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Goal-directed vocal planning in
a songbird
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Université Paris-Saclay, Saclay, France

Abstract Songbirds’ vocal mastery is impressive, but to what extent is it a result of practice? Can
they, based on experienced mismatch with a known target, plan the necessary changes to recover
the target in a practice- free manner without intermittently singing? In adult zebra nches, we drive
the pitch of a song syllable away from its stable (baseline) variant acquired from a tutor, then we
withdraw reinforcement and subsequently deprive them of singing experience by muting or deaf-
ening. In this deprived state, birds do not recover their baseline song. However, they revert their
songs toward the target by about 1 standard deviation of their recent practice, provided the sensory
feedback during the latter signaled a pitch mismatch with the target. Thus, targeted vocal plasticity
does not require immediate sensory experience, showing that zebra nches are capable of goal-
directed vocal planning.

eLife assessment

This important work identi es a previously uncharacterized capacity for songbird to recover vocal
targets even without sensory experience. The evidence supporting this claim is convincing, with
technically dif cult and innovative experiments exploring goal- directed vocal plasticity in deafened
birds. This work has broad relevance to the elds of vocal and motor learning.

Introduction
Speech planning is an important part of human communication and the inability to plan speech is
manifest in disorders such as apraxia. But to what extent is targeted vocal planning an entirely human
ability? Many animals are capable of volitional control of vocalizations (Brecht et al., 2019; Veitetal.,
2021), but are they also capable of planning to selectively adapt their vocalizations toward a target,
such as when striving to reduce the pitch mismatch of a note in a song? Target- speci ¢ vocal planning
is a cognitive ability that requires extracting or recalling a sensory target and forming or selecting the
required motor actions to reach the target. Such planning can be covert or overt. Evidence for covert
planning is manifest when a targeted motor change is executed without intermittent practice (Costa-
lunga et al., 2023), for example, when we instantly imitate a word upon rst hearing. Overt plan-
ning, by contrast, includes practice, but without access to the sensory experience from which target
mismatch could be computed, for example, when we practice a piano piece by tapping on a table.
The vocal planning abilities in animals and their dependence on sensory experience remain poorly
explored. Motor learning has been mostly studied in tasks where a skilled behavioral response must
be produced on the spot, such as when a visual target must be hit by a saccade or by an arm reaching
movement (Brashers-Krug et al., 1996; Galea et al., 2011; Shmuelof et al., 2012; Krakauer et al.,
2005). In this context, motor planning has been shown to enhance motor exibility as it allows

Zai et al. eLife 2023;12:RP90445. DOI: https://doi.org/10.7554/eLife.90445

1o0f18



ELlfe Research article

separation of motor memories when there are con icting perturbations (Sheahan et al., 2016).
However, for developmental behaviors such as speech or birdsong that rely on hearing a target early
in life (Konishi, 1985; Immelmann, 1969), the roles of practice and of sensory feedback for exible
vocal control and for target- directed adaptation are unknown.

Recovery of a once-learned vocal skill could be instantaneous (covert) or it might require prac-
tice (overt). In support of the former, many motor memories are long- lasting (Park et al., 2013),
for example, we can recall the happy- birthday song for years without practice. Some memories are
even hard to get rid of such as accents in a foreign language. By contrast, practice- dependent, but
feedback-independent recovery is argued for by arm reaching movements during use- dependent
forgetting: following adaptation to biasing visual feedback, arm movements recover when the bias is
either removed or the visual error is arti cially clamped to zero (Galea et al., 2011;  Shmuelof et al.,
2012). One explanation put forward is that motor adaptation is volatile and has forgetting built- in
(Krakauer et al., 2005; Smith et al., 2006), leading to practice- dependent reappearance of the orig-
inal motor program even without informative feedback (Smith et al., 2006). Given these possibilities,
we set out to probe songbirds’ skills of recovering their developmental song target when deprived of
either singing practice (to probe covert planning) or of sensory feedback (to probe overt planning).

Adult vocal performances in songbirds can be altered by applying external reinforcers such as
WN stimuli (Tumer and Brainard, 2007; Andalman and Fee, 2009). When the reinforcer is with-
drawn, birds recover their original song within hundreds of song attempts (Tumer and Brainard,
2007; Canopoli et al., 2014; Warren et al., 2011; Hoffmann et al., 2016). We argued that these
attempts may be unnecessary and birds could recover their original performance by recalling either
(1) the original motor program (Aronov et al., 2008;  Nottebohm et al., 1976;  Prather et al., 2009)
or (2) its sensory representation (Yazaki-Sugiyama and Mooney, 2004; Kojima and Doupe, 2007;
Yanagihara and Yazaki- Sugiyama, 2016) plus the mapping required for translating that into the orig-
inal program (Canopoli et al., 2014; Warren etal., 2011; Figure 1A). These options might not need
sensory feedback, which is argued for by birds’ large perceptual song memory capacity (Yu et al.,
2020). That is, birds’ song practice may be mainly expression of deliberate playfulness (Riters et al.,
2019), conferring the skill of vocal exibility rather than serving to reach a target, evidenced by young
birds that explore vocal spaces close to orthogonal to the song- learning direction (Kollmorgen et al.,
2020) and that are already surprisingly capable of adult- like singing when appropriately stimulated
(Kojima and Doupe, 2011).

Results

To test whether birds can covertly recover a song syllable without practice, we rst reinforced the
pitch of a song syllable away from baseline and then we suppressed birds’ singing capacity for a few
days by muting their vocal output. We then unmuted birds and tested whether the song has covertly
reverted back to the original target. We used syllable pitch as the targeted song feature because we
found that birds did not reliably recover syllable duration in experiments in which we induced them to
shorten or lengthen syllable duration (Figure 1— gure supplement 1).

We rst drove pitch away from baseline by at least 1 standard deviation using a WN stimulus
delivered whenever the pitch within a 16 ms time window locked to the targeted syllable was above
or below a manually set threshold (Figure 1B and C, see ‘Materials and methods’). We muted these
WNm (WN reinforced and muted) birds by implanting a bypass cannula into the abdominal air sac (see
‘Materials and methods’). While muted, air is leaking from the abdominal air sac and as a result, sub-
syringeal air pressure does not build up to exceed the threshold level required for the self- sustained
syringeal oscillations (Elemans et al., 2015) that underlie singing. Physical absence of such oscilla-
tions essentially strips muted birds from all pitch experience. In some cases, the bypass cannula got
clogged during the muted period and birds were spontaneously unmuted, allowing them to produce
a few songs before we reopened the cannula (Figure 1C-G).

We quanti ed recovery in terms of normalized residual pitch (NRP) to discount for differences in
the amount of initial pitch shift where NRP = 0% corresponds to complete recovery and NRP = 100%
corresponds pitch values before withdrawal of reinforcement () and thus no recovery. After spending
5.1 + 1.6 days (range 3-8 days, N = 8) in the muted state and upon unmuting, WNm birds displayed
an average NRP of 89%, which was far from baseline (p=6.2 - 107, tstat = -23.6, N = 8 birds, two- sided
t-test of HO: NRP = 0%, songs analyzed in 2 hr time window — early ( &), see ‘Materials and methods’,
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Figure 1. Recovery of pitch target requires practice. (A) Two hypotheses on birds’ ability to recover a song target away from their current vocal output
(green circles, motor states on the left, sensory states on the right, shading represents probabilities): Either they could recall the motor target and
reactivate it without practice or they could recall a sensory target plus the neural mapping (black arrows) required to transform it into a motor state.
(B) WNm birds were rst pitch- reinforced using white noise (WN), then muted, and subsequently unmuted. WN was delivered when the pitch of the
target syllable was either below (as exempli ed here) or above a threshold. Pitch recovery from the reinforced ( %) state toward the baseline (%) target
is evaluated in early (& no practice) and late ( -, with practice) analysis windows (all windows are timealigned to the rst 2 hr of songs after withdrawal
of reinforcement, &) and compared to recovery in unmuted control birds (WNC). (C) Syllable pitches (dots, red = reinforced syllables) of an example
bird that while muted recovered only about 27% of pitch difference to baseline despite three spontaneous unmuting events (arrows). (D) Same bird,
spectrograms of example song motifs from ve epochs: during baseline ( #), reinforcement ( &) with WN (green bar), spontaneous unmuting (spont.
unmut.), and during permanent unmuting (early — & and late — -). (E) Example syllables from same ve epochs. (F) Stack plot of pitch traces (pitch
indicated by color, see color scale) of the rst 40 targeted syllables in each epoch (‘reinforced’: only traces without WN are shown). (G) Average pitch

Figure 1 continued on next page
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Figure 1 continued

traces from (F), revealing a pitch increase during the pitch-measurement window (dashed black lines) and pitch recovery late after unmuting. (H) WNm
birds (blue lines, N = 8) showed a normalized residual pitch (NRP) far from zero several days after reinforcement (circles indicate unmuting events, arrow
shows bird from C) unlike WNC birds (gray lines, N = 18). Thin dashed lines indicate the two initial birds that were not given reinforcement-free singing
experience before muting (see ‘Materials and methods’). (I) Violin plots of same data restricted to early and late analysis windows (***p<0.001, *p<0.05,
two-tailed t-test of NRP = 0).

The online version of this article includes the following gure supplement(s) for gure 1:

Figure supplement 1. Birds rapidly recover pitch but not duration after reinforcement learning.

Figure 1), suggesting that in the muted state, birds are unable to recover their pre- reinforced songs.
The average NRP in WNm birds was comparable to that of unmanipulated control (WNC) birds within
the rst 2 hr after withdrawal of the reinforcer (average NRP = 91%, p=3.7 - 10 !, tstat = 14.8, two-
sided t-test for NRP = 0%, N = 18 WNC birds). Indeed, during 5 days without song practice, birds
recovered no more pitch distance than birds normally do within the rst 2 hr of release from reinforce-
ment (p=0.82, tstat = -0.23, N = 8 WNm and N = 18 WNC birds, two- sided t-test). In WNm birds,
there was no correlation between the NRP in the early window and the time since the muting surgery
(correlation coef cient R=0.26, p=0.53), suggesting that the lack of pitch recovery while muted was
not due to a lingering burden of the muting surgery. These ndings did not sensitively depend on the
size of the analysis window — we also tested windows of 4 and of 24 hr.

Subsequently, after 4 days of unmuted singing experience (roughly 9 days after withdrawal of WN),
WNm birds displayed an average NRP of 30%, which was signi cantly different from the average NRP
within the rst 2 hr after unmuting (p=3 - 10 ~*, tstat = 4.83, N = 8 birds, two- tailed t-test early ( §) vs.
late ( -) time window) but still signi cantly different from zero (p=0.04, tstat = 2.59, N = 8 birds, two-
tailed t-test, late ( -) time window). The amount of recovery was neither correlated with the number
of renditions sung between early and late windows (R=0.03, p=0.95), nor with the duration the birds
were muted (R=—0.50, p=0.20), nor with the time since they last sung the target song before reinforce-
ment (R=-0.43, p=0.29), suggesting the limiting factor for recovery was neither the amount of song
practice nor the recovery time from the muting surgery (although for the latter there was a trend).
Overall, these ndings rule out covert planning in muted birds and suggest that motor practice is
necessary for recovery of baseline song.

Next, we tested whether motor experience but not sensory experience is necessary for overt
recovery, similar to arm reaching movements that can be restored without guiding feedback (Galea
etal.,, 2011; Galeaetal., 2015). In a second group of birds, we provided slightly more singing expe-
rience (Figure 2). Instead of muting, WNd birds were deafened through bilateral cochlea removal
immediately after the end of WN reinforcement. This latter manipulation does not suppress the act
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Figure 2. Recovery of pitch target is impaired after deafening. (A) WNd birds were rst pitch- reinforced using white noise (WN) and then deafened
by bilateral cochlea removal. Analysis windows (letters) as in Figure 1. (B) Syllable pitches (dots, red = reinforced syllables) of example WNd bird that
shifted pitch down by d' = -2.7 during WN reinforcement and subsequently did not recover baseline pitch during the test period. (C) WNd birds (N =
10) do not recover baseline pitch without auditory feedback (circles = early window after deafening events, cross = late). (D) Violin plots of same data
restricted to early and late analysis windows, lines connect individual birds (***p<0.001, *p<0.05, two-tailed t-test of NRP = 0).
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