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Predators often avoid toxic, unpalatable, or otherwise unprofitable prey because of innate biases
or past unpleasant experiences. In both cases, the association between prey appearance and
unprofitability has favored an anti-predator strategy called “aposematism” (Poulton, 1890). In
short, aposematic prey benefit from reduced predation because predators perceive the prey
phenotype as a warning (Wallace, 1882). Aposematic traits take the form of spectacular
conspicuous colorations in many taxa, in particular in snakes (Smith, 1977), amphibians
(Rudh and Qvarnström, 2013), insects (Wilson et al., 2015; Motyka et al., 2018) and spiny plants
(Lev-Yadun, 2016). As such, they have enthralled many evolutionary biologists and ecologists,
whose research greatly improved our understanding of local adaptation (Mallet and Barton, 1989),
speciation (Merrill et al., 2012), community dynamics (Chazot et al., 2014), and predator foraging
decisions (Skelhorn et al., 2016). In the literature, aposematism is therefore often equated with
colorations that are consistently conspicuous (but see recent studies on “switchable” aposematic
signals; e.g., Kang et al., 2016a,b). We argue here that this focus on conspicuous colorations has led
to researchers overlooking other components of prey phenotype. Aposematism relies not only on
“signaling traits” (like conspicuous coloration), which evolve through natural selection imposed
by predators, but also on “cues” (e.g., body shape, behavior, or non-conspicuous coloration),
the evolution of which is determined mainly by environment, sexual selection or developmental
constraints (Maynard-Smith and Harper, 2003; Scott-Phillips, 2008). In this opinion piece, we aim
at highlighting the underappreciated role of cues in the evolution of warning signals in the context
of protective mimicry.

DEFINING SIGNALS AND CUES IN AN EVOLUTIONARY CONTEXT

Communication and signaling in animals have long been recognized to rely on the detection
of both signals and cues (Scott-Phillips, 2008; Bro-Jørgensen, 2010; Higham and Hebets,
2013). Yet, the terms “signal” and “cue” have been fraught with semantic disagreement
(Maynard-Smith and Harper, 2003; Scott-Phillips, 2008). In communication theory, cues and
signals have been defined from an informational point of view (Table 1). Cues are defined as
incidental sources of information detected by “unintended” receivers, while signals are information
addressed to “intended” receivers (Hasson, 1994; Greenfield, 2006). Yet, this distinction seems of
little practical use in an evolutionary context. The terms “unintended” and “intended” do not make
much sense in evolutionary biology and can be misleading (Font, 2018).

To better understand the implication of cues and signals for trait evolution, we need to
consider definitions that are relevant in an evolutionary context (Table 1). Several authors adopted
adaptationist definitions of cues and signals, generally in addition to the informational definitions
(Maynard-Smith and Harper, 2003; Scott-Phillips, 2008; Bro-Jørgensen, 2010). If we focus on
predator-prey interactions: in prey, signals are defined as traits that have evolved predominantly
through differential predator avoidance as the result of predator decision making, while cues are
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TABLE 1 | Informational and adaptationist definitions of signal and cue in the case

of protective mimicry.

Informational definition Adaptationist definition

(used in this manuscript)

Signal Information addressed to

“intended” receivers through a

channel of communication

Trait that has evolved predominantly

through differential predator

avoidance

Cue Incidental source of information

detected by “unintended” receivers

Trait that has evolved predominantly

through other evolutionary forces

(e.g., sexual selection,

developmental constraint)

traits that have evolved predominantly through other
evolutionary forces. Of course, selection imposed by predators is
likely to influence the evolution of all traits that are perceptible.
The difference between cues and signals in a given species
relies on the importance of selection that results from predator
avoidance, compared to the other evolutionary forces acting on
the trait. Therefore, a phenotypic trait that is a cue in one species
can be a signal in another.

Numerous traits, including conspicuous coloration
(Rojas et al., 2018), can serve several functions and the resulting
phenotype frequently results from a trade-off among different
evolutionary drivers. Consequently, distinguishing cues from
signals in the field is challenging. The exact nature of selection
acting on conspicuous signals has only recently been measured
in the field (in butterflies; Chouteau et al., 2016). Therefore, the
intensity of selection imposed by predators on non-conspicuous
traits can be particularly difficult to assess (e.g., on flight
behavior; Beccaloni, 1997).

Hereafter, we adopt the adaptationist definition of cues
and signals to discuss the evolutionary importance of cues in
protective mimicry. In examples, we classify phenotypic traits
as signals or cues; but remember that those assertions require
caution. In particular, what we call “cues” (and therefore “cue
mimicry,” see below) may not be considered as such under the
informational point of view (e.g., Figures 1A,B).

DISTINGUISHING CUE MIMICRY FROM
SIGNAL MIMICRY

Protective mimicry, when a species benefits from reduced
predation by mimicking another unprofitable species, is one of
the most celebrated examples of evolution by natural selection
(Bates, 1862; Cott, 1940; Quicke, 2017). Species engaged in
protective mimicry are traditionally defined as mimetic or
model species, with the former being the species benefiting
the most from mimicry (Cott, 1940; Ruxton et al., 2018).
Communication between prey and predators determines the
evolution of protective mimicry but, surprisingly, little attention
has been given to the evolutionary implication of cues in
protective mimicry. As signaling traits strongly stimulate the
predator sensory system, most mimetic systems rely on “signal
mimicry,” whereby the mimetic signaling traits are similar to the
model’s signaling traits (Cott, 1940; Quicke, 2017). Nonetheless,

predators also perceive cues, favoring the evolution of “cue
mimicry,” whereby the mimetic signaling traits are similar to
some of the model’s cues. In the case of cue mimicry, the same
phenotypic trait is a signaling trait in the mimetic species, and a
cue in the model species (Jamie, 2017).

In a recent review paper, Jamie (2017) proposed a conceptual
framework considering the distinction between cues and signals
to contrast and order all mimetic resemblances (protective
mimicry, aggressive mimicry, rewarding mimicry). This
framework highlights the evolutionary importance of cues in
mimicry and distinguishes “cue mimicry” from “signal mimicry.”
Nonetheless, Jamie (2017) provided no convincing examples of
cues involved in protective mimicry but instead discussed cases
of masquerade where inanimate objects are mimicked. To fill
this gap, we present below examples of “cue mimicry” in the
context of protective mimicry. We then discuss the evolutionary
consequences of this defensive strategy for the evolution of
mimetic signals.

CUE MIMICRY IN NATURE

In nature, protective mimicry is often characterized by some
forms of cue mimicry. One of its most striking examples
is eyespots mimicry found in a wide variety of insects
(Stevens, 2005). Eyespots usually take the form of a large
dark central spot surrounded by a white border, and look
like the eyes of large size vertebrates that are predators of
the small birds attacking insects. The evolution of eyespots
is determined by differential predation rate in insect mimetic
species (De Bona et al., 2015), whereas the evolution of
vertebrate eyes is determined by other selective pressures.
As such, eyespots mimicry can be defined as cue mimicry.
Another common example of cue mimicry is seen in
the mimicry of ants. Ants are involved in many mimetic
systems, especially with spiders as mimics, and yet rarely
display conspicuous colorations (Huang et al., 2011). Most
ant species can defend themselves (mandible, formic acid),
making them unprofitable to most predators. Mimetic
species with the same body shape, gait and colorations
than the ants benefit from reduced predation (Figures 1A,B;
McIver and Stonedahl, 1993; Nelson and Card, 2016). In the ant
models, the evolution of these traits is mainly determined by
environment and developmental constraints (except aposematic
conspicuous coloration in some ant species), while it is
determined by predator selective pressures in their mimics.
Finally, cue mimicry is also found in plants. Several plant
species produce a white trichome that is highly similar to
a spider web, and thereby benefit from reduced herbivory
(Yamazaki and Lev-Yadun, 2015). In spider model species,
however, the web (here recognized as a component of the
extended phenotype) has evolved through other evolutionary
forces than predator avoidance. Another example of cue
mimicry in plants is seen in species emitting the alarm
pheromones of their aphid herbivore, thereby reducing
herbivory by aphids (Gibson and Pickett, 1983). In aphids,
releasing alarm pheromones does not reduce any death rate
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FIGURE 1 | Examples of cue mimicry in protective mimicry. The body shape of

the ant Oecophylla smaragdina (A) is mimicked by the spider Myrmaplata

plataleoides (B). Note that this instance of cue mimicry may not be considered

as such under the informational approach (Table 1). In addition to signal

mimicry, the gait of the beetle Anthia thoracica (C) is mimicked by the juvenile

lizard Heliobolus lugubris (D). Photo credits: (A) Lek Khauv; (B) Jason

Alexander; (C) Tjeerd de Wit; (D) Christine Sydes.

caused by other aphid individuals, making this adaptive
ressemblance a case of cue mimicry. Cue mimicry also exists
between plant species. Australian mistletoe species benefit
from reduced herbivory by mimicking the foliage of their host-
tree (Barlow and Wiens, 1977; Burns, 2010). Similarly, a vine,
Boquila trifoliolata, has the same leave shape as its supporting
plant (Gianoli and Carrasco-Urra, 2014). In both examples, the
supporting species is considered as the model because they are
little palatable. Here again, the foliage shape of models is probably
determined by environment and developmental constraints,
rather than herbivory. All these examples demonstrate that cue
mimicry is not anecdotal and may be taxonomically widespread.

CUE MIMICRY IN ASSOCIATION WITH
SIGNAL MIMICRY

Cue mimicry can be associated with signal mimicry in the same
mimetic system. This is especially the case when model and
mimic belong to different guilds and have very different ecology.
For instance, in southern Africa, juveniles of the Heliobolus
lugubris lizard species mimic a sympatric and noxious beetle
species (Figures 1C,D; Huey and Pianka, 1977). The two species
have a similar conspicuous coloration, a black coloration with
white spots, but the lizard also has the same gait as the beetle,
thereby increasing mimetic resemblance. Similar examples of
signal mimicry paired with behavioral cue mimicry can be found
in other mimetic systems involving vertebrate and invertebrate
species (Vitt, 1992; Londoño et al., 2015). Likewise, some hoverfly
species wave their darkened front legs, thereby mimicking the
presence and movement of long antennae that are cues in
conspicuously colored wasp models (Waldbauer, 1970).

Cue mimicry can also be associated with signal mimicry
when model and mimic belong to the same guild. For instance,

some aposematic species of Dilophotes beetles have different
conspicuous mimetic signals (shared with different model
species) depending on their sex (Motyka et al., 2018). In
these species, males are smaller than females, and this sexual
size dimorphism may have favored the evolution of sexual
mimetic dimorphism. In model species, size is probably
a cue, the evolution of which is primarily determined by
developmental constraints. In the mimetic Dilophotes species,
however, sexual size dimorphism strongly affects predator
avoidance and has determined the evolution of different
conspicuous mimetic signals in females and males. This
example reveals how model’s cues can potentially influence
the signaling traits of the mimic, and thus demonstrates
the importance of accounting for cues in theories on
mimicry evolution.

IMPLICATIONS OF CUE MIMICRY FOR
MIMICRY EVOLUTION

Accounting for cue mimicry may shed light on puzzling patterns
observed in mimetic systems. Imperfect mimicry is found in
many taxa (Vereecken and Schiestl, 2008; Penney et al., 2012),
while a perfect resemblance should theoretically evolve by
natural selection. Several hypotheses may explain this paradox
(Kikuchi and Pfennig, 2013). Among those hypotheses, the
backup signal hypothesis suggests that a weak resemblance
between mimic and model can be compensated by additional
backup signals, thereby maintaining imperfect mimicry on
other signaling traits (Johnstone, 1996). Following this backup
signal hypothesis, cue mimicry may evolve as a backup to
imperfect signal mimicry. In particular, if mimetic and model
species belong to different guilds and show strong phenotypic
differences, perfect mimicry may be difficult to evolve and
cue mimicry is likely to evolve as a backup to imperfect signal
mimicry. Such situation is nicely illustrated with the example of
the juvenile lizards mimicking the beetle’s gait (Figures 1C,D)
(Huey and Pianka, 1977), and may occur in many vertebrate-
invertebrate mimetic systems (Vitt, 1992; Londoño et al., 2015).
Overall, even in mimetic systems involving species from the
same guild (e.g., Silva et al., 2016), cue mimicry can play an
important role for the maintenance of imperfect mimicry.

Due to the differences of selective pressure acting on
cues and signals, cues can maintain the diversity of mimetic
signals among defended species (so-called “Müllerian mimicry”).
Several distinct and stable Müllerian mimetic forms co-
occurring in the same place have been observed, while
a single shared mimetic form should provide increased
protection against predators (Mallet and Joron, 1999). Several
hypotheses may explain this phenomenon, like local adaptation
(Mallet and Gilbert, 1995) or heterogeneity in micro-habitat use
among species (Willmott et al., 2017), but to our knowledge, the
implication of cues for the maintenance of Müllerian mimetic
diversity has not been investigated. Predators use both signaling
traits and cues to recognize their prey, so that mimicry based
on signaling traits alone may not necessarily deceive predators.
Contrary to signaling traits, selective pressure imposed by
predation does not favor the evolution of shared cues in the
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model species. Differences in the cues of models could prevent
the convergence of Müllerian mimetic forms andmay explain the
maintenance of diversity in some communities. Such a situation
is illustrated by the case of Dilophotes beetles, the evolution of
which is compelled by the size of their models (Motyka et al.,
2018). This hypothesis remains to be investigated theoretically,
and has received little empirical support so far, probably because
of the oversight of cues in the literature on protective mimicry.

CONCLUSION

The literature on aposematism and mimicry has mainly focused
on conspicuous signaling traits. While such focus has allowed
for rapid advancement of the field, we may have minimized the
implication of cues for the evolution of mimicry. As illustrated
above, protective mimicry can occur without any form of
conspicuous signal and, by focusing on conspicuous coloration,
we may underestimate the predominance of protective mimicry
in natural communities. A rigorous framework should be
employed to detect such mimicry based on non-conspicuous
traits (see de Jager and Anderson, 2019).

The evolution of mimetic signals involves a wide variety
of selective pressures, but also a large variety of traits
(Rojas et al., 2018; Briolat et al., 2019). We highlighted
here that the same phenotypic trait can be shaped by
different selective forces in the different species involved
in mimicry. Such distinction could help to disentangle
the selective forces shaping the complex evolution of
mimicry and may improve our comprehension of this
defensive strategy.
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