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Abstract. Chemical cues involved in both host location and oviposition by Harmonia axyridis Pallas (Coleoptera: Coccinellidae)
were investigated in laboratory and field experiments. Among the five volatiles tested in a four-arm olfactometer ((E)-B-farnesene,
B-pinene, B-caryophyllene, cis-3-hexen-1-ol, and limonene), gravid H. axyridis females were significantly attracted to limonene and
B-caryophyllene. These two chemicals also increased H. axyridis oviposition on plants. Attraction of H. axyridis towards limonene
was further tested under field conditions using controlled-release dispensers. (E)-f-farnesene, a major aphid alarm pheromone and a
potential predator kaironome, was also tested in this study. Field data confirmed those from laboratory studies concerning the attrac-
tion of H. axyridis towards limonene and a lack of response to (E)-fB-farnesene. In contrast, the aphid predator Episyrphus balteatus
DeGeer (Diptera: Syrphidae) was attracted to (E)-B-farnesene but not to limonene. These findings indicate that H. axyridis uses
chemicals, such as limonene, for prey location and oviposition, and support the potential use of volatiles in the management of H.

axyridis.

INTRODUCTION

Semiochemicals released by plants in response to herbi-
vore attack and the subsequent use of these chemical sig-
nals by natural enemies to locate these herbivores is a
widespread phenomenon observed in various tritrophic
systems. These volatile compounds may serve as a part of
the plant defense mechanism by attracting natural ene-
mies during pest colonisation and thereby limiting pest
damage on the plant, e.g. the generalist predatory mite
Neoseiulus californicus McGregor on Lima bean vs. the
spider mite, Tetranychus urticae Koch (Shimoda et al.,
2005), parasitic wasps (Cotesia marginiventris Cresson,
Microplitis rufiventris Kok., Campoletis sonorensis Cam-
eron vs. Spodoptera littoralis Boisduval on cotton (Gou-
inguené et al., 2005), and the anthocorid predator Antho-
coris nemoralis Fabricius vs. the psyllid Psylla pyricola
on pear trees (Scutareanu et al., 1997). Similar evidence
was found for semiochemicals, e.g. (E)-B-farnesene,
released by herbivores, e.g. aphids, in response to natural
enemy attack; natural enemies use these chemical signals
to locate their prey, e.g. the ladybird species Coccinella
septempunctata L. (Al Abassi et al., 2000; Ninkovic et
al., 2001) and Adalia bipunctata L. (Hemptinne et al.,
2000; Francis et al., 2004), and the hoverfly Episyrphus
balteatus DeGeer (Francis et al., 2005a; Verheggen et al.,
2008) were attracted to (E)-pB-farnesene emitted from
aphids.

Promising field evidence for the attraction of natural
enemies to synthetic plant volatiles was obtained by
James (2003a, b), James et al. (2003) and James & Price
(2004) who demonstrated attraction of a number of
natural enemy species to methyl salicylate, e.g. Chrysopa

nigricornis Burmeister, Geocoris pallens Stal., Stethorus
punctum picipes Casey, Deraeocoris brevis Uhler, and
Orius tristicolor White.

Over the last 30 years, the behavioural manipulation of
insects through semiochemical techniques, e.g. push—pull
strategies, has been considered for the control of insect
populations, with varying success (Cook et al., 2007).
Information on semiochemically-mediated behavioural
mechanisms of ladybirds is limited (Pettersson et al.,
2005) but there are sufficient recent studies to suggest
that, as in other insects, chemical communication is an
important component of ladybird behaviour (Majerus,
1994; Burns et al., 1998; Hemptinne et al., 2004; Pet-
tersson et al., 2005). Ladybirds are subjected to various
chemical blends when searching for an oviposition site.
These blends consist of plant and insect semiochemicals
such as (E)-B-farnesene as the main component of the
alarm pheromone of most aphid species, B-pinene, and
limonene (Nault et al., 1973; Francis et al., 2005b).

The harlequin ladybird Harmonia axyridis Pallas (Cole-
optera: Coccinellidae) is an effective biological control
agent employed against different insect species, particu-
larly aphids (Hodek & Honék, 1996; Lucas et al., 2007),
in various agro-ecosystems (e.g., Michaud, 2002; Brown,
2004). Other insect prey included Tetranychidae (Lucas
et al., 1997), Psyllidae (Michaud, 2004), Coccoidea
(McClure, 1986), Chrysomelidae (Snyder & Clevenger,
2004), Curculionidae (Kalaskar & Evans, 2001; Stuart et
al., 2002) and Lepidoptera (Koch et al., 2005). However,
H. axyridis has adverse impacts, e.g. a decline in native
natural enemies due to impacts on non-target arthropods
(Alyokhin & Sewell, 2004; Majerus et al., 2006; Roy et
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TasBLE 1. The source, purity, biological source and biological role of each chemical tested for behavioural responses.

Molecule Source Purity Biological source Main biological role
Department of Analytical chemistry, Extraction from Matricaria Aphid alarm pheromone
B-Farnesene Liege University, Gembloux >81.48% chamomilla fractionation (Illrancis of aI; 2005b)
Agro-BioTech, Gembloux, Belgium (by flash chromatography) ”
. . . . Harmonia axyridis aggregation
- - 0,
f-Caryophyllene Sigma-Aldrich >98.5% Chemical synthesis pheromone (Verheggen ct al., 2007)
. . . . . Aphid alarm pheromone
- o,
Limonene Sigma-Aldrich 90 % Chemical synthesis (Pickett & Griffiths, 1980)
. . . . . Aphid alarm pheromone
- - 0,
B-Pinene Sigma-Aldrich >98.5% Chemical synthesis (Pickett & Griffiths, 1980)
Cis-3-hexen-1-ol Sigma-Aldrich 298 % Chemical synthesis Defensive plant volatile

(Kessler & Baldwin, 2001)

al., 2006), and as a nuisance pest due to mass aggrega-
tions of overwintering H. axyridis populations in houses,
barns, and other man-made structures (Nalepa et al.,
1996, 2004; Kuznetsov, 1997; Huelsman & Kovach,
2004).

The spatial distribution of H. axyridis populations in
Belgium is clearly associated with non-crop habitats, e.g.
such as deciduous trees, pine trees and various herba-
ceous habitats (e.g., Adriaens et al., 2003, 2008; Alhmedi
et al., 2007). Therefore, an understanding of the chemical
ecology of H. axyridis is essential before developing pest
management strategies, first for the efficient use of this
species in aphid biocontrol, and second for efficient H.
axyridis management programs in agro-ecosystems which
could help counter the declines particularly in predator
diversity associated with its arrival (Pell, 2008).

In the present study, the olfactory and oviposition
responses of adult female H. axyridis towards a range of
chemical cues, limonene, (E)-B-farnesene, B-pinene,
B-caryophyllene and cis-3-hexen-1-ol, are investigated in
the laboratory. These volatiles released by plants, aphids
and natural enemies are often detectible where H. axyridis
occur (e.g., Turlings et al., 1995; Moraes et al., 1998,
2001; Michaud, 2002; Francis et al., 2005b; Brown et al.,
2006; Verheggen et al., 2007), and could be used to
improve pest management programs. A field study aimed
to test the behavioural responses of aphid predators, par-
ticularly H. axyridis, towards limonene and (E)-B-
farnesene was also conducted.

MATERIAL AND METHODS

Plant and insect rearing

Broad beans (Vicia faba L.) were planted in plastic pots (12
cm diameter; 10 cm height) containing a 1 : 1 mixture of perlite
: vermiculite at 22 + 2°C and 16L : 8D and grown in a culture
room. The aphid Megoura viciae Buckton was reared on host
bean plants in similar conditions. Mass rearing of H. axyridis
was maintained for many years in the laboratory. Both adults
and larvae were reared in aerated plastic boxes (10 x 30 x 10
cm; up to 20 individuals per container) and fed with M. viciae
on V. faba. Boxes were placed in controlled environment incu-
bators, 16L : 8D and 22 + 2°C. Four-week old H. axyridis
females were used in olfactory and oviposition experiments.
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Olfactory experiments

Behavioural bioassays with H. axyridis females toward sev-
eral plant and aphid volatiles (limonene, (E)-B-farnesene,
B-pinene, pB-caryophyllene and cis-3-hexen-1-ol; Table 1) were
conducted in a four-arm olfactometer similar to that described
previously (Pettersson, 1970; Vet et al., 1983). Using a digital
pump, charcoal-filtered air was propelled through each of the
four olfactometer arms along PTFE tubing at a flow rate of 50
ml/min. For tests involving a single volatile, a glass flask con-
taining 5 pg of the experimental volatile impregnated on a
1-cm? piece of Whatman #1 filter paper was connected at
random to one of the four olfactometer arms while the other
three arms were connected to blank controls.

The walking arena, the glass ceiling and the glass flask were
washed with pure ethanol and then rinsed with distilled water
after each replicate. The olfactometer was placed in a controlled
temperature room at 22 + 2°C under uniform lighting. Gravid
female adults (N = 20 per stimulus) were observed independ-
ently for 15 min in the olfactometer (one female / replicate).
The arena was divided into one central squared 10-cm (in
diameter) zone and four other zones related to the four odour
sources. The source of the volatile was changed to a different
location after assaying five adults. The olfactory response of the
ladybird was determined by (a) the first zone it entered (the first
choice), and (b) the zone where it passed the longest duration
during 15 min (the % of time spent in each area).

Oviposition bioassays

The oviposition behaviour of H. axyridis was investigated
toward the following volatiles: (E)-B-farnesene, B-pinene,
B-caryophyllene, cis-3-hexen-1-ol and limonene. Experiments
were conducted in cylindrical plastic cages (9 cm diameter x 25
cm height) with 4-week-old gravid females. The fertility of all
females used was assessed three days prior to the test by
counting the eggs laid on potted broad bean plants infested with
M. viciae. Great care was taken to insure that all females used in
oviposition assays had similar fertility and all host plants were
of similar size. All H. axyridis females used had no exposure to
aphids for one day before ovipositional tests. A single gravid
female (N = 10 per each volatile) was carefully introduced into
each cage containing a 1-cm (in diameter) rubber septum fixed
around the stem close to the apex of the potted plant. The vola-
tiles were added to the rubber septa using a micropipette at 100
pl [100 ng/pul] per septum. The oviposition response of the H.
axyridis females to the induced volatiles was compared with two
control types: (1) negative control is potted healthy plant
without introduced volatile, (2) positive control is potted plant
with M. viciae aphid (200 aphids / plant). Eggs laid after two
and six hours were recorded in each replicate. Ten replicates
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Fig. 1. Mean relative period (£ SE) spent in each odour zone of a four-arm olfactometer by H. axyridis females exposed to various
host plant and aphid volatiles. Control represents the mean values of control fields (air only). NS, * and *** indicate not significant,

significant (p < 0.05) and very significant differences (p < 0.001).

were run simultaneously for each test. In both positive and
negative controls there were no volatiles tested.

Field study

The field study was conducted during summer (from late July
to late August) 2009 in a 5 ha chicory (Cichorium intybus L.)
crop field located at the experimental farm of Gembloux
Agro-Bio Tech (Gembloux, Belgium) and close to a 3 ha wood-
land. Controlled-release dispensers containing 100 pl [1 mg /
100 pl] of either limonene or (E)-B-farnesene were prepared and
installed on yellow water pan traps. These were deployed ran-
domly at 1 m above ground level in two blocks separated by 100
m. Yellow traps with water containing paraffin dispensers
served as unbaited controls. The dispensers were replaced
weekly. In each block, 9 traps (3 of each type) were installed
randomly, where each set of 3 traps were positioned in a row
(i.e. 1 baited with limonene, 1 baited with (E)-B-farnesene, and
1 control); the distance between each two traps was 25 m. Popu-
lations of aphid predators were sampled 10 times (twice per
week) from late July to late August, counted and identified to
species. On each sampling date, 10 plants were chosen ran-
domly near each yellow trap and searched for aphids and other
potential arthropod herbivores.

Statistical analyses

Results were analysed using Minitab 15.0. Observed frequen-
cies related to the choice of H. axyridis and other aphid preda-
tors in localising prey were compared to corresponding theo-
retical frequencies using a y* goodness-of-fit test. Relative stay
durations of H. axyridis adults in the olfactory study (% of total
time spent in odour zone) were analysed using a one-sample
t-test to test the hypothesis that the mean value observed is
higher than 0.25 (i.e. 25%). The oviposition responses of H.
axyridis females to the volatiles were compared to negative con-
trols using General Linear Model and Dunnett’s test. Prior to the
analysis, data were checked for equal variances and normality,
and transformed to logjo (# + 1) if necessary.

RESULTS

Olfactometer experiments

When observing the first zone entered, female H. axy-
ridis did not exhibit any significant preference for the

volatiles compared to controls, (x* = 4.80, d.f. =3, P =
0.187 for limonene; y> = 1.60, d.f. = 3, P = 0.659 for
(E)-B-farnesene; y* = 6.05, d.f. = 3, P = 0.109 for
B-caryophyllene; y* = 0.40, d.f. = 3, P = 0.940 for
B-pinene; ¥* = 2.00, d.f. = 3, P = 0.572 for cis-3-hexen-1-
ol).

Nonetheless, significant differences were detected in
the times spent in two volatile zones compared to control
zones. Harmonia axyridis females spent significantly
more time in either limonene or B-caryophyllene zones (t
= 6.07 and P < 0.001; t = 2.16 and P = 0.043,
respectively) compared to controls (Fig. 1). In contrast,
significant differences were not detected in the percentage
time spent by females in either (E)-B-farnesene, -pinene
or cis-3-hexen-1-ol zones (t = 0.41 and P = 0.688; t =
061 and P = 0.552; t = -141 and P = 0.174,
respectively), compared to controls (Fig. 1).

=

Oviposition responses of H. axyridis females to plant
and aphid volatiles

Among the five volatiles tested in the current study,
only limonene and B-caryophyllene, elicited a significant
oviposition responses from H. axyridis females (Table 2).
During the first two hours of exposure, a significant ovi-
position response to P-caryophyllene presence on the
broad bean plants (F,;s = 8.45 and P = 0.009) was
observed. Limonene induced ovipositional behaviour in
females but only during the second duration of observa-
tion (F ;s = 6.74 and P = 0.018) (compared to the nega-
tive control). Significant differences were also detected in
the total numbers of eggs laid as a response to either
B-caryophyllene or limonene presence (Fi ;s = 4.71 and P
= 0.044; Fy ;5 = 4.84 and P = 0.041, respectively) when
compared to the negative control. Among the volatiles
tested, only limonene stimulated significantly oviposition
of H. axyridis females during the 2-6 h period (Fy ;s =
5.17 and P = 0.035) when compared to the positive con-
trol. Harmonia axyridis females did not show any signifi-
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TaBLE 2. Mean number (+ SE) of eggs laid by H. axyridis
females (N = 10 per each chemical) on plants either treated with
chemicals or infested with M. viciae aphids (positive control)
compared to negative control plants (V. faba). Negative control
was a healthy plant without introduced chemical.

Treatment Number of eggs laid
From0Oto2h From2to6h Total

Negative control 22+15 84+£32 10.6 +3.2
Positive control 19.9+£6.3*%*  72+35 27.1+£4.8%*
Limonene 00+£00 22.80+4.6%* 228+4.6*
(E)-B-farnesene 1.7£1.1 380+1.8 55+2.1
B-pinene 0.0+0.0 19.00£53 19.0+5.3
(-)-B-caryophyllene 12.5+3.2** 850+3.4  21.0+3.6*
Cis-3-hexen-1-ol 1.5+£1.5 13.30+39 14.8+4.2

Compared to the negative control, * indicates significant at P <
0.05, and ** indicates significant at P < 0.001 using Dunnett’s
test.

cant oviposition responses to (E)-B-farnesene, B-pinene,
or cis-3-hexen-1-ol compared to the negative control. The
number of eggs laid were similarly not significantly dif-
ferent from the negative control (Table 2).

Field study

Aphid populations were low in the chicory field (only
3-5 Myzus persicae Sulzer individuals were recorded on
all plants scanned) and other insect herbivores were
absent on crop plants during study period. Significantly
greater numbers of two species of aphid predators, H.
axyridis and E. balteatus were trapped in the yellow traps
containing either limonene or (E)-B-farnesene (for H.
axyridis, y* = 23.06, d.f. = 1 and P < 0.001; > =3, d.f. =
1 and P = 0.083; for E. balteatus, y>=0,d.f.=1and P =
1; x2=21.78, d.f. = 1 and P < 0.001, respectively; Fig. 2).
Other aphid predators caught in the yellow traps were at
lower totals and ranged from 1 to 13 individuals, they
included Coccinella septempunctata L. (8 indiv.), Pro-
pylea quatuordecimpunctata L. (1 indiv.) (Coleoptera:
Coccinellidae), Sphaerophoria scripta L. (2 indiv.),
Melanostoma mellinum L. (13 indiv.), Eupeodes corollae
L. (2 indiv.), Eupeodes latilunulatus Collin (1 indiv.)
(Diptera: Syrphidae), and Chrysoperla carnea Stephens
(4 indiv.) (Neuroptera: Chrysopidae).

DISCUSSION

The current study demonstrates field and laboratory
attraction of H. axyridis to a synthetic formulation of
limonene, but also confirms laboratory data obtained by
Francis et al. (2005a) and Verheggen et al. (2008) con-
cerning the attractiveness of (E)-B-farnesene to the
common hoverfly E. balteatus. In the laboratory study,
we found that both limonene and B-caryophyllene elicited
attractant and oviposition responses from H. axyridis
females, indicating that the harlequin ladybird might use
these chemical cues in locating both prey and oviposition
sites. The ladybirds Coleomegilla maculata DeGeer (Zhu
et al., 1999), Chilocorus nigritus Fabricius (Ponsonby &
Copland, 1995), and Cryptolaemus montrouzieri Mulsant
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Fig. 2. Total numbers (+ SD) of E. balteatus and H. axyridis
caught in the different treatments using yellow traps with water,
compared to the control (chemical-free dispenser). NS and ***
indicate not significant and significant (p < 0.001).

(Heidari & Copland, 1992) are known to use olfactory
cues in host location at some level.

Initially in the olfactory experiments, H. axyridis
females had no significant preference towards any of the
volatiles compared with controls. This behavioural
response recorded in the present study for H. axyridis
females towards the volatiles may be due to either, or a
combination of, the volatile concentration applied and
that arthropods may require different recognition times to
identify the odour source. Signal intensity for orientation
decreases with distance and increases with concentration
of the source (Stanton, 1983; Elkinton et al., 1987). It has
been demonstrated that insects move randomly at low
odour concentrations but that this movement becomes
increasingly directed towards chemical source as odour
concentration increases (Cardé, 1996). Once a chemical
attractant is detected in the air, the insect begins searching
and moving toward the direction of increasing odour con-
centration (Cardé, 1996). The searching and host-finding
behaviour of parasitoids has been widely studied (e.g.,
Lewis et al., 1982; Colazza et al., 2001), but compara-
tively little attention has been given to coccinellid preda-
tors. De Boer et al. (2004, 2005) and van Wijk et al.
(2008) reported on the behavioural responses of Phyto-
seiulus persimilis Athias-Henriot (Acarina: Phytoseiidae),
a predatory mite that preys on the highly polyphagous
herbivore Tetranychus urticae Koch (Acari: Tetranychi-
dae). In laboratory experiments these authors found that
the predatory mites require a brief learning period of less
than 15 min to show a preference for an odour.

Limonene is a potential kairomone of H. axyridis and
females spent significantly more time in limonene zones
than in control zones. This chemical cue is also attractive
to other biocontrol agents such as Medetera setiventris
Thuneberg (Diptera: Dolichopodidae) (Hulcr et al.,
2006), a predator of the spruce bark beetle Ips typogra-
phus L. (Coleoptera: Scolytidae), and Dastarcus helo-
phoroides Fairmaire (Coleoptera: Bothrideridae), a
parasitoid of Massicus raddei Blessig (Coleoptera:
Cerambycidae) (Wei et al., 2008). Similarly, H. axyridis



females spent significantly more time in -caryophyllene
zones than in controls confirming the finding obtained by
Verheggen et al. (2007). B-caryophyllene was already
detected as an attractant for other species such as the
damson hop aphid Phorodon humuli Schrank (Campbell
et al., 1993), and the green lacewing C. carnea (Flint et
al., 1979).

In the present study, H. axyridis did not respond to
(E)-B-farnesene. This finding agrees with Mondor &
Roitberg (2000) but disagrees with Verheggen et al.
(2007). Two potential hypotheses might explain our
observations and explain this inconsistency: (i) the behav-
ioural response of insects are known to be modified
according to the volatile concentration applied (Schlyter
et al., 1989; Zhu et al., 1999; Bhasin et al., 2000), and (ii)
the potential emission of B-caryophyllene by H. axyridis
females (Brown et al., 2006) during the experimental
period. Several authors found that the behavioural
response of another ladybird, C. septempunctata, to
(E)-B-farnesene was inhibited in the presence of
B-caryophyllene (Dawson et al., 1984; Al Abassi et al.,
2000). In fact, among aphidophagous species some
responded to the (E)-B-farnesene such as 4. bipunctata
(Hemptinne et al., 2000; Francis et al., 2004), C. septem-
punctata (Nakamuta, 1991; Al Abassi et al., 2000), and E.
balteatus (Francis et al., 2005a; Verheggen et al., 2008)
but others did not, such as Chrysopa cognata McLachlan
(Boo et al., 1998). On the other hand, neither cis-3-hexen-
I-ol nor P-pinene elicited significant behavioural
responses from H. axyridis females in our current study.
In contrast to this finding, Dicke et al. (1990) and van
Wijk et al. (2008) reported the attractiveness of cis-3-
hexen-1-ol to the predatory mite P. persimilis. Similarly,
Mizell et al. (1984) described the attractiveness of
B-pinene to Thanasimus dubius Fabricius, a predator of
bark beetles in eastern North America.

In a review on plant volatile-natural enemy interactions,
Hunter (2002) stated that although the laboratory evi-
dence of the behavioural responses of natural enemies
towards semiochemicals emitted by herbivores and plants
is now well investigated, few studies have been published
showing the response of natural enemies to these com-
pounds under field conditions. The evidence linked to our
field data and presented here suggests that the use of a
controlled-release synthetic chemical in a crop can
increase the population density of certain beneficial
insects, i.e. such as controlled-release synthetic limonene
for the ladybird H. axyridis and controlled-release syn-
thetic (E)-P-farnesene for the hoverfly E. balteatus.
Limonene is known as plant volatile, but also emitted by
some aphid species (Francis et al., 2005b). Michaud
(2002) reported an extraordinary ability of H. axyridis to
locate pest infested citrus plants. Citrus plants are known
as the principal source of limonene and this observation
may potentially explain our results of the behavioural
responses of H. axyridis toward this chemical compound.
Moreover, Francis et al. (2005a) and Verheggen et al.
(2008) reported the attractiveness of (E)-B-farnesene to
the hoverfly E. balteatus. Results from our study suggest

that the use of attractant chemicals, such as limonene, in
an agro-system may have the potential to modify the
behavioural responses of H. axyridis where the spatial
distribution recorded for H. axyridis populations in Bel-
gium was strongly linked to semi-natural habitats (e.g.,
Alhmedi et al., 2007; Adriaens et al., 2003, 2008). The
chemical ecology of multitrophic interactions between
plants, aphids, and natural enemies has been widely
studied for exploitation of beneficial insects in biological
control programs (Pickett et al., 1991; Takabayashi &
Dicke, 1996; Bottrell & Barbosa, 1998; Thaler, 1999,
2002; James, 2003a, b; James & Price, 2004).

The presence of either limonene or 3-caryophyllene in
plants, compared to negative control, stimulated signifi-
cantly the oviposition behaviour of H. axyridis females,
suggesting that selection of the oviposition site by H. axy-
ridis depends on the perception of volatile cues released
by prey and host plants. Shu et al. (1997) found that
limonene acts as a significant ovipositional stimulant in
Dioryctria abietivorella Groté females (Lepidoptera:
Pyralidae). Although there is little information in the lit-
erature as to how P-caryophyllene influences oviposition
behaviour in insects, Johne et al. (2006) found that this
chemical, when released from blossoms of the host tree,
increased oviposition of Cameraria ohridella Deschka &
Dimic females (Lepidoptera: Gracillariidae), a leaf miner
insect pest.

In contrast, the presence of either (E)-p-farnesene, cis-
3-hexen-1-ol or B-pinene on host plants did not signifi-
cantly induce oviposition behaviour in H. axyridis
females compared to the negative control. This is
explained by non-attraction of these chemicals for H. axy-
ridis females, as found in the current study. In contrast to
these behavioural responses, the oviposition of other
predator females, including 7. dubius and E. balteatus,
was induced in response to the presence of -pinene and
(E)-B-farnesene, respectively (Mizell et al., 1984; Ver-
heggen et al., 2008).

Many insects are known to show different behavioural
responses according to the concentration of the volatile
cue applied (Zhu et al., 1999; Bhasin et al., 2000). Further
study is needed on the behavioural response of H. axy-
ridis towards semiochemicals at different concentrations.
Based on our findings, push-pull strategies that target the
use of H. axyridis as a biological control agent in aphid-
infested sites, should take into account the attractive
effect that limonene could have in field conditions.

In conclusion, the use of synthetic formulations of
limonene in field crops may conceivably have two bene-
fits to pest management; (i) increase the populations of
beneficial insects such as H. axyridis necessary for aphid
pest biocontrol, and (ii) better management of field H.
axyridis populations in agro-ecosystems, which could
help counter declines particularly in predator diversity
associated with its arrival (Pell, 2008). Further work is
therefore needed to study the potential effect of limonene
on the intraguild interactions among aphidophagous
guilds which include H. axyridis.
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