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Comparative analysis of male calling signals in closely related
species of Macropsis Lewis, 1836 (Homoptera: Auchenorrhyncha:
Cicadellidae: Eurymelinae: Macropsini) reveals possible ways of
evolution of the signal temporal pattern
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ABSTRACT. Itis shown that, in some closely related
Macropsis species, male calling signals consist of similar
components but clearly differ in the duration of homolo-
gous parts, the shape of syllables, the presence/absence
of additional components, or the presence/absence of
gaps between the signal parts. In some other leathoppers,
such differences are intraspecific and can be observed in
the signals of males from the same population and even in
the same male. Thus, in the considered Macropsis spe-
cies, signals were apparently formed by fixing different
originally intraspecific variants in different phylogenetic
lineages in the course of their divergence. This suggests
that intraspecific variability can become a basis for rapid
divergence of signal patterns if in different populations
different pattern variants gain a selective advantage.
Based on this, we can assume that male calling signals in
leathoppers can evolve not only by a gradual change in
the quantitative parameters such as the signal parts dura-
tion but also through qualitative changes of temporal
pattern due to adding new components, change of a
syllable shape, and splitting a single signal into several
parts. Since in closely related leafthopper species it is the
differences in signal patterns that provide reproductive
isolation, such changes can result in rapid speciation.

PE3IOME. Iloka3aHo, 4T0 y HEKOTOPBIX OJIU3KO-
POACTBCHHBLIX BHUJI0B Macropsis MPU3BIBHBIC CUT'HAJIBI
CaMIIOB COCTOAT U3 CXOJHBIX KOMIOHEHTOB, HO YETKO
pas3MyaloTes Mo UX JUIMTENBHOCTH, popMme cepuii, Ha-
JIMYHIO/OTCYTCTBHIO JIOIOJHUTEIBHBIX KOMIIOHEHTOB
WM HAJINYUEO/OTCYTCTBHIO T1ay3 MEXK/IY YaCTSMH CHT-
Hana. Y psga apyrux BumoB Cicadellidae momoOHbIe
Ppas3nuyus NPeICTaBISIOT COO0I BHYTPHBHIOBBIC BapH-
alyu, HaOJIIOIAIOIINECs] B CUTHANIAX CAMIIOB U3 OJIHOM
TIOTYJISIIMA M JJaKe Y OJHOTO W TOTO K€ camma. ITo
TIO3BOJISIET MPEATIONOKHTh, YTO Y PACCMOTPEHHBIX BH-
10B Macropsis CATHAITBI COPMHUPOBAIIHICE 3a CUET (PUK-
CalluM pa3HbIX W3HAYAJIBbHO BHYTPUBUAOBBIX BapHaH-
TOB B pa3HbIX (I)I/IJ'IOFCHGTI/I‘IGCKI/IX JIMHUAX B IIPOILICCCE
ux nuBepreHunu. Takum 00pa3oM, BHYTPUBHUIOBAS U3-
MEHYHMBOCTh MOXKET CTaTh OCHOBOHW JUIS OBICTPOH 1H-
BEPIreHIUH CTPYKTYPBI CHTHAJIOB, €CJTH B Pa3HBIX MOITY-
JSIIUSIX Pa3HbIe BApUAHTHI CHTHAJIA TTOJyYaT CEIeKTHB-
Hoe npeumMyuiecTBo. [Ipu 3ToM y 1IUKa10BbIX TPU3BIB-
HbIC CUTHAJIBI MOT'YT 3BOJIIOHUOHUPOBATH HE TOJILKO B
pe3ysbTaTe MOCTENEHHOTO M3MEHEHHsI KOJIMYECTBEH-
HBIX TIapaMeTpOB, HANpPHMEp, UIUTEIBHOCTH YacTei
CHTHAJIa, HO M IOCPEJICTBOM Ka4eCTBCHHBIX H3MCHEHHI
BPEMEHHOTO PHUCYHKA 32 CUET T0OABICHUS HOBBIX KOM-
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TIOHEHTOB, U3MEHEHHST (POPMBI CEpHU WIIN Pa3JIeTICHUS
CUTHaJla Ha HECKOJbKO 4yacTeld. [TockombKy y Onu3ko-
ponctBernbix BuaoB Cicadellidae pempomykTuBHYIO
M30JBIHIO 00ECIIEYNBAIOT UMEHHO PA3INYUs B CTPYK-
TYpEC CUTHAJIOB, HOJIO6HBIC HU3MCHCHHA MOT'YT ITIPUBECTH
K OBICTpPOMY BHJOOOPa30BaHHUIO.

Introduction

In many insect taxa, the male produces acoustic
calling signals for attracting a conspecific female. Pres-
ently, it is common knowledge that, in such taxa, differ-
ences in calling signal patterns facilitate precopulatory
reproductive isolation between closely related species.
Thus, the trigger of divergence and, as a consequence,
of speciation in such taxa can be the changes in the
mating signal pattern.

In principle, speciation can occur by gradual change
over long periods of time, or very rapidly or even
instantaneously. In other words, it can occur through
large-scale morphological and ecological divergence,
or because of changes of single traits that directly affect
reproductive isolation. Accordingly, in the genomes, it
may appear as a deep and large-scale changes or affect
just a few loci. Polygenic control of mating signal traits
may suggest that signal patterns have diverged gradual-
ly, whereas single or few genes may imply that they can
diverge more rapidly [Henry et al., 2002; Vedenina et
al., 2006; Xu, Shaw, 2019].

Nilaparvata lugens (Stal, 1854) (Homoptera: Del-
phacidae) in the Pacific Region provides an example of
a gradual change in the quantitative parameters of the
signal in the course of divergence. The general scheme
of signal temporal pattern in this species remains con-
stant throughout its range. Populations differ only in
pulse repetition frequency and these differences reflect
genetic differentiation between them. The populations
from Philippines and Australia were most difficult to
hybridize in the laboratory and showed the greatest
differences in pulse repetition frequency. However, in
those crosses which were successful, there were no
obvious indications of hybrid non-viability. Pulse repe-
tition frequencies in hybrids showed values intermedi-
ate between and significantly different from both paren-
tal populations. Thus, differences in pulse repetition
frequency is the only reproductive barrier on the current
stage of divergence of these forms. This clearly indi-
cates, that, first, the populations from Philippines and
Australia represent an early stage of speciation process
and, second, pre-mating ethological isolating mecha-
nisms have begun to evolve in advance of post-mating
ones [Claridge et al., 1985a]. Similar situation exists in
Gomphocerinae (Orthoptera: Acrididae), since some
grasshopper species producing different signals can be
hybridised under laboratory conditions and hybrids are
fertile [Vedenina, von Helversen, 2003].

Examples of geographic quantitative signal varia-
tion are also known in other taxa. The geographic
variation of signals in North American orthopterans was
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described by Walker [1974]. The study of molecular,
acoustic, and morphological differentiation in Gampso-
cleis sedakovii (Fischer von Waldheim, 1846) (Ortho-
ptera: Tettigoniidae) from six localities in Inner Mon-
golia, China showed that the structure of acoustic sig-
nals is closely related to genetic differences between
populations [Zhang et al., 2015]. Booij [1982] found
evidence for geographic quantitative signal variation in
Muellerianella (Homoptera: Delphacidae) in Western
Europe.

Sometimes not geographical isolation, but differ-
ences in host specialisation results in reproductive iso-
lation and acoustic divergence. N. lugens can feed on
cultivated and wild rices and on Leersia hexandra
Schwartz, 1788 (Poaceae), an abundant weed often
growing along the edges of rice fields. Populations of V.
lugens from rice and L. hexandra distinctly differ in
pulse repetition frequency, under laboratory conditions
when given a choice always preferred a mate from the
own population, but can hybridize in no-choice crosses.
Hybrids show signal parameters intermediate between
parent populations but no obvious indications of hybrid
non-viability. However, no males with “hybrid” signal
parameters were found in nature. This indicates a high
efficiency of the reproductive barrier between the two
host races and allowed to conclude that they have al-
ready reached the level of different biological species
[Claridge et al., 1985b].

Thus, the N. lugens species complex demonstrates
examples of both allopatric (geographical) and sympa-
tric (due to host shift) speciation. Remarkably, that in
both cases only quantitative signal parameters evolve.

Similarly, in closely related species of planthoppers
from the genus Ribautodelphax Wagner, 1963 (Ho-
moptera: Delphacidae) male calling signals have rather
complex, but similar temporal patterns so that signals of
different species differ mostly in quantitative parame-
ters [den Bieman, 1986]. Male calling signals of cryptic
species of Enchenopa binotata (Say, 1824) complex
(Homoptera: Membracidae) also demonstrate only quan-
titative differences. A carrier frequency of a signal is the
most significant for conspecific mate recognition; dif-
ferences in temporal patterns are less distinct and not so
much affect the choice of male by female [Cocroft etal.,
2008].

Under experimental conditions, quantitative signal
parameters can change quite rapidly. Artificial bidirec-
tional selection on pulse repetition frequency in female
calls of Ribautodelphax imitans (Ribaut, 1953) (Ho-
moptera: Delphacidae) resulted in complete divergence
in this parameter without overlap between two lines
after only five generations. Male choice tests after 10
generations revealed significant preference of mates
from the same line [de Winter, 1992].

Under natural conditions, quantitative signal param-
eters also can evolve during rather short time span.
Cave-dwelling planthoppers from the Oliarus polyphe-
mus Fennah, 1973 species complex (Homoptera: Cixi-
idae) colonized lava tubes on several volcanoes on the
Hawaii Island. In each cave system they formed sepa-
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rate biological species differing in pulse repetition peri-
od and syllable duration in male and female signals. The
age of some caves is 350-500 years, the youngest cave
ages 110 years. Thus, the age of species inhabiting these
caves is less than 350-500 years and is less than 110
years for the inhabitants of the youngest cave, since they
could colonize a cave only after their host plant will
grow on the surface above the cave and its roots on
which the insects feed will penetrate into the cave
[Hoch, Howarth, 1993].

Possibility of rapid qualitative changes in the signal
temporal pattern may seem dubious. However, it is
indirectly confirmed by hybridization experiments.

Male signals of hybrids of two species of Nephotet-
tix (Homoptera: Cicadellidae: Deltocephalinae) turned
out to be very variable and included elements of signals
of both parental species [Claridge, 1985]. In the Chor-
thippus albomarginatus (De Geer, 1773) (Orthoptera:
Acrididae: Gomphocerinae) species group novel ele-
ments and novel combinations of elements sometimes
present in the songs of hybrid specimens [Vedenina,
von Helversen, 2003]. In this taxon, different patterns of
hybrid songs demonstrate the transition from the paren-
tal song of one species to the parental song of another
one. The authors suggest that this transition probably
illustrates the evolution of songs in the process of
divergence and the formation of different species. Hy-
brid males of Stenobothrus clavatus Willemse, 1979
and S. rubicundus (Germar, 1817) (Orthoptera: Acrid-
idae: Gomphocerinae) from Northern Greece also pro-
duced courtship songs with intermediate features be-
tween parental songs or with completely new elements
[Vedenina et al., 2012].

Our study of the signals of Cicadellidae showed that,
in some species, signals demonstrate considerable vari-
ability of not only duration and repetition period of
signal components, but also of the general scheme of
temporal pattern [Tishechkin, 2010]. Signals of males
from the same sample or even signals of the same male
can differ in the syllable shape or in the presence/
absence of comparatively long and elaborate compo-
nents. It can be assumed that such variatiability can
become a basis for rapid divergence of signal patterns
and, as a consequence, speciation if in different popula-
tions different patterns gain a selective advantage and
become genetically fixed. In this article, we illustrate
this hypothesis by the examples of signals in several
groups of closely related species of Macropsis Lewis,
1836 (Homoptera: Auchenorrhyncha: Cicadellidae:
Eurymelinae: Macropsini).

Material and methods

Leafhopper vibrational calling signals were record-
ed by means of portable recording equipment consisting
of a piezocrystal gramophone cartridge GZP-311 con-
nected to the microphone input of a cassette recorder
Elektronika-302-1 (before 2005), minidisk recorder Sony
Walkman MZ-NH900 (2005-2016), or Roland R-05
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wave/mp3 recorder (after 2017) via a custom-made
matching amplifier. For recording, a twig of the host
plant about 10-15 cm in length was attached to the
cartridge by a rubber ring so that the cartridge needle
touched the stem slightly. Then a nylon cage containing
a male leathopper was put on the twig. After a time, the
male usually sat on the twig and started singing.

Oscillograms of signals were produced with Cool
Edit Pro 2.1 software.

For elements of signal temporal pattern the follow-
ing terms are used. Pulse is a brief elementary fragment
of signal (or succession of sine waves) with rapid in-
crease and subsequent decrease of amplitude, i.e. sepa-
rated from similar fragments by amplitude minimums.
Short fragments with constant temporal pattern usually
repeated with regular intervals and consisting of uni-
form or different pulses are referred to as syllables. Any
more or less prolonged signal with complex pattern (e.g.
succession of similar or different syllables) is referred
to as a phrase.

Data on collecting sites and temperature during
recording for the signals presented on oscillograms are
given in the Table. All specimens investigated are de-
posited in the collection of the Zoological Museum of
M.V. Lomonosov Moscow State University.

Results

In the temperate zone of the Palearctic, the genus
Macropsis includes a large number of cryptic species,
almost indistinguishable by morphological traits. Typi-
cally, closely related species, despite their morphologi-
cal similarity, have nothing in common in signal pat-
terns. However, in some species, signals include similar
or even almost identical components. Examples of such
signals are considered below.

1. M. leporina Tishechkin, 1997 and M. ochotonar-
ia Tishechkin, 1994 are two closely related species
indistinguishable by morphological traits, often occur-
ring in the same locality but dwelling on willows from
different sections [Tishechkin, 1999]. In M. leporina,
male calling signal is a long (up to 20-30 s) succession
of short syllables alternating with 1-3 discrete pulses
(Figs 1-6); occasionally, these pulses are absent (Fig. 6,
the end of the oscillogram). In M. ochotonaria, calling
signal is a single or repeated phrase consisting of rather
low-amplitude monotonous component and of a succes-
sion of syllables alternating with single discrete pulses,
almost as in M. leporina (Figs 7-12). Ranges of syllable
repetition period in these two species completely over-
lap, but in M. ochotonaria syllable succession is usually
shorter and includes no more than 10—15 syllables (Figs
7-9).

Thus, in the signal of M. ochotonaria, in comparison
with M. leporina, an additional component (monoto-
nous low-amplitude vibrations) is added, the shape of
syllables slightly changes and their number decreases.

2. M. flavida Vilbaste, 1980, M. multa Tishechkin,
1997, M. impura (Boheman, 1847), and M. daurica
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Table. Data for recordings of calling signals of the studied species of Cicadellidae.
Tabnuua. [lanHbIe 0 3amHCAX MPHU3BIBHBIX CUTHAIOB M3y4deHHBIX BUoB Cicadellidae.

Air
Species (in the temperature
same order as on Locality during
figures) recording,
Figs 1, 4: Russia, Chita Oblast, the mouth of Talacha River, ca. 12 km E of Urul’ga 27
Macropsis Village, from Salix schwerinii E.L. Wolf.
acropsis. Figs 2, 5: Russia, Primorsky Krai, env. Ryazanovka Village, 12 km SW of Slavyanka 22-23
leporina Tish. L.
Town, from S. schwerinii.
Figs 3, 6: Russia, Khabarovsk Krai, env. Obluchye Town, from S. schwerinii. 27
. Figs 7-8, 10—11: Russia, Chita Oblast, the mouth of Talacha River, ca. 12 km E of 20-25
M. ochotonaria s . .
Tish Urul’ga Village, from S. miyabeana Seemen.
) Figs 9, 12: Russia, Buryatia, the Bryanka River Valley, 12 km E of Onokhoi, from Salix sp. 24-25
M flavida Vilb. Russm_, Amur Oblast, env. Kostyukovka Village, 30 km W of Svobodny Town, from S. 27
udensis Trautv. et C.A. Mey.
M. multa Tish. Russ1a,. Irk.utsk Oblast, env. Kosaya Steppe Village, ca. 22 km NW of Elantsy, from S. 2495
rhamnifolia Pall,
Figs 21, 23: Russia, Volgograd Oblast, 6 km SW of [lovlya Village, S. rosmarinifolia L. 31-33
. in sandy steppe.
M. impura (Boh.) Fig. 24: Kyrgyzstan, Central Tien Shan Mts., the Dzhumgal River Valley, env. Chaek 22-23
Village, S. rosmarinifolia in the bog near the brook.
M. daurica Tish. |Russia, Chita Oblast, env. Nizhny Tsasuchey Village, from S. nipponica Franch. et Sav. 27-29
M notata (Proh.) R.us51a.,. Arpur Oblast, env. Kostyukovka Village, 30 km W of Svobodny Town, from S. 2924
\pierotii Miq.
M. costalis (Mats.) Figs 32, 33, 36: Russia, Sakhalin, env. Sokol Town, from S. schwerinii. 25-27
) "/ |Figs 34-35, 37-38: Russia, Khabarovsk Krai, env. Obluchye Town, from S. schwerinii. 22-24
Figs 39—40: Kyrgyzstan, E slope of Ferghana Mtn. Range, Urumbash River, ca. 15 km 29
SW of Kazarman Town, from S. alba L.
Fig. 41: Kyrgyzstan, Turkestan Mtn. Range, Lyaylyak River, env. Katran Village, from 31
S. alba.
M. milkoi Tish. Fig. 42: Kyrgyzstan, Alay Mtn. Range, Kurshab River, 10 km N of Gul’cha, from §. 26-29
alba.
Fig. 43: Kyrgyzstan, Chatkal Mtn. Range, env. Ala-Buka Village, from S. alba. 22-23
Figs 44-47: SE Kazakhstan, Karakol River, 27 km S of Taskesken Village, from Sa/ix 24-25
sect. Helix.
Figs 48-49, 52-53: SE Kazakhstan, central part of Dzhungarsky Alatau Mtn. Range, 29
M aselae Tish river gorge E of Dzhansagurov Village, from Salix sect. Helix.
' ) Figs 50-51: SE Kazakhstan, the floodplain of Lepsy River 13 km S of Kolbay Village, 27
from Salix sect. Helix
?lfié?ge)gerlez Russia, Moscow Oblast, Serpukhov District, env. Danki Village, from Rosa sp. 22-25
Figs 58-59, 61-62: Kazakhstan, Zailiysky Alatau Mtn. Range in the env. of Almaty, 30
M ornata Lindb from Rosa spinosissima L.
' " |Figs 60, 63: Kyrgyzstan, Chatkal Mtn. Range, Sary-Cheleksky Nature Reserve, env. 22-23
Arkyt Village, from Rosa sp.
i[/lci:tndmnusf artilis Russia, Saratov Oblast, 10 km E of Ozinki Town towards Ural'sk. 26-27
Aconurella Russia, Altai Mts., the Chulyshman River Valley ca. 2-3 km upstream from the mouth, 2627
diplachnis Em. from Cleistogenes squarrosa (Trin.) Keng.
Fangamanus Russia, Primorsky Krai, W shore of the Khanka Lake, 10 km S of Tury Rog Village 25-26
tripunctatus (Mats.) ’ i i ’
Evacanthus .
asiaticus (Osh.) Kyrgyzstan, Chatkal Mtn. Range, Sary-Cheleksky Nature Reserve, env. Arkyt Village. 21-23
Limotettix Russia, Moscow Oblast, Voskresensk District, env. Beloozersky Town, peat bog on the 2597
russeolus (Fall.)  |shore of the lake, from Oxycoccus palustris Pers.
Hephathus nanus |Figs 89, 91: Russia, Saratov Oblast, 15 km NE of Ozinki Town. 33
(H.-S.) Figs 90, 92: Russia, Orenburg Oblast, Guberlya River, 25 km W of Orsk. 27-28
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Figs 1-12. Oscillograms of male calling signals: 1-6 — Macropsis leporina; 7-12 — M. ochotonaria. Faster oscillograms of the parts
of signals indicated as “4-6 and “10-12” are given under the same numbers.

Puc. 1-12. OcummnorpaMmsl MPU3BIBHBIX CHTHANOB: 1-6 — Macropsis leporina; 7-12 — M. ochotonaria. ®parMeHTbl CUTHAJIOB,
o0o3HaueHHbIe nudppamu “4-6" n “10-12”, npeacraBieHbl Ha OCHMIIOrPAMMAaXx IMOJ| TAKMMH K€ HOMEPAMH.

Figs 13-26. Oscillograms of male calling signals: 13—16 — Macropsis flavida; 17-20 — M. multa; 21-23 — M. impura; 24-26 — M.
daurica. Faster oscillograms of the parts of signals indicated as “15-16”, “19-207, “23”, and “25-26” are given under the same numbers.

Puc. 13-26. OcpmiorpaMMsl IPU3LIBHEIX CUTHANOB: 1316 — Macropsis flavida; 17-20 — M. multa; 21-23 — M. impura; 24-26 — M.
daurica. DparMeHTbI CUTHAIOB, 0003HaUeHHbIE IMppamu “15-167, “19-207, “23” 1 “25-26”, npeacTaBiaeHbl Ha OCHUILUIONPAMMAX 0] TAKUMH
JKe HOMEpPaMH.
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Tishechkin, 1997 belong to another group of closely
related willow-dwelling species. Their relation is evi-
denced by the similar shape of the male 2™ abdominal
apodemes and genitalia (some species are indistinguish-
able by these traits), and by the shape of the 2" valvulae
of ovipositor having 7—13 small additional teeth in all
species [Tishechkin, 1999, 2002].
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Signals of all these species share similar compo-
nents of two types (Figs 13—-26). Component of the first
type is a succession of syllables separated by gaps with
several discrete pulses. Component of the second type is
a succession of discrete pulses; usually pulses with
lower and higher amplitude alternate in it at least in the
end.

) . succession
succession of discrete succession of partially merged of discrete
syllables pulses or syllables syllables
27
28
29
200 ms
30
200 ms
31
200
M. notata —=me

succession of discrete

d
syllables ‘

merg
pulses or syllables

succession of partially succession
of discrete

syllables

34

35

36

37

38
M. costalis

200 ms

200 ms

200 ms

200 ms

200 ms

200 ms

Figs 27-38. Oscillograms of male calling signals: 27-31 — Macropsis notata; 32-38 — M. costalis. Faster oscillograms of the parts of
signals indicated as “29-317, “33”, and “36” are given under the same numbers.

Puc. 27-38. OcumnnorpaMmbl NPU3BIBHBIX CUrHaNoOB: 27-31 — Macropsis notata; 32-38 — M. costalis. ®parMeHTbl CUT'HAJIOB,
obo3HaveHHble Hdpamu “29-317, “33” u “36”, mpeAcTaBICHEI HAa OCHMLIOIPAMMax MOJ TAaKHMH JKe HOMEPaMH.
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2s

47

M. milkoi

low-amplitude component high-amplitude component

52 53
49 5
50 5%
51 ,
2s

52

200 ms
53

200 ms
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Figs 39-53. Oscillograms of male calling signals: 39-47 — Macropsis milkoi; 48—53 — M. aselae. Faster oscillograms of the parts of
signals indicated as “40”, “46—47”, and “52-53” are given under the same numbers.

Puc. 39-53. OcumnnnorpaMmbsl Npu3bIBHBIX cuUrHanoB: 39-47 — Macropsis milkoi; 48-53 — M. aselae. ®parMeHTbl CHUI'HAJIOB,
obo3HaueHHsle udpamu <407, “46-47" u “52-53”, npeAcTaBICHB Ha OCHIUIOrPAMMAax IOJ TaKHMH JK€ HOMEpPaMH.
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The signal of M. flavida usually begins with a mo-  initial monotonous part is always strongly reduced or
notonous noise-like vibrations followed by one compo-  absent (Figs 17, 21-22, 24). The signal of M. multa
nent of the first type and one component of the second  differ from signals of other species by very long compo-
type (Figs 13—14); in the signals of all other species the = nent of the second type (Figs 17-20). In the signal of M.

longer syllables shorter syllables

57
parts of syllables
1 11 111 1 11

56
200 ms
57
M. megerlei 1200ms
longer syllables ~ shorter s_yllable_s
2s
2s
parts of syllables 63 2s
1 11 I11 |
61
200 ms
62 !
200 ms
63
M. ornata _200ms

Figs 54-63. Oscillograms of male calling signals: 54-57 — Macropsis megerlei; 58—63 — M. ornata. Faster oscillograms of the parts
of signals indicated as “56—57” and “61-63” are given under the same numbers.

Puc. 54-63. OcrunnorpaMMbl OPU3BIBHBIX CHUTHANOB: 54-57 — Macropsis megerlei; 58—63 — M. ornata. ®parMeHTsl CHUTHAIIOB,
obo3HaveHHble HpaMu “56-57” n “61-63”, npeacraBaeHbl Ha OCHIILIOrPaMMax HOJ TaKUMH JKe HOMEPaMH.
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impura, the number of the second type components can As aresult, signals of different species in this group
vary; sometimes they are absent (Figs 21-23). In the  differ from each other, first, in the presence/absence of
signal of M. daurica, syllables in the component of the  additional parts and, second, in the duration of homolo-

first type have an additional end part (Figs 24-26). gous components.
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3. M. costalis (Matsumura, 1911) and M. notata
(Prohaska, 1923) are two closely related sister-species,
sympatric in the Russian Far East, but feeding on differ-
ent willow species (Tishechkin, 1999). In both species,
male calling signal consists of repeated phrases (Figs
27-38). The full phrase includes a succession of dis-

discrete syllables 1, 46t0n0us component
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crete syllables, a succession of partially merged pulses
or syllables, and a succession of discrete shorter sylla-
bles having somewhat another shape than in the begin-
ning of a phrase (Figs 27, 32). In M. notata, the first
succession of discrete syllables in a phrase is often
missed (Fig. 28).
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Thus, in both species, phrases retain the same gener-
al pattern but differ in syllable shapes in all three parts.
In addition, the initial part of the phrase is often absent
in M. notata, whereas in M. costalis it is always present.

4. M. milkoi Tishechkin, 2015 and M. aselae Tishech-
kin, 2020 are two closely related species form Central
Asia. They can feed on the same species of willows, but
are allopatric. M. milkoi is widespread in Tien Shan,
Pamir-Alay, and Hissar-Darvaz Mountain systems; in
Kazakhstan it was also found in the plain south of
Tarbagatai Range. On the contrary, M. aselae so far has
only been found in the foothills and low mountains of
Dzhungarsky Alatau and evidently does not penetrates
far from the mountains to the plain.

In both species, male calling signal is a phrase
consisting of low-amplitude and high-amplitude com-
ponents (Figs 39-45 and 48-51). Both components are
monotonous or slightly modulated vibrations that sound
like a buzzing sound to the human ear (Figs 4647, 52—
53). Durations of each component and of a phrase as a
whole vary greatly, but in M. aselae a phrase on average
is shorter and usually does not exceed 1015 s, whereas
in M. milkoi it sometimes lasts for more than a minute
(Fig. 39). In addition, in the first component of a phrase
of M. milkoi, short syllables usually follow among low-
amplitude vibrations, and the second component is a
single whole; only very rarely does it split into several
fragments (Fig. 41). In M. aselae, syllables in the first
component of a phrase are absent, and the second
component always splits into several parts separated by
gaps.

Accordingly, the signals of these two species differ
from each other by the presence/absence of additional
syllables in the first component of a phrase, by the
presence/absence of gaps in the second component, and
by the average duration of phrases.

5. M. megerlei (Fieber, 1868) and M. ornata Lind-
berg, 1926 belong to the group of species feeding on
Rosa spp. [Tishechkin, 2015]. The range of M. megerlei
includes Europe, Eastern Mediterranean (Turkey, Leb-
anon), Transcaucasia, plains of Kazakhstan, Southern
Siberia castwards as far as the Baikal Lake, and steppes
of Mongolia. M. ornata inhabits Tien Shan, Pamir-
Alay, and Hissar-Darvaz Mountains.

Calling signal of M. megerlei is a succession of
alternating shorter and longer syllables; it can last for a
minute and more and have a comparatively constant
amplitude throughout its length (Figs 54-55). Calling of
M. ornata consists of similar syllables, but gradually
increases in amplitude towards the end, thus forming a
phrase with a distinct beginning and end; in addition,
short syllables in it are often absent (Figs 58—60). In
both species longer syllables include three, obviously,
homologous parts (Figs 56—57 and 61-63). Shorter
syllables in M. megerlei consist of two parts, whereas in
M. ornata the second part is absent.

Thus, the signal of M. ornata has a more regular
general structure and is a distinct phrase. On the con-
trary, in M. megerlei, the signal splits into separate
syllables following each other in a rather irregular order
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and with more variable intervals; for this reason it
cannot be referred to as a phrase. In addition, M. ornata
has a clear tendency to reduction of short syllables in a
phrase. Compared to M. megerlei, their number de-
creases, and sometimes they are completely absent; in
addition, the second part is absent in them.

Discussion

As in all insects, the signals of the studied species
exhibit some variability. The duration of phrases or
their components varies to some extant in almost all
species (for example, Figs 21-22, 48-51). The ratio of
the amplitudes of different parts of the phrase is some-
times significantly different (Figs 7-8, 33-35). In some
species, syllable shape also vary (Figs 4-6, 15-16, 30—
31). In some species, the male produces certain compo-
nent of a signal only occasionally, so sometimes it is
absent. For example, the M. notata signal often lacks an
initial sequence of discrete syllables (cf. Figs 27 and 28)
and the M. ornata signal usually lacks short syllables
(cf. Figs 58 and 59-60).

Despite this, signals of species under consideration
always distinctly differ from each other in temporal
pattern. These differences can be classified into several
categories.

1. Considerable difference in the duration of the
homologous parts of a signal.

2. Difference in a syllable shape.

3. Presence/absence of additional components.

4. Splitting the signal or its components into several
parts in one of two sister-species.

At the same time, in other leathoppers (Homoptera:
Cicadellidae), such differences sometimes are intraspe-
cific and can be observed between the signals of males
from the same population or even in the same male
[Tishechkin, 2010 and below].

Intraspecific signal variability in Handianus fartilis
Mitjaev, 1975 (Figs 64-65) is basically the same as
difference between signals of M. flavida, M. impura,
and M. daurica on the one hand and M. multa on the
other (Figs 13—14, 21-22, 24 and 17-18). In some
signals of H. fartilis, the first part is many times longer
than in others. Similarly, the main difference between
signals of M. multa and three other species is that the
end part of the signal in M. multa is much longer than in
others. Signals of M. milkoi and M. aselae also differ in
average durations approximately at the same level as
different signals of H. fartilis. Similarly, signals of M.
leporina and M. ochotonaria differ in a duration of a
succession of syllables (Figs 1-3 and 7-9).

A gradual change of a syllable shape from the begin-
ning to the end of a signal is observed in many species of
Cicadellidae; a typical example is Aconurella diplach-
nis Emeljanov, 1964 (Figs 66—69). In some other spe-
cies, the shape of syllables within a signal is more or less
constant, whereas different signals distinctly differ in
this trait; Fangamanus tripunctatus (Matsumura, 1915)
can be cited as an example (Figs 70-78). It must be
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emphasized that the oscillograms on Figs 70—78 show
the signals of one male recorded during the period of
about half an hour.

Differences in a syllable shape between M. ochoto-
naria and M. leporina (Figs 4-6 and 10—12) and be-
tween M. notata and M. costalis (Figs 29-31 and 33—
38) generally are the same as between syllables from the
beginning and from the end of a signal of A. diplachnis
and between syllables in different signals of F. tripunc-
tatus. In M. leporina, pulses in syllables are usually
separated by distinct gaps (Fig. 4), although sometimes
they merge with each other (Fig. 5). In M. ochotonaria,
pulses in syllables are always partially merged (Figs
10-12). In M. costalis, syllables usually consist of
discrete pulses (Figs 34-35, 37-38); only occasionally
they partially merge with each other (Figs 33, 36). On
the contrary, in M. notata, pulses in syllables are always
merged and indistinct (Figs 29-31). Similarly, the sylla-
bles at the beginning of the A. diplachnis signal consist
of several pulses, but short discrete pulses at the begin-
ning of each syllable gradually reduce towards the end
of a phrase (Figs 67-69). In F. tripunctatus, some
syllables consist of distinct although partially merged
pulses (Figs 74-75), while others are almost uniform
fragments (Figs 76-78).

The appearing/reduction of an additional compo-
nent of a signal is also typical of many leafthopper
species. For example, in F. tripunctatus, additional
low-amplitude component sometimes precedes the main
part of a syllable (Figs 70-71, 74). In Evacanthus
asiaticus Oshanin, 1871, a phrase normally consists of
2—4 discrete syllables followed by monotonous compo-
nent (Fig. 79). However, sometimes this component is
strongly reduced (Fig. 80) or absent (Figs 81, the end
part of the oscillogram, 82). In Limotettix (Scleroracus)
russeolus (Fallén, 1826) the phrase consists of a compo-
nent with irregular pattern followed by a train of pulses
(Figs 83—-84, 86—87), but sometimes a male misses the
irregular component (Figs 85, 88).

Similar differences are observed between the sig-
nals of the considered Macropsis species. In M. ochoto-
naria, compared to M. leporina, additional monotonous
component is added to a succession of syllables (cf. Figs
1-3 and 7-9). The presence of this component is a
species-specific trait of M. ochotonaria and is the main
difference from the signal of M. leporina. At the same
time, in E. asiaticus, the presence/absence of a similar
component is observed in different signals of the same
male. Signals of M. daurica differ from the signals of
related species by the presence of an additional parts in
the end of syllables (Fig. 25). One of the differences
between M. milkoi and M. aselae is the presence of
additional syllables in the first component of a phrase in
the signal of M. milkoi. M. ornata differs from M.
megerlei, inter alia, by the absence of a second part in
shorter syllables and by the reduction of the number of
these syllables; in some phrases they are completely
absent.

Splitting the signal into separate discrete fragments
was described earlier for Hephathus nanus (Herrich-
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Schéffer, 1835) [Tishechkin, 2010 and Figs 89-92].
Similarly, in L. (S.) russeolus, phrases consisting of two
parts usually follow one after another with short gaps
(Figs 83—84, 86—87) thus forming a single signal, whereas
phrases consisting only of a sequence of pulses are
separated by pauses up to 5-10 s (Figs 85, 88). Similar-
ly, in M. ornata, syllables form a distinct phrase, where-
as the calling signal of M. megerlei is rather a succession
of syllables without distinct beginning and end.

Thus, within each of the five Macropsis groups
considered above, the nature of interspecific differenc-
es between signal patterns is the same as intraspecific
differences in some other leathoppers. This suggests
that, in related Macropsis species, signals consisting of
similar components, apparently, were formed by fixing
different originally intraspecific variants in different
phylogenetic lineages in the course of their divergence
and a subsequent speciation. It should be added that the
considered Macropsis species differ in host specializa-
tion and/or morphological traits and colouration and do
not produce signals with intermediate characters. This
proves that they are different biological species and not
intraspecific forms.

The driving force of such signal divergence is ob-
scure and can be different in each particular case. A
study of the cryptic lacewing species (Neuroptera:
Chrysopidae) suggested that the rapid divergence of
their signal patterns up to the level of good species is
caused by sexual selection [Henry, 1985]. Results from
hybridizing of two species of Chrysopa (Neuroptera:
Chrysopidae) support a key role for random mutation in
species divergence, impacting mate choice immediate-
ly. It was supposed, that in this case substitution of a
single allele will change the song in a major way,
affecting mate choice of both males and females [Henry
et al., 2002]. This confirms the hypothesis that single-
gene control of signal traits may result in a rapid change
of signal pattern and in a speciation.

On the other hand, for populations of Nilaparvata
lugens from rice and Leersia hexandra no evidence
were found that male or female signal divergence has
been driven by diverging female or male preferences,
respectively. Thus, these data are not consistent with
sexual selection. Drift is the most likely explanation
although some features of the comparison between the
rice- and Leersia-feeding populations suggest the in-
volvement of natural selection [Butlin, 1996].

Underlying genetic mechanism of signal variability
in species studied is also unknown. Differences in signal
patterns between different Macropsis species are obvi-
ously genetically fixed. Differences between songs of
different males from the same population can also be
explained by genetic differences between them. How-
ever, differences between signals of the same male (as
on Figs 70-78) evidently has no relation to genetic
polymorphism.

Anyway, the above examples support the assump-
tion that male calling signals in leathoppers can evolve
not only by a gradual change in the quantitative param-
eters such as signal parts duration, but also through
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qualitative changes of temporal pattern due to adding/
reduction of rather large components, change of a sylla-
ble shape, or by splitting the signal or its components
into several parts. Since it is the differences in the signal
pattern that provide reproductive isolation, such chang-
es can result in a rapid speciation. This can well occur if
any signal trait is controlled by only one or few genes;
this possibility is also confirmed by experimental data
on the change of the signal pattern in hybrids. Morpho-
logical traits do not necessarily have to be involved in
this process; if they remain unchanged, cryptic species
are evolved.
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