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ABSTRACT

Stridulation in Ensifera has been studied from different points of view: physiological,
mechanical, behavioural. Most of the available literature focuses on crickets with regards to
which most of these aspects of stridulation have been satisfactorily discussed. Herein I explore
the biomechanical properties of the forewings in Tettigoniidae (katydids) and compare the
mechanical features of the sound producing organ across this family, focusing on those species
using pure tone songs. The first chapter includes a general introduction and methodology. The
other five chapters are based on data that I collected.
Chapter Two explores the theoretical basis of the four mechanisms of stridulation used by
katydids and illustrates them with real examples. This chapter also presents a model of
stridulation used by some species, in which the song is given in pulse trains at frequencies of
<30 kHz.
Chapter Three, a cladistic analysis of the genus Panacanthus, reveals that the ancestral
condition of calling song resonance (the production of musical sounds) evolved into a more
nonresonant (transient) stridulation in some species of this genus.
The fourth chapter deals with the biomechanics of stridulation in Panacanthus pallicornis,
a species that generates sustained pulses and musical songs. In this chapter, I propose a
mechanism for resonant stridulation in katydids involving coherent pulses. Unlike crickets,
katydids (which have asymmetric forewings) do not need an escapement mechanism that
i

regulates the movement of the scraper across the stridulatory file and allows the production of
coherent pulses.
Chapter Five involves a comparative study across extant tettigoniid species that use pure
tones. These species employ frequencies in the audio range (<20 kHz), in the moderate
ultrasonic range (20-40 kHz), or in the extreme ultrasonic range (>40 kHz). Extreme high
frequency singers use elastic energy to generate very high pure tones as an strategy to reduce
the speed of muscle contraction during stridulation which requires high demands of energy; this
mechanism becomes important when the frequencies used exceed ~40-45 kHz. This mechanism
of stridulation is discussed and illustrated.
In the final chapter and based on a comparative analysis of the stridulatory organs across
the Tettigoniidae, I propose a model to explain a remarkable characteristic of most katydids:
asymmetric forewings.
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Chapter 1
1.1 Introduction
1.1.1

Brief overview of the family Tettigoniidae
The Tettigoniidae is an orthopteran family of more than 6000 described species grouped in

18 subfamilies (Naskrecki and Otte 1999; see Appendix A). The tettigoniids belong to the
suborder Ensifera, which is considered to be monophyletic (Flook et al. 1999). These insects are
widely distributed, with a large number of species occurring in the tropical regions (Naskrecki
and Otte 1999; Naskrecki 2000b). Within Ensifera, the Tettigoniidae appear to be most closely
related to Haglidae and Stenopelmatidae, with Gryllodea a basal clade. In several studies of
Orthoptera phylogeny, Haglidae appear as the sister group to katydids (Sharov 1968; Sharov
1971; Gwynne 1995; Flook et al. 1999; Desutter-Grandcolas 2003).
Members of the Tettigoniidae are commonly known as bush crickets (Europe), longhorn
grasshoppers (Australia), katydid (new World and Australia), chapulines and esperanzas verdes
(‘green hopes’, Central and South America) (Nickle 1992; Montealegre-Z 1996; Naskrecki
2000a; Gwynne 2001).
The name katydid dates from 1842, when Harris described the song of these insects
onomatopoetically: heard at night as katy-did-she-did. This descriptive word game refers to the
song of the only North American Pseudophyllinae genus besides Lea, Pterophylla camellifolia
(see also Gwynne 2001 for further details). The word Tettigoniidae derives from the Greek
‘tettix’ (JXJJ4©), meaning the insect singer (Gwynne 2001, and references therein).

1.1.2

Acoustic communication in Orthoptera

1

1.1.2.1 Overview of human interest in Orthoptera acoustic communication
Acoustic communication is highly developed in only two animal phyla, Arthropoda and
Chordata (Greenfield 2002). In Arthropoda, sound and vibrations serve the function of sexual
advertisement, courtship, social recruitment, and aggression (Morris 1999; Gerhardt and Huber
2002).
Humankind has always been attracted and puzzled by this acoustic behaviour. In studies
of their acoustic behaviour, katydids are usually grouped in with other acoustic Orthoptera
(grasshoppers, crickets etc.). Stridulation is a common feature of arthropods (Ewing 1989). It
usually involves two body regions, one playing the role of scraper, the other a line of cuticular
teeth against which the scraper moves (Dumortier 1963). Katydid tegmino-tegminal stridulation
has been known for centuries, : the earliest account dates back to ancient Egypt; but tegminal
stridulation was also recognized by the Chinese as early as 250

BC

(see Gwynne 2001 for

details).
It was not until just before the first World War I that Regen (1913), using a ‘telephone’
relay, demonstrated phonotaxis of the female cricket to the calling songs of conspecific males.
The invention of magnetic tape after World War II changed the goals and curiosity of those
interested in this behaviour. T. J. Walker (1957) demonstrated phonotaxis to a recorded tree
cricket male sound by conspecific females. The same author (1964) also showed that these
songs can also be disadvantageous in attracting predators.
With the technological advances that followed World War II, it became possible to record
ultrasonic sounds emitted by animals (Pielemeier 1946; Saby and Thorpe 1946; Pierce 1948).
The first report of such sounds in Orthoptera was that by Pielemier (1946) who described the
sound frequency of three Conocephalus spp. as having an intensity of 70 dB at around 40 kHz.
Pierce (1948) also analyzed the ultrasonic output of several North American Tettigoniidae
including Conocephalus spp., stating for the latter that the energy peaked in the range of 30-50
2

kHz. Pierce may be considered the pioneer in the study of ultrasonics because he studied these
insects over several years prior to the publication of his book in 1948. Studies of insectproduced ultrasonics have become more common in the years since (Frings and Frings 1958;
Suga 1966; Morris and Pipher 1967; Sales and Pye 1974).

1.1.2.2 Acoustic communication in katydids, grigs and crickets
Sounds are generated usually by males for the purpose of calling a mate (Gwynne 1977;
Gwynne 1982). In Caelifera (e.g., Acrididae), sound is produced by a femoro-pleural
stridulation, while in Ensifera (e.g., Gryllidae, Tettigoniidae and Haglidae), with some
exceptions, sound is generated on a tegmino-tegminal basis, rubbing together specialized
regions of the forewings (tegmina) (Morris 1999). Exceptions in ensiferans to forewing
stridulation involve some species of the family Stenopelmatidae (wetas), Gryllacrididae,
Rhapidophoridae, Schizodactylidae, Anostostomatidae and species of the genus Lesina (not
assigned to a family). In such intances, femorotibial, mandibular or tergo-tergal stridulation can
occur in social contexts (Field 2001). Some species of Tettigoniidae are wingless and so have
completely lost the ability to stridulate (Desutter-Grandcolas 2003).
In tegmino-tegminal stridulation, typically, one wing bears a row of teeth, the file, and the
other bears a scraper that is pulled along the file to produce a series of impacts with the file
teeth. The forewings open and close during sound production, but sound is produced usually
during the closing stroke (Pierce 1948; Pasquinelly and Busnel 1954; Suga 1966; Morris and
Pipher 1972). The tegminal generator is thus a frequency multiplier.

The scraper on the

posterior edge of the contralateral wing engages with the teeth on the file (the file is part of the
A1 vein), and multiply the low wing-closing frequency (usually only a few hertz) to the
frequency of the calling song (usually > 2 kHz) (Michelsen and Nocke 1974). The sound
produced during a complete cycle of wing closure is termed phonatome -but see Chapter Two
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and Four (Leroy 1966; Walker and Dew 1972), the term chirps and syllables are also used, but
they seem to have other acoustic meanings (Walker and Dew 1972).
The mechanism of stridulation in Ensifera has been examined primarily through studies of
a few species of cricket (Elliot and Koch 1985; Bennet-Clark 1987; Koch et al. 1988; BennetClark 1989; Bennet-Clark 1999a; Bennet-Clark 2003). All cricket species studied to date
produce pure tone calling songs in the low audio range using resonant vibration of the tegmina
(Nocke 1971; Bennet-Clark 1987; Bennet-Clark 1989; Bennet-Clark 2003). The production of
these pure tones in crickets depends on an escapement mechanism that couples the scraping of
the stridulatory apparatus with the sound-radiating oscillation of the wing membranes. The
result is a wing vibration with a spectrum in which the tooth-impact rate (the number of teeth hit
per unit time) corresponds to the lowest frequency component of the calling song (Koch et al.
1988).
Long-range sound communication in crickets involves the broadcast of a single frequency,
i.e., tuned signal that is detected at a distance by a receiver tuned to the same frequency (BennetClark 1998; Michelsen 1998). By tuning the sender and receiver to the same frequency,
interference from background noise can be reduced (Bennet-Clark 1999a).
Most species of crickets (excluding tree crickets) live close to or on the ground where the
acoustic conditions are more difficult. Excess attenuation increases close to the ground over that
in free air; excess attenuation also increases greatly with sound frequency (Römer and Lewald
1992; Römer 1993; Forrest 1994; Michelsen 1998).
Body size also affects the evolution of carrier frequency for long-range calling songs. In
particular, the dimensions of the sound producing structures may be small relative to the
wavelength of the sound and, consequently, there may be an impedance mismatch between the
insect and the surrounding air (Bennet-Clark 1995; Bennet-Clark 1998). For good impedancematching, the diameter of the sound source should be greater than one-third of the sound
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wavelength (Olson 1957; Fletcher 1992; Bennet-Clark 1995; Bennet-Clark 1999a). The soundproducing resonators of crickets are usually much smaller than this optimum.
Thus crickets face several problems for acoustic communication, which might have been
resolved in the following way: 1) developing bilaterally symmetric forewings for sound
radiation, which maximizes the size (diameter) of the sound source. 2) using low frequencies,
which minimizes attenuation of sounds close to the ground. 3) using pure tones, as noted above.
In katydids, the physical constraints on the evolution of sound radiation go beyond
attenuation. First of all some species use broadband songs and others pure-tone signals of high
Q (see section 1.3.10.3 for definition) . I am particularly interested in the latter group. Some of
these species use transmission channels of very low frequency (~600 Hz) (Heller 1995), while
others go up into the extreme ultrasonic (~130 kHz) (Mason et al. 1991; Morris et al. 1994;
Mason and Bailey 1998). Some species live very close to the ground and use high-Q signals in
the ultrasonic range (>35 kHz, e.g. Uchuca spp. (Montealegre-Z and Morris 2003)). Other
species sing somewhat higher in the forest understory and use pure tones with a variety of
frequencies in the ultrasonic range (20-80 kHz). In most cases, individuals are not abundant nor
are they found in proximity to each another (close range communication), which is what one
should expect if high frequencies are used, as high-frequency signals attenuate faster. Katydids
have asymmetric forewings so that the source of sound radiation is usually smaller than in
crickets of comparable body size; therefore it is reasonable to think that higher frequencies are
the result of these modifications.
Katydids have resolved these major problems in different ways and have also been as
successful as crickets. However, it is not surprising that the acoustic communication in these
animals has not received much attention. One of the reasons for this is the fact that many
undiscovered interesting biophysical phenomena occur in tropical species, which are not always
available to the investigator. Another factor is that most crickets sing in the low audio range,
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which humans can hear readily and which facilitates the use of less costly widely available
audio equipment.
Some tettigoniids use pure-tone calling songs with narrow radiator tuning (Figs. 2.5, 2.6),
while others use broadband songs (reflecting a broad tuning of the wings). Of the latter some are
characterized by the presence of temporally distinct transient pulses (Fig. 2.17A), and in some
pulses run together in a long continuous noisy pulse (Fig. 2.16A). In the first case, brief transient
sounds that decay more or less rapidly are caused by successive impacts (isolated in time) on the
sound-producing mechanism. The mechanism of production of both types of signal (pure tones
and broad-band transients) has not been analyzed previously in the same detail as the
mechanism that controls the long coherent pulses produced by crickets.
A particular case among several members of the family Tettigoniidae occurs in the genus
Panacanthus. This group, with seven known species, belongs to the subfamily Conoephalinae
(tribe Copiphorini); they are remarkable for the body armature. Species of this monophyletic
group use either pure-tone or broadband signals (Montealegre-Z. and Morris 2004). Of the
seven species in this genus, P. cuspidatus uses a pure-tone signal and P. pallicornis uses a
calling song that can be considered intermediate between pure tone and broadband. The other
species use broadband songs (see Chapter Three for details).

1.2 Objectives of my work
My general aim is to address the question: how are katydids able to make sinusoidal
sounds at frequencies so much higher than crickets? The genus Panacanthus offers a good
opportunity to answer this question.
I am taking three approaches to answer my research question:
•

I am comparing sound generating mechanisms in a monophyletic tettigoniid taxon: the
genus Panacanthus, in which both resonant and non-resonant mechanisms of sound
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generation occur. This part of my thesis also incorporates a phylogenetic study of
Panacanthus (see Chapter Three). Based on morphological and behavioural characters, and
the character states observed in three out-group taxa, I have produced a phylogeny in which
the evolution of acoustic features of cospecific songs can be traced.
•

Studies of Sound Biomechanics: this part encompasses an extensive search for the mechanics
of sound generation based on the physical properties of the tegmina and kinetics during
sound production. The questions addressed here are:
1. How does the timing of scraper- tooth contact relate to the wing resonators in P.
pallicornis resonant song generation?
2. Is the speed of movement of the scraper along the file controlled by the movement of the
resonator as it is in crickets (Koch et al. 1988)?
3. Does the mirror of this species generate its 5 kHz principal carrier by moving at the
fundamental frequency, which, as in crickets, matches the tooth strike rate (i.e., in phase
with tooth strikes)?

•

In the third approach, I correlate morphological features of generators with song types
(sustained pulses vs. pulse train/transient pulses) across Tettigoniidae. This involves
morphological comparison of sound generators for selected species, these species for which
song structure is known, have been chosen to represent 1) pure-tone sustained pulses, 2)
trained pure-tone (short duration) pulse, and 3) transient pulses (broadband)--all at different
carrier frequencies.
I propose two hypotheses: 1. The morphology of the stridulatory apparatus in species
using sustained coherent pure-tone pulses should be more elaborate in design than in
species using broadband songs, because a more precise mechanical execution is required. 2.
Katydids produce calling song at higher frequencies than crickets because the katydid
forewings are bilaterally and functionally asymmetrical. Among katydid species, high7

frequency singers should close their wings faster than low frequency singers.

I attempt to address these aspects from a comparative and evolutionary perspective. Based
on theoretical concepts of acoustics, and also on models and morphological studies of the sound
generator, the second chapter consists of a complete review of the concepts of tegmino-tegminal
stridulation in Ensifera with emphasis on Tettigoniidae. Chapter Three is the evolutionary study
of sound communication in the genus Panacanthus. In Chapter Four, I focus on the
biomechanical properties of stridulation in one of the species of the genus Panacanthus whose
calling song is composed of sustained pulses but also exhibits features of nonresonance. Finally,
in the last two chapters, I conducted a comparative analysis of the stridulum, kinetics of the
wings and some acoustic properties of the calling song across Tettigoniidae, including 58
species using resonance.

1.3 Methods
1.3.1

Fieldwork
Neotropical species were collected in four field trips (1996, 1997, 2000, 2003).

Specimens were collected at night from the main areas of distribution in Colombia and Ecuador
in understory vegetation along forest footpaths.

1.3.1.1 Colombian locations
Bajo Anchicayá: situated on the extensive coastal plain between the eastern slope of the
eastern cordillera and the Pacific Ocean. Chocó is a Departamento of Colombia, lying
immediately north of Valle del Cauca. But Chocó as a biogeographic region refers to
Colombia’s Pacific coastal rainforest, a forest extending from Ecuador to Panama. Bajo
Anchicayá is undisturbed tropical rainforest on the Pacific side of the Departamento del Valle
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del Cauca, within the municipality of Buenaventura (3° 30’ N and 76° 50’ W; 300-350 m
elevation); reached via Simon Bolivar Road from Cali to the village Buenaventura. Rainfall
can exceed 7000 mm per year with peaks of precipitation March to May and October to
November. Several small communities referred to here as Bajo Anchicayá, occur along the
Simon Bolivar Road: vereda Bellavista and the vereda El Danubio. Main species collected in
this locality: Panacanthus intensus, Panacanthus lacrimans, Arachnoscelis sp.1, nr. Loboscelis
sp.1, Eubliastes aethiops, Ischnomela gracilis, ‘burnt toast sp. 1’, Dectinomima sagittata.
Island of Gorgona: situated on the Pacific Ocean (3° 30’ N and 76° 50’ W), with an
extension of 24 km2 is located in the Departamento del Cauca at 56 km from Guapi (the closest
town in the continent). The island has a maximum elevation of 400 m, presents precipitation of
6000 mm/year, an average temperature 27°C and relative humidity of 90%. Main species
collected in this locality: nr. Arachnoscelis sp.1, nr. Loboscelis sp.1, Eubliastes aethiops,
Ischnomela gracilis, ‘burnt toast sp. 2’, Panacanthus varius.
Reserva Natural La Planada: very humid premontane (subandean) forest within the
Departamento de Nariño (southwest Colombia) at proximately (1° 12'N, 78°01' W). The closest
town is Ricaute some 7 km distant. The forest elevation here varies between 1200 and 2100 m
and fieldwork occurred at approximately 1780 m. The average temperature is 19°C and rainfall
regularly exceeds 5000 mm/year. Main species collected in this locality: Panacanthus gibossus,
Panacanthus varius, ‘Ambar sp2’, ‘Tectucanthus sp.2’.
Reserva Forestal Bosque de Yotoco: forest preserve of subtropical wet forest (3° 52'N,
76°23' W; elevation 1400-1600 m) on the eastern slope of the western cordillera in the
Departamento Valle, 50 km north of Cali, near Buga, between the municipalities of Yotoco and
Restrepo. The village Yotoco is the nearest settlement. Annual rainfall is 1000-2000 mm. Main
species collected in this locality: Panacanthus pallicornis, ‘Ambar sp1’, ‘Black agraeciini’,
Typophyllum zingara.
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Natural National Park Amacayacu: a large forest extension placed on the Amazon region
(3° 50' -3° 02' S, 69° 54'-70° 20' W). The name was given after the river that bounds part of the
park’s land. The park presents annual precipitation of 2836 mm, average temperature of 26.°C
and relative humidity of 90%. At about three hours by boat, the closest town is Leticia. Main
species collected in this locality: Typophyllum spp., Eschatoceras spp., Uchuca spp., Copiphora
gracilis, Teleutias spp.

1.3.1.2 Ecuadorean locations
Misahualli: east of the Andes in the upper basin of the Amazon, 17 km east of Tena in the
province of Napo, at the junction of the Rios Misahualli and Napo (1° 2' S, 77° 40' W; elevation
400 m) within lowland rainforest.
Jaguar: a hotel in Napo province is in mostly undisturbed lowland rainforest on the north
bank of the Rio Napo, 2 hours down river from Misahualli by canoe (0° 59' S, 77° 30' W, 300
m).
Tinalandia: a small private forest preserve in the province of Pichincha, southwest of
Quito, at km 112 of Via Santo Domingo de los Colorados; 16 km SE of Santo Domingo (0° 19'
S, 79° 3' W; elevation ~600 m). The vegetation is lowland rainforest, typical of the western
slopes of the Andes, with faunal affinities extending into Colombia (e.g. Bajo Calima, see
above). nr. Arachnoscelis sp.2, nr. Loboscelis sp.2, Eubliastes sp, Ischnomela gracilis, ‘burn
toast sp. 2’, Panacanthus varius.

1.3.2

Depositories

ANSP: Academy of Natural sciences of Philadelphia
BNHM: Natural History Museum, London (British Museum)
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EMUSU: Entomological Museum, Utah State University
I E E: Instituto Español de Entomologia
ICN: Instituto de Ciencias Naturales, Universidad Nacional, Bogotá
MEUNM: Museo de Entomología Universidad Nacional sede Medellín
MEUNP: Museo de Entomología Universidad Nacional sede Palmira
MEUV: Museo de Entomología de la Universidad del Valle, Cali
MZUM: Museum of Zoology of the University of Michigan
NMW: Naturhistorisches Museum, Wien

1.3.3

Other abbreviations used

ch= character.
ci= consistency index of a character.
CI= ensemble consistency index, refers to that of an entire cladogram.
DI= decay index.
RI= retention index.
RN= Natural Reserve.
fo= Resonant frequency.
fD= Dominant frequency.
fc= Carrier frequency.
FW= Forewings or tegmina.
KE= Kinetic Energy.
kHz= Kilohertz (kilocycles per second).
kss-1= Kilosamples per second (re sampling rate).
L= Left forewing.
mm= millimetre.
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ms= millisecond.
nr= (near) used for undescribed species or genera that are closely related to a known taxon.
dB= decibel, logarithmic unit of power ratio; 10 dB is a factor 10 in power, 3 dB is a factor
of about 2.
Q= the quality factor (for definition see section 1.3.10.3).
R= Right forewing.
s= second.
SPL= Sound Pressure Level (see definition).

1.3.4

Glossary (acoustic terminology mainly adapted from Fletcher (1992))

Acoustic compliance= spring-like behaviour of an acoustic load; the reciprocal of acoustic
stiffness.
Acoustic impedance= the complex ratio of acoustic pressure to acoustic volume flow.
Acoustic inertance= mass-like behaviour of an acoustic load.
Coherent pulse= refers to a pure-tone pulse (single unbroken wave train isolated in time by
significant amplitude).
Discrete pulses= a group of pulses isolated from each other by significant silent interval.
Individual pulses can present gradual decay or a transient nature.
Specific acoustic resistance= the product of air density and velocity of sound in air.
Fundamental= lowest vibration frequency of a system; lowest frequency component of a
spectrum.
Grigs= or ‘humpbacked grigs’, a useful common name to refer to members of the family
Haglidae (after Walker T.J. SINA)
Harmonic= spectral component with frequency that is an integer multiple of the frequency
of the fundamental; the fundamental is the first harmonic.
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Katydid= member of the family Tettigoniidae, also known as ‘bush crickets’ (Europe),
Esperanzas or Chapulines (South America).
Inertance= mass-like behaviour of load.
Intensity= acoustic power per unit area.
Linear= response amplitude proportional to the stimulus amplitude.
Noise= any random or periodic non-data signal in the measurement
Phonatome= all the sound produced during one tegminal cycle (Walker and Dew 1972).
Synonymous: syllable.
Pulse= a single unbroken wave train isolated in time by significant amplitude.
Pulse train= a series of short pulses, isolated in time whose individual oscillations can or
cannot be periodic. In ensifera using tegmina-tegminal stridulation pulse trains are produced
during one closing stroke of the forewings.
Pure tone= a sound wave consisting of energy at one single frequency: hence ‘pure’.
Resonance= A condition of oscillation caused when a small amplitude of periodic input has
a frequency approaching one of the natural frequencies of the driven system, resulting in
reinforcement and intensification of sound.
Reverse stridulation= sound generation on tegminal opening.
Sound pressure level= the acoustic pressure expressed in decibels relative to 20 µPa r.m.s.
White noise= an audio signal that contains noise at the same level at all frequencies.
Young’s modulus= ratio of elastic stress (force/area) to elastic strain (extension/length) for
a thin rod.

1.3.5

Cladistic analysis of the genus Panacanthus

The following cladistic procedures were used to support the arguments of Chapter Three.
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1.3.5.1 Character evolution
The optimality criterion used here was that of maximum parsimony. The genera
Copiphora (Serville 1831) and Lirometopum (Scudder 1875) were chosen as out-groups because
they share with Panacanthus some synapomorphies involving the fastigium, male cercus;
characteristics of the eyes and optic lobes (Appendix B). However, although these two taxa are
related to Panacanthus, it is possible that they are not its sister groups (see Discussion). Lesina
Walker 1869, was also included because, by virtue of its pronotal armature, it has been regarded
historically as related to Panacanthus (Redtenbacher 1891; Karny 1912). All characters were
treated as nonadditive. Nine of the characters were uninformative (autapomorphic, Appendix
BC), but some were useful in the diagnostic taxon presenting them. Unknown characters were
coded as "?" and multistate taxa coded as polymorphic. The data matrix is provided in Appendix
C.
All parsimony analyses were carried out using PAUP 4.0b2* (Swofford 1998). The small
number of taxa allowed exhaustive searches to be carried out. The proportion of missing data
was low, 3.5% in general (see Appendix C). On some occasions data were missing for certain
acoustic characters of Lesina, and P. lacrimans. This resulted in 16% and 19% missing
characters for each taxon, respectively.
MacClade version 3.0 (Maddison and Maddison 1992) was used to assemble data and to
examine character state evolution. Out-group taxa were assigned (see above) and used for
rooting.

Nodal support was conducted by decay analysis (also called Bremer support) with

PAUP.
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1.3.5.2 Character explanation (optimisation)
The data matrix includes 39 variable characters among Panacanthus spp. and the outgroups. Independence of characters was assumed, however independence was not always clear.
For traits that were not applicable (i.e. not comparable because they do not exist in the outgroup), I used functional out-group comparison to polarize the states. If a character was
polymorphic but the phylogenetic analysis showed the common state to be ancestral, and the
other state autapomorphic, the taxon was scored as showing only the ancestral state. The
phylogenetic importance of individual characters was assessed using their ci on the most
parsimonious trees. ‘Good’ characters were arbitrarily defined as those with a ci > 0.70.
Analyses were run including and excluding behavioural traits to evaluate possible differences in
topology, and as no differences were found, discussion is based on the total evidence analysis.
Acoustic characters were included in the final analysis and studied on the final tree to evaluate
the likely evolutionary pathway of the mode of sound production (resonant vs. non-resonant)
used.

1.3.5.3 Special characters
Definition and explanation of all characters used in this analysis are presented in
Appendix B. Here follows a short description of the more important.
1.3.5.3.1 Head
Gena: I present a general map (model) of the distribution of tubercles and spines on the
genal region (Fig. 1.1). The relative location of these projections is consistent across all species,
and these structures range in size from very reduced tubercles in P. intensus to very robust
spines in P. cuspidatus. The map of facial processes is based on P. varius because this species
has the highest number of these of any known Panacanthus sp. I indicate the area for each
tubercle with a Roman numeral and name the largest tubercle in each area as the main one; its
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closest (but smaller) tubercle is termed a subtubercle and indicated with the respective Roman
numeral along with a letter in lower case. This distribution map I propose is arbitrary and is
presented only to facilitate description of facial process distribution. Tubercles termed
longitudinal are single, basally elongate, projections that do not involve the fusion of two or
more processes.
1.3.5.3.2 Thorax
Pronotum: one can achieve a clear allocation of taxa on the basis of the pronotal structure,
but in the absence of an existing description of this body region, I propose the following model
(Fig. 1.2). In this genus two transverse sulci, one anterior and one posterior, always divide the
pronotal disk into three main regions: prozona, mesozona, metazona. The anterior transverse
sulcus continues anteroventrad onto the lateral lobe. All Panacanthus species have these
regions, but in this lineage they have been modified in a sequential way. Each thoracic area is
indicated with a letter code: the prozona is subdivided into two (A, B), the mesozona into three
(A, B, C) and the metazona into four areas (A-D) (Fig. 1.2).
Three main states occur in pronotal structure: smooth, tubercular and spinose. In
descriptions in this paper the number of processes are indicated for only one side of the
pronotum (i.e. due to their bilateral symmetry) (Fig. 1.2). Tubercles are little blunt projections
on the pronotal surface. They are conspicuous in P. pallicornis (Fig. 1.2B) but reduced and/or
modified in other species of the genus. There are no tubercles on the pronotum of P. cuspidatus:
the areas where they might occur are swollen but the surface is smooth. Tubercles appear in all
areas of P. pallicornis. They are modified as spines in all other species (see discussion for
evidence of homology of those structures). Callosities: these are thick swollen lumps (irregular
in shape) produced perhaps by the fusion of two or more tubercles. They are indicated in the
pronotal map in areas B of both meso and metazona (Fig. 1.2B). The term process embraces
tubercles, callosities and spines.
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It is easy to find primary homology among the smooth regions represented in Fig. 1.2A
and those presented in the other species (Fig. 1.2B,C). The condition in 2A is presented also by
two out-group genera (Copiphora and Lirometopum); and I have, therefore, evidence to polarize
this character by out-group comparison. However, the pronotal structure of the other out-group
member (Lesina), has no particular applicable characteristic at this transformation series,
although topographic correspondence of spines in Lesina spp. is presented in areas A of the
prozona and A of the metazona. I define this state as "rack", therefore several options are
available: option 1: assume all pronotal regions as one character and code no spines as (0),
tubercles as (1), branched spines as (2), smooth spines as (3) and the presence of a “rack-like
structure” as a separate state (4), then run the analysis with this character unordered. Option 2:
code each area of the pronotum (see Fig. 1.2) as an independent character with states: smooth
(0), tuberculate (1), and spinose (2). Such areas are recognizable in the genus Lesina, therefore
the character will be coded as (4) for that taxon; this analysis has to be run as unordered. Option
3: use the state “rack” as a separate character; this will immediately produce an uninformative
autapomorphy for Lesina. Comparing the first two options, I based the analysis on option 1
because option 2 implies that each pronotal area is an independent trait.
I compared the pronotal structure of Panacanthus with that of other species having
pronotal processes. The presence of pronotal processes was confirmed in 22 genera of
Pseudophyllinae, four genera of Conocephalinae, four genera of Hetrodinae and four genera of
Phaneropterinae (see Discussion). For some of these genera, additional information is taken
from the literature.

1.3.5.4 Measurements
Conventions for length measurement: Body.- apex of fastigium to last abdominal tergite;
ovipositor not included in females. Fastigium.- basal ventral tooth to apex. Pronotum.- in dorsal
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view, midline from anterior to posterior margin. Legs.- measurements of the femora exclude the
coxa and trochanter; those of the tibia exclude the tarsi. Ovipositor.- apex of subgenital plate to
apex of ovipositor.
Attributes of the stridulatory file are described as if the left forewing was laterally
extended putting the file parallel to the body axis.

1.3.5.5 Behavioural characters
Determination of plesiomorphic and apomorphic behavioural characters used the genera
Lirometopum and Copiphora as out-groups. Both genera are closely related to Panacanthus
(Naskrecki 2000b), however it is unclear whether either of them is its sister group. I used
acoustic characters for both Copiphora and Lirometopum. Copiphora is a genus with 24
described species (Naskrecki 2000a) for which the song of seven is known: C. cultricornis, C.
hastata, C. brevicauda, C. rhinoceros, C. brevirostris, C. gracilis and C. cf. gracilis (Morris
1980; Belwood and Morris 1987; Naskrecki and Otte 1999; Naskrecki 2000a). I have no
information for the remaining seventeen species, but the morphology of their stridulatory organ
is very similar to the species mentioned above (i.e. stridulatory structures of the species whose
song is unknown are similar to those whose song has previously been reported). Therefore I
suppose the production of sinusoidal pulses (pure tones) to be a highly conservative
characteristic in Copiphora. Lirometopum is a small genus with only two described species; the
song of one, L. coronatum, is known and it is a pure tone (Naskrecki 2000a, Naskrecki pers.
comm.). For the genus Lesina there is no acoustic behavioural information, therefore I code
them as “?”. Although due to the size of the species, their armature (see discussion), stridulatory
file morphology and observations by other scientists (K-G. Heller, Univ. Erlangen-Nürnberg,
pers. comm.), it is quite probable that species of this genus use non-resonant stridulation.
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Acoustic characters (ch. 36-38) are qualitative; two of them were binary. The kind of
sound production mechanism used (ch. 36) is a complex trait with two types: the production of
pure tone song and broad-band song. Both mechanisms seem to have evolved independently
several times in Tettigoniidae. I coded the condition of pure-tone singings as (0) because it is
present in Copiphora and Lirometopum and this coding agrees with the topology obtained
excluding behavioural traits. For ch. 37 (pulse infrastructure) infrastructure is present in pulses
of P. gibbosus and P. intensus and, according to their file morphology, the species P. spinosus
and P. varius should present the same condition; but this character is not present in the most
basal species (P. cuspidatus and P. pallicornis). Therefore this character was coded upon the
basis of a tree constructed with only morphological traits (assigning [0] when absent or [1] when
present). Character 38 was coded in the same way.
Rearing of the anterior half of the body with lateral extension of the forelegs (Cohn 1965;
Kaltenbach 1990; Castner 2000) is called a 'deimatic reaction' (ch. 39) by Maldonado (1970).
This display, which may give the impression of increased size, is observed in several
orthopteroid taxa, including 21 species of Peruvian rainforest katydids (Nickle and Castner
1995). I used it as a character (ch. 39); but since the feature occurs widely among some highercategory orthopteroids, it will probably result in a number of homoplasies. In the present
analysis, I confined it to a lower categorization, including only species and related genera. The
behaviour occurs in two forms: type I involves only the lateral extension of the forelimbs,
whereas in type II leg extension occurs together with a rearing of the forepart of the body. I
coded this character as (0) if absent, (1) if present as type I and (2) if present as type II.

1.3.6

Comparative analysis

The following arguments and procedures were used to develop Chapters Five and Six.
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Among species descended from a common ancestor, traits tend to resemble each other
simply because of descent, and not necessarily because their common traits have common
adaptive functions (Harvey and Pagel 1991). The more closely related that species are, the more
similar they tend to be; this effect is known as phylogenetic inertia (Harvey and Purvis 1991;
Martins and Hansen 1997). Comparative studies, involving related species of widely diverse
taxa such as Tettigoniidae, have the problem of discriminating phylogenetic inertia. With this in
mind, it is clear that species values do not provide independent points for comparative analysis
because species share characteristics through descent from common ancestors (Harvey and
Purvis 1991). Therefore comparative data derived from complete lineages are not statistically
independent and violate one of some basic assumptions of most standard statistical procedures
(Felsenstein 1985).
In Chapter Six I present an analysis of frequency and pulse duration in order to address the
question of asymmetric forewing evolution and of high-frequency pure tone songs. Character
values are presented in Table 6.1.
Regarding phylogenetic inertia in katydids: if, for instance, the ancestor of a group of
katydids had both an adequate stridulatory apparatus and the capability of making tonal calls at,
say, 20 kHz (as occurs in the genus Typophyllum), then we expect most this group’s descendants
to have both. In this case any relation between the stridulatory organ design might have to do
mostly with descent and not natural selection. If a comparative analysis is to be made, it is
important to know if data of all species of the genus is necessary or if just data of a single
species will be enough.
The problem to solve, then, is to find some way of dividing up the information about
contemporary species into statistically independent units, and it is clear that in doing so we will
need information about the phylogeny of the group, ancestral characters, and the dynamics of
evolution (Harvey and Pagel 1991). Phylogenies are necessary to know which species are
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related, so that we don't count them as independent. In conclusion, we cannot ignore phylogeny
in comparative analysis.
For comparative analysis I used the most recent phylogenetic hypothesis of Tettigoniidae
available proposed by Naskrecki (2000b), based on 300 morphological characters.

This

cladistic analysis was based on 198 genera, mostly resolved at tribe and subfamily level. Some
of the genera and species used in my comparative analysis were not included in this phylogeny,
therefore I added these to the clades of their respective subfamilies or tribes. The placement of
species in those clades or branches was not a problem for those subfamilies or tribes for which
just one or two species were available. However, when more than two species of the same group
were included, polytomies were solved using the method of Pagel (1992). Briefly, this method
assumes that the true phylogeny is bifurcate, and splits the daughter taxa of each polytomy into
two monophyletic groups according to their values of the independent variable.
I performed a non-directional comparative test using the method of independent contrasts
(Felsenstein 1985). This method is based on comparisons between pairs of sister species. Each
comparison produces a new variable termed a contrast, which is the difference between the
values of the variable measured on the species within the pair (see Bertelli and Tubaro 2002 for
review). The analysis starts with a set of interspecific or other comparative data and a
phylogeny, and then data are transformed into a set of normally distributed, statistically
independent and standardized contrasts. These contrasts are independent among pairs of sister
species, because they result from the evolutionary divergence which has occurred since the
origin of each pair. Morphological and acoustic variables were input in Compare 4.4 or SPSS
software (version 12.0.1) to calculate the regression line. The raw values of some features were
not always significantly correlated (e.g., body size and tooth density), thus these values were not
corrected for phylogeny.
I explained above that the phylogeny used in this analysis is the consensus tree of many
21

possible phylogenetic explanations, so this tree is not completely reliable and is very likely not
the true systematic history. Another problem is that, due to the process of species insertion and
removal to and from the clades for which data were not available, branch lengths are difficult to
discern. I therefore tested the robustness of the analyses following procedures recommended in
published literature (Martins 1996; Housworth and Martins 2001; Martins 2004); and personal
communications (E. P. Martins 2005): I correlated those characters that I considered relevant to
the analysis; in each case the original phylogeny that I obtained from Naskrecki (2000b) was
used (Fig. 1.8) and the analysis was conducted in four different steps. I began by assuming that
this phylogeny was correct and unique and conducted the analysis assuming equal branch
lengths (all branches equal to 1). In the second step, I used the same phylogeny but generated
one tree with random branches. Then, I generated 1000 trees with constant topology (the
original topology) but random branch lengths. Finally, I generated 1000 possible trees with
variable topology and variable branch lengths. In each case I carried out the independent
contrast analysis of Felsenstein (1985) using the software COMPARE (Martins 2004). This
program allows the randomization processes explained above.
I used the data shown in Table 6.1 to address the following specific questions: Is there a
universal relationship between carrier frequency and pulse length (which represents in most
cases an estimate of the utilized tooth region of the file)? Have the evolutionary changes from
low to high frequencies driven the evolution of smaller individuals (or vice versa)? Are highfrequency singers adapted to the constraints (e.g., phase relationships of the tegmina) implied by
the use of extreme frequencies? The usual approach here is to consider whether variation in one
characteristic can be predicted by a measure of other characteristics in the same taxon. In this
case the data consist of morphological and acoustic measurements of extant taxa of 58 species
of Tettigoniidae where acoustic intraspecific communication is based exclusively on pure tones.
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In Chapter Five, I compare carrier frequency (fc) and closing wing velocities across 20
species of katydid I performed a nondirectional comparative test using the method of
independent contrasts (Felsenstein 1985) explained above. Some of the 20 species used in this
analysis are included in Naskrecki’s phylogeny: a maximum of three representative species for
any genus were placed in the higher order clades (Table 5.1).
fc and wing closing velocity data were subsequently transformed into a set of normally
distributed, statistically independent and standardized contrasts as explained above. With the
original data I correlated fc vs wing closing velocity for the 20 species (see Table 5.1). Then I
regressed the data obtained from phylogenetic independent contrasts in fc with contrasts in wing
closing velocity. Again, the analysis was carried out using the software COMPARE 4.4 (Martins
2004) and contrast data were analysed in a two-tailed Pearson correlation. All statistical
analyses were carried out using SPSS or SPLUS software.

1.3.7

Acoustic recordings and analysis

1.3.7.1 Acoustic recordings in the field.
Males of Panacanthus spp. were located by their loud calls. Some specimens were
recorded in the field with audio-limited equipment (1-20 kHz) using a Sony Walkman WM D6C
Professional cassette tape recorder and ECM 909 Sony microphone. Ambient air temperatures
were taken using either an Omega HH23 digital thermometer or an alcohol thermometer.

1.3.7.2 Acoustic recordings in the lab
Specimens were transported to the University of Toronto, Canada, where their songs were
recorded with wide bandwidth equipment (1-100 kHz). These recordings were performed with
Brüel & Kjær (B&K) equipment: a 1/4'' (Type 4135) condenser microphone was connected to a
sound level meter (Type 2204). Each insect sang from an individual small cylindrical cage
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constructed of aluminium screen (mesh size 6/cm), pinned to a base of sound-absorbent
material. The output from the sound level meter went to a Racal instrumentation tape recorder
running at 30''/s or was digitised (Tucker Davis, System II) at a sampling rate of 100 or 170
kilosamples per second and stored to the hard disk of a computer. Digitised signals were lowpass filtered at 100 kHz to avoid aliasing. Sound levels (re 20µPa) were measured with the 2204
sound level meter (Fast or Impulse/ Hold as indicated), usually at a distance of 10 cm from the
dorsum of the insect singer. Power spectra and spectrograms were calculated using DADISP 4.1
(DSP Development Corp.) or Matlab software (The Mathwords, Natrick, MA, USA).

1.3.7.3 Zero-crossing analysis
I analysed songs with the Zero-crossing module for Canary software (Cornell University,
Laboratory of Ornithology). Zero-crossing v.3 was provided by K.N. Prestwich.

When

specimens present multiples of the fundamental frequency or additional components of
frequencies higher than the dominant, songs were low-pass filtered with specific cutoffs to
isolate the fD. Zero-crossing analysis computes the signal frequency cycle-by-cycle by detecting
the timing of zero crossings to compute the reciprocal of the period of individual cycles of
sound production, and is therefore suitable for pure-tone signals. By low-pass filtering the song
of some species to remove higher frequency components (Krohn-Hite Model 3382 filter 8 pole
LP/HP Butterworth/Bessel) in vivo, I could examine cycle-by-cycle variation in fD for
comparison with the spacing of teeth on the stridulatory file and the velocity of wing movement
during sound production (see below).

1.3.8

Morphology of the stridulatory apparatus

The following procedures were used to support the arguments of Chapters Two and Four.
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1.3.8.1 Mirror morphology and the main areas of activity
I examined the morphology of the mirror and scraper using electron microscopy. I
measured the thickness of various regions of the mirror and determined the detailed anatomy of
the scraper.

Parts of the tegmina were dissected and then embedded in Spur's solution;

transverse sections were made with a microtome; according to the process of (Di Sant' Agnese
and De Mesy Jensen 1984).
The vibration modes of a membrane have nodal lines or curves that divide the membrane
into areas vibrating with opposite phase (Fletcher 1992). In preliminary experiments, the mirror
surface was studied to find its main areas of activity. The method used was similar to that
described by (Sismondo 1979). Specimens were lightly anaesthetised in CO2 and a thin layer of
talcum powder spread over the mirror surface. The large size of the specimens allows excitation
of the right tegmen by manually engaging the scraper and pushing it over the left stridulatory
file.
Observations were made under a dissecting microscope: manual excitation of the system
generated sound and produced a displacement of powder particles in areas of maximum
vibration. Three areas of major activity were detected inside the mirror (areas 1, 3 and 4, Fig.
1.3). Other regions were chosen to represent parts of the tegmina of different thickness and
position relative to the mirror so that I could study in more detail how all parts of the tegmina
contribute to sound radiation. These data will be presented in a subsequent paper.

1.3.8.2 The stridulatory file
Before describing attributes of the stridulation, especially the stridulatory file of katydids,
it is useful to mention some novel terminology. The following glossary is adapted from that
used to described the structure of wood saws (www.disstonianinstitute.com/glossary.html, Fig.
1.4).
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Rake angle: The angle between the face of a saw tooth and an imaginary line perpendicular to
the baseline of the file teeth, seen when viewing a file from the side (point line). This angle
varies among species and is usually larger in broad-band producers.
Baseline of teeth: An imaginary line connecting the apices (tops) of each file tooth, parallel to
the front of the file to the long-axis of the file.
Point line: An imaginary line connecting the points at the bottom of each file tooth, parallel to
the base line of the file or to the long-axis of the file.
Height: The physical distance between the baseline and the point line.
Gullet: The space between a saw's teeth. In saws it is an equilateral triangle equal to that of the
tooth shape in section. The term can be used to refer to the space between teeth of the insect file.
The stridulatory file was studied under Scanning Electronic Microscopy (SEM) using a
Hitachi electronic microscope at the Department of Zoology, University of Toronto. Analysis of
the file morphology was performed on digitised SEM photographs using the dimension tool of a
drawing program (Corel Draw 10, Corel Inc.). Inter-tooth distances were measured from the
edge of the cusp of one tooth to the cusp of the next one (see Montealegre-Z and Mason 2005).

1.3.9

Stridulatory wing movement recordings

The following methodology was used to get recordings of the wing movements during
stridulation, needed for the development of Chapters Two, Four and Five).
I recorded stridulatory wing movements and associated sound production from eight
males. Sound production was monitored with either a ½” microphone (Larson Davis
Laboratories model 2540) or a B&K ¼” microphone type 4939. Wing movements were
recorded using an opto-electronic device (Helversen von and Elsner 1977; Hedwig 2000). For
recording wing movements, a small piece of reflective tape (Scotchlite 7610 and 8850 retroreflective tape manufactured by 3M and distributed by Motion Lab Systems Inc.) was placed on
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the forewing and its position was monitored with a photodiode. Movements of the forewing
evoke changes in the current of the diode, which were recorded simultaneously with sound
output. Sound and wing-movement signals were recorded on separate channels of a computer
data acquisition board and analysed using Dadisp or Matlab software (in initial recordings
sampling rates were 250 kHz for sound and 31.25 kHz for wing movements, and 100 kHz for
both in most recordings). The temperature in the room was 23.9 ± 0.85 ºC. I attached the
reflective tape (1 x 3 mm) to the left tegmen, in a manner that allowed movements to be
recorded in either dorsal (perpendicular to the wing surface) or posterior view (in the same plane
as body axis). I obtained most recordings from the posterior view.
After the specimens were recorded several times and the wing movements characterised,
several teeth of the file were removed using a dentist’s turbine drill, whose cutting edges were
reduced to 0.1 mm in diameter. Teeth were removed carefully in two or three regions, mainly
from the middle portion of the file. A space of several teeth (10-30) was left between gaps. This
allowed me to associate sound oscillations with tooth-scraper contacts or with jumps of the
scraper over several teeth, and also to evaluate the functional parts of the file.
I also recorded wing movements using high-speed video (Redlake Motionscope
PCI1000s). The high-speed video system was synchronised with a computer data acquisition
board (National Instruments PCI6023e, 16 bit, 200 kHz sampling rate) using Midas software
(2000 Xcitex Inc.) for simultaneous recording of sound production. In some cases the position
detector was connected as a third channel, so that wing movements were simultaneously
recorded in two modalities: high-speed video and photo-response of the diode. Recordings were
acquired at 500 or 1000 frames/sec (f/s) for high-speed video, and a sound sampling rate of 100
or 200 kHz. Specimens were put on an artificial perch and the camera was aligned and focused
directly on the stridulatory field, either dorsal, lateral from the right side or focusing the file and
scraper from the posterior. A 1/4” microphone (B&K 4939), connected to a B&K Nexus
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Amplifier (Type 2690), was directed to the specimen in dorsal view. Data were analysed frameby-frame using MIDAS software. These recordings were intended to study the wing velocity
during sound production and to identify the functional parts of the file.

1.3.10 Experiments involving laser vibrometry
The following procedures were used to support the arguments of Chapter Four.

1.3.10.1 Experimental manipulation of wing membranes
I recorded songs from five specimens before and after removal of one or more mirror
membranes. Wing membranes were removed with a fine soldering iron. Specimens were
initially recorded in an sound-attenuating room with intact wings as described previously.
Subsequently area 1 was removed in three specimens and their songs re-recorded after 48 hours.
Then the membrane of area 3 was removed; and the specimens were recorded again after
another 48 hours. Finally, the membrane of area 4 was removed and the process repeated. The
remaining two specimens were treated in similar way, but instead of removing parts of the
mirror in different steps, areas 1, 3 and 4 were removed at the same time.
In a separate set of experiments (n = 4) I modified single tegmina by painting them with
liquid latex. This material dried as a layer of latex that adhered to the wing surface that could be
removed by simply peeling it away. This allowed us to measure the effect of loading each wing
individually in a single specimen. Specimens were recorded before application, with the latex
applied to one wing, and again following removal of the latex.

1.3.10.2 Simulation of tooth-scraper contacts
After the calls and wing movements of intact specimens were recorded, some specimens
were anaesthetised in CO2 and the right or left tegmen removed. The wing hinge was sealed
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with beeswax in order to halt bleeding. The tegmen was attached to a metallic rod by beeswax at
the position of the wing hinge (Fig. 1.5A).
Wing vibrations produced by artificial tooth-scraper contacts (clicks) were recorded for
areas 1, 3 and 4. In these experiments, clicks were generated with a dissected file or scraper.
Thus the right tegmen was driven via its scraper using an excised file and the left tegmen was
driven with a dissected scraper via its file. In both cases fine movements of either the dissected
file or scraper were performed with a micromanipulator, in order to control for individual tooth
impacts. I took into account the angle of the scraper and file during stridulation as observed in
the video recordings of wing movements. The preparation was mounted in a similar way for
every experiment.
The reaction of the membrane was transduced by a laser Doppler vibrometer (LDV,
Polytec OFV 3001 controller, OFV 511 sensor head; Polytec, Waldbronn, Germany). A probe
microphone (B&K Type 4138) was placed within 5 mm of the specimen. Alignment of the
microphone and laser beam is shown in Fig. 1.5. The microphone and laser vibrometer signals
were digitized and stored in a computer (TDT System II, 100 kHz sampling rate). All
experiments were performed on an anti-vibration table. The laser allows for accurate
measurements of vibration in specific regions, while the microphone was used to monitor the
output song of the particular area studied and all surrounding regions. Three areas on the dorsal
surface of the right tegmen were tested, including the three main areas found by particle
displacement of talcum powder (Fig. 1.3). The same regions were studied in the left tegmen and
three plucks were recorded in each area.

1.3.10.3 The quality factor
The quality factor Q is a measure of the of the response peak of a system. Q is given by
the ratio between the frequency at peak output and the bandwidth at half power (Fletcher 1992;
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Arya 1998; Bennet-Clark 1999b). I calculate Q based on the equation
Q=

π

(1.1)

ln decrement

where ln decrement is the difference of the natural log of the peak amplitude successive
oscillations produced by an undriven oscillator (Prestwich and O'Sullivan 2005, and references
therein). Systems with higher values of Q have greater response at the peak frequency, therefore
large amplitudes at resonance and small bandwidth. Systems with low Q values have lower peak
response and broad bandwidth. Resonant biological systems tend to have small Q values in the
range from 1 to about 30 (Fletcher 1992). I calculated the Q-factor for both forewings based on
the recordings mentioned above, using the method proposed by Bennet-Clark (1999b).
In the case of Ensifera using tegmino-tegminal stridulation, the ideal condition to calculate
Q will be when the resonator is vibrating freely, i.e., when the scraper disengages from the file
(Fletcher 1992). The Q-factor was calculated in most cases from sound recordings and the point
of free vibration during the free decay was estimated using zero-crossing analysis (Bennet-Clark
and Bailey 2002) or high-speed video recordings.

1.3.10.4 Sympathetic vibration
A speaker (Piezo Tweeter) was aligned at 12 cm ventrally perpendicular to the tegmina. The
speaker was connected to a signal generating board (Tucker Davis System II, custom software)
programmed to generate pure-tone pulses, 80 ms in duration, at frequencies of 2.5 – 35 kHz. A
microphone (B&K 4939 and Nexus conditioning amplifier) was placed besides the specimen
receiving the speaker’s signal at the same distance as the wing (Fig. 1.5B). I also excited the
same regions of the right tegmen with random noise generated from a computer. Alignment of
the speaker, microphone, and laser beam was the same as previously described for pure-tone
stimulation. The microphone and laser vibrometer signals were stored in a computer (TDT
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System II, 100 kHz sampling rate). All experiments were performed on an anti-vibration table.

1.3.11 Recordings of sound in animals using extreme high frequencies
The following procedure was used to build the arguments of Chapters Five and Six.
The extreme ultrasonic nature of the calls of ‘nr Arachnoscelis’ were first detected using a
hetrodyning bat detector (U30, Ultrasonic Advice). The insect was later lab-recorded, free field
(microphone cover removed), with a 1/8” condenser microphone (B&K 4138), directed
vertically, connected to a B&K 2606 amplifier, thence to a RACAL instrumentation tape
recorder (60”/s). Recordings slowed (8X) were transferred to a computer via a PCMCIA
digitizing card (Ines i616) sampling at 200 kilosamples s-1 (kss), high-pass filtered at 20 kHz: a
power spectral density FFT obtained with Matlab, was smoothed (Welch) and expressed in dB
relative to its most intense frequency. For other insects (see Morris et al. 1994; Montealegre-Z
and Mason 2005) output of a 1/4” microphone (B&K 4135) via a sound level meter (B&K
2204) was digitized (Tucker Davis, System II, FL, USA) at 100 or 170 kss. Analysis of acoustic
data utilized DADISP 4.1 (DSP Development Corp., MA, USA) or Matlab software
(Mathworks, Natrick, MA, USA).

1.3.12 Experiments of stridulatory file phase shifts using a laser vibrometer
The following procedure was used to develop the arguments of Chapter Six.
After the calls and wing movements of intact specimens had been recorded, the
specimens were anaesthetised in CO2 and the right or left tegmen removed (right in crickets, left
in katydids, both in haglids). The wing hinge was sealed with beeswax in order to halt bleeding.
The tegmen was attached to a metallic rod by beeswax at the position of the wing hinge (Fig.
1.5A).
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For the stridulatory file, vibrations were driven with a newly dissected scraper, glued to
the tip of a piezoelectric transducer (Bennet-Clark 2003). The scraper was pushed against the
file in a manner resembling the scraper’s normal position during stridulation (this position being
previously established by viewing high-speed video recordings of singing specimens). The
piezoelectric transducer was driven by tone bursts from a Signal Generating Board (Tucker
Davis, System II FL, USA, using custom software at 100 kss-1). The laser vibrometer was used
to determine the phase at a fixed spot of the studied wing (Figs. 1.5-1.7). The signal generating
board was programmed to generate pure-tone pulses, each 80 ms in duration at specific
frequencies.
For crickets, I stimulated the file with frequencies from 4, 4.5, 5, up to 10 kHz. For
katydids, frequencies of 2.5, 5 and 10 were used. Finally, for the haglids I used stimuli of 9.5 to
20 kHz. The analysis was performed base on the stimulus at which the tegmen responded better
(normally at a frequency close to the carrier frequency of the calling song). Stimuli were
induced in four different regions of the file. Positions of the excised scraper were chosen
(proportionally) at regular intervals along the file between the anal and basal ends (Figs. 1.3,
1.6).
The relative phasing of the sound waveform was established by comparing the phase of
the response of different regions of the stridulatory file, as recorded from a particular region,
with that of the driving waveform. In the cricket, vibrations were recorded from the larger cell
of the harp adjacent to the diagonal vein (Desutter-Grandcolas 1995), located at about 2.7 mm
(± 0.1, n=10) from the SF mid distance (Fig. 1.7A). In the haglids this region was represented
by a cell, which lies at about 2.6 mm (± 0.1, n=4) from the stridulatory file central area (Fig.
1.7B). In the katydid the central region of the mirror is located at 2.6 mm (± 0.1, n=10) from the
stridulatory file centre (Fig. 1.7C). The stimulus and the response signals were recorded using
two independent channels (Fig. 1.6). These recordings also allowed me to investigate and
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compare the amplitude of stridulatory file vibrations in all specimens, using a previously
proposed method (Bennet-Clark 2003). Briefly, file vibration was measured by stimulating
different regions of the file with a scraper attached to a piezoelectric transducer and the
amplitude of vibration recorded with the laser beam directed to an specific and fixed wing cell.
The first set of data obtained with the experiments indicated above was used to test my
hypothesis of selection for asymmetric wings in katydids. I used published and unpublished data
of carrier frequency and pulse duration from songs of species using only pure-tone signals.
Broad-band songs were avoided because only in pure tone signals can we assume a 1:1 relation
between each tooth contacted by the scraper and each oscillation of the sound generator (Elliot
and Koch 1985; Koch et al. 1988; Bennet-Clark 1999a; Montealegre-Z and Mason 2005). Thus
in such singers, one can easily calculate how many teeth of the file are contacted during each
closing stroke and, in most cases can also infer, that the fundamental frequency corresponds to
the tooth-contact rate. This gives us an estimate of the time that the scraper is in continuing
contact with the file. By contrast, in broad-band singers this relationship is not evident, because
the scraper pauses or does not contact consecutive (jumps) file teeth (Suga 1966). As the sound
generator is not tuned to a narrow-band frequency and in most cases each closing stroke is
represented by a train of pulses rather than a pulse, it would be more difficult to predict the
number of teeth used, and the tooth impact rate. Furthermore, based on the number of
oscillations, a coherent sustained pulse gives us a better idea of the file region used than does a
pulse train.
Wing stroke rate is affected by temperature (Walker 1975; Prestwich and Walker 1981)
the pulse duration varies with temperature. Therefore I adjusted the pulse duration of most
recorded specimens to an extrapolated temperature of 25 °C or nearly so, as most of the
recordings obtained from published literature were within this range. I also compared other

33

morphology that I considered relevant to sound production. The species and data used are
shown in Table 6. 1.

34

1.4 Literature cited
ARYA, P. A. 1998. Introduction to Classical Mechanics. Prentice Hall, Upper Saddle River, NJ,
USA.
BELWOOD, J. J., and G. K. MORRIS. 1987. Bat Predation and Its Influence on Calling
Behavior in Neotropical Katydids. Science 238:64-67.
BENNET-CLARK, H. C. 1987. The tuned singing burrow of mole crickets. Journal of
Experimental Biology 128:383-409.
______. 1989. Songs and the physics of sound production. Pages 227-261 in F. Huber, T. E.
Moore, and W. Loher, editors. Cricket Behavior and Neurobiology. Cornell University
Press, Ithaca.
______. 1995. Insect sound production: transduction mechanisms and impedance matching.
Pages 199–218 in C. P. Ellington, and T. J. Pedley, editors. In Biological Fluid
Dynamics. Company of Biologists, Cambridge.
______. 1998. Size and scale effects as constraints in insect sound communication.
Philosophical Transactions of the Royal Society of London B Biological Sciences
353:407-419.
______. 1999a. Resonators in insect sound production: How insects produce loud pure-tone
songs. Journal of Experimental Biology 202:3347-3357.
______. 1999b. Which Qs to choose: questions of quality in bioacoustics? Bioacoustics 9:351359.
______. 2003. Wing resonances in the Australian field cricket Teleogryllus oceanicus. Journal
of Experimental Biology 206:1479-1496.
BENNET-CLARK, H. C., and W. J. BAILEY. 2002. Ticking of the clockwork cricket: the role
of the escapement mechanism. Journal of Experimental Biology 205:613-625.
BERTELLI, S., and P. L. TUBARO. 2002. Body mass and habitat correlates of song structure in
a primitive group of birds. Biological Journal of the Linnean Society 77:423–430.
CASTNER, J. L. 2000. Amazon Insects: A photo guide. Feline Press, Gainesville.
COHN, T. J. 1965. The arid-land katydids of the North American genus Neobarrettia
(Orthoptera, Tettigoniidae): their systematics and a reconstruction of their history.
Museum of Zoology University of Michigan 126:5-179.
DESUTTER-GRANDCOLAS, L. 1995. Functional forewing morphology and stridulation in
crickets (Orthoptera, Grylloidea). Journal of Zoology, London 236:243-252.
______. 2003. Phylogeny and the evolution of acoustic communication in extant Ensifera
(Insecta, Orthoptera). Zoologica Scripta 32:525-561.
35

DI SANT' AGNESE, P. A., and K. L. DE MESY JENSEN. 1984. Dibasic Staining of large
epoxi tissue sections and applications to surgical pathology. American Journal of
Clinical Pathology 81:25-29.
DUMORTIER, B. 1963. The physical characteristics of sound emission in Arthropoda. Pages
346-373 in R. G. Busnel, editor. Acoustic Behaviour of Animals. Elsevier, Amsterdan.
ELLIOT, C. J. H., and U. T. KOCH. 1985. The clockwork cricket. Naturwissenschaften 72:150152.
EWING, A. W. 1989. Arthropod Bioacoustics: Neurobiology and Behavior. Cornell University
Press, Ithaca.
FELSENSTEIN, J. 1985. Phylogenies and the comparative method. American Naturalist 125:115.
FIELD, H. L. 2001. Stridulatory mechanisms and associated behaviour in New Zeland Wetas.
Pages 271-295 in L. H. Field, editor. The biology of Wetas, King crickets and their
allies. CAB International, New York.
FLETCHER, N. H. 1992. Acoustic Systems in Biology. Oxford University Press, Oxford.
FLOOK, P. K., S. KLEE, and C. H. F. ROWELL. 1999. Combined molecular phylogenetic
analysis of the Orthoptera (Arthropoda, insecta) and implications for their higher
systematics. Systematic Biology 48(2):233-253.
FORREST, T. G. 1994. From sender to receiver: propagation and enivronmental effects on
acoustic signals. American Zoologist 34:644-654.
FRINGS, H., and M. FRINGS. 1958. Uses of sounds by insects. Annual Review of Entomology
3:87-106.
GERHARDT, H. C., and F. HUBER. 2002. Acoustic Communication in nsects and Anurans.
Common Problems and Diverse Solutions. The University of Chicago Press, Chicago.
GWYNNE, D. T. 1977. Mating behavior of Neoconocephalus ensiger (OrthopteraTettigoniidae) with notes on calling song. Canadian Entomologist 109(2):237-242.
______. 1982. Mate selection by female katydids (Orthoptera, Tettigoniidae, Conocephalus
nigropleurum). Animal Behaviour 30: 734-738.
______. 1995. Phylogeny of the Ensifera (Orthoptera): a hypothesis supporting multiple origins
of acoustical signalling, complex spermatophores and maternal care in crickets, katydids
and weta. Journal of Orthoptera Research 4: 203-218.
______. 2001. Katydids and bush-crickets: Reproductive behaviour and evolution of the
Tettigoniidae. Cornell University Press, Ithaca.
HARRIS, T. W. 1842. A treatise on some insects of New England which are injurious to
vegetation. White and Potter, Boston.
36

HARVEY, P. H., and M. D. PAGEL. 1991. The comparative method in evolutionary biology.
Oxford University Press, Oxford.
HARVEY, P. H., and A. PURVIS. 1991. Comparative methods for explaining adaptations.
Nature (London) 351:619–624.
HEDWIG, B. 2000. A highly sensitive opto-electronic system for the measurement of
movements. Journal of Neuroscience Methods 100(1-2):165-171.
HELLER, K. G. 1995. Acoustic signalling in Palaeotropical bush-crickets (Orthoptera,
Tettigonioidea, Pseudophyllidae) - Does predation pressure by eavesdropping enemies
differ in the Palaeotropics and Neotropics. Journal of Zoology 237:469-485.
HELVERSEN VON, O., and N. ELSNER. 1977. The stridulatory movements of acridid
grasshoppers recorded with an opto-electronic device. Journal of Comparative
Physiology 122:53-64.
HOUSWORTH, E. A., and E. P. MARTINS. 2001. Random sampling of constrained
phylogenies: Conducting phylogenetic analyses when the phylogeny is partially known.
Systematic Biology 50(5):628-639.
KALTENBACH, A. P. 1990. The predatory Saginae. Pages 280-302 in B. W. J., and D. C. F.
Rentz, editors. The Tettigoniidae: Biology, Systematics and Evolution. Crawford House
Press, Bathurst.
KARNY, H. 1912. Orthoptera. Fam. Locustidae, subfam. Copiphorinae. Genera Insectorum
139:1-50 (Plates 1-7).
KOCH, U. T., C. J. H. ELLIOTT, K.-H. SCHÄFFNER, and H.-U. KLEINDIENST. 1988. The
mechanics of stridulation of the cricket Gryllus campestris. Journal of Comparative
Physiology A Sensory Neural and Behavioral Physiology 162:213-223.
LEROY, Y. 1966. Signaux acoustiques, comportement et systématique de quelques espèces de
Gryllidae (Orthoptères, Ensifères). Bulletin Biologique de la France et de la Belgique
100:1-134.
MADDISON, W. P., and D. R. MADDISON. 1992. MacClade. Analysis of phylogeny and
character evolution, 3 edition. Sunauer Associates, Sunderland.
MALDONADO, H. 1970. The deimatic reaction in the praying Mantis Stagmotoptera
biocellata. Zeitschrift Fur Vergleichende Physiologie 68:60-71.
MARTINS, E. P. 1996. Conducting phylogenetic comparative studies when the phylogeny is
not known. Evolution 50(1):12-22.
______. 2004. COMPARE 4.6. Computer programs for the statistical analysis of comparative
data. Department of Biology, Indiana University, Bloomington.
MARTINS, E. P., and T. F. HANSEN. 1997. Phylogenies and the comparative method: A
general approach to incorporating phylogenetic information into the analysis of
interspecific data. American Naturalist 149(4):646-667.
37

MASON, A. C., and W. J. BAILEY. 1998. Ultrasound hearing and male-male communication
in Australian katydids (Tettigoniidae : Zaprochilinae) with sexually dimorphic ears.
Physiological Entomology 23(2):139-149.
MASON, A. C., G. K. MORRIS, and P. WALL. 1991. High ultrasonic hearing and tympanal
slit function in rain-forest Katydids. Naturwissenschaften 78(8):365-367.
MICHELSEN, A. 1998. The tuned cricket. News in Physiological Sciences 13:32-38.
MICHELSEN, A., and H. NOCKE. 1974. Biophysical aspects of sound communication in
insects. Advances in Insect Physiology 10:247-296.
MONTEALEGRE-Z, F. 1996. Clave para la identificación de los Tettigoniidae de la reserva
natural de Escalerete, Buenaventura. Cespedecia 21:57-88.
MONTEALEGRE-Z, F., and A. C. MASON. 2005. The mechanics of sound production in
Panacanthus pallicornis Walker (Orthoptera: Tettigoniidae: Conocephalinae): the
stridulatory motor patterns. Journal of Experimental Biology 208:1219-1237.
MONTEALEGRE-Z, F., and G. K. MORRIS. 2003. Uchuca Gi-gliotos, Dectinomima Caudell
and their allies. (Orthoptera: Tettigoniidae). Transactions of the American
Entomological Society (Philadelphia) 129:503-537.
MONTEALEGRE-Z., F., and G. K. MORRIS. 2004. The spiny devil katydids, Panacanthus
Walker (Orthoptera: Tettigoniidae): an evolutionary study of acoustic behaviour and
morphological traits. Systematic Entomology 29:21-57.
MORRIS, G. K. 1980. Calling display and mating behavior of Copiphora rhinoceros Pictet
(Orthoptera, Tettigoniidae). Animal Behaviour 28: 42-51.
______. 1999. Song in arthropods. Pages 508–517 in K. G. Davey, editor. Encyclopedia of
Reproduction, volume 4. Academic Press, San Diego.
MORRIS, G. K., A. C. MASON, P. WALL, and J. J. BELWOOD. 1994. High ultrasonic and
tremulation signals in neotropical katydids (Orthoptera, Tettigoniidae). Journal of
Zoology (London) 233:129-163.
MORRIS, G. K., and R. E. PIPHER. 1967. Tegminal amplifiers and spectrum consistencies in
Conocephalus nigropleurum (Bruner), Tettigoniidae. Journal of Insect Physiology
13:1075-1085.
______. 1972. Relation of song structure to tegminal movement in Metrioptera sphagnorum
(Orthoptera - Tettigoniidae). Canadian Entomologist 104(7):977-985.
NASKRECKI, P. 2000a. Katydids of Costa Rica. Vol.1. Systematics and bioacoustics of the
cone-head katydids. The Orthopterists' Society at the Academy of Natural Sciences of
Philadelphia, Philadelphia.
______. 2000b. The phylogeny of katydids (Insecta: Orthoptera: Tettigoniidae) and the
evolution of their acoustic behavior. Ph.D. Dissertation. University of Connecticut,
Connecticut.
38

NASKRECKI, P., and D. OTTE. 1999. An Illustrated Catalog of Orthoptera, I. Tettigonioidea
(CD ROM). Orthopterists’ Society at the Academy of Natural Sciences of Philadelphia,
Philadelphia.
NICKLE, D. A. 1992. Katydids of Panama (Orthoptera: Tettigoniidae). Pages 142- 184 in D.
Quintero, and A. Aiello, editors. In Insects of Panama and Mesoamerica. Selected
Studies. Oxford University Press, Oxford.
NICKLE, D. A., and J. L. CASTNER. 1995. Strategies utilized by katydids (Orthoptera:
Tettigoniidae) against diurnal predators in rainforests of northeastern Peru. Journal of
Orthoptera Research 4:75-88.
NOCKE, H. 1971. Biophysik der Schallerzeugung durch die Vorderflügel der Grillen. Z. vergl.
Physiol. 74:272-314.
OLSON, H. F. 1957. Acoustical Engineering. D. Van Nostrand.
PAGEL, M. D. 1992. A method for the analysis of comparative data. Journal of Theoretical
Biology 156:431–442.
PASQUINELLY, F., and M.-C. BUSNEL. 1954. Etudes preliminaires sur les mecanismes de la
production des sons par les orthopteres. Pages 145-153 in Colloque sur l'acoustique des
Orthopteres.
PIELEMEIER, W. H. 1946. Supersonic Insects. Journal of the Acoustical Society of America
17(4):337-338.
PIERCE, G. W. 1948. The song of insects: with related material on the production, propagation,
detection, and measurement of sonic and supersonic vibrations. Harvard University
Press, Cambridge, Massachusetts, USA.
PRESTWICH, K., N., and T. J. WALKER. 1981. Energetics of singing in crickets: Effects of
temperature in three trilling species (Orthoptera: Gryllidae). Journal of Comparative
Physiology B Biochemical Systemic and Environmental Physiology 143:199-212.
PRESTWICH, K. N., and K. O'SULLIVAN. 2005. Simultaneous measurement of metabolic and
acoustic power and the efficiency of sound production in two species of mole crickets
(Orthoptera: Gryllotalpidae). Journal of Experimental Biology 208:1495-1512.
REDTENBACHER, J. 1891. Monographie der Conocephaliden. Verhandlungen der Kaiserlich
Koniglichen Zoologisch- Botanischen Gesellschaft in Wien 41:315-562.
REGEN, J. 1913. Über die Anlockung des Weibchens von Gryllus campestris L. durch
telephonisch übertragene der Stridulationslaute des Männchens. Pflügers Archiv für die
Gesamte Physiologie des Menschen und der Tiere 155:193-200.
RÖMER, H. 1993. Environmental and biological constraints for the evolution of long-range
signalling and hearing in acoustic insects. Philosophical Transactions of the Royal
Society of London, Series B 340: 179-185.

39

RÖMER, H., and J. LEWALD. 1992. High-frequency sound transmission in natural habitats:
implications for the evolution of insect acoustic communication. Behavioral Ecology and
Sociobiology 29:437-444.
SABY, J. S., and H. A. THORPE. 1946. Ultrasonic ambient noise in tropical jungles. Journal of
the Acoustical Society of America 18(2):271-273.
SALES, G. D., and J. D. PYE. 1974. Ultrasonic communication in animals. Chapman and Hall,
London.
SHAROV, A. G. 1968. Filogniya orthopteroidnykh nasekomykh. Trudy Paleontologicheskogo
Instituta, Akademiya Nauk SSSR 118:1–216.
______. 1971. Phylogeny of the Orthopteroidea, volume vi. Israel Program for Scientific
Translations, Jerusalem.
SISMONDO, E. 1979. Stridulation and tegminal resonance in the tree cricket Oecanthus
nigricornis (Orthoptera: Gryllidae: Oecanthinae). Journal of Comparative Physiology
129:269-279.
SUGA, N. 1966. Ultrasonic production and its reception in some Neotropical Tettigoniidae.
Journal of Insect Physiology 12:1039-1050.
SWOFFORD, D. L. 1998. PAUP*4. Phylogenetic analysis using parsimony and other methods.
Sinauer Associates, Sunderland.
WALKER, T. J. 1957. Specificity in the response of female tree crickets (Orthoptera, Gryllidae,
Oecanthinae) to calling songs of the males. Annals of the Entomological Society of
America 50:626-636.
______. 1964. Experimental demonstration of a cat locating orthopteran prey by the prey's
calling song. Florida Entomologist 47: 163-165.
______. 1975. Effects of temperature on rates in poikilotherm nervous systems: Evidence from
the calling songs of meadow katydids (Orthoptera: Tettigoiidae: Orchelimum) and
reanalysis of published data. Journal of Comparative Physiology A 101: 57-69.
WALKER, T. J., and D. DEW. 1972. Wing movements of calling katydids - fiddling finesse.
Science 178(4057):174-176.

40

Apical
Do

rsa

l

La
te
Ba
sal

l
ra

Ventral

Ia

I

VIIb
VIIa

VII

II

Vc

IIa

VI

Vb
IIIa

III

IIIb

V
Va

IV

Fig. 1.1. Proposed map of facial projections based upon Panacanthus varius. The main area of
each tubercle is indicated with a Roman numeral and the largest tubercle in each area is
suggested as the main one. Small tubercles surrounding a main tubercle are called subtubercles,
indicated with the respective Roman numeral along with a letter in lowercase.
41

na
zo
eta
M

Mesozona

Prozona

A

A

D

A
A

C
B

P. cuspidatus

B

B
C

na

zo

eta

M

Prozona

B

Mesozona

A

A

P. pallicornis

D

A
C

B

B
B
C

Mesozona

C

na

zo

on

a

eta

Pr

oz

M
A

P. spinosus

A
A+D

B
C
B
B
C

Fig. 1.2. Standard model of the pronotum of Panacanthus spp., showing the main areas and their
modifications. A- the simplest pronotal structure, P. cuspidatus. B- The tubercular state,
P. pallicornis. C- The basic pattern for species with pronotal thorns, P. spinosus. Arrows indicate
the development of tubercles in area C (mesozona).
42

A

Left

B

Anterior

Right
A2

A3

A2
Scraper

File
Basal part

A1
3

7
File
Distal part

Radial
field
4

1

A1

2
3

M
Radial
field

A1+A2
1
5

4
5

6

Claval fold
R

6
Cu
Cup
Posterior

Fig. 1.3. Tegminal structure. Left (A) and right (B) tegmina. Marked regions indicate areas of
maximal vibration in particle displacement studies of the right tegmen, and homologous regions
on the left tegmen. Scale = 6mm. Regions 1, 3 and 4 were experimentally found only for the
right tegmen, but homologised for the left. The rest were chosen according to the thickness of the
wing and used in complementary studies of wing vibration (data not published here). Venation
nomenclature and vein identification were adopted from Desutter-Grandcolas (2003), and when
explicit names or locations of some veins were not provided, I inferred them.
43

Height

Base line

Gullet
Rake
129 gradians

Fig. 1. 4. Proposed nomenclature for the stridulatory file structure.
44

Point line

A
Rod

Piezo-electric
material

B&K
Probe mic
B&K
Amplifier

Bee wax

To computer
channel 2

Laser vibrometer
Micromanipulator
12 cm

Amplifier

Dissected
file (or scraper)

To computer
channel 1

Dissected wing
Scraper

B
Speaker

U

Laser
To computer
channel 2

12 cm
12 cm

To computer
channel 1

12 cm

B&K Microphone

Fig. 1.5. Diagram of the setup for measuring the natural frequency of vibration of isolated
wings. A- A dissected segment of file (or scraper) was mounted on a probe held in a micromanipulator. This was used to simulated single file-tooth impacts and generate free vibration in
the wing. B- Preparation for experiments involving sympathetic vibration.
45

Signal
generator

Amplifier

To computer
channel 1

Micromanipulator
Metallic
rod

To computer
channel 2

Bee’s
wax
Piezo-electric
trasducer

Laser vibrometer

Amplifier

Dissected
scraper

Region
chosen

Fig. 1.6. Preparation for the recording of phase shifts.The red spot is the central region referred
in the text for all specimens studied.
46

A
Gryllus
bimaculatus

B

Cyphoderris
monstrosa

C

Panacanthus
pallicornis

Fig. 1.7. Forewings of the specimens studied. Note the bilaterally subsymmetry in the wings of
crickets and grigs, while the forewings of the katydid are strongly asymmetrical. The red dot
shows the region were the laser vibrometer beam was aligned; this region was constant during
each set of recordings. Sets of recordings involved stimuli (pure tones at the frequency of tooth
contact) in different regions of the file (see methods for details).
47

48

Fig. 1.8. Phylogenetic relationship of the 58 species used in this studied, which use pure tone signals. This phylogeny was obtained by
modifying the tettigoniid’s phyogenetic hypothesis presented by Naskrecki (2002).

Arachnoscelis sp.
Kawanaphila yarraga
Kawanaphila mirla
Phlugis sp.
Uchuca sp5.
Uchuca amacayaca
Uchuca haltikos
Homorocoryphus stigmaticus
Liliania sp.
Tectocanthus sp.
Amber raspberry
Daedalus sp.
nr. Loja sp.
Eschatoceras sp.
Copiphora gracilis
Copiphora cf. gracilis
Copiphora brevirostris
Copiphora rhinoceros
Panacanthus cuspidatus
Panacanthus pallicornis
Tennis ball Ecuador
Tennis ball Colombia
Cream put. sphyrometopa
Cycloptera sp.
Typophyllum mortuifolium
Typophyllum sp.1
Typophyllum nr. trapeziforme
Typophyllum trapeziforme
Typophyllum sp.4
Typophyllum bolivary
Typophyllum zingara
Typophyllum egregium
Docidocercus gausodontus
Docidocercus gigliotosi
Docidocercus chlorops
Mystron sp.
Eubliastes chlorodyction
Eubliastes sp.
Trichotettix pilosula
Pemba cochleata
Teleutias castaneus
Teleutias akratonus
Teleutias fasciatus
Mypophyllum speciosum
Ichnomela sp.
Macrochiton macromelos
Scopiorinus carinulatus
Scopiorinus mucronatus
Promeca perakana
Promeca sumatrana
Chondroderella borneensis
Aemasia sp.
Haenschiella ecuadorica
Haenschiella sp.
Drepanoxiphus angustelaminatus
Leurophyllum modestus
Ancistrocercus circumdatus
Diacanthodis granosa
Championica walkeri

CHAPTER 2...........................................................................................................49
2.1 Synopsis of stridulatory apparatus in Ensifera with emphasis on the
Tettigoniidae ........................................................................................................................... 49
2.2

Sound production in Ensifera .............................................................................. 49

2.2.1
Mode 1 (resonance using sustained pulses)............................................................. 49
2.2.1.1 Characteristics of this mode ................................................................................ 50
2.2.2
Mode 2 (resonance using pulse trains) .................................................................... 51
2.2.2.1 Special features of this mode............................................................................... 51
2.2.2.1.1 Mechanism 1: roll-trigger .............................................................................. 51
2.2.2.1.2 Mechanism 2: elastic energy ......................................................................... 52
2.2.3
Mode 3 (non-resonant when the sound generator is sharply tuned)........................ 53
2.2.3.1 Special features of this mechanism...................................................................... 53
2.2.4
Mode 4 (non-resonant due to the noisy response of the sound generator) .............. 53
2.2.4.1 Special features of this mechanism...................................................................... 53
2.2.4.1.1 Continuous stimuli and damped resonator .................................................... 54
2.2.4.1.2 Transient pulses and damped resonator......................................................... 54

2.3

Discussion .................................................................................................................... 55
2.3.1
The mechanism of resonance (mode 1) ................................................................... 55
2.3.1.1 The clockwork cricket ......................................................................................... 55
2.3.1.2 Existing models that explain the movement of the scraper with such a precise
timing 56
2.3.1.2.1 Spring model.................................................................................................. 57
2.3.1.2.2 The kinetic energy transfer model ................................................................. 57
2.3.1.3 Theoretical mechanism for increasing the frequency of the calling song ........... 58
2.3.1.4 Reverse stridulation ............................................................................................. 60
2.3.1.5 The scraper........................................................................................................... 61
2.3.2
A particular case of pure-tone signals and pulse trains (Mode 2) ........................... 63
2.3.2.1 Analysis of stridulation mode 2: mechanism 1 (roll-trigger) .............................. 63
2.3.2.2 Proposed mechanism for the production of pulse trains using roll-trigger ......... 67

2.4

Literature cited .......................................................................................................... 70

i

Chapter 2
2.1

Synopsis of stridulatory apparatus in Ensifera with emphasis on the
Tettigoniidae
The stridulatory apparatus in Ensifera is of two parts: the primary sound generator (file

and scraper) (Ewing 1989) and the secondary sound generator or radiator (the forewing
membranes) (Broughton 1964). Except for a few species (see below), as mentioned in Chapter
One, sound is generated mainly during the closing stroke (Fig. 2.1AB). For the interaction of the
file and scraper during stridulation, species have evolved one of two strategies of tooth contact:
either the scraper moves over the file teeth with the same velocity as that of the wing closure, or
the scraper moves (at times) independently, with higher velocity than the velocity of wing
closure. The latter requires elastic energy (Fig. 2.1, see also section 2.2.2.1.2, and Chapter Five
for analysis supporting this argument).
In this chapter I will explore different types of stridulatory primary structures, with
particular reference to the mechanisms involved in the generation of transient and discrete
pulses in a pulse train (see terminology). The physical properties of the secondary generator will
be discussed in Chapter Four.

2.2 Sound production in Ensifera
There are four basic modes by which ensiferans, using tegmino-tegminal stridulation, can
throw the sound emitter into vibration.
2.2.1

Mode 1 (resonance using sustained pulses)
The number of stimulations per second almost coincides with the natural frequency of the

emitter (forewings), so that each stimulus (tooth strike) evokes an oscillation, reinforced by the
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next stimulation before any decay can set in. This is called resonance and occurs in the calling
song of crickets, grigs and some katydids. Songs of this type are also termed pure-tones songs
(Figs. 2.2-2.11).
2.2.1.1 Characteristics of this mode
A common feature of the stridulatory file in crickets (and also in some katydids using
pure-tone songs) is that the gullet (the intertooth space) increases from the anal to the basal part
of the file. Increments in spacing can be seen as helping to set the relative velocities of the
tegmina at scraper-tooth impact (Montealegre-Z and Mason 2005; Prestwich and O'Sullivan
2005). Every oscillation of the radiating surfaces corresponds to one tooth-impact, thus the
resonator must be sharply tuned in order to vibrate periodically and to emit sinusoidal pulses
(Bennet-Clark 1999).
When the output song is a coherent pulse, it is common that file teeth are more separated
towards the basal portion of the file (Fig. 2.3A-7A). This is required to achieve compensation
for proportional increments in scraper velocities. These increments in velocity might be the
result of applying a constant force during the closing stroke of the wings (Prestwich and
O'Sullivan 2005), since there little chance to finely adjust force. Thus, there is no need for
controlling scraper velocity from one tooth to the next, which might be energetically more
expensive. Additionally, some species perfectly adapt the velocity of the scraper to the
morphology of the file, while others gradually reduce the velocity of tooth contact (even if gullet
distances increase basad). The latter technique results in a gradual frequency decay or glissando
effect (Figs. 2.3B, 2.5B, 2.7B).
The scraper flexible region of the species using this mode is normally reinforced ventrally
by another layer of cuticle that probably controls how much of this region bends. For all species
studied, which use this mechanism, the velocity of the scraper displacement corresponds with
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the velocity of wing closure. This mechanism is discussed later in this chapter (section 2.3.1)
and featured in Chapter Four.

2.2.2

Mode 2 (resonance using pulse trains)
Each stimulation might throw the emitter into vibration at its natural frequency, so that

every stimulation generates a pulse. If stimulations are repeated within a constant period of time,
a train of pulses is produced. Each pulse decays well before the next stimulation fully isolating
the pulse in time. This mechanism, common in some katydids, also involves resonance, but in
contrast to the foregoing, pulse trains are not generated by a continuous set of tooth contacts, but
by an interrupted sweep (giving the series of discrete pulses, Figs. 2.13-2.15).
2.2.2.1 Special features of this mode
When resonance occurs but during one closing stroke the scraper does not generate a
continuous pulse (a song composed of discrete pulses separated in time), another mechanism is
needed. The forewings have a particularly narrow tuning and the stridulatory file can present
teeth with more or less uniform distances (with low variance) (Fig. 2.13A). Alternatively, the
gullet distance might increase (Fig. 2.14D, 2.15D), i.e. file tooth arrangement seems not to be
critical. File and teeth arrangement probably depends on how much of the file is used during
every closing stroke. However in this case, the scraper might move using at least two
mechanisms:
2.2.2.1.1 Mechanism 1: roll-trigger
The velocity of wing closure along the file increases but inter-tooth distance is more or
less constant, thus there is no time adjustment of velocity (by tooth density difference) to
maintain a constant rate of tooth contact. A solution may then be to produce scraper jumps that
help to compensate for constant distances and increasing speed. A massive vein (A3) backs the
scraper and moves to trigger its release every time the scraper has reached its maximum bend
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(see section 2.3.2.2). The scraper may partially stop behind a tooth, but the forewings continue
in motion, increasing velocity only during the silent intervals between pulses. Silent intervals
might be produced precisely every time the scraper bends at its maximum and the massive vein
A3 rolls over the file. This mechanism is common in species singing below ~30 kHz whose
calling song is composed of pulse trains, for example species of the tribe Cocconotini (Figs.
2.13, 2.14). In all species studied, the velocity of scraper displacement moderately exceeds that
of wing closure. A broad view of this mechanism is presented in section 2.2.1.5.
2.2.2.1.2 Mechanism 2: elastic energy
The velocity of wing closure is very low (see Chapter Five), and the scraper stops behind a
tooth. During this action the forewings also stop, so the wing closure is more controlled than in
the previous case. Pauses of the scraper are necessary for elastic energy storage. File teeth
distribution is independent of the mechanism, however several species present a more or less
constant gullet; only in few cases does the gullet increase basally as in species using coherent
pulses. The wings close at very low velocities so there is time to control the scraper pauses
behind a tooth. During this pause the scraper stores elastic energy which is then suddenly
released, springing the scraper forward at high velocities and causing its contact of few teeth at a
much elevated rate (Fig. 5.1B-D). As the wing motion (and in turn that of the scraper) is, in part,
controlled voluntarily, file morphology is not important; thus the scraper can move over all the
file space available or only over small portions; in any case, not all teeth are contacted in
sequence. This method of stridulation is more common in species using pulse trains at very high
frequencies (> 40 kHz). This mechanism is discussed in Chapter Five. In all species studied, the
velocity of scraper displacement exceeds that of wing closure by several orders of magnitude.
The high frequency song of Haenschiella ecuadorica (Morris et al. 1994) and ‘nr
Arachnoscelis’ are examples (see Chapter Five).
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2.2.3

Mode 3 (non-resonant when the sound generator is sharply tuned)
The stimulating mechanism, if regularly periodic, may drive the emitter into vibration at a

frequency equal to the number of stimulations per second, and different from the generator’s
own natural frequency of free vibration. e.g. the defensive song in crickets and that of some
katydids whose calling song is pure tone. In this case the sound generator is tuned to the carrier
frequency of the calling song, however it is not stimulated at this frequency, but at a different
rate of tooth contact, resulting in most cases, in a broad band song (Desutter-Grandcolas 1998b).

2.2.3.1 Special features of this mechanism
An animal normally using resonant calling song can corrupt its technique of stridulation
(angle of engagement, velocities, forces, etc.), thereby changing tooth contact rate and
drastically altering the output of the sound generator, even if such a generator is tuned to a
narrow band of frequency. This is valid only for animals whose calling song is strictly pure tone,
and so able to change the technique of pure-tone stridulation; those using broad band calling
songs cannot reverse their normal mechanism to pure-tone output (Montealegre-Z. and Morris
2004). I do not address this mechanism.

2.2.4

Mode 4 (non-resonant due to the noisy response of the sound generator)
The tegminal emitter has no narrow natural frequency of vibration of its own, but

produces a damped pulse of something approaching ‘white’ noise at each stimulus. The total
band of frequencies would thus be distributed over a wide band instead of being concentrated
into a single frequency (e.g. some katydids, wetas).
2.2.4.1 Special features of this mechanism
This case involves two different perspectives:
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2.2.4.1.1 Continuous stimuli and damped resonator
The scraper contacts file teeth in sequence over large portions of the file, just as in the
mechanism of resonance explained as mode 1. The only difference is that the fore wings will
respond to the stimuli with a continuous vibration, for which spectral energy is noisy (Morris
and Montealegre-Z 2001) (Fig. 2.16). The stridulatory file might have the arrangement of teeth
required for a sustained pulse mentioned in 1 or be different (Fig. 2.16D). The velocity of
scraper displacement should match that of the wing closure, but the output sound is noisy due to
the physical properties of the sound generator. This situation can be thought of as a transitional
stage between pure tone emission and broadband with transient pulses (Montealegre-Z. and
Morris 2004).

2.2.4.1.2 Transient pulses and damped resonator
If the wings respond with broadband vibration to every stimulus, the file might have teeth
with more or less constant gullets, so that a compensation for velocity and space will occur,
resulting in a broadband pulse train song, in which discrete pulses decay rapidly (Fig. 2.17).
This is very common in several species of katydids, and might explain why the calling songs of
most katydid are always referred to in the literature as to broadband. The velocity of scraper
displacement could be higher than that of the wing closure.
Note that modes 2 and 4 are similar in that, in both, pulse trains are produced, the
difference lies in that mode 2 uses resonance and mode 4 does not. The mechanism responsible
for the production of discrete pulses in both cases might be similar. In this chapter (section
2.3.2), the mechanism of stridulation of Triencentrus atrosigantus, a species of Cocconotini
using transient pulses (case 2 roll-trigger), is analysed. Other modes of stridulation (mode 1 and
mode 2 ‘elastic energy’) are analyzed later in Chapters Four and Five respectively.
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2.3 Discussion
2.3.1

The mechanism of resonance (mode 1)

2.3.1.1 The clockwork cricket
Mechanisms of ensiferan stridulation are only addressed to date through studies of a few
species of cricket (Elliot and Koch 1985; Koch et al. 1988; Bennet-Clark 1989; Bennet-Clark
2003). All cricket species studied to date produce pure tone calling songs in the very low audio
range using resonant vibration of the tegmina (Bennet-Clark 1987; Bennet-Clark 1989; BennetClark 2003). The production of pure tones in crickets depends on an escapement mechanism
that couples the scraping of the stridulatory apparatus with the sound-radiating oscillation of
wing membranes. This mechanism allows a controlled movement of the file and scraper, and a
precise phasing of energy input to result in resonant vibration, i.e., the tooth contact rate
matches the resonant frequency (fo) of the tegmina (Nocke 1971; Koch et al. 1988; Bennet-Clark
1999; Prestwich et al. 2000; Bennet-Clark 2003), see Figure 2.2.
In crickets the two tegmina are closely similar. The tonality and output power of cricket
sound production depend on symmetrical vibration of the two wings. The mechanism of
stridulation, however, is inherently asymmetrical, as one wing is stimulated through the file
(located on the underside) and the other through the scraper (located on the anal edge). Recent
evidence indicates that this asymmetry in the roles of the two wings during stridulation is
compensated by a subtle asymmetry in their mechanical characteristics to result in identical inphase vibration of the tegmina (Bennet-Clark 2003).
The advance of the scraper is controlled by the up and down movement of the stridulatory
file, which occurs at the natural frequency of the system (Bennet-Clark and Bailey 2002). When
the scraper hits a file tooth, it locks briefly and bends the file upwards, given the file's relatively
high compliance (compared to tettigoniids). The scraper, being on the other wing receives the
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same impact in the opposite direction at its edge; it bends downward. This downward movement
is converted into an upward vibration of the harp at the scraper-bearing wing, because the
scraper acts so as to shift the phase (Fig. 2.2AB). This mechanism ensures that the FW radiators
(e.g. harps) are phase-locked, i.e., that both FWs vibrate with the same phase during their
interaction (Bennet-Clark 2003).
2.3.1.2 Existing models that explain the movement of the scraper with such a precise timing
Since the original work that described the clockwork cricket (Elliot and Koch 1985), only
a single publication elegantly presented details of what happens to the scraper during
stridulation: Koch et al. 1988. But both these works fail to account for other details, analyzed by
Bennet-Clark and Bailey (2002) and Bennet-Clark (2003): details such as the ticking sound
generated during stridulation which explains, in part, the harmonic content in the spectra. Other
workers have focused on estimating energy during stridulation and on the coupling of the
radiator to the acoustic environment (Prestwich and Walker 1981; Bennet-Clark 1987;
Kavanagh 1987; Forrest 1991; Forrest 1994; Prestwich 1994; Bennet-Clark 1995).
In order to describe the energetic process when the stridulatory structures are in contact, a
more recent work (Prestwich and O'Sullivan 2005) approaches, for the fist time, a quantitative
analysis of the energetics of stridulation in two species of mole crickets (these authors were
interested only in the transfer of energy into the tegminal oscillator and describe two models for
estimating that transfer). The models differ in how the energy transferred from the closing
tegmina to the vibrating wing surface during each tooth strike is calculated . Prestwich and
O'Sullivan assumed that frequency was regulated by the resonant properties of the tegminal
resonator and that these were not significantly affected by more or less bending or momentum
on impact.
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2.3.1.2.1 Spring model
This model assumes that the stridulatory file is very flexible and that the minimum
bending required to unlock the file and plectrum would equal the file tooth depth. It treats the
scraper as a rigid structure. Prestwich and O'Sullivan (2005) point out that this model, in its
present form, neither takes into consideration the flexibility of the scraper nor any bending of
the file in excess of what is required to release the plectrum. Although not explicit in their paper,
Bennet-Clark and Bailey (2002) focused on this model to explain the ‘ticking of the clockwork
cricket’.
2.3.1.2.2 The kinetic energy transfer model
This model considers that the resultant energy, when the scraper engages a file tooth, has
two immediate sources. Prestwich and O'Sullivan (2005) based on the clockwork cricket model
(Koch et al. 1988) describe the KE transfer model as follows:
“The closing muscles are continuously active and therefore, when the
stridulatory surfaces are engaged, energy that would otherwise accelerate the
tegmina is directly transferred to the tegminal oscillator. The tegmina also lose
velocity during the engagement and therefore some of their kinetic energy to the
oscillator. When the scraper is released, the tegmina again accelerate and gain
kinetic energy that will be lost on the next tooth capture”.
This model implies that if the file gullets increase towards the basal region of the file and
the insect contracts its tegmina with constant force, in order to keep a constant rate of tooth
contact and, in turn, a constant frequency, the velocity of the closing stroke should increase
proportionally to compensate for these increments in distance. Therefore, the impact caused
when the scraper passes over each tooth, as the closing stroke progresses, will be stronger; that
is, the momentum will be greater, and this will produce gradual increments in amplitude. Thus
one would expect that the scraper speed increases every time the gullet distance increases. Data
for some of the species presented in this chapter agree with this analysis: plots of tooth
distribution conform with plots of amplitude in several species (see Figs. 2.4, 2.6, 2.8-2.10).
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Prestwich and O'Sullivan (2005) concluded that the kinetic energy transfer model allows
predictions that are more consistent with their data of stridulation in mole crickets. This
mechanism was considered by Henry Bennet-Clark in his classic papers on acoustic
communication in mole crickets (1970, 1989), and also proposed by Montealegre-Z and Mason
(2005) for one species of katydid. Here I show that the mechanism is common in other species
of katydids, and speculate that it also occurs in members of the family Haglidae (Cyphoderris
spp.).
The spring model can still be considered in those species of crickets where the tooth-wing
is dramatically expanded laterally and the teeth are constricted in the baseline as occurs in many
extant species (Walker and Carlysle 1975). This morphological design could maximize the
surface for physical contact between scraper and file while simultaneously favouring the up and
down local oscillations of the file, which are needed to release the scraper (required for the
escapement mechanism (Fig. 2.18)).

2.3.1.3 Theoretical mechanism for increasing the frequency of the calling song
Based on this model of stridulation, theoretically, the carrier frequency can be altered by
different methods: 1.) Increasing the file-tooth density, 2.) increasing the velocity of the scraper
during the closing stroke, and 3.) Both 1 and 2 combined (Fig. 2.12). It is important to
remember that this is just a theoretical model for explaining what morphological or
physiological features might be selected in order to increase the carrier frequency. However,
because the model implies resonance, the generator (the forewings) must be tuned to the
frequency of tooth impact rate. So any physical change of the primary stridulatory structures has
to be associated with a change in the physical properties of the forewings. The picture gets more
complicated if the signal amplitude is to be maintained constant at twice the fc. In this case the
applied force needs to be increased, which will result in an increase of power (i.e. maintaining
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constant amplitude will be more expensive). If this were the case, there should be a trade-off
between pulse duration, number of teeth struck per second and energetic cost.
This mechanism implies that if the file morphology changes the frequency of the output
song is affected. For example, species of the genus Typophyllum are known to use high-Q
signals (Montealegre-Z and Morris 1999). The tooth distribution in some of the species studied
corresponds with the model proposed here (i.e. teeth are more separated towards the basal part
of the file (Figs. 2.3-2.6)), but in some species tooth distribution is more or less Gaussian (lower
mid-file density, Fig. 2.8). The latter case achieves constant velocities during the closing stroke,
resulting in a perfect match between amplitude and tooth distribution, i.e. the momentum is
larger in when inter-tooth distance increases due to changes in velocity (Fig. 2.8BD).
Males of some other species of the same genus (see Braun 2002) present a unusual tooth
organization: the Lowess curve fit gives a serrated aspect to variation in the tooth organization
that dramatically affects the sound envelope and instantaneous frequency (Fig. 2.9-10). Put
simply, when the tooth gullets increase the instantaneous frequency decreases and when the
gullets decrease the instantaneous frequency increases (Figs. 2.9ABC, 2.10ABC). Frequency
modulation occurs within the range allowed by the resonance of forewings. This illustrates an
example of the effect of the file morphology on the carrier frequency. In this particular case, the
spectrum does not give enough resolution, but zero crossing analysis shows variation in
frequency that can be associated with the tooth distribution. Tooth arrangement also affects
amplitude modulation: when the inter-tooth distance increases the amplitude is larger due
perhaps to increments in the momentum.
Alternatively to this model, there is another option (proposed by Sales and Pye 1974) to
explain increments in the carrier frequency. In this model, the scraper contacts teeth with low
frequency, but the resonator is tuned to higher modes of vibration of that frequency of tooth
impacts. This might be the case in a number of species of katydids and probably some crickets
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in which the fundamental frequency is lower than the dominant frequency (Desutter-Grandcolas
1998a; Montealegre-Z and Morris 2003), however, I do not have data to support this model.
Stridulatory file morphology might help to predict if the sounds generated are a pure tone,
almost pure tone or broadband. In some cases if the frequency used by the animal is high, just a
small portion of the file is used. The tooth distribution tends to be different in animals using
lower pure-tone frequencies, which usually engage all of the available file length. Therefore it is
difficult to predict the frequency and the mechanism of sound generation if this information is
not available.
2.3.1.4 Reverse stridulation
A dramatic case in stridulatory mechanisms is that exhibited by a group of species using
resonance in their calling sound (mode 1), in which the scraper is moved in a reverse manner to
that of most katydids. This case was documented in three species of the genus Ischnomela
(Pseudophyllinae). Recordings with the high-speed video camera and the position detector
support the findings. Only one species was recorded and photographed, but the similar
morphology of the stridulatory apparatus in all species, suggests that all of them use the same
technique of stridulation: the scraper moves in a reverse manner (i.e., from the basal to the anal
region of the file), and major sound output coincides with the opening not the closing stroke
(Fig. 2.11D).
The sound in the one species studied is a pure tone near 15 kHz. The file morphology is
adapted for reverse movements of the scraper in reverse: the gullet distance gradually increases
towards the anal, and not towards the basal margin (Fig. 2.11A).
Sound production in Ensiferan using tegmino-tegminal stridulation occurs normally
during the closing stroke (Morris and Pipher 1972; Walker and Dew 1972; Walker 1975; Elliot
and Koch 1985; Heller 1988). The frictional interaction occurring during the closing stroke of
both tegmina may allow for better control of stridulation and provide more driving force than
60

those occurring during the opening stroke (Kutsch 1969; Pfau and Koch 1994). Thus, what is
the advantage of producing the major components of the calling song during the opening stroke
is yet a question to be studied.
Opening stroke sounds are common in several species of tettigoniids in which the major
components of the song are produced during the closing stroke; thus, opening stroke sounds are
combined with closing stroke sound. In this cases opening wing strokes may generate incidental
sounds which occur with lower amplitude and lower Q than those produced during the closing
stroke (Morris and Walker 1976; Heller 1988), see also section 2.3.2.
Reverse stridulation has been reported for European species of the genera Phaneroptera
(Phaneropterinae) and Uromenus (Bradyporinae) (Heller 1988). However, this study does not
feature the morphological adaptations of the stridulum of each case.
2.3.1.5 The scraper
Only a few workers have addressed the importance of scraper design for sound
production, and in these works the mechanics of the scraper has never been analysed in detailed
(Anstee 1971; Montealegre-Z and Morris 2003). Only Bennet-Clark (2003), Montealegre and
Mason (2005), and Prestwich and O'Sullivan (2005) have dealt with these topics explicitly.
From these examples and data collected from different species in the present work, it is evident
that variation in scraper design can be correlated with the type of sound generated (see Figs. 2.1,
2.19, 2.20).
In Figure 2.19A the scraper presents a ventral reinforcement (the opposing cuticle), which
might account for short bending during each tooth impact and so ensure that the maximum
scraper distortion does not cause over-long scraper-file engagements or abrupt leaps. Figure
2.19B represents an unusual adaptation for reverse stridulation in the genus Ischnomela, still
using resonance. The opposing cuticle is absent in this case and the bending area is limited to
the dorsal elastic cuticle. It is difficult to establish any association between this morphology and
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the type of sound produced (sustained pulses, see Fig. 2.11CE), however one can observe that
because the bending of the scraper occurs in the opposite direction, the ventral opposing cuticle
might not be needed. File teeth tend to be more separated towards the anal margin of the wing
(Fig. 2.11A); thus the tooth arrangement of the file, (which is contrary to the normal
arrangement of teeth for the production of pure-tone sustained pulses (Figs. 3.3A-3.7A)), is
adapted to the direction of scraper motion. This supports the arguments about the importance of
file-tooth organization for the production of pure tones and sustained pulses.
Additionally, in almost all species of katydids examined the rake angle of file teeth always
faces in the direction of scraper motion (i.e., facing the anal region of the tegmen, Fig. 2.11G).
In this manner, appropriate catches of the scraper are always ensured. As the scraper moves in
reverse, the file has a lump in the anal region (Fig. 2.11G), which may work as a stopper,
indicating to the stridulating insect that the scraper has reached the file’s distal end. Feedback
mechanism are used by crickets, and in most cases the stoppers are sensory receptors (Moss
1971; Elliott et al. 1982; Elliott and Koch 1983).
Another relevant aspect of the scraper in katydids is the relation between the length of the
flexible area and the carrier frequency. As the scraper makes partial pauses behind every tooth,
the scraper’s flexible cuticle may determine the elasticity and the amount of elastic energy
stored during each tooth contact. So one would expect that larger dorsal cuticles allow more
flexibility and in turn, more capacity for storing elastic energy. In order to compare the extent of
scraper flexible cuticle across species, I calculated an index because species differ in body size.
This was calculated by measuring the length of the flexible cuticle and dividing this value by the
physical length of the mirror.
From measurements taken from 25 species (Table 1), I found a highly significant
correlation between the length of the flexible cuticle and the carrier frequency (Fig. 2.20). One
can conclude that the shorter flexible cuticles are more useful when producing sustained pulses
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(momentum transfer) at frequencies below 40 kHz (see Chapter Five). For higher frequencies
songs are commonly given as pulse trains and the scrapers tend to be more elongated than those
used to produce sustained coherent pulses. The latter case involves scrapers with opposing
cuticle either undeveloped or extremely thin, which can be useful for the application of elastic
energy. This topic is considered and demonstrated in Chapter Five.

2.3.2

A particular case of pure-tone signals and pulse trains (Mode 2)

2.3.2.1 Analysis of stridulation mode 2: mechanism 1 (roll-trigger)
Triencentrus atrosignatus is a neotropical species of Pseudophyllinae that uses stridulation
mode 2. The amplitude modulation of the call of this species is complex, presenting trains of
rapid decay pulses of low amplitude (minor pulse trains ‘miPT’) and trains of sustained pulses
of higher amplitude (major pulse trains ‘MaPT’, Fig. 2.21). There is also a regular pattern of
pairs of short miPT / MaPT and long miPT / MaPT (I use the prefix s [short] and l [long] to
describe each respectively Fig. 2.21).
The spectrum of one calling song (including all phonatomes) is a slightly asymmetric peak
(Fig. 2.22B) centred on 21.2 kHz, ± 2.0

(n= 17 ± STDV). High frequency components

harmonically related are apparent after this dominant peak in the ultrasonic range between 91
and 94.9 kHz. lMaPT generate a spectrum with energy at nearly 20.45 kHz, n=24 ± 4.36 (Fig.
2.22D), while sMaPT presents energy at 20.53 kHz, n=24, ±4.60, (Fig. 2.22F). There are no
significant differences among frequencies produced by both types of pulse (F=0.05, P=0.82).
The frequency is always lower for pulses of the first phonatomes (i.e., those made on the
anal part of the file) than for those from the mid and last part of the pulse (mid and basal part of
the file, Table 2). This suggests that the tooth impact rate is different at various regions of the
file, and that the main cause of these differences might be changes in wing-closing stroke
velocity.
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Triencentrus atrosignatus males make sounds composed of two types of phonatomes
termed here type I and II. Basically the two types differ in the pulse rate and number of pulses
produced during the closing stroke of the wings (Table 3). Discrete pulses in both types of
phonatomes are not the result of the muscular control that regulates gradual and minuscule
pauses of the tegmina during the closing action. The production of discrete pulses can be
explained in two ways: either the scraper experiences pauses during the closing stroke of the
tegmina, even though the tegmina are still in motion, or, the scraper suddenly skips some teeth
and contacts others during this action. These data indicate that such discrete pulses occur due to
a combination of both mechanisms.
The scraper encounters a group of teeth after being brought forward by tegminal forces.
The instantaneous frequency increases for the first few driven waves, generating a response in
the sound generator, which vibrates with uniform frequency. The scraper contacts the last tooth
involved in the driving force of that particular pulse and shortly bends as the forewings continue
to move in abducting (opposite) directions. The scraper springs due to elastic energy
accumulated during the bending (creating a click of frequency higher than that of the driven
waves), quickly advances without contact over a few teeth (normally 3-4) and then engages
another series of teeth, creating an impact of high frequency at first contact (see Fig. 2.25, and
explanation below). This model is supported by the following analysis:
1)

ZC analyses show that the frequency stays constant across the calling song. Only

when each discrete pulse decays freely, does the frequency increase. In this part of each
pulse the scraper stops over the file temporarily. Any sudden change in scraper
movement can be predicted from the instantaneous frequency (Bennet-Clark 2003;
Prestwich and O'Sullivan 2005). When the scraper is partially stopped behind the last
tooth, the pulses begin to decay freely. The motionless scraper continues to make contact
with the file and stores elastic energy as the forewings continue to pass each other. As a
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result, at the beginning of this phase, oscillations of the generator will decay freely and
cycles of the free decay do not show much FM because both wings are still in contact
and conserving frictional forces similar to those used during normal tooth strikes. Since
the scraper is being pushed against a file tooth during this pause, assuming that stiffness
is a function of shape in biological systems, the stiffness of the generator may increase,
causing increments in the instantaneous frequency during the free decaying waves of the
pulse; this is observed in our recordings (Fig. 2.25B). The effect of stiffness on
frequency is given by:
fo =

 Stiffness 
1

x 
 Mass 
2π

(2.1)

Only if the stiffness is a function of shape. Sudden springing of the scraper will
generate a sound of high frequency, as previously proposed by (Bennet-Clark and Bailey
2002). Gaps between pulses could also be explained by a temporary disengagement
between scraper and file with no pause. However, this explanation must be carefully
considered because, by equation 2.1, if the scraper disengaged temporarily, the resonator
would lose stiffness and the frequency would decrease instead. An alternative
explanation that has to be considered in order to justify the increment in instantaneous
frequency is that the file is stimulated at a frequency lower than its own resonant
frequency (normally the tuning of the file on the teeth surface is higher than the calling
song [Montealegre and Mason, unpublished]. Therefore if the scraper disengages from
the file, the frequency of the whole resonator will increase due to the file’s natural
frequency. It is difficult to investigate what happens to the scraper before it is released
by elasticity and leaves the last tooth. It seems that after a release the scraper does not
contact the most adjacent tooth, but instead travels in the air, skipping a few teeth and
then landing and hitting others (see below).
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The frequency increases when the scraper slots in again over the subsequent tooth
or group of teeth, stabilizing during a few cycles of the pulse. This abrupt interaction
increases the instantaneous frequency at the beginning of the pulse due to an impact that
liberates sound at higher frequency. The action then repeats. Therefore, the number of
teeth contacted by the scraper should be less than the number of teeth available on the
file region swept and less than the number of sound waves that occur in a discrete pulse;
these predictions are met by my findings (see below). The scraper does not seem to
always contact just one tooth after its release; some pulses present variable amplitude
modulation at a certain location, thus indicating that more than one tooth is involved in
the construction of a single pulse.
2)

When the scraper springs, it temporarily disengages from the file; so its

velocity should rise, and then decrease again when the next tooth (or group of teeth) is
contacted (as per Elliot and Koch 1985). It was suggested in section 2.1 that the
movement of the scraper may be inferred from the movements of the forewing in species
using frequencies below 40 kHz and sustained pulses. Based on wing movements
obtained with the position detector, I estimated the tegminal velocity during closure,
which is variable across the song. As expected, the wing velocity clearly increases
during the inter-pulse silent interval (Fig. 2.23AB).
3)

Suga (1966) noticed that discrete pulses were produced by the impact

between teeth and scraper, and that most males of Phlugis sp1. use the same file region
during stridulation. He concluded that the interval of silence between two pulses is due
to teeth that are not contacted by the scraper during sound production in the closing
stroke. I obtained similar patterns in T. atrosignatus via high-speed video recordings.
During the closing stroke, the scraper is swept over several teeth but the number of
pulses for any specific phonatome is always lower than the number of teeth available on
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the file region used. In accordance with (Suga 1966), I conclude that some teeth of the
file are not being used. The scraper is stopped behind a tooth, bends a distance of about
0.17 mm (Fig. 2.24D) and is released by elasticity, skipping some teeth.
According to the measurements of scraper bending, when the scraper reaches a
maximum stretch it moves towards the vein A3 a distance of ~0.17mm, which represent
the space covered by 10-12 file teeth (assuming only scraper bending). Hence,
theoretically the number of teeth skipped, each time the scraper springs, should be close
to this number. Video recordings show that for the generation of a lMaPT with five
discrete pulses 120 teeth of the file are used. The sum of all the number of driven waves
from each pulse gives a total of 80 for the lMaPT, thus the number of teeth involved in
the driving force is 80 and not 120, therefore almost 33% of the file teeth available are
not used. These teeth must be skipped after the scraper is released to generate each pulse,
therefore about 8 teeth must be skipped in every release, which is close to the estimated
number (10-12).
There must be a mechanical adaptation of either the file or the scraper (or both) to produce
such precise stops and skips. In T. atrosignatus this mechanism does not work during the
opening movements (miPT); it is designed to function only during the closing stroke (lMaPTs
and sMaPTs). File teeth may be oriented at an angle that optimizes the engagement of the
scraper. This might be critical during energy storage, as the scraper bends while partially
retained and makes contact with some file teeth.

2.3.2.2 Proposed mechanism for the production of pulse trains using roll-trigger

In Triencentrus, file teeth are not distributed in the manner described above; inter-tooth
spacing is more irregular (Figs. 2.13A). Our measures of velocity indicate that the scraper
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moves with variable velocities at different parts of the file. What therefore might generate the
pauses and jumps of the scraper? These phenomena can be explained as follows:
The scraper is connected to the rest of the tegmina by an elastic region, which I have
termed the ‘flexible region’ (Fig. 2.24CD). This area in Triencentrus is normally larger and
thinner than that of other katydids using pure tones. When the scraper is halted behind a tooth,
the flexible region must shrink at the time the elastic cuticle of the scraper bends opposite to the
direction of the right wing motion. Although both tegmina are locked they continue to move
past each other (Figs. 2.1B, 2.25A). If the stridulatory surfaces are in contact when scraper and
file lock, there will be a decrease in the relative tegminal velocity, which should be very small
as seen in Fig. 2.23B. The scraper is not released immediately because its elastic cuticle and
flexible region can allow enough bending and postpone the releasing until the whole scraper
system has reached its maximum level of flexibility and bending (Fig. 2.25). As the wings
continue in motion, the massive vein A3 reaches the file and then the vein rolls upon its smooth
surface over the file; this movement triggers the release of the scraper as indicated in Fig. 2.25B.
This fast release allows increased scraper velocity beyond that of the wings, but although this
was not observed in our recordings, it must, in theory, occur, as the scraper has to produce a
strong impact at its release in order to stimulate the resonant frequency of the wings.
Theoretically, for the average gullet in this species (13.1µ), the scraper has to contact teeth with
a rate of 21000 teeth/s, at a velocity of 275 mm/s, but the maximum observed wing closing
velocity was ~150 mm/s.
The number of teeth skipped by the scraper should be proportional to the maximum
beding that the scraper undergoes during its cycle of motion, the applied tegminal force
(assuming it is constant during the closing stroke) and the time require for the scraper to recover
its original shape and engage again. This may be what causes precise interval of silence between
discrete pulses in several species using resonance and nonresonance. This is not what happens in
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pure-tone singers using sustained wave trains because the flexible membranous region in these
animals is shorter and the scraper is more reinforced ventrally and bending may have more
limits (see Chapter Four).
The tegmina also accelerate, increasing their velocity during the interval between two
pulses; however the velocity reached is lower than that of the scraper (Fig. 2.23AB). For calling
songs composed of pulse trains, like that of Triencentrus, there is no need for a file with gullet
more widely expanded towards the basal part as seen in pure-tone singers with coherent pulses
in their calling songs. This is due to the fact that the scraper sweeps just certain file regions and
that not all teeth available in these regions are struck. Other species using pulse trains in their
calling songs are Panacanthus gibbosus and Panoploscelis specularis, might be using a similar
scraper mechanism (Montealegre-Z et al. 2003; Montealegre-Z. and Morris 2004). But these
species use mode 4 of sound production.
The driving force with which the insect closes the wings is critically linked to the duration
of each interval of silence. Pulses of a sMaPT occur at a lower rate than those of a lMaPT, as the
interpulse interval of sMaPT is larger than that of a lMaPT. A large recovery movement of the
wings will result in a prolonged and powerful closing stroke. Short recoveries will result in a
closing stroke of proportional length and weaker force. Although there were no significant
differences between the velocities of the tegmina during sMaPT and lMaPT measured with
high-speed video, that of lMaPT appeared to be higher; this is clearly observed in the
measurements of instantaneous velocity based on wing motion (Fig. 2.23A). Thus proportional
changes in velocity are obvious in each case. Small openings of the tegmina are associated with
sMaPT and larger openings with lMaPT. More power is therefore needed to generate more
discrete pulses per unit of time, and the interval between two discrete pulses decreases with
increments in scraper velocity.
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Table 2.1. Data us ed for the calculation of the scraper index . The length of the s craper
was taken from a s ingle individial, previous ly recorded, of each s pecies . M eans for
carrier frequency and mirror length are given in Table, chapter 6.
M irror
Carrier
s craper
s craper
Frequency length *
(mm)
index
(mm)
(kHz)
Species
Panacanthus pallicornis (Col)

4.70

4.1

0.4235

0.103293

Copiphora rhinoceros (CR)

8.70

2.6

0.2128

0.081846

Tectocanthus s p.1 (Ecua)

8.90

2.1

0.1915

0.091190

Typophyllum mortuifolium

9.40

3.5

0.1489

0.042543

Panacanthus cuspidatus (Ecua)

10.90

4.4

0.2553

0.058023

Plemiini 254

11.35

4.3

0.2553

0.059372

Championica walk eri (Ecua/Col)

13.30

3.4

0.2128

0.062588

Macrochiton macromelos (Ecua)

13.80

4.3

0.2766

0.064326

Ichnomella s p. (Col)

15.10

3.4

0.2754

0.081000

Copiphora cf gracilis (Col)

16.50

3.0

0.1915

0.064915

Typophyllum s p. 205 (Col)

20.60

2.0

0.1489

0.074450

Eubliastes aethiops (Col)

21.60

3.7

0.2766

0.074757

Triencentrus atrosiganatus

22.20

3.1

0.2254

0.072710

Docidocercus gausodontus (Col)

22.50

2.6

0.2128

0.081846

Dectinomima jenningsi

30.60

0.9

0.1200

0.133333

Daedalus sp. (Col)

33.00

1.5

0.1489

0.101293

"Tennis ball 2" (Ecua)

36.00

1.4

0.1642

0.117286

Uchuca amacayaca (Col)

36.60

1.0

0.1400

0.145833

"Tennis ball 1" (Col)

40.70

1.2

0.2115

0.176250

Uchuca halticos (Ecua)

42.30

1.1

0.1332

0.121091

Myopophyllum s p. (Ecua)

65.50

1.5

0.2237

0.145260

Drepanoxiphus angustelaminatus

73.00

1.1

0.1702

0.149298

Mypophyllum speciosum (Ecua)

83.30

1.6

0.2134

0.130920

Haenschiella sp. (Ecua)

105.50

1.2

0.1914

0.159500

Arachnoscelis sp. (Col)

126.00

0.5

0.0962

0.200417

* The mirror length was taken as an measure of scraper index because it negatively correlates
with body size (taken as pronotal length), and body size also predicts scraper length.
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10.0
13.0
1.7

18.1

21.3
2.0

0.254

0.220
0.057

13.2

Tri97
General
average
STDV

22.6

0.247

Tri01b

13.7

0.251

21.8

14.9

0.0037
0.0017
0.0033
0.0011

0.0051
0.0019
0.0045
0.0017

26.8
30.4
4.0

33.4

0.0036

0.0051

32.9

25.5
0.0040

20.1

0.0058

0.129

l mPT
duration
(s)

FD (kHz) Bandwidh Bandwidh s mPT
Song
duration
low (kHz) high (kHz) duration
(s)
(s)

Tri01a

Tri03

Specimen

0.0046
0.0017

0.0035

0.0042

0.0036

0.0068

s MPT
duration
(s)

0.0086
0.0017

0.0061

0.0089

0.0087

0.0093

l MPT
duration
(s)

996.9
202.6

814.5
8.0
8.6
9.0
3.6
9.1

0.00069
0.00018

0.00081

0.0014
996.9
814.5
8.6
3.6

0.0011
0.0003

0.00060
0.0011

1023.8
786.5
8.6
4.2

0.00052

0.00083
0.0011

0.0008
969.2

528.7
792.7

333.3
8.8

5.0

2.6

2.3

l MPT
s MPT l MPT No. s MPT
Discrete Discrete
Discrete Pulse rate Pulse rate
No.
mPT
MPT
Pulses
Discrete
silence
silence
Pulses
interval (s) interval (s)

Table 2.3. Some measurements of the calling song features. Mean values are presented for each parameter measured. Temperature varied between 23-24 C°
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0.00083
0.00052
0.00060
0.00081
0.00069
0.00018

0.0008
0.0011
0.0011
0.0014
0.0011
0.0003

528.7
969.2
1023.8
996.9
996.9
202.6

333.3
792.7
786.5
814.5
814.5
8.0

5.0
8.8
8.6
8.6
8.6
9.0

2.3
2.6
4.2
3.6
3.6
9.1

0.0093
0.0087
0.0089
0.0061
0.0086
0.0017

0.0068
0.0036
0.0042
0.0035
0.0046
0.0017

0.0040
0.0036
0.0037
0.0017
0.0033
0.0011

0.0058
0.0051
0.0051
0.0019
0.0045
0.0017

25.5
32.9
33.4
26.8
30.4
4.0

14.9
13.7
13.2
10.0
13.0
1.7

20.1

21.8

22.6

18.1

21.3
2.0

0.251

0.247

0.254

0.220
0.057

Tri01a

Tri01b

Tri97
General
average
STDV

Discrete Discrete
l MPT
s MPT l MPT No. s MPT
MPT
mPT
Discrete Pulse rate Pulse rate
No.
silence
silence
Pulses
Discrete
interval (s) interval (s)
Pulses

0.129

l MPT
duration
(s)

s MPT
duration
(s)

l mPT
duration
(s)

FD (kHz) Bandwidh Bandwidh s mPT
Song
low (kHz) high (kHz) duration
duration
(s)
(s)

Tri03

Specimen

Table 2.3. Some measurements of the calling song features. Mean values are presented for each parameter measured.

A

Left wing

Right wing

V1

V1
V1

Scraper performs minor
changes in velocity

V1

~V1
B

Left wing

V1

Right wing

V1

Wing velocity
may drop to zero or moderately decrease
El raspador efectúa una pausa

Wing velocity
may moderately increase

V1xn

Scraper velocity
increases

Fig. 1. Interaction between stridulatory file (left wing) and scraper (right wing). A- Wing
velocity (V1) and scraper velocities approach similar values. B- wing velocity V1 and scraper
velocity (V1xn) show different values, being normally higher, by several orders of magnitude
for the scraper. In this case, scrapers are regularly long and flexible.
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A

Left wing

Right wing
1. First reaction towards
the higher pressure zone

4. Vibration transformed
by the phase shifter
scraper ge

ts trapped

3. Mechanical
phase shifter

2. First reaction of
the scraper

B
Scr

ape

r ad

van

ces

5. Recovery movement of wing
membranes towards the low pressure zone

Scraper
direction

Stridulatory file

C
Scraper

.

Fig. 2.2. Hypothetical representation of the mechanism of resonance used by crickets indicating
the correspondence between tooth impacts and acoustic oscillations. A- The scraper creates an
impact on the file causing an upward vibration of the file-bearing wing (1); the scraper region
receives a force in the opposite direction (2) which is converted, by a mechanical phase shifter,
into an upward vibration of the scraper-bearing wing (3). B- Both wings equilibrate vibration
towards the lower pressure zone and the scraper is released to contact next tooth, and the action
repeats over and over. C- Every tooth impact controlled by the mechanism explained in A and B
generates an oscillation.
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Fig. 2.3 . File morphology and sound quality in Gryllus bimaculatus. A-Tooth file arrangement.
B- Zero-crossing analysis of the song in C. C- Sound pulse. D- High resolution of a segment of
the pulse in C. E- Power spectrum of a sound pulse. Q= average of two specimens.
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Fig. 2.4. File morphology and sound quality in ‘nr Loboscelis sp1’. A- Tooth file arrangement.
B- Zero-crossing analysis of the song in C. C- Sound pulse. D- High resolution of a segment of
the pulse in C. E- Power spectrum of a sound pulse. Q= average of five specimens.
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Fig. 2.5 . File morphology and sound quality in Copiphora gracilis. A- Tooth file arrangement.
B- Zero-crossing analysis of the song in C. C- Sound pulse. D- High resolution of a segment
of the pulse in C. E- Power spectrum of a sound pulse. Q= average of two specimens.
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Fig. 2.6. File morphology and sound quality in Panacanthus cuspidatus. A- Tooth file
arrangement. B- Zero-crossing analysis of the song in C. C- Sound pulse. D- High resolution
of a segment of the pulse in C. E- Power spectrum of a sound pulse. Q= average of two
specimens.
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Fig. 2.7. File morphology and sound quality in ‘Pleminiini 254’. A- Tooth file arrangement.
B- Zero-crossing analysis of the song in C. C- Sound pulse. D- High resolution of a segment
of the pulse in C. E- Power spectrum of a sound pulse. Q measured on one specimen.
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Fig. 2.8. File morphology and sound quality in Typophyllum sp192. A- Stridulatory file (scale=
0.43 mm). B- Tooth file arrangement. C- Zero-crossing analysis of the song in D. D- Sound
pulse. E- High resolution of a segment of the pulse in D. F- Power spectrum of a sound pulse.
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Fig. 2.9. File morphology and sound quality in Typophyllum sp. A- tooth file arrangement.
B- Zero-crossing analysis of the song in C. C- Sound pulse. D- High resolution of a segment
of the pulse in C. E- Power spectrum of a sound pulse.
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Fig. 2.10. File morphology and sound quality in Typophyllum sp206. A- Stridulatory file (scale
=0.43 mm). B- Tooth file arrangement. C- Zero-crossing analysis of the song in D. D- Sound
pulse. E- High resolution of a segment of the pulse in D. F- Power spectrum of a sound pulse.
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Fig. 2.11 . File morphology and sound quality in Ischnomela gracilis. A- Tooth arrangement.
B- Zero-crossing analysis of the song in C. C- Song pulse. D- Wing movement correlated
with calling song. Note that the song is made during the opening stroke. E- High resolution
of a segment of the pulse in C. F- Power spectrum of the pulse in C. G- SEM of the anal
area of the stridulatory file in two species of Ischnomela. Note that the rake angle faces the
basal part of the file and not the anal. Q= average of two specimens.
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Tooth-to-tooth distance average=0.03 mm
Scraper speed= 150 mm/s
Result= 5 kHz
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Fig. 2.12. Some strategies for increasing the fundamental frequency of the calling song in
katydids. A- with the data given, an animal can reach ~ 5kHz pure tone. B- If tooth density
doubles and the animal uses the same wing closing speed, the frequency can be increased
by a factor of two. C- If the same tooth density given in A occurs, the fundamental frequency
can be increased by closing the wings at higher velocities. This also implies a higher power,
especially if the amplitude is maintained constant at both frequencies. Increments in frequency
attained by B seem not to be an evolutionary pathway, because there was not correlation
between carrier frequency and tooth density after controlling for phylogeny (see Chapter 6).
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Fig. 2.18. Differences in the stridulatory file between crickets and katydids. A-The file of some
crickets spp. exhibits lateral tooth development (tooth-wings), while the base line area is narrow.
Note the flexibility that these type of files present due to a narrow base line, while the expanded
wings maximize the surface of contact. B- File morphology of most katydids, note the
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Chapter 3
3.1 Evolutionary study of acoustic behaviour in the genus Panacanthus
(Copiphorinae)
The information presented in this chapter was published in Systematic Entomology, 2004, 29:
21-57.
Resembling creatures summoned from science fiction, neotropical katydids of the genus
Panacanthus exhibit an astonishing appearance: robust spines, some branching, adorn their
head, pronotum and legs (Gurney 1976). References to the species occur in the context of
morphological and behavioural defensive adaptations (Belwood 1990; Hogue 1993; Nickle and
Castner 1995; Castner 2000). An older taxonomic literature addresses this genus (Walker 1869;
Redtenbacher 1891; Karny 1912) has been supplemented by recently reports of undescribed
species in Colombia and (Montealegre-Z 1996; Montealegre-Z 1997).
Five species of Panacanthus are recorded currently in the literature: P. cuspidatus
(Bolivar), P. pallicornis Walker, P. tuberculatus Redtenbacher, P. spinosus Redtenbacher and
P. varius Walker. Using pronotal structure and the presence or absence of prosternal spines,
Walker (1869) erected two genera: Panacanthus and Storniza. He indicated great similarity
between these taxa, but emphasised differences in the construction of the prothorax:
Panacanthus with a strongly spinose pronotum and unarmed prosternum, Storniza with a
“granulate” pronotum and bispinose prosternum. The type specimen of each genus,
Panacanthus varius (from Ecuador) and Storniza pallicornis (from Colombia) is a single male
and a nymphal female respectively.
Bolivar (1881), apparently unaware of Walker’s earlier publication, established the genus
Martinezia on a single species M. cuspidata, from Ecuador, described from an immature female,
distinguished by a “granulate” pronotum. Redtenbacher (1891) grouped Martinezia and Storniza
under Panacanthus, and describeding two more species, P. tuberculatus (from Colombia) and P.
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spinosus (from Panama). He listed four species: P. varius Walker, P. (Martinezia) cuspidatus
Bolivar, and his two new species, but failed to mention P. pallicornis Karny (1912) followed
Redtenbacher's classification but included all five described species. Here I add three new
species, and synonymize P. tuberculatus under P. pallicornis, thereby increasing the number of
species to seven (see Results).
Detailed diagnoses of Panacanthus were provided by Redtenbacher (1891) and Karny
(1912) and they grouped Panacanthus, Rhynchocerus Karsch 1896 and Lesina Walker 1869
(=Eumegalodon Brogniart) on the basis of the possession of pronotal spines (see definitions
below). Although Panacanthus is readily separable from these genera using Redtenbacher and
Karny's descriptions, the descriptions present problems if using the presence or absent of
pronotal spines to attribute monophyly to the several taxa.
Special pronotal processes have been noted within a variety of old and New World
katydids, but were not used satisfactorily by the earlier taxonomists. For that reason, I venture
here a comparative study of the morphological variation and taxonomic relationship of pronotal
spines in Old and New World katydids, and assess whether the pronotal spines of Panacanthus
and Lesina are homologous.
3.1.1

Behavioural characters
Morphology can be a reliable source of information for reconstructing phylogenies

(Sanderson and Donoghue 1989) and the use of behavioural traits in phylogenetic analysis
surveys has become common (McLennan et al. 1988; Wenzel 1992). But as behaviours are not
easily observed and coded into character states, most people conducting systematic analysis
prefer not to use them (see Wenzel’s 1992 arguments on this topic). The phylogeny of any taxon
may help to understand the evolved behaviour of individuals and other associated traits. In the
present work, behavioural characters are physical measures of the sounds produced by
stridulation.
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3.1.2

Stridulation in phylogenetic reconstruction

In Chapter Two I explained that the mechanism is tegmina-tegmonal stridulation generates
sounds in two basic ways, designated as resonant and nonresonant (Elsner and Popov 1978),
which differ in the sharpness of the spectrum, being narrower for the resonant mechanism than
for the nonresonant.
Cricket calling songs appear to be universally pure tones (Alexander 1956; Leroy 1966;
Otte 1992), i.e., the product of resonant sound generation. Resonance generation in crickets is
understood largely though experimental studies of mole crickets, (Forrest 1980; Forrest 1983;
Bennet-Clark 1987; Forrest 1987; Prestwich and O'Sullivan 2005) and field crickets of the
genus Gryllus (Elliot and Koch 1985; Koch et al. 1988; Stephen and Hartley 1995; Prestwich et
al. 2000). Koch and his coworkers describe a clockwork model in which the advance of the
plectrum from tooth to tooth down the file is gated by the simple harmonic oscillation of the cell
radiators, a harp in each forewing (see Chapters Two and Five for further details).
Based upon observed broad-band spectral output, nonresonant mechanisms occur
commonly in the Tettigoniidae e.g., Phaneropterinae (Heller 1988). However, among the
Pseudophyllinae, many spectra indicate resonant mechanisms, and these range to much higher
dominant carrier frequencies than observed among crickets (Morris and Beier 1982; Morris et
al. 1989; Morris et al. 1994; Montealegre-Z and Morris 1999).
Orthopteran calling song evokes species-specific pairing responses, consistent with a role
in premating isolation (Walker 1957; Morris et al. 1978). Song features e.g., pulse repetition
rate, functioning in this way may distinguish species taxonomically. Although such acoustical
features are distinct from each other intraspecifically, they may nonetheless contain
phylogenetic information. Acoustic (vibrational) signals in other insects have been a source of
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characteristics for successful diagnosing groups of species (e.g., Neuroptera, Henry et al.
(1999)): Henry et al. found states of characters that did not vary and characters that showed
informative variation congruent with the phylogenetic hypothesis for the group.
Most studies of stridulatory mechanisms in Tettigoniidae have concerned single, unrelated
species (Broughton 1964; Morris and Pipher 1967; Bailey 1970; Bailey and Broughton 1970;
Morris and Pipher 1972); but others involve complete lineages up to the generic level (see for
example Walker (1975), Heller (1990), Naskrecki (2000)). From these works, it is apparent that
the mechanics of stridulation (wing movement patterns, the physical behaviour of wing
membranes that radiate the sounds, etc), can provide phylogenetic information.
Regarding song evolution in Panacanthus, I am particularly interested in both
mechanisms of sound production, resonant and nonresonant, of which both occur in species of
the genus. I find that resonant generation is not inevitably a derived condition: because certain
species of Panacanthus have reverted to non-resonance.

3.1.3

Combination of behavioural and morphological characters
Whether behavioural and morphological characters should be combined is controversial

(Donoghue et al. 1995; Huelsenbeck et al. 1996). Huelsenbeck et al. (1996) favoured examining
the data using an incongruence length test to identify incongruencies between data partitions;
however, the test does not distinguish whether the incongruence is distributed over all of the
partition or is concentrated in a certain taxon or taxa (Kluge and Wolf 1993).
De Queiroz & Wimberger (1993), who incorporated acoustic parameters of Anurans in
their data sets, asked if behavioural data showed levels of homoplasy similar to those found in
other types of data and found no evidence of consistent performance differences. I apply the
total evidence criterion (using all character available) because such an approach provides a
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rigorous hypothesis in simultaneously considering character state distributions and is the best
measure of congruence of characteristics (Kluge and Wolf 1993).
Here I use four behavioural attributes combined with 35 morphological traits, but many
additional characters will likely be discovered as additional acoustic information is identified
experimentally. To date, only seven species (plus two outgroup species) have been studied
acoustically in any detail.

3.2 Results
3.2.1 Cladistic analysis
3.2.1.1 Characters and character states
Analysis of the data set including all taxa resulted in a single most parsimonious tree (Fig.
3.1). On this tree (82 steps long, CI= 0.84), Copiphora and Lirometopum together formed a
monophyletic group, related to Panacanthus by the following characteristics: fastigium
acuminate and elongate, gena tuberculate, optic lobes of the brain modified, eyes strongly
protruding, mandibular molar area conspicuously developed, anal margin of wings pigmented,
and male genitalia (cerci and titillators) modified.
The results show that there is no internal division constrained by characters that divides
the in-group into independent monophyletic groups. Therefore the tree does not show a separate
monophyly of P. pallicornis and P. cuspidatus (initially described respectively as Storniza
Walker 1869 and Martinesia Bolivar 1881), although they present more plesiomorphic
condition of characters and the two are closely related. A single tree (length=44 steps, CI=0.91)
resulted when Lesina, Copiphora and Lirometopum were excluded from the analysis and P.
cuspidatus and P. pallicornis chosen as functional out-groups. This cladogram is identical to
that shown in Fig. 3.1 (except Lesina, Copiphora and Lirometopum are excluded). Similarly,
when characters 15 and 36 were excluded from the analysis one tree resulted in each case. This
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exclusion had no effect on the tree topology shown in Fig. 3.1, yielding 75 steps and CI= 0.84
(when excluding chr. 15) and 73 steps and CI= 0.83 (when excluding chr. 36).
Nodal support, as measured by DI, is very high for nodes A to E (Fig. 3.1). The number of
equally parsimonious cladograms increases very quickly with each additional step. The
monophyly of the genus collapses after two additional steps. Nodes C to F, show persistence
after three additional steps; but the greatest nod support (node D) includes four terminal taxa
which are similar in several respects (the most obvious being cryptic coloration). The three
terminal taxa (the lowland-Pacific species P. varius, P. intensus and P. lacrimans) at node E are
also strongly supported. This clade, which collapses with 5 additional steps, includes similar
species but they are separable by facial colour pattern (not included in the data matrix) and the
structure of the female's subgenital plate. Another character that supports the monophyly of the
three terminal taxa, although not included in the data matrix, is the composition of male cerci.
Using the ci as benchmark, thirty phylogenetically important characters (ci ≥ 0.7) were found, of
which, twenty-nine exhibited no homoplasy (ci=1.0, see Appendix B).

3.2.1.2 Character evolution
To address whether the pronotal spines are homologous and whether resonant generation
is apomorphic or plesiomorphic, it is necessary to study the evolution of characters 15 and 36
respectively (see Appendices B and C). Evolutionary study of chr. 15 reveal that spines in
Panacanthus are part of a transformation series in which the smooth condition is plesiomorphic,
and the tuberculated and spinose condition represent increasingly derived states. Conversely,
pronotal armature in Lesina evolved independently. Analysis of chr. 36 revels that resonance in
Panacanthus is plesiomorphic and broad-band sounds are derived (Fig. 3.2A).
This study is consistent with a possible correlation (at least in Panacanthus) between the
mechanism of sound production (resonant vs. non resonant) and the development of body
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armature, especially on the pronotum. There is no armature on the pronotal area when the
mechanism of sound production used is resonant, but when the mechanism used is non-resonant,
pronotal defensive spines appear (Fig. 3.2AB).

3.2.2

Acoustic communication
This survey revealed three unknown species, which were described in Montealegre-Z and

Morris (2004). Description of some relevant characters, nomenclature and synonymy are
presented in Appendix D. Measurements for all specimens are summarised in Appendix E and a
list of examined material in Appendix F.

3.2.2.1 Panacanthus Walker
3.2.2.1.1 Panacanthus cuspidatus (Bolivar) (Figs. 1.2A, 3.3A-C, 3.4A-C, 3.5A-C, 3.6A, 3.7)
Distribution (see Fig. 3.8): this species is apparently widespread in the upper basin of the
Amazon River in Ecuador, Peru and Brazil. In Ecuador it is abundant in the Oriente, along the
Río Napo and is well-known colloquially as ‘caballito’. In Peru it has been reported close to
Iquitos; in Brazil, the only known record is type locality “Espiritu Santo.” No record exists for
Colombia, but P. cuspidatus should also be present in the Amazonian region near Ecuador. The
stated type locality (Baeza, Ecuador) is in error, and probably represents the access route of the
collector to the Amazon lowlands of Ecuador. No specimens of P. cuspidatus were detected at
Baeza (by GKM), during many visits to that montane location. On the basis of their conspicuous
audible song they could not remain undetected if present.

3.2.2.1.1.1 Song description
The song structure given here is based on analysis of a single male, collected in December
1985 at Misahualli, Ecuador, recorded later in Canada from a captive specimenusing ultrasonic108

capable equipment. From another audio-limited field tape recording of a male (not shown) I
obtained some additional measures (e.g., carrier frequency and call period). P. cuspidatus calls
were very common in December 1985 in the early at nigth, arising high in forest canopy beside
the Rio Napo.
To the human ear each call is a pair of short whistle-like notes: musical, each note lasting
<1 s and lacking any infrastructure. Notes commonly occurred paired in the field, two given
about a tenth of a second apart (note period ~0.1s. Calls occur in groups, 2-5 calls per group
with a call period of about a second and a half; there is a variable group interval of
approximately 1 call each 17 s. Laboratory recordings at 20.7°C show each note as a sustained
25-ms pulse with an extremely gradual amplitude increment from onset, becoming stable over
the final third (Fig. 3.9A). This pulse at its maximum amplitude is composed of evenly sustained
complex waves, each with a cusp or sub-crest, a pattern indicative of two subequal harmonics
(see below).
A slight but consistent upward frequency modulation occurred in this specimen: each
pulse began just below 10 kHz and finished at about 12 kHz. The field male singing at 21.8 °C
had its major peak between 10.2 and 10.3 kHz. Accordingly, I consider this species' principal
carrier as about 11 kHz (Fig. 3.10A). Harmonics, a very strong second with diminishing 3rd and
4th, are readily apparent. The second harmonic, being within 10 dB of the fundamental, may
prove of biological importance in reception.
Tettigoniid specimens brought back alive from the field often live for a remarkably long
time in captivity: this male specimen lived more than 8 months beyond its first laboratory song
recording date of August 9.
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3.2.2.1.2 Panacanthus pallicornis (Walker) (Figs. 1.2B, 3.3D-F, 3.4D-F, 3.5D-F, 3.6B, 3.11E,
3.12)
Distribution (Fig. 3.8). This species is endemic to Colombia. In the Departamento del
Valle del Cauca, it is reported from several locations on the east slope of the western cordillera,
especially Bosque de Yotoco, in the neighbourhood of the municipalities of Pavas and Bitaco.
Because it is also reported from the Departamentos of Chocó and Antioquia on the same slope,
its distribution must embrace the greater portion of the west cordillera (east slope). It has also
been reported from some localities on the east cordillera: in the Departamento de Santander for
example, it is distributed along the Río Oibita.

3.2.2.1.2.1 Song description

The calling song of this species is remarkable for a very low audio principal carrier
frequency (Fig. 3.10B). High energy audio this low is unusual in tettigoniids (Heller 1995) but
is known for a few Neotropical species (i.e., Choeroparnops, Morris et. al 1994). It puts the
most intense peak of the insect’s carrier on the human hearing threshold and so makes the
species seem very loud to human listeners.

The dominant frequency was 4.6 kHz, with no significant energy beyond 25 kHz (Fig.
3.10B). Though the low and consistently prominent audio principal peak is rather narrow, the
spectrum may still be best regarded as low-Q. There is a second broad band of energy from 1525 kHz, peaking near 21 kHz (n = 11). Each song lasted 54 ms, incorporating about 203
complex waves (Fig. 3.9 CD).
Tremulation calling was sometimes observed in this species, alternating with the airborne
signal, but not all individuals did this. The simplest element of tremulation display was a
succession of vertical body oscillations; a ‘quiver’. Quivers were repeated at an irregular rate to
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the number of five or so in a bout. Time between these tremulation bouts was 5 to several tens
of seconds. Additional information on the acoustic behaviour and sound description of this
species is expanded in

3.2.2.1.3 Panacanthus spinosus Redtenbacher (Fig. 1.2C, 3.3G-I, 3.4G-I, 3.5G-I, 3.11B)
Distribution (Fig. 3.8). This species is known only from rain forests of the Cordillera
Central of Panama.
3.2.2.1.3.1 Song description
Song unknown
3.2.2.1.4 Panacanthus gibbosus Montealegre-Z & Morris (Figs. 3.3J-L; 3.4 J-L; 3.5J-L; 3.6C;
11D; 3.14)
Distribution (Fig. 3.8). This species occurs at several locations in the Colombian and
Ecuadorean Andes, and is abundant in Macizo de los Pastos in Nariño, close to the point of
convergence of the three main cordilleras in Colombia.

3.2.2.1.4.1 Song description
Calling by this species is known from analysis of 12 males. One specimen was recorded
indoors at La Planada (Colombia Nariño) at 18.5ºC, the others, also under lab conditions, at
23ºC ± 0.5°C. The shortest time-amplitude song element of this species, resolvable by the
human ear, is a zip: brief, noisy, and with perceptible infrastructure (Fig. 3.9EF). Zips are
typically produced in groups of 2-8 and each is a pulse train of approximately 50 transient
pulses; each pulse is a waveform involving 3-4 cycles, separated from the next pulse by 0.1-0.15
msec. A zip lasts on average 0.076 s (n=5, range 0.060-0.087); each pulse lasts < 0.5 msec.
Tegminal movement is slow enough to determine by inspection that each zip coincides with a
single tegminal closure.
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The spectrum of P. gibbosus is a noisy low-Q band. Measured 20 dB below its highest
peak, extends from 5 to 35 kHz. The most intense frequency varies: sometimes it is an audio
peak at 6.4 kHz (n=6) and sometimes it is ultrasonic at 27.4 kHz (n=4). Less intense peaks occur
consistently at 12.5 and 19.2 kHz (n=9). All these very broad peaks may be harmonically related
with a fundamental near 6 kHz. Based upon single-note spectra, the most intense ultrasonic peak
occurred at 30.2 kHz (n=9, SD= 1.6, range 26.6-31.9 kHz, Fig. 3.10C). The most intense audio
peak averaged 5.9 kHz (n=9, SD=0.1, 5.7-6.0). The call is loud to human ears and for one male
registered ~90-95 dB with the microphone 10 cm dorsal.

3.2.2.1.5 Panacanthus varius Walker (Fig. 1.1., 3.3M-0, 3.4M-0, 3.5M-O, 3.11F, 3.15)
Distribution (Fig. 3.8). This species was described originally from an unspecified locality
in Ecuador. I found it in Tinalandia (Prov. Pichincha, Ecuador), but its distribution reaches also
the Southwest part of Colombia.

3.2.2.1.5.1 Song description
Song unknown

3.2.2.1.6 Panacanthus lacrimans Montealegre-Z & Morris 2004 (Fig. 3.3M-O, 3.4P, 3.5P-R,
3.11C)
Distribution (Fig. 3.8). Colombia: rain forests in the coastal plain of southern, between the
eastern cordillera and the Pacific Ocean. This species does not occur at low elevations (<100 m)
at the margin of coastal places or flooded forest. Its range of distribution is unknown; specimens
have been collected from several locations belonging to rainforests of the municipality of
Buenaventura in Valle del Cauca.
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3.2.2.1.6.1 Song description
Song unknown

3.2.2.1.7 Panacanthus intensus Montealegre-Z & Morris (Fig. 3.3P-R, 3.4Q-S, 3.5S-U, 3.11A,
3.16)
Distribution (Fig. 3.8). Coastal plain of southern Colombia, between the eastern cordillera
and the Pacific Ocean; apparently not occurring at very low elevations (<100 m). The
distribution range is unknown, limited so far to several location (rainforests) in Buenaventura
municipality, Valle del Cauca.

3.2.2.1.7.1 Song description
A single male collected was successfully transported to Canada, caged indoors, and
recorded at 22°C with ultrasonic effective equipment. The shortest time domain element of this
species resolvable by the human ear is a musical chirp (terminology, Morris et al. 1989), lasting
about 300 ms; the chirp has a suggestion of infrastructure. Chirp duty cycle is << 1%, being
effectively immeasurable: that is, a lone chirp occurred at very long, inconsistent intervals of
many minutes to an hour. Calling activity was typically noted after dark but also on one
occasion a single call during the day.
The chirp (song) is a train of 18 pulses, increasing slightly in rate and duration (pulse rate
overall 530 per second). Each pulse is a complex wavetrain of approximately 4-5 major crests
(Fig. 3.9GH) bearing three or four smaller crests. The song is remarkable for its very high
intensity: a call registered 112.9 dB (Impulse, hold) as recorded at 10 cm with the microphone
directed at the dorsal field of the tegmina.
In the frequency domain the mean dominant peak was 11.7 kHz (average of n= 7 calls,
range 11.6-12.5 kHz (Fig. 3.10D); an apparent second harmonic, about 7 dB below the
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dominant, occurs near 23 kHz. At about 35 kHz (mean 34.8, n=7), is a stronger third harmonic,
only 3 dB below the the dominant. The dominant peak is narrow (11.7 kHz) so that, although
the pulse waveform is more complex than that of cuspidatus or pallicornis, the song of this
species may still be regarded as relatively high-Q mainly for its transient nature (Fig. 3.10).
The high intensity of P. intensus implies that individuals singing in the field may be
considerably spaced apart and indeed this species is not as abundant as cloud forest species.
Being so loud is perhaps dangerous due to increased exposure to acoustically orienting
(eavesdropping) predators; so P. intensus may trade-off loudness with a lower duty cycle. Since
P. varius and P. lacrimans live in similar lowland habitat (lowlands) they may prove to have
similar acoustical behaviour.

3.3 Discussion
3.3.1

Systematics
Panacanthus is more similar to the neotropical genera Copiphora and Lirometopum was

originally grouped with these three genera, other evidence suggests amore distant relationship.
Although closely related to Panacanthus, Copiphora and Lirometopum are not proposed as its
sister group(s). Panacanthus is simply more closely related to them than to Lesina. A species of
an undescribed genus of conocephaliod from Brazil seems to be the sister group of
Panacanthus, but this species was not included in the analysis because only females were
available. The homology of the elaborated fastigium, protruding eyes, elongated optic lobes,
mandibular and cercal morphology shared by the three genera is compelling. This structural
similarity is acknowledged also by Naskrecki (2000), who indicates that Copiphora and
Lirometopum appear to share an immediate ancestor. However, a superficial survey of genitalic
characters in species of Panacanthus shows some specialization, derived specializations with
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respect to the inferred ancestral condition as seen in P. cuspidatus, Copiphora and
Lirometopum) (see below).
The monophyly of the genus Panacanthus is supported by synapomorphic states of
character 3, 12, 14, 15, 27 and 33. The sequential development of pronotal spines is
synapomorphic for most internal branches, but this specialization is clearly derived from the
ancestral condition presented by P. cuspidatus (Fig. 1.2). In a similar way, the development of
the hook-like spine on the dorsum of the hind femur (chr. 28, Fig. 3.5) appears at node C and is
a synapomorphy for this clade, but not for the entire genus. Among the synapomorphic
characters for the genus, the bispinose fastigium, upcurved lateral lobe of the pronotum and the
hook-like spines of the hind femur are uniquely derived.
As stated, Panacanthus shares some synapomorphies with Copiphora and Lirometopum
(see above), whose cerci and titillators strongly resemble those of Panacanthus. The cerci (chr.
32) of P. cuspidatus and P. pallicornis resemble those of Copiphora and Lirometopum spp.; but
in the Panacanthus species distal to node C, these appendages undergo an abrupt
transformation, the apex becoming forked and the cercus having only one internal process (Fig.
3.3G-P; see also Naskrecki 2000a for details of the genitalia of Copiphora and Lirometopum). In
this regard, P. spinosus also links both groups of species by giving an idea of the evolutionary
path taken by this trait (Fig. 3.3GH). Excepting P. cuspidatus, titillators (chr. 33) in
Panacanthus depart from those of Copiphora and Lirometopum in having the dorsal portion
apically divergent and roughened (serrated), and they conserve the ancestral condition of this
generic complex: a median slot reinforced by two layers of sclerotized cuticle (Fig. 3.3).
No significant differences occur between trees constructed including or excluding
behavioural data. Each separate analysis resulted in one most-parsimonious tree with identical
topology. With more acoustic data available it will be possible to show if these results are due to
the limited number of behavioural traits used in the analysis.
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I attribute the well-resolved phylogeny to the kinds of characters used. They were
assumed to be independent and 30 of them (77%) posses a high ci (>0.7), showing low levels of
homoplasy. This permits a high degree of confidence on the analysis. Certain characters, such as
the morphology of the gena (chr. 4-5), contribute little of the cladogram structure and mistakes
in assigning character states do not produce important changes in the topology.

3.3.1.1 An approach to the evolution of pronotal armature in Panacanthus
The three pronotal zones of Panacanthus, pro-, meso- and metazona, clearly are
subdivided into smaller areas (Fig. 1.2A). These conspicuous areas are consistent in all
Panacanthus species as well as in other closely related Copiphorinae (e.g., Vestria, Loboscelis,
Moncheca and some Copiphora). In species of these genera the prozona is divided into two
main areas, the mesozona into three and metazona into four (Fig. 1.2).
The main pronotal modifications of Panacanthus spp. are seen in areas A of both prozona
and mesozona, area C of the mesozona and areas A and D of the metazona. The pronotal surface
of P. cuspidatus is wholly smooth and glassy. In P. pallicornis most areas are modified as short
and blunt tubercles and callosities. Some of these tubercles are further modified into spines in
other species (P. spinosus, P. varius etc.).
The pronotum of P. spinosus provides a good model for understanding the possible
evolutionary pathway of pronotal structures. The three tubercles of P. pallicornis (Fig. 1.2B, see
arrows) within area C of the mesozona, are recognisable in P. spinosus (Fig. 1.2C, see arrows)
as small conical spines. The presence of conical spines in this area in P. spinosus suggests a link
between both species (pallicornis and spinosus) and between both groups of species (P.
cuspidatus and P. pallicornis/P. spinosus and the most basal species below this clade). It also
supports the hypothesis that the character “pronotal spines” has different states: smooth,
tubercular and spinose. It is prudent to assume that the pronotal spination in areas A of both
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prozona and mesozona, area C of the mesozona, and D of the metazona are not independent
traits since they appear simultaneously in the same developmental stage, although they do
present different developmental conditions in each area. The evolution of pronotal defensive
projections (Fig. 3.2B) using MacClade, indicates that the most plesiomorphic state of pronotal
structure is smooth (exibited by Copiphora, Lirometopum) and that the pronotal spines of
Lesina evolved independently.
Some species of Panacanthus exhibit a reduction in pronotal structures. For example, area
A of the metazona is distinct in P. cuspidatus and P. pallicornis but appears to have become
fused with area D (Fig. 1.2C) in the species above node C . Other reductions involve: processes
(spines or tubercles) on the genae, branched spines on the pronotum, area D in the metazona,
tubercles or conical spines in area C of the mesozona, fastigium length, and even reduction of
prosternal spines (some of these characters not included in the analysis). The gradual
disappearance of several of these structures is in agreement with the tree topology obtained here.
In some cases these processes are present in nymphal states and tend to disappear in adults. For
example, nymphs of P. intensus have the main pronotal spines branched at one stage of their
life.
Prosternal spines are conspicuous in P. cuspidatus, smaller in P. pallicornis, rudimentary
in P. spinosus and completely absent from all other Panacanthus spp. There is clearly a
transformation towards decreasing spine size in more derived species, a trend observed in other
structures, such as area A of the metazona, fastigial spines and the tubercles of the gena. But
prosternal spines are a variable trait in Tettigoniidae and cannot be considered reliable as an
argument in phylogenetic inference. Furthermore, the absence of a character state does not
denote evolutionary direction or affinity, nor does it indicate whether the distribution among
taxa is the outcome of parallel or convergent evolution (Hecht and Edwards 1976).
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3.3.1.2 The pronotal processes of Panacanthus compared with other tettigoniids
The pronotal processes of Panacanthus led us to make a broader search for these
structures in other katydids. A complete analysis of pronotal spines for the genus Eugaster and
their use in its systematics is presented by Grzeschik (1969). Pronotal spines are mentioned
prominently in taxonomic descriptions of several other taxa (Redtenbacher 1891; Karny 1912;
Beier 1960; Beier 1962; Grzeschik 1969; Emsley 1970; Glenn 1991). Genera having species
that present pronotal modifications (spines, tubercles or papillae) are shown in Table 3.1.
In conocephaloid katydids, if pronotal processes occur they are directed either dorsally or
laterally. Among these katydids, the longest dorsally projecting processes occur on the
mesozona in species of Panacanthus. The most prominent laterally projecting pronotal
processes occur in species of the genus Lesina (Fig. 3.13B,C); they are produced as strong
dentate projections on both the pro- and mesozona (De Jong 1942). The pronotal processes of
Lesina correspond topographically to some extent, with those of Panacanthus, but are
intrinsically dissimilar (Fig. 3.13). This leads us to code the feature (pronotal armature, char. 15)
using a different state for Lesina (a rack-like state 4) and to conclude that in those genera
pronotal processes have evolved separately. This is confirmed in the phylogenetic analysis
presented here. Although defined by a transformation series of three states (smooth, tuberculose
and spinose), pronotal armature is presented as synapomorphic for Panacanthus. A character
analysis may show that an observed condition is homoplastic and consequently to be rejected as
a synapomorphy for all taxa sharing it. However, this character (pronotal armature Chr. 15) is
proposed as synapomorphic for less inclusive groups, i.e., for each of the groups the state is
hypothesised to be independently derived (De Pinna 1991). Pronotal armature in the genus
Lesina is more akin to what Glenn (1991) called the “rack” for species of the genus Enyaliopsis
and its congeners, Cosmoderus and Gymnoproctus (see Fig. 3.13D-F).
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Pronotal processes in Pseudophyllinae either are apically rounded (blunt) and about the
same diameter throughout their length or strongly acute. In most species blunt projections are
arranged in longitudinal rows, as occurs in Pristonotus, Simodera, Parasimodera and in the
genus Tabaria [see illustrations in the Orthoptera Data Base (Naskrecki and Otte 1999)]. All of
these processes within a given species have about the same length. In species with acute
projections on the pronotum (e.g., Championica, Pantecphyllus, Fig. 3.13) the tips of these
processes are acutely sharpened and, if they occur in the metazona, they are placed around the
hind margin in a crown or rack-shape. In some species of Pseudophyllinae having pronotal
armature, an erected spine is developed in the midline of the anterior margin of the disk (Table
3.1, Fig. 3.13 I). In Choeroparnops a nearly continuous field of short conical tubercles occupies
regions of the disk and lateral lobes.
Several Phaneropterinae present a pronotal and/or cephalic armature. In various genera of
the tribe Steirodontini are species in which the lateral carina of the pronotum is serrate
(Steirodon spp. for example, Fig. 3.13G). In most of these, no armature occurs upon the disk and
the armatures, commonly called crests, are oriented laterodorsally (Table 3.1, Fig. 3.13). Other
species of the same subfamily (Markia spp., Aegimia spp., and Paraphidnia spp.) have pronotal
and cephalic projections, used apparently as defensive mechanisms. In Markia spp. for example,
spines occur on the fastigium, the anterior and posterior margin of the pronotum, and all spines
project toward the head (Fig. 3.13H).
Unrelated lineages have adapted independently to similar habitats by assuming similar
armature. The differences in body armature are mainly in number, shape and topography. Some
species, distantly related to Panacanthus but which co-occur (Table 3.2), have elaborate
defensive spines on the dorsal part of the pronotum as well as on the hind femora. These spines
are postulated to have originated independently due to similar selection pressures. The
morphological design options for spination in these organisms is somehow limited, which
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constrains unrelated individuals, resulting in the repeated development of similar morphological
structures in several parts of a lineage (Wake 1991).

3.3.2

Spination (adaptive consequences)

3.3.2.1 Spines on the limbs
Spines used offensively should be located typically on limbs so that an insect can deploy
them against its prey: spines on the body proper will usually be defensive. Predatory limb spines
should also be mostly on the ventral limb surfaces. Among tettigoniids a clear example of
offensive limb spines occurs in Listroscelinae (Rentz 1995). These spines are articulated and so
comparatively flexible and relatively blunt: apparently not designed for penetration. They occur
along the ventral aspect of all tibia, in a regularly spaced row of relatively uniform length.
Apparently they are used to confine prey within a temporary ‘cage’ while the insect renders it
immobile from above with its mouthparts.
Defensive spines on tettigoniid limbs, on both the tibiae and femora can occur both
dorsally and ventrally and are usually sharp and non-articulated (Table 3.3). They are strong,
tapered, rigid extensions of the integument. These spines achieve penetration by the movement
of the limb or function as passive mechanical defense when a katydid’s own predator tried to
manipulate it.
I compared the topography and possible origins of pronotal and femoral spines of selected
genera (Tables 3.1, 3.3) with the situation in Panacanthus. Defensive spines on the limbs and
the pronotum are distributed variably, indicating that defensive spines have evolved more than
once in this family. Topographical equivalence is only a parameter for supposing a hypothesis
of homology (De Pinna 1991). De Pinna recognised this as primary homology and stated that his
assertion is hypothetical, based on similarity, and reflects the expectation that there is a
correspondence of parts that can be detected by an observed match of similarities. In other
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words, I did not find this primary homology in the pronotal structure nor in the femoral surfaces
between Panacanthus and other spiny genera. The spines of Panacanthus differ
morphologically and topographically in a number of ways (Fig. 3.13) They do not represent
homoplasy but a unique pronotal design in Panacanthus.
In Panacanthus a positive correlation exists between armature of the pronotum and the
hind femora. Hind femur dorsal spines are absent in P. cuspidatus which has no pronotal spines.
In P. pallicornis rudimentary femoral spines appear distally and to a lesser extent basally,
whereas the dorsal pronotum has only small formations of tubercles and callosities. In species of
clade C spines are prominently distributed upon the dorsal surface of the femora and all species
in this group also have the pronotum strongly armed. The strong development of one of these
spines (chr. 28) in the middle region of the femur is what I consider here to be a synapomorphy
for species arising at node C (Fig. 3.3 indicated with arrows).

3.3.2.2 Cephalic armature
Another important correlative relationship involving armature in Panacanthus, is an
inverse relationship between cephalic armature and that of the dorsal aspect of the limbs: most
pronounced facial spines occur in conjunction with pronotum and hind femora that are
minimally armed dorsally. In P. cuspidatus the genae and frontal fastigium form a dramatic
facial ring of spines, whereas the pronotum and the dorsal aspect of the femora completely lack
spines (Fig. 3.5A,B). Facial spines are reduced in P. pallicornis, though still contributing
notably to the character of the face; the pronotum has some small tubercles and the hind femora
are moderately armed on their dorsolateral face. Facial armature has become minimal in species
beyond node C, and at the same time the pronotum is maximally spinose, with several major
spines, e.g., P. spinosus, Fig. 3.5 I: at the same time the dorsolateral surface of the hind femur is
strongly armed (Fig. 3.5). What might account for this relationship?
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Predators typically attack an animal’s head because injury to the brain quickly disables a
prey (Alcock 1989). Diurnal predators recognise a head visually and quite independent of its
position on the body (Robinson 1969b). Vertebrate predators (e.g., birds, bats, mice, monkeys)
on capturing a katydid first remove the head (Belwood 1990). Fastigial and genal spines may
well have been selected as deterrents of such predatory behaviour.
Alternatively one might propose that cephalic ornamentation plays a role in intraspecific
aggression when males compete for female access. But this hypothesis is inconsistent with the
observation that Panacanthus armature shows no sexual dimorphism. In Panacanthus both
females and males invest equally in cephalic spines. And it is generally not the case that
Orthoptera, engaging in aggressive behaviour, exhibit any cephalic armature [e.g., Gryllus,
(Alexander 1961), Cyphoderris montrosa, (Mason 1996); Orchelimum gladiator, (Morris 1971);
Ligurotettix, (Greenfield and Minckley 1993)].

3.3.2.3 Spines and eavesdropping predators
Heller (1995) highlights aspects of katydid behaviour that may be adaptive in reducing
costs arising from phonotactically-orienting predators. These are 1) an increased reliance on
substrate-transmitted reproductive signals such as tremulation, 2) a reduction in the calling song
duty cycle and 3) the use of a more limited set of carrier frequencies, i.e. shifting to frequencies
to which the eavesdropping predator is less sensitive. Tremulation signalling occurs in P.
pallicornis as an integral part of the calling display; it is an open question whether substrate
signalling takes place in congeners. The song duty cycles of P. intensus and P. cuspidatus
indeed are reduced: the former, a broad band species is found in coastal lowland of Colombia
while the latter, a pure tone species, inhabits Amazonian lowlands (of the two species the duty
cycle of P. cuspidatus is somewhat higher). There is no clear association of reduced duty cycle
and restricted carrier frequencies. Most species actually have shifted away from an ancestral
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pure tone song toward a broader band of carrier frequencies, possibly increasing their exposure
to a phonotactically-orienting predator.
Morris et al. (1994) found sexual dimorphism in spines on the ventral surface of the hind
femora in the neotropical katydid Myopophyllum speciosum and speculated that, in this species,
such spines are more developed in males because this sex is more exposed, by their singing, to
eavesdropping predators. However qualitative sexual dimorphism in armature is uncommon in
katydids. Topographically and morphologically there is no qualitative sexual dimorphism in the
facial, femoral and pronotal armature of Panacanthus. The same is true for other species,
unrelated to Panacanthus but sharing Panacanthus habitat (see Table 3.2). Two possible
interpretations arise: 1) there is no predator-related cost to singing for Panacanthus males and
the spines function only against daytime predators. 2) there is a predator-related cost to singing,
but it is genetically expensive to produce two different phenotypes for males and females in the
same species; therefore, females are selected similarly as males.

3.3.2.4 What are the spines for?
According to Süffert (1932), three lines of evidence must be evaluated in order to accept
the adaptive advantage of traits as useful in antipredator defence: 1) evidence of convergence of
similar characters with distinct morphological origins in different species or species groups.
Here I find evidence that pronotal armature has evolved several times in the Tettigoniidae. 2)
Evidence that the traits are correlated in their taxonomic distribution with appropriate behaviour
patterns necessary for them to be effective. The defensive deimatic display shown by all
Panacanthus is such a behaviour pattern. 3) Evidence of character function. Unfortunately I
have no evidence of character function for Panacanthus spp.
Spines can also function in crypsis (Robinson 1969b; Robinson 1969a; Edmunds 1974).
Panacanthus species are active nocturnally but must (like most tettigoniids) hide themselves
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motionless in plant refugia through the day. Panacanthus spp. spines might conceivably afford
protective resemblance by matching the appearance of a spiny plant. In one species (P.
spinosus) the uniform green of the long tapering spines is interrupted by abruptly dark tips:
perhaps this improves resemblance to the insect’s refugium where plant spines are actually
absent. Crypsis need not conflict with the defensive function of the spine since the insect mimics
a structure, which also serves in mechanical defence. Furthermore spines might be aposematic,
while retaining their effectiveness during actual attack: a predator could come to recognise the
characteristic spine-studded Panacanthus silhouette, associating it with previous negative
experiences with such prey.
Cryptic coloration patterns (Cott 1957) in the species distal to node C, and observation of
some of these species, suggest that P. lacrimans and P. intensus hide near the ground. One
should not need elaborate spines if the day is spent near the forest floor, camouflaged by
colouration. Thus these species have less elaborate fastigia, and the spines on their limbs are
green against a dark background, protected against attack by a diurnal predator. However they
do exhibit the deimatic defence and flight presumably constitutes a secondary escaping strategy.

3.3.2.5 Possible predators
Panacanthus cuspidatus, P. pallicornis, P. spinosus and P. gibbosus have loud songs with
(relative to other Panacanthus) high duty cycles. They sing extremely loudly, from elevated
perches ranging from understory plants to tree canopy. High duty cycle, increased intensity and
the openness of the surrounding forest above ground level (Paul and Walker 1979) all can
contribute to better range for the calling song and the attraction of more females. But such
callers also more readily may attract eavesdropping predators.
Bats can hear over a wide range of frequencies (Simmons and Young 1999) and may be
attracted to calling katydids (Belwood and Morris 1987; Belwood 1988). Some bats may be able
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to detect the spines of katydids by echolocation (Belwood 1990), although this has not been
tested. Bats are capable of sophisticated learning (Tuttle and Ryan 1981; Barclay 1982). Thus,
eavesdropping bat predators might be able to associate spines with difficult prey insects.
Possibly spiny katydids might benefit from such learning (Annemarie Surlykke, Odense Univ.,
pers. com.). Alternatively, bats may be unimportant as predators of large katydids like
Panacanthus (Otto von Helversen, Univ. Erlangen-Nürnberg, pers. com).
The colouration of some species (P. cuspidatus, P. pallicornis, and P. spinosus), and the
use of the deimatic display must discourage visually-hunting colour-sensitive predators, such as
birds. Unlike other katydids (some Pseudophyllinae for example), which use cavities in
branches or curled leaves as refugia during the daytime (Nickle and Castner 1995; Louton et al.
1996), Panacanthus spp. (and some Copiphorinae katydids) usually rest under living tree leaves
(Nickle and Castner 1995). Due to their size and shape, it is difficult for them to enter into a
narrow space, with the axis of their bodies parallel to the long axis of folded leaves or bark
crevices, as a great number of Pseudophyllinae do (Belwood 1990) increasing their accessibility
to diurnal predators.

3.3.3

Bioacoustics
Our cladistic analysis indicates that in Panacanthus nonresonant sound generation has

evolved from resonant sound generation. Above node C the known songs of Panacanthus
species comprise increasingly shorter-pulses and broadened spectra. Below node C the P.
cuspidatus’ phonatome is a sustained sinusoidal wave train (a sustained pulse) of gradually
changing amplitude (i.e., it has a smoothly changing amplitude envelope). This has evolved in
P. pallicornis into a more complex wave train, similar in duration but much more variable in
amplitude (Figs. 3.5, 3.17). Beyond node C, in P. gibbosus and P. intensus, the phonatome wave
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train is broken into a number of separated amplitude elements of still greater wave complexity.
The spectra of these species reflect this shift from narrow to broader peaks.
These acoustic changes, from resonant to nonresonant, are accompanied by a dramatic
reduction in tooth density and in the total number of file teeth (Table 3.4). There is an increased
intertooth distance and a change in the tooth height-width ratio, i.e., teeth become
proportionately higher and narrower (Table 3.4). For the two species that generate pure tones,
the teeth are located closer together basad on the file and overall, there may be less variation in
intertooth distance (Montealegre-Z and Mason 2005). The two species making pure tones have
files less convex and straighter in a transverse direction (Table 3.4, Figs. 3.7, 3.12) so that the
teeth are more nearly coplanar. Some of these same file features correlate with the production of
pure tone songs in neotropical Pseudophyllinae (Montealegre-Z and Morris 1999): teeth in these
species are many times broader than high, occur at a relatively high density and their files are
elevated on a “projecting bar separated from the overlying tegmen which may serve to give the
scraper a straighter file passage”. Linearity of scraper travel should promote the maintenance of
proper phase between tooth and resonator.
The mirror area of Panacanthus spp. producing nonresonant song has also undergone
changes (Figs. 3.4C, F, I, L, O, S) which may be consistent with a shift to nonresonant
stridulation. The modified tegminal membranes of nonresonant singers are increasingly glassy
and thin: and so perhaps more capable of vibrating in intrinsic modes as a result of successive
transient tooth impacts. The mirrors of the resonant singers, P. cuspidatus and P. pallicornis, are
less transparent and thicker, as expected in a mechanism where membranes are driven by tooth
contact rates. The mirror-associated vein Cu1b is broadened (Figs. 3.4C, F, I, L, O, S, arrow) in
the non-resonant species, a feature shared by all species distal to node C (Fig.3.4 I, Appendices
BC, chr. 23). Demarcating the mirror more sharply with this vein may relate to intrinsic rather
than driven vibration.
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The polarity of evolving stridulation among exoskeletal animals should always be from
broad band toward pure tone, i.e., the ritualization of sound signals must always begin as a
nonresonant mechanism. When unspecialized body regions make contact with each other for the
very first time, they should produce an unspecialized, broad-band, complex waveform.
Resonance may then arise subsequently as an apomorphic characteristic in which the filescraper morphology achieves a carefully controlled phase between tooth and radiator movement.
To make a sustained pulse there must be many identical teeth, of uniform spacing and higher
density. Such a resonant system may still be used on occasion by the insect to make nonresonant
output (e.g., cricket aggressive song); but the reverse is not true: a stridulatory structure that is
not shaped to achieve proper phase can only produce non-resonant output.
Although all resonant mechanisms must have nonresonance in their history, it does not
follow that the emergence of nonresonant from ancestral resonance is a rare event. DesutterGrandcolas (1997) showed that evolution of the stridulatory apparatus in phalangopsine crickets
(Phalangopsidae) is very plastic. Her work indicates the readiness with which evolution shifts
back and forth among several generator states (up to 7). So it is not in the least surprising that in
Panacanthus evolution follows a reversal of the larger trend toward resonance from
nonresonance mechanisms.
Naskrecki (2000) showed that female stridulatory structures are pleisiomorphic in older
tettigoniid lineages such as Ephippigerinae and Bradyporinae. In his view females used these
structures to respond to male calls, and in defense (as protest sounds directed at predators).
These primitive female acoustic signals are supposed to have been resonant in nature
(Naskrecki, 2000), i.e., pure tones were the most plesiomorphic condition among singing female
tettigoniids. This conclusion is based not upon published spectral analyses of female tettigoniid
sounds, but on the argument that female generators are comparable in structural sophistication to
those of their males.
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This inference of pure tone stridulation by ancestral female tettigoniids is unjustified. The
essence of resonant stridulation is phasing between the teeth of a pars stridens and the
oscillation of a uniformly composed, typically single, tegminal resonator. Tooth contacts must
be timed to the ongoing harmonic movement of the radiating tegminal membrane to keep it
moving smoothly at a particular frequency. The pars stridens of Ephippigerine females involves
a single transverse file which Naskrecki takes as the basis of social signal generation, as well as
some additional toothed veins nearby, which he considers likely to serve only in defensive
stridulation. However there is no evidence that all these veins are not used concurrently, and
many of the other female stridulatory systems, including the independently evolved
Phaneropterine type, involve multiple-toothed pars stridens, better characterized as tooth fields
than files. Such a structure cannot contribute proper phasic inputs to a resonating wing cell if
several teeth engage at the same time. In Ephippiger bitterensis (Finot) (Dumortier 1963, Fig.
163) males with a similar but more robust file produce a markedly non-resonant spectrum.
There is little morphological basis for expecting the females of this species to be any different
and thus I expect that in these ancestral lineages nonresonant female stridulation is the more
probable ancestral condition (Robinson 1990), and not the production of pure tones.
What selective pressures might effect a shift from resonant to non-resonant stridulation in
katydids? One possibility is competition between males in the acoustic stimulation of
prospective mates. If a male’s calling causes firing by a higher proportion of sensory
audioreceptors of listening females than does a rival’s, that male should fare better in competing
for her attention. In general the ear-tuning curves of katydids are quite broad (Nocke 1975;
Kalmring et al. 1985; Oldfield 1985; Römer 1985), perhaps as a result of the importance of bat
detection. So it is not unreasonable that there might be ample room to increase a call’s
stimulatory effectiveness by shifting toward a band rather than a tuned spectrum.
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Broad band songs might also evolve as an adapatation for distance ranging by differential
degradation of higher vs lower carrier frequencies in dense vegetation (Michelsen 1985).
Keuper et al. (1986) measured changes in the power spectra of the calls of species living close to
the ground. They confirmed that calls having a lower dominant frequency propagated over
longer distances. Generating a song with a broad-band spectrum would increase the probability
that spectra code for intervening distance between a signalling male and an approaching female.
Broad-band signals are also less vulnerable to the masking effect of noise than high-Q signals.
I noted within Panacanthus a possible correlation between the production of low-Q
spectra, and the possession of spines [a similar conjecture is made recently by Nickle &
Naskrecki (1999)]. There might be a high probability of observing this association by chance in
this study, given the small number of species in the clade. However, in tettigoniids, this
correlation seems to be a common feature in nature (Table 3.1). Many other aspects of the
natural history of these interesting insects await study.
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Table 3.1. Some genera of Tettigoniidae with defensive processes on the pronotum
Subfamily

Process type

Modified
region

Type of sound

Reference

Acanthodiphrus

Pseudophyllinae

blunt spines

metazona

Unknown

Beier 1962, Naskrecki & Otte 1999

Acanthorhinischia

Pseudophyllinae

blunt spines

metazona

Unknown

Beier 1962, Naskrecki & Otte 1999

Adeclus

Pseudophyllinae

blunt spines

disk

Unknown

Beier 1960, Naskrecki & Otte 1999

Aspidonotus

Pseudophyllinae

blunt spines

all margins

Unknown

Beier 1960, Naskrecki & Otte 2002

Batodromerus

Pseudophyllinae

blunt spines

metazona

Unknown

Beier 1962, Naskrecki & Otte 1999

Championica

Pseudophyllinae

tubercles/ spines

lateral carines

Choeroparnops

Pseudophyllinae

conical tubercles

all over

Broad-band

Beier 1960, Morris et al. 1994

Cymatomera

Pseudophyllinae

blunt tubercles

metazona

Unknown

Beier 1960, Naskrecki & Otte 1999

Haemodiasma

Pseudophyllinae

blunt tubercles

disk

Unknown

Beier 1962, Naskrecki & Otte 2007

Orpacanthophora

Pseudophyllinae

blunt tubercles

all over

Unknown

Beier 1960, Naskrecki & Otte 1999

Pantecphylus

Pseudophyllinae

sharp crests

lateral carines

Broad-band

Beier 1960, Heller 1996

Paradeclus

Pseudophyllinae

blunt spines

metazona

Unknown

Beier 1962, Naskrecki & Otte 1999

Pseudophyllinae

rows of blunt
tuberles

lateral carines

Unknown

Beier 1960, Naskrecki & Otte 1999

Unknown

Morris et al. 1994

Unknown

Beier 1960

Unknown

Montealegre & Morris 1999

Taxa

Parasimodera

posterior
margin
disk/fore hind
margin
disk/fore hind
margin

Broad-band/pure
Beier 1962, Naskrecki & Otte 2004
tone

Pemba

Pseudophyllinae

blunt spines

Poliancystroides

Pseudophyllinae

tubercles/ spines

Polyancistrus

Pseudophyllinae

tubercles/ spines

Pristonotus

Pseudophyllinae

rows of blunt
tuberles

Pseudophyllus

Pseudophyllinae

small spines

all over

Unknown

Naskrecki & Otte 1999

Pseudophyllinae

blunt spines

fore/hind
margins

Unknown

Naskrecki & Otte 1999

Pseudophyllinae

rows of blunt
tuberles

lateral carines

Unknown

Beier 1960

Unknown

Naskrecki & Otte 1999

Broad-band

De Jong 1942, Heller 1983

Sagephorus
Simodera

disk

Spelaeala

Pseudophyllinae

blunt spines

fore/hind
margins

Lesina spp.

Conocephalinae

sharp crests

lateral carines

Panacanthus

Conocephalinae

tubercles/spines

Loboscelis

Conocephalinae

tubercles/sharp
crests

disk/lateral
lobes
disk/lateral
margins

Rhyncoceros

Conocephalinae

sharp tubercles

disk

Enyaliopsis

Hetrodinae

Eugaster

Likely pure tone Belwood & Morris 1987, Beier 1962

Broad-band

Naskrecki & Otte 1999

Broad-band

Redtenbacher 1891, Nickle &
Naskrecki 1999

Unknown

Naskrecki & Otte 1999

sharp spines/crests lateral carines

Unknown

Glenn 1991

Hetrodinae

sharp spines/crests lateral carines

Broad-band

Grzeschik 1970

Cosmoderus

Hetrodinae

sharp spines/crests lateral carines

Unknown

Naskrecki & Otte 1999

Gymnoproctus

Hetrodinae

sharp spines/crests lateral carines

Unknown

Schmit 1990

anterior
marging

Broad-band

Naskrecki & Otte 1999

lateral carines

Broad-band

Emsley 1970

lateral carines

Unknown

Emsley 1970

Markia

Phaneropterinae

Steirodon

Phaneropterinae

Stilpnochlora

Phaneropterinae

sharp spines
blunt and sharp
crests
blunt and sharp
crests
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Table 3.2. Locations and shared congeneric species with strong body armature in Colombia
and Ecuador
Upland regions
East slope of west cordillera, Colombia
Macizo de los Pastos, Colombia
Panacanthus pallicornis
Panacanthus gibbosus
Tabaria sp. 1
Tabaria sp. 2
Pleminiini nov. gen. sp. 1
Pleminiini nov. gen. sp. 2
Lowland regions
Lowlands in Valle del Cauca, Colombia
Lowlands in Pichincha, Ecuador
Pristonotus sp.
Pristonotus colombiae
Championica bicuspidata
Championica echinus
Championica sp.
Championica walkeri
Panacanthus intensus /P. lacrimans
Panacathus varius
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Table 3.3. Some genera of Tettigoniidae with defensive/offensive processes in the limbs
Taxa

Subfamily

Place were spines
occur

Type of spination

Reference

Arrhenotettix spp.

Pseudophyllinae ventral on hind femur Rigid, non-articulated

Beier 1960

Myopophyllum
speciosum

Pseudophyllinae ventral on hind femur Rigid, non-articulated

Morris et al. 1994

Mystron spp.

Pseudophyllinae ventral on hind femur Rigid, non-articulated

Montealegre & Morris
1999

Choeroparnops spp.

Pseudophyllinae dorsal on hind femur Rigid, non-articulated

Beier 1960

Diacanthodis spp.

Pseudophyllinae dorsal on hind femur Rigid, non-articulated

Beier 1960

Panoploscelis
specularis

Pseudophyllinae

latero-internal on fore
Rigid, non-articulated
femur

Castner 2000

Lesina spp.

Conocephalinae dorsal on hind femur Rigid, non-articulated

De Jong 1942

Panacanthus spp.

Conocephalinae dorsal on hind femur Rigid, non-articulated Naskrecki & Otte 1999

Terpandrus sp.

Listroscelidinae

ventral on fore tibia

Flexible, articulated

Rentz 1995

Hexacentrus sp.

Listroscelidinae

ventral on fore tibia

Flexible, articulated

Rentz 1995

Chlorobalius
leucoviridis

Listroscelidinae

ventral on fore tibia

Flexible, articulated

Rentz 1995
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Table 3.4. Distinctive morphological features of the forewings (tegmina) ofPanacanthus spp.
which, might to coincide with song differences.
Tooth Density
Copiphora sp.
P. cuspidatus
P. pallicornis
P. spinosus
P. gibbosus
P. varius
P. maculifrons
P. intensus

Tooth profile
Symmetry

Tooth profile
Symmetry

Tooth
Number

Tooth Dimensions

58-98 teeth/mm
high density
60 teeth/mm
widely spaced 38
teeth/mm
widely spaced
40 teeth/mm
widely spaced
42 teeth/mm
widely spaced
25 teeth/mm
widely spaced
25 teeth/mm
widely spaced
19 teeth/mm

symmetrical

150-275

broader than high

symmetrical

312

broader than high

asymmetrical

248

diagonal, narrow

asymmetrical

210

diagonal, narrow

asymmetrical

240

diagonal, narrow

asymmetrical

130

diagonal, narrow

asymmetrical

130

diagonal, narrow

asymmetrical

95

diagonal, narrow
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P. intensus

P. lacrimans

P. varius

P. gibbosus

P. spinosus

P. pallicornis

P. cuspidatus

Lirometopum

Copiphora

Lesina

6: 0->1
6: 0->1

2: 1->2

10: 2->1
6: 0->1

(1)
(1)

13: 0->1

32: 2->3
16:
19:
22:
34:
35:

(5)
2: 0->1
4: 2->1
17: 0->2
18: 1->0
24: 1->2
31: 0->1
38: 0->2

(6)
34: 2->1

38: 0->1

15:
16:
25:
28:
35:
37:

(4)
5: 0->1
15: 0->1
19: 0->1
30: 0->1
36: 0->1

(3)
(2)

F
5: 1->0

14: 0->1
27: 0->1

1->2/3
0->1
0->1
0->1
0->1
0->1

1->2
1->2
0->1
4->5
1->2

E

D

C

B

A

Chars. that change
Unambiguously on branch

Fig. 3.1. Phylogeny of the genus Panacanthus (single most parsimonious tree) obtained with 35
morphological and 4 behavioural characters. Numbers in parenthesis indicate the number of
additional steps necessary for a branch to collapse. Branches are labeled with letters.
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A

P. intensus
Evolution of the
sound generation
mechanism
Broad band

Pure tone

P. lacrimans
P. varius

B
Evolution of the
pronotal defensive
spination
Pronotum with
defensive processes

P. gibbosus
Pronotum smooth

P. spinosus
P. pallicornis
Unknown

P. cuspidatus

Independent origen
of pronotal spines

Lirometopum
Copiphora
Lesina

Fig. 3.2. Parsimonious evolutionary scenarios A- sound generating mechanism B- pronotal
armature in Panacanthus (using MacClade). Note that the type of song is unknown for species
of the genus Lesina.
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Fig. 3.3. Male genitalia. A-Q. Left cercus (left internal view, first column, right dorsal view,
second column ). C-R, Titillators posterior view.
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Fig. 3.4. Subgenital plates of female (upper row) and male (middle row) . Stridulatory area or mirror (lower row). Symbol '?' indicates the
character is unknown.

A1+A2

P. cuspidatus

P. pallicornis

A

D

B

E

C

F

P. spinosus

G

P. varius

P. gibbosus

P. lacrimans

P. intensus

J

M

P

S

H

K

N

Q

T

I

L

O

R

U

Fig. 3.5. Cephalic, pronotal and femoral differentiation of Panacanthus spp. Arrows show the
main spine on either the pronotum or the femur.
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A
P. cuspidatus

B
P. pallicornis

C
P. gibbosus
20 mm

Fig. 3.6. Habitus of the male of some Panacanthus spp.
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A
1.36 mm

B
P. cuspidatus

231 µm

C

D

30 µm

100 µm

Fig. 3.7. Panacanthus cuspidatus file. A- the complete file, B- detail of the middle portion, Cclose view of the teeth, D- profile of the file looking basad.
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Fig. 3.8. Distribution of Panacanthus spp. in Central and South America.
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Fig. 3.9. Song of Panacanthus spp. Phonatome: A, C, E, G. Portion of phonatome showing
wave form: B, D. F, H.
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0

P. cuspidatus
-10
-20

0

P. pallicornis

-10

dB

-20

0

P. gibbosus
-10
-20
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P. intensus
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-20

0
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Frequency
Fig. 3.10. Power spectra of Panacanthus spp.
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kHz

Fig. 3.11. Habitus of female of some Panacanthus spp.
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P. pallicornis

A

B

231 µm

D

C

100 µm

100 µm

Fig. 3.12. Panacanthus pallicornis file. A- the complete file, B- detail of the middle portion, Cclose view of the teeth, D- profile of the file looking basad.
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B

A

C

Lesina

Panacanthus

D

F

E

Enyaliopsis

G

H

Steirodon

Gymnoproctus

Cosmosderus

I

Markia

Championica

Fig. 3.13. Pronotal armature of Panacanthus compared with that of other Tettigoniidae. A- P.
spinosus, lateral view. B, C- Lesina ensifer (lateral and dorsal views respectively). DEnyaliopsis sp. (dorsal aspect). E- Cosmosderus sp. (dorsal aspect). F- Gymnoproctus sp. (dorsal
aspect). G- Steirodon sp. (dorsolateral view). H. Markia histrix (lateral view). I. Championica
pilata (dorsal view). D-F after Glenn (1991), courtesy of the Academy of Natural Sciences
Philadelphia.
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A

B

P. gibbosus

136 µm

1.20 mm

C

43 µm

D

38 µm

Fig. 3.14. Panacanthus gibbosus file. A- the complete file, B- detail of the middle portion, Cclose view of the teeth, D- profile of the file looking basad.
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B

A

1.00 mm

P. varius

231 µm

D

C
75 µm

100 µm

Fig. 3.15. Panacanthus varius file. A- the complete file, B. detail of the middle portion, C- close
view of the teeth, D- profile of the file looking dorsobasad.
154

B

A

P. intensus

1.00 mm

231 µm

D

C

136 µm

100 µm

Fig. 3.16. Panacanthus intensus file. A- the complete file, B- detail of the middle portion, Cclose view of the teeth, D- profile of the file from the left side.
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~50 teeth/mm

?

>60 teeth/mm
Copiphora

60 teeth/mm
P.cuspidatus

35 teeth/mm

Musical (resonant)

Lirometopum

P.pallicornis

?
35 teeth/mm

P.gibbosus

P.varius

P.lacrimans

25 teeth/mm

?
? ?
20 teeth/mm

Broadband (non-resonant)

35 teeth/mm
P.spinosus

P.intensus

Fig. 3.17. Evolution of the song of Panacanthus spp. showing portions of the song (not at same
scale). The density of teeth is indicated above each oscillogram. Symbol '?' indicates the song
is unknown.
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Chapter 4
4.1 The mechanics of sound production in Panacanthus pallicornis
I will focus on the physical properties of the stridulatory structures of P. pallicornis, and show
how, different to crickets, katydids do not need an escapement mechanism to generate pure-tone
signals.
As explained in Chapter Two, stridulation in ensifera is better understood in crickets, thus
the mechanism of stridulation in katydids has received less attention (Bailey 1970). In contrast
to crickets, katydids include both pure tone and broadband signals (although most species
produce broadband signals), and the fundamental frequency, fD, of pure-tone katydid calls can
range from the low audio up to extreme ultrasonic (>100kHz) (Mason et al. 1991). Moreover,
katydids produce acoustic signals without the collateral vibration of the two tegmina, which in
katydids are highly asymmetrical. It is unknown whether the existing model for stridulatory
sound production [i.e. the clockwork cricket, (Elliot and Koch 1985)] applies to katydids, or
whether the same mechanism can also be used to produce broadband signals. Bailey (1970)
concluded that the mirror frame (wing veins surrounding sound radiating membranes) was
essential for pure tone production in katydids, stating that it behaves as a tuning fork. Morris and
Pipher (1967) suggested that the mirror frame vibrates as a cantilever, independent to the rest of
the tegmen. More recently, Bennet-Clark (2003) speculated that pure tone sound production in
katydids was similar to that used by crickets, i.e. an escapement mechanism.
The genus Panacanthus is a monophyletic group of katydids with well-resolved
phylogenetic relationships and in which a wide range of song types is represented [Chapter
Three, see also Montealegre-Z. and Morris (Montealegre-Z. and Morris 2004)]. In this paper, I
investigate the mechanics of sound production in the katydid Panacanthus pallicornis Walker.
In the phylogeny of Panacanthus this species succeeds P. cuspidatus, the most basal species in
the cladogram. Panacanthus cuspidatus is the only species of the genus producing a pure-tone
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song (at 10 kHz), while P. pallicornis produces sustained sound pulses with a low sharply tuned
frequency peak of ~5 kHz and also a broad band frequency range between 15 and 25 kHz (see
sound description for more details). None of the other members of this genus produces sustained
sound pulses or narrow spectral peaks. It thus appears that the evolution of signal characteristics
in this genus has proceeded from a pure-tone ancestral condition to more broadband sound along
the phylogeny (Montealegre-Z. and Morris 2004). The song of P. pallicornis appears to be
intermediate between pure tone and noisy song types. It has a dominant spectral peak in the
audio range below 10 kHz, but also contains strong broadband components. In this paper I will
focus on the characteristics of the sound produced, the anatomy of the stridulatory apparatus and
the stridulatory motor patterns. I repeat some of the measurements made on crickets by BennetClark (2003) to facilitate comparisons with that group, and address the question of whether
similar stridulatory mechanisms can account for sound production in both katydids and crickets.

4.2
4.2.1

Results
Call description
The calling song of 52 males is known from recordings collected during the last five

years. A call is composed of a single phonatome (sound produced during one cycle of wing
movement) with a gradual rise in amplitude (Fig. 4.1A, B). The spectrum is complex with a
fundamental frequency (fD ) near 5 kHz and several higher harmonic components (i.e. multiples
of fD ) (Fig. 4.1C, D). Each song is composed of 225.8, ± 24.4 cycles of fD (mean ± SD; range=
182 – 256 cycles, n=12) and is 54 ± 2 ms in duration (n=52). Specimens recorded in the field at
18°C had a mean principal frequency peak, of 5.0 ± 0.4 kHz (mean ± SD., range 4.8-6.0, n =
12). In lab conditions (22-25ºC) males have a fD of 4.7 ± 0.2 kHz, (range 4.3-5.1, n=21). The
bandwidth at 12 dB below the main spectral peak is 293.7 ± 61.8 Hz (range 197-459, n=20).
Higher harmonic components are noisier (i.e. comprise a broader spectrum of frequencies).
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There is a band of energy from ~12-28 kHz with a peak near 14 kHz (mean=14.7 ± 1.1, 13.116.3, n=12) and 9.4 ± 3.5 dB (range 4.0-12.5, n=12) below fD. Another peak near 20.0 ± 1.2 kHz
(range 17.5-21.4, n=12) is 6.1 ± 3.6 dB (range 0.9-12.1, n=12) below fD. Finally, a third peak of
high energy occurs near 25.0 ± 1.3 kHz (range 23.5-27.0, n=12) and ~8.6 1 ± 3.5 dB below fD.
No significant energy occurs above 28 kHz (Fig. 4.1C). Measured with the microphone at 10 cm
dorsal to the animal, the average intensity of the song was 97.6 dB (± 2.6, n=17).
Spectrograms were performed for 20 different individuals. From these studies it is clear
that each individual produces a complex but consistent spectrum and different individuals
produce somewhat different spectra (Fig. 4.1D). In all individuals there is a portion of the call in
which the relative amplitude of higher harmonic peaks in spectrum increases. I refer to this as
the harmonic portion of the song. This tends to occur in the middle ¼ - ⅓ of the song, however
there is considerable individual variation in the timing of this harmonic portion (Fig. 4.1D).

4.2.2 Morphology of the stridulatory apparatus
4.2.2.1 Anatomy of the right tegmina
As in most tettigoniids, in Panacanthus the left forewing wing overlaps the right one. The
right tegmen has most of the specialised structures for sound radiation (i.e. the mirror cells,
veins and surrounding areas) and these are located in the dorsal field. Homologous regions can
be identified in both wings, but in the left wing they are thicker. Sound is generated when a
specialized region of the right tegmen (the scraper, Fig. 4.2) is pushed across a specialized vein
(the file, Fig. 4.3) on the under surface of the left tegmen. The teeth of the file deflect the
scraper causing the wings to bend until the scraper is released. This catch-and-release
mechanism induces oscillations in the mirror membranes resulting in the radiation of sound
from the tegmina (Pierce, 1948).
The mirror of the right tegmina consists of complex cells (Fig. 1.3B). There are actually
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two major cells. One is a sub-quadrilateral region enclosed by the thick vein A1 and A1+A2.
The mirror, measured from the vein A1 to the distal part of the frame is 4.11 mm in length
(±0.20, n=20). The other region is an adjacent sub-triangular region bounded by the Cubital
veins and A1. This cell is longitudinally divided by a fine vein and the claval fold (DesutterGrandcolas and Robillard 2003). The surface of the sub-quadrilateral is diagonally shallowly
depressed; the depression extends from the left inferior corner to the right superior (area 1, Fig.
1.3B dashed white line). On the left side, this cell is isolated from the rest of the wing by a
thicker vein, formed by the fusion of A2 and A1. The surface of the membrane of the triangular
region is even more complex, presenting a small but deeper concavity on the region adjacent to
A1 (area 3) and another, larger but shallower, parallel to the claval fold (area 4, Fig. 1.3B).
However, the concave surfaces of area 1 and area 3 form a continuous curvilinear depression
that is interrupted just by a fine vein probably derived from A1 (Fig. 1.3B, dashed line); these
zones differ from the rest of the membrane in their transparency. Another elongated cell is
formed by veins A2 and A3 in the basal portion of the anal margin; I recognized this cell as
Area 7 (Figs. 1.3, 4.2). Different regions of the tegmina differ in thickness (Fig. 4.2B).
The scraper is a very complex structure (Fig. 4.2AB). It is framed by an extension of vein
A4 (Fig. 4.2A); its active area of contact is a sharp edge 2.58 ± 0.06 mm in length (range 2.52.7, n=12) and 0.035 ± 0.0045 mm thick in its widest part (range 0.031-0.04, n=3, Fig. 4.2B).
The sharpest part of this edge is narrower than the widest part described above; hence the
scraper is triangular in cross-section (Fig. 4.2BC). As the file teeth are triangular in profile (see
below), the triangular shape of the scraper allows it to fit between adjacent teeth on the
stridulatory file despite variation in inter-tooth spacing. The scraper active area is easily
distinguishable because it is strongly sclerotized and darkened. There is a space of 1.56 mm
between the scraper edge and the robust vein A1+A2 that surrounds the mirror. Dividing this
space there is a thick vein formed by a branch or an extension of A3. As a result of this division,
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this complex region comprises two cells: one close and almost perpendicular to the mirror plane
(~100º), formed by a thick mass of soft tissue and elastic cuticle (thick membrane in Fig. 4.2A,
B); the other adjacent to vein A1+A2, is the subsclerotized area 7. Microtome sections reveal
that the scraper is dorsally connected to the rest of the tegmen by a layer of elastic cuticle.
Another layer, which seems not to be directly connected to the scraper but partially isolated, is
positioned ventrally. There is a gap between this area and the scraper, because the cuticle
beneath is not continuous; this gap is covered with soft tissue (Fig. 4.2C). Both dorsal and
ventral layers of cuticle are connected basally, i.e. they are part of same region (the thick
membrane) that bifurcates to form the dorsal and ventral layers. The scraper morphology differs
from that of crickets, and this model seems widespread in Tettigoniidae (Morris and Pipher
1967; Anstee 1971; Montealegre-Z and Morris 2003), suggesting that it might operate
differently (see Bennet-Clark 2003).
The stridulatory file in Tettigoniidae has traditionally thought to be a modification of the
vein Cu2 or cubital posterior (Ragge 1955; Desutter-Grandcolas 1995). However, more recent
studies suggest that the stridulatory file originated from the vein A1 (Desutter-Grandcolas
2003); my description is based on the latter wing venation nomenclature. In the ventral part of
the right tegmen, the vein A1 does conserve some features of a stridulatory file, although it is
dramatically shorter and narrower than its counterpart in the left wing (the functional
stridulatory file).
4.2.2.2 Anatomy of the left tegmina
Like most tettigoniids, P. pallicornis is unable to switch wing overlap as the two tegmina
are highly asymmetrical (Fig. 1.2). The most important component of the left wing for sound
production is the stridulatory file through which the wings are excited during stridulation.
The stridulatory file of P. pallicornis is 6.47 ± 0.09 mm in length (n=16, mean ± SD). It is
laterally curved (Fig. 3.12A), and dorsoventrally arcuate. The number of teeth varies from 210161

253 (n=16). In profile, teeth are laterally compressed, but the engagement side (distal part) is
vertical with respect to the horizontal base; its contra-lateral side is more obtuse (Fig. 4.3B).
When seen in lateral view, this asymmetry gives a triangular aspect to every tooth; so that teeth
present a steep face to the scraper during the engagement. The file is massive, therefore it seems
mechanically unlikely that tooth-scraper interactions and vibrations of the rudimentary left
mirror (Montealegre-Z. and Mason, in prep.) generate bending vibrations of the file at the
frequencies radiated by the tegmina with sufficient amplitude to release the scraper during each
oscillation, as suggested for the escapement mechanism of crickets (Bennet-Clark 1999; BennetClark 2003).
There is an overall trend for teeth to be more widely spaced towards the end of the file
(Fig. 4.4A), but spacing is highly variable. Average inter-tooth distance increases over the anal
approximately 1/5 of the file length, then stabilises and decreases slightly in the last basal 1/5 or
1/4. Half of the total number of teeth are concentrated in the anal third of the file, i.e. where the
teeth are engaged at the beginning of sound production (Fig. 4.4B). In this portion of the file,
teeth occur at an average density of ~ 46 teeth/mm, while in the basal 2/3 of the file, teeth occur
at an average density of 29 teeth/mm. Thus, the file presents regional differences in inter-tooth
spacing at the anal and basal ends (Fig. 4.4A). The tooth spacing seems to be less consistent
than that of gryllids studied as models of pure-tone generators (Bennet-Clark 2003).
Comparison of the file-tooth spacing among several Panacanthus species (Fig. 4.4C) shows a
range of patterns and variability in tooth spacing. Panacanthus cuspidatus and P. pallicornis
have the most regular distribution of file teeth, and a pattern of increased tooth spacing along the
length of the file. In P. gibbosus, P. intensus and P. varius tooth spacing is less regular and
inter-tooth distances are greatest in the middle portion of the file. Details of file structure and
sound analysis of these species can be found in Montealegre-Z. and Morris (2004).
Both tegmina have the common feature of having the costal and apical fields made of a
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very flexible soft tissue. This ductile region extends towards the distal portion of both wings.
Another remarkable feature of both fore wings is that the radial field is very swollen, giving the
tegmina a globular contour in this region. The radial field is completely isolated from the costal
field by the veins R and M. When the insect is singing, the costal fields of both tegmina remain
attached to the abdominal pleura and these swollen portions and stridulatory field form a
chamber.
4.2.2.3 Identification of main areas of vibration
The areas of maximum activity on the mirror were determined by particle vibration (see
Sismondo 1979), but for the purposes of this research I did not attempt to quantify the relative
vibration of different wing regions. Areas 1, 3 and 4 presented the major displacement of talcum
powder particles. Area 1 vibrated with greater amplitude than 3 and 4, where particle movement
was reduced. Particles move from these areas and tend to accumulate outside of the mirror, on a
sharp depression between area 6 and the posterior part of the mirror frame (Fig. 1.2B). Areas 3
and 4 are concave regions that are more transparent than the rest of the thicker surrounding
membrane in which they are embedded. These regions show strong phase independence during
particle displacement. Phase independence was first observed under a stereomicroscope and
confirmed with laser vibrometry (data not included in this paper).
4.2.2.4 Wing movements
Sound emission coincides with the entire direction of tegminal closure (Figs. 4.5, 4.6).
Both wings are raised above the body to an angle of about 45º (viewed laterally and taking the
wing’s resting position as 0º). If viewed dorsally, when the scraper begins to contact the first
teeth of the file, each wing is opened at a maximum of 27º (from a resting position). Viewed
from the posterior, in the same action each wing is lifted about 49º from the horizontal plane of
the body. A small change in amplitude of the wing-movement signal occurs during the closing
movement as the scraper first contacts the file of teeth. The pattern of stridulation involves a
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single opening and closing stroke without pause, and a single type of phonatome. The total
opening and closing of the forewings (phonatome period) lasts ~120 ms, and the effective time
for sound production varies from approximately 40 – 60 ms (n = 10).
High-speed video and opto-electronic recordings show that during sound generation
(closing stroke), the entire length of the stridulatory file is used and the velocity of the scraper
gradually increases (Fig. 4.6DE). The velocity of the closing stroke was calculated by measuring
the displacement of a specific point on the wing every five frames (i.e. over time intervals of 5
ms for 1000 f/s or 10 for 500 f/s). This measurement was repeated for about eight consecutive
stages during a single wing-stoke (n=3 specimens). The average velocity of the scraper
movement along the file is ~120 mm/s. Wing velocity data calculated by taking the derivative of
the position sensor signal give higher resolution (Fig. 4.6E) and indicate variation in velocity
over the course of a single wing cycle, but still shows an overall increase over the course of a
wing-stroke. The wing velocity abruptly, but briefly, increases when the pulse is complete and
the scraper disengages from the file before the forewings recover their resting position.
The engagement of the scraper can be studied precisely from these recordings. The active
contact area of the scraper changes during one closing stroke, as described for the cricket
Teleogryllus oceanicus (Bennet-Clark 2003). The first teeth of the file are contacted by the
distal part of the scraper; then the contact area gradually shifts to the anterior mesal portion
during the closing stroke. That is, there is a moderate but detectable relative movement of file
and scraper perpendicular to the direction of wing closing (data not shown).
Recordings using the opto-electric position sensor show that high frequency “ripples” in
the position signal are detectable when sound and wing movements are shown at full resolution;
corresponding to the sound-radiating oscillations of wing membranes likely generated by tooth
impacts (Fig. 4.6C). This is consistent with previous observations indicating that tooth contacts
occur at a frequency similar to the calling song frequency (Koch et al. 1988; Hedwig 2000).
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4.2.2.5 Manipulation of wing membranes
4.2.2.5.1 Removal of mirror membranes of the right wing
After removal of area 1, there was no change either in the song envelope or in the
spectrum. A minor reduction in intensity was noticed in all cases, especially at frequencies
between 15 and 25 kHz, similar to Morris and Pipher (1967), and Keuper et al. (1988). Removal
of regions 3 and 4 resulted in a reduction of the relative power of fD and a significant increase in
the frequencies of spectral peaks (Fig. 4.7, Table 4.1). Increments in frequency, after removal of
mirror regions, have also been reported in other katydids (Morris and Pipher 1967; Keuper et al.
1988) and are consistent with a decrease in the mass component of a resonant system (Arya
1998). In some specimens (previously recorded intact) I excised all regions at once and results
were similar. Fundamental and harmonic components increased in frequency and the relative
power of the fundamental decreased after ablation of areas 3 and 4.
4.2.2.5.2 Loading of wings with latex
When the left tegmen was loaded, the overall characteristics of the song were not changed,
but there was a decrease in frequencies in the harmonic segment of the pulse (Fig. 4.8AB, Table
4.2), as well as a decrease in the amplitude of the call. These results are consistent with
increased damping in a resonant system (Arya, 1998). The original spectral properties of the
song were restored following removal of the latex (Fig. 4.8C). When the right tegmen was
loaded, the harmonic segment of the pulse no longer occurred (Fig. 4.8D).

4.2.2.6 Removal of file teeth
Recordings of specimens in which two or three groups of teeth were removed (separated
by a segment of intact teeth) corroborate my results showing a one-to-one correspondence
165

between file teeth and cycles of the fundamental song frequency. Gaps in the song correspond to
the segments of missing teeth, and the number of cycles generated in the intervening segment
matches the number intact teeth between the regions of ablation (Fig. 4.9AC). Removal of file
teeth had little effect on the overall spectrum of the song. But a comparison of the spectrograms
and wing movements from the same individual before and after ablation of file teeth shows
differences in the spectral quality of the sound produced, as well as the obvious changes in the
time-domain (Fig. 4.9). The harmonic segment of the song was not produced after removal of
file teeth, and the velocity of wing movement was erratic and did not show a clear acceleration
towards the end of the pulse as in the intact song (Fig. 4.9BD).

4.2.2.7 Zero-crossing analysis, wing velocity and sound quality
Zero-crossing analysis indicates that the fD is quite constant over the course of a single
pulse, particularly during the harmonic portion of the call. There is no “glissando” as observed
in crickets (Leroy 1966; Simmons and Ritchie 1996; Bennet-Clark and Bailey 2002; BennetClark 2003) and in some katydids (Bailey and Broughton 1970, see also Chapter Three). The
frequency is more or less constant as the pulse progresses, regardless of increments in intertooth distances, except on the anal and basal ends of the file, where tooth distribution is different
(Figs. 4.4, 4.10). For one specimen I was able to obtain complete measurements of the intertooth distances for the stridulatory file, as well as sound and simultaneous optical recordings of
wing movement. Using cycle-by-cycle frequency measurements and file tooth spacing, I
calculated the instantaneous velocity of wing movement over the course of an entire wing-stroke
that would be predicted if each cycle of the fD of sound output corresponded with a single impact
of file and scraper, as in crickets (Elliot and Koch, 1985). In other words, using the actual sound
output and file morphology I calculated the wing closing velocity that would be required to
maintain regular phasing of tooth impact with respect to sound-radiating oscillations of the
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wings. I compared this “ideal” wing-velocity trace with the measured wing velocity data derived
from optical recordings of wing movement (Fig. 4.11). The wing velocity required to match
cycle-by-cycle frequency with the timing of tooth impacts is also quite stable, whereas the
actual wing velocity accelerates over the course of sound production (Figs. 4.6DE, 4.9B, 4.11B).
There is a discrepancy between the expected and calculated velocities; initially, the actual wing
velocity (Fig. 4.11, blue line) is lower but approaches the predicted velocity (green line) near the
strongly harmonic region of the pulse and tends to become more erratic towards the end of the
pulse, sometimes oscillating around an average velocity similar to the predicted velocity (Fig.
4.11C). In general, both (measured) wing velocity and cycle-by-cycle sound frequency were
more variable during non-harmonic portions of the call.

4.2.2.8 Simulation of tooth-scraper contacts
The excitation produced by simulations of tooth-scraper contacts was analysed on the
three areas of vibration in the right tegmen and on the homologous areas of the left. The purpose
of these recordings was to measure directly the natural frequency of wing vibrations, fo. Clicks
generated by single tooth-scraper interactions show a single abrupt build up and a gradual free
decay in each case (Fig. 4.12BC). In the original recordings, there was a strong component at
very low frequencies (306.7 ± 69.7 Hz, n=7). I suspected that this represented oscillation of the
entire tegmen around its attachment point, i.e. as a cantilever. I calculated the frequency of
vibration for a wing attached to one end moving as a cantilever (Morris and Pipher, 1967) using
equation
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and published values for Young’s modulus (Y) for biological tissue (Fletcher 1992: 313). Where
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d is the wing thickness, L2 is the wing length from the hinge to the wing tip and ρ the wing
density. Because wing thickness is variable, it was estimated as the average width measured at
different regions using SEMs of cross sections.
A wing with the physical characteristic of that of P. pallicornis would move with
frequencies between 227 and 300 Hz when glued from its hinge to a rigid rod. I concluded that
these low frequencies are the result of the movement of the tegmina from the tip of the rod to
the tegminal apex, and not of the normal vibration of the mirror and adjacent zones. In the data
presented here, this “whole-wing oscillation” component has been removed by high-pass
filtering (600 Hz cutoff).
Simulation of tooth scraper contacts was simultaneously measured with a probe
microphone and with a laser vibrometer. Both measures gave similar values for fo of the wings
(Fig. 4.12A). In all cases, the fo was significantly lower for the left tegmen (mean ± SD, 4311 ±
235 Hz, n = 4) than for the right tegmen (mean ± SD, 5101 ± 472 Hz, n = 4), which was close
the fD of the song (mean ± SD, 5050 ± 173 Hz, n = 4). The free vibration of the right tegmen
was moderately lower or higher than the frequency of the calling song, while that of the left was
always lower. Lower free vibration of the left tegmina, in relation to the species calling song,
might have occurred because of changes in the resonant properties of isolated wings. The
interaction between file and scraper might add mass and stiffness to the system as suggested by
Bennet-Clark (2003). Conversely, the mean values of Q did not differ significantly for both
tegmina, 17.2 ± 5.2 for the left wing and 16.2 ± 8.9 for the right (F=1.01, P=0.32, n=5). Other
aspects of the physical properties of both wings will be presented in a subsequent paper, as not
being the purpose of the present.
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4.2.2.9 Response of the tegmina to sympathetic vibration
The frequency characteristics of identified wing regions, measured by recording
sympathetic vibration responses to pure-tone stimuli, are shown in Fig. 4.13A. In all cases, the
mirror vibrated at number of frequencies, but better at those near the peak frequency of the
species song (~5kHz, Fig. 4.13A).
Membranous regions of the right tegmen (areas 1, 3 and 4) show strong response at
frequencies (15 – 25 kHz), submembranous or coriaceous regions (areas 2, 5 and 6) do not,
these frequencies are poorly amplified in these wing region. This suggests an important role of
the mirror cells in the amplification of the dominant frequency and other higher components of
the spectrum.
Fig. 4.13B shows the transfer function of the right wing when stimulated with random
noise. Once again, the right tegmen shows a natural frequency of vibration that approaches that
of the calling song. The intensity at high frequencies is controlled better by membranous than by
sclerotized regions. Low frequency vibrations (~2.5 kHz) generated by vibration of veins are
also present, but with low amplitude (Fig. 4.13B area 5). This low frequencies are also present
in the spectrum of the natural song of males, where they also appear with low amplitude.

4.3 Discussion
These results indicate that some aspects of stridulation in P. pallicornis are similar to that
of crickets while others are not. Similarities with most crickets are that large portions of the file
are used in the production of sustained sound pulses (some species of mole cricket, Scapteriscus
vicinus for instance, use only small fractions of its file), there is approximately a one-to-one
correspondence between the number of teeth on the file and the number of cycles of the
fundamental sound frequency produced; sound radiation appears to result from resonant
vibration of the tegmina, and forewings are excited at their natural frequency of vibration. Other

169

details, however, are not consistent with a cricket-like mechanism. The irregularity of tooth
spacing on the file, the corresponding fluctuations in the velocity of wing movement, and the
variability in the spectral quality of sound produced over the course of a wing-stroke are not
consistent with sound production by a narrowly tuned resonant system in which precise phasing
of input energy is maintained by an escapement mechanism. Below I discuss the comparison
between P. pallicornis and cricket stridulatory mechanics in more detail and present a
hypothesis for the mechanism sound production in katydids that accounts for these differences.
Cycle-by-cycle analysis showed that the fD is relatively constant and does not show the
glissando effect observed in crickets (Leroy 1966; Simmons and Ritchie 1996; Bennet-Clark
2003). There is, nevertheless, variation in spectral quality within a pulse. Spectrograms of
individual calls show that a segment of each pulse has a more prominent harmonic structure
while other portions of the same pulse are noisier. The portion of the call having a more
sustained and pure-tone structure varies between individuals, but is consistent within individuals
and corresponds to periods of stable or accelerating velocity of wing movement during the
closing stroke, and in which the wing velocity matches the inter-tooth distances allowing regular
phasing of tooth-scraper impacts with respect to the sound waveform (Figs. 4.4, 4.10, 4.11).
This suggests that resonance is the main factor setting the fD, but that the arrangement of file
teeth has a strong effect on the quality of tegminal oscillation, and that tooth impact rate is not
strictly regulated during the course of a stridulatory wing stroke, as it is in crickets. In crickets
the scraper is released by vibrations of the file and other regions of both tegmina at the fD (Koch
et al. 1988; Bennet-Clark and Bailey 2002). This model requires a very flexible file that controls
movement of the scraper from tooth to tooth. In crickets the stridulatory file is believed to act as
a spring, releasing the file as it bends upward with each oscillation of the wing (Bennet-Clark
2003). P. pallicornis, and its congeners as well as several other katydid species, possess a very
rigid and massive file. The amplitude of vibration of the file itself tends to decrease
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continuously over the course of a stridulatory wing-stroke (see Chapter Six). In other words, the
stridulatory file in crickets appears to bend with the tegminal oscillations, consistent with its
being located on a wing that forms part of the sound radiator (Fig. 2.18A) whereas the file in P.
pallicornis shows little evidence of bending and is located on the thicker left tegmen, which
does have a major role in sound radiation (Fig. 4.14). Oscillation of the file in this species, its
congeners and most katydids, should therefore not be sufficient to control the scraper movement
during the closing stroke (Fig. 2.18B). The massiveness and rigid nature of the file and complex
scraper anatomy suggest that sound production is governed by the mechanics of the scraper as it
moves along a passive file. It should be noted, however, that the escapement mechanism of
crickets does not strictly require the degree of flexibility in the file that is usually assumed.
Oscillations of the scraper-bearing wing alone could dislodge the scraper from file teeth by a
mechanism analogous to what I propose here (see also Bennet-Clark 1989; Bennet-Clark 1999;
Prestwich and O'Sullivan 2005).

4.3.1 The mechanism of the scraper
The mechanism involved in the production of pure-tone songs requires that every tooth impact

results in a vibration of the sound generator. Figure 4.15 outlines the mechanism that I propose
for the regulation of movements of the scraper during stridulation in P. pallicornis and other
katydids using coherent sustained pulses. When the scraper is released from a tooth, it
accelerates forward until it strikes a subsequent tooth. This impact is associated with the
emission of high frequency sound (red asterisk, Fig. 4.15B, see Bailey and Bennet-Clark, 2002).
Likely the complete scraper region from the vein A3 to A1 (or A1+A2) bends upward (Fig.
4.15B). During this action, the thick membrane reduces its extent (i.e. extends downward) and
will force the adjacent elastic cuticle to strongly bend towards the right side (if seen from the
posterior), acquiring a maximum distortion just as it is released (Fig. 4.15C). At this point, the
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gap between the opposing and adjacent cuticles is also maximal, and all the intervening material
of this region is stretched (Fig. 4.15C). The resulting deflection of the tegmen constitutes a halfcycle of sound-radiating oscillation (~0.11 ms, see red wave Fig. 4.15BC). While this partial
cycle occurs, the wings continue to move past each other and oblige the scraper to dislodge (Fig.
4.15C), creating a second high-frequency click sound upon its release (indicated with a blue
asterisk in Fig. 4.15D). Elasticity of the system, due to the bifurcation of the cuticle in this
region, will cause the scraper to return to equilibrium during the next 0.11 ms, while it travels to
and contacts the next tooth, completing the cycle of sound-radiating oscillation. The cycle
repeats when the scraper contacts the next tooth (Fig. 4.15E). Some of the energy released by
each impact will be absorbed when the adjacent cuticle flexes right. The rest of the energy
should be dispersed during the distortion of the scraper region in the form of sound-radiating
vibration to the rest of the tegmina, primarily radiated by the mirror of the right tegmen and to a
lesser extent by the mirror of the left (Fig. 14). Put simply, the time required by the scraper to hit
a tooth and travel between two adjacent teeth corresponds to the period of the sound cycle
(~0.22 ms for P. pallicornis). To produce a pure frequency, a consistent interval of 0.22 ms is
required between tooth contacts, and the scraper must increase its velocity as the wings’ closing
stroke progresses because file teeth are more separated basad on the file (see Fig. 15A).
My data are consistent with this. Wing velocity does gradually increase during the
production of a sound pulse (see Chapter Two Figs. 4.6DE, 4.9B, 4.11BC). This also predicts
that tooth impacts will be stronger, causing a larger momentum as the closing stroke progresses
(see examples of other katydids using a similar mechanism, Figs. 2.4, 2.6). This is consistent
with observations that the sound pulse increases in amplitude towards the end. Sound amplitude
decreases again in the last 1/4 of the pulse, corresponding to decreasing inter-tooth distances in
the last 1/5 or 1/4 of the file length (Fig. 4.4A). These observations were confirmed in several
species of katydids using high-speed video recordings; large portions of the file are used during
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stridulation and wing velocity increases over the course of a wing-stroke, but decreases at the
very end (Fig. 4.11.

4.3.2

File morphology
File morphology may strongly affect the sound generation (Walker and Carlysle 1975;

Montealegre-Z and Morris 1999; Morris and Montealegre-Z 2001). Bailey and Broughton
(1970) showed that when the tooth-scraper contact rate and the natural frequency of the tegmina
match, sound energy is greatest and the wave form most pure. I have evidence that average
tooth-contact rate in P. pallicornis matches fD of the radiated sound. I also show, however, that
there is a significant overall increment from the anal to the basal of the file in inter-tooth
distance, and that inter-tooth distances do not increase continuously but in an erratic fashion.
These discontinuous changes in distances among teeth along the file will result in irregular
phasing of tooth-contact with tegminal oscillation, inducing non- fD components, causing
changes in the amplitude of the fD (compared to what it would have been), and in the sharpness
of high frequencies (harmonics) of the spectrum. In stridulatory files of pure-tone singers (e.g.
those of most crickets and P. cuspidatus), the inter tooth distances increase systematically from
the anal to the basal portion of the file (Figs. 4.4, 2.4, 2.6, see also Bennet-Clark 2003), an
arrangement that favours a constant tooth strike (and in turn a constant frequency) as the closing
velocity increases (Fig. 4.15). However, for P. pallicornis inter-tooth distances tend to increase
more erratically than systematically, and this may account for some of the variability in the call
spectra (consistent with the momentum transfer model of Prestwich and O’Sullivan [2005] ).
Bennet-Clark (1970) observed that the file-tooth arrangement resembled the instantaneous
amplitude of sound pulses in the Gryllotalpa he studied. Increments in inter-tooth distances
corresponded with increments in amplitude in the pulse. Bennet-Clark’s analysis led Prestwich
and O’Sullivan (2005) to develop the momentum transfer model. I found a similar pattern in P.
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pallicornis. Increments in inter-tooth space may generate stronger high frequency transients
during engagement and release of the scraper (Bennet Clark and Bailey, 2002) due to
corresponding increments in contact forces.
Nevertheless, there is a net increase in the inter-tooth space towards the basal end of the
file. Consequently, the tooth-contact rate is maintained close to resonant frequency of the
tegmina (~5kHz, Figs. 4.10, 4.15). Notably, this pattern of increasing tooth spacing was similar
in P. cuspidatus and P. pallicornis the only species in the genus that produce sustained sound
pulses, with P. cuspidatus having the most pure tone song (Montealegre-Z. and Morris, 2004).
The other species I examined, which produce transient pulse trains, show most variable tooth
spacing with largest inter-tooth distances in the middle of the file.
4.3.3

Resonance of the tegmina
In this section, I discuss the roles of the right and left tegmina in the sound radiation,

leaving aside those structures responsible for the initial generation of tegminal vibrations (i.e.
the file and scraper). Bennet Clark (1999) discusses the general principles of resonant vibration
as they relate to sound production by insects. My results indicate that sound radiation in P.
pallicornis is based on resonant vibration of the tegmina. Similarly to previous work (Broughton
1964; Morris and Pipher 1967; Bailey 1970; Keuper et al. 1988), my findings show that sound
radiation is primarily a function of the right tegmen. Furthermore, the function of membranes of
the mirror appears to be amplification rather than tuning. Removal of mirror membranes caused
only a small increase in the output frequency, consistent with a decrease in the mass element of
a resonator (Arya 1998), as well as a decrease in output amplitude. It has been proposed that the
mirror frame acts as a cantilever whose frequency is directly proportional to the fD of the calling
song (Morris and Pipher 1967; Bailey 1970; Sales and Pye 1974)). Based on this argument, I
estimate the frequency of vibration of the mirror of P. pallicornis, which has a span of about 4.1
mm. Morris and Pipher’s (1967) Fig. 12, and Bailey’s (1970) Fig. 8, indicate a frequency of
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vibration of the mirror frame of P. pallicornis of nearly 5 kHz, which corresponds to the fD of
the calling song. This supports previous findings that the tuning of tettigoniid tegminal
resonators resides, in part, in the structure of the veins surrounding the mirror, rather than the
mirror itself (Broughton, 1964; Morris and Pipher, 1967; Bailey and Broughton, 1970).
The natural vibration frequency, fo, differed for the two tegmina, being higher for the right
than for the left tegmen. The fo of the right tegmen matched the fD of the calling song close.
Differences in tuning of the two forewings is not rare in Orthoptera; similar results were
presented by Bennet-Clark (2003) for the cricket T. oceanicus. Bennet-Clark concluded that the
fo of the file-bearing tegmen, which is always lower when compared with the contra-lateral
wing, might increase during the interaction of both forewings, as stiffness is added to the
system. During the interaction both wings compensate for optimal values of fo, generating the fD
of the calling song. Bennet-Clark, however, did not explain satisfactorily how that stiffness was
added to the system.
The primary role of the left tegmen appears to be to provide damping. Loading of the left
tegmen resulted in decreased amplitude and frequency of output, as predicted for an increase in
the damping coefficient in a forced resonant system (Arya, 1998). In addition to reduced
amplitude and a shift of the resonance peak to lower frequencies, increased damping in a forced
resonator also results in a broadening of the relationship between output amplitude and driving
frequency; this effect is described by the quality factor, or Q value. For high-Q systems,
damping is light and there is a dramatic increase in vibration amplitude when the driving
frequency matches the resonant frequency. But this resonance peak is narrowly tuned and the
driving frequency must match the resonant frequency very closely to maintain this output. In
lower-Q, more heavily damped systems, there is a broader relationship between output
amplitude and driving frequency such that variation in the driving frequency causes more
gradual changes in vibration amplitude. In other words, a more strongly damped system can be
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driven over a broader range of frequencies than a more lightly-damped, higher Q system. In
many mechanical systems, where consistent operation is required, damping serves to eliminate
undesirable peaks in vibration due to varying frequencies of input energy. In insect sound
production, resonance is usually discussed as a strategy for maximizing output power at the
expense of bandwidth (Michelsen and Nocke 1974), or regulating output frequency (BennetClark 1999). My results suggest that katydids producing broadband acoustic signals, such as P.
pallicornis, may also make use of resonant vibration of sound radiating structures to improve
output efficiency by opting for a more or less low-Q resonator with a wider bandwidth (Fig.
4.12).
The quality of sound output in P. pallicornis depends on matching the timing of toothscraper impacts to the frequency of sound produced. Males accelerate their wings during
stridulation, generating a frequency sweep of tooth-scraper impact rates. A broader resonance in
tegminal vibration should allow a greater portion of the wing-stroke (i.e. a greater range of
tooth-scraper impact rates) to result in efficient sound generation than would be possible with a
narrower resonance, given the irregularity of the driving force. Therefore, P. pallicornis song
may reflect a trade-off between output amplitude and the duration of the song over which a clear
frequency structure can be maintained in the absence of a mechanism to directly regulate the
tooth-strike rate (such as the escapement mechanism of crickets).
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Table 4.1. Descriptive statististcs for dominant frequency before and after some
mirror membranes were removed. Means (± SD) three songs recorded from each
specimen. Frequencies before and after manipulation are compared within each
individual using paired t-tests.
Removal of
Intact
Paired
Specimen
SD
mirror
SD
P -value
specimen
t-test
membranes
P464 *
4592.9
36.1
5155.5
203.7
P466 †
4972.2
38.5
5411.1
25.5
P467 *†
5072.7
54.6
5478.8
123.8
P476 *†
5049.5 130.0
5469.1
28.0
Means
4921.8 223.5
5378.6
151.7 -12.71
0.001
* Only area 1 removed
† Only areas 3 and 4 removed
*† Removal of areas 1, 3 and 4, with 1 removed first
Temperature 24.5 ± 0.5 °C
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Table 4.2. Des criptive s tatis tis tcs for carrier frequency of four s pecimens , before and
after the left tegmen was loaded with liquid latex on the dors al and lateral parts .
Means (± SD) of three s ongs recorded from intact and treated s pecimens are s hown
an
Mean carrier frequency (Hz)
Specimen

Intact s pecimen

SD

Left wing with latex

SD

p22

5390.7

37.0

4728.3

104.0

p25

7453

450.0

6047

190.0

p26

6196

156.0

4820

20.0

p34

5049

111.0

4575.3

53.2

5042.7

677.1

t

Pvalue

4.1

0.027

Means
6022.2

1068.2
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Fig. 4.1. Calling song analysis. A- Oscillogram of a single P. pallicornis song, scale = 10 ms..
B- Detail of waveform shown in A, scale = 0.5 ms. C- Power spectrum of the song in shown in
A. D- Spectrograms of two different specimens (note inter-individual variation of call). While
the overall spectrum C is noisy, spectrograms D reveal a segment in the middle of the call with
clearer tonality and harmonic structure.
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Fig. 4.2. Scraper morphology. A- Scraper region of the right tegmen, viewed dorsally, with
adjacent veins and cells indicated. B- Cross section of the scraper-bearing region of the right
tegmen through the area indicated in A (blue dashed line). C- SEM of the scraper (circled
dotted region in B). Labels refer to structures described in the text.
183

An

al

rt

0.

92
02
0.

03

00

m

B

Ba

m

m

m

Di

A

pa

sal

pa

rt

rec

er

ap

cr
es

f th

tio

no

f th

t

rec

es

cra

Di

o
ion

pe

r

231 µm

100 µm

Fig. 4.3. Scanning Electron Micrograph (SEM) of the stridulatory file. A- Proximal end of the
file showing variation in inter-tooth distances towards the basal end. B- Detail of teeth from the
mid portion of the file in lateral view showing teeth asymmetry and orientation angle.
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length of the file for six specimens of P. pallicornis, each indicated with a different colour and
symbol. Inter-tooth distances increase towards the basal end of the file (i.e. where the scraper
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half of the total numbers of teeth are located in the anal one third of the file. C- Inter-tooth
distances of five Panacanthus spp. Trend lines are lowess curve fits. Second degree polynomial
regressions of inter-tooth distance against tooth number showed lower variability of tooth spacing
in species using sustained pulses [ P. cuspidatus (red outline) and P. pallicornis
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Fig. 4.5. Wing movements during sound production recorded simultaneously with two different
methods - high-speed video, and optical position detector. Four frames from one complete wingstroke are shown. Each frame is accompanied by an oscillogram of the sound and
simultaneous trace of wing position vs time (red). Vertical dashed lines (red) indicate the position
of the scraper in the video frame. In the simultaneous sound and wing position traces, the vertical
dashed line indicates the time corresponding to the video frame. A- Maximal opening of wings,
just prior to engagement of file and scraper and beginning of sound production. B- The scraper
contacts the first teeth of the file and the first sound waves are generated. Note decrease in the
slope of wing position (red trace) when the scraper contacts the first teeth (dashed arrow).
C- The scraper crossing the middle portion of the file, maximum amplitude of the song pulse,
increasing slope of wing position trace. D- The scraper contacts the last few teeth of the file and
comes to rest with the end of the sound pulse.
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Fig. 4.6. Sound oscillograms and wing movements as recorded with the optical position detector.
A- Five consecutive songs (black) with their corresponding wing position trace (red). BEnlargement of one pulse of the sequence shown in A. C- Further enlargement of a segment of
the pulse shown in B. Ripples in the wing position trace match sound waves. D- Velocity of wing
closing calculated from frame-by-frame analysis of high-speed video. Results for one song from
each of four individuals are shown (symbols) along with a Lowess curve fit to the data (blue). EVelocity of wing closing calculated from the wing movement trace of the position detector. Wing
velocity traces for four songs from the same specimen are plotted (black) and fitted line to the
average using the Lowess curve fit (blue).
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Fig. 4.7. Removal of mirror regions. Analysis of calls from one individual before (A) and after
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in the left, power spectra in the middle and spectrograms on the right. Red arrows indicate
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Fig. 4.8. Effects of loading the left tegmen. Spectrogram of songs of the same specimen intact
(A), after loading the acoustic regions of the left tegmen (B), following removal of the latex
from the left tegmen (C) and after loading the mirror of the right tegmen (D). Red arrows in
A-C indicate the same frequency. Harmonic components decreased in frequency when the left
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wing position (red) of an intact specimen. B- Sonogram of the sound presented in A, along
with the instantaneous velocity of wing movement (blue). Note the gradual and constant increase
in velocity during the region with strong harmonics. C- Sound and wing movement of the same
specimen after ablation of teeth in three different parts of the file. First gap corresponds to the
removal of 11 teeth between teeth 125 to 135 (gap = ~0.29 mm); the second gap results from
absence of 7 teeth between tooth 142 and 148 (gap = ~0.17mm) and the last gap from removal
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when the scraper encounters these gaps. The number of oscillations produced in segments
between the gaps in the oscillogram matches the number of teeth in the intact regions of the file.
D- Sonogram of the sound shown in B, including the wing velocity (blue). Wing velocity is
more variable than when the file is intact (B) with abrupt changes in velocity corresponding to
gaps in the file. Scale bars in A and C refer to wing position traces.
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Fig. 4.11. A- Cycle-by-cycle frequency analysis of a calling song. The fundamental frequency is
more constant in the middle portion of the song, corresponding to the strong harmonics evident
in the spectrogram of the same song (B). The blue trace represents the instantaneous velocity of
the wing, calculated from the wing movement recordings. C- Plot of predicted wing velocity
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Chapter 5
5.1 Stridulatory mechanisms in extreme high-frequency singers
From the previous chapter it is clear that, with some exceptions (see Chapter Two),
Ensifera generate significant sound only on the wing closing stroke (see also Morris and Pipher
1972; Heller 1988). The muscular energy supplied to make the disk vibrate is dissipated in three
ways: (i) some of it goes into internal losses caused by bending of the diaphragm near its edges;
(ii) some of it goes into viscous losses in the surrounding air within about one wavelength
radially from the edge of the disk; (iii) some of it goes into sound radiation (Fletcher 1992,
Bennet-Clark 1998, Prestwich 1994; Prestwich and O'Sullivan 2005, Fletcher personal
communication 2005-09-6).
Most species of cricket call with nearly pure-tones of 3 to 8 kHz (Leroy 1966; BennetClark 1989; Otte 1992). And pure-tone calling also characterizes many species of katydid, but
with more spectral diversity: many katydid carriers are ultrasonic (Suga 1966; Sales and Pye
1974; Morris et al. 1994; Montealegre-Z and Morris 1999); a few species utilize extremely high,
>50 kHz, pure-tone ultrasonics (Morris et al. 1994).
As explained in Chapter Two, crickets employ resonant stridulation (Elsner and Popov
1978): briefly, each nearly symmetrical forewing has tuned radiators moving in phase (BennetClark 2003, see also Chapter Two). Radiator movement controls scraper advance in a manner
analogous to the escapement mechanism of a clock (Elliot and Koch 1985; Koch et al. 1988).
This gives a 1:1 relation between each radiated sound wave and each contacted file tooth
(carrier frequency (fc)= tooth impact rate). Most katydids have asymmetric forewings (Gwynne
2001, pag. 93), their left being damped and with little contribution to sound radiation
(Montealegre-Z and Mason 2005, see Chapter Four). Tettigoniids use both resonant and nonresonant stridulation (Montealegre-Z and Morris 1999).
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Theoretical mechanisms for the production of pure-tone calls at high frequencies were
discussed in Chapter Two. These mechanism consist in morphological designs and/or
behaviours that result in increments in tooth density and/or increments in scraper speed. The
former is likely not to have been an important evolutionary pathway (see Chapter Six). These
strategies coevolved with the escapement mechanism. To generate a pure-tone fc the scraper
must either pass at constant closing wing velocity over uniformly spaced teeth, or change
velocity to offset changing tooth density: the time taken for the scraper to travel from one tooth
to the next must be constant (Prestwich and O'Sullivan 2005). Several species of crickets studied
to date, in addition to some katydids that use pure-tone sounds, have files whose tooth densities
gradually decrease basad (but review Chapter Two). These increments in tooth spacing combine
with increments in the relative velocity of the tegmina (basad) to yield a steady carrier,
(Montealegre-Z and Mason 2005; Prestwich and O'Sullivan 2005).

5.1.1

Analysis
If the above argument is tenable, then the oscillation period may be defined as the time

that the scraper spends between two teeth and, if gullet distances are known, one can estimate
the scraper’s instantaneous speed. The gullet is measured as the physical distance between tooth
crests connected by the point line (Fig. 1.4), and the time estimate of the scraper travelling
between two teeth (the period) can be discerned using zero-crossing analysis, involving
calculation of the inverse of the instantaneous frequency (Fi) obtained for each oscillation
according to the equation

P=

1
,
Fi

(5.1)

where P is the period of each vibration (or the time that the scraper spends between two teeth).
Instantaneous velocities are estimated using the equation
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V =

D
,
T

(5.2)

where V is the velocity of the scraper (in millimetres/second), D is the distance (in millimetres)
travelled by the scraper between two teeth, and T is the duration (in seconds) of in this action
(note that the time, T, will be equal to the period, P, of each oscillation). Correlation of each
time value (oscillation period) with a particular gullet may be achieved using high-speed video
recordings.

From estimated instantaneous scraper velocities it is easy to obtain average

velocities.
From equation (5.2) one obtains

T=

D
,
V

(5.3)

which suggests that if the scraper is to maintain a constant travelling time (T) between teeth
(constant period in order to maintain a constant frequency), each time the gullet space (D)
increases, there must be a proportional increment in the scraper instantaneous velocity (V).
Strain is imparted to the scraper and file by the opposing forces of both tegmina, which, in
turn, are driven by muscles (Josephson 1985). During wing closure the scraper can move at
velocities comparable to those of the wing (experiencing minor decelerations each time a tooth
is contacted). This condition is common in species with short scrapers which permit the teeth to
be contacted in sequence (see Figs. 2.19, 2.20). In other cases, the scraper may move with
velocities higher or lower than that of the wing (this problem will be discussed further in this
chapter). Closing wing velocities may be obtained from high-speed video recordings and
compared with average velocities obtained from instantaneous velocities estimated from
morphological measurements of the file and ZC analysis, as explained above. Using this
methodology it is easy to predict which mechanism of file-scraper interaction a particular
species employs. When wing and scraper velocities approach similar values, sustained pulses
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are produced (in other words, one may assume that the resultant song is a coherent and sustained
pulse). Differences between the parameters (with the scraper speed usually higher by a certain
order of magnitude) are associated with pulse trains. The latter case almost always involves low
relative speed of wing closure velocities, high scraper displacement (see below). However, as
the forewings are driven by muscular forces, there must be a limit in attempting to contact teeth
at elevated speeds (fast muscular contractions), especially when nearly all species are
constrained by their small size to use high frequency signals (Greenfield 2002, Bennet-Clark
1995, 1998).
In order to present a model that accounts for such discrepancies, in this chapter I will
focus on a rare species of katydid from Colombia whose calling song is produced at 128 kHz,
with no appreciable energy below 100 kHz. This species is new to science and belongs to a
undescribed genus of the subfamily Listroscelinae; its nearest named relative is Arachnoscelis
(so I will call it here ‘nr Arachnoscelis’). I will analyse the calling songs and stridulatory
movements of this (as well as some other species with tonal carrier frequencies), and will
describe here how, in contrast to the 1:1 tooth-wave resonant mechanism of crickets, cuticular
deformation and elastic energy are implicated in these katydids’ sound generation. My
conclusions are based on a comparative analysis of closing wing velocities and carriers among
different species of Tettigoniidae.

5.1.2 Specimens
‘nr Arachnoscelis’ is small (Table 5.1). Its morphology suggests a predatory life style and
in captivity it catches and eats small flies. The fore-and-middle limbs bear a series of elongate
spines (Rentz 1995). The disproportionately long legs of this insect, give it a spider-like
appearance (Fig. 5.1A). The forewings are very reduced and used only for calling (Fig. 5.2); this
feature is characteristic of other species of the genus (Nickle 2002)). The localities and names of
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other species are given in Table 5.1. Details of the methods and analysis employed are included
in Chapter One (see sections 2.6, 2.7.3, 2.9, 2.11).

5.2 Results
5.2.1 Analysis of song and wing motion
Each call by a male of ‘nr Arachnoscelis’ is a train, 10 to 24 ms in duration consisting of 7
to 13 very short, sinusoidal pulses (Fig. 5.1B). In a bout of singing lasting several minutes,
single trains (rarely two in quick succession) are repeated every 1.7 s (20-22 ºC). Peak
amplitudes of successive pulses in the train rise, plateau and then diminish. Each pulse lasts
about 120 µs (Fig. 5.1C); pulses recur at a rate of 588 per sec. Output energy centres at 128 kHz
(Fig. 5.1D).
Except for some undescribed species whose calling songs are reported for the first time
here, acoustic data on other katydid species may be found in the literature (Mason et al. 1991;
Morris et al. 1994; Montealegre-Z and Morris 2003; Montealegre-Z. and Morris 2004;
Montealegre-Z and Mason 2005).
Table 5.1 shows some anatomical measurements, as well as the closing wing velocity and

fc for a number of species of Tettigoniidae, all of which make tonal sound pulses. Among the
first 12 species listed, there is a tendency for both tooth density and closing wing velocity to
increase with frequency; in these species a large number of available file teeth are functional.
For instance, males of the katydid P. pallicornis call at 5 kHz with a tooth contact rate of ~5000
teeth/s (Montealegre-Z and Mason 2005, see Chapter Four); in this species the average gullet
distance is 24 µm and the tooth density is 35teeth/mm (Montealegre-Z. and Morris 2004). Based
on these measurements the estimated scraper speed is 122.3 mm/s (±2.7, n=5) and the observed
closing-wing speed is 120 mm/s, with no significant differences between the means of both
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measurements (p > 0.05). Panacanthus cuspidatus has a file with an average gullet distance of
16 µm, and a tooth density of 60/mm; these katydids employ a closing wing velocity of 180
mm/s to produce a ~11 kHz tone (no significant differences occur between the observed and
estimated speed). A much higher ultrasonic pure-tone carrier is seen in species (sp1 and sp2) of
an unnamed genus of Copiphorinae (nr Loboscelis): males of these species generate pure tones
at 35 and 40 kHz, at average velocities of 235 and 295 mm/s, respectively; gullet space and
tooth density approximate similar values in both species (Table 5.1, 5.2). All observed velocities
reported above coincide with the predicted velocities calculated based on inter-tooth distances
and sound-cycle period. In evolving to a higher carrier some species have increased either tooth
density or closing wing velocity, or both, while still contacting one tooth per cycle (see Chapter
Two). In these species, scraper velocity and wing closing velocity should remain equivalent and
all of them have compromised on pulse duration (Montealegre-Z and Mason 2005, see also
Table 5.2).
The file of ‘nr Arachnoscelis’ bears just 67-70 teeth, within a 0.70 mm length (Table 5.1).
In order to produce a sound pulse via a cricket-fashion resonant mechanism, with a 1:1 relation
between tegminal oscillator and tooth contact rate, the scraper of this species must contact
128000 teeth per second at a velocity of ~1152 mm/s. But high-speed video recordings, shows
the scraper of ‘nr Arachnoscelis’ contacts no more than 35-40 teeth, all in the basal half of the
file (Figs. 5.2, 5.3A) and that the two wings close with a velocity of only 12.8 mm/s; this is an
order of magnitude slower than both the velocities of any of the species mentioned above and
the estimated scraper velocity. It is also slower than most other velocities listed in Tables 5.1
and 5.2. There is a strong trend for extreme tonal ultrasonic carrier frequencies to be associated
with increasingly lower wing closing velocity values (Table 5.1).
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5.2.2 Comparative analysis
The regression of closing wing velocity vs fc (raw data) was highly significant at the 0.01
level (Fig. 5.4B). After applying Felsenstein’s ‘independent contrasts’ this regression remained
significant in all four treatments (Table 5.3); in all cases closing wing velocity changes
negatively with fc. This indicates that the same results are obtained independently of the effects
of phylogeny. The alpha value calculated in the analysis (8.4/15.5) suggests that the data
approach more the real values and not Felsenstein’s ‘independent contrasts’.
In scatter plots of the raw data (Fig. 5.4A), a point in the regression that appeared to divide
the data set into two regions: a proportional increment in carrier with velocity, followed by a
dramatic decline, was observed. This threshold frequency value was determine via spline
regression.
The spline model was also used to remove the linear restriction on logit function recently
proposed by Bessaoud et al. (2005). This method considers knot locations as free variables. The
number of knots and the degree of the spline functions can still be determined by using a model
selection procedure. A knot, seen as a free parameter for a piecewise linear spline, represents a
break point in the logit function which may be interpreted as a threshold value. With one degree
of spline function it was possible to detect a break point at a ~27.4 kHz (Fig. 5.4C); however a
two degrees function gave a threshold of 40.7 - 44.0 kHz, close to the value obtained using
ANCOVA (se below, Fig. 5.4D).
Inspection of the data suggested that the relationship between wing speed and song
frequency was not uniform among species. I therefore used a "partition around medoids" (PAM)
clustering algorithm (Kaufman and Rousseeuw,1990) to search for natural groups within the
dataset. This procedure generated two groups corresponding to species with song frequencies
above and below approximately 35 kHz (Fig. 5.5). I analysed the relationship between song
frequency and wing speed by ANCOVA with wing speed as a continuous variable and group
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membership (high vs. low frequency) as a categorical variable (Table 5.4). In addition, I
performed a similar analysis using the product of file tooth density and wing speed (i.e. the
average tooth-strike rate) as the continuous variable (Table 5.5). One of the species included in
this analysis, M. sphagnorum, produces a song with two spectrally distinct components
produced using different portions of the file (Morris and Pipher 1972). For these analyses I
included data for only the high-frequency portion of the call, as accurate estimates of wing
speed and file tooth density were unavailable for the low-frequency component.

5.3 Discussion
5.3.1 Analysis of stridulation in nr. Arachnoscelis
128 kHz is the highest tonal calling carrier found to date in an insect. The next-highest
katydid tonal calling carrier known is that of Haenschiella ecuadorica at 106 kHz (Morris et al.
1994). The highest insect fc reported previously is a spectrum centred at 125 kHz by a pyralid
moth (Spangler 1987); however, this song is not a pure tone and is produced not by stridulation,
but by a tymbal mechanism. In these animals a tymbal with nine striae is located on the anterior
side of each tegula (a hat brim-like sclerite at the base of the forewings). Males move the wings
up and down and a cuticular knob on the underside of the tegula contacts the forewing base
during each stroke of the wings (Spangler et al. 1984). Each stroke causes the tymbal to buckle
inward and outward, emitting nine pulses of highly damped ultrasound.
The paradox of extreme ultrasonic pure-tone output with low-velocity wing movement
may be resolved by invoking a mechanism that stores elastic energy in cuticle. Elastic energy is
employed by many arthropods to deliver powerful movement beyond that allowable by the
contraction rates of muscles: e.g, the jump of a leafhopper or flea (Bennet-Clark and Lucey
1967; Burrows 2003; Krasnov et al. 2004), or the tymbal mechanism of sound generation of
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some moths (Spangler 1987; Greenfield 2002). From high-speed video recordings of ‘nr

Arachnoscelis’, and other high frequency singers listed in Table 5.1, it is apparent that during a
closing stroke, the scraper lodges periodically behind a tooth while the wings move steadily by
each other. This must result in the bending of the scraper region and storing of elastic energy.
This energy then becomes available as enhanced scraper velocity when the bent scraper slips
free (Fig. 5.6). The cross section of the scraper region shows that the flexible cuticle of species
using extreme high frequencies is larger when compared to that of other types of singers (Fig.
2.19). For a given stiffness, this design might allow for more bending and therefore for more
power at release, so that a number of very high-frequency waves can be generated by passage
over small sets of teeth at much elevated velocities. (This mechanism was first hypothesized for
the katydid Metrioptera sphagnorum (Morris and Pipher 1972) which makes ultrasonic tonal
pulses at about 33 kHz using resilin)
Each ‘nr Arachnoscelis’ pulse (Fig. 5.1), has a building of ~5 waves followed by free
decay. This is succeeded by down time which is much longer than the pulse, during which
elastic storage occurs for the next pulse, and which refers, in part, Q value of 12.3. The number
of incrementing waves in the pulses summed over the pulse train (7 X 5) roughly agrees with
the number of teeth actually used by the insect (~35). This gradual building of oscillation
suggests that the scraper is not abruptly released, but after sliding over some teeth at high
velocity, pauses at the last tooth contacted when the wings stop (observed with high-speed
video). The scraper does not contact more teeth when its maximum stretch has been reached.
The wings then resume their motion and the scraper bends maximally, springs forwards and
continues its motion at high speed over subsequent teeth (Fig. 5.6). The scraper’s maximum
distance of deformation is 74 µm (Fig. 5.6A), and the maximum distance of stretching after
recovery should be proportional. According to this analysis, one would expect a proportional
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distance of displacement over the file, approximately seven or eight contacted teeth, or seven
driven waves; this prediction is in accordance with the obtained data.
This argument is supported by the fact that the instantaneous frequency decreases as the
pulse progresses (the scraper loses velocity), and increases by increments in tension (Fig. 5.6B).
The latter might involve changes in stiffness due to scraper-file tension, which result in
increments in frequency (see equation 2.1).

An alternative explanation involves a total

disengagement that allows the stridulatory file to vibrate at its natural frequency, which is
normally higher than that of the calling song. This would generate an increment of the
instantaneous frequency of the free decay oscillations.
During the pulse onset, there is an increment in the instantaneous frequency for the first
few waves, which suggests a higher velocity of the scraper at its release. If the total number of
driven oscillations involved in one closing stroke are added, one obtains 35-40 cycles, which
represent individual tooth contacts. The region of the file used holds ~40 teeth; thus, almost all
teeth are struck by separated movements of the scraper.
Pauses in scraper displacement are produced by temporary halts in tegminal motion as
observed per high-speed video recordings (1000 frames/s). These observations suggest that, in
order to produce high frequencies, the insect should apply the tegminal forces such that the
necessary bending of the scraper is achieved; but this mechanism appears to fail sometimes. In
such cases, the scraper velocity may sometimes drop below the optimal value to generate the
necessary tooth strike and therefore the fc of the pulse train could go as low as 90 kHz. In the
opposite situation the fc may increase as much as 138 kHz in the same individual under the same
temperature conditions. This analysis is, however, based on recordings obtained from just two
males.
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5.3.2 Stridulation in other high frequency singers
Males of the first 13 species listed in Table 5.1 sing in the range of 5 to 45 kHz and exhibit
wing closing velocities in the range of ~ 120 to 300 mm/s. Among these species, wing closing
velocity equals scraper velocity (when observed velocity equals predicted velocity, I assume
that wing closing velocity = scraper velocity; see Montealegre and Mason (2005)) and the
scraper makes an uninterrupted passage along the file, contacting consecutive teeth in a long
series (the stridulatory mechanism of these species is considered in Chapters Two and Four).
For the remaining seven species, carriers range upward from 48 (Phlugis) to 128 kHz (‘nr

Arachnoscelis’) but closing wing velocity is lower, in some cases dramatically: 13-140 mm/s. In
these latter species, wing closing velocity no longer equates to scraper velocity. Lower wing
velocity is least marked in the two largest species of Myopophyllum, probably because more
muscular mass is available in these species, allowing them to achieve higher velocities. When
scraper length and carrier frequency were compared, there was a discrete separation of both
groups at around 40 kHz: species with frequencies <40 tend to have higher velocities and
shorter scraper than those using extreme ultrasonics > 40 kHz (Fig. 5.8).
The seven high-frequency species of Table 5.1 share another feature: the production of a
train of relatively short sound pulses, corresponding to a single closing file-run. As explained
above, this pulse train is the signature of scraper-stored elastic energy. The scraper makes a
series of pauses along the file, each associated with scraper bending. Extreme scraper ‘within
pulse’ velocities are achieved over very short durations at high force. In these species, scraper
movement directly by wing muscle contraction is no longer the only or limiting determinant of
scraper kinetic energy. Achieving the necessary tooth-impact rates for these high ultrasonic
frequencies requires greater power than can be derived directly from wing muscle contraction
(see next section) and so energy, via scraper elasticity, in addition, of course to that supplied by
the wing muscles, can augment scraper velocity. The occurrence of pulse trains within single
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wing closures is not limited to high frequency singers (see Chapter Two, section 2.2.1.6). Some
species stridulate with a scraper-file mechanism different to the one presented here, but also
yielding pulse trains.
According to the scraper design and carrier frequency and using the spline knot method of
Bessaoud et al. (2005), it is possible to distinguish two groups of singers: low to moderatly
high-frequency singers and extremely high-frequency singers. The break point that divides these
two groups lies at 40.7 kHz (Fig. 5.8). Once again, this value is similar to the critical value that
predicts the maximum frequency achieved by an insect to generate coherent pure-tone calls
(where scraper and wing closing velocity remain the same, Fig. 5.4D). The scraper of

Metrioptera sphagnorum seem to have adaptations for low frequencies, but perhaps it can be
used for moderate high ultrasounds (~33 kHz) using elasticity. More research on this species is
needed.
The above is merely speculative, as we do not have an idea whether or not an animal
calling at low frequency is more efficient than one at a high frequency. It is necessary therefore
to obtain measurements of the loudness of ultrasonic singers in order to compare and have a
better understanding of the problem.

5.3.3 The causes of low wing closing velocities
Available muscle energy is constrained by body size (Wainwright et al. 1976; Alexander
1983). On this basis, the larger species among those (Table 5.1) that use high ultrasonics should
be able to contribute more energy to wing closing velocity by virtue of their larger muscle mass.
Thus, the energy contribution via scraper bending may be more modest in these species. In
general a larger body cavity allows space for a greater muscle cross-sectional area, which in
turn, contributes to a larger capacity for generating force (Patek and Oakley 2003, and
references therein). If the muscle contraction that moves the scraper along the file occurs over a
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longer time period, more overall energy will be made available than that which arises from a
shorter contraction (Bennet-Clark 1998). Power from muscle-based movement will be highest
when teeth are contacted at the highest rate, i.e., short times and high closing velocities.
Body size will also affect the stridulatory file length (Heller 1995, see also Fig. 6.15).
Frequency may be constrained by the minimum achievable inter-tooth spacing. Increased
density of teeth may result in higher frequencies, where teeth are all contacted in sustained
sequence (see Uchuca halticos and nr. Loboscelis spp., Table 5.1, Fig. 2.12). However, if files
are too short and high tooth density is required to generate short-wavelength pulses, selection
might favour another type of file-tooth organization: shorter files with lower tooth densities,
where high tooth contact rates at extreme velocities occur in short bursts powered by elastic
energy.
5.3.4 Possible functions of extreme high-frequency calls
What is the function of these extremely short wavelengths? Because ultrasonics might
involve more energy than audio frequencies of the same amplitude, and because they lose this
energy more rapidly with distance, especially in humid air (Griffin 1971; Römer and Lewald
1992; Römer 1993), it is puzzling to find the katydids that produce them enticing mates at longrange. By using such frequencies a caller limits his reach and increases his cost. Two hypotheses
seem possible. At such short wavelengths body diffraction may become significant even for a
very small insect and so enhance close-range localization mechanisms. For instance, the wave
length of the ‘nr. Arachnoscelis’ song is ~ 2.7 mm while this insect’s body diameter is ~3.5 mm;
this disparity is sufficient to cause phase differences by body diffraction (Mason 1991; Morris et
al. 1994; Mason et al. 1998). Alternatively, the heightened attenuation of these frequencies may
be adaptive in confining male to female transmission to a more intimate range and so avoiding
the attention of insect-feeding bats, which are capable of receiving the same ultrasonic
frequencies used in their echolocation (Belwood and Morris 1987; Belwood 1990).
209

5.4 Literature cited
ALEXANDER, R. M. 1983. Animal mechanics. Blackwell Scientific, Boston, MA.
BELWOOD, J. J. 1990. Anti-predator defences and ecology of Neotropical forest katydids,
especially the Pseudophyllinae. Pages 8-26 in W. J. Bailey, and D. C. F. Rentz, editors.
The Tettigoniidae: Biology, Systematics and Evolution. Crawford House Press, Bathurst.
BELWOOD, J. J., and G. K. MORRIS. 1987. Bat Predation and Its Influence on Calling
Behavior in Neotropical Katydids. Science 238:64-67.
BENNET-CLARK, H. C. 1989. Songs and the physics of sound production. Pages 227-261 in
T. E. M. a. W. L. F. Huber, editor. Cricket Behavior and Neurobiology. Cornell
University Press, Ithaca.
______. 1998. Size and scale effects as constraints in insect sound communication.
Philosophical Transactions of the Royal Society of London B Biological Sciences
353:407-419.
______. 1995. Insect sound production: transduction mechanisms and impedance matching.
Pages 199–218 in C. P. Ellington, and T. J. Pedley, editors. In Biological Fluid
Dynamics. Company of Biologists, Cambridge.
______. 2003. Wing resonances in the Australian field cricket Teleogryllus oceanicus. Journal
of Experimental Biology 206:1479-1496.
BENNET-CLARK, H. C., and E. C. A. LUCEY. 1967. The jump of the flea: a study of the
energetics and a model of the mechanism. Journal of Experimental Biology 47:59-76.
BESSAOUD, F., J. P. DAURES, and N. MOLINARI. 2005. Free knot splines for logistic
models and threshold selection. Computer Methods and Programs in Biomedicine
77(1):1-9.
BURROWS, M. 2003. Biomechanics: Froghopper insects leap to new heights - An innovative
leaping action propels these bugs to the top of the insect athletic league. Nature
424(6948):509-509.
ELLIOT, C. J. H., and U. T. KOCH. 1985. The clockwork cricket. Naturwissenschaften 72:150152.
ELSNER, N., and A. V. POPOV. 1978. Neuroethology of acoustic communication. Advances in
Insect Physiology 13:229-355.
GREENFIELD, M. D. 2002. Signalers and Receivers: Mechanisms and Evolution of Arthropod
Communication. Oxford University Press, Oxford.
GRIFFIN, D. R. 1971. The importance of atmospheric attenuation for the echolocation of bats
(Chiroptera). Animal Behaviour 19:55-61.
GWYNNE, D. T. 2001. Katydids and bush-crickets: Reproductive behaviour and evolution of
the Tettigoniidae. Cornell University Press, Ithaca.

210

HELLER, K. G. 1995. Acoustic signalling in Palaeotropical bush-crickets (Orthoptera,
Tettigonioidea, Pseudophyllidae) - Does predation pressure by eavesdropping enemies
differ in the Palaeotropics and Neotropics. Journal of Zoology 237:469-485.
HELLER, K.-G. 1988. Bioakustik der Europaischen Laubheuschrecken. Verlag Josef Margraf,
Weikersheim.
JOSEPHSON, R. K. 1985. The mechanical power output of a tettigoniid wing muscle during
singing and flight. Journal of Experimental Biology 117:357-368.
KAUFMAN, L. AND ROUSSEEUW, P.J. 1990. Finding Groups in Data: An Introduction to
Cluster Analysis. Wiley, New York.
KOCH, U. T., C. J. H. ELLIOTT, K.-H. SCHÄFFNER, and H.-U. KLEINDIENST. 1988. The
mechanics of stridulation of the cricket Gryllus campestris. Journal of Comparative
Physiology A Sensory Neural and Behavioral Physiology 162:213-223.
KRASNOV, B. R., I. S. KHOKHLOVA, S. A. BURDELOV, and L. J. FIELDEN. 2004.
Metabolic rate and jump performance in seven species of desert fleas. Journal of Insect
Physiology 50:149-156.
LEROY, Y. 1966. Signaux acoustiques, comportement et systématique de quelques espèces de
Gryllidae (Orthoptères, Ensifères). Bulletin Biologique de la France et de la Belgique
100:1-134.
MASON, A. C. 1991. Hearing in a Primitive Ensiferan - the Auditory-System of Cyphoderris
monstrosa (Orthoptera, Haglidae). Journal of Comparative Physiology a-Sensory Neural
and Behavioral Physiology 168(3):351-363.
MASON, A. C., T. G. FORREST, and R. R. HOY. 1998. Hearing in mole crickets (Orthoptera :
Gryllotalpidae) at sonic and ultrasonic frequencies. Journal of Experimental Biology
201(12):1967-1979.
MASON, A. C., G. K. MORRIS, and P. WALL. 1991. High ultrasonic hearing and tympanal
slit function in rain-forest katydids. Naturwissenschaften 78:365-367.
MONTEALEGRE-Z, F., and A. C. MASON. 2005. The mechanics of sound production in
Panacanthus pallicornis Walker (Orthoptera: Tettigoniidae: Conocephalinae): the
stridulatory motor patterns. Journal of Experimental Biology 208:1219-1237.
MONTEALEGRE-Z, F., and G. K. MORRIS. 1999. Songs and Systematics of some
Tettigoniidae from Colombian and Ecuador, part I. Pseudophyllinae. Journal of
Orthoptera Research 9:163-237.
______. 2003. Uchuca Gi-gliotos, Dectinomima Caudell and their allies. (Orthoptera:
Tettigoniidae). Transactions of the American Entomological Society (Philadelphia)
129:503-537.
______. 2004. The spiny devil katydids, Panacanthus Walker (Orthoptera: Tettigoniidae): an
evolutionary study of acoustic behaviour and morphological traits. Systematic
Entomology 29:21-57.

211

MORRIS, G. K., A. C. MASON, P. WALL, and J. J. BELWOOD. 1994. High ultrasonic and
tremulation signals in neotropical katydids (Orthoptera, Tettigoniidae). Journal of
Zoology (London) 233:129-163.
MORRIS, G. K., and R. E. PIPHER. 1972. Relation of song structure to tegminal movement in
Metrioptera sphagnorum (Orthoptera - Tettigoniidae). Canadian Entomologist
104(7):977-985.
NICKLE, D. A. 2002. New species of katydids (Orthoptera: Tettigoniidae) of the neotropical
genera Arachnoscelis (Listroscelidinae) and Phlugiola (Meconematinae), with taxonomic
notes. Journal of Orthoptera Research 11(2):125–133.
OTTE, D. 1992. Evolution of cricket songs. Journal of Orthoptera Research 1:25-49.
PATEK, S. N., and T. H. OAKLEY. 2003. Comparative tests of evolutionary trade-offs in a
palinurid lobster acoustic system. Evolution 57(9):2082-2100.
PRESTWICH, K., N. 1994. The energetics of acoustic signalling in anurans and insects.
American Zoologist 34:625-643.
PRESTWICH, K. N., and K. O'SULLIVAN. 2005. Simultaneous measurement of metabolic and
acoustic power and the efficiency of sound production in two species of mole crickets
(Orthoptera: Gryllotalpidae). Journal of Experimental Biology 208:1495-1512.
RENTZ, D. C. F. 1995. Do the spines on the legs of katydids have a role in predation?
(Orthoptera: Tettigoniidae: Listroscelidinae). Journal of Orthoptera Research 4:199–200.
RÖMER, H. 1993. Environmental and biological constraints for the evolution of long-range
signalling and hearing in acoustic insects. Philosophical Transactions of the Royal
Society of London, Series B 340: 179-185.
RÖMER, H., and J. LEWALD. 1992. High-frequency sound transmission in natural habitats:
implications for the evolution of insect acoustic communication. Behavioral Ecology and
Sociobiology 29:437-444.
SALES, G. D., and J. D. PYE. 1974. Ultrasonic communication in animals. Chapman and Hall,
London.
SPANGLER, H. G. 1987. Ultrasonic communication in Corcyra cephalonica (Stainton)
(Lepidoptera: Pyralidae). Journal of Stored Products Research 25:203-211.
SPANGLER, H. G., M. D. GREENFIELD, and A. TAKESSIAN. 1984. Ultrasonic mate calling
in the lesser wax moth. Physiological Entomology 9(1):87-95.
SUGA, N. 1966. Ultrasonic production and its reception in some Neotropical Tettigoniidae.
Journal of Insect Physiology 12:1039-1050.
WAINWRIGHT, S. A., W. D. BIGGS, J. D. CURREY, and J. M. GOSLINE. 1976. Mechanical
design in organisms. Princeton University Press, Princeton, NJ.

212

Tab le 5.1. M o rp h o lo g ical, p h y s ical an d b eh av io u ral attrib u tes o f katy d id male o f s ev eral s p ecies th at u s e p u re
to n e callin g s o n g . Data o rg an ized b y co n g en ers .
s p ecies

N

lo cality

b o d y s ize File len g th
no. of
TS
TD
(mm)
(mm)
file teeth (ìm) Teeth /
mm
Co : Bo s q u e
38.4 ± 2.8 6.0 ± 0.2
210-246 24.0
35
d e y o to co

1. Pa n a ca n th u s
p a llico rn is

8

2. P. cu sp id a tu s

2

Ec: Nap o ,
Jag u ar

49.0 ± 3.5

5.0 ± 0.3

277-280

16.0

60

11.0 ± 180.0
0.5
± 3.0

24

3. C h a mp io n ica
w a lk eri

5

Ec:
Tin alan d ia

28.6 ± 3.1

2.8 ± 0.3

150

10.0

54

13.3 ±
170.7
0.2

25

4. C o p ip h o ra
rh in o cero s

3

CR: La s elv a 42.5 ± 3.0

3.8 ± 0.2

200

13.6

58

8.7

5. C o . cf g ra cilis

2

Co : A mazo n
36.5 ± 2.1
A macay acu

1.53 ± 0.3

130

6.4

85

16.5

186.6

25

6. C o . g ra cilis

1

2.0 ± 0.4

210

6.0

105

20.6

202.9

25

7. Eu b lia stes a eth io p s

2

Co : Go rg o n a
49.6 ± 1.3
is lan d

2.9 ± 0.1

146

20.5

51

21.6

151.1

25

8. Eu . ch lo ro d yctio n

1

Co : Valle,
Bajo Calima

38.1

2.5

150

19.0

60

27.3 231.5 * 25

9. M etrio p tera
sp h a g n o ru m

2

Ca: ON.
Up s ala

20.1 ± 1.5

2.6 ± 0.4

150-180

8.0

62

34.0 ±
1.2

90.5

23

10. ' n r. Lo b o scelis s p .
1'

5

Ec:
Tin alan d ia

24.2 ± 1.7

1.7 ± 0.3

200-207

8.0

124

35.0 ±
2.3

235.0
± 0.5

23

11. ' n r. Lo b o scelis s p .
2'

2

Co : Valle,
27.1 ± 1.6
Bajo Calima

1.4 ± 0.1

207

8.6

124

40.7

295.0

25

12. Uch u ca h a ltico s

7

Ec: Nap o ,
Jag u ar

22.0 ± 1.1

0.7 ± 0.2

119

6.0

168

42.3

187.5

25

13. Ph lu g is s p .

1

Co : Valle,
Cali, km 18

14.0

0.6

54

11.8

90

47.6

46.2

25

15. Ha en sch iella s p .

1

Ec: Nap o ,
Jag u ar

28.0

1.1

105

10.0

117

65.8

21.6 * 22

16. H. ecu a d o rica

1

Ec: Nap o ,
Jag u ar

27.0

0.9

70

16.0

64

105.5

23.7 * 20

17. Drep a n o xip h u s
a n g u stela min a tu s

1

Pa: Barro
Co lo rad o

20.0

1.0

90

11.0

90

73.0

30.3 * 15

18. M yo p o p h yllu m. s p .

2

Ec: Nap o ,
Co s an g a

31.9 ± 2.3

2.0

95-98

20.0

48

65.5 ±
7.7

117.0
± 1.4

23

19. M . sp ecio su m

20

Ec: Nap o ,
Baeza

33.3 ± 1.5

1.9 ± 0.5

95-100

24.0

41

83 ±
4.8

139.0
*

23

Ec: Nap o ,
Primav era

33.7

Fc
CW V
(kHz) (mm/s
)
5.0 ± 120.0
0.3

± 1.8

ºC

24

152.0 * 25

Co : Go rg o n a
128 ± 12.8 ±
13.0 ± 2.2 0.7 ± 0.2
67-70
9.0
100
22
is lan d
6.2
1.4
TS= to o th s p acin g . TD= to o th d en s ity . Fc= carrier freq u en cy . CW V= av arag e clo s in g win g v elo city . Bo d y
meas u red as th e mid lin e fro m fas tig iu m to las t ab d o min al terg ite. * Data es timated fro m aco u s tic an d
an ato mical meas u remen ts . Co = Co lo mb ia, Ec= Ecu ad o r,

20. 'n r. Ara ch n o scelis'

2
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T ab le 5.2. M o rp h o lo g ical, p h y s ical an d b eh av io u ral attrib u tes o f katy d id male o f s ev eral s p ecies th at u s e
p u re to n e callin g s o n g . Data o rg an ized b y co n g en ers . T h e h y p o th es is tes ted h ere is th at es timated an d
calcu lated win g v elo cities s h o u ld ap p ro ach s imilar v alu es in lo w-freq u en cy s in g ers , b u t fo r extreme h ig h freq u en cy s in g ers th es e two v ariab les s h o u ld b e d ifferen t.
s p ecies

N

Gu llet
(ìm)

Fc (kHz)

Es timated s crap er
v elo city (mm/s )

Ob s erv ed win g
v elo city (mm/s )

P fo r t-tes t

P a n a ca n th u s p a llico rn is

5

24.0

5.0

122.3

120

>0.05

P . cu sp id a tu s

2

16.0

11.0

190.2

180

>0.05

C h a mp io n ica w a lk eri

2

10.0

13.3

162.7

170.7

>0.05

C o p ip h o ra rh in o cero s

2

13.6

8.7

148.2

152.0

>0.05

C o . cf g ra cilis

3

6.4

16.5

182.9

186.6

>0.05

M etrio p tera sp h a g n o ru m
(lo w freq u en cy mo d e)

3

14.9

17.0

253.6

59.1

<0.01

C o . g ra cilis

2

6.0

20.6

196.3

202.9

>0.05

E u b lia stes a eth io p s

2

20.5

21.6

157.7

151.1

>0.05

E u . ch lo ro d yctio n

2

19.0

27.3

231.5

231.5

>0.05

M etrio p tera sp h a g n o ru m
(h ig h freq u en cy mo d e)

3

7.9

34.0

264.0

71.0

<0.01

n r. Lo b o scelis s p . 1'

2

8.0

35.0

353.0

235.0

>0.05

5

8.6

40.7

288.1

295.0

>0.05

Uch u ca h a ltico s

2

6.0

42.3

180.4

187.5

>0.05

P h lu g is s p .

2

11.8

47.6

561.7

46.2

<0.01

Ha en sch iella s p .

2

10.0

65.8

658.0

21.6

<0.01

H. ecu a d o rica

2

16.0

105.5

1688.0

23.7

<0.01

Drep a n o xip h u s
a n g u stela min a tu s

2

11.0

73.0

803.0

30.3

<0.01

M yo p o p h yllu m. s p .

2

20.0

65.5

1310.0

117

<0.01

M . sp ecio su m

2

24.0

83.0

1992.0

55.4

<0.01

n r. A ra ch n o scelis'

2

9.0

128.0

1152.0

13

<0.01

n r. Lo b o scelis s p . 2'
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Table 5.3. Randomization test for carrier frequency and closing wing velocity for the species presented in table 5.1. The
method of independent contrasts was applied to the data. Regression analysis of raw data before conducting break point
regression.
Assumption
Raw data

Correlation

Reg.
Var
Var
Slope Slope samplig

-0.62

-1.47

1 tree (unique topology and branch lengths=1
were assumed)

-0.38

-0.73

0.00

1 tree (assuming unique topology and random
branch lengths)

-0.22

-0.60

1000 trees assuming unique topology and random
branch lengths

-0.52

1000 trees with random topologies and random
branch lengths

-0.58

95% C.I.

SE

P-value

-2.58 to -0.55 0.44

0.003

0.82

-1.55 to 0.08

0.9

0.02

0.00

1.21

-1.81 to 0.61

1.1

0.03

-1.86

0.53

4.2

-3.45 to -0.28. 0.8

0.02

-1.46

0.35

3.66

Independent contrasts

Table 5.4.ANCOVA using wing speed
Df
Sum Sq
Closing wing velocity (CWV) 1
8275.2
Frequency group
1
5022.8
Group * CWV
1
2213.8
Residuals
15
5879.9

Mean Sq
8275.2
5022.8
2213.8
392

-5.12 to 2.20

2.0

F-value Pr(>F)
21.1105 0.00035
12.8135 0.00274
5.6476 0.03123

Signif. codes: 0 `***' 0.001 `**' 0.01 `*' 0.05 `.' 0.1 ` ' 1

Table 5.5. ANCOVA using average toothstrike rate (wingspeed * toothdensity))
Df
Sum Sq
Mean Sq F value Pr(>F)
Average tooth strike rate
1
2721.9
2721.9 14.556 0.00169 **
Frequency group
1
11133
11133 59.535 1.34E-06 ***
Group * ave. strike rate
1
4731.8
4731.8 25.304 0.00015 ***
Residuals
15
2805
187
Signif. codes: 0 `***' 0.001 `**' 0.01 `*' 0.05 `.' 0.1 ` ' 1
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Frequency (kHz)

200

Fig. 5.1. Some features of 'nr Arachnoscelis'. A Habitus of a male. B. Calling song composed
of two pulse trains. Scale bar, 20 ms. C high resolution of a pulse. Scale bar 100 µs. D Power
spectrum of the calling song.
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B

Pronotum

Head

A

Fig. 5.2. Wing movements and calling song obtained from high-speed video. Two frames with
the corresponding oscillogram are shown. A- The scraper contacts the first file teeth between
tooth 35 and 40 (dashed arrow shows scraper position, arrow with bar the corresponding event
in the oscillogram). Scale bar, 8 ms. B- the scraper is swept down the basal end of the file, where
the last sound pulses are produced.
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Fig. 5.3. File morphology of nr. Arachnoscelis sp. A. Scanning Electron Microphotograph
of the stridulatory file. White arrow shows the direction of the scraper. B. Tooth arrangement
of two specimens based on gullet distance. Blue dashed lines show the functional parts of the
file obtained from high speed video recordings
218

300

300

250

B

150

200

100

150

50

100

0

50

40

60

80

100

20

120

40

60

80

100

120

D

150

200

200

C

250

300

300

20

0

50

100

100

Closing wing velocity (mm/s)

P<0.01

200

250

A

20

40

60

80

100

120

20

40

60

80

100

120

Independent contrasts for
Closing wing velocity (mm/s)

Frequency (kHz)
R= 0.55

100

P<0.05

E

50

0

-50

-60

-40

-20

0

20

Independent contrasts for
frequency
Fig. 5.4 . Results of speed vs. frequency analysis. A- Data distribution. B- Approximation with
linear model (k=0 et d=1): Estimation of coefficients of regression: 204.58115 -2.47257. CSpline model with one knot and one degree: Estimated regression coefficients: 130.43 219.43
-51.16019; estimate of knot location: 27.43. D Spline model with two knots and one degree:
Estimate regression coefficients: 123.35 294.72 70.78 12.68; estimate of knots location: 40.70
and 44.04 kHz. E. Independent contrast analysis of the raw data shown in B. GLS model gave an
alpha estimate of 8.39 (considered large), values of alpha from 0 to 15 were tested.
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Fig. 5.5. Analysis of the relationship between song frequency and wing speed by ANCOVA with
wing speed as a continuous variable and group membership (high vs low frequency). Close
symbols represent high frequency singers (> 40 kHz), open symbols low frequency singers
(< 40 kHz).
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Fig. 5.6. Mechanism of stridulation in extreme frequency singers. A- Different steps of
deformation that the scraper may undergo before a pulse is produced. Notice how the scraper
pauses behind the same tooth. B- With enough bending, the scraper is released, springs forward
over a series of teeth and stops over the last tooth of the series (blue asterisk). Pulse driven
oscillations are indicated with dashed lines and contacted teeth with red asterisks. Decay
oscillations are indicated by the dotted arrows. Zero crossing analysis is presented in the lower
part. Note how the frequency drops for the driven cycles, indicating a drop in velocity, and
increases during decay, suggesting increments in tension or that the file’s resonant frequency is
n o r m a l l y h i g h e r t h a n t h a t o f t h e c a l l i n g s o n g .
.
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Fig. 5.7 .Phylogenetic relationship of selected species that use pure tones and for which data of
wing closing velocity were available (adapted from Naskrecki (2002)).
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Fig. 5.8. Break-point regression of fc vs. scraper length. A- Approximation with linear model
(k=0 et d=1): Estimation of coefficients of regression: 0.0711 0.2024. B- Spline model with one
knot and one degree: Estimated regression coefficients: 0.0554 0.1316 0.1803; estimated break
point location: 40.7. Scraper length was taken as the length of the scraper elastic cuticle divided
by the length of the mirror.
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Chapter 6
6.1 Mechanical constraints for the evolution of asymmetric wings in
katydids
Crickets, humpbacked grigs, and katydids generate songs by rubbing specialized structures
located on the forewings. These signals, important in attracting a mate, occur in several forms,
depending on the species and are generated by either a resonant or a nonresonant mechanism
(Elsner and Popov 1978). Stridulation in all three groups is similar in terms of wing motion.
Sound production involves cyclic opening and closing of the forewings, but in most cases, the
main components of the calling song are generated only during the closing stroke (Morris and
Pipher 1972; Elliot and Koch 1985; Heller 1988). Crickets and grigs (Haglidae) use pure-tone
calling songs, but in katydids this condition can change from one species to the other.
The discussion presented in this chapter is based only on those species that use pure-tone
calling songs. A broad discussion about the different type of songs that these animals use is
presented in Chapter Two. It is important to remember here that crickets, grigs and some
katydids generate coherent sustained sinusoidal pulses. In this case, the song is said to be puretone or musical and is characterized by a single narrowly peaked frequency spectrum and a high
Q factor (Bennet-Clark 1989; Fletcher 1992; Bennet-Clark 1999b, see also Chapter Two for
review).

6.1.1

Stridulation in gryllids and haglids
Most male crickets generate characteristically pure-tone calling songs at relatively low

frequencies 2-8 kHz (Otte 1992). Desutter-Grandcolas (1998a), Robillard and DesutterGrandcolas (2004) reported species of crickets that use calling song at higher frequencies (~16
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kHz); the song of these species is characterized by a non-resonant mechanism.

A diverse

number of sound generation techniques have been described in these animals, including the
production of frequency modulated and amplitude modulated signals, and high and low intensity
calls (Bennet-Clark 1989; Simmons and Ritchie 1996). Frequency modulation in crickets is
typically in frequency during the production of a calling song (a single closing stroke).
Males of humpbacked grigs (Haglidae, three known species of the genus Cyphoderris),
use also pure-tone calling songs at frequencies between 12 and 15 kHz (Spooner 1973; Morris
and Gwynne 1978; Morris et al. 2002). The mechanics of stridulation in this group has been
neglected. Most of the published literature about bioacoustic aspects of this group emphasizes
neurophysiology of the ear and pair formation (Morris et al. 1989a; Sakaluk and Snedden 1990;
Mason 1991; Mason and Schildberger 1993; Mason 1996b). The only work that touches on
certain aspects of the mechanics of stridulation is that of Spooner (1973). From these works, all
that can be said is that whether or not these animals use an escapement mechanism like that of
crickets, remains unknown.
Gryllids and haglids have the common feature of using ‘symmetric’ forewings (symmetric
is presented in quotes for reasons explained below). In crickets wing overlap is usually right
over left (R/L), but haglids can stridulate either way, R/L and left over right (L/R) and can
change wing overlap (Morris et al. 2002). In crickets males can change the technique of
stridulation (i.e., angle of engagement, velocity of tooth contact, etc.) and generate broadband
songs (Bennet-Clark 1989), which is a common feature of defensive or disturbance songs. Thus,
those species using pure-tone calling songs can switch the technique of stridulation and generate
broad-band -aggressive signals or courtship songs (implicit but not considered by DesutterGrandcolas 1998b), however, the opposite is not true, broad-band singers do not generate puretone calls (Montealegre-Z. and Morris 2004). Apparently, the broadband nature of defensive
songs has to do with the attacker’s hearing threshold: a noisy response would guarantee that a
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large range of predators hear the warning signal. It has been demonstrated that the predator or
attacker is distracted when the prey emits a noisy signal, giving enough time for the potential
victim to escape (Masters 1979; Masters 1980).

6.1.2

Stridulation in tettigonids
Male katydids on the other hand, may use both resonant and/or non-resonant mating calls.

Resonant or pure-tone calls occur across a wider range of frequencies ranging from 600 Hz to
130 kHz (Morris et al. 1994; Heller 1995; Mason and Bailey 1998; Montealegre-Z and Morris
1999; Braun 2002). However, broad band or non-resonant signals are also common in these
animals (Heller 1988; Morris et al. 1989b; Mason 1991; Mason and Schildberger 1993; Mason
1996b; Montealegre-Z and Morris 1999; Montealegre-Z et al. 2003). With some exceptions, all
male katydids use asymmetric forewings for sound production (Stärk 1958), and wing overlap is
always L/R. In some genera of Tettigoniidae forewing symmetry is the rule. In the genus
Neduba (Decticinae), in an undescribed genus of Agraeciinae (see Morris & Mason 1995),
males have subsymmetric wings. In Neduba either wing overlap is possible; these animals
generate more or less broad-band songs (Morris et al. 1975). The genus Kawanaphila has
species in which the males possess bilaterally subsymmetric forewings (Rentz 1993) and the
sound generated by some species is highly ultrasonic (Mason and Bailey 1998).
It is likely that most katydids did not evolved an escapement mechanism like that used by
crickets (Montealegre-Z and Mason 2005)(see also Chapters Two and Four for review).
Nevertheless, male katydids using pure tones manage to produce songs at higher frequency than
those of crickets. Some species can also produce an alert or aggressive broadband song as those
reported by crickets (e.g., Gnathoclita sodalis, Trichotettix pilosula, personal observations). The
acoustic behavior mentioned in the previous section for crickets and ‘humpbaked grigs’ is also
characteristic of some katydids: those species making pure tones can change the technique of
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stridulation and generate a broadband song (Bennet-Clark 1989), but the opposite is not
possible. An explanation for this is that the stridulatory structures of those insects making
musical songs are very elaborate: the teeth of the stridulatory file present special arrangement,
the scraper has a specific design and the forewings usually vibrate at a single natural frequency.
Conversely, in broadband singer the organization of file teeth seems not to be important and the
wings are usually tuned to a broad range of frequencies (see Chapter Two and Four).

6.1.3

Asymmetric and symmetric forewings
The forewings of most crickets are bilaterally morphologically ‘symmetric’ but

functionally asymmetric, as most species stridulate R/L. I have referred to the symmetry of
cricket’s forewings in quotes because minor asymmetry of these organs has been noticed and
discussed by several authors (Masaki 1987; Simmons and Ritchie 1996; Bennet-Clark 2003).
Asymmetry of the forewings arose when the individuals of an ancestral species adopted a type
of stridulation that involved one wing overlap more than the other, for example, the ancestor of
crickets might have used more R/L than L/R (Masaki 1987). These studies have focused on
evolutionary processes and sexual selection. Only one article (Bennet-Clark 2003) emphasizes
the mechanics of the wings and the importance of asymmetry for pure-tone generation in one
species of cricket.
Our understanding of the mechanics of stridulation is based upon two species of gryllids:
Gryllus campestris and Teleogryllus oceanicus (Koch et al. 1988; Bennet-Clark 2003) and some
mole crickets (Bennet-Clark 1987; Bennet-Clark 1999a; Prestwich and O'Sullivan 2005). In
these there is a correlation between tooth impacts and pulse sound cycle. The movement of the
scraper along the file is controlled by the vibrations of the tegminal membranes and veins at the
resonant frequency of the wings, in this case the harps and stridulatory file. Such a stridulatory
technique has been compared to an escapement mechanism, where the harps represent the
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pendulum and the file-plectrum the energy supplier (Elliot and Koch 1985; Koch et al. 1988).
This mechanism has been analyzed and discussed in detail (Bennet-Clark 1989; Bennet-Clark
and Bailey 2002; Bennet-Clark 2003) and confirmed in another species of crickets (Hedwig
2000).
Based on this concept, the number of cycles in a pulse (except those of free decay
(Bennet-Clark 1999b)) reflect the number of teeth struck by the scraper during the closing stroke
of the forewings (Figs. 2.2, 2.12). Therefore one can predict how many teeth were involved and
consequently, what proportion of the file was used during sound production. For investigation of
the exact region of the file used, a few methods are available. For example, based on studies of
the file flexibility, amplitude of vibration of the file and song pulse amplitude it is possible to
predict what parts of the file are used during the production of sound (Bennet-Clark 2003). More
recent methods using a synchronized high-speed video system give a more accurate
measurement of this parameter (Montealegre-Z and Mason 2005).

6.1.4

Phase relationships and the concept of interference

Phase denotes the position of a point on a wave (Olson 1957; Fletcher 1992); phase shift
describes how far that particular locus is displayed across the wave: thus phase can also be
thought of in terms of time (Rossing 1982),(Fig. 6.1).
The phase of a sound wave of a single frequency is always described relative to the
starting point of the wave or 0°. The sound pressure is zero at this point. The peak of the highpressure zone is at 90°, and the pressure change falls to zero again at 180°. The peak of the lowpressure zone is at 270° and the pressure change rises to zero at 360° for the start of the next
cycle (Fig. 6.1A).
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Two identical sound waves starting at the same point in time are termed in phase and will
sum together creating a single wave with doubled amplitude, otherwise identical to the original
sound wave; this event is known as constructive interference (Fig. 6.1B). On the other hand, two
identical sound waves with one starting point occurring at the 180° point of the other wave are
said to be out of phase: the two waves will cancel each other out completely; this physical
phenomenon is known as destructive interference (Fig. 6.1C). When two sound waves of the
same single frequency but different starting points within the wave are combined, the resulting
wave is said to have a phase shift. This new wave will have the same frequency as the original
waves but will have increased or decreased amplitude depending on the degree of phase shift.
Most sound waves are not a single frequency but are made up of many frequencies
(Fletcher 1992). When identical multiple-frequency sound waves combine there are three
possibilities for the resulting wave:

•

A doubling of the amplitude at all frequencies if the waves are in phase

•

A complete cancellation at all frequencies if the waves are 180° out of phase

•

Partial reinforcement or partial cancellation at various frequency times if the waves have an

intermediate phase relationship (Rossing 1982).

6.1.5

Analysis and hypothesis
The forewings of singing ensiferans have been normally seen as complementary units. The

‘clockwork cricket’ model, supposes a 1:1 relationship between sound cycles and tooth impact
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(see details in section 6.1.1). This implies that each oscillation of the harps corresponds to a
tooth passage and impact (Fig. 2.2C).
An escapement mechanism like this would require:
• That the main sound radiators of both forewings act in phase, otherwise the
output sound would be affected by destructive interference (i.e., there would be partial or
complete cancellations when vibrations of both wings are combined).
• A flexible functional file (regards to compliance) able to vibrate at the
fundamental frequency and to catch and release the scraper during every cycle, as the
closing stroke of the forewings progresses (Bennet-Clark and Bailey 2002; Bennet-Clark
2003).
• That both forewings behave similarly, which requires that they both are
bilaterally symmetrical or nearly so. The mechanism of stridulation, however, is
inherently asymmetrical, as one wing is stimulated through the file (located on the
underside) and the other through the scraper (located on the anal edge). Recent evidence
indicates that this asymmetry in the roles of the two wings during stridulation is
compensated for by a subtle asymmetry in their mechanical characteristics to result in
identical in-phase vibration of the tegmina (Bennet-Clark 2003, see also Chapters Two
and Four).
• If a large proportion of the file is used, the file teeth are systematically
distributed. Such distribution involves the gradual and proportional increments of intertooth distances from the anal margin to the basal part (Koch et al. 1988; Bennet-Clark
2003). This distribution is necessary to compensate for the increments in scraper speed
during sound production (due to constant tegminal forces applied) in order to keep a
uniform rate of tooth contact and thus a constant frequency (Montealegre-Z and Mason
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2005; Prestwich and O'Sullivan 2005). Such gradual increments in inter-tooth distances
are also a mechanism to provide gradual increasing inputs of energy (Prestwich and
O'Sullivan 2005, see also Chapter Two).
Several aspects of stridulation have not been analyzed (Fig. 6.2). In crickets the forewings
have to act in phase in order to generate tonal signals; however, as mentioned above, left and
right forewings are operated differently during this action, and this is the problem I consider in
this chapter. During the closing stroke, the scraper moves along the file of the contralateral wing
and enters energy at different points, as it changes position (implicit in Bennet-Clark 2003). If a
particular locus (region or cell) in the main resonating region of the file-bearing wing is
arbitrarily selected for consideration it will be seen that the energy input by each tooth strike, as
the scraper moves across the file from the anal to the basal end, must travel different distances in
reaching that particular point. In other words, the point of energy input for the file-bearing wing
will change as the scraper moves, therefore, the energy input point will be changing across the
file space used by the scraper. If energy travels variable distances to reach the selected area, the
time for energy arrivals will also be variable so that acoustic energy will arrive with variable
phases at that region (Fig. 6.2). If instead of thinking of just one point or area, one considers all
resonating regions that occur in the file-bearing wing, a more complex situation arises.
However, for the scraper-bearing wing the story is different. For this wing, energy always
enters the wing via the localized scraper-contact area. If we choose a region or cell in this wing,
and analyze the situation as for the file-bearing wing, it is obvious that the distance traveled by
the acoustic energy never varies, reaching any given spot always within the same time span.
Independently of the scraper position on the file, energy will attain the scraper-bearing wing via
the limited area through which the scraper contacts the file.
According to this analysis, if a great portion of the functional stridulatory file is used for
sound production, in some local regions the changing vibrations of the file-bearing wing must
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be out of phase with those of the contralateral wing (which presents a constant phase).
Theoretically, this would generate partial or total cancellations between the vibrations of both
forewings, giving a resultant sound with variable amplitude modulation (AM). The resultant
pulse would have optimal amplitude at some locations produced by constructive interference;
and at other locations, moderate amplitude reduction or total reduction due to destructive
interference. This output sound would then have a warbling nature with high amplitude
modulation. Conversely, if only small sections of the file are used, the distance involved in
energy input would be shorter and so the phase shift much less significant. This would also
depends on the velocity of tooth contact.
In this chapter I will address the question of why, if the above analysis is physically
possible, there is not a negative effect in the pure tone calling songs of most crickets and
haglids. It is also my intention to show a possible explanation for the evolution of asymmetric
wings in males of the family Tettigoniidae, which depends basically on a physical constraint
that the ancestors of all katydids may have faced. I venture a comparative analysis across several
species of tettigonids that use pure tones.
6.1.6

Experimental animals
As an example of animals with bilaterally symmetric forewings, I use one species of

Gryllidae, Gryllus bimaculatus (calling song carrier 4.6 kHz) and two of Haglidae, Cyphoderris
monstrosa and C. buckelli (calling songs carriers at 12 and 15 kHz respectively). As an example
of an asymmetric forewing, I refer to one species of Tettigoniidae, Panacanthus pallicornis
(Copiphorinae), whose males present strongly asymmetric forewings and make calling songs
with sustained pulses at 5 kHz (Montealegre-Z. and Morris 2004). From previous studies of the
four species mentioned above, there is evidence that tooth contact rate matches the carrier
frequency and that the scraper contacts consecutively almost all teeth of the actual file region
used (see Montealegre-Z and Mason 2005).
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6.2 Results
6.2.1 Phase shifts and vibrations of the stridulatory file
6.2.1.1 The katydid Panacanthus pallicornis
The stridulatory file in this species is 6 mm in length, strongly thickened and massive; in
profile, the stridulatory file and file teeth are conspicuously elevated above the wing plane (Fig.
6.3A). The stridulatory file does not vibrate by tipping to and fro transversely along its
longitudinal axis, in contrast to crickets where it does so acting as spring with a high amplitude
of vibration in its mid region (Bennet-Clark 2003, see also the following two sections), and the
amplitude of vibration decreases basad (Fig. 6.3A). The file of most species of katydids is
extremely massive (Figs. 1.3, 6.3A, 6.4C), which accounts for a low compliance.
Montealegre-Z and Mason (2005) demonstrated that the forewings of males of P.
pallicornis respond maximally when stimulated at 5 kHz. When energy is input at different
locations on the file using a dissected scraper, the phase shift, in relation to the chosen area, is
physically insignificant (Fig. 6.5A). From area 1 at the anal region to the area 4 at the base
(Figs. 6.3A, 6.5A), the stridulatory file of this species allows only minor phase shifts. When the
phase angle of the signal coming from area 1 was taken as zero degrees, therefore the phase shift
of the output signal in other regions was: 3.1° (± 2.3) for area 2, 11.9° (± 2.0,) for area 3, and
17.2° (± 7.2) for area 4 (n=7), in relation to region 1.
6.2.1.2 The grigs Cyphoderris spp.
Just a few specimens were available for file amplitude studies. Additionally, vibrations were
obtained only from three file regions. Thus the data are only suggestive.
When stimulated at 12.5 kHz, the file of C. monstrosa vibrated with greater amplitude
towards its basal half. Similar results were obtained when vibrations at 14 kHz were induced in
the file of C. buckelli (Fig. 6.3B). However, based on the observed amplitude of vibration in
area 1 and 3 in both species, it is possible that the amplitude may be higher in the basal half than
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in the anal half of the file. The basal region of the file is the area used by the scraper during
sound production (see below). In haglids the file tends to be narrow, and only moderately
elevated above the wing plane, an elevation much less than in katydids (Fig. 6.3B, 6.4B).
Studies of phase shift in C. monstrosa support the above said (Fig. 6.5B): it is in the basal
region where the major phase angle, changes occur. Conversely, in the anal region of the file,
vibrations occur within a very similar range of phases. The phase angle of the output signal
coming from region 1 of the file was set to zero, and taking this as reference, I estimated the
following phase changes for the remaining regions: 19.5 ° (± 2.1) for area 2, and 178.7° (±
23.4), for area 3 (n=2)).
6.2.1.3 The cricket Gryllus bimaculatus
The stridulatory file in this species is 4.6 mm in length; the vein is very thin and, in
contrast to katydids and haglids, teeth are laterally expanded and ventrally narrower, but the file
is about at the same level as the adjacent wing cell (Figs. 6.3C, 6.4A), which suggests more
transverse flexibility. The file is indeed more flexible along its length, which suggests that its
vibration may be more pronounced than that of the stridulatory file of katydids and haglids. The
recordings of amplitude of vibration of the stridulatory file show that the file vibrates with high
amplitude in the mid region, as demonstrated in Teleogryllus oceanicus (Bennet-Clark 2003, his
fig. 11).
In the specimens studied, the right wing responded better at 5.5 kHz, therefore, all the
analysis related to phase and amplitude, we based on the stimuli at this frequency. The phase
shifts in this species were higher than in the katydid and haglids, especially in the last two
regions of the file (Fig. 6.5C). The phase angle of the output signal coming from area 1 was
similarly set to zero, and based on these values I estimated the following phase changes for the
remaining regions: 2.42° (± 4.4) for area 2, 249.3° (± 72.2) for area 3, and 133.7° (± 161.1), for
area 4 (n=10)).
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6.2.2

High-speed video recordings
These recordings clearly show in detail the movements of the scraper across the file and

therefore the parts of the file being used for sound production. The functional parts of the file in
P. pallicornis were described in Chapter Four.
In the cricket G. bimaculatus, males stridulate generating a chirp made of three pulses of
about 23.4 ms (± 0.5, n=10). Each pulse is produced during sweeping action of the scraper along
the same file region in a closing stroke. The file is 4.6 mm in length and holds 142 teeth (± 8,
n=10). From SEMs, an average spacing of 32.7 µ was determined. Video recordings show that
most of the file (~80%) in this species is used during the closing stroke of each pulse (Fig. 6.6)
and that the scraper moves with an average velocity of 145 mm/s.
In Cyphoderris monstrosa stridulation occurs with high wing stroke rate and pulses are
shorter in duration (5.2 ms ± 2.8, n=10). The stridulatory file of the right tegmen is 4.1 mm in
length (± 0.3, n=32) and bears 139 teeth (± 10, n=32); tooth density was 39.3 teeth/mm. The left
tegmen file was 4.2 mm (± 0.2, n=32), with 142 (± 5, n=32) teeth, and a tooth density of 39.3.
There were no significant differences between either of the parameters measured for each wing
[file length (t=1.6, p>0.05), tooth number (t=1.9, p>0.05), tooth density (t=-0.08, p>0.05)]. The
average inter-tooth distance was 27 µ for the right tegmen file and 25 µ for the left. Video
recordings show that only ~30% of the file is used during sound production (Fig. 6.7); in all
cases the distance traveled by the scraper over the file was ~ 0.9 to 1.2 mm. During wing
closure, the scraper moves with an average velocity of 283 mm/s (± 35, n= 6).
6.2.3

Comparative analysis
In comparative analysis, the information comprises two types of data: 1. data of the

variables derived from direct measurements (raw data), and 2. data derived from independent
contrasts, obtained after processing the raw data. Relationships of the data using the independent
contrasts method and those within raw data gave, in a few cases, different results. I will present
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both sorts of data, but my conclusions here are based on the relationships of raw data. The
philosophy behind this depends on what assumption one wants to make about the underlying
evolutionary process. Using the program Compare, in addition to the independent contrasts
analysis, I performed an analysis using Phylogenetic Generalized Least Squares relationships
(PGLS). This method can be viewed as an extension of Felsenstein’s independent contrasts that
allows for flexibility in the underlying evolutionary assumptions (Martins 2004). This flexibility
is obtained with the estimation of a single parameter (alpha), which can be interpreted as a
measure of evolutionary constraint acting on the phenotypes. If alpha approaches zero, the
analysis results will be identical to those produced using Felsenstein’s independent contrasts. If
alpha is very large, data are independent of phylogeny and the method gives results similar to
raw data analysis; in this case one should draw conclusions based on raw data. (Martins and
Hansen 1996, Martins pers. comm.).
6.2.3.1 Carrier frequency and its relation to other variables
Pulse duration is negatively correlated with call frequency and this correlation was
highly significant in all cases (Table 6.1, Fig. 6.8). There was a reduction of 47% in the
correlation coefficient (R) when phylogenetic effect was removed, but the correlation was still
significant.
Carrier frequency is positively affected by tooth density, however the relation was not
significant using either raw or independent contrasts data (Fig. 6.9, Table 1). To examine
whether carrier frequency depends on size (which affects other variables), the carrier frequency
was compared to other variables. File length predicts carrier frequency as reported by Heller
(1995). This correlation was negatively significant in all treatments, but a reduction of about
57% in R was noted after the phylogenetic inertia was removed (Fig. 6.10). The number of teeth
on the file affected negatively the carrier frequency in the raw data, but when I controlled for
phylogeny, the correlation was not significant, which suggests that the number of file teeth is a
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character that may be resistant to evolutionary change and may therefore retain more
phylogenetic correlation (Fig. 6.11). Similar results were obtained with body size (pronotal
length here is taken as an indicator of body size).
The analysis using raw data shows a significant negative correlation between carrier
frequency and body size; but after controlling for phylogeny, the interaction was not significant
(Fig. 6.12). One explanation for this might be that the incorporation of species of relatively
large size, which use extreme high frequencies. In this case the size of the mirror will be a better
predictor of frequency (see for example Myopophyllum spp. (Morris et al. 1994)). The
correlation of mirror length and carrier frequency was highly significant in all treatments (Fig.
6.13AB, Table 1). Using these results, I tested another estimate of the cantilever model proposed
by Morris and Pipher (1967) in which the line has been forced to pass through the origin and the
correlation was highly significant (Fig. 6.13C).

6.2.3.2 The effect of body size on other morphological variables
Body size positively affected mirror and file lengths, and the correlation was highly significant
for all treatments (Figs. 6.14, 6.15). Larger individuals tend to have larger mirrors and files. In
both cases the correlation increases by ~20% after the phylogenetic effect is removed. It is
important to point out that some large individuals tend to have a small mirror and files, and
generate extreme ultrasonics (e.g., Myopophyllum spp.).
The number of file teeth is positively correlated with the length of the file, using both
methods (Fig. 6.16). Increasing file length negatively affected tooth density, and this interaction
was highly significant for the analysis with raw data and that without phylogenetic effect, with
similar slopes in each case (Fig. 6.17). Thus large files will tend to have a larger number of
teeth, but it is not necessarily the case that such files are denser in teeth. Thus, one can observe
that selection for a small animal constrains the evolution of small files with high density of
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teeth, but files with high a density of teeth do not necessarily generate high frequencies (Fig.
6.9). Pulse duration was negatively tightly correlated with file length (Fig. 6.17CD), but file
length does not correlate with number of teeth. After controlling for phylogeny, the relation
between body size and number of teeth in the stridulatory file was not significant. But this
relation was significant when running the analysis with raw data (Fig. 6.18). Similarly body size
did not affect the density of file teeth (Fig. 6.19).

6.3 Discussion
The analysis presented in this chapter suggests that the stridulatory file of some cricket
species is longitudinally more flexible than that of tettigonids and haglids. Bennet-Clark (2003)
interpreted this longitudinal flexibility as a necessary requirement for the escapement
mechanism, i.e. bending files allow vibration at high amplitude, which favors the catch and
release of the scraper. With the limited data we have so far we don’t know if this is a common
feature of all cricket species. However, such flexible files also allow for more phase shifts when
energy is input at different regions of the file, which is not the case within tettigoniids and
haglids.
Crickets manage to make pure-tone calling songs at lower frequencies (2-8 kHz); katydids
and haglids perhaps avoid the phase problem caused by the use of symmetric wings (which
might end in destructive interference if songs at high frequencies are to be produced) by using
only one wing as a radiator (katydids) or small portions of the file (haglids). Below is a
discussion involving several arguments to support this idea.

6.3.1 Selection for high frequencies
It has been proposed that crickets use low frequencies and pure tones for the following
reasons:
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1. Tuning gives better range. Long-range sound communication has parallels with radio
communication, which involves transmission of a tuned signal that may be detected at a
distance by a receiver tuned to the same frequency (Bennet-Clark 1998). One possibility
is the existence of consistent differences in background noise among habitats as
suggested by Ryan and

Brenowitz (1985). Interference from background noise

(including the sounds emitted by other species) can be reduced by tuning the sender and
receiver to the same frequency. Similarly, if the power in the signal is confined within a
narrow band, the signal amplitude within that band can be increased assuming a fixed
available energy. The effective sensitivity range of the receiver can be increased if its
receptors are tuned sharply (Bennet-Clark 1998). This can be a good strategy for longrange communication. In tropical forests, the absence of wind-generated noise and the
abundance of calling insects could favor relatively lower maximum and narrow band
songs compared to grasslands (Morton, 1975; Ryan and Brenowitz, 1985).
2. Most crickets live close to the ground, where physical conditions are adverse for acoustic
communication. Excess attenuation increases greatly with obstructing vegetation, this
effect is more marked with high frequencies (Wiley and and Richards 1978; Römer
1993). Experimental studies show that near the ground, low frequencies, especially those
in the range of 1–3 kHz propagate better in various habitats examined, thus creating an
‘acoustic window’ for long-range communication (Marten et al. 1977). Even though the
carriers of most cricket’s calling songs are beyond this window (2-8 kHz), depending on
the habitat, pure tones at these frequencies can still be properly transmitted.
3. The relation between emitter size and wavelength. Loudspeakers are only efficient sound
emitters when their diaphragms are not much smaller than the wavelength of the emitted
sound (Olson 1957; Fletcher 1992). For emitters the size of a cricket’s radiator, one
would expect the efficiency emission of sound of a few kHz to drop dramatically.
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Additionally, as noted above, excess attenuation of sound increases with frequency in the
communication channel a few centimeters above ground.
4. Localization by predators. It is also important to add that pure-tone songs are more
difficult to localize in the field by a human listener (Marten et al. 1977). Thus, pure tones
might also provide certain protection against eavesdropping vertebrate predators.
5. The phase shift problem between forewings for high frequencies (see below) has not
previously been considered as cause of low frequency high-Q signals in crickets.

Michelsen (1998), in dealing with some of these factors, determined that they leave only
a narrow frequency range to be exploited for calling in crickets: ideally above 3 kHz and below
6 kHz. It is not possible for crickets to use broadband songs like those of many grasshoppers or
some katydids for acoustic communication.
Although most species specificity resides in AM (pulse rate), not in spectra, BennetClark (1999a) suggests that insect song tends to require a compromise between a pure tone for
range and specificity, and a broad bandwidth within which large amounts of information can be
conveyed. Thus, the desirable level of tuning of both sender and receiver is that tuning should be
broad enough to provide the required bandwidth to transfer the biologically significant signal
and to take account of individual variation, but narrow enough to give species-specificity. Even
though Bennet-Clark (1999a) did not state how a narrow peak provides specificity, it is possible
that such a feature is provide by frequency modulated songs. Simmons and Ritchie (1996) found
that females of Gryllus campestris were able to discriminate individual’s songs by frequency
modulation.
The importance of low frequencies for cricket communication is also supported by the
fact that some small crickets living close to the ground present adaptations to maintain low
frequencies (see Dambach and Gras 1995). Where frequency increases with mirror reduction,
240

one would expect that small insects sing at higher frequencies. However the sound radiating
membranes of Cyclopteroides canariensis are extremely reduced in thickness, which apparently
contributes to the lowering of the sound frequency to a frequency more appropriate for
transmission in its habitat.
Summarizing, pure tones may help to avoid noise interference, and to increase range via
amplitude and tuning. Pure tones also increase the sensitivity of the receptors. If the size of the
emitter has to be 1/3 of the wavelength in order to be efficient, and due to the fact that excess
attenuation increases close to the ground and with frequency, it is better for crickets to emit their
songs at low frequencies.
6.3.2 High frequencies in species using symmetric forewings
6.3.2.1 Gryllidae
There are some species of crickets that use frequencies that exceed the typical range of
cricket calling frequency, going beyond 10-16 kHz (Desutter-Grandcolas 1998; Robillard and
Desutter 2004). Eneoptera guyanensis presents two types of phonatones, each one generated
with a different technique, that results in a change in frequency from one phonatome to the
other: from ~ 4 kHz in one mode to ~16 kHz in the other (Desutter-Grandcolas 1998a). In this
case, it is evident from the spectra that this change in frequency affects the Q of the signal, being
higher for the low frequency than for the high frequency mode. For the latter mode bandwidth
of the spectrum is increased by several Hertz and the pulse duration reduced. These species are
adapted to singing from leaf litter, and probably minimize the effect of singing at a few
centimeters from the ground by using one pulse at ~4 kHz with high Q combined with others at
~16 kHz with broader bandwidth. The pulse at 4 kHz might serve the function of long-range
transmission. The function of the high frequency mode in the calling behavior of this species is
unknown.
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The courtship song of several species of crickets is also given at high frequencies (10-15
kHz) and the carrier frequency in these cases is far less pure than the calling song of the
respective species, i.e. Q is reduced (Bennet-Clark 1989, pg. 234-235). With such examples and
others presented by Desutter-Grandcolas (1998a), one can observe that, at high frequencies,
symmetric forewings represent a problem in maintaining a high-Q signal above a certain range
of frequencies. This is consistent with the idea that singing Ensifera using symmetric wings for
pure-tone transmission should face the problem of destructive interference. This problem has
not been considered as another possibility for the use of low frequency in crickets (see the
immediately following explanation).
6.3.2.2 The genus Cyphoderris
One would expect that Cyphoderris spp., using high-Q signals at frequencies between 12
and 15 kHz, are adapted to sing from trees (Mason 1996a) for the similar reasons: to minimize
the effects of the excess attenuation which occurs at ground level. It has been demonstrated that
most males of the cricket Anurogryllus arboreus singing at ~5-5.5 kHz prefer to broadcast their
songs from tree trunks or other vegetation. Males singing ~1 m above the ground increased
significantly the range of their calling song over those singing on the ground (Paul and Walker
1979).
Singing and looking for mates on tree trunks might be disadvantageous for both males
and females of any species in terms of predation, as this will increase the exposure to predators
(Paul and Walker 1979; Burk 1982; Endler 1987; Sakaluk 1988). For example, risk of predation
from some climbing mammals would not be reduced by singing from trees. Predation risk
involves hovering and gleaning, eavesdropping, seismic detection etc. (Belwood and Morris
1987; Baurecht and Barth 1992; Morris et al. 1994). It has been suggested that the calls of some
species of katydids increase the risk of predation and that the use of ultrasonic carrier
frequencies will shorten the range at which a katydid singer might be detected by bats (Belwood
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1988; Belwood 1990). In this case the attenuation of high frequencies becomes an advantage
(Morris et al. 1994). Thus Cyphoderris amy use higher frequencies than crickets, while singing
from trees broadcasting their songs using short pulses.
Finally, pure-tones delivered at high frequency might also provide the advantage of
directionality. It has been demonstrated that high frequency singers in several animal species
usually have small body size (Tubaro and Mahler 1998) and Orthoptera are no exception
(Bennet-Clark 1998). Short wavelength pure tones also provide a means of directionality created
by body diffraction in small animals (Mason et al. 1991). In species using extreme ultrasonic
channels as Myopophyllum speciosum the legs seem to create meaningful diffraction (Mason et
al. 1991).
6.3.3

Theoretical evolutionary reconstruction of the stridulatory mechanism in katydids
If the purity of the calling song is important for all the reasons previously explained, and

selective pressures like predation, overloaded communication channels, noisy background etc.,
constrained the selection of calling songs at higher frequencies, the ancestors of modern
katydids might have faced serious problems. In other words, it must have been problematic
increasing the carrier frequency, maintaining a signal with high Q, living close to the ground
and avoiding the problem of excess attenuation.
Before the ancestor of Ensifera was able to stridulate, the forewings were symmetrical and
probably functional during flight, just as are the tegmina of present-day cockroaches. Bailey
(1991) proposed that a gryllid-blattid ancestor of modern crickets became specialized in calling
behavior by pheromonal communication, lifting its wings for chemical dispersion. This behavior
might also have occurred in females, but favored the development of calling song in males.
Some lineages become acoustical and others developed more chemical and tactile stimuli, the
former become singing Ensifera and the latter remained as cockroaches (Alexander 1962).
Desutter-Grancolas and Robillard (2004) analyzed this topic, stating that due to the fact that the
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ancestral condition has been always been assumed to involve a complete and functional
stridulum and full acoustic communication, there is no place for a hypothesis of phylogenetic
diversification. These authors presented evidence of the cricket acoustic diversity not previously
known.
As Alexander (1962) pointed out, calling songs could not have appeared as the first
siganal in the system. The most primitive polarity of evolving stridulation among exoskeletal
animals should always be from broadband towards pure tone, i.e. the ritualization of sound
signals must always begin as a nonresonant mechanism. When unspecialized body regions make
contact with each other for the very first time, they will produce an unspecialized, broadband,
complex waveform (Montealegre-Z. and Morris 2004). At this point the forewings of the
ancestor were still symmetrical and either wing overlap was possible. Selection for specialized
structures (stridulatory file and scraper) was then favored as e.g. that occurring in the praying
mantis Mantis religiosa (Hill personal communication, 2005), and in the veins of the hind wings
of the katydid Pantecphylus cerambycinus (Heller 1996; Schmidt and Stelzer 2004). In these
species the some veins of the forewings have developed teeth that are used as stridulatory
organs when rubbed against the abdominal pleura, which is also modified with a series of
ridges. In this case stridulation is defensive and in the preying mantis, such alarm signals are
low in intensity, operating only in close proximity. But these features were equally selected in
both tegmina because there were no preferences for wing overlap as both forewings were
probably functional during flight.
Alexander (1962) proposed that calling songs might have evolved from courtship song in
the ancestor of Gryllidae and Tettigoniidae. Courtship songs where probably the first signals to
carry significant acoustic information as these sounds are usually low in intensity, of short
duration, operating only among individuals in close proximity. Alexander (1962) points out
several scenarios to explain the selection of increased rhythmicity, intensity and duration to
244

transform a courtship song to a calling song. For example calling song (functioning in long
distance communication) might have been triggered when a male had lost contact with the
female during the courtship period. Courtship songs might have been noisy or with low Q as
occur in several extant species of crickets (Bennet-Clark 1989).
In any case, pure tone and broadband signals have advantages depending on the case
under consideration. However, noisy songs with no elaborate time domain would be the typical
ancestral signal, because the required muscular movements, output power for certain distances,
hearing sensitivity of the receptor, were likely not fixed characters.
One of the main functions of the calling song is long-range communication; thus this
primitive stridulation possibly resulted in preference for pure tones, because a narrow spectrum
gives the advantages presented above (section 6.31).

Based on this analysis, resonance

stridulation should have arisen subsequently as apomorphic to non-resonant for long-range
communication to increase the signal amplitude within that narrow band. This requires that the
file scraper morphology achieve a careful controlled phase between tooth and radiator
movement. To make a sustained pulse there must be many identical teeth, of uniform spacing
(Chapters Two and Four). The use of symmetric wings was still predominant, because
symmetry is necessary for flying (Alexander and Brown 1963); symmetric wings were also
important to maximize the area of sound radiation (Bennet-Clark 2003) and wing symmetry was
still a fixed character, switching the wing overlap should have been still possible, as shown in
Cyphoderris, Gryllotalpids and in some katydids (e.g. Neduba).
The simplest mode of stridulation that my model proposes is one in which both wings are
phase-locked and tuned to just one frequency (a low frequency component). The stridulatory file
exhibits inter-tooth distances that increase basad, so that a compensation during the closing
stroke is attained by increasing the speed of the wings (see Chapters Two and Four).
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Lets introduce another variable to the problem, a high frequency component. Now this
‘ideal’ ancestor might have faced eavesdropping predator pressures. According to Belwood and
Morris (1987), one way of confronting this situation is to increase the frequency components
into the ultrasonic range, or at least out of the range of the predator’s hearing threshold, and to
reduce the duty cycle and duration of song. Predation pressures can result in selection for small
individuals (Clutton-Brock and Harvey 1983) that in turn would need to overcome the problems
of small size for radiating sound and for receiving. The latter involves body sizes and
wavelength matches that generate enough diffraction for directionality and localization. A
possible solution here would be to evolve signals with shorter wavelengths. Thus as selection
for high frequencies was favored, along with selection for signals with high Q content, selection
for increased tooth density might have been expected at first, as this does not require elevated
power.
Our species now has some options: if pure tones and high frequencies are preferred for the
reasons mentioned above (6.31), tooth contact rate must increase. Since stridulation may be
energetically expensive (Prestwich and Walker 1981), perhaps selection for files with high tooth
density could have evolved in some species because the insect would have not need to produce
fast muscular contractions in order to contact teeth with high rate. Thus assuming constant
amplitude, increased tooth density might be energetically less expensive. But this scenario is not
what the comparative analysis suggests: there was no correlation between frequency and either
tooth density or tooth number (Fig. 6.9, 6.11). So closing strokes at high speed might have been
selected first.
The forewings were originally tuned to a frequency moderately broad as occurs in
Cyphoderris spp (unplublished information of the author). Then a sharp tuning (narrow
frequency band) of the tegmina should have arisen, and if wings responded well to multiples of
this frequency, the most inexpensive way of increasing the frequency would be to increase tooth
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density by a factor of the original frequency and contact teeth at the same speed used to obtain
the former frequency. Another way would be to contact teeth at higher speed, generating sounds
at frequencies higher than the original dominant frequency. In both cases the frequency of tooth
contact has to fall within the threshold of the tuning of the tegmina because the dominant
frequency is also affected by the tuning of the tegmina. If for that frequency, an escapement
mechanism was required (which implies symmetric wings and a flexible stridulatory file to
control the movement of the scraper and to keep both wings phase-locked, depending on the
selected frequency), the stridulatory file would also be selected to be more massive and rigid,
resulting in the lost of the escapement. This also would require muscles capable of greater
power levels for a given stridulatory file.
A flexible file allows for the escapement mechanism to work (i.e. the control of the
scraper is possible), but also allows for more phase shifts of vibrations for the file-bearing wing.
A more rigid vein would minimize these phase changes because its vibrations would affect, to a
minor extent, vibrations of the adjacent wing membranes. Here, I assume that the scraper uses
the complete file during sound production, which will result in phase shifts if the insect is using
an escapement.
If the animal still preserves the feature of symmetric stridulation (L/R or R/L) the
forewings can be considered still symmetric. Even if the species is using one overlap more than
another, minor differences in symmetry would occur and with such differences a good phase
lock and the purity of the song can still be preserved (but see Bennet-Clark 2003), of course
while dealing only with low frequencies, crickets and mole crickets are an example. If one
overlap type is definitely a fixed character, and high frequencies are the aim of selective forces,
there will be predominance of functioning: one wing will have a more functional file, and the
other a more functional scraper.
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The functional-file-bearing wing would present a problem of keeping phase for the
reasons explained earlier (section 6.1.4); selection then will go in another direction: the filebearing wing has to become acoustically damped or mute. In that way, the role of the functionalfile-bearing wing in stridulation would be minimized and the right wing would dominate during
sound radiation. This selection began probably with the massiveness and mechanical isolation of
the functional file. Such thickening should be gradual and allow vibrations of the file and
adjacent cells within the range at which symmetrical pure tones are possible, allowing for
moderate phase shifts of pulses that require a partial sweeping of the file. This mechanism will
allow the production of pure tones at certain frequencies, moderately high (see Cyphoderris).
Minor changes in the file-bearing wing were produced, and they might have allowed a phaselocked system of both wings, and the production of high-Q signals, i.e. they might operate in the
tolerance level for pure tones at moderately high frequencies using symmetric wings.
Morphological features were selected similarly in both tegmina since wing overlapping
was possible (Cyphoderris, Morris et al 2002), probably due the advantage of using two wings
for maximizing the radiating surface. Symmetric wings have the problems of facing destrictuve
interference when the frequency of tooth contact exceeds certain levels, especially in those
animals with narrow and flexible stridulatory files. Reduction of destructive interference was
attained by using small portions of the file, which permits to reduce the area of tooth contact,
minimizing phase changes for specific wing-cell regions (Cyphoderris is also a good example
Fig. 6.22A).
As selection for higher frequencies, especially ultrasound was favored, the use of
symmetric wings becomes an increasing problem. The higher the frequency the lower the
chance that both wings operate within the level at which active control of phase is possible. The
thickness of the file is not enough to secure isolation from surrounding cells, thus increasing the
chance of destructive interference during the vibration of both wings, i.e. the level of tolerance
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for appropriate phase will decrease. The file might be selected to be strongly massive, but
vibrations of surrounding cells will still be a problem because minor phase shifts would be more
obvious when dealing with high frequencies.
It was shown before that the file-bearing wing is the one causing physical problems
therefore a solution might be to reduce its role during stridulation. Damping of the file-bearing
wing begins by increasing the thickness of the file and should follow the reduction in number of
radiating cells in the mirror and adjacent regions (i.e. the file-bearing wing becomes more
robust).
6.3.3.1 The specific acoustic resistance
As a medium for sound propagation, air has a specific acoustic resistance. For good
matching of the sound source to the fluid medium, the specific acoustic resistance of the sound
source should match that of the medium (Bennet-Clark 1998). Katydids and crickets sound
generators can be treated as dipole sources, which are basically the equivalent of a pair of sound
sources of opposite sign. The minimum sound source for a dipole sound generator must have a
radius of about 1/4 of the wavelength. Below this range the specific radiation resistance
decreases more or less rapidly (Olson 1957; Fletcher 1992; Bennet-Clark 1998).
Let’s return to the hypothesis of stridulatory area evolution in katydids. The scraperbearing wing is now modified to radiate the song, and the scraper region to perform continuous
movements under a more rigid surface. Song is generated during the closing stroke, and the filebearing wing will always overlap that scraper-bearing wing. At some point in the cycle the
radiating surface of the scraper-bearing wing would be totally covered by the opposite wing.
This would suggest a reduction in pulse amplitude as the closing sound progresses. Another
problem is that the reduction of the area of the stridulatory field would also result in reduction of
the specific acoustic resistance (Bennet-Clark 1998). Mole crickets resolved this problem by
using singing burrows as secondary resonators (Bennet-Clark 1987).
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In almost all species of Tettigoniidae studied here, the dimensions of the sound radiator
are smaller than the optimal size for sound radiation related to wavelength; only in a few species
is the area of radiating surface optimal (Fig. 6.20). Bennet-Clark (1998) discussed these aspects
and pointed out that it is difficult to study the problem of specific acoustic resistance in
tettigoniids because these animals may use secondary resonators in their forewings and body.
Katydids use special adaptation of their wings, which might work in a certain way as
secondary resonator. For example, flexible and large tegminal lateral fields that are useful for
sound amplification or resonance (Keuper et al. 1988; Montealegre-Z and Mason 2005). In
brachypterous species that have lost flight capability and so most of the tegminal lateral fields,
the only preserved feature is the dorsal stridulatory field of both tegmina. Some of these species
have developed elongate pronotal covers (e.g. ‘Agraeciinae x’, (Morris et al. 1994)), depression
of the meta-notal and adjacent tergo-abdominal areas (e.g. Dectinomima and Uchuca,
(Montealegre-Z and Morris 2003)). Additionally, in most species of Tettigoniidae the wings are
large relative to body size, and during singing, form a baffle surround to the small primary
resonator. The problem of a small sound radiator (the mirror) can also result in constraints for
selection of short wavelengths since these serve better the small size of the sound radiator and so
help to improve the impedance match between radiator and medium.
6.3.3.2 The fossil record
I reviewed the most relevant paleontological literature (Sharov 1968; Sharov 1971; Sharov
1991; Béthoux and Nel 2002; Béthoux and Ross 2005), and found no detailed description of left
and right wing asymmetry. Most analyses by these authors involve studies of wing venation,
normally performed in one wing. This is due in most cases to only one wing being found, or if
the specimen is complete the wings overlap, making it difficult to decide on symmetry
(Benthoux, Muséum d’ Historie Naturelle, Paris, pers. comm.). The only work describing
features of left and right wings in a primitive Tettigoniidae is that by (Rust and Stumpner 1999).
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The fossil wings they describe present lower asymmetry when compared with extant species.
This supports the hypothesis of asymmetry as a derived characteristic in katydid. Rush and
Stumpner (1999) also venture an analysis about what type of sound these animals might be have
used for communication. They assume that these animals used broad-band frequencies, with the
dominant peak close to 7 kHz. This analysis is a brave attempt to discern the carrier frequency
of a dead specimen, however it lacks accuracy because whether the sound is produced by a
resonance is determined by the speed of the scraper, tooth density and finally by the physical
properties of both wings (see Chapters Two and Four).
Katydids must have evolved from a bilaterally symmetrical ancestor. In most species the
scraper-bearing wing still preserves a nonfunctional file, which is normally vestigial in relation
to the functional one. This suggests that in this ancestor the stridulatory file was narrower and
perhaps more flexible. Such a stridulatory file would only allow the generation of pure tones at
low frequencies.
All the published literature and the analysis presented in this chapter suggest that animals
with bilaterally symmetrical tegmina were the ancestors of katydids. This is supported by the
fact that tettigonids and haglids share a common ancestor (Gwynne 1995; Desutter-Grandcolas
2003) and haglids use symmetrical wings to generate pure-tone signals (Spooner 1973; Mason
1996a; Morris et al. 2002). Thus the plesiomorphic condition of the present asymmetry would
be a katydid with the forewings slightly different from each other (i.e. a minor level of
asymmetry would exist, see (Rust and Stumpner 1999)), this asymmetry would be initiated by
making a stridulatory file somewhat more rigid than that of Cyphoderris spp. The sound
generated might have lost some of its purity, or might be pure if the degree of asymmetry
corrects for phase differences in both wings (it has been shown by Bennet-Clark (2003) that the
production of pure tones in crickets depends on forewing asymmetry).
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6.3.3.3 Phase and the problem of destructive interference
It is difficult to predict the amount of phase shift in all species of cricket. This is something that
might vary with physical factors, for example length and compliance of the file.
Paradoxically, flexible files are more appropriate to drive the escapement mechanism, but it is
this type of file that generates more phase shifts during stridulation. It would then be expected
that the sound produced by crickets with flexible files shows calling songs with remarkable
destructive interference, but this seems not to be the case with most of the species for which the
song is known. These animals somehow manage to generate clean sound without the negative
effect of interference.
This situation might be explained by the following theoretical example: Let’s suppose
that the amount of phase shift that the vibration of both tegmina experience during the passage
of the scraper over the entire file is constant for a particular species, and this change is described
as ∆. Phase can also be thought of in terms of time, thus the phase shift for that particular animal
would be ∆T (Fig. 6.21A). Perhaps it is possible that if the animal uses low frequencies (as low
as those of most crickets), the amount of phase shift would be insignificant and the output sound
would still be effective for sound transmission at long distances (Fig. 6.21A). Now, suppose
that this animal is going to contact teeth at a higher rate and generate a higher frequency sound
(short wavelengths). If the amount of phase shift is constant as assumed here, it would be more
problematic for the two tegmina to attain the necessary phase than if longer wavelengths were
produced (Fig. 6.21B). The resultant song would present low amplitude and would be
inappropriate for long distance communication.
This problem can be visualized with the following example. When crickets use
frequencies above the normal range, the song loses purity. Aggressive and courtship songs of
crickets are given in this way and normally present low Q (Bennet-Clark 1989; Desutter252

Grandcolas 1998a; Desutter-Grandcolas 1998b). This song can probably be heard at long
distances and can disturb a rival or predator, but would not be good for specific localization and
directionality. If the purity of the song were to be maintained, low frequencies would be
preferred.
Another solution for minimizing the destructive interference problem is to evolve short
files that result in short pulses (Fig. 6.17CD), or to use small regions of the file. It has been
shown that Cyphoderris spp. use very limited file regions during sound production (Fig. 6.22A).
This mechanism allows the distance traveled by the scraper to be shorter than if the complete
file was used, so that energy reaches specific regions of the radiating membranes within
statistically similar times, i.e., phase shift will be minimized. The result is a purer highfrequency sound at the expenses of a shorter pulse (Fig. 6.22B).
Crickets on the other hand, manage to make longer pulses but they must do so at lower
carriers (Fig. 6.22C). I would also point out that some species of crickets may use low frequency
songs and short pulses. However, although the pulse length was negatively affected by the
frequency in gryllids, the relation was not significant (Fig. 6.23A). This might be explained by
the fact that all species sing within a restricted range of frequencies (3-8 kHz).
Some species of crickets singing at higher frequencies (Desutter-Grandcolas 1998a)
exhibit calls with low purity (low Q), thus it would not be appropriate to include them in the
analysis. The purpose of using symmetric wings is in part to generate a pure signal that is able to
reach long distances and keep its purity for the reasons explained in this chapter. In order to
maintain the high Q of the call, the signal has to be short or long in duration according to the
frequency. Thus, those crickets using high frequencies (>10 kHz) tend to have noisy sounds that
will not necessarily be short, because the signal is not pure. This implies, that if the frequency of
a sound generated with symmetric wings increases, a proportional decrement in the purity of the
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sound should be expected. A highly significant correlation between carrier frequency and Q
factor was obtained (Fig. 6.23B).
Another form of dealing with the problem of interference is to evolve damped (or almost
effectively non-radiating) file-bearing wings; i.e. to develop asymmetric wings (Fig. 1.7C).
Asymmetry might begin with the mechanical isolation of the file as is the present form of
haglids and tettigonids (Fig. 6.4BC). If the file is less flexible, i.e. the spring model no longer
applies, as the file of most katydids, phase shifts will also be avoided because the file regions
would not vibrate independently; rather they tend to move as a whole unit with the rest of the
file. Katydid wing asymmetry might have started in this way until the whole file-bearing wing
was mostly non-radiating and adapted for damping.
Katydids might also be affected by destructive interference, as the file-bearing wing is
not perfectly mute (Montealegre-Z and Mason 2005). Thus, another strategy would be to use
small file regions, or to use small files with high density of teeth as discussed above (with
combinations of different speeds). In both cases the output sound may represent a relatively
short pulse.

6.3.3.4 Consideration about the model of destructive acoustic interference
When katydids evolved the use of pure-tone signals at high frequencies, selection of asymmetric
wings was favored. This model implies that most of recent katydids using broad-band calls
evolved these calls from pure-tone ancestors, i.e. as an example of evolution in reverse
(Montealegre-Z. and Morris 2004). There is no reason to evolve asymmetric forewings (which
is genetically and functionally expensive (Bize et al. 2004; Hambly et al. 2004; Voigt et al.
2005)) if broadband calls were to be produced. Mantids and other insects (i.e., cricket defensive
songs) generate broadband sound with symmetric wings. But, it is not mere coincidence that the
wing that suffered morphological changes and damping was the file-bearing wing (the wing that
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suffers problems of destructive interference). Thus the mechanism of reversal from pure tone to
broadband --the ancestral condition of sound generation-- might be similar to the one presented
in the first chapter for the genus Panacanthus (see also Montealegre-Z. and Morris 2004).
Some katydid species of the most basal clades of the Tettigoniidae might used broadband calls and symmetric or sub-symmetric wings (as the aggressive sound of crickets), but still
this condition should have arisen from a pure-tone ancestor as suggested by the available
phylogenies of Ensifera (Fig. 6.24), (Gwynne 1995; Desutter-Grandcolas 2003) and by the
analysis presented here. There are still several existing taxa within the Tettigoniidae, which
present a certain degree of symmetry in their forewings. It might be that these animals preserved
the ancestral condition of forewings or that this characteristic evolved several times in reverse.
These issues would be difficult to approach as long as a reliable phylogeny of the katydids is not
available.
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Table 6.1. Database used in the comparative analysis of the relationship between some body measurements and song structure
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0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.1

0.0

0.0

0.0
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0.0

0.2

0.0

0.2
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0.0
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0.2

STDV

Unpublished

Unpublished

Unpublished

Braun 2002

Montealegre&Morris 1999

Braun 2002

Braun 2002

Braun 2002

Braun 2002

Montealegre&Morris 1999

Unpublished

Morris et al. 1994

Unpublished

Morris et al. 1989

Montealegre&Morris 1999

Unpublished

Braun 2002

Unpublished

Heller 1995

Unpublished

Montealegre & Morris 2004

Morris et al. 1989

Morris & Mason 1995

Heller 1995

Morris 1980

Heller 1995

Montealegre & Morris 2004

Source
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24.0
24.1

sp57
sp19
sp48
sp25
sp2
sp43
sp44
sp7
sp17
sp1
sp4
sp59
sp6
sp31
sp3
sp47
sp60
sp40
sp23
sp34
sp26
sp30
sp22
sp35
sp27
sp8

Typophyllum trapeziforme (Ecua)

Docidocercus chlorops (Ecua)

Teleutias fasciatus (Ecua)

Eubliastes chlorodyction (Col/Ecua)

"nr Daedalus" (Col)

Scopiorinus carinulatus (CR)

Scopiorinus mucronatus (CR)

Ancistrocercus circumdatus (CR) †

Daedalus sp. (Col)

"Liliania sp.1" (Agraeciinae) (Col)

"Tennis ball 2" (Ecua)

Uchuca amacayaca (Col)

Amber raspberry (Col)

Kawanaphila yarraga (Aus)

"Tennis ball 1" (Col)

Teleutias castaneus (Ecua)
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Phlugis sp.2 (Ecua)
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Myopophyllum sp. (Ecua)
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0.0
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0.0

0.0
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2.5
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0.0
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1.4
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0.0
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126.0 0.0

105.5 1.7

83.3

73.0

70.5
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47.6

42.3

42.1

40.7

40.3

36.7

36.6

36.0

34.1

33.0

31.0

28.0

28.0

27.7

27.3

23.2

23.0

sp21

22.5

sp32

Docidocercus gausodontus (Col)

21.6
22.0

Leurophyllum modestus (Trinidad)

sp20

Teleutias akratonus (Ecua)

Docidocercus gigliotosi (Panama)

sp24
sp46

Eubliastes aethiops (Col)

Table 6.1. Continuation.

0.1

0.3

0.7

0.4

0.2

0.2

1.0

2.5

0.3

1.6

1.0

3.8

0.3

1.5

2.7

3.0

3.0

10.0

0.7

0.5

0.3

2.3

6.8

10.0

20.6

26.0

8.0

34.0

20.4

9.0

19.0
0.0

2.9

0.0

0.0

0.2

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

3.6

0.0

0.0

0.0

0.0

0.7

1.5

0.7

1.1

1.9

1.0

0.3

0.9

2.0

0.7

0.6

0.7

1.4

1.4

0.5

0.5

0.7

1.7

1.0

1.5

2.4

2.0

0.0

1.8

0.0

1.5

2.5

1.2

2.0

2.2

1.6

2.2

2.1

1.5

0.0

0.0

0.4

3.0

0.0

0.0

2.8

5.0

1.6

0.0

0.0

0.2

0.0

0.1

0.0

0.1

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.1

0.0

0.0

0.0

0.0

0.1

0.1

0.0

0.1

0.1

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

2

2

1

4

3

7

1

1

1

1

7

1
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3
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2

1

2

3

3

1

3

2

1
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1

2

2

3

7

2

146

70

70

80
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12

105

95

280

54

119

90

170

12

127

109

207

138

190

150

115

110

102

150

114

240

180

165

250

253

150

51

8.5
0.2

100

64

45

90

40

117

47

378

2.8

4.3

5.7

4.9

3.0

4.7

5.5

6.2

0.0

0.0

0.2

0.1

0.0
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0.2

0.0

1.1
0.0

9.1
3.0
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0.2
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0.5
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0.2
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0.1

0.1

0.0

0.7

0.0

0.1

0.0

0.3

0.1

0.4

90

4.9

5.3

2.7
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8.2

5.3

4.5

5.6

6.6

4.1

4.2

7.7

7.8

4.8

8.3

3.5

7.0

6.5

7.2

4.7
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64

124

24
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155
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144
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63

58
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70
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95

120
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114
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3.7
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1.6

1.1
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1.9
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1.0

1.0

1.0

1.0

1.0

1.0

3.0

1.0

2.0

2.0

1.0

0.0 Unpublished

0.0 Unpublised

0.0 Morris et al. 1994

0.1 Morris et al. 1994

0.0 Morris et al. 1994

0.0 Mason & Bailey 1998

0.0 Morris et al. 1994

0.0 Unpublised

0.0 Unpublised

0.0 Unpublished

0.0 Montealegre & Morris 2003

0.0 Montealegre&Morris 1999

0.5 Unpublished

0.0 Mason & Bailey 1998

0.0 Unpublished

0.0 Montealegre & Morris 2003

0.0 Unpublished

0.0 Unpublished

0.1 Unpublished

0.0 Morris & Beier 1982

0.0 Morris & Beier 1982

0.0 Morris & Beier 1982

0.0 Unpublished

0.0 Montealegre&Morris 1999

0.0 Montealegre&Morris 1999

0.0 Morris et al. 1989

0.1 Morris et al. 1989

0.0 Suga 1966

0.1 Morris et al. 1994

0.1 Montealegre&Morris 1999

0.0 Montealegre&Morris 1999
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Fig. 6.1. The concept of phase shift. A- The phase of a sine wave and equivalent angular rotation.
B- Example of constructive interference, F1 is the frequency, which is not affected after adding
both signals. C- Example of destructive interference.
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Right tegmen

Left tegmen
Scraper direction
Scraper position

Scraper
Energy
input

3

1
2

Dn
D2
D1

D3

Mirror

Fig 6.2. The problem of phase interference during tegmino-tegminal stridulation. For the scraperbearing wing, energy entered by tooth impacts will travel a constant distance (Dn) from the
scraper to a specific region of the same wing. Conversely, for the file bearing wing, the point of
energy input will change as the scraper moves over the file. Energy will travel different distances
(D1, D2, D3) to reach the red spot (randomly chosen, but homologous with the red region of the
contralateral wing. Acoustic energy will arrive to the red region at different times, therefore for
the file-bearing tegmen, phase of vibration will be changing constantly as the scraper moves.
265

Scraper direction

Anal

Basal

Relative amplitude (dB)

A

1
P. pallicornis
(katydid)

-6
-13
-20
-27
0

2

4

6

File possition
Scraper direction

Anal

Basal

Rel. amplitude (dB)

B
C. monstrosa

2

Cyphoderris
(Haglidae)

-1
-4
-7
C. buckelli

-10
0

1

2

3

4

File position
Anal

Scraper direction

Basal

Rel. amplitude (dB)

C

0
-1
-2
-3
-4
-5

G. bimaculatus
(cricket)
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File position

Fig. 6.3. Amplitude of vibration of the stridulatory file. A- In the katydid the file vibrates
with larger amplitude in the anal margin and vibrations are weak towards the basal region.
B- In Haglids the file seems to vibrate more in the mid region. C- In the cricket, the file
vibrates more in the central part, just as demonstrated by Bennet-Clark (2003) for
Teleogrillus oceanicus.
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A

B

C

Fig. 6.4. Stridulatory file of the three species of Ensifera studied in this chapter. A- Gryllus
bimaculatus, depicting a thin file. B- Cyphoderris monstrosa, semirigid file. C- Triencentrus
atrosignatus, strongly massive file.
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Fig. 6.5. Phase shifts occurring after the stridulatory file is stimulated at different regions.
A- There are almost no phase shifts in the file-bearing wing of a katydid. B- In the haglids
the phase shifts occurred mainly towards the basal part of the file. C- In the cricket
phase shifts were more remarkable on the basal half of the file.
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A

B

C

D

Fig. 6.6. Wing movement during stridulation of G. bimaculatus. Four frames showing
the file regions used by the scraper. A- Pulse begins when the scraper contacts the
first teeth at the anal region of the file. B- Maximum amplitude of the pulse built up
is reach towards the end of the anal 1/3 of the file length. C- A remarkable decreased in
amplitude is noted when the scraper crosses the basal 1/3 of the file. D- the scraper
reaches the basal file region finishing and the pulse freely decays. Arrow indicates the
scraper position, dashed vertical line the corresponding event on the signal.
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A

B

C

Fig. 6.7. Wing movement during stridulation of Cyphoderris monstrosa. Four frames showing
the file regions used by the scraper. A, B- The scraper engages just before the middle region of
the file. C- Quickly, the scraper moves down to the basal end and the pulse is completed. Red
arrow indicates the scraper position, dashed line shows the corresponding event on the signal.
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Fig. 6.8. Carrier frequency and pulse duration for 58 species of Tettigoniidae using pure tones.
A- Raw data. B- Analysis of independent contrasts of the same data.
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Fig. 6.9. Tooth density and Carrier frequency for 58 species of Tettigoniidae using pure tones.
A- Raw data. B- Analysis of independent contrasts of the same data.
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Fig. 6.10. File length and Carrier frequency for 58 species of Tettigoniidae using pure tones. ARaw data. B- Analysis of independent contrasts of the same data.
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Fig. 6.11. Number of file teeth and Carrier frequency for 58 species of Tettigoniidae using pure
tones. A- Raw data. B- Analysis of independent contrasts of the same data.
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Fig. 6.12. Pronotum length and Carrier frequency for 58 species of Tettigoniidae using pure tones.
A- Raw data. B- Analysis of independent contrasts of the same data.
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Fig. 6.13. Mirror length and Carrier frequency for 58 species of Tettigoniidae using pure tones.A- Raw data. B- Analysis of independent
contrasts of the same data. C- Plot suggesting the feasibility of a cantilever as initially proposed by Morris and Pipher (1967).
Regression line force to pass through the origin.
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Fig. 6.14. Pronotum length and mirror dimension for 58 species of Tettigoniidae using pure tones.
A- Raw data. B- Analysis of independent contrasts of the same data.
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Fig. 6.15. Pronotum length and size of the stridulatory file for 58 species of Tettigoniidae using
pure tones. A Raw data. B Analysis of independent contrasts of the same data.
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Fig. 6.16. File length and number of teeth for 58 species of Tettigoniidae using pure tones. ARaw data. B- Analysis of independent contrasts of the same data.
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Fig. 6.17. File length and density of teeth for 58 species of Tettigoniidae using pure tones. ARaw data. B- Analysis of independent contrasts of the data in A. C- File length and pulse duration. D- Analysis of independent contrasts of the data in C.
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Fig. 6.18. Pronotum length and number of teeth of the stridulatory file for 58 species of
Tettigoniidae using pure tones. A- Raw data. B- Analysis of independent contrasts of the same
data.
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Fig. 6.19. Pronotum length and density of teeth in the stridulatory file for 58 species of Tettigoniidae using pure tones. Only raw data are shown.
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Fig. 6. 20. Minimum source radius for optimal source-to-medium sound power transfer, against
the sound frequency in dipole source singers. For the majority of dipole sources singers the size
of the sound radiator is smaller than the optimal. Modified from Bennet-Clark (1998). Filled
data points show few species whose dimension of sound radiator is optimal.
283

A

Low frequencies
Left
tegmen

Resultant
acoustic vibration

Left
tegmen

T

Phase shifts have a lower
significant effect

B Left
tegmen

Left
tegmen

High frequencies

T

Resultant
acoustic vibration

More chances of cancellations
by destructive interference

Fig. 6.21. The problem of phase shift and destructive interference in low frequency singers (A)
and high frequency singers (B). DT represents the phase shift in units of time. Note that chances
of cancellation are higher when two high frequency vibrations are combined. The resulting
oscillation in this case should present significantly low amplitude by total or partial cancellation.
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Fig. 6.22. An hypothesis to explain the short duration of pulses in Cyphoderris. A- Diagram
showing the functional part of the file. Note that relative distance from three equidistant points
to a specific wing area is more or less equal when the when the file region used is shorter. BSong pulse of C. monstrosa. C- Sound pulse of G. pennsylvanicus.
285

y = -0.912x + 18.731
R= -0.43

60

30

50

25

40

20

Q Factor

Pulse (ms)

y = -1.8243x + 29.267
R= -0.19
P>0.05

30

15

20

10

10

5

0

0
3.0

4.0

5.0

6.0

7.0

8.0

9.0

Frequency (kHz)

P<0.05

0

5.0

10.0

Frequency (kHz)

15.0
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Chapter 7
7.1 Conclusion
Male katydids generate calling songs via tegmino-tegminal stridulation using four
methods of stridulation:
1.

Resonance leading to sinusoidal pulses.

2.

Resonance leading to pulse trains with sinusoidal discrete pulses.

3.

Nonresonance leading to noisy pulses

4.

Nonresonance leading to discrete transient pulses

In the first method 1, the morphology of both scraper and file dictate the type of sound
generated: for frequencies <40 kHz, one expects short scrapers, and files with inter-tooth
distances adapted to increments of wing velocity. Stridulation by the second method involves
two different models that I term ‘roll-trigger’ and ‘elastic energy’, the latter being the more
common in the production of extreme ultrasonics.

7.1.1

The mechanism of resonance and coherent pulses in katydids
Crickets use the first method of stridulation, but since they employ symmetric wings for

sound production, they phase lock the vibration of both tegmina by an escapement mechanism.
My results show that the escapement mechanism of the “clockwork cricket” (Elliott and Koch
1985; Koch et al. 1988; Bennet-Clark and Bailey 2002) is likely not at work in katydids, even
those that produce pure-tone songs. Sound production in P. pallicornis does rely on the tuned
vibration of tegminal resonators. The excitation of tegminal vibration, however, relies on a more
variable mechanism than the precisely regulated escapement of crickets. A rigid file and a
scraper mounted on a flexible joint allow stridulatory wing movements to occur at a range of
different speeds. Engagement with file teeth displaces the scraper by deflecting it around its
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flexible joint. The subsequent release allows the scraper to spring back to its natural position,
and combined with continued wing movement, results in an impact between the scraper and the
next file tooth. This impact induces vibrations in the tegmina. When the wing velocity is such
that successive tooth impacts occur at intervals which match the natural vibration frequency of
the tegmina, resonant vibration will build up in the wing. By sweeping their wings over a range
of velocities during stridulation, and in the absence of a mechanism that specifically matches the
rate of tooth impacts with tegminal vibration cycles, males of several species of katydids are
able to produce a complex song spectrum that includes a resonant portion when wing velocity
and tooth spacing coincide with the natural mode of tegminal vibration.

7.1.2 The mechanism of extreme high frequencies
The mechanism of extreme high frequency production is powered by elastic energy, which
assists in energy conservation and is integral to attaining the tooth impact rate required to
stimulate the sound generator at elevated frequencies. This mechanism involves scraper pauses
which are necessary for the storage of elastic energy and which result in songs composed of
discrete pulses isolated in time by intervals of silence.

7.1.3 The evolution of asymmetric wings
Crickets use symmetric wings and an escapement mechanism that allows for the production of
pure tones at low frequencies (<8 kHz). Katydids evolved asymmetric wings, where the filebearing wing is more damped for sound radiation; this imbalance resolves the problem of
destructive

interference,

allowing

for

higher

communication.
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single-frequency

channels

of

sound

This model of wing asymmetry evolution implies that katydids descended from an
ancestor that used bilaterally symmetric forewings; this ancestor used pure-tone signals and
when high frequencies were selected for, the evolution of asymmetric forewings was favoured.
Therefore, all modern katydids have pure-tone sound production capabilities in their ancestry,
but the evolution of broadband signals may have arisen as apomorphic to pure tones. Here one
has to be careful in evaluating the word ‘broadband’, i.e., there are broadband songs or noisy
songs that approach white noise, but there are also broadbands that are given in transients or
pulse trains with a more elaborate infrastructure; the latter is more common in katydids.
This elaborated signal structure might favour the inclusion of more information than that
contained in a single coherent pulse. The selective forces that can lead to broadband songs with
transient pulses have been considered in the evolution of acoustic communication in the genus
Panacanthus (chapter 3). In terms of the word ‘broadband’, this can be seen as evolution in
reverse: the most plesiomorphic condition of sound production must have been a non-elaborated
signal with a ‘broadband spectrum’, such as that used by some modern mantids (Hill personal
communication, 2005). However, the inclusion of discrete pulses in the song should be seen as a
more recent evolved characteristic because it appears in some modern katydids that use
resonance or broadband songs.
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Appendix A
FAMILY: TETTIGONIIDAE KRAUSS, 1902

Abbreviation

Subfamily Acridoxeninae Zeuner, 1936

(Acrid)

Subfamily Austrosaginae Rentz, 1993

(Aust)

Subfamily Bradyporinae Brunner von Wattenwyl, 1878

(Brad

Subfamily Conocephalinae Redtenbacher, 1891

(Cono)

Subfamily Hetrodinae Brunner von Wattenwyl, 1878

(Hetr)

Subfamily Lipotactinae Ingrisch, 1995

(Lipot)

Subfamily Listroscelidinae Kirby, 1906

(Listr)

Subfamily Meconematinae Kirby, 1891

(Mecn)

Subfamily Mecopodinae Karsch, 1891

(Mecp)

Subfamily Microtettigoniinae Rentz, 1980

(Micr)

Subfamily Phaneropterinae Burmeister, H, 1838

(Phan)

Subfamily Phasmodinae Caudell, 1912

(Phas)

Subfamily Phyllophorinae Brunner von Wattenwyl, 1898

(Phyll)

Subfamily Pseudophyllinae Beutenmuller, 1894

(Pseu)

Subfamily Saginae Stål, 1874

(Sagi)

Subfamily Tettigoniinae Krauss, 1902

(Tetti)

Subfamily Tympanophorinae Kirby, 1906

(Tym)

Subfamily Zaprochilinae Rentz & Clyne, 1983

(Zapr)
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Appendix B. Character description:

ci: 0.5
6. Marks on the clypeus:

1. Form of the vertexial fastigum

0: absent

0: short, acute, toothed

1: present

1: elongate, acute, and toothed

ci: 0.33

2: semi-elongate, not toothed

7. Eyes:

ci: 1.0

0: normal

2. Structure of the vertexial fastigum

1: protruding of the head capsule

0: curved ventrally on the apex

ci: 1.0

1: straight

8. Eye color in life:

2: curved dorsally on the apex

0: other

ci: 0.5

1: yellow-cream

3. Dorsum of vertexial fastigium

2: red-pink

0: smooth

ci: 0.67

1: granulate

9. Ocular lobe of the brain:

2: spinose

0: normal

ci: 1.0

1: strongly elongate

4. Gena I (external surface):

ci: 1.0

0: smooth

10. Basal tooth of the lacinia:

1: moderately tuberculate

0: ventrally broad and carinate

2: strongly spinose

1: ventrally narrow and serrate

ci: 0.67

2: ventrally narrow and carinate

5. Gena II, (tubercle on region III):

ci: 1.0

0: absent

11. Mandibles 1 (molar lobe):

1: present

0: small, far from the mandible apex
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1: conspicuously developed, close the

16. Pronotum IV (dorsal medial strip on the

mandible apex

disk):

ci: 1.0

0: absent

12. Mandible II (incisor):

1: straight

0: absent

2: bifurcate on the occiput

1: present but poorly developed

ci: 1.0

2: present and conspicuously developed

17. Pronotum V (dark marks on the lateral

ci: 1.0

lobe):

13. Frontal ocellus:

0: absent

0: small, oval

1: present as type 1

1: big, orbicular

2: present as type 2

ci: 1.0

ci: 1.0

14. Pronotum I (ventro-posterior

18. Anal margin of the tegmina:

margin):

0: colorless

0: straight

1: reddish

1: upturned

ci: 0.5

ci: 1.0

19. Costal margin of the tegmina:

15. Pronotum III (defensive processes):

0: straight

0: absent

1: marginally curved

1: present as tubercles

2: abruptly constricted on the distal half

2: present as branched spines

ci: 1.0

3: present as smooth spines

20. Bifurcation Cu2 & 2A (mirror veins):

4: rack-like

0: slender

ci: 1.0

1: moderately broad basally
2: broad basally
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ci: 1.0

1: distally present

21. Stridulatory area in both tegmina:

2: covering the whole surface

0: symmetrical

ci: 1.0

1: asymmetrical

27. Fore tibia armature:

ci: 1.0

0: dorsally smooth

22. Teeth of the stridulatory file:

1: dorsally strongly armed

0: straight

ci: 1.0

1: bent and curved in one side

28. Dorsal hook on the hind femur:

ci: 1.0

0: absent

23. Females wings:

1: present

0: macropterous

ci: 1.0

1: brachypterous

29. Proventriculus I (barbate lobe):

ci: 0.5

0: type 1

24. Fore limbs:

1: Type 2

0: shorter than the mid limbs

2: Type 3

1: longer than the mid limbs

ci: 1.0

2: about equal to the mid limbs

30. Proventriculus II (texture of the sclerotized

ci: 0.67

appendage):

25. Hind femur compared to the fore

0: strongly harsh

femur:

1: moderately harsh

0: shorter

ci: 1.0

1: longer

31. Abdominal terga coloration:

ci: 0.5

0: colorless

26. Hind femur armature:

1: with dark trapezoidal marks

0: absent

ci: 1.0
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32. Cercus of the male:

0: smooth

0: apically blunt with 1 internal process

1: moderately depressed

1: apically semiforked with 1 internal

2: conspicuously depressed

process

ci: 1.0

2: apically forked with 1 internal

36. Type of sound mechanism used:

process

0: resonant

3: apically folded and semi-forked with

1: non-resonant

1 internal process

ci: 1.0

4: different

37. Infrastructure of the sound envelop

ci: 0.5

0: absent

33. Titillators:

1: present

0: apically smooth

ci: 1.0

1: apically hooked and smooth

38. Duty cycle

2: apically minutely dentate

0: high

3: other

1: medium

ci: 1.0

2: low

34. Female subgenital plate I:

ci: 1.0

0: type 1

39. Deimatic defense

1: type 2

0: absent

2: type 3

1: present as type I

3: type 4

2: present as type II

4: type 5

ci: 1.0

ci: 1.0
35. Female subgenital: plate II (lateral surface):
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Taxa
Lesina
Copiphora
Lirometopum
P. cuspidatus
P. pallicornis
P. spinosus
P. gibbosus
P. varius
P. lacrymans
P. intensus

1
2
0&1
0
1
1
1
1
1
1
1

2
2
1
1
0
0
0
1
1
1
2

3
0
1
1
2
2
2
2
2
2
2

Appendix 1. Character Matrix

4
0
1
1
2
2
2
1
1
1
1

5
0
0
0
0
1
1
1
1
0
0

6
0
1
0
0
0
0
1
0
1
0

7
0
1
1
1
1
1
1
1
1
1

8
0
1
1
1
2
2
1
1
1
1

9
0
1
1
1
1
1
1
1
1
1

Characters
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39
0 0 0 0 0 4 0 1 0 0 0 0 ? 0 2 1 0 0 0 ? ? 0 4 3 2 0 ? ? ? ?
1 1 0&1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 2
2 1 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0
2 1 2 1 1 0 0 0 1 0 0 1 0 0 1 0 0 1 0 2 0 0 1 1 2 0 0 0 1 1
2 1 2 0 1 1 0 0 1 1 1 1 0 0 1 0 1 1 0 2 1 0 0 2 3 0 1 0 0 1
2 1 2 0 1 2 1 0 1 1 2 1 0 1 1 1 2 1 1 2 1 0 2 2 4 1 1 1 0 1
2 1 2 0 1 2 1 2 0 1 2 1 0 1 2 1 2 1 1 2 1 1 3 2 4 1 1 1 2 1
2 1 2 0 1 3 2 2 0 2 2 1 1 0 2 1 2 1 1 2 1 1 2 2 5 2 1 1 2 1
2 1 2 0 1 3 2 2 0 2 ? ? ? 0 2 1 2 1 1 2 1 1 ? ? 5 2 ? ? ? 1
2 1 2 0 1 3 2 2 0 2 2 1 1 0 2 1 2 1 1 2 1 1 2 2 5 2 1 1 2 1

Appendix C
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Appendix D
Nomenclature and basic taxonomy

Panacanthus Walker
Panacanthus Walker, 1869: 332; Redtenbacher, 1891: 328, 334; Kirby, 1906: 229; Karny,
1912: 8; Montealegre & Morris 2004: 28
Martinezia Bolivar, 1881: 494; Bolivar, 1884: 82; Kirby, 1906: 229; Karny, 1912: 8
Storniza Walker, 1869: 333; Kirby, 1906: 229; Karny, 1912: 8
Type species: Panacanthus varius Walker, 1869 (by monotypy)
Diagnosis (based on synapomorphic traits). Fastigium elongate, acuminate, dorsally bispinose
(chr. 3). Areas A of prozona and mesozona, C of mesozona, D of metazona, varying through
smooth, tuberculate and spinose (Fig.1.1, char. 15). Mandibles with apical tooth conspicuously
developed (chr.12). Fore tibia dorsally strongly armed with stiff spines (chr. 27). Posterior
ventral angle of lateral lobes of pronotum markedly upturned, leaving prothoracic spiracle
partially exposed in lateral view (Fig.1.1, chr. 14). Sclerotized part of titillators bent, divergent
apically, denticulate (Fig.3.3, chr. 33). Type II deimatic defensive display (lateral extension of
forelegs without exposing ventral abdomen).

Panacanthus cuspidatus (Bolivar)
Martinezia cuspidata Bolivar, 1881: 489, holotype ♂ (lost), Ecuador: Baeza? (I E E).
Panacanthus cuspidatus Redtenbacher, 1891: 336; Giglio-Tos, 1898: 85; Kirby,1906: 229;
Karny, 1912: 9; Montealegre-Z & Morris 2004: 29
Diagnosis. Fastigium aduncate, with two dorsal elongate spines oriented cephalad; in frontal
view appearing as a crown (Fig.3.5A). Infraocular region with three triangular projections
strongly developed. Frontal ocellus yellow, orbicular, large, almost same diameter as compound
eye. Pronotum smooth, shining, with superficial elevations. Anal margin of tegmina straight,
forming straight angle with costal.
Colour: general coloration oeruginous (bright green). Fastigium (distal half), eyes, clypeus,
labrum and mandibles flavescent. Labrum flavotestaceous distad; mandibles atrous on inner
margin. Spines on anterior tibia flavescent, apically atropurpureous. Tarsal segments aurantius
(orange).
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Panacanthus pallicornis (Walker)
Storniza pallicornis Walker1869: 334, holotype ♀ (nymph), Colombia: Bogota, (BNHM) (not
seen).
Panacanthus tuberculatus Redtenbacher1891: 335; Kirby, 1906: 230; Karny, 1912: 9.
Panacanthus pallicornis Montealegre-Z & Morris 2004: 33
Diagnosis. Fastigium of vertex produced (Fig. 3.5D). Eyes pink-red in life. Pronotum arrayed
with tubercles (Fig. 1.1B). Hind femur bears two dorsal spines distally (Fig. 3.5). Cercus
apically globose, ventrally sulcate, long process arising distally near lateral margin, projecting
mesad; a shorter acuminate process originates basally near internal margin and extends curving
hindward (Fig. 3.3)
Color: general coloration oeruginous (bright green). Eyes rubescent (becoming red). Clypeus
and mandibles flavescent. Labrum fulvid. Inner margin and apex of mandibles atrous. Anal
margin of tegmina rubescent; in males such colour confined to distal portion of stridulatory
field. Tarsal segments aurantius (orange).

Panacanthus spinosus Redtenbacher
Panacanthus spinosus Redtenbacher 1891: 335, holotype ♂, Panama (NMW) (not seen); Kirby,
1906: 229; Karny, 1912: 9; Montealegre-Z & Morris 2004: 37
Diagnosis: distal part of the fastigium, vertex, apex of pronotal and femoral spines fuscous.
Areas A of pro- and mesozona strongly developed into branched, laterally directed spines (Figs
1.1C, 3.5H). Area C of mesozona comprised of three small conical spines. Female
brachypterous, tegmina leaving exposed the 4 last abdominal terga; tegmen rubescent on anal
edge.
Colour: oerugineous (bright green). Eyes rubescent (becoming red). Apical half of fastigium,
apex of pronotal spines, distal spines on the femora and spines of tibia fuscous. Pronotum
dorsally vittate; infuscate strip arising apically on fastigia, in metazona; band subdivided into
three branches, two directed to postero-lateral corners of pronotum the other directed centrally;
anal margin brunneus. Conspicuous rubescent band on anal margin reaches part of distal costal
field.

Panacanthus gibbosus Montealegre-Z & Morris
Panacanthus gibbosus Montealegre-Z & Morris 2004: 40, holotype ♂, Colombia
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Appendix D continues
Diagnosis. Face olivaceous, frons biguttate (Fig. 3.5J), area A of mesozona elevated into a
branched spine (Fig. 3.5K), tegmen of males coriaceo-reticulate, conspicuously addressed to
abdomen, females brachypterous (Fig. 3.6D).
Colour: dorsal portion of clypeus and mandibles atrous, clypeus resinous, bearing dorsally
melanic triangle. Fastigium resinous. Vertex bears conspicuous longitudinal infuscate band from
dorsal spines of fastigium posteriorad; two paler rhomboid marks present each side of this band;
amber coloration present among infuscate marks. Antennal scrobes and genae fumeus. Face
olivaceous, black facial markings present, distributed as follows: two below each annulus of
antennal scrobes, another two closer to each other placed near midtransversal line, two, more
separated, on dorsal part of clypeus. Dorsal part of clypeus and mandibles atrous; ventral part of
clypeus and labrum resinous. Amber colour of fastigium extends to pronotum in prozona,
incorporating both spines of mesozona (area A) and reaching spines of anterior corners of
metazona. Metazona anteriorly and laterally atrous, with small atrous patch on distal half of
posterior margin, rest fuscescent. Ventral margin of lateral lobes (including area C of metazona)
smaragdine (the brilliant crystalline green of the emerald). Some areas of pronotum marked
atrovirens (Fig. 3.5K). Legs corticinus (bark-like sculpture or texture), strongly irrorate (reckled;
covered with minute spots) on basal half mostly, dorsal spines on femora vary from olivaceous
to amber. Dorsobasal portion of the hind femora torose (swelling in knobs, knots or
protuberances). Abdominal terga with trapezoid fuscous mark (Fig. 3.6C, 3.11D), olivaceous on
dorsal half, ventral half infuscate.

Panacanthus varius Walker
Panacanthus varius Walker 1869: 333, holotype ♂, Ecuador, Quito, (BNHM) (not seen)
Karny, 1912: 9; Kirby, 1906: 229; Karny, 1912: 9; Montealegre-Z & Morris 2004: 42.
Diagnosis: dirty dark green or yellowish green, with a slight brownish tinge. Face helvolus,
ventral half of the fastigium, antennal sclerites and scapus atrous.
Colour: face tawny or dully reddish yellow; antennal sclerites, scapus and ventral half of
fastigium atrous; rest of fastigium resinous. Vertex with light longitudinal infuscate band,
originating on dorsal spines of the fastigium ending at posterior margin of pronotum; two lighter
rhomboid marks subtend this band. Amber coloration present among infuscate marks. Femoral
spines hamate. Abdominal terga wth trapezoidal atropurpureus stripe. Dorsal half of abdominal
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pleurites olivaceous, ventral half infuscate.
Panacanthus lacrimans Montealegre-Z & Morris
Panacanthus lacrimans Montealegre-Z & Morris 2004: 44, holotype ♂, Colombia
Diagnosis. Face orange, somewhat rufescent with facial maculae only on the upper part of the
frons and the clypeus (Fig. 3.5P).
Male unknown.
Colour: occiput with dorsal fuliginous (sooty or smoky brown) band, starting on fastigial
dorsal spines, ending at posterior pronotal margin; lateral maculae poorly defined. Face
aurantius (orange) somewhat rufescent with facial markings only on upper part of frons and
clypeus. Clypeus resinous, with four fulvescent (shining brown) spots; labrum presents same
coloration. Mandibles aurantius with inner margins atrous.
Panacanthus intensus Montealegre-Z & Morris
Panacanthus intensus Montealegre-Z & Morris 2004: 44, holotype ♂, Colombia
Diagnosis. Head large when compared with other congeners. Face fusco-testaceous without
facial black marks. Fastigium short and moderately retroarcuate.
Color: body generally brunneus. Face fusco-testaceous, hypographous (shaded; applied to a
fascia that becomes gradually darker). This gradient starts at subantennal area and covers
fastigium and antennnal scrobes. Occiput fusco-testaceous with some lutescent reticulations, and
two additional marks to each side, sketched by ambar lines. Face, clypeus and labrum (to a
lesser extent) fuscotestaceous; no facial marks. Scape, antennal scrobes and fastigium atrous.
Pronotal spines of pro, meso and metazona (including areas A and B of prozona and area C of
metazona), amber. Legs, thoracic pleura, tegmina (some cells of the tegmina fulvescent),
abdomen and base of ovipositor fulvid. Almost all spines and distal half of ovipositor
aquamarine (in life).
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5.7

12.3

35.3

15.7

12.3

21.5

18.3

15.4

24

5.4

3.6

-

fastigium

Pronotum

Tegmen

F-femur

M-femur

H-femur

F-tibia

M-tibia

H-tibia

S-plate

Cercus

Ovipos.

6.2-6.6

-

4-4.6

51.1 50-52.3

-

4.4

31.7 30.8-33.1

19.1 18.6-19.5

22.6 22-23.7

27.8 26.5-28.8

15.8 15.5-16

18.7 18-19.3

45.0 44.3-46

12.6 12.3-13

6.5

69.1 68-70.4

Female
Mean Range

5.3-6.2

8.2-9.4

-

2.7

3.2

-

2.5-2.9

3.2-3.3

18.2 17.8-19.2

10.6 10.1-11.9

13.8 12.5-14.8

16.2 15.6-17.3

8.9

11.3 10.8-11.7

25.4 23.2-27.9

10.4 10.1-10.6

5.7

42.5 38-45.6

Male
Mean Range

9.4-9.5

6.3-6.4

-

3.5-3.7

39.8 38.6-41

-

3.6

22.4 22.5-22.5

12.9 12.9-13

16.0 16-16.1

19.9 19.9-20

11.0 10.9-11

13.1 13-13.2

24.0 24-24.7

9.4

6.4

43.7 43.5-44

Female
Mean Range

P. pallicornis

Abreviations: F= Fore, M=Mid, H=Hind, S=Suggenital
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Male
n=1

P. cuspidatus

Body

Structure

Morphological measurements (mm) of Panacanthus species

Species

-

2.4

3.9

24.5

14.2

15.9

20.9

12.3

13.2

20.6

13.0

6.6

39.7

42.1

3.3

28.0

15.8

17.5

25.1

13.3

15.1

13.9

12.9

6.8

46.7

9.5-10.5

4.7-5.3

8.2-9.6

8.8-10.9

-

2.4

2.1

-

2.2-2.5

2-2.2

19.6 18.3-20.5

10.0 8.7-10.7

11.3 10.8-11.5

18.2 17.6-19

9.0

9.6

13.5 12.5-14.4

9.8

5.1

29.2 27.6-30.6

6.9-7.5

7.6-8.2

5-5.8

9-10.4

-

2.3-2.4

29.6 28-32.1

-

2.3

22.2 19.4-23.4

11.8 11-12.7

11.9 11.2-13.1

20.1 18-21.2

9.9

10.6 9.7-11.3

7.2

7.9

5.4

30.9 29.8-32.3

Female
Mean Range

P. gibbosus

Male Female
Male
n=1
n=1 Mean Range

P. spinosus

-

2.8

4.3

25.0

13.3

14.4

22.6

12.0

12.0

26.0

9.9

4.0

42.2

58.3

-

3.7

29.8

13.2

16.5

25.2

13.5

13.4

27.8

10.4

5.0

44.8

Female
n=1

P. varius
Male
n=1

47.0

-

3.1

28.9

15.1

15.9

26.7

13.5

14.3

27.6

10.8

4.6

43.1

Female
n=1

P. lacrymans

-

4.0

5.8

29.7

15.3

16.3

26.9

14.3

14.0

35.5

11.8

4.6

54.6

Male
n=1

4.5-5.2

54-60

36-39

17-19

27-31

63.7

-

5.2

30.6

60-66

-

5.1-5.2

29-32

17.2 16.5-18.2

18.1

28.8

14.6 13.3-16

15.1 15-15.5

38.1

12.3 12-12.7

5.0

56.7

Female
Mean Range

P. intensus

Appendix E

Appendix F
Specimens examined
Panacanthus cuspidatus (Bolivar)
Material examined. ECUADOR: 2 ♀♀, Provincia Napo. Jaguar, Río Napo, 14 July. 1989, (G.K.
Morris); 1 ♀, same locality as preceding, 13 April 1989 (G.K. Morris); 1 ♀, Misahualli, 18 Feb.
1988, (G.K. Morris); 1 ♂, same locality as preceding, 14 July. 1985, (G.K. Morris); 1 ♀
(nymph), Pastaza, Santa Cecilia (76° 58'W, 0° 2'N), on Río Aguarico, 24-27 July 1966, (C.R.
Patrick) (MZUM); 1♀♂ Parque Nacional Natural Yasuni, July. 2003, (F. Montealegre/G.K.
Morris).

Panacanthus pallicornis (Walker)
Material examined. COLOMBIA: 1 ♂, Antioquia, Alejandria, July. 1979, (V. Ramírez)
(MEUNM); 1 ♀, Antioquia, Guatape, March. 1993,. (S. Arroyabe) (MEUNM); 1 ♂, Santander,
Santander de Charalá, margins of Río Orbita, at 3.5 Km from Cañaverales, 29 Nov. 1979, (I. de
Arevalo) (ICN); 4 ♂♂, 1 ♀, Valle del Cauca; Yotoco (Reserva Natural de Yotoco), 1600 m, 10
April 1996, (Morris & Montealegre) (ICN, MEUV); 2 ♂♂, as preceding (MEUV); 1 ♀, as
preceding, 13 April 1996, (F. Vargas) (MEUV); 1 ♂, as preceding, Oct. 1996, (P. Chacón)
(MEUV); 1 ♂, Valle del Cauca, Restrepo, 1700 m, 29 Oct. 1996 (MEUV).1 ♂, 1 ♀(no data),
(MEUNP). 3 males, Chocó, Alto del Río San Juan, 4 Sep. 1969, (Wolff) (USU); 1 ♀, Boyaca,
Muzo, Aug. 1915, (A. Maria) (ANSP).

Panacanthus spinosus Redtenbacher
Material examined. PANAMA: 1 ♀, (no data) (J.J. Belwood); 1 ♂, Provincia Cocle, El Copé
(8° 37' N., 80° 35'W), “Cloud forest”, 9 Jan. 1978 (P. Rosen M) (MZUM).
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Panacanthus gibbosus Montealegre-Z & Morris
Material examined. Holotype ♂, COLOMBIA, Nariño, RN La Planada, May 2 1997, (F.
Vargas, G.K. Morris & F. Montealegre) (ICN). Paratypes, COLOMBIA 3 ♀♀, Nariño, RN La
Planada, 2-3 March 1997 (F. Vargas, G. K. Morris & F. Montealegre) (MEUV, ICN); 1 ♂,
same data, 2 April 1997 (ICN); 1 ♂, same data, 4 April 1997 (ICN); 1 ♂, same data, 30 April
1997, 2 ♂♂, same data, 2-4 May 1997; 1 ♂, same data, 9 May 1997 (MEUV); 9♂♂ (alcohol),
3♂♂ (pinned), 1♀, (F. Montealegre, A. Nastacuaz, L. Moncayo), 30 May 2001. ECUADOR: 2
♂♂, 1 ♀, Prov. Esmeraldas, El Placer, 675 m, 0052N, 7833W, 25 July – 17 August. 1987, (D.
Wechsler) (ANSP).

Panacanthus varius Walker
Material examined. ECUADOR: 1 ♀, Prov. Pichincha, Tinalandia:, 16 July. 1986,. (G.K.
Morris); 1 ♂ (nymph) same data. COLOMBIA: 1 ♂ (preserved in alcohol), Nariño, Barbacoas,
Cto. Altaquer, Reserva Natural de Ñambí, 1370 m., 13 July 1995, (NN) (ICN).

Panacanthus lacrimans Montealegre-Z & Morris
Material examined. Holotype ♀ (preserved in alcohol), COLOMBIA, Valle del Cauca,
Buenaventura, San Cipriano, September 1996. (M. Reyes & D. Fajardo) (ICN).
Paratypes: COLOMBIA: 1 ♀, Valle del Cauca, Buenaventura, Alto Anchicayá, 680 m, 15 Oct.
1993, (K. Encarnación) (MEUV); 1 ♀, Anchicayá, Río Danubio, 300 m, 15 Oct. 1995 (F.
Montealegre) (MEUV); 1 ♀, Valle del Cauca, Darien, Rio Azul, 500 m, April 1994, (R.C
Aldana) (MEUV).
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Panacanthus intensus Montealegre-Z & Morris
Material examined. Holotype ♂ (preserved in alcohol), COLOMBIA, Valle del Cauca, Bajo
Anchicayá (Bellavista), (C. Saldarriaga) 15 June, 1999 (ICN).
Paratypes. COLOMBIA: 1 ♀, Valle del Cauca, Buenaventura, 10 m, 4 Dec.1980, (C. E.
Montilla), 1 ♀, same locality as preceding, 24 Aug. 1986 (Martinez) (ICN); 1 ♀, Buenaventura,
Alto Anchicayá, 680 m, 15 Oct. 1993 (F. Montealegre) (MEUV); 1 ♀, Buenaventura, Bajo
Anchicayá, 270 m. 1981 (NN) (MEUV); 1 ♂ (nymph), same locality as preceding, 20 Oct. 1995
(F. Montealegre) (MEUV); 1 ♀, same locality as preceding 7 June 1999 (C. Saldarriaga)
(ICN); 1 ♀, Villa Real, 30 Sep. 1982 (Herrera) (MEUNP).

305

