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Short Communication
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Several species of hymenopteran parasitoids are able to locate concealed pu-
pal hosts by vibrational sounding. However, the specific role of this technique
of mechanosensory host location has not yet been investigated in a natural,
tritrophic system with multiple cues. Here we compared the host location of
the pupal parasitoid Xanthopimpla stemmator in a tritrophic system with
corn borer pupae in maize stem to the behavior on a paper model offering
mechanosensory cues only. In general, the behavioral pattern and the behav-
ioral states exhibited by host-searching female parasitoid were identical in the
model and in the tritrophic system, while quantitative aspects differed. Our
results demonstrate that vibrational sounding maintains its significance for
host location in an environment with multiple cues, and that additional cues
may increase responsiveness of females.

KEY WORDS: host location; tritrophic system; vibrational sounding; pupal parasitoid;
stemborer; Xanthopimpla stemmator.

INTRODUCTION

For host location, parasitoids of the nonfeeding and stationary pupal stage of
endophytic hosts rely heavily on physical cues (Wäckers et al., 1998; Fischer
et al., 2001). Plant- or insect-derived contact chemicals are expected to be
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less reliable and detectable than they are, for example, for parasitoids of
concealed larval hosts (Mattiacci et al., 1999; Dutton et al., 2000). Tactile
cues like stemborer tunnel openings (Pfannenstiel et al., 1992), visual cues
created by desiccation or discoloration of stems (Fischer et al., 2003), and
vibrational cues produced by wriggling pupae (Meyhöfer et al., 1994) guide
the parasitoid females to places where host pupae are hidden. Besides re-
sponding to these host- or plant-derived physical cues, several species of the
hymenopteran families Orussidae and Ichneumonidae have developed a so-
phisticated host-location strategy. They transmit self-produced vibrations via
the antennae onto the substrate covering the host and analyze the reflected
signals. This form of echolocation, called vibrational sounding, has so far
only been demonstrated for Pimpla instigator (F.) (Henaut and Guerdoux,
1982) and Pimpla turionellae (L.) (Wäckers et al., 1998). However, morpho-
logical structures associated with vibrational sounding were found in many
species of the subfamily Pimplinae (Broad and Quicke, 2000).

For parasitoid wasps specialized on hosts covered by hard substrate, host
location is likely to be particularly time- and energy-consuming. Therefore,
highly accurate host-location mechanisms such as vibrational sounding have
evolved as an adaptation to the needs of parasitoids of wood-boring, stem-
boring, soil-dwelling, and cocooned hosts, as well as stem-nesting aculeates
(Broad and Quicke, 2000). However, the specific role of vibrational sounding
in host location of parasitoids of concealed pupal hosts has not yet been
investigated in a natural, tritrophic system with multiple cues.

The endoparasitoid Xanthopimpla stemmator (Thunberg) (Hymen-
optera: Ichneumonidae) is specialized on pupae of lepidopteran stembor-
ers (Hailemichael et al., 1994). It can locate a possible host by only using
vibrational sounding, indicated by pronounced surface antennation within
an area of about 2–3 cm2 above host mimics offering mechanosensory cues
only and subsequent ovipositor insertion (Fischer et al., unpublished). To
assess the role of vibrational sounding in multisensory host location, we
studied the behavior of X. stemmator during host location in a tritrophic
system consisting of maize plants infested with the European corn borer
Ostrinia nubilalis Hübner (Lepidoptera: Pyralidae) and compared it to a pa-
per stem model containing cigarette filters as host mimics. In contrast to the
model that offered only mechanosensory cues to the searching parasitoid
females, also physical (Smith et al., 1993) and olfactory cues (Turlings et al.,
1998) were available on the infested maize in the present study. Besides, the
maize plants produced a natural gradient of microclimate characterized by
high humidity at the plant (70% RH) and had a surface texture differing
from that of the paper model. If vibrational sounding would play a signifi-
cant role as a host-location strategy under those more complex stimuli in the
tritrophic system, the behavioral pattern and the time spent in characteristic
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behavioral states like antennating should be as prominent as exhibited in the
model system with pure mechanosensory cues. The latter was tested in the
present study by qualitative and quantitative analysis of the behavior as well
as the patterns of transition between behavioral states during host location
of X. stemmator.

MATERIALS AND METHODS

Parasitoid Rearing. The laboratory strain of Xanthopimpla stemmator
originated from insects obtained from Marianne Alleyne of the University
of Illinois at Urbana–Champaign, USA, in 2000. Subsequently, parasitoids
were reared on pupae of the wax moth Galleria mellonella L. Adults were
kept in Plexiglas containers (25× 25× 25 cm) at 23◦C, 70% RH, during the
day and at 15◦C, 80% RH, during the night, with a photoperiod of 16L:8D.
Wasps were fed with honey and water and were allowed to mate. Starting at
an age of about 1 month parasitoids were provided with host pupae for ovipo-
sition and host-feeding. X. stemmator accepted only pupae hidden within a
substrate such as paper rolls. After having been exposed to the wasps for 3
to 5 h, parasitized pupae were stored at 24◦C, 60% RH, and a photoperiod
of 16L:8D until emergence of the adult wasps, which typically occurred after
3 weeks. Female X. stemmator had a life span of up to 4 months.

Maize Cultivation and Infestation. Maize (Zea mays) (hybrid LG 11;
Swiss Federal Research Station for Agroecology and Agriculture, Zurich–
Reckenholz), treated with Captolate (50% Captan, 35% Antrachinon), was
cultivated in a climate chamber at 23◦C, 70% RH, during the day and at
15◦C, 80% RH, during the night, with a photoperiod of 16L:8D. Eggs of
Ostrinia nubilalis were obtained from Thomas Meise of the BBA Institute,
Darmstadt, Germany. Early-instar larvae feed cryptically in leaf sheaths
causing a characteristic “windowing” damage. Final-instar larvae enter the
stem and hollow out the internode by their feeding. Pupation normally takes
place in the stem in a chamber constructed by the mature larva (Beck, 1987).
Single maize plants in the pretasseling stage at an age of 30 days and a stem
height of about 70 to 100 cm were infested with 20 to 30 newly hatched
corn borer larvae. The large number of larvae was necessary because of
high mortality due to cannibalism between individuals on the same plant.
To prevent movement of larvae between different plants, the potted plants
were covered individually with gauze bags. Typically, O. nubilalis took about
40 days to develop from the time newly hatched larvae were transferred to
the plants to the pupal stage in the maize stem. Special attention was paid to
avoid any mechanical damage of the maize plants causing additional volatile
release. After the experiment, all maize stems into which female parasitoids
had inserted their ovipositor during the trial sessions (n = 18) were opened
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longitudinally. The number of pupae found per plant ranged from zero in one
case (i.e., the larvae infested the plant but died subsequently) up to seven.

Model Setup. Paper cylinders containing a solid section imitating a host
pupa are ideal experimental models that were used in a number of studies on
host location in Pimpla and Xanthopimpla species (e.g., Hailemichael et al.,
1994; Wäckers et al., 1998; Otten et al., 2001). Due to the similarity with the
stem- or leaf-roll shelters of their hosts, hollow rounded substrates evoke
searching and oviposition behavior in many Ichneumonidae. Our model
consisted of two cigarette filters (1.5 × 0.8 cm; Gizeh, Germany) placed
inside a hollow cylinder (59×0.8 cm) made of airmail paper (ELCO Atlantic
Clipper, Switzerland; 45 g m−2). The two filters were separated by a distance
of 28 cm and the distance from a filter to the nearest end of the paper roll
was 14 cm. These solid sections imitated host pupae within a plant stem and
offered the density differences needed by the parasitoids in mechanosensory
host location (Wäckers et al., 1998). Since the host mimics could not be
detected visually or chemically from the outside, directed orientation can be
attributed to vibrational sounding.

Testing Procedures. Trials with maize were performed after pupation
of the corn borer. A single infested maize plant was placed in a Plexiglas
container (50 × 50 × 150 cm). One female parasitoid was released into the
cage and given 30 min to touch the plant. Starting upon contact of the para-
sitoid with the plant, a recording of five different behavioral states (defined
below) with the software The Observer 3.0 (Noldus, 1995) was made for
a duration of 20 min. Each individual parasitoid was used only once. The
maize plant was replaced after the experiment if an ovipositor insertion had
occured.

In the trials with the model, a single paper cylinder was secured vertically
in the center of a Plexiglas container (60× 60× 60 cm). It is known that X.
stemmator prefers vertically oriented stems or stem-like structures. This is
probably an adaptation to the cryptic microhabitats in grass communities
occupied by the majority of hosts recorded for this species (Hailemichael
et al., 1994). All other experimental conditions correspond with the ones
described above for the trials on maize. Experiments on both model and
maize were performed at a mean temperature of 25◦C and a mean relative
humidity of 40%. In the vicinity of the plant the relative humidity increased to
about 70%. The female wasps used in the experiments were 1.5 to 2.5 months
old. Their body weight in the maize trials was 39 ± 4 mg (mean ± SD); in
the model trials, 38± 5 mg. Individuals were provided with food ad libitum
and had previous oviposition experience with Galleria pupae wrapped in
cigarette paper (Gizeh Brookfield, Germany; 13 g m−2).

Definition of Behavioral States. We defined five behavioral states dis-
played by X. stemmator females during host location on infested maize and
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models, as follows:

Walking: Rapid displacement on the surface of plant or model.
Antennation: Arrestment of the searching individual within an area

of about 2–3 cm2 with pronounced surface antennation. Vibrational
sounding is indicated by this behavioral state, during which the
females transmit pulses via the antennae and receive reflected sig-
nals through subgenual organs in their tibiae (Henaut and Guerdoux,
1982; Otten et al., 2001).

Probing: Female stands still and bends the abdomen to place the ovipos-
itor tip on the substrate surface.

Insertion: Ovipositor is inserted into the stem or model. During ovipo-
sition females usually fanned their wings in slow or high speed as
described for Xanthopimpla punctata (F.) (Pillai and Ramachandran
Nair, 1989).

Pausing: Cleaning behavior or no obvious movement at all.

Besides these behavioral states, we recorded the time that a female was
absent from the plant or model during the observation period of 20 min.

Data Analysis. Of a total of 32 females that landed on infested maize, 18
behavioral sequences with ovipositor insertion were recorded. From 44 fe-
male wasps that landed on the model, 10 recordings with ovipositor insertion
were made. The general responsiveness of the wasps, i.e., the number of in-
dividuals inserting their ovipositor versus the inactive ones, was analyzed
for significant differences between infested maize and the models using a
χ2 test. The effect of female body weight on the responsiveness was tested
for trials with models and trials with maize using unpaired t-tests.

All following analyses were restricted to recordings with ovipositor in-
sertion, as this is the behavioral response indicating host location (Meyhöfer
et al., 1997). Transition frequencies from one behavioral state (criterion
event) to another (target event) were obtained using a state-lag sequential
analysis. Transition probabilities were calculated as the transition frequency
from one behavioral state to another divided by the total number of transi-
tions of the parasitoid. The transition probabilities from walking to antenna-
tion, from antennation to probing, and from probing to insertion were com-
pared between model and maize trials using Fisher’s exact probability test.

The total time spent in each of the five behavioral states was compared
between model and maize trials using unpaired t-tests. The effect of the num-
ber of pupae (factor) on the total duration of each behavioral state in trials
with infested maize was tested by a one-way analysis of variance (ANOVA).
One recording with ovipositor insertion into a maize stem without pupa was
omitted from the analysis.
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RESULTS

The responsiveness of Xanthopimpla stemmator females, i.e., the pro-
portion of individuals that responded with ovipositor insertion versus those
that did not respond, differed significantly between the trials in the model
and those in the tritrophic system (χ2 test: χ2 = 8.95, df = 1, P = 0.003).
More females inserted the ovipositor into maize plants infested with Ostrinia
nubilalis pupae (56%) than into paper cylinders with a cigarette filter as a
host mimic (23%). Body weight of the females did not significantly affect
their responsiveness (unpaired t-test; model, t = 1.03, df = 42, P = 0.31;
maize, t = −0.52, df = 30, P = 0.61).

Landing of the parasitoids on the maize or the model was followed by
walking irrespective of the system tested. Subsequently, the parasitoid fe-
males switched mainly to antennation on the maize plant. On the model,
most females switched from walking to pausing. The corresponding differ-
ence in transition probability from walking to antennation was significant
between the infested plants and the model (Table I). Antennating wasps
either started to probe with their ovipositors or changed back to walking.
Transition probabilities from antennation to probing did not show signifi-
cant differences between the plant and the model system, amounting to 0.30
and 0.37, respectively (Table I). After probing, a searching female typically
inserted the ovipositor several times into an area of interest. Again, the
transition probabilities for the two systems studied were not significantly
different, amounting to 0.64 for the maize and 0.63 for the model system
(Table I). Repeated ovipositions were normally interrupted by periods of
strong antennation.

Of the total observational period, the proportion of time spent without
contact to the plant or model amounted to 20 ± 6% (mean ± SE) in the
tritrophic system and 25± 7% in the model trials. Although host-searching
females did not show significant differences in time spent probing on the
infested maize and on the model (Fig. 1; unpaired t-test; t = 0.74, df = 26,

Table I. Comparison of Transition Probabilities (TP) Between Behavioral States Associated
with Mechanosensory Host Location in Xanthopimpla stemmator Females on Maize Plants
Infested with Ostrinia nubilalis Pupae and on Paper-Cylinder Models with Cigarette Filters

as Host Mimics

Maize Model

Transition TP Counts TP Counts P value

Walking–antennation 0.48 162/340 0.22 40/182 0.001
Antennation–probing 0.30 85/281 0.37 31/83 0.38
Probing–insertion 0.64 72/112 0.63 26/41 1.00

Note. Counts: absolute transition frequency/total number of transitions to any other behav-
ioral state.
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Fig. 1. Proportion of time (mean ± SE) spent by
Xanthopimpla stemmator in five different behavioral states
on a model offering mechanosensory cues only (n = 10)
and on maize plants with hidden Ostrinia nubilalis pupae
offering multiple stimuli (n = 18). Durations of behavioral
states are given as a percentage of the total time the insect
was in contact with the plant or model.

P = 0.47), the total duration of antennation and insertion differed signif-
icantly between the two systems (Fig. 1; antennation, t = 4.86, df = 26,
P < 0.001; insertion, t = 2.22, df = 26, P = 0.04). The time spent walking
was the same on infested maize and on the model, but on the model the
individuals spent significantly more time pausing (Fig. 1; walking, t = 1.32,
df = 26, P = 0.20; pausing, t = 4.33, df = 26, P < 0.001). The number of
pupae in the maize stem had a significant influence on the total duration of
antennation but not on the time spent in other behavioral states (one-way
ANOVA; antennation, F = 6.3, df = 4, 12, P < 0.01; other behavioral
states, not significant at 5% level). When only trials with one or two stem-
borer pupae were compared to the model trials with two host mimics, the du-
ration of antennation was still significantly longer on maize (unpaired t-test:
t = 4.72, df = 19, P < 0.001). Although X. stemmator females spent most
of their time on the plant with antennation (31±3%) (mean± SE), pausing
was the most frequent behavior in the model system (60± 9%) (Fig. 1).

DISCUSSION

In general, the behavioral pattern and the behavioral states exhibited
by host-searching female parasitoids were identical in the model and the
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tritrophic system. This finding implies that, as long as mechanosensory cues
are provided, Xanthopimpla stemmator females do not change their host-
searching pattern according to additional cues. All qualitative aspects of the
mechanosensory host-searching behavior of the parasitoid recorded in the
model system are represented in the host-searching behavior in the natural
system. This demonstrates that vibrational sounding maintains its signifi-
cance for host location in an environment with multiple cues.

However, quantitative aspects of the host-searching behavior differed
in the model and the tritrophic system. The increased responsiveness on
infested maize was likely due to the availability of multiple cues including
visual cues derived from the plant surface (Smith et al., 1993; Fischer et al.,
2001), olfactory cues such as pupal odor or larval frass (Hailemichael et al.,
1994; Turlings et al., 1998), and/or host vibrations (Hailemichael et al., 1994)
that revealed the presence of a living host in the tritrophic system. Fur-
thermore, the microclimatic conditions with high humidity and the tactile
properties of the stem surface could have enhanced the responsiveness of
the searching parasitoids.

Most interestingly, host-searching behavior in the tritrophic system was
stimulated in a way that revealed the importance of vibrational sounding as a
host-location strategy in a natural, multisensory environment. The duration
of the behavioral state antennation, which indicates vibrational sounding
activity, and the number of transitions from walking to antennation were
even higher in the tritrophic system than in the model system. The lack of
visual and chemical cues in the model system may be reflected in the long
time the parasitoids spent pausing in this system. If we had used a living
pupa instead of a cigarette filter in the model system, it is likely that the
additional host-derived cues would have increased the time spent for an-
tennation, probing, and insertion by the female parasitoids. However, the
transition probabilities from antennation to probing and then to ovipos-
itor insertion were not significantly different between the model and the
tritrophic system. This suggests that the behavioral sequence initiated by
vibrational sounding is predetermined and that, once the substrate has been
examined by antennation, probing and insertion are following with high
probabilities.

In order to pinpoint the proper location for an ovipositor insertion, par-
asitoids of concealed pupae depend strongly on physical cues. These cues
may interact in a similar manner as vibrational and visual cues do in host lo-
cation of Pimpla turionellae (Fischer et al., 2001) and they may also be used in
a hierarchical way along with olfactory stimuli as described for X. stemmator
(Hailemichael et al., 1994). Our findings indicate that vibrational sounding
is a significant strategy for location of the endophytic pupal host in this
parasitoid and that its role is not diminished in multisensory host location.
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