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Abstract

Despite much research on mimicry, little is known about the ecology of dynamic mimetic
signals involving mimicry of multiple species. Some of the most conspicuous examples of
phenotypically plastic mimicry are produced by oscine passerines, where vocal production
learning enables some species to mimic multiple models and flexibly adjust what they
mimic and when. While singing from a perch, male superb lyrebirds (Menura novaehol-
landiae) accurately imitate multiple songs and calls of over 20 species of bird. However, at
key moments within their multimodal displays performed on display arenas on the forest
floor, males mimic a small number of mobbing-alarm calls creating the acoustic illusion of
a mixed-species mobbing flock (‘D-song’). Using observations from camera footage and a
field-based playback experiment, we tested six hypotheses for alarm call model selection
within D-song. Mimicked species were remarkably invariant, with 79% of D-song made
up of imitations of just three different bird species. Males did not mimic the most com-
mon species in their general environment, but neither did they mimic rare species. Instead,
males imitated the mobbing-alarm calls of heterospecific birds that foraged on or near the
forest floor. Indeed, males primarily mimicked the alarm calls of heterospecific species
that foraged alongside lyrebirds and were likely to appear together in experimentally-in-
duced, terrestrial mobbing flocks. These findings support the hypothesis that males mimic
a cue of a terrestrial predatory threat to lyrebirds, most likely to exploit the antipredator
behaviour of female lyrebirds. Our study illustrates the importance of investigating the
drivers of model selection in dynamic multi-model mimicry.

Keywords Alarm calls - Birdsong - Copulation calls - Mimicry - Model selection -
Vocal learning

Introduction
Mimicry — where an individual gains adaptive benefits by simulating the phenotype of a

model — is widespread across taxa, functioning in many ecological contexts via a diverse
range of mimetic signal structures and sensory modalities (Dalziell and Welbergen 2016b).
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The best-studied examples of mimicry involve static signals where an individual mimic is
limited to mimicking just one, fixed phenotype (e.g., host eggs by common cuckoos, Cucu-
lus canorus Davies 2015). However, some taxa mimic multiple models and flexibly adjust
which models they mimic and when (Cheney et al. 2008). For example, the mimic octopus
(Thaumoctopus mimicus) mimics the colour and shape of multiple sympatric species and can
change between visual forms (models) within a matter of seconds (Norman et al. 2001). The
jumping spider Portia fimbriata uses different mimetic vibratory signals to capture different
types of prey (Jackson and Wilcox 1990; Tarsitano et al. 2000; Herberstein 2011; Nelson
and Jackson 2011). Perhaps the most conspicuous and complex dynamic mimetic signals
are those incorporated into the vocalisations of birds. Approximately 7—15% of oscine pas-
serines are estimated to imitate sounds produced by other species, but estimates suffer from
a paucity of research (Goller and Shizuka 2018). For the majority of avian vocal mimics, it
is unclear why some models are mimicked and others are not (Dalziell et al. 2015).

Several species of bird regularly mimic the acoustic alarm calls given by prey species in
response to a predator (reviewed in Dalziell et al. 2015). Mimicking alarm calls could facili-
tate interspecific communication about predators, thereby reducing the risk of predation for
the mimic (Chu 2001; Wheatcroft and Price 2013; Goodale et al. 2014; Igic and Magrath
2014). Alternatively, individuals may mimic alarm calls deceptively to exploit the anti-
predator behaviour of others (Igic et al. 2015). For example, fork-tailed drongos (Dicrurus
adsimilis) mimic the alarm calls of heterospecifics in the absence of predators to steal food
(Flower 2011; Flower et al. 2014). The drongo increases its success in stealing food from
other species by tailoring its mimicry to the targeted victim (Flower et al. 2014).

Deceptive vocal mimicry of multiple alarm calls has recently been reported in the sexual
display of the male superb lyrebird, Menura novaehollandiae (Dalziell et al. 2021). The
superb lyrebird is a large oscine passerine that produces highly accurate and versatile vocal
mimicry in the wild (Higgins et al. 2001; Zann and Dunstan 2008; Dalziell and Magrath
2012; Dalziell and Welbergen 2016a; Dalziell et al. 2021). Males regularly imitate mul-
tiple songs and calls of 20-25 different species of bird while singing from a perch (‘recital
display: Dalziell et al. 2022). However, at two key points during sexual interactions with
females — when females attempt to leave males without copulating, and during copula-
tion itself — males always mimic a small subset of species in a discrete song-like sequence
(‘D-song’: Dalziell et al. 2021). Males pattern mimetic elements in D-song to recreate the
acoustic signature of an entire flock of alarm-calling birds. The complexity of this mim-
icry and its exclusive production in these particular sexual contexts suggests that males
use D-song as a sensory trap (sensu Christy 1995; Arnqvist 2006 West-Eberhard 1979),
seemingly manipulating an antipredator response in females to prevent them from terminat-
ing sexual interactions prematurely (Dalziell et al. 2021). Similar to sensory traps in other
species (Bro-Jorgensen and Pangle 2010; Nakano et al. 2010) a male lyrebird may benefit
by inducing a female to freeze or make her reluctant to leave the male and his display arena
after she hears the male’s false cue of a nearby predator (Dalziell et al. 2021).

Lyrebird D-song mostly comprises mimicry of a specific class of alarm calls termed
‘mobbing’ alarm calls. Mobbing calls are common in passerines worldwide and are typi-
cally produced in response to a stationary or slow-moving predator, such as a perched hawk
or terrestrial ambush predator (Marler 2004; Magrath et al. 2015; Carlson et al. 2018; Carl-
son and Griesser 2022). Mobbing calls have the distinctive, general property of attracting
conspecific and heterospecific individuals and inciting mobbing behaviours (Caro 2005;
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Magrath et al. 2015). Male superb lyrebirds, however, imitate mobbing calls in the absence
of a predator, and so mimic deceptively (Dalziell et al. 2021). In the lyrebird’s habitat, many
different bird species produce mobbing or other alarm calls and natural mobbing choruses
vary substantially in species composition and therefore acoustic structure. The results of a
previous study suggested that lyrebird D-song is remarkably invariant, being dominated by
the mobbing calls of just 3—4 model species (Dalziell et al. 2021). Given their extraordinary
ability to mimic a vast array of avian, mammalian and anthropogenic sounds (Higgins et
al. 2001), it is unclear why, during their song and dance display, male lyrebirds selectively
mimic the mobbing alarm calls of this limited set of species.

In this study we examine six plausible explanations for the specific suite of model spe-
cies that male lyrebirds mimic during song and dance displays. Male lyrebirds could simply
mimic the alarm calls of heterospecifics that are common in the male’s general environment
(i), or commonly encountered by male lyrebirds specifically around their terrestrial forag-
ing grounds and display territories (ii). If so, then there should be a positive relationship
between the species that feature in lyrebird mimicry and their relative abundance in either
the lyrebird’s general environment or the lyrebird’s local microhabitat of the forest floor.
Similarly, lyrebirds may preferentially mimic species with which they commonly associate
while foraging (iii). Several species of small passerines are thought to benefit from ‘piloting’
lyrebirds by feeding on terrestrial arthropods flushed by lyrebirds digging in the ground or
dismantling rotting wood (Smith 1988; Higgins et al. 2001). Alternatively, male lyrebirds
may mimic the alarm calls of species that are rare in their environment, perhaps as a signal
of the male’s mimetic prowess to the female (iv). If so, there should be a negative relation-
ship between the abundance of heterospecific species in the environment and the probability
with which they appear in lyrebird mimicry. It is also possible that male lyrebirds mimic
particular mobbing alarm calls that are exceptionally reliable cues of predator presence to
lyrebirds and other bird species (v). If so, then we would expect playback of mobbing alarm
calls that lyrebirds mimic to attract a greater diversity and/or number of individuals relative
to playback of species that lyrebirds do not mimic. Finally, lyrebirds may mimic typical
participants of a terrestrial mobbing chorus to create a mobbing chorus that is particularly
informative to ground-dwelling species such as lyrebirds (vi). If so, then the species mim-
icked by lyrebirds should be similar to the suite of species that mob terrestrial threats. Here,
we systematically describe lyrebird mimicry in D-song and assess how well the six hypoth-
eses outlined above explain the composition of mimetic sounds in the male lyrebird’s song
and dance display.

Materials and methods
Study site

We conducted our study from late May to early August in 2014 and 2015 on a population
of lyrebirds in the Blue Mountains National Park in NSW on Dharug and Gundungurra
country, Australia. Specifically, we studied lyrebirds in a continuous tract of habitat within
the Jamison and Kedumba Valleys near Katoomba (Fig. S1). The study area is characterised
by tall forests dominated by Eucalyptus species with dense understories, interspersed with
patches of warm temperate rainforest.
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Study species and song

Lyrebirds are endemic to the wet forests of south-east Australia. During the winter mat-
ing season (May — July) males defend individual territories in which they display in an
exploded, lek-like mating system. Both sexes are accurate and versatile vocal mimics (Zann
and Dunstan 2008; Dalziell and Magrath 2012; Dalziell and Welbergen 2016a; Dalziell et al.
2021, 2022) In the wild, males mimic a diverse set of sounds, mostly imitations of other spe-
cies of bird (Higgins et al. 2001). Of the distinct multicomponent displays all males perform
(Dalziell et al. 2013, 2022; Dalziell and Welbergen 2022), two involve vocal mimicry. The
common ‘recital’ display is usually performed from a perch and predominantly comprise
imitations of multiple distinct vocalisations of 20-25 different species of bird (Dalziell et al.
2022 see Fig. 1; for a video example see https://macaulaylibrary.org/asset/475993). In con-
trast, the ‘dance’ display consist of four distinct song-types (song-types A — D), each accom-
panied by specific dance-like movements (Dalziell et al. 2013; Supplementary Video 1). Of
the four song-types performed in dance displays, only the final vocalisation —‘D-song’ — is
mimetic (Dalziell et al. 2013, 2022).

Assessing mimetic composition of lyrebird D-song

To identify mimicry in D-song, we compared lyrebird vocalisations and recordings of sus-
pected model species by ear, and visually by inspecting spectrograms of model and sus-
pected mimetic sounds using Raven Pro 1.5 (Cornell Lab of Ornithology). At least two
observers classified each sound and the classification process continued until all observers
agreed. We obtained recordings of mimetic D-song from audio-visual footage of the male
lyrebirds performing song and dance displays on their display mounds. Audio-visual dis-
plays were recorded by motion-triggered trail cameras (Bushnell NatureView Cam HD,
model #119,439) installed at lyrebird display mounds. These cameras were set to record
sound and video for 60 s after triggering (the maximum possible duration for this camera
model). For analysis, we selected recordings with low levels of background sound that con-
tained a complete, uninterrupted sequence of D-song. D-song was considered completed
after a male switched to another song-type or the male ceased singing naturally (without
evidence of interruption: Dalziell and Magrath 2012; Dalziell et al. 2013). We arbitrarily
selected one recording per male (N=15) for analysis and excluded copulation events from
this dataset.

Preliminary analysis indicated that some model species were mimicked much more often
than others, both within and among lyrebird males. To examine hypotheses for this very
particular distribution of mimicked species within lyrebird D-song, for each rendition of
D-song we calculated the ‘relative abundance’ of each mimicked species within lyrebird
mimicry as the total duration of each species divided by the total duration of D-song. The
distribution of model species in lyrebird D-song was then compared to other ecologically
defined species assemblages in the lyrebird’s environment (details below).

Characterising assemblages of potential model species
It is not possible to measure with high accuracy the acoustic environment to which lyrebirds

are exposed, given that the variance in soundscapes among forest strata, across seasons and
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Fig. 1 The alarm calls of three species of bird (panel A) regularly mimicked by male superb lyrebirds dur-
ing D-song (panel B) and one species not mimicked by males during D-song (panel C). These four model
sounds were used in the playback experiment (e.g., Fig. 3)

among years is very difficult to control for using conventional survey methods, including
those we use here. All these sources of variation are relevant for lyrebirds as they are long-
lived (up to at least 30 years: Higgins et al. 2001) and inhabit some of the world’s tallest
forests, regularly singing from perches up to 20 m high (Dalziell et al. 2022). Accordingly,
we made the pragmatic but theoretically and empirically informed assumption (Alquezar
and Machado 2015; Darras et al. 2018) that the sound environment to which lyrebirds are
exposed can be estimated by the abundances of bird species in the lyrebird’s environment
(e.g., Morrison et al. 2021). We tailor the confidence of our conclusions to reflect the indi-
rect nature of these tests.

We compared the mimetic composition of lyrebird D-song to the relative abundance of
bird species in the lyrebird’s general environment (hypotheses i and iv). We defined species
in the lyrebird’s general environment as species that can be seen or heard anywhere within
the lyrebird’s habitat. We assessed the abundance of such species using 27 opportunistic
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surveys conducted between 29th May and 22nd July at our field site during the lyrebird’s
winter breeding season, coinciding with the second year of recordings (2015). Observers
(N=1-3) counted the number of individuals of all bird species detected either visually or
by sound, throughout the entire duration of each visit to the field site. These opportunis-
tic surveys undertaken while conducting fieldwork covered 2.5+ 1.8 km (mean®SD), took
4.41+1.8 h (mean*SD), and started between 06:30—13:00. All surveys were conducted in
the Jamison/Kedumba Valleys in the general vicinity of male lyrebird display territories
and adjacent female nesting territories. We calculated a simple measure of ‘relative abun-
dance’ for each species by calculating the number of individuals of each species detected
divided by the total number of individual birds detected per survey. We then calculate the
average abundance across surveys and the associated standard error. This method provided
a basic measure of the avian assemblage, that while limited, was nonetheless sufficient to
test whether lyrebird mimicry in D-song reflected the species assemblage in their general
environment (hypothesis i) or whether lyrebirds mimicked rare species (hypothesis iv).

In the tall, dense forests of the lyrebird’s habitat, lyrebirds are more likely to encounter
bird species that forage on or near the forest floor than foliage gleaners or nectar feeders
that forage high in the canopy. Accordingly, we tested whether lyrebirds were more likely to
mimic birds that foraged on or near the forest floor (ii, iv) by comparing the distribution of
species within the lyrebird’s terrestrial microhabitat with the distribution of heterospecific
model species mimicked by lyrebirds in D-song. We used two methods to characterise the
avian assemblage within the lyrebird’s microhabitat. First, we determined the suite of spe-
cies that occur on lyrebird display mounds (hereafter ‘mound surveys’) using footage cap-
tured on the trail cameras (215X 60 s videos of heterospecific birds). Each mound (N,,,,,,.4s =
24) originated from a different male in our study population and included mounds from 13
of the 15 males from which we sampled D-song. For each lyrebird mound we calculated the
abundance of each species as the number of individuals of each species observed divided
by the total number of heterospecific individuals observed. Second, using published litera-
ture (Garnett et al. 2013; Pavlacky et al. 2015; Menkhorst et al. 2017), we classified all the
species of bird recorded in our general environment surveys and mound surveys into four
different foraging microhabitats with the forest: ‘upper-story/canopy’; ‘understory’; ‘terres-
trial’; and ‘generalist’ that comprises species that use all these forest strata.

Several small passerines are thought to have feeding associations with superb lyrebirds
(reviewed in Higgins et al. 2001), and lyrebird males may be more likely to imitate these
species than others (iii). Using our camera trap footage, we identified species that were
filmed alongside a lyrebird on the mound (i.e., < 1.5 m from the lyrebird’s feet; Supplemen-
tary Video 2) and compared this list of species with the species mimicked by lyrebirds in
D-song.

Playback experiment

We conducted a playback experiment to test two further hypotheses for the models within
D-song: if male lyrebirds selectively mimic species that are particularly effective at gener-
ating mobbing flocks (v); and if male lyrebirds selectively mimic birds that contribute to
terrestrial mobbing flocks (vi). To do this, we broadcast the mobbing alarm calls of four
different oscine passerines sympatric with lyrebirds; two of which male lyrebirds nearly
always imitated during D-song (eastern yellow robin Eopsaltria australis and white-browed
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Table 1 Species mimicked by Common  Scientific ~ Vo- Male lyrebird ID*,**
male superb lyrebirds during name name calisation
D-song (N=15 males) function
Eastern yel- Eopsaltria  Alarm A,B,E,F,G,H,ILJ,K,L,M,N,O
low robin australis
Brown Acanthiza  Alarm A,C,E,F,G,H,J.K,L M,O
thornbill pusilla
White- Sericornis  Alarm B,C,D,E,F,ILLM,N,O
browed frontalis
scrubwren
Grey Collu- Song/call  B,C,D,F,G,H,I,L,O
shrike- ricincla
thrush harmonica
Yellow- Sericornis  Alarm C,F.L
throated citreogu-
scrubwren  laris
Eastern Psophodes ~ Alarm LM,0
whipbird olivaceus
Red Antho- Alarm EM

wattlebird  chaera
carunculata
New Phylid- Alarm M
Holland onyris
honeyeater  novaehol-

*The males that produced
each vocalisation type are
individually identified by a
letter

**All recorded males came from

landiae
a continuous tract of habitat in . .
the Kedumba/Jamison Valleys xi)netg- %EIZZZIL){ ; Unknown M
in the Blue Mountains National honeyeater
Park (Fig. S1) and were recorded
between 29th May — 18th July Yellow- Caligavis ~ Unknown M
(lyrebird breeding season) in faced chrysops
2014 and 2015 honeyeater

scrubwren Sericornis frontalis), one that was sometimes imitated during D-song (yellow-
throated scrubwren Sericornis citreogularis), and one that we have never recorded male
lyrebirds imitating during D-song (grey fantail Rhipidura albiscapa: Table 1), but can be
mimicked by female superb lyrebirds in the same population, during nest defence (Dalziell
and Welbergen 2016a: Fig. 1; Table 1; Audio S2).

We carried out our experiment from June to August 2015. We constructed playback
tracks from recordings of the mobbing alarm calls of each of the four species that we elic-
ited through playback of conspecific calls and the presentation of a life-sized rubber red-
bellied black snake Pseudechis porphyriacus (manufactured by Australian Geographic); a
predator common in the Blue Mountains. Mobbing alarm calls were recorded throughout
the Blue Mountains. As shown previously (Dalziell et al. 2021), male lyrebirds mimic the
mobbing calls of heterospecifics, and these mimicked mobbing calls can be prompted using
a life-sized rubber red-bellied black snake. Mobbing calls were recorded at 48 kHz 24-bit
using a Marantz PMD 661 digital recorder with a Sennheiser ME67 shotgun microphone or
a ME62 microphone set in a Telinga V2 parabola. Recordings were filtered under 1000 Hz
and normalized. We recorded five different individuals of each species.

Each trial comprised 5 min of silent, pre-playback observation; 4.5 min of the stimulus
and 5 min of silent post-playback observation. Observers noted all species within 15 m of
the playback speaker during each of these three phases of the trial. Each stimulus comprised
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5 sets of 30 s of alarm calls interspersed with 30 s of silence. The 30-second stimulus was
constructed from a single call element repeated at a natural rate and the recording was
broadcast at a volume within the natural range of the playback species (51 dB at 6 m). To
ensure our experiment reflected the avian species that lyrebirds can encounter, we con-
ducted each trial within 200 m of a lyrebird mound (and at least 100 m from any other trial
location to limit pseudoreplication).

Playback experiments were conducted between 07:30 and 13:00 and we performed 10
replicates of each of the 4 species (40 trials in total), each in a unique location. To avoid
order effects, we selected the track for a given playback replicate using a Latin square. Two
observers stood 15 m away from the speaker and noted each bird observed to come within
15 m of the speaker. While the habitat was dense, two observers together had the visibility
required to monitor the 15 m radius circle around the speaker. To minimise observer bias,
each of the three observers did an approximately equal number of trials per species (3 or 4).
Observers were ‘blind’ to the playback stimulus type before the onset of the playback sound
(i.e., during site selection and setup, and pre-playback observation periods), whereon the
stimulus type could be identified by ear.

Statistical analysis

All statistical analysis was carried out in JMP Pro 12 (v. 12.0.1, SAS Institute Inc) except for
the tests for association, which were performed in SPSS (v. 24.0, IBM Cop.). All tests were
two-tailed and significance was set at a<0.05. Means are expressed+SE. We compared the
distribution of averaged ‘relative abundance’ per mimicked species in lyrebird mimicry to
the relative abundance of available (potential) model bird species in the general environ-
ment (hypotheses i and iv), the microhabitat of the lyrebird’s mound (mound surveys) (ii),
and the species that approach simulated mobbing calls during the playback experiment (vi).
Mimic (lyrebird) and suspected model assemblage were compared by calculating the Kend-
all’s tau-b correlation coefficient of the association. This procedure measures the association
between rank orders and corrects for ties. Descriptive statistics were used to assess whether
males mimic feeding associates (iii).

We used one-way ANOVA models to test whether lyrebirds were more likely to mimic
heterospecific bird species that foraged in similar forest strata to lyrebirds (ii) and to analyse
the playback experiment (v). All ANOVA models were examined to ensure that the assump-
tions of ANOVA models were met. If Levene’s test indicated that the variances across factor
levels were not equal, then we used Welch’s ANOVA, which is more robust to heterogeneity
of variance than Fischer’s ANOVA. Exploratory analysis of the results from the playback
experiment revealed one outlier almost 4 standard-deviations above the mean, but model
inferences were qualitatively the same whether or not we included it. This point corre-
sponded to one of 10 trials broadcasting yellow robin mobbing alarm calls. The unusually
high number of birds that were attracted to the playback tape speaker (17) was probably due
to the unusually high number that were within 15 m of the speaker before the mobbing call
was broadcast (5). We considered these insufficient grounds to remove this point.
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Fig. 2 Relative abundance of bird species in (i) the general environment as assessed by point counts
(white bars, N=27 surveys); (ii) the lyrebird’s terrestrial microhabitat as assessed in ‘mound surveys’
using camera traps positioned on lyrebird display mounds (grey bars, 215 heterospecific individuals
filmed on the mounds of 24 individual male lyrebirds, with 34 hours of footage); and (iii) lyrebird D-
song (black bars, N=15 songs from 15 males). Model species relative abundance was calculated as the
total number of individuals per species as a proportion of the total number of individuals recorded (i) per
survey and (ii) per male lyrebird

Results
Species mimicked by lyrebirds in D-song

Male superb lyrebirds mimicked multiple species’ alarm calls during the production of
D-song (Fig. 1; Supplementary Videos 1-2), but the suite of mimicked species was remark-
ably similar across individual males (Table 1). We identified 10 different species mimicked
by the 15 male superb lyrebirds that we examined in detail (Table 1). However, imitations of
just three calls made up the majority of all recitations of D-song: the alarm calls of eastern
yellow robins, brown thornbills, and white-browed scrubwrens (79.3% + 4.6 of all mim-
icked calls; Fig. 3).

@ Springer



254 Evolutionary Ecology (2023) 37:245-266

(i, iv) does lyrebird mimicry reflect the species assemblage in their general
environment?

The distribution of mimicry in lyrebird D-song did not simply mirror the natural distribution
of heterospecific bird species in the lyrebirds’ general environment (Fig. 3). Whereas we
detected 52 species of bird (‘available models’) in our surveys of their habitat, the lyrebirds
in our study mimicked regularly only 4 of these (7.7% of available models). However,
despite this limited number of mimicked models, males tended to mimic more often species
that were common in their environment (Kendall’s tau-b 7,=0.328, N=52; P=0.003).

(ii, iv) does lyrebird mimicry reflect the species assemblage of the lyrebird’s
microhabitat?

Lyrebirds appeared to be more likely to mimic species that occupied a similar microhabi-
tat to themselves, but the evidence was not straightforward. First, lyrebird D-song primar-
ily comprised mimicry of species that, like lyrebirds, foraged in the shrub layer and/or
on the forest floor (Welch’s ANOVA: Fj 59¢ = 14.2, P<0.0001: Fig. 4B). This was not
simply an artefact of the distribution of species because canopy/upper story and generalist
feeders were more commonly recorded in the environment (Welch’s ANOVA: F; 55 = 46.6,
P<0.0001: Fig. 4 A).

Second, male lyrebirds were marginally more likely to mimic species that were recorded
on lyrebird display mounds (as determined from mound surveys using camera trap foot-
age) compared to those that were recorded only in the general environment (as determined
from the general environment surveys; Fisher’s exact test, P=0.0447). Indeed, the two
heterospecific species that were most commonly observed on mounds (yellow-throated
scrubwrens and white-browed scrubwrens) were also imitated by lyrebirds during D-song
(Fig. 3; Table 1). Overall, however, we did not find a relationship between abundance of
species observed on mounds and those detected in lyrebird mimicry, (Kendall’s tau-b 7, =
-0.183, N=18; P=0.330), suggesting that additional factors are important for explaining the
mimetic composition of D-song.

(iii) do lyrebirds mimic the species that forage with them?

There was also equivocal evidence that lyrebirds preferentially imitated species that com-
monly associated with them. In most of the mound videos that showed at least one species
of scrubwren, a male lyrebird was also present (white-browed scrubwrens: 34 of 53; yellow-
throated scrubwrens: 34 of 59), which is consistent with reports that these two species of
scrubwren may have a feeding association with lyrebirds (Higgins et al. 2001). However,
the three other species commonly imitated by lyrebirds (eastern yellow robins, brown thorn-
bills, grey shrike-thrushes) were not filmed on lyrebird mounds (of a total of 34 h of videos).

(v) do lyrebirds mimic species that are particularly effective at generating mobbing
flocks?

There was no evidence that the species imitated by lyrebirds were unusually effective at
generating mobbing flocks. Playbacks of avian alarm calls were successful in attracting
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other birds (Table 2): the number of individuals present within 15 m of the playback speaker
immediately after broadcasting recorded alarm calls was greater than the number of indi-
viduals present before playback experiments (ANOVA-with blocks, F| 59 = 11.0, P=0.002;
Fig. 2 A). However, there was no evidence that any of the mobbing calls of the four species
broadcast during the experiment was more effective than the others at attracting individual
birds (Fig. 2B, ANOVA F; 35 = 0.626, P=0.602).

(vi) do lyrebirds mimic calls typical of terrestrial mobbing choruses?

Lyrebirds preferentially imitated species that participated in mobbing flocks. Of the 54 bird
species that we detected in our surveys and using camera traps, the species imitated by lyre-
birds were more likely to approach within 15 m of the playback speaker broadcasting mob-
bing calls (70%) than those not imitated by lyrebirds (16%; Fisher’s exact test, P=0.0013).
However, the distribution of species mimicked by lyrebirds during D-song (Table 1) and the
species attracted to the playback were different (Table 2; Kendall’s tau b, 7, =-0.073, N=17
P=0.719). Four of the seven species most often mimicked by lyrebirds during D-song
(Fig. 3; Table 1) were attracted to the playback (Table 2). However, several species of hon-
eyeater also commonly responded to playbacks of alarm calls, as did the canopy foraging
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Fig.4 Number of individuals attracted within 15 m of the speaker after the onset of the playback track (A)
across all playbacks of alarm calls (N=40) and (B) by playback treatment of mobbing alarm calls (N=10

per each): eastern yellow robin (EYRO); white-browed scrubwren (WBSC); yellow-throated scrubwren
(YTSC); grey fantail (GRFT)
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Table2 Species that approached  Common Scientific  Number ~ Mob- Mobbing  Trials
within 15 m of the speaker in name name bing calls mim-
response to playback of the mob- calls? icked by
bing calls of sympatric oscine lyrebirds*
passerines (N=40 trials) New Holland  Phylid- 14 Yes  Yes 4
honeyeater onyris
novaehol-
landiae
Eastern Acantho- 9 No No 4
spinebill rhynchus
tenuirostris
White-browed Sericornis 8 Yes  Yes 3
scrubwren frontalis
Bell miner Manorina 7 Yes No 1
melanoph-
rys
Brown Acanthiza 6 Yes  Yes 3
thornbill pusilla
Striated Acanthiza 5 Yes No 2
thornbill lineata
Eastern yel-  Fopsaltria 4 Yes  Yes 2
low robin australis
Lewin’s Meliphaga 3 Yes No 2
honeyeater lewinii
Pied Strepera 3 No No 1
currawong graculina
Yellow-faced  Lichenos- 2 Yes  Yes 1
honeyeater tomus
chrysops
Crescent Phylid- 2 Yes No 1
honeyeater onyris pyr-
rhopterus
White-naped  Melithrep- 1 Yes  Yes 1
honeyeater tus lunatus
Yellow-throat- Sericornis 1 Yes  Yes 1
*Not included in this table are ed scrubwren ;Zi;iogu-
6 individual scrubwrens and .
11 individual thornbills that White-throat- - Cormo- 1 No  No 1
we were unable to identify to a ed treecreeper  bates
species level leucophaea

striated thornbills, even though during D-song male lyrebirds in our study rarely mimicked
honeyeaters and never imitated striated thornbills.

Discussion

Here we show that during their song and dance display, all male lyrebirds in our study
mimicked a restricted suite of model species that formed only a small subset of the poten-
tial model species available in their environment. The set of mimicked species was similar
among males, and the three top species mimicked — making up the bulk of the song —
were the same as at a distant, discrete population of lyrebirds 640 km away (Dalziell et
al. 2021), providing evidence for selection maintaining model choice. Our assessment of
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several hypotheses for the drivers of this discrete mimetic repertoire suggests that males
preferentially imitate the mobbing alarm calls of relatively common heterospecific birds
during their song and dance display, male superb lyrebirds imitate a complex environmental
acoustic cue that is expected to be highly informative about terrestrial predatory threats to
other lyrebirds.

Superb lyrebirds regularly imitate multiple models, typically of other species of bird, by
vocally imitating sounds in their environment (Bell 1976; Zann and Dunstan 2008), and this
remarkable mimetic ability has led to the long-held but erroneous assumption that males
copy sounds indiscriminately (e.g., Collins 1802; Robinson 1991; Carty 2014). In contrast,
our study shows that males are highly selective about which species they mimic during
the D-song component of their multicomponent displays. The extreme mimetic versatility
of male superb lyrebirds renders it unlikely that the restricted mimetic content of lyrebird
D-song is constrained by the cognitive or physiological limitations of males, as is suspected
to be the case in northern mockingbirds Mimus polyglottos (Gammon 2013; Gammon
and Corsiglia 2019) and icterine warblers Hippolais icterina (Riegert and Juzlova 2018).
Male lyrebirds (Dalziell et al. 2022; Zann and Dunstan 2008), including those in this study
(unpublished data), regularly mimic multiple songs and calls of 20-25 different species of
bird during their daily performances of ‘recital’ displays, which make up more than 97%
of male vocal output (Dalziell et al. 2022). Commonly mimicked sounds in recital displays
range from the calls of the 0.8 kg yellow-tailed black cockatoo Zanda funerea to the songs
and calls of small passerines more than 2 orders of magnitude smaller than lyrebirds (Zann
and Dunstan 2008; Dalziell and Magrath 2012; Dalziell et al. 2022; Dalziell and Welbergen
2021; see Higgins et al. 2001). Furthermore, captive males show extreme mimetic versatil-
ity, and males have been recorded imitating complex anthropogenic sounds such as camera
shutters, emergency vehicle sirens, chainsaws and human baby cries (e.g., Attenborough
1998; Dalziell and Welbergen 2021; see Higgins et al. 2001). The drivers of model selection
in recital displays remain poorly understood (Zann and Dunstan 2008; Dalziell et al. 2022),
and so is a fruitful area for further research. Nevertheless, the set of models mimicked dur-
ing recital displays differ consistently and predictably from the set mimicked within the
D-song component of dance displays (Dalziell et al. 2022). Thus, our study of D-song adds
to a growing body of evidence that, despite a clear capacity to imitate a wide variety of
sounds, male superb lyrebirds are highly selective about what they imitate and when.

Males perform D-song sparingly but at key moments of their courtship cycle—during
assessment by potential mates and during copulation itself—and so D-song is implicated
directly in male reproductive success (Dalziell et al. 2021, 2022). To better understand the
drivers of mimetic D-song, we tested several hypotheses for the small suite of model species
that make up this song. We found that D-song did not simply reflect the abundance of spe-
cies in the lyrebird’s general environment (hypothesis i), and neither were males mimicking
rare species (iv). Furthermore, males did not appear to mimic species that were particu-
larly successful at generating mobbing flocks as would be expected if D-song functioned to
generate a mobbing flock (v). Instead, males appeared to be mimicking species that were
relatively common in the lyrebird’s microhabitat (ii), especially species that contribute to
terrestrial mobbing flocks (vi).

There was some evidence that male lyrebirds mimicked species that are thought to have
a feeding association with lyrebirds (hypothesis iii). Two species commonly mimicked by
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males in our study, the white-throated and the yellow-throated scrubwren, have often been
observed feeding with lyrebirds (e.g., Smith 1988). Our camera trap footage showed these
species do indeed forage while ‘piloting’ lyrebirds closely (see also Supplementary Videos
2-3). Two other species commonly imitated by lyrebirds, the eastern yellow robin and the
grey shrike-thrush, are also reported to regularly or opportunistically forage with lyrebirds
(Higgins et al. 2001), but we did not capture any footage of this behaviour. This absence
of footage is not surprising because eastern yellow robins and grey shrike-thrushes spend
very little time on the ground, and typically capture terrestrial prey via quick dashes to the
ground from a low perch. Our cameras were focused on the cleared ground of lyrebird
display mounds so they were unlikely to film these species that mainly reside in the forest
understory.

One question arising from these results is how lyrebirds acquire mobbing flock mimicry
and what role the mechanism plays in model selection. In birds that acquire their vocal
mimicry via vocal production learning (sensu Vernes et al. 2021), an individual can develop
vocal mimicry either by copying the model species directly or by copying the mimicry
produced by conspecifics (Dalziell et al. 2015). There is good evidence that male Albert’s
lyrebirds M. alberti learn their vocal mimicry from both the models directly and from other
male lyrebirds (Putland et al. 2006; Backhouse et al. 2022) and both mechanisms may be at
play in male superb lyrebirds too (e.g., Smith 1988). It seems unlikely social transmission
alone would be sufficient to maintain the complex acoustic illusion of a mixed-species mob-
bing flock males produce, of which mobbing alarm calls is only one component (Dalziell et
al. 2021). Furthermore, it is unclear how social conformity could result in the agreement in
key model species in D-song between this population and the distant (640 km) Sherbrooke
Forest population studied previously (Dalziell et al. 2021), given that uniformity in socially
transmitted vocalisations is rarely maintained over such broad spatial scales (Catchpole and
Slater 2008), and is even less likely in species with patchy habitat (Laiolo and Tella 2005)
and sedentary life histories (Podos and Warren 2007; Catchpole and Slater 2008), like lyre-
birds (Higgins et al. 2001; Backhouse et al. 2021). Instead, such similarity among allopat-
ric populations is consistent with a species-wide functional role for mimicry of terrestrial
mobbing flocks. Nevertheless, small differences in the suite of models mimicked by male
lyrebirds between the Blue Mountains population studied here and the Sherbrooke Forest
population studied previously (Dalziell et al. 2021) suggest a role for social transmission of
mimicry. Specifically, while grey shrike-thrushes and ringtail possums are common in both
study populations they were only mimicked by Blue Mountains and Sherbrook lyrebirds
respectively.

Variation among males within the Blue Mountains population studied here suggests that
males directly copy model species, at least in part. For example, only 3 of 15 males imitated
the alarm calls of yellow-throated scrubwrens (Table 1; Fig. 3), perhaps because this spe-
cies is restricted to the wettest patches of our study site. Similarly, just one male mimicked
the alarm calls of multiple species of honeyeater, possibly reflecting the atypical location
of his display mounds close to flowering shrubs favoured by honeyeaters. Learning vocal
mimicry indirectly from other lyrebirds has the advantage that it would allow learning of the
sexual display context along with the vocalisations, while copying heterospecifics directly
would not. However, copying models directly allows individuals to flexibly adjust their
vocal mimicry (Dalziell et al. 2015). During D-song male lyrebirds may mimic the alarm
calls that are most typical of their region or even their display territory, and so tailor their
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mimicry to the specific microhabitat where they perform their sexual display. In this way
males could enhance the efficacy of their mimicry by mimicking the alarm calls of species in
the immediate surroundings of their display mounds. Determining the relative contributions
of direct and indirect mechanism of vocal mimicry acquisition in the D-song of the superb
lyrebird will require experiments and comparisons of D-song models among multiple dif-
ferent lyrebird populations.

Previous work has shown that with D-song, male lyrebirds generate an acoustic illusion
of the presence of a predator by mimicking a mixed-species mobbing flock (Dalziell et al.
2021). D-song is proposed to be used by males to arm a ‘sensory trap’ (sensu West-Eberhard
1979; Christy 1995) to prevent fertile females prematurely terminating sexual encounters by
manipulating female anti-predator responses (Dalziell et al. 2021). Our examination of the
relationship between the acoustic environment and D-song adds weight to this hypothesis
by suggesting that males are specifically mimicking the terrestrial alarm calls of species that
can provide the most fitness-relevant information to female lyrebirds — i.e., those heterospe-
cifics that forage on the ground or in the forest understory, including species that specifically
and regularly forage alongside lyrebirds. However, how females respond to D-song and
real mobbing flock mimicry will need to be determined before we can fully understand this
astonishing mimetic signal.

Superb lyrebirds are only one of many bird species where males regularly incorporate
imitations of heterospecific sounds into their sexual displays (Baylis 1982; Garamszegi et
al. 2007; Catchpole and Slater 2008; Dalziell et al. 2015; Goller and Shizuka 2018). It has
been common to assume that such highly versatile vocal ‘mimics’ imitate models passively
(Robinson 1975; Hindmarsh 1986), and so such imitations would not conform to func-
tional definitions of mimicry, whereby the mimic benefits from the receiver perceiving the
similarity between the mimic and the model (Dalziell et al. 2015; Dalziell and Welbergen
2016b). Instead, our work shows that model selection in these sexual displays can be highly
restricted and are likely based on functional ecological relationships between the receiver
and the models.

Appendices
Supplementary Video 1

An audio-video recording of an adult male superb lyrebird performing a song and dance dis-
play on his display mound, finishing with vocal mimicry of a mixed-species mobbing flock
(D-song). The male mimics heterospecific mobbing calls between 0:23 and 0:32 and again
between 0:37 and 0:43. Species mimicked in the first bout of mimicry, from beginning to
end, are eastern yellow robin, brown thornbill, and grey shrike-thrush. In the second bout of
mimicry, the male mimics eastern yellow robin, brown thornbill, white-browed scrubwren,
and yellow-throated scrubwren in that order. Video archived in Cornell Lab of Ornithol-
ogy’s Macaulay Library, ML475994: https://macaulaylibrary.org/asset/475994.
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Supplementary Video 2

An audio-video recording of an adult male superb lyrebird performing a song and dance dis-
play on his display mound, whilst nearby are two model species that are regularly mimicked
by male lyrebirds during D-song. The male mimics heterospecific mobbing calls between
0:34 and 0:36 and again between 0:48 and 1:00. In the first bout of mimicry the male mimics
the mobbing-alarm calls of the white-browed scrubwren. In the second bout of mimicry, the
male mimics the mobbing alarm calls of white-browed scrubwren, yellow-throated scrub-
wren, and eastern yellow robin in that order. A white-browed scrubwren can be seen just left
of the male’s mound from 0:18-0:28. A yellow-throated scrubwren can be seen entering the
mound from the left of the male’s mound at 0:28 s. Both species were often filmed alongside
male lyrebirds on their mounds.Video archived in Cornell Lab of Ornithology’s Macaulay
Library, ML465925141: https://macaulaylibrary.org/asset/465925141.

Supplementary Table 1
Recordings of the model species mobbing calls used during playback experiments are

archived in Cornell Lab of Ornithology’s Macaulay Library under the catalogue numbers
listed below (see https://macaulaylibrary.org)

Macaulay Library cata- Common name Scientific name Recordist

logue number

118,237,411 Eastern yellow robin Eopsaltria australis Taylor L. Crisologo
206,299 Eastern yellow robin Eopsaltria australis Taylor L. Crisologo
206,298 Eastern yellow robin Eopsaltria australis Taylor L. Crisologo
119,296,171 Eastern yellow robin Eopsaltria australis Sarah A. Dzielski
206,278 Eastern yellow robin Eopsaltria australis Taylor L. Crisologo
206,294 Grey fantail Rhipidura albiscapa Taylor L. Crisologo
206,212 Grey fantail Rhipidura albiscapa Taylor L. Crisologo
206,523 Grey fantail Rhipidura albiscapa Sarah A. Dzielski
206,522 Grey fantail Rhipidura albiscapa Sarah A. Dzielski
206,521 Grey fantail Rhipidura albiscapa Sarah A. Dzielski
206,287 Yellow-throated scrubwren  Sericornis citreogularis ~ Taylor L. Crisologo
206,286 Yellow-throated scrubwren  Sericornis citreogularis ~ Taylor L. Crisologo
206,283 Yellow-throated scrubwren  Sericornis citreogularis ~ Taylor L. Crisologo
118,239,091 Yellow-throated scrubwren  Sericornis citreogularis ~ Taylor L. Crisologo
206,249 Yellow-throated scrubwren  Sericornis citreogularis ~ Sarah A. Dzielski
206,520 White-browed scrubwren Sericornis frontalis Sarah A. Dzielski
206,519 White-browed scrubwren Sericornis frontalis Sarah A. Dzielski
206,251 White-browed scrubwren Sericornis frontalis Sarah A. Dzielski
206,244 White-browed scrubwren Sericornis frontalis Sarah A. Dzielski
206,235 White-browed scrubwren Sericornis frontalis Sarah A. Dzielski

All recordings were obtained in the Blue Mountains National Park, Australia between Ist - 30th June 2015

Supplementary Figure S1

The study site in the Jamison/Kedumba Valleys of the Blue Mountains NP. (A) Satellite
image of the study site with the groups of sound-recorded male superb lyrebirds denoted by
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yellow markers labeled with the number recorded in each group (total males recorded=15)
(Google Earth, 2021). (B) A photo of the western side of the field site facing to the north-east
(photo by Justin Welbergen).

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10682-022-10200-w.
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