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Abstract

Disturbance sounds to deter antagonists are widespread among insects but have never been recorded for
the larvae of bees. Here, we report on the production of disturbance sounds by the postdefecating larva
(“prepupa”) of the Palaearctic osmiine bee Hoplitis (Alcidamea) tridentata, which constructs linear series of
brood cells in excavated burrows in pithy plant stems. Upon disturbance, the prepupa produces two types
of sounds, one of which can be heard up to a distance of 2-3 m (“stroking sounds”), whereas the other
is scarcely audible by bare ear (“tapping sounds”). To produce the stroking sounds, the prepupa rapidly
pulls a horseshoe-shaped callosity around the anus one to five times in quick succession over the cocoon
wall before it starts to produce tapping sounds by knocking a triangularly shaped callosity on the clypeus
against the cocoon wall in long uninterrupted series of one to four knocks per second. Sound analysis
revealed that the stroking sounds consist of several syllables, which are very similar to the single syllables of
the tapping sounds: both last about 0.5 ms and spread over 40 kHz bandwidth from the audible far into
the ultrasonic range. The production of stroking sounds by a prepupa induces other prepupae of the same
nest to stroke and/or to tap resulting in a long-lasting and simultaneous albeit unsynchronized percussion
by numerous prepupae along the whole nest stem. We hypothesize that these disturbance sounds serve an
anti-antagonist function and that they have evolved to disturb the reflectance signals that parasitoid wasps
use to localize concealed hosts during vibrational sounding.

Copyright Andreas Miiller, Martin K. Obrist. This is an open access article distributed under the terms of the Creative Commons Attribution License
(CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.


mailto:andreas.mueller@usys.ethz.ch
http://zoobank.org/D10742E1-E988-40C1-ADF6-7F8EC24D6FC4
https://doi.org/10.3897/jhr.81.61067
https://doi.org/10.3897/jhr.81.61067
https://jhr.pensoft.net
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

144 Andreas Miiller & Martin K. Obrist / Journal of Hymenoptera Research 81: 143-164 (2021)

Keywords
Anthophila, Apiformes, chorusing behaviour, echolocation, Hoplocryptus, ichneumonid wasps, Megachi-
lidae, Osmiini

Introduction

Innumerable insects from many different taxa produce vibrational signals (“sounds”
hereafter), which are propagated through air, water or solids and perceived by the recip-
ients with tympanal ears or near-field receptors including sensory sensillae, subgenual
organs or the antennae (Gullan and Cranston 2000; Yack and Hoy 2003; Drosopoulos
and Claridge 2005). Depending on the insect taxon, these sounds are produced in very
different ways encompassing i) vibration of thorax, abdomen or wings, ii) percussion
of body parts against each other or against a substrate, iii) deformation of modified
cuticular areas by contraction and relaxation of special musculature, iv) expulsion of
air through spiracles or proboscis, v) stick-slip movements of adjacent body segments
and vi) true stridulation, which involves the movement of two specialized body parts
against each other in a regular patterned manner (Ewing 1989; Claridge 2005; Dolle
et al. 2018). The majority of these air-, water- or substrate-born insect sounds serve
for intraspecific communication, such as species recognition, mate finding, courtship,
male competition, recruitment to feeding sites or warning against antagonists.
However, there are other insect sounds, which are not aimed at conspecifics, but
which are assumed to be predominantly defensive since they are mainly produced
when the insects are disturbed or attacked. In fact, experiments with a species each of
ground beetles (Carabidae), tiger beetles (Cicindelidae), water scavenger beetles (Hy-
drophilidae), scolytid beetles (Scolytidae), mutillid wasps (Mutillidae), cicadas (Ci-
cadidae) and butterflies (Nymphalidae) revealed that such disturbance sounds deter
predators like spiders, predatory beetles, mice or birds (Bauer 1976; Smith and Langley
1978; Masters 1979; Lewis and Cane 1990; Olofsson et al. 2012). Three mechanisms
are discussed, which might underlie the effect of the disturbance sounds: they may ei-
ther serve i) to alert the antagonist to the harmfulness of the sound producer (“acoustic
aposematism’), ii) to startle the attacker or iii) to render the localization of the sender
by parasites or predators more difficult (Masters 1979; Kocdrek 2009; Corcoran et
al. 2010). Disturbance sounds are widespread among insects and known for example
from i) larvae of Blattodea (Blaberidae, Ectobiidae) and Coleoptera (Cerambycidae),
ii) pupae of Coleoptera (Scarabacidae) and Lepidoptera (Arctiidae, Callidulidae, Hes-
periidae, Lycaenidae, Lymantriidae, Noctuidae, Notodontidae, Nymphalidae, Phal-
aenidae, Pyralidae, Riodinidae, Sphingidae, Zygaenidae) and iii) imagines of Auche-
norrhyncha (Cicadidae), Blattodea (Blaberidae), Coleoptera (Cerambycidae, Cicin-
delidae, Scarabacidae, Silphidae), Heteroptera (Cydnidae, Reduviidae), Hymenoptera
(Apidae, Bradynobaenidae, Mutillidae, Crabronidae, Formicidae, Rhopalosomatidae)
and Lepidoptera (Nymphalidae) (Hinton 1945, 1955; Downey 1966; Nelson 1979;
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Schal et al. 1982; Tremevan 1985; Tschuch and Brothers 2000; Drosopoulos and Clar-
idge 2005; Kocdrek 2009; Olofsson et al. 2012; Dolle et al. 2018).

Sound production for intra- or interspecific communication is rare in bees. It has
been observed in the males of several solitary species during courtship and mating
(Torchio 1990; Wcislo and Buchmann 1995; Toro and Riveros 1998; Conrad et al.
2010) and in several social species of corbiculate Apidae for queen-queen, queen-work-
er and worker-worker communication, defense or recruitment to food sources (Kirch-
ner and Réschard 1999; Hrncir et al. 2005). In most cases, these sounds are produced
by thoracic or more rarely wing vibrations rather than specialized structures (Tschuch
and Brothers 2000). An exception is Meganomia binghami (Cockerell) (Melittidae), in
which the males produce loud rasping sounds during mating with stridulatory areas
on the sterna (Rozen 1977).

Given this rather silent nature of bees, it turned out as a surprise when we recently
realized that the postdefecating larvae (“prepupae”) of the stem-nesting osmiine bee
Hoplitis (Alcidamea) tridentata (Dufour and Perris) (Megachilidae) produce two differ-
ent types of sounds upon disturbance, one of which is very quiet and difficult to hear
by bare ear (“tapping sounds”), whereas the other is loud and well audible (“stroking
sounds”). A literature survey revealed that the stroking sounds were already briefly
mentioned by Enslin (1925), Malyshev (1937) and Westrich (1989), who describe
them as cracking, humming or barking and assume that the prepupae produce them
by rapidly contracting their body inside the cocoon.

In this study, we i) describe the prepupal disturbance sounds of Hoplitis tridentata,
ii) identify the structures that produce them, iii) present the results of experiments on
prepupal sound production, iv) examine the prepupae of other osmiine bee species
for the presence of sound producing structures similar to those of H. tridentata and v)
discuss possible functions of the disturbance sounds.

Methods

Bee species

Hoplitis tridentata is a 10-12 mm long Palaearctic osmiine bee (Megachilidae, Osmii-
ni), which has a vast distribution ranging from Europe and northern Africa eastwards
to Western Siberia and Central Asia (Miiller 2020). In Central Europe, the species
flight period lasts from the end of May to mid August (Swiss Bee Team 2000). The fe-
males nest in burrows excavated in dead pithy stems (e.g. of Artemisia, Cirsium, Cynara,
Ferula, Onopordum, Rubus, Verbascums; Figs 1, 2) or — more rarely — in hollow stems
(e.g. of Dipsacus, Phragmites) (Enslin 1925; Malyshev 1937; Westrich 2018; Miiller
2020). They enter the stem either through a hole bitten laterally through the stem wall
(Fig. 1) or at its broken tip (Fig. 2). The nests usually contain 6-12 and occasionally
up to 34 brood cells, which are arranged in a linear series within the maximally 36 cm
long nesting burrow (Enslin 1925; Malyshev 1937). Each brood cell is provisioned
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with pollen of Fabaceae (e.g. Lathyrus, Lotus, Onobrychis, Vicia), sometimes admixed
with pollen of Echium (Boraginaceae), before a single egg is laid onto the provision and
the cell is closed with a wall of masticated green leaves (Westrich 2018; Miiller 2020).
The egg hatches after a few days and the larva devours the food provision within less
than a month, before it spins a cocoon and overwinters as prepupa inside the cocoon
(Malyshev 1937; Fig. 3). Pupation and metamorphosis to the adult stage take place in
early summer of the following year. In Central Europe, the prepupal stage lasts roughly
ten months, i.e. from August to May.

The nests of Hoplitis tridentata are attacked by numerous brood parasites (Dufour
and Perris 1840; Giraud 1866; Laboulbéne 1877; Enslin 1925; Boucek 1952; Le Goff
1997; Baur and Amiet 2000; Schwarz 2007; Westrich 2018, 2020), which act either
as cleptoparasites that devour the larval food provisions or as parasitoids that feed on
the larvae. The species’ known cleptoparasites include the megachilid bees Stelis minuta
Lepeletier and Audinet-Serville and S. ornatula (Klug), the sapygid wasp Sapyga quin-
quepunctata (Fabricius), the gasteruptionid wasp Gasteruption thomsoni (Schletterer),
the meloid beetle Zonitis immaculata (Olivier) and the sarcophagid fly Miltogramma
murinum Meigen. Known parasitoids are the ichneumonid wasps Hoplocryptus bellosus
(Curtis) and H. signatorius (Gravenhorst), the leucospidid wasps Leucospis biguetina
Jurine and L. dorsigera Fabricius, the chalcidid wasp Neochalcis osmicida (Saunders) and
the tachinid fly Triathria setipennis (Fallén).

Origin of bee material

To obrtain nests of Hoplitis tridentata, trap nests were positioned in suitable habitats in
northern Switzerland (Glattfelden/Zurich) and in southern Switzerland (Kalpetran/
Valais) in spring 2020. Each trap nest consisted of a bundle of five dry Rubus stems of
50 cm length (Fig. 4). In total, 35 sealed nests were collected in late summer 2020, of
which 12 were opened for audio and video recording, examination of larval morphol-
ogy and experiments on prepupal sound production; the remaining nests — although
partly used for other experiments — remained intact and were returned to the field at
the end of the study.

Sound recording and analysis

Acoustic recordings were performed with a Batlogger M (Elekon AG, Luzern, Swit-
zerland). This device records wav-files with a sampling rate of 312.5 kHz with 16 bit
sampling depth to a SD-memory card. Its microphone shows a relatively flat frequency
response (+5 dB) from the low audio range up to 150 kHz. Recordings of 10.5 s dura-
tion were triggered manually at a distance of 2-20 cm between microphone and the
nest stem.

The wav-files were analysed with the software Raven Pro 1.6.1 (Center for Con-
servation Bioacoustics 2019). To calculate temporally well-resolved spectrograms, we
used a Blackman window of size 64, overlapping by 90.6%, and zero-buffered the
windows for a FFT size of 1024 points. In Raven Pro we designed a band-limited
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energy detector that was run over 52 high quality recordings of 10.5 s duration each.
The detector was iteratively optimized to identify signals of 0.15-4.0 ms duration
with a minimum temporal separation of 0.46 ms, searching in the frequency band
0f 0.1-150 kHz with a SNR threshold of 12 dB and a minimum occupancy of 70%.
Spectral and temporal parameters were measured automatically within the detection
window. To achieve robust signal measurements from the spectrograms, we used pa-
rameters based on temporal and spectral cumulative energy distributions (5%, 95%
and differences thereof), which Raven Pro automatically calculates.

Experiments on prepupal sound production

Intended as a first step towards a better understanding of the possible function of the
prepupal sounds of Hoplitis tridentata, we performed ten experiments (Table 1). For
these experiments, we used four types of nests: i) eight trap nest bundles still positioned
at their original site on an area of about 40 m?* containing one (n = 1), two (n = 3),
three (n = 3) and five (n = 1) sealed nests; ii) ten sealed nests with an unknown num-
ber of brood cells; iii) four sealed nests (with 2, 4, 9 and 10 prepupae, respectively),
which were longitudinally split into two halves, closed with rubber band and opened
again for the experiments; and iv) five sealed nests (with 4, 5, 7, 10 and 12 prepupae,
respectively), which were longitudinally split into two halves, provided with a single
rectangular window exactly corresponding to the position of a cell and closed with rub-
ber band, resulting in one exposed prepupa within its cocoon (Fig. 5) and 3—11 pre-
pupae well protected inside the stem; due to the semitransparent wall of the cocoon,
the behaviour of the exposed prepupa inside its cocoon could easily be observed under

Table I. Description of experiments on prepupal sound production.

Experimental Experiment Experimental procedure Nest
question number type

Do the prepupae 1 Eight nest bundles were auscultated for 15 min during sunny weather from a short i
spontaneously distance.
produce sounds? 2 Ten nests were auscultated together during one hour from a short distance. ii
Which disturbances 3 Ten nests were individually subjected to a strong movement by turning the stems five ii
cause the prepupae to times from a vertical to a horizontal position and back.
produce sounds? 4 Four nests were individually subjected to a strong increase in temperature to 40 °C by | iii

irradiating them with a 150 watts infrared heat lamp (Beurer IL21) for 90 sec from a
distance of 20 cm.

5 Ten nests were individually subjected to vibration by holding a vibrating small tuning | ii
fork to the stem wall.
6 Exposed prepupac in five nests were individually subjected to light by illuminating them | iv
with a torch for two minutes from a distance of 2 cm.

Is the production of 7 In five nests, sound production by the exposed prepupa was recorded after it was iv
stroking and tapping stimulated to produce stroking sounds by carefully denting its cocoon wall with a stick.
sounds by a single 8 In ten nests, the duration of the tapping sounds was recorded after the nests were ii
prepupa linked? individually turned five times from a vertical to a horizontal position and back.
Do the sounds 9 In five well-fixed nests, the exposed prepupa was stimulated to produce stroking sounds | iv
produced by a by carefully denting its cocoon wall with a stick, before the nests were auscultated for
prepupa trigger sound stroking and tapping sounds of other prepupae.
production by other 10 In five nests the exposed prepupa was stimulated to produce tapping sounds by iv
prepupae within the illuminating it with a torch, before the nests were auscultated for stroking and tapping

same nest? sounds Of other prepupac.
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Figures 1-5. Hoplitis tridentata | nest entrance in a dead stem of Verbascum 2 female entering her nest

at the broken tip of a dead stem of Verbascum (photo A. Krebs) 3 linear series of brood cells within a dead
stem of Rubus each containing a prepupa inside the cocoon 4 trapnest bundle consisting of five 50 cm
long stems of Rubus 5 experimental nest stem with exposed brood cell.
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good light conditions. In all experiments, the stroking sounds were registered by ear,
whereas the tapping sounds were perceived with the aid of a bat detector (SSF Bat2,
microelectronic Volkmann) set to 30 kHz and held at short distance from the stem.
It proved to be impossible to differentiate between the sounds of different prepupae
through the stem wall, i.e. to judge whether successive sounds were produced by one
or more individuals; to address this inaccuracy, we apply the term stroking or tapping
sound “event”, which is defined as sound production by at least one prepupa. The
ambient temperature for the field and the lab experiments was 23-25 °C. Experiments
1 and 8 were run once, experiments 2—5 twice and experiments 6, 7, 9 and 10 three
times. The results of the different runs were pooled for each experiment.

Sound producing structures in other osmiine bees

To address the question whether the prepupae of other osmiine bees are equipped with
similar sound producing structures like Hoplitis tridentata, we examined the prepupae
of the following eleven Central European species belonging to four genera and ten
subgenera obtained from nests collected by the first author in 2020 and by P. Bo-
gusch in the frame of studies on reed gall inhabiting aculeate Hymenoptera (Bogusch
et al. 2015): Chelostoma (Chelostoma) florisomne (Linné), C. (Gyrodromella) rapunculi
(Lepeletier), Heriades (Heriades) truncorum (Linné), Hoplitis (Alcidamea) leucomelana
(Kirby), H. (Hoplitis) adunca (Panzer), O. (Helicosmia) caerulescens (Linné), O. (Hop-
losmia) spinulosa (Kirtby), O. (Melanosmia) uncinata Gersticker, O. (Metallinella)
brevicornis (Fabricius), O. (Osmia) bicornis (Linné) and O. (Osmia) cornuta (Latreille).
Furthermore, we reviewed the literature on osmiine bee larvae for possible indications
that the prepupae possess sound producing structures, such as: i) clypeus projecting
over the antennae in lateral view, ii) colour of the clypeus differing from that of the
surrounding cuticle, iii) presence of a projecting horseshoe-shaped ridge around the
anus, and iv) colour of the area around the anus differing from that of the surrounding
cuticle. In total, we checked larval descriptions for 43 species belonging to eight genera
and 19 subgenera.

Results

Prepupal sounds

The prepupae of Hoplitis tridentata produce two types of sounds, which considerably
differ in their intensity. In unopened nest stems and under complete silence, the “tap-
ping sounds” are audible by bare ear only within 10—20 cm (Suppl. material 1), where-
as the “stroking sounds” can be heard up to a distance of 2-3 m (Suppl. material 2).
The different loudness is also reflected by the strength of the vibrations that can be felt
while touching the nest stem: the tapping sounds cannot be felt with the fingertips,
whereas the stroking sounds are clearly perceptible.
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The prepupae produce the sounds with two projecting body callosities, which are
localized on the clypeus and around the anus (Figs 6-8). The clypeal callosity is of
roughly triangular shape, while the anal callosity has the form of a horseshoe-shaped
ridge, which surrounds the anus. The two callosities are distinctly harder than the
surrounding cuticle and stand out by their (snow-)white coloration; in rare cases, the
clypeal callosity is completely and the anal callosity partly brownish pigmented.

In larvae that have either started to spin their cocoon or just have finished cocoon
construction, the callosities have not yet reached their final functional state: compared
with the final state, the clypeal callosity is distinctly softer albeit already white and
projecting, while the anal callosity is distinctly softer, still of the same colour as the sur-
rounding cuticle and less projecting. Thus, the callosities seem to reach their functional
state only after the prepupae have finalized the cocoon.

The prepupae produce the tapping sounds by knocking the clypeal callosity against
the cocoon wall (Fig. 9; Suppl. material 5); each contact with the cocoon wall results
in one tapping sound. The tapping sounds are usually produced in long uninterrupted
series of one to four knocks per second. To produce the stroking sounds, the prepupae

Figures 6—8. Hoplitis tridentata 6 prepupa with a triangularly shaped white callosity on the clypeus and

a horseshoe-shaped white callosity around the anus, which both are used for sound production 7 clypeal
callosity in profile distinctly projecting over the antennae (photo J. Sommerhalder) 8 anal callosity (photo
J. Sommerhalder).



Disturbance sounds by the larvae of Hoplitis tridentara 151

Figure 9. Sound production in prepupae of Hoplitis tridentata. The tapping sounds (left) are produced by
knocking the clypeal callosity against the cocoon wall and the stroking sounds (right) by rapidly moving

the anal callosity over the cocoon wall.

stretch their body and bring the abdominal tip in contact with the cocoon, before the
anal callosity is rapidly pulled forward over the cocoon wall (Fig. 9; Suppl. material 6);
each pull results in one stroking sound. The stroking sounds are produced one to
maximally five times in quick succession and never in long series as the tapping sounds.
After stroking, the prepupa invariably starts producing tapping sounds (see Experi-
ments section). Although not substantiated by data, the number of tapping sounds per
second and the number of consecutive stroking sounds seem to increase with increas-
ing intensity of the disturbance.

Except for small wart-like protuberances, the inner cocoon wall of Hoplitis triden-
tata lacks special projections such as ridges or teeth, which might help in producing
or amplifying the sounds when the prepupae move their anal callosity over the co-
coon wall. The wart-like protuberances are unlikely to participate in sound produc-
tion as their density considerably varies between the cocoons of different individuals,
as they are not confined to defined zones of the inner cocoon surface and as similar
protuberances also occur in the cocoons of other osmiine bee species (A. Miiller,
unpublished data). Nevertheless, the cocoon wall might play an important role in
sound production going well beyond its function as a mere abutment for the sound
producing structures. In fact, even a slight touch of the cocoon wall by the experi-
menter leads to a crackling sound readily audible both to the unaided ear and by a bat
detector set to the ultrasonic range. It would be worthwile to compare the physical
and morphological properties of the cocoon of H. tridentata with those of related H.
(Alcidamea) species, which do not produce sounds. Such a comparison, however, is
beyond the scope of this study.
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Table 2. Basic temporal and spectral characteristics of the prepupal sounds of Hoplitis tridentata. Mean
values are given with standard deviation in brackets. In total, 2592 tapping sounds and 148 stroking
sounds were measured.

Sound characteristics Tapping sounds Stroking sounds
Duration 0.63 (£0.48) ms 40.6 (£16.0) ms
Number of syllables 1 153 (£7.2)

Interval between syllables

Duration of syllable

0.63 (£0.48) ms

2.8 (£0.64) ms
0.48 (£0.33) ms

Duration of syllable (90% energy sum) 0.46 (£0.30) kHz 0.38 (£0.24) kHz

Lower frequency (5% energy sum) 11.91 (+4.60) kHz 12.07 (£3.70) kHz
Peak frequency (peak energy) 23.94 (£9.56) kHz 24.44 (£8.13) kHz
Upper frequency (95% energy sum) 54.31 (£13.16) kHz 56.22 (+11.70) kHz
Bandwidth of syllable (90% energy sum) 42.39 (+£12.24) kHz 44.15 (+11.64) kHz

Sound characteristics

The tapping sounds are extremely brief lasting less than 1 ms and consist of a single syl-
lable (Table 2, Fig. 10). In contrast, the stroking sounds are considerably longer with
a mean duration of 40 ms and consist of an average of 15 syllables (Fig. 11). The sin-
gle syllables of a stroking sound are separated by a temporal spacing of approximately
2.8 ms and can only be perceived by the human ear after a strong time expansion of
10 x (Suppl. material 3). The composition of the stroking sounds from single syllables
suggests that the anal callosity is jerkily rather than evenly moved over the cocoon wall.

The tapping sounds and the single syllables of the stroking sounds show very simi-
lar temporal and spectral characteristics (Table 2). Both are very brief and explosive

Amplitude (kU)

9.258 9.26 9.262 9.264 9.266 9.268 9.27 9.272 9.274 9.276 9.278 9.28 9.282 9.284 9.286 9.288
Time

Frequency (kHz)

9.26 9.262 9.264 9.266 9.268 9.27 9.272 9.278 9.28 9.282 9.284 9.286 9.288

Time (s)

9.258

9.274 9.276

Figure 10. Amplitude plot (above) and spectrogram (below) of two prepupal tapping sounds of Hoplitis
tridentata originating from two individuals inhabiting the same nest; the sounds were recorded with a
batlogger in a distance of 20 cm from the opened nest stem.
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Amplitude (kU)

0.dos 0b1 0.d15 0.b2 025 0.b3 04d3s 0.04 0.045

Frequency (kHz)

Time (ms)

Figure 11. Amplitude plot (above) and spectrogram (below) of a prepupal stroking sound of Hoplitis tri-
dentata of 46 ms duration containing 15 syllables; the sounds were recorded with a batlogger in a distance
0f 20 cm from the opened nest stem.

containing very few non-sinusoidal waves resulting in very broad frequency spectra,
which regularly reach into the ultrasonic range, occasionally even above 100 kHz.

Experiments on prepupal sound production

Spontaneous prepupal sounds were absent (experiment 1) or very rare with 0.4 strok-
ing and 0.15 tapping sound events per stem and hour (experiment 2). Movement
of the stem and increase in temperature (experiments 3 and 4) stimulated prepupal
sounds in every trial (n = 20 and n = 8, respectively), all of which were both stroking
and tapping sound events. Vibration of the stem (experiment 5) stimulated prepupal
sounds in 95% of the trials (n = 20), of which 32% were both stroking and tapping
sound events and 68% only tapping sound events. Exposure to light (experiment 6)
stimulated prepupal sounds in 87% of all trials (n = 15), of which 8% were both strok-
ing and tapping sound events and 92% only tapping sound events. Stimulated strok-
ing sounds (experiment 7) were followed by tapping sounds by the same prepupa in
every trial (n = 15). Tapping sound events after the end of a disturbance (experiment
8) lasted on average 21.1 min and ranged from 8.5 min to 36.3 min (n = 10). Stimu-
lated stroking sounds (experiment 9) triggered sound production by other prepupae
within the nest in 93% of the trials (n = 15), of which 71% were both stroking and
tapping sound events, 22% only tapping sound events and 7% only stroking sound
events. Stimulated tapping sounds (experiment 10) never triggered sound production
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by other prepupae within the nest (n = 15). In summary, the experiments revealed that
i) the prepupae do not or only exceptionally produce sounds spontaneously, ii) the
disturbances stimulating sound production are rather unspecific encompassing stem
movement and vibration, increase in temperature, exposure to light and denting of the
cocoon wall, iii) the tapping sounds and the stroking sounds appear to represent two
levels of escalation with the former being produced after a weak disturbance but the
latter only after a strong disturbance, iv) the stroking sounds are followed by extended
periods of tapping sounds after the disturbance has ended, whereas the stroking sounds
stop within 10-15 sec to maximally 30 sec after the end of the disturbance, and v) the
stroking sounds trigger sound production by other prepupae of the same nest, which
is not the case for the tapping sounds.

Sound producing structures in other osmiine bees

The prepupae of eleven Central European osmiine bee species belonging to four gen-
era and ten subgenera (see Methods section) all lacked clypeal and anal callosities.
The descriptions of osmiine bee prepupae in the literature either did not suggest the
presence of sound producing structures or proved to be insufficient for a proper as-
sessment (Suppl. material 7). However, a few Nearctic Hoplitis (Alcidamea) species,
such as H. biscutellae (Cockerell), H. hypocrita (Cockerell) and probably also H. fulgida
(Cresson), H. producta (Cresson) and H. uvulalis (Cockerell), were recorded by Rozen
and Praz (2016) to possess a “projecting unpigmented ridge ringing anus except for
ventral one-quarter”, which corresponds well to the anal callosity of H. tridentata and
might suggest the presence of sound producing structures also in these species. This
suggestion also holds for the Palaearctic species H. (Alcidamea) acuticornis (Dufour
and Perris), whose prepupae were observed by Enslin (1925) to strongly move upon
disturbance exactly as H. #ridentata does when producing stroking sounds. Interest-
ingly, these six H. (Alcidamea) species do not only belong to the same subgenus as /.
tridentata but also nest in plant stems, either obligatorily, preferentially or regularly
(Graenicher 1905; Comstock 1924; Enslin 1925; Hicks 1926, 1934; Rau 1928; Lin-
sley and MacSwain 1943; Michener 1947; Fischer 1955; Hurd and Michener 1955;
Medler 1961; Parker and Bohart 1966, 1968; Parker 1975; Clement and Rust 1976;
Rust 1980; Tepedino and Parker 1984; Frohlich et al. 1988). In summary, sound pro-
ducing structures similar to those of H. tridentata appear to be absent in most osmiine
bee taxa with the possible exception of a few related stem-nesting H. (Alcidamea) spe-
cies in both the Palacarctic and the Nearctic region.

Discussion

The finding that the prepupae of Hoplitis tridentata produce well audible sounds is the
first record of sound production in larvae of bees and — to the best of our knowledge
— also of Hymenoptera. These prepupal sounds are almost exclusively produced after
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disturbance, which qualifies them as typical disturbance sounds (Drosopoulos and
Claridge 2005). Although disturbance sounds are widespread in insects (see Introduc-
tion section), their function has been examined only in a few species, where they were
unambiguously found to deter antagonists (Bauer 1976; Smith and Langley 1978;
Masters 1979; Lewis and Cane 1990; Olofsson et al. 2012). It is most likely that the
prepupal sounds of H. tridentata also serve an anti-antagonist function, which would
be highly adaptive as the prepupae spend many months within exposed and rather
thin-walled plant stems, where they are substantially more susceptible to predators and
parasites than the offspring of bee species developing in other substrates, for example
in the ground or in dead wood.

The spectrum of potential antagonists affecting Hoplitis tridentata in the prepupal
stage encompasses two main groups, i.e. vertebrate predators such as birds, which peck
open the stems and devour the prepupae, and insect brood parasites such as parasitoid
wasps, which insert the eggs through the stem wall and whose larvae feed on the pre-
pupal bodies. These two groups of antagonists perceive vibrational signals differently,
i.e. the predators mainly as air-born sounds and the parasites probably exclusively as
substrate-born vibrations. As the sounds produced by the prepupac of H. tridentata are
both air-borne and substrate-borne, the quality of the prepupal sounds does not allow
us to decide whether the sounds have evolved against vertebrate predators or insect
brood parasites. Similarly, the disturbances that stimulated prepupal sound production
in the experiments hardly allow any conclusions on the natural triggers of the sounds
and suggest that the prepupae react rather unspecifically to any disturbance whether
naturally occurring or not. As discussed below, we nevertheless hypothesize that the
intended recipients of the prepupal sounds are insect brood parasites, that the sounds
act as substrate-born vibrations, and that the sounds are triggered by the presence of
parasites on the nest stem.

Among the three potential mechanisms which might underlie the deterrent ef-
fect of disturbance sounds (see Introduction section), acoustic aposematism is highly
unlikely to act in Hoplitis tridentata because the prepupae are unlikely to be toxic or in
any other way dangerous for vertebrate predators and insect brood parasites. It appears
also to be improbable that the disturbance sounds have evolved to startle a predator
or parasite because the prepupae cannot take advantage of the attacker’s short-term
confusion for escape as they are enclosed within their cocoons; furthermore, startling
vertebrate predators by sound seems to be counteradaptive as the predators might learn
to use the sounds to localize nests after they have found that the prepupae are harmless.
Instead, we hypothesize that sound production in A. tridentata has evolved to render it
difficult for parasitoid wasps with a peculiar host-searching strategy to precisely localize
the prepupae within the plant stem.

Parasitoid wasps usually localize hidden hosts by scent or vibrations caused by
host movement and feeding (Xiaoyi and Zhonggi 2008). However, numerous ichneu-
monid wasps of several subfamilies as well as orussid wasps employ a special form of
echolocation to localize deeply concealed and often immobile larvae, prepupae and pu-
pae of their hosts — a host-searching strategy known as vibrational sounding (Henaut
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and Guerdoux 1982; Wickers et al. 1998; Broad and Quicke 2000; Vilhelmsen et al.
2001; Otten et al. 2002; Fischer et al. 2003; Laurenne et al. 2009). During vibrational
sounding, the wasps transmit vibrations through potential host substrate by drum-
ming their modified antennal tips onto the substrate surface and gain information on
host occurrence and host position based on the reflected signals, which are perceived
by the subgenual organs in the tibiae of all legs (Otten et al. 2002). We suggest that
the substrate-born vibrations induced by sound producing prepupae of H. tridentata
might interfere with the perception of the reflected signals by the echolocating wasps.
As the wasps applying vibrational sounding probably have to perceive very small differ-
ences in the arrival times of the reflected signals between fore, middle and hind legs to
identify the exact position of the host inside the substrate relative to their body (Otten
etal. 2002), the vibrations produced by the prepupae of H. tridentata might be highly
effective in impairing the process of host localization by echolocation.

There are indeed two ichneumonid species of the genus Hoplocryptus (Cryptinae)
among the known wasp parasitoids of Hoplitis tridentata (see Bee species section),
which possess strongly modified antennal tips in the females (Laurenne et al. 2009),
clearly indicating that these antagonists of H. tridentata apply vibrational sounding for
host location. Two properties of the sounds produced by the prepupae of H. triden-
tata also support the hypothesis that the prepupal sounds serve to impair host finding
by echolocating wasps. First, the tapping sounds were found to be continued for a
surprisingly long period of up to more than 30 min after the disturbance has ended;
parasitoid wasps often take prolonged walks over the substrate before localizing con-
cealed hosts; thus, prolonged tapping by the prepupae may be a strategy to disturb the
wasp’s host localization during its surface exploration. Second, the sounds produced
by the prepupae after a strong disturbance were found to trigger sound production
by other prepupae inhabiting the same nest resulting in a simultaneous albeit unsyn-
chronized percussion by several individuals; such a “chorus” of prepupae tapping from
different positions within the nest stem (Suppl. material 4) is expected to reinforce the
disturbance effect against echolocating wasps and to expand it along the whole stem,
thereby acoustically concealing the exact position of the prepupae within the nest. A
similar chorusing behaviour is known from the larvae of the Palaearctic cerambycid
beetle Icosium tomentosum Lucas, which often develop in groups between wood and
the bark of thin dry branches of Cupressaceae and produce disturbance sounds by
scraping their strongly sclerotized mandibles against the inner bark surface (Koédrek
2009); the sound produced by the beetle larva of 1. tomentosum consists of long series
of up to eight very short pulses per second, lasts up to three minutes beyond the end
of the disturbance and induces sound production by other larvae occupying the same
or a nearby branch resulting in a chorus of several simultaneously scraping larvae. The
striking similarities between H. tridentata and I. tomentosum not only with respect to
the chorusing behaviour but also with respect to development place, aggregated oc-
currence of larvae and sound quality suggest that the disturbance sounds of these two
unrelated taxa probably have evolved against the very same antagonists. Indeed, the
chorusing behaviour of 7. tomentosum is hypothesized by Kocarek (2009) to be an ad-
aptation to reduce the success of parasitoid wasps and predators in locating their hosts.
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The prepupae of Hoplitis tridentata produce two types of sounds, which differ
in several characteristics. The tapping sounds, which are produced by knocking the
clypeal callosity against the cocoon wall, are quiet and require little energy; they are
readily induced by a weak disturbance and continued long beyond the end of the
disturbance, and they do not trigger sound production by other prepupae. In con-
trast, the stroking sounds, which are produced by moving the anal callosity over the
cocoon wall, are loud and require much energy; they are induced only after a strong
disturbance and stop shortly after the disturbance has ended, and they trigger sound
production by other prepupae. These different characteristics suggest that the two
types of sounds have different functions, which however are most probably linked
and work in combination. We envisage the following scenario for the two sounds to
work together: when one prepupa perceives the presence of a parasitoid wasp near
its cell due for example to vibrations caused by the drumming wasp antennae or
by the insertion of the wasp ovipositor, it starts to stroke; the vibrations elicited by
this stroking spread through the stem and alert other prepupae, which immediately
begin to stroke and/or tap, eventually resulting in a continuing percussion by nu-
merous prepupae along the whole nest stem. Under this scenario, the main function
of the tapping sounds is to impair host location by echolocating parasitoid wasps,
whereas the main function of the stroking sounds is to induce sound production by
alerting other nest inhabitants. As the nest inhabitants are siblings, the simultane-
ous percussion by the prepupae of H. tridentata can be regarded as an extraordinary
form of collaboration, which contributes to the inclusive fitness of all individuals
within the nest.

Conclusions

The production of sounds by the larvae of bees as reported in this study for the stem-
nesting osmiine bee Hoplitis tridentata is a new facet in the fascinating biology of soli-
tary bees as is the suspected collaboration against antagonists between siblings inhabit-
ing the same nest. While there is little doubt that the prepupal sounds of H. #ridentata
serve an anti-antagonist function, the assumption that they have evolved to disturb
host location by echolocating wasp parasitoids is for now speculative and has to be
tested experimentally.

Acknowledgements

P. Bogusch made prepupae of Hoplitis leucomelana available for study. G. Delvare and
H. Baur informed us about the biology of parasitoid wasps. J. Rozen and J. Cane pro-
vided information on prepupae and nests of Nearctic Hoplitis (Alcidamea) species. ].
Sommerhalder made close-up photographs of the prepupal sound producing organs.
A. Krebs provided a photo of a Hoplitis tridentata female. Comments by the two re-
viewers J. Cane and J. Neff substantially improved the manuscript.



158 Andreas Miiller & Martin K. Obrist / Journal of Hymenoptera Research 81: 143-164 (2021)

References

Bauer T (1976) Experimente zur Frage der biologischen Bedeutung des Stridulationsverhaltens von
Kifern. Zeitschriftfiir Tierpsychologie42: 57-65. https://doi.org/10.1111/j.1439-0310.1976.
tb00956.x

Baur H, Amiet F (2000) Die Leucospidae (Hymenoptera: Chalcidoidea) der Schweiz, mit ei-
nem Bestimmunggsschliissel und Daten zu den europiischen Arten. Revue Suisse de Zoolo-
gie 107: 359-388. https://doi.org/10.5962/bhl.part.80135

Bogusch P, Astapenkovd A, Heneberg P (2015) Larvae and nests of six aculeate Hymenoptera
(Hymenoptera: Aculeata) nesting in reed galls induced by Lipara spp. (Diptera, Chloropi-
dae) with a review of species recorded. PLoS ONE 10: €0130802. https://doi.org/10.1371/
journal.pone.0130802

Boucek Z (1952) The first revision of the European species of the family Chalcididae (Hyme-
noptera). Acta Entomologica Musei Nationalis Pragae 27 (supplement 1): 1-108.

Broad GR, Quicke DL]J (2000) The adaptive significance of host location by vibrational sound-
ing in parasitoid wasps. Proceedings of the Royal Society B 267: 2403-2409. https://doi.
0rg/10.1098/rspb.2000.1298

Center for Conservation Bioacoustics (2019) Raven Pro: Interactive Sound Analysis Software (Ver-
sion 1.6.1). The Cornell Lab of Ornithology (Ithaca, NY). http://ravensoundsoftware.com/

Claridge M (2005) Insect sounds and communication — an introduction. In: Drosopoulos S,
Claridge MF (Eds) Insect sound and communication — physiology, behaviour, ecology and
evolution. Taylor & Francis (London): 3-10. https://doi.org/10.1201/9781420039337.pt1

Clement SL, Rust RW (1976) The nesting biology of three species of Hoplitis Klug. The Pan-
Pacific Entomologist 52: 110-119.

Comstock JH (1924) An introduction to entomology. Comstock Publishing Co., Ithaca N.Y.,
1044 pp.

Corcoran A, Conner WE, Barber JR (2010) Anti-bat tiger moth sounds: form and function.
Current Zoology 56: 358-369. https://doi.org/10.1093/czoolo/56.3.358

Dolle B, Klein P, Fischer OW, Schnitzler H-U, Gilbert LE, Boppré M (2018) Twittering pupae of
papilionid and nympbhalid butterflies (Lepidoptera): novel structures and sounds. Annals of
the Entomological Society of America 111: 341-354. https://doi.org/10.1093/aesa/say029

Drosopoulos S, Claridge MF (2005) Insect sound and communication — physiology, be-
haviour, ecology and evolution. Taylor & Francis, London, 532 pp. https://doi.
0rg/10.1201/9781420039337

Downey JC (1966) Sound production in pupae of Lycaenidae. Journal of the Lepidopterist’s
Society 20: 129-155.

Dufour L, Perris E (1840) Mémoire sur les insectes hyménoptéres qui nichent dans l'intérieur
des tiges seches de la ronce. Annales de la Société Entomologique de France 9: 5-53.
Enslin E (1925) Beitrige zur Kenntnis der Hymenopteren IV. (7. Die Rubus-bewohnenden
Osmien Deutschlands). Deutsche Entomologische Zeitschrift 1925: 177-210. hteps://doi.

0rg/10.1002/mmnd.48019250302

Ewing AW (1989) Arthropod Bioacoustics: Neurobiology and Behaviour. Edinburgh Univer-
sity Press, Edinburgh, 260 pp.


https://doi.org/10.1111/j.1439-0310.1976.tb00956.x
https://doi.org/10.1111/j.1439-0310.1976.tb00956.x
https://doi.org/10.5962/bhl.part.80135
https://doi.org/10.1371/journal.pone.0130802
https://doi.org/10.1371/journal.pone.0130802
https://doi.org/10.1098/rspb.2000.1298
https://doi.org/10.1098/rspb.2000.1298
http://ravensoundsoftware.com/
https://doi.org/10.1201/9781420039337.pt1
https://doi.org/10.1093/czoolo/56.3.358
https://doi.org/10.1093/aesa/say029
https://doi.org/10.1201/9781420039337
https://doi.org/10.1201/9781420039337
https://doi.org/10.1002/mmnd.48019250302
https://doi.org/10.1002/mmnd.48019250302

Disturbance sounds by the larvae of Hoplitis tridentara 159

Fischer RL (1955) A nest of Heriades variolosus (Cress.) (Hymenoptera: Megachilidae). The
Canadian Entomologist 87: 33-36. https://doi.org/10.4039/Ent8733-1

Fischer S, Samietz ], Dorn S (2003) Efficiency of vibrational sounding in parasitoid host loca-
tion depends on substrate density. Journal of Comparative Physiology A 10: 723-730.
hteps://doi.org/10.1007/500359-003-0452-9

Frohlich DR, Clark WH, Parker FD, Griswold TL (1988) The xylophilous bees and wasps of a
high, cold desert: Leslie Gulch, Oregon (Hymenoptera: Apoidea, Vespoidea). Pan-Pacific
Entomologist 64: 266-269.

Giraud J (1866) Mémoire sur les insectes qui habitent les tiges seches de la ronce. Annales de la
Société Entomologique de France 6: 442-500.

Graenicher S. (1905) Some observations on the life history and habits of parasitic bees. Bulletin
of the Wisconsin Natural History Society 3: 153-167.

Gullan PJ, Cranston PS (2000) The insects — an outline of entomology. Blackwell Science,
Oxford, 476 pp.

Henaut A, Guerdoux ] (1982) Location of a lure by the drumming insect Pimpla instigator
(Hymenoptera, Ichneumonidae) during host selection. Entomophaga 35: 127-139.
hteps://doi.org/10.1007/BF02374309

Hicks CH (1926) Nesting habits and parasites of certain bees of Boulder County, Colorado.
University of Colorado Studies 15: 217-252.

Hicks CH (1934) Some reared insect parasites and their hosts. University of Colorado Studies
21: 265-271.

Hinton HE (1945) Sound production in lepidopterous pupae. The Entomologist 81: 254-269.

Hinton HE (1955) Protective devices of endopterygote pupae. Transactions of the Society for
British Entomology 12: 49-92.

Hrncir M, Barth FG, Tautz J (2005) Vibratory and airborne-sound signals in bee communica-
tion (Hymenoptera). In: Drosopoulos S, Claridge MF (Eds) Insect sound and communica-
tion — physiology, behaviour, ecology and evolution. Taylor & Francis, London, 421-436.
hteps://doi.org/10.1201/9781420039337.ch32

Hurd PD, Michener CD (1955) The megachiline bees of California. Bulletin of the California
Insect Survey 3: 1-247.

Kirchner WH, Réschard J (1999) Hissing in bumblebees: an interspecific defence signal. In-
sectes Sociaux 76: 239-243. https://doi.org/10.1007/s000400050140

Kocarek P (2009) Sound production and chorusing behaviour in larvae of Icosium tomentosum. Cen-
tral European Journal of Biology 4: 422-426. https://doi.org/10.2478/s11535-009-0040-2

Laboulbéne A (1877) Liste des éclosions d’insects observées par le Dr. Joseph-Etienne Giraud.
Annales de la Société Entomologique de France 7: 397-437.

Laurenne N, Karatolos N, Quicke DL]J (2009) Hammering homoplasy: multiple gains and
losses of vibrational sounding in cryptine wasps (Insecta: Hymenoptera: Ichneumonidae).
Biological Journal of the Linnean Society 96: 82—102. https://doi.org/10.1111/.1095-
8312.2008.01114.x

Le Goff G (1997) Note sur la nidification dans la Férule d’Apoides Anthophoridae et Meg-
achilidae du Rousillon (Hymenoptera-Apoidea). Deuxi¢éme partie. CEntomologiste 53:
259-269.


https://doi.org/10.4039/Ent8733-1
https://doi.org/10.1007/s00359-003-0452-9
https://doi.org/10.1007/BF02374309
https://doi.org/10.1201/9781420039337.ch32
https://doi.org/10.1007/s000400050140
https://doi.org/10.2478/s11535-009-0040-2
https://doi.org/10.1111/j.1095-8312.2008.01114.x
https://doi.org/10.1111/j.1095-8312.2008.01114.x

160 Andreas Miiller & Martin K. Obrist / Journal of Hymenoptera Research 81: 143-164 (2021)

Lewis EE, Cane JH (1990) Stridulation as a primary antipredator defence of a beetle. Animal
Behaviour 40: 1003-1004. https://doi.org/10.1016/5S0003-3472(05)81011-5

Linsley EG, MacSwain JW (1943) Observations on the life history of Trichodes ornatus (Co-
leoptera, Cleridae), a larval predator in the nests of bees and wasps. Annals of the Entomo-
logical Society of America 36: 589—601. https://doi.org/10.1093/aesa/36.4.589

Malyshev SI (1937) Lebensgeschichte der Osmien (Osmia, Latr.) (Hymen. Apoidea). Zo-
ologische Jahrbiicher, Abteilung fiir Systematik, Geographie und Biologie der Tiere 69:
107-176.

Masters WM (1979) Insect disturbance stridulation: its defensive role. Behavioral Ecology and
Sociobiology 5: 187-200. https://doi.org/10.1007/BF00293305

Medler JT (1961) A note on Hoplitis producta (Cress.) in Wisconsin (Hymenoptera: Megachi-
lidae). The Canadian Entomologist 93: 571-573. https://doi.org/10.4039/Ent93571-7

Michener CD (1947) A revision of the American species of Hoplitis (Hymenoptera, Megachili-
dae). Bulletin of the American Museum of Natural History 89: 257-318.

Miiller A (2020) Palaearctic osmiine bees. https://blogs.ethz.ch/osmiini/

Nelson MC (1979) Sound production in the cockroach Gromphadorhina portentosa: the
sound-producing apparatus. Journal of Comparative Physiology A 132: 27-38. https://
doi.org/10.1007/BF00617729

Olofsson M, Jakobsson S, Wiklund C (2012) Auditory defence in the peacock butterfly (/na-
chis i0) against mice (Apodemus flavicollis and A. sylvaticus). Behavioral Ecology and Socio-
biology 66: 209-215. https://doi.org/10.1007/s00265-011-1268-1

Otten H, Wickers FL, Isidoro N, Romani R, Dorn S (2002) The subgenual organ in Pimpla
turionellae L. (Hymenoptera: Ichneumonidae): ultrastructure and behavioural evidence
for its involvement in vibrational sounding. Redia 85: 61-76. https://doi.org/10.1006/
anbe.2000.1639

Parker FD (1975) Nest descriptions and associates of three American bees of the genus “An-
thocopa” Lepeletier. The Pan-Pacific Entomologist 51: 113-122.

Parker FD, Bohart RM (1966) Host-parasite associations in some twig-nesting Hymenoptera
from western North America. The Pan-Pacific Entomologist 42: 91-98.

Parker FD, Bohart RM (1968) Host-parasite associations in some twig-nesting Hymenoptera
from western North America. Part II. The Pan-Pacific Entomologist 44: 1-6.

Rau P (1928) The nesting habits of the pulp-making bee, Alcidamea producta Cress. Psyche
1928: 100-107. hteps://doi.org/10.1155/1928/84370

Rozen JG (1977) Biology and immature stages of the bee genus Meganomia (Hymenoptera,
Melittidae). American Museum Novitates 2630: 1-14.

Rozen JG, Praz CJ (2016) Mature larvae and nesting biologies of bees currently assigned to the
Osmiini (Apoidea: Megachilidae). American Museum Novitates 3864: 1-46. https://doi.
0rg/10.1206/3864.1

Rust RW (1980) Nesting biology of Hoplitis biscutellae (Cockerell) (Hymenoptera: Megachili-
dae). Entomological News 91: 105-109.


https://doi.org/10.1016/S0003-3472(05)81011-5
https://doi.org/10.1093/aesa/36.4.589
https://doi.org/10.1007/BF00293305
https://doi.org/10.4039/Ent93571-7
https://blogs.ethz.ch/osmiini/
https://doi.org/10.1007/BF00617729
https://doi.org/10.1007/BF00617729
https://doi.org/10.1007/s00265-011-1268-1
https://doi.org/10.1006/anbe.2000.1639
https://doi.org/10.1006/anbe.2000.1639
https://doi.org/10.1155/1928/84370
https://doi.org/10.1206/3864.1
https://doi.org/10.1206/3864.1

Disturbance sounds by the larvae of Hoplitis tridentara 161

Schal C, Fraser J, Bell WJ (1982) Disturbance stridulation and chemical defence in nymphs of
the tropical cockroach Megaloblatta blaberoides. Journal of Insect Physiology 28: 541-552.
hteps://doi.org/10.1016/0022-1910(82)90035-X

Schwarz M (2007) Revision der westpaldarktischen Arten der Gattung Hoplocryprus Thomson
(Hymenoptera, Ichneumonidae). Linzer biologische Beitrige 39: 1161-1219.

Smith RL, Langley WM (1978) Cicada stress sound: an assay of its effectiveness as a pred-
ator defense mechanism. The Southwestern Naturalist 23: 187-196. https://doi.
org/10.2307/3669767

Swiss Bee Team (2020) Atlas en ligne des abeilles sauvages de Suisse. https://species.infofauna.
ch/groupe/1

Tepedino V], Parker FD (1984) Nest selection, mortality and sex ratio in Hoplitis filgida (Cresson)
(Hymenoptera: Megachilidae). Journal of the Kansas Entomological Society 57: 181-189.

Torchio PF (1990) Osmia ribifloris, a native bee species developed as a commercially managed
pollinator of highbush blueberry (Hymenoptera: Megachilidae). Journal of the Kansas En-
tomological Society 63: 427-436.

Toro H, Riveros G (1998) Comportamiento de copula de Centris mixta Tamarugalis (Hyme-
noptera: Anthophoridae). Revista Chilena de Entomologia 25: 69-75.

Tremewan WG (1985) Zygaenidae. In: Heath ], Maitland Emmet A (Eds) The moths and but-
terflies of Great Britain and Ireland (Vol. 2). Harley Books (Colchester): 74—123.

Tschuch G, Brothers DJ (2000) Stridulatory organs in solitary aculeate Hymenoptera (Insecta).
Zoologischer Anzeiger 239: 319-327.

Vilhelmsen L, Isidoro N, Romani R, Basibuyuk HH, Quicke DL]J (2001) Host location and
oviposition in a basal group of parasitic wasps: the subgenual organ, ovipositor apparatus and
associated structures in the Orussidae (Hymenoptera, Insecta). Zoomorphology 121: 63-84.
https://doi.org/10.1007/s004350100046

Wickers FL, Mitter E, Dorn S (1998) Vibrational sounding by the pupal parasitoid Pimpla
(Coccygomimus) turionellae: an additional solution to the reliability-detectability problem.
Biological Control 11: 141-146. https://doi.org/10.1006/bcon.1997.0592

Weislo WT, Buchmann SL (1995) Mating behaviour in the bees Dieunomia heteropoda and No-
mia tetrazonata, with a review of courtship in Nomiinae (Hymenoptera: Halictidae). Jour-
nal of Natural History 29: 1015-1027. https://doi.org/10.1080/00222939500770391

Westrich P (1989) Die Wildbienen Baden-Wiirttembergs. Ulmer, Stuttgart, 972 pp.

Westrich P (2018) Die Wildbienen Deutschlands. Ulmer, Stuttgart, 821 pp.

Westrich P (2020) Leucospididae (Falten-Erzwespen). https://www.wildbienen.info/gegen-
spieler/leucospididae.php

Xiaoyi W, Zhongqi Y (2008) Behavioral mechanisms of parasitic wasps for searching con-
cealed insect hosts. Acta Ecologica Sinica 28: 1257-1269. https://doi.org/10.1016/S1872-
2032(08)60039-6

Yack J, Hoy R (2003) Hearing. In: Resh VH, Cardé RT (Eds) Encyclopedia of insects. Aca-
demic Press, Amsterdam, 498-505.


https://doi.org/10.1016/0022-1910(82)90035-X
https://doi.org/10.2307/3669767
https://doi.org/10.2307/3669767
https://species.infofauna.ch/groupe/1
https://species.infofauna.ch/groupe/1
https://doi.org/10.1007/s004350100046
https://doi.org/10.1006/bcon.1997.0592
https://doi.org/10.1080/00222939500770391
https://www.wildbienen.info/gegenspieler/leucospididae.php
https://www.wildbienen.info/gegenspieler/leucospididae.php
https://doi.org/10.1016/S1872-2032(08)60039-6
https://doi.org/10.1016/S1872-2032(08)60039-6

162 Andreas Miiller & Martin K. Obrist / Journal of Hymenoptera Research 81: 143-164 (2021)

Supplementary material |

Tapping sounds of a single prepupa of Hoplitis tridentata

Authors: Andreas Miiller, Martin K. Obrist

Data type: multimedia

Explanation note: The sounds were recorded with a batlogger in a distance of 2 cm
from the opened nest stem.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the

original source and author(s) are credited.
Link: https://doi.org/10.3897/jhr.81.61067.suppll

Supplementary material 2

Four stroking sounds followed by tapping sounds of a single prepupa of Hoplitis

tridentata

Authors: Andreas Miiller, Martin K. Obrist

Data type: multimedia

Explanation note: The sounds were recorded with a batlogger in a distance of 2 cm
from the opened nest stem.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDBL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the

original source and author(s) are credited.
Link: https://doi.org/10.3897/jhr.81.61067 .suppl2

Supplementary material 3

One stroking sound of a single prepupa of Hoplitis tridentata slowed down ten times

Authors: Andreas Miiller, Martin K. Obrist

Data type: multimedia

Explanation note: The sound was recorded with a batlogger in a distance of 20 cm
from the opened nest stem.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the

original source and author(s) are credited.
Link: https://doi.org/10.3897/jhr.81.61067.suppl3
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Supplementary material 4

Simultaneous percussion by several tapping prepupae of Hoplitis tridentata in-

habiting the same nest

Authors: Andreas Miiller, Martin K. Obrist

Data type: multimedia

Explanation note: The sounds were recorded with a batlogger in a distance of 20 cm
from the opened nest stem.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/jhr.81.61067.suppl4d

Supplementary material 5

Two prepupae of Hoplitis tridentata producing tapping sounds

Authors: Andreas Miiller, Martin K. Obrist

Data type: multimedia

Explanation note: Two prepupae of Hoplitis tridentata producing tapping sounds by
continuously knocking the clypeal callosity against the cocoon wall; the right brood
cell contains a cocoon of Sapyga quinquepunctata.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/jhr.81.61067.suppl5
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Supplementary material 6

Prepupa of Hoplitis tridentata producing stroking sounds

Authors: Andreas Miiller, Martin K. Obrist

Data type: multimedia

Explanation note: Prepupa of Hoplitis tridentata (left brood cell) producing stroking
sounds by rapidly moving the anal callosity five times in quick succession over the
cocoon wall; note that the prepupa in the middle brood cell is tapping; the right
brood cell contains a cocoon of Sapyga quinquepunctata.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/jhr.81.61067.suppl6

Supplementary material 7

Literature review on potential sound producing structures in the prepupae of os-

miine bee species other than Hoplitis tridentata

Authors: Andreas Miiller

Data type: species data

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/jhr.81.61067 .suppl7
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