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Abstract

Postmating sexual selection plays an important part in the evolution of secondary
sexual characters. Based on differential allocation theory that predicts biased
reproductive investment of females depending on the attractiveness of mates, a number
of previous studies have shown that egg production is related in various ways to
ornamental sexual traits of males, but evidence for behavioral sexual traits is less
abundant. In this study we examine such maternal effects in relation to birdsong.
Because the Bengalese finch is a monomorphic songbird, courtship song serves a key
role in mate choice. To take into account individual female differences in egg
production performance, we sequentially paired naive, captive, female Bengalese
finches to two different males, and investigated if their reproductive investment (clutch
size, egg mass and hatchling sex ratio) was related to the song traits of their mates. We
found that clutch size and egg mass were highly repeatable within individual females
while sex ratio was not. Despite the inflexibility of egg mass within each female, egg
mass increased when females were mated to males with longer songs. In addition, we
found a non-significant weak tendency toward male-biased sex ratio in relation to
longer song duration of mates. Our findings suggest that females mated to better mates
adjusted their reproductive investment by producing heavier eggs and possibly

offspring of the more costly sex.
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1. Introduction

Courtship songs serve as an indicator of male quality in many songbirds. The acoustic
features of songs have been shown to reflect various properties of potential mates, such
as early developmental conditions (Nowicki et al., 1998; Buchanan et al., 2003;
Spencer et al., 2003; Soma et al., 2006; Zann & Cash, 2007), body condition (Lampe
& Espmark, 1994; Hoi-Leitner et al., 1995; Kipper et al., 2006), genetic quality
(Hasselquist et al., 1996), and parental care (Welling et al., 1997, Buchanan &
Catchpole, 2000). Because these qualities and conditions of individuals are likely to
affect their offspring either directly (e.g., through resource provisioning) or indirectly
(i.e., genetically), the song quality of the father can be used as a factor to predict
offspring fitness. Female songbirds therefore show preferences toward males with
particular song traits (Catchpole & Slater, 2008), and are expected to adjust their
reproductive efforts and investments differentially depending on the attractiveness of
mates, in order to maximise lifetime reproductive success (Burley, 1988; Sheldon,
2000).

In accordance with predictions of the differential allocation hypothesis
(Sheldon, 2000), many previous studies in birds have reported that females paired with
attractive or preferred males increased their reproductive investment by laying larger
clutches or heavier eggs (e.g., peahen, Pavo cristatus: Petrie & Williams, 1993;
Chinese quail, Coturnix chinensis: Uller et al., 2005; mallard, Anas platyrhynchos:
Cunningham & Russell, 2000; zebra finch, Taeniopygia guttata: Balzer & Williams,
1998; Gilbert et al., 2006; Holveck & Riebel, 2010; canary, Serinus canaria: Leitner et
al., 2006). In addition, it has been revealed that the attractiveness of mates affects the
concentration of egg yolk components thought to contribute to the early physical
development of offspring, such as testosterone (Gil et al., 1999; Gil et al., 2004; but see
Mazuc et al., 2003; Michl et al., 2005) and immune factors (Saino et al., 2002b). These
findings confirm that females invest more in reproduction when the prospective fitness
return is high.

In contrast with the differential allocation hypothesis, the compensation
hypothesis predicts enhanced reproductive investment of females that were mated to
non-preferred males (Gowaty et al., 2007; Gowaty 2008). Because offspring viability
was lower when females were forced to breed with non-preferred males, females

compensated for this by increasing clutch size or egg mass (e.g. Bluhm & Gowaty



2004, Bolund et al. 2009). Even though the majority of studies so far supported the
differential allocation hypothesis rather than the compensation hypothesis especially in
birds, the direction of differential allocation can be either positive or negative
depending on species ecology or experimental setups (Harris & Uller 2009; Ratikainen
& Kokko, 2010).

Sex allocation also has an important role in maternal reproductive strategy.
Since Trivers and Willard (1973) proposed that parents in good condition should invest
more in the sex with greater prospective fitness returns (i.e., usually sons) compared to
the other sex, this hypothesis has been discussed or employed to explain various
adaptive patterns of sex allocation (Leimar 1996; Cockburn et al., 2002). In avian
species, paternal quality reflected in physical conditions or secondary sexual characters
can contribute to a biased offspring sex ratio (reviewed by Komdeur & Pen, 2002;
West & Sheldon, 2002; Cassey et al., 2006). According to the attractiveness hypothesis
(Cockburn et al., 2002), it would be adaptive for females mated to attractive males to
produce broods biased toward sons, because sons sired by such males are expected to
achieve higher reproductive success than daughters (Burley, 1981; Burley, 1986).
Previous studies have supported this hypothesis by showing that brood sex ratio was
biased toward males in relation to the ornamentation or body size of the father
(Ellegren et al., 1996; Kolliker et al., 1999; Sheldon et al., 1999; Saino et al., 2002a;
Abroe et al., 2007). Other studies, however, have reported mixed (Radford & Blakey,
2000; Griffith et al., 2003; Korsten et al., 2006) or negative results (Grindstaff et al.,
2001; Leech et al., 2001; Rosivall et al., 2004; Ferree, 2007). Most of these previous
studies have concentrated on the physical traits of males, and behavioral sexual traits
such as courtship songs have received less attention. Only two studies so far have
investigated the effects of song quality on sex allocation, with results showing that
song repertoire size had no significant effect on sex allocation in the great reed warbler
(Westerdahl et al., 1997), but the proportion of sons in the brood was positively related
to song strophe length in blue tits (Dreiss et al., 2006).

Differential sex allocation has been intensively investigated in model species
of songbirds in captivity (notably the zebra finch), where it is easy to experimentally
control male physical traits and female conditions. However, evidence for whether or
not mothers invest more in sons than daughters under favorable breeding

circumstances (e.g., better nutrition or mates) remains controversial especially in the



zebra finch (Burley, 1981; Burley, 1986; Kilner, 1998; Rutstein et al., 2004; McGraw
et al., 2005; Rutstein et al., 2005b). In addition, laying sequence, which is associated
with sibling rivalry resulting from asynchronous hatching, can have confounding
effects on differential sex allocation (Rutkowska & Cichon, 2002; Rutstein et al.,
2005a). Cockburn et al. (2002) suggested that sex-specific vulnerability should be
taken into account when considering the discrepancies between different studies.
Because female zebra finches are more vulnerable than males during development (De
Kogel & Prijs, 1996; Kilner, 1998), female offspring are more costly. Hence it can be
adaptive for mothers to produce the less costly sex (males) under some unfavorable
reproductive situations, and vice versa.

Our study species, the Bengalese finch, Lonchura striata var. domestica,
belongs to the same family (Estrildidae) as the zebra finch, but shows opposite
sex-specific vulnerability. We found that male chicks were more likely to suffer from
sibling competition in larger broods than females (Soma et al., 2006), because of the
relatively higher growth rate of males (Soma et al., 2007). Thus, in Bengalese finches,
having sons is more expensive for parents, but might lead to a higher fitness return in
exchange for considerable reproductive investment. We therefore considered this
species to be suitable for testing the hypothesis that females in optimum reproductive
situations invest more in male offspring.

In the present study, we examined sex allocation and differential egg
investment in relation to song traits of mates. The study species is sexually
monomorphic, except for body size, which is slightly smaller in males (Soma et al.,
2007), and therefore songs would likely serve a key role in mate choice. The Bengalese
finch song consists of discrete notes and can be characterized by the types and order of
notes included in a song (Honda & Okanoya, 1999). Behavioral experiments suggested
that female Bengalese finches prefer males with syntactically complex songs (Okanoya,
2004a; Okanoya, 2004b; Morisaka et al., 2008). In addition, female zebra finches have
been shown to prefer males that sing longer songs (Clayton & Prove, 1989; Neubauer,
1999), suggesting that similar preferences for song bout length could also exist in our
subject species. It has been demonstrated that song duration in the Bengalese finch
reflects body condition (Soma et al., 2006).

We sequentially paired females to two different males, using a crossover

design, and asked if variation in egg mass, clutch size and hatchling sex ratio between



the two broods could be explained by the difference in the song traits of the two males.
To experimentally control for individual variation of learning-based song traits, the
two males mated to each female were foster siblings that were reared by, and hence
learned songs from, the same adults. Based on the differential allocation hypothesis
(Sheldon, 2000) and the attractiveness hypothesis (Cockburn et al., 2002), we
predicted that females mated to males with longer and more complex songs should
increase investment in their eggs and bias the sex ratio toward males. However, the
direction of differential allocation could be opposite when the compensation
hypothesis held true (Gowaty et al. 2008). Because the Bengalese finch is an
asynchronously hatching species, and we previously found that egg mass increased
with laying order while sex ratio was unaffected (Soma et al., 2007), the laying order

was also studied.

2. Material and Methods

2.1. Study birds and pairings

Bengalese finches (male: N = 16, female: N = 16) bred and maintained in our
laboratory were paired and allowed to breed twice at approximately 3-month intervals.
All the subject birds were between 1-1.5 years old and had no breeding experience
prior to the initial pairing for this study.

The 16 study males consisted of eight pairs of foster siblings that were
unrelated but had been brought up together and learned songs from the same set of two
tutor males (see Soma et al., 2009 for detailed fostering manipulation). Each female
was randomly mated to one of the foster siblings in the first breeding session, and to
the other in the next. Hence, we assumed that differences in the learned acoustic
features of the songs of the two males mated to each female reflected the song-learning
ability of the individuals, rather than the social environment they had experienced in

the song learning period.

2.2 .Breeding conditions

All study birds were kept in single-sex cages (45 x 45 x 45 cm) before and after
breeding. Each pair was introduced into an individual breeding cage (45 x 45 X 45 cm)
equipped with one nest box, which was isolated visually but not audibly from other

cages. Throughout the study, the birds were maintained in a controlled environment



suitable for breeding (temperature 24+3°C, humidity 30-50%, 14L:10D photoperiod)
and provided with finch seed mixture, foxtail millet coated with egg yolk, water, shell
grit, and green vegetables ad [libitum. Each nest was checked every morning (i.e.,
10:00-11:00 am), and newly laid eggs were weighed to the nearest 0.1 mg on an
electronic balance, and marked with nontoxic waterproof colored pens for
identification. Newly hatched chicks were marked in the same way and were sexed
molecularly using DNA extracted from toenail clippings (for details see Soma et al.
2007). In most cases, only one chick hatched in a single day in a nest, but in rare cases
when two or more chicks hatched on the same day, hatchlings could be assigned to
eggs based on the dampness of their nestling down. Unhatched eggs were not sexed.
We collected data from 174 eggs from 32 broods (clutch size: mean + SD = 5.44 +
0.72, range = 4-7), of which 119 eggs hatched and were therefore sexed.

2.3 Song analysis

Song recordings were made before the birds were paired. Each male was placed singly
in a soundproof room and its vocal output was recorded using a directional microphone
(Sony, ECM-MS975) and a digital audio recorder (Marantz, PMD390) with a sampling
rate of 44.1 kHz and 16-bit resolution. At least ten bouts of undirected songs were
obtained for each individual, and were analyzed using the sound analysis software
Raven 1.2 (Charif et al., 2004). Based on the computed sonograms, song bout duration
and note-type repertoire were calculated for each song bout and averaged for each
individual. To estimate the syntactical complexity of note orders, we also calculated
the linearity index (Scharff & Nottebohm, 1991). The linearity index is measured as
the number of different note types divided by the number of different note-to-note
transition types, and has smaller values when songs are syntactically more complex

and involve more transition patterns.

2.4. Statistical analysis

Because the experimental design used within-individual comparisons, we checked the
repeatability of female reproductive investment (i.e., average egg mass, clutch size, sex
ratio) between the two different partners by calculating intraclass correlation
coefficients (Lessells & Boag, 1987), and compared female reproduction between the

first and second broods using paired t-tests (average egg mass) and Wilcoxon signed



rank tests (clutch size and sex ratio) to determine the effect of gaining reproductive
experience.

To test whether female reproductive investment was affected by the song
features of different mates, we used generalized linear mixed models (GLMM) with
backward stepwise model selection. For the analyses of clutch size, we entered the
identity of foster sibling pair used as mates, female identity and brood order as random
effects, to deal with the lack of independence of the data from the same females or the
same mate combinations. For the analyses of egg mass and hatchling sex, we included
egg order in addition to aforementioned three variables as random effects because egg
mass in this species has been shown to be affected by laying order (Soma et al., 2007).
A Gaussian error distribution was adopted for the analysis of egg mass, a Poisson
distribution with log link for clutch size, and binomial distribution with logit link for
sex ratio. In all the models, three song variables (i.e., song duration, note repertoire,
and linearity) were entered as fixed effects. The significance of the factor was assessed
by the change in deviance associated with dropping the effect from the model, and
non-significant factors were excluded in a backwards stepwise fashion with
interactions excluded first. All statistical analyses were performed using R 2.12.0 (R

Development Core Team 2008), with a set at 0.05.

3. Results

All females (N = 16) laid one clutch when paired to each of two different males (N =
16), and a total of 174 eggs from 32 clutches were therefore analyzed in the present
study. Among these, 119 eggs from 29 clutches hatched and were sexed (male: N = 62,
female: N =57). Among 55 unhatched eggs, 26 eggs showed some traces of dead
embryos while the rest was in bad condition, which made it impossible to determine if
they were infertile or not. In order to consider the possibility that this relatively high
proportion of unhatched eggs with unknown sex had confounding effects on the results,
we preliminarily checked whether hatching success was associated with male song
traits. Using GLMM with binomial distribution, we found that hatching success was
not linked to any of song traits (note repertoire: y° = 0.43, p = 0.51; linearity: ¥* < 0.01,
p = 0.92; song duration; y* = 0.90, p = 0.34), and also that random effects were
statistically non-significant (female identity; y* = 2.54, p = 0.11, brood order: y* = 2.13,
p=0.14, egg order: y* = 0.33, p = 0.56).



3.1. First and second broods

Female reproductive investment, measured as egg size, clutch size, and sex ratio, did
not differ significantly between the first and second broods (p > 0.15, Table 1).
Significant positive intraclass correlations between the data from the two broods
showed that egg mass and clutch size were highly repeatable within individual females
(r> 0.6, p < 0.005, Table 1). However, the sex ratios of the first and second broods
were not significantly associated (» = 0.22, p = 0.43, Table 1).

3.2. Male song and clutch size

GLMM analyses revealed that clutch size did not vary with any male song traits (p >
0.4, Table 2). This was partially because of the inflexibility of clutch size within
females (Table 1). In particular, 13 out of 16 females laid the same number of eggs in

both broods, while the remaining three females laid more eggs in the second brood.

3.3. Male song and egg mass
Egg mass showed a significant increase with increasing male song duration (Figure 1,

Table 2) but not with note repertoire and linearity (Table 2).

3.4. Male song and offspring sex

None of the song variables had statistically significant associations with the sex ratio
of hatchlings (Table 2). However, as seen for the analysis of egg mass, the sex ratio of
hatchlings was marginally affected by male song duration. When song duration was
longer, offspring sex tended to be more male-biased. As our sex ratio data did not
involve unhatched eggs, we also conducted similar analyses on imputed data.
Assuming that all unhatched eggs were females, the relationship between offspring sex
and song duration was more pronounced and statistically significantly (x> = 4.07, p =
0.04). In contrast, when we assume that sex of unhatched eggs were all males or
random, there were no significant associations between song duration and sex ratio (all

male: x> = 1.52, p = 0.22; random: x> = 3.21, p = 0.07).

4. Discussion

Differential reproductive allocation by females can have an important role in the



evolution of male secondary sexual characters, including both physical and behavioral
traits. In the present study, we focused on multiple song features of males and tested
their effects on female allocation decisions in Bengalese finches. Although mating with
males with longer song duration led to increased egg mass, the relationship between
male-biased hatchling sex ratio and song duration was not statisitically significant.
Overall, these results support the idea of the differential allocation hypothesis but not
the compensation hypothesis, and indicate that females mated to favoured mates with
longer song durations allocated more resources to reproduction by increasing egg
volume and possibly by producing male offspring, which are more costly to rear.
However, it should be noted that this study without any experimental manipulation of
song traits did not show direct evidence that females birds were responding to songs.

Facultative sex allocation was initially proposed some time ago (Trivers &
Willard, 1973). However, evidence regarding the ability of birds to adaptively adjust
primary sex ratio is still controversial, because of inconsistencies among studies and an
incomplete understanding of the underlying mechanisms (Cockburn et al., 2002; West
& Sheldon, 2002; Pike & Petrie, 2003; Ewen et al., 2004; Cassey et al., 2006). Because
we did not determine the sex of unhatched eggs in the current study, our results could
not provide firm evidence that the primary sex ratio was affected. Observed moderate
biases in hatchling sex ratio could be caused either by biases in egg sex ratio, or by
sex-specific embryo mortality (Pike & Petrie, 2003). Considering that male chicks are
more vulnerable than females in this species (Soma et al., 2006), it is possible that
male embryos are also subject to sex-specific mortality under particular reproductive
conditions (cf., Love et al., 2005).

We found similar reproductive biases in egg mass, which suggests the
possibility that a mechanism is shared between sex allocation and egg production. A
possible explanation for our results is sexual dimorphism of egg size, which has been
previously reported in various avian species (e.g., American kestrel, Falco sparverius:
Anderson et al., 1997; house sparrow, Passer domesticus: Cordero et al., 2000; brown
songlark: Magrath et al., 2003). However, we did not find any differences in egg mass
between offspring sexes (Two-sample t test: t = 0.227, p = 0.820; male egg mass: mean
+ SD = 1.065 + 0.073 g, N = 63; female egg mass = SD = 1.062 = 0.091 g, N = 56),
indicating that heavier eggs did not necessarily contain sons. Although it is also

possible that laying order could mediate the link between egg mass and sex, a past
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study found that egg mass but not sex ratio was skewed in relation to laying order
(Soma et al., 2007), which holds true for the present data. Therefore, we assume that
egg mass and sex ratio were not directly associated with each other.

In contrast with the results for song duration, it is surprising that we found no
evidence of reproductive allocation in relation to song complexity, despite female
preference for these traits (Okanoya, 2004b; Okanoya, 2004a). This might be related to
the degree to which each trait reflects the current physical condition of the males:
Repertoire size and syntactical complexity are mostly determined by the song learning
capacity of individuals, and change little throughout an individual’s lifetime after song
crystallization in age-limited song learners. It has been shown in Bengalese finches
that these song features reflect early developmental conditions when song learning
takes place, but are not related to body conditions in adulthood (Soma et al., 2006). By
contrast, song duration is more plastic within individuals, and is known to reflect the
body size of individuals (Soma et al., 2006). These observations imply that female
Bengalese finches adjust their reproductive investment based on a particular song trait
that reflects the current physical state of the male. A small number of previous studies
have examined the relationships between differential reproductive allocation and song,
including sex allocation. However, their results are only partially consistent with our
present findings in that female reproductive investment was affected by some aspects
of song performance, that is, non-learning-based traits (song strophe length in blue tits:
Dreiss et al., 2006; song rate and duration in zebra finches: Balzer & Williams, 1998;
singing interaction between male canaries: Garcia-Fernandez et al., 2010), but not by
repertoire size, a learning-based trait (great reed warblers: Westerdahl et al., 1997;
song sparrows: Potvin & MacDougall-Shackleton, 2010). Exceptionally, however, in
canaries, it has been reported that egg mass and the concentration of yolk testosterone
increased when females were exposed to recordings of so-called “sexy syllables”,
which are acquired through vocal learning (Gil et al., 2004; Leitner et al., 2006; but see
Marshall et al., 2005).

Finally, another reason why we could not observe any effect of song
complexity on female reproductive investments might relate to pairing combinations.
Because we aimed to test female preference for song learning capacity rather than for
particular song phenotypes, we sequentially paired each female to two different males

that had been tutored by the same adult males. This experimental setting allowed us to
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reduce the unexpected influence of individual differences in song phonological
phenotypes (i.e., note types) coming from song models, by using two males that
differed in the number and ordering of note types but shared most note type repertoires.
However, as a consequence, there was less variation in song complexity between two
males, which might have made it difficult to detect differential allocation of females in
response to it.

In conclusion, our results does not show direct evidence but support the idea
that differential allocation of female reproductive investment is one of the essential
factors explaining intersexual selection pressure on oscine songs. The results, along
with other studies focusing on birdsong and differential allocation, indicate that
performance-related song traits are more influential on post-copulatory mate choice
than elaboration-related traits. When we look at pre-copulatory mate choice, song
elaboration is associated with social mating success, but not with genetic mating
success (reviewed by Soma & Garamszegi, 2010). It would thus appear that each
multifaceted song trait would differentially affect female preferences in different

reproductive stages.
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Table 1. Comparison between first and second broods for the response variables

average egg mass, clutch size, and sex ratio.

1st brood 2nd brood Comparison  Repeatability

Mean+ SD Median (range) Mean+ SD  Median (range) of broods

Egg mass (g) 1.053 1.055 1.064 1.063 r=0.77
+0.084 (0.930-1.205) +0.061 (0.982-1.180) p=0.40°" p=0.0002
Clutch size 53 5 5.6 6 r=0.64
+0.70 (4-6) +0.72 (4-7) p=017° p=0.0041
Sex ratio 0.57 0.60 0.49 0.50 r=0.22
(proportion +0.26 (0.00-1.00) +0.23 (0.00-0.80) p=0.28" p=043
of males)

a: Paired #-test, b: Wilcoxon signed rank test.

Table 2. Results of the GLMM analyses on the response variables clutch size, egg

mass, and brood sex ratio in relation to male song traits.

Clutch size Egg mass Sex ratio
(N=32) (N=174) (N=119)

Fixed effect Mean £+ SD (range) r p x p r p
Note repertoire 79+1.7 (4.0-10.9) 0.56 0.45 2.90 0.09 0.19 0.66
Linearity 0.50+£0.06  (0.39-0.57) <0.01 0.96 2.12 0.15 0.29 0.59
Song duration 7.57+2.28 (4.58-11.47) 0.07 0.79 10.23  <0.005 3.63 <0.057
Random effect
Mate pair identity <0.01 >0.99 0.46 0.50 <0.01 >0.99
Female identity <0.01 >0.99 65.33  <0.001 <0.01 >0.99
Brood order <0.01 >0.99 0.25 0.62 <0.01 >0.99
Egg order — — 12.54 <0.001 <0.01 >0.99
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Figure 1. Changes in average egg mass of the two clutches each female (N = 16) laid
were positively associated with the differences in song duration of the mates with
which each female was paired in the two breeding sessions (Spearman’s rank

correlation: 7y = 0.523, p = 0.040).
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Figure 2. Changes in sex ratio (proportion of males) were positively associated with
the differences in song duration of the mates with which each female was paired in the

two breeding sessions (Spearman’s rank correlation: 7, = 0.548, p = 0.028).
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