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The performance of courtship signals provides information about the behav-

ioural state and quality of the signaller, and females can use such information

for social decision-making (e.g. mate choice). However, relatively little is

known about the degree to which the perception of and preference for differ-

ences in motor performance are shaped by developmental experiences.

Furthermore, the neural substrates that development could act upon to influ-

ence the processing of performance features remains largely unknown. In

songbirds, females use song to identify males and select mates. Moreover,

female songbirds are often sensitive to variation in male song performance.

Consequently, we investigated how developmental exposure to adult male

song affected behavioural and neural responses to song in a small, gregarious

songbird, the zebra finch. Zebra finch males modulate their song performance

when courting females, and previous work has shown that females prefer the

high-performance, female-directed courtship song. However, unlike females

allowed to hear and interact with an adult male during development, females

reared without developmental song exposure did not demonstrate behaviour-

al preferences for high-performance courtship songs. Additionally, auditory

responses to courtship and non-courtship song were altered in adult females

raised without developmental song exposure. These data highlight the critical

role of developmental auditory experience in shaping the perception and

processing of song performance.
1. Introduction
Across species, the performance of courtship signals provides information about

the signaller that can be used by receivers for mate selection (reviewed in [1]). In

songbirds, variation in the pitch, tempo and consistency of acoustic signals pro-

vides information about the species, individual identity, intention and even

emotional state of the signaller [1–3]. Moreover, there is accumulating evidence

that females choose mates based on variation in the performance of acoustic fea-

tures that provide reliable information about the skill or vigour of the signaller

and that these performance measures provide more accurate information about

signaller quality and condition than ornaments alone [1,4,5].

Sexual selection theory predicts the evolution of strong discrimination abil-

ities that allow females to readily assess male quality and distinguish between

potential mates [6]. Sensory biases can shape discrimination abilities and may

lead to preferences for particular signal features that arise independently of

experience [7–17]. As such, the ability of females to perceive differences in

motor performance might be expected to be independent of specific develop-

mental input. Consistent with this notion, female canaries prefer songs that

contain high-performance phrases, and the song preference is apparent in

females raised under a variety of tutoring regimes as well as in females

raised without song exposure [9,18–20]. Similarly, studies in zebra finches

have found that preferences for songs with more elements or greater ‘complex-

ity’ are not affected by developmental experiences [14]. These data suggest that
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female preferences for performance measures could arise

independently of developmental experiences.

Developmental experiences have been shown to signifi-

cantly influence female preferences. For example, female

zebra finches appear to mate assortatively according to

brood size, with females raised in large broods preferring

songs of males raised in large broods [12,21]. However,

these studies have not directly measured how developmental

experiences affect the influence of specific song features,

including song performance features, on song preferences.

Nor have they investigated how developmental experience

could affect the functional organization of neural circuits

that contribute to female preferences.

In zebra finches, males sing the same vocal elements

(syllables) in the same sequence during courtship and non-

courtship song, but adjust their performance of those elements

depending on the audience [22–24]. Females are sensitive to

the changed song performance, and even females who have

not had adult mating or social interactions with males prefer

courtship song over non-courtship song [23]. One striking

characteristic of a male zebra finch’s courtship song is that syl-

lables are produced with a high degree of consistency from

rendition to rendition that is significantly greater during court-

ship song than during non-courtship song. Because higher

vocal consistency is associated with breeding, courtship sing-

ing and greater reproductive success in other songbird

species, vocal consistency has been argued to be a key per-

formance metric that could influence female choice [25]. In

line with this idea, the strength of preference for a zebra

finch male’s courtship song over his non-courtship song is

best predicted by the difference in syllable consistency

between courtship and non-courtship songs [23]. While

female zebra finches are sensitive to subtle differences in

song performance, it is unclear whether developmental factors

shape the perception and neural processing of the perform-

ance feature of vocal consistency. Here, we investigated the

degree to which preferences for high-performance courtship

songs are influenced by developmental experiences.
2. Material and methods
(a) Animals
Female zebra finches were either raised in our colony (n ¼ 58) or pur-

chased from a breeder (n¼ 13). Within our colony, we raised females

in one of two conditions. One set of females (normally reared) was

raised with both parents and all siblings until two months of age.

Thereafter, these females were removed from their nests and

housed in same-sex group cages (43� 43� 43 cm). The second set

of females (song-naive) was raised in sound-attenuating chambers

(‘soundboxes’; TRA Acoustics, Cornwall, Ontario) with only their

mother and siblings. Fathers were removed 5–7 days post-hatch,

which is well before when females appear to memorize their father’s

songs [26], and male siblings were removed soon after fledging

(35–40 days post-hatch). Song-naive females remained with their

mothers and female siblings until two months of age, after which

they were housed in all-female group cages (43 � 43� 43 cm)

inside sound-attenuating chambers. Birds were kept on a 14 L :

10 D photoperiod and provided finch seed, grit and water ad

libitum, and lettuce and egg food at least once per week.

(b) Female preference testing
We assessed female preferences for songs using callback assays

(e.g. [27–29]). Adult females (more than 120 days; n ¼ 12
normally reared and 15 song-naive females from 13 different

nests (electronic supplementary material, table S1)) were

moved into individual cages (20 � 20 � 20 cm) in soundboxes

at least 24 h prior to testing. Each soundbox was equipped

with an omnidirectional microphone (Countryman Associates,

California), a video camera (PalmVid, Colorado) and a speaker

(Avantone, New York). Testing was performed between 09.00

and 14.00 h over the course of 7 days.

A callback test for each stimulus consisted of a 15 min silent

period (pre-stimulus) followed by a ‘stimulus’ period that

included a 5 min block of song playback followed by a 10 min

period of silence. For each 5 min block of song playback, exem-

plars of an individual adult male zebra finch’s courtship or

non-courtship songs were played in pseudorandom order

using custom-written Matlab software (Matlab, MathWorks,

Natick, MA, USA). Each song stimulus was played two to

three times with a 1 s interval between song exemplars. Females

were tested on songs from 14 different males and received no

more than four tests in a single day (e.g. courtship and non-

courtship songs from two males). The orders of exposure to

the songs of different males and to the songs from different

social contexts were randomized both within and across days for

each female. Overall levels of calling were not different between

experimental groups, between first and last tests in the day and

across days (see electronic supplementary material, table S2).

Sound was recorded continuously throughout the entire period

of testing using Sound Analysis PRO v. 2011.104 (SAP).

We counted the number of calls produced by females during

the pre-stimulus and stimulus periods. Calls were identified

either manually on spectrograms by an observer blind to the exper-

imental condition or using automated software custom-written

in Matlab. For both approaches, we first determined syllable

boundaries for all calls using an amplitude-based segmentation

algorithm [22,23,30]. For automated syllable identification, we

first manually labelled at least 30 call renditions for each female.

We then measured seven acoustic features (mean frequency, sylla-

ble duration, frequency and amplitude slopes, spectral entropy

(entropy of the spectral density, ESD), spectrotemporal entropy

(STE) and amplitude entropy), which we used to create feature vec-

tors for automated call detection. We manually verified the

labelling of the first 50 calls from each day of testing for all birds.

The algorithm was highly accurate and reliable, with 99.2+0.3%

(mean+ s.e.m.; range: 98.8–99.8%) of all calls properly labelled.

All calls produced during song playback were manually labelled

because calls frequently occurred during the song stimulus itself,

making them difficult to identify through automated procedures.
(c) Stimuli
Stimuli were courtship and non-courtship songs from 14 males

that were unfamiliar and unrelated to the females being tested.

Males were either from our colony at McGill University or

from a colony at the University of California, San Francisco

(songs recorded between 2004 and 2010). Song recordings were

performed as previously described [23,31].

Zebra finch song consists of vocal elements (syllables)

arranged in a stereotyped sequence (motif ). Multiple motifs are

strung together to form a ‘song bout’, and bouts are preceded

by soft, simple introductory notes (figure 1a). Males sing

the same syllables in the same sequence for courtship and non-

courtship songs; as such, the macro-structure of courtship and

non-courtship songs are highly similar. However, male zebra

finches make subtle but significant adjustments to their song per-

formance across these social contexts. We created courtship and

non-courtship stimulus sets for each male by selecting four to

eight renditions each of courtship and non-courtship songs, con-

firmed to be free of noise, as previously described [23,31]. All

songs were bandpass-filtered (0.3–8.0 kHz), smoothed (Hanning
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Figure 1. Developmental song exposure shapes behavioural responses to
song. (a) Spectrogram of non-courtship song from a male zebra finch. For
all songs, we counted the number of introductory syllables (black bars)
and number of motifs per bout (grey bars). We also measured the mean
and CV of the FF across renditions of syllables with flat harmonic structure.
Arrows highlight two renditions of two different syllables (black versus grey)
where the FF would be the lowest frequency band. The ESD and STE were
measured for all syllables. (b) Social modulation of a number of song fea-
tures. Positive values indicate an increase and negative values indicate a
decrease in the feature from non-courtship to courtship singing. Points are
the average for each male, black lines indicate the mean across males. All
features, except for the ESD ( p ¼ 0.1040), were significantly different
from 0 at p , 0.05 (see Results). (c) Mean (+s.e.m.) responses of normally
reared (filled circles) and song-naive females (open circles) to courtship and
non-courtship songs of 14 different males (Male ID). Overall, normally reared
females called more in response to courtship song than to non-courtship
song, indicated by the positive preference score (difference in calling to court-
ship and non-courtship songs). By contrast, song-naive females did not call
more in response to courtship song. Mean values across all Male IDs shown at
right. *indicates significant effect of rearing condition at p , 0.05; #indicates
significantly different from zero at p , 0.05.
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window) and normalized by the maximum amplitude. We

added 2 ms of silence to the beginning and end of the song

bout, cosine ramped the stimuli to avoid sharp onsets and offsets

in amplitude, and saved the stimulus as a wav file (44.1 kHz).

(d) Immunocytochemistry and imaging
To investigate how developmental auditory experiences shape

neural responses to courtship and non-courtship song, we ana-

lysed immediate early gene expression in response to song

playback in song-naive and normally reared females. Adult

song-naive and normally reared females (n ¼ 40; more than 90

days old) that had not received any behaviour tests were placed

individually in a cage inside a soundbox for at least 24 h prior to
experimentation. On the morning of the experiment, lights were

turned off at least 2 h prior to song playback (30 min of song at

1 s intervals) of either the courtship or non-courtship songs of

one male zebra finch. After song playback, females remained in

the dark, undisturbed, for 45 min to allow for protein translation

[23,32]. Playback was performed in the dark to minimize female

calling. Silent controls (n ¼ 4; more than 90 days old) were females

who did not receive song playback but were otherwise treated

identically to birds receiving playback. Females were then deeply

anaesthetized with isoflurane vapour and transcardially perfused

with 25 ml heparinized saline (100 IU 100 ml21) followed by

150 ml of 4% paraformaldehyde (pH ¼ 7.4). Brains were collected

and post-fixed for 4 h, then cryoprotected in 30% sucrose. Sagittal

sections from the left and right hemispheres were cut at 40 mm

(Leica Biosystems, Wetzlar, Germany) and stored in 0.025 M

phosphate-buffered saline (PBS) with sodium azide at 48C.

We analysed the expression of the immediate early gene

protein EGR1 using standard immunocytochemical procedures

[31,33–35]. In each immunocytochemical batch (n ¼ 10 batches),

we processed every third section from a bird from each exper-

imental group: (i) song-naive birds that heard courtship song;

(ii) song-naive birds that heard non-courtship song; (iii) normally

reared birds that heard courtship song; and (iv) normally reared

birds that heard non-courtship song. Females included in each

batch all heard the songs of the same male. We also included a

silent control bird in four immunocytochemical batches to con-

firm that playback increased EGR1 expression in auditory

processing areas. Brain sections underwent 3�10 min rinses in

0.025 M PBS followed by a 1 h incubation in 5% donkey serum

and 0.3% Triton-X. Sections were then incubated for 48 h at

48C in primary antibody: rabbit anti-EGR1 (1 : 1000 dilution;

Cat# SC-189; Santa Cruz Biotechnology, Santa Cruz, CA, USA)

and either sheep anti-tyrosine hydroxylase (TH; n ¼ 6 batches;

1 : 1000 dilution; Cat# NB300-110, Novus Biologicals, Littleton,

CO, USA) or mouse anti-NeuN (n ¼ 3 batches; ‘Neuronal

Nuclei’; 1 : 1000 dilution; Cat# MAB377; EMD Millipore,

Billerica, MA, USA). Sections were then washed (3�10 min),

incubated for 2 h at room temperature in donkey anti-rabbit sec-

ondary antibody conjugated to Alexa Fluor 568 (for EGR1;

5 ml ml21; Life Sciences, Burlington, ON, Canada) and either

donkey anti-mouse secondary antibody conjugated to Alexa

Fluor 488 (for NeuN; 5 ml ml21; Life Sciences) or donkey anti-

sheep secondary antibody conjugated Alexa Fluor 488 (for TH;

5 ml ml21; Life Sciences), and washed again (3�10 min). Sections

were mounted and cover-slipped (ProLong Gold Antifade

Reagent, Life Sciences) on chromium-aluminium subbed slides.

EGR1-labelled cells were quantified within three auditory

areas, the dorsal part of the lateral mesencephalic nucleus (hom-

ologue of the inferior colliculus, IC), the caudomedial

mesopallium (CMM) and the caudomedial nidopalium (NCM).

Regions were identified as previously described [23,36]. Mono-

chrome photomicrographs of EGR1 expression were taken for

each region of interest in each hemisphere with a 40� objective

using a Zeiss Axio Imager upright microscope and an AxioCam

MRm Zeiss camera (Carl Zeiss, Jena, Germany). Using Fiji ima-

ging software (NIH), EGR1-immunoreactive (EGR1-ir) neurons

were manually counted in a 225 � 170 mm window on multiple

sections (6.0+1.0 sections region21), and counts were averaged

across sections within each hemisphere.
(e) Analysis
(i) Callback tests
We characterized a female’s response to song as the per cent

change in calling behaviour in response to stimulus playback:

Call Response ¼
CALLSstimulus – CALLSpre-stimulus

CALLSstimulus þ CALLSpre-stimulus
� 100:
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If a female failed to call at least five times during both the

pre-stimulus and stimulus periods for a callback test, her

responses for that male’s song were dropped from the analysis.

All females heard courtship and non-courtship songs from

multiple males. We calculated the difference in call responses

between courtship and non-courtship songs for each male

stimulus set (e.g. response to courtship song minus response to

non-courtship song for male A), and used this difference as

our ‘preference score’. In other words,

Preference Score ¼ Call ResponseCourtship

� Call ResponseNon-courtship:

Positive preference scores indicate more calling for courtship

songs and suggest courtship song preferences, whereas negative

preference scores indicate more calling for non-courtship songs

and suggest preferences for non-courtship songs.

We investigated the effects of developmental song exposure

and male song stimuli (n ¼ 14 male stimuli) on preference

scores using a mixed-effects model. In this model, rearing con-

dition, male ID and the interaction were independent variables,

while preference score was the dependent variable. We included

female ID as a random variable as females were tested on mul-

tiple stimuli. Nest of origin did not influence preference scores

so was not included in the model (electronic supplementary

material, tables S1 and S2). In a separate analysis to investigate

agreement in preference between rearing conditions, we averaged

the preference scores for a male’s song across females within

each rearing condition and assessed the Pearson’s product-

moment correlations between the average preference scores of

song-naive females and of normally reared females. To analyse

agreement in preference within each rearing condition, we com-

pared the coefficient of variation (CV; standard deviation/

mean) of preference scores for each male stimulus of normally

reared females and song-naive females using a paired t-test.
(ii) Song analysis
Studies of motor performance have focused on measures of the

quantity and quality of song performance [5,37]. Zebra finches

alter both types of measures across courtship and non-courtship

song. In particular, they produce longer, faster songs with more

consistent and less noisy syllable structure during courtship sing-

ing (reviewed in [38]). To investigate the measures that explain

variation in preference scores, we analysed the degree to which

changes in song features from non-courtship to courtship song

for each male covaried with mean preference scores.

We measured seven features of our stimuli to summarize con-

text-dependent differences in the quantity and quality of

performance. Specifically, we used two song features as measures

of context-dependent changes in song quantity: we counted the

number of introductory notes and the number of motifs per

bout (figure 1a). To summarize context-dependent changes in

song quality, we analysed four spectral features and one temporal

feature. The four spectral features of syllables included the mean

and variability of the fundamental frequency (FF), the mean

entropy of the spectral density (ESD) and the mean STE. We

measured the FF in syllables with flat, harmonic structure and

calculated the mean (FFmean) and coefficient of variation (standard

deviation/mean) of the FF across renditions (FFcv; figure 1a;

[22,23,39]). We measured the ESD and STE for all syllables

[40,41]. While such measures of entropy have not been historically

discussed as performance measures (e.g. [4]), they exhibit many of

the hallmarks of features of high-performance signals. For

example, ESD and STE of individual syllables decrease over the

course of learning and are precisely controlled by neural inputs

to the syrinx from song control circuitry [41–46]. Moreover, the

ESD is modulated by social context in adults and regulated by

activity in brain areas that control other song performance features
[41]. ESD is the entropy of the Fourier transform of the entire syl-

lable collapsed across time, and normalized ESD values range

between 0 (pure tones) and 1 (white noise). STE is the entropy

of the distribution of power in the time-frequency representation,

calculated using non-overlapping 8 ms Hanning windows.

Finally, in addition to these four spectral features, we also

measured context-dependent changes in motif duration (i.e. dur-

ation from the onset of the first syllable of the motif to the onset

of the last syllable of the motif: [22,23]) as a temporal measure of

song quality.

For all song features, we calculated, for each male, the mean

value within each singing context (courtship versus non-courtship).

We then calculated the degree of ‘social modulation’ for each song

feature as the per cent change between courtship and non-courtship

song for each male:

Social modulation ¼ courtship� non - courtship

non - courtship
� 100:

We defined the social modulation of song tempo as the negative of

the social modulation of motif duration (i.e. a decrease in the motif

duration ¼ a faster song tempo). For the FFmean, FFcv, ESD and STE,

we calculated the social modulation for multiple syllables for each

male (two to three syllables per male for FF measures, 5–12 sylla-

bles per male for the ESD and STE) then took the average social

modulation across syllables for each male. For each song feature,

we used Wilcoxon’s signed-rank tests to identify whether the

social modulation was significantly different from 0.

We investigated whether preference scores for an individual

male’s courtship song were correlated with the degree of social

modulation of each song feature using full-factorial ANCOVAs.

For this model, rearing condition (normal versus song-naive),

the social modulation of that feature for each male (n ¼ 14

males) and the interaction were independent variables. Mean

preference score associated with each male’s song was the depen-

dent variable. When the interaction between rearing and the

degree of social modulation of a song feature was significant,

we performed linear regressions of social modulation in

the song feature and preference scores independently for

song-naive and normally reared females.
(iii) EGR1 expression
We quantified EGR1 expression in left and right hemispheres

and then analysed whether rearing condition or stimulus context

(courtship versus non-courtship) influenced EGR1 expression.

We used a full-factorial design with stimulus context, rearing

condition, hemisphere and all possible interactions as the inde-

pendent variables. We included batch and bird ID nested

within batch as random variables and analysed the number of

EGR1-ir cells mm22 as the dependent variable. We found no

significant effects of hemisphere for any of the brain regions

and, thus, report only the results for stimulus context, rearing

condition and their interaction. We did not include silent controls

in the statistical analyses but present them for visual comparison

in the figures. However, we confirmed that song playback

increased EGR1 expression in auditory processing areas

(IC: F1,28 ¼ 520.8 p , 0.0001; CMM: F1,22 ¼ 33.0, p , 0.0001;

NCM: F1,22 ¼ 5.5, p ¼ 0.0287).

For all analyses, statistics were done using JMP 11.2.0 (Cary,

NC, USA). For all mixed-effects models, we used unbounded

variance components and the restricted maximum-likelihood

method to fit the data. We used least-squared Tukey’s HSD,

within the mixed model, for all post hoc tests. We used t-tests

(normally distributed data) or Wilcoxon’s signed-rank tests

(non-normally distributed data) to test whether distribution

means were significantly different from zero and set a , 0.05

for all tests unless otherwise noted.
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3. Results
(a) Normally reared, but not song-naive, females

consistently prefer courtship song
We analysed the responses of normally reared and song-naive

females to playback of the courtship and non-courtship

songs of 14 males. On average, the courtship songs of these

males were longer (number of motifs per bout: W1,13 ¼ 28.0,

p ¼ 0.0269) and preceded by more introductory notes

(W1,13 ¼ 27.5, p¼ 0.0574) than non-courtship songs. In addition,

their courtship songs contained syllables with higher FFmean

(W1,13 ¼ 36.5, p¼ 0.0081), lower FFcv (W1,13 ¼ 232.5, p¼
0.0215) and lower ESD (W1,13 ¼ 226.5, p ¼ 0.1040), and were

produced at a faster tempo (W1,13 ¼ 237.5, p¼ 0.0061) than

non-courtship songs (figure 1b).

We then investigated whether rearing condition affected

behavioural responses to courtship and non-courtship

songs. Consistent with an effect of developmental auditory

experience on song preferences, we found that preference

scores (difference in calling response between courtship and

non-courtship song stimuli; see Material and methods) were

significantly higher for normally reared than for song-naive

females (electronic supplementary material, table S3;

figure 1c; F1,25 ¼ 6.4; p ¼ 0.0181). Moreover, preference

scores of normally reared females were significantly greater

than zero (t1,13 ¼ 2.5; p ¼ 0.0257), suggesting an overall pre-

ference for courtship song. By contrast, preference scores of

song-naive females were both positive and negative and

not different from zero (t1,13 ¼ 20.2; p ¼ 0.8475), indicating

no overall direction of the preferences. Thus, normally

reared but not song-naive females consistently prefer the

high-performance courtship song.

Previous work has found decreased response magnitudes

by song-naive birds [47]. One possibility is that the difference

in preference between normally reared and song-naive birds

could arise if song-naive females show similar response pat-

terns to individual stimuli as normally reared birds, but with

diminished response magnitudes. To investigate this possi-

bility, we correlated the preference scores of normally reared

and song-naive females for each of the 14 male songs but

found no significant correlations between females from the

different experimental groups (R2 ¼ 20.0009, p ¼ 0.9185).

Together with the analysis of mean preference scores, this

analysis indicates that the response profiles of song-naive

females were distinct from those of normally reared females.

While there were differences between the rearing con-

ditions in the preference for courtship song, we found that

within each rearing condition females expressed similar pre-

ferences. In particular, the variance (CV) of preference scores

within each rearing condition was generally low and did

not differ between normally reared and song-naive females

(electronic supplementary material, figure S1; W1,13 ¼ 8.5;

p ¼ 0.6257).
(b) Developmental song exposure affects the
relationship between song preferences and
the social modulation of syllable structure

Male zebra finches differ in the degree to which they alter

distinct song features across social contexts (figure 1a; [23]),

and developmental auditory experience could shape how
variation in the degree of social modulation of song features

relates to variation in female responses. We found that the

relationship between the degree of social modulation in

ESD and preference score varied between normally reared

and song-naive females (interaction: F1,12 ¼ 9.4; p ¼ 0.0098;

electronic supplementary material, table S3). In particular,

preferences for courtship song were stronger when the

courtship song syllables were less noisy (had lower ESD) than

non-courtship renditions for normally reared (figure 2a;

t1,13 ¼ 22.5; p¼ 0.0276; R2¼ 0.34) but not for song-naive

females (figure 2b; t1,13 ¼ 1.1; p¼ 0.2825; R2¼ 0.10).

Similarly, there was an influence of rearing condition

on the relationship between the social modulation of pitch

variability (i.e. per cent difference in FFcv between courtship

and non-courtship song) and preference scores (electronic

supplementary material, table S3; interaction: F1,12 ¼ 8.6;

p ¼ 0.0127). In normally reared females, there was no signifi-

cant relationship between song preference and the social

modulation of FFcv (figure 2c; t1,13 ¼ 21.6; p ¼ 0.1391; R2 ¼

0.17). By contrast, there was a trend for song-naive females

to show stronger preferences for a male’s courtship song

when it was more variable across renditions than his non-

courtship song (figure 2d; t1,13 ¼ 2.0; p ¼ 0.0671; R2 ¼ 0.25).

Rearing condition, however, did not significantly affect the

relationship between female preference scores and the social

modulation of other song features (electronic supplementary

material, table S3).

(c) Developmental song exposure modulates EGR1
responses to courtship and non-courtship songs

The behavioural data indicate that developmental song

exposure dramatically shapes the preference for courtship

and non-courtship songs. In order to gain insight into the

neural locus underlying this perceptual difference, we exam-

ined how developmental auditory experience affected

auditory responses to courtship and non-courtship songs

(i.e. stimulus context).

Developmental song exposure and stimulus context

significantly interacted to affect EGR1 responses in the cau-

domedial nidopallium (NCM; F1,27.3 ¼ 9.90; p ¼ 0.0040).

Specifically, EGR1 expression was modulated by the stimulus

context in normally reared but not in song-naive birds

(figure 3a). In normally reared birds, EGR1 expression was

significantly higher following playback of courtship song

than following playback of non-courtship song ( p ¼ 0.0006).

However, in song-naive birds EGR1 expression was not signifi-

cantly different in response to courtship or non-courtship song

( p ¼ 0.9998).

In the CMM, stimulus context but not developmental song

exposure affected EGR1 expression (figure 3b). Overall, EGR1

expression was significantly higher when normally reared

and song-naive birds heard courtship song than when they

heard non-courtship song (F1,26.8 ¼ 11.5; p ¼ 0.0021).

Finally, neither developmental song exposure nor stimulus

context affected EGR1 expression in the IC (all p . 0.20;

figure 3c).
4. Discussion
Vocal performance is hypothesized to represent a reliable

measure of male quality, and females have been found to
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preferentially respond to features indicating higher-

quality vocal performance [1,4,5,25,48,49]. However, little is

known about the degree to which developmental audi-

tory experiences shape a receiver’s ability to recognize and

discriminate such performance variation. Here, we demon-

strated that developmental exposure to song significantly

shapes behavioural and neural responses to socially modu-

lated variation in vocal performance in zebra finches.

A number of performance measures are significantly different

between courtship and non-courtship songs (figure 1b;

[22–24,41,50]). We found that normally reared females but

not song-naive females systematically preferred courtship

songs over non-courtship songs (figure 1c). Furthermore,

we found that the social modulation of distinct performance

measures differentially explained variation in song preference

for normally reared and song-naive females (figure 2). These

behavioural differences mapped onto differences in song-

induced expression of EGR1 in a region of the secondary

auditory cortex (figure 3). Specifically, in normally reared

females but not in song-naive females, hearing courtship

song led to greater EGR1 expression in the NCM than hear-

ing non-courtship song. These data indicate that

behavioural and neural responses to context-dependent

song modulation are critically shaped by developmental

auditory experiences.

Given that performance metrics can provide important

insight into male fitness, sexual selection theory predicts

the evolution of strong discrimination abilities in females

that allow them to readily assess male performance and

prefer signals that reflect heightened performance [6]. As
such, the ability of females to perceive differences in

motor performance might be expected to be independent

of specific developmental input. Vocal consistency has

been argued to reflect motor performance across a range

of songbird species, including zebra finches [37]. As in a

previous study [23], we observed that normally reared

females preferred songs with greater spectral consistency.

In particular, normally reared females showed stronger

preferences for courtship songs when courtship song sylla-

bles were performed with greater spectral consistency

(and lower spectral entropy) than non-courtship songs.

However, in contrast with the view that preferences for

high-performance songs are independent of development,

song-naive females did not show preferences for more

consistent songs. If anything, our data suggest that females

raised without developmental exposure to song prefer

noisier, more variable songs. As such, our data underscore

the importance of developmental auditory experiences to

the perception of and preference for performance measures

of courtship signals.

Female preferences for courtship signals have been pro-

posed to depend on a combination of innate predispositions

and ‘reference templates’ [51,52]. For example, a number of

studies have found that female zebra finches raised without

exposure to conspecific song continue to show preferences

for zebra finch song over canary song [12]. However, song-

naive female zebra finches failed to demonstrate preferences

for conspecific song when tested against heterospecific

songs that were closer in acoustic structure to zebra finch

song [53]. These studies suggest that whereas the auditory
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system of song-naive females may have relatively crude

innate filters for song discrimination, developmental

exposure to song is important for more fine-tuned song

responses. Our data support this contention. We find that

normally reared but not song-naive females behaviourally

discriminate between courtship and non-courtship songs,

which consist of the same syllables produced in the same

sequences but differ subtly in consistency, spectral entropy

and tempo. While our data underscore that the temporal or

spectral statistics of male song shape auditory processing cir-

cuits in female zebra finches, they leave open questions of

when and what kind of song exposure is necessary for the

development of preferences for high-performance courtship

songs. The lack of preferential responses to courtship song

could arise because of the lack of developmental song

exposure or because of enhanced tuning to the other

sounds available in the auditory scene (e.g. mother’s calls,

siblings untutored plastic song). Furthermore, it remains

unclear whether there is a definitive ‘critical’ period for audi-

tory preferences in female birds, and it will be interesting to

determine if adult auditory exposure can ameliorate percep-

tual deficits in song-naive females. Social and reproductive

experiences with males in adulthood have been found to

affect the magnitude of preferences for courtship song

[23,31], suggesting the possibility that adult social experi-

ences could also alter the behavioural responses of

song-naive females.

In addition to suggesting that developmental song

exposure is important for fine-tuning behavioural

responses, our data also indicate that different parts of the

auditory system demonstrate different degrees of develop-

mental plasticity. We found that EGR1 responses in the IC

and CMM were not affected by developmental song

exposure. By contrast, EGR1 responses in the NCM were

affected by developmental song exposure. Consequently,

our data support the contention that ascending auditory

regions may be less sensitive to developmental auditory

experiences (e.g. [53–55]) and that developmental influ-

ences on fine-tuned auditory responses are likely to be

mediated by developmental influences on forebrain circui-

try. However, it remains unclear how the dynamic
responses in NCM influence activity throughout the

neural circuits that underlie behavioural responses to

song. We propose that activity in NCM could be more influ-

ential in such social decisions because NCM neurons, but

not CMM neurons, project to more lateral parts of the

caudal nidopallium that have been implicated in decision-

making and that connect to arcopallial motor output

regions [56–59].

The NCM has been found to be critical for auditory

learning and memory [60–62]. Both neurophysiological

activity and EGR1 expression in the NCM show rapid and

lasting habituation to repeated playback of songs from the

same male, and this habituation is thought to reflect a

memory trace of the stimulus [62]. Our finding that EGR1

expression in the NCM is differentially affected by court-

ship and non-courtship song in normally reared females

but not in song-naive females raises the intriguing

possibility that song-naive birds may also exhibit deficits

in auditory learning and memory. Revealing the degree to

which normally reared and song-naive females differ

in sensory learning could lend further insight into

developmental contributions to brain organization, sensory

processing and cognition.
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