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ABSTRACT
Stink bug communication through plants during mating

Different aspects of substrate-borne sound communication in stink bugs are reviewed. Vibrational communica-
tion follows aggregation on the same plant, enables mate location and together with other senses promotes species
recognition and copulation. Stink bug vibratory signals produced by body vibrations are transmitted with low atten-
uation through green host plants which resonant frequency is tuned with signal spectral characteristics. This pheno-
menon enables communication through the same plant at the distance of up to several meters. Species specific male
and female calling and courtship songs were recorded, analyzed and described in more than 20 species of the sub-
family Pentatominae. Male-male vibratory interaction occurs during rivalry. All recorded vibratory emissions have
similar frequency characteristics with the fundamental and dominant frequency around 100 Hz and harmonic peaks
generally not exceeding 500 Hz. Species and sex specificity of signals is preserved in their amplitude modulation and
time pattern. The subgenual organ, leg joint chordotonal organs and campaniform sensilla together with antennal
mechanoreceptors constitute the receptor system which sensitivity exceeds the intensity of emitted signals for about
60 dB. Male vibrational directionality is enabled by resolution of the difference in the time of stimulation of leg recep-
tors of different sites by female calling song signals.

Key words: Mating behaviour, vibrational communication, insects, Heteroptera, Pentatominae, insect-plant
interactions.

IZVLECEK
Komunikacija rastlinskih stenic preko rastlin med parjenjem

V ¢lanku so predstavljeni razli¢ni aspekti komunikacije rastlinskih stenic preko podlage. Vibracijska komu-
nikacija sledi zbiranju stenic na isti rastlini in omogoca doloCanje poloZaja partnerja ter skupaj z drugimi ¢uti omogoca
razpoznavanje vrste in kopulacijo. Vibracijski signali, ki jih rastlinske stenice proizvajajo s pomocjo nihanja telesa, se
prenasajo z malo dusSenja skozi zelene rastline gostiteljice, katerih resonancne znacilnosti so uglasene s frekven¢nimi
lastnostmi signalov. Zaradi tega lahko komunicirajo na isti rastlini na razdalji tudi nekaj metrov. Vrstno ter spolno
specifi¢ne pozivne napeve in napeve dvorjenja so registrirali, analizirali in opisali pri ve¢ kot 20 vrstah poddruZine
Pentatominae. Do vibracijske interakcije med samci pride med rivalnim vedenjem. Vsi registrirani vibracijski signali
imajo podobne spektralne lastnosti z osnovno in dominantno frekvenco okrog 100 Hz in z vi§jimi harmoni¢nimi
vrhovi obi¢ajno pod 500 Hz. Vrstna in spolna specifi¢nost se ohranja v amplitudni modulaciji in ¢asovnem vzorcu sig-
nalov. Subgenualni organ, kampaniformne senzile in sklepni hordotonalni organi skupaj z antenalnimi mehanorecep-
torji sestavljajo senzoricni sistem katerega obcutljivost je priblizno 60 dB visja od intenzitete emitiranih signalov.
Vibracijsko orientacijo samca omogoca razpoznavanje razlike v ¢asu draZenja noznih receptorjev razli¢nih strani s sig-
nali pozivnega napeva samice.

Kljucne besede: vedenje ob parjenju, vibracijska komunikacija, Zuzelke, Heteroptera, Pentatominae, interakcije
med ZuZelko in rastlino.
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INTRODUCTION

Communication is a process of information exchange between sender and receiver. In
the present review only »true communication« is discussed being defined as provision of
information which is not accidental but benefits both the sender and receiver (BRADBURY
& VEHRENCAMP 1998). Mating is a complex process running at different distances and in
different media which determine whether visual, tactile, mechanic, chemical or signals of
other modality will be employed. Technical problems limit investigations of many senso-
ry modalities involved in communication. Nevertheless the study of insect communication
is important because it plays the central role in animal societies, it can elucidate general
evolutionary principles like signal optimization as the sign of the intensity and process of
natural selection, together with morphological traits it can be used for taxonomic classifi-
cation and finally it can be recruited as a solution to various practical issues.

The use of some type of mechanical disturbance propagating through medium like
airborne near- or far field sound, substrate vibration, watersurface vibration or underwa-
ter sound is a most common form of communication between insects (GREENFIELD 2002).
Among them the exchange of vibrational (substrate-borne sound, seismic) signals prevails
whether counted by species, family or phylogenetic distribution (COCROFT & RODRIGUEZ
2005). 80% of families in which some or all species use one of the mentioned mechanical
channels communicate also with vibratory signals transmitted through substrate and 74%
of them use vibratory signals alone. It is estimated that 92% of such species (more than
195,000 taxa) use vibratory communication alone or together with other forms of mecha-
nical signalling; again about 71% (150,000 species) communicate exclusively through
substrate. These estimations (GREENFIELD 2002) are low because investigations of dive-
rsity of insect vibrational communication has been intensified only in the last decades with
development of more precise and sensitive methods to record and analyse weak signals
transmitted through tiny structures.

Phylogenetic distribution (phylogenetic tree from GULLAN & CRANSTON 2000) of
mechanical signal modalities among insect orders demonstrates that Hemiptera represent
the only group in which species communicate through air in the near- and far field, over
surface or through water and through substrate (GREENFIELD 2002). First known descrip-
tions of sound emission and sound producing mechanisms are known from the 18" cen-
tury (RAY 1710, Popa 1761). The land-dwelling bugs Heteroptera (Geocorisae) represent
the group of Hemiptera with most investigated vibrational communication (COkKL &
VIRANT-DOBERLET 2003, GOGALA 2006). The aim of the review is to describe different
aspects of stink bug communication through green plants which represent their usual sub-
strate on which they feed and mate.

The family Pentatomidae (stink bugs) is one of the largest families within
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Heteroptera, occurs worldwide and includes a large group of phytophagous and preda-
ceous species. It is estimated that among 36,096 described Heteroptera species 4,123 of
them belong to Pentatomidae. Their general biology, distribution, taxonomy and econo-
mic importance are described in detail by MCPHERSON & MCPHERSON (2000) and PANIZZI
et al. (2000). The family Pentatomidae together with several other families like Cydnidae,
Thaumastellidae, Parastrachiidae, Tessarotomidae, Scutelleridae, Plataspidae, Acantho-
somatidae, Piesmatidae, Lygaeidae sensu lato and Colobathristidae belongs to the super-
family Pentatomoidea (infraordo Pentatomorpha) (FREEMAN 1940, SCHAEFER 2003). In all
of them the presence of vibrational communication has been identified and described at
different levels.

Pentatomidae include eight subfamilies: Asopinae, Cyrtocorinae, Discocephalinae,
Edessinae, Pentatominae, Phyllocephalinae, Podopinae and Serbaninae (SCHUH & SLATER
1995). Members of the largest subfamily Pentatominae are entirely plant feeders and many
of them are economically important pests feeding on different crops.

The southern green stink bug (Nezara viridula) represents a model species among
Pentatominae with intensively investigated substrate-borne communication at different lev-
els (COKL & VIRANT-DOBERLET 2003, VIRANT-DOBERLET & COKL 2004). The species orig-
inates from eastern Africa (HOKKANEN 1986, JONES 1988, KAVAR et al. 2006) and occurs
now throughout the tropical and subtropical regions of all the continents (TopD 1989). The
species is highly polyphagous attacking mono- and dycotyledonous plants. By inserted
stylet into the food source they suck up nutrients and cause injury to plant tissues resulting
in plant wilt and, in many cases abortion of fruits and seeds. More than 145 species of 32
plant families have been identified as species hosts (KIRITANI et al. 1965, TopD 1989,
PaNizzi 1997); however a preference for leguminous plants has been repported (PAN1zzI
1997). During the year the southern green stink bug can be found on different plants and
none of them was identified so far as specific for mating. In the United States the species
feeds and mates in clover, small grains, early spring vegetables, corn, tobacco and weed
hosts where they complete the first generation. The second generation is completed on
leguminous weeds, vegetable and row crops, cruciferous plants, and okra as typical mid-
summer hosts. The third generation migrates into soybean where the fourth and the fifth
generations are completed (TopD 1989). Similar migrations have been described in Parana
State (Brazil) (PANizzi 1997). 57 parasitoid species have been recorded for N. viridula
(JoNEs 1988), various arthropod predators feed on it (TopD 1989) and substantial kill of N.
viridula by birds in Argentina has been described (BELTZER et al. 1988).

BEHAVIOUR AND COMMUNICATION DURING MATING

Mating behaviour was first described in two pentatomine species Cosmopepla bima-
culata (Thomas) and Chlorochroa ligata (SAY) (FisH & ALcock 1973) and the same pat-
tern was later confiormed for N. viridula by several authors (HARRIS et al. 1980, BORGES
et al. 1987, KoN et al. 1988, Ota & CokL 1991, CokL et al. 2000). Chemical and vibra-
tory signals play the key role during calling and courting. Male emitted pheromone was
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described in genera Nezara (ALDRICH et al. 1989, ALDRICH 1995, MCBRIEN & MILLAR
1999), Eushistus (ALDRICH et al. 1991), Acrosternum (MCBRIEN et al. 2001), Thyanta
(McBRIEN et al. 2002), Chlorochroa (Ho & MILLAR 2001a, 2001b), Biprorulus (JAMES et
al. 1994), Plautia (SUGIE et al. 1996) and Piezodorus (LEAL et al. 1998). Vibratory signals
were described in more than 20 species. Although pheromones and vibratory signals are
species specific they do not isolate species completely. High interindividual variation in
pheromone composition has been rapported for N. viridula (RyAN et al. 1995) and in some
southwestern regions in Japan interspecific copulation occurs between N.viridula and the
oriental green stink bug (Nezara antennata SCOTT) (KIRITANI et al. 1963, KoN et al. 1993).

Male N. viridula sex pheromone attracts females (PAvIS & MALOSSE 1986, ALDRICH
etal. 1987, BORGES et al. 1987, BREZOT et al. 1994). Pheromone specificity is achieved by
the ratio of trans- to cis-(Z)-¢-bisabolene epoxide which is different among geographical-
ly isolated populations (ALDRICH et al. 1989, 1993). Acrosternum hilare (SAY) males emit
the same compounds as Nezara, but with the reversed relative abundanances of the epo-
xide isomers (ALDRICH et al. 1989). Furthermore the blend of male volatiles of A. penn-
sylvanicum is almost the same as that of Japanese N. viridula.

The male pheromone is produced and released continously starting 8-10 days after
the final moult in N. viridula. Mating decreases pheromone emission (BREZOT 1994) and
stimulation with the conspecific female calling song increases both the percentage of
males releasing pheromone and its amount (MIKLAS et al. 2003a). The latter reaction is
song specific: stimulation with the male rival song has no effect and the amount of
released pheromone decreases by stimulation with 100 Hz pure tone. By modulation of
pheromone release males reduce metabolic costs, attract less their parasitoids and they
offer a better synchronization of sexual activity.

Chemical signals are effective as sex attractants on a long range scale but wind and
local air turbulences prevent precise mate location on a plant. Substrate transmitted sig-
nals offer a better choice. They have been described in Acrosternum hilare (SAY) (CokL
et al. 2001), Acrosternum impicticorne (STAHL) (BLASSIOLI-MORAES et al. 2005),
Eushistus heros (FABRICIUS) (BLASSIOLI-MORAES et al. 2005), Eushistus conspersus
UHLER (MCBRIEN & MILLAR 2003), Holcostethus strictus (FABRICIUS) (PAVLOVCIC &
CokL 2001), Murgantia histrionica (HAHN) (CokL et al. 2004), Nezara antennata SCOTT
- (KoN et al. 1988), Nezara viridula (LINNAEUS) (COKL et al. 2000), Palomena prasina
(Linnaeus) (Cokr et al. 1978), Palomena virridissima (Popa) (CokL et al. 1978),
Piezodorus guildinii (WESTWOOD) (BLASSIOLI-MORAES et al. 2005), Piezodorus lituratus
(FaBricius) (GoGALA & RAzPOTNIK 1974), Thyanta custator accerra MCATEE (MCBRIEN
et al. 2002), Thyanta pallidovirens STAHL (MCBRIEN et al. 2002) and Thyanta perditor
(FaBricius) (BLASSIOLI-MORAES et al. 2005). Unpublished data also exist for Eysarcoris
aeneus (ScopoLl), Graphosoma lineatum italicum (LINNAEUS), Aelia acuminata
(LINNAEUS), Raphigaster nebulosa (PODA), Sciocoris cursitans (FABRICIUS) and Eurydema
oleraceum (LINNAEUS) (GOGALA 2006).

The calling phase of mating behaviour runs at distances at which other senses are not
employed. In most (but not all) cases a female starts vibrational communication and there
are no experimental data to show which signals trigger them to sing in natural conditions.
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During calling a female N. viridula remains at the same place on a plant. The male N.
viridula emits on the other hand its calling song during movement. The female calling
song is emitted continously also in the absence of a male and the stable time and frequen-
cy structure of the song is preserved during the whole singing period (COKL & BOGATAJ
1982). A typical male response to female calling is directional movement to her (CokL &
Ota 1991, CokL et al. 1999, VIRANT-DOBERLET et al. 2006), increasing of pheromone
release and emission of the calling or courtship song. No direct female response to male
calling song has been observed so far.

Female calling song signals mediated male vibrational directionality, as described in N.
viridula (Ota & CokL 1991, CokL et al. 1999, VIRANT-DOBERLET et al. 2006), is lacking in
small pentatomine bugs like Holcostethus strictus (FABRICIUS) (PAVLOVCIC & CokL 1991)
and Murgantia histrionica (HAHN) (CokL et al. 2004). The role of female singing is mini-
mized in both species and the calling phase of mating behaviour is significantly shorter.

Male songs have been described in most investigated stink bug species but its role in
a duet with a female needs to be experimentally confirmed. It appears also as a transitional
form from courtship to rival singing. The latter male-male vibratory interaction is present
when more males are calling or courting one female.

Although communication in the courtship phase of behaviour runs at distances where
different senses are potentially involved experimental data about the role of vision, touch,
near field sound or chemical signals are lacking. In two congeneric species N. antennata
and N. viridula mates first approach by waving antennae up and down and when close they
antennate each other (Kon et al. 1988). In both species females usually first antennate
males indicating that male emitted chemical signals are also involved. When a male anten-
nates a female first he can enter the next phase of the behavioural sequence without her
response. After antennation a male moves to the rear of the female and puts his head under
her abdomen butting its venter. When a female accepts a male for copulation she rises the
abdomen and the male turns facing away from her. The male rises the abdomen with
extended aedeagus and by sweeping the aedeagus in a zigzag pattern against the venter of
the abdomen he attempts to copulate. When genital linkage is achieved both lower their
abdomen. Shaking of the body from side to side was described frequently in response to
female antennation in male N. antennata (KON et al. 1988) and was observed also in .
viridula (CokL, unpublished data). Antennation and shaking of the body elicit tactile sig-
nals as well as air particle movement in the near field. Trichobotria are sensitive enough
to detect the latter signals (BARTH 2002). The female thus accepts or rejects a male by syn-
thesis of multimodal information including visual and chemical signals. The lack of expe-
rimental data on multimodal communication in close range is caused mainly by technical
problems connected with recording, analyzing and reproducing such signals in the rele-
vant behavioural context.

Male and female courtship songs of most investigated pentatomine species are more
species specific than their calling songs. Specificity was determined on statistically veri-
fied differences between signal time and frequency parameters but the impact of the sub-
strate on these characteristics was in most cases ignored. Investigations of signal recogni-
tion conducted on N. viridula in artificial surroundings (CokL et al. 1978) need critical
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revision in the view of new data on plant-insect interaction during substrate-borne sound
communication.

EMISSION OF VIBRATORY SONGS

Stink bugs produce vibratory signals by body vibration; no other sound producing
mechanisms have been described so far. The fundamental frequency of their songs ranges
between 70 and 180 Hz and as a rule, harmonic peaks do not exceed 500 Hz. Similar fun-
damental and dominant frequency values were measured for signals recorded from the
body of a singing bug by a laser vibrometer (CokL et al. 2005) or piezo-crystal (AMON
1990), from surface of a non-resonant loudspeaker membrane (CoKL & VIRANT-DOBERLET
2003) or from resonanting plant surface (COKL et al. 2004, 2005) or from signals recorded
as airborne sound (CokL et al. 1972, 1978, KoN et al. 1988).

The intensity of vibratory signals was measured by laser vibrometer from abdomen,
wings and prothorax of a singing bug as well as from the plant surface immediately below
(CokL 1988, OBLAK 2002). Velocity values measured on abdomen varied individually
between 9 and 31 mm/s, on prothorax between 4 and 16 mm/s and on wings between 7
and 25. Intensity values recorded from the plant surface below the singing bug (distance
less than 0.5 cm) varied individually between 3 and 18 mm/s on bean leaf, between 2 and
10 mmy/s on bean stem, and between 1 and 14 mm/s on cyperus stem. In 15 of 20 tested
bugs signals were attenuated by transmission from the body to the substrate and in the rest
5 they were amplified. Comparison of fundamental and dominant frequencies did not
show significant differences between signals recorded from different parts of the body and
between body and plant recorded signals. The body thus vibrates as a unit and in phase
with the substrate without any filtering in the fundamental and dominant frequency
domaine.

The low frequency vibratory signals are produced by vibration of abdomen versus
thorax as consequence of contraction of muscles connecting the abdominal tergal plate
with thorax at one and with the rest of abdomen at the other side (KUSTOR 1989, GOGALA
2006). Similar sound producing mechanism was described in Riptortus clavatus
(Alydidae) (NUMATA et al. 1989). The anatomy of the green stink bug sceletal motor
mechanism with vibration producing muscles was described by MALOUF (1932) and
KUSTOR (1989). The last part of the first tergum and second abdominal tergum are fused
into a plate previously called tymbal (GoGALA 1984). The tergal plate is connected by a
thin chitinous membrane anteriorly to thorax and posteriorly to the third abdominal ter-
gum. The medial part of the plate is narrow and thin compared with broader lateral parts.
A pair of strong tergal longitudinal muscles (TLI) connects the metaphragma of thorax
with the median part of the plate antecostal ridge and their contraction moves the plate
anteriorly. The plate is moved posteriorly by contraction of another set of tergal longitu-
dinal muscles (TLII) fixed on the plate ridge anteriorly and posteriorly on the anterior edge
of the third abdominal tergum. Two pairs of lateral compressor muscles (LCrl and LCrII)
and one pair of the depressor tymbali muscle (DrTy) are laterally fixed on the tergal plate.
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The activity of muscles during singing was recorded by copper wire electrodes
implanted into TLI, TLIT and LCrI muscles (KuSTor 1989, AMON 1990); Lerll muscles
did not contract during singing and due to delicate position of the DrTy muscles their elec-
tromiograms could not be recorded in freely moving bugs. The muscles contract synchro-
nously and in phase. The one-to-one relation was recorded also between muscle potentials
and vibration cycles of body or substrate recorded signals. Muscle potentials were recor-
ded extracellulary and the amplitude of summed potentials can be correlated with the cor-
responding cycle amplitude. The repetition rate of muscle potentials determines the repe-
tition rate of evoked cycles of the vibratory emission so that any frequency modulation is
based on the modulated repetition rate of action potentials controlling contractions of cor-
responding muscles.

TIME AND FREQUENCY CHARACTERISTICS OF STINK BUG SONGS

According to behavioural contexts songs are usually determined as calling, courtship
and rival songs. In the last years these names are frequently replaced by abbreviations of
the succession number of song appearance in communication like MS1 (male song
appearing first), MS2 (male song emitted after MS1) etc. To avoid differences which may
occur as potential feed-back caused by substrate resonance we compare only frequency
and time characteristics of signals recorded from bugs singing on a non- resonant substrate
(loudspeaker membrane).

Frequency characteristics

Frequency characteristics of all until now recorded stink bug vibratory signals reveal
similar position of the fundamental (and usually dominant) frequency and a different num-
ber of higher harmonics with variously expressed frequency modulation. The dominant
frequency lies generally in the frequency range between 70 and 180 Hz and the main emit-
ted energy with distinct harmonic spectral peaks lies with few exceptions below 500 Hz.

The position of the fundamental and dominant frequency varies individually, between
populations of the same species and between different congeneric species (COKL et al.
2000, MIKkLAS et al. 2003, BLASSIOLI-MORAES et al. 2005). The dominant frequency of the
female calling song of N. viridula lies around 94 Hz for the Slovene population, around
123 Hz for the Florida population, around 133 Hz for the Guadalupe and around 108 Hz
for the French population. Different parts of a complex songs can have different dominant
frequencies like in the first female song of A. impicticorne in which the fundamental and
dominant frequency of the long pulse lies around 125 Hz and around 100 Hz for the short
pulse. The same male A. impicticorne emits different songs with different dominant fre-
quencies (rival song has the dominant frequency of around 107 Hz and the second song
around 130 Hz) and changes it from around 130 Hz when singing alone to 92 Hz when
singing in a duet. Despite of intra-species differences some species can be differentiated
from others by the dominant frequency range of their songs. Mean values range between
136 and 173 Hz in E. heros and between 79 and 122 Hz in T. perditor. The range of do-
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minant frequencies between 102 and 136 Hz is the same for the consperse bug E. conspe-
rus (MCBRIEN & MILLAR 2003) and for different songs of T. pallidovirens and T. custator
accerra (McBRIEN et al. 2002). There are no experimental data supporting correlation of
the dominant frequency with the body size.

Harmonic, not dominant peaks (amplitudes less than 60 dB below the dominant fre-
quency value) of vibratory signals recorded on non-resonating loudspeaker membrane are
generally restricted to the frequency range below 500 Hz. One of very few exceptions are
for example pulses of the N. viridula broad-band male calling song or the female repellent
song (CokL et al. 2000).

Within the limited frequency range spectra of narrow band low frequency signals can
be expanded either by a combination of spectrally different units within the same signal
or by frequency modulation. The female calling song pulse train of the southern green
stink bug is for example composed of one or more frequency modulated prepulses of
broad band and higher frequency characteristics, followed by a narrow band longer pulse
(CokL et al. 2000). The first female song pulse train of A. impicticorne is composed of
short and long pulses which dominant frequencies differ significantly (BLASSIOLI-MORAES
et al. 2005). Extensive frequency modulation has been recorded in several pentatomine
species like P. lituratus (GOGALA & RAZPOTNIK 1974, BRVAR 1987, GoGaLA 2006) or
Thyanta spp. (MCBRIEN et al. 2002).

The role of frequency characteristics for signal recognition has been studied in N.
viridula (CokL et al. 1978) and in P. lituratus (BRVAR 1987). Male N. viridula responds
to synthesized female calling song of frequencies between 50 and 200 Hz with optimal
alternation between 100 and 150 Hz. Males respond with the rival song to the oponnent
rival in natural (GOGALA & RAZPOTNIK 1974) and in an artificial situation (BRVAR 1987,
GoGALA 2006). Male rival song with frequency modulation reversed according to the nat-
ural signal did not evoke the rival but another male song. Increasing or decreasing the
dominant frequency significantly depressed male responding. Increasing the number of
higher harmonics in stimulatory rival song evoked mainly the rival and in less cases other
male songs. Different types of male songs were evoked also by stimulation with signals of
lower or higher dominant frequency accompanied by several higher harmonics. On the
other hand stimuli with damped dominant frequency and several higher harmonics did not
evoke responding in stimulated males.

Time characteristics

Female calling songs
The female calling song described in A. hilare, A. impicticorne, E. consperus, E.

heros, M. histrionica, N. antennata, N. viridula, P. prasina, P. viridissima, T. custator
accerra, T. pallidovirens and T. perditor are characterized by long sequences of readilly
repeated pulses (or pulse trains) of stable duration. In N. viridula pulse trains composed of
different number of pulses can be exchanged in the same sequence (COKL et al. 2000).
Pulse train duration of female songs of the above mentioned species ranges between 0.2
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and 1.6 s and repetition time (the time between onsets of two consecutive signals) between
0.4 and 2.0 s. In species with smaller body size like H. strictus and P. guildinii the female
calling differs significantly. Several seconds long first female song pulses are irregularly
repeated in P. guildinii and about 50 ms long pulses repeated every 0.3 s evoked by male
singing constitute the H. strictus female calling song pulse train.

Regular stereotypic male responses to the female calling song inspired several inves-
tigations on the informational value of different song parameters. Responding to artificial
stimuli with duration and repetition rate outside the conspecific female calling song cha-
ractersitics explain male N. viridula responding also to stimulation with the natural female
calling song of Palomena prasina, and mutual responding of males of both Palomena
species to the female calling song of the sympatric species (CoKL et al. 1978). Nezara
viridula males responded stereotypically (directional movement and emission of the
courtship song) also to Thyanta spp. songs which resembled time characteristics of the
conspecific female calling song (HRABAR et al. 2004). Signal duration differences occu-
ring during transmission through a plant (MICHELSEN et al. 1982) have to be respected in
investigations of the informational value of signals transmitted on longer distances.
MikLAS with co-workers (2001) demonstrated that male N. viridula differentiated conspe-
cific female calling song pulse trains of two types on a non-resonating loudspeaker mem-
brane but not on a plant.

Male calling songs
Stink bug male first emitted songs are less fixed to the calling phase of mating beha-

viour. The song appears less frequently as first in several species like N. viridula but re-
gularly in H. strictus (PAVLOVCIC & CokL 2001) and M. histrionica (COKL et al. 2004).
The male first song of P. guildinii (BLASSIOLI-MORAES et al. 2005) is emitted as the first
in a couple after antennation by a female. In P. lituratus no female but eight different male
songs were decsribed (GOGALA & RAZPOTNIK 1974, BRVAR 1987). The species song reper-
toire needs reinvestigation in natural conditions to confirm the absence of female sig-
nalling and to determine the behavioural context of such a diversity of male songs. Male
consperse bugs E. consperus started to sing first in a couple in 46% either with the MS-3
or MS-1 song (MCBRIEN & MILLAR 2003). The first male song is composed of around 0.5
s long pulses repeated every 0.7 s when when emitted without female responding and of
around 0.3 s duration when singing in a duet with a female. The first male song of the
Neotropic relative E. heros is emitted always as response to the calling female and single
pulses are the transitional form to fully developed MS-1 pulse trains of various duration
and repetition time.

The male calling song of N. viridula is characterized by a sequence in which narrow
band 0.08 to 0.26 s long pulses are exchanged with 0.07 to 0.15 s long broad-band (and
frequency modulated) pulses grouped into pulse trains (CokL et al. 2000). The repetition
time varies between different populations between 0.15 and 0.45 s for the broad-band and
between 0.43 and 1.2 s for the narrow-band pulses. The song rarely appeared as first on a
loudspeaker membrane on which males usually immediately respond with the courtship
song to the calling female probably as consequence of limited space where signals of other
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modalities are immediately available. On a plant the male calling song is emitted during
walking and there are no data about any direct female response to it. Furthermore, the song
appears as transitional form to the male courtship song or from the courtship to the rival
song. Similar temporal pattern of the male calling song was recorded and described for
both Palomena species (COKL et al. 1978) as well as for the sympatric N. antennata (KON
et al. 1988) with the main difference in the lower pulse repetition rate.

The second male song of A. hilare has temporal characteristics similar N. viridula but
is emitted during courtship (CokL et al. 2001). The complex pulse train of A. hilare first
male song lasts about two seconds with the repetition rate determined by female calls.
Male calling song pulses of both Thyanta species last between 0.3 and 0.5 s and are repea-
ted every 0.7 or 1.1 s in T. pallidovirens and T. custator accerra respectively. The first
male song of the Neotropic species T. perditor is triggered by female calling but is emit-
ted also if the female was removed (BLASSIOLI-MORAES 2005). Contrary to most stink bug
species the song with several seconds long and irregularly repeated pulse trains does not
carry calling song characteristics.

Female courtship songs
The several seconds long pulses of the second female song of N. viridula are emitted

during courtship and carry many characteristics of the male courtship song (COKL et al.
2000). The song does not appear as regularly as in males and in many cases a female co-
pulates without its emission. A comparable song but with different time characteristics has
been described in N. antennata (KON et al. 1988).

Female courtship songs were described also in T. pallidovirens and T. custator accer-
ra (McBRIEN et al. 2002). Three to four seconds long pulse trains are in both species
repeated irregularly and mainly in duets with courting males. Less clear is the role of the
second female song of the Neotropic relative species 7. perditor (BLASSIOLI-MORAES et al.
2005). Longer pulse trains are emitted in the absence than in the presence of a male. The
second female song of another Neotropic species E. heros is composed of irregularly
repeated and several seconds long pulse trains of extensive amplitude modulation
(BLASSIOLI-MORAES et al. 2005).

The time pattern of the female courtship song of H. strictus differs from the above
mentioned examples (PAvLOVCIC & CokL 2001). Pulse trains are emitted together with
male courship song signals and partly overlap each other. Duration of the pulse train varies
extensively between 2 to 85 s according to different number of about 0.2 s long pulses
repeated approximately twice per second.

No female courtship songs have been recorded in P. prasina and P. viridissima. In A.
hilare females emit only the calling song (CokL et al. 2001) and in the Neotropic species
A. impicticorne the second female song appears also in the absence of a male indicating
that this song is either another form of the calling song or has a role not directly connec-
ted with courtship (BLASSIOLI-MORAES et al. 2005). Clearly separated 1-2 s long pulse
trains are composed of pulses which are repeated regularly approximately every 3 s when
singing alone or every 5 s when singing in a duet. Such a time pattern is characteristic for
the second (pulsed) type of the female calling song pulse trains in N. viridula (COKL et al.
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2000). Females of the consperse bug E. conspersus emit the second song type sponta-
neously in contrast with other stink bug species (MCBRIEN & MILLAR 2003). In genus
Piezodorus the second female song was recorded in the Neotropic species P. guildinii in
the male absence (BLASSIOLI-MORAES et al. 2005).

Male courtship songs

High species specificity of male courtship songs is expressed in the time pattern and
amplitude modulation of pulses constituting complex and several seconds long pulse
trains which repetition rate is determined by the singing female.

The male courtship song of N. viridula has its origin in the calling song pulses which
repetition rate increases to fuse in the most part of the signal (CokL et al. 2000). Single
pulses at the onset of the pulse train dissapear in fully developed alternations with the
female. The pulse train lasts about 3 s and is usually followed by a 0.1 s long frequency
modulated post-pulse. In the sympatric N. antennata species from Japan (Kon et al. 1988)
the AM-2 song of different characteristics is emitted during female approach, antennation
and butting.

The southern green stink bug (N. viridula) lives together with different pentatomine
species. Similarity in the time pattern of the male courtship song is obvious by compari-
son with E. heros and T. perditor. In both, single pulses are fused into a several seconds
long pulse train with constant amplitude (BLASSIOLI-MORAES et al. 2005) throughout most
of the signal in the former and with increasing amplitude of fused pulses in the latter
species. Male songs of other two Thyanta species emitted during courtship differ: in 7.
pallidovirens pulses within a pulse train are not completely fused and their amplitude
decreases throughout the signal while in 7. custator accerra the origin from single pulses
can not be observed in extensively amplitude modulated and several seconds long MS-2
signals (MCBRIEN et al. 2002). The courtship song (MS-2) of E. conspersus represents an
exception among all until now investigated stink bugs songs being characterized by short
about 0.5 s long pulses of repetition rate about 0.7 s (MCBRIEN & MILLAR 2003).

The first male song (MS-1) of A. hilare is the usual response to female calling and
shows similar basic pattern as the male courtship song of N. viridula. The amplitude of
pulses increases and remains at the same level throught the signal in N. viridula while in
A. hilare the amplitude of single pulses at the onset of the pulse train remains constant but
the amplitude of the fused part decreases (CokL et al. 2001). The A. hilare second male
song (MS-2) emitted prior to copulation silences the female. Its time characteristics are
similar to those of the male calling song of N. viridula but the behavioural context of the
song is completely different. Pulse trains of the of Nezara Neotropic sympatric relative A.
impicticorne have similar duration but pulses are not completely fused (BLASSIOLI-
MORAES et al. 2005).

Palomena prasina and P. viridissima are sympatric with N. viridula and their song
repertoire differs mainly at the level of male courtship songs (CokL et al. 1978). In P.
prasina pulses of the MS-2 pulse train are completely separated and in P. viridissima the
pulse train is composed characteristically of four pulses separated from each other with
pause decreasing from the first to the last one. Contrary to many male songs described in
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P. lituratus (GOGALA & RAZPOTNIK 1974, BRVAR 1987) no male song was recorded in con-
nection with courtship behaviour in P. guildinii (BLASSIOLI-MORAES et al. 2005).

A different pattern of male songs was described for the harlequine bug M. histrioni-
ca (CoKL et al. 2004). The first male song is composed of about 10 s long pulse trains
repeated with a low rate when a male is far from a female. When coming closer males emit
the second song of a very complex pulse train structure. The pulse trains of the male
courtship song of H. strictus are repeated irregularly and are composed of three different
types of pulses of which the first and the second one last around 0.05 s and the third one
around 0.4 s (PAVLOVCIC & CoKL 2001).

In M. histrionica two more male songs were described during courtship as MS-3 and
MS-4 (CokL et al. 2004). Their behavioural context is not clear. More male songs emitted
during courtship and prior to copulation have been described also in N. antennata (KON et
al. 1988), N. viridula (CoKL et al. 1972), E. conspersus (MCBRIEN & MILLAR 2003) and
T. custator accerra (MCBRIEN et al. 2002). Their temporal pattern is rather uniform cha-
racterized by irregular sequences of less than 0.5 s long pulses repeated several times per
second with a higly variable repetition rate. During emission of these songs a female
usually stops singing and accepts or rejects a courting male.

Male rival songs
Rival songs were recorded only in males when more of them were courting one

female. They were described in A. impicticorne, E. heros, P. guildinii, T. perditor
(BLASSIOLI-MORAES et al. 2005), N. viridula (CokL et al. 2000), P. lituratus (GOGALA &
RAZPOTNIK 1974, BRVAR 1987), M. histrionica (COKL et al. 2004) and in Raphigaster neb-
ulosa (unpublished data). In fully established rivalry, pulses are exchanged in a true a-b-
a-b-a... fashion until the winning male silences the other(s). During rivalry the female
usually stops singing. Contrary to high diversity of the first (calling) male song the time
parameters of the rival song show higher uniformity and low species specificity. Rival
song consists of single pulses which duration varies between 0.2 (N. viridula) and 1.3 s
(A. impicticorne) with repetition time between 0.7 (N. viridula) and 1.6 s (P. guildinii).
Extensive male-male interactions of. P. lituratus need reinvestigation.

Other songs
The female repelling signal of N. viridula was recorded as a broad-band and several

seconds long vibration without any characteristic time pattern (CokL et al. 2000).
Although the main emitted energy lies below 100 Hz a secondary (harmonic?) peak
between 600 and 700 Hz was recorded as well. Signal producing mechanism is not clear
because it was frequently recorded simultaneously in the same sequence with signals pro-
duced by body vibration. The song silenced courting males immediately and was emitted
when females refused male attempts for copulation.

In A. hilare a copulatory song was recorded several minutes after copula was estab-
lished (CokL et al. 2001). It is not clear whether signals were emitted by a male or a
female. The song is composed of low frequency (dominant frequency between 92 and 129
Hz) about 0.04 s long pulses repeated approximately every 0.2 s. The male copulatory
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song was described also in H. strictus (PAVLOVCIC & CokL 2001) as a sequence of vibra-
tions of very irregular temporal structure.

Eushistus heros males emit a different song during head butting or following an unre-
ceptive female (BORGES et al. 1987, BLASSIOLI-MORAES et al. 2005). The song is composed
of irregularly repeated pulse trains consisting of a different number of about 0.05 s long
pulses repeated every 0.2 s. The song determined as MS-3 was accompanied by female
first emitted song. A similar song was (MS-3) recorded before copulation in T. perditor
silences the female (BLASSIOLI-MORAES et al. 2005).

We can expect in the future new data on informational value of vibrations emitted
during activity other than singing. Among first deserve attention the low frequency tre-
mulatory signals and almost pure tone signals produced by trembling of wings.

VIBRATIONAL RECEPTORS

Because of stink bug small size has the airborne component of body produced vibra-
tions low intensity in the relevant frequency range. To radiate efficiently airborne sound
the diameter of the vibrating body has to be at least one third of the wavelength of the
emitted sound (MARKL 1983); in practice it means that stink bugs of the size usually below
1 cm can not produce efficiently sounds of frequencies below 10 kHz. Like many other
insects (GOGALA et al. 1974, MICHELSEN et al. 1982) stink bugs use the substrate-borne
component for communication. Although the most sensitive receptors are situated in and
on the legs we can not exclude that other mechanoreceptors are involved as well.

DEBASIEUX (1938) described leg vibrational receptors in Pyrrhocoris apterus and
DEVETAK et al. (1978) in Sehirus species. Anatomy (MICHEL et al. 1983) and function
(CokL 1983) of the leg vibrational receptors with a few identified higher order neurons
(CokL & AMON 1980) has been investigated only in N. viridula. Data on vibrational recep-
tors in Heteroptera were recently reviewed by CokL and co-workers (2006).

All the six legs of the southern green stink bug are equiped with a lower number of
non-grouped campaniform sensilla at the surface, with the subgenual organ inside the
haemolymph channel and with joint chordotonal organs. The subgenual organ, situated in
the haemolymph channel in the subgenual (proximal) part of tibia (MICHEL et al. 1983) is
composed of two scolopidia, each of them with one sensory cell. The body of the organ is
proximally fixed to the epithelium of the haemolymph channel wall whereas the scolopals
with cilia and ligament are stretched out in haemolymph. The sensory nerve with axons of
both sensory cells joins the nerve innervating the femoral chordotonal organ. Distally, the
ligament formed by two cap cells flattens into a thin flag-like structure which is only
loosely fixed at the epidermis of the blood channel wall and at both main tibial nerves.

Chordotonal organs controlling the position of the joint and detecting the angular
velocity during joint movement were described in N. viridula in femur (the femoral chor-
dotonal organ), tibia (the tibial distal chordotonal organ) and in the last tarsal joint (the
tarso-pretarsal chordotonal organ) (MICHEL et al. 1983). They are sensitive to low fre-
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quency vibration of the leg and as such contribute in sensing of low frequency components
of stink bug vibratory signals (CokL 1983). The femoral chordotonal organ is situated in
the lateral distal third of femur at its anterior ridge and controls the joint between femur
and tibia. The organ is divided into the anatomically distinct condensed and dispersed
scoloparium. Each of the twelve scolopidia of the organ contains two sensory cells. Their
axons form the sensory nerve branch which joins the subgenual organ sensory nerve and
reaches the main leg nerve in the posterior part of femur close to the femur-trochanter
joint. The proximal condensed scoloparium contains eight scolopidia and the distal dis-
persed scoloparium four. The body of the condensed scoloparium is fixed to the wall. Cap
cells of the proximal three scolopidia form a ligament which is attached to the musculus
levator tibiae. The other five scolopidia of the condensed scoloparium form a separate li-
gament which is distally fixed directly to the apodeme. Four scolopidia of the dispersed
scoloparium were identified and described within this ligament.

The other joint chordotonal organs are composed of a lower number of scolopidia
with less complex anatomy. The tibial distal chordotonal organ controls the joint between
tibia and tharsus and lies in the blood channel about 400 um proximally to the joint. The
ligament formed by cap cells of both scolopidia (one with one and the other with two sen-
sory cells) is attached to the joint membrane between tibia and the first tarsal joint.
Sensory cells are fixed to the dorsal side of nervus tibialis anterior, their dendrites sepa-
rate from the nerve and scolopals are freely stretched in the blood channel. Axons of sen-
sory cells join other nerve fibers of the nervus tibialis anterior. The tarso-pretarsal chor-
dotonal organ controls the position of the claws. The proximal scoloparium contains two
scolopidia one with one and the other with two sensory cells distally fixed by a ligament
at the tendon of the unguitractor moving the pretarsus. The distal scoloparium is composed
of three scolopidia which are arranged into two separate parts. The cap cell of the one-
celled scolopidium is distally attached with a separate ligament to the inner wall of the
posterior claw. The cap cells of the second part of the distal scoloparium with two scolo-
pidia (one with two and the other with one sensory cells) are attached to the inner wall of
the anterior claw. Axons of sensory cells run to the ventral cord within the nervus tibialis
anterior.

Responses of receptor cells to vibratory stimulation of the legs were recorded from
single neurons at the entrance of a leg nerve in the appropriate part of the ventral nerve
cord in N. viridula (CokL 1983). Backfilling of the leg nerve neurons revealed that all sen-
sory fibers finally terminate at the ipsilateral side of the protoracic ganglion for the first
and at the meso- or metatoracic part of the central ganglion for the second or third leg pair
respectively (CokL & AMoN 1980, CokL 1983). For any stimulated leg were identified and
described the group of low frequency receptor neurons responding optimally below 100
Hz, a middle frequency receptor neuron tuned to frequencies around 200 Hz and the high
frequency receptor neuron tuned to frequencies between 0.7 and 1 kHz. According to the
response pattern, tuning and comparative data on burrower bugs (DEVETAK et al. 1978),
bushcrickets and locusts (KUHNE 1982) we can conclude that responses to low frequency
tuned neurons have their origin in stimulation of campaniform sensillas and/or joint chor-
dotonal organs, and that both receptor neurons tuned to higher frequencies originate in
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both sensory cells of the subgenual organ.

Phase-locked reponse pattern below 120 Hz and threshold velocity sensitivity
between 3 and 6 x 10> m/s between 50 and 70 Hz are characteristic for the low frequen-
cy vibratory receptor neurons. Threshold curves run parallely with the line of equal dis-
placement value around 107 m (CoxL 1983). Three subgroups of low frequency receptor
neurons were identified within the group: neurons reponding to the rising or falling phase
of a cycle and neurons reponding to its peak amplitude. Simultaneous intracellular recor-
ding and staining of two low frequency receptor neurons with Lucifer Yellow showed that
fibers enter the central ganglion in the posterior third of the leg nerve and finally termi-
nate at the ipsilateral side of the pro-, meso- or metatoracic part of the ventral cord
(ZoroVvIC et al. 2003, 2004). The main branch projects anteriorly to the ganglion midline
and side branches diverge mostly anteriorly and decrease in size towards the midline; the
branching pattern is generally similar to the described one in locusts (BURROWS 1996).

V-shaped threshold curves of the subgenual organ receptor neurons have approxi-
mately 10 m/s peak velocity threshold (around 200 Hz) for the middle frequency (MFR)
and between 1 and 2 x 10° m/s (between 0.7 and 1 kHz) for the higher frequency recep-
tor neuron type (HFR) (CokL 1983). Their threshold curves run parallely with the line of
equal acceleration value (around 102 m/s?) up to the frequency of highest velocity sensi-
tivity where they turn and follow the line of equal displacement values (between 107 and
10" for MFR and between 10 and 10°'° m for HFR). The middle frequency receptor neu-
ron responds optimally in the frequency range between 0.05 and 1 kHz. The response
range of the high frequency receptor neuron extends up to 5 kHz with displacement thre-
shold between 10'° and 10 m) and at frequencies below 0.2 kHz their sensitivity sharply
decreses. With increasing stimulus frequency the spike repetition rate increases in the fre-
quency range above 200 Hz up to 300 spikes/s in the phasic part and 200 spikes/s in the
tonic part of the response in which every second cycle is followed by a spike up to 500
Hz.

Central projections of N. viridula subgenual receptor cells were described only for the
middle frequency receptor cell of the mid- and hind legs in the central ganglion of N.
viridula (ZOROVIC et al. 2004). Mid- and hindleg receptor cells enter the central ganglion
in the posterior third of the leg nerve and finally terminate at the ipsilateral side of the
meso- or metatoracic part of the ventral cord with dense terminal arborizations. Their si-
milar branching patterns suggests that they both originate in the same receptor organ and
confirms the hypothesis that sensory structures repeated in successive segments have si-
milar ganglionic organisation (EIBL & HUBER 1979). Similar arborisations were described
in bushcrickets (KALMRING et al. 1996) and crickets (EiBL & HUBER 1979) for the TS audi-
tory receptor neuron but not for those originating most probably in the subgenual organ
(EBL & HUBER 1979, EscH et al. 1980). Recently ZoroviC et al. (2004) demonstrated
presynaptic inhibition of the middle frequency vibratory receptor cells as described for
crickets (POULET & HEDWIG 2003), locusts (BURROWS 1996) and stick insects (STEIN &
SAUBER 1999). Presynaptic inhibition may be caused by inhibitory central neurons con-
necting the proprioreceptor sensory system (WOLF & BURROWS 1995).

Antennation of the plant (OTA & CokL 1991) and of the mate (KON et al. 1988) sug-
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gest that antennal mechanoreceptors can be involved as additional sensory input for vibra-
tory signals. On antennae of N. viridula were described twelve campaniform sensillas with
six of them grouped on the basis of their first antennal segment and inside the Johnston’s
organ with the centrally positioned central chordotonal organ was described (JERAM &
PABST 1996, JERAM & COKL 1996). The Johnston’s organ is located in nymphs in the dis-
tal part of pedicel and in adults in the distal part of the second pedicellite. 45 amphine-
matic scolopidia distributed around the periphery of the distal part of the third antennal
segment (distal pedicellite) constitute the Johnston’s organ. Axons of 17 scolopidia run to
the brain within the first antennal nerve and 28 scolopidia of the opposite side in the
second. The central organ located in the pedicel is composed of seven mononematic
scolopidia positioned proximally and centrally from the amphinematic scolopidia. Four
scolopidia form two scoloparia each with two scolopidia. Together with three separate scolo-
pidia they attach to the same place as amphinematic scolopidia of the Johnston’s organ.

The axons of four scolopidia run to the brain within the first antennal nerve and the
other three within the second. Back-fill staining of N. viridula antennal nerve (JERAM
1996) showed that mechanosensory receptor neuron axons pass the antennal lobus and
finally terminate in the suboesophageal or prothoracic ganglion at the ipsilateral side.
Some axons project into the central ganglion and finally terminate in its abdominal region.
These fibers show many characteristics of Drosophila long axons originating in campa-
niform sensilla of the pedicell (STRAUSFELD & BAcoON 1983). Vibration of the antennal
proximal flagellar segment elicited responses of mechanosensory system in antennae.
Single cell recording from the antennal nerve show best responsiveness below 100 Hz
with highest velocity sensitivity of 2 x 103 m/s around 50 Hz (JErRAM & COKL 1996, JERAM
1993, 1996). Receptor neurons respond in a phase-locked manner. The origin of single cell
responses and their coupling to higher order neurons is not known. Nevertheless the anten-
nal mechanosensory system is sensitive enough to detect low frequency parts of stink bug
vibratory signals transmitted through plants.

Central processing of the vibratory information received by leg vibratory receptors
has been first investigated by CokL & AMON (1980). Functional properties of four diffe-
rent higher order vibratory interneurons were described. ZOROVIC (2005) recently
described morphology and function of more than 15 different types of vibratory higher
order neurons in the meso- and metathoracic part of the central ganglion (article in prepa-
ration).

PLANTS AS THE MEDIUM FOR TRANSMISSION OF STINK BUG SONGS

Bugs of the subfamily Pentatominae entirely feed on plants (PANizzI et al. 2000) and
their role as transmission medium for vibratory signals has been directly demonstrated in
N. viridula (MIKLAS et al. 2001). Many stink bug host plants are light and loading with
accelerometers or any other mechanical contact devices to pick-up vibrations change sig-
nificantly substrate’s mechanical properties. Development of laser technology enabled rel-
evant investigations of biophysical backround of transmission of naturally emitted vibra-
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tions through biological materials like plants. In the pioneering work in the field
MICHELSEN with co-workers (1982) demonstrated that bending waves excited by singing
insects are used for communication. In broad bean Vicia faba 200 Hz pure tone signals
propagate with measured propagation speed of 39 m/s and at 2000 Hz with 120 m/s
(MICHELSEN et al. 1982). Through a banana plant (leaves and the pseudostem) 100 and 500
Hz pure tone vibrations are transmitted with propagation velocity of less than 50 m/s
(BARTH 1985, 1998) and for N. viridula we can expect values below 40 m/s according to
their dominant frequency around 100 Hz.

Bending waves are reflected with little loss of energy at the border between different
media (plant-air) at the top and at roots of the plant so that vibratory signals travel seve-
ral times up and down the plant before decaying (MICHELSEN et al. 1982). The attenuation
values of pure tone vibratory signals transmitted through different monocotiledonous
plants is below 0.5 dB/cm (BARTH 1985). The amplitude of vibration does not decrease
monotonically with the distance from the source (MICHELSEN et al. 1982, BARTH 1998) and
the occurence of echoes and low damping of vibratory signals indicates that we can expect
standing wave conditions at least in plant rod-like structures like stems and stalks
(MICHELSEN et al. 1982). The same authors conclude that filtering brings about compli-
cated pattern of frequency dependent standing waves which is of similar nature in plants
with different mechanical properties. Branched dicotyledonous plants are more mechani-
cally heterogenous than monocotyledonous ones so that reflections, frequency-dependent
standing-wave patterns, and changes in mechanical impendance complicate the vibration
pattern (BARTH 1998). Distortion of signal pattern has to be expected due to mechanical
heterogeneity and to interference and superposition caused by reflections from plant’s
ends.

MICHELSEN with co-workers (1982) suggested that the use of broad-band signals is a
better strategy for communication through plants because at any place on a plant some of
the frequency band is likely to get through to the listening animals. Until now this hyp-
othesis has not been experimentally confirmed. On the contrary, communication with
hypothetically less convenient low frequency narrow-band vibratory emissions shows
many advantages.

The interaction of plants and insects during substrate-borne communication was
recently investigated on a model of N. viridula and species host plants (COKL et al. 2003).
It has been demonstrated that spectra of naturally emitted signals recorded on the body of
singing bugs contain peaks which can not be attributed to vibration of the body but to
induced vibration of the plant. Spectra of body recorded signals differ when bugs are
singing on a non-resonant (loudspeaker membrane) or resonant (plant) substrate. The
dominant resonant frequency of sound-induced vibrations in stink bug different host
plants lies in the frequency range between 160 and 215 Hz; the harmonic resonant peaks
do not exceed 600 Hz. The plant resonates as whole because no difference could be found
in spectra of signals recorded at its different parts. The position of the dominant resonant
peak corresponds to best frequency sensitivity of the subgenual middle frequency recep-
tor cell (CokL 1983). Harmonic resonant peak around 100 Hz optimizes transmission of
about 100 Hz dominant frequency signals emitted by N. viridula and other stink bugs
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investigated until now. These results agree with frequency filtering and attenuation of a
sinusoidal vibration on Thesium bavarum (MICHELSEN et al. 1982). It has been shown that
with increasing distance from the source 100 Hz signals are also amplified and not only
attenuated. The use of narrow band signals of frequencies around 100 Hz is thus an advan-
tage according to broad-band signals.

Spectral characteristics of M. histrionica vibratory signals are characterized by se-
veral harmonic frequencies above 80 to 100 Hz dominant frequency (COKL et al. 2004).
The species was found to mate also on big cabbage leaves which are structurally different
as the usual green plants. MAGAL et al. (2000) investigated transmission of vibratory sig-
nals through apple leaves and demonstrated that the loss of signal energy for the midvein
decreases between 80% at the base and 40% at the leaf apex. The loss by transmission
through lamina was about 40%. Investigations on cabbage leaves showed that transmis-
sion is more efficient through veins than through lamina; attenuation rate for transmission
through veins is comparable with the one measured in plant stalks and stems. Observations
of harlequin bugs mating on cabbage leaves confirmed preferred routes for communica-
tion: bugs were singing and moving preferentially on veins. The relative amplitude of fre-
quency peak varies with distance from the source so that spectral peak amplitude minima
and maxima lie at different distances. Consequently at any distance from the source a dif-
ferent relationship between spectral peak amplitudes could be recorded. Attenuation of the
dominant frequency peak amplitude did not decrease more than 5 dB at the distance of 7
cm. On the other hand 5 cm from the source the amplitude of the first harmonic spectral
peak decreased for 15 and 20 dB for the male and female song respectively.

Topics concerning insect-plant interactions during substrate-borne communication
deserve further attention. Low frequency narrow band signals are widely used not only in
stink bugs but also in other arthropods (BARTH 2002). Even in »small cicadas« and bur-
rower bugs which signals are broad-band with low and high frequency components, the
low frequency one dominates in substrate-transmitted signals (MICHELSEN et al. 1982).
Simultaneously recorded airborne and substrate-borne signals of a planthopper Euides
speciosa BoH. (TRAUE 1978) have diferent spectral properties: the airborne sounds are at
maximum around 550 Hz and vibrational signals between 150 and 250 Hz. Spectra of
stridulatory signals emitted by some cydnide bugs (GOGALA et al. 1974) extent up to 12
kHz with the main energy between 3 and 4 kHz when recorded as airborne sound. Spectra
of simultaneously recorded signals from plants extend below 2-3 kHz with the main ener-
gy mostly below 0.5 kHz.

Recently was demonstrated that spectral properties of burrower bugs Scaptocoris cas-
tanea and Sc. carvalhoi stridulatory signals are significantly changed during transmission
through a green plant: the broad peak around 500 Hz as recorded close to the singing bug
dissapears and is replaced by narrow peaks around 100 and 200 Hz with a strong low fre-
quency (<50 Hz) component as characteristic for narrow-band low frequency signals emit-
ted by stink bugs (COKL et al. 2006).

Mechanical properties of plants determine communication range and enable distance
discrimination and mate location. The communication range of stink bugs signalling
through plants is determined by the intensity of emitted signals (ca. 10 to 40 mm/s) (COKL
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1988), sensitivity of relevant receptors (ca. 0.01 mm/s) (CokL 1983) and attenuation rate
during transmission through a plant (below 0.5 dB/cm). Theoretically the communication
range could reach 1 to 1.5 m on the same plant but behavioural experiments on Cyperus
alternifolius LINNAEUS (Umbrella Flat Sedge) showed that it extends to longer distances.
We can explain this by lower damping of frequency components around 100 Hz, standing
wave conditions and tuning of plant resonance spectra with frequency characteristics of
stink bug vibratory signals. Distance discrimination has not been explained yet and the
role of signal components of frequencies below 50 Hz has to be investigated in this con-
text (VIRANT-DOBERLET et al. 2006).

Vibrational directionality has been first described among stink bugs in the southern
green stink bug (N. viridula) by Ota & CokL (1991) on ivy. A male walking to the female
responds to her calls with the emission of the calling and courtship song, and when he
reaches a crossing of the stem with stalks or side branches he stops and stradles his legs
across the fork waiting there for female calls which enable him to orient to the female.
Such a behavioural pattern was recorded at distances which did not allow orientation by
other mechanical, optical or chemical cues. The role of female calling song signals in male
vibrational directionality was confirmed by artificial vibration of a plant (COKL et al.
1999). Directionality is sex specific, females do not react to vibration with the conspeci-
fic female calling song. In non-stimulus (control) conditions none of 28 males sang, 20
remained at their place and 8 walked to the other branch. During stimulation with the
female calling song all 28 males responded with the courtship song, 22 males moved and
21 of them located the vibration source; only 6 males remained at their place. Most ge-
nerally a male can bring a decision about direction on a crossing when two demands are
fulfilled: different signals have to arrive on the left and right (or front and back) side of
the relevant receptor system and these differences have to be recognized in the central ner-
vous system as the information about direction. Suprathreshold time of arrival or ampli-
tude differences can be achieved by a critical distance between legs, by low propagation
velocity and high damping of transmitted signals. Nezara viridula legs are spread on the
crossing of bean stalks and the stem with maximal distances of 2 cm. The intensity dif-
ference between two sites does not seem to enable vibrational directionality: with the
expected attenuation rate of 0.4 dB per cm the amplitude difference would reach 0.8 dB
which is below discrimination threshold of the species vibratory receptor system (COKL
1983). Furthermore, intensity variation with distance is not linear and at some distances
100 Hz signals have higher amplitude than at the source. Simultaneous recording of natu-
rally emitted signals on a bean crossing of stalks with the stem at the distance of 2 cm
between the left and the right stalk showed that in one third of examples the intensity at
the opposite (contralateral) side was higher than on the side leading to the calling female
(Zorovic 2005). On the other hand calculated time delays at the distance of 2 cm and 40
m/s propagation velocity would be 0.5 ms. Such a delay is above 0.2 ms behaviourally
determined threshold triggering vibrational directionality in scorpions (BROWNELL &
FARLEY 1970). Nevertheless shorter distances between the legs were observed in males
which correctly turned to the side leading to calling female indicating that either propaga-
tion velocity is lower or some other effect underlies male decision. The last hypothesis is
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confirmed by simultaneous recoding of N. viridula naturally emitted signals on a crossing
on bean with two identical laser vibrometers (ZOROVIC 2005); at the distance of 2 cm se-
veral ms long delays could be measured. The reason for such a delay at the short distance
on bean crossing is not known yet but gives a reasonable explanation about mechanisms
underlying vibrational directionality in small plant-dwelling insects.

SUMMARY

Principles of stink bug communication through plants are reviewed. All until now
investigated species of the subfamily Pentatominae are entirely plant feeders. Male emit-
ted pheromone plays an important role in the field attracting mates to the same plant.
When on it, females and males start calling each other. Usually a female starts vibrational
communication by emitting the calling song continously from one place even without
male responding. It is not clear what triggers her to start singing. A male responds to a
calling female with emission of the calling song and approaches her with well expressed
searching behaviour and vibrational directionality on plant’s crossings. The courtship
phase of behaviour runs at short distances by multimodal information exchange including
visual, tactile, air particle movement in the acoustic near-field, olphactory and vibratory
signals. At the basis of the analysis of the received complex information a female decides
to accept or reject the courting male. Rival song is emitted in male-male interaction when
more males are courting the same female. Species and sex specific calling and courtship
songs were recorded, analyzed and described in more than 20 stink bug species. Songs are
produced by vertical vibration of the abdomen as consequence of synchronous contraction
of muscles connecting the abdominal tergal plate with the rest of abdomen and thorax. All
until now recorded vibrational signals emitted by stink bugs have uniform frequency cha-
racteristics with signal species and sex specificity expressed in their time and amplitude
pattern. The dominant frequency of low frequency and narrow band signals lies around
100 Hz and most of the emitted energy is restricted to the frequency range below 500 Hz.
Most sensitive vibrational receptors are located in and on the legs: campaniform sensilla
and joint chordotonal organs are low frequency receptors and both sensory cells of the
subgenual organ are highly sensitive in the frequency range around 200 and between 700
and 1000 Hz. Spectral properties of signals are tuned with resonant characteristics of green
plants. Low attenuation rate during transmission, standing wave conditions and frequency
tuning between songs and plants together with high sensitivity of relevant receptors enable
long distance communication of stink bugs through the same plant.

POVZETEK
V preglednem clanku je opisana vibracijska komunikacija rastlinskih stenic. Vse do

sedaj opisane vrste stenic poddruzine Pentatominae so rastlinojede. Samcev feromon igra
pomembno vlogo pri privabljanju partnerjev na isto rastlino. Na njej za¢no samci in sami-
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ce klicati drug drugega. Obicajno zacne vibracijsko komunikacijo samica tako, da z enega
mesta kontinuirano oddaja pozivni napev tudi v primeru, ko ji samec ne odgovarja. Do
danes Se ni znano kaj sprozi samic¢ino petje. Samec odgovori samici z oddajanjem svoje-
pomocjo samicinih vibracijskih signalov. V fazi dvorjenja na krajsih razdaljah komunici-
rata s signali razli¢nih modalitet kot so vid, tip, gibanje zracnih delcev v bliznjem polju,
vonj in vibracije. Na osnovi analize kompleksne informacije samica odloci ali bo prislo do
kopulacije ali ne. Rivalni napev je interakcija med samcema, v primeru ko ve¢ samcev
dvori isti samici. Spolno in vrstno specificne napeve so registrirali pri ve¢ kot dvajsetih
vrstah skupine. Vibracijske napeve proizvajajo rastlinske stenice z vertikalnim nihanjem
zadka kot posledica istocasne kontrakcije miSic, ki so pripete na abdominalno tergalno
plosco na eni strani in na oprsje oz. preostali del zadka na drugi strani. Vsi do sedaj re-
gistrirani vibracijski signali rastlinskih stenic podruzine Pentatominae imajo podobne
frekvencne karakteristike, njih spolna in vrstna specifi¢nost pa je izrazena v amplitudnem
in ¢asovnem vzorcu signala. Osnovna in hkrati dominantna frekvenca nizkofrekvencnih in
ozkopasovnih signalov lezi okrog 100 Hz, velina oddane energije pa se nahaja v
frekvencnem pasu pod 500 Hz. Najobcutljivejsi vibracijski receptorji leZe na povrSini in
v notranjosti nog: kampaniformne senzile in sklepni hordotonalni organi so obcutljivi na
signale nizkih frekvenc, obe senzoricni celici subgenualnega organa pa sta najbolj
obcutljivi v frekvencnem pasu okrog 200 Hz in med 700 in 1000 Hz. Spektralne lastnos-
ti vibracijskih signalov so uglasene z resonanc¢nimi spektralnimi znacilnostmi zelenih
rastlin. Slabo duSenje med prenosom po rastlini, stojeCe valovanje in frekvencna
uglaSenost napevov med rastlino in stenico skupaj z visoko obcutljivostjo receptorjev
omogocajo komunikacijo tudi na vecje razdalje po isti rastlini.

ACKNOWLEDGEMENTS

This work is dedicated to all author’s collegues, past, present and future with whome
he was lucky to share curiosity, enthusiasm and friendship. This work was supported by
the Slovenian Research Agency (Programme No. P1-0255-0105 and Project No. L1-7299-
0105).

REFERENCES

ALDRICH, J.R., 1995: Chemical communication in the true bugs and parasitoid exploita-
tion.- In: CARDE, R.T. & BELL, W.J. (Eds.): Chemical ecology of Insects.-
New York: Chapman & Hall, pp. 318-363.

ALDRICH, J.R., NUMATA, H., BORGES, M., BIN, F., WaItg, G.K. & LusBy, W.R., 1993:
Artifacts and pheromone blends from Nezara spp. and other stink bugs
(Heteroptera: Pentatomidae).- Z. Naturforsch., 48C, 73-79.

ALDRICH, J.R., OLIVER, J.E., LusBY, W.R., KOCHANSKY, J.P. & Lockwoob, J.A., 1987:

28



Andrej Cokl: Stink bug communication through plants during mating

Pheromone strains in the cosmopolitan pest, Nezara viridula (Heteroptera:
Pentatomidae).- J. Exp. Zool., 244, 171-175.

ALDRICH, J.R., HOFFMANN, M.P., KocHANSKY, J.P., LusBY, W.R., EGER, J.E. & PAYNE,
J.A., 1991: Identification and attractiveness of a major pheromone compo-
nent of Nearctic Fushistus ssp. stink bugs (Heteroptera: Pentatomidae).-
Environ. Entomol., 20, 477-483.

ALDRICH, J.R., LusBY, W.R., MARRON, B.E., NikoLAU, K.C., HOFFMANN, M.P. & WILSON,
L.T., 1989: Pheromone blends of green stink bugs and possible parasitoid
selection.- Naturwissenschaften, 76, 173-175.

AMON, T., 1990: Electrical brain stimulation elicits singing in the bug Nezara viridula.-
Naturwissenschaften, 77, 291-292.

BARTH, F.G., 1985: Neuroethology of the spider vibration sense.- In: BARTH, F.G. (Ed.):
Neurobiology of Arachnids.- Berlin: Springer Verlag.

BaArTH, F.G., 1998: The vibrational sense of spiders.- In: Hoy, R.R., POPPER, A.N. & FAY,
R.F. (Eds.): Comparative hearing: Insects.- New York: Springer Verlag, pp.
228-278.

BarTH, F.G., 2002: A spider’s world.- Berlin, Heidelberg, New York: Springer Verlag,
pp- 85-112.

BELTZER, A.H., SAaLUSsO, M.R. & BUCHNER, E.H., 1988: Alimentacion del nacunda
(Podager nacunda) en Parana (Entre Rios).- Hornero, 13, 47-52.

BLASSIOLI-MORAES, M.C., LAUMANN, R.A., CokL, A. & BORGES, M., 2005: Vibratory sig-
nals of four Neotropical stink bug species.- Physiological Entomology, 30,
175-188.

BoraGEes, M., JepsoN, P.C. & Howsg, P.E., 1987: Long-range mate location and short-
range courtship behaviour of the green stink bug, Nezara viridula, and its
mediation by sex pheromones.- Entomol. Exp. Appl., 44, 205-212.

BRrRADBURY, J.W. & VEHRENCAMP, S.L., 1998: Principles of Animal Communication.-
Sunderland, Massachusetts: Sinauer Associates, Inc., Publishers.

BrEzOT, P., 1994: La communication chimique chez Nezara viridula (L.) (Heteroptera:
Pentatomidae) etude de signal pheromonal emis par les males.- PhD Thesis.
Universite Pierre et Marie Curie Paris. 120 p.

Brezot, P., MALOSSE, C., Morl, K. & ReENou, M., 1994: Bisabolene epoxide in sex
pheromone in Nezara viridula (L.) (Heteroptera: Pentatomidae): role of cis
isomer and relation to specificity of pheromone.- J. Chem. Ecol., 20, 3133-
3147.

BROWNELL, P. & FARLEY, R.D., 1979: Orientation to vibrations in sand by the nocturnal
scorpion Paruroctonus mesaensis; mechanism of target localization.- J.
Comp. Physiol. A, 131, 31-38.

BRVAR, V., 1987: Vibratory signal parameters important for communication in Piezodorus
lituratus (Heteroptera).- Graduation Thesis, University Ljubljana, Ljubljana.

Burrows, M., 1996: The Neurobiology of an Insects Brain.- Oxford, UK: Oxford
University Press Inc.

Cocrort, R.B. & RODRIGUEZ, R.L., 2005: The behavioural ecology of insect vibrational

29



Razprave IV. razreda SAZU, XLVII-3 (2006)

communication.- Bioscience, 55 (4), 323-334.

CokL, A. & BoGaTAl, E., 1982: Factors affecting vibrational communication in Nezara
viridula L. (Heteroptera, Pentatomidae).- Biol. vestnik (Ljubljana), 30 (1), 1-
20.

CokL, A. & VIRANT-DOBERLET, M., 2003: Communication with substrate-borne signals in
small plant-dwelling insects.- Annual review of Entomology, 48, 29-50.

CokL, A. & AMON, T., 1980: Vibratory interneurons in central nervous system of Nezara
viridula L. (Pentatomidae: Heteroptera).- J. Comp. Physiol. A, 139, 87-95.

CoKL, A., 1983: Functional properties of vibroreceptors in the legs of Nezara viridula (L.)
(Heteroptera: Pentatomidae).- J. Comp. Physiol. A, 150, 261-269.

CoKL, A., 1988: Vibratory signal transmission in plants as measured by laser vibrometry.-
Periodicum biologorum, 90 (2), 193-196.

CokL, A., Narpi, C., SIMOES BENTO, J.M., HiROSE, E. & Panizzi, A.R., 2006:
Transmission of stridulatory signals of the burrower bugs, Scaptocoris cas-
tanea and Scaptocoris carvalhoi (Heteroptera: Cydnidae) through the soil
and soybean.- Physiological Entomology, 31, 1-11.

CokL, A., MCBRIEN, H.L. & MILLAR, J.G., 2001: Comparison of substrate-borne vibra-
tional signals of two stink bug species, Acrosternum hilare and Nezara
viridula (Heteroptera, Pentatomidae).- Annals of the Entomological Society
of America, 94, 471-479.

CokL, A., GOGALA, M. & BLAZEVIC, A., 1978: Principles of sound recognition in three
pentatomide bug species (Heteroptera).- Biol. vestnik (Ljubljana), 26 (2), 81-
94.

CoKL, A., GOGALA, M. & JEZ, M., 1972: The analysis of the acousti signals of the bug
Nezara viridula.- Biol. vestnik (Ljubljana), XX, 47-53.

CoKL, A., VIRANT-DOBERLET, M. & McDOWELL, A., 1999: Vibrational directionality in
the southern green stink bug Nezara viridula is mediated by female song.-
Anim. Behav., 58, 1277-1283.

CoKL, A., VIRANT-DOBERLET, M. & STRITH, N., 2000: The structure and function of songs
emitted by southern green stink bugs from Brazil, Florida, Italy and
Slovenia.- Physiological Entomology, 25, 196-205.

COKL, A., ZOROVIC, M., ZUNIC, A. & VIRANT-DOBERLET, M., 2005: Tuning of host plants
with vibratory songs of Nezara viridula L. (Heteroptera: Pentatomidae).- J.
Exp. Biol., 208, 1481-1488.

CokL, A., PRESERN, J., VIRANT-DOBERLET, M., BAGWELL, G.J. & MILLAR, J.G., 2004:
Vibratory signals of the harlequin bug and their transmission through
plants.- Physiological Entomology, 29, 372-380.

DEBASIEUX, P., 1938: Organes scolopidiaux des pattes d’Insectes IL.- Cellule, 47: 77-202.

DEVETAK, D., GoGaLA, M. & COKL, A., 1978: A contribution to the physiology of the
vibration receptors in bugs of the family Cydnidae (Heteroptera).- Biol.
Vestnik (Ljubljana), 36, 131-139.

EBL, E. & HUBER, F., 1979: Central projections of tibial sensory fibers within the three
thoracic ganglia of the crickets (Gryllus campestris L., Gryllus bimaculatus

30



Andrej Cokl: Stink bug communication through plants during mating

DeGeer).- Zoomorphologie, 92, 1-17.

EscH, H., HUBER, F. & WOHLERS, D.W., 1980: Primary auditory neurons in crickets:
Physiology and central projections.- J. Comp. Physiol., 137, 27-38.

Fisn, J. & ALCOCK, J., 1973: The behaviour of Chlorochroa ligata (Say) and Cosmopepla
bimaculata (Thomas), (Hemiptera: Pentatomidae).- Entomological News,
84, 260-268.

FREEMAN, P., 1940: A contribution to the study of the genus Nezara Amyot & Serville
(Hemiptera: Pentatomidae).- Transactions of the Royal Entomological
Society London, 90, 351-374.

GoGAaLA, M. & RAzpPOTNIK, R., 1974: An oscillographic-sonagraphic method in bio-
acoustic research.- Biol. vestnik (Ljubljana), 22, 209-215.

GOGALA, M., 1984: Vibration producing structures and songs of terrestrial heteroptera as
systematic character.- Biol. vestnik (Ljubljana), 32, 19-36.

GOGALA, M., 2006: Vibratory signals produced by Heteroptera — Pentatomorpha and
Cimicomorpha.- In: DrosopouLos, S. & CLARIDGE, M.F. (Eds.): Insect
sounds and Communication: Physiology, Behaviour, Ecology and
Evolution.- Boca Raton, London New York: CRC Taylor and Francis, pp.
275-296.

GOGALA, M., DRASLAR, K., COKL, A. & BLAZEVIC, A., 1974: Substrate-borne sound com-
munication in Cydnidae (Heteroptera).- J. Comp. Physiol., 94, 25-31.

GREENFIELD, M.D., 2002: Signalers and Receivers: Mechanisms and Evolution of
Arthropod Communication.- New York: Oxford University Press.

GULLAN, P.J. & CRANSTON, P.S., 2000: The Insects: An Outline of Entomology.- Oxford
(UK): Blackwell Science.

Harris, V.E. & Topp, J.W., 1980: Temporal and numerical patterns of reproductive
behaviour in the southern green stink bug, Nezara viridula (Hemiptera:
Pentatomidae).- Entomol. Exp. Appl., 27, 105-116.

Ho, H.-J. & MILLAR, J.G., 2001a: Identification and synthesis of a male-produced sex
pheromone from the stink bug Chlorochroa sayi.- J. Chem. Ecol., 27, 1177-
1201.

Ho, H-J. & MILLAR, J.G., 2001b: Identification and synthesis of male-produced sex
pheromone components of the stink bugs Chlorochroa ligata and
Chlorochroa uhleri.- J. Chem. Ecol., 27, 2067-2095.

HokkANEN, H., 1986: Polymorphism parasites and the native area of Nezara viridula
(Hemiptera: Pentatomidae).- Annales Entomologici Fennici, 52. 28-31.

HRABAR, N., VIRANT-DOBERLET, M. & COKL, A., 2004: Species specificity of male sou-
thern green stink bug Nezara viridula (L.) reactions to the female calling.-
Acta Zoologica Sinica, 50 (4), 566-575.

JAMES, D.G., Morl, K., ALDRICH, J.R. & OLIVER, J.E., 1994: Flight mediated attraction of
Biprorulus bibax (Hemiptera: Pentatomidae) to synthetic aggregation
pheromone.- J. Chem. Ecol., 29, 71-80.

JErRAM, S. & COKL, A., 1996: Mechanoreceptors in insects: Johnston’s organ in Nezara
viridula (L.) (Pentatomidae, Heteroptera).- Pfliigers Archiv, 431 (Suppl.):

31



Razprave IV. razreda SAZU, XLVII-3 (2006)

R281.

JErRAM, S. & PaBsT, M.A., 1996: Johnston’s organ and central organ in Nezara viridula
(L.) (Heteroptera, Pentatomisae).- Tissue Cell, 28, 227-235.

JErAM, S., 1993: Anatomical and physiological properties of antennal mechanoreceptors
of the bug species Nezara viridula (L.) (Pentatomidae, Heteroptera.- Ms.C.
Thesis, University of Ljubljana, Ljubljana.

JERAM, S., 1996: Structure and function of Johnston’s organ in bug species Nezara viridu-
la.- Ph.D. Thesis, University of Ljubljana, Ljubljana.

JonEs, W.A., 1988: World review of parasitoids of the southern green stink bug Nezara
viridula )L.) (Heteroptera: Pentatomidae).- Annals of the Entomological
Society of America, 81, 262-273.

KALMRING, K., HOFFMANN, E., JATHO, M., SICKMANN, T. & GROSSBACH, M., 1996:
Auditoty-vibratory sensory system of the bushcricket Polysarcus denticau-
da (Phaneropterinae, Tettigoniidae). II. Physiology of receptor cells.- J. Exp.
Zool., 2776, 315-329.

Kavar, T., PAvLovCIC, P., SUSNIK, S., MEGLIC, V. & VIRANT-DOBERLET, M., 2006:
Genetic differentiation of geographically separated populations of the sou-
thern green stink bug Nezara viridula (Hemiptera: Pentatomidae).- Bulletin
of Entomological Research, 96, 1-12.

Kimrirant , K., HOkyo, N. & YUKAWA, J., 1963: Coexistence of the two related stink bugs
Nezara viridula and N. antennata under natural conditions.- Res. Pop. Ecol.,
5, 11-22.

Kmrirant, K., Hokyo, N., KiMURA, K. & NakAsui, F., 1965: Imaginal dispersal of the
southern green stink bug, Nezara viridula L., in relation to feeding and
oviposition.- Jpn. J. Appl. Entomol. Zool., 9, 291-297.

KoN, M., OE, A. & NUMATA, H., 1993: Intra- and interspecific copulations in the two con-
generic green stink bugs, Nezara antennata and N. viridula (Heteroptera,
Pentatomidae) with reference to postcopulatory changes in the spermatheca.-
J. Ethol., 11 (2), 83-89.

KoN, M., Ok, A., NUMATA, H. & HipakA, T. 1988: Comparison of the mating behavior
between two sympatric species Nezara antennata and N. viridula
(Heteroptera: Pentatomidae) with special reference to sound emission.- J.
Ethol., 6, 91-98.

KUHNE, R., 1982: Neurophysiology of the vibration sense in locusts and bushcrickets:
response characteristics of single receptor units.- J. Insect Physiol., 28, 155-
163.

KUSTOR, V., 1989: Muscle activity of the vibratory organ of the bug Nezara viridula (L.).-
Ms.D. Thesis, University of Ljubljana, Ljubljana.

LeaL, W.S., SHi, S., HiGucHi, X.W., MARINO, H., OnoO, C.E.B. & MEINWALD, J., 1998:
Male-released sex pheromone of the stink bug Piezodorus hybneri.- J.
Chem. Ecol., 24, 1817-1829.

MAGAL, C., SCHOLLER, M., TAUTR, J. & CAsAS, J., 2000: The role of leaf structure in vibra-
tion propagation.- J. Acoustic Soc. Amer., 108, 2412-2418.

32



Andrej Cokl: Stink bug communication through plants during mating

MaALOUF, N.S.R., 1932: The sceletal motor mechanism of the thorax of the »stink bug«
Nezara viridula L.- Bull. Soc. Roy. Ent. Egypte, 16, 161-203.

MarkL, H., 1983: Vibrational communication.- In: HUBER, F. & MARKL, H. (Eds.):
Neuroethology and Behavioural Physiology.- Berlin, Heidelberg: Springer
Verlag, pp. 332-353.

MCcBRIEN, H.L. & MILLAR, J.G., 2003: Substrate-borne vibrational signals of the con-
sperse stink bug (Hemiptera: Pentatomidae).- Canadian Entomologist, 135,
555-567.

MCcBREN, H.L., CoKkL, A. & MILLAR, J.G., 2002: Comparison of substrate-borne vibra-
tional signals of two congeneric stink bug species Thyanta pallidovirens and
T. custator accerra.- Journal of Insect Behavior, 15, 715-737.

MCcBRIEN, HM. & MILLAR, J.G., 1999: Phytophagous bugs.- In: HARDIE, J. & MINKS,
A K. (Eds.): Pheromones of Non-lepidopteran Insects Assciated with
Agricultural Plants.- Wallingford, UK: CABI, pp. 277-304.

MCcBRIEN, H.M., MILLAR, J.G., GOTTLIEB, L., CHEN, X. & RIcE, R.E., 2001: Male pro-
duced sex attractant pheromone of the green stink bug Acrosternum hilare.-
J. Chem. Ecol., 27, 1821-1839.

MCcBRIEN, H.M., MILLAR, J.G., RICE, R.E., MCELFRESH, J.S., CULLEN, E. & ZaLowMm, F.G.,
2002: Sex attractant pheromone of the red-shouldered stink bug Thyanta pal-
lidovirens: A pheromone blend with multiple redundant components.- J.
Chem. Ecol., 28, 1785-1806.

MCcPHERSON, J.E. & McPHERSON, R.M., (2000). Stink Bugs of Economic Importance in
America North of Mexico.- Boca Raton, London, New York, Washington,
D.C.: CRC Press.

MicHEL, K., AMON, T. & CokL, A., 1983: The morphology of the leg scolopidial organs
in Nezara viridula (L.) (Heteroptera, Pentatomidae).- Rev. Canadienne de
Biol. Exp., 42, 139-150.

MICHELSEN, A., FINK, F., GoGALA, M. & TRAUE, D., 1982: Plants as transmission chanels
for insect vibrational songs.- Behav. Ecol. & Sociobiol., 11, 268-281.

MikLas, N., CokL, A., RENOU, M. & VIRANT-DOBERLET, M., 2003b: Variability of vibra-
tory signals and mate choice selectivity in the southern green stink bug.-
Behav. Processes, 61, 131-142.

MikLas, N., STRITIH, N., COKL, A., VIRANT-DOBERLET, M. & RENOU, M., 2001: The in-
fluence of substrate on male responsiveness to the female calling song in
Nezara viridula.- J. Insect Behav., 14 (3), 313-332.

MikLAsS, N., LASNIER, T. & RENOU, M., 2003a: Male bugs modulate pheromone emission
in response to vibratory signals from conspecifics.- J. Chem. Ecol., 29 (3),
561-574.

NumaTaA, H., Kon, M., Fuin, H. & HiDAkA, T., 1989: Sound production in the bean bug
Riptortus clavatus Thunberg (Heteroptera: Alydidae).- Applied Entomol.
Zool., 24 (2), 169-173.

OBLAK, T., 2000: Emission and transfer of vibrational signals of the true bugs of the
Nezara viridula species from the animal to the substrate.- Graduate Thesis,

33



Razprave IV. razreda SAZU, XLVII-3 (2006)

University of Ljubljana, Ljubljana.

Ota, D. & éOKL, A., 1991: Mate location in the southern green stink bug, Nezara viridu-
la, mediated through substrate-borne signals on ivy.- J. Insect Behav., 4,
441-447.

PanNizzi, A.R., 1997: Wild host of pentatomids: ecological significance and role in their
pest status on crops.- Annu. Rev. Entomol., 42, 99-122.

PanNizzi, A.R., MCPHERSON, J.E., JAMES, D.J., JAVAHERY, M. & McCPHERSON, R.M., 2000:
Stink bugs (Pentatomidae).- In: SCHAEFER, C.W. & PaANizzi, A.R. (Eds.):
Heteroptera of Economic Importance.- Boca Raton, London, New York,
Washington, D.C.: CRC Press, pp. 421-474.

Pavis, C. & MALOSSE, C., 1986: Mise en evidence d’un attractif sexuel prodiut par les
males de Nezara viridula (L.).- C.R. Acad. Sci. Paris, 303, 273-276.

Paviovere, P. & CokL, A., 2001: Songs of Holcostethus strictus (Fabricius): a different
repertoire among landbugs (Heteroptera: Pentatomidae).- Behavioural
Processes, 53, 65-73.

PopA, F., 1761: Insecta Musei Graecensis, quae in ordines, genera et species juxta systema
naturae Caroli Linnaei.- pp. 1-127, Graecus.

PouLerT, J.F.A. & HEDWIG, B., 2003: A corollary discharge mechanism modulates central
auditory processing in singing crickets.- J. Neurophysiol., 89, 1528-1540.

RAY, J., 1710: Historia insectorum. Opus posthumum Jussu Regiae Societatis Londinensis
Editum. Cui subjungitur appendix de scarabaeis Britannicis, autore M. Lister
S. R. S. ex Mss. Musaei Ashmolaeani.- pp. i-xv, 1-400. Londini.

RyaN, M.A., MOORE, C.J. & WALTER, G.H., 1995: Individual variation in pheromone
composition in Nezara viridula (Heteroptera: Pentatomidae): How valid is
the basis for designing »pheromone strains«.- Comp. Biochem. Physiol.,
111, 189-193.

SCHAEFER, C.W., 2003: Prosorhyncha (Heteroptera and Coleorrhyncha).- In: REsH, V.H.
& CARDE, R.T. (Eds.): Encyclopedia of Insects.- Amsterdam: Academic
Press, pp. 947-965.

Scuun, R.T. & SLATER, J.A., 1995: The Bugs of the World (Hemiptera: Heteroptera).
Classification and Natural History.- Ithaca, New York: Cornell University
Press.

STEIN, W. & SAUBER, A.E., 1999: Physiology of vibration-sensitive afferents in the
femoral chordotonal organ of the stick insect.- J. Comp.Physiol., 184, 253-
263.

STRAUSFELD, N. & BACON, J.P., 1983: Multimodal convergence in the central nervous sys-
tem of dipterous insects.- Fortschritte der Zoologie, Bd 28, Horn (Hrsg).
Multinodal Convergency in Sensory Systems, Stuttgart, New York: Fustav
Fischer Verlag.

SuGIE, H., Kawasaki, K., NoGgucHI, H., MORYA, S., TAKAGI, K., Fukupa, H., FulEg, A.,
YaMANAKA, K., OHIRA, Y., Tsursumi, T., Tsuba, K., Fukumoro, K.,
YAMASHITA, M. & Suzuki, H., 1966: Identification of the aggregation
pheromone of the brown-winged green bug, Plautia stali Scott (Heteroptera:

34



Andrej Cokl: Stink bug communication through plants during mating

Pentatomidae).- Appl. Entomol. Zool., 31, 427-431.

Topp, J.W., 1989: Ecology and behavior of Nezara viridula.- Annual review of
Entomology, 34, 273-292.

TRAUE, D., 1978: Vibrationskommunikation bei Euides speciosa Boh.(Homoptera-
Cicadina: Delphacidae).- Verh. Dtsch. Zool. Ges., 1978, 167.

VIRANT-DOBERLET, M. & COKL, A., 2004: Vibrational communication in insects.-
Neotropical Entomology, 33 (2), 121-134.

VIRANT-DOBERLET, M., COKL, A. & ZOROVIC, M., 2006: Use of substrate vibrations for
orientation: from behaviour to physiology.- In: DrosopouLos, S. &
CLARIDGE, ML.F. (Eds.): Insect sounds and Communication: Physiology,
Behaviour, Ecology and Evolution.- Boca Raton, London New York: CRC
Taylor and Francis, pp. 81-98.

WoLF, H. & BUurRROWS, M., 1995: Proprioreceptive sensory neurons of a locust leg receive
rhytmic presynaptic inhibition during walking.- J. Neuroscience, 15, 5623-
5636.

ZOROVIC, M., 2005: Morphological and physiological properties of vibrational neurons in
thoracic ganglia of the stinkbug Nezara viridula (Heteroptera:
Pentatomidae).- PhD. Thesis. Univerity of Ljubljana, Ljubljana.

Zorovi¢, M., CokL, A. & VIRANT-DOBERLET, M., 2003: The interneural network under-
lying vibrational communication in the green stink bug Nezara viridula (L.):
processing of the female calling song with applications for orientation and
species recognition.- The 7th Congress of International Society for
Neuroethology, Program and Abstracts, University of Southern Denmark,
Odense, pp. P0201.

ZOROVIC, M & VIRANT-DOBERLET, M., 2004: The vibratory interneuronsin the central gan-
glion of the southern green stink bug Nezara viridula (L.) (Heteroptera:
Pentaomidae).- In: ELSNER, N. & ZIMMERMANN, H. (Eds.): Proceedings of
the 29th Gottingen Neurobiology Conference.- Stuttgart; Thieme Verlag, pp.
416-417.

35





