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The chemical defence of Heteroptera is primarily based on repellent secretions which signal the poten-
tial toxicity of the bug to its predators. We tested the aversive reactions of green lizards (Lacerta viridis)
towards the major compounds of the defensive secretion of Graphosoma lineatum, specifically: (i) a
mixture of three aldehydes: (E)-hex-2-enal, (E)-oct-2-enal, (E)-dec-2-enal; (ii) a mixture of these three
aldehydes and tridecane; (iii) oxoaldehyde: (E)-4-oxohex-2-enal; (iv) secretion extracted from metatho-
racic scent glands of G. lineatum adults and (v) hexane as a non-polar solvent. All chemicals were presented
on a palatable food (Tenebrio molitor larvae). The aversive reactions of the green lizards towards the
mealworms were evaluated by observing the approach latencies, attack latencies and approach-attack
intervals. The green lizards exhibited a strong aversive reaction to the mixture of three aldehydes. Tride-
cane reduced the aversive reaction to the aldehyde mixture. Oxoaldehyde caused the weakest, but still
significant, aversive reaction. The secretion from whole metathoracic scent glands also clearly had an
aversive effect on the green lizards. Moreover, when a living specimen of G. lineatum or Pyrrhocoris
apterus (another aposematic red-and-black prey) was presented to the green lizards before the trials
with the aldehyde mixture, the aversive effect of the mixture was enhanced. In conclusion, the mixture
of three aldehydes had the strong aversive effect and could signal the potential toxicity of G. lineatum to
the green lizards.
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1. Introduction

Chemical defence is widespread across the animal kingdom
(Ruxton et al., 2004) and is very often linked with aposematism
(Skelhorn and Rowe, 2006c). Chemical defence can function as
a signal and/or as the defence itself (Gohli and Hogstedt, 2009).
The chemical signal may enhance aversive reactions to visual
signals, accelerate aversive learning and improve memorisation
of the conspicuous prey (Marples and Roper, 1996; Lindstrom
et al., 2006; Skelhorn and Rowe, 2006a,b). Various compounds
that are either unpalatable, malodourous or directly toxic are used
in chemical defence (Aldrich, 1988). Some compounds are also
known to cause nausea or vomiting (Staples et al., 2002; Ruxton
et al., 2004). The potency of the chemical defence depends on
the speed at which predators are able to associate the warning
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signals with noxious toxins (Brower, 1984; Skelhorn and Rowe,
2010).

True bugs (Heteroptera) have the ability to produce and/or store
large amounts of chemical compounds (Aldrich, 1988). The bugs
obtain the chemical components by sequestration from host plants
(Aliabadietal.,2002) or de novo synthesis (Aldrich, 1988). The most
common compounds of heteropteran defensive secretions are:
(E)-2-hexenal, (E)-2-decenal, (E)-2-octenal, 4-oxo-(E)-2-octenal,
(E)-4-oxohex-2-enal, and n-tridecane (Aldrich, 1988; Aldrich et al.,
1997; Krall et al., 1999; Durak and Kalender, 2009; Sanda et al.,
2012). These short-chained aldehydes are highly volatile, malodor-
ous (Sanda et al., 2012), and may function as irritants or direct
toxins (Eisner, 1970; Hamilton et al., 1985). Whereas toxins such
as o,B-unsaturated oxoaldehydes (Sanda et al., 2012) are effective
primarily against birds and other vertebrates (Aldrich, 1988), other
compounds, such as n-tridecane (Gunawardena and Herath, 1991),
are effective against arthropod predators (Aldrich, 1988).

Lizards sensu lato (order Squamata) are also important insec-
tivorous predators (Mitchell, 1979; Arnold, 1987) with specific
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predation of aposematic prey (Boyden, 1976). The lizards are able to
discriminate aposematic prey based on e.g. visual and/or olfactory
signals (Sexton, 1960; Burghardt et al., 1973). Furthermore, they
are able to learn warning signals and to avoid aposematic prey
based on previous experience (Sexton, 1964). Chemical discrimi-
nation is well developed in lizards (Burghardt et al., 1973; Cooper,
1995; Terrick et al., 1995; Besson et al., 2009). The senses that medi-
ate chemical discrimination of food are olfaction, vomerolfaction
and gustation (Schwenk, 1985, 1993; Bonacci et al., 2008). In green
lizards, all three senses are involved in detecting the prey (Schwenk,
1993; Bonacci et al., 2008). In Lacertidae, olfaction (Gabe and Saint
Girons, 1976; Cooper, 1996) and gustation (Schwenk, 1985; Bonacci
etal., 2008) are well developed. In green lizards (Lacerta viridis), the
taste buds are well developed on the ventrolateral surfaces of the
foretongue and on the long tines of the forked tongue tip (Schwenk,
1985). Another sense that could be responsible for food discrimina-
tion is vomerolfaction (Cooper, 1991, 1996). Rapid tongue-flicking
might help detect specific prey chemical patterns, which suggests
the possibility of a chemical search image of the prey (Cooper,
1991).

Since green lizards have well developed olfactory, vomerolfac-
tory and gustatory senses, the chemical defence of aposematic
Heteroptera might function against this type of predator. More-
over, it is known that the members of the family Lacertidae are
natural predators of heteropteran species (Castilla et al., 1991;
Diaz and Carrascal, 1993; Angelici et al., 1997). Especially younger
green lizards are known to hunt Heteroptera (Angelici et al., 1997).
Therefore, L. viridis was chosen as a model predator. It inhabits
the same type of habitat (Arnold, 2002; Sindaco and Jeremcenko,
2008) as the striated shieldbug (Graphosoma lineatum), a chemi-
cally defended prey which has a widespread distribution in Central
Europe (Wagner, 1965; Aukema and Rieger, 2006). All three model
species (L. viridis, G. lineatum and Pyrrhocoris apterus) used in this
study were observed in the same habitat-bushy forest-steppe with
good exposure to sunlight (Arnold, 2002; Rabitsch, 2005). The
repellent secretion of G. lineatum was described in detail by Sanda
et al. (2012) and according to that study the major compounds of
the secretion were selected for our experiments.

The objectives of the present study were (i) to evaluate the aver-
sive effect of particular chemical compounds of the Graphosoma
metathoracic scent gland secretion, (ii) to compare the aversive
effect of selected chemical compounds with that of the whole
metathoracic scent gland secretion of G. lineatum, and (iii) to inves-
tigate how the presence of living specimens of G. lineatum and P.
apterus influences the reactions of green lizards to the mixture of
three selected aldehydes.

2. Materials and methods
2.1. Green lizards

Between 2010 and 2012, 84 green lizards (L. viridis) were cap-
tured in Podyji National Park (48°48'59.20” N, 15°58'37.80” E of
Greenwich) in South Moravia after the breeding season and before
hibernation (from July to early August). The lizards were housed
individually in glass terraria (20 cm x 40 cm x 20 cm) at a temper-
ature of 29°C, 45% humidity, and a 12 h period of light/dark cycle
(6:00 am-6:00 pm). The terraria were supplied with a drinking dish
and a small hiding place. Immediately after housing, the lizards
were fed with adult crickets fortified with vitamin powder for rep-
tiles, but they were fed only once before the experiments. The
lizards were allowed to habituate to the laboratory environment
for 1 week before the experiments, without further feeding, but
with water ad libitum. Each lizard was weighed before the experi-
ment. Two categories were determined: adults and subadults. Sex

and age were checked according to Arnold (2002). Each lizard was
released back to the wild at the exact location of the capture the
week after the experiments.

Capturing of the lizards and all experiments were carried out
under permits no. 24773/2008-10001 and CZ 00059 issued by
the Central Commission for Animal Welfare of the Czech Republic
(UKOZ). Permits to catch green lizards were obtained from Podyji
National Park (SZ NPP 0108/2010/8, NPP 0967/2010).

2.2. Graphosoma lineatum

The striated shieldbug (G. lineatum, Heteroptera: Pentatomi-
dae) was chosen as a model true bug species. Shieldbugs were
gathered from several localities in Prague and kept in a thermostat-
controlled environment, with the temperature oscillating between
24°C (day) and 20°C (night), at a long-day photoperiod (16L:8D),
thus simulating natural conditions. They were supplied with tops,
leaves and seeds of their host plants carrot (Daucus carota),
cow parsley (Anthriscus sylvestris) and garden angelica (Angelica
archangelica) and water ad libitum.

2.3. Pyrrhocoris apterus

The firebug (Pyrrhocoris apterus, Heteroptera: Pyrrhocoridae)
was chosen as a second model organism to test the lizards’ reac-
tions to another living specimen of aposematic red-and-black
Heteroptera (Hotova Svadova et al., 2010), which lives in the same
habitat as the captured green lizards (Podyji National Park). The
firebugs were kept in captivity under simulated natural conditions,
similarly to the striated shieldbug. The firebugs were fed on host
plants and seeds of Malvaceae, Tiliaceae, Bombacaceae and Stercu-
liaceae, supplemented with water ad libitum.

2.4. Chemicals

The tested chemicals represent major components of the
metathoracic scent gland (MTG) secretion of adult G. lineatum
(Stransky et al., 1998; Sanda et al., 2012). The following chemi-
cals and mixtures were tested: (i) a mixture of three aldehydes
(3A): (E)-hex-2-enal, (E)-oct-2-enal, and (E)-dec-2-enal at a volume
ratio 10:1:10; (ii) a mixture of these three aldehydes and tridecane
(TA), ratio 10:1:10:10; (iii) oxoaldehyde (OXO): (E)-4-oxohex-2-
enal; (iv) extracted MTG secretion of G. lineatum adults (GS); (v)
hexane (HX) (as a control since it was used as a non-polar solvent
for the other chemicals).

Aldehydes, tridecane and hexane were purchased commercially
(Sigma-Aldrich, St. Louis, MO, USA), mixed and stored in glass
vials under argon in the freezer (at —20 °C) before the experiment.
Oxoaldehyde ((E)-4-oxohex-2-enal) was synthesised at the Insti-
tute of Organic Chemistry and Biochemistry, Academy of Sciences
of the Czech Republic.

The mixtures of aldehydes, tridecane and oxoaldehyde were
prepared as 2% solutions in hexane, and aliquots of 2l were
applied (using a Hamilton syringe) onto the middle part of the
dorsal side of the mealworms (larvae of Tenebrio molitor, length
approx. 20 mm) that were offered to the lizards as prey. The vol-
ume of 2 .l corresponds to the amount that is typically released
by the shieldbugs as a reaction to simulated attacks (M. Sanda,
personal communication). Metathoracic scent gland secretion (GS)
was obtained by simulated attacks on the shieldbugs. When the
shieldbug had ejected the secretion, it was applied directly onto the
dorsal side of the mealworm to simulate the situation in the wild
where G. lineatum ejects the secretion onto the surface of its body
(Skelhorn and Rowe, 2006a). Untreated mealworms (UM) without
any chemicals added were used as controls.
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2.5. Experimental procedures

Experiments were performed in the same terraria where the
animals were housed (20 cm x 40cm x 20cm). Prey was offered
by direct insertion into the terrarium. Experiments were carried
out during the active time period for lizards, i.e. during the day.
The behaviour of the lizards was recorded with a video camera
(Sony HDR-XR550VE; Sony Corp. Tokyo, Japan), and simultaneously
behavioural elements were captured using Observer XT 8.0 (Noldus
Information Technology, Wageningen, The Netherlands).

The lizards were split into eight experimental groups, which
were equalised as to their sex and age. The groups were offered
the following prey: mealworms with 3A, TA, OXO, GS, HX, living
Graphosoma (LG) followed by mealworm with 3A, living Pyrrho-
coris (LP) followed by mealworm with 3A, and untreated mealworm
(UM). Each lizard was tested only once. The testing sequence
consisted of 10 mealworms. The mealworms were offered sequen-
tially in 5-min trials. For the experimental groups tested with
chemicals (3A, TA, OXO, GS groups), the sequences started with a
hexane-treated mealworm followed by 5 mealworms treated with
the particular chemical corresponding to the experimental group,
and ended with a sequence of 4 hexane-treated mealwormes. Lizards
in the control group (UM) were offered 10 untreated mealwormes;
lizards in the hexane group (HX) were offered 10 hexane-treated
mealworms.

To test the lizards’ reactions to living specimens of G. lineatum
(LG) and P. apterus (LP), an untreated mealworm and the bug were
offered alternately until the lizard rejected the bug three times
without any handling (manipulation by touching and/or taking it
into the mouth). The bug was offered a maximum of five times. This
sequence was followed by the standard testing sequence with 3A.

Behaviour was compared in different parts of the experimental
sequence: (i) “pre-chemical” trials at the beginning (mealworm no.
1), (ii) “chemical” trials with the tested chemicals (mealworms no.
2-6), and (iii) “post-chemical” trials following the experience with
chemicals (mealworms no. 7-10) to distinguish between immedi-
ate and persistent effects of the tested chemicals. In each trial, the
lizard was given 5 min to attack and potentially consume the meal-
worm, otherwise the trial was terminated. The trial was stopped
earlier if the lizard consumed the prey within the 5-min interval.
In each trial, (i) the latency of approaching the prey, (ii) the latency
of attacking the prey (capturing), and (iii) the interval between the
time of first approach and the moment the lizard started attacking
the prey (approach-attack interval) were evaluated.

2.6. Statistical analyses

The data were analysed using the statistical program R 3.0.1 (R
Core Team, 2014). Since the data were not normally distributed
(Shapiro-Wilk normality test), robust methods of analysis based
on ranks were applied.

ANCOVA was used to estimate the underlying model and to eval-
uate the impact of the chemicals. One of the assumptions of classical
ANCOVA is normal distribution of the data. Since this assumption
was violated, the original method had to be adjusted (inspired by
Kruskal-Wallis ANOVA). Instead of the real time values, the ranks
of the recorded data (latencies of chosen behavioural elements)
were used as the dependent variable, and it was evaluated in which
way these ranks depended on the other covariates: chemicals, part
of the experimental sequence (pre-chemical, chemical and post-
chemical trials), age, sex and weight (with age and weight entering
the model as numerical variables, the other covariates as categor-
ical variables). An interaction between the time period and the
chemical was also assumed.

Type II ANOVA table was used to evaluate the impact of
the particular covariates, and Tukey contrasts were used to
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Fig. 1. Approach latencies in trials with tested chemicals-chemical trials. Approach
latencies are presented on the y-axis. The figure reflects the original recorded val-
ues (the reaction time when approaching a prey). Band inside the box =median;
box =lower and upper quartile; whiskers = non-outlier range; circles =outlier data.
Abbreviations: UM, untreated mealworm; HX, hexane; 3A, mixture of three alde-
hydes; TA, mixture of three aldehydes and tridecane; OXO, oxoaldehyde; GS,
Graphosoma secretion; LG/3A, living specimen of Graphosoma lineatum followed
by the mixture of three aldehydes; LP/3A, living specimen of Pyrrhocoris apterus
followed by the mixture of three aldehydes.

compare chemicals within parts of the experimental sequence.
Type Il ANOVA, which assesses the impact of each covariate, con-
trolling for the other covariates (their main effect) but not for
interactions, was chosen since not all types of interactions were
anticipated in the model. The comparison of particular chemi-
cals was carried out in the final model which included only the
covariates with a significant impact on the dependent variable. A
new “interaction variable” (chemical vs. part of the experimental
sequence) was used for this purpose. In all tests, significance was
assumed at p<0.05.

Note that the figures reflect the original recorded values (i.e.
observed time of reactions), whereas the numerical results in the
tables are derived from the ranks of these time values.

3. Results
3.1. Approach latencies

Approach latencies were influenced only by the tested chemi-
cals (p<0.001), but not by the weight of the animals (p=0.4526),
their sex (p=0.0952) nor their age (p=0.5552). The interac-
tion between the chemicals’ effect and part of the experimental
sequence was also not significant (p =0.0669).

In the first control (pre-chemical) trial, approach latencies did
not significantly differ among the groups of tested lizards. Hence
all lizards started the experiment with the same motivation.

In the chemical trials, green lizards from the hexane group
exhibited significantly longer approach latencies compared with
the control group tested with untreated mealworms (p<0.01).
Therefore, the reactions of the other groups were compared with
those of the UM group. All tested chemicals significantly extended
the approach latencies of green lizards compared to the UM group
(all p<0.001; Fig. 1).

Regression based on ranks was used to evaluate the effect of the
particular chemical on the approach latency. The approach laten-
cies in the UM group were the shortest, whereas the Graphosoma
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Table 1
The aversive effect of the tested chemicals on the approach latencies (the reaction time when approaching a prey) of green lizards in chemical trials (see text for details).
Chemicals are sorted by estimate values.

Chemical UM HX [0)(¢] TA 3A LP/3A
—22.172 3.158 5.374

LG/3A GS
92.649

Estimate —256.170 —59.063 —25.901 127.100

UM, untreated mealworm; HX, hexane; 3A, mixture of three aldehydes; TA, mixture of three aldehydes and tridecane; OXO, oxoaldehyde; GS, Graphosoma secretion; LG/3A,
living specimen of Graphosoma lineatum followed by the mixture of three aldehydes; LP/3A, living specimen of Pyrrhocoris apterus followed by the mixture of three aldehydes.

Estimate: effect on approach latencies estimated by a rank-based regression model (the lower the number the faster the reaction to the chemical).

secretion had the strongest aversive effect (Table 1). Presenting
living specimens before the aldehyde mixture also had a strong
aversive effect, followed by the mixture of aldehydes (3A) and the
same mixture with tridecane (TA) and oxoaldehyde (0XO). Of all
the tested chemicals, hexane had the weakest effect.

In the trials following the experience with the chemicals (post-
chemical trials), the approach latencies of the green lizards were
also compared to those of the UM group. Green lizards that had
previous experience with Graphosoma secretion (GS) and living P.
apterus followed by the aldehyde mixture (LP/3A) hesitated signif-
icantly longer than lizards from the UM group before approaching
the mealworms, even when they were no longer treated with the
tested chemical (both p<0.01). Approach latencies of the groups
previously confronted with the other chemicals did not signifi-
cantly differ from those of the UM group.

3.2. Attack latencies

Attack latencies were influenced only by the tested chemicals
(p<0.001), but not by the weight of the animals (p=0.3734), their
sex (p=0.1619) nor their age (p=0.5409). There was a significant
interaction between the chemicals’ effect and part of the experi-
mental sequence (p <0.05).

In the first control (pre-chemical) trial, attack latencies did not
significantly differ among the groups of tested lizards. Hence all
lizards started the experiment with the same motivation.

In the chemical trials, green lizards from the hexane group
exhibited significantly longer attack latencies compared with the
control group tested with untreated mealworms (p <0.001). There-
fore, the reactions of the other groups were compared with those
of the UM group. All tested chemicals significantly extended the
attack latencies of green lizards compared to those of the UM group
(all p<0.001, Fig. 2).

Regression based on ranks was used to evaluate the aversive
effect of the particular chemical on the attack latencies. The attack
latencies in the UM group were the shortest, whereas offering a
living specimen of G. lineatum before the aldehyde mixture had the
strongest aversive effect (Table 2). The Graphosoma secretion and
the living specimen of P. apterus before the aldehyde mixture also
had a strong aversive effect, followed by the mixture of three alde-
hydes (3A), the same mixture with tridecane (TA) and oxoaldehyde
(0XO0). Of all the tested chemicals, hexane had the weakest effect.

In the trials following the experience with the chemicals (post-
chemical trials), the attack latencies of green lizards were also
compared to those of the UM group. Green lizards that had previous
experience with Graphosoma secretion (GS) and living P. apterus
followed by the aldehyde mixture (LP/3A) hesitated significantly
longer than lizards from the UM group before attacking the meal-
worms, even when they were no longer treated with the tested
chemical (p<0.05 and p<0.01, respectively). Attack latencies of
the groups previously confronted with the other chemicals did not
significantly differ from those of the UM group.

3.3. Approach-attack intervals

Approach-attack intervals were influenced by the tested chemi-
cals (p<0.001) and the weight of the green lizards (p <0.01), but not
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Fig. 2. Attack latencies in trials with tested chemicals—chemical trials. Attack laten-
cies are presented on the y-axis. The figure reflects the original recorded values (the
reaction time when attacking a prey). Band inside the box = median; box = lower and
upper quartile; whiskers = non-outlier range; circles = outlier data. Abbreviations as
in Fig. 1.

by their sex (p=0.1997) or their age (p=0.4353). Heavier animals
had shorter approach-attack intervals. Additionally, there was a
significant interaction between the chemicals’ effect and part of
the experimental sequence (p<0.001).

In the first control (pre-chemical) trial, approach-attack inter-
vals did not significantly differ among the groups of tested green
lizards. Hence all lizards started the experiment with the same
motivation.

In the chemical trials, green lizards from the hexane group
exhibited significantly longer approach-attack intervals com-
pared with the control group tested with untreated mealworms
(p<0.001). Therefore, the reactions of the other groups were com-
pared with those of the UM group. All tested chemicals significantly
extended the approach-attack intervals of the green lizards com-
pared to those of the UM group (all p<0.001, Fig. 3).

Regression based on ranks was used to evaluate the aversive
effect of the particular chemical on the approach-attack interval.
The approach-attack intervals in the UM group were the shortest,
whereas the living specimen of G. lineatum before the aldehyde
mixture had the strongest aversive effect (Table 3). The Graphosoma
secretion and the living specimen of P. apterus before the aldehyde
mixture (LP/3A) also had a strong aversive effect, followed by the
aldehyde mixture with tridecane (TA) and oxoaldehyde (0XO). Of
all the tested chemicals, hexane had the weakest effect.

In the trials following the experience with the chemicals
(post-chemical trials), the lizards’ approach-attack intervals were
also compared to those of the UM group. When evaluating
the approach-attack intervals, green lizards that had previous
experience with Graphosoma secretion (GS) hesitated signifi-
cantly longer than lizards from the UM group, even when the
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Table 2
The aversive effect of the tested chemicals on the attack latencies (the reaction time when attacking a prey) of green lizards in chemical trials (see text for details). Chemicals
are sorted by estimate values.

Chemical UM HX 0XO TA 3A LP/3A GS

33.205

LG/3A
161.994

Estimate —248.396 —45.085 -12.839 —0.945 11.208 157.877

UM, untreated mealworm; HX, hexane; 3A, mixture of three aldehydes; TA, mixture of three aldehydes and tridecane; OXO, oxoaldehyde; GS, Graphosoma secretion; LG/3A,
living specimen of G. lineatum followed by the mixture of three aldehydes; LP/3A, living specimen of P. apterus followed by the mixture of three aldehydes. Estimate: effect
on attack latencies estimated by a rank-based regression model (the lower the number the faster the reaction to the chemical).

Table 3
The aversive effect of the tested chemicals on the approach-attack intervals (time interval between the first approach and the first attack of a prey) of green lizards in chemical
trials (see text for details). Chemicals are sorted by estimate values.

Chemical UM HX 0XO 3A TA LP/3A GS LG/3A

174.050

Estimate —245.052 —22.062 —16.242 17.825 31.084 45.162 171.337

UM, untreated mealworm; HX, hexane; 3A, mixture of three aldehydes; TA, mixture of three aldehydes and tridecane; OXO, oxoaldehyde; GS, Graphosoma secretion; LG/3A,
living specimen of G. lineatum followed by the mixture of three aldehydes; LP/3A, living specimen of P. apterus followed by the mixture of three aldehydes. Estimate: effect

on approach-attack intervals estimated by a rank-based regression model (adjusted weight) (the lower the number the faster the reaction to the chemical).
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Fig. 3. Approach-attack intervals in trials with tested chemicals-chemical trials.
Approach-attack intervals are presented on the y-axis. The figure reflects the origi-
nal recorded values (time interval between the first approach and the first attack of a
prey).Band inside the box = median; box = lower and upper quartile; whiskers = non-
outlier range; circles = outlier data. Abbreviations as in Fig. 1.

mealworms were no longer treated with the tested chemical
(p<0.05). Approach-attack intervals of the groups previously con-
fronted with the other chemicals did not significantly differ from
those of the UM group.

3.4. Manipulation of living specimens of G. lineatum and P.
apterus

During the testing of the lizards’ reactions to the living specimen
of G. lineatum (see Section 2.5), 3 lizards out of 8 manipulated the
bug twice (out of a maximum of 5 offered bugs), 3 lizards only once
and the remaining 2 lizards did not manipulate any of the three
offered bugs. This means that the green lizards manipulated this
bug twice at a maximum. All bugs were released unharmed, none
were killed.

The lizards’ reactions to the living specimens of P. apterus (see
Section 2.5.) were different from those observed for G. lineatum. Out
of 7 tested animals, only 1 manipulated and killed a firebug. The
remaining 6 animals did not manipulate any of the three offered
firebugs.

4. Discussion

In the present study we investigated the aversive effect of vari-
ous chemical compounds of the repellent secretion of G. lineatum on
green lizards. The major chemical compounds of the MTG secretion
of G. lineatum appear to have aversive effects on green lizards.

Hexane was used as a non-polar solvent for the tested chemicals.
Its influence was expected to be minimal, which was supported
by the post-chemical trials, when mealworms were still treated
with hexane but no aversive effects were recorded. Green lizards
hesitated when offered mealworms treated with hexane in the
chemical trials in all scored behaviours. However, hexane had the
weakest aversive effect (the shortest latencies following the UM
control group - see Tables 1-3) on green lizards.

The mixture of three aldehydes (3A) had an aversive effect on
green lizards in all scored behaviours in the chemical trials. The
mixture of three aldehydes and tridecane (TA) also had an aversive
effect, but it was weaker than that of the aldehyde mixture itself
(except for the approach-attack intervals). This contradicts the
hypothesis that tridecane acts as a catalyst for the aldehyde mix-
ture (Gunawardena and Herath, 1991) and supports the hypothesis
that chemicals which might have a synergistic effect decrease the
potency of the joint toxic loads (Skelhorn and Rowe, 2005). The
parallel results of two other studies suggest that tridecane might
play a role as an effective repellent against another lizard predator
(leopard geckos; Gregorovicova and Cernikova, unpublished data),
but that it has no effect on bird predators (Gregorovicova et al.,
unpublished data). These results indicate that the effect of tride-
cane might be mediated by olfaction and/or vomerolfaction, which
is well developed in lizards (Halpern, 1987; Schwenk, 1993). Since
birds have poorly developed olfaction (Mason and Clark, 2000),
there was no aversive effect of tridecane.

The weaker aversive effect of oxoaldehyde as compared to the
mixture of three aldehydes and tridecane might be related to the
presumably odourless nature of oxoaldehyde. In this case, the aver-
sive effect could be mediated by gustation, which is also well
developed in green lizards (Schwenk, 1985; Cooper, 1991). The
absence of any aversive effect of oxoaldehyde on leopard geckos
(Gregorovitova and Cernikova, unpublished data) may be related
to their poorly developed sense of gustation (Schwenk, 1985;
Jamniczky etal.,2009). On the other hand, oxoaldehyde has a strong
aversive effect on birds (Gregorovicova et al., unpublished data),
presumably due to their relatively well developed gustatory sense
(Mason and Clark, 2000).

The Graphosoma secretion had a strong aversive effect on
green lizards, because they hesitated most when approaching the
prey in the chemical trials. When evaluating attack latencies and
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approach-attack intervals the Graphosoma secretion had the sec-
ond strongest aversive effect on green lizards (Tables 2 and 3),
indicating that the MTG secretion may have an impact as a signal as
well as a secondary chemical defence. Moreover, the Graphosoma
secretion also had a significant aversive effect in the post-chemical
trials when the mealworms were no longer treated with the secre-
tion. It seems that the Graphosoma secretion could play a role as a
chemical signal of unpalatability of the prey, based upon a previ-
ously developed association between the visual image of the prey
and the nasty odour/taste of the secretion. Therefore, it seems that
the chemical signal of the Graphosoma secretion can act as a cue for
learned avoidance in experienced predators (Marples and Roper,
2004) and can elicit generalisation (Sexton, 1964; McLain, 1984).

The presence of living specimens of G. lineatum or P. apterus
before the trials with mealworms increased the repellent effect
of the mixture of three aldehydes in all scored behaviours in the
chemical trials. Attack latencies (Table 2) and approach-attack
intervals (Table 3) were highest when a living specimen of G. lin-
eatum had previously been presented. Thus, the presence of G.
lineatum had a stronger effect on green lizards than the presence
of P. apterus, which is in agreement with the observation that G.
lineatum has a more effective defence by spraying the repellent
secretion towards the predator (M. Gregorovicova, personal obser-
vation). Thus it seems that aldehydes function as an odorous signal
of unpalatability for green lizards.

The presence of a living specimen of P. apterus before the chem-
ical trials with mealworms also significantly increased the aversive
effect of the aldehyde mixture. This might be attributed to the possi-
ble role of the aldehyde mixture as a chemical signal for a predator
with prior experience with P. apterus in the decision whether to
approach and/or attack the prey. The chemical defence of P. apterus
also consists mostly of short-chained aldehydes (Farine etal., 1992),
as in the case of G. lineatum. The predominant compounds in adults
are (E)-2-hexenal, (E)-2-octenal and tridecane (Farine et al., 1992)
- similarly to the secretion of G. lineatum (Sanda et al., 2012).
Therefore, the aldehydes found in the defensive secretion of P.
apterus may also convey a signal of unpalatability. Moreover, the
aversive effect of P. apterus may also be attributed to previous neg-
ative experience of the predator with firebugs in the wild. The
co-existence of the three investigated species (L. viridis, G. linea-
tum and P. apterus) in the same habitat (M. Gregorovicova, personal
observation) supports the idea that previous experience leads to
avoidance behaviour. The present results support the hypothe-
sis that repellency in these two bugs is mostly dependent on the
aldehydes (Eisner, 1970; Hamilton et al., 1985; Gunawardena and
Herath, 1991).

The green lizards faced a predator’s dilemma - to starve or
to consume a potentially toxic prey (Glendinning, 2007). In the
present study, the lizards rejected mealworms previously treated
with the particular chemical. They manipulated G. lineatum very
carefully and did not even kill the bug. In one case, the lizard showed
menace by opening the mouth towards G. lineatum. There was
no manipulation of P. apterus except by one young lizard, which
may be due to the older lizards’ previous negative experience with
firebugs in the wild. Similar observations were made for bird preda-
tors (Exnerova et al., 2007). Taken together, the present results
confirm that predators reject chemically defended prey relatively
unharmed (Boyden, 1976; Wiklund and Jdrvi, 1982; Skelhorn and
Rowe, 2006a).

Based on additional observations, the aldehydes and the MTG
secretion may have caused pain to the eyes and the respiratory sys-
tem of the lizards, because they cleaned their heads after attacking
mealworms treated with aldehydes or MTG secretion of G. linea-
tum or after manipulating living specimens of G. lineatum. This may
be due to the effect of these short-chained aldehydes as trigem-
inal stimulants (Conner et al., 2007). The avoidance behaviours

(closing eyes, cleaning heads) were not observed in the hexane
group.

The results showed no impact of sex or age. Weight had an
impact only on the approach-attack intervals when heavier ani-
mals were faster. This might be explained by the fact that heavier
animals can risk eating potentially dangerous prey because it may
not present such a burden for them. A similar behaviour was
observed in the case of Podarcis lizards when consuming dangerous
prey (Castilla et al., 2008).

Chemical defence is commonly used in nature. However, its
principles are still poorly understood. More comparative studies
will have to be performed to better understand the specific chem-
ical compounds that may be responsible for aversive reactions in
different types of predators.
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