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Abstract

Within the genus Leuctra (Plecoptera: Leuctridae) the L. inermis species group comprises 17—18 species in which males lack the char-
acteristic tergal abdominal ornamentation of many Leuctra species, and females have an accessory receptacle in the dorsal portion of the
vagina. Taxonomically the group is challenging, and congruence of existing morphological species concepts and phylogenetic relationships
of taxa is hitherto not assessed. Here, we estimate phylogenetic relations of morphologically defined species by concatenated maximum
likelihood (ML) and Bayesian combined species tree and species delimitation analysis. We aim to clarify the status of 15 European species
of the L. inermis group and 2 potential new species. To this end, we infer relationships on a 2580 bp, 4 loci (mtCOI, mt12S, nuH3, nu28S)
molecular sequence dataset. We further depict abdominal terminalia with their morphological characteristics for 15 L. inermis group spe-
cies, and describe 2 micro-endemic species from the Southern Alps and the Apennine Mountains corroborated by distinct morphological
and molecular characteristics. Our analyses support close relationships of the L. inermis group species and corroborate the a priori mor-
phological definition of all included species. However, relationships among species are largely unresolved, indicative of a putatively recent
diversification of the group. Phylogenetic inference suggests sister taxon relationships between morphologically similar species. Morpho-
logical variation within single species is linked to geographical location of populations. Our results thus suggest that further study on the
differentiation of geographically isolated populations as distinct lineages or species is warranted. Based on the high number of regional
endemic lineages and species we highlight the necessity to protect high-altitude aquatic habitats.
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1. Introduction

Plecoptera are a group of highly niche-specific aquatic
insects widely used as indicators of water quality (ROSEN-
BERG & REsH 1993; GraF et al. 2002—-2011; Mooc 2002 —
2011; HErING et al. 2003, 2006; Birk et al. 2012; DEWALT
et al. 2015). The group comprises many cold-stenotopic
taxa that contribute to its high diversity and interesting

zoogeography (ILLies 1965; Hynes 1976; Zwick 2000;
GraF et al. 2009, 2017; DEWALT et al. 2015). European
Plecoptera exhibit high degrees of endemism, and more
than half of the known species (264 of 514) are consid-
ered regional or micro-endemics (Grar et al. 2009, 2017).
Population fragmentation and ensuing endemism in stone-
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flies are often linked to the relatively poor dispersal ca-
pacity of both mature and immature stages (FOCHETTI
et al. 2011; ELBRECHT et al. 2014). Evolutionary history
and extant diversity patterns of Plecoptera are moreover
shaped by allopatric diversification driven by historic
glaciation, orogenesis, and small-scale population frag-
mentation (Zwick 2000; FocHETTI & TIERNO DE FIGUEROA
2008; Fochert et al. 2009, 2011; WErss et al. 2011; THEIS-
SINGER et al. 2013). Ecologically, a slight majority of
Plecoptera taxa behave as detritivores, while other spe-
cies (particularly systellognathan ones) are carnivores
(HynEs 1976; SiLveri et al. 2008; Grar et al. 2009, 2017;
FenogLio et al. 2010; BorTtova et al. 2013; DEWALT et
al. 2015). Larval habitats of Plecoptera comprise lotic
and lentic waterbodies, and the majority of species prefer
cool to cold temperature conditions (HyNes 1976; GrAF
et al. 2009, 2017).

Among European Plecoptera, the family Leuctridae
(Plecoptera, Arctoperlaria, Euholognatha) is second only
to Nemouridae in number of described species (TiERNO
DE FIGUEROA & FocHETTI 2014; GRrAF et al. 2017). In Eu-
rope, Leuctridae are represented by the genera Pachy-
leuctra [3 species], Tyrrhenoleuctra [5 species], and
Leuctra [151 species] (TIErRNO DE FIGUEROA & FOCHETTI
2014; Grar et al. 2017). The overwhelming majority of
the taxa are mostly small, darkly coloured, and save a
few exceptions, are macropterous. Males of the genus
Leuctra exhibit diagnostic tergal ornamentation patterns
on abdominal segments. Differences in the sclerotized
tergal processes of the males and form of external geni-
talia in both sexes are the also most important characters
in Leuctridae taxonomy (e.g., Ravizza & ViNncon 1998).
Differentiation of larval stages in Leuctridae is rarely
achieved, and only few species can be reliably identified
as larvae (Zwick 2004; GRAF & ScHMIDT-KLOIBER 2010).
Also, adults of some species groups exhibit little mor-
phological differentiation and are difficult to distinguish
(Ravizza 2002).

A taxonomically particularly challenging species
group of European Leuctra is the L. inermis group. Males
exhibit reduced abdominal tergal sclerotization without
raised dorsal processes; the female genital tract develops
an accessory receptacle on the dorsal side of the vagina,
and the external species-specific female genitalic charac-
ters seem to oscillate between two major forms (AUBERT
1957; Zwick 1973). The first comprehensive treatment of
the group was conducted by AUBERT (1957), who reco-
gnized 10 species in 3 phyletic species groups based on
similarities in sclerotization/pigmentation patterns in
males and external structure of male and female genitalia.
Five additional species included by Aubert due to their
similarity to the L. inermis group have since been reco-
gnised as more closely related to other groups (BERTHELE-
My 1968; Ravizza & ViNgoN 1998). Recent descriptions
of additional species increase total taxonomic richness
of the L. inermis group to 17—18 species: L. alosi Na-
vas, 1919, L. ameliae Vingon & Ravizza, 1996, L. ap-
enninicola Ravizza, 1988, L. balcanica RauSer, 1965,
L. flavomaculata Mosely, 1935, L. garumna Vingon &
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Ravizza, 1996, L. handlirschi Kempny, 1899, L. inermis
Kempny, 1899, L. insubrica Aubert, 1949, L. kempnyi
Mosely, 1932, L. metsovonica Aubert, 1966, L. pusilla
Krno, 1985, L. quadrimaculata Kis, 1962, L. rauscheri
Aubert, 1957, L. silana Aubert, 1953 (likely a synonym
of L. inermis Kempny; G. Vingon unpubl. data), L. sim-
plex Zhiltzova, 1960, L. teriolensis Kempny, 1900, and
L. uncinata Martynov, 1928.

Based on scarce autecological data, European spe-
cies of the group can be assumed to differ little in their
preferred ecological niche. No ecological data exist
for the Caucasian L. simplex and L. uncinata. Larvae
of L. inermis group species mostly occur in crenal to
rhithral stretches of cold-water streams in montane to
alpine habitats, and behave as detritivores (GRrar et al.
2009, 2017). To our current knowledge, adult emer-
gence peaks in spring to summer; we thus assume a uni-
voltine annual life cycle (Bo & FenoGLio 2009; GRAF
et al. 2009, 2017). As in other Leuctridae, larvae of the
group cannot be reliably identified based on their mor-
phology.

Taxonomically, the L. inermis group could contain
high micro-endemic species-level or subspecies-level
diversity: they share ecological traits (e.g., habitat pre-
ferences, altitudinal distribution, phenology) with other
groups of aquatic insects comprising many endemic spe-
cies such as, among others, Rhyacophilidae (Insecta,
Trichoptera), Drusinae (Trichoptera, Limnephilidae),
Consorophylax (Trichoptera, Limnephilidae, Stenophy-
lacini) or Pediciidae (Insecta, Diptera) (PReviSIC et al.
2014; DeNes et al. 2015; IBranmr et al. 2015, 2016; GRAF
et al. 2015; Vitecek et al. 2015a,b; GrRaF & VITECEK
2016). Also, sexual selection via development of dis-
tinct drumming call dialects could enhance divergence of
populations (Boumans & JoHnseN 2014). Consequently,
other allopatric, micro-endemic taxa of the L. inermis
group can be assumed to exist.

Alternatively, different morphologically defined spe-
cies of the L. inermis group as previously recognized
could represent morphological variants of a few wide-
spread species (cf. FocHerTI et al. 2011). Intriguingly,
geographical ranges of many species of the L. inermis
group overlap, and result in syntopic occurrence of cer-
tain taxa (BoikovA & SoLpAN 2011; PETROVIC et al. 2014;
GraF et al. 2005; Grar 2010; GRAF & ScHMIDT-KLOIBER
2010; Kroca 2011). Indeed, these reported distribution
patterns could be due to the existence of morphological
variants within several currently unrecognized wide-
spread species (FocHETTI et al. 2011).

In this contribution, we test species boundaries of
morphologically defined taxa in the enigmatic L. inermis
group. To this end, we infer phylogenetic relationships
between 15 currently accepted and 2 potentially new Eu-
ropean species using sequence data from 4 genes (mtCOlI,
mtl12S, nuH3, nu28S). We predict that present grouping
of species within the L. inermis group is correct. Addi-
tionally, we describe 2 new species — L. grafi sp.n. and
L. fochettii sp.n. — and examine their relationship to the
currently recognized L. inermis group members.
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Table 1. PCR primers and PCR cycling conditions.

Fragment Primers & Primer Concentration PCR Cycling conditions Taq Kit

mtCOI5-P HC02198-L & LCO1490-L 0.25 uM 5"95°C, 5 x (30" 95°C, 1" 44°C, 1" 72°C), 15 = (30" 95°C, 30" 48°C, peqGOLD HotTaq
(NELsoN et al. 2007) 1172°C), 20 x (30" 95°C, 30" 50°C, 1" + (10" * n) 72°C)

mtCOI3-P Jerry & S20 0.25 uM 5'95°C, 35 x (45" 95°C, 30" 45°C, 45" 72°C), 5 72°C peqGOLD HotTaq
(PauLs et al. 2006)

mt12S 12SA1 & 12SBI 0.25 uM 1198°C, 40 x (10" 95°C, 30" 52°C, 30" 72°C), 2' 72°C peqGOLD HotTaq
(Simon et al. 1994)

nuH3 H3F & H3R 0.5uM 30" 98°C, 14 % (10" 98°C, 30" 62°C, 20" 72°C), 22 x (10" 98°C, Q5 Hot Start High-
(OGDEN & WHITING 2003) 30" 50°C, 20" 72°C), 7' 72°C Fidelity 2X Master Mix

nu28S Rd1a & Rd4b 0.25 M 2" 95°C, 3 x (40" 95°C, 40" 55°C, 90" 72°C), 3 x (40" 95°C, 40" 52°C, Q5 Hot Start High-
(CRANDALL et al. 2000) 90" 72°C), 32 x (40" 95°C, 40" 48°C, 90" 72°C), &' 72°C Fidelity 2X Master Mix

Table 2. Substitution models and partition schemes used in phylo-
genetic analysis. CP = codon position; UP = unpartitioned.

Fragment up CP1 CP2 CP3
Substitution models used in BI
mtCOI5-P — HKY TN93+T TN93+T
mtCOI3-P — JC K2+1 TN93+T
mt12S HKY + 1 — — —
nuH3 — JC JC HKY +1
nu28S T92+T+1 — — —
Partitioning scheme used in ML analyses
mtCOI5-P — v V VI
mtCOI3-P — v Vv Vi
mt12S — — —
nuH3 — I % Il
nu28S Il — — —

2. Materials and methods

2.1. Collection and comparative
morphology

Adult specimens were collected with sweep nets and
beat sheets; collected specimens were stored and kept
in 70—96% EtOH until examination in the laboratory.
Morphological characteristics of specimens were exam-
ined and photographed using a Zeiss StereoLumar V.12
dissecting microscope equipped with an AxioCamErc5s
camera and the Zeiss-native image processing software
ZEN. Image series through different focus levels were
stacked using CombineZP (HapLey 2008; BRecko et al.
2014) to create single extended-depth-of-focus images.
Keyence VHX-1000 and VHX-5000 digital microscopes
were used to obtain additional images. To preserve as
much tissue as possible for potential future studies, the
majority of specimens were not cleared. True colour im-
ages were converted to grey-scale, and can be retrieved
from the Electronic Supplement. Nomenclature of mor-
phological characteristics follows AuBerT (1957) and
Ravizza (2002) (Fig. 3).
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2.2. Specimen repositories

The specimens used to generate the molecular dataset are
stored in the collection of the Senckenberg Forschungs-
institut und Naturmuseum Frankfurt [SFNF]. All further
specimens referred to in this contribution are permanent-
ly deposited in the following collections:

1. Collection Gilles Vingon [coll. Vingon] — Postal ad-
dress: 55 Bd Joseph Vallier, F 38100 Grenoble, France;
contact: Gilles Vingon [gvincon@gmail.com]

2. Collection Wolfram Graf [coll. Graf] — Postal address:
Institut fiir Hydrobiologie und Gewéssermanagement,
Universitét fiir Bodenkultur Wien, Gregor-Mendel-
Straf3e 33, 1180 Vienna, Austria; contact: Wolfram Graf
[wolfram.graf@boku.ac.at]

3. Musee de Zoologie Lausanne [MZL] — Postal ad-
dress: Palais de Rumine, Place de la Riponne 6, 1014
Lausanne, Switzerland; contact: Anne Freitag [anne.
freitag@vd.ch]

4. Senckenberg Forschungsinstitut und Naturmuseum
Frankfurt [SFNF] — Postal address: Senckenbergan-
lage 25, 60325 Frankfurt am Main, Germany; contact:
Steffen Pauls [steffen.pauls@senckenberg.de]

2.3. Molecular methods

Whole genomic DNA was extracted from the thorax us-
ing the DNEasy Blood and tissue Kit (Qiagen) according
to the manufacturer’s protocol. To maximise the amount
of resuspended DNA and increase final DNA concentra-
tion, we eluted final DNA from the spin columns with
70 pl sterile ddH,O, vacuum concentrated the DNA elu-
tions and resuspended the pellets in 18 pl sterile ddH,O.
Standard PCR procedures and primers were used (Table
1). PCR reactions were set up in 10 pl reactions. Di-
luted, unpurified PCR products were sequenced on an
ABI 3730XL capillary sequencer at Senckenberg BiK-F
Laboratory Centre using the PCR primers for mtCOI-3P,
mtl12S, nuH3, and nu28S loci, while standard HCO2198
and LCO1490 primers (FoLMER et al. 1994) were used to
sequence mtCOI-5P.
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Table 3. Summary and collection details of specimens used in phylogenetic analysis. — Abbreviations: Leg., legit; Det., determinavit.
Asterisks indicate outgroup taxa; BOLD ID, unique specimen identifier under which the molecular data can be retrieved from the BOLD
database.

?::;::::‘ Taxon Sampling date Leg. Det. Latitude Longitude BOLD ID

Leal0102 Leuctra alosi 09.vi.2013 Graf Vingon 42.6504 2.0791 SPLEU001-17
Leal0201 Leuctra alosi 13.vii.2012 Graf Vingon 42.4845 24130 SPLEU002-17
Leal0202 Leuctra alosi 13.vii.2012 Graf Vingon 42.4845 2.4130 SPLEU003-17
Leal0301 Leuctra alosi 11.vii.2012 Graf Vingon 42.3859 2.0958 SPLEU004-17
Leal0302 Leuctra alosi 11.vii.2012 Graf Vingon 472.3859 2.0958 SPLEU005-17
Leal0402 Leuctra alosi 12.vii.2012 Graf Vingon 42.4864 2.4139 SPLEU006-17
Leal0501 Leuctra alosi 12.vi.2013 Graf Vingon 43.0844 —2.8277 SPLEU007-17
Leal0502 Leuctra alosi 12.vi.2013 Graf Vingon 43.0844 -2.8271 SPLEU008-17
Leam0101 Leuctra ameliae 30.vi.2012 Graf Vingon 45.2133 6.9575 SPLEU009-17
Leam0201 Leuctra ameliae 02.vii.2012 Graf Vingon 44.9484 6.8534 SPLEU010-17
Leam0202 Leuctra ameliae 02.vii.2012 Graf Vingon 44,9484 6.8534 SPLEUO11-17
Lete0201 Leuctra ameliae 01.vii.2012 Graf Vitecek/Vingon 45.218 6.8884 SPLEU012-17
Leap0201 Leuctra apenninicola 19.vii.2009 Vingon Vingon 441321 10.7789 SPLEUO13-17
Leap0202 Leuctra apenninicola 19.vii.2009 Vingon Vingon 44.1321 10.7789 SPLEU014-17
Leap0301 Leuctra apenninicola 03.iv.2015 Vingon Vingon 43.7572 12.0661 SPLEUO15-17
Leap0302 Leuctra apenninicola 03.iv.2015 Vingon Vingon 43.7572 12.0661 SPLEU016-17
Leba0101 Leuctra balcanica 04.-08.vi.2012 Neu, Balint Vingon 42.7431 24.6434 SPLEU017-17
Leba0102 Leuctra balcanica 04.-08.vi.2012 Neu, Balint Vingon 42.7431 24.6434 SPLEU018-17
Lefl0101 Leuctra flavomaculata 08.vii.2012 Graf Vingon 43.223 2.6248 SPLEU019-17
Lefo0101 Leuctra fochettii 25.vii.2015 Graf Vingon 45.7566 11.1575 SPLEU020-17
Lefo0102 Leuctra fochettii 25.vii.2015 Graf Vingon 45.7566 11.1575 SPLEU021-17
Lefo0201 Leuctra fochettii 16.vii.2016 Graf Vingon 45.7569 11.1572 SPLEU022-17
Lefo0202 Leuctra fochettii 16.vii.2016 Graf Vingon 45.7569 11.1572 SPLEU023-17
Lesp0101 Leuctra fochettii 08.vi.2008 Vingon Vingon 45.7519 11.1868 SPLEU024-17
Lesp0102 Leuctra fochettii 08.vi.2008 Vingon Vingon 45.7519 11.1868 SPLEU025-17
Lega0101 Leuctra garumna 25.vii.2012 Graf Vingon 42.9644 0.8639 SPLEU026-17
Lega0102 Leuctra garumna 25.vii.2012 Graf Vingon 42.9644 0.8639 SPLEU027-17
Legr0103 Leuctra grafi 28.vi.2016 Vingon Vingon 44.1362 10.1642 SPLEU028-17
Legr0104 Leuctra grafi 28.vi.2016 Vingon Vingon 44.1362 10.1642 SPLEU029-17
Legr0201 Leuctra grafi 28.vi.2016 Vingon Vingon 44.2954 10.233 SPLEU030-17
Legr0202 Leuctra grafi 28.vi.2016 Vingon Vingon 44.2954 10.233 SPLEU031-17
Leha0102 Leuctra handlirschi 20.vi.2013 Graf Vingon 43.819 6.8768 SPLEU032-17
Leha0201 Leuctra handlirschi 16.iv.2015 Graf Vingon 46.6022 14.354 SPLEU033-17
Leha0301 Leuctra handlirschi 28.vi.2016 Vingon Vingon 44.3011 10.2148 SPLEU034-17
Leha0302 Leuctra handlirschi 28.vi.2016 Vingon Vingon 44,3011 10.2148 SPLEU035-17
Lein0201 Leuctra inermis 22.v.2012 Graf Vingon 47.3742 10.0218 SPLEU036-17
Lein0202 Leuctra inermis 22.v.2012 Graf Vingon 47.3742 10.0218 SPLEU037-17
Lein0301 Leuctra inermis 19.iv.2015 Graf Vingon 46.7788 14.0051 SPLEU038-17
Lein0401 Leuctra inermis 07.vii.2012 Graf Vingon 45.1466 5.6171 SPLEU039-17
Lein0501 Leuctra inermis 08.vii.2012 Graf Vingon 45.0722 5.3973 SPLEU040-17
Lein0502 Leuctra inermis 08.vii.2012 Graf Vingon 45.0722 5.3973 SPLEU041-17
Lein060Xi Leuctra inermis 30.vi.2013 Graf Vingon 46.7667 14.9167 SPLEU042-17
Lein060Xii Leuctra inermis 30.vi.2013 Graf Vingon 46.7667 14.9167 SPLEU043-17
Lein0701 Leuctra inermis 14.vi.2013 Graf Vingon 42.2816 —2.9608 SPLEU044-17
Lein0702 Leuctra inermis 14.vi.2013 Graf Vingon 42.2816 —2.9608 SPLEU045-17
Lein0901 Leuctra inermis 13.vii.2009 Vingon Vingon 421717 14.1000 SPLEU046-17
Lein0902 Leuctra inermis 13.vii.2009 Vingon Vingon 421717 14.1000 SPLEU047-17
Leis0101 Leuctra insubrica 07.vi.2013 Graf Vingon 45.5282 1.6758 SPLEU048-17
Leis0102 Leuctra insubrica 07.vi.2013 Graf Vingon 45,5282 7.6758 SPLEU049-17
Leke0101 Leuctra kempnyi 22.ii.2012 Graf Vingon 42.9555 —0.8270 SPLEU050-17
Leke0201 Leuctra kempnyi 23.ii.2012 Graf Vingon 42.957 —0.8264 SPLEU051-17
Leke0202 Leuctra kempnyi 23.ii.2012 Graf Vingon 42.957 —0.8264 SPLEU052-17
Leke0301 Leuctra kempnyi 22.vii.2012 Graf Vingon 42.9541 —0.8178 SPLEU053-17
Leke0302 Leuctra kempnyi 22.ii.2012 Graf Vingon 42.9541 —0.8178 SPLEU054-17
Leke0401 Leuctra kempnyi 12.vi.2013 Graf Vingon 43.0844 —2.8277 SPLEU055-17
Leke0402 Leuctra kempnyi 12.vi.2013 Graf Vingon 43.0844 —2.8277 SPLEU056-17
Leme0101 Leuctra metsovonica 05.vii.2010 Graf Vingon 41.7059 20.6667 SPLEU057-17
Leme0102 Leuctra metsovonica 05.vii.2010 Graf Vingon 41.7059 20.6667 SPLEU058-17

500 SENCKENBERG



ARTHROPOD SYSTEMATICS & PHYLOGENY — 75(3) 2017

Table 3 continued.

Leme0201 Leuctra metsovonica 05.vii.2010 Graf Vingon 41.3991 21.1998 SPLEU059-17
Lepu0X01 Leuctra pusilla unknown Graf Vingon 42.0973 14.0309 SPLEU060-17
Lepu0101 Leuctra pusilla 19.vii.2016 Graf Vingon 44,1597 7.5425 SPLEU061-17
Lepu0201 Leuctra pusilla 28.vi.2016 Vingon Vingon 44,2954 10.2330 SPLEU062-17
Lepu0202 Leuctra pusilla 28.vi.2016 Vingon Vingon 44.2954 10.2330 SPLEU063-17
Lequ0101 Leuctra quadrimaculata 05.vii.2010 Previsic Vingon 41.3991 21.1998 SPLEU064-17
Lera040Xi Leuctra rauscheri 19.iv.2014 Graf Vingon 46.4692 14.3358 SPLEU065-17
Lera040Xii Leuctra rauscheri 19.iv.2014 Neu Vingon 46.4692 14.3358 SPLEU066-17
Leha0X01 Leuctra rauscheri 12.vii.2009 Graf Vingon 46.3993 11.0320 SPLEU067-17
Lera0201 Leuctra rauscheri 02.-10.vii.2006 Balint Vingon 46.3096 10.4925 SPLEU068-17
Lera0202 Leuctra rauscheri 02.-10.vii.2006 Balint Vingon 46.3096 10.4925 SPLEU06Y-17
Lera0501 Leuctra rauscheri 11.vii.2012 Graf Vingon 42.3859 2.0958 SPLEU070-17
Lera0701 Leuctra rauscheri 30.vi.2012 Graf Vingon 45.2103 6.9699 SPLEUO71-17
Lete0301 Leuctra teriolensis 30.vi.2012 Graf Vingon 45.2103 6.9699 SPLEU072-17
Lehi0101 Leuctra hippopus™ 14.vi.2013 Graf Vingon 43.2816 2.9608 SPLEU073-17
Lerv0101 Leuctra ravizzal™ 01.vii.2012 Graf Vingon 45218 6.8884 SPLEU074-17
Tyta0101 Tyrrhenoleuctra tangerina™ 13.iv.2013 Vingon Vingon 34.0872 —4.1812 SPLEUO75-17
Tyta0102 Tyrrhenoleuctra tangerina™ 13.iv.2013 Vingon Vingon 34.0872 —4.1812 SPLEU076-17

Sequences were edited in Geneious R6 (KEARSE et al.
2012) and aligned using MAFFT v7 (Katon & Stanp-
LEY 2013) as implemented in Geneious R6. For phy-
logenetic analysis, mt12S and nu28S fragments were
not partitioned; partial sequence data of protein-coding
genes (mtCOI, nuH3) was partitioned by codon position.
Nucleotide substitution models for each partition were
selected according to the Bayesian Information Criterion
in the model test module of Mega v6.06 (TAMURA et al.
2013) and PartitionFinder v. 1.1.3 (LANFEAR 2011) (Ta-
ble 2).

Phylogenetic relationships in the L. inermis group
were inferred on a 20 species (including 15 ingroup spe-
cies, 2 new putative new species, and 3 outgroup species
[Tyrrhenoleuctra tangerina, L. hippopus, L. ravizzail; 75
terminals), 4 loci (mtCOI, mt12S, nuH3, nu28S), 2580 bp
molecular dataset (Table 3, Electronic Supplement Table
S1, Electronic Supplement Dataset S1) using Bayesian
Inference (BI) and Maximum Likelihood (ML) methods.

A species tree was estimated using STACEY v1.2.2
(Jones 2015, 2017) as implemented in BEAST2 (Bouck-
AERT et al. 2014) using the corresponding nucleotide sub-
stitution models (Table 2). Single specimen identity was
used as species trait. We estimated relationships between
specimens and minimal clusters (Jones 2015, 2017) as-
suming a birth-death speciation tree prior under equal
ploidy settings (VITECEK et al. 2017). Further, we assumed
a collapse height of 1 x 10~* while estimating collapse
weight on a uniform prior around [0,1]; relative death
rates were assumed to follow a uniform prior on [-0.5,
0.5]; population scale factor and birth-death collapse
growth rates were assumed to follow a log-normal distri-
bution around [4 + 2.75]. Combined species tree and spe-
cies delimitation estimation was run 3 x independently for
7 % 10° generations (sampling every 5,000 generation) to
assure topological convergence between runs. Log files
were examined in Tracer v1.6 (RamBaur et al. 2014) to as-
sess whether runs had reached a stationary phase. Support
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for tree topologies estimated via STACEY was assessed
by constructing a maximum clade credibility tree running
TreeAnnotator v1.8.3 (DrumMOND et al. 2012) after dis-
carding the first 75% of the sample as burn-in.

Additionally, a ML tree based on a concatenated
dataset was estimated via RAXML (Stamarakis 2014)
3 x independently to assure topological convergence.
Prior to concatenation, we inferred single-locus trees via
RAXML using the corresponding partition schemes to as-
sess potential incongruence between loci (VITECEK et al.
2015c¢). We found no supported conflicts between single-
locus tree topologies (Electronic Supplement 1 Figures
S1-S5). ML analyses of the concatenated dataset were
then performed using the partition scheme identified by
PartitionFinder (Table 2) with the default GTR + I" nu-
cleotide substitution model. Bootstrap support for ML to-
pologies was inferred using the fast bootstrap algorithm
with 1000 replicates.

Molecular species delimitation based on STACEY
tree samples was performed via speciesDA.jar as out-
lined in Jones (2015), using a collapse height of 0.0003.
ML trees were analysed with web-based bPTP (ZHANG et
al. 2013; http://species.h-its.org/) using default settings
to infer species number estimates.

3. Results

3.1. Properties of the molecular dataset

and phylogenetic analyses

Final alignments of mtCOI (1199 bp), mt12S (360 bp),
nuH3 (301 bp), and nu28S (720 bp) comprised 36.61%,
16.38%, 21.93%, and 14.31% variable sites, respective-
ly; 33.11%, 15.55%, 15.61%, and 6.66% of sites were
parsimony-informative.
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Fig. 1. Results of phylogenetic inference and molecular species delimitation using STACEY and bPTP algorithms. Maximum clade cred-
ibility BBMCMC STACEY species or minimal cluster tree using unique specimen identifiers as species traits, based on 2580 bp sequence
data from partial sequences of 4 loci (mtCOI, mt12S, nuH3, nu28S). Bold branches indicate bootstrap support > 80 and posterior probabili-
ties > 0.95. Alternative position of clades or specimens inferred through ML analysis at nodes a, § and y are presented as pruned clades o’,
B’ and y’. Majuscules at branches indicate clades referred to in the text. Highly supported delimited molecular taxonomic units (‘species’)
recovered by both analytical approaches are demarcated by solid black blocks, grey blocks indicate entities that were delineated but are
not highly supported in bPTP analyses. Additionally, origin of delimited entities is provided. See Table 3 for specimen details; scale bar

represents substitution rate.
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All analyses suggest a close relatedness of the Leuctra
inermis group taxa (Fig. 1, clades o, a’) and recover the
morphologically defined species (Figs. 3—20) as distinct
clades. Topologies of final BI maximum clade credibility
trees were convergent among independent runs. Likewise,
optimal ML trees inferred on concatenated sequence data
recovered the same topologies in independent runs (Fig. 1).

Both ML and BI analyses procure similar topologies
and recover all species as highly supported clades and
corroborate the new species L. fochettii sp.n. and L. grafi
sp.n. However, relationships within the L. inermis group
are largely unresolved in all analyses. Further, ML and BI
suggest different placement of certain taxa: (1) BI recov-
ers L. kempnyi + L. garumna as highly supported sister
to an unsupported clade comprising all other L. inermis
group species whereas ML analysis suggests L. rauscheri
+ L. inermis as highly supported sister to an unsupported
clade comprising all other L. inermis group species (Fig.
1, clades o, o’); (2) BI places L. teriolensis as sister to
a larger clade comprising L. alosi, L. ameliae, L. apenni-
nicola, L. balcanica, L. flavomaculata, L. fochettii sp.n.,
L. grafi sp.n., L.handlirschi, L.metsovonica, L. iner-
mis 11, L. insubrica and L. pusilla; ML inference places
L. teriolensis as sister to a larger clade comprising L. alo-
si, L. ameliae, L. apenninicola, L. flavomaculata, L. fo-
chettii sp.n., L. grafi sp.n., L. handlirschi, L. inermis 11,
L. insubrica and L. pusilla — however, neither scenario
is supported (Fig. 1, clades B, B”); (3) BI suggests differ-
ent placement of L. pusilla specimens relative to another
than ML analysis, but this is not supported — ML inference
suggests a highly supported clade containing L. pusilla
[central Apennine] + (L. pusilla [eastern Alps + northern
Apennine] + L. handlirschi) (Fig. 1, clades vy, y’).

Within the L. inermis group, several sister species/
clade relationships are highly supported: in both analy-
ses, L. kempnyi + L. garumna is recovered (Fig. 1, clade
A). A highly supported clade comprising the majority of
L. inermis specimens (L. inermis) is recovered as sister to
L. rauscheri (Fig. 1, clade Bi). Both analyses show high-
ly supported sister taxon relationships between L. met-
sovonica and L. balcanica (Fig. 1, clade C), between
L. ameliae and L. insubrica (Fig. 1, clade D), between
(L. appenninicola 1 + L. appenninicola 11) and L. grafi
sp.n. (Fig. 1, clade E) and between ((L. handlirschi +
L. pusilla [relationships of single specimens not resolved
in BI]) and (L. alosi + L. flavomaculata)) (Fig. 1, clade
F). BI further suggests a highly supported relationship
between clades D, E, L. quadrimaculata and clade F
(Fig. 1). Both analyses recover a highly supported clade
of two specimens of L. inermis as sister of L. fochettii
sp.n., but this relation is not supported (L. inermis 11
[Lein0601, Lein0602], highlighted grey in Fig. 1).

3.2. Molecular variation of intraspecific

lineages

Within recognized species both BI and ML phylogenet-
ic inferences as well as molecular species delimitation
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methods recover distinct geographic population structure
(Figs. 1, 2). Molecular species delimitation via STACEY
infers a total of 30 molecular taxonomic units (‘spe-
cies’); bPTP suggests 23 highly supported and 10 mod-
erately supported molecular taxonomic units (‘species’)
(Fig. 1). Both methods highly support L. fochettii sp.n.
and L. grafi sp.n. (Fig. 1).

Specimens of L. alosi populations from the Iber-
ian Cantabrian Cordillera (population code Leal05) are
distinct from those collected in the Pyrenees (LealOl —
Leal04) (Figs. 1, 2B). In L. ameliae two distinct clades
are recovered as distinct taxa, corresponding to 2 popula-
tions ((LeamO1+Lete02), Leam02) (Figs. 1,2C). In L. ap-
enninicola specimens from isolated mountain ranges in
the Apennine peninsula are recovered as distinct lineages
(Figs. 1, 2C). In L. inermis, specimens from extra-Alpine
populations (Lein07, Lein09) are distinct from Alpine
L. inermis populations (Lein02—Lein05) ((Alpine L. in-
ermis + Iberian L. inermis) + Apennine L. inermis); ad-
ditionally, L. inermis 11 (Lein06) is highly supported by
molecular species delimitation (Figs. 1, 2A). Specimens
of L. kempnyi from Pyrenees (LekeO1—Leke03) and the
Iberian Cantabrian Cordillera (Leke04) are recovered
as distinct (Figs. 1, 2L). In L. pusilla a specimen from
the Eastern Alps (Lepu0l), a specimen from the central
Apennine (Lepu0X) and 2 specimens from the northern
Apennine (Lepu02) were found to differ from another in
phylogenetic and species delimitation analyses (Figs. 1,
2N). Similar to L. inermis, Pyrenean (Lera05) and Alpine
(Lera02, Lera04, Lera07) specimens of L. rauscheri are
molecularly differentiated (Figs. 1, 2P).

3.3. Variation of morphological characters

The distinction of regional intraspecific lineages is also
apparent in genital morphology. Variation of male and
female primary and secondary genitalia structures within
species corresponds well to phylogenetic structure of sin-
gle-species clades, and population structure as recovered
by molecular species delimitation.

4. Discussion

4.1. Phylogenetic resolution and taxo-

nomic conclusions

While clades corresponding to phenotypically defined
species were highly supported in phylogenetic analyses,
relationships between species and clades were largely
unresolved. This is likely due to the low differentiation
between clades in 3 of the 4 partially sequenced loci used
in phylogenetic inference (ranging from roughly 6—16%
parsimony-informative sites). Moreover, the low variabi-
lity of these loci necessitates rather cautious interpretation
of molecular species delimitation within the L. inermis
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Fig. 2. Distribution of Leuctra inermis group species: A: L. inermis; B: L. alosi; C: L. ameliae; D: L. apenninicola; E: L. balcanica; F: L. fla-
vomaculata; G: L. fochettii sp.n.; H: L. garumna; 1: L. grafi sp.n.; J: L. handlirschi; K: L. insubrica; L: L. kempnyi; M: L. metsovonica;

species group, as the patterns observed could be due to an
over-representation of the most variable sequence data.
Nevertheless, the morphological assessment of large
series and the present molecular dataset supports descrip-
tion and delineation of the morphologically highly dis-
tinct L. fochettii sp.n. and L. grafi sp.n. in all analyses.
However, we refrain from drawing additional taxonomic
conclusions at this time. As the group is taxonomically
challenging any systematic decision should consider taxo-
nomic stability and applicability. While we observed mor-
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phologically and phylogenetically distinct entities within
single species we cannot fully assess morphological or
molecular apomorphies based on the current sampling for
these lineages. For example we require more material of
the population L. inermis 11 (currently represented by 5
specimens) to fully assess morphological variation.
Further studies based on a larger number of specimens
should therefore be conducted for some species. A larger,
integrative revisionary treatment of the group based on a
more extensive geographic sampling is worthwhile.
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N: L. pusilla; O: L. quadrimaculata; P: L. rauscheri; Q: L. teriolensis. Green areas indicate reported ranges of species, collection sites of
specimens analysed in this study are identified by magenta crosses and the corresponding population code (see Table 3 for specimen details).

4.2. Taxonomic units in the L. inermis group

Traditionally recognized species of the L. inermis spe-
cies group (Figs. 4—20) were consistently recovered as
distinct clades in phylogenetic inference, corroborating
molecular differentiation (GarrtoLiaT et al. 2016). All
analyses support L. grafi sp.n. and L. fochettii sp.n. as
distinct entities. However, relationships between species
(as minimal clusters or highly supported terminal ML
clades) are not fully resolved.
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Interestingly, ranges of some morphologically and
molecularly well-defined widespread species overlap
in the Alps, the Pyrenees and the Carpathians (Fig. 2):
Alpine species like L. rauscheri, L. teriolensis, L. iner-
mis, and L. handlirschi occur syntopically, a pattern also
found in the Pyrenees in L. alosi, L. kempnyi and L. in-
ermis. This indicates that effective mechanisms of re-
productive isolation act to stabilize morphologically and
ecologically close species. Male drumming calls and cor-
responding female preferences could represent a highly
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effective pre-copulatory isolating mechanism. Indeed,
species-specific drumming calls of males have been re-
ported for several Plecoptera species, and can be used
to identify species (RUPPRECHT 1968; ZIEGLER & STEWART
1977; MurANyI et al. 2014; Boumans & JoHNsEN 2015).
However, drumming signals have not been extensively
studied in the L. inermis-group, and no published record-
ings are known. Also, hybridization between Leuctra
species occurs among some species (Boumans & TIERNO
DE FiGuErOA 2016). This suggests that reproductive isola-
tion is not solely based on pre-mating isolation, but that
other pre- or postzygotic isolating mechanisms could also
be in place.

4.3. Greater diversity in the L. inermis
group?

Phylogenetic inference, molecular species delimitation
and morphological variation of species indicate an in-
teresting mix of sympatric and allopatric diversification
processes leading to the present-day distribution patterns
in the L. inermis group. In particular, morphological and
molecular data congruently characterized species in the
present study. Such integrative approaches combining
morphological and molecular methods enhance taxo-
nomic resolution and can be used to characterize cryptic
aquatic diversity (PauLs etal. 2010; PrReviSIC et al. 2014a).
Recently, several new aquatic insect species were discov-
ered based on similar integrative taxonomic approaches
(PauLs etal. 2010; PreviSIC et al. 2014a; GraF et al. 2015;
IBrAHIMI et al. 2015, 2016; VITECEK et al. 2015a,b).

High degrees of endemism in the L. inermis group
(only 4 species occur in more than 2 ecoregions sensu
ILLies 1978) could be a result of repetitive disruptive
events that separated distinct populations. These could
be induced by historic climate change or orogenesis and
in turn enhance allopatric speciation. Indeed, similar ef-
fects of climatic oscillations and orogenetic processes
were demonstrated in the Drusinae subfamily (Insecta:
Trichoptera) (PauLs et al. 2006; Previsic et al. 2014b).
Diversification and speciation in geographically isolated
populations is likely mediated by ecological constraints
imposed by habitat preferences, dispersal capability
and phenology. Leuctridae are mostly cold-stenotopic,
and their optimal temperature niche is predominately
confined to montane areas of Europe (Ravizza & VIN-
CoN 1998; Ravizza 2002; Grar et al. 2009, 2017). Con-
sequently, species of the group do not colonize highly
connected habitats such as low-land streams, reducing
population inter-breeding potential (BiLton et al. 2001;
Finw et al. 2006; HuGHEs 2007).

Nevertheless, there is clear evidence that some cold-
stenotopic Leuctridae disperse over large distances to col-
onize distant islands (DoBrIN & GIBERSON 2005; DEWALT
& SoutH 2015). This astounding feat is likely achieved
through surface skimming, a locomotion mode most com-
monly observed in Plecopterans (MARDEN et al. 2000).
However, while dispersal capabilities of Leuctra species
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are remarkable for such tiny insects, maximal overland
dispersal distances are estimated to be less than 600 m for
the majority of the population (Briers et al. 2004; MAc-
NEALE et al. 2005). Moreover, in L. inermis only minor
proportions of individuals (0.1-0.2%) have been found
to travel as far as 1000 m from their native stream over-
land (Briers et al. 2004). This limited overland disper-
sal potential is likely due to higher surface roughness of
mountaineous landscapes that increases dispersal costs.
Moreover, whether individuals dispersing overland con-
tribute to gene flow between populations is unclear.

While wind potentially increases dispersal distanc-
es, strong wind also has been demonstrated to reduce
Plecoptera flight propensity (Briers et al. 2003). Low
air temperatures as frequently prevailing in high altitude
have also been demonstrated to reduce flight activity in
several species of aquatic insects, including stoneflies
(WARINGER 1991; KuusiLa & Huusko 1996; BRriErs et al.
2003; Finw et al. 2006). Integrating this information, we
assume that these taxa do not readily traverse between
potential habitats.

In Leuctra numerous species co-occur, resulting in
local fauna comprising both endemics and widely dis-
tributed species (Popuac & Sivec 2009; ViNgoN & Parpo
2009; Boikova et al. 2010; Boumans & BRrittaiN 2012;
BoikovA & SoLpAN 2013; BouMaNs & TIERNO DE FIGUER-
0A 2016). Thus, geographic isolation of morphologically
similar species is likely not the only cause for repro-
ductive/genetic isolation in Leuctridae. Diversification
may additionally be controlled by localized evolution of
specific female preferences for male drumming call pat-
terns, resulting in exclusive regional drumming patterns
(RuppRECHT 1972; ZIEGLER & STEWART 1977; STEWART &
SANDBERG 2004; LOPEZ-RODRIGUEZ & TIERNO DE FIGUEROA
2009; Tierno DE FiGUEROA et al. 2011a,b; Boumans &
Jounsen 2015). Thus, assessment of drumming call vari-
ation within and between species could help to elucidate
taxonomic boundaries in the L. inermis group.

Species diversity in the L. inermis group is likely
higher than currently recognized. The discovery of
L. grafi sp.n. and L. fochettii sp.n. support the notion that
numerous additional microendemic species are likely
to exist. Both new species were collected in relatively
isolated mountain systems, suggesting fragmentation
among highland habitats as an important driver of al-
lopatric speciation. Interestingly, the observed diversity
patterns of micro-endemic species support the separate-
ness and ecological significance of the Dinodal (a bi-
ome formed by permanently running, fast and turbulent
streams on steep slopes and hard substrates that likely
facilitated persistance of certain taxa in central European
refugia during the glaciations) for generation and main-
tenance of European biodiversity (MaLicky 1983, 2000,
2006; MaLicky et al. 1983; PauLs et al. 2006; GRAF et al.
2011; Werss et al. 2011; TrizziNno et al. 2014). Further,
comparative morphology also supports the hypothetical
existence of conspecific, geographically isolated popula-
tions. Morphologically, molecularly and geographically
differentiated populations of L. alosi, L. inermis, L. ap-
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Vi Vil Vil IX X

Fig. 3. Guide to the morphological characteristics of Leuctra inermis group species, including a synopsis of common character states.
A: generic L. inermis group male, dorsal view (left and right halves depict different character states); B: generic L. inermis group male,
lateral view; C: generic L. inermis group male, ventral view; D: generic L. inermis group female with anteromedian protuberance on sub-
genital plate, ventral view (left and right halves depict different character states); D’: generic L. inermis group female without anteromedian
protuberance on subgenital plate, ventral view (left and right halves depict different character states); E: generic L. inermis group female
with anteromedian protuberance on subgenital plate, lateral view; E’: generic L. inermis group female without anteromedian protuberance
on subgenital plate, lateral view. — Abbreviations: ce, cerci; ep, epiproct; pp, paraproct; ppl, lobes of paraproct; pps, stylus of paraproct;
sg, subgenital plate; sp, specilla; grey areas indicate sclerotized spots surrounded by unsclerotized cuticle; roman numerals (in grey) iden-
tify abdominal segments. Green arrows indicate diagnostic characters like sclerotization patterns of male abdominal tergites or shape of
parts of the subgenital plate. — Illustration neither to scale nor proportionally correct nor taxonomically exhaustive. Del. Vitecek.

enninicola and L. kempnyi may represent distinct spe-  the currently available dataset does not support conclu-
cies — however, considering the ranges of some species  sive taxonomic decisions. Clarification of the systematic
(L. inermis, L. handlirschi, L. rauscheri, L. teriolensis),  status of these morphological variants should ideally be
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achieved based on an integrative examination of speci-
mens from the whole distribution range that includes
most or all known variants (PREVISIC et al. 2014a).

5. Diagnosis and description
of the new species

5.1.
Fig. 9

Leuctra fochettii sp.n. Vingon & Graf

Material. Holotype: J: ltaly, Venetia, Venetian Prealps, Lessi-
ni Mountains, vicinity of Campogrosso Pass, northern slope,
1300-1350 m a.s.l., 45.751912°N 11.186812°E, leg. Vingon
08.vi.2008, deposited in the MZL. — Paratypes: 1 & (voucher ID
for 1 & Lesp0101; currently in coll. Vitecek, will be transferred
to SENF), 1 @ (voucher ID for 1 @ Lesp0102; currently in coll.
Vitecek, will be transferred to SFNF), 8 4&, 12 29: same local-
ity and date (in coll. Vingon). — Additional material: 40 33, 43
QQ: same locality and date (in coll. Vingon). 2 4, 1 Q: same
locality, leg. Vingon 11.ix.2008 (in coll. Vingon). 15 JJ, 17
QQ: below Campogrosso Pass, southern slope, spring and brook,
1200—-1300 m a.s.l., leg. Vingon 08.vi.2008 (in coll. Vingon). 32
43, 38 QQ: same location and date, 1100—1200 m a.s.l. (in coll.
Vingon). 7 43, 1 Q: Italy, Lessini Mountains, below Fugazze Pass,
northern slope, above Camposilvano, spring, 1150—1170 m, leg
Vingon 08.vi.2008 (in coll. Vingon). 6 &3, 12 9<Q: Italy, Lessini
Mountains, below Fugazze Pass, southern slope, 900—1000 m
a.s.l., leg. Vingon 29.vi.2009 (in coll. Vingon). 1 &, 4 @9: Italy,
Lessini Mountains, below Fugazze Pass, southern slope, above
San Antonio, spring, 800 m a.s.l., leg. Vingon 29.vi.2009 (in coll.
Vingon). 28 43, 17 9Q: same locality, leg. Vingon 13.v.2010 (in
coll. Vingon ). 22 4d, 28 QQ: Italy, Venetia, Venetian Prealps,
south Trento, above Folgaria, above San Sebastiano, brook and
spring, 1280 m a.s.l., leg. Vingon 01.v.2009 (in coll. Vingon). 2
A3, 1 Q: same locality, leg. Vingon 02.v.2009 (in coll. Vingon).
11 33 (voucher ID for 1 & Lefo0201), 10 99 (voucher ID for 1
@ Lefo0202) (currently in coll. Vitecek, will be transferred to coll.
SENF): Italy, Venetia, Venetian Prealps, East of Camposilvano,
45.7569°N 11.15721667°E, leg. Graf 16.vii.2016 (in coll. Graf).
1 & (voucher ID for 1 & Lefo0101; currently to coll. Vitecek, will
be transferred to coll. Graf), 2 Q9 (voucher ID for 1 ¢ Lefo0102;
currently in coll. Vitecek, will be transferred to coll. Graf): Italy,
Venetia, Venetian Prealps, East of Camposilvano, 45.75661111°N
11.15752778°E, leg. Graf 25.vii.2016 (in coll. Graf).

Diagnosis. A medium-sized, macropterous Leuctra spe-
cies of the L. inermis group. Males of L. fochettii sp.n.
are most similar to males of L. rauscheri, but exhibit (1)
abdominal segment IX ventral vesicle suboval, small; (2)
abdominal segment X in dorsal view medially narrow
with 2 distinct mediolateral incisions of the anterior mar-
gin; (3) abdominal segment X in dorsal view medially
narrow with a shallow posterior incision; (4) styli broad
with subtriangular cross-section; (5) styli in lateral view
proximally wider than distally, with a distinct step sepa-
rating proximal and distal portions. Males of L. rauscheri
(Fig. 19) have a suboval, large ventral vesicle of abdomi-
nal segment IX; a medially narrow abdominal segment X
with a medial incision of the anterior margin; a distinct
posterior incision of abdominal segment X; styli slender;
styli in lateral view evenly curved and evenly tapering.
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Females are most similar to females of L. rauscheri but
exhibit (1) a distinct elongate ventral protuberance of
the subgenital plate; (2) posterior lobes of the subgenital
plate laterally longer than medially; (3) posterior lobes of
subgenital plate with median lobules, projecting posteri-
orly. Females of L. rauscheri (Fig. 19) have a rounded,
short ventral protuberance of the subgenital plate; poste-
rior lobes of the subgenital plate medially and laterally of
similar length; posterior lobes of subgenital plate without
median lobules.

Description. Habitus as typical for the group and of little
diagnostic value: General colour brown to dark brown.
Head dark brown with black granulation on occiput. An-
tennal scapus light brown, flagellum dark brown; distal
portion of each antennomere with ring of setae shorter
than antennomere width. Pronotum brown to dark brown
with darker pattern. Legs brown. Body, wings and legs
covered with short setae. Body size in males 5.8—6.5
mm, forewing length 6.8—7.2 mm (n=14); in females
7.6—8 mm, forewing length 8.5-9 mm (n=13).

Male abdominal tergal ornamentation and genitalia:
Abdominal terga I-VI fully sclerotized. Abdominal
tergum VII medially membranous, anterior portion pig-
mented, with discontinuous anterior margin. Abdominal
tergum VIII with discontinuous anterior margin, medi-
ally membranous; medial posterolateral projections
(“tips”) of anterior margin not projecting into membra-
nous portion; tips distinctly sclerotized, broad, pointed,
with basal anterior subtriangular protrusions. Abdominal
tergum IX with discontinuous anterior margin, medially
membranous; medial projections of anterior margin with
basal anterior subtriangular protrusions forming subrec-
tangular tips of lateral sclerotized tergal portions; mem-
branous medial portion medioposteriorly with subrectan-
gular sclerotized spot with subrectangular anteromedial
incision. Ventral vesicle of abdominal segment IX sub-
oval; basal pedicle as wide as ventral vesicle. Abdominal
segment X in dorsal view medially narrow with a regular
anterior margin and 2 distinct mediolateral incisions of
the anterior margin; in dorsal view with shallow poste-
rior incision; in dorsal and lateral view posterior mar-
gin pilose, elevated. Cerci normal, covered with long
setae. Epiproct with short basal process, in dorsal view
rounded. Paraproct in ventral and lateral views with sub-
oval lateral lobes; in ventral and caudal view medial styli
broad, stout; in lateral view styli proximally wider than
distally with a distinct step separating proximal and dis-
tal portions, distal portion evenly curved, pointed; styli
projecting posterodorsally; styli once their width shorter
than the specilla. Specilla short, evenly curved, project-
ing posterodorsally, with pointed tip.

Female genitalia: Abdominal venter VII covered by
wide subtrapezoidal sclerite. Abdominal sternum VIII
(subgenital plate) in ventral and lateral views with dis-
tinct elongate, rounded anteromedian protuberance; in
lateral view distal portion of anteromedian protuberance
projecting somewhat posteriorly; in ventral view, lateral
margins of subgenital plate slightly sinuous; posterior
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lobes of subgenital plate with median lobules, project-
ing posteriorly; posterior lobes of subgenital plate medi-
ally elevated; lateral tips of posterior lobes of subgenital
plate subtriangular, laterally longer than medially. Cerci
slightly longer than paraproct in lateral and ventral view.
Larva and eggs: Unknown.

Biological remarks. To our current knowledge, L. fochet-
tii is a cold-stenothermic micro-endemic species restrict-
ed to the Lessinian Alps in the Venetian Prealps, where it
occurs mainly in high altitude biotopes (1000—1380 m) or
in cold springs at lesser altitudes (800 m). The emergence
period extends over summer, and adults are on the wing
from late spring to early autumn (V—-IX). As a result of
intensive studies performed all over the Italian Alps, the
Lessinian Mountains were identified as hot spot of aquat-
ic biodiversity (MaLicky 2006; Trizzivo et al. 2014): This
mountainous region close to the Po Plain is well separat-
ed from the rest of the Alps westwards by the wide glacial
valley of the Adige River followed by Garda Lake and
northwards and eastwards by another wide glacial valley
(the Valsugana Valley and Brenta River Valley). In this
region several micro-endemic species occur, especially in
the stoneflies with 5 species that are restricted to these
refuge mountains: Isoperla sp.n., Protonemura bipartita
Consiglio, 1962, L. dylani Graf, 2007, L. juliettae Vingon
& Graf, 2011 and L. grafi Vingon & Vitecek, sp.n.; ad-
ditionally, the caddisfly Ecclisopteryx malickyi Morretti,
1991 is reported as an endemic from the same area.

Etymology. Named for Prof. Romolo Fochetti.

5.2. Leuctra grafi sp.n. Vingcon & Vitecek
Fig. 11

Material. Holotype: &' Italy, Toscana, Apuan Alps, North-Eastern
Carrara, Vinca, 44.132778°N 10.179167°E, leg. Graf 17.vii.2007,
deposited in the MZL. — Paratypes: 3 33 (voucher ID for 1 &
Legr0101),3 99 (voucher ID for 1 ¢ Legr0101) (currently in coll.
Vitecek, will be transferred to SFNF); 6 3 J, 15 @ Q: same locality
and date (in coll. Vingon). — Additional material: 10 33 (voucher
ID for 1 & Legr0103; currently in coll. Vitecek, will be transferred
to SFNF), 12 99 (voucher ID for 1 @ Legr0104; currently in
coll. Vitecek, will be transferred to SENF): Italy, Northern Apen-
nines, Toscana, Apuan Alps, N.E. Carrara, Vinca, 44.136205°N
10.164215°E, leg. Vingon 28.vi.2016 (in coll. Vingon). 3 &J
(voucher ID for 1 & Legr0201; currently in coll. Vitecek, will be
transferred to SFNF), 3 9 (voucher ID for 1 @ Legr0202; cur-
rently in coll. Vitecek, will be transferred to SFNF): Italy, North-
ern Apennines, Toscana, above Cerreto pass, southern slope of the
pass, glacial circus, 1500 m a.s.l., 44.295403°N 10.233044°E, leg.
Vingon 28.vi.2016 (in coll. Vingon). 1 &: Italy, Northern Apen-
nines, Toscana, Apuane Alps, between Carrara and Vinca, prati di
Campocecina, 1300 m a.s.l., leg. Campari & Ravizza 22.vi.1978
(in coll. Vingon).

Diagnosis. A medium-sized, macropterous Leuctra spe-
cies of the L. inermis group. Males of L. grafi sp.n. are
most similar to males of L. apenninicola and L. insubrica
[males of these species are characterized by two acute
processes extending posterior and median from the ante-
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rior margin of tergite VIII]. Males of L. grafi sp.n. exhibit
(1) abdominal tergum VII with wide, strongly sclerotized
anterior margin; (2) discontinuous anterior margin of
abdominal tergum VIII with broad, rounded, heavily
sclerotized medioposteriad tips lacking anterior subtrian-
gular protrusions; (3) membranous portion of abdominal
tergum IX with a sclerotized tergal spot composed of 2
subtriangular patches, fused at their posterior margins;
(4) ventral vesicle of abdominal segment IX subrectan-
gular; (5) abdominal segment X in dorsal view medially
narrow with 2 distinct incisions on the anterior margin;
(6) posterior margin of abdominal segment X in dorsal
and lateral view with distinct pilose dorsal protuberance,
elevated and projecting dorsal and posterior in lateral
view; (7) globular lateral lobes of styli; (8) styli twice
their width shorter than the specilla. Males of L. apen-
ninicola (Fig. 6) have discontinuous anterior margins of
abdominal tergum VIII with thin, rounded medioposte-
riad tips with anterior subtriangular protrusions; a differ-
ently shaped sclerotized spot on membranous tergum of
abdominal segment IX; a suboval, anteriorly narrower
ventral vesicle of abdominal segment IX; an only slightly
elevated pilose dorsal protuberance on posterior margin
of abdominal segment X. Males of L. insubrica (Fig.
14) have abdominal tergum VII with thin strongly scle-
rotized anterior margin; discontinuous anterior margins
of abdominal tergum VIII with thin, pointed mediopos-
teriad tips with anterior subtriangular protrusions; a dif-
ferently shaped sclerotized spot on membranous tergum
of abdominal segment IX; a suboval, posteriorly slightly
narrower ventral vesicle of abdominal segment IX; 2
slightly elevated, rounded pilose dorsal protuberances on
posterior margin of abdominal segment X; slender lateral
lobes of styli; styli only once their width shorter than the
specilla.

Females of the new species are most similar to females
of L. apenninicola, L. insubrica, and L. inermis but ex-
hibit (1) an evenly rounded subgenital plate in lateral
and ventral view; (2) lateral margins of subgenital plate
sinuous; (3) posterior lobes of subgenital plate medially
elevated; (4) posterior lobes of subgenital plate without
median lobules; (5) tips of posterior lobes of subgeni-
tal plate subrectangular, medially and laterally of similar
length, slightly projecting laterally. Females of L. apen-
ninicola have a distinct rounded anteromedian protu-
berance of the subgenital plate; tips of posterior lobes
of subgenital plate suboval, projecting laterad, laterally
longer than medially. Females of L. insubrica have pos-
terior lobes of subgenital plate with median lobules; tips
of posterior lobes of subgenital plate suboval, project-
ing laterally. Females of L. inermis have straight or pos-
teriorly converging lateral margins of subgenital plate;
medially mostly flat posterior lobes of subgenital plate;
posterior lobes of subgenital plate with median lobules
projecting medially; tips of posterior lobes of subgenital
plate rounded, projecting posteriorly.

Description. Habitus: General colour brown to dark
brown. Head dark brown with black granulation on
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occiput. Antennal scapus light brown, flagellum dark
brown; distal portion of each antennal segment with ring
of setae shorter than antennal segment width. Pronotum
brown to dark brown with darker pattern. Legs brown.
Body, wings and legs covered in short setae. Body size in
males 4.5—4.9 mm, forewing length 4.8—5 mm (n=23);
in females 5.0—-6.1 mm, forewing length 5.8—6.3 mm
(n=33).

Male abdominal tergal ornamentation and genitalia:
Abdominal terga [—VI fully sclerotized. Abdominal ter-
gum VII medially membranous with wide, strongly scle-
rotized anterior margin. Abdominal tergum VIII with
discontinuous anterior margin, medially membranous;
medioposteriad projections (“tips”) of anterior margin
heavily sclerotized, broad, rounded, without basal an-
terior subtriangular protrusions. Abdominal tergum IX
with discontinuous anterior margin, medially mem-
branous; medioanterior projections of anterior margin
weakly sclerotized; membranous portion medioposteri-
orly with sclerotized spot composed of 2 subtriangular
patches, fused at their posterior margins. Ventral vesicle
of abdominal segment IX subrectangular; basal pedi-
cle as wide as ventral vesicle. Abdominal segment X in
dorsal view medially narrow with an irregular anterior
margin and 2 distinct incisions of the anterior margin; in
dorsal and lateral view with a distinct, elongate suboval,
pilose protuberance; in lateral view pilose dorsal pro-
tuberance elevated and projecting dorsally and posteri-
orly. Cerci normal, covered in long setae. Epiproct with
short basal process, in dorsal view rounded. Paraproct
in ventral and lateral views with globular lateral lobes;
medially with evenly curved, pointed styli projecting
posterodorsally; styli twice their width shorter than the
specilla. Specilla evenly curved, projecting posterodor-
sally, with pointed tip.

Female genitalia: Abdominal venter VII covered by
wide subtrapezoid sclerite. Abdominal sternum VIII
(subgenital plate) in ventral and lateral views evenly
rounded, without anteromedian protuberance; in ventral
view, lateral margins of subgenital plate sinuous; pos-
terior lobes of subgenital plate without median lobules,
medially elevated; tips of posterior lobes of subgenital
plate subrectangular, medially and laterally of similar
length; tips of posterior lobes of subgenital plate project-
ing slightly laterally. Cerci longer than paraproct in lat-
eral and ventral view.

Larva and eggs: Unknown.

Biological remarks. To our current knowledge, L. grafi
is a micro-endemic species occurring only in the Apuan
Alps in the Northern Apennines and in a restricted part
of the Northern Apennines close to Cerreto Pass of the
Apuan Alps. It is a crenophilous, cold-stenotopic taxon
inhabiting small brooks and springs of montane areas.
Flight period is late June to July.

Etymology. Named for Wolfram Graf, trichopterologist,
plecopterologist, and collector of the type specimens.
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