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The morphology of the pterothorax of
Ephemeroptera, Odonata and Plecoptera (Insecta)
and the homology of wing base sclerites and flight muscles'

JanA WILLKOMMEN

Abstract

The ability to fly was the decisive factor for the evolutionary success of the most diverse group of insects, the
Pterygota. Nevertheless, the ground plan of the functionally important wing base has not been sufficiently clari-
fied.

The aim of this study is to homologise the wing base sclerites of Ephemeroptera, usually regarded as sister
group of the remaining Pterygota, with that of other basal pterygote lineages and to reconstruct the ground plan of
the wing base of Pterygota. The pterothoracic musculature of representatives of the three basal lineages of Ptery-
gota (Ephemeroptera, Odonata and Neoptera) is also described and discussed.

Contrary to previous hypotheses, it is shown that most elements of the neopteran wing base are also present in
Ephemeroptera and Odonata. The wing base in the ground plan of Pterygota is presumably composed of three axil-
lary sclerites. The proximal median plate is probably also present in the ground plan of Pterygota. The first axillary
is provided with two muscles. The third axillary is equipped with a short muscle that originates from the epimeron.
This muscle is interpreted as another ground plan character of Pterygota. In Plecoptera a second muscle inserts at
the third axillary sclerite. It originates from the episternum and is most likely an autapomorphic character of
Neoptera. The results imply that the wing base of the Plecoptera is close to the pterygote ground plan. It is assumed
that the wing base of Ephemeroptera and Odonata is secondarily stiffened. The so-called basalare and its associated
muscles in Ephemeroptera and Odonata are probably not homologous to the basalare and respective muscles in
Neoptera.

The enlarged subalare and associated muscles, the large dorsal longitudinal muscle, the small metathorax and
shortened hind wings in Ephemeroptera suggest that mayflies have a derived flight apparatus in many respects. The
Odonata on the other hand show different specialisations, namely a synthorax, large direct flight musculature, and
a fusion of second and third axillary with the proximal median plate. Though the wing base in both taxa is second-
arily stiffened, the specialisations of Ephemeroptera and Odonata may have evolved independently from each oth-
er.

Keywords: Axillaries, subalare, basalare, flight muscles, basal Pterygota, Palacoptera, Metapterygota.

Zusammenfassung

Die Flugfahigkeit der gefliigelten Insekten (Pterygota) war der entscheidende Faktor fiir den evolutiven Erfolg
dieser duflerst artenreichen Gruppe. Dennoch ist der Aufbau des funktionell wichtigen Fliigelgelenkes im Grund-
plan der Pterygota noch nicht zufriedenstellend aufgeklart.

Ziel dieser Arbeit ist es, die Fliigelbasissklerite der Ephemeroptera, gemeinhin als Schwestergruppe der iibrigen
Pterygota angesehen, mit denen anderer basaler Pterygota zu homologisieren und den Grundplan des Fliigelgelenks
der Pterygota zu rekonstruieren. Ferner wird die pterothorakale Muskulatur von Vertretern der drei basalen Grup-
pen der Pterygota (Ephemeroptera, Odonata and Neoptera) beschrieben und diskutiert.

Entgegen fritherer Hypothesen sind die Elemente der neopteren Fliigelbasis sowohl in der Fliigelbasis der
Ephemeroptera als auch in jener der Odonata wiederzufinden. Vermutlich ist die Fliigelbasis im Grundplan der
Fluginsekten aus drei Axillaria aufgebaut. Wahrscheinlich ist auch die proximale Medianplatte im Grundplan der
Pterygota vorhanden. Das erste Axillare ist im Grundplan der Pterygota mit zwei Muskeln ausgestattet. Ein wei-
terer Muskel zieht vom Epimeron zum dritten Axillare. Hochstwahrscheinlich eine Neuerwerbung der Neoptera ist
dagegen ein Muskel, welcher bei den Plecoptera vom dritten Axillare zum Episternum zieht. Mdglicherweise
kommt das Fliigelgelenk der Plecoptera dem Grundplan der Fliigelbasis der Pterygota sehr nahe. Es wird dagegen
angenommen, dass die Fliigelbasis der Ephemeroptera und Odonata sekundér versteift ist. Das so genannte Bas-
alare und seine Muskeln der Ephemeroptera und Odonata sind wahrscheinlich nicht mit dem Basalare und den
zugehdrigen Muskeln der Neoptera homolog.

Das vergroBerte Subalare nebst dazugehdrigen Muskeln, der stark vergroBerte dorsale Langsmuskel, der ver-
kleinerte Metathorax und die verkiirzten Hinterfliigel bei Ephemeropteren legen nahe, dass deren Flugapparat in
vielerlei Hinsicht abgeleitet ist. Dagegen besitzen die Odonata andere Spezialisierungen im Pterothorax, beispiels-
weise einen Synthorax, vergroBerte direkte Flugmuskeln sowie die Verschmelzung des zweiten und dritten Axil-
lare mit der proximalen Medianplatte. Obwohl beide Taxa eine sekundir versteifte Fliigelbasis besitzen, sind diese
Spezialisierungen bei Ephemeroptera und Odonata wohl unabhingig voneinander entstanden.

! Dissertation zur Erlangung des Doktorgrades der Mathematisch-Naturwissenschaftlichen Fakultdten der Georg-August-Uni-
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1 Introduction

Mayflies (Ephemeroptera) are usually regarded as one
of the most ancient extant lineages of winged insects
(Pterygota). Among the characteristic features of extant
mayflies are the moult of a winged subadult stage (the
subimago), short antennae, the costal brace, the reduction
of metathorax and hind wings, the medial abdominal ter-
minal filament, and in the male prolonged fore legs, a pair
of abdominal claspers and paired penes (HENNIG 1969;
KRISTENSEN 1975, 1981; Staniczek 2000, 2001; WILLMANN
2003).

Usually, the adult life span of mayflies is very short
lasting from a couple of hours to a few days. Mayflies do
not feed in the winged stages, and their mouthparts are
atrophied. Due to the short adult life span the emergence
of mayflies must be synchronised to ensure mating and
reproduction. Male imagines perform characteristic nup-
tial dances to attract females, and also mating takes place
in the air. In several species the female mates as subimago,

but in the majority of species mating takes place in the
adult stage.

The fossil record (e. g. GRIMALDI & ENGEL 2005, KLUGE
1993, McCaFrerTY 1990, SiniTsHENKOVA & Coram 2002,
SNITSHENKOVA 1984, TsHERNovA 1970) of mayflies dates
back to the Permian, although some fossils that are re-
garded as close relatives [Lithoneura lameerei Carpenter,
1938, Triplosoba pulchella (Brongniart, 1893)] are record-
ed from the Carboniferous (GRiIMALDI & ENGEL 2005). The
position of the Carboniferous taxon Triplosoba pulchella
is controversial since the characteristic costal brace is ab-
sent (CARPENTER 1963). There is also no general agreement
on the position of Bojophlebia prokopi Kukalova-Peck,
1985 and Lithoneura lameerei that are regarded as earliest
stem group representatives of mayflies by some authors
(CarPENTER 1987, GriMALDI 2001, KukALovA-PEck 1985,
WILLMANN 1999).

Protereismatoidea, known from the Permian, are gen-
erally accepted as stem group representatives of
Ephemeroptera. The Protereismatidae are characterised
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by fore and hind wings of similar size, though the hind
wings are slightly shorter than the fore wings (CARPENTER
1979, 1992). The oldest known representative belonging to
the extant crown group is the Jurassic Stackelbergisca si-
birica Tshernova, 1967 (CARPENTER 1992, HuBBARD 1990,
McCAFFERTY 1990, SiniTsHENKOVA 1984), which has been
assigned to the Siphluriscidae recently (Znou & PETERS
2003).

The development of wings in insects was one key char-
acter for the evolutionary success of this diverse group. It
opened up new ecological niches and increased the effi-
ciency of dispersal. The winged insects also take advan-
tage of the flight ability in providing with food and in be-
ing able to escape fast from hunters.

Up to date there is no general agreement on the deriva-
tion of wings and the evolution of wing base sclerites. The
wings are for example assumed to be derivates of the legs
(KukarLova-Peck 1983), or derived from paranota, which
are lateral expansions of the tergites (HamiLton 1971,
1972a, 1972b, 1972c) or rather originate from both tergites
and pleurites (SNoDGRASs 1935). Also the problem of the
wing base ground plan of Pterygota is unsolved. On the
one hand it is assumed that the wing base consists of 32
sclerites in the pterygote ground plan (Kukarova-Peck
1983, 1987, 1991). According to this author, these sclerites
are secondarily fused in different ways in extant Pterygo-
ta. Even up to date it is hypothesised, that Ephemeroptera
possess only one axillary plate, Odonata have two axillary
plates, and Neoptera possess three axillary plates in the
wing base, of which the last mentioned condition repre-
sents the apomorphic state (GuLLan & Cranston 2005).
Also the phylogenetic relationships among the three basal
clades of Pterygota remain controversial, in spite of a long
history of research into wings and their venation (BECHLY
1996, 1999; Comstock 1918; ComsTock & NEEDHAM 1898,
1899; EpMUNDS & TRAVER 1954; ForBEs 1943; HAMILTON
1971, 1972a, b, c¢; KukaLova-PeEck 1985; Riek & Kuka-
LovA-PECk 1984; WootTon 1979, 1992). The first hypothe-
sis (Chiastomyaria hypothesis) assumes a sister group re-
lationship between Odonata and Ephemeroptera+Neoptera
(LEMcHE 1940, SchwanwiTtscH 1943). The Palacoptera hy-
pothesis (MarTYNOV 1925) states that Ephemero-
pteratOdonata is the sister group to Neoptera, and the
Metapterygota hypothesis assumes a sister group relation-
ship between Ephemeroptera and Odonata+Neoptera
(BORNER 1909; Furst voN Lieven 2000; HenniG 1953;
KRISTENSEN 1975, 1981, 1991; Staniczek 2000, 2001).

The musculature and the thoracic sclerites of various
insects have been treated in different studies (e. g. BARLET
1967; CramprTON 1914, 1918; Mak1 1938; Matsupa 1970;
MickoLeiT 1969; RAHLE 1970; SNxopGrASs 1927, 1935; WE-
BER 1924a, 1924b, 1925). The thoracic musculature and
sclerites especially of Ephemeroptera, Odonata and Ple-
coptera were also examined by various authors (AsAHINA

1954; CLArRk 1940; CREMER 1934; DURKEN 1907; GRANDI
1947; HatcH 1966; MALOEUF 1935; MATSUDA 1956; NELSON
& Hanson 1968, 1971; Knox 1935; KLuGe 1994; Brobsky
1970, 1974, 1979b; WitTIG 1955; Prau 1986; Zwick 1973).
Extensive investigations on structure and function of the
flight apparatus of insects and insect flight in general
were done by Bropsky (1971, 1975, 1986, 1992), who sum-
marised most of the results in a compendium (BroDpsky
1994). Other major contributions were published by Dup-
LEY (2002), NacHTIGALL (1966, 1967, 2003), NACHTIGALL et
al. (1998), Wootton & KukaLovA-Peck (2000) and Woot-
ToN (1979, 1992). The general morphology of mayflies has
been treated by KrLuce (1994, 2004). Several works deal-
ing with the structure of the wing base and its associated
sclerites were done by Brobsky (1970, 1974, 1979a, 1979b),
BrowNE & Schortz (1994, 1995, 1996), GranDI (1947),
Haas & KukarovA-Peck (2001), HORNSCHEMEYER (1998,
2002, 2004), Ivanov (1995, 1996, 1997), KukaLova-PEck
(1974b, 1983), OnEesto (1959a, 1959b, 1960, 1961, 1963,
1965), Prau (1977, 1986, 1991), SHARPLIN (1963a, 1963b,
1964), SnxopGrass (1909), TANNERT (1958) and YosHizawa
& Saicusa (2001).

Morphological and molecular investigations and dis-
cussions towards the sistergroup relationships among bas-
al Pterygota and Ephemeroptera have been contributed
amongst others by KrisTeENSEN (1975, 1981, 1991), OGDEN
& WHITING (2003, 2005), WiLLMAaNN (1998, 2003, 2005),
WHITING et al. (1997), and WHEELER et al. (2001). The Pa-
laeoptera hypothesis is supported on the basis of morpho-
logical data for example by BecHLy et al. (2001), Gors et
al. (2000), HEnNIG (1969), and WAGNER et al. (1996), and
with molecular data by HovMmoOLLER et al. (2002), which is
however not clearly supported by OGDEN & WHITING
(2003). According to BOrRNER (1909), FURST voN LIEVEN
(2000), and Staniczek (2000, 2001) there is evidence for
the Metapterygota hypothesis.

There are several different hypotheses on the homolo-
gy of the wing base sclerites between Ephemeroptera,
Odonata and Neoptera (BEKKER 1954; Bropsky 1970, 1974,
1994; Granpi 1947; KLuGe 1994, 2004; KukaLova-PEck
1974a, 1974b, 1978, 1983, 1985, 1987; KukALOVA-PECK &
BrRAUCKMANN 1990; MaTsupa 1956, 1970; Tsut & PETERS
1972; for detailed explanations see section 4.2). Some of
them are mainly based on topographical characteristics,
for example the spatial orientation of the sclerites within
the wing base. Others rely on the relative position of the
sclerites to each other and to the notal wing processes.
Even different works of one and the same author resulted
in different hypotheses (Brobsky 1970, 1974). Up to date,
no consensus on the different hypotheses was reached so
that the problem has to be regarded as unsolved. The aim
of the present study is to compare the ephemeropteran
wing base with the wing base sclerites of Neoptera, and to
reconstruct the wing base ground plan of Pterygota. Previ-
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ous hypotheses are discussed and in addition, the pterotho-
racic musculature is compared.

The Ephemeroptera are often assumed to be the sister-
group of the remaining Pterygota. Consequently, this
study focuses on Ephemeroptera. It is complemented by
investigations on Odonata and Plecoptera. The latter pos-
sibly represent the sister group to the remaining Neoptera
or rather the remaining Polyneoptera (HENNIG 1969, KRis-
TENSEN 1991, Zwick 1980), and most likely retained many
primitive characters with regard to the wing base.
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2 Material and Methods

2.1 Materials

The examined material was fixated in 70—80 % ethanol. The
number of specimens examined is given in square brackets. The
list given below includes all examined material, even though it is
unquoted in sections 3 and 4.

Ephemeroptera, winged stages

Siphlonuridae
Siphlonurus aestivalis (Eaton, 1903): Switzerland, Vaud, des
Monneaux, 29.IV.1994, leg. J.-L. GattoLLiaT; Germany,
Baden-Wiirttemberg, Schwibisch Gmiind, 20.V.2005, leg.
A. Staniczek & M. PALLMANN [2 dJ, 2 @9 imagines].

Baetidae
Baetis sp.: Germany, Baden-Wiirttemberg, Tiibingen, River
Neckar, 12.VII1.2003, leg. J. WiLLKOMMEN [20 @9 imagines
and subimagines].
Baetis fuscatus (Linnaeus, 1761): Germany, Baden-Wiirttem-
berg, Hirschau, River Neckar, 2.X.2004, leg. J. WILLKOMMEN
[1 & imago; 2 & subimagines).
Centroptilum luteolum (Miiller, 1776): Germany, Baden-Wiirt-
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temberg, Tiibingen, River Neckar, 12.VII1.2003, leg. J.
WILLKOMMEN [3 33, 9 9 imagines and subimagines].

Cloeon dipterum (Linnaeus, 1761): Germany, Bavaria, Wiirz-
burg, River Main, 25.V1.2005, leg. J. WiLLkoMMEN [2 3,
5 Q9 imagines; 1 @ subimago].

Leptophlebiidae

Habroleptoides confusa Sartori & Jacob, 1986: Germany, Lower
Saxony, Lowenhagen, Nieme creek, 5VI.2004, leg.
J. WiLLkoMMEN [15 33'Q9 imagines and subimagines].

Habrophlebia lauta Eaton, 1884: Germany, Baden-Wiirttem-
berg, Bebenhausen, Goldersbach creek, 10.V1.2004, leg.
J. WiLLkomMEN [1 &, 2 @9 imagines; 3 99 subimagines].

Paraleptophlebia submarginata (Stevens, 1836): Germany,
Baden-Wiirttemberg, Rottenacker, River Danube, 15.V.2004,
leg. J. WiLLkoMMEN [3 3& subimagines].

Heptageniidae

Ecdyonurus submontanus Landa, 1969: Germany, Baden-Wiirt-
temberg, Munderkingen, River Danube, 6.VII1.2003, leg.
A. GoLusovi¢ [5 3, 2 Q9 subimagines].

Ecdyonurus venosus (Fabricius, 1775): Germany, Lower Sax-
ony, Léwenhagen, Nieme creek, 6.V1.2004, leg. J. WiLLKOM-
MEN [2 4& imagines].

Epeorus assimilis Eaton, 1885: Germany, Lower Saxony, Lo-
wenhagen, Nieme creek, 2.VI1.2004, leg. J. WILLKOMMEN
[4 33 imagines].

Heptagenia coerulans (Rostock, 1878): Germany, Bavaria, Re-
gensburg, 26 VIL.2005, leg. U. Griesser [2 99 subimag-
ines).

Heptagenia sulphurea (Miiller, 1776): Germany, Bavaria, Wiirz-
burg, River Main, 2.VIL.2005, leg. J. WILLKOMMEN [8 99
imagines; 2 & subimagines].

Rhithrogena semicolorata (Curtis, 1834): Germany, Baden-
Wiirttemberg, Bebenhausen, Goldersbach creek, 8.V.2004,
leg. J. WiLLkomMEN [11 33, 2 Q9 imagines].

Ephemerellidae
Serratella ignita (Poda, 1761): Germany, Baden-Wiirttemberg,
Munderkingen, River Danube, 6.VII1.2003, leg. A.

GoruBovic; Baden-Wiirttemberg, Tiibingen, River Neckar,
19.VIL.2003, leg. J. WiLLkoMMEN; Lower Saxony, Lowenha-
gen, Nieme creek, 6.V1.2004, leg. J. WiLLKOMMEN [24 3399
imagines and subimagines].
Ephemeridae

Ephemera danica Miiller, 1764: Germany, Baden-Wiirttemberg,
Bebenhausen, Goldersbach creek, 10.VI.2004, leg. A.
GoruBovic; Tiibingen, River Neckar, 10.VIL.2003, leg.
J. WiLLkomMeN [1 &, 2 Q9 imagines; 4 @9 subimagines].

Caenidae

Caenis horaria (Linnaeus, 1758): Germany, Brandenburg,
Rheinsberg, lake Rheinsberger See, 6.VII1.2004, leg. .
WiLLKOMMEN [1 & imago].

Caenis rivulorum Eaton, 1884: Germany, Baden-Wiirttemberg,
Rottenacker, River Danube, 15.V.2004, leg. J. WILLKOMMEN
[5 33,2 Q% imagines; | Q subimago].

Caenis robusta Eaton, 1884: Germany, Brandenburg, Rheins-
berg, lake Rheinsberger See, 6.VII1.2004, leg. J. WiLLKOM-
MEN [2 3 imagines].

Polymitarcyidae

Ephoron virgo (Olivier, 1791): Germany, Baden-Wiirttemberg,
Neckar-Gmiind, River Neckar, 6.VII1.1994, leg. A. Stani-
czek; Rhineland-Palatinate, Koblenz, River Rhine,
11.VIIL.2004, leg. J. BRINKMANN; Bavaria, Wiirzburg, River
Main, 7VIIL.2005, leg. J. WiLLkomMeN [9 ZJ imagines;
7 29 subimagines].

Povilla adusta (Navas, 1912): Mali, Niger Basin, River Niger,
Gao, 7.IX.1987, leg. J.-M. ELouarp [1 & imago].
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Euthyplociidae
Exeuthyplocia minima (Ulmer, 1916): Ivory Coast, Cavally Ba-
sin, River Cavally, Grié (region Toulepleu), 4.11.1988, leg.
J.-M. ELouarp [2 4 imagines, 1 9.

Oligoneuriidae
Elassoneuria sp.: Madagascar, Mangoro Basin, River Mangoro,
Mzggoro (pont routier), 2.1V.1992, leg. J.-L. GATTOLLIAT
[1Jd].
Oligoneuriella rhenana (Imhoff, 1852): Germany, Baden-Wiirt-
temberg, Oberriexingen, Enz River, 10.VIIL.1996, leg. A.
Staniczek [1 &, 1 Q1.

Palingeniidae
Palingenia longicauda (Olivier, 1791): Hungary, Tisza River,
30.V1.1993, leg. M. SarTor1 & L. Rurrieux [1 &, 1 Q].

Ephemeroptera, larvae
Heptageniidae
Ecdyonurus submontanus Landa, 1969: Germany, Lower Sax-
ony, Lowenhagen, Nieme creek, 2.V.2004, leg. C. JoacHIM
[7 specimens].
Baetidae
Baetis sp.. Germany, Lower Saxony, Goslar, Gose creek,
15.1V.2005, leg. J. WILLKOMMEN [4 specimens].

Plecoptera,adults

Pteronarcyidae
Pteronarcys reticulata Burmeister, 1839: Russia, Russian Far
East, Primorje, Orekhovka River near Marevka, trib. Ma-
linovka, 17.VL.1998, leg. P. Zwick [1 J].

Chloroperlidae
Chloroperla susemicheli Zwick, 1967: Italy, Valnontey,
14.1X.2004, leg. J. WiLLKOMMEN [1 J].
Chloroperla tripunctata Scopoli, 1763: Italy, Valnontey,

14.1X.2004, leg. J. WiLLKOMMEN [3 3.

Siphonoperla torrentium (Pictet, 1841): Germany, Lower Saxo-
ny, Lowenhagen, Nieme creek, 2.V1.2004, leg. J. WiLLKOM-
MEN [1 &7

Perlodidae

Isoperla grammatica Poda, 1761: Germany, Baden-Wiirttem-
berg, Bebenhausen, Goldersbach creek, 14.V1.2004, leg.
A. Goruovi¢; Lower Saxony, Léwenhagen, Nieme creek,
6.V1.2004, leg. J. WiLLkomMmeN [1 &, 1 9].

Isoperla goertzi lllies, 1952: Germany, Lower Saxony, Lowen-
hagen, Nieme creek, 6.V1.2004, leg. J. WiLLkomMmeN [2 3,
191

Perlodes microcephalus Pictet, 1833: Germany, Lower Saxony,
Loéwenhagen, Nieme creek, 6.V1.2004, leg. J. WILLKOMMEN
[13,19]

Capniidae

Capnia vidua Klapalek, 1904: Germany Lower Saxony, Harz
National Park, Torfhaus, Oder creek, 15.1V.2004, leg. A.
Gorusovic [3 331

Taeniopterygidae
Brachyptera seticornis (Klapalek, 1902): Germany, Lower Sax-
ony, Harz, Hohegei, Kunzenbach creek, 17.1V.2005, leg.
J. WiLLkomMeN [3 34, 2 Q91

Leuctridae
Leuctra hippopus Kempny, 1899: Germany, Lower Saxony,
Zorge, Zorge creek, 17.I1V.2005, leg. J. WiLLKoMMEN [1 &,
1 9]
Nemouridae
Nemoura cinerea Retzius, 1783: Italy, Bormio, 29.V.2004, leg.
J. WiLLkoMMEN [1 Q1.

Nemoura cf. flexuosa Aubert, 1949: Germany, Lower Saxony,
Harz, Hohegeifl, Kunzenbach creek, 17.1V.2005, leg. A.
Gorusovic [1 Q1.

Nemoura marginata (Pictet, 1836): Germany, Lower Saxony,
Bosinghausen, 19.V.2004, leg. J. WiLLKOMMEN [1 @]

Nemourasp.: Germany, Lower Saxony, Bosinghausen, 19.V.2004,
leg. J. WiLLKOMMEN [1 Q1.

Protonemoura intricata (Ris, 1902): Germany, Lower Saxony,
Goslar, Gose creek, 15.1V.2005, leg. A. Gorusovic¢ [1 9].
Protonemura meyeri Pictet, 1841: Germany, Lower Saxony,
Harz, Hohegeill, Kunzenbach creek, 17.1V.2005, leg. A.

Gorusovic [1 4.

Plecoptera,larvae

Taeniopterygidae
Brachyptera seticornis (Klapalek, 1902): Germany, Lower Sax-
ony, Zorge creek, 17.1V.2005, leg. A. GoLuBoviC [2 speci-
mens].

Odonata,adults

Aeshnidae
Aeshna mixta Latreille, 1805: Germany, Lower Saxony, Peves-
torf (Liichow-Dannenberg), River Elbe, 8.V.2005, leg. T.
HORNSCHEMEYER [1 specimen].

Libellulidae

Sympetrum sanguineum Miiller, 1764: Germany, Lower Saxony,
Pevestorf (Liichow-Dannenberg), River Elbe, 8.V.2005, leg.
T. HORNSCHEMEYER [1 Q].

Sympetrum cf. striolatum Miiller, 1764: Germany, Brandenburg,
Rheinsberg, lake Rheinsberger See, 14.X.07, leg. J. WiLLKOM-
MEN [1 &].

Lestidae

Lestes barbarus Fabricius, 1798: Germany, Lower Saxony, Pe-
vestorf (Liichow-Dannenberg), River Elbe, 8.V.2005, leg.
T. HorRNSCHEMEYER [1 &].

Sympecma fusca Vander Linden, 1820: Germany, Lower Sax-
ony, Pevestorf (Liichow-Dannenberg), River Elbe, 8.V.2005,
leg. T. HORNSCHEMEYER [1 3.

2.2 Methods

The majority of the specimens was collected into 80 % etha-
nol. Several specimens were first fixated in Duboscq-Brasil
(Romers 1989) and after 24 h transferred to 80% ethanol. A few
species were fixated in a solution of 95 % ethanol, formaldehyde
and acetic acid (66: 33 : 10) and after at least 24 h transferred into
80 % ethanol. The examination of dry specimens is not satisfac-
tory, so no dry museum material was used for this study.

Specimens were examined and dissected under a Leica
MZ16 stereomicroscope. The muscular preparation was done
after cutting specimens sagitally into two halves with a razor
blade, while the specimens were fixed onto a prepared cork.
Afterwards the halves were each fixed by micro needles in a
Petri dish. The thoracic muscles were successively removed
from medial to lateral using a pair of Dumont forceps. A few
species were dissected after a horizontal cut. The drawings
were made using a drawing tube on a Leica MZ16 stereomicro-
scope.

To examine the thoracic sclerites, some of the specimens
were first gradually transferred into 10 % ethanol and thereafter
to 5% potassium hydroxide solution at room temperature for one
to three days until the soft tissues dissolved. Small or fragile
specimens were transferred into 15% ethanol for about eight
days. After rinsing with distilled water, the cleared specimens
were again gradually transferred into 80% ethanol for further
examination of the sclerites.
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Specimens used for scanning electron microscopy (SEM)
were gradually transferred into 100 % ethanol and then dried in
a Balzer CPD 030 critical point dryer. The dry specimens were
sputter-coated with gold (Balzers SCD050 Sputter Coater). The
examination and photographs were made with a Leo 438VP
scanning electron microscope.

Species with only limited material available were investi-
gated by high resolution X-ray tomography (LCT) at the Federal
Institute for Materials Research and Testing, Berlin (BAM)
(HORNSCHEMEYER et al. 2002, HOrRNSCHEMEYER 2004). These
specimens were prepared in the same way as those used for SEM
investigation except of additional cutting off abdomen, wings,
and partly the head of the specimens. The dry specimens were
fixed vertically (head upwards) on a rivet with paraffin or Leit-C
(usually used for SEM). Some of these specimens were sputter
coated for subsequent scanning electron microscopy after
examination with pCT.

The photographs (except Figs. 58—60) were made with a
Nikon Coolpix camera that was mounted on the stereomicro-
scope. The pictures 58—60 were made with a Leica Macroscope
and processed with Synchroscopy Automontage.
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Terminology

Terms with “II” or “III” indicate mesothoracic (II) or
metathoracic (III) elements. The term “basal plate” (BP sensu
KrucGe 2000) is equivalent to the term “median plate” (sensu Tsul
& PETERS 1972) and both terms are used in section 4.2.

The terminology of muscles and sclerites of Ephemeroptera
primarily follows KLuGe (1994, 2004). For comparison, the ter-
minology used by other authors is given in Tab. 1. The dorsal
muscle “t13” is not treated by KLUGE, so the terminology of
Bropsky (1994) has been used.

The nomenclature of muscles and sclerites of Odonata pri-
marily follows AsaHINA (1954) and that of the Plecoptera follows
WITTIG (1955) and Zwick (1973).

For the most part the discussion (section 4.3) is restricted to
the mesothoracic muscles since the metathorax and consequent-
ly the metathoracic muscles of Ephemeroptera are reduced
whereas the flight muscles and the sclerites of Plecoptera are
similar in the mesothorax and in the metathorax.

Since the interpretation of the homologies between the
ephemeropteran wing base sclerites and the neopteran axillary
sclerites is inconsistent within different papers (e.g. BrRopsky

Tab. 1. Comparison of ephemeropteran muscles and terminology used by different authors with the homology partly used by MaT-

supA (1970).
Muscle attachments Kruce 1994 | Brobpsky 1974 | Matsupa 1970 | WitTiG 1955 Maki 1938 | Tsur & PETERS
and this study 1972
phragma I-phragma II MT.m Tml t14 dlm 35 20 I1-1
scutum—postnotum S.LPNm Tm?2 t12 dlm 36 21 11-4
scutum—postnotum Tm3 t13 dlm 37 — —
scutum—episternum S.ESm TPml t-p 5,6 dvm 40 25 11-6
scutum—trochantinus t-ti 2 dvm 41
scutum—Cx anterior S.CmA TCxml t-ti 3 36 1I-11
scutum—trochanter S.Trm TTrml t-tr 1 dvm 42 11-14
scutum—Cx posterior S.CmP TCxm2/3 t-cx 7 dvm 43 39 1I-19
scutellum—Cx posterior PSL.Cm TCxm4 t-cx 6 — 40 11-21
notum—pleurum AN.Pm TPm6 t-p 3 tpm 46a 11-7
subtegula—episternum t-p 4 tpm 47
scutum—episternum t-p 7 tpm 46b
ANP—episternum SrA.Pm TPm?2 t-p 8 1I-13?
scutum (PNP)—pleurum tp 15 tpm 49
episternum—Cx anterior P.Cm p-cx 5 cpm 52 II-15
episternum—trochanter PTrm p-tr 1 1I-16
left mesofurca—right mesofurca Fm s 16 23 1I-29
profurca—mesofurca iFm s13 vim 38 22 11-3
furca—Cx anterior F.CmA s-cx 5
furca—Cx posterior F.CmP s-cx 2 11-26?
“BA”—sternum BA.SmS TSml p-s 12 33 11-8
“BA”—sternum BA.Sml TSm2 p-s 12 34 11-9
notum—pleurum BA.Pm TPm3 p4,tp4 tpm 47 30 1I-10
BA—coxa BA.Cm TCxm5 t-cx 4 cpm 51 31 1I-18
BA-trochanter BA.Trm TTrm2 p-tr2 cpm 50 -
SA—furcasternum SA.Sm TSm3 t-s 5 26 I1-5
SA—furca SA.Fm TSm4 t-s 4 27 11-20
SA—coxa SA.Cm TCxm6/7 t-cx 8 cpm 53 41 11-22/11-23
posterior SA—pleurum — — t-p 16 ppm 56 — —
1Ax—pleurum Ax.Pml TPm4 t-p 11 — —
1Ax—furca Ax.Fm TSm5 t-s 3 28 1I-17
3Ax—epimeron Ax.PmS TPm5 t-p 14 32 11-22a
3Ax—episternum t-p 13 tpm 48
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1970, 1974; Granp1 1947; KLuce 1994, 2004; KukaLovA-PEck
1983, 1985; MaTtsupa 1956) it necessitates simplification. There-
fore, the wing base sclerites of Ephemeroptera are named first,
second, third and fifth sclerite (s1, s2, s3 and s5). Their homolo-
gy will be discussed later.

In this work the terminology of the wing base sclerites of
Odonata follows AsaHINA (1954). The terminology of the wing
veins follows RiEk & KukaLova-Peck (1984). The numbers and
the terminology of the odonatan muscles follow AsAHINA
(1954). The parenthesised numbers refer to the metathoracic
muscles.

The arrangement of the mayfly musculature in the descrip-
tions (and in Tabs. 1, 3) is as follows: Dorsal muscles (dorsal
longitudinal, tergal muscles) — dorso-ventral muscles (tergo-
pleural muscles) — pleural muscles — ventral muscles — direct
flight muscles. The musculature of Odonata is described in as-
cending order (muscle 21 to muscle 41) with the terminology
following AsaHINA (1954). The stonefly muscles are arranged
according to Zwick (1973): Dorsal muscles (dorsal longitudinal
muscles) — dorso-ventral muscles (tergo-sternal muscles, tergo-
coxal muscles) — pleural muscles (tergo-pleural muscles, pleuro-
coxal muscles, direct flight muscles).

Unless otherwise noted, the head is directed to the top in
figures in dorsal view, and to the left in figures in lateral view.

The total length of the specimens is measured from the ante-
rior margin of the head (without antennae) to the end of the ab-
domen (without cerci).

Abbreviations

A anal vein

Al anterior anal vein

ab anal brace

AEM anepimeron

AES anepisternum

ALSC antero-lateral scutal costa

ANi anteronotal transverse impression

ANP anterior notal wing process

ANp anteronotal protuberance

AN.Pm anteronoto-pleural muscle

ASA anterior subalar apodeme

AST abdominal sternite |

Ax axillary sclerite (1Ax, 2Ax, 3Ax = first, second,
third axillary sclerite)

AxC axillary cord

Ax.Fm axillar-furcal muscle

axp axillary plate (Odonata)

Ax.Pml inferior axillar-pleural muscle

Ax.PmS superior axillar-pleural muscle

BA basalare

BA.Cm basalar-coxal muscle

ban basanale

BA.Pm basalar-pleural muscle

BA.Sml inferior basalar-sternal muscle

BA.SmS superior basalar-sternal muscle

BA.Trm basalar-trochanteral muscle

BP basal plate

BPp ventral process of basal plate

BS basisternum

BSc basisubcostale

C costal vein

cb costal brace

Cu cubital vein

CuA anterior cubital vein

CuP sector of the cubital vein

Cx coxa (Cx II = coxa of mesothorax; Cx III = coxa of

metathorax)

Cx.Cxm
DMP

MLs
MNP
MNs
MP
MPs
MTm
PAB
P.Cm
PCxsA
PCxsP
PES
PLs
PLsI
PLsS
PMP
PNP
PRS
PSA
PSL.Cm
PSp
PST
PTrm
PWP
R

Rs
RSSs

S

sl, s2,83,s5
S III
SA
SA.Cm
SA.Fm
SAs
SA.Sm
Sc
S.CmA
S.CmP
Sct
S.ESm
SL
SLS
S.LPNm
SrA
SrA.Pm
S.Trm
T

Tn

coxo-coxal muscle

distal median plate
epimeron

episternum

furca

anterior furco-coxal muscle
posterior furco-coxal muscle
furcal muscle

furcasternum

wing pad of the mesothorax
humeral plate

humeral plate (Odonata)
wing pad of the metathorax
intersegmental furcal muscle
katepimeron

katepisternum
lateropostnotum
lateropostnotal crest
lateroparapsidal suture
anterior medial vein

median longitudinal suture
median notal wing process
mesonotal suture

posterior medial vein
medioparapsidal suture
median tergal muscle
prealar bridge

pleuro-coxal muscle
anterior paracoxal suture
posterior paracoxal suture
preepisternum

pleural suture

inferior pleural suture
superior pleural suture
proximal median plate
posterior notal wing process
prescutum

posterior subalar apodeme
parascutello-coxal muscle
posterior scutal protuberance
presternite
pleuro-trochanteral muscle
pleural wing process
(anterior) radial vein

radial sector

recurrent scuto-scutellar suture
spiracle

wing base sclerites 1-3, 5

sternum III (sternum of the metathorax)

subalare

subalar-coxal muscle
subalar-furcal muscle
subalar suture
subalar-sternal muscle
subcostal vein

anterior scuto-coxal muscle
posterior scuto-coxal muscle
scutum

scuto-episternal muscle
scutellum

sublateroscutum
scuto-lateropostnotal muscle
suralare

suralar-pleural muscle
scuto-trochanteral muscle
tegula

trochantinus

209



210 STUTTGARTER BEITRAGE ZUR NATURKUNDE A

3 Results

3.1 General Remarks

In the following, descriptions of pleurum, tergum and
muscles of the pterothorax of three species of
Ephemeroptera and one species of Odonata are given
exemplarily. Additionally, the morphology of tergum and
pleurum of the pterothorax of Pteronarcys and the muscles
of Brachyptera (Plecoptera) are described.

Siphlonurus aestivalis (Siphlonuridae), as a rather pri-
mordial mayfly (KLUGE et al. 1995) shows plesiomorphic
conditions in several respects, whereas Baetis sp. (Baeti-
dae), even though also rather primitive among the Ephe-
meroptera with respect to other morphological features, is
characterised by very short and rudimentary hind wings.
Ephoron virgo (Polymitarcyidae) is an example for a more
specialised ephemeropteran taxon, which is characterised
by horizontal nuptial dances (Brobsky 1973, FISCHER
1991).

These investigations are supplemented by a descrip-
tion of a late larva of Baetis sp. Additionally, the flight
muscles of Sympetrum cf. striolatum (Libellulidae) are
described as an example of Odonata. Pteronarcys reticu-
lata (Plecoptera) is a subordinate species among Pteronar-
cyidae but rather basal among Systellognatha. Brachyptera
seticornis (Taeniopterygidae) is a basal taxon among
Nemouroidea and the remaining Euholognatha.

3.2 Ephemeroptera
3.2.1 General Remarks

The mesothorax of subimaginal and imaginal
Ephemeroptera is always larger and more developed than
the metathorax. The sutures and sclerites are more dis-
tinct, the wings are larger and the flight muscles are much
stronger in the mesothorax when compared to the metatho-
rax. The pleurum in Ephemeroptera is less robust than in
Plecoptera and other Pterygota because the sclerites are
well separated by comparatively large membranous
areas.

The hind wings are only about half as long as the fore
wings and, in flight, they are often coupled with the fore
wings. As a consequence, the metathorax is comparatively
short and most of the muscles are considerably smaller
than the muscles of the mesothorax. The basalare and the
subalare, the fulcrum and most sutures are inconspicuous
in the metathorax. In the mesothorax, however, they are all
well developed.

Even though the hind and fore wings are coupled in
flight, the direct flight muscles are present in the mesotho-
rax and in the metathorax, although they are compara-
tively smaller in the metathorax.

The diminished size of the metathorax brings about the
shortening of the tergal elements, especially of the scutum.

Neue Serie 1

The sutures, concavities and convexities that are distinct
in the mesotergum are missing in the metatergum.

The superior axillar-pleural muscle (Ax.PmS) running
from the third wing base sclerite to the pleurum is visible
only if the specimen is dissected with the wings held
down.

3.2.2 Siphlonurus aestivalis, winged stages
(Figs. 1-25) (n=4)

Measurements

Total length: 15.8 mm (&), 22 mm (Q). — Length of mesotho-
rax: 4.2mm. — Length of mesothoracic wing: 14.7mm (&),
20.8 mm (Q). — Width of mesothoracic wing: 5mm (&), 7.5 mm
(9). — Length of metathorax: 1.35 mm. — Length of metathoracic
wing: 6.6mm (3), 10.25mm (Q). — Width of metathoracic wing
(measured at the tornus): 3.3mm (3), 4.8mm (9). — Height of
mesothorax: 4.2mm (2.1mm belong to MTm). — Height of
metathorax: 2.38 mm.

External morphology of the mesonotum

The tergum is subdivided into the notum and postno-
tum. The notum is subdivided into the prescutum, scutum
and scutellum (SL; Figs. 1, 3, 12). The narrow acrotergite
and the anterior phragma at the front of the mesonotum
separate the prothorax from the mesothorax.

The narrow prescutum has conspicuous lateral arms,
which form the prealar bridge (PAB; Figs. 4, 5). The pre-
alar bridge of the mesothorax is subdivided into three arcs.
The dorsal arc is extended ventrally and is connected to
the ventral arc. The posterior arc is long and ends next to
the sclerite where the basalar-pleural muscle is attached
(BA.Pm sensu KiLuGe 1994). The large scutum, posterior
to the prescutum, is divided into several concave and con-
vex areas that also serve as the attachment points of the
dorso-ventral muscles. The anterior convexity is the
anteronotal protuberance (ANp; Fig. 1), which posteriorly
ends in the anteronotal impression (ANi; Fig. 1). The
prominent and paired posterior scutal protuberances (PSp;
Figs. 1-3, 12) are the dorsal attachments of the scuto-
lateropostnotal muscles (S.LPNm; Figs. 15, 16). Postero-
medial to the PSp lies the scutellum (SL; Figs. 1-3, 12).
The lateral parts of the scutellum are well developed.

The median longitudinal suture (MLs; Figs. 1-3) is
clearly visible from the anterior part of the scutum (from
the ANi) and it obliterates towards the posterior third of
the scutum, well before the PSp. The medioparapsidal su-
tures (MPs; Figs. 1-3) lateral to the MLs are rather incon-
spicuous. The lateroparapsidal sutures (LPs; Figs. 1-3) are
located lateral to the MPs. They are conspicuous sutures
in S. aestivalis and disappear at their postero-dorsal end.
The conspicuous antero-lateral scutal costa (ALSC; Fig. 1)
is located anterior to the lateroparapsidal sutures.

The mesonotal suture (MNs; Figs. 1-3, 8) proceeds
across the anterior fourth of the scutum. It is a distinct
suture with a carinate anterior rim.
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Fig. 1. Siphlonurus aestivalis, @ imago, mesotergum. — Scale:
I mm.

Siphlonurus aestivalis has conspicuous anterior and
posterior notal wing processes (ANP, PNP; Figs. 2, 3). The
anterior notal wing process is long and narrow and is lo-
cated in direct proximity of the first free wing base scler-
ite (sl; Figs. 2, 3). The posterior notal wing process is a
little less distinct than the anterior one and articulates with
the third free wing base sclerite (s3; Figs. 2, 3).

The tegula (T; Figs. 2, 8, 12) is a well separated scler-
ite, which is located at the anterior base of the wing. Usu-
ally, it lacks setae in the imago, but in some male imagines
it is sparsely covered with short setae.

Between the tegula and the tergum there are two scler-
ites. The anterior sclerite is connected to the crescent-
shaped sclerite (BA; Figs. 4-8). It is the dorsal point of
attachment of the basalar-pleural muscle (BA.Pm sensu
KruGe 1994; Figs. 18, 19). The posterior sclerite is the dor-
sal point of attachment of the basalar-coxal muscle
(BA.Cm sensu KLuGe 1994; Figs. 17-19). The slightly tri-

angular humeral plate (HP; Fig. 8) is distinct in the fore
wing. Its anterior tip is well sclerotised.

The basal plate (BP; Figs. 2, 3) is a very prominent
structure in the wing base. It is sclerotised in both dorsal
and ventral layer of the wing membrane. The subcostal
vein originates on the antero-ventral side of the basal
plate. The radial vein originates almost centrally on the
dorsal side of the basal plate. The main part of the BP re-
sembles a convex hemisphere as seen from above. Its
postero-medial part is, however, concave with a distinct
and well sclerotised posterior edge, which articulates with
the s3. The basal part of the BP is flat and anteriorly ta-
pers off into a ventral process (BPp; Fig. 7). This process
articulates with the pleural wing process (PWP;
Figs. 4-8).

In addition to the basal plate, there are three more
sclerites in the wing base. The first free sclerite (sl;
Figs. 2, 3) lies distal to the ANP. It articulates distally with
the second free wing base sclerite (s2; Figs. 2, 3). The first
free sclerite is triangular in shape and narrow. It is only
sclerotised in the dorsal layer of the wing membrane. The
second free wing base sclerite (s2; Figs. 2, 3) is a distinct,
and large sclerite, which is also only sclerotised in the
dorsal layer of the wing membrane. The articulation point
with the sl is well sclerotised. The proximal part of s2 is
bent inwards. The s2 articulates distally with the basal
plate and posteriorly with the third free wing base sclerite
(s3; Figs. 2, 3).

The third free wing base sclerite (s3) is a large sclerite,
which is not easily distinguishable from the basanale (ban;
Fig. 3). It is sclerotised in the dorsal as well as in the ven-
tral layer of the wing membrane. The antero-lateral ridge
of the s3 is connected to the posterior rim of the basal
plate. The proximal part of s3 articulates with the posterior
notal wing process (PNP). Ventrally, the s3 is connected to
the subalare (SA; Figs. 5, 10). A fifth, slightly crescent-
shaped sclerite is present in the mesothorax (s5, not pic-
tured, compare Fig. 86), which is associated with the
scutum between the ANP and PNP.

The wing veins are not directly connected to the wing
base sclerites. The s2 is connected to the subcostal vein
(Sc; Fig. 3) via the anterior point of the basal plate. The s3
is connected to the anal veins (A; Fig. 3) via the basanale
and the anal brace (ab; Figs. 2, 3).

The prominent costal brace (cb; Figs. 2, 3) at the ante-
rior wing base stretches between the costal vein and the
anterior radial vein. The costal brace tapers off into a fold,
which ends anterior to the BP. In addition, the costal brace
is weakly connected to the subcostal vein, near the con-
nection to the radial vein. The proximal (or posterior) arc
of the anal brace (ab; Fig. 2) is conspicuous and the distal
(or anterior) arc is rather less distinct. The basanale is well
sclerotised and distinct in the wing base of Siphlonurus
aestivalis.
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Figs. 2-3. Siphlonurus aestivalis, Q imago, right fore wing. — Scales: 1 mm.
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The radial sector (Rs) is basally fused to the anterior
medial vein (MA). The anterior medial vein (MA) and the
posterior medial vein (MP) are fused to each other at their
bases. The radial sector (Rs) branches off from the MA
distal to the MA-MP fork. The distinct anal brace is lo-
cated between the anterior radial vein and the sclerotised
basanale (ban).

The lateropostnotum (LPN, postalar bridge; Figs. 4, 5,
8), which is the ventral point of attachment of the scuto-
lateropostnotal muscle (S.LPNm; Figs. 15, 16), is distinct
and the lateropostnotal crest (LPNC; Fig. 8) is rather in-
conspicuous in Siphlonurus aestivalis.

External morphology of the mesopleurum
(Figs. 4-10, 13)

The most distinct sutures in the mesopleurum are the
pleural suture (PLs) and the anterior paracoxal suture
(PCxsA; Figs. 4, 5, 8). The pleural suture divides the pleu-
rum into the anterior episternum and the posterior epi-
meron. The pleural suture is divided into the upper or supe-
rior part (PLsS; Figs. 4, 5, 8) and the lower or inferior part
(PLsI; Figs. 4, 5, 8). The pleural suture runs almost verti-
cally and extends dorsally into the distinct pleural wing
process (PWP; Figs. 4-8). The externally visible condylus
of the PWP is rather small. The fulcrum articulates with
the ventral process of the basal plate (BPp; Figs. 7, 8). Ven-
trally, the pleural suture ends at the point where the coxa
articulates with the pleurum, the coxo-pleural joint.

The second distinct suture, i. e. the paracoxal suture, is
subdivided into the anterior paracoxal suture (PCxsA) and
the posterior paracoxal suture (PCxsP; Figs. 5, 8). The
anterior suture (PCxsA) is conspicuous, while the poste-
rior suture (PCxsP) is rather inconspicuous. The PCxsA
divides the pleurum into a broad anepisternum (AES;
Figs. 4, 5, 8) and a narrow katepisternum (KES; Figs. 4, 5,
8). The PCxsP is more distinct in male specimens than in
female ones. It divides the dorsal anepimeron (AEM;
Fig. 5) from the ventral katepimeron (KEM; Fig. 5).

The basalare (BA; Figs. 4-8) is located anterior to the
PWP at the anterior base of the wing. It is a crescent-
shaped sclerite, which merges posteriorly with the tegula
and dorsally with the tergum. Posterior to the PWP lies the
subalare (SA; Figs. 5, 10). It is a conspicuous element of
the mesopleurum. Its dorsal part is less sclerotised and
less pigmented than the ventral part. The latter is of trian-
gular shape. Its dorsal margin forms a distinct suture
(SAs; Fig. 8) that separates the dorsal and ventral part of
the subalare from each other. The posterior end of the ven-
tral sclerite forms the large posterior subalar apodeme
(PSA; Figs. 4-8). The small anterior subalar apodeme
(ASA; Figs. 4-8) is mainly formed by the anterior end of
the dorsal subalare. The posterior subalar apodeme and
the ventral sclerite of the SA is the area of insertion of the
subalar-sternal muscle (SA.Sm; Figs. 14—16). The anterior

margin of the dorsal subalare is well sclerotised. The ASA
is the insertion point of the subalar-coxal muscle (SA.Cm;
Figs. 18, 19).

Muscles of the mesothorax
Dorsal muscles

MTm: The median tergal muscle (Fig. 14) is anteriorly at-
tached to the first phragma and the anterior part of the
scutum and runs to the posterior (or second) phragma.
It is almost half the height of the mesothorax. The con-
traction of MTm results in downwards movement of
the wings.

t13: The second dorsal longitudinal muscle (Figs. 14-17)
is anteriorly attached to the scuto-scutellar impression
and runs to the scutellum. It is a very small and flat
muscle, lying posterior to MTm. It consists of only a
few fibres.

S.LPNm: The scuto-lateropostnotal muscle (Figs. 15, 16)
is attached to the posterior part of the scutum (PSp)
and runs in almost vertical direction to the latero-
ventral part of the phragma — the lateropostnotum
(LPN). Ventrally the muscle is a little wider than dor-
sally. S.LPNm lies slightly lateral to MTm.

Dorso-ventral muscles

S.ESm: The scuto-episternal muscle (Fig. 15) is dorsally
attached to the anterior part of the scutum and extends
to the ventral part of the episternum. It is a large mus-
cle lying lateral to MTm. It is dorsally wider than ven-
trally. The dorsal area of attachment is a little less than
one third of the length of the mesothorax. S.ESm is the
main antagonist to MTm.

S.CmA: The anterior scuto-coxal muscle (Figs. 15, 16) is
dorsally attached to the lateroparapsidal suture and
proceeds to the anterior rim of the coxa. It lies postero-
lateral to the S.ESm.

S.CmP: The posterior scuto-coxal muscle (Figs. 16, 17)
runs from the posterior part of the scutum (anterior
part of the posterior scutal protuberance, PSp) to the
posterior rim of the coxa. S.CmP is located postero-
lateral and in close proximity to S.CmA. This muscle
is roughly similar in size as the S.CmA.

S.Trm: The scuto-trochanteral muscle (Figs. 17, 18) is
dorsally attached to the sublateroscutum (SLS; Fig. 2)
and proceeds to the trochanter. It is a flat muscle,
which is thinner than the S.CmA and the S.CmP and
lies lateral to the latter.

PSL.Cm: The parascutello-coxal muscle (Fig. 18) extends
from the antero-lateral part of the scutellum, the para-
scutellum, to the postero-lateral rim of the coxa. The
ventral point of attachment lies besides the ventral
point of attachment of the subalar-coxal muscle. The
PSL.Cm is a flat and slender muscle, which lies lateral
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Figs. 4-7. Siphlonurus aestivalis, @ (4, 6) and & (5, 7) imago. — 4-5. Pleurum of meso- and metathorax. 6—7. Mesopleurum, upper
area. — m = ventral attachment of BA.Pm; m” = ventral attachment of Ax.PmS. — Scales: 1 mm.
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Figs. 8—11. Siphlonurus aestivalis, 3 (8-10) and @ (11) imago. — 8-9. Mesopleurum (grey areas sclerotised). 10. SA of the mesopleu-
rum (Ax.PmS and s3 shine through the SA). 11. Mesothorax, internal view, dorsal attachment of BA.Cm and Ax.Pml. — Scale:
1 mm.
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Fig. 12. Siphlonurus aestivalis, Q imago, left fore wing base and
attachment points of BA.Pm and BA.Cm. — Scale: 1 mm.

to S.LPNm. The dorsal part of this muscle is slender
but robust (wider than in most other Ephemeroptera)
and is ventrally attached to the coxal rim via a long,
probably epidermal tendon.

AN.Pm: The anteronoto-pleural muscle (Figs. 16, 17) is
dorsally attached to the antero-lateral part of the
scutum and extends to the dorsal part of the anterior
paracoxal suture. It is a flat but distinct and relatively
robust muscle (more distinct than in other Ephemero-
ptera, e.g. Habroleptoides confusa). AN.Pm lies ante-
rior to SrA.Pm and medial to the basalar-sternal mus-
cles (BA.SmS, BA.Sml).

SrA.Pm: The suralar-pleural muscle (Figs. 16—18) is dor-
sally attached to the suralare (SrA; Fig. 2), which in-
cludes the anterior notal wing process. Ventrally, it is
attached to the paracoxal suture (below the posterior
pleural suture). In some specimens the ventral point of
attachment is somewhat antero-dorsal: In this case, the
muscle is ventrally attached to the dorsal part of the
AES. The SrA.Pm is a flat muscle consisting of only a
few fibres.

STUTTGARTER BEITRAGE ZUR NATURKUNDE A
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Fig. 13. Siphlonurus aestivalis, & imago, metapleurum. — Scale:
1 mm.

Pleural muscles

P.Cm: The pleuro-coxal muscle (Figs. 17-19) runs from
the anterior paracoxal suture to the anterior coxal rim.
It is a short muscle, which is oval in cross section.

P.Trm: The pleuro-trochanteral muscle (Figs. 17-19) is
dorsally attached to the anterior paracoxal suture and
ventrally to the trochanter. It is a slender muscle lying
direct posterior to P.Cm. P.Trm is almost round in cross
section.

Ventral muscles

iFm: The intersegmental furcal muscle (Fig. 14) runs from
the posterior side of the profurca to the anterior side of
the mesofurca. It is a flat but distinct muscle.

Fm: The furcal muscle (Figs. 14—16) runs from the medial
side of the right sternal apophysis (right furca) to the
medial side of the left sternal apophysis (left furca).

F.CmP: The posterior furco-coxal muscle (Figs. 18, 19) is
a flat muscle running from the posterior side of the
furca to the coxal rim (next to the coxo-pleural articu-
lation and the ventral attachment of the BA.Cm).

Direct flight muscles

BA.SmS: The superior basalar-sternal muscle (Figs. 14—
19) is dorsally attached to the crescent-shaped basalare
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Figs. 14-15. Siphlonurus aestivalis, 9 imago, musculature of the right half of the mesothorax at progressive stages of dissection,
starting with median muscles (14) and progressively proceeding to the most lateral muscles (see Fig. 19). — Scale: 1 mm.
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S.CmA S.CmP

sy

SrA.Pm
S

MN

SA.Sm

LPs S.Trm g cmp {13

AN.Pm

PSA

P.Trm

Figs. 16—17. Siphlonurus aestivalis, Q@ imago, musculature of the right half of the mesothorax at progressive stages of dissection (see
legend to Figs. 14—15). — Scale: 1 mm.
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BA.Cm LPs
BA Pm S.Trm

SrA.Pm PSL.Cm

PSA

PTm  Fcmp
BA.Cm Ax.Pml  saCm

Figs. 18-19. Siphlonurus aestivalis,  imago, musculature of the right half of the mesothorax at progressive stages of dissection (see
legend to Figs. 14—15). — Scale: 1 mm.
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Figs. 20-25. Siphlonurus aestivalis, 9 imago, musculature of the right half of the metathorax at progressive stages of dissection,
starting with median muscles (20) and progressively proceeding to the most lateral muscles (Fig. 25). — Scale: 1 mm.
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and runs to the profurca or directly posterior to it. The
superior basalar-sternal muscle is considerably larger
than the very small inferior one.

BA.Sml: The inferior basalar-sternal muscle (Figs. 16—19)
runs from the ventral part of the crescent-shaped bas-
alare to the presternite (PST, compare Fig. 48). It is
much smaller than the BA.SmS (only about one quar-
ter of its size).

BA.Pm: The basalar-pleural muscle (Figs. 18, 19) is a
short but robust muscle running from a sclerite, lying
in-between the tegula and the tergum, to the pleurum
— anterior to the PWP.

BA.Cm: The basalar-coxal muscle (Figs. 17-19) is dor-
sally attached to a sclerite, lying antero-medial to sl. It
proceeds to the coxal rim (adjacent to the coxo-pleural
joint). BA.Cm is located antero-lateral to SrA.Pm.

SA.Sm: The subalar-sternal muscle (Figs. 14—17) is dor-
sally attached to the ventral part of the subalare and to
the posterior subalar apodeme (PSA). It extends to the
furcasternum. It is the largest subalar muscle, ventrally
slightly wider than dorsally and located posterior to
S.CmP.

SA.Fm: The subalar-furcal muscle (Fig. 18) is a very slen-
der muscle running from the posterior subalar apodeme
(PSA) to the furca. It is located anterior to SA.Sm.

SA.Cm: The subalar-coxal muscle (Figs. 18, 19) is dor-
sally attached to the anterior part of the subalare, i.e.
the anterior subalar apodeme (ASA). The SA.Cm con-
sists of two parts. The first part is more compact and
runs to the latero-posterior part of the coxal rim (near
the coxo-pleural joint). The second part, which lies
lateral to the first part, is rather flat and runs to the
posterior rim of the coxa. The insertion as well as the
origin of the second part is wide. SA.Cm is located
anterior to SA.Sm.

Ax.Fm: The axillar-furcal muscle (not pictured, compare
Figs. 53, 119-122: t-s 3) is a very slender muscle run-
ning from the proximal apodeme of the second wing
base sclerite (s2) to the tip of the furca.

Ax.Pml: The (inferior) axillar-pleural muscle (Fig. 19)
runs from the ventral side of the proximal apodeme of
the second wing base sclerite (s2) to the pleural ridge.
Both the Ax.Fm and the Ax.Pml are slender but robust
muscles that are distinct in the mesothorax.

Ax.PmS: The (superior) axillar-pleural muscle (not pic-
tured, compare Figs. 54, 55) is a short but robust mus-
cle running from the third wing base sclerite (s3) to the
anterior part of the subalare.

Cx.Cxm: The coxo-coxal muscle (Figs. 14—16) is present.
It stretches from the antero-lateral interior area of the
right coxa to the antero-lateral interior area of the left
coxa. The muscle is located anterior to the furco-furcal
muscle (Fm) and is about two to three times as large as
the Fm.

External morphology of the metanotum

The metanotum is rather flat. Its sutures are more or
less reduced in comparison to the mesonotum. The scutum
and the scutellum (SL) are short and approximately equal
in length. The posterior scutal protuberances (PSp) are
visible. Posterior to the PSp is the scutellum; its dorsal and
lateral parts (scutellum, SL, and parascutellum, PSL) are
distinct.

The median longitudinal suture (MLs) is indistinct and
just visible at the anterior part of the scutum.

The elements of the metathoracic wing base are par-
tially reduced. The anterior and the posterior notal wing
processes (ANP, PNP) are distinct in the metanotum. The
PNP articulates with the third free wing base sclerite (s3).
The tegula is located at the anterior part of the wing base,
between the tergum and the humeral plate (HP); it is dis-
cernible even in the hind wing. The humeral plate (HP) is
located distal to the tegula; it is conspicuous in the metatho-
rax but T and HP are rather membranous and soft.

The major part of the basal plate (BP) is clearly convex
and distinct. Its proximal area is flat and clearly distin-
guishable from the convex area of the basal plate.

The first free (anterior) wing base sclerite (s1) is miss-
ing. The second free wing base sclerite (s2) is conspicuous
and broad (roughly like the mesothoracic s2). It has a dis-
tinct proximal process, which is slightly bent inwards. The
third free wing base sclerite (s3) is, like the second scler-
ite, discernible in the metathoracic wing base.

The basanale of the hind wing is hard to distinguish
from s3. The costal brace (cb) at the anterior part of the
wing is conspicuous. The anterior part of the anal brace
(ab) is arched and rather indistinct. The proximal (or pos-
terior) arc of the anal brace is conspicuous. The distal (or
anterior) arc of the anal brace is rather indistinct. The dis-
tinct subcostal vein (Sc) originates at the antero-ventral
part of the basal plate. The anterior radial vein originates
at the antero-dorsal part of the basal plate. The base of the
anterior medial vein (MA) is located directly posterior to
the anterior radial vein and it is discernable almost to the
basal plate.

The lateropostnotum (LPN) is developed as a distinct
convex area (similar to the mesothorax).

External morphology of the metapleurum

The anterior paracoxal suture (PCxsA; Fig. 13) is the
most conspicuous suture in the metapleurum. It divides
the narrow anepisternum (AES) from the much wider
katepisternum (KES; Fig. 13). The posterior paracoxal
suture (PCxsP) is indistinct in the metapleurum. A further
conspicuous suture is the pleural suture (PLsS, PLsI;
Figs. 5, 13). It divides the wider episternum (ES; Figs. 4, 5)
from the narrow epimeron. Dorsally the PLsS extends into
the distinct pleural wing process (PWP; Fig. 13). The basal
part of the subcostal vein (BSc; Fig. 13) is also distinct.
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A basalare (BA) is not visible. The dorsal part of the
subalare (SA, not pictured) is partly noticeable as a narrow
sclerite, while the ventral part is inconspicuous.

Muscles of the metathorax
Dorsal muscles

MTm: The median tergal muscle (Figs. 20, 21) stretches
between the two phragmata. It is a very large muscle in
relation to the size of the metathorax.

t13: The second dorsal muscle (Fig. 21) runs from the no-
tum (in-between the scutum and the scutellum, lateral
to the MLs) to the dorsal part of the phragma between
the metathorax and the abdomen. The muscle is small,
flat and consists of only a few fibres, though it is
approximately equal in size to t13 of the mesothorax.

S.LPNm: The scuto-lateropostnotal muscle (Figs. 22, 23)
runs from the posterior part of the scutum to the small
lateropostnotum. It is a relatively large muscle compa-
rable in size to that of the mesothorax. The ventral
point of attachment is wider than the dorsal one.

Dorso-ventral muscles

S.ESm: The scuto-episternal muscle (Figs. 20-23) runs
from the antero-median part of the triangular scutum
to the episternum. It is a large muscle in the metatho-
rax.

S.CmA: The anterior scuto-coxal muscle (Figs. 20-23) is
dorsally attached to the scutum — postero-lateral to the
dorsal point of attachment of the S.ESm and runs to the
anterior coxal rim. It is a large muscle, which is only
slightly smaller than S.ESm.

S.CmP: The posterior scuto-coxal muscle (Figs. 20-23)
runs from the scutum (posterior to the S.CmA) to the
posterior coxal rim. The S.CmP is smaller and more
slender than the S.CmA.

S.Trm: The scuto-trochanteral muscle (Figs. 20-24) is
dorsally attached to the lateral part of the scutum (lat-
eral to S.CmA and S.CmP, proximal to the BP of the
wing base and at the same level). Ventrally, the muscle
is attached to the antero-medial area of the trochanter.
S.Trm is almost half the size of S.ESm.

PSL.Cm: The parascutello-coxal muscle (Figs. 22, 23)
runs from the anterior part of the scutellum to the
postero-lateral part of the coxal rim. The dorsal half of
PSL.Cm is broad. The muscle is ventrally attached to
the coxal rim via a tendon. It is a comparably large
metathoracic muscle, which is as large if not larger
than its mesothoracic equivalent.

AN.Pm: The anteronoto-pleural muscle (not pictured) is
dorsally attached to the antero-lateral part of the no-
tum and extends to the dorsal part of the anterior para-
coxal suture just dorsally of the PTrm. It is a flat and
wide but distinct and relatively robust muscle.

Neue Serie 1

SrA.Pm: The suralar-pleural muscle (Figs. 24, 25) is
dorsally attached to the lateral part of the scutum and
runs to the dorsal part of the anterior paracoxal suture.
It is a very slender muscle consisting of only a few fi-
bres.

Pleural muscles

P.Cm: The pleuro-coxal muscle (Figs. 23-25) is stretched
between the anterior paracoxal suture (PCxsA) and the
anterior rim of the coxa. The muscle seems to consist
of two parts and it is rather flat but broad.

P.Trm: The pleuro-trochanteral muscle (Figs. 24, 25) runs
from the PCxsA to the trochanter and is almost round
in cross section.

Ventral muscles

Fm: The furcal muscle (Fig. 20) runs from the medial side
of the right sternal apophysis (right furca) to the me-
dial side of the left sternal apophysis (left furca). It is a
flat muscle.

F.CmP: The flat posterior furco-coxal muscle (Figs. 24,
25) runs from the furca to the coxal rim, where the
BA.Cm is attached to the coxo-pleural joint.

Direct flight muscles

BA.SmS: The superior basalar-sternal muscle (not pic-
tured) is diminished. It is a short and flat muscle run-
ning from the anterior part of the wing base to the
membrane just posterior and above the stigma.

BA.Sml: The inferior basalar-sternal muscle is absent in
the metathorax.

BA.Cm: The basalar-coxal muscle (Fig. 25) is dorsally at-
tached to a small sclerite in the membrane (just as in
the fore wing) and is ventrally attached to the coxal rim
(near the coxo-pleural joint). It is a large, robust and
distinct muscle.

BA.Pm: The basalar-pleural muscle (not pictured) is dor-
sally attached to a distinct triangular sclerite (anterior
to s2) and runs posteriorly to the pleurum, anterior to
the pleural suture. It is a robust and short muscle.

SA.Cm, SA.Sm, SA.Fm: The subalare is small in the
metathorax and its apodemes are inconspicuous exter-
nally. Furthermore, the anterior basisternum and the
posterior furcasternum are inconspicuous and the first
abdominal sternite is located shortly posterior to the
metacoxa. The subalar muscles are small and not as
conspicuous as in the mesothorax. Two muscles are
distinguishable: The first one (SA.Cm; Fig. 25) is dor-
sally attached to the anterior section of the subalare
and is ventrally attached to the coxal rim. It is a flat but
relatively broad muscle. Posterior to the SA.Cm is the
dorsal point of attachment of the second, slender part
(SA.Sm, SA.Fm; Figs. 23, 24). It is ventrally attached
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to the posterior rim of the coxa and a few fibres are at-
tached to the tip of the furca.

Ax.Fm: The axillar-furcal muscle (Figs. 24, 25) is a very
slender muscle running from the process of the s2 to
the tip of the furca. It is almost as large as the Ax.Fm
of the mesothorax.

Ax.Pml: The inferior axillar-pleural muscle (not pictured)
is dorsally attached to the process of s2 (anterior to the
Ax.Fm) and runs to the pleural suture. It is a slender
muscle consisting of only a few fibres.

Ax.PmS: The superior axillar-pleural muscle (not pic-
tured) is a short but robust muscle running from s3 to
the pleurum (posterior to the PWP).

Cx.Cxm: The coxo-coxal muscle (not pictured) is present
in the metathorax and runs from the anterior rim of the
left coxa to the anterior rim of the right coxa.

3.2.3 Baetis sp., winged stages
(Figs. 26-37) (n = 13)

Measurements (of the described @ specimen)
Total length: 6.25mm. — Length of mesothorax: 1.5mm. —
Length of metathorax: 0.65 mm. — Height of mesothorax: 1.5 mm
(0.9 mm belong to MTm). — Height of metathorax: 1 mm.

External morphology of the mesonotum

The anteronotal protuberance (ANp; Fig. 26) and the
impression (ANi; Fig. 26) posterior to it are distinct. Ante-
rior to the scutellum are the prominent paired posterior
scutal protuberances (PSp; Fig. 26), which are approxi-
mately in the centre of the scutum. The PSp are longish
rather than circular. The scutellum (SL; Fig. 26) and its
lateral parts are distinct.

The median longitudinal suture (MLs; Fig. 26) is con-
spicuous in the centre part of the scutum. It disappears
anteriorly next to the ANi and ANp and posteriorly next to
the SL. The medioparapsidal sutures (MPs; Fig. 26) are at
least as distinct as the MLs and converge posteriorly. Lat-
eral to the MPs run the distinct lateroparapsidal sutures
(LPs; Figs. 26-29), which are also posteriorly convergent.
The conspicuous antero-lateral scutal costa (ALSC;
Fig. 26) is located at the antero-lateral part of the scutum.
The mesonotal suture (MNs) is not visible.

The anterior and the posterior notal wing processes
(ANP, PNP; Figs. 27-29) of the wing base are distinct.
Nevertheless, the ANP is rather short while the PNP is
conspicuous. The tegula (T; Figs. 27, 29, 33) at the ante-
rior wing base is densely covered with short setae in
subimagines, whereas in adults there are distinctly less
setae.

At the anterior base of the wing, a two armed sclerite is
visible, which is connected to the crescent-shaped sclerite
(BA; Figs. 30-33). The anterior branch lies medial to the
tegula and the posterior branch lies anterior to the first

free wing base sclerite (s1; Figs. 27-29). The basalar-pleu-
ral muscle (BA.Pm, not pictured) is attached to the ante-
rior part of the sclerite, while the basalar-coxal muscle
(BA.Cm, not pictured) attaches to the posterior part of the
sclerite.

The basal plate (BP; Figs. 27-29) of the wing base is
convex, but in several specimens this was not as distinct as
in other Ephemeroptera. The proximal base of the basal
plate is clearly demarcated and has a process anteriorly
and also a conspicuous process posteriorly. The proximal
process is the dorsal attachment point of the axillar-furcal
muscle (Ax.Fm, not pictured). The first free wing base
sclerite (s1; Figs. 27-29) is a rather large triangular scler-
ite, which is sclerotised only in the dorsal layer of the wing
membrane. It articulates with the ANP proximally. No
muscle is attached to it. The second free wing base sclerite
(s2, not pictured) seems to be diminished in size. The third
free wing base sclerite (s3; Figs. 27-29) articulates with
the basal plate anteriorly and with the PNP posteriorly. A
muscle is attached to the proximal part of this conspicuous
sclerite, and this muscle runs to the pleurum posterior to
the PWP. The distinct basanale (ban; Fig. 29) posterior to
the s3 is sclerotised.

Most of the wing veins disappear at the wing base.
However, the costal vein, the subcostal vein and the ante-
rior radial vein are conspicuous even at their bases. The
radial sector and the anterior medial vein converge at their
bases but are not distinctly connected. The sector of the
medial veins disappears at the base. The anterior cubital
vein and the anterior anal vein are discernable next to the
anal brace. Both the anal and the costal brace are con-
spicuous.

The lateropostnotum (LPN; Fig. 32) is rather small and
triangular in shape in the examined specimens.

External morphology of the mesopleurum

The three branches of the prealar arms are rather long.
The dorsal and the ventral arc are connected to each other
and the posterior arc reaches the anterior wing base at the
same level as the tegula but medial to it. The spiracle lies
in a large membranous area posterior to the prealar
bridge.

The distinct anterior paracoxal suture (PCxsA; Fig. 32)
separates the anepisternum (AES; Fig. 32) from the much
broader katepisternum (KES; Fig. 32). The posterior part
of the paracoxal suture (PCxsP; Fig. 32) is conspicuous in
the mesothorax. It subdivides the upper anepimeron
(AEM) from the lower katepimeron (KEM). Both AEM
and KEM are narrow, though in several specimens the
AEM is slightly broader than the KEM.

The upper part of the pleural suture (PLsS; Fig. 32) is
distinct and runs obliquely forward. The pleural wing pro-
cess (PWP; Figs. 32, 33) at the upper end of the pleural
suture is small but clearly visible. The externally visible
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Figs. 26-27. Baetis sp. (SEM images), ¢ imago. —26. Mesothorax, dorsal view (head to the left). 27. Base of right fore wing. — SL ITI
= scutellum of the metathorax; p = posterior proximal process of the basal plate. — Scales: 0.1 mm.
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Figs. 28-29. Baetis sp. (SEM images), detail of the right fore wing base. — 28. Q imago. 29 @ subimago. — p = posterior proximal
process of the basal plate. — Scales: 0.1 mm.
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Figs. 30-31. Baetis sp., overview of the mesopleurum of Baetis
sp. — 30. & imago. 31. @ imago.

condylus of the PWP articulates with a ventral process of
the basal plate (BPp; Figs. 32, 33) of the wing base. In
some subimaginal specimens the upper part of the pleural
suture is not as distinct as its lower part, i.e. the inferior
pleural suture (PLsI; Fig. 32). The PLsl is conspicuous and
runs obliquely towards the back (downwards) to the point
where the coxa articulates with the pleurum.

Anterior to the PWP lies the basalare (BA; Figs. 30-33),
which is curved slightly forwards. The subalare (SA;
Figs. 31, 33) is located posterior to the PWP. The ventral
part of the subalare is narrow but clearly visible sclero-
tised, whereas the dorsal part is rather inconspicuous in
most of the examined specimens. Only the most anterior
part of the SA, next to the PWP, is clearly sclerotised; it is
a distinct and narrow sclerite. The subalar suture (SAs;
Figs. 30, 32, 33), at the anterior rim of the posterior part of
the subalare and the posterior apodeme (PSA; Figs. 30, 32,
33) are conspicuously developed. The anterior subalar

Figs. 32-33. Baetis sp. (SEM images), @ subimago. —
32. Mesopleurum 33. Mesopleurum, detail of upper area. — m =
ventral attachment of BA.Pm; m’ = attachment points of AN.Pm.
— Scales: 0.1 mm.

apodeme (ASA; Fig. 33) is rather inconspicuous and usu-
ally not visible from outside.

Muscles of the mesothorax
Dorsal muscles

MTm: The median tergal muscle (Figs. 35-37) runs from
the anterior to the middle phragma. It is a large muscle,
which encompasses at least one half of the height of the
mesothorax.
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Fig. 34. Baetis sp. (SEM image), 9 imago, mesosternum and metasternum, ventral view (head to the left). — Scale: 0.1 mm.

t13: It is absent in the mesothorax.

S.LPNm: The scuto-lateropostnotal muscle (Fig. 37) is
dorsally attached to the posterior part of the scutum
(PSp). Ventrally, it is attached to the lateropostnotum
(LPN). It is a relatively large muscle, which is dorsally
almost as wide as ventrally.

Dorso-ventral muscles

S.ESm: The scuto-episternal muscle (Figs. 35, 36) is dor-
sally attached to the scutum (just posterior to the ANi
up to the part just anterior to the PSp and lateral to the
MPs) and runs to the episternum. The ventral attach-
ment encompasses only about one third of the area of
the dorsal attachment. The area of the dorsal attach-
ment encompasses approximately one half of the length
of the mesothorax.

S.CmA: The anterior scuto-coxal muscle (not pictured)
runs from the scutum, lateral to the lateroparapsidal
sutures (LPs) to the anterior rim of the coxa. It is a flat
muscle, which is not as wide as the S.ESm.

S.CmP: The posterior scuto-coxal muscle (not pictured)
is dorsally attached to the scutum (just anterior to
the S.LPNm and lateral to the S.CmA) and runs to

the posterior coxal rim. The S.CmP is not as large
as the S.CmA, approximately half as large as the
S.ESm.

S.Trm: The scuto-trochanteral muscle (not pictured) runs
from the lateral part of the scutum to the trochanter. It
is a rather slender muscle, which is smaller than
S.CmA and S.ESm.

PSL.Cm: The parascutello-coxal muscle (not pictured) is
dorsally attached to the anterior area of the parascutel-
lum and runs to the posterior rim of the coxa. The
PSL.Cm is approximately as large as in other
Ephemeroptera (if not slightly larger).

AN.Pm: The anteronoto-pleural muscle runs from the
posterior arc of the prealar bridge (anterior part) to the
anterior paracoxal suture (PCxsA, directly above the
P.Cm) (Figs. 32, 33). It is a slender muscle consisting
only of a few fibres.

SrA.Pm: The suralar-pleural muscle (not pictured) is dor-
sally attached to the anterior area of the suralare and
ventrally attached to the anterior paracoxal suture
(PCxsA, where the pleural suture and the posterior
paracoxal suture are approximated) next to the
AN.Pm. It is a flat but distinct muscle.
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Figs. 35-37. Baetis sp., @ subimago, mesothorax (uCT-data),
cross sections from anterior (35) to posterior (37).

Pleural muscles

P.Cm: The pleuro-coxal muscle (not pictured) runs from
the anterior paracoxal suture (PCxsA) to the antero-
lateral rim of the coxa. It is a flat but wide muscle.

P.Trm: The pleuro-trochanteral muscle (not pictured) is
dorsally attached to the pleural suture and runs to the
trochanter. It is a flat muscle, which is a little wider
dorsally than ventrally.
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Ventral muscles

iFm: The intersegmental furcal muscle (not pictured) is a
slender muscle, running from the anterior part of the
mesofurca to the presternite.

Fm: The furcal muscle (not pictured) is stretched between
the left mesofurca and the right mesofurca. It is a short
but robust muscle, which is almost elliptical in cross
section.

F.CmP: The posterior furco-coxal muscle (F.CmP in
Fig. 36) runs from the postero-lateral part of the furca
to the coxo-pleural articulation point (just medial to
the BA.Cm). It is a small and flat muscle.

Direct flight muscles

BA.SmS: The superior basalar-sternal muscle (not pic-
tured) is dorsally attached to the upper part of the
basalare (BA) and runs to the prothoracic furca.

BA.SmlI: The inferior basalar-sternal muscle (not pic-
tured) runs from the lower part of the basalare (BA) to
the presternite. Both basalar-sternal muscles are slen-
der and rather indistinct.

BA.Pm: The basalar-pleural muscle (Fig. 32) is dorsally
attached to the sclerite, which is connected to the
crescent-shaped sclerite (just posterior to the posterior
arc of the prealar bridge). BA.Pm proceeds to the pleu-
rum.

BA.Cm: The basalar-coxal muscle (not pictured) is dor-
sally attached to the posterior branch of the dorsal
sclerite, just anterior to the first free wing base sclerite,
and runs to the pleurum where the coxa articulates
with the pleura. It is a slender muscle.

SA.Sm: The subalar-sternal muscle (Fig. 37) is dorsally
attached to the posterior subalar apodeme (PSA) and
ventrally attached to the furcasternite (FS; Fig. 34).
The SA.Sm is slightly wider ventrally than dorsally.

SA.Fm: The subalar-furcal muscle runs from the PSA to
the postero-lateral part of the mesofurca (sometimes it
is shifted slightly medial to the medio-posterior rim of
the coxa). It is a slender muscle, which is almost indis-
tinguishable from SA.Sm.

SA.Cm: The subalar-coxal muscle (not pictured) is at-
tached to the anterior subalar apodeme (ASA) and runs
to the posterior part of the coxo-pleural articulation
(just posterior to the BA.Cm). The anterior apodeme is
reduced to a sclerotised and pigmented “bulge” and the
SA.Cm is a much more slender muscle in the mesotho-
rax of Baetis sp. compared to SA.Cm of other taxa.

Ax.Fm: The axillar-furcal muscle (Fig. 36) is attached to
the proximal process at the postero-dorsal part of the
basal plate (p in Figs. 27-29). It is a slender but distinct
muscle in the mesothorax.

Ax.PmI: The inferior axillar-pleural muscle is not pres-
ent.

Ax.PmS: The superior axillar-pleural muscle (not pic-
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tured) is short but robust and stretches between the
third free wing base sclerite (s3) and the pleurum.

External morphology of the metanotum

The hind wings in Baetidae are very small and the ve-
nation is reduced. In some genera the hind wings are even
absent. The notum of the metathorax is also shortened.

The scutum is very short and the following scutellum
is approximately as large as the scutum. The posterior
phragma is extended posteriorly and visible from dorsal.
The median longitudinal suture is visible from the middle
of the scutum but most of the other sutures and convexities
are indistinct in the metatergum. The wing base elements
of the hind wings are reduced and partially missing.

External morphology of the metapleurum

Most of the sutures and sclerites that are distinct in the
mesothorax are partly or completely reduced in the meta-
thorax of Baetis. The upper part of the pleurum is rather
less sclerotised, while the lower part is well sclerotised.

The inferior part of the pleural suture (PLsI) is con-
spicuous and runs obliquely towards the back (dorso-
ventrally). At its ventral end lies the coxo-pleural articula-
tion. The superior part of the pleural suture (PLsS) is rather
inconspicuous. The pleural wing process (PWP) at the up-
per point of the superior part of the pleural suture is small
but distinct in the metapleurum. There is a small sclerite
containing the PWP. Both the basalare, anterior to the
PWP, and the subalare posterior to the PWP, are absent.

The anterior paracoxal suture (PCxsA) is partially
conspicuous but the anepisternum (AES) and the katepi-
sternum (KES) are hardly distinguishable.

Muscles of the metathorax
Dorsal muscles

MTm: The median tergal muscle is large and encompasses
at least one half of the metathorax. It is anteriorly at-
tached to the middle phragma and runs to the posterior
phragma.

t13: The small dorsal muscle is not present in the metano-
tum.

S.LPNm: The scuto-lateropostnotal muscle is not present
in the metathorax.

Dorso-ventral muscles

S.ESm: The scuto-episternal muscle is dorsally attached
to the antero-lateral part of the scutum and runs to the
episternum. It is the second largest muscle in the
metathorax.

S.CmA: The anterior scuto-coxal muscle is dorsally at-
tached to the antero-lateral part of the notum and pro-
ceeds to the anterior rim of the coxa. It is a flat mus-
cle.

S.CmP: The posterior scuto-coxal muscle stretches from
the medio-lateral part of the notum to the posterior
part of the coxal rim. It is, like the S.CmA, a slender
muscle.

S.Trm: The scuto-trochanteral muscle runs from the ante-
rior part of the notum (just posterior to the S.CmA) to
the lateral part of the trochanter. Compared to S.CmA
and S.CmP it is a large muscle, almost twice as large as
S.CmP.

PSL.Cm: The flat muscle running from the antero-lateral
part of the scutellum to the postero-medial rim of the
coxa is most likely the parascutello-coxal muscle.

AN.Pm: The anteronoto-pleural muscle is not present in
the metathorax.

SrA.Pm: The suralar-pleural muscle is a flat muscle run-
ning from the antero-lateral part of the notum to the
anterior paracoxal suture (PCxsA). It consists only of a
few fibres.

Pleural muscles

P.Cm: The pleuro-coxal muscle runs from the anterior
paracoxal suture (PCxsA) to the anterior rim of the
coxa. It is a flat, but broad and robust muscle.

P.Trm: The pleuro-trochanteral muscle is dorsally at-
tached to the anterior paracoxal suture (posterior to the
P.Cm). Ventrally, it is attached to the trochanter. This
slender but robust muscle is ventrally wider than dor-
sally.

Ventral muscles

iFm: The intersegmental furcal muscle is not present in
the metathorax.

Fm: The furcal muscle runs from the left furca to the right
furca. It is a robust muscle, of similar size as in the
mesothorax.

F.CmP: The posterior furco-coxal muscle is attached to
the furca and runs to the coxal rim next to the coxo-
pleural joint. It is a robust muscle, which is distinct and
about as large as the F.CmP of the mesothorax.

Direct flight muscles

Since the hind wings are only small, the direct flight
musculature is also reduced in the metathorax.

BA.SmS, BA.SmI, BA.Cm, BA.Pm: The basalar muscles
(superior basalar-sternal muscle [BA.SmS] as well as
the inferior basalar-sternal muscle [BA.SmlI], the
basalar-pleural muscle [BA.Pm] and the basalar-coxal
muscle [BA.Cm]) were not found in the metathorax.

SA.Cm, SA.Sm, SA.Fm: There is only one flat and small
muscle in the postero-dorsal area of the pleurum. It is
most likely the subalar-coxal muscle (SA.Cm), which
attaches to the postero-lateral rim of the coxa. The
subalar-sternal muscle (SA.Sm) and the subalar-furcal
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muscle (SA.Fm) are most likely reduced in the metatho-
rax.

Ax.Fm: The axillar-furcal muscle runs from the mem-
brane at the wing base to the furca. It is a slender
muscle, of similar size as the corresponding muscle in
the mesothorax.

Ax.PmI/Ax.PmS: The inferior and the superior axillar-
pleural muscles are not present.

3.2.4 Ephoron virgo, winged stages
(Figs. 38-55) m=9)

Measurements (of the described &' specimen)

Total length: 11.5mm. — Length of mesothorax: 2.8 mm. —
Length of mesothoracic wing: 17.6 mm. — Width of mesothoracic
wing: 8.2mm. — Length of metathorax: 1.3mm. — Length of
metathoracic wing: 7.3 mm. — Width of metathoracic wing (mea-
sured at the tornus): 3.7mm. — Height of mesothorax: 2.5 mm
(1.4mm belong to MTm). — Height of metathorax: 1.8 mm
(0.66 mm belong to MTm).

External morphology of the mesonotum

The scutum is characteristic in Ephoron virgo since it
is flat and its anterior part (ANp; Figs. 38, 39) relatively
large, whereas the posterior part is rather short. The ANp
is rather flat in specimens of E. virgo and its major part it
is covered by the pronotum. The anterior notal impression
(ANi; Fig. 38) is less distinct than in other mayflies (e. g.
Siphlonurus aestivalis, Habroleptoides confusa). The pos-
terior scutal protuberances (PSp; Figs. 38, 39, 41) are rela-
tively large and conspicuous but also rather flat. Posterior
to the PSp lies the scutellum (SL; Figs. 38, 39). The dorsal
part of SL is long and narrow.

The sutures of the mesothorax are rather indistinct.
The median longitudinal suture (MLs; Figs. 38, 42) is vis-
ible in the area from approximately the anterior notal im-
pression (ANi) to the scutellum. At the anterior part of the
scutum it is almost indistinguishable. The medioparapsidal
sutures (MPs; Figs. 41-42) are rather faint and hardly vis-
ible in the mesotergum. The MPs are convergent posteri-
orly and join the lateroparapsidal sutures (LPs; Figs. 38,
39, 41, 42). The LPs, located lateral to the MPs, are not as
distinct as in other mayflies. The antero-lateral scutal
costa (ALSC) and the LPs are rather inconspicuous. The
mesonotal suture (MNs) extends backwards and is also
rather inconspicuous.

The anterior and posterior notal wing processes (ANP,
PNP; Figs. 41, 42) are clearly distinguishable. The ANP is
long and narrow and articulates with the first free wing
base sclerite (sl; Fig. 41). The PNP is connected to the
third free wing base sclerite (s3; Figs. 41, 42).

The tegula (T; Fig. 42) at the anterior base of the wing
is not visibly covered with setae. Distal to the tegula lies
the humeral plate (HP; Fig. 41). Between the wing base
and the tergum are two separate sclerites visible.
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The prominent basal plate (BP; Figs. 41, 42) is sclero-
tised in both dorsal and ventral layer of the wing mem-
brane. The base of the subcostal vein (BSc; Fig. 44) is lo-
cated at the antero-ventral part of the basal plate. The
concave posterior part of BP is narrow and the posterior
edge is conspicuous. The proximal part of the basal plate
is flat and thus clearly distinguishable from its other parts.
The antero-proximal part of the basal plate is developed as
a pointy process (p in Fig. 41). The process (BPp; Fig. 43)
at the ventro-proximal side of the basal plate is present but
rather inconspicuous in the mesopleurum and it articulates
with the pleural wing process (PWP; Figs. 43, 44).

The first free wing base sclerite (sl; Fig. 41) is long,
narrow and tapered anteriorly. It articulates proximally
with the ANP and distally with the second free sclerite
(s2). The long and slender second free wing base sclerite
(s2; Figs. 41, 42) articulates distally with the basal plate
and, in addition, it is posteriorly connected to the third
free wing base sclerite (s3; Figs. 41, 42). The sl as well as
the s2 are sclerotised only in the dorsal layer of the wing
membrane. The third wing base sclerite (s3) is wide and
conspicuous. Anteriorly, the s3 is connected (but not
fused) to the basal plate. The proximal quarter of the s3
articulates with the PNP. The antero-proximal part of s3 is
arched. The s3 is ventrally connected to the pleurum by
the axillar-pleural muscle (Ax.PmS; Figs. 54, 55). Another,
short muscle runs from the anterior part of the s3 to the
postero-proximal part of the basal plate.

The costal brace (cb; Figs. 41, 44) and the anal brace
(ab; Fig. 41) are pronounced in the wing base of Ephoron
virgo. The costal brace connects the costal vein (C; Figs. 41,
44) with the anterior radial vein (R; Figs. 41, 42, 44). The
anal brace is conspicuous and stretches between the bas-
anale (ban; Fig. 42) and the anterior radial vein. Both the
proximal (or posterior) and the distal (or anterior) arch are
clearly visible. The anterior anal vein arises at the anterior
part of the anal brace, next to the anterior radial vein (ori-
gin more anterior than in other Ephemeroptera). The small
basanale (ban) is well sclerotised.

The anterior medial vein (MA) and the sector of the
radial veins (Rs) are connected at their bases. Further-
more, the sector of the media (MP) and the anterior cubital
vein (CuA) are converged at their bases.

The lateropostnotum (LPN; Figs. 43, 44) is prominent
and the lateropostnotal crest (LPNC) is inconspicuous.

External morphology of the mesopleurum

The prealar bridge is subdivided into three arcs. All
three, the dorsal, ventral, and posterior arcs are long. The
dorsal and the ventral arc are connected to each other.
Posterior to the prealar bridge is a large membranous area
with the spiracle. The spiracle is wide open in alcoholic-
preserved specimens of E. virgo (and also in Exeuthyplo-
cia minima).
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Figs. 38-39. Ephoron virgo, & imago, mesothorax, dorsal view (head to the left). — 38. SEM image. 39. Mesothorax after treatment

with potassium hydroxide. — Scale: 1 mm.

The most distinct suture in the pleurum of E. virgo is
the anterior paracoxal suture (PCxsA; Figs. 43, 44). The
PCxsA divides the anepisternum (AES; Figs. 43, 44) from
the katepisternum (KES; Figs. 43, 44). Both are narrow
and similar in size. The posterior part of the paracoxal
suture (PCxsP; Fig. 44) is slightly less conspicuous and
carinated. The upper part of the pleural suture (PLsS;

Fig. 43) is conspicuous and extends dorsally into the dis-
tinct but flat pleural wing process (PWP; Figs. 43, 44). The
condylus of the PWP is directed forwards. It articulates
with the ventral process of the basal plate (BPp; Fig. 43)
and is rather faint. The ventral part of the pleural suture
(PLsI) is indistinct.

The large basalare (BA; Figs. 43, 44) at the anterior
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Figs. 40—42. Ephoron virgo, right fore wing base. — 40. @, detail with the dorsal attachments of BA.Pm, BA.Cm and Ax.Fm.
41. Q subimago. 42. & imago (SEM image). — p = tapered process of BP. — Scales: 1 mm.
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Figs. 43—44. Ephoron virgo, mesothorax, lateral view. — 43. & imago (SEM image). 44. Q imago (grey areas sclerotised). —
m = ventral attachment of BA.Pm. — Scales: 0.1 mm (43), 1 mm (44).
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Figs. 45-49. Ephoron virgo (SEM images), & imago. — 45. Metathorax, lateral view. 46. Metapleurum, upper part. 47. Metathorax,
dorsal view. 48. Mesothorax, ventral view (head to the left). 49. Metathorax, ventral view (head to the left). — FSII = mesothoracic
furcasternum. — Scales: 0.2 mm.
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BA.SmS

S.ESm

SA.Sm

Figs. 50-51. Ephoron virgo, & imago, musculature of the right half of the mesothorax at progressive stages of dissection, starting
with median muscles (50) and progressively proceeding to the most lateral muscles (see Fig. 55). — Scale: 1 mm.
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BAPm BACm AXFm S.CmP

53

SA.Sm

! ' SA.Cm

Figs. 52-53. Ephoron virgo, & imago, musculature of the right half of the mesothorax at progressive stages of dissection (see legend
to Figs. 50-51). — Scale: 1 mm.
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BA.Cm Ax.Fm Ax.PmS PSL.Cm

SrA.Pm

BA.Pm

54

PTrm FCmpP

SA.Cm

BA.Pm BA.Cm Ax.PmS

SA.Cm ~
! | Ax.Fm

Figs. 54-55. Ephoron virgo, 3 imago, musculature of the right half of the mesothorax at progressive stages of dissection (see legend
to Figs. 50-51). — Scale: I mm.
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wing base is attached to the pleurum. Posterior to the PWP
lies the subalare (SA; Figs. 43, 44). The ventral part of the
SA is distinct and contains the large posterior subalar apo-
deme (PSA; Figs. 43, 44). The dorsal part of the sclerite is
slender and consists of a narrow sclerite brace and a wider
ventral area. This ventral area contains the conspicuous
anterior subalar apodeme (ASA; Fig. 43). The subalare is
surrounded by a large membranous area.

Muscles of the mesothorax
Dorsal muscles

MTm: The median tergal muscle (Fig. 50) is large in E.
virgo and is attached to the anterior phragma to the
point of the scuto-scutellar suture and runs to the mid-
dle phragma. MTm is located medial to all other mus-
cles.

t13: The second dorsal muscle is absent in the mesotho-
rax.

S.LPNm: The scuto-lateropostnotal muscle (Figs. 51, 52)
is dorsally attached to the posterior part of the scutum
(PSp) and runs to the lateropostnotum.

Dorso-ventral muscles

S.ESm: The scuto-episternal muscle (Figs. 50, 51) runs
from the scutum to the episternum. The dorsal attach-
ment is much wider than the ventral one and extends to
the lateroparapsidal suture (LPs) (laterally). It encom-
passes almost one half of the length of the mesothorax.
The ventral point of attachment extends over the
anepisternum and the katepisternum (approximately
equally on each, AES and KES). The S.ESm is a bipar-
tite muscle.

S.CmA: The anterior scuto-coxal muscle (Figs. 51, 52)
stretches from the posterior part of the scutum (next to
PSp) to the anterior rim of the coxa. It is a compact but
rather small muscle lying postero-lateral to S.ESm.

S.CmP: The posterior scuto-coxal muscle (Figs. 51-53) is
dorsally attached to the scutum (posterior to the attach-
ment of S.CmA and anterior to S.LPNm). This flat but
broad muscle proceeds to the posterior rim of the coxa.

S.Trm: The scuto-trochanteral muscle (Fig. 52) is stretched
between the scutum (at the lateroparapsidal suture) and
the trochanter. It is a very flat but broad muscle and is
almost as large as the S.CmA.

PSL.Cm: The parascutello-coxal muscle (Fig. 54) is dor-
sally attached to the antero-lateral part of the scutel-
lum and runs to the posterior rim of the coxa. The
ventral point of attachment is adjacent to the attach-
ment point of S.CmP. The PSL.Cm of E. virgo is rather
flat and lies more anterior than PSL.Cm in other may-
flies and is not visible without dissection of S.CmP.

AN.Pm: The anteronoto-pleural muscle is absent.

SrA.Pm: The suralar-pleural muscle (Figs. 53, 54) runs

Neue Serie 1

from the lateral part of the scutum (next to ANP) to the
anterior paracoxal suture (Where the PCxsP branches
off). It is a flat and slender muscle that consists of only
a few fibres.

Pleural muscles

P.Cm: The pleuro-coxal muscle (Figs. 53-55) is stretched
between the paracoxal suture (where the anterior and
the posterior suture branches off) and the antero-
lateral rim of the coxa. It is a slender but robust mus-
cle.

P.Trm: The pleuro-trochanteral muscle (Figs. 53-55) is
attached to the pleural suture (above the coxo-pleural
joint and near the PCxsP) and runs to the trochanter.
The PTrm lies between BA.Cm and P.Cm.

Ventral muscles

iFm: The intersegmental furcal muscle (Fig. 50) runs from
the anterior part of the mesofurca to the prosternite. It
is a slender muscle consisting only of a few fibres.

Fm: The slender furcal muscle (Figs. 50, 51) is stretched
between the left and the right furca.

F.CmP: The flat posterior furco-coxal muscle (Fig. 54)
runs from the proximal part of the mesofurca to the
postero-lateral rim of the coxa.

Direct flight muscles

BA.SmS: The large superior basalar-sternal muscle (Figs.
50-54) is dorsally attached to the dorsal part of the
crescent-shaped basalare and runs to the presternite.

BA.Sml: The inferior basalar-sternal muscle is absent.

BA.Pm: The basalar-pleural muscle (Figs. 40, 52—55) runs
from a small sclerite of the anterior part of the wing
base to the pleurum antero-ventral to the PWP.

BA.Cm: The basalar-coxal muscle (Figs. 40, 53-55) is
dorsally attached (by a tendon) to a sclerite of the wing
base anterior to sl. Ventrally, it is attached to the pleu-
rum next to the coxo-pleural joint. It is a short but ro-
bust muscle.

SA.Sm: The subalar-sternal muscle (Figs. 50-53) is dor-
sally attached to the large posterior apodeme of the
subalare (PSA) and runs to the furcasternite (Fig. 48).
The muscle and its insertion area are conspicuous and
large.

SA.Fm: The subalar-furcal muscle (not pictured) is slen-
der and inconspicuous and stretches between the tip of
the subalar apodeme (PSA) and the furca (or next to it,
so that it is attached to the posterior rim of the coxa).

SA.Cm: The robust subalar-coxal muscle (Figs. 53-55)
inserts on the anterior subalar apodeme (ASA) and
runs to the postero-lateral rim of the coxa.

Ax.Fm: The axillar-furcal muscle (Figs. 40, 53-55) is dor-
sally attached to the PNP (in contrast to other
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Ephemeroptera) and runs to the furca. The muscle is
larger than in other Ephemeroptera.

Ax.PmlI: The (inferior) axillar-pleural muscle is not pres-
ent in Ephoron virgo.

Ax.PmS: The (superior) axillar-pleural muscle (Figs. 54,
55) is a short but robust muscle running from the third
axillary sclerite to the antero-dorsal part of the sub-
alare (and the membrane between this part of the SA
and the PWP). A second and smaller part of this muscle
is attached to the third axillary sclerite and runs to the
postero-proximal part of the basal plate.

External morphology of the metanotum

The metanotum is shortened. The scutum is about
three times as long as the scutellum (SL; Fig. 47). Never-
theless, the dorsal part of the scutellum is, in relation to the
mesothorax, quite long. The sutures (except MLs; Fig. 47)
and convexities of the metanotum are rather indistinct.

The ANP and the PNP (not pictured) are conspicuous
even in the metathorax. The basal plate (BP, not pictured)
of the wing base is prominent and the proximal flat part
clearly distinguishable from its other parts. A short pro-
cess lies at the antero-proximal margin. The posterior part
of BP is connected to the third wing base sclerite (s3). The
first free wing base sclerite (sl) is long and narrow and
articulates with the ANP. The second wing base sclerite
(s2) is not visible in the metathoracic wing base. At the
posterior part of the BP lies the third wing base sclerite
(s3). It is a distinct sclerite that articulates with the BP
distally and with the PNP proximally. The ban is also vis-
ible in the metathoracic wing base.

External morphology of the metapleurum
(Figs. 45, 46)

The sutures and sclerites are partly or completely re-
duced in the metathorax. The upper part of the pleural su-
ture (PLsS) is conspicuous and runs obliquely towards the
head (dorso-ventrally). The PLsS extends dorsally into the
distinct PWP. The condylus of PWP is conspicuous and
almost as large as the condylus of the mesothorax. It is
also rather flat. It articulates with the proximal base of the
basal plate (BP). The inferior part of the pleural suture
(PLsI) is inconspicuous.

The basalare, anterior to the PWP, is not present in the
metapleurum. Rudimental parts of the subalare are pres-
ent posterior to the PWP.

The anterior paracoxal suture (PCxsA) is clearly visi-
ble even in the metathorax. The lateropostnotum (LPN) is
conspicuous.

Muscles of the metathorax
Dorsal muscles

MTm: The median tergal muscle runs from the middle

phragma to the posterior phragma. It is a relatively
short but robust muscle that is somewhat smaller than
the metathoracic MTm of other mayflies.

t13: The second dorsal muscle is absent from the metatho-
rax.

S.LPNm: The scuto-lateropostnotal muscle was not
found.

Dorso-ventral muscles

S.ESm: The scuto-episternal muscle is dorsally attached
to (about one third!) of the scutum and runs to the epi-
sternum. It is a very large muscle in the metathorax
that is of similar size as the MTm of the metathorax
(distinctly larger than the S.ESm of the metathorax of
other mayflies, e.g. Siphlonurus aestivalis, Baetis sp.,
Serratella ignita, Habroleptoides confusa etc.).

S.CmA: The anterior scuto-coxal muscle is dorsally at-
tached to the scutum and ventrally to the anterior rim
of the coxa. It is a slender muscle that is slightly stron-
ger than the S.Trm.

S.CmP: The posterior scuto-coxal muscle stretches from
the posterior part of the scutum to the posterior rim of
the coxa. It is a slender muscle, which is slightly stron-
ger than the S.CmA and the S.Trm (S.CmP > S.CmA >
S Trm). S.CmP apparently consists of two parts. The
second part is about half in size as the first part.

S.Trm: The scuto-trochanteral muscle is dorsally attached
to the posterior part of the scutum and proceeds to the
trochanter.

PSL.Cm: The parascutello-coxal muscle is either reduced
in the metathorax or it is also possible that PSL.Cm is
the second part of S.CmP and is shifted anteriorly.

AN.Pm: The anteronoto-pleural muscle runs from the
antero-dorsal part of the metathorax to the pleural su-
ture (where PCxsA, PCxsP and PLs converge). It is a
flat and weak muscle.

SrA.Pm: The suralar-pleural muscle is a slender muscle
running from the antero-lateral part of the scutum to
the anterior paracoxal suture. It consists of only a few
fibres.

Pleural muscles

P.Cm: The flat pleuro-coxal muscle runs from the anterior
paracoxal suture (PCxsA) to the anterior rim of the
coxa. It is a broad and robust muscle.

P.Trm: The pleuro-trochanteral muscle is attached to the
anterior paracoxal suture (PCxsA) and runs to the tro-
chanter. It is a conspicuous muscle lying posterior to
P.Cm.

Ventral muscles

iFm: A slender muscle, located roughly in the same posi-
tion as the intersegmental furcal muscle.
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Fm: The furcal muscle is stretched between the left and
the right metafurca. It is a conspicuous muscle, al-
though the metafurca is small and indistinct.

F.CmP: The posterior furco-coxal muscle is a flat muscle
running from the short furca to the lateral rim of the
coxa.

Direct flight muscles

BA.SmS/BA.Sml: The superior and the inferior basalar-
sternal muscles are not present in the metathorax.

BA.Pm: The basalar-pleural muscle runs from the scutum
to the pleurum (anterior to the PWP). It is a flat and
broad muscle, which is large in comparison to the me-
sothoracic BA.Pm.

BA.Cm: The basalar-coxal muscle is dorsally attached to
the part of the wing base that is proximal to the sl.
Ventrally, it is attached to the lateral rim of the coxa. It
is a distinct muscle (stronger than S.CmP).

SA.Sm/SA.Fm/SA.Cm: The subalare of the metathorax is
reduced to an indistinct sclerite. The subalar muscles
are also reduced in the metathorax; the subalar-sternal
muscle and the subalar-furcal muscle are partly or
completely reduced (there is no muscle left running to
the sternum or to the furca). One flat but robust muscle
is dorsally attached to the pleurum (to the remains of a
subalar apodeme/subalar sclerite). Ventrally, it is at-
tached to the postero-medial rim of the coxa.

Ax.Fm: The axillar-furcal muscle is a slender but con-
spicuous muscle running from a sclerite of the wing
base to the furca.

Ax.PmS: A muscle, possibly superior axillar-pleural one,
is present running from the postero-lateral part of the
scutum (at the same level as s3) to the pleurum poste-
rior to the PWP. It is a flat muscle consisting of only a
few fibres.

Ax.Pml: The (inferior) axillar-pleural muscle is absent.

3.2.5 Baetis sp., late larvae
(Figs. 56-57) n=4)

External morphology of the mesonotum

The notum of the mesothorax is much larger than the
notum of the metathorax. The median longitudinal suture
(MLs) is conspicuous over the whole length of the notum.
This is the suture where the cuticula ruptures during ecdy-
sis. The medioparapsidal sutures (MPs) and the latero-
parapsidal sutures (LPs) are rather indistinct. The anterior
part of the scutum (ANp, ANi) is not clearly differentiated.
The middle part of the scutum and the posterior scutal
protuberances (PSp), as well as the scutellum are con-
spicuous. The wing pads are located at the lateral parts of
the tergum. No elements of the wing base are differenti-
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ated in earlier larval stages. The metanotum is short and
without any obvious differentiations.

External morphology of the mesopleurum
(Fig. 56)

All three pairs of legs are well differentiated since they
are important for locomotion in the larval stages. The
mesothorax is not as differentiated as in the winged stages.
Both the mesopleurum and the metapleurum are about
equal in dimension. The pleurum consists of the simple
anterior episternum and the posterior epimeron, which are
separated by the pleural suture.

Muscles of the mesothorax
(Fig. 57)

The dimensions of the pterothoracic muscles are not
equivalent to the winged stages. The dorsal longitudinal
muscle (MTm) is weak in earlier larval stages since the
phragmata are not differentiated yet. The S.ESm is always
a comparatively large muscle, at least in the mesothorax.
The remaining dorso-ventral muscles are slender and al-
most equal in size. The S.CmP is much smaller in the
metathorax than in the mesothorax in earlier larval stages.
A weak muscle is present in both meso- and metathorax,
which is stretched between a small sclerite in the anterior
membrane of the pleurum (next to the stigma) and the pre-
sternite. Several muscles are present only in the larval
stages.

Dorsal muscles

MTm: The median tergal muscle stretches from the mid-
dle phragma to the posterior phragma. It is a flat mus-
cle, which is not enlarged as it is in subimaginal and
imaginal Ephemeroptera. The height of MTm is less
than one half of the height of the mesothorax (in a late
larval stage).

t13: The second dorsal muscle stretches from the posterior
part of the scutum to the posterior phragma. It is small
and slender but distinct.

S.LPN.m: The scuto-lateropostnotal muscle is dorsally
attached to the posterior part of the scutum (or poste-
rior scutal protuberance, PSp) lateral to t13 and pro-
ceeds to the lateropostnotum. It is a short, flat and
small muscle, which becomes much larger in winged
stages.

Dorso-ventral muscles

S.ESm: The scuto-episternal muscle runs from the ante-
rior part of the scutum to the anterior rim of the pleural
sclerit, i.e. the episternum. The dorsal point of attach-
ment of the S.ESm is the second widest attachment of
the mesothoracic muscles. It encompasses almost one
half of the scutum length. Ventrally, the muscle be-
comes more slender.
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Figs. 56—57. Baetis sp., late larva, same specimen, lateral view. — 56. Mesopleurum and metapleurum; the arrows show the attach-
ment of the basalar and the subalar muscles. 57. Musculature of the right half of the mesothorax, showing the large S.ESm and the
small SA.Sm. — Scale: 1 mm.
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S.CmA: The anterior scuto-coxal muscle is dorsally at-
tached to the scutum (lateral to the lateroparapsidal
suture, LPs) and runs to the anterior rim of the coxa.
The dorsal attachment of this muscle lies latero-ventral
to that of S.ESm. The S.CmA is a flat and slender
muscle and seems to consist of two parts.

S.CmP: The posterior scuto-coxal muscle is dorsally at-
tached to the posterior part of the scutum and runs to
the posterior rim of the coxa. The S.CmP is slightly
larger than the S.CmA.

S.Trm: The scuto-trochanteral muscle running from the
scutum (antero-medial to the Ax.Fm) to the trochanter
is a very large muscle. It is larger than the S.CmP and
the S.CmaA.

PSL.Cm: The parascutello-coxal muscle runs from the
anterior part of the scutellum to the posterior rim of the
coxa. It is distinct and larger than the PSL.Cm of sub-
imagines and imagines.

AN.Pm: The anteronoto-pleural muscle stretches from the
antero-lateral part of the notum to the anterior para-
coxal suture (PCxsA, anterior rim of the pleural scler-
ite, which is well sclerotised). It is a clearly visible but
flat muscle consisting only of a few fibres.

SrA.Pm: The suralar-pleural muscle runs from the lateral
part of the scutum to the pleurum above the attachment
of AN.Pm.

Pleural muscles

P.Cm: The pleuro-coxal muscle is dorsally attached to the
anterior rim of the pleurum and ventrally to the ante-
rior coxal rim. It is a short, flat and broad muscle,
which is almost oval in cross section.

P.Trm: The pleuro-trochanteral muscle stretches between
the pleural suture (above the coxal articulation) and the
trochanter. It is a robust muscle, which is almost round
in cross section and gets broader ventrally.

Ventral muscles

iFm: The intersegmental furcal muscle runs from the an-
terior side of the mesofurca to the posterior part of the
prothoracic furca.

Fm: The short but robust furcal muscle stretches between
the proximal side of the right furca and the proximal
side of the left furca.

F.CmP: The posterior furco-coxal muscle, which runs
from the furca to the posterior rim of the coxa, is a
distinct and robust muscle.

Future direct flight muscles
BA.SmS: There is one broad muscle in a position similar
to BA.SmS and BA.Sml of the thorax of adult stages.
Most likely the superior basalar-sternal muscle and the
inferior basalar-sternal muscle (BA.Sml) run parallel
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in close proximity to each other in larvae of Baetis sp.
The muscles are dorsally attached to the antero-lateral
part of the scutum and ventrally to the furca of the
prothorax.

BA.Pm: The basalar-pleural muscle is dorsally attached to
the scutum (posterior to the BA.Sm and lateral to the
SrA.Pm). It proceeds to the pleural membrane directly
below the anterior part of the fore wing pad.

BA.Cm: The basalar-coxal muscle is dorsally attached to
the scutum (posterior to the BA.Pm) and runs to the
coxo-pleural joint.

SA.Sm: The subalar-sternal muscle is dorsally attached to
a small sclerite in the pleural membrane (below the
posterior part of the fore wing pad) and runs to the
sternum. It is only a slender muscle in contrast to the
SA.Sm of subimagines and imagines (Fig. 57).

SA.Fm: The flat and slender subalar-furcal muscle is dor-
sally attached to the same sclerite as the SA.Sm. Ven-
trally, it is attached to the furca of the mesothorax.

SA.Cm: The subalar-coxal muscle runs from the pleural
sclerite (postero-dorsal edge of the pleural sclerite, the
epimeron) to the postero-lateral rim of the coxa.

Ax.Fm: The axillar-furcal muscle is stretched between the
scutum (slightly posterior to the BA.Cm) and the furca.
It is a slender muscle and is almost as large as the
mesothoracic Ax.Fm of the winged stages.

Muscles of the metathorax
Dorsal muscles

MTm: The median tergal muscle is anteriorly attached to
the middle phragma and posteriorly to the posterior
phragma. It is rather small in relation to the MTm of
subimagines and imagines.

t13: This short and weak muscle is stretched between the
posterior part of the notum and the upper part of the
posterior phragma.

S.LPN.m: The scuto-lateropostnotal muscle is absent in
the metathorax.

Dorso-ventral muscles

S.ESm: The slender scuto-episternal muscle is dorsally
attached to the anterior part of the scutum and ven-
trally to the anepisternum (more lateral than in the
mesothorax).

S.CmA: The anterior scuto-coxal muscle runs from the
antero-lateral part of the scutum to the anterior coxal
rim. It is a flat, broad muscle and smaller than both the
S.CmP and the S.Trm.

S.CmP: The posterior scuto-coxal muscle is dorsally at-
tached to the middle part of the scutum (posterior to
the S.Trm) and runs to the posterior coxal rim.

S.Trm: The scuto-trochanteral muscle is dorsally attached
to the middle part of the scutum (lateral to S.CmA and
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S.CmP) and runs to the trochanter. S.Trm is consider-
ably larger than S.CmA and S.CmP.

PSL.Cm: The parascutello-coxal muscle is a slender mus-
cle that stretches between the posterior area of the no-
tum and the posterior rim of the coxa.

SrA.Pm: The suralar-pleural muscle is a flat and relatively
broad muscle running from the lateral part of the
scutum to the anterior rim of the pleural sclerite next to
the dorsal attachment of the SA.Cm. A weak and nar-
row muscle diverges from the SrA.Pm and runs to the
pleural sclerite posterior to the SrA.Pm.

Pleural muscles

P.Cm: The pleuro-coxal muscle is a flat but wide muscle
running from the pleurum (PCxsA, anterior rim of the
pleural sclerite) to the anterior coxal rim. It is a broad
but flat muscle, which consists only of a few fibres.

P.Trm: The pleuro-trochanteral muscle is dorsally at-
tached to the anterior rim of the pleural sclerite
(PCxsA), posterior to P.Cm, and runs to the trochanter.
It is a robust muscle that is almost round in cross sec-
tion.

Ventral muscles

iFm: The flat and broad intersegmental furcal muscle
runs from the anterior part of the metafurca to an apo-
deme directly posterior to the mesofurca.

Fm: The furcal muscle joins the left and right metafurcal
branches. It is elliptic in cross section.

F.CmP: The posterior furco-coxal muscle runs from the
furca to the posterior rim of the coxa (medial to the
ventral attachment point of SA.Cm). It is a distinct flat
muscle.

Future direct flight muscles

The basalar muscles are most likely absent in the
metathorax but the small muscle that diverges from the
SrA.Pm and runs to the pleurum is probably the BA.Pm.

The two subalar-sternal muscles (SA.Sm and SA.Fm)
are missing in the metathorax.

SA.Cm: The subalar-coxal muscle is flat and runs from
the pleurum (process at the pleural suture) to the pos-
terior rim of the coxa.

Ax.Fm: The slender axillar-furcal muscle is dorsally at-
tached to the lateral part of the scutum and ventrally to
the furca.

Further larval muscles

A flat muscle stretches between the anterior phragma
and the posterior part of the second abdominal segment.
Ventrally, there is a second muscle, which runs to the pos-
terior part of the second abdominal segment. Both muscles
are flat, broad and bipartite. Each of the second parts is

attached to the anterior part of the second abdominal seg-
ment.

Furthermore, a tendon-like, slender and flat muscle is
stretched between the anterior phragma and the anterior
rim of the coxa. It is a weak muscle that consists of only a
few fibres. It is present in the mesothorax and the metatho-
rax.

Two flat and broad muscles are attached to the furca of
the metathorax. The first muscle runs to the anterior part
and the second one to the posterior part of the first ab-
dominal segment.

A flat muscle stretches between the posterior phragma
and the first abdominal segment.

A further slender muscle is attached to the posterior
phragma and to the sternum (just anterior to the metaster-
num).

A narrow muscle stretches between the anterior part of
the first abdominal tergite and the posterior rim of the
coxa.

3.3 Odonata
(Figs. 58—66)

3.3.1 General Remarks

The pterothorax of Odonata is specialised and adapted
to their hunting behaviour. The mesothorax and metatho-
rax are large and directed obliquely forwards, relative to
the small and simple prothorax. The orientation of the
pterothorax together with the orientation of the legs forms
a characteristic capture apparatus. Most of the flight mus-
cles are direct acting muscles.

3.3.2 Sympetrum cf. striolatum

(=1

Measurements (3)

Total length: 38 mm. — Length of mesothorax: 3.6mm. —
Length of mesothoracic wing: 29 mm. — Width of mesothoracic
wing: 7mm. — Length of metathorax: 3.4mm. — Length of
metathoracic wing: 28mm. — Width of metathoracic wing:
9 mm.

External morphology of the mesonotum

The pterothoracic notal elements are strongly reduced
in Odonata. The anterior area of the notum is the con-
spicuous prescutum (following AsaHINA 1954), which is
demarcated from the scutum (S; Fig. 58). The lateral part
of the prescutum (PRS; Fig. 58) is located between the
scutum and the humeral plate (hp; Fig. 58). PRS is anteri-
orly tightly associated with the humeral plate. It is the
dorsal attachment of the short muscle 28. A further narrow
sclerite, lying in-between the lateral part of the prescutum
and the humeral plate, serves as the dorsal attachment for
the muscle 26. The latter two sclerites have been assumed
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to be the 1Ax (Pt 1 sensu TANNERT 1958). The scutum is a
large convex sclerite with the associated internal tergal
apophysis, which serves as attachment of the muscle 23.
The convex scutal sclerite and the tergal apophysis are
larger in the metathorax than in the mesothorax.

The fore and hind wings articulate with the tergum via
two large plates. The anterior humeral plate (hp) articu-
lates proximally with the prescutum and distally with the
costal vein of the wing. Two muscles, 21 and 22, are at-
tached to the lateral margin of the humeral plate. Further-
more, hp is associated with the anterior part of the pleural
wing process (PWP; Figs. 59, 60). Posterior to the humeral
plate lies the axillary plate (axp; Fig. 58). The anterior ra-
dial vein (R; Fig. 58) and the anterior medial vein (MA;
Fig. 58) originate from the anterior part of axp. The sector
of the medial vein (MP; Fig. 58) and the cubital vein (Cu;
Fig. 58) are connected to the posterior part of the axillary
plate. Furthermore, the anterior part of the axp is con-
nected to the posterior pleural wing process (PWP;
Figs. 59, 60). Five muscles are associated with the axillary
plate: 27, 29, 32, 33 and 34. The antero-ventral part of the
axillary plate serves as the dorsal attachment of muscles
27 and 32. Both muscles, 33 and 34, are indirectly con-
nected to the postero-ventral part of the axillary plate. The
short and bipartite muscle 29 is attached to the posterior
part of the axillary plate and proceeds to the pleurum.

External morphology of the mesopleurum

The pleurum of Odonata is specialised, since the meso-
and metapleurum are fused to each other. The anterior
parts of the right and the left episternites are connected to
each other and separated by a dorsal carina. The epister-
num (ES; Fig. 59) is a large sclerite that is separated from
the epimeron (EM; Fig. 59) by the pleural suture (PLs;
Figs. 59, 60). The conspicuous pleural suture extends dor-
sally into the distinct posterior pleural wing process (PWP;
Figs. 59, 60) of the mesothorax that articulates with the
anterior part of the axillary plate (axp). The upper part of
the mesothoracic epimeron is fused to the metathoracic
episternum. The area anterior and posterior to the poste-
rior pleural wing process is membranous. A small sclerite
(s in Fig. 60) is visible in the upper third of the membrane
posterior to the posterior PWP. It is the dorsal attachment
of the muscles 33 and 34. The epimeron is only ventrally
separated from the metathoracic episternum by the inter-
pleural suture (following AsAaHINA 1954).

Muscles of the mesothorax
(Figs. 61-66)

The muscles of mesothoracic origin are arranged after
the numbers of AsaHiNa (1954); the corresponding mus-
cles of metathoracic origin are given in parentheses.

The muscles 24 and 35 are absent in Sympetrum cf.
striolatum and, according to AsAHINA (1954) and MALOEUF
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(1935), also in all other adult Odonata. According to Asa-
HINA muscle 31 is present in Epiophlebia, Davidius, and
Mnais; it is, however, absent in Sympetrum cf. striolatum
and, according to MALOEUF, in adult Odonata. Muscle 37 is
present in S. cf. striolatum and, according to ASAHINA, also
in Epiophlebia and Davidius. In contrast, according to

MaLOEUF, muscle 37 is absent in adult Odonata.

21 (43): The sternopleural/sternobasalar muscle is small
and short. It is dorsally attached by a long tendon to the
antero-lateral part of the humeral plate. The ventral
attachment lies just lateral to muscle 22. In the metatho-
rax, it is dorsally attached to the antero-lateral part of
the humeral plate via a tendon. Ventrally, it is attached
to the preepisternum (near the stigma), also by a ten-
don. It is not as closely associated with the larger
muscle (44) as the corresponding muscle of the meso-
thorax to muscle 22.

22 (44): The large sternopleural/sternobasalar muscle is
dorsally attached to the antero-lateral part of the hu-
meral plate via a tendon that is sclerotised basally. A
second branch of this tendon runs to the centre part of
the humeral plate. Ventrally, muscle 22 is attached to
the preepisternal apodeme (sensu AsaHINA 1954). The
muscle is bipartite and the dorsal apodeme has a gap in
the anterior area. The ventral apodeme that serves as
attachment of the metathoracic sternobasalar muscle
(44) is not as mobile as in the mesothorax.

23 (46): The large anterior tergosternal muscle is dorsally
attached to the tergum. Ventrally, it attaches to an apo-
deme that runs to the antero-medial rim of the coxa.
An apodeme-like sclerite, which is tightly connected
to a bullous arched part of the tergite serves as the
dorsal attachment.

23" (46"): Lateral to the anterior tergosternal muscle 23
lies a smaller and shorter muscle (23°), which is dor-
sally and ventrally attached to the same points as mus-
cle 23. It is ventrally attached by a long tendon.

25 (45): The dorsal longitudinal muscle is attached to the
tergal apophysis (anterior phragma) and to the lateral
part of the notum just between the meso- and metatho-
rax. This rather small and weak muscle is present in
the mesothorax, but absent in the metathorax.

26 (48): The coxobasalar muscle is dorsally attached to a
tergal sclerite via a tendon, which is distally connected
to the humeral plate. It runs to the pleural ridge next to
the postero-lateral rim of the coxa. The muscle 26 is a
rather narrow muscle and smaller than muscle 27.

27 (49): The dorsal attachment of the coxosubalar muscle
lies postero-medial of muscle 26. It is dorsally attached
to the antero-proximal part of the axillary plate and
proceeds to the pleural ridge next to the postero-lateral
rim of the coxa. A second part is stretched between the
same attachments of the first part, but dorsally it is at-
tached via an apodeme.
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28 (50): The short but robust tergopleural muscle is dor-
sally attached to the prescutum (PRS; Fig. 58) and
ventrally to the upper part of the pleural ridge.

29/30 (51/52): Both pleuroaxillary muscles (or rather one
bipartite muscle) are attached to the posterior part of
the axillary plate and proceed to a narrow sclerite of
the pleurum posterior to the PWP. The pleural sclerite
is tightly connected to the PWP. The two parts of the
muscles are better distinguishable in the metathorax.
The distal part of the metathoracic muscles is attached
to an indistinct pleural sclerite posterior to the PWP. It
is almost round in cross section. The proximal part is
wider but flat and runs to a sclerite of the pleurum that
is tightly associated with the PWP similar to the meso-
thoracic sclerite. Nevertheless, the connection between
the muscle and the sclerite is stronger in the metatho-
rax.

31 (53): This pleuroaxillary muscle is absent in Sympetrum
(missing in adult Odonata according to MALOEUF
1935).

32 (54): The conspicuous pleurosubalar muscle runs from
a large dorsal apodeme to the ventral margin of the
epimeron. The dorsal apodeme is connected by a ten-
don to the anterior part of the axillary plate. It is a
broad and large muscle in the meso- and also in the
metathorax. The muscles 32 and (54) are almost equal
in size to the muscles 22 and (44).

33 (55): The pleurosubalar muscle is rather slender and
dorsally attached to a small sclerite in the pleural mem-
brane posterior to the PWP, but also to the postero-
ventral part of the axillary plate by a tendon. Ventrally,
it is attached to the epimeron.

34 (56): Posterior to the muscles 33 and (55) respectively
lie the short and slender pleurosubalar muscles 34 and
(56) respectively. Muscle 34 is dorsally attached to the
small sclerite in the pleural membrane posterior to the
PWP. Nevertheless, it is also connected to the postero-
ventral part of the axillary plate via a tendon. The
ventral attachment is on the epimeron near the spira-
cle. In the metathorax, it is a short muscle that is at-
tached via a tendon dorsally as well as ventrally. The
tendon of the muscle 33 and the tendon of the muscle
34 are associated and intersected so that the attach-
ment of the muscle 34 is located anteriorly and the at-
tachment of muscle 33 lies posteriorly. The metatho-
racic muscles (55, 56) proceed in the same way.

36 (58): The short and flat but robust pleurocoxal muscle
runs from the katepisternum (terminology following
AsAHINA 1954) to the lateral rim of the coxa.

37 (60): The tergocoxal muscle is relatively large and dor-
sally attached to a tergal sclerite posterior to PRS.
Ventrally, the muscle 37 is attached to the antero-
lateral rim of the coxa. The metathoracic muscle (46)
seems to consist of three parts; the first part is the mus-
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Figs. 58—60. Sympetrum cf. striolatum. — 58. Mesotergum, dor-
sal view (head to the left); the arrow marks the apodeme shining
through the arced scutal sclerite, which is the dorsal attachment
of muscles 23 and 46. 59. Pterothorax with the ventral attach-
ment points of several muscles, lateral view. 60. Pterothorax,
upper area. — a = regio anterior of hp (following TANNERT 1958);
s = dorsal attachments (sclerites) of muscles 33 (55) and 34 (56).

cle (46), the second is the small muscle (46’) and the
third part is the muscle 37 (see section 4.3).
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Figs. 61—-63. Sympetrum cf. striolatum, &, musculature of the right half of the pterothorax at progre
with median muscles (61) and progressively proceeding to the most lateral muscles (see Fig. 66). — Scale: 1 mm.

ssive stages of dissection, startin
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(51/52)

Figs. 64—66. Sympetrum cf. striolatum, 3, musculature of the right half of the pterothorax at progressive stages of dissection (see
legend to Figs. 61-63); Fig. 64 = detail of the upper half. — a = apodeme of muscles 22 and 44; a" = apodeme of muscle 32. — Scale:
1 mm.
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38 (61): The small sternocoxal muscle is stretched be-
tween a ventral apodeme (furca 2 following AsSaHINA
1954) and the postero-lateral rim of the coxa.

39 (62): The slender pleurotrochanteral muscle 39 is at-
tached to the katepisternum and runs to the trochan-
ter.

40 (63): The pleurotrochanteral muscle stretches between
the latero-external side of the furca and the trochanter
(following AsaniNa 1954). It is not pictured in
Figs. 61—66 because it was hardly visible.

41: The slender and robust longitudinal ventral muscle
stretches between the mesofurca and the profurca.
(68): This ventral muscle stretches between the interseg-
mental sternopleural process (MALOEUF 1935; posterior
end of furcal invagination following AsAHINA 1954)
and the first abdominal segment. It is a distinct and
robust metathoracic muscle. It might be the corre-

sponding muscle to the mesothoracic muscle 41.

3.4 Plecoptera

3.4.1 Pteronarcys reticulata
(Figs. 67-73) (mn = 1)

Measurements (J)
Total length: 24mm. — Length of mesothorax: 3.8 mm. —
Length of fore wing: 26.5mm. — Length of metathorax: 4 mm.
— Length of hind wing: 22.5 mm.

External morphology of the mesonotum

The prescutum and the prealar bridge are short but
distinct (PAB; Fig. 67; metathorax: Figs. 72, 73). The
scutum and the scutellum (SL; Fig. 67, metathorax:
Figs. 70, 72) are conspicuous in the mesothorax. The me-
dian longitudinal suture (MLs; Fig. 67; metathorax:
Figs. 70, 72) is distinct from the anterior part of the scutum
to the scutellum. A distinct convex area at the lateral part
of the scutum serves as a dorsal attachment point for sev-
eral dorso-ventral muscles. Both the scutellum (SL) and
the postnotum are conspicuous elements of the mesotho-
racic tergum. The tegula (T; Fig. 68; metathorax: Fig. 72)
of the fore wing is distinct and densely covered with setae
(more than in the metathorax; the apex of the metathoracic
tegula is covered with a couple of long setae and some
short ones). The indistinct humeral plate (HP, not pic-
tured) lies at the wing base, posterior to the tegula.

The anterior notal wing process (ANP; Figs. 67, 68) is
a concave and clearly demarcated but integral part of the
tergum. It is slightly shorter than the ANP of the metatho-
rax (Figs. 70, 72, 73) and approximately four times as long
as wide (ANP of the metathorax is approximately six
times as long as its width). The median notal wing process
(MNP) is weakly developed. The distinct posterior notal
wing process (PNP; Figs. 67, 69) articulates with the 3Ax
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of the wing base. In the metathorax, the anterior part of the
PNP (Figs. 70, 72) is detached from the tergum. The axil-
lary cord (AxC) which is sclerotised at its base lies poste-
rior to the PNP.

The wing base is composed of the first, second and
third axillary sclerite (1Ax, 2Ax and 3Ax; Figs. 67-69).
The 1Ax is subdivided into the anterior head, the middle
neck and the posterior body. The entire 1Ax of the meso-
thorax is rather compact. The head of the 1Ax is almost
three times as long as wide and tapered apically (rounded
apically in the metathoracic 1Ax). The head of the 1Ax
articulates with the subcostal vein (Sc; Fig. 67) but it is
also connected to the base of the anterior radial vein (R;
Figs. 67, 68). The neck is short and approximately as long
as wide. The following body of the 1Ax is almost half as
wide as long at its broadest point. It articulates distally
with the triangular 2Ax. It is sclerotised only in the dorsal
layer of the wing membrane. A muscle is attached to the
anterior part of the body of the 1Ax, which runs to the
pleurum. In addition to the articulation with the 1Ax prox-
imally, the 2Ax articulates with the proximal median plate
(PMP; Figs. 67—69) distally and with the 3Ax posteriorly.
The anterior edge of the 2Ax is partly, i.e. over about one
half of the edge-length, fused with the base of the anterior
radial vein. The distal point of the 2Ax is also fused with
the base of the anterior radial vein in the metathorax. The
2Ax is sclerotised both in the dorsal and in the ventral
layer of the wing membrane. Seen from dorsally, a distinct
sulcus is visible on the proximal part of the 2Ax. It pos-
sesses a process on its ventral side, which articulates with
the pleural wing process (PWP, not pictured). The 3Ax is
distinct and considerably more folded in the mesothorax
than it is in the metathorax and is connected to the PNP
posteriorly. It is a rather simple sclerite but more robust
than in the metathorax and without a pronounced anterior
branch. The muscle, which runs to the pleurum (tpm 48) is
attached to the proximal cavity of the 3Ax. The posterior
part of the 3Ax is connected to the base of the anal veins
(A). This base, the basanale (ban; Fig. 68), is conspicuous
and sclerotised. Only the proximal one of the two median
plates (PMP) is visible.

The base of the costal vein, and also the base of the
subcostal vein, is distinct. Both are also more conspicuous
in the mesothorax than in the metathorax (Figs. 70-73).
The anterior radial vein is the most distinct vein in the fore
and the hind wing. The base of the anterior radial vein is
conspicuously developed. The posterior edge of the base
of the radial vein (Fig. 71, R) is partly fused with the
2Ax.

External morphology of the mesopleurum

The pleurum (not pictured, compare Fig. 123) is di-
vided into the anterior episternum (ES) and the posterior
epimeron (EM) by the pleural suture (PLs), which runs
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Figs. 67—68. Pteronarcys reticulata, right fore wing. — 67. Wing base; the long arrow marks the position of the subtegula. 68. Axil-
lary sclerites. — Scales: 1 mm.
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Figs. 69-71. Pteronarcys reticulata. — 69. Detail of the right fore wing; m marks the attachment of the flexor muscle. 70. Overview
of the metanotum and the wing bases. 71. Detail of the left hind wing base, showing the base of the anterior radial vein (R) and the
2Ax; the arrows mark the fusion of 2Ax and R. — Scales: 1 mm.
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Figs. 72-73. Pteronarcys reticulata, right hind wing base; Fig. 73 = detail. — n = neck of 1Ax. — Scales: 1 mm.
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Figs. 74-75. Brachyptera seticornis. — 74. Right fore wing base; m shows the attachment of the flexor muscle of 3Ax; the upper black
arrow marks the fusion of 2Ax with the base of the anterior radial vein. 75. Right hind wing base; the black arrow marks the fusion
of 2Ax with the base of the anterior radial vein (R). — Scales: 0.5 mm.
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Figs. 76—77. Brachyptera seticornis. — 76. Right fore wing base. 77. Right hind wing base. — m = attachment of the flexor muscle. —
Scales: 0.5mm.
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Figs. 78-79. Brachyptera seticornis, musculature of the right half of the mesothorax at progressive stages of dissection, starting with
median muscles (78) and progressively proceeding to the most lateral muscles (see Fig. 83). — Abbreviations of the muscles see sec-
tion 3.4. — Scales: 1 mm.
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Figs. 80—81. Brachyptera seticornis, musculature of the right half of the mesothorax at progressive stages of dissection (see legend
to Figs. 78-79). — Scale: 1 mm.
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tpm 48a tpm 49b

tpm 48b

Figs. 82—83. Brachyptera seticornis, musculature of the right half of the mesothorax at progressive stages of dissection (see legend
to Figs. 78-79). — Scale: 1 mm.
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obliquely backwards. The upper part of the pleural suture
is less distinct than the conspicuous lower part. The PLs
extends dorsally into the pleural wing process (PWP).
Anterior to the PWP lies the basalare (BA). It is a promi-
nent part of the pleurum, which is partly detached from
the episternum. The basalare is anteriorly connected to the
base of the costal vein and to the PWP posteriorly. The
subalare is an undifferentiated and longish but distinct
sclerite. It is located in the pleural membrane below the
wings. The epimeron is not as wide as the episternum.

3.4.2 Brachyptera seticornis
(Figs. 74-83) (n = 3)

Muscles of the mesothorax (Figs. 78—83)

The musculature in adult specimens is similar in the
meso- and metathorax. Therefore, in the following only
the mesothorax is described, with the exception of those
muscles that are different in each segment. The terminol-
ogy of musculature follows WirTiG (1955) and Zwick
(1973).

Dorsal muscles

dlm 35: The Musculus dorsalis longitudinalis is a middle-
sized muscle running from the anterior to the middle
phragma.

dlm 36: The M. dorsalis obliquus primus is attached to an
area stretching from the anterior scutum to the centre
of the scutum dorsally and runs to the middle phragma.
The dlm 36 is about as large as the dlm 35 but rather
flat.

dlm 37: If present, the M. dorsalis obliquus secundus is
not clearly separated from the dlm 36.

Dorso-ventral muscles

dvm 40: The M. tergo-praecoxalis (M. tergo-basisternalis
sensu WITTIG 1955) is a large muscle, which is dorsally
attached to the anterior part of the scutum. Ventrally, it
is attached to the praecoxa (preepisternite, PES:
Fig. 123).

dvm 41: The dorsal point of attachment of the M. tergo-
trochantinalis lies just postero-lateral to that of dvm 40
on the scutum. Ventrally, this muscle is attached to the
trochantinus. It is a large one, but not as large as the
dvm 40.

dvm 42: The M. tergo-endocoxalis, running from the
scutum (postero-lateral of dvm 40/41) to the trochan-
ter, is almost as large as the dvm 41.

dvm 43: The dorsal point of attachment of the M. tergo-
coxalis posterior lies postero-medial of that of dvm 40.
Ventrally, this muscle is attached to the posterior rim
of the coxa. The dvm 43 is larger than the dvm 41 and
dvm 42.

ism 44: The M. tergo-furcalis is a robust, flat, and broad
muscle, which stretches between the antecosta of the
metathorax and the furca of the mesothorax.

Pleural muscles

tpm 46b: The M. scuto-apodema episternalis is a flat,
broad muscle, which runs from the ANP to the ridge at
the anterior part of the episternum. It consists of only a
few fibres.

tpm 47: The short and robust M. tergo-crista pleuralis
anterior is stretched between the subtegula and the up-
per part of the episternum next to the PWP.

tpm 48: Two muscles are attached to the 3Ax in B. seti-
cornis. The first muscle, the M. pterale [ascellare]-
episternalis, is attached to the 3Ax and runs to the
episternum slightly ventral to the middle part of the
pleural ridge (tpm 48a). It is a flat and broad muscle,
which consists of only a few fibres. The second part is
attached to the 3Ax (just posterior to the first part) and
runs to the upper part of the pleural ridge (below the
PWP; tpm 48b) (see discussion, section 4.3.6). It is not
as wide as the first part and also consists of only a few
fibres. The muscles, tpm 48a and tpm 48b, are wing
flexor muscles.

tpm 49: The M. tergo-crista pleuralis posterior is bipartite
in B. seticornis. The first (anterior) part (tpm 49b) is
attached to the anterior part of the body of the 1Ax and
to the pleural ridge ventrally. The second (posterior)
part (tpm 49a) is stretched between the lateral part of
the scutum and the pleural ridge.

cpm 50: The M. basalare-endocoxalis stretches between
the antero-dorsal part of the basalare and the trochan-
ter ventrally. The muscles cpm 50 and 51 are similar in
dimension to cpm 53

cpm 51: The M. basalare-coxalis is dorsally attached to
the basalare and ventrally to the anterior rim of the
coxa.

cpm 52: The M. episterno-coxalis stretches between the
episternum and the anterior rim of the coxa. The dorsal
point of attachment lies postero-ventral to cpm 50 and
cpm S1.

cpm 53: The wide M. subalare-coxalis is attached to the
subalare and runs to the posterior part of the coxa, the
meron.

ppm 55: The M. episterno-praecoxalis is a robust muscle,
which stretches between the upper part of the epister-
num (anterior to the BA) and the ventral part of the
episternum.

ppm 56: The M. pleuralis is a flat muscle running from the
posterior subalare (terminology following Zwick 1973)
to the epimeron and consists of only a few fibres.

bm 59: The short and flat M. furca-coxalis anterior
stretches between the furca and the antero-lateral rim
of the coxa.
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zm 61: The short but distinct and robust M. furca-crista
pleuralis connects the furca with the pleural arm.

4 Discussion

4.1 General Remarks

There is generally no doubt on the monophyly of
Neoptera. In contrast, the sister group relationships of the
three basal clades of Pterygota (Ephemeroptera, Odonata
and Neoptera) remain controversial. While there is general
agreement on the composition of the wing base sclerites in
the ground plan of Neoptera, their homology to the wing
base sclerites in Ephemeroptera and Odonata has remained
unresolved. This is mainly due to the fact that the condi-
tions in the Ephemeroptera and Odonata seem to be highly
modified, since both taxa are specialised in this respect.
However, it will only be possible to deduce the ground
plan of the pterygote wing base when the homology of
these elements is clarified.

4.2 The wing base elements

The following chapters provide a short summary of the
wing base morphology of Ephemeroptera, Odonata and
Neoptera and also of earlier assumptions to the homology
of wing base sclerites and their musculature before the
interpretation is given.

4.2.1 The wing base of Neoptera
(Figs. 67, 70-72, 84, 85)

In the ground plan of Neoptera the wing base is com-
posed of the tergal anterior notal wing process (ANP), the
median notal wing process (MNP), and the posterior notal
wing process (PNP). Furthermore, there are three axillary
sclerites (1Ax, 2Ax, 3Ax), the proximal median plate
(PMP) and the distal median plate (DMP) in the wing base
of Neoptera (Bropsky 1994, SnopGrass 1935). The PMP
as well as the DMP are sclerotised in both the dorsal and
ventral layer of the wing membrane, which alludes to a
wing vein origin.

The first axillary sclerite (1Ax) articulates with the
ANP and, if present, also with the MNP proximally and
with the second axillary sclerite (2Ax) distally. The 1Ax is
sclerotised only in the dorsal layer of the wing membrane,
which alludes to its tergal origin. It is directed approxi-
mately parallel to the longitudinal axis of the insect body.
Furthermore, it is divided into the anterior head and neck
and the posterior body. The head articulates with the sub-
costal vein.

The 2Ax articulates proximally with 1Ax, distally with
the proximal median plate (PMP), and posteriorly with the
3Ax. The anterior part of the 2Ax is also connected to the
base of the anterior radial vein. The 2Ax is sclerotised
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Fig. 84. Schematic representation of the neopterous wing base
(modified after SNnopGrass 1935: figs. 122, 129). — A. Dorsal
view. B. Lateral view.

both in the dorsal and ventral layer of the wing membrane.
A proximo-ventral process of the 2Ax articulates with the
pleural wing process (PWP).

The 3Ax articulates, in addition to the articulation
with the 2Ax and the PMP, also with the posterior notal
wing process (PNP). It is also connected to the anal veins
and the jugal veins of the wing. Furthermore, it is sclero-
tised in both the dorsal and ventral layer of the wing mem-
brane. The 3Ax is orientated acute-angled (about 60°) or
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Fig. 85. Leuctra hippopus, right fore wing base. — m = attach-
ment of the flexor muscle of 3Ax. — Scale: 0.5 mm.

approximately perpendicular to the longitudinal insect
body axis (Bropsky 1994, SNoDGRASS 1935).

Further wing base elements in the ground plan of
Neoptera are the basalare (BA) anterior to the pleural wing
process (PWP) and the subalare (SA) posterior to the PWP
(Bropsky 1994, HORNSCHEMEYER 2002, SNODGRASS 1935).

In previous contributions it is assumed that in the
ground plan of Neoptera only the 3Ax serves as dorsal at-
tachment of a muscle running to the pleurum (e.g.
SnoDpGRass 1935). Both the first and third axillary sclerite
are provided with such a muscle. A wide but flat muscle
(Fig. 125) inserts on the proximal part of the 1Ax and pro-
ceeds to the pleural ridge in Plecoptera (WILLKOMMEN &
HORrRNSCHEMEYER 2007). The proximal part of the 3Ax is
the dorsal attachment of a flat muscle running to the epi-
sternum (t-p 13 sensu Matsupa 1970). This muscle to-
gether with the wing base morphology (e. g. axillary fold-
and flexion-lines, shape of axillary sclerites) enables the
Neoptera to fold their wings horizontally over the abdo-
men. In several Neoptera a second muscle occurs, which is
stretched between the 3Ax and the upper part of the pleu-
ral ridge (t-p 14). According to Brobsky (1994) both mus-
cles are present in insects which fold their wings over the
back in a roof-like position (with exception of Psocoptera)
and are also present in Diptera (which do not fold their
wings in such manner), but insects, which fold their wings
flat have only one of the muscles attached to the 3Ax.
Nevertheless, Plecoptera have both muscles attached to
the 3Ax. This suggests that the presence of two muscles
attached to the 3Ax is most likely a ground plan character
of Neoptera. Moreover, both the ANP and the PNP are

each provided with a muscle that proceeds to the pleu-
rum.

In addition, there are flight muscles associated with
the basalare and the subalare: at least two basalar muscles
(basalar-trochanteral and basalar-coxal muscle) and one or
two subalar muscles (subalar-coxal and subalar-pleural
muscle) are present in the Neoptera.

4.2.2 The wing base of Odonata
(Fig. 58)

The morphology of pterothorax, wing base, and vena-
tion of Odonata were examined by different authors (e. g.
AsAHINA 1954; BEcHLY 1996; HAaTcH 1966; Prau 1986, 1991;
Riek & Kukarova-Peck 1984; TANNERT 1958). The two
plates in the wing base of Odonata are termed differently
in these publications (Tab. 2). The anterior plate is either
the humeral plate (sensu SNoDGRASs 1935 and ASAHINA
1954) or costal plate (sensu TANNERT 1958). The posterior
plate is termed axillary plate by SnopGrass (1935) and
AsaniNa (1954) or radio-analis plate by TANNERT (1958).

The wing base is articulated with the thoracic tergites
by the anterior humeral plate and the posterior axillary
plate. The humeral plate is sclerotised only dorsally and
articulates with the anterior pleural process. The humeral
plate of Odonata is supposed to be a product of a second-
ary fusion of the humeral plate of Neoptera with the base
of the costal vein (TANNERT 1958). SNoDGRASS (1935), how-
ever, does not assume such a secondary fusion but rather
an enlargement of the humeral plate alone. Based on his
morphological data AsaniNa (1954) supposed that a part of
the basalare is fused with the humeral plate and that a part
of the subalare is fused with the axillary plate of the wing
base.

Bropsky (1994) assumed — without arguments — that
only t 14 of Odonata can be homologised to the respective
muscles of other Pterygota and that the humeral plate con-
tains at least a part of the basalare.

The radial and the anterior medial veins originate from
the dorsal part of the axillary plate. The sector of the me-
dial vein (except the anterior medial vein), the cubitus and
the analis originate from the ventral part of the axillary
plate (TANNERT 1958). The posterior pleural wing process
of Odonata articulates with the anterior part of the axillary
plate. There are two short muscles stretched between the
postero-internal side of the axillary plate and the mem-
brane just posterior to the pleural wing process (ASAHINA
1954).

Tab. 2. Terminology of the wing base sclerites of Odonata.

Position SNoDGRASS 1935, TANNERT 1958
AsaHINA 1954

anterior plate humeral plate costal plate

posterior plate axillary plate radio-analis plate
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4.2.3 The wing base of Ephemeroptera
(Figs. 2, 3, 27-29, 4042, 94, 95)

The most conspicuous element in the wing base of
Ephemeroptera is the basal plate (BP). Its proximal part is
flat and articulates with the pleural wing process (PWP).
Furthermore, three sclerites are present lying proximal to
the BP. The first free wing base sclerite (sl) articulates
proximally with the anterior notal wing process (ANP)
and distally with the second wing base sclerite (s2). It is
sclerotised only in the dorsal layer of the wing membrane
and there is no muscle attached to it. The second sclerite
(s2) is proximally connected to the sl, distally to the BP
and posteriorly to the s3. It is sclerotised only in the dorsal
layer of the wing membrane and has a proximal process,
which is bent inwards. In basal Ephemeroptera two mus-
cles are attached to s2. The first muscle is running to the
pleurum and the second one is attached to the furca. The
third wing base sclerite is tightly associated with the BP
and is sclerotised in both dorsal and ventral layer of the
wing membrane. Posteriorly it articulates with the poste-
rior notal wing process (PNP). The s3 is provided with a
short muscle running to the pleurum next to the PWP.

4.2.4 Current hypotheses on the homology
of wing base sclerites
(Figs. 86—88)

Hitherto several authors (BEKKER 1954; Brobsky 1970,
1974, 1994; Granbi 1947; KrLuGe 1994, 2004; KukALOVA-
Peck 1974a, 1974b, 1978, 1983, 1985, 1987; KUKALOVA-
Peck & BrRAUCKMANN 1990; MaTsupa 1956, 1970; Tsut &
PETERS 1972, WILLKOMMEN & HORNSCHEMEYER 2007) pro-
posed different hypotheses for the homology of wing base
sclerites and the associated muscles between the basal
pterygote taxa.

GRANDI (1947) examined Ephemerella sp. (Ephemerel-
lidae), Ephemera sp. (Ephemeridae), Ecdyonurus sp.
(Heptageniidae), Choroterpes sp., Habrophlebia sp. (Lep-
tophlebiidae), several Baetidae, Oligoneuriella sp. (Oli-
goneuriidae) and Caenis sp. (Caenidae). She assumed that
the wing base sclerites of Ephemeroptera are pseudoptera-
lia without homology to the wing base sclerites of other
Pterygota. The three pseudopteralia are the pseudopterale
prossimale (primo; sl), the pseudopterale mediale (secon-
do; s2) and the pseudopterale distale (terzo; proximal base
of the basal plate).

KruGe (1994: 557, 2004) suggested that there is no
agreement on homologisation of these sclerites with the
axillary sclerites of Neoptera. Therefore, he termed the
first sclerite (s1) of the ephemeropteran wing base anterior
axillary sclerite (term used by BEkkER 1954: aAx), the
second sclerite (s2) was named the middle axillary scler-
ite, and the third sclerite (s3) was termed the posterior ar-
ticulatory process.

KukarLovA-Peck (1983, 1987, 1998) assumed that the
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wing articulation, namely the axillary sclerites, originated
from an additional part of the pleura, which articulated
above the subcoxa. In her interpretation the wing base of
the pterygote ground plan consists of 32 wing base scler-
ites, which are arranged in eight rows. The sclerites are
termed the proxalaria, the axalaria, the fulcalaria and the
basivenales (from proximal to distal). She assumed that
the proxalaria originated from the epicoxa and the axalaria
and the fulcalaria probably originated from the wing mem-
brane.

Martsupa (1956) examined the thorax of Siphlonurus
columbianus (Siphlonuridae) and ascertained that the or-
dinary three axillary sclerites are clearly recognisable.
Each sclerite maintains the typical topographical position
compared to the other axillary sclerites and to the anterior
and posterior notal wing process. He further (l.c., p. 96)
mentioned that Granpr (1947) “failed to recognize the
presence of the third axillary sclerite in a series of species
she examined”. The sclerite homologous to the 3Ax of
Neoptera should be the additional sclerite (s5) in the wing
base of several mayflies, e. g. Siphlonurus columbianus, S.
aestivalis (Siphlonuridae) and Rhithrogena semicolorata
(Heptageniidae) and the absence of the s5 would be sec-
ondary. Furthermore, he homologised the sl and the s2 of
the ephemeropteran wing base with the 1Ax and the 2Ax
of the neopteran wing base (Fig. 86). The muscle that is
attached to the posterior part of the second free sclerite
(s2) and running to the pleurum is homologised by him
with the muscle that inserts on the 3Ax in Neoptera. The
axillar-furcal muscle (Ax.Fm sensu KLUGE 1994) as well as
the loss of the relationship between the wing base sclerites
and the wing veins is according to this author peculiar to
the mayflies.

Tsur & PETERS (1972) examined the thorax of selected
genera of the Leptophlebiidae. In five genera they found
two axillary sclerites and only in Aprionyx three. The ho-
mology that is proposed for the sclerites sl (1Ax) and s2
(2Ax) is the same that is suggested by Matsupa (1956).
The third axillary sclerite in Aprionyx (see above) is men-
tioned only in the text (equivalent to s5) but not in their
drawings. The authors described a muscle running from
the subalare to the median plate (equivalent to basal plate,
BP). “The similar function of this muscle between the
Ephemeroptera and other pterygotes is considered by
Martsupa (pers. comm.) as convergent evolution.” (Tsul &
PETERS 1972: 340).

BekkER (1954) assumed that the movements of the
wings are regulated via five sclerites. Three of them are
located between the tergum and the wing namely the ante-
rior axillary sclerite (aAx — equivalent to sl), the first axil-
lary sclerite (1Ax — equivalent to s2) and the fourth axil-
lary sclerite (4Ax). There are two additional sclerites, the
second axillary sclerite (2Ax — equivalent to the whole BP)
and the third axillary sclerite (3Ax — equivalent to s3), that
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correspond to the 2Ax and the 3Ax of Neoptera. He de-
scribed a bipartite muscle with one part running from the
3Ax to the pleurum and a second part that is attached to
the 2Ax (equivalent to BP).

Two publications of Brobsky (1970, 1974) presented
contradictory conclusions (Figs. 87, 88). According to
Brobsky (1970) the first wing base sclerite (sl) of
Ephemeroptera is homologous with the ANP of Neoptera,
s2 is assumed as homologous to the first axillary (1Ax of
Neoptera) and the homologous part to the 2Ax of Neoptera
is fused with the basal plate in Ephemeroptera. The third
wing base sclerite (s3) should be homologous with the 3Ax
of Neoptera. Given the hypothesis of Bropsky (1974) the
sl of Ephemeroptera is homologous with the 1Ax of
Neoptera, the s2 is assumed as homologous with the 2Ax
and the s3 should be the homologous structure to the 3Ax
of Neoptera. The additional sclerite (s5) of the
ephemeropteran wing base is assumed to be a median no-
tal wing process (MNP), which is not homologous with the
MNP of Neoptera.

4.2.5 Homology of the wing base sclerites
and axillary muscles
(Figs. 89, 91)

GraANDI (1947) assumed that the wing base elements of
Ephemeroptera are not homologous with that of other
Pterygota. This implies that the wings and wing base
sclerites must have developed twice and independent from
the other Pterygota. This assumption is, however, rather
unlikely. KrLuce (1994, 2004) gives no interpretation of
wing base homology.

First free wing base sclerite — sl

The first free wing base sclerite (sl; Figs. 3, 29, 41,
94-95, 107) in the mayfly wing base is usually character-
ised as follows: A narrow, triangular sclerite, sclerotised
only in the dorsal layer of the wing membrane, articulates
proximally with the anterior part of the notum and distally
with s2; in relation to the tergum it is orientated obliquely
to the longitudinal body axis. It is not directly associated
with any wing vein. No muscle is attached to it, except in
H. confusa (Leptophlebiidae) where a slender and indis-
tinct tendon diverges from the main part of BA.Cm and is
attached to the sl (own observation). In the examined
Baetidae and also in Oligoneuriidae (Elassoneuria sp.,
Oligoneuriella rhenana) the sl is rather large in relation to
the body size, in Habroleptoides confusa (Leptophlebii-
dae) and Caenis rivulorum (Caenidae) it is inconspicuous,
in H. confusa it is not distinctly differentiated, and in C.
rivulorum (Baetidae) it is narrow (own observations).

Martsupa (1956) assumed that the sl is the first axillary
sclerite because a muscle is attached to this sclerite and to
the coxal process ventrally. Furthermore, he wrote that the
basalar-coxal muscle is absent in Siphlonurus colum-
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bianus, though Maki1 (1938) described this muscle. The
two mentioned muscles (axillary-coxal and basalar-coxal
muscle) are, however, one and the same muscle in real
terms. The problem of the different interpretations of this
muscle is the dorsal attachment. At first sight, the muscle
seems to be attached to the sl, but on closer examination
one can see that it is attached to a dorsal sclerite directly
anterior to the sl (Fig. 11) (exception Habroleptoides con-
fusa, see above).

The first axillary sclerite (1Ax) in Plecoptera is pro-
vided with a muscle running to the pleurum (Fig. 125).
Furthermore, between the first and the second axillary
sclerite runs a convex axillary flexion-line (WootToN
1979). Neither the first nor the second fact applies to the sl
in the ephemeropteran wing base.

Bropsky (1970) assumed that the sl (sclerite A in his
paper) is likely to be the ANP. He examined the final in-
star nymph of the mayfly because it “presents a clearer
picture”. According to him, the axillary apparatus is rep-
resented by five elements short before the moult to the
subimago, and the structure of the axillary apparatus of
the most specialised forms (Caenidae) suggests that the sl
is homologous with the anterior notal wing process. Prob-
ably, this is the right interpretation because the ANP of the
Plecoptera (Figs. 6770, 72, 73) lies in the same position as
the sl in Ephemeroptera. It is a concave and clearly demar-
cated but integral part of the stonefly tergum (WiLLKOM-
MEN & HORNSCHEMEYER 2007). In contrast to Brobsky
(1970), Bropsky (1974) assumes that the sl is the first axil-
lary sclerite. Consequently, he ascertains that the lack of a
connection between the 1 Ax and the subcostal vein is spe-
cific to mayflies. But the latter is irrelevant if one assumes
that s2 is homologous with 1Ax of Neoptera (see below).

Thus, the orientation, sclerotisation and the (lacking)
connection to the wing veins indicate that the sl is a de-
tached part of the ANP rather than the homologous part to
the first axillary sclerite (1Ax) of Neoptera.

Second free wing base sclerite — s2

The 1Ax of Neoptera is characterised by the following:
It is sclerotised only in the dorsal layer of the wing mem-
brane, is connected to Sc and provided with a muscle run-
ning to the pleurum, and is characterised by a convex axil-
lary flexion-line lying distally.

The second free wing base sclerite (s2; Figs. 3, 41,
94-95, 107) of the ephemeropteran wing base shows char-
acteristics that are also known from the 1Ax of the
Neoptera: It is orientated approximately parallel to the
longitudinal body axis, it is anteriorly connected to the
subcostal vein, it is distally also connected to the 2Ax and
the 3Ax (see below). Furthermore, in Siphlonurus aestiva-
lis, a basal mayfly, the s2 is provided with two muscles
(Ax.Pml, Ax.Fm), which is a plesiomorphic condition fol-
lowing MaTsupa (1970). The Ax.Pml is present only in
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comparatively basal mayflies, besides Siphlonurus aesti-
valis (own observation) also in Parameletus chelifer,
Ametropus eatoni, and Metretopus norvegicus (according
to Bropsky 1974), and Siphlonurus columbianus (accord-
ing to Matsupa 1956). Ax.Fm is present in most of the
examined mayflies and is probably homologous with the
muscle 45 of Lepisma saccharina (Zygentoma: Lepismati-
dae) (MaTsupa 1970).

A muscle running from the 1Ax to the pleural ridge is
also present in Plecoptera (Fig. 125, tpm 49b). In differ-
ence to Ephemeroptera this muscle inserts nearly on the
whole length of the body of the first axillary sclerite (1AXx)
in Plecoptera whereas in S. aestivalis (Siphlonuridae) it
arises only from one point of the axillary sclerite.

MaTsupa (1956) assumed that the muscle Ax.Pml (sen-
su KruGe 2004) shows a striking similarity to the wing
flexor muscle in other pterygote insects, which usually
inserts on the third axillary sclerite. However, its dorso-
ventral course, its insertion not on the posterior but on the
middle part of the wing base, precludes a function as a
wing flexor. MATSUDA’s interpretation resulted from the
fact that he neither recognised the separate sclerite that is
directly associated with the basal plate (BP) of the wing
(lying in the same position as the 3Ax in Neoptera, see
below) nor the muscle that is attached to it.

Martsupa (1956) described a muscle running from the
posterior notal process (PNP) to the base of the median
plate (basal plate, BP). This muscle is present in nearly all
examined Ephemeroptera but it is attached to the third
wing base sclerite (s3) running to the anterior part of the
subalare (or the pleurum). Sometimes this muscle is bipar-
tite and the second part runs from the s3 to the basal plate
(e.g. in Ephoron virgo), but not to the PNP as MATsuDA
assumed.

Tsut & PEeTErRs (1972) also described the above-
mentioned muscle. According to their description the
muscle is attached to the median plate running to the sub-
alare. But presumably the right dorsal attachment is not
the median (or basal) plate but rather the (not identified)
third wing base sclerite (s3). Furthermore, they assumed
that this muscle serves to transmit the pull exerted by the
subalar muscles in depressing the wings. Nevertheless,
according to a personal communication of MATSUDA, the
authors did not conclude a homology between Ax.PmS
and the muscle of the 3Ax of Neoptera, but regardless of a
similar function and position of these muscles assumed
their convergent development in Ephemeroptera and
Neoptera. Matsupa (1956) tried to homologise s5 with
3Ax and Ax.Pml with the wing flexor of Neoptera with an
unlikely and not parsimonious argumentation. Thus, he
did not recognise the similarity of the muscle, which is
described by Tsui & PETERs (1. c.) and the muscle attaching
to the 3Ax of Neoptera.

The s2 is partly the same as the sclerite B of BrRobsky
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(1970), which morphologically and functionally corre-
sponds to the 1Ax of Neoptera.

The insertion of a pleural muscle, the connection to Sc,
the sclerotisation in the dorsal wing membrane, and the
convex axillary flexion-line posterior to s2 are characters
that point at a homology of s2 with the first axillary scler-
ite (1Ax) of Neoptera.

Proximal part of BP

The 2Ax of Neoptera is characterised by the following:
It is sclerotised in both dorsal and ventral layer of the wing
membrane, no muscle is attached to it (in the ground plan
of Neoptera), ventrally it articulates with the PWP, it has a
convex axillary flexion-line lying proximally, and is con-
nected to the anterior radial vein, PMP and 3Ax.

A homology of the proximal part of the basal plate
(BP) of Ephemeroptera with 2Ax of Neoptera was as-
sumed by Bropsky (1970: 185) who wrote: “The state of
the second axillary sclerite in a mayfly nymph gives an
objective representation of its shape (boomerang-shaped)
and its connection with the remaining sclerites. In the
imago the second axillary sclerite is fused with the median
plate ...”, but no further morphological grounds for a ho-
mology are given. Later he (Brobsky 1974) assumed, con-
tradictory to his earlier view, that the loss of the connec-
tion between the 1Ax and the base of the subcostal vein is
a specific character of Ephemeroptera since he suggested
that the sl (instead of s2 as proposed in his previous work)
is homologous with the 1Ax of Neoptera. Furthermore, he
assumed in his contribution of 1974 that the s5 in the wing
base of several mayflies may be designated the median
notal process that is not homologous with the median notal
process of other orders, since the latter is articulated with
the first axillary sclerite. But none of these two points is
relevant if one postulates a homology of the s2 to the 1Ax
and the proximal base of the BP to the 2Ax.

The homology of the basal plate (BP) with the second
axillary sclerite is also proposed by BEkkER (1954) who,
however, homologised the whole BP with the 2Ax.

Based on the morphological data presented herein a
homology of the proximal part of the basal plate to the
2Ax of Neoptera is evident since the first shows character-
istics of the 2Ax of Neoptera.

The proximal area of the BP is sclerotised in both the
dorsal and ventral layer of the wing membrane. It pos-
sesses a process (BPp; Figs. 7-8, 32-33, 43, 93, 97) on its
ventral side that articulates with the pleural wing process
(PWP). The proximal flat area of the BP is connected to
the anterior radial vein by the basal plate. In Plecoptera the
anterior part of the 2Ax is sometimes partly or completely
fused with the base of the anterior radial vein. For exam-
ple, in Pteronarcys reticulata (Pteronarcyidae), the ante-
ro-distal part of the 2Ax is fused with the base of the ra-
dial vein over about one third of the length of the 2Ax
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1Ax 2Ax JAx

Figs. 86—88. Homology of the ephemeropteran wing base scler-
ites with the neopteran wing base sclerites (right fore wing of
Rhithrogena semicolorata) (modified after WIiLLKOMMEN &
HorNSCHEMEYER 2007: figs. 2—4). — 86. After MaTsupa (1956).
87. After Bropsky (1970). 88. After Brobsky (1974).

Fig. 89. Homology of the ephemeropteran wing base sclerites
with the neopteran wing base sclerites assumed in this work. —
A. Habroleptoides confusa (Ephemeroptera), right fore wing.
B. Perlodes microcephalus (Plecoptera), right hind wing.
C. Pteronarcys reticulata (Plecoptera), right fore wing.
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Figs. 92-93. Ephemera danica, mesothorax. — 92. @ imago, dorsal view (head to the left). 93. Q subimago, lateral view.
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Figs. 94-95. Ephemera danica, @ subimago, wing base sclerites of fore wing. — The white arrow marks the membranous area that
separates the basal plate from the third wing base sclerite (s3); the black arrow marks the proximal process of the second wing base
sclerite (s2) that is bent inwards.
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Figs. 96-97. Ephemera danica, 9 subimago, mesopleurum. — 96. Overview. 97. Upper area. — s = anterior sclerite of the SA; the
arrows, which are directed leftwards mark the s3 (3Ax) shining through the membrane; the arrow that is directed downwards marks
the Ax.PmS shining through the membrane and is attached to s.

(Fig. 71). This fusion appears also in the hind wings of
other Plecoptera and seems to be secondary (WILLKOMMEN
& HORNSCHEMEYER 2007).

There is no muscle attached to the proximal part of the
BP. This mirrors to the condition of the 2Ax of Neoptera.
Furthermore, there is a convex flexion-line between the
1Ax and the 2Ax in Neoptera (Wootton 1979). This flex-
ion-line lies between s2 and the proximal part of the basal
plate in the ephemeropteran wing base. It indicates that s2
is homologous with the 1Ax and that the proximal part of
the basal plate is homologous with the 2Ax of Neoptera.

Third wing base sclerite — s3

The third wing base sclerite (s3; Figs. 2-3, 27-29, 41,
94-95, 107) is without a doubt the homologous part to the
3Ax of Neoptera (BEKKER 1954; Bropsky 1970, 1974, 1994;
WILLKOMMEN & HORNSCHEMEYER 2007). It is sclerotised in
the dorsal and partly in the ventral layer of the wing mem-
brane. In most of the examined taxa this sclerite is con-
nected to the posterior part of the BP and it is also associ-
ated with the anal veins via the basanale (ban) and the anal
brace (ab). In the examined taxa the s3 is distinctly sepa-
rate in Ephemera danica (Ephemeridae; Figs. 94, 95). If
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Figs. 98-105. Ephemera danica, Q subimago, mesothorax (uCT-data), cross sections from anterior (98) to posterior (105).
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Figs. 106-110. Exeuthyplocia minima, 3 imago. — 106. Overview of the mesotergum. 107. Wing base of the right fore wing. —
108-110. Reconstruction of pCT-data. 108. Thorax, dorsal view. 109. Thorax, ventral view. 110. Mesothorax, cross section posterior
to the pleural suture, on a level with the SA and 3Ax. — Scale: 1 mm.
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Figs. 111-116. Exeuthyplocia minima, & imago, mesothorax (uCT-data), cross sections from anterior (111) to posterior (116).

not fused, s3 is more or less tightly associated with BP e. g.
in Siphlonurus aestivalis (Siphlonuridae), Ephoron virgo
(Polymitarcyidae), Rhithrogena semicolorata or Ecdyonu-
rus submontanus (Heptageniidae). Ventrally the s3 is as-
sociated with the subalare (SA) as it is also the case in
Neoptera. The orientation of the s3 in relation to the longi-
tudinal body axis of the insects is nearly the same in
Ephemeroptera and in Neoptera. But the most important
point is that a muscle (Ax.PmS; Figs. 6, 7, 10, 54-55, 103,

110, 115) inserts on the s3, running to the pleurum (poste-
rior to the PWP; Figs. 6, 7, 10, 97, 103). The Ax.PmS was
documented by GraNDI (1947), and also by BEKKER (1954),
Martsupa (1956), Tsul & PETERS (1972), KLuGE (1994) and
Brobsky (1970, 1974, 1994). The “Musculus lateralis octa-
vus mesothoracis” (II pm8) of DURKEN (1907) might also
be the Ax.PmS of the third axillary sclerite of Ephemero-
ptera.

GraNnDI (1947) termed the above-mentioned muscle
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LPs tHr1  tex7

Figs. 117-122. Habroleptoides confusa, Q imago, musculature of the right half of the mesothorax at progressive stages of dissection,
starting with median muscles (117) and progressively proceeding to the most lateral muscles (122) (modified after WILLKOMMEN &
HoORNSCHEMEYER 2007: figs. 12—17, terminology following MaTsupa 1970). — Scale: 0.5 mm.



WILLKOMMEN, PTEROTHORAX OF EPHEMEROPTERA, ODONATA AND PLECOPTERA 275

Figs. 123—125. Isoperla spp., 9, thorax, lateral view. — 123. . sp., meso- and metathorax. 124. I. grammatica, mesothorax; encircled
are the attachment points of several muscles that are attached to the basalar area. 125. I. goertzi, right mesopleurum; tpm 49b = an-
terior part of tpm 49.
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“pleurocondilo-scutellare” and KrLuGe (1994) termed it
axillar-pleural muscle superior (Ax.PmS). Both authors
assumed that the axillary sclerites of Ephemeroptera are
not homologous with that of Neoptera. GrRanpi (1947: 105,
107) pictured the muscle in her figures XVII and XIX but
she did not recognise the correlation to the 3Ax and its
muscle in Neoptera because she did not identify the s3 as
a separate sclerite. KLUGE (1994) neither mentioned the
muscle in the text (except in the abbreviation list on p. 42)
nor pictured it. As well as GranpI, KLUGE did not homolo-
gise the axillary sclerites of Ephemeroptera and Neoptera
whereby he overlooked the significance of the existence of
this muscle. Matsupa (1956: 106) mentioned a muscle that
“stretches between the posterior notal process and the
median plate” without any further discussion (see above).
But he noted a muscle that is stretched between the s2 and
the pleurum (Ax.Pml equivalent to his muscle 51) that
shows a striking similarity to the wing flexor muscle in
other pterygote insects, which usually inserts on the third
axillary sclerite (see above). Therefore, he assumed that
the muscle “may be regarded as the muscle of the third
axillary sclerite judging from the correlation in the occur-
rence between the muscle and the third axillary sclerite
and the point of attachment of the muscle to the second
axillary sclerite. [...] but the above example clearly indi-
cates that the insertion also tends to shift [...]” (MATSUDA
1956: 111). He homologised the s5 with the 3Ax though
this sclerite shows no characteristics of the 3Ax of
Neoptera. According to own observations the 3Ax of MAT-
suDpa is neither associated with the anal veins nor with the
subalare and no muscle is attached to the s5 and it is scle-
rotised only in the dorsal layer of the wing membrane.
Moreover, sometimes it is attached to the tergum and is
orientated almost parallel or slightly acute-angled to the
longitudinal body axis. Therefore, the assumption of MAT-
SuDA is not the most parsimonious one. He overlooked the
fact that the s3 shows nearly all characteristics of the 3Ax
of Neoptera (including the axillar-pleural muscle) because
he did not identify the sclerite posterior to the BP probably
since in most cases the s3 is not distinctly separate. Tsur &
PETERS (1972) described the muscle stretched between the
subalare and the median plate (II-22a of these authors).
They described the right function of the muscle and as-
sumed a convergent evolution of the similar function be-
tween Ephemeroptera and other Pterygota.

BEKKER (1954) supposed a homology only of 2Ax and
3Ax in Ephemeroptera and Neoptera. According to him,
the 2Ax in Ephemeroptera is the whole basal plate (BP)
and the 3Ax is s3. He described a muscle, of which the first
branch runs from the 3Ax (s3) to the pleural ridge and the
second branch stretched between 3Ax (s3) and a cavity of
2Ax (BP).

Bropsky (1970, 1974, 1994) assumed without a doubt a
homology of the muscle, running from the s3 to the pleu-
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rum, between Ephemeroptera and Neoptera (his muscle
Pml4 in 1970, TPmS5 in 1974 and t-p 14 in 1994) that helps
to control the plane of impact (Brobsky 1970: 187).

In Odonata there are two short muscles (29 and 30, re-
spectively 51 and 52 in Figs. 62—66), which are attached to
the postero-internal side of the axillary plate and to the
membrane just behind the pleural wing process (ASAHINA
1954). These muscles are in the same position as the mus-
cle running from the 3Ax to the pleurum (Ax.PmS) of
Ephemeroptera and (t-p 14 sensu Marsuba 1970) of
Neoptera. Therefore, one can assume that a third axillary
sclerite like that of Ephemeroptera and Neoptera is also
present in Odonata but in the latter fused with some of the
other wing base elements (for further interpretations of
wing base elements in Odonata see below).

The third axillary sclerite (3AX) in Plecoptera is rather
simple in shape. The anterior arm is indistinct. In the fore
and hind wings of Pteronarcys reticulata (Pteronarcyi-
dae) the 3Ax is simple (Figs. 67-70, 72, 73) and likewise
the 3Ax of the fore and hind wings of Brachyptera seti-
cornis (Taeniopterygidae) (Figs. 74—77), Leuctra hippo-
pus (Leuctridae) (Fig. 85), Nemoura cinerea and Protone-
mura meyeri (Nemouridae) is rather simple (own observa-
tions). The flexor muscle of the wing is stretched between
a proximal concavity of the 3Ax and the pleural ridge next
to the pleural wing process. In several Plecoptera the 3Ax
is anteriorly partly or completely fused to the proximal
median plate (PMP), for instance in the fore and hind
wings of L. hippopus, N. cinerea and in the hind wings of
P. reticulata and B. seticornis (own observations; Fig. 77).
The fusion of the 3Ax and the PMP is most likely a sec-
ondary development in Plecoptera. Just as in Plecoptera,
the close association of the s3 to the BP in the wing base of
Ephemeroptera is presumably secondary, particularly
since the s3 is not really fused in the examined
Ephemeroptera. Actually in the basal Siphlonurus aesti-
valis the s3 is not even partly fused with the BP. In
Ephemeroptera it could be an adaptation for stability in
flight during the nuptial dances (see section 4.4).

In summary, the characteristics of the s3 are evidence
of homology of the third sclerite (s3) of Ephemeroptera
with the third axillary sclerite (3Ax) of Neoptera.

Fifth wing base sclerite — s5

In several Ephemeroptera there is a further sclerite in
the wing base (s5) lying between the s2, the s3 and the
PNP (Fig. 86). Its occurrence in different taxa of the
Ephemeroptera (Siphlonurus, Heptagenia, and Rhithro-
gena after own observation, and also Ametropus, Metreto-
pus, and Parameletus according to Brobsky 1974) sug-
gests that it might belong to the ground plan of
Ephemeroptera. In the primordial taxon Siphlonurus aes-
tivalis this sclerite is not completely detached from the
scutum. Also in the examined Rhithrogena semicolorata
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and Ecdyonurus venosus (own observations) and in Ec-
dyonurus fluminum (GRANDI 1947) it is not completely
detached from the scutum. KLuce (1994) termed it proxi-
mal axillary sclerite since he assumed that none of the
wing base sclerites in Ephemeroptera are homologous
with the axillary sclerites of Neoptera. MaTsupa (1956)
stated a homology of this sclerite to the 3Ax. Tsur & Pe-
TERS (1972) mentioned that a third axillary sclerite (equiv-
alent to s5) is present only in Aprionyx (see above) but they
have not labelled a 3Ax in their drawings. The interpreta-
tions of Bropsky (1974, 1994) are contradictory to each
other. Within his investigation of Ephemera vulgata
(Brobsky 1970) no discussion of this sclerite is included
because in E. vulgata as well as in the herein examined E.
danica (Ephemeridae) the sclerite is absent. BrRoDsky
(1974) wrote that the suture between the scutum and the
PNP acquires particular importance in the wing base of
Ephemeroptera since it makes a rotation of the posterior
part relative to the anterior part of the tergite possible.
More mobility is possible due to a slit in this area that is
connected in its turn with the s5. Therefore this sclerite
(s5) is “... the portion of the tergite remaining on the site
of the previously uniformly sclerotized division” (Brob-
sKy 1974: 35).

On the above mentioned grounds Bropsky (1974: 35)
assumed that the s5 may be designated the median notal
process. Furthermore, he annotated that this median notal
process is not homologous with the MNP of other orders
since the latter does not articulate with the 1Ax. However,
if the homology of the wing base sclerites is as assumed
herein (or by Brobsky 1970), it is quite probable that the s5
is the homologous part of the MNP of other insect orders.
Nevertheless, regarding the last-mentioned fact one can
arrive at a further conclusion: The s5 could also be a de-
tached or rather a not yet associated posterior part of the
1Ax as it is present in Neoptera. BRopsky (1994) came to
exactly this conclusion because he hypothesised, contrary
to his previous work (Bropsky 1974) that the s2 instead of
the sl is the homologous sclerite to the 1Ax of Neoptera
whereas he gave no reasons for his different interpreta-
tions.

Wing base of Odonata

The wing base of Odonata is characterised by the pres-
ence of two plates (hp and axp in Fig. 58), of which the
anterior plate is not composed of axillary sclerites (1Ax,
2Ax and 3Ax). The axillary plate of Odonata is indirectly
connected to the subcostal vein (Sc). Furthermore, the
anterior radial vein (R), the radial sector (Rs) and the ante-
rior medial vein (MA) as well as the posterior medial veins
(MP) and the cubital veins (Cu) are associated with the
axillary plate. The anal veins (A) are connected to the
posterior part of the axillary plate. The posterior pleural
wing process (PWP; Figs. 59, 60), which is most likely the

homologous structure to the PWP of other orders (Tan-
NERT 1958) is connected to the antero-ventral part of the
axillary plate. A muscle is attached to the posterior part of
the axillary plate running to the pleurum next to the pos-
terior PWP (29 and 30, respectively 51 and 52 in Figs. 62—
66), which is without much doubt homologous with the
wing flexor (t-p 14 sensu Matsupa 1970) of other Ptery-
gota. On the assumption that the wing base is composed of
several axillary sclerites in the ground plan of Pterygota
that are arranged approximately as in the extant Pleco-
ptera, the condition of Odonata could have been evolved as
follows: As an adaptation to their manoeuvrable flight and
to strengthen the wing base at least the 2Ax (connection to
R and PWP), 3Ax (connection to A and “flexor” muscle),
and the PMP (connection to M and Cu) are fused to the
characteristic axillary plate. Whether the 1Ax is also fused
to the axillary plate is unclear. The sclerite that is pro-
posed the homologue of the 1Ax of Neoptera by TANNERT
(1958) is not the 1Ax but rather the prescutum (see section
4.3). Furthermore, the basalare is enlarged in the wing
base of Odonata and partly represents the humeral plate.

Conclusions

The assumption of a secondary strengthening of the
wing base sclerites in Ephemeroptera and Odonata based
on a ground plan with four wing base sclerites is more
probable than their secondary fragmentation in Neoptera
based on a ground plan with a mayfly-like wing base. This
study agrees for the most part with the assumption of
Brobpsky (1970) and partly with that of BEkkER (1954) and
Brobpsky (1994). Based on morphological data presented
herein a well-founded homology of the wing base sclerite
is suggested as follows:

The homologous structure to the 1Ax of Neoptera is
the second free wing base sclerite (s2) of Ephemeroptera
(Fig. 89). The proximal part of the basal plate is proposed
as homologous with the 2Ax of Neoptera. The distal and
convex part of the basal plate is most likely homologous
with the proximal median plate (PMP) of Neoptera. The
third free wing base sclerite (s3) of Ephemeroptera is
homologous with the 3Ax of Neoptera.

Ephemeroptera possess two to three axillary muscles.
The first axillary sclerite (1Ax) is provided with two mus-
cles in basal taxa (e.g. Siphlonurus aestivalis). The first
muscle runs to the furca and the second one is attached to
the pleurum. The latter muscle is absent in higher
ephemeropteran taxa. Nevertheless, an axillar-pleural
muscle (t-p 11) running from the 1Ax to the pleurum is
present in all examined Plecoptera and regarded as a
ground plan character of Pterygota. MaTsupa (1970) hy-
pothesised that the axillar-furcal muscle (Ax.Fm) is an ar-
chaic muscle that is present in Lepismatidae and seems to
be reduced in Neoptera.

In Ephemeroptera no muscle is attached to the second
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axillary sclerite and also the second axillary sclerite of
Plecoptera and other basal Neoptera is not provided with a
muscle.

A short muscle (t-p 14), running to the pleurum just
posterior to the PWP, is attached to the third axillary scler-
ite (s3) in Ephemeroptera. This muscle is homologous with
one of the wing flexor muscles of Neoptera that is also at-
tached to the 3Ax in this taxon. Thus, the axillar-pleural
muscle of the third axillary sclerite is a ground plan char-
acter of Pterygota. Furthermore, the wing base is probably
composed of at least three axillary sclerites and a proxi-
mal median plate in the ground plan of Pterygota.

The strengthening of the wing base in Ephemeroptera
includes the fusion of the 2Ax with the PMP and the close
association of the 3Ax with both the fused 2Ax and PMP.
Furthermore, both the costal brace and anal brace strength-
en the wing base.

4.3 Homology of the flight musculature
(Figs. 90, 91, Tab. 3)

4.3.1 General Remarks

The pterothorax of Ephemeroptera is specialised and
adapted to their typical kind of flight. Some of the indirect
mesothoracic muscles are enlarged whereas the metatho-
rax, the hind wings and the metathoracic muscles are
partly reduced in size. Ephemeroptera are distinguished
from the remaining Pterygota by the presence of the
subalar-sternal muscles (SA.Sm, SA.Fm) and an axillar-
sternal muscle (Ax.Fm) and, furthermore, by the absence
of both a posterior subalar-pleural muscle and a basalar-
trochanteral muscle. Moreover, in contrast to the Neoptera,
the Ephemeroptera have two basalar-sternal muscles
(BA.SmS, BA.SmlI). In the Plecoptera (Neoptera), SA.Sm,
SA.Fm, Ax.Fm, BA.SmS and BA.SmlI are absent. Gener-
ally, the presence of the subalar-sternal muscles and the
axillar-furcal muscle are regarded as plesiomorphic char-
acters of Ephemeroptera.

4.3.2 Dorsal muscles

The main longitudinal muscle (MTm, t 14; Figs. 14,
35-37,50,98-105, 110—117) is very large in Ephemeroptera,
which alludes to a good flight ability of Ephemeroptera.
Usually, the anterior attachment ranges from the phragma
to the posterior part of the scutum. Furthermore, the
phragma between the mesothorax and the metathorax is
enlarged in Ephemeroptera and provides a large posterior
attachment for the MTm. This phragma is yet even ex-
tended posteriorly in Oligoneuriella rhenana (Oligoneu-
riidae) and serves as attachment to a massively enlarged
MTm (own observation). The enlargement leads to a faster
downstroke of the wings. Together with the also enlarged
S.ESm, which leads to a faster upstroke of the wings it is
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an adaptation to a flight with a high wing beat rate. Oligo-
neuriidae are indeed characterised by a rapid horizontal
flight instead of vertical nuptial dances (see section 4.4).
Nevertheless, in Ephoron virgo (Polymitarcyidae), which
is characterised by a flight behaviour resembling that of
O. rhenana, this muscle is not exceedingly large.

The main longitudinal muscle of Plecoptera (t 14 sensu
Martsupa 1970, dlm 35 sensu WitTiG 1955; Fig. 78) is dis-
tinct but not enlarged as in Ephemeroptera. In Odonata
there is only one dorsal longitudinal muscle (25 in Fig. 61),
which is very weak and sometimes even absent in the
metathorax (e. g. Sympetrum cf. striolatum, own observa-
tion; Davidius nanus, following AsaHINA 1954). The ante-
rior attachments of the left and the right muscle are close to
each other but the muscles diverge posteriorly. MATSUDA
(1970) named this muscle t 19, because he assumed it to be
confined to Odonata. A homology oft 19 to muscles 11 and
12 of Lepismachilis sp. is hypothesised by him, whereas the
t 14 (MTm) is homologised with muscle 4 and 5 of Lepis-
machilis sp. Nevertheless, one can also assume that t 19 of
Odonata is the homologous muscle to t 14, which is also
Brobpsky’s (1994: 109f) assumption. According to this au-
thor only the indirect flight muscle t 14 of recent Odonata
can be reliably homologised with those of other insects.

In almost all Ephemeroptera examined the oblique
dorsal muscle (S.LPNm; Figs. 15, 16, 51, 52, 105, 116; t 12
in Figs. 118, 119), dorsally attached to the posterior scutal
protuberance (PSp; Figs. 1-3, 26, 38, 39, 92, 106—108) is a
large muscle that extends in a nearly vertical course. Only
in Centroptilum luteolum (Baetidae) it is rather weak and
narrow, however, in contrast to the remaining examined
Baetidae e.g. Baetis sp. and Cloeon dipterum where
S.LPNm is about similar in size to that of other
Ephemeroptera (own observation). In Exeuthyplocia mini-
ma (Euthyplociidae) the oblique dorsal muscle is also
slightly weaker than in other mayflies, though with a
rather large dorso-ventral extent since the ventral point of
attachment is extended ventrally (own observation;
Fig. 116). The orientation of the oblique dorsal muscle in
Plecoptera (dlm 36 sensu WiTTiG 1955) is rather plesiomor-
phic since it runs obliquely backwards and is stretched
between the anterior/middle part of the scutum and the
second phragma (Fig. 79). The orientation of the nearly
vertically running oblique muscle in Ephemeroptera is
likely a derived character state.

In a few of the examined species, there is a third weak
muscle running from the notum to the postnotum (t 13;
Figs. 14-17). In contrast to Siphlonurus columbianus
(Matsupa 1956) and Siphlonurus linnaeanus (BRODSKY
1974) where t 13 was not observed, it is present in Siphlonu-
rus aestivalis (Siphlonuridae). It is also present in Serra-
tella ignita (Ephemerellidae) and most pronounced in
Ephemera danica (own observations). According to
(Bropsky 1994: 14), t 13 could be the detached uppermost
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Tab. 3. Terminology of the thoracic musculature used by different authors with the underlying homology assumed in this work. —
“BA” = crescent-shaped sclerite of Ephemeroptera, homology to a part of hp of Odonata assumed, homology to BA of Neoptera un-
certain; * = BA.Trm not found in examined Ephemeroptera; ? = homology to ephemeropteran muscles uncertain.

Muscle attachments Kruce 1994 Matsuba 1970 | WirTiG 1955
(Ephemeroptera) (Plecoptera)
phragma I-phragma II MT.m t 14 dlm 35
scutum—postnotum S.LPNm t12 dlm 36
scutum—postnotum t13 dlm 37
scutum—episternum S.ESm t-p 5,6 dvm 40
scutum—trochantinus/scutum—Cx anterior S.CmA t-ti 2, 3 dvm 41
scutum-—trochanter S.Trm t-tr 1 dvm 42
scutum—Cx posterior S.CmP t-cx 7 dvm 43
scutellum—Cx posterior PSL.Cm t-cx 6 —
notum—pleurum AN.Pm tp3 tpm 46a
subtegula—episternum “BA.Pm” t-p 4 tpm 47
ANP—episternum SrA.Pm t-p 10 tpm 46b
lateroscutum—pleurum — t-p 12 tpm 49a
episternum—Cx anterior P.Cm p-cx 5 cpm 52
episternum—trochanter PTrm p-tr 1
left mesofurca—right mesofurca Fm s 16 —
profurca—mesofurca iFm s 13 vim 38
furca—Cx anterior F.CmA s-cx 5 bm 59
furca—Cx posterior F.CmP s-cx 2
“BA”—sternum BA.SmS p-s 12 —
“BA”—sternum BA.Sml p-s 12 —
sclerite of scutum—coxa BA.Cm t-cx 4 cpm 51?7
BA—trochanter* BA.Trm p-tr2 cpm 50?7
SA—furcasternum SA.Sm t-cx 8
SA—furca SA.Fm t-cx 8
SA—Cx posterior t-cx 8 cpm 53
“SA”—Cx lateral SA.Cm — —
posterior SA-pleurum — t—p 16 ppm 56
1Ax—furca Ax.Fm t-s 3 —
1Ax—pleurum Ax.Pml t-p 11 tpm 49b
3Ax—episternum - t-p 13 tpm 48a
3Ax—pleurum/epimeron Ax.PmS t-p 14 tpm 48b

bundle of the dorsal longitudinal muscle t14, which is in-
deed most likely.

4.3.3 Dorso-ventral muscles

Usually, the S.ESm (Figs. 14, 15, 35, 36, 50, 51, 98-102,
111-113; t-p 5, 6 in Figs. 117, 118) is the largest of the dor-
so-ventral muscles in the mesothorax of Ephemeroptera. It
is the most important antagonist to the well developed
MTm. The dorsal attachment is stretched across the mid-
dle part of the scutum and the muscle becomes more slen-
der ventrally. In Oligoneuriella rhenana (Oligoneuriidae)
the S.ESm is conspicuous. Its ventral attachment is large
since the episternum is distinctly extended ventrally in
this taxon (own observation). The episternum of Ephoron
virgo (Polymitarcyidae) bears a resemblance to that of O.
rhenana, though the ventral attachment is not as wide in
E. virgo (ES in Figs. 48, 49) as in O. rhenana (own obser-
vation). In both taxa, especially the latter, the S.ESm is
enlarged together with the enlargement of MTm (see

above). The corresponding muscle (dvm 40 sensu WITTIG
1955) in Plecoptera (Figs. 78—80) is a distinct indirect
flight muscle, though not as large as in Ephemeroptera.
According to Matsupa (1970: 66), the conspicuous in-
direct flight muscle of Odonata (muscle 23 sensu MALOEUF
1935 and AsaHINA 1954, t-s 10 sensu MaTsupa 1970) is
homologised with the muscle 64 of Lepismachilis sp. since
itis “a genuinely tergosternal muscle from the first nymph-
al stage on, whereas t-p 5 (and t-p 6) is primarily a ter-
gopleural muscle”. Neither in Ephemeroptera nor in Ple-
coptera does a muscle stretch between the anterior part of
the tergum and the sternum. In comparison with the con-
figuration of muscles of the Ephemeroptera and the Ple-
coptera, it becomes apparent that the muscle 23 of Odo-
nata is the homologue of t-p 5, 6 (S.ESm, dvm 40). The
ventral attachment of t-p 5, 6 is shifted ventrally from the
larval to the adult stages of Plecoptera (WiTTiG 1955). It
would be conceivable that the ventral point of attachment
of the muscle 23 in Odonata represents an apomorphic
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condition. Furthermore, MaTsupa (1970: 66) described a
muscle (t-s 7) that originates from the antero-lateral por-
tion of the tergum and inserts on the antero-lateral corner
of the sternum. It is assumed that t-s 7 occurs in Ecdyonu-
rus (Heptageniidae) and may also be present in Phasmida
(Martsupa 1970), thus, a homology to the muscle 23 of
Odonata is also possible. Nevertheless, in none of the ex-
amined ephemeropteran taxa such a muscle is present.

In the Zygentoma (Lepisma, Lepismachilis) a lot of
dorso-ventral muscles occur. Therefore, it is difficult to
answer the question, which muscles occurred in the last
common winged ancestor and whether the condition of
muscle configuration of adult and larval Odonata repre-
sents the primitive state. Nevertheless, in the proposed
sister groups, there is no anterior tergo-sternal muscle.

The scuto-coxal muscles (S.CmA, S.CmP; Figs. 15-17,
51-53,99-103; t-ti 2, 3 and t-cx 7 in Figs. 118—120) and the
scuto-trochanteral muscle (S.Trm; Figs. 17, 18, 52; t-tr 1 in
Figs. 120, 121) are not as large as the S.ESm in
Ephemeroptera. In contrast to the larvae, the scuto-
trochanteral muscle is the weakest of the three mentioned
muscles in the winged stages of Ephemeroptera because
the movement of legs becomes rather unimportant in the
winged stages. Both the anterior and posterior scuto-coxal
muscle are about equal in proportion in Ephemeroptera.
As in Ephemeroptera, only one muscle is attached to the
anterior area of the coxa in Plecoptera. This muscle,
dvm 41 (M. tergo-trochantinalis sensu WitTiG 1955) is
ventrally attached to the trochantinus.

In Lepisma sp. there are three muscles running from
the middle or anterior part of the tergum to the trochanti-
nus (muscles 71-73 sensu Matsupa 1970). Two further
muscles are attached to the anterior margin of the coxa
(muscles 61-62 sensu Matsupa 1970). Three muscles are
attached to the posterior margin of the coxa (muscles
63—-65 sensu Matsupa 1970). Bropsky (1994) assumed
that three anterior tergo-coxal muscles (t-ti[cx] 1-3 includ-
ing trochantinal muscles) and two posterior tergo-coxal
muscles (t-cx 6—7) are present in primitive winged insects.
In contrast, Matsupa (1970) proposed that three posterior
muscles must be present in primitive pterygote taxa, based
on the fact that Mak1 (1938) has shown that the future
subalar-coxal muscle is dorsally attached to the lateral
margin of the tergum in the late embryo of Leucophaea
(Blattaria) (see section 4.3.7). This assumption is possible
because the subalare is not a detached part of the pleurum
but rather a new formation, which originates directly be-
low the wing pads. Based on this assumption, the wings
have to be duplications of the tergite.

Martsupa (1970) supposed that t-ti(cx) 2 and also
t-ti(cx) 3 are present in the prothorax of Ephemeroptera
and in the thorax of other insects. Furthermore, he ho-
mologised t-ti(cx) 2 with dvm 41 of WirtiG (1955) and
mentioned that t-ti(cx) 2 sometimes inserts on the anterior
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margin of the coxa. It is assumed that the t-ti(cx) 3 is pres-
ent in all thoracic segments of Ephemeroptera (MATSUDA
l.c., Bropsky 1994). If only one of those muscles is pres-
ent, it is difficult to distinguish between t-ti(cx) 3 and
t-ti(cx) 2 (MaTtsupa 1. ¢.). Since the trochantinus is probably
reduced in Ephemeroptera, and most likely also in Odo-
nata, it is difficult to ascertain whether the anterior tergo-
coxal muscle of Ephemeroptera is rather the t-ti(cx) 2 or —
more likely — the t-ti(cx) 3.

In Odonata, a muscle is distinguishable from the mus-
cles 23 and 23, which is attached to the scutum and to the
antero-lateral margin of the coxa. This third part of the
large indirect flight muscle (23) is most likely the corre-
sponding muscle to muscle 37, though MaLogur (1935)
wrote that this muscle and the metathoracic muscle 60 are
absent in adult Odonata. He examined the musculature of
adult and larva of Plathemis lydia and Anax junius
(Anisoptera). In contrast, AsaHINA (1954) summarised that
both muscles (37 and 60) are absent in Zygoptera but pres-
ent in Anisoptera and also in Epiophlebia. The muscula-
ture of adult Epiophlebia superstes (Anisozygoptera), Da-
vidius nanus (Anisoptera) and Mnais strigata (Zygoptera)
provided the basis for his assumption. Nevertheless, a
muscle 37 is also present in Sympetrum cf. striolatum
(Anisoptera), which is closely connected to the muscle 23
in this taxon (own observation; Fig. 63). Though muscle 37
is not present in Zygoptera that are supposed to have a lot
of primitive characters, it is most likely a ground plan
character of Odonata since it was found in Epiophlebia.
Furthermore, a corresponding muscle is present in
Ephemeroptera and Plecoptera. MaTsupa (1970) homolo-
gised muscle 37 of Odonata with the t-cx 6 or t-cx 7, but it
is probably rather t-cx 3 (or t-cx 2) since the dorsal point of
attachment of muscle 26 (coxobasalar see below) lies lat-
eral to that of muscle 37 and the ventral attachment is on
the lateral rather than the posterior margin of the coxa.

Only one tergo-trochanteral muscle is described in
Lepisma sp. (Zygentoma). Consequently, MaTtsupa (1970)
homologised it (muscle 52 of Lepisma sp. of this author)
with the tergo-trochanteral muscle of winged insects (dvm
42 sensu WITTIG 1955, t-tr 1 sensu Matsupa 1970, S.Trm
sensu KLUGE 1994). A tergo-trochanteral muscle is miss-
ing in the pterothorax of Odonata. It is most likely re-
duced, as it is also present in Ephemeroptera and in Ple-
coptera.

The second posterior tergo-coxal muscle of Ephemero-
ptera is the parascutello-coxal muscle (PSL.Cm), which is
rather weak and tapering into a tendon-like ventral part. In
Ephoron virgo (Polymitarcyidae) it lies more anteriorly
and is slightly larger than in other taxa. Furthermore, it is
almost as wide dorsally as it is ventrally in this taxon. In
O. rhenana (Oligoneuriidae) the PSL.Cm is larger than in
other ephemeropteran taxa (own observation). The latter
two taxa are characterised by horizontal instead of vertical
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nuptial dances. The differences to other mayflies concern-
ing the PSL.Cm in these two taxa are likely associated
with their horizontal flight. MaTsupa (1970) homologised
the t-cx 6 with the PSL.Cm and t-cx 7 with S.CmP of
Ephemeroptera. Furthermore, he assumed that the dvm 43
sensu WITTIG (1955) consists of t-cx 6 and t-cx 7. BRoDSKY
(1994) stated that both, t-cx 6 and t-cx 7 are present and
separated in Plecoptera. This is indeed likely because in
Isoperla grammatica (Perlodidae) and Brachyptera seti-
cornis (Taeniopterygidae) there is a muscle (own observa-
tion), which is located posterior to t-cx 7 (dvm 43 sensu
WITTIG 1955). MATsuDpaA (1970) wrote that t-cx 6 or t-cx 7 is
present in Odonata, which is actually muscle 37 sensu
ASAHINA (1954).

The anteronoto-pleural muscle (AN.Pm; Figs. 15-17),
if present, is a weak muscle that consists only of a few fi-
bres in Ephemeroptera. It corresponds to tpm 46a (sensu
WitTiG 1955) and t-p 3 (sensu MaTsupa 1970).

The suralar-pleural muscle (SrA.Pm; Figs. 16—18, 53,
54, 100; t-p 10 in Figs. 119—121) is absent in O. rhenana,
but in the remaining examined taxa it is a conspicuous
muscle. MaTsupa (1970) homologised t-p 8 (muscle 45 in
Siphlonurus columbianus sensu MATsuDA 1956) with
SrA.Pm (sensu KLUGE 1994) but it is rather t-p 10. Accord-
ing to MATsuDpA (1970: 63) t-p 8 connects the anterior mar-
gin of the basalare or of the episternum with the lateral
scutal area anterior to the anterior notal wing process.
However, the SrA.Pm of Ephemeroptera is dorsally at-
tached to the ANP rather than anterior to it and runs to the
anterior paracoxal suture of the pleurum. It is not associ-
ated with the basalare in Ephemeroptera. The t-p 10 (sensu
Martsupa 1970) is stretched between the pleural arm and
the anterior notal wing process. Though a pleural arm is
not developed in Ephemeroptera, the homologisation of
the SrA.Pm with the t-p 10 is obvious.

Martsupa (1970) assumed both t-p 8 and t-p 10 are pres-
ent in Ephemeroptera, but in this area there is only one
muscle (which is t-p 10, see above) in all Ephemeroptera
examined. He referred to t-p 8 as muscle 45 (sensu MAT-
supaA 1956), however, t-p 10 is not mentioned in his publi-
cation of 1956 even though he examined a basal mayfly
(Siphlonurus columbianus). Matsupa (1970) homologised
t-p 10 with II Pm 11 sensu Knox (1935). Nevertheless, 11
Pm 11 (sensu Knox 1935) is equivalent to muscle 45 (sensu
MaTsupa 1956). Both muscles are homologous with t-p 10
rather than t-p 8. Furthermore, he homologised t-p 7 with
tpm 46b of Perla abdominalis (sensu WITTIG 1955). The
muscle t-p 7 connects the antero-lateral scutal area or the
prescutal area with the lower part of the basalare (MATsu-
pA 1970: 62). According to WITTIG (1955) the tpm 46b of
Perla abdominalis is stretched between the antero-lateral
part of the scutum and the episternum. The tpm 46b of
Brachyptera seticornis (Figs. 81, 82) is dorsally attached
to the ANP and to the ridge at the anterior part of the epi-

sternum. The position of this muscle resembles SrA.Pm of
Ephemeroptera and t-p 10 of Neoptera. Therefore, a ho-
mology of SrA.Pm, tpm 46b and t-p 10 is assumed. Never-
theless, t-p 7 and t-p 8 in other insects are probably the
result of a splitting and can be traced back to a common
origin.

4.3.4 Pleural muscles

A pleuro-coxal muscle (P.Cm; p-cx 5 sensu MaTtsuba
1970) is present in all examined Ephemeroptera (Figs.
17-19, 53-55, 99; p-cx 5 in Figs. 120-122) and also in
Odonata (36 in Fig. 66; muscle 36 sensu AsaHINA 1954) as
well as in Plecoptera (cpm 52 sensu WiTTIG 1955; cpm 52
in Fig. 83). In most of the previous contributions on mus-
culature of Odonata no homologisation of the muscles is
given. But even Matsupa (1970) homologised the muscle
36 of Odonata with the p-cx 5 of other winged insects
since a correlation is obvious.

The pleuro-trochanteral muscle (P.Trm; p-tr 1 sensu
MaTtsupa 1970) is present in Ephemeroptera (Figs. 17-19,
53-55; p-tr 1 in Fig. 122) and also in Odonata (39 in
Fig. 66; muscle 39 sensu AsaHINA 1954), but it is absent in
Plecoptera. Matsupa (1970) homologised P.Trm with mus-
cles 53 or 54 of Lepisma sp. Based on this assumption, the
pleuro-trochanteral muscle is secondarily reduced in the
pterothorax of most Neoptera. The same author also wrote
that it is often present in the prothorax of Neoptera. This
muscle is also reported in the pterothorax of Coleoptera,
Homoptera, and Diptera. Its presence in Ephemeroptera
and Odonata is a symplesiomorphic character of these two
taxa.

In basal Neoptera, the furca is usually connected to the
pleural arm by a muscle. This is also the case in Plecop-
tera, where the conspicuous mesothoracic furca is con-
nected with the pleural arm by a distinct muscle (zm 61
sensu WITTIG 1955, p-s 1 sensu Matsupa 1970). In
Dermaptera, Plecoptera, Neuroptera and other Neoptera
the pleural arm lies approximately in the middle of the
pleural ridge. The location of the pleural arm in these or-
ders roughly corresponds to the “processus pleural of
CARPENTIER and Barrer” (Matsupa 1970: 35). Further-
more, MATSUDA assumed in the same paper that p-s 1 is
likely homologous with the muscle 27 of Lepisma saccha-
rina (Zygentoma).

This muscle (p-s 1) is not present in Ephemeroptera at
all. It is also lacking in adult Odonata. The reduction of
this muscle is linked with the lack of a pleural arm in these
taxa. MALOEUF (1935) mentioned a short muscle (muscle
35 sensu AsAHINA 1954) that is stretched between the fur-
cal arm and the pleurum of larval Odonata. This muscle is
absent in the adults. Most likely it is homologous to p-s 1
of other Pterygota.

As apleural arm is well developed in Zygentoma (Bar-
LET 1967) and basal Neoptera (MaTsupa 1970) its reduc-
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tion must be assumed in Ephemeroptera and also in adult
Odonata. This reduction can be supposed as a putative
synapomorphic character of Palacoptera where the muscle
and the pleural arm are reduced in imagines of the stem
group and in larvae of Ephemeroptera. But in all likeli-
hood, the muscle (p-s 1) and the pleural arm are conver-
gently reduced in Ephemeroptera and Odonata.

4.3.5 Ventral muscles

The intersegmental furcal muscle (iFm; s 13 sensu
Martsupa 1970) is present in the mesothorax of all exam-
ined Ephemeroptera (Figs. 14, 50; s 13 in Fig. 118), Odo-
nata (41 in Fig. 61) and also in Plecoptera (vim 38 sensu
WitTic 1955; Fig. 78) and other Neoptera (MaTsupa 1970).
Thus, the iFm (sensu KLuGe 1994) corresponds to s 13
(sensu Matsupa 1970).

The furcal muscle (Fm; s 16 sensu Matsupa 1970)
running from the left to the right furcal arm is present in
the pterothorax of all examined Ephemeroptera (Figs. 14—
16, 50, 51, 110; s 16 in Fig. 118). It is assumed to be also
present in Phasmida, Blattaria, Mecoptera, Mallophaga
and Heteroptera (Matsupa 1970). This muscle was not
found by me in the mesothorax of Plecoptera and Odona-
ta.

The posterior furco-coxal muscle (F.CmP; s-cx 2 sen-
su Matsupa 1970) is present in both mesothorax and
metathorax of all examined mayflies (Figs. 18, 19, 36, 54).
It also occurs in the thorax of other pterygote insects
(MaTtsupa 1970). F.CmA was listed by KLuGe (1994) in
the abbreviation list but not mentioned in the text at all.
However, fig. 5 of KLUGE pictures a muscle termed F.Cm,
which was not found in the examined Ephemeroptera.

The muscle which connects the lateral area of the left
and the right coxal margin (Cx.Cxm sensu KLUGE 1994) is
present only in Siphlonurus aestivalis (Figs. 14—16) and
absent in the remaining examined mayflies. It is assumed
to be a derivate of s-cx 4, which is stretched between the
spina and the posterior coxal margin that evolved by loss
of the spina, although it may also be a modified s-cx 8
(MaTtsupa 1970). This is likely although the muscle is at-
tached to the anterior part rather than to the posterior part
of the coxa in S. aestivalis.

A muscle that runs from the metafurca to the posterior
part of the first abdominal segment or rather the anterior
part of the second abdominal segment (s 20 sensu MATSU-
pa 1970) is present in the metathorax of Siphlonurus aes-
tivalis, however, it is not listed in MATsupA’s (1970: 123f)
table IV. According to the same author (1970: 74) it also
occurs in “Thysanoptera, Homoptera, Mecoptera, Lepi-
doptera etc.”.

4.3.6 Axillary muscles

The axillary apparatus is equipped with three muscles
in the examined Plecoptera, and this has most likely to be
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assumed for the neopteran ground plan, too. The first
muscle is stretched between the 1Ax and the pleurum (an-
terior part of tpm 49 sensu WiTTiG 1955, tpm 49b in Fig. 82).
Both second and third muscle of the neopteran axillary
apparatus are dorsally attached to the 3Ax.

WITTIG (1955) could not verify the presence of a pleural
muscle associated with the 1Ax in the pterothorax of Perla
abdominalis. However, 1 could demonstrate its presence
e.g. in Isoperla grammatica, Isoperla goertzi (Perlodi-
dae), Brachyptera seticornis (Taeniopterygidae), Leuctra
hippopus (Leuctridae) and even in Capnia vidua (Capnii-
dae), a taxon with short and partly reduced wings (own
observations). The muscle extends from the posterior part
of the 1Ax to the pleural ridge. It might have been over-
looked by WitTiG (1955) because it is obviously closely
connected to tpm 49, which stretches between the lateral
part of the notum and the pleural ridge.

MaTtsupa (1970: 63) homologised the tpm 49 sensu
WitTic (1955) with t-p 15 of other Pterygota, which is
stretched between the middle of the pleural ridge and the
posterior notal wing process. The tpm 49 however, is not
stretched between the PNP and the pleural ridge but rather
between the lateral part of the scutum (anterior to the
PNP) and the pleural ridge. In the examined Plecoptera it
is a bipartite muscle, and only the first part of the muscle
(tpm 49a), which is stretched between the scutum and the
pleurum, is homologous to t-p 12.

The close connection between the axillary muscle (tpm
49b following this contribution) and the muscle tpm 49
(sensu WITTIG 1955) in Plecoptera suggests that the axil-
lary muscle originated from tpm 49. In other neopteran
taxa both muscles are well separated from each other, so
the condition of Plecoptera could be interpreted as rather
primitive.

In basal Ephemeroptera, the 1Ax is provided with two
muscles (for homology of axillaries see section 4.2.5). The
first muscle is ventrally attached to the pleurum (Ax.PmI)
and the second one runs to the furca (Ax.Fm). According
to Matsupa (1970), the Ax.Fm (t-s 3 of this author) is a
primitive character and homologous with the muscle 45 of
Lepisma sp. (Zygentoma). Among adult Pterygota, it has
been retained only in Ephemeroptera (Figs. 36, 5355, 101,
102; t-s 3 in Figs. 119-122). Furthermore, Matsupa (1970:
65) wrote that Ax.Fm (t-s 3) connects the tip of the furca
and the first (sl) or second axillary sclerite (s2) in
Ephemeroptera. But in none of the examined taxa Ax.Fm
is attached to the sclerite that is assumed to be the 1Ax (s1)
by Matsupa. Nevertheless, the Ax.Fm is not attached to
the 1Ax (s2) in several Ephemeroptera. In Baetis sp. and
Cloeon dipterum (Baetidae), for example, Ax.Fm is
stretched between the proximal part of the basal plate (p in
Figs. 27-29) and the furca (own observation). The changes
could be correlated with the miniaturisation of the body
size in Baetidae. The 1Ax (s2) is not clearly distinguish-



WILLKOMMEN, PTEROTHORAX OF EPHEMEROPTERA, ODONATA AND PLECOPTERA 283

able in the wing base of those taxa. I consider both the
fusion of the 1Ax with BP or the miniaturisation of 1Ax
possible. In the first case, Ax.Fm is attached to 1AXx,
which is fused to BP. Given the latter possibility, the at-
tachment of Ax.Fm has been shifted onto the BP. In
Ephoron virgo (Polymitarcyidae) the Ax.Fm is a relatively
large muscle that inserts on the anterior part of the PNP
(Fig. 40). In O. rhenana (Oligoneuriidae) Ax.Fm is absent.
The latter two taxa are characterised by a swarming be-
haviour where the nuptial dances take place in form of a
rapid horizontal flight (Brobsky 1973). Brobpsky (1974)
mentioned that Ax.Fm is reduced in Oligoneuriidae, which
are characterised by the most modified flight behaviour.
But the Ax.Fm is still present as a relatively large muscle
in Ephoron virgo and according to Brobsky (1974) it is
also present in Palingenia longicauda (Palingeniidae).
These two taxa are characterised by a flight behaviour
resembling that of Oligoneuriidae.

In Ephemeroptera, there is a second muscle associated
with the 1Ax, the Ax.Pml. It is a narrow muscle that is
ventrally attached to the pleurum. The anterior part of tpm
49 (tpm 49b), which attaches to the 1Ax in Plecoptera (see
above), is homologised with the Ax.PmI of Ephemeroptera
in this work. The shape of the muscle, not flat and broad
but slender and almost round in cross section, is most
likely an apomorphic condition in Ephemeroptera. MAT-
subA (1970) assumed a homology of Ax.PmlI to t-p 13,
which is a muscle stretching between the 3Ax and the
episternum in Neoptera. This assumption is obsolete be-
cause his homology of the axillary sclerites of
Ephemeroptera to that of Neoptera is not correct (see sec-
tion 4.2). According to MATsuDA, the Ax.Pml is shifted
from the 3Ax to the 2Ax (homology of 2Ax and 3Ax fol-
lowing Matsupa 1956, 1970). Given the fact that Ax.Pml
is not associated with the 3Ax but rather to the 1Ax, the
Ax.Pml of Ephemeroptera is most likely the homologous
muscle to t-p 11. The latter muscle stretches between the
dorsal part of the pleural ridge and the 1Ax in other in-
sects.

According to Matsupa’s (1970) description of t-p 11,
the anterior part of tpm 49 (sensu WitTiG 1955) and the
Ax.Pml (sensu KLuGe 1994) are homologous with t-p 11
(sensu Matsupa 1970).

The muscle t-p 11 (pleurum —1Ax) is assumed to be a
“more dorsally located t-p 10 [pleural arm—ANP]” (MAT-
supa 1970: 63), the t-p 10 again is supposed to be a derivate
of t-p 12 (pleural arm-lateral scutum between ANP and
PNP), which reflects the close relationships of these three
muscles. The condition of Plecoptera suggests, that the
muscle running from the 1Ax to the pleurum originates
from the tergo-pleural muscle tpm 49 (sensu WiTTIG 1955,
t-p 11 [or rather t-p 10] sensu Matsupa 1970).

Furthermore, MaTsupa (1970) mentioned that t-p 15
occurs in Ephemeroptera and Plecoptera and that it is a

modified t-p 14 in Ephemeroptera. In my view it is likely
that t-p 14 and t-p 15 of Ephemeroptera (sensu MATSUDA
1970) are not two different muscles but rather only one
(the same) muscle. In several contributions there is only
one muscle, lying in this area described. According to the
same paper of MATSUDA t-p 13, t-p 14 and t-p 15 are present
in Ephemeroptera. The citations (MaTsupa 1956, Knox
1935, Max1 1938) are inconsistent since each of the prob-
lematic muscles is cited only once (t-p 5, 6, for instance, is
equivalent to muscle 43 sensu MaTsubpa 1956, Dvm 1
sensu Knox 1935 and also to muscle 25 sensu Mak1 1935).
The muscle t-p 14 is equivalent to 32 sensu Maxi (1935)
and not mentioned by Knox (1935) or Matsupa (1956),
likewise the t-p 15 that is only mentioned in the work of
Knox (IT Pm 6 sensu Knox 1935) but not in the two other
papers.

The t-p 13 of Ephemeroptera sensu Matsupa (1970) is
certainly not the homologous muscle to the wing flexor
(t-p 13) of other insects but rather t-p 11 (see above) since
itis attached to the 1Ax (see section 4.2) in Ephemeroptera.
Nevertheless, a muscle that is homologous with one of the
neopteran wing flexor muscles (t-p 14) is present in
Ephemeroptera (see below). This muscle is probably the
II Pm 6 sensu Knox (1935; not pictured by her) and the
muscle 32 sensu Maki1 (1938). Matsupa (1970), however,
homologised the IT Pm 6 with t-p 15, i. e. a muscle running
to the PNP. This hypothesis is not correct and a muscle
t-p 15 is not present in Ephemeroptera. The muscle
32 sensu MAkI (1935), t-p 14 sensu Matsupa (1970) and
IT Pm 6 sensu Knox (1935; according to MaTsupa 1970
equivalent to his t-p 15) are the same muscle namely
t-p 14, which is stretched between the 3Ax and the epi-
meron next to the PWP.

The 3Ax is most likely the dorsal attachment of two
muscles in the ground plan of Neoptera. According to
Bropsky (1994), only one muscle is present in insects that
show a flat wing folding at rest. In those groups with a
roof-like wing position at rest (and also in Diptera), both
muscles (t-p 13 and t-p 14) occur (Brobsky 1994).

Only one axillary-pleural muscle is described in Perla
abdominalis (tpm 48 sensu WITTIG 1955). It is a rather long
muscle that stretches between the 3Ax and the episternum.
The homologous muscle to tpm 48 (WITTIG 1955) is t-p 13
in other insects (sensu Matsupa 1970). Nevertheless, in all
of the Plecoptera, which I have dissected, there are two
muscles attached to the 3Ax. The first of these two mus-
cles is short and ventrally attached to the pleurum next to
the PWP (tpm 48D in Figs. 82, 83; t-p 14 sensu MATSUDA
1970). The second muscle of the 3Ax is located adjacent to
the first one and runs to the episternum next to the pleural
ridge (tpm 48a in Figs. 82, 83; t-p 13 sensu Matsupa 1970).
Most likely Brobsky (1994, e.g. in fig. 7.1 on p. 117) had
mistaken t-p 14 for t-p 13 (sensu MaTsupa 1970).

The 3Ax (for homologisation of the axillaries see sec-
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tion 4.2) of Ephemeroptera and Odonata is equipped with a
short muscle (Ax.PmS, muscles 29 and 30) running to the
epimeron adjacent to the PWP. At least in some Ephemero-
ptera (e. g. E. virgo) as well as in Odonata it is bipartite. The
second, shorter and much weaker part of AXx.PmS of
Ephemeroptera is attached to the posterior part of the basal
plate instead of the pleurum. It is likely a secondary devel-
opment in this taxon. In Odonata both muscles (29 and 30)
are only short. They take a parallel course and are both at-
tached to the pleurum next to the PWP. While the presence
of t-p 14 is a ground plan character of Pterygota, t-p 13 is an
autapomorphic character of Neoptera.

Martsupa (1970) assumed that t-p 13 as well as t-p 14 is
present in Ephemeroptera but his t-p 13 is attached to 1Ax
(Ax.PmlI sensu KLUGE 1994, see above) in Ephemeroptera.
Therefore, it has to be homologised with t-p 11.

Moreover, Matsupa (1970) confused the homologisa-
tion of the muscle that attaches to the 3Ax in Odonata.
According to Matsupa (1970: 400), muscles 29 and 30
sensu ASAHINA (1954) are possibly homologous with
t-p 14. Under remark 5 (concerning his “t-p 14?”’) he men-
tioned that these ... muscles are M. gubernator analis la,
b of TANNERT 1958 ...” (MaTsupa 1970: 401). In contrast,
he (MaTtsupa 1970: 64) further mentioned that t-p 26 of
Odonata is homologous with “M. gubernator analis la, b
of TANNERT 1958” and also to muscle 31 sensu MALOEUF
(1935) and AsaniNa (1954). On the same page MATSUDA
wrote that this muscle arises from the posterior surface of
the pleural wing process and inserts on the proximal part
of the anal vein in the axillary plate. This interpretation is
not correct and comprehends two different muscles. Ac-
cording to MALOEUF (1935) the muscle 31 is not present in
adult Odonata. AsaHINA (1954), in contrast, suggests that it
occurs in Epiophlebia superstes (Anisozygoptera), Da-
vidius nanus (Anisoptera) and Mnais strigata (Zygoptera).
In Sympetrum cf. striolatum (Anisoptera) the muscle 31 is
absent according to own observations. Nevertheless, given
AsaHINAs (1954: 50) description the muscle 31 is attached
to the end of lateral branch of the scutellum and to the up-
per portion of the intrapleural ridge, which is completely
different to Matsupa’s (1970) description of t-p 26. How-
ever, the description of t-p 26 (following Matsupa 1970) is
consistent with the description of muscles 29 and 30 (sensu
AsaHINA 1954). Consequently, the muscles 29 and 30 (sen-
su AsAHINA 1954) and M. gubernator analis (sensu Tan-
NERT 1958) as well as Ax.PmS (sensu KiuGe 1994) and
t-p 14 (sensu Matsupa 1970) are all the same (homolo-
gous) muscle.

4.3.7 Muscles of the pleural wing sclerites

Ephemeroptera and Plecoptera show different condi-
tions concerning the attachments of the basalar and the
subalar muscles as well as the location and the appearance
of the associated sclerites, the basalare and the subalare.
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The basalare of Plecoptera (BA in Figs. 123, 124) is
provided with two muscles, the basalar-trochanteral mus-
cle (M. basalare-endocoxalis, cpm 50 sensu WITTIG 1955
and Zwick 1973) and the basalar-coxal muscle (M. basala-
re coxalis, cpm 51 of WitTiG 1955 and Zwick 1973). The
subalare of Plecoptera is the dorsal point of attachment of
one usually large muscle running to the coxa (cpm 53,
M. subalar-coxalis sensu WitTiG 1955 and Zwick 1973;
t-cx 8 sensu Matsupa 1970). In some species, a second
muscle is present, running from a smaller sclerite that lies
posterior to the subalare of the pleurum (ppm 56 in
Fig. 125). Both muscles occur in all Plecoptera examined.

In most cases the so-called basalare of Ephemeroptera
is detached from the episternum situated at the anterior
base of the wing margin (BA in Figs. 4-8, 32, 33, 96). This
crescent-shaped sclerite is the dorsal attachment of two
muscles. In E. virgo (Polymitarcyidae), the crescent-
shaped sclerite is secondarily attached to the episternum.
The subalare (SA in Figs. 4, 10, 30-33, 43, 44, 93, 96, 97)
in Ephemeroptera is provided with two muscles running
to the sternum and one pleural muscle running to the
coxal rim (SA.Sm, SA.Fm and SA.Cm; Figs. 14-19, 37,
50-55, 103-105, 110, 113-116). Subalar-sternal muscles
are not present in Plecoptera or other Neoptera (MaTsuba
1970). In Plecoptera, each of the two basalar muscles is
about equal in proportion to the subalar-coxal muscle. In
contrast, the subalar-sternal muscle of Ephemeroptera is
considerably larger than the remaining basalar and subalar
muscles.

Basalare and associated muscles

The basalare of Neoptera is most likely a pleural ele-
ment (SNoDGRASS 1935), and in basal Pterygota it is even
still associated with the pleurum. In all examined Pleco-
ptera it is still connected to the episternum. The basalare
of Plecoptera articulates anteriorly with the basicostale
and posteriorly with the basisubcostale.

The interpretation of the basalare and its associated
muscles in Ephemeroptera is problematic. Therefore, a
homologisation with the basalare of Neoptera is difficult.
The crescent-shaped sclerite lying basal to the tegula in
Ephemeroptera is generally considered as basalare. Its up-
per part is tightly connected with the tegula. The crescent-
shaped sclerite is neither connected directly to the base of
the subcostal vein (Bropsky 1994) nor does it lie below the
ANP (HORNSCHEMEYER 1998) as the basalare in Neoptera.

The two basalar-sternal muscles (BA.SmS, BA.SmI)
of Ephemeroptera are attached to this crescent-shaped
sclerite but the so-called basalar-coxal muscle (BA.Cm
sensu KLUGE 1994, 2004) and the so-called basalar-pleural
muscle (BA.Pm sensu KLuGe 1994, 2004) are not attached
to it. The latter two muscles rather insert on two sclerites
lying in the membrane between the notum and the anterior
part of the wing base. BA.Pm usually inserts on a dorsal
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sclerite that lies proximal to the crescent-shaped sclerite
(Figs. 12, 40), almost at the same level as the anterior wing
base (Fig. 12). Posterior to the insertion of BA.Pm and just
anterior to sl (ANP following the present study) lies the
sclerite, at which BA.Cm inserts (Figs. 11, 12, 40). In some
mayflies (e.g. Baetis sp., Rhithrogena semicolorata,
Ecdyonurus submontanus) these sclerites are associated
with each other, and additionally also connected to the
crescent-shaped sclerite and the tegula (own observations).
In other taxa (e.g. E. virgo; Fig. 40), these sclerites lie
separated from each other in the anterior part of the wing
base. BA.Cm is attached to the coxo-pleural joint and runs
(directly below the sl) to the sclerite lying anterior to sl.

I could not verify the basalar-trochanteral muscle
(BA.Trm), which is described in Hexagenia (Ephemeri-
dae) by Knox (1935) and also in Ephemerella sp. (Epheme-
rellidae), Ephemera sp. (Ephemeridae), Ecdyonurus sp.
(Heptageniidae), Choroterpes sp., Habrophlebia sp. (Lep-
tophlebiidae), several Baetidae, Oligoneuriella sp. (Oli-
goneuriidae) and Caenis sp. (Caenidae) by GrRanDI (1947).
On the other hand, MaTsupa (1956) states that this muscle
(t-tr 2 sensu MaTsupa 1970) is not present in Siphlonurus
columbianus, whereas he later (MaTsupa 1970: 75) asserts
that it is attached to the first axillary sclerite in other
Ephemeroptera, very close to the point of attachment of
t-cx 4 (BA.Cm sensu KLUGE 1994). MATSUDA’s assumption
that t-tr 2 is attached to the axillary sclerite resulted from
GranDI’s (1947) interpretation who described a muscle
that is dorsally attached to the 1Ax (1Ax sensu GRANDI).
The dorsal point of attachment of t-tr 2 is close to that of
t-cx 4 or fused with it (Matsupa 1970). According to the
same author this muscle (t-cx 4) is described only in
Ephemeroptera. Another trochanteral muscle is listed for
the ephemeropteran thorax by Marsuba (p-tr 2 sensu
Matsupa 1970: 124). 1t is the basalar-trochanteral muscle,
which also occurs in Neoptera. The two muscles t-tr 2 and
p-tr 2 are one and the same muscle in Ephemeroptera. But
the first mentioned muscle is described as a tergal muscle
by GrANDI (1947), assuming that it inserts on the 1Ax. The
second muscle is described as a pleural muscle by Knox
(1935). According to Knox (IT Pm 3 of this author) it is at-
tached to the basalare, which is known as a pleural ele-
ment in Neoptera. But if the two mentioned muscles are
associated with t-cx 4, then the dorsal attachment of both
t-tr 2 and p-tr 2 is the posterior sclerite lying antero-medial
of sl in the ephemeropteran wing base. KLUGE (1994) men-
tioned a muscle BA.Trm in the list of abbreviations but he
neither pictured nor mentioned the muscle in a later publi-
cation (KLuGe 2004). Furthermore, a basalar-trochanteral
muscle is pictured in Brobsky’s diagram of the muscles of
a generalised ephemeropteran mesothorax (Bropsky 1974:
38, fig. 2) with the same insertion as that of TCxm5 (clas-
sified as a basalar-coxal muscle, BA.Cm). He described
the function of this muscle as pronator of the wing. In spite

of this, he marked the TTrm2 as absent in the mesothorax
of all Ephemeroptera examined (Brobsky 1974: 38,
tab. 1).

The scuto-trochanteral muscle (S.Trm) is attached to
the lateral part of the scutum in larval Ephemeroptera
(own observation). It seems to have been shifted more lat-
erally in subimaginal and imaginal Ephemeroptera com-
pared to its position in the larvae. Though, it is a large
muscle in larvae it is diminished in the winged stages. Its
lateral position and the size of S.Trm probably cause mis-
interpretations. Nevertheless, in none of the examined
taxa a basalar-trochanteral muscle was found.

The basalar-sternal muscles (BA.SmS, BA.Sml;
p-s 12 sensu Matsupa 1970; Figs. 14-19, 5054, 98, 111;
p-s 12 in Figs. 118—121) that are present in Ephemeroptera
are absent in the mesothorax as well as in the metathorax
of Plecoptera and the remaining Neoptera (Matsupa 1970).
They are most likely reduced in these taxa. There are two
muscles in the thorax of Lepismatidae, which lie in exactly
the same position as the ephemeropteran BA.SmS and the
BA.SmI (muscles 41 and 42 sensu BARLET 1953, 1954 and
Matsupa 1970). This was the reason for MATSUDA to as-
sume a homology of the lepismatid muscles 41 and 42 with
the basalar-sternal muscles in Ephemeroptera. Both mus-
cles (41 and 42) of Lepisma saccharina (Zygentoma) are
tergosternal muscles. Matsupa (1970) interpreted them as
pleuro-sternal muscles, most likely because the basalare is
generally known as a pleural element in other Pterygota.
However, in Ephemeroptera all of the so-called basalar
muscles are of tergal origin. Matsupa (1970: 120) also as-
sumed — without reasoning — that the p-s 12 is shared only
by Ephemeroptera and Odonata, but nevertheless omits
these muscles elsewhere (MaTsupa 1970: 400, tab. XXIV).
Matsupa also wrote in this publication that a different
muscle is present (t-s 2), which originates on the midlat-
eral portion of the mesothoracic prescutum and inserts at
the postero-dorsal surface of the prothoracic furca. Ac-
cording to (Matsupa 1970: 65) it is probably homologous
with muscle 42 of Lepisma sp., which in turn is homolo-
gised with p-s 12 (BA.SmS/BA.Sml sensu KLUGE 1994).

Muscle t-s 2 should also occur in larval stages of Cory-
dalus sp. (Megaloptera) and in Stagmomantis sp. (Manto-
dea). Another muscle p-s 3, which is stretched between the
episternum and furca of the preceding segment, occurs in
Psocoptera, Hymenoptera, Coleoptera and Lepidoptera
and is assumed to be a derivate of p-s 12. On the above
mentioned assumptions, it is not feasible that p-s 12 is a
synapomorphic character of Odonata and Ephemeroptera
as assumed by Matsupa (1970). In the examined Pleco-
ptera, however, no homologous muscles to BA.SmS and
BA.Sml of Ephemeroptera were found. In my view,
BA.SmS and BA.Sml are plesiomorphic ground plan char-
acters of Pterygota, as these muscles are already present in
Zygentoma (BARLET 1953, 1954). Consequently these mus-
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cles must be interpreted as symplesiomorphic in
Ephemeroptera and Odonata. Both muscles are likely to
be reduced in Neoptera.

Brobpsky (1970: 166) mentioned that the basalare of
Ephemeroptera “occupies its usual place” Assuming that
the basalare is, just as well as the neopteran basalare, a
pleural element, he classified all basalar muscles of
Ephemeroptera as pleural muscles (Pm). Four years later
(with reference to MaTsupa 1970, see above) and on the
grounds that the homologous muscles are associated with
the tergum in Lepisma saccharina and not present in any
other insect order, he termed the basalar-sternal muscles
TSml, tergo-sternal muscles (Bropsky 1974). Interesting-
ly, he also interpreted the BA.Cm (TCxm5) and the
BA.Pm (TPm3) as tergal muscles in the latter publication.
In larval mayflies, the two mentioned basalar-sternal mus-
cles are indeed dorsally attached to the anterior part of the
scutum (see Fig. 56).

In the pterothorax of Odonata there are two muscles
present, which are connected to the lateral part of the hu-
meral plate (hp) by a long tendon (muscles 21 and 22 sensu
MaLoEUF 1935 and AsaHINA 1954; Figs. 59, 61-63, 65, 66).
Matsupa (1970) suggested that both muscles are autapo-
morphic characters of Odonata (t-p 22 and t-p 23 sensu
Matsupa 1970). In the same contribution (on p. 120) how-
ever, he wrote that p-s 12 is shared by Ephemeroptera and
Odonata without any further reasoning. In my view, p-s 12
is indeed present in Ephemeroptera (BA.SmS and BA.Sml
sensu KLUGE 1994) and Odonata (muscles 21 and 22 sensu
ASAHINA 1954).

The muscle 22 has a bipartite dorsal tendon that inserts
in addition to the lateral attachment also to the middle part
of the hp. Muscles 21 and 22 are interpreted as ster-
nobasalar muscles by AsanmNa (1954) though they are at-
tached to the pre-episternal sclerite sensu ASAHINA. Actu-
ally the characteristics of muscles 21 and 22 when com-
pared to BA.SmS and BA.Sml of Ephemeroptera are
nearly identical. In both taxa, these muscles are attached
to a sclerite close to the anterior wing base. ASAHINA as-
sumed in the same paper that the hp of Odonata contains a
part of the basalare. Interestingly, Brobsky (1994) homo-
logised at least a part of the hp of Odonata with the basal-
are, but without any reasoning. I agree with BRobsky’s and
ASAHINA’s assumption since the position of the hp in Odo-
nata is comparable with the position of the crescent-shaped
sclerite in Ephemeroptera. Moreover, in Odonata two
muscles are attached to the hp just in a similar position as
BA.SmS and BA.Sml of the so-called basalare in
Ephemeroptera. This makes it likely that BA.SmS and
BA.Sml of Ephemeroptera are homologous with the mus-
cles 21 and 22 of Odonata. The so-called basalar sclerites
of Ephemeroptera and Odonata are most likely not ho-
mologous to the basalare of Neoptera. Comparing the
musculature of Zygentoma (BARLET 1953), Ephemeroptera
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and Odonata it becomes obvious that a reduction of the
basalar-sternal muscles is an apomorphic character of
Neoptera rather than a synapomorphic character of Met-
apterygota as assumed by WILLKOMMEN & HORNSCHEMEYER
(2007).

In Ephemeroptera there is also a so-called basalar-
pleural muscle (BA.Pm; Figs. 12, 18, 19, 40, 52-55, 99;
t-p 4 in Fig. 122) present. It is dorsally attached to the
sclerite lying proximal to the anterior wing base and to the
crescent-shaped sclerite. From there it proceeds to the
pleurum (Fig. 32). In some of the examined species (Baetis
Sp., Rhithrogena semicolorata, Ecdyonurus submontanus)
this sclerite is associated with the crescent-shaped sclerite
(own observation). The BA.Pm (sensu KLuce 1994) of
Ephemeroptera is similar to p5 sensu Matsupa (1970) and
m. pleurocondilo-scutale sensu Granbi (1947). According
to MaTsupa (1970) BA.Pmis only presentin Ephemeroptera
stretching between the BA and PWP.

Such a short but robust muscle lying in the same posi-
tion is also present in Plecoptera (tpm 47 sensu WITTIG
1955; Fig. 83) and also in Odonata (own observation, see
Figs. 64, 65). In Pteronarcys reticulata (Pteronarcyidae),
Perla abdominalis (WitTiG 1955) and also in Isoperla
grammatica, Isoperla goertzi, Perlodes microcephalus
(Perlodidae), Capnia vidua (Capniidae, all Plecoptera;
own observations) it inserts dorsally on a small sclerite
next to the tegula (Fig. 67), i.e. the subtegula (SNODGRASS
1935, “kleine Sklerifikation hinter der Tegula” sensu Wit-
TIG 1955, “myodiscus” sensu NELsON & Hansson 1971).
This muscle proceeds to the episternum, namely anterior
to the PWP. Though tpm 47 is conspicuous in Brachyptera
seticornis (Taeniopterygidae), this sclerite is rather indis-
tinct.

In Odonata the short muscle 28 (AsaHINA 1954) has a
similar course, as it is also dorsally attached to a tergal
sclerite and running to the pleurum anterior to the PWP.
Martsupa (1970: 401) homologised muscle 28 of Odonata
with t-p 11, which connects the anterior (or dorsal) part of
the pleural ridge or the anterior part of the PWP with the
first axillary sclerite in other insects. This assumption
may result from TANNERT’s interpretation of the dorsal
sclerite, to which muscle 28 is attached, as 1Ax (Pt 1 sensu
TaNNERT 1958). The first axillary sclerite, however, is ex-
pected to be located rather posterior to this sclerite when
compared to the wing base of the remaining Pterygota. It
should be rather located proximal to the axillary plate
since the characteristics of the axillary plate suggest ho-
mology to at least a part of the wing base sclerites (2Ax,
3Ax and PMP) of other Pterygota (see section 4.2).

The muscle 28 (metathoracic muscle 50 respectively;
Fig. 65) that is attached to this sclerite in Odonata is simi-
lar to BA.Pm of Ephemeroptera and to t-p 4 of the Neoptera.
The t-p 4 originates from the pleural ridge just below the
pleural wing process or — if developed — from the pleural
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arm (Martsupa 1970: 62). It inserts either at the subtegula,
the laterophragma, or the prealar sclerite. Matsupa (1970:
15) also assumed that the sclerite, to which the t-p 4 is
dorsally attached in Neoptera, is presumably a detached
prescutal sclerite. The BA.Pm of Siphlonurus aestivalis
(Siphlonuridae) is attached to a sclerite lying between the
tegula and the tergum. This sclerite is also associated with
the posterior arc of the prealar bridge. This is indeed an
indication of the prescutal origin of the sclerite and sup-
ports ASAHINA’s assumption, that the sclerite, which is lo-
cated proximal to the humeral plate in Odonata (Pt 1 fol-
lowing TANNERT 1958), is a part of the prescutum (AsaHINA
1954).

Inmayfly larvae, the muscle BA.Pmis dorsally attached
to the latero-medial part of the scutum. Regarding the
similar attachment of this short muscle in Ephemeroptera
(BA.Pm sensu KLuGe 1994), Odonata (muscle 28 sensu
Marorur 1935), Plecoptera, and other Neoptera (t-p 4 sen-
su Matsupa 1970) it is most likely that BA.Pm, muscle 28
and muscle t-p 4 are homologous with each other.

Consequently, the BA.Pm of Ephemeroptera is not a
genuine basalar muscle but rather the muscle running from
the subtegula to the pleurum (t-p 4). Therefore, the sclerite
to which the muscle is attached is not the basalare but
rather the subtegula.

In Ephemeroptera the dorsal attachment of BA.Cm
(Figs. 12, 40) is behind that of BA.Pm. In Plecoptera and
also in other Neoptera there is a basalar-coxal muscle
(basalar-coxal or M. basalare coxalis, cpm 51 sensu Wit-
TIG 1955 and Zwick 1973), which pronates the wing. It is
dorsally attached to the episternal basalare and ventrally
to the anterior rim of the coxa (Fig. 82).

In contrast, the basalar-coxal muscle (BA.Cm sensu
KLuce 1994) of Ephemeroptera is often interpreted as a
coxo-axillary or coxo-tergal muscle. MaTsupa (1956,
1970) assumed that the muscle is dorsally attached to the
1AXx (sl: 1Ax sensu MaTsubA 1956 and Tsul & PETERS
1972, pseudopterale prossimale sensu GRANDI 1947; s see
also section 4.2.5). Brobsky (1974) termed this muscle as
a tergo-coxal muscle (TCxmS5, see above) and KLUGE
(1994) interpreted it as a basalar-coxal muscle.

In nearly all examined mayflies (in particular in
Siphlonurus aestivalis), the dorsal attachment of this so-
called basalar-coxal muscle is on the dorsal sclerite next to
the sl (own observation; Fig. 11). In S. columbianus, ex-
amined by MaTsupa (1956), the muscle is interpreted as
axillary muscle. However, in Habroleptoides confusa
(Leptophlebiidae), Centroptilum Iluteolum and Cloeon
dipterum (Baetidae) there is a different configuration
present (own observation). In addition to the usual attach-
ment of BA.Cm in H. confusa there is an indistinct tendon
running to sl. In C. luteolum the muscle is dorsally at-
tached to an antero-proximal projection of the basal plate.
In Cloeon dipterum the BA.Cm is attached to the con-

spicuous base of the subcostal vein. These character states
in Baetidae are likely correlated with the miniaturisation
of the body size and the changes in wing base sclerites.

Martsupa (1970) assumed that the t-cx 4 (BA.Cm) is a
direct flight muscle of Ephemeroptera and Odonata. Fur-
thermore, in Siphlonurus it is supposed to insert at the
2Ax (s2; axillary homologisation following Matsupa
1970). However, in Siphlonurus columbianus (muscle 50
sensu Matsupa 1956) and in Ecdyonurus (Heptageniidae)
it is assumed to insert at the 1Ax (s1; axillary homologisa-
tion following MaTsupa 1956, 1970). According to Knox
(1935), the BA.Cm is dorsally attached to the basalare.
This is due to the fact that in several mayflies the sclerite,
which is the dorsal attachment of BA.Cm, is connected to
the crescent-shaped sclerite (so-called basalare, BA). The
large sclerite figured in Knox’s (1935: 137) plate XX is
most likely this crescent-shaped sclerite plus the tegula
plus the associated dorsal sclerites (attachment of BA.Pm
and BA.Cm). In several species, these elements are tightly
connected to each other (see above). Nevertheless, the
muscle (BA.Cm) is not associated with the 1Ax (2Ax fol-
lowing Matsupa 1956, 1970) and in most cases also not
with sl (1Ax following MaTsupa 1956, 1970) in the exam-
ined Ephemeroptera.

Martsupa (1970: 66) assumed that in Odonata there are
two muscles present, which connect the disc internal to
the coxal condyle with the first axillary sclerite and the
axillary plate (second and third axillary sclerites). Their
ventral points of attachment are confluent and their dorsal
attachments lie close to each other. Therefore, MATSUDA
termed the muscles t-cx 4 and t-cx 4” (assuming that t-cx 4
is homologous with BA.Cm of Ephemeroptera). These two
muscles are 26 and 27 sensu MALOEUF (1935) and AsAHINA
(1954).

The position of the muscle 27 of Odonata is different
from the position of BA.Cm of Ephemeroptera. Maxi
(1938) assumed that in addition to muscle 26 also muscle
27 is a coxo-axillary muscle, which is attached to the axil-
lary plate of the wing base in Odonata. AsaHINA (1954: 45)
assumed that it could be a coxo-subalar muscle, which is
generally present in the other winged insects. The muscle
27 is dorsally attached to the axillary plate, which is likely
partially fused with the subalare in Odonata (see below).
As muscle 27 rather resembles a subalar muscle than a
basalar-coxal muscle, this study agrees with the hypothe-
sis of ASAHINA (1954).

Muscle 26 (Figs. 59, 65) of Odonata, however, is very
similar to BA.Cm of Ephemeroptera regarding the dorsal
and ventral attachment points. The dorsal attachment of
muscle 26 is located proximal to the humeral plate, which
is fused with the sclerite homologous with the crescent-
shaped sclerite of Ephemeroptera. AsaHINA (1954: 45)
wrote that it appears more reasonable to ascribe it to the
coxo-basalar muscle. A homology of the muscle 26 of
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Odonata with the BA.Cm of Ephemeroptera is also as-
sumed in the present study. The so-called basalar-coxal
muscle of Ephemeroptera and Odonata are possibly not
homologous with the neopteran basalar-coxal muscle (see
below).

The BA.Cm of Ephemeroptera is sometimes described
as a basalar muscle (BA.Cm sensu KrLuce 1994, Pm3 sensu
Brobpsky 1970). Nevertheless, all basalar muscles in may-
fly larvae are dorsally attached to the antero-lateral or
medio-lateral part of the scutum (Fig. 56). Their pleurum
is rather simple and small. The pleural sclerite is separated
from the tergum by a membranous area. In contrast, the
pleurum of stonefly larvae is large and the upper part of
the episternum is associated with the tergal parts. It lies
next to the anterior wing base, whereas the epimeron is
rather small. Between the posterior part of the epimeron
and the ventral membrane of the wing pad there is a rela-
tively large membranous area. So the dorsal attachment of
the two basalar muscles on the episternum is next to the
tergal parts in larvae of Plecoptera.

Most likely the small, isolated and simple pleurum of
larval Ephemeroptera represents the plesiomorphic condi-
tion. The pleurum of larval Plecoptera is closely associated
with the tergum, which probably represents a derived
state. One possible interpretation is the assumption that
the basalar muscles are of tergal origin in Pterygota. In
Neoptera these muscles shifted ventrally onto the pleu-
rum.

However, the BA.Cm is attached to a separate sclerite
of the anterior wing base in Ephemeroptera. In sub-
imagines, imagines and also in larvae of Ephemeroptera
the attachment lies even posterior to the attachment of
BA.Pm, which is not a genuine basalar muscle (see above).
Therefore, it is more likely to assume that the BA.Cm of
Ephemeroptera is also not a true basalar muscle. Therefore
a homology of BA.Cm to the basalar-coxal muscle of
Neoptera is rather unlikely, but a homology of BA.Cm of
Ephemeroptera to the muscle 26 of Odonata is assumed.
The sclerites, to which BA.Pm and BA.Cm are attached
are separated in basal Ephemeroptera, which is likely to
represent the plesiomorphic condition. Therefore, the term
BAd (which includes the two sclerites) used by WiLLkom-
MEN & HORNSCHEMEYER (2007) is not correct, since the
separated dorsal sclerites are not true basalar sclerites.
The anterior sclerite, lying between the tegula and the
tergum at the anterior wing base is homologous with the
subtegula of other Pterygota (see above).

Subalare and associated muscles

In Plecoptera the subalare is a simple, longish sclerite
without large apodemes, but conspicuous and specialised
in the Ephemeroptera. In both Ephemeroptera and Pleco-
ptera, the subalare develops from the pleural membrane
below the wing pad. It is located in the upper part of the
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pleurum posterior to the PWP and below the wings. The
sclerite is surrounded by a membranous area in both taxa
and never associated with the epimeron.

The subalar-coxal muscle (SA.Cm,; Figs. 18, 19, 54, 55)
of winged stages of Ephemeroptera is dorsally attached to
the anterior subalar apodeme (ASA; Figs. 4-8 10, 43, 96)
and ventrally to the postero-lateral rim of the coxa. Usu-
ally, it is a rather weak and sometimes bipartite muscle in
imaginal Ephemeroptera. The large subalar-sternal muscle
(SA.Sm; Figs. 14-17, 37, 50-53, 103—105, 110, 113-116;
t-cx 8 in Figs. 117-120) is attached to the posterior subalar
apodeme (PSA; Figs. 4-8, 10, 17, 18, 30, 32, 33, 43, 44,
104, 114, 115) and to the subalar suture (SAs; Figs. 8, 30,
32, 33). The SA.Sm originates from the furcasternite (FS;
Figs. 4, 5, 34, 44, 48, 109).

In the larval stages of Ephemeroptera, the pleurum is
rather simple and small. The SA.Cm inserts at the postero-
dorsal part of the pleural sclerite next to the pleural suture
(Fig. 56). It originates from the lateral rim of the coxa. In
contrast, the SA.Sm is attached to a small sclerite in the
upper part of the pleural membrane directly below the
posterior part of the fore wing pad (Fig. 56). The subalar-
furcal muscle (SA.Fm) inserts at the same sclerite and
originates from the mesothoracic furca.

In Neoptera, the subalare is provided with a large mus-
cle running to the posterior rim of the coxa (subalar-coxal
muscle; t-cx 8 sensu MATsupa 1970, cpm 53 sensu WITTIG
1955 and Zwick 1973). In early stages of stonefly larvae
(Perla abdominalis, WiTTIiG 1955), the subalar-coxal mus-
cle is stretched between the upper part of the pleural mem-
brane near the future ventral membrane of the wing pad
and runs to the rim of the coxa. Furthermore, it is attached
to a small sclerite below the wing pad in final larval stages
(e.g. Brachyptera seticornis).

Matsupa (1970) homologised the t-cx 8 (SA.Cm) of
Ephemeroptera with the t-cx 8 of Plecoptera. However, in
my opinion the SA.Cm of Ephemeroptera is most likely
not homologous with the subalar-coxal muscle of Pleco-
ptera and other Neoptera because the origin of this muscle
in larval stages is different in Ephemeroptera and Pleco-
ptera. The anterior part of the subalare, which is equipped
with the anterior subalar apodeme (ASA) in Ephemeroptera
is either secondarily associated with the posterior part of
the subalare, or the dorsal attachment of SA.Cm has shift-
ed onto the subalare in the winged stages. The posterior
part of the SA of Ephemeroptera develops ontogenetically
similar to the subalare of Plecoptera, namely below the
wing pad and in the pleural membrane above the epime-
ron. In contrast, the anterior part of the subalare that pro-
vides the ASA may develop from the upper part of the
pleurum. Later in its larval development it possibly be-
comes associated with the posterior sclerite of the sub-
alare. This suggests that the anterior part of the subalare of
Ephemeroptera is not homologous with the subalare of
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Plecoptera and other Neoptera. A homology of the subalar-
coxal muscle (SA.Cm) of Ephemeroptera to the subalar-
coxal muscle (t-cx 8 sensu Matsupa 1970) of Plecoptera
and other Neoptera is rather unlikely.

Matsuba (1970: 65) assumes that the SA.Sm of
Ephemeroptera may be a derivative of the subalar-coxal
muscle (t-cx 8), but does not mention any possible homolo-
gous muscle in Lepisma saccharina or Lepismachilis sp.
(Zygentoma). The similar course of the SA.Sm in the lar-
vae of Ephemeroptera compared to the SA.Cm in Pleco-
ptera implies that MATsupA’s hypothesis concerning the
origin of the SA.Sm is most probably correct.

It is difficult to decide whether the sternal attachment
of the subalar muscle in Ephemeroptera could reflect a
primitive or a derived condition. Nevertheless, the
Ephemeroptera are characterised by a specialisation of the
mesothorax that includes the enlargement of the indirect
flight musculature (e.g. dorsal longitudinal muscle and
some of the dorso-ventral muscles; see sections 4.2—4.4),
the shortening of the metathorax and hind wings, and the
coupling of fore and hind wings in flight. The above men-
tioned facts rather suggest that the enlarged SA.Sm of
Ephemeroptera, in comparison to the conditions of the
subalar-coxal muscle of Plecoptera, is a specialised homo-
logue of the SA.Cm of Neoptera. Matsupa (1970) assumed
a homology of SA.Cm in Pterygota to a tergo-coxal muscle
(62 sensu Matsupa 1970) in L. saccharina.

Assuming that the SA.Sm is a specialised subalar-
coxal muscle, one can also hypothesise that the subalar-
furcal muscle (SA.Fm; t-s 4 sensu Matsupa 1970) of
Ephemeroptera is a split off from SA.Sm that evolved to-
gether with the specialisation of the subalare, since the
SA.Fm is dorsally also attached to the PSA. Moreover, it is
closely associated with the SA.Sm. A subalar-furcal mus-
cle does not exist in the pterothorax of Plecoptera and
other Neoptera. Matsupa (1970) assumed that a subalar-
furcal muscle is probably also present in certain Hy-
menoptera. A homology of SA.Fm to a muscle of Lepis-
machilis sp. or Lepisma sp. is not given by him. Assuming
that SA.Fm is a specialised part of the SA.Sm it may also
be homologous with muscle 62 (sensu Matsupa 1970) of
L. saccharina.

The homology of the subalar-sternal muscle (SA.Sm)
and the subalar-furcal muscle (SA.Fm) of Ephemeroptera
on the one hand to the subalar-coxal muscle (t-cx 8 sensu
Matsupa 1970) of Neoptera on the other hand is evident.

In Plecoptera there is a subalar-pleural muscle present,
(ppm 56 sensu WITTIG 1955, t-p 16 sensu MATsupa 1970),
which extends between a small posterior sclerite (or the
posterior part of the subalare; Fig. 125) and the ventral
part of the epimeron. Such a muscle is not present in
Ephemeroptera, but it occurs in lower Pterygota. There-
fore, MaTsupa (1970) suggested a homology to a muscle of
Lepismachilis (muscle 115 or 120 following MATSUDA

1970) that agrees approximately with the position of t-p 16.
Consequently, the lack of a subalar-pleural muscle should
be regarded as an apomorphic character of Ephemeroptera.
Martsupa (1970: 77, tab. 1) also considered the possibility
of a new development in Pterygota. According to BRoDSKY
(1979Db), the presence of the muscle t-p 16 can be attributed
to the groundplan of Plecoptera. In my opinion this muscle
is an apomorphic character of Metapterygota, and its ab-
sence in Ephemeroptera reflects the plesiomorphic condi-
tion.

At least three muscles are present in Odonata that
could be homologised with subalar muscles. The muscles
32,33 and 34 (sensu AsaHINA 1954) are dorsally associated
with the ventral part of the axillary plate of the wing base
(Figs. 62—-65).

The first mentioned muscle (muscle 32) is the largest
one. It is dorsally attached to the anterior part of the axil-
lary plate by a tendon. According to Matsupa (1970) this
muscle (muscle 32; t-p 24 sensu Matsupa 1970) is only
present in Odonata. The dorsal point of attachment sug-
gests that it is a subalar muscle since in larval Ephemero-
ptera, as well as in larval Plecoptera, the subalar muscles
are attached to the pleural membrane immediately below
the wing pad. The muscle 32 is probably the homologue of
SA.Cm of Neoptera that shifted its ventral attachment as a
result of a modification of the sternal and pleural ele-
ments. The ventral attachment is on the margin between
katepisternum and epimeron (following AsAHINA 1954)
next to the coxa.

Posterior to the muscle 32 are the dorsal points of at-
tachment of the muscles 33 and 34. Both are rather small
muscles that are attached to a small sclerite in the upper
third of the membrane posterior to the pleural wing pro-
cess. Each of the two muscles is also attached to the poste-
rior part of the axillary plate, each by a tendon. According
to Matsupa (1970), both muscles (muscle 33 sensu ASAHI-
NA 1954, t-p 25 sensu MaTsupa 1970; muscle 34 sensu
AsaniNa 1954, and t-p 21 sensu Matsupa 1970) are only
present in Odonata. It would be conceivable that muscle 33
is either homologous with the subalar-coxal muscle as a
separated and specialised part or rather, the homologue of
the neopteran t-p 16. The latter assumption would be more
parsimonious. Most likely the muscle 34 of Odonata is al-
so the homologous part to t-p 16 (sensu MaTsupa 1970) of
Neoptera. This assumption is supported by the fact that
the subalare is located next to the ventral membrane of the
wing pad and is fused with the axillary plate in Odonata as
suggested also by AsanHiNa (1954).

Furthermore, the attachment points of muscle 27 of
Odonata suggest that it is most likely the homologous
muscle to t-cx 8 of Neoptera. The dorsal attachment point
is similar in both muscles 27 and 32. Thus, muscle 32 is
probably a second, specialised part of the muscle 27.

Martsupa (1970: 68f) hypothesised a tergal origin of
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the subalar muscles (t-cx 8, t-p 16) since Maki (1938) has
shown that the future subalar-coxal muscle is dorsally at-
tached to the lateral margin of the tergum in the late em-
bryo of Leucophaea (Blattaria), or on the ventral base of
the rudimentary wing in the early nymphal stages of Lo-
custa (Orthoptera).

Martsupa also wrote in the same paper that the number
of prothoracic tergo-coxal muscles (where the subalare is
missing) should be the same as in the pterothorax includ-
ing the subalar-coxal muscle. According to him, this ten-
dency ought to be recognisable in lower orders. He further
stated (on p. 64) that in the nymph of Perla, according to
WITTIG (1955), the subalar-pleural muscle (ppm 56, t-p 16)
inserts on the posterior membrane near the area where the
subalare (Fliigelscheide) is later formed. WitTiG (1955),
however, wrote that the muscle ppm 56 is attached to the
posterior part of the pleural membrane.

The dorsal points of insertion of the subalar muscles in
the examined larval mayflies and stoneflies (except the
SA.Cm of Ephemeroptera) are close to the ventral mem-
brane of the wing pads though never directly on the
pterothoracic tergites. Therefore, a tergal origin of the
subalar-coxal (and the respective subalar-sternal muscle of
Ephemeroptera) and the subalare is conceivable but not
obligatory. This assumption suggests that the wings are
also of tergal origin and a duplication of the tergite.

In any case the musculature of L. saccharina has to be
re-examined to assert the homologies of the subalar mus-
cles and their basal precursors.

The dorsal point of attachment of SA.Cm in
ephemeropteran larvae does not agree with the assump-
tion of a tergal origin, since SA.Cm is attached to the
pleural sclerite in ephemeropteran larvae (Fig. 56). It is
probably even not homologous with the subalar-coxal
muscle of Neoptera (see above).

In the metathorax of Ephemeroptera, the pleural scler-
ites and also the sternal elements are partly reduced or
rather fused. Thus the subalar muscles of the metathorax
are also reduced, and the furcasternum is either reduced or
absent. In several Ephemeroptera both SA.Cm and SA.Sm
are present and distinguishable in the metathorax. Both
muscles are running close to each other, albeit the ventral
attachment of the SA.Sm is on the coxa rather than on the
furcasternite.

4.4 Sister group relationships
(Figs. 126, 127)

General Remarks

There are three hypotheses on the basal splitting of
Pterygota, namely the Chiastomyaria hypothesis, the Pa-
lacoptera hypothesis and the Metapterygota hypothesis
(BEcHLY et al. 2001; BorNER 1909; BoUuDREAUX 1979; FURST
voN LIEVEN 2000; GorsB et al. 2000; HENNIG 1953, 1969;
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HovMOLLER 2002; KRISTENSEN 1975, 1981, 1991; KUuKALOVA-
Peck 1978, 1983, 1985, 1991, 1998; LEMcHE 1940; MAR-
TYNov 1925; Matsupa 1970; ReEaN 2003; SCHWANWITSCH
1943; SnobpGrAss 1935; SoLpAN 1997; Staniczek 1996,
2000, 2001; WAGNER et al. 1996; WooTToN 1979).

Chiastomyaria hypothesis

The Chiastomyaria hypothesis assumes a sister group
relationship between Odonata and Ephemeroptera+Neo-
ptera (LEmMcHE 1940, ScuwanwitscH 1943). This is based
on different modes of wing pad development in both
groups and also on the different development of the flight
musculature. The first character is disputable because the
wing pad development is inconsistent among Neoptera
(HenNiG 1969, KukaLova-Peck 1978). In Odonata mainly
the direct flight musculature is used, whereas in Ephe-
meroptera and Neoptera the indirect flight musculature is
predominantly developed. A comparison with Zygentoma
and Archaeognatha as outgroups implies that the direct
flight musculature is an apomorphic feature of the Odo-
nata. The indirect wing musculature is a ground plan
character of Pterygota and therefore cannot be used as
evidence for a sister group relationship between Ephemero-
ptera and Neoptera (Prau 1986, KRISTENSEN 1981). Only
the direct sperm transfer is a putative apomorphic charac-
ter of Ephemeroptera and Neoptera, but also controversial
because it is quite possible that the direct sperm transfer
evolved convergently (BecHLY et al. 2001). In view of the
large number of characters that support the Metapterygota
or even the Palacoptera hypothesis, a sister group relation-
ship of Odonata to all other Pterygota is rather unlikely.

Palaeoptera hypothesis

The Palaeoptera hypothesis (MARTYNOV 1925) assumes
that EphemeropteratOdonata is the sister group of
Neoptera. The Palaeoptera are characterised by their in-
ability to fold the wings horizontally over the abdomen
(Hennig 1969; Kukarova-Peck 1978, 1985; MARTYNOV
1925; WootTton 1979).

The proximate stem of the anterior and the posterior
radial vein (R, Rs) are interpreted as plesiomorphic char-
acters of the Palaeoptera. The fused medial stem is sup-
posed to be the apomorphic condition shared by all Palaeo-
ptera (including fossil taxa) (KukaLova-PEck & BRrauck-
MANN 1990, KukarLova-Peck 1991). The common stem of
the anterior cubital vein and the cubital sector as well as
the intercalary veins are given as possible synapomorphic
characters supporting the Palacoptera hypothesis (Kuka-
LovA-PEck 1983, 1985, 1991, 1998; KukaLovAa-Peck &
BrauckMANN 1990; Riek & KukaLova-Peck 1984; STANI-
czek 2001). Intercalary veins, however, are not present in
the fossil odonatan taxon Eugeropteron (WiLLMAaNN 2005).
The common stem of the medial veins is probably a de-
rived state. A basal fusion of the wing veins support rigid-
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— Palaeoptera ——

Ephemeroptera Odonata

anal brace present

loss of the ability to fold the wings
wing base sclerites fused
basalar-trochanteral muscle reduced
gonopods secondarily subdivided

Neoptera

M 3Ax-episternal muscle
present (t-p 13)

M basalar-sternal
muscles reduced

M neala *

1Ax with at least one muscle

at least three separate axillaries present

wings horizontally foldable

3Ax with one muscle (t-p 14)

291

Fig. 126. Palacoptera hypothesis, argumentation scheme of character evolution (modified after WiLLKOMMEN & HORNSCHEMEYER
2007: fig. 24). — * = character after MARTYNoOV (1925); grey box = uncertain character; for further interpretation see section 4.4.

ity at the wing base and therefore, it is difficult to exclude
a convergent evolution of this character. WAGNER et al.
(1996) regarded the imaginal microsculpture of ephe-
meropteran and odonatan wings as an autapomorphy of
Palacoptera. A similar microsculpture, however, also oc-
curs in Neuroptera (WAGNER et al. 1996).

Nevertheless, it is problematic to take wing characters
as apomorphies without the possibility to verify these
characters in any of the basal outgroups.

The braces between the radial sector and the anterior
medial vein (rp-ma), the brace between the medial vein
and the cubitus (m-cu), and the brace between the poste-
rior cubital veins and the anal vein (cup-aal) are consid-
ered as synapomorphies of Palacoptera (KukALovA-PECK
1998). Except of the cup-aal brace, in stem group repre-
sentatives of Ephemeroptera and Odonata all other braces
are either present as simple cross veins (Bojophlebia) or
even absent (Eugeropteron) (StanNiczek 2001). So these
characters obviously evolved convergently and cannot be
interpreted as synapomorphies of Palacoptera (STANICZEK
2001). Moreover, the costal brace is possibly an autapo-
morphic character of Ephemeroptera (WiLLMANN 1999). A
further synapomorphic character of the Palaeoptera could
be the paired penes (BEcHLyY et al. 2001) but it may be also
interpreted as a plesiomorphic character of the Insecta (see
Staniczek 2001).

The short antennae in Ephemeroptera and Odonata
(“Subulicornia”) evolved most likely convergently be-
cause long antennae were still present in Namurotypus, a
stem group representative of Odonata (BEcHLy et al. 2001,
BRAUCKMANN & ZESSIN 1989).

The basalar-trochanteral muscle, which is present in
Neoptera is absent in Ephemeroptera and Odonata. The
assumption that the presence of this muscle is a ground
plan character of Pterygota and the homologous structure
to muscle 55 of Lepisma (Matsupa 1970) suggests that it is
secondarily reduced in Ephemeroptera and Odonata and
supports the Palaecoptera hypothesis.

The paleopterous wing condition in Ephemeroptera
and Odonata with their inability to fold the wings horizon-
tally over the abdomen has been generally accepted as a
symplesiomorphic character for a long time. Likewise, the
presence of a wing flexor muscle in Neoptera is usually
interpreted as derived character (Matsuba 1970). This
muscle running from the 3Ax to the pleurum allows the
wing folding to a horizontal resting position over the ab-
domen. The arrangement and number of the wing base
sclerites in Neoptera is also assumed as an apomorphy of
Neoptera (MaTsupa 1970). On the other hand KukALovA-
Peck (1983, 1987, 1991) assumed that the few wing base
sclerites in Ephemeroptera and Odonata are the result of a
secondary fusion. According to Kukarovi-Peck (1983,
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— Metapterygota —

Ephemeroptera Odonata Neoptera
wing base sclerites M 3Ax-episternal muscle present (t-p 13)
fused/hunting flight neala *
basalar-sternal muscles reduced
terminal filament reduced
axillar-furcal muscle (t-s 3) reduced
mandibular articulation with fixed ball-and-socket
joints/mandibular musculature reduced
. wing ba‘c’.e sclerttes fused/ loss of the moult in the winged stage
mating flight
occlusor muscles of the abdominal spiracles
[1 ventral attachment of subalar- present
coxal muscle shifted onto L1 subalar-pleural muscle present
furcasternite

1Ax with two muscles (t-s 3 and t-p 11)

3Ax with one muscle (t-p 14)

at least three separate axillaries

wings horizontally foldable

Fig. 127. Metapterygota hypothesis, argumentation scheme of character evolution (modified after WiLLKkOMMEN & HORNSCHEMEYER
2007: fig. 25). — * = character after MarTYNOV (1925); for further interpretation see section 4.4.

1987, 1991), the wing base consists of 32 sclerites in the
pterygote ground plan. As a consequence she considered
the condition in the Ephemeroptera and Odonata as apo-
morphic. With reference to KukarLova-Peck (1974b), Bou-
DREAUX (1979) also suggested that the sclerites of the wing
base in Ephemeroptera are probably a result of a second-
ary fusion correlated with their weak flight ability. Yet the
paleopterous wing resting position was assumed as a
primitive character of mayflies by Boupreaux (1979).
The fossil Diaphanopterodea are generally classified
within the otherwise paleopterous Palaeodictyopterida,
although they are characterised by the ability to fold the
wings horizontally over the abdomen (KukaLovA-PEck
1974a, 1974b). Given the fact that all three basal extant
pterygote lineages exhibit the t-p 14 (the wing flexor mus-
cle, which is said to be responsible for the horizontal wing
flexion in Neoptera), it seems to be straightforward to as-
sume that the horizontal wing folding is a ground plan
character of Pterygota. Nevertheless, due to the different
wing base elements of Diaphanopterodea and Neoptera
most authors assumed that the ability to fold the wings

horizontally over the abdomen evolved convergently (Ku-
KALOVA-PECK 1974a, 1974b, 1978, 1983; WootToN 1979;
WoottoN & KukaLova-Peck 2000). In contrast, BRoDsKY
(1994), Kukarova-Peck (1991), Rasnitsyn (2002) and
WILLMANN (1998) assumed a loss of the ability to fold the
wings horizontally over the abdomen in Odonata and
Ephemeroptera (see section 4.4). This assumption sug-
gests wing folding as a ground plan character of Pterygota.
The Lepidoptera, however, are an indication that this sce-
nario could be quite possible. Within this taxon, the Papi-
lionoidea lost the ability to fold the wings horizontally
over the abdomen. The Papilionoidea are also character-
ised by a flight behaviour that includes short phases of
gliding flights with locked wing positions. Yet the wing
base elements are not fused in the Papilionoidea (IvaNov
1995, 1996, 1997; SHARPLIN 1963a, b).

Following KukaLovA-Peck (1983, 1987, 1991), Brobp-
sKY (1994) hypothesised a fusion of the wing base sclerites
in Ephemeroptera and Odonata, but originating from a
condition that was more similar to the neopteran wing
base with only few wing base sclerites.
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A synapomorphic fusion of the wing base sclerites in
Ephemeroptera and Odonata cannot be excluded but is
rather unlikely. Both Ephemeroptera and Odonata have a
flight system that is specialised in different ways:
Ephemeroptera have a reduced metathorax with small or
even absent hind wings. Both hind and fore wings are
coupled in flight. Furthermore, Ephemeroptera are char-
acterised by a specialised mating flight that is usually
performed along a more or less vertical axis. Odonata are
adapted to a manoeuvrable hunting flight. Meso- and
metathorax of Odonata are fused to an obliquely orientat-
ed synthorax. Together with the legs it forms the charac-
teristic capture apparatus.

Thus all the characters mentioned above are autapo-
morphic for the Ephemeroptera and Odonata, respectively.
The different adaptations to dissimilar flight behaviour
are reflected by the fusion of 2Ax with PMP in the
Ephemeroptera on the one hand and the fusion of at least
2Ax and 3Ax with PMP in Odonata on the other hand.
This may suggest that the strengthening of the wing base
in both taxa evolved independently in both lineages.

Metapterygota hypothesis

The Metapterygota hypothesis assumes a sister group
relationship between Ephemeroptera and Metapterygota
(Odonata+Neoptera). It is supported by the following apo-
morphic characters of the Metapterygota: Mandibular ar-
ticulation with fixed ball-and-socket joints, reduction of
the Musculus mandibulo-hypopharyngealis, reduction of
several mandibular abductor and adductor muscles, and
the presence of occlusor muscles of the abdominal spira-
cles (BORNER 1909; FUrsT voN LIEVEN 2000; HENNIG 1953;
KRISTENSEN 1975, 1981, 1991; Staniczek 2000, 2001). Fur-
thermore, Odonata and Neoptera lack the ecdysis in a
winged stage and the terminal filament is reduced (Ep-
MUNDS & MCcCAFFERTY 1988, KRISTENSEN 1981, STANICZEK
2001). According to WiLLMANN (2005) a modified terminal
filament is present in the fossil odonatan taxon Namuroty-
pus. Consequently this character should not be upheld as
synapomorphy of the Metapterygota.

According to Matsupa (1970) an axillar-furcal muscle
is only present in Ephemeroptera but lost in Metapterygo-
ta, suggesting a closer relationship of Odonata+Neoptera.

The development of a subalar-pleural muscle is also
regarded as a potential apomorphy of Metapterygota, be-
cause this muscle is present in Odonata and Plecoptera.

The pleural arm and its associated muscle p-s 1 sensu
Martsupa (1970), which is attached to the furca ventrally
are probably ground plan characters of Dicondylia. Both
characters are absent in Ephemeroptera and adult Odona-
ta. The presence of this muscle in larval Odonata, howev-
er, may indicate that the reduction of the pleural arm and
the associated muscle in adult Ephemeroptera and Odo-
nata evolved independently.

The subalar-sternal muscle (SA.Sm) is generally as-
sumed to be only present in mayflies (Brobsky 1994). The
dorsal attachment and ontogenetical development of the
subalar-sternal muscle in larval Ephemeroptera is, how-
ever, identical to that of the subalar-coxal muscle of larval
Plecoptera (see section 4.3.7). So I assume these muscles
to be homologous. It is, however, not clear whether the
ventral attachment at the furcasternum (in Ephemeroptera)
or at the posterior coxal rim (in Odonata and Neoptera)
represents the groundplan condition of Pterygota. Accord-
ing to Bropsky (1974) the sternal attachment of this mus-
cle represents a specialisation of the wing apparatus of
Ephemeroptera. Indeed, the enlargement of the SA.Sm
that obviously took place in Ephemeroptera might be cor-
related with an enlargement of its points of attachments.
As a consequence, the subalare of Ephemeroptera got en-
larged and the SA.Sm shifted ventrally to the furcaster-
num. In any case a putative loss of the subalar-sternal
muscle as autapomorphy of Metapterygota cannot be up-
hold anymore, as a homologue of this muscle is present in
both Odonata and Neoptera.

Ephemeroptera and Odonata have two anterior “basalar
muscles” that are attached to the crescent-shaped sclerite in
Ephemeroptera (BA.SmS/BA.Sml) and to the anterior part
of the humeral plate in Odonata (muscles 21 and 22). These
two muscles are without much doubt homologous in
Ephemeroptera and Odonata. Homologous muscles are
most likely not present in Neoptera but in Zygentoma.
Therefore, the presence of these muscles is a symple-
siomorphic character of Ephemeroptera and Odonata. The
absence of these muscles is an apomorphic character of
Neoptera. Thus, neither presence nor absence of the so-
called basalar-sternal muscles is citable as a character sup-
porting the Palaeoptera or the Metapterygota hypothesis.

Previous authors (e. g. HENNIG 1969, GuLLAN & CRAN-
sToN 2005) assumed that the low amount of wing base
sclerites represents a primitive condition: Ephemeroptera
have a free 1Ax and a partly free 3Ax, whereas in Odo-
nata only one free wing base sclerite is present. However,
as shown above, Ephemeroptera and Odonata are in all
probability apomorphic concerning the wing base scler-
ites, i.e. the sclerites are partially fused. This does not
necessarily imply a synapomorphic fusion in Ephemero-
ptera and Odonata. Morphological characters (absence of
the subimago, mandible characters including autapomor-
phic characters of Metapterygota; compare STANICZEK
2001) rather support a sister group relationship of
Odonatat+Neoptera (Metapterygota). Based on the current
knowledge it is rather unlikely to assume a homologous
fusion of the wing base sclerites. Moreover, the Ephe-
meroptera and Odonata are adapted to different types of
flight by reason of different flight behaviour. Brobpsky
(1994) mentioned that the development of gliding flight
was accompanied by the development of platforms in the
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wing bases. He assumed an independent occurrence in
Ephemeroptera and Odonata. Surely, it is not impossible to
hypothesise a homologous fusion of the wing base scler-
ites in Ephemeroptera and Odonata, though it is rather
unlikely (see above).

4.5 Evolution of the wing folding mechanism

Both Ephemeroptera and Odonata are adapted to spe-
cial kinds of flight. Odonata are adroit and extremely ma-
noeuvrable flying hunters. They have a remarkably adapt-
ed morphology of the pterothoracic sclerites and flight
musculature.

The flight system of Ephemeroptera is characterised
by a specialised mesothorax with a large dorsal longitudi-
nal muscle and a small metathorax with short hind wings.
Shortly after their emergence the Ephemeroptera begin
their impressive nuptial dances. Associated with the
swarming behaviour the Ephemeroptera are adapted to a
special gliding flight and parachuting and especially males
are adapted to a persistent vertical mating flight BRobsky
(1973, 1994). Bropsky (1973) distinguished between four
types of swarming. In the first type of swarming the emer-
gence of the subimago may be more or less prolonged in
time (e.g. Baetidae, Ephemerellidae, Ephemeridae, Lep-
tophlebiidae, Siphlonuridae). Oligoneuriidae, Palingenii-
dae and Polymitarcyidae have a swarming behaviour
where the nuptial dances take place in form of a rapid
horizontal flight usually close to the surface of the water.
FiscHEr (1991) differentiated between eight types of
swarming dependent on the trajectory of the mayflies.
The ability to lock the wings in the gliding position cor-
relates with the presence of SA.Fm, Ax.Fm and Ax.PmlI or
rather at least one of those muscles (Bropsky 1974). Usu-
ally, only males are known to perform the vertical nuptial
dances. FiscHER also noticed a vertical flight in some fe-
male specimens. Therefore, the ability to lock the wings in
the gliding position as well as the presence of SA.Fm,
Ax.Fm and Ax.Pml is expected to exist also in female
specimens.

According to FiscHEr (1991), the problems resulting
from the inability to fold the wings horizontally over the
abdomen (such as no longer being able to hide from hunt-
ers in crevices, being caught in cobwebs etc.) are negligi-
ble when living dependent on a substrate. Mayflies spend
indeed a lot of their adult life span in the air. The inability
to fold the wing does not have to be necessarily only a
disadvantage. Furthermore, the steep upward flights and
the perpendicular gliding flights are —according to FiscHER
— only attainable with a morphological specialisation. The
loss of the wing folding for example would be conceivable
as such a specialisation.

The dorsal longitudinal muscles of the mesothorax of
Ephemeroptera are enlarged and require at least one-half
of the height of the mesothorax. The metathorax, in con-
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trast, is short, bearing short hind wings not exceeding one
half of the fore wing length. The hind wings are often
coupled with the fore wings in flight. Compared to other
pterygote insects this is an apomorphic condition. Also
the Odonata show apomorphic conditions in their flight
system, e.g. the fusion of both meso- and metathorax to
the characteristic synthorax, correlated with the hunting
flight.

Regarding the specialisations of the ephemeropteran
and odonatan flight systems, concerning their flight be-
haviour, it can be hypothesised that the wing base is sec-
ondarily stiffened in both taxa. The wing base elements of
Ephemeroptera are at least partly a result of a secondary
fusion (2Ax+PMP, see above), the 3Ax is closely associ-
ated with BP (2Ax+PMP) and both the anal and costal
brace support more stability at the wing base during glid-
ing flight. This assumption is also supported by the fact
that the wing veins in fossil mayflies, the Protereismati-
dae, are distinct even to the point of the wing base (Kuka-
LovA-PEck 1974b). Large and apparently functional mouth-
parts were still present in Permian mayflies. Based on this
knowledge KukaLova-Peck (1974b: 420f) believed that the
horizontal flight was more important in these taxa than in
extant Ephemeroptera. Furthermore, she supposed that the
obliteration of the adjacent stems probably occurred later
in evolution.

In the present work it is assumed that the wing base in
the ground plan of Pterygota consists of four separate
sclerites that are arranged approximately as in the extant
Plecoptera.

If one assumes that the Palacoptera is monophyletic
and the inability to fold the wings horizontally over the
abdomen is a plesiomorphic character, the question re-
mains if the secondary fusion of the wing base sclerites in
Ephemeroptera and Odonata evolved convergently or as a
synapomorphy of both taxa.

Currently, there are more characters supporting the
Metapterygota hypothesis. Based on this assumption the
evolutionary pathway of wing base development in Ptery-
gota is assumed as follows: The wing base in the ground-
plan of Pterygota is composed of four wing base sclerites
(1Ax, 2Ax, 3Ax, PMP). Convergently, the wing base is
strengthened and different elements are partially fused in
Ephemeroptera and Odonata. In Ephemeroptera the wing
base is stiffened (2Ax+PMP) as an adaptation for the ver-
tical mating flight and for the parachuting phases in flight.
In contrast the wing base elements of Odonata may be
fused (at least 2Ax+PMP +3Ax) as an adaptation to their
highly manoeuvrable hunting flight.

In consideration of the special kinds of flight in
Ephemeroptera and Odonata together with the presence of
an axillar-pleural muscle (t-p 14) in both orders, which is
homologous with one of the wing flexor muscles in
Neoptera, it is a legitimate question whether the inability
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to fold the wings horizontally over the abdomen is a ple-
siomorphic or an apomorphic character. If one assumes a
wing base configuration almost similar to that of the Ple-
coptera in the ground plan of Pterygota, horizontal wing
folding may also have been possible.

Already Bropsky (1970: 188) summarised that all the
elements needed for horizontal wing folding are present
on the mesothorax of E. vulgata: a third axillary sclerite, a
pleuroalar muscle and an anal-jugal wing fold. However,
the function of these formations differs from their func-
tion in insects of other orders, which fold their wings over
the abdomen. According to Brobsky (1994: 91),
Ephemeroptera and Odonata have lost the ability to fold
their wings; consequently, the muscle t-p 14 has changed
its function.

The fossil Diaphanopterodea combine apomorphic
characters of the Palaeodictyopterida (haustellate mouth-
parts) with the ability to fold the wings horizontally over
the abdomen (KukaLovA-PEck 1974a). Therefore, this au-
thor assumed that wing folding arose at least twice in in-
sects (KukaLovAa-PeEck 1974a, 1974b; KukALOVA-PECK &
BrauckMANN 1990). WootTton (1979, 1981) and WooTToN
& Kukarova-Peck (2000) come to the same conclusion.
Unlike these assumptions WILLMANN (1998: 274) suggest-
ed that the ability to fold the wings horizontally over the
abdomen could be a plesiomorphic condition and that
there is no need to view wing folding in the Neoptera and
Diaphanopterodea as a result of convergence. This sce-
nario could be indeed quite possible.

A loss of the ability to fold the wings in Ephemeroptera
is also assumed by Bropsky (1994) and Rasnitsyn (2002).
The latter wrote that a loss of the wing flexing is sup-
ported by the fact that Ephemeroptera retain a suture that
separates the posterior articulatory process of the basal
plate (equivalent to s3 or 3Ax of the present study) and the
rest of the basal plate, which precludes flexibility. Follow-
ing this author, the posterior articulatory process, howev-
er, is clearly the 3Ax and the mentioned suture is actually
not a suture but the border between the two, mostly sepa-
rate, sclerites, i.e. the BP and the 3Ax. Nevertheless, the
morphology of the ephemeropteran wing base enables in-
deed no flexibility.

If one assumes that wing folding is a plesiomorphic
character and that the Metapterygota are monophyletic,
the ability to fold the wings was lost at least three times
during the early evolution of the Pterygota. A convergent
loss of the ability to fold the wings horizontally is in any
case also present in the holometabolous Papilionidae
(Neoptera: Lepidoptera) (Ivanov 1996).

The hypothesis that wing folding is a plesiomorphic
character of Pterygota is not supported by paleontological
evidence. The fossil Palaecodictyopterida (sensu GRIMALDI
& ENGEL 2005) is often treated as a monophyletic group
that is characterised by its haustellate mouthparts (Kuka-

LovA-PEck 1991). This taxon presumably contains the pa-
raphyletic Palaeodictyoptera (GrRimMALDI & ENGEL 2005,
BecHLY pers. comm.), the Megasecoptera, the Diapha-
nopterodea and the Permothemistida. That means that the
ability to move the wings to a resting position over the
abdomen must have been reduced several times within the
paraphyletic Palacodictyoptera, in the Ephemeroptera,
and in the Odonata. Nevertheless, according to WiLLMANN
(2003) the Palaeodictyopterida may be a paraphyletic as-
semblage, as the presence of haustellate mouthparts is not
confirmed in all taxa of Palacodictyopterida. As a conse-
quence it remains difficult to include these fossil taxa into
the present argumentation until better information on their
character distribution is available and the relationships
among fossil taxa become better resolved.

5 Conclusions and future prospects

The wing base in the ground plan of Pterygota is most
likely composed of four wing base sclerites. Three of these
four sclerites are the first axillary (1Ax), the second axil-
lary (2Ax) and the third axillary (3Ax). In all probability
the proximal median plate (PMP) is also a ground plan
character of Pterygota. The 1Ax and the 3Ax are equipped
with muscles. At least one muscle running to the pleurum
inserts at the 1Ax. This muscle is present in Ephemeroptera
and in Plecoptera. Most likely, a second muscle running
from the 1Ax to the furca is present in the pterygote
groundplan. This muscleisretained only in Ephemeroptera.
Furthermore, a muscle running from the upper part of the
pleurum to the 3Ax is present in the pterygote ground plan
(t-p 14 sensu Matsupa 1970). This muscle is one of the
wing flexor muscles of Neoptera but it is also present in
the wing bases of Ephemeroptera and Odonata. In Pleco-
ptera two muscles are attached to the 3Ax (t-p 13 and
t-p 14). Muscle t-p 13 sensu Matsupa (1970) is most likely
a ground plan character of Neoptera.

The wing base of Ephemeroptera is composed of scler-
ites that can be homologised with the axillaries of Neoptera.
The 1Ax is provided with two muscles in primordial
Ephemeroptera. The 2Ax is fused to the basal plate (BP) in
Ephemeroptera. The BP of Ephemeroptera is most likely a
product of a fusion of the base of the anterior radial vein,
the proximal median plate and the 2Ax. The 3Ax of
Ephemeroptera is tightly connected to the basal plate but
not completely fused to it, even in basal Ephemeroptera.

The anterior humeral plate of the wing base of Odo-
nata is probably composed of the humeral plate (HP) and
of a sclerite that is homologous to the so-called basalar
sclerite of Ephemeroptera. Two muscles are attached to
the lateral area of the humeral plate by a tendon. These
two muscles are probably homologous to the BA.SmS and
BA.Sml of Ephemeroptera. The axillary plate of the Odo-
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nata is in all probability a result of a fusion of the 2Ax, the
PMP and the 3Ax. The posterior area of the axillary plate
(3Ax) serves as the insertion point of a short muscle that is
homologous to the t-p 14 sensu Matsupa (1970). The small
sclerite that lies proximal to the humeral plate is rather a
part of the prescutum than the 1Ax, as has been previously
suggested (TANNERT 1958). A muscle running from the
1Ax to the pleurum was absent in the examined Odonata.
Moreover, a sclerite homologous to the 1Ax of Neoptera is
not obvious in the wing base of Odonata.

The basalar muscles (BA.SmS, BA.Sml and BA.Cm)
of Ephemeroptera are of tergal origin. The so-called bas-
alar-pleural muscle (BA.Pm) of Ephemeroptera is not a
true basalar muscle. It is homologous with a short muscle
that is attached to a tergal sclerite in Odonata (muscle 28)
and to t-p 4, which is attached to the subtegula in Neoptera.
A basalar-trochanteral muscle (BA.Trm), which was de-
scribed in previous contributions, was not found in any of
the examined Ephemeroptera.

The subalar-sternal muscle (SA.Sm) of Ephemeroptera
is characterised by the same ontogenetically development
in larvae as the subalar-coxal muscle of Neoptera (t-cx 8),
whereas the subalar-coxal muscle (SA.Cm) of Ephemero-
ptera shows a different origin to t-cx 8 of Neoptera. This
suggests that the subalar-coxal muscle of Ephemeroptera
is not homologous to t-cx 8 of Neoptera. The SA.Sm of
Ephemeroptera, however, is clearly homologous to t-cx 8
of Neoptera, rather than being a primitive muscle, which
is only present in Ephemeroptera and absent in Neo-
ptera.

The wing base structure and also the morphology of
the pterothorax and the specialised flight musculature of
Ephemeroptera and Odonata, together with their flight
behaviour, suggest that these taxa are more advanced than
previously assumed. Furthermore, the inability to fold the
wings horizontally over the abdomen could be a result of a
secondary strengthening and partially fusion of the wing
base sclerites. The Plecoptera, usually regarded as sister-
group to the remaining Neoptera or of the remaining Poly-
neoptera, are most likely very close to the ground plan of
the Pterygota in many respects.

The innervation of the muscles associated with the
basalar-complex of Ephemeroptera, Odonata and Neoptera
should be further examined to verify their homology. The
musculature and the innervation of the muscles in Zygen-
toma should be examined with particular attention paid to
the muscles that are homologised with those of Pterygota.
Additionally, the fate of prospective thoracic muscles in
the larvae of basal pterygotes may possibly be investigated
to gain more clues on their homologies in the future.

The comparison of the basalar and subalar complex of
Lepidoptera and Ephemeroptera could be rewarding from
a point of comparative functional morphology.
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Besides a more detailed morphological comparison of
Zygentoma and Pterygota, the unravelling of the relation-
ships among the Palaeodictyopterida would be of great
value to gain new arguments for a decision between the
Palaeoptera or Metapterygota hypothesis.
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