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Until the spread of digital recording technology, our knowledge of the history of avian vocal culture was based on
onomatopoeic descriptions or notations inspired by musical notation. In the 1960s, hand-drawn annotations of
the frequency modulations in the songs of Rufous-collared sparrows (Zonotrichia capensis) were made in a natural

reserve in Argentina. Some of these song themes have been preserved to the present day, while others have not
appeared in recent recordings. In this work, we used a dynamical system based on an avian vocal production
model to generate synthetic songs. We designed a song that matches the description of a currently absent theme
and used it as a vocal tutor for wild juveniles. The success of our approach suggests a promising tool for pre-
serving the vocal repertoire of wild birds.

1. Introduction

Biodiversity is crucial for maintaining ecosystem balance and
ensuring species survival. However, human activities such as defores-
tation, pollution, and climate change continuously threaten this di-
versity, leading to its rapid decline [1]. The loss of biodiversity is often
linked to the loss of genetic information. The extinction of a species
results in the complete disappearance of its genome, while a reduction in
population decreases the genetic variability necessary for adaptation.
However, biodiversity also includes behavioral diversity, both within
and across species [2], with learned behaviors being particularly
vulnerable. Reintroduction programs for restoring individuals to an
ecosystem do not always guarantee the recovery of these learned
behaviors.

The song of oscine birds is a behavior that heavily relies on learning,
involving approximately 4,000 of the 10,000 known bird species [3].
While some aspects of song are genetically determined, others are
learned through interaction between juveniles and adults. If the learning
process is interrupted, reintroducing individuals does not necessarily
ensure the recovery of these behaviors. In this work, we propose a
strategy to reintroduce absent songs into a population of wild birds.

A recent study reported the persistence of certain song themes in a
Zonotrichia capensis population in a natural reserve in Buenos Aires
Province, Argentina [4]. In this location, hand-drawn annotations of
frequency modulations in the songs of individuals of this oscine species
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were made in the 1960s [5].

Rufous-collared sparrows (Zonotrichia capensis) - also called chingo-
los - is a widespread and non-threatened South American bird species,
capable of adapting to diverse environments. As a species highly
adapted to anthropogenic environments, it is resilient to moderate dis-
turbances, reducing the likelihood of adverse effects on its population
dynamics or behavior.

The song of Zonotrichia capensis consists of two parts: an initial set of
two to four notes with frequency modulation (theme) and a second part
consisting of repeated notes with decreasing frequency (trill). While the
trill remains consistent among individuals in the same region, the
themes vary. Each individual typically sings one theme, although some
can sing two or even three. Each song lasts approximately two seconds.
Some of the themes recorded by [5] persist, while others have dis-
appeared over time [4]. Only three of the themes described by [5] are
still present in the current population [4,6].

In this work, we delimited an area of the reserve [4-6] and selected a
theme, previously reported by [5], that was no longer sung, with the aim
of reintroducing it into the population’s repertoire. This theme had not
been recorded between 2020 and 2022, so the initial challenge was to
synthesize a song compatible with its acoustic properties. To generate
this song, we used a mathematical model for synthetic song generation.
The model describes the physical dynamics of bird song, allowing us to
reconstruct the temporal parameters necessary to create a synthetic song
similar to the schematics in [5]. After achieving the desired timbre, the
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individuality of the modeled song was established by replicating the
time evolution of the frequencies in the introductory syllables.

Based on the physics of avian phonation, the model generates a
sound signal that emulates the temporal and acoustic properties of the
original song [7-10]. In laboratory studies, the synthetic song evoked
responses in song-selective neurons similar to those triggered by real
song [11,12]. Additionally, positive results were observed through
electromyographic recordings of the syrinx muscles, which receive
direct input from the neural network responsible for generating and
processing birdsong [13].

The validation of the model has been a gradual process. Initially, it
was validated under laboratory conditions, as previously mentioned,
and later confirmed through field experiments using synthetic songs that
mimic those of Zonotrichia capensis [14]. During the breeding and
nesting seasons, the birds’ behavioral responses to both real and syn-
thetic songs were quantified, revealing territorial defense responses with
no significant differences between the two. Both real and synthetic
conspecific songs triggered an increase in song rate, while heterospecific
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songs did not elicit responses from the individuals [14]. These results
suggest that synthetic songs are an adequate substitute for real songs in
ecological contexts and can serve as vocal tutors for wild juveniles.

There are precedents for developing a training protocol for wild ju-
veniles based on recordings. In a study conducted with Savannah spar-
rows, playback transmission enabled learning in wild juveniles [15].
However, in [15], the recordings featured material sung by conspecific
individuals. It has also been demonstrated that captive juveniles of ca-
naries (Serinus canaria) can learn synthetic songs and later adjust them
during adulthood to conform to the structural rules of adult song [16].
This principle supports our research, in which we explore the capacity of
Zonotrichia capensis juveniles to learn and adapt synthetic songs as part
of their vocal repertoire.

Therefore, we generated a synthetic song compatible with one of the
themes described by [5], which is absent from the current population,
and played it during the critical sensory period from October to
February. During this period, juveniles learn their song by imitating an
acoustic model. The song was played through electronic devices capable
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Fig. 1. Vocal repertoire of Zonotrichia capensis from the 1960s to the present. The song consists of a theme followed by a trill. (A) Hand-drawn annotations depicting
the frequency modulations of Zonotrichia capensis songs [5]. The theme selected for insemination is marked in a red square with dotted lines. Additionally, a theme
exhibiting the biphonic capability of the syrinx is highlighted in a fuchsia square with dotted lines. Persistent themes identified in the 1960s and still present in the
current population are marked with circles in the same colors in both (A) and (B). (B) Sonograms of songs recorded between 2020 and 2022. Additional sonograms

from the same area are provided in Fig. S1.
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of simultaneous audio recording and playback [14], which acted as
vocal tutors for the juveniles. An analysis of the recordings revealed that
at least two juveniles acquired a song with acoustic properties similar to
the synthetic song used as a tutor.

The paper is organized as follows: Section II describes the materials
and methods used in the study, including a detailed explanation of the
synthetic song generation model and the process of selecting and syn-
thesizing the song used as a tutor. The protocol followed for the play-
back of the synthetic song is also presented. Section III presents the
results obtained, and Section IV discusses the conclusions derived from
the study.

2. Materials and methods
2.1. Synthetic song generation model. Synthetic song used as a tutor

The mathematical model for synthetic song generation is based on
the dynamics of sound production in the syrinx labia. The syrinx, the
vocal organ of birds, is located at the junction of the primary bronchi
and the trachea. The oscine syrinx contains two sound sources, each
consisting of a pair of soft tissues, similar to human vocal cords, known
as labia [17,18]. This unique bilateral structure allows independent
control of each side, enabling the simultaneous production of two
distinct sound frequencies, a phenomenon known as biphonation.

For example, the theme observed in the lower right corner of Fig. 1A
(marked in a fuchsia square in dotted lines), where the upsweep shows
two bands, can be explained by this biphonic capability. Each bronchial
side of the syrinx can oscillate at different frequencies, generating two
sound bands that can combine into a single vocalization. This behavior is
well-documented in studies on the biomechanical functioning of the
avian syrinx [19,20].

The labia oscillate when air from the air sacs flows through them.
The oscillations generate sound waves that are filtered as they pass
through the trachea and the oropharyngeal cavity, before being emitted
as song through the beak [9,20-22].

In the model, air sac pressure and syrinx muscle tension are treated
as time-dependent parameters, adjusted to ensure that the sound ex-
hibits the temporal and acoustic properties of the target song. Many of
the timbral characteristics of the sound arise from the nonlinear prop-
erties of the model [10,22,23].

The labia are assumed to be in a stationary position when the bird is
silent. Once the parameter representing air sac pressure is increased, a
threshold for oscillatory motion is reached. If the problem parameters
remain in the phonation region of the parameter space, the airflow is
modulated, and sound is produced. As the pressure decreases, the sound
eventually stops (that is, the syllable ends). A qualitative change in
dynamics when the parameters are varied is known as a bifurcation.
Near the values of the parameters where the bifurcation occurs, the
model can be transformed into simple equations that describe the dy-
namics of the system.

The mean position of each labium is represented by the variable x,
and the dynamic system describing these oscillations follows Newton’s
equations [24,25]:

dx f—
a7
Y pex— iy + pry
dt

Here, y represents the system’s time scale; « is the restitution con-
stant, proportional to the tension in the labia; and f is the negative
damping, proportional to the pressure in the air sacs. Variations in the
position of x modify the effective area between the labia, causing fluc-
tuations in the airflow and, consequently, generating pressure waves.
Assuming that the trachea acts as a tube of length L, the pressure at its
entrance can be expressed as:
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where c is the speed of sound, and r is the reflection coefficient at the
upper end of the trachea. The sound produced in the syrinx propagates
through the trachea and is further filtered by the oro-esophageal cavity
(OEQ), which is dynamically adjusted by the bird to emphasize specific
frequencies [21,26]. This filtering process is modeled as a Helmholtz
resonator coupled to the beak, whose parameters influence the acoustic
properties of the emitted sound [21,23].

The vocal tract dynamics can be described using an electrical circuit
analogy, where the acoustic pressure is represented as an electric po-
tential and the airflow as an electric current [21]. The resonating cavity
is connected to the trachea through the glottis, which is modeled as an
inductance L, (associated with the length or area of the glottis) in series
with a capacitance Cj, (representing the volume of the OEC). To account
for energy dissipation in the resonator, a resistance R; is included in
series with these elements. The Helmholtz resonator is coupled to the
external environment via the beak, modeled as an inductance L; (asso-
ciated with the length of the beak) and a resistance Ry, which are con-
nected in parallel to the resonator’s capacitor [21,23].

Fig. 2 shows the equivalent electrical model used to describe the
vocal tract dynamics [23]. The governing equations of the system are as
follows:
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In these equations, i3 represents the output sound, while ry and 7,
correspond to the resistances of the resonator and the beak, respectively.
The resonant frequency depends strongly on Cj, and L. Specifically, a
decrease in glottal opening (L;) lowers the resonant frequency, as does
an increase in the OEC volume (C, ) when L; is held constant. The
resistance rg; controls the resonance amplitude of the OEC, influencing
its relative weight compared to the frequencies amplified by the trachea.
Changes in r; reduce the total amplitude of the sound, while variations
in L, induce slight spectral changes at higher frequencies [21,23]. The
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Fig. 2. Equivalent electrical circuit model of the bird’s vocal tract, representing
the trachea, oropharyngeal cavity, glottis, and beak. The circuit diagram cap-
tures the dynamics of the Helmholtz resonator, which simulates the filtering
properties of the oropharyngeal cavity.
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values for these parameters were taken in this work as (ci,,le_,,v é, Th, rdi,)

=(710°,10,52,107,1.27).

The Helmholtz resonator model is essential for capturing the dy-
namic filtering properties of the vocal tract, which play a critical role in
shaping the spectral structure of the emitted song. By incorporating
these biomechanical and acoustic constraints, the synthetic song model
accurately reproduces the nonlinear features observed in Zonotrichia
capensis vocalizations, such as abrupt transitions in frequency modula-
tion and amplitude envelopes.

For many species, the various acoustic modulations in song are
translated into a set of basic physiological instructions called “gestures”
[7]. In the case of the Zonotrichia capensis, these acoustic modulations
can be defined using three frequency modulation patterns: sinusoidal,
linear, and exponential downsweep. The specific parameters for each
modulation pattern are detailed in Table 1 [6,27].

- Song Selection for Synthesis:

To select the song for synthesis, we compared the schematic notes
from [5] shown in Fig. 1A with the calculated spectrograms of all themes
recorded between 2020 and 2022 in the study area [4,6] (see Fig. 1B and
Fig. S1). We aimed to identify a theme with distinctive acoustic char-
acteristics that clearly set it apart from the current sonograms, ulti-
mately selecting the third theme in the first row of Fig. 1A (marked in a
red square in dotted lines). This theme features an alternation between
syllables with increasing and decreasing frequency modulation.

Since no recordings of an identical theme existed, functions were
generated to emulate the tension of the syrinx muscles using exponential
and linear modulations. To estimate the frequency limits of the four
syllables of the theme, a grid with a 500 Hz step size was employed. The
initial and final frequency values for each syllable were: (fl;l, jjcl) =

(2kHz, SKHz), (fio, fr2) = (2.5kHz, 15KkHz), (fis, frs) = (25K,
6kHz), (fm, fm) = (3.5kHz, 2kHz).

Using these values, a frequency list was generated for each syllable.
The values of « that yield solutions with fundamental frequencies @
follow the function:

k() =6.56 x 10%w? + 4. 23 x 10°w 4 2.67 x 1072

This (k, ®) relationship results from multiple numerical simulations
of the model. Thus, the model parameters are adjusted to synthesize a
song with the desired fundamental frequency. The song’s timbral con-
tent arises from the nonlinear dynamics underlying the movement of the
syrinx lips and the successive filtering occurring in the trachea and
oropharyngeal cavity [10,11,22,23]. In Fig. 3, we show the sonogram of
the synthetic sound used for insemination.

2.2. Synthetic song playback protocol

The synthetic song insemination protocol employed three

Table 1
"Basic patterns for the gestures used to synthesize the song of the Zonotrichia
capensis."

Modulation Frequency Parameters
pattern
Sinusoidal t—t Wr, Wi, ty, b
w(t) = wr+ (wi — wy) (—’) ARG
Gt
Linear Way, A, o, Qi by, b

w(t) = Wgy + Asin (ai + (ap —

“(5=2)

Exponential - 3(t-t)
w(t) = wp+ (Wi — wf)e (5-)

wr, Wi, tf, t
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Fig. 3. Sonograms of the synthetic sound used for insemination. The theme
corresponds to a song described in [5] (see Fig. 1A), and features pitch and

temporal characteristics that have been absent from the songs recorded be-
tween 2020 and 2022.

autonomous electronic systems for audio playback and recording [14].
Audio was recorded in "wav" format, mono, 8-bit, with a sampling fre-
quency of 22 kHz and a file duration of 2 minutes. The synthetic song
was converted into a "wav" file for playback, in mono, 16-bit, with a
sampling frequency of 48 kHz and a duration of 2.1 seconds.

The synthetic song insemination covered an area of approximately
1353 m? in Parque Pereyra Iraola, Buenos Aires Province, Argentina
[GPS coordinates: (-34.863232, -58.121825); (-34.863630,
-58.121872); (-34.863422, -58.122526)]. This area, previously studied
in [14], has been systematically used to record the songs of Zonotrichia
capensis since 2020. The site was chosen for its dense shrub and weed
vegetation and proximity to agricultural fields, which are favorable for
the presence of juveniles. The trees with the greatest number in the areas
are coronillos (Scutia buxifolia), espinillos (Vachellia caven), talas (Celtis
tala, Celtis ehrenbergiana), pines (Pinus) and eucalyptus (Eucalyptus).

While the area contains anthropogenic noise, human disturbance
and animal traffic remain minimal, providing a realistic yet controlled
ecological context for the study. The high density of Zonotrichia capensis,
alongside the presence of other species, further supported the site’s
suitability. The area also harbors other bird species, including the House
Sparrow (Passer domesticus), Rufous-bellied Thrush (Turdus rufiventris),
Great Kiskadee (Pitangus sulphuratus), Rufous hornero (Furnarius rufus),
Monk Parakeet (Myiopsitta monachus) and Spot-winged pigeon (Pata-
gioenas maculosa), creating a diverse avian community.

The experiments conducted in our work did not involve direct
manipulation of individuals. The experiments adhered to established
ethical guidelines for minimizing disturbance in avian field research
[28-30]. Playback sessions were conducted during the peak singing
hours - early morning- and were limited to a maximum duration of 8
hours. The intervals between songs were set at a slightly higher rate than
the natural singing intervals of Zonotrichia capensis, ensuring an appro-
priate balance between stimulating vocal responses and avoiding
overstimulation.

The three playback devices were placed in pine trees, with the vol-
ume adjusted to allow each system to be heard within a 65-meter radius,
ensuring that all three systems were audible from any point within the
area. The exact locations of the playback devices are: (-34.863422,
-58.122526); (-34.863630, -58.121872); (-34.863232, -58.121825).
More details of the location of the site are provided in the project’s
GitHub repository, where satellite images of the area are accessible [31].
Playback volumes were measured and adjusted using a decibel meter to
match the natural vocalizations of Zonotrichia capensis, avoiding acoustic
interference.

The protocol was divided into two stages:

— First stage (November 3, 2022 - February 3, 2023):

During this phase, the synthetic song playback began between 6:00
am and 8:00 am, and ended between 12:00 pm and 2:00 pm. The
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interval between songs was randomly set to 6 — 12 seconds. These values
resulted in a higher song frequency compared to the normal intervals for
Zonotrichia capensis, which range from 10 to 15 seconds [5,32,33]. The
systems recorded continuously throughout the playback schedule.

- Second stage (July - September 2023):

In this phase, two recording-playback devices were used, following
the same schedule as in the first stage, but with playback intervals
adjusted to the normal range of 10 to 15 seconds.

The two stages of the protocol correspond to the vocal learning and
consolidation periods of Zonotrichia capensis juveniles. In the southern
hemisphere, the first stage coincides with the critical sensory period,
from October to February, when juveniles learn an acoustic model from
their environment. From February to July, the individuals enter a period
of silence. The second stage, from July to September, marks the end of
winter and the start of spring, when juveniles born the previous year
resume practicing and refine their song based on the learned model [32].

3. Results and discussion

Data collection via the recording-playback devices occurred at in-
tervals of 7 to 10 days, enabling progressive analysis to identify whether
juveniles had begun practicing the synthetic song.

On January 20, 2023, one of the recording devices at Site 1 captured,
for the first time, the song of a juvenile vocalizing a theme with char-
acteristics similar to the synthetic song. Fig. 4A shows a four-second
spectrogram of this recording. The first two seconds correspond to the
juvenile’s theme (without the trill, typical of juvenile practice [32,34]),
while the remaining two seconds capture the synthetic theme played by
the device.

A few days later, 50 meters from Site 1, a juvenile was observed
practicing a theme similar to the synthetic song in Site 2. Continuous
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Fig. 4. Sonograms of juvenile recordings during the first stage, spanning from
late January to early February 2023. (A) The first recording of a juvenile at Site
1, where it sings with the synthetic tutor, replicating the frequency modulation
of the synthetic song. (B) A sonogram from Site 2 recorded during the first

stage. The juvenile’s trill consists of fewer, more spaced notes, a characteristic
feature of an undeveloped juvenile song.
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recordings until early February (see Fig. 4B) revealed that the juvenile
began incorporating a trill of a few notes, a typical feature of song
practice.

The juvenile’s acquired song alternated between syllables with
increasing and decreasing frequencies, consistent with the synthetic
theme. None of the songs recorded between 2020 and 2022 exhibited
this feature. The final downsweep syllable in the recorded song spanned
a broader frequency range compared to the synthetic version. This
feature is shared by all adults recorded in the field. It is possible that this
characteristic is species-specific, although it cannot be ruled out that the
juvenile combined qualitative elements of the synthetic theme with
quantitative features from the songs of other adults in the territory.

During the second stage (July - September 2023), the protocol
resumed at Sites 1 and 2. For the first three weeks of July 2023, no
significant song activity from Zonotrichia capensis was detected, likely
due to the cold winter temperatures. However, by late July, an increase
in song activity was observed. At Site 1, no further recordings of themes
compatible with the synthetic song were found.

At Site 2, beginning on August 1, 2023, recordings captured multiple
songs from an individual exhibiting a theme compatible with the syn-
thetic song, particularly its downsweep in the second syllable. Upon
detailed analysis of the recordings, we detected subtle vocalizations
from a second individual. This led us to return to the field, where we
successfully recorded the interaction between the two birds. Differences
in syllable morphology and alternating song frequencies confirmed the
presence of two distinct individuals. The sonograms of both individuals
recorded during the second stage at Site 2 are presented in Fig. S2.
Supplementary materials include a recording that captures the interac-
tion between the two individuals.

To confirm and quantify these differences, we used a Siamese neural
network, previously applied to analyze theme persistence in Zonotrichia
capensis [4]. This type of neural network compares two inputs to
determine their similarity. It consists of two convolutional neural net-
works with shared weights and parameters, processing inputs indepen-
dently. Their outputs are then combined using a similarity metric, such
as Euclidean distance, to produce a scalar value indicating similarity.
The network embeds inputs into a lower-dimensional feature space,
where similar inputs cluster closely, and dissimilar ones are farther
apart.

In our case, the network was trained with synthetic spectrograms
generated by our dynamical model, validating its ability to compare
field recordings with historical data. The network generates 3D em-
beddings, which we reduced to 2D using PCA to visualize theme clusters
effectively.

This approach efficiently processes large datasets, such as the
extensive recordings collected during the singing season. By detecting
subtle differences in frequency modulation and temporal patterns, it
provides an objective, quantitative alternative to traditional subjective
methods.

Fig. 5 presents a 2D visualization of the theme similarity analysis.
The network identified three clusters: one showing an overlap of themes
from the recordings at Site 1 and Site 2 during January - February (first
stage); and two distinct clusters corresponding to individuals recorded
at Site 2 during July - September (second stage). This suggests that the
juvenile initially recorded at Site 1 moved to Site 2, incorporating trill
syllables during practice.

While the Siamese network clearly differentiates the two individuals
recorded during the second stage, it remains uncertain whether the ju-
venile’s song from the first stage developed into one of the second-stage
recordings. The results confirm that at least two individuals successfully
learned and replicated the synthetic theme introduced.

It is important to note that this introduced theme has not appeared in
systematic recordings of the area since at least 2020. As discussed in
[15], when introducing a novelty into a population, careful consider-
ation of the project’s ethical implications is essential. In our case, the
Zonotrichia capensis population is not endangered, and the introduced
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Fig. 5. 2D visualization of the theme similarity analysis for all individuals
recorded with a theme compatible with the synthetic song.

vocal feature -while novel- is subtle and consistent with songs recorded
decades ago in the same area [5].

Similar to natural learning between tutors and juveniles, the syn-
thetic song was not copied exactly. The juveniles’ songs featured a short
upsweep followed by a long downsweep before the trill, differing from
the synthetic version’s long upsweep and short downsweep. This reflects
the flexibility of vocal learning in Zonotrichia capensis. Juveniles incor-
porate elements of the synthetic song, but adapt them to align with local
vocal patterns and species-specific constraints.

The broader frequency span of the final downsweep observed aligns
with the adult repertoire, as shown in previous recordings (see Fig. 1B
and Fig. S1). Thus, it is possible that this feature was acquired from other
real tutors or represents an expression influenced by the species’ genetic
programming. The juveniles may be integrating the qualitative structure
of the synthetic song with quantitative traits learned from conspecifics
in their environment. Such flexibility is well-documented in oscine
birds, where final songs result from a combination of innate pre-
dispositions, tutor input, and social feedback during development [35,
36]. Juveniles often modify tutor songs, incorporating partial elements
while refining them to match population-specific song structures.

The results emphasize the importance of considering the interaction
between synthetic stimuli and the natural acoustic environment. The
synthetic song serves as a vocal template, providing juveniles with a
pattern to imitate. However, the final song reflects both the influence of
the synthetic song and the juvenile’s exposure to the existing vocal
culture of its population. This is consistent with observations in other
species, like Savannah sparrows (Passerculus sandwichensis), where
experimentally introduced songs are adapted within existing repertoires
[15].

This reflects the natural plasticity of song learning and the con-
straints imposed by the biomechanical and neural systems of the species
[9]. The observed modifications likely arise from biomechanical pref-
erences or optimization strategies within the physiological limits of the
syrinx and vocal tract [20]. In any case, the presence of syllables with
alternating frequency modulations in two individuals recorded near our
recording-playback devices suggests that this song may have been
effectively inseminated through exposure to our stimulus.

Overall, our results demonstrate that synthetic songs, even when not
perfectly replicated, effectively seed vocal patterns in juvenile birds.
This supports the model’s utility for studying vocal learning, cultural
transmission, and the interaction between synthetic stimuli and natural
song development. The ability of juveniles to integrate synthetic tem-
plates with local repertoire traits reinforces the biological realism of the
model and its value for future studies on vocal behavior and song
evolution.

While our study focuses on the direct impact of human-mediated
cultural transmission, it aligns with the broader framework of cultural
evolution in birdsong. The study of [37] have demonstrated the role of
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social learning in the cumulative cultural evolution of bird song. Our
findings, while specific to a particular species and context, contribute to
this broader understanding by showing how human intervention can
accelerate cultural change.

A key difference between our study and [37] is the direct manipu-
lation of the cultural environment. By introducing synthetic songs, we
were able to test the limits of bird song learning and explore the po-
tential for human-mediated cultural evolution. This approach offers a
unique opportunity to study the mechanisms underlying cultural
transmission and to inform conservation strategies for threatened bird
species. Ultimately, both studies highlight the intricate interplay be-
tween genetic predisposition, social learning, and environmental factors
in shaping bird song diversity. By understanding these factors, we can
develop effective strategies to conserve and protect bird populations and
their cultural heritage.

The synthetic song playback protocol did not disrupt the natural
behavior of Zonotrichia capensis individuals. Analysis of the recordings
shows that birds respond to synthetic song playback, and stay close to
the device, including those that learned the synthetic theme (see
Fig. S3). This response indicates that the playback effectively elicits
natural territorial and communicative behaviors while ensuring that the
protocol remains minimally invasive to their natural activities.

We continuously monitor the area with our automatics recorders
devices, allowing us to quantify changes in vocal repertoire diversity,
identify any potential impacts on conspecific and heterospecific in-
dividuals, and assess the long-term effects of synthetic song exposure. To
date, our data do not show significant variations in the number of in-
dividuals or song patterns, neither in this species nor in others cohab-
iting the area.

4. Conclusions

A low-dimensional physical model of the avian vocal apparatus,
capable of generating song-like syntheses, enables us to test the hy-
potheses underlying its construction. In this work, we evaluated the
hypothesis that synthetic songs could serve as effective vocal tutors for
Zonotrichia capensis juveniles. Although it is not obvious that learning
can occur without visual interaction with an adult conspecific [38],
previous studies with Savannah sparrows have demonstrated that re-
cordings can be effective as tutors [15]. Our findings indicate that this
was also the case for Zonotrichia capensis.

We demonstrated that Zonotrichia capensis juveniles can learn and
reproduce synthetic songs generated by a mathematical model based on
the dynamics of the avian syrinx. This model accurately recreated the
acoustic and timbral properties of the species’ songs, ensuring that the
synthesized themes were realistic enough for the juveniles to learn.

Across the two stages of the song insemination protocol, we recorded
at least two individuals in the population actively acquiring and prac-
ticing the synthesized theme. This finding is significant as it demon-
strates the feasibility of introducing a synthetic song—designed in the
laboratory with specific frequency modulations—into a wild population.
Moreover, it suggests that juveniles not only have the capacity to learn
artificial songs but also to adapt and integrate them into their natural
vocal repertoires.

The results reinforce the feasibility of using synthetic songs as a tool
for conserving and reintroducing vocal repertoires in wild bird pop-
ulations. This approach opens up opportunities to preserve or reintro-
duce songs that have been lost or are at risk of disappearing, thereby
contributing to the conservation of acoustic biodiversity. Future studies
should investigate how these synthetic songs affect social interactions
and the evolution of vocal repertoires in natural populations over time.
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