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Abstract. In many avian species, both members of a pair or all members of a breeding group sing, often in duets or
choruses. Previous studies indicate that duets often function in territorial defence.However, other potential functions, such as
acousticmate-guarding, need further study, becausemost species that have been studied have lowor unknown rates of extra-
pair paternity (EPP) and theoretical models predict species with moderate rates of EPPwill guard more than those with very
lowor high rates.Weconductedbehavioural observations to describe the formof duets and test hypotheses for the function of
duets in breeding groups of Red-backed Fairy-wrens (Malurus melanocephalus), a species with moderately high rates of
EPP.Within duets, notes overlapped in frequency and time, rather than being antiphonally coordinated. Duets and choruses
occurredmore in pre-breeding than other stages of breeding, andmore in inter-group than intra-group contexts, supporting a
territorial defence function. Contrary to predictions of an acoustic mate-guarding function, males did not duet with mates
more when they were fertile. Likewise, functions of breeding coordination and group establishment were not supported.
Thus, Red-backedFairy-wrensmay use duets for territorial defence rather thanmate-guarding, despite theirmoderately high
rates of EPP. Investigating how vocal behaviour varies across different mating systems allows us to test theoretical
predictions and determine how mating system affects the evolution of signalling strategies in birds and other taxa.
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Introduction

In many species of group-living animals, members of the same
group perform coordinated displays. Such displays include vocal
duetting and chorusing, in which two (duet) or more (chorus)
members of a group sing together such that their respective song
phrases alternate or overlap (Hall 2004). Duets and choruses have
been reported inmammals, frogs, insects and birds (e.g. Lilly and
Miller 1961; Mitani 1985; Tobias et al. 1998; Bailey 2003).

In many avian families, females sing (Langmore 1998; Gar-
amszegi et al. 2007), especially in the tropics (Slater and Mann
2004), and in many of these species, females join other group
members to sing in duets or choruses (Thorpe et al. 1972). Songs
that are coordinated between two individuals are defined as duets,
whereas those between more than two individuals are labelled
choruses (Brown and Farabaugh 1991). Across species, duet
structure varies widely, with many species performing precisely
coordinated antiphonal (or alternating) duets (e.g. Hall 2006;
Mann et al. 2009) and other species performing duets in which
the individual notes of song overlap in frequency and time but
are not precisely coordinated. This latter category includes cases
where identical songs (unison songs; Thorpe et al. 1972;Wickler
and Seibt 1980a; Trainer et al. 2002) or different songs (poly-
phonic songs; Thorpe et al. 1972;Hall and Peters 2008a) are sung
simultaneously by different individuals. Choruses are necessarily
more complex than duets but are likely to have similar functions
(Bradley and Mennill 2009).

In birds, the function of duets and choruses appears to vary
between species, and several non-mutually exclusive functions
have been proposed (Table 1). Research has yielded considerable
empirical support for the territorial defence hypothesis, which
appears to be the most broadly applicable function of duetting
(Hall 2009). However, there is also some evidence that duets and
choruses can function in establishing or maintaining bonds, and
coordinating behaviours within a breeding group (e.g. Benedict
2010). In cooperatively breeding species, helpers may sing to
form choruses to increase the threat of the territorial display
(Radford 2003; Seddon and Tobias 2003; but see Baker 2009;
Bradley and Mennill 2009) and duets also may enhance within-
group cohesion (Baker 2009).

Some studies have provided support for the mate-guarding
hypothesis (Seddon and Tobias 2006; Topp and Mennill 2008)
but others do not (Hall and Magrath 2000; Gill et al. 2005; Hall
and Peters 2008b), and themate-guarding hypothesis is generally
less well-supported than the territorial defence hypothesis. The-
oretical models (Kokko and Morrell 2005) predict that males
should guard little in species with low rates of EPP, in which
females are generally faithful to their mates, and also in species
with extremely high rates of EPP, as high levels of infidelity both
decrease the efficiency of mate-guarding and provide a greater
incentive to seek extra-pair matings. It follows that species with
moderately high, but not extremely high, rates of EPP will be
most likely to exhibit mate-guarding behaviours, including
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acoustic mate-guarding. Because most previous studies of the
function of duets have been conducted on specieswith either very
low rates of EPP (Hall 2009; but seeBenedict 2010) or in duetting
species for which rates of EPP are not known (Bradley and
Mennill 2009), it may be unsurprising that few previous studies
have supported the acoustic mate-guarding hypothesis.

Fairy-wrens in the genus Malurus are small, insectivorous
passerine birds. Both males and females sing, often with overlap
in some species (Rowley and Russell 1997). However, vocal
behaviour has been studied in only 4 of 11 species ofMalurus: the
Red-winged Fairy-wren (M. elegans; Payne et al. 1991), Superb
Fairy-wren (M. cyaneus; Cooney and Cockburn 1995), Splendid
Fairy-wren (M. splendens; Zelano et al. 2001; Greig and Pruett-
Jones 2008) and Purple-crowned Fairy-wren (M. coronatus; Hall
and Peters 2008a). Further, much of this work has focussed on
solo songs rather than duets. Previous studies of fairy-wren song
suggest that solo songs function mainly for territorial defence
(Payne et al. 1991). Solo songs might also function in signalling
social relationships or group membership, because young birds
learn songs from their social parents (Greig et al. 2012) and
individuals can distinguish non-group members from group
members based on song (Payne et al. 1988, 1991). Duetting has
been studied in only one species of fairy-wren, the Purple-
crowned Fairy-wren, which duets to defend territories (Hall and
Peters 2008a). However, the mating system of the Purple-
crowned Fairy-wren differs markedly from that of other species
of Malurus, in that they have very low rates of EPP, suggesting
high female fidelity (Kingma et al. 2009). Thus, as predicted by
theoreticalmodels (Kokko andMorrell 2005),males expend little
effort in mate-guarding and do not use duetting to guard their
mates acoustically (Hall and Peters 2008b).

We investigated the structure and function of duets in the Red-
backed Fairy-wren, a cooperatively breeding, promiscuous spe-
cies of Malurus in which all members of the cooperatively

breeding group sing (male, female and auxiliaries). Relative to
avian species in other genera, this species has high rates of
EPP. However, within Malurus, rates of EPP in Red-backed
Fairy-wrens are at intermediate levels (54% of young result from
extra-pair copulations; Webster et al. 2008) when considered
along the spectrum from Purple-crowned Fairy-wrens (4.4% of
young; Kingma et al. 2009) to Superb Fairy-wrens (76% of
young; Mulder et al. 1994). Thus, theoretical models predict that
mate-guarding should be strongly favoured in Red-backed Fairy-
wrens,whichmakes this an ideal species to test hypotheses for the
function of duetting. We recorded songs and used intensive
behavioural observations to: (1) confirm that Red-backed
Fairy-wrens are indeed singing duets and choruses (i.e. multiple
individuals overlap their songs in a non-random fashion), (2)
describe the structure of duets and choruses and (3) distinguish
among several hypotheses for the function of duets and choruses
(Table 1). This study provides the first description of singing
behaviour and the form of duets in the Red-backed Fairy-wren,
and is one of thefirst studies to investigate duetting behaviour in a
species with moderately high rates of EPP.

We chose to investigate the hypotheses for duet function in
Table 1 based on their general empirical support across avian
species and also their relevance to our study species. We inves-
tigated the territorial defencehypothesis (Seibt andWickler 1977)
because it is generally well supported in many species, including
the closely related Purple-crowned Fairy-wren (Hall and Peters
2008b). We investigated the group-establishment hypothesis
(Wickler and Seibt 1980a) because, although Red-backed
Fairy-wrens tend to maintain pair-bonds from year to year
(M. S. Webster, unpubl. data), they experience some instability
in group composition, including disappearance of mates and
subsequent re-pairing, as well as the occasional addition or loss
of helpers (Varian-Ramos et al. 2010). This may select for
signalling strategies that establish group membership. We tested

Table 1. Definitions and predictions of hypotheses tested for the function of duetting and chorusing in Red-Backed Fairy-wrens

Hypothesis Definition Who is expected
to duet?

Nest-stage in which
duetting expected

Interaction context
in which duetting
expected

Additional
predictions

Territorial defence
(Seibt and Wickler
1977)

Duet to create stronger
keep-out signal
to rivals

All group members Early breeding
stages

Inter-group interaction
contexts only

Group-establishment
and cohesion
(Wickler and Seibt
1980a)

Duet to signal
attentiveness to
one another and
establish group
bond

All group members Early breeding
stages

Intra- and inter-
group contexts

Groups with newly
formed pairs duet
more than those
who bred together
previously

Breeding coordination
(Sonnenschein and
Reyer 1983)

Female joins duet to
exchange
information about
breeding status and
coordinate
behaviours

Female joins male
and helper songs

When female initiates
nesting (before
laying)

More in intra-
group contexts

Mate-guarding (Stokes
and Williams 1968;
Sonnenschein and
Reyer 1983)

Males initiate songs
and join female
songs in her fertile
stage to signal her
mated status and
repel rivals

Male joins female
songs

When female fertile More in inter-group
interaction contexts
(potential rivals
present)

Males initiate more
songs in female’s
fertile stage and
aggressive
contexts
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the breeding coordination hypothesis (Sonnenschein and Reyer
1983) because Red-backed Fairy-wrens breed cooperatively in
groups and alsonest asynchronously across thepopulation,which
suggests that a female may need to signal her initiation of nesting
and coordinate breeding behaviours between all members of the
group (in anaskandanswer style; Sonnenschein andReyer 1983),
because there is no population-wide cue to signal the start of
synchronous breeding (Hall 2009; Benedict 2010). We investi-
gated the mate-guarding hypothesis (Stokes and Williams 1968;
Sonnenschein andReyer 1983) because of its particular relevance
to duetting species with moderate rates of EPP (detailed above).

Materials and methods
Field methods

We conducted behavioural observations in the breeding season
(October–January) of 2010–11 and 2011–12 near Herberton,
north-eastern Queensland, Australia (145�250E, 17�230S). Basic
breeding data have been collected on this study population during
each breeding season since 2003 (seeWebster et al. 2010). In this
study, all birds in focal groups were marked with a unique
combination of colour-bands and basic breeding data were col-
lected as per previous studies (Webster et al. 2008;Varian-Ramos
and Webster 2012). First observations of the day (2010–11:
observation = 68 h, 2011–12: observation = 27 h) were started
within 30min of sunrise. Second observations of the day were
started immediately after the first and all began within 4 h of
sunrise (before 1030 hours). In 2010–11, 50 h of observation
occurred later in the morning, in 2011–12, 69 h of observation
occurred later (a separate experiment was being conducted
immediately after sunrise in 2011–12, so behavioural observa-
tionswere often started later). Theperiod between sunrise and late
morning is a peak time for singing by Red-backed Fairy-wrens
(J. L. Dowling, pers. obs.). Observation sessions lasted either 1 h
(in 2011–12) or 2 h (2010–11); we conducted a total of 214 h of
observation. At the start of an observation, all members of one
focal group were located and one observer continually tracked
and tallied the behaviour of each member on a data sheet for 1 or
2 h.Wewere able to track the location of eachmember of a group
and determine the identity of each bird that sang on most occa-
sions for the whole observation session; on average, over all
observations, the singers of only two of 19 songs were not
identified.

We conducted observations on 57 focal breeding groups, each
of which was observed for an average of 3.74 h (s.d.�3.46) over
the study. Within the 1- or 2-h observation sessions (161 ses-
sions), periods within sessions were categorised as intergroup,
when members of a breeding group interacted with conspecifics
outside of their group, or intragroup, when members interacted
only with their breeding group. Of the 236 total periods identified
within the 214 hof observation, 81were intergroupperiods (8 h of
observation) and 155 were intragroup periods (206 h of obser-
vation). Intergroup periods were recorded in 52% of observation
sessions and when they occurred, intergroup periods lasted a
mean of 6.04min (s.d. �6.67).

In Red-backed Fairy-wrens, young (typically males) often
remain on their natal territory and assist their parents at the nest,
either in the same season they hatch or in the next breeding season
(Varian-Ramos et al. 2010). Of the 57 focal groups observed, 39

were pairs with no helper, 15 had one helper, two had two helpers
and one group had three helpers. The total song output for a group
did not increase with an increase in the number of helpers (one-
way analysis of variance (ANOVA):F2, 154 = 0.4,P = 0.668), but
the one group with three helpers did have a higher song output
than all other groups. To be conservative we excluded this
unusually large group from all analyses. During observations,
tallies of the number of songs sung by helpers is the sum of song
contributions from all helpers, but in the two groups with two
helpers, one of the helpers tended to sing and the otherwasmostly
silent (J. L. Dowling, pers. obs.), which appears to explain why
total song output did not increase in these groups. All helpers in
2010–11 were confirmed as males; those in 2011–12 were
assumed to be male (helpers in this species are almost always
male, Varian-Ramos and Webster 2012). Where helpers were
present (n= 17 groups), most were the social offspring of the
breeding male and female from the previous season (88% of
groups), some were the social offspring of only one of the
breeding adults (24% of groups; this occurred when one member
of the breeding pair died or disappeared) and some were not the
social offspring of either breeding adult (12% of groups; this
occurredwhen anunrelated helper joined a group at the beginning
of the breeding season, presumably after dispersing from their
natal group; J. Dowling, pers. obs.). Genetic analyses were not
conducted todetermineparentageof theseoffspring for this study.

For each focal group, observations were conducted during
three breeding stages: (1) the pre-breeding stage, defined as the
period before the female began nest building (n= 64 h of
observation); (2) the fertile stage, when the first solicitation or
copulationwas seen until the penultimate eggwas laid (n= 54 hof
observation); solicitations or copulations were seen an average of
6days (s.d.�3.5) beforefirst egg is laid, andnoobservationswere
conducted in the fertile stage after the day the first egg was laid;
and (3) the post-fertile stage, which was the time between
completion of the clutch and fledging of young (n= 96 h of
observation). One pre-breeding observation session was con-
ducted on a day that the female was later seen building but we
included this in analyses because we confirmed she was very
likely not yet fertile at that time (her first egg was laid 23 days
later).

We collected data on the number of solo, duet and chorus
songs that were sung and the amount of time each group member
spent within their territory. We also collected data on physical
spacing and interactions between group members, which are not
presented here. We kept a tally of solo songs and, for duets and
choruses we used a stopwatch to measure the time between the
start of the first song in a duet or chorus and the start of the
responder’s song (reaction time).We defined solo songs as songs
where one individual sang alone and no other individual in the
group sangwithin 1 s of the end of the song. In the field, each duet
or chorus was categorised based on the reaction time of the
responder. We defined categories of duets based on analyses of
spectrograms of duets audio-recorded during a subset of initial
observations (see below).

Because the habitat of this species at our study site is open and
individuals often perch off of the ground when singing duets, we
were able to determine visually which group members were
participating in a duet or chorus (although we were not able to
determine which notes within the duet they were contributing).
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This allowed us to collect data on which group members con-
tributed to each duet or chorus and also determine whose song
initiated the duet and whose song followed in cases where songs
did not overlap completely.

Analysis of recordings of songs and behavioural
observations

Todetermine if songs ofRed-backed Fairy-wrens overlapped in a
non-random fashion (i.e. a true duet or chorus), we used Chi-
square tests to determine if the song of one individual overlaps
another’s more often than expected if they time their songs
randomly with regard to one another. We calculated Chi-square
values by determining the number of times an individual sings
while another is singing and the number of times they sing while
the other individual is silent, and compared these to the number of
times they are expected to sing if the birds sing independently of
one another. Expected values were calculated following estab-
lished methods for determining temporal patterning of singing
(Ficken et al. 1974). Observations were excluded if the male,
female or helper (if applicable) were not present or did not sing
during the observation. To analyse the probability that a helper
and a breeding male or female will duet or chorus, duets or
choruses initiated by the breeder were lumped with duets or
choruses initiated by the helper because helpers very infrequently
initiated duets or choruses (n= 5 helper-initiated duets or
choruses in 214 h of observation).

To describe the acoustic structure of duets and choruses and
define categories based on degree of overlap, we analysed a
sample of recordings of 38 duets and choruses from 15 groups,
recorded in 2009–10 and 2010–11. Songs were recorded with a
Marantz PMD661 solid-state digital recorder (Marantz America,
Itasca, IL, USA) and Sennheiser ME67 highly directional long-
gun microphone with a Rycote softie windshield and mount
(Sennheiser Corp., Old Lyme, CT, USA). Spectrograms were
created in Raven 1.4 (Cornell Laboratory of Ornithology, Ithaca,
NY, USA) (16-bit sample format; discrete Fourier transform
(DFT) = 512 samples; frequency resolution = 124 Hz; time res-
olution = 11.6ms; frame overlap = 50%). We measured reaction
time (the amount of timebetween the start of thefirst song in aduet
or chorus and the start of the responder’s song), percentage of
the notes that overlapped in the duet or chorus, bandwidth (the
frequency range that includes 90% of the energy in the song
selection and is bounded by the upper and lower quartile fre-
quencies) and length of song (s). To investigate how Red-backed
Fairy-wrenduets or chorusesdiffer fromsolo songs,wecompared
songs in the duet or chorus to solo songs sung by the same
individual and analysed these differences quantitatively and
qualitatively. Observations of duetting behaviour and initial
analyses suggested that duets and choruses separate naturally
into categories based on reaction times of the duetting or chorus-
ing partners. We used K-means clustering (Hartigan and Wong
1979), based onmeasurements of reaction time and percentage of
note overlap, to define quantitatively the discrete categories we
observed.

Duets and choruses from this sample of recordings grouped
into three clusters: (1) duets and choruses with reaction times of
<1 s (i.e. complete or near-complete overlapof songs;n= 12duets
or choruses); (2) reaction times�1 s (incomplete overlap; n= 22

duets or choruses) and (3) no overlap but <1 s passed between the
end of thefirst song and start of the second song (non-overlapping
duets or choruses; n= 4 duets or choruses).

The acoustic structure of solo songs does not differ between
males, females and helpers (J. L. Dowling, unpubl. data). To
determine differences in song structure between solos, duets and
choruses, we used paired t-tests to compare the bandwidth and
length of an individual’s solo song to the bandwidth and length of
a duet or chorus that they contributed to.Becausewewere not able
to separate the two (ormore) songs thatmakeup aduet (or chorus)
from one another, we were not able to compare a solo song of an
individual to just their songwithin aduet, but rather compared it to
the entire duet.We also visually inspected spectrograms of songs
sung in a duet to determine if they appeared subjectively different
from that individual’s solo song (in terms of note spacing, number
of notes and shape of notes).

Because we were not able to separate songs of each
contributor to a duet or chorus we were unable to analyse
quantitatively the note structure of each contributor within the
duet or chorus because many of their notes overlap. Red-backed
Fairy-wrens songs have a high rate of notes per second (average
17� 3 notes s–1) (J. L. Dowling, unpubl. data), which prevents us
from using the traditional method of observing and denoting who
contributedwhichduet note in thefield (as inMann et al. 2006). In
this species, duetting and chorusing individuals also typically
sing in close physical proximity (typically within 1 m of one
another), which prevented us from investigating fine-scale note
structure by recording duet contributors separately (as in Voigt
et al. 2006).

We calculated the proportion of total songs that were duets or
choruses by summing the number of songs that included two or
more individuals singing together (either songs overlapping or
birds singing within 1 s of one another) and dividing by the total
number of all singing instances from all group members (solos
and all types of overlapping and non-overlapping duets and
choruses). We calculated the female’s response rate to the song
of the male by summing (1) the number of songs the male and
female sang with complete overlap and (2) the number of over-
lapping and non-overlapping duets or choruses in which the
female answered a song initiated by the male, then dividing that
sumby the total number of all female singing instances. The same
calculations were done to determine the female’s response rate to
the song of a helper.

We calculated the male’s response rate to song of the female
by summing (1) the number of songs the male and female sang
with complete overlap and (2) the number of overlapping and
non-overlapping duets where the male answered a song initiated
by the female then dividing that sum by the total number of all
female singing instances. We did not calculate the male’s re-
sponse rate to the helper song because none of the hypotheses
tested made predictions about when the male should duet with
the helper. We calculated rates of song initiation by males to test
a prediction of the mate-guarding hypothesis (see Table 1 and
description of this prediction below). Initiation rates for males
were calculated by summing the solos, duets and choruses
initiated by the male and dividing by the time (min) that he was
present during each observation session.

For all calculations, we recorded whether songs occurred
when each of the other group members was present or absent.
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For calculations of duets and choruses, we consideredwhether all
relevant groupmemberswere present to be sure this did not affect
tallies of duets and choruses (e.g. a male can only duet with a
female if he is present so only songs sungwhen bothwere present
were used to calculate such proportions).

Statistical analyses

Data were mainly analysed using R version 2.15.3 (R Core
Development Team 2013). All proportional data were analysed
using generalised linear mixed models (GLMM) with binomial
counts as outcomes and a weight argument specified. Rate data
(i.e. rates of song initiation – see Results) were analysed using a
GLMM with a Poisson distribution and an offset argument. All
GLMM were run using the glmer function in the lme4 package
within R. Chi-square tests and percentage calculations were done
inMicrosoft Excel 2011 (Microsoft Corporation, Redmond,WA,
USA). Some statistical tests (ANOVA, paired t-tests and K-
means clustering) were performed in JMP version 10 (SAS
Institute Inc., Cary, NC).

Tests of hypotheses

To investigate hypotheses for the function of duetting in Red-
backed Fairy-wrens (Table 1), we used GLMMwith the identity
of the breeding group as a random effect (to control for multiple
observations conducted for each breeding group in a single
year). Fixed effects in models were: behavioural interaction
context (categorical: inter-group and intra-group), breeding stage
(categorical: pre-breeding, fertile and post-fertile) and age of
pair-bond (categorical: 1 = pairs and groups in which the male
and female are breeding together for the first time; 2 = pairs and
groups in which the male and female have bred together previ-
ously). For age of pair-bond, the category 1 includes all pairs that
are newly formed, including those with helpers; for groups with
helpers, they are the offspring of only one of the breeding adults
or are not related to either breeding adult. Category 2 includes
all pairs that had bred together previously, including pairs
with helpers; in this category, helpers are the offspring of both
breeding adults and were retained as helpers from the previous
breeding season. We did not consider the addition of a related
helper to the group a change in composition of the group because
such helpers always hatched in the group and did not join
through the formation of a new group at the beginning of the
breeding season the way that a new breeding partner or unrelated
helper does.

To test the territorial defence and group-establishment hy-
potheses, we determined how the above predictors affected the
proportion of total songs that were duets. The territorial defence
hypothesis predicts that a higher proportion of songswill be duets
during early stages of breeding and, if territorial defence is the
only functionof duetting, duetswill onlyoccur during inter-group
contexts. The group-establishment hypothesis predicts that
groups that have not spent time together as a group will duet to
establish or signal their pair-bond or commitment to one another
more often than groups that have bred together previously. It also
predicts that duets will occur during both intra-group and inter-
group contexts (because a response that forms a duet can signal a
bird’s attentiveness to another in either context).

To test the breeding coordination hypothesis, we determined
whether the female’s response rate to the male and helper
depended on stage of breeding and interaction context. This
hypothesis predicts that females will respond to a higher propor-
tion of male and helper songs in her fertile stage than in other
stages of breeding, and in intra-group more than inter-group
contexts. The female is expected to respond to songs of other
group members (forming a duet) to provide information on her
readiness to initiate breeding, so that the group may coordinate
their breeding behaviours.

To test the mate-guarding hypothesis, we determined wheth-
er the response rate of the male to the female and the rate of song
initiation by the male depended on breeding stage and interac-
tion context. This hypothesis predicts that a male will respond to
a higher proportion of a female’s songs in her fertile stage than
in other stages, and more in inter-group contexts (when potential
rivals are present) than intra-group contexts. It also predicts that
males will initiate more songs during the female’s fertile stage
than in other stages, because song initiation elicits a response
from the female; essentially, the male guards the female (by
confirming that she is present) through her acoustic guarding of
him (Sonnenschein and Reyer 1983). We analysed duets that
occurred between the breeding male and female because acous-
tic and behavioural mate-guarding are expected to occur mainly
between members of a breeding pair. Auxiliary helpers who are
related to the breeding male also might be expected to guard the
breeding female (Welbergen and Quader 2006). We generally
expect a son to protect his father’s paternity to increase his
indirect genetic representation, but when such mother guarding
should occur depends also on offspring viability (Welbergen
and Quader 2006). Because this information is not available
for Red-backed Fairy-wrens, we made no predictions for when
helpers should duet with the breeding female.

We did not test the identity hypothesis, which suggests that
individuals use duetting to identify and localise the members
of their breeding group in both agonistic and non-agonistic
contexts (Logue and Gammon 2004). We do not have sufficient
data on approach behaviour after duets (which would allow us
to test the partner locating function of duetting). In addition,
we feel that this duet function is unlikely for our study species
because they occupy an open habitat and appear to remain in
contact using a simple contact call (Logue and Gammon 2004;
S. Shah, E. I. Greig and M. S. Webster, unpubl. data) that varies
between individuals (J. L. Dowling, unpubl. data), which is likely
to make these calls sufficient to identify and locate fellow group
members.

Results

Non-random overlap of songs

Males sang 34%of their songs (n= 1147 totalmale songs in 211 h
of observation) in duets with females and females spent only
0.51% of their time singing. Females sang 44% of their songs
(n= 1099 total female songs in 190 h of observation) in duetswith
males and males spent only 0.46% of their time singing. Helpers
sang 22% of their songs (n= 345 total helper songs in 73 h of
observation) in duets with males and 21% of their songs in duets
with females, and helpers spent only 0.33% of their time singing.
Overall, our analyses indicate that Red-backed Fairy-wrens sing
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true duets or choruses, as the overlap in song of different
individuals that we observed occurred more often than expected
if individuals sing randomly with regard to each other. In 75% of
the observation sessions when the female sang (n = 102 obser-
vation sessions), she sang more often when the male was singing
and less often when he was silent than expected if she sings
randomly (of those significant, 97%were significant atP< 0.001,
one was significant at P < 0.01 and one at P< 0.05). Similarly, in
76% of observation sessions where the male sang (n= 97 obser-
vation sessions), he sangmore oftenwhen the female was singing
and less often when she is silent than expected if he sings
randomly (of those significant, all but one were significant at
P < 0.005). Finally, helpers sang more often than expected if
singing randomlywhen themalewas singing (78%ofobservation
sessions, n= 27 observation sessions, all P < 0.001) and also
when the female was singing (71% of observation sessions,
n= 28 observation sessions, all P< 0.001).

Form of duets

Members of Red-backed Fairy-wren groups join their songs
together in duets and choruses with varying degrees of overlap
(see Methods). Field observations and inspection of a sample of
spectrograms of recorded duets or choruses suggest that duetting

or chorusing birds did not coordinate notes to avoid overlap and
did not sing antiphonally. Of the sample of 38 recordings of duets
or chorusesweanalysed, 34 (90%) includednotes that overlapped
in frequency and time. The four duets and choruses with no
overlap did not have precisely coordinated notes within the duet,
but songs were separated in time, with the second song initiated
<1 s after the end of the first. Within the overlapping duets or
choruses, an average of 71% (s.d.�15%) of the notes within the
song overlapped in frequency and time (see Fig. 1). The duets and
choruses we analysed had an average bandwidth of 3064.76Hz
(s.d. �766.1, n= 38) and an average length of 4.24 s (s.d. ±0.8,
n= 38).

Pair-wise comparisons of the broad-scale structure of this
sample of songs revealed that duets and choruseswere longer than
the solo songs of their contributors (two-tailed paired t-test:
t30 = –2.37, P= 0.024), but these solo songs and duets did not
differ in bandwidth (two-tailed paired t-test: t30 = –1.75,
P= 0.09). Subjectively, when we visually compared spectro-
grams of duets and choruses to solo songs of the same individuals
that contributed to the duet (n= 30 comparisons), we also saw
little difference in fine-scale song structure (Fig. 1). The general
shapes of the songs were similar and there were no noticeable
differences in spacing of notes, number of notes and shape of
notes between songs sung in solos and in duets and choruses.
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Fig. 1. Spectrograms of a song of a breedingmale (top), his social mate (middle) and a duet with near complete overlap recorded from this
same pair (bottom).

Form and function of Red-backed Fairy-wren duets Emu 287



Additionally, the two (or more) songs that made up the duet or
chorus appeared non-identical (i.e. they were not unison songs).
However, it was often difficult to assess note characteristics
and more quantitative analyses were not possible owing to
overlap of notes. These results provide preliminary impressions
of the fine-scale structure of Red-backed Fairy-wren duets and
choruses but further quantitative analysis is needed.

Solo, duet and chorus singing behaviour

During our systematic behavioural observations, males, females
and helpers initiated a similar number of songs (solo songs and
initiating songs in duets or choruses). Rates of song initiation by
males and females were similar in pairs without helpers (male
average 6.2 songs h–1 of observation (s.d. �9.8); female:
6.3 songs h–1 of observation (s.d. �11.6); two-tailed paired t-
test, t106 = –0.09, P= 0.93, n= 107) and in groups with one or
more helpers (male average, 2.9 songs h–1 of observation (s.d.
�5.1); female average, 2.2 songs h–1 of observation (s.d. �3.5);
two-tailed paired t-test, t43 = 1.18, P = 0.25, n = 44). Helpers
initiated a similar number of songs (average 3.2� 6 songs h–1

of observation) as adult males (two-tailed paired t-test,
t43 = –0.78, P = 0.44, n= 44) and adult females (two-tailed paired
t-test, t43 = –1.62, P = 0.11, n= 44).

For duets and choruses during behavioural observations,
reaction times of duet partners varied greatly. When duets and
choruses across all groupswere analysed,most hadnear complete
overlap (78.8% had complete or near-complete overlap, 13.2%
had incomplete overlap and 8% had no overlap; total n= 684
duets or choruses). Within male and female duets in which
initiator and answerer could be determined (i.e. duets that did
not overlap completely), duets were initiated by the male and
answered by the female in more than half of non-overlapping
duets (59%, n= 88 duets) and most duets with incomplete over-
lap (68%, n= 50 duets), but many duets were initiated by females
and answered by males as well. For groups with helpers, most
songs sung with complete overlap (78.3%, n= 65 of 83 songs)
were choruses involving all members of the group (male, female
and helper or helpers), few involved only the male and female
(9.6%, n = 9) and even fewer were between helpers and a single
breeder (8.4% for male or helper, n= 7; 3.6% female or helper,
n = 3).

Function of duets

In the model used to test the territorial defence and group-
establishment hypotheses, breeding stage (GLMM, c2 = 61.51,
d.f. = 2,P< 0.0001) and interaction context (GLMM,c2 = 193.12,
d.f. = 1, P< 0.0001) accounted for most of the variation in the
proportion of total songs that were duets or choruses, whereas
length of pair-bond was not a significant predictor (GLMM,
c2 = 2.65, d.f. = 1, P= 0.10). Interpretation of the fixed-effects
tests (GLMM1, Table 2) shows that when compared to the fertile
stage, a higher proportion of songs were duets or choruses in the
pre-breeding and a lower proportionwere duets or choruses in the
post-fertile stage (Fig. 2), and a higher proportion of songs were
duets or choruses in inter-group contexts than in intra-group
contexts (Fig. 3). These results support both predictions of the
territorial defence hypothesis but only one prediction of the
group-establishment hypothesis. It is important to note that

although inter-group interactions occurred in more than half of
the observation sessions they generally did not last long and so
represent only a small proportion of observation time.

In the models used to test the breeding coordination hypoth-
esis, interaction context accounted for most of the variation in
both the female’s response rate to the male (GLMM, c2 = 53.29,
d.f. = 1, P< 0.0001) and her response rate to the helper (GLMM,
c2 = 32.55, d.f. = 1, P < 0.0001). Breeding stage was also a sig-
nificant predictor of the female’s response rate to the male
(GLMM, c2 = 16.87, d.f. = 2, P < 0.001), but not for her response
rate to the helper (GLMM, c2 = 0.76, d.f. = 2, P = 0.69). Inter-
pretation of the fixed-effects tests (GLMM 2, Table 2) shows
that there was no difference in the female’s response rate to the
male between fertile and pre-breeding stages but that the female
responded to a higher proportion of male songs in the fertile
stage than in the post-fertile stage. Females responded to a higher
proportion of male and helper songs in inter-group contexts
than in intra-group contexts but breeding stage was not a signif-
icant predictor in the model for the female’s response rate to
the helper (GLMM 3, Table 2). These results do not support
either prediction of the breeding coordination hypothesis.

In the model used to test the mate-guarding hypothesis,
breeding stage was a significant predictor in the model for the
male’s response rate to the female (GLMM, c2 = 17.05, d.f. = 2,

Table 2. Results of generalised linear mixed models (GLMM) testing
hypotheses outlined in Table 1

GLMM 1 tests the territorial defence and group-establishment hypotheses,
using proportion of songs that are duets as the response variable (n= 193
observation periods for 54 groups). GLMM 2 tests the breeding coordination
hypothesis, using female’s response rate to male as the response variable
(n= 148 observation periods for 47 groups). GLMM 3 tests the breeding
coordinationhypothesis, using female’s response rate tohelper as the response
variable (n= 83observationperiods for 23groups).GLMM4and5are used to
test the acoustic mate-guarding hypothesis: GLMM 4 uses male’s response
rate to female as the response variable (n= 148 observation period for 47
groups),whereasGLMM5uses themale’s song-initiation rate as the response

variable (n= 228 observation periods for 56 groups)

Fixed effect Estimate s.e. Z-value P

GLMM 1 (Intercept) 1.29 0.21 5.95 <0.0001
Pre-breeding stage 0.44 0.12 3.62 <0.001
Post-fertile stage –0.85 0.19 –4.56 <0.0001
Pair-bond age –0.48 0.30 –1.63 0.10
Interaction context –1.61 0.12 –13.90 <0.0001

GLMM 2 (Intercept) 1.21 0.38 3.192 <0.01
Pre-breeding stage 0.44 0.24 1.86 0.06
Post-fertile stage –0.87 0.36 –2.40 0.02
Interaction context –1.62 0.22 –7.30 <0.0001

GLMM 3 (Intercept) –8.38 4.34 –1.93 0.05
Pre-breeding stage 0.23 0.77 0.30 0.77
Post-fertile stage –0.80 1.41 –0.57 0.57
Interaction context –4.44 0.78 –5.71 <0.0001

GLMM 4 (Intercept) 0.86 0.37 2.36 0.02
Pre-breeding stage 0.73 0.24 3.09 <0.01
Post-fertile stage –0.31 0.35 –0.88 0.38
Interaction context –1.68 0.22 –7.70 <0.0001

GLMM 5 (Intercept) –0.43 0.13 –3.38 <0.001
Pre-breeding stage 0.12 0.08 1.46 0.14
Post-fertile stage –0.80 0.11 –7.58 <0.0001
Interaction context –2.57 0.07 –35.53 <0.0001
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P < 0.001) and male song-initiation rates (GLMM, c2 = 98.61,
d.f. = 2,P< 0.0001), but interaction context accounted formost of
the variation in the model in both the male’s response rate to the
female (GLMM, c2 = 59.26, d.f. = 1, P< 0.0001) and male song-
initiation rates (GLMM, c2 = 1262.51, d.f. = 1, P < 0.0001). In-
terpretation of the fixed-effects tests (GLMM 4, Table 2) shows
that, when compared to the fertile stage, males responded to a
higher proportion of female songs in the pre-breeding stage and a
lower proportion in the post-fertile stage. Therewas no difference
inmale initiation rates between fertile andpre-breeding stages and
males initiated more songs in the fertile stage than in the post-
fertile stage (GLMM 5, Table 2). Males responded to a higher
proportionof female songs (GLMM5,Table 2) and initiatedmore
songs (GLMM 5, Table 2) in inter-group contexts than in intra-
group contexts. These results support only two of four predictions
of the mate-guarding hypothesis.

Discussion

In this study, we describe the vocal behaviour of the Red-backed
Fairy-wren, with specific attention to the form and function of
duets and choruses. This species differs from most other duet-
ting species that have been studied to date in that they have
moderately high rates of EPP. We would thus predict high levels
of mate-guarding, making it an ideal species for testing the
acoustic mate-guarding hypothesis as well as other hypotheses
for duetting.

Do Red-backed Fairy-wrens duet?

Our analysis shows that group members were significantly more
likely to sing when another group member was singing (which
forms a duet or chorus), and less likely to sing when others were
silent. Those cases where the difference was not significant were
likely to be a result of small sample sizes, because there was
generally little singing activity during these observations (an
average of 1.9 songs h–1 of observation by the focal individual,
compared to an average of 6.7 songs h–1 of observation in cases
where the singing overlap was significant). These results indi-
cate that Red-backed Fairy-wrens coordinate the timing of their
songs so that they overlap and thus fit the definitions for duets
and choruses (Hall 2009). Further analyses that investigate
reaction times of duetting or chorusing partners, using time as
a continuous variable rather than a categorical variable as done
here, would lend further support and would also test the
precision of song overlap. This type of analysis is difficult for
this species because individuals often duet while perched close
to one another (within 1 m), which prevented us from easily
recording each individual separately to determine which partner
contributed each note of a duet.

Form of duets and choruses

Red-backed Fairy-wrens sing duets and choruses in which
non-identical songs overlap in frequency and time rather than
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Fig. 2. Number of songs sung by each group member in each stage of breeding, including those that
were sungwith others (duet or choruses, dark bars) and solo songs (light stippled bars): (a) pairs without
helpers (n= 147 h of observation of 34 pairs); (b) groups with helpers (n= 67 h of observation of 21
groups). n is the hours of observation for each category, listed below the x-axis. Each chart shows counts
(songs h–1) of songs sung solo and songs sung with other individuals, so each duet or chorus is counted
for every contributor.

Form and function of Red-backed Fairy-wren duets Emu 289



precisely coordinated duets with antiphonal notes or phrases
(Fig. 1). Duets with this type of overlapping, polyphonic
structure have been described in a few other species (Reyer
and Schimdl 1988; Brown and Farabaugh 1991; Hall and
Peters 2008b), and other types of overlapping duets (unison
songs) have also been described (Thorpe et al. 1972; Wickler
and Seibt 1980a; Trainer et al. 2002). Interestingly, similar
overlapping, polyphonic songs have been described for the
Purple-crowned Fairy-wren, which sings a duet style almost
identical to that of Red-backed Fairy-wrens (Hall and Peters
2008b), suggesting that this may be the common form of
duetting in Malurus.

On a proximate level, fairy-wren duets or choruses may not
include precise antiphonal alternation of notes because fast
rates of notes (average 17 notes s–1 (s.d. �3), n= 44 songs for
Red-backed Fairy-wrens, J. L. Dowling, unpubl. data) and
high average frequency (upper quartile frequency 8230Hz
(s.d. �620.8), n= 58 songs for Red-backed Fairy-wrens,
J. L. Dowling, unpubl. data) make antiphonal coordination
difficult (Goller and Suthers 1996). Additionally, on a functional
level, Red-backed Fairy-wren duets or choruses may not be
precisely coordinated because overlap of notesmay be beneficial.
It has been proposed that overlap of notes makes a duet or chorus
more threatening (Naguib and Mennill 2010) and also that
overlap may be a type of coordination that signals the quality
of the duetting individuals and the pair-bond (Hall and Magrath

2007). Because Red-backed Fairy-wrens (this study) and Purple-
crowned Fairy-wrens (Hall and Peters 2008a) seem to use duets
and choruses as coordinated displays meant to deter territorial
rivals, we might expect overlapping duets and choruses to be
favoured in these species, if they are more threatening, but this
remains to be tested with playback experiments. Another
possible explanation for this duet form is that it may represent
an early transitional stage in the evolution of a coordinated,
antiphonal duet (Mann et al. 2009). This hypothesis has also
never been tested and comparative phylogenetic studies of duet
form, possibly in Malurus, are necessary.

The function of duets

Overall, the results of this study support the territorial defence
hypothesis. Although some predictions are supported for other
hypotheses (group-establishment and mate-guarding), none of
the critical predictions of these hypotheses (those that are not
shared to some extent between hypotheses) is supported. Thus,
our study joins the majority of studies of the function of avian
duets to date in supporting the territorial defence hypothesis
(Hall 2009). Given the substantial empirical support for this
hypothesis, duetting and chorusing may have evolved multiple
times in various groups at least partly to serve a territorial defence
function. Duets, whether antiphonal or overlapping, are often
louder, longer and easier to locate than solo songs, and also
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signal that more than one individual is present and attending to
the threat (Hall 2009), which may make them ideal as keep-out
signals.

Support for the territorial defence hypothesis is based partly
on observations during inter-group interactions. These interac-
tions are frequent, but brief, and are characterised by extremely
high overall rates of song (Fig. 3). Despite few hours of obser-
vation in inter-group contexts, we found that most songs in these
contexts were sung as duets or choruses (as compared to intra-
group contexts). The low overall rates of singing in intra-group
contexts, however, may prevent detection of similar patterns in
these contexts.

The group-establishment hypothesis was not directly sup-
ported by our data. This hypothesis predicts that group members
will invest in duetting or chorusing during formation of groups
and signal commitment (Wickler and Seibt 1980b) by learning to
coordinate a duet or chorus with the group (Arrowood 1988;
Smith 1994). We found no support for the critical prediction
that groups who have never bred together should duet more than
those that have bred together. Although we found that Red-
backed Fairy-wrens duet more in the pre-breeding stage, duets
occurred more often in inter-group than intra-group contexts
instead of equally in both (as predicted by this hypothesis).
Likewise, previous investigations of this hypothesis have found
little support for it (Arrowood 1988; Levin 1996; but seeWickler
and Seibt 1980b). Although the result that duets and choruses
occur more in inter-group than intra-group contexts suggests
that duets and choruses are not used for group cohesion, the fact
that some duets or choruses do still occur in intra-group contexts
may mean that they play a role in group cohesion or some other
intra-group communication, which we have not ruled out in this
study.

Neither prediction of the breeding coordination hypothesis
was supported, as duets occurred primarily during inter-group
interactions and females did not duet more with other group
members when initiating nests (a critical prediction of the hy-
pothesis). Females could potentially use signals other than song
to signal breeding status and coordinate with group members.
Indeed, fertile females solicit copulations with wing-flutter dis-
plays 6 days (s.d. �3.5, maximum 18 days, n= 11 copulations)
before her first egg is laid and often conspicuously perch with
nesting material in view of other group members during nest-
construction (J. L. Dowling, unpubl. data), both of which may
signal breeding status to other group members. Previous studies
supporting this hypothesis based that support on predictions
shared between breeding coordination and territorial defence
hypotheses (Hall 2006; Topp and Mennill 2008; see
Table 1), whereas other studies (including this study) examined
whether females duet more specifically within their fertile
stage. Future studies should use this more restricted prediction
to distinguish between breeding coordination and territorial
defence.

Despite theoretical predictions that species with moderately
high rates of EPP should guard mates heavily, acoustic mate-
guarding does not seem to be a primary function of duetting and
chorusing in Red-backed Fairy-wrens. This is somewhat surpris-
ing because the overlapping form of Red-backed Fairy-wren
duets and choruses could allow the joining bird to mask the
signal of the initiator of the duet or chorus, which is the presumed

goal if the joining bird is acoustically guarding his partner
(Tobias and Seddon 2009). Although the mating system and the
duet form of Red-backed Fairy-wrens suggest that a mate-guard-
ing function of duetting and chorusing is likely, the critical
prediction of this hypothesis (that males will duet more with
their mate when she is fertile, Table 1) was not supported by
our results.

As an alternative to our interpretation, Red-backed Fairy-
wrens may use duetting and chorusing for mate-guarding, but
in away that escaped detection in our study. For example, if extra-
pair mating occurs pre-dawn in Red-backed Fairy-wrens, then
acoustic mate-guarding is likely to occur at that time as well,
instead of during the day, a possibility not investigated in this
study. Pre-dawn extra-pair copulations have been suggested in
one species of Malurus (Double and Cockburn 2000), and may
also occur in others because daytime extra-pair copulations are
almost never observed in species of Malurus (Rowley and
Russell 1990). In addition, our current study focussed on duetting
and chorusing behaviour of whole breeding groups, but future
research in this system could investigate differences in duetting
and chorusing behaviour (including acoustic mate-guarding)
between males that vary in attractiveness, because male mating
strategies might depend on attractiveness (Karubian 2002).
Another alternative is that Red-backed Fairy-wren males may
guard their mates but use behaviours other than duetting and
chorusing to do so, such as close following (e.g. see Hall and
Peters 2008b).

Conclusions

Our study is the first to describe the vocal behaviour of the Red-
backed Fairy-wren, a cooperatively breeding and promiscuous
species of Malurus. Red-backed Fairy-wrens sing polyphonic
duets and choruses that are unique when compared to other
duetting species but similar to other chorusing species (Reyer
and Schimdl 1988; Brown and Farabaugh 1991) and also to duets
in the congeneric Purple-crowned Fairy-wren (Hall and Peters
2008a). Our results support a territorial defence function for duets
and choruses and, taken together with many previous studies
(Hall 2009), this seems to be one major function of vocal duets
across avian species. However, almost all previous studies that
support territorial defence as the main function of duets and
choruses have been of species with low or unknown rates of EPP
(but see Benedict 2010), and theory predicts mate-guarding
(including acoustic) should be most strongly favoured in species
with moderately high rates of EPP. Investigating the function of
duets or choruses across taxa that vary broadly in their mating
systems and reproductive strategies will help fill this important
gap in our understanding of duetting behaviour.

The variability seen within the genus Malurus provides an
excellent model for examining the evolution of songs and other
signals. Within the genus, some species coordinate songs into
duets (this study; Hall and Peters 2008a) whereas it seems that
others do not (Cooney and Cockburn 1995; Greig and Pruett-
Jones 2008). Within Malurus, species also differ with regard to
the number of song-types (E. I. Greig andM. S.Webster, unpubl.
data), the use of predator-elicited song (Greig and Pruett-Jones
2008; E. I. Greig and M. S. Webster, unpubl. data), and alarm
call and response behaviour (Magrath et al. 2009). The genus

Form and function of Red-backed Fairy-wren duets Emu 291



also shows variation in mating systems, for example with regard
to extra-pair copulation seeking behaviour of males and rates of
EPP (Mulder et al. 1994; Webster et al. 2008; Kingma et al.
2009), and within some species individual males appear to adopt
different mating strategies (Karubian 2002; Cockburn et al.
2009). This variation provides fertile ground for examination
of the general rules that govern the evolution of broader repro-
ductive strategies, including signalling strategies, such as duets
and choruses, and can contribute to a general framework for
understanding signalling behaviours exhibited by animals in
diverse taxa.

Acknowledgements

We thank Becky Cramer, Emma Greig and three anonymous reviewers for
helpful comments on previous versions of this manuscript; and Dan Baldas-
sarre, Doug Barron and Sara Kaiser for input on research design and data
analysis. Timothy Daniel and Brad Congdon provided logistic support in the
field, and a large number of excellent field assistants were instrumental in
data collection. Lindsey Nietmann and Ahvi Potticary in particular helped
with behavioural observations and sound recording in the field. Research
was supported by a National Science Foundation (USA) grant to
M. S. Webster. The National Science Foundation Graduate research fellow-
ship program and the Cornell University student research grant in animal
behaviour provided additional grant support.

References

Arrowood, P. C. (1988). Duetting, pair bonding and agonistic display in
parakeetpairs.Behaviour106, 129–157.doi:10.1163/156853988X00133

Bailey,W. J. (2003). Insect duets: underlyingmechanisms and their evolution.
Physiological Entomology 28, 157–174. doi:10.1046/j.1365-3032.2003.
00337.x

Baker, M. C. (2009). Information content in chorus songs of the group-living
Australian Magpie (Cracticus tibicen dorsalis) in Western Australia.
Ethology 115, 227–238. doi:10.1111/j.1439-0310.2008.01606.x

Benedict, L. (2010). California Towhee vocal duets are multi-functional
signals for multiple receivers. Behaviour 147, 953–978. doi:10.1163/
000579510X498633

Bradley, D., and Mennill, D. (2009). Strong ungraded responses to playback
of solos, duets and choruses in a cooperatively breeding Neotropical
songbird. Animal Behaviour 77, 1321–1327. doi:10.1016/j.anbehav.
2009.01.037

Brown, E. D., and Farabaugh, S. M. (1991). Song sharing in a group-living
songbird, the Australian Magpie, Gymnorhina tibicen. Part III. Sex
specificity and individual specificity of vocal parts in communal chorus
and duet songs. Behaviour 118, 244–274. doi:10.1163/156853991
X00319

Cockburn, A., Dalziell, A. H., Blackmore, C. J., Double, M. C., Kokko, H.,
Osmond, H. L., Beck, N. R., Head, M. L., and Wells, K. (2009). Superb
Fairy-wren males aggregate into hidden leks to solicit extragroup ferti-
lizations before dawn. Behavioral Ecology 20(3), 501–510. doi:10.1093/
beheco/arp024

Cooney,R., andCockburn,A. (1995).Territorial defence is themajor function
of female song in the Superb Fairy-wren, Malurus cyaneus. Animal
Behaviour 49, 1635–1647. doi:10.1016/0003-3472(95)90086-1

Double, M., and Cockburn, A. (2000). Pre-dawn infidelity: females control
extra-pairmating in SuperbFairy-wrens.Proceedingsof theRoyal Society
of London – B. Biological Sciences 267, 465–470. doi:10.1098/rspb.
2000.1023

Ficken, R. W., Ficken, M. S., and Hailman, J. P. (1974). Temporal pattern
shifts to avoid acoustic interference in singing birds. Science 183,
762–763. doi:10.1126/science.183.4126.762

Garamszegi, L. Z., Pavlova, D. Z., Eens, M., and Moller, A. P. (2007). The
evolution of song in female birds in Europe. Behavioural Ecology 18,
86–96. doi:10.1093/beheco/arl047 [Published online ahead of print 29
September 2006].

Gill, S. A., Vonhof,M. J., Stutchbury, B. J.M.,Morton, E. S., andQuinn, J. S.
(2005). No evidence for acousticmate-guarding in duettingBuff-breasted
Wrens (Thryothorus leucotis). Behavioral Ecology and Sociobiology 57,
557–565. doi:10.1007/s00265-004-0893-3

Goller, F., and Suthers, R. A. (1996). Role of syringeal muscles in controlling
the phonology of bird song. Journal of Neurophysiology 76, 287–300.

Greig, E., and Pruett-Jones, S. (2008). Splendid songs: the vocal behaviour
of Splendid Fairy-wrens (Malurus splendens melanotus). Emu 108,
103–114. doi:10.1071/MU07044

Greig, E. I., Taft, B. N., and Pruett-Jones, S. (2012). Sons learn songs from
their social fathers in a cooperatively breeding bird. Proceedings of the
Royal Society of London – B. Biological Sciences 279, 3154–3160.
doi:10.1098/rspb.2011.2582

Hall,M. L. (2004). A reviewof hypotheses for the functions of avian duetting.
Behavioral Ecology and Sociobiology 55, 415–430. doi:10.1007/s00265-
003-0741-x

Hall, M. L. (2006). Convergent vocal strategies of males and females are
consistent with a cooperative function of duetting in Australian Magpie-
larks. Behaviour 143, 425–449. doi:10.1163/156853906776240623

Hall, M. L. (2009). A review of vocal duetting in birds. Advances in the
Study of Behavior 40, 67–121. doi:10.1016/S0065-3454(09)40003-2

Hall, M. L., and Magrath, R. D. (2000). Duetting and mate-guarding in
Australian Magpie-larks (Grallina cyanoleuca). Behavioral Ecology
and Sociobiology 47, 180–187. doi:10.1007/s002650050009

Hall, M., and Magrath, R. (2007). Temporal coordination signals coalition
quality.CurrentBiology17, R406–R407. doi:10.1016/j.cub.2007.04.022

Hall, M. L., and Peters, A. (2008a). Coordination between the sexes for
territorial defence in a duetting fairy-wren. Animal Behaviour 76, 65–73.
doi:10.1016/j.anbehav.2008.01.010

Hall, M. L., and Peters, A. (2008b). Do male paternity guards ensure female
fidelity in a duetting fairy-wren? Behavioural Ecology 20, 222–228.
doi:10.1093/beheco/arn139

Hartigan, J. A., and Wong, M. A. (1979). Algorithm AS 136: a K-means
clustering algorithm. Journal of the Royal Statistical Society. Series C,
Applied Statistics 28, 100–108.

Karubian, J. (2002). Costs and benefits of variable breeding plumage in the
Red-backed Fairy-wren. Evolution 56, 1673–1682.

Kingma, S. A., Hall, M. L., Segelbacher, G., and Peters, A. (2009). Radical
loss of an extreme extra-pair mating system. BMC Ecology 9, 15.
doi:10.1186/1472-6785-9-15

Kokko, H., and Morrell, L. (2005). Mate-guarding, male attractiveness, and
paternity under social monogamy. Behavioural Ecology 16, 724–731.
doi:10.1093/beheco/ari050

Langmore, N. (1998). Functions of duet and solo songs of female birds.
Trends in Ecology & Evolution 13, 136–140. doi:10.1016/S0169-5347
(97)01241-X

Levin, R. (1996). Song behaviour and reproductive strategies in a duetting
wren, Thryothorus nigricapillus. 2. Playback experiments. Animal Be-
haviour 52, 1107–1117. doi:10.1006/anbe.1996.0258

Lilly, J. C., and Miller, A. M. (1961). Vocal exchanges between dolphins:
BottlenoseDolphins ‘talk’ to eachotherwithwhistles, clicks, andavariety
of other noises. Science 134, 1873–1876. doi:10.1126/science.134.
3493.1873

Logue, D. M., and Gammon, D. E. (2004). Duet song and sex roles during
territory defence in a tropical bird, the Black-bellied Wren, Thryothorus
fasciatoventris. Animal Behaviour 68, 721–731. doi:10.1016/j.anbehav.
2003.10.026

Mann, N., Dingess, K., and Slater, P. (2006). Antiphonal four-part synchro-
nized chorusing in a Neotropical wren. Biology Letters 2, 1. doi:10.1098/
rsbl.2005.0373

292 Emu J. L. Dowling and M. S. Webster

dx.doi.org/10.1163/156853988X00133
dx.doi.org/10.1046/j.1365-3032.2003.00337.x
dx.doi.org/10.1046/j.1365-3032.2003.00337.x
dx.doi.org/10.1111/j.1439-0310.2008.01606.x
dx.doi.org/10.1163/000579510X498633
dx.doi.org/10.1163/000579510X498633
dx.doi.org/10.1016/j.anbehav.2009.01.037
dx.doi.org/10.1016/j.anbehav.2009.01.037
dx.doi.org/10.1163/156853991X00319
dx.doi.org/10.1163/156853991X00319
dx.doi.org/10.1093/beheco/arp024
dx.doi.org/10.1093/beheco/arp024
dx.doi.org/10.1016/0003-3472(95)90086-1
dx.doi.org/10.1098/rspb.2000.1023
dx.doi.org/10.1098/rspb.2000.1023
dx.doi.org/10.1126/science.183.4126.762
dx.doi.org/10.1093/beheco/arl047
dx.doi.org/10.1007/s00265-004-0893-3
dx.doi.org/10.1071/MU07044
dx.doi.org/10.1098/rspb.2011.2582
dx.doi.org/10.1007/s00265-003-0741-x
dx.doi.org/10.1007/s00265-003-0741-x
dx.doi.org/10.1163/156853906776240623
dx.doi.org/10.1016/S0065-3454(09)40003-2
dx.doi.org/10.1007/s002650050009
dx.doi.org/10.1016/j.cub.2007.04.022
dx.doi.org/10.1016/j.anbehav.2008.01.010
dx.doi.org/10.1093/beheco/arn139
dx.doi.org/10.1186/1472-6785-9-15
dx.doi.org/10.1093/beheco/ari050
dx.doi.org/10.1016/S0169-5347(97)01241-X
dx.doi.org/10.1016/S0169-5347(97)01241-X
dx.doi.org/10.1006/anbe.1996.0258
dx.doi.org/10.1126/science.134.3493.1873
dx.doi.org/10.1126/science.134.3493.1873
dx.doi.org/10.1016/j.anbehav.2003.10.026
dx.doi.org/10.1016/j.anbehav.2003.10.026
dx.doi.org/10.1098/rsbl.2005.0373
dx.doi.org/10.1098/rsbl.2005.0373


Mann, N. I., Dingess, K. A., Barker, K. F., Graves, J. A., and Slater, P. J. B.
(2009). A comparative study of song form and duetting in neotropical
Thryothorus wrens. Behaviour 146, 1–43. doi:10.1163/156853908X39
0913

Magrath, R. D., Pitcher, B. J., and Gardner, J. L. (2009). Recognition of
other species’ aerial alarm calls: speaking the same language or learning
another? Proceedings of the Royal Society of London – B. Biological
Sciences 276(1657), 769–774. doi:10.1098/rspb.2008.1368

Mitani, J. C. (1985). Gibbon song duets and intergroup spacing. Behaviour
92, 59–96. doi:10.1163/156853985X00389

Mulder, R. A., Dunn, P. O., Cockburn, A., Lazenby-Cohen, K. A., and
Howell,M. J. (1994).Helpers liberate female fairy-wrens fromconstraints
on extra-pair mate choice. Proceedings of the Royal Society of London –
B. Biological Sciences 255(1344), 223–229. doi:10.1098/rspb.1994.
0032

Naguib,M., andMennill,D. J. (2010). The signal value of birdsong: empirical
evidence suggests songoverlapping is a signal.AnimalBehaviour80, e11.
doi:10.1016/j.anbehav.2010.06.001

Payne, R., Payne, L., and Rowley, I. (1988). Kin and social relationships in
Splendid Fairy-wrens: recognition by song in a cooperative bird. Animal
Behaviour 36, 1341–1351. doi:10.1016/S0003-3472(88)80203-3

Payne, R., Payne, L., Rowley, I., and Russell, E. (1991). Social recognition
and response to song in cooperative Red-winged Fairy-wrens. Auk 108,
811–819.

R Core Development Team (2013). ‘R: a Language and Environment for
Statistical Computing.’ (R Foundation for Statistical Computing: Vienna,
Austria.)

Radford, A. N. (2003). Territorial vocal rallying in the green woodhoopoe:
influence of rival group size and composition. Animal Behaviour 66,
1035–1044. doi:10.1006/anbe.2003.2292

Reyer,H.-U., andSchimdl,D. (1988).Helpershave little to laughabout: group
structure and vocalization in the Laughing Kookaburra Dacelo novae-
guineae. Emu 88, 150–160. doi:10.1071/MU9880150

Rowley, I., andRussell, E. (1990). ‘Philandering’– amixedmating strategy in
the Splendid Fairy-wren Malurus splendens. Behavioral Ecology and
Sociobiology 27, 431–437. doi:10.1007/BF00164070

Rowley, I., andRussell, E. (1997). ‘Fairy-wrens andGrasswrens:Maluridae.’
(Oxford University Press: Melbourne.)

Seddon, N., and Tobias, J. A. (2003). Communal singing in the cooperatively
breeding subdesert mesite Monias benschi: evidence of numerical as-
sessment? Journal of Avian Biology 34, 72–80. doi:10.1034/j.1600-
048X.2003.03067.x

Seddon, N., and Tobias, J. A. (2006). Duets defend mates in a suboscine
passerine, the Warbling Antbird (Hypocnemis cantator). Behavioural
Ecology 17, 73. doi:10.1093/beheco/ari096 [Published online ahead of
print 26 October 2005].

Seibt, U., andWickler,W. (1977). Duettieren als Revier-Anzeige bei Vögeln.
Zeitschrift für Tierpsychologie 43, 180–187. doi:10.1111/j.1439-0310.
1977.tb00067.x

Slater, P. J., andMann, N. I. (2004).Why do the females of many bird species
sing in the tropics? Journal of Avian Biology 35, 289–294. doi:10.1111/
j.0908-8857.2004.03392.x

Smith, W. J. (1994). Animal duets: forcing a mate to be attentive. Journal of
Theoretical Biology 166, 221–223. doi:10.1006/jtbi.1994.1019

Sonnenschein, E., and Reyer, H.-U. (1983). Mate-guarding and other func-
tions of antiphonal duets in the Slate-coloured Boubou (Laniarius funeb-
ris). Ethology 63, 112–140.

Stokes, A. W., and Williams, H. W. (1968). Antiphonal calling in quail. Auk
85, 83–89. doi:10.2307/4083626

Thorpe, W. H., Hall-Craggs, J., Hooker, B., Hooker, T., and Hutchison, R.
(1972). Duetting and antiphonal song in birds: its extent and significance.
Behaviour 18, 135–197.

Tobias, J. A., and Seddon, N. (2009). Signal jamming mediates sexual
conflict in a duetting bird. Current Biology 19, 577–582. doi:10.1016/
j.cub.2009.02.036

Tobias, M. L., Viswanathan, S. S., and Kelley, D. B. (1998). Rapping, a
female receptive call, initiates male-female duets in the South African
clawed frog. Proceedings of the National Academy of Sciences of the
United States of America 95, 1870–1875. doi:10.1073/pnas.95.4.1870

Topp, S. M., and Mennill, D. J. (2008). Seasonal variation in the duetting
behaviour of Rufous-and-white Wrens (Thryothorus rufalbus). Behav-
ioral Ecology and Sociobiology 62, 1107–1117. doi:10.1007/s00265-
007-0538-4

Trainer, J.M.,McDonald,D.B., andLearn,W.A. (2002).Thedevelopmentof
coordinated singing in cooperatively displaying Long-tailed Manakins.
Behavioural Ecology 13, 65–69. doi:10.1093/beheco/13.1.65

Varian-Ramos, C. W., and Webster, M. S. (2012). Extrapair copulations
reduce inbreeding for female Red-backed Fairy-wrens,Malurus melano-
cephalus. Animal Behaviour 83, 857–864. doi:10.1016/j.anbehav.2012.
01.010

Varian-Ramos, C.W., Karubian, J., Talbott, V., Tapia, I., andWebster, M. S.
(2010).Offspring sex ratios reflect lack of repayment by auxiliarymales in
a cooperatively breedingpasserine.BehavioralEcologyandSociobiology
64, 967–977. doi:10.1007/s00265-010-0912-5

Voigt, C., Gahr, M., and Leitner, S. (2006). Repertoire and structure of duet
and solo songs in cooperatively breeding White-browed Sparrow Wea-
vers. Behaviour 143, 159–182. doi:10.1163/156853906775900739

Webster, M. S., Varian, C. W., and Karubian, J. (2008). Plumage color and
reproduction in the Red-backed Fairy-wren: why be a dull breeder?
Behavioral Ecology 19, 517–524. doi:10.1093/beheco/arn015

Webster, M. S., Karubian, J., and Schwabl, H. (2010). Dealing with uncer-
tainty: flexible reproductive strategies by a tropical passerine bird in an
unstable ecological and social environment. Advances in the Study of
Behavior 42, 123–153. doi:10.1016/S0065-3454(10)42004-5

Welbergen, J., and Quader, S. (2006). Mother guarding: how offspring may
influence the extra-pair behaviour of their parents. Proceedings of the
Royal Society of London –B. Biological Sciences 273, 2363. doi:10.1098/
rspb.2006.3591

Wickler, W., and Seibt, U. (1980a). Vocal dueting and the pair bond:
II. Unisono dueting in the African Forest Weaver, Symplectes bicolor.
Zeitschrift für Tierpsychologie 52, 217–226. doi:10.1111/j.1439-0310.
1980.tb00713.x

Wickler, W., and Seibt, U. (1980b). Vocal dueting and the pair bond.
I. Coyness and partner commitment. A hypothesis. Zeitschrift für Tierp-
sychologie 52, 201–209. doi:10.1111/j.1439-0310.1980.tb00711.x

Zelano, B., Tarvin, K. A., and Pruett-Jones, S. (2001). Singing in the face of
danger: the anomalous type II vocalization of the Splendid Fairy-Wren.
Ethology 107, 201–216. doi:10.1046/j.1439-0310.2001.00645.x

Form and function of Red-backed Fairy-wren duets Emu 293

www.publish.csiro.au/journals/emu

dx.doi.org/10.1163/156853908X390913
dx.doi.org/10.1163/156853908X390913
dx.doi.org/10.1098/rspb.2008.1368
dx.doi.org/10.1163/156853985X00389
dx.doi.org/10.1098/rspb.1994.0032
dx.doi.org/10.1098/rspb.1994.0032
dx.doi.org/10.1016/j.anbehav.2010.06.001
dx.doi.org/10.1016/S0003-3472(88)80203-3
dx.doi.org/10.1006/anbe.2003.2292
dx.doi.org/10.1071/MU9880150
dx.doi.org/10.1007/BF00164070
dx.doi.org/10.1034/j.1600-048X.2003.03067.x
dx.doi.org/10.1034/j.1600-048X.2003.03067.x
dx.doi.org/10.1093/beheco/ari096
dx.doi.org/10.1111/j.1439-0310.1977.tb00067.x
dx.doi.org/10.1111/j.1439-0310.1977.tb00067.x
dx.doi.org/10.1111/j.0908-8857.2004.03392.x
dx.doi.org/10.1111/j.0908-8857.2004.03392.x
dx.doi.org/10.1006/jtbi.1994.1019
dx.doi.org/10.2307/4083626
dx.doi.org/10.1016/j.cub.2009.02.036
dx.doi.org/10.1016/j.cub.2009.02.036
dx.doi.org/10.1073/pnas.95.4.1870
dx.doi.org/10.1007/s00265-007-0538-4
dx.doi.org/10.1007/s00265-007-0538-4
dx.doi.org/10.1093/beheco/13.1.65
dx.doi.org/10.1016/j.anbehav.2012.01.010
dx.doi.org/10.1016/j.anbehav.2012.01.010
dx.doi.org/10.1007/s00265-010-0912-5
dx.doi.org/10.1163/156853906775900739
dx.doi.org/10.1093/beheco/arn015
dx.doi.org/10.1016/S0065-3454(10)42004-5
dx.doi.org/10.1098/rspb.2006.3591
dx.doi.org/10.1098/rspb.2006.3591
dx.doi.org/10.1111/j.1439-0310.1980.tb00713.x
dx.doi.org/10.1111/j.1439-0310.1980.tb00713.x
dx.doi.org/10.1111/j.1439-0310.1980.tb00711.x
dx.doi.org/10.1046/j.1439-0310.2001.00645.x

