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Of the most abundant elemental constituents of organic matter, hydrogen has received the least attention due to
its exchangeability with ambient water. The development of steam equilibration using two isotopically distinct
waters can enable the user to calculate the proportion of exchangeable H and generate a 6°H value of the non-ex-
changeable H. Three fossil faunal assemblages from Europe were selected in order to investigate collagen 6°H
with respect to body mass, diet and to compare chronological periods in the Quaternary. 5'°N values in each
suite of fauna show trophic level enrichment, a trend which was also observed in §°H values. In the case of pred-
atory species with lower 5'°N values than other carnivore species, the use of hydrogen isotopes could help to
infer the consumption of prey with lower 5'°N values rather than a significant dietary contribution of plant
foods. For example, a cave bear which exhibits low 5%H values are consistent with low 6'°N and therefore
point to an herbivorous diet and not omnivory. The combination of §*H, with 6'°N and 6'>C, from archaeological
and ecological studies of humans and fauna could help reconstruct prey preference; which is especially important
when trying to distinguish the quantity of marine versus freshwater resources in diets. Relative to dietary influ-

ences, climate variability seems to be a minor control on 6?H in the faunal assemblages studied here.

C

1. Introduction

Stable isotope ratios of biologically important elements such as C, H,
N, and O have widespread applications in earth sciences and biology. Of
the most abundant elemental constituents of organic matter, hydrogen
has received the least attention due to several factors (i.e. exchangeable
hydrogen) that have, until recently, complicated the analysis and inter-
pretation of hydrogen isotope data derived from organic materials. Re-
cent advances in analytical techniques (Sauer et al., 2009) for organic
hydrogen have facilitated the analysis of hydrogen isotope ratios
(6°H) from organic matter to be explored.

Hydrogen in organic matter can occupy many different chemical po-
sitions, and since it is loosely bound to O and N, the hydrogen can ex-
change readily with ambient water. For this reason, the 2H/'H ratio of
those hydrogen pools provides more information about the recent ex-
posure to water vapour (e.g., laboratory air) than about primary envi-
ronmental and/or biological conditions. In order to remove these
affects the O- and N-bound hydrogen must either be removed or
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(P.E. Sauer), herve.bocherens@uni-tuebingen.de (H. Bocherens).

replaced. Chemical removal, nitration of cellulose is labour-intensive
and requires a large initial sample. An alternative approach is to control
the exchangeable hydrogen by means of exposure to a vapour or va-
pours of known isotopic composition(s) that has been adapted by vari-
ous labs for continuous-flow IRMS approaches (Sauer et al., 2009;
Meier-Augenstein et al., 2011; Wassenaar et al., 2015). A steam equili-
brator enables the simultaneous analysis of 10 samples (in triplicate)
of protein (Sauer et al., 2009).

Previous research on hydrogen isotope ratios in protein (Cormie et
al., 1994) has revealed a strong climatic control in parallel to strong
2H/'H gradients in precipitation. Because many migratory bird (and
some butterfly) species cross climatic gradients, ?H/'H ratios of non-ex-
changeable hydrogen of feather and insect keratin has been used to doc-
ument migration patterns and regional hydrological/climatic conditions
(Hobson et al., 1999; Grocke et al., 2006, 2010; van Hardenbroek et al.,
2012). Hydrogen isotope ratios in collagen from large herbivores, for ex-
ample North American bison, have shown to vary through the Holocene
and track changes in moisture availability and temperature (Leyden et
al., 2006).

In addition to climatic influences, trophic level may also have an in-
fluence due to metabolic effects and inefficiencies in nutrient transfer
up food chains; higher trophic level consumers exhibit higher 5'°N
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Fig. 1. Map of sample locations investigated in this study.

values than their prey (e.g., Bocherens and Drucker, 2003). A study of
several European archaeological sites showed a progressive enrichment
in bone collagen &°H from herbivores to omnivores (pigs) to carnivores
(humans), with an enrichment factor of 20%. to 50%. (Birchall et al.,
2005; Reynard and Hedges, 2008). Additionally, 12 mammalian species
from a limited geographic area in Indiana, suggests that body size and
respiration rates may also influence bone collagen 6?H (Topalov et al.,
2013).

In this study, we have selected three faunal assemblages including
herbivores and carnivores of different sizes that lived under different
climatic conditions from Europe (Fig. 1). The aim of this study was to de-
cipher the relative role of climate, trophic level and physiology on 6°H in
archaeological large mammals to determine its application for studying
ancient ecosystems.

2. Materials and methods

Three different fossil faunal assemblages from Europe, that include
herbivorous and carnivorous taxa, have been sampled: Goyet Cave

(Belgium; 40-27 kyrs BP), Kesslerloch (Switzerland; 14-12 kyrs BP)
and Noyen-sur-Seine (France; ~8 kyrs BP) (Fig. 1). Information on
each of these specific sites is provided in the Supplementary
information.

Hydrogen isotope measurements were made by exposing two sets
of the same collagen sample to a vapour under controlled temperature
at 115 °C (Sauer et al., 2009): snow that was collected in Durham in
2010 (8°H = —60%) and a 2H-spiked water made at Durham
(8%°H = +1150%.). The equilibrated samples were analysed using a
Thermo TC/EA coupled with a Delta V Advantage IRMS at Durham Uni-
versity. The §2H values are expressed against Vienna Standard Mean
Ocean Water (VSMOW) by calibrated international standards: IAEA-
CH-7 (polyethylene foil), IAEA-CH-3 (cellulose) and nCsg (Arndt
Schimmelmann, Indiana), including an internal standard, JTNP-1 (deer
collagen). Standard deviation of the standards and samples were typi-
cally <2%. (2 SD). For more details regarding fractionation factor and
calculation of exchangeable hydrogen we refer the reader to Sauer et
al. (2009) whose methods were followed stringently in this study.

3. Results and discussion

The §2H values of terrestrial mammals exhibited a wide range of
values in each site; between —40.4%. to —99.9%. in Goyet Cave,
—38.9% to —111.2%. in Kesslerloch, and —37.2%, to —78.2%. in
Noyen-sur-Seine (see Supplementary information, Table S1, S2, S3).
The single freshwater predator (otter) analysed in this study from
Kesslerloch had the highest §2H value of -+ 1.3%.. In all sites there was
no obvious relationship between 62H and body size within a trophic
group.

From Goyet Cave, most carnivores and herbivores were well sepa-
rated, with carnivores having less negative 6°H values than herbivores,
except for the three horses (Figs. 2, 3). Wolves, which had lower §'°N
than other carnivores (e.g., lions and hyenas) at this site, nonetheless
exhibited °H as high as those carnivores. Although the mammoth, an
herbivorous species, exhibited high 6'°N values compared to other her-
bivores but similar to carnivores, their 6°H values were within the range
of other herbivores at Goyet Cave, albeit in a higher part of the range
(Figs. 2, 3). The adult cave bears had 6'°N and &%H values similar to
those of other herbivores. One particular case was the newborn cave
bear, with a very high 6'°N value and a very low &°H value.

From Kesslerloch, most terrestrial carnivores exhibited higher 6°H
values than herbivores (Figs. 2, 3). However, wolves exhibited §2H
that overlapped those herbivores with the highest 5H even though
their 6'°N are clearly suggesting carnivory. Fox and lynx, with slightly
lower 6'°N than other carnivores had, nonetheless, high 6°H values: a
result that precludes omnivory for the fox. The differences in 6!°N and
52H between carnivore species are most likely linked to differences in

® Panthera spelaea (cave lion)

B Canis lupus (gray wolf)

A Crocuta crocuta spelaea (cave hyaena)
@ Gulo gulo (wolverine)

® [ynx lynx (lynx)

¢ Vulpes vulpes (red fox)

¢ Lutra lutra (otter)

B Sus scrofa (wild boar)

A

Ursus spelaeus (cave bear)

> H o ¢ H E o >

Mammuthus primigenius (woolly mammoth)
Coelodonta antiquitatis (woolly rhinoceras)
Equus ferus (wild horse)

Bison priscus (steppe bison)

Rangifer tarandus (reindeer)

Lepus timidus (hare)

Spermophilus rufescens (ground squirrel)
Cervus elaphus (red deer)

Capreolus capreolus (roe deer)

Bos primigenius (aurochs)

Fig. 2. Key to mammal species plotted in Fig. 3.
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Fig. 3. Collagen 6'°N, 5'>C and non-exchangeable 6°H for the different mammal species for the sites investigated in this study; Goyet, Kesslerloch, and Noyen-sur-Seine. See Fig. 2 for key.

prey choice. The mammoth has a 6'°N value similar to carnivores, but
exhibited very low §2H values that are clearly within the range of
other herbivores. These elevated 6'°N values are likely due to eating of
high 6'°N plants (Schwartz-Narbonne et al., 2015; Naito et al,, 2016).

From Noyen-sur-Seine, there was a clear distinction between carni-
vores and herbivores with an average between ~30%. to 40%. less de-
pleted than the herbivores (Figs. 2, 3). All boars exhibited similar 6*H
values, although one of the boars had a very high 8'°N value. Surprising-
ly, the 62H values of herbivores from the Holocene site of Noyen-sur-
Seine are not statistically different from those of Pleistocene mammals
from Kesslerloch and Goyet — even though mammals from both
Pleistocene sites lived under different climatic conditions (i.e. colder)
than those of the Holocene site.

3.1. Hydrogen isotopes and trophic levels

Hydrogen isotope ratios could be used to test omnivory in several
mammalian species. All boars from Noyen-sur-Seine exhibited similar
52H values, although one specimen had a very high 6'°N value. This
may indicate that varying 6'°N values in boar were not indicative of
omnivory, or that omnivory was not linearly reflected in 6*H values.
An alternative explanation could be that the digestive physiology for
omnivory is more important than actual diet consumed. Probably
these questions need to be investigated further with experimental or
modern ecosystem data.

Interestingly, the low &2H values of cave bears from Goyet are consis-
tent with their low 6'°N and point to an herbivorous diet, in contrast



with suggestions for an omnivorous diet based on teeth microwear
analysis (Peigné et al., 2009). The difference between isotope values
and tooth wear could be due to biases in the modern reference dataset
used in the latter approach (Bocherens, 2009; Miinzel et al., 2014).

In the case of predators with lower 5'°N values than other carnivore
species, the use of hydrogen isotopes could help to infer the consump-
tion of prey with lower &'°N values rather than a significant contribu-
tion of plant food resources; as shown in the case of the wolf in Goyet
Cave and the red fox in Kesslerloch. This study indicates that 5°H values
seem to be a useful tool for reconstructing prey preference in combina-
tion with 6'3C and 6'°N. The potential to discriminate between omniv-
orous carnivores may be more powerful when using hydrogen
isotopes, as well as distinguishing between carnivore members with
predatory habits, or vegetarian ones, such as in cave bears. In addition,
our data confirm that using hydrogen isotopes to track carnivore origins
may be complicated by interfering factors (Pietsch et al,, 2011).

Several datasets (Birchall et al., 2005; Reynard and Hedges, 2008;
Topalov et al.,, 2013) are now available that show the difference be-
tween herbivore and carnivore %H values. All studies indicate a positive
enrichment between herbivore and carnivores: note, Reynard and
Hedges (2008) is a study that compared herbivores with humans. The
data show enrichments with a high degree of variability and is most
likely due to the sample location and the types of herbivores and carni-
vores used for comparison (Table S4).

3.2. Hydrogen and physiology - hibernation

The impact of hibernation seems very significant on the 6°H values
of cave bears in this study. The newborn cave bear exhibited a very
high 8'°N value together with a very depleted 6*H value. Female cave
bears give birth to their cubs during hibernation and the foetus devel-
oped entirely while the female is in hibernation (e.g., Germonpré,
2004). Carbon and nitrogen isotopic signatures of newborn cave bear
cubs exhibit values indicative of hibernation. Reynard and Hedges
(2008) show that milk should be enriched in &2H relative to drinking
water in terrestrial mammals. In marine mammals, collagen &°H values
were also depleted in sea lion pups compared to sea lion adults; a fea-
ture that was interpreted as reflecting the consumption of lipid-rich
milk diet for the young sea lions (Topalov et al., 2013). The difference
in 6°N values between newborn and adult cave bears is too high to re-
flect milk consumption alone. We hypothesize that the process of hiber-
nation has a significant effect on 6°H values in cave bears.

3.3. Collagen hydrogen isotopes as a climatic indicator

The use of large mammal collagen &2H values for palaeoclimatic
reconstruction does not seem very promising (Fig. 4). Surprisingly, the
&2H values of the herbivores from the Holocene site of Noyen-sur-
Seine were not very different from those of Pleistocene mammals
from Kesslerloch and Goyet (Fig. 4), although mammals from
both Pleistocene sites lived under colder conditions than those from
the Holocene site. The different geographical locations cannot explain
the isotopic pattern since all three sites yielded °H values between
—50%0 and — 58%. for the annual average isotopic values of local mod-
ern precipitation (calculated from OIPC, http://wateriso.utah.edu/
waterisotopes/pages/data_access/oipc.html). It is possible that greater
aridity during the Pleistocene may have increased the 2H values of
drinking water used by mammals in Goyet and Kesslerloch, and partly
compensated for the lower 52H values due to lower temperatures com-
pared to Noyen-sur-Seine. In Kesslerloch, both wolves and bovids ex-
hibit lower 62H values compared to the members of the same species
from Goyet and Noyen-sur-Seine. The cause for this may be due to the
influence of low deuterium water flowing from the Alps in Kesslerloch.
In any case, it seems that the use of hydrogen isotope composition in
large mammal bone collagen for palaeoclimatological reconstruction
will not be simple.

8H %o (VSMOW)

non-ex coll

-120 -100 -80 -60 -40 -20 0
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A A
¢ Goyet
B Kesslerloch -
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Fig. 4. Collagen non-exchangeable &?H for similar mammal species across three
Quaternary time intervals; Goyet (40-27 kyrs BP), Kesslerloch (14-12 kyrs BP), and
Noyen-sur-Seine (~8 kyrs BP).

3.4. Distinction between terrestrial and freshwater trophic webs

In the present study, it was possible to distinguish freshwater from
terrestrial food webs. The very clear distinction observed between the
freshwater carnivore and the terrestrial carnivores in Kesslerloch is in
contrast with previously published data from modern ecosystems,
where carnivores from terrestrial and aquatic ecosystems exhibited
similar 62H values (Birchall et al., 2005). Several explanations could be
explored to explain this discrepancy: (1) samples in Birchall et al.
(2005) were sampled from across the UK; (2) Birchall et al. (2005)
used a different method for removing exchangeable hydrogen in that
only one calibration water was used; and (3) the mammals analysed
in Birchall et al. (2005) had variable body mass, which may affect
their 82H (Topalov et al., 2013).

We highly recommend that additional studies are required that aim
at establishing a valid and comprehensive reference database to test the
possibility to distinguish freshwater from terrestrial food webs — a dis-
tinction that is very important in several archaeological fields, such as
radiocarbon dating (i.e. Cook et al., 2001), the role of subsistence in
human evolution (e.g., Drucker and Bocherens, 2004; Richards and
Trinkaus, 2009), and dietary changes between successive archaeological
cultures (e.g., Boric et al,, 2004; Lightfoot et al., 2011).

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jasrep.2016.11.020.
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