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Evolution has shaped animal bodies, yet to what extent biomechanical systems impose constraints and provide
opportunities across different behaviors remains unclear. In birds, quiet breathing operates at a resonance of the
respiratory biomechanics, but song, a behavior thought to be shaped by strong sexual selection, requires much
higher breathing rates. Combining physiological recordings with a nonlinear biomechanical model, we show
in canaries (Serinus canaria) that song production drives the system into a nonlinear regime that broadens the
frequency range of amplified responses. This enhancement encompasses the full range of syllabic rates, with an
average magnification of ~94% of the theoretical maximum. Thus, song exploits a broadened regime of high
amplification, extending biomechanical support beyond the narrow resonance observed during quiet breathing.
Our results illustrate a shared optimization strategy across behavioral states, reveal a deep connection between
neural and biomechanical dynamical parameters, and show that sexually selected displays may still rely on

optimization strategies.

DOI: 10.1103/k495-q611

I. INTRODUCTION

Physical properties of animal bodies are shaped by
evolution. A classic example is the modification of energy-
harvesting traits such as jaws and beaks [1]. Natural selection
has also resulted in efficient execution of fundamental cycli-
cal movements, including locomotion [2-8] and respiration
[9-12]. However, performance of biomechanical systems is
usually assessed for specific scenarios, which fails to account
for the diversity of natural behaviors in which they operate. A
broader approach is needed to understand how morphological
changes constrain behaviors, and to what degree optimization
strategies extend across them.

We investigated avian respiration in canaries (Serinus ca-
naria). Besides its life-sustaining function, the respiratory
system plays a central role in vocal production. Songs of
many bird species, including canaries, are composed of re-
peated acoustic elements separated by short silent intervals
[vocalizations called trills; Fig. 1(a)]. The sound pulses are
generated with a high-amplitude expiratory airstream, and the
silent intervals are used for short inspirations (mini-breaths)
that replenish the air supply [13]. Control of sound frequency

“Contact author: gabo@df.uba.ar

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2835-8279/2026/4(3)/033012(7)

033012-1

requires coordinated activity of the respiratory and vocal mo-
tor systems [14,15], and in canaries, mini-breath trills can
reach up to ~30Hz (Fig. 1(b)). Song production therefore
demands delicate and rapid vocal-respiratory motor control
and is thought to indicate a singer’s fitness [16,17].

During quiet breathing, respiratory rates match a resonance
of the respiratory biomechanics [11]. This allows an efficient
translation of motor instructions into the air pressure respon-
sible for lung ventilation. However, the respiratory frequency
increase during song results in a large departure from the
resonance of quiet breathing. Song is a behavior thought to
be shaped by strong sexual selection [19-22] that occupies a
substantial portion of the animal’s daily activity and entails a
measurable direct energetic cost [23-25]. Thus, understanding
this deviation represents an opportunity to investigate key
aspects of behavior, including (1) constraints by physics and
physical properties of the body, (2) the degree of synergistic
interaction between the nervous system and the biomechan-
ics, and (3) the relationship between fitness and optimization
strategies in sexually selected displays [26].

II. RESULTS
A. Nonlinear biomechanical model

To address these questions, we first compare respiratory
dynamics during quiet breathing and song production. The
avian respiratory system consists of a set of air sacs, which
are compressed or expanded by expiratory and inspiratory
muscles, and these movements ventilate rigid lungs [Fig. 1(c)]
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FIG. 1. Avian respiratory system and its timescales across behav-
iors. (a) Sound spectrogram of a typical canary song composed of
trills at different rates, each syllable produced within a respiratory
cycle. (b) Distribution of respiratory rates during quiet breathing (in
gray, right axis) and song production (in black, left axis). Respiratory
frequency during song production expands a broad range, largely
departing from quiet breathing rates. Data from five individuals are
used (see number of samples in Table S1 in the Supplemental Ma-
terial (SM) [18]). (c) The respiratory system consists of air sacs and
a rigid lung. Muscles force the rib cage in or out, thus compressing
or expanding the air sacs that act as bellows and ventilate the lung.
(d) Elements of the model. A forced piston changes the volume of the
cavities representing the posterior (shaded in green, PS) and anterior
(shaded in blue, AS) air sacs. Aerodynamic valves direct the flow.

[27]. During inspiration, the thorax expands, drawing air into
the posterior air sacs and through the lungs into the anterior
air sacs. During expiration, the air sacs are compressed, such
that air from the anterior sacs is exhaled, while air from the
posterior sacs passes through the lungs. Aerodynamic valves
ensure this unidirectional flow through the lungs, which are
perfused with oxygenated air during both respiratory phases.

An avian respiration model was proposed in terms of
three cavities and a piston, incorporating aerodynamic valves,
an elastic restitution for the piston, and an external forc-
ing [Fig. 1(d)] [11]. For small forcing amplitudes, such as
those required to reproduce normal breathing, the model was
assumed to be linear. Fitting the model to data recorded
during quiet breathing revealed that the average respiratory
frequency, which is ~2 Hz [Fig. 1(b)], matches the resonance
of the model for air pressure, ensuring efficient lung ventila-
tion [11].

During singing, the dynamics departs markedly from the
one observed during normal respiration. Whereas in quiet
breathing the system operates near its linear resonance, the
respiratory rhythm during song displays a strikingly different
structure: a multimodal distribution with peaks at frequencies
that reflect the complex rhythmic composition of the vocal-
ization [see Figs. 1(a) and 1(b)] [28,29]. Remarkably, the rate
of respiratory cycles can increase by up to 15 times relative to
resting respiration, which is well beyond the resonance identi-
fied in the linear regime. In addition, syringeal oscillations are

induced by expiratory pressures that are at least an order of
magnitude greater than during normal respiration [13,29,30].

Song also drives the respiratory system into a regime in
which nonlinear biomechanical effects become relevant. First,
large forcing amplitudes and the associated pressure and dis-
placement excursions can make the elastic response of the
thoracoabdominal system depart from a purely linear descrip-
tion [31,32]. Second, airflow through the respiratory pathway
is asymmetric: the syringeal lumen narrows during expiration,
facilitating high pressurization, and widens during inspiration
[33-35]. This state-dependent airflow conductance constitutes
anonlinear contribution to the respiratory dynamics. Together,
these nonlinear features raise the question of whether song
production reshapes the frequency response of the respiratory
biomechanics, allowing forcing to evoke amplified pressure
responses over a broader range of frequencies.

Applying Newton’s law to the displacement of the piston
x(t) and considering the thermodynamics of a cylinder with an
opening and gauge pressure p(t), we derived a simple biome-
chanical model [11]. Introducing the nonlinearities which
are relevant during song production, performing an adiabatic
elimination of the inertial term, and nondimensionalizing the
dynamical variables, the resulting model reads

i =—(1+x)x—p+FRf), 6))

p= -1+ —[L+a@lp+FKf©). @)

where 1, = %, T, = X:—fz, Q= 5’2‘;’3, F= fz‘f,]; Here k is
the elastic restitution constant, 8 the dissipation coefficient,
A the cross-sectional area of the piston, Vj the total volume,
and P, the atmospheric pressure. The nonlinear contribution
to the elastic restitution is modeled with a cubic term of
coefficient ¢. The relative change in the conductance of the
inlet (¢;) and outlet («,) flow can be expressed as a(p) =
o; — (a; — a,)0(p), with 6(p) the Heaviside function. The
amplitude-normalized function f(¢) represents the external
forcing, whose amplitude is set by the coefficient Fy. A more
detailed description of the model is given in Sec. I A of the
SM [18].

B. Measurement of the variables and parameter fitting

We collected physiological data from five naturally be-
having individuals to measure the dynamic variables and
determine the parameters of the model. In these experiments,
we recorded air sac pressure and electromyographic activity
(EMGQG) of expiratory muscles (see Sec. IV A for details). In
three other birds, thoracic displacement, a proxy of the dis-
placement of the air sacs, was measured [11]. During singing,
the calibrated thoracic displacement amplitude increases rela-
tive to quiet respiration, indicating that the system samples a
wider region of the nonlinear elastic restitution curve [31,32].
Using the measured EMG signal as input, we fitted the model
parameters to reproduce the morphology of the pressure ges-
tures (see Sec. IV B for details). This procedure yielded the
bird- and regime-specific parameter sets used below to com-
pute the corresponding frequency responses.

The first three panels of Fig. 2 show simultaneous record-
ings of sound, EMG activity, and air sac pressure during
singing. The fourth panel shows the output of the fitted model.
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FIG. 2. Respiratory dynamics during song production. Model prediction (blue line) of measured air sac pressure patterns (black line) using
recorded expiratory electromyographic activity (EMG) as input. Pressure units are in terms of quiet respiration amplitude, which is normalized

to [—1, 1]. Top panel shows the spectrogram of the recorded sound.

The fitted model reproduces the temporal structure of the
pressure signal, including both the syllabic rhythm and the
morphology of individual pressure gestures. Fits for the other
individuals are shown in Fig. S1 of the SM [18]. For each
bird, a single song parameter set accounted for the diversity
of sung syllables, and no separate parameters were fitted for
individual syllable types.

C. Resonances and magnification curves

The frequency response of a linear system is obtained by
computing the output amplitude in response to harmonic forc-
ing at different frequencies. The resulting frequency-response
curve, normalized by its maximum value, defines the normal-
ized magnification curve [36,37]; details on this normalization
are provided in Sec. I B of the SM [18]. In a nonlinear system,
the situation is more subtle, because the response depends on
the amplitude of the driving force. In our case, this amplitude
is constrained by fits to the experimental data and determines
the contribution of the nonlinearity due to tissue restitution.
During song, the state-dependent airflow conductance asso-
ciated with the inspiration-expiration asymmetry introduces
an additional nonlinearity into the model. Once the parame-
ters and forcing amplitude are fixed, there exists a range of
frequencies within which entrainment occurs and for which
magnification can be high.

We computed the magnification curves using the experi-
mentally inferred parameter sets for each bird and behavioral
regime, including the fitted amplitude of the driving force.
For song, the parameters were obtained from the measured
pressure gestures driven by the EMG-derived input. For quiet
respiration, the parameters not expected to vary between
regimes, 7, and 7, were held fixed at the values obtained from
the song fit, whereas only the forcing amplitude and effec-
tive airflow conductance were adjusted to the quiet-breathing
regime (see Sec. IV B). For each fixed parameter set, we then
drove the model [Eqgs. (1) and (2)] with harmonic forcing of
the fitted amplitude and computed the corresponding magnifi-
cation curve as a function of frequency. The curves are shown

for one bird in Fig. 3; those for the remaining individuals are
shown in Fig. S4 of the SM [18].

The dashed gray curve in Fig. 3 shows the frequency re-
sponse of the fitted nonlinear model in the quiet-breathing
regime. Its agreement with the analytic response of the cor-
responding linearized model (solid gray curve) confirms that
quiet breathing is well described by the linear approxima-
tion (see the derivation in Sec. IB of the SM [18]) [11]. In
contrast, song explores a nonlinear regime, and its frequency
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FIG. 3. Birdsong engages nonlinear respiratory dynamics that
broadens biomechanical magnification beyond the quiet breathing
resonance. Top: Normalized air sac pressure magnification curves.
The dashed gray curve shows the numerical response of the fitted
nonlinear model in the quiet-breathing regime; the solid gray curve
shows the analytic response of the corresponding linearized model
with the same parameters (see Sec. IB of the SM [18]). The solid
black curve shows the numerical response of the fitted nonlinear
model in the singing regime. Black dots indicate the modal produc-
tion rate of each syllable type (see Sec. IV C and Fig. S3 of the SM
[18]). Bottom: marginal distributions of syllable rates during singing
(black, left axis) and quiet-breathing rates (gray, right axis). Sample
sizes are given in Table S1 of the SM [18]. Black arrows in the lower
panel indicate the highest syllabic rate observed, which defines a
magnification level (marked by a black arrow in the top panel). This
magnification level sets the bandwidth, shown by horizontal arrows.
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response (solid black curve) displays a substantially broader
range of amplified frequencies. We find that the bandwidth
increases by a factor of approximately 5 (5.4 £ 1.5), averaged
across five birds, as defined by the amplification threshold
encompassing all sung syllables (indicated with arrows in
Fig. 3). This nonlinear enhancement enables the syllables
to be produced, on average, at ~94% (94.22 £ 0.03) of the
theoretically maximal magnification. In contrast, under lin-
ear response conditions (dashed gray curves in Fig. 3 and
Fig. S4 of the SM [18]), the system would reach only ~55%
(55.3£0.1), averaged across individuals. We also quanti-
fied the quality factors of the magnification curves for each
behavioral regime; the estimates are reported in Table S4,
and the procedure is described in Sec. IB of the SM [18].
Together, these findings indicate that the system operates at
a biomechanical resonance during normal breathing, and that
the nonlinear response engaged during singing allows all syl-
lables to be produced with a high level of magnification.

III. DISCUSSION

In this work, we studied the avian respiratory system as a
biomechanical device operating under two markedly different
behavioral demands: quiet breathing and song production.
Quiet breathing consists of slow, regular cycles required for
ventilation, whereas song requires rapid and diverse respira-
tory gestures that support a behavior involved in territorial
defense and mate attraction [13,33,38]. This contrast allowed
us to ask whether a single biomechanical system can maintain
mechanically favorable operating conditions across behav-
ioral states.

Combining physiological recordings with a nonlinear
model, we found that quiet respiration and song correspond
to different dynamical regimes. During quiet breathing, the
system operates near a well-defined biomechanical resonance
[11]. During song, respiratory rates depart from this narrow
resonance, but the effective transformation of motor com-
mands into air sac pressure is not lost. Instead, the nonlinear
response of the system broadens the range of frequencies over
which pressure responses are highly magnified. This broad-
ened regime encompasses the syllabic rates used during song,
allowing respiratory gestures to be produced close to maximal
magnification.

This result shows how biomechanical magnification can
remain effective when a behavior requires temporal flexibility.
Song production moves the respiratory system away from the
narrow resonance associated with quiet breathing, a departure
that could in principle impose a strong physical constraint
on rapid vocal gestures [39,40]. Moreover, birdsong involves
syllables produced at specific rates, so a narrow resonance
would amplify some gestures while penalizing others. The
nonlinear broadening observed here provides a different so-
lution: it preserves high biomechanical magnification while
allowing the same respiratory apparatus to support a broad
repertoire of syllabic timescales.

More generally, these results show that the biomechanics
imposes constraints but also provides dynamical opportuni-
ties for behavior. In birdsong, the nonlinear regime engaged
during singing results in a bandwidth expansion that allows
all syllables to be produced with a high level of magnifica-

tion. These results emphasize that behavioral output cannot
be inferred from motor commands alone, but depends on how
those commands are transformed by the periphery [4,41-43].
Birds’ respiratory biomechanics therefore provides a quanti-
tative example of the close relationship between neural motor
activity and the physical properties of animal bodies and their
environment across behavioral states.

IV. MATERIALS AND METHODS

A. Experiments
1. Subjects

Experiments were conducted on five male canaries (Seri-
nus canaria), according to the regulation of the animal care
committee of the University of Buenos Aires. Birds were ac-
quired from local breeders. After 10-d quarantine, birds were
housed individually in 27 cm x 23 cm x 20 cm wire cages
inside an acoustic chamber. The chamber’s door was usually
opened, and the subjects had intermittent (but daily) auditory
and visual contact with other canaries. They were fed with
food and water ad libitum. The photoperiod was set from 6:00
AM to 8:00 PM and was controlled by an automatic timer.
Measurements were done between October and March (South
American spring and summer).

2. Surgery

Surgery was performed under general anesthesia using
isoflurane. During surgery, a flexible silicone cannula (AM-
systems Silicon Tubing 0.76 mm x 1.65 mm x 0.450 mm
Catalog No. 807000) was inserted right below the last rib,
5 mm into the anterior thoracic air sac. The cannula was
sutured to the rib cage, and the incision site was sealed with
tissue cement (Vetbond; 3 M Animal Care Products, St. Paul,
MN, USA). The free end of the cannula was attached to a
piezoresistive pressure transducer (FHM-02 PGR, Fujikura,
Tokyo, Japan), positioned in the backpack. In five individ-
uals, differential EMG activity was recorded with a pair of
fine (<0.01 cm diameter), custom-built, silver-plated copper
wires (44TDQ, Phoenix Wire Inc., South Hero, VT, USA).
To record from expiratory abdominal muscles, the bare wire
tips (0.2 cm length) of the electrodes were aligned in parallel
and inserted into the thin muscle sheet and fixed in place
by tissue adhesive (Vetbond) applied to the muscle surface.
Insulated leads were routed under the skin to the birds’ back
and connected to the backpack from which stronger wires
led to the recording unit. Methods used to measure thoracic
displacement are described in Ref. [11].

3. Experimental recordings

Song was recorded using a directional microphone (Vene-
tian HT-81 A) and audio amplifier (Behringer MIC100).
All signals were acquired using a National Instruments ac-
quisition board (NIDAQ-USB-6212 or NIDAQ-USB-6259).
Recordings were controlled using a custom MATLAB script
at 44.15 kHz sample rate. Pressure signal was connected,
before digitization, to a custom-built variable gain analog am-
plifier (300x maximum gain). EMG signals were processed
with a 150 Hz high-pass RC filter and with an analog dif-
ferential amplifier (225x), both printed on the backpack. All
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custom-built analog devices were powered by external 12-V
batteries to avoid line noise.

B. Model fitting
1. Muscle forcing

The external drive was determined from the measured expi-
ratory EMG. A critically damped linear oscillator was used to
process the EMG signal and approximate the expiratory force
generated by the muscles [44,45], namely,

X1 =x2, 3

. 1 2
Y=gl —mn] - —x, “

where m(t) is the absolute value of the EMG. The tempo-
ral scale T is set to 5 ms, consistent with in vitro muscle
stimulation of these muscles [46]. The normalized expiratory
force is obtained as foxp(t) = x;,;?%;(‘)“, with Pjg and Py the
10th and 90th percentiles of x;, respectively. A threshold
of three times the standard deviation of x|, computed in an
interval in which no sound was produced, is used to deter-
mine the intervals of nonactivity of the expiratory muscles.
A half-wave sinusoidal function approximates the inspiratory
force, with nonzero values in each of these intervals (finsp(?)).
The amplitude-normalized external force is obtained by the

summation f(t) = fexp(t) + finsp(®)-

2. Fitting procedure

Model parameters were obtained independently for each
bird by minimizing the squared distance between the mea-
sured air sac pressure and the pressure obtained by integrating
the model [Egs. (1) and (2)].

Song data were fitted first. For each bird, one song record-
ing that included a broad diversity of the respiratory gestures
produced by that individual was selected. The pressure trace
was normalized by the quiet-respiration amplitude of the
same bird, such that quiet respiration spanned the interval
[—1,1]. The same normalization was used for song and
quiet respiration, constraining the model to reproduce both
the waveform within each regime and the relative pressure
amplitudes across regimes. The song pressure trace was re-
sampled onto a uniform temporal grid with time step 0.3 ms
using linear interpolation. The time dependence of the forcing
function f(t) was prescribed from the measured EMG signal
(Sec. IV B 1), while its overall amplitude was set by the fitted
parameter Fp.

For song, the fitted parameters were t,, 7,, o;, a,, and
Fy. A grid search with >4.9 x 10* parameter combinations
was performed over the intervals shown in Table S2 of the
SM [18]. This procedure yielded a single song parameter
set for each bird. No additional optimization was performed
for individual syllable types or clusters. The resulting model
integrations are shown in Fig. 2 and Fig. S1 of the SM [18].

Quiet respiration was then fitted using the same
normalization. For each bird, a recording containing five

consecutive quiet-respiration cycles was selected. The
pressure trace was resampled onto a uniform temporal grid
with time step 1 ms. The parameters not expected to change,
7, and 7, were held fixed at the values obtained from the
song fit. The forcing amplitude and airflow conductance
were allowed to differ between song and quiet respiration.
Following Ref. [11], quiet respiration was modeled using
a square-wave forcing function with normalized amplitude,
and equal conductances were assumed for inspiration and
expiration, o; = o, = «. Thus, only o and Fy were fitted in
the quiet-respiration regime. A grid search with 10* points
over the (o, Fp) parameter space was performed to minimize
the same squared-distance objective. The parameters obtained
for each regime and each bird are shown in Fig. S2 and Table
S3 of the SM [18]. Dimensional parameter estimates are
discussed in Sec. I C and reported in Table S5 of the SM [18].

C. Song syllabic timescales

To analyze syllabic-rate distributions (defined as the in-
verse of syllable duration), we performed an automatic
clustering of all song-related air sac pressure patterns recorded
from each individual. The clustering was performed as
follows. First, song syllables were segmented from the record-
ings, resampled to 1000 points, and normalized to the range
[—1, 1]. For each bird, all resampled and normalized syllables
were arranged into an N; x 1000 matrix, where N; is the
number of syllables for that bird (sample sizes are given in
Table S1 of the SM [18]). We then applied a two-dimensional
Uniform Manifold Approximation and Projection (UMAP,
using umap-learn for Python), which embedded each syllable
pressure pattern into a two-dimensional space, revealing sep-
arated clusters. These clusters were identified algorithmically
using Hierarchical Density-Based Spatial Clustering of Ap-
plications with Noise (HDBSCAN), with a minimum cluster
size set to 2% of the dataset (via scikit-learn) [47]. Figure S3
in the SM shows the result of this procedure for bird 1 [18].
For visualization purposes only, black dots in Fig. 3 mark the
modes of the syllabic-rate distributions computed separately
for each cluster of bird 1.
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