruderer et al. 2010 3.29 0.382 6

Aquila chrysaetos Golden Eagle 17346 M AHY soaring Bruderer et al. 2010 3.7 0.2874 6

Aquila chrysaetos Golden Eagle 20132 ? AHY soaring Bruderer et al. 2010 3.921 0.4102 6

Aquila chrysaetos Golden Eagle 23559 ? AHY soaring Bruderer et al. 2010 3.922 0.4133 6

Ardea herodias Great Blue Heron 22518 F AHY cont. flap. Bruderer et al. 2010 1.102 0.1699 9

Ardea herodias Great Blue Heron 22380 F HY cont. flap. Bruderer et al. 2010 1.467 0.1568 9

www.ibc.lynxeds.com
www.ibc.lynxeds.com
www.ibc.lynxeds.com
www.ibc.lynxeds.com
www.ibc.lynxeds.com
www.ibc.lynxeds.com
www.ibc.lynxeds.com
www.ibc.lynxeds.com
www.ibc.lynxeds.com
www.ibc.lynxeds.com
www.ibc.lynxeds.com
www.ibc.lynxeds.com
www.gettyimages.co.uk
www.gettyimages.co.uk
www.gettyimages.co.uk
www.gettyimages.co.uk


168
A
P
P
E
N
D
IX

B
.
A
P
P
E
N
D
IX

B
IR

D
M
A
S
S

Ardea herodias Great Blue Heron 19482 M AHY cont. flap. Bruderer et al. 2010 1.4943 0.174 9

Ardea herodias Great Blue Heron 12159 F AHY cont. flap. Bruderer et al. 2010 1.87 0.1842 9

Ardea herodias Great Blue Heron 20116 F AHY cont. flap. Bruderer et al. 2010 2.074 0.1741 9

Ardea herodias Great Blue Heron 23536 M AHY cont. flap. Bruderer et al. 2010 2.204 0.2159 9

Ardea herodias Great Blue Heron 22517 ? AHY cont. flap. Bruderer et al. 2010 2.22 0.2305 9

Ardea herodias Great Blue Heron 23171 ? HY cont. flap. Bruderer et al. 2010 2.372 0.2004 9

Ardea herodias Great Blue Heron 20128 M AHY cont. flap. Bruderer et al. 2010 2.441 0.2119 9

Asio flammeus Short-eared Owl 22509 M AHY cont. flap. Bruderer et al. 2010 0.17 0.0196 15

Asio flammeus Short-eared Owl 19541 M HY cont. flap. Bruderer et al. 2010 0.191 0.0164 15

Asio flammeus Short-eared Owl 22695 M AHY cont. flap. Bruderer et al. 2010 0.206 0.0167 15

Asio flammeus Short-eared Owl 22421 M AHY cont. flap. Bruderer et al. 2010 0.225 0.019 15

Asio flammeus Short-eared Owl 22696 F AHY cont. flap. Bruderer et al. 2010 0.227 0.0186 15

Asio flammeus Short-eared Owl 12059 M AHY cont. flap. Bruderer et al. 2010 0.231 0.018 15

Asio flammeus Short-eared Owl 20134 M AHY cont. flap. Bruderer et al. 2010 0.252 0.0194 15

Asio flammeus Short-eared Owl 23484 F AHY cont. flap. Bruderer et al. 2010 0.258 0.0239 15

Asio flammeus Short-eared Owl 22423 M AHY cont. flap. Bruderer et al. 2010 0.29 0.0221 15

Asio flammeus Short-eared Owl 22422 M HY cont. flap. Bruderer et al. 2010 0.296 0.0221 15

Asio flammeus Short-eared Owl 17347 F AHY cont. flap. Bruderer et al. 2010 0.3023 0.0205 15

Asio flammeus Short-eared Owl 23762 F AHY cont. flap. Bruderer et al. 2010 0.343 0.0259 15

Asio flammeus Short-eared Owl 20097 F AHY cont. flap. Bruderer et al. 2010 0.357 0.0219 15

Asio flammeus Short-eared Owl 19927 F AHY cont. flap. Bruderer et al. 2010 0.369 0.0283 15

Asio flammeus Short-eared Owl 23784 ? AHY cont. flap. Bruderer et al. 2010 0.3907 0.0234 15

Asio otus Long-eared Owl 23550 F HY cont. flap. Bruderer et al. 2010 0.104 0.0091 7

Asio otus Long-eared Owl 20001 ? HY cont. flap. Bruderer et al. 2010 0.1069 0.0084 7

Asio otus Long-eared Owl 22676 M AHY cont. flap. Bruderer et al. 2010 0.211 0.0177 7

Asio otus Long-eared Owl 22510 F AHY cont. flap. Bruderer et al. 2010 0.24 0.0218 7

Asio otus Long-eared Owl 22424 F AHY cont. flap. Bruderer et al. 2010 0.267 0.0215 7

Asio otus Long-eared Owl 23483 M AHY cont. flap. Bruderer et al. 2010 0.27 0.015 7

Asio otus Long-eared Owl 17261 F AHY cont. flap. Bruderer et al. 2010 0.305 0.0216 7

Bartramia longicauda Upland Sandpiper 23060 M AHY flap-gliding www.youtube.com 0.1162 0.0082 1

Brachyramphus marmoratus Marbled Murrelet 19262 F AHY cont. flap. www.ibc.lynxeds.com 0.199 0.0075 7

Brachyramphus marmoratus Marbled Murrelet 20087 F AHY cont. flap. www.ibc.lynxeds.com 0.208 0.0084 7

Brachyramphus marmoratus Marbled Murrelet 19401 F AHY cont. flap. www.ibc.lynxeds.com 0.2095 0.0076 7

Brachyramphus marmoratus Marbled Murrelet 19400 M AHY cont. flap. www.ibc.lynxeds.com 0.213 0.0114 7

Brachyramphus marmoratus Marbled Murrelet 19403 M AHY cont. flap. www.ibc.lynxeds.com 0.213 0.0094 7

Brachyramphus marmoratus Marbled Murrelet 12038 M AHY cont. flap. www.ibc.lynxeds.com 0.223 0.0107 7

Brachyramphus marmoratus Marbled Murrelet 19402 M AHY cont. flap. www.ibc.lynxeds.com 0.2471 0.009 7

Bubo scandiacus Snowy Owl 11274 M AHY flap-gliding www.gettyimages.co.uk 0.538 0.0956 1

Bubo virginianus Great Horned Owl 18614 M AHY flap-gliding www.youtube.com 0.6334 0.0736 16

Bubo virginianus Great Horned Owl 19360 M AHY flap-gliding www.youtube.com 0.695 0.0663 16

Bubo virginianus Great Horned Owl 23485 ? HY flap-gliding www.youtube.com 0.965 0.0667 16

Bubo virginianus Great Horned Owl 17363 M ? flap-gliding www.youtube.com 1.0175 0.0763 16

Bubo virginianus Great Horned Owl 19915 M AHY flap-gliding www.youtube.com 1.0308 0.0887 16

Bubo virginianus Great Horned Owl 23168 ? AHY flap-gliding www.youtube.com 1.09 0.0909 16

Bubo virginianus Great Horned Owl 23368 F AHY flap-gliding www.youtube.com 1.145 0.1025 16

Bubo virginianus Great Horned Owl 22511 F AHY flap-gliding www.youtube.com 1.18 0.1109 16

Bubo virginianus Great Horned Owl 22532 M AHY flap-gliding www.youtube.com 1.205 0.0915 16
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Bubo virginianus Great Horned Owl 23416 F AHY flap-gliding www.youtube.com 1.211 0.118 16

Bubo virginianus Great Horned Owl 23258 F AHY flap-gliding www.youtube.com 1.3944 0.1213 16

Bubo virginianus Great Horned Owl 22534 F AHY flap-gliding www.youtube.com 1.45 0.1014 16

Bubo virginianus Great Horned Owl 19494 F AHY flap-gliding www.youtube.com 1.4715 0.1191 16

Bubo virginianus Great Horned Owl 19985 F AHY flap-gliding www.youtube.com 1.4914 0.1197 16

Bubo virginianus Great Horned Owl 17355 ? AHY flap-gliding www.youtube.com 1.603 0.1152 16

Bubo virginianus Great Horned Owl 23766 ? HY flap-gliding www.youtube.com 1.619 0.1147 16

Bubulcus ibis Cattle Egret 19497 F AHY cont. flap. www.ibc.lynxeds.com 0.1895 0.0173 6

Bubulcus ibis Cattle Egret 17390 F AHY cont. flap. www.ibc.lynxeds.com 0.1978 0.0211 6

Bubulcus ibis Cattle Egret 16998 F AHY cont. flap. www.ibc.lynxeds.com 0.203 0.0211 6

Bubulcus ibis Cattle Egret 17388 M AHY cont. flap. www.ibc.lynxeds.com 0.2157 0.0211 6

Bubulcus ibis Cattle Egret 20119 F AHY cont. flap. www.ibc.lynxeds.com 0.2185 0.0204 6

Bubulcus ibis Cattle Egret 17389 M AHY cont. flap. www.ibc.lynxeds.com 0.233 0.0231 6

Buteo jamaicensis Red-tailed Hawk 19918 F AHY soaring Bruderer et al. 2010 0.7236 0.095 4

Buteo jamaicensis Red-tailed Hawk 23166 M AHY soaring Bruderer et al. 2010 0.885 0.0742 4

Buteo jamaicensis Red-tailed Hawk 23585 M AHY soaring Bruderer et al. 2010 1.029 0.0872 4

Buteo jamaicensis Red-tailed Hawk 22729 F AHY soaring Bruderer et al. 2010 1.056 0.0836 4

Calidris maritima Purple Sandpiper 18999 M AHY cont. flap. Bruderer et al. 2010 0.0698 0.003 3

Calidris maritima Purple Sandpiper 19000 F AHY cont. flap. Bruderer et al. 2010 0.0812 0.0036 3

Calidris maritima Purple Sandpiper 19007 F AHY cont. flap. Bruderer et al. 2010 0.0845 0.0036 3

Callipepla californica California Quail 23810 M AHY burst-adapted assumed 0.11 0.0064 5

Callipepla californica California Quail 12037 F AHY burst-adapted assumed 0.1502 0.0053 5

Callipepla californica California Quail 20110 M AHY burst-adapted assumed 0.179 0.0082 5

Callipepla californica California Quail 18224 F AHY burst-adapted assumed 0.1911 0.0073 5

Callipepla californica California Quail 22749 ? AHY burst-adapted assumed 0.207 0.0084 5

Cathartes aura Turkey Vulture 19934 ? AHY soaring www.gettyimages.co.uk 1.7104 0.1095 2

Cathartes aura Turkey Vulture 22387 ? AHY soaring www.gettyimages.co.uk 1.765 0.1247 2

Cerorhinca monocerata Rhinoceros Auklet 17336 F AHY cont. flap. Close and Rayfield 2012 0.2587 0.0124 25

Cerorhinca monocerata Rhinoceros Auklet 19107 F AHY cont. flap. Close and Rayfield 2012 0.4161 0.0271 25

Cerorhinca monocerata Rhinoceros Auklet 19104 F AHY cont. flap. Close and Rayfield 2012 0.4196 0.0283 25

Cerorhinca monocerata Rhinoceros Auklet 19152 M AHY cont. flap. Close and Rayfield 2012 0.4484 0.0289 25

Cerorhinca monocerata Rhinoceros Auklet 19096 F AHY cont. flap. Close and Rayfield 2012 0.4494 0.0283 25

Cerorhinca monocerata Rhinoceros Auklet 13110 ? AHY cont. flap. Close and Rayfield 2012 0.464 0.0226 25

Cerorhinca monocerata Rhinoceros Auklet 19109 M AHY cont. flap. Close and Rayfield 2012 0.4735 0.0318 25

Cerorhinca monocerata Rhinoceros Auklet 19097 F AHY cont. flap. Close and Rayfield 2012 0.4741 0.0283 25

Cerorhinca monocerata Rhinoceros Auklet 19111 M AHY cont. flap. Close and Rayfield 2012 0.4755 0.0347 25

Cerorhinca monocerata Rhinoceros Auklet 19103 M AHY cont. flap. Close and Rayfield 2012 0.4764 0.0324 25

Cerorhinca monocerata Rhinoceros Auklet 19102 M AHY cont. flap. Close and Rayfield 2012 0.4772 0.0328 25

Cerorhinca monocerata Rhinoceros Auklet 19100 F AHY cont. flap. Close and Rayfield 2012 0.4864 0.0303 25

Cerorhinca monocerata Rhinoceros Auklet 19113 F AHY cont. flap. Close and Rayfield 2012 0.4896 0.0312 25

Cerorhinca monocerata Rhinoceros Auklet 19112 M AHY cont. flap. Close and Rayfield 2012 0.502 0.0371 25

Cerorhinca monocerata Rhinoceros Auklet 19229 M AHY cont. flap. Close and Rayfield 2012 0.504 0.0298 25

Cerorhinca monocerata Rhinoceros Auklet 19101 M AHY cont. flap. Close and Rayfield 2012 0.5149 0.0349 25

Cerorhinca monocerata Rhinoceros Auklet 13210 F AHY cont. flap. Close and Rayfield 2012 0.5198 0.0279 25

Cerorhinca monocerata Rhinoceros Auklet 19098 M AHY cont. flap. Close and Rayfield 2012 0.5205 0.0312 25

Cerorhinca monocerata Rhinoceros Auklet 19110 M AHY cont. flap. Close and Rayfield 2012 0.5301 0.0305 25

Cerorhinca monocerata Rhinoceros Auklet 13111 F AHY cont. flap. Close and Rayfield 2012 0.537 0.0307 25
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Cerorhinca monocerata Rhinoceros Auklet 19305 M AHY cont. flap. Close and Rayfield 2012 0.5558 0.0303 25

Cerorhinca monocerata Rhinoceros Auklet 13109 ? AHY cont. flap. Close and Rayfield 2012 0.556 0.0314 25

Cerorhinca monocerata Rhinoceros Auklet 14442 ? AHY cont. flap. Close and Rayfield 2012 0.559 0.0305 25

Cerorhinca monocerata Rhinoceros Auklet 19304 M AHY cont. flap. Close and Rayfield 2012 0.6162 0.0397 25

Cerorhinca monocerata Rhinoceros Auklet 19120 M AHY cont. flap. Close and Rayfield 2012 0.5761 0.0379 25

Charadrius montanus Mountain Plover 19010 F AHY cont. flap. Bruderer et al. 2010 0.104 0.0052 1

Colaptes auratus Northern Flicker 23277 M AHY cont. flap. Close and Rayfield 2012 0.088 0.0074 15

Colaptes auratus Northern Flicker 19948 ? AHY cont. flap. Close and Rayfield 2012 0.1216 0.0072 15

Colaptes auratus Northern Flicker 22278 F AHY cont. flap. Close and Rayfield 2012 0.1234 0.0077 15

Colaptes auratus Northern Flicker 22267 M AHY cont. flap. Close and Rayfield 2012 0.124 0.0054 15

Colaptes auratus Northern Flicker 21618 M AHY cont. flap. Close and Rayfield 2012 0.128 0.0052 15

Colaptes auratus Northern Flicker 20027 F AHY cont. flap. Close and Rayfield 2012 0.129 0.0067 15

Colaptes auratus Northern Flicker 21616 ? HY? cont. flap. Close and Rayfield 2012 0.133 0.005 15

Colaptes auratus Northern Flicker 22547 M AHY cont. flap. Close and Rayfield 2012 0.1392 0.0058 15

Colaptes auratus Northern Flicker 22316 F AHY cont. flap. Close and Rayfield 2012 0.143 0.0077 15

Colaptes auratus Northern Flicker 22278 F AHY cont. flap. Close and Rayfield 2012 0.146 0.0077 15

Colaptes auratus Northern Flicker 22899 F AHY cont. flap. Close and Rayfield 2012 0.1469 0.0073 15

Colaptes auratus Northern Flicker 22223 M AHY cont. flap. Close and Rayfield 2012 0.15 0.0078 15

Colaptes auratus Northern Flicker 22894 F AHY cont. flap. Close and Rayfield 2012 0.1538 0.0078 15

Colaptes auratus Northern Flicker 22897 F AHY cont. flap. Close and Rayfield 2012 0.1577 0.008 15

Colaptes auratus Northern Flicker 22760 F AHY cont. flap. Close and Rayfield 2012 0.159 0.0078 15

Columba livia Rock Dove 23487 F AHY cont. flap. Bruderer et al. 2010 0.256 0.0136 4

Columba livia Rock Dove 23396 M AHY cont. flap. Bruderer et al. 2010 0.3205 0.0152 4

Columba livia Rock Dove 23545 M AHY cont. flap. Bruderer et al. 2010 0.327 0.01592 4

Columba livia Rock Dove 23544 M AHY cont. flap. Bruderer et al. 2010 0.363 0.0159 4

Corvus brachyrhynchos American Crow 22477 M AHY cont. flap. Bruderer et al. 2010 0.24 0.0178 8

Corvus brachyrhynchos American Crow 15435 M AHY cont. flap. Bruderer et al. 2010 0.391 0.0246 8

Corvus brachyrhynchos American Crow 18433 F AHY cont. flap. Bruderer et al. 2010 0.394 0.0248 8

Corvus brachyrhynchos American Crow 18573 F AHY cont. flap. Bruderer et al. 2010 0.4023 0.0258 8

Corvus brachyrhynchos American Crow 22474 M AHY cont. flap. Bruderer et al. 2010 0.418 0.0231 8

Corvus brachyrhynchos American Crow 18430 M AHY cont. flap. Bruderer et al. 2010 0.438 0.0259 8

Corvus brachyrhynchos American Crow 18590 M AHY cont. flap. Bruderer et al. 2010 0.4442 0.0272 8

Corvus brachyrhynchos American Crow 16195 ? AHY cont. flap. Bruderer et al. 2010 0.4587 0.0267 8

Corvus corax Common Raven 19952 F HY cont. flap. Bruderer et al. 2010 0.6689 0.0537 1

Cygnus buccinator Trumpeter Swan 23500 F AHY cont. flap. Bruderer et al. 2010 6.25 0.6132 4

Cygnus buccinator Trumpeter Swan 23790 ? AHY cont. flap. Bruderer et al. 2010 9.1 0.7952 4

Cygnus buccinator Trumpeter Swan 22385 F AHY cont. flap. Bruderer et al. 2010 10.7 0.8359 4

Cygnus buccinator Trumpeter Swan 22384 ? AHY cont. flap. Bruderer et al. 2010 12 0.6074 4

Dryocopus pileatus Pileated Woodpecker 22285 F AHY cont. flap. www.macaulaylibrary.org 0.194 0.016 8

Dryocopus pileatus Pileated Woodpecker 21069 F AHY cont. flap. www.macaulaylibrary.org 0.25 0.01 8

Dryocopus pileatus Pileated Woodpecker 22246 M AHY cont. flap. www.macaulaylibrary.org 0.258 0.0116 8

Dryocopus pileatus Pileated Woodpecker 19084 F AHY cont. flap. www.macaulaylibrary.org 0.2756 0.0146 8

Dryocopus pileatus Pileated Woodpecker 22337 M AHY cont. flap. www.macaulaylibrary.org 0.289 0.0175 8

Dryocopus pileatus Pileated Woodpecker 22325 F AHY cont. flap. www.macaulaylibrary.org 0.295 0.0172 8

Dryocopus pileatus Pileated Woodpecker 19082 ? AHY cont. flap. www.macaulaylibrary.org 0.3216 0.0176 8

Dryocopus pileatus Pileated Woodpecker 22284 M AHY cont. flap. www.macaulaylibrary.org 0.332 0.0173 8

Falco mexicanus Prairie Falcon 17076 M AHY flap-gliding Bruderer et al. 2010 0.403 0.0344 1
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Falco peregrinus Peregrine Falcon 23262 F AHY flap-gliding Bruderer et al. 2010 0.512 0.0489 2

Falco peregrinus Peregrine Falcon 17337 F AHY flap-gliding Bruderer et al. 2010 0.918 0.0788 2

Falco rusticolus Gyrfalcon 23813 F AHY flap-gliding Bruderer et al. 2010 0.7661 0.0924 2

Falco rusticolus Gyrfalcon 12156 F AHY flap-gliding Bruderer et al. 2010 1.496 0.0876 2

Falco sparverius American Kestrel 23283 M AHY flap-gliding Bruderer et al. 2010 0.0582 0.0045 13

Falco sparverius American Kestrel 22531 M AHY flap-gliding Bruderer et al. 2010 0.074 0.0055 13

Falco sparverius American Kestrel 22208 F AHY flap-gliding Bruderer et al. 2010 0.0935 0.006 13

Falco sparverius American Kestrel 18214 F AHY flap-gliding Bruderer et al. 2010 0.0996 0.0061 13

Falco sparverius American Kestrel 19489 M AHY flap-gliding Bruderer et al. 2010 0.1002 0.00416 13

Falco sparverius American Kestrel 23160 M AHY flap-gliding Bruderer et al. 2010 0.102 0.0051 13

Falco sparverius American Kestrel 22367 ? AHY flap-gliding Bruderer et al. 2010 0.103 0.005 13

Falco sparverius American Kestrel 22417 F AHY flap-gliding Bruderer et al. 2010 0.1046 0.0057 13

Falco sparverius American Kestrel 17366 M AHY flap-gliding Bruderer et al. 2010 0.1072 0.0062 13

Falco sparverius American Kestrel 19960 F AHY flap-gliding Bruderer et al. 2010 0.1118 0.0067 13

Falco sparverius American Kestrel 23379 F AHY flap-gliding Bruderer et al. 2010 0.112 0.006 13

Falco sparverius American Kestrel 22362 F AHY flap-gliding Bruderer et al. 2010 0.113 0.0056 13

Falco sparverius American Kestrel 22456 M AHY flap-gliding Bruderer et al. 2010 0.1144 0.0059 13

Fratercula cirrhata Tufted Pu�n 13211 F AHY cont. flap. www.gettyimages.co.uk 0.7706 0.0415 4

Fratercula cirrhata Tufted Pu�n 12679 F AHY cont. flap. www.gettyimages.co.uk 0.7846 0.049 4

Fratercula cirrhata Tufted Pu�n 14435 M AHY cont. flap. www.gettyimages.co.uk 0.797 0.045 4

Fratercula cirrhata Tufted Pu�n 12680 M AHY cont. flap. www.gettyimages.co.uk 0.8364 0.0479 4

Fratercula corniculata Horned Pu�n 19257 M HY? cont. flap. www.gettyimages.co.uk 0.654 0.0295 1

Fulica americana American Coot 17399 M AHY cont. flap. Bruderer et al. 2010 0.3366 0.0175 3

Fulica americana American Coot 23402 M AHY cont. flap. Bruderer et al. 2010 0.4254 0.0247 3

Fulica americana American Coot 20120 ? AHY cont. flap. Bruderer et al. 2010 0.532 0.0225 3

Fulmarus glacialis Northern Fulmar 17266 M AHY flap-gliding www.macaulaylibrary.org 0.34 0.0253 7

Fulmarus glacialis Northern Fulmar 19274 M AHY flap-gliding www.macaulaylibrary.org 0.602 0.0338 7

Fulmarus glacialis Northern Fulmar 19179 M AHY flap-gliding www.macaulaylibrary.org 0.619 0.0196 7

Fulmarus glacialis Northern Fulmar 19180 M AHY flap-gliding www.macaulaylibrary.org 0.636 0.0421 7

Fulmarus glacialis Northern Fulmar 19275 M AHY flap-gliding www.macaulaylibrary.org 0.651 0.0391 7

Fulmarus glacialis Northern Fulmar 13112 M AHY flap-gliding www.macaulaylibrary.org 0.679 0.0347 7

Fulmarus glacialis Northern Fulmar 20041 ? AHY flap-gliding www.macaulaylibrary.org 0.709 0.0401 7

Gavia adamsii Yellow-billed Loon 19958 F AHY cont. flap. www.macaulaylibrary.org 1.9946 0.206 3

Gavia adamsii Yellow-billed Loon 19988 M AHY cont. flap. www.macaulaylibrary.org 3.388 0.3319 3

Gavia adamsii Yellow-billed Loon 19281 F AHY cont. flap. www.macaulaylibrary.org 4.292 0.2348 3

Gavia immer Great Northern Loon 22948 M AHY cont. flap. www.macaulaylibrary.org 0.6889 0.1788 9

Gavia immer Great Northern Loon 22489 F HY cont. flap. www.macaulaylibrary.org 0.705 0.2587 9

Gavia immer Great Northern Loon 22735 M AHY cont. flap. www.macaulaylibrary.org 2.6083 0.25993 9

Gavia immer Great Northern Loon 22356 F AHY cont. flap. www.macaulaylibrary.org 2.942 0.2905 9

Gavia immer Great Northern Loon 22878 M AHY cont. flap. www.macaulaylibrary.org 3.2548 0.3492 9

Gavia immer Great Northern Loon 16248 F AHY cont. flap. www.macaulaylibrary.org 3.418 0.3503 9

Gavia immer Great Northern Loon 23548 M AHY cont. flap. www.macaulaylibrary.org 3.87 0.346 9

Gavia immer Great Northern Loon 22370 M AHY cont. flap. www.macaulaylibrary.org 5.6 0.35005 9

Gavia immer Great Northern Loon 20109 M AHY cont. flap. www.macaulaylibrary.org 5.66 0.4026 9

Gavia pacifica Pacific Loon 22373 M AHY cont. flap. www.macaulaylibrary.org 1.55 0.1661 2

Gavia pacifica Pacific Loon 22376 ? AHY cont. flap. www.macaulaylibrary.org 1.504 0.1442 2

Grus canadensis Sandhill Crane 22997 ? AHY cont. flap. www.gettyimages.co.uk 0.9055 0.2932 3
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Grus canadensis Sandhill Crane 22382 F AHY cont. flap. www.gettyimages.co.uk 1.015 0.2323 3

Grus canadensis Sandhill Crane 20130 ? AHY cont. flap. www.gettyimages.co.uk 4.114 0.3327 3

Haematopus bachmani Black Oystercatcher 17001 M AHY cont. flap. Bruderer et al. 2010 0.562 0.0402 3

Haematopus bachmani Black Oystercatcher 17005 M AHY cont. flap. Bruderer et al. 2010 0.583 0.0424 3

Haematopus bachmani Black Oystercatcher 17000 M AHY cont. flap. Bruderer et al. 2010 0.635 0.0401 3

Haliaeetus leucocephalus Bald Eagle 12154 ? AHY soaring Bruderer et al. 2010 1.85 0.2475 15

Haliaeetus leucocephalus Bald Eagle 22389 M AHY soaring Bruderer et al. 2010 2.5 0.258 15

Haliaeetus leucocephalus Bald Eagle 23796 ? AHY soaring Bruderer et al. 2010 2.646 0.2576 15

Haliaeetus leucocephalus Bald Eagle 19977 M AHY soaring Bruderer et al. 2010 2.8228 0.3077 15

Haliaeetus leucocephalus Bald Eagle 22393 M AHY soaring Bruderer et al. 2010 2.867 0.277 15

Haliaeetus leucocephalus Bald Eagle 23419 F AHY soaring Bruderer et al. 2010 3.16 0.2746 15

Haliaeetus leucocephalus Bald Eagle 20122 M AHY soaring Bruderer et al. 2010 3.45 0.2685 15

Haliaeetus leucocephalus Bald Eagle 22394 M AHY soaring Bruderer et al. 2010 3.803 0.2539 15

Haliaeetus leucocephalus Bald Eagle 20115 F AHY soaring Bruderer et al. 2010 3.849 0.261 15

Haliaeetus leucocephalus Bald Eagle 13208 M AHY soaring Bruderer et al. 2010 4 0.2756 15

Haliaeetus leucocephalus Bald Eagle 23832 M AHY soaring Bruderer et al. 2010 4.12 0.2786 15

Haliaeetus leucocephalus Bald Eagle 20125 ? AHY soaring Bruderer et al. 2010 4.6 0.3689 15

Haliaeetus leucocephalus Bald Eagle 22391 M AHY soaring Bruderer et al. 2010 5 0.2525 15

Haliaeetus leucocephalus Bald Eagle 23831 M AHY soaring Bruderer et al. 2010 5.66 0.282 15

Haliaeetus leucocephalus Bald Eagle 13765 ? AHY soaring Bruderer et al. 2010 7.5 0.3757 15

Lagopus lagopus Willow Ptarmigan 22955 F AHY burst-adapted www.macaulaylibrary.org 0.4659 0.0181 5

Lagopus lagopus Willow Ptarmigan 16964 F AHY burst-adapted www.macaulaylibrary.org 0.47 0.0182 5

Lagopus lagopus Willow Ptarmigan 16962 F AHY burst-adapted www.macaulaylibrary.org 0.4833 0.0175 5

Lagopus lagopus Willow Ptarmigan 17375 F AHY burst-adapted www.macaulaylibrary.org 0.5 0.0194 5

Lagopus lagopus Willow Ptarmigan 16963 M AHY burst-adapted www.macaulaylibrary.org 0.51 0.0238 5

Lagopus leucura White-tailed Ptarmigan 16970 F AHY burst-adapted assumed 0.276 0.0101 4

Lagopus leucura White-tailed Ptarmigan 17358 M AHY burst-adapted assumed 0.325 0.013 4

Lagopus leucura White-tailed Ptarmigan 17359 M AHY burst-adapted assumed 0.3446 0.0126 4

Lagopus leucura White-tailed Ptarmigan 17364 M AHY burst-adapted assumed 0.372 0.0143 4

Larus californicus California Gull 12143 M AHY flap-gliding Bruderer et al. 2010 0.6806 0.0404 2

Larus californicus California Gull 12142 M AHY flap-gliding Bruderer et al. 2010 0.8328 0.0543 2

Larus glaucescens Glaucous-winged Gull 16345 ? AHY flap-gliding Bruderer et al. 2010 0.879 0.0652 7

Larus glaucescens Glaucous-winged Gull 18581 M AHY flap-gliding Bruderer et al. 2010 0.879 0.0672 7

Larus glaucescens Glaucous-winged Gull 22460 F AHY flap-gliding Bruderer et al. 2010 0.883 0.0639 7

Larus glaucescens Glaucous-winged Gull 12424 F HY flap-gliding Bruderer et al. 2010 0.895 0.0798 7

Larus glaucescens Glaucous-winged Gull 23812 M AHY flap-gliding Bruderer et al. 2010 1.078 0.0958 7

Larus glaucescens Glaucous-winged Gull 16055 ? AHY flap-gliding Bruderer et al. 2010 1.261 0.0871 7

Larus glaucescens Glaucous-winged Gull 16054 F AHY flap-gliding Bruderer et al. 2010 1.393 0.0918 7

Limnodromus scolopaceus Long-billed Dowitcher 17644 F AHY cont. flap. www.macaulaylibrary.org 0.0955 0.0047 1

Megaceryle alcyon Belted Kingfisher 23394 F AHY cont. flap. www.gettyimages.co.uk 0.1057 0.0075 19

Megaceryle alcyon Belted Kingfisher 20029 F AHY cont. flap. www.gettyimages.co.uk 0.114 0.0084 19

Megaceryle alcyon Belted Kingfisher 21619 M AHY cont. flap. www.gettyimages.co.uk 0.125 0.0092 19

Megaceryle alcyon Belted Kingfisher 19909 M AHY cont. flap. www.gettyimages.co.uk 0.1262 0.0076 19

Megaceryle alcyon Belted Kingfisher 22514 F HY cont. flap. www.gettyimages.co.uk 0.136 0.0078 19

Megaceryle alcyon Belted Kingfisher 22454 M AHY cont. flap. www.gettyimages.co.uk 0.1441 0.009 19

Megaceryle alcyon Belted Kingfisher 22671 M AHY cont. flap. www.gettyimages.co.uk 0.1443 0.0085 19

Megaceryle alcyon Belted Kingfisher 22451 F AHY cont. flap. www.gettyimages.co.uk 0.149 0.0102 19
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Megaceryle alcyon Belted Kingfisher 20030 M AHY cont. flap. www.gettyimages.co.uk 0.152 0.0098 19

Megaceryle alcyon Belted Kingfisher 22321 F AHY cont. flap. www.gettyimages.co.uk 0.156 0.00914 19

Megaceryle alcyon Belted Kingfisher 22133 M AHY cont. flap. www.gettyimages.co.uk 0.1563 0.008 19

Megaceryle alcyon Belted Kingfisher 23540 M AHY cont. flap. www.gettyimages.co.uk 0.16 0.0083 19

Megaceryle alcyon Belted Kingfisher 19245 F AHY cont. flap. www.gettyimages.co.uk 0.1607 0.0081 19

Megaceryle alcyon Belted Kingfisher 19248 F AHY cont. flap. www.gettyimages.co.uk 0.162 0.0095 19

Megaceryle alcyon Belted Kingfisher 19987 F AHY cont. flap. www.gettyimages.co.uk 0.163 0.0078 19

Megaceryle alcyon Belted Kingfisher 17119 M AHY cont. flap. www.gettyimages.co.uk 0.166 0.0095 19

Megaceryle alcyon Belted Kingfisher 22296 F AHY cont. flap. www.gettyimages.co.uk 0.169 0.0085 19

Megaceryle alcyon Belted Kingfisher 19965 F AHY cont. flap. www.gettyimages.co.uk 0.18 0.0089 19

Megaceryle alcyon Belted Kingfisher 17525 M AHY cont. flap. www.gettyimages.co.uk 0.1951 0.0092 19

Megascops kennicottii Western Screech Owl 22437 ? HY flap-gliding assumed 0.091 0.0085 13

Megascops kennicottii Western Screech Owl 22711 M AHY flap-gliding assumed 0.1001 0.0087 13

Megascops kennicottii Western Screech Owl 19534 F AHY flap-gliding assumed 0.1015 0.0087 13

Megascops kennicottii Western Screech Owl 18239 F AHY flap-gliding assumed 0.1112 0.00864 13

Megascops kennicottii Western Screech Owl 22439 F AHY flap-gliding assumed 0.12 0.0121 13

Megascops kennicottii Western Screech Owl 17523 F AHY flap-gliding assumed 0.135 0.0086 13

Megascops kennicottii Western Screech Owl 23599 M AHY flap-gliding assumed 0.1473 0.0081 13

Megascops kennicottii Western Screech Owl 22438 F HY flap-gliding assumed 0.156 0.0095 13

Megascops kennicottii Western Screech Owl 22436 F HY flap-gliding assumed 0.1597 0.0097 13

Megascops kennicottii Western Screech Owl 23381 M HY flap-gliding assumed 0.193 0.0109 13

Megascops kennicottii Western Screech Owl 19501 F AHY flap-gliding assumed 0.2099 0.0133 13

Megascops kennicottii Western Screech Owl 19991 F AHY flap-gliding assumed 0.222 0.0124 13

Megascops kennicottii Western Screech Owl 22207 ? AHY flap-gliding assumed 0.2327 0.0141 13

Melanitta fusca Velvet Scoter 23486 F AHY cont. flap. www.ibc.lynxeds.com 0.66 0.0663 4

Melanitta fusca Velvet Scoter 12158 M AHY cont. flap. www.ibc.lynxeds.com 0.9654 0.0858 4

Melanitta fusca Velvet Scoter 22503 M AHY cont. flap. www.ibc.lynxeds.com 1.19 0.0923 4

Melanitta fusca Velvet Scoter 23422 M AHY cont. flap. www.ibc.lynxeds.com 1.58 0.0797 4

Mergus merganser Common Merganser 15797 F AHY cont. flap. Bruderer et al. 2010 0.947 0.0494 4

Mergus merganser Common Merganser 15798 F AHY cont. flap. Bruderer et al. 2010 1.03 0.0546 4

Mergus merganser Common Merganser 15796 F AHY cont. flap. Bruderer et al. 2010 1.04 0.0513 4

Mergus merganser Common Merganser 15795 M AHY cont. flap. Bruderer et al. 2010 1.522 0.0717 4

Mergus serrator Red-breasted Merganser 15793 F AHY cont. flap. Bruderer et al. 2010 0.69 0.0362 4

Mergus serrator Red-breasted Merganser 15792 F AHY cont. flap. Bruderer et al. 2010 0.734 0.0409 4

Mergus serrator Red-breasted Merganser 15496 F AHY cont. flap. Bruderer et al. 2010 0.895 0.0583 4

Mergus serrator Red-breasted Merganser 22505 M AHY cont. flap. Bruderer et al. 2010 0.904 0.0567 4

Nucifraga columbiana Clark’s Nutcracker 16184 ? AHY cont. flap. Bruderer et al. 2010 0.1068 0.0068 1

Pandion haliaetus Osprey 23497 ? AHY soaring Close and Rayfield 2012 0.865 0.0954 4

Pandion haliaetus Osprey 19905 F AHY soaring Close and Rayfield 2012 1.0575 0.1089 4

Pandion haliaetus Osprey 23268 F AHY soaring Close and Rayfield 2012 1.256 0.1139 4

Pandion haliaetus Osprey 17532 M AHY soaring Close and Rayfield 2012 1.615 0.1086 4

Patagioenas fasciata Band-tailed Pigeon 23664 ? AHY cont. flap. Bruderer et al. 2010 0.2766 0.0138 4

Patagioenas fasciata Band-tailed Pigeon 20135 M AHY cont. flap. Bruderer et al. 2010 0.383 0.0146 4

Patagioenas fasciata Band-tailed Pigeon 17276 M AHY cont. flap. Bruderer et al. 2010 0.3902 0.0167 4

Patagioenas fasciata Band-tailed Pigeon 17159 M AHY cont. flap. Bruderer et al. 2010 0.659 0.0141 4

Phalacrocorax pelagicus Pelagic Cormorant 23408 ? AHY cont. flap. Bruderer et al. 2010 1.455 0.0956 1

Phalacrocorax penicillatus Brandt’s Cormorant 12071 M AHY cont. flap. Bruderer et al. 2010 1.555 0.1425 1
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Phoebastria immutabilis Laysan Albatross 23052 F AHY soaring www.arkive.org 2.0544 0.1665 2

Phoebastria immutabilis Laysan Albatross 18273 M AHY soaring www.arkive.org 4.9 0.192 2

Phoebastria nigripes Black-footed Albatross 20061 F AHY soaring www.arkive.org 3.644 0.198 3

Phoebastria nigripes Black-footed Albatross 18331 M AHY soaring www.arkive.org 5.6 0.2274 3

Phoebastria nigripes Black-footed Albatross 17354 M AHY soaring www.arkive.org 6.7 0.233 3

Pica pica Eurasian Magpie 17121 M AHY cont. flap. Bruderer et al. 2010 0.214 0.0117 1

Pluvialis dominica American Golden Plover 17456 M AHY cont. flap. Bruderer et al. 2010 0.124 0.0073 1

Pluvialis squatarola Grey Plover 17158 F AHY cont. flap. Bruderer et al. 2010 0.3128 0.0115 1

Podiceps auritus Horned Grebe 22494 F AHY cont. flap. Bruderer et al. 2010 0.259 0.0194 7

Podiceps auritus Horned Grebe 22492 M AHY cont. flap. Bruderer et al. 2010 0.292 0.0213 7

Podiceps auritus Horned Grebe 22496 M HY cont. flap. Bruderer et al. 2010 0.295 0.0183 7

Podiceps auritus Horned Grebe 22498 F AHY cont. flap. Bruderer et al. 2010 0.308 0.0196 7

Podiceps auritus Horned Grebe 22501 F AHY cont. flap. Bruderer et al. 2010 0.321 0.0249 7

Podiceps auritus Horned Grebe 22502 M AHY cont. flap. Bruderer et al. 2010 0.358 0.0226 7

Podiceps auritus Horned Grebe 22495 M AHY cont. flap. Bruderer et al. 2010 0.4 0.0261 7

Podiceps grisegena Red-necked Grebe 22490 F AHY cont. flap. Bruderer et al. 2010 0.647 0.0448 3

Podiceps grisegena Red-necked Grebe 22377 ? HY cont. flap. Bruderer et al. 2010 0.921 0.059 3

Podiceps grisegena Red-necked Grebe 17254 ? AHY cont. flap. Bruderer et al. 2010 1.195 0.0487 3

Ptychoramphus aleuticus Cassin’s Auklet 18517 ? AHY cont. flap. assumed 0.088 0.0081 3

Ptychoramphus aleuticus Cassin’s Auklet 19399 M AHY cont. flap. assumed 0.1086 0.0109 3

Ptychoramphus aleuticus Cassin’s Auklet 12061 F AHY cont. flap. assumed 0.1752 0.0081 3

Pu�nus griseus Sooty Shearwater 12149 F AHY soaring www.ibc.lynxeds.com 0.604 0.0481 30

Pu�nus griseus Sooty Shearwater 19390 F AHY soaring www.ibc.lynxeds.com 0.7462 0.042 30

Pu�nus griseus Sooty Shearwater 19425 F AHY soaring www.ibc.lynxeds.com 0.7634 0.0467 30

Pu�nus griseus Sooty Shearwater 19388 F AHY soaring www.ibc.lynxeds.com 0.7815 0.0445 30

Pu�nus griseus Sooty Shearwater 19442 F AHY soaring www.ibc.lynxeds.com 0.7858 0.0436 30

Pu�nus griseus Sooty Shearwater 19396 F AHY soaring www.ibc.lynxeds.com 0.8014 0.0431 30

Pu�nus griseus Sooty Shearwater 19387 M AHY soaring www.ibc.lynxeds.com 0.8018 0.0449 30

Pu�nus griseus Sooty Shearwater 19318 F AHY soaring www.ibc.lynxeds.com 0.803 0.0415 30

Pu�nus griseus Sooty Shearwater 19394 M AHY soaring www.ibc.lynxeds.com 0.8159 0.0458 30

Pu�nus griseus Sooty Shearwater 12157 M AHY soaring www.ibc.lynxeds.com 0.8194 0.0455 30

Pu�nus griseus Sooty Shearwater 12145 F AHY soaring www.ibc.lynxeds.com 0.823 0.0537 30

Pu�nus griseus Sooty Shearwater 19395 F AHY soaring www.ibc.lynxeds.com 0.8433 0.0465 30

Pu�nus griseus Sooty Shearwater 19428 F AHY soaring www.ibc.lynxeds.com 0.8545 0.0463 30

Pu�nus griseus Sooty Shearwater 19308 M AHY soaring www.ibc.lynxeds.com 0.861 0.0412 30

Pu�nus griseus Sooty Shearwater 20054 F AHY soaring www.ibc.lynxeds.com 0.864 0.0479 30

Pu�nus griseus Sooty Shearwater 19397 M AHY soaring www.ibc.lynxeds.com 0.865 0.0499 30

Pu�nus griseus Sooty Shearwater 19398 M AHY soaring www.ibc.lynxeds.com 0.8651 0.0449 30

Pu�nus griseus Sooty Shearwater 19311 M AHY soaring www.ibc.lynxeds.com 0.876 0.0502 30

Pu�nus griseus Sooty Shearwater 19393 F AHY soaring www.ibc.lynxeds.com 0.877 0.0448 30

Pu�nus griseus Sooty Shearwater 19392 F AHY soaring www.ibc.lynxeds.com 0.879 0.0452 30

Pu�nus griseus Sooty Shearwater 20053 M AHY soaring www.ibc.lynxeds.com 0.879 0.043 30

Pu�nus griseus Sooty Shearwater 19440 M AHY soaring www.ibc.lynxeds.com 0.9005 0.0479 30

Pu�nus griseus Sooty Shearwater 19445 M AHY soaring www.ibc.lynxeds.com 0.9024 0.0451 30

Pu�nus griseus Sooty Shearwater 19315 F AHY soaring www.ibc.lynxeds.com 0.917 0.0442 30

Pu�nus griseus Sooty Shearwater 20051 F AHY soaring www.ibc.lynxeds.com 0.927 0.0466 30

Pu�nus griseus Sooty Shearwater 19444 F AHY soaring www.ibc.lynxeds.com 0.9433 0.0455 30
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Pu�nus griseus Sooty Shearwater 19391 M AHY soaring www.ibc.lynxeds.com 0.9566 0.0504 30

Pu�nus griseus Sooty Shearwater 12074 M AHY soaring www.ibc.lynxeds.com 0.9846 0.049 30

Pu�nus griseus Sooty Shearwater 19441 F AHY soaring www.ibc.lynxeds.com 0.9931 0.0474 30

Pu�nus griseus Sooty Shearwater 12072 M AHY soaring www.ibc.lynxeds.com 1.042 0.0519 30

Pu�nus tenuirostris Short-tailed Shearwater 22468 M AHY soaring www.ibc.lynxeds.com 0.836 0.0408 1

Sterna hirundo Common Tern 17638 M AHY flap-gliding www.ibc.lynxeds.com 0.1303 0.00674 1

Sterna paradisaea Arctic Tern 17287 F AHY flap-gliding www.ibc.lynxeds.com 0.0972 0.0059 5

Sterna paradisaea Arctic Tern 23314 M AHY flap-gliding www.ibc.lynxeds.com 0.099 0.0066 5

Sterna paradisaea Arctic Tern 17291 F AHY flap-gliding www.ibc.lynxeds.com 0.0995 0.0056 5

Sterna paradisaea Arctic Tern 17288 ? AHY flap-gliding www.ibc.lynxeds.com 0.102 0.0062 5

Sterna paradisaea Arctic Tern 23578 M AHY flap-gliding www.ibc.lynxeds.com 0.11 0.0045 5

Strix nebulosa Great Grey Owl 22434 M AHY flap-gliding www.arkive.org 0.543 0.0663 9

Strix nebulosa Great Grey Owl 22433 M HY flap-gliding www.arkive.org 0.693 0.0638 9

Strix nebulosa Great Grey Owl 23555 ? HY flap-gliding www.arkive.org 0.735 0.0518 9

Strix nebulosa Great Grey Owl 17294 M AHY flap-gliding www.arkive.org 0.7994 0.0716 9

Strix nebulosa Great Grey Owl 16246 M AHY flap-gliding www.arkive.org 0.8352 0.069 9

Strix nebulosa Great Grey Owl 22432 M AHY flap-gliding www.arkive.org 0.868 0.0623 9

Strix nebulosa Great Grey Owl 17695 F AHY flap-gliding www.arkive.org 1.182 0.0899 9

Strix nebulosa Great Grey Owl 17386 F AHY flap-gliding www.arkive.org 1.256 0.0849 9

Strix nebulosa Great Grey Owl 23269 F AHY flap-gliding www.arkive.org 1.2728 0.0892 9

Strix occidentalis Spotted Owl 18598 F AHY flap-gliding assumed 0.5912 0.0473 1

Strix varia Barred Owl 19496 M AHY flap-gliding www.youtube.com 0.4231 0.0374 18

Strix varia Barred Owl 22431 ? AHY flap-gliding www.youtube.com 0.439 0.0456 18

Strix varia Barred Owl 19540 F AHY flap-gliding www.youtube.com 0.451 0.0529 18

Strix varia Barred Owl 22744 ? AHY flap-gliding www.youtube.com 0.601 0.042 18

Strix varia Barred Owl 22342 F HY flap-gliding www.youtube.com 0.6289 0.0472 18

Strix varia Barred Owl 19542 F AHY flap-gliding www.youtube.com 0.655 0.046 18

Strix varia Barred Owl 23556 F AHY flap-gliding www.youtube.com 0.684 0.0574 18

Strix varia Barred Owl 22429 M AHY flap-gliding www.youtube.com 0.694 0.0454 18

Strix varia Barred Owl 22746 F AHY flap-gliding www.youtube.com 0.72 0.059 18

Strix varia Barred Owl 17324 M AHY flap-gliding www.youtube.com 0.7244 0.0488 18

Strix varia Barred Owl 22125 F AHY flap-gliding www.youtube.com 0.7393 0.0581 18

Strix varia Barred Owl 17387 F AHY flap-gliding www.youtube.com 0.7411 0.0608 18

Strix varia Barred Owl 19543 F AHY flap-gliding www.youtube.com 0.754 0.0561 18

Strix varia Barred Owl 22745 F AHY flap-gliding www.youtube.com 0.773 0.06 18

Strix varia Barred Owl 22430 ? AHY flap-gliding www.youtube.com 0.783 0.0531 18

Strix varia Barred Owl 23412 F AHY flap-gliding www.youtube.com 0.791 0.0521 18

Strix varia Barred Owl 19937 F AHY flap-gliding www.youtube.com 0.8215 0.0579 18

Strix varia Barred Owl 23015 F AHY flap-gliding www.youtube.com 0.8569 0.0603 18

Surnia ulula Northern Hawk-owl 17888 M AHY flap-gliding www.macaulaylibrary.org 0.2284 0.0158 3

Surnia ulula Northern Hawk-owl 17397 M AHY flap-gliding www.macaulaylibrary.org 0.2788 0.018 3

Surnia ulula Northern Hawk-owl 19959 ? AHY flap-gliding www.macaulaylibrary.org 0.2895 0.0204 3

Tringa flavipes Lesser Yellowlegs 17447 F AHY cont. flap. Bruderer et al. 2010 0.0828 0.00465 4

Tringa flavipes Lesser Yellowlegs 17446 M AHY cont. flap. Bruderer et al. 2010 0.0831 0.0051 4

Tringa flavipes Lesser Yellowlegs 17649 M AHY cont. flap. Bruderer et al. 2010 0.0839 0.0046 4

Tringa flavipes Lesser Yellowlegs 17448 F AHY cont. flap. Bruderer et al. 2010 0.0864 0.0047 4

Tringa incana Wandering Tattler 23853 F AHY cont. flap. Bruderer et al. 2010 0.112 0.006 1
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Tringa melanoleuca Greater Yellowlegs 17007 M AHY cont. flap. Bruderer et al. 2010 0.177 0.01 1

Tyto alba Barn Owl 22682 M ? flap-gliding Close and Rayfield 2012 0.182 0.0321 11

Tyto alba Barn Owl 18432 F AHY flap-gliding Close and Rayfield 2012 0.268 0.0369 11

Tyto alba Barn Owl 19921 ? AHY flap-gliding Close and Rayfield 2012 0.317 0.0365 11

Tyto alba Barn Owl 23503 F AHY flap-gliding Close and Rayfield 2012 0.318 0.0359 11

Tyto alba Barn Owl 17293 M AHY flap-gliding Close and Rayfield 2012 0.34 0.029 11

Tyto alba Barn Owl 18434 ? AHY flap-gliding Close and Rayfield 2012 0.348 0.0389 11

Tyto alba Barn Owl 17328 F AHY flap-gliding Close and Rayfield 2012 0.349 0.0354 11

Tyto alba Barn Owl 23272 F AHY flap-gliding Close and Rayfield 2012 0.4736 0.0426 11

Tyto alba Barn Owl 17533 F AHY flap-gliding Close and Rayfield 2012 0.5239 0.0396 11

Tyto alba Barn Owl 22420 F AHY flap-gliding Close and Rayfield 2012 0.538 0.0405 11

Tyto alba Barn Owl 22419 F AHY flap-gliding Close and Rayfield 2012 0.54 0.0435 11

Uria aalge Common Murre 19234 F HY cont. flap. www.gettyimages.co.uk 0.3491 0.0216 11

Uria aalge Common Murre 18233 M HY cont. flap. www.gettyimages.co.uk 0.4523 0.039 11

Uria aalge Common Murre 22318 M AHY cont. flap. www.gettyimages.co.uk 0.5354 0.0466 11

Uria aalge Common Murre 19406 F AHY cont. flap. www.gettyimages.co.uk 0.654 0.0471 11

Uria aalge Common Murre 23504 ? HY? cont. flap. www.gettyimages.co.uk 0.654 0.0494 11

Uria aalge Common Murre 20063 M AHY cont. flap. www.gettyimages.co.uk 0.6677 0.0556 11

Uria aalge Common Murre 19236 F AHY cont. flap. www.gettyimages.co.uk 0.7401 0.05 11

Uria aalge Common Murre 17356 ? AHY cont. flap. www.gettyimages.co.uk 0.986 0.049 11

Uria aalge Common Murre 19411 F AHY cont. flap. www.gettyimages.co.uk 1.0375 0.0493 11

Uria aalge Common Murre 22062 F AHY cont. flap. www.gettyimages.co.uk 1.074 0.0587 11

Uria aalge Common Murre 19412 F AHY cont. flap. www.gettyimages.co.uk 1.196 0.054 11

avg 12.98

www.gettyimages.co.uk
www.gettyimages.co.uk
www.gettyimages.co.uk
www.gettyimages.co.uk
www.gettyimages.co.uk
www.gettyimages.co.uk
www.gettyimages.co.uk
www.gettyimages.co.uk
www.gettyimages.co.uk
www.gettyimages.co.uk
www.gettyimages.co.uk
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Table B.2: Pooled data of Prange et al. (1979) and RBCM data for Chapter 3. Species Birdtree indicates species name in
Birdtree if di↵erent from species listed. †=Fringillidae in part : seedeaters.

Order Family Species Species Birdtree Species Used No of specimens TBM (kg) SM (kg)

Prange et al. 1979

Struthioniformes Struthionidae Struthio camelus Struthio camelus 2 80.95 6.76

Rheiformes Rheidae Rhea americana Rhea americana 1 18.87 1.31

Casuariiformes Casuariidae Casuarius casuarius Casuarius casuarius 1 36.57 2.59

Casuariiformes Dromiceiidae Dromiceius novae-hollandiae Dromaius novaehollandiae Dromaius novaehollandiae 1 40.67 2.00

Apterygiformes Apterygidae Apteryx mantelli Apteryx mantelli Apteryx mantelli 1 2.17 0.16

Tinamiformes Tinamidae Rhynchotus rufescens Rhynchotus rufescens 1 0.77 0.03

Tinamiformes Tinamidae Crypturellus soui panamensis Crypturellus soui Crypturellus soui 1 0.24 0.01

Tinamiformes Tinamidae C. Cinnamomeus praepus Crypturellus cinnamomeus Crypturellus cinnamomeus 1 0.37 0.02

Sphenisciformes Spheniscidae Spheniscus humboldti Spheniscus humboldti 1 3.91 0.24

Procellariiformes Diomedeidae Diomedea epomorphora sandfori Diomedea sandfordi Diomedea sandfordi 1 7.50 0.67

Procellariiformes Procellariidae Pu�nus griseus Pu�nus griseus 1 0.80 0.04

Podicipediformes Podicipedidae Podiceps major Podiceps major 6 1.17 0.07

Podicipediformes Podicipedidae Poliocephalus ruficollis Tachybaptus ruficollis Tachybaptus ruficollis 1 0.16 0.01

Gaviiformes Gaviidae Gavia immer elasson Gavia immer Gavia immer 1 2.15 0.25

Gaviiformes Gaviidae Gavia stellata Gavia stellata 1 1.35 0.08

Pelecaniformes Phaethontidae Phaethon lepturus catesbyi Phaethon lepturus Phaethon lepturus 1 0.40 0.02

Pelecaniformes Pelecanidae Pelecanus occidentalis Pelecanus occidentalis 2 2.92 0.24

Pelecaniformes Sulidae Sula nebouxii Sula nebouxii 1 1.22 0.09

Pelecaniformes Phalacrocoracidae Phalacrocorax africanus Phalacrocorax africanus 1 0.52 0.03

Pelecaniformes Phalacrocoracidae Phalacrocorax carbo Phalacrocorax carbo 1 1.58 0.10

Pelecaniformes Anhingidae Anhinga anhinga leucogaster Anhinga anhinga Anhinga anhinga 1 1.03 0.08

Pelecaniformes Anhingidae Anhinga rufa Anhinga rufa 1 1.22 0.10

Ciconiiformes Ardeidae Ardea goliath Ardea goliath 1 3.29 0.41

Ciconiiformes Ardeidae Ardea purpurea Ardea purpurea 1 0.89 0.06

Ciconiiformes Ardeidae Ardea herodias herodias Ardea herodias Ardea herodias 1 1.68 0.10

Ciconiiformes Ardeidae Butorides striatus Butorides striata Butorides striata 1 0.29 0.01

Ciconiiformes Ardeidae Casmerodius albus Casmerodius albus 1 0.88 0.08

Ciconiiformes Ardeidae Egretta garzetta Egretta garzetta 1 0.45 0.03

Ciconiiformes Ardeidae Egretta thula Egretta thula 1 0.36 0.03

Ciconiiformes Scopidae Scopus umbretta Scopus umbretta 1 0.36 0.03

Ciconiiformes Ciconiidae Anastomus lamelligerus Anastomus lamelligerus 2 1.23 0.10

Ciconiiformes Ciconiidae Sphenorhynchus abdimii Ciconia abdimii Ciconia abdimii 1 1.01 0.07

Ciconiiformes Ciconiidae Ibis ibis Mycteria ibis Mycteria ibis 1 2.70 0.27

Ciconiiformes Phoenicopteridae Phoeniconaias minor Phoeniconaias minor 1 1.52 0.11

Anseriformes Anatidae Aythya erythrophtalma Netta erythrophthalma Netta erythrophthalma 3 0.79 0.04

Anseriformes Anatidae Oxyura jamaicensis rubida Oxyura jamaicensis Oxyura jamaicensis 1 0.42 0.03

Anseriformes Anatidae Cygnus buccinator Cygnus buccinator 1 10.77 0.82

Falconiformes Sagittariidae Sagittarius serpentarius Sagittarius serpentarius 2 3.61 0.28

Falconiformes Accipitridae Buteo jamaicensis umbrinus Buteo jamaicensis Buteo jamaicensis 2 1.10 0.08

Falconiformes Accipitridae Buteo lineatus alleni Buteo lineatus Buteo lineatus 1 0.59 0.04

http://birdtree.org
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Falconiformes Accipitridae Heterospizias meridionalis Buteogallus meridionalis Buteogallus meridionalis 1 0.76 0.06

Falconiformes Accipitridae Necrosyrtes monachus Necrosyrtes monachus 2 1.70 0.14

Falconiformes Accipitridae Neophron percnopterus Neophron percnopterus 1 2.13 0.14

Falconiformes Accipitridae Haliaeetus leucocephalus Haliaeetus leucocephalus 1 4.08 0.27

Falconiformes Falconidae Aquila rapax Aquila rapax 2 2.17 0.17

Falconiformes Falconidae Butastur rufipennis Butastur rufipennis 1 0.31 0.03

Falconiformes Falconidae Circus macrourus Circus macrourus 1 0.42 0.03

Falconiformes Falconidae Circus pygargus Circus pygargus 1 0.29 0.02

Falconiformes Falconidae Falco naumanni Falco naumanni 1 0.12 0.01

Falconiformes Falconidae Falco rupicoloides Falco rupicoloides 2 0.19 0.01

Falconiformes Falconidae Falco sparverius Falco sparverius 6 0.10 0.01

Falconiformes Falconidae Falco tinnunculus Falco tinnunculus 2 0.20 0.01

Falconiformes Falconidae Melierax gabar Melierax gabar 2 0.15 0.01

Falconiformes Falconidae Melierax poliopterus Melierax poliopterus 2 0.54 0.05

Falconiformes Falconidae Milvus migrans Milvus migrans 1 0.57 0.05

Falconiformes Falconidae Poliohierax semitorquatus Polihierax semitorquatus Polihierax semitorquatus 1 0.06 0.00

Falconiformes Falconidae Polyborus plancus Caracara plancus Caracara plancus 1 1.07 0.09

Galliformes Phasianidae Acryllium vulturinum Acryllium vulturinum 2 1.62 0.09

Galliformes Phasianidae Francolinus sephaena Francolinus sephaena 1 0.26 0.01

Galliformes Phasianidae Numida meleagris Numida meleagris 1 1.28 0.07

Galliformes Phasianidae Pternistis leucoscepus Francolinus leucoscepus Francolinus leucoscepus 2 0.61 0.03

Galliformes Meleagrididae Meleagris gallopavo osceola Meleagris gallopavo Meleagris gallopavo 1 2.45 0.32

Gruiformes Gruidae Grus canadensis tabida Grus canadensis Grus canadensis 3 4.90 0.31

Gruiformes Gruidae Grus canadensis pratensis Grus canadensis Grus canadensis 1 2.36 0.21

Gruiformes Rallidae Fulica cristata Fulica cristata 1 0.69 0.04

Gruiformes Rallidae Porphyrio alba extinct extinct 4 0.58 0.04

Gruiformes Rallidae Rallus longirostus Rallus longirostis Rallus longirostis 1 0.31 0.01

Gruiformes Otididae Choriotis kori Ardeotis kori Ardeotis kori 1 6.30 0.34

Gruiformes Otididae Neotis heuglinii Neotis heuglinii 1 2.83 0.14

Charadriiformes Jacanidae Actophilornis africanus Actophilornis africanus 3 0.16 0.01

Charadriiformes Haematopodidae Haematopus palliatus Haematopus palliatus 1 0.62 0.03

Charadriiformes Charadriidae Charadrius asiaticus Charadrius asiaticus 1 0.07 0.00

Charadriiformes Charadriidae Charadrius pecuarius Charadrius pecuarius 6 0.03 0.00

Charadriiformes Charadriidae Charadrius tricollaris Charadrius tricollaris 2 0.03 0.00

Charadriiformes Charadriidae Hoplopterus spinosus Vanellus spinosus Vanellus spinosus 1 0.15 0.01

Charadriiformes Charadriidae Squatarola squatarola Pluvialis squatarola Pluvialis squatarola 1 0.19 0.01

Charadriiformes Charadriidae Stephanibyx coronatus Vanellus coronatus Vanellus coronatus 5 0.15 0.01

Charadriiformes Scolopacidae Calidris minuta Calidris minuta 3 0.02 0.00

Charadriiformes Scolopacidae Calidris temminckii Calidris temminckii 1 0.02 0.00

Charadriiformes Scolopacidae Calidris testacea Calidris ferruginea Calidris ferruginea 1 0.06 0.00

Charadriiformes Scolopacidae Ereunetes mauri Calidris mauri Calidris mauri 2 0.02 0.00

Charadriiformes Scolopacidae Catoptrophorus s. Semipalmatus Catoptrophorus semipalmatus Catoptrophorus semipalmatus 1 0.03 0.00

Charadriiformes Scolopacidae Crocethia alba Calidris alba Calidris alba 1 0.05 0.00

Charadriiformes Scolopacidae Limosa limosa Limosa limosa 1 0.21 0.01

Charadriiformes Scolopacidae Totanus melanoleucus Tringa melanoleuca Tringa melanoleuca 1 0.21 0.01

Charadriiformes Scolopacidae Tringa glareola Tringa glareola 3 0.05 0.00

Charadriiformes Scolopacidae Tringa hypoleucos Actitis hypoleucos Actitis hypoleucos 1 0.05 0.00
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Charadriiformes Scolopacidae Tringa ocrophus Tringa ochropus Tringa ochropus 1 0.08 0.00

Charadriiformes Recurvirostridae Recurvirostra avosetta Recurvirostra avosetta 1 0.25 0.02

Charadriiformes Burhinidae Burhinus senegalensis Burhinus senegalensis 2 0.32 0.02

Charadriiformes Burhinidae Burhinus superciliaris Burhinus superciliaris 2 0.45 0.03

Charadriiformes Glareolidae Glareola pratincola Glareola pratincola 4 0.07 0.00

Charadriiformes Laridae Chlidonias leucoptera Chlidonias leucopterus Chlidonias leucopterus 3 0.06 0.00

Charadriiformes Laridae Chlidonias nigra surinamensis Chlidonias niger Chlidonias niger 1 0.06 0.00

Charadriiformes Laridae Gelochelidon nilotica Sterna nilotica Sterna nilotica 2 0.21 0.01

Charadriiformes Laridae Hydroprogne caspia Sterna caspia Sterna caspia 1 0.69 0.05

Charadriiformes Laridae Larus dominicanus Larus dominicanus 4 1.21 0.08

Charadriiformes Laridae Larus cirrocephalus Larus cirrocephalus 4 0.35 0.02

Charadriiformes Laridae Sterna albifrons antillarum Sterna albifrons Sterna albifrons 4 0.05 0.00

Columbiformes Pteroclidae Pterocles exustus Pterocles exustus 2 0.20 0.01

Columbiformes Columbidae Columbigallina p. passerina Columbina passerina Columbina passerina 2 0.04 0.00

Columbiformes Columbidae Oena capensis Oena capensis 1 0.03 0.00

Columbiformes Columbidae Streptopelia capicola Streptopelia capicola 1 0.11 0.00

Columbiformes Columbidae Streptopelia decipiens Streptopelia decipiens 2 0.14 0.01

Columbiformes Columbidae Streptopelia senegalensis Stigmatopelia senegalensis Stigmatopelia senegalensis 1 0.09 0.00

Columbiformes Columbidae Zenaida asiatica Zenaida asiatica 2 0.20 0.01

Columbiformes Columbidae Zenaida auriculata Zenaida auriculata 3 0.13 0.00

Columbiformes Columbidae Zenaidura macroura Zenaida macroura Zenaida macroura 1 0.11 0.00

Psittaciformes Psittacidae Agapornis fischeri Agapornis fischeri 2 0.04 0.00

Psittaciformes Psittacidae Agapornis personata Agapornis personatus Agapornis personatus 1 0.04 0.00

Psittaciformes Psittacidae Aratinga erythrogenys Aratinga erythrogenys 1 0.20 0.01

Psittaciformes Psittacidae Forpus coelestes Forpus coelestis Forpus coelestis 4 0.03 0.00

Psittaciformes Psittacidae Pionus chalcopterus Pionus chalcopterus 1 0.25 0.01

Psittaciformes Psittacidae Poicephalus rufiventris Poicephalus rufiventris 1 0.13 0.01

Psittaciformes Psittacidae Psittacus erithracus Psittacus erithacus Psittacus erithacus 2 0.29 0.02

Cuculiformes Musophagidae Crinifer leucogaster Corythaixoides leucogaster Corythaixoides leucogaster 1 0.23 0.01

Cuculiformes Musophagidae Tauraco hartlaubi Tauraco hartlaubi 2 0.26 0.01

Cuculiformes Cuculidae Centropus superciliosus Centropus superciliosus 1 0.13 0.01

Strigiformes Strigidae Ciccaba nigrolineata Strix nigrolineata Strix nigrolineata 1 0.43 0.04

Strigiformes Strigidae Glaucidium brasilianum Glaucidium brasilianum 1 0.06 0.00

Strigiformes Strigidae Glaucidium perlatum Glaucidium perlatum 1

Strigiformes Strigidae Speotyto cunicularia floridana Athene cunicularia Athene cunicularia 3 0.18 0.01

Caprimulgiformes Caprimulgidae Caprimulgus europaeus Caprimulgus europaeus 2 0.05 0.00

Caprimulgiformes Caprimulgidae Chordeiles minor Chordeiles minor 1 0.07 0.00

Caprimulgiformes Caprimulgidae Scotornis climacurus Caprimulgus climacurus Caprimulgus climacurus 1 0.04 0.00

Apodiformes Apodidae Apus a�nis Apus a�nis 1 0.03 0.00

Apodiformes Trochilidae Phaethornis superciliosus Phaethornis superciliosus 1 0.00 0.00

Apodiformes Trochilidae Archilochus colubris Archilochus colubris 1 0.00 0.00

Coliiformes Coliidae Colius macrourus Urocolius macrourus Urocolius macrourus 3 0.05 0.00

Trogoniformes Trogonidae Trogon personatus Trogon personatus 1 0.05 0.00

Trogoniformes Trogonidae Trogon violaceus Trogon violaceus 1 0.05 0.00

Coraciiformes Alcedinidae Ceryle rudis Ceryle rudis 1 0.06 0.00

Coraciiformes Alcedinidae Corythornis cristata Alcedo cristata Alcedo cristata 1 0.01 0.00

Coraciiformes Alcedinidae Halcyon leucocephala Halcyon leucocephala 1 0.04 0.00
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Coraciiformes Alcedinidae Megaceryle a. alcyon Megaceryle alcyon Megaceryle alcyon 1 0.16 0.01

Coraciiformes Meropidae Melittophagus revoilii Merops revoilii Merops revoilii 6 0.01 0.00

Coraciiformes Meropidae Merops nubicus Merops nubicus 1 0.05 0.00

Coraciiformes Meropidae Merops superciliosus Merops superciliosus 1 0.05 0.00

Coraciiformes Coraciidae Coracias garrulus Coracias garrulus 1 0.10 0.01

Coraciiformes Coraciidae Coracias naevia Coracias naevia 1 0.15 0.01

Coraciiformes Phoeniculidae Phoeniculus purpureus Phoeniculus purpureus 1 0.09 0.01

Coraciiformes Phoeniculidae Rhinopomastus minor Rhinopomastus minor 1 0.02 0.00

Coraciiformes Bucerotidae Aceros undulatus Aceros undulatus 1 1.43 0.14

Coraciiformes Bucerotidae Tockus deckeni Tockus deckeni 1 0.17 0.01

Coraciiformes Bucerotidae Tockus erythrorhynchus Tockus erythrorhynchus 1 0.13 0.01

Coraciiformes Bucerotidae Tockus flavirostris Tockus flavirostris 1 0.20 0.01

Piciformes Capitonidae Trachyphonus erythrocephalus Trachyphonus erythrocephalus 1 0.06 0.00

Piciformes Capitonidae Tricholaema melanocephalum Tricholaema melanocephala Tricholaema melanocephala 3 0.02 0.00

Piciformes Picidae Campethera nubica Campethera nubica 2 0.06 0.00

Piciformes Picidae Dendrocopus villosus Picoides villosus Picoides villosus 1 0.06 0.00

Piciformes Picidae Dendrocopus pubescens Picoides pubescens Picoides pubescens 1 0.03 0.00

Piciformes Picidae Melanerpes pucherani Melanerpes pucherani 1 0.06 0.00

Piciformes Picidae Picumnus olivaceus Picumnus olivaceus 1 0.01 0.00

Piciformes Picidae Veniliornis callonotus Veniliornis callonotus 1 0.03 0.00

Passeriformes Dendrocolaptidae Dendrocincla tyrannina Dendrocincla tyrannina 1 0.03 0.00

Passeriformes Furnariidae Furnarius leucopus Furnarius leucopus 1 0.04 0.00

Passeriformes Furnariidae Geositta peruviana Geositta peruviana 2 0.02 0.00

Passeriformes Furnariidae Synallaxis brachyura Synallaxis brachyura 1 0.01 0.00

Passeriformes Formicariidae Gymnopithys leucaspis Gymnopithys leucaspis 1 0.03 0.00

Passeriformes Formicariidae Sakesphorus bernardi Sakesphorus bernardi 2 0.03 0.00

Passeriformes Pipridae Manacus manacus Manacus manacus 2 0.02 0.00

Passeriformes Tyrannidae Camptostoma obsoletum Camptostoma obsoletum 1 0.01 0.00

Passeriformes Tyrannidae Contopus cinereus Contopus cinereus 2 0.01 0.00

Passeriformes Tyrannidae Elaenia flavogaster Elaenia flavogaster 1 0.02 0.00

Passeriformes Tyrannidae Empidonax virescens Empidonax virescens 1 0.01 0.00

Passeriformes Tyrannidae Euscarthmus meloryphus Euscarthmus meloryphus 1 0.00 0.00

Passeriformes Tyrannidae Myiobius barbatus Myiobius barbatus 1 0.01 0.00

Passeriformes Tyrannidae Pipromorpha oleaginea Mionectes oleagineus Mionectes oleagineus 1 0.01 0.00

Passeriformes Tyrannidae Todirostrum cinereum Todirostrum cinereum 1 0.01 0.00

Passeriformes Tyrannidae Tyrannus tyrannus Tyrannus tyrannus 1 0.04 0.00

Passeriformes Tyrannidae Tyrannus d. domincensis Tyrannus dominicensis Tyrannus dominicensis 1 0.04 0.00

Passeriformes Hirundinidae Hirundo aethiopica Hirundo aethiopica 1 0.01 0.00

Passeriformes Hirundinidae Ptyonoprogne fuligula Hirundo fuligula Hirundo fuligula 2 0.02 0.00

Passeriformes Corvidae Corvus corax Corvus corax 1 0.46 0.03

Passeriformes Corvidae Corvus ossifragus Corvus ossifragus 1 0.21 0.01

Passeriformes Corvidae Cyanocorax mystacalis Cyanocorax mystacalis 1 0.15 0.01

Passeriformes Corvidae Aphelocoma c. coerulescens Aphelocoma coerulescens Aphelocoma coerulescens 1 0.07 0.00

Passeriformes Paridae Parus carolinensis Parus carolinensis 1 0.01 0.00

Passeriformes Sittidae Sitta pusilla Sitta pusilla 1 0.01 0.00

Passeriformes Troglodytidae Campylorhynchus fasciatus Campylorhynchus fasciatus 1 0.04 0.00

Passeriformes Troglodytidae Thryothorus maculipectus Thryothorus maculipectus 1 0.01 0.00
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Passeriformes Sylviidae Polioptila plumbea Polioptila plumbea 3 0.00 0.00

Passeriformes Sylviidae Ramphocaenus melanurus Ramphocaenus melanurus 1 0.01 0.00

Passeriformes Bombycillidae Bombycilla cedrorum Bombycilla cedrorum 2 0.03 0.00

Passeriformes Lanriidae Lanius l. ludovicianus Lanius ludovicianus Lanius ludovicianus 1 0.05 0.00

Passeriformes Vireonidae Vireo olivaceus Vireo olivaceus 2 0.01 0.00

Passeriformes Coerebidae Coereba flaveola Coereba flaveola 1 0.01 0.00

Passeriformes Parulidae Dendroica petechia Dendroica petechia 1 0.01 0.00

Passeriformes Parulidae Dendroica pinus florida Dendroica pinus Dendroica pinus 1 0.01 0.00

Passeriformes Parulidae Helmitheros vernivorus Helmitheros vermivorum Helmitheros vermivorum 1 0.01 0.00

Passeriformes Parulidae Parula a. americana Parula americana Parula americana 1 0.01 0.00

Passeriformes Parulidae Oporornis philadelphia Oporornis philadelphia 1 0.01 0.00

Passeriformes Icteridae Agelaius phoeniceus floridanus Agelaius phoeniceus Agelaius phoeniceus 1 0.03 0.00

Passeriformes Emberizidae† Ammospiza maritima peninsulae Ammodramus maritimus Ammodramus maritimus 1 0.02 0.00

Passeriformes Emberizidae† Arremon abeillei Arremon abeillei 1 0.02 0.00

Passeriformes Emberizidae† Arremonops conirostris Arremonops conirostris 1 0.04 0.02

Passeriformes Emberizidae† Atlapetes brunneinucha Arremon brunneinucha Arremon brunneinucha 1 0.04 0.00

Passeriformes Emberizidae† Cyanocompsa cyanoides Cyanocompsa cyanoides 1 0.03 0.00

Passeriformes Emberizidae† Oryzoborus angolensis Oryzoborus angolensis 3 0.01 0.00

Passeriformes Emberizidae† Pipilo e. erythrophthalmus Pipilo erythrophthalmus Pipilo erythrophthalmus 1 0.04 0.00

Passeriformes Emberizidae† Pooecetes g. gramineus Pooecetes gramineus Pooecetes gramineus 1 0.03 0.00

Passeriformes Emberizidae† Rhodospingus cruentus Rhodospingus cruentus 1 0.01 0.00

Passeriformes Emberizidae† Saltador maximus Saltator maximus Saltator maximus 1 0.05 0.00

Passeriformes Emberizidae† Sicalis flaveola Sicalis flaveola 1 0.02 0.00

Passeriformes Emberizidae† Spizella p. Passerina Spizella passerina Spizella passerina 1 0.01 0.00

Passeriformes Emberizidae† Sporophila peruviana Sporophila peruviana 1 0.01 0.00

Passeriformes Emberizidae† Volatinia jacarina Volatinia jacarina 1 0.01 0.00

Passeriformes Emberizidae† Zontrichia albicollis Zonotrichia albicollis Zonotrichia albicollis 1 0.03 0.00

RBCM

Falconiformes Accipiter cooperii Accipiter cooperii 13 0.38 0.03

Falconiformes Accipiter gentilis Accipiter gentilis 10 0.83 0.06

Falconiformes Accipiter striatus Accipiter striatus 16 0.14 0.01

Podicipediformes Aechmophorus occidentalis Aechmophorus occidentalis 4 1.06 0.07

Strigiformes Aegolius acadicus Aegolius acadicus 33 0.08 0.00

Strigiformes Aegolius funereus Aegolius funereus 12 0.12 0.01

Anseriformes Anas americana Anas americana 8 0.56 0.03

Charadriiformes Scolopacidae Aphriza virgata Aphriza virgata 6 0.18 0.01

Falconiformes Aquila chrysaetos Aquila chrysaetos 6 3.50 0.36

Ciconiiformes Ardea herodias Ardea herodias 18 1.85 0.19

Strigiformes Asio flammeus Asio flammeus 17 0.27 0.02

Strigiformes Asio otus Asio otus 7 0.21 0.02

Charadriiformes Scolopacidae Bartramia longicauda Bartramia longicauda 1 0.12 0.01

Charadriiformes Alcidae Brachyramphus marmoratus Brachyramphus marmoratus 7 0.22 0.01

Strigiformes Bubo scandiacus Bubo scandiaca Bubo scandiaca 9 0.54 0.12

Strigiformes Bubo virginianus Bubo virginianus 20 1.17 0.10

Ciconiiformes Bubulcus ibis Bubulcus ibis 7 0.21 0.02

Falconiformes Buteo jamaicensis Buteo jamaicensis 5 0.92 0.08

Charadriiformes Scolopacidae Calidris maritima Calidris maritima 12 0.08 0.00
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Galliformes Callipepla californica Callipepla californica 9 0.17 0.01

Falconiformes Cathartes aura Cathartes aura 4 1.74 0.11

Charadriiformes Alcidae Cerorhinca monocerata Cerorhinca monocerata 32 0.48 0.03

Charadriiformes Charadriiidae Charadrius montanus Charadrius montanus 1 0.10 0.01

Picidae Colaptes auratus Colaptes auratus 14 0.14 0.01

Columbiformes Patagioenas fasciata Patagioenas fasciata 8 0.43 0.01

Columbiformes Columba livia Columba livia 4 0.32 0.02

Passeriformes Corvidae Corvus brachyrhynchos Corvus brachyrhynchos 15 0.41 0.02

Passeriformes Corvidae Corvus corax Corvus corax 7 0.95 0.06

Anseriformes Cygnus buccinator Cygnus buccinator 6 7.93 0.69

Picidae Dryocopus pileatus Dryocopus pileatus 8 0.28 0.02

Falconiformes Falco mexicanus Falco mexicanus 3 0.40 0.04

Falconiformes Falco peregrinus Falco peregrinus 3 0.89 0.06

Falconiformes Falco rusticolus Falco rusticolus 4 1.13 0.08

Charadriiformes Alcidae Fratercula cirrhata Fratercula cirrhata 4 0.80 0.05

Charadriiformes Alcidae Fratercula corniculata Fratercula corniculata 1 0.65 0.03

Gruiformes (Ralliformes) Fulica americana Fulica americana 6 0.51 0.02

Procellariiformes Fulmarus glacialis Fulmarus glacialis 16 0.61 0.03

Gaviiformes Gavia adamsii Gavia adamsii 3 3.22 0.26

Gaviiformes Gavia immer Gavia immer 14 3.09 0.29

Gaviiformes Gavia pacifica Gavia pacifica 4 1.53 0.14

Gruiformes Grus canadensis Grus canadensis 5 2.01 0.25

Charadriiformes Scolopacidae Haematopus bachmani Haematopus bachmani 7 0.59 0.04

Falconiformes Haliaeetus leucocephalus Haliaeetus leucocephalus 17 3.86 0.28

Galliformes Lagopus lagopus Lagopus lagopus 7 0.50 0.02

Galliformes Lagopus leucura Lagopus leucura 4 0.36 0.01

Charadriiformes Laridae Larus californicus Larus californicus 6 0.76 0.04

Charadriiformes Laridae Larus glaucescens Larus glaucescens 13 1.04 0.07

Charadriiformes Scolopacidae Limnodromus scolopaceus Limnodromus scolopaceus 1 0.10 0.00

Coraciiformes Megaceryle alcyon Megaceryle alcyon 20 0.15 0.01

Anseriformes Melanitta fusca Melanitta fusca 7 1.10 0.08

Passeriformes Corvidae Nucifraga columbiana Nucifraga columbiana 1 0.11 0.01

Strigiformes Megascops kennicottii Megascops kennicottii 17 0.15 0.01

Falconiformes Pandion haliaetus Pandion haliaetus 7 1.26 0.10

Pelecaniformes Pelecanus erythrorhynchos Pelecanus erythrorhynchos 2 6.80

Pelecaniformes Phalacrocorax pelagicus Phalacrocorax pelagicus 3 1.46 0.09

Pelecaniformes Phalacrocorax penicillatus Phalacrocorax penicillatus 2 1.56 0.14

Procellariiformes Phoebastria immutabilis Phoebastria immutabilis 4 3.48 0.18

Procellariiformes Phoebastria nigripes Phoebastria nigripes 6 5.31 0.23

Passeriformes Corvidae Pica pica Pica pica 2 0.21 0.01

Charadriiformes Charadriiidae Pluvialis dominica Pluvialis dominica 1 0.12 0.01

Charadriiformes Charadriiidae Pluvialis squatarola Pluvialis squatarola 1 0.31 0.01

Podicipediformes Podiceps auritus Podiceps auritus 10 0.32 0.02

Podicipediformes Podiceps grisegena Podiceps grisegena 5 0.92 0.05

Procellariiformes Pu�nus griseus Pu�nus griseus 47 0.86 0.05

Procellariiformes Pu�nus tenuirostris Pu�nus tenuirostris 3 0.84 0.03

Charadriiformes Sternidae Sterna hirundo Sterna hirundo 2 0.13 0.01
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Charadriiformes Sternidae Sterna paradisaea Sterna paradisaea 6 0.10 0.01

Strigiformes Strix nebulosa Strix nebulosa 11 0.91 0.07

Strigiformes Strix occidentalis Strix occidentalis 1 0.59 0.05

Strigiformes Strix varia Strix varia 22 0.68 0.05

Strigiformes Surnia ulula Surnia ulula 5 0.27 0.02

Charadriiformes Scolopacidae Tringa flavipes Tringa flavipes 4 0.08 0.00

Charadriiformes Scolopacidae Tringa incana Heteroscelus incanus Heteroscelus incanus 1 0.11 0.01

Charadriiformes Scolopacidae Tringa melanoleuca Tringa melanoleuca 2 0.18 0.01

Strigiformes Tyto alba Tyto alba 15 0.38 0.04

Charadriiformes Alcidae Uria aalge Uria aalge 11 0.76 0.05
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Appendix C

Appendix Bone Mass

This appendix contains the explanation and derivation of the trapezium rule as

it relates to calculating bone volume in Chapter 4 and additional figures showing how

di↵erent thresholding algorithms were chosen.

Trapezium rule

Following Martin and Palmer (2014b), Chapter 4 used the trapezium rule to

estimate bone volume from area calculated from CT scans. The maths behind this are

as follows:

To calculate volume (V) from a material, we can use:

V =

Z
b

a

A(x)dx (C.1)

where A is the cross-sectional area at a given x. Another way of doing this is to plot

the x (distance or location) vs. y (cross-sectional area) values on a plot and apply the

trapezium rule, which allows for the approximation of Eq. C.1. To do this, the area

under a function is calculated by dividing the area into sections, typically shaped as

trapezoids, and adding up the individual trapezoid areas (Fig. C.1).

The area of a trapezoid can be calculated by:

A =
a+ b

2
c (C.2)

where a, b, and c are defined in Fig. C.1. The area of each trapezoid is calculated, which

is essentially the volume between two points, and then added up gives the complete

volume of the material.
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Figure C.1: Example of the trapezium rule. Blue indicates the function in
question, red indicates x values used in calculations. Black dashed line delin-
eates trapezoids used in calculation. Image by O. Alexandrov.

In Chapter 4 and Martin and Palmer (2014b), the x volumes represent distance

along the bones (di↵erence represented by c), and y is the cross-sectional area calculated

at each x (represented by a and b). It becomes clear that the area under the curve will

be a↵ected by the number of trapezoids calculated – the more, smaller trapezoids used,

the more accurate the estimate will be. This is shown graphically in Fig. 4.4, where

variation within the bone is not accounted for if too few points are measured.

Thresholding algorithms

As mentioned in Chapter 4, a number of di↵erent thresholding algorithms were

tested using the ’Try all’ auto-threshold function in Fiji. In order to determine which

algorithms to try, a slice is tested which creates a montage of 16 di↵erent thresholding

results (Fig. C.2, C.3).

The ‘Intermodes’ and ‘Minimum’ methods were eliminated as options because

they assume a bimodal histogram of the pixels, which these samples do not have. Visual

comparison of the sections in question, using both the epiphysis and diaphysis allowed for

identification of the ‘Li’ (Li’s Minimum Cross Entropy method – Li and Lee 1993; Li and

Tam 1998; Sezgin and Sankur 2004) and the Kapur-Sahoo-Wong method (‘MaxEntropy’

– Kapur et al. 1985; Sezgin and Sankur 2004) as the two best thresholding algorithms

for these samples. Although Otsu’s clustering thresholding method (Otsu, 1979) did

not perform as well, I decided to use it as it is the most commonly used thresholding

method (Sezgin and Sankur, 2004).
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Figure C.2: Thresholding montage from the epiphysis of a cormorant humerus. Left image is the example CT slice tested,
right shows the montage of the results after application of 16 di↵erent thresholding algorithms.
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Figure C.3: Thresholding montage from the diaphysis of a cormorant humerus. Left image is the example CT slice tested,
right shows the montage of the results after application of 16 di↵erent thresholding algorithms.



Appendix D

Appendix Cortex

This appendix consists of additional data from the cortex chapter and plots to

support the analyses found in the thesis.

Figure D.1: R/t and K values compared to wingspan (A) and I (B) in all
pterosaur wing bones studied, not including Hatzegopteryx thambena
A) Lines indicate non-linear regressions for wingspan (s = 5504.94K3.33, AIC
= 935; and s = 928.66(R/t)0.56, AIC = 947). B) Lines indicate log-linear
regressions for I (I = �4.456 + 14.01K, R2 = 0.562, AIC = 99; I = 5.485 +
0.194R/t, R2 = 0.429, AIC =106).
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Specimen Diameter (mm) Length (mm)
SMNS 81976 17.42 177.9
SMNS 9620 3.56 35.86
AMNH FARB 24444 21.18 166.17
TMP 1992.83.4 40.23 265
RBCM.EH.2009.019.0001 7.23 75*
USNM 11925 19.81 180
SMNK PAL 1133 40.47 290
RAM 14522 4.00 32
Wessex Azhdarchoid 17.95 158.41

Table D.1: Specimens used for diaphyseal diameter (d) - length (l)
regression of the humerus. *indicates estimate. Result l = 11.395d0.8905,
R

2 = 0.975.

Specimen Diameter (mm) Length (mm)
SMNS 9620 ulna 3.25 59.77
SMNS 56980 ulna 2.31 59.36
BSPG 1977 XIX 1 rad 2.41 73.74
BSPG 1977 XIX 1 ulna 3.06 78.47
AMNH 22552 ulna 41.6 241.24
SMNK 1133 ulna 30 390

Table D.2: Specimens used for diaphyseal diameter (d) - length (l)
regression of the ulna and radius. Result l = 38.381d0.5747, R2 = 0.905.
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Specimen Diameter (mm) Length (mm)
GPIT 38-1 WP1 3 85
SMNS 9620 WP1 3.28 92.24
SMNS 9620 WP2 3.23 91.46
SMNS 9620 WP3 1.57 81.04
GPIT 1645/1 WP1 3.5 90
GPIT 1645/1 WP2 2 78
GPIT RE 192/1 WP? 5.5 127
SMNS 80101 WP1 2.06 36.14
SMNS 80101 WP2 1.06 31.38
BSPG 1976 I 44 6.76 112.89
BSPG 1892 IV I WP2 2.2 76.61
BSPG 1892 IV I WP3 1.95 64.41
BSPG 1977 XIX 1 WP1 3.31 74.6
AMNH 22552 17.34 371.38
AMNH 22552 13.38 322.97
AMNH 22572 34.96 610
AMNH 22572 21.06 588.46
AMNH 22575 13.48 324.91
AMNH 22575 10.43 256.34
SMNS 56980 WP? 4.88 84.75
AMNH FARB 4906 WP1 25.59 422.43
PMO 162.882 5.6 116.52
PMO 162.882 3.99 110.56
PMO 162.882 3.26 94.81
PMO 162.882 1.7 70.85
SMNK PAL 1133 WP2 12.31 465
SMNK PAL 1137 WP1 5.3 153
RAM 4522 WP1 2.9 91.53
UP WP1 27.66 570
UP WP2 22.1 480
UP WP3 14.88 360

Table D.3: Specimens used for diaphyseal diameter (d) - length (l)
regression of the wing phalanges. Result l = 34.237d0.8402, R2 = 0.926.
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Table D.4: Specimen data for Chapter 5. D, Maximum diaphyseal diameter; R, radius (=D/2); t = diaphyseal cortical thickness; S,
wingspan (calculated from XXXX); I, Second moment of area; K, ratio or inner radius to outer radius (R). ‡image supplied by A. Farke;
*image supplied by D. Hone; **data from Hone et al. 2017; ***CT scans from F. Therrien; †from CT scans collected in this thesis;
††from image in Witton et al. 2009; †††from CT scan from M. Habib; §from CT scans from C. Palmer; §§from image in McGowen et al.
2002; §§§from image in Bu↵etaut et al. 2003. Unless otherwise indicated, data collected from the author from specimens in person.

Specimen Taxon Unwin taxon Group Bone D R t S R/t Max I K

RAM 18659‡ Azhdarchidae Azhdarchidae Azhdarchoidea hum 21.25 10.63 1.03 3084 10.3 2130 0.90

RBCM.EH.2009.019.0001 Azhdarchidae Azhdarchidae Azhdarchoidea hum 7.28 3.64 1.04 1405 3.5 75 0.72

TMP 65.14.39 Azhdarchidae Azhdarchidae Azhdarchoidea ulna 14.59 7.30 0.97 7.5 0.87

TMP 72.01.01 Azhdarchidae Azhdarchidae Azhdarchoidea WMC? 6.37 3.19 1.16 2.7 58 0.64

TMP 82.19.295 Azhdarchidae Azhdarchidae Azhdarchoidea WP1 17.18 8.59 1.48 2493 5.8 2733 0.83

TMP 87.36.16 Azhdarchidae Azhdarchidae Azhdarchoidea WMC 11.71 5.86 0.82 7.1 0.86

TMP 92.36.936 Azhdarchidae Azhdarchidae Azhdarchoidea WP 12.33 6.17 1.15 5.4 1018 0.81

Wessex Azhdarchoid†† Azhdarchoid NA Azhdarchoidea hum 17.65 8.83 1.40 6.3 0.84

FGGUB R1083§§§ Hatzegopteryx Azhdarchidae Azhdarchoidea hum 101.68 50.84 5.50 11369 9.2 1241675 0.89

NHMUK 2353†† Lonchodectidae Lonchodectidae Azhdarchoidea hum 12.23 6.12 1.05 1733 5.8 0.83

MOR 391§§ Montanazhdarcho Azhdarchidae Azhdarchoidea hum 22.50 11.25 0.70 3235 16.1 0.94

TMP 92.83.4*** Quetzalcoatlus sp. Azhdarchidae Azhdarchoidea hum 40.23 20.12 0.86 4596 23.4 21511 0.96

SMNK PAL 1137† Tapejara wellnhoferi Tapejara Azhdarchoidea WP 5.30 2.65 0.40 1371 6.6 0.85

GPIT 38-1 Cycnorhamphus Cycnorhamphus Ctenochasmatoidea WP 3.00 1.50 0.43 901 3.5 0.71

SMNS 80101 Pterodactylus antiquus Pterodactylus Ctenochasmatoidea WP 1.06 0.53 0.33 410 1.6 0.38

SMNS 80101 Pterodactylus antiquus Pterodactylus Ctenochasmatoidea WP 2.06 1.03 0.32 410 3.2 0.69

NHMUK PV R41347 Dimorphodon macronyx Dimorphodontidae Dimorphodontidae WP 6.54 3.27 0.80 1763 4.1 0.76

GPIT SGP ? Dsungaripteridae Dsungaripteroidea WP1 11.50 5.75 1.73 2520 3.3 715 0.70

GPIT SGP ? Dsungaripteridae Dsungaripteroidea WMC 12.00 6.00 2.98 2.0 0.50

USNM 11925††† Bennettazhia oregonensis NA Dsungaripteroidea hum 19.81 9.91 1.46 3221 6.8 4228 0.85

BSPG 1892IV1 Germanodactylus cristatus Germanodactylus Dsungaripteroidea WP3 1.95 0.98 0.48 936 2.0 0.51

BSPG 1892IV1 Germanodactylus cristatus Germanodactylus Dsungaripteroidea WP2 2.20 1.10 0.65 936 1.7 0.41

BSPG 1977XIX1 Germanodactylus rhamphastinus Germanodactylus Dsungaripteroidea ulna 3.06 1.53 0.60 328 2.6 0.61

BSPG 1977XIX1 Germanodactylus rhamphastinus Germanodactylus Dsungaripteroidea WP1 3.31 1.66 0.98 788 1.7 0.41

BSPG 1977XIX1 Germanodactylus rhamphastinus Germanodactylus Dsungaripteroidea hum 4.06 2.03 0.70 788 2.9 0.66

IVPP?** Noripterus Dsungaripteridae Dsungaripteroidea ulna 5.40 2.70 0.75 1665 3.6 0.72

NHMUK PV R16599 ? NA indet. WP1 18.77 9.39 1.03 9.1 0.89

NHMUK PV R16600 ? NA indet. WP 16.29 8.15 1.78 4.6 0.78

NHMUK PV R1960 ? NA indet. WP1 6.97 3.49 1.08 3.2 0.69

NHMUK PV R1995 ? NA indet. ulna 5.17 2.59 0.84 3.1 0.68

NHMUK PV R2033 ? NA indet. Wp 8.27 4.14 1.00 4.1 0.76

NHMUK PV R2458 ? NA indet. WP 9.99 5.00 0.63 7.9 0.87

NHMUK PV R2470 ? NA indet. WP 10.79 5.40 0.96 5.6 0.82

NHMUK PV R3694 ? NA indet. ulna 13.41 6.71 1.19 5.6 0.82

NHMUK PV R41404 ? NA indet. ulna 5.23 2.62 0.58 4.5 0.78

NHMUK PV R43571 ? NA indet. ulna 4.76 2.38 0.75 3.2 0.68
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NHMUK PV R44182 ? NA indet. Wp1 7.18 3.59 1.32 2.7 0.63

NHMUK PV R44182 ? NA indet. WP1 7.54 3.77 1.40 2.7 0.63

NHMUK PV R44182 ? NA indet. Wp1 7.71 3.86 1.32 2.9 0.66

NHMUK PV R5551 ? NA indet. hum 5.00 2.50 0.54 4.6 0.78

NHMUK PV R24872 “Rhamphocephalus” NA indet. WP 9.89 4.95 1.56 3.2 0.68

NHMUK PV R28610 “Rhamphocephalus” NA indet. ulna 5.54 2.77 1.04 2.7 0.62

NHMUK PV R40126? “Rhamphocephalus” NA indet. WP 7.56 3.78 1.91 2.0 0.49

NHMUK PV R40126a “Rhamphocephalus” NA indet. WP1 7.47 3.74 1.19 3.1 0.68

NHMUK PV R40126d “Rhamphocephalus” NA indet. ulna 7.29 3.65 0.91 4.0 0.75

NHMUK PV R40126k “Rhamphocephalus” NA indet. WP 8.36 4.18 1.01 4.1 0.76

NHMUK PV R40126n “Rhamphocephalus” NA indet. hum 6.27 3.14 0.86 3.6 0.73

NHMUK PV R40126z “Rhamphocephalus” NA indet. WP 7.84 3.92 1.10 3.6 0.72

PMO 162.882 Rhamph? NA indet. WP3 1.70 0.85 0.59 1.4 0.31

PMO 162.882 Rhamph? NA indet. WP2 3.99 2.00 0.72 2.8 0.64

PMO 162.882 Rhamph? NA indet. WP1 5.60 2.80 0.67 4.2 0.76

BSPG 1976I44 “Rhamphocephalus” NA Non-Pterodactyloidea indet. WP1 6.76 3.38 1.35 2.5 55 0.60

AMNH FARB 24444 “Brasileodactylus” Ornithocheiridae Ornithocheiroidea WP1 18.39 9.20 0.60 3222 15.3 3959 0.93

AMNH FARB 24444 “Brasileodactylus” Ornithocheiridae Ornithocheiroidea WMC 19.16 9.58 0.69 13.9 0.93

AMNH FARB 24444 “Brasileodactylus” Ornithocheiridae Ornithocheiroidea hum 21.18 10.59 0.67 3222 15.8 0.94

NHMUK PV R1357 “Ornithocheirus” Ornithocheiridae Ornithocheiroidea hum 35.97 17.99 1.17 5331 15.4 9800 0.93

NHMUK PV R39 “Ornithocheirus” Ornithocheiridae Ornithocheiroidea hum 26.76 13.38 0.95 5042 14.1 0.93

NHMUK PV R39 “Ornithocheirus” Ornithocheiridae Ornithocheiroidea WP? 23.76 11.88 1.26 5042 9.4 0.89

AMNH FARB 22555 Anhanguera santanae Ornithocheiridae Ornithocheiroidea ulna 28.38 14.19 0.83 3420 17.1 4854 0.94

BSPG 1982I90/4 Anhanguera santanae Ornithocheiridae Ornithocheiroidea ulna 22.98 11.49 0.92 12.6 0.92

NSM-PV 19892 Anhanguera piscator Ornithocheiridae Ornithocheiroidea hum 32.08 16.04 1.11 4841 14.5 0.93

SMNK PAL 1133† Coloborhynchus robustus Ornithocheiridae Ornithocheiroidea WP2 12.31 6.16 1.45 5237 4.2 697 0.76

SMNK PAL 1133† Coloborhynchus robustus Ornithocheiridae Ornithocheiroidea ulna 26.74 13.37 0.93 5237 14.4 8124 0.93

SMNK PAL 1133† Coloborhynchus robustus Ornithocheiridae Ornithocheiroidea hum 40.47 20.24 0.66 5237 30.7 15046 0.97

NHMUK PV R176 Istiodactylus latidens Istiodactylus Ornithocheiroidea WP1 19.20 9.60 0.93 3569 10.3 0.90

NHMUK PV R176 Istiodactylus latidens Istiodactylus Ornithocheiroidea WP1 18.98 9.49 0.83 3569 11.5 0.91

NHMUK PV R3877 Istiodactylus latidens Istiodactylus Ornithocheiroidea WP 17.67 8.84 0.89 3895 9.9 0.90

NHMUK PV R3877 Istiodactylus latidens Istiodactylus Ornithocheiroidea rad 7.93 3.97 0.58 6.8 0.85

NHMUK PV R3877 Istiodactylus latidens Istiodactylus Ornithocheiroidea ulna 18.91 9.46 0.64 3893 14.8 1879 0.93

NHMUK OR41637§ Ornithocheiridae Ornithocheiridae Ornithocheiroidea WP1 26.85 13.43 1.01 4891 13.3 5968 0.92

NHMUK PV R39117 Ornithocheiridae Ornithocheiridae Ornithocheiroidea WP2 11.22 5.61 0.68 2916 8.3 148 0.88

NHMUK PV R49004 Ornithocheiridae Ornithocheiridae Ornithocheiroidea WP 19.78 9.89 1.53 4297 6.5 0.85

UP WP1§ Ornithocheiridae Ornithocheiridae Ornithocheiroidea WP1 27.66 13.83 1.21 3013 11.4 5868 0.91

UP WP2§ Ornithocheiridae Ornithocheiridae Ornithocheiroidea WP2 22.10 11.05 1.23 5583 9.0 3403 0.89

UP WP3§ Ornithocheiridae Ornithocheiridae Ornithocheiroidea WP3 14.88 7.44 1.25 5583 6.0 997 0.83

NHMUK OR39411§ Ornithocheirus Ornithocheiridae Ornithocheiroidea WP1 19.98 9.99 1.09 3723 9.2 1983 0.89

LACM 50927 Pteranodon Pteranodontidae Ornithocheiroidea WP 11.00 5.50 1.30 2578 4.2 0.76

AMNH FARB 4906 Pteranodon longiceps Pteranodontidae Ornithocheiroidea WP 25.59 12.80 1.02 3777 12.5 0.92

UALVP 24238 Pteranodon sternbergi Pteranodontidae Ornithocheiroidea WP1 23.70 11.85 1.30 4259 9.1 0.89

AMNH FARB 22576 ? NA Pterodactyloidea indet WP 15.76 7.88 1.15 6.9 2475 0.85

BSPG 1976I117 “Araripedactylus” NA Pterodactyloidea indet WP 31.00 15.50 2.38 6.5 38063 0.85

SMNS 80437 “Araripedactylus” NA Pterodactyloidea indet WP 2.43 1.22 0.66 1.8 0.46

SMNS 80437 “Araripedactylus” NA Pterodactyloidea indet WP3?-?b 9.67 4.84 0.95 5.1 0.80
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SMNS 80437 “Araripedactylus” NA Pterodactyloidea indet WP 10.46 5.23 0.90 5.8 0.83

SMNS 80437 “Araripedactylus” NA Pterodactyloidea indet WP2?-?a 10.46 5.23 0.90 5.8 239 0.83

AMNH FARB 22552 “Santanadactylus pricei” NA Pterodactyloidea indet WP 5.85 2.93 0.71 4.1 0.76

AMNH FARB 22552 “Santanadactylus pricei” NA Pterodactyloidea indet rad 8.83 4.42 0.49 9.0 109 0.89

AMNH FARB 22552 “Santanadactylus pricei” NA Pterodactyloidea indet WP 13.38 6.69 0.92 7.3 0.86

AMNH FARB 22552 “Santanadactylus pricei” NA Pterodactyloidea indet WP1 17.34 8.67 0.87 10.0 0.90

AMNH FARB 22572 Santana NA Pterodactyloidea indet WP2 21.06 10.53 1.95 5.4 0.82

AMNH FARB 22572 Santana NA Pterodactyloidea indet WP1 34.96 17.48 1.30 13.4 42936 0.93

AMNH FARB 22575 Santana NA Pterodactyloidea indet WP3 10.43 5.22 0.91 5.7 0.83

AMNH FARB 22575 Santana NA Pterodactyloidea indet WP 13.48 6.74 0.92 7.3 0.86

AMNH FARB 22577 Santana NA Pterodactyloidea indet WP? A 12.38 6.19 1.10 5.6 0.82

AMNH FARB 22577 Santana NA Pterodactyloidea indet WP? 12.64 6.32 1.29 4.9 0.80

AMNH FARB 22579 Santana NA Pterodactyloidea indet WMC 23.71 11.86 0.67 17.8 0.94

AMNH FARB 22579 Santana NA Pterodactyloidea indet WP1 28.20 14.10 0.52 27.1 0.96

SMNS 55411 Santana NA Pterodactyloidea indet rad 9.82 4.91 0.79 6.2 0.84

SMNS 81976 Santana NA Pterodactyloidea indet hum 17.42 8.71 0.64 13.6 0.93

BSPG 1982I89 Santanadactylus NA Pterodactyloidea indet rad 20.16 10.08 0.50 20.4 0.95

BSPG 1982I89 Santanadactylus NA Pterodactyloidea indet ulna 29.29 14.65 0.71 20.6 0.95

GPIT 08048 Dorygnathus banthensis Rhamphorhynchinae Rhamphorhynchidae WP 4.72 2.36 0.72 1398 3.3 0.70

GPIT 1645/1 Dorygnathus banthensis Rhamphorhynchinae Rhamphorhynchidae WP 2.00 1.00 0.45 992 2.2 0.55

GPIT 1645/1 Dorygnathus banthensis Rhamphorhynchinae Rhamphorhynchidae WP 3.50 1.75 0.54 992 3.2 0.69

GPIT RE 192/1 Dorygnathus banthensis Rhamphorhynchinae Rhamphorhynchidae WP 5.50 2.75 0.78 1485 3.5 0.72

BSPG 1938I503/1 Rhamphorhynchus Rhamphorhynchinae Rhamphorhynchidae ulna 1.01 0.51 0.16 3.2 0.68

BSPG 1938I503/1 Rhamphorhynchus Rhamphorhynchinae Rhamphorhynchidae WP1 1.72 0.86 0.38 2.3 0.56

RAM 14522* Rhamphorhynchus Rhamphorhynchinae Rhamphorhynchidae WP1 2.90 1.45 0.52 2.8 0.64

RAM 14522* Rhamphorhynchus Rhamphorhynchinae Rhamphorhynchidae hum 4.00 2.00 0.48 4.2 0.76

SMNS 56980 Rhamphorhynchus Rhamphorhynchinae Rhamphorhynchidae ulna 2.31 1.16 0.55 852 2.1 0.52

SMNS 56980 Rhamphorhynchus Rhamphorhynchinae Rhamphorhynchidae WP 4.88 2.44 0.52 506 4.7 0.79

SMNS 59421 Rhamphorhynchus Rhamphorhynchinae Rhamphorhynchidae WPb 8.58 4.29 1.62 1901 2.7 113 0.62

SMNS 59421 Rhamphorhynchus Rhamphorhynchinae Rhamphorhynchidae WPa 11.22 5.61 1.71 1901 3.3 0.70

SMNS 59421 Rhamphorhynchus Rhamphorhynchinae Rhamphorhynchidae ulna 20.51 10.26 0.99 10.4 0.90

SMNS 9620 Rhamphorhynchus Rhamphorhynchinae Rhamphorhynchidae WP 3.23 1.62 0.83 788 1.9 0.49

SMNS 9620 Rhamphorhynchus Rhamphorhynchinae Rhamphorhynchidae ulna 3.25 1.63 0.59 788 2.8 0.64

SMNS 9620 Rhamphorhynchus Rhamphorhynchinae Rhamphorhynchidae WP 3.28 1.64 0.78 788 2.1 0.52

SMNS 9620 Rhamphorhynchus Rhamphorhynchinae Rhamphorhynchidae hum 3.56 1.78 0.51 788 3.5 0.71

NHMUK PV R4759 Rhamphorhynchus? Rhamphorhynchinae Rhamphorhynchidae WP1 6.07 3.04 0.86 3.5 0.72
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Table D.5: Measurement and wingspan data of complete specimens collated by Mark Witton. Abbreviations as described
at the beginning of the thesis in addition to fem = femur, tib = tibiotarsus, MT = metatarsal. Used with permission.

Species/Specimen Group Hum Ulna WMC WP1 WP2 WP3 WP4 fem tib MT Wingspan

Sinopterus jii (GMN-03-11-001) Tapejaridae 79 117 132 163 127 91 41 100 141 34 1500

Huaxiapterus corollatus (ZMNH M8131) Tapejaridae 80 114 152 176 109 69 34 93 155 31 1467

Huaxiapterus benxiensis Tapejaridae 119 133 176 130 98 112 154 35

Sinopterus dongi (IVPP V13363) Tapejaridae 59 88 95 121 88 63 32 74 104 21 1091

Tapejara Tapejaridae 96 92 132

Sinopterus gui Tapejaridae 35 52 68 36 62

Sinopterus dongi (D2525) Tapejaridae 108 154 169 215 156 106 43 135 185 37 1902

Nemicolopterus crypticus 15.20 20.90 16.20 9.00 16.00 23.10 5.78

Eoazhdarcho liaoxiensis (GMN-03-11-002) Neoazhdarchia 90 122 135 178 139 93 50 94 160 1614

Eopteranodon Neoazhdarchia 64 100 100 134 104 80

Eopteranodon lii (D2526) Neoazhdarchia 68 93 105 137 103 75 62 80 117 27 1286

Jidapterus edentus (CAD-01) Neoazhdarchia 80 112 147 177 120 73 40 100 146 40 1498

Shenzhoupterus chaoyangensis (HGM 41HIII-305A) Neoazhdarchia 66 105 140 147 100 68 36 102 139 39 1324

Chaoyangopterus PMOL-AR00076 Neoazhdarchia 78 111 149 164 112 71 108 158

Chaoyangopterus (holotype) Neoazhdarchia 93 133 185 200 120 78 133 205 44

Zhejiangopterus M1323 Neoazhdarchia 137 234 336 322 220 222 265 69

Quetzalcoatlus sp. (TMM 42422) Neoazhdarchia 250 358 620 602 305 156 39 604 4660

Montanazhdarcho Neoazhdarchia 115 190 169

Tupuxuara leonardii (IMCF 1052) Neoazhdarchia 234 291 359 505 301 208 40 298 398 88 3877

Microtuban altivolans (SMNK PAL 6595) Neoazhdarchia 73 92 122 135 115 64 4

Noripterus complicidens (IVPP 64043-3) Dsungaripteroidea 76 104 142 174 174 124 90 87 160 32 1768

Germanodactylus cristatus (BSP 1892 IV 1) Dsungaripteroidea 56 75 66 84 78 66 55 57 88 24 958

Gemanodactylus rhampastinus (BSP 1977 XIX 1) Dsungaripteroidea 51 76 58 75 70 59 40 43 80 26 857

Huanhepterus Ctenochasmatoidea 145 244 158 215 185 152 139 132 283 50 2476

Auroazhdarcho micronyx (NMB Sh 110) Ctenochasmatoidea 62.4 82.9 94.3 119 70.8 50.6 50.5 79 116 21 1061

Pterodactylus antiquus (BSP AS I 739) Ctenochasmatoidea 31.5 47 35 48.5 44.2 37 28.5 34.7 48.3 19 543

Pterodactylus kochi (BSP 1937 I 18) Ctenochasmatoidea 29 39 27.5 38.5 36.5 32.5 27 28.5 38.5 14.5 460

Cycnorhamphus suevicus MT Ctenochasmatoidea 65.5 87 108 141 115.2 85 77.5 77 122 30 1358

Ardeodactylus longicollum SMNS Ctenochasmatoidea 78 104 130 160 109 77.5 65 99 149 30 1447

Ctenochasma gracile (BSP 1935 I 24) Ctenochasmatoidea 38.5 52.5 35 66 57

Pterodaustro guinazui (PVL 3860) Ctenochasmatoidea 80 102 78 116 112 86 69 60 90 50 1286

Eosipterus yangi (GMV 2117) Ctenochasmatoidea 95 73 96 95 80 73 60 96 38.5

Nurhachus Ornithocheiroidea 118 192 165 219 168 134 124 133

Istiodactylus sinensis Ornithocheiroidea 133 233 167 273 243 195 139 182

Haopterus gracilis IVPP V11726 Ornithocheiroidea 70 101 89 141 119 95 1230

Nyctosaurus KJ2 Ornithocheiroidea 72.3 142 243 289 152 113 0 71.4 83.7 2023

Nyctosaurus gracilis UNSM 2/85 Ornithocheiroidea 94 142 255 308 245 122 0 85 120 38 2332

Muzquizopteryx coahuilensis (IGM 8621) Ornithocheiroidea 80.5 112 78 109 22 385

Pteranodon sp. Ornithocheiroidea 250 344 548 615 499 346 194 250 328 5592

Arthurdactylus conandoylei SMNK 1132 PAL Ornithocheiroidea 230 312 227 445 402 312 275 190 234 60 4406

Anhanguera santanae NSM PV 19892 Ornithocheiroidea 257 384 257 462 387 270 225 236 283 59 4484
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Zhenyanopterus longirostris (GLGMV 0001) Ornithocheiroidea 210 262 230 360 275 210 190 210 20 26 3474

Painten ProPterodactyloid 34.3 46.6 21.6 39.1 42.8 33.8 32.7 38.5 12.6 436

Wukongopterus lii IVPP V15113 Non-pterodactyloidea 38.7 62.1 22.9 45.7 56.8 59.3 51.5 35.6 52.8 17.2 674

Darwinopterus linlongtaensis IVPP V16049 Non-pterodactyloidea 40.4 58 23.6 46.2 50.7 53.2 53.6 39.4 49.8 17 651

Kunpengopterus sinensis IVPP V16047 Non-pterodactyloidea 36.2 59.2 23 54.2 58 59.2 48.8 41.1 54.5 21.8 677

Darwinopterus robustodens 41HIII-0309A Non-pterodactyloidea 50 80 30 65 75 75 67 43 60 21 884

Darwinopterus modularis YH-2000 Non-pterodactyloidea 44 64 26 48 55 59 53 40 54 17 698

Preondactylus bu↵arinii 1770MFSN Non-pterodactyloidea 32 42 14.25 35.5 39 39 28 32.5 44 460

Peteinosaurus zambelli 3359MCSNB Non-pterodactyloidea 38.5 48 17 43 43 46.5 34.8 37 49 542

Dimorphodon macronyx GSM1546 Non-pterodactyloidea 79 102 34 84 93 104.6 83.8 76 105.4 1161

Dendrorhynchoides curvidentatus GMV 2128 Non-pterodactyloidea 27.8 35.5 9.3 44.5 35.6 19 26.7 12.1

Carniadactylus rosenfieldi MSFN 1797 Non-pterodactyloidea 40.5 55 21 64 58.2 63.2 51.5 37 54.2 21 707

Campylognathoides liasicus CM11424 Non-pterodactyloidea 50.3 60.3 23 93.3 96 84.5 69.6 37.6 47.4 21.6 954

Dorygnathus banthensis MB1905.15 Non-pterodactyloidea 62.9 106.2 31.8 79 92.3 93 82.5 53.2 70 29.1 1095

Caviramus BNM 14524 Non-pterodactyloidea 82 106 113 109 117 83 56 84 1220



Appendix E

Appendix Mass Estimation

SMNK PAL 1133 images

This appendix consists of photographs of some bones from SMNK PAL 1133

used to form the 3D skeletal model in Chapter 6.

Figure E.1: Rostrum (A) and sternum (B) of Coloborhynchus robustus,
SMNK PAL 1133. Note the white areas that have been reconstructed with
plaster.
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Figure E.2: Assorted wing bones of Coloborhynchus robustus, SMNK PAL 1133. A) R humerus, B) R ulna, C) R rad, D) R
WMC, E) L WMC, and F) R WP2 (broken in two places). Note the white areas that have been reconstructed with plaster.
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Figure E.3: Assorted bones of Coloborhynchus robustus, SMNK PAL 1133. A) R femur, B) sacrum, C) R scapcc, D) R pelvis,
and E) notarium. Note the white areas that have been reconstructed with plaster.





Appendix F

Appendix Sacrum

This appendix includes raw data from Chapter sacrum

Vert. segment Slice # Centrum area (mm3) Neural canal area (mm3)
23 1844 18.14 9.56
24 1686 19.65 8.13
25 1496 16.76 7.8
26 1232 12.76 3.08
27 1068 5.09 1.71

Table F.1: Neural canal and centrum measurements for NHMUK PV
R36621, Vectidraco daisymorrisae.

Vert. segment Slice # Centrum area (mm3) Neural canal area (mm3)
6 CV101 181.688 16.91
9 CTDV34 84.48 40.5
10 CTDV93 80.297 19.055
11 CTDV145 59.238 17.754
12 CTDV198 70.488 21.375
13 CTDV243 65.461 23.52
14 CTDV292 63.492 26.086
15 CTDV352 68.414 9.914
17 CTDV414 65.637 15.36
22 DSV149 63.738 11.391
23 DSV195 86.63 13.32
24 DSV243 45.46 6.22
25 DSV335 34.45 2.81

Table F.2: Neural canal and centrum measurements for AMNH FARB
22555, Anhanguera. Material was scanned in several datasets - CV, CervVert;
CTDV, CervThorDorsVerts; DSV, DorsSacVerts
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Vert. segment Slice # Centrum area (mm3) Neural canal area (mm3)
3 CV3-277 145.973 67.086
6 CV6-324 186.256 19.66
7 CV7-271 129.814 49.562
9 Not1183 244.729 74.684
10 Not1060 370.866 131.985
11 Not865 342.085 112.447
12 Not698 243.451 119.835
13 Not466 195.92 118.784
14 Not345 150.437 74.352
18 DV434 122.811 69.695
19 DV280 161.501 64.425
20 DV167 178.956 80.829
24 Img* 196.584 64.791
25 Sac176 137.674 53.799
26 Sac299 85.381 28.099
27 Sac409 44.835 18.33
28 Sac504 35.521 28.764

Table F.3: Neural canal and centrum measurements for SMNK PAL
1133, Coloborhynchus robustus. Material was scanned in several datasets -
CV3; CV6; CV7; Not, Notarium; DV; Sac; sacrum. Img* represents measure-
ment made from an image in Elgin (2014).
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M., Ruskó, L., Saddi, K. A., Schmidt, G., Seghers, D., Shimizu, A., Slagmolen, P.,
Sorantin, E., Soza, G., Susomboon, R., Waite, J. M., Wimmer, A., and Wolf, I. (2009).
Comparison and evaluation of methods for liver segmentation from CT datasets. IEEE
Transactions on Medical Imaging, 28:1251–1265.

Henderson, D. M. (1999). Estimating the masses and centers of mass of extinct animals
by 3-d mathematical slicing. Paleobiology, 25:88–106.

Henderson, D. M. (2010). Pterosaur body mass estimates from three-dimensional math-
ematical slicing. Journal of Vertebrate Paleontology, 30:768–785.

Hogg, D. A. (1984a). The development of pneumatisation in the postcranial skeleton of
the domestic fowl. Journal of Anatomy, 139:105–113.

Hogg, D. A. (1984b). The distribution of pneumatisation in the skeleton of the adult
domestic fowl. Journal of Anatomy, 138:617–629.

Hone, D. W. E. and Benton, M. J. (2007a). Cope’s Rule in the Pterosauria, and di↵ering
perceptions of Cope’s Rule at di↵erent taxonomic levels. Journal of Evolutionary
Biology, 20:1164–1170.

Hone, D. W. E. and Benton, M. J. (2007b). An evaluation of the phylogenetic rela-
tionships of the pterosaurs among archosauromorph reptiles. Journal of Systematic
Palaeontology, 5:465–469.

Hone, D. W. E., Farke, A. A., and Wedel, M. J. (2016). Ontogeny and the fossil record:
what, if anything, is an adult dinosaur? Biology Letters, 12:20150947.

Hone, D. W. E., Habib, M. B., and Lamanna, M. C. (2013). An annotated and illustrated
catalogue of Solnhofen (Upper Jurassic, Germany) pterosaur specimens at Carnegie
Museum of Natural History. Annals of Carnegie Museum, 82:165–191.



226 REFERENCES

Hone, D. W. E., Jiang, S., and Xu, X. (2017). A taxonomic revision of Noripterus com-
plicidens and Asian members of the Dsungaripteridae. In Hone, D. W., Witton, M. P.,
and Martill, D. M., editors, New Perspectives on Pterosaur Palaeobiology, volume 455.
Geological Society of London Special Publications. DOI: 10.1144/SP455.8.

Hone, D. W. E., Naish, D., and Cuthill, I. C. (2011). Does mutual sexual selection
explain the evolution of head crests in pterosaurs and dinosaurs? Lethaia, 45:139–
156.

Hone, D. W. E., Tsuihiji, T., Watabe, M., and Tsogtbaatr, K. (2012). Pterosaurs as a
food source for small dromaeosaurs. Palaeogeography, Palaeoclimatology, Palaeoecol-
ogy, 331-332:27–30.

Hounsfield, G. N. (1973). Computerized transverse axial scanning (tomography): Part
1. description of the system. British Journal of Radiology, 46:1016–1022.

Hurlburt, G. R., Heckert, A. B., and Farlow, J. O. (2003). Body mass estimates of
phytosaurs (Archosauria: Parasuchidae) from the Petrified Forest Formation (Chinle
Group: Revueltian) based on skull and limb bone measurements. New Mexico Museum
of Natural History and Science Bulletin, 24:105–113.

Hutchinson, J. R., Anderson, F. C., Blemker, S. S., and Delp, S. L. (2005). Analysis
of hindlimb muscle moment arms in Tyrannosaurus rex using a three-dimensional
musculoskeletal computer model: implications for stance, gait and speed. Paleobiology,
31:676–701.

Hutchinson, J. R., Bates, K. T., Molnar, J., Allen, V., and Makovicky, P. J. (2011).
A computational analysis of limb and body dimensions in Tyrannosaurus rex with
implications for locomotion, ontogeny, and growth. PLoS ONE, 6:e26037.

Hutchinson, J. R., Ng-Thow-Hing, V., and Anderson, F. C. (2007). A 3d interactive
method of estimating body segmental parameters in animals: application to the turn-
ing and running performance of Tyrannosaurus rex. Journal of Theoretical Biology,
246:660–680.

Hwang, K.-G., Huh, M., Lockley, M. G., Unwin, D. M., and Wright, J. L. (2002).
New pterosaur tracks (Pteraichnidae) from the Late Cretaceous Uhangri Formation,
southwestern Korea. Geological Magazine, 139:421–435.

Hyder, E. S., Witton, M. P., and Martill, D. M. (2014). Evolution of the pterosaur
pelvis. Acta Palaeontologica Polonica, 59:109–124.

Ibrahim, N., Unwin, D. M., Martill, D. M., Baidder, L., and Zouhri, S. (2010). A new
pterosaur (Pterodactyloidea: Azhdarchidae) from the Upper Cretaceous of Morocco.
PLoS ONE, 5:e10875.

Jenkins, F. A. and Parrington, F. R. (1976). The postcranial skeletons of the Triassic
mammals Eozostrodon, Megazostrodon and Erythrotherium. Philosophical Transac-
tions of the Royal Society of London B: Biological Sciences, 273:387–431.

Jenkins, F. A., Shubin, N. H., Gatesy, S. M., and Padian, K. (2001). A diminutive
pterosaur (Pterosauria: Eudimorphodontidae) from the Greenlandic Triassic. Bulletin
of the Museum of Comparative Zoology, 156:151–170.



REFERENCES 227

Kapur, J. N., Sahoo, P. K., and Wong, A. K. C. (1985). A new method for gray-level
picture thresholding using the entropy of the histogram. Computer Vision, Graphics,
and Image Processing, 29:273–285.

Kellner, A. W. A. (2002). Membro Romualdo da formação Santana, Chapada do Araripe,
ce. In Schobbenhaus, C., Campos, D., Queiroz, E. T., Winge, M., and Berbert-Born,
M., editors, Sitios Geologicos e Paleontologicos do Brasil, volume 6, pages 121–130.

Kellner, A. W. A. (2003). Pterosaur phylogeny and comments on the evolutionary history
of the group. In Bu↵etaut, E. and Mazin, J.-M., editors, Evolution and Palaeobiol-
ogy of Pterosaurs, volume 217, pages 105–137. Geological Society of London Special
Publications.

Kellner, A. W. A. (2015). Comments on Triassic pterosaurs with discussion about
ontogeny and description of new taxa. Anais da Academia Brasileira de Ciências,
87:669–689.

Kellner, A. W. A. and Campos, D. A. (1992). A new tapejarid from the Santana
Formation (Lower Cretaceous) from the Araripe Basin, northeastern Brasil. Journal
of Vertebrate Paleontology, 12:26A–37A.

Kellner, A. W. A., Campos, D. A., Sayao, J. M., Saraiva, A. A. F., Rodrigues, T.,
Oliveira, G., Cruz, L. A., Costa, F. R., Silva, H. P., and Ferreira, J. S. (2013).
The largest flying reptile from Gondwana: a new specimen of Tropeognathus cf. T.
mesembrinus Wellnhofer, 1987 (Pterodactyloidea, Anhangueridae) and other large
pterosaurs from the Romualdo Formation, Lower Cretaceous, Brazil. Anais da
Academia Brasileira de Ciências, 85:113–135.

Kellner, A. W. A. and Tomida, Y. (2000). Description of a new species of Anhangueridae
(Pterodactyloidea) with comments on the pterosaur fauna from the Santana Forma-
tion (Aptian-Albian), northeastern Brazil. National Science Museum Monographs,
17:1–137.

Kellner, A. W. A., Wang, X., Tischlinger, H., Campos, D. A., Hone, D. W. E., and
Meng, X. (2010). The soft tissue of Jeholopterus (Pterosauria, Anurognathidae, Ba-
trachognathinae) and the structure of the pterosaur wing membrane. Proceedings of
the Royal Society B: Biological Sciences, 277:321–329.

Knell, R. J., Naish, D., Tomkins, J. L., and Hone, D. W. E. (2013). Sexual selection
in prehistoric animals: detection and implications. Trends in Ecology and Evolution,
28:38–47.

Kubo, T. (2011). Estimating body weight from footprints: application to pterosaurs.
Palaeogeography, Palaeoclimatology, Palaeoecology, 299:197–199.
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Ősi, A., Weishampel, D. B., and Jianu, C. M. (2005). First evidence of azhdarchid
pterosaurs from the Late Cretaceous of Hungary. Acta Palaeontologica Polonica,
50:777–787.



232 REFERENCES

O’Sullivan, M. (2015). The taxonomic diversity of British Jurassic pterosaurs. PhD
thesis, University of Portsmouth.

Otsu, N. (1979). A threshold selection method from gray-level histogram. IEEE Trans-
actions on Systems, Man and Cybernetics, 9:62–66.

Owen, R. (1851). A monograph on the fossil Reptilia of the Cretaceous formations (Part
I). Palaeontographical Society Monographs, pages 1–118.

Owen, R. (1859). A monograph on the fossil Reptilia of the Cretaceous formations
(Supplement I). Palaeontographical Society Monographs, pages 1–19.

Owen, R. (1861). A monograph on the fossil Reptilia of the Cretaceous formations
(Supplement III). Palaeontographical Society Monographs, pages 1–25.

Owen, R. (1874). Monograph on the fossil Reptilia of the Mesozoic formations. I.
Palaeontographical Society Monographs, 27:1–14.

Padian, K. (1983a). A functional analysis of flying and walking in pterosaurs. Paleobi-
ology, 9:218–239.

Padian, K. (1983b). Osteology and functional morphology of Dimorphodon micronyx
(Buckland) (Pterosauria: Rhamphorhynchoidea) based on new material in the Yale
Peabody Museum. Postilla, 189:1–44.

Padian, K. (2003). Pterosaur stance and gait and the interpretation of trackways. Ichnos,
10:115–126.

Padian, K. (2008a). The Early Jurassic pterosaur Campylognathoides Strand, 1928.
Special papers in Palaeontology, 80:65–107.

Padian, K. (2008b). The Early Jurassic pterosaur Dorygnathus banthensis (Theodori,
1830). Special Publications in Palaeontology, (80):1–64.

Padian, K. (2008c). Were pterosaur ancestors bipedial or quadrupedal?: Morphometric,
functional, and phylogenetic considerations. Zitteliana, B28:21–33.

Padian, K. and Wild, R. (1992). Studies of Liassic Pterosauria, I. the holotype and
referred specimens of the Liassic pterosaur Dorygnathus banthensis (THEODORI) in
the Petrefaktensammlung Banz, northern Bavaria. Palaeontographica Abteilung A,
225:59–77.

Pagel, M. (1999). Inferring the historical patterns of biological evolution. Nature,
401:877–884.

Palmer, C. (2011). Flight in slow motion: aerodynamics of the pterosaur wing. Proceed-
ings of the Royal Society of London B: Biological Sciences, 278:1881–1885.

Palmer, C. (2017). Inferring the properties of the pterosaur wing membrane. In Hone,
D. W. E., Witton, M. P., and Martill, D. M., editors, New Perspectives on Pterosaur
Palaeobiology, volume 455. Geological Society of London Special Publications. DOI:
10.1144/SP455.4.

Palmer, C. and Dyke, G. J. (2009). Biomechanics of the unique pterosaur
pteroid. Proceedings of the Royal Society of London B: Biological Sciences. DOI:
10.1098/rspb.2009.1899.



REFERENCES 233

Palmer, C. and Habib, M. (2014). All time giants of the air: new approaches to calculat-
ing the limits to the size of pterosaurs. Journal of Vertebrate Paleontology, Program
and Abstracts, pages 200–201.

Paul, G. S. (2002). Dinosaurs of the Air: The Evolution and Loss of Flight in Dinosaurs
and Birds. John Hopkins University Press, Baltimore, USA.

Pennycuick, C. J. (2008). Modelling the flying bird, volume 5. Academic Press, Burling-
ton, USA.

Peters, D. (2000). A reexamination of four prolacertiforms with implications for
pterosaur phylogenesis. Rivista Italiana di Paleontologia e Stratigrafia, 106:293–336.

Pinheiro, F. L., Fortier, D. C., Schultz, C. L., de Andrade J A F G, and Bantim, R. A. M.
(2011). New information on the pterosaur Tupandactylus imperator, with comments
on the relationships of Tapejaridae. Acta Palaeontologica Polonica, 56:567–580.

Pinheiro, F. L. and Rodrigues, T. (2017). Anhanguera taxonomy revisted: is our under-
standing of Santana Group pterosaur diversity biased by poor biological and strati-
graphic control? PeerJ, 5:e3285.

Prange, H. D., Anderson, J. F., and Rahn, H. (1979). Scaling of skeletal mass to body
mass in birds and mammals. The American Naturalist, 113:103–122.

Prange, H. D. and Christman, S. P. (1976). The allometrics of rattlesnake skeletons.
Copeia, 1976:542–545.

Prentice, K. C., Ruta, M., and Benton, M. J. (2011). Evolution of morphological dis-
parity in pterosaurs. Journal of Systematic Palaeontology, 9:337–353.

Proctor, N. S. and Lynch, P. J. (1993). Manual of Ornithology: Avian Structure and
Function. Yale University Press, New Haven, USA.

Prondvai, E. and Hone, D. W. E. (2008). New models for the wing extension in
pterosaurs. Historical Biology, 20:237–254.

Prondvai, E. and Stein, K. H. W. (2014). Medullary bone-like tissue in the mandibular
symphyses of a pterosaur suggests non-reproductive significance. Scientific Reports,
4:6253.

Racicot, R. (2017). Fossil secrets revealed: x-ray CT scanning and applications in
paleontology. The Paleontological Society Papers, 22:21–38.

Rauhut, O. W. M. and Fechner, R. (2005). Early development of the facial region in a
non-avian theropod dinosaur. Proceedings of the Royal Society B: Biological Sciences,
272:1179–1183.

Rayner, J. M. V. (1988). Form and function in avian flight. In Johnston, R. F., editor,
Current Ornithology, volume 5, pages 1–66. Springer, Boston, USA.

Revell, L. J., Harmon, L. J., and Collar, D. C. (2008). Phylogenetic signal, evolutionary
process, and rate. Systematic Biology, 57:591–601.

Ridler, T. W. and Calvard, S. (1978). Picture thresholding using an iterative selection
method. IEEE Transactions on Systems, Man and Cybernetics, 8:630–632.



234 REFERENCES

Riskin, D. K. and Hermanson, J. W. (2005). Independent evolution of running in vampire
bats. Nature, 434:292.

Rodrigues, T. and Kellner, A. W. A. (2008). Review of the pterodactyloid pterosaur
Coloborhynchus. Zitteliana, B28:219–228.

Rodrigues, T. and Kellner, A. W. A. (2013). Taxonomic review of the Ornithocheirus
complex (Pterosauria) from the Cretaceous of England. ZooKeys, 308:1–112.

Romer, A. S. and Edinger, T. (1942). Endocranial casts and brains of living and fossil
Amphibia. Journal of Comparative Neurology, 77:355–389.

Sachs, G., Traugott, J., Nesterova, A. P., and Bonadonna, F. (2013). Experimental veri-
fication of dynamic soaring in albatrosses. Journal of Experimental Biology, 216:4222–
4232.

Sanchez, S., Ta↵oreau, P., Clack, J. A., and Ahlberg, P. (2016). Life history of the stem
tetraopod Acanthostega revealed by synchrotron microtomography. Nature, 537:408–
411.

Sato, K., Sakamoto, K. Q., Watanuki, Y., Takahashi, A., Katsumata, N., Bost, C.-A.,
and Weimerskirch, H. (2009). Scaling of soaring seabirds and implications for flight
abilities of giant pterosaurs. PLoS One, 4:e5400.

Scherf, H. and Tilgner, R. (2009). A new high-resolution computed tomography (CT)
segmentation method for trabecular bone architectural analysis. American Journal of
Phyiscal Anthropology, 140:39–51.

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., et al. (2012). Fiji: an open-source
platform for biological-image analysis. Nature Methods, 9:676–682.

Schmidt-Nielsen, K. (1984). Scaling: why is animal size so important? Cambridge
University Press, Cambridge, UK.

Schwarz, D., Frey, E., and Meyer, C. A. (2007). Pneumaticity and soft-tissue reconstruc-
tions in the neck of diplodocid and dicraeosaurid sauropods. Acta Palaeontologica
Polonica, 52:167–188.

Seeley, H. G. (1870). The Ornithosauria: An elementary study of the bones of Ptero-
dactyles, made from fossil remains found in the Cambridge Upper Greensand, and
arranged in the Woodwardian Museum of the University of Cambridge. Deighton,
Bell & Co., Cambridge, UK.

Seeley, H. G. (1901). Dragons of the Air. An Account of Extinct Flying Reptiles.
Methuen, London.

Sellers, W. I., Hepworth-Bell, J., Falkingham, P. L., Bates, K. T., Brassey, C. A.,
Egerton, V. M., and Manning, P. L. (2012). Minimum convex hull mass estimations
of complete mounted skeletons. Biology Letters. DOI: 10.1098/rsbl.2012.0263.

Sereno, P. C. (1991). Basal archosaurs: phylogenetic relationships and functional impli-
cations. Journal of Vertebrate Paleontology, 11:1–53.



REFERENCES 235

Serrano, F. J., Palmqvist, P., and Sanz, J. L. (2015). Multivariate analysis of neognath
skeletal measurements: implications for body mass estimation in Mesozoic birds. Zo-
ological Journal of the Linnean Society, 173:929–955.

Sezgin, M. and Sankur, B. (2004). Survey over image thresholding techniques and
quantitative performance evaluation. Journal of Electronic Imaging, 13:146–168.

Sharp, A. C. (2014). Three dimensional digital reconstruction of the jaw adductor
musculature of the extinct marsupial giant Diprotodon optatum. PeerJ, 2:e514.

Smith, D. K., Sanders, R. K., and Stadtman, K. L. (2004). New material of Mesadacty-
lus ornithosphyos, a primitive pterodactyloid pterosaur from the Upper Jurassic of
Colorado. Journal of Vertebrate Paleontology, 24:850–856.

Smith, S. Y., Collinson, M. E., Rudall, P. J., Simpson, D. A., Marone, F., and Stam-
panoni, M. (2009). Virtual taphonomy using synchrotron tomographic microscopy
reveals cryptic features and internal structure of modern and fossil plants. Proceed-
ings of the National Academy of Sciences of the USA, 106:12013–12018.

Soares, M. B., Dalla Vecchia, F. M., Schultz, C. L., and Kellner, A. W. A. (2013). On the
supposed pterosaurian nature of Faxinalipterus minima Bonaparte et al. (2010) from
the Upper Triassic of Rio Grande do Sul, Brazil. In Sayão, J. M., Costa, F. R., Bantim,
R. A. M., and Kellner, A. W., editors, Rio Ptero 2013, International Symposium
on Pterosaurs, short communications, pages 95–98. Universidad Federal do Rio de
Janeiro.

Sobral, G., Sookias, R. B., Bhullar, B.-A. S., Smith, R., Butler, R. J., and Müller,
J. (2016). New information on the braincase and inner ear of Euparkeria capensis
Broom: implications for diapsid and archosaur evolution. Royal Society Open Science,
3:160072.

Steel, L. (2003). The John Queckett sections and the earliest pterosaur histological
studies. In Bu↵etaut, E. and Mazin, J.-M., editors, Evolution and Palaeobiology of
Pterosaurs, volume 217, pages 325–344. Geological Society of London Special Publi-
cations.

Steel, L. (2004). Studies on Palaeohistology of Pterosaur Bone. PhD thesis, University
of Portsmouth.

Strang, K. A., Kroo, I., Gerritsen, M., and Delp, S. (2009). E�cient flight of pterosaurs
- an unsteady aerodynamic approach. In 47th AIAA Aerospace Sciences Meeting
(Proceedings), pages 1–37. American Institute of Aeronautics and Astronautics.

Streeter, G. L. (1904). The structure of the spinal cord of the ostrich. American Journal
of Anatomy, 3:1–27.

Suhai, B., Gasparik, M., Csorba, G., Gerics, B., and Horvath, G. (2006). Wall thick-
ness of gas-and marrow-filled avian long bones: Measurements on humeri, femora
and tibiotarsi in crows (Corvus corone cornix ) and magpies (Pica pica). Journal of
Biomechanics, 39:2140–2144.

Sukumaran, J. and Holder, M. T. (2010). Dendropy: a Python library for phylogenetic
computing. Bioinformatics, 26:1569–1571.



236 REFERENCES

Sullivan, T. N., Wang, B., Espinosa, H. D., and Meyers, M. A. (2017). Extreme
lightweight structures: avian feathers and bones. Materials Today, In Press.

Sutton, M. D., Rahman, I. A., and Garwood, R. J. (2014). Techniques for Vertual
Palaeontology. John Wiley & Sons, Ltd.

Swartz, S. M., Bennett, M. B., and Carrier, D. R. (1992). Wing bone stresses in free
flying bats and the evolution of skeletal design for flight. Nature, 359:726–729.

Taquet, P. and Padian, K. (2004). The earliest known restoration of a pterosaur and the
philosphical origins of Cuvier’s Ossemens Fossiles. Comptes Rendu Palevol, 3:157–
275.

Tate, J. R. and Cann, C. E. (1982). High-resolution computed tomography for the com-
parative study of fossil and extant bone. American Journal of Phyiscal Anthropology,
58:67–73.

Taylor, B. (2010). Rails: a guide to rails, crakes, gallinules and coots of the world.
Bloomsbury Publishing.

Taylor, M. P. and Wedel, M. J. (2013). Why sauropods had long necks; and why gira↵es
have short necks. PeerJ, 1:e36.

Tütken, T. and Hone, D. W. E. (2010). The ecology of pterosaurs based on carbon and
oxygen isotope analysis. Acta Geoscientica Sinica, 31:65–67.

Unwin, D. M. (1987). Pterosaur locomotion: joggers or waddlers? Nature, 327:13–14.

Unwin, D. M. (1988). New remains of the pterosaur Dimorphodon (Pterosauria: Rham-
phorynchoidea) and the terrestrial ability of early pterosaurs. Modern Geology, 13:57–
68.

Unwin, D. M. (1999). Pterosaurs: back to the traditional model? Trends in Ecology
and Evolution, 14:263–268.

Unwin, D. M. (2001). An overview of the pterosaur assemblage from the Cambridge
Greensand (Cretaceous) of Eastern England. Fossil Record, 4:189–221.

Unwin, D. M. (2003). On the phylogeny and evolutionary history of pterosaurs. In
Bu↵etaut, E. and Mazin, J.-M., editors, Evolution and Palaeobiology of Pterosaurs,
volume 217, pages 139–190. Geological Society of London Special Publications.

Unwin, D. M. (2005). The pterosaurs from deep time. Pi Press, New York.

Unwin, D. M. and Bakhurina, N. N. (1994). Sordes pilosus and the nature of the
pterosaur flight apparatus. Nature, 371:62–64.

Veldmeijer, A. J. (2003). Description of Coloborhynchus spielbergi sp. nov. (Pterodacty-
loidea) from the Albian (Lower Cretaceous) of Brazil. Scripta Geologica, 125:35–139.

Veldmeijer, A. J., Meijer, H., and Signore, M. (2006). Coloborhynchus from the Lower
Cretaceous Santana Formation, Brazil (Pterosauria, Pterodactyloidea, Anhangueri-
dae); an update. PalArch’s Journal of Vertebrate Palaeontology, 3:15–29.



REFERENCES 237

Vidovic, S. U. and Martill, D. M. (2017). The taxonomy and phylogeny of Diopecephalus
kochi (Wagner, 1837) and ‘Germanodactylus rhamphastinus’ (Wagner, 1851). In Hone,
D. W. E., Witton, M. P., and Martill, D. M., editors, New Perspectives on Pterosaur
Palaeobiology, volume 455. Geological Society of London Special Publications. DOI:
10.1144/SP455.12.
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Plattenkalke süddeutschlands. Teil I. Allgemeine Skelettmorphologie. Palaeontograph-
ica Abteilung A, 148:1–33.

Wellnhofer, P. (1985). Neue Pterosaurier aus der Santana-Formation (apt) der Chapada
do Araripe, Brasilien. Palaeontographica Abteilung A, 187:105–182.

Wellnhofer, P. (1987a). Die Flughaut von Pterodactylus (Reptilia: Pterosauria) am
Beispiel des Wieners Exemplares von Pterodactylus kochi (Wagner). Annalen des
Naturhistorischen Museums Wien, 88A:149–162.

Wellnhofer, P. (1987b). New crested pterosaurs from the Lower Cretaceous of Brazil.
Mitteilungen der Bayerischen Staatssammlung für Paläontologie und historische Ge-
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