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Abstract  

Male Golden-collared manakins (Manacus vitellinus), small suboscine passeriform birds of 

Panamanian forests, communicate acoustically using a variety of nonvocal sonations. The most 

prominent sonations are single or multiple intense “wingsnaps” with a dominant acoustic 

frequency around 5 kHz. Several hypotheses have been proposed addressing the source of the 

sound, ranging from purely aerodynamic origins (due to a rapid jet of air formed by the wings or 

by a “whiplike” motion) to purely structural origins (such as physical contact of the wings), but 

without definitive assessment. Using anatomical analysis as well as high-speed video and 

synchronized audio recordings, we show that compared to related species, Manacus radii are 

morphologically unique and confirm that they collide over the back of the bird at the moment (± 

1 ms) the wingsnap is produced.  Using aeroacoustic theory, we quantitatively estimate the 

acoustic signatures from three previously proposed sonation mechanisms.  We conclude that 

only the physical contact hypothesis, wherein the wing collisions create the sound, is consistent 

with the measured sonation. 

PACS numbers: 43.80.Gx, 43.80.Ka  
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INTRODUCTION  

          Animals communicate using a variety of sensory modalities with acoustic communication 

being the best developed in many vertebrates. Vocalizations, such as human speech and 

birdsong, are familiar forms of acoustic communication and the laryngeal and syringeal 

mechanics that produce these sounds are well studied (Riede and Goller, 2010). 
 

Many animals 

produce diverse non-vocal acoustic signals, termed sonations by some investigators. The 

mechanisms for these forms of sound production have only recently become a focus of 

investigation (Bostwick and Prum, 2003, 2005; Bostwick et al., 2010; Clark and Feo, 2008).
 
 

Manakins (Aves:Pipridae) are a family of neotropical birds known for their spectacular male 

courtship displays that include much visual and acoustic signaling (Johnsgard, 1994).
 

In addition 

to vocalizing (a syringeal function in birds), males of many manakin species produce some 

sonations (Prum, 1998)
 

that are tonal and whistle-like, and others that are atonal sharp cracks or 

snaps. These latter sounds appear to involve rapid movements of the wings and/or tail, but it is 

difficult to determine this definitively because the birds often inhabit field sites where study of 

their behavior is challenging. They are not easily held in captivity and the very rapid movements 

of the appendages are not readily captured using standard video recording.  

Developments in understanding atonal sonations have been facilitated by the use of portable 

high-speed videography. For example, high-speed videos show that male club-winged manakins 

(Machaeropterus deliciosus) of Ecuador use a stridulation mechanism to produce a non-vocal 

high-pitched tone as specialized barbs on wing-feather shafts are brought across one another 

(Bostwick and Prum, 2005)
 

much like cricket song. Male manakins of the genus Manacus 

produce a variety of conspicuous single and rolled snaps using their wings, termed “wingsnaps.”  

(Chapman, 1935; Snow, 1962; Schlinger et al., 2013)
.

 The mechanism for this sonation has long 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

 •
 A

dv
an

ce
 a

rt
ic

le



intrigued biologists because the amplitude of the snaps is surprisingly loud for so small a bird 

(~18 grams). The speed of the birds’ movements is so quick that unambiguously determining the 

origin of the sonation is difficult.  Using high-speed videography (up to 500 frames/sec, fps) 

Bostwick and Prum (2003) showed that wingsnaps are produced as the wings make contact over 

the back of the bird. Their methodology, however, did not allow them to discriminate their three 

hypotheses for sound production: 1) whip-like sonic waves produced by the wing (or part of the 

wing) moving faster than the speed of sound; 2) vacuum-created pressure claps created when a 

low pressure center is suddenly collapsed; or 3) percussion resulting from forceful impact of the 

wings.  Hypotheses 1 and 2 (H1 and H2, respectively) use the air to create the sound and to carry 

it to the microphone.  In contrast, hypothesis 3 (H3) uses a percussive motion to create the sound 

through impact.   

Using high-speed videography with advances in both frame rate (1000 to 2000 fps) and 

audio-video synchronization (0.5 - 1.0 ms), anatomical analyses of the bones of the manakin 

forewing, and aeroacoustic theory we connect the kinematic motion of the wing during sonation 

to the motion it induces on the surround air and, ultimately, to the source of the sonation and 

determine that hypotheses H1 and H2 are not consistent with the available data.  Two derivative 

hypotheses of H2 that examine the movement of air created by the forewing during wingsnap are 

also not consistent with the available data.  We will show that the hand clap analysis of Fletcher 

(2013) does not apply to manakin wingsnap because it requires a near-impermeable surface to be 

used during sonation while the clapping sounds of pigeon wings during the up- and downstroke 

(Dial, 1992) involve the collision of the primary feathers which we do not observe in the 

manakin wingsnap.  The percussive hypothesis (H3), wherein the radii collisions create the 

sound, is consistent with the measured atonal sonation.   
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SUMMARY OF AEROACOUSTIC THEORY 

To provide context for the data collection and subsequent analysis, we give a short summary 

of the relevant aeroacoustic theory; more information can be found in Morse and Ingard (1968) 

and in Goldstein (1976).  Broadly speaking, sound is generated when at least one of these 

conditions is true: (a) an object undergoes oscillatory motion, (b) the fluid carrying the sound is 

unsteady, or (c) an object moves supersonically.  Examples of these three conditions are the 

beating of a drum head, the exhaust of an aircraft jet engine, and the sonic boom created by a 

supersonically-traveling aircraft, respectively.  Aeroacoustic theory demonstrates the utility (see 

especially Goldstein, 1976) of the compactness ratio, which is defined as the ratio of the size of 

the object creating the sound (called the source) to the acoustic wavelength, ℓ / . The wavelength 

of the sound is related to the frequency f of the sound by λ = a∞/f for sound propagating in a 

uniform medium of sound speed a∞.  When the compactness ratio is small, i.e., when the object 

creating the sound is much smaller than the wavelength of the sound it generates, it can be shown 

that the time history of the sound field at a point x, denoted p´(x,t), follows the time history of 

the acoustic source.  Furthermore, within the small compactness ratio limit, the mechanism for 

sound generation can be classified as being due to sources of mass, Q(y,t), or due to body forces, 

F(y,t), and written as 

 

where the microphone measurements are taken at point x due to a source of sound located at 

point y, separated by distance .  Equation (1) has been simplified from its more general 

form (Goldstein, 1976) for our analysis in two ways.  First, the source of sound due to an 

(1) 
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unsteady source of mass relevant for Hypothesis H2a does not move relative to the microphone 

location and has been assumed to be stationary.  Second, the sound source due to unsteady forces 

presented in discussing Hypothesis H2b moves but is located at a single point y(t).  The term   

 

is the Mach number of the source in the direction from the source to the measurement.  The 

subscript t – r/a∞ indicates that the sound heard at time t was generated in the past at the time  

required to travel from the source at point y to the measurement location at point x.  The 

remainder of the paper describes the experimental measurements and theoretical modeling 

undertaken to estimate the mass sources Q(y,t) and body forces F(y,t) implicated in the atonal 

sonation hypotheses H1—H3 for M. vitellinus. The clear kinematics of the wings during a 

wingsnap event were crucial for obtaining many of the estimates incorporated in these 

determinations. 

 

(2) 
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METHODS and MATERIALS 

Experimental Field Measures 

Field studies were conducted in areas of forest around Gamboa (9◦
 

07′
 

N, 79◦
 

42′
 

W), 

Province of Panama, Republic of Panama, as part of a long-term investigation into the behavioral 

physiology of Golden-collared manakins (Manacus vitellinus) (Schlinger et al., 2013). All 

procedures were authorized by the Smithsonian Tropical Research Institute, the Autoridad 

Nacional del Ambiente of the Republic of Panama and the UCLA Chancellors and University of 

Mississippi Animal Research Committees.  

Behavioral variables  

We focused on two mechanical sounds that Manacus males produce during courtship 

displays: the single wingsnap and the rollsnap (Chapman, 1935; Snow, 1962; Bostwick and 

Prum, 2003; Schlinger et al., 2013).
 

These are explosive sounds characterized by a broad 

frequency spectrum and lack of tonal features; they are very loud and can be heard from 

hundreds of meters away. A previous study using high-speed videography has shown that these 

sounds are produced with a very rapid upstroke motion of the wings above the back (Bostwick 

and Prum, 2003).
 

 

 

Video recordings  

Video recordings were conducted in the field on three wild displaying males and on two 

captive juvenile non-breeding males given a silastic implant containing testosterone (T). These 
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T-implants effectively stimulate several courtship behaviors in juvenile male and female 

manakins but are less effective on captive adult males (Day et al., 2006).
 

In the field, wingsnaps 

were recorded with a high-speed camera (Motion Meter, Red Lake Inc., San Diego, CA, USA) at 

1000 frames per second (fps). The tripod-mounted camera was positioned 4-5 m from the center 

of a male’s displaying court. After each recording, the video was slowed to 25 fps and saved on a 

Sony Digital Video (DV) camcorder. For captive birds, a high-speed camera (Motion Pro, Red 

Lake Inc., San Diego, CA, USA) placed 1 m from the birds was used to record video sequences 

up to 2000 fps with Motion Pro Central software.  

A stroboscopic signal produced by the Motion Meter and the Motion Pro and 

synchronous with the video frames (1 pulse / frame) was sent to a custom-built synchronizer and 

converted to a square wave.  The synchronizer received a parallel signal from the trigger that 

marked frame 0 in the high-speed video with a high-amplitude pulse. The synchronizer sent the 

modified stroboscopic signal and trigger pulse to one channel of an analogue (cassette) sound 

recorder (SonyTC-D5ProII, Sony Co.). The other channel of the cassette recorder received the 

birds’ sounds as recorded by a Sennheiser ME-66 directional microphone. During field 

recording, the microphone was placed 3-6 m from the arena and recording was remotely 

controlled by the observer who was hidden about 10-12 m from the arena. The distance from the 

microphone to the center of the male’s display arena was measured with an accuracy of 5 cm and 

a precision of 1 cm to adjust the synchronization between sound and video (see below). When 

recording captive birds, the microphone was placed 18-48 cm from the center of the cage and 

recording was controlled from outside the room via a PC with Motion Pro Central software.  
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Audio-video synchronization  

In the laboratory, the videos were transferred to a PC as standard AVI files. The analogue 

audio recordings were converted to digital uncompressed PCM files (sampling rate 44.1 kHz, 16 

bit). To take into account small deviations of the audio tape playback speed from the actual 

recording speed, all audio files were analyzed and, when necessary, edited so that the modified 

stroboscopic signal was exactly in phase with the strobe rate, i.e. the video frame rate. Audio and 

video were then synchronized with the software Adobe Premiere. To account for the delay of the 

audio to reach the microphone, the synchronization between the audio and the video was 

adjusted according to the distance between the microphone and the display bird as described 

above. Given that the average size of an arena is 60 cm (Fusani et al. 2007), and that birds 

produce wingsnaps when jumping from the perimeter perches towards the center of the arena, we 

estimated the distance between the microphone and the location of the wingsnap with an 

accuracy of < 35 cm. Given that the speed of sound in air at temperatures between 20 C and 35 C 

and relative humdity between 0 and 100% ranges from 32.2 to 35.4 cm / ms, our synchronization 

for field videorecording had an accuracy of < 1 ms, i.e. one videoframe at 1000 fps. In the lab, 

the distance between the mic and the position of the birds' wing was measured with an accuracy 

of 5 cm and precision of 1 cm, for a resulting synchronization accuracy of < 0.15 ms, i.e. less 

than one video frame at 2000 fps. Synchronized videos were then analyzed with The Observer 

XT (Version 7.0, Noldus Technology).  
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Anatomical Analysis 

 Anatomical observations were made on both wet (preserved) and dry skeletal specimens.  

Wet Manacus specimens were obtained during field work in Panama and preserved in alcohol.  

Skeletal specimens were obtained from the avian collection of the Natural History Museum of 

Los Angeles.  Anatomical terms follow those in Baumel & Witmer (1993). 
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RESULTS 

Wing Motion Analysis  

An early description of the movements of the wings during snap and rollsnap production was 

given by Bostwick and Prum (2003).  Figure 1a is a representative video sequence captured at 

1000 fps of an adult male performing a single wingsnap.  In total, we obtained 22 video 

sequences from various perspectives of wild males performing single wing- and rollsnaps with 

and without audio synchronization. Figure 1b is a representative visual-audio sequence captured 

at 2000 fps of an individual wingsnap, with acoustic travel time delay removed from the audio 

trace, from a captive juvenile male performing a rollsnap. In total, we obtained video-audio 

synchronized recordings of 5 rollsnaps from captive T-treated males facing towards or away 

from the camera.  Because the audio recording was taken within a confined space, it differs in 

appearance from that measured in the field (see Figure 2) but shows that the initial and most 

intense snap occurs when the wings collide. 

 Our high-speed video-audio synchronized recordings illustrate quite clearly that the 

wings collide at the upstroke of the wingsnap as described previously by Bostwick and Prum 

(2003). These images show that the wings initially contact on the cranial edge of the distal 

radius, possibly with the elbow locked (frame 9, Figure 1a).  The wings then close proximally, as 

the entire radii come into opposition and the patagia come into contact (frame 10, Figure 1a).  In 

addition, the distal ends of the wings, the carpometacarpus and digits, make contact (frames 11-

14, Figure 1a). These secondary contacts, proximal and distal to the distal radius, are less 

forceful than the initial contact, the force of which can be observed in the movement of the wing 

feathers. Prior to contact, the feathers bend smoothly backwards as the wing tips are dragged 

behind their insertion in the radius/ulna, the leading edge of the upward propulsion. At the 
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moment of contact, the inertia of these feathers causes them to sharply deform (frame 5, Figure 

1b) as they maintain their upward sweep. The primary and secondary feathers continue their 

upward movement until they make contact in a sweeping motion as the bird retracts the wings 

downwards. 

The hand clap analysis of Fletcher (2013) does not apply to the manakin wingsnap because, 

as shown in Figure 1a, there is considerable open space between the opposing wings as they 

collide and they are not the nearly flat, impermeable surfaces that are capable of ejecting air very 

rapidly from their enclosing space. 

The wing snap mechanism by manakins also differs from that used by many pigeons and 

doves of the Order Columbiformes to make clapping sounds, produced as the tips of their 

primary feathers strike one another at the upstroke - downstroke and downstroke - 

upstroke transitions (Dial, 1992).  The tips of the manakin primaries do not appear to make 

contact and only approach each after the snap is produced (Figure 1b). 

 

Anatomic Data 

 Examination of the Manacus wing reveals that the radius shows a distinctive, and 

seemingly unique, morphology.  Because it is the radii that collide at the top of the wingstroke, 

we focused on this bone for our anatomical analysis. The radius is thickened distally, at the distal 

radio-ulnar syndesmosis (syndesmosis radioulnaris distalis) and the articulation with the radiale 

(articulatio radiocarpalis), where the wings initially make contact.  Proximal to these 

articulations the radius flattens cranio-caudally, but is broad dorso-ventrally, giving it a board-

like appearance. This is in contrast to closely related taxa (Cryptopipo, Corapipo, Chiroxiphia, 

and Pipra; Ohlson et al., 2013), as well as various outgroups used for comparison (Cotinga 
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cayana, a sister taxon to Pipridae; Sayornis nigricans, a suboscine passeriform; Taeniopygia 

guttata, an oscine passeriform), whose radii are less oblate in cross-section (Tables 1 & 2; Figure 

3).  Also notably, both male and female manakins possess this broad radius.  Females of the 

genus Manacus are known to produce wing-snaps when given androgens (Day et al., 2006) so 

this may be an autapomorphous trait for this taxon.  Analysis of other wing-bone characteristics, 

such as of the carpals, reveal nothing unique.  A detailed description of other manakin skeletal 

characteristics is forthcoming (Friscia et al., unpublished observations). 

 

Field Acoustic Data 

 We were able to capture synchronous audio and video recordings showing that the 

initiation of the “snap” occurs when the wings make contact (e.g., between frames 4 and 5 in 

Figure 1b). The recording of the acoustic signal used a 44.1 kHz sampling rate whereas the time 

between video frames is 0.5 ms. This resolution limitation prevents a definitive assessment of 

contact at the moment the snap is generated. Nevertheless, the improved audio/video resolution 

(0.5 ms compared to 33.3 ms of previous studies, i.e. Bostwick and Prum 2003) leads us to 

conclude that indeed the wing collision is the source of the wingsnap. How the sound is 

generated, that is whether the source is aerodynamic or structural in origin, will be assessed by 

more quantitative means, as discussed next.  Field acoustic data for one wingsnap event are 

shown in Figure 2 for the raw microphone data, as a time trace (Figure 2a), and the 

corresponding spectra (Figure 2b). Three microphones recording simultaneously from different 

locations recorded one wingsnap events.  The time delays are different for each microphone due 

to the acoustic travel time delay differences, but the spectral shapes are similar and exhibit a 

peak frequency around 5 kHz.  We observe in Figure 2a that the wingsnap event is an impulsive 
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pressure wave approximately 1.5 ms long, followed by an extended lower amplitude, random-

like signal.  The latter signal is due to reflections of the wingsnap sound off environmental 

elements (e.g., trees) and is not part of the snap itself.  Figures 2a-b form the basis for 

comparison of the three atonal sonation mechanisms evaluated.  Figure 2c includes a 

spectrogram of a series of 10 wingsnaps from which the data shown in Figures 2a,b were 

extracted. 

Quantitative Evaluation of Individual Atonal Sonation Mechanisms  

A. Wing Motion Kinematics 

Kinematics of the wing motion for input into estimating the sound sources Q(y,t) and F(y,t) 

in Equation (1) were determined from still images obtained from the high-speed video recordings 

as follows. Multiple camera views were available and those aligned with the anteroposterior axis 

were used to determine the mean upstroke angle β(t) (n=3) while those views perpendicular to it, 

along the lateral axis, were used to determine the mean pronation angle θ(t) (n=4; Figure 4).  It is 

evident from Figure 1b that the wing does not exhibit significant pronation until after collision, 

indicating that pronation cannot be a significant source of the atonal wingsnap. As a 

consequence, all subsequent analyses used only the upstroke angle β at a fixed pronation angle of 

θ = 0 deg.  

Figure 5 shows the ensemble-averaged upstroke angle data as taken from three high-speed 

videos. The time axis has been arbitrarily shifted such that the wing motion begins at t = 0. The 

data show that the stroke cycle is nearly symmetric and requires ~20 ms for completion with 

little variability across birds (<5%). A Gaussian curve fit is a reasonable approximation of the 

measured data except for a small 0.05 radian deviation at the beginning and ending of the stroke 

cycle. Other curve fits (linear, spline) yield similar conclusions but are less convenient to use. 
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From the kinematic data and the measured half-wing span of 11 cm, the maximum velocity at the 

wing tip is below 30 m/s.  At the wrist, where the primary impact occurs, the velocity is 

approximately 10 m/s just prior to contact. 

B. Estimates of Sonation Mechanisms 

Before undertaking a more detailed analysis, we made initial estimates as to whether the 

proposed sonation mechanisms are viable, given the kinematic data.  For the wingsnap of M. 

vitellinus the peak frequency of 5 kHz corresponds to a wavelength of approximately 68 mm, 

which is much larger than the impact region visible in Figures 1a,b.  We thus assume that the 

compactness ratio 𝓁 / λ is small, making Equation (1) a suitable means to estimate the sound field 

once the mass source and body forces are estimated from the wingsnap kinematics.  If we recall 

the three sonation hypotheses H1-H3 discussed in the Introduction, we can immediately rule out 

the whip-like motion hypothesis H1 because the kinematic data show that the maximum velocity 

observed is 30 m/s, an order of magnitude too low to support supersonic motion.   

Hypothesis H2 relies on the creation of a low pressure center that suddenly collapses.  In a 

single phase medium like air it is not possible to create such a scenario without an interface that 

separates the high pressure from the low pressure so we conclude H2 is also not viable.  This 

mechanism of creating an intense acoustic field is possible under water, however, where the 

water-air interface permits a pressure difference to exist as used by snapping shrimp (Alpheus 

heterochaelis) to stun prey (Versluis et al., 2000). 

 If we reinterpret hypothesis H2 to mean that the wings create some motion of the 

surrounding air that causes the sonation, then we find two derivative hypotheses are feasible, 

associated with either the quick movement of air that is ejected between the wings (H2a) or 

associated with the lift forces created by the wing during wingsnap (H2b).   
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B1.  Hypothesis H2a: Sound due to air moved by wings near contact 

This hypothesis examines whether the wingsnap is created when, during upstroke and just prior 

to contact, the wings push the air lying between the wingtips out of the way.  In this way the 

sonation mechanism may be modeled as the change in the mass of air contained between the 

approaching wings.  Referring to Figure 6, the rate at which mass leaves the region, per unit area, 

between the wings then leads to a sound field estimated by ρun where un is the average velocity 

of air exiting the idealized region between one wing and the saggital plane.  Multiplying this by 

2de yields the rate at which the air is expelled, per unit depth, by the wings.  The kinematic 

upstroke data give de(t) = tan[(π/2-β)]w, where  is the distance from the shoulder to the wrist.  

The velocity un(t) can be estimated using the fact that, for constant density air, the mass that 

leaves must be proportional to the change in the area A(t) enclosed between the wing and the 

saggital plane.  From this idea it follows that 

 

and A is known from the geometry in Figure 6.  Using the kinematic upstroke data in follows that 

with Q(y,t) in Equation (1) equal to  ρunde  per unit depth, yields a sound field with spectrum 

shown in Figure 7 that peaks near 400 Hz, a full order-of-magnitude lower than the field 

measured acoustic data.  The same estimate during the downstroke portion applies, with only a 

change in sign from dA/dt becoming positive, leading to only a change in sign of p′(x,t).  From 

this argument we conclude that the “jetting” of air away from M. vitellinus by the wings just 

prior to contact cannot explain the measured acoustic data.  
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B2.  Hypothesis H2b: Sound due to lift forces during wingsnap 

This sonation hypothesis examines whether wingsnaps result from unsteady forces of the wings, 

with Q = 0 signifying no sources of mass.  The idea and analysis is very similar to that of noise 

due to rotating propellers; any unsteady force creates sound.  From Equation (1) the kinematics 

are now used to estimate F(y,t) during the up- and downstroke motions.
 

 To use the second term 

in Eq. (1) one must know both F and r. The latter is relatively easy as it can be considered fixed 

to the wing at roughly 80% of span from the shoulder to the wrist (Mueller, 2001; see Figure 6). 

Thus r is a purely kinematic quantity and related to the upstroke angle β. The force F is less 

trivial as it lumps together several aerodynamic forces found in the unsteady motion of a wing at 

low Reynolds number, a topic of active research (Dickinson et al., 1999; Mueller, 2001; Sane & 

Dickinson, 2001; Miller & Peskin, 2005; Azuma, 2006; Shyy et al., 2008).  These references 

show that the coordination between translation and rotation of a wing have dramatic impact on 

the resulting force and quantitatively predicting the aerodynamic forces as a function of the wing 

kinematics is challenging.   

Without knowing the force magnitude we may easily estimate the unsteadiness in the 

force.  During the wingsnap of M. vitellinus, the bird may be perched without any forward 

motion and no measurable pronation (see Figure 6).  The aerodynamic forces are then directly 

proportional to the wing’s acceleration during the up- and downstroke motions, d
2
β/dt

2
, and 

always oriented in the direction perpendicular to the wing.  From this information and Eq. (1) 

one finds the pressure spectrum must be proportional to the spectrum of the third time derivative 

of β(t) whose spectrum peaks at a frequency around 100 Hz (not shown).  This frequency is 

substantially lower than the measured value of 5 kHz, implying that this mechanism is also 

inconsistent with the measured acoustic data.  M. vitellinus are unable to move their wings fast 
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enough to aerodynamically create the atonal wingsnap sonation. 

  

B3. Hypothesis H3: Vibration induced sound caused by wing-wing impact  

None of the purely aerodynamic hypotheses (H1, H2, H2a, H2b) are consistent with the 

measured spectrum of wingsnaps because the underlying wing kinematics does not have the 

proper time scale; the wings move too slowly to create the measured sound. Thus another 

mechanism must be examined that has a smaller inherent time scale. 

The high speed videos (see Figure 1a, frame 9) demonstrate that the wings impact in the 

sagittal plane and support the H3 hypothesis, i.e., that a sound-generating collision process may 

occur, much like the sound created when one stick strikes another.  The impact happens very 

quickly, in a length of time shorter than the interval between two subsequent frames collected at 

2000 frames per second i.e. 0.5 ms. After the initial impact the wings remain in contact in the 

sagittal plane (Figure 1a, frames 10-14) and then pronate before the downstroke is initiated 

(Figure 1a, frame 15).  The frames of Figure 1a show that the collision occurs at the cranial edge 

of the distal radius and we hypothesize that this collision causes the bones within the wing to 

vibrate and generate sound.  Because there is no evidence of stridulation in the wingsnap, where 

the rubbing could cause a torque to be applied to the radii, there is unlikely significant torsional 

motion to be created so we focus on transverse vibrations rather than torsional vibrations. 

To estimate the sound created by the collision, elastic properties of avian bone (with a 

density, ρs, of 1800 ± 200 kg m
-3  

(Dumont, 2010) and Elastic modulus, E, of 12 ± 1 GPa (Reed 

& Brown, 2001)) and geometric properties of the M. vitellinus radius (Table 2) were used to 

calculate the fundamental frequencies associated with the impact, as follows. Prior to the 

collision, the outer wing’s inertia and aerodynamic resistance help set the velocity of the wings 
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just prior to contact, as recorded in the kinematic data, and is on the order of 10 m/s at the wrist.  

In principle the radius, ulna, and humerus can all participate in wingsnap sound generation.  The 

video frames in Figures 1 and 3 indicate that during a wingsnap, M. vitellinus locks its elbow to 

create a solid connection between the humerus and the radius and ulna.  However, the anatomy 

of the elbow serves to isolate the humerus from the radius and ulna such that it is unlikely to 

vibrate with any significant strength to contribute to the wingsnap.  In addition, the videos also 

indicate that the primary collision occurs between radii, leaving the ulna as a passive element and 

also unlikely to contribute to the radiated sound.  The sound thus appears to be primarily 

generated by the radius-on-radius collision. 

 To evaluate whether the direct radius-on-radius impact creates sounds that scale with 

predicted natural vibrational frequencies of the bone itself, we first construct a crude model of 

the radius vibration.  We model the radius as being fixed (i.e., clamped) at the elbow and free at 

the wrist. The aspect ratio of the radius is greater than 10 so we treat it as a Bernoulli-Euler beam
 

(Graff, 1991) of uniform properties. For a free-clamped beam the nth fundamental lateral 

vibration frequency are:  

fn = nL( )
2

2 L2

EI

sA
      (4) 

where nL  solves the eigenvalue problem cos( L)cosh( L) = -1 and has the values 1L =1.875, 

2L = 4.694 , and 3L = 7.855  for the first three modes of vibration. The moment of inertia I and 

radius cross-sectional area A are taken as those of a uniform elliptical cylinder using the 

properties in Table 2. The first three corresponding frequencies, which represent averages over 

the (n=3) samples in Table 1 (with range in parentheses), are approximately 800 Hz (± 200 Hz), 

5.5 kHz (± 1 kHz), and 14.7 kHz (± 1.5 kHz).  Because our data do not take into account the 
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damping of fleshy and feather material surrounding the bone these estimates are likely high, but 

by an unknown amount. Nevertheless, these fundamental frequencies are of the correct order of 

magnitude so it is plausible that the contact-induced sound produces the measured signal. 

 Though the collision-as-wingsnap hypothesis is plausible, we must examine it in more 

detail since not all vibration frequencies that are possible will be able to effectively generate 

sound (Goldstein, 1976).  Using the video frame shown in Figure 8a as a guide, we construct an 

analytical model of one radius being impacted by the other and then evaluate it numerically.  To 

develop a more quantitative prediction of the sound we must link the motion of the wing, a 

complex physical structure with both “stiff” (i.e., bone) and “fleshy” (i.e., muscle, tissue, feather, 

etc.) elements, to the sound it creates upon impact.  To do this we replace the radii of the two 

wings with simple beams of elliptical cross-section that are fixed at the elbow and free at the 

wrist, as described earlier.  Geometrical symmetry allows the two-element model (Figure 8b) to 

be simplified to a single element model where the effect of one radius on the other is to impart a 

force P(x,t), where x is the spatial coordinate along the radius and t is time, that initiates the 

vibrations that eventually lead to the sound.  We assume that the collision-generated sound is 

sufficiently weak to be neglected when determining the motion of the radius so that we can break 

the analysis into two parts: first we need to determine the transverse deformation η(x,t) of the 

idealized radius, which varies along the length of the radius and with time, due to the imposed 

force P(x,t) and then determine the radiated sound p´(x,t) from the collision-induced vibrational 

motion of the radius. 

Details of the model (including references) are given in Appendix A but the main points are 

summarized here.  To determine the deflection of the radius, a one-dimensional dynamical model 

is constructed that links the impact force P(x,t) to the transverse vibration of the beam η(x,t)  
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through the application of Newton’s second law of motion to a slender beam with clamped-free 

boundary conditions.  The dynamic model also includes damping arising from the “fleshy” 

physiology of the wing (e.g., muscles, feathers, etc.) that can absorb some of the vibrations.  The 

damping parameter δ is unknown.  A Hertzian model of the impact is used to approximate P(x,t)  

as a Gaussian function in time and localized at the wrist, with unknown collision timescale τc.  

For each pair of values of (δ, τc) the resulting partial differential equation that models the 

collision-induced vibration is solved using the finite element technique to give the solution η(x,t).  

The sound generated by the vibration of the radius is then estimated by solving the so-called 

wave equation associated with the propagation of sound in still air by requiring the velocity of 

the fluid adjacent to the bone to be equal to the velocity of the bone itself.  The sound heard at 

the microphone located at point x, p´(x,t), is then directly linked the transverse vibration η(x,t) as 

shown in Equation (A-7) of Appendix A.   

Because we do not know the damping parameters and collision timescale, a series of results 

using different combinations of (δ, τc) are created and compared against the field-measured 

microphone signal.  The details of our estimation are shown in Appendix B.  Focusing on the 

waveform in Figure 8 we find that the selected parameters (δ = 10
4 

s
−1 

and 2 × 10
−4 

s ≤ τc ≤ 2 × 

10
−3 

s yield an overall duration of the sonation roughly 1–1.5 ms and characterized by 2–5 

significant peaks with a “wave packet” envelope. The predicted sonations are very quiet after the 

primary sonation while the field data are subject to background noise and reflections and show 

more fluctuations after the primary sonation. From the figures we infer that a time scale between 

2 × 10
−4 

s ≤ τc ≤ 2 × 10
−3 

s best matches the experimental acoustic data.   

Although our model can predict the main features of the wingsnap, there are residual 

differences between the predicted time histories in Figure 8d,e and the field data in Figure 2 that 
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arise because our idealized model does not include the full complexity of the actual sonation.  

For example, the video data suggest that the radii are critical to the wingsnap but they do not 

permit definitive conclusion that the humerus and ulna do not contribute to the wingsnap; our 

model confirms that the inter-radii collision hypothesis is sufficient to explain the dominant 

features of the atonal sonation wingsnap but would need modification to include other skeletal 

contributions.  Furthermore, the model’s approximation of the vibration damping that occurs 

within the wing during wingsnap necessarily ignores all of the complexities associated with 

structural vibrations in, and sound propagation through, a bird wing. 
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DISCUSSION  

The forgoing analysis reveals that the radii bones of M. vitellinus are morphologically 

specialized relative to related bird species and the Manacus wingsnap is produced as these radii 

collide with one another at the apex of the upstroke above the bird’s back.  Indeed, the only 

sonation mechanism quantitatively consistent with the measured recordings of a wingsnap 

depends on the impact of the wings directly above the body. Previously proposed aerodynamic 

mechanisms depend on the kinematics of the wings and are too slow relative to the 5 kHz peak 

observed. The percussion, or contact, hypothesis introduces a shorter timescale associated with 

the vibration modes of the radius bone.  Damping of this collision-induced vibration by the 

fleshy material and feathers found on the wing yields the ultimate acoustic signature of the 

wingsnap.  

Production of wingsnaps by species of the genus Manacus is associated with specializations 

of their radii bones that in all likelihood contribute to the spectral and temporal properties of their 

snaps.  Skeletal adaptations have been described in other manakin species (Bostwick, 2002; 

Bostwick et al., 2012) suggesting a unique degree of phylogenetic developmental plasticity in 

bone growth in this bird family.   Male manakins also exhibit specializations of several muscles 

used to lift and retract the wings (Lowe, 1942; Schultz et al., 2001). Flight is the primary mode 

of locomotion by manakins, thus - assuming the presence of trade-offs in these adaptations - 

these musculoskeletal adaptations probably hinder efficient flight biomechanics.  When unusual 

phenotypic traits evolve in only one sex under sexual selection pressure, they are thought to carry 

costs that may become the target of mate choice (Zahavi, 1975). Both male and female Golden-

collared manakins possess radii bones that are unusually flattened and an anecdotal report of a 

wild female manakin wingsnapping near the nest (Wikelski, personal communication) suggests 
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females may naturally wingsnap, perhaps in predator deterrence or nest defense.  Snapping 

behavior may have then secondarily been incorporated into the male’s courtship display; similar 

processes have been described in other species (Tinbergen, 1952).  

  Non-vocal sound production is widespread throughout the animal kingdom and, in birds, 

the behavioral mechanisms producing sonations are diverse (e.g. Bostwick and Prum, 2003, 

2005; Bostwick et al., 2010; Clark and Feo, 2008).  In many species, non-vocal sounds arise 

from air passage over specialized wing and tail feathers (e.g. Clark and Feo, 2008).  Early 

observations of sex differences in the manakin wing feathers led to speculation that the 

wingsnaps were produced by collision of the feathers (Chapman, 1935).   We now know that 

females can produce wingsnaps when stimulated with testosterone (Day et al., 2006, 2007) 

arguing against sexually dimorphic feather structure as a source of the wingsnap.   

The degree to which bone-on-bone collisions are used to create sounds is unknown, but they 

are likely to occur only in species possessing bony structures with minimal damping properties 

of skin, feathers and muscle.  High amplitude non-vocal signals involving specialized skeletal 

structures are present in other avian taxa, notably the woodpeckers (Picoides). These birds 

hammer with extraordinary force (G-forces of ca. 1200, enough to give most vertebrates a strong 

concussion, Yoon et al., 2011) against wood for purposes of feeding and to communicate via 

high amplitude acoustic signals (Bent, 1939), but specializations of their skulls prevent damage 

to the brain (Wang et al., 2011).    

Although the Manacus species stand out for the amplitude of their wing sounds (Chapman, 

1935), other avian species produce snap-like sounds, including other species of manakins 

(Bostwick and Prum, 2003) as well as some larks and cisticolas (e.g. Norberg, 1991).  Although 

some of these sonations are clearly not produced by a wing collision mechanism (Bostwick and 
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Prum, 2003), it is possible that similar bone-on-bone collisions are utilized by other species.  

Undoubtedly, additional behavioral and anatomical study, including the application of 

quantitative physical (modeling) approaches, will identify novel mechanisms for sound 

production in birds and in other animal species. 
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CONCLUSIONS  

Through application of elementary aeroacoustic theory we suggest that the wingsnap 

sonation mechanism of male golden-collared manakins (Manacus vitellinus) is caused by the 

percussive collision of the wings during their quick upward wing stroke.  High-speed 

synchronous video and audio recordings showed that the noise was generated during the interval 

when the morphologically unique radii bones collide. The collision resulted in a transient snap-

like sound with a peak frequency of approximately 5 kHz. Using the kinematic data from the 

video, a motion model of the wings was constructed and used to assess previously proposed 

atonal sonation mechanisms. The motion of the wings yields a maximum velocity of 30 m/s and 

sounds generated by aerodynamic means are shown to generate acoustic frequencies on the order 

of 100–400 Hz. In contrast, a wing collision mechanism introduces a shorter timescale associated 

with the vibration of the underlying radius that occurs at higher frequencies. When coupled to a 

vibration-induced sound formulation with significant structural damping, a spectral and temporal 

waveform prediction is possible that is consistent with the experimental data, with a peak 

frequency of approximately 5–7 kHz and transient duration of 1–1.5 ms.  
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Tables 

Table 1.  Dimension of the radii in the studied taxa.  

Taxon and number of specimens (n) W/L
1
 W/D

2
 

Manacus manacus (male)
3
 

(n=3) 
.072±.003 3.48±.054 

Manacus manacus (female)
3
 

(n=3) 
.069±.004 3.63±.097 

Corapipo leucochora 

(n=3) 
.041±.005 1.92±.162 

Cryptopipo holochlora 

(n=1) 
.042 1.84 

Chiroxiphia linearis 

(n=2) 
.045±.0004 2.13±.132 

Pipra coronata 

(n=2) 
.037±.006 1.85±.288 

Pipra erythrocephala 

(n=2) 
.038±.001 1.82±.209 

Cotinga cayana 

(n=1) 
.0371 1.67 

Sayornis nigricans 

(n=1) 
.0276 1.94 

Taeniopygia guttata 

(n=1) 
.047 1.02 

1
 “W/L” is the width of the radius (dorso-ventral taken at mid-shaft) divided by the proximo-

distal length. 
2
 “W/D” is the width of the radius (as for “W/L”) divided by the depth of the radius (cranio-

caudal taken at mid-shaft). 
3
 Manacus measures were divided into male and female, other taxa were combined sex samples. 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

 •
 A

dv
an

ce
 a

rt
ic

le



Table 2.  Geometric properties of the radii for taxa examined 

Taxon 
Length 

(in mm) 

Width 

(in mm) 

Depth 

(in mm) 

M. manacus (male) (n=3) 18.0±.48 1.30±.04 0.38±.07 

M. manacus (female) (n=3) 17.7±.23 1.22±.06 0.34±.02 

C. leucorchoa (n=3) 16.8±.19 0.69±.09 0.36±.02 

C. holochlora (n=1) 22.6 0.96 0.52 

C. linearis (n=2) 23.9±.24 1.08±.02 0.51±.02 

P. coronata (n=2) 18.8±1.7 0.69±.04 0.38±.04 

P. erythrocephala (n=2) 18.3±1.5 0.69±.04 0.39±.06 

C. cayana (n=1) 35.0 1.4 0.63 

S. nigricans (n=1) 36.6 1.0 0.52 
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Figures 

 

 

 

 

Figure 1. a) A video frame series showing wing movements of a single wingsnap as observed 

from above.  Pictured is an adult male manakin (the black cap of the crown of his head is in the 

left center of each frame and designated by an “*” in frame one; the bill is pointed at an angle 

downwards towards the bottom left corner).  The wings and back also appear black; the bird’s 
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right wing is designated by a “#” in frame one).  The wings are seen moving upwards towards 

the camera, before colliding between frames 9-10 and are then retracted for the remainder of the 

sequence. Time between frames is 1 ms.  The snap sound is produced as the radii of the wings 

collide between frames 9-10; b) Temporally synchronized video and microphone trace (arbitrary 

vertical scale) for a wingsnap event. Time between frames is 1/2000 s, and increases continuously 

from left-to-right and top-to-bottom. The acoustic travel time delay has been removed from the audio 

trace. 
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Figure 2. Sample field data recorded for a single ‘snap’ event by three separate microphones. 

(a): time history of a single snap. (b): spectral content of a single snap.  (c): spectrogram for a 

series of snaps from which (a) and (b) were extracted.  Data were taken with a 51200 Hz 

sampling rate.  
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Figure 3. Illustrations of radii of representative taxa used in this study.  Each radius is shown in 

two views, caudal (left) and dorsal (right); proximal is toward the top of the figure.  The scale bar 

for each pair of views is 10mm. A. Manacus manacus.  B. Corapipo leucochora.  C. Cryptopipo 

holochlora.  D. Chiroxiphia linearis.  E. Pipra erythrocephala.  F. Cotinga cayana. 
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Figure 4. Sample still images from a 500-fps-high-speed video of M. vitellinus taken in the field 

in Panama showing definition of upstroke (β) and pronation (θ) angles.  
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Figure 5.  Wing position as a function of time as measured from video taken at 500 fps: open 

circles are the ensemble-averaged locations (n=5).  The time and angle variability is given.  A 

Gaussian curve is fit to the data. 
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Figure 6.  Schematic for the first and second sound generation mechanisms. 
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Figure 7.  Spectrum of d(unde) / dt . 
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Figure 8.  a-c) Schematic of alignment of engineering model (left); isolated elements at collision 

(center); and engineering model of single element showing applied load, deflected state, and 

resultant sound; d,e) Predicted pressure trace based on a vibrating beam model of the wingsnap-as-

collision atonal sonation. Numerical parameters were δ =1 × 10
4 

s
−1 

and τc =2 × 10
−3 

s (left) and τc =2 

× 10
−4 

s (right).  
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