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Abstract Certain parasitic wasps (Ichneumonidae, Pim-
plinae) use self-produced vibrations transmitted on plant
substrate to locate their immobile concealed hosts (i.e.
lepidopteran pupae). This mechanosensory mechanism,
called the vibrational sounding, depends both on phys-
ical cues of the environment and physical activity of the
parasitoid and is postulated to depend on ambient
temperature. We analysed the influences of temperature
on vibrational sounding by choice experiments using
plant-stem models with hidden host mimics in the tem-
perate species Pimpla turionellae. The results show a
significant effect of temperature on host-location activity
and on the success of this process. Outside an optimum
range, the performance of the wasps decreased both at
low and high temperatures. Below 10°C and beyond
24°C, the wasps displayed (1) substantial reduction in
responsiveness, i.e. proportion of females showing ovi-
positor insertions, (2) reduction of quantitative activity
with ovipositor insertions in the individuals, and (3)
reduced precision of mechanosensory host location.
Nevertheless, female wasps were able to locate their host
over a surprisingly broad range of ambient temperatures
which indicates that the wasps are able to compensate
for temperature effects on vibrational sounding.
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Introduction

Temperature is one of the most important environ-
mental parameters influencing all organisms. Although
thermal conditions affect nearly all biological processes,
rates and functions (Willmer et al. 2000), there are rel-
atively few studies dealing with the influence of tem-
perature on sensory mechanisms during species
interactions. Most of this work is restricted to the
influence of temperature on the interaction between
plants and the herbivores (e.g. Alonso 1999; Bale et al.
2002; Hughes et al. 2004; Kiihrt et al. 2005). Few studies
are dealing with parasitoid-host interactions but are
restricted to temperature effects on emission of potential
behaviourally effective plant volatiles (Gouinguené and
Turlings 2002; Vallat et al. 2005), on the attractiveness
of volatiles per se (Reddy et al. 2002) or on parasitation
rates (e.g. Benrey and Denno 1997; Flinn 1998). How
temperature effects relate to the sensory process of host
location itself is mostly unknown. Accordingly, the
importance of certain host location mechanisms in
parasitoids under different temperature conditions is
difficult to understand yet.

Parasitoids of concealed pupae depend heavily on
physical cues as indicators of their hosts’ whereabouts.
Certain species of the Pimplinae (Hymenoptera, Ich-
neumonidae) have developed a strategy very similar to
echolocation to locate their pupal hosts within the plant
substrate or hidden in leaf rolls. They use self-produced
vibrations transmitted by the antennae on plant parts to
sense their immobile hosts (lepidopteran pupae) by sig-
nal modification received with the subgenual organ
(Wickers et al. 1998; Otten et al. 2002). This mechano-
sensory mechanism, termed vibrational sounding, de-
pends both on physical cues of the environment and
physical activity of the parasitoid (Fischer et al. 2001,
2003, 2004; Otten et al. 2002), and should therefore be
related to ambient temperature: Since production of the
vibrations during mechanosensory orientation is pre-
sumed to be of myogenic origin (Henaut 1990; Otten
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et al. 2002; H. Otten et al. unpublished) and the effi-
ciency of mechanoreceptors is usually thermally influ-
enced (e.g. Coro et al. 1994; Hoger and French 1999;
Franz and Ronacher 2002), the host location mechanism
could be highly susceptible to changes of the wasps’
body temperatures and changing ambient temperatures
of the presumably ectothermic insects. It is to expect that
the parasitoid females have a distinct temperature range
according to the thermal conditions of their natural
habitat in which they respond positively with host
location by vibrational sounding. Within such an opti-
mum range, they should show high activity of ovipositor
insertions towards the host which should decline if the
temperatures rise too high or fall too low. This also
suggests that the precision of host location by vibra-
tional sounding may decline outside optimum tempera-
tures.

In this study, the possible influences of temperature
on mechanosensory host location was analysed in the
temperate wasp Pimpla turionellae (L.) (Hymenoptera,
Ichneumonidae, Pimplinae). This polyphagous parasit-
oid of lepidopteran pupae has been well investigated
with respect to the use of vibrational sounding as a host
location mechanism (Wickers et al. 1998; Otten et al.
2002; Fischer et al. 2001) and with respect to physical
environmental factors of the environment influencing
the performance of this mechanism (Fischer et al. 2003).
The temperate distribution of the species suggests a
relatively wide range of ambient conditions, the species
has to deal with and it facilitates testing for performance
during vibrational sounding from below 10°C to beyond
30°C. We tested the hypothesis of thermal influence of
mechanosensory host location by choice experiments in
the laboratory using plant-stem models with hidden host
mimics. Such models elicit a behavioural response of the
wasps which is comparable to host location in the nat-
ural system (Fischer et al. 2004) while excluding chem-
ical and visual stimuli and therefore focusing solely on
mechanosensory cues.

Materials and methods
Parasitoid rearing

A laboratory strain of P. turionellae was reared on pu-
pae of the wax moth Galleria mellonella L. Adults were
kept in Plexiglas containers (25 x 25 x 25 cm?) at 15°C
and 70% relative humidity (RH) in a climate chamber
(Conviron, PGV72, Winnipeg, Canada) with a photo-
period of 16 h/8 h:light/darkness. Wasps were fed with
honey and water and are allowed to mate. Starting at an
age of 5-7 days in P. turionellae, parasitoid females were
provided with host pupae for oviposition and host-
feeding three times a week. After having been exposed to
the wasps for 3-5 h, parasitised pupae were stored at
24°C, 60% RH and a photoperiod of 16/8:light/darkness
until emergence of adults, typically after 3 weeks.
Female P. turionellae have a lifespan of 1-3 months. The

strain of P. turionellae was obtained in 1994 from
the Forest Research Institute of Baden-Wiirttemberg,
Germany.

Plant-stem model

Females of P. turionellae innately attempt to insert their
ovipositors into various hollow rounded substrates due
to their hosts’ shelter inside of cocoons or leaf rolls.
Paper cylinders containing a solid section imitating a
plant stem with host pupa are therefore ideal experi-
mental models and were used in a number of studies on
host location in these insects (e.g. Wéckers et al. 1998;
Otten et al. 2001; Fischer et al. 2001, 2003, 2004). In the
present study, the plant-stem model was made of a
hollow white cylinder (125 mm length; 8 mm diameter)
made of airmail paper (ELCO, Atlantic Clipper Air
Mail, 45 g m 2, Allschwil, Switzerland). The mechano-
sensory cue of the host mimic was be provided by a
cigarette filter (15 x 8 mm, Gizeh, Gummersbach, Ger-
many) hidden inside the paper cylinder. In this way, only
mechanosensory cues are offered to the wasps, excluding
chemical and visual stimuli on the model. Directed ori-
entation with respect to the host mimic can therefore be
attributed exclusively to vibrational sounding. This set
up enables testing the responsiveness of the female
parasitoids (i.e. the proportion of females inserting their
ovipositor into the plant-stem model with the host
mimic), the quantitative insertion activity by scoring the
number of ovipositor penetrations, and the precision of
host location by recording the position of insertions on
the model in relation to the host mimic.

Experimental design

The tested females were at least 1-week old since emer-
gence. Covered pupae were offered to the parasitoids for
the first time 24-48 h before the experiments started. At
least 1 h before the experiments animals were acclima-
tised to the ambient temperature of the according
treatment. During the trials, single female parasitoids
were placed individually into Plexiglas containers
(18.5 x 8.5 x 7.5 cm®) and exposed to one host model
for a period of 20 min. The experiments were performed
individually in a climate chamber (Conviron, PGV72,
Winnipeg, Canada) under high frequency white fluo-
rescent light (10 kLux, 20 W m~?) at 60% RH and the
respective temperature treatment. All parasitoids were
used for one trial session only. The stem model was
attached to the white background and renewed in each
trial. At the end of a trial the individuals were weighed
with a high precision balance (Mettler Toledo MT 5,
Gottingen, Germany; accuracy £0.01 mg).

Twelve temperature treatments with positive response
of the wasps were applied in which 558 females were
tested. The treatments were set from 6 to 24°C in 2°C
increments, and at 28 and 32°C. Outside this range at 4



and 34°C no wasp showed a positive response with ovi-
position activity. The desired sample size for the treat-
ments was at least 20 responding females, i.e. females
that inserted their ovipositor at least once into the model
during the trial period. At 10 and 20°C the sample size
was increased to 30 responding females. The respon-
siveness at 6°C (30 females tested) and 32°C (36 females
tested) was too low to reach the desired sample size.
These two temperature treatments were therefore
excluded from factorial analysis of quantitative insertion
activity and precision of host location (cf. Data analysis).

Data analysis

The performance during host location was quantified by
scoring the location and precision of ovipositor inser-
tions on the stem-model in relation to the hidden host
mimic. For the analysis, each stem-model was subdi-
vided into 34 sections (section width: 3.7 mm). Host
mimics were located in the 20th to 23rd sections.

Across the temperature treatments, the responsive-
ness of the species was analysed as the proportion of
females inserting their ovipositor at least once into the
stem-model. Quantitative insertion activity was analysed
as the average number of ovipositor penetrations per
responding female. Finally, the precision of insertions
were compared between the temperature treatments by
two parameters. First, absolute mean deviation of
insertions from the cue centre (bias) for each responding
female was calculated as the absolute value of the
average insertions’ deviation from the cues centre. Sec-
ond, the variance of the insertion positions (scattering)
was calculated for each female.

Differences in the general responsiveness of the
females in the different treatments, i.e. the number of
individuals inserting their ovipositor versus the inactive
ones, were analysed using y*-test. Quantitative insertion
activity and the precision parameters were examined by
analyses of variance (ANOVA). To test for a possible
influence of body weight on the precision, the distri-
bution of ovipositor insertions on the model was
additionally assessed by an analysis of covariance
(ANCOVA) with factor temperature and covariate
body weight of the individual wasp. Posthoc—pairwise
comparisons were performed using Fisher’s protected
least square difference tests (Fisher’s PLSD) on the
5%-significance level.

Results
Responsiveness

Over all treatments 40.0% of the tested female P. turi-
onellae responded positively to the plant-stem models
with host mimic by ovipositor insertion. The tempera-
ture treatments with positive response ranged from 6 to
32°C (Fig. 1). At 4 and 34°C no wasp showed any
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insertion of the ovipositor. Within the range of positive
response, ambient temperature had a highly significant
influence on responsiveness of the females (y*-test,
=799, d.f.=11, P<0.0001). At 18°C, wasps had the
highest responsiveness with 69.0% of the tested females
showing ovipositor insertions. Towards the low and high
ends of the temperature range the responsiveness de-
creased to the lowest values at 6°C (13.3% response) and
32°C (13.9% response), respectively (Fig. 1).

Quantitative insertion activity

In the responding females, absolute numbers of ovipos-
itor insertions were significantly influenced by the tem-
perature treatment (ANOVA, Fy,09=4.58, P<0.0001).
The highest average value was reached at 20°C with
7.40 £0.84 insertions (mean =+ SE). Towards the lowest
and highest temperature with positive response, the
activity decreased to 1.60+0.80 insertions at 6°C and
1.80+£0.58 insertions at 32°C (Fig. 2). Pairwise com-
parisons revealed a homogeneous group of average ovi-
positor insertions between 8 and 18°C without significant
differences among each other (Fisher’s PLSD, 5% sig-
nificance level). The high averages at 20 and 24°C both as
the low average at 28°C contrast significantly to this
latter homogeneous group between 8 and 18°C (Fisher’s
PLSD, 5% significance level) (Fig. 2).

Precision of host location

The distribution of ovipositor insertions on the plant-
stem models was strongly influenced by the temperature
treatment but not by the body weight of the
wasps (ANCOVA; factor temperature: Fgop9=4.63,
P<0.0001; covariate body weight: Fj09=0.038,
P=0.847). Factor temperature did not reveal an inter-
action with the covariate body weight which indicates
that the body weight of the female wasps does not
modify the temperature influence (ANCOVA, interac-
tiOl’l, F9’209: 133, P:0224)

Quantified as the absolute mean deviation of indi-
vidual ovipositor insertions from the cue centre, the bias
of mechanosensory host location was significantly
influenced by the temperature treatment (ANOVA,
Fy510=4.54, P<0.0001). The lowest average bias was
found at 20°C with 1.19+£0.17 section widths
(mean &+ SE). Towards the lowest and highest tempera-
tures analysed, the bias of mechanosensory host location
increased to 3.47+0.77 section widths at 8°C and
4.23+£0.88 section widths at 28°C (Fig. 3a). Pairwise
comparisons revealed a homogeneous group of low
average bias between 10 and 24°C without significant
differences among each other (Fisher’s PLSD, 5% sig-
nificance level). The high average biases of host location
at 8 and 28°C contrast significantly to this group
(Fisher’s PLSD, 5% significance level) and at the same
time do not differ from each other (Fig. 3a).
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Fig. 1 Responsiveness of 80% -
Pimpla turionellae during
mechanosensory host location
on plant-stem models across
temperature treatments from 4
to 34°C. Responsiveness is
quantified as the proportion of
females with at least one
ovipositor insertion
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The scattering of mechanosensory host location (i.e.
the variance of individual ovipositor insertions on the
model) was also significantly influenced by the temper-
ature treatment (ANOVA, Fy166=0.45, P<0.0001).
Lowest scattering occurred at 16°C with 9.58 £4.51
section widths (mean=+SE). Similarly low values of
scattering were found in all treatments between 12 and
20°C (Fig. 3b). Towards the lowest and highest tem-
peratures analysed, the scattering of mechanosensory
host location increased to 17.42+5.31 section widths at
8°C and 20.23 £7.24 section widths at 28°C (Fig. 3b).

Discussion

The results of this study reveal a clear influence of
ambient temperature (1) on the positive response during
mechanosensory host location, i.e. the proportion of
females inserting the ovipositor into the model with host

10 12 14 16 18 20 22 24 28 32

Temperature (°C)

mimic, (2) on the quantitative oviposition activity of the
females, and (3) on the precision of vibrational sounding
as host location mechanism in the parasitic wasps.
Nevertheless, the temperate species studied is able to
maintain a high and constant performance of vibra-
tional sounding over a surprisingly broad range of
ambient temperatures.

Both responsiveness and quantitative oviposition
activity of P. turionellae show an optimum around 18—
20°C with decrease to lower and higher temperatures.
These optima correspond roughly to the average tem-
perature during the growing season in the temperate
habitats of P. turionellae (Bogenschiitz 1978). At very
low and very high temperatures of the range studied,
responsiveness and the number of ovipositior insertions
decline drastically. Below 6°C and beyond 32°C no re-
sponse to the host mimic can be ascertained. Tempera-
ture limits for the sensory system are reflected by the
drastically decreasing precision of ovipositor insertions
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both at the low and high limits of the temperature range
with positive response to the host mimic. Both bias of the
host location mechanism and scattering of individual
ovipositor insertions increase significantly below 10°C
and at and above 24°C, respectively. These results match
our expectations that the quality of the sensory system
declines outside an optimum temperature range to which
the species is adapted. However, within a remarkably
broad range of temperatures there is hardly any influence
on the precision of host location. The bias of the mech-
anism is constantly low from 10 to 24°C. Prerequisites for
such high precision of the sensory system is the ability to
produce, receive, and compute signals for reasonably
balanced orientation by vibrational sounding.

Hitherto little is known about the temperature influ-
ence on production and computation of vibratory sig-
nals in other arthropods. In spiders, higher ambient
temperatures result in decreasing values of temporal
parameters of substrate borne vibrations for intraspe-
cific communication. However, there are also tempera-
ture-invariant parameters such as the duty cycle
(Shimizu and Barth 1996). Thoracic vibrations in
Melipona bees correspond with the energetic status of

10 12 14 16 18 20 22 24 28
Temperature (C)

the individual (Hrncir et al. 2004a, b). Therefore, they
may well also depend on ambient temperature but, to
our knowledge, the latter has not as yet been investi-
gated. Physically similar acoustical signals controlled by
the neuromuscular system in arthropods are strongly
influenced by ambient temperature especially in ecto-
therms (Gerhardt and Huber 2002; Ryan and Kime
2002). Higher body temperatures elevate the muscle
contraction rates and allow faster oscillation of the
muscles that generate the sound and hence produce
higher frequencies (Greenfield 2002). Myogenic sound
production of crickets (Doherty 1985; Martin et al.
2000; Hedrick et al. 2002) and cicadas (Sanborn and
Mate 2000; Fonseca and Revez 2002), as well as the
production of substrate borne vibrations in spiders
(Shimizu and Barth 1996) are subject to temperature
dependence. The temperature ranges for sound pro-
duction in insect species can be consequently quite small.
Sub-tropical Diceroprocta olympusa cicadas sing at body
temperatures within a range of just about 5°C above
35°C (Sanborn and Mate 2000). In the temperate cricket
Gryllus integer about 95% of males sing at habitat
temperatures between 21 and 28°C (Hedrick et al. 2002).
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On the basis of their temperature dependence, the evo-
lution of narrow ranges of males’ song parameters
through sexual selection can be attributed to stabilizing
preference functions in females (Ritchie et al. 2001).
Additionally to the signal production, in vibrational
sounding, also the mechanoreceptor on the receiving
side of the sensory system, the subgenual organ (Otten
et al. 2002), is most likely influenced by temperature. For
arthropod mechanoreceptors, several studies report a
thermal effect on mechanotransduction, action potential
encoding, and action potential conduction (e.g. French
1985; Hoger and French 1999; Franz and Ronacher
2002).

Even though we can confidently state thermal effects
both at the signal production side and on the reception
side, the female wasps seem to deal efficiently with a
wide range of changing temperatures during vibrational
sounding. One possible explanation to achieve such
performance with respect to temperature-variant vibra-
tion parameters could be temperature coupling between
signal production and reception as known for acoustic
communication during cricket- and grasshopper mate
finding (Bauer and von Helversen 1987; Pires and Hoy
1992). A second explanation for the discrepancy between
the expected temperature effect on vibration and the
observed performance of the wasps might be the regu-
lation of the body temperature permitting a correct
functioning of vibrational sounding. In bees, e.g. tho-
racic temperature is increased and well regulated by
endothermic heat production with flight muscles (Esch
and Goller 1991; Heinrich 1993; Hosler et al. 2000;
Stabentheiner et al. 2003). Whether or not the wasps
studied here are able to alter their thoracic temperature
by endothermy remains to be tested. Yet the results of
this study improve our understanding of how tempera-
ture acts as a key environmental factor influencing the
sensory physiology during species interactions and also
contribute to the yet sparse information about the
mechanism of vibrational sounding. In future studies,
first, the vibratory signals should be investigated with
respect to time- and frequency patterns under different
temperature conditions, and second, the body tempera-
tures of the wasps should be monitored during me-
chanosensory host location both at the limits as in the
thermal optimum for vibrational sounding.
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