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STELLINGEN

Mate recognition-kenmerken zijn minder stabiel dan veelal wordt verondersteld.

Dit proefschrift, consra Paterson, H.E.H. (1985), Transvaal Museum Monogr. 4: 21-29.

Bij het meten van reacties van insekten op communicatie-signalen dient rekening
gehouden te worden met de mogelijkheid van pre-imaginaal ’leer’gedrag.

Dit proefschrift.

In experimenten waarbij de responsiviteit van soorten t.o.v. elkaars communicatie-
signalen wordt vergeleken, dient rekening gehouden te worden met de
mogelijkheid dat ook nauwverwante soorten op verschillende leeftijden hun
optimale respons vertonen.

Dit proefschrift.

Patronen van "non-random’ paring tussen organismen kunnen het resultaat zijn van
complexe interacties tussen de uitgezonden signalen en de 'ontvangers’. Processen
als soortherkenning en seksuele selectie kunnen samen verantwoordelijk zijn voor

de waargenomen 'reproducticve isolatie’ en sluiten elkaar niet persé uit.

Ryan, M.J. & Rand, A_S. (1993). Evolution 47: 647-657.
Dit proefschrift.

In theoretische beschouwingen over de evolutie van communicatiesystemen wordt
vaak vergeten dat bij veel insekten ook (soms zelfs alleen) de vrouwtjes soort-
specifiecke communicatie-signalen produceren. Ten onrechte veronderstelt men dat
alleen vrouwtjes selectief zijn in hun preferentie voor een partner.

Dit proefschrift, comrra Lande, R. (1981), Proc. Natl, Acad. Sci. U.S8.A. 78: 3721-
3725; Kiskpatnick, M. (1987), Annu. Rev. Ecol. Syst. 18: 43-70.

Ook bij delphaciden-genera waarvan de soerten op verschillende waardplanten
leven, lijkt het waarschijnlijk dat de acoustische signalen een belangrijke rol
hebben gespeeld in het soortvormingsproces.

Dit proefschrift.
Als maat voor de responsiviteit van mannelijke delphaciden op akoestische
signalen van vrouwtjes is het zoekgedrag een beter criterium dan de akoestische

respons.

Dit proefschrift.
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De taxonomische status van nief-cultuurvolgende landslakkensoorten met een grote
verspreiding is in principe verdacht en verdient nader onderzoek.

Solem, A. (1984). pp. 6-22 in Solem, A. & Van Bruggen, A.C. (Eds.), World-wide
snails, biogeographic studies on non-manne Mollusca. Brill, Leiden.

Gezien de opkomst van het phylogenetisch soortsconcept moet geconcludeerd
worden dat de "Nouvelle Ecole’ van Jules René Bourguignat c.s. zijn tijd ver
vooruit was.

Cracraft, J. (1989). pp. 28-59 in: Otte, D. & Endler, J.A. (Eds.), Speciation and its consequences.
Sinaver Ass., Sunderland, Mass.

Bourguignat, J.R. (1882). Lettres malacologiques 3 Mm. Brusina d’Agram et Kobelt de Francfort.
Paris.

Het gebruik van niet-inheemse en weinig specifieke parasieten of predatoren voor
biologische bestrijding van plagen in het vrije veld is slechts toelaatbaar indien
uitgesloten kan worden dat niet-schadelijke organismen schade ondervinden. Daar
dit veelal niet mogelijk is, dient het gebruik van dergelijke organismen te worden
vermeden,

Howard, F., 1987. The ugly side of introductions. [UCN Bulletin 18: 18-19,

Tillier, 8. & Clarke, B.C., 1983. Lutte biologique et destruction de patrimoine

génétique: le cas des mollusques gastéropodes pulmonés dans le territoires francais du Pacifique.
Génét. Sél. Evol. 15: 559-566.

Gerzien de angstaanjagende toename van de wereldbevolking zou ock in Nederland
een actieve politiek ter ontmoediging van het krijgen van meer dan twee kinderen
gevoerd moeten worden. Als eerste stap zou het huidige stelsel van kinderbijslag
vervangen kunnen worden door een progessieve kinderbelasting na het tweede
kind.

Publiek gefinancierde "bijzondere’ onderwijsinsteilingen kunnen beter omgevormd
worden tot bijzonder goede algemene.

Stellingen behorend bij het proefschrift:

Evolutionary aspects of acoustic communication in Ribautodelphax planthoppers

(Homoptera, Delphacidae)

Wageningen, 21 maart 1993 Ton de Winter
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INTRODUCTION

Introducing Delphacidae
Systematic position and ecology

Delphacidae, commonly referred to as planthoppers, are insects belonging to the
Order Hemiptera, Suborder Homoptera, Infraorder Auchenorrhyncha. The name
’planthopper’ refers to the members of all twenty families which comprise the
superfamily of Fulgoroidea, of which the Delphacidae are the largest (> 1800 species
described), and by far the best studied group (O’Brien and Wilson, 1985). Most
delphacids are small (< 5 mm), and the taxonomy is generally difficult, especially that
of females. In several studies cryptic species have recently been discovered from non-
morphological traits, like acoustic signals and hostplant preferences.

All Deiphacidae are herbivores, which predominantly feed on monocots, especiaily
grasses, by sucking fluids. Although some arc polyphagous, there is a tendency towards
oligophagy and even monophagy. Some planthoppers are major pests on agricultural
crops, like rice, corn, sorghum and sugar cane. Damage is brought about either directly
by feeding, or by transmitting plant viruses; in addition, damage has been reported by
females cutting slits in order to oviposit, allowing pathogens to enter, and by abundant
honeydew production (O’Brien and Wilson, 19853). The pest species have received the
greatest attention by scientists. Probably the largest body of planthopper literature
concerns the brown planthopper Nilaparvata lugens, which is a major pest of rice
cultures, especially in Asia. In this species a number of "biotypes’ are known, which
differ in their virulence to different rice cultivars (Wilson and Claridge, 1985).

Planthoppers reproductive cycles obviously have to be adapted to the life cycles of
their hostplants, and consequently most species are probably short-lived, at least in
temporate regions. The number of generations per year varics, both among and within
species, according to the climate of the geographical area they live in. In northern
regions of Europe there are usually only one or two generations per year. Most species
appear to hibernate as small nymphs, of which further development is triggered by
increasing day length, but a few are known to hibernate as eggs or as adults
{Ossiannilsson, 1978).

In the field the majority of female planthoppers probably mate only once, although
multiple matings have been observed in some species in the laboratory {e.g.
Drosopoulos, 1985). In contrast, males can mate several times per day, but their
insemination capacity appears to vary among species. As a result, there is usually a great
excess of sexually active males compared to females in the field.

Planthoppers vary in wing length within and among populations and species, and
thus in their ability to fly. The variation takes the form of a dimorphism, with short-
winged (brachypterous) and long-winged (macropterous) animals. Apart from a genetic
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Chapter 1

component, the character is greatly influenced by environmental factors as well, because
in some species the frequency of brachypterous forms drops with increasing population
densities (Denno and Roderick, 1990). Wing shape appears to be correlated with
important life-history characters. For example, brachypterous animals produce more
eggs, and in some groups (e.g. Prokelisia) their sexual maturation appears to be more
rapid (oogenesis-flight syndrome, Denno and Roderick, 1990).

Breeding systems

As far as known, most planthoppers reproduce bisexually. However, in two genera,
Muellerianeila (Drosopoulos, 1976), and Ribautodelphax (Den Bieman, 1988a), triploid
females have been found living in association with diploid males and females, which
reproduce by sperm-dependent parthenogenesis or pseudogamy; they need to mate with a
male, but the sperm does not contribute genetic material, and only serves to trigger the
development of the eggs. Because the pseudogamous females only produce females, they
possess a two-fold reproductive advantage over diploid females, thus theoretically their
frequency will increase at the expense of that of the diploids. Eventually this will lead to
their own demise, as no male will be left to mate with. However, in the field the ratio
diploid:triploid females was found to vary among populations, but to be stable over time
within populations (Booy and Guldemond, 1984, Den Bieman, 1987c). Several
mechanisms have been proposed explaining this stable coexistence (Kirkendall and
Stenseth, 1990), but none seems to be really satisfactory. The origin of this peculiar
reproductive system appears to be autoploid in Ribauwrodelphax (Den Bieman, 1988b),
rather than alloploid, as was held by Drosopoulos (1978) for the genus Muellerianella.

Recently, a case of true parthenogenesis was reported in the genus Delphacodes (Den
Bieman and De Vrijer, 1987).

The genus Ribautodelphax

The genus Ribautodelphax comprises about 19 species, including a complex of
closely related taxa around R. collinus. The European members of the genus, especially
the collinus-complex, have recently been the subject of a biosystematic study.by Den
Bieman (1987a). By studying hostplant relations, crossability, cytology, isozymes,
acoustic signals, and morphology, he was able to redefine a number of already described
species, while in addition a number of cryptic species was discovered and formally
described. Morphological characters proved to be rather variable, and diagnostically
difficult to apply, even in males. Females still cannot be identified morphologically.
However, the species can be reliably identified by the hostplant they live on, and by the
acoustic signals produced by both males and females.

All Ribantodelphax species feed on grasses. Each species was found to be confined
to a single species of hostplant, although in one instance the same species utilized
different species of plants of the same genus in different geographical areas. Most
species can only survive and reproduce on their respective hostplants. Although the
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ranges of the species used in this study at least potentially overlap, they are rarely found
syntopically, because of their hostplant specificity (Den Bieman, 1987).

Ribautodelphax species possess a X0 sex determination system, and a large number
of holocentric chromosomes (2n=30 in females, 29 in males). Triploid females living in
association with R. pungens and R. imitantoides are rather variable in chromosome
numbers (3n=40-46, Den Bieman, 1988a).

Especially within the collinus-complex, it turned out to be possible to obtain viable
and fertile offspring from no-choice interspecific crossings, but hybridization success was
found to differ according to the species involved and their gender. However,
hybridization did not occur when species were confined with both conspecific and
heterospecific partners (Den Bieman, 1988b). Thus, the integrity of species appeared to
be maintained by behavioural rather than mechanic or genetic causes, but the behavioural
factors responsible for assortative mating were not identified. However, in the absence of
other obvious factors, it would scem that acoustic communication is likely to be
involved.

Acoustic communication

From the wealth of recent literature on this topic it appears that in the majority of
insect groups some kind of acoustic communication occurs, even in groups which use
other ways of communication as well, like vision and chemical signalling. Acoustic
signals are most often used in connection with sexual behaviour; other uses mainly occur
in social insects, like bees and ants (Ewing, 1989). In most cases there is one signaller,
usually the male, and one receiver, usually the female.

Physical properties

Acoustic signals can be classified according to various criteria, like the distance
covered (near-field, far-field), the frequencies of the signals used (low-high frequency,
ultrasound), the mode of sound transmission (substrate-borne, air-borne), and the
mechanism of sound production (vibration of body parts by direct muscle action,
stridulation by friction of two body parts moving across one another) (Ewing, 1989).

The different kinds of signals used appear to be adaptations to the biotic and physical
properties of the signallers and the environment they live in. For small animals it is
difficult to use air-borne sounds, except at close range, because they cannot produce
enough sound energy to overcome sound attenuation; theoretically sound pressures in
open space are halved with each doubling of the distance. Small insects have the option
to signal at close range, or to use ultrasonic signals, However, ultrasounds are not suited
for penetrating environments dominated by plants. Therefore, many small insects use a
third option, namely the production of low-frequency sounds with a solid substrate rather
than the air as transmission medium. Within the Homoptera Auchenorthycha different
strategies have been used: large cicadas (Cicadidae) produce loud, high frequency air-
borne sounds, whereas the much smaller planthoppers and leathoppers communicate by
low-frequency substrate-borne vibrations (For treatments of the complicated physical
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background see Ewing, 1989; Michelsen et al., 1982, and references therein).
Planthoppers also produce air-borne sounds as a by-product of substrate-borne vibrations,
but these range only for a few cm’s, and the animals appear not to react to them
(Ichikawa, 1976). Different plants vary greatly in their mechanical properties, but the
filtering of frequencies appears to be rather similar, although it seems to be impossible to
predict which frequencies will be attenuated or amplified (Michelsen et al., 1982).
Planthopper communication appears to be adapted to these filtering properties of the
plants, by producing signals that cover broad frequency ranges, some of which always
get through. In Javesella planthoppers frequencies of calling signals range between 100
and 2000 Hz, with the main energy concentrated between 100 and 500 Hz (De Vrijer,
1684). Thus, this adaptation is not specific to the properties of specific plants (Michelsen
et al., 1982). Consequently, most information appears to be contained in the temporal
patterning of impulses produced by the animals. Apart from the other messages
contained in the signal, it appears theoretically to be possible that receivers obtain
information about the direction and distance of the singing animal from the distortions of
the signal brought about by the plant (Michelsen et al., 1982). However, Claridge
(1985b) suggested that planthopper males search at random for calling females.
Planthopper signals are known to range up to at least 0.8 m in the planthopper
Nilaparvara lugens (Ichikawa et al., 1975), but for similar signals of other insects ranges
up to 2 m are known (Michelson et al., 1982).

Morphology, production and perception of calls

In planthoppers, both sexes produce acoustic signals. In all genera studied so far, at
least the male call was found to be species-specific, and to be of great value in solving
taxonomic problems (Claridge, 1985a,b; Claridge and De Vrijer, 1993).

In the genus Ribautodelphax both male and female calls proved to be species-specific
(Den Bieman, 1986, 1987c). The morphology of the male calls is more complicated than
those of females, and can be divided in at least structurally different components. Male
calls of all species are basically similarly structured, consisting of a number of ’chirps’,
followed by a “buzz’ (see chapter 5, Fig. 1). Species differ in the duration of these
sections, in the number of chirps, as well as in the temporal patterning of chirps. Apart
from these components, calls may be preceeded and/or followed by various types of
pulses, the presence or absence of which varies greatly among individuals, and thus
seems to be less important, although their effects have not been explicitly studied.

In all planthoppers, female response calls consist of series of simple pulses (see e.g.
chapter 4, Fig. 1). Ribautodelphax species differ in the duration of the calls, and in
temporal patterning of the pulses, i.e. the pulse repetition frequency (here usually
measured as the interpulse interval) and the change of pulse rate within the signal. In
most Ribautodelphax species the pulse rate is initially high, but becomes lower as the
signal proceeds. In one species (R. imitans), the pulse rate accelerates towards the end of
the signal. In another (R. albostriatus), the pulse rate first increases, and then decreases
again. These characters are remarkably constant within individuals. The pattern of the
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female signal and the hostplant they live on appear to be the only reliable ways to
identify females of the different species (Den Bieman, 1986). However, the situation is
more complicated in those populations of two species {R. pungens and R. imitantoides)
with associated pseudogamous triploid females. Here, a great variety of female call types
occur among such populations. Only a limited number of call types are found within
cach population, and the sexual and asexual females tend to differ in the calls they
produce (Den Bieman, 1987c).

Male planthoppers produce calls by an organ situated in the posterior region of the
metathorax, of which the structure and functioning resembles that of the external tymbals
and associated muscles found in male Cicadidae. The largest muscle in this region is a
paired dorsal longitudinal muscle which runs from the metaphragma to the second
tergite. According to Ossiannilson (1949), vibration of this tymbal muscle homologue
would produce the energy for sound production; the associated two pairs of large
dorsoventral muscles in the first abdominal segment are probably involved in the
modification of the basic sound produced. Quite unlike in the males, female calls are
brought about by dorsoventral vibrations of the entire abdomen, without touching the
substrate. The functional morphology of the sound producing organs are described by
Ossiannilsson (1949) and Mitomi et al. (1984).

The call perception mechanism of planthoppers appears to be unknown. They lack
the tympanum-like receptor organs present in female and male Cicadidae, and other
vibration receptors have as yet not been identified (Claridge, 1985b).

'Functions’ of calls

In planthoppers, like in many acoustic insects, different kinds of acoustic signals can
be distinguished: calling (attraction) signals, rivalry (aggression) calls, and courtship
signals.

The calling signals, also termed ’attraction calls’ mainly serve to bring receptive
mating partners together, and are the most commonly produced, and best studied.
According to Ewing (1989), three kinds of information may be coded within calling
songs: range, position within space, and species identity. In addition, signals may also
provide cues used for assessment of the atiractiveness of the mating partner (sexual
selection). Attraction calls produced by male insects tend 1o be species-specific, and this
appears to hold for all planthopper species studied so far. However, examples are known
of closely related insect species with virtually identical calls. Mating confusion in such
cases might be avoided in different ways, e.g. by occupying different habitats, calling at
different periods of the day (examples in Ewing, 1989; Bailey, 1991), or, in species with
both sexes calling, by the possession of species-specific response-delay times (time-
windows) (e.g. Heller and Von Helversen, 1986).

Calling songs may also play a role in male spacing, establishment of social status,
territory maintenance, and aggression. Many insects have developed distinct rivalry
signals, but the absence or presence often varies, even among related taxa. Most rivalry
signals seem to be derived from calling signals (Ewing, 1989). In planthoppers, distinct
rivalry calls are produced by males of some genera, like Muellerianella {(Booy, 1982)
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and Nilaparvata (Ichikawa, 1982), but are completely unknown in Ribawtodelphax (Den
Bieman, 1986; Chapter 6).

Roles of males and females in sexual behaviour

Acoustic signalling can be performed by both sexes in insects, but in the majority of
groups studied, usually only the male calls, and the female approaches the male. Female
acoustic signalling has been reported in several groups, like Lacewings (Henry, 1985),
planthoppers and leathoppers (Claridge, 1985), and stoneflies (Szczytko and Stewart,
1979). However, in most textbooks and theoretical models on the evolution of mate
recognition systems, female signalling (both acoustic and non-acoustic), and male
searching behaviour is still largely neglected.

In most theoretical models (e.g. Lande, 1981; Kirkpatrick, 1985), it is assumed that
females approach calling males. This is in agreement with the theory that the sex with
the highest parental investment, which is usually the female, should be more selective
(Trivers, 1972). However, a number of examples are known where male investment is
considerable, and sex role reversals occur (Gwynne, 1991). In many insects males
approach signalling females, and at least in some groups male choice seems to be an
important factor in species recognition, even when male parental investment is relatively
low. At close range females often become selective as well, but at that stage already a
lot of time and energy have been invested in male searching behaviour, which is a risky
and costly enterprise (Bell, 1990). Only one theoretical model of evolution of mate
recognition systems appears to deal with systems where females produce signals, to
which males are attracted (De Jong, 1988; De Jong and Sabelis, 1991).

In Ribautodelphax, males usually call first. Only receptive, virgin females respond,
and while alternate calling (duetting) takes place, the male actively searches for the
female, which remains stationary once acoustic contact between the sexes is established.
Ribautodelphax females appear to mate only once during their lifetime. This basic pattern
appears to be similar in all planthopper taxa studied sofar, although in most genera
studied spontaneous female calling seems to be more frequent than in Ribautodelphax
(Claridge and De Vrijer, 1993). N

As soon as a receptive pair is in close proximity, the courtship phase in the strict
sense starts (Alexander, 1967). Recognition is usually no longer the main priority, and
often both the shape and the effects of signals change. Some planthopper males (e.g.
Muellerianella, Booy, 1982) produce distinct courtship signals in addition to the signals
produced during the attraction phase. In others, this appears not to be the case, which led
Claridge (1985a) to conclude that in small Auchenorrhyncha there is probably no sharp
division between calling and courtship signals. In Ribautodelphax the male call basically
remains unchanged during courtship, but the female response call is greatly reduced in
length (Chapter 6).
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Origin and evolution of species-specific signals
Are species-specific signals adaptive?

Species-specific sexual signals have long been considered to be adaptive devices
(isolating mechanisms) preventing interspecific matings (Dobzhansky, 1940). These
signals were thought to have arisen by natural selection, favouring homogamic mating by
selection against hybrids in the area of overlap, after two previously isolated populations
came in secondary contact (speciation by reinforcement). Most examples supposedly
supporting the reinforcement theory turned out to be flawed (Paterson, 1978, 1982;
Butlin, 1989), and a series of convincing arguments against this view have been put
foreward (review in West-Eberhard, 1983). There is an alternative view that species-
specific sexual characters arise as by-products of other processes. Paterson (1985) also
suggested a change in wording, by prefering to speak about the effects of signals in
species recognition, instead of speaking about their function as mechanisms for
reproductive isolation, but the old terms are still commonly used.

Two different non-adaptive views on the origin of species-specific signals prevail.
Paterson (1985, and earlier references therein) suggested that species-specific signals are
shaped by natural selection to ensure the most effective recognition and location of
conspecific partners. The ’isolating’ effects of species-specific signals are thought to arise
as by-products of the demands for effective conspecific recognition. Each species
possesses a specific mate recognition system, consisting of a specific coadapted signal
response chain; inappropriate responses to any of the signals will lead to ineffective
recognition, preventing successful mating.

A somewhat different view came about with the renewed interest in the sexual
selection theory (see below). Specificity of signals may arise from social competition for
mates within species (West-Eberhard, 1983). Driven by active or passive preferences by
females for certain traits in males, these traits and the preferences for them may evolve
to the extent that they become different in related taxa, and may become involved in
species recognition.

Genetics and evolution of mate recognition systems

In order to be able to understand and predict how characters evolve, it is very useful
to know something about their genetic control. The pattern and rate of response to
selection depends on the mode of inheritance, the presence of genetic variation, genetic
correlations with other characters, and the population size (Falconer, 1981). Most
quantitative models of sexual selection have been developed without actual knowledge of
the genetic architecture of the characters involved.

To the extent that sexual signals have influence on mating success, they are to be
considered as fitness components (Boake, 1986). Characters related to fitness are often
considered to possess little or no heritable genetic variation, because they are supposedly
under strong selection, and consequently their evolution is thought to be highly
constrained (Fisher, 1958). In fact, characters possessing high heritabilities were
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considered to be unimportant for the species’ fitness (Falconer, 1981). A similar
reasoning follows from Paterson’s view on mate recognition characters. Because such
characters are part of a highly coadapted signal-response chain, individual components
are thought to be under strong stabilizing selection, and consequently to have very little
genetic variation (Paterson, 1978). However, recent studies have reported significant
heritabilities for various characters related to fitness. Several theories have tried to
explain the evolution of such characters, by presenting ways of origin and maintenance
of their additive genetic variation, including *mutation-selection balance’ (Lande, 1981),
‘antagonistic  pleiotropy” (Rose, 1982), and ’environmental fluctuations’ theories
(Felsenstein, 1976; Cade, 1984). There is now both empirical and theoretical evidence
that at least components of fitness can possess significant amounts of heritable variation.
However, their pace of evolutionary divergence still seems to be a matter of dispute.

Sexual selection

The sexual selection theory was originally proposed by Darwin (1871), in order to
explain the origin of spectacular morphological attributes involved in sexual behaviour,
like the plumage of male peacocks, or the enormous horns of many mammals. Darwin
found these difficult to explain by natural selection, because many such structures are
clearly maladaptive. He recognized two potential mechanisms of sexual selection,
intermale competition and female choice, but was unable to explain the preference of
females for males possessing extreme characters, which otherwise seemed to be useless
or even deleterious for survival.

Fisher (1930, 1958) was the first to propose a solution for Darwin’s problem. He
described a genetic mechanism for the joint evolution of male sexual characters and
female preferences. If females possess a preference for males exhibiting a strong
expression of a sexual attribute, then this preference will become stronger, because their
sons will be better signallers, that is, when this preference will not be counteracted by
other selection pressures at the onset. The strength of the selection on the signalling
ability of males will increase, and a genetic correlation between the male character and
the female preference can develop, which will further increase the development of both.
Because of this positive feedback, the evolution of the male character can be very rapid
(Crunaway selection’), until stopped by natural selection, e.g. because the signalling
becomes energetically too costly, or attracts too many predators. Originally designed for
morphological characters, the theory has been applied to other kinds of characters as
well, including acoustic signals (West-Eberhard, 1983). Although theoretically plausible
(Lande, 1981; Kirkpatrick, 1985, 1987, and references therein), direct experimental data
supporting the runaway theory do not seem to be available. One problem scems to be
how the female preference originates in the first place. Several mechanisms for the
establishment of preferences have been proposed. The simplest explanation would be that
females possess preexisting biases inherent in their sensory systems. The sexual selection
will initiate by changes arising in mating systems, ecological conditions, or male traits,
which will allow the expression of the preference (Kirkpatrick, 1987). Other proposed
mechanisms explaining the origin of female preferences include sclection for species

10



Introduction

recognition, and pleiotropy (Kirkpatrick, 1987).

Although ’runaway’ sexual sclection -has received the largest attention from
theoreticists, it is by no means the only way in which sexual selection can take place. A
variety of other mechanisms may bring about a more slowly change in both character
and preference (termed *walkaway’ selection by Kirkpatrick, 1987). These include direct
selection on preferences, when these affect any component of the fitness of females, or
indirect selection through pleiotropic effects of selection on other traits (see Kirkpatrick,
1987).

It is usually assumed that signals and preferences are inherited geneticatly, but
signals may also evolve from cultural inheritance (’learning’), as is the case in many
species of birds. Theoretically, learning can affect genetic character divergence in
different ways (West-Eberhard, 1983). In species which easily mimic local dialects or
even songs of other species, song evolution is likely to be retarded. However, in species
where learning leads to narrowing of the range of the signal, signal evolution, and even
speciation may be accelerated. West-Eberhard (1983) mentioned examples of such birds,
which never hybridize in the wild, but freely mate with members of other genera of even
subfamilies, and produce viable offspring under forced conditions. Most discussions on
the effects of learning concern the signal itself, and not the preference for it, which could
likewise be influenced by learning.

Two schools of sexual selection theory exist, the "nonadaptive’ school, which holds
that female preferences cause changes in male traits, which are not (necessarily) adaptive
with respect to their ecology, and the "good genes’ school, according to which females
use male displays as an indicator of their genetic quality (Kirkpatrick, 1987; Boake,
1986). Although most members of the latter school acknowledge that female preferences
can cause disadvantages for males expressing the preferred traits, they believe that by
mating with such males, females receive “better’ genes, which are genetically correlated
with the preferred trait, thus improving the genetic quality of their offspring. The
evolution of male traits is considered to be a byproduct of the adaptive evolution of
female preferences. Thus, natural and sexual selection essentially work in the same
direction, in which case the distinction between the two selective forces largely
disappears. The debate between the two schools is still continuing.

Joint evolution of signal and signal recognition

Somewhat independently from the sexual selection theory, two conflicting views exist
with respect to the evolution of the signal and its recognition (Butlin and Ritchie, 1989).
One theory holds that both the signal and its recognition are determined by the same
genes ("genetic coupling”). The other theory does not necessarily assume the existence of
a common genetic basis, but instead assumes that the tuning of the receptor to the signal
is brought about by the coevolution of both, the signal being tuned to the receptor by
selection, and vice versa. Butlin and Ritchie (1989) studied nine cases claiming either the
genetic coupling, or the coevolutionary scenario. In most cases it turned out to be
impossible to rule out the alternative theory. These authors suggested that the distinction
is only useful in systems, which are controlled by a few major loci, rather than in
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polygenic systems.
Speciation and the evolution of mate recognition characters
Species concepts and speciation

Many different modes of speciation have been proposed (for an overview see e.g.
White, 1978; Futuyma, 1986). The following account concentrates on those ideas, that
involve the evolution of mate recognition characters.

Species have long been viewed as groups of actually or potentially interbreeding
natural populations, which are reproductively isolated from other such groups, the so-
called ’biclogical species concept’ or ’‘isolation concept’ (Mayr, 1963). The process of
speciation was considered to be more or less equivalent with the acquirement of isolation
mechanisms, intrinsic barriers to gene exchange, working either before or after
insemination has taken place (premating and postmating isolation mechanisms). The
origin of species-specific mate recognition characters within this theory is thought to
have arisen in a reinforcement scenario (see above). The biological species concept has
been severely criticized, and several alternative evolutionary (genetic) species concepts
have been introduced (review in Templeton, 1989).

Paterson (1985, and carlier papers cited therein)} introduced the ‘recognition
concept’, where species are viewed as entities that possess a common specific mate
recognition (fertilization) system (sce above). Paterson emphasized the recognition and
effective fertilization of conspecifics rather than isolation of heterospecifics. According to
this view, new species arise, when their specific mate recognition system has changed.
Such changes occur by natural selection adapting the mate recognition system to the
population’s new habitat in small peripheral populations after allopatric separation.

Since in certain organisms hybridization more or less regularly occurs, and many
taxa purely or partially reproduce asexually, the applicability of the former two species
concepts is limited. Templeton (1989) instead introduced the ’cohesion’ concept,
stressing the coherence of groups of phenotypes over evolutionary time, despite
occasional hybridization or asexual reproduction.

Although sexual selection is typically a within species phenomenon, some people
have extended the theory to explain the origin of species-specific traits involved in
species recognition (sexual isolation). Lande’s (1981) polygenic mathematical model
showed that, theoretically, evolution of male sexual characters and associated female
preferences in a Fisherian way can result in rapid divergence of both the character and
the preference, especially in small, unstable populations, leading to increased assortative
mating, and thus speciation. Also West-Eberhard (1983) explicitly suggested that rapid
divergence in socially selected characters may accelerate speciation, because populations
with diverged signals are preadapted for species recognition by the acquisition of species-
specific markers.

Paterson’s views on speciation differ from the one given above, in that divergence of
signals is brought about by natural rather than sexual selection, and that they are
optimally adapted to the species’ preferred habitat, whereas the outcomes of sexual
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selection are unpredictable.

Speciation in planthoppers

In planthoppers two factors are thought to be primarily responsible for maintaining
the integrity of different species: the hostplant, and the acoustic communication system
(Claridge and De Vrijer, 1993). Because closely related planthoppers species tend to feed
on different hostplants with often different ecological requirements, it is difficult to
determine the relative importance of the acoustic signals, as many species probably
rarely meet in the field.

Some species exhibit geographical variation for acoustic characters. The best
example in this respect comes from studies by Claridge et al. (1985a), who found a
significant variability in a male call character (pulse repetition frequency, PRF) among
widely separate Asian, Australian and Indopacific populations of Nilaparvata lugens.
Hybridization success between these populations in the laboratory was negatively
correlated with differences in PRF in the male calls. They also found two sympatric,
morphologically inseparable species of Nilaparvata, to be completely sexually isolated,
and to differ greatly in both male and female call characters (Claridge et al., 1988).
From these observations is was tentatively concluded that isolation among species is
maintained by their species-specific acoustic signals (Claridge ¢t al., 1985a,b, 1988,
1990). However, in the former example populations were allopatric, and in the latter the
two species lived on different hostplants. Thus, although the examples show that the
acoustic signals cen contribute to sexual isolation, they do not proove that they actually
have that effect in the field.

Claridge et al. (1988) used the presence of the huge variability in acoustic characters
among Nilaparvata lugens populations as an argument against Paterson’s (1985) view
that components of the mate recognition system should be stable within species. Instead
they were inclined 1o the view that signal differentiation was brought about by sexual
selection, without providing the exact mechanisms involved.

Differentiation of acoustic signals in allopatry could potentially be the first step to
speciation (Claridge en De Vrijer, 1993). The example of Nilaparvata lugens shows that
acoustic differentiation and the development of sexual isolation is possible without a shift
in hostplant. Also various species of Chloriona, all exclusively feeding on reed, are
readily recognizable by their acoustic signals (Gillham et al., 1992). However, in more
hostplant-specific species like Ribauwtodelphax, an allernative scenario seems equally
likely. A shift to a new hostplant would isolate a population effectively from the original
population; different selection pressures may produce further genetic differentiation,
including changes in acoustic properties, which could e.g. arise by sexual selection. In
the latter scenario speciation is mainly brought about by a hostplant shift, but the
acoustic recognition system could have an effect in protecting the derived population,
when such populations come to live syntopically. If the speciation process is triggered by
a change in hostplant, spatial separation of the populations may not be strictly necessary,
in which case the speciation process may be either sympatric or allopatric.
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Aims and outline of the thesis

This study was originally initiated to assess the importance of acoustic signalling in
reproductive isolation between planthopper species, and its impact on speciation in this
group. The genus Ribauwtodelphax has recently been the subject of a multidisciplinary
taxonomic study by Den Bieman (1987a). One of the interesting results from Den
Bieman’s study was that both male and female acoustic calls are species-specific.
Therefore it was decided to concentrate on species belonging to the Ribautodelphax
collinus-complex, in addition to which a distantly related species (R. albostriatus) was
used as an outgroup.

In addition to experiments aimed at elucidating the effects of male and female calls
and detailed observations on the whole sexual behaviour, it was felt necessary to study
the genetic control of the acoustic characters, especially in order to be able to make
inferences about the evolution of this acoustic communication system and its contribution
to speciation.

In Chapter 2 the importance of species-specific male and female acoustic signals in
species recognition is investigated by means of measuring responses of animals to both
conspecific and heterospecific playback signals of the opposite sex. It appeared that
species recognition during distant calling is mainly brought about by male preference for
conspecific female calls, rather than by female preference for conspecific male calls.

Chapter 3 examines whether male preference for conspecific female calls is affected
by previous experience of these calls, in other words, whether the male searching
response is completely genetic, or partly 'learned’. Males are continuously exposed to
playback calls of either conspecific or heterospecific calls during their development from
egg to adult, and than tested for their preference for conspecific and heterospecific calls.
In addition, completely naive males are tested in this way.

Chapter 4 investigates the genetic control of female acoustic signalling. An
important character of the female call, interpulse interval (IPI) is subjected to artificial
bidirectional selection. In this way heritability estimates for the character are obtained,
and the presence of correlated responses of other female call characters is examined. An
estimate is made of the minimum number of genetic factors determining the character
selected for. Sexual isolation tests between animals from oppositely selected lines are
performed by confining males with females from both their own and from oppositely
selected lines. Such males are also tested separately for their preference for female
playback calls differing greatly in IPL

Chapter 5 is aimed at collecting data on the genetic control of several characters
which make up the male signal. Heritablity estimates for these characters are obtained by
means of parent offspring regression. Phenotypic, genetic and environmental correlations
among the male call characters are calculated. Also, data on correlated responses of male
call characters to artificial selection for female IPI described in the previous chapter are
considered. The data obtained in this and previous chapters are used to discuss the
evolution of the acoustic mate recognition system of Ribautodelphax.

In Chapter 6 the sexual behaviour of various Ribautodelphax species as observed
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from video recordings is studied, and the importance of acoustic communication in
different phases of sexual behaviour is assessed. The sequence of non-acoustic
behavioural elements during courtship is described and compared among the different
specics. In addition, the sexual behaviour of a number of interspecific pairs is examined.
Attention is paid to the existence of potential other mate recognition cues than acoustic
ones.

Chapter 7 is a general discussion on the topics raised in the previous chapters.
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2

THE IMPORTANCE OF MALE AND FEMALE ACOUSTIC
BEHAVIOUR FOR REPRODUCTIVE ISOLATION IN
RIBAUTODELPHAX PLANTHOPPERS

(HOMOPTERA, DELPHACIDAE) '

Abstract

The importance for reproductive isclation of species-specific acoustic signals between
closely related Ribautodelphax planthopper species is tested by measuring responses to
playbacks of both conspecific and heterospecific signals. Females respond to
heterospecific male calls at about 80% of the conspecific response level, irrespective of
the degree of cross-insemination of the combination involved. In a combination involving
R. albostriatus, a taxonomically more distantly related species, female response levels
are only 15-33% of the conspecific level. Study of the development of both female
responsiveness and mating receptiveness shows that response levels correspond fairly
well with insemination levels. Female heterospecific response is far to high to explain
isolation between the species. Female calls in response to heterospecific males do not
have deviating response delay-times and durations.

When offered a two-way choice between female playback calls, males significantly more
often approach the conspecific call in almost all combinations tested. Offering only a
heterospecific female signal induces the male to call, but not to search. Males are
capable of maintaining at least part of the sexual isolation by distinguishing between
different female calls. This seems in conflict with the theory that the sex with the greater
parental investment, here the female, should be exerting the choice.

Introduction

In recent times it has become increasingly clear that in many groups of arthropods
one or the other type of acoustic communication occurs. Apart from the well known taxa
which produce sounds audible to the unprepared human ear, many others are now known
to communicate by means of low frequency substrate-borne vibrations, e.g. wolf spiders
(Stratton & Uetz, 1981), lacewings (Henry, 1986), gerrid water striders (Wilcox, 1972),
stoneflies (Zeigler & Stewart, 1986}, cydnid bugs (Gogala et al., 1974), leafhoppers, and
planthoppers (Claridge, 1985a,b). In many groups these calls are known to be species-
specific, and are traditionally viewed as adaptive devices preventing interspecific

* Published in a slightly different form as: A.J. de Winter & T. Rollenhagen, 1990. The importance
of male and female acoustic behaviour for reproductive isolation in Ribautodelphar planthoppers
{Homoptera: Delphacidae). Biol. I. Linn. Soc. 40: 191-206.
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hybridization (Dobshanzky, 1940). Recenily, several authors have argued that signalling
systems have not been selected to function as premating isolation mechanisms, but have
evolved within species as the result of sexual selection, and have received a function in
species isolation secondarily (West-Eberhard, 1983, 1984). Or, as viewed by Paterson
(1985), they have arisen by adaptation to the species’ preferred habitat’, i.e. by natural
selection, ensuring recognition by the conspecific partner. However, the extent to which
species-specific acoustic signals alone are capable of preventing interspecific matings has
rarely been tested.

In planthoppers (Delphacidae) vibrational signals are produced by both sexes, and
apparently serve to bring receptive males and females together (Claridge, 1985a,b). So
far as known, male calls are species-specific and have a more complicated structure than
female calls. Receptive, virgin females answer male calls by a signal which consists of a
series of pulses. Males approach the calling female, which hardly moves once the
exchange of signals has commenced. Female planthoppers probably only mate once, in
contrast to males.

In Ribautodelphax planthoppers, calls of both sexes are species-specific (Den Bieman,
1986). Forced hybridization experiments between species resulted in different
insemination levels for different combinations of species, ranging from none to almost
complete cross-insemination. Once inseminated, females produce about normal numbers
of fertile offspring (Den Bieman, 1988). When offered a choice, interspecific
insemination has never been observed, thus the isolation is largely maintained by pre-
mating barriers (Den Bieman, 1988; unpublished data).

The European members of the planthopper genus Ribautodelphax have recently been
subject of a biosystematic study by Den Bieman (1987c). The genus constitutes at least -
14 species, 12 of which are closely related and have been referred to by Den Bieman
(1987c¢) as the *R. collinus-complex’. Of the two more distantly related species only R.
albostriatus was used in this study. This species deviates from the R. coflins-complex in
morphological, electrophoretic, and acoustic properties, and was never found to
hybridize with any of the members of the R. collinus-complex (Den Bieman, 1986,
1987¢c, 1988, Den Bieman & Eggers-Schumacher, 1987). All feed on grasses, but each
species 15 confined to a single species or genus of host plants (Den Bieman, 1987a).
Because of this strong ecological differentiation the species probably rarely meet in
nature. However, the ranges of many species overlap, and some examples of sympatric
occurrence are known (Den Bieman, 1987¢).

In the present paper we report on experiments measuring responses of both sexes in a
number of Ribautodelphax species to playbacks of pre-recorded conspecific and
heterospecific calls, in order to exclude possible influences of other recognition cues, like
vision and chemical sense. We especially compared combinations of species which either
hybridize easily or not at all. The main aim of the present study is to elucidate whether
acoustic differences among Ribautodelphax species can explain the degree of sexual
isolation observed, and what part of the isolation, if any, can be attributed to the
different sexes. Results are discussed in the context of current views on sexual selection
and sexual isolation, especially the prevailing view that the choosing sex should be the
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one with the greatest parental investment, which is usually the female.

Table 2-1. List of Ribautodelphax species, host plants, and collection sites of populations used.

Population (country,

Species Host plant province, locality)

R. albostriatus Poa pratensis YU, Srbija, Trstenik

R. angulosus Anthoxanthum odoratum NL, Utrecht, Leersum

R. collinus Agrostis capillaris NL, Limburg, Plasmolen

R. imitans Festuca arudinacea fenas FR, Pyr. Or., St. Cyprien

R. imitantoides Brachypodium phoenicoides FR, Vaucluse, St. Estéve
(rearing) and F. a. fenas
{experiment)

R. pungens Brachypodium pinnatum NL, Limburg, Betmnelen

R. vinealis Agrostis vinealis NL, Gelderland, Hoge Veluwe

Materials & methods
Populations and rearing

The species used in the experiments as well as their origins and host plants are given
in Table 1. Data on the acoustic propertics of these populations are given by Den
Bieman (1986, 1987b). All species were reared on their specific host plants in a
greenhouse under long-day conditions (18 hours light) at 20 +/- 2 °C. Females to be
tested against male playbacks were isolated as fifth instars, and were collected within 24
hours after final ecdysis to ensure virginity, and kept separate until they reached the
required age. Newly hatched, virgin males were collected from rearing cages within 24
hours after removal of all adults, and were allowed to mature for about 7 days in the
absence of females.

Female response experiments

Responsiveness of females to both conspecific and heterospecific male song was first
tested for the species R. albostriatus and R. collinus. Independent groups of 7-9 day old
females were exposed to pre-recorded signals of either a conspecific or a heterospecific
male, with gaps of 5 seconds rest after each playback call or answer. Of each female the
number of responses to a series of 10 playback signals was scored. Male calls were
played back from a Revox B710 casette tape deck. Other technical details were as
described by De Vrijer (1984). Experiments were carried out in a thermostatic cabinet at
20 +/- 1 °C. The male calls used for playback were recorded at the same temperature.
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