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Abstract

Oxygen and carbon isotope compositions of well-preserved mammoth teeth from the Middle Wiirmian (40-70ka) peat layer of
Niederweningen, the most important mammoth site in Switzerland, were analysed to reconstruct Late Pleistocene palaeoclimatic and
palacoenvironmental conditions. Drinking water 5'%0 values of approximately —12.340.9%0 were calculated from oxygen isotope
compositions of mammoth tooth enamel apatite using a species-specific calibration for modern elephants. These 51801.;20 values reflect
the mean oxygen isotope composition of the palaeo-precipitation and are similar to those directly measured for Late Pleistocene
groundwater from aquifers in northern Switzerland and southern Germany. Using a present-day (5ISOHZO-precipitationfair temperature
relation for Switzerland, a mean annual air temperature (MAT) of around 4.3 +2.1 °C can be calculated for the Middle Wiirmian at this
site. This MAT is in good agreement with palacotemperature estimates on the basis of Middle Wiirmian groundwater recharge
temperatures and beetle assemblages. Hence, the climatic conditions in this region were around 4 °C cooler during the Middle Wiirmian
interstadial phase, around 45-50 ka BP, than they are today.

During this period the mammoths from Niederweningen lived in an open tundra-like, C; plant-dominated environment as indicated by
enamel 6'*C values of —11.5+0.3%0 and pollen and macroplant fossils found in the embedding peat. The low variability of enamel §'*C
and 6'%0 values from different mammoth teeth reflects similar environmental conditions and supports a relatively small time frame for
the fossil assemblage.
© 2006 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction
1.1. The mammoths

The mammoth lineage developed in Africa and appeared
in Europe about 3Ma ago, evolving over several stages
from Mammuthus meridionalis, Mammuthus trogontherii to
the woolly mammoth Mammuthus primigenius (Lister and
Sher, 2001). M. primigenius appeared in central Europe
during the Early Pleistocene glaciation after 200ka but
originated in NE Siberia considerably earlier, probably
around 800 ka (Lister and Sher, 2001). M. primigenius was
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present over most of Europe during much of the Last Cold
stage from ca. 115-10ka BP while around 9.6ka BP the
last mammoths disappeared from the Eurasian mainland
(MacPhee et al., 2002; Stuart et al., 2002). Isolated dwarf
forms of mammoths survived into the Holocene on St. Paul
Island, Alaska until 7.9ka BP (Guthrie, 2004) and even
until 3.7 ka BP on the Wrangel Islands in the eastern Arctic
Ocean (Vartanyan et al., 1993, 1995; Kuzmin and Orlova,
2004). The mammoth with its thick fur, isolating fat layer
and small ears was essentially an elephant species adapted
to the cold climate and open habitat of the tundra-like
Mammoth Steppe environment (Guthrie, 1982; Kubiak,
1982). They were large herbivores capable of digesting
large quantities (~150-300 kg/day) of nutrient-poor plants
with low-protein and high-fibre content (Guthrie, 1982).
Mammoths fed dominantly on grasses and sedges but
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additionally some shrubs, mosses and young twigs and
bark of trees and bushes like Larix, Salix, Alnus and Betula
that have been encountered in mammoth stomach and
intestine contents from frozen carcasses (Vereshchagin and
Baryshnikov, 1982; Olivier, 1982; Joger and Koch, 1995) as
well as dung boluses (Mead et al., 1986).

Skeletal remains of mammoths are abundant in Late
Pleistocene deposits of Europe, Siberia and North Amer-
ica. In most cases only single disarticulated skeletal
elements of mammoths, especially teeth or tusks are found
in Quaternary fluvio-glacial sediments but also in loess,
swamp deposits, sinkhole and fissure fillings and perma-
frost soils. Articulated skeletal remains or even whole
mammoth skeletons are rare. Only a few finds are known
from central Europe (Lang, 1892; Weidmann, 1970; Coope
and Lister, 1987; Ziegler, 1994, 2001; Koenigswald, 2002
and references therein) and from the permafrost sediments
of Siberia and Alaska as frozen mammoth carcasses
(Farrand, 1961; Guthrie, 1990; Vasil’chuk et al., 1997;
MacPhee et al., 2002; Kahlke and Mol, 2005). The site of
Niederweningen, northern Switzerland, yielded skeletal
remains of at least 9 mammoth individuals, including one
neonate calf of about 2 months age, and one articulated
half mammoth skeleton (Lang, 1892; Hiinermann, 1985;
Furrer, 2005; Furrer et al., this volume). These were all
found in a Middle Wiirmian (70-40ka BP) peat layer
(Furrer et al., this volume; Hajdas et al., this volume).
Niederweningen is thus an exceptional site, which offers a
unique possibility to analyse the isotopic composition of
skeletal remains of probably sympatric mammoth indivi-
duals from a single taphocoenose.

In this study, we analysed mammoth teeth from the
Middle Wiirmian peat layer of Niederweningen for their
carbon isotope values (6'*C), which track variations in diet
and local vegetation and for their oxygen isotope values
(6"%0), which track local climatic conditions. From the
oxygen isotopic composition of mammoth tooth enamel,
the oxygen isotopic composition of their respective
drinking water (5180H20) and from that the mean annual
air temperatures (MAT) were calculated for the period
around 45-50 ka BP.

1.2. Oxygen isotope composition of skeletal apatite as
palaeoclimate proxy

The oxygen isotope composition of mammalian tooth
enamel is a well established proxy for terrestrial palacocli-
mate conditions (Longinelli, 1984; Fricke and O'Neil, 1996;
Koch, 1998; Kohn and Cerling, 2002). For large mammals
6'%0 values of body water depend mainly on the 80
values of the meteoric water ingested during drinking and
feeding as well as their physiology and metabolic rate (Luz
et al., 1984; Luz and Kolodny, 1985; Bryant and Froelich,
1995; Kohn, 1996). The 5'80 values of meteoric water, in
turn, are a function of air temperature and humidity, and
hence of the prevailing climate (Dansgaard, 1964; Rozans-
ki et al., 1993; Clark and Fritz, 1997; Fricke and O'Neil,

1999). The oxygen isotopic composition of both carbonate
in apatite (5180CO3) as well as phosphate (5'80po4) that
form in isotopic equilibrium from the same body water
reservoir are offset by about 8.5-9.0%0 and thus are both
related to drinking water 51801{70 values (Iacumin et al.,
1996; Bryant et al., 1996). Therefore, 5'%0 values of bones
and teeth from fossil mammals can be used as a proxy for
paleoclimate reconstructions (e.g., Longinelli, 1984, 1995;
Fricke and O’'Neil, 1996; Fricke et al., 1998; Sharp and
Cerling, 1998; Kohn and Cerling, 2002; Kohn et al., 2004;
Grimes et al., 2005; Titken et al., 2006).

This is especially true for modern elephants, which are
closely related to mammoths, because they are known to
drink about 200+ 100L of water per day from surface
water sources while only 1/3rd of their body water comes
from the daily intake of 100-200 kg of fresh food (Sikes,
1971; Eltringham, 1982; Ayliffe et al., 1992). Furthermore,
elephants have a large body mass and body water reservoir
which is only to a small degree influenced by relative
humidity and physiological effects (Ayliffe et al., 1992;
Bryant and Froehlich, 1995; Kohn, 1996). Thus the oxygen
isotopic composition of bones and teeth, especially tooth
enamel, from mammoths is well suited for palacoclimatic
reconstructions (Ayliffe et al., 1992, 1994; Genoni et al.,
1998; Tiitken et al., 2002; Arppe and Karhu, 2006)
assuming a physiology and drinking behaviour similar to
that of modern elephants.

1.3. The carbon isotope composition of skeletal apatite as
dietary proxy

The 6'°C values of plants vary with photosynthetic
pathway (O’Leary, 1981). C; and C; photosynthetic
pathways fractionate carbon isotopes to different degrees,
hence the C; and C,4 plants have distinct mean 6'°C values
of —27+3 and —13+2%0, respectively (O’Leary, 1981;
Farquhar et al., 1989). Most trees, shrubs, and temperate/
arctic grasses are Cs plants. Tropical grasslands, with warm
season grasses, or mid-latitude xeric/saline and well-
irradiated environments commonly have a considerable
proportion of C4 species. The carbon isotopic composition
of food plants are reflected in the tissues of their
consumers, with an isotopic shift, which is mainly linked
to the analysed tissue (DeNiro and Epstein, 1978). For
skeletal apatite of bones and teeth the carbon isotopic
composition of the carbonate bound in the phosphate is
related to that of the bulk diet while that of the collagen
reflects mainly dietary protein intake (Tieszen and Fagre,
1993; Ambrose and Norr, 1993). For large herbivorous
mammals, including elephants, the carbon isotopic com-
position of the carbonate in biogenic apatite of tooth
enamel is enriched by 14.1%o relative to that of the plant
diet (Cerling and Harris, 1999; Cerling et al., 1999). Thus,
the carbon isotopic composition of mammalian tooth
enamel reflects the proportion of C;/C4 plants in their
respective diet (e.g., Quade et al., 1992; Cerling et al., 1997,
1999) and/or the variation of '*C values in the food plants

Please cite this article as: Tiitken, T., et al., Stable isotope compositions of mammoth teeth from Niederweningen, Switzerland: Implications for the
Late Pleistocene climate, environment, and diet. Quaternary International (2006), doi:10.1016/j.quaint.2006.09.004



dx.doi.org/10.1016/j.quaint.2006.09.004

T. Tiitken et al. | Quaternary International 1 (11I1) II-ENR 3

due to differences in environmental and climatic para-
meters (e.g., Heaton, 1999). The carbon isotopic composi-
tion of elephant teeth hence allows for a reconstruction of
the diet of extant and extinct elephants (Cerling et al., 1999;
Fox and Fisher, 2001).

2. Setting of the Niederweningen fossil site
2.1. Geology, palaeontology and stratigraphic age

The so-called “Mammutloch” from Niederweningen in
the Wehn Valley 20 km northwest of Zurich (Fig. 1) is the
richest Pleistocene vertebrate fossil and most important
mammoth site in Switzerland. Fossil skeletal remains of at
least nine individual mammoths, including remains of a
2-month-old mammoth calf, as well as other vertebrates
such as woolly rhinoceros, horse, bison, wolf, cave hyena,
grass frog, vole, shrew, lemming and birds were found
during several excavations in 1890/91, 2003, and 2004 in
different locations of a Late Pleistocene peat layer (Lang,
1892; Hiinermann, 1985, 1987; Furrer, 2005; Furrer et al.,
this volume). An exciting new find was the articulated half
skeleton of an approximately 40-yr-old mammoth bull in
2003 (Furrer et al., this volume). In addition to these fossil
vertebrate remains, a rich fossil insect fauna with more
than 142 beetle taxa and remains from other insects
(Coope, this volume). Likewise, a fossil flora with the
remains such as wood, twigs, mosses, leafs, seeds, pine
cones, as well as pollen (dominantly pine, Picea sp.) and
spores of more than 60 taxa of terrestrial and aquatic
plants (Drescher-Schneider et al., 2007) that lived within
the vicinity of the swamp were found. The fossiliferous peat
layer of Niederweningen is part of a 20m succession of
Middle Pleistocene to Holocene lake and meltwater
sediments with intercalated Eemian and Late Pleistocene
peat layers (Furrer et al., this volume). All fossil remains
were found in the Middle Wiirmian upper peat complex of
the sedimentary sequence, while a lower peat complex is
probably of Eemian age (Welten, 1988; Furrer et al., this
volume). Infrared stimulated dating of the aquatic sedi-
ments overlying the fossil-bearing peat layer yield ages
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Fig. 1. Map of Switzerland with the mammoth locality Niederweningen.

between 36+3 and 43+ 3ka, while those underlying the
peat yield ages between 62+ 5 and 79+ 6 ka (Preusser and
Degering, this volume). The peat formation started around
55ka BP (Preusser, personal communication, 2006) during
an interstadial period of the Middle Wiirmian in the
marine oxygen isotope stage 3 and ended around 40 ka BP
due to flooding of the peat swamp and deposition of grey
silty lake deposits (Furrer et al., this volume). '*C-AMS
radiocarbon dating of the peat (45,430+1020yr BP), a
wood fragment (>40,480yr BP), and a mammoth bone
(45,870+ 1080 yr BP) of the partial skeleton found in 2003
gives a consistent calendar age between 45-50 cal ka BP for
the upper part of the mammoth-bearing peat layer and
indicates that the mammoth died around 45ka BP in the
last phase of peat formation (Hajdas et al., this volume).

2.2. Late Pleistocene environmental conditions around
Niederweningen

The peat swamp of Niederweningen developed in a
relatively open landscape with marshes and wet meadows
in a periodically flooded valley plain at the edge of a silting
up lake in the Wehn Valley during an interstadial period
(Furrer et al., this volume). At the beginning of the peat
formation climate conditions were not favourable for tree
growth as indicated by the low content and assemblage of
tree pollen with Juniperus, Betula and Salix being the main
species, which suggests vegetation similar to that of the
modern transition of Taiga to treeless Tundra (Drescher-
Schneider et al., this volume). This is also reflected in the
beetle assemblage that contains species adapted to extreme
coolness typical for the northernmost Taiga of Siberia
(Coope, this volume). During consecutive climate ameli-
oration, the dryer areas of the swamp surroundings were
covered by loose mixed forests of Picea, Betula, and Larix.
The swamp itself offered local aquatic habitats for different
water plants such as Menyanthes, Potomageton, Ranuncu-
lus and the characean algae Chara, indicated by abundant
seeds, respectively oogonians, as well as for the frog Rana
temporaria, from which abundant bones were found
(Furrer et al., this volume). Palacotemperature estimates
for the lower part of the mammoth peat based on the beetle
assemblage yield warmest month (July) temperatures
(Tmax) between 8 and 11 °C and coldest month (January/
February) temperatures (7,,;,) between —20 and —9°C.
For the mammoth-bearing upper part of the peat layer
Tmax between 12 and 13°C and Ty, between —12 and
—5°C can be estimated (Coope, this volume). These are
similar to palaeotemperature estimates based on beetle
remains from the peat of the contemporaneous nearby
Gossau-Interstadial-Complex (Jost-Stauffer et al., 2005;
Coope, this volume). The formation of the Middle
Wiirmian peat layer of Niederweningen is thus correlated
with the warm interstadial period of the Dansgaard—Oesch-
ger event 12 of the Greenland ice core record (Hajdas et al.,
this volume).
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Within the top of the mammoth peat layer, changes in
tree pollen composition with a prominent decrease of tree
pollen from about 60-20% indicate declining climate
conditions (Drescher-Schneider et al., this volume). The
overlying grey, fine-grained lake sediments and the tree and
shrub pollen therein reflect further cooling at around 40 ka
BP (Preusser and Degering, this volume; Drescher-Schnei-
der et al., this volume). After the end of peat formation, the
sedimentary sequence of peat and lacustrine sediments has
been intensely deformed due to cryoturbation under
permafrost conditions (Schliichter, 1988, 1994). Although
the peat layer is compacted, the Niederweningen site was
never reached and overlain by glaciers (Furrer et al., this
volume).

3. Material and methods
3.1. Fossil skeletal remains

Several skeletal remains from Niederweningen were
analysed for their carbon and oxygen isotope composition.
A molar (FZ MA ND 1) and a bone (FK MA ND 1) from
M. primigenius were taken from the partial skeleton of the
approximately 40-yr-old mammoth bull found in 2003 and
now exhibited in the Mammutmuseum of Niederweningen.
Furthermore, 9 mammoth molars (FZ MA ND 2-10) from
different individuals of M. primigenius, one woolly
rhinoceros tooth (FZ RH ND 1) of Coelodonta antiquitatis,
one horse tooth (FZ EQ ND 1) of Equus germanicus, and
two bison bones (FK BI ND 1 and 2) of Bison priscus were
also analysed (Table 1). These skeletal remains were all
found in 1890/91 (Lang, 1892; Hiinermann, 1985) and lack
exact documentation of their stratigraphic context but
originate from the same peat layer of Middle Wiirmian age
as the 2003 finds, found about 100 m further west (Furrer et
al., this volume). Only one bison bone (FK BI ND 2) was
found in the silty lake sediments immediately on top of the
peat layer.

The age of the mammoth-bearing peat layer was '*C-
dated to around 45ka using the peat itself and embedded
wood remains (Hajdas et al., this volume). However, the
first '*C-AMS dates of bone material from 1890/91 and
1987 yielded ages between 34.6 and 33.3 ka BP (Schliichter,
1994; Furrer et al., this volume). These '*C-ages are likely
to be too young due to humic acid contaminations not
removed during conventional collagen preparation (Hajdas
et al., this volume). Therefore, the conventional 14C-ages of
the analysed bison skull bone (FK BI ND 1:
34,590+480BP) and the horse tooth (FZ EQ ND I:
31,000 BP) given in Table 1 are possibly too young. Using a
modified Longin gelatine preparation technique with a
base cleaning step to remove humic acid contamination the
mammoth bone (FK MA ND 1) from the 2003 find was
4C-dated to 45,870+ 1080yr BP (Hajdas, this volume).
This '*C-age is well in accordance with the '*C-ages of
around 45ka BP for the embedding peat and wood therein
(Hajdas et al., this volume).

For comparison with the mammoth remains from
Niederweningen, a '*C-dated mammoth bone (FK MA
SIG 1) from Siegsdorf, Bavaria in Germany, was also
analysed (Table 1). This bone belongs to a nearly complete
skeleton from an adult mammoth bull of about 50 yr of age
(Ziegler, 1994) and has a similar '*C-age of 45,180+ 1130/
—990yr BP (KIA 14407 SIMAMMS-1, Robert Darga,
personal communication, 2005) as the Niederweningen
specimen found in 2003 (Hajdas et al., this volume). All the
analysed skeletal materials were not treated with any
preservatives.

3.2. Oxygen and carbon isotope analysis of skeletal apatite

For the oxygen and carbon isotope analysis about 50 mg
of enamel, dentine or bone was sampled manually with a
diamond studded 0.7 mm miniature drill from each skeletal
element. The sample powder was pre-treated according to
the procedure of Koch et al. (1997). Ten milligram of bone
and enamel powder were washed with a 2% NaOCl
solution to remove organic matter, followed by a 1 M Ca-
acetate acetic acid buffer solution (pH = 4.5) to remove
diagenetic carbonates. The powder/solution ratio was kept
constant to 0.04 g/ml for both treatments. Each treatment
lasted for 24h and samples were rinsed five times with
distiled water afterwards. Only the bone and dentine
samples were treated two times 24 h with NaOCI. From the
pre-treated enamel or bone powder a 3mg aliquot was
taken for analysis of the carbon (6'°C) and oxygen
(5180CO3) isotopic composition of the carbonate in the
phosphate and the phosphate (6'*Opo ,) itself. The carbon
and oxygen isotopic compositions are expressed as J-values
in %o relative to the international standards Vienna Pee Dee
Belemnite (VPDB) for carbonate and Vienna Standard
Mean Ocean Water (VSMOW) for the phosphate accord-
ing to Jd= [(Rsample_Rstandard)/Rstandard] x 1000 with
R ="3C/"?C or "80/'%0, respectively.

The samples were analysed at the University of Tiibingen
using a Thermo Finnigan Gasbench II following a
procedure adapted after Spoetl and Vennemann (2003).
Ten drops of 100% orthophosphoric acid were added
allowing the samples to react at 70 °C for 1h under a He
atmosphere before starting 10 measurement cycles of the
isotopic composition of the produced CO, on a Finnigan
MAT 252 continuous flow isotope ratio gas mass spectro-
meter. The measured carbon and oxygen isotopic composi-
tions were normalised to the in-house Laaser marble calcite
standard, which has been calibrated against the NBS-19
calcite standard. The normalization incorporates the CO,-
carbonate acid fractionation factor for calcite, which was
assumed to be similar to that of the carbonate in
phosphate. External reproducibility for carbonate in
the phosphate was checked with NBS 120c Florida
phosphate rock standard pre-treated the same way as the
samples giving values of 6"*Cyppg = —6.29+0.08%0 and
0" Oyppp = —2.3240.14%0 (n = 13). The external repro-
ducibility for the carbon and oxygen isotopic composition
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of carbonate in the phosphate is better than +0.1%0 and
+0.15%o, respectively.

Enamel (31801)04 values were determined from the same
pre-treated samples used for the 5180co3 measurement. An
aliquot of 4mg was dissolved in 2M HF and after
neutralisation with 25% NH4OH, 2M AgNO; solution
was added for an instantaneous precipitation of the PO3~
ions in solution as AgzPO,4 according to a technique
described in Tiitken et al. (2006). Resultant Ag;PO,4 were
measured at the Universities of Lausanne and Tiibingen by
a TC-EA coupled to a Finnigan DeltaPlus XL mass
spectrometer in triplicate with an external reproducibility
for the oxygen (51801)04) isotopic composition of the
phosphate better than +0.3%0 (Vennemann et al., 2002).
Samples from pre-treated NBS 120c Florida phosphate
rock standard precipitated as AgzPO, in the same way as
the samples gave a 5180po4 value of 21.6+0.4%0 (n = 25).

4. Results
4.1. Carbon isotope composition

The results of the carbon isotopic composition of the
carbonate in the phosphate of all analysed skeletal remains
are given in Table 1. The enamel 6'*C values for all analysed
mammoth molar teeth of Niederweningen range from
~11.8%0 to —10.9%, with a mean 6°C value of
—11.5+0.3%0 (n = 10). From the partial mammoth skeleton
found in 2003 different skeletal tissues were analysed yielding
013C values of —11.7%o for the enamel (FZ MA ND 1) and
—8.7%o for the dentine (FD MA ND 1) from the same third
molar tooth and —8.1%o for the bone (FK MA ND 1). The
8'13C value of enamel from the horse tooth (FZ EQ ND 1) is
—10.8%o, that of the woolly rhinoceros tooth (FZ RH ND 1)
—11.0%o, and two bison bones (FK BI ND 1) and (FK BI ND
2) have values of —9.4%o and —10.7%., respectively. These are
all similar to or slightly higher than those of the enamel of
mammoth molar teeth. The humerus bone (FK MA SIG 1) of
a contemporaneous mammoth skeleton from Siegsdorf,
Bavaria, in southern Germany, has a 6'°C value of —8.3%o.

4.2. Oxygen isotope composition

Results of the oxygen isotope composition of phosphate
(5180p04) and carbonate in the phosphate (5180c02) of all
analysed skeletal remains are given in Table 1. The enamel
5'80po4 values for all analysed mammoth molar teeth of
Niederweningen range from 10.3%o to 13.3%o with a mean
5180p04 value of 11.74+0.9%0 (n = 10). Samples from the
partial mammoth skeleton found in 2003 have similar
51801)04 values of 12.8%o for the enamel (FZ MA ND 1)
and 13.0%o for the dentine (FD MA ND 1) from the same
third molar tooth, and 13.1%o. for the bone (FK MA ND 1).
51801:04 values of enamel of the horse tooth (FZ EQ ND 1),
a woolly rhinoceros tooth and two bison bones (FK BI ND
1 and 2) are similar or slightly higher than those of the
sympatric mammoth teeth (Table 1). The mammoth bone

(FK MA SIG 1) of a contemporaneous mammoth skeleton
from Siegsdorf, Bavaria, in southern Germany, has a
5]801)04 value of 11.7%o, identical to the mean value for the
mammoth teeth from Niederweningen, indicating the
ingestion of water with similar oxygen isotopic composi-
tion as the mammoths from Niederweningen.

5. Discussion

5.1. Climatic reconstruction based on the oxygen isotope
composition of the mammoth teeth

Biogenic apatite of tooth enamel is the most robust
skeletal tissue with regard to diagenetic alteration because
of its low content of organic matter, low porosity, large
crystal size, and low solubility. It is thus the most
appropriate skeletal tissue for reliable palacoenvironmental
reconstructions (e.g., Ayliffe et al., 1994; Kohn et al., 1999;
Tiitken, 2003). The carbonate in phosphate of tooth
enamel can preserve its original C and O isotope
composition for several 100ka and even up to several
million years (Lee-Thorp, 2000; Fox and Fisher, 2001;
Tiitken et al., 2006). The 5180(303 and 51801:04 values for
all the tooth enamel samples (Table 1) have an average
offset of 8.4+0.5%0, which is close to that expected for
isotopic equilibrium between both (Iacumin et al., 1996).
This would support preservation of primary 6'*0 values of
the fossil enamel, which can then be used to estimate the
mammoth drinking water 5180H20 values. However, for
the two dentine samples and one bison bone (FK BI ND 1)
the 5180CO3751801}04 offset is <7.5%0 indicating some
diagenetic alteration. These samples are not considered for
the reconstruction of drinking water 5180H20.

The standard deviation 4+0.9%o0 of the enamel 51801)04
values from the ten mammoth teeth from Niederweningen
indicate that they drank from surface water sources with a
relative homogeneous oxygen isotopic composition. For a
direct comparison of the oxygen isotope compositions
obtained from the tooth enamel of these mammoths and
the skeletal remains of the other sympatric mammals in
terms of palaeoclimate conditions, the (5180;:04 values of
the skeletal apatite can be converted to 5180H2o values of
drinking water. For this purpose empirical, species-specific
5180H20—5180p04 calibrations for extant mammals were
used to calculate the respective drinking water 5180H20
values for the fossil taxa. For the mammoth the empirical
calibration (Eq. (1)) determined for extant elephants
(Loxodonta africana and Elephas maximus) of Ayliffe et
al. (1992) was used to calculate the 5180H20 values of
mammoth drinking water. This was done under the
assumption that mammoths, which are closely related to
modern elephants, have had a comparable ecological
behaviour, diet, physiology and metabolic rate as modern
elephants (Olivier, 1982; Haynes, 1991). A similar ap-
proach to reconstruct the oxygen isotope compositions of
drinking water and hence palaeoclimate was applied to
Late Pleistocene mammoth skeletal remains from the
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Eurasian Arctic (Ayliffe, et al., 1992; Genoni et al., 1998;
Tiitken et al., 2002; Arppe and Karhu, 2006) as well as
deer, horse, and cattle remains from southern Italy
(Huertas et al., 1997).

8"%0po, = 0.94 x §"*0p,0 +23.3. (1)

For the bison and horse remains the extant
(5180H20—5180p04 calibrations for Bison bison (Hoppe,
2006) and Equus caballus (D’Angela and Longinelli, 1990;
Huertas et al., 1995) were used to calculate the 51801.120
values. The calculated drinking water 51801_120 values for
all mammoth tooth enamel samples from Niederweningen
range from —13.8%0 to —10.7%0 with a mean value of
—12.3+0.9%0 (n = 10; Table 1). The two bison bones and
the horse tooth enamel from Niederweningen give similar
§'"%0On,0 values of —11.9%0 to —10.4%, (Table 1). In
comparison, the bone from the sympatric mammoth of
Siegsdorf in southern Germany gave a 5'80H20 value of
—12.4%0, nearly identical to the mean value for the
Niederweningen mammoths. Thus, all the investigated
sympatric mammoths and other large herbivorous mam-
mals drank water with a similar and relative homogeneous
5]80H20 value of about —12.3%.. This oxygen isotope
composition reflects that of the surface drinking water
sources which were presumably mainly fed by precipita-
tion, though they could have been modified by evaporation
and/or surface or ground water inflow of different oxygen
isotopic composition (e.g., meltwater, Schiirch et al., 2003;
Darling, 2004 and references therein). A surface water '*O-
enrichment due to evaporation is not a very likely scenario
under cool glacial climate conditions. Also, the influence of
¥0-depleted meltwater is not very likely because no
glaciers existed in the vicinity of the swamp in the Wehn
Valley during the Middle Wiirmian (Graf and Muiiller,
1999). Even the most complete section of the Middle
Wiirmian at Gossau, situated 35km southeast near the
northern front of the Alps, shows no sign of glaciation in
the time between 50 and 32 ka BP (Schliichter et al., 1987,
Preusser et al., 2003). However, due to '*O-depleted
meltwater from snow and glaciers some modern rivers in
Switzerland with Alpine catchments have lower 5180H20
values compared to the local precipitation (Schiirch et al.,
2003; Darling, 2004 and references therein). The meltwater
influence on the mammoths drinking water (5180H20 =
—13.1+0.8%0) seems negligible because Late Pleistocene
(>25ka BP) groundwater from the Glatt Valley in the
vicinity of Niederweningen has similar 5180H20 values
between —11.5%0 and —12.8%o (Beyerle et al., 1998). As the
recharge of aquifers approximately represents the weighted
mean of precipitation, 5180H20 values are often close to the
long-term mean of local rainfall (e.g., Clark and Fritz,
1997; Darling, 2004). However, whether the mammoths
drank locally from the swamp where they got trapped is
unknown. The low abundance of dung beetles suggests the
lack of a permanent population of large herbivore
mammals around the swamp (Coope, this volume) and
makes the extensive use of the swamp as a drinking water

source unlikely. Furthermore, modern and extinct elephants
are known to migrate seasonally over large distances of up to
more than 500 km (Sikes, 1971; Hoppe et al., 1999; Hoppe,
2004). Strong seasonality of climate and thus vegetation
productivity in the Pleistocene (Guthrie, 1990) might have
also forced mammoths to extensive seasonal migrations
(Olivier, 1982) as has been shown for Late Pleistocene
mastodonts and mammoths in North America (Hoppe et al.,
1999; Hoppe, 2004). During such potential migrations, they
would have made use of a variety of surface water sources
which are mainly fed by precipitation (e.g., Darling, 2004)
and integrated the respective oxygen isotopic compositions
in their skeletal tissues. The assumption that the mammoth
drinking water sources reflect the average oxygen isotopic
composition of the Late Pleistocene precipitation in the area
of northern Switzerland thus seems valid.

Based on this assumption, one can calculate the MAT at
the time the mammoth lived using the linear relation
between 51801{20 values of the precipitation and the MAT.
But instead of applying a global 5180H20—MAT relation-
ship (e.g., Dansgaard, 1964; Rozanski et al., 1993) a linear
regression between the precipitation 5180H20 values and air
temperature for Switzerland (Eq. (2)) was calculated based
on the monthly mean precipitation 5180H20 and air
temperature data of the years 1993-2003 collected from
11 stations of the NISOT (National Isotope Measurement
Network of Switzerland: Schiirch et al., 2003, unpublished
NISOT data, Fig. 2):

6" 0m,0 = 044 x Ty + 1419 (n=1230) R? = 0.68.

2
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Fig. 2. 5'80p04—5180H20 species-specific calibration for modern elephants
(Ayliffe et al., 1992) and monthly 5180H20—Z.ir regression based on
precipitation and air temperature measured at 11 Swiss stations for the
years 1993-2003 based on unpublished data of the Swiss National
Network for the Observation of Isotopes in the Water Cycle (NISOT; see
Schiirch et al., 2003). Using both regression lines, Late Pleistocene mean
drinking water 51801.[20 values and mean annual air temperatures of
northern Switzerland are derived from the calculated (5]80[)04 values
(Table 1) of the mammoth teeth of Niederweningen. Present-day air
temperature from Zurich is the 30-years mean from 1961-90 (www.me-
teoschweiz.ch).
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This modern-day 5180H207MAT relationship (Eq. (2)) has
a similar slope of around 0.44%0/°C, compared to
0.49+0.17%0/°C for the Late Pleistocene 5]80H20—
groundwater recharge temperature relationship for north-
ern Switzerland (Beyerle et al., 1998). Thus it can be used
to calculate Late Pleistocene air temperatures from the
drinking water 5180H20 values calculated for the mammoth
teeth from Niederweningen. The calculated MAT of
4.342.1°C for Niederweningen (~45ka BP) is 1-2°C
warmer than groundwater recharge temperatures of
24+14 and 3.24+1.7°C calculated from noble gas
contents of Late Pleistocene (25-30ka BP) groundwater
from the Glatt Valley aquifer (Beyerle et al., 1998), and
about 4°C lower than modern-day MATs of 8.3-8.5°C
(Fig. 2) in the nearby Glatt Valley area and at Zurich
Airport, respectively (Beyerle et al., 1998; MeteoSchweiz
and references therein; www.meteoschweiz.ch). Thus, both
independent approaches of MAT reconstruction based on
noble gas solubility in groundwater (Beyerle et al., 1998)
and the oxygen isotopic composition of mammoth teeth
used in this study indicate consistently about >4 °C cooler
climate conditions in northern Switzerland during the
Middle Wiirmian period. These reconstructed MAT for the
marine oxygen isotope stage 3 are well within the range of
warmest month, i.e. July temperatures (7vax) and coldest
month(s), i.e. January and February temperatures (7Tsin)
calculated from the beetle assemblage of Niederweningen:
Tmax = 12-13°C and Tyin = —12 to —5°C (Coope, this
volume). Similar Tyax = 12-13°C and Ty, = —15°C to
—7°C were calculated from beetle assemblages from lignite
of the penecontemporaneous (30-54ka BP) nearby Gos-
sau-Interstadial-Complex (Preusser et al., 2003; Jost-
Stauffer et al., 2005).

5.2. Diet and habitat of the mammoths—implications from
the carbon isotopic composition

The mean enamel 6'C value of —11.4+0.3%0 (n = 10)
for the mammoth teeth from Niederweningen is similar to
8'3C values of Late Pleistocene mammoth skeletal remains
from Alaska and Russia (Bocherens et al., 1994; Iacumin et
al., 2000). The mean §'°C value of —11.4%o indicates that
the mammoth from Niederweningen fed on plants with a
0"3Cyier value of —25.54+0.3%o. This calculated 6" Cyie
value is similar to those reconstructed for the diet of
mammoths from soft tissues of frozen carcasses from
Beringia (0'°Cgie; = —26.2+ 1.2%0; Bombin and Muehlen-
bachs, 1985), mammoth bones and teeth from Eurasia
(6"3Cyier = —26.0+0.6 to —28.24+0.6%0; lacumin et al.,
2000) and mammoth hair from Lyakhovsky Island, north
Siberia (6"Cgie = —27.0%0; Iacumin et al., 2005). The
geographical variations in 0'°C values of dietary carbon
intake between mammoth remains from Europe/Russian
Plain and Siberia are probably due to environmental
factors on plants and animals and/or different plant
availabilities (Tacumin et al., 2000). Nevertheless, the
dietary 6'°C values reconstructed for the mammoths of

Niederweningen from this study and other mammoth
remains from western Europe and northern Eurasia
(Bocherens et al., 1994, 1996; Iacumin et al., 2000, 2005)
are indicative of an exclusive Cj plant diet. C4 plants were
thus not an important part of the glacial landscape of the
Mammoth Steppe, confirming results of Bombin and
Muehlenbachs (1985), and are still not an important
component in the flora of Europe today (Mateu Andres,
1993). In such a Cj-plant-dominated ecosystem it is
impossible to determine the relative proportion of grazing
and browsing on the basis of carbon isotopes, as can be
done for modern and extinct elephants in subtropical—
tropical ecosystems with an abundant C4-component in the
vegetation (Cerling et al., 1999). Low enamel 6'°C values
can indicate if animals lived in a closed canopy woodland
environments (Drucker et al., 2003; Cerling et al., 2004;
Kohn et al., 2005) and fed on plants with lower 6'>C values
due to photosynthetic use of '*C-depleted CO, from
biomass recycling and lower light intensities (Medina
et al., 1986; van der Merwe and Medina, 1989; France,
1996). No such canopy effect is detectable for the §'°C
values measured on the mammoth teeth from Niederwe-
ningen. It is thus likely that the mammoths fed on a
relatively open tundra landscape with few trees, in
agreement with pollen and plant macro remains
(Drescher-Schneider et al., this volume) and the sympatric
occurrence of other typical large grazing mammals like
bison, horse and woolly rhinoceros. Pleistocene mammoths
fed primarily on grass as indicated by gastro-intestine
contents of frozen mammoth carcasses (Vereshchagin and
Baryshnikov, 1982; Guthrie, 1990) and dung boluses
(Mead et al., 1986) although tree bark and twigs
constituted a small part of their winter diet (Olivier,
1982; Vereshchagin and Baryshnikov, 1982).

The low variability of enamel 6'°C values (=+0.3%o)
indicates a relatively uniform and possibly restricted diet
for the mammoths (Bombin and Muechlesbach, 1985;
Bocherens, 2003). As low levels of carbon isotope
variability were found to be the most diagnostic signal
of a mammoth herd/family group association, especially
in ecosystems with abundant C,4 grasses (Hoppe, 2004),
this could also be a an indicator for a non-time-averaged
mammoth fossil assemblage and thus the possible death
of a herd. But in Cz;-dominated ecosystems such as in
Europe (Mateu Andres, 1993) only a small variability of
herbivore enamel 6'°C values is to be expected and indeed
also found for mammoths elsewhere in Eurasia (Bocherens,
2003). Additional evidence is needed to test such a
hypothesis.

5.3. Taphonomy of the mammoths from Niederweningen—a
possible isotope approach

Like modern clephants, mammoths probably lived in
family groups of 5-30 adult females with their immature
offspring, while adult bulls presumably were solitary
(Sukumar, 1989; Haynes, 1991). The skeletal remains of
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at least 7 mammoth individuals found during 1890/91,
including a 2-month-old calf with unworn teeth (Lang,
1892; Hiinermann, 1985), raises the possibility that a small
mammoth herd became mired in the peat swamp of
Niederweningen. The occurrence of so many mammoth
remains, including the still suckling calf, as well as the small
intra-population variability in 6'*C values and 6'*0 values
(Table 1) might be a tentative indicator for such a
hypothesis. The partial skeleton of the mammoth bull
found in 2003 about 100 m further west, was isolated from
the other mammoth remains (Furrer et al., this volume). As
male elephants leave family groups upon reaching sexual
maturity and roam as individuals (Sukumar, 1989; Haynes,
1991), the mammoth bull from Niederweningen probably
died at a different time compared to the other mammoths.
All the mammoths probably became mired and sunk into
the unconsolidated swamp sediments during the summer
thaw. The skeletal remains are not exactly contempora-
neous with the embedding sediment as indicated by the
scarcity of dung beetles in the beetle assemblage associated
with the mammoth remains (Coope, this volume). Many of
the bones and teeth were found disarticulated and the new
outcrop in the area of the “Mammutloch™ at Niederwenin-
gen in April 2004 showed clear evidence of erosion and re-
sedimentation of peat and bone material (Furrer et al., this
volume).

If all of these mammoths lived under the same climatic
and environmental conditions in the same geographic
area and thus belonged to the same population, herd or
family group, they should display similar isotopic compo-
sitions in their skeletal remains. This can potentially
be traced by a combined analysis of carbon, nitrogen,
and strontium isotope ratios of teeth and tusks which
has already been successfully applied to distinguish
among separate populations of modern African elephants
(Vogel et al., 1990; Van der Merwe et al., 1990; Koch et al.,
1995) as well as mammoths (Hoppe, 2004). The carbon
isotopes of mammal teeth vary with diet and local
vegetation, oxygen isotopes vary with local climate,
and strontium isotopes vary with local soil chemistry.
If Pleistocene mammoths travelled together in small
family groups, then their skeletal remains from sites
where such family groups have been buried should have
lower inter-individual isotopic variability than mammoths
from sites containing unrelated individuals (Hoppe,
2004). Intra-tooth and -tusk variability of C, N, O,
and Sr isotopic compositions of skeletal material of
elephants mineralised during the last years of each
individuals life can help to further constrain potential
seasonal climatic and dietary changes as well as migratory
movements and thus trace similar life histories of related
animals and even the season of death (Koch et al., 1989,
1995; Hoppe et al., 1999). Such a combined isotope
analysis would potentially help to constrain if the
Niederweningen mammoth assemblage is a time-averaged
accumulations of unrelated individuals or represents the
death of a family group.

6. Conclusions

The isotope compositions of well-preserved biogenic
apatite of mammoth skeletal remains, which are abundant
finds in Late Pleistocene sediments in central Europe, can
successfully be used as proxy archives to reconstruct
Pleistocene palacoclimate and palacoenvironmental condi-
tions. For mammoth teeth and skeletal remains of other
sympatric large herbivores from the Middle Wiirmian peat
layer of Niederweningen, northern Switzerland, and the
sympatric mammoth specimen from Siegsdorf, Bavaria,
drinking water 6"%0n,0 values of around —12.3%. were
determined. These o' On,o values are similar to those
directly measured for Late Pleistocene groundwater from
aquifers in northern Switzerland and southern Germany
and thus represent the mean oxygen isotopic composition
of the palaco-precipitation. Using a present-day
5180H207air temperature relation for Switzerland, a
MAT of around 4.3+2.1°C during the Middle Wiirmian
can be calculated. This MAT is in good agreement with
palaeotemperature estimates for the Middle Wiirmian from
other proxy archives such as groundwater recharge
temperatures and contemporaneous beetle assemblages.
The Late Pleistocene climate conditions in northern
Switzerland during the Middle Wiirmian interstadial phase
around 45-50ka BP were thus about 4°C cooler than
today.

The mammoths from Niederweningen fed on C; plants.
The homogeneity of tooth enamel carbon isotopic compo-
sition supports a restricted diet, possibly dominated by Cs-
type grasses. Such an environment may well have been
tundra-like, with swamps and marshes mainly covered by
Carex. Growth of an open mixed forest of Picea, Betula
and Larix, typical of a forest-tundra as found presently in
eastern Siberia, was likely on the adjacent valley slopes
(Drescher-Schneider et al., this volume).

To constrain the taphonomic setting of the Niederwe-
ningen mammoth further "“C-dating and combined stable
isotope (O, C, Sr) analysis of skeletal remains is needed.
Such analyses may resolve the question of whether a
complete herd of several mammoths got entrapped in the
peat swamp and died at the same time or whether the
skeletal remains represent a time-averaged fossil assem-
blage.

Acknowledgements

We thank Robert Darga from the Mammutmuseum
Siegsdorf, Bavaria for supplying the '*C-dated mammoth
bone sample. The Swiss National Science Founda-
tion (SNF 200021-100530/1) and the German Science
Foundation (DFG TU 148/1-1) are acknowledged for
supporting this research. Furthermore we want to thank
Steven Grimes and Bruce MacFadden for their helpful
reviews and Frank Preusser for the efficient editorial
handling.

Please cite this article as: Tiitken, T., et al., Stable isotope compositions of mammoth teeth from Niederweningen, Switzerland: Implications for the
Late Pleistocene climate, environment, and diet. Quaternary International (2006), doi:10.1016/j.quaint.2006.09.004



dx.doi.org/10.1016/j.quaint.2006.09.004

10 T. Tiitken et al. | Quaternary International 1 (11I1) HIE-ENR

References

Ambrose, S.H., Norr, L., 1993. Experimental evidence for the relationship
of the carbon isotope ratios of whole diet and dietary protein to those
of bone collagen and carbonate. In: Lambert, J.B., Grupe, G. (Eds.),
Prehistoric Human Bone—Archaeology at the Molecular Level.
Springer, Berlin/Heidelberg/New York, pp. 1-37.

Arppe, L.M., Karhu, J.A., 2006. Implications for the Late Pleistocene
climate in Finland and adjacent areas from the isotopic composition of
mammoth skeletal remains. Palaeogeography, Palaeoclimatology,
Palaeoecology 231, 322-330.

Ayliffe, L.K., Lister, A.M., Chivas, A.R., 1992. The preservation of
glacial-interglacial climatic signatures in the oxygen isotopes of
elephant skeletal phosphate. Palacogeography, Palacoclimatology,
Palaeoecology 99, 179-191.

Ayliffe, L.K., Chivas, A.R., Leakey, M.G., 1994. The retention of primary
oxygen isotope compositions of fossil elephant skeletal phosphate.
Geochimica et Cosmochimica Acta 58, 5291-5298.

Beyerle, U., Purtschert, R., Aeschbach-Hertig, W., Imboden, D.M.,
Loosli, H.H., Wieler, R., Kipfer, R., 1998. Climate and groundwater
recharge during the last glaciation in an ice-covered region. Science
282, 731-734.

Bocherens, H., 2003. Isotopic biogeochemistry and the paleoecology of the
mammoth steppe fauna. In: Reumer, JJW.F., De Vos, J., Mol, D.
(Eds.), Advances in Mammoth Research. Proceedings of the Second
International Mammoth Conference, Rotterdam, May 16-20 1999,
vol. 9. Deinsea, pp. 57-76.

Bocherens, H., Fizet, M., Mariotti, A., Gangloff, R.A., Burns, J.A., 1994.
Contribution of isotopic biogeochemistry ('*C, >N, ¥0) to the
paleoecology of mammoths (Mammuthus primigenius). Historical
Biology 7, 187-202.

Bocherens, H., Pacaud, G., Lazarev, P.A., Mariotti, A., 1996. Stable
isotope abundance ('*C, 'N) in collagen and soft tissues from
Pleistocene mammals from Yakutia: implications for the palaeobiol-
ogy of the Mammoth Steppe. Palacogeography, Palaeclimatology,
Palaeoecology 126, 31-44.

Bombin, M., Muehlenbachs, K., 1985. 13C/12C ratios of Pleistocene
mummified remains from Beringia. Quaternary Research 23, 123-129.

Bryant, J.D., Froelich, P.N., 1995. A model of oxygen isotope
fractionation in body water of large mammals. Geochimica et
Cosmochimica Acta 60, 4523-4537.

Bryant, J.D., Koch, P.L., Froelich, P.N., Showers, W.J., Genna, B.J.,
1996. Oxygen isotope partitioning between phosphate and carbonate
in mammalian apatite. Geochimica et Cosmochimica Acta 60,
5145-5148.

Cerling, T.E., Harris, J.M., 1999. Carbon isotope fractionation between
diet and bioapatite in ungulate mammals and implications for
ecological and paleoecological studies. Oecologia 120, 347-363.

Cerling, T.E., Harris, J.M., MacFadden, B.J., Leakey, M.G., Quade, J.,
Eisenmann, V., Ehleringer, J.R., 1997. Global vegetation change
through the Miocene/Pliocene boundary. Nature 389, 153-158.

Cerling, T.E., Harris, J.M., Leakey, M.G., 1999. Browsing and grazing in
elephants: the isotope record of modern and fossil proboscideans.
Oecologia 120, 364-374.

Cerling, T.E., Hart, J.A., Hart, T.B., 2004. Stable isotope ecology in the
ITturi Forest. Oecologia 138, 5-12.

Clark, 1.D., Fritz, P., 1997. Environmental Isotopes in Hydrologeology.
Lewis Publishers, Boca Raton, 328pp.

Coope, G.R., this volume. Coleoptera from the 2003 excavations of the
mammoth skeleton at Niederweningen, Switzerland. Quaternary
International.

D’Angela, D., Longinelli, A., 1990. Oxygen isotopes in living mammal’s
bone phosphate: further results. Chemical Geology 86, 75-82.

Dansgaard, W., 1964. Stable isotopes in precipitation. Tellus 16, 436-468.

Darling, W.G., 2004. Hydrological factors in the interpretation of stable
isotope proxy data present and past: a European perspective.
Quaternary Science Reviews 23, 743-777.

Drescher-Schneider, R., Jacquat, C., Schoch, W., 2007. Palacobotanical
investigations of the mammoth site of Niederweningen, Switzerland.
Quaternary International, this volume.

Drucker, D., Bocherens, H., Bridault, A., Billiou, D., 2003. Carbon and
nitrogen isotopic composition of Red Deer (Cervus elaphus) collagen as
a tool for tracking palaeoenvironmental change during Lateglacial and
Early Holocene in northern Jura (France). Palacogeography, Palaco-
climatology, Palacoecology 195, 375-388.

Eltringham, S.K., 1982. Elephants. Dorset, Blanford Press.

Farquhar, G.D., Ehleringer, J.R., Hubrick, K.T., 1989. Carbon isotopic
discrimination and photosynthesis. Annual Reviews Plant Physiology
and Molecular Biology 40, 503-537.

Farrand, W.R., 1961. Frozen mammoths and modern geology. Science
133, 729-735.

Fox, D.L., Fisher, D.C., 2001. Stable isotope ecology of a late Miocene
population of Gomphotherium productus (Mammalia, Proboscidea)
from Port of Entry Pit, Oklahoma. Palaios 16, 279-293.

France, R., 1996. Carbon isotope ratios in logged and unlogged boreal
forests: examination of the potential for determining wildlife habitat
use. Environmental Management 20, 249-255.

Fricke, H.C., O’Neil, J.R., 1996. Inter- and intra-tooth variation in the
oxygen isotope composition of mammalian tooth enamel phosphate:
implications for palaeoclimatological and palaeobiological research.
Palaeogeography, Palacoclimatology, Palacoecology 126, 91-99.

Fricke, H.C., O'Neil, J.R., 1999. The correlation between 18O/IGO ratios
of meteoric water and surface temperature: its use in investigating
terrestrial climate change over geologic time. Earth and Planetary
Science Letters 170, 181-196.

Fricke, H.C., Clyde, W.C., O’Neil, J.R., 1998. Intra-tooth variations in
00 (PO4) of mammalian tooth enamel as a record of seasonal
variations in continental climate variables. Geochimica et Cosmochi-
mica Acta 62, 1839-1850.

Furrer, H., 2005. Niederweningen, die bedeutendste Mammutfundstelle
der Schweiz—Neufunde und eigenes Mammutmuseum. Bulletin fiir
Angewandte Geologie 10/2, 61-69.

Furrer, H., Graf, H.R., Méder, A., this volume. The mammoth site of
Niederweningen, Switzerland. Quaternary International.

Genoni, L., Tacumin, P., Nikolaev, V., Gribchenko, Yu., Longinelli, A.,
1998. Oxygen isotope measurements of mammoth and reindeer skeletal
remains: an archive of Late Pleistocene environmental conditions in
Eurasian Arctic. Earth and Planetary Science Letters 160, 587-592.

Graf, H., Miiller, B., 1999. 7. Das Quartér: Die Epoche der Eiszeiten. In:
Bolliger, T. (Ed.), Geologie des Kantons. Ziirich, Ott Verlag, pp.
71-95.

Grimes, S.T., Hooker, J.J., Collinson, M.E., Mattey, D.P., 2005. Summer
temperatures of Late Eocene to Early Oligocene freshwaters. Geology
33, 189-192.

Guthrie, R.D., 1982. Mammals of the Mammoth Steppe as palaeoenvir-
onmental indicators. In: Hopkins, D.M., Matthews, Jr., J.V.,
Schweger, C.E., Young, S.B. (Eds.), Paleoecology of Beringia.
Academic Press, New York, pp. 307-329.

Guthrie, R.D., 1990. Frozen Fauna of the Mammoth Steppe: The Story of
Blue Babe. The University of Chicago Press, Chicago, 338pp.

Guthrie, R.D., 2004. Radiocarbon evidence of mid-Holocene mammoths
stranded on an Alaskan Bering Island. Nature 429, 746-749.

Hajdas, I. Bonani, G., Furrer, H., Médder, A., Schoch, W., this volume.
Radiocarbon chronology of the mammoth Site at Niederweningen,
Switzerland—results from dating bones, teeth, wood and peat.
Quaternary International.

Haynes, G., 1991. Mammoths, Mastodonts, and Elephants: Biology,
Behavior, and the Fossil Record. Cambridge University Press,
Cambridge.

Heaton, T.H.E., 1999. Spatial, species and temporal variations in the
BC/12C ratios of C3 plants; implications for palacodiet studies.
Journal of Archaeological Science 26, 637-644.

Hoppe, K.A., 2004. Late Pleistocene mammoth herd structure, migration
patterns, and Clovis hunting strategies inferred from isotopic analyses
of multiple death assemblages. Paleobiology 30, 129-145.

Please cite this article as: Tiitken, T., et al., Stable isotope compositions of mammoth teeth from Niederweningen, Switzerland: Implications for the
Late Pleistocene climate, environment, and diet. Quaternary International (2006), doi:10.1016/j.quaint.2006.09.004



dx.doi.org/10.1016/j.quaint.2006.09.004

T. Tiitken et al. | Quaternary International 1 (11I1) IE-ENR 11

Hoppe, K.A., 2006. Correlation between the oxygen isotope ratio of
North American bison teeth and local waters: implications for
paleoclimatic reconstructions. Earth and Planetary Science Letters
244, 408-417.

Hoppe, K.A., Koch, P.L., Carlson, R-W., Webb, S.D., 1999. Tracking
mammoths and mastodons: reconstruction of migratory behavior
using strontium isotope ratios. Geology 27, 439—442.

Huertas, A.D., Iacumin, P., Stenni, B., Chillon, B.S., Longinelli, A., 1995.
Oxygen isotope variations of phosphate in mammalian bone and tooth
enamel. Geochimica et Cosmochimica Acta 59, 4299-4305.

Huertas, A.D., lacumin, P., Longinelli, A., 1997. A stable isotope study of
fossil mammal remains from the Paglicci cave, southern Italy, 13-33 ka
BP: palaeoclimatological considerations. Chemical Geology 141,
211-223.

Hiinermann, K.A., 1985. Eiszeit-Sdugetiere aus dem Kanton Ziirich.
Vierteljahrsschrift der Naturforschenden Gesellschaft in Ziirich 130/3,
229-250.

Hiinermann, K.A., 1987. Faunenentwicklung im Quartir. Mitteilungen
der Naturforschenden Gesellschaft Luzern 29, 151-171.

Tacumin, P., Bocherens, H., Mariotti, A., Longinelli, A., 1996. Oxygen
isotope analyses of co-existing carbonate and phosphate in biogenic
apatite: a way to monitor diagenetic alteration of bone phosphate.
Earth and Planetary Science Letters 142, 1-6.

Iacumin, P., Nikilaev, V., Ramigni, M., 2000. C and N stable isotope
measurements on Eurasian fossil mammals, 40000-10000 years BP:
herbivore physiologies and palacoenvironmental reconstructions.
Palaeogeography, Palaeoclimatology, Palacoecology 163, 33—47.

Tacumin, P., Davanzo, S., Nikolaev, V., 2005. Short-term climatic changes
recorded by mammoth hair in the Arctic environment. Palacogeo-
graphy, Palaeoclimatology, Palacoecology 218, 317-324.

Joger, U., Koch, U., 1995. Mammuts aus Sibirien. Darmstadt, Hessisches
Landesmuseum, 135pp.

Jost-Stauffer, M., Coope, G.R., Schlichter, C., 2005. Environmental and
climatic reconstructions during Marine Oxygen Isotope Stage 3 from
Gossau, Swiss Midlands, based on coleopteran assemblages. Boreas
34, 53-60.

Kahlke, R.D., Mol, D., 2005. Eiszeitliche GroBsdugetiere aus der
Sibirischen Arktis. Senckenberg-Buch 77. Frankfurt am Main, 96pp.

Koch, P.L., Fisher, D.C., Dettman, D.L., 1989. Oxygen isotopic variation
in the tusks of extinct proboscideans; a measure of season of death and
seasonality. Geology 17, 515-519.

Koch, P.L., Heisinger, J., Moss, C., Carlson, R.W., Fogel, M.L.,
Behrensmeyer, A.K., 1995. Isotopic tracking of the diet and habitat
use in African elephants. Science 267, 1340-1343.

Koch, P.L., Tuross, N., Fogel, M.L., 1997. The effects of sample
treatment and diagenesis on the isotopic integrity of carbonate in
biogenic hydroxylapatite. Journal of Archaeological Science 24,
417-429.

Koenigswald, W.Von., 2002. Lebendige Eiszeit. Theiss Verlag, Stuttgart,
190pp.

Kohn, M.J., 1996. Predicting animal 4'30: accounting for diet and
physiological adaptation. Geochimica et Cosmochimica Acta 60,
4811-4829.

Kohn, M.J., Schoeninger, M.J., Barker, W.B., 1999. Altered states: effects
of diagenesis on fossil tooth chemistry. Geochimica et Cosmochimica
Acta 63, 2737-2747.

Kohn, M.J., Cerling, T.E., 2002. Stable isotope compositions of biological
apatite. In: Kohn, M.J., Rakovan, J., Hughes, J.M. (Eds.), Phos-
phates: Geochemical, Geobiological, and Materials Importance. Re-
views in Mineralogy and Geochemistry 48, 455-488.

Kohn, M.J., Josef, J.A., Madden, R., Vucetich, G., Carlini, A.A., 2004.
Climate stability across the Eocene-Oligocene transition, southern
Argentina. Geology 23, 621-624.

Kohn, M.J., McKay, M.P., Knight, J.L., 2005. Dining in the Pleistocene—
Who’s on the menu? Geology 33, 649-652.

Kubiak, H., 1982. Morphological characters of the mammoth: an
adaptation to the Arctic—Steppe environment. In: Hopkins, D.M.,

Matthews, Jr., J.V., Schweger, C.E., Young, S.B. (Eds.), Paleoecology
of Beringia. Academic Press, New York, pp. 281-289.

Kuzmin, Y.V., Orlova, L.A., 2004. Radiocarbon chronology and
environment of woolly mammoth (Mammuthus primigenius Blum.) in
northern Asia: results and perspectives. Earth Science Reviews 68,
133-169.

Lang, A., 1892. Geschichte der Mammutfunde. Ein Stiick Geschichte der
Paldontologie, nebst einem Bericht iiber den schweizerischen Mam-
mutfund in Niederweningen 1890/91. Neujahrsblatt der Natur-
forschenden Gesellschaft Ziirich 44, 2-35.

Lee-Thorp, J.A., 2000. Preservation of biogenic carbon isotopic signals in
Plio—Pleistocene bone and tooth mineral. In: Ambrose, S.H., Katzen-
berg, M.A. (Eds.), Biogeochemical Approaches to Paleodietary
Analysis, vol. 5. Plenum Press, New York, pp. 89-115.

Lister, A.M., Sher, A., 2001. The origin and evolution of the woolly
mammoth. Science 294, 1094-1097.

Longinelli, A., 1984. Oxygen isotopes in mammal bone phosphate: a new
tool for palaeoclimatological and palacoenvironmental research?
Geochimica et Cosmochimica Acta 48, 385-390.

Longinelli, A., 1995. Stable Isotope ratios in phosphate in mammal bone
and tooth as climatic indicators. In: Frenzel, B., Stauffer, B., Weil,
M.M. (Eds.), Problems of stable isotopes in tree rings, lake sediments
and peat bogs as climatic evidence for the Holocene. Fischer Verlag,
Stuttgart/Jena/New York, pp. 58-70.

Luz, B., Kolodny, Y., 1985. Oxygen isotope variations in phosphate of
biogenic apatites, IV. Mammal teeth and bones. Earth and Planetary
Science Letters 75, 29-36.

Luz, B., Kolodny, Y., Horowitz, M., 1984. Fractionation of oxygen
isotopes between mammalian bone-phosphate and environmental
drinking water. Geochimica et Cosmochimica Acta 48, 1689-1693.

MacPhee, R.D.E., Tikhonov, A.N., Mol, D., de Marliave, C., van der
Plicht, H., Greenwood, A.D., Flemming, C., Agenboard, L., 2002.
Radiocarbon chronologies and extinction dynamics of the Late
Quaternary mammalian megafauna of the Taimyr Peninsula, Russian
Federation. Journal of Archaeological Science 29, 1017-1042.

Mateu Andres, I., 1993. A revised list of the European C4 plants.
Photosynthetica 26, 323-331.

Mead, J.I., Agenbroad, L.D., Davis, O.K., Martin, P.S., 1986. Dung of
Mammuthus in the arid southwest, North America. Quaternary
Research 25, 121-127.

Medina, E., Montes, G., Cuevas, E., Rokzandic, Z., 1986. Profiles of CO,
concentration and 6'*C values in tropical rain forests of the upper Rio
Negro Basin, Venezuela. Journal of Tropical Ecology 2, 207-217.

MeteoSchweiz: < http://www.meteoschweiz.ch/web/de/klima/klimanorm-
werte/tabellen.Par.0004.DownloadFile.tmp/temperaturmittel.pdf ) .

O'Leary, M.H., 1981. Carbon isotope fractionation in plants. Phytochem-
istry 20, 553-567.

Olivier, R.C.D., 1982. Ecology and behaviour of living elephants: bases
for assumptions concerning the extinct woolly mammoths. In:
Hopkins, D.M., Matthews, Jr., J.V., Schweger, C.E., Young, S.B.
(Eds.), Paleoecology of Beringia. Academic Press, New York, pp.
291-305.

Preusser, F., Degering, D., this volume. Luminescence dating of the
Niederweningen mammoth site, Switzerland. Quaternary Interna-
tional.

Preusser, F., Geyh, M.A., Schliichter, C., 2003. Timing of late Pleistocene
climate change in lowland Switzerland. Quaternary Science Reviews
22, 1435-1445.

Quade, J., Cerling, T.E., Barry, J.C., Morgan, M.E., Pilbeam, D.R.,
Chivas, A.R., Lee Thorp, J.A., van der Merwe, N.J., 1992. A 16-Ma
record of paleodiet using carbon and oxygen isotopes in fossil teeth
from Pakistan. Chemical Geology 94, 183-192.

Rozanski, K., Araguas-Araguas, L., Gonfiantini, R., 1993. Isotopic
patterns in modern global precipitaion. In: Climate Change in
continental isotopic records. In: Swart, P.K, Lohmann, K.C,
McKenzie, J., Savin, S. Schiirch, M., Kozel, R., Schotterer, U., Tripet,
J.-P., 2003. Observation of Isotopes in the Water Cycle—the Swiss
National Network (NISOT). Environmental Geology 45, 1-11.

Please cite this article as: Tiitken, T., et al., Stable isotope compositions of mammoth teeth from Niederweningen, Switzerland: Implications for the
Late Pleistocene climate, environment, and diet. Quaternary International (2006), doi:10.1016/j.quaint.2006.09.004



http://www.meteoschweiz.ch/web/de/klima/klimanormwerte/tabellen.Par.0004.DownloadFile.tmp/temperaturmittel.pdf
http://www.meteoschweiz.ch/web/de/klima/klimanormwerte/tabellen.Par.0004.DownloadFile.tmp/temperaturmittel.pdf
dx.doi.org/10.1016/j.quaint.2006.09.004

12 T. Tiitken et al. | Quaternary International 1 (11I1) HIE-ENR

Schliichter, C., 1988. Neue geologische Beobachtungen bei der Mammut-
fundstelle Niederweningen (Kt. Ziirich). Vierteljahresschrift der
Naturforschenden Gesellschaft Ziirich 133/2, 99-108.

Schliichter, C., 1994. Das Wehntal—Eine Schliisselregion der Eiszeiten-
forschung. Jahrheft des Ziircher Unterlinder Museumsvereins 28,
4-24.

Schlichter, C., Maisch, M., Suter, J., Fitze, P., Keller, W.A., Burga, C.A.,
Winistorf, E., 1987. Das Schieferkohlen-Profil von Gossau (Kanton
Zirich) und seine stratigraphische Stellung innerhalb der letzten
Eiszeit. Vierteljahresschrift der Naturforschenden Gesellschaft Ziirich
132/3, 135-174.

Schiirch, M., Kozel, R., Schotterer, U., Tripet, J.-P., 2003. Observation of
isotopes in the water cycle the Swiss National Network (NISOT).
Environmental Geology 45, 1-11.

Sharp, Z.D., Cerling, T.E., 1998. Fossil isotope records of seasonal climate
and ecology: straight from the horse’s mouth. Geology 26, 219-222.

Sikes, S.K., 1971. The Natural History of the Africa Elephant. Weidenfeld
and Nicolson, London.

Spoetl, C., Vennemann, T.W., 2003. Continuous-flow IRMS analysis of
carbonate minerals. Rapid Communications in Mass Spectrometry 17,
1004-1006.

Stuart, A.J., Sulerzhitsky, L.D., Orlova, L.A., Kuzmin, Y.V., Lister,
A.M., 2002. The latest woolly mammoths (Mammuthus primigenius
Blumenbach) in Europe and Asia: a review of the current evidence.
Quaternary Science Reviews 21, 1559-1569.

Sukumar, R., 1989. The Asian Elephant: Ecology and Management.
Cambridge University Press, Cambridge.

Tieszen, L.L., Fagre, T., 1993. Effect of diet quality and composition on
the isotopic composition of respiratory CO,, bone collagen, bioapatite
and soft tissues. In: Lambert, J.B., Grupe, G. (Eds.), Prehistoric
Human Bone—Archaeology at the Molecular Level. Springer, Berlin,
Heidelberg, New York, pp. 121-155.

Tiitken, T., 2003. Die Bedeutung der Knochenfrithdiagenese fiir die
Erhaltungsfahigkeit in vivo erworbener Element- und Isotopenzusam-
mensetzungen in fossilen Knochen. On-line Dissertation, Universitét
Tibingen (http://w210.ub.uni-tuebingen.de/dbt/volltexte/2003/962/ ).

Tiitken, T., Kuznetsova, T.V., Vennemann, T.W., Pfretzschner, H.-U.,
2002. Late Pleistocene—Holocene climate of Siberia deduced from
oxygen isotope compositions of mammoth and horse bone phosphate.
Geochimica et Cosmochimica Acta 66 (S 1), A 885.

Tutken, T., Vennemann, T.W., Janz, H., Heizmann, H.E.P., 2006.
Palaeoenvironment and palaeoclimate of the Middle Miocene lake in

the Steinheim basin, SW Germany: a reconstruction from C, O, and Sr
isotopes of fossil remains. Palacogeography, Palaeoclimatology,
Palaeoecology 241, 457-491.

Van der Merwe, N.J., Medina, E., 1989. Photosynthesis and C-13/C-12
ratios in Amazonian Rain Forests. Geochimica et Cosmochimica Acta
53, 1091-1094.

Van der Merwe, N.J., Lee-Thorp, J.A., Thackeray, J.F., Hall-Martin, A.,
Kruger, F.J., Coetzee, H., Bell, R.H.V., Lindeque, M.J., 1990. Source-
area determination of elephant ivory by isotopic analysis. Nature 346,
744-746.

Vartanyan, S.L., Garrut, V.E., Sher, A.V., 1993. Holocene dwarf
mammoths from Wrangel Island in the Siberian Arctic. Nature 382,
337-340.

Vartanyan, S.L., Arslanov, K.A., Tertychynaya, T.V., Chernov, S., 1995.
Radiocarbon evidence for mammoths on Wrangel Island, Arctic
Ocean until 2000 BC. Radiocarbon 37, 7-10.

Vasil'chuk, Y., Punning, J.-M., Vasil'Chuk, A., 1997. Radiocarbon ages of
mammoths in northern Eurasia: Implications for population develop-
ment and Late Quaternary environment. Radiocarbon 39, 1-119.

Vennemann, T.W., Fricke, H.C., Blake, R.E., O'Neil, J.R., Colman, A.,
2002. Oxygen isotope analysis of phosphates: a comparison of
techniques for analysis of Ag;PO,. Chemical Geology 185, 321-336.

Vereshchagin, N.K., Baryshnikov, G.F., 1982. Paleoecology of the
mammoth fauna in Eurasian arctic. In: Hopkins, D.M., Matthews,
Jr.,J.V., Schweger, C.E., Young, S.B. (Eds.), Paleoecology of Beringia.
Academic Press, New York, pp. 267-279.

Vogel, J.C., Eglington, B., Auret, J.M., 1990. Isotope fingerprints in
elephant bone and ivory. Nature 346, 747-748.

Weidmann, M., 1970. Le mammouth de Praz-Rodet (Le Brassus, Vaud)
Note préliminaire. Bulletin des Laboratoires de Géologie, Minéralogie,
Géophysique et du Musée Géologique de L'Université de Lausanne
179, 1-12.

Welten, M., 1988. Neue pollenanalytische Ergebnisse iiber das Jiingere
Quartir des nordlichen Alpenvorlandes der Schweiz (Mittel- und
Jungpleistozdn). Beitrdge zur geologischen Karte der Schweiz N.F.
162, 40pp.

Ziegler, R., 1994. Das Mammut (Mammuthus primigenius Blumenbach)
von Siegsdorf bei Traunstein (Bayern) und seine Begleitfauna.
Miinchner Geowissenschaftliche Abhandlungen A 26, 49-80.

Ziegler, R., 2001. An extraordinary small mammoth (Mammuthus
primigenius) from SW Germany. Stuttgarter Beitrdge zur Naturkunde
Serie B 300, 1-41.

Please cite this article as: Tiitken, T., et al., Stable isotope compositions of mammoth teeth from Niederweningen, Switzerland: Implications for the
Late Pleistocene climate, environment, and diet. Quaternary International (2006), doi:10.1016/j.quaint.2006.09.004



http://w210.ub.uni-tuebingen.de/dbt/volltexte/2003/962/
dx.doi.org/10.1016/j.quaint.2006.09.004

	Stable isotope compositions of mammoth teeth from Niederweningen, Switzerland: Implications for the Late Pleistocene climate, environment, and diet
	Introduction
	The mammoths
	Oxygen isotope composition of skeletal apatite as palaeoclimate proxy
	The carbon isotope composition of skeletal apatite as dietary proxy

	Setting of the Niederweningen fossil site
	Geology, palaeontology and stratigraphic age
	Late Pleistocene environmental conditions around Niederweningen

	Material and methods
	Fossil skeletal remains
	Oxygen and carbon isotope analysis of skeletal apatite

	Results
	Carbon isotope composition
	Oxygen isotope composition

	Discussion
	Climatic reconstruction based on the oxygen isotope composition of the mammoth teeth
	Diet and habitat of the mammoths--implications from the carbon isotopic composition
	Taphonomy of the mammoths from Niederweningen--a possible isotope approach

	Conclusions
	Acknowledgements
	References


