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Skeletal pneumaticity is a key feature of extant avian structure and biology,
which first evolved among the non-flying archosaurian ancestors of
birds. The widespread presence of air-filled bones across the postcranial
skeleton is unique to birds among living vertebrates, but the true extent of
skeletal pneumaticity has never been quantitatively investigated—hindering
fundamental insights into the evolution of this key avian feature. Here,
we use microCT scans of fresh, frozen birds to directly quantify the fraction
of humerus volume occupied by air across a phylogenetically diverse
taxon sample to test longstanding hypotheses regarding the evolution and
function of avian skeletal pneumatization. Among other insights, we
document weak positive allometry of internal air volume with humeral
size among pneumatized humeri and provide strong support that humeral
size, body mass, aquatic diving, and the presence or absence of pneumaticity
all have independent effects on cortical bone thickness. Our quantitative
evaluation of humeral pneumaticity across extant avian phylogeny sheds
new light on the evolution and ontogenetic progression of an important
aspect of avian skeletal architecture, and suggests that the last common
ancestor of crown birds possessed a highly pneumatized humerus.

1. Background

Skeletal pneumaticity refers to the presence of air-filled cavities within bones.
Although pneumaticity of the skull is common among archosaurs and mammals
[1-3], postcranial skeletal pneumaticity (PSP) is unique to birds among extant
tetrapods (e.g. [4]), making it one of the most distinctive features of the avian
skeleton. The origins of avian PSP can be traced back to the Late Triassic
(approx. 210 Ma), with osteological correlates of PSP observed in several groups
of extinct ornithodiran (bird-line) archosaurs, such as pterosaurs, sauropodo-
morph dinosaurs, non-avian theropods and Mesozoic avialans (e.g. [5-16]).
Postcranial skeletal pneumatization in birds is enabled by the unique, structurally
heterogeneous structure of the avian respiratory system—birds have dorsally
immobilized lungs that are specialized for gas exchange and are ventilated by a
number of highly compliant air sacs (usually nine) that are not significantly
involved in gas exchange. The mechanism by which bones of the postcranial skel-
eton become pneumatized is understood to take place during post-hatching
development through the growth of pneumatic diverticula, which are epithelial
extensions from the pulmonary air sac system [4,10,17-25].

Although substantial progress has been made towards understanding the
nature of PSP in birds, major gaps in our knowledge remain. Indeed, numerous
factors are probably involved in determining the extent of PSP throughout the
avian skeleton, such as body size, ecology and the biomechanical loading
environment of individual skeletal elements (e.g. [3,14,20,26-32]). However,
these links remain to be robustly tested across the avian crown group as a
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result of challenges inherent to quantifying the extent of
avian skeletal pneumaticity.

As a step towards addressing these major gaps in our knowl-
edge, we present a methodological approach using fresh, frozen
birds to quantify the fractions of avian bones (in this case the
humerus) occupied by air, marrow and bone. Although aspects
of PSP have been investigated previously using microCT scans of
fresh birds with intact soft tissues (e.g. [33,34]), this study is the
first to explicitly quantify the extent of pneumaticity of specific
skeletal elements and to visualize in situ soft and hard tissues
within pneumatized long bones. We focus on the humerus, as
it is the most frequently pneumatized long bone in the skeleton
of extant birds [20,26,35].

Our data allow us to document macroevolutionary
patterns in PSP across the avian tree of life and test several
existing hypotheses regarding evolutionary acquisitions and
losses of PSP. Among other hypotheses, we address whether
the previously reported positive, though weak, correlation
between body size and extent of pneumaticity (expressed as
the total number of pneumatized postcranial skeletal elements;
[20,26,29,30,35]), is mirrored by a positive association between
body size and extent of pneumaticity within individual skeletal
elements (expressed as the fraction of total bone volume occu-
pied by air). Previous studies also suggest associations between
indices of skeletal pneumaticity and certain ecological traits,
especially aspects of foraging and locomotion (e.g. a general
increase of pneumaticity in static soaring taxa and a general
decrease of pneumaticity in aquatic diving taxa). Here, we
focus specifically on assessing the hypothesis that aquatic
diving taxa exhibit increased skeletal density, not just through
reduction in the extent of bone volume occupied by air, but also
through an increase in bone thickness, which has been inter-
preted as an energy-saving adaptation for maintaining
neutral buoyancy underwater [31,36-38].

2. Methods

(a) Taxon sampling

Whereas studies of avian PSP have generally restricted their inves-
tigations to focal neornithine subclades (e.g. [20,26-29,35]), we
investigated a phylogenetically diverse sample of extant birds,
spanning the avian crown group. Representatives of 20 ordinal-
level clades and a total of 60 extant species were sourced from
the University of Cambridge Museum of Zoology (UMZC), and,
in the case of our Eudromia elegans specimen, the Royal Veterinary
College (RVC) (see electronic supplementary material, tables S1
and S2 for specimen information). Sampled specimens were
intact, freshly frozen adult individuals of both sexes. Since no
specimens were collected specifically for this study, our taxon
sample relied on the availability of frozen whole birds in accessible
museum collections; as such, it was challenging to fully control for
the level of decay and time between death and freezing for every
specimen. To attempt to control for these factors, we visually
assessed the extent of specimen decomposition and damage due
to freezing degradation that could lead to soft-tissue volume
loss, and excluded specimens exhibiting clear evidence of
decomposition or damage. We calculated average species values
for individuals in which both humeri were investigated, and for
species in which multiple individuals were sampled.

(b) Obtaining volumetric data
Whole frozen birds were microCT scanned without thawing using
a Nikon XTEK H 225 ST scanner at the Cambridge Biotomography

Centre (CBC). All scanned material was digitally segmented and n

rendered in three dimensions using VGStudio MAX 3.4.5
(Volume Graphics, Heidelberg, Germany). We segmented whole
humeri into distinct regions of interest (ROIs) occupied by bone
(high density), marrow (medium density) and air (lowest density)
based on threshold grey value differences. For each humerus, bone
volume (Vpone), marrow volume (Vyarow) and air volume (V)
were separately calculated using the voxel count of each ROI mul-
tiplied by voxel size in VGSTUDIO MAX 3.4.5. The ratio of
humeral diameter (measured dorsoventrally) to scan resolution
varied between 22 and 121. See electronic supplementary material
for details of our segmentation approach, complete data on the
grey value thresholds used for each modelled ROI, and our full
volumetric dataset.

(c) Quantifying pneumaticity

To quantify pneumaticity, we employed a three-dimensional air
space proportion (ASP) measure, similar to that used by Moore
[27]. However, unlike previous studies that use ASP as a quanti-
fiable measure of pneumaticity, our method does not assume that
the entire endocast of a pneumatized bone is filled with air
(which implies the complete absence of bone marrow). Instead,
by examining frozen bird specimens, we created three-dimen-
sional models documenting the position and dimensions of air
pockets present within a bone, as well as soft tissues occupying
part or all of the internal bone cavity (which we define as
‘marrow’). This enables pneumaticity to be quantified in two
ways: (i) calculating air space as a proportion of the total
volume of an internal bone cavity (i.e. Vair/ Vair + marrow), Which
we refer to as ASP; and (ii) air space as a proportion of total
bone volume (i.e. Vy,ir/ Vair + marrow + bone), Which we refer to as
ASP,. For additional discussion of ASP and interpretive caveats,
see electronic supplementary material.

(d) Comparative analyses

We used our data to test several established hypotheses regarding
the evolution of postcranial pneumaticity in birds, specifically
those relating to body size, diving ecology and bone thickness
(bone amount). We carried out phylogenetic generalized least
squares regression analyses (PGLS) [39] to evaluate the relation-
ship of humeral internal air space with body mass, and the
relationships of humeral bone volume—which is related to cortical
bone thickness—with pneumaticity, body mass and/or an aquatic
diving ecology. PGLS analyses were carried out using the R [40]
package caper version 1.0.1 [41], with Pagel’s 4, an estimator of
phylogenetic signal in the relationship between variables [42],
estimated using maximum likelihood. Our simplest models
explain air volume and bone volume as a function of internal
cavity volume (e.g. ‘air volume ~ internal volume’), reflecting a
‘null hypothesis” that air and bone volume simply scale with
humeral size, and are independent of other factors, including eco-
logical traits. The residuals from these simple models also provide
estimates of allometric effects (in relation to humeral size) and
correct for element size while avoiding the use of ratios or pro-
portions [43]. We then added other variables to our models to
test hypothesized explanations of this residual variation. These
models evaluate the independent effects of additional variables
on the scaling of air volume and bone volume. For example,
the model ‘air volume ~internal volume +body mass’ asks
whether relative air volume scales with body mass, and the
model ‘bone volume ~ internal volume + diving’ asks whether
relative bone volume varies depending on aquatic diving ecology.
Our bone volume analyses included an evaluation of the indepen-
dent effects of body mass, the presence/absence of pneumaticity
and the presence/absence of aquatic diving ecology across n =57
species. Air volume models could only be evaluated for the
subset of birds exhibiting pneumatized humeri (1 =36 species),
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and only one diving bird in our sample had air in the humerus.
Therefore, we could not analyse the effects of pneumatization or
diving on air volume.

We performed model selection based on the Akaike infor-
mation criterion for finite sample sizes (AICc) [44]. For our air
volume models, our most complex model included internal
volume and body mass as explanatory variables (i.e. ‘air volume ~
internal volume + body mass’). For our bone volume analyses, our
most complex model included internal volume, body mass, pneu-
maticity and diving as explanatory variables, as well as
interactions between internal volume and pneumaticity, and
internal volume and diving (i.e. ‘bone volume ~ internal volume +
body mass + diving + pneumaticity + internal volume x pneuma-
ticity + internal volume x diving’). Interactions with body mass
were not included because the resulting models were complex
and difficult to interpret with respect to well-defined hypotheses.
All volume measurements and body mass were logo-transformed
prior to analyses.

(e) Quantifying bone thickness

We used the residuals from our simplest bone volume PGLS model
(bone volume ~ internal volume) as an index of cortical bone thick-
ness, which we refer to as the bone thickness index (BTI). Bone
volume and internal humeral volume scale with humeral size,
therefore, positive residuals from this model (and positive BTI
numbers) represent relatively thicker humeral bone, and negative
residuals from this model (and negative BTT numbers) represent
relatively thinner humeral bone. Although BTI is not a direct
measure of cortical bone thickness at any single point along
a bone, it is proportional to a bone’s average thickness, after
correcting for allometry, across all possible sections of the bone.

(f) Additional data collection

Information on aquatic diving habits was obtained from Birds of
the World [45]. Body mass data were extracted from Dunning [46],
except for Fratercula arctica, which was obtained from Lowther
et al. [47].

To calculate whole bone (bulk) densities, we first estimated the
total mass of each humerus, incorporating both bone and marrow.
Avian humeral bone density was assumed to be 2.05 g cm ™ based
on mean avian humeral density estimates from Dumont [48]. By
multiplying this value by our bone volume measurements
(mm®), we obtained an estimate of bone mass. Marrow density
was assumed to be that of water (1 gcm™ or, 0.001 g mm™>)—
this assumption was based on previous calculations of marrow
density which ranged from 0.9128 g cm™>-1.08 g cm™ [49]. By
multiplying assumed marrow density by our quantitative esti-
mates of marrow volumes derived from CT scans (mm?), we
obtained an estimate of marrow mass within a bone. Total humeral
mass was then taken to be the sum of bone mass and marrow
mass (assuming that air mass is negligible), and whole bone
density was calculated as the estimated total humeral mass
divided by the total bone volume (Vyir 1 marrow + bone)-

3. Results

Of the 60 species included in our final analyses, 21 exhibited
apneumatic humeri (entirely marrow-filled) and 39 exhibited
pneumatized humeri. Of those that were pneumatized, our
results illustrate a considerable amount of variation in the
extent of that pneumaticity, both in terms of air space as a pro-
portion of internal cavity volume (ASP;) and air space as a
proportion of total bone volume (ASP) (figure 1). ASP;
ranged from 29% in Apus apus to 98% in Anas crecca, with a
mean of 74%, and ASP; ranged from 11% in Apus apus to 66%

in Asio flammeus, with a mean of 43%. For further information
on ASP results, see electronic supplementary material.

(a) Patterns of taxonomic variation

As the only member of Palaeognathae examined in this study,
the tinamou Eudromia elegans represents the extrant sister taxon
to the clade comprising all other investigated taxa. E. elegans
exhibited a highly pneumatic humerus, calculated both as
humeral ASP; (83%) as well as ASP; (49%), exceeding pneuma-
ticity values of most of the remaining taxon sample. Among
Neognathae, the large hypothesized waterbird clade Aequorli-
tornithes exhibited almost uniformly apneumatic humeri
among species that we sampled, with the only exceptions
being skuas (Charadriiformes: Stercorariidae), of which several
representatives have been found to exhibit humeral pneumati-
zation [52]. The humerus of the adult skua Stercorarius
antarcticus was relatively highly pneumatized (ASP;=92%;
ASP; = 53%), illustrating a notable reversal to a highly pneuma-
tized humerus within a large clade generally lacking humeral
pneumaticity. Other instances of secondary humeral pneuma-
tization arising among aequornithines unsampled in this study
have also been noted previously in taxa such as frigatebirds
(Fregatidae), boobies (Sulidae), pelicans (Pelecanidae) and the
shoebill (Balaeniceps rex) [29,30]. Anseriformes (waterfowl)
exhibited highly variable degrees of pneumatization, ranging
from the entirely apneumatic humerus of the diving long-
tailed duck Clangula hyemalis (ASP;=0%; ASP,=0%) to the
highly pneumatized humerus of the dabbling Eurasian teal
Anas crecca (ASP; =98%; ASP, = 60%). Galliformes (landfowl),
the sister taxon of Anseriformes, also exhibited a notable
degree of variation in the extent of humeral pneumaticity,
ranging from the grey partridge Perdix perdix (ASP;=50%;
ASP;=30%) to the ring-necked pheasant Phasianus colchicus
(ASP; =86%; ASP,=50%). We sampled multiple representa-
tives of Psittaciformes (parrots), which generally exhibited
highly pneumatized humeri (mean ASP; of 75%), with the
exception of budgerigars (Melopsittacus undulatus), which exhi-
bit apneumatic humeri. We also sampled a number of
Passeriformes and found that they too generally exhibited
pneumatized humeri, although those of the thrush Turdus phi-
lomelos and its sister taxon in our dataset, the starling Sturnus
vulgaris, were apneumatic (figure 1), documenting an apparent
transition to apneumatic humeri within the passerine subclade
Muscicapoidea [53]. Pigeons (Columbiformes) were found to
exhibit relatively highly pneumatized humeri across the
clade, with a mean ASP; of 86.5% and a mean ASP; of 53.4%.
See electronic supplementary material for detailed discussion
of patterns of taxonomic variation in skeletal pneumaticity.

(b) Extent of body mass reduction due to
pneumatization

Pneumatic bones are expected to be less dense than apneu-
matic bones due to the replacement of comparatively heavy
marrow by air. However, because birds exhibit variation in
both bone and soft tissue volumes across the avian crown
group, we were interested in estimating the extent of whole
bone (bulk) density reduction conferred by humeral pneuma-
tization. We found that pneumatic humeri varied in density
between 0.60 and 1.53 g cm™3, with a mean of 1.02 g am”3,
while apneumatic humeri varied in density between 1.56
and 1.98 g cm™, with a mean of 1.71 g cm™. We observed
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Figure 1. Time-scaled phylogenetic topology and pneumaticity scores for the species included in our study. Phylogeny follows Cooney et al. [50] and Prum et al.
[51]. Branch colours are on a continuous scale and indicate the extent of humeral pneumaticity measured as ASP of the internal cavity (ASP;) (left) and ASP of the
total bone volume (ASP,) (right). Apneumatic bones appear at the pink end of the scale, and pneumatic bones appear as shades of blue, depending on the extent of
humeral pneumaticity. Species names in bold indicate those illustrated in electronic supplementary material, figure S3. Species marked with an asterisk (*) indicate

suspected instances of incomplete PSP development (see discussion).

a much greater degree of density variation among pneumatic
humeri than among apneumatic humeri. Although there was
no overlap in density ranges between pneumatic and apneu-
matic humeri, the densest pneumatic humeri (e.g. Apus apus,
Ensifera ensifera and Euplectes hordeaceus) approached the
densities of the least-dense apneumatic humeri (e.g. Jacana
jacana, Himantopus mexicanus and Pluvialis  apricaria)
(figure 2a; electronic supplementary material, table S1).
Apneumatic humeri exhibited relatively greater bone
volumes on average (i.e. thicker bones as assessed by our
BTL, mean apneumatic BTT= +0.27), compared with pneu-
matic humeri (mean pneumatic BTI=—-0.11) (figure 3). BTI of
pneumatic humeri varied between —0.36 (the Asian green
bee-eater Merops orientalis) and +0.22 (the pink-footed
goose Anser brachyrhynchus), whereas values for apneumatic
humeri varied between —0.08 (the song thrush Turdus philome-
los) and +1.11 (the Macaroni penguin Eudyptes chrysolophus).
However, the Macaroni penguin (BTI +1.11) is a clear outlier
in this dataset; the second-highest BTI in our dataset was
much lower (+0.53 in the common murre Uria aalge). Of the

57 species included in our analyses, 12 are specialized aquatic
diving (non-specific) foragers (see electronic supplementary
material, table S1). Of those 12 diving species, only the
anseriform common merganser Mergus merganser exhibited
pneumatized humeri (although this is one of the few represen-
tatives of the diving anseriform subclade Mergini known to
exhibit humeral pneumatization [20]). Humeri of specialized
diving birds had relatively thicker bone on average (mean
BTI= +0.41) compared with those of non-divers (mean
BTI=-0.07). Regardless of pneumatic state, all specialized
diving birds exhibited humeri with a positive BTI, indicating
that they all have relatively thick humeri (figure 3).

(c) Testing functional hypotheses regarding the
evolution of humeral pneumatization

Among PGLS regression models constructed to evaluate vari-
ation in air volume, the best-supported model according to
AICc is our simplest model, which explains air volume as a
function of internal cavity volume (AICc weight=0.687;
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Figure 2. Box and whisker plots showing (a) variation in bulk density in pneumatic and apneumatic humeri, (b) proportion of bone volume relative to total humeral
volume (%) in pneumatic and apneumatic humeri, and (c) proportion of bone volume relative to total humeral volume (%) in taxa exhibiting non-diving and
aquatic diving ecologies. Bold lines on box plots represent the median. Upper whiskers correspond to data within 1.5 times the interquartile range over the
75™ percentile, lower whiskers correspond to data within 1.5 times the interquartile range under the 25 percentile.
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Figure 3. Scatter plot of the ‘null hypothesis’ model for the bone volume
model family of our PGLS analyses. Data points falling above the regression
line (i.e. those with positive residual variation) are representative of species
with relatively thicker humeri, and those that fall below the regression line
(i.e. those with negative residual variation) are representative of species with
relatively thinner humeri—this is a direct reflection of our BTI. Colours rep-
resent apneumatic (pink) and pneumatic (blue) humeri. Data point shape
reflects taxa exhibiting specialized aquatic diving (triangles) and non-
diving (circles) ecologies. Data point size corresponds to log10-transformed
body mass (g), with larger-bodied birds represented by increasingly larger
data points (values range from 1.05 to 3.65).

table 1). This supports a hypothesis that air volume simply
scales with humeral size, lacking independent effects
of body mass. The coefficient of internal volume in this analy-
sis indicates weak positive allometry (coefficient=1.044,
compared to 1.0 expected under isometry; s.e.=0.023,
p <0.0001; table 1), and the relationship is highly explanatory
(R?=0.984). The lack of influence of body mass on humeral
air volume is corroborated by the fact that the independent

effect of body mass is non-significant in the model ‘air
volume ~ internal volume + body mass’ (table 1).

PGLS regression analyses were also carried out to investi-
gate variation in bone volume, while controlling for allometry
(internal cavity volume). The simplest model (bone volume ~
internal volume) shows a positive relationship between bone
volume and internal cavity volume, which is as expected if
both tend to increase with increasing humeral size. The
residual variation from this ‘null hypothesis’ model rep-
resents differences in relative bone volume, independent of
internal cavity volume, and are therefore used here as a
measure of bone cortical thickness—we would expect thicker
bones to fall above the regression line, and thinner bones to
fall below it (figure 3).

The best-supported model to explain variation in humeral
bone volume includes internal volume, body mass and categ-
orical variables describing the presence/ absence of diving
and the presence/ absence of pneumaticity (AICc weight =
0.428; table 2). The coefficients of this model are highly sig-
nificant (p <0.0001 for all variables; table 2) and the model
is highly explanatory (R*=0.972). This model contains two
size-related coefficients, that of internal volume (coefficient =
0.5, s.e.=0.047, p <0.0001; table 2) and that of body mass
(coefficient =0.428, s.e.=0.059, p<0.0001; table 2). The
summed coefficients (= 0.928) indicate weak negative allome-
try of bone volume (compared to a coefficient of 1.0 expected
under isometry). These results demonstrate that the humeri
of larger-bodied bird species exhibit proportionally thinner
bone relative to the internal cavity than smaller species,
independent of the effects of pneumaticity or aquatic diving
ecologies. The coefficient of our pneumaticity variable in
this model (coefficient=-0.193, s.e.=0.037, p<0.0001;
table 2) indicates that the presence of pneumaticity in the
humerus has a significant negative effect on relative bone
volume, meaning that pneumatic humeri have proportionally
less bone volume than apneumatic humeri (figure 3), inde-
pendent of variation in internal space and independent of
the effects of body mass and aquatic diving ecologies. This
suggests that increases in the extent of humeral pneumatiza-
tion are achieved in part by replacing bone with air, and not
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Table 1. Phylogenetic regressions comparing explanations of humeral air volume variation. Only the best model according to AlCc (in italics) and models with  [JJ}

non-negligible AlCc weights (greater than 1/8 of the best model) are shown. Results for the full set of models are shown in the electronic supplementary
material, table S3. Abbreviations: AlCc, Akaike Information Criterion for finite sample sizes; AlCc Wt, AlCc weight; R?, coefficient of determination; lambda (1),

Pagel’s lambda; s.e., standard error.

PGLS model syntax  n AlCc AlccWt  R?

air volume ~ internal 36 —58.94 0.687 0.984 0
volume

air volume ~ internal 36 —57.36 0313 0.983 0

volume + body
mass

only by replacing marrow with air. The coefficient of our
diving variable in this model (coefficient = 0.174, s.e. =0.045,
p <0.0001; table 2) indicates that the presence of aquatic
diving ecologies has a significant positive effect on relative
humeral bone volume, meaning that humeri of species
with aquatic diving ecologies have proportionally more
bone volume (and therefore thicker bone) than those belong-
ing to species with non-aquatic diving ecologies (figure 3),
independent of variation in internal space and independent
of the effects of body mass and presence of pneumaticity.

4. Discussion

This study quantitatively documents variation in the extent
of humeral pneumaticity across the avian crown group for
the first time. We demonstrate considerable variation in the
extent of humeral pneumaticity among major avian subclades
(figure 1) and illustrate that extensive humeral pneumatization
is widespread across the avian crown group. The presence of a
highly pneumatic humerus in palaeognaths (represented
in our sample by the tinamou Eudromia elegans; ASP; = 83%;
ASP; =49%), as well as in many galloanserans and neoavians,
indicates that the last common ancestor of crown birds most
likely exhibited an extensively pneumatized humerus.

(a) Relationship between extent of pneumaticity,
humeral size and body size

We found strong evidence for weak positive allometry of hum-
eral air volume with humeral size (internal cavity volume).
This suggests that larger birds have proportionally more air
relative to marrow in the humerus. We found no evidence to
suggest that increasing relative body mass correlates with
any further increase in humeral air volume (after accounting for
increasing humeral size). Previous studies have also reported
an association between increased body size and number of
pneumatic elements across the skeleton [20,26,29,30], although
support for this relationship is variable, with studies using
phylogenetic comparative methods often failing to provide
support for this association [35]. Collectively, these findings
suggest that larger bodied birds may exhibit greater numbers
of pneumatized bones overall, and also that birds with larger
humeri (which in general are larger bodied birds) have a
greater proportion of air replacing marrow in the internal
cavity of their pneumatic elements. Future studies will be
necessary to robustly evaluate this hypothesis by exploring

lambda

variable estimate  s.e. tvalue  Pr(>[t))
(intercept) —0.27 0.067 —4.045 <0.0001
internal volume 1.044 0.023 45.777 <0.0001
(intercept) —0.245 0.073 —3.366 0.002
internal volume 1.093 0.061 17.978 <0.0001
body mass —0.068 0.078 —0.867 0.392

variation in air volume within other bones of the skeleton,
and among different avian subclades.

(b) Relationships between pneumatization and other
osteological parameters

Previous authors have demonstrated that apneumatic bones
exhibit increased cortical bone thickness compared to pneu-
matized bones [28,31,32,37]. Our findings corroborate these
results—our PGLS analyses of the independent effects of
pneumaticity on humeral bone volume, after correcting for
humeral internal cavity volume, suggest that apneumatic
humeri exhibit proportionally more bone volume compared
to pneumatized humeri.

Foraging ecology and locomotor mode have previously
been identified as key factors influencing the extent of skeletal
pneumatization [20,26,29,30,35]. Notably, these studies have
found a general decrease in the extent of pneumaticity across
the skeleton in aquatic diving taxa. Aquatic diving ecologies
have also previously been associated with an increase in skel-
etal density as a result of increased bone thickness, which has
been interpreted as an energy-saving adaptation for maintain-
ing neutral buoyancy underwater [31,36-38]. Our findings
corroborate this hypothesis—our PGLS analyses on the inde-
pendent effects of aquatic diving ecologies on humeral bone
volume, after correcting for humeral internal cavity volume,
and taking into account the independent effects of pneumati-
city and body mass, suggest that humeri belonging to species
with aquatic diving ecologies exhibit proportionally thicker
bone compared to humeri belonging to non-divers. In our
study, birds with diving ecologies, such as penguins (Aequor-
nithes: Spheniscidae), auks (Charadriiformes: Alcidae) and
numerous petrels and kin (Procellariiformes: Procellariidae),
exhibit some of the highest observed proportions of humeral
bone volume, as well as the thickest bone according to BTI
(figure 3; electronic supplementary material, table S1). The
penguin Eudyptes chrysolophus exhibited by far the greatest pro-
portion of bone (93%) as well as relative bone thickness (BTI +
1.11) in our sample—probably because penguin flightlessness
has allowed for an increase in mass through the replacement
of marrow volume in the internal cavity with heavier cortical
bone to maintain neutral buoyancy [31,36-38]. Volant
birds that also engage in aquatic pursuit diving, such as the
common murre (Uria aalge) and other extant auks (Alcidae)
remain subject to a trade-off between the energetic benefits of
a heavier skeleton (beneficial for aquatic diving) and a light
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(a) Clangula hyemalis (b)

ASPi 0%

ASPt 0% ; ASPt 30%

ASPi 92%

I:‘ = marrow volume

I:’ = air volume

Perdix perdix (c)

ASPi 50%

Psittacara leucophthalmus

Anas crecca

ASPi 98%
ASPt 60%

Figure 4. Taxa exemplifying the range of variation in the extent of humeral pneumaticity across crown bird phylogeny, as calculated by ASP; and ASP,. Left humerus
of (a) long-tailed duck Clangula hyemalis, (b) grey partridge Perdix perdix, (c) white-eyed parakeet Psittacara leucophthalmus, (d) elegant crested tinamou Fudromia
elegans and (e) brown skua Stercorarius antarcticus, and mirrored right humerus of (f) Eurasian teal Anas crecca. (i) Caudal view, with bone set at 75% transparency
and the internal cavity displaying the modelled endocast volumes of marrow (pink) and air (blue). (i) Close-up image of the (pneumo-)tricipital fossa. (iii) Cross-
section of the midshaft of the diaphysis, used for humeral diameter measurements. White bar in (i) indicates position of the cross-section in (iii). Scale bars represent
5mm (i) and 1 mm (ii, iii). Abbreviations: pn.fn., pneumatic foramen; pt.fo., pneumotricipital fossa(e); tr.fo., tricipital fossa(e). Note: we restrict use the term
‘pneumotricipital fossa’ to describing the tricipital fossa in taxa with confirmed pneumatized humeri. For taxa with apneumatic humeri we use the term ‘tricipital

fossa’.

skeleton (beneficial for aerial flight; [54]). In our dataset, no
representatives of Alcidae exceeded a humeral bone volume
proportion of 80% (the Atlantic puffin Fratercula arctica), nor
a BTI greater than +0.53 (the common murre U. aalge), con-
siderably lower than the aforementioned values in the
penguin. Maintaining the ability to fly therefore limits the
extent to which marrow volume in the internal cavity can be
replaced by heavier cortical bone in aquatic pursuit divers,
with volant pursuit divers such as auks probably approaching
a limit as to what is functionally feasible.

Among flighted birds, the conservation of relative humeral
bone thickness within a relatively small range (BTI —0.36 to +
0.53) across the avian crown group may be indicative of a
functional or biomechanical constraint. For example, in pneu-
matized bones, a trade-off may exist whereby selection for
body mass reduction drives decreases in humeral bone thick-
ness, but is balanced by selection for maintaining enough
bone mass to enable torsional resistance of the humerus
during flight. This type of constraint might also lead to changes
in bone shape [27], for example, in instances where mass
reduction is under strong selection. This hypothesis requires

further study with regard to its relevance in the humerus and
in other long bones.

(c) Post-fledging progression of postcranial skeletal
pneumaticity

In their study of pneumaticity in avian long bones, Cubo &
Casinos [32] used a method of direct observation through
the diaphysis (shaft) of the bones to assess whether or not
they were air-filled (pneumatic) or marrow-filled (apneu-
matic). They stated that no ambiguous state was found’.
We find the situation to be more complex. For the most
part, our findings show that apneumatic humeri are entirely
marrow-filled (although, see discussion on potential false
positive interpretations of pneumaticity in the electronic sup-
plementary material), and that pneumatized humeri have air
that enters through the pneumatic foramen at the proximal
end of the bone and extends at least to the distal end of the
diaphysis (figure 4). Our three-dimensional models show
that any soft tissues that are present in a pneumatic bone
are generally either present mainly in the epiphyses, or
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scattered along the inside wall of the diaphysis. With the
exception of three specimens, we did not observe large
masses of soft tissue within the bone cavities of pneumatized
humeri. These three unusual pneumatized specimens, how-
ever, exhibited varying amounts of marrow within the bone
cavity, at the distal end of the diaphysis. These specimens,
belonging to the feral rock dove Columba livia (Columbidae),
parasitic jaeger Stercorarius parasiticus (Charadriiformes: Ster-
corariidae) and carrion crow Corvus corone (Passeriformes:
Corvidae), have potentially ‘ambiguous’ states of humeral
pneumatization, exhibiting partially air-filled humeri, with
air entering the bone through the pneumatic foramen at the
pneumotricipital fossa, but limited to the proximal end of
the bone (electronic supplementary material, figure S2).
This partly air-filled and partly marrow-filled state was pre-
sent in both humeri in each of the specimens. Considering
that the process of pneumatization occurs post-hatching,
with pneumatic diverticula invading the bone through pneu-
matic foramina and gradually extending through the bone,
replacing marrow with air [8,22,24,55], we speculate that
these three specimens all represent immature birds that
would have later lost this marrow within the humerus. More-
over, the sister taxa of these three species in our dataset all
exhibit highly pneumatized humeri (figure 1; electronic sup-
plementary material, figure S2). Although the acquisition of
PSP is known to take place post-hatching, the timeline by
which skeletal pneumatization arises in different bird species
remains relatively unstudied [24] and represents an intri-
guing area for future research. All of the specimens in
question in this study had fledged and reached their
mature adult sizes, although the plumage of the parastic
jaeger (Stercorarius parasiticus) showed that it was a first-
year bird. If all of these specimens are immature, it suggests
that the full extent of PSP development is sometimes, if not
always, completed post-fledging, at least for the humerus.
Interestingly, an early study on avian PSP similarly observed
that the humeri of some young, yet fully-fledged hawks, owls
and magpies, which all exhibit humeral pneumatization,
were marrow-filled and did not exhibit a pneumatic foramen
[56]. To our knowledge, no studies published since have
further investigated this phenomenon. Although our specu-
lations are based on observations from only three
specimens, these species are distantly related to one another
(figure 1), so post-fledging PSP completion could be a wide-
spread phenomenon across the avian crown group, at least
among relatively altricial taxa [57]. Future studies examining
the development of pneumatic diverticula throughout avian
ontogeny will be necessary to evaluate this hypothesis.

5. Conclusion

We present the first quantitative estimates of the true extent of
pneumaticity in the humerus of extant birds, taking into
account soft tissues present within their internal cavities. Our
results show that humeral pneumaticity is phylogenetically

References

1. Gold MEL, Brusatte SL, Norell MA. 2013 The
cranial pneumatic sinuses of the tyrannosaurid

Alioramus (Dinosauria: Theropoda) and the
evolution of cranial pneumaticity in theropod

widespread, and probably ancestral for the avian crown
group. Moreover, both the presence and extent of humeral
pneumaticity vary considerably among extant birds, with fora-
ging ecology and locomotor behaviour (e.g. aquatic diving)
linked to variation in these parameters.

Our findings indicate that previous studies that have
applied quantitative ASP measurements to assess skeletal
pneumaticity have systematically overestimated the pro-
portion of bone volume occupied by air as a result of
disregarding the presence of soft tissues within pneumatized
bird bones. This will have implications for previously pub-
lished estimates of avian bulk density and body mass,
which could in turn have an effect on any hypotheses linking
these factors to the evolution of skeletal pneumaticity. Our
work illustrates the importance of studying fresh specimens
with soft tissues intact as opposed to skeletonized specimens
when attempting to quantify the extent of skeletal pneumati-
city, which will in turn enable better constrained inferences
regarding the origins and evolution of this key avian feature.

Our results add to the body of work investigating the
extent of PSP in crown birds [20,26,29,30,35] and lay the
groundwork for future studies that attempt to further cat-
egorize the true extent of pneumatization of specific skeletal
elements. Sampling additional skeletal elements will enable
variation in skeletal pneumaticity across entire skeletons to
be assessed, and sampling a broader phylogenetic range of
taxa—particularly those that are presently undersampled
such as passerines and non-aequolitornithine neoavians—
will be crucial for evaluating existing hypotheses regarding
evolutionary links between the extent of PSP and factors
such as body size and avian ecology.

Data accessibility. All data are presented in the electronic supplementary
material. Scan data are openly accessible from MorphoSource
(https:/ /www.morphosource.org/ projects /000489577?locale=en;
project ID 000489577).

The data are provided in the electronic supplementary material [58].
Authors” contributions. M.G.P.B.: data curation, formal analysis, investi-
gation, methodology, visualization, writing—original draft and
writing—review and editing; R.B.J.B.: conceptualization, method-
ology and writing—review and editing; D.J.F.: conceptualization,
funding acquisition, methodology, project administration, resources,
software, supervision and writing—review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Conflict of interest declaration. We declare we have no competing interests.

Funding. This work was supported by UKRI Future Leaders Fellow-
ship MR/S032177/1 to DJ.F. and the Dorothy and Joseph
Needham Studentship at Lucy Cavendish College to M.G.P.B. For
the purpose of open access, the authors have applied a Creative Com-
mons Attribution (CC BY) licence to any Author Accepted
Manuscript version arising.

Acknowledgements. We thank A. Schmitt, G. Navalén and K. Widrig for
assistance with technical aspects of this work and comments on an
early draft. We are especially thankful to P. O’Connor for insightful
discussions on pneumaticity, and to K. Smithson for scanning at
the Cambridge Biotomography Centre. We thank J. Hutchinson for
providing a scan of Eudromia elegans and L. Martin for discussions.

dinosaurs. Am. Mus. Novitates 2013, 1-46. (doi:10.
1206/3790.1)

09105707 ‘06T § 20S °Y 20id  qdsi/jeuinol/bio buiysigndAianosiefos H


https://www.morphosource.org/projects/000489577?locale=en
http://dx.doi.org/10.1206/3790.1
http://dx.doi.org/10.1206/3790.1

Koppe T, Nagai H, Alt KW. 1999 The paranasal
sinuses of higher primates. Berlin, Germany:
Quintessence.

Witmer LM. 1997 The evolution of the antorbital
cavity of archosaurs: a study in soft-tissue
reconstruction in the fossil record with an analysis
of the function of pneumaticity. J. Vertebr.
Paleontol. 17, 1-76. (doi:10.1080/02724634.1997.
10011027)

Duncker HR. 1971 The lung air sac system of birds-a
contribution to the functional anatomy of the
respiratory apparatus. Adu. Anat. E'mbryol. Cell Biol.
45, |-171.

Britt BB. 1993 Pneumatic postcranial bones in
dinosaurs and other archosaurs. PhD thesis,
University of Calgary, Calgary.

Wedel MJ. 2003 The evolution of vertebral
pneumaticity in sauropod dinosaurs. J. Vertebr.
Paleontol. 23, 344-357. (doi:10.1671/0272-
4634(2003)023[0344:TEOVPI]2.0.0;2)

Wedel MJ. 2003 Vertebral pneumaticity, air sacs,
and the physiology of sauropod dinosaurs.
Paleobiology 29, 243-255. (doi:10.1666/0094-
8373(2003)029<0243:VPASAT>2.0.€0;2)

Wedel MJ. 2005 7. Postcranial skeletal pneumaticity
in sauropods and its implications for mass
estimates. In The sauropods: evolution and
paleabiology (eds RK Curry, W Jeffrey), pp.
201-228. Berkeley, CA: University of California
Press.

0'Connor PM, Claessens LP. 2005 Basic avian
pulmonary design and flow-through ventilation in
non-avian theropod dinosaurs. Nature 436,
253-256. (doi:10.1038/nature03716)

0'Connor PM. 2006 Postcranial pneumaticity: an
evaluation of soft-tissue influences on the
postcranial skeleton and the reconstruction of
pulmonary anatomy in archosaurs. J. Morphol. 267,
1199-1226. (doi:10.1002/jmor.10470)

. (laessens LPAM, 0'Connor PM, Unwin DM. 2009

Respiratory evolution facilitated the origin of
pterosaur flight and aerial gigantism. PLoS ONE 4,
€4497. (doi:10.1371/journal.pone.0004497)

Butler RJ, Barrett PM, Gower DJ. 2009 Postcranial
skeletal pneumaticity and air-sacs in the earliest
pterosaurs. Biol. Lett. 5, 557-560. (doi:10.1098/rsbl.
2009.0139)

Butler RJ, Barrett PM, Gower DJ. 2012 Reassessment
of the evidence for postcranial skeletal pneumaticity
in Triassic archosaurs, and the early evolution of the
avian respiratory system. PLoS ONE 7, e34094.
(doi:10.1371/journal.pone.0034094)

Benson RB, Butler R, Carrano MT, 0’Connor PM.
2012 Air-filled postcranial bones in theropod
dinosaurs: physiological implications and the
‘reptile’—bird transition. Biol. Rev. 87, 168—193.
(doi:10.1111/}.1469-185X.2011.00190.x)

Yates AM, Wedel MJ, Bonnan MF. 2012 The early
evolution of postcranial skeletal pneumaticity in
sauropodomorph dinosaurs. Acta Palaeontol.
Polonica 57, 85-100. (doi:10.4202/app.2010.0075)
Benito J, Kuo PC, Widrig KE, Jagt JW, Field DJ. 2022
(retaceous ornithurine supports a neognathous

17.

18.

19.

20.

21.

22.

24,

25.

26.

2].

28.

29.

30.

31

32.

crown bird ancestor. Nature 612, 100-105. (doi:10.
1038/541586-022-05445-y)

Miiller B. 1908 The air-sacs of the pigeon.
Smithsonian Misc. Coll. 50, 365-420.

King AS. 1966 Structural and functional aspects of
the avian lungs and air sacs. Int. Rev. Gen. Exp. Zool.
2, 171-267.

Maina JN. 2006 Development, structure, and
function of a novel respiratory organ, the lung-air
sac system of birds: to go where no other vertebrate
has gone. Biol. Rev. 81, 545-579. (d0i:10.1111/j.
1469-185X.2006.th00218.x)

0'Connor PM. 2004 Pulmonary pneumaticity in the
postcranial skeleton of extant aves: a case study
examining Anseriformes. J. Morphol. 261, 141-161.
(doi:10.1002/jmor.10190)

Jones JH, Effmann EL, Schmidt-Nielsen K. 1985
Lung volume changes during respiration in ducks.
Respir. Physiol. 59, 15-25. (d0i:10.1016/0034-
5687(85)90014-3)

Bremer JL. 1940 The pneumatization of the
humerus in common fowl and the associated
activity of theelin. Anatom. Rec. 77, 197-211.
(doi:10.1002/ar.1090770209)

Hogg D. 1984 The distribution of pneumatisation in
the skeleton of the adult domestic fowl. J. Anat.
138, 617.

Hogg D. 1984 The development of pneumatisation
in the postcranial skeleton of the domestic fowl.
J. Anat. 139, 105.

McLelland J. 1989 Anatomy of the lungs and air
sacs. In Form and function in birds (eds AS King, J
McLelland), pp. 221-279. London, UK: Academic
Press.

Gutherz SB, 0'Connor PM. 2021 Postcranial
skeletal pneumaticity in Cuculidae. Zoology

(Jena) 146, 125907. (doi:10.1016/j.z00l.2021.
125907)

Moore AJ. 2020 Vertebral pneumaticity is
correlated with serial variation in vertebral

shape in storks. J. Anat. 238, 615—625. (doi:10.
1111/joa.13322)

Gutzwiller SC, Su A, 0'Connor PM. 2013 Postcranial
pneumaticity and bone structure in two clades of
neognath birds. Anat. Rec. (Hoboken) 296,
867-876. (doi:10.1002/ar.22691)

Smith ND. 2012 Body mass and foraging ecology
predict evolutionary patterns of skeletal
pneumaticity in the diverse ‘waterbird’ clade.
Evolution 66, 1059—1078. (doi:10.1111/j.1558-5646.
2011.01494.x)

0'Connor PM. 2009 Evolution of archosaurian body
plans: skeletal adaptations of an air-sac-based
breathing apparatus in birds and other archosaurs.
J. Exp. Zool. Part A 311, 629-646. (doi:10.1002/
jez.548)

Fajardo R, Hernandez E, 0’Connor P. 2007
Postcranial skeletal pneumaticity: a case study in
the use of quantitative micro(T to assess vertebral
structure in birds. J. Anat. 211, 138-147. (doi:10.
1111/j.1469-7580.2007.00749.x)

Cubo J, Casinos A. 2000 Incidence and mechanical
significance of pneumatization in the long bones of

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4,

45.

46.

47.

48.

49.

birds. Zool. J. Linn. Soc. 130, 499-510. (doi:10.
1111/}.1096-3642.2000.th02198.x)

Schachner ER, Hedrick BP, Richbourg HA,
Hutchinson JR, Farmer C. 2021 Anatomy, ontogeny,
and evolution of the archosaurian respiratory
system: a case study on Alligator mississippiensis
and Struthio camelus. J. Anat. 238, 845-873.
(doi:10.1111/joa.13358)

Atterholt J, Wedel M. 2022 A (T-based survey of
paramedullary diverticula in extant Aves. Anat.
Rec. 306, 29-50. (doi:10.1002/ar.24923)

Gutherz SB, 0'Connor PM. 2022 Postcranial skeletal
pneumaticity in non-aquatic neoavians: insights
from accipitrimorphae. J. Anat. 241, 1387-1398.
(doi:10.1111/joa.13742)

Wall WP. 1983 The correlation between high limb-
bone density and aquatic habits in recent
mammals. J. Paleontol. 197-207.

Currey JD, Alexander RM. 1985 The thickness of the
walls of tubular bones. J. Zool. 206, 453-468.
Watanabe J, Field DJ, Matsuoka H. 2021 Wing
musculature reconstruction in extinct flightless auks
(Pinguinus and Mancalla) reveals incomplete
convergence with penguins (Spheniscidae) due to
differing ancestral states. Integr. Org. Biol. 3,
0baa040. (doi:10.1093/iob/obaa040)

Grafen A. 1989 The phylogenetic regression. Phil.
Trans. R. Soc. Lond. B 326, 119—157. (doi:10.1098/
rsth.1989.0106)

R Core Team. 2021. R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing.

Orme D, Freckleton R, Thomas G, Petzoldt T, Fritz S,
Isaac N, Pearse W. 2018 caper: comparative analyses
of phylogenetics and evolution in R. R package
version 1.0.1. See https://CRAN.R-project.org/
package=caper.

Pagel M. 1999 Inferring the historical patterns of
biological evolution. Nature 401, 877-884. (doi:10.
1038/44766)

Revell LJ. 2009 Size-correction and principal
components for interspecific comparative studies.
Evol. Int. J. Org. Evol. 63, 3258-3268. (doi:10.1111/
j.1558-5646.2009.00804.x)

Sugiura N. 1978 Further analysis of the data by
Akaike's information criterion and the finite
corrections. Commun. Stat. Theory Methods 7,
13-26. (doi:10.1080/03610927808827599)
Billerman SM, Keeney BK, Rodewald PG,
Schulenberg TS. 2022 Birds of the world. Ithaca, NY:
Cornell Laboratory of Ornithology.

Dunning JB. 2007 CRC handbook of avian body
masses. Boca Raton, FL: CRC Press.

Lowther PE et al. 2020 Atlantic puffin (Fratercula
arctica), version 1.0. In Birds of the world (ed. SM
Billerman). Ithaca, NY: Comnell Lab of Ornithology.
Dumont ER. 2010 Bone density and the lightweight
skeletons of birds. Proc. R. Soc. B 277, 2193-2198.
(doi:10.1098/rspb.2010.0117)

Goodsitt MM, Hoover P, Veldee MS, Hsueh SL. 1994
The composition of bone marrow for a dual-energy
quantitative computed tomography technique: a
cadaver and computer simulation study. /nvest.


http://dx.doi.org/10.1080/02724634.1997.10011027
http://dx.doi.org/10.1080/02724634.1997.10011027
http://dx.doi.org/10.1671/0272-4634(2003)023[0344:TEOVPI]2.0.CO;2
http://dx.doi.org/10.1671/0272-4634(2003)023[0344:TEOVPI]2.0.CO;2
http://dx.doi.org/10.1666/0094-8373(2003)029%3C0243:VPASAT%3E2.0.CO;2
http://dx.doi.org/10.1666/0094-8373(2003)029%3C0243:VPASAT%3E2.0.CO;2
http://dx.doi.org/10.1038/nature03716
http://dx.doi.org/10.1002/jmor.10470
http://dx.doi.org/10.1371/journal.pone.0004497
http://dx.doi.org/10.1098/rsbl.2009.0139
http://dx.doi.org/10.1098/rsbl.2009.0139
http://dx.doi.org/10.1371/journal.pone.0034094
http://dx.doi.org/10.1111/j.1469-185X.2011.00190.x
http://dx.doi.org/10.4202/app.2010.0075
http://dx.doi.org/10.1038/s41586-022-05445-y
http://dx.doi.org/10.1038/s41586-022-05445-y
http://dx.doi.org/10.1111/j.1469-185X.2006.tb00218.x
http://dx.doi.org/10.1111/j.1469-185X.2006.tb00218.x
http://dx.doi.org/10.1002/jmor.10190
http://dx.doi.org/10.1016/0034-5687(85)90014-3
http://dx.doi.org/10.1016/0034-5687(85)90014-3
http://dx.doi.org/10.1002/ar.1090770209
http://dx.doi.org/10.1016/j.zool.2021.125907
http://dx.doi.org/10.1016/j.zool.2021.125907
http://dx.doi.org/10.1111/joa.13322
http://dx.doi.org/10.1111/joa.13322
http://dx.doi.org/10.1002/ar.22691
http://dx.doi.org/10.1111/j.1558-5646.2011.01494.x
http://dx.doi.org/10.1111/j.1558-5646.2011.01494.x
http://dx.doi.org/10.1002/jez.548
http://dx.doi.org/10.1002/jez.548
http://dx.doi.org/10.1111/j.1469-7580.2007.00749.x
http://dx.doi.org/10.1111/j.1469-7580.2007.00749.x
http://dx.doi.org/10.1111/j.1096-3642.2000.tb02198.x
http://dx.doi.org/10.1111/j.1096-3642.2000.tb02198.x
http://dx.doi.org/10.1111/joa.13358
http://dx.doi.org/10.1002/ar.24923
http://dx.doi.org/10.1111/joa.13742
https://doi.org/10.1093/iob/obaa040
http://dx.doi.org/10.1098/rstb.1989.0106
http://dx.doi.org/10.1098/rstb.1989.0106
https://CRAN.R-project.org/package=caper
https://CRAN.R-project.org/package=caper
http://dx.doi.org/10.1038/44766
http://dx.doi.org/10.1038/44766
http://dx.doi.org/10.1111/j.1558-5646.2009.00804.x
http://dx.doi.org/10.1111/j.1558-5646.2009.00804.x
https://doi.org/10.1080/03610927808827599
http://dx.doi.org/10.1098/rspb.2010.0117

50.

51.

52.

Radiol. 29, 695-704. (doi:10.1097/00004424-
199407000-00006)

Cooney (R, Bright JA, Capp EJ, Chira AM, Hughes
EC, Moody CJ, Nouri LO, Varley ZK, Thomas GH.
2017 Mega-evolutionary dynamics of the adaptive
radiation of birds. Nature 542, 344—347. (doi:10.
1038/nature21074)

Prum RO, Berv JS, Dornburg A, Field DJ, Townsend
JP, Lemmon EM, Lemmon AR. 2015 A
comprehensive phylogeny of birds (Aves) using
targeted next-generation DNA sequencing. Nature
526, 569-573. (doi:10.1038/nature15697)
Gutzwiller SC. 2010. Postcranial skeletal
pneumaticity, bone structure, and foraging style in

53.

54.

55.

two clades of neognath birds. Thesis, Ohio
University, Athens, OH.

Oliveros CH et al. 2019 Earth history and the
passerine superradiation. Proc. Nat! Acad. Sci. USA
116, 7916-7925. (doi:10.1073/pnas.1813206116)
Elliott KH, Ricklefs RE, Gaston AJ, Hatch SA,
Speakman JR, Davoren GK. 2013 High flight costs,
but low dive costs, in auks support the
biomechanical hypothesis for flightlessness in
penguins. Proc. Natl Acad. Sci. USA 110,
9380-9384. (doi:10.1073/pnas.1304838110)
Schepelmann K. 1990 Erythropoietic bone marrow
in the pigeon: development of its distribution and
volume during growth and pneumatization of

56.

57.

58.

bones. J. Morphol. 203, 21-34. (doi:10.1002/jmor. m

1052030104)

(risp E. 1857 On the presence or absence of air in
the bones of birds. Proc. Zool. Soc. Lond. 25,
215-220. (doi:10.1111/j.1096-3642.1857.tb01229.x)
Ducatez S, Field DJ. 2021 Disentangling the avian
altricial-precocial spectrum: quantitative assessment
of developmental mode, phylogenetic signal, and
dimensionality. Evolution 75, 2717-2735. (doi:10.
1111/ev0.14365)

Burton MGP, Benson RBJ, Field DJ. 2023 Direct
quantification of skeletal pneumaticity illuminates
ecological drivers of a key avian trait. Figshare.
(doi:10.6084/m9.figshare.c.6444371)


https://doi.org/10.1097/00004424-199407000-00006
https://doi.org/10.1097/00004424-199407000-00006
http://dx.doi.org/10.1038/nature21074
http://dx.doi.org/10.1038/nature21074
http://dx.doi.org/10.1038/nature15697
http://dx.doi.org/10.1073/pnas.1813206116
http://dx.doi.org/10.1073/pnas.1304838110
http://dx.doi.org/10.1002/jmor.1052030104
http://dx.doi.org/10.1002/jmor.1052030104
http://dx.doi.org/10.1111/j.1096-3642.1857.tb01229.x
http://dx.doi.org/10.1111/evo.14365
http://dx.doi.org/10.1111/evo.14365
http://dx.doi.org/10.6084/m9.figshare.c.6444371

	Direct quantification of skeletal pneumaticity illuminates ecological drivers of a key avian trait
	Background
	Methods
	Taxon sampling
	Obtaining volumetric data
	Quantifying pneumaticity
	Comparative analyses
	Quantifying bone thickness
	Additional data collection

	Results
	Patterns of taxonomic variation
	Extent of body mass reduction due to pneumatization
	Testing functional hypotheses regarding the evolution of humeral pneumatization

	Discussion
	Relationship between extent of pneumaticity, humeral size and body size
	Relationships between pneumatization and other osteological parameters
	Post-fledging progression of postcranial skeletal pneumaticity

	Conclusion
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


