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Abstract. Panorpidae is the largest family of Mecoptera with approximately 500
described species in one extinct and eight extant genera. The phylogeny of Panorpidae
was inferred from DNA sequences recently, but has not been comprehensively studied
based on morphological characters to date. Here, the phylogeny of Panorpidae was
analysed for 155 extant species in eight genera based on 182 morphological characters
of adults under Maximum Parsimony and Maximum Likelihood, respectively, with two
species of Choristidae and three species of Panorpodidae as outgroups. The resulting
phylogenetic trees are overall consistent with those reconstructed in the molecular
analyses, and support the monophyly of two major clades and all the extant genera
except Panorpa and Neopanorpa, which may need further splitting. A new subfamily,
Neopanorpinae subfam.n., is established to include Neopanorpa and Leptopanorpa,
with all the other genera assigned to Panorpinae. Thirty-two species groups (24 in
Panorpa and eight in Neopanorpa) are recognized. We speculate that Panorpidae likely
originated from East Asia, with independent dispersal events that probably occurred at
least twice for the Indonesian fauna, five times for the Japanese fauna, twice for the
western Palearctic fauna, and four times for the Nearctic fauna.

This work has been registered in ZooBank: http://zoobank.org/urn:1sid:zoobank.org:
pub:7B451D1E-1DA3-4D65-B6BD-4730B10416ES

Introduction

Mecoptera is a small relict order of holometabolous insects,
and constitutes the superorder Antliophora (‘pump-bearers’)
together with Diptera and Siphonaptera (Grimaldi &
Engel, 2005), although the sperm pump is regarded as indepen-
dently derived between Mecoptera + Siphonaptera and Diptera
(Hiinefeld & Beutel, 2005; Mickoleit, 2008; Boudinot, 2018).
Mecoptera likely originated in the Early Permian (Novok-
shonov, 2004) and contains more than 700 extinct species in ca.
210 genera and 40 families (Lin ez al., 2019; Soszynska-Maj
et al., 2020). However, only nine families have survived to the
present day, including approximately 800 extant species in ca. 40
genera (Wang & Hua, 2017, 2018, 2019a,b, 2020; Bicha, 2018).

Based on morphological and molecular evidence, the extinct
families tMesochoristidae and f{Permopanorpidae and the
extant Nannochoristidae and Boreidae should possibly be
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removed from Mecoptera (Willmann, 1987, 1989; Whit-
ing, 2002; Beutel & Baum, 2008; Beutel & Friedrich, 2019). In
this case, only the remaining families in the monophyletic group
Pistillifera are left in the Mecoptera (sensu stricto), which is sup-
ported by the male sperm pump that consists of a pistillum and
a pumping chamber (Willmann, 1987, 1989; Mickoleit, 2008;
Boudinot, 2018). Controversially, a monophyletic Mecoptera
is supported as Boreidae + (Nannochoristidae + [Bittacidae +
Panorpidae]) inferred from genomic data (Misof et al., 2014).
However, recent molecular studies suggest that Siphonaptera
is potentially sister to Nannochoristidae, and probably should
be treated as an infraorder within Mecoptera (Meusemann
et al., 2020; Tihelka et al., 2020).

The species-poor Panorpodidae (short-faced scorpionflies)
and the diverse Panorpidae (scorpionflies) are the most derived
families of Pistillifera (Willmann, 1987, 1989; Bicha, 2018;
Nakamura et al., 2019). In the Panorpidae, two major clades
were revealed by recent phylogenetic analyses based exclusively
on DNA sequence data (Hu er al., 2015; Miao et al., 2019), but
a comprehensive phylogenetic analysis based on morphological
characters is still lacking. Historically, the Panorpidae consists
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of three subfamilies: Panorpinae, Choristinae and Nannocho-
ristinae (Esben-Petersen, 1921). The latter two were raised
to familial status along with Panorpodidae by Byers (1965),
resulting in a sole retention of the nominotypical subfamily
thereafter. The Panorpidae currently consists of approximately
500 extant species in eight genera: the Holarctic Panorpa
Linnaeus (ca. 260 spp.), the Indonesian-endemic Leptopanorpa
MacLachlan (14 spp.), the Oriental Neopanorpa van der Weele
(ca. 170 spp.) and five Chinese endemic genera: Cerapanorpa
Gao, Ma & Hua (21 spp.), Dicerapanorpa Zhong & Hua
(20 spp.), Furcatopanorpa Ma & Hua (1 sp.), Megapanorpa
Wang & Hua (5 spp.) and Sinopanorpa Cai & Hua (3 spp.).
The Panorpidae are widely dispersed in the subtropical and
temperate zones of Eurasia and North America (Penny &
Byers, 1979; Wang & Hua, 2017, 2018, 2019a,b; Bicha, 2018;
Wang et al., 2019; Hu & Hua, 2020), with a number of species
penetrating into the equatorial zones, e.g., the Indian Western
Ghats, the Mainland Southeast Asia, the Sunda Islands and the
Mexican Plateau (Rust & Byers, 1976; Chau & Byers, 1978;
Penny & Byers, 1979; Wang & Hua, 2020).

In contrast, the fossil records of Panorpidae are consider-
ably rare. The monotypic genus tBaltipanorpa Krzeminski
& Soszynska-Maj from the Eocene Baltic amber is char-
acterized by the greatly elongated notal and postnotal
organs on male T3 and T4 (terga III and IV), respectively
(Krzeminski & Soszyniska-Maj, 2012). Seven extinct species
are assigned to Panorpa: two from the Eocene Baltic amber
(Carpenter, 1954), three from the Oligocene German Rott
shales (Statz, 1936; Willmann, 1976) and two from the
Eocene North American Florissant shales (Scudder, 1890;
Cockerell, 1907). When excluding the Jurassic {Muchoria
Sukatsheva and {Jurassipanorpa Ding et al., and the Creta-
ceous fSolusipanorpa Lin from this family (Willmann, 1987;
Ding et al., 2014; Soszyniska-Maj et al., 2020), the oldest known
fossil species of Panorpidae was reported from the early Eocene
(ca. 52.9 mya) of MacAbee, Canada (Archibald ef al., 2013).

In general, Leptopanorpa and Neopanorpa can be dif-
ferentiated from other panorpid genera by the vein 1A
ending proximal to the origin of Rs (ORs) in the forewings
(Esben-Petersen, 1921; Cheng, 1957b; Rust & Byers, 1976;
Chau & Byers, 1978; Wang & Hua, 2019a). However, a few
species of Neopanorpa bear a long 1A exceeding ORs (Rust
& Byers, 1976), and Panorpa bashanicola Hua, Tao & Hua
bears a short 1A ending proximal to ORs (Hua et al., 2018),
suggesting that more characters should be consulted in the
generic assignment for species. Willmann (1989) noted that
some Panorpa species are in a sister group-relationship to
Leptopanorpa + Neopanorpa, indicating a possible paraphyly
of Panorpa. Subsequently, the paraphyly of Panorpa was sup-
ported by both morphological (Ma et al., 2012) and molecular
analyses (Misof et al., 2000; Whiting, 2002; Hu et al., 2015;
Miao et al., 2019). Similarly, Neopanorpa was also consid-
ered paraphyletic with Leptopanorpa by morphological and
molecular studies (Ma et al., 2012; Miao et al., 2019; Wang &
Hua, 2020).

The informal category ‘species group’ is frequently adopted
for local faunas of Panorpa and Neopanorpa. In Panorpa,
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Esben-Petersen (1921) proposed nine groups for the Eurasian
fauna, four for the Japanese-East Asian fauna, and three for
the North American fauna (excluding the Mexican species).
Carpenter (1931) suggested three groups for the North American
fauna, and Byers (1993, 1996) added three additional groups
into this fauna. Issiki (1933) proposed nine species groups for
the fauna of Japan and adjacent countries. Willmann (1977)
recognized three groups for the European fauna. In Neopanorpa,
two species groups were put forward for the southern Indian
fauna (Rust & Byers, 1976), and four groups for the Southeast
Asian fauna (Chau & Byers, 1978). However, due to the lack of
a comprehensive study at the global scale, these species group
categories are not consistent in diagnoses, and a large number of
species remain unsorted to date.

According to recent molecular studies (Hu ez al., 2015; Miao
et al., 2019), the Panorpidae can be categorized into two major
clades: one consisting of Leptopanorpa and Neopanorpa, and
the other comprising the other extant genera. A great divergence
between these two clades is also supported by the morphology
of the egg chorion (Ma et al., 2009), the chromosome number
(Miao et al., 2019) and the morphology and biology of the larvae
(Jiang er al., 2019b). Therefore, taxonomic revisions at the
generic levels are desperately needed to provide a clear diagnosis
for each clade of Panorpidae, and resolve the paraphyly of
Panorpa and Neopanorpa.

The aims of this study were: (1) to investigate the phylogeny
of Panorpidae and test the monophyly of each clade based on
morphological characters, and (2) to discuss the evolutionary
and biogeographical implications in Panorpidae with regard to
the phylogenetic analyses.

Material and methods
Repositories

Specimens examined in this study are deposited in or loaned
from the following institutions:

CFYC Fung Ying Cheng’s Collection (currently in NWAU)

DALU  Dali University, Dali, China

ECAU  Entomological Collection, China Agricultural Uni-
versity, Beijing, China

EDKU  Entomological Division (formerly Snow Entomo-
logical Museum), Biodiversity Institute, University of Kansas,
Lawrence, U.S.A.

GTGU  Museum of Zoology, University of Gottingen, Got-
tingen, Germany

KYSU  Entomological Laboratory, Kyushu University,
Fukuoka, Japan

ISWU Insect Collection of Southwest University,
Chongging, China

MYNU Mianyang Normal University, Mianyang, China

NAKU  Nankai University, Tianjin, China

NMCZ  Department of Entomology, National Museum,
Prague, Czech
NWAU Entomological Museum, Northwest A&F

University, Yangling, China
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OMGM Omogo Mountain Museum, Kumakogen, Japan

SCAU  South China Agricultural University, Guangzhou,
China

SHNU  Insect Collection of Shanghai Normal University,
Shanghai, China

SYSU  Sun Yat-sen University, Guangzhou, China

TIJNH Tianjin Natural History Museum, Tianjin, China

UGIC  University of Guelph Insect Collection, Guelph,
Canada

Morphological study and taxonomy

Specimens were observed and dissected under a Motic
K-401 L CMO Stereo Microscope (Motic, Hongkong, China).
Genitalia were macerated in boiling 10% NaOH solution for
3-5 min and rinsed with tap water. Photographs were taken
with a Nikon D7000 digital camera (Nikon, Tokyo, Japan) in
conjunction with a Nikkor AF-S Micro 105 mm £/2.8 lens, or
a Canon MP-E 65 mm /2.8 1-5X macro lens (Canon, Tokyo,
Japan) with a handmade mount adapter. Line-art was drawn
based on micro-images with Adobe Illustrator CC. All figures
were assembled with Adobe Photoshop CC.

The assignment of 18 species groups (16 in Panorpa and
two in Neopanorpa) follows Esben-Petersen (1921), Carpen-
ter (1931, 1938), Rust & Byers (1976), Chau & Byers (1978),
Willmann (1977) and Byers (1993, 1996). Fourteen groups
(eight in Panorpa and six in Neopanorpa) are newly proposed
based on morphological affinities (see key to subfamilies,
genera and species groups). The P davidi group sensu
Esben-Petersen (1921), the N. denticulata group sensu Rust
& Byers (1976) and the N. muelleri group sensu Chau &
Byers (1978) are revised to include or exclude certain species.
The P. leucoptera group sensu Issiki (1933) is renamed as the P.
nikkoensis group since P. nikkoensis Miyaké was synonymized
with P. leucoptera Uhler due to a misidentification, but recently
revalidated by Miyamoto & Nakamura (2008). The P. rufescens
group sensu Byers (1993) is renamed as the P. confusa group
because P. rufescens Rambur was synonymized with P. confusa
Westwood by Somma (2011). Names and related information
for each examined taxon are listed in the Supporting Information
Table S1.

Terminology of the external morphology follows Mick-
oleit (1975, 1976, 1978) and Willmann (1977, 1987, 1989).
The following abbreviations are used: Al, the first abdominal
segment (and so forth for other segments); T1, the first tergum
(and so forth for other terga); S1, the first sternum (and so forth
for other sterna). Dagger symbol ‘f” indicates fossil taxa.

Phylogenetic analysis

A total of 155 species of Panorpidae were selected as
ingroup taxa, accounting for approximately 31% of the extant
species, including all the 32 recognized species groups (24 in
Panorpa and eight in Neopanorpa), and all the eight extant
genera. The type species of all the genera are included in
the analysis except Neopanorpa, the type species of which,

N. angustipennis (Westwood), is unavailable at present. The
fossil species of Panorpa and tBaltipanorpa are not analysed
owing to their barely known genital morphology. According
to Willmann (1983, 1989), Choristidae is sister to Panorp-
idae + Panorpodidaec among the extant families. Therefore,
two species of Choristidae, Chorista australis Klug and Tae-
niochorista nigrita Riek and three species of Panorpodidae,
Panorpodes kuandianensis Zhong, Zhang & Hua, Po. paradoxa
MacLachlan, and Brachypanorpa carolinensis (Banks), were
selected as outgroup taxa. Information for the taxa is listed in
the Supporting Information Table S1.

Morphological characters were observed by the first author, or
inferred from works cited. The characters were partially adopted
or modified from those used by Ma et al. (2012), Soszynska-Maj
et al. (2020), and Wang & Hua (2020). Unavailable character
states were coded as ‘?’; and inapplicable as ‘-’. A total of
182 morphological characters (162 binary and 20 multistate) of
adults were encoded as follows:

Head (Fig. 1)

1 Ocellar bristles: present (0) (Fig. 1A-D); absent (1)
(Fig. 10).

2 Compound eyes: narrower than middle of rostrum (0)
(Fig. 1B); enlarged, as wide as or wider than middle of
rostrum (1) (Fig. 1], K).

3 Length of rostrum: short, approximately as long as wide (0)
(Fig. 1C); slightly elongated, at most twice as long as wide
(1) (Fig. 1B); greatly elongated and slender, at least three
times as long as wide (2) (Fig. 1E).

4 Shape of rostrum: stout, evenly tapering towards apex
(0) (Fig. 11); slender, with approximately parallel lateral
margins (1) (Fig. 1K).

5 Sclerotized ring basal to maxillary palpomere III: absent
(0) (Fig. 1Q-T); present (1) (Fig. 1U, V).

Thorax (Fig. 2)

6 Stout setae on posterior margin of pronotum: present (0)
(Fig. 2A, B); absent (1) (Fig. 2C).

7 Stout setae on mesonotum: present (0) (Fig. 2A, B); absent
(1) (Fig. 2C).

8 Comb-like preapical teeth on inner margin of pretarsal
claws: present (0) (Fig. 2F, H-J); absent or greatly reduced
(1) (Fig. 2G).

9 Second preapical tooth of pretarsal claws, if present:
approximately the same size as others (0) (Fig. 2H); greatly
enlarged (1) (Fig. 2I).

10 Three preapical teeth of pretarsal claws, if present: arising
from a more or less straight line (0) (Fig. 2H); arising from
a bulge (1) (Fig. 2J).

Wings (Fig. 3)

11 Ratio of forewing widths at ending of M, to 1A: <2 (0)
(Fig. 3A); >2 (1) (Fig. 3D).

12 Costal margin of forewing: arched (0) (Fig. 3A); straight
(1) (Fig. 3B).

© 2021 The Royal Entomological Society, Systematic Entomology, 46, 526—557
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Fig. 1. Head. (A,B) Head, frontal view except (A) in lateral view; (Q—V) right maxilla, posterior view. (A,B) T. nigrita Riek; (C) B. carolinensis
(Banks); (D) Po. paradoxa MacLachlan; (E,S) P. bicornuta MacLachlan; (FR) P. leucoptera Uhler; (G) D. sp.; (H) M. grandis Wang & Hua; (1) P.
Jinhuaensis Wang, Gao & Hua; (J) P. kunmingensis Fu & Hua; (K) N. chillcotti Byers; (L) N. muelleri (van der Weele); (M) N. harmandi (Navds); (N,V)
N. brisi (Navas); (O) L. cingulata (Enderlein); (P) L. linyejiei Wang & Hua; (Q) Po. kuandianensis Zhong, Zhang & Hua; (T) P. pryeri MacLachlan;
(U) P. amurensis MacLachlan. Character numbers and states are indicated by arrows (and so forth for other figures). Scale bars: 1.0 mm in (A—P), and

0.5mm in (Q-V). [Colour figure can be viewed at wileyonlinelibrary.com].

13 Costal veinlets: two or more (0) (Fig. 3A); one (1)
(Fig. 3B); absent (2) (Fig. 3C).

14 Branches of M in forewing: five (0) (Fig. 3A); four (1)
(Fig. 3B, C).

15 Base of M, in forewing: straight (0) (Fig. 3B); curved (1)
(Fig. 3C).

16 Base of M, , in forewing: as long as or longer than m-cu
(0) (Fig. 3B, C); shorter than m-cu (1) (Fig. 3D).

17 1A ending in forewing: beyond or near origin of Rs (ORs)
(0) (Fig. 3A); proximal to ORs (1) (Fig. 3D).

18 Ratio of distances between ending of 1A and 2A
to CuP in hindwing: >1 (0) (Fig. 3A); <1 (1)
(Fig. 3D).

19 Number of anal cross-veins a between 1A and 2A in
forewing: more than three (0) (Fig. 3A); two or three (1)
(Fig. 3C); one (2) (Fig. 3B).

© 2021 The Royal Entomological Society, Systematic Entomology, 46, 526—557
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Fig. 2. Head and thorax. (A—E) Head and thorax, dorsal view; (F-J) distal two tarsomeres and pretarsus of hind legs, ventral view. (A,F) T. nigrita
Riek; (B) Po. paradoxa MacLachlan; (C) P. leucoptera Uhler; (D) P. sonani Issiki; (E) N. k-maculata Cheng; (G) Po. kuandianensis Zhong, Zhang &
Hua; (H) S. tincta (Navas); (I) L. cingulata (Enderlein); (J) N. nielseni Byers. Scale bars: 0.5 mm in (A—E), and 0.2 mm in (F-J). [Colour figure can be
viewed at wileyonlinelibrary.com].

20
21

22

23

cu-a in hindwing: absent (0) (Fig. 3H); present (1) (Fig. 3I).
Anterior ending of a in hindwing: proximal to fork of
CuP+1A (0) (Fig. 3H); distal to the latter (1) (Fig. 31).
Base of 1A in hindwing: straight (0) (Fig. 3H); curved at a
(1) (Fig. 31).

Stout setae on base of 2A in forewing: present (0) (Fig. 3F,
G); absent (1) (Fig. 3C).

Male abdomen (Figs. 4, 5, 9)

24

25

26

27

Sternal organ on S2: absent (0) (Fig. 5C); present (1)
(Fig. SE).

Poststernal spines on S2—S5: absent (0) (Fig. 4N); present
(1) (Fig. 40).

Notal organ on T3: absent or undeveloped (0) (Fig. 4A, B);
present and well-developed (1) (Fig. 4C).

Shape of notal organ, if present and well-developed: short,
overlapping postnotal organ on T4 (0) (Fig. 4C); slightly
elongated, not extending to middle of T4 (1) (Fig. 4M);
long and clavate, exceeding middle but not exceeding hind

28

29

30

31

32

33

34

35

border of T4 (2) (Figs. 4G, 5B, D); long and clavate,
exceeding hind border of T4 (3) (Figs. 4D, 5A, C).

Base of notal organ: simple (0) (Fig. 5I); expanded, wider
than twice the width of apex (1) (Fig. SL).

Small tooth-like projection under notal organ: absent (0)
(Fig. 5K); present (1) (Fig. SM).

Paired small teeth aside notal organ on posterior border of
T3: absent (0) (Fig. SI); present (1) (Fig. SN).

Postnotal organ on T4: absent (0) (Fig. 4A); present (1)
(Fig. 4B, C,L, M).

Shape of postnotal organ, if present: acute (0) (Fig. 4L, M);
blunt or rounded (1) (Fig. 5J, K); depressed with a series
of long setae (2) (Fig. 4D).

Position of postnotal organ on T4: at anterior portion (0)
(Fig. 4L, M); at approximately middle (1) (Fig. 5J, K); at
hind border (2) (Fig. 4D, G).

Direction of postnotal organ: curved dorso-cephalad (0)
(Fig. 4L, M); dorsad (1) (Fig. 5J, K).

Membranous region on anterior portion of T4: absent (0)
(Fig. 5I); present (1) (Fig. SL).

© 2021 The Royal Entomological Society, Systematic Entomology, 46, 526—557
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Fig. 3. Wings. (A,EH) T. nigrita Riek; (B,G) Po. paradoxa MacLachlan; (C) P. communis Linnaeus; (D) N. pulchra Carpenter; (E) L. cingulata
(Enderlein); (I) D. diceras (MacLachlan). Scale bars: 2.0 mm. [Colour figure can be viewed at wileyonlinelibrary.com].

36

37

38

39

40

41

42

43

Pleural membrane of A6, or at least a fusion seam: present
(0) (Fig. 4A, B); absent, with tergum and sternum entirely
fused (1) (Fig. 4C).

Length of A6: approximate to A5 (0) (Fig. 4A, B); longer
than but no more than twice of A5 (1) (Fig. 4C, D); a least
twice as long as A5 (2) (Fig. 4G).

Apical half of A6: cylindrical, or evenly tapering towards
truncate apex (0) (Fig. 4F); abruptly tapering towards
conical apex (1) (Fig. 4H).

Anal horns on dorsal apex of A6: absent (0) (Fig. 4F); one
(1) (Fig. 41, J); two (2) (Fig. 4K).

Paired subapical claws on T6: absent (0) (Fig. 5C); present
(1) (Fig. SE, G, H).

Apex of A6: truncated (0) (Fig. 4F); beveled (1) (Fig. 4G).
Distal emargination of A6: absent (0) (Fig. 4F);
present as a pair of triangular lobes laterally (1)
(Fig. 4N).

Dense setae on middle of T6: absent (0) (Fig. 4F); present
(1) (Fig. 4H).

44

45

46

47

48

49

50
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Dorsal apex of T6: unmodified (0) (Fig. 4E); raised dorsad
with dense long setae (1) (Fig. 4G).

Lateral notch of A6: absent (0) (Fig. 5E); present (1)
(Fig. 5F).

Length of A7: shorter than or equal to AS (0) (Fig. 4A);
longer than but no more than three times of A5 (1)
(Figs. 4E, F, 5C); at least three times as long as A5 (2)
(Figs. 4G, 5B, E, F).

Shape of A7: unmodified or slightly constricted basally (0)
(Fig. 4A); constricted basally and evenly thicker towards
apex (1) (Fig. 4D, F); constricted basally and greatly
thicker towards apex, forming a basal stalk (2) (Fig. 4H).
Pleural membrane of A7, or at least a fusion seam: present
(0) (Fig. 4A, B); absent, with tergum and sternum entirely
fused (1) (Fig. 4C).

Middle portion of A7: unmodified (0) (Fig. 4I); buckling
medially, break-like (1) (Fig. 4J).

Dorsal apex of A7: simple (0) (Fig. 4E); raised dorsad (1)
(Fig. 4N).
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51 Apex of T7: simple (0) (Fig. 4A); emarginate (1) (Fig. 4C).

52 Latero-dorsal apex of T7: simple (0) (Fig. 5G); greatly
projected (1) (Fig. 50).

53 Latero-ventral apex of S7: simple (0) (Fig. 4E); protruded
horn-like (1) (Fig. 4C).

54 Length of AS8: shorter than or equal to AS (0) (Fig. 4A,
B); elongated but no more than twice of A5 (1) (Fig. 4C);
elongated, much longer than twice of AS (2) (Figs. 4E, 5B,
E, F).

55 Shape of A8: not constricted basally (0) (Fig. 4B); con-
stricted basally (1) (Fig. 4F).

56 Shape of S10: flat (0) (Fig. 9B); greatly protruding ventrad
(1) (Fig. 9F).

26:0

\ /

39:0 38:0 41:0
43.0 42:0 ’( 46:1
\ i ’/

Male genitalia (Figs. 4—-11).

The male genitalia comprise two large clasping appendages
(gonopods), which are fused basally and surround the aedeagal
complex, and are cupped by the single sclerite of the ninth
abdominal segment. The ninth segment has dorsal and ventral
portions, namely, the epandrium (Fig. 9A-G) and hypandrium
(‘hyp’, Fig. 6B), respectively. On the ventral surface of the
epandrium are sometimes a pair of epandrial lobes (‘epl’,
Fig. 9B). The hypandrium is usually produced as a pair of
hypovalves distally, and on the inner base of each hypovalve
there is sometimes a hypandrial process (‘hpr’, Fig. 9J, K).
The gonopods are two-segmented, comprising the proximal
gonocoxites (‘gex’, Fig. 6B, 7A, 8A) and distal gonostyli (‘gs’,

26:1 311

N

Fig. 4. Abdomen. (A-G) Abdomen, lateral view; (H-K) A6—A11, lateral view; (L,M) T3 and T4, lateral view; (N) A6—AS, dorsal view; (O) A2—AS5,
dorsal view. (A) T. nigrita Riek; (B,L) Po. kuandianensis Zhong, Zhang & Hua; (C) P. bicornuta MacLachlan; (D) P. takenouchii Miyaké; (E) P. ishiharai
Miyamoto; (F) P. communis Linnaeus; (G) P. stigmalis Navas; (H) S. nangongshana Cai & Hua; (I) M. gaokaii Wang & Hua; (J) C. obtusa (Cheng);
(K) D. magna (Chou); (M) P. amurensis MacLachlan; (N) P. kunmingensis Fu & Hua; (O) P. lugubris Swederus. ah, anal horn; no, notal organ; pno,
postnotal organ. Scale bars: 2.0 mm in (A—K), and 1.0 mm in (L-0O). [Colour figure can be viewed at wileyonlinelibrary.com].
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Fig. 5. Abdomen. (A-F) Abdomen, lateral view; (G,0) A7 and A8, dorsal view; (H,P) A7 and A8, lateral view; (I,L) T3 and T4, dorsal view; (J,K) T3
and T4, lateral view; (M,N) T3, lateral and dorsal views, respectively. (A) N. appendiculata (Westwood); (B) N. chillcotti Byers; (C) N. choui Cheng;
(D), (M=P) N. brisi (Navas); (E,G,H) N. furcata (Hardwicke); (F) L. linyejiei Wang & Hua; (1)) L. cingulata (Enderlein); (K,L) N. mutabilis Cheng.
no, notal organ; pno, postnotal organ. Scale bars: 2.0 mm in (A—H), (O,P), 1.0mm in (I-L), and 0.5 mm in (M,N). [Colour figure can be viewed at

wileyonlinelibrary.com].

Fig. 6B, 7A, 8A). The gonostylus is elongated, and bears a
median tooth (‘mt’, Fig. 7H) and a basal process (‘bp’, Fig. 7H)
on the inner margin. The aedeagal complex (Figs. 10, 11)
is composed of a pair of ventral valves (‘vv’, Fig. 10A-C),
a pair of dorsal valves (‘dv’, Fig. 10B, C), a pair of dorsal
processes (‘dpr’, Fig. 10B, C), a pair of lateral processes (‘lpr’,
Fig. 10A-C), dorso-basally, a piston of sperm pump (‘pst’,
Fig. 10B, C), and ventrally, a pair of parameres (‘pm’, Fig. 10A).
The paramere bears a basal stalk (‘stp’, Fig. 10A—C) and

frequently a modified distal part (furcated, curled or bearing
bristles). Although the term ‘paramere’ is widely adopted in
Mecoptera, it must be noted that this structure is not homologous
with those in other holometabolous orders. For example, the
‘parameres’ in Coleoptera are best supported as homologs with
the gonopods in Mecoptera (Boudinot, 2018).

57 Base of A9: thick (0) (Fig. 4A, B); constricted (1)
(Fig. 4C).
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Fig. 6. Male genitalia, ventral view. (A) T nigrita Riek; (B) Po. kuandianensis Zhong, Zhang & Hua; (C) P. leucoptera Uhler; (D) P. takenouchii
Miyaké; (E) P. jinhuaensis Wang, Gao & Hua; (F) P. amurensis MacLachlan; (G) P. nipponensis Navas; (H) P. striata Issiki; (I) P. guttata Navds; (J)
P. lugubris Swederus; (K) P. truncata Byers; (L) P. bimacula Byers; (M) P. sibirica Esben-Petersen; (N) P. germanica Linnaeus; (O) P. cladocerca
Navis; (P) P. emeishana Hua, Sun & Li; (Q) P. stigmalis Navds; (R) P. aurea Cheng; (S) P. helena Byers; (T) P. alpina Rambur; (U) P. latipennis Hine;
(V) P. galerita Byers; (W) P. mirabilis Carpenter; (X) P. curva Carpenter. gcx, gonocoxite; gs, gonostylus; hv, hypovalve; hyp, hypandrium. Scale bars:
0.5 mm. [Colour figure can be viewed at wileyonlinelibrary.com].

58 Stalk of A9: short, inconspicuous (0) (Fig. 4D); elon- of stout lateral processes (1); deeply emarginate, forming
gated, but not longer than gonocoxites (1) (Fig. SE); a pair of slender finger-like processes (2) (Fig. 9G).
greatly elongated, longer than gonocoxites (2) (Figs. SF, 60 Terminal projection of epandrium: absent (0) (Fig. 9A);
8M). present (1) (Fig. 9B).

59 Apex of epandrium: not emarginate or indistinctly 61 Latero-subapical projection of epandrium: simple (0)
emarginate (0) (Fig. 9A); emarginate, forming a pair (Fig. 9A); projected (1) (Fig. 9D).
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Fig. 7. Male genitalia, ventral view. (A) F. longihypovalva (Hua & Cai); (B) S. digitiformis Huang & Hua; (C) S. nangongshana Cai & Hua; (D) S.
tincta (Navas); (E) M. absens Wang & Hua; (F) M. grandis Wang & Hua; (G) M. wanghongjiani Wang & Hua; (H) D. diceras (MacLachlan); (I) D.
kimminsi (Carpenter); (J) D. magna (Chou); (K) C. dubia (Chou & Wang); (L) C. liupanshana Gao, Ma & Hua; (M) C. brevicornis (Hua & Li); (N) C.
nanwutaina (Chou); (O) C. obtusa (Cheng). bp, basal process; gcx, gonocoxite; gs, gonostylus; hv, hypovalve; mt, median tooth. Scale bars: 0.5 mm.
[Colour figure can be viewed at wileyonlinelibrary.com].

62 Lateral margins of epandrium: almost parallel (0) 68 Basal stalk of hypandrium: long and distinct (0) (Fig. 6B);

(Fig. 9A); subtriangular, tapering towards acute apex greatly shortened (1) (Fig. 6N).

(1) (Fig. 9E). 69 Distal setae of hypandrial basal stalk: absent (0) (Fig. 6C);
63 Epandrial lobe: absent (0) (Fig. 9F); present (1) present (1) (Fig. 6D).

(Fig. 9B). 70 Shape of hypovalve: broad, stripe-like (0) (Fig. 6C);
64 Size of epandrial lobe, if present: small and narrow, extremely narrow, thread-like (1) (Fig. 6L).

invisible from above (0) (Fig. 9B); greatly enlarged and 71 Hypovalves with inner margin: widely sepa-

projected laterad, visible from above (1) (Fig. 9C). rated, untouched (0) (Fig. 8B, C); overlapped (1)
65 Apex of epandrial lobe in lateral aspect: rounded or (Fig. 8E).

truncated (0) (Fig. 9C); acute (1) (Fig. 9B). 72 Hypovalve with outer margin: unfolded (0) (Fig. 9I);
66 Hypandrium: well-developed (0) (Fig. 6A, B, C); entirely slightly folded dorsad (1) (Fig. 9J); greatly folded dor-

reduced (1) (Fig. 6K). sad then mesad, forming a boat-shaped structure (2)
67 Length of hypandrium: exceeding middle of gonocoxites (Fig. 9L).

(0) (Fig. 6A); greatly shortened, not exceeding middle of 73 Subapical process on inner side of hypovalve: absent (0)

gonocoxites (1) (Fig. 6H). (Fig. 8C); present (1) (Fig. 8A, B).
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Fig. 8. Male genitalia, ventral view. (A) N. appendiculata (Westwood); (B) N. denticulata Rust & Byers; (C) N. chillcotti Byers; (D) N. choui Cheng;
(E) N. muelleri (van der Weele); (F) N. brisi (Navas); (G) N. cavaleriei (Navés); (H) N. nielseni Byers; (I) N. k-maculata Cheng; (J) N. magna Issiki;
(K) N. gradana Cheng; (L) L. cingulata (Enderlein); (M) L. linyejiei Wang & Hua. gcx, gonocoxite; gs, gonostylus; hv, hypovalve. Scale bars: 0.5 mm.
[Colour figure can be viewed at wileyonlinelibrary.com].

74 Subtriangular projection directed caudo-mesad at basal 78 Basal subcircular window formed by hypovalves: absent
third of inner margin of hypovalve: absent (0) (Fig. 6E); (0) (Fig. 8C); present (1) (Fig. 8E).
present (1) (Fig. 6F). 79 Setae along inner margin of hypovalve: uniformly

75 Rectangular projection directed cephalo-mesad on sub- sized with those in other regions (0) (Fig. 6l);
basal portion of inner margin of hypovalve: absent (0) longer and stouter than those in other regions (1)
(Fig. 91); present (1) (Fig. 9M). (Fig. 6R).

76 Rectangular subbasal projection on outer margin of hypo- 80 Hypandrial processes at inner base of hypovalves: absent
valve: absent (0) (Fig. 9J); present (1) (Fig. 9L). (0) (Fig. 9H, D); present (1) (Fig. 9], K).

77 Basal constriction of hypovalves: no (0) (Fig. 91); yes (1) 81 Shape of gonocoxital concavity in ventral aspect: broad,
(Fig. 9K). exceeding middle of gonocoxites (0) (Fig. 6C, D);
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Fig. 9. Male genitalia. (A—G) Apical portion of epandrium (T9), dorsal view except (B) in ventral view, and (F) in lateral view; (H-M) apical portion
of hypandrium (S9), dorsal view; (N—Q) details of genital bulb, dorsal view; (R—Y) gonostylus, ventral view except (X) in lateral view. (A,R) T. nigrita
Riek; (B) L. cingulata (Enderlein); (C) N. ovata Cheng; (D) N. pendula Qian & Zhou; (E) P. lugubris Swederus; (F) P. sibirica Esben-Petersen; (G) P.
emeishana Hua, Sun & Li; (H) Po. paradoxa MacLachlan; (I) N. denticulata Rust & Byers; (J) N. tienpingshana Chou & Wang; (K) N. longiprocessa
Hua & Chou; (L), (N,V) N. nielseni Byers; (M) N. brisi (Navds); (O) P. pryeri MacLachlan; (P) P. amurensis MacLachlan; (Q) P. communis Linnaeus;
(S) Po. kuandianensis Zhong, Zhang & Hua; (T) F. longihypovalva (Hua & Cai); (U) N. muelleri (van der Weele); (W,X) P. baohwashana Cheng; (Y)
L. majapahita Wang & Hua. ae, aedeagus; epl, epandrial lobe; gcs, gonocoxites; gs, gonostylus. Scale bars: 0.5 mm. [Colour figure can be viewed at
wileyonlinelibrary.com].

relatively narrow and shallow, not exceeding middle 84 Terminal plate of gonocoxite: absent (0) (Fig. 61); present
of gonocoxites (1) (Fig. 6J-L). (1) (Fig. 6M, N).

82 Bottom of gonocoxital concavity: rounded (0) (Fig. 6H); 85 Medial spine of gonocoxite: absent (0) (Fig. 61); present (1)
subtrapezoidal (1) (Fig. 6J-L). (Fig. 6M, N).

83 M-shaped process at joint of gonocoxites ventrally: absent 86 Shape of gonocoxites: nearly parallel (0) (Fig. 60); widely
(0) (Fig. 6H); present (1) (Fig. 60). divergent towards apexes (1) (Fig. 6P).
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Fig. 10. Male aedeagal complex. Ventral view except (Q) in lateral view. (A) T. nigrita Riek, 1973; (B) Po. paradoxa MacLachlan; (C) P. pryeri
MacLachlan; (D) P. takenouchii Miyaké; (E) P. jinhuaensis Wang, Gao & Hua; (F) P. amurensis MacLachlan; (G) P. japonica Thunberg; (H) P.
nipponensis Navés; (I) P. gressitti Byers; (J) P. azteca Byers; (K) P. involuta Byers; (L) P. lugubris Swederus; (M) P. communis Linnaeus; (N) P.
semifasciata Cheng; (O) P. dashahensis Zhou & Zhou; (P,Q) P. cornigera MacLachlan; (R) P. sexspinosa Cheng. dbr, dorsal bridge of paramere; dpr,
dorsal process; hm, hamulus; lpr, lateral process; pm, paramere; stp, stalk of paramere; vbr, ventral bridge of paramere; vv, ventral valve. Scale bars:

0.2 mm. [Colour figure can be viewed at wileyonlinelibrary.com].

87 Ventral apex of gonocoxites: nearly truncated (0) (Fig. 6G);
strongly beveled (1) (Fig. 6H).

88 Long setae on inner apex of gonocoxite: absent (0)
(Fig. 6C); present (1) (Fig. 6S).

89 Triangular process on dorsal apex of gonocoxite: absent (0)
(Fig. 9N, O); present (1) (Fig. 9P).

90 A pair of fused lobes on dorsal apex of gonocoxites: absent
(0) (Fig. 9N, O); present (1) (Fig. 9Q).

91 Length of gonostylus: shorter than or approximately as
long as gonocoxites (0) (Fig. 6G); much longer than the
latter (1) (Issiki, 1933, fig. 10H).

92 Distal half of gonostylus: uncurved or slightly curved (0)
(Fig. 9V); greatly curved dorsad (1) (Fig. 9X).

93 Basal portion of gonostylus: straight or indistinctly
curved (0) (Fig. 9V); greatly curved mesad (1)
(Fig. 9W).

94 Series of small protuberances on inner margin of gonosty-
lus: absent (0) (Fig. 6F); present (1) (Fig. 6G).

95 Shape of median tooth of gonostylus: indistinct (0)
(Fig. 9S); stout and acute, but not wider than diameter
of gonostylus (1) (Fig. 7H); greatly enlarged, wider than
diameter of gonostylus (2) (Fig. 97T).
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Fig. 11. Male aedeagal complex, ventral view except (H) in lateral view. (A) N. denticulata Rust & Byers; (B) N. chillcotti Byers; (C) L. cingulata
(Enderlein); (D) L. linyejiei Wang & Hua; (E) L. nematogaster (MacLachlan); (F) L. majapahita Wang & Hua; (G,H) N. muelleri (van der Weele); (I)
N. fuscicauda Chau & Byers; (J) N. choui Cheng; (K) N. moganshanensis Zhou & Wu; (L) N. longiprocessa Hua & Chou; (M) N. nigritis Carpenter;
(N) N. claripennis Carpenter; (O) N. tienmushana Cheng; (P) N. fangxianga Zhou & Zhou; (Q) N. nielseni Byers; (R) N. k-maculata Cheng; (S) N.
magna Issiki. dbr, dorsal bridge of paramere; dpr, dorsal process; lpr, lateral process; pm, paramere; stp, stalk of paramere. Scale bars: 0.2 mm. [Colour
figure can be viewed at wileyonlinelibrary.com].

96 Inner margin of median tooth of gonostylus: smooth (0) 100 Furcation of basal process: simple (0) (Fig. 9R); bifurcated
(Fig. 9S); serrate (1) (Fig. 9T). at middle (1) (Fig. 7D); bifurcated at base (2) (Fig. 8M).
97 Position of median tooth: close to subbasal process (0) 101 Small tooth-like basal process of basal process: absent (0)
(Fig. 9S); beyond middle of gonostylus and far away from (Fig. 9U); present (1) (Fig. 9V).
basal process (1) (Fig. 7H). 102 Thick setae on basal process: absent (0) (Fig. 9V); present
98 Ventral concaved region of basal process: absent or indis- (1) (Fig. 9U).
tinct (0) (Fig. 9S); present but small, not longer than basal 103 Base of basal process: simple (0) (Fig. 9W); distinctly
diameter of gonostylus (1) (Fig. 9U); present, longer than constricted (1) (Fig. 9Y).
basal diameter of gonostylus (2) (Fig. 6X). 104 Accessory lobe on ventral surface of gonostylus: absent (0)
99 Apex of basal process: rounded or evenly tapering (0) (Fig. 6U); present (1) (Fig. 6V, W).
(Fig. 90); abruptly tapering towards acute tooth (1) 105 Parameres: well-developed (0) (Figs. 10A, 11A); greatly
(Cheng, 19570, figs. 86, 88). reduced, with only a basal stalk present (1) (Fig. 11H, I).
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Basal stalk of paramere: simple (0) (Fig. 11Q); greatly
curved dorsad (1) (Fig. 11R, S).

Relation of paramere with dorsal process: separated (0)
(Fig. 11B); fused (1) (Fig. 11C, D).

Paramere furcated basally: unbranched (0) (Fig. 10A);
bifurcated (1) (Fig. 10J, K, L); trifurcated (2) (Fig. 7H, I,
D).

Furcation of paramere beyond middle: unbranched (0)
(Fig. 10N); bifurcated (1) (Fig. 10M).

Inner margin of paramere: sclerotized (0) (Fig. 10N);
membranous (1) (Fig. 100, Q, R).

Surface of paramere: glabrous or with a few microtrichia
(0) (Fig. 10A); with numerous microtrichia or long spines
(1) (Fig. 10C).

Shape of paramere: short, blunt (0) (Fig. 10B); greatly
elongated, stick-like or filiform (1) (Fig. 10C); greatly
expanded, blade-like or foliate (2) (Fig. 10M).

Paramere enlarged near basal stalk: not enlarged (0)
(Fig. 10R); enlarged, approximately two times as wide
as distal portion (1) (Fig. 70); enlarged, wider than three
times of distal portion (2) (Li et al., 2007, fig. 2B).
Parameres curved subbasally: uncurved or only slightly
curved (0) (Fig. 11N); greatly curved mesad and then
caudad (1) (Fig. 110, P, Q).

Direction of apex of paramere: caudad (0) (Fig. 11N);
greatly bent ventrad (1) (Fig. 110).

Parameres crossed subbasally, proximal to ventral aedeagal
valves: not crossed (0) (Fig. 10C, G); crossed (1) (Fig. 10D,
E, F, H).

Parameres crossed subdistally, distal to ventral aedeagal
valves: not crossed (0) (Fig. 10C); crossed (1) (Fig. 10R).
Swollen dorsal process of paramere: absent (0) (Fig. 10J);
present (1) (Fig. 10K, L).

Lamella connecting two basal stalks of parameres: present
(0) (Fig. 10A); absent (1) (Fig. 10B).

Ventral bridge of paramere connected to ventral aedeagal
valves: absent (0) (Fig. 10G); present (1) (Fig. 10M, N, O,
P).

Dorsal bridge of paramere: present (0) (Figs. 10C, 11A);
greatly vestigial or absent (1) (Fig. 10I).
Aedeagal hamulus (sensu Byers, 1993):
(Fig. 100); present (1) (Figs. 6T, 10Q).
Shape of hamulus, if present: simple, rounded apically
(0) (Fig. 10); bifurcated, slender and acute apically (1)
(Figs. 6T, 10P).

Apex of aedeagus: concealed in gonocoxital concavity,
approximate to or slightly exceeding apex of gonocoxites
(0) (Fig. 6N); greatly exceeding apex of gonocoxites (1)
(Fig. 60, P).

A melanized triangular area basal to aedeagus: absent (0)
(Fig. 10K); present (1) (Fig. 10M).

Swelling of ventral valves: simple (0) (Fig. 10I); greatly
swollen (1) (Fig. 10H).

Reduction of ventral valves: not reduced (0) (Fig. 11B);
greatly reduced (1) (Fig. 11C, D, E, F).

Ventral valves projected ventrad: not projected (0)
(Fig. 10D); projected, beak-like (1) (Fig. 10J, K, L).

absent (0)
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Ventral valves: closely adjoining (0) (Fig. 10I); widely
divergent (1) (Fig. 10P).

Ventral valves flattening: not flattened (0) (Fig. 11A);
greatly flatten and blade-like (1) (Fig. 11H).

Sharp oblique ridge of ventral valve: absent (0) (Fig. 10M);
present (1) (Fig. 10P, R).

Wide shoulder-like lateral projection of ventral valve:
absent (0) (Fig. 11P); present (1) (Fig. 11Q).

Broadly ventral protrusion of ventral valves: not protruded
(0) (Fig. 11A); protruded (1) (Fig. 11H).

Dorsal valves: simple (0) (Fig. 10B); surrounded by lateral
wall formed by ventral valves and dorsal processes (1)
(Fig. 10C).

Elongation of dorsal process: not elongated (0) (Fig. 10B);
greatly elongated (1) (Fig. 10C).

Direction of dorsal process: caudad (0) (Fig. 11B);
caudo-dorsad (1) (Fig. 11H).

Furcation of dorsal process: simple (0) (Fig. 100); bifur-
cated subapically (1) (Fig. 10P).

Shape of dorsal process: simple (0) (Fig. 10E); flattened
and setose (1) (Fig. 10F).

Ventral curving of apical third of dorsal process: not curved
(0) (Fig. 100); greatly curved (1) (Fig. 10R).

Dorso-basal bending of apical third of dorsal pro-
cess: not bending (0) (Fig. 6U); greatly bending (1)
(Fig. 6S).

A swollen membranous process on dorso-subapical portion
of dorsal process: absent (0) (Fig. 100); present (1)
(Fig. 10Q, R).

Apex of dorsal process: sclerotized (0) (Fig. 100); mem-
branous and slightly enlarged (1) (Fig. 10M).

Basal portion of dorsal process: simple (0) (Fig. 10M);
greatly constricted, neck-like (1) (Wang & Hua, 2017,
fig. 5).

Stout setae on dorsal process: absent (0) (Fig. 10D); present
(1) (Figs. 7H, 11S).

A concaved basal region of dorsal process: absent (0)
(Fig. 10D); present (1) (Fig. 10L).

Two dorsal processes: closely adjoining at base (0)
(Fig. 10C); separated basally (1) (Fig. 10D).

Reduction of lateral process of aedeagus: not reduced (0)
(Fig. 10M); reduced, indistinct (1) (Fig. 10N).

Elongation of lateral process of aedeagus: not elongated (0)
(Fig. 10H); greatly elongated (1) (Fig. 10I).

Fusion of lateral process with gonocoxites: not fused (0)
(Fig. 10A); fused (1) (Fig. 7F).

Direction of lateral process: caudad (0) (Fig. 10A); laterad
(1) (Fig. 11E).

Curving of lateral process: simple (0) (Fig. 10H);
greatly curved inward and enclosing paramere (1)
(Fig. 10I).

Shape of lateral process: small and narrow (0) (Fig. 11B);
greatly expanded and broad (1) (Fig. 11G).

Lateral process of piston of sperm pump: short, not reach-
ing lateral processes (0) (Fig. 11B); greatly elongated,
approximately reaching or exceeding lateral processes (1)
(Fig. 11C).
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Fig. 12. Female terminal abdomen, ventral view except (H), (K.L) in lateral view. (A) T. nigrita Riek; (B) Po. kuandianensis Zhong, Zhang & Hua;
(C) L. cingulata (Enderlein); (D) N. chillcotti Byers; (E) N. muelleri (van der Weele); (F) P. gressitti Byers; (G,H) P. emeishana Hua, Sun & Li; (I) D.
magna (Chou); (J,K) M. jiangorum Wang & Hua; (L) S. tincta (Navds). gcs, gonocoxosternite; ltg, laterotergite. Scale bars: 0.5 mm. [Colour figure can

be viewed at wileyonlinelibrary.com].
Female abdomen (Fig. 12)

154 Length of A9: approximate to A8 (0) (Fig. 12A); longer
than A8 (1) (Fig. 12G).

155 Lateral margins of T9: unmodified (0) (Fig. 12K);
curled ventrad, enclosing subgenital plate (1)
(Fig. 12H).

156 Width of T9: approximately as wide as T8 (0) (Fig. 12A);
distinctly wider than T8 (1) (Fig. 12G).

Female genitalia (Figs. 12, 13).

The female genitalia comprise a subgenital plate (Fig. 12) and
amedigynium (Fig. 13, = genital plate, or internal skeleton). The
subgenital plate is modified from a pair of gonocoxosternites
VIII (Mickoleit, 1975), and presented by two separate plates
in Choristidae (Fig. 12A) and Panorpodidae (Fig. 12B), and
fused as one in Panorpidae (Fig. 12C—L). On the lateral sides of
the subgenital plate, there is sometimes a pair of laterotergites
(‘ltg’, Fig. 12K). Inside the genital chamber enclosed by T9 and

the subgenital plate, there is a sclerotized plate, medigynium
(Fig. 13), which comprises a main plate (‘mp’, Fig. 13E), an
axis (‘ax’, Fig. 13E), and usually a pair of posterior arms (‘pa’,
Fig. 13E). The axis is proximally split into a pair of apodemes
(‘ap’, Fig. 13E).

157 Laterotergites: absent or indistinct (0) (Fig. 12B); present
and distinct (1) (Fig. 12K, L).

158 Length of laterotergites, if present: shorter than half of
subgenital plate (0) (Fig. 12L); approximately as long as
subgenital plate (1) (Fig. 12K).

159 Shape of laterotergites, if present: flat, plate-like (0)
(Fig. 12L); stick-like with longitudinal ridges (1)
(Fig. 12K).

160 Apex of laterotergites, if present: simple (0) (Fig. 12L);
bifurcated (1) (Fig. 12K).

161 Apical portion of laterotergites, if present: simple (0)
(Fig. 12K); fused with subgenital plate (1) (Fig. 12L).
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Fig. 13. Female medigynium, ventral view except (G) in lateral view. (A) 7. nigrita Riek; (B) B. carolinensis (Banks); (C) Po. kuandianensis
Zhong, Zhang & Hua; (D) Po. paradoxa MacLachlan; (E) L. nematogaster (MacLachlan); (F,G) L. peterseni Lieftinck; (H) N. nigritis Carpenter;
(I) N. sauteri (Esben-Petersen); (J) N. nielseni Byers; (K) P. pryeri MacLachlan; (L) P. globulifera Miyamoto; (M) P. takenouchii Miyaké;
(N) P. amurensis MacLachlan; (O) P. japonica Thunberg; (P) F. longihypovalva (Hua & Cai); (Q) P. obliquifascia (Chou & Wang); (R) P. kunmingensis
Fu & Hua; (S) P. communis Linnaeus; (T) M. grandis Wang & Hua; (U) D. magna (Chou); (V) P. dashahensis Zhou & Zhou; (W) S. tincta (Navés);
(X) P. debilis Westwood; (Y) P. sexspinosa Cheng; (Z) C. nanwutaina (Chou). ap, apodeme of axis; ax, axis; mp, main plate; pa, posterior arm. Scale
bars: 0.2 mm. [Colour figure can be viewed at wileyonlinelibrary.com].

162

163

164

165

166

167

168

169

Inner margin of laterotergites, if present: not fused with
medigynium (0) (Fig. 12L); fused with medigynium (1)
(Fig. 12K).

Lateral margin of subgenital plate: smooth (0) (Fig. 12E);
projected laterad at middle (1) (Fig. 12F).

Apex of subgenital plate: deeply emarginate in a V-shape
(0) (Fig. 12A-E); simple or shallowly emarginate (1)
(Fig. 12F).

Gonocoxosternites VIII of subgenital plate: divided (0)
(Fig. 12A, B); fused (1) (Fig. 12C).

Posterior arms of medigynium: absent (0) (Fig. 13A-D);
present (1) (Fig. 13E).

Shape of posterior arm, if present: twisted (0) (Fig. 13H,
K, N, O, P); not twisted (1) (Fig. 13L, M, Q, R).

Middle portion of posterior arm, if present: simple (0)
(Fig. 13P); projecting laterad (1) (Fig. 13Q).

Earlobe-like process basal to posterior arm: absent (0)
(Fig. 13H); present (1) (Fig. 13L,J).

170

171

172

173

174

175

176

Main plate of medigynium: poorly developed (0)
(Fig. 13K); well-developed (1) (Fig. 13E).

Shape of main plate: narrower than or approximately as
wide as long (0) (Fig. 13H); much wider than long (1)
(Fig. 131).

Anterior margin of main plate: sclerotized (0) (Fig. 13S);
less sclerotized or membranous, and thinner than posterior
portion (1) (Fig. 13T, U).

Thickness of basal portion of axis: as thick as or thicker
than distal portion (0) (Fig. 13U); very slender, thinner than
distal portion (1) (Fig. 13V, W).

Apodemes of axis: not curved (0) (Fig. 13H); greatly
curved dorsad (1) (Fig. 13G).

Basal apex of apodemes of axis: simple (0) (Fig. 13K);
branched (1) (Fig. 13S).

Decorated area of axis: almost as wide as or slightly wider
than middle of axis (0) (Fig. 13K); greatly enlarged, at least
two times as wide as the rest portion (1) (Fig. 13S).
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177 Apex of axis: almost concealed in main plate or slightly
exceeding main plate, not longer than half the latter (0)
(Fig. 130); prominently exceeding main plate, longer than
half length of the latter (1) (Fig. 13P).

178 Furcation of apex of axis: simple (0) (Fig. 130); bifurcated
(1) (Fig. 13P).

179 A broad dorsal plate attached to medigynium: absent (0)
(Fig. 13P); present (1) (Fig. 13Q).

180 A ventral plate attached to ventral base of main plate of
medigynium: absent (0) (Fig. 13K); present (1) (Fig. 13S).

181 Shape of ventral plate, if present: simple (0) (Fig. 13S);
enclosing lateral margin of medigynium (1) (Fig. 13X, Y).

182 Splitting of ventral plate, if present: not divided (0)
(Fig. 13Y); subdivided into a pair of dorsal plate and a pair
of ventral plate (1) (Fig. 13Z).

The character matrix was built with Mesquite version 3.6.1
(Maddison & Maddison, 2019), and is presented in the Support-
ing Information File S1 and also deposited in the online repos-
itory TreeBASE (http://purl.org/phylo/treebase/phylows/study/
TB2:S27458). Under the Maximum Parsimony (MP) criterion,
an equal weighting (EW) analysis was conducted with TNT
1.5 (Goloboff & Catalano, 2016) using new technology anal-
ysis (Sectorial Search, Ratchet, Drift, Tree Fusing). An implied
weighting (IW) analysis was conducted with an optimal concav-
ity constant value (K-value) calculated by a TNT script setk.run
written by Salvador Arias as used by Santos et al. (2015). The
K-value downweights characters based on their level of homo-
plasy (Legg et al., 2013), and helps improve the phylogenetic
results (Goloboft et al., 2008). The new technology analysis
was run under the same parameters as the EW analysis. After
the run, the unambiguous characters were mapped on the strict
consensus tree with WinClada v1.00.08 (Nixon, 2002). Boot-
strap values (BS) (Felsenstein, 1985) and Bremer support val-
ues (BR) (Bremer, 1994) were calculated in TNT and marked
at the right side of each node for the strict consensus tree. All
most parsimonious trees are deposited in the online repository
TreeBASE.

A Maximum Likelihood (ML) analysis was performed using
IQ-TREE 2 version 2.1.2 (Minh et al., 2020). The model
MK + ASC was chosen for the dataset to correct the likelihood
conditioned on variable sites. Because ML tree searches may
become trapped at local optima, ten independent runs were
performed with default settings. Ultrafast Bootstrap values
(UFBS) (Hoang et al., 2018) were calculated for each tree with
1000 replicates. The ML trees are presented in the Supporting
Information File S2 with UFBS mapped, and are also deposited
in the online repository TreeBASE. The highest support values
received from one ML tree were mapped at the right side of
corresponding nodes of the MP tree.

In the description part, we used the following adverbs for the
five ranges of the BS and UFBS: ‘weakly’ for those smaller than
50; ‘moderately’ for those larger than or equal to 50 but smaller
than 75; ‘highly’ for those larger than or equal to 75 but smaller
than 90; ‘very highly’ for those larger than or equal to 90 but
smaller than 100; and ‘maximally’ for those of 100.
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Biogeographical interpretations

The map was obtained from SimpleMappr (http://www
.simplemappr.net) and modified in Adobe Illustrator CC to
add the distributional ranges and the putative dispersal routes.
Distributional ranges were summarized from the specimens
examined, the references cited, and the project ‘Panorpidae of
the World’ on iNaturalist (https://www.inaturalist.org/projects/
panorpidae-of-the-world). The Panorpidae originated from
Asia (Byers, 1988; Hu et al., 2015; Miao et al., 2019), and
the putative dispersal events for each fauna were inferred from
corresponding clades in the phylogenetic analyses.

Results
Maximum parsimony (MP) analyses

The equal weighting (EW) analysis generated five most
parsimonious trees. These trees are basically consistent in
topology, especially the two major clades of Panorpidae, but
are slightly inconsistent with respect to some terminal nodes. A
strict consensus tree of these trees collapsed for 68 nodes, with
the tree length of 353, the Consistency Index (CI) of 0.58, and
the Retention Index (RI) of 0.95.

The implied weighting (IW) analysis with a K-value of
28.183594 (calculated by the script setk.run) generated five
most parsimonious trees. These trees are largely congruent in
topology, but inconsistent regarding some terminal nodes. The
strict consensus tree (Figs. 14—16) of these trees collapsed for 68
nodes, with the tree length of 351, CI of 0.58, and RI of 0.95. The
topology is basically identical to that of the EW analysis. The
following description of the cladogram is based on the consensus
tree under IW.

Panorpidae

A sister group-relationship between Panorpidae and Panorpo-
didae (Fig. 14) is very highly supported (BS = 99, BR = 4)
by four synapomorphies 12:1 (Fig. 3B), 14:1 (Fig. 3B), 19:1,2
(Fig. 3B, C), and 31:1 (Fig. 4B, C). The monophyly of Panor-
pidae is maximally supported (BS = 100, BR = 14) by 13
synapomorphies 1:1 (Fig. 11I), 3:2 (Fig. 1E), 6:1 (Fig. 2C), 7:1
(Fig. 2C), 15:1 (Fig. 3C), 23:1 (Fig. 2C), 26:1 (Fig. 4C), 36:1
(Fig. 4C), 48:1 (Fig. 4C), 57:1 (Fig.4C), 135:1 (Fig. 10C), 165:1
(Fig. 12C), and 166:1 (Fig. 13E).

Neopanorpinae subfam.n.

The monophyly of Neopanorpinae subfam.n. (Fig. 14;
description below) is very highly supported (BS = 98,
BR = 9) by six synapomorphies 4:1 (Fig. 1K), 9:1 (Fig. 2I);
16:1 (Fig. 3D), 18:1 (Fig. 3D), 32:1 (Fig. 5J), and 33:1
(Fig. 5J, K). In Neopanorpinae, the topology of five clades
is supported as follows: the N. denticulata group + (the N.
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Fig. 14. Strict consensus tree (part I) obtained under implied weighting (IW). Non-homoplasious synapomorphies are indicated by closed squares and
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refers to northeastern China, Russian Far East, and North and South Korea. ‘Oriental Major’ refers to the Oriental Region excluding India, Indonesia and
Japan. Male habitus are marked along the tree on the right side (not to scale). (A) 7. nigrita Riek; (B) Po. paradoxa MacLachlan; (C) N. denticulata Rust
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tienmushana Cheng. [Colour figure can be viewed at wileyonlinelibrary.com].

chillcotti group + [Leptopanorpa+the remaining species (BS =73, BR = 2) by two synapomorphies 72:1 (Fig. 9J) and

of Neopanorpal), indicating the paraphyly of the genus 77:1 (Fig. 9K). The remaining species of Neopanorpa are highly

Neopanorpa. supported (BS = 89, BR = 4) by two synapomorphies 130:1
The genus Leptopanorpa is maximally supported (BS = 100, (11H) and 152:1 (Fig. 11G).

BR =7) by three synapomorphies 34:1 (Fig. 5J), 65:1 (Fig. 9B),
and 127:1 (Fig. 11D-F), and is further split into four subclades.

The N. denticulata group is moderately supported (BS = 66, Panorpinae
BR = 2) by one synapomorphy 73:1 (Fig. 8A, B). The N. chill-
cotti group is weakly supported by two homoplasies. Excluding The monophyly of Panorpinae (Fig. 15) is moderately sup-
the N. denticulata and N. chillcotti groups, Leptopanorpa + the ported (BS = 62, BR = 3) by four synapomorphies: 20:1
remaining species of Neopanorpa are moderately supported (Fig. 30), 21:1 (Fig. 31), 22:1 (Fig. 3I), and 111:1 (Fig. 10C).
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P. lugubris Swederus; (N) P. communis Linnaeus. [Colour figure can be viewed at wileyonlinelibrary.com].

The genus Panorpa is almost certainly a paraphyletic group,
with the well-supported genera Cerapanorpa, Dicerapanorpa,
Furcatopanorpa, Megapanorpa and Sinopanorpa nested within
different subclades.

The P. pryeri group is highly supported (BS = 83, BR = 2)
to form a monophyletic group by two synapomorphies 51:1
(Fig. 4C) and 134:1 (Fig. 10C), and there is also a weak support
for a sister group relationship of this subclade with respect to the
remainder of the subfamily and sister to all the other members
of Panorpinae. The P. amurensis, P. kongosana, P. japonica,
P. nikkoensis and P. waongkehzengi groups are weakly supported
by three homoplasies. The monotypic genus Furcatopanorpa is
supported by four autapomorphies 95:2 (Fig. 9T), 96:1 (Fig. 9T),
177:1 (Fig. 13P), and 178:1 (Fig. 13P). The P. guttata group

is highly supported (BS = 81, BR = 2) by one synapomorphy
143:1 (Wang & Hua, 2017, fig. 5). The P. wormaldi group is
highly supported (BS = 83, BR = 2) by three synapomorphies
87:1,148:1 and 151:1.

The clade consisting of the P. involuta and P. lugubris groups
is very highly supported (BS = 94, BR = 4) by three synapo-
morphies 81:1, 82:1 and 128:1. The sister group-relationship
is weakly supported for the P. lugubris group + P. involuta
Byers by one synapomorphy 118:1. Therefore, the P. involuta
group is supported to be paraphyletic. P. rufostigma Westwood
(a member of the P. connexa group) +the P. communis group
are moderately supported (BS = 62, BR <2) by two synapo-
morphies 85:1 and 142:1.
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(D) P. gracilis Carpenter; (E) M. grandis Wang & Hua; (F) D. magna (Chou); (G) D. diceras (MacLachlan); (H) P. aurea Cheng; (I) P. dashahensis
Zhou & Zhou; (J) P. flavipennis Carpenter; (K) S. tincta (Navas); (L) S. nangongshana Cai & Hua; (M) P. confusa Westwood; (N) P. alpina Rambur; (O)
P. cornigera MacLachlan; (P) P. galerita Byers; (Q) P. oconee Byers; (R) P. bashanicola Hua, Tao & Hua; (S) P. yangi Chou; (T) C. reni (Chou); (U)

C. obtusa (Cheng). [Colour figure can be viewed at wileyonlinelibrary.com].

A monophyletic clade (Fig. 16) is very highly sup-
ported (BS =99, BR = 5) by three synapomorphies 147:1,
156:1 and 172:1 for the P. semifasciata group + (the P.
banksiana group, the P. cheni group and the P. maculosa
group) + (Dicerapanorpa + Megapanorpa). The P. stigmalis
group is maximally supported (BS = 100, BR = 5) by five
homoplasies and is sister to Sinopanorpa. The P. confusa group
is moderately supported (BS = 62, BR <2) by one synapo-
morphy 140:1. The P. cornigera, P. debilis and P. galerita
groups, the P. alpina group and P. latipennis Hine constitute an

unresolved branch supported by one synapomorphy: 122:1. The
P. davidi group + Cerapanorpa are weakly supported by one
synapomorphy 139:1.

Maximum likelihood (ML) analysis

The ML analysis generated ten trees (Supporting Informa-
tion File S2). These trees showed similar topologies with the
MP trees, especially the basal split of the two major clades
of Panorpidae. The monophyly of Neopanorpinae subfam.n.
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is maximally supported (UFBS = 100), and the monophyly of

Panorpinae is highly supported (UFBS ranges from 85-90).
Incongruences of the topologies were mainly found in the rela-
tionships among the P. guttata group + the P. wormaldi group,
which are unsupported as sister groups in the MP analyses.

Systematics

Class Insecta Linnaeus, 1758.
Order Mecoptera Packard, 1886.
Suborder Pistillifera Willmann, 1987.
Superfamily Panorpoidea Latreille, 1802.
Family Panorpidae Latreille, 1802.

Key to subfamilies, genera and species groups of Panorpidae

1.

(Modified from Wang & Hua, 2019a)

Forewing with 1A usually ending proximal to ORs, only
one anal cross-vein a between 1A and 2A; hindwing
with anterior ending of a proximal to fork of CuP+1A,
cu-a absent (Fig. 3D, E); pretarsal claws with second
preapical tooth distinctly larger than others (Fig. 2I,
J); male notal organ on T3 greatly developed, more or
less exceeding rounded or flat postnotal organ on T4
(Fig. SA-F, I-N); larvae with shallow furrows on head
capsule (Neopanorpinae subfam.n.)................ 2
Forewing with 1A usually ending distal to ORs, at least
two anal cross-veins a between 1A and 2A; hindwing
with anterior ending of a distal to fork of CuP+1A, cu-a
present (Fig. 3C, I); pretarsal claws with preapical teeth
similar in size (Fig. 2H); male notal organ on T3 usually
short and flat, postnotal organ on T4 small and acute
(Fig. 4C-G, M); larvae lacking shallow furrows on head
capsule (Panorpinae).. ..., 10
Wings broad at base, with ratio of forewing widths at
ending of M, to 1A <2; male epandrial lobes absent. . ..
................................. N. denticulata group
Wings relatively narrow at base, with ratio of forewing
widths at ending of M, to 1A >2 (Fig. 3D, E); male
epandrial lobes present (Fig. 9B, C).................. 3
Male hypovalves with outer margin simple, and uncon-
stricted basally (Fig. 8C). ...t

.................................. N. chillcotti group
Male hypovalves with outer margin curled dorsad, and
constricted basally (Fig. 9J-M)............... ... ... 4
Male abdomen much longer than wings (Fig. 14E, F);
A7 and A8 extremely elongated, at least four times as
long as wide and twice as long as A5 (Fig. 5F); A9 with
an elongated basal stalk (Fig. 8M); epandrium with a
terminal projection (Fig. 9B); female medigynium with
apodemes of axis curved dorsad (Fig. 13G).............
....................................... Leptopanorpa
Male abdomen usually less elongated (Fig. 14C, D, G-N);
A7 and A8 at most three times as long as wide and twice
as long as A5; A9 lacking a distinct basal stalk (Fig.

10.

11.

12.

13.

14.
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A-L); epandrium lacking a terminal projection (Fig. 9C,
D); female medigynium with apodemes of axis simple

(Fig. 13H=J). oo 5
Male hypandrial processes absent (Fig. 8E); parameres
greatly reduced (Fig. 11G-1I). ........ N. muelleri group
Male hypandrial processes present (Fig. 9J-M);
parameres well-developed (Fig. 11A-F, J-S). ........ 6
Male T3 with a small tooth-like projection under notal
organ (Fig. SM).......... .. ... ... ... N. brisi group
Male T3 without a projection under notal organ (Fig. 5K).
................................................... 7

Meso- and metanotum with a dark mesal stripe narrower
than scutellum (Fig. 2E); epandrial lobes small. . .......
................................ N. tienmushana group
Meso- and metanotum with a dark mesal stripe usually
broader than scutellum; epandrial lobes greatly developed
(Fig. 9C). ..o 8
Male notal organ extremely elongated, exceeding to hind
border of A6 (Fig. 5C); postnotal organ depressed with a
series of long setae (Fig. 5C)............ N. choui group
Male notal organ shorter (Fig. 5B, D, E); postnotal organ
greatly developed (Fig. SK)................oooiiit 9
Male T4 with a membranous region on anterior portion
(Fig. SL). oo N. pielina group
Male T4 lacking a membranous region of anterior portion.
................................. N. cavaleriei group
Male notal and postnotal organs greatly elongated,
exceeding A7; notal organ with four pairs of long setae
subapically; postnotal organ slightly longer than notal
organ (Krzeminiski & Soszynska-Maj, 2012, figs. 1, 2,
) TR tBaltipanorpa
Male notal and postnotal organs usually less elongated;
notal organ lacking long setae subapically; postnotal
organ shorter than notal organ (Figs. 4,5)............ 11
Maxillary palps lacking a sclerotized ring basal to third
segment (Fig. 1R-T); male T7 emarginate at apex
(Fig. 4C); dorsal aedeagal valves surrounded by lateral
wall formed by ventral valves and dorsal processes
(Fig. 10C). ..o P. pryeri group
Maxillary palps with a sclerotized ring basal to third
segment (Fig. 1U, V); male T7 simple (Fig. 4D—K); dorsal
aedeagal valves simple (Fig. I0D-R)................ 12
Male T7 usually cylindrical, unconstricted or only slightly
constricted at base (Fig. 4C-E)..................... 13
Male T7 greatly constricted at base (Fig. 4F-K)...... 20
Male epandrium not emarginate or indistinctly
emarginate; parameres usually crossed subbasally
(Fig. 10D-F, H); female medigynium with poorly
developed main plate (Fig. 13K-0)................. 14
Male epandrium greatly emarginate apically (Fig. 9G);
parameres not crossed subbasally (Fig. 10C, I-R);
female medigynium with well-developed main plate (Fig.
Figure 13P-Z). ... 18
Male notal organ extremely developed, exceeding apex of
A8 (Fig. 4D); hypandrium bearing long setae on apex of
basal stalk (Fig. 6D)................ P. nikkoensis group
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15.

16.

17.

18.

19.

20.

21.

22.
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Male notal organ less developed (Fig. C, E-G); hypan-
drium lacking long setae on apex of basal stalk (Fig. 6C,

E-X). o 15
Male gonostyli shorter than half length of gonocoxites
(Fig. 6E).........ooooiiiit. P. waongkehzengi group
Male gonostyli longer than half length of gonocoxites
(Fig. 6F, G). .o 16
Male gonostyli greatly elongated, longer than
GONOCOXILES. ..t vv vt veeeanann P. kongosana group
Male gonostyli less elongated, approximately as long as
GONOCOXILES. . . oot vttt 17

Male gonocoxites bearing a subtriangular projection
directed caudo-mesad on basal third of inner margin
(Fig. 9P); distal half of gonostyli greatly curved dorsad
(Fig. 9X); female medigynium with apodemes greatly
elongated, longer than main plate (Fig. 13N). ..........
................................... P. amurensis group
Male gonocoxites lacking projection on basal third of
inner margin; distal half of gonostyli simple; female
medigynium with apodemes concealed in or slightly
extending beyond main plate (Fig. 130)................
.................................... P. japonica group
Male notal and postnotal organs absent; median tooth
of gonostylus greatly enlarged, serrate on inner margin
(Fig. 9T); female medigynium with posterior apex of axis
greatly elongated and bifurcated (Fig. 13P).............
..................................... Furcatopanorpa
Male notal and postnotal organs present (Fig. 4C-G);
median tooth of gonostylus simple (Fig. 7B—0); female
medigynium with posterior apex of axis short and simple
(Fig. 13Q=2Z). .o 19
Male lateral processes of aedeagus simple, dorsal pro-
cesses greatly constricted at base, neck-like; female
medigynium lacking a dorsal plate (Fig. 13R). .........
.................................... P. guttata group
Male lateral processes of aedeagus greatly elongated
(Fig. 10I), dorsal processes simple; female medigynium
bearing a broad dorsal plate (Fig. 13Q).................
................................... P. wormaldi group
Male gonocoxital concavity narrow and shallow, not
exceeding to middle of gonocoxites with a subtrapezoidal
bottom (Fig. 6J—L); gonocoxites lacking fused lobes on
dorsal apex; ventral valves of aedeagus projected ventrad,
beak-like (Fig. 10J-L)........ ...t 21
Male gonocoxital concavity relatively broad and deep,
exceeding middle of gonocoxites with a rounded bottom
(Fig. 6M-X); gonocoxites with a pair of fused lobes on
dorsal apex (Fig. 9Q); ventral valves of aedeagus simple

(Fig. IOM=R)... ... 22
Male abdomen relatively short, not exceeding apex of
wings (Fig. 15J, K).............. ... P. involuta group
Male abdomen greatly elongated, exceeding apex of
wings (Fig. 15L)........... .. ... ... P. lugubris group
Male gonocoxites with a medial spine (Fig. 6M, N). .. ..
.................................................. 23
Male gonocoxites lacking a medial spine (Fig. 60-X).. .
.................................................. 24

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Male gonocoxites lacking or with a less developed termi-
nal plate; parameres usually simple; female medigynium
with decorated area of axis simple. . ... P. connexa group
Male gonocoxites bearing well-developed terminal plate
(Fig. 6M); parameres usually bifurcated subapically
(Fig. 10M); female medigynium with decorated area of
axis greatly enlarged (Fig. 13S)...... P. communis group
Male lateral processes of aedeagus reduced (Fig. 10N);
female A9 distinctly wider than A8 (Fig. 12G, I, J);
anterior margin of medigynium less sclerotized than
posterior portion (Fig. 13T, U)...................... 25
Male lateral processes well-developed (Fig. 100, P, R);
female A9 approximately as wide as A8; anterior margin
of medigynium uniformly sclerotized as posterior portion

(Fig. 13V=2Z). ... 30
Male aedeagus greatly elongated, with its apex greatly
exceeding apex of gonocoxites (Fig. 6P)............. 26

Male aedeagus less elongated, with its apex concealed
in aedeagal concavity, approximate to apex of gono-
coxites, or only slightly exceeding apex of gonocoxites
(Fig. 6Q—=X). ..o 29
Male genitalia with an M-shaped process at joint of two
gonocoxites ventrally (Fig. 60); female T9 with lateral
margin greatly curved ventrad and enclosing subgenital
plate (Fig. 12H).................. P. semifasciata group
Male genitalia lacking an M-shaped process at joint of two
gonocoxites (Fig. 6Q—X); female T9 simple (Fig. 12K).

Male hypovalves extremely narrow, thread-like (Fig. 6R);
parameres bifurcated (Fig. 6R)........... P. cheni group
Male hypovalves relatively broad and stripe-like;
parameres Simple.. ... 28
Male A6 with a single anal horn on dorsal apex.........
................................... P. banksiana group
Male A6 lacking anal horns. ......... P. maculosa group
Male A6 with a single anal horn (Fig. 4I); female with
laterotergites of A9 greatly elongated, stick-like and fused
with medigynium on inner margin (Fig. 12K)...........
....................................... Megapanorpa
Male A6 with a pair of anal horns (Fig. 4K); female with
laterotergites short and simple (Fig. 12I). ..............

...................................... Dicerapanorpa
Male A6 beveled at apex (Fig. 4G, H). .............. 31
Male A6 truncated at apex (Fig. 41-K). ............. 33

Male T6 with a tuft of stout setae dorsally; base of A7
greatly constricted, stalk-like (Fig. 4H).. ... Sinopanorpa
Male T6 lacking a tuft of stout setae dorsally; A7 usually
simple (Fig. 4G)......ooiii i 32
Male notal organ on T3 greatly elongated, stick-like,
exceeding middle of T4; A6-A8 greatly elongated
(Fig. 4G); female axis of medigynium slender (Fig. 13V).
.................................... P. stigmalis group
Male notal organ on T3 less elongated, not reaching
middle of T4; A6—AS8 less elongated; female axis of
medigynium stout. .................. P. deceptor group
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33. Male dorsal aedeagal processes lacking a swollen mem-
branous process dorso-subapically ....................
..................................... P. confusa group

- Male dorsal aedeagal processes with a swollen membra-

nous process dorso-subapically (Fig. 10P-R). ....... 34
34. Male genitalia with aedeagal hamulus present (Figs. 6T,
U, 10Q); apical third of dorsal processes simple. .. ... 35

- Male genitalia lacking aedeagal hamulus; apical third of
dorsal processes greatly curved ventrad (Fig. 10R)....38

35. Male A6 lacking anal horns............. P. alpina group
- Male A6 with asingle anal horn.................... 36
36. Male gonostylus with an accessory lobe on ventral surface
(Fig. 6V, W); aedeagal hamulus simple and rounded.. . ..
..................................... P. galerita group

- Male gonostylus lacking an accessary lobe; aedeagal
hamulus bifurcated and slender (Fig. 10P). .......... 37

37. Male aedeagal hamulus with two branches mostly coa-
lesced (Fig. 10P); dorsal processes bifurcated subapically

(Fig. 10P). ..o P. cornigera group
- Male aedeagal hamulus with two branches divergent;
dorsal processes simple. ............... P. debilis group

38. Male A6 lacking anal horns; parameres sigmoidally
twisted and usually crossed subdistally (Figs. 6X, 10R);
female medigynium with ventral plate simple (Fig. 13Y).
...................................... P. davidi group

- Male A6 with a single anal horn (Fig. 4J); parameres
simple (Fig. 7K-0); female medigynium with ventral
plate split (Fig. 13Z)..................... Cerapanorpa

Neopanorpinae Wang & Hua, subfam.n.
http://zoobank.org/urn:1sid:zoobank.org:act:091A87BA-A621-
48C3-B4B4-974426618393

Type genus: Neopanorpa van der Weele, 1909.

Diagnosis. The new subfamily can be differentiated from
Panorpinae by the following characters: 1) rostrum relatively
slender with lateral margins parallel (Fig. 1K—P); 2) compound
eyes enlarged, as wide as or wider than the middle of ros-
trum (Fig. 1K-P); 3) meso- and metanotum concolorous or fre-
quently with a distinct black mesal stripe (Fig. 2E), and lacking a
yellow mesal stripe as in Panorpinae; 4) wings usually narrow at
base; forewing with M; , , usually shortened, 1A usually ending
proximal to ORs, only one anal cross-vein between 1A and 2A,
3A greatly shortened; hindwing with anterior ending of a prox-
imal to the fork of CuP+1A, 1A straight basally, cu-a absent
(Fig. 3D, E); 5) pretarsal claws with second preapical tooth dis-
tinctly larger than others (Fig. 21, J); in males: 6) notal organ
on T3 greatly developed, more or less exceeding rounded or
flat postnotal organ on T4 (Fig. SA—N); 7) epandrium usually
truncated terminally, usually bearing a pair of epandrial lobes
(Fig. 9B-D); 8) paramere usually glabrous (Fig. 11A-S); in
females: 9) medigynium usually with poorly developed main
plate, and a pair of long twisted posterior arms (Fig. 13E-J);
and in larvae (only known for Neopanorpa): 10) head capsule
with shallow furrows, reduced antennae, shortened setae and
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flattened compound eyes, and trunk with short dorsal processes
(Jiang et al., 2019b).

Genera included. Leptopanorpa MacLachlan, 1875 and
Neopanorpa van der Weele, 1909.

Distribution. Oriental Region: East, South, and Southeast
Asia.

Panorpinae Latreille, 1802
Panorpatae Latreille, 1802: 295; Panorpinae — Enderlein, 1910:
387; Esben-Petersen, 1915: 216; id., 1921: 11.

Type genus: Panorpa Linnaeus, 1758.

Emended diagnosis. This subfamily can be differentiated
from Neopanorpinae subfam.n. by the following characters: 1)
rostrum stout, tapering towards apex (Fig. 1E-J); 2) compound
eyes usually narrower than middle of rostrum (Fig. 1E-J);
3) meso- and metanotum frequently with yellow mesal stripe
(Fig. 2C, D) or concolorous; 4) wings broad at base; forewing
with M, , well-developed, 1A usually ending distal to ORs, two
(occasionally three) anal cross-veins between 1A and 2A, 3A
distinct; hindwing with anterior ending of a distal to the fork
of CuP+1A, 1A curved subbasally, cu-a distinct (Fig. 3C, I);
5) pretarsal claws with preapical teeth similar in size (Fig. 2H);
in males, 6) notal organ on T3 usually short and flat, postnotal
organ on T4 small and acute (Fig. 4C—0); 7) epandrium mostly
emarginate at apex, frequently forming a pair of finger-like
posterior processes laterally (Fig. 7F, G); 8) parameres usually
bearing numerous microtrichia or long spines (Fig. 10C-E); in
females, 9) medigynium usually with a well-developed main
plate, and a pair of short tapering posterior arms (Fig. 13K-Z);
and in larvae (known for all genera except fBaltipanorpa):
10) head capsule lacking shallow furrows, with well-developed
antennae, setae, and compound eyes, and trunk with long dorsal
processes (Chen & Hua, 2011; Wang & Hua, 2019a; Jiang
etal., 2019b).

Genera included. Panorpa Linnaeus, 1758, Sinopanorpa Cai
& Hua, 2008, Furcatopanorpa Ma & Hua, 2011, {Baltipanorpa
Krzeminski & Soszynska-Maj, 2012, Dicerapanorpa Zhong &
Hua, 2013, Cerapanorpa Gao et al., 2016, and Megapanorpa
Wang & Hua, 2019.

Distribution. Holarctic and Oriental Regions: Eurasia and
North America.

Discussion
Phylogeny of Panorpidae
Based on our present morphological phylogenetic anal-

yses and recent molecular studies (Hu er al., 2015; Miao
et al., 2019), the Panorpidae can be divided into two major
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clades, Neopanorpinae and Panorpinae. This classification also
received supports from the morphology of the egg chorion
(Ma et al., 2009), the chromosome number (Miao et al., 2019)
and the larval morphology and biology (Jiang et al., 2019b).
However, this result differs considerably from the tree inferred
mainly from the morphology of the female medigynium by
Ma et al. (2012), which regarded Furcatopanorpa as a sister
taxon to all the other genera of Panorpidae. This inconsistence
may result from the insufficient taxon sampling and character
encoding of the latter phylogenetic analysis.

Based on our present study, the N. denticulata group is sister
to all the other members in Neopanorpinae (Fig. 14). Species
in this group have a broad wing base (11:0) and lack epandrial
lobes in male genitalia (63:0), differing from all the other
members in Neopanorpinae. This result is inconsistent with
recent molecular studies (Hu et al., 2015; Miao et al., 2019),
which regard N. chillcotti Byers as sister to all the other members
in Clade I (= Neopanorpinae). This inconsistence results from
the exclusion of the N. denticulata group in the previous
phylogenetic studies (Hu et al., 2015; Miao et al., 2019). In fact,
when excluding the N. denticulata group, our study also supports
that the N. chillcotti group is sister to all the other members in
Neopanorpinae.

The Indonesian endemic genus Leptopanorpa is nested in
the paraphyletic Neopanorpa. This result agrees with Miao
et al. (2019) and Wang & Hua (2020). In our present analyses,
Leptopanorpa is sister to all the Neopanorpa species if the N.
denticulata and N. chillcotti groups are excluded. In this case, to
resolve the paraphyly problem of the genus Neopanorpa, the N.
denticulata and N. chillcotti groups have to be raised to generic
status.

The P. pryeri group is supported to be the sister taxon to
all the other members in Panorpinae (Fig. 15). Its unique
morphological character is the lack of a sclerotized ring basal
to the third segment of maxillary palp (Issiki, 1933), (5:0,
Fig. 1E-T), which is present in all the other examined species
of Panorpidae (5:1, Fig. 1U, V). This sclerotized ring is also
absent in the outgroups Choristidae and Panorpodidae (Fig. 1B,
Q); thus, we wondered if this group kept some plesiomorphic
characters and was sister to all the other members in Panorpidae.
Recent molecular phylogenetic analyses, however, suggest that
P. bicornuta MacLachlan, a member of this group, is either sister
to P. japonica or to P. takenouchii Miyaké (Whiting, 2002; Hu
et al., 2015). Therefore, the maxillary ring (5:1, Fig. 1U, V) was
likely acquired by the common ancestor of the Panorpidae, but
lost in the direct ancestor of the P. pryeri group.

The position of the monotypic genus Furcatopanorpa is
debatable (Fig. 15). F. longihypovalva (Hua & Cai) is uniquely
identified among Panorpidae by a series of autapomorphies,
such as the large heterochromatic blocks in the chromosomes
(Miao et al., 2019), the lack of notal and postnotal organs (26:0,
31:0; Fig. 4A), the wide (95:1) and serrate median tooth (96:1)
of the male gonostylus (Fig. 9T), and the greatly elongated
(177:1) and bifurcated posterior apex of the axis (178:1) in
the female medigynium (Fig. 13P). Previously, Furcatopanorpa
was regarded as a sister taxon to all the other genera of
Panorpidae in a morphological analysis (Ma et al., 2012),

but merely sister to the P. guttata group under MP, or the
northeastern Asian species under ML and Bayesian Inference
(BI) based on DNA sequence data (Miao et al., 2019). Our
results confirm that Furcatopanorpa belongs to Panorpinae, in
accordance with Hu et al. (2015) and Miao et al. (2019).

The western Palearctic P. connexa group + the P. commu-
nis group are well-supported to form a monophyletic clade,
which is sister to a much larger and complicated clade consist-
ing of Dicerapanorpa + Megapanorpa, Cerapanorpa and the
remaining species of Panorpa (Fig. 15). Taxonomically, the type
species of Panorpa, P. communis Linnaeus belongs to the west-
ern Palearctic clade. Therefore, the P. communis group + the
P. connexa group can possibly be regarded as the Panorpa in a
narrower sense.

The genus Sinopanorpa is sister to the P. stigmalis group
(Fig. 16), suggesting a potential generic status of the latter. The
genus Cerapanorpa is sister to the P. davidi group (Fig. 16),
supporting previous molecular results (Hu et al., 2015; Miao
et al., 2019). However, the interspecific relationships are not
satisfactorily resolved in Cerapanorpa (Figs. 15, 16), probably
due to their short divergence history (Miao et al., 2017, 2019;
Hu et al., 2019) and great morphological resemblances (Gao
et al., 2016; Gao & Hua, 2019) among the congeners. This
situation is also present in Dicerapanorpa, Megapanorpa and
Sinopanorpa.

In order to resolve the paraphyly of Panorpa, two solutions
are feasible: (1) lumping a diversity of species groups under
only one generic name; and (2) retaining the six established
genera, TBaltipanorpa, Cerapanorpa, Dicerapanorpa, Fur-
catopanorpa, Megapanorpa and Sinopanorpa, and further
splitting the paraphyletic Panorpa into several additional gen-
era. Our present study appears to support the second solution
by recognizing 24 distinct species groups in Panorpa. Among
them, 15 clades were consistently supported to be monophyletic
in both MP and ML analyses, but some groups (e.g., the
P. deceptor and P. debilis groups) received limited support. It
appears that the taxon sampling in the present study is insuf-
ficient to confidently split the paraphyletic Panorpa, which
requires further investigation.

Biogeography of the Panorpidae

Origin and early divergence

The origin of Panorpidae dates back to the Early Cretaceous
(ca. 122.5 mya) (Miao et al., 2019). The East Asian fauna of
Panorpidae exhibits the greatest diversity at the generic and
species levels, confirming the Laurasian origin of this family
(Byers, 1988; Hu et al., 2015). Specifically speaking, East Asia
(including China, Japan, the Korean Peninsula, Russian Far
East and adjacent regions) is most likely the origin centre of
Panorpidae by harbouring approximately 60% (ca. 300/500) of
the species (Penny & Byers, 1979; Wang & Hua, 2017, 2018,
2019a,b) and 66% (21/32) of the species groups. According
to Miao et al. (2019), the split between Neopanorpinae and
Panorpinae are dated to around 54.5—66.0 mya, shortly after the
Cretaceous-Paleogene extinction event. The early divergence
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of Panorpidae at the subfamilial and generic levels might
be correlated to the geographical movements caused by the
collision between India and Eurasia (beginning ca. 55.0 mya,
Aitchison et al., 2007), and post-collision tectonic movements
such as the uplift of the Qinghai-Tibetan Plateau, the orogeny of
the Hengduan Mountains, and the extrusion and escape of the
Sundaland (Wang & Hua, 2020).

The Oriental fauna

Neopanorpinae is typically an Oriental group (Fig. 17). Accord-
ing to Miao et al. (2019), N. chillcotti Byers is sister to all
the other members in Neopanorpinae and split from the latter
49.1-34.9 mya. Based on our cladistic analysis, however, the
N. denticulata group likely split from other members earlier than
the N. chillcotti group. Given the East Asian origin and the rel-
atively weak dispersal ability of the Panorpidae (Byers, 1988;
Miao et al., 2017; Hu et al., 2019), the spreading of the common
ancestor of the N. denticulata group to the Indian subcontinent
was unlikely earlier than the collision between India and Eura-
sia that began 55.0 mya (Aitchison et al., 2007). The Himalayan
fauna is heterogeneous by composing the N. chillcotti group (ca.
10 spp.) and a few species such as N. furcata (Hardwicke) nested
in the Chinese and southeast Asian species cluster. The south-
ern Chinese and Mainland Southeast Asian faunas are mixed in
Neopanorpinae.

The Indonesian fauna is also heterogeneous by consisting of
14 species of Leptopanorpa and several species of Neopanorpa
(Lieftinck, 1936; Chau & Byers, 1978; Wang & Hua, 2020).
By analysing concatenated morphological characters and DNA
sequence data, Wang & Hua (2020) speculated that the ancestor
of Leptopanorpa likely diverged from Neopanorpa owing to the
vicariance caused by the collision-extrusion tectonics of Sunda-
land in the Oligocene (33.9-23.0 mya), while the sympatric N.
muelleri group likely originated somewhere else in the south-
eastern Asia, and subsequently migrated southward through the
exposed Sundaland during the glacial periods in the Neogene
(23.0-2.6 mya).

In contrast, the Oriental members of Panorpinae are mostly
confined in the temperate and subtropical zones (Fig. 17), with
abundant species of Panorpa in southern China, and five genera
(Cerapanorpa, Dicerapanorpa, Furcatopanorpa, Megapanorpa
and Sinopanorpa) endemic to China. Only two species are
recorded from the Southeast Asia: P. malaisei Byers from
northeastern Myanmar (Byers, 1999) and P. auripennis Bicha
from northern Thailand (Bicha, 2019).

The Japanese fauna

Japan is notable for its high species diversity and endemism
in a relatively smaller land mass compared with the mainland
Asia (Myers et al., 2000; Tojo et al., 2017). In Neopanorpinae,
only one species, N. subreticulata Miyamoto & Makihara has
been reported from Japan’s southernmost Ryukyu Islands. This
species closely resembles N. sauteri (Esben-Petersen) from
Taiwan, China by an extremely elongated male notal organ and
other features (Miyamoto & Makihara, 1979), indicating their
short divergence history.
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In contrast, the Japanese fauna of Panorpinae is abun-
dant and consists of ca. 32 endemic species in five species
groups (Miyaké, 1908, 1910, 1911, 1913; Issiki, 1933;
Miyamoto, 1977, 1978, 1984, 1985; Miyamoto & Naka-
mura, 2008; Nakamura, 2009): the P. pryeri group (5 spp.
endemic to Japan), the P. nikkoensis group (4 spp. endemic to
Japan), the P. japonica group (10 spp. in Japan and 1 sp. in
southern China), the P. wormaldi group (9 spp. in Japan and
8 spp. in southern China), and the P. cornigera group (4 spp.
in Japan and 1 sp. in mainland Northeast Asia). These species
groups are dispersed on the phylogenetic tree, indicating that
they are unlikely descendants of an indigenous Japanese ances-
tor, but derived instead from several different ancestors that
migrated from mainland Asia to Japan.

We speculate that at least five dispersal events (Fig. 17) might
have occurred for the Japanese fauna, inferred correspondingly
from five distinct clades (Figs. 14—16): 1) the P. pryeri group; 2)
the P. nikkoensis and P. japonica groups, which are mixed with
the mainland Asian P. waongkehzengi (ca. 5 spp.), P. amuren-
sis (ca. 6 spp.) and P. kongosana groups (2 spp.); 3) the P.
wormaldi group; 4) the P. cornigera group; and 5) N. sub-
reticulata. According to the divergence time estimated by Miao
et al. (2019), most groups of Panorpa migrated northeastward
from southern China through exposed land bridges to Japan in
the Eocene. In contrast, the P. cornigera group likely migrated
southeastward from northeastern Asia by way of the Korean
Peninsula to enter Japan in the Miocene. N. subreticulata is
likely the last arrival, which colonized the Kyushu Islands by
way of Taiwan after the Miocene.

The P. amurensis group is closely related to the P. japonica
group (Fig. 15). It probably originated from Japan, and dispersed
into Northeast Asia by way of the Korean Peninsula (Fig. 17),
with only one species, P. baohwashana Cheng inhabiting eastern
China. A puzzling species, P. kellogi Cheng from Fujian, China,
bears a series of protuberances on the inner margin of the male
gonostylus (94:1), and slender and uncrossed male parameres
(116:0) (Cheng, 1957a), implying its close relationship to P.
Jjaponica. Speculatively, P. kellogi and P. japonica shared a direct
common ancestor that migrated southwestward from Japan to
Fujian, China through exposed landmass during a cold glacial
period, and later separated in a warm interglacial period due to
the rising sea level. Similarly, such a range shifting between
southeastern China and Japan was also estimated for a stag
beetle and a caddisfly (Tojo et al., 2017).

The western Palearctic fauna

The P. communis group (ca. 19 spp.) +the P. connexa group (5
spp.), and the P alpina group (represented by P. alpina Ram-
bur) constitute the western Palearctic fauna of Panorpa (Will-
mann, 1977). According to Miao et al. (2019), P. rufostigma
(a member of the P. connexa group)+the P. communis group
forms a monophyletic clade and split from the main Asian fauna
in the Eocene, while P. alpina is distantly grouped with sev-
eral Chinese species and split from the main Asian fauna in
the Oligocene. Correspondingly, in our present study, P. rufos-
tigma +the P. communis group are highly supported to form
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Fig. 17. Distributional range and putative dispersal routes of Panorpidae. Countries with distributional records are fully coloured, except that some
large ones are coloured at the provincial/state level. Tibet, China is only coloured at the Himalayas. Arrowed lines show the putative dispersal routes
for some species or species groups. Dagger symbol “{’ indicates fossil localities. [Colour figure can be viewed at wileyonlinelibrary.com].

a monophyletic clade (Fig. 15), distantly related to P. alpina
(Fig. 16). These facts congruently support the heterogeneity
of the western Palearctic fauna of Panorpa, and suggest that
two Asia-Europe dispersal events might have occurred inde-
pendently for the western Palearctic fauna. Alternatively, these
two lineages are likely descendants of different Asian ancestors
that migrated westward to Europe, instead of deriving from an
indigenous European ancestor (Fig. 17).

P. sibirica Esben-Petersen, a single Palearctic species pene-
trated into Northeast Asia (Martynova, 1957), very likely had
a European ancestor that reversely migrated eastward from
Europe through Siberia to Northeast Asia (Fig. 17), and geneti-
cally separated from its European relatives in the Miocene (Miao
etal.,2019).

The Nearctic fauna

In the Holarctic Region, a disjunct distribution of closely related
organisms between Eurasia and North America is a com-
mon biogeographic pattern (Mikkola et al., 1991; Sanmartin
et al., 2001; von Dohlen et al., 2002). Beringia, once exposed
as a large landmass and covered with mesic forest during the
ice ages, was most likely the corridor for the faunal interchange
between these two realms (Downes & Kavanaugh, 1988; Vila
etal.,2011; Jiang et al., 2019a). Evidently, Beringia was formed
(although partially submerged at some stages) at the end of
the Early Cretaceous (ca. 100.0 mya) and once covered with
thermophilous palaeoflora (Zakharov et al., 2011), providing
an ideal pathway for scorpionflies to disperse from East Asia
to North America. Considering the Asian origin of Panorpidae,
the ancestor of the Nearctic scorpionflies probably migrated
eastward by way of Beringia during the Eocene or Oligocene
(Byers, 1988; Downes & Kavanaugh, 1988). Fossil records

imply that Panorpa entered the Nearctic Region no later than
the Early Eocene, and once inhabited the western and central
North America (Fig. 17; Scudder, 1890; Cockerell, 1907;
Archibald et al., 2013). Subsequently, they perished in most
parts of the western and central North America owing to the dry-
ing climate and declining forests during the Miocene-Pliocene
transition (7.0-5.0 mya, Axelrod, 1985). However, P. nuptialis
Gerstaecker in the P. lugubris group likely adapted the dry
climate, and can be found from cultivated fields, pastures,
and dry open woods in southern U.S.A. and northern Mexico
(Esben-Petersen, 1921; Byers, 1963).

Four major lineages of the Nearctic species were revealed in
our present analysis (Figs. 15, 16), indicating that four dispersal
events might have occurred separately for this fauna. The first
lineage consists of the paraphyletic P. involuta (ca. 30 spp.)
and the monophyletic P. lugubris groups (4 spp.). Our results
support Byers’s (1988) assumption that the P. lugubris group
likely originated from a Mexican ancestor, which dispersed
to southeast U.S.A. during a warm interglacial period and
separated from the main Mexican fauna owing to the cooling
climate in a subsequent glacial period. The second lineage
comprises the P. banksiana (4 spp., represented by P. gracilis
Carpenter) and P. maculosa groups (2 spp.). The third lineage is
the P. confusa group (ca. 30 spp.). The last and fourth lineage
consists of the P. debilis (7 spp.) and the P. galerita groups (ca.
10 spp.), and P. latipennis.

Based on our present study, the aedeagal hamulus (122:1) is a
synapomorphy shared by a wide range of species from Europe
(the P. alpina group), northeast Asia (the P. cornigera group)
and North America (the P. debilis group, the P. galerita group,
and P. latipennis) (Fig. 16). However, some hamulus-bearing
species diverged in different clades in the molecular analyses
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(Hu et al., 2015; Miao et al., 2019), suggesting a possible
convergent evolution of the hamulus. Further research is needed
to decipher whether the hamulus was acquired by their direct
common ancestor, or independently evolved several times
among these species.

Systematic position of the fossil species

Up to date, no fossil species have ever been reported for
Neopanorpinae. The monotypic genus fBaltipanorpa can be
readily recognized as a member of Panorpinae by the fol-
lowing characters: in the forewings, 1A ending beyond ORs
(17:0), three anal cross-veins (19:1); and in the hindwings,
anterior ending of a distal to the fork of CuA+ 1A (21:1),
1A curved at a (22:1) and cu-a distinct (20:1) (Krzeminiski &
Soszynska-Maj, 2012, figs. 3, 4, CuA, CuP, 1A and 2A marked
as CuP, 1A—3A in fig. 4B). The basally constricted A7 (47:1)
and elongated A8 (54:1) possibly indicates that it belonged to a
more distal lineage instead of an earlier branching one in Panor-
pinae, because most early-branching groups in this subfamily
bear unconstricted A7 (47:0) and unelongated A8 (54:0). By
some autapomorphies such as the greatly elongated male post-
notal organ, fBaltipanorpa likely represents a collateral, termi-
nated branch that left no extant descendants in Panorpinae.

Only seven extinct species were described in Panorpa from
the Eocene to Oligocene Europe and North America (Scud-
der, 1890; Cockerell, 1907; Statz, 1936; Carpenter, 1954; Will-
mann, 1976). The earliest known fossil Panorpa was reported
from the Early Eocene (52.90 + 0.83 mya) of MacAbee, Canada
(Archibald et al., 2013). This unnamed specimen bears a basally
constricted A7 in males. TP. obsoleta Carpenter from Baltic
amber is similar to the extant P. communis group by the short
and basally constricted male A7 and A8, and a globular genital
bulb (Carpenter, 1954). 1P. rigida Scudder from Florissant bears
a pair of slender posterior arms and a pair of apodemes of axis in
the female medigynium (Willmann, 1989), superficially similar
to the extant Nearctic P. confusa group.

The earliest known fossil Panorpa from the Early Eocene
(Archibald et al., 2013) was used to calibrate the most recent
ancestor of Panorpinae by Miao er al. (2019). In the light of the
East Asian origin of Panorpidae, however, this fossil Panorpa
was unlikely the common ancestor of Panorpinae, but merely
an ancestor or sibling to the present Nearctic species. In other
words, this fossil Panorpa was likely closer to the tip than to
the base of Panorpinae, implying that the diversification time ca.
53.0 mya of Panorpinae was estimated more or less imprecisely
due to the ‘push towards the present’ effect (Giribet, 2015).
Further investigations of fossil species and a taxonomic revision
of Panorpa are needed for tracing a more accurate evolutionary
history of Panorpidae.

Conclusions

Our present results overall agree with the recent molecular
phylogenetic studies, deepening the understanding of the
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phylogeny of Panorpidae by applying more comprehensive
morphological characters (182) and more representative taxa
(155 extant species in eight genera). Our results support the fol-
lowing conclusions: 1) Panorpidae can be categorized into two
major clades, Neopanorpinae and Panorpinae; 2) Panorpa and
Neopanorpa are reconfirmed to be paraphyletic groups, with
32 species groups (24 in Panorpa and eight in Neopanorpa)
recognized; 3) the N. denticulata and N. chillcotti groups likely
merit generic status; 4) the monophyly of Cerapanorpa, Dicer-
apanorpa, Megapanorpa, and Sinopanorpa is supported; and 5)
Panorpidae likely originated from East Asia, and the indepen-
dent dispersal events very likely occurred at least twice for the
Indonesian fauna, five times for the Japanese fauna, twice for the
western Palearctic fauna and four times for the Nearctic fauna.
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