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Behaviours consist of action sequences that are timed and coordinated very precisely.
Coordinating the motor elements of a behaviour is vital for its correct production. Arguably, one
of the most complex behaviours that animals engage in is vocal communication. The sequence
in which vocalizations are produced is important for relaying the correct message and the timing
of vocal elements can also impact how the information is received. Songbirds have emerged as
an excellent model system for studying sequential vocal motor behaviours. Songbirds use their
song when they interact with conspecifics and the temporal structure of their song is altered by
social context and environment'.23.4. Precisely sequenced and timed acoustic elements, known
as syllables, make up the song of a songbird (Fig. 1A)25. There are specialized circuits in the
songbird brain that control the moment-by-moment production of song®.7.8. These circuits are
though to be analogous to those controlling human speech and by analyzing the relationship
between sequencing and timing in birdsong we can provide insight into mechanisms underlying
speech and motor control®. The timing of motor actions and the sequencing of motor actions
have previously been examined independently, but little is known about the degree to which
motor sequencing and timing are related?0.11.12,13,

In this study we examined a day’s worth of recorded songs of adult male Bengalese finches to
assess the relationship between syllable sequencing and timing. Bengalese finches are an
excellent species to examine this relationship in because they exhibit complex temporal
organization of their song (Fig. 1A)14.15.16.17.18 ' The songs of Bengalese finches are composed of
syllables that are arranged in stereotyped sequences with variable sequencing across renditions
of the song. When more than one transition is possible a given point in song, we refer to the
stereotyped sequence leading up to the node of variability as a branch point (Fig. 1B)15.19.20, The
frequency at which a variable transitions were produced over the day dictated the transition
probabilities for a given branch point. First we examined the relationship between transition
probabilities and inter-syllable gaps, which are responsible for the changes in song timing'621.
Once this was established we assessed how this relationship was sculpted or constrained by
changes to sequencing and timing. We examining birds at two ages and two social contexts.
The finches were housed alone and their song was recorded when they were young adults and
older adults. When a female is placed with a male, the male produces a much less variable and
faster song than when he sings alone!. This female directed (FD) song is much like a
performance while his undirected (UD) song is more like practice4. We analyzed the degree that
long-term age-dependent and acute social context-dependent changes to syllable sequencing
were related to the magnitude of age and context-dependent changes to inter syllable gap
durations.

We assigned labels to song syllables in all conditions based on their acoustic features.
Following amplitude based segmentation we measured gap durations from the offset of the
branch point syllable to the onset of the subsequent syllable. As UD and FD song were collected
on the same day the recording conditions between contexts did not differ. However, there could
be changes in recording conditions between young adult and older adult time points. We
designed an algorithm to extract the waveform on each rendition of a transition and compute the
median envelope such that the downstream syllable in the branch point had the same peak
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amplitude across conditions. A common threshold was used to compare gap durations for these
normalized traces.

Using a mixed effect model with we found a significant negative correlation between transition
probability and gap duration that was previously observed (Fig. 1C)22. Next we sought to
determine if the age dependent changes in transition probabilities were systematically related to
the age dependent changes in gap durations. Using a mixed effects model we found a
significant negative relationship between the change in transition probabilities at branch points
that occur with age, and the change in inter-syllable gap durations (Fig. 1D). This indicates that
transitions which over time have increased probabilities demonstrate relatively larger decreases
in gap duration than those transitions in which the probability decreases over time.

To date context dependent changes to timing have only been examined in stereotyped
sequences. In both UD and FD song there was an inverse relationship between gap durations
and transition probabilities. However, there was little evidence to indicate the magnitude of the
context dependent changes in transition probabilities were related to the context dependent
changes in gap durations (Fig. 1E). Although there is a decrease of gap durations in FD song
that is independent of changes to transition probabilities.

This work lends insight to many models of song production in the songbird brain. It has been
proposed that transition probabilities could be related to synaptic weights between populations
of neurons that encode syllables?3. The difference in strength between two syllable populations
could be realized as a difference in latency to produce the downstream syllable, and this is
consistent with the inverse relationship we observe. The relationship between age dependent
changes to transition probabilities and gap durations suggests that plasticity in sequencing is
linked to plasticity in timing. The lack of relationship between context dependent changes to
sequencing and timing suggests that acute control of syllable sequencing and timing is
independent.

In summary, the relationship between sequencing and timing is complex, but it is clear the
neuronal control of the two properties are intimately related. Further work is required to fully
elucidate the neural mechanisms underlying sequence variability in vocal production, the
precise timing of these elements, and how or if these properties are learned. Additional analyses
could provide insight into speech and motor control properties and disorders.
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Figure 1: Plasticity and Control of Birdsong. (A) Spectrogram: a plot of frequency (y-axis) vs
time (x-axis) where colour represents intensity. Depicts the acoustic elements in one young
adult male Bengalese finch song where syllable labels, used for offline analysis, have been
placed above to identify individual acoustic elements. The sequences ‘bcd’ and ‘ghj’ are
stereotyped sequences. White bars indicate the branch point ‘ea’. (B) Transitions: ‘ea’ is a
branch point because transitions vary between ‘the f’ syllable 90% of the time and the ‘k’ syllable
10% of the time. Median gap durations vary for different transitions. (C) Sequence Tempo
Relationships: Young adult transition probabilities for branchpoints vs gap durations (significant
by mixed effect model), gap durations are shorter for higher probability transitions. (D) Age
Changes: Age-dependent changes to transition probability are related to age-dependent
changes in gap durations (significant by mixed effect model). Transitions where probability
increased showed decreases in gap durations. (E) Context Changes: Context-dependent
changes in transition probability were not related to context-dependent changes in gap
durations (not significant by mixed effect model).
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