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Abstract Although low in diversity, megaherbivores (mam-
mals weighting over 103 kg) and especially proboscideans
have a powerful impact on the structure and dynamics
of present-day ecosystems. During the Neogene (23 to
2.6 Ma) of Europe, the diversity and geographic distribu-
tion of these megaherbivores was much greater. None-
theless, their role in past ecosystems is unclear. Nutrition
is one of the main bonds between organisms and their
environment. Therefore, the ecology of organisms can be
inferred from their dietary habits. The present study is
aimed at characterizing the feeding habits of diverse mega-
herbivores through dental microwear analyses. This method
was applied on cheek teeth of three sympatric species of
proboscideans from the middle/late Miocene of the Molasse
Basin in Southern Germany: Gomphotherium subtapiroideum,
Gomphotherium steinheimense, and Deinotherium giganteum.
The microwear signatures are significantly different between

these taxa, suggesting differences in feeding habits and
ecological niches within a woodland environment. D. gigan-
teum probably browsed on dicotyledonous foliages whereas
the two species of gomphotheres were neither strict grazers
nor strict browsers and instead probably fed on a large
spectrum of vegetal resources. The differences of occlusal
molar morphology between the two gomphotheres are
supported by the dental microwear pattern. Indeed, G.
subtapiroideum probably ingested more abrasive material than
G. steinheimense. Thus, our results suggest that these
proboscideans did not compete for food resources.
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Introduction

Although low in diversity in African ecosystems, mega-
herbivores (mammals weighting over 103 kg) have power-
ful effects on both structure and composition of vegetation
and hence on ecosystem dynamics (Fritz et al. 2002).
Among them, the mere presence of the African elephant
(Loxodonta africana) highly disturbs the structure of
the mesoherbivores’ guild (mammals ranging from 4 to
450 kg). Since they browse on various dicotyledonous plant
species from the shrub to the arboreal vegetal layers, the
African elephant competes with mesobrowser and meso-
mixed feeder species. In contrast, the presence of mega-
herbivores considerably benefits the biomass density of
mesograzers since the growth of their food resources is then
favored by the continuous reduction of woody vegetation
by elephants (Fritz et al. 2002). Because their low diversity
limits potential interactions in present-day ecosystems, the
impacts of megaherbivores are fairly well understood. Con-
versely, the role of their extinct relatives, which were highly
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diversified during Neogene times throughout the Old World,
is unclear. For instance, two genera of Deinotheriidae
(Prodeinotherium and Deinotherium) and several genera
belonging to the Elephantoidea (Gomphotherium, Archae-
obelodon, Tetralophodon, Anancus, Zygolophodon,
Mammut, Stegotetrabelodon, Choerolophodon, and Platy-
belodon) occupied Western Eurasia from the late Early
Miocene until the latest Miocene (Göhlich 1999). How
could such sympatric megaherbivores coexist? What were
their impacts on both vegetal and faunal structures?

Through dietary reconstructions, the present work aims
to define the ecological partitioning of these megaherbi-
vores. Since nutrition is one of the main bonds between
organisms and their environment, the ecological niches of
fossil organisms can be inferred from their supposed dietary
habits. Here, the feeding preferences of sympatric probos-
cideans from the Miocene Upper Freshwater deposits
(North Alpine Molasse Basin, Southern Germany), which
represent one of the richest communities of megaherbivores
throughout European Miocene deposits (Göhlich 1998,
1999), are investigated through the quantification of the
microwear pattern on their cheek teeth. Dental microwear
analysis is a morphology-free approach and is recognized
as a powerful tool for reconstructing dietary habits of
extinct species for primates (Grine et al. 2006; Merceron
et al. 2005), rodents (Gomes Rodrigues 2006; Nelson et al.
2005), carnivorous (Van Valkenburgh et al. 1990), ungu-
lates (Merceron et al. 2007b; Solounias and Semprebon
2002), and even dinosaurs (Schubert and Ungar 2005).
While the geochemistry of stable isotopes informs of the
chemical properties of food items ingested during the cumu-
lative period of enamel maturation prior to dental eruption
(Bocherens et al. 1999; Sponheimer et al. 2003; Zazzo et al.
2000), dental microwear patterns mirror the physical
properties of food preferences from the last few days or
weeks (Teaford and Oyen 1989; Teaford and Glander 1991;
Walker et al. 1978). Abrasive vegetal tissues, hard and
brittle seeds and nuts, and tough or soft foliages differen-
tially scar the tooth enamel surface in characteristic ways,
allowing then to discriminate different feeding habits
amongst extinct species. The significant dental microwear
difference between species clarifies the feeding habits of
these extinct sympatric proboscideans and, by implication,
their ecological segregation to avoid competition.

Materials and methods

Materials

TheMolasse Basin extends over 800 km from Switzerland to
Austria. This north alpine foreland basin has formed since
the Eocene due to the subduction of the Eurasian tectonic

plate under the Adriatic plate. In Southern Germany, the
Northern autochthon unfolded basin section is filled with
limno-fluvial sediments of the Upper Freshwater Molasse,
dating from the late Early Mammalian Neogene Zone 4
(MN4) to the early Late Miocene (MN9) and is well known
for its abundance of vertebrate fossils (e.g., Dehm 1955;
Doppler et al. 2000; Heissig 1989, 1997). In its uppermost
part, the “Jüngere Serie” (younger series) of the Upper
Freshwater Molasse of Bavaria (Southern Germany), six
species of proboscideans are known: Gomphotherium
angustidens, Gomphotherium subtapiroideum, Gomphothe-
rium steinheimense, Tetralophodon longirostris, Zygolo-
phodon turicensis, and Deinotherium giganteum (Fortelius
2007; Göhlich 1998, 1999). In this study, fossil material
from the site Massenhausen, in addition to nine other
localities belonging to this “Jüngere Serie” were analyzed,
all dated to MN8–9 (12.7–9.7 Ma; S1). G. angustidens,
T. longirostris, and Z. turicensis could not be included in
the present study because of the reduced number of avail-
able teeth and poor preservation. Because the fossil record
is limited, especially for large mammals like proboscideans,
first, second, and third molars were considered for the
analysis to increase sample size. This increase of the sam-
ple size was necessary in order to reliably discriminate
the niche partitioning between these sympatric Miocene
megaherbivores. Molars from six individuals belonging
to G. subtapiroideum, 13 to G. steinheimense, and 17 to
D. giganteum were used in this study (S2). Premolars
cannot be included because the microwear pattern of
cheek teeth may fluctuate from anterior to posterior teeth
(Gordon 1984).

The crown pattern of the molars of deinotheres and
gomphotheres is very different. The molars of Deinotherium
are markedly lophodont (M1/M

1 trilophodont, M2/M
2 and

M3/M
3 bilophodont); the transverse valleys are wide and

unblocked. Gomphotherium, on the other hand, shows a
bunodont crown pattern (intermediate molars trilophodont,
third molars 3 ½–5 loph(id)s); each loph(id) is made up of
several, more or less, bulky cones and is separated by a
median sulcus in a pretrite and posttrite halfloph(id); ante-
riorly and/or posteriorly attached to the pretrite halfloph(id)
is mostly an additional central conule, which more or less
blocks the valleys. The differences on species level between
G. subtapiroideum and G. steinheimense are size-related as
well as morphology-related. In contrary to G. steinhei-
mense, the bunodont habitus of the molars of G. subtapir-
oideum is somewhat diminished and the loph(id)s appear
slightly more lophodont by, e.g., more but smaller
cones per loph(id), slightly more slender (anteroposteriorly)
loph(id)s, and weaker or bulge-like central conules.

All materials studied are housed at the Bayerische
Staatssammlung für Paläontologie und Geologie in Munich,
Germany.
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Methods

Facets and mastication Amongst most of mammals, the
masticatory process is mainly divided into two phases (Kay
1975; Kay and Hiiemae 1974). A first phase (phase I) is
due to mandibular movements parallel to the plane of the
dental facets. These movements tend to shear food items,
slicing cell walls of vegetal items in order to extract the cell
content. A second phase (phase II) results from a movement
perpendicular to the dental facets. This allows the crushing
of food items and thus the extraction of the cell energy
(Kay 1975; Kay and Hiiemae 1974). Both shearing and
grinding facets are considered here (Fig. 1; S3). Because
the dental microwear signature is not significantly different
on occluding dental facets (Semprebon et al. 2004; Teaford
and Walker 1984), upper and lower molars were not
differentiated in the analyses.

Dental microwear analysis For the four past decades, many
protocols have been developed to quantify the microwear
pattern on enamel surfaces. Differences concern casting pro-
cedures, as well as data acquisition. Here, the protocol of
Merceron et al. (2004b, 2005) was employed. It combines
the light stereomicroscopy with reliable analyses of high-
resolution digitized images (Merceron et al. 2005; Ungar

1996). This protocol was previously used to study the mas-
tication processes (Charles et al. 2007) and feeding habits
of extinct species (Boisserie et al. 2005; Goillot 2006;
Gomes Rodrigues 2006; Koufos et al. 2006; Merceron et al.
2007a, b).

Data acquisition Shearing and grinding facets were digi-
tized (1 px/1 μm resolution) using a digital camera (Leica
DC 300, Leica) through a light stereomicroscope (Leica
MZ 16, Leica) at low magnification (×30; Fig. 1). Two
digital microphotographs per facet were taken. Density and
shape of all microwear features, which are totally or
partially in the work envelop (0.09 mm2; 300×300 μm,
see Merceron et al. 2005), were quantified using Optimas v.
6.2 image analysis software (Media Cybernetics®). Pits are
recognizable from scratches. However, the distinction
between elongated pits and short wide scratches may be
unreliable. Microwear scars are then defined as pit or
scratch as follows: pits have a width to length ratio higher
than 1/4 and scratches have a lower one (Grine 1986).
Using Optimas v. 6.2 software, pits are marked with a point
and scratches with a line. That one is the cord linking
scratch extremities meaning that curve parameters were not
considered in the present analysis. The length of that cord is
scored as length of scratches. After scoring the number of

Fig. 1 Occlusal views of molars of D. giganteum (BSPG 1963 I 162), G. steinheimense (BSPG 1950 I 22b), and G. subtapiroideum (BSPG 1950
I 2c; see also S2 and S3) with digitized photographs of shearing and grinding facets on molars. Scale bars on molars=50 mm
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pits (Np) and the number of scratches (Ns), microwear scars
are assigned to a category depending on their size (length of
major axis for pits and width for scratches). Then, numbers
of wide scratches (breadth >15 μm) and of large pits (major
axis >15 μm) are defined. The total number of microwear
scars (Tot=Ns+Np) and the percentage of pits (Pp=
Np/Tot) is then computed (Table 1).

Statistics The two sets of measurement made from the two
digital microphotographs per dental facet were averaged.
Then, the measurements of every shearing facet from all
available molars are averaged for each individual. The same
procedure is conducted with the grinding facets. Two sets of
single-classification analyses of variances (ANOVAs here-
after) were performed from these values. A first set aims at
testing for the significance of the interfacet differences for a

given species. Through the combination of two pair-wise
tests (Fisher’s least significant difference and Tukey’s
honestly significant difference), interspecific differences
were then investigated to determine the sources of significant
variation for each dental facet; the former pair-wise test
being less conservative than the latter pair-wise test. All
variables were rank-transformed before analyses to mitigate
effects of violating assumptions for parametric analyses
(Conover and Iman 1981; Sokal and Rohlf 1998).

Results

A statistic summary is displayed on Table 1. The results of
ANOVAs and the pair-wise comparison tests are displayed
on S4 and Table 2, respectively.

Table 1 Statistic summary

Species Facet N (n) Ns Ls Np Nws Nlp Tot Pp

Deinotherium giganteum Shearing 17 (26) Mean 16.4 316.4 73.4 0.4 7.1 89.7 79.3
SEM ±1.1 ±34.9 ±5.7 ±0.1 ±0.7 ±5.4 ±3.0

Grinding 17 (25) Mean 22.6 356.1 51.1 0.6 5.3 73.6 66.6
SEM ±2.5 ±30.9 ±5.0 ±0.1 ±0.7 ±3.2 ±4.7

Gomphotherium subtapiroideum Shearing 6 (14) Mean 30.2 300.0 69.9 1.3 2.9 100.1 68.7
SEM ±2.2 ±46.6 ±7.0 ±0.5 ±0.9 ±5.3 ±3.5

Grinding 5 (12) Mean 31.2 191.9 72.5 0.6 3.5 103.7 68.1
SEM ±3.0 ±23.8 ±10.1 ±0.2 ±1.3 ±8.4 ±5.6

Gomphotherium steinheimense Shearing 13 (20) Mean 26.5 299.6 69.8 0.4 3.9 96.4 68.9
SEM ±2.7 ±23.5 ±9.2 ±0.1 ±0.8 ±8.0 ±4.7

Grinding 11 (15) Mean 19.4 252.5 63.9 0.7 3.2 83.3 72.5
SEM ±2.6 ±24.4 ±11.5 ±0.2 ±0.4 ±11.3 ±4.5

Mean and standard error of the mean (SEM) of the dental microwear variables.
N Number of individuals, n number of specimens studied (for details, see S2), Ns number of scratches (width to length ratio lower than 1/4), Ls length
of scratches in micrometer, Np number of pits (width to length ratio greater than 1/4), Nws number of scratches whose width is over 15 μm, Nlp
number of pits whose major axis is larger than 15 μm, Tot total number of microwear features (Tot=Ns+Np), Pp percentage of pits (Pp=Np/Tot)

Table 2 Inter and intraspecific results for pair-wise comparisons

D. giganteum G. steinheimense G. subtapiroideum

Shearing Grinding Shearing Grinding Shearing Grinding

D. giganteum Shearing
Grinding Ns, Np

Tot, Pp
G. steinheimense Shearing Ns, Nlp

Pp
Grinding Ls

G. subtapiroideum Shearing Ns, Nlp Nws
Nws, Pp

Grinding Ns, Ls Ns

Significance at α<0.05 is indicated in italic for Fisher’s LSD tests and in bold for both Fisher’s LSD and Tukey’s HSD tests.
Ns Number of scratches, Ls length of scratches in micrometer, Np number of pits, Nws number of scratches whose width is over 15 μm,
Nlp number of pits whose diameter is over 15 μm, Tot total number of microwear features (Tot=Ns+Np), Pp percentage of pits (Pp=Np/Tot)
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Interfacet variations ANOVAs and pair-wise tests display
significant differences between shearing and grinding facets
for D. giganteum. This species has significantly more pits
and fewer scratches on the shearing facets than on the
grinding ones, leading to significantly higher pit percentage
and total amount of microwear scars. No significant dental
microwear difference is displayed between shearing and
grinding facets for the two species of Gomphotherium
(Tables 1 and 2; S4).

Interspecific variations D. giganteum significantly differs
from the two species of Gomphotherium in having a lower
density of scratches and a higher number of large pits and
pit percentage on the shearing facets. To a lesser extent,
D. giganteum has fewer wide scratches than G. subtapir-
oideum on that very same facet. The latter species has more
wide scratches on shearing facets than G. steinheimense
(Tables 1 and 2, Fig. 2a, S4).

D. giganteum has longer scratches on grinding molar
facets compared to both species of Gomphotherium. To a
lesser extent, this species has a lower density of scratches
than G. subtapiroideum. This latter taxon significantly dif-
fers from G. steinheimense in having more scratches on the
grinding facets (Tables 1 and 2, Fig. 2b, S4).

Discussion

Dental microwear patterns and feeding habits Several
studies conducted on various mammals, such as hyraxes,
ruminants, and equids, have pointed out that graminoids
consumed intensively scratch the shearing molar facets in
comparison to others food resources, such as foliage (Mac
Fadden et al. 1999; Merceron et al. 2004a; Nelson et al.

2005; Solounias and Semprebon 2002; Walker et al. 1978).
Others studies conducted on primates indicate a positive
correlation between the number of pits on the grinding
facets and the ingestion of hard and brittle food items such
as seeds, exogenous particles, or tubers (Merceron et al.
2005; Teaford and Robinson 1989; Teaford and Glander
1991).

In parallel to the gradient of abrasiveness seen on the
shearing facets among extant herbivores, the dental micro-
wear pattern of the proboscideans studied here indicates
that D. giganteum probably ingested less abrasive food than
both species of Gomphotherium. D. giganteum probably
browsed on dicotyledonous foliages. The significant differ-
ences between shearing and grinding facets for D. gigan-
teum clearly support that each dental facet had two different
functions during mastication. The low scratch density on
the shearing facets compared to the high scratch abundance
on the grinding ones seen on D. giganteum points out that
either the sheared items were not as abrasive as the crushed
ones or that the pressure applied on food items during the
masticatory phase II was much more potent. This last
hypothesis would point to a strong distinction between the
two phases during the chewing cycle for D. giganteum
whereas the first assumption would indicate that D.
giganteum crushed many food items that did not prerequired
to be sliced.

Although they fed on more abrasive food than D.
giganteum, the species of Gomphotherium do not display
the intensive scratching observed in grazing meso-
herbivores (Merceron et al. 2007b; Schubert et al. 2006;
Solounias and Semprebon 2002). Therefore, the two species
of gomphothere were neither strict grazers nor browsers
and instead probably fed on a large spectrum of vegetal
resources. Although gomphothere molars do not display the

Fig. 2 Mean and standard error
of the mean of microwear vari-
ables percentage of pits (Pp),
number of wide scratches (Nws),
number of scratches (Ns), and
length of scratches in microme-
ter (Ls) for the three species on
the shearing (a, left) and grind-
ing (b, right) facets
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modifications seen on those of extant elephants (hypsodont
teeth, cement matrix), they exhibit different patterns that
compensate for high dental wear. For instance, in addition
to the thick enamel tissue, their molars exhibit many
supplementary conules. These are a recurrent feature noticed
on gomphothere molars (Fig. 1). These conules are fewer
and weaker in G. subtapirodeum (Göhlich 1998, 1999).
These latter dental elements do not contribute to the shearing
dental facets, but to the mere grinding ones (Fig. 1; S3). The
shearing and grinding facets have a distinct design for G.
subtapiroideum, suggesting that this species had a stronger
distinction of the phases I and II during the mastication
compared to G. steinheimense. This biomechanical differ-
ence suggesting also potential differences in terms of feeding
habits between the two species of Gomphotherium is
supported by the dental microwear pattern. Indeed, G.
subtapiroideum has significantly more scratches on grinding
facets than G. steinheimense. The former species probably
ingested more abrasive material than the latter species. Such
a large spectrum of food preferences is consistent with a
recent investigation of Miocene gomphotheres of Northern
America (Fox and Fischer 2004). These authors point out
that the carbon isotope composition of tusks and molar
crowns excludes feeding habits based on C4 graminoids and
conclude that these proboscideans were either mixed feeders
or browsers. Such a hypothesis is not in disagreement with
the present microwear analysis that indicates the intake of
both graminoids and dicots.

Environmental context and ecological partitioning Taxa
may coexist by occupying different ecological niches.
Ecological segregation can be achieved through behavioral
and body mass differences, vertical habitat stratification,
food resources and space partitioning, and seasonal migra-
tion (Bell 1971; Jetz et al. 2004; Mysterud 2000; Wells et al.
2004). The present study provides new insights into the
ecological segregation between the three species of probo-
scideans. Their dental microwear signatures comfort the
dental morphological differences. Both microwear and
morphology suggest niche partitioning to avoid direct com-
petition for food resources. These results are consistent with
the environmental dynamic in the Molasse Basin during the
Miocene (see Eronen and Rössner 2007 for a review). A major
uplift phase of the Alps and the drying of the Paratethys Sea
in Central Europe increasing the conditions of continentaliza-
tion implied cooler climate and higher seasonality through the
Middle-Late Miocene transition. It resulted in a replacement
of forests with drier and more open woodlands in the Bavarian
north alpine foreland basin (Eronen and Rössner 2007). This
more diversified environment could carry several species of
proboscideans because of the multiplicity of potential ecolog-

ical niches. In the present case, D. giganteum could occupy
closed patches or fringes. Both species of Gomphotherium
were mixed feeders and could switch from open to closed
patches, depending on environmental factors, such as food
availability or competition with other herbivores. The present
results resolve a conflict between environmental data and the
browsing habits previously assigned for the megaherbivores
from the Molasse Basin. Indeed, Eronen and Rössner (2007)
had proposed a reevaluation of dietary preferences of
herbivorous mammals from this area emphasizing on the
contrast between such feeding habits and the environmental
reconstructions. This microwear analysis of proboscidean
dentition has not only shed light on their dietary differences
but also on the partitioning of ecological niches amongst
megaherbivores in past landscapes. This analysis particularly
emphasizes on the capacity for the Late Miocene Eurasian
environments to tolerate many sympatric megaherbivores.
Nonetheless, further multiapproach analyses of proboscideans
belonging to different localities along latitudinal and longitu-
dinal gradients are necessary to quantify the ecological
plasticity of these megaherbivores. Faunal analyses including
megaherbivores and their respective ecological niches would
allow an evaluation of the potential impacts on the floral
structure and on the mammalian communities.
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