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The early Permian cave system in the Dolese Brothers Limesie Quarry near Richards
Spur, Oklahoma represents a unique depositional environnm that has been interpreted
as preserving an upland biota. The quarry and the region aro it represent Paleozoic
cave systems that underwent periods of ooding not unlike pesent-day conditions
that are commonly associated with monsoonal episodes. The iRhards Spur locality
is particularly rich in captorhinid eureptiles which repeent one of the earliest reptilian
clades to have evolved a specialized dentition. Although & multiple-tooth rowed
Captorhinus agutiis the most abundant captorhinid at Richards Spur, at least ne other
species has been described Captorhinus magnug and assigned to the same genus,
but ve other captorhinid taxa have also been found. We desdbe a new member of
the genus Captorhinus (Captorhinus kieranj and explore details of the dental anatomy
against the two other members of the genus at Richards Spuf. agutiand C. magnus, as
well as with a member of the genus not presently known from Ritards Spur Captorhinus
laticeps). Findings suggest that the nature of the ogival dentitionekscribed previously as
a synapomorphy unitingC. aguti with C. magnus is not supported and we propose a
more informative method for differentiating among dentalltaracters within the clade. The
discovery of a new species ofCaptorhinus provides additional evidence for captorhinid
taxic diversity at Richards Spur and is supportive of niche artitioning, which is likely
associated with reducing intra-speci ¢ competition withn the clade. In addition, we
argue that the captorhinid fossils at Richards Spur likely€ludes one additional, currently
undescribed multiple-tooth rowed form, that renders the curent practice of assigning
disarticulated cranial remains, speci cally dental fragmnts, to the species C. aguti
problematic. Finally, we offer a method for a comprehensivexamination of the dental
characteristics, which can then be applied to explore taxidiversity at Richards Spur and
examine one of the earliest examples of niche specializatio As a consequence of this
research, additional insight into exploring biological teractions between Paleozoic taxa
can be examined, with an opportunity to shed light on what migt have driven these
evolutionary processes.
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INTRODUCTION including Texas and New Mexic&hiodenticulatus heatgrfior
example, is known from the Abo and Cutler Formations of Rio

The genus Captorhinus and the more inclusive Arriba County, New Mexico, which dates to the Asselian of
Captorhinomorpha presents one of the most widely recognizeghe lowermost Permianferman and Reisz, 1986 here is also
Paleozoic amniote clades. The entire clade is well knowavidence of multiple captorhinid taxa across widely scattere
and contains many thousands of fossils found throughoutocalities in northern and central parts of the state. These a
Permian aged sediments of North America and around thejistributed in the Cutler, Abo, and Sangre de Cristo Formasip
world. One particular location, Richards Spur, is unique in itsyhich range in age from the Asselian through to the Kungurian
preservational environment_(icas, 2018and the composition byt are too fragmentary to allow assignment to either exggtin
of its fauna (lodesto et al., 2007, 20)i@nd provides an excellent or new speciesProtocaptorhinus price{Carroll and Baird,
opportunity to explore the ecological interplay between clpsel1972: Clark and Carroll, 1973; Ganey and McKenna, 9979
related species. Here, we examine a previously unknown membgr also known from Oklahoma (Noble County—Wellington
of the Richards Spur fauna and provide a comprehensive analy$igrmation) and has also been discovered in similar agedastra
of the dental characteristics of three members of the genus Texas (Archer County, Texas). Texas (Mitchell Creek—
Captorhinusthat occur at Richards Spur, thus expanding ounwaggoner Ranch Formation) is also the location for a single-
understanding of how dental specialization might have been goth rowed species;. laticepgWilliston, 1909, which has also
driving force in the niche partitioning at this Paleozoic &ity. been collected from the Oklahoma site at the McCann Quarry in

Early Permian captorhinids are known from a number of Kay County, Oklahoma. The basal captorhif®meria texana
localities across the southwestern United States and regiresgPrice, 1937) andReiszorhinus olsoSumida et al., 20)have
the rst eureptiles to diversify extensivelyMpdesto et al., also been found at Texas localities, although in these rics
2016, 2018, 20)9 Species have been described from Newhe entire fauna is much less abundant when compared to
Mexico, Oklahoma and Texas. Of these regions, OklahomRichards Spur. Outside of North America few early Permian
and speci cally the Dolese Brothers Limestone Quarry neafemains of captorhinid taxa are known with only one con dently
Richards Spur has been an exceptionally prolic source foassigned member described from Rus&ébininus uralensis
captorhinid material. Six captorhinid taxa have been desttib (lvakhnenko, 1990
from this locality: Baeotherates fortsillengislay and Cifelli, Captorhinids do extend into the Carboniferous, as evidenced
1999; Captorhinus agui{[ Ectocynodon agytCope, 1882, 1895 by the late Carboniferous basal captorhinid from Kansas,
Captorhinus magnugKissel et al., 2002 Opisthodontosaurus Euconcordia cunninghaniiiiller and Reisz, 2005; Reisz et al.,
carrolli (Reisz et al., 20)5Labidosauriscus richarqModesto  2016. However, no other Carboniferous material can be referred
etal., 201§ and an unnamed basal captorhinidi¢desto, 1995  to the clade. The fossil record of captorhinids also extends
Similar in age to Richards Spur and representing a similar cavato the middle Permian of China and the late Permian of
deposit, Bally Mountain is known to contain a slightly di erent Africa (Modesto et al., 2018, 201%verall, there is no doubt
faunal assemblage that is rich in the multiple-tooth rowedthat in both abundance and diversity, Richards Spur is the
moradisaurineCaptorhinikos valens{$/odesto et al., 20)4but  most fossiliferous Permian locality, providing an unpreasee
Captorhinus agutis relatively rare. The age of these localities haspportunity to study captorhinid diversity.
been interpreted as being early Artinskidre@lanc et al., 20)5 The conditions at Richards Spur have been studied extensively

Other, younger captorhinids are known across Oklahomg\Woodhead et al., 2010; MacDougall et al., 2017; Lucas) 2018
and Texas and include the single-tooth rowédbidosaurus and the locality has been shown to represent the remains
hamatusfrom the lower Permian of TexasV(odesto et al., of a Paleozoic cave system that was exposed to continuous
2007, which is the largest known captorhinid with a single monsoonal events resulting in ooding of the limestone cave
tooth row as well as the moradisaurine generdo(iesto over a period of some 4 or 5 million years. What makes this
et al., 201p Captorhinoides valensi®©lson, 1951- Middle system unique is the presence of an unusually high number
Vale Formation, Knox County Texasaptorhinikos chozaensis of terrestrial vertebrates suggesting that it representsigue
(Olson, 1954— Choza Formation, Clear Fork group, Foard taphonomic event selectively preserving an up-land community
County, Texas) Captorhinikos valensig®Ison, 1954-Upper  Furthermore, although much of the fossil material collecte
part of Vale Formation, Clear Fork group, Knox County, Richards Spur during the last century represents disartiedlat
Texas), Labidosaurikos meachan{Btovall, 1956-Hennessey remains, there are some pockets that were uncovered within
Shale, Crescent, Logan County, Oklahoma), &uthianiscus the last three decades where reasonably complete and more
(Olson, 1965-Chickasha Formation, near Hitchcock, Blainefully articulated material has been preserved. The naturdisf t
County. Oklahoma). All are preserved in middle to latepreservation suggests thatthese more complete remainsegsre |
Kungurian sedimentsi(ucas, 2018 likely to be disturbed after their initial accrual and likely ect

A group of relatively small captorhinidRhiodenticulatus a depositional setting that has been subjected to less rémgprk
Reiszorhinus, Protocaptorhinus, Romeria, Captorhintiseps Two such deposits collected in the late 1990's and in 2005
(Clark and Carroll, 1973; Heaton and Reisz, 1980; Berman artihve yielded exquisitely preserved skull and isolated pastdra
Reisz, 1986; Modesto and Smith, 2001; Sumida et al.) 2660 remains that contain a sampling of articulated or semi-artated
all stratigraphically located in slightly older to signicdy older  captorhinomorphs such a®pisthodontosaurus carrofReisz
sediments than Richards Spur and are found across the southwes al., 201); and Captorhinus agutirespectively. In addition,
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the fossiliferous pocket uncovered in 2005 is also the sooice METHODS
the single-tooth rowed form that we describe here. Furtheren
while the abundant captorhinid material discovered at Ricisar The type specimen ofaptorhinus kieraniwas scanned at
Spur since the 1930s would be suggestive of a contemporanedli§ DINGO thermal-neutron radiography/tomography/imaging
fauna, due to the nature of the cave system and the speleothefiftion Garbe et al., 20)5at the Australian Nuclear Science
age being older than the karst IL{icas, 2018 an exact age for and Technology Organization's (ANSTO) 20 MW OPAL nuclear
the fossils found in any speci c pocket is di cult to ascertain research reactor, Sydney, Australia. For this measurertent
Notwithstanding the diculty in conrming coexistence of instrument was equipped with a 2048 2048 pixel ANDOR
these taxa, the 2005 pocket to which this new material belondson 16-bit CCD camera, 100 mm xed focal length Carl Zeiss
contains at least two separate Species of the g@amrhinus lens and 30 thick terbium-doped Gadox scintillator screen
(C. agutiand the present nd) along with remains attributable (Gd202S:Th, RC Tritec AG) to yield 43.0 43.0  43.0nm
to Captorhinus magnuéReisz personal observation) and thosevoxels. To maximize spatial resolution, a collimation rgtiéD)
of the basal captorhinidDpisthodontosaurus mycterosaurine 0f 1,000 was used to achieve highest available spatial tiesolu
varanopid, and at least one trematophtheloma wherelL is the neutron aperture-to-sample length abdis the
Although not presently known from Richards Spur, thereneutron aperture diameter.
is one other species that has been assigned to the genusA total of 800 equally-spaced angle shadow-radiographs were
Captorhinus which is known from the geo]ogica"y older obtained every 0.225s the Sample was rotated 18fbout its
McCann Quarry locality in Oklahoma and from the Mitchell Vertical axis. Both dark (closed shutter) and beam pro le (open
Creek locality in Texas. This addition@kptorhinusmaterial, as shutter) images were obtained for calibration before atitig
assigned byHeaton (1979)represents yet another single-tooth shadow-radiograph acquisition. To reduce anomalous noise, a
rowed species, which was part beaton's (1979)systematic  total of three individual radiographs with an exposure length o
study of captorhinids from outside of the Richards Spur logalit 14s were acquired at each angiag/s et al., 20J)for a total scan
However, he used isolated captorhinid skull elements froniime of 13.5h. The individual radiographs were summed in post-
Richards Spur in order to describe in detail some aspects @cquisition processing using the “Grouped ZProjector” pluigin
internal cranial anatomy. He also synonymized a number ofmaged v.1.51h in accordance with our previous measurements
species, all single tooth-rowed forms, into what he interpdet (Gee et al., 20)9and tomographic reconstruction of the 16-bit
as the more primitive captorhinid taxon, Ebcaptorhinus raw data accomplished using Octopus Reconstruction v.8.8.
|aticepsGa ney (1990)later SynonymizedEocaptorhinUS\Nith Individual orthographic slices were used in the prOdUCtion
Captorhinus suggesting that the absence of multiple-tooth rowsf Figures 8 11. Stacked orthographic slices were used to form
was insu cient cause to exclude this species from the genud three-dimensional isomorphic image that is the basis for
Captorhinus Dodick and Modesto (1995upheld Ganey's Figures1Q 12 Data was rendered using ImageJ and Avizo
synonymy and more recent]Modesto et al. (Zoomntinued to 9.3.0. The unprocessed 16-bit TIFF les are Currently parter a
support this synonymy while maintaining the species desigmati 0ngoing examination of captorhinid anatomy and as such atte no
as per Heaton. In additionModesto et al. (2007assigned a Yet available publicly. Researchers wishing to access theziedat
sister-group relationship that include@aptorhinus laticepas ~should contact the authors directly.
the sister taxon to the less inclusi@aptorhinus magnuand
Captorhinus aguttlade. This grouping was based on a singl e SYSTEMATIC PALEONTOLOGY
autapomorphy associated with the apparent shared charaaterist
of ogival dentition in theC. magnusC. aguticlade. Eureptilia Olson, 1947
Whereas, most of the other Permian localities, wheréaptorhinomorpha Watson, 1917
captorhinomorph material is known, are restricted in their Captorhinidae Case, 1911
composition to encompassing either basal or advanced form§&aptorhinugCope, 189p
the Richards Spur locality, and notably the fossiliferous pock C. kieranisp. nov.
discovered in 2005, contains a mixed faunal assemblage,
which is supportive of a taxonomically diverse locality. TheSPECIFIC ETYMOLOGY
nature of this diversity, which is predominantly due to a
heteromorphic dentition across the various taxa, has beemlhe new species is named after Kieran Davis who is an amateur
speculated to be representative of resource partitioning amorcollector with undergraduate training in Physical Geograph
Permian captorhinomorphs at Richards SpurViddesto from the University of Coventry and extensive collecting
et al., 201p Therefore, the new material is especiallyexperience, most notably Devonian microfossils of Tenresse
relevant to the story of the taxic diversity at Richards Spur
in that it adds one more taxon (from six to seven) to DIAGNOSIS
the list previously articulated byodesto et al. (2018)It
is also important to recognize that this diversity is mostA single-tooth rowed small to medium-sized captorhinid
obviously manifested in the dental morphology, whichcharacterized by three autapomorphies: 1- presence of well-
contrasts with the rather conservative nature of the grosdeveloped recurved dentition on the apex of parasphenoid plate,
skull anatomy. at the base the basipterygoid processes, which is distinduiesha
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from an absence of recurved dentition in the same region ef thof anatomical characters that are suggestive of the anatfmy
palate inCaptorhinus aguti2- teeth along the jaw mid-line (tooth other single-tooth rowed members of the genus, and as such a
position 6-10) possessing a distinct anteromesial descgndicomparison with the type material &. magnusndCaptorhinus
ridge (carina) nearly reaching the gum-line, and 3- The pati laticeps(FMNH-UC642), as well as one additional and very
is unigue in the possession of a deep horizontally orientéclsu  well-preserved specimen df. laticeps(OUSM15102), were
extending along the exposed surface of the paired postparietat®nsidered in the comparative study that follows. In additio
There are additional un-polarized character traits that d@n the holotype Figures 1-3), an isolated right dentary (ROMVP
used to distinguisiCaptorhinus kieranfrom other members of 80229—Figure 4) collected from the same fossiliferous pocket at
the genus. These include: evidence for 21 maxillary and @8—Richards Spur is, on the basis of dental morphology, referred to
dentary teeth, possession of a nearly horizontal (orien@dt@ same species.

the long axis of the skull) suture between the frontal andahas  The holotype is preserved in almost pristine condition and
which distinguishes this taxon frof@aptorhinus magnusvhere represents an allochthonous deposition of type Il characeefiz

a 45 angle, relative to the skull midline, is formed between thédy chalky, calcareous deposits containing very ne crysialli

frontal and nasal. inclusions and clastic-rich sedimentsi@cDougall et al., 20)7
This type of preservation is one of three describet/taygDougall
HOLOTYPE et al. (2017)and represents the conditions that appear most

likely to contain articulated material. The specimen displays

Subadult complete skull (OMNH 73281a), preserved next to 80 Signi cant crushing in any dimensionRigures 1 2); it is
largeAchelomaskull (OMNH 73281b). Left mandible preserved 66mm in length measured from snout tip to occiput and
slightly separated from the skull and extending into the pa|atarepresents a sub-adult as interpreted by the sutural arrangeme
area of Acheloma It was not possible to extricate the left Of the elements of the skull table and the degree of ossboedi
mandible from theAchelomaskull, hence we decided to assignthe braincase. The right mandible is preserved and in axitoih

the same number to both specimens and apply the designatidﬁith the skull as in life; the left mandible is preserved in
a/b as separators. A single humerus (left), along with acliéi association with a large trematopid specimen which is at prtesen
vertebral fragments are preserved with the original matesfa di cult to extricate. Indeed, the entire specimen appears as

Acheloma Finally, the axial vertebra is preservéd situ in though it was trapped in the jaws of the trematopid. The presence
between the braincase and cheek. of a large clump of disarticulated material likely belonging

to Doleserpetorwas found in the area that would comprise
the gullet and buccal cavity of the specimen being described.
One cannot help but consider the possibility that it represent
the regurgitated stomach contents of that specimen. Passibl
taphonomic interpretations of the events leading to the desattth
preservation of the material are, however, beyond the scofeof
present paper and will not be discussed further.
OCCURRENCE In addition to the captorhinid cranial material, there were
a number of postcranial elements that were initially part
Dolese Brothers Limestone Quarry, Richards Spur, Comanchg the fossil slab that included a large trematopid and the
County, Oklahoma, USA; Lower Permian (Leonardian)captorhinid specimen. Preparation of the trematopid resulted i
dated to c. 289Ma bywoodhead et al. (2010)making the exposure of a captorhinid scapulocoracoid and humerus in
the locality lowermost Artinskian according to the current the anatomically appropriate positions while in life. Along with

REFERRED SPECIMEN

Isolated, complete right dentary (ROMVP 80229%6.5 mm in
length with 18 teeth, 16 of which are complete.

chronostratigraphic system @fohen etal. (2013) these two appendicular elements, a number of other elements
including vertebral elements were contained within the ¢alc
DESCRIPTION cavity of the large amphibian. At the time, it was decided to

pursue the preparation of thAchelomaspecimen olley and
The holotype was previously gured bieBlanc and Reisz Reisz, 201)] which necessitated sacri cing all of the captorhinid
(2015) and tentatively identi ed asCaptorhinus magnusnd  postcranial material save for a single vertebral elemeritiwhas
erroneously provided with the specimen number BMRP 2005.3.preserved in association with the captorhinid skull—notaibly
Although this original assignment has been shown to behe gap between the right quadrate ramus of the pterygoid and
incorrect—notably regarding aspects of the palate and ththe jaw margin. This lone postcranial element of the captorhini
marginal dentition, it did demonstrate the degree of simtla  specimen, representing the axis, is su ciently well preserved to
between all current members of the genGsptorhinus The permitareasonably detailed description.
present study has beneted from a high-resolution neutron
scan, which has permitted an extensive examination of th&Kkull
entire anatomy of the skull. In particular, it was possible toThe skull table irCaptorhinus kieranis not unlike that described
determine the exact con guration of the marginal dentitioof  for Captorhinus agutialthough the specimen is larger §0 mm)
the palatal dentition, and the speci c details of the toothwro than matureC. agutiskulls ( 45mm). The di erence in size
morphology. The new material (OMNH73281a) exhibits a suitecannot be ignored, a€. agutimaterial that has been formally
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FIGURE 1 | OMNH73281a — Specimen photographs and drawings ofCaptorhinus kierani Photograph and illustration by Diane Scott, University of
Toronto Mississauga.

described and specimens at our disposal for study show fullgnd the McCann quarry specimen (OUSM15102). Given that
grown members, as determined by the ossication of thea nearly right-angle relationship exists in the suture betwee
braincase, to reach a size o5 mm. This contrasts with the the frontal and nasal irRhiodenticulatusind protorothyridids,
material described here, where a specimen 66 mm in skulltengthe condition in the new taxon is evidently primitive for
contains an incompletely ossi ed braincase. Nevertheldss, members of the genuSaptorhinuswith C. magnushowing the
general sutural pattern is essentially the same as that whickerived condition.

has been described f&. agutiand by extensiorCaptorhinus At the back end of the skullCaptorhinus kieranpresents
laticeps as reconstructed byleaton (1979) with the possible a more primitive condition, regarding the con guration of ¢h
exception that the post-orbital region of the skull is not agdmily ~ paired postparietals, than that which is expresse@agtorhinus
expanded as inC. agutiand more closely approximates the aguti C. agutj possesses a pair of narrow, rectangular (longest
form described forC. laticepgFigures 5 6) and Captorhinus dimension mesiolaterally) post-parietal elements that cdoiti
magnus However, while the overall similarity of the skulls of dorsally to the skull roof. The region that contributes toeth
C. magnusand C. kieranimay be quite similar, there are some skull roof is ornamented with the same sculpting pattern
notable di erences, as in the relationship between the fabeit that is typical of all members of the gen@aptorhinus This

and nasals, when comparing OMNH73281a to thaCofmagnus  anatomy is autapomorphic fdC. agutiand distinguishes it from

In both specimens ofC. magnuswhere the condition can be Captorhinus magnufOMNH56821), andCaptorhinus laticeps
determined (OMNH56820 & OMNH 56821), the frontal forms including the holotype (FMNH-UC642) and the McCann

a diagonal interdigitating suture with the nasal at an angl€uarry specimen (OUSM15102), where the postparietals are
of 45 to the long axis of the skullHigure 7A). Contact restricted to the occipital face and lack any ornamentation.
between the anterior margin of the frontals and the posteriofThe condition in OMNH73281a, although primitive with
margin of the nasals forms a nearly 98ngle inC. agutiand  respect to the con guration of the post-parietals @. aguti
exceeds 70n the new captorhinid (OMNH73281akFigure 7B)  is nevertheless derived in the presence of an embayed sulcus
as well as both the holotype . laticeps(FMNH-UC642) (Figures 1 4), which continues as a slender process underneath
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W Doleserpeton

remains

FIGURE 2 | Captorhinus Kieraniin association withAchelomaas collected. (A) Left lower jaw of Captorhinus kieranias preserved in association with the anamniote
Acheloma Note the large fang (left foreground) lying mesial to the terior region of the lower jaw of the holotype(B) C. kieraniand Acheloma in situin ventral (left)
and dorsal (right) aspect. Note the left humerus of. kieranishowing through the orbit of Achelomain image (B) as viewed dorsally.

FIGURE 3 | OMNH73281a — Occipital view ofCaptorhinus kierani Photograph (Left) of the occiput and isomorphic rendering of neutron scar(Right) showing the
occipital elements. Note the incomplete ossi cation of the pisthotics which support the sub-adult status of the specinen. Also, note how the post-parietals are

restricted to the occipital margin of the skull, lack the oramental sculpting that is found inCaptorhinus agutj and are excavated along their horizontal axis producing
an elongate sulcus—a trait diagnostic of the species.
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the supratemporal. In more basal taxa suchdsodenticulatus and 3X as long when measured from the anterior limit of the
and Euconcordia the postparietals are also restricted to thevomer posteriorly to the posterior limit of the quadrate rami
occipital face but are much more symmetrical in outline,(Figures 1 10). Three prominent tooth bearing ridges can be
producing an almost square outline — the apparent primitivefound which extend anterolaterally from the region formey b
condition for the clade. the articulation between the transverse ange of the pteiggo
One nal point, regarding the anatomy of the skull, which may and the basipterygoid articular surface. Two of the ridges,
help to more fully distinguish members of the gerCiaptorhinus  the most lateral of the three and the most medial, are formed
from more basal forms, is the presence of a distinct bend erédt exclusively by the pterygoid (including the transverse ange
de ection of the maxilla near the 9th tooth position. Theréise  whereas the central ridge begins on the pterygoid and extends
a noticeable kink in the jaw. I@aptorhinus magnuy€aptorhinus  anteriorly onto the palatine.
aguti, and Captorhinus kieranithe marginal dentition displays
this de ection (LeBlanc and Reisz, 2015This relationship \omer

between the anterior most teeth on the maxilla and theirrhe vomer, in ventral view, is a narrow rectangular eleméat t
more posterior neighbors can be easily distinguished in th@ccupies the anterior portion of the palate. Its posterior margin
orthographic slice image of the neutron scan of the holotypgputs in an anterolaterally directed interdigitating swtuwith
material Figure 8. In the material previously identied as anterior border of the palatine. Posteromedially, the vomemrf®
Captorhinus laticepst least in the case of the holotype (FMNH- 3 sjightly diagonal suture where it meets the lateral borfehe
UC642), a bend or lateral de ection of the maxilla is not evitle anterior process of the pterygoid. Architecturally, the posteri
but cannot be ruled out. most end of the vomer demarcates the region of the skull where
the snout or maxilla de ects posterolaterally at an angle of
Palate 30 from the midline, resulting in the prototypical expansion
The palate of Captorhinus kierani presents the typical of the back end of the skull so characteristic of the heart-
morphology described for single-tooth rowed captorhinidsshaped skull in captorhinids. Throughout most of its lengthe t
(Heaton, 1979; Modesto, 1998t is 32 mm across at its widest
point (i.e., measured at the transverse ange of the pterygoid

FIGURE 4 | Isolated right dentary of referred specimen (ROMVP 80229) in
mesial view. Note the abrupt decline in tooth size between # 7th and 8th
tooth.

FIGURE 6 | OUSM15102—Captorhinus laticepsin left and right lateral views

FIGURE 5 | FMNH-UC642. Holotype ofCaptorhinus laticepsin dorsal (Left)
and ventral (Right) views. This specimen contains the skull and post-cranial
elements, including shoulder and pelvic girdles. Over thast century additional
preparation has resulted in signi cant damage to most of the posed surface.

with an offset close-up view of the marginal dentition in meal view. Note the

peg-like form of the teeth. Unlike the teeth found ifCaptorhinus kieranj there is
no observable descending antero-mesial ridge on any of theeeth. Prominent
carinae along the lateral mesiodistal surface also appeao e absent.
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lateral margin of the vomer forms the medial boundary of theand contributes to the boundary of the interpterygoid vaguit
internal nares. that surrounds the cultriform process of the parasphenoid.sThi

The exposed ventral surface is smooth lacking any palatahterior pterygoid process then abuts its partner just antetgor
dentition; it is deeply concave throughout resulting in a
prominent sulcus that runs the entire length of the vomer.
Unlike the condition in Captorhinus agutiand possibly in
Captorhinus laticepéeaton, 1979; Modesto, 199&vhere the
lateral margin of the vomer develops a thin, sharp ridge that
tapers both anteriorly, upon contact with the premaxilla, as
well as posteriorly, where it contacts the palatine, the vonier ¢
Captorhinus kieranpossesses a broader more rounded lateral
margin that extends throughout its lengtrigures 1 10). The
medial margin contacts the lateral margin of the anterior gees
of the pterygoid along a ridge that forms the medial boundary t
the vomerine sulcus.

Palatine
The palatine presents a broad palatal element which contains
one prominent tooth-bearing ridge along its midline. Thiotb-
bearing region extends posteromedially onto the pterygofte T
palatine is bounded by the anterior ramus of the pterygoid
medially and the transverse ange of the pterygoid along it$
posterior margin. Anteriorly, the palatine is sutured to the
posterolateral margin of the vomer through an interdigitegi
suture. At the point of contact between the palatine and vomer,
the former contributes to the posteromedial margin of the
internal nares forming the rounded posterior narial boungar
The lateral margin of the palatine is sutured to the maxillangl
most of its lateral extent reaching posteriorly to the subi@ib
foramen. At this point, as irCaptorhinus agutand Captorhinus
laticeps the palatine forms the anteromedial border to the
suborbital foramen.

Pterygoid

The pterygoid represents the most prominent palatal elemern

and Captorhinus kieraneéxhibits an anatomy that is super cially

similar to that of Captorhinus laticepsThe nature of the

pterygoid can be determined Anteriorly the pterygoid posess palatal view. Note the distinctive “step” at the ninth toothposition on the left
. . ) S . illa (Note — 7th visible tooth of section).

an anteromedially directed ramus which is tapered anteyiorl maxila (Note Visible tooth of section)

—

FIGURE 7 | Comparison of the skull table betweenCaptorhinus magnus(A) and Captorhinus kierani(B). Note how the angle formed between the nasals and frontals
is much more acute in the former.
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the cultriform process and terminates as a ne point. Along itsis expanded laterally, being sutured to the posterior margin
lateral margin, the anterior process of the pterygoid is setlto  of the palatine along a tight interdigitating suture termiimeg
the vomer along a pronounced ridge which is continuous withwhere it makes a sutural contact with the medial margin of
the vomer. The pterygoid portion of this ridge bears a prominent

set of teeth along its entire medial margin, which continues
posteriorly until the level of the transverse process.

Unlike the dental con guration exhibited on the exposed
surface of the anterior process of the pterygoiddaptorhinus
aguti and Captorhinus magnuyswhere a single row of teeth
appears to be present along most of its entirety and certainly
in the region nearest the transverse ange, the anterior pssc
of the pterygoid in Captorhinus kieranipossesses a varied
morphology. The isomorphic rendering of the neutron scan of
C. kierani(Figure 10, shows a very clear set of between one
and three distinct rows of teeth depending on the region of the
pterygoid being examined, starting with two rows nearest th
transverse ange, reducing to a single row, for a short dis&a
along the margin of the interpterygoid vacuity, and expanding
to three rows at about the mid-length of the interpterygoid
vacuity, then decreasing to a single row at approximately
the level of the internal nares. Multiple rows of teeth on
the anterior process of the pterygoid can be observed in a
number of specimens &@aptorhinus laticepgured by Heaton.
Unfortunately, the holotype (FMNH-UC642) is damaged and
much of the palatal surface is now gonélilliston (1909)
described the presence of two rows of teeth along the media
margin of the anterior pterygoid process. However, the s@rfac
of the palate has since sustained damage and these features
are no longer visible (also sééeaton, 197R Although this
region of the palate displays an array of dental arrangement
this dentigerous platform is certainly more extensive thae t
single row found inCaptorhinus agutand Captorhinus magnus
(MdB—personal observation).

Posterior to the vomerine-pterygoid contact, the pterygoid
CPntaCtS the palatln_e anng asmooth and a S|Ight post(_ar@lﬂ_tyer FIGURE 10 | Isomorphic rendering of a neutron scan of the holotype of
directed suture. This sutural contact extends posterionyilu Captorhinus kieraniin palatal view. Note the presence of a pair of teeth on the
about the region that corresponds with the posterior extent of parasphenoid (derived condition) and the multiple rows otth along the
the maxilla as irCaptorhinus aguIiAt this point, the pterygoid medial margin of the anterior process of the pterygoid (priitive condition).

11%

[2)

FIGURE 9 | Comparison of the region of the retroarticular process in varal aspect. (A) Captorhinus kierani OMNH73281a);(B) Captorhinus magnus(OMNH56821);
(C) Captorhinus aguti(OMNH52329);(D) Captorhinus laticeps(FMNH-UC642). Note that to facilitate comparison, image§A,B,D) are ipped horizontally and in life
represent the right jaw.
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the pterygoid process of the jugal. Posterior to the pterygoid-nd the suborbital foramen. This area can be examined thioag
jugal contact, the pterygoid expands slightly laterally i@sy  series of orthographic slices that were the result of a newgoan
in a prominent surface that distinguishes it from the conditi  of the type ofCaptorhinus kieraniThe image shows~gure 11)
in C. agutj where the lateral most margin of the pterygoid a foramen that is bordered by the pterygoid process of the jugal
forms a con uent, slightly diagonally inclined margin, exiding laterally and the palatine medially. There appears to be nodirec
uninterrupted from the pterygoid-jugal contact to the tramsse  contribution to the suborbital foramen by the pterygoid, whiis
process of the pterygoid. identical to the condition found irCaptorhinus agutiAt present

Along the lateral border of the palate where the palatinethe anatomy of this region i€aptorhinus magnus unknown.
pterygoid and pterygoid process of the jugal make contact we The region of the pterygoid associated with the transverse
process owns three distinct tooth bearing ridges. The mostiate
tooth bearing ridge was described above where the anterior
process of the pterygoid reaches the vomer and will not be
discussed further. The remaining two tooth bearing regians
concentrated in the region that corresponds with the tramsee
process and do not di er signi cantly from the condition found
in Captorhinus agutiThe medial tooth bearing region radiates
diagonally from the transverse process anteriorly and ohi t
palatine. The last tooth bearing region is found on the tramsge
process. This region displays a battery of teeth which is typical
the condition found inC. agutiand Captorhinus laticeps

The transverse processes are strongly de ected ventrally
dropping well below the level of the pterygoid bodsidure 12
resulting in a deep expanse, presumably associated with gehan
in the orientation of the muscle bers of the m. pterygoideus.
It appears that the region associated with the transverse psoce
for the right pterygoid is preserved as it would appear in
life while the left side is displaced ventrally yielding a more
prominent ventrally directed expansion of the transverse preces
Nevertheless, it appears that the degree to which the trassver
process of this specimen is directed ventrally is much more
extensive than that which we seeG@aptorhinus aguti

Posterior to the transverse process, the paired pterygoid
elements de ect to the mid-line where they articulate with
the basipterygoid processes of the parasphenoid. Immediately
posterior to the basicranial articulation the paired pterydsoi
then de ect laterally, as the quadrate rami, which are reisgent
of the condition found in Captorhinus aguti The region
FIGURE 11 | Orthographic slice of tlhe palatal regi9n oCaptorhinus Ifieranias associated with the pterygoid-basipterygoid contact islyfair
seen through a neutron scan. The tip of the snout is at the top fthe image. . L. . . . .
Note the region of the suborbital foramen surrounded by thesllow circle. similar to _the COI’IC?IIIOH four_]d inC. agm_las the baS|pteryg0|d

tubera articulate with the paired pterygoid elements.

Quadrate

The quadrate is incompletely preserved in OMNH73281a, but
it does appear to possess the same basic morphology as found
in Captorhinus agutiThe articular surface of the quadrate is
represented by an un nished surface which belies the imneatur
nature of the specimen.

Braincase

The braincase complex is described below with the greatest
FIGURE 12 | Isomorphic rendering of a neutron scan of the holotype of attention paid to identifying elements that can be directly
Captorhinus kieraniin left lateral view. Note the absence of the lower jaw, compared to the other recognized members of the genus
which is part of a separate block containing the anamniotécheloma (see Captorhinus In some cases, due primarily to the incompletely

Figure 2). The transverse process of the pterygoid can be seen exteridg

ossi ed nature of much of the braincase, a complete descriptio
ventrally, well below the tooth row.

is not possible.
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Parasphenoid-Basisphenoid Complex any teeth and no other description of parasphenoid teetiCin
As in Captorhinus laticepshere does not appear to be anyagutiis known.

indication of a suture between the parasphenoid and the Heaton (1979) described a very similar anatomy for the
basisphenoid resulting in a fused basiparasphenoid elemepgarasphenoid ofCaptorhinus laticepbut did not reconstruct
(Figures 1 10). Anteriorly, the basiparasphenoid extends into ateeth in any of the gures of the specimens he examined. The
long, slender cultriform process as in most other amniotessiMo two skulls in our possession, FMNH-UC642 and OUSM15102
notably, the basiparasphenoid possesses a small tooth bearihg not retain the necessary preservation of that region of the
region that is found on a low ridge rising from the regionbesn  parasphenoid so that we cannot con rm nor refute the presence
the basipterygoid processes. At least two teeth and possibly tbeabsence of teeth in that region.

remnants of a third can be seen to form a single row of teeth that Ventrally, in Captorhinus kieranithe parasphenoid produces
resemble the dentition, in form and size, that are found ohest a much more deeply excavated ventral surface when compared to
palatal tooth bearing surfaces. Althoughx and Bowman (1966) Captorhinus agutiln both taxa, the basiparasphenoid includes a
illustrate parasphenoid teeth in at least one specimen atigidhu pair of laterally positioned descending processes. Althobgh t
to Captorhinus agutiFox and Bowman, 196Figure 18, p. 21— morphology is similar to that found irC. agutj the condition
specimen identi ed as KU14749), where around 10 teeth aren OMNH73281a di ers in that the ventrally directed processes
discernable, none of the other material described by thehibi#x  (crista ventrolateralis) are deeper than thoseCofagutiand are

FIGURE 13 | Comparison of the dentition in the mid-dentary region of vaous members of the genusCaptorhinus. (A,B) OMNH73281a—Lingual and occlusal views
of the left dentary teeth ofCaptorhinus kierani Tooth positions right to left are 6, 7, and 8. White arrows idicate the position of the descending antero-mesial ridge.
Note the nearly circular shape of tooth # 6 (far right) when g@osed in occlusal aspect.(C,D) Close-up view and comparison of the marginal dentition frontwo
uncatalogued, isolated jaw fragments. The specimen on theeft is representative of the generally accepted ogival forithat is characteristic ofCaptorhinus agutj with
short somewhat bulbous teeth. The specimen on the right disfays taller teeth, which more closely resemble the dentitioseen inC. kierani It is likely that the teeth
shown in the latter image do not representC. aguti, even with the presence of what appears to be an additional toth row (refer toFigure 14B for image of entire jaw
fragment). Note the presence of the descending antero-meal ridge on the crown of the specimen—denoted by white arrowsas found on the teeth ofC. kieraniand
to a much lesser degreeC. magnus. (E) OMNH56821. Mesial view of 7th dentary tooth ofC. magnus. Note the relatively smooth surface with only a very ne ridge
along the antero-mesial surface of the crown. This ventraiidirected ridge is much more well developed irC. kierani (F,G) SEM micrographs ofC. aguti teeth.
LEFT—Occlusal view of dentary tooth@. aguti) & RIGHT—Lingual view of dentary teettC( aguti). Note the enamel boundary separating the exposed tooth crnon
from the gum-line and the descending ridges along the mesiaurface—notably on the tooth seen on the image on the left.
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de ected ventromedially to the long axis of the basiparasmh#in surface which served as the occipital condyle for articomati

forming an incomplete cylindrical “half-pipe” structure (i,¢éhe  with the atlantal arch. Along the dorsolateral margins oéth

vidian sulcus). Posteriorly, the basiparasphenoid expandesalla basioccipital, a sutural contact with the left and right esipdals

to the crista ventrolateralis, ultimately forming the balary is clearly visible. Ventrolaterally, the basioccipital exysimto a

of the fenestra ovalis where it contacts the stapedial procepsir of basioccipital tubera, which receive the proximal heafds

of the stapes. This contact is only inferred from a descriptiorthe respective opisthotics.

by Heaton (1979) as exposure of the dorsolateral margins of The paired exoccipitals are exposed in ventral and occipital

the basiparasphenoid do not lend themselves to an examinatiaspect and form the ventrolateral margins of the foramen

along this plane. Posterior to the basiparasphenoid lies themagnum where they are sutured to the basioccipital along thei

occipital region of the braincase, which is formed by a singl@entromedial margins. Dorsally, the paired exoccipitals @igpl

dorsally exposed supraoccipital as well as paired ventrolgteraa pair of curved wings that form a portion of the dorsolateral

positioned exoccipitals and a ventrally positioned basiotaiipi  margins of the foramen magnum on either side and contact the
supraoccipital, which then contributes to the remaining dars

Supraoccipital boundary of the foramen magnunfrigure 3).

The supraoccipital is exposed in posterodorsal vieigire 3).

The general shape presents that of a saddle where the dorsalipisthotic

directed process articulates with the paired postparietaldewhiThe opisthotic is a poorly ossi ed element that is loosely setlr

the paired ventrolaterally directed extensions articulatith  to the paroccipital process of the exoccipital dorsomedially

the exoccipital medially and the opisthotics laterally. Asalh  and to the supraoccipital dorsolaterally. Distal to these saltur

amniotes, the supraoccipital forms the dorsal border of theontacts, the opisthotic extends a laterally directed protiests

foramen magnum. There is a slight ridge along the midline asapers to a column-shaped structure terminating in a rouglene

described byHeaton (1979but in general the exposed surfaceun nished surface. This surface would likely have continusda

is broader than the morphology exhibited I3aptorhinus aguti  cartilaginous element that would have contacted the medizeé f

(Modesto, 1998Figure 7p. 30). of the occipital ange of the squamosal.
o o In all of its form, the opisthotic resembles the morphology
Exoccipital and Basioccipital Complex of Captorhinus agutiand Captorhinus laticepsexcept in the

The basioccipital is exposed in both ventral and occipital aspegature of its ossi cation. The limited degree of the osstica
and s for all practical purposes identical to the form desalif®®  of either element rea rms our conviction that this specimen
Captorhinus agut{Fox and Bowman, 19§6The terminal end (OMNH73281a) represents an immature individual—likely a
of the basioccipital includes a smooth and polished arti¢adat  sub-adult. Notwithstanding the poorly ossied nature of the
distal most portion of the opisthotic, the portion that is fully
ossi ed displays a deeply grooved surface undoubtedly for
insertion of axial musculatureHeaton, 1979 p. 56). Similar

in general form to the prominently grooved distal process but
located ventromedially, there is a prominent sulcus, whikalii
accommodated bers for the insertion of the m. longissimus
capitis transversalis cervicudd€aton, 1979p. 56).

Stapes

In ventral aspect, the stapes presents a typical reptilian forim wi

a broad footplate that is received by the foramen ovale at giean

of 20 to the midline of the skull as irCaptorhinus laticeps
(Heaton, 197} Distal to the footplate, the stapes tapers sharply
terminating in a long element that represents the columéliear

the contact between the stapedial footplate and just before the
rod-like columella, there is a prominent stapedial forameneTh
general morphology of the stapes presents an element that is
very similar to the form seen across captorhiniéieaton, 1979;
Modesto, 1998 However, the region of the footplate appears
FIGURE 14 | (A,B) Dentary fragments (uncatalogued material) currently to be broader than inCaptorhinus agutiand more like the
assigned to Captorhinus agutiin mesial view. Note the difference in the relative condition seerc. Iaticepsln addition, and as irC. Iaticepsthe

size of the dentition between the more typicaC. aguti multiple-tooth rowed dial f . | h h h . lar f f d
form and the taller dentition expressed by the isolated fragent of another stapedial foramen Is oval rather than the circular form foun

multiple-tooth rowed form, which may re ect the remains of y& another in C. aguti
Richards Spur captorhinid. Note that while a pair of teeth @ present providing The columella terminates short of the cheek extending
support of a multiple-tooth rowed form, the nature of the crevn morphology is laterally to about the same degree as the opisthotic, which

distinctively different from remains that have been con detly assigned toC.

aguti overlies the proximal most region of the stapes (i.e., footjplate

obscuring it from view. The best-preserved columella is aa th
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right side of the skull and displays a rather poorly ossiedregion of the retroarticular and angular processes, whictkesa
structure with signi cant pitting of the preserved surfaceath any interpretation spurious. However, although the holotype
re ects the presence of an extensive cartilaginous extwacella. (FMNH-UC642) has su ered extensive damage since its original
The incomplete ossi cation of this element attends to thegrah  description byWilliston (1909) the back end of the jaw is in
morphology exhibited by the associated palatal elements armdasonably good condition and while some surface damage is
supports the authors' preference in assigning a sub-adult rank tevident, the shape and dimensions of the retroarticular and

the specimen. angular processes remain complete and very much resemble the
_ anatomical condition found inCaptorhinus kieraniGiven the
Mandible form of this region of the jaw in basal captorhinomorphs, the

The mandibles of the holotype are preserved separately. Tls@orter, broader retroarticular process and the smooth \adntr
left jaw (Figure 2) remains in association with the original slab surface of the angular, which is found@ laticepsas interpreted
containing the anamnioteAchelomaand the right jaw is in  here and contraHeaton (1979)the condition is anatomically
articulation with the rest of the skull of the holotype. The identical to that which is found irC. kierani This morphology
serendipitous nature of the preservation permits a completés indicative of the primitive condition in these two taxa and
examination of the entire mandible in both lateral and contrasts with the anatomy expressedhyagutj which possesses
mesial aspects. a longer, narrower retroarticular processigure 9). C. magnus
The mandible ofCaptorhinus kieraniis similar to that of (OMNH56821—Figure 9B) may, however, possess a slightly
Captorhinus laticepgHeaton, 197pand resembles the form of longer retroarticular process that more closely approximates t
the lower jaw found in other captorhinids, especially asitpers  con guration found in C. aguti Nevertheless, the angle formed
to the region of the retroarticular procesBigures 9A,D. The between the mesially directed angular process of the artiania
dentary of the holotype appears derived in having a reducethe posteriorly oriented retroarticular process approachesi®0
number of teeth, 18 tooth positions (Note that the maxillaboth C. aguti(Figure 9C and C. magnugqFigure 9B) whereas
has 21 tooth positions), when compared @ laticepswhich it is much greater (over 120 in C. kierani (Figure 9A) and
has 22 tooth positions in its lower jawdgaton, 1979p. 22). C. laticepgFigure 9D). In addition, the ventral surface of the
Examination of the McCann Quarry specimen (OUSM 15102) ofingular, just anterior to the angular process, is much legesa
C. laticepglisplays at least 20 teeth with room for an additionalin both C. laticepgFMNH-UC642 and OUSM15102) specimens
2 or possibly 3 teeth. Given that the holotype@fkieraniand examined here, as interpreted in this study, kieranj and C.
the McCann quarry specimen @. laticepgOUSM 15102) are magnus which is in strong contrast to the deeply pitted and
of nearly identical size, it is unlikely that any di erence fhe  rugose surface on the ventral surface of the angulat.imguti
number of teeth is related to its ontogenetic staGaptorhinus These di erences obviously represent changes in the orientati
magnushas at least 20 teeth in the dentary and a maxillaryof muscle bers and re ect mechanical di erences associated
count of 22 Kissel et al., 20Q02Furthermore, an isolated right with the masticatory apparatuses of these ta®a laticepsC.
dentary Figure 7), which was found in the same fossiliferous magnus& C. kieran) when compared to the anatomy exhibited
pocket as the new holotype specimen and which is here referrdgy C. aguti
to Captorhinus kieranipresents an essentially complete jaw with
18 teeth, 16 of which are complete. As in most captorhinids, thédxial Skeleton
teeth are largest at the anterior end of the jaw and graduallyhe axial skeleton of captorhinids has been detailedblyes
decline in size posteriorly. The number of teeth in the lovarj and Reisz (1986who outlined the general morphology of the
of Captorhinus agutare more di cult to ascertain as a result of entire vertebral series i@aptorhinus laticepdNevertheless, axial
the additional tooth bearing rows, but when examined in tate anatomy assigned to speci c captorhinid taxa is limited and as
aspect, 16—18 tooth positions can be identi ed. such any insight into vertebral anatomy that can be directly
Although the general shape and overall appearance of tredtributed to a formally de ned member of the genGsiptorhinus
lower jaw is conservative in members of the ge@aptorhinus is relevant. To this end, we describe a solitary cervicdkhea
the articular and its associated angular process, as well peeservedn situ and nestled between the right quadrate ramus
the terminal retroarticular process, vary extensively witthe  of the pterygoid and the right mandible.
group. Heaton (1979described the primitive condition for the The vertebra in question represents the akg(res 1, 10),
retroarticular process as being short and broad and guredivh identied by the hatchet shaped neural spine. The centrum
he described as the derived condition @aptorhinus laticeps is complete and displays an amphicoelous condition with a
which he ascertained was identical to the condition found inprominent hole for the notochord. Ventrally, the centrum has
Captorhinus agutiHowever, Heaton based his interpretation, prominent keel which is the result of paired lateral excavagiof
for the anatomy of the articular, on the basis of isolatedthe axial centrum.
disarticulated remains and argued that the condition wasal  Sutured to the centrum are paired neural arches which
evident in OUSM15102 (McCann Quarry specimen). Upontogether form the lateral margins for the neural canal wilte t
re-examination of the McCann Quarry specimen as welcentrum forming the ventral border. The right arch is almost
as an examination of the holotype . laticeps(FMNH-  entirely visiblein situ where well ossi ed postzygapophyses can
UC642), we are unable to corroborate Heaton's conclusiorbe seen. Directed ventrolaterally, the arch expands onresible
The McCann Quarry specimen is too badly crushed, in thento a pair of prominent transverse processes. Each transverse
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process extends away from the main vertebral body to an exteapproximate diameter of 1.2 mm. The diameter of the cheek teeth
that is equal to the cross-sectional breadth of the centruappr.  along the posterior length of the maxilla (i.e., tooth positich 1
On the left side, the transverse process is not fully exposed aslb, & 16) is 80% of the height. The ratios change when moving
is embedded into the cheek region. However, what is exposddrward toward the tip of the snout and the cheek teeth there
presents an identical morphology to its right-side partner. Inpossess a height that is greater relative to the tooth dianaeie
lateral aspect, the transverse processes are broadest hling ta ratio approaching 60% is more typical.
dorsal margin and taper ventrally, ending at about mid-centr The dentition on the lower jaw is re ective of the pattern we
level as irCaptorhinus laticep®ilkes and Reisz, 198kigure 1).  see in the upper jaw in as much as dimensions are concerned,
Dorsally, the neural arches terminate in an articular fatett  but there appears to be room for only 20 teeth, one less than
supports the neural spine. in the upper jaw. However, given the serendipitous nature
The neural spine is incomplete posterodorsally, but this mapf the preservation of the left lower jaw, which is isolated
re ect the immature status of the specimenilkes and Reisz from the rest of the skull Kigure 2), additional preparation
(1986)describe some variability in neural spine height, but dowas possible allowing for a very detailed examination of the
not describe the axial spine in any detail. The axial outligared crown morphology Figure 13A). All of the marginal teeth
by Dilkes and Reisgl986 Figure 6, p.1291) shows only a dottedpossess a distinct descending antero-mesial ridge, which is
outline for the axial neural spine and although other captaitii  particularly evident in the anterior jaw region at tooth positis
axes are known, it is unclear as to whether the condition see-8 (Figure 13A).
in this new specimen would display any diagnostically relévan
features, as few vertebral ossi cations are found in assioci . .
with captorhinid skulls. There is a triangular concavity dret  Comparison of Marginal
posterior surface just above the neural canal. This featuresappe Dentition— Captorhinus spp.
indistinguishable from the morphology exhibited Baptorhinus  With recent advances in the study of captorhinid dentition
laticepsand other captorhinids. Above this concavity there(LeBlanc and Reisz, 2015; LeBlanc et al., R0d&ptorhinid
appears to be a ridge as @. laticepswhich was suggested by teeth have been demonstrated to be much more diverse than
Vaughn (1958)s a site of attachment for epaxial musculaturepreviously imaginedModesto et al. (2018¢escribed a basal
However, given the incomplete nature of the neural spine naaptorhinid, Labidosauriscus richardivhich was interpreted as
additional comment could be made on this point. retaining a similar undi erentiated marginal dentition asdnd
in Captorhinus laticepsSpeci cally, the teeth were described as
Lo . “chisel-shaped” with slightly recurved anterior margina¢tie,
Description of Marginal followed by a distinct and enlarged caniniform region. The
Dentition— Captorhinus kierani post-caniniform teeth were peg-like with no noticeable re-
The marginal dentition inCaptorhinus kieraniis exquisitely curvature but did possess mesially and distally expandedamrin
preserved and has been prepared to exhibit all faces. Ther& are(Bensuviodesto et al., 20)8resulting in a convex labial dental
tooth positions in the upper jaw (4 in the premaxilla and 17 in thesurface Heaton (1979)described a similar morphology for the
maxilla) and 20 in the dentary. Replacement pits are evident—teeth in C. laticepsbut examination of the holotype (FMNH-
notably at tooth position # 9Kigure 8) in the maxilla, with the UC642) and the McCann Quarry specimen (OUSM15102) is
new tooth becoming displaced lingually thus producing a slighunable to fully corroborate the degree to which the teeth of
asymmetry of the jaw line, a trait that we believe is diagicastt  C. laticepgFigure 5 and Labidosauriscus richardésemble one
the genusCaptorhinus another. The tooth count in captorhinids has been described a
The largest tooth in the upper jaw is represented byconstituting a range from 4 to 5 premaxillary teeth, followed b
the rst premaxillary tooth, which is almost circular, with 17 to 22 maxillary teeth and a dentary containing betweenD a
an antero-posterior dimension at its base of 4.35mm and 27 teeth Heaton, 197 Itis important to note that Heaton based
mesiolateral dimension of 3.125 mm. The exposed length of thiaese counts on many isolated remains, including materahf
rst premaxillary tooth is 5mm (Figures 16-12). This tooth  Texas and Oklahoma, and it is possible that these varied sount
is followed by a slightly smaller second premaxillary toottd a may be diagnostic at a less inclusive level.
two much smaller teeth for a total count of 4 on each premaxilla  While, the holotype ofCaptorhinus laticepss too badly
The last two teeth on each premaxilla are equivalentin sitedo damaged to properly compare the marginal dentition,
pre-caniniform dentition on the maxilla. OUSM15102 retains slightly better-preserved teeth. Both
The maxilla contains 17 tooth positions. The rst maxillary the maxillary and the dentary tooth rows can be fully exardine
tooth is small and essentially circular, with a diameter.@6Imm.  and present a general anatomy that is clearly distinct from that
This isin stark contrast to the rst premaxillary tooth. Thargest which is displayed b aptorhinus agutiThe marginal dentition
maxillary teeth are the 4th and 5th teeth or caniniform teethin C. laticepgOUSM15102) is noticeably taller and slender when
which are also circular in cross-section and have diametérs compared to the teeth from the same region of the jawCn
2.5mm. Posterior to the 5th maxillary tooth, the diametett@d  aguti However, the surface details, such as whether there is a
dentition dropsto 1.35mm. This size is very gradually reduceddescending antero-mesial ridge on the marginal dentitiérCo
throughout the remainder of maxillary tooth row, culminagj laticepsis impossible to determine. The morphology exhibited
in the smallest tooth at the back of the tooth row, which has arby Captorhinus kieranproduces an appearance that outwardly
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resembles the dentition described f@. laticeps where the the Richards Spur cave system that have generally been accepted
marginal dentition is tall and generally slendd¥igure 5, but as belonging toC. agutj on the basis of the presence of an
otherwise, the form inC. kieraniis not unlike the condition additional tooth bearing rowKigure 14B), which are not quite as
found in additional, isolated dentary fragmentsgure 14B). bulbous and possess a descending antero-mesial cuttingcgurf
The caniniform region inCaptorhinus kieranis much less or ridge that is quite similar to that which is depicted I
pronounced than that which is found ibabidosauriscus richardi  kierani(Figure 13A). Although isolated remains of tooth bearing
In this way,C. kieraniis a closer match t@€aptorhinus laticeps elements that have been assignedCtomagnug(i.e., collected
However, the detailed surface anatomy of the marginal téeth from the same pocket and expressed as white bone) appear to
C. kieranj is much more closely approximated Baptorhinus exhibit an anatomy that is virtually indistinguishable ifinothe
magnus (Figure 135 and a possible variant o€aptorhinus material presently being studied, we question the a nity bfg
aguti(Figure 13D). This similarity is especially noteworthy when material and cannot rule out the possibility that this maggri
comparing the mesial surface of the marginal dentitionGn used byModesto et al. (2018and Kissel et al. (2002p assess
kierani(Figure 13A) to an isolated multiple-tooth rowed dentary morphological di erences amongst Richards Spur captorhinids
fragment of theC. aguti variant (Figure 13D). Captorhinus can be con dently assigned t6. magnusFurther preparation
magnus possesses an antero-mesial descending ridge on i$ the mesial surface of @ magnusspecimen (OMNH56821,
dentary teeth in the same region of the jawGskieranj albeit  Figure 135 depicts a dentition that lacks the antero-mesial
much less well-developedrifure 135. It is noteworthy that descending ridge that is described fOr kierani(Figure 13A)
while the marginal dentition ofZ. kieraniand C. magnuglier  and which is also found on the isolated dentigerous fragrment
in their morphology, the size of the marginal dentition is tpui  (Figures 130 14B).
similar, while simultaneously being somewhat larger theeth Examining isolated jaw fragments dEaptorhinus aguti
in the same region of the jaw i@aptorhinus aguti displays a rather notable range in the dimensions and ratios
Attempts have been made to try and more fully quantify theof the marginal dentition Figures 13C,DD 14A,B). Whether
size of teeth belonging tGaptorhinus agut{Kissel et al., 2002 these teeth represent a variant of the same spe€esagut)
but these measurements have proven to be problematic as in ooe are indicative of two separate, multiple-tooth rowed forms
specimen ofC. agutj the dentition can range from circular in must await further study. In addition, although all multiple-
cross-section to linguo-labially expanded to virtually aatio in ~ tooth rowed forms are generally accepted as belongin€.to
between, with the most mesial and hence largest teeth tgndiraguti, it is noteworthy to point out how the dentition exhibited
to broader more fully expanded bases. The di erences in ratios Figure 13D more closely approximates the dental anatomy
between tooth diameter and crown height are also problematiexpressed b@€aptorhinus kieranfFigures 13A,B. Furthermore,
as the posterior-most teeth i€aptorhinus kieranimatch the comparison with the dental morphology found i@aptorhinus
values calculated for the dentary and maxillary teetiCiraguti  magnus(Figure 135, which was previously described as ogival
(Modesto, 1996, 199&uut not in their anterior-most cheek and used as a synapomorphy uniting it with. aguti (Kissel
teeth (i.e., tooth position 7 & 8+igure 134), which possess et al., 200y, exhibits instead what might be described as an
dimensions more typical of those calculated f@aptorhinus intermediate form.
laticepsWe suggest that these measures are spurious at best andTherefore, it appears that among the known members of
consider a more detailed tooth crown morphology as a bettethe genusCaptorhinusthe general morphology of the dentition
indicator of taxonomic identity. The height of the teethati’e  expressed b@aptorhinus kieranis most like that ofCaptorhinus
to their basal diameter is also quite variable, and althobgtih  laticeps at least as far as proportions are concerned. However,
Modesto (1998)and Kissel et al. (2002provide an accurate details of the crown anatomy i€. laticepsare, unfortunately
representation of these dimensions, we are uncertain asdo timpossible to fully survey as both the holotype (FMNH-UC642)
diagnostic implications of these attributes. and the McCann Quarry specimen (OUSM15102), which were
The crowns of the cheek teeth i@aptorhinus agutiwhen available for study, lack the necessary preservation fateeng
examined under SEMFRjgures 13F,G and compared to those acon dentinterpretation. As a result, this undermines otiléy
of Captorhinus magnug¢Figure 135 and Captorhinus kierani to fully assess the relevance of the dierences in the dental
(Figures 13A,B display a unique morphology. The nature of morphology between what is phylogenetically the most basal
the derived condition, as previously articulated bjodesto member of the genu€aptorhinus(i.e., C. laticeps and more
(1998)and as applied in a phylogenetic construct lypdesto  derived members of the clade such @skieranj Captorhinus
et al. (2018)provides us with an opportunity to explore speciesmagnusandCaptorhinus agutiFurthermore, although we concur
speci c di erences amongst the recognized members of thevith Kissel et al. (2002)that the dentition in C. magnus
genus. A typicalC. agutitooth, located between position 7 and represents a derived state, relativ&tdaticepswith proportions
15 along the marginal rowHgure 13Q, presents a bulbous that approach those of the ogival condition found @ agutj
tooth with convex lingual and labial surfaces. These sedqmin  we disagree with their conclusion that the dental con guoat
apically, producing a raised ridge which results in the ogivaas seen irC. magnugFigure 13 is anatomically identical to
condition; the result is a ridge that extends anteropostdyio the condition in C. aguti(Figures 13C,F,G 14A). Indeed, the
along the occlusal surface of the crown, but which does natature of ogival dentition associated with the cheek tedtlCo
extend onto either the anterior or posterior edges of the ieet agutiand described in detail bylodesto (1998presents a unique
(Figure 13Q. However, there are some isolated remains frommorphology that is diagnostic at the species level and hence is
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informative only when distinguishing betweéh agutiand other is the contention of the authors that assignment of fragnaent
members of the genuSaptorhinus remains to particular species remains problematic at this time
Furthermore, there has been a generally accepted view that
all multiple-tooth rowed members of the gen@aptorhinusare
DISCUSSION assignable to the speci€aptorhinus agutiThis assumption is
based on the absence of any other notable characteristits th
The genusCaptorhinushas drawn a great deal of attention in can be considered as diagnostic at the species level. However,
the last decadeModesto et al., 2007, 2018, 2019; LeBlanc ands we have discussed here, there are at least two separate
Reisz, 2015 notably due to a renewed interest in studyingspecies of single-tooth rowed forms (i.€aptorhinus magnus
the dental morphology within the clade. This description hasand Captorhinus kieraniat Richards Spur. The diagnoses are
also pointed out di erences associated with the skull tabld anbased primarily on dental di erences, as iterated here, and it
notably the relationship of the front-nasal suture. Howeve would not be too surprising if additional multiple-tooth rowed
aside from the di erence in the angle formed by the frontals,forms (Figure 14 also occur. Variability in dental anatomy
there are no other notable dierences betwe@aptorhinus undoubtedly evolved to minimize intra-speci ¢ competitiosde
aguti, Captorhinus magnusind Captorhinus kieranithat can Modesto et al., 20)8nd with the material now available for
be associated with the skull table. This is not surprising astudy, combined with the unique taphonomic character of the
the general surface anatomy of the skull is quite conser@ati Richards Spur locality, it is essential that we consider paaénti
across all smaller members of the clade in general, and tlwuses for variability much more critically.
genusCaptorhinusin particular. However, notwithstanding the ~ Woodhead et al. (201@valuated the nature of the Richards
number of tooth rows, the detailed morphology of the dentitio Spur Cave system on the basis of speleothem samples that were
is much more informative, especially when examined relative determined to be indicative of a tightly controlled chroongly
other tetrapods. dating to 289 0.68 million years. Based on all currently
Captorhinids are distinguished from other contemporaryavailable ages for the entire system, an age range betwéen 28
tetrapods by their unique dental morphology, speci cally theand 289 Ma is possibleMacDougall et al., 20)7 While the
ogival condition described bi/lodesto (1998jand Kissel et al. material collected from a fossiliferous pocket in 2005 cdrioe
(2002) who included this trait as a diagnostic feature ofprecisely dated to the speleothem sample described here and
Captorhinus magnud_ater, Modesto et al. (2007used Kissel hence cannot be assumed to closely bracket the 289 Ma age,
et al.'s study to support the sister-group relationship bem€. the fact that it represents articulated, well preserved res&n
magnusand Captorhinus agutiThe ogival morphology described suggestive of burial within the cave system immediatelyey v
for C. agutj however, is quite distinct from the morphology
exhibited byC. magnusand we question the value of the ogival
trait as a synapomorphy uniting the two taxa. Unlike agutj
C. magnugetains an antero-mesial descending ridge (carina
on the marginal dentition associated with the dentary, #lbe
much less conspicuous than that which is found in the new
material; the latter possesses a more pronounced ridge that
extends ventrally to the level of the gum-line. Comparison of
the dental morphology of the new material with that @
laticepsis not possible as the holotype (FMNH-UC642) is too
poorly preserved to permit a detailed comparison, and whil¢
the McCann quarry specimen (OUSM15102) is better preserved,
the surface detail of the dentition is insu cient to determe
its speci c morphology relative to that which is displayed
by Captorhinus kierani
At the outset of this investigation, three discrete specie
were recognized:Captorhinus aguti Captorhinus magnus
and Captorhinus laticepsHowever, the discovery of a new
specimen (OMNH73281a), described here, provides us with
an opportunity to re-examine the current composition of the
genus, and dental variation within it. Of greater relevaiscthe
nature of the Richards Spur locality and its ability to shedtig
on the taxic diversity that marked this Permian locality. Nhuaf
the focus on exploring the taxic diversity has been propagated
by the discovery of numerous fossil remains comprising @ FIGURE 15 | Overview of relationships for representative captorhinid Note
wide range of Paleozoic tetrapods, including the abundangethat this phyloggnydoes not re ectaformal'analysis but is icluded simply as
of Captorhinusspp. remains. However, given the nature of the a general overview. For speci ¢ character diagnostics pleas refer to
. . . . . - . . . Modesto et al. (2019)
preservation, which results in primarily disarticulated raims, it

n
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shortly after death. The pristine nature of the preservatidn omore discrete set of character state interpretations, rigtab
the new material, combined with its direct association wiltle  of the dentition, that should help to more fully diagnose the
large trematopidAchelomgsee description), along with at least members of the genuSaptorhinusat Richards Spur. Previously
two other species o€aptorhinusand a number of varanopid Modesto (1998articulated a fairly complete review of the dental
remains, within the same pocket, is at least supportive of emorphology and more recently he and a number of colleagues
more fully constrained preservational environment. Howeve (Modesto et al., 20Qfeiterated the importance of the nature of
as described byucas (2018)the nature of the preservation the specialized crown anatomy, which could be used to more fully
makes it dicult to ascertain a precise age for the fossildistinguish between the various captorhinid species. Weeagre
material as the speleothem age pre-dates the karstididesto  with Modesto (1998and Modesto et al. (2007 assessing the
et al. (2018)have previously considered the possibility that atogival nature of the marginal dentition fo€aptorhinus aguti
least some of the Richards Spur fauna was contemporaneoasd describe some additional variation in the marginal @ént
and argued for morphological di erentiation, notably in the morphology (refer to sections 9.6 & 9.7) of OMNH73281a.
dentition of Richards Spur captorhinids, as indicative of taxi  LeBlanc and Reisz (201&nd LeBlanc et al. (201%escribed
diversity. However, while specialized niche partitioningyntee  in detail the pattern associated with the growth and replacgme
the explanation for the taxic diversity, what could have bten patterns attributed to captorhinids and undertook an extesi
factors that contributed to this pattern? histological examination of the di erences between replaeem

The speleothem data is supportive of an environment thapatterns exhibited between single-tooth rowed members of th
re ects a tropical lowland habitat that would have occupiedclade and multiple-toothed forms. Their conclusions weratth
the western most region of Pangea at or very near the equattiere is a pronounced asymmetry in jaw growth where the
(Woodhead et al., 20) 0t is likely that this region was subjected mesial side of the jaw outpaces the growth rate of the labial
to monsoonal events, which would have rendered it subject teide. Typically, new teeth must resorb the roots of olderheet
periods of extensive rainfallViodesto et al. (2018gxplored and grow into the existing tooth bearing region. Howeverthwi
the relevance of the speleothem data and considered how thise di erential rate of growth, newly erupted teeth, along the
interpretation of the environment impacted on the taxic disky =~ mesial surface of the dental lamina, grow into an unoccupied
at Richards Spur. One rather signi cant conclusion was thaarea, as the region housing the older tooth migrates distally
it was suggestive of a precocious fauna that was “pre-adaptediito the labial surface. In e ect, this form of replacemenbails
(Modesto et al.'s terminology) to more arid climatic condits  for the addition of new teeth as well as the retention of older
that were to become more widespread later in the early Permiaeeth, thus producing the characteristic multiple-tooth rows.
and speci cally in the Kungurian. Given that the Richards SpufwWhile this method of tooth replacement is well documented
locality is chronostratigraphically associated with théidskian, (Bolt and DeMar, 1975; de Ricgles and Bolt, )98%Blanc
this would imply that Richards Spur experienced the climaticand Reisz (20158howed that this pronounced asymmetry can
change that would come to dominate the Permian earlier thamlso be detected in single-tooth form&e@Blanc and Reisz,
most of the other contemporaneous fossil localities that ar@015—Figure 9B), where the single-tooth rowe@aptorhinus
known in Texas, New Mexico, and Oklahomepor etal., 2003 magnusdemonstrates a “stepped” pattern that is not unlike the
Whether these climatic events contributed to the increatmatal  condition described for the multiple-tooth rowe@aptorhinus
diversity among captorhinids is compelling, but uncorrobi@@  aguti. This distinctive step or more precisely bend or lateral

Although the diagnostic value of captorhinid dentition hasde ection suggests an asymmetry in the growth of the jaw ithbo
been considered for over 50 yearok and Bowman, 1966; Bolt Captorhinus magnuand Captorhinus agutand it is precisely
and DeMar, 1975and de Ricgles and Bolt, 1983most of the this asymmetry that we have described @aiptorhinus kierani
attention focused on the presence or absence of multiple tootfihe impact of this developmental pattern is informative as to
rows. Nevertheless, the dental anatomy exhibite@€agtorhinus the evolution of the genu€aptorhinusas it is suggestive of a
kieraniis, therefore, representative of yet another morphologicablausible evolutionary scenario.
di erence in the Richards Spur fauna. It is tempting to infer From a phylogenetic perspective, only members of the
that the dental anatomy o€. kieraniis part of a phylogenetic genusCaptorhinusexhibit this distinctive step. Although other
morphocline, beginning with the taller, rectangular teeth o captorhinomorphs such as moradisaurines exhibit multiple koot
Captorhinus laticepdeading to the slightly shorter and more rows, they do now present the “stepped”’ pattern and likely
bulbous teeth ofC. kieranj with a distinctive antero-mesial evolved an alternative developmental pathwagKlanc et al.,
ridge, to the even shorter teeth @faptorhinus magnudacking 2015; Modesto et al., 2019Within the genusCaptorhinus the
a distinct ridge, and nally to the ogival form expressed by“stepped” pattern does not appear to be presenCaptorhinus
Captorhinus agutiHowever, we do not o er such an explicit laticepsnd at present the known material is too poorly preserved
phylogenetic interpretation, but instead present the diverséo render a verdict. Itis possible that currently assigneadnbers
anatomy as an example of the niche partitioning that is supportedf C. laticepsmay prove to represent separate species, but a
by these di erences and which is known among closely relatedecision on this claim must await further study. What we do
extant lizardsl(appin and Jones, 20).4 know is that the most basal captorhinids suchEsconcordia

In general, details of the dental anatomy have, in oudack this step and what has been demonstrated is that the stepped
estimation, been over-simpli ed, rendering their diagniost pattern is an apparent precursor to the development of multiple-
e cacy limited. The results of this study have provided atoothrows inthe genu€aptorhinusWhat we still do not know is
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whether the incipient step found in bot@aptorhinus magnuend  anatomy (i.e., no obvious means of distinguishing between
Captorhinus kieranare an intermediate step leading toward themembers of the species using postcranial material—for an
derived multiple-tooth rowedCaptorhinus agugior whether it  alternative interpretation seKissel et al., 2002the variation
simply represents a separate developmental pattern. A de nitivef the dental morphology is suggestive of resource partitigni
conclusion on this topic must await additional study. Howeie  (Modesto et al., 20)&nd is, therefore, supportive of a taxically
is not too di cult to speculate on how altering the growth rate diverse ecology in what has been interpreted as an upland
of the jaw inC. magnusand C. kieranicould be coupled with locality (MiacDougall et al., 20)7O0ur ndings are supportive
increasing size. of a Paleozoic environment that is predisposed to supporting
When examining the known captorhinid material from an abundance of closely related species, where intra-specic
Richards Spur, Captorhinus agutiis a relatively small competition is mitigated by dental specialization. RichardsrSpu
representative for the genus with fully grown skulls, asherefore, provides us with a unique window into the study
determined by the ontogenetic stage and degree of matufity @f species speci c interactions, which are seldom possible for
the braincase, reaching45mm in total length. On the other extinct clades.
hand, specimens @aptorhinus magnusnd Captorhinus kierani
both exceed 60 mm, while containing an incompletely ossiedDATA AVAILABILITY
braincase at a size that is already larger than the commonly
known specimens df. aguti Could the increase in overall body Data used to generate the orthographic and isometric guees i
size be responsible for a change in the di erential growth rateurrently not available for public access as the scannedriahte
between the mesial and distal margins of the jaw that is diwati is being applied in another study that is currently underway.
to the development of the multiple tooth rows found in the Researchers wishing to access the raw data should contact MdB
apparently smalleC. agut? If so, then developmental timing or RR.
(heterochrony) may be responsible for altering feeding biira

across various species of contemporaneous taxa. While WYUTHOR CONTRIBUTIONS
cannot be certain that all of the Richards Spur fauna assatiate

with the 2005 fossiliferous pocket represents co-existethee, MdB drafted the manuscript and prepared all gures. RR
discovery of at least three separate specieSagftorhinus(C.  contributed specimens and edited the nal draft of the
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varanopid remains is at least suggestive of the possibilitg of
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