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The rhynchosaurian archosauromorphs are an important and diverse group of fossil tetrapods that first appeared during the Early Triassic and probably became extinct during the early Late Triassic (early Norian). Here, the early evolution of rhynchosaurs during the Early and early Middle Triassic (Induan-Anisian: 252.2-242 Mya) is reviewed based on new anatomical observations and their implications for the taxonomy, phylogenetic relationships and macroevolutionary history of the group. A quantitative phylogenetic analysis recovered a paraphyletic genus Rhynchosaurus, with “Rhynchosaurus” brodiei more closely related to hyperodapedontines than to Rhynchosaurus articeps. Therefore, a new genus is erected, resulting in the new combination Langeronyx brodiei. A body size analysis found two independent increases in size in the evolutionary history of rhynchosaurs, one among stenaulorhynchines and the other in the hyperodapedontine lineage. Maximum likelihood fitting of phenotypic evolution models to body size data found ambiguous results, with body size evolution potentially interpreted as fitting either a non-directional Brownian motion model or a stasis model. A Dispersal-Extinction-Cladogenesis analysis reconstructed the areas that are now South Africa and Europe as the ancestral areas of Rhynchosauria and Rhynchosauridae, respectively. The reconstruction of dispersal events between geographic areas that are broadly separated paleolatitudinally implies that barriers to the dispersal of rhynchosaurs from either side of the paleo-Equator during the Middle Triassic were either absent or permeable.
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INTRODUCTION

The Permo-Triassic mass extinction occurred ~252 million years ago, and produced a dramatic change in the composition of floral and faunal communities (Raup and Sepkoski, 1982; Erwin, 1994; Looy et al., 2001; Benton and Twitchett, 2003; Fröbisch, 2013; Benton and Newell, 2014; Smith and Botha-Brink, 2014). In the case of vertebrates, numerous new lineages first appeared or diversified in the aftermath of this extinction. Many of these lineages replaced clades that flourished during the Paleozoic but vanished or were decimated at the end-Permian mass extinction event (e.g., pareiasaurs, non-mammalian synapsids, such as gorgonopsians and anomodonts). Among the new Triassic clades are the first representatives of several modern vertebrate groups, including teleosts, lissamphibians, eucynodonts, stem-testudinatans, lepidosauromorphs, crocodylomorphs, and stem-avialans, including the first non-avian dinosaurs (Bonaparte, 1982; Benton, 1983a; Colbert, 1984; Gaffney, 1986; Arratia, 2001; Bonaparte et al., 2003; Evans, 2003; Marjanovic and Laurin, 2008; Nesbitt, 2011; Jones et al., 2013; Ezcurra et al., 2014; Schoch and Sues, 2015).

The Triassic also witnessed the evolution of numerous amniote groups that occur only within this time interval and which became extinct at or before the end-Triassic mass extinction event (e.g., traversodontids, doswelliids, tanystropheids, aetosaurs, phytosaurs; Abdala and Ribeiro, 2010; Liu and Olsen, 2010; Desojo et al., 2013; Stocker and Butler, 2013; Sues et al., 2013; Pritchard et al., 2015). Although restricted to the Triassic, these groups achieved high morphological diversity and taxonomic richness, and some of them become key ecological components of their communities (Benton, 1983a; Sues and Fraser, 2013). The rhynchosaurian archosauromorphs were one of the most successful of these groups, and radiated widely in continental ecosystems (Romer, 1963; Chatterjee, 1980; Benton, 1990). Most rhynchosaurs were bulky, herbivorous and quadrupedal animals, often considered as superficially pig-like in appearance, with a transversely broad skull and a highly specialized dentition (Chatterjee, 1980; Benton, 1984, 1990; Langer and Schultz, 2000; Hone and Benton, 2008; Figures 1B,C). The rhynchosaur genus Hyperodapedon is the most commonly found tetrapod within the oldest dinosaur-bearing assemblages (e.g., the Ischigualasto, Santa María 2, lower Maleri and Pebbly Arkose formations), and, as a result, has been broadly used for global biostratigraphic correlations (Langer, 2005; Lucas, 2010; Martínez et al., 2011).
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FIGURE 1. Geographic distribution and overall morphology of Early-Middle Triassic rhynchosaurs. Paleomap showing geographical distribution (A) and early rhynchosaurid morphology exemplified by (B) a partial skeleton of Rhynchosaurus articeps (NHMUK PV R1237, R1238) and (C) the fairly complete skull of Bentonyx sidensis (BRSUG 27200, holotype). Abbreviations: dv, dorsal vertebrae; fl, forelimb; ga, gastralia; hl, hindlimb; sk, skull. Scale bars equal to 5 cm in (B) and 1 cm in (C). Map (A) generated using Fossilworks tools created by Alroy (2013) using a map for 240 million years ago created by Scotese (2001) and data from the Paleobiology Database (www.paleobiodb.org).



Because of the importance of rhynchosaurs during the beginning of the Mesozoic, the early evolution of the group during the Early and early Middle Triassic (Induan-Anisian: 252.2-242 Mya) is reviewed here. New anatomical observations are presented, and their implications for the taxonomy, phylogenetic relationships and macroevolutionary history of the group are analyzed and discussed.

MATERIALS AND METHODS

Phylogenetic Analysis

New anatomical observations presented here for several early rhynchosaur species provide an impetus to revisit the phylogenetic relationships among basal members of the clade. This analysis used a modified version of the data matrix of Butler et al. (2015), the taxonomic sample of which focuses on rhynchosaurs outside of the species-rich genus Hyperodapedon. We modified several scorings for Rhynchosaurus articeps, “Rhynchosaurus” brodiei, Stenaulorhynchus stockleyi, and Fodonyx spenceri based on new, first-hand observations of specimens. We added three characters from previously published phylogenetic analyses relevant to the basal relationships of Rhynchosauria (Dilkes, 1998; Ezcurra et al., 2014, 2015) and we modified the formulation of two characters from the original character list of Butler et al. (2015: characters 63 and 84; see Supplementary Material). We also expanded the taxonomic sampling of the analysis by adding the oldest known rhynchosaur, Noteosuchus colletti (Watson, 1912; Carroll, 1976; Dilkes, 1998; Ezcurra et al., 2014). Scoring of taxa was based primarily on first-hand examination of specimens, with the exception of Isalorhynchus genovefae, which was scored using Langer et al. (2000a) and Whatley (2005).

The final matrix (15 taxa and 96 characters) was analyzed using TNT version 1.1 (Goloboff et al., 2008) using the implicit enumeration algorithm. Multistate characters 63, 70, 73, and 75 were treated as additive because they represent nested sets of homologies. Zero branch length nodes were collapsed following the search (Coddington and Scharff, 1994). Absolute and GC bootstrap frequencies were calculated after 10,000 pseudoreplicates. GC bootstrap frequencies are the difference between the frequencies with which the original group and the most frequent contradictory group are recovered in the pseudoreplicates (Goloboff et al., 2003). Templeton tests were conducted in PAUP* 4.0 (Swofford, 1998).

Body Size Analysis

The phylogenetic reconstruction of early rhynchosaurs obtained here was merged with the phylogenetic tree of the best-known species of the genus Hyperodapedon recovered by Langer and Schultz (2000) (i.e., Hyperodapedon mariensis, Hyperodapedon sanjuanensis, Hyperodapedon gordoni, and Hyperodapedon huxleyi) to form an informal supertree for Rhynchosauria. We merged the trees manually because their topologies are consistent with each other where their taxonomic content overlaps (R. articeps, S. stockleyi, F. spenceri, Teyumbaita sulcognathus). The early rhynchosaur N. colletti was excluded a priori before merging both trees because it lacks cranial remains and it is not possible to estimate its skull length confidently.

Two analyses were conducted based upon this supertree to explore the evolution of body size across Anisian-early Norian rhynchosaur history (~20 million years). In one analysis, we optimized skull length (i.e., length from the anterior tip of the premaxilla to posterior margin of the distal end of the quadrate) as a proxy of body size and a continuous character, employing maximum parsimony and using the algorithm implemented by TNT version 1.1 to handle continuous data as such (Goloboff et al., 2006). In the other analysis, we tested the fit of different models of evolution to the observed changes in skull length in rhynchosaurs. The following five evolutionary models were fitted to the time-calibrated tree: Brownian motion (equivalent to an unbiased random walk, which assumes a correlation structure among traits that is proportional to shared ancestry or branch lengths among sister taxa; Felsenstein, 1973; Harmon et al., 2008), Ornstein–Uhlenbeck (OU: fits a model of stabilizing selection, whereby traits evolve via a random walk with a central tendency; Butler and King, 2004), early burst (fits a model where the rate of evolution increases or decreases exponentially through time; Harmon et al., 2010), BM + trend (diffusion model with linear trend in rates through time), and stasis (= “white” model of Geiger; non-phylogenetic model that assumes a single normal distribution with no covariance structure among species). A punctuational model (= kappa, speciational; assumes that trait divergence among taxa is related to the number of speciation events; Pagel, 1999) was not included as it is very likely that the rhynchosaur fossil record presents only an incomplete taxonomic sampling of total rhynchosaur diversity. The five models were tested in the software environment R (R Development Core Team, 2013), using the fitContinuous function of the package Geiger, which uses maximum likelihood as the optimization criterion (Harmon et al., 2008). Corrected Akaike's Information Criterion (AICc) was used to compare the fit of the different models, and the percentage of data explained for each model was calculated with the akaike.wts function of the package paleoTS for R (Hunt, 2006). We realized during the analyses that different replicates of fitting of the same data set produced different AICcs values for the OU model. As a result, we conducted 100 replicates for each model, and present the mean AICc value.

The rhynchosaur tree was calibrated separately to the mean and lower and upper bounds, respectively, of the chronostratigraphic uncertainty of the sampled species using the date.phylo function of Graeme Lloyd (http://www.graemetlloyd.com/methdpf.html) for R, and analyses were run multiple times using these alternative calibrations. Root length was set as 0.1 million years and the chosen time calibration method shared time equally between branches (Brusatte et al., 2008). Hy. mariensis was found in a trichotomy with Hy. sanjuanensis and Hy. gordoni + Hy. huxleyi by Langer and Schultz (2000), but the model-fitting analyses require a fully dichotomous tree. As a result, Hy. mariensis was pruned a priori because it is slightly smaller than the other taxa present in the polytomy (i.e., Hy. sanjuanensis) and may not therefore represent the maximum body size present in the species. Skull lengths for the different rhynchosaur species were obtained from published sources and personal measurements/estimations, and the maximum recorded measurements were used for each species (see Supplementary Material). It was not possible to use mean body sizes of adult individuals because the skeletochronology of rhynchosaurs is still not well-understood.

Paleobiogeographic Analysis

We used the same informal supertree as in the body size analysis, but did not exclude N. colletti or Hy. mariensis. N. colletti can occupy three different but equally parsimonious phylogenetic positions (see results of the phylogenetic analysis) and two possible alternative positions for Hy. mariensis were recovered by Langer and Schultz (2000). As the paleogeographic analyses required a fully dichotomous tree, we generated six alternative topologies for the informal supertree, each of which was time calibrated using the mean of the chronostratigraphic uncertainty of each sampled species and the same protocol as in the body size analysis. To explore the early paleobiogeographic history of rhynchosaurs we used a Dispersal-Extinction-Cladogenesis (DEC) analysis to reconstruct the ancestral ranges of the sampled cladogenetic events (Ree et al., 2005; Ree and Smith, 2008). This analysis infers the optimal ancestral ranges and biogeographical events based on a time calibrated phylogenetic tree and uses a maximum likelihood approach that is sensitive to branch lengthes (maximum time from the origin of each node). The distribution of Induan-Anisian rhynchosaurs was divided into four geographic areas based on the geographic proximity of the localities during the Triassic, namely South Africa, South America, Europe, and Tanzania-India-Madagascar (see Supplementary Material). The analysis was conducted for each of the six topologies and finally combined into a single result using the “Combine Results” function of RASP 3.2 (Yu et al., 2015). The combined result was plotted on the time calibrated strict consensus of the six analyzed trees.

RESULTS

Induan

Pre-Triassic rhynchosaurs are unknown, although the Permian origin of the clade is suggested by phylogenetic topologies, with a ghost lineage extending across the Permo-Triassic boundary, into the late Permian (Ezcurra et al., 2014). The Early Triassic rhynchosaur record is restricted to a single, articulated partial postcranium that represents the holotype (AM 3591) of N. colletti (= Eosuchus colletti; Watson, 1912; Table 1).

Table 1. List of known Induan-Anisian rhynchosaur nominal species and their temporal and geographic occurrence ordered by chronostratigraphic age.
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Noteosuchus colletti

This species is the oldest known rhynchosaur and was collected at the base of the Lystrosaurus Assemblage Zone (AZ; Induan), near Grass Ridge (Eastern Cape Province), in the Karoo Basin of South Africa (Watson, 1912; Broom, 1925; Carroll, 1976; Dilkes, 1998; Ezcurra et al., 2014; Figures 2A–E,G). Watson (1912, 1917) originally identified N. colletti as an “eosuchian” (a group of reptiles currently considered to be polyphyletic, but previously considered to include the ancestors of the main diapsid lineages) and Broom (1925) interpreted it as a form ancestral to “gnathodonts,” rhynchocephalians, “pelycosimians,” and phytosaurs. Nopsca (1928) classified N. colletti as an early rhynchosaur within the family Howesiidae, but subsequent authors returned to the concept that it was an eosuchian (e.g., Huene, 1939; Romer, 1956, 1966; Kuhn, 1969). Carroll (1976) revised the anatomy of N. colletti and identified it as the oldest known rhynchosaur. More recently, Dilkes (1998) suggested that N. colletti might be potentially a junior synonym of the stratigraphically younger rhynchosaur Mesosuchus browni because the two are consistent in morphology and share two possibly diagnostic characters (a median ventral groove on the centra of the first two caudal vertebrae, a flattened first distal tarsal). N. colletti was ignored in most other recent discussions of rhynchosaur evolution (e.g., Benton, 1983b, 1990; Wilkinson and Benton, 1995; Hone and Benton, 2008; Montefeltro et al., 2013; Mukherjee and Ray, 2014).
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FIGURE 2. Noteosuchus colletti from the Induan of South Africa. N. colletti (A-E,G) compared with selected bones of Mesosuchus browni (F, H) from the early Anisian of South Africa. Lower block (A), upper right block (B), and upper left block (C,D), close-up of right second sacral rib in either dorsal or ventral view (E), and close-up of left ilium in lateral view (G) of N. colletti (AM 3591, holotype); and second sacral vertebra and ribs in dorsal view (SAM-PK-6046) (F) and left ilium in lateral view (SAM-PK-7416) (H) of M. browni. Abbreviations: ac, acetabulum; alp, anterolateral process; cv, caudal vertebrae; dr, dorsal ribs; dv, dorsal vertebrae; fl, forelimb; hl hindlimb; il, ilium; poap, postacetabular process; prap, preacetabular process; pg, pelvic girdle; plp, posterolateral process; sv, sacral vertebrae. Scale bars equal 5 cm in (A-D) and 5 mm in (E-H).



Ezcurra et al. (2014) scored N. colletti and M. browni as independent terminals in their phylogenetic analysis because the temporal gap between the two species apparently spans most of the Early Triassic (ca. 5 million years) and, as a result, the former species could potentially shed light on the minimal divergence time of Rhynchosauria. These authors recovered N. colletti and M. browni within Rhynchosauria, in a trichotomy with Howesia browni. This result and differences in scorings between N. colletti and M. browni support the idea that the former represents a distinct species of early rhynchosaur (Ezcurra et al., 2014). A single synapomorphy supported the position of N. colletti within Rhynchosauria in this analysis: ratio of lengths of metatarsals I and IV equal to or lower than 0.32.

Carroll (1976) redescribed the holotype of N. colletti after removing mechanically most of the bones and producing latex casts from the resultant molds. Carroll (1976) increased considerably the anatomical knowledge of the species and made comparisons with other rhynchosaurs and the proterosuchid archosauriform Proterosuchus. Our first hand re-examination of the specimen was partially limited because no casts of the molds were available. However, some reinterpretations and new anatomical data are added here that help distinguish this species from M. browni and that may be useful for future phylogenetic analyses of early archosauromorphs.

The second sacral rib of N. colletti bifurcates distally (Carroll, 1976), with a thin and distally tapering posterolateral process of the rib in ventral view (Figure 2E: plp), as occurs in some tanystropheids (e.g., Macrocnemus bessanii: PIMUZ T2472), the rhynchosaurids S. stockleyi (Huene, 1938), R. articeps (SHYMS 5) and I. genovefae (Whatley, 2005), and the archosauriform Proterosuchus alexanderi (NMQR 1484). By contrast, the non-archosauriform archosauromorphs Pamelaria dolichotrachela (ISI R333/1; Ezcurra et al., 2015) and Prolacerta broomi (Gow, 1975), the early rhynchosaurs M. browni (SAM-PK-6046, Dilkes, 1998) and H. browni (SAM-PK-5886) also possess a bifurcated second sacral rib, but the posterolateral process of the rib is broad and squared-off in ventral view (Figure 2F: plp). The second sacral rib of most Late Triassic rhynchosaurs does not bifurcate distally (Chatterjee, 1974; Benton, 1983b; Dilkes, 1998). The heights of the neural spines of the anterior caudal vertebrae of N. colletti are around 2.1 times the anteroposterior lengths of their bases, contrasting with the proportionally higher neural spines of the anterior caudals of M. browni (SAM-PK-6046, second to fourth caudal: ratio equals 3.0-3.5) and H. browni (SAM-PK-5886: 2.6-3.0). The preacetabular process of the ilium is absent and the postacetabular process is mainly posteriorly directed in lateral view in N. colletti (Figure 2G). By contrast, the preacetabular process of M. browni (SAM-PK-7416) and H. browni (SAM-PK-5886) is distinctly developed, but short and rounded, and the postacetabular process is posterodorsally directed (Figure 2H).

We agree here with Dilkes (1998) in the interpretation of a median longitudinal groove in the first two caudal centra as a feature shared between N. colletti and M. browni, but absent in other rhynchosaurs, Pamelaria dolichotrachela (ISI R316/1), Trilophosaurus buettneri (Spielmann et al., 2008), Prolacerta broomi, and basal archosauriforms (e.g., Proterosuchus alexanderi: NMQR 1484). The second possible diagnostic feature suggested by Dilkes (1998) to be shared between N. colletti and M. browni is a proximodistally flattened first distal tarsal. However, the first distal tarsal of N. colletti is sub-quadrangular in dorsal or lateral view (AM 3591; Carroll, 1976: Figure 6C), resembling the condition in other basal archosauromorphs (e.g., H. browni: Dilkes, 1995). Therefore, the anatomical characters discussed above show several differences in the sacral and caudal vertebrae and pelvic girdle that support the taxonomic distinction between N. colletti and M. browni, but there is also evidence suggesting that these species could be closely related to each other.

Early Anisian

Rhynchosaurs of probable earliest Middle Triassic (early Anisian) age are currently known from the Karoo Basin of South Africa and the Holbrook Member of the Moenkopi Formation of the USA (Figure 1A; Table 1). Rhynchosaur remains are more abundant (although still scarce) in the early Anisian record than in the Induan-Olenekian. Eight specimens from the Karoo Basin are currently assigned to Rhynchosauria (Dilkes, 1995, 1998; Butler et al., 2015), although additional undescribed specimens of M. browni are probably present among material collected from its type locality (RJB, pers. obs.). These Karoo specimens represent the basis for three species: M. browni, H. browni, and Eohyosaurus wolvaardti (Broom, 1905; Watson, 1912; Dilkes, 1995, 1998; Butler et al., 2015), which provide the best information currently available on the earliest phase of evolution of the group. The North American Ammorhynchus navajoi represents another early Anisian rhynchosaur species (Nesbitt and Whatley, 2004). A potential early Anisian rhynchosaur from Europe is Eifelosaurus triadicus from the Upper Buntsandstein of Germany (Jaekel, 1904). This species has been occasionally identified as a rhynchosaur (e.g., Huene, 1929), but is based upon a single incomplete postcranial skeleton, and no further studies have yet been conducted to determine its affinities. However, some undescribed rhynchosaur material may be present in equivalent stratigraphic levels in Germany (R. Schoch, pers. comm.).

The British species R. articeps and “Rhynchosaurus” brodiei, and the Indian species Mesodapedon kuttyi, are also dated as broadly Anisian in age. As a result, they could be coeval with the early Anisian species from South Africa and the USA, or they could be somewhat younger (see below).

Mesosuchus browni, Howesia browni, and Eohyosaurus wolvaardti

The Burgersdorp Formation of the Karoo Basin of South Africa preserves a rich late Olenekian-Anisian tetrapod fossil record that forms the basis for the Cynognathus Assemblage Zone (Hancox, 2000; Rubidge, 2005). This has been subdivided into three biochronological assemblages known as Cynognathus subzones A to C (Hancox et al., 1995). The Burgersdorp Formation has been worked by paleontologists for around 150 years (although much less intensively in Cynognathus subzones A and C, which have been studied only relatively recently), but the eight currently known rhynchosaur specimens are restricted to Cynognathus subzone B, currently hypothesized to be early Anisian in age on the basis of vertebrate biostratigraphic correlations (Hancox, 2000).

H. browni was the first rhynchosaur described from the Burgersdorp Formation (Broom, 1905) and its affinities with Middle and Late Triassic rhynchosaurids were recognized at an early stage on the basis of similarities in the dentition (Broom, 1906). Watson (1912) erected the new genus and species M. browni, and Broom (1913) identified its close relationships with H. browni and rhynchosaurids, an interpretation that has been supported by subsequent authors (e.g., Haughton, 1924; Nopsca, 1928; Huene, 1956; Chatterjee, 1969, 1974, 1980; Carroll, 1976). Dilkes (1995, 1998) redescribed in detail both South African species and provided strong evidence that M. browni and H. browni are successive outgroups of Rhynchosaurus and the remaining Middle and Late Triassic rhynchosaurs, respectively. More recently, Butler et al. (2015) named a third species of rhynchosaur, E. wolvaardti, from the Burgersdorp Formation. This species is based on a single, partial skull and two partial limb bones (one preserved as a natural mold) and was recovered as the sister taxon of Rhynchosauridae (i.e., R. articeps and other Middle and Late Triassic rhynchosaurs). The anatomy of the early rhynchosaurs from the Burgersdorp Formation is not revisited here because no further information can be added at this stage to the detailed redescriptions of M. browni and H. browni recently conducted by Dilkes (1995, 1998) and the recent description of E. wolvaardti by Butler et al. (2015). However, computed tomographic study of the endocranial cavities of M. browni and E. wolvaardti is currently ongoing (Sobral et al. in prep.).

Ammorhynchus navajoi

The oldest rhynchosaur remains known from North America were collected in the Holbrook Member of the Moenkopi Formation of the southwestern United States (Arizona) and were interpreted as belonging to a distinct genus and species by Nesbitt and Whatley (2004): A. navajoi. The Holbrook Member of the Moenkopi Formation is considered early Anisian in age based upon magnetostratigraphy and vertebrate biostratigraphy (Lucas and Schoch, 2002). A. navajoi is known from a nearly complete left maxilla (holotype) as well as two partial maxillae and a dentary (referred specimens), and is a rare component in the Moenkopi vertebrate assemblage. This species possesses several rows of closely packed lingual maxillary teeth, resembling the condition in S. stockleyi (e.g., NHMUK PV R9272, R9280, R9281), and M. kuttyi (Chatterjee, 1980).

Late Anisian

The late Anisian rhynchosaur record is composed of multiple specimens collected in the Otter Sandstone Formation of southwest England and the Manda beds of Tanzania (Figure 1A; Table 1). Two nominal species are currently recognized in the Otter Sandstone (Bentonyx sidensis and F. spenceri) and one from the Manda beds (S. stockleyi) (Haughton, 1932; Huene, 1938; Benton, 1990; Hone and Benton, 2008; Langer et al., 2010). Rhynchosaurs are, together with temnospondyls, the most abundant vertebrates of the Otter Sandstone fossil assemblage, with more than 20 specimens accessioned into public collections, and many additional specimens present in private collections (MDE and RJB pers. obs. in SIDMM, EXEMS and NHMUK PV). S. stockleyi is the numerically dominant vertebrate in the Manda beds, and Benton (1983a) estimated that it represents around 45% of the total of sampled specimens. As a result, rhynchosaurs are considerably more numerically abundant in absolute numbers and relative proportions in late Anisian units than in the Induan-early Anisian beds of South Africa and the USA. No rhynchosaur specimen has been collected so far from the late Anisian Cynognathus Assemblage Zone, Subzone C, of South Africa or from approximately coeval beds of South America, Antarctica, and Asia (excluding India; Rubidge, 2005; Lucas, 2010), although most of these areas are very poorly sampled for this time interval.

Bentonyx sidensis and Fodonyx spenceri

Rhynchosaur specimens from the Otter Sandstone, on the southwest coast of England (Devon), have been known since the second half of the nineteenth century and informally referred as the “Devon rhynchosaur” (Benton, 1990). The vertebrate fossil-bearing horizons in the Otter Sandstone are identified as late Anisian in age on the basis of magnetostratigraphy (Benton, 2011). Benton (1990) interpreted the “Devon rhynchosaur” as the new species “Rhynchosaurus” spenceri and designated as holotype an isolated, partial skull (EXEMS 60/1985.292; Figure 3B). Benton et al. (1993) referred a partial postcranium to this species (EXEMS 79/1992). Wilkinson and Benton (1995) found “Rhynchosaurus” spenceri as more closely related to hyperodapedontines than to R. articeps in a cladistic analysis, and suggested that the former species should be transferred to a new genus. The same phylogenetic position for “Rhynchosaurus” spenceri was also recovered by Langer and Schultz (2000), but they did not conduct any taxonomic modification. Hone and Benton (2008) agreed with these results and erected the new genus Fodonyx for “Rhynchosaurus” spenceri, thereby creating the new combination F. spenceri. In their paper, Hone and Benton (2008) described a new, fairly complete skull from the Otter Sandstone (BRSUG 27200) and referred it to F. spenceri.
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FIGURE 3. Incomplete lower temporal bar in the Middle Triassic rhynchosaurs. S. stockleyi (A: NHMUK PV R2270; C, F: NHMUK PV R36840) (A,C,F) and Fodonyx spenceri (EXEMS 60/1985.292, holotype) (B), and an indeterminate rhynchosaurid from the Otter Sandstone (EXEMS 60/1985.20) (D,E). Partial skulls in right lateral view (A,B) and isolated right jugal in lateral (C,D), and dorsal (E,F) views. Abbreviations: an, angular; apj, ascending process of the jugal; dt, dentary; flo, floor of the orbit; itf, infratemporal fenestra; ju, jugal; mx, maxilla; oct, occlusal teeth; pmx, premaxilla; ppj, posterior process of the jugal; rbo, raised border of the orbit; san, surangular. Scale bars equal 2 cm in (A) and 1 cm in (B-F).



Langer et al. (2010) revisited the taxonomy of the Devon rhynchosaur specimens and found strong evidence in support of a taxonomic distinction between the holotype of F. spenceri (EXEMS 60/1985.292) and the more recently described skull (BRSUG 27200; Figure 1C). The latter specimen was interpreted as the holotype of the new genus and species, B. sidensis, and, because of the lack of overlapping bones, the postcranium (EXEMS 79/1992) described by Benton et al. (1993) was reinterpreted as an indeterminate rhynchosaurid (Langer et al., 2010). As a result, B. sidensis and F. spenceri are currently restricted to their holotypes. B. sidensis was described in detail by Hone and Benton (2008) and complemented by Langer et al. (2010), whereas F. spenceri was described in detail by Benton (1990), with further comments made by Hone and Benton (2008) and Langer et al. (2010). We mostly agree with previous interpretations after first hand restudy of the holotypes of both species, and only a few comments on the cheek region of F. spenceri are made here.

The jugal of F. spenceri is strongly laterally elevated along the ventral border of the orbit, forming a sharp edge (Figure 3B: rbo), resembling the condition in R. articeps (NHMUK PV R1236, SHYMS 1), “Rhynchosaurus” brodiei (WARMS G6097/1), S. stockleyi (NHMUK PV R2270, R36840), and B. sidensis (BRSUG 27200; Figure 3: rbo). The orientation of the orbit in F. spenceri is difficult to determine because of the fragmentary condition of the holotype specimen. However, the level of the ventral margin of the orbit with respect to the upper temporal bar indicates that the orbit was mainly laterally facing (e.g., Benton, 1990: Figure 28a), as occurs in other Middle Triassic rhynchosaurs (e.g., R. articeps: NHMUK PV R1236, SHYMS 1, “Rhynchosaurus” brodiei: WARMS G6097/1, B. sidensis: BRSUG 27200). By contrast, the upper temporal bar is placed only slightly above the level of the ventral margin of the orbit in Teyumbaita and species of Hyperodapedon and, as a result, the orbit is mainly dorsally facing (Langer and Schultz, 2000; Montefeltro et al., 2010).

The posterior process of the right jugal of the holotype of F. spenceri is complete, and is posterolaterally directed, short and subtriangular in lateral view (EXEMS 60/1985.292; Figure 3B: ppj). The distal end of this process possesses a series of longitudinal striations on the lateral surface, but it lacks an articular facet on either the medial or lateral surface. The lack of articular facets and the proportionally short length of the posterior process indicate that the jugal failed to contact the quadratojugal, and that the lower temporal bar was incomplete, resembling the condition in E. wolvaardti (Butler et al., 2015) and R. articeps (NHMUK PV R1236, SHYMS 1, 3). In addition, an isolated, very well-preserved right jugal from the Otter Sandstone (Figures 3D,E; EXEMS 60/1985.20) possesses a morphology consistent with those of B. sidensis (BRSUG 27200) and F. spenceri (EXEMS 60/1985.292). In this specimen the posterior process is short and lacks facets for articulation with the quadratojugal. Therefore, this specimen provides further evidence for a rhynchosaur species with an incomplete lower temporal bar in the Otter Sandstone.

Stenaulorhynchus stockleyi

The Lifua Member of the Manda beds of Tanzania (identified as late Anisian on the basis of vertebrate biostratigraphy: Nesbitt et al., 2010) has yielded multiple specimens of the medium-sized rhynchosaurid S. stockleyi (Haughton, 1932; Huene, 1938). This species was originally named by Haughton (1932) based on an isolated proximal half of right humerus (SAM-PK-10645) that was designated as holotype, as well as referred humeri, femora, vertebrae, and left and right maxillae. Haughton (1932) recognized that the limb bones of S. stockleyi closely resembled those of Late Triassic rhynchosaurs from Brazil. In the same contribution, Haughton (1932) erected a second species, Stenaulorhynchus major, based on the distal half of a left humerus. Subsequently, Huene (1939) considered the holotype of Stenaulorhynchus major [SAM-PK-10653(a)] indistinguishable from the humerus of the suchian archosaur Stagonosuchus nyassicus from the same locality and horizon, and he referred the former bone to the latter species. More recently, Lautenschlager and Desojo (2011) reinterpreted the maxillae and vertebrae of the original referred material of S. stockleyi as belonging to an archosaur rather than a rhynchosaur. The reinterpretation of the maxilla [SAM-PK-10651(d)] as belonging to an archosaur is supported here, but in the case of the vertebrae (SAM-PK-10652), we could not find features that are inconsistent with those present in rhynchosaurs. Conversely, the vertebrae lack archosaur synapomorphies based on the figures and description of Haughton (1932: Figure 16) and are considered here as belonging to an indeterminate archosauromorph.

Huene (1938) considerably improved the anatomical knowledge of S. stockleyi by describing multiple referred specimens, including bones from all anatomical regions of the skeleton. This contribution is the most comprehensive description of the anatomy of the species currently available. Huene (1938) noted that no jugal was completely preserved in the available specimens, but considered it likely that it extended along the entire ventral border of the infratemporal fenestra and formed a contact with the quadratojugal. The most complete and best-preserved skull of S. stockleyi (GPIT/RE/7192) possesses both posterior processes of the jugals reconstructed with plaster as if the lower temporal bar was complete. As a result, a first-hand analysis of this specimen cannot successfully determine the original anatomy of this region of the skull. However, the short anterior process of the quadratojugal of GPIT/RE/7192 lacks a facet for reception of the posterior process of the jugal. A fairly complete, but still heavily covered by matrix, skull of S. stockleyi (NHMUK PV R2270) preserves an almost complete left jugal and a complete right jugal (Figure 3A: ju). The right jugal possesses a short and distally tapering posterior process that is restricted to the most anterior region of the ventral border of the infratemporal fenestra (Figure 3A: ppj). This process lacks facets for reception of an anterior process of the quadratojugal and, as a result, provides strong evidence that the lower temporal bar was open in S. stockleyi, as also occurs in M. browni (Dilkes, 1998), E. wolvaardti (Butler et al., 2015), R. articeps (NHMUK PV R1236, SHYMS 1, 3), and F. spenceri (EXEMS 60/1985.292; see above). In addition, an isolated rhynchosaur right jugal from the Manda beds (NHMUK R36840, potentially referable to S. stockleyi) also possesses a short posterior process without an articular facet (Figures 3C,F). This provides additional support for the presence of a rhynchosaur species with an open lower temporal bar in this unit.

The early Anisian rhynchosaurs from the Cynognathus AZ of South Africa possess numerous, well-developed palatal teeth (Broom, 1906; Dilkes, 1995, 1998; Butler et al., 2015). The absence of palatal dentition is universally accepted in B. sidensis, F. spenceri and Late Triassic rhynchosaurs (i.e., T. sulcognathus and Hyperodapedon spp; e.g., Montefeltro et al., 2010), but the situation in R. articeps and S. stockleyi has been matter of debate. Huxley (1887) described the presence of palatal teeth in R. articeps, but Benton (1990) reported that these supposed rows of palatine teeth were misinterpreted and actually represent the medial row of dentition on the maxillary tooth plate. Woodward (1907) also reported the presence of palatal teeth in this species, but he described the presence of “stumpy teeth” occurring along a pair of longitudinal ridges on the pterygoid (Woodward, 1907: 296, plate 2, Figure 1). The latter interpretation was supported by Huene (1929). Independently, Chatterjee (1969, 1974) described a single medial row of palatal teeth on the pterygoid of S. stockleyi. In a review of rhynchosaur evolution, Chatterjee (1980) described the presence of multiple rows in the palatal dentition in M. browni and H. browni, a single row in R. articeps and Stenaulorhynchus, and the absence of palatal teeth in Late Triassic species. Benton (1983b) considered the presence of a single row of palatal teeth on the pterygoid as a diagnostic feature of Rhynchosaurinae, a group that included R. articeps, S. stockleyi, and M. kuttyi. However, Benton (1990: 274) noted that the presence of palatal teeth in R. articeps and S. stockleyi “is not yet clearly demonstrated.” Benton (1990) suggested that no adequately prepared specimen of S. stockleyi or R. articeps possesses palatal teeth, but that they do both possess a short pair of longitudinal ridges on the medial portion of the pterygoid. This interpretation was also supported by the absence of palatal dentition in the Middle Triassic F. spenceri and B. sidensis (Benton, 1990; Hone and Benton, 2008; Langer et al., 2010).

First hand re-examination of the palatal morphology of the best-preserved skull of S. stockleyi (GPIT/RE/7192) and a referred specimen of this species (NHMUK PV R2270) provides new information on the presence of palatal teeth in this taxon and in other basal rhynchosaurids. Our interpretation of the anatomy of these specimens indicates the presence of pair of anterolaterally-to-posteromedially oriented ridges on the ventral surface of the posterior half of the palatal process of the pterygoid (Figure 4), as described by Benton (1990) and also present in R. articeps (NHMUK PV R1236, see below). Both GPIT/RE/7192 and NHMUK PV R2270 possess a single row of distinct sub-circular structures of a relatively homogeneous size along the apex of each pterygoid ridge, which are interpreted as palatal teeth (Figure 4: close-ups). In addition, adjacent to each ridge, both laterally and medially, the pterygoid of GPIT/RE/7192 is also covered with sub-circular structures with a relatively homogeneous size, but which do not form clear rows. The external morphology and arrangement of these structures present on the pterygoid of S. stockleyi (GPIT/RE/7192) resembles the palatal teeth of the rhynchosaurs from the early Anisian of South Africa (i.e., M. browni, H. browni) and provides strong evidence for the homology between these structures. Contrasting with the maxillary lingual teeth, the palatal teeth of S. stockleyi are not coated with a shiny cover that may represent enamel, but this could be a result of lack of preservation in available specimens. A shiny cover that may represent enamel is present on the palatal ridge of R. articeps (NHMUM R1236, see below).
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FIGURE 4. Skulls and close-ups of the palatal morphology in ventral view of Stenaulorhynchus stockleyi from the late Anisian of Tanzania. GPIT/RE/7192 (A) and NHMUK PV R2270 (B). Arrows indicate pterygoid teeth. Scale bars equal to 5 cm in (A,B), 1 cm in close-up of (A), and 5 mm in close-up of (B).



Anisian

The rhynchosaur species M. kuttyi from India, and R. articeps and “Rhynchosaurus” brodiei from central England are dated as broadly Anisian in age based on long-range biostratigraphical correlations, local lithostratigraphy and/or palynological evidence (Benton et al., 1994; Lucas, 2010; Table 1). As a result, their temporal relationship with the non-rhynchosaurid rhynchosaurs from the Cynognathus Assemblage Zone of South Africa and S. stockleyi from Tanzania is currently uncertain.

Mesodapedon kuttyi

Chatterjee (1980) erected the new rhynchosaur genus and species M. kuttyi based on a left dentary (ISI R300, holotype) and two referred right maxillae (ISI R301, 302) from the Anisian Yerrapalli Formation of central India. Unfortunately, these specimens could not be located in the collection of the ISI in February 2015 (MDE, pers. obs.). The general morphology of the maxilla and dentary of M. kuttyi strongly resembles those of S. stockleyi (e.g., NHMUK PV R9271, R9272, R9280, R9281) in the presence of two longitudinal grooves on the maxilla that reach the anterior half of the tooth plate and multiple rows of densely packed lingual teeth on the maxilla and dentary.

Rhynchosaurus articeps

The first rhynchosaur genus and species to be erected was R. articeps, which comes from a quarry at Grinshill, north of Shrewsbury, in central England (Owen, 1842a). The rhynchosaur-bearing levels at Grinshill belong to the Tarporley Siltstone Formation (Benton and Spencer, 1995) and 16 specimens are referred to the species (Benton, 1990). R. articeps was comprehensively redescribed in a monograph by Benton (1990) and is currently the best-known Middle Triassic rhynchosaurid. The anatomy of R. articeps was revisited after studying at first hand most of the available specimens and some comments and reinterpretations of its anatomy are made here.

The skull of R. articeps has been historically reconstructed with a complete lower temporal bar (e.g., Huene, 1938: Figure 10; Benton, 1990: Figure 2), resembling the condition in Late Triassic forms (e.g., Hy. gordoni: (Benton, 1983b); Hy. huxleyi: ISI R1; Hy. mariensis: MCZ 1636; Hy. sanjuanensis: MACN-Pv 18185). However, we could not find evidence for the presence of a jugal-quadratojugal contact in available specimens of R. articeps (SHYMS 1, 3; NHMUK PV R1236, 1237; Figures 5A,B). The posterior process of the jugal is short and posteriorly tapering (Figures 5A,B: ppj; SHYMS 1, 3; NHMUK PV R1236) and the anterior process of the quadratojugal is very low, developed as a semi-circular projection (Figure 5A: qj; SHYMS 1), closely resembling that of E. wolvaardti (Butler et al., 2015). As a result, we here interpret that a jugal-quadratojugal contact is absent in R. articeps and that the lower temporal bar is incomplete (Figure 6A), as occurs in M. browni (Dilkes, 1998), F. spenceri (EXEMS 60/1985.292; see above) and S. stockleyi (NHMUK PV R2270, R36840; see above).
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FIGURE 5. Rhynchosaurus articeps from the Anisian of England. Partial skull (SHYMS 1, lectotype) in right lateral view (A), referred specimen NHMUK PV R1236 in left lateral (B) and ventral views, with close-up of palatal dental structure (C), and sacral vertebrae and first caudal of the referred specimen SHYMS 5 in ventral view (D). Abbreviations: alp, anterolateral process; dt, dentary; itf, infratemporal fenestra; mx, maxilla; or, orbit; plp, posterolateral process; pmx, premaxilla; ppj, posterior process of the jugal; qj, quadratojugal; rbo, raised border of the orbit; utb, upper temporal bar. Scale bars equal 1 cm in (A-C) and 5 mm in close-ups of (C,D).
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FIGURE 6. Cranial reconstruction of Rhynchosaurus articeps and drawings of Langeronyx brodiei. R. articeps cranial reconstruction in left lateral view (A) and drawings of L. brodiei (WARMS G6097/1 and NHMUK PV R8495, holotype) in left lateral (B), left medial (C), dorsal (D), and ventral (E) views. Numbers indicate character-states synapomorphic of Langeronyx and rhynchosaurids to the exclusion of stenaulorhynchines and R. articeps. Abbreviations: amf, anterior maxillary foramen; an, angular; dt, dentary; ec, ectopterygoid; ju, jugal; flo, floor of the orbit; lit, lingual teeth; mx, maxilla; nlf, naso-lacrimal foramina; pmx, premaxilla; pobm, primary olfactory bulb mold; ppj, posterior process of the jugal; qj, quadratojugal; san, surangular; sobm, secondary olfactory bulb mold; sp, splenial. Scale bars equal 1 cm. (A,E) modified from and (B-D) taken from Benton (1990).



A close examination of the palate in available specimens of R. articeps leads us to agree with Benton (1990) in the absence (or non-preservation) of palatal teeth and in the presence of a pair of anterolaterally-to-posteromedially oriented ridges on the ventral surface of the posterior half of the palatal process of the pterygoid (Figure 5C; NHMUK PV R1236). This pair of ridges on the pterygoid closely resembles the condition in Stenaulorhynchus stockelyi (GPIT/RE/7192), but it is not present in B. sidensis (BRSUG 27200; Hone and Benton, 2008), F. spenceri (EXEMS 60/1985.292; Benton, 1990), T. sulcognathus (Montefeltro et al., 2010), and Hyperodapedon spp. (Benton, 1983b; MACN-Pv 18185; MCZ 1636). These ridges clearly lack distinct, individual teeth, and they cannot be considered palatal dentition (cf. Benton, 1990). The possibility that these ridges are structures derived from fusion of rows of palatal teeth cannot currently be addressed because intermediate morphologies or histological data are absent in the currently available rhynchosaur sample. Nevertheless, it is striking that the pair of ridges present in the R. articeps specimen NHMUK PV R1236 possesses a shiny, white external surface that closely resembles the enamel present on the teeth of the maxillary tooth plate. As a result, it is possible that the ridges are covered with enamel, and, if so, this implies that they are structures derived from and homologous to the palatal dentition of the non-rhynchosaurid rhynchosaurs from the early Anisian of South Africa and S. stockleyi. This hypothesis could be tested in the future with analyses of the microstructure of these ridges or through discovery of better preserved specimens of R. articeps or basal rhynchosaurids preserving palatal dentition or homologous structures. Similarly, the palatal ridges that bear teeth in S. stockleyi (see above) are potentially homologous with those of R. articeps.

Benton (1990) described the second sacral rib of R. articeps as lacking the posterolateral projection (i.e., birfurcated distal end) present in S. stockleyi, and suggested that it instead resembled the condition in Late Triassic rhynchosaurs. Nevertheless, in the referred specimen SHYMS 5 we were able to confidently recognize the presence of a distal bifurcation in both sacral ribs of the second sacral vertebra (Figure 5D: plp), as occurs in several early archosauromorphs, South African rhynchosaurs, S. stockleyi and I. genovefae (Dilkes, 1998; Whatley, 2005; Ezcurra et al., 2015). The posterolateral projection of the second sacral rib of R. articeps curves gently laterally and tapers strongly distally in ventral view (SHYMS 5), resembling the condition in N. colletti (AM 3591), S. stockleyi (Huene, 1938) and some tanystropheids (e.g., Macrocnemus bessani: PIMUZ T2472). By contrast, Pamelaria dolichotrachela, Prolacerta broomi, M. browni, H. browni and an indeterminate archosauromorph from the Early-Middle Triassic of Argentina possess a squared posterolateral projection (Ezcurra et al., 2015).

“Rhynchosaurus” brodiei

“Rhynchosaurus brodiei” was the second species described for the genus Rhynchosaurus (Benton, 1990) based on a fragmentary skull (holotype) and referred isolated elements from the Bromsgrove Sandstone Formation in Warwick, central England (Benton, 1990; Benton et al., 1994). Butler et al. (2015) provided for the first time positive evidence in favor of the paraphyly of the R. articeps + “Rhynchosaurus” brodiei clade, with the latter species placed as more closely related to hyperodapedontines and stenaulorhynchines than to R. articeps. Our revaluation of the holotype and referred specimens of “Rhynchosaurus” brodiei and its phylogenetic position provided strong evidence for the erection of a new genus for this species.

SYSTEMATIC PALEONTOLOGY

Diapsida Osborn (1903) sensu Laurin (1991)

Archosauromorpha Huene (1946) sensu Gauthier et al. (1988)

Rhynchosauria Osborn (1903) sensu Dilkes (1998)

Rhynchosauridae Huxley (1859) sensu Dilkes (1998)

Langeronyx gen. nov.

Figures 6B-E, 7, 8D

1990 Rhynchosaurus Benton, p. 251.

Type species: Langeronyx brodiei (Benton, 1990).

Etymology: The new generic name Langeronyx is in honor of the Brazilian paleontologist Max Cardoso Langer, in recognition of his research on rhynchosaurs, combined with the Greek suffix ὄvuξ (onyx = claw), which is commonly applied to rhynchosaurs.

L. brodiei (Benton, 1990)

1990 Rhynchosaurus brodiei Benton, p. 251.

Holotype: The holotype of L. brodiei is housed in two institutions in the UK, WARMS G6097/1 (Warwickshire Museum, Warwick; Figure 7) and NHMUK PV R8495 (Natural History Museum, London). The two specimens represent two parts of a partial skull of a single individual that includes bones of the left side of the snout, orbital region, interorbital skull roof, palate and jaw apparatus (Figures 6B–E). The main portion of the skull is WARMS G6097/1 and includes the snout (premaxilla and ascending process of maxilla), skull roof (prefrontal, frontal and postfrontal), orbital region (jugal and postorbital), jugal ramus of the ectopterygoid and a fragment of maxilla with three teeth. The rest of the holotype, NHMUK PV R8495, includes a partial palate (pterygoid ramus of ectopterygoid, palatine and fragments of pterygoid) and a partial jaw apparatus (maxillary tooth plate, dentary, splenial and anterior portion of angular). Unfortunately, NHMUK PV R8495 could not be located in the collection during several visits to the NHMUK PV between 2014-2015 (MDE pers. obs.). Anatomical information for this specimen is based therefore on a cast of the specimen housed at the Warwickshire Museum (WARMS G6097/2) and the description and figures published by Benton (1990).

Previously referred specimens: Benton (1990) referred several isolated cranial and postcranial bones and a couple of partial rostra from Warwick to “Rhynchosaurus” brodiei. Some of these specimens (WARMS G17, G19, G34) do not overlap with the holotype of the species and because of the presence of more than one rhynchosaur species in coeval stratigraphic units of the UK (i.e., the Otter Sandstone Formation) and a second basal archosauromorph in the Bromsgrove Sandstone Formation (Rhombopholis scutulata; Owen, 1842b; Benton and Walker, 1996), we suggest that these specimens cannot be assigned unambiguously to L. brodiei. Regarding the specimens that do overlap with the holotype of L. brodiei, their morphology is also congruent with that of other basal rhynchosaurids (e.g., F. spenceri, B. sidensis) and there is no unique combination of character states that may allow their unambiguous assignment to L. brodiei (WARMS G950-1, G955, G959, G960, G4712, G4715). For example, two isolated dentaries (WARMS G950-1, G959) possess a morphology consistent with that of F. spenceri (EXEMS 60/1985.292). Two isolated, partial maxillae from Bromsgrove were also referred to “Rhynchosaurus” brodiei by Benton (1990) but their morphology is also congruent with that of other basal rhynchosaurids (Benton, 1990: Figure 26). As a result, we consider that there is no currently known specimen that can be unambiguously referred to L. brodiei and restrict the species to the holotype only.

Horizon and locality: Coten End Quarry (SP 289655), Warwick, Warwickshire, UK. The specimens were collected in the Finstall Member (formerly called the “Building Stones”) of the Bromsgrove Sandstone Formation (formerly the “Keuper Sandstone”), Anisian (Benton et al., 1994, 2002).

Diagnosis: Langeronyx (and L. brodiei by monotypy) is a medium-sized rhynchosaur (estimated skull length 140 mm; Benton, 1990) that differs from other rhynchosaurs in the following combination of character states: laterally facing and sub-circular orbit with a raised and thickened border that is less marked along the postorbital bone than other parts of the orbital margin; anterior process of the jugal dorsoventrally tall, in which the ratio between the height of the base of the anterior process and the anteroposterior length of the orbit is 0.37, with this process being exposed more broadly than the maxilla in lateral view; dorsal surface of the prefrontal deeply concave; dorsal surface of the frontal slightly concave transversely; occlusal dentition of maxilla composed of two tooth-bearing areas separated by a single well-delimited longitudinal sulcus; maxillary lateral tooth-bearing area is crest-shaped; lingual maxillary teeth scattered, do not form clear rows and are not regularly spaced; lingual dentary teeth conical and of similar size to the occlusal teeth.
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FIGURE 7. Langeronyx brodiei nov. gen. et nov. comb. from the Anisian of England. WARMS G6097/1, G6097/2 (part of the holotype) in left lateral (A), left medial (B), dorsal (C), and ventral (D) views. Numbers indicate character-states synapomorphic of Langeronyx and rhynchosaurids to the exclusion of stenaulorhynchines and Rhynchosaurus articeps. Abbreviations: amf, anterior maxillary foramen; dt, dentary; flo, floor of the orbit; fr, frontal; ju, jugal; lit, lingual teeth; mx, maxilla; or, orbit; po, postorbital; pofr, postfrontal; prf, prefrontal; pmx, premaxilla; pobm, primary olfactory bulb mold; pt, pterygoid; rbo, raised border of the orbit; sobm, secondary olfactory bulb mold. Scale bar equals 1 cm.




[image: image]

FIGURE 8. Middle Triassic rhynchosaur skulls compared in dorsal view. Rhynchosaurus articeps (A: NHMUK PV R1236; B: SHMYS 1, lectotype), Bentonyx sidensis (C: BRSUG 27200, holotype), and Langeronyx brodiei (D: WARMS G6097/1, holotype, right side mirrored from preserved left side). Numbers indicate character-states synapomorphic of L. brodiei and rhynchosaurids to the exclusion of stenaulorhynchines and R. articeps. Scale bars equal 1 cm.



New observations on the anatomy of Langeronyx brodiei

The reassessment of WARMS G6097/1 and WARMS G6097/2 (cast of NHMUK PV R8495) sheds new light on the anatomy of the species, revealing unreported anatomical features and reinterpretation of some characters. As noted by Benton (1990), the skull of L. brodiei possesses a proportionately shorter rostrum than in R. articeps (e.g., SHYMS 1, 3; Figure 6), which makes the general appearance of the species more similar to rhynchosaurids with a massive and shortened skull (e.g., B. sidensis: BRSUG 27200; S. stockleyi: GPIT/RE/7192).

The sub-circular orbit is fully laterally facing as in other basal rhynchosaurs and has a raised and thickened border (Figure 7A: rbo), as occurs in R. articeps (SHYMS 1), S. stockleyi (GPIT/RE/7192) and B. sidensis (BRSUG 27200). However, the thickening of the border is less marked along the postorbital bone, contrasting with the other taxa, in which the thickening is equally well-developed around the entire circumference of the orbit. The rostrum of L. brodiei is formed by the nearly complete downturned premaxilla and the ascending process of the maxilla. The lateral surface of the maxilla overlaps the premaxilla laterally and is pierced by a large anterior maxillary foramen a few millimeters posterior to the contact with the premaxilla (Figures 6B, 7A: amf).

The maxillary occlusal margin is markedly curved in lateral view. This is the typical rhynchosaurid morphology (Langer et al., 2000b; Nesbitt and Whatley, 2004), but differs from the more gentle curvature of H. browni and E. wolvaardti and the completely straight margin of M. browni (Benton, 1983b, 1990; Dilkes, 1995, 1998; Langer and Schultz, 2000; Montefeltro et al., 2010; Mukherjee and Ray, 2014; Butler et al., 2015). The posterior end of the maxilla is dorsoventrally shallower ventrally to the jugal than in E. wolvaardti (SAM-PK-K10159) and R. articeps (SHYMS 1, NHMUK PV R1236; Figure 6). The condition in L. brodiei seems to be more similar to the morphology in stenaulorhynchines and hyperodapedontines. However, this feature is hard to quantify and might be directly linked to the dorsoventrally deeper anterior process of the jugal in L. brodiei, stenaulorhynchines and hyperodapedontines (Butler et al., 2015).

As in all other rhynchosaurids, the triangular maxillary tooth plate is broadly exposed on the skull of L. brodiei in ventral view (Chatterjee, 1969, 1974, 1980; Dilkes, 1995, 1998; Langer and Schultz, 2000; Nesbitt and Whatley, 2004; Montefeltro et al., 2010). The medial limit of the maxilla is the medial margin of the maxillary tooth plate, except in its posteromedial corner, where the maxilla extends for a short distance and participates in the border of the suborbital fenestra, as also occurs in M. browni and H. browni (Dilkes, 1995, 1998; Langer and Schultz, 2000; Montefeltro et al., 2010). The occlusal surface of the maxilla is not fully exposed because of the attached lower jaw, but both occlusal and lingual dentitions are present (see below).

The jugal is the most broadly exposed element anterior to the infratemporal fenestra in lateral view (Figures 6B, 7A). This feature was considered to distinguish the species from other species of Rhynchosaurus in the original description (Benton, 1990), and was recently considered a synapomorphy of taxa more derived than R. articeps, including L. brodiei and F. spenceri (Langer et al., 2010; Butler et al., 2015). The ratio between the dorsoventral depth of the base of the anterior process of the jugal and the anteroposterior length of the orbit is 0.37 in L. brodiei. This ratio in the lectotype of R. articeps (SHYMS 1) is 0.24 and in the more complete and undistorted referred specimen NHMUK PV R1236 is 0.30. The jugal forms most of the ventral margin of the orbit but the anteroventral corner is formed by the lacrimal (Benton, 1990).

The ventral margin of the anterior process of the jugal is laterally displaced in relation to the lateral surface of the maxilla. At the boundary between the jugal and the maxilla there is a well-delimited anguli oris crest. However, we cannot confirm if this structure is limited to the main body of the jugal, as in S. stockleyi, B. sidensis, and F. spenceri, if it extended onto the maxilla, as in E. wolvaardti and R. articeps, or if it extended onto the infraorbital process of the jugal as in I. genovefae, T. sulcognathus, and Hyperodapedon spp. (Butler et al., 2015). The dorsal process of the jugal extends beyond the level of the mid-height of the orbit (Figure 6B), contrasting with the proportionally shorter process of the lectotype of R. articeps (Figure 5A; SHYMS 1), but resembling the R. articeps referred specimen NHMUK PV R1236 (Figure 5B). Only the base of the posterior process of the jugal is preserved in L. brodiei (WARMS G955) and, as a result, we cannot determine if the infratemporal fenestra was open or closed. The posterior process of the jugal is ventrolaterally directed at its base with respect to the sagittal axis of the snout, as in all other rhynchosaurids (Butler et al., 2015).

The prefrontal and lacrimal are exposed in both lateral and medial views. In lateral view, these bones form a smooth surface at the anterodorsal corner of the orbit. The same morphology is present in M. browni, R. articeps, and S. stockleyi, but it differs from the protruding dorsolateral orbital corner of hyperodapedontines (Benton, 1983b; Dilkes, 1998; Langer and Schultz, 2000; Whatley, 2005; Montefeltro et al., 2010). The anterior process of the jugal contacts the ventral and anteroventral borders of the lacrimal in lateral view, which results in an extensive suture (Figure 6B). This condition resembles the extensive sutural contact between these bones present in B. sidensis and hyperodapedontines (Whatley, 2005; Langer et al., 2010; Montefeltro et al., 2010), but contrasts with the more restricted contact between lacrimal and jugal present in R. articeps (Figure 6A). The lacrimal medial shelf at the floor of the orbit has a pair of foramina for the exit of the naso-lacrimal duct (Figure 6D: nlf). The foramina are subequal in size and oval, with a dorsoventrally oriented main axis.

The prefrontal is broadly exposed on the lateral surface of the skull, resembling the condition in M. browni (SAM-PK-6536) and R. articeps (SHYMS 1), whereas other rhynchosaurids have a greater dorsal exposure of the prefrontal (Langer and Schultz, 2000; Hone and Benton, 2008; Montefeltro et al., 2010). The dorsal surface of the prefrontal is deeply concave in L. brodiei (Figure 8D: 21-1), as also occurs in S. stockleyi (GPIT/RE/7192), B. sidensis (BRSUG 27200), T. sulcognathus (UFRGS-PV-0232, UFRGS-PV-0298), and Hyperodapedon spp. (FZB-PV-1867; PVSJ 680; UFRGS-PV-0408; Chatterjee, 1974; Benton, 1983b). In medial view, the ventromedial surface of the prefrontal of L. brodiei is mostly covered by a distinct rounded depression that housed the left secondary olfactory bulb (Figures 6C, 7B: sobm; Benton, 1990). The same structure is present as a natural mold in E. wolvaardti (SAM-PK-K10159, Butler et al., 2015) and would have occupied an equivalent position to that in L. brodiei. The position of the secondary olfactory bulb in these rhynchosaurs resembles that of other basal archosauromorphs (e.g., Tasmaniosaurus triassicus; Ezcurra, 2014), but distinctly differs from the olfactory bulb of T. sulcognathus (UFRGS-PV-0232) reconstructed from CT data, which is placed more posteriorly at the level of the mid-length of the orbit (Sales and Schultz, 2014).

The left frontal is almost complete in WARMS G955, with exception of its anteromedial tip. Its dorsal surface is only slightly transversely concave (Figures 7C, 8D: 23-0), as in S. stockleyi (GPIT/RE/7192), T. sulcognathus (UFRGS-PV-0232, UFRGS-PV-0298), Hyperodapedon huenei (UFRGS-PV-0132), and Hy. mariensis (FZB-PV-1867). This condition differs from the clearly delimited posterior depression on the frontal of R. articeps (Figures 8A,B: 23-0; SHYMS 1), and B. sidensis (Figure 8C: 23-1; BRSUG 27200), or the longitudinal depression along the entire frontal surface in M. browni (SAM-PK-6536), H. browni (Dilkes, 1995), and Hy. gordoni (Benton, 1983b). The postfrontal exhibits postmortem distortion and its original relationships with the surrounding bones cannot be exactly restored.

The preserved palatal region of L. brodiei is restricted to the ectopterygoid and fragments of the palatine and pterygoid attached to the maxillary tooth plate and ectopterygoid (Figures 6B–E). The ectopterygoid was probably restricted to the posterolateral portion of the palate, as in all other rhynchosaurs, and to the lateral corner of the transverse flange of the pterygoid, as in all rhynchosaurids (Dilkes, 1995, 1998; Langer and Schultz, 2000; Montefeltro et al., 2010). The lateral process of the ectopterygoid extends laterally contacting the jugal in a posteroventrally to anterodorsally directed suture and forming a small part of the orbital floor. The medial portion of the ectopterygoid overlaps ventrally the preserved portion of the lateral process of the pterygoid. Anteriorly, the medial portion of the ectopterygoid attaches to the posterolateral corner of the maxillary tooth plate, not contacting the palatine at the border of the suborbital fenestra.

The holotype of L. brodiei preserves most of the dentary and splenial, and also a small portion of the angular and coronoid (Figures 6B,C, 7A,B). Thus, some basic measurements cannot be inferred from the specimen (e.g., ratio between mandible depth and length, and percentage of the mandible formed by the dentary). The anterior region of the dentary in L. brodiei is typical of rhynchosaurids. The dentaries diverge anteriorly before reaching the symphyseal region, which is formed only by the splenials (Benton, 1990; Dilkes, 1998; Montefeltro et al., 2010). The dentition is placed on both occlusal and lingual surfaces of the dentary (see below). The splenial overlaps the dentary medially, covering most of its medial surface, and does not show any trace of an anterior Meckelian foramen. The coronoid and the angular are preserved as fragments posterior to the dentary and splenial, but no useful information can be recovered from those bones.

The dentition of L. brodiei is partially hidden in the holotype (NHMUK PV R8495), but the typical general dental morphology of rhynchosaurids is visible (e.g., an edentulous downturned premaxilla and a blade and groove jaw apparatus, with the dentary blade fitting precisely in the maxillary groove).

The maxillary occlusal dentition of L. brodiei is composed of two tooth-bearing areas separated by a single well-delimited longitudinal sulcus. Our interpretation is in accordance with recent studies (Montefeltro et al., 2010, 2013; Butler et al., 2015), but differs from more orthodox interpretations in which all Middle Triassic rhynchosaurids were depicted with two longitudinal maxillary sulci (Chatterjee, 1969, 1980; Benton, 1983b, 1984, 1985, 1988, 1990; Dilkes, 1995, 1998). The lateral tooth bearing area is narrower than the medial one, as occurs in S. stockleyi, F. spenceri, T. sulcognathus, and Hyperodapedon huenei. By contrast, in I. genovefae, A. navajoi, Hy. mariensis, Hy. sanjuanensis, Hy. gordoni, Hy. huxleyi, and Hyperodapedon tikiensis the lateral tooth bearing area is equal to or more developed than the medial area (Langer and Schultz, 2000; Langer et al., 2000b, 2010; Nesbitt and Whatley, 2004; Montefeltro et al., 2010; Mukherjee and Ray, 2014). The lateral tooth bearing area is crest-shaped, as in R. articeps, S. stockleyi, B. sidensis, T. sulcognathus, and Hyperodapedon huenei (Montefeltro et al., 2010). On the lingual surface of the maxilla there are scattered lingual teeth that do not form clear rows and are not regularly spaced (Figures 6C, 7B: lit), resembling the condition in F. spenceri and B. sidensis (Langer et al., 2010; Montefeltro et al., 2010; Butler et al., 2015).

The dentary dentition of L. brodiei is formed by both occlusal (buccal teeth sensu Benton, 1984) and lingual teeth as in most rhynchosaurids (Figures 6C, 7B: lit), with the exception of Hy. sanjuanensis, which lacks lingual teeth (Langer and Schultz, 2000; Langer et al., 2000b). The occlusal teeth are not completely exposed in L. brodiei (Benton, 1990). The anterior tip of the dentary is completely devoid of teeth (Benton, 1990). The dentary of L. brodiei possesses broadly spaced primary lingual teeth (sensu Langer and Schultz, 2000) on the medial wall of the dentary (Benton, 1990). These teeth are slightly smaller than the more lateral lingual teeth and do not form clear rows (Benton, 1990). This condition differs from the large number of heavily packed primary dental teeth of S. stockleyi, F. spenceri, and T. sulcognathus (Montefeltro et al., 2010; Langer et al., 2010; Butler et al., 2015).

DISCUSSION

Phylogenetic Relationships of Early Rhynchosaurs and the Paraphyly of Rhynchosaurus

The parsimony analysis yielded two most parsimonious trees (MPTs) of 148 steps with a consistency index (CI) of 0.6959 and a retention index (RI) of 0.7761. The topology of the strict consensus tree of the MPTs recovered here (Figure 9) is congruent with the single MPT found by Butler et al. (2015), but less resolved. The inclusion of N. colletti resulted in a large polytomy at the base of Rhynchosauria, which includes all non-rhynchosaurid rhynchosaurs. N. colletti is recovered in three possible alternative positions, namely as the sister taxon of M. browni, sister taxon of E. wolvaardti + Rhynchosauridae or sister taxon of Rhynchosauridae. The polytomy at the base of Rhynchosauria is resolved when N. colletti is pruned a posteriori but before generating the strict consensus tree. The resultant topology of this part of the strict reduced consensus tree is identical to that obtained by Butler et al. (2015) (i.e., M. browni, H. browni and E. wolvaardti as successive sister taxa of Rhynchosauridae). The inclusion of N. colletti within Rhynchosauria is supported by two synapomorphies: pubic tubercle on the lateral surface of the shaft (character-state 89: 1 → 0) and metatarsal I vs. metatarsal III length ratio < 0.45 (character-state 96: 1 → 0). The sister-taxon relationship between N. colletti and M. browni is supported by the presence of a median longitudinal groove on the ventral surface of the centrum of the first two caudals (character-state 95: 0-1). Alternatively, the position of N. colletti as more closely related to M. browni, H. browni and ambiguously to E. wolvaardti (because of missing data in this species) is supported by the presence of a tapering posterior projection of the bifurcated distal end of the second sacral rib (character-state 94: 1 → 0). Three additional steps are required to force the position of N. colletti outside Rhynchosauria and only one to be placed at the base of the clade.
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FIGURE 9. Strict consensus tree showing the phylogenetic relationships of rhynchosaurs recovered here. Numbers below the nodes are Bremer support, absolute bootstrap and GC bootstrap resampling frequencies, respectively. The skulls figured to the right of the cladogram belong to, from the top to bottom, Mesosuchus browni (SAM-PK-6536), Rhynchosaurus articeps (NHMUK PV R1236), Stenaulorhynchus stockleyi (GPIT/RE/7192), and Hyperodapedon mariensis (MCZ 1636).



As previously recognized by Butler et al. (2015), Rhynchosaurus is found as a paraphyletic genus, in which L. brodiei (= “Rhynchosaurus” brodiei) is recovered as more closely related to hyperodapedontines than to R. articeps. The clade composed of L. brodiei and other rhynchosaurids to the exclusion of R. articeps is supported by six synapomorphies, three of which are present in the former species (the other three synapomorphies are not preserved): jugal higher than maxilla below the ventral border of the orbit (character-state 11: 0 → 1); prefrontal with a deeply concave dorsomedial surface near the orbital rim (character-state 21: 0 → 1); and frontal without a groove on its dorsal surface (character-state 23: 1 → 0). Butler et al. (2015) found a polytomy composed of L. brodiei, stenaulorhynchines and species more closely related to hyperodapedontines than to the former clades. However, this part of the tree is resolved in the new analysis and L. brodiei is recovered as more closely related to hyperodapedontines than to stenaulorhynchines. The clade composed of L. brodiei and other rhynchosaurids to the exclusion of R. articeps and stenaulorhynchines is supported by a single synapomorphy: extensive contact of the jugal anterior process with the lacrimal (character-state 12: 0 → 1). Under constrained topologies, one additional step is necessary to force the position of L. brodiei within Stenaulorhynchinae, as the sister taxon of all other rhynchosaurids to the exclusion of R. articeps, as the sister taxon of B. sidensis, or as the sister taxon of Fodonyx and hyperodapedontines. By contrast, four additional steps are necessary to force a sister-taxon relationship between R. articeps + L. brodiei (Templeton test using Wilcoxon signed-ranks, p = 0.0455). Therefore, the results recovered here are generally congruent with the most recent phylogenetic hypotheses [i.e., Langer et al., 2010; Montefeltro et al., 2013; Butler et al., 2015; but see Mukherjee and Ray (2014) for a different result] and support the erection of a new genus for “Rhynchosaurus” brodiei.

It is worth noting that the anatomical reinterpretations reported here resulted in changes in scorings from previous data matrices and in the optimization of characters. The closure of the lower temporal bar was previously interpreted as a character state that appeared early in rhynchosaur evolution, being optimized as an apomorphy of Rhynchosauridae (e.g., Benton, 1990; Dilkes, 1998). However, the new analysis indicates that rhynchosaurs with a closed lower temporal bar are restricted to Hyperodapedontinae and probably the “Mariante rhynchosaur.” Similarly, the absence of pterygoid dentition was interpreted as a synapomorphy of Rhynchosauridae (e.g., Benton, 1990; Dilkes, 1998), but changes in scorings in R. articeps and S. stockleyi result here in its optimization as a synapomorphy of rhynchosaurids to the exclusion of R. articeps and stenaulorhynchines. As a result, these two characters with potentially strong paleocological implications seem to have appeared later in rhynchosaur evolution than previously thought.

Macoevolutionary History of Early Rhynchosaurs

Body Size Evolution

The optimization of skull length (as a proxy of body size) in the phylogenetic tree suggests that a cranial length of ~90 mm represents the ancestral condition for Rhynchosauria, and that this was retained up to the base of Rhynchosauridae (Figure 10A). Indeed, non-rhynchosaurid rhynchosaurs and R. articeps possess skull lengths that range from 70 to 90 mm. An increase to an ancestral skull length of 140 mm was reconstructed for the node that includes stenaulorhynchines and hyperodapedontines, and is retained up until the clade composed of I. genovefae, T. sulcognathus, and Hyperodapedon spp. A conspicuous reduction to a skull length of 95 mm is optimized as an autapomorphy of I. genovefae among hyperodapedontines. Two independent increases in body size are reconstructed in the evolutionary history of Rhynchosauridae. The first is represented by stenaulorhynchines (i.e., S. stockleyi and the Mariante rhynchosaur; with an ancestral skull length of 250 mm) and the second in members of the clade that includes T. sulcognathus and Hyperodapedon spp. (ancestral skull length of 146-182 mm), which is clearer for the node composed of all species of Hyperodapedon with exception of Hyperodapedon huenei (ancestral skull length of 250 mm). As a result, these two clades independently acquired a skull length more than 2.5 times that reconstructed for the ancestral condition of Rhynchosauria. The largest known rhynchosaur is a referred specimen of Hy. huxleyi, with a lower jaw length or ~470 mm and an estimated skull length of 420 mm (ISI R4, Chatterjee, 1974). This species is from the Upper Triassic of India and represents one of the youngest and most derived rhynchosaurs (Figure 10B). Therefore, the optimization of skull length in the phylogenetic tree of rhynchosaurs could be considered consistent with one of the prerequisites of a Cope's rule scenario (i.e., overall increase of body size in the evolutionary history of a lineage; Cope, 1887), and the other prerequisite (i.e., active trend) should be tested with an evolutionary model fitting analysis.
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FIGURE 10. Body size analyses results. Time-calibrated informal supertree showing the optimization of skull length through rhynchosaur evolution (A), bivariate plot showing log (skull length) vs. temporal calibration of taxa (horizontal error bars indicate chronostratigraphic uncertainty) (B), and relative support for evolutionary model fit analysis using mean ages (C). Abbreviations: Ani, Anisian; BM, Brownian motion; Car, Carnian; EB, Early Burst; Ind, Induan; Lad, Ladinian; Nor, Norian; Ole, Olenekian; OU, Ornstein–Uhlenbeck; Rha, Rhaetian.



Maximum-likelihood model fitting suggest that the evolution of body size in rhynchosaurs is better explained by a Brownian Motion model (BM) in the calibrations with the age means and lower bounds (i.e., BM explains more than 50% of the data; Figure 10C; Table 2). As a result, under this model the increase in body size in hyperodapedontines and stenaulorhynchines can be explained as a non-directional exploitation of morphospace from small-bodied ancestors with a lower size constraint (i.e., passive diffusion or the “Stanley effect”; Albert and Johnson, 2011; Zanno and Makovicky, 2013). The presence of some cases of size reduction with respect to the reconstructed ancestral body size (e.g., R. articeps, I. genovefae, Hy. gordoni) likely contributes to a better fitting of a non-directional model over an active directional trend. When the phylogeny was calibrated using upper age bounds, stasis explains more than 99% of the data and favors the absence of an evolutionary trend. As a result, under both of these alternative evolutionary models, the increases in body size in the evolutionary history of rhynchosaurs do not represent an active trend and, therefore, the hypothesis of Cope's rule is not supported (Cope's rule is the result of an active directional trend; Kingsolver and Pfennig, 2004; Hone and Benton, 2005).

Table 2. Fit of four different models to the body size evolutionary history of Rhynchosauria.
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It should be taken into account that the maximum recorded or estimated skull length of each species is used for the analyses and these values can be easily affected by sampling artifacts. Low sample sizes may be correlated with lower maximum body sizes and the failure to sample fully grown individuals would affect the results. Therefore, the lower sample sizes of early Middle Triassic rhynchosaurs in comparison with those of the late Middle and Late Triassic (e.g., from the Manda beds and the Ischigualasto, Santa María, and lower Maleri formations) may result in an artifactual pattern of increased body size in the stratigraphically youngest species. However, there is no single evidence of a large-bodied rhynchosaur in Early Triassic or early Middle Triassic beds worldwide and several of these early rhynchosaur forms seem to be skeletally mature individuals (Benton, 1990). As a result, the data used here seems to not be strongly affected by a size sample bias, but an increased rhynchosaur sample and better chronostratigraphic resolution, especially in the late Middle Triassic-early Late Triassic time span, will be crucial to test in the future the ambiguities in the evolutionary model fittings by the different time calibrations and the general results of the analyses recovered here.

Paleobiogeography

The Dispersal-Extinction-Cladogenesis analysis reconstructed the origin of Rhynchosauria as most likely occurring in Western Gondwana (the area that is now South Africa; 61.7%; Figure 11), in agreement with previous qualitative statements (Butler et al., 2015), with this reconstruction preferred over a widespread ancestral range that included the current regions of South Africa and Europe (38.3%). Central Laurasia (the area that is now Europe) is reconstructed as the ancestral area of Rhynchosauridae (80.4%) and this ancestral range is retained in the four successive nodes that lead to Hyperodapedontinae (83.2, 100, 100, and 95.8%). As a result, if Western Gondwana is interpreted as the ancestral area of the whole group, at least one dispersal event from this area to Central Laurasia must have occurred in the Induan-late Anisian. The ancestral area reconstruction of the node that includes stenaulorhynchines does not favor strongly any particular distribution, but the most likely are the ranges that include the current regions of South America and Tanzania-India-Madagascar (39.8%), Europe and Tanzania-India-Madagascar (19.9%) and South America and Europe (19.9%). The reconstructions of the stenaulorhynchine node imply an expansion of the range of rhynchosaurs into South America and Tanzania-India-Madagascar and, if the most likely ancestral reconstruction is considered, a vicariant event between South America and Tanzania-India-Madagascar during the Anisian. The base of Hyperodapedontinae possesses several poorly supported ancestral area reconstructions, but the area that is now Europe is included in the ancestral range in 77.2% of them. The current regions of South America and Tanzania-India-Madagascar are included in 28.3 and 22.8% of the reconstructions, respectively. Therefore, the most likely reconstructions imply a range expansion into South America and/or Tanzania-India-Madagascar during the late Anisian-early Carnian time span. The reconstructions of the successively more deeply nested nodes of the Teyumbaita + Hyperodapedon clade include an ancestral range of Europe and South America as the most likely hypotheses (47.5–63.0%). However, paleobiogeographic events within this clade are not discussed here because several species of the genus Hyperodapedon were not included in the analysis, including species collected in North America, India, and Africa.
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FIGURE 11. Paleobiogeographic analysis of rhynchosaurs based on a global phylogeny of the group. Results obtained from DEC (Dispersion-Extinction-Cladogenesis) analysis. The temporal scale at the bottom is in millions of years.



In conclusion, the ancestral area reconstructions of the evolutionary history of rhynchosaurs imply dispersal events between broadly paleolatitudinally separated geographic areas (e.g., current regions of Europe, South America, and Tanzania-India-Madagascar). We note that ancestral area reconstructions such as these can be severely affected by incomplete sampling and missing data, and these results may change as additional rhynchosaur taxa are discovered and described, and as taxa such as Ammorhynchus and Mesodapedon are incorporated into phylogenetic analyses. However, as currently reconstructed, these biogeographic events imply that barriers to dispersal of rhynchosaurs across the paleo-Equator were either absent or present but at least temporarily permeable. This result is in agreement with the proposed cosmopolitan distribution of tetrapod species during the Middle Triassic, occurring in an interval when all the main landmasses were part of the supercontinent of Pangea (Shubin and Sues, 1991; Ezcurra, 2010). The paleobiogeographic history of hyperodapedontines goes beyond the scope of this paper, but its future study may shed light on the tempo and mode of the establishment of a different, more provincialized biogeographic scenario that has been proposed for the Late Triassic (Ezcurra, 2010; Whiteside et al., 2011).
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