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Mate Choice in Adult Female Bengalese Finches: Females
Express Consistent Preferences for Individual Males and
Prefer Female-Directed Song Performances
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Abstract

In the process of mate selection by female songbirds, male suitors advertise their quality through reproductive displays in
which song plays an important role. Females evaluate the quality of each signal and the associated male, and the results of
that evaluation guide expression of selective courtship displays. Some studies reveal broad agreement among females in
their preferences for specific signal characteristics, indicating that those features are especially salient in female mate choice.
Other studies reveal that females differ in their preference for specific characteristics, indicating that in those cases female
evaluation of signal quality is influenced by factors other than simply the physical properties of the signal. Thus, both the
physical properties of male signals and specific traits of female signal evaluation can impact female mate choice. Here, we
characterized the mate preferences of female Bengalese finches. We found that calls and copulation solicitation displays are
equally reliable indicators of female preference. In response to songs from an array of males, each female expressed an
individual-specific song preference, and those preferences were consistent across tests spanning many months. Across a
population of females, songs of some males were more commonly preferred than others, and females preferred female-
directed songs more than undirected songs, suggesting that some song features are broadly attractive. Preferences were
indistinguishable for females that did or did not have social experience with the singers, indicating that female preference is
strongly directed by song features rather than experiences associated with the singer. Analysis of song properties revealed
several candidate parameters that may influence female evaluation. In an initial investigation of those parameters, females
could be very selective for one song feature yet not selective for another. Therefore, multiple song parameters are evaluated
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independently. Together these findings reveal the nature of signal evaluation and mate choice in this species.
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Introduction

In the context of mate selection by female songbirds, male
suitors seek to attract female mates through their song perfor-
mances and other signals such as plumage or reproductive
displays. Females detect those signals and use that sensory
information to form a subjective evaluation of the quality of each
signal and the associated male. The results of that cognitive
behavior then guide the female’s expression of selective motor
responses such as approaching only the preferred male, respond-
ing with courtship displays, performing some operant task, or
assuming specific postures to initiate copulation [1,2,3,4,5,6].
Some studies reveal that females express broad agreement in their
preferences for specific signal characteristics, indicating that those
features are especially salient in female mate choice [2,3,7,8,9,10].
Interestingly, other studies reveal that individual females differ in
their preference for specific characteristics, indicating that the
female’s evaluation can be influenced by individual-specific
features of perception rather than simply the physical properties
of the signal [11,12]. Thus, both the physical properties of
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reproductive signals and the individual-specific nature of the
cognitive behaviors through which those signals are evaluated can
have a profound impact on female mate choice.

Female songbirds are an excellent model in which to investigate
how the features of reproductive signals and the individual-specific
features of signal evaluation combine to influence a female bird’s
choice of a specific male suitor. In many songbird species,
including the Bengalese finches (BIs) studied here, song is used by
males to attract female mates, and males sing but females do not
[13,14]. Yet despite their inability to sing, female songbirds are
equal or superior to males in their ability to perceive the fine
details that distinguish the songs of different species or the songs of
different males within a species [15,16,17]. In tests of the degree to
which female mate preference is influenced by song as opposed to
visual characteristics such as beak color, song plays the more
important role in the species where that has been tested [18,19].
The importance of song in shaping female mate preference is
especially clear in cases when females perform a copulation
solicitation display (CSD) in response to song, briefly adopting a
posture reminiscent of mammalian lordosis that facilitates male
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reproductive access. In fact, song is such a powerful influence on
female mate choice that females will perform CSDs in response to
songs played through a speaker, even with no male physically
present [2,5]. Therefore, CSDs are a well-established and easily
interpreted means of assessing female songbird mate choice, and
quantifying their expression can be used to identify songs that an
individual female finds especially attractive. Features of those
songs can be compared against the features of songs that she finds
less attractive to identify parameters that may be especially salient
in shaping the preferences of individual females. The BFs studied
here provide an important advantage in that regard, as the songs
of an individual male vary in their note sequence within and across
songs [13]. That natural variation makes BF songs more complex
than those of other commonly studied species, providing enhanced
resolution in efforts to define which song parameters are most
salient in shaping female preference. Furthermore, BFs fare
especially well and display their full spectrum of courtship and
reproductive behaviors in the laboratory. These features make BFs
excellent candidates for comprehensive investigation of the
mechanisms through which females evaluate the quality of male
signals and use that information to guide mate selection.

Previous experiments have provided some insight into the
nature of female mate choice and the relation between that
preference and the features of male song. Specifically, studies of
other species have revealed that females can recognize individual
males by their songs, and female preferences for the songs of
specific males are consistent across time and trials [20].
Comparative approaches have also identified features of male
song that are important in directing the preference of females of
different species. Female mate choice has been linked to many
challenging aspects of song performance including long duration
[7,10], loud amplitude [21], combinations of large bandwidth and
rapid trilling [3], the inclusion of specific syllables [8,9,22], and the
complexity of song content or sequencing [5,23,24,25,26,27].
Thus, studies of other species reveal that female preferences for
specific songs and therefore specific males are associated with
specific song parameters.

In the few studies that have investigated mate selection in BFs,
the relation between male song and female preference is much less
defined. Some studies have identified the number of different song
notes [5] and the complexity of note sequence as contributors to
female preference [28]. However other work from the same group
reveals little or no relation between note sequence complexity and
female preference [25,29]. This lack of clarity leaves open
fundamental questions regarding the nature of female BI
preference and its relation to the parameters of male song.
Specifically, it remains unresolved whether variability in female BF
mate preference emerges because song complexity plays little or no
role in directing female preference, or whether complexity is
influential in some cases but females are highly variable in the
nature of the song features that each female prefers. Relevant to
that consideration, males change many song parameters when
they sing either alone (“undirected”) or in the presence of a female
(“directed”) [30,31], and those changes are functionally relevant,
as females typically prefer songs performed in the directed
condition [32]. The distributed nature of changes in the directed
condition suggests that one parameter is likely not the sole
determinant of female BF preference. Therefore, essential next
steps toward understanding the basis of signal evaluation and mate
selection in this species are to determine whether song preferences
are consistent within individual females, whether song preferences
are consistent across individuals, and whether multiple song
parameters can be evaluated independently of one another.
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In this study, we characterized the song preferences of adult
female Bengalese finches. In Phase 1 of this study, we address
the hypothesis that female BF mate choice is evident not only in
the expression of copulation solicitation displays but also in the
number of calls that the female performs during exposure to song
stimuli. We predict that if CSDs and calls are equally reliable
indicators of BF mate choice [33], then we should observe a strong
correlation between each female’s most-preferred song stimulus as
revealed by each indicator. In Phase 2, we address the hypothesis
that female BF mate preference is directed by the properties of the
song stimulus itself and does not require experience with the
associated singer. We predict that although the identity of the most
preferred male may vary across different females, each female BI’s
preference for her most-preferred male will be consistent across
time and repeated tests. We further predict that if preference is
dictated by the properties of the song signal itself, then preferences
will be broadly similar between females that have interacted with
the associated male singers and other females that have not
interacted with those males. If supported by the data, a finding
that female mate preferences are consistent within individuals and
do not require specific aspects of past experience with the
associated singer (e.g., mate, cage partner, etc.) would vastly
facilitate subsequent investigations of the neural circuitry through
which songs are perceived and evaluated in this species. Finally,
we also address the hypothesis that female BFs prefer directed
songs more than undirected song. We predict that female BFs will
prefer directed song, and that subtle differences exist between
undirected and directed performances by one and the same male
(for a similar investigation in zebra finches, see also [30,32]). Such
a result would reveal that those subtle differences are functionally
significant, and those data could guide subsequent identification of
one or more song features that are especially salient in affecting
female BF song preference. Thus, the results of this study will
reveal the nature of female BF signal evaluation and mate choice.
Because we have collected these data in a species in which it is
relatively easy to raise individuals under carefully controlled
conditions and to collect neurophysiological data during behav-
ioral tests, these insights will set the stage for additional
investigation of the developmental processes through which
individual-specific preferences emerge and the neural circuits
through which sensory signals are evaluated and used to direct
mate choice.

Methods

Ethics Statement

We performed all experiments using adult (age > 120 days post-
hatch) male and female Bengalese finches (BF, Lonchura strata
domestica) obtained from our breeding colony or from a commercial
breeder. All procedures in this study were approved by the
University of Wyoming Animal Care and Use Committee, and
procedures were in compliance with recommendations from that
group and state and federal regulations governing the housing and
use of songbirds.

Care and Handling of Experimental Subjects

Prior to experimentation, we identified males by their song
performance, and we identified females by the presence of calls but
the absence of song over three or more days of continuous
recording. We housed animals in a colony setting prior to the
experimental protocols detailed below, and throughout the
experiment we maintained the 15:9 light:dark photoperiod used
in our colony. Before beginning behavioral tests, we removed
female subjects from the colony and placed them in sound
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attenuating chambers in all-female groups of no more than 5 birds
for a minimum of 3 days to isolate those birds and prevent them
from hearing song or interacting with male birds [26]. During the
period when the birds were tested, subjects remained in these
isolated groups, but we kept no bird in this condition for more
than 14 consecutive days before returning them to the colony for a
minimum of 3 days. At the time of each behavioral test, we moved
the  female subject from  this isolation  chamber
(41 ecmx31 cmx24 cm) to the chamber where we performed
our behavioral tests (41 cmx33 cmx25 cm). We allowed at least
30 minutes to pass between moving the bird into the behavioral
testing chamber and the beginning of testing [34]. In addition, we
began testing only after the bird’s behavior indicated that it had
become comfortable in its new surroundings (e.g., feeding,
grooming; tests typically began 30 min after transition).

Creation and Presentation of Song Stimuli

We recorded the songs of 8 individual BF males for at least
24 hours (range 24-36 hours) in a sound attenuation chamber in
which we provided seed and water ad libitum. We monitored vocal
behavior using a microphone (Shure model SM57) positioned
immediately adjacent to the bird’s cage (41 cmx31 cmx24 cm)
and custom software to continually record sounds and save them
onto a computer hard drive using custom software (Sound Analysis
Pro; songs were bandpass filtered 300 — 10000 Hz; Matlab
software). We recorded each male twice in the sound attenuating
chamber, once while alone (“undirected”) and once in the
presence of a female (“directed”). In the behavioral tests described
in the Results, we did not use any of the females that were used to
evoke directed song, and we were careful to ensure that none of
the songs in the directed condition contained female calls or other
cage noise.

We used recordings of undirected song to represent each of the
8 males 1in tests of female preference for one among many males.
We randomly selected 5 songs performed by each male and
screened them only by duration so that the total duration of all 5
songs together was approximately 60 sec (duration of individual
songs: 10.18%0.36 sec). We concatenated the songs of each male
into one aggregate song stimulus containing all 5 songs with 700
ms of silence inserted between each song. None of these individual
or concatenated songs had introductory notes, as introductory
notes were either absent in the original song performance or we
excluded them when individual songs were assembled into the
aggregate song stimulus. Thus, we represented each male by 1
aggregate song stimulus containing a string of songs collected in
the undirected condition and comprising approximately 60 sec of
sound and silence together (duration of aggregate undirected song
stimuli: 56.88%1.77 sec).

We also repeated this process of song selection and assembly
using a set of directed songs and another set of undirected songs
performed by the same set of 8 males, and we used the resulting set
of stimuli to test female responses to directed versus undirected
song performances (duration of aggregate undirected song stimuli:
60.63%3.77 sec; duration of aggregate directed song stimuli:
61.63%+3.78 sec; ratio of directed:undirected duration for each
male 1.02%0.01; durations were indistinguishable in each
condition: paired t-test, t(7) =1.59, p=0.15). We normalized
the amplitude of all song stimuli such that each song had the same
standard deviation of amplitude. During experimentation, we
housed females individually in a cage inside a sound attenuation
chamber (additional details below) and we presented song stimuli
at 70 dB through a speaker located 5 to 22 cm away (70 dB
measured 13 cm from the speaker, distance from speaker varied
according to the bird’s location in the cage). We played song
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stimuli in a random sequence with an interval of 20 to 25 sec
(randomly specified by computer) of silence between each song,
and we presented each aggregate song once per test. In an attempt
to prevent overexposure and habituation to the stimuli, we did not
test any bird more than two times in a given day.

Quantifying Female Responses to Song Stimuli

We measured each female’s behavioral responses to presenta-
tion of song stimuli by playing song through a speaker (Sound
Acoustics) and viewing images and listening to audio captured
through a camera (General Electric model 45231) located outside
the bird’s cage but inside the sound attenuating chamber. Using
these tools, we could clearly see and hear the female subject
throughout experimentation. We scored all responses in real time,
and we kept a recording of each test on video tape in the event that
it was necessary to review the data to ensure accuracy.

During song presentation, females responded with many
behaviors including the calls and copulation solicitation displays
quantified in the Results. A copulation solicitation display is the
most easily interpreted indicator of female mate choice. We
recognized the occurrence of a CSD when the bird adopted a
posture with its head down, its tail feathers slightly raised and often
slightly fanned, and its wings either spread out to the side or
slightly above the height of the bird’s back [35]. Females typically
held that posture for approximately 2 seconds. We detected no
clear gradation of CSD expression in our birds’ behavior,
therefore we did not attempt to score subtle features of CSD
gradation as others have done [35,36]. Because our microphone
was close to the bird’s cage, we could detect calls of even relatively
low amplitude (e.g., when the bird was not facing the microphone),
and we could often visually confirm the occurrence of a call as a
brief opening of the bird’s beak. Other behaviors included
vigorous perch hopping and occasional beak swiping or wing
flaps [26]. Most females exhibited perch hopping at very high
frequency across many or all treatment conditions [26]. Females
expressed wing flaps less commonly, but they occurred across
many or all treatment conditions, and it was often difficult to
disambiguate wing flaps from postural adjustments associated with
perch hopping. We excluded these measures (perch hopping and
wing flaps) from further analysis, and the Results reported here are
based on the expression of copulation solicitation displays or calls.

Overview of Behavioral Testing

In one set of experiments (Phase 1, Figure 1), we defined the
mate preference of each female BF by quantifying the expression
of CSDs in response to playback of undirected song from each of 8
different BF males (N=16 female birds). In those experiments
(detailed in the following section), we also quantified the expression
of calls during song playback to investigate the degree to which
mate preference is evident in not only CSDs but also in expression
of other forms of behavior. As detailed in the Results and as has
been noted for another songbird species [33], we found that calls
are as informative as CSDs in revealing female preference for
specific songs. Therefore, we used calls to measure mate
preference in all subsequent experiments.

In another set of experiments (Phase 2A, Figure 1), we
mvestigated the degree to which female BFs express a preference
for the song of one or more individual males and the degree to
which that preference is consistent across time and repeated tests
(N =21 female birds that included none of the 16 birds used in
tests of CSDs). In a final set of experiments (Phase 2B, Figure 1),
we investigated the degree to which each female BF expresses a
preference for directed song versus undirected song performed by
her most-preferred male (N = 18 female birds that were a subset of
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PHASE 1: Validity of calls as an index of female mate choice
Females
No E2
. —_—
implant implant
N=6
Implant
removed
N=6
Sham
implant
N=4

Songs from 8 :q - E2
different males implant

PHASE 2A: Preferences for songs of individual males
Females (no E2)

Experienced
Songs from 8 :q N=10
different males
Inexperienced
N=11

PHASE 2B: Preferences for DIR versus UNDIR song
Females (no E2)

Experienced
Songs of female’s j:l N =10
most-preferred male )
Inexperienced
N=8

Figure 1. Overview of experimental methods and flow. In each
Phase, we played song stimuli to female BFs in the absence of a male
bird and tallied the number of responses to each stimulus. (A) In Phase
1, we investigated the degree to which calls as as reliable as CSDs as an
index of female BF mate preference. In one group, females were tested
first with no implant and then after a minimally invasive subcutaneous
estradiol implant (N =6 birds). In a second group, females were tested
first with an estradiol implant and then after recovery from implant
removal (N=6 birds). In a third group, females were implanted with a
subcutaneous sham implant (N=4 birds). None of the birds tested in
Phase 1 were also used in Phase 2. (B) In Phase 2A, we investigated the
degree to which female BFs are consistent in their song preference
across time and trials. In one group (“experienced”), females had
interacted with the male birds from which song stimuli were recorded
(N =10 birds). In another group of birds (“inexperienced”), females had
never interacted with those males (N=11 birds). After a bird had
completed Phase 2A, it moved on to Phase 2B in which we created
stimuli from each female’s most-preferred male and tested the degree
to which female birds prefer songs performed in the presence of a
female (“directed”) versus songs performed when the male is alone
(“undirected”). Three inexperienced birds failed to meet the criteria for
inclusion in the results of Phase 2.
doi:10.1371/journal.pone.0089438.9001

the 21 birds used in Phase 2A). Methods through which preference
was computed from the outcomes of tests in Phase 1, Phase 2A and
Phase 2B are detailed at the end of this Methods section.

Hormone Implantation Surgery and Tests of Copulation
Solicitation Displays (Phase 1)

In the laboratory, female songbirds generally require a
subcutaneous implant of estradiol in order to express CSDs
commonly [2,3,6]. That was also the case in the BFs studied here
(Figure 2A-2B), however other authors have reported varying
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results of estradiol in BF [5,37] and have used other measures of
female BF response to song [28]. We administered 17-8-estradiol
by subcutaneous implant in silastic tubing (1.96 mm outer
diameter) containing 8 mm of hormone [6]. During the implan-
tation procedure, the bird was restrained manually, a local
anesthetic (4% lidocaine cream) was applied, the implant was
inserted through a small incision in the skin overlying the
abdomen, and the incision was sealed (VetBond). We monitored
the bird throughout recovery. Seven days following that proce-
dure, we presented female BFs with playback of the aggregate
undirected song stimuli from the 8 males described above, and we
recorded the expression of CSDs to define the mate choice of each
female. We tested each bird’s preference 3 times in this paradigm.

Our female subjects expressed CSDs following estradiol
implantation, but estradiol can affect auditory signal processing
[38], and it remains unknown what effect that implant may have
on the mechanisms of signal perception and evaluation over long
periods. In an attempt to measure female BF mate choice over
longitudinal studies in the absence of estradiol, we investigated the
degree to which subjects expressed other behaviors in association
with the performance of CSDs. We recorded our birds’ expression
of calls and CSDs during song playback, and we tested birds in
both the control and the hormone-implanted condition. In one set
of subjects (N=6), we tested each bird’s response first in the
control condition and then again 7 days following estradiol
implantation. In another set of subjects (N=6, entirely distinct
from the 6 birds in the previous group), we tested the birds first in
the hormone-implanted condition and then again 6 weeks after
removal of the implant to permit recovery from surgery and the
effects of the implant. In a third set of birds (N = 4), we tested each
bird’s preference following administration of a biologically inert
sham implant (Kwik-Sil, World Precision Instruments) of similar
size and shape as the hormone implant.

Quantifying Preference for Song of an Individual Male
(Phase 2A)

In the tests of Phase 2A, we presented females with the
aggregate undirected song stimulus for each of 8 males (the same
stimuli used in Phase 1), and we recorded responses to quantify
each female’s preference for songs of different individuals. We
tested each bird’s preference 5 times in this paradigm. Numbers of
responses could vary considerably between birds and even
between tests of the same bird. To ensure that each test included
sufficient data that a preference could be determined, we enforced
the criterion that a valid test of preference was one in which the
female called at least 10 times in response to the song of one
individual male or at least 4 times each to the songs of at least 2
different males. If a bird failed to reach 5 valid tests by the time
that it had been tested 10 times, then testing for that bird was
discontinued and it was excluded from these results (all birds
responded with at least one call to one song stimulus, but 9 birds
did not meet this criterion and were excluded). We considered
females to be valid if they reached 5 valid tests before that point
(21 birds passed). Thus, in Phase 2A we quantified the number of
calls that each female produced in response to each male bird and
used those data to identify the most-preferred male for each
female.

Calls produced by our birds were multi-note trills of the sort
described previously as amplitude modulated calls in adult female
Bengalese finches [39]. The number of trilled notes in each call
ranged from 2 to 4, and each bird produced cach type of trill at
least once in response to the most-preferred song. Our initial
analyses revealed no difference between the length of trills
(number of trilled notes) that each female produced in response
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Figure 2. CSDs and calls are equally reliable measures of female BF mate preference. (A) With an estradiol implant administered, female
BFs expressed CSDs in response to song playback, and song identity significantly affected that response. The most-preferred song evoked a
significantly greater response than intermediately preferred songs or the least-preferred song (N=12 birds; for all panels * indicates cases that are
different than the response to the most-preferred song (Tukey’s HSD, p < 0.05); statistics are provided in the text unless otherwise noted here). (B) In
the absence of an estradiol implant, birds never produced CSDs in response to any song stimulus (N =12 birds). In no case did a sham implant induce
birds to express CSDs in response to song (N =4 birds, data not shown). (C) Calls produced during song presentation were also tallied in the same
tests described in panels A and B. In the presence of an estradiol implant, birds called in response to many songs, and the song that evoked the
greatest number of calls was invariably the same song that also evoked the greatest number of CSDs (intermediately-preferred songs and least-
preferred songs evoked responses that were not only significantly different from the response to the most-preferred song (¥, Tukey’s HSD, p < 0.05)
but also different than one another (dagger symbol, Tukey’s HSD, gs=3.65, p =0.04, N= 12 birds). (D) In the absence of an estradiol implant, birds also
called in response to song stimuli (intermediately-preferred songs and least-preferred songs evoked responses that were not only different than the
response to the most-preferred song (¥, Tukey's HSD, p < 0.05) but also different than one another (dagger symbol, Tukey’s HSD, q,=4.47, p=0.01,
N =12 birds). The song that evoked the greatest number of calls without an implant was the same song that evoked the greatest number of calls in
the presence of the estradiol implant in 11 of 12 birds. Therefore, calls are an excellent measure of mate preference in adult female Bengalese finches.
More calls were produced in the estradiol condition than in the absence of estradiol, but that difference was not significant for any of responses to
the most-preferred song (Mann-Whitney U test, p=0.30, N=12 birds) or intermediately-preferred songs (p =0.17) or least-preferred songs (p=0.91).
doi:10.1371/journal.pone.0089438.9002

to her most-preferred song versus other songs (One-way ANOVA,
F(7,72) =1.54, p=0.17, N=10 birds). Furthermore, calls were
also commonly accompanied by vigorous activity including
approaching the side of the cage nearest the speaker. Because of
the dimensions of the testing apparatus, it was difficult to assess the
relation between approach and preference, but approaching the
source of the sound was commonly observed in association with
songs that evoked large numbers of calls. We tallied the total
number of calls that each female performed in response to all
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undirected song stimuli and used that number to calculate a
selectivity index for each bird. This index is the magnitude of the
female’s response to her most-preferred male divided by the
average response across all males. This value is 1 for a female that
is equally responsive to all males and much larger for birds that are
strongly selective for the song of an individual male(s).
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Quantifying Preference for Directed Song (Phase 2B)

After a bird had completed Phase 2A, we transitioned the
female into Phase 2B. That phase consisted of tests designed to
measure whether the bird expressed a preference for directed or
undirected variants of the song of her most-preferred male. We
presented each female with the aggregate undirected song stimulus
(approximately 60 sec) and the aggregate directed song stimulus
(approximately 60 sec) of her most preferred male, and we
recorded responses to quantify each female’s preference for either
of those song variants. We tested each bird’s preference 3 times in
this paradigm, and we enforced the same criteria for a valid test
that we enforced in Phase 2A. We excluded birds from these
results if they failed to reach 3 valid tests by the time that we had
tested them 6 times (3 birds excluded from the set of 21 birds that
passed Phase 2A). To quantify each female’s selectivity for directed
versus undirected song, we tallied the total number of calls that
each female performed in presentations of undirected and directed
variants of the song of her most-preferred male, and we used that
to compute the female’s preference for either variant, which we
quantified as the percent response to directed song minus the
percent response to undirected song. Using this metric, positive
values indicate a greater response directed song, and negative
values indicate a greater response to undirected song.

Considering the Possible Influence of Each Female's
Experience with the Male Singers Used to Test Female

Song Preference

In each of the experiments in Phases 2A and 2B, we used two
separate cohorts of female birds to begin to examine the role of
experience in female BF preference for male song. The first group
contained females that were alive at the same time as the males
that we used to test female preference (N=10 birds). To our
knowledge, none of the females tested in that group had ever
mated with any of the males used to test preference, however
because of that contemporary relationship, it is likely that those
males and females interacted. To control for that possible
influence of experience (e.g., auditory, visual, social), we tested a
second group of females that all hatched after all of the male
singers were deceased (N =11 birds; testing for the second group
began 14 months after the start of testing for the first group).
Therefore, the members of the first and second cohort had grossly
similar experiences living in the colony, but the members of the
second cohort were naive to the songs of the males used in this
study. All handling and testing procedures were identical between
the two groups.

Quantifying Features of Male Songs

We computed the following measures for each of the undirected
and directed songs of each of the 8 males we used in tests of female
preference (values were computed using custom Matlab software
unless otherwise noted). Tempo_(notes per sec): We computed tempo
by dividing the total number of notes by the total duration of each
stimulus. Song duration (sec): This is the duration of the entire song,
including all epochs of sound and silence. Maximum_ frequency (Hz),
mean_frequency (Hz), minimum frequency (Hz), speciral entropy: We
computed these parameters using Sound Analysis Pro software
[40]. The frequency values were the maximum, minimum, and
mean of all sounds present in the complete song stimulus. Spectral
entropy (Weiner entropy) is a measure of the width and uniformity
of the power spectrum, and we computed this value using
algorithms detailed in Sound Analysis Pro and in publications
describing that software [40]. Entropy ranges from 0 for complete
disorder to progressively more negative values for progressively

PLOS ONE | www.plosone.org

Mate Choice in Female Bengalese Finches

more ordered structure, with negative infinity representing a
completely ordered signal. Number of unique note types in_each song:
This is the number of distinct note types present in each song.
Sequence transition entropy: We computed this value using the methods
described in Sakata et al 2008 [31]. A value of 0 indicates that the
syllable sequence is completely fixed. Songs containing progres-
sively more variable syllable sequences have higher transition
entropies. Sequence linearity, sequence consistency, sequence stereotypy: We
computed these values using the methods of Scharff and
Nottebohm 1991 [41]. Sequence linearity provides a measure of
how song notes are ordered, with a value of 1 for a completely
stereotyped order and a positive number approaching zero for a
highly variable note sequence. Sequence consistency addresses
how often a particular note sequence, the most common note
sequence in that song, is performed. A value of 1 indicates a
completely consistent song in which all note transitions are part of
that most common sequence, and lesser consistency is indicated by
a smaller value approaching zero for a highly variable note
sequence. Sequence stereotypy is computed using the values of
sequence linearity and sequence consistency. Sequence stereotypy
provides an easily interpretable summary of sequence features, as
its value ranges from 1 for a completely stereotyped, highly
ordered song to numbers approaching 0 for songs containing
highly variable note sequences. Number of epochs of note repetition in
each song, number of nole repeats i each epoch of repetition, percent of song
duration_comprising repetition: We computed these values using custom
software (Matlab). They represent the number of epochs in each
song when any note was repeated, the number of times that the
note was repeated in each of those epochs, and the total number of
note repeats in each song divided by the total number of notes in
the song, respectively. We used these parameters to compare each
female’s most-preferred song versus other songs in the stimulus set
and to compare undirected versus directed variants of each male’s

song.

Statistical Analyses

We used appropriate parametric or nonparametric statistical
tests to compare results obtained under different conditions, as
reported in association with the results of each comparison.
Briefly, in Phase 1 we used a two-way ANOVA to compare the
number of responses to each of 8 different song stimuli and in 2
different sequences of estradiol implantation (song was one factor
with 8 levels, and testing sequence (either estradiol control, or
control estradiol) was another factor with 2 levels). Post hoc tests
were used to investigate possible differences in the responses to
different song types. As elaborated in the Results, those data
clearly indicated that the most-preferred song evoked a different
response than other song types. To simplify our comparison of the
most-preferred song type versus other degrees of preference, we
used the number of CSDs performed by each bird in the estradiol-
implanted condition to identify three stimulus categories for each
bird: 1) the “most-preferred” song that evoked the greatest
number of CSDs in that bird, 2) the “least-preferred” song that
evoked the fewest CSDs in that bird, and 3) an “intermediately-
preferred” song type. The methods through which we identified
the songs that composed each category are as follows. In the case
of the most-preferred song for each bird, that unique distinction
was always evident in the behavioral response data, as there was
never a tie between the number of CSDs evoked by the 1% and 2™
ranked song types. In the case of the least-preferred song type for
each bird, it was common that multiple songs would be associated
with expression of zero GSDs. In that case, we randomly selected
one of those song types as the least-preferred song type. In the case
of the intermediately-preferred song type for each bird, we
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randomly selected a song type from among the remaining 6 stimuli
that were neither the most-preferred nor the least-preferred song
type. These stimulus categories, which were defined using CSD
data in the estradiol-implanted condition, were maintained when
we considered the number of calls that each bird produced in
response to each song. As detailed in the Results, the song that
evoked the greatest number of CSDs invariably also evoked the
greatest number of calls. Therefore, the term ‘“most-preferred
song” refers to the song that evoked the most CSDs in each bird,
and that term also refers to the song that evoked the greatest
number of call responses in that same bird.

In Phase 2A, we used a one-way ANOVA and post hoc tests to
compare the number of calls that each bird produced in response
to songs of 8 different males. In Phase 2B, we used chi-squared
tests to compare the number of calls that those same birds
produced in response to directed and undirected variants of the
song of each female’s most-preferred male. In tests of the degree to
which song preference is related to experience with the associated
singers, we used a Kolmogorov-Smirnov 2-sample test to compare
the results obtained from females that were alive at the same time
as the males whose songs were used to test preference versus results
obtained from birds that were not alive at that time. Finally, we
used a one-way ANOVA and post hoc tests to compare the
properties of each of the 8 song stimuli used in Phase 2A and each
of the directed versus undirected song variants used in Phase 2B
(separate tests for each song property). We used the Mann
Whitney U test in other comparisons of two quantities in which the
data are not parametrically distributed. We express each of our
results as mean * SE unless otherwise noted.

Results

Calls during song presentation are an indicator of female
sexual preference

In Phase 1, we presented female BFs with playback of song from
8 different BF males and counted the number of copulation
solicitation displays performed in response to each song following a
subcutaneous implant of estradiol (N=12 birds). For each bird,
there was a “most-preferred song” for which more CSDs were
performed than in response to the song of any other bird, but
many songs evoked no CSDs at all (identity of the most-preferred
song varied across females, considered again in later sections).
Song had a significant effect on CSD expression in the estradiol-
implanted condition (Two-way ANOVA, F(7,95) =53.51, p <
0.001, N = 12 birds), but the sequence of testing (control estradiol
or estradiol implant removed) had no effect on CSD expression
(¥(1,95) =0.63, p=0.43, N=12 birds) and there was no
significant interaction (F(1,7) =0.31, p=0.95, N=12 birds).
Females expressed significantly more CSDs in response to the
most-preferred song than in response to any other stimulus
(Tukey’s HSD, q; > 18.01 and p < 0.05 for all 7 comparisons of
most-preferred song type versus all other song types, N = 12 birds).

To simplify our comparison of responses to the most-preferred
song type versus responses to stimuli with lesser subjective value,
we also identified the least-preferred song type and an interme-
diately preferred song type for each bird (details in Methods). As in
the previous result, analysis using this categorization of stimuli
revealed that song had a significant effect on CGSD expression
(Figure 2A, Two-way ANOVA, F(2,35) =52.12, p=< 0.001,
N =12 birds), the sequence of testing had no effect (F(1,35) =0.30,
p=0.59, N =12 birds), there was no significant interaction (F(1,2)
=0.30, p=0.74, N =12 birds), and females expressed significantly
more CSDs in response to the most-preferred song than in
response to the least-preferred or intermediately-preferred stimuli
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(Tukey’s HSD, gy > 11.44 and p < 0.05 for both comparisons,
N=12 birds). Therefore, the most-preferred song is easily
identified by observing CSDs, and next we investigated whether
that preference was also evident in the expression of calls.

We recorded our estradiol-implanted birds’ expression of
calls during song playback and found that song identity also
significantly influenced calling behavior (Two-way ANOVA,
F(7,95) =39.53, p < 0.001, N=12 birds) but the sequence of
testing had no effect (F(1,95) =2.48, p=0.12, N=12 birds) and
there was no significant interaction (F(1,7) =1.10, p=0.37, N=12
birds). As in the case of CSDs, that influence on calls was also
evident even when we categorized our stimuli. Specifically, song
identity influenced calling behavior (Figure 2C, Two-way
ANOVA, F(2,35) =51.83, p < 0.001, N = 12 birds), the sequence
of testing had no effect (F(1,35) =0.84, p=0.37, N=12 birds),
there was no significant interaction (F(1,2) =1.99 p=0.15, N=12
birds), and females called significantly more in response to the
most-preferred song than in response to any other stimulus (Figure
2C, Tukey’s HSD, q, > 3.65 and p < 0.05 for both comparisons
of most-preferred song type versus other song types, N =12 birds).

When the same birds were tested in the absence of an estradiol
mmplant, the birds did not express CSDs (Figure 2B), but song
identity had a significant effect on calling (Figure 2D, Two-way
ANOVA, F(2,35) =76.45 p < 0.001, N =12 birds), the sequence
of testing had no effect (F(1,35) =2.29, p=0.14, N=12 birds),
and there was no significant interaction (F(1,2) =2.92, p=0.07,
N =12 birds). Even without an estradiol implant, females called
significantly more in response to the most-preferred song than in
response to any other stimulus (Figure 2D, Tukey’s HSD, q, >
4.47 and p < 0.05 for both comparisons of most-preferred song
type versus other song types, N =12 birds). Therefore, the most-
preferred song is also easily identified by counting the number of
calls that the female produces during song playback. To further
investigate the relation between CSDs and calls, we compared the
percentage of each bird’s total number of CSDs versus the
percentage of each bird’s total number of calls that were evoked by
cach of the most-preferred, least-preferred and intermediately-
preferred song types, and we found good agreement between these
measures (Figure 3, Spearman rank correlation coefficient,
r,=0.82, p < 0.01, N=12 birds). Together, these data establish
a link between mate choice and the expression of calls in response
to song presentation. In the remaining experiments, we used calls
to quantify each female bird’s mate preference.

Mate preferences of individual females are consistent
across time and tests

To characterize mate preference for each bird, we tested each
female’s response to a suite of songs from each of 8 BF males. In
this Phase 2A of testing, the preference of each female for each of
the 8 males was quantified over the course of 5 tests for each bird
(e.g., Figure 4A). The pattern of song preference that characterized
each female was stable across time and tests spanning intervals as
short as 3 hours and as long as 130 days (interval between tests:
13.22%2.79 days, N =21 birds). For example, the bird described
in Figure 4A expressed a rather selective preference for the songs
of males B and F, and the bird described in Figure 4B was broadly
responsive to the songs of many males. Although the identity of the
most-preferred male differed between individual females (detailed
below), each bird’s preference was consistent across time and tests,
as evident in the small standard error bars in Figures 4A-4B and
4D-4E (across all 10 birds standard errors were also quite small:
3.0£0.4% on the scale used in Figures 4A-4B and 4D-4E,
corresponding to a coefficient of variation of 0.35%0.03).
Consistency in the preference of each individual female indicates
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Figure 3. Calls are an index of female BF mate choice. Each
female is represented by 3 data points (N=12 birds, some points
overlap) indicating the magnitude of its response to its most-preferred
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triangles). Each of the three responses from each bird have been
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response to all stimuli, so data are plotted as the percent of all CSDs (x-
axis) and all calls (y-axis) that each bird performed in response to all
stimuli. These data reveal good agreement between CSDs and calls
(statistics detailed in the text), indicating that calls are a valid index of
adult female BF mate choice.

doi:10.1371/journal.pone.0089438.g003

that female BFs are capable of recognizing conspecific males by
their songs, and female preferences are systematically related to
some feature or suite of features that characterize each song.

Mate preferences vary across different females

Variability in selectivity index. Some female BFs were
quite selective in their mate preference, as revealed by strong
responses to the song of only one or two males and little or no
response to the songs of other males (e.g., Figure 4A, selectivity
index =3.76). Other females were much less selective in their
mate preference, as revealed by similar responses to the songs of
many or all males (e.g., Figure 4B, selectivity index = 1.43).
Together with the consistency of individual preferences across
time and tests (detailed above), these differences between birds
indicate that each female BF expresses a characteristic pattern of
mate preference, with each female typically expressing a strong
preference for the song of only one or two males (all 10 birds in
this dataset are summarized in Figure 4C, mean selectivity index
= 2.65*0.31).

Mate preference is directed by song rather than
interaction with the associated singer. The finding that
individual females typically prefer the song of only one or two
males suggests that female BF mate preference is related to some
acoustic feature or set of features that distinguish those songs.
However, another possibility is that females use the song to
identify their male of choice [35], but their preference is related to
some other aspect of experience with that male. For example, the
females that were tested in the dataset described in Figures 4A-4C
were all alive at the same time as the males from which we
recorded the songs used to test mate preference (“experienced
group”, N =10 birds). Therefore, it is possible that those females
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had encountered those males in the colony, identified specific
males by their song, but evaluated the quality of those potential
suitors based on other traits such as plumage or social hierarchy.
To account for that possibility, we repeated the Phase 2A tests
described in Figures 4A-4C, however in this second iteration we
performed our tests using adult female BFs that had never
interacted with any of the males from which we recorded songs
used to test mate preference (“inexperienced group”, N =11 birds,
Figures 4D-4F). Therefore, there was no possibility that those
mexperienced females had any sensory or social experience with
the males used in tests of song preference. As in the case of
experienced females, these tests using inexperienced females
revealed that some females were selective, with strong responses
to song of only one or two males (e.g., Figure 4D, selectivity index
= 3.76), and other inexperienced females were much less selective
(e.g., Figure 4E, selectivity index = 1.60). Preferences were
generally very similar between experienced and inexperienced
females. Specifically, no difference in selectivity index could be
detected between experienced females (Figures 4A-4C) and
inexperienced females (Figures 4D-4F, Mann-Whitney U test,
p=0.61; a power test reveals that 81 birds would have been
necessary to have statistical power of 0.8). Although this does not
exclude the possibility that a subtle difference may exist in the
selectivity of these two populations, the general similarity of these
values suggests that experience with the singers of specific song
stimuli has little or no effect on a female’s selectivity for those
stimuli. Individual-specific mate preferences were also consistent
for inexperienced females (standard error bars as shown in Figures
4A-4B and 4D-4E were of magnitude 5.0 + 0.4%, corresponding
to a coefficient of variation of 0.42*0.03). Other features of female
mate preference were also similar between the experienced and
the inexperienced groups, as described in the following text and
figures in which different symbols or different panels are used to
distinguish between females with or without experience of the
associated male singers.

Variability in identity of the most-preferred male.
Across the population of females tested here, song identity had a
strong influence on female mate choice (Figure 5A, One-way
ANOVA, F(7,168) =80.86, p < 0.001, N =21 birds). There was
also considerable variability in the identity of the male that each
female identified as her most-preferred male. Specifically, across
the 21 females tested here, there were 5 songs that were ranked as
at least one female’s most-preferred song (Figure 5A). To more
broadly describe the preferences detected across the population,
we also identified not only each female’s most-preferred song (first
ranked in Figures 4C or 4F, summarized in Figure 5A) but also the
song that each female identified as second most-preferred. When
the dataset was analyzed with that more inclusive perspective, we
identified 6 songs that were ranked as either most-preferred or
second most-preferred by at least one of the 21 females.
Specifically, the males designated B and F in Figure 4 were very
commonly preferred, with 6 of the 21 females (29%) ranking one
of those males as their most-preferred song (Figure 5B).

Importantly, the tendency for females to prefer the songs of
those two males was evident both in the population that had
experience with the associated male singers and the population
that had no experience with those males. This broad similarity in
the mate preferences of these two groups (Figure 5B; distributions
were indistinguishable between groups, Kolmogorov-Smirnov
two-sample comparison, p = 0.93, N = 8 songs) reveals that female
preference for the song of a specific male does not require sensory
or social experience with that male. Instead, female preference is
strongly directed by acoustic features of the song itself. Therefore,
our data reveal that BF females express a range of individual-
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Figure 4. Individual females vary in their selectivity for songs of different males. Individual females expressed a range of selectivity for the
songs of individual males, and the nature of those preferences was not different between birds that did (panels A-C) or did not (panels D-F) have
previous experience with the associated male singers. (A) Among birds with experience of the male singers, some females were very selective for the
song(s) of individual males, such as the female shown here (selectivity index = 3.76; points indicate mean; lines indicate SE in panels A, B, D, E). (B)
Other females were not selective, responding similarly to the songs of many males, as in the case of the female shown here (selectivity index = 1.43).
(C) Across all 11 birds that had experience with the male singers, selectivity indices ranged from 1.43 to 3.97 (mean *+ SE = 2.65+0.31, dark solid lines
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with the singers (statistics detailed in the text; dark solid lines indicate the birds shown in panels D (open circles) and E (open squares), dotted line
indicates level of chance).

doi:10.1371/journal.pone.0089438.g004
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specific preferences for specific song features, yet there are
nonetheless some songs that contain features of sufficiently broadly
relevant attractiveness that they evoke at least some courtship
behavior from a range of different females.

To begin to investigate what features may be most important in
distinguishing those broadly attractive songs from the songs of
other less attractive males, we quantified a spectrum of properties
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Figure 5. Females prefer songs of some males more than
others. Females tended to prefer the songs of two males more than
the other males tested here, and preferences for individual males were
broadly similar between birds that did or did not have previous
experience with the associated male singers. (A) Each female had one
song for which she generated more calls than in response to any other
song, which was deemed the most-preferred song type for that bird.
Across all 21 birds tested, songs of two males (identified here as B and
F) were more commonly preferred than the songs of other birds (filled
symbols = 10 females that had experience with the associated singers,
open symbols = 11 females that did not have experience with the
associated singers). (B) When we expanded that consideration to
include not just the top-ranked song for each bird but also the second-
ranked song for each bird, that broad preference for males B and F was
also evident (symbols as in panel A). Across the 21 birds tested here, 5
different songs were ranked as the most-preferred stimulus, and 6
different songs were ranked as either the top-ranked song or the
second-ranked song. Across the population (N=21 birds), male identity
had a profound effect on female preference, but population
preferences were similar regardless of whether the females did or did
not have experience with the male singers (statistics detailed in the
text).

doi:10.1371/journal.pone.0089438.9005
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for the undirected songs of each of the 8 males used in Phase 2A
tests of female preference. We found that for only 6 of the 14
properties that we measured, the song of either male B or male F
was superlative (had either the greatest of the least magnitude)
among the songs of all 8 males. Those 6 properties included mean
tempo, mean frequency, spectral entropy, the number of epochs of
note repetition, the number of repeated notes in each epoch, and
the percent of song duration that comprised note repetition. We
further investigated that relation by computing the correlation
between the magnitude of those values for each song and the
percent of all calls that each song evoked. In only 3 cases was that
correlation coefficient (Spearman ry) significant (p < 0.05) and
greater than 0.50 (mean tempo, mean number of repeated notes,
percent of song duration comprising note repetition). These
correlations suggest that song tempo, the extent of repeated notes
in the song, or some combination of those features may be
important in female evaluation of mate quality. Defining the role
of these features together or alone in shaping female preference
will require additional experimentation in future studies.

Variability in preference for female-directed song.
Previous studies of other songbird species indicate that females
prefer songs that males perform in the company of a female and
direct specifically to that female receiver (“directed” songs) more
than songs that males perform when they are alone (“undirected”
songs) [32]. To investigate that possibility for the BFs studied here,
we performed Phase 2B tests of each female’s preference for
directed versus undirected songs performed by her most-preferred
male. Some females expressed a significant preference for directed
song (filled symbols in Figure 6, p < 0.05 in chi-squared tests),
other birds expressed no significant preference (open symbols in
Figure 6), but no female expressed a significant preference for
undirected song over directed song. Thus, among those birds that
did express a significant preference, all of them preferred directed
song over undirected song (N=18 birds). That tendency was
evident both in the group of experienced females (Figure 6, birds
1-10) and in inexperienced females (Figure 6, birds 11-18).
Consistent with results from other species [32], our behavioral
data reveal that the properties of directed songs are sufficiently
different from those of undirected songs that females can recognize
them as distinct. Our data also reveal that the differences between
directed and undirected songs are relevant to signal evaluation and
mate selection. In many cases, those changes cause the song to
become more attractive to the female receiver. In other cases,
there is little or no effect on the female’s response, however in no
case do those changes cause the song to become less attractive than
the song performed when the male is alone.

Following on our investigation of the properties that distin-
guished the songs of specific males in Phase 2A, we also quantified
a spectrum of properties for the undirected and directed songs of
each of those males (Table 1; undirected and directed songs were
analyzed from each of the 8 male birds that were the source of the
song stimuli used in Phases 1 and 2A of testing). In no case were
any of the properties consistently increased or decreased in the
directed songs of each male. An especially informative case may be
the song of the male that was most broadly preferred among all the
females tested and was therefore used most commonly in tests of
preference for directed versus undirected song (male B in Figures 4
and 5). For that male, the largest changes between the undirected
and directed states (changes of at least 10% of the value in the
undirected state) were evident in mean tempo, sequence linearity,
sequence stereotypy, the number of epochs of note repetition, and
the percent of song duration comprising note repetition (Table 1).
Taken together, these changes reveal that the directed song of that
male had a faster tempo, was more variable in its sequence, and
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Figure 6. Females commonly prefer directed songs more than undirected songs. Among the birds that expressed a significant preference
in tests of directed versus undirected song, all preferred directed song. Among birds that had experience with the male singers (left, birds 1-10), 5
expressed a significant preference for directed song (chi-squared test, p < 0.05, filled symbols) and 5 expressed no significant preference (p = 0.05,
open symbols) (square indicates bird in Figure 4A, triangle indicates bird in Figure 4B). Among birds that did not have experience with the male
singers (right, birds 11-18), 5 birds expressed a significant preference for directed song and 3 birds expressed no significant preference (open and
filled symbols as in birds 1-10; star indicates birds in Figure 4D, diamond indicates bird in Figure 4E). Preference for directed song was evident across
different males but was ultimately specific to each female, as the 10 significant responses (filled symbols) correspond to 5 different males, but not all

females that heard those songs preferred directed song.
doi:10.1371/journal.pone.0089438.9g006

contained less note repetition than the undirected song of the same
bird. These findings leave open the important question of what
song features are most salient in directing female mate preference,
but they highlight several candidate features and the degree to
which they may be positively or negatively correlated with female
preference.

Preferences for different aspects of male song are

independent

To begin to understand how perception of song quality may be
encoded in the female brain, we investigated the degree to which
specific song features are evaluated independently. In other words,
we investigated whether a female that was choosy for the identity
of an individual singer was similarly choosy for directed versus
undirected song. Similar degrees of choosiness for multiple song
features would suggest that perception of those different features is
accomplished through activation of one and the same neuronal
population or separate populations that are strongly linked. In
contrast, no relation between the degree of choosiness for different
features would suggest that perception of those features is
accomplished through activation of separate populations of
auditory processing neurons. Thus, an analysis of the degree to
which different facets of female preference are correlated with one
another will enable us to formulate hypotheses about the neural
circuitry through which song-based mate preference emerges.

We quantified each female’s selectivity for the songs of different
males (selectivity index, Figure 4) and compared that to her
selectivity for directed song (Figure 6). Across the population of
female birds, there was no significant relation between those
variables (Figure 7), evident as a slope that was not different than
zero (Linear regression, p =0.27, regression 18 birds) and no
significant correlation (Spearman correlation, p=0.28, N=18
birds). The absence of a relation between selectivity for individual
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identity and selectivity for directed versus undirected song was
evident in birds that had experience with the male singers (Linear
regression slope not different than zero: p=0.72, Spearman
correlation not significant, p=0.67, N = 10 birds, filled symbols in
Figure 7) and in birds that had no experience with the male singers
(Linear regression slope not different than zero: p=0.21,
Spearman correlation not significant, p =0.35, N =8 birds, open
symbols in Figure 7). These data reveal that selectivity for one facet
of male song does not obligate a female to be equally selective for
other facets of that song. Therefore, preference is not a monolithic
entity. Instead, female BF mate choice is influenced by multiple
facets of male song performance, and at least two of those facets
are evaluated independently. Evidence of independent evaluation
of specific song features gives rise to the very interesting possibility
that evaluation of different song features may be independent
cognitive processes associated with activation of distinct popula-
tions of brain cells.

Discussion

Female Bengalese finches select their mates based at least
primarily on properties of the songs performed by male suitors.
The mate preferences of individual females are stable across
intervals ranging from hours to months, and establishing a
preference for one song but not another does not require that
the female has ever had any interaction with the associated male
singers. These data do not exclude a role for more general
experience in shaping the features of mate preference, however
they make clear the importance of the signal in communicating
not only the identity of the singer but also the subjective quality of
that signal and its sender. Finally, we also found that individual
birds could be selective for some song features but not selective for
others. The absence of a relation between selectivity for different
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facets of male song suggests that evaluation of different parameters
occurs independently.

Our data forge a link between Bengalese finch sexual
preference, evident in a copulation solicitation display, and

expression of other overt female behaviors, such as calling in

Prefers

directed 70% -

50% A
30% A

A o) ®
10% -

Preference for
female-directed song
versus undirected song

2
[ ] P []
1 3 5

Selectivity index for song
of most preferred male

o/
Prefers -10%

undirected

Figure 7. Different facets of male song can be evaluated
independently. When different facets of song selectivity are
compared for each bird, the degree of selectivity for individual identity
and the degree of selectivity for directed song are not related. That was
true for both the group that had experience with the male singers (filled
symbols; square indicates bird in Figure 4A, triangle indicates bird in
Figure 4B) and females that had no experience with the male singers
(open symbols; star indicates birds in Figure 4D, diamond indicates bird
in Figure 4E; statistics detailed in the text). Thus, an individual bird can
be selective for one aspect of male song but unselective for another
aspect.

doi:10.1371/journal.pone.0089438.9g007
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Table 1. Parameters of Directed and Undirected Songs of Each Male Used in these Experiments

Male Identity

Male A Male B Male C Male D Male E Male F Male G Male H

UNDIR. DIR. UNDIR. DIR. UNDIR. DIR. UNDIR. DIR. UNDIR. DIR. UNDIR. DIR. UNDIR. DIR. UNDIR. DIR.
Tempo (notes/s) 8.74 842 1293 1548 861 7.70 9.52 879 7.15 876 9.18 10.99 7.86 11.00 6.66 6.41
Song duration (s) 74 77 56 58 77 75 55 54 56 54 59 60 46 47 65 68
Max. frequency (Hz) 10248 8870 9042 8784 9732 10248 10076 8956 12660 9560 10680 10594 11024 10852 10852 10680
Min. frequency (Hz) 806 806 978 892 892 892 892 806 978 906 1150 1064 806 806 822 1064
Mean frequency (Hz) 3384 3472 4138 4263 3800 3436 3836 3934 3884 3788 3793 3678 3618 4085 3909 3843
N different note types 10 10 7 7 6 6 6 6 7 7 7 7 9 8 6 6
Spectral entropy -2.61 -3.06 -2.87 =311 253 -266 -2.35 -2.51 -2.18 -2.04 -2.95 -2.87 -2.74 -2.16  -2.02 -2.05
Sequence entropy 441 413 285 293 3.88 3.68 291 233 234 288 347 3.64 433 4.01 2.58 279
Sequence linearity 0.56 0.58 0.47 0.30 0.42 0.27 0.54 041 0.50 030 037 0.25 0.50 0.24 0.49 0.35
Sequence consistency 0.74 0.76 0.74 0.71 0.63 0.58 0.70 0.75 0.70 0.65 0.59 0.56 0.80 0.59 0.74 0.72
Sequence stereotypy  0.65 0.67 0.60 0.51 0.52 0.43 0.62 0.58 0.60 047 048 0.40 0.65 041 0.62 0.54
Number of epochs of 12 12 12 10 6 7 20 13 8 6 23 16 3 3 7 7
note repetition
Average number of 2.38 235 350 349 1.00 1.15 1.41 140 144 1.30 1.84 1.76 1.25 1.06 1.75 2.03
repeated notes in
each epoch
Percent of song 35.0 284 415 356 14.4 13.8 517 295 173 102 519 47.4 8.4 9.3 18.7 19.8
duration comprising
note repetition
doi:10.1371/journal.pone.0089438.t001

response to hearing a song that the female finds attractive. In some
cases, behavioral measures such as hopping onto a perch to evoke
song playback (for example, [4]) are used to measure female
preference, however those behaviors can leave uncertainty about
whether females are engaging with those stimuli because of
familiarity or because of a sexual preference for those singers.
Other behaviors, such as egg laying [23] or collecting nest
materials [28], have also been used as measures of mate preference
(for Bengalese finches, see [28]), and the relevance of these
behaviors to reproduction is certainly more evident than the
relevance of hopping onto a perch. However, the expression of a
copulation solicitation display leaves no doubt about the functional
relevance of that behavior [6]. Our findings reveal that the song
that evoked the greatest number of CSDs also invariably evoked
the greatest number of calls, and there was generally good
agreement between the number of calls and the number of CSDs
associated with the intermediately-preferred and least-preferred
song types. Although female songbird mate choice has been
studied in a number of different species (reviewed in [36,42]), it has
been quite challenging to identify behavioral indices of mate
choice that do not require hormonal manipulation (for example
[43]) or experimental settings much larger than those commonly
found in the laboratory (for example [44]). Our identification of
calls as an index of female BF mate choice (for canaries, see [33])
will enable us to assay female mate preference without the
invasiveness or other potential complications associated with
estradiol implants. Calls have the additional advantages that there
is no need to wait for the onset of hormone effects, there is no
concern regarding possible changes due to prolonged hormone
exposure, and calls are nearly ubiquitous among subjects as
opposed to the relative rarity of CSDs [33,45,46]. Together with
these benefits, the findings in the present study will enable us to use
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calls to probe the properties of female BF mate choice and the
features of male song that are salient in that evaluation.

Individual female BFs were not identical in their preferences,
with many different females identifying different males as their
most-preferred suitor. Such individual-specific preferences suggest
that rather than being dictated by one dominant song feature,
female mate choice is influenced by a suite of features that together
define the subjective quality of each stimulus [47]. On the other
hand, across the population of birds that we tested there was a
trend for 2 males to be more commonly preferred than the other 6
males. The broadly attractive nature of those songs leaves open the
possibility that some song features are more influential than others
in affecting a female bird’s perception of subjective quality. Thus,
the preference of each female reflects both individual-specific
features and trends that are broadly shared across the population.
Our data reveal that females commonly preferred songs that were
performed in the context of a female receiver, and the song
changes that occur in that context highlight parameters that may
be especially salient in female mate choice. Future experiments to
define the relation between changes in those properties and
changes in the preference of individual females will provide insight
into the forces that have shaped mate selection and the evolution
of song characteristics in this species [48].

A particularly intriguing aspect of our dataset is that birds that
had not interacted with the males used in these tests report
preferences that are very similar to those of females that had
interacted with those males. From these data, we can conclude
that the subjective value assigned to each song must reflect the
quality of the stimulus itself rather than the value of an outcome
predicted from previous experience with that singer. Therefore,
interaction with a specific male is not necessary for the female to
find his song attractive, however this by no means rules out other
forms of experience as important factors influencing female mate
choice. Studies in other species have revealed that female mate
choice is shaped at least partially through experience during a
period of early development [49,50], and an important goal of
future experiments will be to define how preferences emerge in the
development of individual females. The specificity of the
preferences detected here suggests an important role for learning
in shaping the detailed characteristics of individual preferences
[51,52,53,54,55]. Because our birds were kept in group-housed
cages where no rearing of offspring occurred, females were not
able to learn by observing the outcome of mating. Therefore,
stimulus value may have been learned by observing the stimulus
preferences of other females. Female songbirds that live in large
colonial assemblies can recognize individuals based on their calls
[56], enabling eavesdroppers to attend to the preferences of
specific individuals and suggesting a mechanism through which
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birds may detect the preferences of other females and use that
information to modify their own preferences. An abundance of
calling in some cases and a paucity in others, as we observed in our
data, may provide a graded measure of preference that is more
nuanced than simply the presence or absence of a CSD. The ease
of rearing young BF in carefully controlled social contexts opens
the door to fascinating investigations of the degree to which female
mate preference may be influenced by social interaction with other
females (e.g., to observe their preferences) or other males (e.g., to
learn a spectrum of performance ability).

Our data also reveal that choosiness for one song facet does not
obligate the bird to be choosy for all facets, revealing that multiple
song features are evaluated independently. This independence
suggests that the mechanisms underlying those aspects of
evaluation may include separate populations of neurons, and
perhaps even separate brain sites, which participate in detection
and evaluation of different facets of song. Specific sites within the
auditory forebrain of female songbirds have been implicated in
recognition of mate signals [32,57,58,59], and an important future
goal will be to couple the behavioral methods used here with high-
resolution neurophysiological records to define how preference is
encoded in the brain. In such studies, a longitudinal approach will
be necessary to define the preferences of each individual, making
the consistent preferences of individual BF females an especially
valuable trait. In our experience, BFs are the easiest species from
which to collect neurophysiological data [60]. Female BFs will
provide the additional advantage that individuals vary in the
identity of the song they prefer most, and that variation will
facilitate disambiguation of how the brain encodes subjective value
per se as opposed to the physical properties of the stimulus. Thus,
the present results document the mate preferences of adult female
BF and establish them as an excellent animal model in which to
investigate the mechanisms through which salient features of
reproductive signals are detected, evaluated and used to guide the
decision of mate choice.

Acknowledgments

Abbie Heinig and Shayla Slaugh provided helpful comments on
experimental design, and Karagh Murphy provided helpful comments
on experimental design and drafts of the manuscript.

Author Contributions

Conceived and designed the experiments: JLD SP AB ZC JFP. Performed
the experiments: JLD SP AB ZC JFP. Analyzed the data: JLD SP AB ZC
JFP. Contributed reagents/materials/analysis tools: JLD SP AB ZC JFP.
Wrote the paper: JLD SP AB JFP.

7. Neubauer RL (1999) Super-normal length song preferences of female zebra
finches (Taeniopygia guttata) and a theory of the evolution of bird song.
Evolutionary Ecology 13: 365-380.

8. Vallet E, Beme I, Kreutzer M (1998) Two-note syllables in canary songs elicit
high levels of sexual display. Animal Behaviour 55: 291-297.

9. Vallet E, Kreutzer M (1995) Female Canaries Are Sexually Responsive to

Special Song Phrases. Animal Behaviour 49: 1603-1610.

. Gentner TQ, Hulse SH (2000) Female European starling preference and choice
for variation in conspecific male song. Animal Behaviour 59: 443-458.

. Coleman S, Patricelli G, Borgia G (2004) Variable female preferences drive
complex male displays. Nature 428: 742-745.

. Jennions M, Petrie M (1997) Variation in mate choice and mating preferences: a
review of causes and consequences. Biological Reviews of the Cambridge
Philosophical Society 72: 283-327.

. Okanoya K (2004) The Bengalese finch: a window on the bchavioral
neurobiology of birdsong syntax. Ann N'Y Acad Sci 1016: 724-735.

. Catchpole CK, Slater PJB (2008) Birdsong: Biological Themes and Variations.

Cambridge: Cambridge University Press.

February 2014 | Volume 9 | Issue 2 | 89438



20.

21.

23.

24.

26.

27.

28.

29.

30.

36.

37.

Searcy W (1990) Species recognition of song by female red-winged blackbirds.
Animal Behaviour 40: 1119-1127.

Searcy W, Brenowitz E (1988) Sexual differences in species recognition of avian
song. Nature 332: 152-154.

Seki Y, Okanoya K (2008) Sex differences in audiovisual discrimination learning
by Bengalese finches (Lonchura striata var. domestica). ] Comp Psychol 122: 26-
34.

Jollins SA, Hubbard C, Houtman AM (1994) Female Mate Choice in the Zebra
Finch - the Effect of Male Beak Color and Male Song. Behavioral Ecology and
Sociobiology 35: 21-25.

Collins SA, tenCate C (1996) Does beak colour affect female preference in zebra
finches? Animal Behaviour 52: 105-112.

Forstmeier W, Birkhead TR (2004) Repeatability of mate choice in the zebra
finch: consistency within and between females. Animal Behaviour 68: 1017-

1028.

Ritschard M, Riebel K, Brumm H (2010) Female zebra finches prefer high-
amplitude song. Animal Behaviour 79: 877-883.

. Draganoiu TT, Nagle L, Kreutzer M (2002) Directional female preference for an

exaggerated male trait in canary (Serinus canaria) song. Proceedings of the
Royal Society B-Biological Sciences 269: 2525-2531.

Kroodsma D (1976) Reproductive development in a female songbird:
Differential stimulation by quality of male song. Science 192: 574-575.

Leitao A, Ten Cate C, Riebel K (2006) Within-song complexity in a songbird is
meaningful to both male and female receivers. Animal Behaviour 71: 1289-

1296.

. Morisaka T, Katahira K, Okanoya K (2008) Variability in preference for

conspecific songs with syntactical complexity in female Bengalese Finches:
towards an understanding of song evolution. Ornithol Sci 7: 75-84.

Vyas A, Harding C, Borg L, Bogdan D (2009) Acoustic characteristics, early
experience, and endocrine status interact to modulate female zebra finches’
behavioral responses to songs. Hormones and Behavior 55: 50-59.
Eda-Fujiwara H, Satoh R, Bolhuis JJ, Kimura T (2003) Neuronal activation in
female budgerigars is localized and related to male song complexity. Eur J
Neurosci 17: 149-154.

Okanoya K, Takashima A (1997) Auditory preference of the female as a factor
directing the evolution of Bengalese finch songs. Trans Tech Comm Psychol
Physiol Acoust 27: 1-6.

Kato Y, Hasegawa T, Okanoya K (2010) Song preference of female Bengalese
finches as measured by operant conditioning. Journal of Ethology 28: 447-453.
Sossinka R, Bohner J (1980) Song Types in the Zebra Finch Poephila-Guttata-
Castanotis. Zeitschrift Fur Tierpsychologie-Journal of Comparative Ethology 53:
123-132.

Sakata JT, Hampton CM, Brainard MS (2008) Social modulation of sequence
and syllable variability in adult birdsong. J Neurophysiol 99: 1700-1711.

. Woolley SC, Doupe AJ (2008) Social context-induced song variation affects

female behavior and gene expression. PLoS Biol 6: e62.

. Nagle L, Kreutzer M, Vallet E (2002) Adult female canaries respond to male

song by calling. Ethology 108: 463-472.

. Banerjee SB, Adkins-Regan E (2011) Effect of isolation and conspecific presence

in a novel environment on corticosterone concentrations in a social avian
species, the zebra finch (Taeniopygia guttata). Hormones and Behavior 60: 233-
238.

. O’Loghlen AB, MD (1996) Sexual preferences for mate song types in song

sparrows. Animal Behaviour 53: 835-841.

Searcy WA (1992) Song Repertoire and Mate Choice in Birds. American
Zoologist 32: 71-80.

Okanoya K, Honda E, Nishikawa N (1998) Time-series analyses of species-
specific songs in birds. Trans Tech Comm Psychol Physiol Acoust 28: 1-6.

PLOS ONE | www.plosone.org

14

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

56.

57.

58.

59.

60.

Mate Choice in Female Bengalese Finches

Remage-Healey L, Coleman M, Oyama R, Schlinger B (2010) Brain estrogens
rapidly strengthen auditory encoding and guide song preference in a songbird.
Proc Natl Acad Sci U S A 107: 3852-3857.

Yoneda T, Okanoya K (1991) Ontogenty of sexually dimorphic distance calls in
Bengalese finches (Lunchura domestica). ] Ethol 9: 41-46.

Tchernichovski O, Nottebohm F, Ho CE, Pesaran B, Mitra PP (2000) A
procedure for an automated measurement of song similarity. Animal Behaviour
59: 1167-1176.

Scharff C, Nottebohm F (1991) A comparative study of the behavioral deficits
following lesions of various parts of the zebra finch song system: implications for
vocal learning. J Neurosci 11: 2896-2913.

Searcy WA, Andersson M (1986) Sexual Selection and the Evolution of Song.
Annual Review of Ecology and Systematics 17: 507-533.

Nagle L, Kreutzer ML, Vallet EM (1993) Obtaining Copulation Solicitation
Displays in Female Canaries without Estradiol Implants. Experientia 49: 1022-
1023.

West MJ, King AP, Eastzer DH (1981) Validating the Female Bioassay of
Cowbird Song - Relating Differences in Song Potency to Mating Success.
Animal Behaviour 29: 490-501.

Searcy WA, Capp MS (1997) Estradiol dosage and the solicitation display assay
in Red-winged Blackbirds. Condor 99: 826-828.

Searcy WA, Marler P, Peters SS (1981) Species Song Discrimination in Adult
Female Song and Swamp Sparrows. Animal Behaviour 29: 997-1003.
Candolin U (2003) The use of multiple cues in mate choice. Biological Reviews
78: 575-595.

Searcy W, Andersson M (1986) Sexual selection and the evolution of song. Ann
Rev Ecol Syst 17: 507-533.

Riebel K (2000) Early exposure leads to repeatable preferences for male song in
female zebra finches. Proc Biol Sci 267: 2553-2558.

Baker M, Spitler-Nabors K, Bradley D (1981) Early experience determines song
dialect responsiveness of female sparrows. Science 214: 819-821.

Collins SA (1995) The Effect of Recent Experience on Female Choice in Zebra
Finches. Animal Behaviour 49: 479-486.

Dugatkin L (1992) Sexual selection and imitation: females copy the mate choice
of others. American Naturalist 139.

. Nagle L, Kreutzer ML (1997) Adult female domesticated canaries can modify

their song preferences.
Zoologie 75: 1346-1350.

“anadian Journal of Zoology-Revue Canadienne De

. Nagle L, Kreutzer ML (1997) Song tutoring influences female song preferences

in domesticated canaries. Behaviour 134: 89-104.

. Lauay C, Gerlach NM, Adkins-Regan E, Devoogd T] (2004) Female zebra

finches require early song exposure to prefer high-quality song as adults. Animal
Behaviour 68: 1249-1255.

Vignal C, Mathevon N, Mottin S (2007) Mate recognition by female zebra finch:
Analysis of individuality in male call and first investigations on female decoding
process. Behavioral Processes 77: 191-198.

MacDougall-Shackleton S, Hulse S, Ball G (1998) Neural bases of song
preferences in female zebra finches (Taeniopygia guttata). Neuroreport 9: 3047-
3052.

Gentner TQ, Hulse SH, Duffy D, Ball GF (2001) Response biases in auditory
forebrain regions of female songbirds following exposure to sexually relevant
variation in male song. J Neurobiol 46: 48-58.

Menardy F, Touiki K, Dutrieux G, Bozon B, Vignal C, et al. (2012) Social
experience affects neuronal responses to male calls in adult female zebra finches.
Eur J Neurosci 35: 1322-1336.

Prather JF (2013) Auditory signal processing in communication: Perception and
performance of vocal sounds. Hear Res 305: 144-155.

February 2014 | Volume 9 | Issue 2 | 89438



