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ABSTRACT Avian wing elements have been shown to
experience both dorsoventral bending and torsional
loads during flapping flight. However, not all birds use
continuous flapping as a primary flight strategy. The
pelecaniforms exhibit extraordinary diversity in flight
mode, utilizing flapping, flap-gliding, and soaring. Here
we (1) characterize the cross-sectional geometry of the
three main wing bone (humerus, ulna, carpometacar-
pus), (2) use elements of beam theory to estimate resist-
ance to loading, and (3) examine patterns of variation in
hypothesized loading resistance relative to flight and
diving mode in 16 species of pelecaniform birds. Patterns
emerge that are common to all species, as well as some
characteristics that are flight- and diving-mode specific.
In all birds examined, the distal most wing segment
(carpometacarpus) is the most elliptical (relatively high
Imax/Imin) at mid-shaft, suggesting a shape optimized to
resist bending loads in a dorsoventral direction. As pri-
mary flight feathers attach at an oblique angle relative
to the long axis of the carpometacarpus, they are likely
responsible for inducing bending of this element during
flight. Moreover, among flight modes examined the flap-
ping group (cormorants) exhibits more elliptical humeri
and carpometacarpi than other flight modes, perhaps
pertaining to the higher frequency of bending loads in
these elements. The soaring birds (pelicans and gannets)
exhibit wing elements with near-circular cross-sections
and higher polar moments of area than in the flap and
flap-gliding birds, suggesting shapes optimized to offer
increased resistance to torsional loads. This analysis of
cross-sectional geometry has enhanced our interpreta-
tion of how the wing elements are being loaded and ulti-
mately how they are being used during normal activ-
ities. J. Morphol. 272:958–971, 2011. ! 2011 Wiley-Liss,

Inc.
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INTRODUCTION

The cross-sectional geometry of long bones has
been used as a proxy for estimating resistance to
the biomechanical loading encountered by that
bone during the life of an organism. More specifi-
cally, the shape of the cross-section determines
the ability of a given bone to withstand stresses
and helps reduce stress and strain under loading

conditions. Parameters derived from beam theory
characterize the amount and distribution of corti-
cal bone and have been used to functionally inter-
pret cross-sectional geometry (Roark and Young,
1975). Three commonly used parameters are cort-
ical area (CA), second moment of area (I) and po-
lar moment of area (J). Cortical area represents
the amount of cortical bone in a cross-section and
has typically been used to estimate resistance to
compressional loading. The second moment of
area has been used to infer resistance to bending
loads, and the polar moment of area has been
used to estimate resistance to torsion. Finally, a
ratio of two orthogonal second moments provides
a measure of relative circularity of the bone shaft.
This is functionally relevant as a more elliptical
section is typically interpreted to represent a
higher resistance to bending in a preferred direc-
tion (e.g., Jungers and Minns, 1979; Ruff and
Hayes, 1983; Demes et al., 1991; Ruff, 2002; Carl-
son, 2005).

Cross-sectional geometric approaches have been
used extensively to characterize the limb skeleton
in terrestrial mammals. However, most birds pre-
dominantly occupy the aerial environment where
the forelimb skeleton necessarily experiences dif-
ferent types of loads than those encountered by
animals on the ground. Generally speaking, it has
been argued that the avian postcranial skeleton is
optimized for mass reduction (e.g., Bühler, 1992).
Moreover, birds are functionally distinct from most
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nonchiropteran amniotes and it can be assumed
that forelimb and hind limb elements are loaded in
vastly different ways. In vivo strain-gauge studies
of the humerus in both bats and birds indicate
that the most proximal limb element is primarily
loaded in torsion and dorsoventral bending during
flapping flight due to the production of lift forces
acting on the wing distal to the humerus (Swartz
et al., 1992; Biewener and Dial, 1995). However,
not all birds use continuous flapping flight as their
primary locomotor mode. As continuous flapping is
energetically expensive, many groups of birds have
developed novel energy-saving techniques such as
various types of gliding and soaring (Norberg,
1985; Rayner, 1988; Rayner et al., 2001). At pres-
ent it is unclear how different habitual flight
modes may affect the loading environment, and
thus, the cross sectional geometry, of individual
forelimb elements.

The pelecaniforms represent a clade of neognath
birds that exhibit an extraordinary diversity in
both flight and foraging behaviors (Brewer and
Hertel, 2007). Flight characteristics exhibited by
birds in this group range from continuous flapping
(cormorants and shags) to various types of gliding
or flap-gliding (e.g., tropicbirds and boobies) and
soaring strategies (e.g., pelicans, gannets). During
soaring, birds exploit moving air currents to gain
potential energy, making this the least energeti-
cally expensive mode of flight (Norberg, 1985).
Static soaring birds such as the pelican, frigate-
bird, and anhinga/darter use rising columns of air,
or thermals. By contrast, dynamic soarers such as
the gannet utilize velocity differences in stratified
currents over the ocean to generate lift. Pelecani-
forms forage in a variety of ways: nondiving birds
forage either on the wing (frigatebirds) or from the
surface (most pelicans); gannets, boobies, and tro-
picbirds perform spectacular plunge dives; and cor-
morants and anhingas use foot-propelled pursuit
dives to capture prey.

Ongoing research has demonstrated that the
external morphology of forelimb bones (humerus,
ulna, and carpometacarpus) varies in a predictable
way among flight styles, and specifically, that the
external mid-shaft diameter of these elements is
particularly important for distinguishing among
flight modes (Simons, 2010). As such, additional
information characterizing the internal morphol-
ogy of long bones (e.g., cortical thickness and dis-
tribution) may be critical for better elucidating
specific relationships among whole bone shape,
bone cross-sectional properties, whole wing shape
and loading regimes associated with different
modes of flight in birds.

Several previous studies have investigated long
bone cross-sectional geometry in birds across a
varied sample of neoganths. Cubo and Casinos
(1998) examined the scaling relationship of CA, I
in the maximum direction (Imax), and J of the hu-

merus, radius, ulna, as well as hind limb elements.
In general, wing bones were found to exhibit isom-
etry under the geometric similarity model (Cubo
and Casinos, 1998). In addition, the authors pro-
vided data on the orientation of Imax for all ele-
ments. For proximal elements (humerus and fe-
mur) the maximum I was found to be in the PM-
AL (posteromedial-anterolateral) orientation,
whereas Imax of the ulna and tibiotarsus was in
the PL-AM orientation. More recently, Habib and
Ruff (2008) and Habib (2010) examined section
moduli (an estimate of structural strength) ratios
of the femur and humerus as a way to differenti-
ate among locomotor categories (such as obligate
terrestrial runners, perchers, hind limb and fore-
limb-propelled divers, and dynamic soaring birds;
Habib and Ruff, 2008) and to compare the skeletal
strength of birds utilizing wing-propelled under-
water flight to other avian taxa (Habib, 2010).
Although these studies have revealed important
patterns of bone shape and/or inferred strength
related to locomotor potential and bone loading,
neither examined the entire forelimb skeleton in
their analysis. Nonetheless, both studies provide
important perspectives on avian long bone mor-
phology in general and provide the impetus to fur-
ther examine cross-sectional geometry of avian
wing bones in a phylogenetically restricted, yet
flight-mode diverse group such as the pelecani-
forms.

The objective of this study is to characterize the
cross-sectional geometry of the forelimb elements
in pelecaniform birds and to examine the relation-
ship between the cross-sectional geometry and
flight mode, and in particular, of those elements to
which the primary and secondary flight feathers
are attached. We investigate the cortical area
(CA), ratio of the maximum to minimum second
moments of area (Imax/Imin), and the polar moment
of area (J) of the humerus, ulna, and carpometa-
carpus in the flight and diving mode-diverse pele-
caniforms.

MATERIALS AND METHODS

Sixteen species of pelecaniform birds represent the focal sam-
ple used in this study (Supporting Information Appendix). Pele-
caniforms include Pelecanidae (pelicans), Sulidae (gannets and
boobies), Phaethonidae (tropicbirds), Phalacrocoracidae (cormor-
ants and shags), Fregatidae (frigatebirds), and Anhingidae
(anhingas and darters). A composite phylogeny (Fig. 1) of taxa
used in this analysis was assembled based on the following
studies: Siegel-Causey (1988), Friesen and Anderson (1997),
Kennedy and Spencer (2004), and Livezey and Zusi (2007). Spe-
cies were assigned to one of four flight mode categories (flap,
flap-glide, static soar, dynamic soar) based on behavioral data
collected from the literature (Table 1; e.g., Ashmole, 1971; Pen-
nycuick, 1972; Schnell, 1974; Nelson, 1978; Pennycuick, 1983;
Johnsgard, 1993; Hertel and Ballance, 1999; Weimerskirch
et al., 2003; also, see Simons, 2010). Species were included
within a flight mode category if they habitually utilize that
flight behavior. Indeed, all species in this study do flap their
wings continuously under specific circumstances, i.e., during
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take-off or when wind speeds are not sufficient for soaring (e.g.,
Owre, 1967; Schnell, 1974; Nelson, 2005). However, in this
study we focus on the primary flight mode of each species.
Unfortunately, quantified flight behavior data (i.e., flight kine-
matics and/or time budgets) were unavailable for these species.
Observational data was used as a best estimate of primary
flight mode.
Adaptation for aquatic locomotion is known to affect cross-

sectional properties (Taylor, 1994; Habib and Ruff, 2008; Kriloff
et al., 2008; Habib, 2010), and we used two measures to account
for the effect of diving mode on cross-section in pelecaniforms.
Species were assigned to one of four diving behavior categories
(foot-propelled diving, deep plunge-diving, shallow plunge-div-
ing or nondiving) and maximum recorded dive depth was

included in our analysis as a continuous variable (Table 1;
Schreiber et al., 1975; del Hoyo et al., 1992; Hustler, 1992;
Johnsgard, 1993; Le Corre, 1997; Garthe, 2000; Ropert-Coudert,
2004; Ryan, 2007; Weimerskirch et al., 2008; Green et al.,
2009).

The humerus, ulna, and carpometacarpus (CMC) of 16 species
(n 5 94, mean of 6 specimens per species; Table 1) were
scanned on a GE eXplore Locus MicroCT Scanner housed at
Ohio University. The mid-shaft region (5–7 cm, encompassing
the precise mid-shaft) of each element was scanned once.
Although cross-sections have been shown to vary throughout
the length of the bone (Ruff and Hayes, 1983), the maximum
stress is predicted to occur at mid-shaft (Beer et al., 2006).
Wing bones were sampled from the right side of skeletally

TABLE 1. List of taxa scanned with mean species body mass (from Dunning, 2008), flight and diving mode groups, and maximum
recorded dive depths

Species Common name n BM (g) Flight mode Diving mode Maximum dive depth (m)

Phalacrocorax auritus Double-crested Cormorant 10 1,960 Flap Foot-propelled 7.9
Phalacrocorax africanus Long-tailed Cormorant 6 545 Flap Foot-propelled 2.5
Phalacrocorax bougainvillii Guanay Cormorant 4 2,485 Flap Foot-propelled 12
Phalacrocorax penicillatus Brandt’s Cormorant 7 2,248 Flap Foot-propelled 50
Sula dactylatra Masked Booby 7 1,713 Flap-glide Deep plunge 6
Sula sula Red-footed Booby 6 857 Flap-glide Deep plunge 8
Phaethon lepturus White-tailed tropicbird 7 334 Flap-glide Shallow plunge 4
Anhinga melanogaster Darter 3 1,340 Static soar Foot-propelled 4
Anhinga anhinga Anhinga 6 1,235 Static soar Foot-propelled 4
Fregata ariel Lesser Frigatebird 7 806 Static soar Nondiving N/A
Fregata magnificens Magnificent Frigatebird 4 1,499 Static soar Nondiving N/A
Pelecanus erythrorhynchos American White Pelican 7 5,650 Static soar Nondiving N/A
Pelecanus occidentalis Brown Pelican 10 3,438 Static soar Shallow plunge 1
Morus bassanus Atlantic Gannet 8 3,000 Dynamic soar Deep plunge 23
Morus capensis African Gannet 1 2,644 Dynamic soar Deep plunge 9.7
Morus serrator Australasian Gannet 1 2,350 Dynamic soar Deep plunge 23

Fig. 1. Composite phylogeny of pelecaniform taxa used in study, with flight mode and diving
mode indicated for each species.
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mature individuals and included both sexes depending on avail-
ability of specimens. Within the pelecaniforms, differences in
body size between the sexes tend to be small, ranging from 0 to
20% in adults (Johnsgard, 1993). The degree of asymmetry
between right and left side wing elements is unknown. Each
element was positioned in the lCT scanner with the long axis
of the bone parallel to the scanner bed. A 1 mm diameter circle
of barium sulfate was placed at mid-shaft on the three wing ele-
ments to ensure a readily identifiable radio-dense marker for
use in orienting scan data during subsequent quantitative anal-
yses. A scan resolution of 44–46 lm was used to acquire cross
sections (x-ray tube voltage 5 80 kV, x-ray tube current 5 450 m).
Skeletal specimens were borrowed from the Carnegie Museum
of Natural History (CM), National Museum of Natural His-
tory (NMNH) and Ohio University Vertebrate Collections
(OUVC).
One slice, immediately proximal to the radio-dense marker,

from each element was selected for analysis. The following pa-
rameters were calculated for each mid-shaft slice using ImageJ
version 1.36b (NIH) with MomentMacroJ version 1.3 (www.hop-
kinsmedicine.org/fae/mmacro.htm): cortical area (CA), total
cross-sectional area (TA), second moment of area in the maxi-
mum direction (Imax), and second moment of area in the mini-
mum direction (Imin). The polar moment of area (J) was calcu-
lated as the sum of Imax and Imin. In addition, the total length
(L) of each element was measured. Because body mass data
were not available for these specific individuals, a geometric
mean (GM) was established as a proxy for body size from five
additional skeletal measurements: femur length, synsacral
length, sternal length, sternal width, and height of sternal keel
(Mosimann, 1970; Mosimann and James, 1979; Niemi, 1985;
Simons, 2010). Lengths were measured using digital calipers
(Mitutoyo Digimatic calipers). All individual measurements
were log10 transformed to achieve normal distributions. The fol-
lowing biomechanical variables were calculated for each ele-
ment: CA/TA, the amount of cortical bone relative to total bone
cross-sectional area; Imax/Imin, a shape ratio indicating resist-
ance to bending; and J/L, length-standardized resistance to tor-
sion. Nonhistorical analysis of variance (ANOVA) with post hoc
Tukey-Kramer multiple comparisons was used to examine pat-
terns in cross-sectional geometric parameters common to all
pelecaniforms. Only species in which more than one individual
was sampled (n > 1) were included in the ANOVA. For multi-
variate analyses, the biomechanical ratios were log10 trans-
formed to remove ratio-induced skew, then range-transformed
to a range of (21, 1) to allow covariance matrix eigenanalysis.
Each variable was tested for phylogenetic signal in Mesquite

2.7.1 (Maddison and Maddison, 2009) by randomly reshuffling
the data across the tips of the tree 10,000 times and comparing
the results to the measured squared length (number of charac-
ter steps) in the given tree (Blomberg et al., 2003; Laurin et al.,
2004; Kriloff et al., 2008). Significant phylogenetic autocorrela-
tion was present in all variables (P < 0.0001) and justified the
use of phylogenetic comparative methods (Felsenstein, 1985;
Harvey and Pagel, 1991).
Simultaneously testing for relationships between our several

cross-sectional and behavioral variables required a multivariate
approach. Canonical variates analysis (CVA) is standard tech-
nique for examining differences in morphology due to a categor-
ical effect. However, like all standard canonical analyses, CVA
does not account for nonindependence due to phylogeny.
Although phylogenetically-informed approaches to canonical
analyses that use a phylogenetic generalized least-squares
(PGLS; Grafen, 1989) framework are available (Revell and Har-
rison, 2008; Revell, 2009), some of the computational steps of
CVA are not readily compatible with PGLS. We have chosen
another form of constrained ordination analysis, known as re-
dundancy analysis (RDA; Legendre and Legendre, 1998:579), to
examine relationships between cross-sectional variables and be-
havioral variables in a phylogenetic context. We will refer to
our PGLS adaptation of RDA as phylogenetic redundancy anal-
ysis (PRDA). All of the subsequent analysis steps were per-
formed in R 2.10.1 (R Development Core Team, 2009) using

components from R packages ape (Paradis et al., 2004) and gei-
ger (Harmon et al., 2008); scripts are available from the authors
on request.

Detailed accounts of PGLS and its basis can be found in Gra-
fen (1989), Martins and Hansen (1997), and Garland and Ives
(2000). Further material regarding the application of PGLS to
canonical analyses can be found in Revell and Harrison (2008)
and Revell (2009). The salient point for our analysis is that the
phylogenetic generalized least-squares approach accounts for
nonindependence due to phylogeny among n taxa by incorporat-
ing an n 3 n phylogenetic variance-covariance matrix C. For
each taxon i, the diagonal component of the matrix (Cii) con-
tains the total branch length from the root to that taxon. Off-di-
agonal components (Cij) contain the shared branch length, from
the root, of taxa i and j. The phylogenetic generalized least-
squares estimate of multiple regression coefficients B for a
regression of an n 3 p matrix Y of species data on an n 3 m
matrix X of species data is

B ¼ ðX0C#1XÞ#1X0C#1Y; ð1Þ

where X0 is the transpose of X and C21 is the inverse of C. If
the original data matrices are multiplied by the inverse square
root of matrix C, as

T ¼ C#1=2X ð2Þ

D ¼ C#1=2Y; ð3Þ

then the equivalent estimate for B can be found using the
standard least-squares solution on the transformed matrices, as

B ¼ ðT0TÞ#1T0D: ð4Þ

Although this is not the exact procedure followed in the analy-
sis, transformation of the original data matrices using the
inverse square root of a phylogenetic variance-covariance ma-
trix (PGLS-transform) is the basis of the approach used to
account for phylogenetic nonindependence in PRDA, as has
been suggested elsewhere for canonical analyses similar to RDA
(Rohlf, 2001; Revell and Harrison, 2008).

Although RDA is based on linear regression using continuous
variables, it can accommodate categorical variables dummy-
coded as orthogonal contrasts (Legendre and Legendre, 1998;
Legendre and Anderson, 1999). Each categorical variable with
n categories was broken into n 2 1 continuous variables, one
variable each for categories 1 to (n 2 1). Each category was
scored as a positive value for its respective variable, and zero
for other variables, with the exception that the nth category
was scored as a negative value in all variables as a contrast.
Because sample sizes for categories were unequal, values for
the positive and contrast score within each variable were
adjusted to sum to zero to maintain orthogonality.

The PGLS transformation matrix Z (equivalent to C21/2) was
calculated by singular value decomposition of C21, such that

C#1 ¼ !KV0; ð5Þ

where ! and V are matrices of the left and right singular vec-
tors of C21, and L is a diagonal matrix of the singular values of
C21. Matrix Z was then calculated as

Z ¼ !ð
ffiffiffiffi
K

p
ÞV0: ð6Þ

The complete set of cross-sectional variables (n 3 m matrix Y)
and size, maximum dive depth, and dummy-coded orthogonal
contrasts for flight and dive behaviors (n 3 p matrix X) were
concatenated into a single n 3 (m 1 p) matrix W. A vector of
ancestral character states (a) of length m 1 p was calculated as

a ¼ ½ð10C#11Þ#110C#1W&0; ð7Þ

where 1 is an n 3 1 column vector with (1) in each cell. Species
data were PGLS transformed and centered on ancestral charac-
ter states as

PELECANIFORM WING CROSS SECTIONAL GEOMETRY 961

Journal of Morphology



M ¼ ZW# Z1a0: ð8Þ

PGLS-transformed data M were then separated into a matrix of
dependent cross-sectional variables D and a matrix of independ-
ent size, flight, and dive-related variables T. As for the standard
computation of RDA, a matrix of multiple regression coeffi-
cients, B, was calculated using equation (4) given previously. A
matrix of estimated values of D based on this regression, D̂,
was calculated as

D̂ ¼ TB: ð9Þ

Matrix D̂ represents a linear combination of cross-sectional var-
iables and size, dive, and flight-related variables. The central
calculation of redundancy analysis is an eigenanalysis of matrix
D̂, which results in an ordination of cross-sectional variables
that is constrained to include information about size, flight
mode, and diving mode. Performing the regression and eigena-
nalysis on PGLS-transformed data removes the expected effects
of shared phylogenetic history on the final ordination space.
Eigenanalysis of D̂ results in a set of eigenvalues L and

eigenvectors U. A set of object scores and fitted object scores in
PGLS space, P and P̂ respectively, can be calculated as

P ¼ DU; ð10Þ

P̂ ¼ D̂U: ð11Þ

While these scores do not represent an ordination of the data
in terms of real (non-PGLS transformed) units, their axis-by-
axis correlation provides a measure of the strength of the rela-
tionship between morphological and size/behavioral datasets on
each ordination axis.
Points in matrix U provides a direct representation of the

ordination space in terms of PGLS-transformed dependent vari-
ables D. To place the PGLS-transformed independent variables
T in the same context, the correlation coefficients of axis-by-
axis correlations between T and P̂ were scaled by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ki=

P
K

p
, the

square root of the proportional variance explained by that axis.
Biplots of U and the scaled correlation coefficients of T and P̂
provide a direct representation of the relationships between de-
pendent and independent variables in the ordination space after
accounting for the effects of phylogeny.
Object scores in species space can be found by substituting

the species data from Y, centered on their phylogenetic means,
for D in equation (10):

S ¼ ðY # 1a0ÞU: ð12Þ

Scores in S maintain the morphological relationships between
species in Euclidean space, but are not phylogenetically inde-
pendent. Cluster analysis (UPGMA) of the species scores
obtained from PRDA was used to visualize groupings of species
utilizing similar flight and diving mode. Ancestral character
state analyses of species data and ordination scores were per-
formed in Mesquite 2.71 (Maddison and Maddison, 2009).

RESULTS
Cross-sectional morphology

Results of this study reveal that some common
cross-sectional geometric relationships exist among
the three forelimb elements in all pelecaniforms
examined (Table 2, Fig. 2). For example in all spe-
cies the carpometacarpus exhibited a significantly
more (P < 0.0001) elliptical (higher Imax/Imin ratio)
cross section than either the humerus or ulna (Fig.
3A), with the major axis of the carpometacarpus
oriented dorsoventrally. Moreover, the humerus
exhibited significantly (nonparametric Kruskal- T
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Wallis test, P 5 0.0021) higher J/L than either the
ulna or carpometacarpus (Fig. 3B). Relative corti-
cal area (CA/TA) did not differ significantly (P 5
0.6157) among the three elements (Fig. 3C).

PRDA results

The first three ordination axes from PRDA
explain over 98% of the variance present in the
PGLS-transformed data (Table 3). All three of
these axes show significant correlations between
PGLS-transformed object scores P and PGLS-
transformed fitted object scores P̂ (Table 4). Dis-
tance biplot scores (Table 5, Figs. 4A,B and 5A,B)
show effects of size and flight on the first and third
axes, and diving on the second axis.

Notable differences were detected in cross-sec-
tional geometry among the flight mode groups.
The flapping group exhibited more elliptical
(higher Imax/Imin ratio) carpometacarpi and
humeri, and less elliptical ulnae, than other flight
modes, placing them on the upper end of the third
canonical axis (Fig. 4B).

For all three elements the soaring birds
(dynamic 1 static) generally exhibited higher rela-
tive polar moments (J/L) than the flap and flap-
gliding birds, and thus occupied the upper end of
the first canonical axis (Fig. 4A). Relative polar
moment also shows a positive allometric relation-
ship with body size. A UPGMA cluster analysis
using the Euclidean distances between species

scores on the first and third canonical axes recov-
ers some of the original flight mode categories
with an overprinted signal of body size (Fig. 6A).

Fig. 2. Example cross-sections of the humerus, ulna, and
carpometacarpus (CMC) of four species, representing the four
main flight mode categories. Static soarer, Pelecanus erythro-
rhynchos (USNM 13668); Dynamic soarer, Morus bassanus (CM
S15516); Flapper, Phalacrocorax auritus (OUVC 9772); Flap-
glide, Phaethon lepturus (USNM 490836). Abbreviations: D,
indicates dorsal direction; Cr, indicates cranial direction. Scale
bar applies to all three rows of cross sections.

Fig. 3. ANOVA results for pooled species means for the hu-
merus, ulna, and carpometacarpus (CMC): (A) Imax/Imin, (B)
Length standardized polar moment of area (J/L), (C) Relative
cortical bone area (CA/TA). Significant differences indicated by
lowercase letters: a, b. Median line shown in boxes. Whiskers
represent 10th and 90th percentiles.

TABLE 3. Variance explained by PRDA axes

1st axis 2nd axis 3rd axis 4th axis

Proportion of variance 0.8333 0.0877 0.0599 0.0107
Cumulative proportion

of variance
0.8333a 0.921 0.9809 0.9916

aSignificance under a broken stick model.
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Differences in relative cortical area (CA/TA) cor-
responded to differences in diving behavior (Fig.
5A, B), with a marked positive correlation between
relative cortical area and maximum dive depth
along the second canonical axis. Nondiving birds
were scored as a contrast variable for other diving
behavior modes, and thus cannot be represented
on the independent variable biplot, but exemplars
(e.g., Fregata magnificens) cluster at low values of
the second canonical axis. A UPGMA cluster anal-
ysis using Euclidean distances between species
scores on the second canonical axis recovers the
original diving behavior categories, with the excep-
tion of shallow plunge-diving (Fig. 6B).

DISCUSSION
Patterns common to all pelecaniforms

A more elliptical bone cross-section is inter-
preted to represent higher resistance to bending in
a preferred direction. Of the three elements exam-
ined, the CMC is the most elliptical at mid-shaft
in roughly the dorsoventral direction (Fig. 3). This
suggests that for all flight modes, the CMC may be
experiencing primarily bending loads. This may
pertain to the way in which feathers transmit aer-
odynamic forces to the bone. The primary flight
feathers (i.e., those attached to the dorsal margin
of the CMC) are attached obliquely to the long
axis of the CMC (Fig. 7). Moreover, primary flight
feathers that attach to the phalanges of the major
digit are oriented even more obliquely to the long
axis of these elements, and these in turn would
induce a bending load on the distal end of the car-
pometacarpus. This contrasts markedly with the
nearly perpendicular manner in which secondary
flight feathers attach to the ulna during the down-
stroke (and when the aerodynamic-induced loads
on the bone would be maximal). We suggest that
when lift is generated on the primary flight feath-
ers, this orientation of feather attachment to the
CMC (and major digit phalanges) would impart

bending loads through a roughly dorsoventral
plane (around the craniocaudal axis). Note: we re-
stricted our analysis to the major metacarpal (i.e.,
the main component of the CMC and the attach-
ment site of the primary flight feathers) and did
not characterize the cross section of the minor
metacarpal (Fig. 7). It is clear that the compound
nature of the element would provide additional
support and reduces the amount of bending possi-
ble along a craniocaudal plane (around the dorso-
ventral axis). Thus, the bone may be more likely to
bend through a dorsoventral plane and structural
(shape) adaptation of the major metacarpal reflects
a response over evolutionary time. Indeed, an an-
cestral state reconstruction analysis using parsi-
mony of the shape ratio of the CMC indicates a
general increase in ellipticality of the cross-section
of the CMC (Fig. 8).

Within limb analyses of J/L reveal relatively
high resistance to torsional loads (increased J/L) in
the humeri of all pelecaniforms (Fig. 3). This is
consistent with the concept that torsional loads
applied to distal elements are additive from distal
to proximal through the wing. In addition, this
interpretation is supported by the concept that lift
generated by the airfoil (secondary flight feathers
or wing membrane), distal to the humeral axis,
transmits torsional loads to the humerus, as indi-
cated by in vivo strain gauge analyses (Swartz
et al., 1992; Biewener and Dial, 1995). It is impor-
tant to note that the interpretation of J as a mea-
sure of resistance to torsion is most robust when
the shape ratio of the section (Imax/Imin) is less
than or equal to 1.5 (i.e., it is relatively circular;

TABLE 4. Correlations between ordination vectors in ordination
space D (species scores) and ordination space T (fitted species

scores)

r P 95% CI for r

1st axis 0.95 <0.0001a,b 0.85–0.98
2nd axis 0.9 <0.0001a,c 0.73–0.97
3rd axis 0.77 0.0005a,c 0.44–0.91
4th axis 0.83 <0.0001a 0.57–0.94

These correlations represent the strength of association
between the morphological data in D and the size/behavioral
model of morphology in D̂, and should be interpreted together
with the cumulative proportions of variance given in Table 3.
aSignificant correlation.
bSignificant proportion of variance by broken stick.
cSignificant proportion of variance up to 95% cumulative pro-
portional variance.

TABLE 5. Distance biplot scores for PGLS transformed
dependent (morphology, D) and independent (body size and

behavior, T) variables, by PRDA axis

Variable 1st axis 2nd axis 3rd axis

Dependent variables
Humeral J/L 0.6640* 20.1491 0.1967
Humeral CA/TA 20.0936 20.4832* 20.1351
Humeral Imax/Imin 20.2902 20.0505 0.5426*
Ulnar J/L 0.4639 0.066 20.1836
Ulnar CA/TA 20.092 20.5327* 20.1545
Ulnar Imax/Imin 20.2222 0.4465 20.6133*
Carpometacarpal J/L 0.4056 0.0005 20.1828
Carpometacarpal CA/TA 20.1235 20.5032* 20.3751
Carpometacarpal Imax/Imin 20.1154 0.032 0.2018

Independent variables
logGm 0.8959 20.0174 0.0272
Flapping flight 20.1917 0.0195 0.1195
Flap-gliding flight 20.2989 20.0317 0.0223
Dynamic soaring 0.0696 0.0592 0.0058
Max dive depth 0.0878 0.1714 0.086
Foot-propelled diving 20.2887 0.14 20.0395
Deep plunge-diving 20.2151 0.0606 20.0655
Shallow plunge-diving 20.3027 0.0451 20.0726

Bolded biplot scores indicate major dependent and independent
contributors to each axis.
*Eigenvector values for dependent variables greater than the
equilibrium contribution length (0.4714).
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Daegling, 2002). The mean Imax/Imin of the hu-
merus and ulna for all flight modes, with the
exception of the humerus of the flapping group, is
less than 1.5.

The proportion of cortical bone per total bone
area (CA/TA) is not significantly different among
the three elements for pelecaniform taxa (Fig. 3C).
Whereas there are differences among taxa (and

indeed among flight modes, see below), within
each species CA/TA is consistent for the three ele-
ments. For example, Pelecanus occidentalis exhib-
its the lowest values for CA/TA, ranging from 0.22
for the humerus to 0.28 for the CMC (Table 2).
This differs greatly from Anhinga melanogaster,
which exhibits CA/TA values of 0.66–0.77. Within
each of these species, however, the results for the

Fig. 4. PRDA ordination of cross-sectional morphology on combined body size, flight behavior, and diving behavior data. NOTE:
Both flight and diving variables are considered simultaneously in this ordination, but each class of effect will be shown separately for
clarity. (A, B) Biplots of the effects of cross-sectional variables D (dashed lines) with body size (logGM) and flight variables (solid lines)
on PRDA axes 1 and 2 (A) and PRDA axes 3 and 2 (B). Correlation between two variables is approximated by the angle between their
respective rays—acute angles indicate positive correlation, obtuse angles indicate negative correlation, and right angles indicate the ab-
sence of correlation. The circle represents the expected equilibrium contribution of cross-sectional variables to the ordination axes.
Dashed lines projecting beyond this circle represent cross-sectional variables that make significant contributions to their respective
axes; in this case inferred resistance to torsional loads for the humerus on axis 1, relative humeral, ulnar, and carpometacarpal cortical
area on axis 2, and humeral and ulnar bending resistance on axis 3. Note that body size, as approximated by logGM, loads heavily on
the first axis, and is negatively correlated with both flapping and flap-gliding modes of flight. In contrast, flapping flight is the independ-
ent variable with greatest effect on axis 3, and is positively correlated with carpometacarpal and humeral bending resistance. (C, D)
Species scores Y plotted onto the ordination spaces defined in (A) and (B), with convex hulls around categories of flight mode. Color key
for flight mode: Purple 5 Flap, Green 5 Flap-glide, Orange 5 Static soar, Yellow 5 Dynamic soar. Note that both forms of soaring are
loosely associated with larger body sizes on axis 1, while flapping flight stands out from other flight modes on axis 3. Species points on
this plot are not PGLS transformed, and they represent the actual Euclidean distances of species data in the ordination space, including
phylogenetic signal. Biplot rays show the effect of PGLS-transformed variables D on the ordination axes, which reflects correlations
between variables while taking phylogeny into account. This difference causes some misalignment between PGLS-transformed inde-
pendent variables (e.g., flapping on axis 1) and their non-PGLS transformed exemplars (e.g., the position of phalacrocoracids on axis 1).
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three elements are similar. Such differences likely
pertain to skeletal variation in the locomotor appa-
ratus between these two species, and specifically,
variation that marks buoyancy requirements for
different types of foraging behavior (see below).
This suggests that for cortical area, the bones of
the entire wing (and perhaps the entire skeleton;
see O’Connor, 2009) are responding to similar
pressures, whether environmental, behavioral, or
phylogenetic.

Flight mode patterns

There are also clear differences in cross-sectional
characteristics when examined as a function of
flight and diving mode categories. The flapping

flight group is separated from other flight mode
groups on the 3rd axis of the PRDA based on pos-
sessing a more elliptical humerus and CMC (Fig.
4B, D). This suggests that carpometacarpi and
humeri of continuously-flapping birds may be
experiencing predominantly bending loads, at least
more so than the corresponding bones of birds that
utilize other (i.e., noncontinuous flapping) primary
flight modes such as soaring. Specifically, the CMC
exhibits a dorsoventrally elliptical cross section, a
shape that is consistent with resistance to bending
loads from the obliquely oriented primary flight
feathers (Fig. 7). In addition, the relatively ellipti-
cal humerus (also with a major axis oriented dor-
soventrally) in the flapping flight category sug-
gests that during continuous flapping, even the

Fig. 5. PRDA ordination of cross-sectional morphology on combined body size, flight behavior, and diving behavior data. (A, B)
Biplots of the effects of cross-sectional variables D (dashed lines) with body size (logGM) and diving behavior variables (solid lines)
on PRDA axes 1 and 2 (A) and PRDA axes 3 and 2 (B). Representation of variables as in Figure 4. Note the marked positive corre-
lation between relative cortical area and maximum dive depth on axis 2. (C, D) Species scores plotted onto the ordination spaces
defined in (A) and (B), with convex hulls around categories of diving behavior. Color key for flight mode: Blue 5 Foot-propelled,
Green 5 Deep plunge, Orange 5 Nondiving, Yellow 5 Shallow plunge. Note the separation of diving behaviors on axis 2, with foot-
propelled diving and deep plunge-diving taxa showing generally positive scores, and nondiving taxa showing negative scores.
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proximal-most element may be experiencing pre-
dominantly bending loads. This may pertain to the
frequency of loading experienced by the elements
of the continuous-flapping category. For example,
the flapping birds examined in this study (cormor-
ants, shags) exhibit wing beat frequencies exceed-
ing five beats per second (Meinertzhagen, 1955;
Pennycuick, 1983; Pennycuick, 1990). By contrast,
the nonflapping specialists, such as the pelican, ex-
hibit average wing beat frequencies of approxi-
mately two beats per second (Johnsgard, 1993).
Thus, flapping flight would necessarily result in a
higher frequency of wing loading in birds. Recall,
all species included in this study are capable of
flapping to some degree during take-off or when
wind speeds for soaring decrease. Presumably the
skeletal elements of all species are built to with-
stand this occasional flapping. However, the spe-
cies included in the continuous flapping primary
flight mode group experience near-constant, higher
frequency flapping than those in the other flight
mode groups, and in turn, appear to exhibit bone
distributions optimized to resist such loading con-
ditions. Taken together, the relatively high wing-
beat frequency of flapping flight, combined with
the inferred orientation of the applied load, is here
hypothesized to influence structural adaptation of
the avian wing skeleton. This interpretation is
consistent with the results of Biewener and Dial
(1995), who used in vivo strain gauges on the
pigeon humerus and documented both dorsoven-
tral bending and torsion during high frequency

flapping flight. In sum, it is clear that additional
experimental work is required to examine poten-
tial loading differences in birds utilizing different
flight modes. Importantly, the cross-sectional geo-
metric differences identified herein will allow the
development of specific hypotheses that take into
account both shape and flight mode variation.

The carpometacarpus has also received recent
focus in the context of a whole-bone metric analy-
sis of the wing skeleton in pelecaniforms. Simons
(2010) documented that total length and dorsoven-
tral diameter of the CMC was useful for distin-
guishing among most flight modes. Interestingly,
the flappers in the whole-bone study (cormorants,
shags) were not completely separated from all
other flight mode groups based on these specific
external measures, and instead, overlapped in
morphospace with the static soaring pelicans. By
incorporating the internal structure of the bones,
as in the calculation of Imax/Imin here, increased re-
solution is gained for exploring the flapping/static
soaring interface. Whereas the two groups have
similar relative dorsoventral CMC external diame-
ter (relative to total wing size), the cross-sectional
shape is different and thereby useful for more fine-
tuned separation of the flight modes.

The mainly nondiving static and dynamic soar-
ing birds occupy the upper end of the first canoni-
cal axis, which is represented by large body size
and large relative polar moments (Fig. 4A, C). The
polar moment of the humerus is the only polar
moment variable to make a significant contribution

Fig. 6. UPGMA cluster analyses of species scores on the first and third (A) and second (B) canonical axes. (A) Clusters of note
on the first and third axes include a group of large-size dynamic and static soarers (Morus, Pelecanus), a group of medium-size
static soarers (Anhinga) that group closely with medium-size flap-gliders (Sula), a group of obligate flappers (Phalacrocorax), and
the two smallest taxa in the analysis. (B) Clusters of note on the second axis include the foot-propelled divers (Anhinga, Phalacro-
corax), most of the plunge divers (Sula, Morus, Phaethon), and nondiving pelecaniforms plus P. occidentalis.
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to the PRDA axes and relative humeral polar
moment exhibits positive allometry, meaning that
large size birds exhibit relative polar moments that
are larger than expected for their body size. As
expected, the largest bird in the study, the Ameri-
can white pelican (mean body mass of 5,650 g,
Dunning, 2008) is positioned furthest to the right
along PRDA axis 1. However, in addition, the mag-
nificent frigatebird (mean body mass of 1,499 g,
Dunning, 2008) is smaller in size than most birds
in the Flap group, but is also positioned to the far
right along axis 1. This static soaring frigatebird
exhibits a relative humeral polar moment more
than double in value than that of the flapping cor-
morants (Table 2). Relatively large polar moment
values suggest that a bone is shaped to resist one
of several loading environments: bending moments
that are not large or frequent enough to require an

elliptical section, predominant/frequent bending
that is occurring, but in multiple directions
(Carlson, 2005), or that torsion is the predominant
load encountered. As element cross-sections in
soaring birds clearly exhibit a circular section with
material distributed distant from the neutral axis
(Fig. 2), we suggest that soaring is indeed placing
higher torsional loads on the wing skeleton, and in
particular, the humerus. Characteristics that sup-
port this interpretation include the fact that soar-
ing birds typically have very large, broad wings.
Soaring birds exhibit wings with a relatively high
aspect ratio, and in static soaring birds in particu-
lar, a significantly longer chord length (Fig. 7).
Such long secondary feathers would act as longer
lever arms on the ulna as lift is generated, ulti-
mately transferring relatively larger torsional
loads up through the humerus. Experimental stud-

Fig. 7. Illustration of wing anatomy of (A) Morus bassanus (OUVC 10587) and (B) Pelecanus occidentalis (OUVC 10586) in ven-
tral view. (C) Schematic of the distal forelimb skeleton and proximal feather attachments. The secondary flight feathers (shaded
light gray in A and B) are oriented perpendicular to the axis of the ulna. The primary flight feathers are oriented obliquely to the
axis of the carpometacarpus. Note also difference in mean chord length (width of wing) between species. Abbreviations: CMCmaj,
major metacarpal; CMCmin, minor metacarpal.
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ies have shown that, in general, avian humeri ex-
perience torsional loads (Biewener and Dial, 1995),
but this is one of the first studies to postulate how
the shape of the whole wing (including feathers)
may differentially impact the amount of torsional
loading experienced by the forelimb skeleton (see
also de Margerie et al., 2005). As predicted, the
birds in this study with large broad wings (peli-
cans) do indeed have skeletal elements that exhibit
higher resistance to torsional loads than birds with
smaller, more slender wings. Interestingly, the
dynamic soaring bird in the sample (the gannet)
possesses a high aspect ratio, but relatively slender
wings (shorter chord length). The gannet also
exhibits forelimb elements with cross sections opti-
mized to resistant to torsion, suggesting that the
wing shape and soaring behavior both affect the
loading environment acting on the wings.

Cortical bone area is generally considered in
association with resistance to compression in ter-
restrial animals. Whereas the forelimb bones of

most birds are likely not experiencing significant
and/or sustained axial compression, major differen-
ces in relative cortical area were identified among
different diving mode categories, namely along
PRDA axis 2 (Fig. 5). The foot-propelled pursuit di-
vers are separated from all other dive mode cate-
gories and exhibit high relative cortical areas in
all three elements. Most notably, darters and
anhingas (Anhinga) exhibit extremely high CA/TA
values. Anhingas and darters are highly special-
ized for sustained underwater foraging. Unlike
any other bird examined, anhingas and darters
rarely swim at the surface of the water and
instead often swim submerged with only their
head and neck above the surface. In addition, dur-
ing foraging they remain totally submerged for up
to a minute to stealthily stalk their prey (Owre,
1967; Johnsgard, 1993; Nelson, 2005). Relatively
thicker cortical walls may work to impart a reduc-
tion in whole-body buoyancy that would be benefi-
cial in this type of foraging strategy. It is also

Fig. 8. Ancestral character reconstruction values (using Parsimony) of the shape ratio (Imax/
Imin) of the carpometacarpus are mapped on the phylogeny of pelecaniform species. Character
state bins are indicated in the key. Not all character state bins are represented on the phylog-
eny.
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notable in that Anhinga is the only member of
pelecaniforms with a completely apneumatic post-
cranial skeleton, whereas other members of the
clade variably exhibit air-filled bones (O’Connor,
2009). Phalacrocorax (cormorants), also exhibit rel-
atively high CA/TA values and a general reduction
in whole-body skeletal pneumaticity (although not
to the extreme level of apneumaticity observed in
Anhinga). The deep plunge divers (gannets and
boobies) and one shallow plunge diver (tropicbird)
are located in the middle of axis 2, clearly sepa-
rated from both the foot-propelled divers and the
nondivers. Clustering tightly with the nondivers is
the other shallow plunge diver, the brown pelican.
The brown pelican is the only pelican that per-
forms shallow plunge dives, and indeed is so buoy-
ant that it barely becomes submerged during a
dive (Schreiber et al., 1975). Thus, in pelecani-
forms, a relatively thick cortical wall may not
reflect increased resistance to axial loading, but
more likely represents a skeletal modification
related to buoyancy reduction in underwater forag-
ers. Similar adaptations have been suggested in
other diving specialists among both birds (e.g.,
auks and penguins) and mammals (Taylor, 1994;
Habib and Ruff, 2008; Kriloff et al., 2008; Habib,
2010).

In conclusion, some general patterns emerge
when considering the cross-sectional geometry of
the wing skeleton in pelecaniform birds. Impor-
tantly, some trends appear independent of flight
and diving mode, whereas others partition along
these behavioral categories. For all pelecaniforms,
the carpometacarpus is the most elliptical of all
limb elements, likely reflecting the manner in
which primary flight feathers attach to the long
axis of the bone and transmit aerodynamic loads
to the skeleton. In contrast, the humerus exhibits
the highest polar moment of area (a metric of re-
sistance to torsional loading) of the three limb seg-
ments. This is interpreted to reflect a response to
the generation of lift distal to the humeral axis
during any flight style and the additive nature of
torsional loads from proximal to distal through the
wing. High relative cortical area was identified in
foot propelled divers such as Anhinga and Phala-
crocorax, suggesting a role in buoyancy modula-
tion. Among flight modes, flapping birds exhibit
the most elliptically-shaped bones, whereas soar-
ing birds, especially static soarers, exhibit circular
cross sections with bone distributed relatively dis-
tant from the hypothesized neutral axis. This anal-
ysis of long-bone cross-sectional anatomy has
enhanced our interpretation of how avian wing
elements relate to hypothesized loading regimes,
and generally, how the postcranial skeleton reflects
locomotor and foraging activities in birds. Future
in vivo studies, especially of distal wing elements,
are necessary to test and further refine the
hypotheses developed herein related to wing-bone

cross sectional shape, whole-wing morphology and
flight mode variation in birds.
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