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1. Introduction

The Quercy region (southwestern France; Fig. 1) contains many deposits
with more than 80 distinct mammal localities that correspond to karstic
fissure fillings. These paleokarst faunas range from the lower Eocene to
the lower Miocene (Renaud et al., 1978; Rémy et al., 1987, Sigé et al.,
1991; Legendre et al., 1992; Maitre et al., 2006, 2008; Escarguel et al.,
2008; Maitre, 2014). This expanded temporal record, in addition to the
quality and richness of the mammal fossils makes Quercy a key area for
understanding the evolution of the European Paleogene mammals (Rémy
et al., 1987; Legendre & Hartenberger, 1992; Escarguel et al., 2008).
However, from the beginning of the exploitation of the Quercy
Phosphorites Formation in 1870 until its end in 1907, the exact sources of
the fossils have rarely been recorded, and only toponyms were provided
(e.g., Caylus, Lamandine, Bach). These names do not correspond to
clearly defined fossiliferous sites, but that of close-by villages, resulting
in occasional mixing of faunas of different ages. The fossils collected
during that period make up for the so-called “old Quercy collections”
(see Rage, 2006: p.162; Maitre, 2014: p.143). However, since 1965,
paleontologists from the Université des Sciences et Techniques du
Languedoc at Montpellier (now part of the Université de Montpellier), the
Université Paris 6 (former Université Pierre et Marie Curie, UMPC, now
Sorbonne Université), the Université Claude-Bernard Lyon |, and later the
Université of Poitiers with the support of the CNRS have exploited more
precisely the rich fissure fillings of this area in order to provide a refined
chronology of the deposits (Bonis et al., 1973; Rémy et al., 1987,
Legendre & Lévéque, 1997). This enabled characterization of the long-
term evolution of the regional mammal fauna (Legendre & Hartenberger,
1992; Escarguel & Legendre, 2006; Escarguel et al., 2008).
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Figure 1. Location of the Quercy area (i.e. Causses du Quercy Natural
Regional Park), and of the fossiliferous localities of La Débruge (MP18)
and Ronzon (MP21).

The mammals from the Quercy area (Fig. 1) provide an excellent data
source to analyze the dramatic faunal turnover that occurred during the
‘Grande Coupure' (or ‘Grande Coupure de Stehlin'), at the Eocene-
Oligocene boundary (Stehlin, 1909; Legendre & Marandat, 1986;
Hartenberger, 1987; Legendre, 1989; Legendre & Hartenberger, 1992;
Escarguel et al., 2008). In western Europe, this turnover is characterized
by an abrupt extinction event in mammal faunas during which about 60%
of the existing lineages disappeared. This event also coincided with a
major dispersal phase from Asia (Legendre, 1989; Legendre &
Hartenberger, 1992; Blondel, 2001; Escarguel & Legendre, 2006;
Escarguel et al., 2008; Maitre, 2014, Vianey-Liaud & Marivaux, 2017).The
‘Grande Coupure'’, which is related to intense and rapid global cooling
(Zachos et al., 2001, 2008) strongly altered the meat-eating (i.e.,
carnivorous) mammal assemblages of Europe. Indeed, while
hyaenodonts were the main predators in Europe during the entire Eocene
(Solé et al., 2014a), they almost went extinct around the Eocene-
Oligocene boundary (Lange-Badre, 1979), while carnivoramorphans,
which were poorly diversified during the Eocene (Solé, 2014), suddenly
became the dominant carnivorous mammals (Legendre et al., 1991).
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A second key period in the history of the European carnivorous mammals
is the late Chattian (ca. 24.8-23.03 Ma). This period corresponds to
another major modification of the European carnivorous fauna, which is
characterized by the appearance of the ailurids and of new and
sometimes large-sized amphicyonid and ursidan genera (Springhorn,
1977; Morlo & Peigné, 2010; Bonis, 2011, 2013). This event is probably
related to the Late Oligocene Warming and subsequent dispersals
(‘Microbunodon Event’; see Scherler et al., 2013; Mennecart, 2015).

In the framework of an analysis of the evolution of carnivorous mammal
clades over the course of the Paleogene (66-23.03 Ma; Vandenberghe et
al. 2012) in Europe, we studied the collections from the Quercy
Phosphorites housed in three Belgian institutions: KU Leuven (formerly
known as Katholieke Universiteit Leuven), Université de Liege (ULiege),
and Royal Belgian Institute of Natural Sciences (RBINS). These Quercy
collections are poorly known to the paleontological community. We also
paid attention to two other French fossiliferous localities (Fig. 1) housed
in these Belgian institutions—La Débruge (Saint-Saturnin-les-Apt,
Vaucluse, France; reference level MP18 of the mammalian
biochronological scale for the European Paleogene, middle Priabonian)
and Ronzon (Le-Puy-en-Velay, Haute-Loire, France; MP21, lower
Rupelian) (BiochroM'97, 1997)— because their mammal faunas have
been correlated with faunas recorded in the Quercy Phosphorites.

The present paper aims (1) to provide a thorough and updated taxonomic
assessment of the carnivorous faunas and (2) to clarify the stratigraphic
context of these collections. We also highlight important novel data for
the researchers interested in the evolution of the European mammals
around the ‘Grande Coupure".

Tracing the origin of fossils in this collection can be challenging as it
consists of several distinct collections, each having its own numbering
scheme. Moreover, most historical data on these collections have been
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lost, mainly during the world wars. However, we recovered the record of
some fossils from the Quercy Phosphorites. A first set of 23 fossils was
acquired by Professor Gustave Dewalque in the 1870s. This material was
transferred to the paleontological collection in 1889 when Professor
Julien Fraipont succeeded G. Dewalque. This is supported by a note from
J. Fraipont in the catalogue: "passé de la Géologie a la Paléontologie"
(moved from Geology to Paleontology collections). The exact origin of
these fossils remains however unknown as they are simply labelled
"Eoceéne-0ligocéne du Quercy”. A second set of 58 fossils, recorded in
the catalogue in 1892, was purchased by J. Fraipont from the fossil
trader Alexandre Struer in Paris for 700 French francs (ca. 1700 euros
nowadays). These fossils are from Caylus (a locality from the Quercy
area; often misspelled as ‘Caylux’) and La Débruge (MP18).

Most of the specimens are mandibles and maxillary fragments, isolated
teeth (mostly canines), and a lot of postcranial elements: femora,
calcanei, astragali, innominates, claws, phalanges, and humeri. A few
partial skulls are also present. The fossils have been mainly grouped
based on global similarity and have never been thoroughly studied; some
of them were identified as carnivorans (‘Carnivores'), probably copied
from the seller’s identifications.

The fossils housed in this collection have been collected and studied by
Henri Filhol at the end of the 19t century (Filhol, 1872, 1876/1877,
1879/1880, 1881). The collection was purchased at the beginning of the
20t century by the Leuven canon Professor Henry de Dorlodot.

Most of the Paleogene fossils housed in this institution are labelled as
being from the ‘Phosphorites du Quercy'. The fossils were determined by
Filhol, who figured only one of these specimens (Amphicyon ambiguus,
KUL.PLV544; Filhol, 1876/1877). Some fossils have been studied
thereafter (Teilhard de Chardin, 1915; Springhorn, 1977; Lange-Badreé,
1979); two fossils of amphicyonids and two fossils of hyaenodonts have
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the status of holotype, while some others have been figured, notably by
Lange-Badré (1979) in her study of the hyaenodonts from the upper
Eocene and Oligocene and Springhorn (1977) in his revision of some
amphicyonids (see Figs 7-8). Two additional French localities outside the
Quercy area but close in age to the Eocene-0Oligocene boundary are also
present in the KU Leuven collection: La Débruge (MP18) and Ronzon
(MP21).

This collection includes fossils that have no precise location (i.e.
‘Phosphorites du Quercy'), but also fossils from two identified fissure
fillings—Roqueprune (MP23, Rupelian) and Pech du Fraysse (MP28,
Chattian)—and from the locality of La Débruge (MP18, middle
Priabonian). Four fissure fillings have been excavated in Roqueprune:
Roqueprune 1, Roqueprune 2, Roqueprune 3, and Roqueprune 4;
however, these fillings correspond to contemporary faunas (Rémy et al.,
1987). We do not know from which fissure filling the fossils housed at the
RBINS are.

The fossils lacking an exact location have been donated by Rossignol;
they entered the collection of the RBINS on October 611947 (Fig. 2A).
The fossils from La Débruge, Roqueprune, and Pech du Fraysse have
been collected by the amateur paleontologist Georges Wouters. They
have been bought with the rest of the Wouters collections and entered
the RBINS collections on December 19" 1984 (Fig. 2B).

The collection only comprises mandibles and maxillary fragments.
Several fossils from the Rossignol’s collection were identified, while the
fossils from the Wouters’ collection were simply referred to as
‘carnivores..
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We built a dataset that incorporates all carnivoramorphans, hyaenodonts,
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viverravids, and oxyaenids from the Paleogene of Europe that have been
found in a locality that can be assigned to a MP reference level (Schmidt-
Kittler et al., 1987; BiochroM'97, 1997) and that are identifiable at the
specific level. The MP reference levels included in this dataset are from
MP6 (uppermost Thanetian, 57 Ma) to MP30 (uppermost Chattian, %23
Ma) and thus covers the time of deposition of the fossils from Quercy
Phopshorites (MP10-MP30; Sigé et al., 1991; Legendre et al., 1992).

The fossils were determined using literature data and direct comparison
with fossils housed at the Muséum National d'Histoire Naturelle (MNHN;
Paris, France). Based on the determination of the fossils and their
currently known stratigraphic ranges, the original stratigraphic range of
each collection was reconstructed. It is worth mentioning that, because
of their long biostratigraphic range, the majority of the species belonging
to the genus Hyaenodon (Hyaenodonta) cannot be used for establishing
stratigraphic contexts. See Supplementary data 1 for a list of the
specimens from the three collections, their determination, their
geographic origin, and the stratigraphic ranges of the taxa.

While tooth-bearing elements are the main focus of this contribution, we
provide a preliminary determination of the tarsal bones (84 astragali and
190 calcaneum) from the three Belgian collections and those of the
MNHN. The material is determined at least at the familial level, using
morphology, relative size, and relative abundance compared to that of
the dental elements (Cifelli, 1983; Coillot et al., 2013). The majority of the
specimens is from the "Phosphorites du Quercy" but some housed in the
collection of the MNHN have an exact origin: five are from La Débruge
(MP18) and one from Sainte-Néboule (MP18).

The comparison of the body masses estimated based from dental and
postcranial measurements can also be used to help systematic
determinations. We used the equation of Tsubamoto (2014) (Log(BM) =
[3,125 x Log'%(La)] — 0,463; with BM: the estimated body mass in g; La:
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the maximum length of the astragalus in millimeters) to estimate the
body mass based on astragalus, and those of Van Valkenburgh (1990)
(Log'(BM) = [2,97 x Log'(Lm1)] - 2,27; with BM: the estimated body
mass in kg; Lm1: the length of the first lower molar in millimeters) and
Morlo (1999) (Log'0(P) = [3.5104 x Log'°((XM)/3)] — 2.6469; where P is
the estimated body mass (in g) and M the sum of the length of the three
lower molars in mm) that are based on the size of selected teeth (data
not shown here).

2.4. The case of Cynodictis (Caniformia,
Amphicyonidae)

The amphicyonid Cynodictis appears highly variable in Belgian
collections, both in size and in morphology . This genus is important
because it is the oldest carnivoran that lived in Europe and it crossed the
Eocene-0ligocene boundary (being present from MP18 to MP21 and
possibly up to MP23: Kotsakis, 1980, p.268-269). However, the
delimitation of the species included among Cynodictis is strongly
debated, mainly because of the variability of the recognized species
(Bravard & Pomel, 1850; Filhol, 1876/1877; Teilhard de Chardin, 1915;
Bonis, 1978; Kotsakis, 1980).

We performed a principal component analysis (PCA) in order to study the
morphology of the lower molars of the Cynodictis and Cynodictis-like
taxa determined from the Belgian collections and to identify criteria that
allow the species to be discriminated from each other. Seven
measurements were scored (p4 length, p4 width, m1 length, m1 width,
m2 length, m2 width, and dentary depth (below m1)) and estimated a
series of ratios out of these measurements. Based on preliminary
analyses, only three measurements and two ratios were kept (m1 length,
m1 width, dentary depth, ratio length m1/m1 width, ratio m1
length/dentary depth), in order to maximize the number of specimens
used in the analysis. After this pruning, the dataset includes 52
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specimens. The measurements and ratios are available in Supplementary
data 2.

The PCA provides an overall analysis of the dataset by quantifying and
analyzing the gross variability. This is done using conformation ratios
(Mosimann & James, 1979; Fabre et al., 2014). For each individual, size
was computed as the geometric mean of all measurements, and each
measurement was divided by size to obtain so-called shape ratios. Each
ratio was then log-transformed (Claude, 2013), as size can indeed
significantly affect integration (Porto et al., 2013). These log-shape ratios
allow to remove the isometric size from shape, and to explore only the
conformation ratios as in geometric morphometrics (Fabre et al., 2014).
All analyses were performed with a reduction of dimensionality (i.e. on
the PCA axes). This allowed the possibility of choosing only a few
variables by keeping the multivariate information and eliminating noise
(Baylac & Friess, 2005).

Institutional: KUL.PLV, KU Leuven (Belgium), paleontological collection;
MNHN.F.Qu, Muséum National d'Histoire Naturelle (Paris, France), fossil
collection from the Quercy Phosphorites; RBINS Vert, Royal Belgian
Institute of Natural Sciences (Brussels, Belgium), fossil vertebrates
general collection; RBINS M, Royal Belgian Institute of Natural Sciences
(Brussels, Belgium), fossil mammals type and figured specimens;
ULg.PA, Université de Liege (Belgium), paleontological collection.

Other: n, number of specimens.

The taxa identified in the ULiege collections are listed in Table 1.
Caniformians are clearly more abundant than feliformians (109 vs. 59
specimens; Supplementary data 1). This ratio thus parallels taxonomic
diversity, as caniformians were far more speciose than feliformians within
the lowermost Oligocene (MP21-MP22) and uppermost latest Oligocene
(MP28-MP30) (Peigné, 2000). Among Caniformia, 64 fossils belong to
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Amphicyonidae and 34 to Ursida, which is not surprising since
amphicyonids are the first (and sole) carnivorans recorded in the
Priabonian, and their diversity increased during the late Chattian.
Ursidans were also well diversified during the Oligocene, but mostly at
the end of the Chattian, after the ‘Microbunodon Event’ (Bonis, 2011,
2013). Feliformians are represented by small aeluroids and nimravids; the
latter were probably the main predators during the Rupelian (Peigné,
2000). We also identified hyaenodont taxa, including five species of
Hyaenodon, one endemic hyaenodontoid (Paracynohyaenodon or
Quercytherium), and one hyainailourine (Pterodon). Compared to the
abundant Hyaenodon (119 specimens), the other hyaenodonts are rare.
This abundance is not surprising because the genus was represented by
eleven species that cover a large spectrum of sizes. Moreover, most of its
species have a very long stratigraphic range, some spanning the
Priabonian to upper Chattian (Lange-Badré, 1979).

Table 1. Carnivorous mammal taxa identified in the collection of the
ULiege and their known ranges. Note that the stratigraphic range of the
taxon found at La Débruge corresponds to the MP level of the locality.

Stratigraphic

Order Species Locality/Origin Stage
range (MP)
Carnivora Cynodictis lacustris ~ La Débruge 18 Priabor
Carnivora Qy nod/ct{s Phosphorites 18 Priabor
intermedius du Quercy
. . . Phosphorites .
Carnivora Cynodictis lacustris 18 Priabor
du Quercy
Hyaenodonta Hyaenodon requieni Phosphorites 17-20 Priabor
du Quercy
Paracynohyaenodon Phosphorites 16-17a or 16- .
Hyaenodonta or Quercytherium du Quercy 18 Priabot
Hyaenodonta Pterodop Phosphorites 18-20 Priabor
dasyuroides du Quercy
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The sole specimen from the ULiege paleontological collection that has a
precise location is a mandible of Cynodictis lacustris lacustris
(ULg.PA17399; Fig. 3E) from the Priabonian locality of La Débruge
(MP18). Based on our determinations, we can split the whole collection
into three main groups. Some fossils seem to come from Priabonian filling
fissures; this is based on the presence of Pterodon—a hyainailourine
restricted to MP18-MP20 interval (Fig. 3A-B)—and of Hyaenodon
requieni, Cynodictis lacustris lacustris, and C. lacustris intermedius
(abundant in the Priabonian; Bonis, 1978) (Fig. 3C-D). The second group
probably corresponds to a lower-middle Rupelian fauna (MP21-MP23)
mainly based on the presence of the nimravids Eofelis, Eusmilus, and
Nimravus (Fig. 4A-C), and the basal ursidan Amphicynodon (Fig. 4D-F).
The third group corresponds to potential Chattian fossils. This
assignment is supported by the presence of the ailurid Amphictis, the
amphicyonid Cynelos, and the basal aeluroid Palaeoprionodon (Fig. 5).

Figure 3. Priabonian carnivorous mammals housed at ULiege. A,
Pterodon dasyuroides, ULg.PA.17355 (in labial view); B, Pterodon
dasyuroides, ULg.PA.17367 (in labial view); C, C. lacustris intermedius,
ULg.PA.17270 (in labial view); D, Cynodictis lacustris lacustris,
ULg.PA.17270 (in labial view); E, Cynodictis lacustris, from La Débruge
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(MP18), ULg.PA.17399 (in labial view).

Figure 4. Rupelian carnivorous mammals housed at ULiege. A, Eusmilus
bidentatus, ULg.PA. 17331 (in labial view); B, Eofelis edwardsii,
ULg.PA.172711 (in labial view); C, Nimravus intermedius, ULg.PA17271_2
(in labial view); D, Amphicynodon aff. typicus, ULg.PA.17270 (in labial
view); E, Amphicynodon aff. chardini, ULg.PA.17270 (in labial view); F,
Amphicynodon aff. leptorhynchus, ULg.PA.17270 (in labial view).
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Figure 5. Chattian carnivorous mammals housed at ULiege. A, Cynelos
aff. crassidens, ULg.PA.17270 (in labial view); B, Cephalogale sp.1,
ULg.PA.17270 (in labial view); C, Amphictis sp., ULg.PA.17284 (in labial
view).

The taxa identified in the KU Leuven collection are listed in Table 2.
Caniformians are more abundant than feliformians (Supplementary data
1). Surprisingly, this collection contains no nimravid and only small
aeluroids. Ursidans are slightly more abundant than amphicyonids (24 vs.
18 specimens) and only three specimens of basal arctoids are identified.
Hyaenodonts are well represented: 17 specimens belong to the persistent
genus Hyaenodon; nine to endemic Eocene hyaenodontoids
(Cynohyaenodon and Quercytherium, both represented by casts; the
original specimens are housed at the MNHN), and five to Pterodon. The
presence of the enigmatic Thereutherium is of particular interest
because this diminutive hyaenodont is rare and has a short stratigraphic
range (MP23-MP26) (Lange-Badré, 1995).

Table 2. Carnivorous mammal taxa identified in the collection of the KU
Leuven and their known ranges. Note that the stratigraphic ranges of the
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taxon found at La Débruge and Ronzon correspond to the MP level of the

https://popups.uliege.be/1374-8505/index.php?id=6648

locality.
. . . . Stratigraphic
Order Species Locality/Origin range (MP) Stage
Hyaenodon , : .
Hyaenodonta .. La Debruge 18 Priabonial
requieni
Hyaenodonta Hyaenodon sp. Ronzon 21 Rupelian
Hyaenodonta Cynohyaenodon Phosphorites 16-17 Ba.rtonle.m
cayluxi du Quercy Priabonial
Carnivora Cy nod/ct{s Phosphorites 19 Priabonial
compressidens du Quercy
Carnivora .Cy nod/ct{s Phosphorites 18 Priabonial
intermedius du Quercy
Hyaenodonta Pterodop Phosphorites 18-20 Priabonial
dasyuroides du Quercy
Hyaenodonta Quercytherium Phosphorites 16-17 Priabonial
tenebrosum du Quercy
Phosphorites Priabonial
Hyaenodonta Hyaenodon sp. du Quercy 17a-30 Oligocene
. . Phosphorites Priabonial
Carnivora Cynodictis ferox du Quercy 18-21 (genus) Rupelian
Carnivora Cynqd/ct/§ Phosphorites 18-21 (genus) Pr|abqn|a|
longirostris du Quercy Rupelian
. _ Phosphorites Priabonial
Carnivora Cynodictis sp. du Quercy 18-21 (genus) Rupelian
Hyaenodon Phosphorites Priabonial
Hyaenodonta brachyrhynchus? du Quercy 17-23 Rupelian
Carnivora Cyngdlct/s Phosphorites 21 Rupelian
palmidens du Quercy
Carnivora Amphicynodon Phosphorites 21-23 Rupelian
brachyrostris? du Quercy (genus) up
. Amphicynodon Phosphorites 21-23 .
Carnivora leptorhynchus du Quercy (genus) Rupelian
Carnivora Amphicynodon Phosphorites 21-23 Rupelian
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typicus du Quercy
Carnivora Pse'udocyonopSIs Phosphorites 21-23 Rupelian
antiquus du Quercy
Carnivora Stgnop/eSICt/s Phosphorites 93-25 Rupelian
minor du Quercy
Carnivora Brachy cyon Phosphorites 26-28 Chattian
gaudryi du Quercy
Carnivora Haplocyon Phosphorites 29-30 Chattian
elegans du Quercy
Carnivora Pa/aeoprmodon Phosphorites 29 Chattian
mutabilis du Quercy
Carnivora Plesictis aff. Phosphorites 28-30 Chattian
robustus du Quercy (genus)
Carnivora Plesictis . Phosphorites 28 Chattian
stenogalinus du Quercy
Carnivora Ph.oberog ale Phosphorites 28-30 Chattian
minor du Quercy
Carnivora Paghycynodon Phosphorites 22-29 Oligocene
boriei du Quercy
. Pachycynodon Phosphorites 21-29 .
Carnivora filholi du Quercy (genus) Oligocene
Carnivora Sarcocyon ferox Phosphorites 23-26 Oligocene
du Quercy
Carnivora Stenoplesictis? Phosphorites 23-28 Oligocene
du Quercy
Carnivora Stenop/esmt/s Phosphorites 23-28 Oligocene
cayluxi du Quercy
Hyaenodon Phosphorites ) .
Hyaenodonta leptorhynchus du Quercy 22-30 Oligocene
Thereutherium Phosphorites .
Hyaenodonta thylacodes du Quercy 23-26 Oligocene

The combination of endemic hyaenodontoids (e.g., Cynohyaenodon and
Quercytherium), the hyainailourine Pterodon (Fig. 6), and the
amphicyonid Cynodictis lacustris intermedius and ‘Cynodictis’
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compressidens indicates that some fossils of the KU Leuven collection
come from Priabonian fissure fillings (MP17-MP20). The amphicyonid
Pseudocyonopsis antiquus, the ursidan Amphicynodon, the feliform
Stenoplesictis minor, and the hyaenodont Thereutherium support a late
Rupelian age (Fig. 7), probably around MP23-MP25 if they are derived
from the same site. This late Rupelian age could explain the absence of
nimravids, as well as the presence of Thereutherium. Indeed, the
European nimravids rapidly decrease in diversity following MP22-MP23
(Peigné, 2000). Finally, the large amphicyonids Brachycyon and
Haplocyon, the basal arctoidean Plesictis, and the feliform
Palaeoprionodon indicate a late Chattian age for a part of the collection
(Fig. 8).

Figure 6. Priabonian carnivorous mammals housed at KU Leuven. A,
Cynohyaenodon cayluxi, KUL.PLV.70 (in labial view); B, Quercytherium
tenebrosum, KUL.PLV88 (cast of the Holotype, MNHN.F.Qu8644) (in
labial view); C, Pterodon dasyuroides, KUL.PLV75 (in occlusal view).
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Figure 7. Rupelian carnivorous mammals housed at KU Leuven. A,
Stenoplesictis minor, KUL.PLV1530 (in labial view); B, Pseudocyonopsis
antiquus primigenius, KUL.PLV1507 (Holotype, specimen figured in
Springhorn, 1977, fig. 21) (in labial view); C, Thereutherium thylacodes,
KULPLVunnumbered (in labial view).

Figure 8. Chattian carnivorous mammals housed at KU Leuven. A,
Haplocyon elegans, KUL.PLV1867 (specimen figured in Springhorn, 1977,
fig. 71) (in occlusal view); B, Palaeoprionodon mutabilis, KUL.PLV1533 (in
labial view); C, Sarcocyon ferox, KUL.PLV1522 (specimen figured in
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Springhorn, 1977, fig. 73) (in labial view); D, Brachcyon gaudryi,
KUL.PLV1521 (specimen figured in Springhorn, 1977, fig. 44) (in labial
view).

The taxa identified in the RBINS collections are listed in Table 3. The
absence of endemic Eocene hyaenodontoid and the hyainailourine
Pterodon in Rossignol’s collection supports an Oligocene age for these
faunas. This collection contains taxa that are generally restricted to the
lower to middle Rupelian (MP21-MP23) such as Amphicynodon aff.
typicus and Pachycynodon (Ursida), Nimravus (Nimravidae), and
Hyaenodon dubius. The basal arctoidean Plesictis might have been found
in upper Chattian fissure fillings (MP28-MP30).

Table 3. Carnivorous mammal taxa identified in the collection of the
RBINS and their known ranges. Note that the stratigraphic ranges of the
taxon found at La Débruge, Roqueprune, and Pech du Fraysse
correspond to the MP level of the locality.

Stratigraphic

Order Species Locality/Origin range (MP) Stage
Hyaenodon , . .
Hyaenodonta .. La Débruge 18 Priaboni:
requieni
Carnivora Amp h/gy nodon Roqueprune 23 Rupelian
aff. typicus
Carnivora Stenop/esmt/s aff Roqueprune 23 Rupelian
cayluxi
Hyaenodonta Hygenodon aff. Roqueprune 23 Rupelian
exiguus
Carnivora Amphictis? Pech du 28 Chattian
Fraysse
Carnivora Amp h/ct/s Pech du 28 Chattian
ambigua? Fraysse
. . Pech du .
Carnivora Cyonarctos dessei 28 Chattian

Fraysse
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Carnivora

Carnivora

Carnivora

Carnivora

Hyaenodonta

Carnivora

Hyaenodonta

Hyaenodonta

Hyaenodonta

Hyaenodonta

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Hyaenodonta

Phoberogale
minor

Pseudocyonopsis?
Sarcocyon or

Pseudocyonopsis

Stenoplesictis
cayluxi

Stenoplesictis
crocheti

Hyaenodon
leptorhynchus

Cynodictis
lacustris?

Hyaenodon
gervaisi

Hyaenodon
leptorhynchus or
H. minor

Hyaenodon sp.

Hyaenodon
brachyrhynchus
Amphicynodon
aff. typicus
Anictis?

Nimravus
intermedius
Pachycynodon aff.
crassirostris

Pachycynodon sp.

Hyaenodon
dubius?
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Fraysse

Pech du
Fraysse

Pech du
Fraysse
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Fraysse

Pech du
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Phosphorites
du Quercy

Phosphorites
du Quercy

Phosphorites
du Quercy

Phosphorites
du Quercy

Phosphorites
du Quercy

Phosphorites
du Quercy

Phosphorites
du Quercy

Phosphorites
du Quercy

Phosphorites
du Quercy

Phosphorites
du Quercy

Phosphorites
du Quercy

28

28

28

28

28

28

18

17b-29

22-30 or 17a-
18

17a-30

17a-23

21-23

21

22-25

22

21-22

21-24

02/10/2020, 13:28

Chattian

Chattian

Chattian

Chattian

Chattian

Chattian

Priaboni:

Priaboni:
Chattian

Priaboni:
Chattian

Priaboni:
Chattian

Priaboni:
Rupelian

Rupelian

Rupelian

Rupelian

Rupelian

Rupelian

Rupelian
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Carnivora Filholictis? Phosphorites ? Chattian
du Quercy
Carnivora Plesictis? Phosphorites 28-30 Chattian
du Quercy
Carnivora Plesictis or . Phosphorites 28-30 Chattian
Potamotherium du Quercy
Hyaenodonta Hy.aenodon Phosphorites 22-30 Oligocer
exiguus du Quercy
Hyaenodon Phosphorites ) .
Hyaenodonta leptorhynchus du Quercy 22-30 Oligocer
Carnivora Cephalogale sp. 1 Phosphorites 21-30 Oligocer
P 9 P- du Quercy g
Carnivora Cephalogale sp.2 Phosphorites 21-30 Oligocer
du Quercy
. Phosphorites .
Carnivora Cephalogale sp.3 du Quercy 21-30 Oligocer
. . Phosphorites 5 .
Carnivora Haplogale media du Quercy : Oligocer

The fossils from the Wouters' collection come from well-defined
localities. The three carnivorous fossils from La Débruge (MP18) belong
to Hyaenodon requieni. This agrees with the stratigraphic range of this
species (MP17a-MP20). The fossils from Roqueprune (MP23) record the
basal ursidan Amphicynodon, the aeluroids Stenoplesictis, and
Hyaenodon exiguus, which indeed match the age of the locality. The
locality of Pech du Fraysse (MP28) is richer than the two previous
localities. The presence of the ursidans Phoberogale minor and
Cyonarctos, the ailurid Amphictis, and two species of Stenoplesictis (S.
crocheti and S. cayluxi) agrees with the late Chattian age of the fauna
(Fig. 9).
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Figure 9. Carnivorous mammals from Pech du Fraysse (MP28) housed at
the RBINS. A, Hyaenodon leptorhynchus, RBINS M 2326 (in labial view);
B, Cyonarctos dessei, RBINS M 2327 (in occlusal view); C, Phoberogale
minor, RBINS M 2328 (in labial view).

3.4.PCA of Cynodictis

Variance indeed reduced

The first principal axis of our PCA explains 89.24% of the variance, while
the second one explains 9.17% (Fig. 10B); these two axes thus summarize
more than 98% of the variance of the dataset. While most taxa strongly
overlap along the first axis, they are mainly separated by the second
principal component, which is driven by m1 length and m1 width; it is
worth keeping in mind that this axis accounts for only 9.17% of the
variance. Despite the small variance expressed by the second axis, the
distribution of groups in the morphospace with respect to this axis is in
agreement with the descriptions of each species for which C. exilis and
C. longirostris are quite distinct (Bonis, 1978) and C. intermedius and C.
lacustris are extremely close, if not of the same group (Kotsakis, 1980).
As visible on the morphospace, the species C. exilis is clearly dissociated
from the other taxa. To a lesser extent, this is also the case for C.
longirostris. However, this could result from the fact that these two taxa
have a smaller sample compared to that of C. lacustris and C.
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longirostris. Interestingly, ‘C." palmidens is included in the region covered

by C. longirostris (Fig. 10B).
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Figure 10. A, Comparison of the sizes (length x width) of the m1 and m2
of specimens referred to Cynodictis and ‘Cynodictis’ palmidens with
emphasizes on ULg.PA17399 (C. lacustris) from La Débruge (MP18). B,
biplot of the first two components of the PCA.

Our analysis on the morphology of the tarsal elements (i.e., astragalus

and calcaneum) allows to determine the presence of Hyaenodon,

‘miacids’ amphicyonids, ursidans, mustelids, and nimravids
(Supplementary data 3; Fig. 11). The body mass estimated based on the
astragali referred to the Nimravidae are close to those estimated (based
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on dental material) for the nimravid species Eusmilus bidentatus,
Eusmilus villebramarensis, and Eofelis edwardsii (Table 4). The largest
astragali could represent Eusmilus individuals, while the smallest ones
could correspond to Eofelis ones. Both Eofelis edwardsii and Eusmilus
bidentatus are represented by dental elements in the ULiege collection
(Table 1), but no dental element of nimravid is present in the KU Leuven
collection.

10 mm
I

Figure 11. Astragali (A, C, E, G in dorsal view and B, D, F, H in ventral
view) and calcanei (in dorsal view; I-L) housed at ULiege, KU Leuven, and
MNHN. Hyaenodonta: A-B, KUL.PLV1542; |, MNHN.F.Qu9966. ‘Miacidae"
C-D, MNHN.F.Qu10144; J, MNHN.F.Qu10375. Nimravidae: E-F,
MNHN.F.Qu10233; K, MNHN.Qu10045. Amphicyonidae: G-H,
KUL.PLV1542; L, ULg.PA.17170.
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Some tarsals that correspond to Hyaenodon have been found in the
middle Priabonian (MP 18) sites of La Débruge and Sainte-Néboule
(Supplementary data 3). At that time (~36 Ma), six Hyaenodon species
are present in Europe: H. brachyrhynchus, H. gervaisi, H. heberti, H.
requieni, and H. minor (Lange-Badré, 1979). The body masses estimated
on these astragali range from 12 to 28 kg (Table 4). The lower limit of this
range is close to the estimated body mass (based on dental material) of
H. brachyrhynchus, while its upper limit is close to the body mass of H.
heberti (Table 4). The four other species of Hyaenodon are either too
light or too heavy to be considered as plausible reference for the studied
specimens (Lange-Badré, 1979).

Several tarsal bones are referred to the paraphyletic assemblage
‘Miacidae’ (Supplementary data 3); these primitive carnivoraforms (Flynn
et al., 2010) disappeared from Europe at the end of the Eocene. The
astragali indicate body masses ranging from four to seven kilograms.
Such a body mass is close to that estimated for Quercygale angustidens
and much higher than those of Paramiacis and lower than those
Simamphicyon (Table 4). However, the Belgian collections contain no
specimens of Quercygale.

Table 4. Comparison of the body masses estimated based on the dental
material and the astragalus for the taxa identified based on the tarsal

elements.

Taxon Body mass (dental Body mass
material) (astragalus)

Hyaenodon
4-50 kg

Hyaenodon

brachyrhynchus 17 kg

Hyaenodon gervaisi 50 kg

Hyaenodon heberti 31kg 12-28 kg
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Hyaenodon minor 8 kg

Hyaenodon requieni 38 kg
Hyaenodon rossignoli 4 kg
Miacidae 170 g-28 kg
Paramiacis 300-600 g

4-7 kg
Quercygale angustidens 5 kg
Simamphicyon 28 kg
Amphicyonidae 3-133 kg 787 9-29 kg
Mustelidae 1-6 kg 228 g-1kg
Nimravidae 9-98 kg
Eofelis edwardsii 9 kg

14-33 kg
Eusmilus bidentatus 22 kg

Eusmilus villebramarensis = 34 kg

Using faunal assemblages as a biostratigraphic tool helps clarifying the
stratigraphic ranges of old Quercy collections. Even when an exact
biostratigraphic context at the MP level cannot be reconstructed
unambiguously, our analysis allows to recognize four groups of fossils in
the collections of the Belgian institutions: a Priabonian (MP17a-MP20)
group (ULiege, KU Leuven), a lower to middle Rupelian (MP21-MP23)
group (ULiege, RBINS), a middle to upper Rupelian (MP23-MP25) group
(KU Leuven), and an upper Chattian (MP28-MP30) group (ULiege, KU
Leuven, RBINS). Among this last group, the fossils are probably from
localities close to MP28. Indeed, in the Quercy region, the upper Chattian
is mainly represented by faunas close to the MP28 reference fauna (Pech
du Fraysse); the faunas from the Quercy region that are similar to those
from the MP29 (Rickenbach) and MP30 (Coderet) reference levels are
very rare (Sigé et al., 1991; Astruc et al., 2003).
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This clarification of the biostratigraphic ranges increases the scientific
value of the studied Quercy collections. We hope our study will foster
similar analyses of the other mammalian clades from the Quercy
Phosphorites (e.g., artiodactyls, rodents) housed in Belgium and
elsewhere, to refine the biostratigraphic ranges proposed herein. This, in
turn, will augment their utility for further studies incorporating Paleogene
mammals, as the current uncertainty of the precise MP level for most
specimens resulted in deletion of these specimens from biostratigraphic
analyses. In the long term, these collections could provide new
information on the evolution of the European mammals during crucial
periods such as the ‘Grande Coupure' and the ‘Microbunodon Event'.

4.2. The complex taxonomy of Cynodictis

The richness of the Belgian collections helps quantifying the size and
morphological variability of the Paleogene carnivorous mammals. Our
analysis of the abundant Cynodictis suggest the presence of four taxa: C.
lacustris lacustris, C. lacustris intermedius, C. longirostris, and C. exilis
(following the systematic classification proposed by Kotsakis, 1980). We
also recognize one specimen in the collection of the KU Leuven
(KUL.PLV578) that possibly represents ‘Cynodictis’ palmidens. The four
taxa referred to as Cynodictis are hardly discriminable based on size,
and, moreover, the morphology of their respective premolars and molars
are closely similar (Bonis, 1978).

Comparison of the length and width of the p4, m1, and m2 (Fig. 10A;
Table 5) illustrates the difficulty to discriminate the species only based on
size data. The m1s of Cynodictis exilis appear to be shorter and narrower
than those of the other Cynodictis species, but this is not the case when
looking at the m2s. The dentaries of this taxon are also less deep than
those of the other taxa (Table 5). We speculate that the low height of the
dentary could result from sexual dimorphism, the specimens of C. exilis
being females. Solé et al. (2014b) described similar differences in the
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height of the dentary between the males and females among the ‘miacid’
Dormaalocyon. However, the other main character that distinguishes
males from females—the presence of diastemata between p1, p2, and p3
—is not observed when comparing the specimens of C. exilis with those
of C. lacustris. Moreover, as indicated above, the m1s of C. exilis are
clearly shorter than those of C. lacustris.

Table 5. Length and width (observed range, mean, and number of
specimens) of the p4, m1, and m2 of the Cynodictis species and
“"Cynodictis" palmidens based on the specimens housed in the Belgian

collections.
Cynodictis
exilis
04 6.08-7.21
length 5 37 (h=5)
2.35-2.74
p4
width 2.54
(n=2.5)
mi 7.79-9.07
length ¢ 51 (nh=g)
m1 3.79-4.92
width 4 31 (n=g)
m2 4.34-519
length 4.9 (n=4)
m2 2.75-3.63
width 316 (n=4)
Dentary 9.01-12.97

Cynodictis

lacustris

intermedius

7.02-9.14
7.96 (n=12)
3.09-3.65
3.35 (n=12)
9.35-11.39

10.33
(n=22)

4.8-6.26

5.37 (n=22)
3.8-6.06

5.39 (n=13)
3.07-4.09

3.5 (n=13)
9.19-13.65
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Cynodictis
lacustris
lacustris

6.32-8.10

744 (n=9)
2.86-3.90
3.28 (n=9)

8.99-10.90
10.19 (n=19)
4.60-5.66

5.26 (n=19)
4.57-6.18

5.5 (n=11)
3.15-4.08

3.56 (n=11)

9.27-16.06

Cynodictis
longirostris

7.84-8.64
8.26 (n=b)
3.51-4.03
3.76 (n=5)

10.54~
12.25

11.16 (n=7)
5.39-6.72

5.92 (n=7)

6.03 (n=1)

3.82 (n=1)

12.56-
15.94

"Cynodictis"
palmidens

12.56 (n=1)

6.14 (n=1)

5.89 (n=1)

3.96 (n=1)
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depth 9.88 11.68 12.72 (n=17) 13.62 14.98 (n=1)
(n=8) (n=19) (n=7)

‘Cynodictis’ palmidens has a m1 that is longer and wider than the
Cynodictis species (Fig. 10A). Because the size of its m2 is similar to
those of the m2s of the Cynodictis species (Fig. 10A), it is clear that this
taxon is characterized by an increase of the m1 relative to the m2 and
m3; its case is thus the opposite of that of C. exilis. The three other taxa
of Cynodictis (C. lacustris intermedius, C. lacustris lacustris, C.
longirostris) are poorly separated based on size (Fig. 10A; Table 5).
However, the m1s of C. longirostris are among the longest and widest
ones of our sample (except that of ‘C." palmidens). Our PCA corroborates
these results: C. exilis is clearly dissociated from the other taxa, and, C.
longirostris could also be separated. The taxa C. lacustris lacustris and C.
lacustris intermedius are poorly discriminated by this analysis.

The large size of ‘'C." palmidens, as well as the relatively small size of its
m2, supports the observations of Bonis (1978) and Kotsakis (1980), who
regarded ‘C." palmidens as a potentially distinct genus. The small size of
C. exilis regarding the other Cynodictis taxa supports its originality and
its specific status. The validity of C. longirostris appears fairly robust as
well; even if the specimens are close in size to those of C. lacustris
lacustris and C. lacustris intermedius, they differ by a more distally
located metaconid on m1, resulting in a more open trigonid basin, and by
a talonid that is mesiodistally and transversally shortened and less deep.

The main disagreement between Bonis (1978) and Kotsakis (1980) on the
systematics of the amphicyonid Cynodictis concerns C. lacustris lacustris
and C. lacustris intermedius: Bonis (1978) considered that they represent
two distinct species, while Kotsakis (1980) proposed to merge them in
the same species (C. intermedius being a subspecies of C. lacustris: C.
lacustris intermedius). Our observations support this statement. Based
on our study of the specimens housed in the Belgian institutions, we thus
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support the proposal of Kotsakis (1980) indicating that these taxa might
be regarded as two subspecies.

Another unusual aspect of the Belgian collections of fossils from the
Quercy Phosphorites is the presence of numerous postcranial elements.
Regrettably, these elements are difficult to determine when found
isolated. However, as demonstrated by Coillot et al. (2013)—based on
fossils from the Belgian locality of Dormaal (Ypresian, reference locality
of MP7)—it is possible to determine postcranial isolated elements by
using their morphology, relative size, and relative abundance compared
to that of the dental elements. Our study on the tarsal elements supports
the possibility to identify postcranial elements, at least at the family level.
Moreover, the estimation of the body masses based on both the dental
and postcranial elements can allow to refine these determinations (e.g.,
genus or species level).

Applying the same method to the humeri, ulnas, femurs, tibiae, and
innominates housed in the Belgian paleontological collections (Figs 12-
13) could yield more precise results. However, it is important to keep in
mind that morphofunctional convergence (such as locomotory mode)
might bias the identification of isolated postcranial elements (Maynard
Smith & Savage, 1955; Szalay, 1994; Hildebrand, 1995).

In turn, determining postcranial bones is crucial because it can provide
data on the locomotion and ecology of Paleogene mammals, which are
generally poorly known. For instance, based on the tarsal bones from the
Quercy Phosphorites housed in Belgian collections and in the MNHN,
Fournier et al. (2020) reconstructed the locomotion (i.e., arboreal,
terrestrial) and the posture (i.e., plantigrade, semi-digitigrade,
digitigrade) of selected European amphicyonids. Moreover, having data
on the locomotion of the extinct mammals adds another layer of
information to the reconstruction of the paleoenvironments and their
evolution through time and space.
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Figure 12. Humeri housed at ULiege and KU Leuven in anterior view. A,
KUL.PLV1542; B, KUL.PLV1542; C, KUL.PLV1542; D, KUL.PLV1542; E,
KUL.PLV1542; F, KUL.PLV1542; G, ULg.PA.17192; H, ULg.PA.17270.
Reversed views: B, E, F, and H., Upper scale: A-E; lower scale: F-H.
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Figure 13. Innominates (in lateral view; A-D), tibias (in anterior view; E-
H), and femurs (in anterior view; I-L) housed at ULiege and KU Leuven.
Reversed views: G and I. A, ULg.PA.17177; B, ULg.PA.17177; C,
ULg.PA17177; D, ULg.PA17177; E, KUL.PLV1542; F, KUL.PLV1542; G,
KUL.PLV1542; H, KUL.PLV1542; |, KUL.PLV1542; J, KUL.PLV1542; K,
KUL.PLV1542; L, KUL.PLV1542.

We determined the fossil carnivorous mammals from the Quercy
Phosphorites housed in collections in Belgian institutions; some of these
assemblages have never been assessed in the past. In addition to a
faunal list and an updated taxonomy, we used the available
biostratigraphic ranges of the recorded taxa to reconstruct the original
stratigraphic ranges covered by the Belgian collections: the collections at
ULiege and KU Leuven universities cover the Priabonian, Rupelian, and
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late Chattian (most probably close to MP28 reference fauna; ca. 24.8-24
Ma), whereas the old and recent Quercy collections of the RBINS only
cover the Rupelian and Chattian.

This assessment also revealed a number of peculiarities in the Belgian
collections of carnivorous mammals, notably the presence of abundant
dental material and, more importantly, postcranial elements, which opens
interesting perspectives on the ecology of these ancient mammals at a
time of major climatic and faunal changes.
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