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ABSTRACT
Most living birds exhibit some degree of postcranial skeletal pneumatic-

ity, aeration of the postcranial skeleton by pulmonary air sacs and/or directly
from the lungs. The extent of pneumaticity varies greatly, ranging from taxa
that are completely apneumatic to those with air filling most of the postcra-
nial skeleton. This study examined the influence of skeletal pneumatization
on bone structural parameters in a sample of two size- and foraging-style
diverse (e.g., subsurface diving vs. soaring specialists) clades of neognath
birds (charadriiforms and pelecaniforms). Cortical bone thickness and trabec-
ular bone volume fraction were assessed in one cervical and one thoracic ver-
tebra in each of three pelecaniform and four charadriiform species. Results
for pelecaniforms indicate that specialized subsurface dive foragers (e.g., the
apneumatic anhinga) have thicker cortical bone and a higher trabecular bone
volume fraction than their non-diving clademates. Conversely, the large-bod-
ied, extremely pneumatic brown pelican (Pelecanus occidentalis) exhibits
thinner cortical bone and a lower trabecular bone volume fraction. Such pat-
terns in bone structural parameters are here interpreted to pertain to
decreased buoyancy in birds specialized in subsurface dive foraging and
decreased skeletal density (at the whole bone level) in birds of larger body
size. The potential to differentially pneumatize the postcranial skeleton and
alter bone structure may have played a role in relaxing constraints on body
size evolution and/or habitat exploitation during the course of avian evolu-
tion. Notably, similar patterns were not observed within the equally diverse
charadriiforms, suggesting that the relationship between pneumaticity and
bone structure is variable among different clades of neognath birds. Anat
Rec, 296:867–876, 2013. VC 2013 Wiley Periodicals, Inc.
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Postcranial skeletal pneumatization is the process of
aeration of the postcranial skeleton by the pulmonary
air sacs and lungs (Duncker, 1971, 2004; O’Connor,
2004). It has been well-documented in certain groups of
living birds (O’Connor, 2004, 2009; Smith, 2012) and
inferred in a number of extinct archosaurs (e.g., sauri-
schian dinosaurs and pterosaurs) (Wedel, 2003; O’Con-
nor, 2006; Benson et al., 2012). Subsequent to hatching,

epithelial-lined outgrowths of the air sacs, termed intra-
osseous pneumatic diverticula, penetrate the cortical
bone through foramina or sutures (Bremer, 1940; Hogg,
1984; Witmer, 1990; O’Connor, 2004). Air sac and/or di-
verticular infiltration of the skeleton is marked by the
characteristic presence of pneumatic foramina in bones
(Fig. 1A,B). Marrow is displaced within the medullary
cavity as diverticula enter the bone, leaving the bone

Fig. 1. Pneumatic cervical vertebra of Catharacta skua (CM 10116)
in right oblique caudolateral (A) and caudal (B) views. C: Micro-com-
puted tomography (mCT) scan cross-sectional slice of the pneumatic
cervical vertebra of CM 10116, denoting cortical bone, trabecular
bone, and the medullary cavity. Inset lateral view with white dashed
line denotes the location of mCT cross-sectional slice in (C). Apneu-
matic cervical vertebra of Phalocrocorax auritus (OUVC 9772) in right
oblique caudolateral (D) and caudal (E) views. F: mCT scan cross-

sectional slice of the apneumatic cervical vertebra of OUVC 9772.
Inset lateral view with white dashed line denotes the location of mCT
cross-sectional slice in (F). Black lines with white outlines in (C) and
(F) indicate location for Cb.T measurements in pneumatic (C) and
apneumatic (F) vertebrate. 3D renderings created in Amira 4.1 using
reconstructed mCT scans. Scale: 0.5 cm (A,B,D,E) and 0.25 cm (C and
F). Abbreviations: mc, medullary cavity; pf, pneumatic foramen; cb,
cortical bone; tb, trabecular bone.
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primarily filled with air (Bremer, 1940; Schepelmanm,
1990; Duncker, 2004). During this process it is thought
that some trabecular bone within and cortical bone adja-
cent to the medullary cavity is resorbed (Bremer, 1940;
Bellairs and Jenkin, 1960).

Research on extinct archosaurs, including sauropod
and theropod dinosaurs and pterosaurs, has emphasized
the importance of postcranial pneumaticity for the evolu-
tion of body size (Carrano and O’Connor, 2005; Wedel,
2005; O’Connor, 2006, 2009; Claessens et al., 2009; Ben-
son et al., 2012). For example, many sauropod dinosaurs
exhibit evidence of extensive pneumaticity of the axial
skeleton that would have resulted in decreased bone
mass. This has been interpreted as a mechanism allow-
ing for the large body size attained by members of the
clade (Sander et al., 2001; Wedel, 2005; Schwarz-Wings
et al., 2010).

Recent research on birds, the only living sauropsid
group to exhibit air-filled postcranial bones, suggests
that specializations related to foraging and locomotion
may have been influenced by the evolution of pneumatic-
ity in this group (O’Connor, 2004, 2009; Smith, 2012).
Select clades of living birds exhibit extensive pneumati-
zation of the postcranial skeleton (including distal por-
tions of the limbs), whereas others are completely
apneumatic. The majority of neognath birds exhibit a
moderate degree of postcranial skeletal pneumaticity,
focused mostly within elements of the vertebral column
(O’Connor, 2006). Variability in the extent of pneumatic-
ity has been related to the variety of body sizes and for-
aging strategies observed in birds. For example, birds of
large body size that employ specialized flight behaviors
(e.g., static soaring in pelicans and vultures) tend to be
extremely pneumatic (e.g., O’Connor, 2009). It has been
suggested that pneumatization in such forms provides a
mechanism that alters standard mass–volume relation-
ships that most nonaquatic amniotes are subject to,
allowing certain clades of volant birds to attain larger
body sizes (i.e., whole-body volume) and exploit different
niches. As a point of contrast, birds across multiple
clades specialized for subsurface dive-foraging tend to
have apneumatic or extremely reduced levels of pneuma-
ticity within the postcranial skeleton relative to their
non-diving clademates (O’Connor, 2004, 2009; Smith,
2012). In this case, the absence of air in the skeleton has
been interpreted to allow diving birds to maintain neu-
tral buoyancy under the water, allowing for more ener-
getically efficient underwater locomotion.

Whereas large scale patterns of the evolution of pneu-
maticity are becoming evident at interspecific levels in
certain clades, less well understood is how pneumatiza-
tion affects bone structure and strength. Most previous
research has focused on the effects of pneumatization on
cortical bone. Pneumatic long bones tend to have a
decreased relative cortical bone thickness (Cb.T), and a
lower (1) bending strength (failure point) and (2) flexural
Young’s modulus when compared to apneumatic bones,
suggesting that pneumatic bones have decreased biome-
chanical strength brought about by relatively thinner
cortices (Kafka, 1983; Currey and Alexander, 1985; Cubo
and Casinos, 1999). The widespread prevalence of pneu-
matic bones in many species of birds, even with the
documented decrease in size-adjusted bending strength
(e.g., Cubo and Casinos, 1999), suggests that there has
been a selective advantage for pneumatizing the

skeleton. With this apparent tradeoff of decreased bio-
mechanical strength, pneumaticity decreases body mass
not only by filling the medullary cavity with air instead
of marrow, but also by initiating a decrease in skeletal
mass brought about by resorption along the endosteal
surface of the cortical bone (Bremer, 1940; Smith, et al.,
2005). This decreased body mass may provide an ener-
getic benefit during extended flight. In contrast, thicker
cortical bone in the apneumatic vertebrae of dive forag-
ers may act to reduce the amount of low-density bone
marrow and increase skeletal mass as a means of reach-
ing neutral buoyancy during diving (Fajardo et al.,
2007). Thus, it seems that the energetic benefits associ-
ated with the presence of air vs. bone marrow may be
increased by the observed differences in Cb.T.

Additional work has considered the impact of pneuma-
tization on structural characteristics in trabecular bone
in birds. Fajardo et al. (2007) conducted a pilot study on
two anseriform (ducks, geese, swans) birds, one (Aix
sponsa) exhibiting a pneumatic skeleton with the other
(Oxyura jamaicensis) representing a completely apneu-
matic species. Contrary to predictions and generaliza-
tions already promoted in the literature (see, Bremer,
1940; Bellairs and Jenkin, 1960), there were no signifi-
cant differences across a variety of trabecular bone
parameters (trabecular bone volume to total volume
fraction, structural anisotropy, etc.). To assess the gener-
alized nature of the impact of pneumatization on cortical
and trabecular bone structure, the present study was
designed to examine attributes of both facets in two
additional clades of neognath birds, Charadriiformes and
Pelecaniformes.

MATERIALS AND METHODS

Specimens examined in this study were obtained from
the collections at the Ohio University Vertebrate Collec-
tion (OUVC), Carnegie Museum of Natural History
(CM), and the Smithsonian National Museum of Natural
History (NMNH). The study sample included four chara-
driiforms spanning a wide range of body masses and
exhibiting variability with regard to both foraging
behavior (e.g., subsurface dive foragers vs. static soaring
specialists) and the relative degree of postcranial skele-
tal pneumaticity (Table 1): the Common Murre (Uria
aalge, a dedicated diver), the Atlantic Puffin (Fratercula
arctica, a dedicated diver), the Western Gull (Larus occi-
dentalis, a generalized flier), and the Great Skua (Cath-
racta skua/maccormicki, a soaring specialist). We also
profiled bone characteristics in three pelecaniforms (Ta-
ble 1): the Anhinga (Anhinga anhinga, a dedicated
diver), the Double-crested cormorant (Phalacrocorax
auritus, a dedicated diver), and the Brown Pelican (Pele-
canus occidentalis, a soaring specialist).

Micro-Computed Tomography

One middle cervical (i.e., between cervical vertebra
9 and cervical vertebra 11; region II of Boas (1929)
and Zusi (1962)) and one free thoracic vertebra (i.e.,
one from the cranial end of the thoracic series that is
not fused with adjacent vertebrae) from six specimens
of each species were scanned using a GE eXplore
Locus micro-computed tomography scanner (GE
Healthcare Pre-Clinical Imaging, London, ON,

PNEUMATICITY AND BONE STRUCTURE 869



Canada) housed at Ohio University. All scans were
acquired at an X-ray tube voltage of 80 kV, a current
of 450 lA, and an effective voxel size of 0.045 mm.
GE Microview software (GE Healthcare, http://micro-
view.sourceforge.net) was used to optimize file size and
export images in DICOM format. The image volumes
were then imported into Amira 4.1 visualization soft-
ware (Visage Imaging, San Diego, CA) for quantitative
analyses. In the analysis of the following bone parame-
ters, cortical bone was defined as bone exterior to the
medullary cavity, whereas trabecular bone was defined
as any bone within the medullary cavity (Fig. 1C).

Cortical bone thickness. An average Cb.T was
calculated for each vertebra using Amira 4.1. In order to
sample a homologous location among the species, we
identified the cross-section located at the caudal end of
the cranial zygapophyseal facet (Fig. 1C,F). To attain an
overall estimate of Cb.T at this location, three separate
Cb.T measurements were acquired, one at the ventral
midline and one along each lateral margin of the cen-
trum at mid-centrum height (Fig. 1F). In order to
account for local irregularities, these three measure-
ments were averaged to obtain a mean centrum Cb.T.
The mean thickness was then standardized by dividing
by the species mean body mass (Table 1; Dunning,
2007).

Trabecular bone volume fraction. An estimate
of trabecular bone volume fraction (BV/TV) was calcu-
lated for a homologous region located just caudal to the
cranial articular facet of each vertebra. To determine
BV/TV, a spherical volume of interest (VOI) was estab-
lished within the medullary cavity at this region using
Amira 4.1 (Fig. 2A). To ensure that only trabecular bone
was included, the maximum diameter of the VOI
extended to the junction of the cortical and trabecular
bone (Fig. 2B,C). This VOI was imported into Quant3D
(University of Texas; Ketcham and Ryan, 2004) following
protocols outlined by Ketcham and Ryan (2004) and Cot-
ter et al. (2009). In Quant3D, trabecular bone in the
VOI was binarized into bone/non-bone using an adapt-
ive, iterative threshold technique (Ridler and Calvard,
1978), with BV/TV estimated using the star volume dis-
tribution (SVD) algorithm (Cruz-Orive et al., 1992; Ket-
cham and Ryan, 2004). Individual BV/TV values were
averaged to attain mean BV/TV for each species for each
of the two vertebrae examined.

Statistical approaches. Species mean values and
coefficients of variation (CoV) for the two bone

parameters (Cb.T and BV/TV) were calculated. In PASW
18, Kruskall–Wallis (K independent samples) tests were
performed to identify significant differences in the two
bone structural parameters among all species within an
order. Subsequently, Mann–Whitney (pairwise, two-inde-
pendent samples) tests were used to compare species
within an order in a pairwise fashion. Mann–Whitney
tests were also performed to identify intraspecific differ-
ences in bone structure between cervical and thoracic
vertebrae. Kruskall–Wallis and Mann–Whitney tests
were used due to the small sample sizes in this study
and as is standard in other studies of this nature with
comparable sample sizes (e.g., Fajardo et al., 2007).

RESULTS

Tables 2 (pelecaniformes) and 3 (charadriiformes)
summarize the bone structural results for each species
examined in the study. Raw values for all examined
specimens are reported in the Appendix. Cb.T was sig-
nificantly higher in Anhinga and Phalacrocorax relative
to Pelecanus (P<0.05) for both cervical and thoracic ver-
tebrae (Fig. 3A). BV/TV was also significantly higher in
Anhinga and Phalacrocorax relative to Pelecanus
(P< 0.05) for thoracic vertebrae, with no significant dif-
ferences identified in BV/TV (P 5 0.073) for cervical ver-
tebrae (Fig. 3B). The highest coefficient of variation
within pelecaniforms was in the cervical BV/TV for Pele-
canus (CoV 5 0.51). Within individual pelecaniform spe-
cies, there were no significant differences in Cb.T or BV/

Fig. 2. A: Cervical vertebra of Catharacta maccormicki (USNM
554803) in right lateral projection view, denoting the location of the
spherical VOI used to assess trabecular bone volume fraction. mCT
cross-sectional slices in craniocaudal (B) and dorsoventral (C) projec-
tions indicating the location of the VOI. Abbreviations: as in Fig. 1.

TABLE 1. Focal Species Detailsa

Clade Species Mean BM (g) Vertebrae pneumatic Foraging specialization

Charadriiforms Uria aalge 993 N Dedicated diver
Fractercula arctica 381 N Dedicated diver
Larus occidentalis 1011 Y Generalized flier
Catharacta skua 446 Y Soaring specialist

Pelecaniforms Anhinga anhinga 1235 N Dedicated diver
Phalocrocorax auritus 1674 N Dedicated diver
Pelecanus occidentalis 3438 Y Soaring specialist

aBody mass data from Dunning (2007).
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TV when comparing cervical and thoracic vertebrae
(0.055<P< 0.871).

No significant differences in any of the bone struc-
tural parameters were observed among the charadrii-
form species examined (Fig. 3C,D). However, most
species (Uria, Fratercula, and Larus) exhibited signifi-
cantly thicker cortical bone in cervical vertebrae relative
to thoracic vertebrae (P< 0.01; Fig. 3C). No differences
in trabecular bone volume fraction were observed
between the cervical and thoracic vertebrae for any
charadriiforms (0.078<P< 0.522).

DISCUSSION

Whereas the nature of interspecific differences in
whole-body skeletal pneumaticity has been the subject of
recent research (O’Connor, 2004, 2009; Smith, 2012), the
impact of bone pneumatization on both structural and
inferred functional characteristics remains much less
well-characterized or understood. The only previous
study (Fajardo et al., 2007) to examine structural differ-
ences at both the cortical and trabecular bone level indi-
cated that apneumatic vertebrae in a representative
diving anseriform bird had thicker cortical bone relative
to a non-diving, size-matched pneumatic species. Notable
differences in trabecular bone parameters (e.g., BV/TV)
were virtually non-existent between the two taxa. The
present study sought to characterize these two main
bony structural attributes (Cb.T and trabecular BV/TV)
in two other neognath clades in order to assess whether
such patterns may apply to birds more generally. Repre-
sentative pelecaniform (three species) and charadriiform
(four species) birds were selected based on (1) the pres-
ence or absence of skeletal pneumaticity within verte-
bral elements and (2) different foraging strategies
(subsurface diving foragers vs. flying/soaring foragers).

Bone Structure and Ecology in Extant Birds

Following Fajardo et al. (2007), this study predicted
that birds with apneumatic vertebrae will have thicker
cortical bone. The results for the pelecaniforms support
this prediction, with the subsurface diving specialists
(Anhinga and Phalacrocorax) exhibiting thicker cortical
bone than the soaring Pelecanus. This is consistent with
patterns among amniotes more generally, where thicker
cortical bone has been interpreted to represent an ana-
tomical specialization for diving (Olson and Hasegawa,
1979; Houssaye, 2009). By contrast, extreme pneumati-
zation of vertebrae in the pelican results in relatively
thin cortical bone, possibly related to a need for limiting

mass increases in a large-bodied, soaring specialist (see,
O’Connor, 2009).

In addition to cortical bone, this study also predicted a
relatively high trabecular bone volume fraction in apneu-
matic vertebrae of diving forms, with a relatively low tra-
becular bone volume fraction in soaring taxa.
Interestingly, this pattern was observed only in thoracic
vertebrae of pelecaniforms, with the dedicated subsurface
diving specialists Anhinga and Phalacrocorax having sig-
nificantly higher BV/TV when compared to Pelecanus.
However, there were no differences in BV/TV of cervical
vertebrae within the pelecaniforms examined, indicating
the presence of either site-specific responses to the pneu-
matization process (see O’Connor, 2009), or relatively
high intraspecific variability within different regions of
the vertebral column (see additional discussion below).

Unlike the pelecaniforms in this study (and anseri-
forms based on previous research; Fajardo et al., 2007),
there were no clear relationships between pneumaticity
and the examined bone structural parameters in chara-
driiform birds. This is interesting in that it suggests
that at least one clade of neognath birds responds differ-
ently to the process of skeletal pneumatization, even in
the face of superficially similar environmental chal-
lenges (i.e., subsurface dive foraging). Such differences
may indicate a different bony response to the influence
of the pneumatizing soft tissue (i.e., the pneumatic di-
verticulum), or may merely reflect clade-specific scaling
relationships (or a combination thereof). Regarding the
latter point, the absolute body sizes of pelecaniforms in
the study sample (and of the clade more generally) is on
average larger than that present in the charadriiforms.
For comparative purposes with the results reported in
this study, the mean body masses (554 g and 658 g) of
the two anseriforms species examined by Fajardo et al.
(2007) overlap the lower range of the charadriiforms in
this study (Table 1).

Vertebral Location

This study found that pelicans (Pelecanus) have BV/
TV values approaching 53% in cervical vertebrae, with
BV/TV values in thoracic vertebrae maximally reaching
19%. Whereas the differences between BV/TV in cervi-
cal and thoracic vertebrae within the taxon are not sig-
nificantly different (P 5 0.055), this pattern suggests
that vertebrae at different locations along the axial
skeleton may be optimized for different functional
demands. For example, the location of the vertebra
within the neck may constrain the degree of trabecular

TABLE 2. Pelecaniform Bone Structure Results

Bone parameter Vertebra Anhinga Phalacrocorax Pelecanus

Kruskall-
Wallis

(P-value)

Adjusted cortical bone
thickness (Cb.T)

Cervical Mean 6 SD 0.0106 6 0.0045 0.0129 6 0.0044 0.0050 6 0.0019 0.009
COV 0.4238 0.3422 0.3873

Thoracic Mean 6 SD 0.0099 6 0.0024 0.0100 6 0.0021 0.0046 6 0.0007 0.003
COV 0.2431 0.2137 0.1558

Trabecular bone volume
fraction (BV/TV)

Cervical Mean 6 SD 0.5393 6 0.0943 0.4604 6 0.1102 0.3404 6 0.1748 0.073
COV 0.1749 0.2393 0.5136

Thoracic Mean 6 SD 0.5747 6 0.1098 0.3417 6 0.0800 0.1540 6 0.0371 0.001
COV 0.1911 0.2341 0.2407
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bone resorption even in the presence of pneumatic inva-
sion, as the extremely large head and long neck would
no doubt produce high compressive stresses throughout
the cervical series and at the junction of the neck and
the trunk. Moreover, the increased degrees of freedom
experienced by inter-cervical joints would also allow for
more variably-oriented stresses throughout the cervical
series, thereby further limiting how much bone could
be reduced while retaining an appropriate safety mar-
gin. By contrast, thoracic vertebrae likely experience

an entirely different and much more predictable load-
ing environment due to their relative immobility (at
least in birds) when compared to cervical vertebrae.
Such a predicable loading environment is one that
would allow resource focalization such that bone is
placed where it is only absolutely necessary. Interest-
ingly, the centra of human cervical vertebrae have been
shown to exhibit greater bone mineral density than ei-
ther thoracic or lumbar vertebrae (Weishaupt et al.,
2001; Yoganandan et al., 2006), offering additional

Fig. 3. Adjusted Cb.T. (A, C) and BV/TV (B, D) for pelecaniform (A,B) and charadriiform (C,D) birds.
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support for location-specific skeletal accommodations to
functional demands.

Similarly in charadriiforms, the location of the ver-
tebra along the column appears to influence pneuma-
ticity–bone structure relationships. In Uria,
Fratercula, and Larus, cervical cortical bone is signifi-
cantly thicker than cortical bone in thoracic vertebrae.
As observed in Pelecanus, the location of vertebrae
within the neck may influence bone structural param-
eters for increased structural support, but in this case,
it manifests as thicker cortical bone. It is possible that
these two clades may utilize different mechanisms for
maintaining/ensuring skeletal strength in this region,
with one (Pelecanus) using trabecular bone and the
other (charadriiforms) using cortical bone. In fact, rel-
atively thick cortical bone may restrict the volume
available for trabecular bone, resulting in cortical bone
providing the bulk of structural support. However, this
would only be a partial trade-off scenario, because rel-
atively thin cortical bone may result in increased space
for trabecular bone, but may not necessarily result in
higher trabecular bone volume. Tommasini et al.
(2005) found differing distributions of trabecular and
cortical bone in lumbar vertebrae among different
strains of inbred mice, yet the varying load-sharing
compositions yielded similar mechanical stiffness at
the whole vertebra level. Extending this concept to
birds, a trade-off scenario in which structural support
may be attained through either thick cortical bone or
dense trabecular bone represents an additional hy-
pothesis (i.e., one that was not the focus of the current
research) that could be tested with future comparative
work along these lines.

Intraspecific Variability and Methodology

The predicted relationships between pneumaticity
and bone structure were not observed in BV/TV in cer-
vical vertebrae of pelecaniforms, nor for either Cb.T or
BV/TV in cervical and thoracic vertebrae of charadrii-
forms. The high degree of intraspecific variability
(Tables 2 and 3) observed in these parameters may
obscure any predicted patterns. For example, among
pelecaniforms Pelecanus was expected to have less tra-
becular bone when compared to the other species.
Whereas this prediction held for BV/TV within thoracic
vertebrae, it did not for the cervical vertebra examined.
And although this may represent a biologically signifi-
cant signal, the absence of this expected pattern may
be due to the highly variable BV/TV observed within
cervical vertebrae in Pelecanus (CoV 5 0.514). The high
degree of intraspecific variability within Pelecanus (and
other species examined) may be explained by several
factors not accounted for in this study, such as age or
sex of the individuals. In mammals, trabecular bone
volume fraction is known to increase with age (Tanck
et al., 2001; Wolschrijn and Weijs, 2004) and then
decrease steadily after maturity through bone resorp-
tion (Mosekilde, 1989). It is unclear whether birds gen-
erally follow this mammalian pattern, but it is possible
that variability of BV/TV within the study sample
merely reflects the lack of age control inherent in com-
parative samples derived from museum collections.
Similarly, sex-related differences may account for some
of the intraspecific variability. It has been

T
A

B
L

E
3
.

C
h

a
r
a

d
r
ii

fo
r
m

B
o

n
e

S
tr

u
c
tu

r
e

R
e
su

lt
s

B
on

e
p

a
ra

m
et

er
V

er
te

b
ra

U
ri

a
F

ra
te

rc
u

la
L

a
ru

s
C

a
th

a
ra

ct
a

K
ru

sk
a
ll

–
W

a
ll

is
(P

-v
a
lu

e)

A
d

ju
st

ed
co

rt
ic

a
l

b
on

e
th

ic
k

n
es

s
(C

b
.T

)
C

er
v
ic

a
l

M
ea

n
6

S
D

0
.0

11
7

6
0
.0

0
3
3

0
.0

11
8

6
0
.0

0
2
6

0
.0

11
8

6
0
.0

0
2
6

0
.0

0
9
9

6
0
.0

0
1
9

0
.4

6
2

C
O

V
0
.2

8
0
9

0
.2

2
2
7

0
.2

1
9
2

0
.1

8
7
9

T
h

or
a
ci

c
M

ea
n

6
S

D
0
.0

0
5
4

6
0
.0

0
1
3

0
.0

0
6
2

6
0
.0

0
1
9

0
.0

0
5
4

6
0
.0

0
1
5

0
.0

0
7
1

6
0
.0

0
2
9

0
.6

5
6

C
O

V
0
.2

4
1
9

0
.3

0
4
5

0
.2

7
5

0
.4

1
2
6

T
ra

b
ec

u
la

r
b
on

e
v
ol

u
m

e
fr

a
ct

io
n

(B
V

/T
V

)
C

er
v
ic

a
l

M
ea

n
6

S
D

0
.4

3
4
7

6
0
.2

4
6
0

0
.3

4
2
7

6
0
.2

5
2
1

0
.2

3
8
3

6
0
.2

2
4
4

0
.2

7
4
1

6
0
.1

0
9
0

0
.2

0
9

C
O

V
0
.5

6
6

0
.7

3
5
6

0
.9

4
2

0
.3

9
7
6

T
h

or
a
ci

c
M

ea
n

6
S

D
0
.5

0
9
0

6
0
.1

3
9
8

0
.4

0
4
7

6
0
.1

5
8
0

0
.3

1
5
2

6
0
.0

8
6
2

0
.2

9
7
9

6
0
.0

8
7
1

0
.0

9
1

C
O

V
0
.2

7
4
6

0
.3

9
0
4

0
.2

7
3
5

0
.2

9
2
5

PNEUMATICITY AND BONE STRUCTURE 873



demonstrated that during egg production female birds
resorb metaphyseal trabecular (or “medullary”) bone in
limb elements as a source of calcium (Wilson and
Thorp, 1998). As such, it is possible that the same
response is present in vertebrae, potentially contribut-
ing to high bone volume fraction CoVs within the sam-
ple. Charadriiforms exhibited an even greater degree of
intraspecific variability in bone structure than did the
pelecaniforms (with CoV values as high as 0.942 in
Larus). Like pelecaniforms, such high variability may
be due to the factors discussed above that were not
accounted for in this study (e.g., age, sex, etc.).

Overall, the results presented in this study did ex-
hibit higher CoVs than those reported by Fajardo et al.
(2007), a study in which the majority of the centrum
was sampled. This may suggest that the location and/
or size of the VOI selected for the BV/TV measurement
did not adequately characterize the bone structure of
the whole centrum. However, consistency in the peleca-
niform thoracic BV/TV and the non-Pelecanus pelecani-
form cervical BV/TV values suggests that trabecular
bone was indeed defined appropriately and that the
VOI was properly selected to reveal significant trends
in bone structure and foraging strategy. As such, the
high intraspecific variability observed in charadrii-
forms is most likely not an artifact of inappropriate
bone definition or VOI selection, but instead reflects
the normal range of variation within the clade or
relates to one of the other factors (e.g., age or sex) pre-
viously discussed.

This study indicates that certain bone structural pa-
rameters (e.g., Cb.T), in addition to the relative extent of
pneumaticity, both represent anatomical specializations
related to foraging style. Certain species specializing in
subsurface dive foraging exhibit apneumatic vertebrae
and have thicker cortical bone and a higher site-specific
trabecular bone volume fraction. This mirrors observa-
tions in other diving amniotes (including other bird
groups specifically) and is consistent with the interpreta-
tion that such modifications serve to decrease buoyancy,
allowing for greater energetic efficiency during diving.
By contrast, nondiving flighted forms, particularly those
exhibiting specialized flight behaviors (e.g., soaring) and
pneumatic vertebrae, tend to have thinner cortical bone
and lower relative trabecular bone volume fraction. Such
modifications may work to constrain body mass
increases, while allowing for larger body sizes (i.e., vol-
umes). This has been referred to as volume-mass decou-
pling (O’Connor, 2009) and would serve to increase
energetic efficiency in volant forms, particularly those
that do not engage in specialized subsurface diving
behaviors.

Finally, it is also possible, if not probable, that the
location of the vertebra along the axial column con-
strains the nature of responses during pneumatization,
as functional demands may dictate site-specific
responses. For example, both diving and flying special-
ists may require thicker cortical bone or higher trabecu-
lar bone volume fraction in vertebrae at the base of the
neck in order to resist relatively higher compressive
strains associated with supporting the weight of the
head and neck. Moreover, aerial diving specialists may
benefit from this increased structural support in cervical
vertebrae at the moment of impact with the surface of
the water during diving. One example from the

appendicular skeleton that supports the functional
demands hypothesis (rather than some systemic influ-
ence) is the occurrence of differential pneumatization in
femora of pelecaniforms. Pelecanus is unique among the
large-bodied, hyperpneumatic soaring birds (O’Connor,
2009) in exhibiting an apneumatic femur in the presence
of pneumatic distal hind limb elements (e.g., tibiotar-
sus). This is significant for the discussion here in that
the femur in Pelecanus maintains a close association
with pneumatic diverticula, particularly around the hip
joint. Thus, the fact that the femur is not pneumatic
strongly suggests that location (or element) specific func-
tional demands do influence pneumaticity states and
any associated biomechanical sequelae of the pneumati-
zation process. The results presented herein suggest
that future studies take into account a more-detailed
consideration of ontogenetic, sex-specific, and functional
factors that potentially drive high levels of intraspecific
variability in these osteological characteristics.
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APPENDIX: RAW VALUES OF MEASURED BONE PARAMETERS

Order Species ID
Cervical

Cb.T (cm/g)
Thoracic

Cb.T (cm/g)
Cervical
BV/TV

Thoracic
BV/TV

Pelecaniforms Anhinga anhinga CM13826 0.0173 0.0108 0.5979 0.5143
Anhinga anhinga CM14362 0.0140 0.0097 0.4376 0.5969
Anhinga anhinga CM13811 0.0097 0.0097 0.5663 0.4994
Anhinga anhinga CM14313 0.0065 0.0075 0.4669 0.4377
Anhinga anhinga USNM500870 0.0054 0.0075 0.6856 0.7136
Anhinga anhinga USNM500869 0.0108 0.0140 0.4815 0.6863
Phalacrocorax auritus OUVC9772 0.0145 0.0124 0.4109 0.4471
Phalacrocorax auritus OUVC10234 0.0083 0.0083 0.4450 0.3113
Phalacrocorax auritus OUVC10291 0.0093 0.0093 0.4150 0.2630
Phalacrocorax auritus OUVC10482 0.0124 0.0072 0.4147 0.4118
Phalacrocorax auritus USNM561412 0.0124 0.0124 0.3941 0.2509
Phalacrocorax auritus USNM560265 0.0207 0.0103 0.6829 0.3661
Pelecanus occidentalis OUVC10433 0.0038 0.0047 0.3175 0.0836
Pelecanus occidentalis OUVC10484 0.0047 0.0047 0.5262 0.1757
Pelecanus occidentalis OUVC10478 0.0085 0.0038 0.4941 0.1630
Pelecanus occidentalis OSUM2576 0.0057 0.0038 0.4206 0.1655
Pelecanus occidentalis USNM553693 0.0028 0.0057 0.0754 0.1885
Pelecanus occidentalis USNM621490 0.0047 0.0047 0.2084 0.1478

Charadriiforms Uria aalge CM399 0.0122 0.0044 0.2608 0.2495
Uria aalge CM3958 0.0156 0.0067 0.1840 0.5297
Uria aalge CM14348 0.0078 0.0056 0.3214 0.5738
Uria aalge CM11557 0.0078 0.0056 0.8131 0.5468
Uria aalge CM14180 0.0145 0.0033 0.6574 0.4906
Uria aalge CM11930 0.0122 0.0067 0.3716 0.6637
Fratercula arctica CM11726 0.0090 0.0052 0.2029 0.1950
Fratercula arctica CM398 0.0142 0.0039 0.2918 0.3075
Fratercula arctica CM11794 0.0142 0.0065 0.7055 0.4752
Fratercula arctica USNM18055 0.0142 0.0090 0.1985 0.5323
Fratercula arctica USNM623288 0.0103 0.0052 0.5958 0.6077
Fratercula arctica USNM623289 0.0090 0.0077 0.0615 0.3102
Larus occidentalis CM12321 0.0089 0.0044 0.2416 0.1755
Larus occidentalis CM11106 0.0100 0.0055 0.1586 0.3666
Larus occidentalis CM11757 0.0111 0.0033 0.6849 0.3991
Larus occidentalis CM11776 0.0155 0.0078 0.1121 0.3853
Larus occidentalis CM11758 0.0111 0.0055 0.1048 0.3037
Larus occidentalis CM11756 0.0144 0.0055 0.1276 0.2612
Catharacta skua CM11606 0.0113 0.0075 0.2385 0.1558
Catharacta skua CM10116 0.0126 0.0038 0.2323 0.3686
Catharacta skua USNM576076 0.0075 0.0113 0.2722 0.4046
Catharacta skua USNM623300 0.0101 0.0075 0.4888 0.3116
Catharacta maccormicki USNM491325 0.0088 0.0038 0.1829 0.2750
Catharacta maccormicki USNM554803 0.0088 0.0088 0.2299 0.2720
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