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Extended Data Fig. 1 | Response times reflect Bayesian integration. (A) 
Response time across birds for correct versus incorrect trials. (B; top) The 
imposed prior probability in the task for each condition. (B; bottom) Average 
response time over morph for each cue condition (mean and 95% bootstrapped CI). 
(C) Response time over the morph for each bird (mean and 95% bootstrapped CI).  

(D) Decay constants of exponential decay fit to reaction time as a function of 
distance from decision boundary, in relation to the slope of the fit psychometric 
function, for each bird and morph. Point colors reflect the morph categories (as 
in Fig. 3G) (Pearson’s correlation, n=121).
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Extended Data Fig. 2 | Recording sites. (A) Diagram of auditory input to the 
songbird brain. Nuclei OV projects to the primary auditory region Field L, which 
has bidirectionally projections with NCM and CMM. NCL (not pictured), lateral to 
NCM, additionally exhibits bilateral projections with Field L. (B) A visualization of 
recording sites, shown over top of the starling brain atlas65. Colors are consistent 
with panel A, with NCL being shown in purple. (C) The top of each panel shows a 

spectrogram of the morph stimulus played back. Below, a trace is shown for three 
cue conditions (No cue, P(Rl∣C) = 0.125, and P(Rl∣C) = 0.875) corresponding to the 
average Gaussian convolved spike vector and 95% CI for active trials. Below the 
trace are sample spike rasters for each cue condition, where each row is a trial. 
Below the rasters, the sample trace and raster plots are repeated for the same unit 
in the passive trial condition.

http://www.nature.com/natureneuroscience
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Extended Data Fig. 3 | An outline of the acuity trade-off model. (A) A decrease 
in measurement/representational noise reduces similarity and improves 
discriminability between stimuli. (B) When stimuli are sampled from regions 
of stimulus space that are sufficiently close to one another, similarity increases 
in the task-relevant dimension. (C) The difference between similarity matrices 
for the left-cued and right-cued syllables, based upon the 1D task-relevant 
model. The example from (A) and (B) are marked as dots with arrows pointing 
towards them. (D) Empirical results from our study. The observed shift in spike 
train vector cosine similarity for left-cued minus right-cued trials. The shift is 
depicted here is averaged across units and morphs. Compare to (C), where the 

diagonal does not match the predictions from the 1D model. (E) Predictions of 
the acuity trade-off model. If there are 0 task-irrelevant dimensions, points that 
are close to each other in stimulus space will become more similar because noise 
in measurement is reduced. As more task-relevant dimensions are added, the 
similarity of close points decreases. (F) A scatterplot of the noise in measurement 
for task-relevant and irrelevant dimensions under the acuity trade-off model. 
When a stimulus is cued, the noise in measurement is reduced in a task-relevant 
dimension (here the morph dimension) and noise is increased in another 
dimension.

http://www.nature.com/natureneuroscience
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Extended Data Fig. 4 | Maximum Noise Entropy encoder model fit to neural 
data. (A) A sample MNE receptive field prediction. (top) Raw spectrogram of 
the target syllable on an individual trial. (middle) Actual (red) and receptive field 
model predicted (teal) spiking probability (same trial). (bottom) Raster plot of 
spiking events (same trial). (B) Correlation values between actual and predicted 
spiking for cue-valid vs. cue-invalid trials. Trial correlation values were averaged 

across valid or invalid trials for each unit on an example recording day (N = 98 
units). (C) Box plots for the distribution of trial averaged correlation values (as in 
H) for all units broken down by cue-validity and strength. (* indicates significantly 
increased correlation value for valid verses invalid trials, post-hoc t-test, Cue 
0.125, t(9078) = 19.5, p < 0.001; Cue 0.25, t(9377) = 18.2, p < 0.001; Cue 0.75, t(9379) 
= 18.6, p < 0.001; Cue 0.875, t(9101) = 17.0, p < 0.001).

http://www.nature.com/natureneuroscience
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Extended Data Fig. 5 | Example units (rows) for each brain region, showing stability in response profiles to example stimuli (columns) across days/weeks. The 
units shown are the 3 longest-held units for each brain region. PSTHs are shown for the 1-second reinforced stimuli.

http://www.nature.com/natureneuroscience
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Extended Data Fig. 6 | Spectrograms of 8 sample morph points (of 128 total) from each morph used in the experiment. The starting morph points are written above 
the left and rightmost syllables.

http://www.nature.com/natureneuroscience
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Extended Data Fig. 7 | Method for computing a neurometric function from a similarity matrix. SC1 (Similarity to Category 1) and SC1 (Similarity to Category 2) 
represent the within and between category similarities.

http://www.nature.com/natureneuroscience
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Extended Data Fig. 8 | Sample units for each subject sorted by the categoricality metric. Each plot depicts the average firing rate across a randomly sampled unit, 
sorted by the categoricality metric, with time on the X-axis and morph position on the Y-axis. Rows correspond to the subject written on the left.

http://www.nature.com/natureneuroscience
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Extended Data Fig. 9 | Sample units for each morph sorted by the categoricality metric. Each plot depicts the average firing rate across a randomly sampled unit, 
sorted by the categoricality metric, with time on the X-axis and morph position on the Y-axis. Rows correspond to the morph written to the left.

http://www.nature.com/natureneuroscience
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 

in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

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

n/a 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 

Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description 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) 

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 

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

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 Electrophysiology data were collected using Open Ephys. Behavioral data were collected using the pyoperant package for Python.

Data analysis Data analyses are all in Python, and are available on GitHub (https://github.com/timsainb/cdcp_paper).  

Software versions: 

 Tensorflow              2.0.0 (for VAE) 

Librosa             0.10.2 (audio processing) 

scipy                    1.10.1 (signal processing) 

numpy                1.23.5 

scikit-learn              1.2.1 (model fitting) 

statsmodels               0.13.5 (model fitting) 

lmfit                    1.1.0 (model fitting)

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 

 

All code for analysis are available on GitHub upon publication (https://github.com/timsainb/cdcp_paper).  

Ephys and behavioral data have been deposited to Zenodo (https://zenodo.org/records/7363595).

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 

other socially relevant 

groupings

N/A

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 20 European starlings were used (10 for behavior only). This number was chosen to provide sufficient behavioral data across subjects, as well 

as a large sampling of neural populations Sample size was chosen to match prior sample sizes used in our lab

Data exclusions No data were excluded.

Replication A description and scripts for the behavior are avaliable with the analysis code. Ephys coordinates are provided.  

A single dataset was created and analyzed, for which most analyses, except where noted in the manuscript (e.g. bootstrapping), were 

deterministic.

Randomization The same conditions were presented to each subject in our experiment, with only the neural recording location differing. 

Blinding Conditions were constant across subjects. 

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

n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

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 No laboratory animals were used

Wild animals European starlings, wild-caught. Sex unknown, age unknown. Starlings were caught by a 3rd party airport groundskeeper and 

transferred to UCSD. They were then kept in an outdoor aviary until used in our experiment. Animals used in physiology experiments 

were sacrificed after the experiment using approved university protocols. Behavioral subjects were kept to be used in additional 

experiments. 

Reporting on sex We were not able to sex the subjects. 

Field-collected samples No field collected samples were used.

Ethics oversight All procedures were approved by the Institutional Animal Care and Use Committee of the University of California (S05383)

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

Novel plant genotypes 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 applied.

Seed stocks 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.

Authentication Describe any authentication procedures for each seed stock used 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.

Plants




