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Palaeolagus, a late Eocene to early Miocene North American lagomorph genus, represented by numerous and well-preserved specimens, has been long considered a basal leporid, although it is currently understood as a stem lagomorph. Based on micro-computed tomography (μCT) data and 3D reconstructions, here we present the first description of intracranial structures of the nasal and auditory regions of a complete skull of Palaeolagus haydeni from the early Oligocene of Nebraska. Although Palaeolagus haydeni shows a puzzling mixture of extant leporid and ochotonid characters, it helps to polarize and re-evaluate already known lagomorph intracranial characters based on outgroup comparison with Rodentia and Scandentia. Common derived features of Palaeolagus haydeni and extant Lagomorpha are the dendritic maxilloturbinal and the excavated nasoturbinal that contacts the lamina semicircularis. Generally, Palaeolagus haydeni and Leporidae have several characters in common, some of which are certainly plesiomorphic (e.g., thin wall of bulla tympani and flat conic cochlea). Palaeolagus haydeni resembles Leporidae in having an interturbinal between the two frontoturbinals, and three ethmoturbinals plus one interturbinal between ethmoturbinal I and II. Now, this should also be regarded as a plesiomorphic grundplan pattern for Leporidae whereas ochotonids are derived from the lagomorph grundplan as concerns the number of frontoturbinals. Concerning the middle ear, Palaeolagus haydeni significantly contributes to the polarization of the anterior anchoring of the malleus in extant lagomorphs. Palaeolagus haydeni resembles the pattern observed in early ontogenetic stages of Ochotonidae, i.e., the attachment of the malleus to the ectotympanic via a short processus anterior. The patterns in adult ochotonids and leporids now can be regarded as two different and apomorphic character states. Autapomorphic characters of Palaeolagus haydeni are the reduced frontoturbinal 2 and the additional anterolaterally oriented process of the lamina semicircularis. Interestingly, among the investigated intracranial structures the loss of the secondary crus commune is the only apomorphic grundplan character of crown Lagomorpha.
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INTRODUCTION

Intracranial bony structures of the mammalian nasal and auditory regions provide proxies for sense organs of smell (the olfactory turbinals), balance (vestibular part of the inner ear bony labyrinth) and hearing (the auditory ossicles and cochlear part of the inner ear bony labyrinth) as well as for thermoregulation (the respiratory turbinals). Thus, they can significantly contribute to a deeper understanding of morphofunctional and ecological adaptations as demonstrated in extant and fossil mammal species (e.g., Spoor et al., 2007; Pfaff et al., 2017; Martinez et al., 2018, 2020; Wagner and Ruf, 2019). Furthermore, characters, especially those related to the auditory region, are frequently used in mammalian phylogeny to reconstruct relationships among major clades (Meng et al., 2003; Wible et al., 2009; Mennecart et al., 2016).

Lagomorpha have been rarely subject to detailed studies of these structures and the existing contributions concern almost exclusively extant taxa, particularly the domesticated form of Oryctolagus cuniculus (Voit, 1909; Frick and Heckmann, 1955; Hoyte, 1961; King et al., 2007). However, recent studies on extant Lagomorpha revealed phylogenetically relevant characters of the nasal and ear regions. Ochotonidae and Leporidae can clearly be distinguished by specific characters of the turbinal skeleton and of the middle ear such as the pattern of the processus anterior and the processus praearticularis internus of the malleus (Ruf, 2014; Maier et al., 2018).

When fossils are considered, the synapomorphy schemes for lagomorphs and their related groups (Duplicidentata as a whole) may be contradicted; a derived feature shared by living taxa may turn out to be secondary or convergent if fossil relatives do not possess that feature. Since Lagomorpha has been generally considered as a monophyletic (e.g., Asher et al., 2005; Fostowicz-Frelik and Meng, 2013) and morphologically conservative group (Fostowicz-Frelik, 2017; López-Torres et al., 2020), characters that we collect from fossil lagomorphs may help us to evaluate characters and their polarity obtained from the living lagomorph relatives.

The subject of this study is Palaeolagus haydeni, the most common and widespread fossil lagomorph of North America (Dawson, 1958, 2008) and arguably the best known fossil lagomorph to date. For decades, the phylogenetic position of Palaeolagus has remained somewhat disputed. Traditionally it has been considered a basal leporid (Dawson, 2008). In contrast, recent phylogenetic analyses consequently place this genus outside of the crown Lagomorpha (Asher et al., 2005; Wible, 2007; Fostowicz-Frelik, 2013; Fostowicz-Frelik and Meng, 2013; but see Asher et al., 2019). Nevertheless, Palaeolagus with its eight species, spanning from the late Eocene to the early Miocene is a key genus for a deeper understanding of lagomorph evolution. Palaeolagus haydeni, the type species of Palaeolagus, is represented by a large number of well-preserved specimens available for us to study, as compared to other fossil taxa. Recently, a detailed study of the skull anatomy of Palaeolagus haydeni supported a basal position based on a mixed pattern of ochotonid and leporid characters (Wolniewicz and Fostowicz-Frelik, 2021).

Here we present the first description of intracranial structures of the nasal and auditory regions of Palaeolagus haydeni and compare our observations to the pattern in extant Lagomorpha. We also discuss some character transformations based on new evidence, and consider the plausible ancestral character set for extant Lagomorpha. Our study complements the work by Wolniewicz and Fostowicz-Frelik (2021) that is based on the same specimen.



MATERIALS AND METHODS

The study is based on μCT data obtained from the skull of an adult Palaeolagus haydeni (FMNH PM9476) housed in the Field Museum of Natural History (FMNH, Chicago, IL, United States). The skull was μCT scanned using a high-resolution GE phoenix| x-ray v|tome|x L 240 scanner (GE Measurement & Control Solutions) at the American Museum of Natural History (AMNH, New York, NY, United States). The parameters of the scan of the entire skull were as follows: voltage 170 kV, current 170 mA, and 0.1 mm Cu filter. The total of 1401 images were acquired at a resolution of 50.69 μm (isotropic voxels). A second scan of the posterior part of the skull (orbitotemporal and otical regions) has the following scan parameters: voltage 170 kV, current 170 mA, and 0.1 mm Cu filter, resolution 36.49 μm. Raw data were further reconstructed with GE phoenix| x-ray datos| x 2.0 software resulting in 16-bit TIFFs (1900 × 1000 pixel in size). Based on the μCT data virtual 3D reconstructions were performed with Avizo 9.0.1 (Thermo Fisher Scientific). Turbinals were segmented with the manual segmentation tool; hereby the entire turbinal structure up to the contact with the lateral wall of the nasal cavity, the lamina horizontalis and the lamina cribrosa was considered. The bony labyrinth and the auditory ossicles were segmented with the manual and automatic (magic wand) segmentation tools. The first scan was used for reconstruction of the selected structures (in Figures 1–3). The μCT image in Figure 4 as well as the auditory ossicles in Figure 5 are based on the second scan. The μCT data (image stacks) and the 3D models are deposited in the Dryad Digital Repository (Fostowicz-Frelik et al., 2021).
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FIGURE 1. Virtual 3D reconstructions of the turbinal skeleton of Palaeolagus haydeni (FMNH PM9476). Actual skull in mirrored lateral view (A). Rostrum with highlighted turbinal skeleton in lateral (B) and dorsal (C) views. The skull bones are transparent. Right turbinal skeleton in lateral (D) and medial (E) views. The ethmoturbinals are incomplete. Left turbinal skeleton in lateral (F) and medial (G) views. Only the fronto- ethmo-, and interturbinals are reconstructed. Abbreviations: et I-III, ethmoturbinal I-III; dpr, dorsal process; ft 1-2, frontoturbinal 1-2; it, interturbinal; ls, lamina semicircularis; mt, maxilloturbinal; nt, nasoturbinal; pa, pars anterior; pp, pars posterior; pra, processus anterior; pru, processus uncinatus. Scale bar = 10 mm refers to (A–C); (D–G) not to scale.
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FIGURE 2. Transversal μCT images through the nasal cavity of Palaeolagus haydeni (FMNH PM9476) from anterior (A) to posterior (D). The asterisk (*) indicates the cavity formed by the nasoturbinal and the nasal. Abbreviations: dI2, deciduous upper incisor 2; di2, deciduous lower incisor 2; dn, ductus nasopharyngeus; dpr, dorsal process; et I-III, ethmoturbinal I–III; ft1-2, frontoturbinal 1–2; f, frontal; fi, foramen incisivum; I3, upper incisor 3; it, interturbinal; lh, lamina horizontalis; ls, lamina semicircularis; lt, lamina terminalis; m, maxilla; md mandible; mt, maxilloturbinal; n, nasal; nt, nasoturbinal; p3–4, lower premolars 3 and 4; P2–3, upper premolars 2 and 3; pa, pars anterior; pal, palatine; pm, premaxilla; pp, pars posterior; pra, processus anterior; pru, processus uncinatus; sm, sinus maxillaris; v, vomer. Not to scale.
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FIGURE 3. Virtual 3D reconstruction of the auditory region of Palaeolagus haydeni (FMNH PM9476) in ventral views (A). The skull bones are transparent in order to show the auditory ossicles and bony labyrinth. (B) transversal μCT image through the auditory region. Note the small processus anterior (pram) of the malleus below the tegmen tympani in the left ear. The asterisk (*) indicates the lateral expansion of the epitympanic recess. Abbreviations: bl, bony labyrinth; bt, bulla tympani; co, cochlea; re, epitympanic recess; fv, fenestra vestibuli; in, incus; ma, malleus; mea; meatus acusticus externus; pbl, primary bony lamina; pe, petrosal; pram, processus anterior of malleus; pro, promontorium; st, stapes; tt, tegmen tympani. Scale bar = 5 mm.
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FIGURE 4. Virtual 3D reconstructions of the auditory ossicles of Palaeolagus haydeni (FMNH PM9476). Color code refers to Figure 3. Articulated right malleus and incus in lateral (A), medial (B) and dorsal (C) views. Note the incomplete processus anterior of the malleus. Left malleus in lateral (D) and dorsal (E) views. Ventral (F) and medial (G) views of the left stapes. Interpretation of orientation is tentative due to displacement and weaker preservation of the right stapes. Abbreviations: ca, crus anterior; cap, caput; cb, crus breve; cl, crus longum; cp, crus posterior; col, collum; cor, corpus; fp, footplate; in, incus; lom, lamina ossea mallei; ma, malleus; mma, manubrium mallei; pra, processus anterior; prm, processus muscularis; prsm, process for stapedial muscle; stf, stapedial foramen; sth, stapedial head. Scale bar for (A–E) = 2 mm, (F–G) = 1mm.
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FIGURE 5. Virtual 3D reconstruction of the right bony labyrinth of Palaeolagus haydeni (FMNH PM9476). (A) lateral, (B) medial, (C) dorsal, (D) ventral, (E) posterolateral and (F) anterolateral views. Abbreviations: aa, anterior ampulla; ASC, anterior semicircular canal; av, aquaeductus vestibuli; cc, crus commune; cco, canaliculus cochleae; co, cochlea; la, lateral ampulla; fc, fenestra cochleae; fv, fenestra vestibuli; LSC, lateral semicircular canal; pa, posterior ampulla; PSC, posterior semicircular canal; sbl, secondary bony lamina; scc, secondary crus commune. Scale bar = 2 mm.


Terminology of the described structures follows Ekdale (2013, 2016), Ruf (2014), Maier and Ruf (2014), and Maier et al. (2018). The results concerning Palaeolagus haydeni are discussed in comparison to extant Lagomorpha based on data from literature (e.g., Ruf, 2014; Maier et al., 2018) and against the background of combined phylogeny from Matthee et al. (2004), and Fostowicz-Frelik and Meng (2013). For grundplan reconstruction that allows defining all characters (apomorphic and plesiomorphic) of the last common ancestor of a respective taxon we follow the definition by Hennig (1984). The same scans of adult extant Lagomorpha included in the study on the auditory ossicles in Maier et al. (2018) are used to discuss characters of the middle ear and the bony labyrinth.

For outgroup comparison recent studies on the nasal region of further members of Euarchontoglires are considered: Rodentia (Ruf, 2014, 2020; Martinez et al., 2018), Scandentia (Ruf et al., 2015; Lundeen and Kirk, 2019), Dermoptera (Maier and Ruf, 2014; Lundeen and Kirk, 2019), and Primates (Maier and Ruf, 2014; Smith et al., 2016; Lundeen and Kirk, 2019).



RESULTS

Palaeolagus haydeni FMHN PM9476 comprises a complete skull including the articulated mandible. The cavities inside the skull are completely filled by sediment. The specimen is mostly intact, although some parts are missing or have been damaged. These are the anterior nasal roof, the left zygomatic arch, the orbital wall of the nasal cavity, and the roof of the braincase (Figure 1A; see also Wolniewicz and Fostowicz-Frelik, 2021). In addition, the auditory bullae show some defects, resulting in their fenestration. Thus, the following anatomical description refers to the better preserved side, left or right depending on the completeness of the respective structure.


Nasal Region

The turbinal skeleton of FMHN PM9476 is incomplete because all turbinals show defects or are broken. This affects especially the structures located in the most anterior and posterior parts of the nasal cavity. However, the number of turbinals can be clearly deduced from both sides of the nasal cavity, although the detailed anatomy remains uncertain in some parts. Ethmoturbinals II and III as well as the interturbinal of the pars posterior are much better preserved on the left side (Figures 1B–G).

The pars anterior of the nasal cavity houses a large and dendritic maxilloturbinal whose anterior portion is not preserved (Figures 1B–E, 2A). It covers the canalis nasolacrimalis that houses the ductus nasolacrimalis medially and ends ventral to the processus anterior of ethmoturbinal I. The anterior part of the nasoturbinal is also not preserved. The remnant of the nasoturbinal is a short straight lamella. Posteriorly, the nasoturbinal forms the floor of a deep cavity whose roof is the nasal bone (Figures 1B–E, 2A). The lamina semicircularis separates the pars posterior of the nasal cavity from the pars lateralis. It is a long lamella projecting from the nasal roof that ends at the anterior rim of the lamina cribrosa. This lamella corresponds to the dorsal lamella or flank of a typical sickle-shaped lamina semicircularis. Ventrally, the lamina semicircularis projects into the sinus maxillaris via the hiatus semilunaris. This ventral projection that might comprise a vestigial ventral lamina, shows two anterolaterally oriented processus. The dorsal process is short. The ventral one is more prominent and interpreted as the processus uncinatus (Figures 1D,E, 2B). The posterior margin of the lamina semicircularis is rolled-up laterally. The lamina semicircularis and the nasoturbinal are not fused but together form a continuous lamella and therefore, a functional unit attached to the nasal roof.

The recessus frontoturbinalis of the pars lateralis houses three turbinals, which are not completely preserved (Figures 1B–D, 2C). Of the three turbinals, the dorsal one can be identified as frontoturbinal 1. It is attached to the nasal roof (mostly the frontal bone) and merges posteriorly into the lamina cribrosa. The shape can be reconstructed as a double-scroll. The second turbinal is almost as long as frontoturbinal 1 and is similar in shape. It starts at the lateral rim of the lamina horizontalis and attaches to the lateral wall of the nasal cavity in its further course; the posterior end merges into the lamina cribrosa. We interpret this turbinal as the interturbinal. The third turbinal, most likely frontoturbinal 2, is very short and small. It is attached to the lamina horizontalis and its posterior end is in contact with the root of ethmoturbinal I. Frontoturbinal 2 probably shows only a lateral scroll but the exact shape is not preserved. The homology of the interturbinal and frontoturbinal is discussed below.

The pars posterior of the nasal cavity houses four turbinals that are only partly preserved except for ethmoturbinal I (Figures 1B–G, 2B–D). Ethmoturbinal I is attached to the lamina horizontalis and has a broad massive processus anterior that projects far into the pars anterior of the nasal cavity (Figures 1C–G, 2B). The two major lamellae of ethmoturbinal I, pars anterior and pars posterior, can be clearly separated. While the pars anterior is a straight lamella, the pars posterior is rolled-up laterally (Figures 1E,G, 2C). Posteriorly, both parts fuse to form a funnel-shaped recess that is attached to the lamina cribrosa. The following turbinals all arise from the lamina horizontalis and more posterior from the lateral sidewall of the nasal cavity. Ethmoturbinal II and the interturbinal between the former and ethmoturbinal I are represented only by their anteriormost part (Figures 1B,D–G, 2D). Their length and morphology cannot be determined from these remnants. However, it is visible that the interturbinal forms at least partly a double-scroll. Ethmoturbinal III extends far into the posterior nasal cavity and forms a prominent ventrally convex lamella. However, only the distal part of ethmoturbinal III is preserved and thus its detailed shape and number of lamellae remain unclear (Figures 1B,F,G, 2D).

The nasal septum is only partly preserved with its dorsoposterior part being attached to the lamina cribrosa as well as the very most end inside the cupula nasi posterior.



Middle Ear

Palaeolagus haydeni shows a well-developed bulla tympani that completely encloses the tympanic cavity (Figure 3). In ventral view, the bulla is oval, with its long axis oriented anteromedially. The bulla is built exclusively by the ectotympanic, which laterally forms a short external auditory canal (meatus acusticus externus), projecting and opening dorsolaterally (Figure 3B). Anteriorly, a horizontal septum divides the cavum tympani into a dorsal and a ventral chamber. This septum continues into the bony ring that supports the tympanic membrane and forms the entrance of the meatus acusticus externus. There is no additional septum inside the bulla. On the dorsal side of the tympanic cavity, the epitympanic recess is situated posterolateral to the fenestra cochleae. The medial part of the epitympanic recess is a small, shallow fossa in the petrosal whereas, in contrast, its lateral part is expanded into a large chamber, extending anteriorly, laterally and dorsally (Figure 3B). This chamber is laterally bounded by the ectotympanic so that the squamosal is entirely excluded from the tympanic cavity. In ventral view, most of the lateral tympanic recess is covered by a bony lamina of the ectotympanic, which forms the dorsal wall of the external auditory canal and continuous anteriorly into the lamina anterior (Figure 3B). Anterolateral to the fossa for the tensor tympani muscle and anterior to the expanded epitympanic recess there is a large spherical chamber that develops entirely within the ectotympanic. This chamber is identified as the epitympanic sinus. On the intracranial side of the skull, the dorsal wall of the epitympanic sinus is exposed as an oval, convex patch between the petrosal and alisphenoid; thus, the ectotympanic contributes to the floor of the braincase.

The three auditory ossicles are preserved on both sides, mostly intact but displaced (Figures 3, 4). The malleus and incus are still in articulation on both sides. They are embracing each other with their criss-cross articulation facets (Figures 4A–C). The malleus has a distinct caput that shows a smooth convex dorsal surface. Anteroventrally, it continues into a broad lamina ossea mallei. The collum and manubrium mallei form an angle about 90°; the manubrium is bent anteromedially and its lateral surface, which was attached to the tympanic membrane, is broadened. On the medial side, a prominent processus muscularis for attachment of the musculus tensor tympani is present (Figures 4A–C). Dorsal to this process the neck bears a distinct fossa (Figure 4B). The manubrium mallei of the left malleus is incomplete distally. The processus anterior is incomplete in the right malleus but intact in the left one (Figures 4A–E). In the higher resolution μCT scan, the attachment of the processus anterior to the roof of the middle ear cavity can be traced. The processus anterior is short but bends dorsolaterally and ends as a free rod in a small cavity between the tegmen tympani and ectotympanic (Figures 3B, 4D,E). This cavity opens medially. A processus internus praearticularis is lacking. The incus shows a distinct crus breve and a significantly longer crus longum. A processus lenticularis is not visible because it may be broken (Figures 4A–C).

The right stapes is in situ but not well preserved and slightly projecting through the foramen vestibuli (Figure 3). Its footplate is incomplete. The left stapes is complete but displaced. The stapedial footplate is oval and flat. Both crura are prominent, positioned quite symmetrically at the rim of the footplate and embracing a distinct stapedial foramen. We tentatively interpret a small process next to the head of the left stapes as the process for the stapedial muscle. In the left stapes one crus is stronger and forms a half tube (Figures 4F,G). Although the right stapes is in situ, it can hardly be used for orientation as both crura show the same thickness and no stapedial muscle process is visible.



Inner Ear

The ventral surface of the promontorium is gently rounded (Figure 3B). At its posterior end a nearly circular fenestra cochleae (sive rotunda) is present, not concealed by any bony outgrowth of the petrosal. On the lateral side of the promontorium there is a small, oval fenestra vestibuli (sive ovalis), facing lateroventrally (Figure 3B). The petrosal houses the bony labyrinth, a hollow space that is filled with the soft tissue structures and perilymphatics and endolymphatic fluids of the inner ear in the living animal.

The bony labyrinth is complete on both sides. The cochlea is tightlycoiled, conic but relatively flat; it has 2.25 turns (Figures 3A, 5). The secondary bony lamina that supports the basilar membrane together with the primary bony lamina extends up to a quarter of the basal turn (Figures 5B,E). The canaliculus cochleae is thin and relatively short. The pathways of the cochlear nerves that enter the internal auditory meatus and spread through the primary lamina can be traced. The three semicircular canals are thin but show a well pronounced curvature. In perpendicular view to their planes the anterior and lateral semicircular canals show an oval shape whereas the posterior semicircular canal is almost circular (Figure 5). The anterior semicircular canal is by far the largest in diameter (curvature) and its dorsalmost point is significantly higher than the crus commune, the joint section of the anterior and posterior semicircular canal (Figures 5A,E). This canal borders the entrance into a large and deeply excavated fossa subarcuata. The lateral semicircular canal forms a secondary crus commune together with the posterior semicircular canal (Figures 5B,D). This joint canal does only comprise the bony structures, but not the soft tissue ducts. While the anterior and lateral semicircular canal show almost no planar deviation the posterior semicircular canal is slightly undulating (Figures 5C,E). The ampullae of the canals are distinct but not significantly inflated. The aquaeductus vestibuli leaves the vestibulum anterior to the crus commune and runs as a thin canal in a gentle curve next to the latter (Figure 5B).




DISCUSSION


Nasal Region

The turbinal pattern of Palaeolagus haydeni generally resembles that of extant Lagomorpha. Key characters of Lagomorpha, as revealed by extant species, are a dendritic maxilloturbinal, an excavated nasoturbinal that is continuous with the lamina semicircularis, two frontoturbinals, three ethmoturbinals and one interturbinal between ethmoturbinal I and II (see Ruf, 2014). All these characters are also present in Palaeolagus haydeni.

The highly dendritic maxilloturbinal observed in Palaeolagus haydeni and extant lagomorphs can be tentatively regarded as an apomorphic character. Some rodents (e.g., Sciurus vulgaris, Castor canadensis, Cricetus cricetus, and Myocastor coypus) also show a complex and up to highly dendritic maxilloturbinal that is constrained by functional adaptations at least in semiaquatic species (Ruf, 2014, 2020; Martinez et al., 2020). However, the grundplan pattern in Rodentia remains ambiguous. In Scandentia, Primates and Dermoptera the maxilloturbinal is a straight, scrolled or double-scrolled structure that can show further epiturbinals (additional lamellae) in the former (Maier and Ruf, 2014; Ruf, 2014; Ruf et al., 2015; Lundeen and Kirk, 2019) although such morphological complexity as in Palaeolagus haydeni and extant Lagomorpha is not achieved.

The lamina semicircularis of Palaeolagus haydeni shows a puzzling pattern. Similar to all extant Leporidae, the posterior margin of the lamina semicircularis is scrolled. Based on the present phylogeny, the straight lamina semicircularis of Ochotonidae has to be regarded a derived feature (Figure 6). However, a distinct ventral lamella is lacking in Palaeolagus haydeni, a trait shared with Ochotonidae. Because this pattern is also present in Sciurus vulgaris and muroid rodents, it can be regarded as a plesiomorphic feature for extant Lagomorpha as well as Palaeolagus haydeni (Ruf, 2014, 2020). In Scandentia, the lamina semicircularis has a distinct ventral lamella and a pronounced processus uncinatus (Ruf, 2014, 2020; Ruf et al., 2015; Lundeen and Kirk, 2019: lamina semicircularis labeled as nasoturbinal). A ventral lamina as well as processus uncinatus are also present at least in some primates (Maier, 1993; Maier and Ruf, 2014; Lundeen and Kirk, 2019: lamina semicircularis labeled as nasoturbinal). Unfortunately, detailed descriptions of the lamina semicircularis in adult stages are generally scarce and thus, information needs to be mostly drawn from the published figures. The processus uncinatus is proportionally longer in Palaeolagus haydeni than in Ochotonidae. The second processus of the lamina semicircularis as well as the anteroventrally orientation can be regarded as an apomorphic feature of Palaeolagus haydeni, as they are not known in any extant lagomorph species or outgroup member investigated so far (Maier and Ruf, 2014; Ruf, 2014, 2020; Ruf et al., 2015).
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FIGURE 6. Autapomorphic characters of the nasal and auditory regions in Palaeolagus haydeni and extant Lagomorpha mapped onto phylogeny of Matthee et al. (2004) and Fostowicz-Frelik and Meng (2013). Only those extant genera that have been previously investigated are considered (Ruf, 2014; Maier et al., 2018). Note that for Nesolagus data on the turbinal skeleton are not available. Apomorphic characters based on outgroup comparison (Rodentia + Scandentia): 1, dendritic maxilloturbinal; 2, excavated nasoturbinal contacts lamina semicircularis; 3, scrolled posterior margin of lamina semicircularis; 4, straight posterior margin of lamina semicircularis; 5, lamina semicircularis has a ventral lamina; 6, lamina semicircularis with anterolaterally projecting additional process; 7, interturbinal between frontoturbinal 1 and 2; 8, loss of interturbinal between frontoturbinal 1 and 2; 9, reduced frontoturbinal 2; 10, loss of ethmoturbinal III; 11, additional interturbinals; 12, bulla tympani strongly pneumatized; 13, contribution of ectotympanic to cranial floor (unclear in Ochotonidae); 14, caput mallei with distinct cristae; 15, loss of musculus tensor tympani; 16, anchoring of malleus via short processus anterior that ends in cavity formed by the ectotympanic and tegmen tympani; 17, anchoring of malleus via short processus anterior fused to bony trabeculae of pneumatized tegmen tympani (adult stages); 18, anchoring of malleus via extensive processus internus praearticularis fused to ectotympanic; 19, loss of secondary crus commune; 20, high cylindric cochlea; asterisk (*) denotes characters restricted to certain species.


Similar to all extant species of Leporidae (except for Pronolagus spp. and Romerolagus diazi) Palaeolagus haydeni has three turbinals inside the frontoturbinal recess (two frontoturbinals and one large interturbinal in between), which is regarded as an apomorphic feature of this family. Ochotonids resemble the lagomorph grundplan in having only two frontoturbinals and lacking an interturbinal (Ruf, 2014).

Observations on prenatal stages of Oryctolagus cuniculus clearly show that after the development of the two frontoturbinals an additional turbinal, the interturbinal, occurs in-between in later fetal stages (Voit, 1909; Frick and Heckmann, 1955). In leporids both frontoturbinals are quite similar in size and the interturbinal is shorter than frontoturbinal 2 (Ruf, 2014). Palaeolagus haydeni shows a different pattern in that frontoturbinal 2 is very small. However, based on the comparison of the attachment and location of the three turbinals we conclude that Palaeolagus haydeni shows the leporid pattern with a highly reduced frontoturbinal 2 as an apomorphic character. Furthermore, given the likely systematic position of Palaeolagus outside crown Lagomorpha, three turbinals in the frontoturbinal recess could resemble the plesiomorphic grundplan pattern for Leporidae and instead the ochotonid pattern needs to be regarded apomorphic (Figure 6), although convergent evolution of the interturbinal in Palaeolagus and Leporidae would be equally parsimonious. Among Rodentia, Scandentia and Dermoptera two frontoturbinals are a common feature (Maier and Ruf, 2014; Ruf et al., 2015; Martinez et al., 2018; Lundeen and Kirk, 2019; Ruf, 2020) and likely represent the grundplan pattern of Euarchontoglires. In some species the recessus frontoturbinalis houses additional small interturbinals that tend to be variable (e.g., Maier and Ruf, 2014; Ruf, 2014). In primates the recessus frontoturbinalis becomes reduced in concert with the reduction and loss of the frontoturbinals; some strepsirrhines still show two or more frontoturbinals (Maier, 1993; Maier and Ruf, 2014; Smith et al., 2016; Lundeen and Kirk, 2019). Further investigation of stem lagomorphs would help elucidate the polarization of this character.

At first glance, it is tempting to interpret the small frontoturbinal 2 of Palaeolagus haydeni as an evolving third turbinal within the recessus frontoturbinalis. Regardless of whether this structure is interpreted as the frontoturbinal or interturbinal, this hypothesis would have considerable consequences for the homology of the respective turbinals. Interturbinals develop later in ontogeny and are hidden by the fronto- and ethmoturbinals in medial view; in many mammals they are smaller than the adjacent turbinals (Paulli, 1900; Reinbach, 1952a,b; Ruf, 2020). This pattern is supported by the prenatal ontogeny of Oryctolagus cuniculus as described above. Furthermore, in Ochotonidae both frontoturbinals are also of the same size (Ruf, 2014). Thus, evolutionary reduction of frontoturbinal 2 in Palaeolagus haydeni would be the most parsimonious hypothesis.

Although the turbinals of the ethmoturbinal recess are not fully preserved in Palaeolagus haydeni, their number (three ethmoturbinals and one interturbinal between ethmoturbinals I and II) resembles a common pattern observed in many Lagomorpha and Rodentia, all Scandentia, and some strepsirrhine primates, e.g., Eulemur collaris and Galago senegalensis (Ruf, 2014, 2020; Martinez et al., 2018; Lundeen and Kirk, 2019). At least for Glires this pattern might represent the grundplan character state. Four ethmoturbinals are present in Dermoptera and some Strepsirrhini, e.g., Daubentonia madagascariensis and Indri indri (Maier and Ruf, 2014; Lundeen and Kirk, 2019), and may reflect a basal pattern for Euarchontoglires. Haplorhini show a reduced number of ethmo- and interturbinals (Maier, 1993; Maier and Ruf, 2014; Lundeen and Kirk, 2019).



Auditory Region

The bulla tympani of Palaeolagus haydeni has a thin wall, similar to that generally present in extant Leporidae, but differs from the heavily pneumatized bulla in extant Ochotonidae (Cockerell et al., 1914; Maier et al., 2018). Oryctolagus cuniculus has also a thin wall of the bulla tympani but the lateral part is only slightly pneumatized (this study). The pattern observed in Palaeolagus haydeni and Leporidae can be regarded as plesiomorphic for Lagomorpha because it is a common pattern in mammals and also present in sciuromorph rodents and scandentians (Wible, 2009; Pfaff et al., 2015b). However, the sciuromorph rodents show a specific pattern of septa not comparable to that of the lagomorphs under study. The anterodorsal exposure of the ectotympanic at the floor of the braincase is also present in Romerolagus diazi and Oryctolagus cuniculus (this study). As this pattern is uncommon in mammals, it might be regarded as an apomorphic feature of Palaeolagus haydeni and Leporidae (Novacek, 1977). However, the contribution of the ectotympanic to the cranial floor has also been observed in Desmodillus auricularis, a small desert murid with heavily expanded auditory bullae (Mason, 2016: fig. 3B). In Ochotonidae, the dorsal extension of the ectotympanic cannot be discerned as the petrosal bone is also mostly pneumatized and no sutures can be traced (see figures in Maier et al., 2018). Investigation of perinatal stages could help to elucidate the origin of the roof of the cavum tympani. However, for the given phylogeny we tentatively regard this character as apomorphic for the clade comprising Palaeolagus and crown Lagomorpha (Figure 6).

In general, the auditory ossicles of Paleolagus haydeni resemble those of extant Lagomorpha, especially Leporidae (Doran, 1878; Cockerell et al., 1914; Fleischer, 1973; Maier et al., 2018). Similar to leporids, the stapes shows a flat footplate and no stapedial muscle process and the dorsal surface of the mallear head is smooth. The musculus tensor tympani was certainly also present in Palaeolagus haydeni as this species shows a prominent processus muscularis. The auditory ossicles of Ochotonidae differ in several respects: the stapes has a convex footplate and a small process for the stapedial muscle, a processus muscularis of the malleus is missing due to the lack of the musculus tensor tympani, and the mallear head shows distinct cristae (Cockerell et al., 1914; Ruf et al., 2009; Maier et al., 2018). The cristae are most probably a derived character of the family. In this respect, Palaeolagus haydeni shows the plesiomorphic lagomorph pattern.

The most striking feature of the lagomorph auditory ossicles in terms of phylogenetic and morphofunctional implications is the processus anterior of the malleus, especially the processus internus praearticularis of Leporidae (Maier et al., 2018). According to Fleischer (1978), the auditory ossicles of Lagomorpha resemble the “freely mobile type” that is common in terrestrial mammals with medium-sized to large tympanic membrane. Here, the anterior process of the malleus is short and loosely attached to the roof of the tympanic cavity via the anterior ligament; the incus is also attached to the roof of the fossa incudis with a short ligament. Maier et al. (2018) clearly demonstrated that Lagomorpha show a much more complicated anatomy of the processus anterior of the malleus. In both living families a specific independently evolved pattern has been described. In Leporidae the thin processus internus praearticularis of the processus anterior is distally inflated (already in prenatal stages) and fused to the ectotympanic inside a bony cavity of the tympanic roof. In contrast, the processus internus praearticularis of Ochotonidae is very small and only present in prenatal stages; in adults the processus anterior is fused to bony trabeculae of the tegmen tympani (Maier et al., 2018). Until now, the two patterns in Lagomorpha could not have been polarized. Palaeolagus haydeni resembles the pattern in adult Ochotonidae in having a short processus anterior and no processus internus praearticularis and that of prenatal stages in having a laterally oriented tip of the processus anterior approaching the ectotympanic (see Maier et al., 2018: fig. 7i). The anterior attachment of the malleus in Palaeolagus haydeni resembles the pattern in Leporidae in certain aspects, although achieved with different parts of the malleus: a processus projecting into a small cavity formed by the ectotympanic bone. Furthermore, the processus anterior of Palaeolagus haydeni shows a different orientation than in extant Lagomorpha. It is clearly attached more laterally to the tympanic roof; a distortion of the delicate process during decomposition of the body cannot be excluded as this connection is very flexible (Mason, 2016; Maier et al., 2018). In certain rodents, the processus anterior is also a short tapering lamella attached to the roof of the tympanic cavity but no details on the attachment site are given (Mason, 2016). Thus, Palaeolagus haydeni resembles the plesiomorphic lagomorph pattern still present in early ontogenetic stages of Ochotonidae. In adult pikas the attachment would be adapted to the derived pattern of the highly pneumatized ectotympanic and petrosal. The extensive processus internus praearticularis of Leporidae is obviously derived from the lagomorph grundplan (see Figure 6). As proposed by Maier et al. (2018) for the auditory ossicles of Lagomorpha, Palaeolagus haydeni also resembles the “bone elasticity type.”

The bony labyrinth of Palaeolagus haydeni shows some plesiomorphic features compared to the extant lagomorph species. It still has a secondary crus commune, a character absent in extant Lagomorpha and regarded to be plesiomorphic for Theria (Ekdale, 2013, 2016; Ruf et al., 2016). In Romerolagus diazi, Oryctolagus cuniculus, Lepus californicus, Sylvilagus floridanus and Ochotona alpina, the lateral semicircular canal has a separate entrance into the vestibule resulting in a plane of the canal dorsal to the ampulla of the posterior semicircular canal (Ekdale, 2013; this study). Among the investigated structures of the present study this is the only apomorphy of crown Lagomorpha (Figure 6).

Furthermore, the extant leporids have relatively thin semicircular canals with great curvatures, as observed in Palaeolagus haydeni, whereas the pikas show more eliptical semicircular canals (Ekdale, 2013; this study). Shape and size of the semicircular canals are constrained by the type of locomotion and agility of the respective species (e.g., Spoor et al., 2007; Billet et al., 2012; Malinzak et al., 2012; Berlin et al., 2013; Pfaff et al., 2015a, 2017). Thus, the thin and prominently arcuated semicircular canals of Palaeolagus haydeni indicate a more agile locomotion compared to leporids but different from ochotonids. In that regard, a detailed morphometric study of the semicircular canals of living and fossil Lagomorpha is needed to elucidate their locomotory adaptations and allow reconstructions of the behavior for fossil species. The flat and conic cochlea of Palaeolagus haydeni resembles the flat and conic shape observed in living Leporidae but differs from the high and cylindric cochlea in Ochotonidae (Ekdale, 2013; this study).




SUMMARY

In conclusion, the intracranial structures of the nasal and auditory regions of Palaeolagus haydeni contribute to our understanding of early lagomorph evolution and reveal a closer affinity to Leporidae than to Ochotonidae or members of the outgroup. In several characters, some of which are certainly plesiomorphic in lagomorphs, this fossil species resembles modern Leporidae. Common characters are the number of olfactory turbinals, the general morphology of the bulla tympani, shape and proportions of the semicircular canals and cochlea. However, Palaeolagus haydeni differs from modern Leporidae by plesiomorphic characters (e.g., the attachment of the malleus via its processus anterior, secondary crus commune) that still could justify a basal position within the lagomorph clade as proposed by Wolniewicz and Fostowicz-Frelik (2021). Apomorphic features of Palaeolagus haydeni are the reduced frontoturbinal 2 and the dorsal process at the lamina semicircularis. Future phylogenetic analyses including the presented herein characters of the nasal and auditory regions as well as data from further well-preserved fossil Lagomorpha could finally decide the phylogenetic position of Palaeolagus haydeni and its relatives.
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