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ABSTRACT The morphology of the avian skeleton is
often studied in the context of adaptations for powered flight. The effects of other evolutionary forces,
such as sexual selection, on avian skeletal design are
unclear, even though birds produce diverse behaviors
that undoubtedly require a variety of osteological
modifications. Here, we investigate this issue in a
family of passerine birds called manakins (Pipridae),
which have evolved physically unusual and elaborate
courtship displays. We report that, in species within
the genus Manacus, the shaft of the radius is heavily
flattened and shows substantial solidification. Past
work anecdotally notes this morphology and attributes it to the species’ ability to hit their wings
together above their heads to produce loud mechanical sonations. Our results show that this feature is
unique to Manacus compared to the other species in
our study, including a variety of taxa that produce
other sonations through alternate wing mechanisms.
At the same time, our data reveal striking similarities
across species in total radius volume and solidification. Together, this suggests that supposedly adaptive
alterations in radial morphology occur within a conserved framework of a set radius volume and solidness, which in turn is likely determined by natural
selection. Further allometric analyses imply that the
radius is less constrained by body size and the structural demands that underlie powered flight, compared
to other forelimb bones that are mostly unmodified
across taxa. These results are consistent with the
idea that the radius is more susceptible to selective
modification by sexual selection. Overall, this study
provides some of the first insight into the osteological
evolution of passerine birds, as well as the way in
which opposing selective forces can shape skeletal
design in these species. J. Morphol. 277:766–775,
C
2016 Wiley Periodicals, Inc.
2016. V

INTRODUCTION

KEY WORDS: avian skeleton; sexual selection; courtship display; manakin; passerine bird

Published online 29 March 2016 in
Wiley Online Library (wileyonlinelibrary.com).
DOI 10.1002/jmor.20534

C 2016 WILEY PERIODICALS, INC.
V

Skeletal systems in many volant birds are under
strong positive selection for efficient bone design to
reduce costs associated with generating lift during
flight (Fedducia, 1996; Gill, 2007; Dumont, 2010).
In this regard, the avian skeleton reflects an exquisite balance between osteological strength and
lightweight proficiency necessary to economically
support everyday life and powered locomotion. However, in some avian clades, skeletal design varies in
response to selection for other physiological and
behavioral traits or features that are not related to
flight (Weston et al., 2007; Hone et al., 2011; Bostwick et al., 2012; Olson and Turvey, 2013; Naish and
Perron, 2014). The nature of this osteological variation is seldom explored in extant birds, even though
many avian species have evolved unique behavioral
repertoires that otherwise require unusual and
complex body and limb movements (Wallace, 1869;
Beehler and Pruett-Jones, 1983; Prum, 1990, 1998;
Jaramillo and Burke, 1999; Clifton et al., 2015).
Recent work in avian osteology highlights the
different ways that bone morphology is shaped,
not only by selection for flight, but also by a
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variety of other functional factors. Some diving
birds, for example, maintain certain limb bones that
are heavily ossified to serve as ballasts (Currey and
Alexander, 1985; Habib and Ruff, 2008). Another
recent study in club-winged manakins (Machaeropterus deliciosus) shows that individuals have
enlarged and solidified ulnas (Bostwick et al., 2012),
compared to other manakin species. These derived
features of this specific forearm bone are thought to
support the performance of an elaborate wing
maneuver that is part of a courtship display. Thus,
sexual selection is thought to influence this bird’s
ulna morphology by countering presumed effects of
natural selection for an efficient forearm skeleton
that supports flight. However, additional examination of this hypothesis is warranted. For example,
this study does not look at whether related congeners show a similarly derived ulna. This work also
does not address whether ulna solidness occurs
throughout the entire bone, or whether solidness is
found only within a particular region of the bone.
Furthermore, neither this work in club-winged
manakins, nor work in any other passerine species
of which we are aware, examines allometric relationships between body size and features of the
wing skeletal structure. Therefore, we have little
insight into the basic morphological properties that
might otherwise constrain avian skeletal design,
particularly in terms of small birds like manakins.
In this regard, it remains unclear how the wing
bones might evolve to support complex and acrobatic avian displays.
The main goal of our study is to examine variation
in wing bone morphology among a number of manakins that use their forelimbs to perform different
types of physical display behavior. Yet, in contrast to
the work of Bostwick et al. (2012) on the ulna of the
club-winged manakin, our current study focuses on
a different forearm bone in a separate manakin species; namely, we study the radius of the goldencollared manakin (Manacus vitellinus). Males of
this species court potential mates by performing a
behavioral display that includes the production of
mechanical, firecracker-like wing-snaps (Fusani
et al., 2007; Barske et al., 2011; Fuxjager et al.,
2013; Barske et al., 2014). To produce this signal,
males are thought to rapidly hit their wings
together above their back (Fusani et al., 2014;
Fusani et al., 2007; Schlinger et al., 2013; Schlinger
et al., 2008), and prior work suggests that this bird
maintains a derived radius morphology that accommodates this percussive sound-making ability (Friscia and Schlinger, 2012; Bodony et al., in press).
Thus, we examine the forearm skeleton (including
the radius, ulna, and humerus) in the goldencollared manakin, and we compare our findings to a
variety of other manakin and passerine species.
Foremost among these other birds is the whitecollared manakin (Manacus candei), a congener of
the golden-collared manakin that also produces a
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wing-snap (Bostwick and Prum, 2003). Likewise, we
compare our findings to additional manakins that
produce sonations through wing movements that
are different from the species within the genus
Manacus. These include the red-capped manakin
(Ceratopipra mentalis), which produces wing sonations by slapping and rubbing its wings against its
body (Bostwick and Prum, 2003), as well as the
white-ruffed manakin (Corapipo altera) and lancetailed manakin (Chiroxiphia lanceolata), both of
which produce dramatic flight routines that involve
low amplitude sonations from wing movements
(Prum, 1998; Rosselli et al., 2002; DuVal, 2007).
Although the exact mechanism for wing-sonation in
these other species has not been determined, they
do not appear to be created with the same type of
behind-the-back wing movement or with the same
percussive force as the two Manacus. Finally, as
non-manakin out-groups, we include the spangled
cotinga (Cotinga cayana), ochre-bellied flycatcher
(Mionectes oleaginous), and Say’s phoebe (Sayornis
saya). Both the spangled cotinga and ochre-bellied
flycatcher produce flight displays that are extremely
modest, compared to the manakins (Westcott and
Smith, 1994; Chaves, 2001), whereas the Say’s
phoebe produces little in terms of physical display
behavior (Schukman and Wolf, 1998).
We analyze the deep architectural features of
these birds’ wing bones using micro-computer
tomography (micro-CT). If derived radius morphology is an adaptation that underlies adaptive wingsnapping, then we expect to find it in both goldencollared and white-collared manakins. We do not
expect to find such morphology in the other species,
given that they either produce wing sonations that
rely on alternate forelimb kinematics, or do not produce wing-snaps at all. With the species of Manacus,
we expect to observe modifications in shape and solidness (percent ossified volume) along the part of
the bone that is thought to constitute the wing’s percussive element. Such results have the potential to
reveal how such osteological modifications are balanced with other traits, such as total bone volume.
In this regard, we predict that most elements of
bone design are conserved through natural selection
for locomotory performance (flight).
METHODS
Specimen Collection and Preservation
Details regarding the specimens we used in this study are outlined in Table 1. Five of these species were manakins (Pipridae),
whereas three were non-manakin out-groups (one cotinga, one
tyrant flycatcher, and one phoebe). Specimens were wild-caught
individuals, with the exception of the cotinga and the phoebe,
which were disarticulated osteological museum specimens. The
wild caught birds were adult males in reproductive condition that
were trapped passively (i.e., with no stimulus to lure birds into
the net) using mist-nets in Panama. The golden-collared, redcapped, and lance-tailed manakins were collected in the region
surrounding the township of Gamboa, Panama province
(798410 W, 98070 N). The white-ruffed manakin was collected in
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TABLE 1. Specimens used for analyses.
Sample size (n)
for MicroCT scansa

Sample size (n) for manual
morphometric comparisonsa

Wild-caught
preserved
specimen
Wild-caught
preserved
specimen
Wild-caught
preserved
specimen
Wild-caught
preserved
specimen
Wild-caught
preserved
specimen
NHM 114812

1

3

1

N/A

1

N/A

1

3

1

N/A

1

N/A

Wild-caught
preserved
specimen
NHM 115671

N/A

3

N/A

1

Species

Specimen ID

Golden-collared manakin
(Manacus vitellinus (Gould, 1843))
White-collared manakin
(Manacus candei (Parzudaki, 1841))
Lance-tailed manakin (Chiroxiphia
lanceolata (Wagler, 1830))
Red-capped manakin (Ceratopipra
mentalis (Sclater, 1857) )
White-ruffed manakin (Corapipo
altera (Hellmayr, 1906))
Spangled cotinga (Cotinga cayana
(Linnaeus, 1766))
Ochre-bellied flycatcher (Mionectes
oleaginous (Lichtenstein, 1823))
Say’s phoebe (Sayornis saya
(Bonaparte, 1825))
a

N/A indicates that the species was not included in the given analysis.

Parque Omar Torrijos, Cocl
e province, Panama (808380 W, 88410 N),
and the white-collared manakin was collected on the edge of the
Sixaola River and Las Tablas village, Bocas del Toro Province,
Panama (828440 W, 98320 N). Wet specimens were preserved in 10%
neutral buffered formalin. All appropriate governmental agencies
including the Smithsonian Tropical Research Institute (STRI),
Autoridad Nacional del Ambiente and the Autoridad del Canal de
Panama, and University Institutional Animal Care and Use
Committees (IACUCs) approved of the collection of specimens for
preservation.

Micro-CT Scanning
Our main analysis involved micro-CT scans of the manakins
and cotinga. Similar to previous work in this field, we sampled
one individual per species (Bostwick et al., 2012; Bird et al.,
2014; Van Valkenburgh et al., 2004; Eastman et al., 2014;
Crumpton et al., 2015; Piras et al., 2015; Qu et al., 2015; Sentoku et al., 2015; Sharp, 2015). Scans were performed in a General Electric Phoenix Nanotom S Nano-CT scanner. We used
Mimics (v. 17.0, Materialise, Leuven, Belgium) software to construct a 3D-model of each species’ wing skeleton. The humerus,
ulna, and radius were then (graphically) disarticulated, so that
measurements could be collected for each tissue. All measurements were recorded and calculated using methods outlined
previously by Bostwick et al. (2012). The original scans that we
used for our study are currently deposited in an online data
repository (Dryad Digital Repository, doi:10.5061/dryad.278q9;
http://dx.doi.org/10.5061/dryad.278q9).

Bone Shape
We recorded images of each bone’s cross-section at 5% intervals along the long axis. For each measurement, we oriented
bones with their greatest length perpendicular to the crosssection view. To adjust for different body sizes among species,
we used cross-sections at percentage intervals, as opposed to
absolute distance measures. In ImageJ (v 1.49), we measured
the longest cross-sectional diameter for each image. We then
measured the width of the bone at the midpoint of this long
axis. Bone shape at a given cross-section was therefore quantified by dividing the long axis measurement by the width. Measurements of 1.0 indicate the bone is perfectly cylindrical,
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whereas values greater than 1.0 indicate an oblate (flattened)
bone (greater numbers equate to more flattening). Overall, this
measurement provides the most suitable estimation of bone
shape. Although slight ‘twisting’ of the bone may change the
orientation of the longest bone width, our goal is to determine
the general shape, not the orientation of the shape in a particular direction.

Relative Bone Volume
We used Mimics to calculate the relative total volume of
each bone, with all foramina capped. To adjust for body size differences among birds, and thus render measurements that
were comparable, we divided the cube root of total bone volume
by total bone length. The cube root of total bone volume is used
because it provides a measure of dimensionality that is comparable to the (linear) measure of length (mm).

Relative Bone Solidness
We used Mimics to calculate the total solidness of each bone
(i.e., how much of the structure was filled with bone). This metric was computed by dividing the total volume of ossified bone
by the total relative bone volume (see above). We determined
total ossified volume using a threshold density determined for
each bone scan. It was unnecessary to include a known standard in our scans, as we were more interested in comparisons of
relative levels of solidness within or among bones rather than
absolute bone density.
We also determined the solidness of each bone at the different cross-sectional slices (see above). In this case, we calculated
solidness by dividing the total ossified bone within the cross
section by the total volume of the bone within the cross section.

Allometric Analyses
We regressed total bone volume (cube root of ml, see above)
on bone length (mm) to assess how these two measures scaled
to each other, and whether such scaling differed among bones.
Regression models for each bone across all taxa were compared
in Prism (v. 4.0) using methods outlined by Zar (1999), and significant effects were followed by Tukey post-hoc comparisons.
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Fig. 1. Three-dimensional renderings of the humerus, ulna, and radius in the six species included in our study. All bones are sized
to the same scale. Species names are shown left in the figure. GCM 5 golden-collared manakin (Manacus vitellinus), WCM 5 whitecrowned manakin (Manacus candei), RCM 5 red-capped manakin (Ceratopipra mentalis), WRM 5 white-ruffed manakin (Corapipo
altera), LTM 5 lance-tailed manakin (Chiroxiphia lanceolata), SC 5 spangled cotinga (Cotinga cayana). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Wet Specimen Measurements
To validate the main important findings from our micro-CT
analysis, we examined golden-collared manakin (n 5 3), redcapped manakin (n 5 3), ochre-bellied flycatcher (n 5 3), and
Say’s phoebe (n 5 1) specimens to collect additional morphological measurements, including both radius shape and solidness.
First, we assessed radius shape by calculating eccentricity
scores (i.e., collecting longest and shortest shaft diameter; see
above) at the 25% and 75% intervals along the bone’s long axis
(relative to the proximal end). Measurements were taken with
calipers (to 0.01mm accuracy). Eccentricity scores were compared using a mixed-effect ANOVA, with species as the
between-subjects factor and percent along the bone’s long axis
as the within-subjects factor (Zar, 1999). Significant main
effects and/or interactions were followed with post-hoc comparisons, using Bonferroni corrections.
Second, we assessed radius solidness at the same 75% point
along the bone’s long axis (relative to the proximal end). We
used a razor to cut the bone perpendicularly and then visually
scored whether the bone’s cross-section was completely solidified or showed at least some form of hollowness. The proportion
of solidified vs. hollow bone was compared across species using
a Fisher Exact Test modified for a 332 design (Freeman and
Halton, 1951).

RESULTS
Bone Shape
The three major wing bones for each of the six
species used in our study are displayed in Figure
1 (enlarged version of the bones are included in
Supporting Information, Figs. S1–S3). Both the
humerus and ulna of all taxa are nearly circular
across the entire length of the diaphyses (Fig.
2A,B). However, the radius shows species differences in shape; namely, its distal shaft is oblate (flat)
in the golden-collared and white-collared manakins, compared to the more circular distal shaft in

the other four species (Fig. 2C). The red-capped
manakin (Ceratopipra) does not have the same morphologically derived radius (Fig. 2D), even though
this bird produces mechanical sonations with its
wings; notably, however, the red-capped manakin’s
wing-snaps are kinematically distinct from those of
the two species of Manacus. Similarly, the lancetailed manakin (Chiroxiphia) and the white-ruffed
manakin (Corapipo), which also produce limited
wing sonations, have no apparent derived specializations of the radius (Figs. 1 and 2C). These results
therefore suggest that the flattening of the radius
shaft is not a general characteristic of manakins
that use their wings to produce sounds. Rather, this
unique morphology appears to be specific to the two
species of Manacus with wings that collide overhead
to produce sonations.
Analyses with additional wet specimens of select
species supported this finding (Fig. 3). Overall,
flatness of the shaft varied among species in our
statistical model (F1,6 5 9.61, P 5 0.013), with posthoc tests showing that the golden-collared manakin shaft is significantly flatter than that of both
the red-capped manakin (P 5 0.018) and the ochrebellied flycatcher (P 5 0.048). Moreover, measures
of flatness between these latter two species were
statistically indistinguishable (P 5 1.0). This model
also showed a species 3 bone region interaction
(F1,6 5 8.33, P 5 0.019), which indicates that
regional differences in radii flatness are speciesspecific. A analysis of this interaction shows that,
in golden-collared manakins, the distal shaft is
significantly flatter than the proximal shaft
(P 5 0.003). Such regional differences are not
Journal of Morphology
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Fig. 2. Cross-sectional shape along the entire long axis of the forelimb bones. (A–C) Shape describes the eccentricity of the crosssectional diameters, with a value of 1.0 representing perfectly round and numbers greater than 1.0 representing increasing flattening
of the bone. The horizontal axis represents the position along the bone, as a percentage of the total length of the bone (see Methods).
(D) Radii of representative manakins. GCM and WCM produce percussive, behind-the-back wing-snaps, and thus have flattened
radii, whereas RCM produces wing sonations through other mechanisms and thus does not have a flattened radius. Abbreviations as
in Figure 1.

present in red-capped manakins (P 5 0.48) or
ochre-bellied flycatchers (P 5 0.28).
We also collected shape measurements from the
same points along the radius shaft of a Say’s
phoebe specimen, a subosine passerine distantly
related to the manakins. Because we obtained
only one specimen sample, we did not include this
species in our statistical model. However, it is
apparent from Figure 3 that the shape of the
radius shaft in the Say’s phoebe is more circular,
and thus closely resembles the radius of the ochrebellied flycatcher and red-capped manakin.
Relative Bone Volume
For each forearm bone, the total bone volume is
similar across taxa (Fig. 4A). The main exception
appears to be the spangled cotinga, which has a
humerus and ulna with a greater relative volume,
compared to the manakins.
Allometric analyses suggest that regression
slopes for relative volume versus length are below
Journal of Morphology

1.0 (Table 2). This result implies that bone volume
and bird size (as measured by bone length) are
negatively allometric, such that wing bones appear
to become longer and less voluminous as species
evolve increased body size. When we compare allometric relationships among the three wing bones,
we find that the humerus is the closest to isometry, followed by the ulna, and then finally the
radius (Fig. 4B). Statistical analyses confirm these
relationships by showing regression slopes that
characterize each bone’s scaling between volume
and length as significantly different from each
other (F2,17 5 49.41, P < 0.001). Indeed, the slope
describing humerus scaling is steeper than that of
the ulna (q 5 9.56, P < 0.001) and the radius
(q 5 13.71, P < 0.001). Moreover, the slope describing the ulna’s scaling is steeper than that of the
radius (q 5 4.15, P < 0.05). These results should be
interpreted cautiously, considering the low sample
size in our allometric analyses. Nonetheless, our
current findings imply that the humerus
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Fig. 3. Shape measurements collected from multiple individuals (n 5 3 per species) in a subset of species. Shape is represented as the eccentricity scores taken from 25% and 75%
intervals along the bones long axis (see Methods). Data represent means 6 1 SEM, with asterisks (*) denoting significant differences in shape between regions of the bone (P < 0.05) and
‘N.S’ denoting no significant difference (P > 0.05). Note that the
shape of the radius in golden-collared manakin (GCM) is more
variable than that of the other two species, and much of this
variation occurs at the distal shaft of the radius. Also note that
the Say’s phoebe (SP) is included in the graph, though its shape
measurements were not incorporated into our statistical model
because they are from one individual. Abbreviations as in Figure
1.

maintains the strongest scaling effect between volume and size, relative to the ulna and radius. This
idea is supported by work evaluating humeral
function that posits that larger birds have
increased force placed on their forearms during
flight, and thus have evolved a more robust
humerus to withstand these effects (Biewener,
1982; Cubo and Casinos, 1998). In line with this
thinking, our current data are consistent with the
notion that the radius is under the least allometric
constraint of the three main forearm bones.
Bone Solidness
Total solidness of each forearm bone is also similar across taxa (Fig. 5A). The radius is the most
solid of the bones, followed by the ulna, and lastly
the humerus.
When examining solidness of bone cross-section,
the humerus and ulna are similar among species
(Fig. 5B,C). The one notable exception is the
white-ruffed manakin, which appears to have a
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humerus and ulna that are more solidified than
the other taxa. This is especially true along both
bones’ central shafts; otherwise, the solidness of
these two bones is generally conserved among the
taxa.
These analyses also show that solidification of the
radius is unique in both Manacus, in that the bone
is generally solidified. This effect is most pronounced along the distal end of the shaft, where the
entire bone appears to be solid (Fig. 5D). Notably,
between the two species of Manacus, the radius of
the golden-collared manakin appears to be relatively more solid than the radius of the whitecollared manakin.
Further analyses of wet specimens confirmed
our findings in the radius. That is, all of the
golden-collared manakins we examined showed a
completely solidified radius at the 75% interval
along the bone’s long axis (relative to the proximal
end). By contrast, both the red-capped manakin
and ochre-bellied flycatcher showed hollow bones
at this same interval. This proportion of individuals that show solid or hollow radii was significantly different among species (Fisher’s Exact test,
P 5 0.012).
DISCUSSION
Our results provide insight into how interactions
between evolutionary forces, including natural and
sexual selection, likely influence skeletal design in
birds. Whereas our results show striking conservation in the volume, shape, and solidness of each
wing bone, we also find that the radius in the two
Manacus is highly derived. Namely, in these congeners, we discover that the distal shaft of the radius
is uniquely flattened and 100% solid. Previous work
anecdotally reports this morphology and suggests
that it supports the production of wing-snap sonations used for courtship and male-male competition
(Friscia and Schlinger, 2012; Bodony et al., in
press). If so, then this trait is likely sexually
selected.
Equally as important, we find that the overall
volume and solidness of the radius is indistinguishable among species, including the two species
of Manacus. We suspect that this is a result of
strong natural selection, which undoubtedly favors
osteological efficiency to sustain flight by preventing the radius from becoming too large and/or too
heavy. Thus, our results collectively suggest that
sexual selection alters the radius to facilitate the
performance of reproductive displays, but does so
within a framework imposed by selective forces
that maintain powered flight. This means that features of the radius are likely adjusted in a compartmentalized manner to support the production
of behavioral displays that enhance reproductive
success, while maintaining basic locomotory function necessary for every-day survival.
Journal of Morphology
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Fig. 4. Relative Bone Volume. (A) Relative bone volume of each
forelimb bone for each taxon, as volume (in ml) over length
(in mm). (B) Regressions of forelimb bone volume (in cube root ml)
versus bone length (in mm). Note that the cube root of the volume
was used specifically to investigate allometric scaling because this
transformation allows for comparison of measures that are a similar linear dimensionality. Abbreviations as in Figure 1.

Evolution of a Modified Radius
Past work by Bostwick et al. (2012) similarly
hinted that sexual selection shapes bone morphology by showing that the club-winged manakin,
which performs a complex wing display, maintains a
TABLE 2. Regression slopes for allometric relationships between
bone length (proxy for body size) and relative bone volume of the
species listed in Table 1.
Regression Metrics
Bone

Slope

Humerus
Ulna
Radius

0.23125
0.12223
0.07489
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Intercept

R2

P value

0.6461
0.83012
0.57875

0.9905
0.9497
0.8911

<0.001
<0.001
<0.001

nearly solid ulna (notably, a different forearm bone
than the derived radius we uncover herein). This
past study, however, neither pinpointed the functional significance of this derived ulna, nor examined whether a congener with a similar display
maintains the same derived ulna morphology. Our
current study overcomes these issues in two ways.
First, we know from prior modeling and anatomical
work that Manacus hit their wings together above
their heads to produce display sonations. The strike
initiates at the wrists, and then proceeds proximally, along the radius; thus, the flat, solid shaft of
the radius likely assists sound production (Friscia
and Schlinger, 2012; Bodony et al., in press). The
osteological trait we have uncovered likely supports
this impact, and helps generate the ensuing loud,
mechanical snap. Second, we show that the flattened, solidified radius is present in two congeners
within the genus Manacus: golden-collared manakins (Manacus vitellinus) and white-collared manakins (Manacus candei). All species in this genus
produce wing-snaps (Prum, 1990, 1998; Bostwick
and Prum, 2003; Fusani et al., 2007), and selection
has presumably favored similar radial morphology
in other members of this genus to help facilitate this
display feature. Consequently, we expect that the
unique radius that we discovered is a true adaptation of skeletal morphology to guide display
production.
Building on this idea, it is interesting that the
two Manacus species we examined show slight differences in the degree of flattening and solidness
of their radii; yet, both species produce robust
wing-snaps. This effect may be borne out of differential costs associated with the modified bone. For
example, because white-collared manakins inhabit
denser forest than golden-collared manakins
(McDonald et al., 2001; Uy and Stein, 2007), the
flight environments of these two species undoubtedly differ. Diminished structural strength may
therefore impact white-collared manakins more
severely than their congener, which results in a
relaxation of positive selection for a flat and solid
radius. To fully address this idea, we would need
to examine 3D-reconstructions of the wing skeleton from multiple individuals of each species. Of
course other factors, including drift, may explain
these differences.
Moreover, we observe no obvious modifications
of wing bone morphology in red-capped, whiteruffed, or lance-tailed manakins. Males of these
species produce sonations through wing movement, though none of them does so by hitting their
wings together (Prum, 1998; Rosselli et al., 2002;
Bostwick and Prum, 2003; DuVal, 2007). Redcapped manakins, for example, generate snaps by
hitting or rubbing their wings against their bodies,
and lance-tailed manakins produce a lowamplitude wing-click during a slow flight phase of
their display. During rapid display flights, the
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Fig. 5. Bone Solidness. (A) Total bone solidness of each forelimb bone for each taxon, as ossified volume over total bone volume. Values
equaling 1.0 represent total solidification, whereas values closer to 0 represent less solidification. (B–D) Bone solidness along the length
of each forelimb bone. The horizontal axis represents the position along the bone, as a percentage of the total length of the bone (see Methods). Abbreviations as in Figure 1.

white-ruffed manakin produces a single-pulse nonvocal snap or flop sound, which is thought to be
produced from modified feathers (Prum, 1998).
Thus, we suspect that the flattened, solidified
radius in Manacus is not the result of selection for
wing sonations in general, given that the ability to
produce mechanical sonations has arisen in
numerous species that do not show similar radii
modification. Instead, this osteological trait is
unique to Manacus, which hit their wings together
(Bostwick and Prum, 2003; Fusani et al., 2007).
Absent from our analysis is an assessment of the
club-winged manakin’s radius. This species may
also show morphological adaptation of the radius,
given that they use their wings for extreme physical
displays. Bostwick et al. (2012) examined only the
ulna and humerus, which makes this comparison
impossible. Nonetheless, our work together suggests that bone morphology, in at least the piprids,
may be fairly labile to accommodate the family’s
evolution of elaborate physical displays.
Modification of the Humerus and Ulna
We also uncover a slight modification in morphology of the white-ruffed manakin’s humerus and
ulna. These two bones are more solidified along
their shafts than those of the other species; however,
their total solidness is similar across taxa. This
again suggests that the solidness of any given part

of the bone can be changed within a relatively conserved framework, likely imposed by natural selection. At the same time, we find no evidence that the
volume and shape of these bones in white-ruffed
manakins differs at all from those of the other birds.
Thus, if this species’ humerus and ulna are adapted,
this has occurred independently of altering the
geometric structure of the bones themselves.
Functionally, we speculate that a more solidified
humerus (and possibly ulna) contributes to the dramatic aerial displays that white-ruffed manakins
produce. In particular, males perform a move (i.e.,
the flap-chee-wah) in which they rapidly fly upwards
in a spiral at nearly a vertical angle, before plummeting back down to the forest floor (Rosselli et al.,
2002). The force generation required to accelerate
vertically in this manner could presumably place
excess strain on the humerus (but see Biewener and
Dial, 1995). Increased solidification of the humerus
shaft may provide additional structural support to
help underlie the performance of this display. Of
course, the white-ruffed manakin also produces other
display maneuvers, including butterfly flights and
undulating flights. However, we expect that these do
not require the evolution of an especially solidified
humerus, because the lance-tailed manakin performs
somewhat similar display elements (DuVal, 2007)
and does not exhibit the same increased ossified
thickness of the main forearm bone.
Journal of Morphology
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Putative Costs of Altered Wing Skeletons
The cost associated with the specialized forearm
bones raises some interesting questions. This is
especially true with respect to the highly derived
radius, as bone shape is a primary means by which
birds achieve the stiffness and strength to maintain
loads during flight (Dumont, 2010). Long bones that
are generally hollow and circular, for example, tend
to resist torsion better than bones that are relatively
more solid and elliptical. Thus, by favoring radii
that have regions in which the shaft is highly elliptical and solid, sexual selection likely diminishes flying ability at some level. This represents a putative
cost to locomotion that accompanies the emergence
of the species’ wing-snap behavior. To our knowledge, little anatomical, physiological, and behavioral work has examined such costs in species that
perform elaborate physical displays, though speculation that they exist has certainly been mounted
(Schlinger et al., 2013; Fusani et al., 2014).
However, given that wing-snap ability has evolved
within the genus Manacus and that manakins are
reasonably strong fliers (Moore et al., 2008), these
species obviously cope with structural costs associated with the evolution of their display behavior. Our
allometric data provides insight into how this might
occur. In effect, relationships between body size and
bone volume appear to be strongest with respect to
the humerus, which makes sense, given that this
bone bears the greatest strain imposed on the forelimbs during flight (Biewener and Dial, 1995; Cubo
and Casinos, 1998). At the same time, the relationship between body size and bone volume and solidness appears to be weakest in the radius. This
finding is consistent with the idea that radial morphology is relatively less constrained by allometry. If
true, this result would imply that the radius is freer
to evolve varied morphologies that support non-flight
behavior, such as display maneuvering. Further allometric analyses with greater sample size would help
bolster this hypothesis; nonetheless, our data currently point to a mechanism by which sexual selection can modify skeletal design to help maximize
reproduction, without imposing excessive costs to
flight.
In line with this view is the observation that the
radii of females of the genus Manacus are also flattened (Friscia, pers. obs.). An extensive analysis of
sexual dimorphism in bone structure is beyond the
scope of this study; however, we note that lack of
strong sexual dimorphism in the Manacus radius
may speak to broader developmental constraints
within the avian skeletal design, wherein the sexual
selection for the flattened radius in males is carried
over to females (Lande, 1980). To this end, costs
associated with this trait may be present, but also
may not be robust enough to fully extinguish the
trait from females. Future work will investigate this
issue in Manacus.
Journal of Morphology

CONCLUSION
Morphology is often the result of different selective
forces, including functional adaptations, allometric
scaling, and sexual selection. This is exemplified in
the forelimb bones of manakins, specifically species
in the genus Manacus. Their complex sexual displays
have put a selective pressure on the shape of their
radii, making them broad and flat along their shaft.
This is the first study to investigate this relationship
in birds, and it opens up possibilities for investigating similar relationships in other taxa with complex
sexual displays.
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