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indicates the presence of basal slip, because
the pattern of enhanced flow is quite different
from the pattern of large deformational velocity.
A doubling of 4 does not improve the model fit
(fig. S4). In a second simulation, we calculate
the deformational velocity obtained for a rigid
bed (21), that is, where the speed only depends
on the power of the driving stress, but the agree-
ment between measured and deformational ve-
locity is not improved (fig. S5). We conclude that
basal slip is a significant component of ice mo-
tion in Antarctica, which develops at the flanks
of ice divides.

This organization of ice sheet flow into a
complex set of meandering, size-varying, speed-
varying, anastomosing tributaries most certainly
dominated by basal-slip motion challenges the
view of ice sheet flow constrained by internal de-
formation and disconnected from the coastal
regions, that was adopted as the background
model for continental-scale ice sheet modeling
(6, 21). Actual observations of continental-scale
ice motion reveal a new flow regime that initiates
near topographic divides and involves a substan-
tial amount of basal-slip motion. Much remains
to be understood about the mechanisms of basal
motion and patterned enhanced flow, but our
observations already imply a tighter connection
between coastal sectors and interior regions than
in the hypothetical case of a uniform ice sheet
flow, because the concentration of ice fluxes
along preferred channels enhances the diffusiv-
ity of perturbations. It is likely that this patterned
enhanced flow is not unique to Antarctica but is

a common feature of ice sheets. The mapping of
Antarctic ice motion therefore redefines our
view of ice sheet flow dynamics and the way
ice sheets have been modeled in the past, with
implications for improving reconstructions of
past and ongoing changes and especially for
modeling the evolution of ice sheet dynamics
in a warming climate.
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Aeroelastic Flutter

Produces

Hummingbird Feather Songs

Christopher ]. Clark,* Damian O. Elias,? Richard 0. Prum®

During courtship flights, males of some hummingbird species produce diverse sounds with tail
feathers of varying shapes. We show that these sounds are produced by air flowing past a feather,
causing it to aeroelastically flutter and generate flutter-induced sound. Scanning laser doppler
vibrometery and high-speed video of individual feathers of different sizes and shapes in a wind
tunnel revealed multiple vibratory modes that produce a range of acoustic frequencies and
harmonic structures. Neighboring feathers can be aerodynamically coupled and flutter either at
the same frequency, resulting in sympathetic vibrations that increase loudness, or at different
frequencies, resulting in audible interaction frequencies. Aeroelastic flutter is intrinsic to stiff
airfoils such as feathers and thus explains tonal sounds that are common in bird flight.

lution of bird flight, providing a stiff, light-
weight aerodynamic surface, or airfoil (7).
As early designers of aircraft discovered, stiff,
light airfoils in fast-flowing air are prone to aero-
elastic flutter, whereby the airfoil oscillates at a

F eathers were a key innovation in the evo-
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frequency set by its stiffness and inertia, and
aerodynamic forces (2). The acoustics of flutter is
incompletely understood (3). However, in many
birds, modified flight feathers are associated with
the production of tonal flight sounds used in
communication such as courtship displays (as in
hummingbirds or snipe).

Hummingbirds are a clade of ~330 polygy-
nous species in which males court females with
showy ornaments, aerobatic displays, and vocal
songs; females choose a mate from among avail-

able males (4). Independent of the humming of
the wings for which hummingbirds are famous,
males of the ~35 species in the “bee” hummingbird
clade (5) produce tonal flight sounds, or courtship
songs, during dive displays for females visiting
their courtship territories. Although dive kinemat-
ics vary, a male generally ascends 5 to 40 m and
then swoops down at high speed past the perched
female, rapidly spreading and shutting his tail at
the nadir of the dive and producing dive sounds
in synchrony with each tail spread (6-9). In pre-
vious work, we have shown that tail feathers (or
rectrices; R1, innermost, through RS, outermost)
are both necessary and sufficient for the produc-
tion of dive sounds: Experimental manipulation
of specific tail feathers silences a male’s dive
sound, whereas these same feathers are sufficient
to recreate the dive sound in lab experiments (6-9).
‘We proposed that these dive sounds are produced
by flutter (6) but did not measure flutter directly.
In this work, we measured the vibrations of an
array of hummingbird tail feathers in a wind tun-
nel directly, using a scanning laser doppler vi-
brometer (SLDV). We describe how aeroelastic
flutter can result in a diverse array of audible
sounds.

Air flowing past a feather provides aerody-
namic energy that can cause flutter. We tested the
relationship between air velocity (U,;,) and feather
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vibration velocity (Veamer) by mounting indi-
vidual rectrices in a wind tunnel across a range of
U, values (10). Far-field sound was recorded
with a microphone while SLDV sequentially mea-
sured Vieamer Of ~100 points across the feather.
We tested 31 feathers from males of 14 species,
including 24 feathers known or suspected to
produce display sounds and 7 others that may not
produce sounds in wild birds [see supporting
online methods (/0), fig. S1, and table S1].
SLDV allowed characterization of the onset
and development of feather flutter with increas-
ing Usir. Vieamer €xhibited distinct differences in
behavior over three ranges of U,;, (Fig. 1A). At
low U,;; (range I), the feather vane was immobile.
Athigher U,;, (range II), minute values for Viager
were detected in specific parts of the feather

(such as the tip or trailing edge), but no mea-
surable sounds were detected. Multiple vibratory
frequencies across different regions of the feather
were often simultaneously present, and small
changes in U,;, resulted in somewhat unpredict-
able changes in frequency and feather region(s)
activated by airflow. Above a critical velocity
(U*, range III), Vieamher dramatically increased as
one mode of vibration established a stable oscil-
lation (Fig. 1A) with harmonics. Far-field sound
was detected by the microphone only at air speeds
above U*, which varied from 6.7 to 19.6 ms .
All feathers exhibited stable flutter and accom-
panying sound above U*, including the seven
feathers that do not produce display sounds (table
S1). The range of U, tested included speeds
greater than the birds achieve during dives (Fig.

REPORTS I

1B), but all U* values corresponded to behavior-
ally relevant flight speeds.

Above U*, loudness increased with Uy, (range
IIla: Fig. 1B), but at even higher U,;, loudness
was uncorrelated or negatively correlated with Uy,
(range IIIb: Fig. 1B) (11). Loudness was correlated
With Vieamer (Fig. 1C). Normally, both odd and
even harmonics were present, but occasionally
other patterns were observed such as only odd har-
monics, as would be expected for a vibrating bar
clamped at one end. Harmonics occasionally
contained more energy than the fundamental fre-
quency (Fig. 1D), and >30 integer harmonics
were present in some cases (Fig. 1E). All feathers
were compact sound sources; that is, sound wave-
lengths exceeded feather dimensions (/2). Conse-
quently, there is a nearly 1:1 relationship between
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Fig. 1. Characterization of sound and vibration of single feathers in airflow.
(A) Feather flutter velocity (Vieatner) @gainst airspeed of S. flammula R2. Range
I: feather is immobile; range Il: minute vibrations without detectable sound;
range IlI: vibration amplitude increases sharply above a critical velocity (U*)
and sound is detected. (B) Sound pressure level (SPL)—airspeed relationship of
C. anna R5 above U* (n = 3 feathers). In range llla, sound pressure level rises
with airspeed (slope: 2.9 dB m s™%), whereas in llb it declines. Ugye, Speed
that live birds reach in a dive (21) [see (11)]. (C) SPL of 31 feathers from 14
species of hummingbird as a function of Vieatner. Faint lines are regressions for
individual feathers. Color indicates the fundamental frequency of sound (in
kilohertz): red, <0.95, orange, 0.96 to 1.55, yellow, 1.56 to 2.41, green, 2.42
to 4.8, blue, 4.9 to 7.2, purple, >7.3. (D and E) Sound frequency power spectra

www.sciencemag.org SCIENCE

for (D) R4 of Chaetocercus mulsant and (E) R2 of S. flammula in the wind
tunnel (black) against background sound of the tunnel (gray; U, = 22 m s7).
(D) Second harmonic is dominant (arrow). (E) Over 30 integer harmonics are
present (select harmonics are numbered). (F) Power spectra of Calliphlox
mitchellii R5 in the wind tunnel (11.6 m s™); sound recording is above, and
SLDV of feather flutter is below. All sounds were present as vibrations in the
feather (as in arrows). (G) Fundamental frequency and mode of vibration of 31
different hummingbird feathers. Frequency tends to increase with airspeed, but
a negative slope is possible (e.g., arrow = C. mitchellii R4). (H) Four modes of
vibration: a transverse mode of the trailing vane (blue), whole-feather bending
mode (green), and torsional-transverse mode of the tip (red), which in Stellula
calliope was sometimes a purely torsional mode (yellow). See movie S1.
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feather flutter and radiated sound. All far-field
sound including harmonics had a corresponding
vibration in the feather, although in some cases an
acoustic frequency was much weaker than the
corresponding flutter frequency (Fig. 1F). Fre-
quency scaled positively with U, in most but not
all feathers (Fig. 1G).

Different feather shapes (Figs. 1H and 2) exhibit
different modes and frequencies of vibration. We
identified four types of modes of vibration (Fig.

Fig. 2. Evolution of tail feather sound production
in bee hummingbirds [phylogeny from (5)]. Out-
lines traced from tail feathers tested in this study
are shown; colored numbers indicate rectrix iden-
tity and the mode we elicited in the wind tunnel
(colors are as in Fig. 1H); the asterisk indicates
feathers that may not make sound in wild birds
(table S1). Lineage color indicates inferred mode of
vibration (black indicates ambiguous), and the
black numbers indicate which tail feather(s) produce
sound.

1G and movie S1). The two most common modes
of vibration were a transverse mode associated
with the trailing edge of the vane, which tended to
be produced by feathers with uniform width (Fig.
2), and a torsional and transverse combination
associated with the feather’s tip, which was ex-
hibited in feathers with tapered or emarginated
tips (Fig. 2). We also observed purely torsional
modes in Calliope hummingbird (Stellula calliope)
rectrices, and a whole-feather bending mode in

calliope

1,2,3,4,5-

Selasphorus

2
_| platycercus %
pScintilla 2 ee——
21 \flammula 3 ——>

the wire-shaped rectrices of the white-bellied
woodstar (Chaetocercus mulsant) (Fig. 1G and
movie S1).

The SLDV experiments were conducted with
a single feather orientation intended to match the
orientation of the feather in a diving bird. Small
changes in orientation [and other boundary con-
ditions (/0)] often rendered a vibratory mode ac-
tive or inactive at a given U,;,. Most feathers had
multiple modes and multiple frequencies active
across different orientations and airspeeds.

If airflow can cause individual feathers to
oscillate at an intrinsic resonant frequency, we
predict that adjacent vibrating feathers may act as
coupled oscillators, resulting in nonlinear inter-
actions. We demonstrated two such types of coupled
feather-feather interactions.

Sympathetic vibrations occur when a passive
oscillator responds to external vibrations from a
nearby oscillator with similar resonance charac-
teristics. Anna’s hummingbird (Calypte anna) gen-
erates a loud 4-kHz dive sound with RS (Fig. 3, A
and B) (6). Experimental removal of the adjacent
R4 reduces the loudness of the dive sound but
does not eliminate it (Fig. 3B) (6), suggesting that
R4 amplifies the dive sound. R5 by itself produced

Downloaded from www.sciencemag.org on September 8, 2011

5 2 a ~4-kHz sound, whereas a solitary R4 produced
i) I - a ~1-kHz tone in the wind tunnel (movie S2).
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Fig. 3. Sympathetic vibrations increase the loudness of the tail-feather display sounds of a male (A) Anna’s g =02
hummingbird (C. anna). (B) Courtship dive sound of intact (left) and missing (right) R4. Bge and Cgive, tWo _ 0
acoustic elements of the dive sound. Cgye of wild birds is present but not as loud after manipulation (arrow) g é 0.1
(6). (C and D) Lab experiments with R5 and R4. (C) R4 placed ~1 mm behind (not touching) R5 increases ©
loudness by 12 dB relative to R5 alone (n = 8 feather pairs; P < 0.001, Tukey test), whereas a flat plate in LCI'_D 0
the same position does not increase loudness (P > 0.05). (D) SLDV shows that R5 vibration amplitude is R5R4 RS R5plate

similar for all arrangements. When R4 is placed behind R5, R4 vibrates at a comparable velocity to R5, alone

whereas a flat plate does not. See movie S2.
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Allen’s Hummingbird

Fig. 4. Heterodyne interactions in tail
feathers R4 and R3 of (A) a male Allen’s
hummingbird (S. sasin). (B) Courtship dive
sounds of an intact S. sasin (left), a bird
missing R4 (center), and a bird missing R3
(right). Blue arrows indicate a 2-kHz sound
produced by R3 and second to fifth har-
monics (fy). Red arrows indicatea 7-t0 9-kHz 0
tone produced by R4 (f). Purple arrows

indicate heterodyne interaction frequencies

of f, + f; (left). Heterodyne frequencies

disappear with removal of either rectrix (center and right). (C) Vibration fre-
quency spectra from SLDV of isolated R3 (top), R4 (bottom), and R3 + R4 (middle)
in the wind tunnel; R3 + R4 treatment replicates heterodyne interaction (U =

flutter and the induced sound, as has been hypoth-
esized in the syrinx of chickadees (/4). Allen’s
hummingbird (Selasphorus sasin, Fig. 4A), dur-
ing its courtship dive, generates two simulta-
neous tones with R4 and R3 (Fig. 4B). The dive
sound also includes heterodyne frequencies that
disappear when either R4 or R3 is manipulated in
wild birds (Fig. 4, B and C). We replicated the
individual sounds of R4 and R3 separately in the
wind tunnel, and then recreated heterodyne in-
teraction frequencies in feather flutter and in
the induced sound when R4 and R3 were placed
in proximity (Fig. 4C). A third type of feather-
feather interaction is collisions: In the Calliope
hummingbird, multiple adjacent tail feathers are
prone to torsional vibrations (Fig. 1H), causing
neighboring feathers to strike each other, creating a
sputtering sound during the species’ display (9, 15).

Our work shows that the tail of male bee
hummingbirds functions as an acoustic organ,
and we suggest that sexual selection through fe-
male choice for flutter-induced sounds has driven
the evolution of diversity in male tail morphology
(Fig. 2). The tail feathers are sexually dimorphic
in shape, and males of each species have unique
tail morphology. Small changes in feather mass,
stiffness, size, and shape affect a feather’s in-
trinsic resonant frequency, resulting in large changes
in mode of flutter, acoustic frequency, harmonic
structure, and which feather generates sound
(Fig. 2). Nonlinear feather-feather aerodynamic
interactions further expand the acoustic repertoire
available to birds through flutter-induced com-
munication sounds (Figs. 3 and 4), in such a way
that they rival vocal diversity in many respects.
For example, diving Allen’s hummingbirds simul-
taneously produce two tones with the tail and a
third sound with the wings (Fig. 4), an example
of triphonation (production of “three-voiced”
sound). These sounds may initially arise when

B Intact

No R4

REPORTS

airflow

v

R3 only

1 0.6

0.6

R4 only {}

——

Seconds 0 2

sexual selection on acrobatic movements results
in incidental flutter-induced sounds, which then
become subject to novel mate preferences and
incorporated into display repertoires (/6).

The acoustic diversity in this hummingbird
clade is a microcosm of the sounds feathers make
across all birds. Tonal flight sounds are prevalent
in the ordinary flight of birds with apparently
unmodified feathers, including vultures, ravens,
ducks, and loons, as well as the flights of arrows
fletched with feathers (/7), probably because all
flight feathers are stiff, flat airfoils and thus prone
to aeroelastic flutter above certain speeds, re-
gardless of morphology. We hypothesize that
acoustic communication signals produced by
acroelastic flutter have evolved many times in
birds. Most birds that produce feather sounds in
flight displays have multiple adjacent feathers
with modified shape [such as flycatchers, guans, or
woodcocks (18-20)], suggesting that the aero-
dynamically coupled interactions among neighbor-
ing feathers described here may be common. When
the first birds took to the air, they had to contend
with aeroelastic flutter. Although aeronautical
engineers take extreme precautions to avoid flut-
ter and its catastrophic consequences for aircraft
(2), birds have instead repeatedly evolved novel
acoustic communication signals from these in-
cidental vibrations.
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