WAGENINGEN UNIVERSITY
LABORATORY OF ENTOMOLOGY

Nonhost effects on host searching by
endoparasitoids

No ................................................ 011.04
Name ............................. Martijn Pepping
Study program ................................. MPS
Period...... November 2010 – March 2011
Thesis ...................................ENT-80424
1st Examiner ............... Prof. Dr. M. Dicke
2nd Examiner .......... Dr. Ir. E.H. Poelman

Abstract
Herbivore induced plant volatiles (HIPVs) are produced when plants are infested by herbivorous
insects. Several factors influence quantity and quality of these volatile blends, e.g. the presence of
multiple herbivore species. Adult parasitoids use HIPVs to find suitable hosts. However, not all
parasitoids are equally able to distinguish between differently infested plants. We investigated in a
wind tunnel experiment if Cotesia rubecula is consistent in its preference for herbivore infested plants
if different host herbivores are used. Furthermore, in a tent experiment the effects of nonhost presence
and competition on parasitoid preference and parasitation efficiency were investigated. Data of the
wind tunnel experiment was analyzed using binomial tests and for the tent experiment we used either
GLM or nonparametric tests. In the wind tunnel experiment we did not find that C. rubecula has the
same preference for plants infested by either only host (Pieris brassicae or P. rapae) or both host and
nonhost (Mamestra. brassicae) herbivores, when different host herbivores are used. In the tents
nonhost presence caused a significant reduction in parasitation rate of C. glomerata on both P.
brassicae and P. rapae larvae. Furthermore, a significant interaction between competition and nonhost
presence was found for the host preference of C. glomerata. Based on literature I hypothesized that in
long distance searching parasitoids might concentrate on some volatile compounds that are produced
by plants (mostly) infested by their host and probably prefer those plants that produce the highest
quantity of these compounds. Besides using plant volatiles parasitoids can also sense each other‟s
presence and this might influence parasitation choices of (especially) the more inferior intrinsic
competitor. Furthermore, nonhost presence caused an unexpected increase in host segregation of the
two parasitoids. These findings can increase understanding of tritrophic systems with endoparasitoids.
Keywords: HIPVs, endoparasitoids, nonhost presence, parasitoid preference, competition
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1. Introduction
In nature, plants are often attacked by one or more species of insect herbivores (Shiojiri et al., 2001;
Vos et al., 2001). Multiple herbivores infesting a plant may come from different feeding guilds, e.g. leaf
chewers and phloem suckers (Dicke et al., 2009a; Rodriguez-Saona et al., 2003). Therefore, plants
need mechanisms to protect themselves adequately against all possible attackers. They have several
defense mechanisms that can be of use against the large variety of herbivores (Schoonhoven et al,
2005). Furthermore, such a variety of defense mechanisms may also help prevent a build-up of
resistance in single herbivore species (Agrawal, 2010; Karban, 2010; Rodriguez-Saona et al., 2005).
There are two groups of defense mechanisms in plants: direct and indirect (Dicke and van
Poecke, 2002; Schoonhoven et al., 2005). Direct defense mechanisms can protect plants against most
herbivores; examples are trichomes, epicuticular waxes, and leaf toughness (Schoonhoven et al.,
2005; Agrawal, 2007; Dicke and van Poecke, 2002). Due to trichomes and epicuticular waxes
herbivores can have more difficulty landing and/or walking around on plants, and tougher leaves can
reduce feeding from plant tissues (Schoonhoven et al., 2005). Another form of direct resistance is the
production of plant toxins (e.g. nicotine by Tabaco plants) by plants (Dicke and van Poecke, 2002;
Karban, 2008; Schoonhoven et al., 2005). Toxins can cause reduced herbivore fitness (Schoonhoven
et al., 2005). Indirect resistance mechanisms are used to attract natural enemies of herbivores (Dicke,
1999; Dicke and van Poecke, 2002; Dicke and Baldwin, 2010; Geervliet et al., 1996; Mumm and
Dicke, 2010; Vet et al., 1991). This form of resistance is indirect because of the use of other organisms
(natural enemies) for the reduction of herbivore feeding on a plant. Increased natural enemy attraction
can be reached by emitting herbivore
induced plant volatiles (HIPVs), the
presence of special plant structures
(domatia), and producing extrafloral nectar
(Dicke and van Poecke, 2002; Dicke and
Baldwin, 2010; Geervliet, 1997a, ch.1: pp.
13-17; Schoonhoven et al., 2005; Turlings
et al., 1990). HIPVs can be used by
parasitoids to find plants infested by
herbivores, while domatia can give them
shelter and protect them against their
enemies,

and

extrafloral

nectar

provide food for adult parasitoids.

1.1 Plant volatile production

can Figure 1.1 Major volatile compounds (groups) that can be
produced by plants. This figure was obtained from Mumm
and Dicke (2010).

1.1.1 Volatile groups
All volatiles produced by plants can be divided into four main groups: 1) terpenoids; 2) phenolics
(phenylpropanoids or benzenoids); 3) green leaf volatiles (GLVs; alcohols and aldehydes); and 4)
sulfur and nitrogen containing volatiles (Fig. 1.1) (Dicke and van Poecke, 2002; Dicke, 2009b; Mumm
and Dicke, 2010; Schoonhoven et al., 2005). 1) There are many compounds in the group of terpenes,
of which some are toxic to herbivores and others are attractive for carnivores (de Boer et al., 2004;
Dicke and van Poecke, 2002; Dicke, 2009b; Mumm et al., 2008; Mumm and Dicke, 2010;
Schoonhoven et al., 2005; Zhang et al., 2009). 2) Major phenolics are indole and methyl salicylate that
are respectively involved in toxicity of plant tissues and attraction of natural enemies (de Boer et al.,
2004; Dicke and van Poecke, 2002; Mumm and Dicke, 2010; Snoeren et al., 2010). 3) GLVs are
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produced by damaged plants and depending on plant species relative amounts of specific compounds
can differ (Dicke, 2009b; Mumm and Dicke, 2010; Schoonhoven et al., 2005; Shiojiri et al., 2001). 4) In
the sulfur and nitrogen containing volatile group especially glucosinolate breakdown products (e.g.
isothiocyanates and nitriles) are known attractants of natural enemies, these are mainly produced in
cruciferous plants (Bukovinszky et al., unpubl.; Dicke and van Poecke, 2002; Mumm and Dicke, 2010).
1.1.2 Herbivore induced plant volatiles
HIPVs are a blend of volatile compounds that can come from each of the four main groups. However,
not all volatile compounds in an HIPV blend seem to be relevant for parasitoid attraction (D'Alessandro
et al., 2009; de Boer et al., 2004; Dicke, 2009; Ngumbi et al. 2009; Schoonhoven et al., 2005; Shiojiri
et al., 2001; Smid et al., 2002; Snoeren et al., 2010; Zhang et al., 2009). Depending on its
concentration, a single compound can repel or attract natural enemies (Pareja et al., 2009; Snoeren et
al., 2010). However, not one single compound makes a HIPV blend and thereby a plant more or less
attractive for natural enemies. Specific ratios of a number of volatiles in the complete blend seem to be
more important (Bukovinszky et al., 2005; D'Alessandro et al., 2009; de Boer et al., 2004; Mumm and
Hilker, 2005; Ngumbi et al., 2009; Pareja et al., 2009; Shimoda and Dicke, 2000; Smid et al., 2002;
van Poecke et al., 2003). For example, in Brussels sprouts (Brassica oleracea) the quality of the HIPV
blend emitted is always similar, while quite some quantitative differences have been found between
plants infested by different herbivore species (Blaakmeer et al., 1994; Dicke and van Poecke, 2002;
Geervliet et al., 1997; Shiojiri et al., 2001; van Poecke et al., 2003). According to some, the importance
of a blend of volatile compounds for attraction is due to natural enemies needing a background odor
for calibration (Pareja et al., 2009; van Dam and Poppy, 2008). So, not a single compound, but a mix
of multiple compounds in a HIPV blend will attract natural enemies.
The quantity and quality of HIPVs emitted by plants can be influenced by herbivore species,
larval stage, parasitism of herbivores, and herbivore density (Blaakmeer et al., 1994; de Boer et al.,
2004; de Boer et al. 2008; Dicke, 1999; Fatouros et al., 2005; Geervliet et al., 1997; Geervliet et al.,
2000; Hare, 2011; Poelman et al., 2009; Schoonhoven et al., 2005). Furthermore, HIPV profiles can
change if multiple herbivore species are feeding on a plant (de Boer et al., 2002; de Boer et al., 2008;
Dicke et al., 2009a; Moayeri et al., 2007; Rodriguez-Saona et al., 2003; Shiojiri et al., 2001; van
Poecke et al., 2003; Zhang et al., 2009). These changes have been found to be mainly quantitative
(de Boer et al., 2008; Rodriguez-Saona et al., 2003; Shiojiri et al., 2001; Zhang et al., 2009) (Table
1.1).

1.2 Parasitoid development and host finding
1.2.1 Parasitoid development
Plant volatiles are used by carnivorous insects (parasitoids and predators) to find host/prey infested
plants. HIPVs are very important for parasitoids as host insects themselves only emit low amounts of
volatiles and these are therefore not usable when searching for host infested plants over long
distances (Gauld and Bolton, 1988; Geervliet, 1997a; Vet et al., 1991). Carnivorous insects feed on
herbivorous insects during at least part of their life. For parasitoids this is during their larval stage
(Schoonhoven et al., 2005). Female parasitoids lay their eggs in or on larvae or eggs of herbivorous
insects. When the parasitoid eggs hatch emerging larvae start feeding on the herbivore. Once fully
developed, larvae make a cocoon and develop into adults (Gauld and Bolton, 1988).
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Table 1.1 Descriptions of studies in which the effects of nonhost presence on HIPV production and/or parasitoid
preferences were investigated.
System studied
Results
Reference
Parasitoid species
Herbivore species
Plant species
Host
Nonhost
Aphid parasitoid:
Aphid: Myzus
Caterpillar:
Cabbage
– D. rapae had an equal
Agbogba
Diaeretiella rapae
persicae
Plutella
(Brassica
preference for by host, and host
and Powell
xylostella
chinensis)
and nonhost infested plants.
(2009)
Predatory mite:
Phytoseiulus
persimilis

Spider mite:
Tetranych
usurticae

Caterpillar:
Spodoptera
exigua

Lima bean
(Phaseolus
lunatus) and
cucumber
(Cucumis
sativus)

– Plants infested by host and
nonhost were more attractive;
– Quantitative changes in HIPV
emission of nonhost and host
infested plants, as compared to
plants infested by only host or
nonhost larvae.

de Boer et
al. (2008)

Endoparasitoids:
Cotesia rubecula
and C. glomerata

Caterpillar:
Pieris rapae

Caterpillar:
Mamestra
brassicae

Cabbage (B.
oleracea cv
capitata)

– A mixture of herbivores was
more attractive than P. rapae or
M. brassicae alone for C.
glomerata;
– Parasitoids did not distinguish
between host or nonhost infested
plants;
– The efficiency of parasitation
was lowered by nonhost
presence.

Bukovinszky
et al.
(unpubl.)

Endoparasitoids: C.
rubecula and C.
glomerata

Caterpillar: P.
rapae

Caterpillar:
M. brassicae

Cabbage (B.
oleracea cv
capitata)

– C. glomerata parasitized more
efficiently than C. rubecula in
complex situations;
– After a learning experience C.
rubecula distinguished between
nonhost and host, whereas C.
glomerata did not;

Efremova
(2009)

Endoparasitoid: C.
marginiventris

Caterpillar:
Spodoptera
littoralis

Leafhopper:
Euscelidius
variegatus

Maize (Zea
mays, var.
Delprim)

– C. marginiventris preferred host
infested plants above nonhost
and not infested plants;
– C. marginiventris did not
distinguish between by host only,
and host and nonhost infested
plants.

Erb et al.
(2010)

None

Whitefly:
Bemisia tabaci

Caterpillar: S.
exigua

Cotton
(Gossypium
hirsutum)

– When infested by both
herbivores there was 60% less
volatile production than when only
S. exigua was feeding.

RodriguezSaona et al.
(2003)

Endoparasitoid: C.
marginiventris

Caterpillar: S.
exigua

Aphid:
Macrosiphum
euphorbiae

Tomato
(Lycopersicon
esculentum)

– Plants infested by both nonhost
and host were preferred over not
infested plants;
– Performance on by only by S.
exigua infested plants and
infested by both herbivores was
as low.

RodriguezSaona et al.
(2005)

Endoparasitoids: C.
glomerata and C.
plutellae

Caterpillars: P.
rapae and
Plutella
xylostella

Caterpillars:
P. rapae and
P. xylostella

Cabbage (B.
oleracea) and
Japanese
radish
(Raphanus
sativus)

– C. plutellae preferred host (P.
xylostella) infested plants only;
– C. glomerata preferred plants
infested by both host (P. rapae)
and nonhost larvae.

Shiojiri et al.
(2000a)

Endoparasitoids: C.
glomerata and C.
plutellae

Caterpillars: P.
rapae and P.
xylostella

Caterpillars:
P. rapae and
P. xylostella

Cabbage (B.
oleracea)

– Quantitative differences in
HIPVs emitted were found
between different situations;
– Searching time of C. glomerata
was as short on by P. xylostella
infested leaves, as for C. plutellae
on by P. rapae infested leaves
(Shiojiri et al., 2000b).

Shiojiri et al.
(2001)

Predatory mite: P.
persimilis

Spider mite: T.
urticae

Whitefly: B.
tabaci

Lima bean (P.
lunatus)

– Host infested plants were more
preferred, than otherwise invested
plants;
– Change in attractiveness was
due to a reduction in (E) -ocimene
emission from plants infested by
both herbivores.

Zhang et al.
(2009)
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1.2.2 Host searching by parasitoids
When searching for suitable host herbivores, parasitoids use HIPVs in order to find plants infested by
(host) herbivores over long distances. When a parasitoid has found a plant that is emitting attractive
HIPVs it will land on it and start searching for host herbivores (Geervliet, 1997a, ch. 1).
When searching over long distances some parasitoids seem to prefer plants infested by their
host herbivore, while others choose to land on plants infested by several herbivore species (host and
nonhost) and even others do not distinguish between plants infested by host, nonhost or both host and
nonhost (Table 1.1) (Agbogba and Powell, 2009; Bukovinszky et al., unpubl.; Shiojiri et al., 2001; Vos
et al., 2001). For example, Cotesia glomerata did not show a preference for plants infested by only its
host (Pieris rapae) or only a nonhost (Plutella xylostella), while C. plutellae preferred plants that were
only infested by its host (P. xylostella) (Table 1.1) (Shiojiri et al. 2000a). Similar results have been
found for C. glomerata and C. rubecula in which they did not show a preference for plants infested by
either their host (P. rapae) or a nonhost (Mamestra brassicae) (Bukovinszky et al., unpubl.; Efremova,
2009). However, C. glomerata did show a preference for plants that were infested by both host (P.
rapae) and nonhost (P. xylostella or M. brassicae) when the other option was plants only infested by a
host or nonhost (Fig. 1.2 and Table 1.1; Bukovinszky et al., unpubl.; Shiojiri et al., 2000a). While the
aphid parasitoid Diaeretiella rapae did not show a preference for plants infested by either its host

Figure 1.2 Preference of Cotesia glomerata and C. plutellae for plants that were either
infested by their host or host and nonhost. Asterisks indicate statistically significant
preference within a binomial test (**0.001<P<0.01; ***p<0.001). This figure was obtained
from Shiojiri et al. (2000a).

(Myzus persicae), or both host and nonhost (P. xylostella) (Table 1.1; Agbogba and Powell, 2009). So,
not all parasitoids seem to be equally able to distinguish between HIPVs emitted by plants infested by
host, nonhost, or host and nonhost larvae.
After arriving on a plant, parasitoids find their host by searching for host related stimuli. They
do this by scanning the leaf surface with their antennas (Shiojiri et al., 2001; Wiskerker et al., 1994).
Examples of host related stimuli are: host food, related (micro-)organisms, pheromones (e.g.
kairomones), and host by-products (e.g. faeces) (Bukovinszky et al., unpubl.; Gauld and Bolton, 1988;
Geervliet, 1997a, ch.1 and ch. 7; Sato et al., 1999; Vet et al., 1991). The amount of time spend on a
plant, while searching for suitable hosts, depends on herbivore species and is density-dependent. For
example, Sato et al. (1999) found that C. glomerata stayed quite some time on plants infested by
Pieris caterpillars, even when it was a nonhost (P. melete). However, searching time was found to be
significantly shorter when a plant was infested by other (not Pieris) nonhost herbivores (e.g. P.
xylostella or Athalia infumata). Similar results were found by Shiojiri et al. (2000b). They found that
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searching time of C. glomerata on leaves that
were either infested by P. xylostella or
artificially damaged was significantly shorter
than on leaves damaged by P. rapae (Fig.
1.3). Furthermore, Bukovinszky et al.
(unpubl.) found that C. glomerata had a
significantly longer searching time on plants
infested by both host (P. rapae) and nonhost
(M. brassicae) larvae as compared to plants Figure 1.3 Average searching time (in seconds) of
infested by nonhost larvae only. In all cases it Cotesia glomerata on leaves infested by larvae of its
was found that an endoparasitoid spend more host (Pieris rapae), nonhost (Plutella xylostella), or
time on a plant where it might find a suitable artificially damaged leaves. Different letters indicate
host. Erb et al. (2010) described this strategy significant differences by Tukey-Kramer post-hoc
as parasitoids following “the most promising multiple mean comparisons. This figure was obtained
trail”. However, C. glomerata spend as much from Shiojiri et al. (2000b).
time on plants only infested by only host as on
plants infested by both host and nonhost insects (Bukovinszky et al., unpubl.; Shiojiri et al., 2001). This
can cause a loss in parasitation efficiency in more complex situations (Bukovinszky et al., unpubl.).

1.3 Nonhost effects on host preference and searching by endoparasitoids
Learning has been described as a mechanism that may increase parasitation efficiency of parasitoids.
It can help increase the ability of parasitoids to discriminate between HIPVs produced by host and/or
nonhost infested plants (D'Alessandro and Turlings, 2006; Dicke, 1999; Geervliet et al. 1998; Vet et
al., 1991; Vet et al., 1998; Vet, 1999). However, in wind tunnel experiments, it has not been found to
be a key factor in host searching by C. glomerata (Efremova, 2009). Still, in order to find host larvae to
parasitize parasitoids might need more than HIPVs only. As described earlier HIPVs are often not very
different for plants infested by larvae of different herbivore species and not all parasitoids can
discriminate properly between plants infested by host or nonhost herbivores (Table 1.1). If learning
does not help all parasitoids in increasing their searching efficiency when using HIPVs, efficient patch
searching behavior might be that important additional step needed for host searching by parasitoids.
In this research we did not look at patch searching behavior, because of problems with insect rearing.
However, we did look further at the ability of parasitoids to distinguish between HIPVs. The main
purpose of this research was to find out if there is a
consistency in parasitoid preference for plants infested
by host and/or nonhost larvae when different host
species are used. In literature only a small number of
papers could be found discussing effects of nonhost
presence on parasitoid preference and no papers
could be found in which comparisons were made
between host or nonhost species used and the
preference of parasitoids. In order to figure out if there
is a consistency, two-choice experiments in a wind
tunnel were executed. In these experiments two
Figure 1.4 Spatial designs of tents in the first
different host species (P. brassicae and P. rapae) and two tent experiments as described by
one nonhost species (M. brassicae) were used (Table Bukovinszky et al. (unpubl.) and Efremova
3.1). Comparisons were made with results from (2009).
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research in which similar wind tunnel experiments have been executed.
There is also little known about the parasitation efficiency in the field. Bukovinszky et al.
(unpubl.) found a reduction in parasitoid efficiency by looking at the effect of nonhost presence on
parasitation rate of parasitoid wasps in tents that were standing in a field. In their research three
spatial arrangements of tents were used: 1) All plants in the tent were infested by P. rapae only; 2) Half
of the plants were infested by P. rapae only and the other half (neighboring plants) was infested by M.
brassicae only; and 3) Half of the plants were infested by both P. rapae and M. brassicae and the other
half (neighboring plants) was infested by M. brassicae only (Fig. 1.4). Only parasitoid C. glomerata
was released in the tents (Bukovinszky et al., unpubl.). An additional tent experiment has been
described by Efremova (2009) and besides the effect of nonhost presence, a second factor, namely
competition was taken into account. The same three spatial arrangements as used by Bukovinszky et
al. (unpubl.) were used (Fig. 1.4), but now parasitoid wasps from two species (C. glomerata and C.
rubecula) were released. C. glomerata was found to perform better when nonhost larvae were present,
as compared to C. rubecula (Efremova, 2009). In this report the results of a third tent experiment are
shown and discussed. In that tent experiment they went one step further, nonhost presence and
competition were considered having an effect on the host preference of parasitoids. In order to do so
plants were infested by either by the host herbivores P. brassicae or P. rapae and in half of the tents all
plants were also infested by nonhost larvae. Furthermore, in half of the tents only parasitoid C.
glomerata was released, while in the other half both C. glomerata and C. rubecula were released (Fig.
3.3). Results were analyzed for the preference of the parasitoids for P. brassicae or P. rapae when
nonhost larvae and/or competing parasitoids were present. Furthermore, results might tell something
about parasitation behavior of parasitoids in different situations.
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2. Research questions and Hypotheses
2.1 Research questions
1) What is the influence of host herbivore species present on a plant on the preference of
endoparasitoids for by host only, or both host and nonhost infested plants?
i.

Do endoparasitoids have a preference for plants only infested by a host or by both a host
and nonhost?

ii.

Does the preference of endoparasitoids, for only host or both host and nonhost infested
plants, change if a different “host” species is used?

2) What is the influence of competition and/or nonhost herbivore presence on host preference of
endoparasitoids?
i.

Does the presence of nonhost herbivores affect host preference of C. glomerata and C.
rubecula?

ii.

Does the presence of the competitor C. rubecula influence host preference of C.
glomerata?

iii.

Does the presence of nonhost herbivores dilute segregation of host use by the two
parasitoid species?

2.2 Hypotheses
1) In previous research it has been found that C. glomerata does not show a preference for
plants infested by either host or nonhost herbivores, but does prefer plants infested by both
host and nonhost herbivores more than those only infested by one herbivore species
(Bukovinszky et al., unpubl.; Shiojiri et al., 2000a). In our research we expect to find similar
results, because C. rubecula was also found to have difficulty discriminating between odor
blends of several Pieris species (Geervliet et al., 1996). So, we expect to find a consistent
preference of the endoparasitoid for plants infested by both host and nonhost herbivores,
regardless of which host herbivore species infested the plant.
2) Parasitoids C. rubecula and C. glomerata will have more difficulty finding their preferred host
when nonhost larvae are also present on the plants, because both parasitoid species have
difficulty discriminating between volatiles produced by plants infested by host and/or nonhost
larvae (Bukovinszky et al., unpubl.). However, for C. glomerata it will be less difficult than for
C. rubecula, because C. glomerata is a better colonizer and will visit more plants and thereby
increases its chances of finding host larvae (Efremova, 2009). Furthermore, C. glomerata may
have a higher preference for P. brassicae when competitor C. rubecula is present in order to
prevent competition for their shared host (P. rapae). However, the presence of nonhost larvae
may disrupt this segregation in host use.
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3. Materials and methods
Two experiments are described and were analyzed, a wind tunnel and a tent experiment. The wind
tunnel experiment was executed recently (December 2010 - January 2011), while the tent experiment
was executed by Erik Poelman in spring and summer of 2010.

3.1 Insects and plants
In both experiments Brussels sprouts plants were used (Brassica oleracea var. gemmifera L. cultivar
Cyrus). Plants were grown in a greenhouse in plastic pots (11x11x11 cm), at 20-25 °C, 50-70% relative
humidity (RH), and a photo-period of 16:8 (Light: Dark).
For the wind tunnel experiment plants were infested when they were five weeks old. Plants
were infested by nonhost herbivore Mamestra brassicae (Lepidoptera, Noctuidae) and/or host
herbivores Pieris rapae and P. brassicae (Lepidoptera, Pieridae). Early second-instar caterpillars were
used. Solitary endoparasitoid Cotesia rubecula (Hymenoptera, Brocanidae) was used in the wind
tunnel experiment. (Fig. 3.1)
In the tent experiment five week old plants were infested with P. brassicae, P. rapae, or a
combination of one of the two Pieris species with nonhost M. brassicae. Early second instar
caterpillars were used. Endoparasitoids C. glomerata and C. rubecula were used. (Fig. 3.1)
C. glomerata is a gregarious larval endoparasitoid with multiple host species of the Pieridae (in
Europe P. brassicae and P. rapae) (Geervliet, 1997a, ch. 1). Gregarious parasitism is the feeding of
more than one parasitoid larva on a host larva (Gauld and Bolton, 1988). C. glomerata lays about 25
eggs in one herbivore (Geervliet, 1997a, ch. 1). C. rubecula is a solitary specialist on P. rapae, but has
also been found to parasitize P. brassicae and Plutella xylostella (Geervliet, 1997, ch. 1). One egg is
laid per host larvae by C. rubecula (Geervliet, 1997a, ch. 1). However, it can occur quite often that a
single host is parasitized more than once by C. rubecula (superparasitism) (Efremova, 2009; Gauld
and Bolton, 1988). Furthermore, C. rubecula can also parasitize hosts that were already parasitized by
other parasitoids (multiparasitism) (Gauld and Bolton, 1988). If this occurs, larvae of C. rubecula will
be stronger than larvae of C. glomerata (Geervliet, 1997a, ch. 1).
All caterpillars and parasitoids originated from the respective cultures at the Laboratory of
Entomology (Wageningen University) which originated from insects once collected in Brussels sprouts
fields near Wageningen (the Netherlands). Brussels sprouts plants (B. oleracea var. gemmifera L.
cultivar Cyrus) were used to maintain the cultures. This occurred in a climatic room at 20-22 ºC, 5070% RH, and a photoperiod of 16:8 (Light: Dark), in which daylight was supplemented when needed
-2 -1
using SON-T lights (500 μmol m s ). C. glomerata was reared on P. brassicae caterpillars and C.
rubecula was reared on P. rapae.
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3.2 Wind tunnel experiments
In a wind tunnel, two-choice tests were performed with C. rubecula. Choices (odor sources) offered
were plants infested by P. brassicae or P. rapae, and/or M. brassicae. A total of three situations were
tested (Table 3.1). Herbivores were allowed to feed on a plant for 24 hours before being removed. Clip
cages were used to keep the herbivores on their respective plant. Tests were executed by placing
single plants of two treatments in pairs upwind in a tunnel. Positions of odor sources were switched
after five tests and odor sources were changed after ten tests. For each situation 35-40 naive wasps
(replicates) were used. When a wasp did not make a choice within ten minutes, it was considered as
'not responding'.
Figure 3.2 Wind tunnel set-up: Al = air-inlet; CF
= charcoal filter; HS = heating system; RP =
parasitoid release point; FT = high frequency
fluorescent tubes; B = bulbs; X = position of
odor source; HM = hygrometer; and G = gate.
Figure was obtained from Geervliet et al.
(1994).

The wind tunnel was made of polyacrylate and had a size of 200x60x60 cm (length x width x
height) (Fig. 3.2). Parasitoids were not able to escape from the tunnel, because of the fine mesh
copper gauze used at both ends of the tunnel. Before air, which came from outside, was used it was
first filtered over glass wool. Then the relative humidity of the air was checked and altered, if needed,
using an air humidifier, so that it was 65±5%. In a last step the air was pressurized, filtered over
charcoal, and temperature adjusted (to 22±1 °C) in a controlled heating system. After these three
-1
steps the air was used in the wind tunnel. Air was blown with 20 cm s through the tunnel. Parasitoids
were kept in the constant air flow by releasing them from a horizontal glass cylinder, with a diameter of
15 cm and a length of 30 cm, with two open ends. This was placed 70 cm from the odor sources on a
socket at a height of 10 cm. Parasitoids were allowed to fly off and make a choice (Fig. 3.2; Geervliet
et al., 1994).
Table 3.1. The three situations in which C. rubecula had to make a choice between either plant 1 or 2 in a
wind tunnel.
Situation no.

Plants infested by:
Plant 1

1

Plant 2
1

1

P. rapae (10)

P. brassicae (10)

2

P. brassicae (5) and M. brassicae (5)

P. brassicae (10)

3

P. rapae (5) and M. brassicae (5)

P. brassicae (5) and M. brassicae (5)

The number of herbivores used for plant infestation is shown between brackets.

3.3 Tent experiment
Twelve tents were placed in the field at the Droevendaalsesteeg (Wageningen, The Netherlands).
Each tent was divided into a 4x4 grid according to which 16 plants were planted. These plants were
planted into the soil, without their plastic pot, one week before the experiment started. There were four
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treatments (Fig. 3.3) and each was conducted in three tents. Treatments can be divided into two
groups. 1) In six of the tents one leaf of each second plant was infested by 10 larvae of P. rapae and
the other plants were infested by 10 larvae of P. brassicae. In the other six tents all plants were also
infested by 5 larvae of nonhost species M. brassicae (Fig. 3.3). 2) Then in half of the tents only C.
glomerata was released (in three of each treatment) and in the other half C. glomerata and C.
rubecula were released (Fig. 3.3). Parasitoid wasps were released at sixteen hours after herbivores
started feeding.

6

6

Figure 3.3 Set-up of the tent experiments. The figure at the left shows the combination where
only C. glomerata was released in the tent, whereas in the figure at the right also C. rubecula
was released. 1=Brussels sprouts, 2=P. rapae, 3=M. brassicae, 4=C. glomerata, 5=C. rubecula,
and 6=P. brassicae.

The experiment was stopped 36 hours after releasing the parasitoids. From each plant all
caterpillars were collected and dissected, in order to find parasitoid eggs. For each caterpillar the
number of eggs within it and the species that laid them was scored. Superparsitism by C. glomerata
was scored if more than 35 eggs of C. glomerata were found in a caterpillar, while superparasitism for
C. rubecula was already scored if more than one egg of the respective parasitoid species was found in
a caterpillar. Multiparasitism was scored if eggs of both parasitoid species were found in a caterpillar.
Four replications of this experiment were made in time.

3.4 Statistical analysis
A binomial test was used to determine if there were any significant differences in preference of C.
rubecula in each situation (Table 3.1) tested in the wind tunnel. A binomial 0.5-distribution was
assumed and if there was a clear preference for one of the two odor-sources a significant (α=0.05)
change would be found. Wasps that did not show any response were excluded from statistical tests.
Tent experiment data expressed in fractions were transformed using formula 3.1, in which p was the
fraction. Fractions were calculated by dividing the number of caterpillars of one of the two species that
13

were found to be, e.g. multiparasitized, on one plant by the total number of caterpillars of that species
retrieved from the plant.
Formula 3.1

𝑝
)
1−𝑝

𝐿𝑜𝑔𝑖𝑡 (𝑝) = 𝐿𝑜𝑔(

Table 3.2 Statistical tests used to analyze results from the tent experiment.
Variable

Test used

Factors
Fixed

Random

Fraction of larvae parasitized by C.
glomerata (Logit transformed and both
Pieris species analyzed separately)

GLM

Competition and
Nonhost presence

Series

Preference of C. glomerata to parasitize
larvae of P. brassicae (%)

GLM

Competition and
Nonhost presence

Series

Fraction of P. brassicae larvae parasitized
by C. rubecula (Logit transformed)

Nonparametric

Series and Nonhost presence

Fraction of P. rapae larvae parasitized by
C. rubecula (Logit transformed)

GLM

Nonhost
presence

Series

Preference of C. rubecula to parasitize
larvae of P. rapae (%)

GLM

Nonhost presence

Series

Fraction of larvae superparasitized by C.
glomerata (Logit transformed and both
Pieris species analyzed separately)

Nonparametric

Series, Competition and Nonhost
presence

Fraction of larvae superparasitized by C.
rubecula (Logit transformed and both
Pieris species analyzed separately)

Nonparametric

Series and Nonhost presence

Fraction of larvae multiparasitized (Logit
transformed and both Pieris species

Nonparametric

Series and Nonhost presence

GLM

Competition and
Nonhost presence

Series

GLM

Competition and
Nonhost presence

Series

No. of plants on which P. brassicae larvae
were parasitized by C. rubecula

Nonparametric

Series and Nonhost presence

No. of plants on which P. rapae larvae
were parasitized by C. rubecula

GLM

Nonhost presence

Series

Preference of C. rubecula for P. rapae

GLM

Nonhost presence

Series

analyzed separately)
No. of plants on which larvae were
parasitized by C. glomerata (both Pieris
species analyzed separately)
Preference of C. glomerata for P. brassicae
infested plants

infested plants

Percentage of parasitation preference was calculated using formula 3.2 for C. glomerata and
formula 3.3 for C. rubecula. With these data an analysis on changes in prey preference was executed. A
similar transformation of data was done for the number of plants on which larvae were parasitized by
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either parasitoid species. With those data an analysis of behavioral changes was executed.
Formula 3.2
Formula 3.3

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑃.𝑏𝑟𝑎𝑠𝑠𝑖𝑐𝑎𝑒
𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑃.𝑏𝑟𝑎𝑠𝑠𝑖𝑐𝑎𝑒+𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑃.𝑟𝑎𝑝𝑎𝑒
𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑃.𝑟𝑎𝑝𝑎𝑒
𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑃.𝑏𝑟𝑎𝑠𝑠𝑖𝑐𝑎𝑒+𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑃.𝑟𝑎𝑝𝑎𝑒

Results from the tent experiments were analyzed using generalized linear models (GLM) or
nonparametric tests, depending on normality of the data (Table 3.2). Nonparametric tests used were:
Mann-Whitney U, for factors with only two levels (competition and nonhost presence); and KruskalWallis H, for factors with more than two levels (series (four levels)). In the GLM (univariate), series
(four levels) was used as a random factor, and nonhost presence (two levels) and competition (two
levels) as fixed factors (competition only for data of C. glomerata). A full factorial design was used.
Differences were assumed to be significant if P<0.05 (α=0.05).
All analyses were carried out using SPSS Statistics 17.0 (SPSS Inc., Chicago, Illinois, USA).
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4. Results
4.1 Wind tunnel experiment
No significant changes from the binomial 0.5-distribution were found in parasitoid preference for any of
the three two-choice situations tested (Fig. 4.1). So, C. rubecula did not show a preference for either P.
brassicae or P. rapae infested plants (P=0.268, Binomial test). C. rubecula did not show a preference
when both plants were infested by either of the “host” species and nonhost species M. brassicae
(P=0.636, Binomial test). And also when given a choice between P. brassicae infested or P. brassicae
and M. brassicae infested plants no preference was shown (P=0.311, Binomial test). (Fig. 4.1)
N.R.
50
39
53

Figure 4.1 Preference (%) of naive C. rubecula females for differently infested Brussels sprouts
plants. No significant differences were found using binomial tests. The number shown in the bars
indicate the total number of females choosing plants infested by respective larvae. N.R. indicates
the number of wasps not responding per two-choice situation tested.

4.2 Tent experiment
In each tent 64±8 and 55±8 larvae of respectively P. brassicae and P. rapae were retrieved and
dissected. This summed up to totals of 3054 and 2653 larvae of respectively P. brassicae and P. rapae
to be retrieved and dissected. Of the latter totals 1203 and 15 larvae of P. brassicae, and 379 and 456
larvae of P. rapae were parasitized by respectively C. glomerata and C. rubecula.
4.2.1 Influence of competition and nonhost presence on parasitation by C. glomerata
No significant two-way interaction between competition and nonhost presence was found for the
fraction of P. brassicae larvae parasitized by C. glomerata (Fig. 4.2 and Table 4.3; F=0.024, P=0.888,

Figure 4.2 Average fractions of P. brassicae or P. rapae larvae parasitized by C. glomerata with or
without the presence of nonhost (M. brassicae) larvae on the plants and/or competitor C. rubecula in the
tent. Error bars indicate standard errors and different letters indicate significant differences as found in
GLMs (Table 4.3).
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GLM). Still, a significant effect of nonhost presence was found (Fig. 4.2 and Table 4.3; F=226.897,
P=0.001, GLM). For the fraction of P. rapae larvae parasitized by C. glomerata significant two-way
interactions were found between competition and nonhost presence (Fig. 4.2 and Table 4.3; F=16.911,
P=0.026, GLM), and series and nonhost presence (Table 4.3; F=48.782, P=0.005, GLM).
C. glomerata parasitized a significantly
higher fraction of P. brassicae larvae without
nonhost larvae present, as compared to the
more complex situation in which also the
nonhost M. brassicae was present (Fig. 4.2).
For the fraction of parasitized P. rapae larvae a
similar trend was found (Fig. 4.2). However,
when competitor C. rubecula was also present
in the tent the reduction in fraction of
parasitized P. rapae larvae was found to be
smaller than without a competitor present (Fig.
4.2). So, the fraction of P. rapae larvae Figure 4.3 Average preference of C. glomerata for P.
parasitized by C. glomerata was significantly brassicae, rather than P. rapae as a host with or
higher with nonhost larvae present on the plant
and competitor C. rubecula in the tent, as
compared to the same complex situation
without a competitor (Fig. 4.2).

without the presence of nonhost (M. brassicae)
larvae on the plants and/or competitor C. rubecula in
the tent. Error bars indicate standard errors and
different letters indicate significant differences as
found in a GLM (Table 4.3).

In each series (repetition in time) of the experiment nonhost presence significantly reduced the
fraction of P. rapae larvae parasitized by C. glomerata, but the size of reduction differed per series.
For the preference of C. glomerata for P.
brassicae as a host significant two-way
interactions were found between factors
competition and nonhost presence (Fig. 4.3 and
Table 4.3; F=32.253, P=0.011, GLM), and
between series and nonhost presence (Table 4.3;
F=23.978, P=0.013, GLM).
C. glomerata had a significantly higher
preference for P. brassicae when nonhost larvae
were present (Fig. 4.3). However, when also
competitor C. rubecula was present in the tent
the preference for P. brassicae was significantly
lower, as compared to the same complex
situation without the presence of a competitor
(Fig. 4.3).
In the first series no significant difference
was found in the preference of C. glomerata for
P. brassicae, while in the other three series the
presence of a nonhost was found to cause a
significant increase in the preference for P.
brassicae larvae.

Figure 4.4 Average fractions of P. brassicae or P.
rapae larvae parasitized by C. rubecula with or
without the presence of nonhost (M. brassicae)
larvae on the plants. Error bars indicate standard
errors and different letters indicate significant
differences as found in a GLM (P. rapae) or MannWhitney U test (P. brassica) (Table 4.4).
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4.2.2 Influence of nonhost presence on parasitation by C. rubecula
A significant effect of nonhost presence was found for the fraction of P. brassicae larvae parasitized by
C. rubecula (Table 4.4; Z=-2.325, P=0.020, Mann-Whitney U test), but not for the fraction of P. rapae
larvae parasitized by C. rubecula (Table 4.4; F=6.936, P=0.078, GLM) (Fig. 4.4). For the latter fraction
a significant effect was found for the factor series (Table 4.4; F=17.809, P=0.020, GLM).
A significantly higher fraction of P. brassicae
larvae were parasitized by C. rubecula when
nonhost (M. brassicae) larvae were also present on
the plants (0.01) as compared to no nonhost larvae
present (0.00) (Fig. 4.4).
No significant effect of nonhost presence was found
for the preference of C. rubecula for P. rapae, rather
than P. brassicae as a host (Fig. 4.5 and Table 4.4;
F=3.908, P=0.142, GLM).
4.2.3 Influence of competition and nonhost
presence on super- and multiparasitation by C.
glomerata and C. rubecula
No significant effects of nonhost presence or Figure 4.5 Average preference of C. rubecula for
competition were found for the fraction of larvae of P. rapae, rather than P. brassicae as a host with or
P. brassicae (Table 4.5; Z=-1.736, P=0.083; and Z=- without the presence of nonhost (M. brassicae)
0.622, P=0.534; Mann-Whitney U tests) or P. rapae larvae on the plants. Error bars indicate standard
(Table 4.5; Z=-1.000, P=0.317; and Z=-1.000, errors. No significant differences were found
P=0.317, Mann-Whitney U tests) superparasitized using GLM (Table 4.4).
by C. glomerata (Table 4.1).
Hardly any P. rapae larvae were superparasitized by C. glomerata, while P. brassicae was only
superparasitized in still quite low numbers by C. glomerata when competitor C. rubecula was also
present in the tent (Table 4.1).
Table 4.1. Average fraction of larvae superparasitized (>35 eggs found in a caterpillar) by C. glomerata
with or without the presence of nonhost (M. brassicae) larvae on the plants and/or competitor C. rubecula
in the tent. Significance as found using Mann-Whitney U tests (Table 4.5).
Larval species

Only C. glomerata present

C. rubecula also present

Only host

Only host

With nonhost

Significance

With nonhost

Pieris brassicae

0.00

0.00

0.01

0.01

N.S.

Pieris rapae

0.00

0.00

0.00

0.00

N.S.

Significant effects of nonhost presence were found for the fraction of P. rapae larvae
superparasitized by C. rubecula (Table 4.5; Z=-3.468, P=0.001, Mann-Whitney U test) or
multiparasitized (Table 4.5; Z=-4.472, P=0.000, Mann-Whitney U test) (Table 4.2). While nonhost
presence had no significant influence on the fraction of P. brassicae larvae superparasitized by C.
rubecula (Table 4.5; Z=0.000, P=1.000, Mann-Whitney U test) or multiparasitized (Table 4.5; Z=-0.579,
P=0.563, Mann-Whitney U test) (Table 4.2). Series had a significant effect on the fraction of P.
2
brassicae larvae multiparasitized (Table 4.5; Χ =9.047, P=0.029, Kruskal-Wallis H test) and fraction of
2

P. rapae larvae superparasitized by C. rubecula (Table 4.5; Χ =9.530, P=0.023, Kruskal-Wallis H test)
2

or multiparasitized (Table 4.5; Χ =8.694, P=0.034, Kruskal-Wallis H test).
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P. rapae larvae were significantly less often multiparasitized or superparasitized by C.
rubecula when nonhost larvae (M. brassicae) were also present on the plants (Table 4.2). P. brassicae
larvae were not superparasitized by C. rubecula or multiparasitized at all (Table 4.2).
Table 4.2. Average fraction of larvae superparasitized (>1 egg found in a caterpillar) by C. rubecula or
multiparasitized per larval species with or without the presence of nonhost (M. brassicae) larvae on the
plants. Significance as found using Mann-Whitney U tests (Table 4.5).
Nonhost
presence

Superparasitized by C. rubecula

Multiparasitized

Pieris brassicae

Pieris brassicae

Pieris rapae

Pieris rapae

Only host

0.00

0.03

0.00

0.03

With nonhost

0.00

0.01

0.00

0.00

Significance

N.S.

P=0.001

N.S.

P=0.000
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Table 4.3 Results of Generalized Linear Models (GLMs) for fractions of P. brassicae or P. rapae parasitized by C. glomerata and the parasitation preference of C.
glomerata for P. brassicae rather than P. rapae as a host. Bold face and italic type indicate significant terms (α=0.05).
Variable
Intercept
d.f.1 = 1
F
P
Fraction of P. brassicae
3.738
0.149
parasitized
Fraction of P. rapae
117.236
0.002
parasitized
Parasitation preference
812.780
0.000
for P. brassicae
1
d.f. is the number of degrees of freedom

Factor
Nonhost
presence (1) d.f.
=1
F
P
226.897
0.001

Competition (2)
d.f. = 1

Series (3)
d.f. = 3

F

F

P
1.088

0.374

Interaction
1x2
d.f. = 1
F

P

1x3
d.f. = 3
F

P

2x3
d.f. = 3
F

P

1x2x3
d.f. = 3
F

P

P

0.024

0.888

0.102

0.953

0.203

0.889

1.021

0.383

16.060

0.028

0.732

0.455

1.003

0.482

16.911

0.026

48.782

0.005

7.373

0.068

0.216

0.886

11.708

0.042

0.719

0.459

0.746

0.580

32.253

0.011

23.978

0.013

4.859

0.113

0.142

0.934

Table 4.4 Results of statistical tests for fractions P. brassicae (Mann-Whitney U and Kruskal-Wallis test) or P. rapae (GLM) parasitized by C. rubecula and the
parasitation preference of C. rubecula (GLM) for P. rapae, rather than P. brassicae as a host. Bold face and italic type indicate significant terms (α=0.05).
Variable
Factor
Interaction
Intercept
Nonhost
presence
(1)
Series
(2)
1x2
1
d.f. = 1
d.f. = 1
d.f. = 3
d.f. = 3
F
F
F
F
P
P
P
P
2
3
-2.325
2.723
Fraction of P. brassicae parasitized
0.020
0.436
Fraction of P. rapae parasitized
0.002
0.020
116.316
6.936
0.078
17.809
0.352
0.788
Parasitation preference for P. rapae
0.000
7815.361
3.908
0.142
1.126
0.462
2.014
0.153
1
2
3 2
d.f. is the number of degrees of freedom; Z-value from Mann-Whitney U test; Χ -value from Kruskal-Wallis H test

Table 4.5 Results of Mann-Whitney U (nonhost presence and competition) and Kruskal-Wallis H (series) tests for fractions of P. brassicae or P. rapae larvae
superparasitized by C. glomerata or C. rubecula, or multiparasitized. Bold face and italic type indicate significant terms (α=0.05).
Variable
Factor
Nonhost presence
Competition
Series
1
d.f. = 1
d.f. = 1
d.f. = 3
2
Z
Z
Χ
P
P
P
Fraction of P. brassicae superparasitized by C. glomerata
-1.736
0.083
-0.622
0.534
6.264
0.099
Fraction of P. rapae superparasitized by C. glomerata
-1.000
0.317
-1.000
0.317
3.000
0.392
Fraction of P. brassicae superparasitized by C. rubecula
0.000
1.000
0.000
1.000
Fraction of P. rapae superparasitized by C. rubecula
0.001
0.023
-3.468
9.530
Fraction of P. brassicae multiparasitized
0.029
-0.579
0.563
9.047
Fraction of P. rapae multiparasitized
0.000
0.034
-4.472
8.694
1
d.f. is the number of degrees of freedom
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4.2.4 Influence of competition and nonhost presence on searching behavior of C. glomerata
In each tent sixteen plants were infested by either P. brassicae or P. rapae and each species infested
eight plants in total. Due to the latter, the number of plants on which parasitoids could parasitize larvae
of either species had a maximum value of eight.

Figure 4.6 Average number of plants on which C. glomerata parasitized larvae of either P. brassicae (left) or
P. rapae (right) with or without the presence of nonhost (M. brassicae) larvae on the plants and/or
competitor C. rubecula in the tent. Error bars indicate standard errors and different letters indicate
significant differences as found in GLMs (Table 4.6).

The only significant two-way interaction was found between the factors nonhost presence and series
for the number of plants on which C. glomerata parasitized P. rapae larvae (Table 4.6; F=18.882,
P=0.019, GLM). Still, significant effects of nonhost presence were found for the number of plants on
which C. glomerata parasitized larvae of either P. brassicae (Table 4.6; F=16.106, P=0.028, GLM) or P.
rapae (Table 4.6; F=20.645, P=0.020, GLM) (Fig. 4.6).
C. glomerata visited significantly fewer plants
when nonhost larvae were also present on them, than
in host only situations (Fig. 4.6). However, the reduction
in plants visited for by P. brassicae infested plants was
smaller than for by P. rapae infested plants (Fig. 4.6).
In each of the series the presence of nonhost
larvae on the plants caused a significant reduction in
plants visited, as described before. However, significant
differences were found between series in only host
situations.
A significant two-way interaction between competition
and nonhost presence was found for the preference of Figure 4.7 Average preference of C. glomerata
C. glomerata for P. brassicae, rather than P. rapae for P. brassicae, rather than P. rapae infested
infested plants (Fig. 4.7 and Table 4.6; F=11.707, plants with or without the presence of
nonhost (M. brassicae) larvae on the plants
P=0.042, GLM).
and/or competitor C. rubecula in the tent.

With nonhost larvae present on the plants C. Error bars indicate standard errors and
glomerata had a significantly higher preference for by P. different
letters
indicate
significant
brassicae infested plants, but without a competitor differences as found in a GLM (Table 4.6).
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present preference for by P. brassicae infested plants was even significantly higher than in the
complex situation with competitor (Fig. 4.7).
4.2.5 Influence of nonhost presence on searching behavior of C. rubecula
An effect of nonhost presence was found for the number of plants on which C. rubecula parasitized
larvae of P. brassicae (Table 4.7; Z=-2.159, P=0.031, Mann-Whitney U test), but not for P. rapae (Table
4.7; F=0.000, P=1.000, GLM) (Fig. 4.8). A significant effect of series was found for the number of
plants on which C. rubecula parasitized larvae of P. rapae (Table 4.7; F=58.333, P=0.004, GLM).

Figure 4.8 Average number of plants on which C.
rubecula parasitized larvae of either P. brassicae or
P. rapae with or without the presence of nonhost (M.
brassicae) larvae on the plants. Error bars indicate
standard errors and different letters indicate
significant differences as found in a Mann-Whitney U
test (P. brassicae) or GLM (P. rapae) (Table 4.7).

Figure 4.9 Average preference of C. rubecula
for P. rapae, rather than P. brassicae infested
plants with or without the presence of
nonhost (M. brassicae) on the plants. Error
bars indicate standard errors. No significant
differences were found using GLM (Table
4.7).

On significantly more P. brassicae infested plants larvae were parasitized by C. rubecula in the
more complex situation, as compared to an environment without nonhost larvae on the plants (Fig.
4.8). The number of plants on which P. rapae larvae were parasitized did not change, due to nonhost
presence (Fig. 4.8). However, the number of plants on which C. rubecula parasitized larvae of P. rapae
was much higher than the number of plants on which it parasitized P. brassicae, in both a simple and
complex environment (Fig. 4.8).
No significant effect of nonhost presence (Table 4.7; F=5.901, P=0.093, GLM) was found for the
preference of C. rubecula for P. rapae, rather than P. brassicae infested plants (Fig. 4.9).

22

Table 4.6 Results of Generalized Linear Models (GLMs) for the number of plants on which P. brassicae or P. rapae were parasitized by C. glomerata and the
preference of C. glomerata for P. brassicae infested plants. Bold face and italic type indicate significant terms (α=0.05).
Variable
Intercept
d.f.1 = 1
F
P
No. of plants on which P.
35.541
0.009
brassicae was
parasitized
No. of plants on which P.
48.774
0.006
rapae was parasitized
Preference for P.
511.486
0.000
brassicae infested plants
1
d.f. is the number of degrees of freedom

Factor
Nonhost
presence (1)
d.f. = 1
F
P
16.106
0.028

Competition (2)
d.f. = 1

Series (3)
d.f. = 3

F
4.765

0.117

F
63.545

P

Interaction
1x2
d.f. = 1
F

P

1x3
d.f. = 3
F

P

2x3
d.f. = 3
F

P

1x2x3
d.f. = 3
F

P

P

0.223

0.023

0.889

1.366

0.402

0.389

0.771

0.970

0.419

20.645

0.020

3.488

0.159

1.113

0.440

4.412

0.127

18.882

0.019

5.059

0.108

0.291

0.832

20.939

0.020

11.915

0.041

1.282

0.425

11.707

0.042

5.371

0.100

1.117

0.465

0.438

0.727

Table 4.7 Results of statistical tests for the number of plants on which P. brassicae (Mann-Whitney U and Kruskal-Wallis test) or P. rapae (GLM) were parasitized by
C. rubecula and the preference of C. rubecula for P. rapae infested plants (GLM). Bold face and italic type indicate significant terms (α=0.05).
Variable
Factor
Interaction
Intercept
Nonhost
presence
(1)
Series
(2)
1x2
1
d.f. = 1
d.f. = 1
d.f. = 3
d.f. = 3
F
F
F
F
P
P
P
P
2
3
No. of plants on which P. brassicae was parasitized
0.031
-2.159
0.492
0.921
No. of plants on which P. rapae was parasitized
0.005
0.004
52.149
0.000
1.000
58.333
0.012
0.998
Preference for P. rapae infested plants
0.000
4587.908
5.901
0.093
0.422
0.752
1.650
0.218
1
2
3 2
d.f. is the number of degrees of freedom; Z-value from Mann-Whitney U test; Χ -value from Kruskal-Wallis H test
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5. Discussion
The objective of the wind tunnel experiment was to find out if there was a consistency in the
preference of endoparasitoids for by host only or by both host and nonhost infested plants, when using
different host species. Objectives of the tent experiment were to figure out what the influence of
nonhost presence and competition was on parasitation preference and thereby on host searching
behavior of endoparasitoids. First the wind tunnel results will be discussed and a possible mechanism
of long distance searching by parasitoids. Then the tent experiment results will be discussed and what
these tell us about patch searching and parasitoid preference. After that the first two parts will be
combined in a chapter on evolutionary aspects of host searching. In the end recommendations for
future research will be given.

5.1 Long distance searching by parasitoids
5.1.1 Nonhost effects on long distance searching
The absence of any preference of C. rubecula for plants infested by P. brassicae or P. rapae was as
hypothesized and as found in previous research (Fig. 4.1; Geervliet et al., 1996). It shows that C.
rubecula is equally attracted to P. brassicae and P. rapae. When both plants infested by P. rapae or P.
brassicae were also infested by nonhost (M. brassicae) larvae C. rubecula still did not show a
preference for either plant (Fig. 4.1). So, nonhost presence did not affect its preference for either
herbivore species. Moreover, C. rubecula did also not show a preference for only by host P. brassicae
or both host and nonhost infested plants (Fig. 4.1). While in previous research it has been found that
endoparasitoids C. rubecula and C. glomerata had a higher preference for simultaneously (both host
(P. rapae) and nonhost (M. brassicae) ) infested plants, than for by only host or only nonhost infested
plants (Bukovinszky et al., unpubl.; Shiojiri et al., 2000a). This might show that C. rubecula is not
consistent in its preference for more complex situations.
So, there seems to be an inconsistency in parasitoid preference, because Bukovinszky et al.
(unpubl.) found that C. rubecula did have a preference, while the only difference in set-up was that
they were using host species P. rapae as compared to us using P. brassicae as host species in the
same, plants only infested by host against plants infested by both host and nonhost (M. brassicae),
situation. The inconsistency in the preference of C. rubecula might be due to changes in HIPVs
produced when plants also get infested by nonhost larvae. There might only be small quantitative or
qualitative changes in HIPVs emitted by plants when nonhost larvae of M. brassicae start feeding on
plants already infested by P. brassicae, while some significant changes in HIPVs might occur if
nonhost larvae of M. brassicae start feeding on plants already infested by P. rapae. However, no sign
of such differences in plant response to nonhost herbivore feeding was found in the two-choice test
between either of the infested plants (Fig. 4.1). There might therefore be an inconsistency in the
execution of wind tunnel experiments between us and Bukovinszky et al. (unpubl.). Still, it might be
interesting to look at the volatile profiles produced by the plants. Furthermore, another wind tunnel
experiment might be needed, in which parasitoids wasps can choose between plants infested by P.
brassicae only or both P. rapae and M. brassicae. This way it can be tested if P. brassicae infested
plants are indeed as attractive as plants infested by both P. rapae and M. brassicae, as was indirectly
found in our research.
It might also be that the absence of a preference of C. rubecula for plants infested by both P.
brassicae and M. brassicae, rather than P. brassicae only was due to other reasons. A low number of
replications and/or reduced health of C. rubecula wasps (due to unknown problems in insect cultures
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at the laboratory of Entomology) might have caused this lack of a significant difference. In order to be
certain about the results found a repetition of this experiment, especially the preference for by host
only or by both host and nonhost infested plants, will be needed.
5.1.2 Mechanism of long distance searching
Parasitoids seem to have a preference for plants infested by two herbivore species, even if one of
them is a nonhost, rather than plants infested by one herbivore species (Table 1.1; Bukovinszky et al.,
unpubl.; de Boer et al., 2008; Rodriguez-Saona et al., 2005; Shiojiri et al., 2000a). However, C.
plutellae has been found to prefer only host (P. xylostella) infested plants more than host and nonhost
(P. rapae) infested plants (Shiojiri et al., 2000a). A possible explanation for this preference might come
from the quantity of volatiles produced when plants are infested by P. xylostella, which was much
higher than those produced by plants infested by P. rapae (Shiojiri et al., 2010). Still, often the addition
of an extra herbivore leads to higher quantities of at least some of the volatiles produced and mainly
no qualitative changes (Table 5.1; de Boer et al., 2008; Dicke and van Poecke, 2002; Moayeri et al.,
2007; Shiojiri et al., 2001). For example, Lima bean and cucumber plant infested by both Tetranych
usurticae and Spodoptera exigua produced higher amounts of volatiles than when infested by either
herbivore species. Moreover, in Lima bean plants infested by both herbivores 8 out of 27 compounds
analyzed were more strongly induced as compared to the sum of those compounds produced by
plants infested by either species (de Boer et al., 2008). A different example, the emission of volatiles
by plants infested by parasitized host larvae was found to be lower, than of plants infested by
unparasitized host larvae (Fatouros et al., 2005). Furthermore, Fatouros et al. (2005) found that C.
glomerata and C. rubecula preferred plants infested by unparasitized host (P. brassicae) larvae, over
those infested by parasitized larvae. So, it might be that the parasitoids prefer plants that produce the
highest quantity of (certain) volatiles, because these plants produce volatiles that are considered by
parasitoids to be host-herbivore related (Fig. 5.1).

Increased amounts of
certain volatiles are
most attractive for
parasitoids

Environment

Plant species

Herbivore
presence

Favorite food
plant of host
herbivores

Best food for
host
herbivores

Highest
chance of
finding hosts

Highest
quality/quantity
of food for
offspring

Figure 5.1 Explanatory overview of the hypothesis on long distance searching by
parasitoids posed in the text (5.1.2).

When considering parasitoid preference it is also good to consider antennal responses of
parasitoids to plant leaf extracts. Seenicasagan and Paul (2011) found that gravid (mated) females of
C. plutellae had a 4-5 times higher antennal response to host plant leaf extracts when these were
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given in higher concentrations (0.1 and 1%) as compared to lower concentrations (0.0001 and
0.001%). These results show that this parasitoid indeed has a much higher response to high
concentrations of host plant volatiles (Fig. 5.1). Furthermore, parasitoids have been found not to
respond to all volatiles produced by plants, but only a selection (Ngumbi et al., 2009). Ngumbi et al.
(2009) found that a specialist (Micoplitis croceipes) and generalist (C. marginivestra) parasitoid both
Table 5.1 HIPV production by plants and effects of plant species, variety, cultivar, and herbivore species feeding on
them.
Herbivore
species

Findings

Reference

Pieris
brassicae or P.
rapae

- Two volatiles were not identified in P. rapae infested plants:
Z-3-hexenyl butyrate and Z-3-hexenyl isovalerate, but were in
P. brassicae infested plants;
- Volatiles were produced in different quantities by herbivore
infested plants, as compared to not infested plants,
especially: hexyl acetate, Z-3-hexenyl acetate, myrcene,
sabinene, and 1,8-cineole;
- No qualitative differences in volatile emission were found
between plants infested by either herbivore species.

Blaakmeer et al.
(1994)

Brussels sprouts (B.
oleracea
gemmifera)
and White mustard
(Sinapus alba L.)

Plutella
xylostella

- Quantitative differences in volatiles produced were found
between infested and not infested Brussels sprout plants;
- White mustard had a different volatile profile than Brussels
sprouts.

Bukovinszky
al. (2005)

Maize (Zea mays, var.
Delprim)

Euscelidius
Variegatus or
Spodoptera
littoralis

- Volatile profiles induced by the piercing/sucking and leaf
chewing herbivores were quite similar;
- Some quantitative differences in volatile emission were
found.

Erb et al. (2010)

White cabbage (B.
oleracea capita L. var.
alba), Red cabbage (B.
oleracea capita L. var.
rubra), and nasturtium
(Tropaeolum majus)

P. brassicae or
P. rapae

- Plants emit the most volatiles when infested by herbivores;
- Plant species had the largest effect on which and how many
plant volatiles were emitted, while herbivorous species had
the smallest;
- Plants infested by P. brassicae or P. rapae mainly showed
quantitative differences in volatiles emitted.

Geervliet et al.
(1997b)

Sweet peppers
annuum L.)

Tetranychus
urticae and/or
Myzus
persicae

- Plants infested by either one of the herbivore species
produced 22 volatiles more than not infested plants;
- When infested by both herbivores plants produced higher
amounts of volatiles and even two additional volatiles.

Moayeri
(2007)

et

al.

Three cultivars of white
cabbage (B. oleracea
capita L. var. alba)

P. rapae

- Plants of different cultivars infested by P. rapae differed in
emission of terpenoids and methyl salicylate;
- Methyl salicylate was only emitted by two of the cultivars
when plants were infested by P. rapae.

Poelman et
(2009)

al.

Cabbage (B. oleracea
var.
capitata
cv.
Shikidori)

P. rapae and/or
P. xylostella

- Quantitative differences were found between not infested,
artificially damaged, P. rapae infested, P. xylostella infested
and by both herbivores infested plants;
- Plants infested by both herbivores produced (Z)-3-hexenyl
acetate (GLV) as major volatile.

Shiojiri
(2001)

et

al.

Cabbage (B. oleracea
L. var. capitata, cv.
Shikidori) and Kale (B.
oleracea var. acephala)

P. rapae or P.
xylostella

- When infested by P. xylostella plants of var. capitata
produced very high amounts of volatiles;
- Cabbage infested by P. rapae or Kale infested by either
species had a volatile production that was not so high and
density depended.

Shiojiri
(2010)

et

al.

Plant species
Brussels
(Brassica.
gemmifera)

sprouts
oleracea

(C.

et
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responded to the same 16 out of 30 volatiles tested, which were produced by Cotton plants infested by
Heliothis virescens or S. exigua. It might be easier for parasitoids to concentrate on some general
(nonspecific) volatiles, because these might give a better indication of host presence than other
volatile compounds (Vet et al. 1998; Vos et al., 2001). For parasitoids it might than be best to
concentrate on the volatiles that give the best indication of host presence and according to Meinders
et al. (2003) it might indeed be more profitable for them to do so.
In the research executed by Seenicasagan and Paul (2011) seven plant species were tested
and interesting was that they only found a high antennal response of gravid females of parasitoid C.
plutellae for volatiles from cauliflower and mustard plants, and not for volatiles from cabbage, broccoli,
Brussels sprouts, knol khol, and kale. In Y-tube experiments parasitoid Diadegma semiclausum had a
similar preference for undamaged white mustard plants or by host (P. xylostella) larvae infested
Brussels sprout plants (Table 5.1; Bukovinszky et al., 2005). Volatile profiles of white mustard plants
were found to be quantitatively and qualitatively different from that of Brussels sprouts, while
differences in volatiles between undamaged and infested Brussels sprouts plants were found to be
mainly quantitative (Table 5.1; Bukovinszky et al., 2005). In general volatile profiles have been found
to differ more between plant species and even cultivars, as compared to infestation by different
herbivorous insects (Table 5.1; Geervliet et al., 1997b; Hare, 2011; Shiojiri et al., 2010).
If differences between volatile profiles of plant species are larger than differently infested
plants, it might be that parasitoids concentrate on the volatiles that are specific for the plant species
preferred by its host. The example from Bukovinszky et al. (2005) in the previous paragraph already
told us that D. semiclausum had no preference for either white mustard even when it was not infested
by its host (P. xylostella) and infested Brussels sprouts. For gravid females of C. plutellae, also a
specialist parasitoid on P. xylostella, a similar preference for mustard plants was found (Seenicasagan
and Paul, 2011). Interesting is than that P. xylostella larvae prefer to feed on white mustard, which is
probably because they grow faster and larger on those than on other plants (Bukovinszky et al., 2005).
So, it might indeed be that parasitoids are innately attracted to plants on which they have a large
chance of finding many (higher quality) host herbivores (Fig. 5.1).
It should off course not be forgotten that herbivore feeding induces HIPV production
(Blaakmeer et al., 1994; Bukovinszky et al., 2005; Geervliet et al., 1997b; Moayeri et al., 2007; Shiojiri
et al., 2001). Plants infested by herbivores will therefore in most cases produce the highest amounts of
certain volatiles and thereby be most attractive to parasitoids. Furthermore, increasing herbivore
density has been found to cause an increase in volatile production (de Boer et al., 2004; Hare, 2011;
Nealis, 1990). De Boer et al. (2004) found that predatory mite Phytoseiulus persimilis could only
distinguish host (Tetranychus urticae) infested from nonhost (S. exigua) infested lima bean plants if
host herbivore density was high enough. This shows us that a plant was not really interesting for a
predator if there was not enough prey available. Also parasitoid C. rubecula was found to have a
higher attack rate on plants where herbivore feeding by host P. rapae was highest (Nealis, 1990).
Another factor that has an influence on plant volatile production, and cannot be ignored, is the
environment in which plants are growing (Hare, 2011; Mumm and Dicke, 2010). It was reviewed by
Hare (2011) that due to a higher availability of soil moisture the quality and quantity of volatile
production by maize changes. Furthermore, very high nitrogen levels have been found to cause a
decrease in volatile production in cotton and highest volatile concentrations were produced under
intermediate nitrogen levels, while for wild Tabaco (N. attenuata) no influence of nitrogen level on
HIPV production was found (reviewed by Hare, 2011). These are two examples of the few and
therefore no real conclusions can be made. However, one can speculate that plants growing in an
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optimal environment have the most energy for the production of HIPVs, because under such optimal
conditions plants may afford to spent energy on HIPV production. However, this speculation is based
on the idea that plants spent a significant amount of energy on HIPV production, while this has not
been (sufficiently) proven (Kessler and Heil, 2010). More interesting is that plants that grow well might
also provide more (good quality) food for herbivores and thereby provide more food for parasitoid
larvae (Fig. 5.1).
It seems that, when searching for plants infested by host larvae most parasitoids might be
concentrating on some volatile compounds that are produced by plants that are in general infested by
their host. If they find that the concentration of those volatiles is high it might just be that there are
more hosts present on such a plant. Furthermore, if they concentrate on the plant species that are
preferred by their host it might be that their host is present in higher numbers and/or that they are a
higher quality food source than when found feeding on other plants (Fig. 5.1). Plants infested by more
than one herbivore species might produce higher amounts of the more general volatile compounds
(GLVs) and will thereby be more attractive for parasitoids.

5.2 Effects of nonhost presence and competition on parasitation rate and
preference of parasitoids
5.2.1 Effects of nonhost presence on parasitation rate
In the tent experiment, nonhost presence caused a significant decrease in the fraction of larvae of
either host species (P. brassicae or P. rapae) parasitized by C. glomerata (Fig. 4.2 and Table 4.3). A
similar decreasing effect of nonhost presence on the parasitation rate of C. glomerata was found in the
previous tent experiments (Bukovinszky et al., unpubl.; Efremova, 2009). Furthermore, nonhost
presence caused a significant increase in the fraction of P. brassicae larvae parasitized (Fig. 4.4 and
Table 4.4), but no significant change in the fraction of P. rapae larvae parasitized by C. rubecula (Fig.
4.4 and Table 4.4). While Efremova (2009) found that nonhost presence caused a significant decrease
in parasitation of P. rapae by C. rubecula. In our research we did find a decrease in parasitation of P.
rapae larvae (Fig. 4.4), but nonhost presence only caused an almost significant decrease (P=0.078;
Table 4.4). So, still quite similar results as in previous tent experiments have been found.
In this third tent experiment we wanted to test if nonhost presence and/or competition would
cause any changes in parasitation rate and host preference of the two parasitoids. Therefore, two host
species of C. glomerata were placed on separate plants in each tent (Fig. 3.3). As shown in the
paragraph before, fewer P. brassicae were parasitized by C. glomerata when nonhost larvae were also
present in the tent, as compared to a simple situation without nonhost presence (Fig. 4.2). Interesting
might be that C. rubecula, which is a specialist on P. rapae, had a significantly higher parasitation rate
on P. brassicae when nonhost larvae were present, as compared to an environment without nonhost
larvae on the plants (Fig.4.4 and Table 4.4). However, this increase was from no parasitation to 1% of
all P. brassicae larvae dissected. This is a very low level and it just might be that the parasitoids got
confused, had difficulty finding their host (P. rapae) in environments with nonhost larvae on the plants
and sometimes just decided to parasitize larvae of P. brassicae (Fig. 4.4).
5.2.2 Effects of nonhost presence and competition on rates of super- and multiparasitation
There was hardly any superparasitation by C. glomerata (Table 4.1 and 4.5). While a significant
decrease due to nonhost presence was found in multiparasitation and superparasitation by C.
rubecula of P. rapae, but not P. brassicae (Table 4.2 and 4.5). Efremova (2009) also found that C.
glomerata superparasitized a very low number of P. rapae larvae and that C. rubecula had a
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significantly lower rate of superparasitation of P. rapae with nonhost larvae present, as compared to no
nonhost larvae present on the plants. Multiparasitation of P. rapae was also found to be lower in an
environment with nonhost larvae present on host infested plants. Nonhost presence probably reduces
the chance of C. rubecula coming into contact with P. rapae larvae that were already parasitized by
parasitoids of the same species or C. glomerata wasps.
5.2.3 Effects of nonhost presence and competition on the spatial distribution of parasitism
C. glomerata visited a significantly lower number of plants infested by either host species when
nonhost larvae were also present on them (Fig. 4.6 and Table 4.6). While for C. rubecula only a
significant change in number of plants visited was found for P. brassicae infested plants and that was
an increase in visitations, due to nonhost presence on plants (Fig. 4.8 and Table 4.7). Interesting is
that Efremova (2009) did find a significant decrease in the number of plants on which P. rapae larvae
were parasitized, but that this difference was not as big as found for C. glomerata in this research. The
presence of P. brassicae larvae on every other plant might have caused this difference in decrease,
because Efremova (2009) only infested plants with larvae from one host species (P. rapae) (Fig. 1.4).
Efremova (2009) also found a much higher number of plants on which larvae were parasitized
by either parasitoid species. Parasitoids parasitized larvae on all plants in tents with only host
herbivores and on about 95% and 80% of all plants in tents where nonhost larvae were also present.
In our research maxima of 75% and 39% of all plants in a tent on which P. brassicae or P. rapae larvae
were parasitized by, respectively C. glomerata or C. rubecula were found. With nonhost larvae present
this number was even a lot lower. These differences, in parasitation rate between Efremova (2009)
and our results, might be due to the presence of the other (possible) host herbivore (P. brassicae) in
the environment. Wasps could not fly to any plant and find a host. However, in the research executed
by Efremova (2009) they also could not do that in the complex environment, there every other plant
was infested by nonhost larvae (Fig. 1.4). It might be that P. brassicae has a larger disturbing role on
patch host searching by the parasitoids used. The herbivore volatiles and other host cues of P.
brassicae might be more similar to those of P. rapae and thereby causes the parasitoids to make more
mistakes. Furthermore, P. brassicae is more aggressive than P. rapae and can damage parasitoids in
such a manner that they are not able to attack other larvae for a short period (Schoonhoven et al.,
2005). The latter may disrupt parasitation by at least C. rubecula in such a manner that it has less
success visiting plants and does not parasitize larvae on each plant that is visited. Another
explanation, for the low parasitation rates found in our research, is that due to weather circumstances
parasitoids were generally less active and therefore parasitized fewer larvae (Ayalew et al., 2006;
Begum et al. , 2004; Srikanth et al., 2009).
The increase in number of plants on which P. brassicae larvae were parasitized by C.
rubecula, that was found when nonhost larvae were also present on the plants, might be explained by
the complexity of the environment. As already speculated in section 5.2.1, C. rubecula might just get
confused or could not find their host and decided to parasitize P. brassicae larvae.
5.2.4 Effects of nonhost presence and competition on parasitoid preference
The preference of C. glomerata for P. brassicae was significantly higher when nonhost larvae were
present, but not as much when competitor C. rubecula was present as compared to an environment
without competitor (Fig. 4.3 and Table 4.3). No significant change in prey preference was found for
specialist C. rubecula (Fig. 4.5 and Table 4.4). Similar results were found for the preference of C.
glomerata and C. rubecula for by, respectively P. brassicae or P. rapae infested plants (Fig. 4.7 and 4.9
and Table 4.6 and 4.7).
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Parasitoid C. rubecula is a specialist on P. rapae and will therefore choose to parasitize larvae
of that species whenever possible (Geervliet, 1997a). C. glomerata is a generalist and may use larvae
from both P. brassicae and P. rapae as host, but has a preference for P. brassicae (Geervliet, 1997a).
In our results such a preference of C. glomerata for P. brassicae was clearly shown, especially when
nonhost larvae were also present on the plants (Fig. 4.3 and 4.7). This was not as hypothesized and is
probably due to the gregarious feeding style of P. brassicae which causes them to be found in groups,
while P. rapae is a solitary feeder and larvae will generally be found spread over a large area (see also
the end of section 5.2.1). With nonhost larvae present on the plants C. glomerata might concentrate
more on its preferred host, because especially P. rapae larvae will be harder to find for the parasitoids
Even more interesting is the inducing effect of competitor presence (C. rubecula) on
parasitation preference of C. glomerata for P. brassicae, which was only found when nonhost larvae
were also present (Fig. 4.3 and 4.7). The presence of a competitor might have caused a change in the
searching behavior of C. glomerata. C. rubecula is a more superior intrinsic competitor than C.
glomerata, but instead C. glomerata is a better colonizer (Amarasekare and Nisbet, 2001; Vos et al.,
1998). The presence of the competitor might have caused an increase in the number of plants on
which C. glomerata parasitized P. rapae larvae in both simple (no nonhost) and complex (nonhost
present) environments, but it was too small to be significant (Fig. 4.6). C. glomerata was probably able
to “smell”, using parasitoid specific cues, that C. rubecula was present (Tamò et al., 2006). Parasitoid
C. marginiventris has also been found to use cues from its competitor (Campoletis sonorensis) to
sense its presence and adjust its behavior, in that case prevention of multiparasitation (Tamò et al.,
2006). Besides olfactory cues parasitoids might also use visual cues to sense the presence of other
parasitoids. If C. glomerata uses parasitoid specific cues to increase the number of plants visited when
a competitor is present, it might also use them to prevent parasitation of larvae already parasitized by
C. rubecula. When there were no nonhosts present C. rubecula still had a relatively high parasitation
rate and therefore no differences in parasitation preference of C. glomerata due to competition were
found. However, with nonhost larvae present the parasitation rate of C. rubecula was much lower and
there was more room for C. glomerata to parasitize P. rapae. Furthermore, C. rubecula parasitized
more P. brassicae larvae, due to which C. glomerata might have been forced into parasitizing P. rapae
larvae.

5.3 Evolutionary aspects of host searching by parasitoids
In section 5.1.2 a hypothesis on long distance searching by (most) parasitoids was posed (Fig. 5.1). In
there it was stated that higher concentrations of some volatiles seems to be most attractive for
parasitoids when searching over long distances. However, it has been found that there are differences
in preferred volatile groups between specialists and generalists. Generalist parasitoids have been
found to prefer general GLVs, whereas specialists preferred the herbivore-induced GLVs (HIPVs)
more (Dicke, 2009; Gouinguené et al., 2005; Ngumbi et al., 2009; Shiojiri et al., 2005; Smid et al.,
2002). According to Vos et al. (2001) parasitoids need specific information to survive in complex
systems. It might therefore be that they concentrate on the more specific (herbivore induced) GLVs,
instead of the general GLVs, which are mediated by any damaged plant. In the case of C. plutellae,
specialist parasitoid on P. xylostella, this might even result in a preference for plants that are only
infested by their host, instead of plants infested by both host and nonhost herbivores. This might be
due to the emission of preferred HIPVs in highest concentrations by plants that are only infested by
their host (Shiojiri et al., 2010)
In some cases it might be that volatile production by herbivore infested plants is not always
specific enough for parasitoids to be able to concentrate on plants only infested by their host (Agrawal,
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2007). Plants have multiple uses of plant volatiles and they are not only used by parasitoids to find
host infested plants (Hare, 2011; Karban, 2008; Schoonhoven et al., 2005). Furthermore, generalist
predators have been found to have a larger reducing force on herbivore community size than
(specialist) parasitoids (Hawkins et al., 1999). So, it might just not be necessary for plants to emit
specific compounds for parasitoid attraction. The emission of specific HIPVs can also result in an
increase in herbivore feeding (Dicke and Baldwin, 2010; Kessler and Heil, 2010). Some herbivores,
e.g. P. xylostella, prefer to feed on plants already infested by other herbivores and adult females can
use specific HIPVs to find already infested plants (Schoonhoven et al., 2005).
So, it might not even be possible for some parasitoids to concentrate on the presence (and
concentration) of specific volatiles in volatile blends. However, in order to parasitize many larvae in a
lifetime parasitoids might need to increase their searching efficiency. This can be done by learning to
discriminate which volatiles indicate host presence and which not (D'Alessandro and Turlings, 2006;
Dicke, 1999; Efremova, 2009; Geervliet et al., 1998; Meinders et al., 2003; Vet et al., 1991; Vet et al.,
1998; Vet, 1999). Furthermore, patch searching behavior might help increase parasitation efficiency.
When a fast decision can be made on whether or not host larvae are present on a plant a parasitoid
can decrease a loss of time when landing on nonhost infested plants. Host cues are used by
parasitoids in order to make such a decision (Sato et al, 1999; Shiojiri et al., 2001; Wiskerker et al.,
1994). Still, parasitoids can lose time if besides host larvae also nonhosts are present on the same
plant, because there might be a smaller chance of finding hosts on such a plant (Bukovinszky et al,
unpubl.). However, if parasitoids do not find host larvae for a long period, while searching on a leaf,
they will fly off and search further on another plant (Pierre, 2010). Furthermore, by visiting many plants
during their life time parasitoids seem to produce enough offspring. Moreover, as mentioned in the
introduction, plants are in general attacked by multiple herbivore species (Shiojiri et al., 2001; Vos et
al., 2001). In the end it might not even be possible or very difficult for parasitoids to find plants or
leaves that are only infested by their host.

5.4 Future research
Results from previous research show that most endoparasitoids prefer plants infested by host and
nonhost herbivores more than plants only infested by host or nonhost insects (Bukovinszky et al.,
unpubl.; Shiojiri et al., 2000a). Based on these and other results it was hypothesized that parasitoids
prefer high concentrations of compounds produced by food plants of their host. In a wind tunnel
experiment the presence of even a third herbivore species on a plant might be tested against plants
infested by two herbivores. If this results in higher production of (certain) volatiles a preference of the
parasitoid for plants infested by three herbivores might be expected. If such results are found, there
will be more evidence for the hypothesis on parasitoid preference.
A GC-MS analysis of plants infested by host and nonhost herbivores of different species might
tell us more about how much difference there is in volatile profiles emitted by differently infested
plants. Furthermore, GC-MS can also be used to look for differences in volatile profiles between plants
infested by both host and nonhost larvae and plants infested by three herbivore species. It will be
good to look at quantitative and qualitative differences. Differently infested plants might produce about
the same volatile compounds, but will do so in (even) higher quantities when infested by more than
two herbivore species.
The analysis of antennal responses can help determining which compounds are important for
parasitoid wasps. There will be differences per species and these may depend on the herbivore that it
prefers as its host and the food plant preference of that herbivore. It might therefore be interesting to
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compare parasitoids with host species that prefer to feed on plants from different families. If the
parasitoid wasps are from the same species (e.g. Cotesia) and are both specialists on caterpillars from
e.g. the Lepidoptera family a good comparison can be made. Depending on differences in volatiles
produced by the plants they might show a response to different volatiles.
Patch searching behavior might change if a competitor is present. In order to investigate if this is
indeed true it would be interesting to do behavioral assays with and without the presence of a
competitor in the vicinity. It might be important to use competitors with different strategies, one being a
more superior intrinsic competitor and the other a better colonizer, because they might otherwise not
have the ability to adapt to the presence of the competitor.
It might also be interesting to look at the volatile production by parasitoids and try to capture
and analyze these. Tamò et al. (2006) already did similar research and not much more research has
been done on this topic. GC-EAG can also be used in order to see how competing parasitoids
respond to certain volatiles that are produced by their competitor.
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6. Conclusions


Nonhost presence causes a reduction in parasitation efficiency;



Nonhost presence causes an increase in host segregation.



Parasitoids might just concentrate on some volatile compounds that are produced by plants mostly
infested by their host and probably prefer those plants that produce the highest quantity of these
compounds;



Weather circumstances probably reduced parasitation rate of parasitoids Cotesia rubecula and C.
glomerata;



Parasitoids can sense each other‟s presence and this might influence parasitation choices of the
more inferior intrinsic competitor.
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