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SUMMARY

Sound coloration (timbre) plays an important role in music and speech as well as in non-human animal vocal-
izations. Although many physical attributes of sound can be reliably quantified, the description of multidi-
mensional timbre has remained difficult.'~> Upper vocal tract modification of sound gives rise to many timbral
features, but some, such as the profile of rising amplitude, are generated by the sound source.?® Here, we
show that the liquid-sounding elements of cowbird song are source generated and arise from a dynamic
interaction of two sound sources whose oscillations spring from an unusual oscillatory regime. Sounds
with “watery timbre” are characterized by a highly asymmetric amplitude profile, and the different
frequencies from alternating contributions of the two sources mimic sounds emitted by a sequence
of droplets of differing sizes hitting a water surface. The generation of these sounds requires exquisite motor
control of two sound sources. Starlings imitating cowbird song use the same unusual source control, thus
confirming a functional connection between this motor control and the timbral features. These findings illus-
trate how an unusual timbral feature of birdsong arises from the interaction of physiology, morphology, and

aerodynamics.

RESULTS AND DISCUSSION

Water drops hitting the surface of a pool of water generate sound
at two time points. As a drop impacts the surface, a weak sound
signal emerges. About 50 ms later, an air bubble (generated
above the drop as it merges with the surrounding liquid) col-
lapses. This generates a prominent sound.® Drops of different
sizes generate slightly different frequencies because the size of
the air bubble determines its resonance frequency. The
collapsing air bubble generates a sound pulse with a character-
istic decay in amplitude after a rapid high-amplitude onset
(attack) of oscillations.®

Some birds are capable of generating “liquid-sounding” vo-
calizations, such as the brown-headed cowbird (Molothrus
ater). Their songs start with introductory note clusters, which
are composed of a series of low-frequency gurgling sounds.
Physiological data show that individual notes within the cluster
are generated by alternating contributions from the left and right
sound sources of their vocal organ, the syrinx.”® The left and
right sides are silenced by muscle-driven adduction of the labia
(gating), which achieves full closure of the syringeal lumen
(Figure 1A). Note clusters are delivered during 2 or 3 expiratory
pressure pulses, which are separated by short, silent inhalations.
However, these silent periods are prolonged while expiratory
pressure is initially rising and then maintained at levels above
phonation-threshold pressure (Figure 1B).”° The syringeal

4.)

valves on both sides of the syrinx are actively closed during
this approximately 40-ms-long period, as indicated by a lack of
airflow (Figure 1B). If the final pressure pulse leads to the gener-
ation of the high-frequency whistle (i.e., does not contain low-fre-
quency elements, as shown in this example), it does not have this
period of elevated expiratory pressure with bilaterally closed sy-
ringeal valves (Figure 1). Similarly, long silent periods with high
expiratory pressure in adult song have not been previously
observed in any other bird species whose song production has
been studied physiologically.'®'® We hypothesize that the onset
of sound elements of the note clusters with above-threshold air
sac pressure is linked to the “watery” quality and explains why
whistles do not display this timbric feature.

Modeling watery timbric features

Combining the information from water drops and physiological
insights from song production in cowbirds, we next asked which
of these features are required to reproduce the watery quality of
cowbird song in a computational model of sound generation.
The description of the acoustic properties of a liquid droplet fall-
ing onto a water surface that we presented above reveals that
the sound envelope plays a fundamental role in making the re-
sulting vocalizations sound watery. Specifically, the envelope
of such sounds must exhibit a pronounced asymmetry: a rapid
and brief rise time followed by a significantly slower decay time
(Figure 1C).
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Figure 1. Cowbird song arises from charac-
teristic airflow and air sac pressure patterns
(A) The songbird syrinx houses two sound sources
(pairs of labia, green), which are set into oscillation
by an airstream generated by the respiratory
system (compression of the air sac system gen-
erates high expiratory pressures, P). The labia can
also be used as valves, such that muscle action
can lead to full closure of the airway (schematically

— shown here in the right bronchus). In physiological

experiments, airflow was either measured with a
tracheal flow probe (Fy) or flow probes in both
bronchi (illustrated only in the left bronchus, F).

(B) Song is generated by alternating contributions
from the left (black) and right (red) sound genera-
tors. Song (spectrogram) consists of introductory

note clusters and a final high-frequency whistle.
Three expiratory pressure pulses (P, blue; hori-
zontal line indicates ambient pressure) are sepa-
rated by mini-breaths (yellow), during which air
flows through the left (F) and the right (Fg) sy-
ringeal halves. For the two introductory note
clusters, a silent period of elevated expiratory
pressure with simultaneous closure of both sides
(horizontal line indicates zero airflow) is charac-
teristic (green shading), while this silent period is
not present in the final pulse. Schematic based on

Relative Intensity

To examine the conditions under which an envelope with these
characteristics can be generated during a bird’s vocalization, we
will use (1) the continuity equation (conservation of mass) for the
air expelled during a vocalization and (2) the law of ideal gases
(PV = NKT). Vocal sounds arise from temporal variations in
the rate of mass injection of air into a resonator. A simple
example is a valve with a time-dependent width A(t). If this valve
allows air of density p to flow into a volume Vj (for example, the
trachea), the rate of mass injection per unit volume (q) is
given by:

q = /)VA/VO‘

where v denotes the air velocity, defined here as the mean veloc-
ity of the air particles passing through the opening of width A(t).
Both v and A are time dependent, but they evolve on very
different timescales.

The air velocity varies over the duration of an acoustic element:
it is zero at the onset of a sound element, reaches a maximum at
some point during the phonation, and returns to zero at the end.
This evolution typically spans from 20 ms to a few hundred mil-
liseconds, depending on the sound element. In contrast, the
valve area changes much more rapidly. The oscillations of a

(Equation 1)
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Figure 1 in Zollinger and Suthers.®

(C) The introductory notes of cowbird song consist
of elements whose amplitude rises very rapidly
(attack, red and red arrows) and decays more
slowly. The rectified oscillogram (gray) and
derived amplitude profile (blue) represent the
“watery” song elements of the first note cluster,
which is outlined (blue box) in the whole song
shown in the inset (top).

pair of syringeal labia, whose dynamics
determine the temporal evolution of the
valve opening width A(t), occur at acous-
tic frequencies frequently above 1 kHz. This corresponds to sub-
millisecond periods for A(t). This separation of scales can be
formalized as A = A(t),v = v(et),e < 1, i.e., with the velocity
varying much more slowly than the area.

Once we have an expression of the rate of mass injection q,
the sound source corresponds to its time derivative'*:

dq av dA dA .
gt peEA/Vg + va/Vo ~ va/Vo, (Equation 2)

where the first term can be neglected because ¢ < 1, meaning
that a sound element is much longer than a period of labial oscil-
lation. In this way, v acts as a slowly varying envelope that mod-
ulates the fast oscillations arising from A’. The envelope depends
on the slow dynamics of the air velocity v(et), while the rapid os-
cillations are set by the labial dynamics encoded in A(t).

The motion of the labia can be modeled by a system of
nonlinear equations describing the displacement of the labial
midpoint from rest under several forces: elastic restitution, linear
dissipation (including a negative component, associated with
energy transfer from the airflow into the tissue as a mucosal
wave propagates, and a positive component due to viscous los-
ses), nonlinear dissipation, and active muscular forces that
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control adduction and abduction.'* The solution of such models
yields self-sustained oscillations at the fundamental frequency of
the sound. Thus, the slow variable v(et) determines the ampli-
tude envelope, while the rapid oscillations of the labia provide
the fine temporal structure of the sound source.

To account for the air velocity moving between the labia, we
can think of the air sac system as one of volume V, modifiable
via the action of expiratory and inspiratory muscles, capable of
establishing a slow dynamic at V. If the labial valves connecting
this volume to the trachea are closed, compressing the volume
(air sacs) will lead to an increase in pressure. Now, if the valve
is opened, air will flow and cause a decrease in volume and pres-
sure. Using the equation of state for an ideal gas, we can write for
the instantaneous pressure dynamics Pips:

dPins av/dt 1

G = P T+VdN/dtKT,

(Equation 3)

where, using Bernoulli for estimating the velocity of the air exiting
the volume, mass conservation gives the rate of change of the
number of particles inside the volume %,
aN ~
ar - p A sig(Pins — Po)
where Py is the external pressure and A is the mean area of labial
opening (i.e., the area averaged over the fast timescale of labial
oscillations). To compute the velocity v, we need to compute Pjs
because

2|Pins - P0|7 (Equation 4)

v x Sig(Pins — Po)v/2|Pins — Pol- (Equation 5)

Therefore, we need to solve the previous dynamical system.
To do so, we need to explicitly define how two time-dependent
parameters, A = A(t) and V = V(t), are articulated. The valve
area can be written as A(t) = A(et) + Alapial, With A(et) being
typically controlled by the dorsal syringeal muscles.">'° It is pre-
cisely the phase difference between the air sac compression and
the medial distance between the labia that will determine the
time-dependent functional form of the air flow velocity between
the labia.

In Figure 2A, we show the modeled temporal evolution of the
positive part of the velocity (in black) (i.e., max (0,v)), when the
volume of the air sac system V is varied sinusoidally by a driving
force (during the compression exerted by the expiratory mus-
cles), and the valve remains closed until the volume reaches
its minimum. Upon opening the valve, there is a rapid jump in
flow velocity, which decreases due to both the recovery of
the original volume and, fundamentally, the progressive loss
of air. Thus, the combination of the phases of two time-depen-
dent parameters (i.e., generation of expiratory pressure and
initial closure of the syrinx and subsequent rapid opening ef-
fected by syringeal muscles) allows us to recover the asymme-
try needed for a watery sound envelope, which is a signature of
the bubble-collapse sound described in the introduction.
Active closure of the syringeal valve allows for pressure buildup
capable of rapidly initiating labial oscillations as soon as the
closure ceases.

The establishment of labial oscillations when the active
closure of the syringeal valve ceases was described in Laje
and Mindlin."” If x is the medial displacement between the labia,
it can be written as:
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i y (Equation 6)
dy 5 )
Pl kx = x°y + (Pips — Po)y — 6, (Equation 7)

where the first term (kx) is the linear elastic restitution, the second
(x%) is the nonlinear dissipation, the third (P;,s —Po) is the nega-
tive dissipation induced by the flow, and the last term (5) is the
“gating” term (a term that goes to zero when the valve opens).

These equations describe both static configurations of the
labia, where no sound is produced, and dynamic configurations,
where oscillations of the labia lead to flow modulations respon-
sible for sound production. A critical parameter is the air sac
pressure, which a bird can increase by compressing the air
sacs to initiate oscillations. Another key factor is gating, a force
independent of labial dynamics, which allows the bird to actively
close the air valves and prevent airflow. The bird can halt labial
oscillations by either decreasing the air sac pressure or actively
closing the labial valve. Conversely, oscillations can be initiated
by increasing the air sac pressure—provided the gating is inac-
tive—or by decreasing the gating force when the air sac pressure
is already high.

When the labia are allowed to oscillate under high air sac
pressure, they exhibit a rich spectral content (i.e., oscillations
with significant energy in harmonics), as the pressure is well
within the range required for oscillations. Smoothly initiating
oscillations by increasing air sac pressure without gating corre-
sponds to a Hopf bifurcation—a qualitative change in the dy-
namics of a nonlinear system.'® In Hopf bifurcations, oscilla-
tions are born with zero amplitude. In contrast, initiating
oscillations by reducing gating when the air sac pressure is
already high results in a canard bifurcation, which rapidly gives
rise to high-amplitude oscillations.’® Hopf bifurcations lead to
oscillations that are born tonal and gain richer spectral proper-
ties as the bifurcation parameter (the air sac pressure) in-
creases. In contrast, in a canard bifurcation, the oscillations
are turned on as relaxation oscillations (i.e., oscillations con-
sisting of slow changes followed by fast transitions) as soon
as the system displays periodic behavior. Interestingly, this
latter mechanism underlies the modeling of watery sounds in
our study.

Generating a sequence of these notes, with different funda-
mental frequencies, we can synthesize the characteristic drop-
like sounds. In Figure 2B, we show the spectrogram of the alter-
nating tonal syllables (i.e., syllables alternatively generated with
the left and right side of the syrinx) by a cowbird (top) and the so-
lutions of our model after the parameters of the tension were
adjusted in such a way that the fundamental frequencies of the
syllables could be reproduced. The other parameters (i.e., P;
and 8) were chosen following the prescriptions used to generate
the syllable displayed in Figure 2A. To test whether we have iden-
tified the essential criteria for watery quality, we used the model
and progressively reduced airflow at the beginning (gating phase
in Figure 2C) and quantified the amplitude profile of the resulting
sounds (ratio of rise and decay times in Figure 2C). The asymme-
try in amplitude profile emerges gradually as airflow is reduced to
zero (Figure 2C). These findings confirm that the watery quality of
cowbird song can be attributed to two main features, the
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Figure 2. Modeling physiological events
gives rise to short syllables with watery
quality showing similar amplitude profiles
to watery elements of cowbird and starling
song

(A) A volume is first compressed and then the
pressure is released (blue line). The aperture of a
valve first remains closed until the pressure rea-
ches a maximum (red). The positive part of the air
velocity across the valve (max(0,v), in black) cor-
responds to the envelope of the synthetic sound,
displayed below as an oscillogram.

(B) The spectrograms of a segment of cowbird
song (top) and a synthetic sound. The latter was
generated by increasing the pressure while the
aperture was actively controlled by the gating
term, 5.

(C) Ratio between rising and decaying time for the
envelopes of sounds, depending on the phase
delay between gate opening and pressure
gesture. For each data point of the t4/t, ratio, the
model-generated sound is depicted (blue). On the
right, mean ratios (+1 SD) for cowbird introductory
notes (red) and starling imitations of introductory
notes (purple) are similar to those of the watery
model sounds, while syllables from starling
warbling song (green) have distinctly higher ratios.
The gating phase is defined as the fraction of the
pressure cycle at which the valve is opened.

(D) Distributions of attack durations show the
unique amplitude profiles of note cluster elements
in cowbird song and starling imitations. Attack
durations for note cluster elements of cowbird
song (mean + SD = 1.65 + 0.53, n = 91) and their
starling imitations (2.67 + 1.17, n = 71) are narrowly
distributed and significantly shorter than those of
all other vocalizations (whistles, 49.8 + 22.1, n =
24; imitated whistles, 52.3 + 25.3, n = 29; starling
warbling song syllables, 53.4 + 31.1, n = 68).

Watery song elements feature the
model’s predicted amplitude

profile

To test whether model sound character-
istics are also realized in cowbird intro-
ductory notes, we quantified their ampli-
tude profile and compared it to that of
whistles. We measured 27 notes from
10 individuals, and the mean ratio of rise
time/decay time is 0.11 + 0.01 (range =
0.02-0.27; Figure 2C), thus confirming
that the sharp rise in amplitude is present
in these notes. In contrast, the ratio for
cowbird whistles is much higher but

amplitude profile of individual sound pulses and the rapid alter-  also more variable (mean + SE = 1.29 + 0.24; range = 0.21-
nation of contributions of the left and right syringeal sides. In  2.29; n = 22), and the means of introductory note cluster and
each of the two sides, canard bifurcations take place when the  whistles are highly significantly different (t test, p < 0.00001).
corresponding valve is opened by decreasing the gating force.  The variability in the ratios for whistles can be attributed to the
The alternation produces sounds with different fundamental fre-  variable presence of amplitude modulations over the course of
quencies, and each onset occurs at elevated pressure. Each  the comparatively long syllables.

note of the cluster should therefore display watery timbre, while To test these conclusions from the model, we looked at the
whistles should not. songs of four European starlings (Sturnus vulgaris), which

5918 Current Biology 35, 5915-5922, December 1, 2025
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Figure 3. Starlings incorporated cowbird
song imitations into their species-specific
song sequences

(A) Introductory note clusters of the cowbird are
composed of alternating and overlapping notes at
different fundamental frequencies. Starling imita-
tions of the introductory note clusters were also
characterized by these main features.

(B) Imitated cowbird song (marked by gray
shading) either preceded their species-typical
song sequences or were added at the end. Song is
shown spectrographically (top) and the respiratory
(air sac pressure, P; horizontal line is ambient
pressure) and tracheal flow (Fr; horizontal line is
zero flow) patterns show that the two imitations
are composed of either one or two expiratory
pulses. Detailed patterns of these imitations are

shown in Figure 4.

inspiration (mini-breath) preceded the
note cluster or several note clusters
were sung during an expiratory pulse
(Figure 4A). Air sac pressure and
tracheal flow patterns were highly ste-
reotyped across multiple renditions
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type. Starlings achieved a low ratio of
rise time/decay time(ti/to; Figure 2C)
for imitations of cowbird note clusters
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(mean £ SD = 0.13 = 0.08, n = 5, only
one or two notes per bird were suffi-
ciently isolated from following sounds
so that the whole amplitude profile
could be reliably detected), which is
much smaller than either imitations of
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imitated cowbird song. After hand-rearing, juvenile starlings
were raised with adult male cowbirds. As adults the starlings
incorporated cowbird song imitations into their species-specific
long sequences of warbling song (Figure 3). We studied how
starlings produce cowbird song by recording air sac pressure,
tracheal or bronchial airflow, and sound.

The most notable physiological aspect of starling imitations
was the inclusion of non-phonatory (i.e., silent) periods during
the raised expiratory pressure. This occurred only for the
imitation of the note cluster segments of the cowbird imitation
and was never observed for any of the diverse pressure
pulses of starling song or imitations of the cowbird whistle
(Figure 4). The mean duration of the periods of syringeal
closure was 63.16 ms (SD = 17.18; range = 31.3-106.3 ms;
n = 43). In contrast, sound generation started 10.85 ms
(SD = 3.1; range = 5-25 ms; n = 256) after onset of expiratory
pressure buildup in syllables of starling warbling song and
whistles. The difference is highly significant (linear mixed
model with vocalization as a fixed and individual as a random
factor, Tukey post hoc test p < 0.0001). Furthermore, the si-
lent period was included irrespective of whether a short

cowbird whistles (1.16 + 1.21; n = 22)
or syllables of starling warbling song
(0.84 + 0.56; n = 24; Figure 2C).
Because the rapid attack primarily accounts for the asymmet-
rical amplitude profile, we determined the duration of the
attack for cowbirds and starlings (Figure 2D) and tested for
differences with a linear mixed model, with vocalization as a
fixed factor and individual as a random factor, and a Tukey
post hoc test with correction for multiple comparisons.
Although the attack durations of note cluster elements did
not differ significantly (o = 1) between cowbirds and starling
imitations, they were highly significantly shorter than
cowbird whistles (p < 0.0001), starling imitations of whistles
(p < 0.0001), and syllables of starling warbling song
(p < 0.0001).

This imitation of the physiological gestures suggests strongly
that the buildup of expiratory pressure to above normal phona-
tion threshold is necessary to produce the timbral features of
the watery sound elements. The initiation of phonation at high
pressure ensures that the oscillations do not start with low ampli-
tude and rise as pressure increases. The high amplitude of the
first few oscillations characterizes the attack and contributes to
the amplitude profile that imitates that of air bubbles collapsing
in water.
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Figure 4. Starlings used the same critical motor control patterns for
generation of cowbird introductory notes as was found in cowbirds
(A) The two imitations of cowbird song (from Figure 3) are generated with
different respiratory gestures (P, air sac pressure, horizontal line is ambient
pressure). Whereas the first is produced with one expiratory pulse, the second
consists of two pulses with an intervening mini-breath (yellow shading). In
either case, different note clusters (shown spectrographically —microphone
recording, Mic, and as sound from the high-pass filtered [>200 Hz] air sac
pressure signal, Ps; only the low-frequency part of the songs is displayed) are
preceded by closure of the syrinx (tracheal airflow, F, near zero, green
shading).

(B) Starling imitations of cowbird song used stereotyped motor gestures, as
illustrated by tracheal airflow (F) and subsyringeal air sac pressure (P). Different
renditions are shown in different colors. The two syringeal closure events are
also stereotyped (green shading). The song is an imitation by the same starling
individual but of a different cowbird song type than the ones displayed in (A).

Integrating theoretical and physiological approaches
reveals source-generated timbric features

Here, we elucidate the biomechanical and physiological mecha-
nisms involved in the generation of the watery timbre that char-
acterizes the songs of some avian species. Although there is
an extensive literature addressing the perceptual aspects of
timbre,?°~?? its origin in terms of sound production mechanisms
is far less studied. This is partly because timbre refers to a rather

5920 Current Biology 35, 5915-5922, December 1, 2025
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vague property —that is, every property of a sound that is neither
its pitch nor its loudness. A wide variety of indices have been
used to characterize timbre, most prominent among them are
spectral richness, spectral roughness, and the asymmetry be-
tween attack and decay times of a sound. Within this framework
of quantifiable timbral features, the biophysics of vocal signals
can be connected to their generation and validated through
measurements of their underlying physiology. To this end, it is
necessary to understand both the slow dynamics involved in
shaping the sound envelope at the syllabic timescale and the
fast dynamics at the timescale of labial oscillations in the syrinx.

By formulating and numerically integrating models of avian
vocal production and avian respiration, we could determine un-
der which motor control conditions the acoustic properties of
watery vocalizations can be reproduced. We found that by
actively controlling the syringeal opening, it is possible to
generate both asymmetric envelopes and labial oscillations
with a dominant fundamental frequency relative to their strong
upper harmonics.

Studying the dynamic model of avian respiration, we
computed the velocity of air flowing through a syringeal valve
once opened and, in particular, the conditions necessary for
this jet to exhibit the asymmetries required to reproduce the
desired vocal acoustics. Remarkably, the same parameter that
enables airflow in the slow-timescale model is also responsible
for the rapid onset of relaxation oscillations in the syringeal labia.
Thus, it is the combination of the bird’s active motor control and
the biomechanics of labial oscillations that allows the production
of these sounds with well-defined frequency and asymmetric
attack and decay times, both of which are the hallmarks of
sounds of droplets falling onto a liquid surface. In addition to
this effect, birds that produce watery timbre alternate between
two sources that generate sounds at different frequencies,
contributing to the impression of a sequence of droplets of
various sizes hitting a surface, each producing a distinct sound.

Our measurements of air sac pressure and airflow during
sound generation confirm that these dynamics of the oscillating
labia contribute the specific timbral features. The unusual
closure of the syringeal valves during the buildup of expiratory
pressure assures the rapid attack and thus the asymmetric
sound envelope. Interestingly, starlings imitating cowbird song
employed the same respiratory and syringeal motor control fea-
tures. Cowbirds and starlings appear to perceive these timbral
features similarly and are able to imitate them, using the same
vocal control mechanisms. It is also noteworthy that, during
song development, zebra finches (Taeniopygia guttata)’* and
Northern cardinals (Cardinalis cardinalis)®® also show extended
periods of raised expiratory pressure without sound generation.
Although in the zebra finch flow data are not available, data from
young cardinals show that these silent periods are not the result
of closure of the syrinx.?®

Conclusions

The association of timbral properties of a sound-producing de-
vice with its mechanical characteristics has been made
frequently to explain the timbre of musical instruments.”?52%
Here, we expand this approach to the watery timbre of bird vo-
calizations. We highlight the integration of morphology (two
sound sources), physiological control, and labial dynamics. To
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reproduce the desired effect, it was necessary to establish a
specific phase difference between the air sac pressure gesture
and the release of the syringeal valve to allow airflow to rapidly
converge on the limit cycle of labial dynamics. That is, active
closure of the syringeal valves is necessary for the buildup of
air sac pressure, such that, upon release, the system quickly en-
ters the oscillatory regime. This unique combination of motor
control and labial dynamics adds a new dimension to our under-
standing of how the complex phenomenon of vocal timbre is
generated.

Although many song features have been studied from the
perspective of sexually selected motor skills and con-
straints, '®°~*? source-generated timbral features have received
little attention. Northern mockingbirds (Mimus polyglottos)
imitating cowbird songs provide an interesting example of how
timbric features develop based on tutor information.® Synthetic
cowbird songs were used as tutor songs, but they did notinclude
the asymmetrical amplitude profile typical of cowbird syllables.®
Consistent with our prediction, mockingbirds did not include the
respiratory modification (i.e., elevated air sac pressure with
closed syrinx).® Mockingbirds did not replicate the lowest
cowbird notes but accurately mimicked the frequency steps be-
tween higher notes. However, the absence of the sharp attack in
artificial tutor notes may explain why they did not reproduce the
watery quality. In contrast, the starlings imitated the watery qual-
ity more accurately, were able to produce the whole frequency
range of the introductory note cluster, but did not reproduce
the tonal quality of the low-frequency sounds.

Because we measured flow through the two syringeal halves
in only one of the starlings, we only have limited evidence that
starlings—like cowbirds and mockingbirds—also alternatingly
used the two sound generators for the short notes of the note
clusters. However, the inflections in the tracheal flow associated
with shifts between notes suggest that they all might have
done so.

The similarities and differences between the species in gener-
ating the imitations lead to the interesting question of whether
constraints in sound production, sound perception, or both ac-
count for the observation that mockingbirds failed to reproduce
the watery quality. It is unlikely that mockingbirds should not be
able to reproduce the unusual gating of airflow for generation of
the rapid attack of individual notes, as they can regulate airflow
on each syringeal side adeptly during song production.?® The
possibility of a perceptual difference, or difference in perceptual
weighting, points toward a fairly neglected aspect of song
complexity evolution.®*=¢
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

Male European starlings (Sturnus vulgaris) Collected in the field N/A
(hand-raised, tutored) used as adult

Male Brown-headed cowbirds (Molothrus ater) Collected in the field N/A
(adults used as tutors)

Software and algorithms

Avisoft recorder Avisoft Bioacoustics N/A
Praat https://www.fon.hum.uva.nl/praat/ N/A
Codes for model Zenodo repository: 10.5281/zenodo.17088370 N/A
Other

Micro-bead thermistors BB05JA202 Thermometrics N/A
Fujikura pressure transducer FPM-02PG https://www.fujikura.co.jp N/A
Cannula tubing Dow Corning N/A
Flow and Pressure conditioning unit Hector Engineering N/A
AudioTechnica AT8356 microphone Audio-Technica N/A
Brownlee 440 amplifier Brownlee Precision N/A
NIDAQ A/D board National Instruments N/A
Standard surgical tools and supplies Diverse manufacturers N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study system and selection of social group

Young European starlings (Sturnus vulgaris) were taken out of the nest between 4-10 days old and hand raised in the laboratory. After
they were able to feed independently, they were housed with an adult brown-headed cowbird (Molothrus ater) in a large cage for
several months in an aviary room with other starlings and cowbirds.

Ethics statement
All experimental procedures were approved by the Institutional Animal Care and Use Committee of the University of Utah.

METHOD DETAILS

Physiological recordings

Vigorously singing males older than 1 year were selected for the experiments, during which they were housed in small individual ca-
ges. Birds were fitted with an elastic belt around their thorax with a small Velcro tab positioned on the back for later attachment of wire
connectors and a pressure transducer. Birds were tethered via a small wire from the backpack with free range of movement and
allowed several days of getting accustomed to the new environment. Once they sang vigorously again, transducers were implanted.

Birds were anesthetized with isoflurane delivered in breathing air. Skin surfaces that were targeted for incisions were additionally
treated with Xylacain gel. To measure air sac pressure, a flexible cannula (Dow Corning, Silastic Laboratory Tubing 1.65 mm o.d.,
9 cm length) was inserted into the anterior thoracic air sac and secured in place with a suture around the rib cage. The insertion
site was sealed with tissue adhesive. The free end of the cannula was connected to a pressure transducer (Fujikura FPM-02PG)
that was fixed to the Velcro tab in the backpack.

Airflow was measured with custom-built flow probes made with micro-bead thermistors ((0.13-mm; BB05JA202; Thermometrics).
The thermistor beads were inserted into the trachea by making a small hole in between two tracheal rings a few millimeters above the
tracheobronchial junction.’® The probe was secured with a suture around a tracheal ring and tissue adhesive. The wires were then
routed under the skin to the backpack, where connections to stronger wires were made. The skin was closed with sutures.

Flowprobes were connected to a signal conditioning unit which heated the thermistor to approximately 60°C via a feedback circuit
(Hector Engineering). The output voltage of this circuit was proportional to airflow. Because flow signals do not give directional
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information, the direction of airflow can be determined from the simultaneously recorded air sac pressure patterns. Birds were given
several days to recover and then recording started and continued until sensors broke. Air sac pressure and airflow signals as well as
microphone output (AudioTechnica AT8356; amplified with Brownlee 440) were digitized at 44.1 kHz (National Instruments DAQ) and
recorded in separate channels. The audio signals were recorded with two different amplification settings (100x and 200x, bandpass
filter setting 0.1-12 kHz) to optimize recording of the soft notes while avoiding overloading of the loud whistles. All analog data
streams were digitized at 44.1 kHz and simultaneously recorded on separate channels using Avisoft Recorder software. We recorded
physiological data on cowbird imitations from 4 male starlings (3 with tracheal flow, 1 left bronchial flow - the right flowprobe was no
longer functional when the bird sang). At least 10 renditions of each imitation were inspected for each bird. Physiological and acoustic
data were analyzed using Praat software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of amplitude profile

To quantify the asymmetry in the sound envelopes, we fitted them with the function f(t) = 3 +e,]1 i +e,}2(,,,2). The parameters 4;
have units of ﬁ ,and describe the rising time (r1 = 7,s¢) and the decay time (ro = 7qersy). We can use the ratio A2 /11 = Trise/ Tdecay 1O
describe the asymmetry of the envelopes. From the soundwaves, we computed the maxima of the time series and computed the
absolute maximum A. Then, we identified the first time at which a local maximum of the time series data was larger than A/ 2.
That time was used as ty_in f(t). The last time at which a local maximum was larger than A/2 was used as t, Then, we fitted all
the maxima with the function f(t) using the library “curve_fit” from the “optimize” library of “scipy”. The result of those fittings pro-
vides the ratio 12 /41 = 7yise/7decay- In Figure 2C we report the result of computing those numbers as a function of the gating phase,
which indicates at which fraction of a sinusoidal pressure gesture, the valve of our simulated air sac is opened. We find that the
closest the release time is to the time at which the pressure is maximum, the more asymmetric the envelope is. Then, we used
the same fitting procedure with recorded syllables. The data from cowbirds were extracted from publicly available field recordings
(https://xeno-canto.org — files: XC309998, XC408771, XC440561, XC477812, XC482295, XC580523, XC645459).

Quantification of attack and syringeal closure

We measured the duration of attack in sound elements by hand using Praat software. We defined this duration as the time from sound
onset to the first peak in sound intensity. Similarly, syringeal closure was measured by hand in Praat. Air sac pressure and airflow
traces were simultaneously displayed on the screen, and the onset of pressure build-up was determined and used as the starting
point. Starting from this point, the duration of zero airflow with elevated air sac pressure was measured. Measurements were
made to the nearest tenth of a millisecond.

Statistical analyses

Summary statistics and the Student’s t-test for amplitude profiles was run in Excel. The duration measurements were analyzed in R
with a linear mixed model using the Ime4 and emmeans libraries. Vocalization type was used as a fixed factor and individual as a
random factor.

e2 Current Biology 35, 5915-5922.e1-e2, December 1, 2025


https://xeno-canto.org

	Water-like timbral quality in birdsong arises from complex motor control of two sound sources
	Results and discussion
	Modeling watery timbric features
	Watery song elements feature the model’s predicted amplitude profile
	Integrating theoretical and physiological approaches reveals source-generated timbric features
	Conclusions

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Study system and selection of social group
	Ethics statement

	Method details
	Physiological recordings

	Quantification and statistical analysis
	Quantification of amplitude profile
	Quantification of attack and syringeal closure
	Statistical analyses




