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Abstract

The present study characterizes the ecological niches of equids and ruminants along with the environmental
conditions that prevailed at the Atzelsdorf locality (Austria) in the early Vallesian. Dental micro- and meso-
wear analyses were used to determine the feeding preferences of these ungulates. Dorcatherium naui and
Micromeryx flourensianus were browsers specialized in frugivory, whereas the bovid (either Miotragocerus
or Tethytragus) was a leaf-eater. The two equids Hippotherium sp. and Anchiterium aurelianense were also
browsers. The total absence of grazers in Atzelsdorf strongly supports the dominance of forested landscapes
along the shores of Lake Pannon during Vallesian times. The results also emphasize the ecological plasticity
of high-crowned hipparionines during the late Miocene in Europe.
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Zusammenfassung

Ziel der vorliegenden Untersuchung ist es, die 6kologischen Nischen von Ruminantiern und Equiden
der Untervallesischen Fundstelle Atzelsdorf (Osterreich) zu charakterisieren und damit auch die vor-
herrschenden Umweltbedingungen. Hierzu werden die Erndhrungspréferenzen dieser Huftiere anhand von
,Microwear- und ,,Mesowear“- Analysen bewertet. Dorcatherium naui und Micromeryx flourensianus
waren Blattéser, die auch Friichte fraen, wohingegen der nachgewiesene Bovide (entweder Miotragocerus
oder Tethytragus) ein Blattidser war. Auch die beiden Pferde Hippotherium sp. und Anchitherium aurelian-
ense waren Blattidser. Die Abwesenheit von etwaigen Grasfressern in Atzelsdorf spricht eindeutig fiir eine
Dominanz von Waldlandschaften um den Pannonsee zur Zeit des Vallesiums. Aulerdem sprechen diese
Ergebnisse fiir die 6kologische Flexibilitidt von hochkronigen Hipparionen im spdten Miozdn Europas.
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Introduction

The Atzelsdorf site, an abandoned gravel pit NW of Atzelsdorf village, is located about
35 km NE of Vienna in Lower Austria. It is situated at the western margin of the Vi-
enna Basin. The deposits of the Atzelsdorf site belong to the Hollabrunn-Mistelbach
Formation, which was discharged by the palaco-Danube into Lake Pannon during the
Late Miocene. Biostratigraphic investigations and well-logging correlations led to a cor-
respondence of the Atzelsdorf fauna with the Vienna Basin Pannonian Zone C and an
absolute age estimate of about 11.2-11.1 Ma (HARZHAUSER 2009, this volume), which
corresponds to the early Vallesian mammal age. The Atzelsdorf locality is exceptional
because of the co-occurrence of two genera of equids, the hipparionine Hippotherium
(WOODBURNE 2009, this volume) and the anchiteriine Anchiterium (DAXNER-HOCK &
BERNOR 2009, this volume). This co-occurrence is rare in the fossil record because hip-
parionines dispersed in Europe from the early Vallesian mammalian age, while Anchi-
terium became extinct (ALBERDI et al. 2004).

The present study characterizes the ecological niche of this early hipparionine and
more generally the niche partitioning amongst equids and ruminants. This allows the
environmental conditions near the Atzelsdorf locality to be estimated. One focus is on
examining how the new migrant and high-crowned hipparionines such as Hippotherium
competed for food resources with ruminants. These were taxonomically diversified in
Central Europe by then (Bovidae, Cervidae, Tragulidae, and Moschidae) (see HILLEN-
BRAND et al. this volume). Unfortunately, specific inferences on niche partitioning be-
tween the two equids cannot be expected: the dental material of Anchiterium is poor.

The ecological relationships between equids and ruminants are investigated here based
on feeding preferences. Many complementary approaches are available to estimate the
diets of extinct species. Here, we combine two taxon-independent approaches, dental
meso-wear and micro-wear analyses. The wear patterns on the cheek-teeth of herbivo-
rous mammals are strongly linked to the physical properties of food items. While dental
meso-wear patterns provide long-term information referred to as the “life-time” dietary
signal, the dental micro-wear signature provides information about the properties of the
food items consumed within a period of time shortly before death (TEAFORD & OYEN
1989).

Ungulates, whose main food resources are graminoids (including grasses, sedges, and
rushes), bear many scratches on their dental shearing facets. This dense scratching in
grazing ungulates is due to the high concentration of silica phytoliths in the cell walls
of these monocotyledons (KAUFMAN et al. 1985). Conversely, a recent exploratory study
(SANSON et al. 2007) concludes that micro-wear design might not be related to the abra-
siveness of silica phytoliths but to the exogenous grit and dust deposited on food. This
assumption, however, is contradicted by a careful examination of published micro-wear
data on ungulates (grazers or browsers inhabiting either dry open landscapes or humid
forested habitats). Instead, food items are apparently the main factors controlling the mi-
cro-wear genesis (see MERCERON et al. 2007a: 333-334). In contrast to monocotyledons,
dicotyledons have fewer silica phytoliths. Consequently, browsing ungulates tend to
have a higher ratio of pits to scratches compared to grazers. Beyond the grazer/browser
dichotomy, the dental micro-wear design has been used to detect more subtle feeding
preferences. For instance, browsers whose diets contain large amounts of both fruits
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and seeds tend to have more scratches than the exclusive leaf eaters (MERCERON et al.
2007a; SOLOUNIAS & SEMPREBON 2002). Moreover, intermediate feeders have a wider
spectrum of micro-wear patterns, pointing to flexible feeding preferences (MERCERON et
al. 2007a, 2007b; SOLOUNIAS & MOELLEKEN 1992; SOLOUNIAS & SEMPREBON 2002).

Based on meso-wear pattern, grazing ungulates tend to have higher frequency of low
occlusal molar reliefs with round or blunt cusps; occlusal relief and cusp shapes are the
two relevant variables used to characterize dental meso-wear patterns. Browsers, on the
other extreme, tend to have high occlusal reliefs with sharp or round cusps. However,
browsers depending heavily in frugivory tend to have a more worn dental pattern than
exclusive leaf browsers.

Material and methods

The dental micro-wear pattern can be investigated on both upper and lower cheek teeth,
whereas the dental meso-wear analysis here is restricted to the upper dentition (tabs 1,
2; Appendix 1).

The fossil material belongs to unit 2 of the Atzelsdorf section, which represents the typi-
cal deposits of the Hollabrunn-Mistelbach Formation. A seventh unit covering the 6 un-
derlying ones witnesses a transgression of Lake Pannon, an event dated at ca. 11.0-11.1
Ma (HARZHAUSER 2009, this volume). Ungulates are represented by Hippotherium sp.,
Anchiterium aurelianense (Equidae, Perissodactyla; WOODBURNE this volume; BERNOR
& DAXNER-HOCK this volume), Micromeryx flourensianus (Moschidae, Artiodactyla),
Dorcatherium naui (Tragulidae, Artiodactyla), a bovid assigned either to Miotragocerus
sp. or to Tethytragus sp. (Bovidae, Artiodactyla), and Euprox sp. (Cervidae, Artiodac-
tyla; HILLENBRAND et al. this volume). This latter species is not included because of
the lack of available dental material. The fossil material belongs to private collectors

Tab. 1. Summary statistics (mean m and standard deviation sd) on dental micro-wear variables
(number of scratches Ns, number of pits Np, and percentage of pits Pp) for extant and extinct
species.

Ns Np Pp
N m sd m sd m sd

Extant Equus burchelli 24 22.7 4.7 12.0 80 321% 125%
gr:zaer:'s Equus przewalski 6 298 37 1.7 51  272% 6.6%
Hippotragus niger 13 27.7 3.9 14.2 72 323% 10.5%
Extant Litocranius walleri 16~ 15.1 2.3 345 195 66.6% 95%
bro’;/ 22rs Odocoileus virginianus 11 19.9 58 311 108 60.1% 13.3%
Cephalophus dorsalis 19 27.2 9.3 45.6 174  616% 14.3%
Hippotherium sp. 8 13.9 4.0 56.9 16.0 796% 7.3%
Fossil Dorcatherium naui 22 22.2 6.9 40.2 153  621% 16.4%

spgzisés Anchiterium aurelianense 18.0 75.0 80.6%

216 6.7 41.8 53 66.1% 9.6%
14.4 4.8 50.3 M0 775% 64%

Micromeryx flourensianus
Bovid

© O =
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(indicated by S for collection SCHEBECZEK, Pellendorf or P for collection PENZ, Vienna
followed by an identification number). public collections. The large majority of the
specimens, however, are available as casts at the Naturhistorisches Museum of Vienna,
Austria (NHMW) (Appendix 1).

The protocol of MERCERON et al. (2004, 2005) was applied for the micro-wear analysis.
Because the fossil samples are small and heterogeneous in terms of tooth position, the
dental micro-wear analysis was restricted to three main variables. These are depicted as
significant to discriminate feeding preferences (MERCERON & MADELAINE 2006; MER-
CERON et al. 2007a; RivaLs & SoLouNias 2007; SOLOUNIAS et al. 1988; SOLOUNIAS &
SEMPREBON 2002). After scoring pits (Np) and scratches (Ns), the percentage of pits
(Pp = Np/Tot) was computed (tab. 1). The dental micro-wear pattern of fossil species
with unknown feeding habits was compared with those of six present-day species of
ungulates with known differences in diet. Hippotragus niger, Equus burchelli and
E. przewalskii represent the grazing species, whereas Litocranius walleri, Odocoileus
virginianus and Cephalophus dorsalis compose the browsing cluster. The two latter
browse on fruits and foliages, whereas Litocranius walleri is an exclusive leaf browser
(GAGNON & CHEw 2000; GrUBB 1981; HALLs 1978; KING 2002; PERELADOVA et al.
1999; RAMIREZ et al. 1997; STEWART & STEWART 1970). The samples of these present-
day species belong to a more extensive comparative database for dental micro-wear
analysis (MERCERON et al. 2004, 2006, 2007a, 2007b). Comparisons between extant and
extinct species were investigated through a single classification analysis of variance
(tab. 3). Tukey’s Honestly Significant Difference (HSD) and Fisher’s Least Significant
Difference (LSD) multiple comparisons tests were used to determine sources of signifi-
cant variation. Results for pairwise tests are presented to balance risks of Type I and
Type 1l errors given the large number of comparisons (tab. 4) (SOKAL & ROHLF 1998).
In order to mitigate the violation of parametric test assumptions, all variables were first
rank-transformed (CONOVER & IMAN 1981).

The protocol of FORTELIUS & SOLOUNIAS (2000) was applied for the dental meso-wear
analysis. The data on fossil species (tab. 2) were then compared with the comparative
database for dental meso-wear analyses published by FORTELIUS & SoLOUNIAS (2000).
Cheekteeth were examined by the naked eye or using a low-magnification (12x) hand
lens. Occlusal relief was classified as high (H) or low (L) according to the meso-wear
convention of FORTELIUS & SOLOUNIAS (2000), which relates to the depth of the valley
between the cusps. The second variable, cusp shape, included three scored attributes:
sharp (S), round (R), and blunt (B) depending on the degree of facet development. A
sharp cusp terminates at a point and has no rounded area between the mesial and distal

Tab. 2. Scoring of dental meso-wear pattern on upper dentition for fossil species. H: High oc-
clusal relief; S, R, and B: Sharp, Round, and Blunt cusp shapes.

N HS HR HB LS LR LB

Dorcatherium naui 8 1 7 0 0 0 0
Micromeryx flourensianus 4 0 4 0 0 0 0
Bovid 5 2 3 0 0 0 0
Hippotherium sp. 5 0 0 0 0 5 0
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facets. A rounded cusp has a distally smoothed tip, while a blunt cusp lacks distinct
facets. These parameters were widely discussed and defined in previous studies (e.g.,
FORTELIUS & SoLOUNIAS 2000; KAISER 2003). Six conditions were thus identified: low
relief with sharp [L-S], round [L-R] or blunt cusps [L-B] and high relief with sharp
[H-S], round [H-R] or blunt cusps [H-B] (tab. 2). This latter category was uncommon.
FORTELIUS & SoLOUNIAS (2000) scored such conditions for few individuals amongst
grazing ungulates. No fossil specimen investigated here displayed such a dental meso-
wear pattern.

Results and discussions

Despite the small sample sizes, the dental meso-wear patterns of the ruminants and
Hippotherium clearly differ. The equid has a low occlusal relief with rounded cusps,
whereas ruminants have a high occlusal relief with round and sharp cusps (tab. 2). The
dental meso-wear pattern of Hippotherium points to a diet based on abrasive items
(tab. 1; FORTELIUS & SOLOUNIAS 2000). Its dental micro-wear pattern, however, differs
significantly from that of present-day grazing species. Rather, it displays similarities
with browsing species (tabs 1, 2, 4, figs 1-2). This dental micro-wear pattern therefore
excludes the sole consumption of graminoids for Hippotherium at Atzelsdorf. Further-
more, the very low-density scratches would indicate browsing habits similar to that of
the extant Litocranius walleri (tabs 1, 2, 4, figs 1-2; MERCERON et al. 2007a, 2007b).
The so intensive occlusal meso-wear pattern for Hippotherium associated with leaf-
browsing habits, as depicted by the dental micro-wear analysis, might be due either to
the ingestion of tough but not abrasive foods or to a high amount of foliage to counter-
balance low nutrient values.

The dental micro-wear pattern of the only specimen of Anchitherium indicates that this
individual had browsed a few days before dying (tab. 1, fig. 2). Such browsing habits

Tab. 3. Results of the ANOVAs with ranked data. Ns: number of scratches; Np: number of pits,
and Pp: percentage of pits.

df SS MS F p

Ns
Effect 10 95283.9 9528.4 11.175 <0.001
Error 123 104877.6 852.7
Total 133 200161.5

Np
Effect 10 129459.1 12945.9 22.449 <0.001
Error 123 70932.4 576.7
Total 133 200391.5

Pp
Effect 10 130573.2 13057.3 22.970 <0.001
Error 123 69918.8 568.4

Total 133 200492.0
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are consistent with the dental meso-wear design of the large-sized sample of Anchite-
rium from the Early/Middle Miocene of Sandelzhausen in southern Germany (KAISER
in press).

The dental micro-wear patterns of the ruminants do not contradict the dental meso-wear
results because all the tree ruminants have browsing micro-wear signatures. In fact,
these three species have a higher percentage and number of pits than do grazers (tabs
1, 4, figs 1, 2). As noted in the introduction, a trend can be depicted amongst browsing
species from the frequency of scratches on shearing facets. Amongst extant species, leaf
browsers such as L. walleri tend to have fewer scratches than frugivore browsers such
as O. virginianus and C. dorsalis (MERCERON et al. 2007a; SOLOUNIAS & SEMPREBON
2002). Amongst fossil ruminants, Dorcatherium has significantly more scratches than
the bovid (tabs 1, 4; figs 1, 2). This points to differences in feeding habits. The tragulid
was probably a frugivore, whereas the bovid specialized in leaf browsing. Although the
sample size is low, a similar divergence of feeding habits is evident between the bovid
and Micromeryx (tabs 1, 4, figs 1, 2). Indeed, MERCERON et al. (2007a) already demon-
strated such a niche partitioning between the bovid Miotragocerus sp. and the moschid
Micromeryx flourensianus in Rudabanya (Vallesian of Hungary). Based on both dental
micro- and meso-wear analyses, the former is depicted as a leaf browser and M. flou-
rensianus as a browser on fruits and seeds.

Conclusions

The total absence of grazing ungulates in the guild of meso-herbivorous mammals
(mammals weighing from 4 to 450 kg) (FriTz et al. 2002) clearly excludes the presence
of a continuous herbaceous vegetal layer and consequently open landscapes at Atzels-

Tab. 4. Results on pairwise comparisons of extinct and extant species. Significance at a < 0.05
is indicated in normal font for Fisher’s LSD tests and in bold font for both Tukey’s HSD and
Fisher’s LSD tests. Ns: number of scratches; Np: number of pits, and Pp: percentage of pits.

Grazers Browsers Fossils
s 3 < 2 2 S 5
2 T & é ® S - S S
S § /% & 5 &5 3 %
2 * ~ & = & S
H i o = S
i PoNp PpNp PpNp Pp Np
Bovid Ns Ns Ns NpPp PpNs Ns
- - PpNp PpNp PpNp PpNs PpNp
Hippotherium Ns Ns Ns | NPPp Np Ns
- PpNp PpNp PpNs PpNs
Dorcatherium Pp Np Ns Ns Ns Ns Np Np Np
Micromeryx PpNp PpNp PpNp Ns Pp Ns
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Fig. 1. Light micrographs showing the dental micro-wear pattern on the molar shearing facets
of Hippotherium sp. (A; NHMW 2008z0062/0008-S142), the undetermined bovid (B; NHMW
2008z0051/0009-S128), Dorcatherium naui (C; NHMW 2008z 0049/0003-S15), and Micro-
meryx flourensianus (NHMW 2008 z 0050/0001-S35). Scale bar = 500 mm.

dorf during the early Vallesian. Hippotherium and the bovid (either Miotragocerus or
Tethytragus), being leaf-browsers, along with the presence of two browsing ruminants
(Micromeryx and Dorcatherium) that fed at least partly as frugivores, indicate forested
habitats around Atzelsdorf during the Early Vallesian. These conclusions are consistent
with previous studies demonstrating forested landscapes in the Central European prov-
ince during Vallesian times (BoNIs et al. 1992; ERONEN & ROSSNER 2007; FORTELIUS et
al. 2003; MERCERON et al. 2007a).

Our results support forested habitats for the equids and the ruminants. A large spectrum
of feeding preferences has been already pointed out for other Old and New World popu-
lations of hipparionines (HAYEK et al. 1992; KAISER 2003; KAISER et al. 2003; KOUFos et
al. 2006; MAc FADDEN et al. 1999; MERCERON et al. 2007a). Nonetheless, browsing and
mixed dietary habits of early populations of hypsodont equids in Western and Central
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Fig. 2. Mean and standard error of the mean values for the variable Ns (number of scratches) and
Pp (percentage of pits) for extant ungulates (black) and extinct species from Atzeldorf (gray).

Europe gave rise to many questions. Did earliest Eurasian hipparionines exploit open
areas or did they compete with ruminants for access to browsing? In other words, was
hypsodonty a constraint to exploit solely the open and grassy areas, or a selective advan-
tage to widen their ecological niches after their dispersion through Eurasia? Our results,
combined with those of previous studies, tend to support the latter hypothesis. Further
multi-approach analyses on larger samples will undoubtedly increase our knowledge on
the selective advantage of hypsodonty for access to food resources.
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Appendix 1. List of fossil material including specimen number, taxonomic assignation, tooth

position, and mesowear scoring and microwear counting per area (300 x 300um).

Anchiterium aurelianense

Specimen
P22

Dorcatherium naui

Specimen

NHMW 2008z0049/0026 — P15
PNN

NHMW 2008z0049/0029 — S115
NHMW 2008z0049/0008 — S116
NHMW 2008z0049/0009 — S117
NHMW 2008z0049/0011 — S120
S121

NHMW 2008z 0051/0013 — S133
NHMW 2008z0049/0015 — S134
NHMW 2008z0049/0023 — S138
NHMW 2008z0049/0003 — S15
NHMW 2008z0049/0004 — S16
NHMW 2008z0049/0005 — S17
S20

NHMW 2008z0049/0030 — S30
NHMW 2008z0049/0021 — S31
NHMW 2008z0049/0040 — S33
NHMW 2008z0049/0001 — S6
S63

NHMW 2008z0049/0016 — S64
NHMW 2008z0049/0028 — S67
NHMW 2008z0049/0019 — S86
NHMW 2008z0049/0002 — S9
NHMW 2008z0049/0031 — S97
NHMW 2008z0049/0029

Hippotherium sp.

Specimen

NHMW 2008z0062/0000 — S102
NHMW 2008z0062/0003 — S103
NHMW 2008z0062/0005 — S106
NHMW 2008z0062/0006 — S107
NHMW2008z0062/0011 — S110
S111

NHMW 2008z0062/0008 — S142
NHMW 2008z0062/0001 — S22
NHMW 2008z0062/0002 — S24

Tooth position
UMI12

Tooth position
m3 dex
M1/2/3
ml dex
m2 dex
ml sin

M1 dex
M1/2/3 sin
M3 dex
ml sin
M2 sin

m3 dex
m3 sin
M1/2/3 dex
M1/2/3
ml/2 dex
m2 dex
ml dex
M2 dex
UM12

D4 dex

ml sin

m3 dex
M2 sin
m2 dex
ml dex

Tooth position
pm/m fragment
MI dex
P2 dex
P4 dex
M1 dex
MI dex
m3 dex
P3 dex
M2 dex

Mesowear

Mesowear

HS

HR

HR

HR
HR

HR
HR

HR

Mesowear
LR
LR

LR
LR

LR

Ns
18

Ns
28

20.5
30
22
13
10

29
25
26
25
12

23
33
21
30
25
23
23
15
22
26
22

Ns

12
13
19

17
11
12
19

Np
75

Np
49
48
36
49
39
51
63

19
38
53
55
55

42
51
38
28
59
15
38
35
18
31

Np

67
49
50

43
92
50
47

Pp
80.6

Pp

63.6
87.3
63.4
62.0
63.9
79.7
86.3

39.6
60.3
67.1
68.8
82.1

20.7
56.0
70.8
55.9
52.8
72.0
39.5
71.7
61.4
40.9
58.5

Pp

87.7
84.8
79.0
72.5

71.7
89.3
80.6
71.2
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Micromeryx flourensianus

Specimen

NHMW 2008z0050/0007 — P10
NHMW 2008z0050/0008 — P11
NHMW 2008z0050/0006 — P9
NHMW 2008z0050/0001 — S35
NHMW 2008z0050/0002 — S54
NHMW 2008z0050/0004 — S56
S60

S61

NHMW 2008z0050/0010

Bovid

Specimen

NHMW 2008z0051/0015 — P18
S100

NHMW 2008z0051/0001 — S11
NHMW 2008z0051/0002 — S12
NHMW 2008z0051/0009 — S128
NHMW 2008z0051/0003 — S13
NHMW 2008z0051/0012 — S131
NHMW 2008z0051/0014 — S136
S14

NHMW 2008z0051/0004 — S18
S124

Tooth position
M1/2/3? sin
m3 sin

m2 sin

m2 dex
M1/2/3? sin
D4 dex

m1/2? sin
M1/2/3? sin
M1/2/3? sin

Tooth position
M2 sin
m1l2 sin
M2 sin
M2 dex
m2 sin
M1 sin
M1 dex
M3 dex
m2 sin
m2 dex
M12 dex

Mesowear
HR

HR

HR
HR

Mesowear

HS
HR

HS
HR
HR

Ns
19
22
33
18

16

Ns
12
13
15

20
24
14

13
10

Np

44
42
33

43

47

44
54
49

53

45
39
57
38
74
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Pp

69.8
65.6
50.0

70.5

74.6

Pp

78.6
80.6
76.6

72.6

65.2
81.3
80.3
74.5
88.1
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