








Extended Data Fig. 13 | Behavioral recording methodology. a, Photograph two piezoelectric microphones implanted on two budgerigars (bottom).
of recording arena for budgerigars with one budgerigar tethered on each side. Piezoelectric microphones enable excellent isolation of individual vocalizations
b, Example recordings from an omnidirectional ambient microphone (top) and which are mixed in the ambient microphone.
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Extended Data Table 1| Information for statistical tests

Independent or

Figure Test name Sample size paired P value
measurements
Fig. 1i Two-sided Wilcoxon signed-rank test 43 neurons Paired 3.0x10°®
Fig. 1j Two-sided Wilcoxon signed-rank test 220 neurons Paired 2.7x10%%
Fig. 1k Two-sided Wilcoxon signed-rank test 43 neurons Paired 1.1x108
Fig. 11 Two-sided Wilcoxon signed-rank test 220 neurons Paired 7.7x10°%8
Fig. 1n Two-sided Wilcoxon signed-rank test 67 neurons Paired 2.6x1012
Fig. 10 Two-sided Wilcoxon signed-rank test 502 neurons Paired 3.1x10°%8
Fig. 1p Two-sided Wilcoxon signed-rank test 67 neurons Paired 1.1x1012
Fig. 1q Two-sided Wilcoxon signed-rank test 502 neurons Paired 6.1x10%
Fig. 29 Two-sided permutation test 2,343 pais ofvocal Paired 0.12
segments
Fig. 2h Two-sided permutation test 9520 pairsiofvocal Paired 0.08
segments
Fig. 2i Two-sided permutation test 221,147 palrsiof vecal Paired < 10100
segments
Fig. 2j Two-sided permutation test 1,144,092 pairs of vocal Paired < 10100
segments
926,751,315 within &
Fig. 3g panel 1 Two-sided Wilcoxon rank-sum test 1’854’597’.921 hetween Independent < 10100
category instances of
neural distance
69,902,557 within &
Fig. 3g panel 2 Two-sided Wilcoxon rank-sum test 19 ’861’2.88 betean Independent < 10100
category instances of
neural distance
697,059,760 within &
Fig. 3g panel 3 Two-sided Wilcoxon rank-sum test 1’578’197’.393 hetaeen Independent < 10100
category instances of
neural distance
854,811,847 within &
Fig. 3g panel 4 Two-sided Wilcoxon rank-sum test 1’317’021’.524 Betean Independent < 10100
category instances of
neural distance
Fig. 41 1t column Two-sided paired t-test 4 budgerigars Paired 0.002
Fig. 41 2" column Two-sided paired t-test 4 budgerigars Paired 0.002
Fig. 41 3" column Two-sided paired t-test 4 budgerigars Paired 0.004
Fig. 41 4" column Two-sided paired t-test 4 budgerigars Paired 0.008
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O O OX OOOS

|Z| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  We used the RHX data acquisition software (ver. 3.1.0) from Intan Technologies to collect neural and audio data. The OlyVIA software (ver.
2.9.1) from Olympus was used to collect histological data.

Data analysis Spikes were sorted by Kilosort (ver. 1.0 and 2.5; https://github.com/MouselLand/Kilosort) and curated with Phy (ver. 2.0b6; https://
github.com/cortex-lab/phy). Sound Analysis Pro (ver. 2011; http://soundanalysispro.com/matlab-sat) was used to extract fundamental
frequencies of vocalizations. Rastermap (ver. 0.0.4; https://github.com/MouselLand/rastermap) was used to sort neurons in Fig. 3f.
Comparison of budgerigar vocal repertoire was performed using the variational autoencoder provided by Autoencoded Vocal Analysis (ver.
0.3.1; https://github.com/pearsonlab/autoencoded-vocal-analysis). Harmonic ratio was calculated by the 'harmonicRatio' function from the
Matlab Audio Toolbox (ver. 2023a; https://www.mathworks.com/help/audio/ref/harmonicratio.html). Other analyses were performed using
custom code (https://doi.org/10.5281/zenodo.14057061) written in Matlab 2023a.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data used in this study has been uploaded to Zenodo (https://doi.org/10.5281/zenodo.14057061). The Switchboard Telephone Speech Corpus is accessible through
the Linguistic Data Consortium (https://catalog.ldc.upenn.edu/LDC97562), and annotations of the corpus are provided by The Institute for Signal and Information
Processing (https://isip.piconepress.com/projects/switchboard/).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Numbers of birds (four budgerigars and seven zebra finches) were chosen according to previously published electrophysiological studies in
birds (Egger et al., 2020; Elmaleh et al., 2021 and 2023). Numbers of vocalizations (see main text) are commensurate with a previous single
neuronal study of human speech production (Khanna et al., 2024).

Data exclusions  All well-isolated AAC neurons were included for analysis. Detailed statements are made in the methods, if analyses focus on a subset of
vocalizations (e.g., on vocal elements where pitch could be estimated).

Replication Only one experiment was performed in a single budgerigar. In total, data were collected from four budgerigars. Results are highly consistent
across the four budgerigars.

Randomization  There was only one experimental group in the study, to which all four budgerigars were assigned. In the playback experiment, the order of
vocalizations was randomized. The budgerigars were originally obtained from an outside breeder (open colony).

Blinding There is no group allocation in the experimental design. Cross validation techniques were adopted to avoid overfitting and double-dipping.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Antibodies

Clinical data
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Plants

Involved in the study

Eukaryotic cell lines

n/a | Involved in the study

& |:| ChiIP-seq
& |:| Flow cytometry

Palaeontology and archaeology & |:| MRI-based neuroimaging

Animals and other organisms

Dual use research of concern

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Four adult (> 240 days posthatch) male budgerigars (Melopsittacus undulatus) and seven adult (> 90 days posthatch) male zebra
finches (Taeniopygia guttata) were used in this study.

This study does not involve any wild animals.
Data were only collected from male birds in this study.
We did not use any field-collected samples.

All animal maintenance and experimental procedures conformed to the guidelines established by the Institutional Animal Care and
Use Committee at the New York University Langone Medical Center.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was upplied: ) )
Describe-any-atithentication-procedtures foreach seed-stock-tised-or-novel-genotype generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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