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Abstract Morphological analyses of hipparionine astragali,
calcaneum, third phalanx and metapodials from the late
Miocene locality of Maragheh, Iran, was carried out using
bivariate plots and log10 ratio diagrams. The results, together
with previous studies on cranial and dental material, have
allowed us to characterise and define the following equid spe-
cies in the Maragheh assemblage: Hipparion gettyi, aff.
Hippotherium brachypus, Cremohipparion aff. moldavicum,
Cremohipparion matthewi and Hipparion campbelli. These
species are arrayed in three successive biostratigraphic inter-
vals:H. gettyi, late Vallesian Lower Maragheh horizon; aff.H.
brachypus and Cr. aff. moldavicum, early Turolian Middle
Maragheh levels; and H. campbelli, late early Turolian
Upper Maragheh interval. The small hipparion, Cr. matthewi,
would appear to range throughout all biostratigraphic intervals
of Maragheh. The proposed taxonomic and biostratigraphic
resolution here is slightly different from previous studies
especially in the recognition of aff. H. brachypus instead of
Hipparion prostylum. The Maragheh hipparion assemblages
are well correlated to those from Turkey, Greece, the Balkans

and Black Sea region and are clearly different from those
of Central and Western Europe, central Asia, China and
Africa. Maragheh Cremohipparion is related to species of
Cremohipparion from Greece, China and the Siwaliks. A
clear niche differentiation based on palaeodiet studies has
been revealed in Maragheh hipparions, indicative of different
environmental adaptations amongst these species.
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Introduction

History of investigations at Maragheh

The fossil localities of Maragheh are located in the eastern
Azarbaijan Province, northwest Iran. The main fossiliferous
layers are located near the villages of Kopran, Mordagh
(Mirduq), Karajabad (Kherjabad), Shalilvand (Sholl’avand)
and Ilkhchi, between 37° 20′–37° 25′ N latitude and 46°
16′–46° 37′ E longitude. However, fossil sites exist within
the present extension of Maragheh city (e.g. south of
Jahangir) and also towards its west (e.g. Ahaq) (Fig. 1). The
Maragheh fauna, along with Samos and Pikermi sites in
Greece, has long been considered one of the three most pre-
eminent Western Eurasian late Miocene Pikermian faunas. As
with Pikermi and Samos, Maragheh is a true BLagerstätte^
because of the shear abundance and diversity of its fauna
across a great geographic extent, which provides a virtually
endless supply of well-preserved fossil specimens. Maragheh
is also unique amongst the three classical Pikermian faunas in
its clear stratigraphic display and layer-cake stratigraphy with
several, laterally continuous pumices and volcanic ashes that

This article is a contribution to the special issue BThe late Miocene
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are readily suitable for stratigraphic and geochronologic cor-
relation (Mirzaie Ataabadi et al. 2013).

Fossil bones of Maragheh have apparently been known by
local people for a long time. They were considered the re-
mains of pre-flood animals or those of mysterious/monstrous
creatures. Khanikoff, a Russian explorer, is credited for the
first collection of Maragheh fossils in 1840. However, the
Maragheh fauna was not initially studied before the latter half
of the nineteenth century (Abich 1858; Brandt 1870;
Grewingk 1881). As these early works provided data on
Maragheh’s similarity to Pikermi, attention of additional sci-
entists was attracted to this site. The Austrian palaeontologist
Pohlig made the first comprehensive collection and geological
study of Maragheh (Pohlig 1886). He was apparently invited
by a local merchant to visit this locality in 1884. His trip was
facilitated by Austrians who had major positions in the gov-
ernment of Iran at that time. Pohlig explored the Maragheh
basin extensively and sampled fossils from most of the
Maragheh section. He preserved locality information for much
of its collection, now stored in the Naturhistorisches Museum,
Wien. This extraordinary data in an early collection facilitates
understanding of stratigraphic provenance of those fossils.
Rodler and Kittl, two other Austrian palaeontologists, visited
Maragheh and made an extensive collection of fossils, which
were later published by Kittl (1887), Rodler (1890), Rodler
and Weithofer (1890) and Schlesinger (1917). Damon ac-
quired a small collection of Maragheh fossils for the British
Museum of Natural History, London, which was briefly com-
municated by Lydekker in 1886.

In 1897, the French palaeontologist Marcellin Boule se-
cured permission through the de Morgan agreement with the
Iranian government to conduct a palaeontological expedition
to Maragheh. This French expedition to Maragheh in 1904
was organised at a grand scale for this time in palaeontology.
French palaeontologists assisted by 12 local workmen exca-
vated a large sample of Maragheh fossils from different local-
ities. This massive collection, apparently weighing about
20 tons, was transported fromMaragheh to Istanbul on camels
and then shipped by boat to France, eventually being depos-
ited in the Museum National d’Histoire Naturelle, Paris,
where they reside today. These fossils were first studied pre-
liminarily and later published in the form of short summary
papers and eventually a comprehensive monograph
(Mecquenem 1924–25).

More than 50 years elapsed before other reported expeditions
to Maragheh occurred. Professor Takai of Tokyo University
collected a small sample of Maragheh fossils (Takai 1958) and
Robert Savage of Bristol University also visited Maragheh in
the early 1960s and collected a significant number of fossils.
Tobien from the Johannes GutenbergUniversity,Mainz, accom-
panied by geologists from the geological survey of Iran and
National Iranian Oil Company made important excavations in
the middle portion of the Maragheh sequence in the late 1960s
(Tobien 1968). During the 1970s, three scientific groups con-
ducted research at Maragheh: a combined Dutch-German group
led by Erdbrink and assisted by University of Tehran staff
(Erdbrink et al. 1976), a joint University of Kyoto-Geological
Survey of Iran led by Kamei (Kamei et al. 1977) and the Lake
Rezaiyeh Expedition (LRE) led by Professor Campbell
(Campbell et al. 1980) and supported by the Iranian National
Museum of Natural History (MMTT), Tehran and the LSB
Leakey Foundation, Berkeley, California.

Bernor was responsible for the study of vertebrate fauna for
the LRE, which resulted in his PhD (1978) and several man-
uscripts on the faunal composition and their biostratigraphical
and zoogeographic relationships. The fieldwork undertaken in
1974, 1975 and 1976 by LRE had three important outcomes:
(a) collection of fossils with attention to their stratigraphic
provenance (which was usually neglected by old collec-
tors)—this led to the establishment of the first biostratigraphy
of the Maragheh fauna; (b) study of old collections to better
understand the taxonomy and diversity of the mammalian
fauna; and (c) application of various geochronologic tools to
obtain well-resolved ages for the Maragheh section and its
faunas. The latest was a single crystal argon study of the
LRE volcanic ash samples by Swisher (1996).

After a few decades of inactivity in the Maragheh basin,
Iran’s Department of Environment (DOE) and Iranian
National Museum of Natural History (MMTT) initiated and
sponsored new excavations in the area, which resulted in the
nomination of 10 km2 of the Maragheh fossiliferous area as a
national protected zone and in the establishment of a field

Fig. 1 Geographic location of fossil localities in the Maragheh Basin,
N.W. Iran. 1 Kopran localities, 2 Varjoy localities, 3 Aliabad localities, 4
Mordagh (Mirduq, Mordaq) localities, 5 Dareh Gorg (Gort Daresi)
localities (including new MMTT and INSPE localities), 6 Karajabad
(Kherjabad) localities, 7 Sumu Daresi locality, 8 E. Mordagh localities,
9 Shalilvand (Sholl’avand) localities, 10 Ghartavol localities, 11 N. E.
Shalilvand (Sholl’avand) localities, 12 Khermejavand locality, 13
Ilkhchi localities and 14 Ahagh (Ahaga), W. Maragheh localities.
|–A - H—| corresponds to the position of stratigraphic columns
(modified after Mirzaie Ataabadi et al. 2013)
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museum and research station in the Dareh Gorg (Gort Daresi)
area. Recently, the MMTT-University of Helsinki-Japanese ini-
tiative known as the International Sahand Paleoenvironment
Expedition (INSPE) was also initiated (Mirzaie Ataabadi et al.
2013 and this issue’s papers). This programme undertook field
activities between 2007 and 2009, discovering several new
localities and fossils as well as investigating several key geolog-
ical horizons (Sawada et al. 2016, this issue) and sedimentolog-
ical and palaeoenvironmental study of the main fossiliferous
area in Dareh Gorg (Sakai et al. 2016, this issue). This pro-
gramme has further reinitiated the study of the mammalian fau-
na with the intention of bringing them into a contemporary
taxonomic context for comparative palaeoecological and
palaeobiogeographic studies (present work and Solounias and
Danowitz 2016, this issue).

History of investigations on the Hipparion fauna

Mecquenem (1908) described the Paris collection of the
Maragheh fauna, including the hipparionine horses and
referred them to the species Hipparion gracile. Gabunia
(1959) described a new species from Maragheh, Hipparion
urmiense, based on material in Georgian National Museum,
Tbilisi. The nomen urmiense is derived from Lake Urmia which
is located immediately to the west of the town of Maragheh.
These fossils were apparently found in the Maragheh fossil
horizons near the village Kurtevul (Ghartavul), but no further
geographic or stratigraphic documentation is available
(Bukhsianidze 2015). Forsten (1968) proposed the existence
of two major groups of hipparionine horses in the Palaeartic
region, including Maragheh.

Woodburne and Bernor (1980) studied the superspecific
groupings of Old World hipparionine horses. They presented
four supraspecific groups of hipparionine horses based on the
preorbital fossa (POF) morphology, its depth and its location
in the facial region. They identified all four groups in the
Maragheh area, confirming that there is a well-diversified
hipparion fauna at Maragheh. Bernor et al. (1980) also used
these data to study the chronology of Maragheh and some
other Old World Miocene faunas. Forsten (1983) also studied
the POF and its significance as a taxonomic character in the
study of OldWorld hipparions. She used preorbital bar length/
P2-orbit distance diagrams to discriminate hipparion species
in Maragheh as well as some other Greek localities. These
species conform to Woodburne and Bernor (1980), who
recognised lineages with long preorbital bars, groups 1 and
3, versus a short preorbital bar, groups 2 and 4. Bernor et al.
(1996) subsequently identified the following lineages: group 1
= Hippotherium, groups 2 and 4 = Cremohipparion (larger
versus smaller taxa) and group 3 = Hipparion s.s.

Bernor (1985) studied the systematics of Maragheh
hipparionine horses based on old museum specimens and
the material excavated by LRE. He described two new species

from this region, one from the lower horizons of Maragheh
(Hipparion gettyi) and one from its upper levels (Hipparion
campbelli). Watabe and Nakaya (1991a) studied the phyloge-
netic significance of the postcranial hipparionine material
from Maragheh. They distinguished three morphotypes in
the material based on the size and proportion of third
metapodials which corresponded to the three skull types pres-
ent in the collection of Maragheh in Kyoto. They also studied
the cranial skeleton of hipparions fromMaragheh (Watabe and
Nakaya 1991b) and recognised four species, including H.
gettyi, Hipparion prostylum, Hipparion moldavicum and H.
urmiense. Watabe and Nakaya (1991b) believed that their H.
urmiense is the senior synonym of H. campbelli; however,
Bernor has noted that the type of H. urmiense does not have
an intact premaxilla and that the premaxilla discriminates be-
tween SamosHipparion dietrichi and MaraghehH. campbelli
and is morphologically critical at the species level. Moreover,
the Middle Maragheh H. Bprostylum^ was also believed to be
a member of Hipparion s.s. and is likewise morphologically
similar to H. urmiense. We show herein that this is not the
case: Middle Maragheh hipparion is not a member of
Hipparion s.s. Therefore, the nomen H. urmiense is a prob-
lematic taxon: there is no stratigraphic provenance for the type
and the type is insufficient to recognise a species or the lineage
that the species belongs to on its own.

Systematic conventions

The nomen Hipparion has been used in a variety of ways by
different authors. We follow characterisations and definitions
for hipparionine horses recently provided in Bernor et al.
(1996, 1997). Hipparion monographs by Gromova (1952)
and Gabunia (1959) are cited after the French and English
translations. The taxon Hipparion has been applied in a vari-
ety of ways by different authors. We utilise the following
definitions in this work:

Hipparionini—a tribe of Equidae with an isolated
protocone on maxillary premolar and molar teeth and, as
far as known, tridactyl feet, including species of the follow-
ing genera: Cormohipparion, Neohipparion, Nannippus,
Pseudhipparion, Hippotherium, Cremohipparion,
Hipparion, Sivalhippus,Eurygnathohippus (= a senior syn-
onym of Stylohipparion), Proboscidipparion and
Plesiohipparion. These lineages have recently been
reviewed by Qiu et al. (1987), Bernor and White (2009),
Bernor et al. (2010, 2013, 2014), Armour-Chelu and
Bernor (2011), Wolf et al. (2013) and Bernor and Sun
(2015).
Hipparion s.s.—the name is restricted to a specific line-
age of hipparionine horses with the facial fossa posi-
tioned dorsally high on the face (MacFadden 1980,
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1984; Woodburne and Bernor 1980; Woodburne et al.
1981; MacFadden and Woodburne 1982; Bernor 1985;
Bernor and Hussain 1985; Bernor et al. 1987, 1989;
Woodburne 1989 and the authors of this contribution).
The posterior pocket becomes reduced and eventually
lost and confluent with the adjacent facial surface
(includes group 3 of Woodburne and Bernor 1980).
Bernor’s definition departs from some investigators in
not recognising North American species of Hipparion
s.s. Bernor (1985) and Bernor (in Bernor et al. 1989) have
argued that any morphologic similarity between North
American BHipparion^ and Old World Hipparion s.s. is
due to homoplasy. This issue is found to be even more
complex in our current analysis of the Maragheh
hipparions in that there has, to date, been an inadequate
accounting of the genotype species, H. prostylum de
Christol postcranial size and proportions. We find here
that previous referrals of Middle Maragheh H. prostylum
to be questionable.
BHipparion^—several distinct and separate lineages of
Old World hipparionine horses once considered to be
referable to the genus Hipparion (re: Bernor et al.
2011). We emphasise here the need to avoid confusion
of well-defined hipparionine lineages with poorly
characterised taxa of BHipparion^ sensu lato.
Hippotherium—a discrete genus of Western Eurasian
hipparionine horses known from Central Europe, Italy,
Greece, Turkey, Bulgaria, Macedonia, Ukraine and Iran.
Species belonging to this genus include Hippotherium
primigenium, Hippotherium intrans, Hippotherium
microdon , Hippo ther ium kammerschmi t tae ,
Hippotherium malpassi, Hippotherium brachypus and
perhapsHippotherium giganteum (re: Bernor et al. 2011).

Metric procedures

Measurements are all given in millimetres and rounded to
0.1 mm. Measurement numbers (M1, M2, M3, etc.) refer to
those published by Eisenmann et al. (1988) and Bernor et al.
(1997) for the skulls and postcrania. Tooth measurement
numbers refer to those published by Bernor et al. (1997) and
Bernor and Harris (2003).

Bernor and Armour-Chelu (1999), Bernor and Harris
(2003), Bernor and Scott (2003), Bernor et al. (2004, 2005,
2010, 2013), Gilbert and Bernor (2008), Bernor and Haile
Selassie (2009) and Bernor and White (2009) have compared
African hipparions to an extensive series of late Miocene-
Pleistocene Eurasian and African assemblages. Bernor and
Sun (2015) have recently reviewed cheek tooth ontological
stages in Chinese Plesiohipparion and Proboscidipparion.

In various studies, Eisenmann (see Eisenmann 1995 for a
comprehensive summary) has used log10 ratio diagrams to

evaluate differences in hipparion metapodial proportions as a
basis for recognising taxa and their evolutionary relationships.
Bernor et al. (2003), Bernor and Harris (2003) and Armour-
Chelu and Bernor (2011) have used multiple statistical tests,
including univariate, bivariate and multivariate statistics as
well as log10 ratio diagrams, to evaluate and resolve the
alpha systematics of hipparionine horses. Bernor et al.
(2005) used log10 ratio diagrams together with multivariate
statistics to evaluate metapodial and first phalangeal evidence
for postcranial evolution in Ethiopian hipparions. We incorpo-
rate these previously used methodologies in this work. Our
statistical analysis uses the skeletal population from
Höwenegg (Hegau, southern Germany, 10.3 Ma; Bernor et
al. 1997) for calculating 95 % confidence ellipses used in
bivariate plots, and log10 mean standard values for all log10
ratio diagrams (MPIIIs).

Abbreviations

We use the following abbreviations in this manuscript:
Ma: mega-annum in the geochronologic time scale. Ages in

m.y. are based on radioisotopic analyses ormagnetostratigraphic
analyses. North Africa: localities may be referred to the MN
biochronologic time scale. Western Eurasia: Vallesian,
Turolian and Ruscinian; intervals of the European landmammal
age sequence, commonly termed units (sensu Fahlbusch 1991).

Measurement table abbreviations—sex: M = male; F =
female; ? = unknown.

Sex can be defined by the size of a canine tooth, male being
large, female being small.

Side: lt. = left; rt. = right.
Cranial abbreviations: IOF = infraorbital foramen; POB =

preorbital bar; POF = preorbital fossa.
Element abbreviations: CALC = calcaneum; AST = astrag-

alus; MCIII = metacarpal III; MTIII = metatarsal III; MPIII =
metapodial III; 1PHIII = first phalanx III (central digit) of
either the anterior or posterior limb, which are difficult to
distinguish in hipparion; tx = maxillary tooth; tm = mandibu-
lar tooth; mand = mandible.

M1-M38 refers to measurements as described by
Eisenmann et al. (1988) and Bernor et al. (1997). Statistical
plots include abbreviations by locality. These abbreviations
are as follows:

A USA
C China—Plesiohipparion or Proboscidipparion
c China—Chinese taxa other than Plesiohipparion or

Proboscidipparion
D Abu Dhabi
E Eppelsheim, Germany
G Langebaanweg, South Africa
H Höwenegg, Germany
K Pikermi, Greece
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L Çalta, Turkey
O Samos, Greece
M Maragheh, Iran
P Potwar Plateau, Pakistan
Q Saloniki, Greece
S Sahabi, Libya
T Sinap and Esme Akçakoy, Turkey
U Mt. Luberon, France
Z Akkaşdagi, Turkey

Museum collections included

We sample the following museum and institutional vertebrate
collections for this study:

AMNH American Museum of Natural History, New
York

BMNH Natural History Museum, London
BSPG Bayerische Staatssammlung für Paläontologie

und Geologie, Munich (formerly Tobien
collection, University of Mainz)

GIU (now
IvAU)

Geological Institute, Utrecht (now Instituut
voor Aardwetenschappen Utrecht)

MMTT Muze Melli Tarikh Tabeie, Tehran
MNHN Museum National d’Histoire Naturelle, Paris
NHMW Naturhistorisches Museum, Wien

Maragheh bivariate plot symbols

1. MMTT collection, circle (O)
2. MNHN collection, X
3. NHMW collection, plus sign (+)
4. BSPG collection, upright triangle (▲)
5. AMNH, upside down triangle (▼)
6. BMNH, sideways triangle, apex to the left (◄)
7. GIU, sideways triangle, apex to the right (►)

Statistical analysis

ESM Table 1 provides measurements of the Maragheh spec-
imens used in this analysis. These measurements were taken
by R.L. Bernor, M.Mirzaie Ataabadi, K.Meshida, M.Watabe
and D. Wolf. Comparative measurements were taken from
Bernor’s unpublished equid database. Analyses of the
Maragheh hipparions include bivariate plots of CALC, AST,
MCIII, MTIII and 1PHIII. All of these skeletal elements are
clearly differentiated with the exception of 1PHIII. While an-
terior and posterior 1PHIII can be clearly differentiated in
living Equus, the same cannot be said for all hipparions (see,
e.g. Wolf et al. 2013). The Höwenegg hipparion skeletons
were found in articulation and thus the anterior versus the
posterior 1PHIII are known. However, the statistical

differences between these phalanges are minor at best in the
Höwenegg sample, which has led us to analyse all 1PHIII
together. Some advanced African hipparions may in fact differ
significantly in anterior versus posterior 1PHIII dimensions
(Bernor et al. 2010).

Bivariate plots

Bivariate plots will include three parallel sets of plots: one of
our entire analytical samples; a second of the Maragheh spec-
imens plotted indicating the seven different assemblage sam-
ples (AMNH, BMNH, BSPG, GIU, MMTT, MNHN and
NHMW); and a third showing an analysis of Pikermi,
Samos, Saloniki and Mt. Luberon. These three-partite statisti-
cal analyses are intended to reveal whichMaragheh taxa occur
in which museum collection, in which stratigraphic intervals
and between Maragheh and other closely relevant late
Miocene localities. Furthermore, this analysis is intended to
provide new insights into the occurrence through time and
space of hipparion superspecific lineages at Maragheh and
other Pikermian age localities.

We analyse CALC, AST, MCIII, MTIII and 1PHIII below.
In each plot, a 95 % ellipse representing the Höwenegg pop-
ulation standard of H. primigenium is used as the species
standard. The array of comparative Hipparion measurements
is heuristic for demonstrating the range of variation in size and
proportion of the element/sample combination being plotted.

We plot CALC maximum length (M1) versus distal maxi-
mum width (M6) herein (Fig. 2a–c):

Figure 2a includes four Eppelsheim Hippotherium, seven
Pakistan Sivalhippus, six Maragheh Hippotherium, two
Pikermi H. brachypus and one Sahabi Sivalhippus specimen
within the ellipse or on the lower border of the ellipse. There
are two large Sivalhippus Pakistan specimens and one large
Samos H. aff. brachypus specimens above the ellipse. The
smallest specimens are two from Samos and two from
Maragheh: these are referable to Cremohipparion matthewi.
There are a great number of specimens that plot from below
the ellipse including Maragheh (M), Pakistan (P), Sahabi (S),
Langebaanweg (G),Mt. Luberon (U), Samos (O) and Sinap (T).
These are likely a mix of taxa including Hipparion s.s. (Samos,
Mt. Luberon and Maragheh), Cremohipparion (Samos,
Maragheh and possibly Mt. Luberon), Eurygnathohippus
hooijeri (Langebaanweg) and primitive BHipparion^ spp.
(Sinap).

Figure 2b includes four MNHN Maragheh specimens that
plot in the ellipse and several just below. MMTT has one spec-
imen just below, three specimens well below the ellipse and two
far below the ellipse. The twoMMTTspecimens furthest below
the ellipse are referable to Cr. matthewi and the larger four
below the ellipse are likely H. campbelli. There are six
NHMW specimens that plot close to the upper four MMTT
Maragheh specimens that are plausibly related toH. campbelli.

Palaeobio Palaeoenv (2016) 96:453–488 457



Figure 2c includes two Pikermi (K) specimens that are
found within the ellipse, best referable to H. brachypus. One
Samos specimen (O) lies above the ellipse, probably
representing the large representative of the H. brachypus lin-
eage from Samos. There is an extensive cluster of 10 Mt.
Luberon (U) and 3 Saloniki (Q) specimens below the ellipse

best referred toH. prostylum (Hipparion s.s.). There is a single
specimen from Pikermi (K) in this cluster that may either be
Cremohipparion mediterraneum or H. cf. prostylum. There
are two very small Saloniki specimens (Q) that are the size
of Maragheh Cr. matthewi and this may be a valid referral.

We next plotted AST maximum length (M1) versus distal
articular width (M5) (Fig. 3a–c):

Figure 3a plots the staggering number of astragali in our
sample and most measurements fall along a regression line
through the Höwenegg ellipse, suggesting that these measure-
ments reflect the size (= body weight) of the animal. The
largest specimens are from Pakistan (P) Sivalhippus spp. and
the smallest specimens from Maragheh (M) and Saloniki (Q)
Cr. matthewi.

Figure 3b exhibits a great dispersion of points. Three
MMTT Maragheh specimens plot within the lower portion
of the ellipse. There are likewise a large number of specimens
from MNHN and NHMW within the ellipse and these are
referable to the Middle Maragheh robust-limbed taxon aff.
Hippotherium sp. The vast majority of MMTTspecimens plot
below the ellipse, although there are also some to the left of the
ellipse, as well. There are two very small MMTT specimens
that plot with a single AMHN specimen referable to Cr.
matthewi. The majority of specimens from MMTT, MNHN
and NHMW below the ellipse are likely referable to either
Cremohipparion moldavicum and/or H. campbelli.

Figure 3c has seven Pikermi (K) astragali specimens that
plot within the Höwenegg ellipse and three Mt. Luberon spec-
imens that plot at the bottom of the ellipse. The Pikermi spec-
imens are referable to H. brachypus, as are potentially those
specimens from Mt. Luberon. There are three Pikermi speci-
mens below the ellipse and a number of Mt. Luberon and
Saloniki specimens below the ellipse. This cluster below the
ellipse varies considerably in length (M1) versus width (M5)
and represents a great deal of size variability. Some may be
due to ontogeny (juvenile astragali, which are smaller but
cannot be easily distinguished), but some variability may also
be due to actual species diversity. Mt. Luberon (U) and
Saloniki (Q) likely haveH. prostylum, but Cr. matthewimight
also be represented by the smallest one or two specimens.

We plotted MCIII maximum length (M1) versus distal
maximum width (M11) herein (Fig. 4a–c):

Figure 4a demonstrates the extensive array of MCIII di-
mensions above, below and to the left of the Höwenegg ellip-
se. There are also a few large specimens to the right of the
ellipse. The largest specimen is of Chinese Plesiohipparion
(C) that plots well above all other specimens. The specimens
with the greatest width are from Samos and likely represent a
large member of the H. brachypus lineage. The smallest spec-
imen is from China (c), and the narrowest specimens are from
Samos (O) and Maragheh (M) and are likely referable to Cr.
matthewi (sensu lato). There are many specimens from
Maragheh (M), Pikermi (K), Samos (O), Pakistan (P) and

Fig. 2 Bivariate plot of CALCmaximum length (M1) versus distal max-
imum width (M6) comparing a all studied specimens, bMaragheh spec-
imens and c Pikermian specimens
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Sinap (T) that plot within the Höwenegg ellipse; M, K and O
are referable to Hippotherium, while P is referable to
Sivalhippus and T is BHipparion^ sp.

Figure 4b plots Maragheh MCIII specimens from five mu-
seum and institutional collections. There is a singleMMTT 13
specimen, referable to H. campbelli that plots to the left of the

Höwenegg ellipse. This specimen is in the middle of the range
of a series of MNHN specimens that are referable to Cr.
moldavicum (larger, longer specimens) and perhaps Cr.
matthewi (smaller, shorter specimens). There are likewise
small and narrow specimens from the AMNH (upside down
triangles) that are also best referred to the small taxon Cr.

Fig. 3 Bivariate plot of AST maximum length (M1) versus distal artic-
ular width (M5) comparing a all studied specimens, b Maragheh speci-
mens and c Pikermian specimens

Fig. 4 Bivariate plot of MCIII maximum length (M1) versus distal max-
imumwidth (M11) comparing a all studied specimens, bMaragheh spec-
imens and c Pikermian specimens
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matthewi. There are a number of specimens that plot within
the Höwenegg ellipse, mostly from the MNHN collection, but
also from the NHMWand the BSPG collection (triangle). The
MNHN and BSPG collections have good skull material that
was previously referred (MNHN) to H. prostylum. This allo-
cation is now rejected because of the associated robust limbs
that are directly comparable to HöweneggHippotherium, sug-
gesting a possible referral to that genus. We explore this fur-
ther in the BSystematics^ section below.

Figure 4c compares previous MCIII plots with our sample
from Samos, Pikermi, Mt. Luberon and Saloniki. There are
more than a dozen Pikermi specimens that plot within the
Höwenegg ellipse, and these specimens are referable to H.
brachypus. Samos has eight specimens that plot within or just
outside the top of the ellipse and two large specimens to the
right of the top of the ellipse that are all likely referable to the
large member of the H. brachypus clade. Pikermi has speci-
mens that plot to the left of the ellipse that are likely referable
to Cr. mediterraneum. Samos has a number of specimens that
plot along the axis of Pikermi Cr. mediterraneum but include
individuals that are longer and shorter. There is a constellation
of Samos taxa featured here that could include H. dietrichi,
Cremohipparion proboscideum, Cr. aff. mediterraneum, Cr.
aff. matthewi and Cremohipparion nikosi. The small Mt.
Luberon sample casts some light on the taxonomy, having
one specimen that plots on the lower left corner of the ellipse
and two specimens that plot to the left of the lower left corner
of the ellipse. These Mt. Luberon specimens are best referred
toH. prostylum s.s. and are somewhat shorter than MMTT 13
H. campbelli.

We plot MTIII maximum length (M1) versus distal maxi-
mum width (M11) herein (Fig. 5a–c):

Figure 5a includes a massive amount of MTIII data in our
sample. The longest MTIII is of Plesiohipparion from China.
Other than Chinese Plesiohipparion, the longest specimens
are from Samos and are likely members of the Cr.
proboscideum clade. The widest specimens are also from
Samos and Pakistan and likely belong to advanced H.
brachypus and Sivalhippus, respectively. The smallest speci-
mens are from Samos andMaragheh and Pakistan; Samos and
Maragheh are likely referable to Cr. matthewi. The very small
Pakistan specimens are of unknown taxonomic affinity.

Figure 5b plots at least 20 MNHN Maragheh specimens
within the Höwenegg ellipse which are referable to a species
of aff. Hippotherium. There is a single specimen from the
AMNH that plots just outside the upper border of the ellipse
that is most similar to this MNHN sample. There is an exten-
sive array of MNHN specimens to the left of the Höwenegg
ellipse and subdivided into an upper, larger group and a small-
er, lower group. It cannot be absolutely determined with this
simple analysis if two taxa are represented by this extended
Bslender^ cluster, but it is possible: the specimens in the larger
cluster may be Cr. moldavicum while those in the smaller

cluster may be Cr. matthewi. There is a single AMNH speci-
men that stands out as being the smallest individual well be-
low the two MNHN Bslender clusters^ which should be refer-
able to Cr. matthewi. The MMTTsample is elongate and slen-
der and groups to the left and in between the two slender
MNHN clusters; these MMTT specimens are referable to H.
campbelli.

Fig. 5 Bivariate plot of MTIII maximum length (M1) versus distal max-
imumwidth (M11) comparing a all studied specimens, bMaragheh spec-
imens and c Pikermian specimens
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Figure 5c plots approximately 20 specimens from Pikermi
within the Höwenegg ellipse referable to aff. H. brachypus.
Pikermi also has a number of slender specimens that plot to
the left of the Höwenegg ellipse referable toCr. mediterraneum.
Mt Luberon includes five specimens at the lower limit and just
outside the lower left corner of the Höwenegg ellipse and an-
other five specimens well to the left of the ellipse comparable in
proportions to the lower slender cluster of the MNHN
Maragheh sample. The more slender specimens from Mt.
Luberon are likely referable to H. prostylum s.s. and are com-
parable in their proportions to Maragheh H. campbelli. There
are two specimens from Saloniki that plot below the Maragheh
and Mt. Luberon sample which could be members of the
Hipparion s.s. clade based on Saloniki’s skulls, resembling H.
prostylum and H. campbelli in their facial morphology and
dimensions.

Log10 ratio diagrams (Figs. 7 and 8) comparingMCIII and
MTIII of these Saloniki and Mt. Luberon specimens with
Maragheh H. campbelli specimens show clearly a great sim-
ilarity amongst these elements. Maragheh H. campbelli com-
pares very well with H. prostylum from Mt. Luberon and
Salonique Hipparion sp.? All elements show the sharp con-
trast of mid-shaft width (M3) versus depth (M4) proportions,
revealing their slender-elongate metapodials and their possible
convergence with Cremohipparion in this feature.

Samos has the greatest dispersion of plotted points of any
of these localities. Most specimens are along the slender axis
being very elongate and narrow to very short and narrow, and
these specimens are probably referable to H. dietrichi and
multiple species of Cremohipparion (Cr. proboscideum, Cr.
aff. mediterraneum and Cr. nikosi). There are also Samos
specimens that plot within the Höwenegg ellipse that could
be related to Hippotherium. There are very large Samos spec-
imens to the right of the Höwenegg ellipse, larger than all
Pikermi specimens that are likely referable to a robust member
of the H. brachypus clade.

We plotted 1PHIII maximum length (M1) versus proximal
articular width (M4) herein (Fig. 6a–c):

Figure 6a includes a large number of 1PHIII specimens in
our database. There are many specimens from our localities
within, below and to the left of our ellipse. The longest spec-
imens are from Pakistan and are referable to Cremohipparion
antelopinum (sensu Wolf et al. 2013). Saloniki also has very
long and relatively slender 1PHIIIs that are referable to
Hipparion s.s. The smallest two specimens are from Samos
and Mt. Luberon and likely referable to Cr. matthewi.

Figure 6b exhibits a great range of variability in the
Maragheh 1PHIII sample. The MNHN and NHMW have a
great number of specimens within the Höwenegg ellipse that
are possibly related to Hippotherium. There are a number of
specimens below and to the left of the ellipse from the
MNHN, NHMWand AMNH collections. The MMTTsample
includes specimens that are elongate and slender placed to the

left of the middle to upper portion of the ellipse that are refer-
able to H. campbelli and other smaller specimens that are
possibly evolutionarily related to H. campbelli. There are
two very small 1PHIII specimens from the MNHN sample,
and one from the NHMW sample that are referable to Cr.
matthewi.

Fig. 6 Bivariate plot of 1PHIII maximum length (M1) versus proximal
articular width (M4) comparing a all studied specimens, b Maragheh
specimens and c Pikermian specimens
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Figure 6c includes one Samos 1PHIII specimen plotting
within and two plotting outside the upper left border of the
ellipse. There are two Saloniki specimens that are very long
compared to the rest of the sample and may be members of the
Hipparion s.s. clade. Mt. Luberon (U) has specimens at the
bottom and just below the Höwenegg ellipse as well as five
specimens well below the ellipse in a cluster with Samos and
two Saloniki specimens. There is probably a mix ofHipparion
s.s. and Cremohipparion taxa represented by this cluster.

At the lowest part of the cluster, there is one small specimen
from Samos and another one from Mt. Luberon probably re-
lated to Cr. matthewi.

Log 10 ratio analyses—MCIIIs

Figures 7a–c and 8a

Figure 7a plots Maragheh Hippotherium specimens that fall
within the Höwenegg ellipse for the maximum length (M1)
versus distal articular width (M11) dimensions. There are two
log10 ratio patterns herein. The first one plots very closely to
Pikermi H. brachypus (re: solid black line). Both the length
and flat mid-shaft width (M3) and depth (M4) trajectories as
well as the proximal and distal articular proportions are simi-
lar. The second pattern is more similar to Sinap Cormo-
hipparion sinapensis (broken black line) and contrasts
with Hippotherium in having a relatively slender mid-shaft
width (M3) with corresponding deep mid-shaft depth (M4)
dimensions. This second group includes individuals with
some of the smallest dimensions.

Figure 7b plots Maragheh MNHN Cremohipparion aff.
moldavicum specimens in comparison to Sinap Cormo-
hipparion sinapensis (broken black line) and Pikermi
Cr. mediterraneum (solid black line). All specimens except
MNHN Mar. 39/648 compare closely with primitive Co.
sinapensis. TheMEANPikermiCr. mediterraneum has a sim-
ilar plot projection as Maragheh Cr. aff. moldavicum but is
slightly smaller in proximal and distal articular proportions.
Overall, it is of considerable interest how close Cremo-
hipparion is to Sinap Cormohipparion, its plausible
ancestor.

Figure 7c plots MNHN Cr. matthewi specimens compared
to Co. sinapensis (solid black line) and Cr. mediterraneum
(broken black line) means. These FAM (AMNH) and
MNHN specimens are smaller thanCr. moldavicum and range
from being slightly to much smaller in size compared to Sinap
Co. sinapensis and Pikermi Cr. mediterraneum.Maragheh Cr.
matthewi exhibits very sharply contrasting mid-shaft width
(M3) versus depth (M4) proportions revealing that these were
very slender-elongate cursorial small horses (re: Bernor et al.
2003).

Figure 8a plots Maragheh MMTT 13 H. campbelli and
MNHN H. aff. campbelli specimens as well as Mt. Luberon

H. prostylum and SaloniqueHipparion sp. compared to Sinap
Co. sinapensis (solid black line) and Pikermi Cr.
mediterraneum (dashed black line) means. These specimens
are smaller than Co. sinapensis and mostly also smaller than
Cr. mediterraneum. Maragheh MMTT 13/2552 H. campbelli
(solid black line with ×) tracks closely withH. prostylum from
Mt. Luberon and Saloniki. All specimens exhibit very sharply
contrasting mid-shaft width (M3) versus depth (M4) propor-
tions, revealing that these horses had very slender-elongate
metacarpals. The extreme slenderness with strikingM3 versus
M4 dimensions are apparently convergent characters shared
between the Cremohipparion and Hipparion s.s. lineages.

Log10 ratio analyses—MTIIIs

Figures 8b, c and 9a–c

Figure 8b is an MTIII log10 ratio diagram comparing the
Maragheh aff. H. brachypus hypodigm to Esme Akçakoy Co.
sinapensis (solid black line) and Pikermi MEAN log10 values
of H. brachypus (broken black line) (Koufos 1987). The Esme
Akçakoy sample tracks relatively closely to specimens with
narrow mid-shaft width (M3) and moderately deep mid-shaft
depth (M4) dimensions and has amongst the smallest distal
supraarticular width (M10), articular width (M11), sagittal keel
(M12) and condylar depth (M13 and M14) dimensions.
Pikermi H. brachypus plots with the larger Maragheh speci-
mens, featuring, like another single specimen, MNHN Mar.
35/661, the widest mid-shaft width (M3) dimensions of the
sample. H. brachypus also has elevated proximal articular
depth (M6) dimensions only exceeded by AMNH 27813, the
longest specimen in our sample. While these Maragheh speci-
mens’maximum length and distal width dimensions fall within
the Höwenegg ellipse, there would appear to be two groups
represented in this log10 ratio plot: two specimens that have
distinctly wider and deeper mid-shaft dimensions (AMNH
27813 and MNHN Mar. 34/660) and the majority of other
specimens that have relatively more slender mid-shaft width
(M3) and depth (M4) dimensions than the Höwenegg sample.
All Maragheh specimens, except MNHNMar. 3125, exhibit an
enhanced BEsme Akçakoy^ effect (Bernor et al. 2003) in that
there is a striking contrast between the relatively narrow (M3)
and deep (M4) mid-shaft dimensions for MTIII. This plot illus-
trates the possibility that there may be more than one taxon
represented in this sample of MTIIIs.

Figure 8c is a log10 ratio diagram comparing theMaragheh
Cr. aff. moldavicum hypodigm to Esme Akçakoy Co.
sinapensis (solid black line) and Pikermi (broken black line)
MEAN log10 values of Cr. mediterraneum (Koufos 1987).
Cr. aff. moldavicum clearly has more elongate (M1) and slen-
der mid-shaft (M3) specimens than the Höwenegg sample.
Maragheh Cr. aff. moldavicum has the most specimens with
M1 dimensions greater than in PikermiCr. mediterraneum but

Palaeobio Palaeoenv (2016) 96:453–488462



is very similar in its mid-shaft width (M3) versus depth (M4)
proportions to PikermiCr. mediterraneum. Cr. mediterraneum
plots at the bottom of the MaraghehCr. aff.moldavicum range
for maximum length (M1) and proximal (M5, M6) and distal
articular (M10, M11, M12, M13 and M14) dimensions. Esme
Akçakoy Co. sinapensis plots generally within the middle of

the Maragheh Cr. aff. moldavicum plots but is distinguished
by having less of a contrast in mid-shaft width (M3) versus
depth (M4) dimensions and it is shorter in its maximum length
than the entire Cr. aff. moldavicum sample.

Figure 9a is an MTIII log10 ratio diagram comparing the
Maragheh sample of MNHN Cremohipparion sp. specimens

Fig. 7 Log10 ratio diagrams of
MCIIIs comparing Maragheh a
aff. H. brachypus, b Cr. aff.
moldavicum and c Cr. matthewi
with Co. sinapensis and Cr.
mediterraneum means
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to Esme Akçakoy Co. sinapensis (solid black line) and
Pikermi (broken black line) mean log10 values of Cr.
mediterraneum (Koufos 1987). These specimens mostly have

the length of the Esme Akçakoy Co. sinapensis sample but
have the striking contrast between mid-shaft width (M3) versus
depth (M4). At the same time, this sample exhibits size and

Fig. 8 Log10 ratio diagrams of
MCIIIs a comparing Maragheh
H. campbelli to Mt. Luberon and
Saloniki hipparions and MTIIIs
comparing Maragheh b aff. H.
brachypus to EsmeA_Mean,
Pikermi_Mean and AMNH27813
and c Cr. aff. moldavicum, with
Co. sinapensis, H. brachypus and
Cr. mediterraneum means
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proportions similar to Pikermi Cr. mediterraneum. There is no
evidence from the total Maragheh cranial material that Cr.

mediterraneum occurred at Maragheh. We refer this sample then
to Cr. aff. moldavicum.

Fig. 9 Log10 ratio diagrams of
MTIIIs comparing Maragheh a
Cr. sp., b Cr. matthewi and c H.
campbelli with Co. sinapensis, H.
brachypus and PIK87 Cr.
mediterraneum means
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Figure 9b is an MTIII log10 ratio diagram comparing the
Maragheh Cr. aff. matthewi hypodigm to Esme Akçakoy Co.
sinapensis (solid black line) and Pikermi (broken black line)
mean log10 values of Cr. mediterraneum (Koufos 1987).
These specimens have the length of PikermiCr. mediterraneum
but are much more slender in their build, again showing the
sharp contrast in mid-shaft width (M3) versus mid-shaft depth
(M4) measurements typical of Cremohipparion and in particu-
lar the Cr. aff. moldavicum group.

Figure 9c is an MTIII log10 ratio diagram comparing
Maragheh MMTT 13 H. campbelli specimens (MMTT 13/
1153 and MMTT 13/1622) and MNHN Mt. Luberon H.
prostylum and SalonikiH. cf. prostylum toCo. sinapensis (solid
black line) and Pikermi Cr. mediterraneum means (broken
black line). The MMTT, Mt. Luberon and Saloniki specimens
are closely similar to one another and at the same time are more
slenderly constructed than Esme Akçakoy Co. sinapensis. The
Maragheh, Mt. Luberon and Saloniki specimens exhibit a
sharper contrast in mid-shaft width versus depth than Pikermi
Cr. mediterraneum and are for the most part more slenderly
built than Cr. mediterraneum. This analysis supports the asser-
tion that MaraghehH. campbelli is a clade in common with the
genotype species of H. prostylum s.s. from Mt. Luberon and
Saloniki (re: Woodburne and Bernor 1980).

Systematics

Order Perissodactyla Owen, 1848
Suborder Hippomorpha Wood, 1937
Family Equidae Gray, 1821
Tribe Hipparionini Quinn, 1955

BHipparion^ gettyi Bernor, 1985

Hipparion sp. 3 Bernor et al. (1979b), p. 94, fig. 1; Campbell
et al. (1980), p. 841

Hipparion sp. (Kopran horse) Woodburne et al. (1981), p.
1343, fig. 5d; Bernor et al. (1980), p. 723, fig. 8; Bernor
and Hussain (1985), p. 36, fig. 3d

Hipparion gettyi Bernor 1985, pp. 194–198, fig. 10

Holotype: A skull NHMW 2015/0238/0001 (KNHM-RLB
8401 of Bernor 1985), preserved by the Naturhistorisches
Museum, Vienna.
Type locality: Kopran, Maragheh.
Age: Circa 9–8.7 Ma, latest Vallesian, MN10.
Referred specimens: Besides the type specimen, we recog-
nise KNHM no number, an old adult palate with right P3-M3
and left P3-M3; KNHMA4866, young adult female mandible
with i1-m3; right i1-p2 (I3’s just erupting); MMTT 41/2224,
lt. p2; MMTT 41/2464, lt. M1; MMTT 41/2211, lt. P4;
MMTT 41/2220, lt. M2; MMTT 41/2248, lt. M1; MMTT

41/2519, lt. p4; MMTT 41/2234, lt. p4; MMTT 36/2022, rt.
P2; MMTT 41/2213, rt. dP3 or 4; MMTT 41/2216, rt. dP3 or
4; MMTT 36/2027, lt. p2; 41/2225, rt. m2; 43/2489, rt. m1;
43/2484, lt. m1.
Diagnosis (modified from Bernor 1985): A medium-sized
species of BHipparion^ with a long POB; lacrimal does not
invade POF; POF is anteroposteriorly long, egg-shaped and
anteroposteriorly oriented, dorsoventrally deep, with strong
posterior pocketing, medially deep with a faint anterior rim
and moderately expressed peripheral outline. Nasal notch is
placed above the P2 parastyle. Adult cheek teeth have com-
plex, moderately thickly banded plications of the pre- and
postfossettes; pli caballins are persistently double; hypoglyphs
are deeply incised; protocones are moderately elongate; P2
anterostyle is elongate. An uncertainly associated MPIII from
Kopran is slender and elongate.
Description: Bernor (1985) named and described the Vienna
and MMTT material referred to H. gettyi which we briefly
summarise herein. The type specimen is a skull, NHMW
2015/0238/0001 (Fig. 10a–c). This specimen is of a moder-
ately large-sized old BHipparion^ with a small canine, indi-
cating that it was female. The skull is virtually complete ex-
cept for the posterior orbits and posterior and inferior cranium
(Fig. 10a). The snout is moderately long, the nasals are shal-
lowly retracted to the P2 parastyle. The POB is long with the
distal most lacrimal being well posterior to the POF. The POF
is relatively large, elongate, egg-shaped, anteroposteriorly di-
rected, has a moderately well-delineated peripheral rim with a
weakly expressed anterior rim, is medially deep, is deeply
pocketed posteriorly and placed well above the facial-
maxillary crest. In dorsal view (Fig. 10b), the skull reveals
that it is narrow and the POF is medially deep. The ventral
view (Fig. 10c) reveals that the type skull has all teeth pre-
served and at least one half worn; this clearly is an older
individual. The incisors have well-defined infundibula that
are irregularly shaped and fill the central portion of the occlu-
sal surface. Both canines are complete and small, indicating
that this individual is a female. P2 has a moderately elongate
anterostyle. All cheek teeth have moderately complex fossette
plications, pli caballins are consistently double, hypoglyphs
are moderately deep and protocones are oval-shaped
(Fig. 10c).

Bernor (1985) described an unnumbered NHMW fragmen-
tary maxilla of an old individual from Kopran, Maragheh,
which has very worn cheek teeth that are not easily referred
to any species. Also, there is a young adult female mandible in
the NHMW collection from Kopran with the following salient
characters: elongate anterostylid, metaconid and metastylid
subequal in size and with rounded to slight angular shape,
pli caballinids absent, linguaflexids shallow on all teeth.

The Lake Rezaiyeh Expedition collected a number of
maxillary and mandibular cheek teeth from Kopran. Bernor
(1985) reported the following salient features for this sample:
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maximum crown height is 50 mm; protocone shape in early
wear is elongate, labially rounded and lingually flattened with
a generally elongate-oval shape; pre- and postfossette plica-
tions are complex and the bands are thick (not thin);
hypoglyph is deeply incised. Mandibular cheek teeth have
the following salient features: maximum recorded crown
height is 44 mm; pli caballinid is absent, ectoflexid is gener-
ally not deep; linguaflexid is moderately deep; metaconid and
metastylid vary in shape, being generally rounded to squared.
Remarks: The type specimen of BH.^ gettyiwas collected by
Pohlig from Kopran in the later half of the nineteenth century.
Kopran I and II occur in the westernmost portion of the
Maragheh Basin where the local exposures are currently
encroached upon by the expanding town of Maragheh. The
Kopran localities are the lowest fossil levels of the section

(150–120 m below loose chippings of Campbell et al. 1980).
Bernor (1985) referred maxillary cheek teeth to BH.^ gettyi,
these being collected by the Lake Rezaiyeh Expedition from
the 150- to 70-m levels. Mirzaie Ataabadi et al. (2013) revised
the biostratigraphy and chronology of the Maragheh se-
quence, indicating that Kopran I occurs at the −150-m level
and Kopran II occurs at the −120-m level, and they have
interpolated ages of 8.967 and 8.7216, respectively. These
ages are correlative with Europen MN10, the late Vallesian.

Bernor (1985) provided an extensive differential diagnosis
between BH.^ gettyi and mostly more primitive members of
the early concept of Bgroup 1^ hipparions of Woodburne and
Bernor (1980) and Bernor et al. (1980). Essentially, there are
two genera that are included in Bgroup 1^: Hippotherium
(Bernor et al. 1997 and 2011) and Cormohipparion (sensu

Fig. 10 The type specimen of H.
gettyi in a lateral, b dorsal and c
ventral views
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Bernor et al. 2003) or BCormohipparion^ (sensu Bernor et al.
2004 and Bernor andWhite 2009).H. primigenium (Bernor et
al. 1997) is best known from the 16 skeletons that have been
excavated from Höwenegg, Germany (10.3 Ma., Swisher
1996; Woodburne et al. 1996). Bernor et al. (2011) described
a late assemblage of H. malpassi from Baccinello, Italy (ca.
7.1 Ma), and demonstrated the genus’ geographic extension
into Italy, Greece (H. brachypus) and Turkey (H. brachypus, a
large variety) in the early tomiddle Turolian (ca. 8.7–7.1Ma.).
Cormohipparion is known fromMN9 (early Vallesian) levels of
Sinap and Esme Akçakoy, Turkey (Co. sinapensis), while the
more advanced form BCormohipparion^ (BCormohipparion^
africanum) is known from Bou Hanifia, Algeria, and Chorora,
Ethiopia (Suwa et al. 2015).

BH.^ gettyi differs from more primitive Hippotherium in
the following characteristics: generally smaller size; having
a POF less deep dorsoventrally and medially with a less
distinct anterior rim; a nasal notch that is slightly more
retracted to above the P2 parastyle; cheek tooth fossettes
which are less complexly plicated; shorter and rounder
protocones; somewhat less deeply incised hypoglyphs;
mandibular cheek tooth pre- and postflexids being less
complexly plicated. BH.^ gettyi is approximately the same
size as Co. sinapensis, has a slightly less well-developed
POF than C. sinapensis and has cheek teeth that have less
elongate protocones than Co. sinapensis. There are a num-
ber of cranial and dental features that unite BH.^ gettyi
with these superspecific clades, including a lack of deeply
incised nasal bones, a long POB, a medially deep and
distally deeply pocketed POF, maxillary cheek teeth with
relatively complexly plicated fossettes and persistently
double pli caballins. MPIIIs and 1PHIIIs are thus far
unknown for BH.^ gettyi, which makes comparisons to
species of Hippotherium , Cormohipparion and
BCormohipparion^ untenable. Morphologically, BH.^ gettyi
seems to be a taxon transitional between Cormohipparion
and Hippotherium on the one hand and Hipparion s.s. on
the other. Collection of postcrania from Kopran I and Kopran II
is essential for elucidating BH.^ gettyi’s superspecific taxonomy.

aff. Hippotherium brachypus

?Hipparion urmiense, Gabunia, 1959, p. 166–176; pl. VI;
figs. 2 and 3

Hipparion Group 3, Woodburne and Bernor, 1980; tab. 3
Hipparion cf. prostylum, Bernor et al., 1980, pg. 736, tab. 2
Hipparion prostylum (s.l.), Bernor, 1985, pg. 198; fig. 11a–g
Age: Middle Maragheh, ca. 8.6–8.2 Ma.
Referred specimens: Skulls including KNHM A4847,
KNHM 4844, JGUM (currently BSPG) MB67, JGUM (cur-
rently BSPG) MB102, MNHN Mar. 71, MNHN Mar. 18;
MNHN Mar. 465; MNHN Mar. 359, AMNH 27807,
AMNH 27809. Metacarpals and metatarsals III cited in

Supplementary table (Online resource) have been identified
from bivariate and log10 ratio plots herein.
Diagnosis: A hipparion species with a long POB, a lacrimal
placed well posterior to the POF and the POF being reduced
compared to other members of the Hippotherium clade, mod-
erate to short in length, faintly egg- to C-shaped, antero-
posteriorly oriented, shallow to very shallow dorsoven-
trally, with slight to no posterior pocketing, moderate to slight
medial depth, the anterior rim being faint to absent and the
peripheral rim being moderately to weakly expressed. The
nasal notch is placed either just anterior to or above the P2.
In middle stage-of-wear, maxillary cheek teeth have moder-
ately complex plications of the pre- and postfossettes; pli
caballins are usually single but may occasionally be double;
hypoglyphs are moderately deeply incised; protocones are
variable in morphology but most commonly may have some
slight lingual flattening and are rounded. The P2 anterostyle is
elongate.Metapodials are relatively robust as inHippotherium
primigenium, H. malpassi and H. brachypus.
Description: Bernor (1985) described nine skulls and partial
skulls which he referred to Hipparion prostylum (s.l.) largely
based on the derived, shallow POF which was believed to be
related to H. prostylum Gervais, 1849: KNHM A4847;
KNHM A4844; JGUM (now BSPG) MB67 (Fig. 11a, b);
also, herein JGUM (now BSPG; 1985, fig. 11B) and JGUM
(now BSPG)MB 102 (Fig. 12a, b, added here to the original 9
described by Bernor 1985); Mar. 71 (Fig. 13; also Bernor
1985, fig. 11C); MNHN Mar. 18 ([also RLB 1474] Fig. 14a,
b [Bernor 1985, fig. 11D)]), Mar. 359 ([also RLB 1475];
Fig. 15a, b [Bernor 1985, fig. 11F)]); Mar. 465 (Bernor
1985, fig. 11E) and AMNH 27807 and 27809.

JGUM (now BSPG) MB67 (Fig. 11a, b) was collected by
Tobien in the late 1960s fromMiddleMaragheh in the vicinity
of MMTT 1 (Tobien, personal communication to Bernor). It
was collected together with a block that included axial and
postcranial skeletal elements including a robust MTIII
(Fig. 12). MB67 is a sub-adult specimen, virtually complete
except for the posterior orbital rims and cranial vault and cav-
ity. Its dentition is complete with right and left I1-2, dI3, C,
P2-M2 (fully erupted) and M3 (nearly completely erupted).
The canine is large, indicating that this is a male individual.
The nasals are complete and reflected just to the anterior mar-
gin of the P2 (Fig. 11a). The POF is moderately long, extend-
ing anteriorly to a level above the P3 mesostyle. The POF has
moderate dorsoventral dimensions, medial depth and periph-
eral rim morphology and has an egg shape with medial depth
and a distinct posterior rim with no posterior pocketing
(Fig. 11b). The lacrimal is not well delineated but enough is
preserved to observe that it did not invade the POF. The P2-
M2 are erupted but insufficiently worn to reveal middle stage-
of-wear occlusal morphology. As a result, protocones are
elongate and bucco-lingually compressed and hypoglyphs
are deeply incised on M1-2.
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The MNHN skulls include two more complete spec-
imens (MNHN Mar. 18 [Fig. 14a, b] and Mar. 359

[Fig. 15a, b]; Bernor 1985, figs. 11D and 11F, respec-
tively) and two more fragmentary specimens (MNHN

Fig. 11 The aff. H. brachypus
specimen (BSPG-MB67) in
lateral (a) and dorso-lateral (b)
views

Fig. 12 The aff. H. brachypus
specimen (BSPG-MB102) skull
with postcrania showing relative-
ly robust limbs
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Mar. 71 and MNHN Mar. 465; Bernor 1985, figs. 11C
and 11E, respectively). In all of these skulls, the facial
and nasal bone morphology is very similar to BSPG
MB67 and MB102, and in MNHN Mar. 359 and Mar.
18, the lacrimal is placed well posterior to the POF
(Bernor 1985). Of all the MNHN individuals, Bernor
(1985) identified MNHN Mar. 71 as having cheek teeth

in a stage-of-wear that preserves occlusal morphology:
the pre- and postfossettes are moderately complex on all
cheek teeth; pli caballins are faintly bifid on P3-M1 and
M3 while being single on P2 and M2; hypoglyphs are
shallowly incised on P2-3, moderately deeply incised on
P4-M2 and very deeply incised on M3; the protocone is
elongate on all cheek teeth (Bernor 1985).

Fig. 13 The aff. H. brachypus
specimen (MNHN Mar. 71)

Fig. 14 The aff. H. brachypus
specimen (MNHN Mar. 18 (also
RLB 1474) in lateral (a) and
ventral (b) views
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The AMNH has two skull fragments of this taxon, AMNH
27807 (Bernor 1985, fig. 11G) and AMNH 27809. NHMW
has another skull, KNHMA4847 (Bernor 1985, fig. 11A) that
is very similar to AMNH 27807 and the BSPG and MNHN
specimens described above. Cheek teeth of these individuals
add no new information because they are either too early in
wear or too late in wear to accurately discriminate middle
stage-of-wear adult morphology.
Discussion: Bernor (1985) cited the complicated systematics
of H. prostylum as it existed in the 1980s. The genotype
Hipparion was named by Christol (1832) for material collect-
ed fromMt. Luberon (= Cucuron), France. Christol noted that
this horse was characterised (in part) by three toes on each foot
and an isolated protocone. Gervais (1849) designated three
Mt. Luberon species, H. prostylum, Hipparion diplostylum
and Hipparion mesostylum, based on the position and
frequency of accessory mandibular cheek tooth stylids.
Later, Gervais (1859) reunited all of these species into H.
prostylum, recognising the usual variability in these charac-
ters. Gaudry (1873), Osborn (1918) and Skinner and

MacFadden (1977) followed Gervais (1859) in referring all
of the Mt. Luberon material toH. prostylum.Woodburne (per-
sonal communication to Bernor) has noted that Gaudry (1873,
Pl. 6, fig. 1) illustrated the first material fromMt. Luberon that
shows the morphology of the face anterior to the orbit. This
specimen was re-illustrated by Skinner and MacFadden
(1977, fig. 3A). A formal type has not been designated by
any of these authors. Sondaar (1974) stated that the specimen
figured by Gervais (1859, Pl. 19, fig. 2, a maxilla fragment
with P3-M2) should be considered to be the holotype of H.
prostylum. Bernor (1985) argued that this was an informal
taxonomic recommendation and suggestive of a possible
lectotype.

An additional complication arises as a result of Sondaar’s
(1974) correct observation that there is likely a second, rare
species of BHipparion^ occurring atMt. Luberon.Woodburne
(personal communication) agreed with this observation, not-
ing the occurrence of a taxon with more robust metapodials
and slightly more complex plications of the upper and lower
molars. Bernor and Hussain (1985) continued in their

Fig. 15 The aff. H. brachypus
specimen (MNHNMar. 359 (also
RLB 1475) in lateral (a) and
ventral (b) views
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observation of species heterogeneity in the Mt. Luberon as-
semblage, citing BMNHM22617 as having a larger fossa and
more complex plications of the pre- and postfossettes than
other Mt. Luberon specimens. Bernor (1985) nominated a
skull, BMNH M33603 (fig. 7J of Woodburne and Bernor
1980) as the Lectotype of H. prostylum. This is a virtually
complete skull with P2-M3, lacking the premaxilla and
posterior-most cranium and conforming to Woodburne and
Bernor’s (1980) diagnosis of H. prostylum.

All previous work on H. prostylum has been dominated by
skull, facial and maxillary cheek tooth morphology. While
Sondaar (1974) did address postcranial heterogeneity in the
Mt. Luberon sample, there has not been a critical evaluation of
postcranial morphology. Our analysis of postcrania is reveal-
ing. The MNHN Maragheh sample has a number of individ-
uals that plot within the Höwenegg ellipse for MCIII (Fig. 4b),
MTIII (Fig. 5b) and 1PHIII (Fig. 6b); the MPIIIs are the most
convincing. The log10 ratio diagrams for MCIII (Fig. 7a) and
MTIII (Fig. 8b) reveal plots very close to Pikermi H.
brachypus mean values.

We no longer are able to refer the Middle Maragheh
hipparion sample to H. prostylum sensu lato. Our analysis
reveals that the elongate-slender distal limb elements of Mt.
Luberon H. prostylum relate closely to H. campbelli from
Upper Maragheh (Figs. 8a and 9c), not to the Middle
Maragheh hipparions that have Hippotherium-like MPIIIs.
Amongst species of Hippotherium, the Middle Maragheh
hipparions compare most closely with Pikermi H. brachypus
but do not have the flat log10 plot of H. brachypus
(Pikermi). They agree particularly well in the postcranial
elements. The facial morphology of Maragheh aff. H.
brachypus has a further reduced POF, particularly in its
decreased medial depth and posterior pocketing like BH.^
urmiense Gabunia, 1959. However, in itself, Pikermi H.
brachypus has a less dorsoventrally extensive and less
posteriorly pocketed fossa compared to Central European
Vallesian Hippotherium and Italian H. malpassi. If our
hypothesis proves correct and the Middle Maragheh
robust-limbed hipparion is a member of the Hippotherium
clade, this observation extends the geographic range of
Hippotherium from Central and Western Europe to Greece
(Pikermi [ca. 8 Ma], H. brachypus), Turkey (Akkasdagi
[7.1 Ma], H. brachypus large variety) now as far east as
Maragheh, Iran (aff. H. brachypus (with BH.^? urmiense
being a possible junior synonym [8.6–8.2 Ma]). Possible
occurrence of this clade (aff. H. brachypus) was also recent-
ly reported from a new locality in northwest Iran (Mirzaie
Ataabadi et al. 2011).

We realise that our recognition of Middle Maragheh aff.H.
brachypus is in conflict with previous conventions about the
primacy of facial morphology for the recognition of
BHipparion^ clades. We can defend the recognition of
Maragheh aff. H. brachypus by noting the great similarity

between it and other members of the clade in its MCIII and
MTIII morphologies. Reduction of the POF no doubt is relat-
ed to the increased crown height in H. brachypus maxillary
cheek teeth: as crown height increased, POF became reduced
in dorsoventral and medial depth in order to avoid the cheek
tooth roots from penetrating the ventral extent of the POF. As
in all Hippotherium, H. brachypus and aff. H. brachypus
retained primitive proportions of the MCIII and MTIII and
unretracted nasal bones while evolving higher crowned cheek
teeth that forced the dorsoventral reduction of the POF. It is
clear from our analyses that Hipparion s.s. is a clade of
hipparion including H. prostylum, H. dietrichi, H. campbelli
and possibly Chinese Hipparion hippidiodus that evolved
more slender-elongate limbs that were convergent with spe-
cies ofCremohipparion. It is not yet certain that Chinese BH.^
hippidiodus is a genuine Hipparion s.s.; the facial-maxillary
cheek tooth morphology is very similar to Hipparion s.s., but
the postcranial anatomy is currently unknown.

Hipparion campbelli Bernor, 1985

Hipparion dietrichiWehrli (1941), sensu Bernor (1978), p. 50,
fig. 2; Bernor et al. (1979b), p. 94; Woodburne and Bernor
(1980), pg. 1344, figs. 7a, 7b; Bernor et al. (1980) (in part), p.
724 fig. 8; Bernor and Hussain (1985), p. 40, fig. 5

Hipparion campbelli Bernor (1985), p. 206, figs. 13A–D,
14A–D and 15A–B

Holotype: A skull with an associated lower jaw MMTT 13/
1342 (Bernor 1985, fig. 13).
Type locality:MMTT 13 near Sholl’avand, UpperMaragheh,
Iran.
Age: 7.88724 Ma interpolated age anchored by single crystal
argon ages, MN12, medial Turolian (Swisher 1996; Mirzaie
Ataabadi et al. 2013).
Referred specimens (following Bernor 1985): The follow-
ing skull material has been referred to H. campbelli: MMTT
13/1342 (type specimen), an adult female skull; MMTT 13/
1343, a juvenile skull; MMTT 13/1291, a juvenile skull frag-
ment; MMTT 13/1333, a juvenile skull fragment. The follow-
ing mandibular material is referred to H. campbelli: MMTT
13/1342 (associated with the type skull); MMTT 13/1736,
mandible with very worn teeth of a senile individual; MMTT
13/2353, juvenile mandible with dentition; isolated teeth and
bones referred to H. campbelli are listed in the ESM Table 1.
Geographic range: Iran.
Diagnosis (after Bernor 1985): A medium-sized hipparion
species with an elongate and slender snout. POF is markedly
reduced, egg-shaped and anteroposteriorly directed, with a
small vestigial posterior rim and slight medial depression;
preorbital bar is moderately long; the lacrimal bone is placed
well posterior to the POF; nasal notch is slightly retracted to
the mesostyle of the P2; middle adult wear maxillary cheek
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teeth have moderately complex and very thinly banded plica-
tions of the pre- and postfossettes, pli caballins are single,
hypoglyphs are moderately deeply incised; protocones are
oval shaped; the P2 anterostyle is elongate; mandibles have
an elongate, slender symphysial region; canines are placed
immediately distal to i3, the mental foramen is placed approx-
imately one half the distance between i3 and p2; in middle
adult wear, the p2 anterostylid is elongate, ectoflexids do not
separate metastylids and metaconids in the premolars, but do
so in the molars; pli caballinids and ectostylids are absent;
linguaflexids are shallow; metaconids and metastylids are
rounded. MCIIIs and MTIIIs are elongate and slender;
1PHIIIs are elongate and slender (re: ESM Table 1 and bivar-
iate and log10 ratio diagrams above).
Description (following Bernor 1985): Bernor (1985) report-
ed that H. campbelli is the most abundantly represented
hipparionine in the MMTT Lake Rezaiyeh Expedition sam-
ple. This is due to the extensive quarrying activity at locality
MMTT 13. The most complete specimen is the adult female
skull and mandible, MMTT 13/1342 (Fig. 16a–e). MMTT 13
has also yielded juvenile skulls MMTT 13/1343 (Fig. 17a–c),
13/1291 and 13/1333. There is a mandible associated with the
type skull that was numbered at the timeMMTT 13/1341, and
we currently recognise this as MMTT 13/1342 because it is
directly associated with the type skull. Other mandible speci-
mens include MMTT 13/1289, 13/2352 and 13/1726 as well
as a number of isolated teeth (re: ESM Table 1, herein).
MMTT 13 associated postcrania is moderately extensive
(ESM Table 1); MCIIIs, MTIIIs and 1PHIIIs are elongate and
slender. They compare well with Mt. Luberon H. prostylum.

The type specimen, MMTT 13/1342, is an adult female
skull and mandible (Bernor 1985, figs. 13A, 14A; Fig. 16a–
e here). The skull is of moderate size and virtually complete
except for the occipital portion of the cranium, the anterior
most nasal bones, left I3 and C. The snout is elongate, narrow
and with a sharply arcuate incisor arcade. The POF is moder-
ately distant from the orbit and placed high on the face; it has a
faint egg shape and anteroposterior orientation but is clearly
vestigial with a tiny posterior rim and no posterior pocketing;
it is short anteroposteriorly and dorsoventrally and shallow
medially. The infraorbital foramen is large and located at the
anteroventral border of the POF and above the interstitial con-
tact of P3-P4. The canine is a small peg-like structure indica-
tive of a female individual. The cheek teeth are not yet in a
middle stage-of-wear and are generally elongate in shape. P2
has a well-developed, elongate anterostyle; enamel plications
are faintly expressed due to early wear but show a degree of
complexity with thinly banded fossette plications; the
hypoglyph is moderately deeply incised; the protocone is oval
shaped. P3 and P4 are in earlier wear than the P2 and as a
result have very faintly delimited, thinly banded enamel pli-
cations; the distal borders of the prefossettes are touching the
mesial borders of the postfossettes; the hypoglyphs are

moderately deeply incised; protocones are slightly oval with
each one having a vestigial anterolabial enamel pli. M1 and
M2 are substantially smaller and more square shaped; fossette
enamel plications are faintly expressed; protocones are round
to oval in shape. M3 is not completely erupted, with only its
mesial one half beginning to wear. Pli caballins are single on
all teeth.

TheMMTT 13/1342 typemandible (Bernor 1985; fig. 15A
and B; Fig. 16d, e here) is nearly complete, only missing the
superior two thirds of the ascending ramus. The mandible is
also broken just posterior to the canines. As with the maxillary
dentition, i3 and m3 are not fully erupted. The mental foramen
is positioned slightly closer to p2 than i3. The mandibular
symphysis is elongate and the incisor arcade is strongly arcu-
ate. The canines are small, rounded and peg-like and placed
immediately distal to i3. The premolars are elongate and sub-
stantially larger than the molars. Mandibular p2 mirrors P2 in
its strongly extended and anteriorly rounded anterostylid; p2’s
anterostylid is elongate; metaconid and metastylid are angular
to rounded with the metaconid being subequal in size to
metastylid. Mandibular p3 and p4 are identical in occlusal
morphology to p2, saving their lack of an anterostylid and that
metaconid and metastylid are more rounded. Mandibular m1-
2 exhibit serial size reduction in both length and width mea-
surements with m3 being elongate due to the extended talonid.
Unlike in the premolars, the ectoflexid separates the
metaconid-metastylid in the molars. All cheek teeth lack
protostylids and ectostylids.

MMTT 13/1343 is a virtually complete female juvenile
skull with dI3, dP2-4 and M1 with M2s exposed in their
crypts. This specimen was excavated in very close proximity
toMMTT 13/1342 and is similar to it in skull morphology: the
POF is identical; the lacrimal is very well delimited and is well
posterior to the POF; the infraorbital foramen is large, located
anteroventral to the POF and above dP3, whose lingual border
is partially exposed in the maxillary lateral wall. The incisor
region is very narrow and I3 remains unerupted. The canines
are missing, but their alveoli are perfectly preserved and small
suggesting that this was a female individual. The dP2-4 are
very worn and preserve no fossette morphological details;
protocone is rounded on dP2-4 and connected with the
protoloph on dP2-3; the hypocones are very shallowly incised.
The anterostyle of dP2 is as in the adult female. M1 is too
unworn to reveal any occlusal morphology.

There are two other juvenile skull fragments, MMTT 13/
1291 (Bernor 1985, figs. 13C and 14C) and MMTT 13/1333
(Bernor 1985, figs. 13D and 14D), that were also excavated
from the Sholl’avand Quarry. The morphology of these two
specimens is consistent with MMTT 13/1343.

Bernor (1985) suggested possible associations of MMTT
13 mandibles and skulls beyond the type specimen, MMTT
13/1342, including skull MMTT 13/1333 with mandible
MMTT 13/1289 and palate MMTT 13/1291 with mandible
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MMTT 13/2353. A fourth mandible, MMTT 13/1736, has
very worn cheek teeth and belongs to a senile individual; its
taxonomic identification is not certain. The morphology of
these mandibles does not add significant information for di-
agnosing H. campbelli.
Discussion: Bernor (1985) nominated the MMTT 13/1342
skull (with mandible) as the type ofH. campbelli. In so doing,
Bernor (1985) corrected previous referrals to H. dietrichi
Wehrli 1941 (Bernor 1978; Bernor et al. 1979; Woodburne
and Bernor 1980; Campbell et al. 1980). The known strati-
graphic range ofH. campbelli is restricted to Upper Maragheh

and is the defining taxon for that biostratigraphic interval
(Bernor 1985, 1986).

H. campbelli is the sister taxon of H. dietrichi, differing in
the following characters: the snout is more slender; the inci-
sors have an arcuate alignment instead of being horizontally
aligned; the POF is more restricted, egg-shaped and consis-
tently shallower in its medial dimension. MPIIIs in both H.
campbelli and H. dietrichi are elongate and slender. Cheek
teeth are also similar between these two taxa. Bernor et al.
(1980) suggested that H. dietrichi (and by extension, H.
campbelli) might be related to East African late Miocene

Fig. 16 Hipparion campbelli
skull in lateral (a), dorsal (b) and
ventral (c) views and its mandible
in lateral (d) and ventral (e) views
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BHipparion^ turkanense (currently Sivalhippus turkanensis;
Wolf et al. 2013), because of their mutual loss of the POF.
Bernor and Hussain (1985) showed that multiple Old World
hipparionine lineages lost the POF, while Bernor and Harris
(2003) and later Wolf et al. (2013) showed that Lothagam
Sivalhippus turkanensis had far more robust metapodial IIIs
than species of Hipparion s.s.

The current study shows that the close metapodial III mor-
phological resemblance between Mt. Luberon H. prostylum
and H. campbelli (and, by extension, H. dietrichi) enables
all three taxa to be members of the Hipparion sensu stricto
clade. It has yet to be demonstrated based on MPIII morphol-
ogy that Chinese H. hippidiodus is also a member of the
Hipparion s.s. clade.

Cremohipparion Qiu et al., 1987
Cremohippparion aff. moldavicum
Hipparion mediterraneum Roth and Wagner (1855); sensu

Forsten (Forsten 1968) (in part), p. 40.
Hipparion species 1, Bernor (1978), fig. 3A; Bernor et al.

(1979b), p. 94

Hipparion species 2, Bernor (1978), fig. 3B
Hipparion mediterraneum, Campbell et al. (1980), p. 841;

Bernor et al. (1980), p. 728, fig. 8; Bernor and Hussain
(1985), p. 39, fig. 4B

BHipparion^ Group 2. Woodburne and Bernor (1980), p.
1329, figs. 6A–D

BHipparion^ aff. moldavicum Bernor (1985), p. 211, figs.
16A–I and 17A–D

Holotype of Cremohipparion moldavicum (Gromova,
1952): P.I.N. no 1256-3639, Academy of Sciences
Paleontological Institute of the U.S.S.R., figured by
Gromova, 1952, figures 1–3
Type locality: Taraklia, Republic of Moldavia, District of
Bender.
Age: Maeotian (= Medial Turolian, MN 12).
Geographic range: Moldavia, Turkey and Iran.
Diagnosis (translated from Gromova, 1952: 154–155):
Medium-sized hipparion, basal length of cranium= 271–
273 mm; length of cheek teeth (P2-M3)=121–141 mm; muz-
zle elongate; index of orbital-facial length = 67; index of

Fig. 17 Hipparion campbelli
juvenile skull paratype in a
dorsal, b lateral and c ventral
views
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anatomical axes=214.6. Frontals narrow, width index=about
38.2; fronto-basal index=261.4 mm. Dental series short; in-
dex of length to basal width=33.5; to the premolars, 41.2–
46.8; diastemato-dentary index= 66.1–28.9. Upper molars
large relative to premolars; molar-premolar index=82.4–91.
A single POF, very long and elevated, index of position rela-
tive to orbit =26.6–37.8; relative to the facial crest, 16.7–64.3.
Nasal notch moderately deep, its posterior border is at the
level of, or slightly anterior to the anterior border of P2. The
diastema is well developed; its index is 60.4–77. Protocone is
short and wide, length index of P3-M2 in little or moderately
worn individuals is 20.7–37.5, in very worn teeth, 25–43.3;
index of form in the same conditions 42.8–78.3 and 57.1–
92.3. Enamel plication is moderate in upper cheek teeth, on
the posterior wall of the prefossette and anterior wall of the
postfossette; when P3, 4 and M1, 2 are very worn or moder-
ately worn, they have 3.5–6.5 to 9.5 plis. Cheek teeth have a
height-length index on P3, 4 of 156–195.5; on M1-3, 204.3–
232.5; on p3, 4 and m1, 2 159–200. A double knot
(metaconid-metastylid) of Hipparion type (rounded with in-
tervening V-shaped linguaflexid). External depression in low-
er cheek teeth deep, complementary elements little developed.
The islette occupies the anterior portion of the I3 crown. The
postcranials are gracile and elongate; index of width in the
lower articulation relative to the width of MCIII, 14.5–16.3;
to the length of MT III, 12.4–14.2. Metapodial length relative
to width: MT/T=74.4. Lateral digits are moderately devel-
oped; moderate indices of lower extremities diameters MC II
and IV to MC III, 75.8, and MT II and IV to MT III, 66.8;
moderate indices of length of the first phalanges of the lateral
digits to those of the anterior median digits, 58.2; posterior,
53.8. Extremities recurved to the level of articulations; mod-
erate index of the pisiform bone 114.3 mm; anterior third
phalanx narrow; length-width index of posterior third phalanx
71.4–86.6.
Emended diagnosis (modified from Bernor, 1985): A
medium-sized hipparionine with an elongate snout. The POF
is single, subtriangular shaped, anteroposteriorly oriented and
elongate, dorsoventrally and medially deep, with slight poste-
rior pocketing, a distinct anterior rim and strongly expressed
peripheral outline. The POB is short with the lacrimal bone
invading the posterior aspect of the POF. The nasal notch is
incised at a level either just above the mesial border of P2, or
slightly mesial to it. Middle wear adult cheek teeth have mod-
erately complex plications of the pre- and postfossettes;
protocones are round to oval and show lingual flattening in
some individuals. The P2 anterostyle is usually elongate but
can be short and rounded in some individuals. MCIIIs and
MTIIIs are elongate and slender.
Description: Bernor (1985) identified nine skulls and skull
fragments of Maragheh Cr. aff. moldavicum (his
BHipparion^ aff. moldavicum) from the BMNH (M3924),
NHMW (A4848, RLB 8403, RLB 8404) and the MNHN

(Mar. 1477 (= RLB 7914), Mar. 71 (= RLB 7915), Mar.
1476 (= RLB 8001), Mar. 466 (= RLB 8002) and Mar. 3428
(= RLB 8003)). Of these, only BMNHM3924 has a complete
snout and is directly comparable to the Taraklia assemblage of
Cr. moldavicum as described by Gromova (1952).

BMNH M3924 (Bernor 1985, figs. 16A, 17A; Fig. 18a, b
here) is a moderate-sized sub-adult male skull with Cs
(erupting) and P2-M2 and with the right M3 erupting. Most
of the cranium is complete. The POF is long, subtriangular
shaped, anteroposteriorly oriented, dorsoventraly deep, slight-
ly pocketed posteriorly, medially very deep with distinct, con-
centrically shaped pits, a strongly expressed anterior rim and
peripheral rim. The POB is short and the lacrimal bone clearly
invades the posterior aspect of the fossa. The nasal notch is
retracted to a level above the P2 parastyle. The IOF is placed
above the distal one half of P3 and just inferior to the
anteroventral rim of the fossa. The cheek teeth are restricted
in their height due to the great ventral extension of the POF.
The cheek teeth have complex, thinly banded plications of the
pre- and postfossettes, irregularly shaped bifid pli caballins
(P2-M1), hypoglyphs that are deeply (P2-P4), to moderately
deeply (M1) incised; protocones are rounded to elongate
shaped (P2-M2); P2 anterostyle is short and rounded. The
muzzle is short and slender in proportion. BMNH M3924
differs most distinctly from Cr. moldavicum in its shorter
snout; in all other characteristics, it is similar.

The Vienna specimens reported by Bernor (1985) included
(note that in 1985, Bernor used the KNHM abbreviation for
NHMW): KNHM-RLB 8402, KNHM A4848, KNHM-RLB
8403 and KNHM-RLB 8404). Of these, KNHM-RLB 8402
was collected fromKetschawa (Kherjabad =MMTT localities
1A, 1B and 1 fromMiddleMaragheh) and is a palate fragment
of a very old adult containing P2-M3, the right preorbital bar
and ventral two thirds of the facial fossa. This morphology is
as in BMNH M3924 and the entire Maragheh hypodigm of
Cr. aff. modavicum. KNHM-RLB 8403 (Bernor 1985, fig.
16C) and KNHM-RLB 8404 (Bernor 1985, fig. 16D) likewise
were collected from Ketschawa and are Middle Maragheh
correlative. A fourth KNHM specimen, A4848 (Bernor
1985, fig. 16B), was collected from Zad Baschi (of uncertain
stratigraphic provenance) and again agrees well with the Cr.
aff. moldavicum facial morphology.

Bernor (1985) reported a single old adult mandible from
Zad Baschi in the Vienna collection, KNHM A4845, that
compares closely in size, occlusion and preservation with
KNHM A4848. This specimen is the only known Maragheh
mandible that can reliably be referred to Cr. aff. moldavicum.
The salient morphologic features of this specimen include the
following: cheek teeth are large and rather square in occlusal
outline; premolar ectoflexids do not separate metaconid/
metastylid; pli caballinids and ectostylids are absent;
linguaflexid is shallow on p2 and V-shaped on p3-4;
metaconids and metastylids are round on all of the premolars;
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molar ectoflexids separate metaconids and metastylids; pli
caballinids and ectostylids are absent on all molars;
linguaflexids are U-shaped on all molars and metaconids
and metastylids are angular on all molars. The p2 anterostylid
is elongate.

Of the five MNHN specimens of Cr. aff. moldavicum,
MNHN Mar. 1477 (= RLB 7914), Bthe black skull^, is the
largest (Bernor 1985, fig. 16E; Fig. 19a, b here). This speci-
men is lacking the snout and posterior rim. The salient mor-
phological features are as in Cr. moldavicum: POB is of mod-
erate length with the lacrimal invading the posterior aspect of
the POF; POF is very large, subtriangular in shape, medially
and dorsoventrally very deep, only slightly pocketed posteri-
orly; P2 absent; P3-4 have complex plications of pre- and
postfossettes, protocone is rounded to oval with some lingual
flattening, hypoglyph is moderately deeply incised on P4;
molars are as in P4 except for the distal tapering of M3.
MNHN Mar. 1476 (= RLB 8001; Bernor 1985, fig. 16G;
Fig. 20a, b here) is very similar to MNHN Mar. 1477, but
somewhat smaller. Salient morphological features are as in
Mar. 1477 including POB short with the lacrimal invading
the posterior aspect of the POF; POF with large subtriangular

shape, being dorsoventrally and medially deep; POF posterior
pocketing being slight; cheek teeth being largely obscured
with matrix and glue but reveal P4-M3 with oval-shaped
protocones; bifid pli caballins on P3-4, these being single on
M1-M2; pre- and postfossettes appear to be complex;
hypoglyphs are shallow. As in the type Cr. moldavicummate-
rial, there is no intermediate fossa as is characteristically found
in Pikermi Cr. mediterraneum.

The remaining specimens of MNHN Maragheh Cr. aff.
moldavicum Mar. 466 (= RLB 8002) and Mar. 3428 (= RLB
8003) add no further morphologic information to our charac-
terisation given above. Full descriptions of all this material
and the NHMW material can be found in Bernor (1985).
The Paris collection of Cremohipparion has abundant com-
plete MPIII material that we refer to Cr. aff.moldavicum. This
material has MCIIIs and MTIIIs that are very elongate and
slender as in the type Cr. moldavicum material described by
Gromova (1952).

The problem is that in terms of MPIII bivariate dimensions
M1 versus M11, H. campbelli plots in the middle of the
Cremohipparion range (Figs. 4b and 5b). Moreover, Cr. aff.
moldavicum and Cr. matthewi overlap in their ranges.

Fig. 18 Cremohipparion aff.
moldavicum skull (BMNH
M3924) with a short snout in
lateral (a) and ventral (b) views
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The genus Cremohipparion included an extensive suite of
species that ranged across much of Eurasia and presumptively
into North Africa (Bernor et al. 1996, 2012). Cr. moldavicum is
one of the most primitive members of the clade and it is found
from Moldavia to Greece, Turkey (Koufos and Vlachou 2005)
and Iran in the medial Turolian. Koufos and Vlachou (2016)
have reported the occurrence of a smaller Cremohipparion,
Cremohipparion macedonicum, from a series of Greek localities
of late Vallesian–Turolian age. Cr. mediterraneum is one of two
typical taxa for Pikermi, Greece. Samos, Greece has the larger
taxon Cr. proboscideum along with the small taxon, C.
Bmatthewi^ and the tiny taxon Cr. nikosi (Bernor and Tobien
1989). BHipparion^ periafricanum is believed to be related to
Cr. nikosi and is arguably the smallest Old World hipparion
(Bernor et al. 1996). Eastward from Iran, there occurs Cr.
antelopinum from BDhok Pathan levels^ (ca. 8 Ma) of the
Potwar Plateau, Pakistan (Wolf et al. 2013). In China, there are
two taxa, the Baodean (late Miocene, late Turolian correlative,
ca. 7 Ma) Cremohipparion forstenae (former Cr. richthofeni;
Bernor et al. 1990) and the Pliocene age Yushe Basin highly
derived form Cremohipparion licenti (Qiu et al. 1987; Bernor
et al. 1996). Where known, these taxa are united by the follow-
ing salient characters: facial morphology includes short POB,
large, dorsoventrally extensive POF lacking significant posterior
pocketing; some species exhibit strong nasal retraction (Cr.
proboscideum, Cr. forstenae and especially Cr. licenti) and

elongate MCIIIs and MTIIIs. Also, Cremohipparion includes a
radicle of small to very small taxa including Cr. macedonicum,
Cr. matthewi,Cr. nikosi andCr. periafricanum. Cremohipparion
would appear to be a late Vallesian derivative of
Cormohipparion or possibly early Hippotherium that reduced
the length of the POB and lost its deep posterior pocketing and at
the same time evolved more elongate, slender limbs adapted for
open country running (re: Bernor et al. 2003). The large, medi-
ally deep POF with strong anterior rim and peripheral outline is
primitive for Old World hipparions.

Cremohipparion matthewi Kormos, 1911

BHipparion^? matthewi Bernor (1985), p. 219, figs. 18A and
B, 19A and B; Fig. 21a–c here

Holotype:OK-557Hungarian Geological Institute, Budapest,
Hungary.
Type locality: Samos, Greece.
Referred specimens:GIU P100-1958 (cast), a skull fragment
with rt. and lt. p2-m3; KNHM-RLB 8405, lt. mandible frag-
ment with p2-m2; NHMW-RLB 8407, rt. mandible with m1-
2; NHMW-RLB 8408, lt. mandible with m1-2; NHMW-RLB
8408, lt. mandible withm1-2; NHMWA4837,MCIII. MMTT
specimens: 18/1438, rt. P2; 18/1447, lt. dP3; 18/1443, lt. dP3;
18/1440, rt. M1; 37/2089, lt. dP3; 37/2093, lt. P4; 37/2049, rt.

Fig. 19 Cremohipparion aff.
moldavicum skull (MNHN 1477)
and (RLB 7914) without snout in
a lateral and b ventral views
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M1; 25/1635, unerupted dP2-3; 24/1732, rt. M1; 24/1682,
right calcaneum; 26/1828, rt. dPx; 26/2563, lt. dP2; 26/2562,
lt. dP3; 26/1874, lt. P4; 26/1827, rt. p3; 26/1645, lt. M1-2, rt.
M2; 26/1591, rt. m2; 26/1640, lt. m2; 26/1677, lt. astragalus;
26/1682, rt. calcaneum; 26/1684, articulated distal lt.
metapodial, astragalus and navicular.
Geographic range: S.W. Asia and Greece.
Age: Medial–late Turolian.
Diagnosis: The OK-557 type specimen of Cr. matthewi is a
complete skull of a small senile male hipparion with a com-
plete dentition. Salient morphological features include small
hipparion with nasal bones that are retracted to the mesial
border of P2; POB is short with the lacrimal invading the
posterior border of the POF; POF is relatively large, ovoid,
with a weak peripheral rim, medially shallow with a ventrally
deep extension as is found in Cr. moldavicum, with no poste-
rior pocketing; P2 has a short anterostyle; protocones are oval
to round, fossettes have relatively simple complexity and
hypoglyphs are shallow due to their late stage-of-wear.
There is no intermediate POF.
Description: Paul Sondaar provided Bernor with a cast of a
skull fragment of a small, sub-adult hipparion, GIU P100-
1958 (Bernor 1985, figs. 18A and B; here, Fig. 21a–c) col-
lected from an unknown Maragheh locality. This specimen

includes the middle part of the skull lacking the nasals and
the cranium posterior to the anterior medial half of the orbits,
right P2-M2 and left P3-M2;M3s are emerging in their crypts.
This specimen compares very closely with the type specimen
of Cr. matthewi, a cast of which was graciously provided by
Professor Laszlo Kordos (Hungarian Geological Institute,
Budapest, Hungary). Salient morphological features include
POB slightly longer than the type specimen, with the lacrimal
invading the posterior portion of the POF; POF is relatively
large, ovoid, with a weak peripheral rim, medially shallow
with a ventrally deeper extension than found in the type spec-
imen and as is found in Cr. moldavicum, with no posterior
pocketing; P2 has a broken anterostyle crown, but the
anterostyle is believed to have been relatively short; premolar
protocones are rounded even though in early wear, while M1
and M2 protocones are more oval-shaped due to early wear
and M3s are just emerging from their crypts; pre- and
postfossette plications are relatively simple, pli caballins are
single; premolar hypoglyphs are deeply incised while being
shallowly incised on M1. Both GIU P100-1958 and the type
specimen of Cr. matthewi exhibit a remarkable similarity to
Maragheh Cr. aff. moldavicum, essentially being smaller and
with a reduction of the POF medial depth and peripheral rim
expression.

Fig. 20 Cremohipparion aff.
moldavicum skull (MNHN 1476)
and (RLB 7915) without snout in
a lateral and b occlusal maxillary
teeth view
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Fig. 21 Cremohipparion
matthewi skull (GIU P100-1958
(cast)) in lateral (a), dorsal (b) and
oblique (c) views
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Bernor (1985) reported a number of isolated maxillary
cheek teeth that he referred to BH.^ cf. matthewi that we refer
to the present taxon, Cr. matthewi. These teeth have the fol-
lowing salient features: relatively buccolingually narrow and
anteroposteriorly elongate; the posterior border of the
prefossette and the anterior border of the postfossette show
the strongest plications; the protocone is rounded or flattened
lingually until late wear; the hypoglyph is moderately deep.
These teeth compare closely with GIU P100-1958.

Mandibular cheek teeth from Maragheh attributed to Cr.
matthewi are consistently small, buccolingually narrow and
anteroposteriorly elongate; they tend not to have pli caballinids;
ectoflexids do not separate metaconid and metastylid in the
premolars, while doing so in the molars; metaconids and
metastylids are rounded, linguaflexids shallow. The best-
preserved mandibular specimen is MMTT 26/1573, a left man-
dible fragment with p4-m3 (Bernor 1985, fig. 19A and B).

The NHMW collection has a number of small mandibular
teeth and a small MCIII referable to Cr. matthewi. Mandibular
remains include NHMW-RLB 8405, 8406 and 8407. NHMW-
RLB 8405 is an adult left mandible fragment with p2-m3 with
the following salient features: cheek teeth are small and have an
elongate, somewhat bucco-lingually compressed occlusal pro-
file; pli caballinids are absent; linguaflexids are shallow on p2,
U-shaped on p3-m1 and V-shaped on m2; metaconids and
metastylids are rounded on all of the cheek teeth. NHMW-
RLB 8406 is a left mandible with p4-m2; cheek teeth are more
square-shaped due to advanced wear; ectoflexids separate
metaconid andmetastylid in all of the cheek teeth; pli caballinids
are as in 8405. NHMW-RLB 8407 is a right mandible with
m1-2 and NHMW-RLB 8408 is a left mandible fragment with
m1-2; both are of senile individuals. NHMW-RLB 8408 is from
Kopran II and represents the oldest occurrence of Cr. matthewi
at Maragheh: Lower Maragheh, 8.7216 Ma, early Turolian,
MN11 (Mirzaie Ataabadi et al. 2013).

The Ilkhchi MCIII, NHMW A4837 is complete. Bernor
(1985) reported it as being the smallest MCIII he had seen
from Maragheh. It is relatively elongate and very gracile in
shape; the sagittal keel is sharply extended; the caudal surface
is deeply set between two ridges; the distal cranial pit is very
deep, accentuated by a raised proximal rim. Our analysis here-
in (Fig. 4b) shows that there are even smaller specimens of
Maragheh Cr. matthewi from the AMNH and MNHN. We
provide a list of Maragheh Cr. matthewi postcrania in ESM
Table 1 herein.
Discussion: Bernor (1985) reported that the nomen
BHipparion^ matthewi has traditionally been used for dwarf
species from later Turolian levels of the eastern Mediterranean,
southwest Asia and theUkraine. Bernor’s (1978) original assign-
ment of the small hipparionine material from Maragheh to H.
matthewi was based primarily on a size comparison of the Lake
Rezaiyeh collections’ fragmentary jaws, teeth and postcrania to a
very well-preserved skull from Samos housed in the NHMW

(NHMW A4742; Bernor and Hussain 1985, fig. 6A). Bernor
(1985) followed Woodburne and Bernor (1980) and Bernor et
al. (1980) in citing BGroup 2^ Old World Hipparion affinities:
short POB with lacrimal invading posterior aspect of POF; rel-
atively large POF dimensions of length and dorsoventral extent;
slight posterior pocketing.

Bernor and Tobien (1989) recognised the nomen Hipparion
(Cremohipparion) of Qiu et al. (1987) as being valid at the genus
rank and named a new dwarf form with retracted nasals from
Samos, Cr. nikosi. Bernor et al. (1996) as well as we here recog-
nise 10 Cremohipparion species, including Cr. moldavicum, Cr.
macedonicum, Cr. mediterraneum, Cr. proboscideum, Cr.
matthewi, Cr. nikosi, Cr. periafricanum, Cr. antelopinum, Cr.
forstenae and Cr. licenti. These taxa range from Spain to China
and Indo-Pakistan and may also occur in North Africa.
Chronologically, the Cremohipparion clade ranges from the late
Vallesian (Cr. moldavicum and Cr. macedonicum) to the early
Ruscinian of China (Cr. licenti). Maragheh Cremohipparion in-
cludes two species, Cr. moldavicum and Cr. matthewi. Skull,
cheek tooth and postcranial material fromMaragheh suggest that
Cr. matthewi could be a descendant of Cr. moldavicum; Cr.
matthewi evolved into a smaller form, with slender metapodials
and a reduced POF beginning in the later Vallesian.

Biostratigraphy and biogeography

Biostratigraphy

Here (Fig. 22), we amend the biostratigraphic range charts of
the hipparionine horses from Maragheh provided by Bernor
(1985, 1986) and Mirzaie Ataabadi et al. (2013). We define
the biostratigraphic units and their characteristic taxa as:

Lower Maragheh: BHipparion^ gettyi and Cremohipparion
matthewi
Middle Maragheh: aff. Hippotherium brachypus ,
Cremohipparion aff. moldavicum and Cremohipparion
matthewi
Upper Maragheh: Hipparion campbelli and Cremo-
hipparion matthewi

Biogeography

The Old World BHipparion^ radiation occurred shortly after
the introduction of North American Cormohipparion into
Eurasia and Africa and was appropriately termed the
BHipparion Datum^ in the hallmark publication by Berggren
and Van Couvering (1974). That Cormohipparion was the
initial progenitor and likely the sole genetic stock of the
BHipparion Datum^ is of little doubt (Bernor et al. 1997,
2010; Woodburne 2007). Cormohipparion is recorded from
Sinap, Turkey (Bernor et al. 2003), and the Potwar Plateau,
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Pakistan (Wolf et al. 2013), at ca. 10.7 Ma. The taxonomy of
the oldest and most primitive hipparions from the Pannonian C

horizons of the Vienna Basin is very primitive in some dental
characters but shows shared derived characters of the maxillary

Fig. 22 Stratigraphic position of
Maragheh localities and their
intervals with the stratigraphic
ranges of Maragheh hipparionine
species (modified after Bernor
1985, 1986 and Mirzaie Ataabadi
et al. 2013)
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cheek teeth with H. primigenium. The morphology, taxonomy,
geological and palaeoecological contexts of these hipparions
are under study by Bernor, Göhlich and Harzhauser (in
progress).

The most primitive and oldest Maragheh hipparion is BH.^
gettyi. Bernor (1985) believed that this was the most primitive
member of the Hipparion s.s. clade biostratigraphically
displayed through the Maragheh section; BH.^ gettyiwas used
to characterise and define Lower Maragheh, BH.^ prostylum
characterised and defined Middle Maragheh andH. campbelli
characterised and defined Upper Maragheh. However, the
new systematics that we have adopted here does not support
this previous interpretation in all regards.

BH.^ gettyi exhibits shared primitive characters of the cra-
nium that reveal either a Cormohipparion or Hippotherium
relationship, in particular in the primitive retention of a large,
dorsoventrally deep and posteriorly pocketed POF and reten-
tion of bifid pli caballins on the maxillary cheek teeth. MPIIIs
are unknown for BH.^ gettyi. BH.^ gettyi has not been reported
elsewhere, but its cranial and dental morphology is not greatly
different from Co. sinapensis, which is a plausible relative.
BH.^ gettyi’s age at between 9.0 and 8.5 Ma is significantly
less than the 10.7–10 Ma Co. sinapensis’ range in Turkey.
This limited information suggests that BH.^ gettyi’s biogeo-
graphic range was centred in Turkey and Iran.

TheMNHNcollection has a suite of skulls that Bernor (1985)
referred to BH.^ prostylum. These were accompanied by some
MPIIIs that were more robust than the Cremohipparion assem-
blage plotted herein (Fig. 5b bivariate plot). Tobien’s collection
of two skulls and postcrania cited earlier here in (MB67 and
MB102 block) from Middle Maragheh are virtually identical
to theMNHN collection.We refer this more robust lineage here-
in to aff. H. brachypus and recognise two morphs, not distin-
guishable at the species level. These morphs are represented in
the MNHN, NHMWand BSP assemblages. These two morphs
are readily recognisable in the MCIII sample. Morph 1 is distin-
guished by relatively broader dimensions of mid-shaft width
(M3; Fig. 7a) exhibited in the following specimens: MNHN
Mar. 3648, MNHN 3649, NHMW A4838, and MNHN Mar.
55/631. This morphology is reminiscent of Pikermi H.
brachypus, which is clearly illustrated in Fig. 7a (MCIII log10
ratio) and reinforced by a bivariate plot (Fig. 4b). The second
morph exhibits the BEsme Akçakoy Effect^ (sensu Bernor et al.
2003) whereby M3 is relatively gracile (narrow) while M4 con-
trasts in its relatively greater depth (versus M3). The following
specimens (Fig. 7a) exhibit this morphology: MNHN Mar. 48/
643, BSPm7, MNHN Mar. 46/640, MNHN Mar. 47/649,
MNHN Mar. 53/639, NHMW A4840, MNHN Mar. 3110,
MNHN Mar. 54/636. We do not know of another taxon that
has this combination of cranial and postcranial characters and
believe, once again, that this taxon likely had a short biogeo-
graphic range of Iran and possibly Turkey. This Maragheh
hipparion is not referable to H. prostylum (re: Bernor 1985).

Our description and analyses of H. campbelli demonstrate
it to be a genuine member of the Hipparion s.s. clade. This is
supported by its absence of a POF (except for a remnant pos-
terior rim), cheek tooth morphology and demonstrably
elongate-slender limbs closely comparable to the Mt.
Luberon and Saloniki samples of H. prostylum s.s. (Figs. 4b,
5b, 8a and 9c). Likewise, H. campbelli is demonstrably the
sister taxon of SamosH. dietrichiwhich likewise has elongate
slender limbs. If Chinese H. hippidiodus from Baode proves
to have comparable MPIIIs to these species of Hipparion s.s.,
then it would represent the furthest eastern extension of the
Hipparion s.s. clade. Hipparion s.s. then would have a poten-
tial medial Turolian range of southern France, through Greece
and Iran to North China. The only other Hipparion clade that
has such a demonstrably extensive east–west Eurasian geo-
graphic range is Pliocene Plesiohipparion (Bernor and Sun
2015; Bernor et al. 2015).

The genus Cremohipparion is represented at Maragheh by
two taxa, Cr. aff. moldavicum and Cr. matthewi. Cr. aff.
moldavicum compares very closely to the former Western
USSR taxon Cr. moldavicum, apparently differing only in its
shorter snout (as represented by only a single specimen,
BMNH M3924). The cranium characteristically has a very
large, dorsoventrally and medially deep POF placed close to
the orbit, with the lacrimal invading the POF. These are hall-
mark characters of Cremohipparion (Woodburne and Bernor
1980 [their BGroup 2^]; Bernor et al. 1980; Bernor et al.
1996). Cr. aff. moldavicum is known to occur in Middle
Maragheh and is characterised as having elongate-slender
MPIIIs; bivariate plots (M1 versusM11; Fig. 5b) plot all spec-
imens to the left of the Höwenegg ellipse and log10 plots
(Fig. 7b) compare very closely to the mean for Sinap Co.
sinapensis as well as Pikermi Cr. mediterraneum.

Cr. matthewi is very similar in its MPIII morphology to Cr.
aff. moldavicum, but smaller, and would appear to be closely
related phylogenetically. Cr. matthewi may well have evolu-
tionarily diverged from Cr. moldavicum. The bivariate plot
(Fig. 5b) exhibits very small hipparions that we refer to Cr.
matthewi. Log10 ratio plots (Fig. 7c) clearly have a number of
FAM (=AMNH) and MNHN specimens that are referable to
Cr. matthewi. Maragheh Cr. matthewi has plotted points that
are similar in their profile to SinapCo. sinapensis and Pikermi
Cr. mediterraneum but of smaller and more gracile build. Cr.
matthewi is known to occur in Lower to Upper Maragheh
ranging in age from 8.6 to 7.4 Ma (Mirzaie Ataabadi et al.
2013). There is possibly more than one small clade of
hipparions in the Western USSR, Iran, Turkey and the
Circum-Mediterranean. Cr. nikosi is an extremely small
hipparion from Samos that would appear to vary in the ex-
pression of its POF but has extremely long and slender MPIIIs
(Bernor and Tobien 1989; Bernor et al. 1996).

Cremohipparion underwent an extensive evolutionary ra-
diation across Eurasia and includes Chinese species Cr.
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forstenae (late Miocene) and Cr. licenti (early Pliocene),
Siwalik Cr. antelopinum (late Miocene, best known from the
8.0 Ma levels), Western USSR-Iran Cr. moldavicum, Greek
Cr. macedonicum, Cr. mediterraneum, Cr. proboscideum, Cr.
aff. mediterraneum , Cr. nikosi and possibly peri-
Mediterraneum Cr. periafricanum (Gromova 1952; Bernor
et al. 1996; Koufos 1987). Cremohipparion first occurs in
the late Vallesian, ca. 10 Ma (Cr. moldavicum and Cr.
macedonicum). All other taxa arise in the Turolian except
for the extremely derived Cr. licenti that has highly retracted
nasal bones and multiple facial fossae. There are no known
Cremohipparion after the early Pliocene of China.

Palaeoecology

Mirzaie Ataabadi et al. (2013) used genus-level faunal resem-
blance index (GFRI) and ungulate tooth crown height to show
the similarity and contrast between Pikermian-type biomes
including Maragheh-Pikermi-Samos triad. They found that
in the early Vallesian, the Western and Central European lo-
calities show little similarity to Maragheh due to them
representing forested environments with warm climates and
low seasonality. The hypsodonty in these faunas was only due
to the occurrence of the invasive species of hipparionine hors-
es (Hippotherium). They showed an adaptation tomore closed
environments with a significant amount of browse in their
diets (Bernor et al. 2003). In remarkable contrast was the later
Vallesian Bproto-Pikermian^ Sinap 12 locality, showing
higher similarity and stronger mesodonty and hypsodonty sig-
nals. The classical Turolian BPikermian Chronofaunas^ of
Samos and Pikermi in Greece show high similarity with
Maragheh and had more stable and evenly distributed com-
munity structures including brachydonts, mesodonts and
hypsodonts. However, Pikermi has a lower percentage of
hypsodont forms, which reflects the warm temperate (more)
wooded settings at this locality (Solounias et al. 1999).
Kostopoulos (2009) also showed that the palaeoecological
profile in Pikermi included the tree-dwelling semi-terrestrial
primate Mesopithecus, diversified felids and mustelids and
browse-dependent proboscideans, rhinos, giraffes and bovids.
Abundance of hipparionines like H. brachypus and Cr.
mediterraneum supports this environmental setting. These
species are more adapted to closed habitats with possiblymore
browse in their diets. In contrast to Pikermi, Samos has no
primate or browse-dependent taxa and has diversified and
abundant hipparionine horses including H. brachypus, H.
dietrichi, Cr. proboscideum, Cr. aff. matthewi and Cr. nikosi,
thus showing many similarities with the Western Asian forms
(Vlachou and Koufos 2009; taxa cited herein sensu Bernor,
personal observation). It also includes gazelles with grazing
rhinos, giraffes and bovids (Kostopoulos 2009). The
Maragheh palaeoecological profile is remarkable in this

context in having a mixture of Samos and Pikermi characters.
Not only primates are present in Maragheh, diversified felids,
mustelids and hipparionine horses occur, as well. Browsing
and grazing proboscideans, rhinos, giraffes and bovids were
also present in Maragheh. Therefore, although Maragheh is
more similar to Samos than it is to Pikermi, environmentally, it
has more wooded settings in its dominant grass/bushy vege-
tation than Samos.

Few studies concerned with the palaeodiet of Maragheh
hipparionine horses support such environmental settings.
Bernor et al. (2014) explored the palaeoecology of
Maragheh fauna using mesowear analysis on ungulate maxil-
lary molars present in the MMTT-UCR collection at Howard
University, Washington, DC as well as European collections
cited herein. The Maragheh hipparions in this study show a
spectrum of dietary abrasiveness. Cr. aff. moldavicum and Cr.
moldavicum had attritional (browse-dominated) wear features
typical of browsers. More intermediate abrasion wear, typical
of more balanced mixed feeding diet, was seen in H.
prostylum (currently, aff. H. brachypus) and H. campbelli.
Some species including H. gettyi, Hipparion sp. and Cr.
matthewi exhibited a preference towards increased grass in
their diet. The Maragheh bovid species also displayed a range
of dietary abrasiveness, whereas the giraffids and chalico-
theres had fairly attritional mesowear signals.

Despite small sample sizes for some taxa, their results were
consistent with long-held taxon-based interpretations of
Maragheh palaeoecology as a warm temperate woodland hab-
itat. This is consistent with those found by Solounias et al.
(2010) for Pikermi. Based on the predominance of browsing
and mixed feeding types of mesowear signatures, they suggest
a mosaic habitat with woodland and some open savanna, rath-
er than a purely grassland or purely closed habitat.

Yamada et al. (2016, this issue) also undertook a mesowear
analysis on Maragheh fossil equids and bovids stored in
Kyoto University, Japan. They find that hipparionine horses
from this collection clustered with extant grazing ruminants
and show a narrow and less diverse diet, primarily including
grass. They report relatively high percentages of high and
round cusps and an absence of blunt cusps in species like H.
Bprostylum^ (= our aff. H. brachypus) and Cr. aff.
moldavicum, the two best represented hipparionine horses in
the Kyoto collection (Watabe and Nakaya 1991b). These re-
sults are somewhat different from previous mesowear studies
(Bernor et al. 2014). This apparent inconsistency could be
attributed to analytical methodology or simply fossil sam-
pling. The Kyoto collection was excavated from single or
close horizons in the middle Maragheh interval. Therefore,
local conditions might have characterised these parts of the
Maragheh Formation and its fauna. Although they showed no
signals of forest vegetation and segregation of dietary niches
in the Maragheh fauna, their results do not exclude the exis-
tence of wooded habitats in the Maragheh region during the
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late Miocene. The postcranial anatomy of fossil hipparions
from Maragheh also agrees with this palaeoenvironmental in-
terpretation. While species like aff. H. brachypus are
characterised by less cursorial, large and robust metapodials
suitable for living in more closed habitats, the others mostly
have long and slender metapodials adapted for sustained run-
ning in more open environments.

A recent study of carbon and oxygen isotopes has shed
some new, albeit preliminary results on Maragheh ungulate
diet and environments through the 9–7.4-Ma interval
(Biasatti et al. 2015). Based on 15 bulk (whole tooth) and
211 serial tooth enamel samples from three species of
Maragheh hipparionines (H. gettyi, H. campbelli and Cr.
matthewi), it was found that there is a shift in carbon isotope
values from C4 to C3 ecosystems and that there is a positive
correlation between δ13C and δ18O values prior to ~8.2 Ma.
This new evidence suggests that the Iranian Plateau was rising
during the interval of time recorded by the Maragheh strata.
More work is needed on the entireMMTTMaragheh ungulate
enamel and associated palaeosols to better resolve this
hypothesis.

Conclusions

Morphological analyses of postcranial hipparionine materi-
al from Maragheh along with previous and current studies
on cranial and dental material have allowed us to charac-
terise the following species in the Maragheh assemblage:
BH.^ gettyi, aff. H. brachypus, H. campbelli, Cr. aff.
moldavicum and Cr. matthewi. These species are arranged
in three successive biostratigraphic intervals with clear
chronological differences: H. gettyi defines the late
Vallesian Lower Maragheh horizon, aff. H. brachypus
and Cr. aff. moldavicum define early Turolian Middle
Maragheh levels and H. campbelli defines the late early
Turolian Upper Maragheh interval. Cr. matthewi is present
through all biostratigraphic intervals at Maragheh. The
proposed taxonomic and biostratigraphic resolution here
is slightly different from previous studies especially in
the recognition of aff. H. brachypus instead of H.
prostylum. The Maragheh hipparion assemblages are cor-
related with those from Turkey, Greece, the Balkans and
Black Sea region. At the same time, they are clearly very
different from those of central Asia and China. The
Maragheh hipparionine horses indicate a clear niche differ-
entiation based on palaeodiet studies indicative of different
environmental adaptations.
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