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ABSTRACT

Introductory gestures are present at the beginning of many animal displays. For example, lizards start
their head-bobbing displays with introductory push-ups and animal vocal displays begin with
introductory notes. Songbirds also begin their vocal displays by repeating introductory notes (INs)
before producing their learned song and these INs are thought to reflect motor preparation. Between
individuals of a given species, the acoustic structure of INs and the number of times INs are repeated
before song varies considerably. While similar variation in songs between individuals is known to be a
result of learning, whether INs are also learned remains poorly understood. Here, using natural and
experimental tutoring with male zebra finches, we show that mean IN number and IN acoustic structure
are learned from a tutor, independent of song learning. We also reveal biological predispositionsin IN
production; birds artificially tutored with songs lacking INs still repeated a short-duration syllable,
thrice on average, before their songs. Overall, these results show that INs, just like elements in song,
are shaped both by learning and biological predispositions and suggest multiple, independent, learning

processes underlying the acquisition of complex vocal displays.
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INTRODUCTION

Animal produce various complex displays to communicate with their conspecifics [1]. Many of these
communicative displays begin with the repetition of introductory gestures. For example, Anaolis lizards
produce a few introductory “push-ups’ or “tail-flicks’ before starting their head bobbing display [2,3],
frogs and toadfish produce introductory vocalizations before their advertisement calls [4,5] and a
number of songbirds also produce introductory vocalizations before the start of their complex songs [6—
17]. Many different functions have been attributed to these introductory gestures, including, an
“aerting” function [5,18,19], a species-specific signal that aids learning of song [20], a “local-dialect”
signal [21] and more recently, a role in motor “preparation” [22,23]. Given that these introductory
gestures are a part of both learned and unlearned displays, the extent to which they are learned, in the
context of learned displays like bird song, remains poorly understood.

Bird song is a well-studied example of a complex vocal display that is learned by imitation from atutor
[24-26]. Many different species of songbirds, including the zebra finch, begin their displays with the
repetition of a short, smple, vocalization called an introductory note (IN) [6-12,14,16] before
producing their more complex song. Among individuals of a given species, both the repetition and
acoustic structure of INs vary considerably [23,27-29]. What is the source of this variation? Variation
in elements of song between individuals is a consequence of learning [8,10,24,25]. Similarly, variation
in IN number and IN acoustic structure could also be learned from a tutor. Alternatively, as predicted
by the motor preparation hypothesis [22,23], variation in IN number and structure across birds could be
correlated with variation in their respective songs. Finally, variation in IN number and structure across
birds could also be a result of biological predispositions similar to the biological predispositions in the
production of elements of song [30]. Here, we examine these different predictions in the zebra finch, a
well-studied songbird [14].

Adult male zebra finches also begin their vocal displays by repeating an IN before their song (Fig. 1A)
[8,10,14]. Both mean IN number and IN acoustic structure vary considerably between birds (Fig. 1A,
1B) [23,28,31]. Here, using natural and experimental tutoring methods, we show that the mean number
of IN repeats before song and IN acoustic structure are learned from a tutor and this IN learning is
independent of song learning. Second, by experimentally tutoring birds with songs lacking INs, we
reveal the presence of biological predispositionsin IN production; such experimentally tutored birds
still repeated a short-duration vocalization, thrice on average, before their songs. Overall, our results
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demonstrate that, smilar to song elements, INs are shaped by both learning and biological
predispositions and suggest that the acquisition of complex vocal displays involves independent

acquisition of INs and song.

MATERIALSAND METHODS

All procedures at IISER Pune were conducted after approval from the Institute Animal Ethics
Committee (IAEC), 1ISER Pune and were in accordance with CPCSEA (Committee for the Purpose of
Control and Supervision of Experiments on Animals), New Delhi. All procedures at McGill were
conducted following approval from the McGill University Animal Care and Use Committee in
accordance with the guidelines of the Canadian Council on Animal Care.

Zebra finches obtained from an outside vendor or bred in IISER Pune or McGill were used for all
experiments. Detailed methods are present in Supplemental Information.

Song recor dings

Songs were recorded in custom-made sound attenuation boxes (NewTech Engineering Systems,
Bangalore, India; TRA Acoustics, Ontario, Canada) by placing an omnidirectional microphone (AKG
517; Countryman Associates, Menlo Park, CA) on top of the bird's cage. Signals from the microphone
were band-pass filtered, digitized and recorded to a computer (n=132 birds). All birds were recorded
when they were adults (> 85 days post-hatch) and only undirected songs in the absence of any other
bird were recorded. For all analyses, only files with > 1.9s of silence before and after song bouts in a

file were considered.
Experimental groups
We used 4 different experimental groupsin our study.

Normally reared birds

All birds used in this group (n = 65, nests =16) were bred at 1ISER, Pune. A total of 16 nests were
analysed with 13 nests having atleast 3 offspring (range: 1-9). Juveniles were housed with their parents
and siblings until they were 50-94 days old, after which they were transferred to the colony and housed
with other males from same or different families.
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For al other groups, we used naive birds (i.e. birds that had not previously learned song) to test various
hypotheses about IN learning. In order to prevent song learning from their father, juvenile zebrafinches
were separated from their father around phd 10 (range phd 6-16) and reared with their mother and
siblings until phd 35 (range: phd 34-54). Previous studies have shown that exposure to the father's song
before phd 25 does not significantly impact learning [32], so our birds are unlikely to have learned their
father's song during this period. Once juveniles had reached nutritional independence they were
separated and housed individually in small cages (except for 2 birds who were housed together). These

birds were then used for the different groups as outlined below.

Playback tutored birds

Using active tutoring methods [33,34], birds were tutored with synthesized zebra finch songs that were
played back through a speaker (Fig. 5A; n=22 birds from 11 different nests) at McGill (n=13) or at
[1SER Pune (n=9).

Socially tutored birds

14 birds were tutored with an adult male different from their father using a socia tutoring paradigm
[34,35] (Fig. 2A; n=10 at I1SER Pune and n=4 at McGill; total n=14 birds from 11 different nests). For
tutoring, a cage with an adult male (tutor) was placed next to the juvenile's cage. For the 10 birds
tutored at 1ISER Pune, we chose tutors with a different mean IN number than the father (mean
difference in IN number between father and tutor — 2.75; range: 1.37 — 3.48). Birds tutored at McGill
were part of adifferent study where song (but not IN) learning was described [35]. For these birds, INs
of the tutors was not a consideration during the choice of tutor. Therefore, to investigate IN learning,
only a subset of these tutored birds were analyzed here. Specifically, only socially tutored birds in
which tutors produced a different number of INs than the biological father (mean difference in IN

number between father and tutor — 2.06; range: 0.5-4.78) were included in these analyses.

The tutoring phase lasted ~1.5 months (phd 34-40 to phd 91-97) for birds tutored at 11SER Pune and for
5 days for birds tutored at McGill. Significant song learning is observed for socially tutored birds even
after just 5 days of tutoring [35].

Isolate birds

5 lab bred male zebra finches (from two different nests) were reared in isolation. After birds had
reached nutritional independence, they were separated and kept in visual but not acoustic isolation from
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other birds. Earlier studies have shown that visual isolation is sufficient to prevent song learning from
other birds[36].

Data analysis
All analyses were conducted using custom written scriptsin Matlab (Mathworks).

Song segmentation and syllable categorization

Song files were segmented and labeled as described previously [22,23] (see Supplementary Methods
for further details). The motif was identified based on the most common sequence of syllables across
all bouts. Bouts with one or more motif syllables were considered “song bouts’. Importantly,
vocalizations that preceded the first motif of a bout were considered introductory notes (INSs).
Vocalizations that were also produced outside of song bouts were considered as calls and not as
introductory notes. Fig. S1 shows the motif syllables and INs for one example bout for all of the
normally reared birds from 16 nests.

IN number calculation and associated controls

Before the first motif in each bout, the last set of consecutive INs, with < 500 ms between them, were
considered for counting IN number [22,23,37]. For birds with multiple types of INs (30/132 birds had
two types of INs, 7/132 birds had 3 or more types of INs), all types of INs were included in the
calculation of IN number.

There was variation in the sample size of birds in each nest. To check whether this difference in sample
size could influence the correlation in IN number between fathers and normally reared birds, we used a
random reassignment procedure to assess significance of the observed correlation. For this procedure,
all sons were randomly reassigned to different fathers, while maintaining the actual number of birds per
nest, and then the correlation between fathers and sons was calculated. This procedure was repeated
10000 times and the 95% confidence intervals were estimated. This same randomization procedure was
also used to assess the significance of the correlation between socially-tutored birds and their tutors. In
this case, the total number of socially tutored birds was maintained constant during the random

reassignment procedure.

While classifying syllables as INs or motif syllables, we were not blind to the relationship between
birds or the experimental group. To control for any potential biases that this might have introduced in

our classification of INs and motif syllables, we also used a script based categorization of INs and
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motif syllables. All song bouts were considered and syllable sequences within a bout with < 500 ms
inter-syllable interval were considered. Across all these syllable sequences, any syllable that was
repeated (self-transition probability > 0) and occurred as the first syllable of a bout in > 2% of song
bouts, was considered an IN. Syllables that were present in 90% of bouts and did not occur as the first
syllable of a bout were considered motif syllables. The remaining syllables that did not satisfy either of
these criteriawere classified as calls.

Comparison of IN acoustic structure

Acoustic dructure similarity for both motifs and INs was computed using Sound Analysis Pro

(http://soundanalysispro.com/) [38]. Twenty randomly picked motifs and 10 randomly picked INs were

used for calculating similarity. Asymmetric, time course similarity was calculated for motif to allow
for potential differencesin syllable order. Symmetric, time course similarity was used for comparing IN
acoustic structure as these are individual syllables. To control for this difference in similarity
calculation for INs and motifs, we also calculated symmetric, time course similarity for motifs.
Irrespective of the mode of similarity calculation for motifs, we found no significant correlation
between IN similarity and motif similarity across birds and their tutors confirming independent

learning of motifs and INs.
Satistics

Pearson correlation coefficient was used for al correlations and was calculated using the matlab
function corrcoef. Linear fits to data were calculated using the matlab functions polyfit and polyval.
Wilcoxon rank sum test was used for calculating the significance of song and IN similarity for
normally reared and playback tutored birds. Wilcoxon sign rank test was used for comparing song and
IN similarity of socially tutored pupils with their fathers and their social tutors.

RESULTS
IN acoustic structure and mean | N number arelearned from a tutor

To examine the degree to which IN acoustic structure and mean IN number are learned, we first
compared these properties for birds that had been reared normally with their fathers (n=16 nests, n=65
birds, Fig. 1C, Fig. S1). INs (and song) of fathers were acoustically more similar to INs (and song) of
their sons as compared to INs (and song) of unrelated birds (Fig. 1D; p = 0.041 for INs and p < 0.001
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for song, Wilcoxon rank sum test). Mean IN number before song was also significantly correlated
between fathers and their sons (Fig. 1E). This correlation in mean IN number was not influenced by
removal of individual nests from the analysis (Fig. S2A) and was significantly different from the
correlations obtained by randomly re-assigning individual birds to different nests (Fig. S2B). Further,
this correlation in mean IN number was significant even when syllables in individual birds were
categorized into INs or song syllables based on pre-set rules (Fig. S2C, see Methods). These results
showed that mean IN number before song and IN acoustic structure were correlated between fathers

and their sons.

To further test the contribution of learning to IN repetition and structure, we used a social-tutoring
paradigm where juvenile zebra finches were kept in visual and acoustic contact with an adult male
different from their father [34-36] (Fig. 2A; n=14 birds, see Methods for details of tutoring).
Importantly, both IN acoustic structure and mean IN number for the social tutor were different from
those of the juvenile's biological father (see example in Fig. 2B and Methods). INs of such socialy-
tutored birds were acoustically more similar to those of their social tutors than those of their fathers
(Fig. 2C; p = 0.203 for INs, p < 0.001 for motif, Wilcoxon sign-rank test). Mean IN number before
song was also correlated with mean IN number of the social tutor but not of the father (Fig. 2D, 2E). In
fact, we observed a negative correlation between mean IN number of socially tutored birds and mean
IN number of their fathers (Fig. 2D) reflecting our choice of social tutors with IN number different
from their fathers (see Methods). The correlation with social tutor was significantly different from that
obtained by randomly re-assigning birds to different social tutors (Fig. S3A) and was significant even
when syllables were categorized based on pre-set rules (Fig. S3B). These two sets of results indicate
that the number and acougtic structure of INs are learned from a tutor (father for normally reared birds

and social tutor for socially-tutored birds).
Accurate learning of INsisindependent of accurate learning of song

Previous studies have suggested that INs represent motor preparation before song [22,23]. If INs
represent motor preparation for song, similarity in song between individual birds and their tutors
should result in similarity in IN number and/or IN acoustic structure between birds and their tutors.
However, across al normally reared and socially tutored birds, the degree of song similarity between
birds and their tutors was not correlated with smilarity in IN number (Fig. 3A, Fig. $4A) or similarity
in IN acoustic structure (Fig. 3B, Fig. $4B) between birds and their tutors (father or socia tutor).
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Further, across all of these birds, mean IN number was not correlated with differences in various
temporal (Fig. S5A - duration of song; Fig. S5B — duration of first song syllable) and spectral aspects of
song (Fig. S5C — mean frequency of first motif syllable, Fig. S5D — complexity of first motif syllable).
These results showed that the number of times an IN was repeated was independent of the song that

followed and suggest two independent processes involved in IN and song learning.
Biological predispositionsin IN production and learning

Our results suggest that INs are learned from a tutor just like birds learn their song motifs from their
tutor. Previous studies have demonstrated the presence of biological predispositions in zebra finch song
learning [30,39]. For example, juvenile zebra finches that are individually tutored with random
sequences of syllables converge on similar motif sequences[30]. To identify biological predispositions,
if any, in IN production, we experimentally tutored juvenile zebra finches with songs that lacked INs
(Fig. 4A, n=22, see Methods for details of tutoring) [30,33,34]. Despite being tutored without INS,
juveniles tutored in this manner produced INs before their songs (Fig. 4B for an example). The number
of these INs was not correlated those of the father (Fig. 4C). The acoustic similarity of these INs to
those of the father was comparable to the similarity with unrelated birds, showing that these INs were
acoudtically different from those of the father. (Fig. 4D, p = 0.82 for INs and p = 0.71 for motif,
Wilcoxon rank sum test). These results suggest more general, species-specific, predispositions in IN

production rather than direct genetic components from the father.

Another way to reveal biological predispositions in IN production is to analyze INs in the songs of
untutored birds. As observed in a previous study [10], we found that untutored birds produce INs before
their songs (n=5, see Methods for details of untutored birds). Interestingly, the mean number of such
INs produced before song (Fig. 4E; p = 0.57, one-way ANOVA) and the duration of these INs (Fig. 4F;
p = 0.3662, one-way ANOVA) was similar across al categories of birds, irrespective of tutoring
experience. Other features of INs differed between birds experimentally tutored without INs and birds
normally reared or socially tutored with INs (Fig. S6A, S6B, S6C) highlighting the role of learning.
Thus, on average, normally reared, socially tutored, operantly tutored and untutored birds produced
three, 60ms long, INs before starting their songs (Fig. 4E, 4F). This bias to produce ~3INs before song
can also be observed in the data for birds tutored with songs that contained INs. Juveniles tutored by
adults that produced, on average, < 3 INs tended to produce more INs than their tutor (Fig. 1E, 2E). On
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the other hand, juveniles tutored by adults that produce, on average, > 3 INs tended to produce fewer
INs than their tutor (Fig. 1E, 2E).

DISCUSSION

The complex vocal displays of many songbirds begin with the repetition of simple, introductory notes
(INs) before the production of their learned song. Here, we show that INs, just like elements in song,
are learned and shaped by biological predispositions. Specifically, we show that the mean number of
times an IN is repeated and the acoustic structure of INs are learned from a tutor independent of song
learning. We aso show that birds tutored without INs and untutored birds produce INs with similar
duration and number before their songs as birds tutored with INs, revealing the existence of biological
predispositions in IN production. Taken together, these results suggest that acquisition of the complex
vocal displays of songbirds involves the independent acquisition of INs and song.

Learning of IN number and structure

How do birds learn the number and structure of INS? Earlier studies have shown the presence of
multiple strategies for learning song that involve either learning the sequence first and gradually
changing the acoustic structure or learning each syllable sequentially [33,40]. Smilarly, juvenile birds
could potentially learn IN number first while gradually modifying IN acoustic structure. Alternatively,
birds could learn the structure of INs and then gradually learn to transition to the motif after the correct
number of INs are repeated. Further studies of IN development in young birds could shed more light on
the process of IN learning. A more recent study using experimental tutoring also showed that birds
preferentially learn syllable structure at the expense of sequence [41]. This predicts accurate learning of

IN structure independent of accurate learning of IN number.
Functional significance of INsand other such introductory gestures

What is the functional role of INs in zebra finch song? Many different roles have been proposed for
introductory gestures including an “alerting” function [5,18,19], a species-specific signal that aids
learning of song [20], a “local-dialect” signal [21] and a reflection of motor “preparation” [22,23].
While the degree to which INs in birdsong serve an alerting or identification function remain largely
unknown, our data showing learning of IN number and IN acoustic structure suggests that these two
aspects may not reflect motor preparation. Rather, learning of these two aspects suggests possible

communicative functions of INs, such asin individual, regional or species identification.
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However, our data also reveals a biological predisposition in IN production. Specifically, we observed
that zebra finches are biased to produce short-duration vocalizations as INs, approximately three times
before their songs, regardless of their tutoring experiences during development. Interestingly, INs are
also seen before the start of song in suboscine birds [13,15,17] where song is not learned and before
advertisement calls in other vertebrates that produce unlearned vocalizations including frogs [4] and
toadfish [5]. These data support our findings showing the presence of biological predispositionsin IN

production even before learned vocalizations, like birdsong.

Overall, irrespective of mechanism and function, our results show that the zebra finch can be an
excellent model system to understand how introductory gestures are produced, how they transition to

the complex vocal display and their possible function.

SUPPLEMENTARY INFORMATION

Supplementary information includes supplemental methods and 6 supplemental figures.
ACKNOWLEDGMENTS

We would like to thank Prakash Raut for bird colony maintenance and Yining Chen for assistance with
data collection. We would like to thank Aurnab Ghose, Degpa Subramanyam, Michagl Long, Dave
Mets, Hamish Mehaffey, Mimi Kao, Anand Krishnan and members of the Rajan and Krishnan labs for

useful discussions and comments on earlier versions of the manuscript.
FUNDING

This work was supported by grants from the Department of Biotechnology (DBT), India,
Ramalingaswami Fellowship (BT/HRD/35/02/2006), the Science and Engineering Research Board,
India (SERB EMR/2015/000829), the Department of Science and Technology, India
(DST/CSRI/2017/163) to RR, grants from the Natural Sciences and Engineering Research Council,
Canada (NSERC 2016-05016) and Fonds de recherche Nature et technologies, Canada (FRQNT 2018-
PR-206494) to JTS. SK is a graduate student supported by funding from 1ISER Pune and a senior
research fellowship from CSIR, India (9/936(0159)/2016 EMR-1). We would also like to
acknowledge travel support from DBT-CTEP (DBT/CTEP/02/2018 0847457) and the Infosys
Foundation Travel Award (11 SER-P/InfyFnd/Trv/115) to SK.

11


https://doi.org/10.1101/2020.03.28.013052
http://creativecommons.org/licenses/by-nc-nd/4.0/

284

285
286
287

288

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.28.013052; this version posted March 30, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

AUTHOR CONTRIBUTIONS

SK and RR designed the experiments with inputs from JTS. SK and VY carried out the experiments.
LS and JTS provided additional data for playback-tutored and socially tutored birds. SK, VY and RR
analyzed the data. SK and RR wrote the manuscript in consultation with VY, LS and JTS.

REFERENCES

1. Bradbury JW, Vehrencamp SL. 2011 Principles of anima communication.

2. Fleishman LJ. 1992 The influence of the sensory system and the environment on motion patterns in
the visual digplays of anoline lizards and other vertebrates. Am. Nat. 139, S36-S61.

3. PetersRA, Evans CS. 2003 Introductory tail-flick of the Jacky dragon visual display: signal
efficacy depends upon duration. J. Exp. Biol. 206, 4293-4307.

4. Wells KD, Schwartz JJ. 1984 Vocal communication in a neotropical treefrog, Hyla ebraccata:
aggressive calls. Behaviour 91, 128-145.

5. Thorson RF, Fine ML. 2002 Crepuscular changes in emission rate and parameters of the
boatwhistle advertisement call of the gulf toadfish, Opsanus beta. Environ. Biol. Fishes 63, 321—
331.

6. Borror DJ. 1959 Variation in the songs of the Rufous-sided Towhee. Wiison Bull. , 54-72.

7. Marler P, Tamura M. 1962 Song “dialects’ in three populations of white-crowned sparrows. The
Condor 64, 368-377.

8. Immelmann K. 1969 Song devel opment in the zebra finch and other estrildid finches. Bird
Vocalizations, 61-77.

9. Shiovitz KA. 1975 The process of species-specific song recognition by the indigo bunting,
Passerina cyanea, and its relationship to the organization of avian acoustical behavior. Behaviour ,
128-179.

10. Price PH. 1979 Developmental determinants of structure in zebra finch song. J. Comp. Physiol.
Psychol. 93, 260.

11. Bjerke TK, Bjerke TH. 1981 Song diaects in the Redwing Turdusiliacus. Ornis Scand. , 40-50.

12. Brenowitz EA. 1982 L ong-range communication of species identity by song in the red-winged
blackbird. Behav. Ecol. Sociobiol. 10, 29-38.

13. Kroodsma DE. 1984 Songs of the Alder Flycatcher (Empidonax alnorum) and Willow Flycatcher
(Empidonax traillii) areinnate. The Auk 101, 13-24.

14. Zann RA. 1996 Zebra Finch. Oxford.

12


https://doi.org/10.1101/2020.03.28.013052
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.28.013052; this version posted March 30, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

available under aCC-BY-NC-ND 4.0 International license.

Chdén AAR, GarciaCM, Riebel K. 2005 Variation in the song of a sub-oscine, the vermilion
flycatcher. Behaviour , 1115-1132.

Janes SW, Ryker L. 2006 Singing of hermit warblers: dialects of type | songs. The Condor 108,
336-347.

Fitzssmmons LP, Barker NK, Mennill DJ. 2008 Individual variation and lek-based vocal
distinctiveness in songs of the Screaming Piha (Lipaugus vociferans), a suboscine songbird. The
Auk 125, 908-914.

Richards DG 1981 Alerting and message componentsin songs of rufous-sided towhees. Behaviour
76, 223-249.

Ord TJ, Stamps JA. 2008 Alert signals enhance animal communication in ‘noisy’ environments.
Proc. Natl. Acad. ci. U. S A. 105, 18830-18835. (doi:10.1073/pnas.0807657105)

Soha JA, Marler P. 2000 A species-specific acoustic cue for selective song learning in the white-
crowned sparrow. Anim. Behav. 60, 297-306.

Thompson Jr AD, Baker MC. 1993 Song dialect recognition by male white-crowned sparrows:
effects of manipulated song components. The Condor 95, 414-421.

Rajan R, Doupe AJ. 2013 Behavioral and neural signatures of readiness to initiate alearned motor
sequence. Curr. Biol. CB 23, 87-93. (doi:10.1016/j.cub.2012.11.040)

Rao D, Kgjima S, Rgjan R. 2019 Sensory feedback independent pre-song vocalizations correlate
with timeto song initiation. J. Exp. Biol. 222. (doi:10.1242/jeb.199042)

Thorpe WH. 1958 The learning of song patterns by birds, with especial reference to the song of the
chaffinch Fringilla coelebs. 1bis 100, 535-570.

Marler P, Tamura M. 1964 Culturally transmitted patterns of vocal behavior in sparrows. Science
146, 1483-1486.

Fee MS, Scharff C. 2010 The songbird as amodel for the generation and learning of complex
sequential behaviors. ILAR J. Natl. Res. Counc. Inst. Lab. Anim. Resour. 51, 362-377.

Baker MC, Thompson DB. 1985 Song dialects of white-crowned sparrows: historical processes
inferred from patterns of geographic variation. The Condor 87, 127-141.

Zann R. 1993 Variation in song structure within and among populations of Australian zebra finches.
The Auk 110, 716-726.

Janes SW, Ryker L. 2013 Rapid changein atype | song dialect of Hermit Warblers (Setophaga
occidentalis). The Auk 130, 30-35.

James LS, Sakata JT. 2017 Learning Biases Underlie “Universals' in Avian Vocal Sequencing. Curr.
Biol. CB 27, 3676-3682.e4. (doi:10.1016/j.cub.2017.10.019)

13


https://doi.org/10.1101/2020.03.28.013052
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.28.013052; this version posted March 30, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

31. Sossinka R, Bohner J. 1980 Song Types in the Zebra Finch Poephila guttata castanotisl. Z. Fur
Tierpsychol. 53, 123-132.

32. Roper A, Zann R. 2006 The onset of song learning and song tutor selection in fledgling zebra
finches. Ethology 112, 458-470.

33. Tchernichovski O, Mitra PR, Lints T, Nottebohm F. 2001 Dynamics of the vocal imitation process:
how a zebra finch learns its song. Science 291, 2564—2569. (doi:10.1126/science.1058522)

34. Derégnaucourt S, Poirier C, Van der Kant A, Van der Linden A, Gahr M. 2013 Comparisons of
different methods to train a young zebra finch (Taeniopygia guttata) to learn a song. J. Physiol .-
Paris 107, 210-218.

35. ChenY, Matheson LE, Sakata JT. 2016 M echanisms underlying the social enhancement of vocal
learning in songbirds. Proc. Natl. Acad. Sci. U. S A. 113, 6641-6646.
(doi:10.1073/pnas.1522306113)

36. Eales LA. 1989 The influences of visual and vocal interaction on song learning in zebra finches.
Anim. Behav.

37. Kao MH, Brainard M S. 2006 Lesions of an avian basal ganglia circuit prevent context-dependent
changes to song variability. J. Neurophysiol. 96, 1441-1455.

38. Tchernichovski, Nottebohm, Ho, Pesaran, Mitra. 2000 A procedure for an automated measurement
of song similarity. Anim. Behav. 59, 1167-1176. (doi:10.1006/anbe.1999.1416)

39. Zann R. 1993 Structure, sequence and evolution of song e ementsin wild Australian zebra finches.
The Auk , 702—715.

40. Liu W, Gardner TJ, Nottebohm F. 2004 Juvenile zebra finches can use multiple strategies to learn
the same song. Proc. Natl. Acad. Sci. 101, 18177-18182.

41. Lipkind D, Zai AT, Hanuschkin A, Marcus GF, Tchernichovski O, Hahnloser RH. 2017 Songbirds
work around computational complexity by learning song vocabulary independently of sequence.
Nat. Commun. 8, 1247.

14


https://doi.org/10.1101/2020.03.28.013052
http://creativecommons.org/licenses/by-nc-nd/4.0/

289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.28.013052; this version posted March 30, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

FIGURE LEGENDS
FIGURE 1 Mean IN number and IN acoustic structure are correlated between fathers and their

normally reared sons

(A) Spectrograms of song bouts of 3 different zebra finches. Red shading highlights song motif and
blue shading highlights INs.

(B) Mean IN number varies consderably across 20 unrelated birds. Circles and whiskers represent
mean and s.em for individual birds. Colours represent birds from (A).

(C) Example spectrograms of one song bout of a father (green box) and 5 sons showing introductory
notes (blue shaded boxes) and common motifs for each bird (red shaded boxes). Black numbers on the
left indicate mean IN number for that bird. For sons, blue and red numbers represent mean similarity to
father's INs and motif respectively. (D) Mean song similarity and mean IN similarity between fathers
and sons. Blue line represent chance level similarity (mean similarity between father from one nest and
pupils from other nests). * represents p < 0.05, Wilcoxon rank sum test (E) Mean IN number of father
vs. mean IN number of son. Grey circles represent individual birds, black squares and whiskers

represent mean and s.e.m. for individual nests. Red line represents regression line.

FIGURE 2 Mean IN number and IN acoustic structure, for socially tutored birds, is correlated

with social tutor, not father

(A) Schematic of social tutoring paradigm. (B) Example spectrograms of one song bout of father (top),
pupil (middle) and social tutor (bottom) showing introductory notes (blue shaded boxes) and common
motifs for each bird (red shaded boxes). Black numbers on the top left side of each spectrogram
represent mean IN number for that bird. For the pupil, magenta and green numbers on the left represent
mean similarity to father's and social tutor's INs respectively. (C) Mean song motif similarity and mean
IN similarity of pupilsto their social tutors and their fathers. Red line represents chance level similarity.
* represents p < 0.05, Wilcoxon sign-rank test (D), (E) Mean IN number of pupil vs. mean IN number
of father (D) and socia tutor (E). Symbols represent individual birds, stars represent birds tutored at
McGill, triangles represent birds tutored at IISER Pune. Red line represents regression line. Blue
trianglein (C), (D) and (E) represents bird shown in (B).
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FIGURE 3 IN number and I N acoustic str uctur e are lear ned independent of song learning

(A), (B) Motif smilarity between tutor (father or social tutor) and pupil vs. absolute difference in mean
IN number between tutor and pupil (A) or IN similarity between tutor and pupil (B). Circles represent
individual birds. Here motif similarity and IN similarity were calculated using asymmetric, time-course
similarity and symmetric, time-course similarity respectively.

FIGURE 4 Biological predispositionsin [N production

(A) Schematic of playback tutoring paradigm. (B) Example spectrograms for a song bout for the father
(top), played back song (middle) and playback-tutored bird (bottom). Blue shaded regions highlight
INs and red shaded regions highlight song motifs. Black number on the left of the spectrograms
represent mean IN number for that bird. Blue and red numbers represent similarity to father's INs and
played-back motif respectively. (C) Mean IN number for father vs. mean IN number for playback
tutored birds. Stars represent birds tutored at McGill, diamonds represent birds tutored at 11SER Pune.
Blue diamond represents bird shown in (B). (D) Mean motif similarity for playback tutored birds
relative to played back motif and mean IN similarity relative to father. Red lines represent random
similarity. (E), (F) Box plot representing mean number (E) and duration (F) of INs produced by
normally reared (n=65), socially tutored (n=14), playback-tutored (n=22) and untutored birds (n=5).
Circles represent INs in individual birds. Multiple IN types in a given bird are represented separately,

so the total number of pointsin each category can exceed the number of birds.
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