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Chapter 6

Bird song is one of the most thoroughly studied animal examples of a vocally
learned signal (Catchpole and Slater 1995; Bradbury and Vehrencamp 2011)
and often used as a model system for human speech development, because of
the many parallels between speech and bird song (Doupe and Kuhl 1999; Bol-
huis et al. 2010). Several songbird species learn less well from audio-only tutor
song exposure (so called ‘tape tutoring’) than from live social tutors (reviewed
in Baptista & Gaunt, 1997; Soma, 2011). This might be because live tutoring,
unlike audio-only tutoring, enables social tutor-tutee interactions, which are
thought to play an important role in the vocal learning process (e.g. Beecher &
Burt, 2004; Goldstein, King, & West, 2003; Kuhl, 2003, 2007, but also see Nel-
son 1997). It is unclear, however, whether and to what extent live tutoring also
facilitates song learning because it results in multimodal exposure to a tutor,

as tutees can both see and hear their tutor, while audio-only tutoring results

in unimodal exposure. In this thesis, I investigated the effect of audio-visual
compared to audio-only exposure to a tutor on song learning in zebra finches,
a songbird species often-cited for learning less well from audio-only tutors than
from live tutors (Eales 1989; Derégnaucourt et al. 2013; Chen et al. 2016). In
this chapter, I will summarize and discuss the results of the studies described
in this thesis and indicate what future research can further improve our knowl-
edge on the effect of multimodal tutor exposure on vocal learning.

Open issues from previous (zebra finch) song tutoring studies

To get more insight into the factors playing a role in the vocal learning process,
the effect of different tutoring paradigms on birdsong learning has been studied
extensively, especially in zebra finches. Like multiple other songbird species, ze-
bra finches learn more from a social, live tutor than from audio-only exposure
to tutor song (Eales 1989; Derégnaucourt et al. 2013; Chen et al. 2016). Several
studies have investigated the effect of specific dimensions on zebra finch song
learning in order to find out what facilitates song learning from live tutors
compared to audio-only song exposure (e.g. Adret, 1993; Bolhuis, van Mil, &
Houx, 1999; Houx & ten Cate, 1999a). Based on the outcomes of these studies,
it is now often hypothesized that social interaction with a tutor is the key facil-
itating aspect of live compared to audio-only tutoring (e.g. Chen, Matheson,

& Sakata, 2016; Derégnaucourt, Poirier, Kant, & Linden, 2013; Slater, Eales &
Clayton, 1988). In Chapter 2, previous zebra finch song tutoring studies were
reviewed to find out whether they have systematically controlled for multi-

and unimodal tutoring while studying the importance of social interaction for
zebra finch song learning. In almost all studies, tutees with multimodal tutor
exposure could socially interact with their tutor, while tutees with unimodal
tutor exposure could not socially interact with their tutor (Chapter 2). Studies
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thus usually confounded ‘multimodal’ and ‘social’ tutoring. Social tutoring
tends to lead to improved song learning compared to non-social tutoring, but
as social and multimodal were confounded, this might partly be due to a facil-
itating effect of multimodal exposure to a tutor. Another systematic difference
between live and audio-only tutoring studies was the social environment of the
tutees during tutoring. While audio-only tutored birds were usually housed in
social isolation during tutoring, live tutored birds had the tutor as a social com-
panion. This makes it unclear whether the lower amount of song copying from
audio-only tutors might partly be attributed to an adverse effect of social isola-
tion on song learning in the tape tutored tutees (Chapter 2). The song tutoring
experiments described in this thesis were therefore aimed at testing the effect
of multi- versus unimodal tutor exposure, while tutees in the different tutoring
conditions were housed in comparable social environments during tutoring.

Song tutoring experiments comparing audio and audio-visual tutor exposure
The first tutoring experiment of this thesis, described in Chapter 3, was de-
signed to investigate whether multi- compared to unimodal exposure to a live
tutor would facilitate zebra finch song learning. To this end, zebra finch tutees
were offered visual exposure to an adult tutor through a one-way mirror, in ad-
dition to auditory tutor exposure. Song learning in these tutees was compared
to that in tutees that were raised in the same cage as the tutor and in tutees that
were only auditorily exposed to the tutor. All tutees in this experiment were
housed with a female companion. The tutees with multimodal exposure were
expected to show improved tutor song copying compared to the tutees with un-
imodal exposure. The song analysis suggested that the unimodally tutored tu-
tees had copied less tutor song than the tutees from the other groups, although
the difference was not significant. I also found that the multimodally tutored
tutees differed in their song ontogeny from the unimodally tutored tutees: more
changes occurred after 65 days post-hatching in the song of the audio-only
tutored birds than in that of the live tutored birds, while the audio-visually
tutored birds did not differ from the live tutored birds. Although these results
could be interpreted to support that multimodal tutor exposure facilitates song
learning, an alternative explanation could be that visual feedback from the
tutor in response to the tutees’ vocalizations had facilitated song learning. To
offer multimodal tutor exposure without the possibility of the tutor providing
visual feedback to the tutees, I used artificial tutors in the other tutoring experi-
ments described in chapter 4 and 5 of this thesis.

The tutoring experiment described in Chapter 4, investigated song learning in
tutees that could see a video of the tutor singing the song that they were at the
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same time auditorily exposed to. I compared these tutees to tutees that were
only auditorily exposed to song and to tutees that heard song while they were
exposed to the same tutor video, but here the pixels were randomized and the
frames were played in reversed order. Again, all tutees were housed with a
female companion. I expected that the tutees that were exposed to the normal
video in addition to song playback would show improved song learning com-
pared to the audio with the pixelated video and audio-only tutoring conditions.
The results, however, did not show that the tutor videos led to improved song
learning, even though the tutees in the condition with the normal tutor vid-

eo were attracted most by the stimulus presentation. The videos used in this
experiment were adjusted to zebra finch vision with state-of-the-art techniques,
but it might be that certain properties of the videos, such as the brightness,
negatively affected the birds’ acceptance of the videos as conspecific tutors.
Additionally, the lack of three-dimensionality in the videos might have made
the visual cues less salient. Therefore a three-dimensional robotic zebra finch
(Robo- Finch) was used for the visual stimulation in Chapter 5.

In the experiment described in Chapter 5, I investigated song learning in
tutees that were exposed to the playback of pre-recorded tutor song, while a
RoboFinch was simultaneously producing the beak and head movements that
normally accompany the production of this song. These tutees were compared
to tutees exposed to the same tutor song without a RoboFinch present and to
tutees exposed to a RoboFinch that started moving after song playback had
finished. These tutees were all housed in social isolation, and to investigate
whether that affected their song learning outcomes, I also included a condi-
tion in which tutees were housed with a female companion while they were
only auditorily exposed to the tutor song. The expectation was that the visual
cues that were synchronized with the auditory song presentation would lead to
improved song learning compared to the other tutoring conditions. However, I
did not find any significant effects of the visual cues on song learning success.
There was an effect of the social companion during tutoring on song learning
outcomes: the tutees that had only auditorily been exposed to tutor song while
housed with a social companion sang with a higher between-motif stereotypy
than the tutees that had been housed solitarily throughout song tutoring.

In the following paragraphs, I will discuss what the results of these song tutor-

ing experiments suggest about the effect of a social companion and the effect of
audio-visual versus audio-only tutor exposure on song learning.
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The effect of having a social companion during tutoring on song learning

In previous zebra finch song tutoring studies, significantly higher song learn-
ing success was found in live than in audio-only tutored tutees. However, in
these studies the live tutored tutees had the tutor as a social companion, while
the audio-only tutored tutees where housed in social isolation (e.g. Eales 1989;
Derégnaucourt et al. 2013; Chen et al. 2016). In the song tutoring experiment
described in Chapter 3, I compared song learning in audio-only and live
tutored tutees that were both socially housed with a female companion (who
does not sing) during song tutoring. With all tutees socially housed, the song
of the live tutored tutees was not significantly more similar to the tutor song
than the song of the tutees that were only auditorily exposed to the tutor. This
suggests that the social isolation of the audio-only tutored tutees in previous
studies might have contributed to the difference in song learning success be-
tween audio-only and live tutored tutees. The tutoring conditions did not lead
to significant differences between the groups, but out of the three tutoring con-
ditions in Chapter 3, the tutees from the live tutoring condition copied most
from the tutor, which is in line with previous studies showing more learning
from live than audio-only tutors and which suggests that the previously found
difference between live and audio-only tutored tutees cannot solely be attribut-
ed to the difference in the social environment of the tutees during tutoring.

In the experiment described in Chapter 5, song learning from pre-recorded
audio-only song playback was compared in male tutees that were housed in
social isolation and in male tutees that were housed with a female companion
during the tutoring period. The amount of tutor song copied did not differ
between these tutees. Between-motif stereotypy, however, was higher in the
tutees tutored with a female companion than in the tutees that were tutored in
social isolation (Chapter 5). Song learning outcomes can thus be affected by
whether zebra finches are housed with a social companion or in social isolation
during tutoring. In future studies, it is therefore important to make sure that
birds tutored in different tutoring conditions are housed in comparable social
environments during the tutoring phase.

Comparing audio-visual and audio-only tutoring conditions

To investigate song learning from audio-visual and audio-only tutors, three tu-
toring experiments were conducted in which tutees in an audio-only condition
were presented with tutor song auditorily only, while tutees in an audio-visual
condition received the exact same song exposure auditorily while being visually
exposed to either the live tutor producing this song (Chapter 3), a two-dimen-
sional video of the tutor producing this song (Chapter 4) or a three-dimen-
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sional robot tutor producing the beak and head movements accompanying the
production of this song (Chapter 5). The birds that thus received audio-visual
tutoring were unable to have visual social interactions with their tutors, and
therefore the effect of audio-visual tutor exposure could be investigated inde-
pendent of the effect of social tutor-tutee interactions.

In these tutoring studies, song learning success in the different treatments was
assessed by comparing the adult song of the tutees to the song of their tutor.
The findings in the experiment described in Chapter 3 suggested that tutees
with audio-visual exposure to a live tutor tended to have a higher tutor song
learning success than tutees with audio-only exposure to a live tutor: the song
of the audio tutees tended to show the lowest, and the song of the live tutees
the highest similarity with the tutor song, while the audio-visual tutees showed
an intermediate level of similarity. Conversely, the audio group tended to show
the highest similarity with the song of their father, which they were exposed

to before the experimental tutoring. In the tutoring experiments described in
Chapter 4 and Chapter 5, the audio-visual tutoring conditions did not lead to
improved tutor song copying compared to the audio-only tutoring conditions.
Across the three experimental methods described in this thesis, multimodal ex-
posure to a live tutor thus seemed to have induced higher song learning success
than unimodal exposure, while multimodal exposure to artificial tutors did not
lead to improved song learning success compared to unimodal exposure.

To study the effect of audio-visual or audio-only tutoring on the timing of song
learning, tutee song was recorded at two different moments in time: once at 65
days post-hatching, which is still during song development, and once after 100
days post-hatching, when song is normally crystallized (Gobes et al. 2017). To
find out whether tutor groups differed in how ‘developed’ song already was at
65 days post-hatching when compared to song at 100 days, I recorded the mo-
tifs produced by the tutees at these two moments. In the tutoring experiment
described in Chapter 3, more changes after 65 days occurred in the audio-only
tutored birds than in live tutored birds, while the audio-visually tutored birds
did not differ from live tutored birds in this respect. This is in line with an ear-
lier finding demonstrating that zebra finch tutees that were exposed to a tutor
only auditorily change their song up to a later age than tutees reared together
with tutors in aviaries (Morrison & Nottebohm, 1993). The conclusion of this
earlier study was that the closing of the sensitive period depends on whether a
bird was able to have visual social interaction with a tutor. In the experiment in
Chapter 3, however, I did not find a difference in the amount of changes be-
tween the live and the audio-visually tutored group, even though the audio-vis-
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ually tutored group could not have visual social interaction with the tutor. This
suggests that the timing of song development might not only be influenced by
visual social interaction, but also by mere visual exposure to the tutor. The song
produced by the tutees from the experiments in Chapter 4 and 5 were unfortu-
nately still too variable at 65 days to use it for further analyses. This might have
had to do with the tutoring through passive play-back of pre-recorded tutor
song in these studies instead of the tutoring by a live conspecific in Chapter

3 that enabled vocal tutor-tutee interaction, which might affect song learning
(Chapter 2). It is possible that the tutoring conditions in Chapter 4 and 5 did
not lead to differences in the amount of tutor song copied by the tutees, but did
affect the course of song development. Unfortunately, the current data do not
allow a conclusion on whether this was the case. The effect of multi- versus un-
imodal tutoring on the timing of song development found in Chapter 3 shows
that it is worthwhile to record both subadult and adult song of zebra finch
tutees in tutoring experiments, as it can demonstrate whether different tutoring
conditions affect the time course of vocal development. Future studies should
address this, using a method that can assess how developed highly variable
subadult song is.

In addition to effects on song learning, possible effects of uni- or multimodal
tutoring on tutee behaviour were investigated. In Chapter 3, I tested how much
time tutees in the audio and audio-visual condition spent in the observation
huts, which was the location from which the tutees in the audio-visual, but not
in the audio-only condition could see the tutor. Overall, tutees spent a higher
proportion of time in the observation huts than expected. However, the tutees
from the audio-visual and audio group spent a comparable amount of time

in the huts. The possibility to see the tutor thus did not lead to an increase in
hut visits. Although the video tutoring experiment described in Chapter 4 did
not demonstrate a difference in song learning, it did show that tutee behaviour
during song presentation was affected by the different tutoring conditions. The
condition where auditory song presentation was accompanied by a video of the
tutor producing the song was most salient to the tutees, but this did not lead

to increased song learning, as mentioned before, possibly due to insufficient
quality of the visual stimulus. In another tutoring study, zebra finch tutees
spent more time on the perch next to a visual stimulus (a taxidermic mount of
an adult male zebra finch) during than before its exposure, but the presentation
of this visual stimulus also did not facilitate song learning (Houx and ten Cate
1999a). This suggests that visual stimulation presented together with auditory
song presentation affects tutee behaviour, but not necessarily song learning
success.
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In the experiments described in Chapter 4 and 5, a control condition was
included in which tutees were raised with visual stimulation that had no
rhythmic correspondence with the auditory stimulation. These conditions
were included to investigate whether non-social, non-sound-contingent visual
stimulation would affect song learning differently than sound-contingent visual
stimulation (namely the beak and body movements normally accompanying
song production). In Chapter 4, for this condition a video was used in which
the pixels were randomized and the frames were played in reversed order. In
Chapter 5, tutees in this condition were raised with a RoboFinch that started
moving after auditory song playback had finished. We expected that the syn-
chronized audio-visual conditions would improve song learning more than
these control conditions, for instance because nightingales show improved
learning from song playbacks presented with a synchronously flashing stro-
boscope (Hultsch et al. 1999). Contrary to our expectation, the control con-
ditions did not affect song learning outcomes differently from the ‘normal’
audio-visual conditions. However, in Chapter 4, tutees spent more time close
to the normal tutor video than to the pixelated and reversed video, suggesting
that social, sound-specific visual stimulation might be more salient to tutees
than non-social, non-sound-specific visual stimulation. Likewise, in humans,
sound-specific motor gestures have been found to attract the attention of
infants more than unspecific gestures (Kuhl and Meltzoft 1982; Patterson and
Werker 1999) and several other studies in animals have shown effects of cor-
rectly synchronized visual and acoustic information on perceptual salience (e.g.
Taylor et al. 2011; Rek 2018).

Effects of audio-visual tutoring on vocal learning

Based on the literature, I hypothesized that audio-visual tutor exposure would
lead to improved song learning compared to audio-only tutor exposure (re-
viewed in Chapter 2). Although the results of Chapter 3 were in line with this
hypothesis, this hypothesis was not supported by the results of Chapter 4 and
5. However, Chapter 3 used a live conspecific tutor, while Chapter 4 and 5
used artificial tutors that had not been used in previous tutoring studies. It is
thus unclear to what extent methodological decisions, such as the amount and
timing of song playback and the stereotypy of song presentation, affected song
learning outcomes. It is also unclear whether the visual quality of these tutors
was sufficient to affect song learning. However, in the context of imprinting,
learning of an auditory signal in chickens was enhanced when simultaneous-
ly with the presentation of the auditory signal a rotating box was shown (van
Kampen and Bolhuis 1991, 1993). Moreover, young nightingales learn songs
from audio playbacks combined with stroboscope light flashes better than
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songs presented as audio-only playbacks (Hultsch et al. 1999). This suggests
that other bird species can show improved learning of auditory signals when
these are paired with any moving visual stimulation. Another difference be-
tween the experiment in Chapter 3 on the one hand, and the experiments
described in Chapter 4 and 5 on the other, is that the latter experiments were
carried out in sound attenuated chambers in which tutees did not hear any-
thing except for their own vocalizations and the tutor song. One of the advan-
tages of multi- compared to unimodal signalling is that multimodal signals
are more likely to be detected by receivers than unimodal signals (reviewed in
Rowe, 1999). In the experiments in the sound attenuated chambers, it was very
unlikely that the tutees did not detect the tutor song. It might thus be that the
facilitating effect of the visual cues in addition to auditory song presentation
would have been stronger in a noisier environment, in which the detection
probability of tutor song would be lower. Likewise, for human speech, visual
exposure to speakers’ mouth movements contributes to speech intelligibility
especially in noisy environments (Sumby and Pollack 1954; Middelweerd and
Plomp 1987).

The results of Chapter 3, however, suggest that visual exposure to a tutor can
affect song development. From this chapter it is unclear by which mecha-
nism visual tutor exposure might have affected song learning. For instance, it
is possible that the tutor gave visual feedback to tutee vocalizations. In other
studies, visual feedback contingent on tutee vocalizations was found to im-
prove zebra finch song development (Carouso-Peck and Goldstein 2019). It

is, however, also possible that exposure to the visual cues accompanying song
production, such as beak and throat movements, affected song learning. For
instance, exposure to these visual cues might have drawn the tutee’s attention
to the auditory signal, as the detectability of a signal can be enhanced if it is
presented at the same time as an additional stimulus in another sensory modal-
ity (Feenders, Kato, Borzeszkowski, & Klump 2017; reviewed in Rowe 1999).
Likewise, in second language learning in human adults, audio-visual training,
where mouth and lip movements associated with unfamiliar speech sounds are
visible, improves the perception and production of these speech sounds more
than audio-only training (e.g. Badin, Tarabalka, Elisei, & Bailly, 2010; Hazan,
Sennema, Iba, & Faulkner, 2005; Hirata & Kelly, 2010; Liu, Massaro, Chen,
Chan, & Perfetti, 2007; Wang, Hueber, & Badin, 2014). Unlike tape tutors, live
tutors can provide visual feedback to tutee vocalizations and provide exposure
to sound-production accompanying visual cues. This suggests that besides
social tutor-tutee interaction, other mechanisms might play a role in the vocal
learning process and might contribute to the difference in song learning suc-
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cess from live and audio-only tutors.

Several songbird species learn less well from audio-only than from live social
tutors and in many taxonomic groups, the simultaneous presentation of two
stimuli in different modalities has been shown to improve signal perception
compared to the presentation of one stimulus (reviewed in Rowe, 1999). This
suggests that in general, audio-visual exposure to a vocalizing tutor might
facilitate vocal learning compared to audio-only exposure. It is important to
note, however, that not all songbird species learn less well from tape tutors than
from live tutors (reviewed in Baptista & Gaunt, 1997). Future research could
investigate whether there is a correlation between the ecology or song charac-
teristics of different songbird species and whether these species learn less well
from audio-only playback than from live tutors. For instance, as suggested by
Slater et al. (1988), visual cues might be mainly of importance in species with
quiet vocalizations, that can only be perceived when tutees are close to a tutor.
This type of research might help in forming hypotheses concerning why certain
species learn equally well from audio-only exposure to vocalizations as from
live tutors, while others do not.

Suggestions for further research

During this research, I identified several open questions that I think should be
addressed in further studies. First of all, in the tutoring studies described in this
thesis, song learning success in the different tutoring conditions was assessed
by determining the similarity between tutee and tutor song. This similarity was
calculated using three different methods (visual spectrogram comparisons by
human observers and similarity assessment by Luscinia and Sound Analysis
Pro software), that all have previously been used to assess song learning suc-
cess in zebra finches. Up till now, however, these three methods had not been
used and compared with the same dataset. The results of the different methods
were not very highly correlated, suggesting that the methods pick up different
aspects of song similarity. Future research should look into these differences
and aim to find out which method best represents sound similarity perception
by zebra finches. In future song tutoring studies, that method should then be
used to assess song learning success. This thesis mainly focussed on the effect
of multi- or unimodal tutor exposure on the auditory component of song pro-
duction. Future studies could investigate whether multi- or unimodal tutoring
affects the visual component of song production. For instance, it could be as-
sessed whether the previously found similarity between the beak movements of
tutees and tutors (Williams, 2001) is affected by whether tutees had audio-only
or audio-visual exposure to their tutor during the sensitive phase for song
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learning.

Second, the artificial tutoring paradigms used in this thesis offer many pos-
sibilities for future research. However, first more research is needed into the
effect of different methodological choices concerning these artificial tutors on
song learning outcomes. For instance, the RoboFinch used in the robot tutor-
ing experiment (Chapter 5) offers many possibilities for further research into
multimodal communication and social interactions. The robotic zebra finch
can also be used to study the process of multimodal integration in zebra finch-
es, by offering a slight spatial or temporal mismatch between the auditory and
visual information and investigating whether this affects zebra finch behaviour
compared to a situation without a mismatch (as has been done in dart-poison
frogs: Narins, Grabul, Soma, Gaucher, & H6dl, 2005 and pied currawongs:
Lombardo, MacKey, Tang, Smith, & Blumstein, 2008).

This thesis focussed on the effect of visual cues on song production learning in
male zebra finches. Song production learning only occurs in males, but both
male and female zebra finches develop a preference for songs heard early in life
over unfamiliar songs, no matter whether they have heard this song from a live
(Riebel, Smallegange, Terpstra, & Bolhuis, 2002) or tape tutor (Holveck & Rie-
bel, 2014; Houx & ten Cate, 1999a, b; Riebel, 2000). So far, however, no studies
have investigated whether visual cues that are presented in addition to auditory
song presentation affect song preference learning, for instance when it comes
to the strength of the preference for a particular song. Carrying out the exper-
iments described in this thesis with both male and female tutees, and assessing
both song production and preference learning, can shed light on whether visual
cues affect both processes equally.

Conclusions

To conclude, the studies in this thesis have demonstrated that multi- versus un-
imodal exposure to a live tutor can affect the timing of vocal development and
possibly also the amount of vocal learning. Multimodal exposure to artificial
tutors affected tutee behaviour and made stimulus presentation more salient,
but did not affect the song learning outcomes assessed in the experiments in
this thesis. These were, however, the first studies using these artificial tutors and
future studies should, therefore, further investigate how properties of these ar-
tificial tutors affect song learning. I also found that song learning outcomes can
be affected by the social environment in which tutees are housed during tutor-
ing. Multi- versus unimodal tutoring and social housing versus social isolation
during tutoring might have played a role in the difference in song learning out-
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comes found in previous studies comparing live and tape tutoring paradigms.
Future studies should be aware of the possible influences of multimodal tutor
exposure and the social context on vocal development.
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