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Abstract 

The amphicyonids, colloquially called ‘beardogs’, are one of the oldest known groups of caniformians, taking part 
in the initial radiation of this carnivoran clade. While the oldest American occurrences from the Middle Eocene have 
been investigated in detail, the European material remains understudied. The oldest European occurrences sug‑
gest an appearance of caniformians in the Priabonian of southern France and a diversification during the Oligocene, 
after a major faunal turnover following drastic climatic and environmental changes, the ‘Grande Coupure’. Their first 
representative is the amphicyonid Cynodictis lacustris, the cranial osteology of which is of much relevance for the sys‑
tematics of Caniformia. A well-preserved cranium of Cynodictis lacustris was collected in the Phosphorites of Quercy 
(Lot, France) in the late 1960s. The exceptional preservation of the specimen allows us to describe the osteology, 
make substantial comparative observations and propose biological interpretations, leading to a partial reconstruction 
of the cranial vascularization, innervation, and musculature. We also reconstruct the ecological evolution of the Euro‑
pean amphicyonids from the Paleogene based on their body masses and diets, leading to identify three different 
faunas: (1) the oldest one (Priabonian) is characterized by body mass around 10 kg, well-exemplified by Cynodictis 
lacustris; (2) the second (Rupelian) groups taxa from 30 to 50 kg; (3) the last one (Chattian) differs from the two oth‑
ers by the presence of large amphicyonids (ca. 140 kg) and the low number of hypercarnivorous amphicyonids. The 
in-depth investigation of this exceptional specimen provides new material for the systematic and paleoecological 
understanding of Paleogene amphicyonids.
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Introduction
Many localities in Europe show high species richnesses 
in mammals during the Paleogene (Biochrom’97 1997). 
One of the main climatic events, the Eocene–Oligocene 
cooling (ca. 33.9 Mya), was a global shift from green-
house to icehouse climate, concurrent with a major fau-
nal upheaval for a large part of the mammalian clades 
present in Europe at that time (e.g., Legendre et al., 1991; 
Weppe et al., 2023). This event, called the ‘Grande Cou-
pure’, signals environmental changes of great magnitude 
characterized by an increased aridity and the develop-
ment of open habitats such as savannahs or steppes at 
the expense of closed habitats such as forests (Legendre, 
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1987; Legendre & Hartenberger, 1992). These environ-
mental modifications are the main cause of the extinction 
of endemic species, as first noted by Stelhin (1909), and 
also drove a massive immigration from Asia (Legendre & 
Hartenberger, 1992), as recently emphasized in artiodac-
tyls (Weppe et  al., 2023). This faunal turnover occurred 
between MP20 and MP21 reference levels (Legendre 
et al., 1991), and more precisely between 34.1 and 33.55 
Mya, according to Weppe et al. (2023)

At the core of the trophic interactions induced by this 
great mammalian diversification, two clades of predatory 
mammals stand out: Hyaenodonta and Carnivoramor-
pha (Solé et al., 2011, 2014, 2016, 2022a). These carnivo-
rous mammals represent an informative example of the 
faunal disruption characteristic of the ‘Grande Coupure’. 
Hyaenodonts are abundant and much more diverse in 
the Eocene (56 Ma to 33.9 Ma) than carnivoramorphans, 
whereas the crown clade Carnivora (Wesley-Hunt & 
Flynn, 2005), dominate considerably from the Oligocene 
onwards (33.9 Ma to 23.03 Ma) (Solé et al., 2022a). While 
the vast majority of carnivorans appear and diversify dur-
ing the Oligocene, only one clade originates and shows 
diversity during the Eocene in Europe: Amphicyonidae.

Amphicyonidae or “bear-dogs”—so colloquially called 
because of their anatomical resemblances with both can-
ids and ursids—are dated, for the oldest occurrences, 
from the Bartonian (Duchesnean North American Land 
Mammal ‘age’) of North America (Tomiya & Tseng, 
2016). With more than 34 genera (Mckenna & Bell, 1997), 
and a stratigraphic distribution ranging from the Middle 
Eocene to the Late Miocene (Goswami & Friscia, 2010), 
the phylogenetic position of amphicyonids is much unre-
solved (Viranta, 1996). Initially considered as closely 
related to Canidae (Matthew & Granger, 1924; Petter, 
1966; with a relatively recent revival of this hypothesis 
Spaulding & Flynn, 2012), they later have been regarded 
as the sister group of Ursidae (Ginsburg, 1966; Hough, 
1948; Hunt, 1977; Wyss & Flynn, 1993) or the sister 
group of Arctoidea (a group formed by ursids, pinni-
peds and musteloids; Finarelli, 2008; Hunt, 1996, 1998). 
Finally, the most recent studies find the bear-dogs as the 
sister group to all caniformians (Tomiya & Tseng, 2016; 
Tomiya et al., 2021; Wesley-Hunt & Flynn, 2005). How-
ever, this last hypothesis remains fragile (e.g., Wang et al., 
2022; Zhang et  al., 2023) as the amphicyonids included 
in these studies correspond only to North American taxa, 
with the exception of one European taxon, Cynodictis. 
Although incongruence characterizes the compilation of 
phylogenetic hypotheses for Amphicyonidae, a general 
consensus holds that this group is close to the origin of 
Caniformia and the crown Carnivora. In this regard, Cyn-
odictis is always recovered as the sister group to all other 
amphicyonids, even though this genus enters the fossil 

record more recently (i.e., Priabonian) while its morphol-
ogy is similar to that of early North American Bartonian 
caniforms such as Lycophocyon (Tomiya, 2011), a typical 
case of ghost lineage. It is thus crucial to overcome the 
severe lack of data for the Paleogene European amphicy-
onids, in order to better understand the early diversifica-
tion of Carnivora.

In Europe, the genus Cynodictis is known from the 
Priabonian (MP 18), which makes it the oldest occur-
rence of Amphicyonidae (and consequently of Carnivora; 
Bonis, 1978; Kotsakis, 1980). Cynodictis is also known to 
retain plesiomorphic characters within Amphicyonidae 
(Tomiya & Tseng, 2016), but this genus is only known by 
fragmentary data, mostly dental remains. Cynodictis and 
other European amphicyonids have been documented so 
far by a few relatively fragmentary cranial remains (Le 
Verger et  al., 2020). As indicated by Tomiya and Tseng 
(2016), no synthesis of European Amphicyonidae has 
been made so far and only a study of Cynodictis in rela-
tion to other genera, can shed light on our knowledge of 
the history of Amphicyonidae, and, by extension, of early 
carnivorans. This is what we aim for, by studying new 
cranial material of Cynodictis.

From 1967 to 1970, in France, the palaeontologist Dr. B. 
Lange-Badré led the excavation of a cavity named Aubre-
long 3 belonging to the gigantic karst formation Phospho-
rites of Quercy (Gèze, 1974); this locality was reassigned 
to Aubrelong 1 (Dr. M. Vianey-Liaud, personal commu-
nication) and dated from the earliest Oligocene (MP 21), 
close to Eocene–Oligocene transition. The team she led 
uncovered several specimens in a beautiful state of pres-
ervation but had never been studied. Among them were 
two almost complete carnivoran crania of exceptional 
preservation quality. Informally, the first was identified as 
belonging to the genus Amphicynodon gracilis, one of the 
oldest known genera related to ursids, while the second 
was attributed to an amphicyonid: Cynodictis lacustris.

Given the completeness of the material and the 
highly fragmentary state of the anatomical data avail-
able for Amphicyonidae, our main objective is to pre-
sent a detailed and comparative anatomical description 
of Cynodictis lacustris. This cranium is here compared 
not only to those of other available species of Amphi-
cyonidae from the Paleogene of Europe, including other 
known remains of Cynodictis, but also to those of other 
carnivorans from the Oligocene. Our description aims 
at providing a maximum of information concerning the 
cranial anatomy of this genus while proposing several 
biological interpretations and discussing the main fea-
tures of Cynodictis with respect to the other carnivorans. 
Moreover, in order to situate Cynodictis lacustris among 
the history of the amphicyonids, notably in the critical 
context that represents the Eocene–Oligocene boundary 



Page 3 of 27     15 Cranial osteology of cynodictis

in Europe, we here propose an analysis of the ecological 
evolution of amphicyonids from the Paleogene of Europe 
through their body mass, as was done for the Miocene 
amphicyonids by Viranta (1996) and Solé et  al. (2022b). 
Such analysis is supported by the relatively complete 
nature of the European fossil record and the taxonomic 
and ecological diversity of amphicyonids, enabling to 
address future comparisons of amphicyonid evolution 
worldwide and the success of Caniformia.

Materials and methods
Geological setting
Discovered in 1869 by mining, the many deposits belong-
ing to a gigantic karst system are pockets filled with 
extremely fossiliferous phosphates: the Phosphorites of 
Quercy (Cavaillé, 1974). These paleokarst faunas range 
from the early Eocene to the early Miocene (Escarguel 
et  al., 2008; Legendre et  al., 1992; Maitre et  al., 2006, 
2008; Maitre, 2014; Renaud et  al., 1978; Rémy et  al., 
1987; Sigé et  al., 1991). Such expanded temporal record 
and abundant fossil record makes the Quercy a key 
area for understanding the evolution of the European 
Paleogene mammals (Escarguel et al., 2008; Legendre & 
Hartenberger, 1992; Rémy et  al., 1987). Here we study 
a new, almost complete cranium of Cynodictis lacus-
tris (MNHN.F.Qu 17762), which was extracted from a 
deposit dated as early Rupelian, just younger than the 
Eocene–Oligocene transition (MP 21). Whereas con-
sidered first to belong to the Aubrelong 3 locality (Gèze, 
1974), it may well be a continuation of the Aubrelong 1 
locality (Dr. M. Vianey-Liaud, personal communication), 
a hypothesis that we follow here. Between 1967 and 1970, 
Dr. B. Lange-Badré (CNRS) conducted the excavation of 
this cavity composed of two main levels of clay including 
calcites and phosphorites over approximately six meters 
(Fig.  1, Gèze, 1974). Several specimens were discovered 
in an excellent state of preservation and were stored in 
Lange-Badré’s personal collections. At her death, her 
collections were transferred to the Museum national 
d’Histoire naturelle at Paris, where they were rediscov-
ered and for which we can now provide comprehensive 
descriptions.

Comparative anatomy
Sampling
Amphicyonidae are taxonomically diverse, although 
many species in this clade have been described on the 
bases of highly fragmented specimens, possibly causing 
an overestimation of the specific diversity of the clade. 
Cynodictis is an evident example, with over 20 described 
species and only six or seven currently valid (Kotsakis, 
1980; Le Verger et  al., 2020). Facing the incompleteness 
of cranial remains of European Paleogene amphicyonids 

(as compared to dental remains, Le Verger et  al., 2020), 
we decided to compare MNHN.F.Qu 17762 to a maxi-
mum of taxa within the carnivoraforms, restricted chron-
ologically to the Paleogene and spatially to Europe. Our 
sample thus includes ten species among which are nine 
crania of amphicyonids, two crania of ursids, two crania 
of feliforms, and two crania of non-carnivoran carnivo-
ramorphans (Table 1). All specimens come from French 
deposits: eleven from the Phosphorites of Quercy and 
four from the Allier Basin. The specimens were observed 
with the natural eye and with a Nikon SMZ1000 binocu-
lar loupe. Measurements (Table 2) were taken with a pair 
of callipers to the nearest 0.01 mm.

Anatomical nomenclature
The comparative anatomical description of the cra-
nium of Cynodictis lacustris is a large expansion of the 
brief descriptions provided by Carlsson (1914), Teilhard 
de Chardin (1915) and Petter (1966), part of which was 
produced for describing C. intermedius Filhol, 1876, a 
species now synonymized with Cynodictis lacustris (Kot-
sakis, 1980). The taxonomy of Cynodictis follows our 
previous work (Le Verger et  al., 2020), and the cranial 
nomenclature presented by Wible and Spaulding (2013) 
for Nandinia binotata Gray, 1830, the African palm 
civet. Biological interpretations of foramina, grooves, 
processes, crests, bulges, and cavities refer mostly to 
our knowledge of the soft anatomy of Canis familiaris 
Linnaeus, 1758 (Evans, 1993). The nomenclature for the 
molariform dentition follows Szalay (1969) and that for 
premolars Ginsburg (1999).

Comparative ecology
Paleogene amphicyonids sampling
Our study on the evolution of the European amphicyo-
nids is based on a sample including 27 species within 14 
genera. We include all amphicyonids known in Europe 
from the Eocene and Oligocene for which we have infor-
mation on the lower dentition, at least the m1, based 
on the literature (e.g., Springhorn, 1977; Kotsakis, 1980; 
Bonis, 2020) and the species described herein. When 
possible (16 taxa), the amphicyonids were assigned to 
an MP according to BiochroM’97 (1997) and recent data 
from the literature (Table S1).

Body mass
We estimated the body mass (BM, in kg) from dental 
remains, using the equation established by Van Valken-
burgh (1990) for a set of carnivorans and dasyuromor-
phians: Log10(BM) = [2,97 × Log10(Lm1)]—2,27; where 
Lm1 is the length of the first lower molar in mm. We 
estimated BM for 27 amphicyonid species (Table  S1). 
For comparison purposes, we also estimated the BM of 



   15   Page 4 of 27	 K. Le Verger et al.

six amphicynodontids and one ursid from the MP22 of 
Europe (Table S1).

Diet
Diet was inferred from the indices and categories defined 
by Van Valkenburg (1988, 2007) for Carnivora. We used 
four categories: (1) Hypercarnivore, the organism feeds 
on more than 70% meat; (2) Scavenger, the organism 
feeds on more than 70% meat and large bones; (3) Meso-
carnivore, the organism feeds on 50% to 70% fruit and/
or insects; (4) Hypocarnivore, the organism feeds on 
less than 50% meat, fruit and/or insects. Van Valkenburg 
(1988) proposed five indices for inferring the diet of a car-
nivoran. In our study, the two most representative were 

selected: the Relative Blade Length (RBL) index (ratio of 
the length of the m1 trigonid to the total length of the 
m1) and the Relative Premolar Size (RPS) index (ratio of 
the width of the largest premolar to the square root of the 
weight). These indices are compared with characteristic 
values for each category to infer a diet for the 27 amph-
icyonids in our sample. The diet of two species has not 
been determined due to lack of data (see Results).

Institutional abbreviations
FSL, Faculté des Sciences de Lyon; LA, Langy; MHNG, 
Muséum d’Histoire Naturelle de Genève; MNHN.F, fossil 
collection of the Muséum National d’Histoire Naturelle, 
Paris, France; Qu, fossil collection from the Phosphorites 

Fig. 1  Aubrelong deposit 1. A, location of most of the Quercy phosphorites. B, location of the Aubrelong commune. C, Stratigraphic profile 
of Aubrelong 1 (~ 6 m) following Gèze (1974). All the fossils collected during the excavation by Dr. B. Lange-Badré, including Cynodictis lacustris 
MNHN.F.Qu 17762, come from the brecciated level (~ 5.15 m)
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Table 1  Sample list including the comparative sample

Family Species Material Locality—age

Stem-Carnivora Paramiacis exilis
Mathis, 1985

Subcomplete Cranium
MNHN.F.Qu 8752

Phosphorites of Quercy
Late Eocene/Early Oligocene

Stem-Carnivora Quercygale angustidens
Filhol, 1872

Subcomplete Cranium
MNHN.F.Qu 8755

Phosphorites of Quercy
Late Eocene/Early Oligocene

Stenoplesictidae Palaeoprionodon lamandini
Filhol, 1880

Subcomplete Cranium
MNHN.F.Qu 9348

Phosphorites of Quercy
Late Eocene/Early Oligocene

Stenoplesictidae Palaeoprionodon lamandini
Filhol, 1880

Subcomplete Cranium
MNHN.F.Qu 9371

Phosphorites of Quercy
Late Eocene/Early Oligocene

Amphicyonidae Cynodictis exilis
Teilhard de Chardin, 1915

Subcomplete Cranium
MNHN.F.Qu unnumbered

Phosphorites of Quercy
Late Eocene/Early Oligocene

Amphicyonidae Cynodictis lacustris
Gervais, 1852

Complete cranium—New specimen
MNHN.F.Qu 17762

Phosphorites of Quercy—Aubrelong 1
Late Eocene/Early Oligocene

Amphicyonidae Cynodictis lacustris
Gervais, 1852

Subcomplete Cranium
MNHN.F.Qu 17502

Phosphorites of Quercy
Late Eocene/Early Oligocene

Amphicyonidae Cynodictis lacustris
Gervais, 1852

Subcomplete Cranium
MNHN.F.Qu 17765

Phosphorites of Quercy
Late Eocene/Early Oligocene

Amphicyonidae Cynodictis peignei
Le Verger et al., 2020

Subcomplete Cranium
MNHN.F.Qu 9007; MNHN.F.Qu 9008

Phosphorites of Quercy—Mouillac
Late Eocene/Early Oligocene

Amphicyonidae Cynelos lemanensis
Pomel, 1846

Subcomplete Cranium
Musée des Confluences—LA 85

Allier Basin—Billy
Late Eocene/Early Oligocene

Amphicyonidae Cynelos lemanensis
Pomel, 1846

Rostrum and Basicranium
University of Lyon—UCBL-FSL 65655

Allier Basin—Saint-Gérand-le-Puy
Late Eocene/Early Oligocene

Amphicyonidae Pseudocyonopsis ambiguus
Filhol, 1876

Subcomplete Cranium
MHNG V3272

Allier Basin—Saint-Gérand-le-Puy
Late Eocene/Early Oligocene

Amphicyonidae Ysengrinia gerandiana
Viret, 1929

Subcomplete Cranium
MNHN.F.Qu 1903–20

Allier Basin—Saint-Gérand-le-Puy
Late Eocene/Early Oligocene

Amphicynodontidae Amphicynodon gracilis
Filhol, 1874

Complete cranium—New specimen
MNHN.F.Qu 17763

Phosphorites of Quercy—Aubrelong 1
Late Eocene/Early Oligocene

Amphicynodontidae Amphicynodon sp.
Filhol, 1882

Rostrum
MNHN.F.Qu unnumbered

Phosphorites of Quercy
Late Eocene/Early Oligocene

Table 2  Cranial measurements (in mm) following Le Verger et al. (2020)

Symbols: *, estimations; -, Missing data

NH neurocranial height, NL neurocranial length, NW neurocranial width, OoL occiput to orbit length, SH snout height, SKL skull length, SL snout length, SW snout 
width

Species SKL OoL SL SW SH NL NW NH

Paramiacis exilis MNHN.F.Qu 8752 47 31 9 15 12 18 14* 12

Quercygale angustidens MNHN.F.Qu 8755 121 80 33 33 34 54 36 35

Palaeoprionodon lamandini MNHN.F.Qu 9348 69 48 15 18 17 34 25 20

Palaeoprionodon lamandini MNHN.F.Qu 9371 72 51 16 14* 19 36 25 24

Cynodictis exilis MNHN.F.Qu unnumbered 97 70 18 28 23 47 38* 31

Cynodictis lacustris MNHN.F.Qu 17762—New specimen 111 72 28 29 25 44 50 29*

Cynodictis lacustris MNHN.F.Qu 17502 102 72 28* 28 28 54 42* 30*

Cynodictis lacustris MNHN.F.Qu 17765 120* 87 – – – 78 40 35*

Cynodictis peignei MNHN.F.Qu 9007; 9008 107 68 31 30 28 52 44 36*

Cynelos lemanensis LA 85 280 160 100 70* 60 120 90* 100

Cynelos lemanensis UCBL-FSL 65655 250 160 90 70 50 100 90 90

Pseudocyonopsis ambiguus MHNG V3272 – 120 – 50* 60 70 80* 80

Ysengrinia gerandiana MNHN.F.Qu 1903–20 – – 83 76 62 – – –

Amphicynodon gracilis MNHN.F.Qu 17763—New specimen 86 62 19 21 18 41 39 29

Amphicynodon sp. MNHN.F.Qu unnumbered – – 26 24 23 – – –
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of Quercy (MNHN); UCBL, Université Claude Bernard 
Lyon.

Results
Systematic palaeontology

Carnivoramorpha Wyss & Flynn, 1993

Carnivoraformes Flynn, Finarelli, & Spaulding, 2010.

Carnivora Bowdish, 1821.

Amphicyonidae Trouessart, 1885

Cynodictis Bravard & Pomel, 1850

Cynodictis lacustris Gervais, 1852

Holotype—MNHN.F.Qu 8950, left mandible, with 
p2-m2, alveoli of p1 and m3.

Referred specimen—MNHN.F.Qu 17762, a cranium 
bearing right and left P2-M1, alveoli of I1-I3, canine, P1 
and M2.

Locality—Aubrelong 1 (near Bach, Lot, France; Early 
Rupelian, MP21).

Note—MNHN.F.Qu 17762 was first assigned by Filhol 
(1876) as belonging to Cynodictis intermedius, without 
further clarification, although the genus diagnosis does 
not include cranial characters (Le Verger et  al., 2020). 
Despite the absence of a mandible, the attribution of 
MNHN.F.Qu 17762 to Cynodictis is supported by the 
upper dentition with a P4 possessing a pointed and ante-
riorly placed protocone; an M1 with a well-developed 
parastyle and equally developed para-, meta-, and pro-
tocones, with a symmetrical and crescentic protocone 
showing pre- and post-protocristae leading to equally 
sized para- and metaconules, respectively, and with a 
strong posterolingual cingulum (Le Verger et  al., 2020). 
Specific-level determination is made difficult within the 
genus Cynodictis due to a poor upper dentition record 
and cranial remains known for only three or potentially 
four of the six/seven species that comprises the genus: 
Cynodictis exilis, Cynodictis lacustris, Cynodictis peignei, 
and potentially Cynodictis longirostris. In agreement with 
the synonymy envisioned by Bonis (1978) and proposed 
by Kotsakis (1980) of the species Cynodictis intermedius 
with Cynodictis lacustris, we support a taxonomic reas-
signment of MNHN.F.Qu 17762 to Cynodictis lacustris. 
This attribution is further supported by the presence of a 
more strongly pronounced accessory cusp of P3 than in 

the other species; a wider protocone area of P4; a wider, 
longer M1 stylar shelf pointing more towards the cranial 
midline posteriorly; a broad transverse elongation of the 
zygomatic arches; a vertically oriented post-tympanic 
process of the squamosal; an intermediate width of the 
tensor tympani fossa and an intermediate position of the 
foramina for the ramus temporalis relatively to the sag-
ittal crest between Cynodictis exilis and Cynodictis peig-
nei, the latter having the widest tensor tympani fossa and 
foramina for the ramus temporalis, the closest to the sag-
ittal crest; a narrow and shallow external acoustic mea-
tus; and more strongly pronounced nuchal crests.

Comparative anatomical description

Sutures. Cranial bones of MNHN.F.Qu 17762 are not 
always well delineated. Visible sutures are mainly towards 
the front of the cranium: premaxilla, maxilla, nasal, 
frontal, palatine, lacrimal, orbitosphenoid, pterygoid, 
presphenoid, jugal, squamosal (zygomatic process and 
post-tympanic process), petrosal, and exoccipital bones 
are differentiable. The absence of some sutures, com-
bined with complete tooth eruption and slight traces of 
wear on the teeth suggest that the individual was a young 
adult.

Dorsal view (Fig.  2A)—The rostrum has parallel edges, 
giving a rectangular shape, unlike Ysengrinia gerandiana.

The premaxilla extends well beyond the anterior part of 
the nasal, with a posterodorsal process reaching the level 
of the anterior margin of P2, unlike Cynelos lemanensis, 
where this process ends at the anterior margin of P3.

The maxilla extends to the orbit, and displays slight lat-
eral bulges on its anterior part, corresponding to the root 
of the canines.

The infraorbital foramen, located at the level of the 
anterior edge of the P4, is wide and transversely stretched, 
contrary to Amphicynodon gracilis, for which the open-
ing of the infraorbital foramen is rounded. Through this 
opening runs the infraorbital nerve, originating from 
the maxillary branch of the trigeminal nerve (CN V2), 
and which innervates several areas of the face (Fig. 3A). 
The depression formed between the lateral bulge and 
the infraorbital foramen could indicate the presence of 
a strong caninus muscle used to pull the upper lip and 
nasal wing for better nostril dilatation (Fig. 3C).

The nasal bones extend from the distal end of the 
rostrum, at the anterior edge of the canine, to the fron-
tal bones into which they insert in a V-shape suture. 
The suture of the frontal, nasal and the maxillary bones 
has a W-shape. The posterior projection of the nasal is 
highly variable in the sample, but Ysengrinia gerandiana 
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exhibits the strongest difference with a more anteriorly 
terminated projection.

The frontal shows lateral bulges corresponding to the 
frontal sinuses, much more pronounced in Cynodic-
tis lacustris than in the other amphicyonids examined. 
Frontal sinuses usually are involved in immune defence 
and/or air filtration by the nose, through the production 
of mucus. Anteriorly, the maxillary process of the fron-
tal is strongly developed to the level of the infraorbital 
foramen. Posteriorly, this process is separated from the 
parietal by rather strong temporal crests. These crests 
originate at the level of the prominent and pointed 
postorbital process and shortly merge, slightly before 
the strongest constriction area of the postorbital. The 

postorbital constriction is also strong in Pseudocyonopsis 
ambiguus.

The orbitotemporal region is bordered laterally by the 
zygomatic arch, gently curved anteriorly and abruptly 
curved posteriorly. The zygomatic arch is composed, in 
equal proportions, of the jugal and the zygomatic process 
of the squamosal. The orbital fossa is much smaller than 
the temporal fenestra, which is significantly larger than 
that observed in the other crania studied. The posterior 
boundary of the orbit is marked by the frontal process of 
the jugal and the postorbital process, both of which being 
strongly developed and slightly curved into the temporal 
fenestra.

The zygomatic arch ends with the contact of the 
squamosal with the alisphenoid and parietal. The 

Fig. 2  Cranium of Cynodictis lacustris MNHN.F.Qu 17762 in dorsal (A), lateral (B), and ventral (C) views. Scale bar = 1 cm. bo basioccipital, bs 
basisphenoid, cep carnassial embrasure pit, csm crista supramastoideus, enp entopterygoid process, eo exoccipital, fdv frontal diploic vein 
foramen, fm foramen magnum, fpju frontal process of jugal, fr frontal, gf glenoid fossa, ham pterygoid hamulus; iif interincisive foramen, inf incisive 
foramen, iof infraorbital foramen; ju jugal, lac lacrimal, M1 first upper molar, ma molar alveoli, mp mastoid process, mpf major palatine foramen, 
mpfr maxillary process of frontal, mpn minor palatine notch, mr molar root, mx maxilla, mxt maxillary tuberosity, na nasal, nc nuchal crest, np nasal 
process of nasal, oc occipital condyle, op occipital protuberance, P2-4 second to fourth upper premolars, pa parietal, pal palatine, pdp posterodorsal 
process of premaxilla, pgp postglenoid process, poc postorbital constriction, pop postorbital process, pp paroccipital process, pps posterior palatine 
spine, pmx premaxilla, pr promontorium, ps presphenoid, pt pterygoid, ptp posttympanic process, rt foramen for ramus temporalis, sc sagittal 
crest, sq squamosal, tc temporal crest, tf temporal fenestra, vcf ventral condyloid fossa, zpmx zygomatic process of maxilla, zpsq zygomatic process 
of squamosal
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posteromedial termination of the arch is perpendicular to 
the anteroposterior axis and exhibits a marked and pos-
teriorly curved crista supramastoidea. The concave cur-
vature of the crista supramastoidea is weaker in Cynelos 
lemanensis. The crista supramastoidea reaches the post-
tympanic process of the squamosal, the latter extending 
posteriorly to the nuchal crests.

The nuchal crests have an oblique orientation with 
respect to the dorsoventral and anteroposterior axis. 
The nuchal crests are strongly elongated posteriorly to 

the point of completely obscuring the occipital condyles, 
in contrast to Amphicynodon gracilis in which they are 
smaller and almost vertical.

The sagittal crest of Cynodictis lacustris is high and 
long, occupying almost half of the total length of the 
cranium. The sagittal crest originates at the connection 
between the two temporal crests and reaches the connec-
tion between the two nuchal crests, corresponding to the 
occipital protuberance. In Paramiacis exilis, the sagittal 
crest is highly reduced, similar to Amphicynodon gracilis, 

Fig. 3  Partial reconstruction of the innervation (A), vascularization (B), musculature (C) and entire head (D) of Cynodictis lacustris MNHN.F.Qu 17762 
from the comparative description. (E) artistic vision grouping together all the reconstructions. Scale bar = 1 cm. aa anastomotic artery, beca branch 
of the external carotid artery, cm caninus muscle, cmm cleidomastoid muscle, cnn caudal nerve of the nasal, dm digastric muscle, fdv frontal diploic 
vein, iofn infraorbital nerve, iov internal ophthalmic vein, jhm jugulohyoid muscles, ln levator nasolabialis, ma maxillary artery, man mandibular 
nerve, mmc masseteric muscle complex, mn maxillary nerve, mpn major palatine nerve, mv maxillary vein, nc nerve complex, oa ophthalmic 
artery, on optic nerve, opv ophthalmic plexus vein, pbv palatine blood vessels, sav sphenopalatine artery and vein, smm sternomastoid muscle, tmc 
temporalis muscle complex
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the closest taxon in the sample to the Amphicyonidae. 
The large size of the temporal fenestra and sagittal crest 
in Cynodictis lacustris suggests the presence of highly 
developed masticatory muscles (Fig. 3C).

The bulges of the parietal reflect the size of the 
endocranium. With a lyre-shape, the parietal bulges 
appear proportionally smaller than those observed in 
Cynelos lemanensis and Amphicynodon gracilis. The pos-
terior aspect of these bulges that roughly correspond to 
the cerebral hemispheres occupy around 75% of the max-
imal width of the basicranium. An interspecific quantifi-
cation of this aspect is impossible as half of the sample 
corresponds to incomplete crania.

In the posterior part of the cranium of C. lacustris and 
in the first third of its width, there is a well-marked fora-
men, on each side of the sagittal crest, which corresponds 
to the passage of the ramus temporalis, a branch of the 
external carotid artery supplying the temporalis muscle 
(Fig. 3B).

Lateral view and internal wall of the orbit (Figs.  2B, 
4 and 5)—The cranium of Cynodictis lacustris is longer 
than tall, a proportion less marked in Ysengrinia geran-
diana, in which the frontal is much higher and the ros-
trum comparatively shorter. The cranial height increases 
only slightly from anteriormost to posteriormost point 
as in Cynelos lemanensis, Pseudocyonopsis ambiguus, 
and Amphicynodon gracilis, suggesting an elongated 

attachment region for the levator nasolabialis muscle 
involved in upper lip lifting (Fig. 3C). However, Amphi-
cynodon gracilis shows a shorter rostrum than Cynod-
ictis lacustris, in which the maxilla is wider and slightly 
domed below the orbit. This maxillary area contains the 
maxillary sinus which acts as a thermal regulator and 
protector through the secretion of sinus mucosa.

The zygomatic process of the maxilla forms a bony 
tip that extends posteriorly into the jugal, giving a 
Y-shaped anterior termination. This Y-shape maxilla-
jugal contact was not found in any other crania of the 
sample. In Cynodictis, this suture is at the level of M1 
and not at the P4, unlike Ysengrinia gerandiana. Fol-
lowing the cranial musculature of Canis familiaris, 
this region formed by the maxilla-jugal contact prob-
ably served as an attachment for the masseteric muscle 
complex in Cynodictis lacustris (Fig. 3C).

The lacrimal, preserved on the right side of the cra-
nium, is in contact with the frontal, maxilla, palatine 
and jugal. It is a small bone with conspicuous and wavy 
sutures, which contains a large lacrimal foramen cor-
responding to the opening of the nasolacrimal duct, 
a canal  housing the Evans’ duct and the lacrimal sac, 
whose function is to conduct tears to the eye (Fig.  3). 
More or less circular, the lacrimal foramen is located 
on the medial border of the jugal and above the maxil-
lary foramen (= the internal opening of the infraorbital 

Fig. 4  Internal orbital wall of Cynodictis lacustris MNHN.F.Qu 17762. Scale bar = 1 cm. cpf caudal palatine foramen, fr frontal, ju jugal, lac lacrimal, lacf 
lacrimal foramen, M1 first upper molar, mr molar root, mx maxilla, mxf maxillary foramen, os orbitosphenoid, pa parietal, pal palatine, pop postorbital 
process, spf sphenopalatine foramen, zpsq zygomatic process of squamosal
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Fig. 5  Internal wall of the orbitotemporal region of Cynodictis lacustris MNHN.F.Qu 17762. Scale bar = 1 cm. as alisphenoid, asc alisphenoid canal, 
ef ethmoidal foramen, fo foramen oval, gf glenoid fossa, ham pterygoid hamulus, ju jugal, M1 first upper molar, mx maxilla, of optic foramen, os 
orbitosphenoid, P4 fourth upper premolars, pa parietal, pal palatine, pgp postglenoid process, pt pterygoid, sof/fro sphenorbital fissure/foramen 
rotundum, sq squamosal, zpsq zygomatic process of squamosal
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foramen), which is about three times larger than the 
lacrimal foramen (Fig. 4).

Posterodorsally to the lacrimal and marking the pos-
terodorsal limit of the orbit, the postorbital process 
forms a prominent peak. Ventral to the postorbital pro-
cess, a tiny foramen for the frontal diploic vein is visible, 
although slightly marked (Fig.  3B). Only Amphicynodon 
gracilis exhibits a similar foramen, although located more 
anteriorly.

In the inner wall of the orbit, the maxilla is riddled with 
small and unidentified foramina, which are adjacent to 
three openings corresponding to the roots and alveoli of 
molars. More posteriorly, the maxillary tubercle is quite 
weak and does not contain all the roots of the M2 (not 
preserved on the specimen). Only Cynelos lemanensis 
and Amphicynodon gracilis show a well-marked maxil-
lary tubercle.

The palatine, in its anteriormost part, at the junction 
with the lacrimal and maxilla, shows three foramina. 
The two ventralmost foramina correspond to the caudal 
ones of the palatine, for the passage of the major pala-
tine nerve, a branch of the CN V2, and of blood vessels 
(Fig.  3A). Only Amphicynodon gracilis exhibits a single 
caudal foramen of the palatine, which is probably due 
to preservation bias. The third and most dorsal foramen 
corresponds to the sphenopalatine foramen, for the pas-
sage of the caudal nerve of the nasal, and the sphenopala-
tine artery and vein (Fig. 3B). In Cynodictis lacustris, the 
sphenopalatine foramen is wider than in the other taxa 
of the sample. These three foramina are involved in the 
innervation and vascularization of the rostrum (Fig. 3).

The pterygoid follows the palatine posteriorly. This cra-
nial bone has a hook-shaped apophysis on its posteroven-
tral part: the pterygoid hamulus.

Above the palatine and the pterygoid, the orbitosphe-
noid is visible in the internal wall of the temporal fenestra 
and exhibits three distinct foramina that grow in size 
anteroposteriorly. The first, located on the dorsal edge of 
the orbitosphenoid, corresponds to an ethmoidal fora-
men. In Amphicynodon gracilis and Cynelos lemanensis, 
the ethmoidal foramen is located more posteriorly. The 
second foramen, located at the contact between the ali-
sphenoid and the orbitosphenoid, is the optic foramen 
for the passage of the optic nerve (CN II), the ophthal-
mic artery, and the internal ophthalmic vein (Fig.  3A, 
B). The third foramen, located behind the palatine on 
the alisphenoid, whose suture with the orbitosphenoid 
is not visible, corresponds to the merging of the supe-
rior orbital fissure, or sphenorbital fissure, and the fora-
men rotundum, which contains the rostral opening of the 
canal of the alisphenoid. In the former, many nerves and 
vessels pass (Fig. 3A, B): oculomotor (CN III), trochlear 
(CN IV), ophthalmic (CN V1), and abducens (CN VI) 

nerves, ophthalmic plexus vein, and anastomotic artery, 
which connects the maxillary artery and the polygon of 
Willis (complex of arteries providing vascularization to 
the encephalon). In the latter, the foramen transmits the 
maxillary nerve (CN V2), as well as the maxillary artery 
and vein, which function to innervate and vascularize the 
rostrum (Fig. 3).

On the most posteroventral part of the zygomatic arch, 
the postglenoid process is well marked and reaches the 
same height as the P3. It is slightly curved and points 
approximately 30° anteroventrally, forming the floor of 
the glenoid fossa. The postglenoid process exhibits strong 
interspecific variations. In Cynelos lemanensis, it has a 
less pronounced curvature, whereas, in Amphicynodon 
gracilis, it is smaller and much more curved forward. In 
contrast, Pseudocyonopsis ambiguus displays a strong 
postglenoid process.

Posteriorly, the squamosal exhibits a slightly marked 
process just posterior to the external acoustic meatus, 
the posttympanic process of the squamosal, which is ori-
ented strongly anteroventrally. In an adjacent position 
of the latter, a half-smaller process projecting ventrally, 
the mastoid process of the petrosal bone, is present on 
which the long neck muscles, the sternomastoid and the 
cleidomastoid, involved in the mobility of the head, are 
attached (Fig.  3C). In Cynelos lemanensis, this process 
points laterally.

The mastoid process is followed posteriorly by 
the paroccipital process (= jugular process of Evans, 
1993; = paracondylar process of the exoccipital of Wible 
& Spaulding, 2013). This prominent and posteroven-
trally projecting process serves as an attachment for the 
digastric (involved in the jaw movement) and jugulohy-
oid muscles (see Fig. 3C and Reighard & Jennings, 1935). 
In Amphicynodon gracilis, the paroccipital process is 
smaller, less wide, more pointed, and does not have an 
outward orientation of its inner side or a marked depres-
sion as in Cynodictis lacustris.

The exoccipital forms the ventral condyloid fossa 
between the paroccipital process and the occipital con-
dyle. The latter is quite wide and oriented in the same 
way as the paroccipital process. Wider than high, the 
foramen magnum provides the articulation between the 
cranium and the atlas, the first cervical vertebra.

In the lateral view, the connection between the nuchal 
crest and the sagittal crest provides a wide muscle inser-
tion shelf for the temporalis muscle (Fig. 3C).

Ventral view (Figs.  2C & 5)—The front of the rostrum 
is not completely preserved, and the premaxilla is not 
complete. Laterally, the premaxilla ends in front of the 
canines while its posterior extension forms a long bony 
process, stopping at the anterior third of the canine. The 
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premaxilla has two incisive foramina and one interinci-
sive foramen. The formers are teardrop-shaped unlike 
in Amphicynodon gracilis, in which they are rounded. In 
Ysengrinia gerandiana and Cynelos lemanensis, they are 
more elongated than in Cynodictis. The incisive foramina 
allow the passage of the nasopalatine canal, which con-
nects the oral and nasal cavities with the vomeronasal 
organ, of the nasopalatine nerve (a continuation from the 
CN V2) and of the rostral septal branch of the major pal-
atine artery. The interincisive foramen is much smaller. 
Depending on the taxon considered, this foramen varies 
in size, position and may often be absent.

The palatine is partially damaged. The maxilla–pala-
tine contact is slightly distinguishable, and begins at the 
anterior margin of the P4. Then, the palatine, rounded 
forward, forms a shelf delimited laterally by the M1. Its 
midline is slightly longer than that of the maxilla, con-
trary to Ysengrinia gerandiana. On the maxilla–palatine 
suture, laterally, the major palatine foramina are wide 
and located at the level of the contact between the P4 and 
M1. They transmit the palatine nerve, derived from the 
sphenopalatine branches of the CN V2, and blood vessels 
to the bony palate. Posteriorly, positioned medially to the 
M2 alveoli, a minor palatine notch is observable. A short 
posterior process of the palatine precedes the presphe-
noid; it is slight and not easily observable.

The presphenoid is followed by the pterygoid with 
which it forms a large and anteroposteriorly elongated 
fossa, of the width of the postorbital constriction and the 
length of the zygomatic arches. The fossa is bordered by 
the entopterygoid processes, nearly parallel bony rods, 
which end at about the posteromedial curvature of the 
zygomatic arch. In Amphicynodon gracilis, these pro-
cesses are curved inwards. The pterygoid contacts the ali-
sphenoid and basisphenoid.

Two foramina, large and in the same depression at the 
base of the alisphenoid, are visible laterally. The anterior 
one corresponds to the caudal opening of the alisphe-
noid canal, which allows the passage of the maxillary 
artery and vein in the alisphenoid canal until their exit 
through the foramen rotundum (Fig.  3B). The posterior 
one, oriented obliquely and opposite to the glenoid fossa, 

corresponds to the foramen ovale, for the passage of the 
mandibular nerve (CN V3) and an emissary vein (Fig. 3A, 
B). In Canis familiaris, sometimes a small notch marks 
the path of the middle meningeal artery from the maxil-
lary artery (Evans, 1993). A similar feature is not observ-
able for Cynodictis lacustris. In Cynelos lemanensis, these 
two foramina are almost fused.

Lateral to these foramina of the alisphenoid, the squa-
mosal contains the glenoid fossa, which is elongated 
transversely and partly covered ventrally by the postgle-
noid process. The condylar process of the dentary articu-
lates in this fossa.

The basisphenoid and the basioccipital are fused, and 
are delimited laterally by a muscular tubercle (sensu 
Evans, 1993; to which the longus capitis muscle is report-
edly attached in the case of the domestic dog), showing a 
process posteriorly. The contact of the basisphenoid with 
the alisphenoid is not visible. Neither the tubercle nor the 
bony tip is visible on the other crania in the study. The 
basisphenoid has a lyre-shape and a slight crest along the 
midline. The basioccipital is hollowed laterally by strong 
depressions and shows the same less well-marked cen-
tral crest. Only Amphicynodon gracilis exhibits marked 
differences with a basioccipital with much shallower 
depressions laterally and a much weaker midline crest 
ending in a bulge posteriorly. The basioccipital shows a 
raised rough surface, which corresponds to the area of 
attachment of the long head muscle (whose other end is 
attached to the cervical spine). The basioccipital ends at 
the contact of the exoccipital.

Auditory region (Fig.  6)—Posterior to the postglenoid 
process and distal to the lateral border of the cranium, 
the squamosal bears the postglenoid foramen, which 
transmits the postglenoid vein. The postglenoid foramen 
is positioned higher on the process in Cynelos lemanensis.

Posterior to this foramen and directed posteromedi-
ally to the tympanic cavity, a deep and narrow depression 
corresponds to the petrotympanic fissure (or Glaser-
ian fissure). In this elongated fissure, the tympanic cord, 
a vegetative and sensory branch of the facial nerve (CN 
VII), connecting the latter to the lingual nerve (a sensory 

Fig. 6  Auditory region of Cynodictis lacustris MNHN.F.Qu 17762 in ventral (A) and ventrolateral (B) views. Scale bar = 1 cm. acf aperture of cochlear 
fossula, acrf facet for anterior crus of ectotympanic, ats, sulcus for auditory tube, bo basioccipital, boe basioccipital excavation, bs basisphenoid, cef 
facet for caudal entotympanic, cg groove for internal carotid artery and nerves, ci crista interfenestralis, ctp caudal tympanic process, dpn foramen 
for deep petrosal nerve, eam roof of external acoustic meatus, eo exoccipital, eot exoccipital tubercles, er epitympanic recess, fi fossa incudis, fv 
fenestra vestibuli, hf hypoglossal foramen, jf jugular foramen, mhf facet for mallear hook of rostral process, mp mastoid process, ms mastoid shelf, 
mt muscular tubercle, npc groove for nerve of pterygoid canal, pcrf facet for posterior crus of ectotympanic, pfac pyriform fenestra with path 
for the internal carotid artery, pgf postglenoid foramen, pgp postglenoid process, pp paroccipital process, pr promontorium, prb promontorium 
bulge, ptf petrotympanic fissure, ptp posttympanic process, rtp rostral tympanic process of petrosal, sf stapedial foramen, sff secondary facial 
foramen, sq squamosal, stf stapedius fossa, th tympanohyal, tpbs tympanic process of basisphenoid, tt tegmen tympani, ttf tensor tympani fossa

(See figure on next page.)
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nerve derived from the mandibular nerve CN V3), is 
likely to circulate. In the dog, the tympanic cord indi-
rectly innervates the submandibular and sublingual 

salivary glands and the anterior two-thirds of the tongue 
(Evans, 1993).

Medial to the petrotympanic fissure and bordering 
the tegmen tympani, a large anteroposteriorly stretched 

Fig. 6  (See legend on previous page.)



   15   Page 14 of 27	 K. Le Verger et al.

depression likely constitutes a facet for insertion of the 
spine of the rostral process of the malleus (as described 
and illustrated in Nandinia, Wible & Spaulding, 2013).

Lateral to the petrotympanic fissure, a smaller but 
deeper depression just posterior to the postglenoid fora-
men received the anterior crus of the ectotympanic, the 
external component of the auditory bulla. This depres-
sion is much smaller in Pseudocyonopsis ambiguus and 
Cynelos lemanensis.

Near the external edge of this depression, a large and 
broad bony shelf formed by the squamosal corresponds 
to the roof of the external acoustic meatus through which 
sound travels to the tympanum. This shelf is slightly 
wider in Pseudocyonopsis ambiguus and Cynelos leman-
ensis than in Cynodictis lacustris. This shelf is followed 
posteriorly by the posttympanic process of the squamosal 
on which there is a facet for the insertion of the posterior 
crus of the ectotympanic. The posttympanic process is 
joined posteriorly by the mastoid process of the petrosal.

The petrosal is characterized in ventral view by a bean-
shaped anterior part stretched anteriorly, the promonto-
rium, and a posterior part forming a large bony “tongue”, 
the mastoid part.

The promontorium is slightly roughened on its lateral 
and central surface. Its anterior extension is elongated 
and rounded anteriorly. The promontorium is crossed 
transversely by a slight groove over which the internal 
carotid artery circulated. The general morphology of the 
promontorium of Cynelos lemanensis is quite similar to 
that described in the Ursidae (Hunt, 1977). The promon-
torium of Cynodictis lacustris is pierced at its posterior 
base by two fenestrae: (1) the cochlear fossula opening, 
which contains the cochlear fenestra and received the 
secondary tympanic membrane; (2) anterodorsally to 
the bulge lateral to the cochlear fenestra, the vestibular 
fenestra, which is more dorsal and rounded, and housed 
the plate of the stapes and the annular ligament. The 
opening of the cochlear fossula, located posteromedial to 
the tympanohyal, is directed towards the mastoid shelf of 
the petrosal. The cochlear fenestra, within the cochlear 
fossula, is surmounted anteriorly by a bulge of the prom-
ontorium, resulting from the first turn of the underlying 
cochlea (= tympanic ramp). The latter is connected to the 
tympanic cavity by the secondary tympanic membrane, 
housed in the cochlear fenestra.

The posterior extension of the cochlear fossula forms 
a broad depression stretched across its width, and bor-
dered laterally by a short process, interpreted here as the 
medial section of the caudal tympanic process of petrosal 
(sensu MacPhee, 1981). At its medial end, the cochlear 
fossula is bordered by a bony bulge that bears, only on 
the right side of the cranium, a small process marking a 
notch posterolateral to the cochlear fossula opening.

The vestibular fenestra, located anteriorly to the tym-
panohyal, opens towards the roof of the external acoustic 
meatus. The fenestra connects the ossicular chain with 
the vestibular ramp of the cochlea. These two openings 
are separated by a bulge: the crista interfenestralis. In 
Pseudocyonopsis ambiguus, these two fenestrae are closer 
together than they are in Cynodictis lacustris.

The mastoid part of the petrosal is bordered anterolat-
erally by the mastoid process, which forms a narrow shelf 
transversely and elongated ventrodorsally.

Anteromedially, a thin bony crest extends almost to the 
promontorium. This has a flat, circular facet joint at its 
medial end, the tympanohyal, which provides a connec-
tion between the tympanic cavity and the hyoid arch.

Posterior to the mastoid process, a bean-shaped bony 
lamina forms the exposed portion of the mastoid. It is 
bordered medially by a large, slightly concave to almost 
flat, and smooth mastoid shelf, which expands medi-
ally into the exoccipital with the prominent paroccipi-
tal process of the exoccipital. In Amphicynodon gracilis, 
this area containing the mastoid shelf and the paroc-
cipital process of the exoccipital is considerably reduced. 
In Cynelos lemanensis, the area is narrower and longer. 
Pointing posteroventrally, the paroccipital process of 
Cynodictis lacustris is hollowed out on its inner side ori-
ented anterolaterally. Two crests constitute the paroccipi-
tal process: the more mesial one starts from the apex of 
the process towards the cochlear fenestra while the more 
lateral one starts from the same point towards the apex of 
the mastoid process with a slight curvature.

The medial margin of the mastoid process forms a thin 
bony rod with a bulge in front of the cochlear fenestra. 
The bony rod corresponds to the lateral section of the 
caudal tympanic process of petrosal (sensu MacPhee, 
1981), which adjoins the tympanohyal, forming a very 
round notch: the stylomastoid foramen. In the dog, the 
stylomastoid foramen marks the exit of the facial nerve 
and the stylomastoid artery (a branch of the caudal auric-
ular artery) from the middle ear. Through this notch is 
visible, in ventral view, the stapedial fossa, which is deep, 
almost oval and the anterior wall of which is formed by 
the underlying lateral semicircular canal of the inner ear. 
The stapedial fossa indicates the location of the stapes 
and the stapedial muscle.

Anterolaterally and bordered medially by the promon-
torium, there is a wide and deep depression, slightly dam-
aged. Its bony roof is formed in part by an epitympanic 
wing of the petrosal anteriorly, an epitympanic wing 
of the squamosal, and the tegmen tympani posteriorly. 
The most anterior and transversely oriented cavity is the 
fossa for the tensor tympani muscle, the second muscle 
of the tympanic cavity. This cavity is separated from a 
more posterior and rounded depression by a small bony 
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wall. This depression is hollowed out by two pits. The 
most anterior, the epitympanic recess, is also the widest. 
This recess is essential for the proper functioning of the 
ossicular chain and houses the malleus-incus joint. The 
most posterior pit, the fossa incudis, is twice as small but 
deeper than the epitympanic recess. The fossa incudis 
houses the short process of the incus and is located ante-
rior to the stapedial fossa and separated from the latter 
by the crista parotica which forms a thick bony barrier. In 
Cynelos lemanensis, the epitympanic recess and the fossa 
for the tensor tympani appear proportionally smaller.

Medial to the epitympanic recess and fossa incudis is 
the damaged facial canal, which runs along the medial 
edge of the promontorium. This canal opens between the 
epitympanic recess and the vestibular fenestra to allow 
passage of the hyomandibular branch of the facial nerve 
(CN VII) via the secondary facial foramen. This major 
branch of the facial nerve originates from the geniculate 
ganglion contained in the supracochlear cavum, a space 
within the petrosal (thus not visible), located under the 
roof of the epitympanic recess or tensor tympani fossa.

On the medial edge of the promontorium and on the 
most medial part of the posterior bulge to the cochlear 
fossula, there are two clear facets, which contact the 
caudal entotympanic, an element of the auditory bulla. 
The more anterior and longer facet is carried by the ros-
tral tympanic process of the petrosal. The bony bulge 
marking the posterior margin of the cochlear fossula 
is adjoined by three marked tubercles of the exoccipi-
tal. They define three sulci, the most posterior of which 
probably marks the passage of the auricular branch of the 
vagus nerve (CN X). This sulcus directly joins the facial 
nerve at its exit from the stylomastoid foramen.

Anteromedial to these three tubercles is a large fora-
men corresponding to the jugular foramen, indicating 
the passage of the auricular branch of the vagus nerve, 
the glossopharyngeal nerve (CN IX), accessory nerves, 
and the jugular vein. The jugular foramen is included in a 
long fissure that extends anteriorly between the promon-
torium and the basioccipital. This fissure is bordered by 
the long muscular tubercle of the basioccipital.

Posteromedial to the jugular foramen and piercing the 
exoccipital, the hypoglossal foramen is similar in diam-
eter to the latter and marks the passage of the hypoglos-
sal vein and nerve (CN XII), which function to innervate 
the tongue.

The anterior apex of the promontorium is separated 
medially from the basioccipital by a large hole, which may 
correspond to the pyriform fenestra (sensu MacPhee, 
1981), or perhaps to the foramen lacerum of Evans (1993) 
(see the discussion in Wible & Spaulding, 2013). This ori-
fice contains the foramen for the internal carotid artery. 
Anterior to this large fenestra, the tympanic process of 

the basisphenoid forms a large bony pocket. The large 
dorsal excavation of the basioccipital probably results 
from the presence of a well-developed inferior petrosal 
sinus. According to Hunt (1977), this anatomical feature 
is present only in some species of extant bears (Ailurop-
oda melanoleuca David, 1869; Melursus ursinus Shaw 
& Nodder, 1791; Ursus americanus Pallas, 1780; Ursus 
arctos Linnaeus, 1758), and Amphicyonidae—Cynod-
ictis lacustris and Cynelos lemanensis possess, in fact, 
this deep excavation of the basioccipital. Hunt (1977) 
showed, moreover, that the large size of the pyriform 
fenestra and the strong excavation of the basioccipital 
are related to the particular circulation of the internal 
carotid artery, resulting from the common carotid artery 
and which reaches the auditory cavity rather posteriorly 
on the promontorium, at the level of the rostral tym-
panic process. This artery runs over the promontorium, 
accompanied by associated nerves, on which it forms 
a slight but wide sulcus that extends to the apex of the 
promontorium. Then, the internal carotid artery loops in 
the depression anterior to the apex of the promontorium, 
which is oval and located in the basisphenoid (or alisphe-
noid, these two bones being undifferentiated here) and 
enters the pyriform fenestra to the foramen of the inter-
nal carotid artery. In the four species of Ursidae with the 
basioccipital excavation, the internal carotid artery makes 
a second loop (called the “ursid loop”) in the dorsal exca-
vation of the basioccipital to continue its course toward 
the front of the cranium. Such an “ursid loop” circulation 
of the internal carotid artery is thus inferred for Amphi-
cyonidae, as illustrated by Hunt (1977) for Cynelos.

Comprised between the tympanic process of the 
basisphenoid and the sulcus for the auditory bulla, a 
well-marked sulcus begins at a foramen anterior to the 
promontorium. This foramen marks the passage of the 
deep petrosal nerve, originating from the plexus of the 
internal carotid artery, which circulated in the sulcus and 
joined the greater petrosal nerve (the anterior branch 
of the facial nerve) to form the pterygoid canal nerve or 
Vidian nerve in the pterygoid canal. The sulcus for the 
pterygoid canal nerve ends at a foramen near the interior 
of the pterygoid crest and is located at the same trans-
verse level as the foramen ovale.

Upper dentition (Fig. 7)—Despite the exceptional pres-
ervation of the specimen, the mandible was not found 
with the cranium. The incisors, canines, first premo-
lars and second molars of the upper dentition are also 
missing.

Because of the sedimentary filling, the alveoli are dif-
ficult to interpret. Nevertheless, I3 are about three times 
wider than I1 and I2, with all incisors parabolically 
aligned, as in canids, in contrast to transverse alignment, 



   15   Page 16 of 27	 K. Le Verger et al.

as in felids (Biknevicius et al., 1996). This is also the case 
in Cynelos lemanensis and Ysengrinia gerandiana. A very 
small diastema separates them from the canines. The 
latter are the largest teeth according to the size of their 
alveoli. They are directly followed by the alveolus of the 
uniradiculate first premolar. In lateral view, from P2 to 
P4, the teeth are biradiculate, increasingly tall and long, 
and have an oblique orientation: the apex points towards 
the interior of the oral cavity.

The P2 is conical and has a single protruding cusp, 
the paracone. Its cingulum is thin, but almost complete. 
It forms a weak bulge mesially and a much stronger one 
distally. A crest connects the top of the cusp and the 

posterior bulge. Ysengrinia gerandiana has a much more 
massive, flattened P2 with a weak cingulum.

The P3 has the same characteristics as the P2 except 
that its two accessory cusps are more developed and indi-
vidualized. The first one, rounded, is located posterior to 
the main cusp. They are connected by a short but well-
defined crest. The second is much smaller and takes the 
place of the posterior bulge observed on P2. The mor-
phology of the P2-3 of Cynodictis lacustris differs from 
that of other amphicyonids, for which accessory cusps 
are absent.

The P4, whose anterior root forms a bulge on the max-
illa, has a cingulum forming an anterior bulge facing 

Fig. 7  Upper dentition of Cynodictis lacustris MNHN.F.Qu 17762 in labial (A) and occlusal (B,C) views. (C) is a close-up of the left P4 and M1. Scale 
bar = 1 cm. M1 first upper molar, P2-4 second to fourth upper premolars
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forward and rising on the maxilla posteriorly. The main 
cusp, identified as the paracone, is the tallest in the entire 
dentition. The paracone is prominent and points back-
wards, with a posterior and an anterior crest that is less 
prominent than the former. The posterior crest comes 
into contact with the metastylar blade, which is long, 
protruding and has a very slight concave curvature in its 
center. Its contact with the paracone is more lingual in 
relation to the middle of the tooth, inducing an orienta-
tion of the metastylar blade towards the posterior part 
of the cranium. This contact produces a well-marked 
depression on the labial margin called the “carnassial 
groove”. P4 has a relatively broad and lingually oriented 
talon that bears a strongly developed protocone and an 
accessory cusp that may correspond to the paraconule or 
metaconule. The P4-M1 contact produces a large trian-
gular embrasure. None of the Amphicyonidae in the sam-
ple, except Cynodictis lacustris, has a paraconule on the 
P4 talon. One of the major differences observed between 
Cynodictis and Cynelos concerns the P4: it is smaller than 
the M2 and has a reduced protocone in Cynelos leman-
ensis, whereas the P4 is much larger in Cynodictis lacus-
tris. In Cynelos lemanensis, a small crest descends on the 
medial part of the paracone, and a small crest descends 
from the paracone to the protocone.

In Cynodictis lacustris, the M1 is slightly rectangular, 
with a depression located at the posterior contact of the 
stylar shelf with the talon. The cingulum is quite devel-
oped around the stylar shelf and is even more so on the 
lingual margin of the talon where it forms a strong bulge 
as thick mesially as distally. It produces a well-marked 
crest in this area. The stylar shelf, which is much nar-
rower than the talon, is oriented obliquely outward with 
respect to the anteroposterior axis and exhibits two 
cusps. The metastyle is poorly developed in contrast to 
the parastyle, which forms a prominent though strongly 
rounded cusp. The metacone is much lower than the par-
acone. They are both well developed and protruding. The 
centrocrista and preparacrista are more prominent than 
the postmetacrista. The talon is wide and points towards 
the interior of the oral cavity with a slight posterior incli-
nation. The protocone is strong, protruding and offset 
mesially from the centre of the talon. The protocone is 
accompanied by a weakly developed paraconule and a 
slightly marked metaconule. The preprotocrista is more 
marked than the postprotocrista and rises towards the 
parastyle. Two thin crests are visible on the lingual base 
of the metacone and paracone. Two small bulges are pre-
sent in the pit produced by the cingulum bulge.

There are many differences with the other amphicyo-
nids of our sample. Ysengrinia gerandiana has a wider 
and more robust M1 (less tall and more flattened), rec-
tangular rather than triangular in occlusal view. Its 

lingually oriented talon is thick and lacks a posterior 
depression; The cingulum is strong and does not form 
as prominent a crest on the talon; The preprotocrista, 
postprotocrista, and protofossa are pronounced, unlike 
the cusps; The protocone and metacone are not promi-
nent but more rounded; The paracone is unfortunately 
broken in the specimen we examined. The M1 of Pseu-
docyonopsis ambiguus is similar to that of Cynodictis 
lacustris; However, the M1 has a posterior depression, 
unlike in Cynodictis lacustris; The talon widens to the 
stylar plate; The paraconule is stronger and well individu-
alized while the metaconule is almost non-existent; The 
metacone is stronger than the paracone; Both cusps have 
anteroposterior crests. In Pseudocyonopsis ambiguus and 
in contrast to the condition in Cynodictis lacustris, the 
parastyle is much weaker, and is about the same level as 
the metacone. Cynelos lemanensis has an equilateral tri-
angular M1. Its talon is V-shaped and has no preproto-
crista, but a prominent postprotocrista; The protocone 
is protruding and V-shaped; The paracone is the tallest, 
as in Cynodictis lacustris; However, the parastyle is much 
less pronounced. Finally, the M1 of Amphicynodon gra-
cilis is rectangular; It has an additional cusp compared 
to all the Amphicyonidae of the sample, the hypocone, 
which is well-marked and posterior to the protocone; The 
M1 cingulum on the lingual margin has a less prominent, 
shorter, and slightly crenulated crest; The parastyle does 
not form a cusp but rather a slightly serrated crest.

In Cynodictis lacustris, two small alveoli posterior to 
the talon of M1 indicate the presence of a biradiculated 
and highly reduced M2. The specimen shows no evi-
dence of an M3, whereas the other amphicyonids in the 
sample all show an M2 and an M3. The overall denti-
tion of Cynodictis lacustris is characterized by numerous 
sharp elements and a reduction of the grinding portion 
of the teeth. The dentition of Cynodictis lacustris was 
thus clearly sharp, more so than the other amphicyonids 
examined in this study.

Estimated size variation
The BM was estimated for 27 European Paleogene 
amphicyonid species (Table  3); the values range from 
about 2  kg (Storchictis miacinus) to 134  kg (Crassidia 
intermedia). The genus Cynodictis groups almost all 
the smallest taxa (4–12  kg), with the exception of Stor-
chictis miacinus from the middle or late Eocene (Bonis, 
2020), which is even lighter. Also, Symplectocyon prae-
cursor (Amphicyonidae incertae subfamiliae; MP21) has 
a BM included within the range of Cynodictis spp. The 
heaviest taxa are thaumastocyonines, with two European 
representatives: Ysengrinia tolosana (~ 100 kg) and Cras-
sidia intermedia (~ 134  kg). The BM of Haplocyoninae 
(four species) ranges from 26 to 86 kg. Compared to the 
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Table 3  Paleogene European amphicyonids with computation of Body mass, RBL and RPS values, and inferred diets

Symbol: -, missing data

Eoc Eocene, MP Mammalian Paleogene, Oligoc Oligocene, RBL Relative Blade Length, RPS Relative Premolar Size

Family Species MP/Age Body mass (kg) RBL RPS Inferred diet

Stem amphicyonid Cynodictis cayluxensis
Filhol, 1876

Late Eoc.- early Oligoc 12 – 0.809 Hypercarnivore

Stem amphicyonid Cynodictis crassus
Teilhard de Chardin, 1915

Late Eoc.- early Oligoc 11 1.893 0.769 Hypercarnivore

Stem amphicyonid Cynodictis exilis
Teilhard de Chardin, 1915

Late Eoc.- early Oligoc 4 1.902 0.702 Mesocarnivore

Stem amphicyonid Cynodictis ferox
Filhol, 1876

Late Eoc.- early Oligoc 10 1.874 - Mesocarnivore

Stem amphicyonid Cynodictis lacustris
Gervais, 1852

MP18-21 7 1.914 0.691 Mesocarnivore

Stem amphicyonid Cynodictis longirostris
Filhol, 1872

Late Eoc.- early Oligoc 9 2.031 0.726 Hypercarnivore

Stem amphicyonid Cynodictis peignei
Le Verger et al., 2020

Late Eoc.- early Oligoc 7 1.702 0.727 Mesocarnivore

Stem amphicyonid Storchictis miacinus
Bonis, 2019

?Middle/late Eoc 2 1.942 0.567 Mesocarnivore

Undefined Amphicyanis felinoides
Springhorn, 1977

?Early/middle Oligoc 39 – 0.754 Hypercarnivore

Amphicyoninae Cynelos crassidens
Filhol, 1874

MP28-29 24 1.797 0.7 Mesocarnivore

Amphicyoninae Cynelos lemanensis
Pomel, 1846

MP28-30 42 1.837 0.698 Mesocarnivore

Amphicyoninae Cynelos rugosidens
Schlosser, 1899

MP26 37 – 0.694 Mesocarnivore

Amphicyoninae Goupilictis minor
Dehm, 1935

MP28-29 13 1.862 0.65 Mesocarnivore

Amphicyoninae Pseudocyonopsis ambiguus
Filhol, 1876

MP26-28 45 2.243 0.762 Hypercarnivore

Amphicyoninae Pseudocyonopsis antiquus
Helbing, 1928

MP21-23 29 1.461 0.663 Hypocarnivore

Amphicyoninae Pseudocyonopsis landesquei
Helbing, 1928

MP26-29 73 1.917 0.65 Mesocarnivore

Amphicyoninae Pseudocyonopsis quercensis
Ginsburg, 1965

Early Rupelain 38 2.21 0.863 Mesocarnivore

?Amphicyoninae Brachycyon gaudryi
Ginsburg, 1966

Rupelian 45 2.271 0.762 Hypercarnivore

?Amphicyoninae Harpagocyon inusitatus
Springhorn, 1977

MP30 35 – – –

?Amphicyoninae Pseudamphicyon lupinus
Schlosser, 1887

Rupelian 32 2.578 0.829 Hypercarnivore

?Amphicyoninae Symplectocyon praecursor
Springhorn, 1977

MP21 7 – – –

Haplocyoninae Haplocyon crucians
Filhol, 1879

MP29-30 45 1.794 0.655 Mesocarnivore

Haplocyoninae Haplocyon dombroskyi
Dombroski, 1888

MP29-30 45 1.822 0.708 Mesocarnivore

Haplocyoninae Haplocyon elegans
Bonis, 1966

MP29-30 26 1.79 0.724 Mesocarnivore

Haplocyoninae Haplocyonopsis crassidens
Bonis, 1973

MP30 86 2.006 0.615 Mesocarnivore

Thaumastocyoninae Crassidia intermedia
Meyer, 1849

MP29-30 134 – 0.715 Mesocarnivore

Thaumastocyoninae Ysengrinia tolosana
Noulet, 1876

MP29-30 107 1.771 0.739 Mesocarnivore
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Thaumastocyoninae and Haplocyoninae, Amphicyoninae 
were most diversified in Europe during the Oligocene 
with at least eight representatives, which exhibited much 
lower values compared to those of Haplocyoninae, with 
a BM comprised between 13 kg (Goupilictis minor) and 
73 kg (Pseudocyonopsis landesquei). From the late Eocene 
to the end of the Oligocene, amphicyonids show a con-
stant trend towards an increase of their maximum BM. 
In the Priabonian, the maximum BM is 12 kg (Cynodictis 
cayluxensis), while it reaches 45  kg during the Rupelian 
(Brachycyon gaudryi) and up to 134 kg at the end of the 
Chattian (Crassidia intermedia). The evolution of the 
minimum BM of European amphicyonids is harder to 
reconstruct as the exact stratigraphic distribution of the 
earliest amphicyonids, i.e. Cynodictis spp., is unknown 
(Kotsakis, 1980; Le Verger et  al., 2020). If we consider 
that Cynodictis is not present in Europe after MP21, the 
minimum BM is therefore 2  kg during the Priabonian 
(Storchictis miacinus), 7  kg in MP21, 29  kg after MP21 
(Pseudocyonopsis antiquus; MP21-23), but 13  kg at the 
end of the Chattian (Goupilictis minor). The Chattian 
thus possibly records the reappearance of small (< 20 kg) 
amphicyonids. If Cynodictis (e.g., Cynodictis lacustris) 
was present during a long period in the Rupelian (i.e., 
after MP21), it would imply that the mean BM of the 
amphicyonids remains somewhat constant during the 

Oligocene, around 7–15  kg. In this hypothesis, Goupil-
ictis minor would not mark the reappearance of small 
amphicyonids.

Diet spectrum
The RPS and RBL values estimated for 25 amphicyonids 
from the late Eocene and Oligocene of Europe allow us 
to recognize three groups in the sample: 17 mesocarni-
vores, seven hypercarnivores, and one hypocarnivores 
(no bone-crushing mesocarnivore or scavenger amphi-
cyonid is known in the European Paleogene; Fig.  8; 
Table  3). The sole hypocarnivore (Pseudocyonopsis 
antiquus) is recorded in the Rupelian. The hypercarni-
vores are numerous in the Priabonian and the Rupelian, 
with six species known, including three Cynodictis spe-
cies (Cynodictis cayluxensis, Cynodictis crassus, and Cyn-
odictis longirostris). Only one hypercarnivore is known 
for the Chattian (Pseudocyonopsis ambiguus). Amphicy-
oninae includes two hypercarnivores—Pseudocyonopsis 
ambiguus, Brachycyon gaudryi—and Haplocyoninae 
only one—Pseudamphicyon lupinus. Thaumastocyoni-
nae is represented only by mesocarnivores. Van Valken-
burg (2007) observed that the carnivorans represent a 
mammalian clade in which convergence is evident in the 
iterative appearance of ecomorphological varieties. The 
amphicyonids are no exception to this aspect: they show 

Fig. 8  Relative Premolar Size (RPS) in relation to the Relative Blade Length (RBL) with the different grouping for diet inferences. For more details 
on RPS and RBL computation, please refer to Table 3 and Table S1. The reconstruction corresponds to the studied specimen Cynodictis lacustris 
MNHN.F.Qu 17762
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ecomorphologies adapted to a broad range of carnivore 
niches throughout the Paleogene. Moreover, Cynodictis 
shows that even the earliest amphicyonids were ecologi-
cally diverse: this genus indeed gathers mesocarnivorous 
and hypercarnivorous species.

Discussion
Cranial anatomy and notes on the origin of early European 
amphicyonids
The new specimen described in the present study is the 
most complete and oldest cranial remain of an amphicy-
onid from Europe. Amphicyonidae are first recorded in 
Europe in MP18 localities (e.g., Sainte-Néboule, France; 
Priabonian) (Bonis, 1978). Their representatives from the 
Priabonian were usually referred to the genus Cynodictis 
(Bonis, 1978; Le Verger et  al., 2020). A second genus—
Storchictis—has been described based on a mandible 
from the Phosphorites of Quercy by Bonis (2020). Due 
to its small size, plesiomorphic morphology, and because 
the oldest fossils ever found in the phosphorites are dated 
to middle Eocene (Astruc et al., 2000), this monospecific 
genus was suggested to come from either the middle 
Eocene or the late Eocene (Bonis, 2020), arguments also 
valid for Cynodictis. The new cranium described in the 
present study provides an opportunity to re-discuss the 
retention of plesiomorphic characters within European 
taxa, especially because of its completeness.

The geographic origin of the earliest amphicyonids 
remains uncertain. The oldest known amphicyonids are 
recorded in North America, with Daphoenus, Angelarcto-
cyon, and Gustafsonia (Tomiya & Tseng, 2016). Because 
of the lack of direct terrestrial connection between 
Europe and North America since the Lutetian due to the 
interruption of the Euramerican land bridges (i.e., De 
Geer route and Thulean route; Rose, 2006), the earliest 
European amphicyonids might have arrived from North 
America through Asia. Nonetheless, the Asian fossil 
record of amphicyonids is extremely sparse and only few 
specimens have been reported for the Paleogene. These 
are for the Middle Eocene of Asia, Cynodictis in the Lushi 
Basin (China; Chow et  al., 1973) and ‘cf. Cynodictis’ in 
the Ulan Shireh Formation (Inner Mongolia, China, Rus-
sell & Zhai, 1987). Tsubamoto et al. (2006) also referred 
a canine and a possible m1 talonid from the late-Middle 
Eocene of Myanmar to Amphicyonidae. The earliest 
unequivocal Asian Eocene amphicyonid occurrences are 
from the late Eocene of China and Mongolia: Guangxi-
cyon from the latest Eocene of the Bose Basin (Guangxi, 
China; Zhai et al., 2003) and Amphicyonidae gen. et sp. 
indet. from the late Eocene Ergilin Dzo Formation (Mon-
golia; Egi et al., 2009). Because Guangxicyon is aberrant 
(strong brachygnathism with single-rooted p1-p2 and 
m2-m3 but without any dental loss), the relationships of 

this genus with other amphicyonids are difficult to deci-
pher. Likewise, Lonchocyon from the late Eocene of the 
Erlian Basin (Inner Mongolia, China; Zhang et al., 2023), 
a potential ursid or an amphicyonid, is characterized by 
highly reduced premolars and m2-m3. The hypothesis 
that the earliest European amphicyonids migrated from 
Asia during the Priabonian, although supported by a par-
allel dispersion of Hyaenodon (Bastl et  al., 2014; Lange-
Badré, 1979), is therefore difficult to test because of a 
scarce fossil record.

The specimen described herein (MNHN.F.Qu 17762) is 
crucial for reconstructing the evolution of amphicyonids, 
as otherwise the group is abundant in the fossil collection 
from Phosphorites of Quercy but mainly represented by 
isolated dental elements (Bonis, 1978; Kotsakis, 1980; Le 
Verger et  al., 2020; Solé et  al., 2021; Springhorn, 1977; 
Teilhard  de Chardin, 1915). Cynodictis lacustris can be 
characterized as follows:

(1)	 In the overall shape of the cranium: a rostrum with 
parallel edges, giving a rectangular shape, unlike 
Ysengrinia gerandiana; a cranium more elongated 
than high in contrast to Ysengrinia gerandiana, in 
which the frontal is much higher and the rostrum 
comparatively shorter, the cranial height increasing 
only slightly from anteriormost to posteriormost 
point as in Cynelos lemanensis and Pseudocyonop-
sis ambiguous; a distinctive anterior extension of 
the maxillary process of the frontal to the level of 
the infraorbital foramen; a unique Y-shaped max-
illa-jugal contact; and cerebral hemispheres of the 
endocranium appearing proportionally smaller 
than those observed in Cynelos lemanensis.

(2)	 In the auditory region: an epitympanic recess and a 
fossa for the tensor tympani larger than in Cynelos 
lemanensis; a deep excavation of the basioccipital 
related to the particular circulation of the internal 
carotid artery called “ursid loop” present also in 
Cynelos lemanensis.

(3)	 In cranial sinuses: a more pronounced lateral bulges 
in the frontal than in the other amphicyonids, cor-
responding to the frontal sinuses usually involved in 
immune defense and/or air filtration; and a maxilla 
wider and more domed below the orbit than in the 
early ursids (here Amphicynodon gracilis), contain-
ing the maxillary sinus as a thermal regulator and 
protector through the secretion of sinus mucosa.

(4)	 In face innervation: a wider sphenopalatine fora-
men than in other taxa, suggesting a high inner-
vation of the rostrum, and more specifically of the 
palate.

(5)	 In masticatory muscles: a strong postorbital con-
striction coupled with a large temporal fenestra, a 
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small orbital fossa, and a well-marked posterior 
orbital boundary (following the postorbital process 
and the frontal process of the jugal) support the 
presence of relatively larger masticatory muscles 
than in other sampled amphicyonids; the high and 
elongated sagittal and nuchal crests provide a wide 
muscle attachment shelf for the temporalis muscle, 
far more developed than in the carnivoraform Para-
miacis exilis, and in the early ursid Amphicynodon 
gracilis.

(6)	 In long neck muscle: a well-marked mastoid process 
of the petrosal bone, a highly pronounced paroccip-
ital process with a marked depression, and tubercu-
les on the ventral surface of the basisphenoid and 
the basioccipital, all supporting the presence of 
strong neck muscles in comparison to Amphicyno-
don gracilis.

On the evolution of European amphicyonids 
during the Paleogene
The ecological evolution of amphicyonids in Europe has 
previously been reconstructed for the Miocene only (Solé 
et  al., 2022b; Viranta, 1996). Here, we provide a wider 
view of how these predatory mammals ecologically and 
taxonomically evolved in Europe during the Paleogene 
(Fig. 9). The two earliest European amphicyonids, Cyno-
dictis (7 species; Bonis, 1978; Kotsakis, 1980; Le Verger 
et al., 2020) and Storchictis (monospecific; Bonis, 2020), 
had low BMs: between 2 and 12 kg. However, their diets 
were varied, with 3 hypercarnivores and 5 mesocar-
nivores. Because of its small size, two potential diets, 
and cranial morphology, the genus Cynodictis can be 
regarded as a fox-like or bush dog-like predator depend-
ing on the species (Van Valkenburgh, 1991).

A crucial question is whether this first fauna of 
amphicyonids (i.e., Cynodictis and Storchictis) sur-
vived the ‘Grande Coupure’ or not. This great faunal 
shift (Legendre & Hartenberger, 1992; Stehlin, 1909; 
Weppe et al., 2023), which is coeval with the global cli-
mate cooling called the Oligocene Oi-1 event (Zachos 
et al., 2001), is marked by numerous disappearances in 
various vertebrate groups, but also many appearances. 
The ‘Grande Coupure’ has had a profound impact 
on the European carnivorous mammal fauna (Solé 
et al., 2022a). The new cranium of Cynodictis lacustris 
described here raises questions about the survival of 
amphicyonidae across the ‘Grande Coupure’, since this 
species is known from the Priabonian (MP18) (Bonis, 
1978), the Aubrelong specimen is dated to MP21, and 
younger Cynodictis are not well-dated from the Phos-
phorites of Quercy. In accordance with Costa et  al. 
(2011), the oldest part of MP21 corresponds to the tail 

end of the ‘Grande Coupure’, thus supporting the pres-
ence of Cynodictis lacustris towards the end of the 
event and potentially a survival of the species at this 
great faunal shift. Our finding thus questions the pre-
vious statements that amphicyonids and Cynodictis in 
particular did not cross the ‘Grande Coupure’ (Bonis, 
2020), and that Oligocene amphicyonids could only be 
Asiatic migrants as could artiodactyls (Weppe et  al., 
2023). Cynodictis lacustris is thus peculiar, perhaps 
joining two species of Hyaenodon (Hyaenodonta) as the 
only predatory species crossing the ‘Grande Coupure’ 
(Lange-Badré, 1979). At the opposite, endemic hyae-
nodonts and carnivoraforms, as well as hyainailourines 
(Hyaenodonta), disappeared from Europe at that end of 
the Priabonian (Solé et al., 2022a).

The presence of another potential amphicyonid (Sym-
plectocyon praecursor) with BM (7  kg) similar to that 
of Cynodictis lacustris in the MP21, and the absence of 
small amphicyonid in the MP22 (Bonis et al., 2019; Pei-
gné et al., 2014), suggest that amphicyonids of small sizes 
did not exist in younger MP levels. In some of the fossil-
rich localities in MP22 (Mas de Got, La Plante 2, Valbro), 
amphicynodontids (early ursid) are abundant, with Pach-
ycynodon and Amphicynodon, and the ursid Cephalogale 
(Bonis et al., 2019). The estimated BM of these predators 
ranges from 3 to 21 kg (Table S1, Fig. 9), which overlaps 
with the range of the early amphicyonids. It is thus prob-
able that the Cynodictis-like amphicyonids survived the 
‘Grande Coupure’ but went to be quickly ecologically 
replaced by Amphicynodontidae and Ursidae (around 
MP21-22).

The large amphicyonids of the MP21 range from 
29  kg (Pseudocyonopsis antiquus) to 45  kg (Brachycyon 
gaudryi; Fig. 9), and display a diversity of diets with one 
mesocarnivore, one hypocarnivore, and three hypercar-
nivores. This is the sole period where a hypocarnivorous 
amphicyonid (Pseudocyonopsis antiquus) is recorded 
in Europe. These Rupelian amphicyonids, belonging to 
Amphicyoninae and Haplocyoninae, most likely origi-
nated from Priabonian stem amphicyonids and entered 
Europe through migration events, as Rhinocerotidae and 
Artiodactyla probably did in the earliest Rupelian (Tissier 
et al., 2018; Weppe et al., 2023). These new arrivals may 
have been facilitated by a new land connection with Asia, 
as the Turgai Strait dried out (Pomerol, 1967) in response 
to glacio-eustatic sea-level fall (Haq et  al., 1987). The 
hypothesis that some amphicyonids dispersed from Asia 
into Europe in the earliest Oligocene following prey dis-
persal is thus not rejected by our results, even though, 
as far as we know, no amphicyonid has yet been clearly 
retrieved in the Oligocene of Asia (Peigné et al., 2006).

From MP23 to MP26, European carnivorous faunas 
are characterized by the absence of amphicyonids. This 
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disappearance is part of a major diversity decrease that 
likely affected European mammalian fauna as a whole, 
being documented in rodents (decrease around MP25-
MP26, Vianey-Liaud & Schmid, 2009) and nimravid 
carnivorans (Peigné, 2000; Rémy et al., 1987; Solé et al., 
2022a).

The reappearance of amphicyonids during the Chat-
tian (MP26-29) in Europe might be explained by a puta-
tive migration from Asia around MP26 (or later) or an 
endemic evolution from the Rupelian fauna. The latter 
hypothesis might be supported by the presence of amphi-
cyonines in the Rupelian, for example Pseudocyonopsis; 
while the former hypothesis might be supported by the 
first appearance of thaumastocyonines in Europe (late 
Chattian MP29). A generalized dispersal event across 
Eurasia around MP28 has been described as the ‘Micro-
bunodon Event’, based on hoofed mammals (Mennecart, 
2015; Scherler et  al., 2013), an event perhaps related to 
the Alpine orogeny and the Late Oligocene Warming that 
occurred around 23–26  Ma. Likewise, some amphicyo-
nids may have dispersed during this event, such as thau-
mastocyonines and the rare amphicyonine Goupilictis 
(first occurrence in MP28; Bonis, 2015).

Our analysis of the Paleogene amphicyonids allows 
for relating the Chattian amphicyonid fauna with what 
we know about the early Miocene amphicyonids (Solé 
et al., 2022b; Viranta, 1996). The structure of the Chattian 
amphicyonid fauna (e.g., abundance of taxa, large thau-
mastocyonines, numerous haplocyonines and amphi-
cyonines around 30–50  kg) recalls that of the earliest 
Miocene (MN1-2; MN = Mammal Neogene reference 
levels) of Europe (Solé et al., 2022b). This changed after 
MN3 with the disappearance of Haplocyoninae (Peigné & 
Heizmann, 2003; Solé et al., 2022b). However, amphicyo-
nid fauna from the earliest Miocene differs in the pres-
ence of a bone-crushing mesocarnivore (= scavenger) 
amphicyonid: Amphicyon. This ecomorphotype is indeed 
unknown in the Oligocene.

As the evolution of the amphicyonids now can be 
traced back from their appearance (Cynodictis; Pria-
bonian, MP18) until their extinction (Amphicyon pan-
nonicus; Messinian, MN12) in Europe—a 30 million year 
history (ca. 37–7 Mya)—this compilation of discoveries 
will be useful to compare the evolution of amphicyonids 
worldwide, or for comparing their evolutionary dynamics 
with other carnivorans or their potential prey (e.g. artio-
dactyls and perissodactyls). It can be used to determine 
migration phases and/or the possible iterative appear-
ance of ecomorphological adaptations. Here we present 
some preliminary remarks. The Oligocene amphicyonids 
of North America include only species belonging to the 
endemic daphoenines and temnocyonines (Hunt, 2009). 
The North American amphicyonids from the Paleogene 

were thus isolated from those of Eurasia. In the Rupe-
lian, no daphoenine attained a large size; they all have a 
body mass inferior to 25 kg (Hunt, 2009). They were thus 
possibly ecologically similar to the Priabonian Cynodic-
tis of Europe. Conversely, we find amphicyonids of 50 kg 
in the Rupelian of Europe (see above). The Chattian of 
North America is characterized by the appearance of 
large hypercarnivores (up to 40–100 kg) and bone-crush-
ing mesocarnivore belonging to temnocyonines (Hunt, 
2009, 2011). Thaumastocyoninae and Amphicyoninae 
only arrived in North America during the early Miocene 
while they are known since the Oligocene in Europe (see 
above). In North America, they are then represented by 
the genera Ysengrinia, Cynelos, and Amphicyon (Hunt, 
2002, 2003; Hunt & Stepleton, 2015; Hunt & Yatkola, 
2020). The appearance of Cynelos and Amphicyon are 
hypothesized to have been partially associated with the 
extinction of Temnocyoninae (Hunt, 2011).

Amphicyonidae arrived in Africa only during the 
Miocene (ca. 19–5.5 Mya) and the amphicyonines were 
as abundant on that continent as they were in Europe 
(Morales et al., 2016; Werdelin & Peigné, 2010). Moreo-
ver, the African amphicyonines Hecubides, Afrocyon, 
and Myacyon may represent endemic clades (Morales 
et  al., 2016). In Asia, nearly all known amphicyonids 
are amphicyonines (Peigné et  al., 2006); numerous spe-
cies being referred to Amphicyon (Peigné et al., 2006) or 
closely related to this taxon (e.g., Arctamphicyon—Sun 
et  al., 2022). Only one occurrence of Ysengrinia in Asia 
is reported (in Japan—Kohno, 1997). It is undeniable that 
Amphicyoninae and, to a lesser extent, Thaumastocyoni-
nae were clearly able to disseminate worldwide and were 
successful in doing so. However, their relationships with 
the earliest amphicyonids such as Gustafsonia and Cyno-
dictis remain to be determined to better understand this 
evolutionary success.

Conclusions
Carnivora is an emblematic clade in the mammalian fos-
sil record. They have represented the main clade of pred-
atory mammals for the last 30 million years. Yet their 
origins remain paleontologically poorly recorded. To 
address this issue, one of their first representatives, the 
Amphicyonidae, are a key clade, and among them, espe-
cially their oldest representatives. Here we provide an 
extensive comparative description of the cranium of the 
first European representative, Cynodictis lacustris, cou-
pled with several biological interpretations and paleoeco-
logical inferences for European Paleogene amphicyonids. 
We interpret Cynodictis as a highly abundant fox-like 
carnivore in Western Europe, having potentially survived 
the ‘Grande Coupure’. The diversification of amphicyo-
nids in Europe followed a complex pattern connected to 
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the Asian continent. The present contribution underlines 
the crucial importance of studying the Asian fossil record 
in greater depth now that the earliest North American 
and European representatives are better known. A global 
review of Amphicyonidae is becoming increasingly 
essential for understanding the history of the Caniformia, 
both in terms of taxonomy and overall systematics, as 
well as their complex palaeoecological history over 30 
million years, or more, during which they have roamed 
the earth until their unexplained extinction.
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