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Species flexibility in diet and habitat and their ability to tolerate a range of unfavourable ecological
conditions and survive in unusual habitats accompanied by unexpected faunal components has been
determined from various research fields. We present the dietary and environmental reconstructions of
interglacial and glacial large mammals from central Germany (Bockstein and Vogelherd caves, Steinheim
and Mauer) during the Middle and Late Pleistocene, using carbon and oxygen stable isotope relative
abundances in the carbonate fraction of tooth enamel. The same species existed in central Europe during
different temperature and ecosystem regimes. It appeared that the species during the glacial periods
demonstrated much narrower ranges d13C and d18O than during the interglacial periods and at the dawn
of the species origination. Intriguingly, the early woolly mammoth Mammuthus primigenius fraasi
apparently lived in much milder conditions than the late woolly mammoth Mammuthus primigenius
primigenius, and shared similar diet and habitat with the straight-tusked forest elephant Palaeoloxodon
antiquus. Bovids existed in extremely open habitat at Steinheim, probably during the Saalian glacial,
compared to other glacial species. Woolly rhinoceros Coelodonta antiquitatis and the early woolly
mammoth came to occupy similar environments only later, during the Weichselian glacial period in
Bockstein and Vogelherd caves. A so-called “steppe rhinoceros” Stephanorhinus hemitoechus occurred in
the forested habitat, along with the Merck’s rhino Stephanorhinus kirchbergensis. The horses appear to
have preferred warmer and denser habitat than the woolly rhinoceros during the Pleistocene. The
Pleistocene donkeys shared the ecological niches between bovids and horses. These new results
demonstrate that stable isotope analyses can be extremely helpful to determine more detailed paleodiet
and paleohabitat of extinct species. It appears that the deviation of the inferred palaeoecological patterns
from the patterns deduced from modern survivors’ ecology increases with increasing age, and species
appeared more flexible at their origin.

� 2013 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

1.1. Background on changing European faunal assemblages

Climatic fluctuations of the last 2 million years during the
Pleistocene and Holocene brought about dramatic changes in the
faunal composition in Europe. A general scenario of shifts in the
large mammal composition has been proposed for Central Europe,
y and Geology, University of
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using diverse palaeoclimatic indicators, fossil morphological ad-
aptations and ecological analogy with extant taxa. The two typical
large mammal assemblages, best recognized in Europe and Siberia
during the late Middle and Late Pleistocene, were drastically
alternating in central Europe during interglacial and glacial pe-
riods: a more ancient interglacial assemblage with the straight-
tusked or forest elephant Palaeoloxodon antiquus and Merck’s rhi-
noceros Stephanorhinus kirchbergensis that permanently inhabited
the Mediterranean region; and a more recent glacial assemblage
with the woolly mammoth Mammuthus primigenius and woolly
rhinoceros Coelodonta antiquitatis, adapted to cold climates and
tundra steppes that inhabited eastern Europe and Siberia
(Kowalski, 1980; Vereshchagin and Baryshnikov, 1980, 1985; Stuart,
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1991; Sher, 1992, 1997; Kahlke, 1999; Von Koenigswald, 1999, 2002,
2003, 2007; Pushkina, 2007) (Fig. 1) The interglacial assemblage
was represented by the straight-tusked or forest elephant
P. antiquus, Merck’s rhinoceros S. kirchbergensis, narrow-nosed
rhinoceros Stephanorhinus hemitoechus, hippopotamus Hippopot-
amus amphibius, water buffalo Bubalus murrensis, aurochs Bos pri-
migenius, giant deerMegaloceros giganteus, fallow deer Dama dama,
roe deer Capreolus capreolus, and European wild boar Sus scrofa,
because they were characteristic of the interglacial stages in central
Europe (Stuart, 1986, 1991; Von Koenigswald, 1999; Van
Kolfschoten, 2000; Currant and Jacobi, 2001; Bradshaw et al.,
2003). The glacial assemblage was composed of the woolly
mammoth M. primigenius, woolly rhinoceros C. antiquitatis, steppe
bison Bison priscus, musk ox Ovibos moschatus, reindeer Rangifer
tarandus, and saiga antelope Saiga tatarica (Alexeeva, 1980; Stuart,
1991; Sher, 1997; Kahlke, 1999).

In fossil localities, both types of species can occur together,
creating the so-called “non-analogous” assemblages with no
modern interglacial ecological analogues and atypical to fossil
interglacial and glacial assemblages, species of which seemed to
have been adapted to warm or cold environmental conditions and
were not supposed to coexist (Guthrie, 1984; Aaris-Sørensen,
2009). This fact was often interpreted as a consequence of sam-
pling bias or time averaging within a period of rapid climate
Fig. 1. Chronology and general climatic trends in Europe within a summarising stratigraphi
their greatest commonness (pictures of species), the woolly mammothMammuthus primigen
(Pushkina, 2007).
fluctuation (e.g. Stewart, 2008). However, an increasing amount of
evidence suggests an alternative interpretation that large mammal
species may have been more ecologically flexible than expected
(e.g. Kaiser and Franz-Odendaal, 2004; Pushkina, 2007; Rivals et al.,
2008; Pushkina et al., 2010), supporting the possibility that some of
these species may have coexisted.

This uncertainty can be solved if accurate dating can firmly
establish the contemporaneity of the different species (e.g. Stafford
et al., 1999) but it is increasingly difficult with increasing geological
age. Another possibility is to establish ecological preferences by
using phenotypic tracers, i.e. indicators of the life conditions of
fossil individuals independently of their species status. Stable iso-
topic analyses of tooth enamel have been shown to be a good proxy
for reconstructing diet and habitat of modern and fossil species,
and, thus, the changes in terrestrial paleoenvironments (e.g. Lee-
Thorp and van der Merwe, 1987; Quade et al., 1995; Cerling et al.,
1997; Koch, 1998; Cerling and Harris, 1999; MacFadden and
Higgins, 2004; Bocherens, 2009, 2011).

1.2. Isotopes, diet and habitat

Carbon isotopic composition in herbivores reflect the source
of carbon in their diet, indicating the photosynthetic pathways
and the presence of C3 and C4 vegetation in their habitat as well
cal table of Northern Eurasia with the representative large species during the times of
ius (Weichselian) and the straight-tusked elephant Palaeoloxodon antiquus (Holsteinian)



D. Pushkina et al. / Quaternary International 339-340 (2014) 164e178166
as a degree of canopy closure versus openness in wooded habi-
tats. The C3 plants consist of most woody vegetation and grasses
that have a cool growing season, such as ones growing in the
temperate winter-rainfall zones and cool high-altitude summer
rainfall regions (Vogel et al., 1978; Alcocks, 1988). The d13C values
for C3 plants range between �34& and �23&, with a mean
of �26& (Calvin and Benson, 1948; Hatch et al., 1967; Smith and
Epstein, 1971). The differences in d13C composition are also
observed in the forest environments, known as the canopy effect.
These differences result in a vertical d13C gradient in the trees
and depletion of 13C at the bottom of the canopy compared to the
top (Van der Merwe and Medina, 1989; Bocherens et al., 1999).
This effect occurs due to the forest soil respiration and decom-
position of CO2 and recycling of already-depleted organic carbon
within an enclosed heavily wooded environment at the ground
surface, and increased isotopic fractionation of carbon by plants
performing their photosynthesis under shaded conditions (Van
der Merwe and Medina, 1991; Rodière et al., 1996; Drucker
et al., 2008) in comparison to woodland and more open forest
environments with higher evapotranspiration. Canopy effect can
produce up to 5& differences in d13C at one site in the same
species, feeding on plants from different tree elevation, such as
pigs and porcupine (Van der Merwe and Medina, 1991). The
canopy effect has been also observed in pure C3 environments
between herbivores feeding in a heavily enclosed wooded envi-
ronment and those feeding in more open parkland or grassland
environments with higher evapotranspiration (Feranec and
MacFadden, 2006; Drucker et al., 2008). The carbon isotopic
composition of the carbonate fraction of bioapatite in large
herbivores is higher than or enriched by 14& from their diet
(Cerling et al., 1999). In temperate and cold environments, d13C
higher than �13& in herbivore enamel indicates open land-
scapes, such as grasslands and steppes, higher than �27& in diet
or ecosystem d13C values. d13C values lower than �13& indicate
woodlands and denser forests (Bocherens and Rousseau, 2008).

Oxygen isotopic composition of the herbivores’ enamel apatite
is related to the source and amount of body-water ingested, either
free drinking water or obtained from food and plants, which is a
proxy for d18O values of meteoric water, variable due to the source
of precipitation and effects of latitude, altitude, continentality,
temperature, and evaporation (Dansgaard, 1964; Longinelli, 1984;
Luz et al., 1984; Bryant and Froelich, 1995; Bryant et al., 1996;
Kohn, 1996; Sponheimer and Lee-Thorp, 1999; Levin et al.,
2006). d18O values of meteoric water are higher in warmer or drier
environments (Dansgaard, 1964). Thus, herbivores feeding in open
steppe habitats are expected to have more enriched d18O values
than species from forested cooler and more humid habitats. Spe-
cies in warm environments that obtain most of their ingested
water from leaves, or non-obligate drinkers (e.g. giraffes, roe deer),
tend to have higher d18O values due to evapotranspiration than
those of the obligate drinkers, or species that drink, and aquatic
mammals (hippopotamus), which are evaporation insensitive in
isotopic results (Sponheimer and Lee-Thorp, 1999, 2001). Seasonal
variation in rainwater in mid- and high latitude environments and
species migration can be significant, producing intra-tooth varia-
tions of 3e4&, or more (e.g. in high-crowned ungulates, horses
and bison, Hoppe et al., 2004; Feranec et al., 2009). Oxygen iso-
topic composition can be affected not only by daily ecology and
migration but also by life history and physiology of mammals.
Oxygen isotopic compositions are higher in nursing animals dur-
ing lactation and weaning periods because of milk consumption,
which is related to the body water of the mother, and more
enriched in 18O due to the preferential loss of 16O through sweat,
urine, and expired water vapour (Bryant and Froelich, 1995; Kohn,
1996).
Measuring biogenic isotopic signatures in fossil skeletal tissues
requires that these tissues have not been significantly modified
post-mortem. Two different bone and tooth fractions potentially
record unaltered isotopic signatures: collagen and the carbonate
fraction of bioapatite. Bones with well-preserved collagen are
exceptionally rare in sites older than the Late Pleistocene, with
notable exceptions in the Middle Pleistocene (Jones et al., 2001;
Kuitems et al., 2012). Fortunately, preservation of biogenic iso-
topic signatures has been demonstrated in tooth enamel of the
fossils of millions years old (e.g. Bocherens et al., 1996; Lee-Thorp
and Sponheimer, 2003). Therefore, we will focus on carbon and
oxygen isotopic composition of carbonate fraction of bioapatite in
tooth enamel.

1.3. Previous isotopic work on glacial and interglacial large
mammals

Intriguing stable isotope results have already indicated species’
habitual variations, suggesting that the large mammals were rather
flexible in their ecology in Europe (e.g. Bocherens et al., 1999;
Drucker et al., 2003; García García et al., 2009; Feranec et al.,
2010; Britton et al., 2012), South-eastern Asia (Pushkina et al.,
2010), Eastern Africa (e.g. Bibi et al., 2013) and North America
(Koch et al., 1998; DeSantis et al., 2009). Studies have shown that
European large ungulates, such as horses and aurochs, retreated
into dense forest habitats during the Holocene interglacial
(Bocherens et al., 2005; Drucker and Bocherens, 2009) and the late
Middle Pleistocene (Van Asperen, 2010). Fauna adapted to open
steppe environments could survive and forage in the forest and,
vice versa. For example, the forest elephant was able to persist in
open environments during the LateWeichselian Glaciation (Cerling
et al., 1999; Markova, 2000; Bocherens et al., 2005; Pushkina,
2007).

The association of ecological changes with climatic fluctuations
between glacial and interglacial periods in the Pleistocene of North
America has been evaluated using carbon and oxygen isotopic
composition of fossil herbivore tooth enamel (e.g. Koch et al., 1998;
DeSantis et al., 2009). These works have shown that some species
were conservative in their ecology despite climatic and environ-
mental changes, whereas others were able to shift their diet and
habitat. In Europe, such studies are not so common for the Middle
Pleistocene. Most studies used carbon and nitrogen stable isotopic
composition of bone and tooth collagen because the combination of
these two isotopic tracers is powerful in deciphering habitat use
and its trophic position in the food chain of past ecosystems (e.g.
Bocherens et al., 1994, 2005, 2011; Drucker et al., 2003, 2008;
Münzel et al., 2011; Yeakel et al., 2013). Due to collagen loss in
fossil bones through time, published studies are mostly limited to
the last 60,000 years. Only in a few exceptional cases was it possible
to use this approach in older sites (e.g. Bocherens et al., 1999; Jones
et al., 2001; Palmqvist et al., 2003; Britton et al., 2012; Kuitems
et al., 2012). In mammal fossil remains devoid of collagen, it is
still possible to obtain an isotopic signature with biological mean-
ing from carbonate.

Some studies investigated the carbon and oxygen of tooth
enamel in diverse large mammal middle Pleistocene assemblages
in southwestern Europe, in southern France, such as in Aldène and
Escale caves (Bocherens et al., 1991, 1994) and in Payre (Ecker et al.,
2013), as well as in Spain, in Atapuerca (García García et al., 2009).
Very little work has been done in Central Europe using this
approach on diverse large mammal assemblages. Kovács et al.
(2012) analysed carbon and oxygen isotopes in teeth from late
Pleistocene large mammals from Czech Republic, Slovakia and
Hungary, essentially woollymammoths, as well as a few horses and
one woolly rhinoceros, from various sites. However, this study



Table 1
Studied sites and species per site.

Locality Chronostratigraphy Species

Steinheim an
der Murr

Rissian (Saalian)
Holsteinian
(Sammet pit
is Rissian,
Sigrist pit
is Holsteinian?)

Palaeoloxodon antiquus
Mammuthus primigenius fraasi
Coelodonta antiquitatis
Stephanorhinus kirchbergensis
Stephanorhinus hemitoechus
Megaloceros giganteus
Cervus elaphus
Dama dama
Equus ferus
Equus hydruntinus
Bison/Bos genus,
species unidentified

Bocksteinhöhle,
Vogelherdhöhle
(in Vogelherd
no Megaloceros)

Middle and Late
Weichselian

Mammuthus primigenius
Coelodonta antiquitatis
Equus ferus
Megaloceros giganteus

Mauer Cromerian Palaeoloxodon antiquus
Stephanorhinus
hundsheimensis/etrusus
Equus mosbachensis
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includes only 4 enamel samples, with 12 additional measurements
on dentine, a fossil tissue that is well known to be prone to
diagenetic alteration (e.g. Koch et al., 1997; Bocherens et al., 2011).
Due to these problems, the result of this study cannot be considered
as valid unless convincing evidence is provided that diagenetic
alteration did not have any significant impact on dentine stable
isotopic composition. The studies of the carbon and oxygen isotopic
composition of woolly mammoth tooth enamel in Eastern and
Northern Europe reconstructed palaeoenvironment trends during
the second half of the late Pleistocene, but did not consider the
niche partitioning aspects, as they focus only on one species (Arppe
and Karhu, 2010; Arppe et al., 2011). In contrast, two studies
includedmore than one species, Jones et al. (2001) and Britton et al.
(2012). Both investigated the carbon and nitrogen isotopic
composition of bone and tooth collagen in England (Jones et al.,
2001) and Germany (Britton et al., 2012), together with the car-
bon and oxygen isotopic composition of tooth enamel of pro-
boscideans, bison and horse in the first study (Jones et al., 2001).
Although the article by Britton et al. (2012) includes carbon isotopic
data for horse and large bovines, it does not evaluate the implica-
tions of these results in terms of habitat, i.e. foraging in forested
versus open landscape.

Our study is, therefore, unique for Central Europe as it considers
diverse faunas of large herbivorous mammals and compares faunal
assemblages occurring within different climatic and environmental
contexts. The purpose of the present study is to assess the ecology
of the large ungulates typical of the late Middle and Late Pleisto-
cene interglacial and glacial stages in central Europe, using isotopic
geochemistry (13C, 18O) of fossil tooth enamel, and testing, whether
they had a more flexible ecology than previously assumed. Carbon
and oxygen stable isotopic composition of fossil tissues can be used
to test whether the same species experienced various climatic and
environmental conditions despite being retrieved from the de-
posits of their expected climatic regime and species assemblage.
Using this approach, we should find very different isotopic signa-
tures, indicating that the species were able to tolerate different
climatic conditions.

2. Materials and methods

2.1. Sites and the geological setting

We studied warm- and cold-adapted large ungulates from 4
sites in southwestern Germany: the interglacial locality of Mauer,
the glacial caves of Vogelherd and Bockstein, analysed together,
and the “mixed” interglacial and glacial, non-analogous locality of
Steinheim an der Murr (hereafter, Steinheim). In Steinheim, the
mixed faunal composition is demonstrated either due to the
sampling bias because the vast majority of the bones have been
collected by mine workers from different pits (or grube in
German) around the site and their exact provenance is unknown,
or due to real coexistence of some species with more flexible
adaptations than anticipated. The majority of the species was
analysed from Steinheim (Table 1; Fig. 2). These species were
discovered in the layers associated with the Rissian glacial
(correlated to the Saalian Glaciation) and Holsteinian interglacial
deposits (Wahl et al., 2009). Many specimens were found from the
pit of Sammet, which is considered to contain glacial deposits.
Several specimens come from the pits of Fritz, Sigrist, Bauer,
Gruber, and Müller, apparently associated with more temperate
climates. However, many specimens could not be associated with
any pit or correlated to the Holsteinian or Saalian. All specimens of
Mammuthus primigenius fraasi, P. antiquus, and S. kirchbergensis are
not associated with any pits. To establish a reference dataset
corresponding to unambiguous glacial period conditions, we used
cave deposits from the caves Bocksteinhöhle and Vogelherdhöhle
in the Lone Valley in the Eastern part of the Swabian Alb, which
correspond to the middle and late Weichselian (Bockstein e

archaeological deposits of the Middle Paleolithic (Bosinski, 2001;
Kronneck et al., 2004; Champion et al., 2009)). In contrast, the
site of Mauer, situated in the valley of the Elsenz rivulet, the old
bed of the Neckar River (today the Neckar runs north of Mauer)
represents a relatively moderate climatic interval (presence of the
hippopotamus), during the Cromerian interglacial. Germany’s
oldest human fragment, the jaw of Homo heidelbergensis, or Mauer
jaw, was discovered in Mauer, making unveiling its ecological
context more intriguing (Mounier et al., 2009). All of the sites are
located in Baden-Württemberg (Germany) less than 270 km apart
(Fig. 2).
2.2. Selection and preparation of teeth enamel samples for isotope
analyses

We sampled M3 for all elephants and mammoths. M3 were also
available for two giant deer and one Merck’s rhinoceros. For the
other ungulates, we sampled the upper M1 or M2 teeth, which
were sometimes undistinguishable from each other, because these
were the most available teeth (Table 2). For Equus hydruntinus we
sampled also P3, P4, P2, and for Equus caballus P3 teeth (Table 2).
Although in many ungulates isotope composition in M1 or M2
would reflect nutrients frommother’s milk and is more enriched in
18O compared to isotopic composition of consequently P2, M3, P3
and P4 that reflect solid diet after weaning because M1 and M2
partially mineralize, while animals are nursing during the first 2
years of life (Ancrenaz and Delhomme, 1997; Hoppe et al., 2004;
Ecker et al., 2013), we tried to be consistent in the isotopic offset
relative to adult isotopic values by sampling the same teeth. It has
been also shown that d13C values of nursing ungulates are not
drastically different from the mothers’ unlike d15N, even though
milk is 13C depleted by 2.1& relative to the mother’s plasma
(Jenkins et al., 2001) because of a high 13C depleted lipid content
(DeNiro and Epstein, 1977), and teeth formed before weaning may
have lower d13C values than those formed after weaning byw0.5&
in humans (Wright and Schwarcz, 1998) to by w2& in sea lions
(Hobson and Sease, 1998).



Table 2
Isotopic results (See Supplemental material).

Taxon Site CO3

(%CaCO3)
d13C carb
(& VPDB)

d18O
(& VPDB)

d18O
(& SMOW)

Ecosystem dOph (after
Lecyuer
et al., 2010)

Owat (after
Lecyuer
et al., 2010)

Temperature
(after Skrzipek
et al., 2011),
northern areas

Temperature
(after Skrzipek
et al., 2011),
central Europe

Coelodonta antiquitatis Bocksteinhöhle, Stuttgart 3.85 �11.82 �8.96 21.63 �24.32 12.85 �11.12003978 6.226340033 6.043928391
Bocksteinhöhle, Stuttgart 5.21 �11.62 �9.12 21.46 �24.12 12.69 �11.29031486 5.905066302 5.737433252
Bocksteinhöhle, Stuttgart 3.53 �11.38 �10.67 19.86 �23.88 11.14 �12.93475386 2.802351204 2.777443049

Equus caballus Bocksteinhöhle, Stuttgart 3.78 �11.94 �10.25 20.29 �24.44 11.56 �15.54940807 �2.130958625 �1.928934
Bocksteinhöhle, Stuttgart 4.72 �11.72 �8.66 21.93 �24.22 13.14 �13.32403893 2.067851083 2.076729933
Bocksteinhöhle, Stuttgart 3.89 �11.59 �8.99 21.60 �24.09 12.82 �13.77918188 1.209090791 1.257472614
Bocksteinhöhle, Stuttgart 4.72 �11.39 �9.39 21.18 �23.89 12.41 �14.34945303 0.133107494 0.230984549

Mammuthus primigenius Bocksteinhöhle, Stuttgart 6.65 �11.53 �10.70 19.83 �24.03 11.11 �12.96582312 2.743729957 2.721518379
Megaloceros giganteus Bocksteinhöhle, Stuttgart 5.70 �11.95 �8.92 21.66 �24.45 12.88 �11.21064493 6.055386924 5.880839125
Equus mosbachensis Mauer, Karlsruhe 3.17 �13.91 �7.73 22.89 �26.41 14.07 �12.01367169 4.540242103 4.435390966

Mauer, Karlsruhe 3.27 �13.10 �9.05 21.53 �25.60 12.75 �13.86674646 1.043874602 1.09985637
Mauer, Karlsruhe 5.04 �12.83 �6.67 23.98 �25.33 15.12 �10.52866302 7.342145249 7.108406568
Mauer, Karlsruhe 3.99 �12.72 �9.37 21.20 �25.22 12.43 �14.32292339 0.183163418 0.278737901

Palaeoloxodon antiquus Mauer, Karlsruhe 3.21 �13.85 �8.77 21.82 �26.35 13.04 �10.91912894 6.605417102 6.405567915
Mauer, Karlsruhe 6.70 �12.44 �8.14 22.47 �24.94 13.66 �10.2569374 7.854835088 7.597512674
Mauer, Karlsruhe 5.83 �12.38 �10.20 20.34 �24.88 11.60 �12.44217189 3.731751143 3.66409059

Stephanorhinus etruscus
or hundsheimensis

Mauer, Karlsruhe 3.14 �14.92 �7.68 22.94 �27.42 14.11 �9.772381931 8.769090695 8.469712523
Mauer, Karlsruhe 3.39 �13.31 �7.81 22.81 �25.81 13.99 �9.905091485 8.518695312 8.230835328
Mauer, Karlsruhe 3.63 �14.54 �8.40 22.20 �27.04 13.40 �10.5289008 7.34169661 7.107978566
Mauer, Karlsruhe 3.01 �14.27 �7.26 23.38 �26.77 14.54 �9.318145159 9.62614121 9.287338714
Mauer, Karlsruhe 3.43 �14.22 �8.41 22.19 �26.72 13.39 �10.54164551 7.317649986 7.085038086
Mauer, Karlsruhe 4.02 �14.05 �7.47 23.16 �26.55 14.33 �9.544841209 9.198412813 8.879285824
Mauer, Karlsruhe 3.54 �13.69 �7.54 23.09 �26.19 14.26 �9.619996653 9.056610088 8.744006024

Bos/Bison cf. Bison Steinheim an der Murr, grube Sammet, Stuttgart 3.4 �11.5 �9.3 21.3 �23.99 12.50 �12.91220382 2.844898458 2.818033129
Steinheim an der Murr, grube Sammet, Stuttgart 4.1 �11.4 �8.6 22.0 �23.86 13.19 �11.8913486 4.77104037 4.655572513
Steinheim an der Murr, grube Sammet, Stuttgart 3.9 �11.3 �8.5 22.1 �23.82 13.32 �11.70308997 5.12624533 4.994438045
Steinheim an der Murr, grube Sammet, Stuttgart 4.8 �11.1 �9.5 21.1 �23.58 12.29 �13.21518466 2.273236497 2.272667618
Steinheim an der Murr, grube Sammet, Stuttgart 2.7 �12.0 �8.6 22.0 �24.51 13.25 �11.81569878 4.913775882 4.791742191
Steinheim an der Murr, grube Sammet, Stuttgart 6.4 �11.7 �8.9 21.7 �24.16 12.91 �12.30227287 3.995711562 3.91590883
Steinheim an der Murr, grube Sammet, Stuttgart 4.1 �10.6 �6.7 23.9 �23.07 15.05 �9.166894523 9.911519767 9.559589858
Steinheim an der Murr, grube Sammet, Stuttgart 5.8 �10.6 �9.6 20.9 �23.07 12.17 �13.40152644 1.921648235 1.937252416

Cervus elaphus Steinheim an der Murr, grube Sigrist, Stuttgart 4.5 �17.2 �7.7 23.0 �29.70 14.14 �10.10019983 8.150566358 7.879640305
Steinheim an der Murr, grube Gruber, Stuttgart 3.1 �15.2 �4.8 25.9 �27.68 16.95 �7.614724082 12.84014324 12.35349665
Steinheim an der Murr, grube Sigrist, Stuttgart 4.4 �13.3 �10.3 20.3 �25.81 11.55 �12.38590873 3.837908048 3.765364278
Steinheim an der Murr, Stuttgart 4.3 �13.0 �10.9 19.6 �25.53 10.93 �12.94153457 2.789557417 2.765237775
Steinheim an der Murr, Stuttgart 3.2 �12.9 �10.0 20.5 �25.44 11.80 �12.16826869 4.248549643 4.157116359
Steinheim an der Murr, gruber Fritz, Stuttgart 3.6 �12.4 �10.1 20.5 �24.94 11.72 �12.24187607 4.109667797 4.024623078
Steinheim an der Murr, grube Sammet,
mammut shotter, Stuttgart

2.9 �12.4 �9.2 21.4 �24.89 12.60 �11.46257769 5.580042088 5.427360152

Steinheim an der Murr, grube Bauer,
antiquus schoter, Stuttgart

3.0 �12.2 �6.2 24.5 �24.70 15.58 �8.824583881 10.5573889 10.17574901

Coelodonta antiquitatis Steinheim an der Murr, grube Müller, Stuttgart 4.33 �12.46 �9.16 21.42 �24.96 12.65 �11.33484174 5.821053312 5.657284859
Steinheim an der Murr, grube Sammet, Stuttgart 5.15 �12.31 �7.98 22.63 �24.81 13.82 �10.08887213 8.171939384 7.900030172
Steinheim an der Murr, grube
Fritz and Kucher, Stuttgart

5.65 �11.92 �10.10 20.45 �24.42 11.71 �12.32933714 3.944646901 3.867193144

Steinheim an der Murr, Stuttgart 5.46 �11.91 �7.68 22.94 �24.41 14.12 �9.770362578 8.772900796 8.473347359
Steinheim an der Murr, grube Sammet, Stuttgart 4.28 �11.71 �7.68 22.94 �24.21 14.12 �9.765479337 8.782114458 8.482137193
Steinheim an der Murr, grube Bauer, Stuttgart 2.51 �11.62 �10.53 20.01 �24.12 11.28 �12.78446251 3.085919798 3.047967487

Dama dama Steinheim an der Murr, Stuttgart 3.3 �17.0 �4.9 25.8 �29.46 16.85 �7.698757621 12.68158939 12.20223628
Steinheim an der Murr, gruber Fritz, Stuttgart 3.4 �15.2 �7.4 23.2 �27.68 14.39 �9.876385519 8.572857512 8.282506067
Steinheim an der Murr, gruber Fritz, Stuttgart 3.6 �14.9 �8.5 22.1 �27.36 13.34 �10.80251978 6.82543438 6.615464399
Steinheim an der Murr, grube Gruber,Stuttgart 3.7 �14.3 �7.3 23.3 �26.77 14.50 �9.778357743 8.757815579 8.458956062
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Equus ferus Steinheim an der Murr, grube Bauer, Stuttgart 4.2 �14.2 �8.9 21.7 �26.72 12.88 �13.68979782 1.377739967 1.418363929
Steinheim an der Murr, grube Sammet, Stuttgart 5.04 �13.56 �7.91 22.71 �26.06 13.89 �12.26849165 4.059449711 3.976715025
Steinheim an der Murr, grube Sammet, Stuttgart 3.33 �13.43 �6.91 23.74 �25.93 14.89 �10.86033701 6.716345273 6.51139339
Steinheim an der Murr, grube Sammet, Stuttgart 4.46 �13.33 �9.39 21.18 �25.83 12.42 �14.34124765 0.148589333 0.245754223
Steinheim an der Murr, grube Sammet, Stuttgart 2.99 �13.29 �8.94 21.64 �25.79 12.86 �13.71207714 1.335703501 1.37826114
Steinheim an der Murr, grube Sammet, Stuttgart 4.15 �13.03 �9.31 21.26 �25.53 12.49 �14.23793512 0.343518642 0.431716785
Steinheim an der Murr, grube Sammet, Stuttgart 4.64 �12.53 �8.97 21.62 �25.03 12.84 �13.75084593 1.262554857 1.308477333
Steinheim an der Murr, grube Sammet, Stuttgart 3.58 �12.45 �7.97 22.64 �24.95 13.83 �12.3522818 3.90135509 3.825892756

Equus ferus 32803.49 average Steinheim an der Murr, grube Sammet, Stuttgart 4.2 �13.6 �7.6 23.0 �26.10 14.17 �11.86772811 4.815607344 4.698089406
Equus ferus 32803.67 avergae Steinheim an der Murr, grube Sammet, Stuttgart 3.8 �12.8 �8.3 22.3 �25.30 13.50 �12.82030346 3.018295352 2.983453766
Equus hydruntinus Steinheim an der Murr, grube Sammet, Stuttgart 4.6 �12.7 �7.9 22.7 �25.16 13.89 �12.26624991 4.063679421 3.980750168

Steinheim an der Murr, grube Sigrist, Stuttgart 3.5 �12.3 �7.0 23.7 �24.84 14.81 �10.97661423 6.49695429 6.302094392
Steinheim an der Murr, grube Gruber, Stuttgart 5.2 �12.2 �7.4 23.3 �24.70 14.43 �11.50152218 5.506561923 5.357260074
Steinheim an der Murr,
grube Fritz and Kucher, Stuttgart

3.8 �12.0 �9.1 21.5 �24.49 12.72 �13.91739832 0.948305058 1.008683026

Equus sp. (ferus) Steinheim an der Murr, Stuttgart 5.3 �13.8 �7.4 23.2 �26.30 14.36 �11.61078456 5.300406483 5.160587785
Steinheim an der Murr, grube Sigrist, Stuttgart 4.4 �12.7 �7.2 23.4 �25.17 14.56 �11.32997925 5.830227838 5.666037357
Steinheim an der Murr, grube Gruber,Stuttgart 5.4 �12.5 �7.5 23.2 �25.00 14.34 �11.63298911 5.258511118 5.120619607
Steinheim an der Murr, grube Sigrist, Stuttgart

Equus sp. (ferus) germanicus Steinheim an der Murr, grube Fritz, Stuttgart 4.8 �13.1 �7.3 23.3 �25.58 14.50 �11.4060235 5.686748115 5.529157701
Mammuthus primigenius fraasi Steinheim an der Murr, Stuttgart 6.60 �13.10 �10.05 20.50 �25.60 11.75 �12.28295296 4.032164222 3.950684667

Steinheim an der Murr, Stuttgart 8.03 �13.04 �9.14 21.43 �25.54 12.66 �11.31864195 5.851618955 5.686444483
Steinheim an der Murr, Stuttgart 4.71 �12.97 �8.10 22.51 �25.47 13.70 �10.21015362 7.943106373 7.68172348
Steinheim an der Murr, Stuttgart 6.74 �12.75 �8.61 21.99 �25.25 13.20 �10.74739861 6.929436592 6.714682509
Steinheim an der Murr, Stuttgart 8.04 �12.56 �9.50 21.07 �25.06 12.31 �11.69182307 5.147503646 5.014718478

Megaloceros giganteus Steinheim an der Murr,
grube Fritz, Stuttgart

2.9 �16.2 �8.2 22.4 �28.70 13.58 �10.58895775 7.228381606 6.999876053

Steinheim an der Murr, Stuttgart 4.76 �15.07 �2.90 27.87 �27.57 18.88 �5.899960694 16.07554586 15.44007075
Steinheim an der Murr,
grube Bauer, Stuttgart

3.3 �14.9 �2.1 28.7 �27.39 19.66 �5.213679684 17.37041569 16.67537657

Steinheim an der Murr, Stuttgart 4.51 �12.84 �9.39 21.18 �25.34 12.41 �11.62652897 5.270700054 5.132247851
Steinheim an der Murr, Stuttgart 3.97 �12.83 �8.80 21.79 �25.33 13.00 �11.10502544 6.254668984 6.070954211
Steinheim an der Murr,
grube Müller, Stuttgart

4.22 �12.68 �6.71 23.94 �25.18 15.08 �9.263616414 9.729025634 9.385490454

Palaeoloxodon antiquus Steinheim an der Murr, Stuttgart 5.99 �13.22 �10.06 20.49 �25.72 11.75 �12.28449439 4.029255861 3.947910091
Palaeoloxodon antiquus Steinheim an der Murr, Stuttgart 4.53 �13.13 �8.93 21.66 �25.63 12.88 �11.08754126 6.287658007 6.102425739

Steinheim an der Murr, Stuttgart 8.20 �13.03 �9.49 21.08 �25.53 12.32 �11.68407758 5.162117772 5.028660354
Steinheim an der Murr, Stuttgart 6.75 �12.89 �8.69 21.91 �25.39 13.12 �10.83217579 6.769479637 6.562083574
Steinheim an der Murr, Stuttgart 8.98 �12.58 �9.16 21.42 �25.08 12.64 �11.33698208 5.817014947 5.65343226

Stephanorhinus cf. hemitoechus Steinheim an der Murr,
grube Sigrist, Stuttgart

4.9 �15.2 �7.4 23.2 �27.67 14.37 �9.503527289 9.276363605 8.953650879

Steinheim an der Murr,
grube Sigrist, Stuttgart

4.1 �11.9 �8.3 22.3 �24.38 13.49 �10.43394118 7.520865689 7.278905867

Steinheim an der Murr,
grube Fritz, Stuttgart

2.74 �14.98 �7.51 23.12 �27.48 14.29 �9.5883338 9.11635132 8.800999159

Stephanorhinus kirchbergensis Steinheim an der Murr, Stuttgart 5.18 �14.24 �7.08 23.56 �26.74 14.72 �9.130922316 9.979391857 9.624339832
Steinheim an der Murr, Stuttgart 3.78 �13.60 �8.35 22.26 �26.10 13.46 �10.47214529 7.448782473 7.21013848
Steinheim an der Murr, Stuttgart 2.72 �13.22 �8.13 22.47 �25.72 13.67 �10.24871155 7.870355574 7.612319217
Steinheim an der Murr, Stuttgart 2.15 �13.16 �8.32 22.28 �25.66 13.48 �10.44635418 7.497444947 7.256562479
Steinheim an der Murr, Stuttgart 1.93 �13.05 �7.87 22.74 �25.55 13.93 �9.971640566 8.393131008 8.111046982
Steinheim an der Murr, Stuttgart 2.77 �13.04 �8.99 21.59 �25.54 12.81 �11.15854535 6.153688023 5.974618374

Stephanorhinus sp.
(kircbergensis/hemitoechus)

Steinheim an der Murr,
grube Bauer, Stuttgart

2.5 �12.9 �8.9 21.7 �25.44 12.94 �11.02407709 6.407401714 6.216661235

(continued on next page)
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In brachydont and mesodont or low- and medium-crowned
teeth, respectively, we sampled the lower part of the tooth close
to the bottom of approximately 0.5e1 cm length. In a high-crowned
herbivore, for example, a tooth can represent up to 1.5 years of
growth or more, with different portions of the crown representing
different seasons. Because incremental lines in hypsodont or high-
crowned ungulates’ teeth (bovids, equids) are difficult to deter-
mine, we sampled the longer portion of the tooth also closer to the
bottom, however, we could not sample more than 1 cm. In horses,
the average growth rate ranges between 3 and 4 vertical cm/year,
and, thus, one year of growth sample should be collected from
approximately 3e4 vertical cm (Hoppe et al., 2004). Nevertheless,
we sampled the whole length of teeth in two horses from Stein-
heim (specimens Horse 32803.49 and Horse 32803.67) for the
reference of the whole year growth period and possible seasonal
changes by drilling horizontal lines on a tooth.

Enamel sampleswere eithermechanically separated and ground
to a finer condition in an agate mortar or drilled with a diamond-
impregnated rotary tool. The uppermost surface of the tooth was
removed before sampling usually by drilling with a dremel� borer.
Samples of approximately 20 mg were analysed. Both fossil and
modern samples of the enamel powderswere pre-treated following
the method described by Bocherens et al. (1996), but using the
Continuous Flow (CF) for collecting carbon dioxide (Jacques et al.,
2008; Bocherens et al., 2009). Some authors have reported
possible side effects or insufficient efficiency of pretreatment pro-
tocols used for carbonate in tooth enamel (e.g. Zazzo et al., 2004;
Chenery et al., 2012). These works deal with more extreme condi-
tions and/or fossil material preserved in different taphonomic
context. Our experiencewith fossilmaterial from limestone cavehas
shown that the pretreatment used here is strong enough to remove
exogenous carbonates, butweare awareof possible slight changes of
the oxygen isotopic composition of tooth enamel carbonate. Enamel
powders for carbon and oxygen isotope analyses of structural car-
bonate within biogenic apatite were first reacted with 2.5% sodium
hypochlorite (NaOCl) for 24 h at 20 �C to oxidise organic residues,
and rinsed with distilled water. This procedure was repeated twice.
Then the remaining powder was treated with 0.1 M buffer acetic
acidecalcium acetate (pH ¼ 4.75) for 24 h at 20 �C to remove
exogenous carbonate (Bocherens et al.,1996; Koch et al.,1997; Ecker
et al., 2013), and finally washed with distilled water and dried at
45 �C. Then the treated powderswere reactedwith 100%phosphoric
(¼orthophosphoric) acid H3PO4 at 70 �C for 5 h to produce CO2.

The carbon and oxygen isotopic ratios were measured with a
Finnigan Mat 252 mass spectrometer with an attached Gasbench II
at the Geochemistry Laboratory, University of Tübingen. This sys-
tem is particularly well suited for fossil enamel carbonate isotopic
analysis because it has an integrated chromatographic column and
allows for the analysis of the gas evolved from the reaction with
orthophosphoric acid 10 times instead of one as with the Multiflow
system from Micromass (e.g., Tütken et al., 2007). Therefore, it
removes the contaminants better and produces purer CO2.

Isotopic ratios, expressed as the delta value, are calculated as
follows: dEX ¼ [(R sample/R standard)� 1]� 1000, where EX is d13C
or d18O, and R is 13C/12C or 18O/16O, respectively. The standards are
the marine carbonate VPDB for carbon and SMOW for oxygen. For
fossil samples the analytical error is 0.1e0.2& for d13C and d18O,
based on multiple isotopic analysis of modern tooth enamel of
camel and hippopotamus prepared and analysed at the same time
as the fossil samples.

2.3. Statistical analysis

We used both parametric and nonparametric tests with a¼ 0.05
level of significance. As ANOVA is robust enough to handle



Fig. 2. Map of studied sites.
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departures from normality and unequal variances, and the distri-
bution in our samples did not significantly depart from normal to
affect t-test statistics, we incorporated it to see the differences in
means among the sites. To identify the sources of significant dif-
ferences in these multiple comparisons, we used post hoc Tukey
tests. However, we also confirmed all results using nonparametric
tests of ManneWhitney and KruskaleWallis (analogous to ANOVA)
among species because they make no assumptions about the
sample distributions (normality).

3. Results

3.1. Variation among sites (Table 3)

Carbon isotopic (d13C) ratios of carbonate tooth enamel and,
thus, these of the ecosystem of the glacial caves Bockstein and
Vogelherd, are significantly higher than those of the interglacial
Table 3
Ecosystem based on carbon of species per site.

Site Mauer Steinheim, all

Ecosystem based on d13C
(mean and the ranges)

Woodland e

shrubland �26.09
(�27.42 to �24.88)

From dense forest and woodland
grassland and tundra: �25.56 (�
Pit Sammet e shrubland and gras
Pits Fritz, Sigrist, Gruber, Müller,
Unidentified Steinheim pits: �25
sites Steinheim andMauer (ANOVA F3,94¼7.32, p< 0.001, r2¼ 0.19;
KruskaleWallis H(3) ¼ 26.91, p < 0.001). Post hoc differences are
significant between Mauer and Bockstein (p ¼ 0.001), Mauer and
Vogelherd (p ¼ 0.01), between Steinheim and Bockstein
(p ¼ 0.006), and Vogelherd (p ¼ 0.05). Oxygen isotope (d18O) ratios
are significantly lower in the glacial caves (d18O ANOVA F3,94¼ 4.83,
p ¼ 0.004, r2 ¼ 0.133; KruskaleWallis H(3) ¼ 16.522, p ¼ 0.001),
especially d18O between Mauer and Vogelherd (post hoc p ¼ 0.05),
Steinheim and Bockstein (p ¼ 0.05) and Steinheim and Vogelherd
(p ¼ 0.024). Both carbon and oxygen isotopic ratios’ deviation is
lower than or equal to 3& in the glacial caves Bockstein and
Vogelherd. In Bockstein the lowest d13C were found in M. giganteus
and E. caballus and the highest d13C in C. antiquitatis and E. caballus,
the lowest d18O values were observed in the late mammoth and the
highest d18O values in E. caballus. In Vogelherd, the late mammoth
had the lowest d13C and d18O, and thewoolly rhinoceros the highest
d13C and d18O.
Vogelherd Bockstein

to shrubland,
29.7 to �23.07)
sland: �24.74 (�26.10 to �23.07)
Bauer: �26.04 (�29.7 to �24.12)
.79 (�29.46 to �24.41)

Open tundra e

grassland �24.15
(�24.73 to �23.49)

Open tundra e

grassland �24.16
(�24.45 to �23.88)
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Within identified Steinheim pits, all isotopic signatures of the
species from the pit Sammet represented the most open landscape
and a rather cold environment with little variation in d13C and d18O
(less than 3&). The species’ isotopic signatures from the pits Fritz,
Bauer, Sigrist, Gruber and Müller as well as from other unidentified
Steinheim pits demonstrated similar more closed environments
and much greater variation in both d13C and d18O than in Sammet,
and probably represented more temperate and rather forested
habitats. In the Steinheim sites, the lowest d13C and d18O values
were found in Cervus elaphus and the highest d13C in Bison/Bos, and
the highest d18O in M. giganteus. In Mauer, the lowest d13C were
shown by Stephanorhinus etruscus/hundsheimensis, and the highest
by P. antiquus, and the lowest d18O were shown by P. antiquus, and
the highest by Equus mosbachensis.

3.2. Variation within and among species

Given the background dissimilarity of the cold and warm lo-
calities fromwarm and cold periods, it is clear that overall d13C and
ecosystem, as well as d18O differed significantly among species
(d13C KruskaleWallis H(11) ¼ 57.13, p < 0.001; ANOVA F11,86 ¼ 9.56,
p < 0.001, r2 ¼ 0.5� 5; d18O KruskaleWallis H(11) ¼ 28.06,
p ¼ 0.003; ANOVA F11,86 ¼ 3.07, p ¼ 0.001, r2 ¼ 0.28). Within the
most variable Steinheim locality, due to the mixture of specimens
from glacial and interglacial layers, both isotope ratios are signifi-
cantly different among the species (d13C KruskaleWallis
H(10) ¼ 42.94, p < 0.001, d18O H(10) ¼ 17.52, p ¼ 0.064; d13C
ANOVA F10,59 ¼ 7.63, p < 0.001, r2 ¼ 0.56; d18O ANOVA F10,59 ¼ 2.07,
p¼ 0.041, r2¼ 0.26). Below, we discuss d13C and d18O in each family,
comparing the species among the sites and to other species (Figs. 3
and 4; Table 2).

3.3. Proboscideans: P. antiquus, M. primigenius, M. p. fraasi

The early mammoth M. p. fraasi from Steinheim showed
significantly lower d13C (ManneWhitney U¼ 0.000, p ¼ 0.025, Chi-
square approximation c2(1) ¼ 5), and significantly higher d18O
(ManneWhitney U ¼ 15, p ¼ 0.025, c2(1) ¼ 5) than the late
mammoth from Vogelherd and Bockstein glacial caves. Unexpect-
edly, P. antiquus and M. p. fraasi had similar carbon and oxygen
isotopic signatures, indicating similar ecosystems and tempera-
tures or/and drinking regime and place preferences, at both sites
Mauer and Steinheim. The late mammoth Mammuthus primigenius
primigenius had the lowest of all species d18O values in both glacial
caves (KruskaleWallis H(3) ¼ 7.697, p ¼ 0.053).

3.4. Rhinoceroses: C. antiquitatis, S. kirchbergensis, S. hemitoechus,
S. etruscus/hundsheimensis

C. antiquitatis demonstrated lower d13C values in Steinheim than
in the glacial caves (ManneWhitney U ¼ 0.000, p ¼ 0.046, Chi-
square approximation c2(1) ¼ 4). In Vogelherd, the woolly rhi-
noceros had higher d13C than in Bockstein (ManneWhitney U¼ 0.0,
p ¼ 0.083, Chi-square approximation c2(1) ¼ 3). In Steinheim, the
woolly rhinoceros had significantly higher d13C than the narrow-
nosed S. hemitoechus (ManneWhitney U ¼ 20, p ¼ 0.088, Chi-
square approximation c2(1) ¼ 2.91), and Merck’s rhino
S. kirchbergensis (ManneWhitney U ¼ 0.000, p ¼ 0.004, Chi-square
approximation c2(1) ¼ 8.31). S. hemitoechus showed wider ranges
in d13C than both S. kirchbergensis and Coelodonta (d13C among
rhinoceroses KruskaleWallis H(2) ¼ 8.059, p ¼ 0.018), with two
individuals with values lower than S. kirchbergensis and two with
values similar to Coelodonta.

C. antiquitatis demonstrated wider d18O variation (both lower
and higher) in Steinheim than in Vogelherd and Bockstein, and
slightly wider d18O ranges than S. kirchbergensis and S. hemitoechus,
because of the 2 individuals with higher d18O in the warmer range,
but generally not significantly lower d18O ranges. In the glacial
caves, the woolly rhinoceros had significantly lower d18O than
Steinheim than S. kirchbergensis and S. hemitoechus, although Coe-
lodonta’s M1 was sampled and should produce higher d18O than in
M3 of the Merck’s rhino.

Compared to other species, the woolly rhino from both Vogel-
herd and Bockstein exhibited the highest d13C values (Kruskale
WallisH(2)¼ 6.727, p¼ 0.035), significantly higher d13C values than
the late mammoth (ManneWhitney U ¼ 0.0, p ¼ 0.006, Chi-square
approximation c2(1) ¼ 7.5), than the early mammoth and forest
elephant in Steinheim (KruskaleWallis H(2) ¼ 10.8, p ¼ 0.005), and
d18O values significantly higher than the late mammoth (Manne
Whitney U ¼ 0.0, p ¼ 0.025, c2(1) ¼ 5), but not different from
Mammuthus or Palaeoloxodon in Steinheim, only wider d18O ranges
than the early mammoth. However, taking into account that Coe-
lodonta M1 was sampled, compared to M3 in Proboscidae, d18O
values can be significantly different from Mammuthus or Palae-
oloxodon in Steinheim and not from the latemammoth, becauseM1
produces higher d18O than M3.

3.5. Equids: Equus ferus, E. hydruntinus, E. mosbachensis

E. ferus demonstrated a significant variation in d13C from the
highest values in Bockstein and Vogelherd to the lowest in
Steinheim (KruskaleWallis H(3) ¼ 11.366, p ¼ 0.010 or Manne
Whitney U ¼ 0.000, p ¼ 0.003, c2(1) ¼ 8.842), and lower d18O in
Bockstein and Vogelherd compared to Steinheim (ManneWhit-
ney U ¼ 49.000, p ¼ 0.026, c2(1) ¼ 4.974). Both Steinheim horses
evaluated for seasonal changes demonstrated variation of less
than 1& in d13C (from �13.9& to �13.3& for Horse 1, and
from �13& to �12.4& for Horse 2), and in d18O less than 2 and
3& (respectively, �8.4 to �6.6& and �9.5 to �6.8&). Both of
the horses showed lower carbon isotopic values at the tip of the
teeth or earlier in life than at the bottom of the teeth. In oxygen
isotopic values, they demonstrated diverse values at the tip of
the teeth or during the early life stage than at the bottom, where
the values were quite similar. Other horse species had d13C
variation less than 1.5&, and d18O less than 2& and less than
3& in E. mosbachensis from Mauer. E. mosbachensis was similar
to E. ferus from Steinheim, and together had significantly lower
d13C (KruskaleWallis H(3) ¼ 26.91, p < 0.001), and higher d18O
values (KruskaleWallis H(3) ¼ 16.48, p ¼ 0.001) than E. caballus
from Bockstein and Vogelherd. In Steinheim, E. ferus had
significantly lower d13C values than E. hydruntinus (Manne
Whitney U ¼ 3, p ¼ 0.008, Chi-square approximation
c2(1) ¼ 7.049), which might be ambiguous, since horse M1 and
M2 can produce slightly 13C depleted values compared to don-
key’s P3 and P4. The horse d18O were not different from the
donkey in Steinheim, which probably will hold true even with
the offset and horse’s M1 and M2 elevated d18O values
compared to donkey’s P3 and P4.

Overall, compared in all sites, the horses demonstrated higher
d18O than the mammoths and straight-tusked elephants (Kruskale
Wallis H(2) ¼ 8.28, p ¼ 0.016; only mammoths (ManneWhitney
U ¼ 33.000, p ¼ 0.008, Chi-square approximation c2(1) ¼ 7.094)). In
both Bockstein and Vogelherd, there was no significant difference
between the horse and other species in d13C but a variation in d18O
fromthe lowest in the latemammothand thehighest in thehorse and
giant deer (KruskaleWallis H(3) ¼ 7.697, p ¼ 0.053; horses� late
mammoth difference in d18O (ManneWhitney U ¼ 0.000, p ¼ 0.025,
Chi-square approximation c2(1) ¼ 5)). One P3 horse sample value
occurred in the midst of M1eM2 d13C values, which was also higher
than the late mammoth M3.
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In Steinheim, horses showed wider and slightly lower d13C
ranges and significantly higher d18O than C. antiquitatis, Palae-
oloxodon and Mammuthus (KruskaleWallis H(2) ¼ 7.353,
p ¼ 0.025), only elephant (ManneWhitney U ¼ 11, p ¼ 0.026, Chi-
square approximation c2(1) ¼ 4.937), only mammoth (Manne
Whitney U ¼ 13, p ¼ 0.042, c2(1) ¼ 4.149). The proboscidean re-
sults, however, might not indicate significant differences after
considering possible 18O enrichment in M1eM2.

3.6. Bovids: Bison/Bos

Bovids were only present in Steinheim as unidentified genus
Bison/Bos, and we compare them to the rest of the species. In
Steinheim and compared to all localities, bovids demonstrated the
highest significantly d13C values, opposite to the lowest values
observed in cervids (the red deer C. elaphus, fallow deer D. dama,
giant deer M. giganteus) (KruskaleWallis H(3) ¼ 17.2, p ¼ 0.001;
ManneWhitney U ¼ 1.000, p ¼ 0.002, Chi-square approximation
c2(1) ¼ 9.763), higher d13C than Cervus (ManneWhitney U ¼ 0.0,
p ¼ 0.001, Chi-square approximation c2(1) ¼ 11.294), higher d13C
and lower d18O than Dama (d13C ManneWhitney U ¼ 0.000,
p ¼ 0.007, Chi-square approximation c2(1) ¼ 7.385; d18O Manne
Whitney U ¼ 29.000, p ¼ 0.027, Chi-square approximation
c2(1) ¼ 4.875). Overall, differences among bovids and cervids in
d18O appeared nonsignificant.

Bovids showed significantly higher d13C values than all rhinos
d13C (KruskaleWallisH(3)¼ 17.1, p¼ 0.001), higher than Coelodonta
(ManneWhitney U ¼ 5, p ¼ 0.014, c2(1) ¼ 6.017), S. kirchbergensis
(ManneWhitney U ¼ 0.000, p ¼ 0.002, c2(1) ¼ 9.6) even with the
M1eM3 offset, S. hemitoechus (ManneWhitney U ¼ 1, p ¼ 0.011,
c2(1) ¼ 6.49). d18O was not significantly different between bovids
and the woolly rhino. Bovids demonstrated nonsignificantly lower
d18O than both warm-adapted S. kirchbergensis and S. hemitoechus,
which can be significant, considering 18O enrichment in M1 bovid
teeth in comparison with Merck’s rhinos M3.

Bovids had significantly higher d13C values than both
E. hydruntinus and E. ferus (KruskaleWallis H(2)¼ 19.21, p< 0.001),
only E. hydruntinus (ManneWhitney U ¼ 1.0, p ¼ 0.011, Chi-square
approximation c2(1) ¼ 6.49), only E. ferus (ManneWhitney U ¼ 0.0,
p < 0.001, Chi-square approximation c2(1) ¼ 14.61) but not
different in d18O.

3.7. Cervids: M. giganteus, C. elaphus, D. dama

The red deer C. elaphus and the fallow deer D. dama were only
present in Steinheim, and the giant deer was also present in
Bockstein. As mentioned in the Section 3.6, in Steinheim the giant
deer demonstrated the lowest d13C values of all species. The red
deer demonstrated the widest ranges in d13C and d18O of all other
species, even considering possible M1eM3 offset.

M. giganteus in Bockstein had the lowest of all species d13C and
lower d13C than in Steinheim. Steinheim giant deer showed much
lower d13C values (also in M3) than Palaeoloxodon’s (Wilcoxon test
Z ¼ 2.934, p ¼ 0.003) and the early mammoth, and much wider in
ranges than both proboscideans.

Overall, Megaloceros showed significantly higher d18O values
than Paleoloxodon (ANOVA post hocs d18O p ¼ 0.028), Mammuthus
(d18O p ¼ 0.001), and Coelodonta (d18O p ¼ 0.015), and significantly
higher than Palaeoloxodon in Steinheim (d18O ManneWhitney
U¼ 4, p¼ 0.045, Chi-square approximation c2(1)¼ 4.033) but these
results may be insignificant, considering the offset between M3 of
proboscideans and 18O enriched M1/M2 of the giant deer.

The giant deer did not differ in d13C and d18O from horses,
S. kirchbergensis and S. hemitoechus, except for the two giant deer
individuals with very low d13C and high d18O, and showed similar
d13C values to C. elaphus, except for two samples with very low d13C
(ManneWhitney U ¼ 56.0, p ¼ 0.003, Chi-square approximation
c2(1) ¼ 8.842).

The fallow deer showed slightly lower d13C and higher d18O than
C. elaphus, and quite similar to Megaloceros, S. kirchbergensis,
S. hemitoechus. Overall, the fallow deer had lower d13C and higher
d18O than the early mammoth (d13C ANOVA post hocs p ¼ 0.045,
p ¼ 0.054; ManneWhitney U ¼ 20, p ¼ 0.014, Chi-square approx-
imation c2(1) ¼ 6); (d18O ANOVA post hocs p < 0.001; Manne
Whitney U ¼ 1, p ¼ 0.027, Chi-square approximation c2(1) ¼ 4.86).

D. dama had significantly lower d13C than both E. ferus and
E. hydruntinus (KruskaleWallis H(2) ¼ 14.16, p ¼ 0.001), and
significantly lower than the horse alone in Steinheim (Manne
Whitney U ¼ 56, p ¼ 0.003, Chi-square approximation
c2(1) ¼ 8.842) and the donkey (ManneWhitney U ¼ 0.0, p ¼ 0.021,
Chi-square approximation c2(1) ¼ 5.333). Differences in d18O were
not significantly different between the fallow deer and the horse.

4. Discussion

4.1. Locality differences

Clear environmental, temperature and habitat differences were
indicated among the 4 sites, with Mauer representing the warmest
andmost densely wooded habitat or woodland, whereas Vogelherd
and Bockstein represent the coldest and most open landscape or
steppe and steppe-tundra, with the highest d13C and lowest d18O.
Steinheim, the site with interglacial and glacial components or
deposits mixed, demonstrated the greatest temperature and
habitat variation, suggesting that its environments were most
distinct. Based on the sedimentology, Steinheim is suggested to
belong to the Rissian (Saalian) glacial period, succeeding the Hol-
steinian interglacial sands/gravels (Bloos, 1994) (Fig. 1). The ma-
jority of large mammal spectrum of Steinheim species derives from
Sammet and indicates the steppe environment by species status,
“Steppenelefanten-Kiese”, corresponding to a glacial phase. How-
ever, the interglacial species, which supposedly also belong to the
preceding Holsteinian interglacial, are present in Steinheim as well.
The water buffalo B. murrensis and B. primigenius were both
discovered in Steinheim for the first time in central Europe, sug-
gesting a strong maritime effect, mild winters and warm temper-
ature (Von Koenigswald, 2007). We have not analysed all Steinheim
species, but isotopic results of the fossils collected from several
identified pits belong to ecologically different habitats that existed
either during the Holsteinian interglacial or Saalian interstadials.
For example, the pit Sammet with its majority of species quite
uniformly represented the most open and coldest habitat in
Steinheim as has been previously suggested, with d13C values very
close to those of the glacial caves. However, the other pits (Fritz,
Baur, Sigrist, Gruber, and Muller) demonstrated more closed
forested environments than Sammet, with variations in water or
temperature, suggesting a more closed-canopy or humid (or
aquatic) habitats, as well as both colder and much warmer habitats
than Sammet. Even considering the mixed nature of Steinheim, the
isotopic variation in the identified pits suggested more variation in
temperate environments.

It is possible that the “forest” temperate fauna lived alongside
the cold-adapted species. Mammals could have also beenmigrating
from nearby territories, similar to Siberia today with discontinuous
permafrost and boreal forest situated on the borderline. The Hol-
steinian was longer and warmer than the Eemian interglacial, and
the temperate fauna could have spread further northward to
coexist with cold-adapted species that could have also had more
ecological flexibility, persisting further southward of their original
habitat (Pushkina, 2007).



Fig. 3. d13C values of the studied species.
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4.2. Species ecological flexibility

Remarkably, the early mammoth M. p. fraasi and P. antiquus
shared similar habitats in temperature and openness, shrubland,
suggested by the Steinheim data, which were not as open and cold
as for the late woolly mammoth, highly specialized for grazing in
cold habitats. Similarity between the early Mammuthus and Pal-
aoloxodon in Europe has also been observed in microwear teeth
patterns (Rivals et al., 2012). M. p. fraasi is considered the early
M. primigenius or late M. trogontherii, with a lesser number of and
Fig. 4. d18O values of th
wider spaced enamel plates (Lister and Sher, 2001), more similar to
the forest elephant than to the late mammoth. Palaeoloxodon from
Mauer appeared similar in temperature and ecosystem preferences
to the one from Steinheim. In contrast, the late M. p. primigenius
from Vogelherd and Bockstein evolved to occupy the coldest and
more open environments, known as the mammoth steppe.

C. antiquitatis, on the other hand, appeared to have occupied
more open territories than the late woolly mammoth and the early
mammoth, even considering a possible M1-M3 offset, showing an
ecological specialization to open habitats already in the early forms.
e studied species.
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It appeared in grasslands in Steinheim and Bockstein, and even
tundra in Vogelherd (very high d13C and low d18O). Coelodonta
appeared to have persisted in slightly wider d18O ranges than the
early woolly mammoth and in wider temperature conditions in
Steinheim compared to Vogelherd and Bockstein, although always
in open conditions and never in closed-canopy forest. Interestingly,
it was suggested that the woolly rhinoceros along with several Si-
berian species of beetles and plants never crossed the Bering bridge
to Northern America because of the existence of a biological filter
between the continents (Elias and Crocker, 2008), whereas some
American species were not able to conquer Eurasian territories. It is
possible that a combination of colder harsher conditions and the
loss of flexibility in enduring a wider range of temperature condi-
tions along with moister and more forested habitat were involved
in the failure to conquer the Americas. In general, the species
during the glacial periods demonstrated narrower ranges d13C and
d18O than during the interglacial periods, during which more
variation in habitats has been discovered.

Compared to Coelodonta, S. hemitoechus and S. kirchbergensis
similarly appeared in a more closed habitat of shrubland and
woodland, although S. hemitoechus appears to have been able to
persist in a wider range of habitats, in woodlands as S. kirchber-
gensis and grasslands as Coelodonta, but apparently more sensitive
to temperature. In Steinheim, S. hemitoechus appeared to have
shared an ecological niche between S. kirchbergensis and Coelo-
donta, less in the forest than S. kirchbergensis and less in the open
habitat than Coelodonta.

Intriguingly, bovids in Steinheim occupied more extreme, open
territories than the early mammoth, horses, and even Coelodonta.
Only later, during the middle and late Weichselian, did Coelodonta
and the late mammoth appear in grasslands in Bockstein, similar in
openness to the lowest range of the bovids already in Steinheim. In
Vogelherd, the woolly rhino is associated with tundra with high
d13C and low d18O, the highest bovid ranges in d13C, and an
ecosystem that existed in Steinheim.

Equids are a variable group because of the existence of many
variants of horses that partially were different species or subspe-
cies, and, therefore, probably could have endured different
ecological and climatic variations. In our study, horses also seemed
ecologically diverse, but not as much as the red deer. In Bockstein
and Steinheim, the horses appeared in less open environments
than the grassland and tundra of Coelodonta, and in Steinheim and
Mauer also in apparently more humid habitats with denser vege-
tation, sharing woodland and shrubland habitat with
S. kirchbergensis and possibly, S. hemitoechus. The concept of
woodland as horse habitat is also consistent with the studies by
Van Asperen (2010) on the late Middle Pleistocene horses from
German sites (e.g. Steinheim), and our unpublished isotopic and
mesowear analyses (Pushkina et al. in preparation).

We were not able to discern clear seasonal patterns from
Steinheim horses 1 and 2, sampled in more detail. However, both
appeared to have spent the first stages of life (and possibly been
born) in more closed environments than later in “sampled” life.
Oxygen isotopic signatures were different at the early stage of life
for each of these horses andwithin similar ranges during later stage,
where they could have joined groups of horses, occupying similar
landscapes. The variation in d18Owas higher than in d13C, suggesting
that some horses must have occupied a range of ecological niches,
fromwarmer andmore temperate habitats to colder, drier andmore
openhabitats or/and environments, reflecting different rainfallwith
drinking water obtained from the rivers from higher altitudes.
E. hydruntinus, the Pleistocene donkey in Steinheim, appeared in the
ecological niche between the horses in the shrubland and bovids in
the grassland, similar to the woolly rhino, although slightly higher
in temperature and more closed in habitat.
It must have been competition that differentiated the species
along the ecosystem humidity, temperature and habitat closeness
gradients that alternated during the end of Pleistocene and Holo-
cene. Several Middle and Late Pleistocene and Early Holocene
horses (tarpan, the forest horse) appeared to have had a preference
to a more closed habitat than do the modern wild horse (Prze-
walski) and donkeys (Forsten, 1988). Bovids, on the other hand,
appeared as a more grassland species during the Pleistocene than
nowadays, given that two large bovid species (bison Bison priscus
and aurochs Bos primigenius) were present in Steinheim. The
aurochs during the Holocene was a forest species (Bunzel-Drüke,
2001). The Pleistocene bison gave rise to two species of modern
bison (American and European), one of which, the American bison,
has become an open prairie large herd migratory species, and
another, European bison, a forest species that does not migrate
much (Julien et al., 2012) and lives in small groups. A similar case
could have been prevalent for the Pleistocene “forest” horses.

Cervids in our study appear to have occupied the densest en-
vironments of all species. C. elaphus and D. dama maintained their
characteristics as temperate and forest species, the fallow deer
having been more sensitive to cold and habitat openness compared
to the red deer that demonstrated the most variation in habitat
preferences.D. dama appears in denser forest and, possibly, warmer
habitat than the early mammoth and the horse in Steinheim. The
red deer appears to have occupied shrubland and woodland habi-
tats similar to horses in Steinheim, but also deeper forests.
M. giganteus occupied shrubland to woodland habitats and wider
ranges of more forested habitat than did mammoth or forest
elephant in Steinheim, although probably avoiding dense forests,
and grassland in Bockstein, which is consistent with its large size
and broad antlers. The giant deer appeared either in the warmest
temperature ranges in Steinheim or obtained its drinking water
from high canopy browsing.

The isotopic results confirm that despite having a “species sta-
tus” as cold or warm-adapted and post-mortem mixture due to
time averaging, the species must have coexisted to a certain extent,
sharing resources, during the interglacial or interstadial periods. As
climatic variability during both interglacial and glacial could have
been extensive, species ecological variability can be attributed to
this. Many supposedly glacial or open habitat species apparently
persisted in much milder temperate and closed environments
(early mammoth, woolly rhinoceros, horses, giant deer,
S. hemitoechus). Most were glacial assemblage representatives,
evolving during the Elsterian and Saalian glaciations that still could
have had flexibility to endure milder conditions or were not fully
adapted to or specialized for glacial conditions. Certainly, evalua-
tions of exact teeth mineralization times and their extrapolation on
ecological preferences are complex, but we demonstrated the
general trends.

It appears that towards the Holocene, some evolutionary trends
selected for the loss of ecological flexibility or more specialization
in species, and non-analogous assemblages were less and less
common. Species assemblages became more and more common or
similar to the present communities. Intriguingly, the species of both
more ancient interglacial and more recent glacial assemblages
survived into the Holocene by tracking their habitats through space
as long as possible, which has become increasingly difficult due to
human-induced fragmentation and climatic changes.

5. Conclusions

This study is a good example of the direct detection of habitat
independently of the estimated age and climate or species associ-
ations. We revealed important and striking individual variations in
species, considered as having been adapted either to cold or warm
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environments. The same species are shown to have existed during
different temperature and ecosystem regimes, obtaining water
from different sources. Stable isotopic differences and similarities
suggested that large mammals were rather flexible in their
ecological preferences or not fully specialized, especially at the
beginning of the process of their origination, and must have shared
resources during the Pleistocene.

Remarkable findings are: sharing of similar habitats in temper-
ature and openness by P. antiquus and the early M. p. fraasi in
Steinheim; a much more open habitat for the large bovines (Bos or
Bison) compared to other glacial open environment species; the
presence of the “steppe rhinoceros” S. hemitoechus in the forested
habitat in Steinheim; the appearance of horses in slightly warmer
and denser habitat than the woolly rhinoceros; the existence of the
woolly mammoth and woolly rhinoceros in milder conditions and,
possibly, temperate species, such as deer, in colder and drier hab-
itats. The species showed less variation in d13C and d18O and less
ecological flexibility during the glacial periods and appeared to
have been more ecologically flexible at their dawn.
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