A large hyaenodont from the Lutetian of Switzerland
expands the body mass range of the European mammalian

predators during the Eocene
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We here present a new hyaenodont genus and species from the Lutetian locality of Egerkingen y (Switzerland; MP13?):
Cartierodon egerkingensis gen. et sp. nov. The new taxon is represented by numerous dental elements, mostly isolated
teeth. The molars show typical features of a hypercarnivorous predator such as the strong reduction of the crushing
(talonid/protocone) and puncturing (metaconid) structures. The calculation of several dental indices indicates that this
hyaenodont may have been a bone-cracking predator. The new taxon differs from all the hyaenodonts previously known
in Europe during the Ypresian and Lutetian by its larger size, with an estimated mass of almost 29 kg (the size of the
extant African wild dog, Lycaon pictus). Other hyaenodonts known for this period do not exceed 20 kg. Previous authors
proposed the hypothesis of an ecological limitation of the body mass, but the description of Cartierodon egerkingensis
indicates instead that the European hyaenodonts continuously increased in size throughout the Eocene. We also per-
formed a phylogenetic analysis in order to test the relationships of this new taxon: the new hyaenodont appears to be
closely related to the Lutetian hyaenodont Prodissopsalis eocaenicus.
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Introduction

The hyaenodonts were the most numerous and diverse car-
nivorous mammals during the Eocene of Europe (Solé 2014;
Sol¢ et al. 2014). Sol¢é (2013) grouped most of these hyaeno-
donts in the subfamily Proviverrinae. The historical concept
of Proviverrinae is complex and has been debated. It was
long viewed as a grade-based assemblage that groups the
early occurring and morphologically primitive (e.g., talonid
bearing three cusps, high metaconid on molars, and transver-
sally aligned paracristid) hyaenodonts such as Prototomus,
Arfia (both known in Europe and North America in the
Ypresian), and Proviverra (known in the Lutetian of Europe)
(Gingerich and Deutsch 1989; Smith and Smith 2001; Van
Valen 1965). In this system, the hypercarnivorous subfami-
lies such as Hyaenodontinae and Hyainailourinae may inde-
pendently root in the “Proviverrinae” (see the discussion in
Polly 1996). Solé (2013), using a cladistic analysis, proposed
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to restrict this subfamily to some European hyaenodonts that
are closely related. This resulted in classifying the proviver-
rines as an endemic European clade of hyaenodonts that
experienced its own evolution. Proviverrinae were thus re-
corded from the Ypresian of France (Rians, Palette, Fournes,
Fordones; Mammal Palacogene MP7) to the Priabonian of
Switzerland (Obergosgen; MP19) (Godinot 1981; Godinot et
al. 1987; Morlo and Habersetzer 1999).

However, the recent phylogenetic analyses led by Matthew
R. Borths (Borths et al. 2016; Borths and Seiffert 2017; Borths
and Stevens 2017a—c) found that Proviverrinae is not mono-
phyletic: the taxa resolved in this clade by earlier studies
were actually found in different clades deeply nested among
Hyaenodonta. Then, it is clear from these debates that the
European hyaenodonts are crucial for understanding the evo-
lution of the Laurasian hyaenodonts.

“Proviverrines” sensu Solé (2013) were restricted to the
Southern (= Mesogean) Province (sensu Marandat 1997)
during the earliest Eocene (MP7), while the oxyaenids, “sin-
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opines”, and “arfiines”, the two latter being hyaenodont sub-
families (Sol¢ 2013) but see Borths et al. (2016) for a rejection
of these subfamilies, were present in the Northern Province
(Solé et al. 2013a, 2014). “Proviverrines” dispersed into the
Northern Province between the Paleocene—Eocene (PE) 111
biozone (sensu Hooker 1996, 1998) (~55.12 Mya; Hooker
2010) and the PE IV biozone (=53—51 Mya; Neal 1996; Duprat
1997; Escarguel 1999; Smith and Smith 2013) when their car-
nivorous competitors disappeared from Europe (Solé 2013;
Sol¢é et al. 2014). This faunal turnover marks the beginning
of the European hyaenodont domination of the apex ter-
restrial carnivore niche. European hyaenodonts were also
presumably in competition during the entire Ypresian with
the mesonychid Dissacus: the mesonychids are, however,
unknown in Europe after the Ypresian/Lutetian transition
(Solé et al. 2018ba). Contrary to the hyaenodonts, the carniv-
oraforms did not diversify extensively in Europe during the
Eocene (Solé 2014; Solé et al. 2018a). As a consequence, one
can hypothesize that the European hyaenodonts probably
underwent a phylogenetic radiation due to the disappearance
of its ecological competitors such as the oxyaenids and me-
sonychids (Solé et al. 2011, 2013b, 2014, 2017).

The European hyaenodonts occupied a wide array of eco-
logical niches during the Paleogene, and therefore displayed
a great diversity of ecomorphs and body size (Solé et al.
2014). However, it has been noted that the body mass of the
European hyaenodonts remained very low (Solé et al. 2014).
Indeed, the hyaenodonts presently known in the Ypresian and
Lutetian never exceed 20 kg; the firsts that reached such a
body mass are known only in the beginning of the Lutetian
(i.e., MP11). The large hypercarnivorous hyaenodonts from
the Lutetian of Europe are morphologically similar to the car-
nivorous taxa known from North America at the same time
(e.g., the oxyaenids Patriofelis and Ambloctonus). However,
these hyaenodonts were clearly smaller than their North
American relatives during the entire Eocene, it is worth re-
marking that the large hypercarnivorous predators in North
America were oxyaenids. Sol¢ et al. (2014) considered that
20 kg corresponds to the upper limit of the body mass range of
the European hyaenodonts during the Ypresian and Lutetian,
despite the lack of competitors. Solé et al. (2014) thus hypoth-
esized that differences between the North American environ-
ment (mixed landscapes) and the European environment (an
archipelago) may have favored different ranges in body mass.

The discovery of a large hyaenodont from the Lutetian
of Switzerland allows discussion of the body mass limit of
European carnivorous mammals, as well as the ecological
radiation of the European hyaenodonts.

Institutional abbreviations..—NMB, Naturhistorisches Mu-
seum Basel, Switzerland; UCBL-FSL, Collections of Paleon-
tology, Laboratory of Geology, Lyon 1 University, France.

Other abbreviations—L, left; MP, Mammal Palacogene;
OTU, Operational Taxonomic Unit; PP, Posterior Proba-
bility; R, right; RBL, Relative Blade Length; RPS, Relative
Premolar Size.
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Nomenclatural acts.—This published work and the nomen-
clatural acts it contains, have been registered in ZooBank:
urn:lsid:zoobank.org:pub:78 A8F730-F373-4417-8 AD1-35
E98B94BB4.

Material and methods

Material.—Most of the specimens presented and described
in the present article are housed in the vertebrate collec-
tion of the Naturhistorisches Museum Basel (NMB). All
these specimens are from the Swiss locality of Egerkingen
(Lutetian) (Fig. 1). However, this locality corresponds to
karst fillings in an aberrant siderolitic facies. Three fillings
have been excavated since 1890: these are designated a, [,
and v. Fillings a and [ constitute the reference locality of ref-
erence level MP14 (generally noted Egerkingen a + 3), while
Quarry v is considered to be slightly older and possibly close
to the MP13 reference level (BiochroM’97 1997). The sole
information concerning the geographic origin available for
some specimens referred to the new species is written on
their labels, which indicate they were found in the Quarry .
The dates of their discovery are 1912—1915 and 1922.

The unique morphology of some of the fossils referred
to Cartierodon egerkingensis was noted by Brigitte Lange-
Badré¢ in the 1970s when she studied the collection of the
NMB. She even noted the name Cartierodon egerkingensis
on some labels, probably planning to publish them one day.
In homage to her work, we decided to use the name she
planned for this new taxon.

We also discuss herein two premolars from Lissieu
(France; Lutetian, ~ MP14) because they could belong to
the same genus (see Systematic palaecontology). Lissieu cor-
responds to a fissure filling located a few kilometers north
of the city of Lyon. The locality was found in the late nine-
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teenth century (Depéret 1894) and no longer exists because
of quarry exploitation. The locality yielded a diverse verte-
brate fauna. The fossils from this locality are housed in the
collections of Paleontology of the Lyon 1 University (France)

Dental measurements and terminology.—We follow the den-
tal terminology of Szalay (1969). The measurements (length
x width in mm) follow Gingerich and Deutsch (1989).

Systematic palaeontology

Hyaenodonta Van Valen, 1967

Hyaenodontoidea Leidy, 1869

Hyaenodontidae Leidy, 1869

Genus Cartierodon nov.

ZooBank LSID: urn:Isid:zoobank.org:act:89D67AC0-0E0B-4AC3-85

D6-8DA8CIF029C0

Type species: Cartierodon egerkingensis sp. nov.; monotypic, see be-
low.

Etymology: Dedicated to Pastor Robert Cartier, who excavated the in-
filling of Egerkingen y from 1840 to 1884 and gave his collection to the
Naturhistorisches Museum Basel; combined with Greek odon, tooth.

Diagnosis.—As for the type and only species.

Cartierodon egerkingensis sp. nov.
Fig. 2.

ZooBank LSID: urn:lsid:zoobank.org:act:9D682E10-CF2A-4COF-B9
C5-1A00626FB753

Etymology: Refers to the type locality, the filling of Egerkingen y.

Holotype: NMB.Em. 11, right mandible bearing p2, p3, p4, the trigonid
of m1, and the alveoli of p1.

Type locality: Egerkingen vy, Gaii, Solothurn, Switzerland.

Type horizon: Unnamed unit of karst fillings in an aberrant siderolitic
facies; MP13?, Lutetian, Eocene.

Material —NMB.Ee.126a, Lpl; NMB.Eh.550, left maxillary
bearing P2 and distal root of P1; NMB.Ek.42, RDP4; NMB.
En.78, RP2; NMB.En.80, LP3; NMB.En.85, RP4; NMB.
En.86, RM2; NMB.En.87, RM2; NMB.En.88, LM; NMB.
En.90, RM2; NMB.En.91, Rp2; NMB.En.92, Rp2; NMB.
En.93, Rp3; NMB.En.94, Lp3; NMB.En.95, Lp3; NMB.
En.96, Lp4; NMB.En.97, Rp4; NMB.En.98, Rm3; NMB.
En.99, left mandible bearing m2 and the trigonid of the
m3; NMB.En.100, Lm3; NMB.En.134, Rp4; NMB.En.152,
Lm3; NMB.En.153, LP3; NMB.En.154, LM1; NMB.En.155,
Rdp4; NMB.En.156, Rm2; NMB.En.213, Rdp3; NMB.
En.215, Rml; NMB.En.216, Rm2; NMB.En.217a, Lm?2.
From the type locality.

Diagnosis.—Differs fromall contemporaneous European hy-
aenodont genera (Oxyaenoides, Proviverra, Cynohyaenodon,
Eurotherium, Prodissopsalis, Leonhardtina, Allopterodon,
Alienetherium, and Praecodens) by its larger size. It differs
from Oxyaenoides by the presence of a metaconid on molars
and transversally enlarged premolars. It also differs from

Proviverra, Cynohyaenodon, Eurotherium, Leonhardtina,
Allopterodon, Alienetherium, and Praecodens by a poorly
developed metaconid on molars. It differs from Quercy-
therium, with which it shares transversally enlarged pre-
molars, by its larger size, poorly developed metaconid on
molars, and less squared p2 and p3. It differs from Pro-
dissopsalis eocaenicus, its closest hyaenodont relative, by
a second foramen located below the anterior root of the p4,
wider lower premolars, mesiodistally shorter talonid on m3,
and a protocone area more developed on P3.

Description.—The mandible is deep (= 36 mm; Table 1). The
symphysis extends below the mesial root of the p3. The first
foramen opens below the anterior root of the p2, while the
second foramen is located below the anterior root of the p4.
We identified two lower deciduous premolars: one dp3
(NMB.En.213) and one dp4 (NMB.En.155). The two teeth
are mesiodistally elongate. The dp3 is characterized by a
large but low paraconid, and by individualized hypoconid,
hypoconulid, and entoconid. The dp4 is characterized by the

Table 1. Measurements (in mm) of Cartierodon egerkingensis gen. et
sp. nov. from Egerkingen y (MP13?). Dentary depth measured below
the m1. Body mass = 28.65 kg (estimated after Morlo 1999).

Locus Nurn.b er of Observed range Mean
specimens

length 1 14 -

DP4 width 1 13.1 -
P length 2 14.1-15 14.55
width 2 8.1-8.4 8.25

P length 1 14.4 —
width 2 10.4-11 10.7

length 1 16.4 -

P4 width 1 12.4 -

length 1 12.4 -

M1 width 0 - -
length 2 13.5-15.4 14.45

M2

width 0 - -

length 1 13.8 —

403 idth 1 6.1 -

length 1 12.1 -

o4 idth 1 7 -

ol leflgth 1 9.1 -

width 1 6.5 -
) length 2 12-14.4 13.27
P= Myidth 3 8.2-8.7 8.43
3 length 4 15.5-16.3 15.85
P2 T idth 4 7.7-9 8.43
4 length 4 14.6-16 15.15
P* [ width 4 8.19.4 8.7

length 1 14 -

mbFidth 1 7.4 -
o length 3 13.1-15.2 14.13
width 3 8-8.9 8.47
m3 length 2 15-17.3 16.15
width 3 10-10.2 10.07

dentary depth 1 35.77 —
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absence of contact between the paraconid and metaconid, the
two cusps being separated by the protoconid. The metaconid
was probably smaller than the paraconid; it is distally located
compared to the protoconid. The talonid is mesiodistally
short and wide. It bears the three usual talonid cusps. The
hypoconulid bears two distinct apexes (i.e., cuspulation).
All the permanent teeth have crenulated enamel. The
premolars are characterized by a transversally enlarged but
mesiodistally short talonid. The pl has two roots. The an-
terior root is curved in lateral view (Fig. 2M,, Mj3): this
may indicate that the pl was very close to the canine. The
paraconid is characterized by a very thin fold in the mesial
part of the tooth. A thin transversally aligned crest is visi-
ble at the posterior part of the talonid, marking the talonid
region. The very small crest bears a cusp (hypoconid?). The
p2 is longer and wider than the pl, but it is morphologically
similar to the pl. The p3 is obliquely implanted on the ho-
lotype (NMB.Em.11; Fig. 2L,). The p3 differs from the pl
and p2 in having an individualized paraconid. The talonid
is transversally extended and bears a large hypoconid. The
presence of the entoconid is variable: the entoconid is absent
on NMB.En.95, while it is present on NMB.En.94; and two
cusps are present on the lingual part of the talonid on NMB.
En.93. The p4 is very similar to the p3, but differs in having
larger paraconid, hypoconid, and entoconid. However, the
p4 is slightly mesiodistally shorter than the p3, a feature vis-
ible on the holotype NMB.Em.11 (15.63 mm vs. 15.19 mm).
The m1 displays a very small metaconid; the cusp is lower
than the paraconid. The paraconid is well mesially located.
The paraconid has a sharp mesial crest and possesses a small
anterior keel visible on its buccal aspect. The metaconid is
distally located compared to the protoconid, but is not as
distally located as on the dp4. Moreover, the metaconid and
paraconid are not separated by the protoconid. The talonid
is mesiodistally short; the postfossid is shallow and narrow.
One can observe the entoconid, hypoconid, and hypoconulid
on the talonid; the hypoconid is slightly higher than the two
other talonid cusps. The precingulid is short but wide. The
m?2 is similar in morphology to the ml. It differs in being
taller and in being longer and wider. Like m1 and m2, the m3
displays a secant trigonid characterized by a mesially located
paraconid and small metaconid; the latter is transversally
aligned with the protoconid on m3. The protoconid of the
m3 is more retroflexed than on ml and m2. The talonid is
mesiodistally shorter and narrower than on the m1 and m2.
The specimen NMB.En.100 (isolated m3) is interesting in
having only one large root: the anterior and posterior roots
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are not entirely separated (Fig. 2I,). Moreover, one can note
the presence of a single cusp on the talonid.

A DP4 has been identified (Fig. 2A). The tooth is me-
siodistally elongated. The paracone and metacone are well
separated. The metacone is larger than the paracone. A
weak parastyle is present. The metastyle is long and me-
siodistally aligned. The protocone is mesiodistally short and
narrow. The paraconule and metaconule are present. There
is no internal crest in the trigon basin. The metaconule and
metastyle are not linked by the metacingulum.

The upper premolars are wide. The P1 is unknown but
has two roots based on the alveoli present on NMB.Eh.550
(Fig. 2H). There is a short separation between the P1 and P2.
The P2 does not display a parastyle. The metastyle is very
small. On NMB.Eh.550, one can notice that the P2 has three
roots. The P3 (Fig. 2G), which also has three roots, notably
differs from the P2 in having a larger lingual fold. There
is no parastyle; the metastyle is larger than on P2. The P4
has an individualized protocone and a strong parastyle. The
metastyle is mesiodistally short, high, and secant. It displays
two cusps on NMB.En.81 and NMB.En.85. A cingulum
links the metastyle and the protocone. The protocone is long
but narrow; it does not show any accessory cusp.

The M1 and M2 are incompletely known. They are
morphologically very similar; the M2 is longer than the
M1 (Table 1). The paracone and metacone are less sep-
arated than on the DP4; only the apices of the cusps are
separated. The paracone is clearly smaller and mesiodis-
tally shorter than the metacone. The metastyle is as long
as the metacone—paracone base. It is distally shifted. The
parastyle is more developed on the M2 than on the M1. The
protocone is unknown for the molars; because the postfossid
on the molars are shallow and narrow, the protocone of the
molars could have been narrow and low.

Discussion.—The new taxon is represented mostly by iso-
lated teeth. We consider that they represent the same taxon
because they are from the same locality (i.e., Egerkingen),
because of their similar morphology (e.g., secant morphol-
ogy of the molars, transversal enlargement of the premo-
lars), and because of their large size compared to the other
hyaenodonts found at Egerkingen.

The new taxon resembles the hyaenodonts recording in
the Ypresian and Lutetian of Europe (Proviverra, Cynohyae-
nodon, Eurotherium, Prodissopsalis, Leonhardtina, Allo-
pterodon, Alienetherium, Quercytherium, and Paracyno-
hyaenodon) because of the presence of a two-rooted pl, of a
paraconid and an entoconid on p3 and p4, of a large protocone

Fig. 2. Hyaenodontid mammal Cartierodon egerkingensis gen. and sp. nov. from Switzerland, Egerkingen y (MP13?, Lutetian, Eocene). A NMB.Ek .42,
DP4 in occlusal (A) and labial (A,) views. B. NMB.En.213, dp3 in occlusal (B,), labial (B,), and lingual (Bs) views. C. NMB.En.155, dp4 in occlusal
(C)), labial (C,), and lingual (Cs) views. D. NMB.En.87, M2 in occlusal (D), lingual (reversed, D,), and labial (Ds) views. E. NMB.En.154 in occlusal
(reversed, E)), lingual (E,), and labial (reversed, E3) views. F. NMB.En.85, P4; in occlusal (F,), lingual (reversed, F,), and labial (F53) views. G. NMB.
En.80, P3 in occlusal (reversed, G,), lingual (G,), and labial (reversed, Gs3) views. H. NMB.Eh.550, maxillary bearing P2 and distal root of P1 in occlusal
(reversed, H;), lingual (H,), and labial (reversed, Hs) views. I. NMB.En.100, m3 in occlusal (reversed, I;), labial (reversed, I,), and lingual (I5) views.
J. NMB.En.216, m2 in occlusal (J,), labial (J,), and lingual (reversed, J3) views. K. NMB.En.215, m1 in occlusal (K), labial (K,), and lingual (reversed,
K3) views. L. NMB.Em.11, mandible bearing p2, p3, p4 and the trigonid of m1, and the alveoli of p1, in occlusal (L), labial (L,), and lingual (reversed,
L;) views. M. NMB.Ee.126a, pl in occlusal (reversed, M), labial (reversed, M,), and lingual (M3) views.
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area on the upper premolars, and of an individualized entoco-
nid on molars.

The transversal enlargement of the premolars and the po-
sition of the mental foramina recall the European hyaenodont
genus Matthodon. This genus is represented by two species:
Matthodon menui from Cuis, Chavot, Monthelon, Mancy,
and Grauves (Ypresian, MP10; France) and Matthodon
tritens from Geiseltal-Untere Unterkohle (Lutetian, MP11;
Germany) (Lange-Badré and Haubold 1990; Solé et al.
2014). The specimens from Egerkingen vy, however, differ
in having less bulbous premolars, a larger metaconid, and a
two-rooted pl. The presence of the metaconid on molars also
distinguishes the Swiss fossils from those of Oxyaenoides
(Crochet et al. 1988; Lange-Badré and Haubold 1990; Solé
et al. 2014, 2015).

The general morphology of the new fossils is most simi-
lar to Prodissopsalis eocaenicus. This species is known
from Geiseltal-Untere Mittelkohle (MP12), Geiseltal-Obere
Mittelkohle (MP13), Issel (MP14), and Lissieu (MP14) (Mat-
thes 1952; Calas 1969, 1970; Lange-Badré 1972; Lange-Badré
and Haubold 1990), see below for a discussion concerning
the fossils from Lissieu. The new species and Prodissopsalis
eocaenicus actually share the transversally enlarged upper
and lower premolars, the p3 as long as the p4, the presence
of a poorly developed metaconid on molars, the presence of
mesiodistally short but wide talonid on molars, the reduction
of the talonid of the m3, and the small size of the paracone.

The taxon described herein differs from Prodissopsalis
eocaenicus by a second foramen located below the anterior
root of the p4, wider lower premolars (Fig. 2), mesiodistally
shorter talonid on m3, and a protocone area more developed
on P3.

Surprisingly, the obliquely implanted p3, visible on the
holotype (NMB.Em.11), recalls the fossils of Prodissopsalis
eocaenicus from Geiseltal-Untere Mittelkohle (MP12) rather
than those from Geiseltal-Obere Mittelkohle (MP13) (see
Lange-Badré and Haubold 1990 for a discussion concerning
this feature). This feature (i.e., obliquely implanted p3) is also
visible in the late Eocene Paenoxyaenoides liguritor (Lange-
Badré 1979). It possibly traduces a common feature; how-
ever, it is possibly related to an anteroposterior shortening of
the mandible and thus could represent a convergent feature.

The new taxon shares with Paenoxyaenoides liguritor
the transverse enlargement of the lower premolars. However,
Paenoxyaenoides differs from the Egerkingen species by the
absence of the metaconid on the molars (derived feature), the
position of the mental foramina, below pl and p3, and the
P3/p3 distinctly mesiodistally shorter than the P4/p4 (Fig. 3).

The fossils here described are also characterized by
sizes that are larger than those of the hyaenodonts previ-
ously known in the Lutetian of Europe. Until the discov-
ery of this new hyaenodont, the largest European hyae-
nodonts recorded for this period were Matthodon tritens,
Prodissopsalis eocaenicus, and Oxyaenoides schlosseri: the
length of the molar row (m1 to m3) for each of these taxa
equals 39.5 mm (Lange-Badré and Haubold 1990), 38.8 mm
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Fig. 3. Comparison of the length of the lower premolars and molars of
Cartierodon egerkingensis gen. et sp. nov. from the Eocene of Switzerland,
Egerkingen y (MP13?); Prodissopsalis eocaenicus from the Eocene of
Switzerland, Geiseltal-Obere Mittelkohle (MP12) and Geiseltal-Untere
Mittelkohle (MP13) (based on Lange-Badré and Haubold 1990: table 3);
and Paenoxyaenoides liguritor from the late Eocene of France, Quercy
Phosphorites (based on Lange-Badré 1979: table 10).

(Van Valen 1965), and 38.12 mm (Sol¢ et al. 2015). Because
the molar row of Cartierodon egerkingensis equals roughly
43.5 mm, the new fossils represent the largest hyaenodont
ever discovered in the Lutetian of Europe.

As a result, the fossils housed at the NMB correspond
to a new hyaenodont taxon. We thus propose to refer all
these dental elements to a new genus and new species: Car-
tierodon egerkingensis.

Stratigraphic and geographic range.—Egerkingen vy (Switz-
erland; MP13?, Lutetian, Eocene).
Cartierodon cf. egerkingensis sp. nov.

1970 Prodissopsalis sp.; Calas 1970: 226.

1972 Prodissopsalis eocaenicus; Lange-Badré 1972: 2216, fig. 2B,C.
1990 Prodissopsalis eocoenicus; Lange-Badré and Haubold 1990: 615.
Material —UCBL-FSL 2113, left p3; UCBL-FSL 2114, right
p4; both from Lissieu, France; MP14, Lutetian, Eocene.

Description.—See Lange-Badré (1972).

Remarks.—Like Egerkingen, Lissieu yielded a diverse ver-
tebrate fauna. When first mentioned, the premolars from
Lissieu, here referred as Cartierodon cf. egerkingensis,
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Fig. 4. Comparison of the ratio width/length estimated for the lower pre-
molars of Paenoxyaenoides liguritor from late Eocene of France, Quercy
Phosphorites (based on Lange-Badré 1979: table 10), Prodissopsalis eocae-
nicus from Eocene of Switzerland, Geiseltal-Obere Mittelkohle (MP12) and
Geiseltal-Untere Mittelkohle (MP13) (based on Lange-Badré and Haubold
1990: table 3); Cartierodon egerkingensis gen. et sp. nov. from Eocene of
Switzerland, Egerkingen y (MP13?); and Cartierodon cf. egerkingensis from
Eocene of France, Lissieu (MP14) (based on Lange-Badré¢ 1972: table 1).

were referred to Oxyaenoides schlosseri (formerly descri-
bed as Hyaenodon schlosseri). However, Lange-Badré
(1972) decided the premolars better fit with the premolars
of Prodissopsalis; however, she remarked that they differ
by being transversally elongated compared with the premo-
lars of Prodissopsalis eocaenicus. Callas (1970) revised the
fauna from Lissieu and listed the presence of a taxon that is
similar in size to Prodissopsalis eocaenicus but morpholog-
ically distinct, we think that this taxon corresponds to the
premolars here discussed.

We plotted their sizes (provided by Lange-Badré 1972:
table 1) on Fig. 4. As one can see, the ratios width/length
measured for the fossils of Lissieu are closer to those of
Cartierodon egerkingensis than to those of Prodissopsalis
eocaenicus. It is worth noting that the ratios indicate that the
premolars of Cartierodon egerkingensis and Cartierodon
cf. egerkingensis are more square-shaped than those of Pro-
dissopsalis eocaenicus. We thus believe that the unique fea-
tures of the premolars from Lissieu noted by Calas (1970)
and Lange-Badré (1972) are due to the fact that the fossils
from Lissieu belong to Cartierodon. However, we prefer to
leave the specimens in open nomenclature (Cartierodon cf.
egerkingensis), pending the discovery of better-preserved
material.

The presence of similar species between Lissieu and
Egerkingen is not surprising because Egerkingen o + 3 and
Lissieu are referred to MP14 (BiochroM’97 1997). Moreover,
these two localities are separated by 350 km. Recently, Angst
et al. (2013) identified the terrestrial carnivorous bird pho-
rusrhacid Eleutherornis cotei in Egerkingen o and Lissieu.
However, it is worth keeping in mind that the presence of
Cartierodon egerkingensis in Egerkingen o or [ is uncertain.
Cartierodon is certainly known from Egerkingen .

Results

Body mass.—The body mass of Cartierodon egerkingen-
sis was estimated using the methodology provided by Morlo
(1999) in his study of the palaecoecology of the “creodonts”.
The equation is Log10(P) = [3.5104 x Log'*(ZM)/3)] - 2.6469
where P is the estimated bodymass (in grams) and XM the
sum of the length of the three lower molars (in mm). We used
the means of the three lower molars in order to estimate body
mass.

The body mass of the mesonychids are from Solé et al.
(2018b). All the values are available in SOM 7 (Supplementary
Online Material available at http:/app.pan.pl/SOM/app64-
Sole etal SOM.pdf)

Diet.—Van Valkenburgh (1988) proposed several indices
based on 12 dental measurements in order to discriminate
among the feeding types of extant Carnivora. The feeding
types were: (i) meat, greater than 70% meat in diet; (ii)
meat/bone, greater than 70% meat with the addition of large
bones; (iii) meat/non-vertebrate, 50—70% meat with the bal-
ance fruit and/or insects; and (iv) non-vertebrate/meat-less
than 50% meat with fruit and/or insects predominating.
We here considered only the three first types. Among the
six proposed indices, Van Valkenburgh (1988) remarked
that two of the indices, Relative Premolar Size (RPS) and
Relative Blade Length (RBL), were able to clearly separate
the extant Carnivora into the four feeding types. We thus
only estimated these two indices for the selected hyaeno-
donts. It is worth noting that the first index was adapted to
the hyaenodonts by Friscia and Van Valkenburgh (2010). We
used here only the European hyaenodonts from the Eocene
for which both the RBL and RPS can be estimated. RBL,
measured as the ratio of trigonid length to total anteropos-
terior length of the largest molar; we used the m3 because
it is the largest molar in Hyaenodonta that retain this tooth.
RPS, maximum width of the largest lower premolar divided
by the cube root of body weight.

The RBL tends to discriminate the meat (diet >70%
meat) and meat/bone eaters (diet >70% meat with addition
of large bones; highest values) from the meat/non-vertebrate
eaters (diet 50-70% meat, lowest values), while the RPS
discriminates the meat eater (lowest values) from the meat/
bone eaters (highest values). All the values are available in
SOM 6.
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The RPS and RBL of Cartierodon egerkingensis were es-
timated based on the mean values for the three lower molars.

Taxonomy.—Modifications to the Borths and Stevens
(2017b) matrix grouped almost all “proviverrine” taxa sensu
Solé (2013) in the same clade (see below). However, hyaeno-
dontines are still included in the “proviverrine” clade, as
in previous analyses. This result refutes the monophyly of
“Proviverrinae” sensu Solé¢ (2013), resolving “proviver-
rines” as part of hyaenodontine stem lineages. Because our
results agree with those of Borths et al. (2016), we propose
to consider the Proviverrinae as a clade that includes the last
common ancestor of Proviverra and Parvagula. We here
propose to name Hyaenodontoidea the clade that includes
the last common ancestor of Proviverra and Hyaenodon.
This results in grouping Hyaenodontidae and Proviverrinae
among Hyaenodontoidea.

Phylogenetic analysis.—The family Proviverrinae has
been resolved as paraphyletic, containing other hyaenodont
subfamilies (Polly 1996). Sol¢é et al. (2014) redefined the
Proviverrinae and considered it as a subfamily endemic to
Europe, which existed only during the Eocene. In the most
recent phylogenetic studies (Borths et al. 2016; Borths and
Stevens 2017a—c), Proviverrinae is nested at the base of
Hyaenodonta. It is worth mentioning that these results also
implied a redefinition of Proviverrinae: some “proviver-
rines”, as defined by Solé et al. (2014), are recovered by
Borths et al. (2016) and Borths and Stevens (2017a—c) as
stem-taxa of Hyaenodontidae.

Because Cartierodon egerkingensis appears to be related
to some European hyaenodonts (see Systematic palacontol-
ogy), we included this taxon into a phylogenetic analysis.
We did not build a new character-taxon matrix because we
considered that the ones recently published are pertinent
and exhaustive. However, we have some disagreements with
the coding of some European hyaenodontoid in the matrix
created by Borths and Stevens (2017b). We thus decided to
modify this matrix in order to reflect our interpretations. To
do so, we added to the published matrix the new taxon and
three hyaenodontoid OTUs (Operational Taxonomic Unit) in
order to increase the diversity of the hyaenodontoids repre-
sented in the matrix (SOM 1): the species Matthodon menui
and Prodissopsalis eocaenicus (the latter being morpholog-
ically similar to Cartierodon egerkingensis; see text), and
the genus Paracynohyaenodon (considered to be close to
Quercytherium and Cynohyaenodon; Solé et al. 2014). We
also modified some codings for the European hyaenodon-
toids (SOM 2). The resulting character-taxon matrix was
assembled in Winclada (Nixon 2002), includes 150 charac-
ters (SOM 3) and 90 OTUs, and is available in SOM 4. As in
Borths and Stevens (2017b), eighteen multistate characters
were treated as ordered, and all characters were treated as
equally weighted. Phylogenetic analyses were performed us-
ing the same Bayesian “tip-dating” phylogenetic method de-
scribed by Beck and Lee (2014) and applied to hyaenodonts
by Borths and Stevens (2017¢). This method simultaneously
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estimates branch length, rate, phylogeny, and support for
clades recovered in the analysis, a common approach for pa-
lacontological systematic analyses (e.g., Beck and Lee 2014;
Dembo et al. 2015; Borths et al. 2016; Gorscak and O’Connor
2016; Lund et al. 2016; Turner et al. 2017). Bayesian “tip-dat-
ing” analyses were performed in MrBayes (Ronquist et al.
2012). MrBayes formatted nexus file, which contains all ana-
lytical parameters, is included in SOM 2. SOM 5 can be used
to visualize the results (e.g., age estimates, rates of change
etc.) in FigTree v1.4.3 (see Borths and Stevens 2017b).

Discussion

Phylogenetic analysis.—The character-taxon matrix that
forms the basis of the present analysis has been used, and
improved, for several studies of hyaenodonts systematics
(Borths et al. 2016; Borths and Seiffert 2017; Borths and
Stevens 2017a—c). All the tip-dating Bayesian results of the
analysis can be visualized by using Supplementary data 5.

The analysis (“all compat” = all compatible com-
ponents consensus tree; Fig. 5; SOM 5) recovered all the
clades found in the previous phylogenetic analyses. The
“all compat” consensus tree shows the monophyly of the
Hyainailouroidea (Posterior Probability = 11%), as well as
that of the Teratodontinae (PP = 8%), Hyainailourinae (PP
= 35%), and Apterodontinae (PP = 94%), three subgroups
of the Hyainailouroidea. Because the relationships among
Hyainailouroidea have been extensively discussed by Borths
et al. (2016), Borths and Seiffert (2017), and Borths and
Stevens (2017a, b), we do not discussed them in the pres-
ent paper. However, it is worth noting that the composi-
tion of the nodes that are located between the Galecyon
clade and the Hyainailouroidea (Fig. 5) is different from
those found in the phylogenetic analyses previously per-
formed (e.g., Borths et al. 2016, Borths and Seiffert 2017, and
Borths and Stevens 2017a, b). These differences are due to
the position of the Quercytherium, Preregidens, and Boritia
among the Hyaenodontidae; in the previous analyses (e.g.,
Borths and Stevens 2017a—c), they were situated at nodes
close to the Hyainailouroidea. Our analysis did recover the
Galecyon clade (PP = 95%) (Borths et al. 2016). This clade is
closely related to the North America genera Gazinocyon and
Pyrocyon (PP = 17%). The two African hyaenodonts from
Morocco, Lahimia and Boualitomus, are found together (PP
= 96%). This latter clade is close to the Galecyon clade and
the genera Gazinocyon and Pyrocyon. This relationship is
recovered for the first time; the African genera are generally
closer to the origin of hyainailouroids than Galecyon and the
North American hyaenodonts. However, the node is poorly
supported: the PP equals only 10%.

The Limnocyoninae (PP = 99%), Hyaenodontinae (PP =
38%), and Prionogalidae (PP = 100%) are also recovered.

Contrary to the previous phylogenetic analyses (Borths
and Seiffert 2017; Borths and Stevens 2017a—c), some of the
“proviverrines” sensu Solé (2013) (i.e., Proviverra, Lesme-
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Fig. 5. Results of the phylogenetic analysis of Hyaenodonta character-taxon matrix. Results are visualized as an “all compat” (majority rule plus compat-
ible groups) consensus tree. Major named clades recovered or discussed in this analysis and recovered in other analyses are illustrated.
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sodon) are not located at the base of the hyaenodont clade, but
are recovered at amore deeply nested node in the Hyaenodonta
phylogenetic tree. Moreover, our analysis is significant in that
it recovers almost all the “proviverrine” taxa within the same
clade (i.e., Hyaenodontoidea), except Eoproviverra (Fig. 5).
In the present analysis Eoproviverra is the earliest-diverging
hyaenodont (Fig. 5).

In previous analyses (Borths et al. 2016; Borths and
Seiffert 2017; Borths and Stevens 2017b, ¢), the Proviverrinae
corresponded to a clade that was located at the base of the
Hyaenodonta and that generally included the European gen-
era Proviverra, Eoproviverra, Lesmesodon, Parvagula, and
Morlodon. This group also included Allopterodon in Borths
et al. (2016), but this genus is closer to the Hyaenodontinae
in the other analyses.

We found a clade (PP = 60%) that gathers the European
hyaenodont genera Proviverra, Allopterodon, Lesmesodon,
Parvagula, and Morlodon. This clade corresponds to the
concept of Proviverrinae of Borths et al. (2016). Con-
sequently, we follow Borths et al. (2016) and consider that
Proviverrinae is a clade that includes the last common an-
cestor of Proviverra and Parvagula. However, this clade
is not located at the base of Hyaenodonta, but is the sister
clade of Hyaenodontidae (PP = 48%). We propose to name
Hyaenodontoidea for the clade that gathers Hyaenodontidae
and Proviverrinae (Fig. 5).

Among the Proviverrinae (clade including the last
common ancestor of Proviverra and Parvagula), the Allo-
pterodon clade (Allopterodon, Proviverra, Lesmesodon) of
Solé et al. (2014) is partially recovered (PP = 61%), with
only Leonhardtina being missing; the latter is more closely
related to Hyaenodontinae and Prionogalidae. The genera
Lesmesodon and Proviverra are closely related within this
clade (PP = 52%); the similarities between these two genera
have been underlined by Morlo and Habersetzer (1999).
Morlodon and Parvagula are sister taxa (PP = 41%)).

All the other “proviverrine” taxa sensu Solé (2013),
Matthodon, Cynohyaenodon, Boritia, Quercytherium, Para-
cynohyaenodon, Eurotherium, Prodissopsalis, Oxyaeno-
ides, Preregidens, and Leonhardtina, are present among the
Hyaenodontidae (clade including the last common ancestor
of Hyaenodon and Cynohyaenodon) (PP = 48%). Among
this clade, only Thereutherium, the hyaenodontines, and
prionogalids are not “proviverrine” taxa sensu Solé (2013).
The relationship between the European hyaenodontid taxa,
Thereutherium, Hyaenodontinae, and Prionogalidae, is poorly
supported (PP = 24%). One can note the presence of a clade
(PP = 51%) that includes the genera Boritia, Cynohyaenodon,
Paracynohyaenodon, and Quercytherium (Fig. 5). The three
later genera form the Cynohyaenodon clade (PP = 75%) (ac-
cording to Solé et al. 2014); the genus Cynohyaenodon is not
monophyletic. Because Quercytherium and Cynohyaenodon
were rarely found together in recent analyses (e.g., Borths
and Stevens 2017b), one can imagine that the addition of
Paracynohyaenodon in our analysis may have influences in
the presence of this clade. In this clade, Paracynohyaenodon
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and Quercytherium are closely related (PP = 98%); Crochet
(1991) listed the similarities between the two genera.

Leonhardtina and Preregidens are sister taxa (PP = 34%)
and closer to the Hyaenodontinae and Prionogalidae than the
other European hyaenodontids previously mentioned. There
is a clade (PP = 60%) that contains the Hyaenodontinae,
Prionogalidae, Thereutherium, the European hyaenodontids,
Eurotherium, Cartierodon, Prodissopsalis, Matthodon, and
Oxyaenoides. Eurotherium, Cartierodon, and Prodissopsalis
form a clade (PP = 98%) that constitutes the most basal
clade of the Hyaenodontidae. One can note that the genus
Eurotherium is not monophyletic, E. theriodis is the sister
taxon to the clade formed by Prodissopsalis and Cartierodon
(PP =48%). The two latter genera are sister taxa (PP = 96%,
Fig. 5). This reinforces the morphological similarities de-
scribed above for the two genera.

The other hyaenodontids are in a clade that has a PP of
54%. The other node shows the divergence of Matthodon
(PP = 88%, Fig. 5). The two Matthodon species are sister
taxa. The genus Oxyaenoides (PP = 65%) is the sister taxon
to the Prionogalidae and Hyaenodontinae (PP = 65%, Fig. 5).
In Borths and Stevens (2017b), this genus was closer to
Thereutherium and the Prionogalidae. In some previous
analyses, it was close to the Hyaenodontidae (e.g., Borths
and Stevens 2017a, c). It is worth noting that the hyaenodon-
tines, Matthodon, Oxyaenoides, Thereutherium, and priono-
galids display an hypercarnivorous dentition characterized
by the loss of the metaconid and reduction of the talonid.

The close relationship between the Hyaenodontidae and
the clade Prionogalidae+Thereutherium (PP = 28%) is sur-
prising and differs from the results of Borths and Stevens
(2017b). The Hyaenodontinae, which contains the genera
Propterodon and Hyaenodon, are supported by a PP of 38%.
As in the recent phylogenetic analyses of Borths and Stevens
(2017b), Thereutherium and Prionogalidae are closely re-
lated (PP = 51%). The two prionogalids Prionogalidae and
Namasector are supported by a PP of 100%. Thereutherium
has been considered a limnocyonine for a long time (e.g.,
Lange-Badré 1979), while the status of the Prionogalidae
was ambiguous (e.g., Werdelin and Cote 2010). Despite the
modifications of the character-taxon matrix, modifications
that deeply affected the relationships of the proviverrines,
European Boritia, Preregidens, and Quercytherium, the po-
sition of Prionogalidae and Thereutherium has not been
modified. To us, this reinforces the recent results of Borths
and Stevens (2017b).

Ecological aspects.—The reconstructed body mass of Car-
tieriodon egerkingensis equals 29 kg; this body mass is close
to that of the African wild dog (Lycaon pictus), 20-30 kg
(Estes 1992). The diet of extinct predators is more difficult to
reconstruct. Some morphological features are useful for con-
structing dietary hypotheses. The large size of the premolars
(i.e., robustness) of Cartierodon, the crowdedness of the pre-
molars (i.e., absence of diastema) relative to the molars, the
horizontal abrasion of the premolars, as well as the depth of



SOLE AND MENNECART—A LARGE HYAENODONT FROM THE EOCENE OF SWITZERLAND 285
1.104
meat H. exiguus  H. heberti H, rossignoli H- gervaisi meat/bone
1007 Hyaenodon dubius —QO
H. leptorhnychus  H. filholi O—
& 4 H. brachyrhynchus

0.90 ®)
"§> 080 @) Cartierodon egerkingensis
s O o e 8 > Quercytherium Quercytherium
S ® simplicidens tenebrosum
8 O O
m 0.704
(]
2 O
®
© 0.60 O O )
x % O (O Hyaenodontoidea

meat/non-vertebrate I
O @) @ Hyainailourinae
0.50
040 T T T T T
2.00 2.50 3.00 3.50 4.00 4.50

Relative Premolar Size
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Eocene of Europe.

the mandible, indicate that this hyaenodont would have been
capable of powerful slicing and crushing near the molars.
Several indices based on dental measurements can be
used to discriminate the diet type of extinct species. Van
Valkenburg (1988) developed these indices bases on an
extant comparative sample to make inferences about the
diets of extinct taxa. Morlo (1999) used these indices to re-
construct the diet of hyaenodonts and oxyaenids. The RPS
and RBL were estimated for several hyaenodonts from the
Eocene of Europe (Fig. 6). The means estimated for meat,
meat/bone, and meat/non-vertebrate among the Carnivora
are difficult to apply to hyaenodonts as the two carnivore
groups converged on carnivory through different dental ad-
aptations (Van Valkenburgh 1988). Here we do not use an
extant sample derived from Carnivora to infer hyaenodont
diets. Rather, we partition the European hyaenodonts that
comprise our sample into three classes and assign these
classes names based on the diets we hypothesize each uti-
lized taxon. For the purposes of this study we hypothesize
that hyaenodonts with RBL below 0.7 were meat/non-ver-
tebrate eaters. The hyaenodonts with RBL values above 0.7
were likely meat and meat/bone eaters. The hyaenodonts
that were likely strictly meat eaters have RPS values below
2.65, and hyaenodonts with values above 2.65 are assigned
to our meat/bone eating category. As a reminder, the mean
values established by Van Valkenburgh (1988) were differ-
ent for the Carnivora: the RBL mean is 0.94 for meat eaters,
0.85 for meat/bone eaters, and 0.61 for meat/non-vertebrate
eaters; the RPS mean is 2.14 for meat eaters, 3.79 meat/bone
eaters, and 2.18 for meat/non-vertebrate eaters.
Quercytherium species have the highest RPS values
(Fig. 6; Table 2). This is not surprising based on the strong
development of the premolars in this hyaenodonts genus
(Lange-Badré 1979). Morlo (1999), in his study of the evo-
lution of the niche structure of the North American and

Table 2. Estimations of the Relative Blade Length (RBL) and Relative
Premolar Size (RPS) values of several hyaenodonts from Europe.

Subfamily Species RPS RBL
Hyaenodontoidea | Hyaenodon brachyrhynchus | 3.18 0.95
Hyaenodontoidea | Hyaenodon dubius 2.62 1.00
Hyaenodontoidea | Hyaenodon exiguus 2.39 1.00
Hyaenodontoidea | Hyaenodon filholi 2.90 1.00
Hyaenodontoidea | Hyaenodon gervaisi 3.49 1.00
Hyaenodontoidea | Hyaenodon heberti 2.94 1.00
Hyaenodontoidea | Hyaenodon leptorhynchus 2.77 1.00
Hyaenodontoidea | Hyaenodon rossignoli 3.24 0.99
Hyainailourinae Kerberos langebadreae 241 0.74
Hyainailourinae Paroxyaena galliae 2.95 0.80
Hyainailourinae Pterodon dasyuroides 262 | 0.81
Hyaenodontoidea | Allopterodon bulbosus 3.09 0.58
Hyaenodontoidea | Allopterodon minor 221 0.58
Hyaenodontoidea | Boritia duffaudi 2.35 0.63
Hyaenodontoidea | Cartierodon egerkingensis | 3.46 0.76
Hyaenodontoidea | Cynohyaenodon cailuxy 2.56 0.62
Hyaenodontoidea | Cynohyaenodon trux 2.86 0.53
Hyaenodontoidea | Eurotherium matthesi 2.45 0.60
Hyaenodontoidea | Eurotherium theriodis 292 | 0.89
Hyaenodontoidea | Leonhardtina godinoti 2.33 0.53
Hyaenodontoidea | Matthodon menui 296 | 0.73
Hyaenodontoidea | Matthodon tritens 277 | 0.76
Hyaenodontoidea | Minimovellentodon russelli | 2.23 0.55
Hyaenodontoidea | Oxyaenoides bicuspidens 2.50 0.79
Hyaenodontoidea | Oxyaenoides lindgreni 2.27 0.80
Hyaenodontoidea | Oxyaenoides schlosseri 2.51 0.80
Hyaenodontoidea | Paenoxyaenoides liguritor | 2.98 0.83
Hyaenodontoidea | Preregidens langebadrae 2.50 0.73
Hyaenodontoidea | Prodissopsalis eocaenicus 2.77 0.78
Hyaenodontoidea | Quercytherium simplicidens | 3.52 | 0.70
Hyaenodontoidea | Quercytherium tenebrosum | 4.51 0.70
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European “creodonts”, suggested that Quercytherium sim-
plicidens might have had a meat/bone diet; however, the
molars of this hyaenodonts are not secant as expected in
scavenger predators. Thus a durophagous diet (e.g. mollusks,
crustaceans), as for the sea otter (Enhydra lutris), can be en-
visaged for this hyaenodont. The widespread and temporally
extensive genus Hyaenodon is characterized by the blade-
like morphology of its molars, especially the m3 (Lange-
Badré 1979; Bastl 2012). This is supported by its high RBL
values (Fig. 6). The range of the species along the RPS axis
indicates that some species might have been more capable of
bone cracking than the other ones (but the discrimination be-
tween these two types is beyond the scope of the present re-
search given the absence of an extant comparison). It is worth
noting that Bastl et al. (2012), based on microwear analysis
and enamel microstructure, demonstrated tough foods like
bone were likely part of the Hyaenodon diet.

The values estimated for the new hyaenodont Cartierodon
egerkingensis (RBL = 0.76; RPS = 3.46; Table 2) suggest the
taxon possibly had a meat/bone diet. Moreover, this hyae-
nodont has a high value for RPS; only the Quercytherium
species have higher values. Because this is consistent with
the robusticity of the premolars and depth of the mandible,
we think that Cartierodon can be considered as a scav-
enging hyaenodont. Among the extant carnivorans that are
capable of breaking bones, Van Valkenburgh (2007) recog-
nized two different types: the bone-crackers, which break
bones with their premolars (e.g., Crocuta crocuta), and the
bone-crushers (e.g., Canis lupus), which break bones with
their post-carnassial molars. Because of the robusticity of its
premolars, the hyaenodont described herein can be consid-
ered as a bone-cracking hypercarnivore.

Finally, it is interesting to note that Morlo et al. (2010)
evidenced that, in the past, the largest carnivorous mammals
(e.g., mesonychids, oxyaenids, and hyaenodontines) were
meat/bone eater. This structural conformity of the Lutetian
carnivorous fauna with the other carnivore palaeo-faunas
reinforces the observation of Morlo et al. (2010).

Evolution of the body mass of European hyaenodontoids
during the Ypresian and Lutetian.—As previously demon-
strated by Solé et al. (2014), the maximum body mass of
European hyaenodontoids (“proviverrines” sensu Solé 2013)
gradually increases through the Ypresian: the first European
hyaenodontoid with a body mass close to 20 kg appeared in
MP11. These authors hypothesized 20 kg as the upper limit
body mass of European hyaenodontoids, despite the lack
of competitors for such body mass. Until the present arti-
cle, the largest European hyaenodontoid from the Ypresian
and Lutetian was Prodissopsalis eocaenicus from MP13 and
MP14 reference-levels: its estimated body mass is around
19.8 kg. Based on these data, Sol¢ et al. (2014) hypothesized
that European hyaenodontoids were ecologically limited.
Based on a study of energetic requirements of their feed-
ing strategies, Carbone et al. (2007) estimated that mamma-
lian carnivores fall into two broad dietary groups: smaller
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carnivores (< 20 kg) feed on very small prey (invertebrates
and small vertebrates), while larger carnivores (> 20 kg)
specialize in feeding on large vertebrates. Consequently,
large European hyaenodontoids such as Prodissopsalis
would not have hunted large herbivorous mammals such
as Lophiodon, but would have rather been feeding on small
artiodactyls and perissodactyls.

The new taxon, Cartierodon egerkingensis, represents
the largest Lutetian European hyaenodontoid ever discov-
ered in Europe with an estimated mass of 29 kg (Fig. 7).
It is interesting to note that Prodissopsalis is close to the
large prey limit presented by Carbone et al. (2007) and
Cartierodon is well beyond that limit (Fig. 7B). Therefore,
Cartierodon likely represents an important step in the
ecology of European hyaenodontoids. For the first time, a
European hyaenodontoid seems clearly capable of hunting
and feeding on large vertebrates.

The largest European hyaenodontoids are much smaller
than the body masses reached by mesonychids in Europe.
Some Dissacus species from the end of the Ypresian may
have reached up to 60 kg in the South of France and Spain;
Dissacus blayaci from Mas de Piquet (Ypresian, France)
and Dissacus progressus from Corsa IT (Ypresian, Spain)
weighed respectively 43 kg and 61 kg (Solé et al. 2018b).
Pachyaena gigantea (based on the same methodology) re-
corded in Vaugirard (MP8+9, early Ypresian; France) may
even have reached 165 kg (Solé et al. 2018a). Given the pres-
ence of large carnivores in Europe during this interval, it
seems that the existence of large European hyaenodontoids
was ecologically possible.

The discovery of Cartierodon shows that the maximum
body mass of the European hyaenodontoids increased con-
tinuously into the MP13—MP14 rather than stopping in MP11,
as previously thought by Sol¢ et al. (2014). The body mass
of Cartierodon is, however, smaller than many Bartonian
(MP16) hyainailourines. Indeed, as presented by Solé et al.
(2015), large hyaenodonts appear in MP16 reference-level:
Paroxyaena and Kerberos respectively weighted around 47
and 88 kg. These two taxa belong to Hyainailourinae, a
hyaenodont subfamily that reached massive body mass. The
appearance of hyainailourines in Europe corresponds to the
second faunal turnover reconstructed by Franzen (2003) and
thus may correspond to ecological changes as open environ-
ments expanded in Europe (Solé et al. 2015). However, this
disagrees with the presence of large mesonychids during the
Ypresian.

Understanding the evolution of the maximum body mass
of the European hyaenodontoids in Europe also requires a
consideration of other vertebrate competitors in the eco-
system, including the large terrestrial and flightless birds
recorded in the Eocene of Europe: the Gastornithidae and
Phorusrhacidae. Gastornithidae are known from the mid-
dle Paleocene to the middle Eocene in Europe—the latest
known representatives of the group appear to be from the
Geiseltal-Obere Mittelkohle (MP13). Gastornithidae are no-
tably present in La Borie (Laurent et al. 2010), together with
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Fig. 7. Values of the body mass (in In) of oxyaenids, mesonychids, and hyaenodonts (Hyaenodontoidea, “Sinopinae”, “Arfiinae”, Hyainailourinae, and
Hyaenodontinae) from MP7 to MP19 with particular attention on the new species from Egerkingen y (Hyaenodontinae + “Arfiinae”). Values from Table 1
(Cartierodon egerkingensis gen. et sp. nov.) and Solé et al. (2015). Egerkingen vy is here represented to be close to the MP13 reference-level. Abbreviations:
ELMA, European Land Mammal Ages; ETM-2, Eocene Thermal Maximum 2; MECO, Middle Eocene Climatic Optimum; MDE, Mammal Dispersal
Event; MP, Mammal Palacogene; PETM, Paleocene—Eocene Thermal Maximum.

Hyaenodontoidea and the mesonychid Dissacus (Solé et al.
2014, 2015, 2018b). However, recent ecological analyses of
Gastornis reconstructed this bird as having an herbivorous
diet (Angst et al. 2014). Consequently, this giant bird was
likely not in competition with the European hyaenodonts.
The Phorusrhacidae were very briefly present in Europe.
Indeed, the recently described phorusrhacid Eleutherornis
cotei is only known in Egerkingen o and y (MP13?-MP14)
and Lissieu (MP14). Its appearance may result from a dis-
persal from Africa, where the group is known in the Eocene;
this implies crossing the Tethys Sea (Angst et al. 2013). One
can note that this medium-sized carnivorous bird (height
about 1.5 m; Angst et al. 2013) is recorded in the same local-
ities as Cartierodon. Terrestrial birds that could have com-
peted with the European hyaenodontoids had a short strati-
graphic record in Europe and their ecological impact on the
evolution of European hyaenodonts was likely negligible.
One other terrestrial, carnivorous vertebrate group that
could have been in competition with European hyaeno-
donts is the Planocraniidae crocodyliforms (Boverisuchus
in Europe and North America, and Planocrania in Asia).
These ziphodont, labiolingually compressed serrated teeth,
crocodyliforms had blunt, hoof-like unguals, and they
are sometimes considered “as an archosaurian attempt

to retain the terrestrial predator ecological roles cleared
by the disappearance of non-avian theropods” (Brochu
2013: 521). Boverisuchus is known from Messel (MP11),
and several horizons at Geiseltal (MP11-MP13) (Brochu
2013). Moreover, it seems possible that planocraniids may
have been present in Europe in the Paleocene (Walbeck,
Germany; Selandian, MP1-MP5) and also in the Bartonian
(Brochu 2013). Whatever the exact stratigraphic distribution
of these crocodyliforms, it is clear that they were contem-
poraries of Cartierodon and were present in Europe when
hyaenodontoids radiated on this continent. Therefore, the
competition between planocraniids and the European hy-
aenodonts does not seem to have influenced the evolution
hyaenodont body mass.

Once we exclude the impact of the other vertebrate pre-
dators (i.e., Planocraniidae, Phorusrhacidae, and Gastorni-
thidae), only one trend seems to explain the evolution of the
maximum body mass of hyaenodonts in Europe: maximum
body mass tends to increase through time, possibly tracking
the opening of European environments, but this increase
was slower than observed in the North American carniv-
orous fauna. European environments were thus favorable
for reaching large sizes as seen in mesonychids, and the
European hyaenodontoids went to fill this ecological niche



288

during the Lutetian, as evidenced by Cartierodon. The pre-
vious hypothesis of an ecological limitation of the maxi-
mum body mass proposed by Sol¢ et al. (2014) was thus only
due to a lack of data.

Biostratigraphic implications.—As mentioned above,
three localities have been excavated since 1890 in Egerkingen
area: these are designated a, B, and y. Karst fillings o and
3 constitute the reference locality of reference level MP14
(generally noted Egerkingen o + B), while filling y is con-
sidered to be slightly older and possibly close to the MP13
reference level (BiochroM’97 1997). Twenty-one of the 32
specimens that we referred to Cartierodon egerkingensis
are from Egerkingen vy, the other fossils have no precise
context. Therefore, it seems that this new taxon is unknown
from Egerkingen o and B. Because the new taxon is only
known in Egerkingen v, it is not possible to use it for cor-
relating this locality with closely contemporaneous localities
and discussing the difference in age between Egerkingen y
and Egerkingen a + B. However, a similar taxon is present
in Lissieu, a locality considered to be close in age to MP14
reference-level. Therefore, it is possible that C. egerkingensis
was present in localities close in age to both MP13 and MP14.

The specific problem of the relative ages of localities
temporally close to the MP13 and MP14 reference levels is
beyond the scope of the present study and has to be tack-
led through an investigation that includes localities such
as Bouxwiller, La Défense, Saint-Maximin, and Aumelas
(BiochroM’97 1997).

Paleobiogeographic implications.—Based on palaeoth-
eres and primates, Franzen (2003) proposed an intra-Eocene
faunal turnover in Central Europe (e.g., Egerkingen o and
B3); this event may have occurred at 47-44 Ma (MP12-MP14
reference levels). He envisaged that these immigrants may
have originated in Southern Europe, notably on the Iberian
Peninsula; this hypothesis has been confirmed by Badiola
et al. (2009). As discussed by Lange-Badré and Haubold
(1990) and Solé et al. (2014, 2015), the hyaenodonts were
also affected by this turnover between MP11 and MP14.
Lange-Badré and Haubold (1990) demonstrated the replace-
ment of Oxyaenoides bicuspidens, Eurotherium matthesi,
and Matthodon tritens (MP11, Geiseltal-Untere Unterkohle)
with Prodissopsalis eocaenicus, Leonhardtina graci-
lis, Cynohyaenodon trux, and Proviverra typica (MP12,
Geiseltal-Untere Mittelkohle) in the Geiseltal area.

However, one can note that the genus Leonhardtina is
already known in the MP10 of the Paris Basin (Solé et al.
2014) as well as in the South of France around the Ypresian/
Lutetian transition (Rouzilhac; Godinot et al. 2018). More-
over, Proviverra is very close to Lesmesodon, a hyaenodont
genus known in Messel, the reference-locality of the refer-
ence-level MP11 (Germany).

Cartierodon is closely related to Prodissopsalis and Euro-
therium matthesi (Fig. 5). Eurotherium matthesi is recorded
at Geiseltal-Untere Unterkohle (MP11). As a consequence,
one can hypothesize that the appearances of Cartierodon
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and Prodissopsalis may be the result of local evolution, as for
Leonhardtina and Proviverra, rather than a migration from
Southern Europe.

Therefore, the turnover among hyaenodonts during the
intra-Eocene faunal turnover seems different from that of
primates and palaeotheres: hyaenodontoids from Central
Europe have not been replaced by immigrants that have
originated in Southern Europe. However, it is worth keeping
in mind that there is a lack of data concerning the Spanish
hyaenodontoids from the Ypresian and Lutetian.

Finally, as underlined by Sol¢ et al. (2015), the presence
of hyaenodonts (Oxyaenoides schlosseri and Eurotherium
theriodis) from Aigues-Vives 2 (South of France; MP13?)
confirms taxonomic homogeneity, at least at the genus level,
of the hyaenodont fauna in Europe around the time the fau-
nas close to MP13—-MP14 reference-levels got deposited.
This has been previously demonstrated with the discovery of
Oxyaenoides sp. and Proviverra typica at Saint-Martin-de-
Londres (South of France; MP13?) (Crochet et al. 1990), and
the presence of Prodissopsalis eocaenicus and Eurotherium
theriodis at Lissieu and Issel (South of France, MP14) (Calas
1969, 1970; Lange-Badré and Haubold 1990). The presence
of Cartierodon at Lissieu reinforces this pattern.

Conclusions

The description of Cartierodon egerkingensis based on fos-
sils from Egerkingen y (MP13?) importantly improves our
knowledge of the ecology of the Lutetian hyaenodonts. This
taxon likely represents a bone-cracking hypercarnivore.
Moreover, it is the largest hyaenodont from the Lutetian.

Its body mass clearly shows that the maximum body
mass of the European hyaenodontoids increased through-
out the Ypresian and Lutetian, possibly in response to the
vacated large-size predator niche after the disappearance
of oxyaenids (Palaeonictis and Oxyaena) and mesonychids
(Dissacus and Pachyaena) during the Ypresian.

However, one can still wonder why European hyaeno-
donts did not reach 150 kg during the Eocene as some
Pachyaena species did during the early Ypresian of Europe.
This question needs future study, including the analysis of
available prey body masses.
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