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SUMMARY

During complex vocal interactions, different features of acoustic stimuli are integrated to produce appro-
priate vocal responses,’ such as copying sounds during vocal matching behavior in some animals.?™'2
However, little is known about the interplay and possible trade-offs between the different temporal and
spectral acoustic features during these vocal exchanges.?'®'* Nightingales can flexibly match the pitch
of their tonal “whistle songs” in real time during counter-singing duels.’®® Here, we show that the syllable
duration of whistle playbacks could alter the song responses of wild nightingales, causing their whistle
duration distribution to shift toward the presented stimulus duration. When exposed to whistle playbacks
featuring unnatural combinations of pitch and duration, nightingales demonstrate a flexible trade-off be-
tween pitch matching and temporal imitation, yet they are constrained by their vocal repertoire. They selec-
tively adapted their vocal responses to approximate these novel stimuli, aligning them with their natural
whistle repertoire. We developed a computational model of nightingale whistle-matching behavior that re-
vealed a hierarchical organization of acoustic feature production. During whistle matching, the feature inte-
gration process is constrained by the duration of syllables, and pitch matching follows within this temporal
framework, forcing a trade-off between the two features. Our findings reveal a complex interplay between

the spectral and temporal domains that shapes song-matching behavior.

RESULTS AND DISCUSSION

Few animal species, including some songbirds, are capable of
vocal matching, adjusting their vocalizations to copy conspe-
cifics.2*781912.15 Dyring vocal imitation, spectral and temporal
acoustic features of the matched vocalization are processed
and produced during the matching response.”*'* How the
different features of the target vocalization are influencing vocal
matching is largely unknown. We explored this phenomenon in
wild nightingales, a species known for natural song-matching,
during which they listen to and immediately replicate the songs
of other nightingales.®'”"® We focused on their “whistle songs,”
sequences of unmodulated tonal syllables (Figure 1A), that night-
ingales are known to pitch-match during counter-singing
duels.""® Previous work presenting nightingales with playbacks
demonstrated that the pitch of the stimuli is precisely integrated
in the spectral features of the whistle responses.’® However,
nightingales’ whistles’ syllables can differ not only in pitch but
also in duration, suggesting that the temporal component might
also play a role in the matching response.

Nightingales approximate whistle syllable duration
during whistle matching

Wild nightingales sing whistle syllables that fall into three dura-
tion clusters: short (<140 ms), medium (140-310 ms), and long

®

syllables (>310 ms) (Figures 1A, 1B, and S1A-S1E; Audio ST1;
STAR Methods). We reanalyzed data from previous playback ex-
periments that consisted of artificial whistles of different pitches
but of the same duration (440 ms, within the normal distribution
of long whistle syllables).'® We observed a shift in the whistle syl-
lable distribution toward the duration of the playback syllables,
indicating an influence of the stimulus’ temporal features in the
pitch-matching responses (Figures S1F and S1G). Next, we sys-
tematically tested whether the duration of whistle syllables in the
playbacks, independent of their pitch, influenced the birds’ whis-
tle responses. Therefore, we exposed wild nightingales to artifi-
cial whistle playbacks with a fixed pitch (2,390 Hz)'® but varying
whistle syllable durations (Figures 1B and 1C). To test whether
nightingales would shift their natural whistle syllable-duration
distribution, we presented playbacks containing syllables from
the four less-frequent temporal regimes: very short, medium
short, medium long, and very long (Figures 1B, 1C, and S1E;
Audio S1). Although the overall range of whistle syllable dura-
tions in response was broad, we observed a clear shift in the dis-
tribution of these responses toward the duration of the very-
short, medium-short, and very-long playbacks (Figures 1D and
S2A-S2H). We developed an “occurrence index” (STAR
Methods) to assess if whistles of specific durations occurred
more or less frequently during playback conditions than ex-
pected by chance. An observed occurrence index greater than
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Figure 1. Nightingales’ approximate whistle syllable duration during whistle matching
(A) Three examples of whistle song spectrograms with (i) short, (ii) medium, and (jii) long whistle syllable durations. See also Audio S1.
(B) Top: natural distribution of whistle syllable durations (0.294 + 0.124 s; n = 1,237 whistles from N = 11 birds). The three modes of the probability distribution
correspond to the short (i), medium (i), and long (iii) syllable durations shown in (A). Middle: each black circle corresponds to the median whistle syllable duration
of whistle syllables of individual whistle songs. Bottom: vertical color lines represent the durations of playback stimuli (orange, very-short; gold, medium-short;
sand, medium-long; brown, very-long playbacks).
(C) Example spectrograms of playbacks and nightingale responses for the four different playback regimes. See also Audio S1.
(D) Probability distributions of nightingale whistle responses to each playback regime: very short (0.194 + 0.096 s, n = 172 whistles from N = 7 birds), medium short
(0.185+0.075s,n =155, N =7), medium long (0.236 + 0.112 s, n = 153 whistles, N = 7 birds), and very long (0.346 + 0.111 s, n = 152 whistles, N = 7 birds). Arrows
represent the median. Individual whistle song responses were color-coded based on the relative frequency of occurrences within the song duration compared
with the naturally observed distribution, calculated as the occurrence index (STAR Methods). Inserts show the distribution of medians, calculated from 10,000
permutations of shuffled data for each playback regime. Observed medians are indicated with black lines (very short, p = 0.0457; medium short, p = 0.02; medium
long, p = 0.4718; and very long, p = 0.0001).
(E) Simulated playback durations act as attractor inputs that bias a trimodal Gaussian mixture of whistle durations. The Bayesian estimator modulates the
Gaussian weights by means of an attractor function g that depends on the duration of the playback and its distance to the mean of each Gaussian. Triangles
represent the mean of each Gaussian: 0.112, 0.222, and 0.444 s.
(F) Probability distributions of simulated whistle responses to each playback regime: very short (0.155 + 0.053 s, n = 52,500 simulated whistles, N = 7 simulated
birds), medium short (0.188 + 0.0696 s, n = 52,500 simulated whistles, N = 7 simulated birds), medium long (0.355 + 0.135 s, n = 52,500 simulated whistles, N =7
simulated birds), and very long (0.414 + 0.0833 s, n = 52,500 simulated whistles, N = 7 simulated birds). Arrows represent the median.
See also Figures S1-S3.

one in the vicinity of playback durations indicated a targeted shift  using the distribution of natural whistle durations as a prior
of whistle syllable duration toward the stimuli duration (Figures 1E, S3A, and S3B). Simulated playbacks acted as at-
(Figure 1D). Birds responded to playbacks of a given whistle tractor inputs, biasing a trimodal Gaussian mixture model
duration with different whistle song types, indicating flexible (GMM) that represented whistle durations. The weight of each
temporal modulation independent of a specific song structure = Gaussian was updated by an attractor function that depended
(Figures S2I and S2J). These results indicate that the temporal  on the distance between the playback duration and each Gauss-
features of whistle stimuli are integrated in the production of ian’s mean, increasing the likelihood of responses near the cor-
whistle-matching responses, in addition to the previously responding Gaussian while down-weighting more distant ones
described influence of the stimulus’ pitch.™® (STAR Methods). The strength of this bias was controlled by an

To better understand these behavioral dynamics, we con-  attractor gain § and a parameter § reflecting the drive of the
structed a computational model in which the duration of simu-  bird to match the playback (“matching drive”; STAR Methods).
lated whistle responses depended on a Bayesian estimator Using this framework, the model successfully reproduced the
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Figure 2. Computational model describing whistle pitch-matching behavior of nightingales

(A) Distribution of whistle pitches in natural whistle songs, modeled as a multimodal Gaussian mixture with ten Gaussians spanning low to high frequencies.
Triangles indicate the mean of the ten Gaussians: 1.53, 1.94, 2.36, 2.89, 3.46, 3.80, 4.45, 5.37, 6.53, and 7.64 kHz.

(B) Simulated playback pitches act as attractor inputs that bias a multimodal Gaussian mixture of whistle pitches. The Bayesian estimator modulates the
Gaussian weights by means of an attractor function f that depends on the pitch of the playback and its distance to the mean of each Gaussian. Triangles represent
the mean of each Gaussian.

(C) Experimental data showing whistle syllable pitches sung without playback during the pre-playback control phase (left) and in response to whistle playbacks
(right). The horizontal black and red bars represent the pitch of the whistle playback and the global maximum of the responses to the given playback, respectively.
Adapted from Costalunga et al."®

(D) Model simulations without (left) and with (right) the attractor term, showing that the attractor reproduces the stimulus-dependent clustering of pitch responses

observed in the experiment.
See also Figure S3.

distribution of whistle durations across the four observed cate-
gories (very-short, medium-short, medium-long, and very-long
playbacks) (Figures 1F, S3C, and S3D).

Just as whistle duration served as an attractor input in the tem-
poral model, we next asked whether the same framework could
generalize to also explain whistle pitch matching. We applied the
model using the natural multimodal distribution of whistle syllable
pitches as the prior, represented as a 10-component Gaussian
mixture (Figures 2A and SSE-S3G). Playback pitches acted as at-
tractor inputs that biased the Gaussian weights through a smooth
distance-decay function, increasing the probability of responses
near the corresponding pitch Gaussian while down-weighting
more distant ones (Figure 2B). As in the temporal model, we
included a matching drive parameter §, with the attractor gain g
controlling the strength of the bias. The model successfully re-
produced the pitch-matching responses observed in previous
work'® (Figures 2C, 2D, and S3D-S3H), demonstrating that the

attractor-based estimator can account for both temporal and
spectral matching domains.

Hierarchical integration of whistle syllable duration and
pitch during whistle matching
In the syllable-duration experiment, our playback stimuli con-
sisted of the same pitch (2,390 Hz)'® that naturally occurs in syl-
lables of different durations. However, whistle songs naturally
produced by singing nightingales comprise a broad and multi-
modal distribution of pitches and durations'® (Figure 3A). To
assess this multimodality, we applied k-means clustering to the
distribution of whistle syllables in the soundspace (duration-pitch
feature space). We found three main clusters (C1, low-pitched/
short-duration syllables; C2, high-pitched syllables; and C3,
low-pitched/long-duration syllables; Figures 3A, S4A, and S4B).
Based on the observed distribution of the data in the sound-
space, we suspected a potential trade-off between pitch
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matching and temporal imitation. Thus, we combined the duration
and pitch models into a unified joint framework, in which each
simulated bird is described simultaneously by a duration GMM
and a pitch GMM (Figure 3B). Playback stimuli updated both tem-
poral and spectral Gaussian weights through their respective at-
tractor functions. To test how the temporal and spectral domains
are hierarchically represented, we defined hierarchical support as
the dimension that determines the direction of constraint in the
joint response space. In the pitch—duration condition, playback
pitch constrains the whistle syllable-duration responses to the
restricted natural pitch-duration response region (Figures 3A
and 3B, left). Conversely, in the duration—pitch condition, pitch
responses were limited by the syllable-duration constraint
imposed by the playback stimulus (Figures 3A and 3B, right).
This setup allowed us to test two competing hypotheses of hier-
archical organization: whether temporal structure constrains
spectral responses or vice versa.

With this framework, we explored the interplay of spectral and
temporal features when nightingales were whistle-matching play-
backs consisting of a combination of pitches and durations that
typically does not occur in their natural repertoire. Therefore,
we simulated three representative playback types that combined
common and uncommon temporal and spectral features: high
pitch/short duration, high pitch/long duration, and low pitch/
long duration (Figure 3A). Each playback type acted as attractor
input under both hierarchical configurations (pitch—duration and
duration—pitch). In the pitch—duration simulations, responses
concentrated at pitch values close to the playback but spread
across durations, leading to selective increases in the C2 cluster
for high-pitch/short-duration and high-pitch/long-duration play-
backs and in the C3 cluster for low-pitch/long-duration playbacks

¢? CellPress
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(Figure 3C). In the duration—pitch simulations, responses were
anchored to the duration modes, with pitch spreading broadly:
high-pitch/short-duration playbacks drove responses into the
C1 cluster, high pitch/long duration into the C2 cluster, and low
pitch/long duration into the C3 cluster (Figure 3D).

To experimentally test the prediction from the model, we pre-
sented birds with the same set of playbacks as used in the model
(high pitch/short duration, high pitch/very long duration, low
pitch/very long duration) and assessed the birds’ whistle-match-
ing behavior (Figures 3A and 3E). The responses to the different
playback types revealed a shift in the soundspace probability
density distribution of whistles compared with the natural whistle
distribution (Figures 3E and S4C-S4E; STAR Methods). For each
playback type, we computed the proportion of responses attrib-
utable to each of the three clusters defined by the k-means algo-
rithm and compared them to the expected proportions from
shuffled datasets (Figure S4F; STAR Methods). When exposed
to high-pitch/short-duration playbacks (Figure 3A), nightingales
targeted the duration but not the pitch (Figure 3E, first), resulting
in an increase in whistle responses in the C1 cluster and a reduc-
tion in the C2 cluster (Figure S4F). Conversely, for high-pitch/
very-long-duration playbacks (Figure 3A), the birds matched
the pitch (Figure 3E, second), increasing the production of whis-
tles in the C2 cluster (Figure S4F). Finally, for low-pitch/very-
long-duration playbacks (Figure 3A), nightingales matched the
pitch and lengthened whistles, but not to the full syllable dura-
tions featured in the playback (Figure 3E, third), demonstrated
by a reduction of whistles in the C1 and C2 clusters and an
increase in cluster C3 (Figure S4F). These results closely align
with the duration—pitch model predictions (Figure 3D) and sup-
port a hierarchical representation in which syllable-duration

Figure 3. Interplay between syllable duration and pitch during whistle matching

(A) Natural distribution of whistle syllable duration and pitch (n = 1,237 whistles, N = 11 birds). Each black circle corresponds to the median whistle syllable
duration and pitch of whistle syllables in individual whistle songs. The blue crosses represent the duration and pitch of the three types of playback stimuli (high
pitch/short duration, high pitch/very long duration, and low pitch/very long duration). The green shading represents the kernel density estimation (KDE) of the
whistle responses in the soundspace (STAR Methods). The brown line encloses 90% of the control KDE density. The dashed lines represent the linear boundaries
of the clusters (C1, C2, and C3) defined by a k-means algorithm (STAR Methods).

(B) In the combined model, both duration and pitch Gaussian weights are updated simultaneously by their attractor functions. Left: in the pitch—duration
configuration, pitch provides the attractor input, and duration responses are constrained to the natural region of pitch-duration space observed in nightingale
whistles. Right: in the duration—pitch configuration, duration provides the attractor input, and pitch responses are constrained to the same region. Numbers
indicate hierarchical steps: pitch integration (1 or 2), duration integration (1 or 2), and song production (3).

(C) Left: distribution of simulated whistle durations and pitches in response to the three types of playback stimuli (high pitch/short duration, n = 1,050 simulated
whistles, N = 7 simulated birds; high pitch/very long duration, n = 1,050 simulated whistles, N = 7 simulated birds; low pitch/very long duration, n = 1,050 simulated
whistles, N = 7 simulated birds) represented as in (A). Right: density estimation of responses color-coded based on the relative density of occurrences compared
with the naturally observed distribution, calculated as the occurrence index of observed to expected densities (STAR Methods). The brown line encloses 90% of
the control KDE density.

(D) Left: distribution of simulated whistle duration and pitch in response to the three types of playback stimuli (high pitch/short duration, n = 1,050 simulated
whistles, N = 7 simulated birds; high pitch/very long duration, n = 1,050 simulated whistles, N = 7 simulated birds; low pitch/very long duration, n = 1,050 simulated
whistles, N = 7 simulated birds) represented as in (A). Right: density estimation of responses color-coded based on the relative density of occurrences compared
with the naturally observed distribution, calculated as the occurrence index of observed to expected densities (STAR Methods). The brown line encloses 90% of
the control KDE density.

(E) Left: distribution of whistle syllable durations and pitches in response to the three types of playback stimuli (high pitch/short duration, n = 193 whistles, N =8
birds; high pitch/very long duration, n = 194 whistles, N = 8 birds; low pitch/very long duration, n = 190 whistles, N = 8 birds) represented as in (A). Right: density
estimation of responses color-coded based on the relative density of occurrences compared with the naturally observed distribution, calculated as the
occurrence index of observed to expected densities (STAR Methods). The brown line encloses 90% of the control KDE density.

(F) Distribution of differences in duration and pitch in response to the three types of playback stimuli. Dashed lines represent no difference in duration and pitch.
(G) Top: distribution of duration and pitch similarity in response to the three types of playback stimuli (STAR Methods). The green shading represents the KDE of
the whistle responses in the similarity space. Bottom: distribution of signed distances between duration and pitch similarity scores (range 0-1) for responses with
high similarity (i.e., similarity > 0.5 in either dimension; STAR Methods). The red dashed line marks zero distance (equal pitch and duration similarity) (Wilcoxon
signed-rank tests: high pitch/short duration, p < 0.001; high pitch/very long duration, p = 0.7129; low pitch/very long duration, p < 0.001).

See also Figure S4.
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constrains pitch responses within the natural pitch-duration
space.

We further characterized the trade-off between syllable pitch
and duration in response to our playback types by investigating
the respective distance from the playbacks in pitch and duration
(Figure 3F). For each response, we calculated a duration and
pitch similarity index (Figures 3G and S4G; STAR Methods).
When exposed to high-pitch/short-duration playbacks, the re-
sponses of the birds showed high duration similarity (Figure 3G,
left). For high-pitch/very-long-duration playbacks, when nightin-
gales exhibited high pitch similarity (Figure 3G, second), the whis-
tle responses showed an increase also in duration similarity,
without a preferred tendency toward one or the other feature
(Figure 3G, middle). For low-pitch/very-long-duration playbacks,
although the nightingales produced more long-duration syllables
(Figure 3G, third), the birds responded with whistles that had
higher pitch similarity than duration (Figure 3G, right). Our results
suggest a flexible trade-off strategy for prioritizing acoustic fea-
tures to emulate sounds outside of the natural whistle syllable
repertoire, constrained by the vocal repertoire of the birds. Night-
ingales adjust their matching responses by projecting novel whis-
tles into their bounded whistle soundspace through selective
imitation of temporal and/or spectral features, providing evidence
for performance constraints'®'® during song-matching. We
concluded that counter-singing nightingales exhibit vocal
complexity not only through pitch matching’® but also through
integrating the duration of syllables in their whistle matches.

Modulating both spectral and temporal features of vocaliza-
tions is key to dynamic vocal coordination in humans as part of
a broader phenomenon known as conversational entrainment
or speech accommodation: speakers often unconsciously adapt
features such as utterance duration, speech rate, and turn-taking
timing to match their partner.”®>® The ability to specifically
imitate both the temporal and spectral features of whistle stimuli
suggests a capacity for auditory discrimination, allowing nightin-
gales to isolate individual vocal features from complex sounds.
The hierarchical organization of pitch and duration observed in
our modeling and experimental results may reflect interacting
constraints at both the auditory discrimination and song produc-
tion levels. When discriminating auditory inputs, nightingales
may represent temporal patterns of whistle syllables categori-
cally,>*?® with only a few temporal attractors. Within each tempo-
ral mode, spectral processing might then operate at a finer reso-
lution.?®?” During song production, the coupling between
respiratory and syringeal muscle control’®*° may impose me-
chanical limits to the durations of whistle syllables. By contrast,
pitch control may allow for more continuous and precise modula-
tion once a temporal framework has been established. Investi-
gating how auditory discrimination and song performance
constraints of adult birds'®'? interact with their song learning his-
tory®®®" could reveal the proximate biomechanical, develop-
mental, and neurophysiological mechanisms that influence whis-
tle matching and vocal imitation. Our current understanding of the
neural circuit underlying song production is largely based on
songbird species with limited flexibility in singing behavior.>***
In zebra finches, for instance, persistent frequency or temporal
changes in the song structure of adult birds can only be experi-
mentally induced through long-term reinforcement learning.>*~>°
In these birds, changes in the social context produce only minor
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adjustments in the singing performance.®”**® This contrasts with
the rapid song adjustments observed in nightingales, suggesting
a species-specific adaptation in neural vocal control that enables
real-time integration and production of songs® to imitate temporal
and pitch variations in ambient whistle songs. Investigating such
behavior and its neural correlates could shed light on broader
mechanisms for song production, vocal learning, and real-time
acoustic modifications during interactive communication.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will
be fulfilled by the lead contact, Daniela Vallentin (daniela.vallentin@bi.mpg.de).

Materials availability
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

Code and datasets for analysis Github https://github.com/vallentinlab/NG-whistle-durations
Experimental models: Organisms/strains

Nightingale (Luscinia megarynchos) Wild populations N/A

Software and algorithms

Avisoft SASLab R. Specht, Berlin, Germany Pro 5.2
Audacity https://www.audacityteam.org/ v.2.4.2

Python https://www.python.org/ VvV 3.11.8
WhisperSeg https://github.com/nianlonggu/WhisperSeg N/A

Other

battery-driven pre-amplifier Roland, Japan Duo-Capture EX
directional parabolic microphone Telinga, Sweden Stereo MK3
Speaker JBL, Harman International Industries, USA JBL

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

We studied a wild population of Common nightingales (Luscinia megarhynchos) in the southwestern part of Brandenburg, Germany
between April and May in 2020 and 2024. All recordings and playbacks were performed in accordance with the local authorities
(Landesamt fur Umwelt - Land Brandenburg LFU-N4 4730/14+5#181132/2021).

METHOD DETAILS

Generation of artificial playbacks

Artificial whistles generation

Artificial whistle syllables were synthesized using Python’s NumPy and SciPy libraries. A white noise signal was generated at a
44 1 kHz sampling rate. This signal was then bandpass filtered with a 120 Hz bandwidth centered on the target pitch. A 0.01 s
Hann window was applied for boundary fading. Finally, the resulting signal was amplitude-normalized. We establish the silent interval
duration based on the relationship between whistle syllable duration and the duration of the subsequent silent interval in the control
data (Figure S1E). Control data exhibited a positive correlation (R?=0.43), indicating that shorter/longer whistle durations were asso-
ciated with correspondingly shorter/longer silent intervals, following the linear relation:

Gap = 0.323 x Whistle duration + 0.06 s

For both experimental paradigms, the inter-syllable silent interval within each playback was parametrically defined as a function of
the respective whistle syllable duration. Subsequently, these silent intervals were appended to their corresponding whistle syllables,
and the total number of whistle-interval units was given by the maximum number of entire units that fitted within 4 s.

Playback stimuli for experiment 1

Twelve playback stimuli were generated, each with distinct whistle durations and a constant frequency of 2390 Hz. Whistle durations
were selected based on the trimodal distribution observed in the control dataset. According to cluster analysis of control whistle syl-
lable durations (see: Clustering of whistle syllables durations (Experiment 1)), three duration categories were defined: short (<0.14 s),
medium (0.14-0.31 s), and long (>0.31 s). Playback durations were then determined by sampling within each category, specifically
including the minimum and maximum values, the 5th and 95th percentiles, and interpolated midpoints between selected values. This
resulted in four distinct duration ranges for playback whistle syllables: Very-Short (0.04 s, 0.06 s, 0.08 s), Medium-Short (0.13 s,
0.14 s, 0.15 s), Medium-Long (0.30 s, 0.31 s, 0.32 s), and Very-Long (0.58 s, 0.72 s, 0.86 s).

Playback stimuli for experiment 2

Stimuli were designed with durations and/or pitches outside the natural soundspace of nightingale whistle songs. These regions were
defined as areas where whistle syllable density fell below 10%. Specifically: for High-Pitch, Short-Duration three playbacks were
created with a fixed whistle duration of 0.14 s and varying frequencies: 6 kHz, 7 kHz, and 8 kHz; for High-Pitch, Long-Duration three
playbacks were generated with durations of 0.6 s, 0.7 s, and 0.8 s, and corresponding frequencies of 6 kHz, 7 kHz, and 8 kHz; for
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Low-Pitch, Long-Duration three playbacks were produced with durations of 0.6 s, 0.7 s, and 0.8 s, and corresponding frequencies of
1 kHz, 2 kHz, and 3 kHz.

Audio recordings

Audio recordings (16-bit precision at 44.1 kHz sampling rate) from a total of 22 wild male nightingales were obtained during the mating
season (April/May) of 2020 and 2024. Recording sessions were conducted between 11pm and 4am CET+1. Each nightingale was
recorded with a directional parabolic microphone equipped with a windshield (Stereo MK3, Telinga, Sweden), connected to a bat-
tery-driven pre-amplifier (Roland Duo-Capture EX, Roland, Japan) and a laptop computer. Signals were acquired using Audacity
v.2.4.2 (https://www.audacityteam.org/) and encoded as stereo.wav files (one channel for the playback and one for the bird).
Control recordings

Recordings from 11 naturally singing nightingales, acquired in 2020, were used as control data.

Song playback experiment

Playback experiments with 11 birds were performed as previously described.'® In brief, a speaker (JBL, Harman International Indus-
tries, USA) was connected to the pre-amplifier and placed at ~10 meters from the singing bird. The playbacks were manually trig-
gered depending on the singing behavior of the nightingales, to avoid overlaps with the birds’ songs. Each bird received 20 repeti-
tions of every playback stimulus. Experiment 1 consisted of 12 different stimuli that were randomly shuffled across the execution of
the experiment for a total of 240 playback stimulations. Experiment 2 consisted of 9 different stimuli.

Audio data processing and analysis
Audio recordings were processed and analyzed using Audacity, Avisoft SASLab Pro 5.2 (R. Specht, Berlin, Germany) and Python.
As previously described,'® stereo files were divided in mono files and high pass filtered (frequency=1000 Hz, roll-off=6 dB, High-
Pass Filter build-in function of Audacity) and noise reduced to remove environmental noise (noise reduction=12dB, sensitivity=6.00,
frequency smoothing=3, noise reduction build-in function of Audacity). Spectrograms were examined in Audacity for visual scoring of
whistle responses. A song was considered a whistle response to playbacks when the following criteria were met (1) being a whistle
song (containing frequency unmodulated whistle syllables) and (2) being an immediate response to the playback (i.e. the first or sec-
ond song sung by the bird after the termination of the playback).
Whistle syllable segmentation
Onset and offset of these songs were visually inspected and manually annotated. Individual whistle syllables were manually
segmented from whistle songs in Audacity. Avisoft was used for automatically measuring the average frequency and duration of in-
dividual syllables. The whistles were initially segmented manually by trained annotators. To assess and minimize potential bias, we
validated these annotations using a semi-automated algorithm (WhisperSeg; https://github.com/nianlonggu/WhisperSeg)*° applied
to detect nightingale vocalizations across a range of background conditions. Manual and semi-automated annotations were
compared for a subset of data (one bird as a proof of concept) by examining differences in onset, offset, and duration. Because
our analyses focused on the median whistle duration per song, we quantified how much this statistic would change when using
the semi-automated annotations instead of the manual ones and found negligible differences (mean=2 ms, standard deviation
<16 ms). These results confirm that our manual segmentations were consistent and objective across conditions. While the semi-auto-
mated approach provided a useful benchmark, it still requires human oversight due to variable field recording conditions. Therefore,
manual annotations were retained for the full dataset.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis and statistical computations were performed using Python. All values are reported as median + median absolute de-
viation, if not noted otherwise.

Analysis of previous pitch experiment

To test whether whistle durations differed between control responses and pitch-matched responses, we performed a comparative
analysis of duration distributions. For pitch-matched responses, we selected only whistle responses for which the median pitch was
within 100 Hz of the playback pitch (formal definition of pitch match). The KDE and probability distribution were computed, and in-
dividual durations were plotted and color-coded by the occurrence index, providing a pointwise measure of how much more or less
likely a duration was under pitch-matched conditions relative to control (Figure S1F). To statistically assess whether the two groups
differed, we computed the observed difference in median duration between pitch-matched and control whistles. A permutation test
was then conducted by randomly reassigning group labels 10,000 times and recalculating the median difference to generate a null
distribution (Figure S1G). The two-sided p-value was defined as the proportion of permuted differences greater than or equal to the
observed difference in absolute value. This approach allowed us to quantify both the magnitude and significance of duration changes
in pitch-matching responses.

Clustering of whistle syllables duration (Experiment 1)
A Gaussian Mixture Model (GMM) was applied to analyze the distribution of whistle syllable durations in naturally singing nightingales,
utilizing the Gaussian Mixture function from the scikit-learn (sklearn) Python library. GMMs were fitted with varying numbers of
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components (1 to 9), and the Bayesian Information Criterion (BIC) was calculated for each model. The optimal number of compo-
nents, k, was determined as the value that minimized the BIC score. This analysis yielded k=3, with component boundaries at
0.14 s and 0.31 s (Figure S1A). These boundaries facilitated the categorization of natural whistle durations into three distinct groups:
short (<0.14 s), medium (0.14-0.31 s), and long (>0.31 s). Analysis of individual nightingales also revealed a trimodal distribution of
whistle durations, consistent with the population data (Figure S1B)

Clustering of whistle syllables duration and frequency (Experiment 2)

To analyze the distribution of whistle syllables within the soundspace, k-means clustering was employed (Figure STH). The optimal
number of clusters (k) was determined using silhouette analysis, which assesses cluster consistency. The mean silhouette score was
calculated for cluster counts ranging from 2 to 9, and the cluster count yielding the highest mean score was selected as optimal (k=3).
Cluster boundaries (C1, C2, and C3) were defined by Voronoi regions, which encompass all points closer to a given centroid than to
any other within the soundspace. Due to the Euclidean distance metric used by the k-means algorithm, these cluster boundaries are
linear segments. Analysis of individual, naturally singing nightingales confirmed the preservation of the previously described whistle
syllable distribution within the defined soundspace (Figure S1l).

Whistle syllable duration variation within whistle songs

Whistle syllable durations within a song exhibited some variability. When examining the duration difference between consecutive
whistle syllables, a gradual transition was observed, with a mean difference of 0.008 s and a standard deviation of 0.044 s
(Figure S1C). The duration difference between the first and last whistle syllables in each song revealed a mean duration increase
of -0.047 s with a standard deviation of 0.1 s (Figure S1D). Consequently, the median syllable duration of each song was chosen
for subsequent analysis. This metric preserved the previously identified short-medium-long clustered distribution (Figure 1B), pro-
vided a representative measure of individual songs, and ensured inter-song comparability.

Generating shuffled data

In the playback experiment, the median durations and pitches of observed whistle response syllables were randomly sampled with
replacement from the responses dataset and assigned to the corresponding playback durations and pitches. The number of whistle-
match occurrences was preserved for each playback pitch. To extract the respective parameters the shuffling was repeated 10000
times.

Occurrence index of durations (Experiment 1)

A comparative density analysis of median whistle durations between control and experimental conditions was conducted using
Kernel Density Estimation (KDE) and subsequent KDE ratio calculations. KDE distributions were generated for whistle responses
to playback stimuli, stratified by duration category. These experimental KDE distributions were then compared to a control KDE,
derived from control data, by calculating a pointwise KDE ratio. The occurrence index is defined as the pointwise division of the
experimental KDE (KDE exp (duration)) by the control KDE (KDE control (duration)):

Occurrence index (duration) = KDE exp (duration) / KDE control (duration) (Equation 1)

This index captured relative density changes across playback conditions and informed how the experimental distributions for each
playback category deviated from the control. An index below 1 indicates fewer whistles in the experimental group, an index equal to 1
indicates no difference, and above 1 indicates more whistles in the experimental group compared to the control.

This approach was employed for a detailed comparative analysis of distributional shifts, specifically highlighting regions of
increased or decreased density relative to the control distribution. For visualization purposes, the occurrence index values were
clipped to the range of 0 to 2.

Occurrence index of whistle durations and pitch (Experiment 2)

For each playback region (High-Pitch/Short-Duration, High-Pitch/Long-Duration, and Low-Pitch/Long-Duration) the joint probability
density function of whistle duration and pitch was estimated using a Gaussian Kernel Density Estimation (KDE). This KDE was
computed over a grid spanning the soundspace, with duration values ranging from 0 s to 0.9 s and pitch values ranging from
0 kHz to 9 kHz. This yielded the estimated experimental probability density, Z exp (duration, pitch). An analogous analysis was per-
formed on the control data to obtain the control probability density, Z control (duration, pitch) at each grid point. Subsequently, an
occurrence index was calculated as follows

Occurrence index (duration, pitch) = Z exp (duration, pitch) / |[Z control (duration, pitch) + f] (Equation 2)

The small constant #=0.0003 prevents division by zero. The occurrence index was clipped within 0 and 2. This index provides in-
sights into how the distribution of experimental responses differs from the control. An index greater than 1 indicates areas where
whistle responses are more concentrated for each of the different playback regions. Conversely, an index below 1 highlights region
where responses are less frequent. When the index is close to 1, it suggests no significant difference between the experimental and
control distributions.
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Durations and pitch similarity index (Experiment 2)

To quantify how similar a bird’s response was to the playback in terms of duration and pitch, we defined a continuous similarity index
based on a sigmoid function. For each song, we computed the absolute error between the response and the playback in both dura-
tion (|dmedian — piayback|) @nd Pitch (|fmedian — forayback|)- These errors were then transformed into similarity values ranging from 0 to 1
using the function:

1

1+exp (Lro; — ”)

Where u was set to the median error across the dataset, and g was set to 10% of the full error range for each feature (duration or pitch).
In our case,uy = 0.33 s, = 1989 Hz andp, = 0.1640s,5; = 981.1 Hz. This transformation ensures that exact matches (error=0)
yield similarity values close to 1 (max similarity equal to 0.88), while larger mismatches approach 0 in a gradual, tunable manner.
This sigmoid-based approach provides a smooth, interpretable metric of acoustic similarity for our analyses.

Next, to quantify the relative similarity of responses in pitch and duration, we computed a signed distance metric based on the
projection of each response onto the axis orthogonal to the identity line in similarity space. Specifically, for each response, we calcu-
lated its similarity to the playback in both duration and pitch using the above described sigmoid function. We then represented each
response as a point in 2D space with duration similarity on the x-axis and pitch similarity on the y-axis. The signed distance was
computed as the projection of this point onto the line perpendicular to the identity line (duration similarity=pitch similarity), given by

similarity = (Equation 3)

1
signed distance = —(Sy — S Equation 4
g \/§( d ) (Eq )

where Sf and Sy are the frequency and duration similarity scores, respectively. Positive values indicate that the pitch similarity ex-
ceeds the duration similarity, whereas negative values indicate the reverse. This metric captures the directional asymmetry in how
closely responses match playback stimuli along each acoustic dimension.

Statistical analysis for Experiment 1

The statistical significance of observed median whistle durations across temporal categories (Very-Short, Medium-Short, Medium-
Long, and Very-Long) was assessed. A null distribution was generated through 10,000 bootstrap resamples of the data (see:
Generating shuffled data), and the median was calculated for each category within each resampled dataset (example shuffled dis-
tribution in Figure S2B). P-values were then determined by comparing the observed median for each category to the null distribution
of medians derived from the resampled data. For the Very-Short category, a left-tailed hypothesis test was employed, with the
p-value representing the proportion of resampled medians less than or equal to the observed median. For the Very-Long category,
a right-tailed test is used, where the p-value is the proportion of shuffled medians that are greater than or equal to the observed me-
dian. For the other two categories, Short-Med and Med-Long, a two-tailed test is applied, which accounts for deviations in both
directions.

Statistical analysis for Experiment 2

The statistical significance of whistle responses to playback stimuli outside the nightingale’s natural soundspace (High-Pitch/Short-
Duration, High-Pitch/Long-Duration, and Low-Pitch/Long-Duration) was evaluated. For each playback region, whistle responses
were classified into the three previously defined soundspace clusters (see: Clustering of whistle syllables duration and frequency
(Experiment 2). The percentage of whistle responses within each cluster was calculated for each playback region. Subsequently,
the data were subjected to 10,000 shuffle iterations (see: Generating shuffled data), and the percentage of whistle responses within
each cluster was recalculated for each shuffled dataset (example shuffled distribution in Figure S2D). This process generated a null
distribution of expected whistle response percentages for each cluster. The p-value in this analysis was computed using a two-sided
test to determine whether the observed cluster proportions for each playback region significantly deviated from the null distribution
(Figure S2E).

Model for temporal modulation

GMM for the median duration of natural singing nightingales. We set y = log x with x = median whistle duration of a whistle song (in
seconds) and fit a k-component GMM (with k=3):

3
ply) = ZwkN(}/;ﬂ/og_k,ﬁf,g,k) (Equation 5)
k=1

Here poq 4 @and ojoq « are estimated in the log-space. The mixture weights wy represent the population fraction of observations as-
signed to component k, which in our case are short, medium and long duration components and are independent from the chosen
units (Figure S1A). We modelled whistle durations of naturally singing nightingales on the log scale to avoid negative values for time.

Bird variability for modeling the production of whistle syllable duration. To capture across-bird variability, we first summarized each
bird’s component on the seconds’ scale (ﬂsec‘kﬂfsec‘k) (obtained from a per-bird GMM). We then fit a 2D GMM to all birds’
(:usec‘,kﬂgsec-k) and find three clusters (Figure S3B) supporting a trimodal structure at the individual level (Figure S1B). For each
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simulated bird (N=7), we sample one (."‘sec,kvgsec,k) from each ordered cluster k (Fast, Medium, and Slow) and convert it to log
space via:

HKiog = In Hsec

2
Olog = {/In (1+(Gse°)) (Equation 6)

sec

The duration of a natural-singing bird b is thus described by a trimodal log-Gaussian mixture:

3 2
p(y;b) = kaN(y;u,(:;k, <(7,(5;k> ) (Equation 7)
k=1
With the global mixture weights wy preserved across birds.
Gaussian-selection probabilities during playback stimuli. We hypothesized that a playback duration d modulates the effective
mixture weights through a quadratic attractor term:

Ind — 42, \*
re(d) = _ (NG Meg (Equation 8)
2 JI(:g)k

and an attractor gaing > 0. The playback-dependent Gaussian probabilities were
exp(In wx+pri(d))
-1 exp(In wj+fr(d))

Consequently, g = 0 represented the control/no-attractor case wy(d;0) = wg, and >0 yields engagement for the Gaussian
whose 04, Was closest to Ind.
Combining mode selection with within-mode variability gave the playback-conditioned response model:

w(d;p) = (Equation 9)

3
ply;bld) = > wx(d; BN (y;uffg_m (aff;_k)z) (Equation 10)
k=1

With responses in seconds obtained by back-transforming x = exp(y).

Model for pitch modulation

GMM for the median pitch of natural singing nightingales. We fit a k-component GMM (with k=10)"° with f = median whistle pitch of a
whistle song (in Hz):

10
p(f) = > uN(fipy,0f) (Equation 11)
k=1

The mixture weights v, represented the population fraction of observations assigned to component k, which in our case comprised
the low to high pitch components of whistle songs.'®

Bird variability for modeling the production of whistle syllable pitch. Instead of clustering in (x4, o) space, we aggregate components
across birds by their rank (i.e. left to right position in each bird’s mixture). For each pitch mode (ranked left to right), we summarize
across all birds the distribution of component centers (x) and spreads (o) using quartiles (Figure S3E). These quartiles define a dia-
mond-shaped region in the (u,c)-plane: the bottom and top corners reflect the median center with lower and upper spreads (first
quartile and third quartile of ¢), while the left and right corners reflect the lower and upper quartiles of u at the median spread.
This “diamond” captures the typical range of parameter variability across birds for that mode. To simulate new birds, we then sample
uniformly within these diamonds, ensuring that each synthetic bird’s pitch components remain consistent with the natural variability
observed in the population. The pitch of a natural-singing bird b is thus described by a multimodal Gaussian mixture:

10
p(f;b) = ZykN(f;yf,f)7(g,§b))2) (Equation 12)
k=1

With the global mixture weights vy preserved across birds.
Mode-selection probabilities during playback stimuli. We hypothesized that a playback pitch s modulates the effective mixture
weights through a smooth distance-decay kernel in frequency:

Kk(s) = v (Equation 13)

b 2
" s~ |
T

Where = > 0 controls the range of influence. The playback-dependent Gaussian probabilities were
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exp(In ve+f In Ki(s))
51 exp(InuKi(s)
Consequently, g = 0 represented the control/no-attractor case vk (p;0) = vk, and >0 yielded attraction toward the Gaussian

whose y lied closest to the playback pitch s.
Combining mode selection with within-mode variability gave the playback-conditioned response model:

w(s;B) = (Equation 14)

10
p(fibis) = > uds AN(Fud (o)) (Equation 15)
k=1

Model for temporal and pitch modulation

We combined the temporal and pitch models into a single joint framework, where each simulated bird was described by both a dura-
tion GMM and a pitch GMM as described above. In this setting, the Gaussian weights of both models were updated by their respec-
tive attractor functions (in temporal and spectral domains). What differs between the two simulation configurations was the support
variable: in the Duration—Pitch condition, playback duration provided the attractor input, updating the duration weights, and pitch
responses were then generated conditional on the simulated durations, by being restricted to fall within the whistle dictionary—the
natural distribution of whistle responses in which songs consistently occupied the same region of pitch—-duration space. In the
Pitch—Duration condition, playback pitch provided the attractor input, updating the pitch weights, and duration responses were
generated conditional on pitch under the same dictionary constraint. Thus, the two sets of mixture weights were modified simulta-
neously, but the causal direction of the attractor determines whether temporal structure constrained spectral responses or vice
versa. This design allowed us to test the putative hierarchical representation of temporal versus spectral parameters in the nightin-
gale’s response system.

Matching drive parameter

In all model variants, we included the scenario in which birds engaged in a whistle-matching response based on the acoustic features
of the input or not. To capture this, we introduced a “matching drive” parameter § € [0, 1] that linearly interpolates between the
global baseline weights ((wx, vx) and the playback-modulated weights (wx(d; ) or vk (s; f)):

Wy = Sax(d; )+ (1 — 8wy (Equation 16)

Uk = Suk(s; p)+ (1 — Sk (Equation 17)

Here, 5 = 0 corresponded to purely baseline probabilities (no influence of the attractor), while 5 = 1 corresponded to fully attractor-
driven probabilities. Intermediate values interpolated smoothly between these extremes, allowing partial engagement of the attractor
relative to the natural mixture weights. For both models, temporal and pitch modulation, we used § = 0.5.

In the joint model, we set 5§ = 0.5, ensuring that the effective mixture probabilities for each dimension can reflect a combination of
baseline tendencies and stimulus-driven attractor modulation. This formulation provides a flexible continuum from control behavior
to strong playback-driven engagement, and allows us to evaluate how varying attractor strength and “matching drive” affect the hi-
erarchy of temporal and spectral response organization.
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