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Behavioural Factors Governing Song Complexity in
Bengalese Finches

Kazuo Okanoya
The University of Tokyo, Japan

Bengalese finches are the domesticated straineofvild white-rumped munias. Bengalese finches
had been domesticated for over 250 years from tltestrain white-rumped munias and during this
period the courtship song became phonologically syrtactically complex. The purpose of this
study is to understand proximate and ultimate cafmresong complexity in Bengalese finches. Field
observation of white-rumped munias in Taiwan sutgg#sat populations of munias show a gradient
of song syntactical complexity: when the populatites more sympatric species, the population
showed less syntactical complexity, suggesting $lyatactical complexity does not develop under
the pressure for species recognition. Laboratongysiof cross-fostering between the two strains
revealed that white-rumped munias are more speethin accurately learning own-strain phonology
while Bengalese finches learned equally but lessurately learned phonology of both strains
suggesting that Bengalese finches lost speciesfispleias to accurately learn own phonology. By a
nest-building assay, we found that females workenenen stimulated with complex songs but not
with simple songs. Taken these evidences togethersuggest that phonological and syntactical
complexity in Bengalese finch songs evolved firstduse domestication freed them from pressure
for species recognition based on song characterisand then sexual selection advanced the
complexity. This is enabled by longer song learnpeyiod in Bengalese finches. Neural and
molecular studies also support the notion that Blrsg finches keep more song plasticity as adult.
In conclusion, song complexity in Bengalese fincpesvides a unique opportunity for integrative
study of animal communication.

Birdsong is a learned behavior that is culturaignsmitted within a set of
biological constraints. Birdsong can serve as apomant biological model to
study interactions between environment and heredibys study examined the
differences between a wild and a domesticatednstoi white-rumped munia
(Lonchura striata) in terms of their songs. The comparison betwiertwo strains
revealed evolutionary factors affecting the acaa$tand syntactical morphology
of species-specific songs.

Wild white-rumped munias were originally importedrh Zhapu port in
Zhejiang Province, China, to Nagasaki, Japan, Wgdaral king of the Kyusyu
prefecture in 1763 (Washio, 1996). Since that tithey have frequently been
imported from China to Japan, particularly during04-1829, when aviculture
flourished in Japan. The white-rumped munia is gahe brown with a white
patch on the rump, as its name implies (Restab6l9However, in 1856, birds
with totally white plumage were distinguished fromhite-rumped munias and
called Juushimatsu, society finches. Although these birds were abtuahported
from China, European aviculturists believed thagyttcame from India, and
domesticated white-rumped munias imported from ddapaEurope were referred
to as Bengalese finches (Buchan, 1976). In whadvisl, the Japanese strain of
wild white-rumped munias will be referred to as Balese finches. Figure 1
presents a photograph of a wild white-rumped muaial a domesticated
Bengalese finch along with a drawing of a Bengakeseh during Edo era (ca.
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1850). The drawing suggests that the Bengaleshdmare domesticated strain of
the white-rumed munia.

Bengalese finches were domesticated for their ceprtive efficiency and
their ability to foster other bird species, as wadl their plumage (Taka-Tsukasa,
1917). During the approximately 250 years of tligimestication, however, song
characteristics have changed substantially fromseéhambserved in the wild strain,
and the purpose of this paper is to discuss thsilesbehavioral and evolutionary
reasons behind these differences.

Figure 1. A) A white-rumped munia (left) and a Bengalese fifripht). Photo by Maki IkebuchB)
A drawing of a Bengalese finch during Edo period. (£850). The artist for this drawing is not
known.

Song Differencesin two Strains

Representative sonograms from a Bengalese finchaamdhite-rumped
munia are shown in Figure 2. Brief inspection of gbnograms suggested that
these two songs are very different in acousticafpimology and the order of
elements. In general, the songs of the wild streéme noise-like and the notes
were ordered simply and in stereotyped fashion, redee the songs of the
domesticated strain were more narrow-banded and domaplex note-to-note
transition patterns. We initially confirmed thesmpressions with acoustical
analyses of song notes and then by transition sisabj note sequences (Honda &
Okanoya, 1999).

Acoustical analyses revealed that the frequencythld maximum
amplitude was higher in Bengalese finches than litearumped munias, and
bandwidths 15dB below the maximum amplitude werdewiin white-rumped
munias than in Bengalese finches. Furthermore,sthend density (root mean
square value of 5 s of continuous singing) was,awarage, 14dB higher in
Bengalese finches than in white-rumped munias wkeardings were made with
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identical settings. However, no differences inrthenber of types of song elements
were found between Bengalese finches (averagea®@)white-rumped munias

(average 8.4). Thus, Bengalese finch songs wereehigitched, more narrow-

banded, and louder than were white-rumped munigssdout the strains did not

differ with regard to repertoire size.

The sequential complexity of the songs was evatuatgh the linearity
index (Scharff & Nottebohm, 1991), which is the rhenobtained by dividing the
number of unique types of song notes by the nunadfeobserved transition
patterns from one note type to another. This indeix0 (wherN is the number of
note types, then this will b&/N = 1) when the element sequence in the song is
always identical, and it will approach B/N? = 1N) when the element sequence is
completely random. Results of this analysis shothatithe average linearity index
was significantly lower, signifying greater compitgxin Bengalese finches (0.33)
than in white-rumped munias (0.61). Representdtaesition diagrams from both
strains are shown in Figure 3.
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Figure 2. Sonogram of a Bengalese finch song (left) and itewhmped munia song (right).
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Figure 3. Transition diagram of a Bengalese finch song (ugpeearity = 0.45) and a white-rumped munia s@iogver; linearity = 0.81). “S” inidicates the starftthe
song and “E” indicates the end of the song.
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Effect of Domestication: Insight from a Field Study

We assumed that songs were kept simple in wild eatiimped munias
because of specific pressures in the wild. Singpiig, complex songs in the wild
is costly for at least three reasons. First, sumigs may easily attract predators.
Second, they draw on cognitive resources necedsaryeacting to dangers,
including predations. Third, the evolution and nwaivance of the brain
mechanisms underlying complex songs are costly. Bagan our fieldwork in
Taiwan to examine these hypotheses. However, therehition of predation in the
wild is very rare to allow the quantitative assesstrof the hypotheses.

We examined the factors that might have accounmedhie loss of the
innate bias in Bengalese finches with regard tmiag songs. One reason for this
bias might involve an important function served dpngs in the wild. Before a
song can function as a mating signal to attracspedific females, the singer must
be identified as conspecific by the female. Towdrd end, the song should
possess species-specific characteristics. Thigiimas an identifying mechanism
might degenerate in a domestic environment bedaiuse are paired by humans in
these settings and thus do not need to seek natbgio own.

Several field studies might support this hypothebisthe wild, white-
rumped munias coexist with various sympatric spgediecluding spotted munias
(Lonchura punctulata). A strong innate bias toward conspecific phonglefould
be adaptive for species of munia in avoiding futittempts at hybridization. In
contrast, Bengalese finches are domesticated avel lieen subject to controlled
breeding. In such an environment, a species-spelifis would be neutral and
might degenerate rapidly, perhaps allowing Bengaliéxsches to gain a more
general ability to learn a wide-ranging phonology.

We have preliminary data on the relationship betwiee degree of colony
mixing (with spotted munia) and song linearity inldvpopulations of white-
rumped munia (Kagawa et al., 2012). When the l@feheterogeneity in the
colony was higher, songs of white-rumped munia weoee linear (Figure 4) and
exhibited less variable phonology. This might imdéthat when more sympatric
birds are present, species of munia must exaggdtaE species-specific
characteristics in their songs.
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Figure 4. The rate of hetero-specific mixed colonies (upgeryesponds with the song simplicity
(lower). H (Huben), T (Taipei), M (Martaian) areetHifferent geographical populations in Taiwan.

L earnability: A Cross-fostering Study

Bengalese finch songs are sequentially and phoivalbg complex,
whereas white-rumped munia songs are simpler. Uiciddte the degree to which
environmental and genetic factors contributed &s¢hdifferences in song structure,
we cross-fostered white-rumped munia and Bengdilesie chicks. We used seven
pairs of Bengalese finches and four pairs of whiteped munia and exchanged
some of the eggs during incubation (Takahasi & ©kan2010). As a result, we
obtained seven Bengalese finch-reared male whitgped munias and seven
white-rumped munia-reared male Bengalese finches. ddmparison, we also
examined 12 normally reared male Bengalese finahdsl4 normally reared male
white-rumped munias. When the chicks had fully medy their songs were
recorded, and phonological and syntactical compasis were performed.
Inspection of sonograms revealed that munia-fodtBengalese finches were able
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to learn most of the songs sung by fostering fathet Bengalese-fostered munias
had some difficulty in learning the songs sungdstéring fathers (Figure 5).
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Figure 5. Results of cross-fostering experiment. A muniacki{B) fostered by a Bengalese finch
father(A) did not learn a part of the song, but a Bengdiesé chick(D) fostered by a munia father
(C) had no apparent difficulty learning the song.
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Constraintsin Phonological Learning

The accuracy of song-note learning was measureitieapercentage of
song elements shared between the chick and therfdiretailed phonological
analyses revealed that the accuracy of song-nataitey was highest in white-
rumped munia chicks reared by white-rumped mur88%4) and lowest in white-
rumped munia chicks cross-fostered by Bengalesehdi® (82%). In contrast,
Bengalese finch chicks exhibited an intermediatgreke of learning accuracy,
irrespective of whether they were reared by whiteywed munias (92%) or
conspecifics (94%). A two-way ANOVA detected a $figant interaction between
genetic background and rearing environment, ingigahat white-rumped munias
were sensitive to their rearing environments, whgrBengalese finches were not
(p < 0.04). These results suggest that white-rumpedias are highly specialized
for learning the phonology of their own songs ket lass adaptable to learning the
phonology of Bengalese finch songs. In contrasthg@éese finches are less
specialized for learning the phonology of their ostmain and more able to
generalize their capacities to learn the songs synghite-rumped munias. These
findings suggested an innate bias toward speciesi&p phonology in white-
rumped munias that might have been lost in Bengaléaches during
domestication (Takahasi & Okanoya, 2010).

Constraintsin Syntax Learning

We used the same data set to test for a learniag for song syntax.
Similarities between the two types of song syntagrewevaluated by first
expressing the two songs under study as Markovansition matrices (Takahasi
& Okanoya, 2010). In constructing these matrices,oonsidered the song notes
shared by the songs of both tutor and pupil, atagethe song notes in songs sung
only by tutors or only by pupils. The correlatiooefficient calculated from the
nonzero elements of the two matrices was used amdax for syntactical
similarity. Using this method, we calculated averagnilarities between the songs
of tutor and pupil in the four cross-fostered greBengalese finches tutored by
Bengalese finches, white-rumped munias tutored Hbytewrumped munias,
Bengalese finches tutored by white-rumped munias, &hite-rumped munias
tutored by Bengalese finches).

Consistent with the results of the phonologicaliies experiment, the
similarity between the songs of tutors and pupitsvhighest for white-rumped
munias tutored by white-rumped munias (0.91) andeki for white-rumped
munias tutored by Bengalese finches (0.70). Théasitres of Bengalese finches
tutored by Bengalese finches (0.82) or by whitepach munias (0.75) were
intermediate in comparison with the two more exegarases. Thus, when learning
to sequence song elements, white-rumped munias biesed toward learning the
linear syntax associated with their own strain amge far less adept at learning
the complex syntax associated with Bengalese fschieese results supported our
previous conclusion that white-rumped munias mightve an innate bias for
learning species-specific syntax and that this lraght have disappeared in
Bengalese finches during domestication.
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L earnability and Brain Plasticity

These behavioral results suggest that Bengaleshefin might have a
wider range of song learnability than white-rumpednias. Encouraged by this
finding, we extended our research into differenngzoximate mechanisms.

First, we compared between volumes of the brainlenuthat are
considered to be related with song learning androbrBirds were perfused by
phosphate-buffered solution containing formaldehtygeugh the heart after deep
anesthesia and brains were post fixed. 40-micreibick slices were cut and
these were stained by Nissle solution. Volume afigs@ontrol nuclei was
measured by a computer-connected microscope sysséme Bengalese and
Munias has difference in body weight and overadlitorvolume, a brain muclei
considered to be unrelated with song control, &athi& relay nucleus was used as
reference on which volume of each of the song obmuclei was indicated
(Figure 6). Song nuclei are overall larger in Bdaga finches than in white-
rumped munias (Takahasi, unpublished data).

We then examined gene-expression profiles on ithia bf the two strains.
We especially focused on genes that are relatdd syihaptic plasticity including
neuro-tropic factors, calcium regulations, and agtudte receptors. Although
research is still in progress, we found that oveBaihgalese finch brain shows
higher degree of plasticity-related gene expressiiato & Okanoya, 2010).
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Figure 6. Volumetric comparisons among song control nucldéngalese finches and white-rumped
munias. Bengalese has larger song control nudai thunias. py < 0.05, *p < 0.01.
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Sexual Selection

What are the functions of song complexity in thengmese finch?
Although this species is domesticated, we hypoteesthat function evolved in
part as a result of sexual selection by femalesléfson & Iwasa, 1996; Okanoya,
2002). Because the Japanese avicultural literataes not contain evidence that
songs were artificially selected by breeders (Wastib96), we assumed that
breeders selected only successful pairs and thstintkirectly resulted in the
selection of good singers. Therefore, we furthepdtiyesized that males and
females differed with regard to song perception ahdt song complexity
efficiently stimulated sexual behavior in femaléde evaluated the former
hypothesis using heart-rate measurements and tiee lesing several assays that
supplemented one another (Searcy, 1992). We fieshasored the reinforcing
properties of a complex song using an operantitagitving perch selection. Next,
we measured the degree of nest building behavideimale Bengalese finches as
a function of stimulus songs. In addition, we meadihe serum estradiol levels in
females stimulated with complex versus simple songs

Heart Rate Responseto Song Novelty

Birdsong might be assessed and processed diffetanttach sex because
its production and functional use are often seyualimorphic. However,
straightforward examination of this hypothesis haen difficult because different
behavioral measures have been used to descridbess of song assessment in
the two sexes. We analyzed changes in heart rate mslex of song assessment in
the Bengalese finch (lkebuchi & Okanoya, 2003)this species, only males sing,
and song is used exclusively for mate attractioendalese finches are not
territorial, and the songs are not used in aggressintexts. When a song stimulus
was presented for the first time, the heart ratéhefstudy participants increased.
The duration of this increase in heart rate wagddfas the period in which the
heart rate increased by two standard deviationgeathmt measured in the baseline
interval, which was 10 s before song presentationboth sexes, the repeated
presentation of one song resulted in a reductiothénheart-rate response. The
presentation of heterospecific (zebra finch) safigsnot increase the heart rate of
Bengalese finches. When a novel conspecific song) pvasented, the heart rate
increased only in female and not in male birds watich presentation of the
stimulus. These findings confirmed the differentedponses to songs by each sex
in this species: males ignored the songs of otlilsbwhereas females were
attentive. These patterns were not due to sexrdift®s in memory capacity;
operant conditioning studies have demonstrated rireles and females do not
differ in their memory capacity for songs (IkebuéhDkanoya, 2000). The results
suggested that syntactically complex songs mightmioee potent than simple
songs in maintaining arousal in females.
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Reinforcing Properties of Complexity

To examine the preferences of female Bengaleséndmavith regard to
song complexity, we employed an operant conditigrigchnique using the song
as a reinforcer (Morisaka, Katahira, & Okanoya, &00The protocol and
apparatus used by Gentner and Hulse (2000) tostexy preference in female
European starlings were modified for Bengalesehfisc We prepared a large
metal cage and placed pot-shaped nests in two gppeers. We also placed small
speakers for song playback inside the nests atehfed a perch in front of each of
the nest pots. A natural song sung by a male Bersgdinch was used to prepare a
simple (order of song notes fixed) and a complexido of song notes varied
according to a finite-state rule) song, both of ahhivere played back from the
relevant speaker when the bird sat on the perclenfale bird was placed inside
this apparatus. Four of the eight birds testedelios complex song, one chose the
simple song, and the remaining three birds chosk bongs at random. These
results suggested that the song preferences ofldeBengalese finches varied
depending on the individual, although more tendegrefer complex to simple
songs. Because only one type of song was usedeirexberiment, the results
should be interpreted with caution. Neverthelesshsfemale preferences could
potentially contribute to sexual selection thatilfieates the evolution of complex
songs in male Bengalese finches (Morisaka et @082

Nest Building Behavior

To further demonstrate the function of song compfexve examined the
nest building behaviors of females (Eisner, 1961)résponse to songs with
complex or simple syntax (Okanoya & Takashima, }98ing an approach first
developed by Hinde and Steel (1976) and Kroodsn®&@§)l Hinde and Steel
(1976) demonstrated that female domesticated @maengaged in more
transportation of nest material when stimulatechwibnspecific songs than with
songs of other species. Kroodsma (1976) found févagle canaries performed
more nest building and laid more eggs when stiredlatith large compared to
small repertoire songs.

We analyzed the song recordings of a male Bengdesh and
identified four distinctive song phrases (Okanoyal &ashima, 1997). The four
phrases in this bird’s song were organized suchphiases A or B were repeated
several times and phrases C or D followed thistiépe, but phrases C and D
were never repeated. After phrase C or D was sumg,ophrase A or B was
repeated. We designed a computer program to prothisesequence of song
phrases (complex syntax song) or one that repeatiydphrase B (simple syntax
song). Phrase B contained most of the song notdsottturred in phrases A, C,
and D.

We examined three groups of four female Bengaleshés; each finch
was kept in a separate cage and they were kephtrga a sound isolation box.
The first group was stimulated with the song chiarézed by the complex syntax,
the second group with the song characterized bysithele syntax, and the third
group (control) was not stimulated with any sonfe Thumber of nesting items
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carried each day was counted and compared amongadhps. Females stimulated
with complex songs carried more nesting materiaintivhen stimulated with
simple songs or no songs (Figure 7). We furthemmemed whether randomly
generated note sequences were more effective them syntactically synthesized
ones. Females who were stimulated with random rmetguences were less
responsive and carried comparable numbers of taEsisicompared to females
stimulated with the simple sequence (data not sholthough random sequences
resulted in complex orderings of song notes, ramizss did not generate the same
female response as did complexity produced by gy@&anoya, 2004).
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Figure 7. Results of nest building assay in female Bengafessthes. Complex song effectively
stimulated nest carrying behaviour than simple samp song (control).

Estradiol Levels

Three groups of female Bengalese finches were imséais experiment;
each group consisted of four separately caged &smedpt together in a sound
isolation box (Okanoya, 2004). The first group wssnulated with the song
characterized by complex syntax, the second gratiptive song characterized by
simple syntax, and the third group received no sstigulation. The levels of
serum estradiol were compared among the groupsebafal after the experiment
in order to consider baseline differences. Serutra@®l levels before and after
the experiment were, on average, 0.37 and 0.76 gij raspectively, in females
stimulated with the complex song; 0.55 and 0.67my, respectively, in females
stimulated with the simple song, and 0.46 and M§2mg", respectively, in
females who heard a blank tape. Therefore, the ngwmng was more effective
in stimulating female Bengalese finches into th@eductive condition.
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Discussion

We described acoustical and syntactical differertmetween wild white-
rumped munias and Bengalese finches, female respotts song complexity,
effects of cross-fostering, and fieldwork to idgntieographic variations in songs.
Integrating these findings, we can now suggest séalée scenario for song
evolution in Bengalese finches.

Domestication and Sexual Selection

The cross-fostering study revealed that white-reenpnunias had a
narrowly tuned learning mechanism for strain-speciphonology, whereas
Bengalese finches had a more broadly tuned butlsasate learning mechanism.
This finding should be considered in light of tlesults of fieldwork that showed
that higher sympatric ratios were associated vaiver levels of song complexity.

Birdsong must initially operate as a species-idienfiand then it can
function for sexual selection. In this regard, sorp not need to function as
species markers in the absence of sympatric, gloselated species. In
environments characterized by the latter, howesengs should serve a sexual
purpose. Domestication represents a special caséicth no sympatric species
exists. Because Bengalese finches no longer neétkmify their species, they
might have gradually lost the bias toward learramg producing species-specific
characteristics in their songs. As a result of bemeng the species-specific filter,
Bengalese finches might have developed the abdifyroduce phonologically and
syntactically complex songs. In this sense, songptexity might have arisen
from a loss of species-specific bias rather thgresenting a gain in general
learnability. Once constraints are weakened, femadderences might reinforce
this tendency towards more complex songs. Indeatk songs can be complex in
syntactical and phonological domains to satisfydks preference for variations.

The Evolution of Song Complexity

Based on the experimental results reviewed in ¢hispter, we suggest
several steps that might underlie the evolutioncofplex song syntax in the
Bengalese finch. In most estrildid finches, songsused solely for the purpose of
mating and not in male—male interactions. Thusyakgelection is likely to have
enhanced those song properties on which females thag choices, resulting in
traits that are handicaps in the wild environmddar(in, 1871; Zahavi, 1975).
The following is one possible scenario that migtlain the emergence of finite-
state syntax in the Bengalese finch.

Complexity in song-note transitions became a séxusdlected trait in
white-rumped munias and was subject to individuatiations due to genetic
differences in neural capabilities and culturalfatiénces in song traditions.
However, the wild environment restricted the degrepossible song complexity
in white-rumped munias due to the various costecated with the maintenance
of such traits, possibly including predation cos$tsaging time, immunological
costs associated with the production of testosteraand a metabolic cost
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associated with maintaining sufficient brain capatd underpin the song system.
Furthermore, songs needed to identify species énwvilid, requiring that songs
avoid phonological and syntactical complexity. Thomitations leading to greater
song complexity would not have become fixed in gyation of wild white-
rumped munias, especially when sympatric species lixéng near them.

However, domestication eliminated many of theseemil costs,
especially those associated with predation andyfiogatime. Thus, domestication
relaxed the restrictions imposed on the evolutibrsang complexity (Okanoya,
2002; Ritchie & Kirby, 2007). Furthermore, it re@uacthe necessity for identifying
members of the species via song. Therefore, magteading to song complexity
through the loss of a rigid song structure werefixet in the natural environment
and were not eliminated in the domesticated enwiem. Changes in brain
structure then allowed more elaborate songs toebméd and gave rise to the
improvisation of song syntax. Genes that allowed the learning of complex
songs were selected because of the preferencemafds.

Implication

Through the study of song complexity in BengalBsehes, we learned
that the combination of domestication and sexu#&csen could promote the
evolution of signal complexity. Domestication fuioais in the direction to free the
animal from some of selection pressures in the,wifdl sexual selection functions
to exaggerate a particular trait preferred by femah the absence of the selection
pressures in the wild. This is an example of redazelection (Deacon, 2010).
Similar processes could function, for example, e tvolution of plastic traits
including language in humans. Thus, the study ghali evolution in Bengalese
finches may promote understanding of language &wolin humans by providing
framework for hypothesis formation (Okanoya, 2002).
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