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A B S T R A C T

Among parasitoids that develop inside the bodies of feeding, growing hosts (so-called ‘koinobiont’ en-
doparasitoids), two strategies have evolved to dispose of host resources. The larvae of one group consumes most
host tissues before pupation, whereas in the other the parasitoid larvae consume only host hemolymph and fat
body and at maturity emerge through the host cuticle to pupate externally. Here we compared development and
survival (to adult emergence) of two related larval endoparasitoids (Braconidae: Microgastrinae) of the dia-
mondback moth, Plutella xylostella. Larvae of Dolichogenidea sicaria are tissue feeders whereas larvae of Cotesia
vestalis are hemolymph feeders. Here, development of P. xylostella and the two parasitoids was compared on
three populations (one cultivar [Cyrus], two wild, [Winspit and Kimmeridge]) of cabbage that have been shown
to vary in direct defense and hence quality. Survival of P. xylostella and C. vestalis (to adult eclosion) did not vary
with cabbage population, but did so in D. sicaria, where survival was lower when reared on the wild populations
than on the cultivar. Furthermore, adult herbivore mass was significantly higher and development was sig-
nificantly shorter in moths reared on the cultivar. The tissue-feeing D. sicaria was larger but took longer to
develop than the hemolymph-feeder C. vestalis. The performance of both parasitoids was better on the cabbage
cultivar than on the wild populations, although the effects were less apparent than in the host. Our results show
that (1) differences in plant quality are diffused up the food chain, and (2) the effects of host quality are reflected
on the development of both parasitoids.

1. Introduction

In nature, multitrophic interactions are abundant and ubiquitous,
making them excellent subject for studying a range of ecological
questions. For instance, plants may be attacked by a wide range of in-
sect herbivores, and these herbivores also act as prey or hosts for many
species of predators and parasitoids. In particular, specialist-feeding
herbivores and parasitoid wasps make excellent subjects for ecophy-
siological studies. The vast majority of herbivores are specialists
(Bernays and Graham, 1988; Cornell and Hawkins, 2003; Loxdale and
Harvey, 2016) attacking a limited number of plants that have phylo-
genetically conserved chemical defenses. Similarly many species of
endoparasitoid wasps attack only one or a few species of closely related
hosts in nature that have phylogenetically conserved immune responses
(Godfray, 1994).

In both cases involving plant-herbivore or herbivore-parasitoid in-
teractions, the co-evolutionary arms race is characterized by selection
for traits in the resource that resist attack by consumers and select for

traits in the consumers that enhance the ability to exploit the resource.
In plants, resistance traits can be chemical, morphological, or physio-
logical and are either constitutively expressed (i.e. present throughout
the life of the organism) or are induced after feeding damage is inflicted
by the consumer (e.g. increased after attack). There may also be con-
siderable genetic variation in the expression of these defense traits in
plants (Gols et al., 2008; Mooney and Agrawal, 2008; Whitham et al.,
2012). Chemical plant defenses based on the production of secondary
metabolites (allelochemicals) have been shown to negatively affect the
growth, development and survival of many insect herbivores
(Schoonhoven et al., 2005; Iason et al., 2012).

However, most insect herbivores have evolved various counter-
adaptations that enable them to more effectively exploit plants. For
example, specialist-feeding herbivores may often use secondary meta-
bolites in plant tissue as feeding or oviposition cues and stimulants or
even sequester them into their own body tissues as a putative defense
against their own natural enemies (Renwick, 2002; Després et al., 2007;
Opitz and Müller, 2009) . Still other herbivores may detoxify and
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excrete the toxic by-products of plant allelochemicals. For example,
many herbivores produce enzymes such as cytochrome P450 mono-
oxygenases that detoxify various types of secondary plant metabolites
which are then excreted with frass (Schuler, 1996; Feyereisen, 1999).
Larvae of the small cabbage white butterfly, Pieris rapae, produce a
nitrile-specifier protein that prevents the formation of toxic mustard
oils from their food plants and which are excreted as harmless nitriles
(Wittstock et al., 2004). Despite this, it is well established that inter-
and intraspecific differences in plant quality can profoundly affect the
development and reproduction of insect herbivores (Awmack and
Leather, 2002; Schoonhoven et al., 2005).

The performance of natural enemies may also be affected by prey or
host quality mediated directly or indirectly through the plant (Hunter,
2003; Harvey, 2005; Ode, 2006). Numerous studies have shown, for
example, that the development of parasitoids is strongly affected by
host traits such as the age, size and growth potential of the host
(Godfray, 1994; Harvey, 2005). This is in turn often correlated with the
nutritional status of the host and is often based on the quality of its food
plant (Turlings and Benrey, 1998; Harvey, 2005; Ode, 2006; Gols et al.,
2008). The effects of the plant on the parasitoid mediated through the
herbivore host can be direct or indirect. Direct exposure to toxic alle-
lochemicals has been shown to deleteriously affect parasitoid growth,
development and survival (Barbosa et al., 1986, 1991; Ode et al., 2004).
Gauld et al. (1992) even argued that the lower diversity of many
parasitoid lineages in tropical biomes may be the result of the much
more toxic diets of their herbivore hosts. However, indirect effects of
plant quality on host performance can also affect parasitoid develop-
ment, even in the absence of direct exposure to allelochemicals (Ode,
2006).

One area that has received little attention thus far is the effect of
trait-mediated variations in parasitoids in response to differences in
plant quality, as mediated through their host. Many parasitoids are
koinobionts that allow their hosts to continue feeing and growing
during parasitism (Godfray, 1994; Harvey, 2005). Koinobionts are
further subdivided into species that obligatorily consume virtually the
entire host before pupation and species that feed only on hemolymph
and fat body and whose larvae emerge through the cuticle of the still-
living host to pupate externally (Shaw and Huddleston, 1991; Harvey
et al., 2000; Harvey and Strand, 2002; Quicke, 2015; Harvey and
Malcicka, 2016). The hemolymph-feeding strategy is apparently only
represented by species in a small number of subfamiles in the Braco-
nidae such as the Microgastrinae. In microgastrines, species in the
genera Apanteles, Microgaster and Dolichogenidea are represented by
species whose larvae are tissue-feeders, whereas larvae of species in the
genera Cotesia and Microplitis are hemolymph feeders (Gauld and
Bolton, 1988; Quicke, 2015). Some advantages of the hemolymph-
feeding over the tissue-feeding habit have recently been discussed by
Harvey and Malcicka (2016). However, thus far no studies have directly
compared the development of related tissue- and hemolymph-feeding
parasitoids in the same host species.

In this study we examine the development and survival of the dia-
mondback moth, Plutella xylostella L. (Lepidoptera: Plutellidae) when
reared on a cultivar and two wild populations of cabbage, Brassica
oleracea (L.) (Brassicales: Brassicaceae) that have previously been
shown to differ in foliar concentrations of glucosinolates (GS) sec-
ondary metabolites characteristic for Brassicaceae (Moyes et al., 2000;
Gols et al., 2008, Newton et al., 2009, 2010; Harvey et al., 2011; re-
viewed by Hopkins et al., 2009). GS function as defensive compounds
and they have been shown to directly or indirectly affect the perfor-
mance of insect herbivores and their parasitoids (Gols and Harvey,
2009; Hopkins et al., 2009).

We then compare and contrast the development and survival of two
related solitary endoparasitoids that utilize host resources differently
when reared on second instars (hereafter L2) of P. xylostella reared on
the different cabbage populations. Dolichogenidea sicaria (Marshall)
(Hymenoptera: Braconidae) and Cotesia vestalis (Haliday)

(Hymenoptera: Braconidae) are in the same subfamily, Microgastrinae,
which contains species that are all endoparasitic koinobionts of larval
Lepidoptera. Both parasitoids are native to Eurasia where they occur
sympatrically, although they are more common in warmer regions or
southern Europe and North Africa (Sarfraz et al., 2005; Seven et al.,
2005; Stefanescu et al., 2012; Furlong et al., 2013; Papp, 2014;
Malcicka and Harvey, 2015). The group is well studied because many
species are important natural enemies of crop pests such as the dia-
mondback moth. However, there is a strong divergence in host usage
strategies among the older larvae of parasitoids in this group. In both
strategies young larvae feed exclusively on host hemolymph; however,
older larvae of D. sicaria consume virtually the entire host before pu-
pation (tissue-feeding strategy), whereas C. vestalis consume only a
small fraction of the host and emerge from the still-living host by per-
forating the cuticle with their mandibles to pupate externally (hemo-
lymph-feeding strategy) (Gauld and Bolton, 1988; Harvey and Strand,
2002; Harvey and Malcicka, 2016).

We hypothesize that (1) performance of P. xylostella will be better
on the cultivated population of cabbage than on the wild populations
because the latter are better defended chemically, (2) development and
survival of both parasitoids will reflect host quality, and (3) develop-
ment of the tissue-feeder (D. sicaria) will be more negatively affected
than development of the hemolymph feeder (C. vestalis) because larvae
of the latter species can more effectively adjust how much of the host
they consume in accordance with differences in host size.

2. Methods and materials

2.1. Plants

Seeds of the wild cabbages were originally collected from plants
naturally growing in two locations along the Dorset coastline of Great
Britain at Kimmeridge (KIM) and Winspit (WIN). Brussel sprout plants
var. Gemmifera, cv. Cyrus (CYR) were grown from seeds obtained from
(Cyngenta Crop Protection B.V, Bergen op Zoom, The Netherlands).
This cultivar is also used as host plant by P. xylostella for colony
maintenance. These same plant populations have been used in prior
studies e.g. Gols et al. (2008), Harvey et al. (2011).

Seeds of the three cabbage populations were germinated and seed-
lings were subsequently transferred to 1.1-L pots containing peat soil
(‘Lentse potgrond’ no. 4; lent, The Netherlands). Plants were grown in a
greenhouse at 21 ± 2 °C (day) and 16 ± 2 °C (night), 50% r.h., with a
photoperiod not less than 16 h. When the light dropped below 225 µmol
photons/m2/s over the 16-h photoperiod, supplementary illumination
was applied by sodium lamps. Plants were watered twice a week over
the first 3 weeks of growth after which time they were watered once
daily. When they were 3 weeks old, the plants were fertilized once per
week with Hoagland solution which was directly applied to the soil.
Watering and fertilization continued during the course of the experi-
ment. This fertilization regime compensates for the use of nutrients by
the plants during their early growth.

2.2. Insects

All insects were reared at 22 ± 2 °C with a photoperiod of 16:8h
light-dark regime. Plutella xylostella is native to the Mediterranean and
North Africa but now a major pest of mustards and collards over many
parts of the world (Furlong et al., 2013). It passes through four larval
instars before pupation. Individuals were obtained from an insect cul-
ture maintained at the Laboratory of Entomology of Wageningen Uni-
versity, (WU) the Netherlands. C. vestalis is widespread throughout
most of the Palearctic, although it is most common in more southerly
regions (Sarfraz et al., 2005). It is a major parasitoid of P. xylostella but
apparently has a fairly broad host range (Hiroyoshi et al., 2017). C.
vestalis was obtained from the culture at the Laboratory of Entomology
at WU and was originally collected from P. xylostella in cabbages in
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fields near the university. Dolichogenidea sicaria has been little studied
but has been previously recorded as a parasitoid of P. xylostella in the
Mediterranean region (Avci and Özbek, 1990) as well as in Paleractic
populations of the Painted lady butterfly, Vanessa cardui (Stefanescu
et al., 2012). Given that P. xylostella and V. cardui are not closely re-
lated, this suggests that D. sicaria is a generalist in terms of host range in
the Lepidoptera. Other studies suggest that it is common in southern
Europe and North Africa (İnanç and Beyarslan, 2001; Seven et al., 2005;
Papp, 2014). It was recovered from larvae of P. xylostella in cabbage
fields close to WU and thereafter reared on this host at NIOO (Malcicka
and Harvey, 2015).

2.3. Experimental protocol

2.3.1. Determination of herbivore and parasitoid survival, size and
development time

To measure different fitness-related traits in P. xylostella, cohorts of
20 early L2 caterpillars were taken from the culture where they were
being reared on the cultivar (CYR) and gently placed with a brush onto
the surface of middle leaves of the cabbage plants (CYR, KIM or WIN).
These plants were placed inside of meshed cages (40× 40×60 cm,
Vermandel, Hulst, The Netherlands) with three other cabbage plants of
the same population.

For each cabbage population there were 5 cages (= biological re-
plicates) each with 20 P. xylostella larvae population. Caterpillars were
allowed to move freely about on the plants until pupation. Pupae were
then carefully removed from plant leaves, stems, cage mesh or pot trays
and were transferred to Petri dishes (12 cm). At eclosion, the moths
were sexed, anesthetized using C02, and weighed on a Mettler micro-
balance (accuracy±1 μg) to determine their fresh body masses.
Development time was determined as the number of days between
being placed onto the plants and adult eclosion. Pupae were checked at
least 5 times each day for adult eclosion.

In parasitized groups, second instar caterpillars of P. xylostella were
presented individually on the end of a brush to mated females of D.
sicaria or C. vestalis in small glass vials. After successful stinging, which
was verified by the insertion and removal of the parasitoid ovipositor
into the host, parasitized caterpillars were placed onto leaves of cab-
bages from one of the three populations inside of cages containing three
other plants of the same population. Twenty parasitized larvae were
placed into each cage with 7 replicates (= cages) for each plant po-
pulation (= 140 parasitized caterpillars per population). Parasitized
larvae were allowed to feed and grow until the parasitoid emerged from
them and constructed cocoons on the plants, cages or pot trays at which
point they were collected and maintained in Petri dishes. Newly
emerged adult wasps were sexed, anesthetized using C02 and then
weighed to determine their fresh body masses. The development time
were measured as the number of days between parasitism and adult
emergence. Cocoons were checked at least 5 times each day for adult
eclosion.

2.3.2. Statistical analyses
The effect of cabbage population on the development time and adult

mass of the insects was analyzed using a general linear mixed model
with plant population and sex as fixed factors. As response variable we
used the mean values calculated for males and females per cage . In this
analysis the data were analyzed for each species separately (herbivore
and the two parasitoid species). To reveal how differences in host ex-
ploitation between the two parasitoid species affected adult mass and
development, we compared these variables for the two parasitoid spe-
cies ignoring the effect of plant population. In this second analysis
parasitoid species and sex were entered as fixed factors. Assumptions of
normality and homoscedasticity were met, based on visual inspection of
the residuals. If any of the fixed factors were significant, pairwise dif-
ferences among factor levels were determined using Tukey-Kramer-
corrected LSD tests.

Survival to adult eclosion was analyzed using a generalized linear
model with a binomial distribution and a logit link function. Data ob-
tained for each cage served as biological replicate. For P. xylostella, we
also analyzed survival to pupation (there was no pupal mortality in the
parasitoids). All data were analyzed in SAS version 9.3 (SAS Institute
Inc., Cary, NC, USA).

3. Results

3.1. Determination of herbivore and parasitoid survival, size and
development time

3.1.1. Plutella xylostella
Larval survival of P. xylostella to pupation and adult egression did

not vary significantly across the different cabbage populations (pupa-
tion: χ2

2= 0.34, P=0.84; adult egression: χ2
2= 0.89P=0.64). On

average 69.7 ± 4.3% of P. xylostella caterpillars successfully pupated
and from the initially released caterpillars 57.7 ± 5.4% emerged as
adults. Development time varied significantly depending on the cab-
bage population on which P. xylostella was reared (F2,24= 4.21,
P=0.02), but did not vary with offspring sex (F1,24= 0.21, P=0.64),
neither was the interaction between these parameters significant
(F2,24= 0.03, P=0.96; Fig. 1a). Development was approximately
1 day faster on the cultivar (CYR) than on WIN plants. Adult body mass
of moths did also vary significantly with cabbage population
(F2,24= 43.3, P < 0.001), offspring sex (F1,24= 243, P < 0.001) with
the interaction between these parameters also being significant
(F2,24= 8.98, P=0.001). Female moths were much larger than males
and individuals developing on the cultivar were significantly larger

Fig. 1. Development time (a) and adult fresh mass (b) of Plutella xylostella females (red
bars) and males (blue bars) when reared on either CYR, KIM or WIN plants. Bars present
means ± SE (n= 5 cages per plant population with 20 early L2 caterpillars being in-
itially released in each cage). Bars with different letters denote significant difference
between means (Tukey-Kramer tests, P < 0.05). Plant population affected development
time of males and females similarly, which is depicted by the lines over the bars. Statistics
on main effects of sex are given in the text. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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than those developing on the wild populations (KIM and WIN; Fig. 1b).
Plant population affected the females stronger than the males (Fig. 1b).
Female moths were approximately 75% heavier than males when they
were reared on CYR plants, whereas females were 50% heavier than
males on the wild cabbage plants.

3.1.2. Dolichogenidea sicaria
Larval survival of D. sicaria to adult eclosion varied significantly

with cabbage population (χ2
2= 8.61, P=0.014). Whereas on average

76.4 ± 2.6% of wasps emerged from hosts developing on CYR plants,
only 61.4 ± 5.3 and 63.6 ± 4.0% successfully developed on WIN and
KIM plants, respectively. Development time was also significantly af-
fected by the population of cabbage on which the P. xylostella hosts
were reared (F2,36= 15.0P < 0.001). Development time differed also
and with offspring sex (F1,36= 37.3, P < 0.001). The interaction be-
tween plant population and sex was not significant (F2,36= 1.84,
P=0.17; Fig. 2a). Males developed faster (10–20 h) than females, and
both sexes developed (on average 14 h) slower on KIM plants than on
plants of the other two cabbage populations (Fig. 2a). Also, adult body
mass of parasitoids varied significantly with cabbage population
(F2,36= 8.46, P=0.001) and offspring sex (F1,36= 118, P < 0.001)
with the interaction between these parameters not being significant
(F2,36= 1.15, P=0.32). Female parasitoids were approximately 20%
heavier than males and individuals developing on the cultivar (CYR)
were 5 to 8% larger than those developing on the wild populations
(KIM and WIN; Fig. 2b).

3.1.3. Cotesia vestalis
Survival of C. vestalis to adult eclosion was similar on the three plant

populations (χ2
2= 0.42, P=0.81). On average 64.3 ± 3.0% of the

parasitized larvae that were placed on the plants developed into adults.
Plant population had a significant effect on adult mass of C. vestalis
(F2,20.4= 15.8, P < 0.001), but not on development time
(F2,36= 2.17, P=0.12). As was found for healthy P. xylostella, these
parasitoids grew heavier (by c. 15%) on CYR plants than on KIM and
WIN plants (Fig. 3a). Female C. vestalis were approximately 20% hea-
vier (F1,36= 59.7, P < 0.001), but developed slower (10–20 h) than
their male conspecifics (F1,36= 13.5, P < 0.001; Fig. 3b) The inter-
action between plant population and sex was not significant for both
parasitoid development time (F2,36= 0.60, P=0.55) and adult mass
(F2,36= 0.7, P=0.50).

3.2. Comparing development of Dolichogenidea sicaria and Cotesia vestalis

When adult mass and development time of the two parasitoid spe-
cies was compared, ignoring the effect of plant population, D. sicaria
were approximately 20% heavier than C. vestalis wasps (F1,80= 110,
P < 0.001), but D. sicaria also took longer than C. vestalis to develop
into adults (F1,80= 16.9, P < 0.001). The development time of D. si-
caria was extended by approximately half a day. In terms of adult mass
and development time, females were heavier but developed more
slowly than males (mass: F1,80= 109, P < 0.001; development time:
F1,80= 33.4, P < 0.001), and this was similar in the two species, as the

Fig. 2. Development time (a) and adult fresh mass (b) of Dolichogenidea sicaria females
(red bars) and males (blue bars) when reared on either CYR, KIM or WIN plants. Bars
present means ± SE (n=7 cages per plant population with 20 parasitized caterpillars
being initially released in each cage). Bars with different letters denote significant dif-
ference between means (Tukey-Kramer tests, P < 0.05). Plant line affected males and
females similarly, which is depicted by the lines over the bars. Statistics on main effects of
sex are given in the text. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 3. Development time (a) and adult fresh mass (b) of Cotesia vestalis females (red bars)
and males (blue bars) when reared on either CYR, KIM or WIN plants. Bars present
means ± SE (n= 7 cages per plant population with 20 parasitized caterpillars being
initially released in each cage). Bars with different letters denote significant difference
between means (Tukey-Kramer tests, P < 0.05). Plant line affected fresh mass of males
and females similarly, which is depicted by the lines over the bars. Statistics on main
effects of sex are given in the text. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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interaction terms between species and sex were not significant (mass:
F1,80= 0.32, P=0.57; development time: F1,80= 0.20, P=0.65).

4. Discussion

The performance of P. xylostella on the three cabbage populations
was also partially reflected on the performance of the D. sicaria and C.
vestalis, showing some congruity in plant and host quality up the food
chain. Here, both sexes of the herbivore and its parasitoids achieved
much larger adult body mass when reared on the cabbage cultivar than
on the wild populations. This difference was most pronounced in P.
xylostella, where females were significantly heavier when reared on the
cultivar (CYR) than on the wild type plants. Both parasitoids were also
much smaller when developing on herbivores reared on KIM and WIN
plants. Development time was less variable in response to plant quality
and differed primarily with offspring sex. In both parasitoid species
males egressed as adults approximately 10–20 h before the females.
Only for D. sicaria, did plant population on which the host developed
affect survival and development time of the parasitoid. Survival to adult
eclosion in D. sicaria was higher on the cabbage cultivar than on the
wild populations. On KIM plants, both body mass and development
time of D. sicaria were negatively affected, whereas adult wasps were
smaller on WIN plants. Perhaps unsurprisingly, adult parasitoid body
mass of D. sicaria was larger, and development time longer, than in C.
vestalis.

Previous work with other macro-lepidopteran herbivores and their
parasitoids that were reared on CYR, KIM and WIN plants reported
negative effects of the wild populations on the development and sur-
vival of generalists (e.g. Mamestra brassicae and its parasitoid Microplitis
mediator) and specialists (e.g. Pieris rapae and P. brassicae, and their
respective parasitoids Cotesia rubecula and C. glomerata) (Gols et al.,
2008; Harvey et al., 2011). However, the negative effects of the wild
cabbage populations on insect performance are less pronounced in
specialists compared to generalists and mainly affected secondary fit-
ness correlates such as development time and biomass, whereas in
generalists survival was also strongly affected (Gols et al., 2008). The
effects on insect performance have been attributed to variable plant
quality, with the wild cabbage plants possessing producing significantly
higher concentrations of GS than cultivars, because wild plants have
evolved under natural selection in response to attack from pathogens
and herbivores whereas cultivars have often been artificially selected to
emphasize traits, such as taste, that may be incompatible with defense
(Gols et al., 2008; Chen et al., 2015). Plutella xylostella does not se-
quester GS, but produces a sulfatase enzyme that prevents the forma-
tion of toxic hydrolysis products (Ratzka et al., 2002). Thus, the effects
of plant quality on parasitoid performance were probably not based on
direct larval exposure to allelochemicals but on indirect effects of the
cabbage populations on host quality.

Our results provide only partial support for our hypothesis that
hemolymph feeding benefitted C. vestalis in terms of overcoming plant-
related differences in host quality. Development – in particular survival
of the hemolymph-feeder C. vestalis – was less negatively affected by
plant/host-mediated variation in host quality than development of the
tissue-feeder D. sicaria. Although the sample size is of course very low
(n=1 species for each developmental strategy), other benefits of the
hemolymph-feeding over the tissue-feeding habit have been previously
demonstrated. For example, same species of hemolymph-feeders are
able to parasitize and exploit a much broader range of host sizes than
tissue-feeders of approximately similar adult mass (Harvey and Strand,
2002). This is because the larvae of solitary tissue-feeders become oc-
casionally trapped within the integument of larger hosts and are unable
to emerge from them (Beckage and Templeton, 1985; Harvey, 1996).
The larvae of some hemolymph feeders, by contrast, often develop
rasping jaws in their final instar that enable them to perforate the host
cuticle through which they emerge to pupate successfully (Nakamatsu
et al., 2006).

The cocoons of tissue- and hemolymph-feeding parasitoids are
themselves often prey or hosts for predators and hyperparasitoids re-
spectively, and selection therefore has resulted in the expression of
different strategies to reduce enemy-induced mortality. After egressing
from the host, the cocoons of some tissue-feeding species protect
themselves by resembling bird droppings or by using the spiny host
cuticle as a kind of ‘shroud’ (Gross, 1993). However, the cocoons of
parasitoids cannot ‘fight back’ once they are discovered by an enemy.
Hemolymph feeders have evolved two ingenious strategies involving
the host to reduce enemy-induced mortality. Some hemolymph feeders
have evolved manipulative strategies whereby the dying hosts are used
as more attractive prey for passing predators (Harvey et al., 2013).
Alternatively, these dying hosts may also be employed as ‘bodyguards’
and aggressively defend parasitoid cocoons against attackers (Brodeur
and Vet, 1994; Grosman et al., 2008; Harvey et al., 2008; Maure et al.,
2011). These adaptive benefits of using still-living hosts are clearly
unavailable for tissue feeders (Harvey and Malcicka, 2016). Most
parasitized hosts die after their alternate prey/bodyguard function is no
longer required (but see Maure et al., 2011).

In the two parasitoid species studied here, we envisaged no benefits
of the hemolymph-feeding habit over the tissue feeding habit for two
reasons. First of all, P. xylostella is a very small host relative to the adult
size of both parasitoids and larvae of the tissue-feeding D. sicaria can
easily consume fully grown L4 larvae. The advantages of hemolymph
feeding in other associations have been primarily restricted to para-
sitoids attacking macro-lepidopteran hosts with a significant growth
potential (Harvey and Strand, 2002). Second, after egression of the C.
vestalis larva from the host, the exhausted P. xylostella caterpillar gen-
erally falls from the food plant and dies within 24 h or less. Therefore it
has no utility as a ‘bodyguard’ as has been demonstrated in several
other associations. Given that both parasitoids also were affected by
differences in host quality and that C. vestalis did not gain some com-
petitive edge on the basis of its feeding strategy, our results thus suggest
that the benefits of hemolymph feeding, if any, are highly association-
specific.
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