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A locust witness of a trans-oceanic Oligocene migration between Arabia and Iran (Orthoptera: Acrididae)
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Fossil insects are very rarely found in sediments of deep marine origin. Nevertheless they can be of great interest to trace past events such as trans-oceanic migrations. Here we document the first fossil insects from Iran, viz. several alate ants dead during mating swarms and a migratory locust, found in the pelagic Oligocene sediments of the Zagros Mountains. This locust represents the first putative indication of insect migrations between the Arabian-African and Asiatic continents through the Parathetys, probably in relation with the development of open grassland biotas in these areas.

Introduction

Direct fossil evidence of a long-distance mass insect migration are extremely rare. One record is known for a moth migration in the diatomous sediments of the Fur Formation from the Early Paleogene of Denmark (55 million years old) [START_REF] Rust | Fossil record of mass moth migration[END_REF]. The main reason of the rarity of such evidences is that insects need to be fossilized in marine sediments. The discovery of numerous fossils of the same species in the same layer of a terrestrial deposit can correspond to a continental migration but also to a local mass occurrence. For instance, several griffenflies were found in one layer of the Middle Permian of Lodève (France) but it is not possible to say that they correspond to a migration [START_REF] Nel | The Odonatoptera of the Late Permian Lodève Basin (Insecta)[END_REF]. [START_REF] Arillo | The fossil Acrididae from the Oligocene of Izarra (Alava, Spain). The antiquity of gregarious behavior (Orthoptera: Caelifera)[END_REF], on the basis of the numerous co-occurrences of locusts fossilized in the same Spanish Oligocene paleolake, hypothesized that they could correspond to an evidence of gregarious behavior, but they could not infer a phenomenon of mass migration. Insect taphocoenosis of marine origin are not very frequent. Notable exceptions are the Early Triassic of Australia [START_REF] Haig | Early Triassic (early Olenekian) life in the interior of East Gondwana: mixed marine-terrestrial biota from the Kockatea Shale, Western Australia[END_REF], Early Jurassic of Northern Europe [START_REF] Ansorge | Insekten aus dem Oberen Lias von Grimmen (Vorpommern, Norddeutschland)[END_REF], Late Jurassic of Germany [START_REF] Viohl | The paleoenvironment of the Late Jurassic fishes from the Southern Franconian Alb[END_REF] and France [START_REF] Nel | Exceptionally preserved insect fossils in the Late Jurassic lagoon of Orbagnoux (Rhône Valley, France)[END_REF], Early Cretaceous of Lebanon [START_REF] Prokop | First record of a fossil beetle (Coleoptera, Haliplidae) from the base of Paleocene flysch sediment in the Magura unit (Outer Western Carpathians, Moravia)[END_REF][START_REF] Vršanský | Mieroblattina pacis gen. et sp. n. -Upper Cretaceous cockroach (Blattida: Mesoblattinidae) from Nammoura limestone of Lebanon[END_REF], and Early Paleogene of D enmark [START_REF] Rust | Biostratinomie von Insekten aus der Fur-Formation von Dänemark (Moler, oberes Paleozän/unteres Eozän) [Biostratinomy of insects from the Fur Formation of Denmark (Moler, Upper Paleocene / Lower Eocene)[END_REF]. These relatively rich outcrops correspond to relatively shallow water, frequently lagoonal, paleoenvironments close to land masses. Sediments of pelagic origin normally do not contain fossil insects, with the exceptions of a beetle elytron found in Paleocene flysch sediments produced in the lower bathyal to abyssal zone of Moravia [START_REF] Prokop | First record of a fossil beetle (Coleoptera, Haliplidae) from the base of Paleocene flysch sediment in the Magura unit (Outer Western Carpathians, Moravia)[END_REF], and the recent discovery of a fly found in the deep-water marine Early Miocene of Zillerleite, Germany (Nel, pers. obs.).

Here we record the first fossil insects from Iran, viz. remnants of ants and of the wings of a locust, found by one of us (MMA) in the pelagic Oligocene sediments of the Zagros Mountains. This locust probably died during a migration between the Arabian Peninsula and the continental Iran. Although fossil insects were known from these fossil beds [START_REF] Garassino | Report on decapod crustaceans from the Eocene of Zagros Basin, Iran[END_REF] 

Material and methods

Babaheidar (Babaheydar) is a small town located in Chahar Mahal and Bakhtiari province in west central Iran. It is ca. 50 km from Shahrekord, the capital city of the province (Fig. 1). The area is mostly located in the high Zagros mountain ranges. Numerous marine deposits ranging from late Paleozoic to the end of Cenozoic were found in the area. The 'Konservat Lagerstätte' of Babaheidar was discovered about three decades ago during the construction of a road. The fauna was preliminary reported [START_REF] Jafarian | Preliminary investigation and systematic of Eocene fish from Bakhtiari region[END_REF]), but has not been studied systematically until later [START_REF] Jafarian | Investigation and introduction of some Eocene fish fossils in Zagros Basin[END_REF]. Recent field researches by teams from the University of Isfahan have given thousands of fishes but also plants, crustaceans, insects, and birds [START_REF] Tyler | New genus and species of basal tetraodontoid puffer fish from the Oligocene of Iran, related to the Zignoichthyidae (Tetraodontiformes)[END_REF][START_REF] Garassino | Report on decapod crustaceans from the Eocene of Zagros Basin, Iran[END_REF]. The fossil beds of Babaheidar area belong to the Pabdeh Formation, deposited in the north-western and southern parts of the Zagros Basin mainly during the Eocene and in some areas until the Oligocene and even the Miocene. It mainly consists of white marls, dark to light grey shales rich in planktonic microfauna, and thin to thick-bedded marl limestones (platy limestone) which preserved the macrofauna [START_REF] Garassino | Report on decapod crustaceans from the Eocene of Zagros Basin, Iran[END_REF]. It is about 800 meters thick in the studied area. The Pabdeh Formation is covered by the famous Oligocene/Miocene beds of the Asmari Formation, and it rests on the Eocene terrigenous red deposits of the Kashkan Formation. (Fig. 2).

The sedimentary environment of the Pabdeh Formation based on several studies (microfacies and trace fossil analyses, sedimentary petrology, and micropaleontology) indicates a deep sea environment (upper bathyal zone). The abundance of micrites, glauconite, planktonic foraminifera, fish fauna, and the presence of a pelagic bird support a palaeoenvironment of pelagic marine origin (Paratethys) [START_REF] Aqrawi | The origin of dolomite in the Asmari Formation (Oligocene-Lower Miocene), Dezful Embayment, SW Iran[END_REF][START_REF] Amirshahkarami | Sedimentary facies and sequence stratigraphy of the Asmari Formation at Chaman-Bolbol, Zagros basin, Iran[END_REF][START_REF] Mohseni | Depositional environments and trace fossil assemblages in the Pabdeh Formation (Paleogene), Zagros Basin, Iran[END_REF][START_REF] Garassino | Report on decapod crustaceans from the Eocene of Zagros Basin, Iran[END_REF].

Deposits of the Pabdeh Formation are generally assigned to the Eocene age. However, a study of the nanoplanktons and planktonic foraminifera from one section in the Babaheidar area, in which the pelagic bird was found [START_REF] Peters | Frigidafons babaheydariensis n. sp., ein Sturmvogel aus dem Oligozän des Irans (Aves: Procellariidae)[END_REF], indicated that the studied section is Rupelian (early Oligocene) in age (Hamrsmid & Rogl 2000). Nevertheless, a recent study of the planktonic microfauna from the other sections indicates a middle to late Eocene age [START_REF] Garassino | Report on decapod crustaceans from the Eocene of Zagros Basin, Iran[END_REF]. It is quite possible that the very thick Pabdeh Formation covers a period ranging from the late Eocene to the early Oligocene. The fossil fishes as well as the other fauna are present at several intervals, though they are not abundant in the lower parts.

The fossil insects from Babaheidar area come from several localities. The exact stratigraphic position for some of them is unclear. However, the Orthoptera comes from the upper parts of the succession, early Oligocene in age. It is likely that other insects also come from these intervals because it is the most investigated part of the series for the fossil fishes that are frequently found in these layers. Occurrence. Rupelian, Oligocene, Pabdeh Formation (zone NP 24), Sepid daneh-Kavanak, high Zagros Mountains near the town of Babaheidar (Baba Heydar), western Iran.

Description

Tegmen hyaline, with ca. 11 irregular brown transverse stripes, large, 67.0 mm long, 11.3 mm wide, falcate with apex cut; subcostal area 2.0 mm wide; no visible intercalary longitudinal vein (i.l.v.) in area between R+M+CuA and CuP; RP with ten branches and intercalary longitudinal veins between them; anal veins very long, closely parallel, ending on posterior wing margin ca. 49.0 mm from wing base and 17.3 mm from wing apex; anal area with several rows of very small cells; CuP ending on first anal vein; hindwing large but covered by a tegmen and very poorly preserved, hyaline.

Discussion

The presence of very long anal veins on the tegmen, distally fused with CuPb near posterior wing margin is a character only present in some caeliferan groups (Pauliniidae, Charilaidae, some Catantopidae, and mainly Acrididae) [START_REF] Dirsh | Classification of the acridomorph insects[END_REF]). Among these groups, only some Acrididae have so numerous branches of RP (10 branches) and a similar shape of tegmen elongate, falcate, and with a cut apex (e.g. Cyrtacanthacridinae, Calliptaminae, and Oedipodinae) [START_REF] Dirsh | A preliminary revision of the families and subfamilies of Acridoidea (Orthoptera)[END_REF][START_REF] Dirsh | The African genera of Acridoidea (Orthoptera)[END_REF]. The absence of the intercalary longitudinal vein in the area between R+M+CuA and CuP would exclude affinities with the Oedipodinae. The particular ornamentation of the tegmen with more than 11 transverse dark zones can be found in these subfamilies but also in some Acridinae. The pattern of venation and of ornamentation is very similar to that of the modern Schistocerca gregaria [START_REF] Forskål | Descriptiones Animalium Avium, Amphibiorum, Piscium, Insectorum, Vermium; quae in Itinere Orientall observati Petrus Forskal[END_REF] or Locusta migratoria Linnaeus, 1758, but also of species in the genera Aiolopus [START_REF] Fieber | Synopsis der europäischen Orthoptera. Lotos[END_REF], or Oedaleus Fieber, 1853, etc. (Fard 1990;[START_REF] Garai | Contribution to the knowledge of the Iranian orthopteroid insects I[END_REF]. It is impossible on the sole basis of the wing venation to attribute this fossil to a precise tribe or genus, even if an attribution to the Cyrtacanthacridinae could be the most probable for the great similarity of tegmen with Schistocerca gregaria.

The great similarity of this fossil in size of wings, tegmen shape, venation, and ornamentation with those of a Schistocerca or a Locusta suggests that this insect had flight capacities similar to those of these migratory locusts. Even its long tegmina suggest that it was a long-winged morph able to migrate, unlike the short-winged morph of Locusta migratoria [START_REF] Nishide | Wing dimorphism in the migratory locust, Locusta migratoria: differentiation of wing morph and phase polyphenism[END_REF]. Brown versus green color can have also an impact on the migratory behavior in these locusts [START_REF] Cease | Are color or high rearing density related to migratory polyphenism in the band-winged grasshopper, Oedaleus asiaticus?[END_REF]), but, even if the tegmina of this fossil are colored in brown, it is not possible to be sure that it is the original color of the insect because chemical green colors of insects degrade into brown color during taphonomic process [START_REF] Mcnamara | The taphonomy of colour in fossil insects and feathers[END_REF].

This locust was certainly an active flyer because of the large dimensions and shape of the tegmina. Locusts are known to occur at high altitude during their migration [START_REF] Berland | Données récentes sur le transport aérien d'animaux et de plantes, d'après des recherches faites en avion[END_REF], and to cross over seas and oceans. After its discovery in deep water sediments of the Oligocene Thetys together with its flight capacities, we can infer that it died in open sea and went in deep water sometime after its death because it was obviously dislocated as it only shows fragments of thorax with two forewings and one hindwing. Experiments on modern Orthoptera showed that these insects, when they arrive at the water surface, float for a long time and generally dislocate before sinking [START_REF] Popov | The desert locust (Schistocerca gregaria Forskål) in the Island of Socotra[END_REF]Wilson 1980;[START_REF] Nel | Analyse d'entomofaunes cénozoiques[END_REF][START_REF] Martínez-Delclòs | Insect taphonomy experiments. Their application to the Cretaceous outcrops of lithographic limestones from Spain. Kaupia[END_REF]. The eutrophication in the photic zone of the ancient sea with bloom of nannoplankton [START_REF] Hamrsmid | Biostratigraphy of the Baba Heydar section, Iran[END_REF] favored its sinking and fossilization [START_REF] Nel | Analyse d'entomofaunes cénozoiques[END_REF][START_REF] Paicheler | The aquatic genus Notonecta (Insecta: Heteroptera) as a palaeo-ecological indicator of rhythmite miming sequences in shallow freshwater deposits[END_REF]).

The other insects found in the Pabdeh Formation are small ants (alate males and females Formicidae, 3-5 mm long) (Fig. 5). They were found in the Qanbar Siny section of Babaheidar area. Such ants are flying during their mating swarm. They were lost in the sea. They have also lost body parts (wings, legs, heads or abdomens) and probably stayed a long time on the water surface before sinking.

The concerned area was occupied during the Oligocene by the rather broad Paratethys between the Arabian Peninsula and Central Iran [START_REF] Rögl | Palaeogeographic considerations for Mediterranean and Paratethys seaways (Oligocene to Miocene)[END_REF] 

Conclusions

No other record of Iranian fossil insects is known. Further field researches will be necessary to increase our knowledge on the past entomofauna from this country. Such discoveries could be of great interest as direct evidences on the biogeography of this area situated between Africa and Asia. Also, it appears that fossil insects could be more frequent than expected in outcrops of deep marine origin. They could be of great interest to trace ancient behaviors such as intercontinental migrations. UIDGA3-4 (imprint and counter-print); 4. UIDGA5 (imprint); 5. UIDGA7 (imprint); 6.

UIDGA6 (counter-print of UIDGA5); 7-8. UIDGA9-10 (imprint and counter-print); 9.

UIDGA8 (counter-print of UIDGA7); 10-11. UIDGA2 (counter-print of UIDGA1); 12. UIDGA11; 13. UIDGA12; 14. UIDGA13; 15-16 (UIDGA14-15) (imprint and counter-print).

  , none of them was studied. Otherwise only traces of insect activities are putatively known from Iran, viz. Vaez-Javadi (2006: pl. 2, fig. 1) figured fossil leaves with possible arthropod margin traces of activity from the Rhaetian of NE Iran; and Ameri et al. (2014: figs 3-4) figured Middle Jurassic leaves with possible traces of activity on their margins. Dating and palaeoenvironmental conditions for the oldest migrations of locusts between Africa, Europe and Asia are discussed.

  The studied specimens are housed in the Palaeontological Collection of the Department of Geology, University of Isfahan, I.R. Iran (UIDG). The fossils were photographed with a Nikon D40X. We follow the wing venation terminology ofBéthoux and Nel (2002). R, radial vein; RP posterior branch of R; M median vein; CuA anterior branch of cubital vein; CuP posterior branch of cubital vein. Specimen IUDG 16 (two tegmina and a hindwing attached to fragments of the thorax).

  . It is possible to suppose that this locust participated to a migration event between these two lands, similarly to what happens nowadays, covering longer distance than the width of the Oligocene Paratethys between Arabia and Iran (Cressman 1998). The Eocene-Oligocene climate is considered rather dry in the concerned area and more generally in Asia (Dupont-Nivet et al. 2007; Soleimani 2009), fitting well to the presence of migratory locusts living in open grasslands. The cooling and drying of Asian climate at the Eocene-Oligocene boundary caused a turnover of the mammal fauna and flora from a 'perissodactyl-dominant fauna in forests under a warm-temperate climate to small rodent/lagomorph-dominant fauna in a forest-steppe' (Sun et al. 2014). Arabian-Asiatic migrations of locusts could have been initiated and/or favored by these climatic changes during the late Paleogene. More generally it seems that the Acrididae began to diversify only during the Oligocene, maybe also in relation to the development of more open biotas. Fossil Acrididae are very scarce and only known since the late Eocene (Gorochov & Rasnitsyn 2002). The oldest alleged Acrididae, Menatacridium Piton, 1936 from the Paleocene of France, has been discussed by Zeuner (1944) who concluded that its position is unclear. Compression fossils of Acrididae become slightly more frequent in the lacustrine outcrops of the late Oligocene and the Miocene.
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 2 Figure 2. Stratigraphic column of the fossiliferous deposits of the Babaheidar lagersttate.
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 3 Figure 3. Orthoptera Acrididae, specimen IUDG 16. Photograph of imprint. Scale bar: 10 mm.
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 4 Figure 4. Orthoptera Acrididae, specimen IUDG 16. Photograph of counter-imprint. Scale bar:

Figure 5 .

 5 Figure 5. Hymenoptera: Formicidae (possibly Myrmicinae). 1. UIDGA1 (imprint); 2-3.
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