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In spite of the existence of many experimental studies on the function of warning coloration in insects, little is known
about the universality of reactions of different predators towards a particular warning signal. Reactions of nine passerine bird species, namely Parus major, Parus caeruleus, Aegithalos caudatus, Erithacus rubecula, Turdus merula,
Sylvia atricapilla, Fringilla coelebs, Carduelis chloris and Emberiza citrinella, to the firebug Pyrrhocoris apterus
wildtype (brachypterous adults) and its artificially obtained (painted) brown non-aposematic variant were compared.
Most insectivorous birds (great tits, blue tits, robins and blackcaps) distinguished between aposematic and nonaposematic bugs, attacking the former less often. Partly granivorous buntings and finches did not distinguish
between them, and attacked both variants equally. As all the birds were caught in the wild, the results can be interpreted in terms of the presence of a higher proportion of experienced individuals among insectivorous than among
omnivorous species. Two insectivorous species differed from others. The heaviest blackbird attacked and killed
aposematic as well as non-aposematic firebugs, and, in contrast, the lightest long-tailed tit avoided both variants.
© 2003 The Linnean Society of London, Biological Journal of the Linnean Society, 2003, 78, 517–525.
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INTRODUCTION
The concept of warning (aposematic) coloration protective against predators using visual cues (particularly
birds and lizards) belongs to the basic tenets of ecology, ethology and evolutionary biology. The topic was
often reviewed, e.g. by Ford (1965), Wickler (1968) and
Guilford (1988, 1990) who also discussed its many controversial aspects.
Recent experimental studies have been concentrated mainly on various aspects of the evolution of
conspicuousness using artificial novel world of signals
offered to naive predators of a model bird species (e.g.
Alatalo & Mappes, 1996; Lindström, Alatalo &
Mappes, 1997; Mappes & Alatalo, 1997; Lindström
et al., 1999b).
The majority of experimental studies deal with the
model interaction of a single prey and a single preda-
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tor species (Komárek, 1998). However, in natural situation one prey species encounters more species of
predators and vice versa. Predator species may differ
in the foraging ecology (diet preferences, foraging
behaviour, microhabitat), sensory and cognitive capabilities as well as a potential of risk associated with
consuming noxious prey. All these aspects may influence frequency of encounters, attractiveness of the
prey for the predator and, finally, the course and result
of interaction.
The general scheme incorporated into the majority
of evolutionary models presumes that a young naive
predator learns to avoid aposematic prey in a single
or few trials (e.g. Engen, Järvi & Wiklund, 1986;
Guilford, 1988), and remembers the experience for a
long time (e.g. Waldbauer & Sheldon, 1971; Evans &
Waldbauer, 1982). However, individual species of predators may differ substantially in the rate of learning
as well as in the permanency of the aversion. Moreover, a scale of different predators may involve those
with inherited avoidance or strong bias against the
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aposematic prey (Smith, 1975; Lindström, Alatalo &
Mappes, 1999a), and those resistant or highly tolerable to noxious chemicals and consequently with no
need of learning (Brower, 1988).
Surprisingly little is known about the universality
of reaction of different predators towards a particular
warning signal. Brower (1988) demonstrated considerable differences in the predation impact of two
icterid species on overwintering monarch butterflies. Differences in the attitude of various bird predators towards aposematic prey are indicated also
in field studies of the diet composition (reviews in
Heikertinger, 1922; Krištín, 1988; Schlee, 1992;
Krištín & Patočka, 1997; Exnerová et al., 2003).
Experimental studies comparing reactions of two and
more predator species are rare (Evans & Waldbauer,
1982; Wiklund & Järvi, 1982; Evans, 1984) and usually not based on large numbers of individuals.
We studied the course and the results of encounters
of the firebug Pyrrhocoris apterus (L. 1758) with several species of bird predators in cage experiments. Our
aims were to find (1) whether interspecific differences
in attacking and killing the bugs exist among bird
predators, and (2) whether the aposematic coloration
affects the results of encounters.

MATERIAL AND METHODS

Fringillidae: chaffinch Fringilla coelebs L. 1758,
greenfinch Carduelis chloris (L. 1758), and yellowhammer Emberiza citrinella L. 1758. The species
differ in their habitat requirements and foraging
biology.
Birds were caught in mist nets over the year except
during the breeding season (May to July) in Middle
and South Bohemia (Czech Republic). Experiments
were conducted during 1996–2001. Data on different
bird species were balanced as to the age composition
and time of the year. The Ethical Committee of the
Faculty of Science of Charles University gave consent
to carry out the experiments. We were provided with
licences permitting catching and ringing birds by the
Bird Ringing Centre Praha (No. 876) and experimentation with animals issued by the Czech Animal Welfare Commission (No. 150/99).
Birds were allowed to habituate to their new environment for 2–7 days prior the experiments. Light
conditions corresponded with the outdoor photoperiod.
The birds were offered a varied diet (sunflower and
millet seeds, mealworms (larvae of Tenebrio molitor L.
1758), crickets (Acheta domestica (L. 1758)), commercial food for insectivorous birds, insects swept in the
field) to prevent fixation on one type of prey. They were
ringed and released back into the wild immediately
after the trials.

PREDATORS
We have tested nine species of passerine birds
(Table 1) from five different families: Muscicapidae:
blackbird Turdus merula L. 1758 and robin Erithacus
rubecula (L. 1758), Paridae: great tit Parus major L.
1758 and blue tit Parus caeruleus L. 1758,
Aegithalidae: long-tailed tit Aegithalos caudatus (L.
1758), Sylviidae: blackcap Sylvia atricapilla (L. 1758),

THE

PREY

The terrestrial true bugs (Heteroptera) are considered
to be distasteful to vertebrate predators owing to
secretion of repellent fluids from glands. Many species
have conspicuous coloration, which can act as an
aposematic signal for potential predators. The firebug
(Pyrrhocoris apterus) is a widespread species inhabit-

Table 1. Numbers of birds of individual species tested and their responses when presented with aposematic and artifi cially
non-aposematic (brown) Pyrrhocoris apterus

Blackbirds
Robins
Great tits
Blue tits
Long-tailed tits
Blackcaps
Chaffinches
Greenfinches
Yellowhammers

Total no. of birds tested with:

Birds that handled at least one:

Birds that killed (ate) at least
one:

aposematic
bugs

non-aposematic
bugs

aposematic
bugs

non-aposematic
bugs

aposematic
bugs

non-aposematic
bugs

16
28
25
25
15
20
18
24
18

16
28
25
25
12
22
17
28
18

11
11
4
2
2
3
8
6
8

12
20
19
15
2
12
8
10
8

8
1
0
0
0
0
6
4
4

7 (6)
11 (7)
16 (16)
0 (0)
0 (0)
2 (1)
7 (6)
3 (3)
6 (2)

(4)
(0)
(0)
(0)
(0)
(0)
(4)
(2)
(3)
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ing most of the Western Palearctic (Puchkov, 1974).
Both larvae and adults feed predominantly on seeds of
Tiliacae and Malvaceae (Socha, 1993; Stehlík & Heiss,
2000). The secretion from adult metathoracic glands
contains 35 various chemicals, mainly short-chain
aldehydes, known as chemical irritans (Remold, 1963;
Farine et al., 1992). The secretion differs from those of
other Heteroptera studied in having a high proportion
of low-volatility, high-molecular-weight chemicals
(Farine et al., 1992). Firebugs possess a conspicuous
red and black coloration generally considered as
aposematic (Heikertinger, 1922).
We used adult firebugs and their artificially made
non-aposematic variant as experimental prey. We
eliminated the aposematic coloration of firebugs using
dark brown watercolour dye (burned sienna) with
chalk (to improve covering properties) spread over the
thorax and forewings. This dye is odourless and nontoxic, and the treatment did not handicap the bugs as
to their motion and secretion. Results of preliminary
experiments with 10 great tits offered painted and
control crickets Acheta domestica did not show any
effect of this treatment as to the palatability of prey.
We used last instar mealworms Tenebrio molitor as a
standard prey, which was acceptable for all tested bird
species for testing birds’ feeding motivation in control
trials.

EXPERIMENTAL

EQUIPMENT

The experimental cages were 70 ¥ 70 ¥ 70 cm in size,
of fine (2 ¥ 2 mm) wire mesh with the front wall of oneway glass. The cages were equipped with a perch and
rotating circular feeding tray containing six small
cups (see Coppinger, 1969, for details). Only one of the
cups contained the prey item during the individual
trial. The distance between the perch and the tray was
20 cm. The colour of cups was beige and so all types of
the prey appeared similarly conspicuous. Standard
illumination was obtained by light source (Biolux
Combi 18 W, Osram) simulating the full daylight
spectrum.

TRIALS
Experiments were arranged to test specificity of reactions of the different bird species towards aposematic
and non-aposematic forms of Pyrrhocoris apterus.
Before the experiment, we divided birds of the same
species into two groups. The first group was offered
aposematic, the second non-aposematic specimens of
P. apterus. To avoid pseudoreplication, each bird was
subjected to one series of trials only.
The bird was placed into the experimental cage
1 day prior to the experiment and was provided with
food and water. The food was removed from the cage
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several hours (2–3 h according to species and individual condition) before the experiment. The experiment
was started at the moment when the bird began to
search for food in the cups, and it consisted of 10 successive trials. The bird was successively offered one
specimen of the standard prey (mealworm) and one of
the tested firebugs in the individual trials. A series of
10 trials (sequence: mealworm, firebug, mealworm,
firebug, etc.) was used in order to minimize the effect
of neophobia, which was supposed to be rather shortterm event (see Marples & Kelly, 1999, for review).
This experimental design avoids complications caused
by choice between differentially preferred prey items.
The experiment was recorded by videocamera;
simultaneously, continuous description of a bird’s
behaviour using Observer Video-Pro software was carried out. We distinguished 13 elements of a bird’s
behaviour but only two were used in subsequent analyses: (1) whether the bird handled (the term covering
the range of actions, from touching the prey by the bill,
pecking and seizing, up to swallowing) at least one of
the five presented bugs; (2) whether the bird killed at
least one of the handled bugs.

STATISTICAL

ANALYSIS

We used the Fisher exact test to compare (1) number
of birds that handled aposematic and non-aposematic
bugs, and (2) number of handling birds that killed
aposematic and non-aposematic bugs. Calculations
were made for each bird species separately, and were
performed in STATISTICA software. All P values are
two-tailed.

RESULTS
PALATABILITY

OF FIREBUGS

Out of 380 birds tested (Table 1), 75 birds killed at
least one firebug (irrespectively of the colour). Of these
75 birds, 54 ate at least a considerable part of the prey.
In 15 cases eating the firebug led to discomfort of the
bird, which lasted for 3–5 min when the bird was sitting with eyes closed, and ruffled feathers. In nine
cases, vomiting terminated this period. The mealworms offered to the birds were always eaten (100%).

BLACKBIRD (TURDUS

MERULA)

We have found no significant difference in the number
of tested blackbirds that attacked aposematic and
non-aposematic bugs (Fisher exact test NS, Fig. 1);
only a few birds a priori avoided prey of both colours.
Once being attacked, the prey was often killed, and
the number of birds that killed at least one of the bugs
was not dependent on bug coloration (Fisher exact test
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Figure 1. Numbers of birds of individual species that handled aposematic (A) and non-aposematic (NA) Pyrrhocoris
apterus.

Figure 2. Numbers of birds of individual species that killed aposematic (A) and non-aposematic (NA) Pyrrhocoris apterus.

NS, Fig. 2). The individual birds (Table 1) usually handled, killed and ate more than one bug irrespective of
the colour (Table 2).

ROBIN (ERITHACUS

RUBECULA)

Robins reacted differently to the aposematic and nonaposematic prey. Although a relatively high proportion
of birds tried to attack at least one prey individual
(regardless of the colour type), this proportion was significantly higher in the group offered non-aposematic
compared with aposematic bugs ( P = 0.031, Fisher
exact test, Fig. 1). Most of the birds attacked only one
or two aposematic bugs during the experiment
(Table 2); numbers of non-aposematics attacked by

one bird ranged from one to five. When manipulated,
non-aposematic bugs were frequently killed, aposematics were handled more carefully and mostly survived the attacks (Fig. 2). The proportion of robins
that killed at least one bug in the number of birds that
tried to attack was significantly dependent on the bug
colour (P = 0.020, Fisher exact test).

GREAT

TIT

(PARUS

MAJOR)

Great tits reacted differently to the aposematic and
non-aposematic prey. The proportion of birds that
attacked at least one prey individual was significantly
higher in the group offered non-aposematic than
aposematic bugs (P < 0.0001, Fisher exact test, Fig. 1).
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Table 2. Ranges (minimum–maximum; upper rows) and means (lower rows) of bugs handled, killed and eaten by
individual birds. Only the data from birds that handled, killed or ate the prey are included in the corresponding columns

Blackbirds
Robins
Great tits
Blue tits
Long-tailed tits
Blackcaps
Chaffinches
Greenfinches
Yellowhammers

Bugs handled by individual
bird:

Bugs killed by individual bird:

Bugs eaten by individual bird:

aposematic
bugs

non-aposematic
bugs

aposematic
bugs

non-aposematic
bugs

aposematic
bugs

non-aposematic
bugs

1–5
2.9
1–3
1.5
1–3
1.8
1–3
2.0
1
1

1–4
2.2
1–5
2.1
1–5
2.1
1–2
1.2
1
1–3
1.8
1–4
2.6
1–5
1.8
1–5
2.3

1–4
2.6
1

1–3
2.5
0

0

1–4
2.4
1–4
2.8
1–5
1.9
0

0

1–4
2.2
1–3
1.4
1–5
1.8
0

0
0

0
1

0
0

0
1

1–4
2.3
1–3
1.5
1–5
2.8

1–4
2.3
1–5
2.3
1–5
2.0

1–3
2.0
1–3
2.0
1–3
2.0

1–3
2.0
1

2–5
2.9
1–3
1.8
1–5
2.5

0

Most of the birds attacked only one or two aposematic
bugs during the experiment (Table 2); numbers of nonaposematics attacked by one bird ranged from one to
five. When manipulated, non-aposematic bugs were
usually killed, aposematics were handled more carefully and all of them survived the attacks (Fig. 2). The
proportion of great tits that killed at least one bug in
the number of birds that tried to attack was significantly dependent on the bug colour ( P = 0.004, Fisher
exact test).

BLUE

TIT

(PARUS

CAERULEUS)

A higher proportion of blue tits attacked nonaposematic bugs than aposematic ones (P = 0.0001,
Fisher exact test, Fig. 1). Most of the birds attacked
only one or two bugs irrespective of colour during the
experiment (Table 2). Birds handled the prey carefully, and thus the interaction was not fatal for any
bug (Fig. 2).

LONG-TAILED

TIT

(AEGITHALOS

CAUDATUS)

Only two birds tried to manipulate an aposematic firebug, and the same number for non-aposematic (Fig. 1).
In all cases birds manipulated only with one of the
bugs offered to them (Table 2). The manipulation was
very careful, bugs were only lightly touched by the

0

1

bird’s bill and they survived the interaction with no
harm (Fig. 2).

BLACKCAP (SYLVIA

ATRICAPILLA)

Non-aposematic bugs were attacked by a significantly
higher proportion of blackcaps than were the aposematic bugs (P = 0.0107, Fisher exact test, Fig. 1). Most
of the birds attacked only one or two bugs irrespective
of colour during the experiment (Table 2). The difference in the number of birds that killed at least one bug
was not significant between the groups offered aposematic and non-aposematic prey (Fisher exact test NS,
Fig. 2). The aposematic and also the non-aposematic
bugs were handled very carefully, and mostly survived
the attack.

CHAFFINCH (FRINGILLA

COELEBS)

About one-quarter of tested birds tried to attack
aposematic prey. The proportion was not different
from those found among the birds offered nonaposematic prey (Fisher exact test NS, Fig. 1). The
proportion of birds that killed at least one prey individual did not differ irrespective of the bug coloration
(Fisher exact test NS, Fig. 2). The individual birds
(Table 1) usually handled, killed and ate more than
one bug irrespective of the colour (Table 2).
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GREENFINCH (CARDUELIS

CHLORIS)

We found no significant difference in the number of
tested greenfinches that attacked aposematic and
non-aposematic bugs (Fisher exact test NS). In both
cases one-quarter of tested birds handled at least one
prey item (Fig. 1). No difference was found in the proportion of birds that killed both types of prey (Fisher
exact test NS, Fig. 2). The individual birds (Table 1)
usually handled, killed and ate more than one bug
irrespective of the colour (Table 2).

YELLOWHAMMER (EMBERIZA

CITRINELLA)

Yellowhammers did not differ in their reaction
towards aposematic and non-aposematic prey. Onethird of tested birds tried to manipulate with aposematic bugs and a similar proportion of birds tried to
manipulate with non-aposematic ones (Fisher exact
test NS, Fig. 1). Once handled, prey of both colours
had equal probability of being killed by the bird
(Fisher exact test NS, Fig. 2). The individual birds
(Table 1) usually handled, killed and ate more than
one bug irrespective of the colour (Table 2).

DISCUSSION
Our results are based on testing wild-caught birds
with unknown histories and, consequently, interpretation is limited mainly as regards the specificity of the
birds’ reactions towards firebugs. Nevertheless, we
definitely found a diversity of attitudes of the different
predator species towards the same prey. Survival of
the individual firebug is dependent on the bird species
encountered, regardless of the reasons for the species’
behaviour.

INTERPRETATION

OF RESULTS

Two defensive mechanisms may play a role in the protection of the adult firebug against avian predators:
warning coloration and secretion from metathoracic
glands. The bird can refuse to consume the prey on the
basis of visual or olfactory (and/or gustatory) cues.
These cues may act individually or reinforce themselves as the components of a bimodal warning signal
(Marples, van Veelen & Brakefield, 1994; Rowe &
Guilford, 1996); their role may be different against different predators. Regardless, the individual prey can
potentially survive the attack. Differences in handling
differently coloured firebugs that we found in some
bird species may be interpreted as an effect of only the
visual signal since the secretions of the firebugs are
noticeable from a short distance only (Farine et al.,
1992). However, once the bird comes into close contact
with the firebug, interaction of both signals may be
involved in the differential survival of aposematics

and non-aposematics (Rowe & Guilford, 1996). The
higher survival of brown firebugs in comparison with
that of control mealworms may be attributed to the
effect of a chemical signal.
The following general types of responses may be
inferred from the behaviour of the bird species
studied:
1. Some bird species react differently towards the
aposematic and non-aposematic bugs. In blue tits and
blackcaps, the difference is restricted to the manipulation; birds handle bugs of both colours very carefully
and both colour variants have an equal probability of
surviving the attack. Thus, chemical defence seems to
be sufficient protection, but warning coloration
enhances its efficiency by lowering the probability of
physical contact. In robins and great tits the difference
concerns both manipulation and killing; birds handle
the aposematic prey more carefully (aposematic
bugs were only lightly touched by the bill, while nonaposematics were repeatedly pecked and often swallowed) and it has a higher probability of surviving the
manipulation than has the non-aposematic prey.
2. Some bird species react in the same way towards
both aposematic and non-aposematic forms. Longtailed tits avoid non-aposematic bugs and the aposematic ones as well. They probably use other visual
cues to assess unattractiveness of firebugs as a prey.
As long-tailed tits refused to attack firebugs from the
perch and did not come near them, the deterrent role
of a chemical signal is improbable. A high proportion
of blackbirds, yellowhammers, greenfinches, and
chaffinches handle and subsequently kill bugs of both
types. Neither coloration nor secretion provides sufficient protection.
Warning coloration of the prey influenced the reaction of all the essentially insectivorous bird species
except blackbirds and long-tailed tits. The latter two
are the largest and smallest species, respectively.
Large body size may increase the tolerance of blackbirds towards noxious prey; their consumption of the
firebug (nine birds) never led to nausea. In contrast,
high risk associated with the consumption of a noxious
prey may have resulted in recognition of additional
discrimination cues in small-sized long-tailed tits. As
the diet of long-tailed tits includes large-sized insects
(e.g. Orthoptera: Acrididae, Odonata: Lestidae,
Coleoptera: Scarabeidae, Cerambycidae, Carabidae –
cf. Cramp & Perrins, 1993) avoidance of firebugs due
to their large body size (length 7.0–12.5 mm) is
improbable. An alternative explanation may be a
strong dietary conservatism (Marples & Kelly, 1999)
as the long-tailed tit forages mainly in tree canopies
(Cramp & Perrins, 1993).
A common trait of chaffinches, greenfinches and yellowhammers is their more or less granivorous habit;
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their diet includes a large proportion of seeds
(chaffinch 10–74%, greenfinch 52–100%, yellowhammer 0–55%; Cramp & Perrins, 1994a,b) in addition to
invertebrates, which become especially important in
the breeding season (Cramp & Perrins, 1994a,b).
Large numbers of birds of these species attacking firebugs irrespective of their coloration and defensive
secretion may be explained by the relatively large size
of the birds, a metabolism different from insectivorous
species, a larger proportion of naive birds in the populations and/or a reduced ability to recognize and
learn the warning signals.
Great tits, blue tits, robins and blackcaps are
medium-sized, mainly insectivorous birds. The majority of wild-caught individuals distinguish precisely
between the aposematic and non-aposematic bugs and
also react negatively to their defensive secretion.
While blue tits and blackcaps distinguish between
aposematic and non-aposematic firebugs mainly based
on sight, the attitude of great tits and especially robins
is also different in the way they manipulate the prey.
Their gentle explorative handling of warningly
coloured prey may be a trait enabling them, in another
context, to discover Batesian mimics.

PREVIOUS

STUDIES

Only two wild-caught bird species were tested in previous experiments with heteropteran prey. The
response of great tits towards adults of Lygaeus equestris (L. 1758, Lygaeidae) in experiments by SillénTullberg, Wiklund & Järvi (1982) was similar to our
results. Although the aversion was not as strong, the
majority of bugs (60%) were left untouched, and most
of the handled specimens (69%) survived the attack.
Comparative data exist also for blackbirds (Schlee,
1986); birds attacked 60% of firebugs offered, ate 41%
of them and showed only little discomfort without
symptoms of sickness. In experiments carried out by
Gamberale & Sillén-Tullberg (1998), a relatively high
proportion (over 50%) of domestic chicks, Gallus
gallus (L. 1758), which had prior experience with the
same prey, were attacking the fourth instar larvae
of both the aposematic seedbug Tropidothorax
leucopterus (Goeze 1778) and the non-aposematic
Graptostethus servus (F. 1787) – Lygaeidae; however,
the proportion was higher in the non-aposematic
species.
Results of other studies dealing with heteropteran
prey are not easy to compare as naive (hand-raised)
predators were studied. Even in experiments with
naive Japanese quails (Coturnix japonica Temminck
& Schlegel 1849), starlings (Sturnus vulgaris L. 1758),
and great tits, Wiklund & Järvi (1982) found high survival rate of firebugs. This result may correspond with
unconditioned bias against particular colours reported
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in other studies (Rowe & Guilford, 1996; Lindström et
al., 1999a). Unfortunately, in the case of great tits, the
results of Wiklund & Jarvi (1982) are based on three
birds only. Sillén-Tullberg (1985) compared the reaction of hand-raised great tits towards the fifth instar
aposematic larvae of Lygaeus equestris and its grey,
cryptic mutant. Birds showed slight initial colour bias,
and subsequently learned to avoid both variants, but
the aposematic one more rapidly. Similarly to our
study, being once handled, the aposematic prey had a
higher probability of survival than the grey-coloured
one.
Although the variability in the attitude of various
predators towards various aposematic prey is indicated by field studies of diet composition (e.g. Brower,
1988; Heikertinger, 1922; Krištín, 1988; Schlee, 1992;
Krištín & Patočka, 1997; Exnerová et al., 2003), only a
few experimental studies have compared reactions of
different predator species towards a particular prey
species. Wild-caught adults of seven North American
passerines (red-winged blackbirds Agelaius phoeniceus (L. 1766), common grackles Quiscalus quiscula
(L. 1758), blue jays Cyanocitta cristata (L. 1758),
brown thrashers Toxostoma rufum (L. 1758),
American robins Turdus migratorius L. 1766, song
sparrows Melospiza melodia (Wilson 1810) and northern catbirds Dumetella carolinensis (L. 1766)) were
offered bumblebees (Bombus pennsylvanicus (DeGeer
1774)) and their syrphid mimics (Mallota bautias
(Walker 1849)). Most of the birds refused to attack
both the models and mimics, but all the blue jays and
some of the brown thrashers consumed both prey
types and had specialized techniques to overcome the
defence mechanism of bumblebees by removing the
sting apparatus (Evans & Waldbauer, 1982; Evans,
1984). In the experiments with wild blackbirds and
robins, Marples, Roper & Harper (1998) found high
individual variability of the reaction towards novel
prey (coloured pastry baits). Surprisingly, green baits
were usually avoided for a longer period than red or
yellow ones. Wiklund & Jarvi (1982) found considerable differences in the attitude to aposematic insects
even among hand-raised predators of four avian species (great tits, blue tits, starlings and Japanese
quails).
Results of comparative experimental studies suggest that the warning coloration of some insects does
not have a universal antipredatory effect. Instead,
reactions of different predator species differ considerably in many aspects, and intraspecific variability
exists as well. Thus, the results obtained from one
predator species should be generalized with caution,
taking the biology of the prey as well as that of the
predator into account. An array of predators differing
in their attitudes may account for complex, diffuse
selection pressure affecting the aposematic species
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during the span of origination of its coloration as well
as when its aposematism has become established.
This corresponds with the theoretical considerations
by Guilford (1990) taking into account the role of kin,
individual and synergistic selection in the evolution of
aposematism.
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Avoidance of aposematic prey in European tits
(Paridae): learned or innate?
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Predators may either learn to avoid aposematic prey or may avoid it because of an innate bias. Learned as well as innate avoidance
has been observed in birds, but the existing evidence is based on experiments with rather few unrelated model species. We
compared the origin of avoidance in European species of tits (Paridae). First, we tested whether wild-caught birds (blue tits, great
tits, crested tits, coal tits, willow tits, and marsh tits) avoid aposematic (red and black) adult firebugs Pyrrhocoris apterus (Heteroptera) more than nonaposematic (brown painted) ones. Larger proportion of birds avoided aposematic than brown-painted
firebugs in majority of species (except coal tits). Second, we tested whether naive hand-reared birds of 4 species (blue tits, great
tits, crested tits, and coal tits) attack or avoid aposematic and nonaposematic firebugs, both novel for them. Behavior of the naive
blue tits and coal tits was similar to that of the wild-caught birds; majority of them did not attack the firebugs. Contrastingly, the
naive great tits and crested tits behaved differently than the wild-caught conspecific adults; majority of the wild-caught birds
avoided the aposematic firebugs, whereas the naive birds usually did not show any initial avoidance and had to learn to avoid the
aposematic prey. Our results show that the origin of avoidance may be different even in closely related species. Because blue tits
and coal tits avoided not only aposematic firebugs but also their brown-painted form, we interpret their behavior as innate
neophobia rather than innate bias against the warning coloration. Key words: aposematism, European Paridae, innate avoidance,
learning, neophobia, Pyrrhocoris apterus. [Behav Ecol]

posematism is a type of antipredatory strategy, when the
prey signals its unprofitability by a signal understandable
to predators (Ruxton et al. 2004). Birds, mainly visual predators, are widely used as model predators of aposematic prey
(e.g., Sillén-Tullberg 1985; Marples et al. 1994; Alatalo and
Mappes 1996; Gamberale and Tullberg 1996; Rowe and
Guilford 1996; Lindström et al. 1999; Thomas et al. 2003).
Studies taking into account various specific traits of different
bird predators are still scarce (Endler and Mappes 2004). In
our previous study (Exnerová, Landová et al. 2003), we found
substantial differences in attitudes of 9 passerine species toward a model heteropteran prey—the firebug Pyrrhocoris apterus (Heteroptera: Pyrrhocoridae). However, the interspecific
variation in an acquirement of avoidance of aposematic prey
has not been investigated comparatively.
Predators may either learn to avoid aposematic prey or may
avoid the prey because of an innate bias against a particular
trait of the prey (Lindström et al. 1999). Many studies have
demonstrated importance of associative learning of predators.
Color (Sillén-Tullberg 1985), taste (Marples et al. 1994),
smell (Roper and Marples 1997), gregariousness of prey
(Gamberale and Tulberg 1998; Riipi et al. 2001), and its contrast with the background (Roper 1994) may facilitate avoidance learning of noxious prey in birds.
The evidence that some bird species may have an innate
ability to avoid aposematic prey exists for venomous snakes,
which are potentially lethal to predators (Pough 1988). Smith
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(1975, 1977) found that naive hand-reared turquoise-browed
motmots (Eumomota superciliosa) and great kiskadees (Pitangus
sulphuratus) avoided the coral snake pattern on an artificial
prey (wooden sticks). However, naive house sparrows (Passer
domesticus), red-winged blackbirds (Agelaius phoeniceus), and
blue jays (Cyanocitta cristata) coming from areas situated outside the range of coral snakes did not avoid that pattern
(Smith 1980).
Other studies showed that innate avoidance is not limited
to cases of extremely dangerous prey. Naive domestic chicks
(Gallus gallus domesticus) avoided red-painted larvae of Tenebrio
molitor (Roper 1990) and those with black-and-yellow stripes
as well (Schuler and Hesse 1985); naive northern bobwhites
(Colinus virginianus) avoided red and yellow pinheads (Mastrota
and Mensch 1995); and naive great tits (Parus major) avoided
black-and-yellow–striped mealworms (Lindström et al. 1999).
Moreover, innate biases against warning colors may be hidden
and manifest themselves when at least 2 components of multimodal warning signals are present at the same time (Rowe
and Guilford 1996; Rowe and Guilford 1999; Lindström, Rowe
et al. 2001). Because most aposematic insects are provided
with multimodal antipredatory defense systems, the experiments with living aposematic prey are necessary.
Naive predators may avoid aposematic prey not only because of specific biases against certain signals but also because
of neophobia (Coppinger 1970; Lindström, Alatalo et al.
2001) and dietary conservatism. Marples and Kelly (1999) distinguished neophobia as a short-lasting avoidance response
(minutes to days), whereas dietary conservatism was defined
as a long-lasting process (weeks, months) of refusing a novel
prey. Neophobia may be deactivated by experience with diverse food items (Jones 1986). Although there is a considerable individual variation in both the processes (Marples et al.
1998; Marples and Kelly 1999), those adult birds (e.g., the
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wild-caught blue jay C. cristata) that have had a previous experience with a novel unpalatable prey often subsequently
avoid a novel, differently looking prey (Schlenoff 1984). On
the contrary, initial neophobia of naive birds may in some
cases decay with age (Langham 2006). Both neophobia and
dietary conservatism increase avoidance of aposematic prey; this
may be important when a new aposematic form appears (Rowe
and Guilford 1999; Thomas et al. 2003; Marples et al. 2005).
Several authors have shown that wild-caught individuals of
different bird species may react differently toward a warning
signal of the same prey species (Evans and Waldbauer 1982;
Exnerová, Landová et al. 2003). Even closely related species of
predators may have considerably different impact on population of aposematic prey because of species-specific foraging
strategies (Fink and Brower 1981; Brower 1988). These facts
have important implications for the theory of evolution of
warning signals (Endler and Mappes 2004). A distinction between innate and learned nature of predator’s avoidance of
the warning signal of an aposematic prey is important for the
prey as well. Each generation of young individuals of those
predator species, which have no innate biases against warning
signals, would regularly kill certain number of individuals of
the aposematic prey. Such predators exert a considerable selection pressure on the populations of aposematic preys, the
final effect depending on predator’s cognitive, learning, and
generalization abilities. On the other hand, predators with an
innate avoidance of a certain warning signal will produce none
or negligible selection pressure on the signal-bearing prey.
We have investigated interspecific differences in the origin
of avoidance in closely related species of Paridae. First, we
tested, whether wild-caught birds of 6 species (blue tit, great
tit, crested tit, coal tit, marsh tit, and willow tit) do avoid
the aposematic red-and-black firebug P. apterus. We compared
their reactions with reactions of birds tested with the conspecific but artificially nonaposematic (brown painted) prey. By
painting the firebugs, we could assess the importance of their
warning coloration within their multiple defenses involving
also olfactory and gustatory cues.
Second, we tested whether avoidance of aposematic prey
in 4 tit species (blue tit, great tit, crested tit, and coal tit)
has the same origin, that is, whether naive (hand reared) birds
of these species learn to avoid the aposematic prey or whether
they have an unlearned bias against aposematic coloration.
To distinguish the specific bias against aposematic coloration
from a novelty effect, we compared the reactions of naive
birds tested with aposematic firebugs with the reactions of
naive birds tested with brown-painted bugs.
MATERIAL AND METHODS
Characteristics of species studied
European tits are small arboreal passerine birds; their weight
ranges from 8–12 g in coal tits and blue tits to 14–22 g in great
tits (Cramp and Perrins 1993; Harrap and Quinn 1996). They
inhabit a variety of woodlands, where they find suitable holes
for nesting. Individual species differ in their habitat preferences: the crested tit and coal tit inhabit coniferous forests; the
marsh tit prefers deciduous woodland; the willow tit lives in
damp deciduous, mixed, and coniferous forests; the blue tit
inhabits deciduous and mixed forests and gardens; and the
great tit is nearly ubiquitous (Cramp and Perrins 1993). Tits
are sedentary throughout the year or vagrant around small
areas. Diet of tits consists mainly of insects, spiders, and other
invertebrates as well as of nuts and seeds, especially in winter;
the great tit and blue tit nestlings are fed mainly with caterpillars and spiders, the nestling diet of other species is more diverse (Gibb and Betts 1963; Törok and Tóth 1988; Krištı́n 1992;

Cramp and Perrins 1993). All species are known to consume
occasionally true bugs, mainly the Miridae and Pentatomidae
(Krištı́n 1992; Cramp and Perrins 1993; Exnerová, Štys et al.
2003). Tits forage mainly on trees and partly also on the
ground, the species differing in their preference of various
parts of the tree (Suhonen et al. 1994). The great tit and the
blue tit do not store food, whereas other species do, namely
seeds (Cramp and Perrins 1993; Harrap and Quinn 1996).
Phylogeny and classification of the Paridae
The best-corroborated phylogenetic hypothesis of Paridae is
that by Gill et al. (2005) based on nucleotide sequences of
mitochondrial cytochrome b gene of 42 parid species. It is
congruent with cytochrome b data and consistent with osteological characters by James et al. (2003), a study based on
12 species. We accept it because the global sample studied is
extensive, and the trees produced by both maximum parsimony and maximum likelihood methods are congruent.
The hypothesis is shown in Figure 1A, pruned to the 6 species
studied. The splitting generic classification, suggested by Gill
et al. (2005) and Slikas et al. (1996) is accepted as well. Formerly, all species studied were included in Parus sensu lato but
the broadly defined Parus is paraphyletic (James et al. 2003;
Gill et al. 2005). Out of the species studied, only the 2 Poecile
species are immediate sister species, and the other species
examined, particularly, Cyanistes caeruleus and P. major, are
separated by branches of many extralimital clades.
The competing hypotheses (e.g., Kvist et al. 1996; Garamszegi
and Eens 2004; references therein) are either based on taxonomically and regionally incomplete samples or result from
purely phenetic methods, and are, therefore, rejected. They
differ mainly by regarding C. caeruleus and P. major as sister
species and these as sisters to the rest.
Wild-caught birds
Fifty-four blue tits C. caeruleus, 50 great tits P. major, 33 crested
tits Lophophanes cristatus, 50 coal tits Periparus ater, 58 willow tits
Poecile montanus, and 50 marsh tits Poecile palustris (see Table 1)
were studied. Birds were caught in the mist nets over the year
except the breeding season (May–August) at localities around
Prague (50.05 N, 14.25 E), Velemı́n (50.32 N, 13.59 E), Tábor
(49.25 N, 14.41 E), and České Budějovice (49.00 N, 14.30 E),
the Czech Republic. The sample included mainly adults (2 or
more years old) and a smaller number of yearlings. Birds were
habituated 1–7 days prior to the experiment. Housing light
conditions were set according to outdoor photoperiod. The
birds were offered a varied diet: sunflower seeds, mealworms
(larvae of T. molitor), house crickets (Acheta domestica), and
commercial food for insectivorous birds (Vitacraft Soft Mix).
Hand-reared birds
We hand-reared juvenile tits of 4 species: 54 blue tits, 50 great
tits, 20 crested tits, and 50 coal tits (Table 1). The nestlings
were taken from nest-boxes at the age of 12–15 days. At this
age, they were 3–6 days before fledging and had no visual
experience with prey. The nest-boxes were placed in the
mixed wood near the towns of Hradec Králové (50.13 N,
15.50 E) and České Budějovice. Not more than 4 chicks were
taken from one brood. Nestlings from the same brood were
kept together in artificial nests and then, after fledging, in
cages (50 3 30 3 30 cm). We fed them by forceps every hour
from 5 AM to 9 PM for several days, until they were able to
feed themselves. Their diet consisted of boiled eggs, commercial pellets for insectivorous birds (Vitacraft), mealworms
(larvae of T. molitor), house crickets (A. domestica), and insects
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Figure 1
(A) Phylogenetic hypothesis on relationships of European tits and their classification based on Gill et al. (2005), but pruned to the species
studied, and showing the occurrence/absence of innate neophobia. Figures B, C, and D show 3 equally parsimonious explanations of evolution
of the trait (2 steps each), assuming that neophobia is primitive (B and C) or derived (D).

swept in the field (mainly caterpillars, grasshoppers, and beetles) with vitamins (Vitacraft) and calcium added. Birds were
tested when they were fully independent (age 35–40 days).

orifices of scent glands; hence, both color forms could release
the same defensive secretion, which makes them largely unpalatable for small passerines (Exnerová, Landová et al. 2003).

Prey

Experimental setup

Adult firebugs (P. apterus) reared on linden seeds (Tilia cordata)
were used as a prey. Firebugs are widespread in various habitats
of Central Europe, mainly in deciduous woodlands, parks and
gardens, and also in open landscape, where their host plants
(Tilia, Robinia, and mallows) are frequent. For other bionomical details, see Socha (1993) and Exnerová et al. (2006). We
used the wild-type form (aposematic, with red-and-black color
pattern) and the artificial nonaposematic (brown painted)
form. Dark brown watercolor—burned sienna—and chalks
(improving covering properties) were used for painting; the
dye is odorless and nontoxic. We did not cover the metapleural

The experiments were carried out in the cage equipped with
one-way glass, a perch, and a rotating feeding tray with 6 cups.
Both color forms of the firebug appeared conspicuous on the
beige background of the cups. Bird’s behavior was scored
as a continuous record in Observer Video-Pro (13 behavioral
elements) and recorded by videocamera, following Exnerová,
Landová et al. (2003). A bird was released into the experimental cage 3–5 h before the experiment to become accustomed
to the allocation of prey and water and was deprived of food
approximately 2 h before starting the experiment. Each
experiment consisted of a sequence of 10 consecutive 5-min

Table 1
Numbers of hand-reared and wild-caught individuals of the tit species (blue tit, Cyanistes caeruleus; great tit, Parus major; crested tit, Lophophanes
cristatus; coal tit, Periparus ater; willow tit, Poecile montanus; and marsh tit, Poecile palustris) tested with aposematic (red and black) or artificially
nonaposematic (brown painted) firebug Pyrrhocoris apterus

Bird species
Blue tit
Great tit
Crested tit
Coal tit
Willow tit
Marsh tit

Number of birds tested with

Number of birds that handled at
least one

Number of birds that killed/
consumed at least one

Age
category

Aposematic
firebugs

Nonaposematic
firebugs

Aposematic
firebugs

Nonaposematic
firebugs

Aposematic
firebugs

Nonaposematic
firebugs

Hand reared
Wild caught
Hand reared
Wild caught
Hand reared
Wild caught
Hand reared
Wild caught
—
Wild caught
—
Wild caught

27
27
25
25
10
17
25
25
—
30
—
25

27
27
25
25
10
16
25
25
—
28
—
25

7
6
25
7
6
4
9
10
—
5
—
0

12
15
25
19
7
9
7
14
—
11
—
4

1/1
0
24/20
1/0
3/3
4/4
2/2
5/3
—
2/2
—
0

2/1
1/0
23/20
17/17
5/5
9/9
4/4
6/6
—
7/7
—
0
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trials. The bird was alternatively offered one specimen of
a mealworm and one specimen of a firebug; each bird was
thus successively presented with 5 mealworms and 5 firebugs.
The mealworms (familiar to birds) were used to check foraging motivation of the bird; all mealworms were eaten during
the experiments. Birds of the same species and age category
were subdivided into 2 groups: one offered aposematic wildtype form of the firebug and the other artificially nonaposematic (brown painted) form (see Table 1). Each bird was
subjected only to one experiment. In the hand-reared birds
not more than 2 individuals from the same brood were tested
with the same color form of the firebug.
Ethical note
Czech Animal Welfare Commission gave its permission (No.
17537/2003-30/300) to carry out the experiments. We are
endowed with licenses allowing us to catch and ring birds by
Bird Ringing Center Prague (No. 876 and 975) and to experiment with animals by Czech Animal Welfare Commission
(No. 18847/2003-1020). The experiments were performed
from 1997 to 2004. After the experiment, all the birds were
ringed and released back to the site of their origin.
Statistical analysis and the statistical tests
Interspecific comparison of wild-caught tits and interspecific
comparison of hand-reared tits
Data were analyzed by logistic regression in GLIM v. 4 (Francis
et al. 1994), separately for the aposematic and nonaposematic
firebugs and separately for the wild-caught and hand-reared
tits. Presence/absence of either handling or killing was the
binary response variable, whereas tit species was the explanatory variable. Significance of the overall difference among
species was evaluated by G2 test (e.g., Quinn and Keough
2002, p. 363–365) and differences among the means of individual species by a priori least significant difference (LSD) test
(e.g., Sokal and Rohlf 1995, p. 243).

caught tits). Much larger proportions of wild-caught individuals
in all the tit species attacked nonaposematic firebugs (49%
overall wild-caught tits). The firebugs have often survived the
attacks of birds. The proportions of wild-caught birds that
killed the aposematic firebugs were smaller (8% overall wildcaught tits) than the proportion of birds that killed the nonaposematic firebugs (27% overall wild-caught tits).
In hand-reared tits (great tits, blue tits, coal tits, and crested
tits), we found higher proportion of birds that attacked/killed
at least one aposematic firebug (54% attacked/34% killed),
comparing to wild-caught tits of the same 4 species (29%
attacked/11% killed). No differences are between these 2 age
categories in proportion of birds that attacked/killed at least
one nonaposematic firebug (59%/39% of hand-reared birds
and 61%/35% of wild-caught birds). Proportions of the handreared tits that attacked aposematic and nonaposematic firebugs did not differ (54% and 59% of all hand-reared tits,
respectively). The same is true for killing (34% and 39%,
respectively).
Interspecific comparison of wild-caught tits
Reaction to aposematic firebugs
None of the marsh tits ever handled an aposematic firebug.
Some individuals of other 5 species—coal tit, great tit, crested
tit, blue tit, and willow tit—handled the aposematic firebugs
(Table 1, Figure 2A); the proportion of handling birds did not
differ among the species (G2 ¼ 4.127; df ¼ 4; P ¼ 0.39).
Individuals of 2 species—the marsh tit and blue tit—did not
kill any aposematic firebugs. Small proportion of individuals
in other tit species (crested tit, coal tit, willow tit, and great tit)
killed the firebugs during the handling (Table 1, Figure 2A).
However, killing was equal in all species (G2 ¼ 5.942; df ¼ 3;
P ¼ 0.11).

Intraspecific comparison—importance of firebug coloration and
predator’s age category (hand reared and wild caught)
Counts of firebugs handled by each bird were the response
variable and age category of bird (hand reared vs. wild caught)
and prey coloration (aposematic vs. nonaposematic) the explanatory variables. The data were analyzed in GLIM v. 4
(Francis et al. 1994) by fixed effect 2-way ANOVAs with interactions, using Poisson distribution of errors (GLM ANOVAs).
Overdispersion of errors was treated by dividing Pearson’s chi
square by the residual degrees of freedom (df) (McCullagh and
Nelder 1989). Data on crested tits had unequal sample sizes and
were analyzed by a fixed effect factorial ANOVA with disproportional and unequal sample sizes, using an iterative approximate
estimation technique in SPSS v. 12. The appropriateness of the
models was checked by plotting standardized residuals against
fitted values and by normal probability plots (Crawley 1993).
Counts of birds that handled/killed at least one aposematic
firebug were compared with counts of birds that handled/
killed at least one nonaposematic firebug by chi-square tests.
Because of limited numbers of tested birds (especially in case of
crested tits) we have decided to take into account all marginally
significant results to avoid a large type II error.
RESULTS
Summarized results from all tit species
Only a minority of wild-caught individuals in all the tested
tit species attacked the aposematic firebugs (21% of all wild-

Figure 2
Proportions of wild-caught (A) and hand-reared (B) tits that
handled aposematic (plane bars) or nonaposematic (dotted bars)
firebugs (Pyrrhocoris apterus). Black parts of the columns indicate
the proportion of birds that killed the prey.
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Reaction to nonaposematic firebugs
In all tit species, the proportions of birds that handled nonaposematic firebugs (Figure 2A) were generally higher than
proportions of birds that handled aposematic firebugs (Table
1, Figure 2A). The proportion of handling birds differed significantly among the species (G2 ¼ 21.99; df ¼ 5; P , 0.001).
In all, 5 species (great tit, crested tit, coal tit, blue tit, and
willow tit) formed a homogenous group with high proportion
of handling birds. The marsh tit differed from all of them
(LSD tests, P , 0.05) by very low number of handling birds.
Marsh tits have not killed any nonaposematic firebugs.
However, the killing significantly differed among the other
species (G2 ¼ 28.88; df ¼ 4; P , 0.001). With the only one
exception, blue tits handled the prey carefully and did not kill
any nonaposematic firebugs. The reaction of blue tits differed
significantly from those of great tits, crested tits, and willow tits
(LSD tests, P , 0.05), which killed the nonaposematic prey
more frequently (Table 1, Figure 2A). Coal tits differed neither from blue tits nor from great tits, crested tits, and willow
tits (LSD tests, not significant [NS]).

Interspecific comparison of hand-reared birds
Reaction to aposematic firebugs
All the hand-reared great tits handled the aposematic firebugs.
The handling was similar (G2 ¼ 3.614; df ¼ 3; P ¼ 0.16) in the
group consisting of the crested tits, coal tits, and blue tits but less
frequent than in great tits (Table 1, Figure 2B).
Killing of aposematic firebugs differed significantly among
the tit species (G2 ¼ 68.98, df ¼ 3, P , 0.0001). Great tits
nearly always killed the handled firebugs. The proportion of
birds that killed aposematic firebugs decreased in the following direction: great tit / crested tit / coal tit / blue tit
(Table 1, Figure 2B). However, great tits did not differ from
crested tits and the latter did not differ from coal tits (LSD
tests, NS). Only a small proportion of hand-reared blue tits
and coal tits killed aposematic firebugs. The behavior of these
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2 species was similar (LSD test, NS) and jointly differed from
great tits (LSD test, P , 0.05).
Reaction to nonaposematic firebugs
All the hand-reared great tits handled the nonaposematic firebug at least once. The differences in handling among the other
3 species were only marginally significant (G2 ¼ 5.369, df ¼ 3,
P ¼ 0.068). Nevertheless, hand-reared blue tits and coal tits
handled the nonaposematic firebugs less frequently than
crested tits (Table 1, Figure 2B).
Killing the nonaposematic firebugs differed significantly
among tit species (G2 ¼52.38; df ¼ 4; P , 0.0001, Figure 2B).
The 2 homogenous groups (great tits and crested tits vs. coal
tits and blue tits) differed significantly (LSD test, P , 0.05).
Great tits and crested tits included the highest proportions
of birds that killed at least one nonaposematic firebug. Their
reactions toward nonaposematic prey did not differ significantly (LSD test, NS). The proportion of birds that killed the
nonaposematic firebugs was low both in the blue tits and
coal tits (LSD test, NS).
Intraspecific comparison—importance of firebug coloration
and predator’s age category (hand-reared vs. wild-caught
birds)
Blue tits (Cyanistes caeruleus)
The age category of tested birds and coloration of offered
firebugs had no statistically significant influence on the number of firebugs handled by the bird (2-way GLM ANOVA: F ¼
1.742; df ¼ 3,104; NS; Figure 3). Reactions of hand-reared
blue tits were essentially similar to those of wild-caught individuals; birds of both age categories did not accept firebugs as
a prey.
Despite the fact that the effect of firebug coloration was not
significant in the total model, the proportions of wild-caught
birds that handled the aposematic and nonaposematic firebugs were statistically different (v2 ¼ 6.31; P ¼ 0.012, Table 1,
Figure 2A). On the other hand, similar proportions of

Figure 3
Number of aposematic and nonaposematic firebugs (Pyrrhocoris
apterus) handled by an individual
hand-reared (H) or wild-caught
(W) bird during 5 successive trials
(point ¼ median; box ¼ lower
and upper quartile; whiskers ¼
nonoutlier range).
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hand-reared birds handled aposematic and nonaposematic
firebugs (v2 ¼ 2.03; P ¼ 0.154, Figure 2B).
Great tits (Parus major)
As shown by 2-way GLM ANOVA, wild-caught and hand-reared
great tits behaved differently (F ¼ 57.32; df ¼ 1,96; P ,
0.0001), and the reaction of birds was influenced by firebug
coloration (F ¼ 4.78; df ¼ 1,96; P , 0.05). There was also
a significant interaction between the age category and color
of the firebug (F ¼ 11.63; df ¼ 1,96; P , 0.01). Therefore,
we divided our data set according to the age and the color
and assessed influence of color or age in the 2 categories
separately.
Wild-caught great tits discriminated clearly between the
aposematic and nonaposematic firebugs (One-way ANOVA,
F ¼ 16.32; df ¼ 1,48; P , 0.001). Majority of birds avoided
attacking the aposematic firebugs, but a large proportion of
birds handled, killed, and even ate artificially nonaposematic
firebugs (see Figure 3 and also Table 1).
Contrastingly, hand-reared great tits attacked equally both
aposematic and nonaposematic firebugs. Consequently, there
was no statistically significant effect of firebug coloration on
the number of firebugs handled by one bird (One-way
ANOVA, F ¼ 0.078; df ¼ 1,48; NS; see Figure 3). Hand-reared
great tits handled significantly more both aposematic (Oneway ANOVA: F ¼ 54.57; df ¼ 1,48; P , 0.001) and nonaposematic (One-way ANOVA: F ¼ 14.37; df ¼ 1,48; P , 0.001)
firebugs than wild-caught great tits.
Crested tits (Lophophanes cristatus)
The total model revealed a highly significant effect of age
category of the tested bird (2-way GLM ANOVA for unequal
sample sizes, F ¼ 8.18; df ¼ 1,49; P ¼ 0.006) and significant
effect of the firebug color (2-way GLM ANOVA for unequal
sample sizes, F ¼ 4.14; df ¼ 1,49; P ¼ 0.047) on the number
of firebugs handled by a bird. The interaction between the
2 factors was not significant (2-way GLM ANOVA for unequal
sample sizes, F ¼ 0.136; P ¼ 0.714, Figure 3). The birds of both
age categories handled more often the nonaposematic firebugs
than the aposematic ones. The hand-reared crested tits were
in this respect less cautious than wild-caught individuals, and
they learned faster to avoid aposematic than nonaposematic
firebugs.
Coal tits (Periparus ater)
There was no influence of age category of tested birds
and of the firebug coloration on the number of firebugs
handled by a bird (2-way GLM ANOVA, F ¼ 0.41; df ¼ 3,96;
NS). Large proportions of coal tits in both age categories
avoided both aposematic and nonaposematic firebugs (Figure
3). More wild-caught birds than hand-reared birds handled,
killed, and ate firebugs (both aposematic and nonaposematic
ones) (Table 1), but these differences were not statistically
significant.
Wilow tits (Poecile montanus)
The effect of prey coloration on the proportion of wild-caught
willow tits that handled the firebugs was marginally significant
(v2 ¼ 3.71; P ¼ 0.0541). Smaller number of birds handled the
aposematic than nonaposematic firebugs (Table 1, Figure 2A).
Marsh tits (Poecile palustris)
The proportion of wild-caught marsh tits that handled any
color form of firebugs was extremely low (Table 1, Figure 2A).
None of the birds handled the aposematic firebugs, and only
4 birds handled the nonaposematic ones (v2 ¼ 4.35; P ¼
0.0371).

DISCUSSION
Wild-caught individuals of all tit species avoided aposematic
firebugs. However, individual species differed in the origin of
the avoidance behavior. Naive great tits and crested tits had no
initial unlearned bias and had to learn to avoid the aposematic
prey. On the other hand, most of the naive blue tits and coal tits
avoided aposematic firebugs at their first encounter, and their
behavior did not differ from the behavior of wild-caught, potentially experienced birds. Our results thus show that the
origin of avoidance may differ even in closely related species.
Such a difference is probably specific for a particular aspect of
behavior. In contrast to our results, Sasvári (1979, 1985) did
not find any differences among juveniles of 3 tit species (great
tits, blue tits, and marsh tits) in the ability to learn location of
food by observing other individuals; however, in the same experiments with adult birds, he found that great tits performed
better in observational learning than the other 2 species.
Innate avoidance
Hand-reared blue tits and coal tits mostly refused to attack
both aposematic and nonaposematic firebugs. We suppose
that their avoidance behavior was innate because the birds
had no previous experience with any kind of unpalatable prey.
In contrast to some previous studies (Smith 1975, 1977;
Schuler and Hesse 1985; Roper 1990; Ingalls 1993; Mastrota
and Mensch 1995; Lindström et al. 1999), the avoidance was
not specifically directed against warningly colored prey.
Hence, we do not interpret the avoidance behavior as a specific
innate bias against warning colors. More likely, it is a novelty of
the prey what makes the birds to hesitate to attack it. This
interpretation is consistent with the fact that those birds, which
attacked the firebugs during the experiment, handled them
very carefully, and the firebugs mostly survived the attack.
Avoidance of a novel prey was found in naive birds in several previous studies. Coppinger (1970) found nonspecific neophobic
behavior concerning various species of butterflies in naive individuals of 3 passerine species (blue jays C. cristata, grackles
Quiscalus quiscula, and red-winged blackbirds A. phoeniceus).
Domestic chicks avoided food and drink scented with pyrazine, when it was associated with a novel color (Marples and
Roper 1996), and avoided novel odors (Jetz et al. 2001). Almost all naive blue tits and coal tits inspected the firebugs in
our experiments from a very short distance (2–3 cm) before
they decided not to attack it. Therefore both the appearance
and the defensive smell possibly influenced birds’ reaction—results similar to those obtained in domestic chicks (Marples
and Roper 1996) and zebra finches Taeniopygia guttata (Kelly
and Marples 2004). As the avoidance of naive blue tits and coal
tits did not disappear after repeated exposure to the novel
prey (5 times), there is also the possibility to interpret their
reaction as dietary conservatism, which lasts much longer than
neophobia (Marples and Kelly 1999). However, it is uncertain
whether dietary conservatism may exist at birds in such an
early age. Other experiments are necessary for unequivocal
interpretation.
The initial neophobia of young birds may, at least in some
cases, change over the time. Langham (2006) found that
older rufous-tailed jacamars (Galbula ruficauda) were more
likely to sample novel morphs of aposematic Heliconius erato
butterflies than were the younger birds. Similar change was
observed also in great tits—yearlings were more cautious than
older birds in contact with aposematic prey (Lindström et al.
1999; Exnerová et al. 2006). Our results with blue tits and coal
tits seem to show similar tendency. Thus, the initial avoidance
present in neophobic birds may be later fine-tuned by their
experience with various prey types.
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Influence of phylogeny and ecology
Having comparative data about 4 species only, we cannot
decide whether neophobia is primitive or derived character
within the Paridae. Provided the phylogeny suggested by Gill
et al. (2005) is correct (Figure 1A), then the hypotheses that
neophobia is primitive (2 independent losses—Figure 1B or
one loss and one reversal—Figure 1C) or that it is derived
(2 independent gains—Figure 1D) are equally parsimonious.
Using the competing phylogenetic hypotheses (e.g., Kvist
et al. 1996; Garamszegi and Eens 2004) provides similarly ambiguous interpretation.
There is no trait in the biology of the tit species, which
could unequivocally explain their differences in behavior to
aposematic prey. Differences in the habitats occupied suggest
only that wild-caught individuals in species inhabiting mainly
coniferous forests (the coal tit and crested tit) have smaller
chance to encounter P. apterus and other similar red-and-black
aposematic insects (spittle bugs, lygaeid bugs, similarly colored ladybirds) than the species living in the deciduous woodlands (the marsh tit) or in a wide range of habitats (the great
tit, blue tit, and willow tit). This could explain the difference
between wild-caught blue tits and coal tits in their reactions to
firebugs. Although hand-reared birds of both species avoided
firebugs, irrespectively of their color, the behavior of wildcaught birds seems to reflect different experience with the
prey encountered in their habitats. Wild-caught coal tits, in
contrast to blue tits, did not avoid aposematic firebugs more
frequently than nonaposematic ones.
Foraging strategy is another possible factor influencing the
attitudes of birds to a novel prey. Greenberg (1983) found
that dietary specialists are more neophobic than generalists
among Dendroica warblers. All tit species studied are rather
generalists than specialists, and differences among them are
small. Great tits and blue tits have more specialized nestling
diets (mainly caterpillars and spiders) than other tit species,
which feed the nestlings with diverse invertebrate food similar
to those of adult birds (Gibb and Betts 1963; Krištı́n 1992;
Cramp and Perrins 1993). Blue tits have even more restricted
diet than great tits in the breeding season (Török 1986), but
individuals of both species living in urban environment regularly bring food from bird tables (e.g., peanuts) to their nestlings (Cowie and Hinsley 1988). Moreover, the difference is
restricted to the food brought to nestlings and disappears in
the nonbreeding season (Sasvári 1988), when all tit species forage on a variety of invertebrates and seeds (Cramp and Perrins
1993 and references therein), visit bird tables, and most of
them exploit unusual food sources such as milk bottles (Fisher
and Hinde 1949). Therefore, the foraging strategy does not
explain the differences observed in the behavior to a novel
prey in our experiments.
Individual tit species differ in the prevailing size of their
prey, ranging from 15–20 mm in great tits to 5–10 mm in coal
tits and blue tits (Gibb and Betts 1963; Török and Tóth 1988;
Krištı́n 1992; Cramp and Perrins 1993). However, the ranges
of consumed prey items of all the species broadly overlap, and
Carlson (1992) did not find any difference in the size of preferred prey (mealworms) among captive great tits, coal tits,
and willow tits; all birds preferred the largest prey. Moreover,
reactions of wild-caught great tits and blue tits to different
instars of the firebug (L3, L5, and adults) were not affected
by the size of the prey (Prokopová M, unpublished data).
Thus, it is unlikely that the size of the firebug could influence
interspecific differences in our results.
Greenberg (1990) proposed that neophobia might be a trait
influencing phenotypic plasticity of a species. Species with low
degree of neophobia are likely to explore and exploit novel
food sources and habitats. Our data are only partly consistent
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with this hypothesis. Great tits, which were far less neophobic
than other tits in our experiments, are known to be an innovative birds frequently exploiting new habitats and food
sources. However, blue tits, which are similar to great tits in
plasticity of their behavior and habitat selection, differed substantially from great tits in the reaction to a novel prey. Coal
tits and crested tits, which differed one from another in their
attitude to a novel prey, are species with conservative preference for coniferous forests.
Personality and neophobia
Attitude to a novel prey may be linked with a general personality of an individual—a complex of heritable correlated traits
including aggressive behavior, risk-taking, exploratory behavior, wariness, and others. Personality characteristics have been
extensively studied in great tits (Verbeek et al. 1994, 1996;
Dingemanse et al. 2002; Drent et al. 2003; Carere et al.
2005; van Oers et al. 2005), in which 2 personality types were
defined. ‘‘Fast’’ individuals are bold, aggressive, noninnovative, and explorative; ‘‘slow’’ individuals are cautious, nonaggressive, and innovative. Neophobic individuals are expected
to belong to a ‘‘slow’’ personality type. Unfortunately, comparative data for other species of tits are not available. Nevertheless, it is possible to expect that individual species of tits
may differ in proportion of individuals belonging to different
personality types, and, consequently, also in different proportions of neophobic individuals within each species. Winkler
and Kothbauer-Hellmann (2001) have found in coal tits and
crested tits different searching strategies, which may be linked
to the 2 personality types extended to a species level: crested
tits being largely fast explorers and coal tits slow ones. This
result is consistent with greater proportion of neophobic individuals among coal tits than among crested tits observed in
our experiments. Individual differences in personality may be
responsible for within-species variation in our data.
The degree of neophobia may depend on potential risk
associated with the consumption of noxious prey, and such
a risk is probably greater for birds with a smaller body size relative to the prey. In our previous study, we have found negative correlation between the body size and the avoidance of
aposematic prey (firebugs) among 9 species of passerine birds
(Exnerová, Landová et al. 2003). Differences in the body size
are also congruent with the results of our present study: the
neophobic coal tit and blue tit are the smallest species and
the nonneophobic great tit is the largest one. Consequently, the
weight-dependent risk of consumption of a novel prey may constrain the possibility of decrease of food-related neophobia in,
otherwise, behaviorally plastic species such as the blue tit.
Controversial results concerning behavior of naive great tits
We have not found any innate components of avoidance behavior in naive great tits. All naive birds attacked aposematic
as well as nonaposematic firebugs immediately after they were
presented, and they usually required several trials to learn to
avoid them. This result is surprising because Lindström et al.
(1999) found in naive great tits from Finland innate avoidance against yellow-and-black–striped mealworms. In both
cases, the birds were taken from nests at the same age, rearing
conditions were similar, and the birds tested were about the
same age. We suggest 3 alternative explanations. 1) The reactions may be population specific; birds from Finland and
Sweden may be more cautious in contact with brightly colored
prey. Differences between birds coming from different geographic regions in the presence or absence of innate avoidance have already been found in birds avoiding the coral snake
pattern (Smith 1975, 1977, 1980). However, the different bird
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species were tested in different areas. 2) Innate avoidance
may be specific to yellow color or to the striped yellow-andblack pattern. Majority of other studies showing the inborn
avoidance dealt with such a color pattern (Smith 1975, 1977,
1980; Schuller and Hesse 1985). 3) Differences may result
from different experimental designs. In each experimental
design, birds face different foraging tasks resulting from either a) simultaneous offer of aposematic and nonaposematic
prey items (Lindström et al. 1999) or b) offer of only one prey
type at the moment (present study). Having a choice, the bird
makes a decision, which prey it will attack first, and it may start
with a more familiar prey. The results are then relative measures of choice between different prey types. Having no choice,
the bird has to decide whether to attack the particular prey or
not. Naive great tits from southern Sweden, tested in experiments with red-and-black aposematic insects (Lygaeus equestris,
P. apterus, Coccinella septempunctata, Zygaena filipendula) presented simultaneously with palatable prey, mostly did not
attack the aposematic prey at the first encounter (Wiklund
and Jarvi 1982; Sillén-Tullberg 1985). These results suggest
a population-specific reaction or effect of an experimental
design.
Suitability of a species as a model for experimental studies
Most of our knowledge about behavior of the bird predators
to aposematic prey is based on the experiments with rather
few model species of birds, namely, domestic chicks (e.g.,
Gamberale and Tullberg 1996; Marples and Roper 1996; Rowe
and Guilford 1996; Rowe and Skelhorn 2005), quails (e.g.,
Evans et al. 1987; Marples et al. 1994), and great tits (e.g.,
Sillén-Tullberg 1985; Alatalo and Mappes 1996; Lindström,
Alatalo et al. 2001). Lindström et al. (1999) have pointed out
that the evidence in studies of innate component of the avoidance is based almost entirely on precocial species. As the
psychological development of precocial and altricial birds is
substantially different (Starck and Ricklefs 1998), one may
expect also differences in the acquisition of the avoidance
of noxious prey. Moreover, our results suggest that even
closely related altricial species may greatly differ in this respect. The same experiment performed with naive birds of different species may lead to different or even contradictory
results. Comparative studies taking into account also development of the behavior are necessary for the assessment of
the general scope of results obtained in experiments with a
particular predator species. Fortunately, great tits, which are
frequently used in studies focused on learning of the avoidance of aposematic prey, are suitably chosen because their
avoidance is based entirely on learning. Other species (blue
tits and coal tits) would be more suitable models for the study
of innate avoidance.
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ABSTRACT

Conspicuous appearance of aposematic animals deters experienced predator from attack on
such warningly coloured and in some way unprofitable prey. On the other hand, conspicuous
appearance of prey is disadvantageous in encountering naive predators, which may attack
them in higher rate than others types of prey. This disadvantage should be outweighed by
predator’s faster learning to avoid aposematic than cryptic prey or by slowing down forgetting
and thus enhancing memorability of the aposematic prey. However, forgetting of aposematic
prey avoidance over the long-term interval has not been investigated yet.
We used hand-reared great tits as a naive predators and wild-caught individuals as
experienced ones to test the effects of warning coloration of firebug on learning and
forgetting. Surprisingly, we found that the aposematic appearance of prey does not improve
the rate of learning in great tits. Naive hand-reared birds learned to avoid the aposematic
firebugs equally as fast as the non-aposematic ones (brown painted).
However, the learned association between aposematic red-and-black colour pattern and
unpalatability of firebugs persisted unchanged after long periods without refreshing.
Avoidance of aposematic firebugs remained the same when the birds were re-tested after three
months. Contrastingly, when the birds that had learned to avoid non-aposematic firebugs were
re-tested after three months, they had to re-learn the avoidance. Also wild-caught great tits
avoided the aposematic firebugs and this behaviour did not disappear after the six months (all
winter season). Thus, red-and-black colour pattern of the firebug did not accelerate the
constitution of the association between the appearance of firebug and its unpalatability, but it
strengthened its durability.
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INTRODUCTION
The aposematic appearance of animals signals to potential predators information about their
noxiousness, unpalatability or other unprofitability and prevents aposematic animals from
being attacked (Ruxton 2004). Aposematic animals are usually brightly coloured (red, yellow,
orange and sometimes white) with distinct colour patterns (Poulton 1890, Cott 1940, Ruxton
2004, Exnerova et al. 2006, Hamm et al. 2006).
Nevertheless, the conspicuousness of aposematic preys is a complex feature
(Gittleman and Harvey 1990, Gittleman et al. 1980, Roper and Wistow 1986). There is
increasing experimental evidence that particular components of warning displays or their
interactions may enhance predators’ avoidance behaviour (see also Guilford 1990, Rowe and
Guilford 1999, Ruxton 2004 for review). Besides the specific colours (Mason and Reidinger
1983, Sillen –Tullberg 1985 a, b; Gamberale-Stille and Tullberg 1999 but see Hamm et al.
2006) or combinations of contrast and colour (Gamberale-Stille 2001, Gamberale-Stille and
Guilford 2003) also the specific odour (Guilford et al.1987, Marples and Roper 1996, Roper
and Marples 1997, but see Rowe and Guilford 1996) or warning sounds (Rowe 2002, but see
Hauglund 2006) may contribute to the efficacy of an aposematic signal.
Indeed, aposematic prey is posited to be as dissimilar as possible from nonaposematic. This phenomenon is called, according Ruxton et al (2004), distinctiveness and
the clear difference between signals make them easy for receiver to discriminate (Riipi et al.
2001, Jansson and Enquist 2003).
The psychological mechanisms leading to predators’ avoidance reaction is also
important in the evolution of the warning signal. Predators can simply inherit an aversion to
certain characteristic of the prey e.g. domestic chicks (Schuler and Hess 1985, Hauglund
2006) or naive blue jays (Ingalls 1993) showing an innate bias to yellow striped pattern. On
the other hand, predators can acquire their aversion to a warning signal individually through
trial-and-error learning. The Conspicuous (and/or distinctive) appearance of aposematic prey
facilitates predator avoidance learning, which has been supposed long since Wallace (1870)
and Poulton (1890) or Wickler (1967).
According Ruxton et al. 2004, avoidance learning induces predators to form longterm-memory (LTM) of the warning signal (conditioned stimulus - CS) and the prey’s
toxicity or unpalatability (unconditioned stimulus - US) through Pavlovian conditioning
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(Ruxton et al.2004). From a detailed point of view, distinct processes in some aspects may be
involved in avoidance learning. CS could be connected to an internal signal of sickness (US)
in conditioned taste aversion (CTA, Garcia e. al. 1955, 1966). A long delay (1 to 12h in rats)
between foods related CS (odour, colour, pattern etc.) and the US (sickness or nausea) is a
distinctive characteristic of CTA (Bures et al. 2004). On the other hand, CS could be linked
immediately to the bad taste (unpalatability) of aposematic prey (US) as in a standard one trial
passive avoidance task (PAT). In this task, designed for studying learning and memory, (e.g.
Roper and Redstone 1987, Rose 2000, Atkinson et al.2003) one or two–day-old chicks are
allowed to peck once at a bead coated with a bitter tasting substance, usually
methylanthranilate (MeA), and then the avoidance response to the bead without MeA is
assessed. Both, CTA as well as PAT, represent relevant theoretical models of memory
formation for aposematic prey avoidance differing in quality of aversive substance
(immediate acting in PAT vs slow acting in CTA).
In the context of aposematism not only the knowledge of the dynamics of predators’
learning but also the rate of forgetting is critical for the understanding of how warning signals
may function (Speed 1993, Servedio 2000, Speed 2000). Speed and Turner (1999) or Speed
(2001) incorporated a predator’s forgetting as well as learning to the mathematical models of
Mullerian mode-mimic dynamic. Speed (2000) also used the term memorability, as a
measurement of the quality of the aposematic signal resulting in the rate of forgetting as well
as the rate of retrieval of once learned associations between unpalatability and the appearance
of an aposematic prey.
However, the experimental results of how different features of aposematic prey help
strengthen the memorability of the prey are relatively scarce and diverse in method. Roper
and Wistow (1986), Roper and Redstone (1987) or Roper (1994) tested if contrasting
aposematic signals lead to the quicker acquisition of aversion as well as better memorability
or if the quicker aversion learning results in faster reversal. He confirmed that the reversal of
learned avoidance continues more slowly when the prey is contrasting (aposematic) than
when it is cryptic. Coloured crumbs (red, green, blue) contrasting or matching with
backgrounds simulated the aposematic or cryptic prey. Conversely, Hamm (2006) recently
found that the aposematic colours (red, yellow), per se, paired with unpalatability did not
provide better memorability of prey than non-aposematic (grey) ones.
All studies dealing with a different aspect of memorability of aversive stimuli used
only artificial non-living objects as a prey (pellets, crumbs, beads, paper cards). The time
interval before testing the extinction rate of aversive association was usually short-term
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lasting: e.g. hours (Gittleman and Harvey 1980), days (Mason and Reidinger 1983, Guilford
1986, Roper and Redstone 1987, Guilford 1990) one or several weeks maximally (Rogers
1978, Mason and Reidinger 1982, Mason et al. 1984, Ham et al 2006). Forgetting aposematic
prey avoidance over the long-term interval has not been investigated yet, though the
effectiveness of short (hours, days) and long-term (months) interim periods on forgetting may
be very different.
We showed that hand-reared great tits (Parus major) have to learn the avoidance of
aposematic firebug Pyrrhocoris apterus unlike other tit species - blue tits (Parus caeruleus)
and coal tits (Parus ater) – which possess an innate avoidance (Exnerová et. al.2007).
Necessity to learn predisposes naive hand-reared tits to be good model predators to test the
effects of warning coloration on learning and forgetting. Similarly, in the previous studies
(Exnerová 2003, 2007) we used the non-aposematic (brown painted) form of firebug as a
control. This allowed us to distinguish the effect of warning coloration of the wild type form
from other attributes of living prey (smell, shape and taste).
In northern latitudes long-lived predators will not meet any aposematic prey for
several months out of the vegetation season, and here a good memory for aposematic
avoidance behaviour may be particularly important. We designed an experiment to distinguish
between the dynamics of short (one day) and long-term (three month) forgetting, which may
be very different.
In the first experiment, we tested two hypotheses regarding naive hand-reared tits:
1. Aposematic coloration accelerates the acquisition of aversion towards the firebug.
2. Aposematic coloration slows down forgetting and thus enhances memorability of the
aposematic prey.
In the second experiment, we assessed memorability of the aposematic firebug in
wild-caught great tits as well. We tested if the naturally acquired aversion towards the firebug
would persist in the memory of naturally experienced predators unchanged for the whole
winter season (six month).

METHODS
Prey
We used adult firebugs Pyrrhocoris apterus (Heteroptera: Pyrrhocoridae) reared on linden
seeds (Tilia cordata) as the model of aposematic prey. Wild-type form possesses black-andred warning colouration, chemical defensive secretions, unpalatable for small passerine birds
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including great tits (Exnerova et.al.2003). Artificially brown-painted firebugs served as a
model of non-aposematic control prey. We used a dark brown watercolour (burned sienna)
and chalk (improving covering properties) for painting; the dye is odourless and non-toxic
(for details see Exnerova et al 2003, 2007). Using the non-aposematic form of firebug as a
control allowed us to distinguish the effect of warning coloration from other attributes of
tested prey (smell, shape and taste). In all experiments, a larva of mealworm Tenebrio molitor
was offered in turn with the firebug to control the foraging motivation of the bird.

Predators
Forty naive hand-reared great tits (Parus major) were used in the first experiment. The birds
were taken from nest boxes at the age of 12-16 days, fed varying diets and hand-reared to full
independence (35-40 days). The methods of rearing and housing conditions were the same as
in our previous experiments (Exnerova et al. 2007). They were randomly assigned to two
groups (maximally two birds from one brood in each group). One group was tested to avoid
aposematic wild type form of firebug while the second group was tested to avoid the nonaposematic one. After testing they were housed in commercial birdcages (30 x 25 x 30 cm) by
pairs for six month without any contact with aposematic prey. The enrichment of standard
cages was necessary to prevent stereotypic behaviours of long-term caged birds (Garner et
al.2003). Small carton boxes with small holes were added to the home cages simulating
bird’s safe refuges and discard pieces of paper were given to the birds for play. Housing light
conditions were set according to outdoor photoperiod. The birds were provided vitamins and
offered a varied diet: sunflower seeds, walnuts, boiled eggs, sponge-biscuit, mealworms
(larvae of T. molitor), house crickets (Acheta domestica), and commercial food for
insectivorous birds (Vitacraft Soft Mix) to prevent fixation on one type of diet.
For the second experiment, twenty adult great tits P. major were caught in mist nets at
the end of breeding season (September, October) in localities near Velemin – the university
field station (NW Bohemia). They were placed into the experimental cage and left
undisturbed at least two hours before testing. After testing they were housed in home cages
for six month without any contact with aposematic prey. The housing conditions were the
same as an previous experiment.

Experimental set-up
We carried out all experiments in a large experimental cage (70 x 70 x 70 cm) equipped with
one-way glass, and rotating feeding tray with six cups and a perch (about 25 cm above the
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feeding trail), (for details about the experimental cage see Exnerova et al. 2003, 2006). The
birds were accustomed to the experimental cage: 2-5 hours for wild caught birds, 12 hours for
hand-reared birds. The birds were deprived of food at least two hours before the start of the
experiment. Birds were provided with water ad libitum. The behaviour was videotaped and
the number of prey handling, killing (cuticle perforation) or eating was checked.

Experiment 1 – hand-reared birds
Avoidance learning
Both groups of birds, one provided with aposematic firebugs and one with nonaposematic
ones, were trained to avoid an offered prey under the same conditions. The birds learned to
avoid the aposematic firebugs in a sequence of five-minute trials. The bird was alternatively
offered one specimen of mealworm and one specimen of firebug. The mealworms were used
to control birds’ foraging motivation. They were offered the firebugs until they refused to
handle it three times consecutively.
Memory test 1
The following day, the same birds were offered the aposematic firebugs only five times. The
order of presentation was one specimen of firebug, then one specimen of mealworm. The
duration of one presentation was maximally five minutes.
Interim period
The birds were kept without contact with the aposematic prey for three months and fed a
varying diet to prevent fixation upon one type of prey.
Memory test 2
At the end of the three months, the birds were tested again. The test procedure was the same
as in avoidance learning. The birds were required to avoid an offered prey under the same
conditions as in avoidance learning. The bird was alternatively offered one specimen of
mealworm and one specimen of firebugs until they refused even to handle the firebug three
times consecutively.
Memory test 3
The following day, the same birds were offered the firebugs five times. The test procedure
was the same as in Memory test 1.
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Experiment 2 – wild-caught birds

Avoidance test
In order to assess initial avoidance of naturally experienced birds, the wild-caught great tits
were offered the aposematic firebugs only five times. The order of presentation was one
specimen of firebug, then one specimen of mealworm. The duration of one presentation was
maximally five minutes (the test finished earlier when the bird ate all prey items).
Interim period
The birds were kept without contact with the aposematic prey for six months (simulating the
winter period) and fed a varying diet to prevent fixation upon one type of prey.
Memory test
At the end of the six months, the birds were tested again to assess the level of forgetting if
any. Test procedure was the same as in the avoidance test. Thus the birds were offered the
firebug five times.

Statistical analysis
Because the number of handled and the number of killed firebugs highly correlated, we
decided to statistically analyse only the former. The dependent variables measured per bird
were: the number of firebugs offered/handled during the avoidance learning (this parameter
reflects the rate of avoidance learning); the number of handled firebugs during first five trials
of avoidance learning and memory test 2; the number of handled firebugs during the memory
test 1 and memory test 3 (these experiments consisted of five trials only). As all the variables
significantly deviated from the normal distribution (Kolmogorov-Smirnov tests p<0.01, n =
20) the Mann-Whitney U test was used to compare rate of avoidance learning of aposematic
and non-aposematic firebugs. The Wilcoxon pair test was applied to assess the changes in
avoidance behaviour of hand-reared birds after each time period (avoidance learning-memory
test 1 after one day, memory test 1 – memory test 2 after three month, memory test 2 –
memory test 3 after three month and a day). Thus, the number of handled firebugs during
memory test 1 and memory test 2 were statistically analysed twice, for this reason the
Bonnferoni correction was applied.
Similarly, the Wilcoxon pair test was used to assess changes in avoidance behaviour of wild
caught birds after six month (Experiment 2).
All statistical analyses were performed using software Statistica vers. 6 (StatSoft 2001).
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RESULTS

Experiment 1: hand-reared birds
The birds that had learned to avoid aposematic firebugs had to encounter the same number of
firebugs as the birds that had learned to avoid non-aposematic ones (Mann-Whitnay U, N=
40, Z= 0.852, p= 0.394). Also, the total number of firebugs handled during the avoidance
learning by hand-reared great tits was the same for aposematic and non-aposematic firebugs
(Mann-Whitnay U, N= 40, Z=0.392, p=0.695) Fig 1.
Figure 2.shows that the birds handled more often the aposematic firebugs during
avoidance learning than in memory test 1 the following day (Wilcoxon pair test, Z= 3.296, N=
20, p= 0.001). The number of handled firebugs remained the same after three months
(memory test 2) spent without contact with aposematic prey (Wilcoxon pair test, N= 20, Z=
0.978, p= 0.328). The following day (memory test 3), the number of handled aposematic
firebugs was the same as well (Wilcoxon pair test, N= 20, Z= 0.235, p= 0.814).
Hand-reared birds handled more often the non-aposematic firebugs during avoidance
learning than they did in memory test 1 the next day (Wilcoxon pair test, N= 20, Z= 2.470,
p=0.013). The birds handled more often the non-aposematic firebugs after three months
without contact with firebugs (memory test 2) than they did before in memory test 1
(Wilcoxon pair test, N= 20, Z=3.823, p<0.001). Next day, the number of non-aposematic
firebugs decreased significantly again (Wilcoxon pair test, N= 20, Z= 2.118; p=0.034) Fig 3.

Experiment 2: wild-caught birds
Only three birds from twenty attacked the aposematic firebugs in the avoidance test. All the
birds avoided even handling the aposematic firebug in the memory test after the six months
without contact with any aposematic prey. There was no statistical difference between the
tests (Wilcoxon pair test, N= 20, Z= 1.604; p=0.109).

DISCUSSION
As Darwin (1871 ex Roper and Redstone 1987) pointed out, aposematic appearance besides
its positive warning effect brings to its owner also a noticeable disadvantage given higher
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delectability and thus probably higher initial predation rate when encountered by
inexperienced predator. This disadvantage would be outweighed by quicker avoidance
learning of unpalatable conspicuous aposematicaly coloured prey (Speed 1993, 1999, 2001,
Servedio 2000, Turner and Speed 1996).
The role of aposematic appearance in avoidance learning was tested experimentally
several times. The distasteful prey contrasting with its background (the important part of
aposematic appearance) lead to faster avoidance behaviour than if the prey was cryptic
(matching background) (Gittleman and Harvey 1980, Gittleman et al.1980, Roper and
Redstone 1987, Roper and Wistow 1986). In all these experiments domestic chicks were used
as the predators and usually food crumbs scattered on the floor imitated aposematic
(contrasting with the background) or cryptic prey (matching the background). More effective
learning was caused by contrast, per se, not by amount of unpalatable prey ingested (Roper
and Wistow 1986). In other experiments with domestic chicks, Gamberale-Stille and Guilford
(2003) tested the various combinations of conspicuous colour and contrast on artificial prey.
They showed that the colour accelerated the learning more than the contrast. Similarly, the
conspicuous coloration reduced the number of repeated attacks to the shieldbug (Graphosoma
lineatum) in experiments with wild-caught great tits (Vesely et al. 2006).
Surprisingly, the colour of artificial distasteful prey (novel world method) did not
influence the efficacy of avoidance learning in another experiment with wild-caught tits. In
the simultaneous discrimination task, they learned to recognize unpalatable prey equally as
well if the artificial prey was red, yellow, red and yellow or as if the prey was grey (Ham et al.
2006). This study examined the outcome of learning rather than the rate of learning itself as
all tits had undergone the same number of repetitions.
Our results show that the aposematic appearance does not improve the rate of learning.
Naive hand-reared great tits learned to avoid the aposematic firebugs equally as fast as the
non-aposematic ones. Thus, the red-and-black colour pattern of firebug did not serve as a
signal strengthening the association between the appearance of firebug and its unpalatability.
What would cause these discrepancies among above-mentioned experimental studies?
We can suppose different cognitive abilities in precocial (chick) and altricial (great tit) bird
species. Different stages of ontogenetic development could have similar effect. We used naïve
hand reared birds in our study while Vesely et al.(2006) used wild caught ones probably
experienced with other aposematics. Ham (2006) also tested wild caught birds but in “novel
world” experiments. The artificial prey used in his study was quite new for them as were the
firebugs for our naïve hand reared tits.
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The acceleration of the predator’s learning rate is not the only way in which the
aposematic unpalatable prey may be favoured against the non-aposematic one. Aposematic
appearance is supposed to strengthen the avoidance memory as well (Roper 1994). The results
of Roper and Redstone (1987) are in concordance with this suggestion. They showed that
chicks more avoided contrasting prey than cryptic also in repeated trials after two or three
days. Our results also support these suggestions. Moreover, they show that learned association
between aposematic red-and-black colour pattern and unpalatability of firebugs persisted
unchanged after long periods without refreshing. Avoidance of aposematic firebugs remained
the same when the birds were re-tested after three months. Contrastingly, when the birds that
had learned to avoid non-aposematic firebugs were re-tested after three months, they had to
re-learn the avoidance.
We can summarize that while the red-and-black colour pattern of the firebug did not
accelerate the constitution of the association between the appearance of firebug and its
unpalatability, it strengthened its durability.
Contrary to our results, Ham et al. (2006) did not prove the influence of certain colour
on the memorability of unpalatable prey. In their experiment birds had been trained to
associate a single colour (either red, yellow or grey) with unpalatability and discriminate
against it among others simultaneously presented. When the birds were retested after one
week the grey colour served as a similarly effective signal as the traditional aposematic
colours (red, yellow) when denoting the unpalatable prey. This study did not prove any
significant decay in memory of a certain colour.
However, there are three main differences that could be responsible for the discrepancy
between our results and those of Ham et al. (2006).
We used same species of predator (great tits), however our hand-reared birds without
any previous experience was in another stage of development compared to the wild caught
birds in Ham’s et al. (l.c.) study, which may influence substantially the results (Ionescu and
Bures 1976, Lindström et al. 1999b). Moreover, we used living aposematic insects while Ham
et al. (2006) used artificial prey. Last but not least, Ham et al. (l.c.) investigate the memory
decay in short-term, one week, interval compared to the three-month interval in the present
study. The changes in memory should be more apparent after the long-term retention interval.
In our study hand-reared great tits remember avoidance of aposematic as well as nonaposematic firebug equally well when retested after 24 hours (see fig. 2 and 3).
The rising role of aposematic appearance of prey for predator’s long-term avoidance is
also evident from the experiments of Ropers and Redstone (1987). Albeit, the chicks differ in
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avoidance of contrasting and matching prey yet when retested after 24 hours the difference
grew up with increasing retention interval (48 and 72 hours). These findings support also the
findings of Rogers (1978) who test the durability of CTA (conditioned taste aversion) in redwinged blackbirds (Agelaius phoniceus). After five exposures to methiocarb treated food
pellets, which were not typically aposematic, the birds were tested using different time
intervals (1 day; 1, 2, 4, 8, 16 weeks). Once the aversion is formed, it persists relatively
unchanged for periods up to 4 weeks after training and is not completely extinguished at 16
weeks. However, the memory decay after 4 weeks was remarkable suggesting the importance
of aposematic coloration also in durability of CTA.
Better memorability of aposematic prey supports the previous findings that visual cues
are preferred over taste cues in forming of aversion towards unpalatable stimuli in birds
(Wilcoxon et al. 1971). However, as the hand-reared great tits learned to avoid the aposematic
firebugs equally fast as the non-aposematic ones, these visual cues (colour pattern) are not
important in the possible formation of CTA in great tits, but are in retrieval of aversion from
memory after a long-term period. The rate of avoidance learning and memorability of prey are
probably two separate processes at least in the case of hand-reared birds.
Our results show that hand-reared great tits can store information about the
unprofitability of aposematic prey unchanged for a long-term period at least over three
months. Also wild-caught great tits avoided the aposematic firebugs and this behaviour did
not disappear after the six months (all winter season). Once learned, the avoidance of the
aposematic prey in the wild did not require refreshment of memory.
This memory performance could be advantageous especially for birds from temperate
zones that cannot re-learn the avoidance of aposematic prey every year.
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LEGENDS
Figure 1.
Total number of firebugs offered to individual tested birds (hand-reared great tits) during
avoidance learning. To reach avoidance behaviour criteria the bird must not to touch offered
firebug three times consecutively. The total number of encountered firebugs was the same for
the birds that had learned to avoid aposematic and non-aposematic firebugs.
Figure 2.
The number of aposematic firebugs handled by individual test birds (hand-reared great tits)
during first five trials of avoidance learning and during memory tests 1 (one day after
avoidance learning), memory test 2 (three month after first memory test), memory test 3 (one
day after second memory test).
Figure 3.
The number of non-aposematic firebugs handled by individual test birds (hand-reared great
tits) during first five trials of avoidance learning and during memory tests 1 (one day after
avoidance learning), memory test 2 (three month after first memory test), memory test 3 (one
day after second memory test).
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ABSTRACT
We test the influence of social learning (observing avoidance behaviour of a demonstrator) in
avoidance of an aposematic firebug (Pyrrhocoris apterus; Heteroptera) in naïve great tits.
Hand-reared great tits were allowed ten opportunities to observe experienced conspecific
avoiding aposematic prey (observing group). Prior to this experience naïve hand-reared tits
did not show an innate avoidance of the firebug (Exnerova et al. 2007). When the observing
birds were subsequently confronted with the firebug, the rate of avoidance learning was
higher in this group than in birds without previously demonstrated avoidance (control group).
Retested the next day, all the birds improved their avoidance behaviour, but this difference
was significant only in the control group.
We have shown that social learning by observing a demonstrator's avoidance
behaviour accelerates avoidance learning in hand-reared great tits. However, the demonstrated
avoidance did not prevent naïve hand-reared great tits from avoiding aposematic prey
completely without additional trial-and-error learning. We believe that socially enhanced
aposematic prey avoidance to be a common mechanism involving especially naïve predators
in nature.

INTRODUCTION
Social learning (learning from others, Heyes  Galef 1996) is thought to be a prerequisite for
the horizontal spreading of new behavioural traits through cultural transmission. Milk bottle
opening is a classic textbook example of such a process (Fisher  Hinde 1949). Generally,
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learning about food - what, how and where to eat - is the main subject for studying various
aspects of innovation mediated through social learning in birds (Emery 2006). Birds, in
contrast to mammals, seem to be experts in feeding innovations, which are spread by cultural
transmission. The social influence on innovative behaviour in birds was shown whenever it
was studied in this group contrary to mammals (Lefebvre  Bouchard 2003).
Observational learning is the most frequently used type of social learning. Broadly
defined (Libermann 2000) observational learning is characterized by involvement of
experience individuals (a demonstrator) in facilitating learning by another individual
(observer). In this paper, we concentrate on the role of observation learning in food
avoidance. Taste aversion learning is the most probably the underlying mechanism of
learning what not to eat. In taste (or food) aversion learning, the ingestion of a food associated
with strong negative experiences (gastrointestinal illness, nausea etc.), leads to a strong
avoidance of noxious foods. This avoidance persists also when the same food is palatable
(Garcia & Koelling 1966). Taste aversion learning is thought to be a robust learning
mechanism that operates mainly at the individual level (Visalberghi & Addesi 2003). To
date, a few studies provide substantiate experimental evidence for the existence of socially
mediated food avoidance in birds (Masson  Reidinger 1981, 1982; Masson et al.1984;
Jonston et. al.1998).
In a series of experiments, Masson and his co-workers proved the positive effect of
observational learning on the conditioned taste aversion of red-winged blackbirds, Agelaius
phoeniceus,(Masson  Reidinger 1981), and common grackles, Quiscalus quiscula (Masson
et al.1984).
Further studies demonstrated the positive effect of observational learning on the
acquisition of either food avoidance or taste aversion especially in other bird species: house
sparrow, Passer domesticus, Fryday & Greig-Smith 1994; house finch, Carpodactus
mexicanus, Avery 1996; and young domestic fowl, Gallus gallus, Johnston et al 1998; but see
Sherwin et al. 2002. In contrast, when similar experiments were conducted with mammals,
researchers usually failed to prove an acquired aversion toward certain foods by observing
another individual (e.g. Galef et al.1983, Galef & McQuoid 1990 in rats, Rattus norwegicus;
or Visalberghi  Addessi 2000 in Capuchin monkeys, Cebus apella).
In a typical experimental design testing socially mediated food aversion (e.g. Kuan & Colwill
1997, Galef & Whiskin 2000) a rat was allowed to observe the feeding behaviour of a
demonstrator and then was exposed to the demonstrators that were made ill by lithium
chloride (LiCl) injection. Then the observer is tested (simultaneous preference test) for the
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aversion to their demonstrator’s diet. Masson and his colleagues (Masson et al. 1984) adapted
this task for birds. An observer (naive red-winged blackbird) watched a conspecific eating
from a distinctively yellow coloured dish. Subsequently, the demonstrator was orally
intubated with a methiocarb known to cause a conditioned taste aversion similar to LiCl
(Masson and Reidinger 1983). The naïve (previously observing) bird was then tested in
simultaneous preference tests between two types of dishes: yellow (the demonstrator's dish) or
green (new). Observing birds avoided the dishes from which ill demonstrators had eaten for
eleven consecutive days (Masson et. al. 1984).
To study the influence of observation learning on avoidance behaviour of chicks
Johnston and her colleagues (Johnston et al. 1998) used a modification of a one-trial passive
avoidance task. They presented one chick (demonstrator) with a bead coated in a bitter-tasting
methylanthranilate (MeA); the other chick (the observer) observed the typical disgust
response (head shaking, beak wiping and calling) of the demonstrator in the adjacent
compartment. Also in this task the observing chick subsequently avoided pecking a similar
bead (but without MeA) its demonstrator pecked.
We can also interpret the role of observational learning in the avoidance of unpalatable
food in the terms of Pavlovian conditioning as observational conditioning (Cooc et al. 1985
in Heyes 1994). According Heyes (1994) in one type of socially mediated learning
(observational conditioning) the demonstrator’s behaviour may act as an unconditioned
stimulus for the observer resulting in its correct response to the same stimulus. An inhibitoryaversive subtype of observational conditioning then refers to the situation when behaviour of
the demonstrator (unconditioned stimulus) represents an aversive stimulus.
Despite increasing interest directed towards various aspects of the evolution of
aposematism, the models describing the role of a predator’s learning (Speed 1999, Speed 
Turner 1999, Servedio 2000, Speed 2000, 2001, Marples et al 2005, Lyn 2005) usually do not
consider socially mediated avoidance. The social learning was largely neglected in the
experiments testing the learning performance of real animals as well (Ruxton et al. 2004;
Skelhorn and Rowe 2005, Exnerová et al. 2007). However, the predator’s socially mediated
experience to avoid aposematic prey would considerably enhance the chance of aposematic
prey to survive. It may allow naive predators to avoid the superfluous sampling of aposematic
prey, which is unprofitable or even dangerous.
The results of the aforementioned experiments suggest that socially mediated food
aversion learning may take part in the origin or reinforcement in the avoidance of aposematic
prey. In all these experiments, the animals were allowed to observe discomfort behaviour or
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the illness of a demonstrator. In free-living conditions, the observer rarely has the chance to
observe the process of avoidance learning itself. Commonly, the observed demonstrator is
already experienced and exhibits only a little discomfort behaviour. Such a demonstrator
nevertheless, shows a previously learned avoidance towards aposematic prey, which may be
recognized by a careful observer and utilised for observational learning. Taking into account
this scenario we designed a new behavioural task for testing the socially mediated avoidance
of aposematic prey in birds.
In our task, the observer (naive bird) watched the avoidance behaviour of an
experienced demonstrator in a series of experiments with aposematic prey and subsequently
learned an aversion toward the same aposematic prey. We compared the observer’s learning
rate with the learning rate of the control bird, which had not been educated by an experienced
demonstrator.
In the present study, we test the hypothesis that observance of an experienced
conspecific demonstrator increases the rate of avoidance learning in naïve birds.

METHODS

The prey
Adult firebugs (Pyrrhocoris apterus; Heteroptera) reared on linden seeds (Tilia
cordata) were used as a model of aposematic prey. Firebugs have red-and-black warning
colouration and are chemically defended by secretions of methathoracal glands (for chemical
details see Farine 1992). This species is distasteful for many species of passerine birds
(Exnerová et al.2003, 2007).
We used the mealworm larvae (Tenebrio molitor) as control prey. In all experiments the
mealworms were used in alternation with the firebugs to control the feeding motivation of the
bird
Tested birds
For all our experiment we used hand-reared great tits (Parus major), taken from nest
boxes at the age of 12-16 days, fed various diets and hand-reared to full independence (35-40
days). The methods of rearing and housing condition were the same as in our previous
experiments (Exnerova et al. 2007). As we showed previously (Exnerová et al. l.c.) great tits,
contrary to other tit species (blue tits and coal tits), have no inborn aversion toward the
firebug. The necessity to learn avoidance toward firebugs predisposes the hand-reared great
tits to be suitable model predators for this task.
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We divided 28 hand-reared great tits into the control (13 individuals) and the
observing (15 individuals) groups. Birds from the control group (controls) learned to avoid
the firebugs themselves. This means they performed only the avoidance learning task.
Individuals from the observing group (observers) were exposed to a session in which they
watched the avoidance reaction of the demonstrator towards the firebugs (demonstration
session). Immediately after this session they as well as the control group performed the
avoidance learning task (see the procedure below).
Demonstrator
The demonstrator is a one-year-old hand-reared great tit that has been trained to avoid
aposematic firebug whenever encountered.
Experimental set-up
We carried out all experiments in a big experimental cage equipped with a small cage
inside, one-way glass, a perch, and rotating feeding tray with six cups (for details about the
experimental cage see Exnerova et al. 2003). We placed the small cage inside the big
experimental cage. It was placed on the plastic base (20 cm high) to allow the bird inside to
freely observe the prey. Prey items were offered on the rotating feeding trail of the big cage.
In the demonstration session as well as in avoidance learning task the two birds were
presented: one in the big experimental cage with the free access to the feeding trail and the
other in the small cage with a clear view of the feeding trail (Fig1).

Procedure
Habituation
All the birds were caged by 3-4's in one home cage (50x30x40 cm) together with a
demonstrator at least four days before experiments to become accustomed to each other. The
demonstrator rotated among cages each fourth day.
Prior to the experiment, we put the hand-reared birds one by one into the experimental
cage (minimally 6 hours). We trained the birds to eat mealworms from the rotating feeding
trail. After the training, all birds were able to pick-up mealworms from the feeding trail within
a few seconds.
The birds were without access to food 2 hours before each experiment. We added
small pieces of crumbled sponge-biscuit to balance the feeding motivation of observing birds
in the small cage. This bird was hungrier than the bird in big cage obtaining mealworms after
each presentation of a firebug. All birds ate crumbled sponge-biscuit, however they preferred
the mealworms. The access to the water was ad libitum in both cages.
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The demonstration session
Only the birds from observational group were subjects of this session. We placed the
demonstrator into the big experimental cage and the bird from observational group into the
small cage. A complete session consisted of a sequence of 20 consecutive presentations. The
demonstrator was successively offered one specimen of firebug and one specimen of
mealworm. The demonstrator avoided the offered firebugs presented on the feeding trail 10
times. The extent of reaction of the demonstrator to the firebug was only to approach the
feeding trail. No attack (handling or killing) occurred in all 150 presentation of the firebug.
One presentation of the firebug lasted five minutes. The presentation of the mealworm ended
when the bird ate the whole specimen (maximally five minutes)(Fig 1a).
Avoidance learning task
Both groups of birds (control and observing) were trained to avoid the aposematic
firebugs. The naive bird learned in the large experimental cage with a feeding trail, while the
demonstrator was passively presented in the small cage (Fig 1b). A naive bird was offered the
firebug alternately with the mealworm, until the bird refused to attack (or even to handle) the
firebugs three times consecutively.
Memory test
The following day, the same birds were offered the firebug five times. The order of
presentation was one specimen of firebug, then one specimen of mealworm (to control the
feeding motivation of the bird). The duration of one presentation was maximally five minutes.
Statistical analysis
The dependent variables measured were: the number of firebugs handled/killed during
the avoidance learning task (this parameter corresponds with the rate of avoidance learning);
the number of handled/killed firebugs during first five trials of avoidance learning and the
number of handled/killed firebugs during the memory test (These parameters were used to
reveal the endurance of learned avoidance). The variables number of handled and number of
killed firebugs was highly correlated, thus we applied the Bonnferoni correction to tighten up
the test criterion to 0.025. We use both these parameters of avoidance behaviour to compare
current results with these published previously (Exnerova et al 2003, 2007). Since the data do
not have a normal distribution, we used the Mann-Whitney nonparametric U test to compare
the rate of avoidance learning between the observing and the control group. To analyse the
endurance of avoidance behaviour within groups we used the Wilcoxon pair test. All the tests
were performed using Statistica software (vers. 6, Stat Soft 2001)

6

RESULTS

Rate of avoidance learning
The number of firebugs handled during the avoidance learning task was lower in
observational group that had watched the demonstrator's avoidance than in the control group
(Mann-Whitney U test Z = 2.579 P < 0.001) (Fig 2). Similarly the number of killed firebugs
was lower in the observational group (Mann-Whitney U test Z = 2.579 P < 0.001). Thus, the
hand-reared great tits that had observed avoidance behaviour of the demonstrator (observing
group) had accelerated learning compared to those having no such possibility (control group).

Endurance of learned avoidance – differences between avoidance learning task and
memory test
Figure 3 shows that birds of both groups (experimental and control) somewhat improved their
avoidance of firebugs when retested after 24 hours (memory test). However, the difference in
the number of handled (Wilcoxon pair test Z = 2.395 P < 0.017) or killed (Wilcoxon pair test
Z = 2.510 P < 0.012) firebugs was significant only within control group not within observing
one (Wilcoxon pair test; handling Z = 1.019 P < 0.308; killing Z = 1.86 P < 0.062).

Resultant avoidance of aposematic prey – observer vs. control group members in memory
test
Final avoidance of aposematic prey between observer and control group members did not
differ, they handled (Mann-Whitney U test Z = 0.691 P = 0.489 and killed (Mann-Whitney U
test Z = 1.958 P = 0.050) the firebug with similar frequency, that being often, during the
memory test.

Impact of prior experience of learned avoidance–differences between observer's avoidance
learning task and control group's memory test
In order determine the influence of prior experience; we compared avoidance performance of
observers that had been subjects of the demonstrational phase and control groups that had
been the subjects of avoidance learning task. Thus, the avoidance performance of observers in
the avoidance learning task (first five trials of this session) was not different from avoidance
behaviour of controls in memory test: Mann-Whitney U test, handling Z = 0.552784, P = 0.
580412; killing Z= 0.9674 P= 0,3334.

7

DISCUSSION
Our results confirmed the hypothesis that social learning facilitates aversions to the
noxious (or at least unpalatable in the case of firebugs) food in birds. Observing the avoidance
behaviour of the demonstrator significantly accelerates the rate of avoidance learning,
however the naïve hand-reared tits did not learn to avoid the firebugs completely. Thirteen
birds from the observing group (fifteen birds altogether) attacked firebugs as well as twelve
from the control one (thirteen birds altogether). This shows that the socially mediated
enhancement rate of avoidance learning does not sufficiently prevent naïve birds from
attacking aposematic prey.
To acquire an aversion to firebugs nearly all hand-reared great tits had to learn by trial
and error regardless of social information. However, the number of attacked firebugs was
significantly lower and the length of the avoidance learning session shorter in the observing
group.
Despite the number of studies devoted to observational learning about food in birds
(e.g. Hellmann 1983, McQuoid & Galef 1992, 1993, Colleman  Mellgren 1994, Sasvari &
Hegyi 1998; Altshuler & Nunn 2001, Bugnyar & Kotrchal 2002, Göth &Evans 2005) there
are only a few studies dealing with aversion learning by observing a demonstrator (Mason 
Reidinger, 1981, 1982; Mason et al.1984; Johnston et al. 1998 and Sherwin et al. 2002).
Moreover, those results are somewhat contradictory.
The findings of Jonston's et al. (1998) and Mason's and his colleagues (Mason &
Reidinger 1981, 1982; Mason et al.1984) support the hypothesis that social learning facilitates
aversions to noxious foods in birds. Red-winged blackbirds developed, as a result of
observation learning, an aversion toward a marked dish (Mason  Reidinger 1981) and this
avoidance persisted for eleven subsequent preference tests (Mason et al. 1984). Preferences
for certain foods may be learned by observation as well, but contrary to learned aversion they
waned during four or six preference tests (Mason  Reidinger l.c., Mason et al. l.c.).
Similarly day-old chicks can learn to avoid pecking chrome beads coated with MeA by
observing disgust reactions of a demonstrator and the chick's observers have maintained this
avoidance of the chrome beads when retested the following day (Jonston et al. 1998).
Contrary to this, Johnston et al. (1998) and Sherwin et al. (2002) tested adult domestic
fowl and failed to prove socially mediated avoidance. Changes in learning abilities during
ontogeny may be responsible for this discrepancy. A sensitive period for conditioned taste
aversion ends between 25 – 45 days in chicks (Ionescu Bureš 1976). The decrease of
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observation learning ability was shown in the adults of various species of tits and thrashers as
well (Sasvari 1984).
In contrast to birds, young rats usually are not able to learn a conditioned food
aversion by observing the behaviour of a demonstrator (Galef et al.1983, Galef et al.1984, but
see Kuan & Colwill 1997). Compared to birds, where socially mediated preference as well as
avoidances occurs in rats, socially mediated food preferences are more stable than in birds.
Such preferences may persist for several generations and prevent rats from eating novel and
potentially dangerous prey without risk of additional trial-and-error avoidance learning (Galef
& Allen 1995, Galef & Whiskin 1997).
Our result that social learning can enhance aposematic prey avoidance is valid only for
the observance of intraspecific demonstrator. However, not only do parents theoretically
serve as the demonstrators but successful individuals coming from other species may
potentially be beneficial for young great tits in nature. Great tits habitually move first in
family flocks then (after the breeding period) with other conspecifics and finally (especially in
winter) in mixed flocks (Verhulst  Hut 1996). This means that young tits are, early in life,
restricted to observing their parents, however, later may be influenced also by other tit
species. Masson et al. (1984) showed that using a non-conspecific demonstrator in acquiring
socially mediated food aversion might be a functional strategy in red-winged blackbirds and
common grackles (Quiscalus quiscula).
The great tit probably has an extremely high observational learning capacity.
The wild-caught great tits were more successful in their ability to learn to find hidden food by
observing their conspecifics as well as heterospecific demonstrators than other species of tits
(Sasvari 1979, 1985, Sasvary & Hegyi 1998). Sasvary & Hegyi (1998) also argue that a
dominant status in mixed flocks improves observational learning abilities of the great tit.
Our results indicate that social learning by the observation of avoidance behaviour of
knowledgeable conspecifics directly enhances the rate of avoidance learning in naïve great
tits, but not memory for aposematic prey avoidance. The birds from the observing as well as
the control group remembered the firebug as unprofitable prey the day after avoidance
learning. They somewhat improved their avoidance when repeatedly tested. However, this
improvement was significant only for birds from control group, which had no opportunity to
observe the avoidance behaviour of conspecifics. The avoidance performance of the birds
from the observing group had been high already when first tested, thus the improvement was
not so apparent when retested next day. In other words, the demonstration session had a
similar effect on observing group as first avoidance session in control group
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Experiments carried out in previous studies differ from ours in two aspects. Tested
birds were trained to avoid coloured beads (Johnston et al.1998), coloured feeding pellets
(Sherwin et al. 2002) or a marked dish with food (Mason & Reidinger 1981). Our
experiments first proved that birds could learn to avoid potential natural prey. This result
indicates that a socially mediated predator’s experience can considerably enhance the chance
of the aposematic prey's survival, which should be taken into account in the models
describing the role of the predator’s learning in the evolution of aposematism. On the other
hand, our results do not confirm the speculation of Masson et al. (1984) that learned
avoidance of aposematic prey might prevent naive bird from sampling edible batesian mimics.
Batesian mimics would not be protected at all in our experimental design as our tested birds
had to learn avoidance behaviour by trial-and-error in addition to the social information. In
nature (similar to our experiments) naïve tits may undergo this training in a model species.
After complete training, batesian mimics would also profit from the predator’s social learning.
Further, tested birds observed discomfort behaviour after pecking bitter-tasting beads
(Johnston et al.1998), illness after ingestion of emetic (Masson 1981, Mason et al.1984) or
unpalatable food (Shervin et al. 2002) in all previous discussed studies.
Our study primarily provides firm evidence that by observing the mere avoidance behaviour
of a demonstrator, there is faster avoidance learning in naïve birds. According Visalberghi &
Fragaszy (1996) social learning requires a behaviour to be performed (active tasting of food)
while the absence of the behaviour (passive food avoidance) is not likely to lead to social
learning in Capuchin monkeys, Cebus apella. Hoewer, active teaching is very rare in nature
(Thornton & McAuliffe 2006) and there is no evidence that individual Capuchin monkeys
prevented others from eating toxic food (Visalberghi & Addessi 2003).
Our results are contradicting those of Johnston et.al. (1998). In their experiments, the
observer chicks learned to avoid the chrome bead only if they watched a demonstrator during
avoidance learning when it pecked bitter-tasting chrome bead. If observer chicks watched
only a knowledgeable demonstrator that avoided pecking the identically coloured bead
(similar design as in our experiments), they were unable to extract information from its
behaviour. These contradictory results may be caused by methodological (avoiding the
chrome bead vs. a living aposematic insect), developmental (day-old chicks vs cca 35 day old
fledglings) or species-specific differences (domestic fowls vs great tits). Nevertheless, all
these factors may influence the transmission of avoidance behaviour and it seems that species
differences would be the most important (Klopfer 1961). The socially mediated avoidance of
food without active teaching is probably more relevant for naïve young great tits than for
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chicks of domestic fowl; the species most well known for their active indication of food
preference (McQuoid & Galef 1992,1993).
The research was supported by GAAV project No. A6141102. Institutional support
was given by the Ministry of Education, Youth and Sports of the Czech Republic (project No.
0021620828).
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LEGENDS
Figure 1a. The demonstration session: A demonstrator was placed into the big
experimental cage and the observers into the small cage. The demonstrator was
successively offered (20 times) one specimen of firebug and one specimen of
mealworm. Therefore, the demonstrator avoided the offered firebugs presented on
feeding trail 10 times and the observer watch its behaviour. Only the birds of
observing group were the subjects of this session
Figure 1b. Avoidance learning task: both groups of birds (controls and observers)
were trained to avoid the aposematic firebugs. The naive birds learned in the big
experimental cage with the feeding trail, while the demonstrator was passively present
in the small cage. The bird was offered the firebug alternately with mealworm, until
the bird refused to attack (or even to handle) the firebugs three times consecutively.
Figure 2a. The total number of firebugs handled during the avoidance-learning task of
session. The birds from the control group (controls) handled more firebugs than the
birds from observing group (observers), which had watched the demonstrator's
avoidance.
Figure 2b. Total number of firebug’s killed during the avoidance learning task. The
birds from the control group (controls) handled more firebugs than the birds from
observing group (observers), which had watched the demonstrator's avoidance.
Figure 3a. The number of firebugs handled during the avoidance learning task (first
five trial sessions) and during the memory test. The birds from the control group
(controls) handled more firebugs in avoidance learning than in the memory test the
next day. Moreover, the avoidance of controls in memory test does not differ from
those expressed by observers in avoidance learning.
Figure 3b. The number of firebugs killed during the avoidance learning task (first five
trial sessions) and during the memory test. The birds from the control group (controls)
killed more firebugs in avoidance learning than in the memory test next day.
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Introduction
Cultural transmission (tradition) of various complex behaviours in animals has received
considerable attention in the past 30 years (for earlier review see Cavalli-Sforza and
Feldman, 1981; Mitchel, 1987; Galef, 1988; recently see Miklosi, 1999; Galef, 2003).
Classical examples come from primates, (e.g., chimpanzees: Tomasello, 1994; Whitten
et al. 1999; etc.) and birds (e.g., tits: Fisher and Hinde, 1949; Darwin finches: Bowman
and Billeb, 1965; Caledonian crows: Hunt, 2000). Most of them have been based solely
on field observations of behaviours restricted to certain populations. By definition the
tradition must involve social learning of some kind (Galef, 2003), which is difficult to
demonstrate solely under field conditions.
Laboratory experiments studying the mechanisms of social transmission of
diverse food-finding techniques (which may underlie these traditions in the wild; for
reviews see Miklosi, 1999; Galef and Giraldeau, 2001; Galef, 2004; Galef and Laland,
2005) have been repeatedly carried out in birds (solving food finding problem in
pigeon: Palameta and Lefebvre, 1985; tits: Sasvari, 1985; keas: Huber et al., 2001; or in
budgerigars: Heyes and Sagerson, 2002) and rodents (e.g. shell-opening techniques in
Norway rats: Cagnin, 1985; food preferences in spiny mice: McFadyen-Ketchum and
Porter, 1989; in ground squirrels: Peacock and Jenkins, 1988 and in Norway rats:
Posadas-Andrews and Roper 1983; Galef et al., 1984; Galef, 1989; Galef and Allen,
1995; but see Galef and Whiskin, 1998, 2001).
The best-studied examples of traditions in rodents studied in both free-living
animals and their conspecifics under the laboratory conditions are those of Norway rats
diving for food (Gandolfi and Parisi, 1972, 1973; Galef, 1980) and pine-cone opening in
black rats (Aisner and Terkel, 1992; Zohar and Terkel, 1995, 1996; Terkel, 1996). The
former are more influenced by different environmental conditions (distribution of
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molluscs and availability of alternative prey) than by specific knowledge transmitted
culturally. In contrast, gaining nourishment from the seeds of pine-cones seems to be
well-documented example of a tradition where the social learning is necessary for
efficient transition of knowledge from adults to young (for discussion see Galef, 2003).
Althouht, the stripping technique is easily transmitted from mother to offspring
(Aisner and Terkel, 1992), the presence of the mother herself is not essential and may
be substituted by the presence of green (i.e., fresh not wooded) partially-opened cones.
Nevertheless, in nature such cone-opening is done by skilled adult individuals
(strippers) only and consequently not available outside a specific social context (Terkel,
1996). Rats are able to learn the stripping technique only during critical periods as
juveniles. Early separation of the juveniles from the mother reduces the success of this
transmission (Zohar and Terkel, 1996). Adult black rats were unable to acquire this
technique even when properly motivated by food deprivation, exposed to pine-cones for
a long period and/or caged with a skilled adult used as the demonstrator (Aisner and
Terkel, 1992). The stripping technique of pine-cone opening by black rats was
described only from certain localities in Israel and it is widely accepted that this
behaviour is highly population specific (Terkel, 1996).
Nevertheless, the conditions necessary for the evolution of rat consumption of
pine seeds are not restricted to Israel. Pine forests are widespread in the Mediterranean,
including those islands where the species richness of the mammalian fauna has been
considerably reduced by the island effect and the extinction of aboriginal species
associated with the recent invasion of their commensal competitors – especially black
rats (Rattus rattus).
Similar to the situation in Israel, squirrels, a fully arboreal species, that can
efficiently and easily out-compete the rats and known to be able to harvest pine seeds,
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are absent on most Mediterranean islands (Mitchell-Jones et al., 1999, Kryštufek and
Vohralík, 2001).
Cyprus is a typical green Mediterranean island . Several areas, especially the
Akamaz Peninsula and two mountain areas – Troodos Mts and the Kyrenia Range, are
covered by pine forests of Pinus brutia (belonging to the hallepensis-canariensis
group, up to 1500 m a.s.l.) and Pinus nigra caramanica above 800 m a.s.l.). The black
rat has become without a doubt the most abundant rodent species there, competing not
only with the endemic species of mouse (Mus cypriacus) (Bonhomme et al., 2004) and
spiny-mouse (Acomys nesiotes), but also with its smaller commensal cousin the house
mouse (Mus musculus domesticus). The black rat, building its nests in trees, remains the
only arboreal rodent species on the island (Spitzenberger, 1978, Kryštufek and
Vohralík, 2001).
We studied occurrence of small mammals (e.g. genera Mus, Acomys, Crocidura)
on Cyprus and found remnants of foods consumed by black rats in pine forests
resembling those previously described from Israel. The aim of this study is to briefly
report these findings and discuss their importance for the understanding of pine-cone
opening tradition and consequence of cultural evolution in animals.

Localities

During two field expeditions in March and October 2005 we visited 55 localities
throughout Cyprus and found indications (faeces, tracks, and feeding places) of black
rat presence in most of them. In the following five localities, pine cones opened by rats
were found:
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(1) Akamaz Peninsula, Insigies trail, NW of Neo Chorio village, 35º 03´ N, 32º 18´ E,
305 m a.s.l., 12 th October 2005; Three blind galleries in chromite mine. Rats’ cave
cache containing huge amounts of stripped pine cones was found there.
(2) Central Troodos Mts, E of Troodotissa Monastery, SW of Prodromos Village, 34º
56´ N, 32º 50´ E, 1343 m a.s.l., 31st March 2005; A typical old mountain pine-forest
with rare stripped pine cones scattered on the ground.
(3) 5 km S of Dhierona, 34º 49´ N, 33º 05´ E, 613 m a.s.l., 25th March 2005; Dry
secondary pine forest with a few stripped pine cones.
(4) Eastern Troodos Mts, S of Palaichori, 34º 59´ N, 33º 03´ E, 990 m a.s.l., 26th March
2005; Mountain pine-forest with rare stripped pine cones scattered on the ground.
(5) North of Ardana, Kyrenia Range Mts, 35º 22´ N, 33º 54´ E, 285 m a.s.l., 16 th
October 2005. Karst cave containing rats’ cache with hundreds of stripped pine cones.
Moreover, two sub-adult rats were captured using wooden live traps laid on the
ground and baited with bacon (localities No. 1 and 5). An additional rat was observed
on 16 th October 2006 in the cave 34º 56´ N, 32º 53´ E in the high Troodos Mountains at
an elevation of 1605 m a.s.l) and we also found signs of black rat presence at another
high elevation locality 34º 57´ N, 32º 52´ E (1300 m a.s.l). All the captured and/or
observed black rats were grey coloured.

Results

In five localities distributed throughout Cyprus, we found pine cones stripped by rats
that could be easily distinguished from those fed upon by other animals as e.g. the
crossbill (Loxia curvirostra) (see Fig. 1). The black rats can open the pine cones either
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by efficient stripping technique, which is transmitted socially, or by shaving technique,
an inefficient way that requires a greater energy expenditure during pine-cone opening
(Yanai et al.,1989; Aisner et al. 1991; Zohar and Terkel 1996). The scales of the cones
had been removed exclusively using the spiral stripping technique. No example of the
inefficient shaving technique was recorded. In two cases (locality 1 and 5) the stripped
cones were found in caves, where the rats had cached them in huge numbers. In the
locality on Akamaz Peninsula (1) the stored closed as well as used opened pine cones
covered almost the entire surface of the cave and their volume was roughly estimated as
one cubic meter. The rats had clearly used the cache for a long period (years?); the
cones in the lower strata showed signs of decomposition, whereas the others were
freshly stripped (Fig. 2). In the remaining three localities (locality 2-4) we found the
cones in small, visibly artificial, aggregations under the pine trees; however no cave was
available in close proximity of these findings.

Discussion

Our findings suggest that the black rats on Cyprus use the same technique to harvest
pine seeds as those in Israel. The stripped pine cones found in Cyprus are
indistinguishable from those reported in Israel by Terkel (Aisner and Terkel; 1992,
Terkel, 1996; Zohar and Terkel, 1996). This evidence is unequivocal; nevertheless, we
did not observed stripping behaviour directly as only young apparently inexperienced
black rats entered our wooden live traps designed for mice.
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As on most other Mediterranean islands, black rats constitute an important
component of the rodent population in Cyprus. They are distributed throughout the
island (Spitzenberger, 1978) in nearly every type of habitat from coastal cliffs and
agricultural landscapes up to the highest elevations of the Troodos Mountains (our
observations).
Black rats are relatively new immigrants to the Mediterranean islands, even when
compared to another commensal murid species – the house mouse (Cucchi et al., 2005).
The archaeo-zoological records of the black rat support its appearance on Mediterranean
islands during the Roman period, i.e., the first centuries A.D. (e.g., McCormick, 2003;
Corsica and Sardinia: Vigne, 1992). This coincides approximately with the first
outbreaks of plague in the late Roman period (Audoin-Rouzeau, 1999). We can,
therefore, reasonably expect that the Cyprus population of black rats is about 2 000
years old, which provides time frame of the pine-cone opening tradition there.
Although Cyprus was most probably colonized by rats from the Turkish, Syrian,
Lebanese or Israeli coasts, it is unlikely that the original founders of the current Cyprus
population of the black rat transferred their pine-cone stripping behaviour from their
homelands. The island area is separated from the nearest Turkish mainland by 70 km of
Mediterranean Sea, complicating the exchange of knowledge by rats (although trade
connections across the Mediterranean have existed from Antiquity). Moreover, the areas
of Cyprus and the adjacent mainland have been densely populated by humans and
largely deforested since the Roman period preventing earlier populations of rats from
the possibility of transmitting pine-cone opening.
While we can only speculate about the probability of exchange between
mainland and Cyprus rats during the last centuries, there is another argument in favour
of the independent development of this tradition in Cyprus and in Israel. There is
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indirect evidence that the tradition of pine-cone opening in Israel arose only recently,
with the present distribution of pine forests being the result of current reforestation
efforts (Terkel, 1996). It may also be significant that pine-cone opening behaviour in
Israel was not reported prior to the early 1980s (Aisner 1981 ex Terkel 1996).
It is notable that the localities where we found stripped pine cones are also
separated by agricultural landscapes without pine forest, representing a natural barrier
and preventing the easy migration of knowledgeable rats from one population to another
across Cyprus (Fig. 1).
The possibility that the tradition of pine-cone opening evolved independently at
different times and places looks more likely when food habits and the general ecological
strategy of black rats are considered. In the Mediterranean (e.g., in Corsica and Turkey)
they regularly nest in trees, use arboreal highways, and consume there seeds, fruits
(including pomegranate Punica granatum and the citrus Citrus aurantia) and sometimes
bark (Kahmann and Çaĝlar, 1970).
On the other hand, laboratory studies carried out in Israel showed unequivocally
that adult rats can barely acquire the stripping technique even after long-term exposure
to pine cones and proper motivation (Aisner and Terkel, 1992). In enriched
environments resembling the natural situation, not one of one hundred experimental
black rats was able to the stripping technique, and even when faced with serious
starvation they used only inefficient methods to open the cones (Terkel, 1996). In a
simplified laboratory environment, however, spontaneous asocial pine-cone opening
and the efficient stripping method were detected, although its incidence was low (six of
172 experimental black rats). To apply these laboratory results to our natural example
on Cyprus, it is necessary to multiply the incidence of spontaneous learning by the
number of rat generations over the centuries and the estimated size of the black rat
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population in the 9250 km² area of Cyprus. The resulting statistical probability of the
spontaneous development of the innovation is almost certain across a population scale.
This conclusion is also consistent with the opinion of Galef (2003) that the independent
tradition of pine-cone opening could arise in suitable conditions, e.g. restriction of food
resources to pine cones and the absence of squirrels. However, it has not yet been
reported from another locality.
The efficient stripping method of pine-cone opening has further ecological
consequences. We were surprised by the presence of black rats even in the high
elevations of the Troodos Mountains, where we had originally expected small mammal
assemblages, not affected by black rat presence and consequent predation. Pine seeds
seem to be the only available source of food in these areas. Food storing in caves and
the efficient extraction of seeds by means of stripping technique may provide the key
factor to black rat survival in these relatively cold and snowy areas. Consequently, just
as the black rat presence represents an important cause of extinction of the insular
endemic species of small rodents, the stripping technique may be also viewed as an
important factor in conservation biology.
The story of pine-cone opening in black rats reinforces the knowledge that
cultural transmission may considerably contribute to the evolution and distribution of
such adaptive behavioural characteristics, which may be invented with difficulty, but
repeatedly, and therefore their distribution does not appear to be confined solely to a
certain population consisting of animals sharing a tradition transmitted from a single
ingenious inventor.
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Legends

Fig 1.
Pine cones of different age opened by stripping method by rats from localities (1)
Akamaz Peninsula (A, B, C) and (5) N of Ardana, Kyrenia Range Mts.(D, E). Pine
cones consumed by the Crossbill (F).

Fig 2.
Bottom of the cave covered by pine cones - detail.
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