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Are gregarious red-black shieldbugs,
Graphosoma lineatum (Hemiptera: Pentatomidae),

really aposematic? An experimental approach

Petr Vesel",* Silvie Vesel#, Roman Fuchs and Jan Zrzav"

Department of Zoology, Faculty of Biological Sciences, University of South Bohemia,
BranisÏovsk" 31, 370 05 CÏ esk# BudeÏjovice, Czech Republic

ABSTRACT

Hypothesis: The coloration of the red-black shieldbug has a warning function. This quality
can be lowered when the shieldbug is presented on a fragmented background.

Organism: We offered wild-coloured and artificially deaposematized (painted brown)
red-black shieldbugs (Graphosoma lineatum) to avian predators (Parus major, Parus caeruleus).

Site of experiments: The experiments were conducted in a cage (0.7 m´ 0.7 m´ 0.7 m) fitted
with a one-way mirror.

Methods: In succession, we offered five shieldbugs to each bird. We presented the shieldbugs
on contrasting (white) and matching (imitating the shieldbug's habitat and imitating the striated
shieldbug pattern) backgrounds.

Results: The blue tits avoided all shieldbugs offered to them regardless of their coloration.
The great tits attacked both colour forms, but the brown one more frequently. The wild-coloured
shieldbugs were significantly better protected against repeated attacks. Shieldbugs presented
on any of the matching backgrounds were attacked less frequently than when presented on the
white background.

Keywords: disruptive coloration, Parus caeruleus, Parus major, warning coloration.

INTRODUCTION

Warning (aposematic) colouration, which provides protection to a defended species against
visually oriented predators (usually birds), is a controversial topic in evolutionary ecology.
The initial evolution of aposematic anti-predator signalling is expected to increase
predation risk before reaching a stage when local predators are able to learn to avoid the
unpalatable prey (see Lindstr"m et al., 2001; Marples et al., 2005). Fisher (1958) presented the idea
of aggregation benefit through the survival of related individuals. However, Riipi et al.
(2001) showed that grouping would have been highly beneficial for aposematic prey
individuals, surrounded by naive predators, without requiring any kin selection. They
proposed four possible non-kin selection mechanisms: non-linear growth of detectability
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risk/group size; low additional detectability costs due to conspicuous signals in the group-
living prey; a ̀ dilution effect'; and rapid avoidance learning of the warning signal in groups.
In contrast, Beatty et al. (2005) suggest that the common association between aggregation and
distastefulness may primarily arise because of the significant vulnerability of aggregated
palatable prey. However, they investigated responses of human `predators' in computer
`novel world' experiments, not a realistic predator±prey system. The true influence of prey
gregarious habit on aposematism efficiency has rarely been analysed experimentally [but see
Reader and Hochuli (2003), who studied a caterpillar prey vs. hemipteran predator system; see
also Nilsson and Forsman (2003) for application of phylogeny-based comparative analyses of
evolutionary relationships of colouration, body size, and gregarious habit in the Lepidoptera].

The Palearctic red-black shieldbug, Graphosoma lineatum L. (Hemiptera: Pentatomidae),
is a textbook example of the aposematic insect (for a review, see Kom%rek, 2000). Its contrasting
colours form several longitudinal stripes on the dorsal side and a spotted pattern on the
ventral side of its body (Fig. 1). As G. lineatum is a gregarious insect, it would be easy for an
avian predator to learn its unpalatability because the bird is able to meet another prey item
soon after encountering the first (Sill&n-Tullberg and Leimar, 1988).

The shieldbugs in general (Pentatomoidea) are known to be extremely distasteful for
predators (e.g. Krall et al., 1999) because they are able, when touched, to release a repellent
secretion, predominantly from their thoracic scent glands. Though the pentatomoids
usually do not combine their chemical defence with warning colouration, there are some
obviously aposematic species, for example Murgantia and Eurydema spp. (Aldrich et al., 1996;

Aliabadi et al., 2002), which are mostly black with yellow or red spots (or vice versa). The
G. lineatum-like longitudinal striation is relatively common in pentatomoids (Tietz and Zrzav$,

1996), but their stripes have usually much less contrasting, presumably cryptic colours

Fig. 1. The shieldbug (Graphosoma lineatum).
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(mostly brownish and yellowish). The combination of longitudinal striation with contrast-
ing colouration is an evident evolutionary novelty of G. lineatum and a few closely related
species, which suggests that G. lineatum is a suitable model species for studies of the evolution
of warning colouration (Zrzav$, 1994). However, the functional aposematism of G. lineatum
is not evident, although Schlee (1986) showed that G. lineatum is attacked less frequently than
other hemipteran species. The possible warning pattern in G. lineatum is limited to adult
bugs, since the enlarged longitudinally striated shield (mesoscutellum), covering the whole
abdomen dorsally, is not present in the juvenile stages. Only the longitudinal striation on the
head and pronotum (a trapezoid shield just behind the head) is sequentially developed in the
juvenile stages (Tietz and Zrzav$, 1996). The juveniles are yellowish to brownish and hence not
aposematic. This ontogenetic change in the colouration display is interesting for an under-
standing of possible shieldbug aposematism, because shieldbugs are hemimetabolous
insects with juveniles morphologically and ecologically similar to the adults (they live on the
same plants, later juvenile and adult instars are of comparable sizes and shapes). As there is
no sexual dichroism in G. lineatum, infraspecific colour signalling is unlikely.

Naturally, the striped pattern of G. lineatum could have a different anti-predatory
function. Stripes are often used by animals to disrupt their body outline or to mask vulner-
able or important parts of their bodies (e.g. eyes). The shieldbugs feed on umbelliferous
plants (Apiaceae) (Popov, 1971), whose inflorescences (umbels) consist of numerous short twigs
with very small white flowers. Against the background of brown or brown-red dried umbel
twigs, the colouration of the adult shieldbug could be rather cryptic (breaking up the
outline of its body), just like the colouration of juveniles. As most European pentatomoids
(including G. lineatum) hibernate as adults, they are often encountered on dried and rotten
plant remains. The ̀aposematic' red-black shieldbugs are indeed surprisingly difficult to find
in nature unless they are sitting on a spread of white umbels (Musolin and Saulich, 1995).

In the present study, we examined the warning function of shieldbug colouration experi-
mentally, using two species of wild-caught passerine predators. We examined whether
the colouration of a shieldbug presented on a white background acts as a warning signal,
by comparing the attack rates against wild-coloured and artificially ̀non-aposematic'
(brown-painted) shieldbugs (for methodological details, see Exnerov% et al., 2003a, 2006). Furthermore,
we examined whether the colouration of a shieldbug presented on variously patterned
backgrounds still acts as a warning, by comparing the attack rates against the wild-coloured
form presented on white and patterned backgrounds. In each experiment, several trials were
performed with several shieldbugs, thus simulating the gregarious habit of the species.
Instead of presenting a group of shieldbugs to an individual predator, we presented them
sequentially to simulate natural circumstances more closely. In addition, the sequential
design of the experiments had the aims of minimizing a predator's neophobia and
determining the stability of a bird's foraging motivation.

MATERIALS AND METHODS

Experimental prey

The experimental shieldbug individuals were collected around CÏ esk" BudeÏjovice (South
Bohemia, Czech Republic) during spring 2002 and 2003. Groups of about 50 individuals
were kept in the laboratory in transparent plastic boxes (16́13 ´ 7 cm). Dry seeds of
carrot (Daucus carota sativa), cow parsley (Anthriscus sylvestris), and wild angelica
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(Angelica sylvestris) together with water were supplied ad libitum. The insects were reared at
258C and in long-day (18 h light, 6 h dark) conditions.

We eliminated the aposematic colouration of bugs using brown watercolour (burned
sienna) spread all over its dorsal side (pronotum and mesoscutellum). The dye is odourless
and non-toxic and the treatment did not affect the locomotion or secretion of the bugs
(see Exnerov# et al. 2003a, 2006).

Experimental predators

Adult birds of two tit species (blue tit Parus caeruleus L. and great tit Parus major L), caught
with mist nets in the vicinity of CÏ esk" BudeÏ jovice, were used as experimental predators.
Captures were conducted from 2002 to 2003 except in the breeding seasons (May to July).
We have licenses to catch and ring birds (Bird Ringing Centre Praha #975 and #1004) and
conduct experiments with animals (Czech Animal Welfare Commission #489/01). Birds
were kept in standard bird cages at a lowered indoor temperature and under outdoor
photoperiod conditions. Birds were acclimated to the laboratory conditions and food
(sunflower seeds and mealworms) for 1±3 days before the experiments. They were ringed
and released immediately after the end of the trials.

Experimental apparatus

The experimental cages were made from wooden frames (0.7´ 0.7 ´ 0.7 m) covered with
wire mesh (2 mm2) with the front wall incorporating a one-way mirror (for details, see Exnerov#

et al., 2003a). The cages were equipped with one perch, a bowl with water, and a rotating circular
feeding tray, containing six small cups (a single cup contained a prey item during a trial). The
distance between the perch and the tray was approximately 25 cm. The colour of the bottom
of the cups was either white or patterned. The UMBEL patterned background was a brown
(burned sienna) pattern consisting of crossed lines in the shape of a schematized umbel seen
from above (Fig. 2). The STRIPES patterned background consisted of a shieldbug-like
pattern (Fig. 3), the colouration and size of which were obtained by scanning the shieldbug.
Standard illumination was generated by a light source (Lumilux Combi 18 W, Osram) that
simulates the full daylight spectrum.

Trials

The 40 blue tits were divided into two groups of 20 individuals. The first group was offered
the wild-coloured form of the shieldbug, the second group the brown one, in both cases on
the white background. The 80 great tits were divided into four groups of 20 individuals. As
with the blue tits, the first group was offered the wild-coloured shieldbugs, the second group
the brown ones, in both cases on the white background. The third and fourth groups,
however, were offered the wild-coloured shieldbugs presented on two different backgrounds
(UMBEL and STRIPES, see above). To avoid pseudoreplication, each individual bird was
used for a single series of trials only.

Each bird was placed into the experimental cage before the experiment to allow it to
adapt to the new conditions, and was provided with food (mealworms) and water. The bird
was deprived of food for 1.5±2.5 h before the experiment. The bird was assumed to be ready
for the experiment as soon as it attacked the mealworm immediately after being offered it.
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Each experiment with an individual bird consisted of a series of 10 successive trials, in
which five mealworms and five test bugs were offered alternately, starting with a mealworm.
Repetition of several trials within a single experiment was used to eliminate the effects of
individual differences in predators' neophobia. The trials with mealworms were used to
check a bird's motivation to forage, and they ended after the mealworm had been eaten. The
trials with shieldbugs always lasted 5 min.

A continuous description of a bird's behaviour was recorded in the program Observer
version 3 (1989±1992, "Noldus). We distinguished three possible results of each trial: (1)
the bug was neither handled nor killed during the 5-min trial; (2) the bug was handled
(touched, pecked or taken by the bird's bill) but not killed; or (3) the bug was killed.

Fig. 2. The UMBEL background.

Fig. 3. The STRIPES background.
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Statistical analysis

We used two sets of data for the statistical analyses (all tests were performed in Statistica
5.5, 1984±1999, " StatSoft, Inc.):

1. The numbers of birds in each experimental group that handled/killed at least one of the
five bugs offered to it. Fisher's exact test was used for this analysis.

2. The numbers of bugs handled/killed by individual birds in each experimental group. The
distribution of these data was not different from a Poisson distribution (Kolmogorov-
Smirnov test, P > 0.05). They were normalized using square root transformation. An
analysis of variance (F-test) with post hoc comparison among particular groups (Tukey
HSD test) was used to analyse these data.

RESULTS

Wild-coloured (`aposematic') vs. brown-painted (`non-aposematic') form of the
shieldbug on a white background (great tits and blue tits as predators)

The great tits tended to avoid the wild-coloured form of the shieldbug slightly more than the
brown-painted one; however, the difference was not significant. There was a trend for hand-
ling (P = 0.111) and killing (P = 0.092) to occur more readily if brown-painted shieldbugs
were offered (Tables 1, 3). In contrast, the numbers of wild-coloured and brown-painted
shieldbugs that were handled/killed by a single bird during the series of trials differed
significantly (Fig. 4; Tables 2, 3). Even the birds that were ready to handle a red-black
shieldbug usually did not re-attack (on average, they handled 1.33 of 5 shieldbugs). The
attacks on the brown-painted shieldbugs were repeated more frequently (on average, the
birds handled 2.69 of 5 shieldbugs). The blue tits did not distinguish the two colour forms
of the shieldbugs and avoided both (the wild form strictly so; see Tables 1, 2).

Wild-coloured (`aposematic') shieldbug on patterned
vs. white backgrounds (great tits as predators)

Great tits handled and killed wild-coloured shieldbugs on both patterned backgrounds
slightly more willingly than the same shieldbugs on a white background, but the differences
were not significant (Fig. 4; Tables 1, 2, 3).

DISCUSSION

The anti-predatory function of the red and black colouration of various bugs (Lygaeidae,
Rhopalidae, Pyrrhocoridae) has been proved experimentally (Gamberale-Stille and Sill"n-Tullberg,

1999; Aliabadi et al., 2002; Exnerov# et al., 2003a, 2006). However, the ecological function of the con-
spicuous longitudinal pattern has rarely been analysed, in contrast to transversally striped
prey (J$rvi et al., 1981; Evans and Waldbauer, 1982; Wiklund and J$rvi, 1982; Howarth and Edmunds, 2000; Kauppinen

and Mappes, 2003). Schlee (1986) offered blackbirds (Turdus merula) adult shieldbugs that were
reared in captivity as well as wild-caught ones, and showed that G. lineatum is attacked less
frequently than three non-aposematic pentatomoid species. However, this approach was
unable to separate effects of colouration per se from other biological characteristics
of the species in question (e.g. body size and shape, amount and composition of the
defensive gland secretions, behaviour).
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Fig. 4. Numbers of bugs handled by individual great tits (Parus major). Each point is an individual
bird.

Table 1. Reaction of the great tit (Parus major) and the blue tit (Parus caeruleus) to different forms of
the shieldbug (Graphosoma lineatum)

Tit species
Shieldbug

colour Background

Numbers of
birds that

handled at least
one shieldbug

Numbers of
birds that killed

at least one
shieldbug

Parus major (n = 20) wild white 6 1
Parus major (n = 20) brown painted white 12 6
Parus major (n = 20) wild UMBEL 8 4
Parus major (n = 20) wild STRIPES 8 4
Parus caeruleus (n = 20) wild white 1 0
Parus caeruleus (n = 20) brown painted white 3 1

Table 2. Median, mean, minimum, and maximum numbers of shieldbugs handled and killed by
individual birds (Parus major and Parus caeruleus)

Handled Killed
Shieldbug 

Tit species colour Background min±max median mean* min±max median mean*

Parus major
(n = 20)

wild white 0±2 0 1.33 0±1 0 1.0

Parus major
(n = 20)

brown white 0±5 1 2.69 0±5 0 3.71

Parus major
(n = 20)

wild UMBEL 0 ±2 0 1.5 0±2 0 1.5

Parus major
(n = 20)

wild STRIPES 0±5 0 2.5 0±4 0 3.25

Parus caeruleus
(n = 20)

wild white 0±1 0 1.0 0±0 0 0

Parus caeruleus
(n = 20)

brown white 0±2 0 1.67 0±1 0 1.0

* The mean was computed only from data for birds that handled or killed shieldbugs.
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Although there is no significant difference in the great tits' readiness to attack any colour
form of a shieldbug, the birds usually do not repeat their attacks on the aposematic wild-
coloured shieldbugs. The great tits seem to have to learn that this species is unsuitable as a
prey, and they are able to learn it more accurately if the negative stimulus is associated with
conspicuous colouration. We used wild-caught birds of unknown individual histories, but
they were most probably not familiar with G. lineatum in the field, as great tits do not forage
frequently in the shieldbugs' microhabitat (Harrap and Quinn, 1996). Exnerov# et al. (2003a) studied
the reaction of several passerine species (including the blue and great tits) to another
aposematic bug, the red firebug (Pyrrhocoris apterus L.), using the same experimental
equipment and ̀artificially non-aposematic' insects as in the present paper. Both great and
blue tits were shown to reject the wild-coloured form of the firebug. This is in line with
the reaction of the blue tits to shieldbugs, but the great tits were more ready to attack wild-
coloured shieldbugs (30% of tested birds) than wild-coloured firebugs (16% of tested birds).
In contrast, the mean numbers of the insects handled by an individual bird in our single
trial series was 1.33 for shieldbugs versus 1.80 for firebugs in the experiments of Exnerov#
et al. (2003a). These results might suggest that shieldbug colouration is ecologically
important, especially in cases of the repeated encounter of an individual predator with
G. lineatum (see Sill"n-Tullberg and Leimar, 1988). Hence, the gregarious habit could be beneficial
for the aposematic insect.

The profound difference between the two tested species of tits is quite surprising,
although Exnerov# et al. (2003a) also showed that blue tits were more careful than great tits
(especially to the brown painted form). In our experiments, the blue tits did not handle
shieldbugs at all, regardless of their colour form. The shieldbug-like insects (body size,
solidity) are probably more suitable for more robust predators, as are the great tits. However,
in the parallel study on two juvenile and adult instars of Pyrrhocoris apterus, the predator/
prey body size ratio does not explain the different behaviour of blue and great tits to
the firebug developmental stages (M. Prokopov #, R. Fuchs and J. Zrzav$, in preparation). Another possible
explanation is the different foraging ecology and behaviour of both species. The great
tits seem to be more experimental predators, while the blue tits show a higher degree of

Table 3. Results of statistical analyses for Parus major

Test result (P-value)

Comparison Data type Handling Killing

WT on Wh vs. B on Wh 1 0.111 0.092
2 <<0.05 <<0.05

WT on U vs. WT on Wh 1 0.741 1.0
2 0.945 0.990

WT on S vs. WT on Wh 1 0.507 0.152
2 0.606 0.407

Note: Multiple comparisons in ANOVA: handling, F76,80 = 3.22, P = 0.027;
killing, F76,80 = 3.51, P = 0.02.
Abbreviations: WT, wild-type bug; B, brown-painted bug; Wh, white back-
ground; U, UMBEL background; S, STRIPES background.
Data type: 1, Number of birds that handled/killed at least one bug offered to
them (Fisher exact test). 2, Number of bugs handled/killed by individual birds
(Tukey HSD test of ANOVA).
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neophobia. Neophobia was shown to be an important factor in the reaction of bird
predators to aposematic prey (for details, see Marples and Kelly, 1999).

Presenting shieldbugs on variously patterned backgrounds appears to slightly decrease
the strength of the aposematic signal, although not significantly so. The behaviour of a
predator towards aposematic and non-aposematic prey on contrasting and matching back-
grounds was examined by Sill"n-Tullberg (1985). She examined the reactions of naive zebra
finches (Poephilla guttata) to wild-type red individuals and grey mutants of Lygaeus
equestris (Heteroptera: Lygaeidae) on red and grey backgrounds and showed that the
warning signal of the red form was not weakened on the matching background.

Although the morphology and chemical defence of the pentatomoids do not prevent
attacks by birds in general [17 pentatomoid species were present in the diet of 14 Central
European bird species (Exnerov# et al., 2003b)], G. lineatum has never been found in the birds'
diet (Creutz 1953; Exnerov# et al., 2003b). The aposematism of G. lineatum appears to be sup-
ported by a combination of conspicuous colouration, defensive chemicals, gregarious habit,
living and feeding on the upper parts of herbs (where they are visible to possible avian
predators), and their absence in the bird diet. Nonetheless, the warning signal of the shield-
bug colouration does not work unequivocally. It does not prevent the attack but, after
handling the first prey item, the bird learns its unpalatability and does not repeat its attack.
Moreover, it is possible that the shieldbug colouration, when presented on patterned
backgrounds, loses its warning power and becomes more or less disruptive. The effect of
the aposematic signalling of G. lineatum may thus be context-dependent and function in
accordance with other defensive devices.
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Most ladybirds (Coleoptera: Coccinellidae) possess chemical protection against predators and signal its presence by
less or more conspicuous coloration, which can be considered as a warning. Most ladybirds possess a dotted pattern,
althougn the number, shape, and size of the spots, as well as their colour, varies considerably. Almost all ladybirds
have a characteristic general appearance (body shape). We considered these traits to be used in ladybird recognition
by avian predators. In the present study, we compared the reactions of avian predators ( Parus major ) caught in
the wild, to four differently coloured ladybird beetles ( Coccinella septempunctata , Exochomus quadripustulatus ,
Subcoccinella vigintiquatuorpunctata , and Cynegetis impunctata ) and two arti®cial modi®cations of C. septem-
punctata ; the ®rst was deprived of their elytral spotted pattern by painting it brown, the other had their elytra
removed (i.e. altering their general ladybird appearance). Ladybirds with a spotted pattern were attacked less
frequently than unspotted ones. Ladybirds with removed elytra were attacked much more often than any ladybird
with a preserved general appearance. The results obtained in the present study suggest the high importance of the
spotted pattern as well as general appearance in the ladybird recognition process. Additional experiments with
na#ve birds (hand-reared P. major ) demonstrated the innateness of the aversion to two differently spotted ladybird
species (C. septempunctata and Scymnus frontalis ). $ 2009 The Linnean Society of London, Biological Journal of
the Linnean Society , 2009, 98, 234±242.

ADDITIONAL KEYWORDS: body shape ± chemical signal ± prey recognition ± warning coloration.

INTRODUCTION

Warning coloration has been considered as a very
important antipredatory signal subsequent to early
studies dealing with aposematic animals (Kom%rek,
2003). This signal is addressed to optically orienting
predators (Edmunds, 1974). In the case of terrestrial
invertebrate prey, birds are the most common visual
predators (Smith, 1980; Evans & Schmidt, 1990;
Schuler & Roper, 1992; Roper & Marples, 1997;
Exnerov%et al. , 2006). The most common colours used
by insects to discourage predators from attacking
them are bright red, orange, and yellow (Cott, 1940).
These colours are distinctive so that predators quickly
determine the connection between coloration and the

toxicity of the prey (Coppinger, 1969; Gittleman,
Harvey & Greenwood, 1980; Harvey & Paxton, 1981;
Guilford, 1986). Nonetheless, other colours, such as
white, may be utilized as antipredatory signals (Lyyt-
inen et al. , 1999). The importance of colour per se has
been demonstrated several times using optically ori-
enting predators (Sill'n-Tullberg, 1985; Marples, van
Veelen & Brake®eld, 1994; Ham et al. , 2006).

Colour is not the only aspect of optical warning
signals. Bright colours usually form contrasting pat-
terns (often in combination with black or white),
which should enhance the warning signal (Endler,
1978). The importance of patterns has been experi-
mentally demonstrated using avian predators
(Schuler & Hesse, 1985; Osorio, Miklosi & Gonda,
1999; Endler & Mielke, 2005). Particular parameters
of colour pattern, such as symmetry and size, have*Corresponding author. E-mail: petr-vesely@seznam.cz
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been proposed to be of signi®cance (Forsman &
Merilaita, 1999, 2003; Forsman & Herrstr+m, 2004;
Cuthill et al. , 2006). Some studies revealed the possi-
bility that even dull colours may provide a warning
signal. For example, Wuster et al. (2004) and Nis-
kanen & Mappes (2005) demonstrated that the
brownish colour in vipers was sensed as a warning
when forming a zig-zag pattern.

There are additional optical signals possessed by an
insect that may be used by predators to evaluate how
dangerous they are. These traits, such as body shape,
body posture, and shape of legs and antennae, are
often neglected in studies testing optical antipreda-
tory signals. Nonetheless, there are several studies
showing the antipredatory importance of these traits
in ants (Ito et al. , 2004; Nelson et al. , 2006) and other
hymenopterans (Kauppinen & Mappes, 2003).

The ladybird beetle (Coleoptera: Coccinellidae) is
another example of an animal with a characteristic
general appearance, and this may be important in
their recognition and warning signalization. The
ladybirds comprise a high portion of conspicuously
coloured species (Majerus, 1994). There is amazing
variability in the colour patterning of ladybirds, but
the antipredatory efficiency of many of them has
never been tested. However, it is believed that the
colour patterning is used for signalling unpalatability
to predators (Majerus, 1994). The coloration can
range from a reddish or yellowish background with
dark spots ( Adalia , Coccinella , Hippodamia and
many others) to black with light (red, yellow) spots
(Adalia , Scymnus, Exochomus) or brown with light
spots (Adalia , Calvia ). Moreover, there are several
inconspicuous species with fragmented brownish pat-
terns ( Aphidecta , Rhizobius , Subcoccinella , Harmonia
quadripunctata ) that can be considered as a warning,
as well as cryptic, according to background circum-
stances (Majerus, 1994). Another trait that affects the
conspicuousness of ladybirds is the type of surface on
the elytra and pronotum, which can be smooth and
shiny, or covered in hairs, resulting in a matt appear-
ance. Colour variability is quite broad not only among
members of the Coccinellidae, but also within particu-
lar species, where several colour forms coexist (e.g.
Adalia bipunctata : Holloway et al. , 1995; A. bipunc-
tata and Adalia decempunctata : HoneÏk, Mart/nkov%
& Pekar, 2005, Harmonia axyridis : Kholin, 1990). The
majority of ladybird species possess any type of
spotted pattern, but the number and size of spots
varies markedly (Majerus, 1994). Only a small pro-
portion of ladybirds have plain coloration (unspotted
reddish: Coccidula rufa ; brownish: Cynegetis).

Despite the broad range of colours and patterns
present in ladybirds, the shape of the body is very
uniform within this family. Ladybirds have a quite
distinct body contour, which is caused mainly by the

shape of the elytra (quite broad and convex) and
broad pronotum. There are few other beetles in
Europe with a similar body shape.

Ladybirds possess chemical protection against
predators. In most ladybird species, noxious and often
poisonous chemical substances have been found and
isolated in their haemolymph; the most common com-
prising alkaloids, polyazamacrolides, and polyamines
(Laurent, Braekman & Daloze, 2005). Moreover,
pyrazines, which are chemicals known to provide
long-distance (i.e. perceived by smell, not by taste)
antipredatory protection (Guilford et al. , 1987), were
found in ladybird haemolymph (Rothschild & Moore
1987). When sensing danger, ladybirds emit poison-
ous and odious droplets (re¯ex bleeding). It has been
demonstrated that chemical signals of ladybirds can
prevent attacks by olfactory orienting predators such
as ants (Sloggett, Wood & Majerus, 1998; Pasteels,
2007), spiders (Camarano, Gonzalez & Rossini, 2006),
true bugs (HoughGoldstein, Cox & Armstrong, 1996),
lacewings (Lucas, 2005), and other ladybirds (Agar-
wala & Dixon, 1992). The presence of toxic chemicals
in ladybirds also represents a potential danger for
optically orienting predators such as birds. Marples
(1993) and Marples, Brake®eld & Cowie (1989) dem-
onstrated that some ladybird species are strongly
toxic for birds (e.g. blue tits). Therefore, it is essen-
tial for at least some birds to recognize ladybirds
precisely.

The optical signals of ladybirds vary markedly,
however traits used in the recognition of dangerous
prey should (i.e. based on aposematism theory) be as
comprehensible as possible and thus uniform (Guil-
ford, 1990). If the predator was to have to learn every
particular form of ladybird, there would be extreme
demands for predator memory and cognition (Speed,
2001). Furthermore, the presence of antipredatory
chemicals is not correlated with the presence of
warning coloration (Majerus, 1994). Therefore, it may
be dangerous to use a particular colour combination
in ladybird recognition. The general appearance
(especially the shape of the body) or presence of any
spotted pattern appears to be a more credible param-
eter for the optical recognition of ladybirds.

In the present study, we attempted to reveal the
importance of particular components in the optical
warning signal of ladybirds for recognition by a model
bird predator. We tested the signal efficiency of
several ladybird species (and their arti®cial modi®ca-
tions) using adult (caught in the wild) and hand-
reared great tits ( Parus major ) as predators.

In the ®rst experiment, we compared the response
of adult tits to four ladybird species: two presumed to
possess warning colour signals together with a shiny
surface (Coccinella septempunctata : red with black
spots; Exochomus quadripustulatus : black with red
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spots), one species with fragmenting, less conspicuous
coloration ( Subcoccinella vigintiquatuorpunctata :
reddish±brown background with many dark spots and
matt surface) and one species with light brown spot-
less and matt coloration ( Cynegetis impunctata ).

In the second experiment, we compared the
responses of adult tits with three varieties of C.
septempunctata : unmodi®ed, brown painted (warning
coloration together with spotted pattern and shining
surface removed) and with elytra removed (general
`ladybird< appearance altered). Additionally, we tested
the innateness of the aversion to ladybirds in hand-
reared great tits. We compared their response to two
ladybird species possessing differently conspicuous
coloration: C. septempunctata (red with black spots
and shiny surface) and Scymnus frontalis (black with
red spots and matt surface).

MATERIAL AND METHODS

PREDATORS

The great tit ( P. major , Linnaeus, 1758) is an insec-
tivorous bird, 14±15 cm long, mass 14±23 g, occurring
throughout Europe and much of Asia. It is commonly
used for testing the efficiency of antipredatory signals
(Lindstr+m, 1999). Its ability to recognize aposematic
prey according to colour signals has been shown in
several studies performed with invertebrate prey
(Sill'n-Tullberg, Wiklund, J=rvi 1982; Lyytinen et al. ,
1999; Exnerov% et al. , 2003, 2006; Hagen, Leinaas &
Lampe, 2003). Moreover, it has been demonstrated
that great tits are able to learn the connection
between unpalatability and warning signals in the
red ®rebug (Pyrrhocoris apterus ; Exnerov% et al. ,
2007). Furthermore, Marples et al. (1989) showed
that some ladybird species are highly toxic to their
relatives blue tits. Therefore, we may presume that
recognizing ladybirds is essential for great tits, which
can be considered as potential ladybird predators
(Cramp & Perrins, 1993).

Adult experimental individuals were caught with
mist nets in South Bohemia, Czech Republic, during
the nonbreeding period in 2004±2006. Birds were
kept in standard birdcages (50 ¥ 30 ¥ 30 cm) at
lowered indoor temperature and under an outdoor
photoperiod. Birds were acclimated to the laboratory
conditions for 1±2 days prior to experiments. Sun-
¯ower seeds and mealworms (larvae of Tenebrio
molitor ) were provided during this acclimation. To
avoid pseudo-replication, each individual was used for
a single series of trials. The birds were ringed and
released immediately after the experiment.

Na#ve predators were obtained from nest boxes in
the same forest where the adults were caught. They
were taken from the boxes (four individuals from each

nest; only from broods containing at least eight
chicks) at the age of 12±14 days (approximately 2
days before leaving the nest). Birds were kept in
standard bird cages in groups according to kinship. A
curd cheese mash (curd cheese, grated carrot, grated
boiled eggs, vitamins, and crushed egg shells), com-
mercial feeding for insectivorous birds, and meal-
worms were provided as diet. When birds were able to
ingest prey by themselves (approximately 4 weeks
after hatching), training in experimental cages
started. When a bird responded to offered prey
(mealworm) in the cage appropriately (i.e. attacked
immediately after offering), experiments were
started. After the series of experiments, birds were
trained to forage (by presenting various live prey) and
¯y in an aviary (4 ¥ 4 ¥ 4 m) and, when found ready,
were released.

PREY SPECIES

Five species of ladybirds were used as potential avian
prey for the experiments (Fig. 1): C. septempunctata
(Linnaeus, 1758), E. quadripustulatus (Linnaeus,
1758), S. vigintiquatuorpunctata (Linnaeus, 1758), C.
impunctata (Linnaeus, 1767), and S. frontalis (Fabri-
cius, 1787). Adult ladybirds were collected during the
autumn months, and were in the stage of reproduc-
tive diapause. All ladybirds were stored at 10±15 >C
for several months before the experiments. Only
water in cellulose cotton was provided.

The seven spot ladybird, C. septempunctata , is a
large species (6±8 mm long), and its coloration con-
sists of a shiny red background of the elytra, with
small black spots, and a black and white pronotum
and head. It contains the alkaloids coccinelline
(Tursch et al. , 1971) and precoccinelline (Karlsson &
Losman, 1972). The pine ladybird, E. quadripustula-
tus, is medium sized (3±5 mm) and shiny black with
four red spots. It contains exochomine, a dimeric
alkaloid (Timmermans et al. , 1992). The 24-spot
(or alfalfa) ladybird, S. vigintiquatuorpunctata , is
medium sized (3±4 mm) and brownish-red, with many
small dark markings. This species is somewhat vari-
able in the number and size of spots and possesses
grey hairs on the upper surface, giving the beetle
a matt appearance. Its alkaloid, Na-quinaldyl- L-
arginine´HCl, has a unique molecular structure
among ladybird alkaloids (Wang et al. , 1996). The
grass ladybird, C. impunctata , is medium sized
(3±4 mm), pale brown, and is generally found in
central Europe, usually without black markings. The
upper surface is hairy with a matt appearance.
Unlike the other four species, it appears cryptic
rather than conspicuous. Scymnus frontalis is small
(3 mm) and black, with four large reddish±brown
spots on the elytra. The upper surface is hairy with a
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matt appearance. The identities of defensive chemi-
cals for the latter two species are unknown.

Two arti®cial non-aposematic modi®cations were
made from the seven spot ladybirds (Fig. 1E, F): (1)
by painting the upper surface with brown tempera
colour, which is matt, nontoxic, non-odious (Exnerov%

et al. , 2003), and causing no obstacle to motion for the
beetles; (2) by excision of the elytra by scalpel; the
ladybirds would then immediately extend the lower
membranous wings, thus the entire ladybird ap-
pearance (shape, etc.) was altered, together with
coloration and pattern (Fig. 1E). During these modi-
®cations, each ladybird was held on a piece of cellu-
lose cotton that absorbed the released haemolymph
droplets with protective compounds. At least 1 h
elapsed before experimentation with the bird preda-
tor to allow volatile protective compounds to disap-
pear from surface of the beetle, and to allow the
ladybird to replenish volatiles in its haemolymph.

EXPERIMENTAL EQUIPMENT

Experiments were performed in cubic cages
(71 ¥ 71 ¥ 71 cm). All walls except one were covered
with a wire mesh (2 mm). The front wall consisted of
a one-way mirror. The cage included a perch, a bowl
with water, and a revolving circular feeding tray
containing six cups. The bottom of each cup (diameter
5.5 cm, depth 1.5 cm) was white. Each of the cups
contained a single prey item during a trial. The
distance between the perch and the tray was approxi-
mately 25 cm. Illumination was generated by a day-
light spectrum ¯uorescent tube (LUMILUX COMBI
18 W; Osram).

TRIALS

Collectively, 120 great tits were used as predators.
Adult experimental birds were divided into six groups
of 15 individuals. Four groups were presented with
particular unmodi®ed species of ladybirds ( C. septem-
punctata , E. quadripustulatus , S. vigintiquatuorpunc-
tata , and C. impunctata ); two groups were presented
with modi®ed C. septempunctata (brown-painted and
elytra-cut). Hand-reared birds were divided into two
groups of 15 individuals: one group was offered C.
septempunctata and the other S. frontalis .

Figure 1. Experimental ladybird species. A, Cynegetis
impunctata (photo Stanislav KrejcÏ/k, meloidae.com); B,
Subcoccinella vigintiquatuorpunctata (photo Malcolm
Storey, http:??www.bioimages.org.uk); C, Exochomus
quadripustulatus (photo Stanislav KrejcÏ/k, http:??
meloidae.com); D, Coccinella septempunctata õ unmodi®ed
(photo Stanislav KrejcÏ/k, http:??meloidae.com); E, Coc-
cinella septempunctata with removed elytra (photo OldrÏich
NedveÏd); F, Coccinella septempunctata brown-painted
(photo OldrÏich NedveÏd); G, Scymnus frontalis (photo K. V.
Makarov, http:??www.zin.ru). Species are not depicted to
scale.
b
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Two hours before the start of an experiment, a bird
was placed into the experimental cage, with access to
water but no food. Previous experiments showed that
2 h is sufficient to evoke food-searching but not stress.
Each bird was assumed to be ready for the experi-
ment when it attacked a mealworm in the feeding
tray immediately after it was offered. Each experi-
ment with an individual bird consisted of a series of
ten trials. Control prey (mealworm) was offered alter-
nately with experimental prey (any form of ladybird),
and this was repeated ®ve times (sequence meal-
worm, ladybird, mealworm, ladybird, etc.). The rep-
etition of ®ve successive presentations was used to
reveal a possible effect of neophobia, which was
previously demonstrated to be a short-term event
(Marples & Kelly, 1999). The control prey was used to
check the bird<s motivation to feed, and the trial
ended after the prey had been eaten. Each trial with
experimental prey lasted 5 min. There were three
possible results for a particular trial: the bird
attacked and killed the offered prey; the bird attacked
(handled by bill) offered prey, but the prey managed
to survive; or the bird did not attack the prey. Rep-
etition of attacks occurred only sporadically: 15 birds
out of 120 attacked the prey twice (when confronted
with brown painted or elytra-cut modi®cations of
C. septempunctata ) and two birds attacked the prey
three times (with elytra-cut C. septempunctata ).
Therefore, all the results obtained were summarized
for every particular bird and data were used in sta-
tistical comparisons in a binomial distribution: 1 = a
certain activity was observed during at least one of
the ®ve experimental prey trials; 0 = the activity was
not registered during any of the ®ve trials with a
particular bird.

STATISTICAL ANALYSIS

The binomial data were compared using generalized
linear models (binomial distribution, logit link func-
tion, analysis of variance (ANOVA), and the F-test
were used as the test criteria) with post-hoc Tukey<s
honestly signi®cant difference (HSD) tests. Fisher<s
exact test was used in pairwise comparisons. The
probability level showed clear signi®cance without
the need for Bonferroni adjustment. All tests were
performed in STATISTICA, version 6 (StatSoft, Inc.).

RESULTS

K ILLING OF PREY

All mealworms offered in the trials were eaten
(killed). In none of the total 600 trials (120 series,
each of ®ve offers) did we record any killing of any
offered ladybird; each ladybird survived 5 min of the

trial duration. Thus, the strongest reaction of the
experimental birds comprised the attack.

COMPARISON OF FOUR LADYBIRD SPECIES

There was a signi®cant difference in bird reaction
towards the four tested ladybird species (ANOVA:
F60,57 = 5.197; P = 0.003; Fig. 2). The number of birds
attacking the brown coloured C. impunctata was
higher (post-hoc Tukey<s HSD test, P = 0.002) com-
pared to those attacking the other three ladybirds.

COMPARISON OF MODIFIED COCCINELLA

SEPTEMPUNCTATA

There was a signi®cant difference in bird reaction
towards the three variations of C. septempunctata
(ANOVA: F45,42 = 9.172; P < 0.001; Fig. 3). The birds
attacked naturally-coloured as well as brown-painted
beetles less often than elytra-cut ones (post-hoc
Tukey<s HSD test; naturally-coloured, P < 0.001;
brown-painted, P = 0.014). The reaction to naturally-
coloured ladybirds did not differ from the reaction to
brown-painted ones ( P = 0.096).

COMPARISON OF ADULT AND NAZVE PREDATORS

Both tested ladybird species ( C. septempunctata and
S. frontalis ) were attacked by the same proportion of
birds (Fig. 4). Na#ve birds attacked naturally-coloured
C. septempunctata more often than adult birds
(Fisher<s exact test, P = 0.021; Fig. 4).

DISCUSSION

K ILLING THE LADYBIRDS

Although every tested ladybird species or arti®cial
modi®cation was at least sporadically attacked, none

Figure 2. Numbers of great tits attacking particular
ladybird species. A, Cynegetis impunctata ; B, Subcoc-
cinella vigintiquatuorpunctata ; C, Exochomus quadripus-
tulatus ; D, Coccinella septempunctata . The line indicates a
signi®cant difference.
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were killed regardless of their optical warning
signals. The ladybirds thus appear to be highly pro-
tected against the great tit, that should not be
regarded for other warningly coloured prey. Similar
experiments (Sill'n-Tullberg et al. , 1982; Exnerov%
et al. , 2003; Vesel[ et al. , 2006) with this predator
species showed that they are willing to kill and even
eat several species of true bugs (Heteroptera) when
their optical protection is weakened.

We assume that attacking birds were discouraged
from continuing the attack by a chemical signal (i.e.
sensed by smell or taste) when attacked ladybirds
actively released their haemolymph, containing repel-
ling substances (i.e. re¯ex blood). Thus, we assume
that the chemical protection of tested ladybirds works

very well not only against insect predators (see
Introduction), but also against great tit. The strong
efficiency of this protection is not weakened by differ-
ences in chemical composition among tested species
(i.e. containing various alkaloids and other defensive
chemicals; see Material and methods).

However, the results obtained from experiments
with the great tits cannot be generalized to all avian
predators. Japanese quails in experiments of Marples
et al. (1994) killed and ate mealworm beetles tainted
by ladybird toxicity. Moreover, other quails fed
directly with ladybirds did not show any discomfort.
By contrast, strong toxicity of some species of lady-
birds for blue tits was demonstrated (Marples et al. ,
1989; Marples, 1993). We used two ladybird species in
these studies. The seven spot ladybird ( C. septem-
punctata ) was shown to be highly toxic for young blue
tits (Marples et al. , 1989) and the pine ladybird
(E. quadripustulatus ) caused serious discomfort and
inhibited the growth of tit chicks slightly (Marples,
1993). These blue tits were offered pellets made of
smashed ladybird bodies. They were willing to eat
pellets containing extracts of most of the tested lady-
bird species, including those causing them subse-
quent digest problems, such that they were not
repelled by the content of alkaloids (which are possi-
bly not detectable by smell or taste). The results
obtained in the present study suggest that living
ladybirds possess additional protective substances
causing the noxiousness. Rothschild & Moore (1987)
revealed the presence of pyrazines in ladybirds<
hemolymph. These chemicals were shown to provide
chemical protection for several insect species (Guil-
ford et al. , 1987) and are quite volatile, and thus may
provide olfactory protection.

ATTACKING THE LADYBIRDS

Although no bird was found to kill any ladybird, the
portion of attacking birds differed among tested lady-
bird forms. We may assume that this is caused by the
differently effective optical protection of ladybirds. In
experiments with adult birds confronted by four lady-
bird species, the spotless and brownish coloured C.
impunctata was attacked more often than other
species. All spotted ladybirds were protected very
well; even the brownish and dark spotted S. viginti-
quatuorpunctata . If great tits would recognize par-
ticular ladybird species, we must presume that all
three tested spotted species represent equal danger
for them, and are more dangerous than the brown,
spotless Cynegetis at the same time. This is in con-
trast with equally effective chemical protection of all
four species (none was killed). Similarly, Marples
(1993) and Marples et al. (1989) demonstrated the
differing chemical impact of the seven spot ladybird

Figure 3. Numbers of great tits attacking particular
modi®cations of Coccinella septempunctata . D, unmodi®ed;
E, with removed elytra; F, brown-painted. The line indi-
cates a signi®cant difference.

Figure 4. Numbers of adult and hand-reared great tits
attacking particular ladybird prey. D, adults versus
Coccinella septempunctata ; G, hand-reared versus
Scymnus frontalis ; I, hand-reared versus C. septempunc-
tata . The line indicates a signi®cant difference.
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and the pine ladybird on blue tits. An a lternative
explanation suggests that great tits avoid all spotted
species, regardless of their coloration, whereas the
spotless ladybirds are put to the test of edibility. The
spotted pattern appears to be the most important part
of the optical warning signal, at least for the ladybird
species tested in the present study. It protects even
those species that have inconspicuous background
colours. The signi®cant importance of spots in the
warning signalization of ladybirds is also in concor-
dance with the variability of coloration in ladybirds.
Although the colour of background as well as of spots
varies considerably in ladybirds, only a small propor-
tion does not possess any type of spotted pattern
(Majerus, 1994).

The theory that Cynegetis is attacked more because
of its absence of spots, and not because of its smaller
chemical protection, is supported by experiments with
brown painted seven spot ladybirds, which were
attacked by approximately by the same proportion of
birds as the brown coloured Cynegetis. By contrast to
experiments conducted in several ladybird species,
the brown painted form had the same chemical pro-
tection as well as other traits (e.g. body size) similar
to the unmodi®ed seven spot ladybird.

Nonetheless, even Cynegetis and the brown
painted ladybird are not attacked by one half of
birds, which suggests that they are still recognized
as a ladybird. However, when the elytra of the
seven spot ladybird are removed, it is attacked by
more than 80\ of birds (i.e. signi®cantly more than
in the case of the unmodi®ed as well as the brown
painted form). The importance of the general lady-
bird appearance in the antipredatory signal is thus
indicated. Ladybirds possess a characteristic (oval,
convex) body shape that is common among most
species, regardless of size, colour or pattern
(Majerus, 1994). When this shape was changed
(together with loss of spots), great tits became con-
fused and mostly attacked the ladybirds.

We can conclude that the results obtained in the
present study suggest that the general appearance
and spotted pattern suffice to explain ladybird recog-
nition, at least by some birds. This could mean that
ladybirds may not be forced by strong selective pres-
sure to uni®ed coloration, as are many other groups
of warningly coloured animals (Guilford, 1990). This
relative selective freedom may explain the wide
palette of colours present among ladybirds (Majerus,
1994). The theory of importance of general body shape
in the antipredatory signal of ladybirds is also sup-
ported by the high colour uniformity (i.e. red back-
ground with seven melanization centres on each
elytron) of members of the subtribe Hipodamiina,
which have a completely different appearance (i.e.
elongated and depressed body).

The importance of optical signals unrelated to col-
oration in antipredatory signalization has often been
neglected. Chemical signals and colour pattern are
always considered to be the most important cues
in aposematic prey recognition (Guilford, 1990).
However, the warning signal should be clear and
comprehensible (Guilford, 1988); a uniform and dis-
tinct general appearance may comply with this. Two
studies have considered the importance of optical
signals unrelated to coloration in antipredatory
optical signalization and, interestingly, both dealt
with non-avian predators. Nelson et al. (2006) dem-
onstrated mantises to react to ants similarly to their
reaction to ant-mimicking jumping spiders (i.e. equal
in body shape, not in chemical signals). Kauppinen &
Mappes (2003) showed the particular importance of
the characteristic shape of wasp bodies in optically
repelling dragon¯ies. Arti®cially nonstriped wasps
were attacked less often than identically coloured
¯ies. These results suggest that other optical traits
may play a signi®cant role in the recognition of dan-
gerous animals.

The results obtained in the present study with
respect to ladybirds cannot by generalized to other
optically signalling insects. The role of precise colora-
tion pattern is rather different in coreoid true bugs,
which comprise another well described and studied
group of aposematic insects. Experiments on red ®re-
bugs and great tits (Exnerov% et al. , 2003) revealed
that, in contrast to natural ones, the brown-painted
®rebugs were not only attacked, but also frequently
killed. Even mutants of bugs with native black pat-
terning, but differing in background colour, were less
protected than naturally-coloured individuals. Sill'n-
Tullberg et al. , (1982) demonstrated a higher attack
rate to seed bug (Lygaeus equestris) larvae when their
background colour was grey instead of red. Similarly,
Exnerov%et al. (2006) showed a lower protective func-
tion of yellow and white backgrounds instead of red,
in the ®rebug ( P. apterus). By contrast to ladybirds,
the general appearance (as well as black pattern) has
no importance in coreoid true bug recognition by
great tits, or, from the point of view of cognitive
science, great tits do not posses a general concept
(Shettleworth, 1998) of coreoid true bugs.

In experiments with na#ve, hand-reared great tits,
the partial innateness of aversion to ladybirds was
demonstrated. Comparable experiments (Exnerov%
et al. , 2007), using red ®rebugs ( P. apterus) as prey
and na#ve great tits as predators, showed practically
no innate wariness. It is interesting that the ®rebug
possesses the black±red colour pattern as in many
ladybird species. Although at least some ladybirds are
strongly toxic to some tits (Marples et al. , 1989),
eating the ®rebug may only cause slight discomfort,
such that the penalty is not as high. Therefore, selec-
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tion pressure for innate aversion to the ladybird is
stronger than that to the ®rebug. This type of expla-
nation could also be used to clarify the different role
of general appearance in the recognition of ladybirds
and coreoid true bugs. However, we have insufficient
knowledge of the general danger posed by both of
these insect groups.
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We investigated how predator/prey body-size ratio and prey colour pattern affected efficacy of prey warning signals.
We used great and blue tits ( Parus major and Cyanistes caeruleus), comprising closely related and ecologically
similar bird species differing in body size, as experimental predators. Two larval instars and adults of the
unpalatable red ®rebug ( Pyrrhocoris apterus ), differing in body size and/or coloration, were used as prey. We showed
that prey body size did not in¯uence whether a predator attacked the prey or not during the ®rst encounter.
However, smaller prey were attacked, killed, and eaten more frequently in repetitive encounters. We assumed that
body size in¯uences the predator through the amount of repellent chemicals better than through the amount of
optical warning signal. The larger predator attacked, killed and ate all forms of ®rebug more often than the smaller
one. The difference between both predators was more pronounced in less protected forms of ®rebug (chemically as
well as optically). Colour pattern also substantially affected the willingness of predators to attack the prey. Larval
red±black coloration did not provide a full-value warning signal, although a similarly conspicuous red-black
coloration of the adults reliably protected them. # 2010 The Linnean Society of London, Biological Journal of the
Linnean Society, 2010, 100, 890±898.

ADDITIONAL KEYWORDS : chemical protection ± larvae ± red ®rebug ± titmice ± warning signal.

INTRODUCTION

Prey that is defended chemically, and is therefore
more or less distasteful, often manifests its unpalat-
ability by conspicuous `warning' or `aposematic' col-
oration (Poulton, 1890). It is difficult, however, to
`dissect' the complex aposematic display into indi-
vidual components (body size, colour pattern, behav-
iour, etc.) with the aim of understanding the network
of predator±prey interactions.

Exnerov$ et al. (2003) described different responses
of several Palaearctic, mostly insectivorous, passerine
bird predators to the red ®rebug, Pyrrhocoris apterus
(L., 1758) (Hemiptera: Pyrrhocoridae). In this study,
great and blue tits ( Parus major L., 1758; Cyanistes
caeruleus L., 1758), robins ( Erithacus rubecula L.,

1758), and blackcaps (Sylvia atricapilla L., 1758)
generally avoided naturally-coloured (red and black)
®rebugs, but readily attacked `arti®cially non-
aposematic' (brown-painted) individuals. By contrast,
these experiments showed no discrimination by black-
birds ( Turdus merula L., 1758), which frequently
attacked and consumed both `forms' of ®rebugs, or
long-tailed tits ( Aegithalos caudatus L., 1758), which
strongly avoided both. Interestingly, blackbird and
long-tailed tit were the heaviest and the lightest
tested species, respectively, which suggests that rela-
tive predator body size might affect its attitude
towards the prey. Similar results were obtained by
Wiklund & J%rvi (1982), who showed a higher will-
ingness of starlings ( Sturnus vulgaris L., 1758) and
quails ( Coturnix japonica Temminck & Schlegel,
1849) than great and blue tits to attack chemically
protected and warningly coloured prey, in this case
adults and larvae of butter¯ies ( Papilio machaon*Corresponding author. E-mail: petr-vesely@seznam.cz
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L., 1758; Pieris brassicae L., 1758; Zygaena ®lipen-
dula L., 1758), red ®rebugs, and seven-spot ladybirds
(Coccinella septempunctata L., 1758).

These studies suggest that, if the predator/prey
body size ratio is relatively high, the predator may be
less cautious to attack the prey because there is a
lower risk of physiological repercussion after diges-
tion. Thus, the general prediction, that smaller preda-
tor species show a higher degree of dietary
conservatism than larger ones (Webster & Lefebvre,
2001), is in accordance with these results. Another
possible approach to test the importance of the
predator/prey body size ratio is by using various sizes
of a single prey species, confronted with one predator
species.

Generally, differently sized prey could affect preda-
tor attitude through two principles. Already at the
beginning of studies concerning aposematism, it was
noted that one of the ways how to enhance the
warning signal is to enlarge the prey's body size (Cott,
1940; Turner, 1984; Guilford, 1986). This has been
tested experimentally by using domestic chicks
(Gallus gallus f. domestica L., 1758) as predators and
arti®cial paper butter¯ies as prey (Forsman & Mer-
ilaita, 1999). This study, as well as a comparative
analysis of moth larvae (Nilsson & Forsman, 2003)
and poison frogs (Hagman & Forsman, 2003), found a
correlation between body size and efficacy of warning
coloration. Similarly Mand, Tammaru & Mappes
(2007) showed larger conspicuous prey to be less
acceptable for predators in experiments with arti®cial
larvae. Nevertheless, in experiments conducted with
natural prey, larger larvae survived less, most likely
as a result of higher detectability (Sandre et al. 2007).
Moreover, the higher protection provided by warning
signals in gregarious prey (providing a higher amount
of signal) was also shown experimentally (Gamberale-
Stille & Sill+n-Tullberg, 1996, 1998; Mappes &
Alatalo, 1997). In these cases, the visual stimulus is
stronger, although the danger connected with sam-
pling one prey remains the same. (Riipi et al., 2001).

Another effect of body size that enhances the pro-
tection of prey is the amount of repellent (toxic)
chemicals in their body. Bigger prey, of course, have
the possibility of possessing a larger volume of defen-
sive substances and thus are better protected (Hollo-
way, Dejong & Ottenheim, 1993). The simplest effect
of body size that provides protection from predators
comes from predator food preferences. Too large or too
small a prey may not ful®l a predator's image of an
appropriate prey and thus it is not attacked. Conse-
quently, different body size of tested birds may result
in generally different food preferences (Webster &
Lefebvre, 2001).

In the present study, we compared the reaction of
bird predators towards natural insect prey. We used

third- and ®fth- (ultimate) larval instars (`L3' and
`L5') and adults of the red ®rebug. The L3 animals
are markedly smaller than L5; on the other hand,
both larval instars have equal red coloration with a
black pattern and, when attacked, their scent glands
emit defensive secretions of equal composition
(Farine et al., 1992), although of course of a different
dose.

Whereas L3 and L5 differ only in size, the adult
body size is almost identical to that of L5, but the
adults have quite a different black-red pattern
(Fig. 1). This allows the possibility of comparing the
relative role of body size and colour pattern with
respect to their aposematic signal. The combination of
colours in a conspicuous geometric pattern has been
demonstrated to signi®cantly affect the efficacy of
warning optical signal (Forsman & Merilaita, 1999;
Endler & Mielke, 2005). One of common patterns in
aposematic prey is a rounded spot (Lyytinen, Brake-
®eld & Mappes, 2003; Stevens, Stubbins & Hardman,
2008). Unfortunately, the adults differ from larvae not
only in their black-red patterns, but also in the chemi-
cal composition of the defensive secretions (Farine
et al., 1992). Nevertheless, the effect of chemical
defence per se can be tested easily by removing the
warning optical signal (Exnerov$ et al., 2003).

Because we compared two predators differing in
body size (great and blue tit), we also decided to test
their willingness to attack and eat large prey, as
represented by the mealworm beetle ( Tenebrio molitor
L., 1758), which is signi®cantly bigger than any of
presented forms of the red ®rebug, but does not
possess any optical or chemical warning signal.

Our study aimed to answer several questions:

1. Is the red ®rebug better protected against smaller
bird predators?

2. Are the larger forms (L5 and Ad) of the red ®rebug
better protected than smaller ones (L3)?

3. Is the better protection of larger form (L5 and Ad)
of the ®rebug caused by the amount of optical

Figure 1. Adults (AD) and larvae (L5, L3) of Pyrrhocoris
apterus (photo: P. Vesel<).
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signal, the amount of repellent chemicals or a
general aversion to bigger prey?

4. Are adults of the ®rebug better protected than
larvae (L3 as well L5)? If yes, does this protection
reside in different coloration or in chemical
composition?

MATERIAL AND METHODS

PREDATORS AND PREY

We used blue tit ( C. caeruleus) and great tit ( P. major )
as experimental predators. They differ in body size
(great tit, approximately 19 g; blue tit, approximately
11.5 g) but share similar foraging/feeding behaviour
and habitats (Cramp & Perrins, 1993). Both distin-
guished aposematic and non-aposematic `forms' of P.
apterus (Exnerov$ et al., 2003). Nevertheless, blue tits
hesitated to taste the attacked prey and usually
released it without injury, whereas great tits tended to
kill the brown ®rebugs. We used 112 individuals of
great tits and 112 blue tits. Birds were caught in the
vicinity of CÏ esk+ BudeÏjovice (Czech Republic) from
July to April (except during the breeding season),
1999±2002. They were kept for 1±10 days before the
experiment in wire cages with free access to sun¯ower
seeds and water. During this time, we trained them to
accept mealworm larvae in the experimental cage. All
tits were released to the wild after the experiments.

Mealworm beetles ( T. molitor ) were reared in wheat
groats with vegetables, dried bread and water ad
libitum ; 25 =C and under an 18 : 6 h light/dark cycle.
The ®rebugs were reared under equal conditions, as
in a previous study (Exnerov$ et al., 2003).

The three ®rebug categories and mealworm
beetles differed in body size. The mean > SE
body length of mealworm beetles was 1.42 >
0.08 cm (range 1.33±1.58 cm); L3s measured
0.55 > 0.06 cm (range 0.44±0.61 cm); L5s measured
0.91 > 0.04 cm (range 0.83±0.98 cm); and adult body
length was 1.03 > 0.03 cm (range 0.96±1.08 cm); so
the general ratio can be counted as 2.6 : 1.0 : 1.7 : 1.9
(beetle : L3 : L5 : Ad). The mean > SE body weight
of mealworm beetles was 89.8 > 12.27 mg (range
76.2±111.7 mg); L3 weighed 10.6 > 2.99 mg (range
5.3±14.5 mg); L5 weighed 45.9 > 4.05 mg (range 39.2±
51.0 mg); and adults weighed 47.9 > 5.95 mg (range
38.1±58.1 mg); so the ratio was 8.5 : 1.0 : 4.3 : 4.5
(beetle : L3 : L5 : Ad). Both these measures were
assessed by measuring 20 individuals per category.

The non-aposematic prey `forms' were obtained
using odourless, nontoxic brown watercolour paint
(tempera colour, KOH-I-NOOR, Hardtmuth) applied
to the upper part of the insect body. The painting
treatment did not affect the motion and secretion of
®rebugs (Exnerov$ et al. 2003).

EXPERIMENTAL EQUIPMENT AND PROCEDURE

We used the same experimental equipment and pro-
cedure as described in detail by Exnerov$ et al.
(2003). Experiments were performed in an experi-
mental cage (70 ¥ 70 ¥ 70 cm) equipped with a rotat-
ing circular feeding tray of eight white cups (diameter
5.5 cm), perch, water bowl, and light source
(LUMILUX COMBI 18W, Osram; simulating the day-
light spectrum).

Birds of both species were separated into seven
treatment groups of 16 individuals for the seven test
prey categories (L3, L5, and Ad, all either naturally-
coloured or brown-painted and mealworm beetle).
Each bird was pre-trained to attack mealworms in the
experimental cage. Offered mealworms were ninth
larval instar of mealworm beetle ( T. molitor ) reaching
1.82 > 1.28 cm (range 1.56±2.19 cm) and 68.8 >
10.72 mg (range 56.2±77.7 cm). Two hours before the
start of an experiment, the bird was deprived of food
to gain motivation for the experiments. After this
period, each bird was tested in ten consecutive trials.
Every trial started when a prey item was offered, and
then continued until the prey was eaten, or 5 min had
elapsed. Offered insects alternated in a sequence: a
mealworm, a tested prey, a mealworm, a tested prey,
etc., so there were ®ve trials with tested prey for each
bird. Every control mealworm was attacked and
immediately eaten during every experiment.

The behavioural events recorded were attacking
(counted in all situations when a bill contacted the
prey body), killing (the bird killed the attacked prey),
and eating (the bird ate at least part of the killed
®rebug).

STATISTICAL ANALYSIS

First, we assessed the willingness of birds to attack
and kill the mealworm beetles (as number of birds
attacking and eating at least one of the ®ve offered
beetles). Numbers of birds of both species (i.e. which
decided to attack or kill at least one of ®ve
offered mealworm beetles) were compared using
2 ¥ 2 tables and two-tailed Fisher's exact P-value as
the criterion.

In experiments with the red ®rebug forms, for each
bird, we noted willingness to attack and kill the ®rst
(of ®ve) offered prey (the initial acceptance). These
data had a binomial distribution. Two generalized
linear models (GLM; McCullagh & Nelder, 1989)
were formed [for attacking and for killing; a logit
link function, using factorial analysis of variance
(ANOVA), chi-square test as test criterion; and
Tukey's honestly signi®cant difference (HSD) test for
post-hoc comparisons]. We assessed the effect of three
independent factors: (1) developmental stage of prey
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(adult/L5/L3); (2) prey coloration (nonmodi®ed/brown-
painted); and (3) predator species (great/blue tit), and
all possible interactions.

Additionally, we assessed differences in learning
abilities of birds. The presence/absence of attacking/
killing during particular trials (one of ®ve) was used
to compile data (binomial). Particular trials with one
bird individual were grouped using a nested design of
analyses (trial nested in particular birds). Two GLMs
were formed (attacking and killing, binomial data,
logit link function, using nested ANOVA, chi-square
test as test criterion; and Tukey's HSD test for post-
hoc comparisons). We assessed the effect of four inde-
pendent factors: (1) developmental stage of prey
(adult/L5/L3); (2) prey coloration (nonmodi®ed/brown-
painted); (3) predator species (great/blue tit); and (4)
trial number (1±5) and all possible interactions.

Finally, we compared palatability of different prey
categories (as number of eaten ®rebugs per bird,
range 0±5) by forming another GLM (Poisson distri-
bution, log link function, using factorial ANOVA and
chi-square test as test criterion, with post-hoc Tukey's
HSD test). The tests included only data concerning
individuals of both bird species that attacked at least
one offered ®rebug, aiming to test only the effect of
edibility, and not that of long-distance signals (optical
or chemical). This analysis included the same inde-
pendent factors as in the GLMs for initial acceptance:
(1) developmental stage of prey; (2) prey colour;
and (3) predator species, as well as all possible
interactions.

All calculations were performed using R 2.8.1 for
Windows (R Development Core Team, 2009).

RESULTS

REACTION OF BOTH TESTED BIRD SPECIES TO

MEALWORM BEETLES

We did not ®nd any difference between the great and
blue tits in attacking (Fisher's exact: P = 1; Fig. 2), as
well as killing the mealworm beetles at the ®rst
encounter (Fisher's exact: P = 0.79; Fig. 2). Great tits
as well as blue tits attacked and killed mealworm
beetles more often (in absolute numbers) than any
form of ®rebug (Fig. 2).

I NITIAL ACCEPTANCE OF PARTICULAR FORMS OF THE

FIREBUG (REACTION TO THE FIRST OF FIVE OFFERED

PREY, WHERE ALL MENTIONED P-VALUES REFER TO

POST-HOC TUKEY 's HSD TESTS)

Attacking
The number of birds attacking the ®rst offered
®rebug was signi®cantly affected by the colour of the
®rebug and species of the bird (Table 1). Brown-
painted ®rebugs were attacked more often than the

unmodi®ed ones (P < 0.001; Fig. 2). Great tits
attacked ®rebugs more often than the blue tits
(P = 0.003; Fig. 2). The effect of the developmental
stage of the ®rebug was not signi®cant (Table 1).
Nevertheless, the interaction of the developmental
stage of the ®rebug and its colour highly signi®-
cantly affected the numbers of birds attacking the
®rst ®rebug (Table 1). The brown-painted ®rebugs
were attacked more than unmodi®ed ones only when
they were adult. Larvae were attacked without ref-
erence to their colour (L3: P = 0.337; L5: P = 0.197;
Fig. 2). Unmodi®ed larvae were attacked more than
unmodi®ed adults (L3: P = 0.022; L5: P = 0.050;
Fig. 2), but less than brown-painted adults (L3:
P = 0.050; L5: P = 0.022; Fig. 2).

Killing
By contrast to attacking, the number of birds killing
the ®rst offered ®rebug was signi®cantly affected by
its developmental stage (Table 1). L3 ®rebugs were
killed signi®cantly more often than adults ( P = 0.041;
Fig. 2). The species of tested bird and colour of the
®rebug were also signi®cant factors (Table 1). Brown-
painted ®rebugs were killed more often than the
unmodi®ed ones (0.002; Fig. 2) and great tits killed
®rebugs more often than blue tits ( P << 0.001; Fig. 2).
The interaction of bug colour and bird species was
also shown to be important (Table 1). Brown-painted
®rebugs were killed more often than the unmodi®ed
ones only by great tits ( P < 0.001) and great tits killed
more ®rebugs than blue tits only in the case of brown-
painted ones ( P << 0.001).

Figure 2. Numbers of great ( Parus major , PM) and blue
tits ( Cyanistes caeruleus, CC), that attacked/killed the ®rst
of ®ve offered prey. Prey categories in treatment groups:
Tm, adult beetle of mealworm ( Tenebrio molitor ); Ad,
adults; L5 and L3, ®fth- and third-instar larvae of the red
®rebug (Pyrrhocoris apterus ). *The tested prey was not
attacked. The total number in each group was 16. White,
striped and grey columns refer to attacking, black to
killing.
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LEARNING ABILITIES OF TESTED BIRDS (PRESENCE OF

ATTACKS /KILLS IN EACH OF FIVE SUCCESSIVE

TRIALS ± TRIAL NUMBER NESTED IN BIRD NUMBER )

Attacking
All tested factors were proven to affect the presence of
attack in particular trials (Table 1). L3s were
attacked more often than adults ( P < 0.001; Fig. 3);
nevertheless, the interaction of developmental stage
of the ®rebug and bird species was also signi®cant
(Table 1). The L3 ®rebugs were attacked more often
only by great tits (great tit: P << 0.001; blue tit:
P = 0.984; Fig. 3). The brown-painted ®rebugs were
attacked more often than the unmodi®ed ones
(P << 0.001; Fig. 3); nevertheless, there was again a
signi®cant interaction of ®rebug colour and bird
species (Table 1). Blue as well as great tits attacked
brown-painted ®rebugs more often than the unmodi-
®ed ones (great tit: P << 0.001; blue tit: P = 0.042;

Fig. 3); however, the great tit attacked the brown-
painted ®rebugs more often than the blue tit
(P < 0.001; Fig. 3). Of course, the great tit attacked
®rebugs more often than the blue tit ( P < 0.001;
Fig. 3) without regard to any other factors. There was
also a strong effect of trial number (Table 1). Firebugs
were attacked most often during the ®rst trial than in
any other (second: P << 0.001; third: P << 0.001;
fourth: P << 0.001; ®fth: P << 0.001). Nevertheless,
the signi®cant interaction between trial number and
®rebug colour (Table 1) shows that, in the case of the
unmodi®ed ®rebugs, the signi®cant difference is only
between the ®rst and the ®fth (last) trial ( P = 0.030).

Killing
Again, all tested factors were shown to affect the
presence of killing in particular trials (Table 1). The
L3 ®rebugs were killed more often than adults

Table 1. The importance of predator and prey parameters in the willingness to attack (ATTACKING), kill (KILLING)
and eat (EATING) ®rebugs

Type of experiment
data family

Dependent
variable Independent variable F d.f. P

Initial acceptance Attacking Prey coloration 35.87 1 << 0.001
Binomial (0/1) Prey developmental stage 1.58 2 0.209

Predator species 8.97 1 < 0.001
Stage ¥ Coloration 5.07 2 0.007

Killing Prey coloration 10.16 1 0.002
Prey developmental stage 3.13 2 0.046
Predator species 31.11 1 << 0.001
Predator ¥ Coloration 5.71 1 0.018

Learning abilities Attacking Prey coloration 42.58 1 << 0.001
Binomial (0/1) Prey developmental stage 8.94 2 << 0.001

Predator species 18.39 1 << 0.001
Trial number 26.82 4 << 0.001
Stage ¥ Predator 10.70 2 << 0.001
Predator ¥ Coloration 7.82 1 0.005
Coloration ¥ Trial 6.69 4 << 0.001
Stage ¥ Coloration ¥ Predator 3.62 2 0.027

Killing Prey coloration 20.27 1 << 0.001
Prey developmental stage 24.57 2 << 0.001
Predator species 74.64 1 << 0.001
Trial number 11.65 4 << 0.001
Stage ¥ Predator 9.17 2 < 0.001
Predator ¥ Coloration 7.83 1 0.005
Predator ¥ Trial 5.68 4 < 0.001
Stage ¥ Coloration 3.84 2 0.022

Edibility of prey Eating Prey coloration 1.11 1 0.529
Poisson (0±5) Prey developmental stage 22.58 2 << 0.001

Predator species 41.22 1 << 0.001
Predator ¥ Coloration 2.98 1 0.050
Stage ¥ Predator 6.18 2 0.010

Generalized linear model (logit link function for both data families), analysis of variance (chi-square test, P). Interactions
of independent variables are shown only when their effect is signi®cant.
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(P << 0.001; Fig. 3) as well as L5 ®rebugs ( P << 0.001;
Fig. 3). Similarly, similar to attacking, there was a
signi®cant interaction between the developmental
stage of the ®rebug and the bird species (Table 1). The
L3 ®rebugs were killed more often than adults and
L5s only by the great tits (adults: P << 0.001, L5:
P << 0.001; Fig. 3). By contrast to attacking, there
was a signi®cant interaction between ®rebug colour
and developmental stage (Table 1). L3 ®rebugs were
killed more often than L5 and adult only when brown-
painted (L5: P < 0.001; adult: P << 0.001; Fig. 3),
whereas the unmodi®ed L3 differed only from the
unmodi®ed adult ( P = 0.001; L3). The brown-painted
®rebugs were generally killed more often than the
unmodi®ed ones (P << 0.001; Fig. 3), with the same
signi®cant interaction as in attacking (®rebug
colour ¥ bird species; Table 1). Brown-painted ®re-
bugs were killed more often than the unmodi®ed ones
only by great tits (great tit: P << 0.001; blue tit:
P = 0.624; Fig. 3). As in attacking, ®rebugs were killed
most often during the ®rst trial (second: P < 0.001;
third: P < 0.001; fourth: P << 0.001; ®fth: P << 0.001);
however, there was a signi®cant interaction between
trial number and bird species (Table 1). Firebugs
offered during the ®rst trial were killed more often
only by great tits (blue tits; second: P = 0.939; third:
P = 0.939; fourth: P = 0.939; ®fth: P = 0.986).

EDIBILITY OF FIREBUGS (NUMBERS OF EATEN BUGS

BY PARTICULAR BIRDS )

The number of eaten ®rebugs was signi®cantly
affected by the developmental stage of the ®rebug and

species of the bird (Table 1). Birds ate more L3s than
either L5s ( P < 0.001; Fig. 4) or adults ( P < 0.001;
Fig. 4). The number of eaten L5s and adults did not
differ ( P = 0.999; Fig. 4). Great tits ate on average
more of the offered ®rebugs than blue tits ( P << 0.001;
Fig. 4). The difference was so pronounced that the
number of unmodi®ed ®rebugs eaten by great tits was
slightly higher than the number of brown-painted
ones eaten by blue tits ( P = 0.058). The effect of colour
was not signi®cant (Table 1). Birds that attacked at
least one of the offered ®rebugs ate the same number
of unmodi®ed and brown-painted ones ( P = 0.529;
Fig. 4).

DISCUSSION

BODY SIZE OF THE PREY

The probability of attack at the ®rst encounter of bird
and ®rebug is not affected by the body size of the
®rebug. Smaller prey are just killed more than larger
prey. Moreover, there is no difference between L3s
and L5s, but only between L3s and adults. However,
smaller prey are more often attacked as well as killed
in repeated encounters. The effect is stronger in the
case of killing because, in the present study, we can
®nd a signi®cant difference between L3s and L5s and
not only between L3s and adults. Finally, L3s were
eaten more often than larger ®rebugs (adults as well
as L5s).

On the basis of these results, we assume that size
works better through the amount of defensive chemi-
cals than through the amount of optical stimulus.
Firebugs release repellent substances when attacked
(Farine et al., 1992), which may discourage some

Figure 3. Numbers of ®rebugs attacked/killed by indi-
vidual great ( Parus major , PM) and blue tits ( Cyanistes
caeruleus, CC). Prey categories in treatment groups: Ad,
adults; L5 and L3, ®fth- and third-instar larvae. The total
number of tested birds in each group was 16. Striped and
grey columns refer to attacking, black to killing. Boxes
refer to 25±75\ percentile, whiskers refer to 1±99\
percentiles.

Figure 4. Numbers of ®rebugs eaten by individual great
(Parus major , PM) and blue tits ( Cyanistes caeruleus, CC).
Prey categories in treatment groups: Ad, adults; L5 and
L3, ®fth- and third-instar larvae. The total number of
tested birds in each group was 16. Boxes refer to 25±75\
percentile, whiskers refer to 1±99\ percentiles.
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portion of the attacking birds. L3s, which are signi®-
cantly smaller than L5s and adults, possess a lesser
amount of defensive substances. At the ®rst encoun-
ter, lowered chemical protection just increases the
probability of killing the ®rebug. In the case of
repeated encounters, birds learn slowly to refuse
worse chemically protected ®rebugs because their
unpleasant experience is smaller.

The killing rate of unmodi®ed ®rebugs in repeated
encounters is less affected by prey size than is the
case for brown-painted ®rebugs. We may thus assume
that conspicuous coloration enhances the learning
process in the case of smaller L3s. If the efficacy of
warning coloration was lower with L3s (as a result of
smaller colour area), this handicap should have been
added to the handicap caused by a lower amount of
repellent substances.

Previous experimental studies showed the impor-
tance of colour signals in the effect of body size on
protection of aposematic prey. Experiments performed
by Gamberale-Stille & Sill+n-Tullberg (1996, 1998)
demonstrated a higher warning efficacy of aggrega-
tion of red seed bugs ( Spilostethus pandurus Scopoli,
1763; and Tropidothorax leucopterus Goeze, 1778;
both Hemiptera: Lygaeidae) as a result of a higher
amount of warning optical signal. They compared
solitary and aggregated bugs (up to 27 specimens).
Therefore, the difference between their experimental
modi®cations was more pronounced than for the
arrangement used in the present study. Arti®cial prey
(paper `butter¯ies' or almonds covered by paper) used
in other studies (Forsman & Merilaita, 1999; Lind-
strom et al., 1999; Mand et al., 2007) only provides a
warning optical signal. In our experiments, L3 pos-
sessed a lower amount of warning optical signal;
nevertheless, it is still a ®rebug and may provide
additional optical signals (body shape, posture) but
also typical scent. Moreover, the efficacy of warning
optical signal of larvae is in our experiments gener-
ally lower than those in adults.

Experiments with ®rebugs cannot exclude the effect
of general preference of the tested birds for smaller
prey. Nevertheless, adult mealworm beetles (i.e.
bigger than adult ®rebugs) were attacked and killed
more often than any tested form of ®rebugs. There-
fore, we may rule out the effect of size per se.

BODY SIZE OF THE PREDATOR

Because both tit species commonly attacked and
killed mealworm beetles, we may exclude the possi-
bility that birds differ in their reaction to variously
sized ®rebugs as a result of different prey size
preferences.

The larger great tit generally attacked, killed and
ate more ®rebugs than the smaller blue tit, both at

the ®rst encounter and repeated trials. Differences
between blue tit and great tit are in concordance with
the results obtained in studies using other variously
large avian predators (Wiklund & J%rvi, 1982; Exner-
ov$ et al., 2003) where the larger ones were always
more willing to attack aposematic prey.

Only the great tit attacks and kills L3s more often
than L5s and adults, or brown-painted ®rebugs more
often than the unmodi®ed ones. The more careful
approach of the blue tit to our prey is in concordance
with its general feeding behaviour. As observed pre-
viously, the blue tit is more deliberate in utilizing new
prey and is not as innovative as the great tit (Fisher
& Hinde, 1949), which is in contrast to the practically
equal dietary requirements (Cowie & Hinsley, 1988,
McGregor & Healy 1999 or Naef-Daenzer & Keller,
1999).

In general, the wariness of the blue tit can be
explained by higher innate neophobia and dietary
conservatism, which is repeatedly described in
smaller species (Greenberg, 1984; Marples & Kelly,
1999), and thus does not allow it to be as experimen-
tal as the great tit.

PREY COLORATION

There was no signi®cant difference in numbers of
birds attacking and killing nonmodi®ed and brown-
painted ®rebugs of both larval instars at the ®rst
encounter. However, unmodi®ed larvae of both tested
instars were better protected against bird attack than
the brown-painted adults. Taken together, red larval
coloration has a certain repellent effect; however, it is
much weaker than in adult coloration. When prey is
presented repeatedly to predators, differences in the
protective function of the coloration of adults and
larvae diminish. Birds learn during the experiment to
refuse unmodi®ed larvae as well as adults.

The fact that unmodi®ed adult ®rebugs are better
protected against bird attack than brown-painted
ones con®rms the results reported in previous studies
(Wiklund & J%rvi, 1982; Exnerov$ et al., 2003). Nev-
ertheless, the low protection of coloration of larvae is
in contrast to the general assumption that contrast-
ing red and black coloration per se is a universal
aposematic signal (Cott, 1940; Edmunds, 1974; Tull-
berg et al., 2008). Experiments by Sill+n-Tullberg,
Wiklund & J%rvi (1982) also showed worse colour
protection in larvae of the red seed bug ( Lygaeus
equestris L., 1758; Hemiptera: Lygaeidae), another
Palaearctic red and black aposematic bug. This sug-
gests that the role of individual colour pattern ele-
ments should be considered in more detail (e.g. in
models simulating evolution of mimetic complexes
with different, but equally perfect, signals; Speed &
Turner, 1999).
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Experimental studies with arti®cial prey suggest
that efficacy of warning coloration increases with
increasing size and symmetry of the individual colour
pattern elements (Forsman & Merilaita, 1999; Lind-
strom et al., 1999). Thus, we suggest that coloration of
P. apterus adults may be more efficient because of two
large, rounded, and laterally symmetrical black spots
on their forewings (Fig. 1). Firebugs tend to live in
large aggregations, including larvae of various instars
as well as adults. Advantages gained from the gre-
garious way of life of larvae and adults were demon-
strated by Sill+n-Tullberg et al. (1982). L5s of the red
seed bug have been shown experimentally to survive
better when presented to a predator with previous
experience of adult bugs, whereas the survival rate of
adults did not improve after a previous encounter
with larvae.

The results obtained in the present study are in
apparent contradiction to the results reported by
Exnerov$ et al. (2006) who tested reactions of passe-
rines to colour mutants of the red ®rebug (orange,
yellow and white). They found that the background
colour of the pattern was highly important in apose-
matic signals, whereas there was practically no effect
of the black spots because the white-and-black as well
as yellow-and-black mutants were attacked with the
same frequency as the plain brown-painted ®rebug.
Similar results were produced in experiments with
arti®cial stimuli and chicks (Aronsson & Gamberale-
Stille, 2008). A possible interpretation is that colour
as well as pattern is necessary for the red ®rebug to
have fully working protection from tits.

By contrast to attacking and killing, the number of
eaten bugs was not affected by their colour. This
result demonstrates the low importance of optical
signals and therefore the signi®cant importance of
chemical signals with respect to the result of an
already started attack.

EFFECT OF AVOIDANCE LEARNING

Most attacks as well as kills occurred during the ®rst
encounter between the bird and ®rebug. The lower
aversion to the ®rst prey shows that there was no
neophobia, which would have an opposite effect
(Marples & Kelly, 1999). During the ®rst experiment,
most birds managed to learn the unpro®tability of the
prey and remembered it at least throughout the other
four repetitions (20 min). The higher attack rate
during the ®rst experiment is more signi®cant in the
case of brown-painted ®rebugs. Nevertheless, this is
not caused by a different learning rate, but instead by
better protection of unmodi®ed ®rebugs during the
®rst encounter with a predator.

Exnerov$ et al. (2007) showed that many more pre-
sentations (up to twenty) were necessary for na^ve,

hand-reared great tits to learn ®rebug inedibility.
Because we used wild caught birds, they might have
different experiences with various preys, including
other bugs (but also the red ®rebug in some cases).
During our experiments, birds might have considered
the presented ®rebugs as suspicious even when they
did not recognize them unambiguously and were able
to generalize them to some familiar prey. Thus, birds
attacked them as a demonstration of this, but they
quickly discovered the inedibility of the bugs. Hand-
reared birds are confronted with a ®rebug for the ®rst
time and have no experience with any similar prey;
thus, it takes them a longer time to learn. This
difference between na^ve and partially experienced
predators might be more general, which would sig-
ni®cantly favour even imperfect aposematic species in
nature.
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The red cotton bug is similar to Middle European true bugs that are considered aposematic by avian 
predators. However, it differs in colouration (yellow-orange vs. red) and details of its black pattern as 
well. We tested if two titmice species (great and blue tit) refusing Middle European true bugs 
generalise their optical signal to the red cotton bug. 
Four forms of the cotton bug were tested: unmodified (orange and black pattern); brown-painted (to 
eliminate potential warning colouration); with removed hemielytra exposing the red abdomen without 
black pattern (similar colour but different pattern from Middle European true bugs); with exposed 
white and red striped bottom (similar colouration as some butterfly larvae). To reveal the effect of 
chemical signals, we also tested two forms of the red firebug (unmodified and brown-painted): a 
chemically protected and familiar true bug species.
The tits were not able to generalise from the firebug to the unmodified cotton bug. Similarly, the 
striped bottom of the cotton bug was not considered as a warning. The only cotton bug form perceived 
as a warning was the one with removed hemielytra exposing a plain red abdomen. Therefore, the 
different (and less conspicuous) colour of the cotton bug was the factor resulting in the failure to be 
generalised to Middle European true bugs. 
Despite having very similar composition of protective substances, cotton bugs were eaten much more 
often than firebugs. This means that even a little change in chemical composition of protective 
substances may lead to significant changes in efficacy of protection.

#�	��
��	����

Aposematic colouration has been a favourite 
topic of studies since the theory of 
aposematism and mimicry was defined 
(Komárek 2003). From its beginning, 
multimodality of warning signals has been 
proposed (Rowe & Guilford 1999). Signals 
perceived by several senses are advantageous 
for prey. Nonetheless, even in a single signal 
channel, there may be several components with 
warning significance. Most “aposematic 
studies” use birds as predators, which are 
oriented mainly by sight when searching for 
food. In this signal channel, four basic 
components can be distinguished: size, general 
appearance (shape of body, legs and antennae), 
colour and colour pattern (Guilford 1990). 
Colour is the most studied component of an 
optical warning signal. As the aposematic 
signal must be easily recognizable and 
comprehensive; conspicuous colours (red, 

yellow) should be present (Cott 1940). Several 
experimental studies showed that birds have a 
higher ability to learn the inedibility of 
unfamiliar prey when connected to 
conspicuous colours (Marples et al. 1994; 
Marples & Roper 1996; Roper & Marples 
1997). Studies using natural insect prey noted 
the importance of conspicuous colours as well. 
Exnerova et al. (2006) showed that mutant 
forms of the red firebug (Pyrrhocoris apterus) 
are considered aposematic only when their 
background colour is red or orange (the black 
pattern remained unchanged). Yellow and 
white mutations were attacked equally often as 
an artificially de-aposematized (brown-
painted) form. 
The effect of pattern on warning displays is a 
less common subject of investigation. Some 
patterns were showed to be universally 
considered as warnings (e.g. eye spots on 
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wings of butterflies – Brakefield & French 
1999; Lyytinen et al. 2003; Stevens et al. 2007, 
2008). Nevertheless, the importance of patterns 
per se (achromatic patterns) is studied only 
rarely. One approach in experimental studies is 
to form artificial patterns and present them to 
predators (Osorio et al. 1999; Forsman & 
Merilaita 1999, 2003; Forsman & Herrstrom 
2004). Generally, these studies showed higher 
ability of predators to learn the unprofitability 
of prey, when connected to larger and 
symmetrical patterns. Several studies using 
natural insect prey proved a high importance of 
pattern regardless of colouration. Sillén-
Tullberg et al. (1982) showed that differently 
patterned (and equally coloured) larvae of the 
red seed bug (Lygaeus equestris) are less 
protected than adults. Similarly, Dolenska et 
al. (2009) revealed a high importance of 
spotted pattern per se in antipredatory optical 
signals of ladybirds (Coleoptera, 
Coccinellidae). 
In the present study, we tried to test the 
antipredatory effectiveness of particular 
components of optical signals in one species of 
a stainer bug: the red cotton bug (Dysdercus 
cingulatus, Fabricius, 1777, Heteroptera, 
Pyrrhocoridae). 
We offered red cotton bugs to two species of 
titmice, great tit (Parus major, L., 1758; 
Passeriformes, Paridae) and blue tit (Cyanistes 
caeruleus, L., 1758; Passeriformes, Paridae).  
Blue tit inhabits Europe and adjacent areas of 
northern Africa and western Asia, while the 
great tit is distributed throughout the whole of 
Eurasia to the Sunda Islands (Cramp & Perrins 
1993). The red cotton bug is an Indo-
Australian species, originally inhabiting a 
range from eastern India to northern Australia, 
but due to cotton cultivation, it was dispersed 
to tropical areas of the world. Since the 
experimental individuals of titmice were 
caught in the Czech Republic in Central 
Europe, we may assume that they had no 
individual experience with the cotton bug. 
Nevertheless, there is a question if tested 
species could have some inherited avoidance to 
the red cotton bug. 
Naïve chicks of great tits were showed not to 
refuse offered red firebugs (Pyrrhocoris 
apterus, L., 1758, Heteroptera, Pyrrhocoridae) 
and attacked them repeatedly, while adult great 
tits usually refused them at the first encounter 
(Exnerova et al. 2007). On the contrary, blue 
tits possess an innate aversion to red firebugs 

(Exnerová et al. l.c.). As the optical signal of 
the red cotton bug is to some extent similar to 
Middle European species of true bugs, which 
are familiar to the tested birds, the cotton bug 
may thus be generalized to them. 
The red cotton bug, has quite a complex 
optical signal (Fig. 1), consisting of yellow-
orange coloured hemielytra with one black 
spot on each, a red head and upper parts of the 
abdomen, a yellow-brown coloured pronotum 
with a white collar on its forepart, and white 
bottom with red and black stripes. The red 
cotton bug possesses several conspicuous 
colours and patterns which should provide 
protection against predators. 
The upper part of the cotton bug is quite 
similar to most Middle European aposematic 
true bugs (Exnerova et al. 2008), although, the 
background coloration of the cotton bug is 
lighter, rather yellow-orange than red. Several 
studies demonstrated that some species of 
Middle European true bugs provide a warning 
signal to avian predators (e.g. red firebug 
Pyrrhocoris apterus – Exnerova et al. 2003; 
red seed bug Lygaeus equestris – Sillén-
Tullberg et al. 1982). At the same time, 
Exnerova et al. (2008) proposed the existence 
of a mimicry ring containing Middle European 
true bugs and probably some other red and 
black insects (ladybirds and froghoppers). This 
mimicry ring appears to work in a Müllerian-
Batesian continuum with well protected model 
species (Lygaeus, Spilostethus, Graphosoma), 
moderately protected mimics (Pyrrhocoris) and 
poorly protected mimics (Eurydema). The 
unmodified upper part of the colour signal for 
the red cotton bug could be generalised to 
these species according to having similar 
colour and pattern (most similar to models of 
the above mentioned mimicry ring). 
The upper part of the abdomen of the red 
cotton bug, covered by hemielytra, is 
conspicuously red, which is similar to the 
colour of most Middle European true bugs. 
Nevertheless, there is no melanin pattern on 
the abdomen of the red cotton bug. The lower 
part of the body of the red cotton bug has quite 
a distinct pattern not similar to any European 
true bugs; nevertheless, it may be generalized 
to the pattern of several lepidopteran larvae, 
especially from the families Arctiidae and 
Papilionidae, which were proved to possess 
signals considered as warnings (Järvi et al. 
1981; Bowers & Stamp 1997). Nevertheless, 
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caterpillars differ markedly in general 
appearance from true bugs. 
In our experiments, we offered these three 
modifications of the red cotton bug to two 
species of titmice. We presumed that, if the 
offered cotton bug is refused, it was 
generalized to any of the similar European 
aposematic insects (true bugs or caterpillars). 
Nevertheless, the refusal of conspicuously 
coloured prey need not be caused only by 
coloration. To filter out the effect of general 
appearance, we covered the colour signal of 
the red cotton bug by painting its upper parts 
with brown water colour. We may consider the 
effect of coloration to be important for a 
warning signal only if the reaction to the 
unmodified form is weaker than to the brown-
painted form. 

The red cotton bug also possesses chemical 
defence against predators. The chemical 
compounds of the defensive glands of this 
species have been described by Farine et al. 
(1992a) and shown to be nearly identical to 
those in its relative, the red firebug (Farine et 
al. 1992b, 1993; Tab. 1), Nevertheless, as 
showed e.g. by Aldrich et al. (1997), chemical 
compounds depend strongly on food, from 
which defensive chemicals are sequestered. 
That is why we added the red firebug to our 
experiments (unmodified as well as brown-
painted). Only if the reaction of the tested birds 
to brown-painted red cotton bugs and brown-
painted red firebugs is equal may we eliminate 
the effect of chemical signal. 

$�	��������
�$�	��
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The experimental individuals of both bug 
species (D. cingulatus, P. apterus) were 
obtained from laboratory stock cultures. They 
were reared in groups of circa 50 individuals in 
glass jars (15 cm in diameter). Dry seeds of 
linden trees (Tilia cordata, T. platyphyllos) and 
creole cotton (Gossypium barbadense), and 
water were supplied ad libitum. The insects 
were reared at 25°C and under long-day (18 h 
light, 6 h dark) conditions. 
We offered the red cotton bug to the predators 
in four forms (Fig. 1): a) an unmodified adult, 
b) an adult with the upper parts covered with 

brown water colour (burned sienna – proven as 
not impacting the secretion or behaviour of the 
bug as well as the bird – see Exnerova et al. 
2003; brown-painted form), c) an adult with 
removed hemielytra (the red abdomen is 
visible, elytra-cut form), d) an adult placed on 
its back on a sticker background (locked with 
exposed bottom; the bottom form). There were 
two forms of the red firebug (Fig. 1): a) an 
unmodified adult and b) an adult with brown 
painted upper parts. 

Fig 1: Forms of bugs used in the experiments (from the left): unmodified form of the red cotton bug 
(Dysdercus cingulatus), brown-painted form of the red cotton bug (D. cingulatus), the red cotton bug 
(D. cingulatus) with removed hemielytra, the red cotton bug (D. cingulatus) with exposed bottom, 
unmodified form of the red firebug (Pyrrhocoris apterus), brown-painted form of the red firebug (P. 
apterus) 



4

Compound 
Dysdercus 
cingulatus
(%), male 

Dysdercus 
cingulatus
(%), female 

Pyrrhocoris 
apterus (%), 
male

Pyrrhocoris 
apterus (%), 
female 

(E)-2-
hexenal 88.53 86.87 76.09 76.94 

(E)-2-
Hexenyl 
acetate 

3.22 6.26 1.92 1.87 

(E)-2-
Octenal 2.86 2.38 9.94 9.64 

others 5.39 4.49 12.05 11.55 
Tab 1:  Relative percentages of the most common components identified in the metathoracical glands 
of adults of the red cotton bug (Dysdercus cingulatus) and the red firebug (Pyrrhocoris apterus), ex 
Farine et al. 1993. 
���������	
������
	����
Adult birds of two tit species (Parus major, 
Cyanistes caeruleus), caught in mist nets in the 
vicinity of � eské Bud� jovice, were used as 
experimental predators. Captures were 
conducted from 2002 to 2003, except during 
the breeding season (May to July). Birds were 
kept in standard birdcages at lowered indoor 
temperature and under outdoor photoperiod 
conditions. Birds were acclimated to laboratory 
conditions and food (sunflower seeds and 
mealworms) for 1-3 days prior to the 
experiments. The birds were ringed and 
released immediately after the trials finished. 
���������	
����������	�
Experimental cages were made of wooden 
cubic frames (70x70x70 cm) covered with wire 
mesh (2 x 2 mm) with the front wall made of a 
one-way mirror (see Exnerova et al. 2003, for 
details). The cages were equipped with one 
perch, a bowl with water, and a rotating 
circular feeding tray, containing six small cups 
(a single cup contained a prey item during a 
trial). The distance between the perch and the 
tray was approximately 25 cm. Cup bottoms 
were white (normal as well as with a sticker). 
Standard illumination was generated by a light 
source (LUMILUX COMBI 18W, OSRAM) 
which simulated the full daylight spectrum. 
���
���
There were six experimental groups of 
predators. Each group was offered one of the 
forms of bug as described above. There were 
20 great tits and 20 blue tits in each 
experimental group. No individual bird was 
tested with more than one form of bug in order 
to avoid pseudo-replication. Each bird was 
placed into the experimental cage before the 
experiment to become adapted to the new 
conditions, and was provided with food 

(mealworms) and water. The bird was deprived 
of food for 2 hours before the experiment; this 
motivates the bird to forage but does not cause 
stress. The bird was assumed to be ready for 
the experiment as soon as it attacked the 
mealworm immediately after offering. Each 
experiment with an individual bird consisted of 
a series of 10 immediately succeeding trials, in 
which 5 mealworms and 5 tested bugs were 
offered alternately, starting with a mealworm. 
Repetition of several trials within a single 
experiment was used to eliminate effects of 
individual differences in predators’ neophobia, 
for some birds did not attack the first offered 
prey. The trials with mealworms were used to 
check a bird’s motivation to forage, and they 
ended after the mealworm had been eaten. The 
trials with bugs lasted 5 minutes. 
A continuous description of bird behaviour 
was recorded using Observer ver. 3 (1989–
1992, ©Noldus). We distinguished three 
possible results of each trial: (1) the bug was 
neither handled nor eaten during the 5 minute 
trial, (2) the bug was handled (touched, pecked 
or taken by the bird’s bill) but no part of it was 
eaten, or 3) some part of the bug was eaten. 
Taken together, we summarised results of all 
five trials with bugs to assess the reaction of a 
tested bird, so that data for analyses were in a 
binomial form (presence or absence of the 
reaction of the bird – handling or eating, 
during any of the five sessions with the bug). 
For eating, only birds that handled at least one 
of the offered bugs were included, so that 
portion of birds that decided to eat the bug was 
described in order to reveal the edibility of a 
particular presented bug form. 
�	
	��	��
��
�
�
����
Two General Linear Models (GLM, binomial 
distribution, logit link function, using ANOVA 
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and Chi-square tests for deviance analyses and 
post-hoc Tukey HSD test; McCullagh & 
Nelder 1989), one for the handling data and 
one for eating (only handling birds included) 
the prey, were formed to test the reactions of 
the tested birds. We assessed the effect of two 

independent factors: (1) cotton bug form 
(together six forms of two bug species; see 
above) and (2) predator species (P.major, 
C.caeruleus). All tests were performed in R 
2.8.1 for Windows (The R Foundation for 
Statistical Computing, 2002-2009). 

�����	��
���������
Variability in the number of birds that handled 
at least one of the five offered bugs was best 
explainable by the form of the offered bug
(ANOVA, F=14.91, d.f.=5, p<<0.01, 32.7% of 
explained variability). Nevertheless, the other 
explanatory variable, predator species, was 
only marginally important (ANOVA, 
F=3.6365, d.f.=1, p=0.058, 1.6% of explained 
variability). 
The blue tit handled slightly fewer bugs than 
the great tit (Tukey HSD, p=0.05778). Post 
hoc tests divided tested bugs into two groups. 
The unmodified and bottom forms of the 
cotton bug, and the brown-painted bugs of both 
species were attacked more often than the 
elytra-cut cotton bug and unmodified firebug 
(Tab. 2, Figs. 2 and 3).  
	�
����

Variability in the number of birds which ate at 
least part of one of the five offered bugs (only 
handling birds included) was best explained by 
the form of the offered bug (ANOVA, F=5.11, 
d.f.=5, p<0.01, 21.8% of explained variability). 
The other explanatory variable, predator 
species, was also shown to be important 
(ANOVA, F=9.97, d.f.=1, p<0.01, 8.5% of 
explained variability).  
Great tits ate more of the handled bugs than 
blue tits (Tukey HSD, p=0.000243). The post 
hoc test divided tested bugs into three groups. 
All forms of the cotton bug except for the 
elytra-cut form, were eaten more than the 
brown-painted firebug. Unmodified firebug 
and elytra-cut cotton bug did not differ from 
any other form. However, while the proportion 
of eaten elytra-cut cotton bugs is on average 
comparable to both other groups, only three 
unmodified firebugs were attacked (and none 
was eaten). 

����
Fig 2:  Numbers of Great (Parus major) and 
Blue tits (Cyanistes caeruleus) handling at 
least one of five offered bugs of particular 
forms. 

Fig 3:  Proportion of Great (Parus major) and 
Blue tits (Cyanistes caeruleus) eating at least 
one of five offered bugs of particular forms. 
Numbers above every particular column shows 
the total number of handling birds (from which 
the proportion was counted).
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Unmodified 
cotton bug 

Exposed 
bottom 

cotton bug 

Elytra-cut 
cotton bug 

Brown-
painted 

cotton bug 

Unmodified 
firebug 

Brown-
painted 
firebug 

Unmodified cotton bug  0.8415561 0.2902197 0.9241398 0.1420412 0.0004155 

Exposed bottom cotton bug 0.9734779  0.8495739 0.9999470 0.3712920 0.0166845 

Elytra-cut cotton bug 0.0139875 0.0009261  0.7677000 0.8005909 0.6588722 

Brown-painted cotton bug 0.9958294 0.9998547 0.0024302  0.3230299 0.0097387 

Unmodified firebug 0.0000001 0.0000001 0.0619063 0.0000001  0.9959148 

Brown-painted firebug 0.9998547 0.9121648 0.0304687 0.9734779 0.0000003 

Tab 2:  Results of post hoc comparisons of differences between particular forms of bugs presented to 
both titmice species (Tukey HSD test, p). Handling in the left-low cells and eating (only handling birds 
included) in the right-up cells. Bold indicates significant differences, italics indicates marginally 
significant differences. 

%����������

The unmodified upper part of the red cotton 
bug did not provide a warning signal to both 
tested titmice species. We can thus conclude 
that birds were not able to compare and 
generalize this signal to any familiar one 
proven as a warning (e.g. red firebug 
Pyrrhocoris apterus – Exnerova et al. 2003; 
red seed bug Lygaeus equestris – Sillén-
Tullberg et al. 1982). The red cotton bug 
differs from these species by colour of the 
background. The aposematic Middle European 
true bugs possess red colour while the red 
cotton bug is yellow-orange. Nevertheless, the 
black pattern present on this colour is quite 
similar in both bugs. It thus seems that the red 
colour is the key part of the warning optical 
signal of aposematic true bugs as proposed by 
Exnerova et al. (2008). Results similar to ours 
were obtained in a study offering colour 
mutants of the red firebug to several passerine 
species (Exnerova et al. 2006). This study, 
though, showed the warning meaning of the 
orange colour as well. This result implies that 
the same colour has various effects under 
different contexts. In the case of the red 
firebug the red and orange mutants differed 
only in colour while the pattern remained 
unchanged, so the generalization was much 
easier than in the case of the cotton bug and 
Middle European true bugs. 
The key importance of colour is supported also 
by experiments with the cotton bug having 
removed hemielytra and exposed upper part of 
the abdomen. The red coloured abdomen, 
contrary to yellow-orange hemielytra, is 
considered as a warning by titmice, despite the 

lack of any melanisation pattern, which is 
singular among Middle European true bugs. 
Nevertheless, the protection gained by the 
simply red colouration is slightly weaker than 
in the case of the unmodified red firebug. This 
raises the question of why the best (most 
universal) warning signal of the red cotton bug 
is covered by the hemielytra. Some insect 
species were showed to actively expose their 
abdomen (conspicuously coloured) by moving 
their wings (elytra, hemielytra) when 
confronted by a predator (Evans & Schmidt 
1990). Nevertheless, this behaviour has never 
been observed in our experiments with the 
cotton bug. 
The bottom of the cotton bug did not provide 
any warning signal to titmice despite the 
presence of a red and black pattern similar to 
several European caterpillars (Arctiidae, 
Papilionidae). We could thus conclude that 
birds are not able to generalize these patterns 
together. Nevertheless, the caterpillar has a 
completely different body shape. This shows 
that birds are able to use other stimuli than 
colour in generalization processes. We are 
lacking knowledge of titmice behaviour to 
warningly coloured caterpillars similar to the 
cotton bug bottom pattern. Only Järvi et al. 
(1981) presented caterpillars of the swallowtail 
(Papilio machaon, red, black and green 
stripped) to great tits, which refused them 
strictly according to optical and chemical 
signals. 
The effect of chemical signal in antipredatory 
protection of the cotton bug is quite an 
interesting topic. It probably does not influence 
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the decision to attack the bug, because the 
number of birds attacking either the brown-
painted cotton bug or brown-painted firebug 
did not differ. However, this result can be 
explained by both species being equally 
protected based on the composition of their 
protection chemicals (Farine et al. 1993). 
Nevertheless, this conclusion is disproved by 
the portion of eaten bugs. The brown-painted 
cotton bug was eaten much more often than the 
brown-painted firebug. Thus, it seems that 
chemical protection of the firebug does not 
work over longer distances, and cannot deflect 
the attack of the bird, but it significantly 
affects the probability of continuation of the 
attack (contrary to the cotton bug). 
While the chemicals of the cotton bug per se 
cannot deflect the attack, the warning 
colouration of the abdomen provides a 
particular protection even against being eaten, 
because the elytra-cut cotton bugs were not 
eaten more often than the brown-painted 
firebugs (contrary to other forms of the cotton 
bug). It is evident that birds take a more 
cautious approach to warningly coloured prey 
despite other components of their antipredatory 
signal. This finding should be important in 
evolution and preservation of Batesian 
mimicry where the comprehensive signal being 
stronger than any other is essential (Mappes & 
Alatalo 1997). 
As mentioned above, the red cotton bug and 
red firebug possess similar chemicals in their 
metathoracical gland (Farine et al. 1993; Tab. 
1). As our bugs were reared under equal 
conditions as in the studies describing their 
chemical protection (Farine et al. 1992a, 
1993), we can assume our bugs possessed 
equal composition of protective chemicals. 
Nevertheless, the cotton bugs in our study were 
much less protected against titmice than the 
firebugs. It is obvious that even a small change 
in chemical composition of protective 

substances may lead to significant changes in 
the efficacy of protection. This parameter 
should be factored into comparisons of 
chemical protection of many other insects. 
In our study, we used two titmice species as 
predators to reveal possible differences in the 
perception of prospective warning signals of 
the red cotton bug. We chose the great tit and 
the blue tit, because differences in their 
reaction toward aposematic prey were proven 
before. The blue tits showed a greater wariness 
in reactions to several forms of warningly 
coloured true bugs (Exnerova et al. 2003, 
2007; Vesely et al. 2006). The difference 
between both tested predator species was 
shown in their reaction to cotton bugs as well. 
Generally, the blue tit was more cautious in 
their approach to all forms of the red cotton 
and firebug, but the difference was more 
significant in eating than handling. It seems 
that the blue tit has a similar degree of 
willingness to attack suspicious prey, but they 
are more often deflected from finishing the 
attack. This indicates a higher sensitivity of 
blue tits to chemical protection of the cotton 
bug. 
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Efficiency of individual colours in insect warning 

displays: experiments with avian predators. 

Alena Cibulková, Petr Veselý, Simona Poláková and Roman Fuchs 

Abstract The importance of various colours in warning signals to optically orienting 
predators is tested surprisingly seldom. Several colours (red, orange, and yellow) are 
considered to be universally warning; nevertheless, the warning meaning of others is rarely 
tested and usually with artificial prey. In the presented study we offered edible prey (Guyana 
spotted roach – Blaptica dubia), equipped with colour displays, to avian predators (great tit – 
Parus major). Colour was modified using paper stickers placed on the insect’s back. These 
stickers were of eight various colours and usually (except for the brown control) supported by 
a black pattern equal to that seen in the red firebug (Pyrrhocoris apterus), experimentally 
proved to induce avoidance in great tits. We confirmed red and orange to provide the best 
protection; nevertheless, yellow elicited significantly weaker avoidance. White, blue and 
violet preys were attacked similarly to the yellow one, differing in time amount necessary for 
recognition by the predator. White and blue preys were evidently novel for tested birds, so 
they looked at them from a distance for a long time until they decided to approach and 
possibly attack it (more often in the case of blue). The green prey was the only one attacked 
equally as often as the brown control. The often attacked green prey suggested a low 
importance of the black pattern in red firebug protection. Red, orange, yellow and white 
cockroaches were attacked practically equally as much as mutant forms of the red firebug in 
previous studies, so the efficiency of this methodology (using paper stickers to make Batesian 
mimic) was certified. 
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Introduction 

The efficiency of warning signals is primarily based on colour patterns and chemical signals 
(Cott 1940; Brakefield and French 1999; Gamberalle-Stille and Guilford 2003; Skelhorn and 
Rowe 2005). Several colours are generally considered to be universal warning signals (red, 
orange, yellow), as they contrast to most natural backgrounds and enhance recognition and 
learning processes in most optically orienting predators (Poulton 1890; Cott 1940, Roper and 
Marples 1997, Ham et al. 2006). Nevertheless, various studies show various efficacies of 
particular colours in warning signals. 
The warning effect of red, orange and yellow colours is generally confirmed in experimental 
studies using natural insect prey (e.g. Sillén-Tullberg et al. 1982; Kauppinen and Mappes 
2003), artificial prey (Schuler and Hesse 1985; Mastrota and Mensch 1995 or Rowe and 
Skelhorn 2005) or even painted water (Roper and Marples 1997). Nevertheless, the efficacy 
of such signal depends on the type of predator attacking the prey. Frugivorous or granivorous 
birds do not show significant avoidance of red prey (Honkavaara et al. 2004, Exnerová et al. 
2003), as it represents most of their natural diet.
Other colours are not generally used in warning displays; nevertheless, in some species they 
do occur. The warning meaning of white in particular has been proven experimentally several 
times (Collins and Watson 1983; Honkavaara et al. 2004). 
Nevertheless, other studies did not show such an effect (Lyytinen et al. 1999, Exnerová et al. 
2006), so we may consider the warning meaning of white to be context dependent. Green, 
brown and grey are colours generally considered to be non-warning as they match most 
natural backgrounds (Rowe and Guilford 1996; Gamberalle-Stille and Sillén-Tulberg 2001; 
Rowe and Skelhorn 2005). Nevertheless, even in these colours a warning effect has been 
proven, when forming an appropriate pattern like the dorsal zig-zag pattern of vipers 
(Niskanen and Mappes 2005). The colours blue and violet are quite rare in nature and they 
contrast to most natural backgrounds (which both is convenient to the demands on aposematic 
prey – Cott 1940); they are nevertheless used as warning displays only rarely and usually in a 
shiny variant as seen in beetles (Bonacci et al. 2008). 
In any event, the warning meaning of any colour is more efficient when combined with a 
contrasting (black) pattern, because it enhances the recognition of a particular prey species 
(Cott 1940). Nevertheless, such a pattern should meet several criteria to provide a functional 
warning signal. It should be symmetrical (Forsman and Herrström 2004), contrasting within 
the used background colour (Aronsson and Gamberalle-Stille 2009) and idealy possess some 
specific components like rounded spots – so called eyespots (Stevens et al. 2008). 
In the presented study we offered edible prey carrying paper sticker shields placed on their 
backs with colour patterns derived from the natural colouration of the red firebug 
(Pyrrhocoris apterus, L. 1758: Hemiptera, Pyrrhocoridae) to an avian predator. The red 
firebug was proven to possess a warning signal eliciting aversion in several passerine species 
(Exnerová et al. 2003), consisting of a red background with several melanisation centres on 
the pronotum and hemielytra including rounded black spots (Zrzavý 1995). Nevertheless, the 
red firebug also possesses chemical protection (Farine 1992) which causes certain avoidance 
in birds as well (Exnerová et al. 2003). To test the effect of the optical signal alone, we 
decided to use an edible insect as prey with the colour signal of the red firebug printed on a 
paper sticker shield placed on the insect’s back. Therefore, we created a Batesian mimic of the 
red firebug possessing no protection, but a similar signal (Huheey 1980). This method was 
proven to work well, as the mimic was protected against attack by the avian predator equally 
to the model (Veselý a Fuchs 2009). Such prey allows us to test the effect of the colour optical 
signal per se; nevertheless, other optical signals typical for the edible prey are still present 
(legs, antennae, body shape). It has been shown that predators are able to use such traits in 
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prey recognition (Kauppinen and Mappes 2003, Nelsson et al. 2006, Dolenská et al. 2009). 
The shields on the edible prey used depicted the colour signal of the red firebug, preserving 
the black pattern but altering the colour shade of the background. To test the effect of the 
black pattern a plain brown control shield with no black pattern was used as well.

Material and methods 

Prey 

We used third larval instars (7-11 mm length) of Guyana spotted roach (Blaptica dubia, 
Audinet-Serville 1983: Dictyoptera, Blaberidae) as an edible prey carrying the model colour 
pattern. It possesses no chemical or other warning signals and protection; it is commonly used 
as fodder. It is similar to the model in size and general appearance, nevertheless, it’s way of 
moving, body posture and shape of it’s legs and antennae little different. Roaches were bred 
in a glass terrarium in large groups (100 individuals) and vegetables (carrot, beet, and 
potatoes), cat food, and water supplied to them ad libitum.  
The roaches carried paper sticker shields placed on their backs, possessing a modified colour 
pattern of the red firebug. There were seven modifications with a preserved black pattern 
equal to that of  the firebug, differing in the background colour (red, orange, yellow, white, 
green, blue, violet) and one modification without the black pattern, plain brown, used as a 
control, non-warning signal. See Table 1 for digital specification and characteristics of the 
particular colour shades in RGB as well as CMYK channel regime. 

Table 1. Digital specification of particular colour shades used in experiments 

Colour shade R G B C M Y K
Red 255 0 0 0 95 84 0
Orange 255 140 0 0 51 87 0
Yellow 255 255 0 3 3 82 0
White 255 255 255 0 0 0 0
Blue 0 140 255 71 19 0 0
Violet 140 0 255 62 61 0 0
Green 0 255 0 54 0 93 0
Brown 130 90 55 42 66 87 3

Predators 

We used individuals of the great tit (Parus major, L. 1758: Passeriformes, Paridae), caught in 
the wild, as predators. Great tits were shown to refuse unmodified forms as well as some 
colour modifications of the red firebug (Exnerová et al. 2006) and respond equally to the 
unmodified red firebug and its artificially made Batesian mimic (Veselý and Fuchs 2009). 
The birds were caught using mist nets during two winter seasons (2006-2008, September to 
March) on winter feeders.The birds were caged in standard bird cages and bred under a 
lowered indoor temperature (15 °C) and daytime light regime with sunflower, mealworms and 
water supplied ad libitum. The birds were usually kept one to two days prior to the 
experiment. All birds were ringed and released at the place of capture after the experiments 
were finished. Together we used 160 birds divided into 8 groups. Each bird was tested only 
once to avoid pseudoreplication. 

Experiment 

The experiments were conducted in an observatory cage consisting of a wooden frame (70 
x70 x 70 cm) covered with wire mesh (3x3 mm mesh diameter), and with one side formed by 
a one-way mirror, behind which the observer. The cage was equipped with a perch and a 
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water bowl and illuminated with a daylight-simulating light source (OSRAM). At the mirror 
side a rotating circular tray with six white cups was placed. In these cups the experimental 
prey was placed and turned into the cage, with only one cup containing prey during the 
experiment. 
Every bird was placed in the observatory cage several hours before the experiment and trained 
to attack offered prey (mealworm). After this training, the birds were deprived of food for two 
hours, to be motivated to attack prey in the experiment. During the experiment ten prey items 
were offered successively, alternating five mealworms with five roaches with stickers, starting 
with a mealworm. Five repetitions of the presentation were used in order to filter out the 
effect of neophobia, which was showed to be quite a short-time event (Marples and Kelly 
1999). Every prey was offered for five minutes and the birds’ behaviour was observed by 
camera and simultaneous recording into ethological software (Observer ver. 3, 1989 – 1992, 
©Noldus).  

Data and statistical analyses 

We observed three behavioural responses: approaching the prey (latency of the first approach 
and total number of particular approaches), attacking the prey (touching the prey with the 
beak) and eating the prey (at least part of the body). As there was no difference among five 
particular subsequent repetitions of the experiments with cockroaches, their results were 
combined. Therefore the data used in analyses were: 1) presence of any attack during all five 
roach trials (values 1 or 0 for every particular bird), 2) presence of any eating event during all 
five roach trials (values 1 or 0 for every particular bird), 3) total time to the first approach 
during all five roach trials (0 to 5x300 seconds) and 4) mean number of approaches in one of 
five roach trials (0 to 3). Data for the number of attacking and eating birds were of binomial 
distribution. The effect of  sticker shield colour on these behavioural response was evaluated 
using the generalized linear model (GLM) and differences between particular shield types 
were evaluated using the Fisher exact test with Bonferroni adjustment (p level lowered to 
0.007). The data for latency of approaching were of normal distribution, so an analysis of 
variance (ANOVA) was used to evaluate the effect of shield colour on this type of data. This 
test was used as well in the case of a number of approach events, which was however of 
lognormal distribution, so transformation of this data was used (ln(A-0.01)). Particular 
differences in these two data types were evaluated using post-hoc Tukey HSD tests. 
All calculations were done using R 2.8.1 for Windows (R development core team 2009) and 
Statistica 8 (1984 - 2009, StatSoft, Inc.). 
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Results 

Attacking and eating 
The number of birds that decided to attack or eat at least one of five offered roaches was 
significantly affected by the colour of the sticker shield being carried by the roach (GLM, 
binomial, logit link function, attacking: F = 31.4, df = 7, p > 0.01; eating: F = 35.9, df = 7, p > 
0.01). The most attacked and eaten colour of shield was brown (without a pattern) together 
with green (Fig. 1). All tested colours with pattern except for the green differed significantly 
from the brown control sticker (Tab. 2). Red and orange stickers were attacked as well as 
eaten more often than green ones. Moreover, yellow, white and violet were eaten more often 
than green (contrary to attacking).The yellow form was attacked marginally more often than 
the red form (Tab 2). 
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Figure 1. Numbers of birds attacking and eating particular prey forms. 

Table 2. Particular differences between colour forms of prey in numbers of attacking or eating birds. Fisher 
exact p values. Significant differences in bold. Bonferroni adjustment applied (p level lowered to 0.007). 

Attacking in left-lower and eating in right higher part of table. 

eating 
attacking 

red orange yellow white blue violet green brown 

red  1 0.661 0.408 0.065 0.408 >0.001 >0.001 
orange 1  0.661 0.408 0.065 0.408 >0.001 >0.001 
yellow 0.065 0.155  1 0.301 1 0.001 >0.001 
white 0.127 0.273 1  0.501 1 0.004 >0.001 
blue 0.031 0.082 1 0.748  0.501 0.054 >0.001 
violet 0.065 0.155 1 1 1  0.004 >0.001 
green >0.001 >0.001 0.026 0.010 0.048 0.023  0.182 
brown >0.001 >0.001 >0.001 >0.001 0.001 >0.001 0.342  
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Approaching 
 The latency of the first approaching to the offered prey was significantly affected by the 
colour of the sticker carried by the prey (ANOVA: F = 3.62, df = 7, p = 0.001). Similarly, the 
number of approaches to the prey was affected by its colour (ANOVA: F = 3.13, df = 7, p = 
0.004). The white form was approached after the longest period and quite seldom (Fig. 2 a 3, 
Tab. 3). The blue form was approached also after a longer period; nevertheless, it was 
approached a little more often. Orange and violet were approached rarely; nevertheless, quite 
quickly. The most often and earliest approached colours were brown and green (Fig. 2 a 3, 
Tab. 3). 

Figure 2. Mean numbers of approaches to particular prey forms. 

Figure 3. Latency to the first approach in particular prey forms. 

Table 3. Particular differences between latency and number of approaches to particular colour forms of prey. 
Post hoc Tukey HSD test p values. Significant differences in bold. Latency in left-lower and number of 

approaches in right higher part of table. 

number 
latency 

red orange yellow white blue violet green brown 

red  0.567 1 0.554 1 0.251 1 0.182 
orange 1  0.567 0.814 0.567 1 0.567 0.002 
yellow 0,812 0.268  0.714 1 0.251 1 0.173 
white 0.125 0.179 0.094  0.614 0.848 0.614 0.017 
blue 0.211 0.251 0.120 0.486  0.251 1 0.182 
violet 0.516 0.654 0.950 0.241 0.154  0.251 0.001 
green 0.215 0.211 0.685 0.026 0.094 0.627  0.171 
brown 0.114 0.118 0.256 0.002 0.061 0.411 0.993  

 Median 
 25%-75% 
 Non-Outlier Range 
 Outliers
 Extremesred orange yellow white violet blue green brown

0,0

0,5

1,0

1,5

2,0

2,5

3,0

N
um

be
r 

of
 a

pp
ro

ac
he

s

 Median 
 25%-75% 
 Non-Outlier Range red orange yellow white violet blue green brown

0

200

400

600

800

1000

1200

1400

la
te

nc
y 

(s
)



7

Discussion 
The least attacked as well as eaten colour forms of presented prey were orange and red, 
which is in concordance with our general understanding of warning colours (Cott 1940, Ham 
et al. 2006; Exnerová et al. 2006; Svádová et al. 2009). These forms were also approached 
quite quickly and scarcely, so we may conclude that the birds had no problem with identifying 
them and assigning them quickly to the signal of natural red firebug. The colour orange was 
probably not differentiated from the natural coloration of red firebugs, as their coloration has 
a certain natural variability (Socha and N� mec 1992). 
The yellow and the white form of the prey used in our study were protected a little less 
against the titmice attack than the red and orange ones. This result is in concordance with 
results using mutant forms of the red firebug (Exnerová et al. 2006). Yellow and white 
mutants were attacked as well as killed more often by great tits than the red natural form. In 
the case of  the colour  yellow it is quite an interesting result, as this colour is usually 
considered as universaly warning, especially when combined with black (Schuler and Hesse 
1985; Kauppinen and Mappes 2003, Hauglund et al. 2006) but even a plain yellow prey was 
attacked equally seldom as the red one (Rowe and Skelhorn 2005). We may consider that 
great tits were not able to generalize the signal of the natural red firebug to this yellow form 
as showed by Svádová et al. (2009). Nevertheless, yellow is still provided a sufficient 
protection to the cockroachs in our study (better than in the case of the brown control shield). 
Moreover, yellow forms were approached very often and not often repeatedly, so birds did not 
have any problem with evaluating its meaning. 
The case of white is more complicated as several studies confirm its warning sense (Collins 
and Watson 1983; Honkavaara et al. 2004) while others do not (Lyytinen et al. 1999, 
Exnerová et al. 2006). Moreover, the birds in our study tended to observe it for a very long 
time before they decided to approach it; moreover they approached it only seldomly. It seems 
that birds were not able to generalize the natural coloration of the red firebug to this form and 
moreover, they had problems with the generalization of any familiar signal to it, as white 
insects with black pattern are quite scarce in the Middle-European fauna (except for 
butterflies which possess a completely different appearance; Lyytinen et al. 1999). 
Nevertheless, after this period, birds mostly evaluated this prey as unacceptable and avoided it 
(though a little less than orange and red). 
The violet and the blue prey were attacked as well as eaten at a similar rate to yellow and 
white ones. Nevertheless, they differed in the time which birds needed to evaluate their 
dangerousness. The blue form was approached by birds very slowly; birds needed more time 
to decide if to approach it or not, while the violet form was approached quite quickly. 
Moreover, the violet form was approached very scarcely while the blue one a little more 
often. It seems that birds were not able to recognize and categorize the blue form and compare 
it to any familiar prey, while in the case of violet this problem was not that important. This is 
quite surprising, because the inner contrast of violet and black in the pattern was the lowest 
among all tested colours, so the black pattern was not clearly visible to the human eye. 
Patterns are supposed to enhance the recognition process in warningly signalling prey 
(Stevens et al. 2008; Aronsson and Gamberalle-Stille 2009), so we expected the latency to 
approach the violet prey to be longer. The short time necessary for violet prey recognition 
suggests that great tits were able to sense the contrast between these two colours. The higher 
ability to perceive contrast between two colours is generally supposed in birds (Jones et al. 
2001). 
Neither of these colours is at all common in nature. Several insect species possess them, but 
usually in a shiny, metal gloss form. The rates of attack and eating events show, that after the 
evaluating process, the birds usually decided to avoid these forms. Most metal shining insects, 
usually beetles (Coleoptera) possess certain protection (Bonacci et al. 2008), and if titmice 
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tested in our study generalized their signals to the presented roaches, it was more profitable to 
avoid them. Nevertheless, the blue prey were attacked, but above all eaten, at practically the 
same rate as the green ones, which suggests, that its warning meaning is a little lower than in 
the case of violet prey. Mastrota and Mensch (1995) showed northern bobwhites (Colinus 
virginianus) to attack blue prey at an equal rate as green ones and much less than red and 
yellow. We may assume that blue is considered to be unfamiliar, and may elicit certain 
avoidance; nevertheless, it is not suitable for carrying a warning signal. 
Green prey were attacked as well as eaten by most of the tested birds and with the same rate 
as the brown control and significantly more often than the red and orange form. Moreover, it 
was approached most quickly (from all forms possessing the black pattern) but it was not 
approached as often as the brown one. These results imply two concerns. That green is not 
considered as a warning, it is quickly recognized and birds do not need to observe it 
repeatedly before the attack, which is in concordance to the general opinion (Rowe and 
Guilford 1996; Gamberalle-Stille and Sillén-Tulberg 2001; Rowe and Skelhorn 2005). 
The other result is thus quite surprising. In the green prey the black pattern was retained equal 
as in natural red firebugs. Nevertheless, this pattern did not provide sufficient protection when 
the background colour of the insect was green. Most warning displays are formed by colour 
patterns, usually in combination with black to enhance the signal and facilitate the recognition 
and learning process of the predator (Cott 1940). The pattern of the red firebug complies with 
most of criteria assumed as important in the efficacy of warning signals: it is symmetrical 
(Forsman and Herrström 2004), contrasting (Aronsson and Gamberalle-Stille 2009) and 
possesses rounded spots, proved to enhance the warning display (Stevens et al. 2008). 
Moreover, it has been shown, that even inconspicuous colour may elicit avoidance in 
predators when formed into proper patterns – e.g. the zig-zag pattern of snakes (Niskanen and 
Mappes 2005). The explanation of our result may reside in the low ability of titmice to 
generalize the normal red and black pattern of the red firebug to the green one. Svádová et al. 
(2009) showed that great tits (hand-reared) were not able to generalize the signal of the 
natural red and black firebugs to white mutants (which were considered to be non-warning by 
adult birds), even if they possessed the equal black pattern. We may therefore assume that the 
black pattern has a certain effect on the efficacy of the protection of the red firebug; 
nevertheless, it has to be supported by a warning background colour. 
In our study the prey was represented by edible cockroaches carrying paper stickers on their 
backs. These stickers possessed modified colour patterns of an inedible red firebug, so we 
may consider such prey as a Batesian mimic (Huheey 1980). In our previous study (Veselý 
and Fuchs 2009) we proved that the cockroach carrying paper sticker with the red and black 
pattern of the red firebug to be as equally protected as the model (red firebug). As the attack 
rates for various colour modifications of our cockroaches (red, orange, yellow and white) 
were practically equal to attack rates (of the great tits) for coloured mutants of the red firebug 
in the study of Exnerová et al. (2006) we may consider tested birds not to be able to 
recognise/ see through the fakery of such mimics. The Guyana spotted roach carrying a paper 
sticker still provides several traits to the predator which might enable its recognition (smell, 
but also shape of legs and antennae, or way of moving). According to our result, we may 
consider the effect of such traits as negligible in prey recognition, tested titmice were not able 
to distinguish the cockroach from the firebug and their reactions were affected most by the 
colour pattern on the paper sticker shield. 
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Abstract The evolution of Batesian mimicry was tested experimentally using avian
predators. We investigated the effect of a search image on the protection effectiveness of a
newly emerged Batesian mimic. The two groups of predators (adult great tits,Parus major)
differed in prior experience with prey from which the mimic evolved. The Guyana spotted
roach (Blaptica dubia) was used as a palatable prey from which the mimic emerged, and
red ®rebug (Pyrrhocoris apterus) was used as a model. Optical signalization of the insect
prey was modi®ed by a paper sticker placed on its back. The cockroaches with the ®rebug
pattern sticker were signi®cantly better protected against tits with no prior experience with
cockroaches. The protection of the ®rebug sticker was equally effective on cockroaches as
it was on ®rebugs. The cockroaches with ®rebug stickers were not protected against attacks
of tits, which were familiar with unmodi®ed cockroaches better than cockroaches with a
cockroach sticker. We suppose that pre-trained tits acquired the search image of a cock-
roach, which helped them to reveal the `̀ fake'' Batesian mimic. Such a constraint of
Batesian mimicry effectiveness could substantially decrease the probability of evolution of
pure Batesian mimic systems.

Keywords Evolution of Batesian mimicry� Warning signalization�
Neophobia� Search image

Introduction

One of the striking phenomena connected with antipredatory signalization is mimicry. Two
basic forms of mimicry have been distinguished (see Fisher1930): MuÈllerian, in which two
protected species are mutually protected by similar signalization; and Batesian when one
unprotected species (mimic) parasites on the protected one (model) by imitating its signal.
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The initial evolution of Batesian (as well as MuÈllerian) mimicry has always been
considered trouble-free. The basic dilemma of evolving the warning colouration (predators
unfamiliar with a novel conspicuous prey kill all emerged individuals and, thus, such a
form cannot spread in the population; see e.g., Guilford1990; Alatalo and Mappes1996) is
solved in this case, as the predator is familiar with a warning signal of the model species.
Nonetheless, the low amount of evidence of pure Batesian systems in nature (see e.g.,
Turner and Speed1999) indicates that there are some constraints in the evolution of
Batesian mimicry.

First and foremost, the population of the model species must be bigger than the pop-
ulation of the mimic species (Fisher1930) so that the predator has a higher probability to
encounter the model and learn (or recall) the connection between signal and quality
(unpalatability) than the connection between the signal and mimic (without quality).
Experimental evidence for this precondition was provided by LindstroÈm et al. (1997).
Experimental predators (great tits) were confronted with models (warning signal and
unpalatability) as well as mimics (warning signal without unpalatability) in a novel world
design. This experimental approach uses arti®cial prey, which can be considered as being
completely novel to the predators even in terms of evolutionary history (see LindstroÈm
1999for details). The experiments of LindstroÈm et al. (1997) show that a higher proportion
of mimics in the prey population reduced the protection of the models against predator
attack. Moreover, this study tested the effect of the degree of model unpalatability on the
effectiveness of Batesian mimicry. The more unpalatable is the model the better protected
is the mimic.

Another parameter that could condition the effectiveness of Batesian mimicry is the
accuracy of the mimic signal. The more perfect (similar) is the mimic signal, the higher
should be the probability of its confusion with the model (Hetz and Slobodchikoff1988;
Johnstone2002; Sherratt2002). The novel world experimental design was used to test this
parameter in experiments carried out by Mappes and Alatalo (1997). They showed that
even an imperfect mimic signal may provide some protection. Similarly, LindstroÈm et al.
(2006) did not observe any increase of mimic mortality if their signal was imperfect
(MuÈllerian mimics were tested in this case). On the contrary, Dittrich et al. (1993) found
different results. Pigeons were trained to assess the similarity of presented items (so called
same/different task). During the experiment, the pigeons were offered less or more perfect
Batesian mimics (several drone¯y species) together with their hymenopteran models. The
pigeons were not able to distinguish a perfect mimic from the model, but the imperfect
ones were distinguishable. The difference between this study and the novel world exper-
iments studies can be explained by the different experimental approach. While Dittrich
et al. (1993) were interested in the cognitive abilities of pigeons (they did not perceive the
items as a prey), the novel world experiments observed bird reaction to a prey. The
approach of a predator to any prey (including Batesian mimics) is affected not only by the
quality of the warning signalization, but also by the predator cognitive abilities (Osorio
et al. 1999) or psychology (Speed2000).

Phobia is one of the perspectives of predator psychology that should be important in the
study of Batesian mimicry; this is supposed to lower the willingness of the predator to
attack encountered prey (Speed2000). A speci®c case of phobia is fear of an unknown
prey. This phenomenon was described as neophobia or dietary conservatism (see Marples
and Kelly1999). Both of these perspectives describe a wariness of new, unknown prey, but
their principles are different. Neophobia is an immediate response that may subside rather
fast, while dietary conservatism is a stable long-term phenomenon (see e.g., Greenberg and
Mettke-Hoffman2001). There are several experiments with various bird predators (zebra
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®nch, domestic chick, robins or blackbird), which prove the neophobical reaction towards
unknown warning colours or odours (Marples and Roper1996; Marples et al.1998; Kelly
and Marples2004, respectively). A computer simulation (Speed2001) as well as an
experimental study (Thomas et al.2003) proved that neophobia (or/and dietary conser-
vatism) induced the spreading of an unfamiliar conspicuous form in the population. The
review of Marples et al. (2005) also emphasizes the key role of neophobia in the evolution
of warning signalization.

The predator's reaction to a warning signalling prey could also affect another aspect of
animal cognitive abilities caused by the limited rate of information processing in the
animal brain. This constraint is called limited attention and it affects various components
of animal behaviour (Dukas2002, 2004). In foraging processes, limited attention results in
selective attention to a speci®c (e.g., most abundant or most pro®table) prey; this is more
effective than spreading the search for various prey types (Bond and Kamil1999; Dukas
and Kamil 2001). This selective attending to the desired prey is called a search image
(Dukas2002). The existence and principles of a search image have been experimentally
tested with several avian species (Great titsÐTinbergen1960; chicksÐDawkins1971and
blue jaysÐPietrewicz and Kamil1979; Bond and Kamil1999; Dukas and Kamil2001).

Neophobia and search image work together, because the former causes the refusal of an
unfamiliar prey and the latter a preference for a desired (and familiar) prey. Therefore, if a
Batesian mimic arises in a population of unprotected palatable prey; Both the search image
and neophobia of a predator should lower the willingness to attack it. LindstroÈm et al.
(2004) found that predators were more likely to refuse an unfamiliar warning coloured and
unpalatable prey as well as its Batesian mimics if an alternative cryptic and palatable prey
was more available. We suppose that the predators form a search image of the cryptic prey,
resulting in a lack of interest to other potential prey.

Nevertheless, if the predator prefers the ancestor prey and possesses its search image, its
reaction to a newly emerged Batesian mimic could be quite different. Forming a search
image may employ several prey features, such as conspicuousness (Blough1989a; Dukas
and Ellner1993), size (Blough1989b) or shape (Blough1985; Blough and Franklin1985).
The colour is undoubtedly the most conspicuous characteristic of a prey, but other features
can be used for prey recognition as well. For example, insects provide several character-
istics like body shape, length of legs or antennae, way of movement (e.g., Yamawaki2000,
2003) or absence of repugnant odour (Roper and Marples1997; Rowe and Guilford1999;
LindstroÈm et al.2001). If a search image includes such features of a prey, a predator can
reveal the signal fake of a Batesian mimic and attack it. The newly emerged warning
coloured form will not spread in the population in such a case.

In the present study, we experimentally simulated the emergence of a warning coloured
Batesian mimic in the population of an edible prey. We used a real insect prey species,
which provides several signals to the predator (Guyana spotted roachÐBlaptica dubia). It
was provided with a perfect colour pattern of a well protected model insect species, the red
®rebug (Pyrrhocoris apterus; see e.g., ExnerovaÂet al.2003). Adult great tits (Parus major)
were used. These were caught in the wild as predators supposedly being familiar with the
model from nature (ExnerovaÂet al. 2003).

We tested the following hypotheses:

H1 The cockroach mimicking red ®rebug is protected against predators unfamiliar with
the cockroach.

H2 The cockroach mimicking red ®rebug is less protected against predators familiar with
the cockroach (possessing a search image of it) than against unfamiliar ones.
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Materials and methods

Experimental prey

The red ®rebug,Pyrrhocoris apterus(L., 1758), has a red and black colouration that has been
proved to be a warning signal (Wiklund and JaÈrvi 1982; ExnerovaÂet al.2003, 2007). It also
possesses a chemical defence based on short-chained alkanes and their derivatives, produced
by the repugnatory metathoracic glands (Farine et al.1992). Firebugs for the experiments were
collected in the surroundings of CÏ eskeÂBudeÏ jovice (South Bohemia, Czech Republic) during
2004 and 2005. Groups of about 50 individuals were kept in the laboratory in glass jars
(15 cm in diameter). Dry linden tree seeds (Tilia cordata) and water were suppliedad libitum.

The Guyana spotted roach,Blaptica dubia (Audinet-Serville, 1838), is used as a
common feed for insectivorous animals. Similarly as with other cockroach species, it uses
chemical protection when endangered; it empties its stomach and stains the predator with
its contents. Cockroaches in our experiments used this strategy when trying to avoid
attacks of experimental great tits, but as they were fed mostly with carrots, the titmice were
not repelled by these excretions and considered Guyana spotted roaches palatable. In our
experiments, we used the second and third larval instar (8±14 mm in length equalling
®rebug length), which are brownish with dark and pale spots. They were kept in a glass
terrarium (409 30 9 20 cm) at high densities. Fresh vegetables (carrot, beet root, and
potatoes), dry cat and dog foods and water were suppliedad libitum.

Both insect species were reared at 25°C under long-day (18 h light, 6 h dark) condi-
tions. These two insect species are of comparable appearance, with similar body shapes
and movements. The main differences between the species are in the shape of the antennae
and legs, and in body posture.

The natural colouration of the experimental prey was changed using paper stickers
placed on its back, thus covering the body of the insect from above and partially from the
sides. Stickers are very useful in modifying the colouration of insects and do not in¯uence
the insect's behaviour. There were four experimental prey types (Fig.1), as each of the
tested prey species could `̀ wear'' two types of stickers, either a cockroach or a ®rebug
pattern. The sticker patterns were made from printed photographs of both insect species.

Experimental predators

Adult great tits (Parus majorL., 1758), caught with mist nets in the vicinity of CÏ eskeÂ
BudeÏ jovice (South Bohemia, Czech Republic), were used as experimental predators.
Captures were conducted during 2004±2006, except during the breeding seasons

Fig. 1 Experimental prey types. From theleft ®rebug with ®rebug sticker, ®rebug with cockroach sticker,
cockroach with ®rebug sticker, cockroach with cockroach sticker
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(May±July). Birds were kept in standard birdcages at lowered indoor temperature and
under outdoor photoperiod conditions. Birds were acclimatized to laboratory conditions
and food (sun¯ower seeds and mealworms or cockroaches, see `̀Trials'') for one to 2 days
prior to the experiments. They were ringed and released immediately after the experiments.

Experimental equipment

The experimental cages were made from wooden cubic frames (0.7 m9 0.7 m9 0.7 m)
covered with wire mesh (29 2 mm) and with a one-way mirror as a front wall (see
ExnerovaÂet al. 2003 for details). The cages were equipped with one perch, a bowl with
water, and a rotating circular feeding tray, containing six small cups (only one cup con-
tained a prey item during each trial). The distance between the perch and the tray was
approximately 25 cm. The bottom of the cups was white. Standard illumination was
generated by a light source (LUMILUX COMBI 18 W, OSRAM) that simulates full
daylight spectrum (including UV radiation).

Trials

The 120 tested great tits were divided into two groups. The ®rst group (80 individuals) was fed
mealworms during acclimatization in the laboratory. The other 40 individuals were fed
cockroaches.The foodwas suppliedad libitumin bothgroups, so that several tens ofprey items
were eaten during the pre-experimental period. Subsequently, the birds from the ®rst group
were divided into four groups of 20 individuals each. The ®rst group was offered cockroaches
with cockroach pattern stickers. The second group was given cockroaches with ®rebug pattern
stickers. The third group was offered ®rebugs with cockroach stickers and the fourth group
was presented with ®rebugs with ®rebug stickers. The birds that were fed cockroaches
were divided into two groups of 20 individuals. The ®rst was offered cockroaches with
cockroach stickers and the other group was presented with cockroaches with ®rebug stickers.
To avoid pseudo-replication, each individual bird was used for a single series of trials only.

Each bird was placed into the experimental cage before the experiment in order to adapt
itself to the new conditions, and was provided with food (mealworms or cockroaches
according to the experimental group) and water. Each bird was deprived of food for
1.5±2.5 h prior to the experiment to enhance its motivation.

The bird was assumed to be ready for the experiment as soon as it attacked the offered
prey immediately after introduction. Each experiment with an individual bird consisted of
a series of four trials, in which two control preys (mealworm or cockroach without any
sticker) and two experimental preys (stickered cockroach or ®rebug) were offered alter-
nately, starting with the control prey (sequence control/experimental/control/
experimental). The control prey was used to check the bird's motivation to forage, and the
trial ended after the prey was eaten. The trials with experimental prey always lasted 5 min.

We distinguished three possible results of each trial: (1) the experimental prey was
neither handled nor killed during the 5 min trial, (2) the prey was handled (touched, pecked
or seized) but not killed; (3) the prey was killed.

Statistical analyses

The numbers of birds that handled or killed at least one of the two offered experimental
prey were used to compare the experimental groups of predators (all tests were performed
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in Statistica 5.5, 1984±1999,ÓStatSoft, Inc.). A Fisher exact test was used to compare the
proportions of birds handling or killing the offered prey (Fisher1922). The compared
groups are described in Table1.

Results

All control mealworms or cockroaches were killed and eaten during the 5 min trials.

Warning function of the ®rebug pattern placed on unfamiliar palatable prey
(experiments with predators used to being fed mealworms)

Cockroaches were well protected from attacks of predators inexperienced with cockroaches
(as a prey) when disguised by the ®rebug pattern stickers. A signi®cantly smaller number of
great tits handled and killed cockroaches with ®rebug stickers than those with cockroach
stickers (Table1, row 1; Fig.2). Cockroaches with the ®rebug stickers were protected
against being handled or killed equally as ®rebugs with the ®rebug stickers (Table1, row 2;
Fig. 2). On the other hand, the cockroach stickers did not lower the protection of ®rebugs
from predator's attack. The ®rebugs with the cockroach stickers were not handled nor killed
more often than the ®rebugs with the ®rebug stickers (Table1, row 3; Fig.2).

Warning function of the ®rebug pattern placed on familiar palatable prey (experiments
with predators used to being fed cockroaches)

Firebug pattern did not protect cockroaches from attack of predators experienced with
cockroaches as prey. The Great Tits used in these experiments handled and killed cock-
roaches more often when familiar with the cockroach (Table1, row 4; Fig.2). Since some
great tits inexperienced with cockroaches did not attack cockroaches with the cockroach
sticker, there was a signi®cant difference in the killing, but not on handling, of this prey
between experienced and inexperienced great tits (Table1, row 5; Fig.2).

Discussion

Our experiments with predators used to the mealworms proved the protective function of
the ®rebug pattern placed on palatable as well as unpalatable insect prey. The edible prey

Table 1 Fisher exact test statistics comparing the frequencies of handled or killed insects between the ®rst
and second group

First group Second group Fisher exact testP
value

Predator search
image

Prey
species

Sticker
pattern

Predator search
image

Prey
species

Sticker
pattern

Handling Killing

Mealworm Cockroach Cockroach Mealworm Cockroach Firebug 0.0003 0.0012

Mealworm Cockroach Firebug Mealworm Firebug Firebug 0.4075 0.3416

Mealworm Firebug Cockroach Mealworm Firebug Firebug 1 1

Mealworm Cockroach Firebug Cockroach Cockroach Firebug\ 0.0001 \ 0.0001

Mealworm Cockroach Cockroach Cockroach Cockroach Cockroach 0.2308 0.0471
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was protected equally from predator attack as the inedible one. These results support the
traditional theory of evolution of Batesian mimicry formulated in the nineteenth century
(Bates1862and Poulton1890ex. KomaÂrek 2003). We have shown that prey protected by
no chemical defence or other defensive mechanism pro®ts from mimicking other protected
species. This result is in concordance with conclusions of most experimental studies testing
the ef®cacy of Batesian mimics' signalling using real unmodi®ed prey and real predators
(Prudic et al.2002; Kauppinen and Mappes2003; Taniguchi et al.2005; Nelson et al.
2006a, b or Sherbrooke and Westphal2006).

On the other hand, our experiments showed that the unpalatable prey was protected
regardless of its colouration; the predators were able to identify the ®rebug even when
covered with a cockroach sticker. This result suggests that the red ®rebug's warning
signalization comprises not only conspicuous coloration. It is possible that birds can detect
the scent of ®rebugs upon closer inspection, but a signi®cant proportion of the experi-
mental birds avoided attacking a cockroach stickered ®rebug without even approaching it.
Moreover, ®rebugs actively release a noxious substance only when disturbed (Socha1993).
We can presume that other optical ®rebug signals, such as body posture, shape and length
of antennae and legs or whole body shape, could help the predator to recognize a ®rebug.
Our ®nding, that the protection of unpalatable prey remains even when warning colour-
ation is arti®cially removed, is not unique. ExnerovaÂet al. (2003, 2007) reached similar
conclusions with the red ®rebug and some passerine predators (e.g., marsh tits). Similarly,
in experiments with dragon¯ies as predators, wasps (as prey) lost a signi®cant part of their
protection when deprived of their natural warning colouration (Kauppinen and Mappes
2003).

In contrast to great tits fed with mealworms, the birds used to being fed with cock-
roaches were not repelled by the warning colouration of cockroaches with ®rebug stickers.
None of the tested birds was misled by the colouration of the sticker.

Fig. 2 Number of great tits that handled or killed at least one of two offered prey. Under each column there
is (from above down):a prey species,b sticker type,c experience of predator
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It is probable that the compared groups of birds possessed different prey search images
in their minds. The mealworm-diet birds were ready to attack prey of a worm-like
appearance. Therefore, they were not able to distinguish an edible cockroach under the
warning colour sticker. Birds used to the cockroach diet searched for a prey of cockroach-
like appearance, since they were able to identify a cockroach under the sticker.

This result is unique in the context of current studies which test Batesian mimic ef®cacy
experimentally. The cause of this incoherence lies doubtlessly in the different design of our
experiments. In other studies, pre-trained predators had been used, but they were always
familiarised only with model species (Ritland1991; Taniguchi et al.2005; Darst and
Cummings2006), not with the species from which the Batesian mimic evolved.

The most important conclusion of our experiments is the possibility that Batesian
mimics are less protected against predators possessing a search image of the unprotected
prey from which the Batesian mimics evolved. Such a limitation of Batesian mimicry
effectiveness should signi®cantly decrease the pro®tability (and thereby the probability) of
the emergence of Batesian mimics. Most species have their more or less specialized
predator(s), which possesses its search image at a high probability. Restricting the pro-
tection of Batesian mimics could signi®cantly help to clarify the low occurrence of pure
Batesian systems in nature.

Predators form a search image of frequently encountered (and therefore common) prey
(see e.g., Dukas and Kamil2001). A Batesian mimic originating in a population of rare (in
space as well as in time) prey should be protected better than a mimic that emerges from an
at least locally common population. Fisher (1930) proposed the necessity of a low abun-
dance of mimic species as a basic precondition for the function of Batesian mimicry. Our
results suggest that, for the evolution of a Batesian mimic, a low abundance of ancestral
species per se is necessary, regardless of the abundance of the model species.

Our results show that, in some circumstances, the warning colouration itself is not
suf®cient for the protection of Batesian mimics. The search image of a prey is a multi-
modal phenomenon perceived by different senses (e.g., optical and olfactoryÐChiszar
et al. 1985or Gazit et al.2005). Evolution should favour Batesian mimics differing from
their unprotected ancestors and resembling the model in as many features as possible.
Some observations from nature, describing behavioural Batesian mimicry (e.g., similar
way of movement in drone¯ies and hymenopteransÐGolding and Edmunds2000; Golding
et al. 2001; Srygley2004or the evidence of compound mimicry in ants and their spider
mimicÐNelson and Jackson2006), are in concordance with this prediction.

Drone¯ies (Diptera, Syrphidae) are a group where pure Batesian mimics very often
occur; see Howarth et al. (2004). This can be explained by the theory of search image as
well. These ¯ies are well known for their unusually high ¯ight speed (see e.g., Nachtigall
2003). A predator possessing a search image of a ¯y (e.g., spotted ¯ycatcherMuscicapa
striata searching for prey using the `̀ sit and wait'' foraging technique, see e.g., Davies
1977) then has only a minor opportunity to examine a mimicking drone¯y elaborately and
thus confuses it easily with a wasp. However, a predator searching for prey using the
gleaning foraging technique (e.g., great tit in our experiments) could easily reveal a fake
behind the mimicking, because it has enough time for prey observation.
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