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Abstract Declines in native aphidophages in North America have been linked to intra-
guild predation (IGP) by the invasive coccinellid Harmonia axyridis (Pallas) (Coleoptera:
Coccinellidae). It is feared that many British species will face a similar fate following the
recent establishment of H. axyridis in the UK. Meanwhile, H. axyridis exists in apparent
ecological equilibrium with other members of its guild in Japan. The impact of H. axyridis
on British coccinellids is uncertain but intraguild predatory interactions do occur, partic-
ularly amongst immature stages. This study investigates IGP between immature stages of
H. axyridis and various British and Japanese coccinellids. The only asymmetric IG
predator of H. axyridis at first instar was Anatis ocellata (Linnaeus). Harmonia axyridis
engaged in symmetric IGP with Coccinella septempunctata Linnaeus, Calvia quatuor-
decimguttata (Linnaeus), Harmonia quadripunctata (Pontoppidan) and Eocaria muiri
Timberlake, but was the asymmetric IG predator of all other species studied. The level of
IGP was high between fourth instar larvae, and frequently biased towards H. axyridis,
except in the case of A. ocellata, which again was the only IG predator of H. axyridis. In
interactions between fourth instar larvae and pre-pupae, IGP was unidirectional towards
H. axyridis for all species except A. ocellata, which acted as both IG predator and 1G prey.
Pupae were better protected against IGP than pre-pupae but most species were still sus-
ceptible to attack by H. axyridis, although IGP was symmetric with A. ocellata, and
H. quadripunctata pupae were never attacked. The differences in susceptibility of the
various species and developmental stages to IGP by H. axyridis are discussed in relation to
physical defence structures. We find no evidence that Japanese species have superior
defences to British ones and suggest that behavioural strategies may enable co-existence in
the native range. We discuss the relevance of IGP by H. axyridis to the species it is likely
to encounter in Britain.
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Introduction

The establishment and spread of the invasive coccinellid Harmonia axyridis (Pallas)
(Coleoptera: Coccinellidae) in Britain (Brown et al. 2007) has provoked concerns for
native ecosystems centred on aphids (Majerus et al. 2006). An increasing body of evidence
from North America suggests that H. axyridis has the potential to negatively impinge on a
wide range of species through both resource competition and interspecific predation,
including intraguild predation (Koch and Galvan 2007). Such interactions are accepted to
be a common cause of declines in native species following the arrival of an invasive alien
(Williamson 1996). The observation that H. axyridis coexists with many other aphido-
phages in its natural Asian range (Kuznetsov 1997; R. Ware and M. Majerus, pers. obs.),
might suggest that species in its introduced range are at a disadvantage through their lack
of co-evolved defensive strategies.

Intraguild predation (IGP) is well reported from aphidophagous guilds (Rosenheim
et al. 1995; Lucas 2005). It occurs when two species that share a host or prey, and may
therefore compete, also interact trophically (Polis et al. 1989). There is controversy over
whether the killing of a potential competitor constitutes IGP if the victim is not consumed.
Some authors prefer to classify such instances as ‘interspecific killing’, while others accept
that, with the exception of nutritive gain for the predator, the same benefits and costs are
involved here as in IGP sensu stricto and therefore both situations should be included when
considering IGP (Lucas 2005). In the context of this paper we are primarily interested in
the vulnerabilities of different species as intraguild prey to H. axyridis: i.e. whether an
individual is killed or not. Thus we adopt Lucas’ (2005) revised definition when referring
to IGP.

The size and mobility of the IG predator and the IG prey are known to have consid-
erable influence on the outcome of their interaction (Sengonca and Frings 1985; Phoofolo
and Obrycki 1998; Lucas et al. 1998; Rosenheim et al. 1995; Felix and Soares 2004).
Thus, in coccinellids, eggs, younger larvae, ecdysing larvae, pre-pupae and pupae
constitute particularly vulnerable stages (Agarwala and Dixon 1992; Majerus 1994; Dixon
2000; Sato and Dixon 2004). Most coccinellids possess some form of defence against
predation, which may be chemical, physical or behavioural, and many show such adap-
tations throughout their life cycle.

Chemical defence has been particularly well studied at the egg stage, where both
internal toxins (Pasteels et al. 1973; Agarwala and Dixon 1992) and external feeding
deterrents (Hemptinne et al. 2000; Omkar et al. 2004) have been reported. Indeed, we
know that the eggs of at least one Japanese species, Eocaria muiri Timberlake, and one
British species, Calvia quatuordecimguttata (Linnaeus), are particularly well defended
from IGP by H. axyridis (Ware et al. in press; Ware et al. 2007). Coccinellid larvae, pre-
pupae and pupae are also equipped with a chemical armoury and contain similar defensive
alkaloids to those present within eggs (Pasteels et al. 1973). In addition, adults, larvae and
pre-pupae will ‘reflex bleed” when disturbed (Majerus 1994). The exudate contains alka-
loids and pyrazines and is known to be an effective deterrent to many predators (Majerus
and Kearns 1989; de Jong et al. 1991; Holloway et al. 1991).
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When IGP between larvae does occur, it is usually the larger that attacks the smaller
(Dixon 2000; Felix and Soares 2004). Thus, being larger than average at each develop-
mental stage may itself be an adaptation for success in IGP. However, there are a variety of
other physical defences employed by coccinellid immature stages. Larvae of many species
possess hairs or spines which render them unpalatable or difficult to ‘handle’ or subdue
(R. Ware, pers. obs.), while others, such as Scymnus spp., are covered in a waxy coating,
which provides an effective defence against ants and syrphid larvae (Pope 1979; V6lkl and
Vohland 1996; Agarwala and Yasuda 2001). It is notable, however, that ecdysing or newly
ecdysed larvae of all species are particularly vulnerable to attack, as it takes time for their
integument to harden or waxes to develop fully (Lucas et al. 2000; Agarwala and Yasuda
2001). Before the larval skin splits in preparation for pupation, the physical defences of a
coccinellid pre-pupa are largely the same as those of a final instar larva. However, some
species are reported to use ‘gin-traps’ at the pupal stage as an effective defence against
enemies such as mites (Hinton 1955) and ants (Eisner and Eisner 1992).

Most coccinellids also have some form of behavioural defence against predation. For
mobile stages, such as larvae, a first response to a perceived threat would simply be to run
away (R. Ware, pers. obs.). Further defensive tactics of aphidophagous larvae include
dropping from a host plant if a potential predator approaches (Sato et al. 2005) or
migrating to a new site before aphid populations decline (Sato et al. 2003). Predation of
vulnerable sessile stages, such as eggs, ecdysing larvae and pupae, may be avoided by
species-specific oviposition sites (Schellhorn and Andow 1999) and selection of moulting
and pupation sites (Lucas et al. 2000) respectively. Although coccinellid pre-pupae and
pupae appear to be extrinsically quiescent, they are not completely immobile and are able
to flick up their anterior end rapidly when disturbed, which is thought to be a defence
against parasitoid attack (Disney et al. 1994).

Variability in defences of members of an aphidophagous guild to IGP is likely to have a
marked influence on the guild’s overall structure. Intraguild predation of immature stages
is considered a likely scenario between H. axyridis and British coccinellids (Majerus et al.
2006; Ware et al. in press) but its precise nature and impact is uncertain. Here we
investigate the level and symmetry of IGP between H. axyridis and British coccinellids at
four different stages of development: first instar larvae, fourth instar larvae, newly formed
pre-pupae and 3-day-old pupae. British species were chosen from a range of different
habitats on which H. axyridis is likely to encroach (Table 1). Four species of Japanese
coccinellid were also investigated with a view to comparing the vulnerabilities and
defences of species from the native range of H. axyridis with those from part of its invaded
range.

Materials and methods
General protocol

The coccinellid species used in this study and the areas of origin of their stock cultures are
listed in Table 1. All individuals used in experiments were F1 or F2 offspring from field
collected samples. Mating pairs of all species were housed in 9 cm Petri dishes and
maintained in a constant environment room at 22°C, 35% humidity and 14 hL:10 hD.
Adults were supplied with excess pea aphids, Acyrthosiphon pisum (Harris), daily, and
eggs were collected daily prior to transfer of adults to a clean dish to induce oviposition
(Majerus et al. 1989).
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All experiments were carried out in a constant environment room at 22°C, 35%
humidity and 14 hL:10 hD.

First instar larval contests

Newly hatched larvae were given excess aphids for 24 h and those used in first instar
contests were age-matched based on the date of hatching. A single H. axyridis larva was
transferred to one pole of a clean 5 cm Petri dish using a single-bristle paintbrush. A single
larva of a non-conspecific species was then added to the opposite pole of the dish. No other
food or water was provided thereafter. For all interactions, except those between
H. axyridis and Harmonia quadripunctata (Pontoppidan), dishes were monitored twice
daily until both larvae had died, and times of death from the time of set-up were recorded.
Larval identification was carried out under a dissecting microscope on the basis of spine
morphology (R. Ware, pers. obs.). Due to the difficulty in distinguishing H. axyridis and
H. quadripunctata at first instar, the larva that survived longest in each contest was reared
to fourth instar when identity could be established by use of abdominal markings. Causes
of death of larvae were classified as: ‘unknown’ (where no obvious injury was visible but
larvae may have appeared somewhat shrivelled due to desiccation), ‘attacked, but not eaten
after 48 h’ (evidence of injury, e.g. bite marks, reflex blood, but corpse otherwise intact) or
‘attacked, and eaten within 48 h’ (body parts missing, evidence of fluid being sucked).
First instar larvae of British H. axyridis were matched with first instar larvae of each of the
eight British species, while first instar larvae of Japanese H. axyridis were matched with
those of each of the four Japanese species. Each trial was replicated 20 times.

Fourth instar larval contests

First instar larvae not used in the above experiments were reared on aphids in 9 cm Petri
dishes (five larvae per dish) to generate material for fourth instar contests. Larvae used
were age-matched based on the date of third ecdysis. A single fourth instar H. axyridis
larva that had ecdysed that day was transferred to one pole of a clean 9 cm Petri dish using
a fine bristled paintbrush. A single fourth instar larva of a non-conspecific species was then
added to the opposite pole of the dish. No other food or water was provided thereafter.
Dishes were observed regularly over the next 2 days (eight checks in 48 h) and once daily
thereafter. Evidence of IGP, time of larval deaths and pupations were noted. The time
elapsed from the set-up of the experiment until death of one protagonist was analysed as an
indication of the ease with which an IG predator could subdue its prey. All species were
identifiable by eye at fourth instar (R. Ware, pers. obs.). Again, British H. axyridis larvae
were matched with larvae of the British species, and Japanese H. axyridis were pitted
against larvae of the Japanese species. Twenty replicates were performed for each contest.

IGP of pre-pupae by fourth instar larvae
Fourth instar larvae not used in the above experiments were isolated in 9 cm Petri dishes,
provided with excess aphids daily, and allowed to pupate in the dish. Following formation of

the pre-pupa, the dish was cleaned with an alcohol swab to remove any aphid debris and waste
material, and a fourth instar H. axyridis larva, which had undergone third ecdysis that day,
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was added using a fine bristled paintbrush. No other food or water was provided thereafter.
Dishes were observed regularly over the next 2 days (eight checks in 48 h) and once daily
thereafter. Pre-pupae were observed for attack/consumption by the larva or eclosion. Larvae
were observed for death or pupation. Harmonia axyridis larvae were presented with sym-
patric pre-pupae of all British and Japanese species in this manner, and larvae of all these
species were presented with pre-pupae of H. axyridis. Cannibalism of H. axyridis pre-pupae
by non-sibling conspecific larvae was also tested. Twenty replicates were performed for each
trial, with the exception of H. axyridis larvae versus Coccinella quinquepunctata Linnaeus
pre-pupae, in which only ten replicates were achieved due to low culture output.

IGP of pupae by fourth instar larvae

Pupal trials followed the same protocol as above, but using 3-day-old pupae rather than
pre-pupae. Again, problems with producing enough C. quinquepunctata meant reduced
replicates for H. axyridis larvae versus C. quinquepunctata pupae (N = 13) and C. quin-
quepunctata larvae versus H. axyridis pupae (N = 8).

Statistical analysis

All statistical manipulations were performed using Minitab 14, apart from Fisher’s exact
test and the Fisher-Freeman-Halton test, which were carried out using StatXact 7. British
species are considered separately from Japanese species throughout.

Levels and symmetry of IGP

Outcomes of larval fights were classified as: H. axyridis acted as the IG predator,
H. axyridis acted as the IG prey, or no IGP event occurred. For each species-pair com-
parison, the level of IGP between H. axyridis larvae and larvae of another species is
determined as the proportion of replicates in which IGP occurred out of the total number of
replicates for that species-pair, and an index of symmetry is given by the proportion of
replicates in which H. axyridis was the IG predator out of the total number of replicates in
which IGP occurred (Lucas et al. 1998). Thus, a symmetry index of >0.5 shows that IGP
was in favour of H. axyridis, while an index of <0.5 indicates IGP was in favour of the
other species. For first and fourth instar larvae, symmetry of IGP was analysed using a one-
sample 7> goodness of fit test with an expected symmetry of 50%. Comparisons of levels
and symmetry between species were made using a fully orthogonal analysis of contingency
tables using Fisher’s exact test (for 2 x 2 tables) (FEt) or the Fisher-Freeman-Halton test
(for r x 2 tables) (FFHt).

The concept of ‘symmetry’ is not applicable to trials involving larvae versus (pre)pupae
as the latter can never be the IG predator. Instead, we considered the relative level of IGP
when H. axyridis is the larva, compared to when H. axyridis is the (pre)pupa, in 2 x 2
contingency tables of numbers of (pre)pupae ‘killed’ versus ‘not killed’ for each species,
using Fisher’s exact test. Levels of IGP of (pre)pupae of different species by H. axyridis
were compared using a fully orthogonal analysis of contingency tables with Fisher’s exact
test or the Fisher-Freeman-Halton test as appropriate. Similar analysis was conducted to
compare the levels of IGP of H. axyridis (pre)pupae by larvae of different species.

@ Springer



IGP of immature coccinellids by H. axyridis 175

Time until death of IG prey

For fourth instars, pre-pupae and pupae, the time until death of the IG prey (measured from
time of experimental set-up) was compared non-parametrically as the Kolmogorov—
Smirnov tests revealed a significant difference from normality in some cases (P < 0.05).
The Kruskal-Wallis test and multiple pairwise Mann—Whitney U tests adjusting for ties
were used. Alpha values were adjusted according to the Bonferroni correction for multiple
comparisons (referred to in text as oB).

Results
First instar larval contests
Levels and symmetry of IGP

Both larvae scored as attacked but not eaten after 48 h and those scored as attacked and
eaten after 48 h were considered to be the subject of IGP. The level and symmetry of IGP
between H. axyridis and all British and Japanese species at first instar is shown in Table 2.
The number of replicates in which the pairing of H. axyridis with a non-conspecific
competitor resulted in IGP was similar for all British species (FFHt = 10.32, 7 d.f,,
P = 0.167). When IGP does occur between two species, A and B, it is clear that there are
three possibilities: IGP may be symmetric (with an equal likelihood of either species acting
as predator or prey), asymmetric in favour of species A (species A is the IG predator and

Table 2 The number of replicates in which H. axyridis acted as the IG predator or IG prey in pairings with
British and Japanese species at first and fourth instar. Levels and indices of symmetry of IGP are also shown

Species  First instar Fourth instar

HA acts as  HA acts as Level Symmetry HA acts as HA acts Level Symmetry
IG predator IG prey of IGP of IGP IG predator as IG prey of IGP of IGP

British

C7 6 4 0.50 0.60 20 0 1.00 1.00
A2 10 3 0.65 0.77 20 0 1.00 1.00
A10 18 0 0.90 1.00 20 0 1.00 1.00
P14 13 0 0.65 1.00 20 0 1.00 1.00
Cl4 6 6 0.60 0.50 11 3 0.70 0.79
AO 2 13 0.75 0.13 2 17 0.95 0.11
H4 7 9 0.80 0.44 16 4 1.00 0.80
C5 12 1 0.65 0.92 17 0 0.85 1.00
Japanese

CSB 17 2 0.95 0.89 20 0 1.00 1.00
CHS 13 2 0.75 0.87 20 0 1.00 1.00
PJ 18 0 0.90 1.00 20 0 1.00 1.00
EM 9 3 0.67 0.75 19 1 1.00 0.95

N = 20 for each pairing. For species codes, see Table 1
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Variable Variable
(a) [0 Mo IGP event occurred (b) [ No IGP event occurred
B HA acts as 1G prey B HA acts as 1G prey
W HA acts as (G predator B HA acts as 1G predator
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Fig. 1 Symmetry of IGP between H. axyridis and (a) British coccinellids and (b) Japanese coccinellids at
first instar. Analysis shows that with species marked a, IGP was asymmetric in favour of H. axyridis
(referred to as ‘class 17 in text); with species marked b, IGP was symmetric (‘class 2’); and with species
marked ¢, IGP was asymmetric in favour of the other species (‘class 3”). Species are placed along the x-axes
from left to right in order of decreasing susceptibility to IGP by H. axyridis. For species codes, see Table 1

species B is the IG prey) or asymmetric in favour of species B (species B is the IG predator
and species A is the IG prey).

In respect of the relationship of H. axyridis with British coccinellids at first instar, this
study provides examples of all three (Fig. 1a). In contests with Adalia decempunctata
(Linnaeus), Propylea quatuordecimpunctata (Linnaeus) and C. quinquepunctata, H. axy-
ridis was predominantly the IG predator, hereafter referred to as ‘class 1°. Harmonia
axyridis engaged in symmetric IGP with Coccinella septempunctata Linnaeus, Adalia
bipunctata (Linnaeus), C. quatuordecimguttata and H. quadripunctata, hereafter referred
to as ‘class 2’. Only one British species, Anatis ocellata (Linnaeus) acted as an asymmetric
IG predator of H. axyridis, hereafter referred to as ‘class 3’. The validity of grouping
species into classes 1 and 2 is shown by homogeneity within each class (FFHt = 2.14, 2
d.f., P = 0.591 for class 1 and FFHt = 3.518, 3 d.f., P = 0.348 for class 2). Harmonia
axyridis acted as the IG predator significantly more often in class 1 than in class 2
(FEt = 24.22, 1 d.f., P < 0.001) and acted as the IG prey significantly less often in class 2
than in class 3 (FEt = 9.04, 1 d.f., P = 0.003).

The level of IGP was similar for all Japanese species studied (FFHt = 6.40, 3 d.f.,
P = 0.082). IGP was symmetric with E. muiri, but asymmetric in favour of H. axyridis in
interactions with all other species (Fig. 1b). However, there was no significant difference
in symmetry found between Japanese species (FFHt = 4.72, 3 d.f., P = 0.160).

Fourth instar larval contests
Levels and symmetry of IGP
The level and symmetry of IGP between H. axyridis and all British and Japanese species at

fourth instar is shown in Table 2 and Fig. 2. Intraguild predation occurred on 100% of
occasions when H. axyridis was paired with C. septempunctata, H. quadripunctata,
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(a) Variable (b) Variable
[[] No IGP event occurred [[] No IGP event occurred
B HA acts as IG prey B HA acts as IG prey
B HA acts as IG predator B HA acts as IG predator
a a a a
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Fig. 2 Symmetry of IGP between H. axyridis and (a) British coccinellids and (b) Japanese coccinellids at
fourth instar. Analysis shows that with species marked a, IGP was asymmetric in favour of H. axyridis
(‘class 17); with species marked b, IGP was also asymmetric in favour of H. axyridis but significantly less so
than for species marked a (‘class 2”); and with species marked c, IGP was asymmetric in favour of the other
species (‘class 3”). Species are placed along the x-axes from left to right in order of decreasing susceptibility
to IGP by H. axyridis. For species codes, see Table 1

A. bipunctata, A. decempunctata and P. quatuordecimpunctata, but less frequently with
C. quatuordecimguttata, A. ocellata and C. quinquepunctata (FEt = 18.00, 1 d.f.,
P < 0.001), for which the level of IGP was similar (FFHt = 4.27, 3 d.f., P = 0.130).
Harmonia axyridis was universally the IG predator of C. septempunctata, A. bipunctata,
A. decempunctata, P. quatuordecimpunctata and C. quinquepunctata larvae (‘class 1°).
Intraguild predation was asymmetric in favour of H. axyridis in contests with H. quadri-
punctata and C. quatuordecimguttata (‘class 2’), but asymmetric in favour of A. ocellata
in interactions with this species (‘class 3’). Harmonia axyridis acted as the IG predator
significantly more often in class 1 than class 2 (FEt = 17.8, 1 d.f., P < 0.001), and sig-
nificantly more often in class 2 than class 3 (FEt = 24.36, 1 d.f., P < 0.001). There was no
difference in symmetry within a class (IGP was 100% asymmetric in class 1; FEt = 0.095,
1 df., P ~ 1 for class 2).

All replicates involving fourth instars of H. axyridis and Japanese species resulted in an
IGP event. Intraguild predation was fully asymmetric towards H. axyridis for Coccinella
septempunctata brucki Mulsant, Cheilomenes sexmaculatus (Fabricus) and Propylea
Jjaponica (Thunberg) and significantly so for E. muiri (Fig. 2b). There was no significant
difference in symmetry between Japanese species (FFht = 2.84, 3 d.f., P ~ 1).

Time until death of IG prey

When H. axyridis is the IG predator. In considering attacks made by H. axyridis on British
species, A. ocellata was excluded from analysis as only two individuals were killed. There
was significant variation in the time until death of other British larvae (Kruskal-Wallis test:
H = 30.04, 6 d.f., P < 0.001) (Fig. 3a). Multiple pairwise Mann—Whitney U tests (aB (21
tests) = 0.002) revealed the following significant results: C. septempunctata larvae were
killed more quickly than H. quadripunctata and C. quatuordecimguttatalarvae (W = 262.0,
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(a) (b)
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Fig. 3 Time until death of fourth instar larvae of (a) British and (b) Japanese coccinellids when acting as
IG prey to H. axyridis fourth instar larvae, and (c) time until death of fourth instar H. axyridis larvae when
acting as IG prey to C. quatuordecimguttata, A. ocellata and H. quadripunctata fourth instar larvae. Species
are placed along the x-axes from left to right in order of increasing survival time. Medians (circles with
stars), interquartile ranges (boxes), ranges (vertical lines) and outliers (stars) shown. For species codes, see
Table 1

P < 0.001 and W = 238.0, P < 0.001 respectively); and P. quatuordecimpunctata larvae
were killed more quickly than H. quadripunctata and C. quatuordecimguttata larvae
(W = 258.0, P < 0.001 and W = 228.5, P < 0.001 respectively). All other species-pairs
were not significantly different from each other at the corrected o value (all P > 0.002), but
see Fig. 3a for order of increasing times.

Japanese fourth instar larvae also differed in how quickly they were attacked and killed
by H. axyridis (Kruskal-Wallis test: H = 19.96, 3 d.f., P < 0.001) (Fig. 3b). Multiple
pairwise Mann—Whitney U tests («B (6 tests) = 0.008) showed that P. japonica larvae
were killed more quickly than C. sexmaculatus larvae (W = 514.4, P = 0.005) and
E. muiri larvae (W = 246.5, P < 0.001). All other species-pairs were not significantly
different from each other at the corrected o value (all P > 0.008).

When H. axyridis is the IG prey. Harmonia axyridis larvae were killed significantly more
quickly by A. ocellata than by H. quadripunctata, (Mann—Whitney U test: «B (3 tests) =

0.017, W = 153.0, P = 0.003) but there was no difference in the timing of deaths caused by
A. ocellata and C. quatuordecimguttata (Mann—Whitney U test: oB (3 tests) = 0.017,
W = 53.0, P = 0.026) or between C. quatuordecimguttata and H. quadripunctata (Mann—
Whitney U test: aB (3 tests) = 0.017, W = 6.0, P = 0.052) (Fig. 3c¢).
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IGP of pre-pupae by fourth instar larvae
Levels of IGP

The levels of IGP between H. axyridis and British coccinellids in interactions between
fourth instar larvae and pre-pupae are shown in Table 3 and Fig. 4a. Intraguild predation
occurs significantly more often when H. axyridis is the larva compared to when it is the
pre-pupa in interactions with C. septempunctata, A. bipunctata, A. decempunctata,
P. quatuordecimpunctata, C. quatuordecimguttata and C. quinquepunctata. Intraguild
predation between H. axyridis and H. quadripunctata is also significantly unidirectional
towards H. axyridis. Anatis ocellata larvae preyed upon H. axyridis pupae at a similar
level to the reverse.

There was no difference in the susceptibility of different British species’ pre-pupae to
IGP by H. axyridis (FFHt = 5.60, 7 d.f., P = 0.585) and the level of IGP of heterospecific
pre-pupae was similar to that of British conspecific pre-pupae (FEt = 2.82, 1 d.f,
P = 0.148). The susceptibility of H. axyridis pre-pupae to IGP by larvae of different
species did vary (FFHt = 72.97, 7 d.f., P < 0.001). Anatis ocellata and H. quadripunctata
larvae showed higher levels of IGP of H. axyridis pre-pupae than the other British species
(FEt = 70.65, 1 d.f., P < 0.001), who all showed similarly low levels (FFHt = 2.96, 5
d.f., P = 0.871). There was no statistically significant difference in the level of predation
by A. ocellata and H. quadripunctata (FEt = 4.67, 1 d.f., P = 0.065).

Table 3 The number of British and Japanese (pre)pupae killed by fourth instar H. axyridis larvae (and level
of IGP), and the number of H. axyridis (pre)pupae killed by fourth instar larvae of those species

Species Fourth instar larvae versus pre-pupae Fourth instar larvae versus pupae
HA as larva HA as pre-pupa HA as larva HA as pupa
Number Level Number Level Number Level Number Level
pre-pupae of IGP pre-pupae of IGP pupae of IGP pupae of IGP
killed killed killed killed
British
HA-B 18 0.90 N/A N/A 0 0 N/A N/A
C7 20 1.00 2 0.10 4 0.20 0 0.00
A2 18 0.90 2 0.10 3 0.15 0 0.00
Al10 20 1.00 0 0.00 10 0.50 0 0.00
P14 20 1.00 1 0.05 18 0.90 0 0.00
Cl4 19 0.95 2 0.10 15 0.75 0 0.00
AO 20 1.00 18 0.90 7 0.35 11 0.55
H4 19 0.95 12 0.60 0 0.00 2 0.10
C5 10 1.00 1 0.05 4 0.31 1 0.08
Japanese
HA-J 20 1.00 N/A N/A 2 0.10 N/A N/A
CSB 19 0.95 2 0.10 7 0.35 0 0.00
CHS 19 1.00 0 0.00 18 0.90 0 0.00
PJ 20 1.00 0 0.00 19 0.95 0 0.00
EM 20 1.00 1 0.05 16 0.80 0 0.00

N = 20 for each pairing (except those involving C. quinquepunctata, for which N is indicated in Materials
and methods). For species codes, see Table 1
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Fig. 4 Levels of IGP between H. axyridis and (a) British and (b) Japanese coccinellids in interactions
between fourth instar larvae and pre-pupae. Analysis shows that with species marked a, IGP was
significantly unidirectional towards H. axyridis; while with species marked b, IGP was bidirectional.
Species are placed along the x-axes from left to right in order of decreasing susceptibility to IGP by
H. axyridis. For species codes, see Table 1

The levels of IGP between H. axyridis and Japanese coccinellids in interactions
between fourth instar larvae and pre-pupae are shown in Table 3 and Fig. 4b. Intraguild
predation is significantly unidirectional towards H. axyridis for all species, in that
H. axyridis larvae predate other species’ pre-pupae at a much higher level than those
species’ larvae predate H. axyridis pre-pupae.

There was no difference in the susceptibility of different Japanese species’ pre-pupae to
IGP by H. axyridis (FFHt = 2.16, 3 d.f., P ~ 1) and the level of IGP of heterospecific
pre-pupae was similar to that of Japanese conspecific pre-pupae (FEt = 0.45, 1 d.f,
P ~ 1). The level of IGP of H. axyridis pre-pupae was similarly low for all species of
Japanese larvae (FFHt = 3.00, 3 d.f., P = 0.611).

Time until death of IG prey

When H. axyridis is the IG predator. The time elapsed from a H. axyridis larva being
placed in a dish containing a British pre-pupa until the larva killed the pre-pupa is shown in
Fig. 5a. This time showed significant variation between species (Kruskal-Wallis test:
H =38.05, 8 d.f., P <0.001). Multiple pairwise Mann—-Whitney U tests («B (36
tests) = 0.0014) showed that P. quatuordecimpunctata pre-pupae were killed more
quickly than pre-pupae of H. axyridis (W = 489.0, P < 0.001), A. bipunctata (W = 489.0,
P < 0.001), H. quadripunctata (W = 230.0, P < 0.001), A. ocellata (W = 275.0,
P < 0.001) and C. quatuordecimguttata (W = 277.5, P < 0.001). All other pairwise
comparisons were not statistically significant at the Bonferroni-corrected o value.

The different species of Japanese pre-pupae also differed with respect to how quickly
they were killed (Kruskal-Wallis test: H = 29.49, 4 d.f.,, P < 0.001) (Fig. 5b). Multiple
pairwise Mann—Whitney U tests (B (10 tests) = 0.005) revealed that C. sexmaculatus and
P. japonica pre-pupae were killed more quickly than H. axyridis and C. septempunctata
brucki pre-pupae (CHS-HA: W = 504.0, P = 0.004; PJ-HA: W = 570.0, P < 0.001;
CHS-CSB: W = 480.5, P = 0.001; PJ-CSB: W = 530.0, P < 0.001). No other species-
pair comparisons gave significant values (all P > 0.005).
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Fig. 5 Time until death of pre-pupae of (a) British and (b) Japanese coccinellids when acting as IG prey to
fourth instar H. axyridis larvae, and (c¢) time until death of H. axyridis pre-pupae when acting as IG prey to
A. ocellata and H. quadripunctata fourth instar larvae. Species are placed along the x-axes from left to right
in order of increasing survival time. Medians (circles with stars), interquartile ranges (boxes), ranges
(vertical lines) and outliers (stars) shown. For species codes, see Table 1

When H. axyridis is the IG prey. The only British species that acted as IG predators of
H. axyridis pre-pupae at appreciable frequency were H. quadripunctata and A. ocellata
(N <2 for all other species). There was no significant difference in how quickly
H. axyridis pre-pupae were killed by larvae of these two species (Mann—Whitney U test:
W = 230.0, P = 0.066) (Fig. 5c).

IGP of pupae by fourth instar larvae
Levels of IGP

The levels of IGP between H. axyridis and British coccinellids in interactions between
fourth instar larvae and pupae are shown in Table 3 and Fig. 6a. Intraguild predation of
pupae of C. septempunctata, A. bipunctata and C. quinquepunctata by H. axyridis larvae
occurred at low levels and therefore showed no significant difference from the reciprocal
interactions, which occurred rarely, or not at all. No H. axyridis larvae preyed upon
H. quadripunctata pupae, and the reciprocal interaction only occurred on two occasions,
again resulting in no significant difference in the level of IGP. Intraguild predation of
A. ocellata pupae by H. axyridis occurred at a similar frequency to the reverse interaction.
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Fig. 6 Levels of IGP between H. axyridis and (a) British and (b) Japanese coccinellids in interactions
between fourth instar larvae and pupae. Analysis shows that with species marked a, IGP was significantly
unidirectional towards H. axyridis; with species marked b, levels of IGP were too small to reveal the
directionality of IGP; while with species marked c, IGP was bidirectional. Species are placed along the
x-axes from left to right in order of decreasing susceptibility to IGP by H. axyridis. For species codes, see
Table 1

Intraguild predation of pupae by larvae was significantly unidirectional towards
H. axyridis with respect to A. decempunctata, P. quatuordecimpunctata and
C. quatuordecimguttata.

The level of IGP of British conspecific and non-conspecific pupae by H. axyridis larvae
differed with respect to the species of pupa (FFHt = 74.03, 8 d.f., P < 0.001). Propylea
quatuordecimpunctata and C. quatuordecimguttata pupae were preyed upon at similar
levels (FEt = 1.49, 1 d.f., P = 0.408) and at a higher rate than pupae of C. septem-
punctata, A. bipunctata, A. decempunctata, A. ocellata and C. quinquepunctata
(FEt = 31.90, 1 d.f,, P <0.001), which showed similar levels of IGP by H. axyridis
(FFHt = 6.88, 4 d.f., P = 0.143). Finally, H. quadripunctata and conspecific pupae were
never killed by H. axyridis larvae. The susceptibility of H. axyridis pupae to IGP by larvae
of different species also varied (FFHt = 72.97, 7 d.f., P < 0.001), with A. ocellata larvae
showing significantly higher levels of IGP of H. axyridis pupae than the other British
species, including conspecifics (FEt = 40.09, 1 d.f., P < 0.001), which all showed simi-
larly low levels (FFHt = 7.23, 7 d.f., P = 0.062).

The levels of IGP between H. axyridis and Japanese coccinellids in interactions
between fourth instar larvae and pupae are shown in Table 3 and Fig. 6b. Intraguild
predation of pupae by larvae was significantly unidirectional towards H. axyridis with
respect to all Japanese species studied, as no non-conspecific larvae killed H. axyridis
pupae.

The level of IGP of Japanese conspecific and non-conspecific pupae by H. axyridis
larvae differed with respect to the species of pupa (FFHt = 47.79, 4 d.f., P < 0.001).
Cheilomenes sexmaculatus, P. japonica and E. muiri pupae fell victim to IGP by
H. axyridis larvae at a similar level to each other (FFHt = 1.52, 2 d.f., P = 0.77) but more
often than did conspecific pupae and pupae of C. septempunctata brucki (FEt = 45.84, 1
d.f., P < 0.001), which were killed with similar frequency (FEt = 3.45, 1 d.f., P = 0.127).

Time until death of IG prey

When H. axyridis is the IG predator. The time elapsed from a H. axyridis larva being
placed in a dish containing a British pupa until the larva killed the pupa is shown in
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Fig. 7 Time until death of pupae of (a) British and (b) Japanese coccinellids when acting as IG prey to
H. axyridis. Species are placed along the x-axes from left to right in order of increasing survival time.
Medians (circles with stars), interquartile ranges (boxes), ranges (vertical lines) and outliers (stars) shown.
For species codes, see Table 1

Fig. 7a. Note that the sample sizes being analysed for A. bipunctata, C. septempunctata
and C. quinquepunctata were low, at N = 3, N = 4 and N = 4 respectively. The time until
death of pupae showed significant variation with respect to species (Kruskal-Wallis test:
H = 23.06, 6 d.f., P = 0.001). It is clear from Fig. 7a that P. quatuordecimpunctata pupae
were killed very quickly, and significantly more quickly than pupae of C. septempunctata,
A. ocellata and C. quatuordecimguttata (Mann—Whitney U tests: aB (6 tests) = 0.008;
W =174.5, P = 0.006; W = 178.0, P = 0.001 and W = 207.5, P = 0.004 respectively)
but not significantly more quickly than A. bipunctata, A. decempunctata and C. quin-
quepunctata pupae (all P > 0.008). There was no significant difference in the time until
death of pupae of the other species if P. quatuordecimpunctata is excluded (Kruskal—
Wallis test: H = 3.64, 5 d.f., P = 0.603).

There was no significant variation in the time until death of non-conspecific Japanese
pupae (Kruskal-Wallis: H = 0.83, 3 d.f., P = 0.840) (Fig. 7b).

When H. axyridis is the IG prey. Sample sizes of pupae killed by H. quadripunctata and
C. quinquepunctata were too low to analyse. Anatis ocellata larvae killed H. axyridis
pupae within a median time of 19.5 h.

Discussion

Introduced species often seem to perform better than conspecifics in their native range
(Williamson 1996). A prominent hypothesis explaining this success is that introduced
species are typically free of, or are less affected by, the natural enemies (competitors,
predators, and parasites) that they would normally encounter in their native range (Torchin
et al. 2003). Furthermore, while sympatric competitors might be expected to possess co-
evolved defence strategies for dealing with detrimental interactions, such as competition
and intraguild predation, such co-evolved strategies are unlikely between taxa whose
ranges do not overlap. Indeed, the ability of an alien species to exploit native members of a
guild, while avoiding exploitation itself, is thought to be important in determining the
success of establishment and spread (Sato and Dixon 2004). With respect to H. axyridis, it
is hypothesised that superior defensive strategies of native aphidophages, compared to
those inhabiting the introduced range of the species, may explain why it exists in apparent
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ecological equilibrium with a range of species in Asia but has had serious detrimental
impacts where it has established as an invasive alien.

This study examined the nature of IGP between immatures of H. axyridis and a
selection of coccinellids from parts of its native and introduced ranges. It is not apparent
from the results presented here that Japanese species are any better protected against IGP
by H. axyridis than are their British counterparts, at least in a laboratory setting. Intraguild
predation events between larvae of H. axyridis and all other species were common at first
and fourth instar. At first instar, the British species C. septempunctata, C. quatuordecim-
guttata and H. quadripunctata, and the Japanese species E. muiri, were found to engage in
symmetric IGP with H. axyridis, and the only species to act as an asymmetric intraguild
predator of H. axyridis was the British coccinellid A. ocellata. Meanwhile, all other spe-
cies were the IG prey in such interactions. For many species, IGP seemed more one-sided
at fourth instar, and was actually asymmetric towards H. axyridis for all species except
A. ocellata, which again emerged as the only IG predator of H. axyridis. In interactions
between fourth instar larvae and pre-pupae, IGP was considered unidirectional towards
H. axyridis for all Japanese species and all British species with the exception of A. ocel-
lata, which was both 1G predator and IG prey of H. axyridis. Pupae were clearly much
better defended than pre-pupae, as the level of IGP was noticeably lower. However, the
same patterns emerged, with the only bidirectional interaction occurring between
H. axyridis and A. ocellata. Conspecific pupae and pupae of H. quadripunctata were never
attacked, and H. quadripunctata larvae only attacked H. axyridis on two occasions.

The susceptibility of different species to IGP is likely to be affected by the nature of any
physical and/or chemical defences they possess. Although there was no obvious demar-
cation between Japanese and British species in this regard, there was some general
variation between species. The outcome of IGP between larvae is known to be influenced
by the relative size of the protagonists (Lucas et al. 1998; Felix and Soares 2004) with the
larger species generally acting as the IG predator and the smaller as the IG prey. Thus,
large size may itself be considered as an adaptation against IGP. Fourth instar H. axyridis
larvae are considerably larger than fourth instar larvae of most other species studied, which
may partly explain their dominance as IG predators. Anatis ocellata larvae are larger than
H. axyridis (this species is the largest British coccinellid) and are therefore more likely to
act as the IG predator. However, size was clearly not the only factor determining the
susceptibility of a larva to IGP, as larvae of C. septempunctata and C. septempunctata
brucki consistently acted as the IG prey in interactions with H. axyridis, despite being
roughly comparable in size. Such size differences between larvae were less pronounced at
first instar (R. Ware, pers. obs.), which may explain both the apparently lower level of IGP
at this stage, and the fact that more species were able to avoid predation by, or even kill,
H. axyridis.

Variation in physical defensive structures is also likely to play a role in governing the
outcome of IG interactions. Larvae of H. axyridis are extremely well protected by a covering
of thick dorsal spines present at all instars. The only other species which possessed similar
structures were A. ocellata, H. quadripunctata and C. quatuordecimguttata. Fourth instar
larvae of these species were the least commonly attacked by H. axyridis, and when
C. quatuordecimguttata and H. quadripunctatalarvae were killed, it was after a much longer
time period than the other species, indicating they were more difficult to subdue. Harmonia
quadripunctata larvae are structurally very similar to H. axyridis, so the fact that fourth instar
H. axyridis still emerged as asymmetric IG predators of fourth instar H. quadripunctata
larvae and pre-pupae may be a function of the smaller size of H. quadripunctata, or of greater
aggression by H. axyridis, or both. Calvia quatuordecimguttatalarvae were able to fight back
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against H. axyridis at first instar but this ability was not upheld at fourth instar, presumably
due to the larger size difference at this stage. The dorsal spines of A. ocellata are clearly an
effective defence as this species rarely succumbed to IGP by H. axyridis. In addition, it was
able to overpower the aggressive and well protected fourth instar H. axyridis larvae within a
relatively short time period. Species which consistently succumbed to IGP by H. axyridis at
the larval stages were P. quatuordecimpunctata, A. decempunctata, C. quinquepunctata,
A. bipunctata, C. septempunctata and all Japanese coccinellids. All of these species are
physically less well protected than H. axyridis, H. quadripunctata, C. quatuordecimguttata
and A. ocellata, in that their dorsal surface is covered in fine hairs rather than sclerotised
spines. Note that the least well defended of these species, P. quatuordecimpunctata and
P. japonica, have almost smooth surfaces, and were extremely susceptible to IGP by
H. axyridis and the most rapidly subdued of all species studied. Although not studied here, we
suspect that the smooth larvae of Myzia oblongoguttata (Linnaeus) would be similarly vul-
nerable, despite the larger size of this species.

The pre-pupae of a particular species are likely to be similarly, if not more, vulnerable to
IGP than their fourth instar larvae. Their physical defence structures are essentially the same,
since they possess the fourth instar larval skin, but they are practically immobile and so
potentially represent an easy meal for an IG predator. Indeed, immobility is often cited as a
significant risk factor in the context of IGP (Lucas et al. 1998). This is reflected in the results
presented here, with H. axyridis pre-pupae being extremely well protected and only attacked
to a significant extent by A. ocellata and H. quadripunctata larvae, while pre-pupae of all
other species were readily attacked by H. axyridis larvae. Again, P. quatuordecimpunctata
and P. japonica were the most quickly killed. Pre-pupae of C. quinquepunctata and
C. sexmaculatus were also killed relatively quickly. It is interesting that cannibalism of
H. axyridis pre-pupae occurred at high frequency, indicating that the physical defences of
H. axyridis pre-pupae are more easily overpowered by larvae of the same species. Once the
larval skin has split and the pupa is formed, most coccinellids are notably less susceptible to
IGP, as the tough pupal integument affords better protection than the soft larval skin. The
results presented here clearly show reduced levels of IGP of pupae compared to pre-pupae for
all British species except P. quatuordecimpunctata and C. quatuordecimguttata, which were
still highly vulnerable and killed with relative ease. All Japanese species’ pupae were highly
vulnerable to IGP by H. axyridis. Harmonia axyridis pupae are clearly very well defended,
even more so than their pre-pupae, as IGP by conspecific larvae, H. quadripunctata larvae
and A. ocellata larvae was considerably reduced.

The results of this work support the perceived status of H. axyridis as a top intraguild
predator of immatures of other coccinellids (Dixon 2000; Pell et al. 2007, and references
therein). However, we found no evidence that native sympatric species have better
defences against IGP by H. axyridis than species in its introduced range. This was also
found to be the case for IGP of eggs (Ware et al. in press). Indeed, the three species that did
emerge as being the best defended were all British. It therefore seems that another
explanation of the discrepancy in the intraguild interactions of H. axyridis between its
native and introduced range must be invoked. It is possible that H. axyridis is subject to
more rigid population control in its Asian range due to the higher incidence of natural
enemies such as male-killers (Majerus et al. 1999), parasitoids (LaMana and Miller 1996)
and fungi (Riddick and Schaefer 2005). This warrants further investigation. Behavioural
adaptations of sympatric species may also provide an explanation, whereby particular life
history strategies make encounters with H. axyridis less likely. One obvious limitation of
this study is that interactions were confined to Petri-dish arenas. Englund (1997) highlights
the importance of spatial scale and prey movements in predation experiments. In natural
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conditions, escape behaviour is a likely possibility and may reduce the risk of IGP. For
example, P. quatuordecimpunctata and P. japonica larvae were extremely vulnerable to
IGP by H. axyridis in our experiments but the larvae of both are long-legged and mobile
and may therefore be able to escape more easily in the wild. Many species are also known
to exploit species-specific oviposition sites (Schellhorn and Andow 1999) and P. japonica
females are reported to reduce oviposition in response to faecal cues from H. axyridis
(Agarwala et al. 2003). Coccinella septempunctata brucki is known to lays its eggs earlier
in spring than H. axyridis (Takahashi 1989), which means that H. axyridis rarely
encounters eggs and younger larvae of C. septempunctata brucki (Sato and Dixon 2004).
Sato et al. (2003, 2005) also report the dropping behaviour and emigration of C. sep-
tempunctata larvae as defensive tactics against IGP. Particularly vulnerable stages such as
newly ecdysed larvae and pupae may be protected from IGP if species-specific moulting
and pupation sites are selected (Lucas et al. 2000). The possibility of such behavioural
avoidance tactics highlights the need for realistic field studies to be conducted when
evaluating the risk and impact of IGP.

Results from the laboratory experiments conducted in this study show that a range of
British coccinellids face considerable risk from the recent establishment of invasive
H. axyridis. These findings must be viewed in conjunction with knowledge of the likely
extent of habitat overlap between these species and H. axyridis (Ware et al. 2005;
Table 1). Harmonia axyridis is an extremely generalist species (Roy et al. 2006) and is
therefore likely to encroach on the ranges of both other habitat generalists and of more
habitat-specific species. The susceptibility of C. quinquepunctata to IGP by H. axyridis is
of particular concern as this species is considered endangered in Britain (Majerus 1994)
and could be severely threatened if H. axyridis invades unstable river shingles. Coccinella
septempunctata, A. bipunctata and P. quatuordecimpunctata are all considered to be fairly
generalist species (Majerus and Kearns 1989; Majerus 1991) and therefore likely to
interact with H. axyridis commonly. Adalia decempunctata and C. quatuordecimguttata
are mainly deciduous tree specialists and so also potentially at risk, although the results
presented here show some level of protection for C. quatuordecimguttata larvae. Anatis
ocellata and H. quadripunctata are coniferous tree specialists so could encounter
H. axyridis where it invades coniferous woodland (H. axyridis has already been found
breeding on pine trees, Pinus sylvestris, in Britain, R. Ware and M. Majerus, pers. obs.) but
have superior defence against H. axyridis than other British species. We have also shown
that H. axyridis could even be at risk from A. ocellata. Overall it is clear that further
research into the co-existence of British species with H. axyridis is needed, in particular
focussing on the different timings of reproduction, in order to assess the full impact of
Britain’s newest invasive insect.

Acknowledgements The authors wish to acknowledge the help of Mr. Ian Wright, Mr. Sherif Elnagdy,
Mr. Sami Saeed and Miss Laura-Jane Michie for help with culture maintenance, and Dr. Francois Balloux
for advice on statistical techniques. We are grateful for the continued support shown by Dr. Helen Roy and
Mr. Peter Brown at the Centre for Ecology and Hydrology, Monks Wood, UK, and thank Mr. Robert Frost
for help with UK collections. We also thank Professor Yoshiaki Obara, Dr. Toshiyuki Satoh and Mr. Satoshi
Koyama, from the Tokyo University of Agriculture and Technology, for help with collections and facilities
in Japan.

@ Springer



IGP of immature coccinellids by H. axyridis 187

References

Agarwala BK, Dixon AFG (1992) Laboratory study of cannibalism and interspecific predation in ladybirds.
Ecol Entomol 17:303-309

Agarwala BK, Yasuda H (2001) Larval interactions in aphidophagous predators: effectiveness of wax cover
as defence shield of Scymnus larvae against predation from syrphids. Entomol Exp Appl 100:101-107

Agarwala BK, Yasuda H, Kajita Y (2003) Effect of conspecific and heterospecific feces on foraging and
oviposition of two predatory ladybirds: role of fecal cues in predator avoidance. J Chem Ecol 29:
357-376

Brown PMJ, Roy HE, Rothery P, Roy DB, Ware RL, Majerus MEN (2007) Harmonia axyridis in
Great Britain: analysis of the spread and distribution of a non-native coccinellid. BioControl (this
issue). doi:10.1007/s10526-007-9124-y

de Jong PW, Holloway GJ, Brakefield PM, de Vos H (1991) Chemical defence in ladybird beetles (Coc-
cinellidae). II. Amount of reflex fluid, the alkaloid adaline and individual variation in defence in 2-spot
ladybirds (Adalia bipunctata). Chemoecology 2:15-19

Disney RHL, Majerus MEN, Walpole MJ (1994) Phoridae (Diptera) parasitising Coccinellidae (Coleoptera).
Entomologist 113:28-42

Dixon AFG (2000) Insect predator-prey dynamics: ladybird beetles and biological control. Cambridge
University Press, Cambridge

Eisner T, Eisner M (1992) Operation and defensive role of “gin traps” in a Coccinellid pupa (Cycloneda
sanguinea). Psyche 99:265-273

Englund G (1997) Importance of spatial scale and prey movements in predator caging experiments. Ecology
78:2316-2325

Felix S, Soares AO (2004) Intraguild predation between the aphidophagous ladybird beetles Harmonia
axyridis and Coccinella undecimpunctata (Coleoptera: Coccinellidae): the role of body weight. Eur J
Entomol 101:237-242

Hemptinne JL, Lognay G, Gauthier C, Dixon AFG (2000) Role of surface chemical signals in egg canni-
balism and intraguild predation in ladybirds (Coleoptera: Coccinellidae). Chemoecology 10:123-128

Hinton HE (1955) Protective devices of endopterygote pupae. Trans Soc Br Entomol 12:49-93

Holloway GJ, de Jong PW, Brakefield PM, de Vos H (1991) Chemical defence in ladybird beetles (Coc-
cinellidae). I. Distribution of coccinelline and individual variation in defence in 7-spot ladybirds
(Coccinella septempunctata). Chemoecology 2:7-14

Koch RL, Galvan TL (2007) Bad side of a good beetle: the North American experience with Harmonia
axyridis. BioControl (this issue). doi:10.1007/s10526-007-9121-1

Kuznetsov VN (1997) Lady beetles of the Russian Far East (Memoir series no. 1). Center for Systematic
Entomology, Florida

LaMana ML, Miller JC (1996) Field observations on Harmonia axyridis Pallas (Coleoptera: Coccinellidae)
in Oregon. Biol Control 6:232-237

Lucas E (2005) Intraguild predation among aphidophagous predators. Eur J Entomol 102:351-364

Lucas E, Coderre D, Brodeur J (1998) Intraguild predation among aphid predators: characterization and
influence of extraguild prey density. Ecology 79:1084-1092

Lucas E, Coderre D, Brodeur J (2000) Selection of molting and pupation sites by Coleomegilla maculata
(Coleoptera: Coccinellidae): avoidance of intraguild predation. Environ Entomol 29:454-459

Majerus MEN (1991) Habitat and host plant preferences of British ladybirds. Entomol Month Mag 127:
167-175

Majerus MEN (1994) Ladybirds. Harper Collins, London

Majerus MEN, Kearns PWE (1989) Ladybirds (Naturalists’ handbook series). Richmond Publishing, Slough

Majerus MEN, Kearns PWE, Forge H, Ireland H (1989) Ladybirds as teaching aids: 1 collecting and
culturing. J Biol Educ 23:85-95

Majerus TMO, Schulenburg JHGvd, Majerus MEN, Hurst GDD (1999) Molecular identification of a male-
killing agent in the ladybird Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae). Insect Mol Biol
8:551-555

Majerus MEN, Strawson V, Roy HE (2006) The potential impacts of the arrival of the harlequin ladybird,
Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae), in Britain. Ecol Entomol 31:207-215

Omkar, PA, Gupta AK (2004) Role of surface chemicals in egg cannibalism and intraguild predation by
neonates of two aphidophagous ladybirds, Propylea dissecta and Coccinella transversalis. J Appl
Entomol 128:692-695

Pasteels JM, Deroe C, Tursch B, Brackman JC, Daloze D, Hootele C (1973) Distribution et activités des
alcaloides défensifs des Coccinellidae. J Insect Physiol 19:1771-1784

@ Springer


http://dx.doi.org/10.1007/s10526-007-9124-y
http://dx.doi.org/10.1007/s10526-007-9121-1

188 R. L. Ware, M. E. N. Majerus

Pell JK, Baverstock J, Roy HE, Ware RL, Majerus MEN (2007) Intraguild predation involving Harmonia
axyridis: a review of current knowledge and future perspectives. BioControl (this issue). doi:
10.1007/s10526-007-9125-x

Phoofolo MW, Obrycki JJ (1998) Potential for intraguild predation and competition among predatory
Coccinellidae and Chrysopidae. Entomol Exp Appl 89:47-55

Polis GA, Myers CA, Holt RD (1989) The ecology and evolution of intraguild predation: potential com-
petitors that eat each other. Annu Rev Ecol Syst 20:297-330

Pope RD (1979) Wax production by coccinellid larvae. Syst Entomol 4:171-196

Riddick EW, Schaefer PW (2005) Occurrence, density and distribution of parasitic fungus Hesperomces
virescens (Laboulbeniales: Laboulbeniaceae) on multicoloured Asian lady beetle (Coleoptera: Coc-
cinellidae). Ann Entomol Soc Am 103:799-804

Rosenheim JA, Kaya HK, Ehler LE, Marois 1], Jaffee BA (1995) Intraguild predation among biological
control agents: theory and evidence. Biol Control 5:303-335

Roy HE, Brown P, Majerus MEN (2006) Harmonia axyridis: a successful biocontrol agent or an invasive
threat? In: Eilenberg J, Hokkanen H (eds) An ecological and societal approach to biological control.
Kluwer Academic Publishers, Netherlands

Sato S, Dixon AFG (2004) Effect of intraguild predation on the survival and development of three species of
aphidophagous ladybirds: consequences for invasive species. Agric Forest Entomol 6:21-24

Sato S, Dixon AFG, Yasuda H (2003) Effect of emigration on cannibalism and intraguild predation in
aphidophagous ladybirds. Ecol Entomol 28:628-633

Sato S, Yasuda H, Evans EW (2005) Dropping behaviour of larvae of aphidophagous ladybirds and its
effects on incidence of intraguild predation: interactions between the intraguild prey, Adalia bipunctata
and Coccinella septempunctata and the intraguild predator, Harmonia axyridis Pallas. Ecol Entomol
30:220-224

Schellhorn NA, Andow DA (1999) Cannibalism and interspecific predation: role of oviposition behavior.
Ecol Appl 9:418-428

Sengonca C, Frings B (1985) Interference and competitive behaviour of the aphid predators, Chrysoperla
carnea and Coccinella septempunctata in the laboratory. Entomophaga 30:245-251

Takahashi K (1989) Intra- and inter-specific predations of lady beetles in spring alfalfa fields. Jpn J Entomol
57:199-203

Torchin ME, Lafferty KD, Dobson AP, Mckenzie VJ, Kuris AM (2003) Introduced species and their missing
parasites. Nature 421:628-630

Volkl W, Vohland K (1996) Wax covers in larvae of two Scymnus species: do they enhance coccinellid
larval survival? Oecologia 107:498-503

Ware RL, Majerus MEN, Roy HE, Symington F (2005) The harlequin ladybird arrives in Britain: a threat to
our native species? Bull Amat Ent Soc 64:175-186

Ware RL, Ramon-Portugal F, Magro A, Ducamp C, Hemptinne J-L, Majerus MEN (2007) Chemical
protection of Calvia quatuordecimguttata eggs against intraguild predation by the invasive ladybird
Harmonia axyridis. BioControl (this issue). doi:10.1007/s10526-007-9129-6

Ware RL, Evans N, Malpas L, Michie LJ, O’Farrell K, Majerus MEN (in press) Intraguild predation by the
invasive ladybird Harmonia axyridis: 1: British & Japanese coccinellid eggs. Neobiota

Williamson M (1996) Biological invasions (population and community biology series). Kluwer Academic
Publishers, England

@ Springer


http://dx.doi.org/10.1007/s10526-007-9125-x
http://dx.doi.org/10.1007/s10526-007-9129-6

	Intraguild predation of immature stages of British �and Japanese coccinellids by the invasive ladybird Harmonia axyridis
	Abstract
	Introduction
	Materials and methods
	General protocol
	First instar larval contests
	Fourth instar larval contests
	IGP of pre-pupae by fourth instar larvae
	IGP of pupae by fourth instar larvae

	Statistical analysis
	Levels and symmetry of IGP
	Time until death of IG prey

	Results
	First instar larval contests
	Levels and symmetry of IGP

	Fourth instar larval contests
	Levels and symmetry of IGP
	Time until death of IG prey

	IGP of pre-pupae by fourth instar larvae
	Levels of IGP
	Time until death of IG prey

	IGP of pupae by fourth instar larvae
	Levels of IGP
	Time until death of IG prey


	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


