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We present an inventory of the progress of recent research on the biostratigraphy and

palaeoecology of the genus Equus sensu lato in Europe. Our discussion starts with

the new hypotheses concerning the dispersal and evolution of non-caballine equids of

the Early and the beginning of the Middle Pleistocene, focusing on recent discoveries,

description of taxa, and revised diagnosis. In particular, we deal with the major debate

surrounding the number of lineages, “stenonid horses,” related species and the new

subgenus “Sussemionus.” Possible phylogenetic scenarios and relationships with extant

species are also taken into consideration. There is consensus that the lineage of true

horses emerged in Europe at the beginning of the Middle Pleistocene. Their extensive

skeletal plasticity enabled them to survive under a wide range of climatic conditions and

environments, from interglacial forests to grass-steppes during glacial episodes. They

exhibit homogeneous overall morphology but variability in terms of dental and skeletal

proportions. Patterns of general body size, muzzle shape, macro- and microdonty,

proportions of the limbs, robustness of the metapodials, and breadth of the third phalanx

are influenced by global climate, the characteristics of the vegetation (in particular the

degree of openness) and substrate, and are governed by Bergmann’s and Allen’s rules

or other environmental pressures. In addition to palaeoecological information, these

ecomorphological adaptations paradoxically provide real biochronological details in a

given geographical province. Throughout the Upper Pleistocene, horses underwent a

size diminution initiated at the end of the Middle Pleistocene. After the Last Glacial

Maximum (LGM), investigation of body size in different regions of Europe demonstrates

the existence of latitudinal and longitudinal clines, and the fragmentation of the

horse population. The so-called European wild ass, Equus hydruntinus, has a wide

geographical distribution but seems to be less ecologically flexible, or, alternatively,

more specialized than true horses, with which it is often found in sympatry. The latest

palaeogenetic studies place the species into phylogenetic context within the Asiatic

wild asses, however, palaeontological evidence points to E. hydruntinus as a separate

species. Its tooth morphology varies between biogeographical areas.
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hydruntinus

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2019.00301
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2019.00301&domain=pdf&date_stamp=2019-09-10
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles
https://creativecommons.org/licenses/by/4.0/
mailto:nicolas.boulbes@cerptautavel.com
https://doi.org/10.3389/fevo.2019.00301
https://www.frontiersin.org/articles/10.3389/fevo.2019.00301/full
http://loop.frontiersin.org/people/613523/overview
http://loop.frontiersin.org/people/700359/overview


Boulbes and van Asperen Biostratigraphy and Palaeoecology of European Equus

INTRODUCTION

Over the past 15 years, the discovery of new fossils and the
revision of reference collections, added to the increased precision
of the dating of certain deposits, have led to a reconsideration of
the biochronology of the equids of the Pleistocene (Alberdi et al.,
1998; Forsten, 1999a; Eisenmann, 2004a, 2006a, 2010; Alberdi
and Palombo, 2013; Palombo and Alberdi, 2017; Van der Made
et al., 2017). In addition, the progress of palaeogenetics has
made it possible to calibrate evolutionary models proposed by
paleontology (Orlando et al., 2013; Jonsson et al., 2014; Bennett
et al., 2017).

It is generally considered that the genus Equus, which
most likely emerged some 4.0–4.5Ma (Orlando et al., 2013),
includes all monodactyl equids present in Europe, and the
stenonid group (horses related to Equus stenonis) was the first
to disperse at the Plio-Pleistocene boundary (Equus-Elephant
event, Lindsay et al., 1980). Equus livenzovenzis, recorded
during the Middle Villafranchian, is for some authors the first
species recognized in Eurasia and considered as the phylogenetic
root of all the European stenonoid species (Azzaroli, 1992;
Alberdi et al., 1998; Palombo and Alberdi, 2017; Bernor et al.,
2018; Figure 1). However, its definition remains disputed, in
particular because of the heterogeneity of the material of the type
locality (Livenzovka, near Rostov-Don, Russia), doubts about
the chronology (Forsten, 1998a), and the disagreement about
the taxonomy of contemporaneous fossils recorded in Western
Europe and attributed to this taxa (i.e., at Montopoli in Italy, and
Huélago, El Rincón in Spain; Forsten, 1999a; Eisenmann, 2004a).

According to Eisenmann and Baylac (2000) and Eisenmann
(2006a, 2017), modern equids—genus Equus–can be
differentiated from the earlier genera Plesippus and Allohippus
(Stenonids) by their basicranial proportions. Following this
outline, the first cranium of Equus described in Europe is that of
Apollonia in Greek Macedonia (=Equus apolloniensis, Koufos
et al., 1997; 1.2–0.9Ma, Koufos and Kostopoulos, 2016) and the
latest cranium of stenonids (Allohippus according to Eisenmann)
could be that of Ceyssaguet with an age of 1.2Ma (Equus stenonis,
Aouadi and Bonifay, 2008). Beyond Europe, the crania from
Nalaikha (0.9Ma) in Mongolia [= E. (Hemionus) nalaikhaensis,
Kuznetsova and Zhegallo (2009)] and from Kolyma in Siberia
at the beginning of the Middle Pleistocene (=E. coliemensis)
also belong to Equus (Eisenmann and Kuznetsova, 2004).
According to Eisenmann (2006a, 2010, 2017), similarities in
the morphology of the teeth suggest, even in the absence of the
cranium, a common origin within the branch of ≪ Equus ≫
for certain equids, at least from 1.5Ma and maybe soon before
around 2.5Ma just above the Gauss-Matuyama limit (Vatera
Formation, Greece). These equids (E. granatensis, E. altidens,
E. hipparionoides, E. coliemensis, E. suessenbornensis) are grouped
together in the subgenus of Equus “Sussemionus” (Eisenmann,
2010). As a consequence, in this model, Allohippus, and Equus
could have co-occurred in Europe for more than 1.0Ma. These
characters, however, are not constant, even within the same
series. As a consequence, their presence is a good indicator but
their absence is not and Allohippus “stenonine” patterns may
occur in Sussemiones (Eisenmann and Boulbes, in preparation).
During this period, this subgenus had great success from North

America to Ethiopia, including both species adapted to relatively
dry climatic conditions (Equus granatensis-like), and others
adapted to more humid environments (Equus coliemensis-like).
Recent molecular and osteological analyses indicate that this
subgenus survived until 45,000 BP in Khakassia in southwestern
Siberia (Equus odovovi, Eisenmann and Sergej, 2011).

According to Palombo and Alberdi (2017) this splitting of
Pleistocene equids from Eurasia in different genus/subgenus
names requires a great deal of caution, taking into account the
homogeneity but also the large intra- and interspecific variation
shown by fossil monodactyl horses. In this paper we will consider
the genus Equus sensu lato, taking into account the different
points of view of the specialists. The first part is dedicated to
the non-caballoid equids from the Early Pleistocene and the
start of the Middle Pleistocene. The second part deals with the
true or caballoid horses, especially their ecology regarding the
high level of plasticity of this group. The final part, about the
European wild ass Equus hydruntinus, develops different aspects
of its evolution.

METHODS

The nomenclature used for the morphological description of
the teeth is illustrated in Figure 2. The occlusal measurements
were taken from the outer edges of the enamel excluding
the cement. Average occlusal size (occlusal surface) can be
used to minimize the impact of deformation of the teeth by
wear on the analysis. The Protoconal Index (PI) represents
the ratio of protoconal length to total length i.e., mesio-distal
diameter (IP = Lprot/DMD x 100). Increase in the length of
protocone, dissymetry of the double knot and reduction of
the vestibular groove (ectoflexid) are generally considered as
progressive characters.

The measurement system for the postcranial skeleton is based
on that established by Eisenmann (2019).

For the metacarpal several indices are calculated: slenderness
index 1 (SI 1): breadth at the middle of the diaphysis
(3)/maximal length (1) (Alberdi et al., 1998); slenderness index
2 (SI 2): breadth at the distal articular end (11)/maximal
length (1) (Koufos, 1992); diaphysis flatness (DF): depth of the
diaphysis (4)/breadth of the diaphysis (3) (Eisenmann, 2002);
caballine index (CI): distal supra-articular breadth at tuberosities
(10)/distal articular breadth (11) (Prat, 1980); proximal flatness
(PF): proximal articular breadth (5)/proximal articular depth (6).
The development of the sagittal crest is expressed by the Keel
Index (KI) (Gromova, 1949) which is the distal maximal antero-
posterior diameter of the medial condyle (14) expressed as a
percentage of the distal maximal antero-posterior diameter of the
keel (12). Gracility, flatness of proximal end, low development
of distal tuberosities and protrusion of the keel are usually
considered as advanced features (Eisenmann, 1979).

Simpson’s ratio diagrams (Simpson, 1941) are used for
comparisons of the general conformation i.e., proportion of the
limbs (lengths of long bones) and metacarpals. The standard is
chosen according to the species to be compared. Equus hemionus
onager is most commonly used as a reference for log ratio
diagrams; Przewalski’s horse for caballoid or true horses; Equus
africanus for Equus hydruntinus.
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FIGURE 1 | Biochronological overview of the genus Equus s. l. from Europe.
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FIGURE 2 | Nomenclature used for upper and lower cheek teeth. Occlusal view.

EQUIDS OF THE EARLY PLEISTOCENE
AND THE START OF THE MIDDLE
PLEISTOCENE

Equus stenonis and Relatives
The typical stenonid horses (genus ≪ Allohippus ≫ following
Eisenmann) are recorded in Europe from the end of the Pliocene
and disappeared at the latest at the end of the Early Pleistocene.
Based on an estimate of their body weight, their morphology,
and their skeletal proportions, these fossils correspond to
multiple species which are unequally documented. According
to Eisenmann (2004a) these species formed a monophyletic
group characterized by a deep nasal incision (apomorphy) and
other characteristics recurring within this group, such as a
weakly developed protocone, a rounded double knot, pointed
linguaflexid, and a deep ectoflexid on the molars, cups on
incisors, and≪ flattened≫metapodials.

Equus stenonis Cocchi 1867
This species was described from material from an unregistered
locality in the surroundings of Terranova in the Upper Valdarno
Basin (Tuscany, Italy; De Giuli, 1972; Privat Defaus, 1986).
According to Forsten (1999a) and Palombo and Alberdi (2017),
the many forms of E. stenonis correspond to local variations
depending on eco-geographic and maybe chronological factors,
and they are little different from the hypodigm of the Upper
Valdarno. The revised diagnosis after Alberdi et al. (1998) retains
that Equus stenonis corresponds to a medium to large-sized
horse with “heavy” proportions characterized by a long stylopod
(humerus, femur; Figure 4); a skull with a deep nasal incision,
elongated and narrow muzzle and very long diastema; the
braincase is small in relation to the length of the face and strongly
convex; the upper teeth have a short protocone (Protoconal Index
lower than 40, Gromova, 1949; Table 1), the lower teeth have
a typical double knot with a rounded metaconid and a slightly
angular metastyloid and a deep lingual “V” groove; the vestibular
groove is variable, deep or shallow on molars as in the type
material (Figure 3A); metapodials are robust and “flattened” (low
DF index and high PF index), the distal keel is well-developed
with (low KI index; Table 1).

Several subspecies have been recorded (see Palombo and
Alberdi, 2017), the samples from the sites in Valdarno and

neighboring localities (Matassino, Olivola, about Olduvai event)
are usually referred to the nominal subspecies (De Giuli, 1972).
The best known are certainly the more robust form from Saint-
Vallier (E. stenonis vireti Prat, 1964), descibed in detail with
new collection by (Eisenmann, 2004a, “Allohippus” s. vireti), and
the stenonid equid from Chilhac (E. stenonis guthi Bœuf, 1986),
both dated to 2.5 and around 2.4Ma (Nomade et al., 2014).
The morphology and dimensions of Equus stenonis olivolanus
(Caloi, 1997) (Olivola) mainly fall within the range of the
nominal subspecies (Palombo and Alberdi, 2017). Equus stenonis
pueblensis (Caloi, 1997) (Puebla de Valverde, located over the
Reunion event and bellow the Olduvai chron (Sinusía et al., 2004)
is considered as a synonym of the form of Chilhac (Alberdi
et al., 1998) or a true species “Allohippus” pueblensis (Eisenmann,
2017). In eastern Mediterranean, Equus stenonis is abundant,
especially during middle Villafranchian, and belong to one form
similar to Saint-Vallier and La Puebla de Valverde (Koufos, 2001);
one of the best described sample is that of Sésklo (Thessaly,
Greece, MNQ 17; Athanassiou, 2001).

The temporal range of Equus stenonis sensu lato could be
2.5Ma (Saint-Vallier, Chilhac) to 1.2Ma (Ceyssaguet; Figure 1).

Small and/or Gracile Stenonids
Originally described as a subspecies of Equus stenonis (Prat,
1964), the small to medium-sized equid from Senèze (2.1–
2.2Ma, Pastre et al., 2015), Equus senezensis, was later elevated
to the rank of species (Alberdi et al., 1998; Eisenmann,
2004a). Apart from its small size, Equus senezensis has a
morphology (teeth and bones) and general proportions similar
to Equus stenonis (Figure 4, Table 1). Alberdi et al. (1998)
recognize two geographical subspecies, the nominotypical
subspecies, recorded at Senèze, and the subspecies “Equus
senezensis stehlini,” including the younger fossils from E.
stehlini described by Azzaroli (1965) in the late Villafranchian
Upper Valdarno.

Equus senezensis stehlini, often considered as a different
species, is smaller and characterized by proportionally shorter
metapodials, recorded mainly in Italy (late Villafranchian from
Casa Frata (1.7Ma), Upper Valdarno, and Farneta, Val di Chiana;
Azzaroli, 1965, 1984; Caloi and Palombo, 1982). During the
second half of the Early Pleistocene, E. stehlini replaced E.
stenonis in Italy (Azzaroli, 1965). Palombo et al. (2017) tentatively
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TABLE 1 | Index on teeth and metacarpal for selected Early and Middle Pleistocene equids.

P3/4 M1/2 Metacarpal Ill

PI PI Sl1(3/1) Sl2 (11/1) DF (4/3) PF (5/6) Cl (10/11) Kl (14/12)

Equus stenonis viretia 35,4 39,2 16,3 22,2 74,9 155,7 102,5 83,5

Equus stenonis guthib 32,9 36,4 15,5 21,3 156,2 102,2

Equus stenonis stenonisc 14,8 19,9 77,3 152,5 101,0 83,6

Equus senezensis senezensisd 30,0 37,3 15,2 20,8 79,2 154,9 102,4 83,9

Equus senezensis stehlinic 15,5 20,8 75,4 150,2 100,5 85,9

Equus mygdoniensise 27,2 33,6 13,8 18,6 81,9 155,5 103,2 87,5

Equus bressanusf 33,1 39,0 15,6 21,2 78,4 149,9 101,4 86,0

Equus granatensisg 28,1 32,6 13,4 17,8 80,7 151,9 101,9 88,8

Equus apolloniensish 35,4 44,0 14,4 20,6 81,5 154,9 100,5 86,3

Equus wuestii 28,0 – 14,0 18,9 81,2 149,9 104,5 88,6

Equus altidensj 37,3 44,1 13,25 18,4 82,6 147,2 97,1 87,3

Equus suessenbomensisj 39,6 45,1 15,1 21,3 75,6 160,4 99,2 87,0

a, Saint-Vallier, (Eisenmann, 2004a); b, Chilhac (Bœuf, 1986); c, (Alberdi et al., 1998); d, Senèze, (Eisenmann, 2017); e, Mygdonia, (Koufos, 1992); f, Ceyssaguet, (Aouadi and Bonifay,

2008); g, Venta-Micena, Boulbes, pers. data; h, Apollonia P-1, (Koufos et al., 1997); i, Untermassfeld, (Eisenmann and Boulbes, in preparation); j, Süssenborn, (Eisenmann, 2008).

refer the equid from the middle Villafranchian site of Coste San
Giacomo (Anagni, central Italy) dated around 2.2Ma to Equus
aff. senezensis stehlini (Figure 1). This recent discovery could roll
back the appearance of this form much earlier than expected
(Palombo and Alberdi, 2017).

E. mygdoniensis (Koufos, 1992) has been described in the
locality of Gerakarou-1 (Mygdonia Basin) in Greek Macedonia
(early Late Villafrancian, ∼1.8Ma). It is a small equid with a
short, wide muzzle, short dental rows, short protocones (IP index
lower than other stenonids, Table 1), and elongated and slender
metapodials (Koufos, 1992; low SI indices, Table 1) but with flat
proximal end as E. stenonis and unlike E. altidens/granatensis
group. According to Eisenmann (2004a), the equid from
Gerakarou belongs to the stenonid group (Allohippus) but
based on the differences with Equus stenonis (small size,
cranial proportions, slender metapodials), the Gerakarou equid,
originally described as a subspecies of Equus stenonis (Koufos,
1992), should be given a specific status (Eisenmann, 2004a). This
species is likely to be present in other Greek localities of a similar
age (e.g., Pyrgos, Krimni 1/2, Riza 1/2; Koufos, 1992) and may
be at Tsiotra Vryssi also in the Gerakarou Formation, but with
a younger age, intermediate between the localities Gerakarou-
1 and Apollonia-1 (Konidaris et al., 2015). E. mygdoniensis is
possibly present in Turkey (Denizli basin, Boulbes et al., 2014),
Russia (Livenzovka and Psekups), and Valdarno in the wider
sense (Eisenmann, 2004a). The stenonoid horses from Libakos
and Polylakkos (Western Macedonia, Greece) are very close to E.
mygdoniensis (including in Equus altidens, Gkeme et al., 2017).
The taxonomic validity of this species is, however, questioned
by other authors who consider that most of the fossils reported
to it correspond to Equus senezensis/Equus stehlini and/or Equus
altidens groups (Alberdi et al., 1998; Forsten, 1999a; Gkeme et al.,
2017; Palombo and Alberdi, 2017).

Eisenmann (2017) also supports the close relationship of the
Senèze equid with those of Gerakarou (Allohippus mygdoniensis)
and Upper Valdarno (Allohippus stehlini), in particular with

regard to certain common characteristics such as short-muzzled
skulls, but keeps them at a species level.

Very Large Stenonids
There is consensus that during the Villafranchian, sometimes
together with medium or small-sized forms, one or several
species occurs with a very large size and characteristics that
are similar to stenonids (Viret, 1954; Prat, 1980; Azzaroli, 1990;
Alberdi et al., 1998; Forsten, 1999a; Eisenmann, 2003, 2004a,
2017; Table 1, Figure 4, “Equus bressanus” from Ceyssaguet”).
This material is generally designated under the name Equus
major Depéret in (Delafond and Depéret, 1893) ex Boule, poorly
defined from the material of Chagny (revised by Viret, 1954;
Figure 3B). The stratigraphic position of the fossils is not clearly
known. Alternatively, Eisenmann (2017) distinguishes several
groups of large (robust or gracile) to very large stenonids
but tentatively refers the material from Chagny to the E.
suessenbornensis group.

The sporadic presence of large stenonids s. l. is mentioned
in several localities in France and in particular at Senèze (Prat,
1980; Eisenmann, 2017); in Germany in Schernfeld (Musil,
1992); in the Netherlands at Tegelen (Viret, 1954); in Great
Britain at East Runton (Norfolk) and Italy at Upper Valdarno
(Azzaroli, 1990). The equid described at Fonelas P-1 (Guadix-
Baza depression, Spain), older than Olduvai episode (around
2Ma, Arribas et al., 2009), has affinities with Equus cf. major
(Garrido, 2008). In eastern Europe, Equus athanasiui described
at Tetoiu-Valea Graunceanului (Romania) (Samson, 1975), a
species possibly also presents at Oosterschelde, Forest Bed,
El Rincón and Ceyssaguet according to Forsten (1999a). A
large and gracile stenonian horse, under study, occurs in the
lower Pleistocene layers (13 to 11b) of Kozarnika (Bulgaria)
(Sirakov et al., 2010).

The small amount of material belonging to this group and
the different points of view of specialists make it difficult
to establish a biochronological framework and determine the
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FIGURE 3 | Upper and lower cheek teeth from different Pleistocene equids. Occlusal view. (A) Equus stenonis, Upper Valdarno, a- left P2-M3, Type; b-right P2-M3

(after Azzaroli, 1965 in Caloi, 1997). (B) Equus major, Chagny, a-left P2-M1, b-left M2 (Delafond and Depéret, 1893); c-right P34, se 338, Senèze (Eisenmann, 2017).

(C) Equus granatensis, Venta Micena, a-left P2-M3, Type, b-right P3-M3, VM 8297 (Boulbes, pers. photo). (D) Equus suessenbornensis, Süssenborn, a-left upper

cheek teeth P2-M3, Type, b-left lower cheek teeth, P2-M3, S 6882 (Eisenmann, 2008). (E) Equus altidens (including E. marxi), Süssenborn, a-right P4, S 1365, M1, S

1366, M2, S 1367, b-left P3, S 1369, P4, S 1368, M2 (S 1370) (Eisenmann, 2019). (F) Equus apolloniensis, Apollonia P-1, a-right P2-M3, APL 147, b-right P4, APL

148 (after Koufos et al., 1997, in Eisenmann and Boulbes, in preparation).

morphometric and temporal range of the species (Alberdi
et al., 1991). Musil (1992) considers that the chronological
distribution of this Villafranchian species is between 2.2 and
1.7Ma. However, “E. bressanus” (=Equus major) seems to be
present later around 1.2Ma (Ceyssaguet, Aouadi and Bonifay,
2008). According to Eisenmann (2017), very large “Allohippus”
occurs from 2.5Ma (Oasele, Romania, Samson, 1975) to around
the Brunhes-Matuyama limit (Würzburg-Schalksberg, Germany;
Mauser, 1987; Figure 1).

E. granatensis/E. altidens Group, Equus
wuesti, and Equus suessenbornensis
Equus granatensis Alberdi and Ruiz Bustos (1985) refers to the
slender equid of Venta Micena (Orce, Granada), situated above
the Olduvai subchron, with an age around 1.5Ma (Martínez-
Navarro et al., 2011). On the upper teeth the protocone is very
short (Table 1), often without an anterior part. The shape of the
double knot varies from typically rounded stenonine, separated
by a pointed and deep lingual groove, to a rather hemionine type
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FIGURE 4 | Simpson’s ratio diagram of bone lengths of European Early and Middle Pleistocene horses. Reference: Equus hemionus onager (Eisenmann, 1991a). H,

Humerus; F, Femur; R, Radius; T, Tibia; MC, Metacarpal; MT, Metatarsal; PH1A, First Anterior Phalanx; PH1P, First Posterior Phalanx. Data: Saint-Vallier (Eisenmann,

2004a); Matassino (Eisenmann, 1999); Senèze (Eisenmann, 2017); Gerakarou (Koufos, 1992); Ceyssaguet (Aouadi, 2001); Apollonia P-1 (Koufos et al., 1997); Venta

Micena (Boulbes, pers. data); Untermassfeld (Eisenmann and Boulbes, in preparation); Süssenborn (Eisenmann, 1999, 2008).

with an elongated metaconid and pointed metastylid, separated
by a shallow lingual groove (Eisenmann, 1999). The vestibular
groove is very deep and often touches the lingual one on molars;
the ectoflexid may also be deep on P3 and P4; protostylids
are frequent in premolars (Figure 3C). The general proportions
of the limbs, different from E. stenonis/E. senezensis, show
cursorial adaptations with elongated distal bones (Figure 4).
The metapodials are slender (diaphysis and extremities) with
a deeper diaphysis and proximal end (high DF index and low
PF index), and a distal keel poorly developed in comparison
to E. stenonis and E. senezensis (Table 1); as in hemiones the
difference in length between the first anterior and posterior
phalanges is important (Eisenmann, 1999). In our opinion and
following Eisenmann (1999), the morphological differences of
the teeth with both E. stenonis and E. altidens (including E.
marxi) could justify a specific level. E. granatensis is mainly
recorded in different localities in the south of Spain from 1.5 to
0.8Ma (Figure 1), in particular in the Guadix-Baza basin (Venta
Micena, Lachar, Fuensanta, Fuente Nueva 3, Barranco León 5,
Marín, 1987; Alberdi and Ruiz Bustos, 1989; Alberdi et al., 1998;
Alberdi, 2010) and according to Eisenmann in the site of Cueva
Victoria (0.9–0.8Ma, Gibert et al., 2016), although these fossils
were identified as Equus altidens altidens by Alberdi and Piñero
(2015). Equus altidens from epivillafrachian levels of Vallparadis
(post Jaramillo, around 0.85Ma, Duval et al., 2015) have short
protocones (Aurell-Garrido et al., 2010) as in E. granatensis.

Equus altidens (Von Reichenau, 1915) was described (together
with E. suessenbornensis) from the early Middle Pleistocene site
of Süssenborn, most likely accumulated during marine oxygen
isotope stage (MIS) 16, with an age of 0.65Ma (Kahlke, 2014).

There is disagreement about the number of species present in
the site of Süssenborn due to the heterogeneity of the material
and the long time sequence of the stratigraphy (Musil, 1969;
Forsten, 1986; Eisenmann, 2008). Equus altidens is a medium-
sized and slender species. Revised diagnoses (Forsten, 1986;
Alberdi and Palombo, 2013) include the third species described
at Süssenborn “Equus marxi” (Musil, 1969): the teeth have a
small and narrow crown; the morphology of the protocone of
the upper teeth is variable, often indented lingually with an
elongated distal part, resulting high values of Protoconal Index in
comparaison to E. granatensis (Table 1); themesostyle sometimes
divided into two; a deep post-protoconal valley; and a pli caballin
moderately developed or even absent on worn molars. Lower
teeth often show a pli protostylid fold including P2; the ectostylid
is sometimes present but rare; the double knot is asymmetric; the
ectoflexid is deep on molars (Figure 3E). The skeleton is gracile
and metapodials (similar to E. granatensis) are more slender
than in all other stenonids forms; distal keel is less developped
and distal tuberosies are not so strong (CI index < 100) than
other species (Table 1). Following several authors (Alberdi et al.,
1998; Forsten, 1999a; Alberdi and Palombo, 2013) Equus altidens
also includes the fossils of the site of Venta Micena renamed
Equus altidens granatensis (Alberdi et al., 1998) and those of
the small equine of Akhalkalaki in Georgia (1.0 to 0.8Ma)
(=Equus hipparionoides, Vekua, 1986). Eisenmann (1999, 2010)
agrees with the proximity of the Süssenborn slender species and
the equid from Venta Micena but gives a specific rank to E.
granatensis based on the relatively short protocones compared to
E. altidens. She considers that Equus altidens is too poorly defined
and should be used with caution.
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Disagreements make it difficult to trace a reliable
biochronology for Equus altidens. The most extensive suggests
the concurrent arrival around 1.8Ma of the species in Western
Asia (E. aff. altidens from Dmanisi, Georgia, Lordkipanidze
et al., 2007) and in Southeastern Europe (Gkeme et al., 2017).
Other possibility is that it dispersed to Europe from China
around 1.2Ma (Van der Made, 2013). According to Alberdi and
Palombo (2013) Equus altidens altidens was first recorded in
Italy around 1.5Ma (Selvella and Pirro Nord LFAs). However,
the teeth that have the most affinity (deep postprotoconal valley,
elongated protocone), with those of the type locality are around
and younger than 1 Ma: Bois de Riquet (Bourguignon et al.,
2016; Lozano-Fernández et al., 2019), Soleihlac (Prat, 1980;
Lacombat, 2005), Pakefield (Lister et al., 2010), Voigstedt (Musil,
1965), Atapuerca Gran Dolina TD6 (Van der Made, 1999),
Huescar-1, Cullar de Baza-1 (Alberdi and Ruiz Bustos, 1989).
The site of Venosa-Loreto, slightly younger than Notarchirico
with an estimate age around 0.6Ma (Pereira et al., 2015), could
represent its last appearance (Alberdi and Palombo, 2013;
Figure 1). Some elements (metapodials, teeth) found in the
site of Mosbach (0.5Ma) show affinities with the remains of
Süssenborn (Eisenmann, 2008) and merit further investigation.

The equid of the Epivillafranchian site of Untermassfeld
(Thuringia, Germany), Equus wuesti (Musil, 2001), represents
another species, somewhat larger and less gracile (Table 1), but
less distinct in terms of its proportions than Equus altidens
(Musil, 2001) (Figure 4). Musil (followed by Lister et al., 2010)
considered the Untermassfeld horse as the ancestor of E. altidens,
in spite of the presence of the latter species in localities older
than the German site (Palombo and Alberdi, 2017). The site is
positioned around the Jaramillo polarity subzone with an age of
approximately 1.0Ma (Kahlke, 2006; Figure 1). Unfortunately,
no skull material was found and tooth remains are not very
numerous whereas the postcranial skeleton is well-represented.
Metacarpal has deeper diaphysis and proximal end, the distal
tuberosities are very strong (Table 1). Descriptions of new and
older material of the species and comparisons confirm that Equus
wuesti represents another species inside the Sussemione group
close to but different from the equids of Venta Micena (in
particular the teeth) and Akhalkalaki (Eisenmann and Boulbes,
in preparation).

Equus suessenbornensis (Wüst, 1900) is a large species with a
mozaic of features (Musil, 1969; Gromova and Dubrovo, 1975;
Forsten, 1986; Azzaroli, 1990; Alberdi et al., 1998; Eisenmann,
2006a). The main characteristic of the teeth is the high level
of enamel folding and converging characters with true horses
(caballines) regarded as homoplasy. The upper teeth have an
elongated and asymmetric protocone (IP index on M12 = 45,
Table 1) with a concave lingual border, a wide mesostyle on
premolars, a marked groove on styles at least at some distance
from the crown, and a wide-based pli caballin. Lower teeth show
certain cingulate structures such as protostylid or ectostylid, the
vestibular groove is always deep on molars and often in contact
with the lingual side (Figure 3D). Metapodials are longer and
the extremities are robust; diaphysis and more specially the
proximal articulation are “flattened” (high PF index, Table 1);
the distal keel is poorly developed (Table 1); the metatarsal

is elongated (Figure 4). Some authors have considered Equus
suessenbornensis as the first archaic true horse or an evolutionary
intermediate between stenonoids and caballoids (Gromova,
1949). However, the double knot appears to be very different from
that characteristic in horses, although more derived than in E.
stenonis (Forsten, 1986, 1999a; Alberdi et al., 1998; Palombo and
Alberdi, 2017). Equus verae (Sher, 1971) of north-eastern Siberia
(Chukochya, about Jaramillo event), which is characterized
by teeth with a similar morphology and metapodials with
identical proportions to Equus suessenbornensis, could present a
synonym (Forsten, 1986) or a very similar species (Eisenmann
and Kuznetsova, 2004). The cranium from Kolyma (north-east
Siberia), referred to E. coliemensis (Lazarev, 1980) and dated
to the end of the Early Pleistocene, belongs in the same group
(Eisenmann, 2010).

In Europe Equus suessenbornensis is also present in Germany
in the Middle Pleistocene site of Voigtstedt (Musil, 1965), in
the Czech Republic at Stranska Skala (Musil, 1972), in Italy in
several localities between the latest Villafranchian (Farneta and
Pirro faunal units) to the middle Galerian (Caloi and Palombo,
1987; Alberdi et al., 1988; Alberdi and Palombo, 2013), in Spain
at Fuente Nueva-3, Barranco León-5, Cueva Victoria, Huéscar-
1, Cúllar de Baza-1, (Alberdi and Ruiz Bustos, 1989; Alberdi,
2010; Alberdi and Piñero, 2015), in France at the sites Bois de
Riquet, Nauterie, and Soleilhac (Prat and Thibault, 1976; Prat,
1980; Lacombat, 2005; Bourguignon et al., 2016), in England in
the Cromer Forest Bed Formation, Lister et al., 2010). In Eastern
Europe Equus suessenbornensis was likely present in Ukraine
(Tiraspol) (Gromova and Dubrovo, 1975), as well as in Romania
(Samson, 1975) and in Western Asia in Georgia (Akhalkalaki)
which delivered the best-known collection for the species (Vekua,
1986). The presence of this species in older sites as in Italy (Pirro
Nord and Selvella, Alberdi and Palombo, 2013) can be debated.
The measurements given by the authors of the specimens that
belong to this taxon show a relatively small body size, taking into
account the variability of the best known sample of Akhalkalakhi
(MT III length between 300 and 330mm). Other localities, for
example Dursunlu in Turkey (1.0 and 0.8Ma) (Yigit, 1998; Güleç
et al., 2009), merit further investigation. Indeed, some teeth seem
really characteristic of the species.

Taking into account this wide geographical range from
Beringia to Western Europe (Eisenmann and Kuznetsova, 2004),
the range of the type species based on material similar to the
hypodigm (complex enamel, long protocone, and metapodials
with robust extremities) (North-East Siberian, Akhalkalaki, Orce,
Cueva Victoria, Süssenborn, Venosa) is comprised between the
end of Early Plesitocene around 1.2 and 0.6Ma (Figure 1).

Phylogeny of Equus altidens/granatensis and Equus

suessenbornensis
Scholars are divided about the phylogeny of Equus
altidens/granatensis and Equus suessenbornensis–a local
European evolution or a dispersal event from Asia and or Africa.
In the scenario proposed by Eisenmann (2010), cf. Introduction,
they belong to the new subgenus of Equus “Sussemionus” and
originated probably in North America and are not linked with
the stenonid group (Allohippus for instance). Sussemionus is
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defined in reference to the mixture of morphological characters
shared in the fossil equids from Süssenborn and extant hemiones
(deep postprotoconal groove, multiple plis caballin or with very
large base, sometimes very short protocones on upper teeth, and
elongated/bilobated metaconids, presence of stylids and deep
ectoflexid on lowers).

However, this point of view is not shared by other authors who
consider that both species belong to the stenonid group (Forsten,
1986, 1999a; Azzaroli, 1990, 1992; Alberdi et al., 1998; Alberdi
and Palombo, 2013; Palombo and Alberdi, 2017). In this scheme
a local evolution in Europe from a stenonid stock is proposed for
both species. With an overall trend from robust to gracile, Equus
altidens could represent the latest form of the stenonid group
(Alberdi et al., 1998; Piñero and Alberdi, 2015). Intermediate
chronological forms in relative proportions (Selvella, Libakos,
and Pirro Nord) provide support for this model (Van der Made
et al., 2017) at least in Italy, but points of view diverge about
the taxonomy of the equids from these localities (De Giuli, 1987;
Azzaroli, 1990; Forsten, 1999a; Eisenmann, 2004a, 2006a; Alberdi
and Palombo, 2013; Gkeme et al., 2017). Alternative scenarios
propose that E. altidens evolved from the African species E. tabeti
(Aïn Hanech, Algeria), and that it dispersed shortly after 1.8Ma
to Europe (Guerrero-Alba and Palmqvist, 1997).

Concerning Equus suessenbornensis, some authors highlight
the phylogenetic link with Equus major (Equus bressanus)
(Grossouvre and Stehlin, 1912; Alberdi et al., 1998; Forsten,
1999a; Aouadi and Bonifay, 2008; Palombo and Alberdi,
2017). According to Alberdi et al. (1998), the E. major-E.
suessenbornensis monophyletic group may have stemmed from
E. livenzovensis. In accordance with this, remains of large
equids from the Upper Villafranchian and Lower Galerian are
commonly referred to Equus ex. gr. bressanus-suessenbornensis
(Rook et al., 2013). Due to the heterogeneity of the large stenonid
group (E. major-bressanus) and the hypothesis including
E. suessenbornensis in the subgenus Sussemionus, this link
remains uncertain.

Ecology of Equus altidens Sensu Lato and Equus

suessenbornensis
These two species, in addition to the Süssenborn type locality,
are frequently found sympatrically in many other deposits.
The association is particularly well-documented in Akhalkalaki,
Georgia (1.0 to 0.8Ma) (Vekua, 1986), in several sites in the
Guadix-Baza basin in southern Spain between 1.4 and 0.9Ma
(Alberdi and Ruiz Bustos, 1989; Alberdi et al., 1998; Alberdi,
2010), in the region of Murcia Cueva Victoria and Quibas
(Alberdi and Piñero, 2015; Piñero and Alberdi, 2015), in Italy
between 1.5 and 0.6Ma (Alberdi and Palombo, 2013) and in
France (Bois de Riquet, Bourguignon et al., 2016; Figure 5). They
could both be represented in the Czech Republic at Stranska
Skala (Musil, 1995) and in Romania (Samson, 1975). The co-
occurrence of the two species seems to be demonstrated in
early Middle Pleistocene England at the West Runton and
Pakefield sites (Lister et al., 2010). It seems that at lower
latitude (Spain, Italy, France) the slender species is more
common than Equus suessenbornensis (Alberdi and Piñero,
2015; Bourguignon et al., 2016; Palombo and Alberdi, 2017).
It should also be noted that from new discoveries in the site

FIGURE 5 | Equus altidens (A) and Equus cf. suessenbornensis (B) from Bois

de Riquet (US2). (A) Right proximal metacarpal (BDR-X37b-61b); (B) left

proximal metacarpal (BDR-Z34d-114).

of Untermassfeld Equus wuesti is associated with a large form
sharing affinities with E. suessenbornensis group (Eisenmann and
Boulbes, in preparation).

The large difference in body mass (Figure 5) between Equus
altidens and Equus suessenbornensis prevented any interspecific
competition between them and led to the use of different
ecological niches (Alberdi et al., 1998; Alberdi and Palombo,
2013). According to (Alberdi and Piñero, 2015, p. 325) “the large
horses lived on open and dry habitats (steppes), whereas smaller
ones lived on more closed and wet habitats (savanna-mosaic,
woodlands).” From a locomotor adaptation point of view, the
relative length of the Equus altidens/granatensis metapodials in
comparison with the proximal bones of the limbs, and their
gracility, suggests a more pronounced cursorial capacity than in
the other Villafranchian species and the frequenting ofmore open
landscapes and certainly more arid biotopes (Eisenmann, 1984,
2010; Caloi, 1995). In addition, the proportions of themuzzle and
themorphology of the row of symphyseal incisors show that these
two species occupied a particular ecological niche and exploited
different food resources (Caloi, 2002). The relatively short and
wide muzzle proportions in Equus altidens are consistent with
a highly specialized grazer diet. Equus suessenbornensis has a
wide but relatively elongated muzzle that may imply a less strict
preference for monocotyledonous short grass. However, during
periods of low availability of resources, the diet of these species, in
particular Equus suessenbornensis, could have been enriched with
a certain amount of dicotyledonous plants (Caloi, 2002). Simple
enamel folds are observed in species feeding on hard vegetation,
while a more complicated enamel pattern is found in species
feeding on softer plants (Gromova, 1949; Eisenmann, 2010). The
highly folded teeth of Equus suessenbornensis could be related
to more humid conditions (Eisenmann, 2006a). Besides the size
and shape of specific skeletal elements, the fossils of Pleistocene
equids have also yielded other information on their diets and
habitat use. In particular, studies of tooth wear characteristics and
isotopic analyses of teeth have given insight into horse behavior.
Mesowear describes the tooth wear patterns that result from an
individual animal’s diet over a large part of its lifespan (Fortelius
and Solounias, 2000; Rivals et al., 2007). Toothmicrowear reflects
the wear characteristics of the foodstuffs the animal consumed
in the days before it died (Walker et al., 1978). The microwear
of grazers is characterized by high numbers of scratches and

Frontiers in Ecology and Evolution | www.frontiersin.org 9 September 2019 | Volume 7 | Article 301

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Boulbes and van Asperen Biostratigraphy and Palaeoecology of European Equus

low numbers of pits (Solounias and Semprebon, 2002). Feeding
habits reconstructions based on mesowear analysis indicate a
high level of abrasion in Equus altidens, as demonstrated in the
Vallparadis section (level EVT12 and EVT7, respectively, dated to
1.0Ma and 0.86Ma) (Strani et al., 2019) and the MIS 17 localities
of Pakefield and West Runton in England (Rivals and Lister,
2016). However, microwear scores seem to nuance the strictly
“grazer” character of Equus altidens, classified as either grazers or
seasonal mixed feeders (Valli et al., 2012; Rivals and Lister, 2016;
Strani et al., 2019). Such data are, to our knowledge, not available
for E. suessenbornensis.

The Case of Equus apolloniensis
Equus apolloniensis (Koufos et al., 1997), the equid of Apollonia 1
in Greek Macedonia (Platanochori Formation, Mygdonia Basin)
dated to about 1.2–0.9Ma (Koufos and Kostopoulos, 2016),
constitutes a different species with many affinities to modern
wild asses (Eisenmann and Kuznetsova, 2004; Eisenmann and
Boulbes, in preparation). The species is characterized by its
medium to large size, a cranium with a short and deep
muzzle, short palate, elongated choanae, shallow narial notch,
far posteriorly situated orbit, elongated supra-occipital crest;
teeth with elongated protocones, deep postprotoconal groove
(Table 1; Figure 3F), rounded double knot and shallow ectoflexid
on lower molars; and elongated, and not robust metapodials
with deeper diaphysis as E. altidens/E. granatensis but “flattened”
proximal end as E. stenonis (Table 1); protrusion of the distal
is intermediate (Table 1). According to Koufos et al. (1997) the
species represents a transitional form from the typical E. stenonis
to theMiddle Pleistocene horse Equus suessenbomensis. However,
the similarities with the current wild donkeys (Equus africanus)
are very striking in the mandible, morphology of the teeth
(central and bilobed protocone, deep postprotoconal groove,
shallow vestibular groove on lower molars), general proportions
of the limb bones, and the proportions of the metapodials
(Eisenmann and Boulbes, in preparation). The geographical
distribution of the species appears to be limited to the eastern
Mediterranean, as evidenced by its presence in other localities
of the Upper Villafranchian in Greece (Koufos et al., 1997) as in
Alikes (1.6Ma, Kahlke et al., 2011), may be in Tsiotra Vryssi and
more certainly in the site of Platanochori-1 (both fromMygdonia
basin) similar in age than Apollonia P-1 (Konidaris et al., 2015).
Its presence is also suspected in Turkey in the upper travertines
of the Denizli region in southwestern Anatolia dated between
1.6 and 1.1Ma (Boulbes et al., 2014; Lebatard et al., 2014). The
species is however evoked at the transition of the Lower to the
Middle Pleistocene in Spain in the region of Valencia (Cova del
Llentiscle de Vilamarxant, Sarrión Montañana, 2008).

CABALLOID OR TRUE HORSES

There is consensus that the lineage of true or caballoid horses
emerged in Europe at the beginning of the Middle Pleistocene
(Forsten, 1998b), gradually becoming more numerous and
replacing the various stenonid species.

Their extensive skeletal plasticity enabled them to survive
under a wide range of climatic conditions and environments,

from interglacial forests to grass-steppes during glacial episodes
(van Asperen, 2010; Saarinen et al., 2016). Their ubiquitous
and often abundant presence in iconic Middle Pleistocene
palaeontological and archaeological sites have led to an intensive
research focus, with researchers such as Von Reichenau (1915),
Gromova (1949), Prat (1968), Nobis (1971), (e.g., Eisenmann
et al., 1985; Eisenmann, 1988, 1991a,b; Eisenmann and David,
2002) (e.g., Forsten, 1973, 1999b; Forsten and Moigne, 1998)
(e.g., Musil, 1975, 1977, 1978, 1984, 1990, 1991) (Guadelli, 1987,
1991), and Kuzmina (1997) publishing extensively on these
fossils in the twentieth century, developing methods that are
still in use (especially V. Eisenmann’s series of measurements;
Eisenmann, 1979, 1980, 1981; Eisenmann et al., 1988; Dive
and Eisenmann, 1991). Initially, this research focused primarily
on describing the fossils. Later work developed a focus on
biostratigraphy (e.g., Eisenmann, 1988, 1991a,b; Forsten, 1998b),
which has continued into the twenty-first century (e.g., Cramer,
2002; Boulbes, 2010; van Asperen, 2011, 2012, 2013a; Uzunidis,
2017). Such studies identified patterns of variation in the Middle
Pleistocene Equus lineage which were subsequently interpreted
as ecomorphological adaptations (van Asperen, 2010; Saarinen
et al., 2016). Since they were an important component of the
large vertebrate fauna, Middle Pleistocene equids have also
been included in broader studies of diet and habitat use (e.g.,
Bocherens et al., 1997; Rivals et al., 2008, 2009; García García
et al., 2009; Feranec et al., 2010; Pushkina et al., 2014; Rivals
and Lister, 2016; Uzunidis et al., 2017), resource partitioning and
niche separation (Britton et al., 2012), and taphonomy (Rivals
et al., 2015).

One Species or Many Species?
To a novice accessing the literature, one thing stands out
immediately: the proliferation of equid species names during
the Middle Pleistocene (Table 2). Middle Pleistocene caballoid
equids exhibit homogeneous overall morphology compared to
equids from earlier geological epochs.

The first true horse in Europe, Equus mosbachensis (Von
Reichenau, 1915) (or E. ferus mosbachensis), is perhaps the
only one often regarded as a true species (Eisenmann, 1979,
1980; Bonifay, 1980; Crégut, 1980; Eisenmann et al., 1985;
Guadelli and Prat, 1995; Langlois, 2005; Boulbes, 2010; Palombo,
2014; Palombo and Alberdi, 2017; Uzunidis et al., 2017). Equus
mosbachensis presents some “archaic” morphological characters:
presence of the tendon insertion of the anterior brachialis muscle
on the inner edge of the diaphysis of the radius, strong supra-
articular tuberosities on metapodials, a large size and slender
general build. Other characters are specific, such as variation
the of protoconal index (low and sub-equal between P4 and
M1). Equus mosbachensis is clearly identified in Mauer (Nobis,
1971), dated by combined ESR/U-series and IR analysis at 609
± 40 ka and correlated to MIS 17/15 (Wagner et al., 2011),
then in the eponymous site of Mosbach 2 which yielded a very
rich assemblage. Also in Germany, some typically caballine and
teeth discovered at Süssenborn (MIS 16, 0.64–0.62Ma, Kahlke,
2014) could represent some of the oldest evidence (Forsten, 1986;
Eisenmann, 2008). West Runton is the oldest site in England
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TABLE 2 | Selected species names used in the literature for Middle and Late Pleistocene European caballoid equids (NB many variants on these names also occur but

are not included here).

Species MIS Selected references

Equus mosbachensis Von Reichenau, 1915

E. m. tautavelensis

E. m. campdepeyri

E. m. micoquii

E. m. palustris

16–6 Von Reichenau, 1915; Nobis, 1971; Bonifay, 1980; Crégut, 1980; Eisenmann et al., 1985;

Eisenmann, 1988, 1991a,b; Musil, 1991; Guadelli and Prat, 1995; Kuzmina, 1997; Forsten and

Moigne, 1998; Langlois, 2005; Uzunidis, 2017

Equus steinheimensis Von Reichenau, 1915 11–8 Nobis, 1971; Mourer-Chauviré, 1972; Bouchud, 1978; Eisenmann, 1988, 1991a; Forsten and

Moigne, 1998; Forsten, 1999b

Equus torralbae Prat, 1977 9 Prat, 1977; Martín Penela, 1987; Eisenmann et al., 1990; Sesé and Soto, 2005; Cerdeno and

Alberdi, 2006

Equus achenheimensis Nobis, 1971 8–6 Nobis, 1971; Eisenmann, 1991a; Forsten, 1998b; Mourer-Chauviré et al., 2003; Boulbes, 2010

Equus f. taubachensis Freudenberg, 1911 7–5e Von Reichenau, 1915; Musil, 1975, 1977, 1978, 1984, 1990; Eisenmann, 1991a,b; Foronova, 2006

Equus f. piveteaui David and Prat, 1962 6 Prat, 1968; Nobis, 1971; Bouchud, 1978; Eisenmann, 1988, 1991a; Griggo, 1995; Forsten, 1999b;

Guadelli, 2007; Uzunidis, 2017

Equus f. germanicus Nehring, 1884 5–3 Von Reichenau, 1915; Nobis, 1971; Eisenmann et al., 1985; Guadelli, 1987; Eisenmann, 1988,

1991a,b; Forsten and Ziegler, 1995; Forsten, 1999b; Eisenmann and David, 2002

Equus f. antunesi Cardoso and Eisenmann, 1989 Late Pleist. Cardoso and Eisenmann, 1989; Cerdeno and Alberdi, 2006

Equus f. gallicus Prat, 1968 End 3–2 Prat, 1968; Mourer-Chauviré, 1980; Eisenmann et al., 1985; Guadelli, 1987, 1991; Eisenmann,

1988, 1991a; Cardoso and Eisenmann, 1989; Eisenmann and David, 2002; Crégut-Bonnoure et al.,

2018

Equus f. latipes Gromova, 1949 3–2 Nobis, 1971; Belan, 1985; Eisenmann, 1991a,b; Kuzmina, 1997; Spassov and Iliev, 1997; van

Asperen et al., 2012

Equus f. arcelini Guadelli, 1991 2 Guadelli, 1987, 1991; Eisenmann, 1988, 1991a; Eisenmann and David, 2002; Bignon, 2003;

Bignon et al., 2005; Valensi and Boulbes, 2018

Equus ferus Boddaert, 1785 Nobis, 1971; Eisenmann, 1991a,b; Cramer, 2002; Boulbes, 2010; van Asperen, 2010, 2012, 2013b

Equus caballus Linnaeus 1758 Nobis, 1971; Eisenmann, 1988, 1991a,b; Kuzmina, 1997; Cramer, 2002; Boulbes, 2010

that contained material of the species (Lister et al., 2010), of pre-
Elsterian age, and is correlated with an MIS 17 fauna (Preece
and Parfitt, 2008). Other regions of southern and western Europe
also show the presence of this horse at the beginning of the
Middle Pleistocene: in Spain in the Middle Pleistocene levels of
the Vallparadís section (EVT3) of a slightly more recent age than
0.6Ma based on the small mammal fauna (Aurell-Garrido et al.,
2010; Madurell-Malapeira et al., 2010; Martínez et al., 2014) or
in Sierra de Atapuerca (Galeria TG8, Gran Dolina TD10, Van
der Made, 2013). In Italy the first true horses are recognized
in the Isernia faunal unit (Palombo, 2014) at Notarchirico
(about 0.6Ma; Pereira et al., 2015), and perhaps earlier with the
“caballine equid” from Cesi (Brunhes lower to 0.7Ma, Ficcarelli
et al., 1997; Palombo, 2014). There is no chronological consensus
on the disappearance of the E. mosbachensis group or even on
the taxonomy of the different forms or subspecies ascribed to
it (E. m. tautavelensis Crégut, 1980, Caune de l’Arago; E. m.
campdepeyrii Guadelli and Prat, 1995, Camp-de-Peyre; E. m.
palustris Bonifay, 1980, Lunel-Viel; E. m. micoquii Langlois, 2005,
Micoque) because of the numerous regional and chrono/ecotype
variations. Equus mosbachensis could extend to the end ofMiddle
Pleistocene during MIS 6 (Guadelli, 2007; Uzunidis, 2017), but
populations similar to the type-series are generally Cromerian in
age, or up to MIS 9 as in Schöningen (Channel II) for example
(Van Kolfschoten et al., 2015; Figure 1).

This is not unexpected, since interspecific variation between
extant species of equids is relatively low in comparison with

other large mammal lineages, making it difficult to distinguish
between modern equid species based on skeletal morphology
(Eisenmann, 1979, 1986; Eisenmann and Beckouche, 1986;
Dive and Eisenmann, 1991; Eisenmann and David, 2002).
However, clear patterns of variability in terms of dental and
skeletal proportions can be identified in Middle Pleistocene
caballoid equid fossils. This variability has been interpreted as
reflecting an evolutionary lineage developing through various
(chrono)species (Eisenmann and Kuznetsova, 2004). Whether
these can be regarded as species or subspecies, chronospecies or
ecomorphs depends largely on an assessment of the extent of this
variation between fossil assemblages as compared to intra- and
interspecific variation in modern equids (van Asperen, 2013b).

Sexual dimorphism, both in size and in shape, and age-related
size and shape variation in adult skeletal elements is insignificant
in modern equids (Winans, 1989; van Asperen, 2013b). Whilst
male individuals are on average slightly larger than females,
body size considerably overlaps between the sexes (Kuzmina,
1997; van Asperen, 2013b). This implies that any size and shape
differences that can be observed between fossil assemblages
reflect real population differences. However, whilst such size and
shape differences can certainly be observed, taken as a whole,
the Middle Pleistocene European horse lineage, covering a time
span of about 300,000 years, is not more variable than modern
ponies or such highly homogeneous groups as Arabian horses
or Equus przewalskii (van Asperen, 2013b). Furthermore, there is
no unidirectional, evolutionary trend in size and shape. Instead,
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morphology fluctuates over time (Forsten, 1993; Eisenmann and
David, 2002; Eisenmann, 2004b; van Asperen, 2010). In addition
to observations on skeletal morphology, studies of equid genetic
variation also indicate that Middle Pleistocene equid taxonomy
shows a degree of oversplitting (Weinstock et al., 2005; Orlando
et al., 2009).

Taking these considerations into account, here we follow
the guidelines of the International Commission on Zoological
Nomenclature (ICZN, 2003; see also Cramer, 2002; van Asperen,
2013b) and refer to all European late Middle Pleistocene and
Upper Pleistocene caballoid equids as Equus ferus Boddaert,
1785, although this taxon, commonly chosen for Pleistocene
wild horses, remains questionable (Guadelli and Delpech,
2000; Eisenmann, 2006b). The variation observed between
assemblages follows certain patterns that can be interpreted as
ecomorphological variation, and the resulting groups are best
referred to as ecomorphs, or, at most, subspecies of E. ferus.

Ecomorphological Patterns
The European Middle Pleistocene was characterized by high-
amplitude glacial–interglacial cycles, producing an alternation
of a wide range of environments ranging from glacial deserts
to continental steppe-like environments and temperate forests.
Remains of caballoid horses have been found in sediments
deposited in virtually all these environments, often in abundance
and with good preservation. Although, as we have argued
above, all these remains can be assigned to a single species,
the variation in temperature, humidity, vegetation openness,
and the character of the substrate exerted fluctuating selective
pressures on certain skeletal characteristics. Adaptive variation
produced several ecomorphs whose morphology reflects the
environmental conditions (van Asperen, 2010). The cyclical
nature of the climatic changes thus led to cyclical fluctuations
in caballoid morphology (Forsten, 1993; Eisenmann and David,
2002; Eisenmann, 2004b; van Asperen, 2010). The influence
of these environmental conditions on horse morphology was
mediated through diet, thermoregulation and locomotion.

Muzzle
The main differences in cranial proportions of caballine
Pleistocene Equids concern the variation in the proportions of
the muzzle (Eisenmann, 2014). Despite attempts to detect an
evolutionary pattern, the proportions of the muzzle always find
an explanation in local climatic conditions. However, whether
these differences in proportions result from a micro-adaptive
phenomenon or phenotypic plasticity as acclimatization remains
unclear. A short and broad muzzle could represent an adaption
to a cold climate (following Allen’s rule) and grazer specialization.
Examples of cold adapted caballoid equids with a short and broad
muzzle are found in Middle Pleistocene glacial deposits (Bellai,
1998; Boulbes, 2014; Caune de l’Arago, MIS 14–12, Eisenmann
et al., 1985; Lumley et al., 2015) or from the Last Glacial
Maximum at the end of the Upper Pleistocene (MIS 2) (Coulet
des Roches, E. ferus gallicus, Crégut-Bonnoure et al., 2018). On
the other hand, more elongated muzzles often associated with
narrower proportions come from temperate climatic conditions
as in the case of the interglacial equid from Lunel-Viel (Bonifay,

1980; Eisenmann et al., 1985) or the Late Pleistocene horse
from Portugal E. ferus antunesi (Cardoso and Eisenmann, 1989).
Intermediate morphs could also reflect interstadial conditions.
Reconstruction based on the proportions of the symphysis leads
to the same results (Caloi, 2002; Bignon, 2003).

Teeth

Size and Shape
Tooth size and shape is influenced primarily by diet. Equids
are generalized grazers (Salter and Hudson, 1979; Guthrie, 1984;
Feranec, 2007a; see below). Several features of the dentition of
Middle Pleistocene caballoids have been connected with specific
dietary pressures. A larger occlusal surface enables the animal
to process more food (MacFadden, 1988). Although horses can
survive on a low-quality diet, they need a high and relatively
diverse food intake (Salter and Hudson, 1979; Duncan et al.,
1990). Hindgut fermenters such as horses show an increase in
length of the premolar row and a widening of the teeth with an
increase in the amount of browse in the diet (Janis, 1990).

In general, tooth size shows relatively little variation over
the Middle Pleistocene. And whilst qualitative characteristics of
the tooth occlusal surfaces can vary greatly within assemblages,
variation between assemblages is insignificant. This may be due
to the fact that the dentition is generally less phenotypically
plastic and thus reacts more slowly to environmental factors
than e.g., limb bones (Hillson, 2005). However, differences in
size are sometimes recorded: glacial horses, such as for example
those of Arago cave (MIS 14 to MIS 12), exhibit very large
teeth (“macrodont”), relative to the size of the postcranial
elements (Boulbes, 2014) (Figure 6). An explanation could be
that this horse lived under glacial climatic conditions in a steppic
environment with low-quality foodstuffs, necessitating a high
food intake. A wider occlusal surface is also an advantage when
consuming more abrasive grasses (Gromova, 1949; Guadelli,
1987; Eisenmann, 1991b; Delpech et al., 2000). In the case of
the Arago horse, a high level of abrasive food is indeed inferred
from mesowear and microwear analysis (Kaiser and Franz-
Odendaal, 2004; Rivals et al., 2008). Teeth from British sites
tend to be somewhat larger than those from continental sites,
being relatively wide with relatively long premolar rows (van
Asperen, 2010). This suggests a higher food intake and/or a
higher proportion of browse in the diet, which may be due to
the more oceanic climate, and thus denser and to horses less
hospitable interglacial forests, of the British Isles compared to
most of continental Europe.

Protocone length
Eisenmann (1991b) grouped caballoid horses into three types
based on the length of protocone of their upper teeth. Longer
protocones are more resistant to wear and thus better adapted
to abrasive food sources (MacFadden, 1988). Although the
size differences are not statistically significant, in general the
pattern holds for Middle Pleistocene caballoids, but there are
many exceptions (van Asperen, 2009a,b). Horses of Type I have
shorter protocones on the upper third and fourth premolars
(P3/4) than on the upper first and second molars (M1/2), and
are generally found in temperate climates. Kuzmina (1997)
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FIGURE 6 | Equus mosbachensis tautavelensis from lower level Q (CMI) of Arago cave. (A) Right maxillary with P4-M3 (G13-GEQ1-1290); (B) Right mandibular with

P2-M3 (I8-IZPQ3-2160). Occlusal length of upper P3 (A) is about 36,8mm.

correlates long protocones on the upper molars with forest-
steppe or forest conditions. Type I is typical for such temperate
assemblages as British MIS 9 and 7 material and horse remains
from Achenheim, Biache-Saint-Vaast, Weimar-Ehringsdorf and
Taubach (Nobis, 1971; Auguste, 1995; van Asperen, 2009a,b),
but also characterizes the horse from Abri Suard (layers 5-6,
MIS 6) (Prat, 1968; Eisenmann, 1991b). The majority of Upper
Pleistocene horses is included in this group (Guadelli, 1987;
Eisenmann, 1991b; Fourvel et al., 2014).

Horses of Type II show the opposite pattern, with relatively
long protocones on the P3/4 and shorter protocones on theM1/2,
and are often correlated with cold climatic conditions. The cold
MIS 6 assemblage fromWannen belongs to Type II, but the type
seems to be rare. LGM horses fromMIS 2 (Magdalenian) are also
included in this group (Eisenmann, 1991b).

Finally, horses of Type III, associated with cool to cold
environments, have short protocones on both P3/4 and M1/2.
The group of Type III horses includes assemblages from
temperate sites such as Steinheim, Orgnac 3, Biache-Saint-Vaast,
and British MIS 11 sites, as well as sites dating from colder
periods, such as the MIS 6 sites of Schweinskopf and Romain-
la-Roche (van Asperen, 2009a; Boulbes, 2010).

Some samples do not fit any Type, with long protocones
on both the premolars and the molars (e.g., British MIS 6 and
Schöningen 13II-4 samples; van Asperen, 2009a). Uzunidis et al.
(2017) carried out a direct test of the relationship between
protocone length and the abrasiveness of the diet (as reflected
in tooth microwear, Solounias and Semprebon, 2002), and found
no correlation. Admittedly, their study did not differentiate
between premolars andmolars, but together these results indicate
the length of protocone should be used with caution to infer
environmental conditions.

Body Size, Limb Element Proportions, and

Robustness of the Limbs
Body size is a complex and highly plastic trait, which is influenced
by a large number of factors. Thermoregulatory pressures lead
to larger body size in colder (Bergmann’s rule) or drier climates,
whereas closely related animals in warmer or more humid
climates tend to be smaller (Mayr, 1956; James, 1970; Lindstedt

and Boyce, 1985; Blackburn et al., 1999). In colder climates,
limbs tend to be shorter than in warmer climates (Allen’s rule).
Together, these body shape changes produce a reduced ratio
of surface area to body mass and thus reduced heat loss in
colder and drier climates. Furthermore, if a similar bodyweight
is supported by shorter legs and muscles, the leg bones will be
more robust, which provides further thermoregulatory advantage
(Gregory, 1912; Thomason, 1986; Tilkens et al., 2007).

Animals of larger body size have enhanced starvation
resistance (Lindstedt and Boyce, 1985; Blackburn et al., 1999).
Such animals are more likely to survive seasons of scarcity and
profit from increased resource availability after periods of high
mortality, although short growing seasons may limit growth
potential. In contrast, small body size may facilitate predator
avoidance in densely vegetated environments (Bro-Jørgensen,
2008).

Middle Pleistocene
These factors combine to produce a complex pattern of
body size and shape variation during the glacial-interglacial
cycles of the Middle Pleistocene (Figure 7). Glacial horses are
generally smaller and more robust than interglacial horses
(Collinge, 2001; Cramer, 2002; Guthrie, 2003; van Asperen,
2010). This is particularly pronounced in British samples from
low-productivity periglacial desert environments dating to MIS
6 (Green et al., 1984; Parfitt et al., 1998; Murton et al., 2001).
On the other hand, horses from continental sites from MIS 6 (E.
achenheimensis, Romain-la-Roche; E. f. piveteaui, Abri Suard 5-
6) have a larger body size. The MIS 6 glaciation was one of the
most extreme of the Middle Pleistocene (Shackleton, 1987; Reille
et al., 2000; Ehlers et al., 2004; Laban and Van der Meer, 2004).
In contrast, during the less extreme glacials of MIS 8 and 10, a
relatively diverse steppe vegetation (De Beaulieu and Reille, 1995)
allowed the horses to grow to larger body size (vanAsperen, 2010)
(Figure 7).

Within the interglacial assemblages, essentially two
morphologies can be distinguished. Themosaic steppe vegetation
of phases with a long growing season and a more continental
climate presented the horses with an environment that they are
extremely well-adapted to. As a consequence, they were able to
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FIGURE 7 | Principal component analysis of complete caballoid equid metacarpals and metatarsals from late Middle Pleistocene British sites and continental Europe;

PC2 plotted against PC1 (modified from van Asperen, 2010, Copyright © 2010 Elsevier BV, with permission from Elsevier); PC1 generally relates to overall size, while

PC2 tends to reflect robusticity. Supplementary data available in van Asperen (2010).

grow to a large size, with relatively robust limbs, though less
robust than their glacial counterparts (van Asperen, 2010). Such
large-sized, robust horse remains are found in British sites dating
from the later, relatively continental phases of MIS 7 (Schreve,
2001) and on continental MIS 9 and MIS 7 sites. The higher
seasonality experienced by populations from continental regions
led to somewhat larger body size than in the more oceanic
climates of Britain (van Asperen, 2010) (Figure 7).

In contrast, the second group of interglacial horses has
relatively small body size and slender limb bones. Assemblages
with such characteristics are found in contexts with indications of
densely vegetated habitats and oceanic conditions, representing
a far less favorable environment for grazing-adapted species.
These morphologies are found in British MIS 9 sites and some
continental sites of uncertain date, such as “E. steinheimensis”
from Steinheim (MIS 11? van Asperen, 2010, 2013a), and the
horses from Orgnac (MIS 9–8, Forsten and Moigne, 1998;
Moncel et al., 2005) and Lunel-Viel (MIS 11–10, Brugal and
Boudadi-Maligne, 2011). The two laters are also characterized by

robust diaphysis in relation to substrat and humidity gradient
(see below). Small sized horses also present in Acheulean sites
in the Iberian Peninsula (E. torralbae, Torralba, Prat, 1977; the
horse from the site of cueva del Ángel, MIS 9–7, Falguères
et al., 2019) could correspond to the same pattern and/or a
latitudinal gradient.

British horse remains dating from MIS 11 and continental
horse remains dating from MIS 5 have an intermediate
morphology, being larger than the horses in the second group
but somewhat more slender than the horses of the first group
(van Asperen, 2010). It may be significant that horse remains are
scarce in faunal assemblages dating from these phases, indicating
that population sizes were small, so that these animals were able
to grow to a relatively large size regardless of the probably densely
forested habitats they inhabited.

Late Pleistocene
From the end of the Middle Pleistocene and during the Late
Pleistocene, the caballoid horses underwent a general decrease in
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FIGURE 8 | Bivariate diagram of slenderness index (SI 1) in relation to the maximal length of the metacarpal. Slenderness index (SI 1): breadth at the middle of the

diaphysis (3)/maximal length (1)*1,000. Confidence interval scale bars (95%) for series with more than 5 specimens. Data: Taubach/Weimar (Eisenmann, pers.

comm.); Wallertheim (Nobis, 1971); Villa Seckendorff, Salzgitter-Lebenstedt, Solutré Gravettian, Gönnersdorf (Cramer, 2002); Combe-Grenal, Solutré

Aurignacian-Perigordian (Guadelli, 1991); Mauran (Eisenmann and David, 1994); Pair-non-Pair (Prat, 1968); Siréjol, Jaurens (Eisenmann, 2019); Ramandils,

Portel-Ouest, Abri du Maras, Tournal B/D, Coulet des Roches (Boulbes, pers. data); Portugal (Cardoso and Eisenmann, 1989). Metacarpals of Late Pleistocene

horses. (A) Equus ferus germanicus from Tournal (K26-0-621, level B, MIS 3); (B) Equus ferus gallicus from Coulet des Roches (M4-814, MIS 2).

size, which also resulted in the creation of several chronological
subspecies (E. f. taubachensis, E. f. germanicus, E. f. gallicus,
E. f. arcelini, Prat, 1968; Eisenmann, 1991b; Guadelli, 1991).
This trend is for example well-illustrated in the length of
the metacarpal (Figure 8) and based on a method using the
Variability Size Index V.S.I. (Cramer, 2002; Magniez et al.,
2017). The decrease in body size during the Late Pleistocene
constitutes a gradual process of adaptation to climatic change,
but without speciation (Forsten, 1996). This could be attributed
to adaptive pedomorphism or dwarfism (Gould, 1976; Guthrie,
1984; Forsten, 1988, 1996) to maintain population densities
in an increasingly fragmented or constraining environment by
increasing the rate of population growth (e.g., through the
shortening of the gestation period) for the survival of the species
Forsten, 1993). This could be an adaptive response to rapid
changes in climate during this period (Magniez and Boulbes,
2014). Size reduction among late Pleistocene horses also provides
a useful biochronological marker (Magniez and Boulbes, 2014).
Even if there are exceptions: the horse of Portel-Ouest cave (levels
F) is larger than those of the contemporary sites ofMIS 3, perhaps
resulting from a regional particularism.

In addition to this decrease in body size, it is also possible
to detect variations in certain skeletal proportions. As during
the Middle Pleistocene, the robustness of the diaphysis of
the metapodials shows the most important pattern (Figure 8).
Following the distribution of the currently recognized species,
the robustness of the diaphysis of the metapodials correlates
well with moisture levels (Eisenmann, 1984). For example, the
metacarpal from the Mousterian layers of Tournal B-D and
Abri du Maras (level 4.1) (E. f. germanicus, South of France,

MIS 3) have a relatively robust diaphysis, which reflects the
high humidity recorded in these levels (Echchat, 2008; Magniez
and Boulbes, 2014; Daujeard et al., 2019) (Figure 8A). On
the other hand, the metacarpal of the horse from Coulet des
Roches (South France, MIS 2) is slender in relation to the hard
substrate frequented as demonstrated by other proxies (Crégut-
Bonnoure et al., 2018) (Figure 8B). The Late Pleistocene horse
from Portugal, E. ferus antunesi, even more gracile, was probably
adapted to rather dry climate and to a hard ground (Cardoso
and Eisenmann, 1989) (Figure 8). These rapid and reversible
variations in the proportions of the diaphysis seem, in this case,
to be related to phenotypic plasticity.

Another pattern concerns the variation in the general
proportions of the limb and in particular the relationship
between the lengths of metacarpal and metarsal (Figure 9).
In the lineage of the Upper Pleistocene horses, the length of
the metacarpal decreased faster than that of the metatarsal.
These differences could reflect an evolution pattern and/or
an adaptation to the openess of the environment and the
density of the vegetation. Indeed, Eemian (MIS 5e) horses
have caricatural proportions with a very long metacarpal
compared to the metatarsal; horses from MIS 3 to a lesser
degree have a long metacarpal and are often associated
with mozaic landscapes; forms from MIS 2, correlated with
open landscapes, have a longer metatarsal (Figure 10). Such
differences have also been noticed in extant species, the
metatarsals are especially short in two species of zebras,
Equus burchelli and Equus zebra (Eisenmann, 1979; Groves
and Willoughby, 1981), which occasionally frequent wooded
environments (Eisenmann, 1984).
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FIGURE 9 | Simpson’s ratio diagram of bone lengths of European Late Pleistocene true horses. Reference: Przewalski’s horse (Eisenmann, 1991a). H, Humerus; F,

Femur; R, Radius; T, Tibia; MC, Metacarpal; MT, Metatarsal; PH1A, First Anterior Phalanx; PH1P, First Posterior Phalanx. Data: Romain-la-Roche (Boulbes, 2010);

Taubach-Weimar (Eisenmann, pers. com.); Wallertheim, Villa Seckendorff, Gönnersdorf (Cramer, 2002); Ramandils, Tournal B-D (Boulbes, pers. data); Siréjol

(Eisenmann, 2019); Jaurens (Eisenmann, 1991a); Solutré (Guadelli, 1991); Coulet-des-Roches (Crégut-Bonnoure et al., 2018); Saint-Germain-la-Rivière (Prat, 1968).

FIGURE 10 | Variability Size Index (VSI, cf. Meadow, 1999) of horse populations from the end of MIS 2 (Magdalenian). Standard: Jaurens (Mourer-Chauviré, 1980;

Eisenmann, 2019). Gönnersdorf, Andernach (Cramer, 2002); Tournal (Boulbes, pers. data); Roc-aux-Sorciers (Boulbes and Valensi, unpublished data)

Saint-Germain-la-Rivière (Prat, 1968); Quéroy I, Grand Canton (Véra Eisenmann, pers. com.); Solutré Magdalenian (Guadelli, 1991).

Magdalenian cline
The end of the Pleistocene offers a fine chronological resolution
to detect size variation with numerous well-dated sites. The

size index (V.S.I., see Meadow, 1999) in relation to latitude
(Figure 10, Table S1) shows a progressive and statistically
significant decrease in the body size of Magdalenian horses
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from southern France to northern Europe. The pattern of this
geographical cline is clearly visible: series coming from the
same latitude have an equivalent size. Mediterranean horses
are a little larger than those from southwestern France, which
are themselves more robust than those from central France;
horses from the Paris Basin and the Rhineland in Germany
are smaller.

These regional differences can be compared with the 15N
nitrogen gradient and could be explained by an earlier onset of
climatic improvement in the south compared to the northern
and/or continental regions after the Last Glacial Maximum
(Drucker et al., 2003, 2012; Stevens and Hedges, 2004; Stevens
et al., 2009). Access to more resources in more southerly regions
would have favored maintaining an equal size in the south of
France. These results reflect the regional mosaic of the Late
Glacial horse populations (Kaagan, 2000; Cramer, 2002; Bignon
et al., 2005; Bignon and Eisenmann, 2006; Magniez et al., 2017).

Breadth of the Third Phalanx
The third phalanx is the skeletal element that interacts most
closely with the substrate in locomotion. In comparison
with other equids, caballoid horses have relatively broad
third phalanges. Broad third phalanges are thought to be an
adaptation to soft substrates, providing a larger contact area and
broader distribution of weight (Eisenmann, 1984; Forsten, 1988;
Kuzmina, 1997; Foronova, 2006). Although this characteristic has
been analyzed forMiddle Pleistocene equids (van Asperen, 2010),
this interspecific pattern does not seem to be reflected in variation
at an intraspecific level.

Study of Late Glacial (LG) horses (Bignon and Eisenmann,
2006) demonstrates the homogeneity in proportions of the third
phalanges at a local scale between different areas, according to the
authors p. 169 “related to the global climatic context and the local
ecology, namely the food exploitation by horses of river banks
and marshes vegetation.” New data coming from LGM and LG
levels of the site of Coulet des Roches identify slightly narrower
proportions than contemporaneous populations, showing that
horses at this site frequented less heavy or harder ground habitats
(Crégut-Bonnoure et al., 2018) as in the case of the horse from
Portugal, E. f. antunesi (Cardoso and Eisenmann, 1989). In
contrast, the Late Pleistocene horse E. f. latipes (Gromova, 1949)
from the Paleolithic sites of Kostenki, Russian Valley, Don River
(Kuzmina, 1997) and Mezin, Desna basin, Ukraine (Belan, 1985)
show extremely wide third phalanges.

Diet and Habitat
Regardless of climatic conditions, Middle Pleistocene horse
mesowear has the characteristics of a grazer (e.g., Rivals et al.,
2008; Rivals and Lister, 2016; Uzunidis et al., 2017). In grazers,
the abrasive nature of the foodstuffs consumed, as well as
the relatively high amount of grit found on plants growing
at ground level, produce an abrasion-dominated wear pattern
with round or blunt cusps with low relief (Williams and Kay,
2001). Middle Pleistocene horses often have some of the highest
mesowear scores, and therefore the most abrasive diets, among
the species represented in the faunal assemblages (e.g., Rivals
et al., 2008). However, occasionally horse populations show

variation in mesowear, ranging from grazer to mixed feeder with
a significant amount of browse in the diet (e.g., Rivals et al., 2009,
2015). Interglacial horse assemblages are often characterized by
a higher amount of variation in diet than glacial assemblages
(Rivals et al., 2009).

In contrast to their generally grazer-like mesowear signature,
Middle Pleistocene horse microwear is more variable, ranging
over the entire spectrum from grazer to browser (e.g., Rivals
et al., 2009, 2015; Rivals and Lister, 2016). The same assemblage
can have a grazer-like mesowear pattern but a browser-like
microwear pattern, possibly due to seasonal variation in diet
(Uzunidis et al., 2017). One problem with a browsing microwear
signature is that it is not possible to distinguish between browsers
eating low herbaceous browse (forbs) or trees and shrubs (Rivals
and Lister, 2016). Przewalski horses, for example, consume large
amounts of dicotyledons (Schulz and Kaiser, 2013).

Animals that feed on different kinds of foodstuffs tend to have
different ratios of carbon and nitrogen isotopic values in their
tooth and bone collagen. Carbon isotope values relate to the
different photosynthetic pathways used by plants, known as the
C3, C4, and CAM pathways. The European Middle Pleistocene
is strongly dominated by C3 plants. However, within C3 plants,
there is further fractionation between woody and herbaceous
plants depending on the openness of the landscape, known as
the canopy effect (Heaton, 1999; Drucker et al., 2008). As a
result, differences in feeding behavior can lead to different δ

13C
values in herbivores (Feranec, 2007b). Nitrogen isotopic values
vary primarily with the trophic level at which the species feeds
(Bocherens and Drucker, 2003).

Mean δ
13C values for Middle Pleistocene horses tend to reflect

grazing in open forest or grassland (e.g., García García et al.,
2009; Feranec et al., 2010; Pushkina et al., 2014). However, δ13C
values reflecting foraging in more closed habitats also occur,
mainly in temperate assemblages such as those from Steinheim
(MIS 11?) and Neumark-Nord (MIS 5e; e.g., Britton et al.,
2012; Pushkina et al., 2014). Pleistocene equids tend to have
slightly lower δ

13C values than bovids, which may be due to
differences in digestive physiology (Britton et al., 2012). There is
also variation in horse δ

15N values, to the degree that at some
sites, horses appear at a higher trophic level than bovids, their
closest competitors for food resources (ibid.). This could be due
to the horses consistently selecting lower-quality forage and the
way in which their non-ruminant digestive system processes this
forage. However, it is more likely that equids and bovids flexibly
adapted their feeding strategies to resource availability and the
density of herbivores feeding on the same plants (Menard et al.,
2002; Britton et al., 2012).

EUROPEAN WILD ASS Equus hydruntinus

Equus hydruntinus, also known as the European wild ass, was first
described by Regalia (1907) at the start of the twentieth century
from the Upper Paleolithic cave site of Romanelli (Italy), to be
precise, in the Upper Complex (≪ Terre brune ≫) attributed
to the Epigravettian (Sardella et al., 2018). An exhaustive study
of its anatomy and its geographical distribution was made by
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Stehlin andGraziosi (1935).Many authors have designated Equus
altidens (or Equus granatensis Eisenmann, 1999) as the probable
ancestor of Equus hydruntinus (Musil, 1969; Forsten, 1986, 1990,
1999a; Azzaroli, 1992; Eisenmann, 1992; Alberdi et al., 1998;
Alberdi and Palombo, 2013). This scenario is based in particular
on assemblages of intermediate size and chronology (Petralona,
Cullar de Baza-1, Venosa) (Van der Made et al., 2017). Affinities
with E. tabeti (Aïn Hanech) and E. cf. tabeti (Oubeidiyeh)
(Guerrero-Alba and Palmqvist, 1997; Eisenmann, 1999) have
also been identified. In contrast, current thinking favors a new
arrival from Asia over a local evolution in Europe (Eisenmann,
1992; Palombo and Alberdi, 2017). According to this model,
Equus hydruntinus would have entered to occupy the ecological
niche left vacant by Equus altidens (Palombo and Alberdi,
2017). At the maximum extent of its geographical expansion
in the Late Pleistocene, the distribution of Equus hydruntinus
extended from Europe to the south-west of Asia (Middle East,
Caucasus) and probably into North Africa (Uerpmann, 1987;
Wilms, 1989; Orlando et al., 2006). During the Holocene,
the contraction of the steppe, the significant fragmentation
of its geographical distribution and distinct subpopulations,
and human exploitation progressively caused its disappearance
between the Neolithic and the Iron Age (Spassov and Iliev,
2002; Crees and Turvey, 2014), more precisely, according to
palaeogenetic information, during the Bronze Age (Bennett et al.,
2017). As this hypothesis is subject to certain limitations (cf.
Nores et al., 2015), it cannot be excluded that the enigmatic
≪ zebro ≫ mentioned in numerous Medieval manuscripts
from the Iberian Peninsula corresponds to Equus hydruntinus
(Antunes, 2006).

Systematics and Phylogeny
It was not until the start of the twenty-first century that the
enigma of the phylogeny of Equus hydruntinus was significantly
resolved through the contribution of studies of ancient DNA.
Hitherto, the systematic position of this equid had long been
disputed. The species was variously included in the subgenus
≪ Asinus ≫ (Stehlin and Graziosi, 1935; Gromova, 1949), or
≪ Hemionus ≫ (Azzaroli, 1992), placed close to the zebras
(Davis, 1980; Bonifay, 1991), seen as the last representative
of the Plio-Pleistocene group of the ≪ stenonids ≫ (Forsten,
1986, 1990, 1999a; Forsten and Ziegler, 1995; Alberdi and
Palombo, 2013), or even considered as belonging to a separate
≪ Hydruntinus ≫ genus (Radulesco and Samson, 1965). These
multiple hypotheses regarding its affiliation are related to the
mosaic of characteristics found in the skeleton and dentition of
this species: gracility and cursorial proportions of the limbs as
in the hemiones, very short protocones as in the≪ stenonids≫,
a deep ectoflexid as in the zebras (Eisenmann and Mashkour,
1999). It was not until the start of the twenty-first century,
with the significant study of the morphology of two crania from
the site of Kabazi II (Crimea), that the proximity of Equus
hydruntinus to the hemiones became clearer (Burke et al., 2003).
The rise of palaeogenetics allowed this affiliation to be confirmed
by many mitochondrial sequences (Orlando et al., 2006, 2009).
The last palaeogenetic studies to date do not definitively support

the classification of E. hydruntinus as a distinct species and places
it among the Asiatic wild asses (Bennett et al., 2017).

From a morphological and metrical point of view, many
characteristics indeed distinguish between Equus hydruntinus
and Equus hemionus. The principal differences can be found
in the cranium and teeth. The crania from the site of Kabazi
II, and above all the complete cranium from the Emine-Bair-
Khosar cave, reveal the main differences with E. hemionus: the
length of the palate is greater, the muzzle is proportionally very
short and relatively wide, the naso-incisival incision is clearly
much shorter (Burke et al., 2003; Orlando et al., 2006; Eisenmann
et al., 2008; van Asperen et al., 2012) (Figure 11). The species
is often referred to as microdont, meaning that the teeth are
relatively small in proportion to the postcranial skeleton, but it
is also characterized by a high degree of hypsodonty (Stehlin and
Graziosi, 1935; Eisenmann and Baryshnikov, 1995; Eisenmann
et al., 2008). The mesio-distal length of the M3 is always shorter
than that of the M2 (Bonifay, 1991; Boulbes, 2009). The variation
in the protoconal index within the tooth row is also different
from that of hemiones, with notably an IP which increases from
the P4 to the M1 (Eisenmann and Patou, 1980; Cardoso, 1995;
Boulbes, 2009). The relative proportions of the limb bones are
close to those of hemiones, however, the MC III is proportionally
shorter than the MT III (Eisenmann et al., 2008). The frequency
of the presence of the small facet for the trapezoid varies between
different species of hemiones, but it is more often present than
in Equus hydruntinus. The metacarpals and metatarsals of E.
hydruntinus have somewhat more robust diaphyses (which are
also thicker) (Eisenmann et al., 2008; van Asperen et al., 2012).
On the other hand, relatively to the length of the bone (variable
1), the epiphyses (5 to 14) are less developed (Figure 12). Finally,
the distal keel (12) shows proportionally less protrusion. Other
morphological criteria for the different skeletal elements show the
≪ primitive ≫ character state (Bonifay, 1966, 1991; Prat, 1968;
Boulbes and Rillardon, 2010).

Biochronology
The appearance of Equus hydruntinus in the European fossil
record is not synchronous across all geographical provinces,
which can be partly explained by its rareness.

It seems that the oldest remains of this species in Europe
can be found in Spain, in the Middle Pleistocene levels of the
section of Vallparadís (E. cf. hydruntinus, level 11, EVT3), which
is dated to a little later than 0.6Ma on the basis of the small
mammal fauna (Aurell-Garrido et al., 2010; Madurell-Malapeira
et al., 2010; Martínez et al., 2014). In the complex of the Sierra de
Atapuerca, Equus cf. hydruntinus was identified at Gran Dolina
from level TD 10, correlated with MIS 11-9 (Saladié et al., 2018),
in particular from the top of this level (TD 10.2 et TD 10.1), and
at Galeria in levels GIIb and GIIIa (Rodríguez et al., 2011; Van
der Made, 2013).

In Italy, the first appearance of Equus hydruntinus forms
one of the chronological markers of the Middle Aurelian faunal
assemblages (Vitinia FU,MIS 8.5 and 7) (Marra et al., 2014, 2018).
In France, de caves of Lunel-Viel have long been considered to
harbor the oldest remains of the species (Bonifay, 1991). Other
fossils from this country could be even older, in particular those
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FIGURE 11 | Skull of Equus hydruntinus from the site Emine-Bair-Khosar,

Crimea; catalog no. Ba2 384 (photo E. van Asperen; scale in cm; reprinted

from van Asperen et al., 2012 © Palaeontological Association February 2012).

(A) Lateral view; (B) Occlusal view.

FIGURE 12 | Simpson’s ratio diagram of metacarpals from subspecies of

extant Hemiones and Equus hydruntinus. Reference: Equus africanus

(Eisenmann, 2019). Measurement system (Eisenmann, 2019): 1-Maximum

length, 3-Breadth at the middle of the diaphysis, 4-Depth of the diaphysis at

the same level, 5-Proximal articular breadth, 6-Proximal articular depth,

7-Diameter of the facet for capitatum, 8-Diameter of the facet for hamatum,

10-Distal supra-articular breadth, 11-Distal articular breadth, 12-Depth of the

sagittal crest, 13-Minimum depth of the medial condyle, 14-Maximum depth of

the medial condyle. Data: Hemiones, E. hydruntinus from Roterberg and

Romanelli (Eisenmann, 2019); E. hydruntinus minor from Lunel-Viel, E.

hydruntinus davidi from Arquet (Boulbes, pers. data); Equus hydruntinus from

Emine-Bair-Khosar (van Asperen et al., 2012).

from the loess anciens inférieurs at Achenheim (Forsten, 1996, ex
E. wernerti ≫) and an isolated tooth from the site of Orgnac
3 (Aouraghe, 1992). Equus hydruntinus is absent from certain
very rich fossiliferous sequences, such as those from the Middle
Complex of La Caune de l’Arago (MIS 14 to 12) (Moigne et al.,
2006). The species is mentioned with caution for the Somme
basin in the upper unit (Marne Blanche) of the quarry Carpentier

d’Abbeville, recently dated and correlated with MIS 15 (Antoine
et al., 2016).

In Germany, Equus hydruntinus is present at Schöningen
13II-4, correlated with the Reinsdorf Interglacial (MIS 9) (Van
Kolfschoten et al., 2015) and Steinheim (Forsten, 1999b),
the chronological position of which is subject to debate
(MIS 11?). In the British Isles, the first appearance of the
species is reported during the course of MIS 11 (Pettitt
and White, 2012), especially from a number of isolated
teeth from the site of Swanscombe (Hoxnian=Holsteinian)
(Schreve, 1997; Bridgland and Schreve, 2004).

In the light of these finds and the review of the literature, it
seems that the chronological range of E. hydruntinus extends in
Europe from the start of the late Middle Pleistocene until the
Holocene (Figure 1). Its presence in levels dated toward 0.6Ma
in the North of Spain (and perhaps in the North of France), and
in contemporary sites in Transcaucasia (Baryshnikov, 2002) and
Acheulean sites from central Syria and the site of C-Spring Azrak
in Jordan (Clutton-Brock, 1989; Reynaud Savioz and Morel,
2005) could suggest a first incursion of the species during theMIS
15 interglacial followed later by a second wave of migration from
MIS 11-9.

Sub-species or Ecomorphotypes of Equus
hydruntinus
Several forms of Equus hydruntinus have been described in the
palaeontological literature in addition to the type first described
by Stehlin and Graziosi (1935) from Romanelli. The name of the
subspecies Equus hydruntinus minor indicates the small body size
of the population from Lunel-Viel (Bonifay, 1991). It is possible
that this form recurred over the course of the chronological
range of E. hydruntinus (Boulbes and Rillardon, 2010). The
description of this form was based on abundant material,
including a cranium, but its affiliation with Equus hydruntinus
has been questioned by certain authors (Azzaroli, 1990; Van der
Made et al., 2017). Equus hydruntinus danubiensis, in contrast,
represents a large-bodied form described by Samson (1975) from
Romania. Eisenmann et al. (2008) also include the fossils of a
gracile equid from Petralona (E. petraloniensis, Tsoukala, 1991;
Tsoukala and Guérin, 2016), dated to 0.4Ma, within the variation
of the species: “E. hydruntinus petraloniensis.” According to
certain authors, the slender equid from Venosa, considered to
be one of the last representatives of Equus altidens (Alberdi
and Palombo, 2013), could already represent Equus hydruntinus
(Forsten, 1999a).

Another form, Equus hydruntinus davidi, defined by Alimen
(1946) based on a single tooth from the Mousterian site of Saint-
Agneau (Charente), has a longer protocone. This taxon was
subsequently used by Prat (1968) to characterize the elongation
of this dental character observed in many sites in the south-
west of France post-dating the ≪ first Würmian stage ≫.
Following Prat’s work, Equus hydruntinus davidi has also been
identified from other sites in the south of France (Eisenmann
and Patou, 1980; Crégut-Bonnoure and Granier, 1982; Guadelli,
1995; Boulbes, 2009). Differences between teeth from Ramandils
cave (MIS 5, Rusch et al., 2019) and Crouzade cave (MIS 3, Saos
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FIGURE 13 | Bivariate plot of protocone length vs. occlusal surface of M1-2. Occlusal surface: average occlusal dimension [(DMD + DVL)/2]. Confidence ellipsoid (95

%). Data: E. hydruntinus minor (Lunel-Viel); E. hydruntinus hydruntinus (Ramandils, MIS 5); E. hydruntinus davidi (Crouzade, Arquet, MIS 3 and Valorgues, MIS 2)

(Boulbes, pers. data). Upper teeth of Equus hydruntinus. (A–C) right P3, P4, M1 from Ramandils cave (E. h. hydruntinus); (C, D) right M1 and P4 from Crouzade cave

(E. h. davidi); F: right P4 of Equus graziosii (from Eisenmann, 2006a).

et al., 2019) is for example demonstrative (Figure 13). Another
pattern (connected to the variation of protocone) is the reduction
of the depth of vestibular groove on lower molars (Boulbes,
2009). These trends (fixed after MIS 3) could reflect a response
to environmental pressures (genetic assimilation), the increase in
the length of the protocone favored by the consumption of more
abrasive food in cold and steppe climatic context (Boulbes, 2009).
Guadelli and Delpech (2000) propose that the geographical
barrier posed by the Alps could have fostered the independent
evolution of western populations compared to those in the Italy-
Balkans province, where populations with dental proportions
similar to the type from the Romanelli caves persisted. However,
isolated observations show that the morphotype with a long
protocone could also have been present in Italy (Conti et al.,
2010). The upper teeth of the enigmatic Equus graziosii (Azzaroli,
1979) (Maspino, Italy, Late Pleistocene) resemble those of the
morph E. hydruntinus davidi (Figure 13F). This species is related
to asses (Azzaroli, 1979; Eisenmann, 2006a); proximity with E.
hydruntinus has been already pointed by Caloi (1995). This
morphotype was also developed on the other side of the Pyrenees
in the north-east of Spain, on the site of Teixoneres, dated to
MIS 3 (Álvarez-Lao et al., 2017). Equus hydruntinus davidi was
also identified from one late Würmian site in Portugal (Cardoso,
1995). We note here the fact that these late populations from the
south of France and the north of Spain are more closely similar to
hemiones in their morphological characteristics (convergences).

The palaeogenetical study (Bennett et al., 2017) supports the
hypothesis that hydruntine population could have gone through
a bottleneck during the last two glacial periods and that Europe
could have been recolonized from a refugial population, as
proposed earlier on morphological grounds (Boulbes, 2009).

Ecology of Equus hydruntinus
Like the hemiones, Equus hydruntinus was adapted to semi-
arid, steppic conditions and shows a preference for temperate
climates, although it could tolerate limited cold (Prat, 1968;
Delpech, 1984; Eisenmann, 1984; Azzaroli, 1990; Bonifay, 1991;
Burke et al., 2003; Palombo and Alberdi, 2017). According to
Abbazzi et al. (1996), Equus hydruntinus is primarily adapted
to dry Mediterranean conditions and does not necessarily
depend on the presence of open landscapes. However, a
preference for open biotopes is corroborated by the Holocene
distribution of the species, reduced especially to open landscapes
in southern and eastern Europe (Crees and Turvey, 2014). Its
relationship with temperature is more difficult to ascertain.
The species shows a preference for more temperate climates
(Caloi, 1995; Forsten and Dimitrijevic, 2004), but it is also
present in cool or cold climatic contexts (Prat, 1968; Boulbes,
2009). van Asperen et al. (2012) remark that the crania of E.
hydruntinus can be distinguished from related equids by their
relatively short muzzles, which indicates an adaptation to cold
climatic conditions.
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At Steinheim, E. hydruntinus is characterized by δ
13C values

that are clearly higher than those for E. ferus (Pushkina et al.,
2014). Variation in the δ

18O and δ
13C values show that E.

hydruntinus “occupied an ecological niche between the true
horses, which inhabited shrubland, and the bovids of the
grasslands, similar to that of the wooly rhinoceros, although
with a slightly higher temperature and more closed vegetation”
(p. 175, Pushkina et al., 2014). However, E. hydruntinus seems
to have been less tolerant of climatic variations than the true
horses, forcing it to adapt or, where appropriate, to migrate.
The high chronological resolution of numerous well-dated sites
indeed allows us to posit several phases of displacement of its
geographical range over the course of the second half of the
Late Pleistocene (Delpech, 2003). During the coldest phases of
the Last Glacial Maximum (LGM) the species retreated to the
peninsulas of southern Europe (Wilms, 1989; Crees and Turvey,
2014), a scenario that would also have characterized preceding
glacial episodes (Boulbes, 2009). For example, its presence is
confirmed at the start of MIS 4 in a relatively arid climate
in Calabria (southern Italy), where a Mediterranean influence
persisted (Marra and Bellomo, 2008). During cold episodes,
Equus hydruntinus is accompanied by species that are very well-
adapted to such a climate, such as for exampleM. primigenius and
C. antiquitatis in the northeast of Spain (Álvarez-Lao et al., 2017),
and Saiga tatarica and Rangifer tarandus in the south of France
(Crégut-Bonnoure and Paccard, 1997).

REMARKS AND CONCLUSION

The main dispersal event concerning Equus in Europe
(newcomers, in situ and anagenetic evolutionary processes)—
first Equus, turnover during the post-Olduvai late Villafranchian,
caballoid horse’s emergence—are connected to major climatic
change and document turnover of large mammal communities
as well-demonstrated by Palombo and Alberdi (2017). The
difficulty with regard to equid morphology is to discriminate
between evolutionary and ecomorphological traits. The problem
is even more complex because recent equids are known for
their high level of plasticity and intra-specific variation, while
differences between species are relatively low. Progressive
characters such as elongation of the protocone, reduction
of the ectoflexid, cursorial adaptations, and protrusion of
the distal keel of the metapodials are variable at specific
level and could have ecological significance. Despite this
difficulty to draw up a phylogenetical and biochronological
framework, it is possible to calibrate certain general patterns
of evolution. Thus, emergence of elongated protocones in
Europe for example can be dated between 1.2 and 0.7Ma
in supposed independant lineages (E. suessenbornsis, E.
apolloniensis, E. altidens, E. mosbachensis) at the time of
fundamental changes in the behavior of glacial cycles during
the Quaternary glaciations and the expansion of open and
dry environments.

The inventory of the different stenonid forms shows that at the
time of the emergence of this group more than 2 million years
ago, a wide range of morphologies occur—large, small, robust,

slender—as well as combinations of these types. In contrast,
the morphology of the teeth (more genetically dependent)
seems to be less subject to variation. As a consequence,
evolutionary models based on trend of size and/or gracilization
are hard to demonstrate. Large and very large stenonids form
a heterogeneous group and revision is needed to clarify their
taxonomy and temporal distribution.

From the late Early Pleistocene to early Middle Pleistocene
many fossils are assigned to Equus altidens. However, the
morphology of the teeth of the Süssenborn equid seems too
derived to be included in the variation of all the slender
equids from this period. E. granatensis is well-defined and
the primitive pattern of the teeth (very short protocones and
especially very deep ectoflexids on molars and sometimes
deep on premolars) casts doubt on an evolution from a
stenonid stock. The presence of the more robust E. wuesti
at around 1.0Ma with proportions of limbs and teeth close
to E. granatensis complicates the problem. Revision of this
group is needed to solve the question of whether E. granatensis
was an endemic species from the south of Spain, a primitive
representative of E. altidens or an ecomorphotype (Palombo
and Alberdi, 2017). The detailed study of the Epivillafranchian
key sites of Vallparadis (Aurell-Garrido et al., 2010) and Bois
de Riquet (Bourguignon et al., 2016) would certainly provide
new information.

The large E. suessenbornensis has a wide geographical range
from Beringia to Western Europe which is accompanied
with little variation in terms of morphology and proportions.
In contrast, slender species split in several geographical
provinces. Interesting is the succession and regionalization
of co-occurrences of equids in the course of Early and
Middle Pleistocene: E. suessenbornensis-E. granatensis/E.
altidens or E. wuesti in western and central Europe and E.
mygdoniensis-E. apolloniensis around the eastern Mediterranean.
The latter seems not to be linked to stenonid s. s. or E.
suessenbornensis but could represent a step within the
lineage of asses soon after their differentiation (Eisenmann
and Boulbes, in preparation) in accordance with DNA and
palaeogenetic projections (Jonsson et al., 2014; Bennett
et al., 2017). These lineages finally were replaced by the
more generalist caballoid horse group at the beginning of
Middle Pleistocene.

Despite the overall homogeneous morphology of true
horses during the Middle Pleistocene, paradoxically the
ecomorphological adaptations described above coupled with
some evolving traits provide real biochronological details in a
given geographical province. Since the exact combination of
the environmental factors that influence horse morphology
subtly varies between the different glacials and interglacials,
each oxygen isotope stage was characterized by a specific
morphology, as outlined above. However, some caution needs
to be taken in using horse morphology as a biostratigraphic
indicator. First, the patterns sketched above were identified
in northwest and central European horses or south of France,
and cannot be transposed directly on other regions, such
as southern or eastern Europe, where climatic conditions
may have been significantly different. Second, due to the
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relatively homogeneous morphology of Middle Pleistocene
horses, assemblages analyzed must be sufficiently large to
produce statistically significant results. Although there is
clear variation between ecotypes, there is also a significant
amount of overlap, so any attempt to determine the affinities of
small numbers of specimens must be regarded as preliminary.
Finally, due to these overlaps and the small differences
between ecotypes, it is advisable to apply a range of analytical
methods to new assemblages to identify their morphology.
Statistical methods such as principal component analysis and
discriminant function analysis can disentangle more subtle
variations (van Asperen, 2010, 2012). In this regard, recent
developments using geometric morphometric approaches
(on enamel patterns in particular) provide good phylogenetic
and taxonomic markers (Barrón-Ortiz et al., 2017; Cucchi
et al., 2017; Hanot, 2018) that may be complementary to
traditional morphometry. Comparisons between the results
of different methods can aid in solving the question of the
phylogeography and regionalization of horses in Europe.
Combining metric/morphological data with studies of tooth
wear characteristics (mesowear, microwear) and isotopic
analyses of teeth (Saarinen et al., 2016; Uzunidis et al., 2017)
is the best way to ensure the robustness of palaeoecological
inferences from ecomorphological patterns and their use as
a proxy.

Several questions remain to be solved concerning Equus
hydruntinus. In the first place, its origin, namely whether it
corresponds to a local evolution in Europe or whether it
entered Europe in one or more waves of migration from
Asia. The detailed study of the oldest fossils (Vallparadis) and
comparisons with intermediate forms to E. altidens (Venosa,
Petralona) will provide essential information. Secondly, its
status as a distinct species or subspecies of Equus hemionus.
Paleontology has demonstrated the existence of many distinct
morphological characters between Equus hydruntinus and Equus
hemionus although most are plesiomorphic. The presence in
E. hydruntinus of the mitotype of Equus hemionus (samples
from 100 Ka) in association with distinctive morphological
characteristics implies that Equus hydruntinus can be seen as
an ecomorph or a subspecies of Equus hemionus (Bennett
et al., 2017). However, according to the first appearance date
of the species (0.6Ma), it is also not impossible to consider
that in the recent history of the taxon (0.1Ma) gene transfer
took place by introgressive hybridization. The sympatric cases
noted between the two species in the Eemian, notably in the
Binagady site (Azerbaidjan) (Eisenmann and Mashkour, 1999),
followed by numerous observations during theUpper Pleistocene
of characters convergent with the hemiones could support this
hypothesis. The particular form of Equus hydruntinus davidi
from southern France and the enigmatic Equus graziosii from
Italy require further reflection. Palaeogenetic investigations, not
only on the mitochondrial DNA but also the nuclear DNA, will
in parallel have to multiply on fossils of various geographical
origins. Given the difficulties with their identification, it is
also not impossible to rule out the existence of several small,
slender equidae inWestern Europe including Equus hydruntinus,

Equus hemionus and possibly other forms not recognized
until now.
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