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Estrildid finches are known for great interspecific diversity in the degree of elaboration
in courtship dance, song and plumage coloration and also for the considerable sex
differences in these traits within species. To study the evolution of multimodal sexual
signaling in these taxa, we collected data on 85 species and analyzed them in a
phylogenetic comparative study. As dances are often displayed in parallel with songs
and include behavioral elements to emphasize coloration, they are likely to evolve
non-independently of songs and plumage characteristics. Hence, we hypothesized that the
degree of elaboration in dance would be associated with song and plumage ornamentation
due to correlated responses between traits. Alternatively, each sexual signal may evolve
independently of the others under the influence of different aspects of reproductive
ecology or life history. Finally, because trait expression occurs in both males and females
and can be caused by pleiotropic effects, we predicted correlated exaggerations of the
traits between sexes as well. We found that courtship dance, song and plumage coloration
evolve independently, as these traits were not correlated among species in either sex (i.e.,
the presence of female song was not related to female dance repertoire). However, we
found evidence for correlated responses between the sexes, as species that have males
with complex dances or colorful plumage also have females with exaggerated traits. Yet,
selection factors acting on these traits were only partially shared between sexes. While
coloration can be predicted by intraspecific brood parasitism and dance by body size in
females, we were unable to reveal similar relationships in males. Our results indicate that
different secondary sexual characters in Estrildid finches evolved under the influence of
complicated selection factors, in which both correlated responses between sexes as well
as independent selective mechanisms play roles.

Keywords: courtship display, duet, female dance, female song, monogamous songbird, phylogenetic comparative
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INTRODUCTION
Theories of sexual selection are classically concerned with the
evolution of secondary sexual characters that are expressed by
males (Andersson, 1994). Textbook examples usually focus on
song displays and plumage coloration in passerine birds (Searcy
and Andersson, 1986; Hill, 1991, 2006; Searcy, 1992; Catchpole
and Slater, 2008), and a large number of phylogenetic compar-
ative studies have identified the key selection factors that shape
the tremendous amount of interspecific variance in these traits
(e.g., Read and Weary, 1992; Owens and Hartley, 1998; Badyaev
and Hill, 2000; Dunn et al., 2001; Mountjoy and Leger, 2001;
Jawor and Breitwisch, 2003; Garamszegi and Møller, 2004). Even
though it is known in many animal taxa that females choose mates
based on male motor performance (review in Andersson, 1994;
Byers et al., 2010), non-vocal behavioral elements of the courtship
display of birds, i.e., dances, have attracted relatively less attention
in the comparative evolutionary context. A few distantly related
taxonomic groups, including bowerbirds (e.g., Patricelli et al.,
2002; Coleman et al., 2004), birds of paradise (Pruett-Jones and

Pruett-Jones, 1990; Scholes, 2008), and manakins (Prum, 1990,
1998; Bostwick and Prum, 2005; DuVal, 2007; Fusani et al., 2007)
are characterized by their spectacular behavioral performance,
but generally applicable explanations for how such complex traits
evolve are rare (Balmford, 1991; Andersson, 1994; Madden, 2001;
Galván, 2008). In addition, hardly any study considered multiple
sexual traits within the same study to investigate the independent
or correlated evolution of various morphological and behavioral
sexual display traits.

The evolution of courtship dance in birds constitutes a case
that is especially interesting for at least two reasons. First, dances
are rarely performed in isolation from other sexual characters,
as they are often displayed in parallel with some vocalization
and include behavioral elements to emphasize coloration (e.g.,
Torres and Velando, 2003; Cooper and Goller, 2004; Dakin
and Montgomerie, 2009; Dalziell et al., 2013). Therefore, elab-
orate dances are likely to evolve non-independently of songs
and plumage characteristics. For example, in dabbling ducks, the
repertoire size of male courtship display is larger in species with
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FIGURE 4 | Ancestral reconstruction of dance repertoire. Maximum-likelihood reconstruction of ancestral states for the evolution of dance repertoire size in
male (A) and female (B) in Estrildid finches, as shown along the phylogeny.

sexual signals, but was correlated between sexes. These findings
suggest that courtship dance and its mutuality between sexes, and
plumage coloration in Estrildids evolved under the influence of
complicated selection factors, in which both correlated responses
between sexes as well as independent selective mechanisms play
roles.

Functions of multi-modal displays can be explained in two
ways: either multiple displays (e.g., audio-visual displays) are
redundant and communicate the same information efficiently,
or they convey different messages (Møller and Pomiankowski,
1993; Johnstone, 1996; Candolin, 2003; Bro-Jørgensen, 2010).
Our results in association with dance, song, and plumage char-
acters in Estrildid finches support the latter because these three
sexual traits were evolutionarily independent of each other. The
strong phylogenetic signal for the presence of female song in this
groups suggests its evolution is more constrained – perhaps due to
the neuroendocrinological and morphological adaptations usu-
ally associated with birds song (Bolhuis et al., 2010). Forces of
sexual selection that favor ornamental plumage coloration and
song do not explain interspecific variation in dance complexity
of either sex. This finding indicates that independent selective
mechanisms should be considered for explaining the emergence
and maintenance of spectacular courtship dance displays in some

passerine bird species. Apparently, different mechanisms may
be in effect at the within- and between-species level, as it has
been reported in males of one Estrildid species (diamond firetail,
Stagonopleura guttata) that the quality of courtship dance (i.e.,
bobbing speed) and plumage ornamentation were positively cor-
related (Zanollo et al., 2013). Clearly this result is not applicable
to the among-species context.

SELECTION FACTORS FOR CORRELATED EVOLUTION BETWEEN SEXES
One important selection factor that could account for the main-
tenance of complex display traits is mutual sexual selection
to enhance synchronization between pair members. Mirroring
behaviors, such as showing similar gestures, or mimicking vocal-
izations, can be a form of affiliative communication and can
contribute to the formation and maintenance of social bonds
in a range of animal taxa (e.g., call convergence in budgerigars:
Hile et al., 2000; vocal duets in pairs of gibbons; Geissmann
and Orgeldinger, 2000; contagious yawning in dogs: Romero
et al., 2013), that can be particularly important in many bird
species with song duets (Langmore, 1998; Amundsen, 2000; Hall,
2004). Although we did not quantitatively assess the degree of
coordination/synchronization of dance displays between sexes,
in Estrildid finches, the repertoire of female visual displays is
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Table 2 | Effects of life-history traits on dance complexity in male (A)

and female (B) Estrildid finches.

Explanatory variable Coefficient SE 95% CI

(A) MALE DANCE REPERTOIRE

Intercept 4.143 1.806 [0.602 to 7.683]

Body size 0.035 0.115 [−0.190 to 0.260]

Clutch size −0.083 0.242 [−0.558 to 0.392]

Coloniality 0.090 0.222 [−0.344 to 0.525]

Interspecific brood parasitism 0.518 0.404 [−0.274 to 1.311]

Intraspecific brood parasitism 1.248 0.679 [−0.083 to 2.579]

Log research effort 0.257 0.332 [−0.393 to 0.908]

(B) FEMALE DANCE REPERTOIRE

Intercept −5.910 2.448 [−10.708 to −1.111]

Male dance repertoire 0.480 0.146 [0.194 to 0.766]

Body size 0.441 0.156 [0.136 to 0.746]

Clutch size 0.015 0.310 [−0.593 to 0.622]

Coloniality 0.062 0.281 [−0.490 to 0.613]

Interspecific brood parasitism 0.665 0.559 [−0.431 to 1.760]

Intraspecific brood parasitism 1.737 0.902 [−0.031 to 3.504]

Log research effort 0.187 0.414 [−0.624 to 0.998]

Each coefficient was estimated from model averaging over 1000 phylogenetic

trees. Bold typeface is used when 95% CI does not contain zero, thus can be

interpreted as significant effect.

FIGURE 5 | Interspecific association between body size and dance

complexity of females. Dots are species-specific estimates, line is the
PGLS regression line that is estimated in the corresponding phylogenetic
model (Table 2).

covered by that of males without exception. At least some species
have been shown to exhibit behavioral synchronization that con-
tributes to better breeding success of pairs (Adkins-Regan and
Tomaszycki, 2007; Elie et al., 2010; Mariette and Griffith, 2012;
see also Movie S1), and male and female dance repertoire depict
correlated evolutionary responses. Therefore, one can reason-
ably infer that interspecific variation in dance complexity is
likely resulted from selection pressures for behavioral coordi-
nation between the sexes. However, further studies are needed

Table 3 | Effects of life-history traits on plumage coloration in male

(A) and female (B) Estrildid finches.

Explanatory variable Coefficient SE 95% CI

(A) MALE PLUMAGE COLORATION

Intercept 8.035 5.648 [−3.034 to 19.104]

Body size 0.009 0.359 [−0.694 to 0.712]

Clutch size 0.185 0.768 [−1.321 to 0.392]

Coloniality −0.715 0.690 [−2.066 to 0.637]

Interspecific brood parasitism −0.329 1.273 [−2.824 to 2.166]

Intraspecific brood parasitism −1.259 2.091 [−5.358 to 2.839]

Log research effort 0.357 1.022 [−1.645 to 2.360]

(B) FEMALE PLUMAGE COLORATION

Intercept 1.097 2.837 [−4.463 to 6.658]

Male plumage coloration 0.665 0.056 [0.555 to 0.775]

Body size 0.067 0.172 [−0.270 to 0.403]

Clutch size −0.190 0.390 [−0.955 to 0.574]

Coloniality 0.095 0.351 [−0.592 to 0.783]

Interspecific brood parasitism −1.274 0.598 [−2.447 to 0.102]

Intraspecific brood parasitism −0.673 1.057 [−2.745 to 1.399]

Log research effort −0.178 0.524 [−1.206 to 0.850]

Each coefficient was estimated from model averaging over 1000 phylogenetic

trees. Bold typeface is used when 95% CI does not contain zero, thus can be

interpreted as significant effect.

FIGURE 6 | Schematic view of the results of the analyses on the

evolution of three sexual signals. Two headed arrows show correlated
evolution between sexes, and one-headed arrows show factors responsible
for trait evolution. Marginal effects are shown with dashed arrows. The
figure summarizes the results from Tables 1–3.

about the importance of such coordinated dance displays between
sexes.

We also found that male dance repertoire is consistently larger
than that of females and that the phylogenetic signal for the pres-
ence of female dance compared with female song is weaker. These
findings suggest that species can gain or lose female dance traits
under less phylogenetic constrains. Females of some species may
have lost the ability to dance similarly to males, and under relaxed
selection pressures behavioral sexual dimorphism (in terms of
smaller dance complexity in females than in males) may arise
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owing to reduced dance complexity in females. The emergence of
sexual dimorphism in dance repertoires may suggest that in addi-
tion to correlated evolutionary responses between sexes, female
dance complexity may follow partially independent evolutionary
routes from that of male dance complexity. Such scenario would
be analogous to the findings of comparative studies on female
song showing that songbirds might have common ancestors with
female song, which was lost in some lineages (Garamszegi et al.,
2007; Odom et al., 2014). Which selection factors caused some
Estrildid species to lose ancestral dance ability while others have
maintained it during their long evolutionary history? Such a
question was investigated in a phylogenetic comparative study of
New World blackbirds, which appeared to have ancestors with
female songs and socially monogamous breeding systems, but
in some lineages female song was lost owing to changes in life-
history such as the emergence of polygyny (Price, 2009). However,
Estrildid finches lack drastic variations in mating systems as
all species are socially monogamous, which makes the evolu-
tion of courtship dances a different story, and subject to further
investigation.

Another selection factor that can explain the evolution of
complex sexual signals in both sexes is mutual mate prefer-
ences. Female ornamentation can evolve when males are choosy,
and both sexes can be equally ornamented when mate choice
is bidirectional (Amundsen, 2000). This explanation fits to
the evolution of plumage coloration in Estrildid finches as
females have more ornamental colors in species having colorful
males (Figure 2). Moreover, it is also possible that female song
and dance evolved similarly in response to male mate choice.
However, it is clear that mutual mate choice is not a major
common factor, given the observed independent evolution of
multiple sexual signals.

LIFE HISTORY TRAIT AND SEXUAL SIGNALS
Some life-history traits of Estrildid finches that we considered in
this study could be candidate factors responsible for the evolu-
tion of duet singing and/or dancing, but our result showed that,
except body size, none of them can explain interspecific varia-
tion in dance complexity (Table 2). The only significant pattern
we detected indicates that some proportion of the interspecific
variation in dance complexity in females can be accompanied by
a parallel variation in body size (Table 2B). Since body size is
associated with numerous life-history traits (Bennett and Owens,
2002), based on our correlative results, it remains difficult to
elucidate which correlates of body size is associated with the
evolution of courtship dance. A marginally significant tendency
for intraspecific parasitism also emerged indicating that dance
complexity in both sexes might be related to the degree of cuck-
oldry within-species. If such relationships were proven to be
true, it would suggest that mutual dance evolved in response to
increased reproductive cost, a mechanism that would be sim-
ilar to what has been proposed for duet singing (Hall, 2004).
Accordingly, well-coordinated behaviors assured by mutual sig-
naling could lead to better reproductive success when both pair
members need to invest more into reproduction when facing with
a higher risk of intraspecific brood parasitism. Alternatively, well-
coordinated mutual dance displays could signal pair-bonding to

others, which would in turn reduce the risk of becoming the target
of intraspecific brood parasitism.

Another interesting finding on the evolution of sexual signals
in Estrildid finches was that the coverage of ornamental plumage
coloration in females decreased when interspecific brood para-
sitism was present (Table 3B). This suggests that having more
cryptic appearance should be advantageous in terms of hav-
ing lower chances to be detected by brood parasitic birds that
search host nests. Analogous results were reported for species
that are parasitized by the brown-headed cowbird Molothrus ater,
indicating that males of host species tended to have less con-
spicuous sexual signals, i.e., songs under higher parasite pressure
(Garamszegi and Avilés, 2005). Given that Estrildid females gen-
erally stay longer in the nest during nest-building period as
compared to males (Payne, 2010), such selection pressures par-
ticularly acting on females might serve as a likely explanation for
the results we obtained in this study.

Overall, this study highlights the similarity between mutual
dance display in Estrildid finches and duet song performance
in other songbirds (Hall, 2004), which would contribute to
our understanding of functional significance of female dance in
Estrildid finches. Moreover, our approach has revealed that study-
ing sex-specific characters in males and females instead of sexual
dichromatisms leads to better understanding of the dynamic evo-
lution of sexual traits. However, it remains unclear why some
female Estrildid finches sing as surprisingly little is known about
vocal communication in this taxonomic group. In contrast with a
few limited Estrildid species without females song (e.g., Zebra and
Bengalese finches) that have been well studied, singing behaviors
of males and females of the rest of the species are largely uncer-
tain (but see Gahr and Güttinger, 1986; Geberzahn and Gahr,
2011, 2013; Kagawa and Soma, 2013; Ota and Soma, 2014), and
can be a crucial key to understand the evolution of multimodal
communication in future studies.
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