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of future research.

The mutually antagonistic processes producing adaptations and counter-adaptations in avian brood parasites and
their hosts provide a model system for the study of coevolution; this topic has long been an area of focus in ornithol-
ogy and evolutionary biology. Although there is an extensive body of literature dealing with avian brood parasitism,
few empirical studies have considered the effects of the coevolutionary processes associated with brood parasitism
on the acoustic characteristics of parent—offspring communication. Under the strong selection pressures associated
with brood parasitism, parasitic birds may, for instance, produce deceptive songs. The host may in turn evolve the
ability to recognize these sounds as deceptive. At present, the mechanisms underlying the different competitive
strategies employed by hosts and parasitic birds remain unclear. Here, we reviewed previous studies that investigated
acoustic traits in scenarios of brood parasitism, highlighting possible adaptive functions. Using a meta-analysis, we
identified no heterogeneity among studies of begging call adaptations in parasitic nestlings. However, our results may
have been affected by the small number of applicable papers available for analysis. Our meta-analysis also suggested
that studies of acoustic communication and transmission in adult hosts were highly heterogenous, suggesting that
research methods were inconsistent among studies. Finally, we identified knowledge gaps and proposed several lines
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Background

Birdsongs, which contain important biological informa-
tion, provide an important means of communication
for birds and play a very important role in all aspects of
bird life history (Catchpole and Slater 2008). Birdsong is
divided into songs and calls. The main functions of songs
are to attract mates and defend territories (Catchpole and
Slater 2008), while calls, which are relatively widely used,
are used not only to defend territories, but also for other
types of communication, including announcing food
availability and begging for food (Marler 2004).
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Avian brood parasitism is a special reproductive behav-
ior, in which brood parasites lay eggs in the nests of other
birds (hosts), thereby transferring some of the reproduc-
tive cost to the hosts (Davies 2011; Soler 2014). Success-
ful parasitism carries a greater cost for hosts than nest
predation because the parasitized hosts must invest time
and effort caring for the parasitic egg; the parasitized
host thus has fewer opportunities to re-nest and repro-
duce than when a nest predator consumes eggs or young
directly (Rothstein 1990; Yang et al. 2019). Therefore,
potential hosts must have appropriate defenses against
nest parasitism.

The process of coevolution between obligate parasitic
birds and their hosts has received considerable atten-
tion (Davies 2011). Brood parasitism, specifically the
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co-evolution of visual acuity in hosts and visual trickery
in brood parasites, has been well studied (Langmore and
Spottiswoode 2012). In contrast, the coevolution of audi-
tory traits is less well investigated. Compared with visual
strategies, auditory traits are more plastic and can be rap-
idly learned; for example, some parasitic nestlings can
simulate the begging calls of host nestlings within a few
days (Jamie and Kilner 2017; Rojas Ripari et al. 2018).

Due to the reciprocal selection pressures between
brood parasites and their hosts, each has evolved a series
of strategies designed to improve fitness. For example,
hosts may use nest defense (Welbergen and Davies 2008),
egg recognition (Yang et al. 2014, 2020a), and nestling
recognition (Langmore et al. 2003), while parasites may
use rapid spawning behaviors (Davies 2011), raptor mim-
icry (York and Davies 2017), egg mimicry (Attard et al.
2017; Yang et al. 2020b), and nestling mimicry (De Mar-
sico et al. 2012).

The coevolution of auditory strategies has also been
observed between brood parasites and hosts. For bird
hosts, nest defense is first line of resistance to nest para-
sitism (Welbergen and Davies 2009; Feeney et al. 2012):
when encountering parasites, the host emits alarm calls,
which are transmitted not only among conspecifics but
also to other species (Yu et al. 2016, 2019a). For parasitic
birds, finding a host nest and successfully laying eggs
poses a challenge; some female parasites mimic the songs
of raptors in order to deceive the host (York and Davies
2017), and some parasites locate host nests by listening
to host songs (Uyehara and Narins 1995; Clotfelter 1998;
Banks and Martin 2001; Hauber et al. 2002). Once the
parasitic parents successfully parasitize the nest, evading
host defenses, and once the parasitic egg has successfully
hatched, the parasitic nestlings must imitate communica-
tions between the host parents and offspring. In addition,
the parasitic chick must use various strategies to beg the
adoptive parent for extra food to outcompete the host
nestlings (Davies and Brooke 1989). For example, just as
parasites lay eggs mimicking host eggs, parasitic nest-
lings may mimic the calls of host nestlings (e.g. Madden
and Davies 2006; Rojas Ripari et al. 2018) so as to avoid
recognition by foster parents; parasitic nestlings may
even exaggerate their calls to increase parental care (e.g.
Davies et al. 1998; Lichtenstein 2001; Gloag and Kacel-
nik 2013). Indeed, the begging calls of parasitic nestlings
are generally louder than those of corresponding host
nestlings (Davies et al. 1998). Parasitic nestlings must
also recognize alarm information transmitted by fos-
ter parents when danger approaches (Davies et al. 2004;
Madden et al. 2005a; Haff and Magrath 2012). To com-
bat these strategies, some chronically-parasitized hosts
have evolved the ability to recognize the begging calls
of some parasitic nestlings as false (McLean and Griffin
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1991; Langmore et al. 2003; Colombelli-Négrel et al.
2012, 2016). It has also been suggested that host nestlings
might change their begging behaviors to counteract the
a priori advantages of brood parasitic nestlings (Hauber
and Kilner 2007; Pagnucco et al. 2008; Boncoraglio et al.
2009).

At present, it remains unclear whether defenses and
counter-defenses based on auditory communication are
universal. Thus, in order to better understand host/para-
site co-evolution, it is urgent to more comprehensively
study the coevolution of acoustical communications
between hosts and brood parasites. Further investiga-
tions of the specific information contained in the com-
plex vocalizations of hosts and brood parasites will
improve our knowledge of the evolutionary and coevo-
lutionary processes shaping acoustic communication. In
this study, we aimed to review current progress towards
an understanding of the role of acoustic communications
in the evolution of host defenses and parasite counter-
defences. We summarize the shortcomings of previous
studies of this topic, and suggest directions for future
research.

A brief introduction to the function of acoustical
communication in birds

The relationships among organisms are realized by the
transmission of information between senders and receiv-
ers through different communication modes (Hurd and
Enquist 2005; Partan 2013), including auditory, visual,
olfactory, and tactile (Partan 2013; Rubi and Stephens
2016). Because acoustical communication can be used
in the dark over long distances (Slabbekoorn and Smith
2002; Whittingham et al. 2004), it plays an invaluable role
in bird life (Catchpole and Slater 2008). Furthermore, the
potential similarities between complex birdsongs and
human language are of increasing interest to researchers
(Fishbein et al. 2020). To date, studies of birdsong have
made important contributions in many fields, including
neurobiology (Nieder and Mooney 2020) and ethology
(Catchpole and Slater 2008).

Birdsong is divided into songs and calls, both of which
contain important biological information (Marler 2004).
Songbirds have a complex vocal system that is primarily
used to occupy territories and attract mates (Catchpole
and Slater 2008). However, vocal communication is also
important in sub-oscines and non-passerines (Rek 2014;
Wojas et al. 2018). In contrast to songs, calls are used more
extensively, often in life-and-death situations; call functions
include alarm responses to predators or parasitic birds
(Suzuki 2012, 2014; Yu et al. 2017b; Wang and Yang 2020),
declarations of food availability (Marler 2004; Madden et al.
2005a), contact maintenance (Kondo and Watanabe 2009),
territorial competition (Hauber and Dearborn 2003), cries
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for help from adults or nestlings (Marler 2004), and beg-
ging for food by females or nestlings (Budden and Wright
2001; Cantarero et al. 2014). Avian brood parasites that lay
eggs in host nests and transfer all reproductive costs to the
hosts (Davies 2011; Soler 2014) may also protect their nest-
ing and spawning areas, thereby protecting this important
reproductive resource from other parasitic birds or conspe-
cifics (Hauber and Dearborn 2003). Female brood parasites
may mimic raptors to lure hosts away from the nest (York
and Davies 2017), while parasitic nestlings may mimic host
nestlings to deceive the foster parents (Langmore et al
2008; Anderson et al. 2009; De Marsico et al. 2012; Jamie
and de Silva 2014) or trick the foster parents into providing
more food (Rivers 2007; Gloag and Kacelnik 2013).

Sounds are species-specific, and may also be sex- or
even individual-specific. In some species, sound is the
main method used to identify conspecifics, potential
mates, and intraspecific individuals (Godard 1991; Vil-
lain 2016; Moskat et al. 2017). Birds not only identify rela-
tives, mates, and offspring in noisy environments, but can
also distinguish neighbors and strangers using sound. For
example, Common Cuckoos (Cuculus canorus) respond
more strongly to the calls of strangers than to the calls of
familiar neighbors (Moskat et al. 2017). The ability to rec-
ognize neighbors and unfamiliar individuals through sound
is important when defending a territory and maintaining
territorial relationships. A territory owner is typically more
inclined to have stable neighbors so as to avoid aggression;
males with non-aggressive neighbors have more time and
energy to pursue a mate (Godard 1991). Birds use sound
not only for intraspecific communication (Dutour et al.
2019; Yu et al. 2019a), but also for communication with
other species (Haff and Magrath 2012; Yu et al. 2019a),
even mammals (Flower et al. 2014). Finally, sound can rep-
resent a “code’; playing an important role in the identifi-
cation of conspecific nestlings by other adults, and in the
sound learning of the offspring (Colombelli-Négrel et al.
2014, 2016; Louder et al. 2019).

To improve fitness, hosts and parasites have evolved a
series of anti-parasitic and parasitic strategies, respectively;
the sounds made by hosts and parasites thus should also
have undergone a series of changes through the coevolu-
tionary process (Davies 2000, 2011; Langmore et al. 2003;
Trnka and Prokop 2012; Yang et al. 2014; York and Davies
2017). Moreover, sound signals should play an important
role, not only in adult-adult communication, but also in
parent—offspring communication.

Acoustical behavioral adaptations in obligate
brood parasites

Acoustic adaptations in adult parasites

Because nest defense is the first line of host resistance
to parasitism (Welbergen and Davies 2009; Feeney
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et al. 2012), the identification of suitable host nests is
the critical for brood parasites. Indeed, prior to lay-
ing parasitic eggs in the host nest, the brood parasite
must accurately identify the target host and determine
the host nest location. At present, the mechanisms by
which parasitic birds recognize the songs of host spe-
cies and locate their nests are not fully understood.
Some studies of the Brown-headed Cowbird (Molo-
thrus ater) suggested that host nests were located by
parasites based on the intensity of host activity and
the natural vocal frequencies of adult host calls (Uye-
hara and Narins 1995; Clotfelter 1998; Banks and Mar-
tin 2001), rather than based on nest defense behaviors,
such as host alarm calls (Gill et al. 1997). In addition,
Brown-headed Cowbirds recognized hosts’ natural
songs (Hauber et al. 2002), and tended to choose hosts
producing less complex sounds with shorter song-burst
intervals (Garamszegi and Avilés 2005). In contrast,
some parasites do not depend on host singing behav-
iors or natural song characteristics (Avilés et al. 2009;
Capek et al. 2017), but rather locate nests using host
alarm calls (Marton et al. 2019).

After locating host nests, parasites must evade the host
defenses in order to enter the nest and lay eggs. Cuckoo
and hawk eyes are similar to those of humans (Rackham
1997). However, although some studies have shown that
cuckoos can visually mimic raptors (Voipio 1953; Davies
and Welbergen 2008; Welbergen and Davies 2011; Trnka
and Prokop 2012; Trnka et al. 2012, 2015; Gluckman and
Mundy 2013; Lyon and Gilbert 2013; Thorogood and
Davies 2013; Trnka and Grim 2013; Feeney et al. 2015;
Liang and Moller 2015; Moller et al. 2015), few studies
have investigated whether parasites also mimic raptor
sounds. Some playback experiments have shown that
the rufous colors of female cuckoos are probably not
intended to mimic kestrels, but rather to avoid sexual
harassment by males (Lee et al. 2019). Recent studies
have shown that female cuckoos may deceive their hosts
via sound: the calls made by female cuckoos after lay-
ing parasitic eggs in the host nest mimic those of hawks,
thereby contributing to the illusion that predators are
nearby, and thus leading the hosts to shift attention from
nest protection to self-protection (York and Davies 2017).
Nevertheless, Deng et al. (2019) found that vocal activity
in female cuckoos did not peak at laying time; Yoo et al.
(2020) suggested that the signing activities of female and
male cuckoos peak around dawn, not in the afternoon. In
addition, previous studies have shown that female cuck-
oos reduced the risk of discovery by lowering their call
rate (Ranger 1955; Norman and Robertson 1975; Honza
et al. 2002). Kim et al. (2017) showed that structures of
the sounds produced by parasitic species were relatively
similar, and might thus be related to parasitic behavior.
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One aspect of nest defense against brood parasit-
ism is the ability of the host to accurately recognize the
sounds produced by the adult parasites (Additional
file 1: Table S2). However, visual information may also be
needed to ensure successful nest defense. Therefore, par-
asitic birds may also use various tricks during parasitism.
Although a relatively large body of work has investigated
the use of sound by parasitic birds to locate host nests,
few works have investigated the mimicry of raptors by
parasitic birds during parasitism (Table 1). Thus, the per-
vasiveness and universality of raptor-mimicry have yet
to be validated. According to our own observations and
those of Yoo et al. (2020), some parasites produce calls
both day and night; however, the functions of nighttime
calls are unknown. Additionally, it is unclear whether
adult parasites communicate with their offspring by
sound. In summary, more studies of calling in adult par-
asites are needed to understand in order to understand
call function.

Begging-call adaptations in parasitic nestlings

One of the most striking systems for studying begging
behavior is obligate avian brood parasitism; this particu-
lar reproductive behavior is found in about 1% of the
world’s birds (Davies 2000). Under parasitic pressure,
some hosts have evolved the ability to recognize para-
sitic nestlings (Langmore et al. 2003; Colombelli-Négrel
et al. 2012). To combat this and avoid recognition, some
parasitic nestlings visually mimic host nestlings (Payne
and Payne 2002; Langmore et al. 2011; De Marsico et al.
2019; Noh et al. 2018), mimic host nestling begging calls
(Courtney 1967; Mundy 1973; Morton and Farabaugh
1979; Mclean and Waas 1987; Redondo and Reyna 1988;
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Langmore et al. 2003, 2008; Madden and Davies 2006;
Anderson et al. 2009; De Marsico et al. 2012, 2019; Jamie
and de Silva 2014), or mimic host adult calls (Mundy
1973; Jamie and de Silva 2014). Parasites mimic the beg-
ging behaviors of host nestlings not only in non-evicting
species (Mundy 1973; De Marsico et al. 2012), but also
in some evicting species (Mclean and Waas 1987; Mad-
den and Davies 2006; Anderson et al. 2009). To date, 47
studies have investigated the effects of sound mimicry by
parasitic nestlings on host nestlings or host adults; these
47 studies include 31 species of parasites (22 species of
Cuculidae, three species of Icteridae, two species of Vidu-
idae, and four species of Indicatoridae) on six continents,
with studies in Africa and Oceania together accounting
for more than half of all studies (North America, 6.25%;
South America, 6.25%; Oceania, 21.88%; Africa, 35.94%;
Europe, 14.06%; Asia, 15.63%). Across these studies,
56.25% showed that the parasitic oftfspring mimicked the
calls of the host nestlings or host adults, while 43.75%
found no evidence of mimicry. However, mimicry was
mostly judged subjectively (72.88% of all studies); only
28.13% of all studies assessed begging calls quantitatively
(e.g., Mundy 1973; Mclean and Waas 1987; Redondo and
Reyna 1988; Madden and Davies 2006; Jamie and de Silva
2014). Moreover, some of the quantitative studies used
small sample sizes or measured only a few sound param-
eters (e.g., Mclean and Waas 1987; Redondo and Reyna
1988; Anderson et al. 2009).

The structures of the begging calls produced by various
parasitic nestlings altered when the parasitic nestlings
were transferred to the nests of different host species
(Madden and Davies 2006; Langmore et al. 2008) or even
to the nests of non-host species (Rojas Ripari et al. 2018).

Table 1 Studies of the acoustic adaptations of parasites to date

Parasitic adaptations Number of parasitic Proportion of total Number of published Proportion
species parasitic species papers of total
literature* (%)
Parasitic adults
Locate host nest by sound 2 2.00% 9 6.62
Mimic raptor sound 1 1.00% 1 0.74
Shorten own call rate 6 6.00% 5 3.68
Other adaptations - - 1 0.74
Total 5 5.00% 16 11.76
Parasitic nestlings
Mimic host begging calls 31 31.00% 47 3456
Supernormal stimuli of begging 6 6.00% 15 11.03
Identify host alarm calls 2 2.00% 3 2.21
Other adaptations 3 3.00% 3 2.21
Total 31 31.00% 68 50.00

*Total literature refers to all published literature on the coevolution of acoustic communication
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These results provide evidence that effective begging dis-
plays are developed based on acquired experience, and
suggest that the begging calls of parasitic nestlings are
plastic. However, other studies have reported contra-
dictory results (Butchart et al. 2003; Soler 2017; Samas
et al. 2020). Thus, it remains controversial whether vari-
ous races of parasitic nestlings alter their begging calls
to match those of their hosts. This incongruence among
study results requires further exploration; it may be that
parasitic chick calls have other, as yet undetermined,
functions.

Parasitic nestlings may use various begging strate-
gies to induce the host parent to feed the parasite more
frequently than the host nestlings (Additional file 1:
Table S1) (Lorenzana and Sealy 1996). In addition to the
vocal mimicry of host begging calls, some parasitic nest-
lings may exaggerate begging signals to compete with dis-
tant host nestlings or with large numbers of nestmates,
leading to preferential feeding (i.e., the signal exaggera-
tion hypothesis) (Dawkins and Krebs 1979; Caro et al.
2016). Nestlings of the Shiny Cowbird (Molothrus bon-
ariensis), for example, call for food at a much faster rate
than those of the host (House Wren, Troglodytes aedon);
the frequency of food calls remained high even when
the nestlings were transferred to the nests of non-host
species (Gloag and Kacelnik 2013). Davies et al. (1998)
found that the begging intensity of a single one-week-old
cuckoo nestling was similar to the combined begging fre-
quencies of four Reed Warbler (Acrocephalus scirpaceus)
nestlings. Parasitic nestlings may use a combination of
audio and visual elements to stimulate host parents. For
example, Kilner et al. (1999) showed that, in Reed War-
bler nests, the frequent begging calls produced by cuckoo
nestlings enabled the cuckoo nestlings to compete effec-
tively with the Reed Warbler host nestlings, despite the
cuckoos’ smaller gape area (i.e., the integration of signals
hypothesis).

However, there are also cases where parasitic nest-
lings do not produce more extravagant calls than host
nestlings (Soler 2002; Rivers et al. 2013). Moreover, it
has been shown that non-evicting parasitic nestlings
that do not mimic host begging calls still receive paren-
tal care, without the help of their host nestmates (Rojas
Ripari et al. 2019); in such cases, the begging strategies
employed by the parasitic nestlings are unknown. Para-
sitic nestlings of different genders may also employ differ-
ent begging behaviors (Hauber and Ramsey 2003; but see
Abraham et al. 2015).

Nest predation is one of the main factors that affects
nestling begging behaviors. Previous studies have found
that experimental nests with noise are more likely to be
destroyed than quiet nests (Haskell 1994, 1999; Leech
and Leonard 1997; Dearborn 1999). Parasitic nestlings
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are generally louder than their host nestlings when beg-
ging for food (Davies et al. 1998), and thus, their calls
may be limited by predation. However, a recent study
indicated that the natural begging calls of cuckoos have
no predation cost (Jelinek et al. 2019).

In summary, many studies have addressed the mimicry
of host begging calls by the nestlings of parasitic birds;
the studied species account for 31% of the all known
parasitic bird species, and these studies represent 34.56%
of all of the relevant studies published to date (Table 1).
However, information about begging calls is lacking for
69% of all parasitic birds, indicating that further research
is necessary. Here, we used a meta-analysis to determine
whether the studies of parasitic nestling strategies were
consistent. To perform this analysis, we first manually fil-
tered the complete matched data from all relevant studies
(Additional file 1: Table S1). Then, we used the meta pack-
age (version 4.13-0) in R studio (version 3.6.3) to perform
a meta-analysis based on the characteristics of the data.
Ideally, an analysis of the heterogeneity of the results of
the published studies would have included the number
of events and the experimental observations for each
experiment. Although raw data containing effect sizes
were not reported in most of the previously published
studies, we acquired matched sample sizes for experi-
mental and control groups manually. Our results showed
that the sizes of the research projects did not differ sig-
nificantly, and that * was not heterogeneous (I*=0%,
2=0, p=0.35, where I? and p stand for quantitative tests
for heterogeneity, and 7° is the difference among stud-
ies, which reflects the degree of inter-study heterogene-
ity). However, our results may have been affected by the
limited number of published papers; only 15 appropriate
papers were located, and only five could be included in
the meta-analysis. This indicated that studies on the dif-
ferentiation and specialization of begging calls in para-
sitic nestlings are scarce. Additional empirical studies are
needed to determine whether begging call adaptations in
parasitic nestlings are specialized to different host spe-
cies, or to different host races within the same host spe-
cies. It is possible that some parasitic nestlings do alter
the structures of their begging calls among hosts, and
that, instead, certain begging characteristics stimulate
the preferential feeding of parasitic nestlings in multiple
hosts. We suggest that, in general, acoustical analyses and
playback experiments should be combined to more com-
prehensively explore this possibility.

Adaptation to host alarm calls in parasitic nestlings

In general, the more frequently and intensively a nest-
ling begs for food, the more food the parents will provide
(Kacelnik et al. 1995; Budden and Wright 2001). How-
ever, in order to ensure begging-call authenticity and
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to prevent an endless increase in begging, begging calls
entail two types of cost: increased energy consumption
(Chappell and Bachman 2002) and increased predation
risk (Haskell 2002; Haff and Magrath 2011). As studies
indicate that begging consumes little energy (Leonard
et al. 2003), nest predation may be the main selective
factor affecting begging rate and intensity (Jelinek et al.
2016).

The expensive nature of begging has led to behavio-
ral adaptations in both parents and offspring: nestling
begging behaviors may be regulated both by “on” sig-
nals (such as food calls) and “oft” signals (such as anti-
predator alarms) (Madden et al. 2005a). Begging calls are
unlikely to increase nestling risk when the parents come
to the nest. Indeed, in response to alarm calls from par-
ents or other birds, chicks will crouch down or become
silent (Madden et al. 2005a; Haff and Magrath 2012). For
example, nestlings of the White-browed Scrub Wren
(Sericornis frontalis) eavesdrop on heterospecific alarm
calls and respond by suppressing begging so as to reduce
the risk of predation (Haff and Magrath 2012). In addi-
tion to warning the nestlings to stop begging (Davies
et al. 2004; Madden et al. 2005a), parental alarm calls
can encode information about the type of predator
and the degree of urgency, thereby enabling their nest-
lings to respond in the most appropriate way (Platzen
and Magrath 2005). In the Great Tit (Parus major), for
example, parental alarm calls elicit a predator-specific
response in nestlings: nestlings leave the nest when they
hear snake-specific adult alarm calls, but crouch down
when they hear corvid-specific adult alarm calls (Suzuki
2011). However, a study of Eastern Phoebes (Sayornis
phoebe) showed that nestlings did not respond to paren-
tal alarm calls (Madden et al. 2005a). Finally, some stud-
ies have shown that nestlings respond to predator calls by
suppressing begging (Yasukawa et al. 2020).

Most previous studies have focused on the responses of
altricial nestlings to the alarm calls produced by adults in
response to predators. However, in parasitized host nests,
the parasitic nestlings make louder and stronger sounds
(e.g., during begging) than do the host nestlings (Soler
2017). In addition, parasitic nestlings are sometimes
much larger than host nestlings. Thus the parasitic nest-
lings should more easily attract predator attention both
visually and aurally. However, Soler et al. (2019) showed
that Great Spotted Cuckoo (Clamator glandarius) nest-
lings had a lower misjudgment rate than host nestlings
with respect to begging behavior. That is, parasitic nest-
lings may be better able to receive danger messages from
their foster parents than host nestlings. However, only
a few studies have investigated the response of parasitic
nestlings to the alarm calls of foster parents. In addition,
all of the bird species reviewed in these studies occur in
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Europe and North America. For example, Davies et al.
(2006) found that cuckoo nestlings reduced begging in
response to the alarm calls of Reed Warblers, but after
these nestlings were transferred to the nests of an alter-
native host, Robins (Erithacus rubecula) or Dunnocks
(Prunella modularis), they did not respond to the alarm
calls of the new foster parents. Moreover, cuckoo nest-
lings in the nests of Redstarts (Phoenicurus phoenicu-
rus), another typical cuckoo host, did not respond to the
alarm calls of Reed Warblers or Redstarts (Davies et al.
2006). However, another study of Common Cuckoo nest-
lings in Redstart nests found that the cuckoo nestlings
responded to host alarm calls by freezing and reducing
begging (Khayutin 1985). Madden et al. (2005b) found
Brown-headed Cowbirds also suppressed begging in
response to the alarm calls of Red-winged Blackbirds.
Thus, it appears that parasitic nestlings of the same spe-
cies in different regions may have different responses to
host alarm calls. However, as this hypothesis is based on
only a few studies, further verification is needed. It also
remains unclear whether nestlings parasitizing different
host races exhibit specialized responses, and whether
parasitic nestlings eavesdrop on the alarm calls of sympa-
tric non-host birds.

Finally, some parasitic birds are nest predators of hosts
(Soler et al. 1995), and hosts give specific alarm calls
when facing parasitic birds (Soler et al. 1995; Welber-
gen and Davies 2008; Yu et al. 2017a, 2019a). It remains
to be verified whether parasitic nestlings ignore alarm
calls concerning parasite risk by host parents, or instead
regard such calls as indicating danger.

Thus, our review of the relevant material indicates that
empirical studies are needed to investigate whether nest-
lings that parasitize a variety of host species and races
have host-specific responses to host alarm calls. For host
populations under high predation pressure, future stud-
ies must investigate whether parasitic nestlings experi-
ence a tradeoff between begging and predation, and must
clarify whether parasitic nestlings adjust begging calls or
characteristics according to predation pressure.

Acoustical anti-parasitic adaptations in hosts
Acoustic communication and transmission in adult hosts
Nest defense is the frontline response of hosts to nest
parasitism (Feeney et al. 2012). Successful nest defense
can effectively reduce brood parasitism (Welbergen and
Davies 2009). To successfully defend the nest and maxi-
mize fitness, the host must first obtain information about
the parasite (Yu et al. 2019a, b). Generally, hosts obtain
relevant threat information in two ways: as individuals
(i.e., through direct interaction with the environment)
and socially (i.e., where threat information or cues are
provided by other individuals Dall et al. 2005;). Some
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hosts not only distinguish cuckoos from other threaten-
ing or non-threatening species (Welbergen and Davies
2008; Trnka and Prokop 2012; Yang et al. 2014; Li et al.
2015; Ma et al. 2018; Yu et al. 2019a; Wang and Yang
2020), but may also adjust the strength of nest defense
according to the type of enemy and the degree of para-
sitism risk (Montgomerie and Weatherhead 1988; Caro
2005; Welbergen and Davies 2009; Campobello and Sealy
2010, 2018). For example, Reed Warblers attack cuckoos,
but not Sparrow Hawks (Accipiter nisus) (Duckworth
1991). Furthermore, many bird species produce specific
alarm calls in response to different threats. Conspecific
or interspecific alarm calls convey the type, size, speed,
and behavior of an intruder, allowing the receiver to
respond quickly (Suzuki 2012, 2014; Book and Freeberg
2015; Yu et al. 2016, 2017a, b, 2019a; b; Cunningham and
Magrath 2017; Dawson Pell et al. 2018; Kalb et al. 2019;
Kalb and Randler 2019; Walton and Kershenbaum 2019;
Wang et al. 2020; Wang and Yang 2020). Bird alarm calls
can also be used to attract both conspecific and hetero-
specific neighbors; this has been referred to as the “call-
ing for help” hypothesis (Hurd 1996). Neighbors who
are attracted by an alarm call may benefit by receiving
information about the presence of dangerous enemies or
nearby predators (Grim 2008). Sound playback is ubiqui-
tous in studies of vocal communication among birds, and
has also been widely used in studies of fish, mammals,
and insects (Rosenthal 2019). As some birds react dif-
ferently to visual and vocal intruder displays (Liang and
Moller 2015; Yu et al. 2017b; Adams et al. 2020), playback
experiments are necessary for result verification.

Parent birds should optimize their nest defense strat-
egy based on the tradeoff between their own survival
and the loss of the nest contents (Montgomerie and
Weatherhead 1988). Previous studies have shown that
the host response to nest intruders varies according to
breeding stage (Barash 1975; Patterson and James 1980;
Duckworth 1991; Moskat 2005; Trnka and Prokop 2012;
Wang and Yang 2020). For example, Duckworth (1991)
showed that Reed Warbler hosts had a strong, aggres-
sive response to Common Cuckoos during the egg stage,
but largely ignored Common Cuckoos once the nestlings
had fledged; the Reed Warbler responses to Jays (Gar-
rulus glandarius) and Sparrow Hawks remained strong,
regardless of the breeding stage. This behavior illustrates
the effects of the reproductive value of offspring. The oft-
spring value hypothesis predicts that nest defense level
will be the highest during the nestling stage, as this adap-
tive response increases the value of the future genera-
tion (Smith 1977). Although most of the relevant studies
have focused on the visual aspects of nest defense, the
verification of host alarm sound recognition using sound
playback may more fully explain host anti-parasitism

Page 7 of 13

strategies during the nest defense phase. We have sum-
marized the studies of the anti-parasite nest defense
strategies adopted by hosts in Additional file 1: Table S2.

We used a meta-analysis to assess the consistency of
the results across the studies reviewed in this section.
The meta-analysis indicated that heterogeneity among
these studies was high (P=61%, r*=0.0614, p=0.02).
Again, however, this result may be unreliable because
only seven research studies could ultimately be included
in analysis. This result implied that the methods used
in previous studies were inconsistent. Most previous
authors only recorded the responses of hosts to taxider-
mic mounts, and did not analyze the acoustic spectra of
the alarm calls (Additional file 1: Table S2). Moreover,
few studies have used alarm call playbacks to explore the
communication of risk information within or among host
species. The recognition of alarm calls among sympatric
host species requires further study. That is, in order to
understand the mechanisms underlying alarm call recog-
nition, it is necessary to determine whether information
is shared among sympatric conspecific and heterospecific
birds. Although birds have been shown to respond to
heterospecific alarm calls that are unfamiliar but similar
to known calls with respect to acoustic structure (Fallow
et al. 2013), but it is unclear whether sympatric conspe-
cific and heterospecific species share alarm calls convey-
ing parasite risk.

Acoustic recognition of parasitic nestlings by adult hosts
Studies of brood parasite systems have indicated that
some hosts have evolved the ability to recognize para-
sitic nestlings (Langmore et al. 2003). There are several
hypotheses concerning host recognition mechanisms:
the parental-fatigue hypothesis (Grim 2006), the time-
limit hypothesis (Grim et al. 2003), and the single-chick
hypothesis (Anderson and Hauber 2007; Langmore et al.
2009). It may be that hosts use special acoustical “codes”
to communicate with embryos during incubation, so
that host parents can distinguish parasitic chicks when
they make begging calls; this is known as the begging-
call mimicry hypothesis (Colombelli-Négrel et al. 2012,
2016). Furthermore, females may communicate their
voice codes to their male partners, so that the males can
recognize the sounds associated with parasitic nestlings
(Colombelli-Négrel et al. 2012).

Although birds are known to exhibit prenatal voice
learning, we were unable to find many studies of this
phenomenon (Kisilevsky et al. 2009; Moon et al. 2013;
Colombelli-Négrel et al. 2014, 2016; Kleindorfer et al.
2014, 2018; Dowling et al. 2016; Katsis et al. 2018; Rivera
et al. 2018; Noguera and Velando 2019). In avian brood
parasitism, the recognition of parasitic nestlings via
prenatal voice learning has been reported in Superb
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Fairy-wrens and Red-backed Wrens (Malurus melano-
cephalus) (McLean and Griffin 1991; Colombelli-Négrel
et al. 2012, 2016). In addition, McLean and Griffin (1991)
showed that adult Grey Warblers (Gerygone igata) can
distinguish the begging calls of their own nestlings from
those of parasitic cuckoo nestlings. However, it remains
unclear whether this type of antiparasitic adaptation is
ubiquitous or unique to this particular bird group.

Anti-parasitic adaptations of begging calls in host
nestlings

Parasitic nestlings generally exaggerate their calls in
order to increase parental care (e.g. Davies et al. 1998;
Lichtenstein 2001; Gloag and Kacelnik 2013). For exam-
ple, the begging intensity of one evicting-type parasitic
nestling was equivalent to that of four Reed Warbler
nestlings (Davies et al. 1998). In addition, the exagger-
ated begging behaviors of non-evicting parasitic nestlings
may help these nestlings to outcompete their nestmates,
leaving to the starvation of the host nestlings (Redondo
1993). Interestingly, in order to increase feeding opportu-
nities, host nestlings may then begin to mimic the exag-
gerated begging calls of the parasitic nestlings (Hauber
and Kilner 2007; Pagnucco et al. 2008).

Previous studies have shown that when nestlings
compete with larger or more competitive conspecific
nestmates, they generally change the amplitudes and
structures of their begging calls (Smith and Montgom-
erie 1991; Briskie et al. 1994; Price et al. 1996; Leonard
and Horn 2001; Rodriguez-Gironés et al. 2002; Neuen-
schwander et al. 2003). As parasitic birds are distantly
related to their hosts, it is natural for host nestlings to
change their begging call structures to avoid parental
monopolization by parasitic nestmates (Pagnucco et al.
2008). Leonard and Horn (2005) showed that, when
ambient noise increases, the frequencies and ampli-
tudes of the begging calls of Tree Swallows (Tachycin-
eta bicolor) increase, and that parents are more likely to
feed nestlings whose calls are louder than the surround-
ing environment; in addition, when host nestlings are fed
together with noisy parasitic nestlings, the host nestlings
may change the structures of their begging calls to attract
parental attention. Hauber and Kilner (2007) proposed
that the begging call matching between parasitic birds
in the genus Vidua and their hosts may be caused by the
imitation of parasite chicks by host young. Compared
with host nestlings in unparasitized nests, begging fre-
quency and volume are greater when Song Sparrow nest-
lings are raised with Brown-headed Cowbirds (Pagnucco
et al. 2008). A study of 31 North American hosts found
that the begging intensity of host nestlings increased with
the probability of parasitization, indicating that the para-
sitic birds affected the begging behavior of host offspring
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(Boncoraglio et al. 2009). However, Rivers et al. (2010a)
argued that the evidence for this conclusion was insuf-
ficient, and suggested that the extent to which cowbirds
affect the begging behavior of the hosts depended on the
size of the host (Rivers et al. 2010b). In addition, some
studies have shown that the predation rate for parasitized
nests is higher than that for non-parasitized nests (Dear-
born 1999).

In summary, the responses of host nestlings to brood
parasitism have received less attention than the behav-
iors of parasitic nestlings, and few studies have explored
the acoustic anti-parasitic adaptations of host nest-
lings (Table 2). This may be because host nestlings may
not interact with parasitic nestlings due to the danger
of being evicted after parasitism, or host nestlings may
fail to survive because they are outcompeted when they
are raised along with non-evicting parasitic nestlings.
When host nestlings are reared together with parasite
nestmates, host nestlings must adjust their own begging
behaviors in order to compete with the parasitic nest-
lings and obtain sufficient food. However, few research
studies have addressed this aspect of parasitism, and this
topic remains controversial (Rivers et al. 2010a, b). When
investigating acoustical behaviors, the relative sizes of
the parasitic and host nestlings should be considered. It
remains unclear whether nestlings of parasitized hosts
have coevolved to produce stronger begging calls, and
whether this adaptation changes with the degree of para-
sitism and predation pressure. Indeed, further studies
should investigate how the begging calls of host nestlings
are altered in response to dual pressures of parasitism
and predation.

Conclusions

The coevolution between parasitic birds and their hosts
continues to be a hotspot of research interest. Although
the coevolution of visual signals has been well studied,
the coevolution of auditory traits between hosts and
parasites has been largely neglected. Here, we reviewed
studies of the coevolution of acoustical communication
between obligate avian brood parasites and their hosts.
We conclude that both the acoustical adaptations of par-
asitic birds and the acoustical anti-parasitic adaptations
of host birds require further research attention.

First, with respect to the acoustical adaptations of para-
sitic birds, it is unclear whether the songs of adult para-
sitic birds are used to simulate the sounds of raptors or
whether these sounds have other functions. In addition,
the begging calls of more than half of all parasitic nest-
lings remain unknown and undescribed, and it remains
unclear whether these begging calls are specialized or dif-
ferentiated among hosts. In future, the mimicry of host
begging calls by parasitic nestlings should be analyzed
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Table 2 Studies of acoustic anti-parasitic adaptations in hosts to date
Anti-parasitic adaptations Number of published papers Proportion

of the total

literature* (%)

Host adults
Identify host alarm calls
Recognize sound of parasitic adults
Social learning
Recognize parasitic adults
Adjust behavior according to parasitism risk
Make specific alarm calls
Increase incubation call rate
Alarm; protect nest
Aggressive behavior including alarm calls
Recognize sound of parasitic nestlings
Total

Host nestlings
Adjust oneself to beg
Total

6.62
294
147
5.88
2.21
2.94
0.74
147
882
2.21
35.29

w NN = N W o NN~ O

~
co

2.94
4 294

*Total literature refers to all published literature on the coevolution of acoustic communication

quantitatively, not merely subjectively. Finally, the effects
of predation pressure on parasitic nestling behavior
remain to be comprehensively explored; that is, do para-
sitic nestlings under predation pressure quickly respond
to the alarm calls of their foster parents or change their
begging characteristics when facing danger?

Second, with respect to the acoustical anti-parasitic
adaptations of host birds, future studies must com-
bine sound playback experiments and acoustic spectral
analyses to investigate acoustical information exchange
among conspecific and heterospecific hosts. In addi-
tion, the universality of host adult birds using sound to
recognize parasitic nestlings should be verified. Finally,
studies should explore not only the begging behaviors of
parasitic nestlings, but also how the begging behaviors of
host nestlings change in response to parasitism, which is
easily ignored. In particular, it is important to assess how
the begging calls of host nestlings are regulated by the
dual pressures of parasitism and predation. Future stud-
ies, thoroughly addressing these deficiencies, will greatly
improve our understanding of the evolution and coevolu-
tion of sound signals in both host and parasitic birds in
brood parasitism system.
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