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Social information varies in its reliability and relevance, requiring individuals to use rules to avoid
inappropriate responses to false information. A simple rule is to respond only when a certain number of
individuals provide similar information. Although individuals within social groups can use such nu-
merical rules to assess conspecific information and make consensus decisions, it is unknown whether
individuals apply similar rules when assessing the value of heterospecific information. We consider the
case of individuals eavesdropping on heterospecific alarm calls. Eavesdroppers may be particularly
vulnerable to false alarms because of the large pool of potential callers and variability in the specific
threats to which they call. Individuals might therefore value alarm calls more if they come from multiple
callers or multiple species than from a single caller or a single species. We tested these predictions using
field playback experiments on wild Australian magpies, Gymnorhina tibicen. Magpies responded more
strongly to alarm calls coming from two callers versus one caller of the same heterospecific species.
However, in contrast to our prediction, magpies responded similarly to alarm calls from two individuals
of different species as they did to alarm calls from two individuals of the same species. We conclude that
the number of calling individuals does affect response, probably because information from multiple
callers is more reliable, but that the value or reliability of information from multiple species may depend
on the types of alarm calls and combination of species involved.
Crown Copyright © 2019 Published by Elsevier Ltd on behalf of The Association for the Study of Animal

Behaviour. All rights reserved.
Organisms require information about the environment to make
adaptive decisions. Information, such as about resources, mates and
predators, can be obtained directly through personal experience
(personal information) or indirectly through the signals and cues
produced by other individuals (social information; Caro, 2005; Dall,
Giraldeau, Olsson, McNamara, & Stephens, 2005; Dittus, 1984;
Evans & Evans, 1999). When available, personal information is
generally more accurate, and thus valued more greatly, than social
information (van Bergen, Coolan, & Laland, 2004). However, gath-
ering personal information carries costs, such as spending more
time looking out for predators or sampling food (Holl�en, Bell, &
Radford, 2008; Templeton & Giraldeau, 1995, 1996; Ward &
Zahavi, 1973), and these costs can favour the use of social infor-
mation (Dall et al., 2005). Here we focus on the gathering of
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information about predators from alarm calls, as this provides a
good context to examine the use of personal and social information.

Social information from alarm calls varies in its reliability as not
all signals are accurate or honest (Koops, 2004; Searcy & Nowicki,
2005; Semple & McComb, 1996). For example, individuals some-
times produce alarm calls by mistake in the absence of predators
due to errors in predator detection (Beauchamp, 2010; Beauchamp
& Ruxton, 2007), or produce ‘deceptive’ alarm calls intentionally to
steal resources (Møller, 1988) or increase mating success (Bro-
Jørgensen & Pangle, 2010; Møller, 1989). Responding to such false
alarms can carry costs (Beauchamp & Ruxton, 2007; Ridley &
Raihani, 2007), but not responding to true alarm calls can result
in death or injury; individuals must therefore balance these costs.
The problem of unreliable alarm calls is worsened when there are
multiple potential informants. Although more individuals being on
the lookout for danger increases the likelihood that predators are
detected, it potentially also increases the number of false alarms as
there are more individuals to make mistakes (Wolf, Kurvers, Ward,
Krause,& Krause, 2013). Responding to false alarms can in turn lead
to information cascades spreading misinformation (Giraldeau,
tion for the Study of Animal Behaviour. All rights reserved.
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Valone, & Templeton, 2002; Sirot, 2006). Therefore, although
ignoring alarm calls could be lethal, the reliability of alarm calls
varies, and individuals must assess the likelihood of predation
against the costs of unnecessary responses.

Individuals can reduce unnecessary responses to false alarms by
evaluating the reliability of social information. One strategy is to
learn to distinguish between reliable and unreliable informants
(Hare & Atkins, 2001; Kern, Sumner, & Radford, 2016;
Ramakrishnan & Coss, 2000; although see ; Blumstein, Verneyre,
& Daniel, 2004). When it is difficult to discriminate true alarm
calls from false ones, individuals can apply numerical rules and
integrate information from several sources to help make adaptive
decisions. Numerical rules in decision making, such as the use of
quorum rules, have beenwidely studied for cohesion and collective
movement of social species (Bousquet, Sumpter, & Manser, 2011;
Seeley & Visscher, 2004; Ward, Krause, & Sumpter, 2012; Ward,
Sumpter, Couzin, Hart, & Krause, 2008). For example, individuals
may respond only when a certain number of conspecific informants
provide parallel information acquired at least partly independently
(Conradt & Roper, 2005; Wolf et al., 2013), or adjust the magnitude
of their responses according to the number of conspecific in-
formants (Sloan & Hare, 2008). Despite this work on assessment of
reliability within species, there has been little comparable work on
assessment of social information from other species.

Like conspecifics, heterospecifics are valuable sources of infor-
mation about predators, but potentially exacerbate the problem of
information unreliability. Animal communities comprise a diversity
of species, and individuals often eavesdrop on the alarm calls of
heterospecifics with which they share at least some predators
(Magrath, Haff, Fallow, & Radford, 2015). Heterospecifics can pro-
vide information that complements that provided by conspecifics
but with less cost of competition (Sepp€anen, Forsman, M€onkk€onen,
& Thomson, 2007), or may be better at detecting predators or
providing reliable information than conspecifics (Goodale,
Beauchamp, Magrath, Nieh, & Ruxton, 2010; Magrath et al., 2015).
Furthermore, heterospecifics usually comprise a larger number of
individuals within the community compared with conspecifics, and
thus may be richer sources of useful information than conspecifics
alone (Goodale et al., 2010; Schmidt, Dall, & van Gils, 2010;
Sepp€anen et al., 2007). However, heterospecifics also increase the
number of potential sources of unreliable information, as they may
produce erroneous or deceitful alarm calls (Flower, Gribble, &
Ridley, 2014; Goodale & Kotagama, 2005; Munn, 1986). Species
also vary in the suite of predators to which they are vulnerable,
such that not all heterospecific alarm signals are relevant to an
eavesdropper (Magrath et al., 2015). For example, yellow-casqued
hornbills, Ceratogymna elata, are vulnerable to eagles but not
leopards and thus respond to ‘eagle’ but not ‘leopard’ alarm calls of
Diana monkeys, Cercopithecus diana (Rainey, Zuberbühler, & Slater,
2004). Thus, evaluating the reliability and relevance of hetero-
specific alarm calls is fundamentally important to eavesdroppers.

It is unknown whether eavesdroppers pay attention to the
number of heterospecific alarm callers when deciding whether and
how to respond. Similar to numerical rules used to assess the
reliability of conspecific alarm calls and other signals (Blumstein
et al., 2004; Sloan & Hare, 2008; Ward et al., 2008; Wolf et al.,
2013), eavesdroppers could reduce their vulnerability to false in-
formation by responding only when multiple heterospecific callers
give alarm calls. It is also likely to be beneficial to respond more
strongly, such as for a longer period, to multiple callers because
more dangerous predators can prompt a greater number of in-
dividuals to call (Blumstein et al., 2004; Sloan & Hare, 2008).

In addition to the number of individuals calling, the number of
heterospecific species calling may also indicate the likelihood or
type of danger. A simple rule could be to respond in an intermediate
way to multiple species calling compared to the response to each
species calling alone: an average over species. Alternatively, the
combination of species calling might itself convey information, for
several reasons (Magrath et al., 2015). First, as species differ in their
vulnerability to different predators, shared or more dangerous
predators are likely to elicit alarm calls from multiple species and,
indeed, are known to do so (Goodale & Kotagama, 2005). Second,
the circumstances that cause errors in predator detection and elicit
erroneous alarm calls (such as falling branches or nonpredators)
may differ between species owing to their different habitats.
Therefore, a second species calling may indicate reliable alarm calls
by both species. Third, some general alarm calls are given to a va-
riety of threats and disturbances, rather than only predators (e.g.
Fichtel & Kappeler, 2002), so that multiple species calling is more
likely to indicate predators than, for example, aggressive in-
teractions among conspecifics. For all these reasons, calling by
multiple species could be a more reliable indication of real danger
than single-species alarm calls. Thus, eavesdroppers may be more
likely to respond, or respond more strongly, to alarm calls from
multiple species than tomultiple alarm calls bymembers of a single
species. In this case the response would be greater than the average
response to the individual calling species, and potentially greater
than either species alone.

We used playback experiments to test whether Australian
magpies, Gymnorhina tibicen, pay attention to the number of callers
and the number of species when assessing heterospecific social
information about predators. First, we tested whether magpies are
more likely to respond, or respond for longer, to alarm calls of two
heterospecific callers of the same species versus alarm calls of a
single heterospecific caller of that same species. Second, we tested
whether magpies are more likely to respond, or respond for longer,
when presented with alarm calls of two different species versus
two alarm calls of a single species. We predicted that if magpies
apply numerical rules to evaluate heterospecific social information,
then they will respond more to alarm calls of multiple callers and
multiple species than single callers and single species.

METHODS

Study Site and Species

We studied free-living Australian magpies in and around
Weston Park (35�170S, 149�50E) and Haig Park (35�160S, 149�70E),
Canberra, Australia, from April to August 2017. Both locations
contained a mixture of open grass, in which birds feed, and trees,
required for nesting, roosting and shelter (Higgins, Peter, &
Cowling, 2006). Local predators include brown goshawks, Accip-
iter fasciatus, collared sparrowhawks, Accipiter cirrocephalus, pere-
grine falcons, Falco peregrinus, and Australian hobbies, Falco
longipennis (Higgins, 1999; Taylor, 1992), and foxes, Vulpes vulpes,
cats, Felis catus, and dogs, Canis lupus familiaris (Cunningham &
Magrath, 2017). The magpies in our study areas are habituated to
humans, making them amenable subjects for our experiments.

Australian magpies are large, omnivorous passerines (ca. 300 g
for local subspecies) that are native and common throughout most
of Australia (Higgins et al., 2006). Members of breeding populations
live in pairs or family groups, consisting of a dominant pair and
offspring, that defend year-round territories. Magpies can be killed
by large raptors, including goshawks and peregrine falcons, and
mammalian carnivores, and chase and harass both large and small
predators (Higgins et al., 2006; Marchant & Higgins, 1993). They
have a variety of alarm calls, including general alarm calls and one
given specifically to large raptors (Kaplan, Johnson, Koboroff, &
Rogers, 2009). Sex and age can be assigned by plumage. Adult
male magpies have black and white plumage, adult females have



Figure 1. Arrangement of equipment within a virtual 20 m diameter arena. The focal
magpie was lured to feed at a plate of cheese at the centre of the arena. Playbacks were
broadcast from two speakers positioned behind the magpie and 10 m from the plate.
The response of the magpie was recorded using two video cameras, placed 6 m in front
and to the side of the magpie. Green wire mesh was arranged around part of the plate
to ensure the magpie was facing away from the speakers at the time of playback.
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black and dull white plumage, and juveniles are different shades of
grey and dull white. Canberra lies in a zone of hybridization be-
tween two subspecies, the black-backed G. tibicen tibicen and the
white-backed G. tibicen tyrannica, producing intraspecific plumage
variation (Burton & Martin, 1976). This plumage variation, in
combination with sex- and age-related plumage differences and
territory location, allowed us to identify individuals (methods in
Dawson Pell et al., 2018).

Our experiments examined the responses of magpies to the
alarm calls of three other locally common species: noisy miners,
Manorina melanocephala, Australian magpie-larks, Grallina cyano-
leuca, and crimson rosellas, Platycercus elegans. All three species
commonly forage close to magpies, including on the ground. Noisy
miners are medium-sized (ca. 75 g) cooperatively breeding honey-
eaters (family Meliphagidae) that produce ‘aerial’ alarm calls in
response to raptors in flight and ‘mobbing’ alarm calls in response to
terrestrial or perched avian predators (Cunningham & Magrath,
2017; Farrow, Doohan, & McDonald, 2017). Magpies eavesdrop on
noisy miner alarm calls and gain specific information about the
nature of the threat (Dawson Pell et al., 2018). Magpie-larks are
medium-sized passerines (ca. 85 g) in the family Monarchidae that
feed primarily on the ground, and crimson rosellas are medium-
sized parrots (ca. 130 g; family Psittacidae) that feed on the ground
or in vegetation (Higgins, 1999; Higgins et al., 2006). In contrast to
the functionally referential alarm calls of miners, magpie-larks and
crimson rosellas each have only a ‘general’ alarm call given in
response to a variety of threats and disturbances including when
flushed from the ground, in response to flying predators, when
mobbing predators or other threats, and (at least in magpie-larks) in
social interactions (Higgins, 1999; Higgins et al., 2006; Ribot, Berg,
Buchanan, & Bennett, 2011; B. Igic and C. Ratnayake, personal ob-
servations). Their general use means that these alarm calls provide
limited information to eavesdropping magpies about the presence
or nature of danger; they could range from irrelevant signals of social
conflict within those species to signalling immediate danger from
raptors. There has been no previous work on magpies' response to
either rosella or magpie-lark alarm calls.

Experimental Overview and General Methods

Experimental overview
We carried out two playback experiments to examine how the

number of heterospecific alarm callers and the number of hetero-
specific calling species affect the magpies’ response. In the first
experiment, conducted between 27 April and 20 May 2017, we
tested whether magpies respond more strongly to two noisy
miners producing aerial alarm calls compared to a single miner
calling. This functionally referential call provides information spe-
cifically about aerial danger. In the second experiment, conducted
between 3 and 29 July 2017, we examined the response of magpies
to the general alarm calls of crimson rosellas and magpie-larks. We
testedwhethermagpies respondmore stronglywhen there are two
different species producing general alarm calls versus two callers of
the same species producing general calls. In this case, the alarm
calls do not provide specific information about danger, so that the
combination of species may provide more reliable information
about danger than either species alone. Each experiment was based
on a matched design, in which one focal bird on each territory
received every playback treatment.

Equipment and field methods
We conducted playback experiments on magpies in a virtual

circular ‘arena’measuring 20 m in diameter, with two speakers and
two cameras directed towards a central plate containing grated
cheese (Fig. 1). The equipment was set up in an open area free from
canopy cover. Two Scan-Speak 400 full-range speakers (Discovery
10F/4424G00, Videbæk, Denmark; frequency response ca. 200e10
000 Hz) were mounted on tripods 0.7 m from the ground, 10 m
from the food plate, and placed in the direction of the closest tree.
The speakers were 10 m apart, to allow simulation of two calling
individuals, and we played sound wave files through an Edirol R-
09HR solid-state digital player (Roland, Los Angeles, CA, U.S.A.)
connected to a custom-built stereo amplifier. The plate of cheese
had a wire-mesh barrier around three sides, so that it was acces-
sible only from the direction of the speakers. We recorded re-
sponses of magpies with two Panasonic HC-V770 video cameras
(Osaka, Japan) recording at 1920�1080 pixels and 50 frames/s. The
cameras were mounted on tripods 0.9 m from the ground and 6 m
from the plate. They were 90� apart, as viewed from the plate,
giving a clear view of the birds regardless of their orientation.

Once the equipment was set up, we lured the focal magpie with
a small amount of food to the plate containing cheese, where its
back was towards the speakers. The focal magpie was identified
from plumage, using photographs of all group members taken on a
previous day (methods in Dawson Pell et al., 2018). We used only
adult individuals and used the same number of males and females.
While the focal bird was feeding from the plate, playback treat-
ments were broadcast when there were no heterospecifics within
20 m, and after at least 5 min without any predators or alarm calls
in the vicinity. The speaker that broadcast the first (or only) call
during experiments was alternated equally across magpies within
each experiment. Every magpie received each treatment on a
separate day, to reduce any order effects, and alarm playbacks were
either presented first or preceded by control playbacks, to avoid any
carryover effect from alarm call playbacks on the previous day. As
magpies are group-living, it was often impossible to conduct
playbacks on the focal magpie in isolation from its group members.
Instead, we kept the number of nonfocal magpies within 10 m of
the plate similar (± 1 magpie) across all playback treatments to a
focal individual, and subsequently included the number of magpies
in statistical models.
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Call recording
We recorded calls from local noisy miners, crimson rosellas and

magpie-larks for use in playback experiments (Fig. 2). Alarm calls of
all species were recorded by prompting individuals with a spar-
rowhawk model thrown to glide between 10 and 15 m from a
chosen individual, as done in earlier studies (e.g. Cunningham &
Magrath, 2017). Songs and contact calls, which were used as
experimental controls, were recorded opportunistically from un-
disturbed birds in the absence of any predators, and not associated
in time with any model presentations. All vocalizations were
recorded using a Sennheiser ME66 directional microphone
(Wedemark, Germany) connected to a Marantz PMD671 digital
recorder (Cumberland, RI, U.S.A.) and saved as wave files at
44.1 kHz and 16 bits. Playback audio files were created using Raven
Pro 1.5 (Bioacoustics Research Program, 2014). Each magpie
received unique recordings or unique combinations of two re-
cordings in both experiments.
Video analysis and measurement of responses
We used video recordings to measure the responses of magpies

blindly in relation to playback treatments. Prior to analysis, the
timing of playbacks was marked visually on the recording using
Adobe Premier Pro, and then each video was given a random
number and the playback section of the video was muted before
blind scoring. We analysed videos in random order and used two
measures to assess the strength of magpie response to playback
treatments: (1) type of response at the start of playbacks (flee from
the arena, scan or no response/continue feeding); and (2) the delay
to resume feeding after the end of a playback, a measure of the
duration of response that accounts for differences in the duration of
playbacks. The delay to resume feeding was < 0 s for birds that
resumed feeding before the end of playback. Timewas measured to
the nearest frame (20 ms) and analysed in seconds. In six trials,
(a) (b)
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Figure 2. Spectrograms showing examples of vocalizations used in experiments. (a)
Noisy miner aerial alarm call from a single bird, and (b) noisy miner aerial alarm calls
given by two birds in quick succession, played from different speakers, from experi-
ment 1. (c) Magpie-lark general alarm call, (d) magpie-lark song as a control, (e)
crimson rosella general alarm call and (f) crimson rosella ‘bell’ contact call as a control,
all from experiment 2. Experiment 1 also used crimson rosella ‘bell’ contact calls as
controls. Each panel shows 0e15 kHz on the y axis. Spectrograms were created using a
Blackman window function with a 1024 sample size and 95% overlap in Raven Pro 1.5.
magpies did not return first to the arena to feed after fleeing in
response to a playback. Wewere still able to score these cases blind
because the return to the ground was either visible on the video
recording or audible on the audio track of the video by the sound of
the bird landing or by our vocal commentary that it had landed. We
analysed videos from the two cameras separately, and then calcu-
lated mean values for the delay to resume feeding. In all cases, the
score for the type of response was the same for both cameras.

Experiment 1: Number of Callers

We tested whether magpies responded with antipredator
behaviour more frequently or for longer to two miners alarm call-
ing than to one miner alarm calling. We used miner aerial alarm
calls as previous work showed that magpies react to these calls as if
an aerial predator is present (Dawson Pell et al., 2018). We created
four playback treatments: (1) one miner giving an aerial alarm call;
(2) two miners each giving one aerial alarm call; (3) one crimson
rosella producing a ‘piping’ contact call; and (4) two crimson
rosellas each producing one ‘piping’ contact call (Fig. 2). Crimson
rosellas are common at our study sites and pose no threat to
magpies or other birds, and we used their contact calls as controls
because they are not given in response to danger (Higgins, 1999;
Magrath, Pitcher, & Gardner, 2009). Our playbacks were designed
to givemultiple cues that therewere either one or two birds calling.
These cues included the number of calls, timing of calls, individual
from whom the call was recorded and spatial location of calls. In
one-caller treatments, a single call was broadcast through only one
of the two speakers. In two-caller treatments, each call was
broadcast through a separate speaker, with a 50 ms period of
silence between them. This period of silence was too short for a
single bird to have moved between speaker locations, and in
addition each call was recorded from a different miner. All aerial
alarm calls consisted of six elements. We created one-caller or two-
caller rosella control playback treatments that roughly matched the
duration of noisy miner alarm treatments (mean ± SD, range: one-
caller: 1.5 ± 0.3 s, 1.2 e 2.1 s; two-caller: 3.0 ± 0.5 s, 2.5 e 4.0 s). All
possible treatment order combinations that did not entail
sequential alarm calls were presented twice. Calls were broadcast
such that the loudest element in the call was 75 dB at 10 m, which
is close to the mean amplitude of the loudest element of natural
noisy miner aerial alarm calls at 10 m (mean ± SD: 75.3 ± 3.6 dB;
N ¼ 15). All playback audio files were filtered below 300 Hz to
remove most of the background noise. In total, we created 16
unique playback audio files for each of the four treatments, so that
all 16 focal birds received different playbacks, and individual calls
were not reused in the one- and two-caller treatments.

Although our experiment was designed to test the effect on
magpie behaviour of the number of callers, a potential complexity
is that a greater mean response to playback of two callers might
arise if one of the callers has a more evocative alarm call than the
single caller. We addressed this possibility first by experimental
design, where we controlled for both element number and rate of
delivery. We used a constant number of elements in the alarm calls
(above), as that is oneway inwhich birds encode information about
the degree of danger (Fallow & Magrath, 2010; Leavesley &
Magrath, 2005; Templeton, Greene, & Davis, 2005). The rate of
delivery of elements within calls can also communicate the degree
of danger in some species (Blumstein & Armitage, 1997;
Wheatcroft, 2015), so within each set of playbacks to an individ-
ual, we matched one-caller and two-caller playbacks by element
rate. The mean duration of each alarm call within the two-caller
playbacks was always within 0.1 s of the corresponding one-caller
alarm, and a similar number of magpies received one-caller
alarms with a faster, slower or intermediate element rate
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compared with both the corresponding two-caller alarms. Element
rate of alarm calls ranged between 3 and 5.6 elements/s.

In addition to controlling for the number and rate of elements
within alarm calls in the playback experiment, we also tested
experimentally how miner alarm calls might encode information
on the degree of danger. To do so, we recorded noisy miner aerial
alarm calls given in response to sparrowhawk models gliding past
them at about 10 m (greater urgency) or 30 m (lower urgency) at 13
different sites. We assumed that a closer predator implies greater
danger. Subsequent acoustic analyses detected only very small and
nonsignificant mean differences in six measures of acoustic struc-
ture of alarm calls given in response to predator models gliding at
the two distances (Table A1). Based on effect sizes, the number of
call elements produced per second was the feature most likely to
convey information, if any, on the degree of danger. Given that we
controlled for this feature in the experimental design, information
about the degree of danger was unlikely to have resulted in a
greater magpie response to two-caller than one-caller alarm play-
backs. See the Appendix for full details on this experiment.

Experiment 2: Number of Species Calling

We tested whether magpies responded with antipredator
behaviour more frequently or for longer to two different species
each giving an alarm call versus two individuals of the same species
alarm calling, thus controlling for the number of individuals calling.
We used magpie responses to crimson rosella and magpie-lark
general alarm calls because both alarms are used by the two spe-
cies in response to a variety of threats and disturbances, including
to flying and terrestrial predators or in social interactions (above;
Higgins, 1999; Higgins et al., 2006). Their use across different
contexts suggests that either species calling alone is likely to be
perceived by magpies as ambiguous or as signalling low risk, yet
both species calling would indicate a greater chance that a predator
is present. That is because calling by both species suggests that the
calls aremore likely to be independent and elicited by a predator, as
the two species do not form mixed-species groups and alarm calls
are unlikely to be both related to within-species conflict.

There were six playback treatments: (1) two magpie-lark alarm
calls; (2) two rosella alarm calls; (3) a magpie-lark alarm call and a
rosella alarm call; (4) two magpie-lark songs; (5) two rosella con-
tact calls; and (6) a magpie-lark song and a rosella contact call
(Fig. 2). We used the song and contact calls as controls. All alarm
call playbacks consisted of four-element alarm calls, whereas we
matched the control playbacks to the duration of the alarm calls
(mean ± SD, range: magpie-lark alarms: 1.9 ± 0.1 s, 1.8 e 2.2 s;
rosella alarms: 1.7 ± 0.1 s, 1.7 e 1.8 s; mixed-species alarms:
1.9 ± 0.1 s, 1.6 e 2.1 s). As in experiment 1, we created stereo play-
backs such that each call was broadcast through a separate speaker.
However, in this experiment the second call started in themiddle of
the first call. Calls were overlapped, rather than played sequentially,
as preliminary trials on a different magpie population indicated
that magpies were more likely to respond when these calls were
overlapped. For themixed-species treatments, we alternatedwhich
species was broadcast first. With 72 possible treatment order
combinations, we selected 24 treatment orders randomly to pre-
sent to 24 focal birds but constrained the choice so that, as much as
possible, each of the six treatments was equally broadcast across
the sequence of six playbacks. All playback audio files were filtered
below 200 Hz, rather than 300 Hz as in the first experiment,
because of the low-frequency components of rosella alarm calls. In
total, we created 24 unique playbacks for each of the six treatments.

We broadcast vocalizations at natural amplitudes for each spe-
cies. Magpie-lark vocalizations were broadcast such that the
loudest element in the call was 72 dB at 10 m, which is close to the
average amplitude of the loudest element of natural alarm calls at
10 m (mean ± SD: 71.9 ± 4.5 dB; range 59.9e77.0 dB; N ¼ 11).
Rosella vocalizations were broadcast with the loudest element at
63 dB at 10 m, which is again close to the natural mean for the
loudest element at 10 m (61.1 ± 4.1 dB; range 51.9e70.5 dB;
N ¼ 17).

Statistical Analysis

We used statistical models to compare within experiments the
type of response and delay to resume feeding after the playback
finished. To test whether magpies were more likely to respond to
alarm treatments than to control treatments, we used bias-reduced
binomial response generalized linear models (0 ¼ no response;
1 ¼ response, pooling scan and flee). As magpies often responded
to alarm treatments and ignored control treatments, quasi-
separation in the data meant we could not use generalized linear
mixed models. However, we were able to use generalized linear
mixed models, with binomial errors, logit link functions and Lap-
lace approximations, when examining the response just to alarm
call playbacks. In experiment 1, magpies always either scanned or
fled to the miner alarm playbacks, so we tested whether they were
more likely to flee than scan following two noisy miner alarm calls
than one noisy miner alarm call. In experiment 2, magpies rarely
fled to alarm calls (two cases over all playbacks to all magpies), so
we tested whether they were more likely to respond at all (scan or
flee) to mixed-species alarm calls than to two same-species alarm
calls. We excluded control playbacks for these analyses. To compare
the delay to resume feeding across the different treatments, we
fitted linear mixed models using REML and used t tests with Sat-
terthwaite approximations of degrees of freedom. All models had
the following covariates: ID of focal magpie as either a fixed effect
(bias-reduced models) or random effect (generalized and linear
mixed models); sex of focal magpie; total number of magpies
within 10 m of the food plate during the trial; order of presenta-
tion; and type of treatment. For experiment 2, we also tested the
hypothesis that mixed-species alarm calls produced intermediate
responses between the two single-species alarm calls (additive
effects, rather than interactive ones) using post hoc contrasts.

All statistical analyses were conducted in R v3.4.0 (R Core Team,
2017). We used the brglm() function of the brglm package
(Kosmidis, 2017) to construct bias-reduced binomial-response
generalized linear models. Likelihood ratio tests, used to compare
models with and without a variable, were conducted using the
anova() function, and 95% confidence intervals were calculated
using the confint() function, both from the base stats R package.We
used the glmer() and lmer() functions of the lmerTest package
(Kuznetsova, Brockhoff, & Christensen, 2016) to construct gener-
alized and linear mixed models. Contrasts were constructed using
the contrast() and lsmeans() function of the lsmeans package
(Lenth, 2016).

Ethical Note

All work was carried out under a licence from the Australian
National University Ethics Committee (permit A2015/67). We used
matched experimental designs, to control for individual variation
and thereby reduce the sample sizes needed. Individual focal birds
received only two alarm call playbacks in experiment 1 and three in
experiment 2. Most birds scanned after alarm calls, usually for less
than 5 s, and so lost very little foraging time. Some birds fled after
alarm call playbacks, but usually resumed feeding within 1 min.
Control playbacks prompted either no response or a very short
period of scanning. We used model predators to prompt sufficient
alarm calls to enable fully replicated playback experiments, and to
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assess whether information on the degree of danger encoded in
alarm calls could have affected our results. We used variation in
plumage to identify focal magpies for experiments, and so did not
need to capture birds.

RESULTS

Experiment 1: Number of Callers

Magpies responded more strongly after playback of two noisy
miners giving aerial alarm calls than after a single miner giving an
alarm. As expected, magpies were more likely to scan or flee
following miner alarm calls than after the control contact calls of
crimson rosellas (Fig. 3a; log odds ratio: e4.18 ± 1.12 SE; Z ¼ e3.74,
0

0.25

0.5

0.75

1

–5

5

15

25

35

45

55

65

–4

–2

0

2

4

6

8

1 alarm
caller

2 alarm
callers

1 control
caller

2 control
callers

Ti
m

e 
(s

)
Ti

m
e 

(s
)

Pr
op

or
ti

on
 o

f 
re

sp
on

se
s

Playback type

12

4 8 16

8
9

7

(a)

(b)

(c)

Figure 3. Responses of magpies to playbacks in experiment 1. (a) Immediate re-
sponses to playback: black ¼ flee, grey ¼ scan and white ¼ no response; numbers in
bars ¼breakdown of responses. (b, c) Mean ± SE delay to resume feeding after
playback of noisy miner alarm calls (grey bars) or rosella ‘bell’ contact calls as
controls (white bars): (b) includes all cases whereas (c) excludes the four cases
where a bird fled to one alarm caller and eight cases where a bird fled to two alarm
callers. N ¼ 16 birds received all treatments. Tables 1e3 show statistical analyses.
P < 0.001). Focusing just on alarm call playbacks, magpies fled on
more occasions when there were two miners calling compared to
oneminer calling, but the difference was not statistically significant
(Fig. 3a, Table 1; 8/16 birds fled after two callers compared to 4/16
after a single caller: P ¼ 0.14). None the less, magpies took
34.5 ± 13.4 s longer to resume feeding after the end of playback of
two callers compared to playback of one caller (Fig. 3b, Table 2;
P ¼ 0.02). When treatments where magpies fled were excluded,
birds delayed feeding 1.7 ± 0.6 s longer after the end of the two-
caller playback (Fig. 3c, Table 3; P ¼ 0.01). The sex of the focal
magpie, playback order and the number of magpies present during
a trial did not significantly affect the response to alarm calls
(Tables 1e3).

Experiment 2: Number of Species Calling

Magpies responded similarly regardless of the number of spe-
cies giving alarm calls (Fig. 4). Magpies were more likely to respond
by either scanning or fleeing after playback of alarm calls than
control playbacks (Fig. 4a; contrast of all alarm versus all control
playbacks: log odds ratio ¼ e2.63 ± 0.55; Z ¼ e4.80, P < 0.0001).
There was also a longer delay to resume feeding following alarm
calls compared to control calls of the same combination of species
(1.9 ± 0.4 s, t112 ¼ e5.5, P <0.0001; Fig. 4b). Despite this antipred-
ator response, magpies were not more likely to respond to any
specific alarm call combination than any other alarm call combi-
nation (Fig. 4a, Table 4). Similarly, magpies had a similar delay to
resume feeding after a playback had finished, regardless of the
alarm call combination (Fig. 4b, Table 5).

In contrast to experiment 1, the sex of the focal bird and the
number of nonfocal magpies present both affected the focal bird's
responses to alarm calls. Female magpies took 0.9 ± 0.4 s longer to
resume feeding than males (Table 5). For every additional magpie
present during a trial, there was a 0.5 ± 0.2 s shorter delay to
resume feeding (Table 5). Playback presentation order also affected
the response, with birds taking approximately 0.6e0.7 s longer to
resume feeding after the end of the third alarm call playback than
after the end of an alarm call playback on a previous day (Table 5).
Table 1
The log odds of magpies fleeing versus scanning in response to one or two noisy
miner alarm calls in experiment 1

Estimate (SE) Z P

Intercept e1.07 (0.84) e1.27 0.20
Sex (male e female) 0.60 (0.78) 0.76 0.45
Number of other magpies present e0.10 (0.40) e0.24 0.81
Presentation order (2nd e 1st) e0.55 (0.78) e0.70 0.48
Number of alarm callers (two e one) 1.15 (0.79) 1.47 0.14

Values are from the output of a bias-reduced binomial response generalized linear
model. N ¼ 16 birds received both treatments. Bird ID was included as a random
effect. Data are shown in Fig. 3a.

Table 2
The duration of magpie responses to noisy miner aerial alarm playbacks in experi-
ment 1, including each bird for each treatment

Estimate (SE) t (df) P

Intercept 11.75 (14.81) 0.79 (23.77) 0.44
Sex (male e female) e15.40 (14.73) e1.05 (12.06) 0.32
Number of other magpies present e4.18 (7.52) e0.56 (19.79) 0.58
Presentation order (2nd e 1st) 13.41 (13.30) 1.01 (12.60) 0.33
Number of alarm callers (two e one) 34.47 (13.35) 2.58 (12.67) 0.02

Values are from the output of a linear mixed model. Duration of response is
measured as the delay to resume feeding after the end of playback, which controls
for playback length.N ¼ 16 birds received both treatments. Bird IDwas included as a
random effect. Significant term is shown in bold. Means are plotted in Fig. 3b.



Table 3
The duration of magpie responses (s) to noisy miner aerial alarm playbacks in
experiment 1, excluding cases when a bird fled after playback

Estimate (SE) t (df) P

Intercept 3.89 (0.58) 6.67 (14.72) <0.001
Sex (male e female) e0.08 (0.66) e0.12 (10.13) 0.91
Number of other magpies present e0.52 (0.34) e1.55 (9.14) 0.16
Presentation order (2nd e 1st) e1.24 (0.54) e2.28 (8.05) 0.05
Number of alarm callers (two e one) 1.74 (0.55) 3.18 (8.01) 0.01

Values are from the output of a linear mixed model. The duration of the response is
measured as the delay to resume feeding after the end of playback, which controls
for playback length. N ¼ 12 birds did not flee to a single alarm caller; N ¼ 8 birds did
not flee to two alarm callers. Bird ID was included as a random effect. Significant
terms are shown in bold. Means are plotted in Fig. 3c.
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Figure 4. Responses of magpies to playbacks in experiment 2. (a) Immediate re-
sponses to playback: black ¼ flee, grey ¼ scan and white ¼ no response. (b) Mean ± SE
delay to resume feeding after playback of alarm calls (grey bars) or nonalarm control
calls (white bars), excluding the two cases where a bird fled (shown in (a)). Controls
were magpie-lark song and rosella ‘bell’ contact calls. All playbacks included two in-
dividuals calling; MM ¼ two magpie-larks calling, MR ¼ one magpie-lark and one
rosella and RR ¼ two rosellas. Half the MR playbacks started with a magpie-lark and
half with a rosella. N ¼ 24 birds received all treatments. Tables 4 and 5 show statistical
analyses.

Table 4
The log odds of magpies responding (scanning or fleeing) versus not responding to
two magpie-lark alarms (MM), two crimson rosella alarms (RR) and a mixture of
magpie-lark and crimson rosella alarms (MR), in experiment 2

Estimate (SE) Z P

Intercept 6.61 (3.18) 2.08 0.04
Sex (male e female) e2.76 (1.58) e1.74 0.08
Number of other magpies present e1.19 (0.96) e1.24 0.21
Presentation order (2nd e 1st) e1.13 (0.96) e1.17 0.24
Presentation order (3rd e 1st) 1.40 (1.37) 1.02 0.31
Presentation order (3rd e 2nd) 2.53 (1.40) 1.80 0.07
Alarm treatment (MM e MR) e0.70 (1.21) e0.57 0.57
Alarm treatment (RR e MR) e1.25 (1.12) e1.10 0.27
Alarm treatment (RR e MM) e0.55 (1.00) e0.55 0.58

Values are from the output of a generalized linear mixed model. N ¼ 24 birds
received each treatment. Bird ID was included as a random effect. Data are shown in
Fig. 4a.

Table 5
The duration of response to playback, in response to two magpie-lark alarms (MM),
two crimson rosella alarms (RR) or a mixture of magpie-lark and crimson rosella
alarms (MR), in experiment 2

Estimate (SE) F (df1, df2)/t (df)a P

ANOVA
Sex 4.62 (1, 21.46) 0.04
Number of other magpies present 5.21 (1, 56.33) 0.03
Presentation order 3.83 (2, 41.48) 0.03
Alarm treatmentb 0.86 (2, 42.16) 0.43
Linear mixed model
Sex (male e female) e0.86 (0.40) e2.15 (21.46) 0.04
Number of other magpies present e0.45 (0.20) e2.28 (56.33) 0.03
Presentation order (2nd e 1st) e0.12 (0.27) e0.42 (41.38) 0.67
Presentation order (3rd e 1st) 0.60 (0.28) 2.15 (41.64) 0.04
Presentation order (3rd e 2nd) 0.72 (0.28) 2.60 (41.41) 0.01
Alarm treatment (MM e MR) 0.25 (0.28) 0.88 (42.11) 0.38
Alarm treatment (RR e MR) e0.11 (0.28) e0.40 (41.58) 0.69
Alarm treatment (RR e MM) e0.36 (0.28) e1.28 (42.81) 0.21

Values are from the output of a linear mixed model. The duration of the response is
measured as the delay to resume feeding after the end of playback, which controls
for playback length. N ¼ 24 birds received each treatment, but two cases when a
bird fled were excluded (one MM, one MR). Bird ID was included as a random effect.
Significant effects are shown in bold. Data are shown in Fig. 4b.

a F values are given for the ANOVA and t values for the linear mixed model.
b Effect of alarm treatment was similarly nonsignificant when the two sequence

orders of mixed alarm calls were treated as separate (F3, 45.34 ¼ 0.58, P ¼ 0.63).
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The response following mixed-species alarm calls was inter-
mediate between those following single-species magpie-lark and
crimson rosella alarm calls. The delay until resuming feeding was
similar to the mean of the two species (mean of mixed minus
species' mean: e0.1 ± 0.2 s; t41.53 ¼ e0.29, P ¼ 0.78). This implies
that mixed-species alarm calls prompted an additive effect of each
individual species’ alarm calls.
DISCUSSION

When responding to heterospecific alarm calls, magpies were
affected by the number of individuals calling but not by the number
of species calling. Magpies responded for a longer period to the
alarm calls of two noisyminers than the alarm call of a singleminer.
By contrast, magpies did not respondmore strongly after the mixed
alarm calls of two individuals of different species, magpie-larks and
rosellas, compared with two callers of those same species. The
alarm calls of more individuals could therefore indicate a greater
probability or degree of danger, as predicted, but we suggest that
the value of multiple species calling is likely to depend on the
particular species and alarm calls.

Magpies responded more strongly to heterospecific social in-
formation from more individuals, comparable to the use of
conspecific information by other species (Conradt & Roper, 2005;
Sloan & Hare, 2008; Wolf et al., 2013). When playbacks mimicked
two noisy miners giving alarm calls, rather than a single caller,
magpies responded for a longer period, during which they became
vigilant and often fled. The longer duration of response did not
simply reflect the duration of alarm calling, because we measured
the time to resume feeding after the end of each playback.
Furthermore, even for those magpies that did not flee, birds scan-
ned for longer in response to two miners. These results are
consistent with empirical and theoretical work showing that in-
dividuals can reduce uncertainty of social information by collating
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information from multiple individuals (Sumpter, Krause, James,
Couzin, & Ward, 2008; Wolf et al., 2013). Calling by multiple in-
dividuals could more reliably indicate danger either because there
is a reduced probability of multiple false alarms (Sumpter et al.,
2008; Wolf et al., 2013), or because urgent threats and dangerous
predators prompt more individuals to call (Blumstein et al., 2004;
Sloan & Hare, 2008). In either case, individuals should benefit
from responding more strongly when more individuals call,
regardless of whether the recipient of the calls is the intended
receiver or an eavesdropper.

Magpies did respond to the general alarm calls of magpie-larks
and rosellas but appeared to respond much less to either species'
alarm calls than to noisy miner aerial alarm calls. Birds were more
likely to respond, either by scanning or fleeing, to the alarm calls of
these species than to the corresponding control, nonalarm, vocal-
ization of the species. However, they also responded less to the
alarm calls of either species than to the aerial alarm calls given by
two noisy miners (the relevant comparison because it controls for
the number of callers). In the first experiment, eight of the 16 in-
dividuals fled when two miners were giving aerial alarms, and all
other individuals scanned. By contrast, in the second experiment
only one of 24 individuals fled tomagpie-lark alarms, while none of
the 24 birds fled to the rosella alarms. Similarly, magpies responded
for longer after two miners' alarm calling than after the alarm calls
of either two magpie-larks or two rosellas (Figs 3 and 4). These
results support our assumption that magpies perceive magpie-lark
and rosella alarm calls as ambiguous or indicating lower danger
than miner aerial alarms, given the broad contexts in which these
two species’ alarms are given. By contrast, miner aerial alarm calls
are given specifically to airborne threats, including raptors, sig-
nalling more immediate danger (Cunningham & Magrath, 2017;
Farrow et al., 2017).

Contrary to our prediction, magpies did not respond more
strongly when there were two species calling (magpie-larks and
rosellas) compared to two individuals of the same species. They
were no more likely to respond with flight or scanning to the
mixed-species alarm playback, and responded for similar periods.
We suggest that the lack of difference might be because each of the
calling species provides similar information on danger, so that their
combination did not provide additional information. By contrast, if
two calling species did provide different information, then their
combination could provide new information to a listening species.
For example, suppose the listening individual of one prey species
was vulnerable to medium-sized predators and that it can be
alerted to predators by two other prey species, one of which is
mostly vulnerable to small predators and the other to large pred-
ators. If either of the two species calls alone, then the predator will
usually be too small or large to pose a threat, whereas if they both
call, this would indicate a medium-sized predator (Magrath et al.,
2015). In our experiment, magpie-larks and rosellas are both sub-
stantially smaller than magpies, and so may be vulnerable to a
similar suite of predators, including those that pose little threat to
magpies, so that their combined calls do not indicate greater
danger. A related issue could occur with general alarm calls that
may or may not indicate the presence of any predator. If individuals
within a species often give alarm calls during within-species social
conflict, as well as when a predator is present, then a listening
species would judge either calling alone as unreliable. However,
both species calling at the same timewould imply the presence of a
predator; within-species conflict is unlikely to synchronize calls
between species, whereas the presence of a predator could do so.
By contrast, if the calling species merely vary in the proportion of
true and false alarms, and give relatively few alarms in a social
context, then there may be little additional information derived
from the combination of species calling. It would clearly be useful
to quantify the contexts of magpie-lark and rosella alarms; perhaps
one or both rarely give alarm calls in a social context.

Our results suggest that magpie responses to amixture of rosella
and magpie-lark alarm calls could be of intermediate intensity
between multiple calls for each of these individual species.
Although there was no significant difference in any measures of
response across alarm playback treatments, the duration of
response to mixed-species playbacks was very similar to the mean
of the individual species playbacks (Fig. 4). An average response
might occur if listeners assess different sources of risk indepen-
dently to get an overall probability of danger, rather than assessing
risk associated with specific combinations of calls or responding
just to the species indicating the greater danger. We are aware of no
previous experiment directly comparing avian responses to mixed-
species alarms with those to the constituent species alone. How-
ever, indirect evidence from birds suggests that there could be
variable outcomes. For example, pied currawongs, Strepera gracu-
lina, respond more strongly to mimicry by brown thornbills,
Acanthiza pusilla, of a two-species alarm chorus than to the alarm
calls of thornbills alone (Igic, McLachlan, Lehtinen, & Magrath,
2015). Furthermore, a follow-up experiment in that study sug-
gested this was because of the number of species mimicked, so that
the response to a mixed-species chorus would be greater than to
either species alone. By contrast, playbacks of natural alarm cho-
ruses given by members of mixed-species bird flocks in Sri Lanka
did not prompt greater responses than to alarms by two of the
species that contributed to the natural choruses (Goodale &
Kotagama, 2008). Overall, we suggest that responses to mixed-
species alarm choruses will vary according to the reliability, rele-
vance and meaning of constituent calls, but we clearly need further
direct tests in a range of species.

Female magpies responded for a longer period to the general
alarm calls of magpie-larks and crimson rosellas than did males,
and the presence of other magpies reduced the duration of re-
sponses to those calls. Differences in foraging may make female
birds more vulnerable to predators and allow less time for vigilance
(Post & G€otmark, 2006a; 2006b). If this was true of magpies, then
females may place greater value on social information about
predators. We did not measure time budgets, but female magpies
may spend more time foraging than males, particularly leading up
to the breeding season, which is when our experiments were
conducted. In addition to the sex difference, focal birds responded
for shorter periods when there were more magpies nearby,
potentially because individuals face a lower risk of predation in
larger groups (Brown, Bongiorno, DiCapua, Ivan, & Roh, 2006;
Lazarus, 1979; but see ; Holl�en & Manser, 2006). Another possi-
bility is that greater competition for food in larger groups led to a
quicker resumption of feeding. In contrast to their responses to
general alarm calls in experiment 2, we did not detect sex or group
size differences in response to miner aerial alarm calls, perhaps
because the risks of a partial response are too great in that context.
Sex-specific and group size differences might occur only for situa-
tions of lower danger.

In conclusion, our study reveals how an eavesdropping species
takes the number of callers and the species calling into account
when responding to heterospecific alarm calls. Assessing the reli-
ability of social information is challenging, even if it originates from
conspecifics (Beauchamp, 2010; Blumstein et al., 2004; Giraldeau
et al., 2002; Wolf et al., 2013), and it is more complex when
assessing heterospecifics (Magrath et al., 2015; Schmidt et al., 2010;
Sepp€anen et al., 2007). Using information from other species
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presents additional challenges because it increases the number of
sources of information, which are also likely to vary in both reli-
ability and relevance. Future work will need to address how in-
dividuals use information frommultiple species. They might assess
each calling species independently, and subsequently use an aver-
aged response, or they might respond solely to the most reliable
and relevant species. Alternatively, individuals might respond to
specific combinations of calls, which could be more, or less, infor-
mative than those from either species alone. Our results are
consistent with independent assessment of calling species, but
stronger tests are likely to require different species or call types.
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APPENDIX. ACOUSTIC COMPARISON OF ALARM CALLS

To examine the possibility that urgency-based information from
noisy miner aerial alarm calls could influence differences between
one-caller and two-caller treatments in experiment 1, we
compared the acoustic structure of noisy miner alarm calls given
towards near and far gliding predator models. The acoustical
structure of alarm calls that conveys urgency-based information
can be examined by presenting individuals with predators at
different distances, with predators at closer proximity constituting
a greater degree of danger (Fallow & Magrath, 2010; Leavesley &
Magrath, 2005). Here, we presented noisy miners with a hawk
model thrown to glide by at either 10 m or 30 m from the caller. We
chose these distances as theywere at the two extremes at whichwe
presented gliding hawks to collect noisy miner aerial alarm calls for
experiment 1.

Upon arriving at a site, we located a focal noisy miner that we
subsequently followed for at least 5 min. If during a 5 min period
there were no aerial alarm calls or predators present in the area, we
presented the focal noisy miner with a hawk model gliding at one
of the two distances while another observer recorded its vocal re-
sponses using a Sennheiser ME66 directional microphone con-
nected to a Marantz PMD671 digital recorder, and saved in a wave
file of 44.1 kHz and 16 bits. Following the first presentation, we
waited at least 15 min and presented another individual within the
same locationwith the hawkmodel gliding at the other distance. As
noisyminers are highlymobile, it was impossible to target the same
individual with gliders thrown at both distances. We repeated this
at 13 different sites across Canberra to ensure we tested different
populations.

We used Raven Pro 1.4 to measure frequency and time charac-
teristics of the alarm calls. For each element in a call we measured
the: (1) lowest frequency and (2) highest frequency (Hz), defined as
the frequencies where the amplitude was 20 dB lower than at the
peak frequency; (3) peak frequency (Hz), the frequency with the
maximum amplitude; (4) duration (s); and (5) average entropy,
which measures the tonality of the sound, with more tonal sounds
having lower entropy. In addition, for the full call we measured (6)
element rate, defined as the number of elements in the call per
second. Spectrograms used for measurements were created using a
Blackmanwindow functionwith a 372 sample size, a temporal grid
resolution of 0.75 ms with 90.3% overlap and a frequency grid
resolution of 11.7 Hz.

We used linear mixed models and linear models to compare
the acoustic structure of the alarm calls given towards close and
distant gliding hawk models. For acoustic measurements taken
on individual elements, we created mixed models with the
measurement of interest as the response, site ID (1e13), the
sequential order of the element in the call and the distance of
the glider (10 m or 30 m) as fixed effects, and call ID as a random
intercept (as we measured multiple elements per call). For
element rate, we created a linear model with element rate set as
the response, and site ID and distance of glider set as covariates.
To improve model fit, as well as homogeneity and normality of
residuals, we rank transformed element rate in the analysis. To
calculate effect sizes for hawk models at the two distances, we
calculated Cohen's f 2 following Selya, Rose, Dierker, Hedeker,
and Mermelstein (2012), and using either conditional R2

values for mixed models calculated following Nakagawa and
Schielzeth (2013) or multiple R2 for the element rate model.
We then conducted a power analysis to calculate the sample size
required for us to detect a significant effect at least 80% of the
time given that there is a difference between alarm calls given
to hawk models gliding at the two distances. Linear mixed
models and linear models were respectively fitted using the
lmer() and lm() functions. Conditional R2 values for mixed
models were calculated using the r.squaredGLMM() of the
MuMIn package (Barto�n, 2017), and power analyses were con-
ducted using the pwr.f2.test() function of the pwr package
(Champely, 2007).
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Table A1
Attributes of noisy miner aerial alarm calls given to hawk models gliding at 10 m (N ¼ 13) or 30 m (N ¼ 13) from the caller

Effect Estimate (SE) F df1, df2 P Cohen's f2* N requiredy

Lowest frequency (Hz)
Site ID NA 2.43 12, 12.9 0.06
Element order e0.19 (3.60) 0.003 1, 164.4 0.96
Distance (10 me30 m) e29.05(50.68) 0.33 1, 13.2 0.58 0.008 941

Highest frequency (Hz)
Site ID NA 0.15 12, 13.9 0.99
Element order 27.34 (4.22) 41.90 1, 161.2 <0.001
Distance (10 me30 m) e71.37 (76.70) 0.87 1, 14.0 0.37 0.023 343

Peak frequency (Hz)
Site ID NA 1.26 12, 13.2 0.34
Element order 23.62 (4.21) 31.50 1, 166.3 <0.001
Distance (10 me30 m) e22.36 (53.91) 0.17 1, 13.5 0.68 0.018 425

Element duration (s)
Site ID NA 4.03 12, 11.0 0.01
Element order e0.001 (0.0004) 8.04 1, 164.9 0.005
Distance (10 me30 m) 0.0004 (0.004) 0.01 1, 12.4 0.92 0.011 694

Element entropy (u)
Site ID NA 1.83 12, 13.7 0.14
Element order 0.01 (0.006) 5.52 1, 166.0 0.02
Distance (10 me30 m) e0.06 (0.07) 0.61 1, 14.1 0.45 0.024 333

Element rate (number/s)
Site ID NA 2.17 12, 13 0.09
Distance (10 me30 m) e0.32 (0.34) 1.41 1, 13 0.26 0.108 73

Values are from the output from linear mixed models (all measures except element rate, with call ID as a random effect) or a linear model (element rate). NA: not applicable.
* Effect sizes (small: f2 ¼ 0.02; medium: f2 ¼ 0.25).
y Sample sizes required to detect a significant effect when there is a difference between calls given to the hawk model gliding at close and far distances. Calculations are

based on a power analysis with a ¼ 0.05, b ¼ 0.20, and Cohen's f2 was calculated from our data.
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