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Abstract The coccinellid Harmonia axyridis (Pallas)

has been used for augmentative and classical biological

control in many environments. More recently it has

invaded large parts of Europe and negative effects for

native populations of aphidophagous coccinellids are

beginning to emerge. Here we investigate intraguild

predation (IGP) between H. axyridis and eleven native

non-target European coccinellids, including less com-

mon species which have not been studied so far within

this context of non-target effects. When first-instars of

H. axyridis were paired with the native species, only

Anatis ocellata (Linnaeus) and Calvia quatuordecim-

guttata (L.) were significantly superior to the former

whereas H. axyridis was superior in three cases, i.e.

against Aphidecta obliterata (L.), Coccinella septem-

punctata L. and Hippodamia variegata (Goeze). Non-

significant results were obtained for all other pairings.

Similar tests with the fourth larval instar revealed

stronger IGP rates and H. axyridis was found to be

superior in the interactions with Adalia bipunctata (L.),

Adalia decempunctata (L.), A. obliterata, Calvia

decemguttata (L.), C. quatuordecimguttata, C. septem-

punctata, H. variegata, Oenopia conglobata (L.) and

Propylea quatuordecimpunctata (L.) whereas non-

significant results were obtained for interactions with

two other native species. Another experiment revealed

that H. axyridis was able to prey more successfully

upon egg of most native coccinellid species than vice

versa. However, C. quatuordecimguttata eggs seem to

be more protected against predation than those of the

other species. Survival of first-instar H. axyridis was

higher on conspecific eggs compared to eggs of any

other species tested. Our results suggest that H. axyridis

may become a threat to a wide range of native

aphidophagous coccinellids sharing similar ecological

niches except species showing high potential for

chemical or physical protection.
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involves potential risks to native species (Babendreier

2007; De Clercq et al. 2011). Biological control is

viewed as an environmentally benign alternative to

chemical control. When successful, it leads to long-term

reduction in pest numbers and damage (van Lenteren

2008; van Driesche et al. 2010). However, the intentional

release of biological control agents is also seen as a threat

to the structure and dynamics of biological communities.

The introduction of biological control agents can have

potential harmful effects on indigenous species, which

could potentially lead to species extinction (Howarth

1991; Simberloff 1992). In particular, generalist preda-

tors, if maintained at high densities on common alter-

native hosts can potentially drive a rare non-target

species to extinction (Howarth 1991).

One of the mechanisms leading to non-target effects

in exotic generalist predators is intraguild predation

(IGP), which is defined as the predation between

two species that share a host or prey (Polis et al. 1989).

IGP can be asymmetrical, in which case one species

consistently preys upon the other, or symmetrical,

when both species prey equally upon each other (Polis

et al. 1989). IGP is generally recognised to influence

interactions between multiple predators and their

control effects on prey (Rosenheim et al. 1993; Snyder

2009). IGP among predators can be intense, resulting in

high mortality of the intraguild prey, while the

additional mortality imposed upon the shared prey

population may be minimal. IGP can sometimes lead to

the breakdown of biological control (Vance-Chalcraft

et al. 2007) but Janssen et al. (2006) showed that, in

most cases, IGP does not disrupt biological control.

The harlequin ladybird Harmonia axyridis (Pallas)

(Coleoptera: Coccinellidae) is a predator that is often

involved in IGP, in most cases with aphid predators

(Pell et al. 2008), but also with parasitoids and

entomopathogens (Roy et al. 2008; Meisner et al.

2011). This beetle originates from Asia and its native

distribution extends from the Altai Mountains in the

west to the Pacific Coast in the east, and from southern

Siberia in the north to southern China in the south

(Koch 2003). It is a multivoltine species, found in

many different habitats, such as broadleaved forests and

urban trees, orchards and various agricultural crops,

where it feeds mainly on aphids. However, it feeds also on

other homopterans such as coccids (McClure 1986),

juvenile psyllids (Michaud 2002), and even other

herbivorous arthropods such as mites (Lucas et al.

1997), a chrysomelid used as a weed biological control

agent (Sebolt and Landis 2004), weevil larvae (Kalaskar

and Evans 2001) and the eggs and larvae of the monarch

butterfly (Koch 2003). The larvae and adults are very

voracious and can be easily reared, which makes the

species a very efficient biological control agent against

aphids (Koch 2003). It was repeatedly released as a

biological control agent in North America since 1916

(Gordon 1985; McClure 1987) but only became firmly

established in 1988 (Chapin and Brou 1991). Now, it is

found across most of North America. In Europe, it was

first released in Ukraine in 1964 (Katsoyannos et al. 1997)

and more extensively used and marketed in several

countries in the 1990s, mainly for augmentative biolog-

ical control in greenhouses and orchards (Brown et al.

2008). H. axyridis’ establishment was first reported in

1999 in Germany and it has been spreading throughout

Europe ever since. It is now present in more than 20

European countries, where it has quickly become one of

the most abundant ladybird species (Brown et al. 2008;

Roy et al. 2012).

Among other consequences, the invasion of

H. axyridis may have a serious impact on native

biodiversity, in particular aphidophagous ladybirds,

through competition for food and direct predation

(Pell et al. 2008). Local displacement of native

ladybirds has already been observed in agricultural

habitats in North America (Colunga-Garcia and Gage

1998; Michaud 2002) and, very recently, in various

habitats and regions in Europe (Roy et al. 2012).

Dixon (2000) has shown that, in aphidophagous

coccinellid guilds, IGP is most likely to occur between

immature stages, including predation of eggs by larvae.

Recent laboratory studies (Ware and Majerus 2008;

Ware et al. 2008a) have examined IGP between H.

axyridis and aphidophagous coccinellid species and

provided evidence that H. axyridis larvae are often

superior to larvae of other ladybird species in laboratory

conditions. Other laboratory studies (Cottrell 2004;

Ware et al. 2008b) have further reported on predation

of native European and North American coccinellid

species eggs by H. axyridis larvae and adults. Cannibal-

ism is a common phenomenon in coccinellids and the

nutritional benefits that a larva can gain from consuming

a conspecific egg can be substantial (Snyder et al. 2000).

Since different ladybird species often oviposit simulta-

neously on the same patches, a larva can potentially

also consume eggs or larvae of any other encountered

species. Thus, there is increasing evidence for a risk that

H. axyridis can successfully displace native European
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coccinellids, as has also been shown in recent field

studies conducted in several European countries (Roy

et al. 2012). One limiting factor of those studies on IGP

and potential environmental risks of the invasion of H.

axyridis is that, until now, most of them focused on few

ladybird species, mainly the most common ones. The

most complete studies in IGP between H. axyridis and

European ladybirds were those by Ware and Majerus

(2008), who described IGP tests between larvae, prepu-

pae and pupae of eight European species, and Ware et al.

(2008a), who tested predation on eggs of six of these

species. However, over 100 species of coccinellids are

described in Europe, from which there is basically no

information available regarding the outcome of IGP.

Adriaens et al. (2008) and Kenis et al. (2010) showed that

H. axyridis has a high degree of niche overlap with native

European coccinellid, mostly aphidophagous, species.

In addition, previous studies (Hautier et al. 2008, 2011)

revealed high levels of IGP on field-collected native

coccinellids. All aphidophagous coccinellids distribute

themselves contagiously according to the distribution of

aphids, thereby increasing encounter probability and,

subsequently, IGP probability (Lucas 2005). Therefore,

it seems that aphidophagous species are more likely to

encounter H. axyridis in the field, which could lead to a

possible interaction between the invasive and the native

species (Kenis et al. 2010).

In this study, we aimed to determine the outcome of

these interactions by testing the IGP between H. axyridis

and 11 native European coccinellid species at the first

and fourth larval instar as well as predation levels of the

eggs of the native European coccinellid species by first-

instar H. axyridis larvae, and vice versa. In addition, the

nutritional benefits of consuming a conspecific or an

interspecific egg by a H. axyridis larva were determined

though survival experiments. We focused exclusively

on aphidophagous species and particularly included less

common species associated with broadleaved woody

plants, such as Calvia decemguttata (Linnaeus) and

Oenopia conglobata (L.), since it is also the preferred

habitat of H. axyridis (Adriaens et al. 2008).

Materials and methods

Coccinellid cultures

The mean adult size (in mm, from the top of the head

to the end of the elytra, mean of ten adults from

laboratory rearing) and the classification of defensive

larval spines (according to Savoiskaya and Klausnitzer

1973) are shown in parenthesis for each coccinellid

species used in this study: Adalia bipunctata (Lin-

naeus) (4.4/not spiny), Adalia decempunctata (L.)

(3.9/not spiny), Anatis ocellata (L.) (7.0/very spiny),

Aphidecta obliterata (L.) (4.1/not spiny), C. decem-

guttata (L.) (4.3/not spiny), Calvia quatuordecimgut-

tata (L.) (4.4/spiny), Coccinella septempunctata L.

(6.4/not spiny), H. axyridis (Pallas) (6.5/very spiny),

Hippodamia undecimnotata (Schneider) (5.6/spiny),

Hippodamia variegata (L.) (4.0/not spiny), O. con-

globata (L.) (4.0/not spiny) and Propylea quatuorde-

cempunctata (L.) (3.6/not spiny). All are native

European species, except H. axyridis. Details on the

biology and habitat preference of the native species

can be found in Majerus (1994) and Klausnitzer and

Klausnitzer (1997). All individuals used in experi-

ments were F1 or F2 offspring from samples of

coccinellid adults collected in various areas in Swit-

zerland. Species with more than ten adults available

were housed in 28 9 28 9 28 cm cages lined with

filter paper, while species for which a smaller number

of individuals was available were kept in 9 cm

diameter Petri dishes, also lined with filter paper.

The cages contained potted pea plants infested with an

excess number of pea aphids, Acyrthosiphon pisum

(Harris), a species known to be accepted as prey by

most aphidophagous ladybirds and which was used

successfully by Ware and Majerus (2008) and Ware

et al. (2008a) in their studies on IGP between H.

axyridis and various European and Asian ladybirds.

Cages, filter papers and infested pea plants were

changed every four days, or even at shorter intervals

when plants were withered. Egg batches found on the

filter paper were removed from the cages by cutting

the paper around them with fine scissors. Ladybird

eggs that were found on the shoots of the pea plants

were also removed by cutting these shoots. Coccinel-

lid eggs that were attached on the pea plant pots or on

the cage walls were carefully detached with a fine

brush sterilised with 97 % alcohol. Adults bred in Petri

dishes were fed with an excess of pea aphids changed

every two days. Eggs were collected from the filter

paper and the Petri dish walls in the same way. All

eggs that were removed from cages or Petri dishes

were placed in 9 cm Petri dishes lined with filter paper

for eclosion. Larvae were provided with an excess of

aphids, changed every two days. All ladybird stages
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were maintained under constant environment condi-

tions at 20 �C and 16 hL/8 hD. The same conditions

were used for all experiments described below.

IGP between larvae

IGP experiments were done between first-instars and

between fourth (last) instars to allow a comparison

with the results obtained by Ware and Majerus (2008)

who used the same instars of the same and other

ladybird species. Newly hatched larvae of H. axyridis

and native European coccinellid species were given an

excess of pea aphids for 24 h. A single 1-day old H.

axyridis larva was transferred to one side of a clean

3 cm Petri dish using a sterilised fine paint brush. A

single 1-day old larva of an indigenous species or of H.

axyridis was then added to the opposite side of the Petri

dish. No other resource was provided thereafter. The

outcome of the interaction between the two individuals

was noted 24 h after the start of the experiment: no

IGP, i.e. no larva was eaten; IGP in favour of H.

axyridis, i.e. when a larva from a native coccinellid

species was eaten by H. axyridis; and IGP in favour of

the native species, i.e. when a larva of H. axyridis was

eaten by the larva of a native coccinellid species. The

observation was done under a stereo microscope to

distinguish the larvae and to confirm IGP from any

evidence of injury. The experiments were replicated 30

times for each of the 12 ladybird species tested.

In a second experiment, fourth-instar larvae were age-

matched according to the date of the third ecdysis. The

larvae were starved 24 h prior to the experiments. A

single fourth-instar H. axyridis larva was transferred to

one side of a clean 3 cm Petri dish using a sterilised fine

paintbrush. A single fourth-instar larva of an indigenous

species, or of H. axyridis, was then added to the opposite

side of the Petri dish. No other food or water was provided

thereafter. For all interactions, observation times, prey

status and replicates were as mentioned above.

IGP on eggs by first-instar larvae

One individual first-instar larva and one egg were

introduced simultaneously in 3 cm diameter Petri

dishes. No other resource was provided thereafter.

After 24 h the ‘status’ of the egg was observed under

the stereo microscope and scored into one of three

categories as in Ware et al. (2008a): not eaten, when

the egg was completely untouched; partially eaten,

when the chorion was broken but at least 1/3 of yolk

remained; and completely eaten, when the whole egg

had been consumed or less than 1/3 of the yolk remained

at the poles (Ware et al. 2008a). The egg was then

removed and the larva was kept under the same

conditions until death and monitored three times a day

at 8:00, 13:00 and 18:00. Because all experiments started

at the same time of the day (13:00), this regular

monitoring allowed us to calculate and compare the

approximate survival time of the larvae of the different

species. First-instar larvae of H. axyridis were tested

with eggs of the 11 European species and H. axyridis.

Similarly, first-instar larvae of the nine European species

were tested against an egg of H. axyridis. A. ocellata and

A. obliterata were not tested in this experiment. Every

combination was replicated 30 times. For each combi-

nation, egg palatability and egg susceptibility were

calculated. Palatability was defined as the number of

eggs completely eaten and susceptibility was defined as

the number of eggs partially or completely eaten.

Statistical analysis

The symmetry of IGP between H. axyridis and the

indigenous ladybird species at first and fourth larval

instar was analysed by using the binomial test, the null

hypothesis being that predation is equally likely to occur

in both ways. Analysis of the palatability of the eggs

was done in 2 9 2 contingency tables using v2 tests by

comparing the number of the eggs that were falling in the

categories ‘Not eaten’ and ‘Partially eaten’ versus the

category ‘Completely eaten’. The analysis of the egg

susceptibility was done in 2 9 2 contingency tables

using v2 tests by comparing the number of the eggs that

fell into the category ‘Not eaten’ versus the categories

‘Partially eaten’ and ‘Completely eaten’. In all cases,

whenever an expected value was less than 5, the Fisher’s

exact test was used. Kaplan–Meier analyses were

performed with larval survival data and comparisons

were made by using log–rank tests. All statistics were

performed using the SPSS v18.0 programme.

Results

IGP between larvae

In IGP experiments between first-instar larvae of

H. axyridis and native European coccinellid species,
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predation was observed in less than 50 % of the

replicates, except when H. axyridis was tested against

A. ocellata, A. obliterata and H. undecimnotata

(Fig. 1). IGP was significantly asymmetric in favour

of H. axyridis in combinations with A. obliterata,

C. septempunctata and H. undecimnotata larvae. In

contrast, IGP was asymmetric in favour of the native

species in tests with A. ocellata and C. quatuordecim-

guttata. No significant asymmetry was observed in the

six other combinations. Predation rarely occurred

between H. axyridis larvae.

In IGP experiments between fourth-instar larvae,

rates of predation above 60 % for all combinations

were observed, except when H. axyridis larvae were

tested against conspecific larvae (Fig. 2). IGP was

significantly asymmetric in favour of H. axyridis

in most combinations. In no combination was IGP

asymmetric in favour of the native species while tests

between H. axyridis larvae and A. ocellata and H.

undecimnotata larvae did not provide significant

asymmetry.

IGP on eggs by first-instar larvae

First-instar H. axyridis larvae were able to prey upon

the eggs of all native species. The species most

susceptible to IGP by H. axyridis were A. bipunctata,

A. decempunctata, A. obliterata, C. decemguttata, C.

septempunctata, H. variegata, O. conglobata and H.

axyridis itself (Fig. 3). Over 90 % of the eggs of these

species were attacked by first-instar H. axyridis larvae.

However, H. axyridis eggs were also highly suscep-

tible to predation by native species. Egg susceptibility

was significantly asymmetric in favour of H. axyridis

only in the combination with O. conglobata

(v2 = 12.0, df = 1, n = 60, p \ 0.001) but not in

the other combinations. In contrast, only 40 % of the

C. quatuordecimguttata eggs were attacked by H.

axyridis first-instar larvae and egg susceptibility was

significantly asymmetric in favour of this native

species (v2 = 7.20, df = 1, n = 60, p = 0.007)

(Fig. 3).

The coccinellid eggs were considered palatable

when at least 2/3 of the total mass of the egg was

consumed by the coccinellid larva. Over 80 % of the

eggs of A. bipunctata, A. decempunctata, A. obliter-

ata, C. septempunctata, O. conglobata, P. quatuorde-

cempunctata and H. axyridis were completely

consumed by first-instar H. axyridis larvae (Fig. 3).

On the other hand, only 3.3 % of the eggs of C.

quatuordecimguttata were completely consumed by

H. axyridis larvae. Egg palatability comparisons

between the number of native coccinellid eggs preyed

by H. axyridis first-instar larvae and vice versa showed

30252015105051015202530

P14

OC

HV

H11

HA

C7

C14

C10

APO

ANO

A10

A2

HA acts as IGP predator HA acts as IGP prey

Fig. 1 Symmetry of IGP between H. axyridis and European

coccinellids at the first larval instar. n = 30. Bars indicate the

number of replicates falling into each category: left bars

H. axyridis acts as an intraguild predator, right bars H. axyridis
acts an intraguild prey. Abbreviations indicate the species

tested: A2 Adalia bipunctata, A10 Adalia decempunctata,

ANO Anatis ocellata, APO Aphidecta obliterata, C10 Calvia
decemguttata, C14 Calvia quatuordecimguttata, C7 Coccinella
septempunctata, HA Harmonia axyridis, H11 Hippodamia
undecimnotata, HV Hippodamia variegata, OC Oenopia con-
globata, P14 Propylea quatuordecempunctata
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that A. bipunctata (v2 = 17.4, df = 1, n = 60, p \
0.001), A. decempunctata (v2 = 35.6, df = 1, n = 60,

p \ 0.001), O. conglobata (v2 = 5.9, df = 1, n = 60,

p = 0.015) and P. quatuordecempunctata (v2 = 21.6,

df = 1, n = 60, p \ 0.001) eggs were significantly

more palatable to H. axyridis larvae than H. axyridis

eggs to larvae of the native coccinellid species. In

contrast, C. quatuordecimguttata eggs were signifi-

cantly less palatable to predation by H. axyridis larvae

than H. axyridis eggs to C. quatuordecimguttata first-

instar larvae (v2 = 4.68, df = 1, n = 60, p = 0.037).

Survival of first-instar H. axyridis larvae

after predation on coccinellid eggs

Survival of first-instar H. axyridis differed signifi-

cantly depending on which eggs they preyed upon,

regardless of whether the no-egg control was included

(log-rank test: v2 = 397.2, df = 12, n = 357,

p \ 0.001, Fig. 4) or excluded from statistical analy-

sis (v2 = 184.1, df = 11, n = 327, p \ 0.001, Fig. 4).

Post-hoc tests showed that survival of first-instar H.

axyridis larvae was significantly increased when they

30252015105051015202530
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HA
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C14

C10
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ANO

A10
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HA acts as IGP predator HA acts as IGP prey

Fig. 2 Symmetry of IGP

between H. axyridis and

European coccinellids at the

fourth larval instar. n = 30.

Bars indicate the number of

replicates falling into each

category: left bars H.
axyridis acts as an intraguild

predator, right bars H.
axyridis acts an intraguild

prey. Species abbreviations

are mentioned in Fig. 1
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Fig. 3 Symmetry of IGP on

eggs by first-instar larvae

(n = 30 for every

combination). Bars indicate

the number of replicates

falling into each category:

black bars completely eaten

eggs, grey bars partially

eaten eggs, left

bars predation of native

species eggs by H. axyridis
larvae, right bars predation

of H. axyridis eggs by native

and conspecific larvae.

Species abbreviations are

mentioned in Fig. 1
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fed on conspecific eggs compared to eggs from all

other tested coccinellid species (log-rank tests,

df = 1, p \ 0.001, Fig. 4). However, first-instar H.

axyridis larvae also profited from feeding on hetero-

specific eggs as survival was significantly increased,

compared to the no-egg control, when preying upon

eggs of any of the native species (log-rank tests,

df = 1, p B 0.001, Fig. 4).

Discussion

IGP tests between larvae showed that H. axyridis is an

asymmetric predator of most indigenous ladybirds,

particularly in the last instar. Six of the 11 indigenous

species tested in this study had already been tested

against H. axyridis larvae under similar conditions by

Ware and Majerus (2008). Our results are in line with

the results of their study, with A. ocellata acting as

intraguild predator, Adalia spp., C. septempunctata

and P. quatuordecimpunctata acting as intraguild

prey.

Factors that may determine the issue of IGP

between larvae in Petri dishes are the respective size

of the larvae and the presence of defensive spines.

According to Félix and Soares (2004), the result of

IGP between larvae is influenced by the relative size of

the species involved with the larger species often

taking a leading role and acting as intraguild predator

rather that intraguild prey, which the smaller species is

forced to become. Larval sizes for the 12 tested species

are not provided here, nor anywhere in the literature,

but the relative size of larvae is strongly linked to that

of the adults, particularly in the last instar (Katsanis

personal observation). Size differences are much less

pronounced in first-instar larvae than in last instar

larvae, which may partly explain the lower IGP rate

observed among first-instars. In the field, H. axyridis

and the native species are not necessarily at the same

stage when they encounter each other. Therefore, it is

probable that young H. axyridis larvae may become

prey of later instar larvae of native coccinellids.

A. ocellata, which lives in conifer habitats, is the only

European species clearly bigger at all stages than

H. axyridis. It is also the only species that did not act as

intraguild prey in any of the two larval stages tested.

However, other large species, such as C. septempunc-

tata did not show any resistance against attacks by

Fig. 4 Survival time of first-instar larvae of H. axyridis after

consuming either a conspecific egg or an egg of a European

coccinellid species. Medians, interquartile ranges, outliers and

extremes are shown. The circles above bars indicate the outliers,

defined as values between 1.5 and 3 interquartile ranges above

the upper, or below the lower, edge of the interquartile range,

and stars above and below the bars indicate values more than

three interquartile ranges above the upper, or below the lower,

edge of the interquartile range. Species abbreviations are

mentioned in Fig. 1. ‘Ctrl’ indicates the control experiment

where no coccinellid eggs were given to larvae of H. axyridis
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H. axyridis and acted as intraguild prey, perhaps

because larvae lack the protective dorsal spines.

Spines have often been cited as a means to protect

ladybird larvae from predation (Michaud and Grant

2003; Ware et al. 2008a). In our study, small species

without larval spines, e.g. A. obliterata, P. quatuor-

decimpunctata, C. decemguttata, O. conglobata, H.

variegata and Adalia spp., were clearly the most

vulnerable. Hardly any cannibalism occurred between

H. axyridis larvae, in contrast to what was observed by

Michaud (2003). Some other European coccinellid

species share this characteristic, in particular species

of the Chilocorinae subfamily, e.g. Chilocorus renip-

ustulatus or Exochomus quadripustulatus, which, to

our knowledge, were never tested in IGP experiments

against H. axyridis.

Eggs of most indigenous species were more

susceptible and palatable to H. axyridis larvae than

eggs of H. axyridis were to larvae of the indigenous

species, except for eggs of C. quatuordecimguttata,

which were not eaten by H. axyridis larvae. In

contrast, eggs of the congeneric species C. decemgut-

tata were heavily preyed upon by H. axyridis. Insect

eggs are often chemically protected against generalist

predators (Blum and Hilker 2002), which, in lady-

birds, can be due to species-specific alkaloids and

other compounds on the surface or inside the eggs.

These compounds are also present throughout the

whole life cycle of the coccinellids (Pasteels et al.

1973; Hemptinne and Dixon 2000). Hemptinne et al.

(2000) listed the compounds found in the egg surface

of A. bipunctata and C. septempunctata, which may be

used to avoid cannibalism and IGP by coccinellid

larvae. In addition, Ware et al. (2008b) have shown

that the eggs of C. quatuordecimguttata are protected

by chemical deterrents that are found on the egg

surface of the eggs. These mainly consist of a mixture

of hydrocarbons in combination with an unidentified

substance that is believed to belong to the acid group.

As Hemptinne et al. (2000) suggest, unpalatability and

toxicity of coccinellid eggs should be advertised by a

chemical signal on the egg’s surface. It seems that this

could be the case with the eggs of C. quatuordecim-

guttata, a species that also occurs in East Asia (Fauna

Europaea 2012) and, thus, co-evolved with H. axyri-

dis. However, in species with clustered eggs, such a

signal may not be needed since the intraguild predator

will experience the unpalatability when consuming the

first egg it encounters. Further research is needed to

identify the exact compounds that repel the larvae of

H. axyridis.

The analysis of the survival times showed, as

mentioned also in Ware et al. (2008b), that feeding H.

axyridis larvae with a coccinellid egg did not reduce

survival below that of a starved larva. Although H.

axyridis larvae are capable of completing develop-

ment on interspecific eggs, this results in prolonged

development and lower adult weight (Cottrell 2004).

The consumption of European coccinellid eggs by

first-instar H. axyridis larvae resulted also in a

reduction of survival in comparison to the consump-

tion of a conspecific egg. Previous studies (Agarwala

and Dixon 1991; Michaud 2002; Omkar Pervez and

Gupta 2006) with no-choice and choice experiments

have shown that coccinellid larvae tend to prefer

preying on conspecific eggs rather than heterospecific

ones, perhaps because of the presence of specific

surface alkanes, and/or alkaloids in the conspecific

eggs (Hemptinne et al. 2000). Ware et al. (2008b) also

tested the palatability and susceptibility of five

European species and H. axyridis by H. axyridis

larvae—but not the reverse—and obtained similar

results, conspecific H. axyridis eggs being the most

palatable and susceptible and those of C. quatuor-

decimguttata being the least palatable and susceptible.

Cannibalism of sibling eggs by hatching larvae is

considered adaptive in aphidophagous guilds due to

the mass and survival increases it can confer (Osawa

1992; Snyder et al. 2000), and H. axyridis is not an

exception. The benefits of egg cannibalism on lady-

birds, including H. axyridis, have been well studied

and include various components of fitness, such as

larger size, competitive advantage in mating, higher

fecundity, faster development and earlier maturity

(Ueno et al. 1998; Osawa 1992; Michaud and Grant

2004). Other studies have shown that H. axyridis eggs

are toxic and unpalatable to larvae of other species

(Cottrell 2004; Sato and Dixon 2004). This, together

with the asymmetric IGP observed in the larval stage

(this study) and in the pre-pupal and pupal stages

(Ware and Majerus 2008) confers a serious compet-

itive advantage for the invasive species compared to

native ladybird that may partly explain its tremendous

invasion success in Europe and North America and

may lead to the decline of the most susceptible species.

IGP is not the only mechanism through which H.

axyridis can affect populations of native ladybirds.

Competition for resources alone can also lead to the
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displacement of native coccinellid species that share

the same prey and habitat as H. axyridis (Harmon et al.

2007). Alyokhin and Sewell (2004) and Evans (2004)

provided evidence that the invasion of H. axyridis and

C. septempunctata were followed by a significant

decline in aphid densities in agricultural fields, which,

in turn, resulted in local declines in native ladybirds. In

his review, Snyder (2009) showed that increases in

predator species richness in communities that include

coccinellids have generally resulted in increased

prey suppression. According to Snyder (2009), IGP

between ladybirds is rarely a strongly disruptive force,

possibly because spatiotemporal niche differences

reduce encounters among species. However, this is

not the case in all systems. Adding a generalist

predator into a predator–prey system may release prey

populations from regulation by their main predator, as

observed by Rosenheim et al. (1993) in the aphid

Aphis gossypii–Chrysoperla carnea system.

It must be noted that our experiments were done

in small, confined arenas. IGP is usually less severe in

the presence of the shared prey (Polis et al. 1989) and,

thus, laboratory experiments where no other food

source is available probably overestimate the inci-

dence of IGP between species. Furthermore, habitat

structure seems to lead to reduction of IGP (Janssen

et al. 2007). Although recent studies based on the

analyses of exogenous alkaloids in field-collected H.

axyridis showed that H. axyridis regularly feeds on

some native European ladybirds in the field (Hautier

et al. 2008, 2011), little is known regarding the extent

of IGP on most native ladybirds. In nature, many

ladybird species have adopted strategies to prevent

IGP by other ladybird species, either by avoiding

oviposition on plants with fresh larval tracks of IG

predators (Doumbia et al. 1998), by co-occurring in

the field with the intraguild predator as older, less

vulnerable stage (Sato and Dixon 2004) or by adopting

behavioural strategies that provide immediate escape,

such as high mobility of larvae and dropping off the

plant when a predator approaches (Lucas et al. 1997;

Sato et al. 2005). Avoidance strategies and their effect

on IGP should be studies in larger environments such

as field cages.
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