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The “Hipparion” Datum has been recognized as being a key geochronologic marker for early late Miocene Eur-
asian and African horizons. The Vienna Basin Pannonian C hipparions are the stratigraphically oldest (basal
MN9, ca. 11.4–11.0 Ma), and we contend herein, the most primitive of all Old World hipparions. We evaluate
the stratigraphic context, cheek tooth morphological characters, paleodietary and paleoenvironmental context
of the three Pannonian C hipparion assemblages from Gaiselberg, Atzelsdorf and Mariathal, Austria. We find
that the Gaiselberg and Atzelsdorf are slightly more primitive than the Mariathal hipparion assemblage and
refer the first two assemblages to Hippotherium sp., while the Mariathal assemblage is referred to Hippotherium
aff. primigenium exhibiting some advanced characters that presage Austrian and German later Vallesian age. We
review the chronology and biogeography of the Old World “Hipparion” Datum and evolutionary relationships of
first occurring European, West and South Asian and North African “Hipparion” to North American
Cormohipparion.We evaluate, and expandupon earlier paleodietary studies of Pannonian C hipparions anddeter-
mine that they were browser dominant, mixed “opportunistic” feeders.
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1. Background

1.1. Introduction

Study of the 3-toed horse commonly referred to as Hipparion has
been ongoing for well over a century. Gromova (1952), Gabunia
(1959) and Forsten (1968) provided essential seminal work on the
group uniting Hipparion into a single genus. Woodburne and Bernor
(1980) and Bernor et al. (1980)made initial arguments for multiple lin-
eages of Old World hipparions with discrete chronologic and biogeo-
graphical ranges, limiting the genus Hipparion to a discrete clade
(their Group 3). Study of the early Vallesian (10.3 Ma; Swisher, 1996)
quarry sample fromHöwenegg (Hegau, Germany) enabled detailed an-
atomical and population statistical analysis of this sample of
Hippotherium primigenium (von Meyer, 1829). The Höwenegg assem-
blage includes a robust sample of skulls, mandibles, axial and postcrani-
al elements that allows close scrutiny of population variability and
enabled a refined definition of OldWorldHipparion lineages, their chro-
nologic and biogeographic extent, including the following discrete line-
ages: Cormohipparion, Hippotherium, Hipparion, Cremohipparion,
Sivalhippus, Eurygnathohippus, Plesiohipparion, Proboscidipparion and
Baryhipparion (Bernor et al., 2003, 2010;Wolf et al., 2013).
Bernor et al. (1988) undertook an investigation of hipparions from
the Vallesian of the Vienna Basin (Pannonian regional stage, UpperMio-
cene). Their material covered the regional Pannonian letter zones C to E
of Papp (1951) andHarzhauser et al. (2004). They examined principally
skull and dental material and referred this material to H. primigenium.
Their phylogenetic analysis placed Hippotherium primigenium in a
polytomy with Chinese “Hipparion” weihoense, “Hipparion”
cataluanicum and “Hipparion” africanum being at the base of the Old
World hipparion radiation. Bernor et al. (1980) first reported the extent
of the OldWorld radiation providing chronologic and geographic ranges
of most currently recognized clades.

Woodburne (2009) provided his observations on the Pannonian C
hipparions from the localities of Atzelsdorf, Gaiselberg and Mariathal
and the relationship of these hipparions to North American
Cormohipparion spp. of the Cormohipparion occidentale group on one
hand, and Central European Hippotherium on the other. Herein, we un-
dertake an analysis of Atzelsdorf, Gaiselberg and Mariathal cheek tooth
dentitions using characters of Woodburne's (2009) choosing, as well
characters that we find are important for recognizing their systematic
position and evolutionary relationships. While the Atzelsdorf and
Gaiselberg samples are about the same, our sampling of Mariathal in-
cludes many more specimens and our work is supported by digital im-
ages of cheek tooth labial and occlusal surfaces. This is particularly
important for recognizing those primitive characters that are found in
the divergent Indian Sub-Continent and African clade of Sivalhippus
and the African clade of Eurygnathohippus. We further frame our study
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with the geological, chronological, paleoenvironmental and dietary con-
texts of these Pannonian C hipparions.

The Pannonian C localities studied herein represent the earliest re-
cords of hipparionine horses in Europe. These hipparions dwelled in
the hinterland of Lake Pannon, which was the largest long-lived lake
in the European Cenozoic (Neubauer et al., 2016). The lake formed at
the Middle/Late Miocene boundary and marks the transition from the
marine Sarmatian Paratethys Sea to brackish and freshwater ecosys-
tems. The turnover was dated in the Vienna Basin by different
working-groups with independent methods all pointing at an age of
11.6 Ma (Harzhauser et al., 2004; Lirer et al., 2009; Paulissen et al.,
2011). An identical age of 11.63 ± 0.04 Ma for the formation of Lake
Pannonwas identified by ter Borgh et al. (2013) in a section in northern
Serbia. Upper Sarmatian coastal deposits are widespread and well pre-
served along the former coasts of the Paratethys Sea in Austria,
Poland, Ukraine, Hungary, Slovakia, Romania, and Croatia. None of
these deposits revealed any fossils of hipparionine horses, although
the older and more primitive brachydont equid Anchitherium is well
documented (e.g. Thenius, 1959; Aiglstorfer et al., 2014). At the Sarma-
tian/Pannonian boundary the aquatic ecosystems experienced a dra-
matic turnover, known as Sarmatian-Pannonian Extinction Event
(Harzhauser and Piller, 2007). This event is reflected in huge differences
between the highly endemic mollusc and foraminifera faunas of both
stages, allowing a clear and reliable separation between Sarmatian
Fig. 1. Geographic locator map of Mariathal, Atzelsdo
and Pannonian deposits. Consequently, a taphonomic bias and/or erro-
neous stratigraphic correlations are unlikely hypotheses to explain the
absence of hipparionine horses in Sarmatian deposits. Due to the initial
lake level lowstand, the lowermost Pannonian deposits are restricted to
deep basinal settings in the Vienna Basin. They are only known from
drillings and were referred to as Pannonian letter zone A by Papp
(1951) and Harzhauser et al. (2004). The oldest Pannonian deposits ex-
posed in surface outcrops represent letter Zones B and C, which can be
separated mainly based on mollusc and ostracod faunas (Papp, 1951;
Magyar et al., 1999). Fluvial and lacustrine gravel, sand and clay of
both zones are represented in the study area in the eastern North Alpine
Foreland Basin and the western margin of the Vienna Basin (Fig. 1).
Nevertheless, no hipparionine fossil was reported so far from any de-
posits of zone B despite intense mapping campaigns (Grill, 1968).
Therefore, the specimens discussed herein may indeed witness the ear-
liest immigration of hipparionine horses into Europe.

2. Materials and methods

2.1. Fossil material

With regards to morphology and systematics, we undertook studies
on maxillary and mandibular cheek teeth of Pannonian C hipparions
from the localities of Atzelsdorf, Gaiselberg and Mariathal. The studied
rf, Gaiselberg and Zistersdorf (1 column width).
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materials from Atzelsdorf and Gaiselberg are housed in the Natural His-
toryMuseumof Vienna (NHMW),whereas that of theMariathal sample
is housed in the collection of the Paleontological Institute of the Univer-
sity of Vienna (PIUW). All available specimens from Atzelsdorf and
Gaiselberg were identified as to tooth position, measured using stan-
dard measurements of Bernor et al. (1997; M [for measurement] 1–13
herein), labeled M1–M11 for maxillary cheek teeth and M1–M13 for
mandibular cheek teeth, and imaged in labial and occlusal view. The
Mariathal sample size was much larger, so we measured all complete
P2's (n = 17) and p2's (n = 27), 20 P4's and p4's and 10 specimens
from all other tooth positions. We made certain that all wear stages of
each tooth positionwere included in our data gathering to be able to ac-
count for ontogeny.

We have evaluated a number of specific maxillary cheek tooth char-
acters in part following Woodburne (2009), and in part derived from
our own studies and calculated statistics of their occurrence, including:
maximum crown height, wherein we report actual measured height
while Woodburne (2009) estimates this statistic; presence of pli
protocone; confluence of pre- and postfossette borders; incidence of
protocone connected to protoloph. We include statistics on two man-
dibular cheek tooth traits that we believe are important for determining
Table 1
Statistics on key morphological features of Vienna Basin Pannonian C hipparions.

Atzelsdorf

1. Maximum measured crown height: Woodburne, 2009 estimate: 55 mm
Maxillary cheek teeth: 20082z0062/0011, rt. M1 = 32.4 mm
Mandibular cheek teeth: 20082z0062/0010, rt. p4 = 51.7 mm
2. Presence of pli protocone: n = 5, 20%.
3. Protocone connected to protoloph: n = 5, 20% (on senile P2, 21.7 mm. mesostyle
height)

4. Protocone flattened: n = 4, 25%
5. Presence of mandibular pli caballinids: p2-m3: n = 6, 50%
6. Confluence of pre- & postfossette borders: n = 7, 2 (P2 and M1) 28.6%
7. Presence of mandibular ectostylids, p2-m1 (not occurring in any m2 or m3): n = 5,
60%

Gaiselberg

1. Maximum measured crown height: Woodburne, 2009 estimate: 55 mm
Maxillary cheek teeth: 1977/1948/0021, lt. P4 = 49.5 mm
Mandibular cheek teeth: 1977/1948/0004, rt. m1 = 37.8 mm
2. Presence of pli protocone: P2, n = 3, 33.3%; P3, n = 4, 0%; P4, n = 9, 11.1%; M1,
n = 3, 33.3%; M2, n = 0; M3, n = 1, 100% (range = 0–100%)

3. Protocone flattened: n = 12, 83%
4. Protocone connected to protoloph: P2, n = 3, 0%; P3, n=4, 0%; P4, n= 9, 0%; M1,
n = 4, 0%; M2 = 0; M3, n = 1, 0% (range = 0%)

5. Presence of mandibular pli caballinids: p2-m3: N = 9, 33%
6. Confluence of pre- & postfossette borders: P2, n = 3, 100%; P3, n = 4, 50%; P4,
n = 11, 0%; M1, n = 4, 25%; M2, n = 0; M3, n = 1, 100% (range = 0–100%)

7. Presence of mandibular ectostylids, p2-m1 (not occurring in any m2 or m3): n = 9,
67%

Mariathal

1. Maximum measured crown height: Woodburne, 2009 estimate: 56 mm
Maxillary cheek teeth: PIUW3541/74, lt. M2 = 56.7 mm
Mandibular cheek teeth: PIUW3540/283, lt. m2 = 56.3 mm
2. Presence of pli protocone: P2, n = 27, 25.9%; P3, n=49, 0%; P4, n= 36, 3.3%; M1,
n = 10, 0%; M2, n = 13, 0%; M3, n = 32, 3.1% (range = 0–25.9%)

3. Protocone flattened: P2, n = 13, 85%; P3, n= 9, 67%; P4, n= 14, 71%; M1, n= 9,
22%; M2, n = 8, 25%; M3, n = 8, 75%

4. Protocone connected to protoloph: P2, n = 16, 25%; P3, n = 10, 10% (very late
wear, M5 = 5.8 mm); P4, n = 20, 0%; M1, n = 10, 0%; M2, n = 10, 0%; M3,
n = 11, 0% (range = 0–25%)

5. Presence of mandibular pli caballinids: p2, n = 32, 31.3%; p3, n = 4, 50%; p4,
n= 62, 40%; m1, n= 55, 7.3%; m2, N= 20, 10%; m3, n= 41, 2.4% (range = 2.4%
- 50%).

6. Confluence of pre- & postfossette borders: P2, n = 16, 81.3%; P3, n = 10, 20%; P4,
n = 20, 5%; M1, n = 10, 10%; M2, n = 9, 11.1%; M3, n = 8, 0% (range = 0%–
81.3%).

7. Presence of mandibular ectostylids, p2-m1 (not occurring in any m2 or m3): p2,
n = 32, 12.5%; p3, n = 4, 25%; p4, n = 10.3%; m1, n = 55, 7.3% (range = 7.3–
25%).
degree of primitiveness: presence of pli caballinids and ectostylids on
the permanent mandibular cheek teeth (Table 1). Data on specimens
and their measurements are included in Supplemental Tables 1A (max-
illary cheek teeth) and 1B (mandibular cheek teeth).
2.2. Mesowear

We study the mesowear of this sample. Merceron (2009) earlier
studied the mesowear and microwear of the Atzelsdorf ungulate
fauna, including the hipparions. Ourmesowear scoringwas undertaken
using high-resolution images (labial-view cusps) on one tooth per indi-
vidual (P4, M1, or M2). Two of the current authors (Bernor and
Semprebon) scored these teeth and final scores were determined by
consensus view (Table 2). Teeth were scored using both the Fortelius
and Solounias (2000) and Wolf et al. (2012) modification of
Mihlbachler et al. (2011) method. We chose to score the paracone
over the metacone unless the former was damaged in accordance
with recent mesowear studies (e.g. Mihlbachler et al., 2011). The per-
centages of sharp, round, and blunt cusps and high and low relief per
Table 2
Individual mesowear results by specimen number.

Specimen ID Fossil
locality

Tooth Cusp
shape

Cusp
relief

Mesowear
score

2008z0062/0002 Atzelsdorf M2 h r 1.5
2008z0062/0003 Atzelsdorf M1 h r 2.5
2008z0062/0006 Atzelsdorf P4 h r 2.0
2008z0062/0011 Atzelsdorf M1 h r 2.5
S111 Atzelsdorf M1 l r 4.0
1977/1948/0022 Gaiselberg P4 h r 2.5
1977/1948/0025 Gaiselberg P4 h r 1.5
1977/1948/0026 Gaiselberg P4 h r 1.5
1977/1948/0026B Gaiselberg P4 h r 2.5
1977/1948/0034 Gaiselberg M1 h r 2.0
PIUW3540/46 Mariathal P4 h r 2.0
PIUW3540/48 Mariathal P4 h r 1.5
PIUW3540/52 Mariathal P4 h r 1.5
PIUW3540/57 Mariathal P4 h r 0.5
PIUW3540/61 Mariathal P4 h r 0.5
PIUW3540/62 Mariathal P4 h r 0.5
PIUW3540/63 Mariathal P4 h r 1.5
PIUW3540/65 Mariathal P4 h r 1.5
PIUW3540/66 Mariathal P4 h r 2.0
PIUW3540/68 Mariathal P4 h r 2.0
PIUW3540/70 Mariathal P4 h r 1.0
PIUW3540/71 Mariathal P4 h r 0.5
PIUW3541/90 Mariathal P4 h r 1.5
PIUW3540/102 Mariathal P4 l b 6.0
PIUW3540/103 Mariathal P4 h r 1.5
PIUW3541/30 Mariathal P4 h r 2.0
PIUW3541/33 Mariathal P4 h r 2.0
PIUW3541/45 Mariathal P4 h r 2.0
PIUW3541/92 Mariathal P4 h s 0.0
PIUW3540/44 Mariathal M1 h r 4.0
PIUW3540/130 Mariathal M1 h r 2.0
PIUW3540/134 Mariathal M1 h r 2.0
PIUW3540/136 Mariathal M1 h r 3.0
PIUW3540/137 Mariathal M1 h r 2.5
PIUW3540/138 Mariathal M1 h r 1.0
PIUW3540/139 Mariathal M1 h r 1.5
PIUW3540/141 Mariathal M1 h r 1.5
PIUW3540/146 Mariathal M1 h r 1.5
PIUW3540/319 Mariathal M1 h r 3.0
PIUW3540/31 Mariathal M2 h r 2.0
PIUW3540/158 Mariathal M2 h r 2.0
PIUW3540/322 Mariathal M2 h r 1.0
PIUW3541/69 Mariathal M2 h r 1.5
PIUW3541/71 Mariathal M2 h r 4.0
PIUW3541/72 Mariathal M2 h r 2.0
PIUW3541/74 Mariathal M2 h r 2.5
PIUW3541/75 Mariathal M2 h r 4.0
PIUW3541/76 Mariathal M2 h r 1.5
PIUW3540/79 Mariathal M2 h r 1.5
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taxon were calculated as well as the average mesowear scores for each
taxon from the three fossil localities.

In addition, we performed hierarchical cluster analyses using PAST
(2.09) to compare themesowear results for the fossil localities with ex-
tant ungulates with known diets following both Fortelius and Solounias
(2000) andWolf et al. (2012)modifications of Mihlbachler et al. (2011)
methodology. We performed a principal components analysis to ex-
plore the distribution of fossil taxa in the mesowear morphospace de-
scribed by variation in macroscopic use-wear. We employed the
“conservative” extant ungulate classification (CONS) scheme of
Fortelius and Solounias (2000) which treated doubtful dietary cases as
intermediate or mixed feeders. For the Mihlbachler et al. (2011) meth-
odology, the data available for recent comparative taxa were trans-
formed into scores by Mihlbachler et al. (2011) following the
procedures described therein. A principal components analysis was
also run using the software PAST (Hammer et al., 2001). Cluster analy-
ses and the principal components analysis compared fossil taxa to “typ-
ical” extant browsers, grazers, andmixed feeders as defined by Fortelius
and Solounias (2000) as those for which good dietary data are available
and for which dietary interpretations appear to be uncontroversial
(note that this text refers to Figs. 9–11 further on).

2.3. Systematic conventions

We follow Bernor et al. (1980, 1997, 2003, 2010), Woodburne and
Bernor (1980), Wolf et al. (2013) in recognizing the hipparionini as
being a tribe of Equidaewith an isolated protocone onmaxillary premo-
lar andmolar teeth and, as far as known, tridactyl feet, including species
of the following genera: Cormohipparion, Neohipparion, Nannippus,
Pseudhipparion, Hippotherium, Cremohipparion, Hipparion s.s,
Sivalhippus, Eurygnathohippus (=senior synonym of “Stylohipparion”),
Proboscidipparion, Plesiohipparion. Hipparion s.s. is a nomen restricted
to a specific lineage of hipparionine horses with the facial fossa posi-
tioned dorsally high on the face (MacFadden, 1980, 1984; Woodburne
and Bernor, 1980;Woodburne et al., 1981;MacFadden andWoodburne,
1982). The Pannonian C hipparions we study herein are the very oldest
and among the most primitive hipparions recovered to date and refer-
able to the genus Hippotherium (Bernor et al., 1988; Woodburne,
2009; Bernor et al., 2016).

Measurements on PannonianC hipparion cheek teeth are all given in
millimeters and rounded to 0.1 mm. Measurement numbers (M1–M13
etc.) refer to those published by Bernor et al. (1997). Abbreviations are:
NHMW – Naturhistorisches Museum, Wien; PIUW – Paläontologisches
Institut, Universität Wien.

3. Geological setting and stratigraphy

3.1. Pannonian C localities

The material studied was collected at the three localities Mariathal,
Atzelsdorf and Gaiselberg in Lower Austria (Fig. 1). All belong to the
upper Miocene Hollabrunn-Mistelbach Formation, which represents
deposits of a coarse-grained fluvial system commonly referred to as
paleo-Danube (Nehyba and Roetzel, 2004). Vertebrate fossils are nearly
exclusively found as isolated elements in sand and gravel, whereas part-
ly articulated skeletons are extremely scarce.

Mariathal at Hollabrunn is the westernmost of these localities, situ-
ated in the North Alpine Foreland Basin (NAFB). Several small and
close-by gravel pits have been exploited around the village exposing
several meters of gravel with silt and sand intercalations (48° 34′ 2.6″
N, 16° 07′ 26.8″ E; 48° 33′ 51.2″ N, 16° 07′ 39.1″E; 48° 33′ 21.5″ N, 16°
08′ 23.1″ E). Aside from isolated bones and teeth of large mammals,
the locality became well known due to the occurrence of the hominoid
primate Dryopithecus (Thenius, 1982). A short list of the mammal taxa
from Mariathal, based on the collections of the NHMW and the PIUW,
has been given by Thenius (1982) and Daxner-Höck and Höck (2015).
The Atzelsdorf locality is an abandoned gravel pit (48° 30′ 37.1″ N,
16° 21′ 39.0″ E) in the NW of the Atzelsdorf village in Lower Austria. It
lies at the western margin of the Vienna Basin on the Mistelbach struc-
tural block (Harzhauser, 2009). This tectonic unit separates the deeper
Vienna Basin from the NAFB. About 13 m of gravel, sand and marls
have been exposed during excavations. Most of the vertebrate fossils
were found in crevasse-splay deposits in the base of the pit. The geolog-
ical setting, lithology and sedimentology of the Atzelsdorf section were
described by Harzhauser (2009). A large number of vertebrate fossils
were collected in the pit from 1990 to 2005 by private collectors and
during excavations of the NHMW. This moderately rich vertebrate as-
semblage was described in a special volume edited by Daxner-Höck
and Göhlich (2009) in which Woodburne (2009) discussed the
Hippotherium remains.

Gaiselberg at Zistersdorf is the easternmost locality, situated at the
western margin of the Vienna Basin. The material was collected in
small gravel and sand pits to the west of the village (48° 32′ 07.5″ N,
16° 42′ 51.5″ E; 48° 31′ 50.3″ N, 16° 42′ 11.6″ E). These outcrops lie di-
rectly on the Steinberg fault, which marks the boundary between
Mistelbach block and the deep Vienna Basin. They represent the east-
ernmost surface outcrops of the Hollabrunn-Mistelbach Formation. No
detailed description of the lithology of the outcrops is available. The
abandoned pits expose fluvial gravel and sand intercalations coinciding
with the lithofacies described by Nehyba and Roetzel (2004) from close
by outcrops as gravelly and sandy channel fills. The mammalian fossil
fauna was described by Zapfe (1949).

All three localities are part of the lower unit of the Hollabrunn-
Mistelbach Formation (HMF), which is of Late Miocene age. In terms
of regional stratigraphy this part of the HMF represents the lower
Pannonian regional stage (Nehyba and Roetzel, 2004), corresponding
to the lower Tortonian. Based on the mollusc fauna, with Melanopsis
fossilis pseudonarzolina Papp, 1953 and Mytilopsis hoernesi (Brusina,
1892), the beds are correlated with the lower part of the letter zone C
of Papp (1951), which formed from ~11.2 to ~11.0 Ma according to
Harzhauser et al. (2004). The dating of the Pannonian deposits in
Harzhauser et al. (2004) was based on correlations of wire-log data
from several wells in the Vienna Basin with biostratigraphic tie points
and the suspected astronomical forcing. Later, the age model was large-
ly confirmed by paleomagnetic dating (Paulissen et al., 2011) who,
however, discussed an even earlier age for the lower boundary of
Pannonian C, circa 11.4–11.3 Ma.

The upper limit is indicated by a transgression of Lake Pannon into
the delta plain of the paleo-Danube on the Mistelbach block, which oc-
curred at ca. 11.0 Ma and replaced the fluvial gravels by lake marls
(Harzhauser et al., 2003, 2004). At Atzelsdorf, this event is preserved,
suggesting the relatively youngest occurrence discussed herein.
Mariathal, in contrast, is suggested to be the oldest assemblage, due to
its relative stratigraphic position and due to the occurrences of older de-
posits from letter Zone B underlying the gravels (Nehyba and Roetzel,
2004; Daxner-Höck and Höck, 2015). No indication for the stratigraphic
position of Gaiselberg in relation to Atzelsdorf and Mariathal is avail-
able. All three of these Pannonian C localities has the primitive
brachydont equid Anchitherium co-occurring with primitive
Hippotherium; this association is, in itself, an index for basal MN9,
early Vallesian. Thus, the potential time frame for the deposition of
the Hippotherium-bearing layers is 11.4–11.0 Ma, with Mariathal being
the oldest andAtzelsdorf being the youngest. In terms ofmammal zona-
tion, the assemblages represent the lower part of the lower Vallesian
mammal zone MN9a (Daxner-Höck et al., 2015).

The depositional environment of the Hollabrunn-Mistelbach Forma-
tion was a W-E trending gravel-bed river along the North Alpine Fore-
land Basin, which developed into a braided-delta environment at the
entrance into the Vienna Basin (Nehyba and Roetzel, 2004). Typical de-
posits are gravelly channel fills, sandy channel fills, overbank deposits,
crevasse splays and oxbow clays. Paleobotanic evidence suggests a
belt of riparian and swampy forests surrounding the river plain and
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coastal freshwater marshland with ponds and lakes on the delta plain
(Bernor et al., 1988; Kovar-Eder et al., 2002). In the adjacent hinterland,
rather open and dry landscapes developed (Lueger, 1981; Harzhauser
et al., 2011). This rather dry early Pannonian climate differs strongly
from the humid mid-Pannonian “washhouse climate” around 10.4–
9.8 Ma (Böhme et al., 2008, 2011) with its rich record of Hippotherium
primigenium (von Meyer, 1829). Fig. 2 summarizes the age/stage sys-
tem, chronology and correlation of land mammals referenced herein.

4. Pannonian C hipparions

4.1. Morphology and systematics

Bernor et al. (1988) reviewed the hipparions from the Vienna Basin
Pannonian C–E horizons resolving their systematics, geological and pa-
leoecological contexts. Following a detailed analysis of the North
American Cormohipparion occidentale Complex (Woodburne, 2007),
Woodburne (2009) evaluated the earliest Vienna Basin hipparions
from the Pannonian C levels including three localities: Atzelsdorf,
Gaiselberg and Mariathal. Woodburne's (2009) analysis was based on
maxillary cheek teeth and characters that he believed are critical for un-
derstanding their systematic position in comparison to North American
Cormohipparion and Central EuropeanHippotherium primigenium. These
characters include for each of these three localities maxillary cheek
teeth: 1. maximum estimated crown height; 2. plication counts of the
upper cheek teeth on mesial and distal borders of the pre- and
postfossettes; 3. connection of protocone to the protoloph, 4. confluence
of the opposing pre- and postfossette borders.We add that bifid to com-
plex pli caballins are a persistent feature of Pannonian C hipparions and
Central European Hippotherium. Contrary to Woodburne (2009) we
continue to support previous observations that lingually flattened
Fig. 2. Correlation of the Central Paratethyan regional stages with standard chronostratigraph
(2016) (1 column width).
protocones occur in Central European and Siwalik hipparions (Bernor
et al., 1988; Wolf et al., 2013) and provide an accounting of this charac-
ter below. Woodburne (2009) defines adult wear stages as being 20%–
60% wear. We define the beginning of adult wear as when occlusal fea-
tures are emergent until they become reduced or obliterated late in
wear. This is approximately after 20% wear and before the last 20%
wear, or the medial 60% of wear. Woodburne also makes note of man-
dibular ectoflexids and protostylids whichwe have found to have limit-
ed use in our study.

Herein we report only observed, not implied statistics of the follow-
ing characters for Atzelsdorf, Gaiselberg and Mariathal (Table 1): 1.
maximum measured crown height for a locality population whether it
be a maxillary or mandibular cheek tooth; 2. presence of pli protocone;
3. observed (not implied) connection of the protocone to the protoloph;
4. protocone flattened; 5. confluence of the pre- and postfossettes; 6.
presence of mandibular pli caballinids, including even slight “notches”
in the labial enamel band; 7. presence of ectostylids in adult p2-m1
(not ever occurring in any m2 or m3 of our sample). We do not count
the number of plis on the mesial and distal borders of the pre- and
postfossettes. The reason is that these vary considerably ontogenetically
within a single individual aswell as between individuals and are also af-
fected by preservation of the tooth occlusal surface (actual clarity of
bands for counting), and individual observer. The reader is directed to
Woodburne (2009) for his record and assessment of this character.
We have selected our set of characters because of their relevance to un-
derstanding the phylogenetic relationships of the Pannonian C
hipparions to their North American progenitor(s) and Old World
genera.

Maximum crown height values are as follows (Fig. 3A–C).
Woodburne (2009) estimates to be 50–55 mm for the Atzelsdorf max-
illary cheek teeth. Here, the highest measured crown height is
y and magnetostratigraphy modified after Harzhauser et al. (2004) and Neubauer et al.



Fig. 3.Maximumcrownheights; 3A=Atzelsdorf, 2008z0062/0010, right p4; 3B=Gaiselberg, 1977/1948/0021, left P4; 3C=Mariathal, PIUW3541/74, leftM2. Scale=2 cm. (1.5 column
width).
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51.7 mm for a right m2 (2008z0062/0010; Fig. 3A). Woodburne (2009)
estimates the Gaiselberg sample to be 50–55 mm for the maxillary
cheek teeth. The highest crown height we have measured from
Gaiselberg is 49.5 mm for a left P4 (1977/1948/0021; Fig. 3B).
Woodburne (2009) estimates the maximum crown height for the
Mariathal sample to be 56mm. The highest crown heightwe havemea-
sured for theMariathal sample is 56.7 mm for a left M2 (PIUW3541/74;
Fig. 3C). Crown heights are most similar for the Atzelsdorf and
Gaiselberg sample, and marginally greater for Mariathal. These are in
the range of other Central European Hippotherium and generally primi-
tive for Old World hipparions.

Presence of pli protocone and connection of the protocone to the
protoloph are documented herein: Atzelsdorf, advanced wear right P2
(2008z0062/0005, Fig. 4A), Gaiselberg right P2 (1977/1948/0019,
Fig. 4B), Mariathal left P2 (M_3540/3, Fig. 4C). Table 1 provides the inci-
dence of individual teeth with a pli protocone: Atzelsdorf (total n=5),
20%; Gaiselberg, P2, n = 3, 33.3%; P3, n = 4, 0%, P4, n = 9, 11.1%, M1,
n=3, 33.3%,M2, n=0;M3, n=1, 100% (range= 0–100%);Mariathal,
P2, n=27, 25.9%, P3, n=49, 0%, P4, n=36, 3.3%; M1, n=10, 0%, M2,
n=13, 0%, M3, n=32, 3.1% (range= 0–25.9%). The occurrence of a pli
Fig. 4. Presence of pli protocone and connection of protocone to the protoloph; 4A = Atzelsdo
right P2; 4C = Mariathal, M_3540/3, right P2. Scale = 2 cm. (1.5 column width).
protocone in these Pannonian C hipparions is a primitive character rare
even in other populations of Hippotherium primigenium.

We also documented lingual flattening of the protocone. In
Atzelsdorf 25% (n = 4) exhibited this character (Fig. 4A) and in
Gaiselberg, 83% (n = 12) exhibited this character (Fig. 4B). Mariathal
(Fig. 4C) had sufficient sample sizes to record the incidence of this char-
acter for each maxillary tooth position: P2, n=13, 85%; P3, n=9, 67%;
P4, n=14, 71%; M1, n=9, 22%;M2, n=8, 25%; M3, n=8, 75%; range
for Mariathal being 22–85% protocone flattening. The observations on
the Mariathal also suggest that flattening occurs more frequently in
the premolars than the molars. We have further observed that there is
a general ontogenetic transition from early to early middle wear (flat-
tening), to later, middle wear (becoming oval with mediolingual and
distolingual borders turning labialward) and eventual rounding during
senility. This transition would appear to be gradual in the ontogeny of
Pannonian C hipparions. We have found that lingual flattening is a
more stable and constant character in Siwalik Sivalhippus nagriensis
and Sivalhippus perimense (Wolf et al., 2013). Protocone lingual flatten-
ing would appear to be an important character in early Old World
hipparion species.
rf, 2008z0062/0005, right P2 with broken anterostyle; 4B = Gaiselberg, 1977/1948/0019,
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Confluence of the pre- and postfossette borders is another primitive
character present in these Pannonian C hipparions. Woodburne (2009:
12) has indicated that the connection is much stronger in the Atzelsdorf
and Gaiselberg specimens than in the Mariathal sample. Our observa-
tions are (Fig. 5A–C): Atzelsdorf: 2 of 7 individuals, a P2 and an M1 =
28.6% (Fig. 5A, 2008z0062_0011, right M1); Gaiselberg: P2, n = 3,
33.3% (Fig. 5B, 1977/1948/0011, left P2); P3, n = 4, 0%; P4, n = 9,
11.1%; M1, n = 3, 33.3%, M2, n = 0; M3, n = 1, 100% (range = 0–
100%); Mariathal: P2, n = 3, 100% (Fig. 5C, M_3540/8, right P2); P3,
n = 4, 50%; P4, n = 11, 0%; M1, n = 4, 25%; M2, n = 0; M3, n = 1,
100% (range = 0–100%). Woodburne (2009) further comments that:
“In the present context, the open style of pre- and postfossette conflu-
ence in the Atzelsdorf and Gaiselberg samples is similar to that seen in
North American Cormohipparion sp. (Woodburne, 2009: Fig. 3G, H and
L). P2s are the tooth position thatmost consistently exhibits this charac-
ter. The high incidence of this character is most usually found in Central
European Vallesian Hippotherium primigenium and North American
Cormohipparion.

Mandibular pli caballinids are not consistently found in Old World
hipparions. They occur in Siwalik hipparions (Wolf et al., 2013) and
East African hipparions (Bernor et al., 2010). The Pannonian C
hipparions exhibit the following incidence of this character (Fig. 6A–
C): Atzelsdorf: 50% of 6 cheek teeth (3 m1's; Fig. 6A 2008z0062/0000,
left m1, but also refer to labial view of Fig. 3A, 2008z0062/0010, rt.
p4); Gaiselberg: p2–m3: n = 9, 33% (2 p3s and 1 m1 or 2; Fig. 6B,
1977/1948/0008, left m2); Mariathal: p2, n = 32, 31.3% (Fig. 6C,
M_3540/102, left p2); p3, n = 4, 50%; p4, n = 62, 40%; m1, n = 55,
7.3%; m2, n = 20, 10%; m3, n = 41, 2.4% (range = 2.4%–50%).

Mandibular ectostylids are extremely rare in Siwalik hipparions
(Wolf et al., 2013) and are present in African hipparions beginning in
the late Miocene and extending through the Plio-Pleistocene of Africa
only (Bernor et al., 2010). Consistent and persistent ectostylids on the
permanent cheek teeth of African Eurygnathohippus spp. are a synapo-
morphy of the clade. Ectostylids become progressively higher crowned
and increase in their length and width through the Plio-Pleistocene
(Bernor et al., 2010). The Pannonian C hipparions exhibit the following
incidence of ectostylids for p2–m1 (nom2's orm3's have this character;
Fig. 7A–C): Atzelsdorf: n = 5, 60%; Gaiselberg: n = 9, 67%; Mariathal:
p2, n = 32, 12.5%; p3, n = 4, 25%; p4, n = 27, 10.3%; m1, n = 55, 7.3%
(range = 7.3–25%). Fig. 7A (2008z0062/0004, left p2), Atzelsdorf, ex-
hibits the ectostylid as “welded” to the basal labial surface, lacking any
separation from the labial wall as is typical of Pannonian C hipparions.
Fig. 7B (1977/1948/0009, left m1), Gaiselberg, exhibits the ectostylid
in occlusal view separated from the labial wall as is commonly found
in African Eurygnathohippus. Fig. 7C (M_3540/206, left p4), Mariathal,
also exhibits a short ectostylid welded to the labial surface of crown
base. Ectostylids clearly have a higher incidence in Atzelsdorf and
Fig. 5. Confluence of pre- and postfossette borders and flattening of protocone; 5A = Atzelsdor
M_3540/8, right P2. Scale = 2 cm. (1.5 column width). Flattening of protocone additionally sh
Gaiselberg than Mariathal adult cheek teeth. This suggests that the
Atzelsdorf and Gaiselberg hipparion populations are somewhat more
primitive, and potentially older than the Mariathal population, while
all are correlative with Pannonian C.

Ectostylids are common in the deciduous cheek teeth, but usually
absent in mandibular cheek teeth of Old World hipparions. The co-
occurrence of pli caballinids and ectostylids on the adult cheek teeth
of Pannonian C hipparions is a condition not reported in OldWorld lin-
eages of hipparion, except African Eurygnathohippus. We believe that
the co-occurrence of these two characters in the Pannonian C
hipparions suggest that they are primitive characters lost in all other
Old World hipparion lineages except African Eurygnathohippus.
Ectostylids become higher crowned and longer in length and width in
Pliocene species of Eurygnathohippus and only very rarely occur in
IndoPakistan species of Sivalhippus which we believe is the retention
of a primitive character. These characters co-occur in species of
African Eurygnathohippus, and in fact, ectostylids increase in their
crown height, length and width in Plio-Pleistocene members of the
clade. Fig. 8, M3540/173 is a right p2 with pli caballinid descending
from the crown surface to the mesolabial wall and ectostylid, welded
to the labial wall and ascending toward the occlusal crown surface. It
is fortunate that several of these Pannonian C hipparion mandibular
cheek teeth have reduced or missing cementum on their labial surfaces.
The lack of cementum on the labial wall of these mandibular cheek
teeth clearly exposes the morphology of their ectostylids: they are
often swollen, bulbous structures at the base of the crown becoming
pointed superiorly. In these Pannonian C hipparions ectostylids never
ascend the entire height of the crown (re: Supplementary Table 1B for
height measurement = M13), whereas they do so in advanced Plio-
Pleistocene members of the African Eurygnathohippus clade.

Our data herein is in essential agreement with Woodburne (2009)
that the Pannonian C hipparions we report upon here are primitive
members of the Hippotherium clade. These Pannonian C hipparions
have complex plications of the pre- and postfossettes and bifid to mul-
tiple pli caballins (re: Woodburne, 2009). The incidence of pli
protocone, confluence of pre- and postfossette borders in the maxillary
cheek teeth, and the incidence of pli caballinid and ectostylid in the
mandibular cheek teeth are primitive for Old World hipparions. The
marginally lower crown heights for Atzelsdorf and Gaiselberg coupled
with higher incidences of ectostylids and pli caballinids suggests that
these hipparions are more primitive than Hippotherium primigenium
s.s. (sensu Woodburne, 2009). We refer the Atzelsdorf and Gaiselberg
samples to Hippotherium sp. following Woodburne (2009). The
Mariathal sample is more advanced in crown height and cheek tooth
characters which it shares with Hippotherium primigenium and is there-
fore referable to Hippotherium aff. primigenium. Hippotherium
primigenium has been reported from Hoewenegg and Eppelsheim
f, 2008z0062_0011, right M1; 5B = Gaiselberg, 1977/1948/0011, left P2; 5C =Mariathal,
own for these specimens.



Fig. 6.Mandibular pli caballinids; 6A=Atzelsdorf, 2008z0062/0000, left m1; 6B=Gaiselberg, 1977/1948/0008, left m2; 6C=Mariathal, M_3540/102, left p2. Scale= 2 cm. (1.5 column
width). Note than the Atzelsdorf specimen, 6A has a sharply diminished pli caballinid, whereas the Gaiselberg specimen, 6B, and Mariathal specimen, 6C have more prominent pli
caballinids.
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(Type locality) and Pannonian D-E of the Vienna Basin (Bernor et al.,
1988, 1997).

5. Diet as interpreted from mesowear analysis

5.1. Background to mesowear studies

Mesowear analysis was introduced by Fortelius and Solounias in
2000 as a macroscopic dietary method for categorizing the gross dental
wear of ungulate molars by evaluating the relief and sharpness of molar
cusp apices. Mesowear is believed to reflect the relative amounts of
attritive (tooth-on-tooth) and abrasive (tooth-on-food) dental wear
imposed upon enamel occlusal surfaces by the different physical prop-
erties of food items (Fortelius and Solounias, 2000). As such, mesowear
is believed to be an index of cumulative cheek tooth wear (herein
Hipparion P4-M2) imposed over the lifetime of an animal. Only speci-
mens in which the last molar is in occlusion and the first molar retains
an occlusal shape similar to the second molar are used to minimize
the effects of age. Such age effects were verified by Rivals et al. (2007)
who demonstrated that cusp sharpness is sensitive to ontogenetic age,
either very young or old individuals, which typically include the major-
ity of individuals in a fossil collection. The authors found that mesowear
of very young or old individuals ismore strongly related to age than diet
(Rivals et al., 2007).

The original mesowear method developed by Fortelius and
Solounias (2000) analyzes the morphology of the paracone or, if
Fig. 7. Presence of ectostylids on p2-m1; 7A= Atzelsdorf, 2008z0062/0004, left p2; 7B = Gais
column width).
sharper, the metacone of maxillary cheek teeth. Two molar characters
are assessed: the buccal apical cusp shape (scored as sharp, round, or
blunt) and the occlusal relief (scored as high or low based on how
high the cusp apex rises above the apex of the mesostyle in adult indi-
viduals with normal occlusion). The original methodology was success-
fully extended to P4–M3 in hypsodont horses by Kaiser and Solounias
(2003) and later by Wolf et al. (2012). Herein, we only analyze P4–M2
because the atypical meso-distally curved nature of the M3 affects
wear.We also followhere recentmesowear studies that commonly pre-
fer the paracone over the metacone unless the former is damaged
(e.g., Mihlbachler et al., 2011).

Mihlbachler et al. (2011) noted that themesowear variables of cusp
shape and occlusal relief are not strictly independent. They proposed a
new method for scoring mesowear whereby a single mesowear score
is obtained by using a standard template comprised of seven qualitative
tooth wear stages (0–6), which represent a gradient from high relief
and sharp cusp shape (0) to low relief and blunt cusp shape (6). This
template or “mesowear ruler” consists of casts of representative extant
hypsodont equid paracone cusps arrayed according to qualitative wear
stage. Mihlbachler et al. (2011) assigned one of the seven scores to each
analyzed paracone if the shape of this paracone was equally as sharp as
or sharper/higher than the reference cusp of that score on the
mesowear ruler. This method of scoring mesowear was shown to re-
duce inter-investigator scoring error. Wolf et al. (2012) slightly modi-
fied the Mihlbachler et al. (2011) scoring system by recognizing
intermediate scores in 0.5 increments assigned if the observed cusp
elberg 1977/1948/0009, left m1; 7C =Mariathal, M_3540/206, left p4. Scale = 2 cm. (1.5



Fig. 8. Mariathal, M3540/173, right p2 labial view with pli caballinid and ectostylid. Pli
caballinid descends from occlusal surface medially, ectostylid ascends from base
vertically and does not reach occlusal surface. Scale = 2 cm. (1 column width).
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shape could not be unambiguously assigned to one of the seven original
steps but appeared to fall in between two steps (i.e., 0.5, 1.5, 2.5, 3.5, 4.5,
5.5). We employ this latter scoring methodology in this study.

5.2. Results on Pannonian C hipparions

A complete list of Vienna Basin Pannonian C specimens studied and
scored using both the Fortelius and Solounias (2000) and modified
Mihlbachler et al. (2011) methods is given in Table 2. Table 3 provides
the summary data of percentages of different cusp shapes and high oc-
clusal relief as well as the average modified Mihlbachler et al. (2011)
scores of the fossil species studied herein. Tables 2 and 3 reveal that
the vast majority of fossil cusps from all three localities were rounded
and exhibited high relief. Also, mesowear scores (Table 3) varied from
a low score of 1.9 (Mariathal) to a high of 2.5 (Atzelsdorf).

Results of the two hierarchical cluster analyses obtained per taxon
are shown in Fig. 9. Fig. 9A shows results using the percentages of
sharp, round, and blunt cusp shapes and high relief values. Fig. 9B
shows results using the modified Mihlbachler et al. (2011) average
mesowear scores. Both cluster analyses compared fossil taxa to extant
“typical” ungulates with known diets – i.e., those with uncontroversial
dietary assignments as described in Fortelius and Solounias (2000)
and both show that fossil taxa from all three localities cluster with
non-extreme grazers such as Kobus ellipsiprymnus and Hippotragus
equinus underscoring the fact that mesowear scores accurately reflect
both cusp shape and occlusal relief.

Results of the principal components analysis using % high relief, %
sharp cusps, % round cusps, % blunt cusps and average mesowear
score of fossil taxa and “typical” extant ungulates) are shown in
Fig. 10. The first two principal components explained about 96% of the
total variance (68.2% explained by component 1 and 27.7% explained
by component 2). Fossil taxa (Fig. 10) from all three localities aggregate
with each other and with extant non-extreme grazers that display
mostly high relief, rounded molar cusps, and moderately high average
mesowear scores.

Fig. 11 reveals that when additional extant ungulates are included
(i.e., not only select “typical” ungulates), the fossil taxa from all three lo-
calities have average mesowear scores that actually overlaps those of
Table 3
Summary mesowear statistics for each fossil locality.

Fossil locality N % Sharp % Round %Blunt % High Mesowear score

Atzelsdorf 5 0 100 0 80 2.5
Gaiselberg 5 0 100 0 100 2.0
Mariathal 39 2.56 94.88 2.56 97.44 1.9
extant non-extreme grazers and some mixed feeders. Fig. 11 demon-
strates that the taxon from Atzelsdorf has the highest mesowear scores
while the sample fromMariathal has the lowest. Note also that when a
larger number of extant ungulates are used for comparison, the fossil
taxa results overlap those of non-extreme grazers but also those of
some mixed feeders and even a few browsers. Thus, mesowear is an
index of relative abrasiveness of dietary items and exogenous grit coat-
ing food items rather than as a definitive proxy of specific food items
consumed.

6. Discussion

The Pannonian C hipparions from Atzelsdorf, Gaiselberg and
Mariathal constitute one of the oldest and largest samples of basal Old
World hipparions known and directly relevant to the “Hipparion”
Datum (sensu Berggren and Van Couvering, 1974). The study and anal-
ysis of these three assemblages are also critical for understanding what
were the primitive characters for early entry hipparions, what environ-
mental conditions prevailed at the time of their entry into the Vienna
Basin and, by mesowear proxy, what were their dietary adaptations.

Previous studies have revealed that freshwater ecosystems were is-
sued into the Vienna Basin, forming Lake Pannon at the base of the
Pannonian stage, ca. 11.63 ± 0.04 (after ter Borgh et al., 2013). In that
Upper Sarmatian coastal deposits are preserved along the former coast
of the Paratethys Sea lacking any evidence of hipparions, but with the
more archaic brachydont equid Anchitherium occurring, it is evident
that “Hipparion's” entry occurred in later, Pannonian C times. The
three localities of Mariathal, Atzelsdorf and Gaiselberg belong to the
upper Miocene Hollabrunn-Mistelbach Formation. All the fossils from
these localities were exploited from gravel pits over several years'
time. The age of these localities are believed to range from ~11.4 to
~11.0 based on evidence provided herein. On stratigraphic grounds, it
has been argued that the oldest of these three Pannonian C localities is
Mariathal, whereas the youngest would be Atzelsdorf. However, our
analysis of cheek tooth characters suggests that MariathalHippotherium
aff. primigenium is possibly younger andmore advanced than Atzelsdorf
and Gaiselberg Hippotherium sp. All three localities preserve the co-
occurrence of Hippotherium with the more primitive brachydont equid
Anchitherium whose joint co-occurrence is an index for early MN9 in
Europe (Daxner-Höck et al., 2015).

The depositional environment of the Hollabrunn-Mistelbach Forma-
tion was a W-E trending gravel-bed river along the North Alpine Fore-
land Basin which developed into a braided delta environment at the
entrance into the Vienna Basin (Nehyba and Roetzel, 2004).
Palaeobotanical evidence suggests a belt of riparian and swampy forests
surrounding the river plain and coastal freshwater marshland with
ponds and lakes on the delta plane, with more open and drier land-
scapes distally. Later Pannonian climate shifted to more humid condi-
tions circa 10.4–9.8 Ma (Böhme et al., 2008, 2011) with its rich record
of Hippotherium primigenium.

Woodburne (2007) undertook a major revision of the extensive
North American assemblage of Cormohipparion identifying 8 species of
middle and late Miocene North American Cormohipparion, from oldest
to youngest: C. quinni, C. johnsoni, C.merriami, C. fricki, C. sp. (from Cal-
ifornia), C. skinneri, C. occidentale, C.matthewi. Woodburne (2009) ana-
lyzed the Atzelsdorf and Gaiselberg hipparion dentitions and a sample
of theMariathal dentitions. Preeminent in his analysis were evaluations
of maximum crown height, maxillary pre- and postfossette plication
counts, linkage of protocone to protoloph, confluence of pre- and
postfossettes in P2 and presence/absence of protostylids in the lower
cheek teeth. Our analysis of seven key characters herein, included
some ofWoodburne's characters, did not attempt to replicate his counts
of pre- and postfossette plications, and included additional characters of
the maxillary and mandibular cheek teeth. Our analysis has led to spe-
cific conclusions about cheek tooth morphology in the Pannonian C
hipparions.Maximummeasured crown heightwas lowest in Gaiselberg



Fig. 9. Hierarchical cluster analyses 9A = Results using percentages of sharp, round and blunt cusp shapes and high relief values as described in Fortelius and Solounias (2000); 9B =
Results using a Modified Mihlbachler et al. (2011) Average mesowear scores method. Distances in the diagrams reflect the measure of how far apart two taxa are regarding their
respective mesowear values such that taxa with values that are alike, have distance measures that are small and vice versa. (1.5 column width).

Fig. 10. Results of the principal components analysis using % high relief, % sharp cusps, % round cusps, % blunt cusps and average mesowear score of fossil and “Typical” extant ungulates.
The fossil equids occupy the upper right quadrant alongwith extant non-extreme grazers andmixed feeders that displaymoderately highmesowear scores and relief and rounded cusps
as opposed to those more extreme extant grazers and mixed feeders in the lower right quadrant which show higher mesowear scores and lower relief and more blunt cusps. Extant
ungulates in the left upper (mixed feeders) and left lower quadrants (browsers) have relatively low mesowear scores, higher relief and sharper cusps (i.e., less abrasive mesowear)
than those in the upper and lower right quadrants. (1.5 column width).
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Fig. 11.Mesowear scores based on the extant reference species from Fortelius and Solounias (2000) and the fossil samples fromAtzeldorf, Gaiselberg, andMariathal (modified fromRivals
and Semprebon, 2012). Key: Extant taxa are classified as leaf browsers (LB), mixed feeders (MF) and grazers (G). Mesowear scores for extant species calculated from Fortelius and
Solounias (2000): Browsers: AA = Alces alces, AM = Antilocapra americana, DB = Diceros bicornis, DS = Dicerorhinus sumatrensis, GC = Giraffa camelopardalis, LW = Litocranius
walleri, OH = Odocoileus hemionus, OJ = Okapia johnstoni, OL = Capreolus capreolus, OV = Odocoileus virginianus, RS = Rhinoceros sondaicus, TE = Tragelaphus euryceros, TT =
Tragelaphus strepsiceros; Grazers: ab = Alcelaphus buselaphus, al = Sigmoceros lichtensteinii, bb = Bison bison, cs = Ceratotherium simum, ct = Connochaetes taurinus, dl = Damaliscus
lunatus, eg = Equus grevyi, eq = Equus quagga, he = Hippotragus equinus, hn = Hippotragus niger, ke = Kobus ellipsiprymnus, rr = Redunca redunca; Mixed feeders: Ax = Axis axis,
Bt = Budorcas taxicolor, Ca = Capricornis sumatraensis, Cc = Cervus elaphus canadensis, Cd = Cervus duvauceli, Ci = Capra ibex, Cu = Cervus unicolor, Gg = Gazella granti, Gt = Gazella
thomsoni, Hj = Hemitragus jemlahicus, Lv = Lama vicugna, Ma = Antidorcas marsupialis; Me = Aepyceros melampus; Oc = Ovis canadensis, Om = Ovibos moschatus, Oo = Ourebia
ourebi, Op = Ovis ammon poli, Pc = Procavia capensis, Rf = Redunca fulvorufula, Rt = Rangifer tarandus, Ru = Rhinoceros unicornis, Sc = Syncerus caffer, St = Saiga tatarica, Ta =
Tragelaphus angasi, Ti = Tragelaphus imberbis, To = Taurotragus oryx, Tq = Tetracerus quadricornis, Tr = Boselaphus tragocamelus. (1.5 column width).
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(49.5 mm) and Atzelsdorf (51.7 mm) and marginally higher in
Mariathal (56.7 mm.). Connection of the protocone to protoloph was
found only in the late stage of wear in a single P2 specimen from
Atzelsdorf (2008z0062/0005; Fig. 3A); while pli protocone often closely
approached theprotoloph, linkage only occurred in this P2 specimen. Pli
protocone ranged in incidence among all three localities and is seen as
being a retained primitive character lost in other hipparion lineages.
Protocone flattening was found to be a character most likely expressed
in early to early stages of middle wear, becoming oval in later middle
wear and eventually rounded in late wear (Table 1, herein). Flattened
protocones were found to be more persistent in IndoPakistan Sivalhippus
and are believe to be primitive for Old World hipparions (Wolf et al.,
2013). Confluence of the pre-and postfossette opposing borders was
found to be variable in these samples, andmost likely to occur in the pre-
molars in early to middle wear. This is a primitive feature for Old World
hipparions uniting them with North American Cormohipparion, and lost
in other OldWorld hipparion lineages. Pli caballinids are generallyweakly
developed in this sample beingmost primitive in theAtzelsdorf (50%) and
Gaiselberg (33%) sample and ranging from 2.4–50% in theMariathal sam-
ple. Ectostylids are most persistently developed in the Atzelsdorf (60%)
and Gaiselberg (67%) population samples and weakly developed in the
Mariathal sample (7.3–25%). In most cases the ectostylid is characterized
as being “welded” and flattened against the labial surface of the posterior
loph and having a short vertical expression. If cementum is present, the
ectostylid goes unnoticed on the occlusal surface of an early-to-middle
wear tooth. The Gaiselberg left m1, 1977/1948/0009 (Fig. 6B) is remark-
able in having the ectostylid expressed as an enamel circular structure
on the occlusal surface and separated from the labial enamel band. This
is the condition common to African Eurygnathohippus and can be viewed
as being a primitive character for Old World hipparions that is lost in all
other lineages with the exception of the rare occurrence in IndoPakistan
Sivalhippus.
Overall, these morphological traits provide an important characteri-
zation of Old World hipparion cheek teeth. Modest crown height, pres-
ence of the pli protocone, protocone flattening, and confluence of the
maxillary cheek tooth pre- and postfossettes unite these primitive
hipparions with earlier North American Cormohipparion (re:
Woodburne, 2007, 2009). The co-occurrence of pli caballinids and
ectostylids characterize the primitive OldWorld hipparion morphology
and the deep time relationship to the African Eurygnathohippus lineage.

Our evaluation of Pannonian C hipparions lead us to follow Bernor
et al. (1988) and Woodburne (2007, 2009) in recognizing that the
genus Hippotherium is present in the Pannonian C of the Vienna Basin,
ca. 11.4–11.0 Ma. While Atzelsdorf and Gaiselberg are best referred to
Hippotherium sp., advanced features of the Mariathal sample suggest re-
ferral to Hippotherium aff. primigenium. Hippotherium primigenium is
best characterized in the Pannonian D-E horizons of the Vienna Basin,
the fluviatile sediments of the Dinotheriensandes, West Germany and
the German lagerstaetten of Hoewenegg (Hegau, Germany; Bernor
et al., 1997).Woodburne (2007, 2009) has provideddetailed comparisons
of the cheek teeth validating the nomen Hippotherium primigenium.

The closely related form Hippotherium koenigswaldi (=Hippotherium
primigenium ofWoodburne et al., 1996) also occurs in the early Vallesian
deposits of Spain. Agustí et al. (1997) reported the first occurrence of
“Hipparion” in the Can Guitart section placed below Chron C5n, at the
base of C5r.1n, ca. 11.1 Ma. Garcés et al. (1997) derived a similar age for
the Montagut composite section of the Valles Penedes. Garcés et al.
(2003) later reported magnetostratigraphic results from the Daroca
Area, Spain that includes the classic early MN 9 locality of Nombrevilla 1
withHippotherium primigenium (Woodburne et al., 1996).The first occur-
rence of Hippotherium primigenium is slightly younger in the Daroca sec-
tion than Can Llobateres, Spain. The youngest pre-Hipparion large
mammal Daroca fauna is found at Nombrevilla 9 correlative with C5r1n
(11.146–11.188 of Gradstein et al., 2012), whereas the classic
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Hippotheriumprimigenium locality of Nombrevilla 1 occurs 15mhigher in
the section and is correlative with chron C5n.2n. 10.8 Ma.

The Sinap Formation, Turkey has a well established
magnetochronology that includes the local first occurrence of “Hipparion”
(Kappelman et al., 2003). Based on a large sample of cranial, dental and
postcranial material, Bernor et al. (2003) documented Cormohipparion
sinapensis as the first occurring “Hipparion” in the Sinap Formation that
ranged in age from 10.8–10.2 Ma. locally (Gradstein et al., 2012 time
scale). Cormohipparion sinapensis differs significantly from Hippotherium
primigenium in its more slender metapodial IIIs exhibiting relatively
narrower mediolateral and deeper cranial-caudal mid-shafts, initially
lower maximum crown heights (40–45 mm versus 50 +mm) and sim-
pler maxillary cheek tooth enamel plication. Within the context of prim-
itive maxillary cheek tooth characters exhibited in the Pannonian C
hipparions (Woodburne, 2009 and this contribution), the type skull of
Cormohipparion sinapensis, AS93/826, has P2 with a clear connection of
P2 protocone with protoloph and incipient connection of protocone to
protoloph in P3 and M1. Also, P2 and M1 exhibit pre- and postfossette
confluence (Bernor et al., 2003: Fig. 11.15B). Hence, both postcranial
and cheek tooth morphology support the occurrence of Cormohipparion
at Sinap and not Hippotherium.

Barry et al. (2002) reported on a 4000 m stratigraphic series with
over 40,000 vertebrate fossils from the Potwar Plateau, Pakistan. This
sedimentary series has been dated magnetostratigraphically 18.3 to
1.5 Ma. “Hipparion” first appears during chron C5n.2n, 10.8 Ma.
(Gradstein et al., 2012 timescale). Wolf et al. (2013) reported that the
first occurring “Hipparion” is “Cormohipparion” sp., 10.8 Ma.
“Cormohipparion” sp. is a relatively rare species in the Siwalik hipparion
assemblage and ranged from its initial entry until 10.3 Ma.
“Cormohipparion” sp. is smaller than “Hippotherium”, has less complex
plications of the cheek tooth and a maximum crown height of 50 mm.
Siwalik “Cormohipparion” sp. is distinct from the oldest locally occurring
Sivalhippus, S. nagriensis (10.4 Ma), in its smaller size and less complex
enamel plications (Wolf et al., 2013).

The oldest reported African hipparions occur in the Anaseur Forma-
tion, Bou Hanifia, Algeria which include 300 m. of sediments (Sen,
1989). There are two K/Ar dates from near the base of the Bou Hanifia
section, 12.18+/−1.03 Ma. (Chabbar-Ameur et al., 1976) and
12.03+/−0.25 Ma. (Sen, 1989). The Bou Hanifia mammal-bearing ho-
rizons are located 100 m above the ash levels and have been correlated
magnetostratigraphically as 10.5 Ma for the “Hipparion” bearing hori-
zons (Bou Hanifia 1; Sen, 1989, Harland et al., 1982 time scale). Bernor
and White (2009) attributed the Bou Hanifia 1 “Hipparion” to
“Cormohipparion” africanum. Whereas the cranial-facial morphology is
derived in “C”. africanum, and maximum crown height was reported
as being elevated (60 mm.), the postcrania were most similar to Sinap
Cormohipparion sinapensis and not as in Hippotherium primigenium.

Berggren and Van Couvering (1974) established the concept of an
Old World “Hipparion” Datum stemming from the observation that a
single species of “Hipparion”made an instantaneous prochoresis across
all of Eurasia and Africa. Van Couvering and Miller (1971) cited Lippolt
et al.'s (1963) date of 12.5 m.y. on hornblende lapilli of the Hoewenegg
Hippotherium primigenium locality as a basis for establishing the
“Hipparion” Datum in Europe. This date came in conflict when Opdyke
et al. (1979) reported amuch younger age of 9.5Ma. for the Potwar Pla-
teau, Pakistan “Hipparion” FAD. Woodburne and Swisher (1995)
reviewed the data on the “Hipparion” Datum in Europe and the Potwar
Plateau and argued for a “Hipparion” Datum correlation with C5n.2n,
10.8Ma. Data reviewed herein suggests less age discrepancy across Eur-
asia and North Africa than originally reported. Reports from the Valles
Penedes, Spain and the Pannonian C of the Vienna Basin converge on
an age slightly older than 11 Ma., whereas the Potwar Plateau,
Pakistan and Sinap, Turkey support a 10.8 Ma correlation.

The apparent enigma of Hippotherium sp. first occurring in Central
and Western Europe and Cormohipparion first appearing in Turkey
and Pakistan and somewhat later in North Africa has been rectified at
least in part by Scott et al.'s (2005) study of the postcrania of the
Pannonian Basin D-E (Vallesian, MN9) Inzersdorf Hippotherium sample.
Scott et al. (2005) discovered that while the cheek teeth of Inzersdorf
equid sample is Hippotherium primigenium-like in its complex occlusal
ornamentation, the metacarpal III and metatarsal III proportions are
more similar to Sinap Cormohipparion sinapensis than Hoewenegg
Hippotherium primigenium. Our citation of the similarity of cheek tooth
morphology in the type specimen of Cormohipparion sinapensis and
what is reported be the a plausible ancestral morphotype found in the
California Punchbowl Formation taxon Cormohipparion sp.
(Woodburne, 2009) reinforces the California taxon being near the an-
cestry of Old World hipparions and the validity of Cormohipparion, not
Hippotherium first occurring in Pakistan, Turkey and North Africa. We
conclude thatHippotherium is a decendant of Cormohipparion and rapid-
ly diverged in its cheek tooth ornamentationmorphology in Central and
Western Europe.

With regards to paleodietary adaptation, it is tempting to assume
that the relatively high abrasion patterns revealed through our
mesowear analysis on the Pannonian C Hippotherium sample (i.e. at
the level of many extant non-extreme grazers and somemixed feeders)
is due to heavy grass consumption by these taxa. However, microwear
analysis onHippotherium sp. fromAtzelsdorf (Merceron, 2009) suggests
that this assumption is likely an oversimplification.Merceron (2009) re-
constructedHippotherium sp. from Atzelsdorf as a browser based on the
relatively low average microwear scratch values. While these average
scratch results suggest that the Atzelsdorf population principally
browsed, individual raw scratch results (personal communication to
GS by Merceron) reveal that two out of the eight individuals have
scratch numbers above the low scratch browsing range (i.e., above 17
scratches) as defined by Solounias and Semprebon (2002). This indi-
cates that some grass was probably consumed, although, it is clear
that browse was likely the main dietary item. However, the sample
size for the microwear study was relatively low (n = 8).

Such discrepancies between mesowear and microwear results are
often reported and should not be interpreted as indicative of the relative
value of one proxy over the other. As such differences may be related to
the difference of temporal scale between the two methods (Sanchez-
Hernandez et al., 2016). Tooth microwear is more sensitive to seasonal
shifts in diet than toothmesowear and represents a snapshot of the diet
at the time of death of an animal. Toothmesowear is an indicator of cu-
mulative wear incurred during the entire lifetime of an individual ani-
mal. Such differences underscore the value of using multi-proxy
approaches to refine paleodietary reconstructions whenever possible
(e.g., Tütken et al., 2013).

However, what also must be considered are the possible effects of
the relative coarseness of specific dietary items consumed as well as
the possibility of grit encroachment on food items. For example, Wolf
et al. (2012) demonstrated that theHoewenegg sample ofHippotherium
primigenium has a mesowear signal consistent with leaf browsing (low
abrasion) but the concurrent microwear analysis revealed that grass
was an important part of the diet. Wolf et al. (2012) hypothesized that
grazing on C3 grasses (instead of C4 grasses) might explain this dispar-
ity based onwork by Solounias and Semprebon (2002)which describes
finer scratch textures and finer microwear in general in extant ungu-
lates that consume grasses in C3 versus C4 environments. If C3 grasses
are indeed less abrasive, then grazing behavior would have beenmissed
by looking only at mesowear.

Conversely, Semprebon et al. (2016) report high abrasionmesowear
typical of grazing in North American Pleistocene horses but microwear
scratch counts more consistent with mixed feeding and even browsing
in some forms. In this 2016 study, relatively high microwear pit counts
indicated that grit encroachment on food items may better account for
the relatively high abrasion revealed by mesowear than increased
grass consumption in these forms.

Interestingly, themicrowear pit counts reported inMerceron (2009)
for Hippotherium sp. from Atzelsdorf are higher than what is seen in
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most soft food consumers such as typical leaf browsers. This result is
concordantwith our relatively highermesowear scores seen in the sam-
ples from Atzelsdorf compared to those from Gaiselberg and Mariathal.
Thus, these high pit counts in Hippotherium sp. from Atzelsdorf may in-
dicate some fruit consumption or grit encroachment on food items.

With the above caveats in mind, it is important to realize that while
mesowear is useful as an index of the degree of abrasion of food items,
other dietary proxies such as microwear and enamel carbon isotopes
are often necessary to gain more specific insight into actual animal
diet. Consequently,we interpret the diet of the equids from the three lo-
calities studied here as most likely a browse-dominated mixed feeding
diet (based on prior microwear results) consisting of relatively abrasive
food items (based on current mesowear results). These results are con-
cordant with the mostly browse-dominated (C3) mixed feeding habit
reported by Tütken et al. (2013) on Hippotherium primigenium popula-
tions from four early Late Miocene localities in Germany, Switzerland,
and France. These authors interpreted late Miocene Hippotherium
primigenium as feeding predominantly on available leafy plants such
as trees and shrubs within predominantly forested landscapes of
Europe having the ability to switch to more abrasive dietary regimes
such as grass or fruit depending on their availability. Johnson and
Geary (2016) characterized PannonianBasin lateMioceneHippotherium
as beingC3 dominated “opportunistic” feeders. This ecologicalflexibility
reported in relatively hypsodont fossil equids (Semprebon et al., 2016;
Tütken et al., 2013) undoubtedly would enhance survival as drier and
more seasonal climates began to prevail in Europe and North America
in the late Miocene.

7. Conclusions

Wehave undertaken a study of Pannonian C hipparions fromVienna
Basin localities of Atzelsdorf, Gaiselberg and Mariathal, 11.4–11.0 Ma.
These are the oldest reported Old World hipparions and important
from systematic, biogeographic and paleoecological standpoints. We
analyze seven maxillary and mandibular cheek tooth characters in
order to elucidate the morphological foundation for the extensive
10+ million year radiation of Old World hipparion lineages. We find
that in terms of crown height, protocone morphology, confluence of
pre- and postfossettes, presence of pli caballinids and ectostylids that
the Gaiselberg, Atzelsdorf and Mariathal hipparions are primitive, with
Gaiselberg and Atzelsdorf being slightly more primitive than the
Mariathal hipparions. As a consequence, we refer the Gaiselberg and
Atzelsdorf assemblages to Hippotherium sp. and the Mariathal assem-
blage to Hippotherium aff. primigenium. Hippotherium primigenium is
well known from the Vienna Basin Pannonian D-E assemblages as
well as the German localities of Hoewenegg and the Dinotheriensande.
We find that the Atzelsdorf, Gaiselberg and Mariathal assemblages dif-
fer somewhat in their mesowear signature, but conform with a
“mixed-feeding” strategy. These assemblages likely incorporated a ma-
jority of browse in their diets, but likely also included somegrass in their
diet. Our reassessment of the Old World “Hipparion” Datum supports
the entry of North American Cormohipparion similar in morphology to
the Punchbowl Formation, California form Cormohipparion sp. (sensu
Woodburne, 2009), the rapid divergence of Central and Western
European Hippotheriumwhile Pakistan, Turkish and North African first
occurring “Hipparion” were directly derived from Cormohipparion.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.palaeo.2017.03.026.
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