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>  Abstract

Epiophlebia diana sp.n. is described from larval specimens collected in the mountains of western Sichuan Province, China.
Epiophlebian taxonomy, life history, and biogeography are reviewed, and keys provided for determination of the known
adults and larvae of Epiophlebia Calvert, 1903. Classification of Epiophlebia is revised as follows: Epiophlebia s.str. with
E. superstes (Selys, 1889) [type species] and E. sinensis Li & Nel, 2012; and Rheoepiophlebia subgen.n. with E. laidlawi
Tillyard, 1921 [type species] and E. diana sp.n.. Behavioral, ecological and paleontological information is also evaluated
and members of Epiophlebia acknowledged to have inhabited small high elevation streams of the east Palaearctic for pos-
sibly 180 million years. Likely reasons are proposed for the enduring survival of Epiophlebia, its lack of a fossil record and

the extinction of related groups.
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1.  Introduction

Traditionally Odonata include Anisoptera (dragon-
flies), Zygoptera (damselflies), Epiophlebia Calvert,
1903, and a diverse array of fossil forms, among
which are both the largest known insects and the oldest
known creatures to fly (BRauckMANN & ZEssIN 1989;
CARPENTER 1992). Fossil dragonflies not only allow the
intricate wing venation of Odonata to be correctly ho-
mologized with that of other Pterygota (CARLE 1982a;
Riek & Kukarova-Peck 1984), but offer excellent out-
group taxa for character state polarization in Odonata
s.str. (REnN 2003). However, even with an extensive
fossil record, the systematic position of the enigmatic
Epiophlebia has changed dramatically over the last
century. Epiophlebia was considered a zygopteran
(SeLys 1889; NeepHam 1903; TiLryarp 1914, 1917),
an anisopteran (NEepHAM 1930; LEw 1933), or placed
within the artificial group “Anisozygoptera Hand-
lirsch” (HanpLiRscH 1906—08, 1939; TiLLyarp 1925,
1929; TiLLyarD & Fraser 1940) along with several Ju-
rassic fossil taxa.

In his monograph on the morphology of Epiophle-
bia AsaniNa (1954) established a separate superfamily
for Epiophlebiidae based on its phylogenetic isolation
and morphological uniqueness. From related fossil ev-
idence it is apparent that Epiophlebia has been geneti-
cally isolated since the Lower Jurassic, and this has
resulted in a curious combination of plesiomorphy and
autapomorphy. This is illustrated by a few wing fea-
tures of Epiophlebia: petiole of hind wing well devel-
oped, costa widened at nodus, pterostigmata strongly
convex posteriorly, and hind wing with one or two
cell rows between CuA and wing margin. Epiophlebia
also lacks a discal nodus, an often overlooked ventral
membranous area along the discal brace, yet some
wing flexibility is achieved by a slight flattening of the
pleat at the discal brace, and although the costal nodus
is hinge-like its flexibility is limited particularly in the
forewings by a minimal nodal fissure (CARLE 1982a).
Additional autapomorphies include: labrum widened
distally, genae with lateral tubercles, antennae five seg-
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mented with pedicel elongate and flattened, postfrons
with transverse shield-like intraocellar ridge, male oc-
cipital region with antitandem lobes, male epiproct
with ventral and dorsal rami, male gonocoxae elon-
gate, female abdominal segment 8 with midventral
apical spur, and several autapomorphies of the female
genitalia listed by Krass (2008: p. 133). The copula-
tory apparatus of Epiophlebia is bizarre. It includes
paired elongate posteriorly directed hamuli with swol-
len studded hooked apices (penis) and a median pro-
cess (the homologue of the anisopteran ligula and the
zygopteran penis) of abdominal sternum two, and a
somewhat bottle shaped sperm vesicle (anisopteran
penis) at the anterior end of abdominal sternum three
(Scumipt 1915; Prau 1971; CarLE 1982b). Remark-
able plesiomorphic character states include: labial end
hook occasionally two segmented (though more usu-
ally one segmented), well developed glossae and para-
glossae, and a trilobate hypopharynx (AsaHiNA 1949).
Epiophlebia larvae are unique in that the antennae are
five segmented, the head has well developed para-
labial ridges, and they can produce sound by rubbing
the inner apex of the femora against lateral abdominal
files (Figs. 1E, 2E, 3E). Plesiomorphic character states
of Epiophlebia larvae include wing pads without a
branch of the RA tracheae crossing over the RP tra-
chea, abdomen without transverse muscles (ASAHINA
1954), simple rectal gills, and proventriculus with 16
to 18 well developed denticulate lobes.

Several apomorphies found in extant Odonata
support a sister group relationship between Aniso-
ptera and Epiophlebia (CARLE 1982a, 1995; CARLE &
Kier 2002; RenN 2003; Krass 2008), as do diverse
molecular markers (CARLE et al. 2008). “Anisozygo-
ptera” was considered polyphyletic by CARLE (1982a),
who rearranged the three suborders of Odonata into
Zygopteroids and Anisopteroids, the latter of which
includes Epiophlebia, based on several characters in-
cluding tandem hold and associated modifications of
the male terminalia. BEcury (1996) also considered
“Anisozygoptera” polyphyletic, but with Tarsophle-
bioidea Handlirsch, 1908 sister to a group including
Zygoptera, Anisoptera and Epiophlebia. In contrast,
NEL et al. (1993), BecHLy (1995) and (FLECk et al. 2004)
represented “Anisozygoptera” as merely paraphyletic,
with Tarsophlebioidea sister to Anisopteroids.

The genus Epiophlebia currently includes three de-
scribed species: Epiophlebia laidlawi Tillyard, 1921
from India, Nepal and Bhutan; Epiophlebia superstes
(Selys, 1889) from Japan; and Epiophlebia sinensis
Li & Nel, 2012 recently described from northeastern
China (L1 et al. 2012). Adult Epiophlebia are rather
rare in collections perhaps due to short flight seasons,
isolated habitats, and atypical lifestyles. However,
the first larval specimens of Epiophlebia from India,
China and Japan were already collected before 1930

(Tieeyarp 1921; NeepHAM 1930; CarLe 1983a), and
the second known Epiophlebia species, E. laidlawi,
was described based on the original larval specimen
collected in India. Here, a new species of Epiophle-
bia is described from larval specimens collected by
“Dr. David C. Graham in the mountainous regions of
western Szechuan” (NeepHam 1930). Unfortunately,
Needham misidentified larvae of Epiophlebia as Gom-
phidae (CarLE 1983a), and the significance of these
larvae from south-central China was not realized. The
new species is compared to larval specimens of both
E. superstes from Japan and of E. laidlawi from the
type locality near Sonada in India, and determined to
be more similar to the Himalayan species. Selected
diagnostic features are illustrated for all known Epio-
phlebia larvae in Figs. 1-3.

2.  Epiophlebia diana sp.n.
Fig. 3A-E

Material. Holotype: ultimate female larva in ethanol, China,
mountains of western Sichuan, Dr. “D. C. Graham” collector;
deposited in Cornell University Insect Collection. Additional
material: one penultimate male larva (collected with holotype).
Adult unknown.

Etymology. Diana — an allusion to the highland hunt-
ress and protectress of humankind, who if despoiled,
will presage the destruction of mankind by their own
handiwork, just as Actaeon was devoured by his own
hunting dogs.

Description (ultimate female larva, holotype). Com-
pactly built, somewhat limpet-shaped with granulate
cuticle and head and thorax rather austropetaliidlike.
Total length 26.5 mm, abdomen including terminalia
15.5 mm, hind femur 6.2 mm, prementum 5.7 mm.
Ground color light brown with abdominal pat-
tern in darker brown. Head wider than prothorax and
slightly narrower than synthorax, labrum wider than
frons, slightly scooplike with shallow median inden-
tation; genae produced forward well beyond anterior
margin of compound eyes and ventrally formed into
a granule lined ridge along prementum; frontoclypeal
region with low transverse ridge; antennae short, ca.
1.8 mm long, and tightly appressed to face, scape and
pedicel together as long as first flagellar segment (Fig.
3A); prementum ca. 2 x as long as wide at base (Fig.
3C), distally triangularly produced to hair fringed edge
with deep median tightly appressed cleft, lateral mar-
gins strongly sinuate with dorsally directed flange in
basal half; labial palps with movable hook slightly
shorter than distance from base of movable hook to



Arthropod Systematics & Phylogeny 70 (2)

11

base of palp, palps rounded-truncate apically with ca.
15 triangular teeth along inner margin; labium in rest-
ing position extended into a pocket along anterior edge
of mesosternum; occipital lobes well-developed, pro-
duced into anterolateral recesses of pronotum.

Anterolateral angle of prothoracic tergum blunt,
ventral paracoxal lobes of mesothorax blunt; femora
strongly flattened, forefemur ca. 2.5 x as long as wide
(Fig. 3B), foretibia with inner apical brush of hairlike
setae; wing-cases parallel, extended posteriorly as far
as hind margin of abdominal segment 4; tarsi three
jointed.

Abdomen similar to that of Lanthus in outline (Fig.
3D), widest on segment 7, abdominal terga 3 to 10
with low medial ridge; proventriculus 16-lobed: 8 mi-
nor folds with 23 teeth alternating with 8 major folds
with clusters of 4—8 teeth, minor lobes typically alter-
nating with teeth separated and together, major ventral
lobes with 5—8 teeth and major dorsal lobes with 4—5
teeth; abdominal stridulatory file of segment 3 ves-
tigial and surrounded by smooth area ca. 1/3 length
of segment, that of segment 4 ca. 1/2 as high as long,
and that of segment 7 ca. 3/4 length of segment (Fig.
3E); lateral abdominal lobes on segment 7 vestigial,
moderately developed on 8, and well developed on 9
(Fig. 3D), lateral ridges of segments 7—9 with small
irregular spines; paraprocts 1 mm long with hair lined
inner surface, epiproct ca. 0.6 x length of paraprocts,
male epiproctal processes slightly divergent, cerci ca.
1/2 x length of epiproct.

Description (penultimate male larva). Same as holo-
type, with the following exceptions: Total length 21.1
mm, abdomen including terminalia 11.9 mm, hind
femur 5.4 mm, prementum 4.5 mm including palps.
Femora relatively wider than in ultimate instar, wing
pads extended to near middle of abdominal segment 2.

Material used for comparison. Epiophlebia superstes: male
and female ultimate and penultimate larvae, Shimizu Japan, 21-
XII-1993, H. Karube collector; Epiophlebia laidlawi: male and
female ultimate and penultimate larvae, Sonada India, 14-IV-
1988, G. Patel collector.

3. Keyto known larvae and adults
of Epiophlebiidae

1 Adult: body black with labrum, postclypeus, ante-
frons, and interocellar ridge largely yellow, with long
curved dorsal mesanepisternal stripes, with metepi-
sternal yellow stripes extended below spiracles, with
well developed ventral metepimeral stripes, and with
well developed ventral, lateral, and middorsal abdomi-

N
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Figs. 1-3. Larvae of Epiophlebia species. 1: Epiophlebia (Epio-
phlebia) superstes. 2: Epiophlebia (Rheoepiophlebia) laidlawi.
3: Epiophlebia (Rheoepiophlebia) diana sp.n. In each figure (A)
dorsal view of right antenna, (B) dorsal view of right protho-
racic femur, (C) ventral view of prementum, (D) ventral view
of abdominal segments 4—10, and (E) lateral view of abdominal
segments 3 —8 showing stridulatory surface.

nal yellow markings; forewing postnodals typically
12—15, costal side of quadrilateral subequal in length
to arcular brace, abdomen 37—-42 mm, posterior ham-
uli with apical lobe shorter than wide, male tergum 10
without middorsal longitudinal carina, male epiproct
extended beyond apex of cerci and with ventral rami
subacute.
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— Larva: cuticle with larger granulations dark brown;
antennal pedicel ca. 2.0 x as long as wide, longer than
first flagellar segment (Fig. 1A); prementum ca. 2.4 x
as long as basal width (Fig. 1C); anterolateral angle
of prothoracic tergum and ventral paracoxal lobes
of mesothorax acute; femora not strongly flattened,
forefemur ca. 3.4 x as long as wide (Fig. 1B), foreti-
bial brush with palpiform setae; abdominal stridula-
tory file of segment 3 well developed, that of segment
4 ca. as high as long, and that of segment 7 vestigial
(Fig. 1E); abdomen with lateral abdominal lobes 7 and
8 well developed (Fig. 1D), male epiproctal processes
strongly divergent

.................................. Epiophlebia (Epiophlebia) — 2

Type-species: Epiophlebia superstes (Selys), ori-
ginally named as Palaeophlebia superstes Selys
(CALVERT 1903).

Larva of E. sinensis Li & Nel not yet known.

1’ Adult: body brown with straight dorsal mesanepi-
sternal and short metepisternal yellow stripes, and with
vestigial ventral metepimeral stripes and vestigial mid-
dorsal abdominal spots, forewing postnodals typically
8—11, costal side of quadrilateral longer than arcular
brace, abdomen 45—47 mm, posterior hamuli with api-
cal lobe longer than wide, male tergum 10 with mid-
dorsal longitudinal carina, male epiproct not extended
beyond apex of cerci and with ventral rami blunt.

— Larva: cuticle with granulations light brown; anten-
nal pedicel ca. 1.5 x as long as wide, shorter than first
flagellar segment (Figs. 2A, 3A); prementum ca. 2.0 x
as long as basal width (Figs. 2C, 3C); anterolateral an-
gle of prothoracic tergum and ventral paracoxal lobes
of mesothorax blunt; femora strongly flattened, forefe-
mur 2.5-3.0 x as long as wide (Figs. 2B, 3B), foreti-
bial brush with hairlike setae; abdominal stridulatory
file of segment 3 vestigial and surrounded by trian-
gular smooth area, that of segment 4 ca. 1/2 as high
as long, and that of segment 7 well developed (Figs.
2E, 3E); abdomen with lateral abdominal lobes 7 and
8 vestigial (Fig. 2D, 3D), male epiproctal processes
slightly divergent

........................... Rheoepiophlebia subgen. nov. — 3

Type-species: Epiophlebia laidlawi Tillyard.
Adult of Epiophlebia diana sp.n. not yet known.

2 Adult: abdominal segment 6 laterally beyond ante-
costal suture and segments 7—10 and terminalia dark
brown to black with dorsal yellow spots of segments
8—10 distinct

............. Epiophlebia (Epiophlebia) superstes (Selys)

Distribution: Japan: Honshu, Hokkaido, Kyushu,
Shikoku.

Flight season: 3-1V-1990, Shikoku (H. Karube
collector) to July, Hokkaido (AsaHINA 1950).

2> Adult: abdominal segment 6 laterally beyond an-
tecostal suture and segments 7—10 and terminalia
ferruginous, with dorsal pale spots of segments 8—10
obscure

........... Epiophlebia (Epiophlebia) sinensis Li & Nel

Distribution: China: Zheng-nan-gou stream, Hei-
longjiang province.

Flight season: 20-21-VI-2010, Shahezi Zhen
(Qiming Li collector).

3 Larva: labrum with anterior margin entire, scape
and pedicel together longer than first flagellar segment
(Fig. 2A), prementum with lateral margins slightly
sinuous, premental cleft as long as ventral width of
palp at midlength (Fig. 2C), forefemur ca. 3.0 x as
long as wide (Fig. 2B), abdominal stridulatory file
of segment 7 ca. 1/2 length of segment (Fig. 2E), lat-
eral abdominal lobes slightly protrudent on segment
9 (Fig. 2D)

.... Epiophlebia (Rheoepiophlebia) laidlawi Tillyard

Distribution: India: Darjeeling; Nepal: Chitre,
Shivapuri Hills, Daman, Helambu, Phulping; Bhu-
tan: Thimphu, Taba, Haa, Trongsa (TiLLyarRD 1921;
AsaHINA 1963; Tant & MIYATAKE 1979; SAVILLE
1990; SHARMA & OFENBOCK 1996; NESEMANN et al.
2008; BrRockHAUS & HARTMANN 2009).

Flight season: 2-V-1979, Shivapuri Hills (O. Tom-
inaga & N. Doi collectors) to 1-VII-1963, Chitre
(T. Haruta & A. Hara collectors).

3’ Larva: labrum with anterior margin widely indent-
ed, scape and pedicel together as long as first flagellar
segment (Fig. 3A), prementum with lateral margins
strongly sinuous, premental cleft longer than ventral
width of palp at midlength (Fig. 3C), forefemur ca.
2.5 x as long as wide (Fig. 3B), abdominal stridulatory
file of segment 7 ca. 3/4 length of segment (Fig. 3E),
lateral abdominal lobes protrudent on segment 9 (Fig.
3D)

.............. Epiophlebia (Rheoepiophlebia) diana sp.n.

Distribution: China: mountains of western Sichu-
an province.
Flight season: unknown.
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4. Epiophlebian life history

According to AsaHiNa (1950), upon hatching the
shrimp-like prolarva of Epiophlebia superstes is ac-
tive and able to flip itself a distance of 10 cm. After
having reached the water surface the prolarval exuvia
is cast and the first instar larva sinks to the stream bed.
A total of 14 larval instars were estimated by Toku-
NAGA & Opacaki (1939), and it was determined that
five to eight years are required for larval development
depending on conditions in the larval habitat. During
early larval development E. superstes larvae cling to
the stones of rushing torrents, with larger instars fa-
voring larger stones in faster current (AsaHINA 1950).
In contrast the larvae of E. laidlawi occur in smaller
streams with slower current (TaNi & MiyATakE 1979).
However, current velocity for all E. laidlawi sites was
rather high according to BrockHAUS & HARTMANN
(2009), and ranged from 15 cm/sec in pools to 200 cm/
sec in riffles. The distinct aquatic habitat requirements
of these species from the two subgenera apparently
mirror differences in larval morphology. The greater
development of the ventral occipital ridges and antero-
ventral mesothoracic lobes in E. superstes apparently
is required to more firmly support the labium in faster
currents, where the labium is necessarily extended
and retracted during feeding. However, the femora of
both Rheoepiophlebia species are more strongly flat-
tened than in E. superstes, and in the recessed position
overlap the trochanter of the following leg to form a
sort of suction disk. This morphology may function
to prevent these larvae from being washed from their
small upstream habitats during periods of high flow.
In contrast, the legs of E. superstes are narrower and
in the recessed position form a small streamlined disk
apparently adapted for moving in faster currents. In
addition, Furukawa (1934) supposed that the ventral
setae of the paraprocts function as adhesive organs,
but these setae (found in all known Epiophlebia lar-
vae) point outward about the respiratory opening, and
may instead act as a filtering device for water entering
the rectal gill chamber.

Epiophlebian larval behavior during the ultimate
instar is unique when compared to other Odonata. For
E. superstes it is known that emergence is preceded by
a period of up to five months during which the larvae
leave the water and crawl about in the terrestrial envi-
ronment near the parent stream (TokuNAGA & ODAGAKI
1939). This unusual shift in larval habitat is also sus-
pected in E. laidlawi because Tant & MIYATAKE (1979)
were not able to find last instar larvae in the Shivapuri
stream. In my experience larval stridulation is yet an-
other unique feature of Epiophlebiidae among Odo-
nata. It is not known whether larvae utilize stridula-
tion to synchronize emergence, optimize habitat occu-

pancy, deter predation, or some other function such as
flushing aquatic prey. In any case larvae do stridulate
when disturbed, which suggests a protective or warn-
ing function. The stridulation sound can be artificially
produced by holding the apices of the femora against
the lateral abdominal files while bending the abdomen
from side to side. The abdominal scraper is apparently
formed from cuticle granulations that have been modi-
fied into transverse vertical ridges (Figs. 1E, 2E, 3E).
The smooth areas about the anterior files apparently
serve to enable a stress-free start to the stridulatory
movement.

Transformation into the adult generally occurs in
the morning on a streamside rock or stem with the
larval body in a vertical position, but AsaHiNa (1950)
found exuvia on the bark of Cryptomeria japonica as
far as ten meters from the larval habitat. As is usual for
stream inhabiting Odonata, tenerals show the great-
est dispersal, with mature individuals eventually ag-
gregating back toward the parent stream or to nearby
streams. For example, a teneral female E. laidlawi has
been collected at the top of the Shivapuri Hills about
one km from the parent stream (TANI & MIYATAKE
1979), although mature adults are rarely collected far
from suitable larval habitat.

Flight of Epiophlebia is swift and relatively effi-
cient, but maneuverability and acceleration are far less
than in Zygoptera or Anisoptera; and after a fifteen min-
ute warm up period, flight can occur at 16°C, or even
in the rain at lower temperatures than typical for ex-
tant Odonata (RUPPELL & HiLFERT 1993). Feeding flight
occurs in the valley of the parent stream near treetop
level, where early in the season small insects are fed on
throughout the day. As the season progresses, feeding
is limited to before 10:00 and to after 15:00 (AsSAHINA
1950). The male search flight for females occurs during
mid-day and is typified by a slow upstream flight close
to the water surface, with the males weaving forward
and back while inspecting suitable oviposition sites for
mature females. Males pursue females as they fly be-
tween oviposition sites and grasp females with the typi-
cal anisopteran tandem hold. Mating is at rest and the
huge hooked and studded apex of the posterior hamuli
(penis) may not only function in sperm displacement,
removal, and transfer, but could also damage the fe-
male reproductive tract and thus reduce the efficiency
of future mating. Unlike other Odonata the male head
of Epiophlebia has posterior anti-tandem lobes (CARLE
1996), which presumably prevent multi-tandem entan-
glements as sometimes observed in Lestidae.

Flight season is about a month in length (AsaHINA
1950), and varies significantly with latitude and ele-
vation: for E. superstes it extends from late March
in Kyusyu to July in Hokkaido, and for E. laidlawi it
extends from early May until early July. Epiophlebia
superstes and E. laidlawi (and thus perhaps the sub-
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genera of Epiophlebia) apparently also differ in the
substrate utilized for oviposition. E. superstes has been
reported to oviposit in a wide variety of soft tissued
plants, although oviposition is sometimes attempted
in hard tissue. Chosen plants typically grow in wet
and mostly shaded areas, less than one meter from the
stream, and include several genera of spermatophytes:
Houttuynia (Saururaceae), Angelica (Apiaceae), Ela-
tostema (Urticaceae), Trautvetteria (Ranunculaceae),
Saxifraga (Saxifragaceae), Parasenecio, Petasites,
Ligularia (Asteraceae), Lilium, Cardiocrinum (Lili-
aceae), Arisaema (Araceae), and Wasabia, Cardamine
(Brassicaceae); and a few bryophytes: Dumortiera
(Dumortieraceae), Conocephalum (Conocephalaceae),
and Pellia (Pelliaceae) (AsAHINA 1934, 1950; ASAHINA
& Epa 1958, 1982; AsanHiNA & SuGiMURA 1981; Tami-
vA & Mivakawa 1984; Tokunaca & OpaGaki 1939).
However, suitable plants for oviposition are not known
at the small streams in the Shivapuri Hills, one of the
few localities where both adults and larvae of E. laid-
lawi have been found (Tani & MivaTake 1979). It is
possible that suitable oviposition substrates may also
include decaying logs, but AsaHINA (1982) has iden-
tified Elatostema hookerianum (Urticaceae) as the
plant most likely utilized for oviposition in this region.
Female Epiophlebia oviposit unaccompanied, and re-
quire a small opening of about one cubic meter above
the oviposition site for access, possibly because of
crude flight capabilities reported by RUPPELL & HILFERT
(1993). Oviposition in plant stems is preceded by trial
thrusts, which, if successful, lead to a descent along
the stem, after which eggs are laid from the bottom
of the stem upward. AsaHiNa (1934) reported that fe-
males would fly away without ovipositing when plants
were found to be too solid. Similar plants are utilized
by austropetaliids for oviposition (CARLE 1996), but
the more weakly sclerotized epiophlebian abdomen
apparently makes the process more time consuming
and seemingly laborious. The eggs of each female are
arranged in a sinuous row of up to about 1000 eggs
maximum, with an egg deposited about every four sec-
onds (AsaHINA 1950). The eggs are inserted with the
anterior coarse end upward, are about 1/4 as wide as
long, and average about 1.1 mm in length. Micropyles
number 10— 14 (reported as 12— 14 by Anpo 1962) and
are arranged about the anterior end in a subapical ring.
Embryonic development is ca. 30 days at 20°C and 20
days at 25.5° C (AsaHINA 1950).

5. Epiophlebian biogeography

Lower Jurassic fossils of the epiophlebian sister group
indicate that Epiophlebia are the survivors of an evo-

lutionary line that has been genetically isolated for
at least 180 million years. Unfortunately, conclusive
fossils are not known of Epiophlebia or of its Juras-
sic stem group. Several synapomorphies, including
the widening of the MA-MP interspace, separate both
Epiophlebia and its sister Anisopteroids from their Ju-
rassic stem group (CarLE 1982a), which is currently
known only from the Palaearctic (HAGEN 1862, 1866;
BopEe 1905; MARrRTYNOV 1925; PriTYKINA 1968, 1970,
1977, 1985; WHALLEY 1985; FLEck & NEL 2002; NEL
et al. 2009). In turn, Epiophlebia is distinguished from
its sister group Anisopteroids by the lack of several
wing features related to increased vagility (CARLE
1982a). It is telling that even the most plesiomorphic
of these more vagile Anisopteroids had already spread
across Pangaea during the Jurassic, as evidenced by
fossils from Antarctica to China (CARPENTER 1969;
HanbLirscH 1920; PriTykiNna 1980; HonG 1983). Epio-
phlebia’s apparent failure to disperse more widely
indicates that Epiophlebia had already specialized to
inhabit isolated east Palaearctic highland streams dur-
ing the early Jurassic. Lack of wing features includ-
ing a discal nodus, a well developed nodal hinge,
or an expanded hind wing anal field (CArLE 1982a)
indicate a lower vagility of Epiophlebia when com-
pared to its anisopteran contemporaries. The most ple-
siotypic extant anisopterans are the Austropetaliidae,
which inhabit the mountain streams and spring seeps
of the Southern Hemisphere (CarRLE & Louton 1994;
CaRrLE 1996; CARLE et al. 2008), suggesting that these
southern habitats remained unoccupied until the basal
radiation and dispersal of Anisoptera. Specilization
for highland streams and associated low vagility has
also likely prevented dispersal of Epiophlebia into the
mountains of Europe or its dispersal across the North
American/Okhotsk plate (Seno et al. 1996) from Japan
to America. In contrast, nearby ecological associates
of Epiophlebia, the anisopteran genera Lanthus Need-
ham, 1897 (Gomphidae) and Tanypteryx Kennedy,
1917 (Petaluridae), occur exclusively in Japan and
North America (CARLE 1980, 1986).

The known distribution of the subgenus Epiophle-
bia s.str. includes Japan and northeastern China, and
the known distribution of Rheoepiophlebia subgen.n.
includes the Himalayas and mountains of south-cen-
tral China. Similar adult morphology of the northern
species pair (E. superstes and E. sinensis) suggests
that a vicariance event isolating them on either side of
the Sea of Japan may be related to Pleistocene glacia-
tion. In contrast, larvae of the southern species pair are
easily distinguished compared to the difficulty often
encountered when identifying dragonfly larvae to spe-
cies. This indicates a much more ancient vicariance
event, perhaps the formation of deep river valleys
between the Himalayas and the mountains of south-
central China.
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Although the utility of epiophlebian autapomor-
phic features remains largely unknown, it is apparent
that the unusual wings of epiophlebians are adapted
for flight about cool high elevation habitats (RUPPELL
& Hirrert 1993). In addition, a streamlined larval
body and a rheophilic lifestyle also enable Epiophle-
bia to exploit the stable environment and detritus
based ecosystems of high elevation spring-fed seeps
and streams. Unfortunately, this high energy environ-
ment is not conducive to fossil formation, thus ex-
plaining the current lack of Epiophlebia from the fos-
sil record. As streams descend mountain valleys ambi-
ent temperature rises, gradient decreases and sediment
accumulates in pool areas (VANNOTE et al. 1980), thus
forming the habitat utilized by the borrowing larvae of
gomphid, cordulegastrid and chlorogomphid popula-
tions (CARLE 1983b). These sentinels patrol along the
upper limit of lowland aquatic ecosystems dominated
by advanced anisopteran competitors which together
help restrict Epiophlebia to its mountain retreats.

Fortunately for Epiophlebia its habitat is an ideal
shelter from the perturbations of global extinction
events such as meteor impacts and extreme volcanism,
which result in extended periods of reduced sunlight
(ALvAREZ et al. 1980; KNoLL et al. 2007). The environ-
mental stability afforded small stream communities
from emerging ground water and a persistent flow of
energy and nutrients from detritus based ecosystems
(CarLE 1982c¢) is strongly contrasted by temporary len-
tic ecosystems, which although often highly produc-
tive are dependent on reliable sunlight and rainfall. For
example, extinction of all Stenophlebioidea Pritykina,
1980 and Aeschnidioidea Carle & Wighton, 1990
is associated with large size, a stalking larval feed-
ing mode, and an apparent lentic habitat preference
(CARLE & WIGHTON 1990; ZHANG 1999). A synergism
favoring an exposed feeding mode and the utilization
of relatively predator free temporary aquatic habitats
would explain the lack of concealed larvae among fos-
sil Stenophlebioidea and Aeschnidioidea, but would
eventually also expose these giant dragonflies to the
environmental perturbations associated with major ex-
tinction events. In contrast, the diversification of An-
isoptera and the prolonged survival of Epiophlebiidae
are associated with small size, secretive larval feeding
modes, the environmental stability of emerging ground
water, and the persistent flow of energy and nutrients
through detritus based ecosystems.

6. Acknowledgments

I thank the following individuals and institutions for the loan of
material: Mrs. Leonora K. Gloyd, E.B. Williamson Collection;

Dr M.J.Westfall, Jr., Florida State Collection of Arthropods and
International Odonata Research Institute; Dr O.S.Flint, Jr., Unit-
ed States Museum of Natural History; Dr A. Newton and Dr S.
Cover, Museum of Comparative Zoology, Harvard University;
Dr. Jon Gelhaus, Academy of Natural Sciences; Dr. D.A. Gri-
maldi, American Museum of Natural History; W.J. Winstanley,
Dr. Q.D. Wheeler, Cornell University Insect Collection; Mr.
Brooks and Dr D.T. Goodger, The Natural History Museum;
and Mr. Haruki Karube. I am also grateful to E.B. Cosgrove
for assistance with larval photography. New Jersey Agricultural
Experiment Station publication D-08022-12-97, supported by
state funds.

7. References

ALvarez L.W., ALvarez W., Asaro F., MicreL H.V. 1980. Extra-
terrestrial cause for the Cretaceous-Tertiary extinction. —
Science 208(4448): 1095-1108.

ANDO H. 1962. The comparative embryology of Odonata with
special reference to a relic dragonfly Epiophlebia superstes
Selys. — The Japan Society for the Promotion of Science,
Tokyo.

AsaHINA S. 1934, Ecological observations on Epiophlebia su-
perstes. — Kontyt 8(2): 103—-106.

AsaHINA S. 1949, On some archaic structures retained in Epio-
phlebia superstes (Odonata, Anisozygoptera). — Mushi 19:
49-51.

AsaHINA S. 1950. On the life history of Ephiophlebia superstes
(Odonata, Anisozygoptera). — Proceedings of the VIII In-
ternational Congress of Entomology, Stockholm, pp. 337—
341.

AsaHINA S. 1954, A morphological study of a relic dragonfly
Epiophlebia superstes Selys (Odonata, Anisozygoptera). —
The Japan Society for the Promotion of Science, Tokyo,
153 pp.

AsaHINA S. 1963. Description of the possible adult dragonfly of
Epiophlebia laidlawi from the Himalayas. — Tombo 6(3/4):
18-20.

AsaHINA S. 1982, Survey of the relict dragonfly Epiophlebia
laidlawi Tillyard in Nepal, May 1981. — Reports of the
Odonata Specialist Group of the International Union for the
Conservation of Nature, No. 1, 10 pp.

AsaHINA S., Epa S. 1958. A female Epiophlebia superstes laying
eggs (Odonata, Epiophlebiidae). — Kontyl 26: 1.

AsaHINA S., Epa S. 1982. Further observations on bryophyte ovi-
position by Epiophlebia superstes. — Tombo 25: 2—6.

AsaHINA S., SuciMURA M. 1981. Oviposition of Epiophlebia su-
perstes into bryophytes. — Tombo 24(1): 22-23.

Bechry G. 1995. Morphologische Untersuchungen am Fliigelge-
dder derrezenten Libellen und deren Stammgruppenvertreter
(Insecta; Odonatoptera), unter besonderer Beriicksichtigung
der Phylogenetischen Systematik und des Grundplanes der
*QOdonata. — Petalura spec. vol. 1: 1-341; Béblingen.



82

CaRLE: A new Epiophlebia

BecHLy G. 1996. Morphologische Untersuchungen am Fliigel-
gedder der rezenten Libellen und deren Stammgruppenver-
treter (Insecta; Pterygota; Odonata), unter besonderer Be-
rlicksichtigung der Phylogenetischen Systematik und des
Grundplanes der *Odonata. — Petalura spec. vol. 2: 1-402;
Boblingen.

Bopk A. 1905. Orthoptera und Neuroptera aus dem oberen Lias
von Braunschweig. — Jahrbuch der Preussischen Geologi-
schen Landesanstalt 25: 218—245.

BrauckmanN C., ZessiN W. 1989. Neue Meganeuridae aus dem
Namurium von Hagen-Vorhalle (BRD) und die Phylogenie
der Meganisoptera (Insecta, Odonata). — Deutsche Entomo-
logische Zeitschrift 36(1—-3): 177-215.

BrockHAUs T., HARTMANN A. 2009. New records of Epiophlebia
laidlawi Tillyard in Bhutan, with notes on its biology, eco-
logy, distribution, zoogeography and threat status (Aniso-
zygoptera: Epiophlebiidae). — Odonatologica 38(3): 203 —
215.

CaLvert P.P. 1903. “A genealogic study of dragonfly wing ve-
nation” by J.G. Needham. — Entomological News 14: 208.

Carck F.L. 1980. A new Lanthus (Odonata: Gomphidae) from
eastern North America with adult and nymphal keys to
American octogomphines. — Annals of the Entomological
Society of America. 73: 172—179.

Carck F.L. 1982a. The wing vein homologies and phylogeny
of the Odonata: A continuing debate. — Society of Interna-
tional Odonatologists Rapid Communications 4: 1—66.

Carck F.L. 1982b. Evolution of the odonate copulatory pro-
cess. — Odonatologica 11(4): 271—-286.

Carck F.L. 1982¢. Thoughts on the Origin of Insect Flight. —
Entomological News 93(5): 159-172.

Carce F.L. 1983a. The first collection of larval Epiophlebia su-
perstes (Selys) (Anisozygoptera: Epiophlebiidae). — Tombo
26(1/4): 16.

Carck F.L. 1983b. A new Zoraena (Odonata: Cordulegastridae)
from eastern North America with a key to adult American
Cordulegastridae. — Annals of the Entomological Society of
America 76: 61 —68.

Cartk F.L. 1986. The classification, phylogeny, and biogeo-
graphy of the Gomphidae (Anisoptera), 1. Classification. —
Odonatologica 15(3): 275-326.

Carce F.L. 1995. Evolution, taxonomy, and biogeography of
ancient gondwanian libelluloides, with comments on an-
isopteroid evolution and phylogenetic systematics (Aniso-
ptera: Libelluloidea). — Odonatologica 24(4): 383 —424.

Carck F.L. 1996. Revision of Austropetaliidae (Anisoptera: Ae-
shnoidea). — Odonatologica 25(3): 231-259.

Carck F.L., Kier K.M. 2002. Phylogeny of Libellula Linnacus
(Odonata: Insecta). — Zootaxa 87: 1—-18.

CarLE F.L., Kier K.M., May M.L. 2008. Evolution of Odonata,
with special reference to Coenagrionoidea (Zygoptera). —
Arthropod Systematics & Phylogeny 66(1): 37—44.

Cartk F.L., LoutoN J.A. 1994. The larva of Neopetalia punc-
tata and establishment of Austropetaliidae fam. nov. (Odo-
nata). — Proceedings of the Entomological Society of Wash-
ington 96(1): 147—155.

Carte F.L., WigHtoN D.C. 1990. Odonata. Pp. 51-68 in: Gri-
MALDI D.A. (ed.), Insects from the Santana Formation,
Lower Cretaceous, of Brazil. — Bulletin of the American
Museum of Natural History, Number 195. New York. 191
pp.

CARPENTER F.M. 1969. Fossil insects from Antarctica. — Psyche
76(4): 418—425.

CaARPENTER F.M. 1992. Superclass Hexapoda. In: Moore R.C.,
KatsLer R.L. (eds), Treatise on Invertebrate Paleontology,
Arthropoda. — Geological Society of America & University
of Kansas 4: 3—4. xxii + 655 pp. Boulder & Lawrence.

FLEck G., BEcHLY G., MARTINEZ-DELCLOS X., JARZEMBOWSKI E.
A., NEL A. 2004. A revision of the Upper Jurassic-Lower
Cretaceous dragonfly family Tarsophlebiidae, with a discus-
sion on the phylogenetic positions of the Tarsophlebiidae
and Sieblosiidae (Insecta, Odonatoptera, Panodonata). —
Geodiversitas 26(1): 33—59.

FrLeck G., NEL A. 2002. The first isophlebioid dragonfly (Odo-
nata: Isophlebioptera: Campterophlebiidae) from the Meso-
zoic of China. — Palacontology 45(6): 1123 —1136.

Furukawa H. 1934. On the nymph of a dragonfly, Epiophlebia
superstes Selys. — Annotationes Zoologicae Japonenses 14:
451-456.

Hacen H.A. 1862. Uber die Neuropteren aus dem Lithographi-
schen Schiefer in Bayern. Pars 1. — Palacontographica 10:
96— 145.

Hagen H.A. 1866. Die Neuropteren des Lithographischen Schie-
fers in Bayern. Pars 1. — Palacontographica 15: 57—96.
HanbLIRscH A. 1906—1908. Die Fossilen Insekten und die Phy-
logenie der Rezenten Formen. Ein Handbuch fuer Palacon-

tologen und Zoologen. — Engelmann, Leipzig, 640 pp.

HaNDLIRSCH A. 1920. Palacontologie. Systematische Ubersicht. —
Pp. 117-299 in: Scuroper C. (ed.), Handbuch der Ento-
mologie, vol. 3.

HanbpLirscH A. 1939. Neue Untersuchungen iiber die fossilen
Insekten, Teil II. — Annalen des Naturhistorischen Museums
Wien 49: 1-240.

Hong Y.C. 1983. Middle Jurassic Fossil Insects in North Chi-
na. — Geological Publication House, Beijing, 223 pp.

Krass K.-D. 2008. The female abdomen of ovipositor-bearing
Odonata (Insecta: Pterygota). — Arthropod Systematics &
Phylogeny 66: 45—142.

Kn~oLL A.H., BamBacH R.K., PaynE J.L., Pruss S., FiscHER W.W.
2007. Paleophysiology and end-Permian mass extinction. —
Earth and Planetary Science Letters 256(3—4): 295-313.

Lew G.T. 1933. Head characters of the Odonata with special
reference to the development of the compound eyes. — En-
tomologica Americana 14(2): 41-96.

LiJ., NEL A., ZHaNG X., FLEck G., GaoM., LiNn L., Znou J.
2012. A third species of the relict family Epiophlebiidae
discovered in China (Odonata: Epiproctophora). — System-
atic Entomology 37(2): 408—412.

Martynov A.V. 1925. To the knowledge of fossil insects from
Jurassic beds in Turkestan. 2. Raphidioptera (continued),
Orthoptera (s. 1. ), Odonata, Neuroptera. — [zvestiya Akade-
mii Nauk 19(12—-15): 569—598.



Arthropod Systematics & Phylogeny 70 (2)

83

NEeebpHAM J.G. 1903. A genealogic study of the dragonfly wing
venation. — Proceedings of the United States National Mu-
seum 26: 703 —-764.

NEeepHAM J.G. 1930. A manual of the dragonflies of China — A
monographic study of Chinese Odonata. — Zoologia Sinica
(Series A. Invertebrates of China Volume II, Fascicle 1),
Peking, 399 pp.

NEL A., MARTINEZ-DELCLOS X., PLACHER J.C., HENROTAY M. 1993.
Les “Anisozygoptera” fossils — Phylogénie et classification
(Odonata). — Martinia Numéro Hors-Série 3: 1-311.

NeL A., Bechry G., DeLcros X., Huang D. 2009. New and
poorly known Mesozoic damsel-dragonflies (Odonata: Iso-
phlebioidea: Campterophlebiidae, Isophlebiidae). — Palaco-
diversity 2: 209-232.

NEseMANN H., TacHamo R.D., SHAaH D.N. 2008. Records of Epi-
ophlebiidae (relict Himalayas dragonfly) habitats from cen-
tral Napal. — Abstracts of Papers of the 18th International
Symposium of Odonatology, Nagpur, p. 44.

Prau H.K. 1971. Struktur und Funktion des sekundéren Kopu-
lationsapparates der Odonaten (Insecta, Palacoptera), ihre
Wandlung in der Stammesgeschichte und Bedeutung fiir
die adaptive Entfaltung der Ordnung. — Zeitschrift fiir Mor-
phologie und Okologie der Tiere 70: 281—371.

PriTykiNa L.N. 1968. Dragonflies (Odonata) from Karatau. Pp.
26-55 in: Roupenporr B.B. (ed.), Yurskie nasekomye Ka-
ratau. Nauka, Moscow. 249 pp.

PriTykiNa L.N. 1970. Triassic and Jurassic Dragonflies of the
Liassophlebiidae from Soviet Central Asia. — Paleontologi-
cal Journal 4(1): 91-102.

PriTykiNa L.N. 1977. New dragonflies from Lower Cretaceous
deposits of Transbaikalia and Mongolia. — Transactions of
the Soviet-Mongolian Palacontological Expedition, Mos-
cow 4: 81-96.

PritykiNna L.N. 1980. Odonata. In: Roupenporr B.B., Histori-
cal Development of the Class Insecta. — Trudy Paleonto-
logical Institute, Moscow 175: 128—134.

PriTykiNa L.N. 1985. Fossil Odonata (Libellulida = Odonata)
from Siberia and outer Mongolia. Pp. 5—42 in: RasNITsYN
A.P., Fossil Insects from Siberia and Mongolia. — Trudy
Paleontological Institute, Moscow 211: 1-191.

RenN A.C. 2003. Phylogenetic analysis of higher level relation-
ships of Odonata. — Systematic Entomology 28: 181-239.

Riek E.F., KukaLova-Peck J. 1984. A new interpretation of dra-
gonfly wing venation based upon Early Upper Carbonifer-
ous fossils from Argentina (Insecta, Odonatoidea) and basic
character states in pterygote wings. — Canadian Journal of
Zoology 62: 1150—1166.

RoppELL G., HiLFERT D. 1993. The flight of the relict dragonfly
Epiophlebia superstes (Selys) in comparison with that of
the modern Odonata (Anisozygoptera: Epiophlebiidae). —
Odonatologica 22(3): 295-309.

SaviLLE N. 1990. Survey of the status of Epiophlebia laidlawi
(Tillyard) in the Shivapuri Watershed and Wildlife Reserve,
1988. — Report on the Cambridge Entomological Expedi-
tion to Nepal, pp. 31-35.

Scumipt E. 1915. Vergleichende Morphologie des 2. und 3. Ab-
dominalsegmentes bei ménnlichen Libellen. — Zoologische
Jahrbiicher 39: 87—196.

Serys LongeHamps E. de 1889. Palaeophlebia, nouvelle 1égion
de Caloptérygines, suivi de la description d’une nouvelle
Gomphine du Japon: Tachopteryx pryeri. — Comptes Ren-
dus de la Société Entomologique de Belgique 3: 153 —154.

Seno T., Sakural T., STEIN S. 1996. Can the Okhotsk plate be
discriminated from the North American plate? — Journal of
Geophysical Research 101(B5): 11305-11315.

SuarMa S., OrenBock T. 1996. New discoveries of Epiophle-
bia laidlawi Tillyard, 1921 in the Nepal Himalaya (Odona-
ta, Anisozygoptera: Epiophlebiidae). — Opuscula Zoologica
Fluminensia 150: 1-11.

Tamiva Y., Mivakawa K. 1984. On the oviposition habitat of
Epiophlebia superstes (Selys) (Anisozygoptera: Epiophle-
biidae). — Odonatologica 13(2): 301-307.

Tant K., Mivatake Y. 1979. The discovery of Epiophlebia
laidlawi Tillyard, 1921 in the Kathmandu valley, Nepal
(Anisozygoptera: Epiophlebiidae). — Odonatologica 8(4):
329-332.

TiLLyarp R.J. 1914, On some problems concerning the devel-
opment of the wing venation of the Odonata. — Proceedings
of the Linnaean Society New South Wales 39(1): 163-216.

TiLyarp R.J. 1917. The Biology of Dragonflies. — Cambridge
University Press, Cambridge. xii + 396 pp.

TiLLyarp R.J. 1921. On an anisozygopterous larva from the
Himalayas (Order Odonata). — Records of the Indian Mu-
seum 22: 93-107.

TiLLyarp R.J. 1925, The British Liassic Dragonflies (Odona-
ta). — London, British Museum of Natural History, Fossil
Insects 1: 38 pp.

Tiyarp R.J. 1929, The evolution of the order Odonata. —
Fourth International Congress of Entomology, Ithaca 1928:
543-545.

TiLLyarp R.J., Fraser F.C. 1940. A reclassification of the order
Odonata, based on some new interpretations of the venation
of the dragonfly wing. Parts I, II, III. — Australian Zoologist
9(2): 125-169, 9(3): 195-221, 9(4): 359-396.

ToxkuNaGA M., Opacaki S. 1939. Ecological and morphological
studies on a dragonfly Epiophlebia superstes Selys. — Cele-
bration Bulletin of Professor Sadao Yoshida, pp. 472—-496.
[in Japanese]

VannoTE R.L., MinsHAaLL G.W., Cummins K.W., SepeLL J.R.,
CusHING C.E. 1980. The river continuum concept. — Canad-
ian Journal of Fisheries and Aquatic Sciences 37(1):
130-137.

WHALLEY P.E.S. 1985. The systematics and palacogeography of
the Lower Jurassic insects of Dorset, England. — Bulletin of
the British Museum (Natural History), Geology, 39: 107—
187.

ZHANG J. 1999. Aeschnidiid nymphs from the Jehol biota (lat-
est Jurassic—Early Cretaceous), China, with a discussion of
the family Aeschnidiidae (Insecta, Odonata). — Cretaceous
Research 20: 813—-627.



