
This article was downloaded by: [Czech Academy of Sciences]
On: 30 July 2015, At: 00:47
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: 5 Howick Place, London, SW1P 1WG

Click for updates

Ethology Ecology & Evolution
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/teee20

Reactions of leopard geckos
(Eublepharis macularius) to defensive
secretion of Graphosoma lineatum
(Heteroptera Pentatomidae): an
experimental approach
M. Gregorovičováa & A. Černíkováb

a Department of Zoology, Faculty of Science, Charles University,
Viničná 7, 128 44 Praha 2, Czech Republic
b Institute of Applied Mathematics and Information Technologies,
Faculty of Science, Charles University, Albertov 6, 128 43 Praha 2,
Czech Republic
Published online: 29 Jul 2015.

To cite this article: M. Gregorovičová & A. Černíková (2015): Reactions of leopard
geckos (Eublepharis macularius) to defensive secretion of Graphosoma lineatum
(Heteroptera Pentatomidae): an experimental approach, Ethology Ecology & Evolution, DOI:
10.1080/03949370.2015.1059895

To link to this article:  http://dx.doi.org/10.1080/03949370.2015.1059895

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the
“Content”) contained in the publications on our platform. However, Taylor & Francis,
our agents, and our licensors make no representations or warranties whatsoever as to
the accuracy, completeness, or suitability for any purpose of the Content. Any opinions
and views expressed in this publication are the opinions and views of the authors,
and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content
should not be relied upon and should be independently verified with primary sources
of information. Taylor and Francis shall not be liable for any losses, actions, claims,
proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or
howsoever caused arising directly or indirectly in connection with, in relation to or arising
out of the use of the Content.

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,

http://crossmark.crossref.org/dialog/?doi=10.1080/03949370.2015.1059895&domain=pdf&date_stamp=2015-07-29
http://www.tandfonline.com/loi/teee20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/03949370.2015.1059895
http://dx.doi.org/10.1080/03949370.2015.1059895


systematic supply, or distribution in any form to anyone is expressly forbidden. Terms &
Conditions of access and use can be found at http://www.tandfonline.com/page/terms-
and-conditions

D
ow

nl
oa

de
d 

by
 [

C
ze

ch
 A

ca
de

m
y 

of
 S

ci
en

ce
s]

 a
t 0

0:
47

 3
0 

Ju
ly

 2
01

5 

http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Reactions of leopard geckos (Eublepharismacularius) to
defensive secretion ofGraphosoma lineatum (Heteroptera
Pentatomidae): an experimental approach

M. GREGOROVIČOVÁ
1,3 and A. ČERNÍKOVÁ

2

1 Department of Zoology, Faculty of Science, Charles University, Viničná 7, 128 44 Praha
2, Czech Republic
2 Institute of Applied Mathematics and Information Technologies, Faculty of Science,
Charles University, Albertov 6, 128 43 Praha 2, Czech Republic

Received 28 December 2014, accepted 3 June 2015

Chemical protection of Heteroptera is mostly based on repellent secretion,
which might signal the unpalatability of the bug to its potential predators or be
directly toxic to predators. The aversive reactions of leopard geckos (Eublepharis
macularius) were tested towards the major compounds of defensive secretion of
Graphosoma lineatum: (1) a mixture of three aldehydes: (E)-hex-2-enal, (E)-oct-2-
enal, (E)-dec-2-enal; (2) a mixture of three aldehydes and tridecane; (3) oxoaldehyde:
(E)-4-oxohex-2-enal; (4) extracted metathoracic scent-glands secretion of Graphosoma
lineatum adults and (5) hexane as a non-polar solvent. Additionally, (6) 2-isobutyl-3-
methoxypyrazine was used to exclude the effect of neophobia. All chemicals were
applied on a palatable food (Tenebrio molitor larvae). The aversive reactions of
leopard geckos towards the mealworms were evaluated by observing the approach
latencies, attack latencies and approach–attack intervals. Leopard geckos exhibited
aversive reactions to the mixture of three aldehydes and also to this mixture and
tridecane. Oxoaldehyde did not have any aversive effect. The whole metathoracic
scent-glands secretion clearly had an aversive effect on geckos. Furthemore, when a
living specimen of Graphosoma lineatum was offered to the geckos before the trials
with the mixture of three aldehydes, the impact of this mixture was enhanced, thus
acting as a potential signal of unpalatability.

KEY WORDS: aposematism, aversive reaction, repellent secretion, Graphosoma line-
atum, Eublepharis macularius.

INTRODUCTION

Chemical signals can act as an important defence mechanism (Gohli & Högstedt
2009). The chemical signal could stimulate aversive reactions to visual signals, accel-
erate aversive learning and improve memorisation of the conspicuous prey (Marples &
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Roper 1996; Lindström et al. 2006; Skelhorn & Rowe 2006a, 2006b; Gohli & Högstedt
2009). The compounds of the chemical defence could be unpalatable, malodourous or
directly toxic (Aldrich 1988); they may also cause nausea or vomiting (Staples et al.
2002; Ruxton et al. 2004). The compounds affect the predator before, during and/or
after the attack (Skelhorn & Rowe 2005a, 2005b, 2006a, 2006b, 2006c, 2006d). The
effectiveness of the chemical defence depends on the speed at which predators are able
to associate warning signals with noxious toxins (Brower 1984; Skelhorn & Rowe 2010).
Thus, visually oriented predators, such as birds or lizards, easily learn to avoid toxic
insects (Benes 1969; Guilford 1990; Krall et al. 1999; Kelly & Marples 2004; Bonacci
et al. 2008; Shanbhag et al. 2010).

The chemical defence among insect species shows great variability. True bugs
(Heteroptera) obtain the chemical components by sequestration from host plants
(Aliabadi et al. 2002) or de novo synthesis (Aldrich 1988). The following short-chained
aldehydes belong to the most common compounds of Heteropteran defensive secretion:
(E)-2-hexenal, (E)-2-decenal, (E)-2-octenal, 4-oxo-(E)-2-octenal and (E)-4-oxohex-2-
enal; as well as other compounds such as n-tridecane (Aldrich 1988; Farine et al.
1992; Krall et al. 1999; Aliabadi et al. 2002; Šanda et al. 2012). The short-chained
aldehydes are highly volatile and odorous, and they could act as irritants or be directly
toxic (Eisner 1970; Hamilton et al. 1985). Irritants, such as n-tridecane (Gunawardena
& Herath 1991), are effective against arthropod predators (Aldrich 1988), while toxins,
such as α,β-unsaturated oxoaldehydes (Šanda et al. 2012), could protect bugs mostly
against birds and other vertebrates, e.g. lizards (Aldrich 1988).

In lizards, the senses that mediate food chemical discrimination are vomerolfac-
tion, olfaction and gustation (Schwenk 1985, 1993; Bonacci et al. 2008). In geckos, two
major senses are involved in detecting the prey – vomerolfaction and olfaction
(Schwenk 1993; Rehorek et al. 2000). According to Cowles and Phelan’s hypothesis
(Cowles & Phelan 1958), olfaction and vomerolfaction are functionally linked.
Specifically, Cowles & Phelan (1958) state that the initial detection of chemical volatiles
by the olfactory system triggers tongue-flicking, thus activating the vomeronasal sys-
tem. Vomeronasal organs play a role as proximate chemoreceptors. Additionally,
according to Schwenk (1995), olfaction reacts mainly to airborne volatiles (such as
volatiles of the repellent secretion), whereas vomeronasal organs analyse the nonvola-
tile components of the chemical source by tongue-flicking towards the source (e.g.
aposematic insect) – this could be named the dual olfactory system (Schwenk 1993).
Gustation is poorly developed in geckos (Schwenk 1985). There is no evidence of taste
buds in leopard geckos (Schwenk 1985; Jamniczky et al. 2009). Therefore, the tongue-
flicking may be directly linked to vomerolfaction (Schwenk 1993).

Since geckos have a dual olfactory system (Halpern 1980, 1987; Schwenk 1993;
Dial & Schwenk 1996), the chemical defence of the striated shieldbug (Graphosoma
lineatum), which is mainly composed of volatiles, could be aimed at this type of
predator (a lizard with well-developed nasal senses – olfaction and vomerolfaction –

or a combination of these two senses). Therefore, such a lizard predator – leopard gecko
(Eublepharis macularius) – was chosen for this model study, and a striated shieldbug
(Graphosoma lineatum) served as a model example of chemically defended prey. The
repellent secretion of G. lineatum is well known and, according to the recent detailed
analysis by Šanda et al. (2012), the following aldehydes belong to the most common
compounds of the G. lineatum repellent secretion: (E)-2-hexenal, (E)-2-decenal, (E)-2-
octenal, tridecane, (E)-4-oxohex-2-enal. The present study is focused on these com-
pounds from the adult metathoracic scent-glands secretion.

2 M. Gregorovičová and A. Černíková
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(E)-2-hexenal, (E)-2-decenal and (E)-2-octenal were tested together as a mix-
ture because of their common occurrence in the repellent secretion of true bugs
(Aldrich 1988; Farine et al. 1992; Aldrich et al. 1996; Stránský et al. 1998; Durak &
Kalender 2009; Šanda et al. 2012). This aldehyde mixture could function as a
potential olfactory signal – typical noxious smell of the striated shieldbug (L.
Streinz pers. comm.). The aldehyde mixture enriched with tridecane was tested to
evaluate the hypothesis that tridecane serves as a catalyst for the aldehydes
(Gunawardena & Herath 1991). In contrast, oxoaldehyde was included among the
tested chemical compounds because it could function as a direct toxin (Aldrich
1988). Finally, 2-isobutyl-3-methoxypyrazine, which is not included in the G. line-
atum secretion, was used to exclude the effect of neophobia of geckos towards highly
odorous compounds.

The present study had the following objectives: (1) to assess the aversive effect of
particular chemical compounds of Graphosoma metathoracic scent-glands secretion,
(2) to compare the aversive effect of selected chemical compounds with the whole
metathoracic scent-glands secretion of G. lineatum and (3) to evaluate how the presence
of a living specimen of G. lineatum influences reactions of leopard geckos to the
mixture of aldehydes.

METHODS

Eublepharis macularius

Leopard geckos (Eublepharis macularius) were captured originally in the wild (Pakistan) as
fully grown adults, and they have been kept under the defined laboratory conditions for 10 years.
All tested geckos were adults, of both sexes. Geckos were kept in glass terraria of size
30 × 40 × 20 cm, temperature 27 °C, 50% humidity, 12 hr period light/dark cycle (06:00–18:00).
The terraria were supplied with a drinking dish, a calcium dish and a box for laying eggs. Geckos
were housed in the groups of three – one male, two females – and fed once a week with various type
of prey (adult crickets, mealworms, locusts, cockroaches or pinky mice) fortified with vitamin
powder for reptiles. Between 2010 and 2012, 77 leopard geckos were employed in experiments to
examine the reaction of the geckos to various chemical compounds. The experiments were exe-
cuted between September and the first week in December, which is after breeding season and
before hibernation in autumn. One week before the experiments, geckos were removed from their
breeding groups, and they were housed individually in terraria of sizes 20 × 40 × 20 cm to allow
habituation to the laboratory environment. During the 1-week acclimation period, the geckos were
kept at a temperature of 27 °C and 50% humidity, without feeding but offering water ad libitum. In
captivity, geckos are standardly fed once a week. Therefore, feed deprivation for 1 week did not
have any negative influence on their behaviour. The light conditions were set according to the
12 hr (06:00–18:00) period. Every gecko was weighed before the experiment. Sex was checked
according to Seufer et al. (2005). Each gecko was put back into the breeding group the day after the
experiments.

Graphosoma lineatum

Striated shieldbugs were picked up at several locations in Prague and kept in a thermostat-
controlled environment at long-day photoperiod (16 hr light:8 hr dark) with the temperature
oscillating between 24 °C (day) and 20 °C (night). They were supplied with water and with green
tops, leaves and seeds of their host plants: carrot, Daucus carota; cow parsley, Anthriscus sylvestris;
and garden angelica, Angelica archangelica.

Reactions of leopard geckos to defensive secretion of G. lineatum 3
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Palatable prey

Mealworms (larvae of Tenebrio molitor, length ca 20 mm) were used for the experiments as a
palatable prey, because geckos were normally fed with them. Therefore, it was possible to exclude
the effect of neophobia towards experimental prey (see Methods – Eublepharis macularius). Tested
chemicals were applied on the surface of the middle part of the dorsal side of a mealworm to
simulate the situation in the wild when G. lineatum ejects the secretion on the surface of its body
(Skelhorn & Rowe 2009). Adding chemicals on the surface of the middle part of the dorsal side of
mealworms did not change their behaviour in any way.

Chemicals

The tested chemicals represent the major components of adult metathoracic scent-glands
(MTG) secretion of striated shieldbug G. lineatum (Stránský et al. 1998; Šanda et al. 2012). The
chemicals and mixtures tested were: (1) the mixture of three aldehydes (3A): (E)-hex-2-enal, (E)-
oct-2-enal, (E)-dec-2-enal at a volume ratio 10:1:10; (2) the mixture of three aldehydes and tride-
cane (TA), ratio 10:1:10:10; (3) oxoaldehyde (OXO): (E)-4-oxohex-2-enal; (4) extracted MTG secre-
tion of G. lineatum adults (GS); (5) hexane (HX) – it was used as a non-polar solvent for the other
chemicals. (6) pyrazine (PYR): 2-isobutyl-3-methoxypyrazine was used as a positive control in
order to exclude the effect of neophobia towards new malodours. This pyrazine is highly odorous
(it occurs, for example, in wine) and represents another type of repellent signal.

Aldehydes, tridecane, pyrazine and hexane were purchased commercially (Sigma-Aldrich),
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 Institute of Organic Chemistry and
Biochemistry, Academy of Sciences of the Czech Republic, and stored similarly to the other
chemicals. The mixtures of three aldehydes, tridecane and oxoaldehyde were used as their 2%
solution in hexane; pyrazine was dissolved in the small amount of glycerol and then diluted in
distilled water to form its 0.003% solution, which was sufficient to elicit potential aversive reac-
tions in chicks (Marples & Roper 1996). Therefore, this concentration was chosen for geckos as
well due to their better nasal/vomeronasal sensitivity. All chemicals were applied using a Hamilton
syringe on the middle part of the dorsal side of the mealworms in the amount of 2 µL, an amount
of secretion that is usually discharged by the striated shieldbug (M. Šanda pers. comm.).
Metathoracic scent-glands secretion (GS) was obtained by simulated attacks to the striated shield-
bugs. When the shieldbug had released the secretion, it was applied directly on the dorsal side of
the mealworm. Untreated mealworms (UM) without any chemicals added were used as controls.

Experimental equipment

Experiments were carried out in terraria of size 20 × 40 × 20 cm (length × depth × height).
Prey was offered by direct insertion to the terrarium. The experiments were performed during the
active time period for geckos – during the night. The behaviour of geckos was recorded with a
SONY HDR-XR550VE video camera equipped with night vision mode, and simultaneously beha-
vioural elements were recorded using Observer XT 8.0.

Testing procedure

The leopard geckos were split into eight experimental groups, which were balanced accord-
ing to the sex of the geckos. Each gecko was tested only once. Geckos in each testing group were
tested against one of the particular chemical compound and/or untreated mealworm (UM). The
following compounds were tested in individual groups: the mixture of three aldehydes (3A), the

4 M. Gregorovičová and A. Černíková
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same mixture of aldehydes and tridecane (TA), oxoaldehyde (OXO), Graphosoma secretion (GS),
hexane (HX), Living Graphosoma (LG/3A) followed by the chemical 3A, and pyrazine (PYR). The
control group (UM) consisted of seven animals, whereas the remaining groups consisted of 10
animals. In each group, three males were present.

The testing sequence was composed of 10 mealworms presented sequentially in 5-min trials.
For the experimental groups tested with the chemicals (3A-TA-OXO-GS-PYR), the sequences
started with a hexane-treated mealworm followed by five mealworms treated with the particular
chemical corresponding to the experimental group, and ended with a sequence of four hexane-
treated mealworms. Geckos from the control group (UM) were offered 10 untreated mealworms.
Geckos from the hexane group (HX) were offered 10 hexane-treated mealworms.

For the testing of geckos’ reactions to the living specimen of G. lineatum (LG/3A), the
alternation of the untreated mealworm and the bug was used until the gecko had rejected the
bug 3 times without any handling (manipulation by touching and/or taking it into the mouth).
The bug was offered a maximum of 5 times. Three bugs were offered in case the gecko did not
manipulate any offered bug. If the gecko manipulated a bug only once, it was offered four bugs.
Five bugs were offered only in case the gecko manipulated bug twice (successively). The
alternation of the striated shieldbug with mealworms was used to reinforce the geckos towards
aposematic prey. After this regime, the geckos were tested with the standard sequence corre-
sponding to 3A to test the hypothesis that the presence of the living specimen of G. lineatum
could increase the potency of the mixture of three aldehydes (3A), which could serve as a
sufficient signal to avoid prey.

Behaviour was compared in different parts of the experimental sequence: (1) ‘pre-chemical’
trials in the beginning (mealworm no. 1), (2) ‘chemical’ trials with tested chemicals (mealworms
no. 2–6), and (3) ‘post-chemical’ trials following the experience with chemicals (mealworms no.
7–10) to differentiate between immediate and persisting effect of the tested chemicals. In each trial,
the gecko was allowed for 5 min to attack and potentially consume the mealworm; otherwise the
trial was stopped. The trial was stopped earlier if the gecko consumed the prey. In each trial, the
following behavioural characteristics were evaluated: (1) approach latencies – representing the
time when the gecko started to come purposefully towards the prey; (2) attack latencies – repre-
senting the time when the gecko started to handle the prey (after approaching it); and (3)
approach–attack intervals – representing the degree of hesitation between approaching the prey
and attacking the prey. The whole time interval is evaluated during which the tested chemical
could influence the predator’s behaviour.

Statistical analyses

The data were analysed using the statistical program R 3.0.1. The original recorded values
(i.e. observed time of reactions) are captured in Figs 1–3. Since in no case did the data show a
normal distribution (Shapiro–Wilk normality test), numerical analyses based on ranks were
applied.

Analysis of covariance (ANCOVA) was used to estimate the underlying model and to eval-
uate the impact of the chemicals. Simple analysis of variance (ANOVA), concerning only the effect
of a chemical, would not have been sufficient because there were also other characteristics in the
data, which could influence the time of reaction (like sex, age, etc.). ANCOVA enables us to
compare the groups when controlling for other covariates. 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, being inspired by Kruskal–Wallis ANOVA. The ranks of recorded
data (latencies of chosen behavioural characteristics) were used as the dependent variable instead
of the real time values, and we evaluated how these ranks depend on the other covariates:
chemicals, part of the experimental sequence (pre-chemical trials, chemical trials and post-chemi-
cal trials), age, sex and weight (age and weight enter the model as numerical variables, the other
covariates as categorical variables). An interaction between the time period and the chemical was
also assumed.

Reactions of leopard geckos to defensive secretion of G. lineatum 5
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A type II ANOVA table was used to evaluate the impact of the particular covariates. This type
of ANOVA table is used to evaluate the impact of each covariate controlling for the other covariates
(their main effect), but not for interactions. Since all types of interactions were not anticipated in
the model, this type of ANOVA table is the most plausible for the situation. The optimal (final)
model was determined by backward stepwise selection, and Akaike’s information criterion (AIC)
was used for the selection.

The differences among chemicals within each of the three experimental sequences were
assessed by multiple comparison of means (Tukey contrasts) when controlling for the other
covariates with significant impact on the dependent variable. This means that for the evaluation
of the differences, the optimal model was used. A new ‘interaction variable’ (chemical vs part of the
experimental sequence) was used for this purpose. In all tests, significance was assumed at α = 0.05
significance level.

The aversive effects of the particular chemical on the recorded behavioural characteris-
tics (approach latency, attack latency, approach–attack interval) were estimated with a coeffi-
cient of the rank-based regression model (Estimate) – the higher its value, the slower the
reaction of the animal and thus the stronger the aversion towards the particular chemical
(Table 3).

Fig. 1. — Approach latencies in trials following the experience with the chemicals – post-chemical trials
(original values). Approach latencies are presented on the y-axis. The figures reflect the original recorded
values (the time when the gecko started to come purposefully towards the prey). Band inside the
box = median; box = lower and upper quartiles; whiskers = nonoutlier range; circles = outlier data.
Abbreviations: UM – untreated mealworm; HX – hexane; 3A – the mixture of three aldehydes; TA – the
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; PYR – pyrazine.

6 M. Gregorovičová and A. Černíková
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Ethical note

Keeping of leopard geckos and experiments were carried out under permission no. 24773/
2008-10001 and CZ 00059 issued by the Central Commission for Animal Welfare of the Czech
Republic (UKOZ).

RESULTS

The design of the experiment included two additonal controls to the untreated
mealworm control group (UM). Hexane (HX) was used as a non-polar solvent for the
other chemicals of MTG secretion of G. lineatum, and pyrazine (2-isobutyl-3-methoxy-
pyrazine) was used as a positive control to exclude the effect of neophobia to new
malodours (PYR). For all behavioural characteristics (approach latencies, attack laten-
cies and approach–attack intervals) and in all parts of the experimental sequence (pre-
chemical trials, chemical trials and post-chemical trials), the reactions of leopard

Fig. 2. — Attack latencies in trials with tested chemicals – chemical trials (original values). Attack
latencies are presented on the y-axis. The figures reflect the original recorded values (the time when
the gecko started to handle the prey). Band inside the box = median; box = lower and upper quartiles;
whiskers = nonoutlier range; circles = outlier data. Abbreviations: UM – untreated mealworm; HX –

hexane; 3A – the mixture of three aldehydes; TA – the 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; PYR – pyrazine.

Reactions of leopard geckos to defensive secretion of G. lineatum 7
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geckos from the hexane and pyrazine groups did not significantly differ from those of
the UM control group. The corresponding P values are shown in Table 1. These results
proved that the effect of neophobia could be excluded, as well as the effect of hexane as
a non-polar solvent for the other chemicals of MTG secretion of G. lineatum. Therefore,
the reactions of leopard geckos in the other groups (3A-TA-OXO-GS-LG/3A) were
compared with those of the hexane group.

For all behavioural characteristics (approach latencies, attack latencies and
approach–attack intervals), the reactions of leopard geckos for all tested groups (3A-
TA-OXO-GS-LG/3A) in the first control (pre-chemical) trial did not significantly differ
compared to the hexane group (Table 2A–C). Therefore, all geckos started the experi-
ment with the same motivation.

The following sections describe the detailed results for individual behavioural
characteristics and for all tested groups (3A-TA-OXO-GS-LG/3A). The corresponding
results are summarised in Tables 2 and 3.

Fig. 3. — Approach–attack intervals in trials with tested chemicals – chemical trials (original values).
Approach–attack intervals are presented on the y-axis. The figures reflect the original recorded values
(the degree of hesitation between approaching the prey and attacking the prey). Band inside the
box = median; box = lower and upper quartiles; whiskers = nonoutlier range; circles = outlier data.
Abbreviations: UM – untreated mealworm; HX – hexane; 3A – the mixture of three aldehydes; TA – the
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; PYR – pyrazine.
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Finally, Table 4 summarises the impact of particular covariates (ANOVA type II)
on individual behavioural characteristics.

Approach latencies

Approach latencies were affected by tested chemicals (P < 0.001; F = 13.539;
df1 = 7; df2 = 734), sex of the leopard geckos (P < 0.01; F = 7.371; df1 = 1; df2 = 734)
and their weight (P < 0.001; F = 37.064; df1 = 1; df2 = 734). Heavier animals usually
hesitated longer than lighter animals before approaching the mealworms. Females
mostly hesitated longer than males before approaching the mealworms. There was
also a significant interaction between the effect of chemicals and the part of the
experimental sequence (P < 0.05; F = 1.971; df1 = 14; df2 = 734). Statistical values are
summarised in Table 4A.

In chemical trials, leopard geckos tested with Graphosoma secretion hesitated
significantly longer before approaching the chemical-treated mealworms compared to
the geckos from the hexane group (P < 0.001). However, approach latencies of leopard
geckos tested with the rest of the chemicals did not significantly differ from geckos’
reactions in the hexane group (see Table 2A).

In trials following the experience with the chemicals (post-chemical trials), leo-
pard geckos that had previous experience with the mixture of aldehydes, with aldehyde
mixture and tridecane and with Graphosoma secretion hesitated significantly longer

Table 1.

The reactions of leopard geckos towards mealworms treated with hexane (HX) and mealworms treated
with pyrazine (PYR) compared with the reactions of leopard geckos towards untreated mealworms (UM).
All behavioural characteristics were evaluated. HX and PYR groups consisted of 10 animals; the UM
group consisted of seven animals. In each group, three males were present. Est.: estimate of difference
between pairs of the chemicals obtained by a rank-based regression model (selected chemical compared

with untreated mealworm).

Control
HX PYR

P value Est. SE P value Est. SE

A – Approach latencies

Pre-chemical trial 1.000 52.55 99.40 1.000 77.71 99.25

Chemical trials 1.000 − 47.99 44.74 1.000 − 51.35 44.41

Post-chemical trials 1.000 50.36 49.94 1.000 49.11 49.65

B – Attack latencies

Pre-chemical trial 1.000 − 5.52 97.32 1.000 41.52 97.22

Chemical trials 0.948 − 85.47 43.73 0.199 − 136.01 43.49

Post-chemical trials 1.000 − 2.96 48.84 1.000 16.47 48.62

C – Approach–attack intervals

Pre-chemical trial 1.000 − 49.15 97.78 1.000 − 23.78 97.67

Chemical trials 0.957 − 84.53 43.93 0.135 − 143.00 43.69

Post-chemical trials 1.000 − 56.50 49.06 1.000 − 12.69 48.85
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than geckos from the hexane group before approaching the mealworms, even when
they were no longer treated with the chemicals (P < 0.01; P < 0.05; P < 0.05; Fig. 1).
Approach latencies of the group previously treated with oxoaldehyde (P = 0.824) and
Living Graphosoma/mixture of aldehydes (P = 1.000) did not significantly differ from
the hexane group. All statistical values are in Table 2A.

Attack latencies

Attack latencies were affected by the tested chemicals (P < 0.001; F = 14.384;
df1 = 7; df2 = 734) and the weight of leopard geckos (P < 0.001; F = 18.041; df1 = 1;
df2 = 734), but not by their sex (P = 0.903; F = 0.015; df1 = 1; df2 = 734). Heavier animals
usually hesitated longer than lighter animals before attacking the mealworms. There
was also a significant interaction between the effect of chemicals and part of the
experimental sequence (P < 0.001; F = 3.381; df1 = 14; df2 = 734). Statistical values
are summarised in Table 4B.

In chemical trials, leopard geckos tested with Graphosoma secretion and living
Graphosoma/mixture of aldehydes hesitated significantly longer before attacking the
chemical-treated mealworms compared to the geckos from the hexane group (both
P < 0.001). Attack latencies were also significantly longer in the group treated with
the mixture of aldehydes and tridecane (P < 0.01) and the mixture of three aldehydes
(P < 0.05). Attack latencies of leopard geckos tested with oxoaldehyde did not

Table 3.

The aversive effect of the tested chemical compounds on the individual behavioural characteristics of
leopard geckos. The UM group consisted of seven animals; all other tested groups consisted of 10 animals.
In each group, three males were present. Abbreviations: UM – untreated mealworm; HX – hexane; PYR –

pyrazine; 3A – the mixture of three aldehydes; TA – the 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. Estimate: effect on behavioural characteristics estimated by a rank-based

regression model (the lower the number, the faster the reaction to the chemical).

Chemicals
UM HX PYR 3A TA OXO GS LG/3A

Estimate (regression coefficient)

A – Approach latencies

Chemical trials − 263.7 − 215.8 − 212.4 − 93.9 − 123.6 − 187.7 14.7 − 120.9

Post-chemical
trials

− 260.0 − 310.4 − 309.2 − 116.5 − 133.1 − 209.5 − 138.8 − 308.2

B – Attack latencies

Chemical trials − 301.9 − 216.8 − 165.8 − 63.4 − 45.1 − 170.8 22.5 2.9

C – Approach–attack intervals

Chemical trials − 219.0 − 131.8 − 77.0 40.3 40.4 − 72.2 73.7 107.2

Reactions of leopard geckos to defensive secretion of G. lineatum 11
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significantly differ from geckos’ reactions in the hexane group (P = 1.000). For details
refer to Table 2B and Fig. 2.

In trials following the experience with the chemicals (post-chemical trials), the
attack latencies of leopard geckos did not significantly differ among the groups of tested
animals (see Table 2B).

Approach–attack intervals

Approach–attack intervals were affected by the tested chemicals (P < 0.001;
F = 12.768; df1 = 7; df2 = 734) and the weight of leopard geckos (P < 0.001;
F = 10.925; df1 = 1; df2 = 734), but not by their sex (P = 0.348; F = 0.883; df1 = 1;
df2 = 734). Heavier animals were slower when evaluating approach–attack intervals.
There was also a significant interaction between the effect of chemicals and part of the
experimental sequence (P < 0.001; F = 3.563; df1 = 14; df2 = 734). Statistical values are
summarised in Table 4C.

In chemical trials, when evaluating the approach–attack intervals, leopard geckos
tested with Graphosoma secretion and living Graphosoma/mixture of aldehydes hesi-
tated significantly longer compared to the geckos from the hexane group (both
P < 0.001). Approach–attack intervals were also significantly longer in the group treated
with the mixture of three aldehydes and the same mixture and tridecane (both P < 0.01).
Approach–attack intervals of leopard geckos tested with oxoaldehyde did not

Table 4.

The impact of particular covariates on individual behavioural characteristics evaluated by using Type II
analysis of variance (ANOVA) table (see Statistical analyses section in Methods).

Covariate P value F value df1 df2

A – Approach latencies

Chemical < 0.001 13.539 7 734

Weight < 0.001 37.064 1 734

Sex < 0.01 7.371 1 734

Chemical: part < 0.05 1.971 14 734

B – Attack latencies

Chemical < 0.001 14.384 7 734

Weight < 0.001 18.041 1 734

Sex 0.903 0.015 1 734

Chemical: part < 0.001 3.381 14 734

C – Approach–attack intervals

Chemical < 0.001 12.768 7 734

Weight < 0.001 10.925 1 734

Sex 0.348 0.883 1 734

Chemical: part < 0.001 3.563 14 734

12 M. Gregorovičová and A. Černíková
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significantly differ from geckos’ reactions in the hexane group (P = 0.998). For details
refer to Table 2C and Fig. 3.

In trials following the experience with the chemicals (post-chemical trials), the
approach–attack intervals did not significantly differ among the groups of tested geckos
(see Table 2C).

Manipulation of living specimens of G. lineatum

During the testing of geckos’ reactions to the living specimen of G. lineatum (see
Testing procedure), six geckos out of 10 manipulated the bug twice (out of a maximum
of five offered bugs), two geckos only once and the remaining two geckos did not
manipulate any of the three offered bugs, suggesting that leopard geckos manipulated
the bug maximally twice. As a result of the manipulation, only two bug specimens were
killed; the remaining bugs were released unharmed. The results indicated that five
offered bugs was a sufficient number to gain the experience to avoid the bugs.

Aversive effects

Both the original observed data (Figs 1–3) and the results of the numerical
analyses based on ranks (Tables 2 and 3) demonstrated (1) a highly significant
aversive effect of the mixture of three aldehydes (3A), and an even more pronounced
aversive effect of the same aldehyde mixture enriched with tridecane (TA); (2)
persistence of the aversive effects indicated by a significant prolongation of approach
latencies in post-chemical trials (3A-TA-GS); (3) non-significant aversive effects of
hexane (HX), pyrazine (PYR) and oxoaldehyde (OXO). (4) By far the most pro-
nounced aversive effects were demonstrated for Graphosoma secretion (GS) and for
the aldehyde mixture presented after the geckos had been offered a living specimen
of Graphosoma lineatum (LG/3A).

DISCUSSION

The experiments demonstrated that the major chemical compounds of MTG
secretion of G. lineatum are aversive for leopard geckos. Together with green lizards
(Gregorovičová & Černíková 2015), these are probably the first studies on the effects of
individual compounds of the defensive secretion of true bugs against lizard predators.
In some studies, such as Krall et al. (1999), an analysis of the particular true bug species
(Cosmopepla bimaculata) was performed, but the individual chemical compounds were
never tested against lizard predators; instead, only the predators’ reactions towards the
living bugs were evaluated.

Hexane, as a non-polar solvent for the other tested chemicals, did not have an
aversive effect for leopard geckos in any scored behaviour. Therefore, the hexane group
was used as the control group for the other chemical groups.

Since the geckos were captured as fully grown adults with unknown ages and life
histories, they could not be treated as naïve animals (L. Kratochvíl pers. comm.).
Nevertheless, a positive control – pyrazine – was chosen to test the hypothesis that
leopard geckos could be neophobic towards new malodours. Although the methoxypyr-
azines were found in some heteropteran species such as Oncopeltus fasciatus or
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Murgantia histrionica (Aldrich et al. 1996, 1997), no methoxypyrazines were found in
the repellent secretion of G. lineatum (Šanda et al. 2012). Therefore, we could use 2-
isobutyl-3-methoxypyrazine as the positive control. The selected pyrazine did not cause
any aversive reactions of leopard geckos in any scored behaviour. Moreover, there were
no significant differences among all control groups (UM, HX, PYR) in any behavioural
characteristics, nor in any part of the experimental sequence. Therefore, it was possible
to exclude the effect of neophobia towards new malodours. Hence, leopard geckos
could be exposed directly to G. lineatum and its secretion.

The mixture of three aldehydes had an aversive effect for leopard geckos, but
geckos reacted differently in separately scored behaviours. The mixture of three
aldehydes had the strongest aversive effect for approach latencies only in the trials
following the experience with tested chemicals (post-chemical trials). The mixture of
three aldehydes may play a role as a chemical signal of unpalatability of the prey,
based on the previously obtained association between the visual image of the prey
and the noxious odour of the aldehydes. Therefore, it seems that the chemical signal
of aldehydes can act as a cue for learned avoidance in experienced predators
(Marples & Roper 2004) and it can elicit generalisation (Sexton 1960, 1964;
McLain 1984). In attack latencies and approach–attack intervals, the mixture of
three aldehydes had a significant aversive effect in the trials with tested chemicals,
but there was no significant aversive effect in the trials following the experience with
tested chemicals. Therefore, it appears that the mixture of three aldehydes might
have an aversive effect on attacking and eating the prey only if it is present on the
mealworm (chemical trials). The attack appears to depend strongly on the presence
of the aldehydes on the prey when the predator overcomes the hesitation caused by
the previous negative experience with the chemically treated prey. The same situation
was observed for the remainder of the chemicals (except for oxoaldehyde, hexane
and pyrazine) and MTG secretion.

The mixture of three aldehydes and tridecane had a strong aversive effect on
leopard geckos, supporting the idea that combined aldehydes and n-tridecane are
effective repellents (Gunawardena & Herath 1991). The results agree with the hypoth-
esis that chemicals, which could have a synergic effect, increase the potency of joint
toxic loads compared to the effect of each chemical tested alone (Skelhorn & Rowe
2005b). In attack latencies and approach–attack intervals, the geckos hesitated more
with the mixture of three aldehydes and tridecane than with the mixture of three
aldehydes. Geckos may react aversively towards tridecane due to the dual olfactory
mechanism (Schwenk 1993). Since geckos have extremely well-developed olfaction and
vomerolfaction, which are functionally linked (Cowles & Phelan 1958), compared to
other lizards (Halpern 1980; Schwenk 1985, 1993), it seems that tridecane may play a
role as a catalyst to the aldehyde mixture.

Oxoaldehyde may not have any aversive effect on leopard geckos because it is
odourless. It seems that oxoaldehyde might be mediated by gustation, which is poorly
developed in leopard geckos (Schwenk 1985; Jamniczky et al. 2009).

The Graphosoma secretion exhibited a particularly strong aversive effect. Leopard
geckos hesitated most in approach/attack latencies in the corresponding chemical trials.
These results indicate that the whole MTG secretion of G. lineatum may function as a
signal as well as a secondary chemical defence. The repellent secretion of aposematic
Heteroptera can have two functions – signalling the unpalatability and secondly, being
toxic for the predators (Aldrich 1988; Gohli & Högstedt 2009). Since the whole MTG
secretion of G. lineatum contains more than 100 chemical compounds (Šanda et al.
2012), this double function of the secretion cannot be excluded.
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The presence of a living specimen of G. lineatum before the trials with mealworms
increased the repellent potency of the mixture of three aldehydes when attacking the
prey (attack latencies) and when evaluating approach–attack intervals. The significant
aversive effect was similar to that of the whole MTG secretion, when geckos attacked
the prey (attack latencies). Furthermore, when evaluating approach–attack intervals,
geckos hesitated even more with the mixture of three aldehydes in trials with tested
chemicals, when the living specimen of G. lineatum was previously presented. The
presence of the living striated shieldbug did not increase the aversive effect of the
mixture of three aldehydes on approach latencies. Therefore, it seems that the mixture
of three aldehydes could play a role as a signal to the predator with prior experience
with the striated shieldbug in the decision whether to attack the prey.

Leopard geckos were chosen as a model lizard predator to test their aversive
reactions towards the major compounds of the repellent secretion of G. lineatum.
However, both species might encounter each other in the nature because, according
to P. Štys (pers. comm.), bugs of genus Graphosoma sleep on the ground. Therefore,
leopard geckos, as nocturnal active foragers, may have the opportunity to encounter
them.

The results agree with the hypothesis that repellency is dependent mostly on the
aldehydes (Eisner 1970; Hamilton et al. 1985; Gunawardena & Herath 1991; present
study). It was observed very often that geckos rejected the mealworms treated with the
particular chemical after manipulating the mealworm, and also that they left the meal-
worm untouched after approaching it. Geckos cleaned their heads towards the sub-
strate after attacking a mealworm treated with the particular chemical compound or
MTG secretion of Graphosoma. Geckos manipulated the living specimen of G. linetaum
very carefully; they killed only two bugs and also showed a defensive posture towards
the shieldbug. The results indicate that predator rejects chemically defended prey
relatively unharmed (Boyden 1976; Wiklund & Järvi 1982; Skelhorn & Rowe 2006a).

Geckos also exhibited the aversive behaviour from a distance such as closing the
eyes in the presence of mealworm with the particular chemical (not in the presence of
oxoaldehyde, hexane and pyrazine) and with the whole MTG secretion. Therefore, it
seems that some applied chemicals and the whole MTG secretion have a strong odorous
function as a signal from a distance as well as the potential to elicit pain when inhaled
(eye, respiratory system). This may be attributed to short-chained aldehydes (e.g. trans-
2-hexenal and trans-2-octenal) that show promise as trigeminal stimulants (Conner
et al. 2007). Apart from the previously described behaviour, geckos showed also a
‘grinning’ behaviour (A. Exnerová pers. comm.), which typically consists of shaking
themselves when searching/approaching or attacking the prey with a particular chemi-
cal. The geckos did not exhibit any avoidance behaviour when approaching/attacking
the prey treated with hexane, oxoaldehyde and pyrazine.

The rejection of chemically defended prey in geckos is probably based on olfac-
tion/vomerolfaction (Halpern 1987; Schwenk 1993). Therefore, olfactory aposematism
may play the major role (Eisner & Grant 1981). Geckos are highly sensitive to airborne
volatiles, more than the other lizard species (Schwenk 1993). Since MTG secretion is
highly odorous and volatile (e.g. aldehydes; Durak & Kalender 2009; Šanda et al. 2012),
it seems that geckos can avoid such a prey based on odorous signal alone.

In all reactions heavier animals were slower in response, which may be related to
the relatively lower nutritional impact of the prey and the existing fat deposits in
heavier animals. Therefore, heavier animals were not forced to hunt (Trnik et al.
2011). Sex was a significant variable only in approach latencies, when males were faster
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than females, which could be caused by female caution towards new prey/situation –

greater risk-sensitivity (Martín & López 1999).
Chemical defence is widespread across the animal kingdom, but our understand-

ing of its principles is still not sufficient. Therefore, more comparative studies on which
chemical compounds are responsible for aversive reactions in different types of pre-
dators will have to be performed in order to deepen our knowledge.
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