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Abstract

Using sequence data from four nuclear genes alongside DNA barcodes, we reconstructed the evolutionary history of
genus Hipparchia Fabricius, 1807. Our phylogeny supported the previously proposed subgeneric classification for the
genus and revealed an overlooked taxon close to H. fatua (Freyer, 1845) from the Zagros mountain range in Western Iran,
here described as a new species, Hipparchia lunulata sp. nov. We also confirm that the range of H. fatua sichaea (Lederer,
1857), originally described from Beirut, extends to the westernmost part of the Zagros mountains in Iran.
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Introduction

For decades, the palearctic butterfly genus Hipparchia Fabricius, 1807 has been a continuous source of disagreement
among lepidopterists for delimitation of its species (Kudrna 1977, Garcia-Barros & Martin 1991, Smith & Shreeve
1993, Cesaroni et al. 1994, Wakeham-Dawson & Kudrna 2000, Wakeham-Dawson et al. 2003, 2004; Russell et
al. 2007, Jutzeler et al. 2007, Descimon & Mallet 2010, Coutsis & Bozano 2018, Jutzeler 2021). Major reference
checklists such as Fauna Europaea, Catalogue of Life, iNaturalist and GBIF vary in their adopted taxonomy for
this genus. The latest treatment of Hipparchia by Sbordoni et al. (2018) has recognized 35 species grouped under
five subgenera: Hipparchia Fabricius, 1807 (7 species), Parahipparchia Kudrna, 1977 (14 species), Neohipparchia
de Lesse, 1951 (4 species), Pseudotergumia Agenjo, 1947 (8 species), and Euhipparchia Kudra 1977 (2 species).
Under subgenus Neohipparchia, the taxa fatua, statilinus, hansii and powelii are recognized as valid species
(Sbordoni et al. 2018).

Hipparchia fatua Freyer, 1843, commonly known as Freyer’s Grayling, has a relatively wide range from
SE Europe though the Anatolian plateau and the Levant to western and northern Iran and Turkmenistan. It is
morphologically very similar to, and sympatric across most of its range with, its sister species H. statilinus (Hufnagel,
1766). Both species show considerable geographic variation, however H. statilinus is distinguishable from H. fatua
by a number of diagnostic characters, including smaller size and the obfuscation of the submarginal and discal lines
on the underside of the hindwings.

Observed phenotypic differences primarily in the development of markings on the underside of the wings in
various populations of H. fatua have led to recognition of several subspecies: The nominotypical ssp. fatua Freyer,
1843 (TL: Marmara region, Turkey, see Hesselbarth ez al. 1995) flies from the Balkans and Greece to the Caucasus;
ssp. sichaea Lederer, 1857 (TL: Beirut) in Lebanon, Jordan, Israel and Syria; and ssp. persiscana Verity, 1937 (TL:
“above Keredj, in the Elburz Mts.”) in N. and C. Iran to Turkmenistan (Kopet-Dagh). Taxa klapperichi Gross &
Ebert, 1975 (TL: “Elburs S-Seite: Damavand”)(Ebert et al. 1975) and dagi Korshunov & Krasilnikova, 1990 (TL:
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Turkmenia, Bakhardensky district, Ipay-Kala valley)(Korshunov 1990) have been previously synonymized with
ssp. persiscana (Tshikolovets et al. 2014; Sbordoni et al. 2018). Clinal variations and transition zones seem to exist
between some of these populations (Benyamini 2022), and thus delineation of the exact geographical boundaries
between these subspecies has thus far remained elusive.

In recent years, molecular studies have increasingly been employed to resolve long-standing taxonomic issues
in Satyrini (Nazari et al. 2009, Kleckova et al. 2015, Verovnik & Wiemers 2016, Pyrcz et al. 2017, Lukhtanov &
Dubatolov 2020, Usami et al. 2021), however no comprehensive analysis of Hipparchia is so far published. Using
DNA barcodes, we tested the genetic structure among various populations of H. fatua in order to understand how
it corresponds to the subspecific scheme recognized based on morphological characteristics. To answer additional
questions on classification in this group, we expanded our gene and taxon sampling to include four previously
published nuclear genes (EF-1a, wg, GAPDH and RPS5) and representatives from nearly all known species of
Hipparchia and its sister genera in Satyrini.

Material & Methods

Genitalia dissections were carried out by Wolfgang ten Hagen on eight males from Turkey and Iran using the
methodology outlined by Higgins (1975) and photographed using standard equipment. Additional published
genitalia dissections (e.g. Kudrna 1977, Korshunov 1990, Sbordoni et al. 2018) were also examined. COI
barcode sequences for nearly all species of Hipparchia, already made available through previous studies,
were retrieved from GenBank. New samples of H. fatua were selected primarily from the collections
of AN and WtH. Among others, we could not sample H. fatua dagi Korshunov & Krasilnikova, 1990
from Kopet-Dagh mountains. Our sampling was also poor for Turkey where fresh material could not be
found, and in addition, no suitable material was available for H. powelli (Oberthiir, 1910) from Algeria.
Leg tissue and standardized procedures were used to obtain the barcodes at the Center for Biodiversity Genomics
in Guelph, Canada, and 29 new sequences were deposited on GenBank (Accessions PQ884485-PQ884514). Most
samples yielded full-length COI barcode sequences and the total length of our dataset was 658 base pairs. Specimen
data is publicly available in the BOLD dataset “DS- FATUA” (dx.doi.org/10.5883/DS-FATUA). Sixteen species
of Satyrini were selected as outgroups. In addition to COI barcode sequences, where available, four nuclear gene
sequences (EF-1a, wg, GAPDH and RPS5) were also retrieved from GenBank and added to the dataset (Table 1).
Alignment of sequences was carried out using MUSCLE modules implemented in AliView 1.28 (Larsson, 2014)
and double-checked visually. A maximum likelihood tree was obtained using IQTree web server (Nguyen et al.,
2015). Bayesian analysis was conducted in BEAST (Suchard et al., 2018) for 20 million generations and the results
were tested using TRACER 1.7.1 (Rambaut et al., 2018). Several secondary calibration points were adopted from
previous studies (Wiemers et al. 2020, Kawahara et al. 2023): The splits between Brintesia and Kanetisa (3.68
mya), Neominois and Oeneis (7.09 mya), Hipparchia tilosi and H. bacchus (3.18 mya), and Melanargia and Satyrini
(28.67 to 32.12 mya). Uncorrected p-distances were calculated in MEGA 11.0.8 (Tamura et al. 2021).

Results

Molecular data. In our phylogenetic analyses, within a well-supported monophyletic genus Hipparchia, we
recovered five strongly-supported clades corresponding to subgenera Hipparchia, Parahipparchia, Euhipparchia,
Pseudotergumia and Neohipparchia (Fig. 1). Our DNA barcoding results placed our single specimen of H. fatua
from Western Iran (Kordestan: Saghez—Marivan) together with samples of H. fatua sichaea from Israel and away
from those in Northern Iran (ssp. persiscana). Our specimens from the Zagros mountains (Markazi, Esfahan and Fars
provinces) displayed a remarkable genetic (barcode) distance (4.5+0.2%) from other H. fatua populations, signaling
distinction at a species level. This distance is much higher than those between some of the other conventionally
accepted species of Hipparchia, e.g. between H. pisidice and H. tewfiki (2.9%), or between H. gomera and H. tilosi
(3.5%) (Table 2). In our phylogenetic reconstructions, these samples grouped together in a distinct clade separate
from all other H. fatua, and our dated BEAST analysis also showed that the last common ancestor of this group with
H. fatua split in late Miocene, around 9.79 mya (Fig. 1).
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FIGURE 1. Multigene BEAST phylogeny of the genus Hipparchia showing Bayesian Posterior Probabilities for supported
nodes.

Morphological data. A comparison of the wing pattern elements between the populations of H. fatua highlights
the differences in overall appearance in males, but especially in females, across the range of the species (Fig. 2, 3).
Individuals of ssp. persiscana from Northern Iran show a light grey ground color and poorly developed markings
on the undersides of the hindwings, in contrast to specimens of ssp. sichaea or ssp. fatua from Europe and Turkey
that show a much darker coloration on the underside of both wings. In addition, minor variation is evident in the
male genitalia among dissected samples representing subspecies of H. fatua. Even though the male genitalia of
individuals from the Zagros mountains appear similar to those of ssp. fatua and ssp. persiscana, they can all be
reliably distinguished by subtle differences in the development of the dorsal sub-terminal triangular extension of
valvae (Fig. 4). These unique synapomorphies in wing pattern and genitalia differentiate the Zagros populations from
H. fatua (Table 3) and confirm the genetic hint provided by the DNA barcodes. Here we describe this population as
a new species:
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TABLE 3. Morphological diagnostic characters between H. lunulata sp. nov. and H. fatua.

Character H. lunulata sp. nov. H. fatua

Ground color Brownish Brown to black

Hindwing Submarginal area White lunulate pattern ~ Monotonous with the ground color

Androconial patch Wide Relatively narrow

Hind Wing shape Less undulated More strongly undulated

Hind Wing marginal black line Present Absent or very weak

dorsal sub-terminal triangular extension of ~ Strongly developed Weakly developed in ssp. persiscana, elongate in ssp.
valvae fatua, rounded in ssp. sichaea

Hipparchia lunulata Naderi & Nazari, sp. nov.
(Figs. 2A-B, H-I; 3B, 4A-B)

Type materials. Holotype: &, Iran, Esfahan, 2 km S. Daran, TV Tower Road, 2500m, 28-29.VIL.2015, leg. A.R.
Naderi, coll. code 446b, SampleID Naderi2024-32 (barcoded). Deposited in the coll. National Natural History
Museum and Genetic Resources (MMTT), Tehran, Iran.

FIGURE 2. adults of Hipparchia. A—G: males, H-N: females, upperside and underside of the wings. Males: A. H. lunulata sp.
nov. Holotype (Esfahan); B. H. lunulata sp. nov. PT (Fars); C. H. fatua persiscana (Chalus rd, N Karaj); D. H. fatua “dagi”
(Golestan Park); E. H. fatua sichaea (Syria: Tartus); F. H. fatua fatua (Turkey: Balikesir); G. H. statilinus male (Turkey:
Glimiishane). Females: H. H. lunulata sp. nov. PT (Lorestan); I. H. lunulata sp. nov. PT (Lorestan); J. H. fatua persiscana
(Dizin); K. H. fatua sichaea (Iran: Kordestan); L. H. fatua sichaea (Syria: Hama); M. H. fatua fatua (Turkey: Dikili); N. H.
statilinus (Turkey: Izmir).
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FIGURE 3. differential diagnosis between males of H. fatua (A) and H. lunulata sp. nov. (B). A: Iran, Chalus road, 15 km E Karaj,
1600 m, 7.VIIL.1994, leg. et coll. Naderi; B: Iran, Fars, 15-20 m E. Neyriz, 2000-2100 m, 5.VII.1997, leg. et coll. W. ten Hagen.

Paratypes: Iran: Esfahan: 1439 Khansar, Sarcheshmeh, 2400m, 23.VIIL.2005, leg. A. Harandi (coll. Harandi);
1819 Ibid, leg: M. Raddanipour (coll. Harandi); 43 Fereydounshahr, Alimakan, 2600m, 4.VIIL.2008, leg. A.
Harandi (coll. Harandi); 23 Ibid, eg: M. Raddanipour (coll. Harandi); 1 Natanz, Oureh, 2100m, 17.VIIL1.2023, leg.
A. Harandi (coll. Harandi); 2319 Kashan, Niasar-Sericheh, 1650m, 29-31.VII.1983, leg. Pazuki/Hashemi (coll.
Hayk Mirzayans Insect Museum [HMIM], Tehran). Markazi: 23 Tafresh, Naghusan, 2300m, 18.VI1.2002, leg. A.
R. Naderi (coll. Naderi); 19 Mahallat, 11. August. 1995, leg. A. Karbalai (coll. Zehzad); 23 Pass E Tafresh, 2400
m, 2-3.VIIL.1998, leg. W. ten Hagen (coll. ten Hagen); 20 Kuh-e Goran (S side), 2450 m, 20-21.VIL.1998, leg. W.
ten Hagen (coll. ten Hagen). Hamadan: 2319 Avaj, 5.VII1.1996, leg. A. Karbalai (coll. Zehzad). Lorestan: 3329
Dorud, Saravand, 1900-2100 m, 4.VII1.1998, leg. W. ten Hagen (coll. ten Hagen); 32 15 km E Dorud, Saravand,
Darastaneh, 2000m, 6.VIIL.1975, leg. Pazuki (coll. HMIM); 49 30 Km W Dorud (Pass), 2100 m, 3-4.VIII.1998,
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leg. W. ten Hagen (coll. ten Hagen); 4319 55 Km E Khorram-Abad, 2000 m, 17.VI1.1996, leg. W. ten Hagen (coll.
ten Hagen); 13 Kuh-e Garrin, Pass Nurabad - Nahavand (E side of pass), 1900-2400 m, 8-9.VI1.2000, leg. W. ten
Hagen (coll. ten Hagen). Chaharmahal-o Bakhtyari: 14 Rokh pass, 2200m, 11.VII1.2023, leg. A. Harandi (coll.
Harandi). Kohkiluye va Boyerahmad: 14 Kuh-e Dinar, Pass W Meimand, 2400-2700 m, 15. VII. 2000, leg. W.
ten Hagen. Fars: 13 Dashte Arjan, 1900m, 20.X.2010, leg. A. Hofmann & J. Meineke (coll. Naderi); 1& 15-20 km
E Neyriz, 2000-2100m, 5.VII.1997, leg. ten Hagen, dissection GP 19 1999 (coll. ten Hagen); 1 Kuh-e Hatun, NE
Qaderabad, 2400-2600m, 17.VII.1999, leg. W. ten Hagen (coll. ten Hagen).

FIGURE 4. Male genitalia of Hipparchia. from left to right: Genitalia, phallus, and close-up of the dorsal sub-terminal triangular
extension of valva. Arrows point to variable characters on the valva. A. H. lunulata sp. nov. GP19-1999 Fars: E. Neyriz; B. H.
lunulata sp. nov. GP16-1999 Lorestan: E. Khorramabad; C. H. fatua persiscana GP17-1999 Kordestan: N. Divandarreh; D. AH.
fatua sichaea GP 44-2024 Syria: Tartus; E. H. fatua fatua GP18-1999 N.E. Turkey: Artvin; F. H. fatua fatua GP15-1999 NW
Turkey: Canakkale; G. H. statilinus GP14-1999 W Turkey: Agais, Kaz Dagi, H. H. statilinus Turkey: Izmir. All dissections and
photos by WtH.

Description. Male: Forewing Length (FWL) 30 mm; Upperside: Both wings ground color dark brown to blackish;
forewing with an obscure but broad androconial patch; hindwing edge tends to be less undulated and more roundish;
pale whitish margins especially on the hindwings very distinct, sometimes even extending into inner submarginal area
as white lunules; a black line separates white margin from darker submarginal area; fringes white. Underside: close
to H. fatua persiscana with a pale gray background; hindwing with a wide dark brown patch that extends from S2 to
S5 in the marginal area. Female: FWL 28 mm; Upperside: Both wings ground color dark brown but lighter than the
male; forewing with two black eyespots in S2 and S5 and two white pupils in-between; the wing margins are paler than
the ground-color of the wings; hindwings with broad white margins and distinctive submarginal lunules in S1 to S7.
Diagnosis (Fig. 3). The new species is easily distinguishable from H. fatua by the presence of a white margin on the
upperside of the hindwings in males and the added white submarginal lunules in females. In H. fatua the upperside
of the hindwings are almost uniformly deep brown to black with no white marginal lunules. In H. lunulata sp. nov.,
the hind wings are more rounded and much less undulated than in H. fatua. The underside pattern of H. lunulata
sp. nov. is similar to H. fatua but with a distinctive wide brown submarginal patch between S2 and S5 area on the
hindwing. This patch is very faint or absent in H. fatua.

Male genitalia (Fig. 4). The dorsal sub-terminal triangular extension of valva well-developed, more robust than
those in H. fatua persiscana (Fig. 4C), not as rounded as in H. fatua sichaea (Fig. 4D), and not as elongated as in H.
fatua fatua (Fig. 4G) and H. statilinus (Fig. 4H) from Western Turkey.
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Etymology. The name /unulata refers to the white submarginal lunules on the upperside of the hindwings.

Distribution and Ecology. The range of the new species is restricted to the central and southern parts of the
Zagros mountains in Iran (Fig. 5). Adults fly very late in the season, usually in xerophytic habitats with thorny
Astragalus and Acantholimon, and nectar on flowers of Acantholimon and Acanthophyllum. They are petrophilous
and generally prefer to stay near the ground and rocks where the patterns on the underside of their hindwings provide
an adaptive camouflage against predators. They can also be seen resting on the tree trunks in cool shady spots.

FIGURE 5. Sequenced specimens of Hipparchia lunulata sp. nov. (red) and H. fatua (yellow), and their approximate ranges
(after Hesselbarth ez al. 1995; Tshikolovets 1998, Tshikolovets & Nekrutenko 2012, Tshikolovets et al. 2014, Tshikolovets &
Ben Yahuda 2020, Sbordoni et al. 2018). The type locality for each taxon is shown with a star. Map created using simplemappr.
net (Shorthouse 2010).

Discussion

At the end of the glacial periods in the northern hemisphere, the Zagros Mountain range served as an unglaciated
reservoir hosting many species which, after warming, gradually recolonized other areas. Today, the western parts of
the Zagros mountains are humid and covered with dense oak forests, whereas the eastern and central parts are much
drier and have a colder climate.

The range of Hipparchia fatua extends from the Balkans to Turkmenistan, however the exact boundaries
between its recognized subspecies remain undefined. The paucity of material from Turkey in our study did not help
in clarifying these boundaries. Historically, populations of H. fatua in north- and western Iran have been considered
to belong to ssp. persiscana. We found that the populations in central Alborz mountains in north Iran share the
same haplotype as those in west and northwest Iran (Ardabil, Azarbaijan Province), even though the latter possess
a somewhat darker complexion. The status of populations in Kopet-Dagh mountains (ssp. dagi Korshunov &
Kralinikova, 1990), previously synonymized with ssp. persiscana (Nazari 2003, Tshikolovets et al. 2014), remains
unconfirmed by molecular means. Westwards, the range of ssp. persiscana extends to the eastern parts of Iranian
Kordestan province (Fig. 5); however, our DNA analyses confirmed that samples of H. fatua from the western parts
of this province close to the border with Iraq are genetically identical to those in the Levant, i.e. H. fatua sichaea,
whose presence in Iran was recently questioned (Rajaei et al. 2023). This finding significantly expands the range
of this subspecies from the Mediterranean coasts to the westernmost edges of the Zagros mountains, however, the
exact distribution of this subspecies in southern Turkey and northern Iraq remains unclear. Unlike ssp. persiscana
that prefers drier habitats, ssp. sichaea flies in river valleys in dense humid oak forests in the Iranian Kordestan,
similar to its preferred habitats around Beirut. In addition, it is also possible that the range of the nominotypical ssp.
fatua extends to the northwesternmost corner of Iran, however this remains to be confirmed by molecular means.
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Our DNA analysis and examination of morphological characteristics revealed that populations from central and
eastern Zagros were distinct from H. fatua at species level, described here as H. lunulata sp. nov. It seems clear that
the range of the new species partially overlaps (at least) with that of H. fatua persiscana in western Iran (provinces
of Lorestan and Hamadan), and it is likely that in places where they co-occur, they could also hybridize. Focused
sampling in these areas followed by DNA analysis of the samples are required to confirm the existence and/or
extent of the hybridization between the two species and clarify the boundaries between these taxa as well as those
in Turkey, Iraq and Syria.

Our results also fully confirm the subgeneric scheme for the genus Hipparchia adopted by Sbordoni et al.
(2018). A discussion on the taxonomy of the many species in Hipparchia however is beyond the scope of this study
and should be investigated separately on a case-by-case basis.
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