Igdabatis marmii sp. nov. (Myliobatiformes) from the lower Maastrichtian (Upper Cretaceous) of northeastern Spain: an Ibero-Armorican origin for a Gondwanan batoid.
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Abstract
Microvertebrate fossil assemblages (chondrichthyans, osteichthyans, lissamphibians and squamates) from the Campanian and Maastrichtian of southwestern Europe include taxa with very different palaeobiogeographic affinities. However, most of these biogeographic histories remain still unclear. As inhabitants of shallow marine waters, batoids are considered good palaeobiogeographic indicators which could reveal connections between continental platforms. Igdabatis is a stingray (Myliobatiformes) with abundant Gondwanan fossil record, whereas its occurrence in the Ibero-Armorican landmass is intriguing. In this paper, a new species of Igdabatis is reported from the lower Maastrichtian of Spain. Based on this new record, the phylogenetic relationships of Myliobatiformes are assessed including Igdabatis taxa for first time. In addition, three new morphological characters were proposed based on the diagnoses of the different species and added to the dataset. The palaeobiogeographic events that these stingrays underwent during their speciation were exhaustively explored through a Statistical Dispersal-Vicariance Analysis (S-DIVA) performed in RASP 2.1. The phylogenetic analysis suggests a highly-nested position within Myliobatidae for the genus Igdabatis; and the new species was recovered as the most basal taxon in the clade. The S-DIVA results point to an Ibero-Armorican ancestral area of Igdabatis, from where its species diverged by a combination of vicariant and dispersal events. Both phylogenetic and palaeobiogeographical analyses were congruent with ocurrences in the fossil record. Results and fossil evidences allowed to propose a dispersal route between European and Gondwanan landmasses for these stingrays. The dispersion of Igdabatis between Ibero-Armorica and India during the Late Cretaceous was promoted by the proximity of the European and African continental platforms and then by the Kohistan-Ladakh island arc.
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Introduction
Our knowledge about fossil microvertebrates (chondrichthyans, osteichthyans, lissamphibians and squamates) from the Campanian and Maastrichtian of southwestern Europe improved significantly in the last years (Buffetaut et al. 1996, 1997; Cappetta & Corral 1999; Cavin 1999; Duffaud & Rage 1999; Poyato-Ariza et al. 1999; Rage 1999; Kriwet et al. 2007; Company & Szentesi 2012; Corral et al. 2016; Blanco et al. 2016, 2017; Szentesi & Company 2017). One of the most intriguing aspects concerns their palaeobiogeographic implications. Although most of this fauna is composed of endemic or common Laurasian taxa, the geographical emplacement of the European archipelago during the Late Cretaceous promoted microvertebrate assemblages including members with different biogeographical affinities (Pereda-Suberbiola 2009; Csiki-Sava et al. 2015). For instance, batrachosauroidid urodeles (Duffaud 1997), salamanders (Duffaud & Rage 1999; Szentesi & Company 2017) and palaeobatrachid anurans (Buffetaut et al. 1996; Duffaud & Rage 1999; Blanco et al. 2016; Szentesi & Company 2017) from the Campanian and Maastrichtian of Spain and southern France are clearly related to North American faunas; madtsoiid snakes occurred in the Campanian of northern Spain and Maastrichtian of Madagascar (Rage 1999); and alytines from the Maastrichtian of northeastern Spain are regarded as Asian immigrants (Blanco et al. 2016). However, although the common occurrence of a certain taxon in different regions evidences a biogeographical relationship, the ancestral area and the event that triggered its speciation remain usually unknown or are difficult to test because the scarcity of the microvertebrate fossil record.
As inhabitants of nerictic shallow marine ecosystems, batoids are considered good palaeobiogeographical indicators (Cappetta 1987). The occurrence of the same species in two different landmasses points to an interconnection between continental platforms, whereas endemisms suggest deep oceanic basins operating as geographical barriers.

The stingray Igdabatis was firstly recorded from the Upper Cretaceous (Maastrichtian) rocks of Mount Igdamon (Niger, Africa), represented by I. sigmodon Cappetta, 1972. Subsequently, new Igdabatis fossil remains were documented from Pisdura, Asifabad, Naskal and Jabalpur sites (Maastrichtian of India) (Jain & Sahni 1983; Courtillot et al. 1986; Prasad & Sahni 1987; Prasad & Kajuria 1990). Originally named ‘Igdabatis sigmoides’ or Igdabatis cf. sigmodon, the Indian specimens have finally been assigned to a different species – I. indicus Prasad & Cappetta, 1993. Based on these occurrences, Igdabatis was commonly regarded as a Gondwanan taxon restricted to the Maastrichtian. 
Later, additional fossil remains of Igdabatis indicus were reported from the Upper Cretaceous of the Tremp Formation in the southern slope of Pyrenees (Spain) (Soler-Gijón & López-Martínez 1998; Kriwet et al. 2007). The fossil record of this taxon in both Ibero-Armorica and India led Soler-Gijón & López-Martínez (1998) to hypothesize that a trans-Tethyan pathway interconnected these landmasses in the Late Cretaceous, allowing the dispersion of this batoid fish across their shallow shelf areas. However, whether Igdabatis indicus was a Gondwanan taxon reaching the Ibero-Armorican plate, or dispersed from Ibero-Armorica towards the Indian subcontinent remains still unknown.

In this paper, new Igdabatis remains recovered from the Tremp Formation (northeastern Spain) are described and compared with previous reports of this batoid. These specimens are interesting from taxonomic and stratigraphic viewpoints, increasing the diversity and the chronological range of Igdabatis. Using information of both new findings and previously-known fossil remains, the phylogenetic position of the genus is tested and a palaeobiogeographical analysis is performed in order to shed light on the origin and distribution of this Gondwanan stingray.
Geological setting
In the Late Cretaceous, Europe was an archipelago where the Iberian and the southern European plates formed the Ibero-Armorican landmass (Dercourt et al. 2000). During the Campanian and part of the Maastrichtian (latest Cretaceous), the Pyrenean foreland basin was an extension of the Atlantic Ocean (Fig. 1A–B). The sedimentation in this area occurred in marine settings, from open-shelf to nearshore and coastal environments. At the Campanian-Maastrichtian boundary, a marine regression began in the southern Pyrenean basin, leading to the formation of an east-to-west elongated tidal flat of about 2500 km2 (Oms et al. 2007) and progressively left the whole basin under continental sedimentary conditions. The marls and marly limestones that accumulated on this tidal flat form the Fumanya Member, the base of the so-called Tremp Formation (Mey et al. 1968). As a result of subsequent tectonic activity which continued up to the Palaeogene, Cretaceous and Cenozoic materials from the south-central and southeastern Pyrenean basin thrust upwards to form a number of allochthonous units that were displaced tens of kilometres to the south (Boixols-Sant Corneli, Serres Marginals, Montsech, Pedraforca and Cadí thrust sheets). As a consequence, materials from the Tremp Formation crop out in four synclines nowadays (Fig. 1C). From east to west, these are the Vallcebre, Coll de Nargó, Tremp and Àger synclines.
The Tremp Formation was divided by Rosell et al. (2001) into four informal units, of which the lower two are Maastrichtian in age. These units are, from the base to the top: 1) the ‘grey’ unit (including the afore-mentioned Fumanya Mb), composed of grey lutites, limestones and coals, is interpreted as coastal wetlands, lagoons and some swampy areas where abundant plant remains were deposited; 2) the ‘lower red’ unit, composed of mudstones and sandstones, interpreted as a period in which the regressive tendency was stronger conforming floodplains and related fluvial settings; 3) the Vallcebre Limestone and laterally equivalent strata, made up of limestones suggesting the development of extensive lacustrine areas; 4) the ‘upper red’ unit, consisting of mudstones, sandstones, conglomerates and limestones of fluvial, alluvial, lacustrine and palustrine origins, records a period of a reactivated tectonic stage. In the uppermost part of the ‘lower red’ unit, a thick layer composed of sandstones and/or conglomerates with oncolites is called the Reptile Sandstone (Masriera & Ullastre 1982; Blanco et al. 2015). This layer appears 7-10 metres below the overlying Danian Vallcebre Limestone in the Vallcebre and Àger synclines and has yielded the youngest dinosaur fossil record in Europe (Sellés et al. 2016).
The Fumanya dinosaur megatrack site is located between Fígols and Vallcebre villages in the Vallcebre Basin, at the north of Barcelona district. Stingray teeth were collected at the top of the Fumanya Mb which falls in the C32n.1n magnetochron (ca. 71 ma., early Maastrichtian) (Oms et al. 2007), approximately 30 metres below the level where the holotype of Allodaposuchus palustris Blanco, Puértolas-Pascual, Marmi, Vila & Sellés, 2014 was found (Blanco et al. 2014; Blanco & Brochu 2017). Studied teeth were collected in association with caudal stings (Marmi et al. 2010b), Rhombodus teeth (Blanco et al. 2017), sauropod footprints and isolated crocodilian teeth referred to Allodaposuchus palustris (Fig. 1D). The sedimentological analysis and the palaeontological content (charophytes, coals, rooting structures, palm leaves, conifer axes and gastropod shells) of this part of the sequence suggest a transitional marine lagoon (Marmi et al. 2010a, 2012; Riera et al. 2010; Villalba-Breva et al. 2012). 
Systematic palaeontology
Institutional abbreviations. 
IPS, Institut Català de Paleontologia – Miquel Crusafont (Sabadell, Barcelona, Spain).

Class Chondrichthyes Huxley, 1880
Subclass Elasmobranchii Bonaparte, 1838
Cohort Euselachii Hay, 1902

Division Neoselachii Compagno, 1977

Subdivision Batomorphii Cappetta, 1980 (Batoidea sensu Nelson 2006)
Order Myliobatiformes Compagno, 1973
Family Myliobatidae Bonaparte, 1838
Genus Igdabatis Cappetta, 1972
Revised diagnosis. Batoid showing gradient monognathic heterodonty – differentiation between median (symphyseal), parasymphyseal and lateral teeth. Median teeth expanded and moderately curved, with well-developed crowns. Occlusal surface ornamented with polygonal pits. Lingual surface of the crown bearing a bulge as interlocking mechanism. Crown bearing folds in the lingual face. Polyaulacorhize root alternating grooves and wide lobes.
Igdabatis marmii sp. nov.
(Figs. 2, 3)
Derivation of name. In honour of the palaeontologist Dr. Josep Marmi, who dedicated large efforts to study the fossil record of the Tremp Fm – especially in the Fumanya sites – and who is native from the Berguedà shire.
Diagnosis. A species of Igdabatis with crowns lacking sigmoidal contour and showing a flatter occlusal surface. Crown bearing folds also in the labial face. Crown and root similar in height. Polyaulacorhize root with two rows of unpaired lobes.

Holotype. IPS-90142 (Fig. 2A–H; 3A–C).
Paratypes. IPS-90141, IPS-90144, IPS-90147, IPS-90149, IPS-90150, IPS-90151, IPS-90171, IPS-90176, IPS-90178, IPS-90180.
Ocurrence. Fumanya Mb, Tremp Formation, lower Maastrichtian (C32n.1n). Fumanya site (Berguedà, Barcelona, Spain).
Description. Median teeth are elongated (wider than long) but relatively small (4-7 mm), with slightly arched shape and acute lateral edges in occlusal view; the lingual margin is convex whereas the labial one is concave. The crown surface is rugose and ornamented by small and polygonal pits (Fig. 2E, L; 3D). Though the height of the crown is slightly lower towards lateral ends in mesial or distal views, the occlusal surface remains quite planar. The labial face of the crown falls almost vertically from the occlusal face towards the root, displaying well-marked vertical folds (Fig. 2A, O; 3A). The lingual face protrudes over the root forming a lingual bulge. The lingual surface is also ornamented with vertical folds (Fig. 2B, H; 3B). The root is polyaulacorhize, displaying several wide lobes. These root laminae do not reach both labial and lingual margins of the tooth, being arranged in two rows of lobes with a single lobe in each lateral end. These lobes are of variable width and are not necessarily paired between both rows (Fig. 2D, G, I; 3C). 
Ecomorphologically, Igdabatis marmii sp. nov. shows grinding dentition: narrowly imbricated teeth with well-developed crowns and polygonal outline forming a dental plate with a nearly flat surface. Some crowns are partially worn by wear facets. The grinding dentition is characteristic of benthic forms, feeding on hard preys with resistant shells (Cappetta 1987; Adnet et al. 2012; Underwood et al. 2017).

Remarks. These specimens are assigned to Igdabatis because the following features are diagnostic at generic level (Cappetta 1972; Prasad & Cappetta 1993; Soler-Gijón & López-Martínez 1998): the crown width increases from the lateral margins to the middle (in lingual view); the occlusal surface is ornamented with polygonal pits; lateral and lingual faces bear folds; the lingual bulge is well marked; the root is polyaulacorhize and bears wide blocks.
Igdabatis marmii sp. nov. differs from I. indicus in showing, a flatter occlusal surface; bearing folds in both labial and lingual faces of the crown; being crown and root similar in height (rather than crown clearly higher than the root); and showing two rows of pointed lobes in the polyaulacorhize root (instead of rectangular lobes).

Igdabatis marmii sp. nov. also differs from I. sigmodon in showing no domed occlusal surface; in bearing folds in both labial and lingual faces of the crown; in lacking the sigmoidal contour; in lacking the uvulae on the lingual bulge roofing every root grove; having the crown as high as the root; and the morphology of root lobes.
Igdabatis cf. marmii
(Fig. 2P, S–U)
Material. Lateral teeth; IPS-90130, IPS-90137, IPS-90139, IPS-90140, IPS-90146, IPS-90148, IPS-90153, IPS-90154, IPS-90156, IPS-90158, IPS-90159, IPS-90166, IPS-90186, IPS-90187.
Ocurrence. Fumanya Mb, Tremp Formation, lower Maastrichtian (C32n.1n). Fumanya site (Berguedà, Barcelona, Spain).
Description. Lateral (parasymphyseal) teeth are also wider than long, showing subtrapezoidal outline and pitted ornamentation in occlusal view (Fig. 2P). The labial surface of the crown is nearly smooth, bearing a faint transversal depression. In lingual view, the bulge shows a corrugate surface and covers the root. The crown and the root are also similar in height. The root is also polyaulacorhize with variable number of rectangular laminae, similar to the median teeth of I. indicus and I. sigmodon. The most lateral teeth are even smaller and have a rounded or elliptical contour in occlusal view. The root is divided in only two lobes (Fig. 2S–U).

Remarks. These lateral and lateralmost teeth were initially referred to I. indicus (Blanco et al. 2017) due to the absence of diagnostic features of I. marmii sp. nov. However, as no median (symphyseal) tooth of I. indicus was found in the Fumanya sample and I. marmii sp. nov. is the only species of Igdabatis recognized in this site, these specimens are better regarded as Igdabatis cf. marmii. 

According to previous studies, the differences between I. sigmodon and I. indicus reside in the morphology of median (symphyseal) teeth (Cappetta 1972, 1993; Soler-Gijón & López-Martínez 1998; Kriwet et al. 2007; Verma et al. 2017): teeth of I. indicus are smaller in size than those of I. sigmodon and lack the sigmoidal contour and the uvulae in the lingual bulge, characteristic features of I. sigmodon. However, no morphological differences were observed between their lateral teeth. This is also the case in the studied material. Diagnostic features of I. marmii sp. nov. belong to median teeth whereas lateral and lateralmost teeth do not show differences to those of the other Igdabatis species.
Material and methods
Taxonomic sample

The data matrix includes 20 non-Myliobatidae taxa scored at genus level from Carvalho et al. (2004) and 12 myliobatid taxa scored at specific level from Claeson et al. (2010). Some fossil Myliobatis species were excluded pending revision, due to the polyphyly of the genus (Claeson et al. 2010). In addition, Igdabatis indicus and I. marmii sp. nov. were included here for first time. The final combined matrix (Appendix 1) includes 34 taxa (OTUs), retained at specific (myliobatids) and genus levels (non-myliobatid myliobatiforms). Two of them, Rhinobatos and Raja, were designed as outgroups for the whole myliobatiform sample composed by the remaining 32 taxa.
Character sample

A total of 86 morphological characters were compiled using Mesquite 3.31 (Maddison & Maddison 2017). The data matrix includes 43 unmodified skeletal characters (numbers 1–43) from Carvalho et al. (2004), 22 dental characters (numbers 44–65) from Claeson et al. (2010), 3 new dental characters (numbers 66–68) proposed in this study, and 18 mandibular characters (numbers 69–86) from Underwood et al. (2017). The three new characters (numbers 66–68; see Appendix 2 for a detailed description) are based on the diagnoses made for the genus and species of Igdabatis (Cappetta 1972, 1987; Prasad & Cappetta 1993; Soler-Gijón & López-Martínez 1998; Kriwet et al. 2007). Codings of these latter three characters were made for the remaining taxa using MorphoBank (O’Leary & Kaufman 2012, 2015), and specifically, the supporting images included in the Project 45 (Claeson et al. 2010). Thus, codings for characters 66–68 are based on the same specimens than the previous characters of the matrix when possible. See Appendix 3 for a complete list of characters used in the analysis.
In addition, a few changes were made in some characters of the matrix, according to the information provided by Claeson et al. (2010): Character 52, which describes tooth curvature, was changed from “concave” (0) to “convex” (2) in Aetobatus, and from “convex” (2) to “flat” (1) in Burnhamia, following authors’ character description. Character 54, related to the tooth interlocking mechanism, was changed from “tongue-and-groove articulation” (1) to “no direct contact” (2) in Mobula, as the authors suggested. In character 55, describing the shape of the tongue-and-groove articulation between teeth, the codings of all taxa without this type of joint (states 0 and 2 in character 54) were changed from “missing data” (?) to “not applicable” (-) in the matrix. This change was made for all non-myliobatid myliobatiforms, Manta and Mobula. For the same reason, Apocopodon, which displays the tongue-and-groove articulation, was changed from “not applicable” to “missing data”. In character 65, related to the distance between the root laminae, the codings of taxa without polyaulacorhize root were changed from “missing data” (?) to “not applicable” (-) in the matrix. Character 61, quantifying the number of root laminae, was changed from “2 roots” (0) to “5 and more roots” (2) in Igdabatis following authors’ character description. In addition, characters 64 and 65 were re-coded for Burnhamia, Manta and Mobula according to the revised matrix of Underwood et al. (2017). Furthermore, a new state (3) for the character 52 is proposed here in order to coding Igdabatis sigmodon, reflecting its sigmoidal tooth curvature rather than a simple convex or concave shape.

Phylogenetic analysis
All characters were treated as unordered and equally weighted. The character matrix was analysed using maximum parsimony (traditional search method) in TNT 1.5 (Goloboff et al. 2008; Goloboff & Catalano 2016). Heuristic searches with 1000 random replicates and tree-bisection-reconnection branch swapping were performed, holding 10 trees at each step. Both strict consensus and majority rule trees were retained.
Palaeobiogeographical analysis
Mathematical models to infer the ancestral area of origin for a certain taxonomic group have been recently developed (e.g., S-DIVA analysis; Yu et al. 2010). This type of biogeographical analysis requires a condensed phylogenetic hypothesis and known geographical distributions. In order to explore the palaeobiogeographic history of stingrays, and specifically the origin of Igdabatis, a new phylogenetic analysis following the aforementioned methodology was run. However, this latter analysis included a reduced number of OTUs (30 taxa; see Appendix 4) in order to avoid polytomies, which hinder biogeographical analyses (Yu et al. 2010). The resulting consensus-tree was analysed in the software RASP 2.1 (Yu et al. 2013). Geographic distributions of extant rays were based on FishBase (Froese & Pauly 2017) and Last et al. (2016); and on Cappetta (1987, 2012) for fossil taxa. These distributions were then established in RASP according to major continental landmasses (i.e., North America, South America, central Europe, Ibero-Armorica, Africa, India, Asia and Oceania, as well as the case of a circumglobal distribution). Statistical Dispersal-Vicariance analysis (S-DIVA) was performed allowing combination of two different geographic areas. The resulting tree was depicted using first appearance data following Cappetta (1987, 2012) and modified by Hovestadt & Hovestadt-Euler (1999), Claeson et al. (2010) and Santana et al. (2011). 
Results
The phylogenetic analysis resulted in 138 most-parsimonious trees of 182 steps. The strict-consensus tree (Fig. 4A) shows strong similarities with previous studies based on both morphological (Carvalho et al. 2004; Claeson et al. 2010; Adnet et al. 2012; Underwood et al. 2017) and molecular data (Aschliman et al. 2012; Naylor et al. 2012), although a basal polytomy was here recovered among some non-myliobatid stingrays and between the major myliobatid groups. Myliobatidae were recovered as monophyletic, being Hypolophites its sister taxon. Igdabatis marmii sp. nov. was grouped with I. indicus and I. sigmodon as the most basal species of the genus, and Igdabatis was recovered close to Rhinoptera. Some of the polytomies within Myliobatidae were clarified after the majority-rule hypothesis (Fig. 4B). Brachyrhizodus was recovered as the sister taxon of Rhinoptera + Igdabatis, and all of them were regarded the sister group of Mobulines. Apocopodon, Myliobatis and Aetobatus, however, formed a polytomy with the crown group including mobulines, rhinopterines, Brachyrhyzodus and Igdabatis.
A few differences with previous phylogenetic analyses are remarkable, concerning the phylogenetic position of Myliobatis, Aetobatus, Burnhamia and Brachyrhyzodus. Myliobatis and Aetobatus are frequently regarded sister taxa in molecular analyses (Aschliman et al. 2012; Naylor et al. 2012), becoming subsequently the sister group of Rhinopterinae and Mobulinae. Nevertheless, this viewpoint is not supported by morphological data: Myliobatis and Aetobatus were regarded stem taxa within Myliobatidae by Claeson et al. (2010), whereas they have formed a polytomy with the crown group in more recent analyses (Adnet et al. 2012; Underwood et al. 2017; and the present paper). Differences between these morphological approaches could be due to the reduced number of fossil Myliobatis spp. in these latter. But all of these hypotheses suggest that Myliobatinae seems to be paraphyletic since Mobulinae, Rhinopterinae and Igdabatis are more highly nested. On the other hand, Burnhamia and Brachyrhyzodus can be considered only from morphological approaches. Burnhamia daviesi (formerly named Rhinoptera daviesi Woodward, 1889) was included into the genus Rhinoptera by Claeson et al. (2010). However, Burhnamia was grouped with Manta and Mobula in this study, agreeing with other previous evidences (Cappetta 1987, 2012; Adnet et al. 2012; Underwood et al. 2017), and considered a stem mobuline. In addition, there is no agreement in the location of Brachyrhyzodus. It was regarded a basal mobuline by Claeson et al. (2010), a basal myliobatid according to Adnet et al. (2012) or related to rhinopterines in the present paper.
Results of the palaeobiogeographical analysis also showed a monophyletic topology for Myliobatidae and Igdabatis (Fig. 5). Igdabatis marmii sp. nov. was again recovered as the basalmost species of the genus. The origin of Myliobatidae cannot be confidently assesed after the S-DIVA analysis. The ancestral area inferred for this clade is hindered by our current knowledge about the distribution of Apocopodon (North and South America; Santana et al. 2011) and the widespread occurrences of Myliobatis (Africa and Europe; Cappetta 1987, 2012). However, the S-DIVA pointed to a probable African origin for the clade including Myliobatis and the rest of the myliobatid stingrays: the origin took place in Africa exclusively (pAfrica=0.333), or might happened in a broader area including also Europe (pAfrica+Europe=0.333) or North America (pAfrica+NAmerica=0.333). This is congruent with the oldest evidences of Myliobatis and Aetobatus occurring in the African fossil record (Cappetta 2012). The origin of Aetobatus has not been well-resolved, likely due to the circumglobal distribution of most of the species. The common ancestor of Mobulinae, Rhinopterinae, Brachyrhizodus and Igdabatis has a Laurasian origin (North America and Europe; p-value=1.00). A vicariant event prompted mobulines in Europe (p-value=1.00) and the common ancestor of the other myliobatids (Brachyrhizodus+rhinopterines+Igdabatis) in North America (p-value=1.00). According to the S-DIVA results, the common ancestor of Rhinoptera and Igdabatis increased its distribution again to Europe after a dispersion process (p-value=1.00); and subsequently gave rise to Rhinoptera in North America (p-value=1.00) and Igdabatis in Ibero-Armorica (p-value=1.00) by means of another vicariant process (p-value=1.00). Likewise, the different species of Igdabatis diversificated after a dispersion event; while some of their representatives remained in Ibero-Armorica (I. marmii), the common hypothetical ancestor of I. indicus + I. sigmodon increased the biogeographical distribution reaching the African plate (p-value=1.00). Subsequently, I. indicus continued dispersing away to the Indian subcontinent and differentiated from I. sigmodon by means of vicariance between the Indian and African populations (p-value=1.00).
Discussion 
Systematics of Igdabatis
Phylogenetic relationships of myliobatiforms amongst other elasmobranchs are well established (Douady et al. 2003; Mayson et al. 2004; Naylor et al. 2005; Last et al. 2016) from both morphological and molecular evidences. Likewise, Myliobatidae is well characterised and distinguished from other stingrays (Carvalho et al. 2004; Claeson et al. 2010; Adnet et al. 2012; Aschliman et al. 2012; Naylor et al. 2012; Underwood et al. 2017). However, the phylogenetic relationships of Igdabatis were comprehensively explored in this study for fist time. This batoid has been recovered in a derived position among myliobatids, closely related to rhinopterines. The phylogenetic hypothesis is supported by several dental features: relative amount of curvature in lower and upper median teeth, direction of curvature, and shape of the interlocking mechanism (characters 501, 511, 521 and 550).
The new batoid fossil material reported in this paper shows diagnostic characters that support the inclusion into the genus Igdabatis: teeth with polyaulacorhize root and wide lobes, crown increasing in height from the lateral margins to the middle, bearing a well-marked lingual bulge with vertical folds in lingual and lateral margins, and a pit-ornamented occlusal surface (characters 621, 651, 661 and 671). On the other hand, the reported teeth also show additional features which distinguish them from I. sigmodon and I. indicus, allowing the erection of the sp. nov. Igdabatis marmii: crown lacking sigmoidal contour with a flatter occlusal surface, bearing folds also in the labial face and lacking uvulae in the lingual bulge; crown and root similar in height; and polyaulacorhize root bearing two rows of pointed lobes instead of rectangular laminae (characters 522, 580, 561 and 681). The taxonomic classification is also supported by the phylogenetic analysis (Fig. 4). Besides the characters included in the morphological matrix, Igdabatis marmii sp. nov. displays some other features remarking the basalmost position in the clade. Median teeth of I. marmii sp. nov. are significantly smaller than median teeth of I. sigmodon and I. indicus. This fact promotes a reduction in the medio-lateral width difference between median and lateral teeth of I. marmii sp. nov., a condition also observed in Rhinoptera (Cappetta 1987). The flat and low crown of I. marmii sp. nov. is also reminiscent of Rhinoptera, pointing that higher and domed crowns (character 581) were lately evolved in more derived species such as I. sigmodon and I. indicus. This phylogenetic position is congruent with the evidences on the fossil record. The stratigraphic level from where I. marmii sp. nov. fossil remains were recovered, the Fumanya Mb, falls within C32n.1n magnetochron (ca. 71 ma), and is early Maastrichtian in age (Oms et al. 2007). In turn, the occurrences of Igdabatis indicus in the Iberian plate were reported from Fontllonga-6 and Suterranya sites (Kriwet et al. 2007; Blanco et al. 2017), where younger deposits of the Tremp Fm are exposed. Although it was initially considered a Campanian site by Kriwet et al. (2007), Suterranya is located in the ‘grey’ unit; whereas Fontllonga-6 belongs to the ‘lower red’ unit, falling in the C31r magnetochron (Riera 2010; Caus et al. 2016). Both sites are also early Maastrichtian in age. Despite having a small chronological gap between the fossil record of I. marmii sp. nov. and I. indicus, the coexistence both basal and descendant species in the same geographical area suggests a sympatric speciation. Likewise, Igdabatis indicus is also abundantly known from infratrappean and intertrappean beds of India (Jain & Sahni 1983; Courtillot et al. 1986; Prasad & Sahni 1987; Prasad & Khajuria 1990; Prasad & Singh 1991; Prasad & Cappetta 1993; Kapur et al. 2006; Lourembam et al. 2017; Verma et al. 2017). The palaeomagnetic and geochronological data place the beginning of the Deccan basalt flow within the C30n magnetochron, close to 67 ma (Courtillot et al. 1986, 1988; Rana & Sati 2000; Courtillot & Renne 2003), evidencing a late Maastrichtian in age for the Indian fossil record of Igdabatis indicus. Unfortunately, no accurate chronological information was given about the emplacement of I. sigmodon remains within the Maastrichtian.
Palaeobiogeographic distribution of Igdabatis
Statistical Dispersal-Vicariance analysis demonstrated that Igdabatis originated in the Ibero-Armorican landmass, and the historical biogeographic event whereby its descendant taxa diverged was mainly a dispersal process (Fig. 5). S-DIVA also inferred an Afro-Iberian distribution for the common ancestor of I. indicus and I. sigmodon. A further vicariant process likely took place between I. indicus and I. sigmodon after the dispersion from its ancestral area. Despite the fact that chronological data have not been used in the S-DIVA, this palaeobiogeographic scenario is also in agreement with stratigraphic evidences. At the beginning of the early Maastrichtian, the distribution of Igdabatis is restricted to Ibero-Armorica, represented by I. marmii sp. nov. (Vallcebre Basin). Lately, Igdabatis dispersed from Ibero-Armorica (where I. indicus occurred during the early Maastrichtian) to Gondwanan landmasses (with late Maastrichtian evidences of I. indicus). Moreover, Igdabatis indicus seems to have disappeared from Ibero-Armorica in the late Maastrichtian. Although the lack of fossil record in the southern Pyrenean area might be due to the regression of marine environments (Blanco et al. 2017), it should be noted that Igdabatis is also absent in other Iberian marine settings with abundant batoid records (Cappetta & Corral 1999; Corral et al. 2016). 
As Soler-Gijón & López-Martínez (1998) suggested, the common occurrence of Igdabatis indicus in the Tremp Fm and the infra- and intertrappean beds, clearly demonstrates a geographical connection between Ibero-Armorica and India during the Maastrichtian. This hypothesis is further supported by other stingrays found in both landmasses. In fact, Rhombodus sp. 2 reported by Prasad & Cappetta (1993) from the intertrappean beds of Asifabad (India) likely represents Rhombodus ibericus Kriwet, Soler-Gijón & López-Martínez, 2007 described from the Tremp Formation (Kriwet et al. 2007; Blanco et al. 2017; Lourembam et al. 2017; Verma et al. 2017). However, the dispersal route allowing these stingrays to reach Gondwanan landmasses is still unclear.
Ezcurra & Agnolín (2012) recently proposed a new palaeobiogeographic hypothesis instead of the traditional Laurasia-Gondwana dichotomic model. These authors suggested a late split of Europe from Africa, forming the Eurogondwana biogeographical province until the end of the Hauterivian (Early Cretaceous). During this period several purported Gondwanan lineages could have reached the European archipelago. Then, Europe severed from Africa and, after isolation during the Barremian, coalesced with Asia during the Aptian and Albian (late Early Cretaceous), allowing the inter-change of Gondwanan faunas with the Asiamerican province. Nevertheless, a posterior Campanian-Maastrichtian reconnection of Europe with Gondwanan landmasses formed the Atlantogea palaeoprovince and promoted the dispersion of Laurasian faunas into Africa and South America. On the other hand, the Indian subcontinent was located near to 25ºS during the Maastrichtian (Chatterjee et al. 2013), separated from other Gondwanan landmasses and Asia. The 120-ma-geographic isolation of India should hinder faunal inter-changes and to produce a highly endemic Cretaceous vertebrate assemblage. However, Cretaceous Indian vertebrates show close faunal similarities with African assemblages. In this sense, the Kohistan-Ladakh island arc was proposed as a biogeographic corridor between Africa and India during the latest Cretaceous, reestablishing the faunal inter-change (Chatterjee et al. 2013).
The European and Gondwanan fossil record of Igdabatis could be well explained in the Eurogondwana and Atlantogea palaeobiogeographic framework (Ezcurra & Agnolín 2012). As noted above, Igdabatis appeared in Ibero-Armorica but the proximity of the European archipelago and the African continent during the Maastrichtian likely allowed the dispersion of I. indicus across their continental platforms (Fig. 6). The most probable route would have been to leave the southern Pyrenean area, which was connected to the Atlantic Ocean on the west (Oms et al. 2007), and reaching Africa migrating southwards across the west coast of the Iberian plate. Once in the African continent, Igdabatis might have arrived to central North Africa (nowadays Niger) following an arm of the Tethys Sea (Dercourt et al. 2000) and diverging to Igdabatis sigmodon. Other populations of I. indicus continued dispersing eastwards across the Tethys. The shelf margins of the Kohistan-Ladakh island arc formed a shallow marine water corridor that would have allowed the dispersion of the stingrays from the northeastern African shelf to India. The occurrences of batoids in central India are comprehensively discussed by Lourembam et al. (2017). Since no fossil evidence support marine depositional environments in northern and western India (Narmada valley) during the Maastrichtian, it seems more reliable that I. indicus followed a seaway extending from the southeastern coast (along the Godavari graben) (Sahni 1983; Prasad & Singh 1991; Lourembam et al. 2017). Finally, the absence of an intermediate distribution promoted the further differentiation between the Indian population of I. indicus and the African I. sigmodon by a vicariant process.
The real significance of the Iberian population of I. indicus cannot be completely assessed at the light of the current dichotomic phylogenetic models. According to this palaeobiogeographic scenario, two hypotheses should be proposed: (I) the Iberian representatives of I. indicus might represent the common ancestor of I. sigmodon and the Indian I. indicus, or alternatively, (II) the Iberian and Indian populations belong to the same species and I. sigmodon might have evolved as a parapatric species from I. indicus in the African landmass. In any case, the Iberian I. indicus is morphologically undistinguishable from the Indian specimens.
Conclusions
The phylogenetic analysis suggests that Igdabatis is a derived stingray highly nested within Myliobatidae, closely related to Mobulinae and Rhinopterinae. Igdabatis marmii sp. nov. differs from other species of Igdabatis in several dental features that place it as the most basal taxon within this genus. This clade of batoids ranges from the lowermost to latest Maastrichtian, showing abundant Gondwanan fossil record. However, the palaeobiogeographic analysis pointed to a European (Ibero-Armorican) origin from a North American ancestor, before it dispersed to several Gondwanan landmasses. Igdabatis indicus likely evolved through sympatric speciation in the southern Pyrenean basin, whereas I. sigmodon might represent a parapatric species in the African inner seaarm. Both records of I. marmii sp. nov. and the shared occurrences of I. indicus strengthen the hypothesis of a biogeographical interconnection between Ibero-Armorica and India during the latest Cretaceous. Regarding the shallow coastal environments needed for the lifestyle of this taxon, the most probable route for its dispersion implies firstly the geographical proximity between Africa and Europe; and secondly a shallow marine seaway between the African and Indian continental shelves formed by the Kohistan-Ladakh island arc. This scenario might be explained in the Eurogondwana-Atlantogea palaeobiogeographic model.
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Appendix 1

Phylogenetic dataset for Maximum Parsimony analysis. Modified from Claeson et al. (2010)

Appendix 2

New characters added to dataset:
(66) Ornamentation of the occlusal surface: (0) smooth; (1) polygonal pits; (2) granular ornamentation; (3) sinuous vermiculae. Igdabatis teeth are characteristically ornamented by polygonal pits ornament when unworn (Figs. 2, 3) (Cappetta, 1972, 1987; Prasad & Cappetta, 1993; Soler-Gijón & López-Martínez, 1998; Kriwet et al., 2007). This ornamentation pattern is also observed in other myliobatids in the sample (e.g., Myliobatis dixoni, M. wurnoensis and M. striatus) as well as Rhombodus. Urolophus, Manta and Mobula show granulated enameloid (Cappetta, 1987). The sinuous vermiculate ornamentation is characteristic of Apocopodon (Cappetta, 1987; Santana et al., 2011). On the other hand, most myliobatiforms bear smooth (unornamented) enameloid, including other species of Myliobatis.

(67) Ornamentation of the lingual bulge: the bulge is smooth (0) or bears vertical folds (1). Vertical folds in the lingual bulge (state 1) are autapomorphic of the genus Igdabatis, according with diagnoses of I. indicus and I. sigmodon (Cappetta, 1972, 1987; Prasad & Cappetta, 1993). Other taxa with lingual bulge show a smooth surface (state 0), as in Myliobatis spp. This character was codified as “no applicable” for taxa without a tongue-and-groove articulation (character 54).

(68) Root blocks shape (in basal view): if the root is polyaulacorhize and laminae are formed by wide or narrow blocks (character 62), these blocks extend from labial to lingual edges of the root (0) or do not cross root longitudinally (1). The state 1 is autapomorphic of Igdabatis marmii, which show bulbous laminae not extending from labial to lingual edges, in contrast to wide and narrow blocks present in Apocopodon, Brachyrhizodus, Myliobatis, I. indicus and I. sigmodon. This character was codified as “no applicable” for taxa without a polyaulacorhize root (character 60).
Appendix 3
Complete list of characters used in the phylogenetic analyses.

Appendix 4
Reduced phylogenetic dataset for S-DIVA analysis.

CAPTIONS

Figure 1. Geographical and geological context. A, Paleogeography of the Ibero-Armorican Island during the Maastrichtian [modified from Dercourt et al. (2000)]. B, Detail of the southern Pyrenean area. Palaeogeography of the Pyrenean basin not tectonically restored. Courtesy of Dr. Oriol Oms. C, Current geographic situation of the Tremp Formation. Courtesy of Dr. Oriol Oms. D, Stratigraphic composite column of the Fumanya megatrack site [Modified from Marmi et al. (2010a)].
Figure 2. Holotype and paratypes of Igdabatis marmii, and teeth referred to Igdabatis cf. marmii. A-F, IPS-90142 in labial (A), lingual (B), right (C), basal (D), occlusal (E) and left (F) views. G-H, Draws of lingual and basal views, respectively. I, 90150 in basal view. J-L, IPS-90180 in basal (J), lingual (K) and occlusal (L) views. M, IPS-90149 in basal view. N-O, IPS-90178 in lingual (N) and labial (O) views. P, IPS-90139 in occlusal view. Q-R, IPS-90144 in occlusal (Q) and lingual (R) views. S-U, IPS-90137 in labial (S), lateral (T) and basal (U) views.
Figure 3. Scanning electronic microscope (SEM) pictures of teeth of Igdabatis marmii. A-C, Holotype IPS-90142 in lingual, labial and basal views, respectively. D, 90180 in occlusal view. E, IPS-90176 in lingual view. F, IPS-90144 in lingual view. G, IPS-90151 in labial view. H, IPS-90178 in diagonal labio-oclusal view. I, IPS-90171 in diagonal labio-basal view.
Figure 4. Phylogenetic relationships of Myliobatiformes. A, Strict consensus of most-parsimonious trees (CI= 0.654, RI= 0.849). Sinapomorphies: node A, 481, 491, 541, 601, 612; node B, 610, 621, 663; node C, 90, 271, 310, 421, 490, 551, 622, 721; node D, 501, 511; node E, 462, 471, 502, 522, 552, 561, 623, 642; node F, 572, 750, 821, 841, 851; node G, 542, 611, 621; node H, 623, 631; node I; 621, 661, 671; node J 511; node K, 623, 631, 740, 830; node L, 440, 542, 561, 662, 800, 812, 861; node M, 561, 611, 681; node N, 581; node O, 523; node P, 480, 490, 691; node Q, 641; node R, 582. Bootstrap values are given in parentheses. B, Majority rule consensus.
Figure 5. Phylogenetic relationships, palaeobiogeographic history and stratigraphic distribution of Myliobatidae. Maastrichtian has been enlarged and distinguished between early and late Maastrichtian for better illustrating the palaeobiogeography of Igdabatis.
Figure 6. Map showing the position of India and its nearby land masses during the Maastrichtian. Modified from Csiki-Sava et al. (2015). Europe is based on Dercourt et al. (2000); and India is according to Chatterjee et al. (2013), Prasad & Sahni (1987) and Lourembam et al. (2017). Occurrences and distribution of Igdabatis were depicted: I. marmii (purple), I. indicus (blue) and I. sigmodon (red).

