





Table 2 Measurements of upper and lower teeth of Prolagus michauxi from Sete (Hérault, France). N = number of specimens, ant =
anterior, post = posterior. All measurements are in millimetres.

Length Width ant Width post
Upper teeth N

Range Mean Range Mean Range Mean

Incisor 6 1.04-1.51 1.2 1.67-2.28 1.97 - -

P2 9 0.96-1.29 1.12 1.66-2.12 1.83 - -

P3 38/37 1.28-1.90 1.62 2.02-3.31 2.64 - -
P4 39/38/38 1.17-1.70 1.38 2.15-3.37 2.6 2.01-3.21 2.56
M1 65 1.10-1.72 1.36 1.77-3.45 2.61 1.72-3.21 2.4
M2 11 1.17-1.63 1.36 2.33-3.06 2.57 1.76-2.81 2.19

Lower teeth N Length Width ant Width post

Range Mean Range Mean Range Mean

incisor 2 2.16-2.18 2.17 1.21-1.24 1.23 — -

p3 29/34 1.63-2.33 1.91 1.48-2.10 1.77 - -
p4 15 1.40-1.87 1.63 1.58-2.10 1.82 1.50-2.06 1.79
ml 8 1.55-1.90 1.71 1.54-2.03 1.78 1.55-2.00 1.82
m2 8 2.14-2.69 2.34 1.46-1.91 1.73 1.43-1.78 1.65
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Text-fig. 6. Upper teeth of Prolagus michauxi LOPEZ-MARTINEZ, 1975 from Séte in occlusal view. a: section of a juvenile right upper
incisor, b: section of a left upper incisor, c: left D3, d: left D4, e: left P2, f: left P2, g-1: left P3s, m—p: left P4s. The collection number of

specimens is indicated on the drawings. Scale bar = 1 mm.

(12/35). It bears enamel hiatus on its lingual margin on 15 p3s.

The p4s, mls and m2s have anteroflexid well marked
in young individuals, which disappears or remains as
a depression in adults. All p4s, mls and m2s have a well-
marked notch filled with cement on the mesiobuccal side of
the talonid.

Discussion

In the introduction to her doctoral thesis Lopez-Martinez
(1974: 8) noted that “The palacontological study of lagomorphs
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is essentially based, like that of other groups of micromammals,
on the morphology and variability of dental parts. They
contain much more information than any other bony part
of the body”. Indeed, the abundance of dental remains in
the fossil record has led students of lagomorphs to base the
systematics of fossil taxa on dental characters, particularly
those of P2 and p3, while the cranial and postcranial
characters are generally neglected. Studies including cranial
bones and postcranial elements are rare, and/or exceptionally
reported in the definition of fossil lagomorph species. An
exception is the mandible, which is better preserved and



Text-fig. 7. Eight p3s of Prolagus michauxi L.opEZ-MARTINEZ, 1975 from Seéte in occlusal and root views, and for (a) and (b) in distal
and buccal views. a: left p3, b: left p3, c: left p3, d: right p3, e: left p3, f: left p3, g: left p3, h: left p3, i: right p3, j: juvenile right p3,
k: right p3, I: right p3. The collection number of specimens is indicated on the drawings. Large scale bar for occlusal views = 1 mm;
small scale bar for lateral views = 2 mm.

often described and illustrated. In this context Prolagus
michauxi is an exception, because Lopez-Martinez defined
it from its skull and dentition altogether (Lopez-Martinez
1974, 1989, Lopez-Martinez and Thaler 1975).

More than twenty species have been reported to the
genus Prolagus (Lopez-Martinez 1989, 2002, Angelone and
Cerméak 2015, Cermék etal. 2021, Vasileiadou and Sylvestrou
2022). They are known in Europe from the Iberian Peninsula
to Ukraine, in Asia Minor, and also in the Maghreb, for a
time interval that extends from the later Lower Miocene
(MN 3) to the Holocene (Dupré et al. 2022, Sen and Geraads
2023, Sen et al. 2024). For the comparison of Prolagus
michauxi of Sete, we will only consider species from the
latest Miocene and Pliocene, those having an average size
close to that of P. michauxi, and some similarities in their

dental and skull characters. Species from Early and Middle
Miocene have archaic features (on the p3 small and round
anteroconid, metaconid connected to the protoconid, on the
P2 the absence of mesial hyporloph...), and they are not
retained for comparison. Also, it seems useless to compare
P. michauxi of Sete with the endemic species of Italy which
have very large size and/or developed new characters such as
the strong mesial hyperloph extended mesially and buccally
on the P2, unusual enamel folds on the premolars and
molars etc. (Mazza 1987, Angelone 2007, 2008a, Angelone
et al. 2020). Also excluded are all Prolagus species having
P2 without mesial hyperloph, which is a typical ancestral
feature that some Late Miocene and Plio-Pleistocene species
have preserved, such as P. crusafonti LOPEZ-MARTINEZ,
1975 and P, ibericus LOPEZ-MARTINEZ, 1975.
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Text-fig. 8. Lower cheek teeth of Prolagus michauxi Lopez-MARTINEZ, 1975 from Sete. a: right m1, b: left p4, c: juvenile left m2,
d: right p4-m2, e: left p4 or m1, f: left p4 or m1, g: right m2, h: right m2 in occlusal and buccal views, i: left m2 in occlusal and buccal
views. The collection number of specimens is indicated on the drawings. Large scale bar for occlusal views = 1 mm; small scale bar

for buccal views = 2 mm.

Text-fig. 9. Comparison of the mandibles of Prolagus michauxi
from Seéte (a) and that of P. sorbinii from Monte Castellaro (b)
in their lingual views.

108

For most species of Prolagus, the cranium is not known
except for Prolagus oeningensis (KONIG, 1825), P. sorbinii
Masini, 1989 and P. sardus (WAGNER, 1829). The holotype
of P. oeningensis is a partial skeleton represented on a slab
where the skull is seen from the left lateral side. The
illustrations and descriptions by Koénig (1825) and later on
by von Meyer (1845) are inadequate for comparison since
the diagnostic features of the skull and dentition are not
visible.

Masini (1989) described a new species, Prolagus
sorbinii, based on a partial skeleton from Monte Castellaro
in Italy, preserved on a clay slab. Later on, Angelone (2007),
Angelone and Cavallo (2010), Angelone and Rook (2012)
and Angelone et al. (2021) referred to this species several
other findings (only teeth) from Mio-Pliocene localities of
Italy. The type cranium from Monte Castellaro (Messinian,
Italy) is displayed on ventral view, so it can only be
compared with that of Séte on this part. Masini (1989: 300)
noted that “The muzzle is narrow and fairly elongated,
with a long premaxillar bone”. The ratio of upper diastema/
alveolar length, measured on the illustrations of this article
is 114, similar to that of P. sardus (Tab. 1). In this character,
it clearly differs from the cranium of Séte, which has a ratio
of 100. However, as noted by Masini (1989: 300), the skull
is crushed and “deformed, in particular the muzzle on the
right side is broken at the sagittal plane and rotated”, this
preventing complete confidence in this ratio. Indeed, as
much as the upper diastema appears long, the mandibular
diastema is particularly short (L diastema 7.7 mm/L toothrow
8.8 = 88 %) according to the measurements published by



Masini (1989). In this species, the position of the incisive
foramen is more distal than in P. michauxi, and it tends to
be divided. The palatal vacuities on the P. sorbinii cranium
seem narrower, but this cannot be ascertained because of
the deformed state of the muzzle. Also in this species the
premolar foramen is larger and situated next to P4, while in
P. michauxi it lies more distally next to the second half of
P4 or even a little behind (see Masini 1989: pl. 2, fig. 2, pl.
3, fig. 1).

Compared to the cranium of P. sorbinii, the specimen of
Sete is different in having short muzzle (25 % of the total
length of cranium versus about 29 % in P. sorbinii and 32 %
in P. sardus), a better marked angle between the muzzle and
the anterior process of zygomatic arc while in P. sorbinii, as
well as in P, sardus, the sides of the muzzle gradually widen
backwards to reach the anterior zygomatic processes, and
the cranium of Séte has a larger braincase.

The mandible of Prolagus sorbinii has a high body and
a wide ascending ramus, unlike that of P. michauxi which has
amoderately high body and a narrow ascending ramus (Text-
fig. 9). On the medial face a strong crest originating from
the anterior part of the articular process descends towards
the body and branches off backwards on the angular process
to reach the distal edge of this process. Consequently, the
pterygoid fovea and pterygoid fossa are well defined. They
host the attachments of the lateral pterygoid muscle and the
medial pterygoid muscle, respectively (Wible 2007). This
crest and the fossae that it surrounds (Text-figs 4, 5, 9) are
weakly defined on the medial face of the Séte mandibles.

In contrast to these differences in the cranium and
mandible, the dentition of these two species is very similar
in size and morphology (Text-fig. 10). Angelone et al.
(2021: 114) note that “the salient features of P. sorbinii
are to be found especially in the third lower premolar with
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anteroconid as large as the metaconid, V-shaped mesoflexid,
thick entoconid with continuous enamel, reduced crochet
and shifted towards the metaisthmus, not very elongated
protoconulid; second upper premolar with mesial hyperloph
and continuous enamel on the precone; third upper premolar
with “short” centrocone and right-angled lagicone-lagiloph
connection; fourth upper premolar with very long and oblique
parafossette and “C” shaped mesofossette; upper molars
with pits and very deep hypoflexus”. All these characteristics
are also shared by the specimens from Séte as described
above. Angelone (2007, 2008a) and Angelone et al. (2021)
mention a number of differences in the tooth morphology of
P. sorbinii compared to P. michauxi: right angled lagicone/
lagiloph connection on P3, parafossette very long, tending
to curve upwards on P4, fossettes always present on M1 and
M2, and on the p3 labial indentation of anteroconid absent
or incipient, metaconid contour quadrangular, and entoconid
without enamel hiatus. In addition to its type locality,
dental remains from several Italian sites (several fissures at
Brisighella, Velona, Ciabot Cagna, Borro Strolla BS-1 and
BS-2, Solava, Case Inferno, Arcille) have been referred to
this species (Masini 1989, Angelone 2007, 2008a, Abbazzi
et al. 2008, Angelone et al. 2015, 2020, 2021). Despite the
abundance of fossils attributed to this species, the frequency
of dental characters remains at present practically unknown,
except for the metaconid isolated on 15 % of the p3s of
Brisighella 25 (n = 57; Angelone 2008a). As it appears
above in the description of the teeth of P. michauxi of Séte,
the characters of the dentition are subject to a large variation
(Text-figs 3-8). If the cranium and mandible are missing,
only the frequency of some dental characters is sufficient
to distinguish species. Given the lack of knowledge on the
frequency of discriminating dental characteristics, it does
not seem obvious to distinguish P. sorbinii from P. michauxi.
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Text-fig. 10. Scatterplot diagram comparing the lengths and widths of p3s and P3s of Prolagus from different localities. Data for
P. michauxi of Séte, La Alberca and Lissasfa are our own measurements; data for P. michauxi of Afoud 12-1 and 12-2 are from Dupré
et al. (2022); data for P. ibericus of Layna are from Lépez-Martinez (1974); data for P. sardus from Angelone et al. (2008) based on
the material from the karstic cavity VI-b6 of Monte Tuttavista in Sardinia; data for P. bilobus are from Cermaik et al. (2021); data for
P. sorbinii from Monte Castellaro (type locality) and from Brisighella 25 are from Angelone (2007). N = number of specimens.
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However, given the differences observed in the cranium
and mandible, these two species cannot be definitively
synonymized.

Some other records from Greece (de Bruijn 1995),
Bulgaria (Sen 2020), Moldova and Ukraine (Tesakov and
Averianov 2002) and Turkey (Sen et al. 2019) have been
referred to as P. sorbinii or P. cf. sorbinii. Furthermore,
Tesakov and Averianov (2002) included in this species
the remains from Greece and Turkey, initially identified
as P. michauxi or P. cf. michauxi. Indeed, these authors
considered all the Late Miocene-Pliocene prolagids from
Southeastern Europe and Asia Minor to be assignable to
P. sorbinii, as a counterpart of the western species of the
same epoch that is P. michauxi. Angelone et al. (2021: 115)
seem to agree with this statement: “Prolagus sorbinii is ...
also recognized in the southern Balkans and in Anatolia...
Its paleobiogeographic path, however, was opposite to its
taxonomic history: probably originating in the southern
Balkans, this species dispersed towards the north and then
west during the Messinian and managed to penetrate what
today corresponds to north-western Italy and a part of central
Italy thanks to the establishment of an emerged connection
with the European continent”.

Angelone (2008b) provided a quantitative approach
using Fourier Analysis applied on p3 anteroconid contour
of several Prolagus species. Her results indicate a closer
relationship between P. michauxi and P. sorbinii with respect
to the earlier species P. oeningensis. From this, she deduced
that both species are derived from P. oeningensis through
P. crusafonti, and that they had a parallel evolution during
the latest Miocene and Early Pliocene. Such an assumption
needs to be confirmed and reinforced by other morphological
and phylogenetic analyses.

As noted above, Fejfar et al. (2006: 98) suggested
that “Prolagus michauxi of the similar Ruscinian sites
in Spain and France ... is probably synonymous with the
taxon described by Heller [i.e., Prolagus bilobus]”. This
suggestion cannot be retained. Cermdk and Angelone
(2013) and Cermak et al. (2021) provided a complete
picture of this species with detailed studies of many Central
European records. Comparison of the size and pattern of
teeth clearly show that P. bilobus is different: it is larger than
all the remains attributed to P. michauxi (Text-fig. 10), its
p3 is eclongated, has an anteroconid often smaller than the
metaconid, less laterally stretched and less indented, a strong
crochet on all p3s situated at the bottom of the centroflexid,
not displaced next to the metaisthmus as in P. michauxi, a
strong antero-external depression on the trigonid, and well-
marked depression on the talonid of lower molariform teeth
(see details in Cermak et al. 2021).

Another middle-sized species comparable to Prolagus
michauxi of Séte is P. latiuncinatus ANGELONE et CERMAK,
2015 from Polgardi 2 in central Hungary. Its age is determined
as late Turolian (MN 13) by the authors. Despite its size
similarity, this species is different in having p3 generally short
and wide (length/width ratio 91 %), constant presence of a
drop-shaped and well-developed crochet at the bottom of the
centroflexid in all p3s, and the lack of enamel hiatus on the
mesial hyperloph of P2 (Angelone and Cermak 2015).

An interesting feature of the Prolagus cranium is
the premolar foramen. In most species of Prolagus, the
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premolar foramen is small, i.e., its length does not exceed
0.5 mm, and it is located on the palate next to P3 or P4 (see
Angelone and Sesé 2009, Angelone and Cermédk 2015).
Strangely, the endemic Italian species of Prolagus as well
as P. sardus which became extinct in the Corso-Sardianian
domain during historical times, have premolar foramen
small (Mazza 1987, Angelone 2007, 2008a, Angelone et
al. 2008, 2015). In a few species, namely in order of size
importance P. michauxi, P. sorbinii, P. ibericus and P.
calpensis FORSYTH MAJOR, 1905, it is significantly larger
(over 0.5 mm), and its length almost equals that of P4. In
addition, in these species it is located further back, facing
the distal part of P4 or P4/M1 contact as seen in the first
three species, or even medial to the M1 in P. calpensis. The
foramen premolar on the cranium remains of Séte lies next
the P4/M1 contact, it is larger than in all Miocene species of
Prolagus, but smaller than that of P. sorbinii, P. ibericus and
P. calpensis. Fostowicz-Frelik and Meng (2013) explored
the variation of this foramen in several groups of lagomorphs
and tried to identify its function. These authors noted that
the genus Prolagus has the widest premolar foramen among
lagomorphs. They also observed that it hosts “an offshoot of
the infraorbital artery which descends in the antero-ventral
direction and passes through the premolar foramen, ... thus
premolar foramen might have played the supporting role in
blood supplementation” (Fostowicz-Frelik and Meng 2013:
11), and a better vascularization of the oral cavity. The
enlargement of this foramen, paralelled with the increase
of the number and size of palatal foramina, is “interpreted
in terms of improved means of thermoregulation in species
living in more arid and warmer conditions then their forest-
dwelling ancestors. The animals could more effectively cool
themselves by panting, due to increased blood flow through
the mucous membranes in the oral cavity. It might have
been an important adaptation in rather hot Mediterranean
climate at that time” (Fostowicz-Frelik and Meng 2013:
13). This confirms the prediction of Lopez-Martinez (2002)
who noted that the formation of the Alpine barrier and the
progressive aridification of the climate since the beginning of
the Messinian fragmented the ecosystems and consequently
favoured a greater speciation in Prolagus with the occurrence
of local or endemic species adapted to the new climatic and
environmental conditions along the northern and southern
rims of Mediterranean. This is consistent with the high
number of Prolagus species during the latest Miocene and
Pliocene compared to older epochs.

Conclusions

This study has attempted to provide a picture as complete
as possible of Prolagus michauxi LOPEZ-MARTINEZ, 1975
from its type locality of Séte. It is one of the most famous
species of the genus Prolagus, since it was reported, right or
wrong, from over sixty localities ranging from Portugal to
Turkey, and also from North Africa, but more particularly
from Spain. Although in some early works fossils dating
from the early and middle Turolian have been erroneously
referred to P. michauxi, the temporal extension of this species
seems to be limited to the interval from the late Turolian to
the early Villanyian, ca. 6-3 Ma. It is contemporaneus with



P, ibericus LOPEZ-MARTINEZ, 1975, known only in Spain,
P, sorbinii MASINI, 1989 best known from late Turolian and
Ruscinian localities of Italy and P. bilobus HELLER, 1936
which has a paleogeographical extent in Central Europe.

The type material of P. michauxi includes several
cranial parts, mandibles and numerous isolated teeth. It is
significantly abundant to present a reliable picture of the
Séte population. The material displays a great size and
morphological intra-population variability, in particular in
the characters of its dentition.

The species closest to P. michauxi in size and dental
characters is P. sorbinii. It was initially described from
a partial skeleton on a clay slab from Monte Castellaro
(Masini 1989). Later on, dental remains from several other
Italian sites were referred to this species (Angelone 2007,
Angelone et al. 2021, and references therein). Although the
dental characters of this species fall within the variation
observed in P. michauxi from its type locality of Séte, the
characters of its skull and mandible from Monte Castellaro
indicate a species with an elongated snout and a high-bodied
mandible with a strong ascending ramus, very different
from those of Séte. However, the variation of cranial and
dental characters in this species is not well known, making
the comparison insufficient. As noted by Angelone (2007:
411) “The holotype of P. sorbinii figured in Masini (1989)
appears as a somehow weird individual, showing a mix
of fully adult and juvenile characteristics”. In addition,
dental remains referred to this species from other similar
aged Italian localities were not studied in detail to show
intraspecific morphological variation. Also, some characters
that Angelone (2007: 413) considered distinctive from
that of P. michauxi (i.e., d3 with a slight enamel concavity
on the entoconid lingual side; bulky P2, due to a strong
verticalization of the first portion or the mesial hyperloph
and postcone with external indentation; P3 with lagicone-
lagiloph connection making almost a right angle, short
centrocone not reaching the labial side of the tooth; P4
with long, verticalized parafossette sometimes enlarged at
its labial end, and with occasional presence of an accessory
enamel islet behind the metafossette) are also observed in
the Séte population. As a result of the present morphological
analysis and detailed comparisons, it appears that it is at
present impossible to distinguish these two species based on
the dental features and size.

Such an observation leads to propose two hypotheses:
(i) either we maintain the two species as one being limited
to western Europe and the Maghreb (P. michauxi) and the
other to the Italian peninsula and south-eastern Europe (P.
sorbinii), (i1) or we restrict the name of P. sorbinii to the
type material from Monte Castellaro while waiting for more
material and detailed morphological analysis of the remains
from Italian localities allowing to evidence the frequency
of characters and their possible differences from that of
P. michauxi.

Another issue is in the attribution of the limited fossil
samples from Greece, Bulgaria, Moldova, Ukraine and
Turkey, which mainly consist of isolated teeth. For most
of these records, the small number of specimens does not
allow to appreciate the frequency of the discriminating
characters, so attribution to P. michauxi or P. sorbinii can be
reconsidered.
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