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Glossary

atympanate Refers to the condition of lacking a

tympanal ear. Compare with tympanate.

campaniform sensillum A dome-shaped sensory

organ normally occurring near joints. Campaniform

sensillae are sensitive to distortion of the cuticle as

typically occurs during joint movement. Each cam-

paniform sensillum has a single mechanoreceptor

cell associated with it.

chitin A major component of arthropod cuticle

composed of amino-polysaccharide subunits of

acetylglucosamine and glucosamine.

chordotonal organ A mechanosensory organ

found in arthropods that functions primarily in

detecting body movements and sound vibrations.

A type of proprioceptive stretch receptor in arthro-

pods consisting of thin, elastic strands of

connective tissue stretched between adjacent

body regions and comprised of individual

mechanosensory units called scolopidia. Also

called chordotonal sensillae.

cuticle The external layers of the integument of

arthropods. It is secreted by the epidermis and is

comprised of chitin and protein. Cuticle forms the

arthropod exoskeleton.

exteroceptor A sense organ that responds to sti-

muli originating outside the body.

johnston’s organ A sensory organ found within

the antennal pedicel (second segment of the

antennae) of many insects. It comprises several

hundred chordotonal sensillae. The organ is stimu-

lated by movements of the antennal flagellum

typically in response to near-field sound or

vibration.

mechanoreceptor A class of receptor whose

adequate stimulus is a physical change in the

position of a body part or surface. The mechanical

deformation causes an electrical change within the

receptor cell (i.e., the generator or receptor poten-

tial), and eventually an action potential in the nerve

fibre(s) connected to the receptor organ.

proprioceptor A type of mechanoreceptor that

provides information to an animal about the posi-

tion and motion of the body and its appendages.

scolopidia (scolopidium) The individual mechan-

osensory receptor unit of an insect auditory organ

that consists of a linear chain of four cell types: (1)

one or more bipolar neurons, (2) a scolopale cell

that forms a lumen around the cilium of the neuro-

nal dendrite and whose cytoplasm contains

electron-dense scolopale rods, (3) attachment cells

that mechanically anchor and support the scolo-

pale cell, and (4) accessory cells that envelop and

provide nutritive and mechanical support to the

neuronal soma.

spiracle An external opening of the trachea (insect

respiratory system).
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subgenual organ A chordotonal organ on the

proximal tibia (fourth segment of the insect leg) that

detects substrate vibration.

trachea (pl. tracheae) An internal component of

the insect gas-exchange system; a tubular struc-

ture originating at the spiracles (specialized

integumentary structures) and most typically

branching extensively forming tracheoles within the

insect body. Tracheae may be expanded to form air

sacs in certain regions of the body.

trichoid sensilla A hair-like projection of the cuti-

cle. Also called a hair, seta, or macrotrichium.

tympanal organ A type of mechanoreceptor used

to detect acoustic signals. It is normally associated

with a thinned region of cuticle – the tympanic

membrane – whose motion directly corresponds to

the pressure changes of an acoustic stimulus in the

surrounding medium.

tympanate The condition of possessing a tympa-

nal ear or organ. Compare with atympanate.

3.02.1 Introduction

An acoustic sense is well developed in many insects.
Sounds and vibrations play key roles in detecting and
evading predators, locating and choosing mates, estab-
lishing territories, forming and maintaining groups,
coordinating social interactions, and locating hosts.
Insects possess an impressive diversity of different
hearing organs, which can be located on almost any
part of the body. When discussing an acoustic sense in
vertebrates, we typically refer to one type of hearing
organ, ears, which are located on the head, and capable
of detecting minute time-varying pressure changes
transmitted through air or water. In insects however,
an acoustic sense is not confined to the detection of
sound-pressure waves, but also encompasses the
detection of particle displacements, and in the broad-
est sense, solid-borne vibrations. Therefore, before
discussing insect ears it is prudent to begin with a
brief overview of the three kinds of acoustic stimuli
important to insects: airborne sounds in the nearfield
and farfield; and seismic, or solid-borne vibrations.

When a sound-producing source, like a speaker,
vibrates back and forth, the molecules of the medium
(air or water) in front of the source are displaced and
transmit a disturbance to neighboring particles. In the
acoustic nearfield, where the distance from the
sound-producing source is less than the wavelength,
there is a large particle velocity component which is
out of phase with pressure. These particle displace-
ments can be sufficient to move a lightweight
structure, such as a hair or antenna. We call these
nearfield sound receptors, movement receivers, or
displacement receivers (Michelsen, A. and Nocke, H.,
1974; Bennet-Clark, H. C., 1984; Römer, H. and
Tautz, J., 1992). The speaker movement also causes

fluctuations in air pressure that are propagated away
from the speaker as a pressure wave. We call this the
acoustic farfield, where the distance from the source
is greater than the wavelength, and particle velocity
is in phase with pressure. The pressure component
of sound is detectable by farfield sound receptors,
typically referred to as tympanal ears or tympanal
organs, which can be either pressure-sensitive or
pressure-gradient sensitive (Römer, H. and Tautz,
J., 1992; Yager, D. D., 1999a; Yack, J. E., 2004).
Finally, there is an increasing body of literature
demonstrating that many adult and larval insects
communicate using solid-borne (seismic) vibrations
that are transmitted through sand, leaf litter, or
living plant material. Although vibrational commu-
nication is often omitted from discussions of ears
and hearing, in insects, inclusion of this topic is
important since there are many similarities between
structures that detect sound and vibrations. We felt
that a review of insect hearing would be incomplete
without a brief discussion of this sensory modality.

There are several comprehensive reviews on
insect hearing organs (Michelsen, A. and Larsen, O. N.,
1985; Römer, H. and Tautz, J., 1992; Hoy, R. R. and
Robert, D., 1996; Field, L. H. and Matheson, T., 1998;
Yager, D. D., 1999a; Mason, A. C. and Faure, P. A., 2004;
Yack, J. E., 2004). The goal of this chapter is to
present an overview of the structure and diversity
of insect sound and vibration receptors, and to high-
light some interesting examples among the various
insect groups. Special emphasis will be placed on
tympanal hearing, since this is where most research
has been focused to date. Auditory processing at the
level of the central nervous system is not covered
here (reviews of this subject can be found in writings
by Boyan, G. S., 1993; Pollack, G. S., 1998; 2000;
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Stumpner, A. and von Helversen, D., 2001; Hennig,
R. M. et al., 2004; and Wyttenbach, R. A. and Farris,
H. E., 2004).

3.02.2 Tympanal Ears

Tympanal hearing is the best-described acoustic sense
in insects, owing to the fact that the behaviors (e.g.,
singing crickets and cicadas), and receptor organs

(tympanal membranes) associated with farfield sound
communication are often conspicuous to humans.
Tympanal ears are similar to vertebrate ears in that
they employ a tympanal membrane ( eardrum) to
detect pressure changes transmitted through the air
(or water). Unlike for vertebrates, however, insect
tympanal ears can occur on almost any part of the
body, and have evolved multiple times within and
between various taxa (Figure 1). Many ears described
to date are located at the thoracic-abdominal juncture
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Figure 1 Distribution of tympanal hearing organs in insects. (A) A phylogeny of insects depicting the orders in which
tympanal ears have evolved in at least some families. Numbers indicate how many times ears evolved independently within
the order, and letters indicate where ears are located on the body, as shown in the drawing on the right. (B) A schematic
drawing of a generalized insect showing where tympanal ears occur on insects. Please note that the sizes of the ears on figure
are not to scale. Specific body locations according to each taxonomic division are as follows. Mantodea: (a) Within a deep
groove on the ventral metathorax in many species; (b) In the same position on the mesothorax in Hymenopodidae.
Orthoptera: (c) Ensifera, Gryllidae, Tettigoniidae. On the tibia of foreleg; (d) Acrididae. Within a tympanal cavity on the first
abdominal segment; (d, e) Pneumoridae. On abdominal segment 1 (homologous to (d) in the Acrididae), and serial homologs
on segments 2–6. Hemiptera: (f) Hydrocorisae. Lateral mesothorax, ventral to wing base; (g) Cicadidae. Within a cavity on the
second abdominal segment. Neuroptera: (h) Chrysopidae. Base of ventral forewing. Coleoptera: (i) Cicindelidae. Dorsal
surface of first abdominal segment, beneath the elytra; (j) Scarabidae. Dorsolateral region of prosternum. Diptera:
(k) Sarcophagidae, Tachinidae. Ventral inflation of prosternum, between coxa (probably evolved independently in both
groups). Lepidoptera: (l) Sphingidae (Choerocampini, Acherontini). Palp-pilifer region (probably evolved independently in both
groups); (m) Papilionoidea, Hedyloidea. Ventral base of forewing (may have evolved independently in both groups);
(n) Noctuoidea. Within a cavity on the posterior metathorax; (o) Pyraloidea.Within a cavity on ventral surface of first abdominal
segment; (p) Geometridae. Within a cavity on anterior side of first abdominal segment; (q) Drepanidae. Internalized tympanal
membrane located between two air-filled chambers on the first abdominal segment. (r) Uraniidae: within a cavity at the
anterior (females) or posterior (males) end of the second abdominal segment. Phylogeny in (a) is from Gullan, P. J. and
Cranston, P. S. 2005. The Insects: An Outline of Entomology, 3rd edn. Blackwell Publishing. (b) Redrawn from Yack, J. E. and
Hoy, R. R. 2003. Hearing. In: Encyclopedia of Insects (ed. V. Resh and R. Cardé), pp. 498–505. Academic Press/Elsevier
Science, with permission from Elsevier Science Publishers Ltd.
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(the waist region of insects), but they also occur on
more unusual body parts, including the neck area
(some flies and beetles), the wings (some butterflies
and lacewings), legs (crickets and katydids), and even
the mouth-parts (some moths). Ears range in complex-
ity, from those in notodontid and sphinx moths that
possess a single auditory sensory cell (Surlykke, A.,
1984; Göpfert, M. C. and Wasserthal, L. T., 1999), to
those in some cicadas and bladder grasshoppers that
can have up to 2000 sensory cells (Michel, K., 1975;
Doolan, J. M. and Young, D., 1981; van Staaden, M.
et al., 2003). Tympanal ears in different insects are
sensitive to a broad range of sound frequencies
("500Hz to >100 kHz) at distances reaching up to
2 km. They have been reported in seven insect
orders to date, and within most of these orders,
ears have evolved more than once. Interestingly,
some mantids and grasshoppers have multiple sets
of ears on their bodies (discussed in Section 3.02.2.2).
It is surprising that tympanal ears have not been
reported for the large-bodied Odonates (dragon
and damselflies), Hymenoptera (wasps, bees, ants),
or Trichoptera (caddisflies), but it is expected that it
is only a matter of time before hearing is described
in at least some members of these groups.

Despite the wide diversity observed in their loca-
tion and complexity, most tympanal ears follow a
typical morphological plan, which includes three
main components: (1) a tympanal membrane, (2) tra-
cheal air sacs, and (3) a chordotonal organ (Figure 2).
The tympanal membrane is a thinned region of cuticle,
usually round or oval in shape, that is apposed to a
tracheal air sac. When sound waves impinge upon the
membrane, the auditory chordotonal organ, which is
either directly or indirectly attached to the membrane,
is stimulated by the vibration. Themembrane thickness
can vary from 0.4mm in some noctuid moths
(Ghiradella, H., 1971) to 100mm in some wetas (Ball,
E. E. and Field, L. H., 1981), and the diameter can range
from "500mm (e.g., Hedylid butterflies; Yack J. E. and
Fullard, J. H., 2000) to "4mm (e.g., some cicadas;
Young, D. and Hill, K. G., 1977). In general, thinner
membranes tend to be associated with sensitivity to
higher frequencies. Finally, not all functional tympanal
ears possess clearly differentiated tympanal membranes
upon visual inspection of the insect (e.g., mantids,
bladder grasshoppers, drepanid moths). A few of these
examples will be discussed in this chapter.

The internal face of the tympanal membrane is
directly adjacent to an air-filled chamber ( tympanal

(a) (c)(b)

Tympanic
membrane

Auditory
chordotonal

organ
(A1, A2)

Auditory nerve

Counter
tympanic

membrane

Attachment
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Scolopale
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Dendrite
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Figure 2 The principle features of a typical insect tympanal ear. (a) A cross section through the ear of a noctuid moth,
illustrating the three main components of a tympanal hearing organ: the tympanic membrane, auditory chordotonal organ
(which in this case has two scolopidia), and the tracheal air sac (white region). Another cell in the ear, the B cell, is a
mutliterminal sensory neuron that does not respond to sound, and at present, the function is unknown. (b) A schematic of a
chordotonal organ containing three monodynal, mononematic scolopidia. Each scolopidium comprises a single bipolar
sensory neuron with a ciliated dendrite that inserts distally into a scolopale cap. A scolopale cell envelops the dendrite, and an
attachment cell connects the entire structure to the integument. The boxed region is enlarged in (c). (c) Transmission electron
micrograph of the distal dendritic region of a scolopidium. The ciliary segment passes through a lumen created by the
surrounding scolopale cell, and inserts distally into the scolopale cap. Scolopale rod material, located inside the scolopale
cell, surrounds the lumen. Scale bar# 0.5mm. (a) Redrawn from Treat, A. E. and Roeder, K. D. 1959.A nervous element of
unknown function in the tympanic organ of moths. J. Insect Physiol. 3, 262–270, with permission from Elsevier Science
Publishers Ltd. (b) Reproduced from Gray, E. G. 1960. The fine structure of the insect ear. Phil. Trans. R. Soc. Lond. 243,
75–94. (c) Adapted from Yack, J. E. and Roots, B. I. 1992. The metathoracic wing-hinge chordotonal organ of an atympanate
moth, Actias luna (Lepidoptera, Saturniidae): a light- and electron-microscopic study. Cell Tiss. Res., 267, 455–471.
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chamber) formed by an enlargement of the trachea
(part of the respiratory system of insects). The air
chamber has an acoustic impedance matched to the
external medium on the outside of the eardrum,
allowing the membrane to vibrate (Figure 2(a)). In
vertebrates, this impedance-matching is achieved by
the air-filled middle ear. Although the tympanal
chamber is almost always air-filled in insects, there
is at least one exception in the green lacewing,
Chrysoperla carnea (Chrysopidae) (Miller, L. A., 1970)
where the ear is largely fluid-filled.

All insect tympanal ears described to date are inner-
vated by a particular class of mechanoreceptors called
chordotonal organs, which are unique to the Insecta
and Crustacea (Howse, P. E., 1968; Moulins, M., 1976;
Field, L. H. and Matheson, T., 1998). In insects, chor-
dotonal organs are located throughout the body, and
depending on their location and peripheral attachment
sites, may function as proprioceptors (detecting self-
induced movements of limbs and internal organs),
or exteroreceptors (detecting gravitational forces,
sounds, or vibrations). Chordotonal organs are structu-
rally complex, and can be categorized into different
morphological types. Briefly, each chordotonal organ
comprises one or more units called scolopidia, and
each scolopidium is made up of four cell types:
(1) one to four bipolar sensory neurons, each with a
distal dendrite that contains a modified stereocilium of
the 9$ 2! 0 type; (2) a scolopale cell that envelops the
distal region of the sensory cell and dendrite and con-
nects the attachment cell to the sensory cell; (3) one or
more attachment cells that connect the scolopidium to
the integument; and (4) one or more glial cells sur-
rounding the sensory neuron cell bodies. Although
little is known about how scolopidia transduce
mechanical energy into electrical impulses of the sen-
sory neuron, it is generally believed that longitudinal
stretching of the dendritic cilium leads to permeability
changes of the sensory cell at the base of the cilium.
There is significant variation in the structure of chor-
dotonal organs and their constituent scolopidia, and
presumably these structural variations impart different
functional characteristics to the sense organ.

Without exception, all chordotonal organs inner-
vating insect tympanal ears (tympanal organs) that
have been studied to date have certain ultrastructural
features in common (Figures 2(b) and 2(c)). First, they
are of the mononematic type, characterized by having
an extracellular structure called a scolopale cap at the
terminal end of the dendritic cilium. Second, they are
of the monodynal type, meaning that there is only one
dendrite associated with each scolopidium. Third, they

possess type 1 scolopidia, which are distinguished by
having a ciliary segment that has uniform diameter. At
present, the functional importance of these ultrastruc-
tural features consistently found in tympanal organs is
not understood. However, they are thought to be
important for imparting a high degree of coupling
between the vibrating membrane and the sensory
cell, which would be a necessity for detecting small,
rapid sound vibrations (Yack, J. E., 2004). While some
structural features of tympanal organs are consistent,
others, such as the number of scolopidia in the organ,
or how the chordotonal organ is associated with the
tympanal membrane, are variable. For further reading
on the structure and function of chordotonal organs in
general, the reader should consult Howse P. E. (1968),
Moulins M. (1976), and Field L. H. and Matheson T.
(1998). More specific reviews of chordotonal organs
associated with insect hearing include the ones by
Field L. H. and Matheson T. (1998), Eberl D. F.
(1999), Yager D. D. (1999a), and Yack J. E. (2004).

3.02.2.1 Evolutionary Origins of
Tympanal Ears

Why do insect tympanal ears occur in so many dif-
ferent body locations? One argument is that for
insects, it is relatively easy to make an ear. There
are now several lines of evidence demonstrating that
tympanal ears evolved from chordotonal organs that
previously served another function. As mentioned
earlier, chordotonal organs occur throughout the
insect body, where they commonly function as pro-
prioceptors. It appears that through changes to
peripheral structures associated with the chordotonal
organ, a chordotonal organ that previously responded
to proprioceptive or vibrational stimuli can be ren-
dered sensitive to airborne vibrations, and thus
converted to a hearing organ. Specific peripheral
changes associated with the transition from proprio-
ception to hearing might include the thinning of
cuticle (i.e., development of a tympanum), enlarge-
ment of trachea, and other cuticular modifications
that isolate the chordotonal organ from mechanical
disturbances due to body movements. Support for the
hypothesis that the evolutionary precursors of insect
tympanal organs were vibration receptors or proprio-
ceptors comes from comparative and developmental
studies. For example, comparisons between primi-
tively atympanate and tympanate moths show that
the ultrasound sensitive thoracic ears of Noctuoid
moths probably evolved from wing proprioceptors
(Yack, J. E. and Fullard, J. H., 1990; Yack, J. E. et al.,
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1999). Developmental studies on the abdominal ear
of the locust demonstrate that the tympanal organ
derives from an embryonic pleural chordotonal organ
that monitors respiratory movements (Meier, T. and
Reichert, H., 1990).

In discussing the transition from proprioception or
vibration reception to hearing, many interesting ques-
tions arise. What are the genetic mechanisms governing
the developmental processes leading to changes in
peripheral structures, such as differences in the number
of scolopidia, enlargement of tracheal air sacs, and the
formation of a tympanal membrane? How is the wiring
of the central nervous system modified for the animal
to execute behaviors associated with hearing, such as
positive phonotaxis, or evasive flight maneuvers? Why
did ears evolve to be on any one particular body part in
any given insect? Discussions of the developmental and
evolutionary origins of insect tympanal ears are pre-
sented in research by Fullard J. H. and Yack J. E. (1993),
Yack J. E. and Fullard J. H. (1993), Yager D. D. (1999a),
Hasenfuss I. (2000), van Staaden M. et al. (2003), and
Yack J. E. (2004).

3.02.2.2 Which Insects Have Tympanal
Ears?

Tympanal ears are estimated to have evolved inde-
pendently at least 17 times in insects (Figure 1), and
this is not accounting for examples such as the multi-
ple ears in bladder grasshoppers (van Staaden, M. et al.,
2003), or morphologically distinct tympanal mem-
branes in some Lepidoptera that have not as yet
been experimentally verified as functional hearing
organs (Minet, J. and Surlykke, A., 2003). Even so,
tympanal ears to date have only been described in
seven of the 26 widely recognized extant neopteran
insect orders. Why is it that some insect groups tend to
be well equipped with ears, while others are deaf? A
first answer is relatively clear to us, and this is that
insect groups with members that are nocturnal and
volant tend to have more members with ears. A great
selection pressure for ear development arose about 60
million years ago, when bats began to use echolocation
to detect their prey (Fullard, J. H., 1998), and this
explains the origin of hearing in many insects, includ-
ing moths, beetles, mantids, and lacewings. Lifestyle
may explain why we do not see tympanal ears in some
groups. For example, some insects that are nocturnally
active may have alternative defense strategies.
Mayflies, for example, are very short-lived as adults
and synchronize their emergences to swamp their
predators. Social Hymenoptera may lack tympanal

hearing organs for communication purposes because
of their communal lifestyle and the efficiency of near-
field acoustic and substrate vibrations within a hive.
Body size may also be an important factor in deter-
mining which insects have tympanal ears. Large
insects may lack ears because their size offers some
protection from bats (e.g., large silk- and hawk-moths,
and dragonflies). In contrast, very small insects gener-
ally lack tympanal ears, and this could be for a couple
of reasons. First, it is unlikely that a small-sized insect
would use farfield sounds for communication because
it would not have the mechanical power to generate
sounds that will carry long distances (Bennet-Clark,
H. C., 1998). Second, there is likely a size limit to how
small an ear can be and still be functional. It could be
that there is a minimum body size that can accommo-
date an ear, and that acoustic communication among
small-bodied insects is restricted to the domain of
solid-borne vibrations. The topic of ear size, with
respect to the constraints imposed on miniature audi-
tory systems and the selection pressures shaping ear
size, is an interesting one (Surlykke, A. et al., 1999;
Robert, D., 2001). Following is a concise overview of
tympanal ears described to date in the seven recog-
nized tympanate insect orders.

3.02.2.2.1 Lepidoptera
Tympanal ears have evolved independently a mini-
mum of six times in the Lepidoptera (moths and
butterflies), where they are located on the thorax
(Noctuoidea), abdomen (Pyraloidea, Geometroidea,
Drepanoidea), mouth-parts (Bombycoidea), and wings
(Hedyloidea, Papilionoidea). In addition, some mem-
bers of the Tineoidea, Cossoidea, and Thyridoidea are
likely to have ears, but confirmation of hearing in these
groups awaits physiological and/or behavioral valida-
tion. All moth ears studied to date are sensitive to
ultrasound (>20 kHz), and in most cases, function pri-
marily as bat detectors (Miller, L. A. and Surlykke, A.,
2001; Minet, J. and Surlykke, A., 2003). In species that
also produce sounds, including some day-flying tiger
moths (Arctiidae), hearing has secondarily assumed a
role in social interactions (Spangler, H. G., 1988;
Conner, W. E., 1999). Sonic hearing (<20 kHz) has
only been demonstrated in a few species of
Nymphalidae butterflies to date, and is believed to
be used for conspecific communication and possibly
the detection of bird predators (Ribaric, D. and
Gogala, M., 1996; Yack J. E. et al., 2000; Yack J. E.,
unpublished). The structure and function of moth ears
has been studied extensively, and recently reviewed
(Minet, J. and Surlykke, A., 2003). We restrict our
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description of lepidopteran ears to two moth groups,
the Noctuoidea, which have a very simple ear, and the
Drepanoidea, which have a morphologically uncon-
ventional tympanal ear.

Noctuoidea ears are among the simplest of all insect
ears studied to date, with only one (Notodontidae)
or two (all other families) auditory cells (Figures 2(a)
and 3). The ears are located on the posterior
metathorax, nestled within a protective tympanal cavity
(Figure 3(a)). The eardrum is an extremely thin

("0.4–1.0mm) transparent membrane, bordered by a
chitinous ring, and stretched across an enlarged tracheal
air space, the tympanic chamber (Figure 3(b)). The
tympanal organ attaches directly to the inner surface
of the tympanal membrane. In those ears with two
auditory cells (A1 and A2), both cells are broadly
tuned to the same frequencies (25–50 kHz), but differ
in their sensitivities by approximately 20 dB. The sen-
sitivity range of moth ears overlaps with the same
frequencies produced by the echolocation cries of
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Figure 3 Hearing in noctuoidmoths. (a) Photograph of the copper underwingmoth,Amphipyra pyramidoides, indicating the
location of the ear (boxed region) within a cleft at the junction of the thorax and abdomen (arrowhead). Scale bar#3mm.
(b) Photograph showing the counter- tympanic membrane (indicated by arrowheads) and countertympanic membrane
(translucent region to right of tympanic membrane). The attachment site of the auditory chordotonal organ appears as a small
circular region of translucency and is partially visible through the courter-tympanic membrane. Scale bar#500mm. (c) Tuning
curve of the A1 auditory receptor cell (filled circles) of an underwing moth (Catocala spp.) showing greatest sensitivity to
sound pulses with 40 kHz carrier frequencies. The echolocation calls of the big brown bat, Eptesicus fuscus, a predator of
underwing moths, have substantial energy in the 30–70kHz band, the frequencies to which the ear of the moth is most
sensitive. (d) A photo-montage created from a video capturing the interaction between a noctuid moth (dots and solid line
highlighted in yellow) (unknown species) and a little brown bat, Myotis lucifugus (in gray with broken line). The moth is seen
making changes in direction in response to the echolocation calls and flight path of the bat. Numbers indicate video frames
compiled into the montage. (a, b) Photographs by J. Dawson. (c) Reproduced from Fullard, J. H. and Yack, J. E. 1993. The
evolutionary biology of insect hearing. Trends Ecol. Evol. 8, 248–252, with permission from Elsevier Science Publishers Ltd.
(d) Unpublished data by J. Dawson and A. Soutar.
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insectivorous bats (Figure 3(c)). Flying moths stimu-
lated with ultrasound respond by either turning away
from the bat (negative phonotaxis), or engaging in an
erratic evasive flight maneuver (Figure 3(d)) (reviewed
by Roeder, K. D., 1967; Fullard, J. H., 1998; Miller, L.
A. and Surlykke, A., 2001). This bi-modal response
has in the past been attributed to the different thresh-
olds of the two auditory cells. The lower threshold
cell (A1) is thought to alert the moth to a far bat, and
initiate negative phonotaxis, while the higher thresh-
old cell (A2) warns of a close bat, to elicit evasive
flight maneuvers. However, the jury is still out on
how each of these cells contributes to evasive flight
maneuvers (Fullard, J. H. et al., 2003). Sound localiza-
tion in moths can be achieved by comparing
differences in sound intensities reaching each ear,
since the wavelengths of the high-frequency sounds
detected by moths are short enough to be diffracted
by the moth’s body.

The ears of hook-tip moths (Drepanoidea) are
worth mentioning as a variation on the typical mor-
phological plan of tympanal ears (Surlykke, A. et al.,
2003). In these moths, the eardrum is not directly
exposed to the moth’s exterior. Rather, the tympanal
membrane occurs inside of the moth, stretched across
an opening that joins two enlarged air-filled chambers
(the dorsal chamber (dc) and ventral chamber (vc) in
Figure 4). The scolopidia, instead of being attached to
the tympanal membrane in a perpendicular orienta-
tion, as in the noctuid ear, are sandwiched between the
tracheal air sac in the ventral chamber, and the tym-
panal membrane. It is believed that sound reaches this
internal tympanum by two external membranes (ante-
rior and posterior external membranes), and that the
scolopidia are stretched lengthwise when sound
impinges on the membrane. Like other moth ears,
the drepanid ear is tuned to ultrasound, and represents
another unique means by which insects have formed a
high-frequency ear.

3.02.2.2.2 Orthoptera
Hearing has evolved independently in the suborders
Caelifera (grasshoppers, locusts) and Ensifera (crickets,
katydids, and wetas). In contrast to the Lepidoptera, the
primary function for hearing in extant Orthoptera is
conspecific communication, and secondarily, for pre-
dator detection.

In most grasshoppers and locusts, the ears are
conspicuous, circular, translucent membranes located
on the sides of the first abdominal segment (Figures
5(a) and 5(b)). The tympanal chordotonal organ
(Müller’s organ) attaches directly to the inner surface

of the tympanum, and contains between 60 and 80
scolopidia, which are divided into groups (a, b, c, d)
that attach to different parts of the membrane
(Figure 5(d)) (Gray, E. G., 1960; Michel, K. and
Petersen, M., 1982; Jacobs, K. et al., 1999). The acridid
ear is one of the few insect ears capable of pitch
discrimination (Figure 5(c)). The mechanism has
been explained by the place principle of frequency
discrimination, whereby the tuning of the different
cell groups is achieved by the unique resonance
properties of the tympanal membrane to which they
attach, and Müller’s organ itself. This is similar to
frequency discrimination in the mammalian cochlea
where a traveling wave in the basilar membrane
stimulates hair cells selectively.

Evidence for hearing in a primitively atympanate
insect, the bladder grasshopper (Bullacris membraciodes)
of South Africa, has made us reconsider our defini-
tion of tympanal hearing organs, since generally the
term tympanal ear implies that the insect has an
eardrum of some sort. These insects are highly acous-
tic, producing loud calls by which males and females
‘duet’ across distances up to 2 km. Bladder grasshop-
pers do not possess conspicuous tympanal
membranes at all, but rather, have six pairs of abdom-
inal chordotonal organs that are sufficiently sensitive
to detect conspecific calls (van Staaden, M. J. and
Römer, H., 1998; van Staaden, M. et al., 2003)
(Figures 5(e)–5(h)). Each ear of the most anterior
pair of ears (on segment A1) comprises a large chor-
dotonal organ with "2000 scolopidia. The A1
chordotonal organ in bladder grasshoppers is homo-
logous to Müller’s organ in locusts, but in contrast to
the latter, lacks an association with a tympanal mem-
brane, and possesses far more scolopidia. In addition
to the A1 ears, five simpler, serially homologous
chordotonal organs with 11 scolopidia each, occur
in the posterior segments A2–6. All of these chordo-
tonal organs attach to thinned regions of cuticle on
the body wall, and are sensitive to the sound frequen-
cies and intensities of conspecific calls, despite the
absence of a differentiated tympanal membrane. The
bladder grasshopper is considered to represent a
relatively ancient group of Acrididae, and it is argued
that their hearing organs represent a living example
of the evolutionary transition between propriocep-
tors and tympanal hearing.

Ears of crickets (Gryllidae) and katydids
(Tettigoniidae) occur on the proximal tibia of the fore-
legs. There are two oval-shaped tympanal membranes
on each leg – one on the front and one on the back.
Each tympanum is apposed to a tracheal air sac, which
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Figure 4 Tympanal ears in a hooktip moth (Drepanoidea). (a) ADrepana arcuatamoth. Scale bar# 6mm. (b) Right lateral view of
the thorax and anterior abdomen, showing the general location of the abdominal ear. A white arrow points to the location of the
anterior external membrane (aem in (c)), and a black arrow points to the location of the posterior external membrane. Scale
bar# 0.75mm. (c) Scanning electron micrograph of the anterior and ventral portion of the first abdominal segment. Each ear
comprises a dorsal (dc) and ventral (vc) air chamber, between which the tympanal membrane is located. Sound is thought to enter
the dorsal chamber by means of the anterior and posterior external membranes. Scale bar#0.25mm. (d) The internal tympanal
membrane of the left ear as seen following removal of the dorsal chamber. Four scolopidia are suspendedbetween the two tracheal
sheets forming the tympanal membrane. The black and white arrows mark the location of scolopidia 4 and 3 respectively. Scale
bar# 80mm.The inset shows the distal tip of a scolopidium. (e) Drawingof the tympanicmembranewith scolopidia 1–4 viewed from
the dorsal chamber. Scale bar# 0.1mm. (f) Further details of the tympanal scolopidia. SC, sensory cell; E, enveloping (scolopale)
cell; Sc, scolopale region; AC, attachment cell. Scale bar#0.05mm. Reproduced fromSurlykke, A., Yack, J. E., Spence, A. J., and
Hasenfuss, I. 2003. Hearing in hooktip moths (Drepanidae, Lepidoptera). J. Exp. Biol. 206, 2653–2663.
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in turn, is connected to other sound input sources, such
as spiracles, and ears on the contralateral side of the
body. In many insects, like the cricket, that use low-
frequency sounds for communication, sound localiza-
tion is a problem because the wavelength of the sound
is greater than the width of the body (unlike for the

noctuid moth, discussed earlier). Crickets solve this
problem by having pressure-gradient ears, whereby
the sound stimulates the tympanic membrane via
both external and internal routes. In crickets, the tym-
panal membrane vibrates in response to sound
reaching the ear from the external side of the
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tympanum, but also from sounds that reach the inner
side of the membrane by ipsilateral and contralateral
spiracles. Because sound can reach the tympanal mem-
branes from different routes, the relative lengths of the
routes introduce phase delays between the ears, which
provide directional cues for sound location.

In most Ensifera, the tympanal organ does not attach
directly to the tympanal membranes, but rather, to the
tracheal sac that lies adjacent to the anterior tympanal
membrane. The scolopidia (60–70 in crickets, 20–50 in
katydids) are arranged in a row down the leg, and are
tonotopically organized, with the more distal units
responding to higher frequencies (Stumpner, A., 1996).
At present, the mechanism underlying the tuning prop-
erties of ensiferan ears is unknown, and there is
experimental support that both intrinsic properties of
the scolopidia themselves, and peripheral structures,
such as trachea and membranes, play a role (see discus-
sions by Field, L. H. and Matheson, T., 1998; Pollack,
G. S. and Imaizumi, K., 1999). More extensive coverage
of hearing in Orthoptera is provided by Michelsen A.
and Larsen O. N. (1985), Ball E. E. et al. (1989),
Bailey W. J. (1990), Field, L. H. and Matheson, T.
(1998), and Yager D. D. (1999a).

3.02.2.2.3 Hemiptera
(Homoptera!Heteroptera)
Cicadas (Homoptera, Cicadidae) are familiar to many
of us because of the loud, high-pitched buzzing sounds
they produce during hot weather. These sounds,
usually produced by males calling to females, are

generated by tymbal organs on the thorax, and often
reach intensities close to 100 dB at close range, equiva-
lent to what one might experience standing near a
smoke alarm. Cicada ears comprise a pair of large
oval tympanal membranes located inside a protective
cavity on the ventral side of the second abdominal
segment. The tympanal organ is contained within a
sclerotized capsule and attaches to the lateral border of
the eardrum. Cicada ears are among the largest of
insect tympanal ears with respect to tympanal area
(reaching 4mm2) and the number of scolopidia (up
to 2000 scolopidia per ear). The large number of cells
is thought to enhance frequency discrimination,
thereby allowing females to exploit additional compo-
nents of the calling song (Fonseca, P. J. et al., 2000).

Many waterbugs (Heteroptera, subfamily
Hydrocorisae) communicate acoustically (Aitken, R.
B., 1985) but little is known about how they hear.
Only one species, the water boatman, Corixa punctata,
has been studied in detail. The round tympanal
membrane occurs on the lateral mesothorax, between
the forewing and the leg. A large club-shaped cuti-
cular structure extends outward from the membrane,
and the auditory organ, comprising only two scolo-
pidia, attaches to the base of this club. Surprisingly,
the acoustic cells in the left and right ears are asym-
metrical in their tuning and thresholds, with the left
ear being consistently more sensitive to higher fre-
quencies than the right. These physiological
differences have been attributed to differences in
vibrational qualities of the tympanal membrane and

Figure 5 Homologous hearing organs in the tympanate African migratory locust, Locusta migratoria and the atympanate
bladder grasshopper, Bullacris membracioides. (a) Line drawing of the gregarious phase L. migratoria. (b) Photograph of the
thorax and first three abdominal segments (A1–3) of L. migratoria. The tympanic membrane is found on the first abdominal
segment (arrow) within a recess protected by the tympanal hood. The metathoracic (jumping) leg has been lowered to reveal the
ear. Scale bar#4mm. (c) Threshold tuning curves from L. migratoria recorded from the whole auditory nerve (closed circles) and
from individual receptors (a, b, c, and d group) within the auditory nerve (solid lines). (d) The internal surface of the ear of L.
migratoria showing Müller’s organ. The tympanic membrane is composed of both thick and thin membranous areas. The black
dot is the pyriform vesicle (PV); the site of attachment of the high-frequency (d group) auditory receptors. Scale bar#200mm.
(f) Line drawing of B. membracioides. (f) The thorax and first two abdominal segments ofB. membracioides showing the absence
of an overt tympanum in the body wall of the first abdominal segment (A1) – compare with B above. Scale bar#2mm.
(g) Threshold tuning curves recorded from the serially homologous abdominal chordotonal organs inB.membracioides. The curve
recorded from the first abdominal segment, A1 (11 males and females combined) indicates this organ has lower thresholds than
the organs located in abdominal segments 2–6 (A2–6; curves are from a single individual). (h) Internal view of the A1 abdominal
segment showing the chordotonal organ with two attachment sites of the sensillae (arrows). This chordotonal organ ismuch larger
with many more sensory cells than that found in Müller’s organ in L. migratoria (compare with (d)). Scale bar# 1.2mm.
(a) Reproduced fromGullan, P. J. and Cranston, P. S. 2005. The Insects: An Outline of Entomology, 3rd edn. Blackwell Publishing.
(b, d) Photographs by J. Dawson. (c) Adapted from Römer, H. 1976. Die Informationsverarbeitung tympanaler Rezeptorelemente
von Locusta migratoria (Acrididae, Orthoptera). J. Comp. Physiol. 109, 101–122. (e, g) Reprinted from Van Staaden, M. J. and
Römer, H. 1998. Evolutionary transition from stretch to hearing organs in ancient grasshoppers. Nature 394, 773–776.
(f, h) Reproduced from Van Staaden, M., Rieser, M., Ott, S. R., Pabst, M. A., and Römer, H. 2003. Serial hearing organs in the
atympanate grasshopper Bullacris membracioides (Orthoptera, Pneumoridae). J. Comp. Neurol. 465, 579–592.
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the clubbed structure (Prager, J., 1976; Prager, J. and
Larsen, O. N., 1981). The biological significance of
this phenomenon is thought to be an accommodation
for changes in the resonance properties of the tym-
panal membrane while the animal is diving (Prager, J.
and Streng, R., 1982).

3.02.2.2.4 Diptera
Tympanal hearing in flies does not function for con-
specific communication or predator detection, as it
does for most insects, but rather, for eavesdropping
on the communication signals of other insects.
Certain species of parasitoid flies belonging to
the families Tachnidae and Sarcophagidae have
independently evolved tympanal ears on their pros-
ternum, just behind the head in the neck region of the

insect (Figures 6(a) and 6(b)). Hearing is best devel-
oped in females, whose ears are tuned to the calling
song of their particular host (Figure 6(c)), such as
crickets, katydids, and cicadas. Once located, the
female fly lays endoparasitic larvae on the host,
where the larvae feed until pupation. Female Ormia
ochracea (Tachinidae, Ormiini) can localize the call of
a male cricket in the dark with remarkable accuracy
in the absence of visual or olfactory cues (Müller, P.
and Robert, D., 2001) (Figure 6(d)). Directional hear-
ing is attributable to a previously undescribed
mechanism for sound localization, which involves a
unique lever system that amplifies very small time
and amplitude differences between the two eardrums.
Fly hearing has been reviewed by Robert D. and
Hoy R. R. (1998) and Yager D. D. (1999a).
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Figure 6 Hearing in the tachinid fly, Ormia ochracea. (a) Photograph of a tethered fly on a locomotion-tracking ball.
(b) Photomicrograph of the ear. The head has been removed and the reader is looking at the neck region of the fly. The
tympanic membrane is the region of thin cuticle outlined by arrowheads. A stiff cuticular rod connects the approximate centre
of each tympanic membrane across the midline of the fly. This rod is used to facilitate extraction of directional information
from the ear. Scale bar#200mm. (c) Threshold tuning curves of female (closed circles) and male (open circles) flies. The ears
of females are more sensitive than the males and are frequency-matched to the calling song of their cricket host (solid line).
(d) Three-dimensional reconstruction of the phonotactic flight path of a fly approaching a speaker broadcasting a synthesized
cricket calling song. The fly takes off from the starting platform (green) and lands on the broadcasting speaker (blue); during
the final stages of the approach, the fly exhibits a circling flight path. (a) Courtesy of Andrew Mason. (b) Reproduced from
Yack, J. E. and Hoy, R. R. 2003. Hearing. In: Encyclopedia of Insects (eds. V. Resh and R. Cardé), pp. 498–505. Academic
Press/Elsevier Science, with permission from Elsevier Science Publishers Ltd. (c) Redrawn from Robert, D., Amoroso, J., and
Hoy, R. R. 1992. The evolutionary convergence of hearing in a parasitoid fly and its cricket host. Science 258, 1135–1137.
(d) Reproduced fromMüller, P. and Robert, D. 2001. A shot in the dark: the silent quest of a free-flying phonotactic fly. J. Exp.
Biol. 204, 1039–1052.
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3.02.2.2.5 Dictyoptera
Praying mantids (suborder Mantodea) were once
thought to be deaf, but it is now estimated that hearing
occurs in about 65% of all mantid species. The ear is
located on the ventral midline of the metathorax,
between the legs, inside a narrow groove. The tear-
drop-shaped eardrums, which are relatively thick (15–
20mm) and stiff compared to many other insect ears,
are separated by a space of only 100–200mm. As such,
the mantid has been dubbed the auditory cyclops, and
due to the close proximity of the ears to one another,
lacks directional hearing. The ears are tuned to ultra-
sonic frequencies (25–50 kHz), and hearing triggers
evasive flight maneuvers to escape bats. Ears are best
developed in males, and the degree of sexual dimorph-
ism seen in different species is positively correlated
with wing length dimorphism. Interestingly, some
species possess an additional set of ears on the
mesothorax, which are serial homologs of the
metathoracic ear. These are tuned to lower frequency
sounds (2–4 kHz), and to date, their function remains a
puzzle. Recent reviews of mantid hearing are provided
by Yager D. D. (1999a; 1999b).

There is some evidence that Periplaneta cock-
roaches (suborder Blattidae) are capable of detecting
farfield sounds below 5 kHz using the subgenual
organs in their legs. There are no apparent tympanal
membranes, and it is thought that sound arrives to the
subgenual organ through the trachea (Shaw, S. R.,
1994). There is no obvious function for detecting air-
borne sounds in Periplaneta, but other species, such as
the hissing cockroach (Gromphadorhina), produce
sounds in a social and defensive context, and it is
possible that these insects use subgenual organs for
communication (Nelson, M. C. and Fraser, J., 1980).

3.02.2.2.6 Coleoptera
Acoustic communication is widespread in beetles,
which have a diversity of stridulatory structures that
rivals no other insect order (Wessel, A., 2006).
Surprisingly, little is known about their capabilities of
detecting sounds or vibrations. To date, tympanal ears
have been described in certain species belonging to two
families. In tiger beetles (Cicindelidae), ears occur on
the dorsum of the first abdominal segment in members
of only one genus, the Cicindela (Yager, D. D. and
Spangler, H. G., 1995; 1997; Yager, D. D. et al., 2000).
In some scarab beetles (Scarabidae, Dynastinae), ears
are located on the anterior thorax, just behind the head
(Forrest, T. G. et al., 1995; 1997). In both tiger and
scarab beetles, the ears are tuned to ultrasound, and
thought to function in bat detection. It is somewhat

surprising that hearing has not been discovered in
more beetles, given their abundant numbers (350 000
described species) and that many species are nocturnal
fliers, and communicate acoustically.

3.02.2.2.7 Neuroptera
Hearing in green lacewings (Chrysopidae) is tuned to
ultrasound (30–60 kHz), and functions exclusively
in bat detection. When approached by a bat at close
range, a lacewing folds its wings and falls to the ground.
The ears are located on the ventral forewing at the base
of the radial vein, in a similar location described for
some butterflies (Yack, J. E. and Fullard, J. H., 2000).
The tympanal membrane is not at all conspicuous,
but rather, comprises a thin region of cuticle on the
ventral aspect of the wing that is associated with two
chordotonal organs (Miller, L. A., 1970). Based on mor-
phological evidence alone, one would not expect this
organ to function as a hearing organ, yet its role as a
bat detector has been indisputably supported through
physiological and behavioral experiments. Lacewing
ears are among the smallest of known insect
ears, "500–600mm long, and are mostly fluid-filled.
Perhaps the small size of the ear and the problem with
impedance matching (due to being fluid-filled) explain
its relatively high thresholds (60! dB SPL at 50 kHz).
However, since this functions as a last chance ear, when
a bat has already detected and begun its attack upon the
insect, such high thresholds are adaptive. Hearing in
lacewings has been reviewed by Miller L. A. (1984) and
Miller L. A. and Surlykke A. (2001).

3.02.3 Nearfield Sound Receptors

Typical sources of nearfield sounds relevant to insects
include those produced by the beating wings of a flying
predator or parasite, such as a wasp, or by a singing or
flying conspecific. These sounds are typically restricted
to lower frequencies (under 1 kHz) and do not travel
distances of more than one wavelength from the sound
source. For example, if the dominant frequency of the
sound is 100Hz, most of the nearfield component
would have dissipated by 3.3m, while the nearfield
component of a 1 kHz sound would have dissipated
within 33mm. The antennae of some insects, including
many Diptera (e.g., mosquitoes, fruit flies, and midges)
are highly specialized to detect the nearfield sounds
generated by the wing-beats of flying or singing mates.
In the male mosquito, the long, plumous antennae fit
loosely into sockets and resonate freely to frequencies
produced by a flying female (Göpfert, M. C. et al., 1999).
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Antennal vibrations are transferred to an elaborate
chordotonal organ, the Johnston’s organ, comprising
up to 15 000 sensory neurons (Boo, K. S. and
Richards, A. G., 1975), that occurs in the pedicel at
the antennal base. Recent studies suggest that nearfield
hearing in mosquitoes and fruit flies may be enhanced
through autonomous activity of the Johnston’s organ,
analogous to cochlear amplification in vertebrates (see
Göpfert, M. C. and Robert, D., 2001; Göpfert, M. C.
et al., 2005). This is an interesting discovery, since
hearing in insects has previously been considered to
be a passive rather than an active process. There is
evidence that nearfield sounds form an important com-
ponent of the complex dance language of honeybees
(Apis mellifera), and that these signals are detectable by
the Johnston’s organ (reviewed by Hrncir, M. et al.,
2006) (Figure 7). Some caterpillars use modified seta,
called trichoid sensilla, to detect the nearfield sounds
produced by flying predatory or parasitic wasps or flies.
These elongate hairs insert into specialized sockets on
the thorax. Each is innervated by a single bipolar sen-
sory neuron, which is excited by deflection of the
sensillum. Vibration of the hair in response to nearfield
sounds of an approaching wasp initiates defensive reac-
tions, including cessation of locomotion, squirming,
and dropping to the ground. The best-studied example
is the cabbage moth caterpillar, Barathra brassicae
(Noctuidae) (Figure 8). Eight thoracic trichoid recep-
tors project outward from the insect’s body, and
removal of these hairs abolishes the defensive responses
(Markl, H. and Tautz, J., 1975). The trichoid sensillum’s
best frequency (resonance frequency) is "150Hz, the
same frequency as the major sound component of the
wing beat of Dolichovespula media (Hymenoptera:
Vespidae), a tiny wasp that lays its eggs in the body of
the larvae (Tautz, J. and Markl, H., 1978). The use of
nearfield sounds is probably widespread in insects, and
should be examined for its role in behavior more
extensively. Reviews on the subject include the ones
by McIver S. B. (1985), Römer H. and Tautz J. (1992),
and Field L. H. and Matheson T. (1998).

3.02.4 Vibration-Sensitive Organs

Although vibrational, or seismic communication, in
insects has been recognized for decades, it has often
been overlooked, since generally these signals are
undetectable by humans. A recent resurgence of litera-
ture on the subject is at least partly due to more
scientists having access to sensitive vibration-recording
methods, such as laser vibrometry. Indeed, seismic

communication appears to be widespread among both
adult and larval insects, and plays important roles in
sexual communication, predator and prey localization,
defense, and orientation (see Cocroft, R. B., 2001; Cokl,
A. and Virant-Doberlet, M., 2003; Virant-Doberlet, M.
and Cokl, A., 2004; Cocroft, R. B. and Rodriguez, R. L.,
2005 for recent reviews).

Despite the ubiquitous presence of vibrational com-
munication in insects, little has been reported on the
receptor organs used for detecting seismic signals.
Trichoid sensilla, campaniform sensilla, Johnston’s
organs, and scattered chordotonal organs have all
been implicated as vibration receptors, but the most
widely studied structure to date is the subgenual organ,
located in the legs of most insects (reviewed byMcIver,
S. B., 1985; Field, L. H. and Matheson, T., 1998). These
organs are best developed in species that are particu-
larly sensitive to solid-borne vibrations, including some
ants (Menzel, J. G. and Tautz, J., 1994), cockroaches
(Moran, D. T. and Rowley, J. C. III, 1975), crickets
(Friedman, M. H., 1972), wasps (Vilhelmsen, L. et al.,
2001), lacewings (Devetak, D. and Pabst M. A., 1994),
and honeybees (Hrncir, M. et al., 2006; Figure 7). The
structure has probably been best studied in lacewings
(Chrysoperla) that use vibrations for courtship. In
Chrysoperla carnea, the attachment cells of the chordo-
tonal organ form a septum that attaches to the walls and
trachea of the leg. The scolopidia attach to the septum
in a perpendicular orientation, and vibrations of the leg
are thought to cause acceleration of the leg hemo-
lymph, causing stimulation the scolopidia.

The subgenual organ has been implicated as the
primary receptor in several insect groups that com-
municate seismically, but in most cases this has not
been validated scientifically.

3.02.5 Summary and Future
Considerations

Acoustic communication in insects is widespread and
involves not only the detection of pressure waves, but
also nearfield sounds and vibrational signals. A variety
of different sound and vibration receptors have
evolved in different insect groups, including tympanal
ears, Johnston’s organs, trichoid sensillae, and subgen-
ual organs. Collectively, these acoustic sensory organs
operate over a frequency range extending up to
150 kHz, and an intensity range of 100 dB. Sound and
vibration receptors have evolved multiple times in
different insect groups, and this enormous diversity
of ear types is partially due to the fact that there are
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Figure 7 Acoustic communication in bees. (a) Schematic diagram depicting two possible communication channels
between two honeybees: nearfield airborne sounds or substrate vibrations. (b) Airborne sounds induce vibrations of the
antennal flagellum and stimulate sensory cells of the Johnston’s organ. (c) The subgenual organ responds to axial vibrations
of the tibia. The position of the leg (tibia) is important during signal reception. (d) Section of the antennal flagellum and pedicel
of the honeybee antenna showing Johnston’s organ. (e) Drawing of the subgenual organ of the leg of a honeybee. Boxed
region is expanded in (f). (a–c) Photographs by M. Hrncir. (d) Reproduced from Dreller, C. and Kirchner, W. H. (1995) The
sense of hearing in honey bees. Bee World 76(1), 6–17. (e, f) Reproduced from Schön, A. 1911. Bau und Entwicklung des
tibialen Chordotonalorgans bei der Honigbiene und bei Ameisen. Zool. Jb. Anat. 31, 439–472, with permission from Elsevier
Science Publishers Ltd.
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few developmental steps to make a new ear from a
preexisting proprioceptor. Some insects may rely on
multiple tympanal ears, and a combination of sound
and vibration receptors to form a perceptual construct
of their environment. It is difficult for us to imagine a
sensory world dominated by sounds and vibrations,
which is probably the case for many insects.

Tympanal ears are structurally most similar to
vertebrate ears in that they consist of an eardrum
associated with sensory neurons that respond to far-
field sounds (pressure waves). Unlike vertebrate ears,
however, insect tympanal ears can occur on almost
any part of the body (including the neck, wings, and
mouth) and range in complexity from having a single
auditory sense cell (in some moths) to over 2000 (in
some grasshoppers and cicadas). Despite their small
size, insect auditory systems are capable of perform-
ing complex tasks such as precise sound localization,
frequency discrimination, pattern recognition, and
categorical perception, similar to what we see in
vertebrate auditory systems.

Much progress has been made in understanding
insect auditory systems over the past few decades,
thanks to developments in neural and vibrational
recording techniques. Still, there are many puzzles,
and exciting new avenues of research to explore in the
field of insect sound and vibrational communication.
First, we are still discovering new hearing organs.
Recently it has been learnt that some insects possess
highly sensitive hearing, but do not possess morpholo-
gically conspicuous hearing organs (i.e., they lack an
obvious eardrum). It is very likely that hearing organs
will be discovered in those insect groups that have
been considered ‘deaf’, including the Hymenoptera
(bees and wasps), and Odonates (dragonflies and
damselflies). Second, despite our extensive knowledge
of the structure of tympanal chordotonal organs, it’s
still not understood how these complex structures
convert mechanical vibrations into nerve impulses.
Developments in this area of study involving genetically
manipulated auditory chordotonal organs, and insights
into the molecular basis of mechanosensory channels,
promise to shed light on this conundrum. Third, how
acoustic signals are integrated at the level of the central
nervous system to produce adaptive behaviors such as
evasive flight, positive phonotaxis, or mate choice is an
ongoing and exciting area of research. Finally, there is
still much to learn about how insects detect and use
solid-borne vibrations and nearfield sounds, and future
explorations into these sensory modalities are sure to
yield exciting new insights into the unique auditory
sensory world of insects.
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Figure 8 Nearfield sound receptors in a cabbage moth
caterpillar Barathra. (a) The anterior end of the caterpillar,
showing four thoracic trichoid sensilla. (b) A scanning
electron micrograph of the base of a single trichoid
sensillum. (c) Tuning curve of a single trichoid sensillum,
which responds to the air particle displacements produced
by the flight sounds of a parasitoid wasp, Dolichovespula
sp. that lays eggs on the caterpillar. Adapted from Markl, H.
and Tautz, J. 1975. The sensitivity of hair receptors in
caterpillars of Barathra brassicae L. (Lepidoptera,
Noctuidae) to particle movement in a sound field. J. Comp.
Physiol. 99, 79–87.
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