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RESEARCH ARTICLE

Auditory perception of self and others in zebra finches: evidence
from an operant discrimination task
Nicole Geberzahn1,*, Sándor Zsebők2,3 and Sébastien Derégnaucourt1,4

ABSTRACT
Vocal communication is essential for social interactions in many
animal species. For this purpose, an animal has to perceive vocal
signals of conspecifics and is often also required to discriminate
conspecifics. The capacity to discriminate conspecifics is
particularly important in social species in which individuals interact
repeatedly. In addition, auditory perception of self plays an important
role for vocal learners. A vocal learner has to memorise
vocalisations of conspecifics and to subsequently modify its own
vocalisations in order to match the memorised vocalisations. Here,
we investigated auditory perception of self and others in zebra
finches (Taeniopygia guttata), a highly gregarious songbird species
and vocal learner. We used laboratory colonies in which founder
males had been previously trained to produce the same song type.
This resulted in artificial dialects in the song of founders and their
offspring. We investigated whether those birds would be able to
discriminate between familiar and unfamiliar conspecifics based on
song. Furthermore, we examined whether they would classify their
own song as familiar or unfamiliar. We found that birds were able to
discriminate between songs of familiar versus unfamiliar
conspecifics, despite the fact that all songs were imitations of the
same song type. This suggests that such discrimination is possible
even based on songs with a high acoustic similarity. None of the
subjects classified their own song as unfamiliar. Three out of eight
males classified their own song as familiar. Thus zebra finches
might recognise their own song. Further experiments are needed to
confirm such self-recognition.

KEY WORDS: Conspecific discrimination, Self-perception, Bird’s
own song, Operant discrimination, GO-NOGO, Taeniopygia guttata

INTRODUCTION
The ability to discriminate among conspecifics plays an important
role for communication between pair members, parents and offspring,
members of a social group or rivals (Tibbetts and Dale, 2007). For
example, territorial songbirds often respond less aggressively to
playback of well-established territorial neighbours than to playbackof
strangers (the ‘dear enemy phenomenon’; Temeless, 1994),
demonstrating their ability for neighbour–stranger discrimination.
In oscine songbirds, this ability to discriminate based on song is

closely intertwined with their ability for vocal production learning
(sensu Janik and Slater, 1997; in the following referred to as vocal
learning). Vocal learning is a rare feature in the animal kingdom
(Janik and Slater, 1997; Knörnschild, 2014; Nowicki and Searcy,
2014). Next to learning of speech in humans, song learning in oscine
songbirds is a particularly well studied case of vocal learning.
Learning to modify one’s own vocalisations according to auditory
self-monitoring characterises the process of vocal learning as has
been shown for humans and songbirds: both must be able to hear
themselves in order to develop normal vocalisations (Doupe and
Kuhl, 1999). Such auditory feedback allows vocal learners to
compare their own vocal output with an internal model that they have
acquired when listening to vocalisations of conspecifics in order to
imitate them (Adret, 2004; Rossi and Derégnaucourt, 2020). In some
species, auditory self-monitoring continues to play a role in
maintaining stable vocal performance even in adulthood (reviewed
in Mooney, 2018).

A bird’s own song (BOS) is a salient signal when broadcast via a
loudspeaker. Song-selective neurons, found throughout the song
system, respond more to BOS playback than to equally complex
conspecific songs and may play a role in the evaluation of auditory
feedback during song learning (Brainard and Doupe, 2002; Ikeda
et al., 2020). Likewise, behavioural responses to BOS playback
suggest that an internal representation of BOSmay serve as a reference
aiding discrimination of individual conspecifics (McArthur, 1986;
Cynx and Nottebohm, 1992).

Here, we studied auditory perception of self and conspecifics in
zebra finches (Taeniopygia guttata). The zebra finch, an estridlid
finch, is a highly gregarious and thus non-territorial songbird with
male-only song production (Zann, 1996). This is one of the best
studied songbird species for its ease of reproduction in the
laboratory. Juvenile males learn their song during a sensitive
period early in life often from their father (Immelmann, 1969; Zann,
1996). Song is used by females for mate choice decisions (Riebel,
2009; but seeWang et al., 2017) but might also serve for intra-group
communication in this species. Under typical conditions, males of a
given colony would not all produce the same song type, as they
would have different male tutors – singing different song types –
from which to learn their song or different parts of their song. For
instance, Zann (1990) found that young males learned portions but
not necessarily the entire song of a specific individual of the same
colony, which was often but not always their father. The resulting
diversity of song types within a colony might facilitate the ability to
discriminate conspecifics. Discriminating conspecifics is probably
particularly important in highly gregarious zebra finches assumed to
live in fission–fusion societies. Vocal learning is thought to play a
crucial role in the production of individualised vocal signatures
(Elie and Theunissen, 2018). In fact, discrimination based on song
has traditionally been demonstrated for zebra finches producing
different song types (Clayton, 1988; Cynx and Nottebohm, 1992;
Gess et al., 2011).Received 24 July 2020; Accepted 1 February 2021
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In another songbird species, the song sparrow (Melospiza
melodia), males actually confused similar song types of different
singers, suggesting that song sparrow songs of the same type do not
easily allow identification of the singer (Beecher et al., 1994). In
contrast, in zebra finches, individual identity is coded not only in
learned song but also in unlearned calls (D’Amelio et al., 2017; Elie
and Theunissen, 2018), suggesting that discrimination of individual
conspecifics based on less individualised vocalisations is possible as
well. Furthermore, we have recently shown that zebra finches can
individually recognise conspecifics even if they all produce imitations
of the same song type (Geberzahn and Derégnaucourt, 2020). Such
individual recognition was based on individual variation in spectro-
temporal details of syllables, i.e. unique variants of syllables in that
same song type.
Here, we studied whether zebra finches can discriminate between

songs produced by unfamiliar versus familiar conspecifics despite a
lack of strongly individualised vocal signatures (i.e. when all
conspecifics sing the same song type). Furthermore, we investigated
whether zebra finches perceive BOS playback as song produced by
conspecifics of their own group or as song produced by unknown
individuals. To this end, we made use of two colonies of zebra
finches housed in visually and acoustically separated aviaries
throughout the experiment. Thus, even though those colonies were
completely separated from each other, they were both founded by
males having all vocally learned to imitate the same song type (L. Le
Maguer, N.G., L. Nagle and S.D., unpublished results).
We predicted that male zebra finches would be able to discriminate

songs of male individuals of their own colony from those of another
colony despite the fact that all the songs were imitations of the same
song type. We made this prediction because discriminating
conspecifics should be important in this highly gregarious species.
Given the prominent role of BOS as a salient signal, as revealed by
neurobiological and behavioural studies (reviewed in Derégnaucourt
and Bovet, 2016), and the fact that subjects should be very familiar

with their own song, we furthermore predicted that when having to
classify BOS playback either into the category (1) songs from
individuals of their own colony, i.e. familiar songs, or (2) songs from
individuals of an unknown colony, i.e. unfamiliar songs, male zebra
finches would classify BOS playback as song from a familiar subject
of their own colony.

MATERIALS AND METHODS
Subjects and housing conditions
For the operant conditioning procedure, we used eight adult male
zebra finches, Taeniopygia guttata (Vieillot 1817) aged 1778±
290 days (mean±s.d.) from one of our different communal aviaries
at the University Paris Nanterre, France, that are all acoustically and
visually separated from each other. Before and after the experiment,
these males were housed in the same mixed-sex aviary. Each bird
was identified using a numbered red-coloured ring. The colony in
this aviary was originally founded by males that had been selected
from amongst a pool of males according to the quality of their
imitation. These males had been trained previously to produce the
same song type by live tutoring or operant tutoring (Derégnaucourt
et al., 2013). Founders as well as their offspring could reproduce
freely over the course of about 400 days of a communal breeding
experiment. Our eight subjects were male offspring of this colony
and all sang an imitation of the same song type (Fig. 1; similarity to
the song model based on comparisons of one representative song
per subject with the song model: 82±16%, mean±s.d., percentage
similarity score procedure in Sound Analysis Pro; Tchernichovski
et al., 2000; http://soundanalysispro.com). These eight males had
hatched in six different clutches (subject 1522 and 1523 were from
the same clutch; subject 1567 and 1570 were from the same clutch).
We have no information about the identity of the social and genetic
parents of these male offspring, or about the genetic relationship
between them. Subjects had ad libitum access to a commercial
tropical seed mixture, egg food, cuttlebone, bird grit and water; the
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Fig. 1. Spectrograms of the song type produced by all males used in this study. Shown is one rendition produced by each of four subjects (from top to
bottom: 1510, 1522, 1567 and 1581). For better comparability, all spectrograms are aligned to the onset of the same syllable indicated by the triangle on top of the
first spectrogram.
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food was supplemented with fresh lettuce once a week. Subjects
were held on a 14 h:10 h light:dark cycle (lights on 08:00–22:00 h
Central European Time). This study was conducted according to
Association for the Study of Animal Behaviour guidelines on
animal experimentation as well as the European law on animal
experimentation. Experimental authorisation was provided by the
French Ministry for National Education, Higher Education and
Research (authorisation no. 02609.02).

Apparatus for operant conditioning
For the experiments, birds were transferred to custom-built sound-
isolation chambers measuring 58 cm×51 cm and 57 cm high
(internal measurements), lined with acoustic foam and containing a
metal wire cage equipped with two perches. Next to one perch,
subjects could peck on either of two keys (one situated to the right, the
other to the left of the perch). At the other end of the same perch to the
keys, a feeder (containing tropical seed mixture and egg food) was
located to which access was blocked by a transparent plastic window.
Access to food was possible only by mastering the task (see below),
which led to the plastic window being pulled up by a string connected
to the arm of a stepping motor (Modelcraft Premium RC-CarServo
4519DBB). A camera (Handykam 420TVL COL CCD 12V PAL)
placed inside the cage allowed monitoring of the birds’ behaviour. A
speaker (Yamaha Monitor Speaker MS101 III, frequency response:
30 Hz to 20 kHz) was placed behind the wire cage. All experimental
events were controlled and recorded by a custom-written MATLAB
program (see Gess et al., 2011) that we had slightly modified.

Experimental procedures
Social demonstration of the basic task
During this phase, subjects were continuously kept in the same
experimental cage together with an expert conspecific (either a
familiar male originating from the same colony or an unfamiliar
female), allowing them to observe the expert bird mastering the
basic task. Thus, both the subject and the expert conspecific had
access to the same operant keys and feeder. The basic task consisted
of pecking on the right key in order to elicit the playback of a song
and to subsequently peck on the left key to open the feeder for 10 s.
Subjects had access to cuttlebone, grit and water at all times. They
had access to tropical seed mixture and egg food in the feeder only if
the expert bird or the subject itself executed the basic task. The same
stimulus was used for all demonstration sessions. This stimulus was
a different song type from the stimuli used in the subsequent operant
discrimination task. We monitored the behaviour and the mass of
the birds in order to make sure that both the subject and the
demonstrator gained regular access to the feeder (if not, we
manually opened the feeder regularly for short periods of time).

Training phase – learning to discriminate the first set of stimuli
Once a subject reliably executed the basic task in the absence of the
expert conspecific, he received training to discriminate two
categories of song with a first set of stimuli (N=16 song stimuli).
As before, pecking the right key elicited the playback of one of those
stimuli. If a given stimulus belonged to the category GO (N=8 song
stimuli, see ‘Stimuli’, below, for further details) the bird had to
subsequently peck on the left key (i.e. to give a GO response) in
order to obtain access to food for 10 s. However, if the stimulus
belonged to the category NOGO (N=8 song stimuli), he had to
withhold such a pecking response as pecking in this case would
cause the light to go off for 10 s (constituting a mild punishment).
Stimuli were presented in repeating sets of 16 songs (8 GO stimuli
and 8 NOGO stimuli), but the order of stimulus presentation in each

set was random. Once a subject made correct responses to at least
75% of the stimuli for three or more consecutive blocks of 100 trials,
he was transferred to the next experimental phase of the protocol in
which he received a second set of stimuli. Two subjects failed to
reach this criterion. We transferred them to the next experimental
phase after their learning curves had reached an asymptotic plateau.
Whether they had reached such a plateau was evaluated visually on
figures plotting the percentage of correct responses as a function of
trials, indicating that the maximum rate of correct responses was
obtained. Both of them reached an average of 69% correct responses
over the last 5 blocks of 100 trials.

Generalisation phase – transfer to the second set of stimuli
During the generalisation phase, birds were exposed to a second,
novel set of stimuli (N=16 novel song stimuli). Eight of these stimuli
belonged to the same category as the GO stimuli in the previous
training phase (see ‘Stimuli’ below, for further details) and the other
eight belonged to the same category as the previous NOGO stimuli.
The aim was to test whether subjects had formed categories during
the training phase, and thus were able to transfer knowledge about
these categories from original stimuli to untrained stimuli or
whether they had learned how to respond to each single original
stimulus (rote memorisation of individual stimuli) without forming
categories. The birds had to reach the same criteria of correct
responses as in the training phase in order to be transferred to the
next phase.

The two sets of stimuli combined – acclimation to reduced rate
of reinforcement
In this phase, subjects were exposed to the two sets of stimuli
combined (N=32, 16 GO, 16 NOGO). This time stimuli were
presented in repeating sets of 32 songs, whereby the order of stimulus
presentation in each set was random. As soon as they reached the
criteria of correct responses (see ‘Training phase – learning to
discriminate the first set of stimuli’, above), the rate of reinforcement
for correct responses was lowered from 100% to 80% in order to them
get used to a reduced rate of reinforcement. Subjects were transferred
to the next experimental phase once they had reached the criteria of
correct responses (see ‘Training phase – learning to discriminate the
first set of stimuli’, above) with this lowered reinforcement rate.

Test phase – exposure to BOS
Each subject continued to respond to the 32 song stimuli (two
previous sets combined, random presentation within repeated sets of
32 stimuli, reinforcement rate at 90%, now considered as baseline
stimuli) and on 9% of the trials one of eight different renditions of
BOS was presented (BOS stimuli were never reinforced). The test
phase went on until a subject was exposed 25 times to each of the
eight renditions of BOS.

Additional generalisation phase
In an additional generalisation phase, birds continued to respond to
the 32 baseline song stimuli (two previous sets combined, random
presentation within repeated sets of 32 stimuli, reinforcement rate at
90%) and on 6% of the trials, one of 16 different novel stimuli
(recorded from 16 other males) from the categories GO (N=8) and
NOGO (N=8) was presented (they were never reinforced). This
additional generalisation phase served to test once more whether
subjects had formed categories during previous experimental
phases or whether they had learned how to respond to each single
stimulus without forming categories. This phase went on until a
subject was exposed 10 times to each of the 16 stimuli.
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Stimuli
All songs used as stimuli were undirected zebra finch songs recorded
frommales that were individually housed in sound-isolation chambers.
A microphone (Behringer C-2) was placed above the cage and songs
were digitally recorded into wav files (sampling rate: 44.1 kHz,
accuracy: 16 bit) using PreSonus Audiobox 1818VSL and Sound
Analysis Pro software run on a PC (Tchernichovski et al., 2004). Files
were high-pass filtered at 0.45 kHz and amplitudes were normalised to
90% (i.e. the maximum amplitude of the sound sequence was set to
90% of the dynamic range using Goldwave Inc. software; www.
goldwave.com/). All stimuli used from the training phase onwards
were imitations of the same song type. Stimuli were of similar duration
(2855±437 ms, mean±s.d.). Within each set of stimuli (for the training
and the generalisation phase), birds had to discriminate between eight
versions of this song type produced by four familiar males (two song
renditions of each male, ‘familiar songs’ in the following) versus eight
versions of this same song type produced by four unfamiliar males
(two song renditions of eachmale, ‘unfamiliar songs’ in the following).
Familiar males were members of the same colony as the subject (four
males chosen from a pool of N=48 males consisting of all the males of
the colony except the founder males). If subjects had received social
demonstration by a familiar male, songs of this familiar male were not
chosen as stimuli for this particular subject. Likewise, we obviously
did not chose song of the subject itself (BOS) from this pool of males
as familiar song. Unfamiliar males were members of a second colony
that had also been founded bymales imitating the very same song type,
but that the subject had never seen or heard before (four males chosen
from a pool of N=34 males consisting of all the males of the colony
except the founder males). Familiar and unfamiliar males all produced
the same song type. Members of these two colonies had always been
kept in different rooms and had thus never been in acoustic, visual or
physical contact. Four subjects received familiar songs as GO stimuli
and unfamiliar songs as NOGO stimuli and for the other four subjects
this association of familiar/unfamiliar songs with the categories GO/
NOGO was reversed. The sets of stimuli (for the training and the
generalisation phase) were chosen individually for each subject in such
a way that one familiar stimulus and one unfamiliar stimulus matched
each other in their similarity to the subject’s BOS (percentage
similarity score procedure in Sound Analysis Pro; Tchernichovski
et al., 2000; familiar: 63.3±10.2%, unfamiliar: 63.4±10.3%, means±
s.d.). This allowed us to rule out that a difference in similarity of BOS
when compared with familiar songs as opposed to when compared
with unfamiliar songs might bias the behavioural responses in the test
phase (when subjects were exposed to BOS). Furthermore, detailed
song analysis revealed high similarity between males of the two
colonies (fromwhich stimuli were chosen) in other aspects of the song
such as overall song bout structure, composition of syllable and
element repertoires as well as inter-syllabic gap distributions (L. Le
Maguer, N.G., L. Nagle and S.D., unpublished results).

Analyses
Analyses were conducted on individual and group levels (see
Spierings and ten Cate, 2016; Geberzahn and Derégnaucourt,
2020). Analysis on individual levels was carried out with a
binominal test and a subsequent Benjamini–Hochberg correction
for eight comparisons (Benjamini and Hochberg, 1995). To test for
group level differences between responses to stimuli from the
categories GO and NOGO in the generalisation phases, we used
general linear mixed-effect models. The proportion of GO
responses was the response variable. To control for a possible
impact of clutch identity, we included this variable as a predictor.
Subject identity was a random factor. To compare the proportion of

GO responses to BOS stimuli between those birds that had been
previously trained with familiar songs as GO stimuli and those that
had been previously trained with unfamiliar songs as GO stimuli,
we used a two sample t-test. We used R (version 3.5.0; http://www.
cran.r-project.org), except for the Benjamini–Hochberg corrections
which were calculated using spreadsheets.

In addition, we report d′, a measure of the ability to discriminate
stimuli taking into account potential response bias (Macmillan and
Creelman, 2005), using the formula:

d0 ¼ zðhit rateÞ � zðfalse alarm rateÞ; ð1Þ

where hit rate is the rate of correct responses to stimuli of the
category GO and false alarm rate is the rate of incorrect responses to
stimuli of the category NOGO (hit rate and false alarm rate being
terms established in signal detection theory; see Macmillan and
Creelman, 2005). One occasion of a proportion of 0 for hit rate was
converted to 1/(2N ) in order to avoid infinite values, where N is the
number of trials on which this proportion was based (Macmillan and
Creelman, 2005).

First generalisation phase
The proportion of hits (correct responses to stimuli of the category
GO) averaged over the first four exposures for each of eight stimuli
was measured against a binominal distribution with a probability
equivalent to chance level. The same was done for false alarms
(incorrect responses to stimuli of the category NOGO). Chance level
was calculated for each subject based on his individual performance
just before the transfer to the novel set of stimuli. To this end, we
first calculated for each subject the proportion of hits over the last
four exposures for each of eight stimuli in the preceding training
phase. Then, we likewise calculated for each subject the proportion
of false alarms over the last four exposures for each of eight stimuli
in the preceding training phase. Chance level was then calculated as
the mean of these two proportions following the formula: chance
level=(proportion of hits in preceding phase+proportion of false
alarms in preceding phase)/2.

We only considered the last four exposures of the training phase
in order to capture the performance right at the end of the training
phase. Likewise, we selected only the first four exposures of each
stimulus in the generalisation phase to reduce the risk that birds had
already learned to associate this new set of stimuli with the
categories GO and NOGO (note that in this first generalisation
phase all stimuli were reinforced). In addition to the individual-
based analysis, we conducted a comparison of the proportion of
correct responses to each stimulus of the category GO (first four
exposures for each of eight stimuli) and the incorrect responses to
each stimuli of the category NOGO (first four exposures for each of
eight stimuli) of the generalisation phase at the group level. We also
report the mean and s.e.m. for d′ values over all subjects.

Test phase – exposure to BOS
The proportion of GO responses to BOS stimuli (first four
exposures for each of eight stimuli) was measured against a
binominal distribution with a probability equivalent to chance level.
Here, chance level was individually calculated as the grand mean of
the average of GO responses to the last six presentations of GO (i.e.
hits) and the average of GO responses to the last six presentations of
NOGO stimuli (i.e. false alarms) prior to a given BOS stimulus
presentation, thus reflecting the performance to already well known
stimuli (baseline stimuli) during the test phase. We selected only the
first four exposures of each BOS stimulus because cumulative plots
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of pecking responses to BOS stimuli showed asymptotic curve
shapes suggesting a gradual decline (Fig. S1), probably due to the
fact that the birds learned over the course of this experimental phase
that BOS stimuli were never reinforced. Such a decline was not yet
visible during the first 32 stimulus presentations (corresponding to
four presentations of each of eight stimuli).

Additional generalisation phase
The proportion of correct responses to each stimulus of the category
GO (first four exposures) and of incorrect responses to each
stimulus of the category NOGO (first four exposures) of this second
generalisation phase was measured against a binominal distribution
with a probability equivalent to chance level. Chance level was
calculated for each subject by taking into account the average of the
last six presentations of already known GO and NOGO stimuli prior
to the presentation of a given novel stimulus (either of the GO or
NOGO category). In addition to this individual-based analysis, we
conducted a comparison at the group level. To this end, we
compared the proportion of correct responses to each stimulus of the
category GO (first four exposures) and the incorrect responses to
each stimulus of the category NOGO (first four exposures). We also
report the mean and s.e.m. for d′ values over all subjects.

RESULTS
Discrimination between songs produced by familiar and
unfamiliar males
All eight subjects learned to discriminate between stimuli of the
category GO versus NOGO of the first set of stimuli. That means
they learned to discriminate between songs produced by familiar

males and songs produced by unfamiliar males. The number of
training blocks (each block counting 100 trials) necessary to pass to
the first generalisation phase ranged from 9 to 74 (mean 41.5).

Performance after transfer to the second (novel) set of
stimuli
Just after having been transferred to the second and novel set of GO
and NOGO stimuli, three out of eight subjects gave a higher
proportion of correct responses to the GO stimuli (i.e. a higher
proportion of hits) than expected by chance (Fig. 2, Table 1). Only
one subject gave significantly fewer correct responses to the GO
stimuli than expected by chance (subject 1581; see Fig. 2, Table 1).
Three out of eight subjects responded incorrectly significantly less
often to NOGO stimuli than expected by chance, i.e. they gave a
false alarm less often than expected by chance (Fig. 2, Table 1). At
the group level, birds responded with a significantly higher
proportion of GO responses to GO stimuli than to NOGO stimuli
(Fig. 3, GLMM: F1,7=8.06, P=0.025). The mean±s.e.m. d′ over all
subjects was 0.72±0.28, which is above chance level (d′=0).

Responses to BOS
For three out of eight birds the proportion of GO responses differed
significantly from chance level (Fig. 4, Table 2). One of them
(1523) had previously been trained to associate familiar songs with
the category GO and unfamiliar songs with the category NOGO.
This subject responded significantly more often to BOS with a GO
response, suggesting that he associated his own song with the
category GO (i.e. familiar songs for him). The other two subjects
whose responses differed from chance level (1567, 1581) had

Table 1. Proportion of GO responses to the new set of GO stimuli (i.e. hits) and to the new set of NOGO stimuli (i.e. false alarms)

Bird ID

GO stimuli NOGO stimuli

Proportion of responses P Padjusted Proportion of responses P Padjusted

1510 0.25 (8/32) 0.146 0.194 0.41 (13/32) 0.858 0.980
1522 0.63 (20/32) 0.048 0.077 0.19 (6/32) 0.004 0.011
1523 0.31 (10/32) 0.212 0.242 0.28 (9/32) 0.078 0.155
1570 0.78 (25/32) 0.004 0.012 0.16 (5/32) <0.001 <0.001
1547 0.53 (17/32) 0.477 0.477 0.53 (17/32) 1.000 1.000
1566 0.81 (26/32) <0.001 <0.001 0.31 (10/32) 0.154 0.247
1567 0.81 (26/32) <0.001 <0.001 0.34 (11/32) 0.214 0.286
1581 0.50 (16/32) 0.019 0.037 0.31 (10/32) <0.001 <0.001

Proportions are shown for individual birds in the first generalisation phase, measured against a binominal distribution with a probability equivalent to chance level.
Significant P-values are in bold. Adjusted P-values were assessed by Benjamini–Hochberg correction for multiple testing. Bird ID is based on individual ring
numbers.
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presentation of a novel set of stimuli at the
beginning of the first generalisation phase.
Responses to GO stimuli (green) and NOGO stimuli
(red) are shown. Birds 1510, 1522, 1523 and 1570
were trained with familiar songs as GO stimuli and
birds 1547, 1566, 1567 and 1581 were trained with
unfamiliar songs as GO stimuli. These novel stimuli
were reinforced (GO: reward, NOGO: punishment).
Chance levels were calculated for each subject as
the mean of the proportion of hits and false alarms at
the end of the preceding training phase.
*Padjusted≤0.05, ***Padjusted≤0.001. For details of
statistics, see Table 1. Bird ID is based on individual
ring numbers.
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previously been trained to associate unfamiliar songs with the
category GO and familiar songs with the category NOGO. These
two subjects exhibited a significantly lower proportion of GO
responses to BOS than expected by chance. This suggests that they
associated their own song with the category NOGO (i.e. familiar
songs for them).
On a group level, the proportion of GO responses to BOS stimuli

was 0.48±0.12 (mean±s.d.) for those birds that had previously been
trained with familiar songs as GO stimuli. This proportion was
0.30±0.19 (mean±s.d.) for those birds that had previously been
trained with unfamiliar songs as GO stimuli. These two groups of
birds did not significantly differ in their proportion of GO responses
to BOS (two-sample t-test, t=1.675, d.f.=6, P=0.145).

Performance in the second generalisation phase
During the first four exposures to novel stimuli of this second
generalisation phase (half of which were from the same category as
the baseline GO stimuli and the other half from the same category as
the baseline NOGO stimuli), none of the subjects gave a higher
proportion of correct responses to the GO stimuli than expected by
chance (Fig. 5, Table 3). One subject gave significantly fewer correct
responses to the GO stimuli than expected by chance (subject 1510;
see Fig. 5, Table 3). Seven out of eight subjects responded incorrectly
significantly less often to NOGO stimuli than expected by chance
(Fig. 5, Table 3).

Compared with the first generalisation test, subjects refrained
from giving a GO response much more often in this second
generalisation test. This might be due to having been exposed to
stimuli that were never reinforced (BOS stimuli) during the previous
test phase. Thus, subjects might have learned that certain stimuli are
never reinforced. However, at a group level, birds responded with a
significantly higher proportion of GO responses to novel GO stimuli
than to novel NOGO stimuli (Fig. 6; GLMM: F1,7=10.34,
P=0.015). Furthermore, the means±s.e.m. d′ over all subjects was
0.53±0.24, which is above chance level (d′=0).

DISCUSSION
Male zebra finches were able to discriminate between songs
produced by several familiar versus several unfamiliar conspecifics,
even though all of these songs were imitations of the same song
type. In addition, when having to classify BOS playback into the
category familiar or unfamiliar songs, three out of eight male zebra
finches treated their own song as being produced by a familiar rather
than as being produced by an unfamiliar conspecific.

Discrimination based on hardly individualised song
Zebra finches correctly classified novel stimuli in two generalisation
phases, suggesting that they were able to discriminate between
songs from familiar and unfamiliar conspecifics, even if the songs
that those conspecifics sang were very similar. Our set of stimuli
was built in such a way that familiar stimuli were as similar to a
given subject’s own song as were the unfamiliar stimuli. As a
consequence, there should be no clear acoustic differences in the
songs of familiar and unfamiliar conspecifics, or, in other words, no
clear vocal group signatures, that would allow the subjects to carry
out this discrimination. Hence, a likely mechanism by which such
discrimination could come about is individual recognition. In this
scenario, a subject would recognise songs as being either produced
by a particular familiar individual or not. Based on the presence or
absence of such recognition, he would then classify those songs as
either familiar or unfamiliar. In fact, we have recently demonstrated
that individual recognition is possible in this species even if a finch
has to distinguish songs that are imitations of the same song type
(Geberzahn and Derégnaucourt, 2020). The results of the current
study are clear when analysed at the group level. Interestingly, when
analysed at the individual level, subjects of the current study
performed less well in the generalisation tasks compared with
subjects in Geberzahn and Derégnaucourt (2020), which supports
our idea that individual recognition rather than familiar–unfamiliar
discrimination might be the prevailing mechanism here. Zebra
finches are social birds living in flocks, with a high level of
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Fig. 4. Proportion of GO responses to presentation of bird’s
own song (BOS) of individual subjects during the test phase.
Chance levels were calculated for each subject as the grand
mean of the average proportion of responses to the last six
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the last six presentations of NOGO stimuli prior to a given BOS
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dispersion (Zann, 1996). It should be noted that in the current study
we were pushing the capacity to discriminate between familiar and
unfamiliar conspecifics to an extreme by testing subjects with non-
individualised song types: during social interactions in flocks, wild
zebra finches would hardly ever be exposed to several different
conspecifics that all sing the same song type. Furthermore, groups
of wild zebra finches probably change in size by means of the
fission and fusion of subgroups, resulting in frequent turnover in
flock composition. Such dynamics would result in large and
frequently changing communication networks such as in parrots
(Balsby et al., 2012). However, whether zebra finches have group
structures characterised by fission/fusion dynamics remains
speculative because the data in the wild are relatively scarce.
Anyway, it is likely that in each of our colonies, each individual
experienced some social interactions, positive or negative, with
other birds. It has already been evidenced that male song could be
used as a vocal label in such interactions (Miller, 1979). In ravens
(Corvus corax), it has been experimentally shown that subjects
associate individual calls with social status by using playback of
vocal interactions that violate or comply with the current rank
hierarchy (Massen et al., 2014).
In oscine songbirds, vocal learning is thought to play a crucial

role in the production of individualised vocal signatures (Elie and
Theunissen, 2018). Vocal learning allows for a larger inter-
individual diversity of song types and thus more individualised
vocalisations because different juveniles learn different songs from
different male tutors, mainly their fathers (Derégnaucourt, 2011). In
our case, birds were able to discriminate conspecifics based on song
types shared between all colony members and thus must have used
other acoustic features such as individual variation in spectro-
temporal details of syllables (Geberzahn and Derégnaucourt, 2020).

Such individual variation might reflect individually unique voice
characteristics related to individual properties of the vocal organ and
the vocal tract (Lambrechts and Dhondt, 1995). As such, voice
characteristics should be inherent to an individual’s vocalisations;
the ultimate proof of this would be to show that subjects tested in an
experimental recognition task are able to generalise between
different types of songs of one and the same individual (e.g.
Beecher et al., 1994). Here, we did not test for such generalisation.
Therefore, whether vocal discrimination in our study was due to
individual voice cues remains speculative.

Perception of BOS
Five out of eight zebra finches classified BOS playback as neither
familiar nor unfamiliar: their behavioural responses did not differ
significantly from chance level. It is worth mentioning that none of
the subjects classified BOS playback as unfamiliar song.
Classification of BOS as unfamiliar song would be expected if
subjects completely failed to recognise BOS playback as their own
song. The inability to classify BOS playback as either familiar or
unfamiliar in those five subjects might thus indicate an ambiguity in
recognising their own song. Such ambiguity might be due to
differences between passive exposure to BOS via playback and
exposure to a bird’s own song whilst singing naturally. There are at
least three types of potential differences. First, perception of song
produced by the bird itself might be characterised not only by air
conduction but also by bone conduction, such as in humans (Maurer
and Landis, 1990), even though the effect might be smaller in birds,
given that their bones are much thinner than in humans. Second, the
precise acoustic properties of the song broadcast by a loudspeaker
might slightly differ from properties of song produced by the bird.
Third, when singing, birds might produce an efference copy of the
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Fig. 5. Proportion of GO responses to presentation of a novel set
of stimuli at the beginning of the second generalisation phase.
Responses to stimuli from the same category as GO stimuli (green)
and from the same category as NOGO stimuli (red) are shown. These
novel stimuli were never reinforced. Birds 1510, 1522, 1523 and 1570
were initially trained with familiar songs as GO stimuli and birds 1547,
1566, 1567 and 1581 were trained with unfamiliar songs as GO
stimuli. Chance levels were calculated for each subject as the grand
mean of the average proportion of responses to the last six
presentations of baseline GO stimuli and the average proportion of
responses to the last six presentations of baseline NOGO stimuli prior
to a given novel stimulus presentation. *Padjusted≤0.05,
**Padjusted≤0.01, ***Padjusted≤0.001. For details of statistics, see
Table 3. Bird ID is based on individual ring numbers.

Table 2. Proportion of GO responses to baseline and bird’s own song (BOS) stimuli of individual birds in the test phase

Bird ID GO stimuli

Baseline Test

GO NOGO BOS P Padjusted

1510 Familiar songs 0.81 0.17 0.44 (14/32) 0.600 0.960
1522 Familiar songs 0.72 0.15 0.44 (14/32) 1.000 1.000
1523 Familiar songs 0.67 0.19 0.66 (21/32) 0.012 0.031
1570 Familiar songs 0.77 0.10 0.41 (13/32) 0.859 0.985
1547 Unfamiliar songs 0.63 0.35 0.38 (12/32) 0.218 0.437
1566 Unfamiliar songs 0.92 0.11 0.53 (17/32) 0.862 0.985
1567 Unfamiliar songs 0.88 0.07 0.16 (5/32) <0.001 0.002
1581 Unfamiliar songs 0.68 0.16 0.13 (4/32) <0.001 0.002

Responses to BOS were measured against a binominal distribution with a probability equivalent to chance level. Significant P-values are in bold. Adjusted
P-values were assessed by Benjamini–Hochberg correction for multiple testing. Bird ID is based on individual ring numbers.
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corresponding motor command (Troyer and Doupe, 2000) and
should receive proprioceptive information from the vocal organ.
Such an efference copy as well as proprioceptive information should
theoretically be absent in the nervous systemwhen BOS is broadcast
from a loudspeaker. To conclude, we speculate that birds
responding at chance level classified BOS as neither familiar nor
unfamiliar because perception of such BOS playback slightly
differed from perception of their own song when they would really
sing themselves.
It is also worth mentioning that neuronal responses to BOS

playback are modulated by the behavioural state in the zebra finch:
neurons with responses to BOS playback in anaesthetised or
sleeping animals do not always exhibit activity when finches are
awake, indicating that auditory responses to sounds are ‘gated’ by
the behavioural state of the bird. Thus, little or no auditory-evoked
activity is detectable in the so-called song control system during
periods of wakefulness (Cardin and Schmidt, 2003). But the neural
processing of BOS is a multistage process and the inter-individual
variability in individual birds’ arousal or attentional state might
explain why some finches classified BOS as familiar (cases further
discussed in the following paragraph), whereas others responded at
chance level.

Three of our zebra finches did provide behavioural responses to
BOS that differed from chance and those males classified BOS as a
familiar song: they responded significantly more often with the
behavioural response associated with the category of familiar songs.
This indicates that they perceived BOS as familiar. This is in line with
the findings of a phonotaxis experiment, in which adult male zebra
finches expressed a robust behavioural preference for the playback of
their BOS compared with conspecific male song (Remage-Healey
et al., 2010). The role of familiarity in discriminating conspecific
songs has been studied by Cynx andNottebohm (1992) using operant
conditioning. They showed that males trained to discriminate between
their own song and another song from their aviary reached criterion
within the fewest number of trials. Males that had to discriminate
between two conspecific songs from their aviary needed more trials.
The most training was required by males discriminating between
songs they had not heard before (Cynx andNottebohm, 1992).Whilst
differences in such earlier studies were suggestive of BOS beingmore
familiar to subjects than other conspecific stimuli, the responses of
those three males in our study clearly indicate that BOS stimuli were
perceived as familiar by them.

During the process of song acquisition, auditory neurons in the
song control system are shaped to respond best to the BOS
(Margoliash, 1983; Doupe and Konishi, 1991; for a recent review,
see Ikeda et al., 2020). This shaping could contribute to a bird’s
ability to discriminate among conspecific songs by acting as an
‘autogenous reference’ (Margoliash, 1986). This pattern of self-
responsiveness is found in adult birds even if they were raised without
a tutor, indicating that self-experience is a critical factor in shaping
BOS selectivity (Kojima and Doupe, 2007). Furthermore, BOS-
selective auditory responses in the song control system emerge as
sensorimotor learning progresses (Volman, 1993; Doupe, 1997; Solis
and Doupe, 1999). And in the zebra finch, song development occurs
during puberty, an important period for individual construction in
humans and other animals. Such BOS-selective auditory responses
might thus constitute a neuronal signature of the bird recognising its
own song (Brecht and Nieder, 2020).

Such an autogenous reference could also be used for neighbour–
stranger recognition in the wild by territorial birds (reviewed in
Derégnaucourt and Bovet, 2016). Territorial songbirds often
respond less aggressively to playback of well-established
territorial neighbours than to playback of strangers (the ‘dear
enemy phenomenon’; Temeless, 1994). Furthermore, some of those
species have been shown to respond differently towards neighbour
song broadcast from opposite versus regular boundaries (e.g.
Godard and Wiley, 1995) allowing interpretation of such reduced
aggression as indicative of individual recognition rather than
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Fig. 6. Proportion of GO responses to presentation of generalisation
stimuli of individual subjects at the beginning of the second
generalisation phase. Generalisation stimuli were novel stimuli of the
categories GO and NOGO. Comparison at the group level: GLMM: F1,7=10.34,
P=0.015.

Table 3. Proportion of GO responses to novel stimuli from the category GO (i.e. hits) and NOGO (i.e. false alarms)

Bird ID

GO stimuli NOGO stimuli

Proportion of responses P Padjusted Proportion of responses P Padjusted

1510 0.00 (0/32) <0.001 <0.001 0.09 (3/32) 0.002 0.003
1522 0.28 (9/32) 0.021 0.084 0.22 (7/32) 0.001 0.003
1523 0.47 (15/32) 0.725 0.967 0.22 (7/32) 0.002 0.003
1570 0.31 (10/32) 1.000 1.000 0.03 (1/32) <0.001 <0.001
1547 0.84 (27/32) 0.306 0.613 0.69 (22/32) 0.306 0.306
1566 0.56 (18/32) 1.000 1.000 0.13 (4/32) <0.001 <0.001
1567 0.34 (11/32) 0.110 0.294 0.22 (7/32) 0.002 0.003
1581 0.34 (11/32) 0.590 0.944 0.16 (5/32) 0.002 0.003

Proportions are shown for individual birds in the second generalisation phase measured against a binominal distribution with a probability equivalent to chance
level. Significant P-values are in bold. AdjustedP-values were assessed by Benjamini–Hochberg correction for multiple testing. Bird ID is based on individual ring
numbers.
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habituation. Thus, should territorial birds consider BOS playback as
song produced by themselves, they should react less aggressively
towards BOS playback than towards playback of a stranger’s song.
This has indeed been found for several species (e.g. song sparrows:
McArthur, 1986; swamp sparrows, Melospiza georgiana: Searcy
et al., 1981; white-throated sparrows, Zonotrichia albicollis: Brooks
and Falls, 1975; but see Akçay and Beecher, 2020). However,
playback experiments in the wild cannot rule out the possibility that
a reduced territorial response of the focal bird towards BOS
playbackmight be a consequence of a reduced territorial response of
neighbouring birds eavesdropping on that playback. Those
neighbours should recognise the BOS playback as the song of the
neighbour and respond less vigorously. Such reduced responses of
neighbours to BOS might stimulate the focal birds less than
responses of neighbours to playback of strangers (Brooks and Falls,
1975).
By applying an operant discrimination task under laboratory

conditions in the current study, wewere able to rule out such potential
influences from other birds eavesdropping on the playback of stimuli.
The only way for zebra finches in the current study to get access to
food was to correctly discriminate stimuli, resulting in a high
motivation of the birds to provide the appropriate behavioural
response. Using this approach revealed a clear result for three out of
eight subjects: they perceived BOS as familiar and might have
recognised themselves in the BOS playback. This could provide
support for the idea that an internal representation of BOS may serve
for self-recognition and as a reference aiding vocal recognition of
conspecifics.
However, we cannot rule out an alternative explanation: there

could have been a conspecific in the subject’s aviary that produced a
song virtually identical or very similar to the subject’s BOS. In this
case, subjects might have classified BOS as familiar not because
they recognised their own song but because they misinterpreted the
BOS stimuli as the song of this familiar colony member. Indeed, a
comparison between all colony members revealed that 6 out of 8
birds (1510, 1523, 1571, 1547, 1566 and 1581) – including two out
of the three finches that classified their BOS as familiar (1523,
1581) – had at least one colony mate with a song revealing the same
percentage similarity score when compared with the subject’s song
as for comparison of the subject’s song with itself.
Further experiments are needed to confirm that zebra finches are

able to recognise their own song. If such confirmation were provided,
this could then be interpreted as a certain level of self–other
distinction. Furthermore, additional experiments investigating the
perception of self across different sensorial modalities (e.g. combining
a mirror test with playback of BOS) would be welcomed to address
these issues in the future (Derégnaucourt and Bovet, 2016).
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