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the late Miocene Hyainailourosshares a more recent common ancestor with small-bodied
hyainailourines (below 15 kg). Finally, our study supports a close relationship between the
Hyainailourinae and Apterodontinae and we propose the new clade: Hyainailouridae.

Introduction

Hyaenodonta is an order of specialized carnivorous mammals that is known from the Selan-
dian (Paleocene){2] to the Serravallian (Miocene}{4]. Hyaenodonta probably originated
either in Africa [L,5-6] or in Asia [7]. Until now, two Palaeocene species have been recorded in
Africa: Tinerhodon disputatuSheerbrant, 199%] and Lahimia selloum&olé & Gheerbrant,
2009 in Solé et all]. The sole Laurasian hyaenodont recorded in the PaleocEnaliisino-

cyon chowMeng, Zhai & Wyss, 1998]from China. Species from this order are recorded in
Africa, India, and all of Laurasia (Asia, Europe, North America).

Hyaenodonts are first recorded in Europe during the earliest Eoeend (Three subfami-
lies are known in Europe at this time. Sinopinae and Arfiinae were diverse in Northern Europe
and found in Dormaal (Belgium; MP7).f], Le Quesnoy (France; MP7)J, and Abbey
Wood (England; MP8+9)1{4], while the Proviverrinae were restricted to Southern European
Province [L5-17] (as defined by Marandaf.f] and Marandat et al.]9]). During the main
part of the Ypresian, Lutetian, and Bartonian the hyaenodont proviverrines were the dominant
specialized carnivorous mammals in European ecosystéing27] (Fig 1). The diversifica-
tion of proviverrines in Europe, which were small-bodied and restricted to southern Europe
during the earliest Eocene, was spurred by the disappearance of the sibfasslymed eco-
logical competitorsOxyaenodonta, and hyaenodonts from the clades Sinopinae and Affiinae
during the Ypresian (between Dormaal (reference-level MP7) and Avenay (reference-level
MP8+9) [1317,23).

The decline of the proviverrines occurred during the Priabonian and coincides with the
arrival in Europe during Bartonian and Priabonian of new competitors from Asia (Carnivora
and Hyaenodontinae) and Africa (Hyainailourina@)(Fig 1. The last occurrence of Provi-
verrinae Allopterodon mingris close to the MP19 reference-level in Obergésgen (Priabonian;
Germany) P4]. While the Bartonian is characterized by the presence of Proviverrinae and
Hyainailourinae, the Priabonian of Europe is characterized by the presence of Proviverrinae,
Hyainailourinae and Hyaenodontinaei( 1).

One of the co-authors, D.V., discovered 881 the specimens described here in the
French site of Montespiea locality that is very close to the city of Lautrec (Tafiy(@. As
part of the“Castrais faunas, the locality is considered to be Bartonian in age and close to the
MP16 level (RobiacPB-29). The fossils belong to a large hyaenodont referred to a new hyai-
nailourine taxonKerberos langebadregen. & sp. nov. The new taxon described here repre-
sents one of the two oldest hyainailourines rded in Europe. The other, the hyainailourine
Paroxyaengis known in Robids fauna (reference locality of MP16 reference-legé]) [

The study of these hyainailourines is impottéor understanding theiecological role in the
Bartonian of Europe just as proviverrines begin to dechig {). MoreoverKerberos lange-
badreaexpands our knowledge of carareus mammalian niches in European
environments.

The discovery of this new species also has important implications for the evolution of Hyai-
nailourinae. Solé et ab][recently described the earliest hyainailourines from the Gour Lazib
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Fig 1. Stratigraphic repartition of the different subfamilies of specialized carnivorous mammals in Europe during the Paleocene and Eocene, with

special attention to hyainailourines.  The new taxon described here, Kerberos langebadreas is in bold. Note that currently i. the stratigraphic extension of
Paroxyaena pavloviduring Priabonian is unknown [8] and ii. the age of Parapterodon is unknown but is estimated to be late Priabonian P]. Stratigraphic
scale, eustatic curve, and isotopic curves produced with TSCreator [LO] from the data compiled by Gradstein et al. [L1]. Abbreviations: ELMA, European

Land Mammal Ages; MP, Mammal Palaeogene.

doi:10.1371/journal.pone.0135698.g001

Formation (late Early or early Middle Eocene; Algeria). Through subsequent dispersals, this
subfamily is known from Africa, Asia, Europe, and North America, but the phylogenetic
hypothesis presented in Solé et@lsupports an African origin for Hyainailourinae. This new
taxon allows i. the study of the evolution of this subfamily, and ii. the examination of hyainai-
lourine dispersals into Laurasia during the Eocene.

Additionally, the cranial, mandibular and dental remains associated with postcranial mate-
rial are the first known for an early hyainailourine. Because the new taxon is one of the oldest
hyainailourines ever recorded, the postcranial material allows us to study the skeletal morphol-
ogy and locomotion of an early representative of the subfamily.
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Fig 2. Geographic map with indications of the location of the fossiliferous locality of Montespieu
(MP16), where material of Kerberos langebadreae was found. A, Localisation of the department of Tarn
(France). B, Localisation of Montespieu in Tarn. B: redrawn after Laurent et al. (25], Fig 1).

doi:10.1371/journal.pone.0135698.9g002

Material and Methods

Material

The fossils oKerberos langebadresere found by D.V. in the French fossiliferous locality of
Montespieu, which is situated close to Lautrec (Tarn, Frarggp(. The Montespieu locality
was discovered during &entury. The mammals that were found in this locality were notably
described and illustrated by Stehlit]. Most of the first fossils collected from the locality are
housed in the Muséum d'Histoire naturelle de Toulouse (Collection Noulet). The mammal
fauna of Montespieu is considered close to that of Robiac #itagkatter locality is the refer-
ence-locality for reference-level MP26,8(0].

The fieldwork undertaken by D.V. in 1970s d86@s previously provided the type and only
specimen o€ynohyaenodon lautricenfid].
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The material of the new hyainailourine was prepared by D.V. and C. Bouillet (MNHN). The
specimens are housed at laséum national tHistoire naturell¢Paris, France).

Specimen numbers: MNHN.F.EBA 517; MNHN.F.EBA 518a; MNHN.F.EBA 518b; MNHN.
F.EBA 520; MNHN.F.EBA 521; MNHN.F.EBA 522; MNHN.F.EBA 523; MNHN.F.EBA 524;
MNHN.F.EBA 525; MNHN.F.EBA 526; MNHN.F.EBA 527; MNHN.F.EBA 528.

Repository information: Muséum nationdHistoire Naturelle, Collection of fossils, Collec-
tion of fossils from the Eocene of Aquitaine Basin (EBA); 57 rue Cuvier, CP38, F-75005, Paris,
France.

No permits were required for the described study, which complied with all relevant
regulations.

Nomenclatural Acts

The electronic edition of this article conforms to the requirements of the amended Interna-
tional Code of Zoological Nomenclature, and hence the new names contained herein are avail-
able under that Code from the electronic edition of this article. This published work and the
nomenclatural acts it contains have been registered in ZooBank, the online registration system
for the ICZN. The ZooBank LSIDs (Life Science Identifiers) can be resolved and the associated
information viewed through any standard web browser by appending the LSID to the prefix
“http://zoobank.ordl. The LSID for this publication is: urn:lsid:zoobank.org:pub:8C2E4D2E-
4890-4625-ABA9-B3137A6DB276. The electronic edition of this work was published in a jour-
nal with an ISSN, and has been archived and is available from the following digital repositories:
PubMed Central, LOCKSS.

Terminology

We follow the dental terminology of Van Vale® for the molars, and of Ginsbur@§] for
the premolars. The dental measurements (Length x Width in mm.) follow Gingerich and
Deutsch B4). The statistical parameters are the observed range (OR) and mean (M).

The osteological terminology follows that of Miller et 2] while the measurements of
the postcranial elements follow Argé].

Phylogenetic analysis

The taxa that have been included are liste8infext The data matrix is based on Holroyd
[37] with new character definitions. It consists of 49 dental characters (32 binary characters
and 17 multistate characters) and one character related to body &#agsx}. It includes 18
hyainailourine taxa.

The polarization of the characters was based on outgroup comparison criteria. All the multi-
state characters were treated as unordéilettoyd [37] treated characters 34 and 44 as
ordered.

We used the basal hyaenodohiserhodonEoproviverra eisenmanandPrototomuss out-
groups to Hyainailouridae. Because the dentitid efsenmannis not entirely known (only
several molars have been discovered), we used its contempordae@ggilan order to code
the premolars and the proviverrifoviverra typicéor coding the remaining characters.
P. typicais considered one of the most primitive hyaenodeauts! thus proviverrinesiespite
its Eocene ag8§. Prototomusvas coded based on the two European spétiegnimusand
P. girardotiand the oldest North American speciesdeimosandP. phobos

The data matrix$1 Fil¢ was assembled with WinCladz€] and the parsimony analyses
were performed with TNT4( using implicit enumeration. The consensus trees have been
assembled and analyzed with WinClada. We performed three analyses: the first one includes
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all the taxa and characters, wHhikeakitheriums excluded in the second and third analyses
because it is very poorly known.

The genus eakitheriurris only known from two maxillary fragments that displaly R*
and M?[3]. Morales et al.41] referred a fragment of an Mo the genus. The taxonomic status
of Leakitheriumamong hyainailourines is unresolved]. They hypothesized thaeakither-
ium is a synonym fotsohyaenodon andrewsi this analysiseakitheriumis closely related to
Miocene hyainailourines such lsiegistotheriunandlsohyaenodgrbut the hypothesis of
Morales et al.41] is not supported here.

Finally, the first character, which concerns body magsliex}, is excluded in the third
analysis because it could correspond to ecologic convergence rather than reflecting a phyloge-
netic signal.

After each analysis, each node of the strict consensus tree was assigned a Bremer support
calculated with TNT for ten supplementary steps.

Results
Systematic Paleontology

Placentalia Owen, 18377

Ferae Linnaeus, 17583

Hyaenodonta Van Valen, 19674

Diagnosis (emended after Gunnelllf]). Elongate, narrow skull with narrow basicra-
nium and high, narrow occiput; transversally constricted interorbital region; tritubercular to
sectorial molars with carnassial blades4n\®*, M?, and M, M, and M; (except in Limnocyo-
ninae and Machaeroidinae which have lost the posterior-most molatgxddent in most
taxa; M; always present (except in Limnocyoninae and Machaeroidinae); manus and pes
mesaxonic, plantigrade to digitigrade posture; fibula articulated with calcaneum; astragalar-
cuboid articulation reduced or absent; terminal phalanges compressed and fissured at tip in
most taxa; central, scaphoid, and lunar not fused (except perhaps in the hyainailblyaies
nailourosand Pterodoi.

Distribution. Africa, Asia, Europe, and North America; Selandian (Paleocene) to Serraval-
lian (Miocene).

Included families. Hyaenodontidae Leidy, 1869, emended in this paper; Hyainailour-
idae Pilgrim, 193247], emended in this paper;? Koholiinae Crochet, 198B [

Notes. As in other specialized carnivorous mammals, hyaenodonts possess secant teeth.
These meat-slicing teeth, also called carnassial teeth, are locaté8land/V,_; position in
Hyaenodonta45]. Hyaenodonta was traditionally placed in the extinct order Creodonta
together with the Oxyaenidae. Some workers have suggested a diphyletic origin for Creodonta
[1,3849-51]. While the separate origins of Oxyaenidae and Hyaenodontidae have not been
established in a cladistic framework, S618 proposed to raise these two families to the ordi-
nal levelOxyaenodonta and Hyaenodonta, and not Hyaenodontida as mistakenly used by sev-
eral authors§,51-53—to highlight the possible separate evolutionary origins of these two
extinct carnivorous mammalian lineages. It is worth mentioning that Spaulding ®4al. [
recovered a monophyletic Creodonta, but their phylogenetic analyses, which addressed the
relationships of Cetacea among mammals, only included four creodonts (three hyaenodonts
and only one oxyaenid).

The systematic position of Koholiinae among Hyaenodonta is presently uncertain because
cranial material is unknown (see below).

Discussion of the relationships within Hyaenodonta.Polly [38] established that hyper-
carnivory (characterized by reduction of the metaconids, simplification of the talonid,
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Fig 3. Comparison of the skull in dorsal view of Hyaenodontidae (left) and Hyainailouridae (right). See Table 1 for description of the numbered
features. Left: skull of Sinopa grangeriredrawn after Matthew ([b5], Fig 4); right: skull of Apterodon macrognathus redrawn after Osborn ([56]; Fig 1A).

doi:10.1371/journal.pone.0135698.g003

extension of the metastyle, reduction of the protocone, among other features) arose at least
twice within hyaenodonts: among Hyainailourinae (PterodontssaesuPolly) and Hyaeno-
dontinae. The distinction between the two subfamilies includes several cranial features. Polly
noted that hyainailourines are characterized by a nuchal crest that does not extend laterally
toward the mastoid processes and a circular subarcuate fossa on the petrosal. Hyaenodontines
are characterized by a nuchal crest that extends toward the mastoid process, a robust bridge
over the foramen stylomastoid primitivum, the absence of a bony ridge dividing the posterior
petrosal sinus from the foramen stylomastoid primitivum, the presence of an inflated posterior
petrosal sinus, and the presence of a horse-shoe shaped subarcuate fossa.

The cranial morphology of the hyainailourines is similar to that of the European and Afri-
can hyaenodont subfamily Apterodontinae, notably in the short lateral extension of the nuchal
crest Fig 3 Feature 6] able ). Moreover, based on the present study, we can add the follow-
ing features that seem to unite Hyainailouridae (Hyainailourinae+Apterodontinae): presence
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Table 1. Comparison of the cranial features of Hyaenodontidae and Hyainailouridae.

Feature Hyainailouridae Hyaenodontidae
1: Postorbital process Poorly developed; except in Miocene Well developed
Hemipsalodon
2: Suture frontal parietal Early obliteration of the suture (except in Present
Hemipsalodon)
3: Constriction before the braincase Absent Present
4: Squamosal Laterally expanded posterior to the zygomatic Poorly laterally expanded
arch
5: Expansion of the mastoido-paroccipital Weak posterior extension in later forms Always posteriorly extended
apophysis
6: Expansion of the nuchal crest to mastoid Nuchal crest does not reach the mastoid Nuchal crest reaches the mastoid process
process process
7: Preglenoid crest Present Absent
8: Lateral expansion of the mastoid process Mastoid process laterally expanded in later Mastoid process poorly laterally expanded in
forms later forms
9: Occipital condyle Large Small
10: Process at the junction between the maxillary Rarely present Often present
and jugal
11: Suture between the jugal and squamosal Anteroposteriorly extended Poorly anteroposteriorly extended
12: Pterygoid Extended anteroposteriorly and ventrally Poorly extended anteroposteriorly and ventrally
13: Mental foramina Often more than two Very rarely more than two
14: Angular process Poorly developed; absence of anterior concavity Robust with a anteriorly located concavity

doi:10.1371/journal.pone.0135698.t001

of a preglenoid crest (Figsand5, Feature 7Table ), early obliteration of the suture between

the frontal and parietal bones (Figand5, Feature ZTable ), anteroposteriorly extended

suture between the jugal and squamoBaj § Feature 11Ifable ), a lateral expansion of the
squamosal posterior to the zygomatic arély (3 Feature 4Table ), and large occipital con-

dyles (Figgl and5, Feature 9Table ). We can also note that apterodontines and hyainailour-
ines often display more than two mental foramifiéy(5 Feature 13fable ), while

hyaenodontids very rarely display more than two, and have a weak ventral concavity anterior
to the angular proces§&ig 5 Feature 14Table ). The younger representatives of the clade
(e.g.Hyainailouro$ are characterized by a transverse elongation of the mastoid prbaess (
Feature 8Table ), rather than an anteroposterior elongation (Figsd4, Feature 5Table )

as observed in the earliest species in the order Hyaenodonta. Finally, the narrowest part of the
braincase is immediately behind the postorbital processes in Hyaenodontidae, while this con-
striction is more posterior in Hyainailouridae (at least at the middle of the pariefads} (

Feature 3Table ).

Some representatives of hyainailourines have lost;tf@.F his feature is one of the main
characteristics of Koholiinag][ Koholiines and hyainailourines share the latter feature, as
well as the presence of pronounced secant teeth and extensive radiations in Africa. However,
the koholiines differ from hyainailourines in featuring a robust angular process that is preceded
anteriorly by a concavity={g 5 Feature 14fable ). Itis thus presently difficult to refer the
koholiines to either Hyainailouridae or Hyaenodontidae.

The cranial morphology of Hyaenodontidae is on the whole similar to Hyaenodontinae in
Polly [3§]. The clade is characterized by the morphology of the nuchal crest, which extends
toward the mastoid process (Figjand5, Feature 6Table ). We can add several features not
described previously to distinguish Hyaenodontidae from Hyainailouridae. Hyaenodontids
generally possess: a well-developed postorbital process RS, Feature 1Table ), a
short extension of the jugal/squamosal suture anteroposteriogys(Feature 11fable 1},
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Fig 4. Comparison of the skull in ventral view of Hyaenodontidae (left) and Hyainailouridae (right). See Table 1 for description of the numbered
features. Left: skull of Sinopa grangeriredrawn after Matthew ([55], Fig 5); right: skull of Apterodon macrognathus redrawn after Szalay ([57]; Fig 7).

doi:10.1371/journal.pone.0135698.g004

absence of a preglenoid crest (Figad5, feature 7 able }, a process at the junction between
the maxillary and the jugaF(g 5 Feature 10fable ), and a small occipital condyle (Figjs

and>5, Feature 9Table ). Unlike Hyainailouridae, Hyaenodontidae exhibit a clear suture
between the parietal and frontal (Figand5, Feature 2Table ) and the suture is located

close to the anterior constriction of the braincasig @ Feature 3Table ). Hyaenodontids all
possess a single- or double-rooted p1 and very rarely display more than two mental foramina
(Fig 5 Feature 13fable ). Hyaenodontid pterygoids are generally less developed ventrally
and posteriorly than hyainailourid pterygoidsq 5 Feature 12fable ). In almost all
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Fig 5. Comparison of the skull in posterior (upper) and lateral (middle) views and of the mandible in labial view (lower) of Hyaenodontidae (left) and
Hyainailouridae (right). See Table 1 for description of the numbered features. Upper: skulls ofPterodon dasyuroides (right) and Hyaenodon compressus
(left) redrawn after Polly ([38]; Fig 11A and 11B); middle: skulls of Limnocyon verus (left) and Apterodon macrognathus (right) redrawn respectively after
Matthew ([58]; Fig 53) and Szalay ([57], Fig 6); lower: mandibles of Limnocyon verus (left) and Apterodon macrognathus (right) redrawn respectively after
Matthew ([58]; Fig 53) and Szalay ([57], Fig 9).

doi:10.1371/journal.pone.0135698.g005

hyaenodontids the mandible possesses a concavity on the ventral margin anterior to the angu-
lar process and the latter is generally robust and projects more ventrally in Hyaenodontidae
(Fig 5 Feature 14table ).

We tentatively refer the Teratodontinae as recently defined by Solé@takyaenodon-
tidae based on the skull Bissopsalidescribed by Colberbp] and mandibles available for the
teratodontine genera. The fragmentary skubD@fsopsaliseems to display developed postor-
bital process (Figsand5, Feature 1Table }, constriction before the braincased 3 Feature
3;Table ), and a distally elongated mastoido-paroccipital apophysis{Rigd4, Feature 5;

Table ). Colbert p9 noted thatDissopsalisossesses a developed preglenoid crest{Bigs

5, Feature 7Table ), a feature of Hyainailouridae; however, based on his drawings, we assess
that the morphology of the mandibular fossa is similar to that of Hyaenodontidae rather than
to that of Hyainailouridae. Finally, teratodontines display a concavity anterior to a robust
angular process~(g 5 Feature 14fable ) as in other Hyaenodontidae.

The Indohyaenodontidae seem to be endemic in South (India, Pakistan) and Southeast
(Myanmar) of Asia §]. Unfortunately, only few cranial remains are known for this subfamily
[60-61]. Cranial and dental specimens show typical features of Hyaenodontidae such as the
presence of a concavity anterior to the angular pro¢eg$(Feature 14table J, the presence
of only two mental foraminaKig 5 Feature 13fable ), the absence of a preglenoid crest (Figs
4and5, Feature 7Table ), a process at the junction between the maxillary and the jagal (

5, Feature 10fable ), a well-developed postorbital process (Bigad5, Feature 1Table ),
and a clear suture between the parietal and frontal (Fagsl 5, Feature 2Table ). We there-
fore include this subfamily in Hyaenodontidae.

Machaeroidinae has been often considered to be closely related to Limnocy68inae [
Machaeroidinae and Limnocyoninae notably exhibit an extension of the nuchal crest towards
the mastoid, as seen in other species in Hyaenodontidae. Species in both subfamilies have
moreover lost Mand M® (except in their oldest representatRelimnocyoj supporting a
close relationship between these families and the inclusion of both Machaeroidinae and Lim-
nocyoninae in Hyaenodonta. Several authors (e.g. Muizon & Lange-Bajgowever
referred the Machaeroidinae to Oxyaenodonta; Z&dkrgcently proposed arguments based
on postcranial elements to support this hypothesis.

The two cranial morphotypes described and discussed here may be useful for clarifying the
relationships within Hyaenodonta, though these features await rigorous evaluation in a cladis-
tic analysis to establish plesiomorphic and apomorphic states of characters. Because the two
morphotypes imply distinct recruitment of the cranial muscles and both morphotypes seem to
be a combination of primitive and derived features, we hypothesize that these two cranial mor-
photypes appeared early in the radiation of Hyaenodonta. Based on the presence of hyaeno-
dontids in the Paleocene of Asia, we place the radiation of Hyaenodonta and divergence of
Hyaenodontidae and Hyainailouridae during the Selandian, if not edilier [

Whether or not the order Hyaenodonta is rooted in Africa (Hyainailourindae + Hyaenodon-
tidae) as proposed by Gheerbrafit [Gheerbrant et al 0] and Solé et al1[6] needs further
clarification.

One can note that Hyaenodontidae mainly radiated in Laur&sigd where six clades are
known (Hyaenodontinae, Limnocyoninae, Sinopinae, Arfiinae, Proviverrinae, and probably
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Fig 6. Comparison of the geographic distribution of Hyaenodontidae (top) and Hyainailouridae (bottom). White: no fossils recorded; Grey: limited

diversity; Black: main radiation.

doi:10.1371/journal.pone.0135698.g006

Machaeroidinae), while Hyainailouridae principally radiated in Afriég §, where koho-
liines, apterodontines and hyainailourines find their earliest redgb ).

Concerning the dispersals of these two families, it is worth mentioning that apterodontines
dispersed into Europe and hyainailourines dispersed into North America, Europe and Asia
[9,65-66. Among Hyaenodontidae, only Teratodontinae and Indohyaenodontinae are known
exclusively from Gondwanan landmasses (Africa and South/South-East of Asia). If Hyaeno-
dontidae appeared in Laurasia, these two subfamilies may have dispersed into Africa during
the earliest Eocene.

Hyaenodontidae Leidy, 1869 ement|[
Diagnosis. The members of this family share a cranial pattern characterized by the pres-
ence of a visible suture between the parietal and frontal and a well-developed postorbital
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process, a constriction anterior to the braincase, pterygoid generally shorter than in Hyainai-
louridae, a short extension of the jugal/squamosal suture anteroposteriorly, the absence of
preglenoid crest, a distally elongated mastoido-paroccipital apophysis, a nuchal crest extendin
to the mastoid process, small occipital condyles, the presence of only two mental foramina, anc
a concavity anterior to the angular process (less pronounced in hyaenodontines)(3ihe P

gle- or double-rooted) is usually present.

Distribution. Africa, Asia, Europe, and North America; Thanetian (Paleocene) to Serra-
vallian (Miocene).

Included subfamilies. Arfiinae Solé, 2013[]; Hyaenodontinae Leidy, 1869d]; Indo-
hyaenodontinae Solé et al., 2088 Limnocyoninae Wortman, 19087];? Machaeroidinae
Matthew, 190948]; Proviverrinae Schlosser, 1886]Jf Sinopinae Solé, 20131]; Teratodon-
tinae Savage, 1965 [

Note. The systematic position of the saber-toothed Machaeroidinae among Hyaenodonta
or Oxyaenodonta is presently uncertain (see Gunag]l).[

Hyainailouridae Pilgrim, 1832 emend./

Diagnosis. The members of this family share a cranial pattern characterized by a massive
skull, the absence of visible suture between the parietal and frontal, a weak postorbital process
a pterygoid generally extended ventrally and distally, an anteroposteriorly extended suture of
the jugal/squamosal, the presence of a preglenoid crest, a lateral expansion of the squamosal
posterior to the zygomatic arch, a transversally expanded mastoid process (in later forms), a
nuchal crest that does not extend laterally to mastoid process, large occipital condyles, and the
presence two or more mental foramina. TheiPpresent, is small (single-rooted).

Distribution. Africa, Asia, and Europe; late Ypresian or early Lutetian (Paleocene) to Ser-
ravallian (Miocene).

Included subfamilies. Apterodontinae Szalay, 196¥7; Hyainailourinae Pilgrim, 1932
[47).

Relationships between the Hyainailourinae and ApterodontinaeHyainailourinae and
Apterodontinae are diverse during the Paleogene in Afgié&,pS-70). The two groups are
also recorded in Europe: the Hyainailourinae are recorded in the Late Eocene and Early to Mid-
dle Miocene, while the Apterodotinae are known in the Early Oligocg®&q6,71]. Hyainai-
lourinae is also known in Early to Middle Miocene of Agid|

Recent discoveries in North Africa place the youngest possible origin of Hyainailourinae in
the late Early or early Middle Eoceri# §nd the youngest possible origin of Apterodontinae in
the late Middle Eocen&¥], implying an Afro-Arabian origin for these subfamilies. The pres-
ence of Hyainailourinae and Apterodontinae in Eurasia is likely a consequence of Northern
immigrations (see below).

Apterodontinae is a peculiar group among HyaenodoBi@B5257. Apterodontines are
characterized by the loss of the metaconid, the reduction of the paraconid, and retention of a
prominent talonid on the lower molars where most hyaenodonts with reduced metaconids have
also reduced the talonid and increased the relative size of the paraconid. Based on postcranial
material, Grohé et al5p] proposed semi-aquatic habits #pterodonThey suggested that the
unusual dentition oApterodormay have been related to a semi-aquatic lifestyle with simplified
and tall teeth, employed for catching aquatic prey sudishsand/or‘invertebrated 5.

In contrast to apterodontines, large hyainailourines were likely hunters and scavengers and
were probably ecologically analogous to the extant hyenas and the extinct borophagines; the latte
however differ from large hyainailourines in exhibiting cursorial adaptations/(demf [73).

The possibility of a close relationship between apterodontines and hyainailourines based on
dental and cranial characters has been suggested b&8&874,61]. Here we explicitly identify
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numerous cranial features (e.g., absence of visible suture between the parietal and frontal, wee
postorbital process, presence of a preglenoid crest, large occipital condyles) that group Aptero-
dontinae and Hyainailourinae within the family Hyainailouridae (see above). The strongest
similarities between apterodontines and hyainailourines lie in the posterior region of the skull
related to the characteristic rearrangement of cervical musculature first described bydpolly [

in Hyainailourinae (Pterodontinae in Pollgd).

The skull ofApterodoris anteroposteriorly elongate. The oldest hyainailourines such as
PterodorandKerberosilso exhibit anteroposteriorly elongate skulls, while others, such as the
later hyainailourineParoxyaengHemipsalodorandHyainailourosdiffer fromApterodon
and early hyainailoruines in featuring anteroposteriorly short rostral and basicranial regions.
This suggests th#tterberosind Apterodorpossess a primitive overall cranial morphology for
Hyainailouridae.

Apterodordiffers from hyainailourines in several features, which include a more robust
zygomatic arch. This feature provides greater surface area for the origin of larger masseter mus
cles in apterodontines. On the mandible, the masseteric fossa is shallow but anteroposteriorly
elongate, providing a long insertion for the masseter relative to the masseteric fosdzenos
andPterodonwhich further supports the important role of the masseter muscles in
apterodontines.

Apterodoralso differs from hyainailourines in the arrangement of the upper tooth rows that
are close to parallel along the palate while nearly all other hyaenodonts have tooth rows that
are distinctively diverging posteriorly. This parallel alignment may be related to semi-aquatic
feeding as well. The facial morphology of apterodontines also differs from hyainailourines that
have a strong narrowing of the facial morphology posterior to the carfifggsBesides the dif-
ferences in the masseteric fossa morphology, the mandibles of apterodontines and hyainailour
ines are generally similar. Itis interesting to note #atierodon macrognathasdKerberos
share the presence of a dorsally inflected, thin and pointed angular process, and an extended
coronoid crest.

Concerning the postcranium, the only elements that can be compared between Apteronti-
nae and Hyainailourinae are the distal part of the fibula, the astragalus, and the calcaneum.
The distal part of the fibula is very similar in these two groups. However, there are differences
in the tarsal bones. The tuber calcaneuserberosindHyainailourods shorter and wider
than that ofApterodorand the ectal facet of the hyainailourines, though poorly preserved on
the specimen referred terberosseems to be shorter than the ectal facégérodonThe
neck of the astragalus iierberosindHyainailouross also shorter and narrower than that of
Apterodonthough this difference in morphology may be related to the larger body size of the
hyainailourine species. Apterodoninae and Hyainailourinae share the shallow groove of the tib-
ial facet. This feature suggests that both groups maintained a plantigrade foot posture, though
this morphology seems to be primitive in Hyaenodonta. The differences suggest a more
weight-bearing mode of life ikerberoswhile the adaptations @fpterodormay suggest adap-
tations towards semi-aquatic mode of life.

In conclusion, apterodontines and primitive hyainailourines share a characteristic cranial
construction. Broad attachments for nuchal musculature could have been adaptive for scaveng
ing/hunting in terrestrial and aquatic environments, but this hypothesis needs to be tested in
the future. However, numerous differences are present in the dentition and postcranium, and
we advocate retaining separate subfamily designations for these lineages.

Hyainailourinae Pilgrim, 19321/
Emended diagnosis (emended after Holroy@q]). Hyainailouridae with high and secant
paraconid, connate metacone and paracone bt¥ weak to absentingual cingulum, P
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lacking continuous lingual cingulum, relatively large anterior keels on lower molztiovid
reduced relative to that of MM, lower molar protoconids and paraconids subequal in length,
facial region constricted lateromedially &&d abruptly expanded caudal t& mfraorbital

process poorly developed, massive zygomatic arch, anterior margin of choanae located at the
level of M, and circular subarcuate fossa present on petrosal.

Note. Hyainailourinae ¢ensibolé et al., 2018]) includes 12 gener&khnatenavusiol-
royd, 1999 ¢9, FurodonSolé et al., 2013], Hemipsalodoope, 188574, Hyainailouros
Biedermann, 1863f, IsohyaenodoBavage, 1965][ Kerberogen. nov. (present work)ea-
kitheriumSavage, 1965][ Parapterodohange-Badré, 1979][ Paroxyaen&artin, 1906
[76], Parvavorodorsolé et al., 20138], PterodorBlainville, 183977] and Sivapterodoins-
burg, 19804].

However, agreement on which species should be assigned to different hyainailourine gener:
is not firmly established. We follow Morlo et ald by assigning only two speciesHgainai-
louros Hyainailouros bugtiensi&lgrim, 191279 (= Megistotherium osteothlas&ssrage,

1973 B(]) and Hyainailouros sulzeBiedermann, 1863 (= Hyainailouros fourtaukoe-
nigswald, 19473[1] = Hyainailouros napakens&nsburg, 19804] = Hyainailouros nyanzae
Savage, 1968]). Concerningsohyaenodqgmwe partially follow Morales et at]], by includ-
ing three specielksohyaenodon andrev&ivage, 1963][ Isohyaenodon zadoRavage, 1965
[3] (= Isohyaenodon matthe®avage, 1965]) and Isohyaenodon pilgrinsavage, 1965]f
howevellLeakitheriums not synonymized withksohyaenodon andrewsgrein. Moreover, our
analysis shows th&terodohmight not be a natural group but represents a polyphyletic
genus.

Paroxyaenini Lavrov, 200&][

Diagnosis (emended after Lavrow]). Medium-sized Hyainailourinae with short, wide
facial region. Dental formula: 13/3, C1/1, P4/4, M3/3siAgle-rooted, Pand P double-
rooted. Protocone well developed oh Rmphicones of Mand M incompletely fused; apices
of paracone and metacone distinctly separate; cingulum well developed on molars and premo-
lars; M, M2, and DP showing well-developed precingula with many cuspules. Metastyle of M
and M? approximately half of the tooth length. Postprotocrista absent frdramd M QM1
approximately 120°1.30°, QM2 approximately 125°; surface of enamet ok rugose. Fis-
sura orbitalis and foramen rotundum fused into one foramen. Medial part of glenoid fossa of
jaw joint very deep. Large maxillo-nasalis fossa located dorsal to alveébl/5t Fentorium
well developed.

Included genera. Hemipsalodo€ope, 188514 and Paroxyaendartin, 1906 [/ §.

Distribution. Europe and North America; Bartonian (Eocene) to Priabonian (Eocene).

Hyainailourini Ginsburg, 19801

Diagnosis. Small to large-sized Hyainailourines: facial region elongated in oldest represen-
tatives (e.gKerberok but shorter in youngest ones (eldyainailouro$. Dental formula: 11-3/
2-3, C1/1, P4/3-4, M2-3/3Ringle (e.gHyainailouro$ or double-rooted (e.ggerberok
Amphicones of Mand M? nearly to completely fused; protocone on molars very reduced; cin-
gula weakly developed on molars and premolars. Fissura orbitalis and foramen rotundum
separated.

Included genera. Akhnatenavusiolroyd, 1999 §9], HyainailouroBiedermann, 1863
[79], IsohyaenodoBavage, 1965][ Kerberogen. nov.l.eakitheriumSavage, 1968][ Para-
pterodorLange-Badré, 1979][ PterodorBlainville, 183977] and Sivapterodoinsburg,
1980 f].

Distribution. Africa and Europe; Bartonian (Eocene) to Serravallian (Miocene).
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Kerberogen. nov.

urn:lsid:zoobank.org:act: CF40CC5A-025F-464B-8769-54471DD888B0

Diagnosis. Same as for the type and only species.

Type and only species.Kerberos langebadreaav. sp.

Type locality. Montespieu (locality close to Lautrec), Tarn, France; MP16, Bartonian,
Eocene.

Type horizon and age. Formation des Molasses de Saix et de Lautrec, Grés de Puech
Auriol et de Veneés, Bartonian, Eocene.

Etymology. CerberusKerberogn Greek) is an impressive mythological multi-headed
dogHellhound-that guards the entrance of the Underworld.

Kerberos langebadrege nov.

urn:lsid:zoobank.org:act:8645FC88-4DAF-4084-9E14-64AE1D707ECH(B)gs

Diagnosis. This large-sized hyainailourine displays a particular combination of primitive
features, namely an anteriorly narrow mandible and a small diastema betwsah®, and
derived features, namely a reduced parastylar area on upper molars, a large protocone on P
and premaxilla narrow throughout its whole length. It differs frBaroxyaendy having a
more closely appressed paracone and metacone, and more reduced protocone on upper molat
and a shorter and narrower talonid on the lower mol&esberosliffers fromPterodon
dasyuroideby possessing larger nd P, and fromParapterodomy retaining the B exhibit-
ing a more reduced parastylar area, and a more reduced protocone on upper molars.

Etymology. Dedicated to Dr. Lange-Badré, who greatly improved our knowledge of
Eocene carnivorous mammals.

Type locality. Montespieu (locality close to Lautrec), Tarn, France; MP16, Bartonian,
Eocene.

Type horizon and age. Formation des Molasses de Saix et de Lautrec, Grés de Puech
Auriol et de Veneés, Bartonian, Eocene.

Holotype. MNHN.F.EBA 517, nearly complete skull bearing on right sidéand P-M3,
and on left side®13 P!, P-M3,

Referred material. MNHN.F.EBA 518a, left hemimandible bearing C ang¥;
MNHN.F.EBA 518b, right hemimandible bearingf®, and M,-M3; MNHN.F.EBA 520, right
fibula; MNHN.F.EBA 521, right astragalus; MNHN.F.EBA 522, right calcaneus; MNHN.F.EBA
523, right metatarsal I; MNHN.F.EBA 524, right metatarsal Il; MNHN.F.EBA 525, right meta-
tarsal lll; MNHN.F.EBA 526, left metatarsal II; MNHN.F.EBA 527, right middle phalanx;
MNHN.F.EBA 528, right middle phalanx.

Measurements. Tables2 and3.

Description of the skull, mandible and dentition. The skull of the holotype is distorted
transversally but is almost compleked 7). It is also riddled with postmortem cracks and
breaks, which partly obliterate the sutures (Sgel3for drawings of the skull with indications
of the sutures). The auditory region, which is poorly preserved, will not be described thor-
oughly. The taxa chosen for comparison assessed from original specimens housed in the
MNHN and literature represent the different subfamilies of Hyaenodonta (i.e., the Proviverri-
nae, Hyainailourinae, Hyaenodontinae, and Limnocyoninae), which are known from the Bar-
tonian, Priabonian and Oligocene.

The most striking feature of the skull is its tremendous size compared to contemporaneous
European proviverrines. The condylobasal length (~ 35 cm) approaches that of dfesnale
arctog8Z]. The rostrum is very short, even shorter than that of the brevirostigéenodon
brachyrhynchud he stoutness of the rostrum contrasts with the relatively long ethmoid
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Fig 7. Skull of Kerberos langebadreae gen. & sp. nov (holotype, MNHN.F.EBA 517). A, dorsal view; B, ventral view; C, left lateral view; D, right lateral

view.

doi:10.1371/journal.pone.0135698.g007

region. Even though the basicranium is crushed transversally, it seems to have been mediolate
ally extensive as iaterodon dasyuroides

Premaxilla Fig 13 Premax.). In lateral vieviF(g 7), the opening of the nasal cavity forms an
angle of approximately 45° with the anteroposterior lengthening of the skull, which approaches
the condition ofH. brachyrhynchus he nasal aperture forms a more opened angle in the pro-
viverrineCynohyaenodon cayluaind a slightly sharper angledasyuroidesThe premaxilla
differs from that of other hyaenodonts as the ascending ramus is narrow along its entire length.
The posterior portion of the premaxilla is not extensive, reaching just posterior to the dorsal
edge of the opening of the nasal cavity. The general hyaenodont condition is an extended pre-
maxilla that reaches more posterior to the nasal aperture. The incisive forafgrsg(nc.
F.) are anteroposteriorly shorter than thos®afasyuroides

Maxilla (Fig 13 Max.). Dorsal to the canine, the maxilla shows a weak anteroposterior con-
vexity surrounding the long root of the tooth. At the level &ftRe maxillae are conspicuously
constricted transversally. The constriction extends to the palate ventrally. Posteriorly the lateral
borders of the maxillae flare, reaching more than twice the width of that of the anterior con-
striction. This morphology is similar to the condition observe®.idasyuroidesrhe anterior
opening of the infraorbital canaFig 13 Infr. F.) is at the level of the mesial root &f Bs inP.
dasyuroidesut unlike the more anterior condition at the level of the interradicular spacé of P
seen irHyaenodorj9]. Anterior to the infraorbital canal there is a shallow and round concav-
ity, as described if6. cayluxi[9]. Superior to M and M is a well-marked fossa for the origin
of nasolabialis. The inferior border of the orbit is horizontal, & icayluxi The posterior
margin of the orbit does not slope dorsally afidasyuroidesThe orbit is relatively open on
its dorsal and ventral margins, asincayluxj and differing from that oP. dasyuroideandH.
brachyrhynchus

Nasal Fig 13 Na.). The nasal is a narrow and slightly triangular bone in dorsal view. Its pos-
terior process terminates posterior to the anterior border of the orbit. Similarly long nasals are
found in P. dasyuroidesontrasting with the shorter nasals of the proviverriQasrcytherium

Fig 8. Occipital view of the skull of  Kerberos langebadreae gen. & sp. nov. (holotype, MNHN.F.EBA 517). A, occipital view. B, drawing of the occipital
view. Abbreviations: F. M., foramen magnum; Lamb. Cr., lambdoid crest; Oc., occipital; Oc. C., occipital condyle; Oc. Cr., occipital crest; P. Gl. Pr
postglenoid process; Par. Ap., paroccipial apophysis; Sag. Cr., sagittal crest; Sqg., squamosal.

doi:10.1371/journal.pone.0135698.g008
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Fig 9. Upper dentition of Kerberos langebadreae gen. & sp. nov. (holotype, MNHN.F.EBA 517). A, right
maxilla bearing P* and P*-M2 in occlusal view. B, left maxilla bearing P>-M® in occlusal view.

doi:10.1371/journal.pone.0135698.9g009

andC. cayluxj the hyaenodontinkl. brachyrhynchysnd the limnocyonin&hereutherium
There is no lateral expansion of the nasals directed toward the lacrimal as can be faund in
dasyuroidesr H. brachyrhynchus'he nasal is mediolaterally convex at its anterior end, and
flattens posteriorly.

Lacrimal Fig 13 La.). The lacrimal is a large bone with a prominent anterior excursion
onto the face beyond the medial margin of the orbit. The dorsal suture is on the dorsal border
of the orbit, while the ventral suture extends onto the anterior margin of the zygomatic arch at
the ventral border of the orbit. Unfortunately, the posterior border of the lacrimal is obscured
by the fractures.

Jugal Fig 13 J.). The fossa for nasolabialis described on the maxilla extends on the anterior
portion of the jugal. It is weakly concave ventrally and dorsally. The jugal is almost straight
with little lateral flare. Its lateroventral border is a rugose surface. This rugosity indicates a
robust origin for the superficial layer of the masseter muscle, and suggests that the taxon was
capable of powerful adduction of the mandilsie The suture with the squamosal gently slopes
posteroventrally and the jugal almost reaches the preglenoid précgds Pr. Gl. Pr.).

Frontal-Parietalftig 13 Fr.-Pa.). The two bones are well fused and no suture is evident
between them. The sagittal crésiy(13 Sag. Cr.) is extremely well developed. On the posterior
portion of the parietal, the sagittal crest represents more than half of the height of the skull,
and forms a large area of origin for the temporal muscle, the other powerful adductor of the
mandible.

SquamosaHig 13 Sq.). A roughened surface on superior surface of the posterior end of the
zygomatic process marks the zygomatic origin of the temporal muscle. The deep masseter and
zygomaticomandibularis also originate in this area but anteriorly to the temporal muscle. The
squamosal bears both pre- and postglenoid proceSge$3 Pr. Gl. Pr. & P. Gl. Pr). The pos-
terior pterygoid foramenHig 13 Po. F.) is preserved posterior to the postglenoid process. The
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Fig 10. Mandible of Kerberos langebadreae gen. & sp. nov. (MNHN.F.EBA 518). A-C; MNHN.F.EBA 518a, left hemimandible bearing canine, Mp-Mj3; A,
occlusal view; B, lingual view; C, labial view. D-F, MNHN.F.EBA 518b, right hemimandible bearing B-P4 and M»-M3; D, labial view; E, lingual view; F,

occlusal view.
doi:10.1371/journal.pone.0135698.g010

otic region is severely crushed and hence hardly describable. The anteroposteriorly short pro-
montorium is preserved and is isolated from the basioccipital by a large carotid foramen. A
similar condition is found irP. dasyuroides

Palatine Fig 13 Pal.). The anterior border of the choana (posteriormost ventral contact
between the palatines) almost reaches the level of the posterior end of the teeth row. Among
Hyaenodonta, this feature is shared with the proviverAihgpterodorand the limnocyonine
ThinocyonThe position of the choana contrasts with the fused palatinediasyuroideand
Apterodon macrognathushich finally open to the choana at the mid-point of the orbit. Asin
P. dasyuroideghere is a well-developed torus palatiniis) (L3 To. Pal.) at the level of 1
Anterior to M3, the palatine is deeply excavated, for the occlusion Wit Nk palatines are as
mesiodistally extended as they ar®idasyuroides

Alisphenoid Fig 13 Al.). The morphology of the alisphenoid is difficult to define because
of the numerous fractures in the specimen. However, the suture between the alisphenoid and
palatine is clearly preserved at the posterior edge of the nasopalatine structure. A single fora-
men is preserved in the orbital region and we tentatively identify this as the optic foremen (
13 Op. F.).

Basisphenoidqig 13 Bas.). The contacts between the alisphenoid, basisphenoid and squa-
mosal are situated close to the foramen ovaj (3 F. Ov.). The basisphenoid is almost rectan-
gular in ventral viewKig 135. The contact with the pterygoid bones is obscured by matrix.

Mastoid processHg 13 Mas. Pr.). The mastoid process is well preserved on the skull of
KerberosHowever, the structures that contribute to its composition are difficult to distinguish.
We tentatively delimitate its three components: the retrotympanic process of the squamosal,
the mastoid apophysis (Mas. Ap.), and the paroccipital apophysis (Par. Ap.). The paroccipital
apophysis extends distally.

Occipital regionfig 13 Oc.). The supraoccipital, exoccipital, and basioccipital bones are all
thoroughly fused to each other. The lambdoidal crests are incomplete and do not extend to the
mastoid process, a feature characteristic of Hyainailouridae (see above). Instead, the lambdoi-
dal crests converge ventrally, forming a concave, oval posterior surface above the foramen ma
num (Fig 8. They are directed ventrally toward the foramen magnbim {3 F. M.), forming
a clover-leaf-like shap€i@ 8. This morphology, notably found iR. dasyuroidess used by
Polly [3§ to diagnose the Hyainailourina&RterodontinagsensuPolly [38 = Hyainailouri-
dae). The anterior condyloid foramina are clearly visible and distal to the foramina, the occipi-
tal condylesKig 13 Oc. C.) are large and positioned around the foramen magnum.

Upper dentition. The skull (MNHN.F.EBA 517) displays three upper incisors. The three
incisors are compressed transversally. Tiethe smallest?land P are simple and conicaf |
is distinctly larger than the two other incisors and is semicaniniform.

Unfortunately, the crowns of the canines are not preserved.

The P, which is double-rooted, is formed by a single pointed cusp (= paradeine) (No
parastyle is present. The metastyle is very poorly developed. The crown disthalhown
but the alveoli indicate that it is double-rooted like tHeFhe P is triple-rooted with a heavily
worn parastyle. The metastyle is short and low. A small protocone is present; itis lingually
located relative to the paracone. THagthe largest premolar. The parastylar region is worn
out as on the previous premolars, but it was certainly well developed, which is typical of the
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Fig 11. Postcranial elements of Kerberos langebadreae gen. & sp. nov. A-B, fibula (right, MNHN.F.EBA 520); A, dorsal view; B, plantar view. C-E,
calcaneus (right, MNHN.F.EBA 522); C, dorsal view; D, medial view; E, lateral view. F-G, astragalus (right, MNHN.F.EBA 521); F, plantar view; G, doral

view.
doi:10.1371/journal.pone.0135698.g011

hyainailourine P. The protocone is much more developed than on th&Re protocone does
not bear accessory cusps.

The three upper molars are known. Thé M characterized by a short parastyle, a small,
mesially located protocone relative to the paracone and metacone, and a long, mesiodistally
aligned metastyle. The paracone and metacone are fused into an ampB]jcbizegroove
delimitates the paracone from the metacone though the apex of each cusp would have been dis
tinct. The M has no cingulum, which is also the case on tfaht M®. The M has a gener-
ally similar morphology to the M However, the parastylar region and the metastyle are
slightly more developed with heavy distal abrasion where theddld have shorn against the
metastyle. The Fiis transversally elongate. The preparacrista is long. The metacone is absent.
The protocone is short and narrow. Th& ®I* and M? are implanted obliquely. Rather than
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Fig 12. Postcranial elements of Kerberos langebadreae gen. & sp. nov. A-B, metatarsal | (MNHN.F.EBA 523); A, dorsal view; B, plantar view. C-D,
metatarsal Il (right MNHN.F.EBA 524); C, dorsal view; D, plantar view. E-F, metatarsal Il (MNHN.F.EBA 525); E, dorsal view; F, plantar view. G-H,
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metatarsal Il (left, MNHN.F.EBA 526); G, dorsal view; H, plantar view. I-J, middle phalanx (MNHN.F.EBA 528); |, dorsal view; J, plantar view. K-L, midle

phalanx (MNHN.F.EBA 527); K, dorsal view; L, plantar view.
doi:10.1371/journal.pone.0135698.g012

Table 2. Dental measurements (in mm.) of

Locus

|1

|2

|3

C
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p2

P3

p4

Ml

MZ

M3

*based on roots. Abbreviations: L, mesiodistal length; n, number of teeth measured; OR, Observed range; W, linguolabial width. Observed range.

doi:10.1371/journal.pone.0135698.t002
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being positioned parallel to the buccal margin, the cusps of these teeth angle slightly posteriorly
and laterally. Such a condition is found in the hyainailouRngasuryoides
Dentary. One mental foramen is present below thari®l another is present below thg P
(Fig 109. The symphysis extends posteriorly up to the distal root of gh&lie ventral margin
of the mandible is slightly convex, especially posterior to the tooth row. The mandibular con-
dyle is slightly higher than the tooth row. It is cylindrical and mediolaterally elongate. The cor-
onoid crest arises at a 45° angle relative to the horizontal ramus. A deep fossa for insertion of
the temporal muscle is present along the anterior margin of the crest. This fossa is particularly
prominent at the base and extends below the distal root of thdMe angular process is
curved sharply dorsally and is relatively thin. The masseteric fossa is deep and wide.
Lower dentition. The holotype does not preserve the lower incisors. The crowis ofd?
preserved, but its presence is confirmed by the presence of its single alveolyss Ehpd
rated from the R by a small diastema. The B double-rooted and is only slightly longer than
the P, (Table 3. The double-rooted-Hs known by one worn tooth. The presence of a slight
precingulid indicates the probable presence of a small paraconid. The talonid is large and is
constituted by the hypoconid. Thg B larger than the previous premolars. The relatively
small paraconid and the large, hypoconid-bearing talonid recall the morphology of P

Kerberos langebadreae gen. & sp. nov.

OR

0.68-0.92
1.50-1.55
0.44-0.59
0.91-0.98
0.18-0.28
0.61-0.67
2.17-2.19
1.54-1.63
1.07*-1.21
0.65-0.69
1.35-1.64*
0.64-0.65*
1.83*-1.86
0.85%-1.18
2.08-2.13
1.63-1.76
1.91-1.95
1.75-1.84
2.30-2.39
1.81-2
0.89-0.95
2.44-2.53

Mean

0.8
1. 558!
0.52
0.93
0.23
0.64
2.18
1.59
1.14
0.67

15
0.65
1.85

1
211

1.7
1.93

1.8
2.35

1.9
0.92
2.49
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OR

1.98-2.12
1.76
1.62*-1.67*
0.75%-0.77*
1.52*-1.68*
0.68*-0.86*
1.62-1.63*
0.72%-0.91
2.03
1.01
1.57*
1.16*
1.87-2.09
1.15-1.19
2.50-2.66
1.36-1.37

Mean

2.05
1.76
1.65
0.76
1.60
0.77
1.63
0.82

1.98
1.17
2.58
1.37
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Table 3. Measurements (in mm.) of postcranial elements of ~ Kerberos langebadreae gen. & sp. nov.

Measurements of the  bula

Total length 193.3
Anteroposterior depth of the head 27
Transverse width of head 18.3
Mid-shaft anteroposterior diameter 12.1
Mid-shaft transverse diameter 10.9
Anteroposterior depth of the distal epiphysis 26.7
Transverse width of the distal epiphysis 19.7
Measurements of the calcaneum
Total length -
Length of the tuber calcanei (up to the ectal facet) 40.7
Width of the tuber at mid-length 21.9
Transverse width of the ectal facet 13.5
Proximodistal length of the ectal facet 38.6
Measurements of the astragalus
Total length 52.6
Maximum transverse length 45.6
Trochlea length 35.3
Trochlea width 26.5
Head width 30.6
Measurements of the metatarsals and middle phalanges
Metatarsal | Length 57.5
Transverse width at mid-length 9.6
Metatarsal Il (left) Length 76.5
Transverse width at mid-length 11.4
Metatarsal Il (right) Length 76.9
Transverse width at mid-length 11.9
Metatarsal Ill Length 78.0
Transverse width at mid-length 11.6
Middle phalange MNHN.EBA 528 Length 26.7
Transverse width at mid-length 12.2
Middle phalange MNHN.EBA 527 Length 31.7
Transverse width at mid-length 14.0

*, estimated.

doi:10.1371/journal.pone.0135698.t003

The My is unknown but was clearly smaller than thgalRd the distal molars. The metaco-
nid is absent on the Mand Ms. The talonid on M is simple; only the hypoconulid is clearly
visible at the distal part of the talonid. A small anterior keel is visible on the buccal aspect of the
paraconid. The Mdiffers from the M by its larger size and shorter talonid. The talonid gf M
is as simple as the talonid of,M

Description of the postcranial elements.Fibula. The entire fibula is preserved, including
both proximal and distal epiphyses. The fibula is partially reconstructed, but this reconstruc-
tion does not have any impact on the features described herein. There is no indication that the
fibula was fused in any way to the tiblag 1J). A tendinal sulcus can be traced on the shatft.
The proximal head of the fibula exhibits a semilunar facet for articulation with the tibia. The
distal head is broad and possesses two facets that articulate with the calcaneus and the
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Fig 13. Drawings of the skull of Kerberos langebadreae gen. & sp. nov. (holotype, MNHN.F.EBA 517). A, dorsal view; B, ventral view; C, left lateral
view; D, right lateral view. Abbreviations: Al., alisphenoid; An. C. F., anterior condyloid foramen; Bas., basisphenoid; F. M., foramen magnum; F. @,
foramen oval; Fr., frontal; Inc. F., incisive foramen; Infr. F., infraorbital foramen; J., jugal; La., lacrimal; Mas. Ap., mastoid apophysis; Mas. &. Ap., mastoid-
paroccipital apophysis; Mas. Pr., mastoid process; Max., maxilla; Na., nasal; Oc. C., occipital condyle; Oc., occipital; Op. F., optic foramen; P. GPr.,
postglenoid process; Pa., parietal; Pal., palatine; Par. Ap., paroccipial apophysis; Po. F., posterior pterygoid foramen; Pr. Gl. Pr., preglenoigrocess;
Premax., premaxilla; Sag. Cr., sagittal crest; Sq., squamosal; To. Pal., torus palatinus.

doi:10.1371/journal.pone.0135698.9013

astragalus. The former calcaneo-fibular joint is characteristi€rebdonté (e.g., inrHyaeno-
donandOxyaenj

Calcaneus. The calcaneus is not well presefigd.(). The distal portion is particularly
crushed and difficult to interpret accurately. The tuber calcaneum is long and thickened. The
facet for the articulation with the cuboid seems to have been laterally slopindHgessino-
don), because its distal portion is diagonal in proximal view. The sustentacular facet is situated
plantar to the astragalar facet. The shape of the sustentacular facet cannot be described, becal
the bone is damaged in this region. The astragalar facet is elongate and ovoid with a slight
proximal inflection that extends onto the tuber calcanei. The astragalar facet is not kidney-
shaped as irlyaenodon

Astragalus. The astragalus is crushed, especially on its plantar &pédt (The trochlea
as well as the head of the astragadus asymmetrical. The trochlea is grooved, but rather shal-
low compared to that dflyaenodonThe head of the astragalus is widened and transversally
flat. In proportion to the trochlea, the head appears unusually large even when compared with
the astragalus of the large bodied hyainailouHgainailouros Compared tddyaenodorthe
caput astragali is not rounded, but transversally flattened, a condition also fodyéiimai-
louros The neck is robust and short. The astragalar neck is relatively shorter and the trochlea
shallower than itHyaenodonThe plantar articular facets for the calcaneus are too poorly pre-
served to allow any comment.

Metatarsal |. The robust first metatarsal is reduced in length relative to the other metatarsals
(Fig 1.

Metatarsal Il. The second metatarsal, which is known for both the right and left feet, is sub-
equal in length to the third metatarsal and is short and robust. The proximal articulation facet
is proximo-distally elongated. It is asymmetrical with a medial indentation of its shaft. The
trochlea is slightly curved. This bone is shorter and wider than the second metatéahgaé¢of
nodon The trochlea is not globular askityaenodorand all recent carnivorans.

Metatarsal lll. The third metatarsal is broadly comparable to the second metatarsal except
for the morphology of the proximal articulation. The plantar portion of the proximal articula-
tion facet is laterally compressed while the dorsal portion expands dorsally with lateral and
medial facets that would have overlapped the metatarsals lateral and medial to the fourth
metatarsal.

In general, the columnar shafts of the metatarsals and globular proximal articulations are
similar to the metatarsals bfyainailourod4] and are completely unlike the more gracile
metatarsals present in the digitigrade footghenodorf83]. When articulated, the three
metatarsals are slightly divergent distally.

Middle phalanx. Two middle phalanges have been recovered. They do not have the same
size, indicating that they correspond to distinct digits. This element is stigrt ) and wide.

The proximal articulation facet is heart-shaped and concave with a plantar indentation. The
distal trochlea is asymmetrical. Its shaft is symmetrical and preserves distinct flexor tubercles.
Compared tdHyaenodorthe middle phalanx is more robust, comparable to the middle pha-
lanx of recent ursids. The middle phalanxtfainailouross more asymmetrical with a unilat-

eral indentation of the shaffl].
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Fig 14. Comparison of the hemimandibles in labial view of hyainailourines. Furodon crocheti (A, left inverted, HGL 50bis-56; HGL, Hammada Gour
Lazib, Algeria, Université Montpellier 2, France),Kerberos langebadreaegen. & sp. nov. (B, holotype, left inverted, MNHN.F.EBA 518b) and“Pterodon”
phiomensis (C, right, AMNH 13253; AMNH, American Museum of Natural History, New York, USA). Not to scale

doi:10.1371/journal.pone.0135698.g014

Comparison and discussion. This specimen is especially noteworthy for its tremendous
size. Indeed, no hyaenodontid of such a size is presently known for the Bartonian, Ketking
berosone of the largest carnivores known from the Eocene of EvoopeyoungelParaptero-
donis slightly larger. In addition to considerations of body size, the material facilitates an
examination of the locomotion of the earliest hyainailourines.

The dental formula of the new taxon is reminiscent of the earliest proviverrines, sinopines,
arfiines, and indohyaenodontiness well as the earliest placentaighe presence of three
upper incisors, four premolars and three molars. However, the reduced molar talonids of the
new taxon clearly distinguishes it from the contemporaneous proviverrines, which retain
three-cusped, basined talonids. The reduction of the talonid is shared with the hyaenodontines.
The specimen differs from the hyaenodontines in the morphology of its nuchal crest, which
does not extend to the mastoid process, and differs Hgaenodorin the subequal length of
the paraconid and protoconid. These features are characteristic of the Hyainailog#dae [

The new taxon also displays several dental features of the Hyainailourinae such as are more
reduced talonid on Mrelative to that of M, the absence of metaconids on the molars, and the
connate paracone and metacof87(.

The African genuMetapterodonwhich is morphologically close to hyainailourines, was
referred to Koholiinae by Solé et &l]; [it was previously referred to Hyainailourin&S{7().
Kerberosiotably differs froniMetapterodomy the presence of a R short and low metastyle

Fig 15. Values of the In of body mass based on molar dimensions of European oxyaenodontidans and European hyaenodonts from MP7 to MP19.
Values given in Table 4. Abbreviation: K., Kerberos.

doi:10.1371/journal.pone.0135698.g015
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Table 4. Mean tooth measurements and body mass estimations. The data concerning the Oxyaenodonta, Sinopinae and Arfiinae and Proviverrinae are
from Solé et al. (2014) [L7]. Abbreviations: Hyae, Hyaenodontinae; Hyai, Hyainailourinae; (M-M3)L, M; to M3 length. This stratigraphic repartition ofH. ros-
signoli was chosen because the locality of Memerlin (France) where it is recorded is either MP18 or MP1993].

MP Species Taxon (M 1-M3)L (mm) Mass (kg) LnMass References
16 Kerberos langebreae Hyai 60.9 87.69 11.38 Present paper
Paroxyaena galliae Hyai 50.9 46.72 10.75 [9]
17a Paroxyaena galliae Hyai 50.9 46.72 10.75 [9]
Hyaenodon brachyrhynchus Hyae 38.2 17.06 9.74 [9]
Hyaenodon minor Hyae 30.4 7.65 8.94 [9]
Hyaenodon requieni Hyae 48.1 38.30 10.55 9]
17b Paroxyaena galliae Hyai 50.9 46.72 10.75 [©]
Hyaenodon brachyrhynchus Hyae 38.2 17.06 9.74 [9]
Hyaenodon minor Hyae 30.4 7.65 8.94 [9]
Hyaenodon requieni Hyae 48.1 38.30 10.55 9]
18 Pterodon dasyuroides Hyai 52.35 51.56 10.85 ]
Parapterodon lostangensis Hyai 62.82 97.78 11.49 6]
Paroxyaena pavlov¥ Hyai 50.9 46.72 10.75 [9]
Hyaenodon brachyrhynchus Hyae 38.2 17.06 9.74 [9]
Hyaenodon heberti Hyae 45.09 30.53 10.33 O]
Hyaenodon minor Hyae 30.4 7.65 8.94 [9]
Hyaenodon requieni Hyae 48.1 38.30 10.55 9]
Hyaenodon rossignoli Hyae 26.1 4.48 8.41 [9]
19 Pterodon dasyuroides Hyai 52.35 51.56 10.85 O]
Parapterodon lostangensis Hyai 62.82 97.78 11.49 9]
Paroxyaena pavlovf Hyai 50.9 46.72 10.75 9]
Hyaenodon brachyrhynchus Hyae 38.2 17.06 9.74 9]
Hyaenodon heberti Hyae 45.09 30.53 10.33 ]
Hyaenodon requieni Hyae 48.1 38.30 10.55 [©]
Hyaenodon rossignoli Hyae 26.1 4.48 8.41 9]

* Paroxyaena pavloviis here considered to be equivalent in size to Paroxyaena galliaebecause the M* of P. pavlovi, the only molar presently known for the
taxon, is similar in size to the M* of P. galliae.

doi:10.1371/journal.pone.0135698.t004

on P*, presence of a small protocone ch&hd absence of an ectoflexus on each upper molar.
These features are shared with the hyainailourines.

The Eocene-Oligocene hyainailourines are represented in Africa by four distinct genera:
FurodonandParvavorodoffrom late Early or early Middle Eocene of Algeria, Aktinatena-
vusand Pterodorfrom the Fayum Depression of Egypti7,69. Three hyainailourine genera
are known for the same period in EuroparoxyaengParapterodopandPterodonOnly one
hyainailourineHemipsalodoyis known in the Eocene of North America (see below for discus-
sion referring it to Hyainailourinae).

Kerberoshares withFurodon(late Early or early Middle Eocene; Algeria), the oldest hyai-
nailourine, the presence of a single-rootedts tooth is larger than #An the youngePtero-
donandAkhnatenavusHoweverKerberosliffers fromParvavorodoandFurodonby the loss
of the metaconid and a more reduced talonid on its lower molars and more connate paracone
and metacone on its upper molars. These features are shared with the Late Eocene and Oligo-
cene hyainailourines (e.gkhnatenavus ParoxyaerRarapterodopandPterodoi. Kerberos
andFurodonshare a similar mandibular morphology with the mandibular condyle located
superior to the tooth row, a relatively superior placement of the angular process, and a steeply
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inclined ascending ramus and deepened fossa for the insertion of the temporal muscle on the
anterior portion of coronoid crest(g 19.

The African genus\khnatenavuss presently represented by only one species: the Oligocene
Akhnatenavus leptognathigs]. Kerberosliffers fromAkhnatenavugy exhibiting less pro-
nounced diastemata between the premolars figmatenavusand more simplified molars
(e.g., reduced talonid). All these features are derived in Hyainailourinae. Based on dental mea-
surementsKerbeross 40% larger thaAkhnatenavuKerberoshus appears more derived
than AkhnatenavusHoweverKerberosiso differs fromAkhnatenavu@ the retention of an
important primitive feature: a more developed P

KerberosindPterodon dasyuroidase the only Eocene hyainailourines currently repre-
sented by skulls. Both have anteroposteriorly elongate skulls with relatively long rostra and
neurocraniaPterodorincludes four European and African specidsrodon africanus
Andrews, 190394 (Oligocene)Pterodon phiomenddsborn, 190996 (Oligocene)Ptero-
don syrto#lolroyd, 1999 §9 (Oligocene), and the Europe&terodon dasyuroid&sainville,

1839 [/ 7] (Late Eocene), which is the type species. In the analysis presented here, the genus is
paraphyletic (see below). The teettiKefberosire generally similar to those‘@fterodof, but
Kerberosliffers in its larger B P*, and M’. The R is often absent if?. dasyuroidefd] and

small in“P.” africanusand“P.” phiomensisThe talonids on the molars &erberosire rela-

tively longer, and the diastema betwegid B is longer than irf Pterodofi species. The

mandible oKerberogs more primitive than that ofPterodoi species in having a more dorsal
mandibular condyle, a more dorsal angular process, a more steeply inclined and taller coronoic
crest, and deeper insertions of the temporal muscle on the anterior margin of the coronoid pro-
cessftig 19. The mandibular features are reminiscent of thodeuoddon which iswith Par-
vavorodonrthe oldest hyainailourine presently knowsid 14. Finally, the metacone and

paracone on the molars are more fused, a more derived feature than the less complete fusion
present inP. dasyuroides

Kerberogurther differs from the Europeddterodon dasyuroidasthe presence of largg P
and P, and an unreduced number of upper incisors (only two upper incisors are present in
dasyuroid@sthese features are primitive among hyainailourikesberosiso differs fronP.
dasyuroide#m its larger protocone on¥and reduced parastylar area; these are derived fea-
tures in hypercarnivores. Finally, based on dental measurements and skull measukanents,
berodiffers fromP. dasyuroideby its larger size (£14%).

In her study of the European hyaenodontids from the Late Eocene to Late Oligocene,
Lange-Badréd] described three genera that she considered to be cl&$ertmlonParaptero-
don, ParoxyaenaandSchizophaguSince this studychizophagusas been synonymized with
Paroxyaenawhich is considered to be a peculiar hyainailourih@. Paroxyaenas known
in Robiacs fauna (reference locality of MP16 reference-le2d]) ConsequentliyKerberosnd
Paroxyaenare nearly coeval. Sudfef] noted that the' Castrais fauna could be slightly older
than the Robiac faunapntraAstruc et al. 29.

Kerberoshares witlParapterodomandP. dasyuroidebut not with Paroxyaenghe presence
of a high, sharp £ and a more fused paracone and metacone on the upper nicéat®ros
differs fromParapterodoin the primitive presence of a largé-Rhis tooth is even vestigial in
Parapterodorand a primitively large M Kerberosurther differs fromParapterodoty hav-
ing a more reduced parastylar region, and a more reduced protocone on upper molars, gener-
ally derived features among lineages that acquire hypercarnivorous deritgif). Kerberos
shares wittParoxyaenshe presence of three upper incisors, Katberosliffers fromParox-
yaenaby the presence of,Pa less reduced Ra less developed protocone chlRrger M (all
considered primitive features), more reduced talonids on lower molars, fusion of the paracone
and metacone, and reduced protocones on the upper molars (generally derived features).
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Kerberogliffers from the North Americaiklemipsalodom its smaller size (the skull of
Hemipsalodors 45 cm long), its mesiodistally elongate skull (notably in the rostrum and the
neurocranium), the distal elongation of the mastoid process (primitive features), and a more
closely appressed paracone and metacone on the molars (derived feature).

In summary, the taxon described here departs from other members of the hyainailourine
subfamily in featuring a distinctive mixture of primitive and derived features. Thus, we refer
this taxon to the new genukerberosits discovery increases the taxonomic and morphological
diversity of the hyainailourines, especially in Europe.

Discussion
Ecology of Kerberos

The body size of an animal is one of the most important factors in determining its role in its
ecosystem. Body size influences dietary preference, predatory behavior, and niche partitioning
[87-88|. Itis directly related to an organissbiomechanical and physiological demands. Sev-
eral methodologies have been proposed for determining the body mass in fossil mammals. Se\
eral of them have been applied to hyaenodonts. Depending on the methodology, they
correspond to regressions based on dental, cranial or postcranial dimedi6as97. Most

of these studies use extant taxa to correlate known body size to osteological measurements th:
can be collected from related extinct taxa. The reconstruction of body sizes for Hyaenodonta
has been problematic because the entire group is extinct, making direct regressions difficult to
apply to the group. Moreover, as mentioned by Van Valkenbugghdentally or cranially

derived body size estimates based on extant carnivorans produce unreasonably large values ir
hyaenodonts because they have relatively large crania compared to carnivorans.

With these caveats in mind, we estimate the body masertieros langebadrazsng
three methodologies. (1) The methodology of Mo [which is based on dental dimensions
(length of the molars), provides an estimation cf@5kg (Table 3. (2) The methodology of
Van Valkenburgh89, based on the skull length, estimates the body masdafigebadreae
to be about 277 kg. (3) The methodology of Tsubam®# fvhich is based on the dimensions
of the astragalus results in ranges from 60 kg to 269 kg (length Lil) and from 49 to 199 kg
(length Arl). The median body mass of these estimates is 140 kg.

We present a comparison of the estimated body makertferosvith those of proviver-
rines from MP7 to MP19 and contemporaneous hyainailourines and hyaenodomtig€s;(

Table 4. We only use the methodology of Morl®1] for this comparison because it is based

on dental measurements, and cranial and astragalar dimensions are not available for the entire
sample. During their evolution, proviverrines never have exceeded 20 kg (see Sdldket al. [

The two oldest hyainailourines recorded in EurdferberosndParoxyaengare clearly dis-
tinguished from endemic proviverrines by their much larger size. Thus, n&ignberosor
Paroxyaenavas likely in direct competition with proviverrines. Conceivably, the smaller provi-
verrines may have even been their prey.

Itis noteworthy that the body mass range of contemporaneous European hyaenodontines
(4-39 kg) partially overlaps with that of proviverrines (628 kg) ¢ig 15. Morlo [21] recon-
structed the large proviverrineasd,, Oxyaenoidgss cursorial hypercarnivorous predators;
because this corresponds to the locomotioHydenodonthey thus may have belonged to the
same ecological niche. Additionally, one can note that the appearance of Hyaenodontinae in
Europe is roughly coeval with the disappearance of the large and hypercarnivorous proviver-
rines. The body mass range of the hyainailourinesq8#&g), as noted above, sets themin a
very different size class than either hyaenodontines and proviverfiigesy. Consequently,
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Fig 16. Consensuses of the first phylogenetic analysis. A: strict consensus (135 steps long; Cl 0.52; R1 0.68) of the first phylogenetic analysis of the
hyainailourines which includes body size character with indications of the Bremer support values. B: relationships among several hyainailourinesn the
majority rule consensus (120 steps long; Cl 0.59; RI 0.75) with percentages of presence of the clades among equally parsimonious trees. In boldKerberos

langebadreaegen. & sp. nov.
doi:10.1371/journal.pone.0135698.g016

hyaenodontines may have had a greater impact on the evolution of proviverrines than hyainai-
lourines, which did not move into a previously occupied niche space (based on body mass).
The association of the mandible and skull allows detailed discussion of the masticatory mus-
culature inKerberosind a reconstruction of its feeding habits (s&&-99] for a description of
the role and position of each masticatory muscle in carnivorous mammals). It should be noted
that the temporal group musculature is more developed than the masseter group as usually
observed in carnivorous mammasd4]. The anterior base of the coronoid process has a
remarkably deep fossa with a significant anterior extension, producing a large insertion for the
anterior fibers of the temporal muscle (pars orbitalis). Because this fossa is deeper than in
“Pterodon, it would have alloweHerberos more powerful clenching action. As‘iatero-
dorT’, the squamosal and temporal areas, in which the deep masseter, zygomaticomandibularis
and temporal muscle (pars temporalis) originate, are important. These three muscles are exten
sively developed; this observation correlates with the large masseteric fossa observed on the
two dentaries. As indicated above, the anterior border of the choana is more anterior than the
choana inPterodon dasyuroidgwoviding a reduced surface area for the origin of the medial
pterygoid muscle. The delicate angular process (relative to other hyainailourines) further sup-

ports the feeble contribution of the medial pterygoid to mandibular adduction. The enlarge-
ment of the pterygoid muscle ffPterodofiwas noted by Lange-Badi@.[The important

mastoid process, which is larger tharfftterodoi, suggests that the digastric muscle, an
abductor and protruder of the mandible, was also powerful. However, the mastoid is also the
site of origin for much of the ventral cervical musculature and the separate sites of origin for

Table 5. Reconstructed locomotor styles and the position of the pes in several hyaenodonts.

Family Species Age Locomotion Pes References
Sinopinae Prototomus martis Early Eocene Terrestrial/scansorial - B4,113]
Prototomus secundarius Early Eocene Scansorial - [113]
Gazinocyon vulpeculus Early Eocene  Terrestrial (incipient cursorial) Digitigrade B8]
Sinopa major Middle Eocene Cursorial Digitigrade bB5]
Tritemnodon agilis Middle Eocene Terrestrial Semi-digitigrade B8]
Limnocyoninae Prolimnocyon atavus Early Eocene Scansorial Semi-digitigrade [L14]
Limnocyon verus Middle Eocene Generalized Plantigrade b8,114]
Thinocyon velox and T. medius Middle Eocene Semi-fossorial Plantigrade [L15]
Hyainailourinae Kerberos langebadreae Middle Eocene Terrestrial Plantigrade Present paper
Hyainailouris sulzeri Early Miocene Terrestrial Digitigrade B,33]
Ar inae Ar a shoshoniensis Early Eocene  Terrestrial (incipient cursorial) Plantigrade B4,113]
Proviverrinae Lesmesodon* Middle Eocene Generalized Plantigrade R4]
Cynohyaenodon cayluxi Late Eocene Generalized Plantigrade 21,24]
Hyaenodontinae Hyaenodon Oligocene Cursorial Digitigrade B3]
Apterodontinae Apterodon langebadreae and Apterodon indet. Middle Eocene Semi-aquatic Plantigrade b2]
*Lesmesodon is only represented by juveniles [24].
doi:10.1371/journal.pone.0135698.t005
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these muscles are difficult to interpret (s@@{L.0( for a description of the muscle attachment
sites in the mastoid region in mammals).

Although the cranial morphology ¢ferbeross similar to that of Pterodof, it has several
more primitive features. The younger hyainailourine species expanded the role of the pterygoic
muscles and of the masseter muscles, a shift evinced in the more developed angular process
and reduced insertion for the temporal‘iRterodof and younger species. Finally, the empha-
sis on the temporal musculature and digastric muscl&giberoindicates that this taxon
would have been capable of powerful slicing and crushing near the molars, but the dentary was
only capable of minimal lateral movements.

Savageq( described a complete skull Miegistotherium osteothlasfeddyainailouros
bugtiensisand noticed that the skull Isnoulded for maximum efficiency in feedin@avage,
[80): p.503). He particularly emphasized the importance of the temporal musculature that orig-
inated from the long, tall sagittal crest, a feature sharedkgtherosHyainailouros bugtiensis
differs fromKerbero$n having a shorter rostrum. Sava@é][interpreted the shortened face as
important for stabilizing the roots of the canines during food capture. With a more extensive
rostrum thanM. ostethlastethe canines may not have been used as activBlgriveros

The cervical vertebrae are unknown @rberosHowever, several of these elements are
known for Hyainailourinae and because the basicranial portion of the skull is similar for all
known hyainailourines, the cervical vertebrae were likely similar across the subfamily. Savage
[80) described the atlas degistotheriunt= Hyainailouros bugtiengiand Ginsburg4]
described two cervical vertebradyfainailouros sulzerBavaged() noted that the large size
and broad transverse processes of the atlas imply significant extension of the head. The lateral
cervical musculature associated with the large, transverse cervical processes indicates the ani
mal was capable of strong lateral flexion of the head, which is particularly useful for restraining
struggling prey. Concerning the cervical vertebra#. sfilzerj Ginsburg {i] noted the rela-
tively short neural spine on the seventh cervical vertebra. This spine, which is taller and more
robust inHyaenodonimplies thatHyainailouroshore his head low, aligned with the thoracic
vertebrae.

The secant molars jand M*2 of Hyainailourinae exhibit little morphology that would
aid in crushing (e.g., protocone and talonid on molars) and puncturing (e.g., metaconid), but
the premolars are robust and display horizontal wear, which indicates they served a separate
function from the slicing molarghe addition of a well-developed protocone in hyainailour-
ines illustrates the crushing function hypothesized for the premolars. Based on this dental mor-
phology Ginsburg4,33 argued that' Pterodoil andHyainailouroswvere bone crushers
comparable to recent hyaenids, which also possess secant dentition.1St@festgd that
Pterodon dasyuroidaadHyainailourogpossess only zigzag Hunter-Schreger-Bands (HSB),
while limnocyonine®rolimnocyorfprobably with the exception & elisabethgeand Thino-
cyon and sinopine®rototomusandSinopadisplay undulating HSB. A transitional state is
found in Apterodorand soméHyaenodorand“Pterodofi species: they actually display a tran-
sition from undulating HSB at the enamel base through acute angled HSB to zigzag HSB at the
tips of the teeth. She concluded that the development of zigzag HSB in the hyainailourines cor-
relates with ossiphagy. The transition from undulating to zigzag HSB is notably found in most
EuropearHyaenodorspecieswhich also exhibits a pattern of weanggesting that bone
crushing was also part bfyaenodofs diet [L0Z.

Consequently, based on the tajorobust premolars, the powerful cranial musculature and
the phylogenetically bracketed presence of zigzag HSB, we hypothed{zzlibedsvas capa-
ble of scavenging like its closest relatives. Extant mammal scavengers are also capable hunter
a mode of food acquisition likely partially utilized Kgrberosand hyainailourines more gener-
ally. Werdelin 03 distinguishes two morphotypes among ossiphageous carnivores: the bone-
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crackers (e.g., spotted hyaenas), which break bones with their premolars, and bone-crushers
(e.g., wolves) that break bones with their post-carnassial molars. BEedosofias exten-
sive premolar wear, it may be considered a bone-cracker with a diet analogous to that of the
extant hyenas (except the aardwolf).

The postcranial bones allow a partial reconstruction of the locomotieddferosThe fib-
ula exhibits interesting features related to locomotion. The fibula was not fused to the tibia.
Furthermore, the fibula has a large distal head and large facet for contact with the calcaneus
and a large proximal head in contact with the tibia. These features indicate a fibula capable of
significant rotation for progression over rocky or uneven surfade$. [Among extant carni-
vores, such arotatory fibula is known in bears and cats for instance and, among Hyaenodonti-
dae, arotary fibula is known iHyaenodonalthoughHyaenodorshows clear adaptations to
cursoriality as wellf3,105. Other postcranial features indicate a plantigrade posturnédor
berosncluding: a transversally flattened caput astragali, a short astragalar neck, short and
robust metatarsals and a short and robust calcari€is]07]. The sustentaculum tali has a
plantar position, which is an osteological correlate for terrestrial locomatioh [The groov-
ing of the astragalar trochlea is a well-known indicator for locomotion with cursors tending to
have more deeply grooved astragali, while ambulators have more shallowly grooved astragali
[108-109. The relative depth of the astragalar trochlea also contains a strong phylogenetic sig-
nal [89]. The astragalar trochlea iierbeross shallow, but grooved. Its development suggests
terrestrial locomotion, but clearly not in the cursorial posture indicated by the astragalar troch-
lea ofHyaenodor109. Because Qeary et al.]11( recently proposed that scansorial features
are basal for placental mammals, one must keep in mind that some of the feateelseybs
are potentially primitive, as they are found in many early Tertiary mammals (for instance see
(111).

To conclude, its postcranial anatomy suggestskkdberosvas a plantigrade, terrestrial
mammal; we use the terfterrestrial in the sense of Egd[l], referring to the following partic-
ular locomotionclimbs rarely/never, scarcely runnindhis feature is important because it
ecologically distinguish&erbero$rom two carnivoran groups that occupied the ossiphageous
niches, the Borophaginae and Hyaenidae: these carnivorans are reconstructed to be cursorial
[72,73. In this regardKerberosppears more similar to the oxyaefdlaeonictibecause the
latter displays dental ossiphageous adaptati@?sahd a terrestrial locomotior?3117.

The locomotor styles of hyaenodonts are poorly known: the postcranial morphology of only
a few taxa has been studied, and most of these taxa are from North Anfetiica §. Interest-
ingly, a wide range of locomotion has been hypothesized: the limnocyfmimecyoris a
probable semi-fossorial forryaenodoris cursorial, whil@pterodorshows semi-aquatic
adaptations$2,83119. This lack of knowledge and the apparent diversity of locomotor adap-
tations among hyaenodonts prevent a rigorous reconstruction of the ancestral locomotor state
for this group. However, based on the postcranial elements found in North America we are
able to posit a possible primitive locomotor pattern for hyaenodonts. The oldest North Ameri-
can hyaenodonts have adaptations that would have allowed them to move in both arboreal and
terrestrial environments. Rosé {[3: p.166) even noted that tf&/asatchian hyaenodontid
[an]s, probably [were] reasonably facile in the trees as well as on the gréomahg North
American hyaenodonts, the Sinopinae and Arfiinae differ from the Limnocyoninae in being
more terrestrial. For instanc&rfia displays a mosaic combination of cursorial forelimb adap-
tations and scansorial hindlimb adaptatiofig][ The ability to exploit both the trees and the
ground was probably the ancestral condition of the hyaenodonts. Finally, the presence of plan-
tigrady in numerous, primitive hyaenodonts allows us to hypothesize a plantigrade foot at the
origin of hyaenodonts.
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The sole hyainailourine for which the locomotion has been studidgagailouros sulzeri
Ginsburg §,33 reconstructedHyainailourosot as a fast runner, but as a capable jumper. He
also provided arguments for a digitigrade stance. According to our anblyaisailourods
more derived thaiKerberosind the postcranial morphology of the new taxon is consistent
with the retention of an archaic locomotion.

In conclusionKerberosvas a heavily built hyaenodont, with a plantigrade posture that pre-
dominantly moved across terrestrial substrates. Because of its size and the absence of obvious
adaptations to cursorialitiKerberosvas likely not a fast runner but rather complemented
active predation with scavenging. Carbone eB&J1[L§ demonstrated that extant carnivorous
mammals that weigh above 2425 kg generally hunt prey as large or larger than themselves.
Becaus&. langebadreagxceeds this size bracket, it probably focused on large prey such as
large artiodactyls (e.gchoeropotam(snd perissodactyls (e.ggphiodorandPalaeother-
ium). Due toits large body madéerberos langebadresas probably an important, apex pred-
ator among the European faunas of the Bartonian. However, as noted by several attkors [
119, the reconstruction of the ecomorphology of extinct carnivorous mammals is difficult
especially when a taxon likeerberoslisplays unique character combination, which are not
any analogous to those found in extant carnivor&esberosvith features similar both to
Palaeonictiand several living hyenas, clearly illustrates this issue.

Phylogeny of the Hyainailourinae

As indicated above, Hyainailourinae is characterized by a secant dentition as Hyaenodontinae.
Polly [38] demonstrated that the two groups are not closely related and convergently acquired
similar shearing dentitions. He provided cranial and dental characters for differentiating the
two hypercarnivorous groups. He includettrodonHyainailourosHemipsalodoySivaptero-

don andMegistotheriunamong hyainailourines. Holroy@J] added the genugkhnatenavus
andMetapterodonPeigné et al1[l9 removedDissopsaliand Anasinopdrom the“Afro-

Asian proviverringsof Egi et al. §0, and referred them to Hyainailourinae as wbiksopsalis
andAnasinopaliffer from Pterodorand its closely affiliated taxa by the presence of a wide
talonid and the retention of the metaconid. Lewis & Moii6][used this work as a basis for

the establishment of a list of African hyainailourines. Hyainailourinae in Morlo &tGhfvjr-

ther added AfricariSinopd andMetasinopdo the group.

The recent study of Solé et dl},[based on an analysis of the oldest hyainailoufiugedon
andParvavorodojrestricted Hyainailourinae to its original definitioBd. The authors con-
served the following African geneRterodonHyainailourosisohyaenodah.eakitherium
SivapterodorAkhnatenavud-urodon andParvavorodonT he African‘Sinopd, Metasinopa
Dissopsaliand Anasinopavere referred to Teratodontinae. Moreover, Solé eildbiind a
close relationship between Hyainailourinae and Koholiinae. Our present study of hyaenodont
crania allows Apterodoninae and Hyainailourinae to be grouped into Hyainailouridae and the
separation of Hyainailouridae from Teratodontinae.

In an effort to better understand the relationships within Hyainailourinae, we performed
phylogenetic analyses of the group including closely related taxa. A study of hyainailourines
was partially undertaken by Holroyd in her PhD theSig[However, she included several
taxa that have been excluded from Hyainailourinae in subsequent work/@tpodon Pae-
noxyaenoidesndOxyaenoidesvhich are now referred to Proviverrinae, aidtapterodon
which is referred to Koholiinae), and she restricted her study to the Eocene and Early Oligo-
cene hyainailourines.

Our study includes almost all hyainailourines that are known by a complete lower or upper
dentition. We did not include eithd?arvavorodomwr Pterodorsp. (9, because the former is
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Fig 17. Consensuses of the second phylogenetic analysis of the hyainailourines with Leakitherium
excluded. A: strict consensus (120 steps long; Cl 0.59; RI 0.75) of the second phylogenetic analysis of the
hyainailourines which includes body size character with indications of the Bremer support values. B:
relationships among several hyainailourines in the majority rule consensus (117 steps long; Cl 0.60; R1 0.76)
with percentages of presence of the clades among equally parsimonious trees. In boldKerberos
langebadreaegen. & sp. nov.

doi:10.1371/journal.pone.0135698.g017

only known by two isolated teeth, and because the maxillary fragment of the latter is much
abraded. We also included the apterodontidpterodon langebadreard A. macrognathus

as well as the koholiineésihimiaandBoualitomusbecause the two subfamilies share many
characters with Hyainailourinae, which can potentially help polarizing character transforma-
tions within the in-group. The purpose of this study is not to test all hyaenodont relationships.
Several taxa, notably species of Hyaenodontidae, were not included and will be considered in
future evaluations of the phylogenetic relationships within Hyaenodonta.

Three distinct analyses have been performed\(sgerial and methodsection). The first
analysis (all the taxa and characters included) yielded 201 equally parsimonious trees, with a
tree length of 117 steps, consistency index (Cl) of 0.60 and retention index (RI) of 0.77. The
strict consensus tree is 135 steps long (Cl = 0.52 and RI = 6i68)§A. The majority rule
consensus is 120 steps long (Cl = 0.59 and = RIBig365. The Hyainailourinae includes
the gener&aroxyaenandHemipsalodorn this analysis the gen&&erodoris not monophy-
letic and will be closely examined in a future work. The second andlgsikitheriundeleted)
yielded 7 equally parsimonious trees, with a tree length of 116 steps, consistency index (Cl) of
0.61 and retention index (RI) of 0.77. The strict consensus tree is 120 steps long (Cl = 0.59 and
RI=0.75) Fig 17A. The majority rule consensus is 117 steps long (Cl = 0.60 and Rl = 0.76;

Fig 17B. The third analysisl(eakitheriundeleted and character related to body mass

excluded) resulted in 8 equally parsimonious trees (L = 106; Cl = 0.63; Rl = 0.78; the strict con-
sensus has a length of 111 steps for a Cl of 0.60 and a RI of 8y 6¥( Fig 19depicts the
consensus tree of the third analysis with stratigraphical and geographical information.

The proposed topology does not show temporal incoherence. However, the topology
implies a significant ghost lineage fterodon dasyuroidess demonstrated by Holroy@§),
the hyainailourines experienced a significant diversification during the Late Eocene. This diver-
sification should be interpreted cautiously as there are significant gaps in the fossil record of
hyainailourines, particularly in the early Paleogene record of Africa. Interestingly, the two Neo-
gene groupghe small hyainailourines represented$ghyaenodoand the very largelyai-
nailourosand Sivapterodorare rooted in Late Eocene taxa.

The consensus of the third analysis differs from the consensus trees of the second analysis
by the absence of close relationship between the Apterodontinae and Hyainailourinae althougk
some relationships remain unresolved. Moreover, the Bremer support values are slightly
higher. In the second analysisq 17, the clade formed by the Apterodontinae and the Hyai-
nailourinae is supported by the presence of large premolar diastemata [35(2)], an increase of
size [1(3)], reduction of the metaconid [37(2) Fast Optimization (= FO) & Slow Optimization
(= SO)], aweak paraconule crista [16(1) (SO)] and a paracone greater than the metacone [20
(1) SQJ. The close relationships between these two subfamilies was hypothesized by Grohé
et al. b7 and Rana et ald1]—together with African Teratodontinae in the latter stulyt
not by Solé et alf]. Our expanded taxonomic sampling allows more complete examination of
this relationship. Moreover, as discussed above, the two subfamilies share numerous postcra-
nial and cranial features that would likely lend support to the Apterodontinae+Hyainailourinae
clade defined as Hyainailouridae.
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Fig 18. Strict consensus of the third phylogenetic analysis of the hyainailourines with Leakitherium and body mass character excluded. 111 steps
long; C1 0.60; RI 0.76; with indications of the Bremer support values. In bold:Kerberos langebadreaegen. & sp. nov.

doi:10.1371/journal.pone.0135698.g018

We describe in the following paragraphs the consensus tree of the third analysis because the
analysis was not disturbed bgakitheriumand not influenced by the body masses)(19.

The node A is supported by a weak and short paraconule crista on the molar [16(1)], the reduc-
tion of the B and R relative to R[29(1)] and the reduction of the metaconid [37(1)]. The
Koholiinae (node B) are supported by the loss of thR8(2)] and a molar series longer than

the premolar series [36(1)]. The Apterodontinae (node C) are grouped based on the following
features: reduction of the metastyle S{®1)], completely separated paracone and metacone
of equal height [19(0), 20(1)], reduced parastyle on molars [22(1)], absence of ectoflexus [25
(0)], reduced distal cuspulid on, B1(1)], talonid as wide as the trigonid [44(0) FO], artd P
metastyle present [6(1) S@Jpterodon macrognathdsfers from the earlieA. langebadreae

by a single-rooted{3(1)], the reduction of the metaconule [17(1)], the absence of metaconid
and entoconid on molars [37(2), 40(2)], and a postprotocristid directed distally [48(1)]. Grohé
et al. b2 hypothesized thaf\pterodorcould be a semi-aquatic hyaenodont based on postcra-
nial features. The peculiar morphology of apterodontine dentitlomiogenized premolars

and simplified molarscould be an adaptation for a piscivorous diet. This homogenized, sim-
plified dentition is reminiscent of pinniped dentition.

The Hyainailourinae (node D) are supported by a small, mesially located protocone on the
molars [24(1), 26(1)], Rall and long [33(2)], a protoconid as long as the paraconid [47(0)], a
P2 with large lingual cingulum [5(1) FO],Pnesial root larger than the distal one [14(1) FO], a
long metastyle on molars [18(1) FO], large anterior keels [42(1) FO] and higher paraconid on
molars [46(1) FO]. The oldest hyainailourine presently kneumodonfrom late Early or
early Middle Eocene of Algeria the sister-group of all other hyainailourinBgrvavorodon
has not been included in the phylogenetic analysis (see above) and has been placed at the nod
C (Fig 19 with an unresolved relationship with other hyainailourines. This positioRfioo-
doncontradicts the hypothesis of Solé et@ltfiat Furodoncould be closely related to
Akhnatenavus

Numerous features support node E: the absence of the metaconule on the molars [17(1)],
the length of the molars equivalent to that of the premolars [36(2)], the loss of the metaconid
[37(2)], the reduced talonid on M49(1)], the elongation of the metastyle on molars [18(2)

FOJ, the distally directed postprotocristid [48(1) FOJ, the reduction of the parastyl&[a0 P

(2) SO, and the reduction of the\R7(1) SO]. Some of these features are found in hyaeno-
dontines. However, as shown by Polif][ these features have been acquired convergently in
hyaenodontines and hyainailourines.

Node F (= Paroxyaenini) groups the two specidzasbxyaenand the North American
genusHemipsalodonThe synapomorphies at this node are the paracone and metacone of
equal height [20(1)], the strong protocone oteid P [5(2) FO, 7(0) FO, 13(0) FOJ, the pres-
ence of a metastyle orf [5(0) FO], the reduced shearing surface of the postparacrist on P
[12(1) FO], the small anterior keel on the paraconid [42(0) FQO], the talonid as wide as the tri-
gonid [44(0) FO], and a paraconid lower than in other hyainailourines [46(0) FO]. Itis inter-
esting to note that these two genera have a basal position among hyainailourines in our
topology. This early origination agrees with the pleisiomorphic features retained in the group
such as the separated paracone and metacone on molars. Surpiiangkyaena pavloig
closer taHemipsalodothan toParoxyaena gallig@ode G); however, it should be noted that
Paroxyaena galligs currently only represented by a juvenile specindgrapd its permanent
dentition is not completely known.
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Fig 19. Phylogeny of the hyainailourines with stratigraphic and climatic indications based on third phylogenetic analysis with Leakitherium
deleted and body mass character excluded.  Abbreviations: Paleoc., Paleocene; Thane., Thanetian; Barton., Bartonian; Priabon., Priabonian; Aquit.,
Aquitanian; Lang., Langhian; Serra., Serravallian; PETM, Paleocene-Eocene Thermal Maximum; MDE, Mammal Dispersal Event; EECO, Early Eocene
Climatic Optimum; MECO, Middle Eocene Climatic Optimum; Oi-1, Oligocene Oi-1 event; Mi-1, Miocene Mi-1 event; OoA;Out of Africa” event; A.,
Apterodon; A. m., Apterodon macrognathus; H., Hyainailouros.

doi:10.1371/journal.pone.0135698.g019

The relationship betwedParoxyaenand Hemipsalodoallows the origin of the North
American genus to be reconstructed. Contrary to Melt&f, [Gustafson]2( considered a
close relationship betwe&terodorandHemipsalodopossible because of similarities in the
basicranial regions of both genera. We follow the opinion of Gustaisthifi considering
Hemipsalodoas a hyainailourine. As shown by the phylogenetic analysis, several dental fea-
tures such as the separation of the paracone and metacone of equal height and the developme
of a large protocone or*Rupport a sister-relationship witaroxyaenaVoreover, we can
add the following features: the presence of three upper incisors, presence of a lingual cingulum
on the premolars and molars, the non-reduction of thé(dbmpared to other hyainailourines,
excepKerberok the shortening of the rostral part of the skull, and the presence of a depression
on the lateral part of the maxilla.

To emphasize the peculiar morphologyPairoxyaenamong hyainailourines, Lavro§][
recognized the tribe Paroxyaenini. The Paroxyaenini are characterized by the fusion of the
orbital fissure and the foramen rotundum. Due to this fusion, the Paroxyaenini have only three
foramina in the posterior part of the orbital region. Gustafsbt(] noted the presence of
three foramina instead of four iHemipsalodorbut he misidentified them; thus, from anterior
to posteriorHemipsalodohas an ethmoid foramen, an optic foramen, and a fused fissura
orbitalis and foramen rotundum. As no feature excludemipsalodofrom Paroxyaenini, we
include this genus in the tribe. The presenceemipsalodoamong Paroxyaenini has impor-
tant biogeographic implications as this genus is the only hyainailourine recorded in North
America (see below).

Node H is supported by a weak lingual cingulum on the upper premolars [4(0)], weak
mesiolabial cingulum on the upper molars [15(1)], fused metacone and paracone [19(2)], small
talonid on lower molars [43(1), 45(1)], loss of the paraconule [21(1) FO], and reduction of the
talonid cusps [40(2) FO, 41(1) F®terodon dasyuroidescharacterized by the reduction of
the number of upper incisors [2(1)] and of the fusion of the symphyseal region [5@tii)
the latter feature is typical of this species, the first character is also kndiyaimailouros

Node | is notably supported by the presence of three roots §8(@)], the reduction of the
M talonid [39(1)], and the reduction of the' 8(1) FO].Parapterodomnd“Pterodot africa-
nus(node J) are grouped based on the loss OfW(2)]. Node K is supported by the absence
of the parastyle on the molars [22(1)], and the increase of the length of the premolars relative
to the molars [36(0) FO].

Node L is supported by a mesial root larger than the distal root'¢h4?0)] and a double-
rooted P [3(0) FOJ. It groups Pterodoii syrtosand the new genugerberosThe former dif-
fers fromKerberody the completely fused paracone and metacone [19(3)SO]. The notable fea-
tures that support node M are the absence of a talonid gf®(2)], a distally directed
postprotocristid [48(1) FO & SO], the loss of the mesiolabial cingulum on the upper premolars
and molars [15(2) FO], and reduction of the talonid cusp [40(2) SO, 41(1)]. Node N, which
comprises Eocerfkhnatenavuand the Miocene hyainailourinésohyaenodqrsivapterodon
andHyainailourosis notably supported by a tall and shogt[B3(1)], the strong reduction of
the talonid on M [45(2)], and the presence of very short diastemata between the premolars
[35(1) FOJ. The relationships within this clade however are poorly resolved. The evolution of
the hyainailourines during the later Oligocene is presently poorly kngwnlQ; only several
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fragmentary fossils of hyainailourines have been reported from this period (see for instance
Rasmussen & GutierrezZ1]). Consequently, this lack of fossils could explain the irresolution
of the relationships within this clade. This node is comprised of two distinct size groups: node
O corresponds to the small Neogene hyainailouriteeshfyaenodgnwhile node P includes

the largest hyainailourines ever recordsivépterodoandHyainailouro$. Consequently, the
separation between these two ecological groups occurred during the Oligocene or earlier.

Akhnatenavuss distinguished by the absence of a distal cingulid«f8H1)], reduction of
the talonid on R [34(1)], presence of large diastemata between the premolars [35(0)], and a
less reduced talonid onM45(1)].Isohyaenodois not monophyletic in the strict consensus
tree of the third analysis, but it was monophyletic in the majority rule consensuses of the first
and second analyses. However, the relationships withisohgaenodogenus do differ
between the first and second analytsshyaenodois a good example of the trend among
hyainailourines towards a simplification of the molésshyaenodon andrewsie largest spe-
cies of the genuss characterized by the presence of a talonid gfi3da(0)].

Node O is supported by a distally elongated postprotocrista [48(2)], the loss of the distal
cuspulid on B[31(1) FO], a low and broadf33(0) FO], molar series longer than the premo-
lar series [36(1) FO], and a very reduced[BB(1) FO]. The two species fjainailouros
form a clade (node P), which supports the monophyly of the genus and the distinctive diagno-
sis ofSivapterodofsee Pilgrim47] and Ginsburg §]); this group is however only supported
by a low and broad H33(0) SO] and a very reduced;¥88(1) SO].

Evolution of size among hyainailourines

The large size d€erberosvas unexpected: it is larger than any other contemporaneous Euro-
pean hyaenodontg 15. With the inclusion of North Americaklemipsalodoim Hyainai-
lourinae, there were at least two large-bodied Hyainailourines in Laurasia during the
Bartonian. The large body size, exemplified by BartokeherogandHemipsalodoyis a
common evolutionary tendency in hyainailourinegy(19. Hyainailourinae includes one of
the largest carnivorous mammals ever knoMagistotheriunf= Hyainailourus bugtiengis
The skull ofMegistotheriunis about 66 cm longnearly twice as long as thatlérberos-
and the animal may have weighed as much as 8080g [

In his description oMegistotheriumSavaged[]] observed that the face of hyainailourines
is relatively long when compared to that of carnivorans and Hyaenodontidae. He proposed two
hypotheses for the conservation of a long mandible: (1) it is non-adaptive and corresponds to a
conserved genetic trait, or (2) it is selective and related to the size of preferred prey (e.g.,
anthracotheres, pigs, rhinoceroses, mastodonts and deinotheres). The second hypothesis is
supported by the abundance of proboscideamdegistotheriuns fauna. Savageé( esti-
mated thatMegistotheriumdue to the length of its jawnay have had 30 cm of clearance
between the tips of the canines, which would allow the animal encircle and bite a proboscidean
limb. Rasmussen et al.{] hypothesized that large hyainailourines, which mainly radiated in
Africa, evolved originally as specialized predators or scavengers of the massive herbivores
endemic to Africa, such as embrithopods and proboscideans. Ginghargpported this
hypothesis and noted thatyainailourosappeared in Europe together with the proboscideans
(Proboscidean datum; see’[J). Large body size is an ancient feature among proboscideans
with the oldest representatives of group already relatively lafge Numidotheriumwhich is
known from the latest Early Eocene of Algeria, was one of the largest terrestrial mammals of its
time, and initiated an impressive size increase among proboscideahs$-pllowing Rasmus-
sen et al.127, we therefore hypothesize that the large size of hyainailourines may result from
co-evolution with endemic African herbivores such as proboscideans, though this hypothesis
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must be more rigorously tested. However, as demonstrated at a broader mammalian scale,
large mammals tend to have longer faces than closely related but smallerZiheRerefore,
another hypothesis would be that the long facklegistotheriunis related to the constraints

of body size.

The large body size of the hyainailourines, exemplifigddrperoand byHemipsalodon
appears early in the history of the subfamily. The large size of the Mibigaieailourosand
Sivapterodonould result from either conservation or convergence on this trait. Beldgase
nailourosand Sivapterodoare close to the smafohyaenodom the phylogenetic analyses we
performed, it is possible that gigantism evolved at least twice in hyainailourines.

In the same faunas occupied by the gigaH§iainailourosspecies, there were also smaller
hyainailourines. The smaller hyainailourines are known from the Late Eo&knestenavus
to Middle Miocene lsohyaenodgr(Fig 19. The largest ond .(andrewsionly weighed around
14 kg. Holroyd §9 hypothesized that these differences in sized among hyainailourines are
suggestive of the exploitation of different ecological niches. Based on Carbor&sgtld], [
these smaller taxa are below the threshold for hunting prey equal to or larger than their body
size. Conversely, they likely exploited prey smaller than them. Unfortunately, the skull and
postcranium are unknown for these small hyainailourines, which prevents a clear evaluation of
their ecology (i.e. locomotion, choice of prey). The presence of these small-bodied hyainailour-
ines suggests that the hyainailourine bauplan was not specifically adapted for large-bodied
predation.

The second cladistic analysis allows discussing the evolution of the body mass among Hyai-
nailourinae in a phylogenetic context. The acquisition of a large body mass (between 31 and
100 kg) [1(3)] is reconstructed for the clade that comprises the hyainailourines and apterodon-
tines. There are convergent secondary return to a smaller body sipteimdon langebadreae
Akhnatenavudsohyaenodon andrew{2)] (between 11 and 31 kgjurodon crochetiso-
hyaenodon zadoKkL(1)] (between 1 and 11 kg) atsbhyaenodon pilgrifd (0)] (below 1 kg).

In contrast, independent acquisitions of a large body size state are reconstrirtéecipsalo-
don, “Pterodofi phiomensigs' Pterodoi africanusand in the clade formed Wyivapterodoand
Hyainailourog1(4)] (> 100 kg).

The hypothesis of several reductions of the body mass among hyainailourines (and aptero-
dontines) is poorly supported by the analyses of body size evolution among carnivorous mam-
mals. Van Valkenburgh et alL77] tested the Cops rule in extinct canids (borophagines and
hesperocyonines) and noticed a clear evolutionary trend toward larger body size in these
groups. They argued that energetic constraints and pervasive selection for larger size in carniv:
orous mammals (e.g., killing and feeding on large preys) also lead to dietary specialization
(hypercarnivory). These factors increase vulnerability to extinction, explaining why large
hypercarnivorous mammals appear to have been limited in their temporal appearance relative
to smaller and more conservative species: a greater vulnerability to extinction ultimately results
from evolution towards a larger body size. Based on this remarkable study, the possibility that
large sizes evolved at least twice in hyainailourines is more reasonable than several cases of c
vergent reductions of the body mass. Finally, it is worth reminding that the oldest and most
primitive hyainailourine and apterodontines are only of small sizg&][

Paleobiogeographic implications

Based on the discovery@arvavorodomandFurodon Solé et al.d] hypothesized that hyainai-
lourines originated in Africa during the Early Eocener(traEgi et al. {29). The presence of

a new hyainailourine in the Bartonian of Europe has implications for the terrestrial connection
between Europe and Africa during the Eocene. The earliest appearance of the Hyainailourinae
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in Europe wa®aroxyaena galliagvhich is known from the MP16, MP17a and MP17b refer-
ence-levels927,85 (Fig ). The presence dferbeross consistent with the appearance of
Hyainailouridae in Europe at MP 16i( 1). Pterodon dasyuroidesrecorded in the MP18 ref-
erence-level but is unknown after MP20 reference-level. The stratigraphic posRaapfer-
odonis also presently uncertain but is probably contemporaneoudRigttodori 9] (Fig 1). As
noted by Crochet et al3f], ParoxyaenandPterodorwere not present in Europe at the same
time. The descriptioParoxyaena pavlofly Lavrov B] could contradict this statement, but
the stratigraphic position of this species is still uncertain.

These stratigraphic partitions raise the question of the dispersal of Hyainailourinae into
Europe and the subfamitydiversification on the European continent. Did the Hyainailourinae
disperse once or several times from Africa to Europe? Did the Hyainailourinae diversify in
Europe?

The primitive features dferberoge.g., presence of three upper incisors, lajgmé P)
conforms with an older age féterberogompared with the more derived featuresetero-
dor” andParapterodoi(Fig 1). Paroxyaenawhich is also recorded in the Bartonian of Europe,
shares wittKerberosn unreduced number of upper incisors. However, the two genera are
clearly different taxa (notably in the reduction of theaRd P- in Paroxyaenand the separa-
tion of the paracone and metaconearoxyaenalearly differs fronkKerberos'Pterodof, and
Parapterodoiand represents a distinct lineage (seethgogenetic analy9isThis supports a
diversification of the Hyainailourinae during the Bartonian or earlier. However, this diversifi-
cation is poorly understood due to the lack of fossils, and may have occurred either in Africa or
in Europe.

As for the relationships amori€erberogParapterodomand“Pterodoi, the new genus is
distinguished by its larger size, more derived molars (e.g., parastylar reduced) and a more
developed protocone o BBecause of these different@sberosloes not seem to be ancestral
to Pterodon dasyuroidesParapterodonConsequently, it appears that the Hyainailourini did
not diversify and radiate in Europe, but rather dispersed at least twice into Europe. The Parox-
yaenini seem to have diversified in Laurasia, but this needs further scrutiny.

The hyainailourines are unknown in Asia until the Miocene. The sp€rieaspterodon
dahkoensidescribed by Egi et alL2g from late Middle Eocene of Asia is how considered part
of Hyaenodontidae and Indohyaenodontinae rather than to HyainailouridgeThis absence
implies that the Bartonian hyainailourines may have dispersed directly from Africa to Europe
viathe Iberian or Apulian route.

The history of trans-Tethyan Paleogene mammal dispersals is characterized at least by four
dispersal phases: during the Early Thanetian, and by the Thanetian/Ypresian, Bartonian/Pria-
bonian, and Priabonian/Rupelian transitions. Two other dispersals between Africa and Laura-
sia (by the Ypresian/Lutetian and by the Lutetian/Bartonian transitions) have less support
[129.

Here we refer to the dispersals of hyainailourines between Africa and Europé@attbé
Africa everit (= O0A).

Gheerbrant & Ragel P9 considered the Lutetian/Bartonian Dispersal Phase as doubtful
and minor, but it could explain the dispersal of amphipithecids from Africa to Laurasia. The
presence dkerberogndParoxyaen#n the earliest part of Bartoniairig 19 further substan-
tiates this dispersal phase hypothesis. The Lutetian/Bartonian Dispersal Phase corresponds to
the first migration of hyainailourines to Laurasia (OoA-1 on Rigand20). The appearance
of the hyainailourines in Europe is related to a modification of the European mammal fauna:
the second intra-Eocene mammal turnover of FranZ&d][ This turnover seems to be related
to dispersals between Central European Island and Iberian Penihd®a31]. Based on this
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Fig 20. lllustration of the different dispersal events supported by the hyainailourines " distributions. Out of Africa event 1 = Lutetian/Bartonian
Dispersal Phase; Out of Africa event 2 = Bartonian/Priabonian Dispersal Phase; Out of Africa event 3 = MN3 Dispersal Phase; Out of Africa event 4 = MN4
Dispersal phase. (Global map for OoA-1 and OoA-2 is adapted from Ron Blakey, Eocene http://www2.nau.edu/rcb7/050Marect.jpgand global map for OoA-
3 and OoA-4 is adapted from Ron Blakey, Miocenehttp://jan.ucc.nau.edu/rcb7/020Marect.jpg.

doi:10.1371/journal.pone.0135698.g020

exchange, we propose that the Bartonian hyainailourines may have entered into Europe
through the Iberian Peninsula.

The presence ¢demipsalodom the Duchesnean NALMA is very interesting. It appeared
together with other new migrants. Emri/d4 noted that the artiodactyBrachyhyopand
Simimeryxas well as the hyaenodontiHgaenodonwere probably migrants from Asia during
the Duchesnean. Becauli$emipsalodois not present in all Duchesnean localities, it has been
used as an index taxon for separating early and late Duchesnedtesitipsalodonot pres-
entin the early Duchesnean. BecadsenipsalodoandHyaenodordo not appear in North
American localities at the same time, and because there is a close relationship Baraeen
yaenaandHemipsalodofsee theohylogenetic analy9ighe Paroxyaenini may have dispersed
from Europe to North America during the late Duchesnéeaig 0.

Concerning this issue, it should be emphasized@nanspterododisplays several features
that are reminiscent d?aroxyaenauch as the presence of cingulids on premolars. However,
the Asian species differ froRaroxyaenin double-rooted B, better fusion of paracone and
metacone on M small metaconid on land vestigial metaconid onM[129. A close rela-
tionship betwee®rienspterodoand Paroxyaenini would support a dispersal of these hyainai-
lourines to Asia. Such a dispersal represents a competing hypothesis to the dispersal of
Paroxyaenini in North America (i.e., a dispersal from Asia to North America as reconstructed
for the hyaenodontines). Only the discovery of new materidf@nspterodowill allow its
systematic position to be precisely tested and further discussion of these paleobiogeographic
scenarios.
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The presence of the hyainailourine tdfderodofiandParapterodoim the Late Eocene of
Europe has previously been considered support for a Bartonian/Priabonian DispersabPhase [
(O0A-2 on Figsl9and20). As noted by Gheerbrant & RadePH], the Bartonian/Priabonian
Dispersal Phase is characterized by the immigration dfthleichimyiné rodentProtophi-
omysinto Africa. Consequently, the hyainailourines could represent the sole case of a north-
ward dispersal during this phase.

The hypothesized existence of two possible dispersal events results from the lack of support
for endemic diversification of the hyainailourines in Europe during the Bartonian and Priabo-
nian. It also implies a turnover, which affected the Europe hyainailourines between these
stages. This could result from the inability of hyainailourines to cope with some aspects of
European environments. Indeéé@terodofi also rapidly disappeared from Europe and is only
recorded from MP18-MP20. This is especially conspicuous when compared to the extensive
diversification and long stratigraphic record of Europklgaenodorand development of a
separate lineage within Europesfi.

Unlike Apterodontinae€], the hyainailourines did not disperse to Laurasia during the Oli-
gocene, but did so during the Miocene. Two distinct phases can be defined. The OoA-3 corre-
sponds to a migration from Africa to Asia. It resulted in the presengtyainailourosand
Sivapterodom Asia (Figsl9and20). This dispersal occurred at 19.6 Ma (Mammal Neogene
level, MN3). The second dispersaHyfainailourosoccurred only slightly later, when it dis-
persed to Europe at MN4 (FigSand20).

By the Early-Middle Miocene, the widely disperbsg@inailourosand Africanlsohyaeno-
donwere the last representatives of hyainailourines. Their size differences show that this group
remained ecologically and morphologically diverse. The only other hyaenodonts known at that
time were the teratodontin@issopsaljsvhich was present in Africa and Asie3(] and the
koholiineMetapterodonwhich was possibly present in Asiaf. These four taxa are the
swan song of Hyaenodonta and they witnessed the ultimate disappearance of their once divers
and successful order.

Conclusion

In this contribution we describe a new hyainailourid hyainailourikerberos langebadreae
gen. & sp. nov., based on a skull, mandible, and a few elements of the hind limb. Associated
dental and cranial or postcranial elements of hyaenodonts is rare, especially among the hyai-
nailourines, making this description of one of the oldest known hyainailourines particularly
important for understanding the evolution of Hyaenodonta.

The skull ofKerberosiready displays features typical of the hyainailouriaied by exten-
sion of the Hyainailouridae. The hind limb ieérberogxhibits features consisted with a pref-
erence for terrestrial substrates and a plantigrade posture. Because of its size and the absence
adaptations to cursoriality, the new taxon was probably not only an active predator, but also a
successful opportunistic scavenger.

The powerful masticatory musculature supports the scavenger behavioral hypothesis usu-
ally evoked for Miocene hyainailourines. This contrasts with the contemporargagso-
don These hyaenodontines, which probably originated in Asia and were represented by
numerous species in Europg]34, exhibit terrestrial (semi-plantigrady/digitigrady) and cur-
sorial postcranial feature3374,137. Kerberosvas ecologically more similar to the striped
and spotted hyenas than to contemporaneous hyaenodontines excaftitbatosacked the
cursorial adaptations of these extant hyaenids.

The respective endemic evolution of hyaenodontines (in Asia) and hyainailourines (in
Africa) explains both similarities and differences between these two clades, which became
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competitors in Europe and North America, but our knowledge of this history still needs to be
improved.
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