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1 Introduction

One of the most important drivers of (human) evolution is diet and therefore it is vital to understand
diet and its changes in the past. As a result, over the past several decades, one of the main focusses
of paleontological research has been the reconstruction of ancient diet and food webs. Both
traditional stable isotope measurements in tooth enamel (e.g., carbon and oxygen) and trace element
ratios in bioapatite (e.g., Sr/Ca and Ba/Ca) have been used to advance our knowledge and
understanding of the dietary ecology of past organisms (e.g., Balter et al., 2002; Cerling & Harris,
1999). However, information on trophic level is rare. Recently, novel geochemical methods have been
developed to explore trophic proxies (e.g., calcium and zinc isotopes) to further our understanding
feeding behaviours of vertebrates and past ecosystems (e.g., Jaouen & Pons, 2016; Martin et al,,
2017). Although these systems are very promising, data relating to variability in isotopic fractionation
and baseline variation of these elements is limited.

In contrast, the nitrogen isotope ratio (*N/*N ratio, expressed as 6°N) of organic material
has been used for several decades already as a well-established proxy for trophic spacing of animals
in both marine and terrestrial food webs (e.g.,, Ambrose & DeNiro, 1986; Caut et al., 2009;
Schoeninger, 2014; Schoeninger & DeNiro, 1984). In addition, 8'°N values have been studied in a range
of settings, both natural and experimental (e.g., DeNiro & Epstein, 1981; Sponheimer et al., 2003; Wolf
et al., 2009). However, its application in the palaeontological record has been hampered by the poor
preservation of organic matter, which contains nitrogen, during fossilization. The analysis of nitrogen
isotopes in fossil vertebrates has thus been mainly limited to relatively young sites (generally <100
ka), with well-preserved collagen in bone or dentin (e.g., Bocherens & Drucker, 2003; Britton et al.,
2012; DeNiro, 1985). Compared to these organic rich materials, enamel is much more diagenetically
resistant than bone and dentin due to its highly mineralized matrix trapping the organic matter (e.g.,
Koch et al., 1997; Wang & Cerling, 1994; Zazzo et al., 2004). It therefore has a high potential to
preserve its isotopic fingerprint much better over large time scales, and could provide trophic
information in deep time. However, the organic matter in enamel has a low nitrogen content (e.g.,
Robinson et al., 1995; Teruel J. de et al., 2015) and traditional combustion methods used for nitrogen
isotope analysis require too large sample sizes.

In 2021, Leichliter et al. published a paper based on feeding experiment data of rodents,
detailing a new method to measure 6N in tooth enamel. This oxidation-denitrification method is an
adaption of a method first developed for §°N analysis in sea- and freshwater samples, as well as
corals, diatoms, and foraminifera (Sigman et al., 2001; Weigand et al., 2016). Two articles employing
this method have been published since. One focusses on the first combination of carbon, nitrogen,

and oxygen stable isotope analyses on the same tooth enamel from animals in a single well-
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constrained modern African ecosystem (Lidecke and Leichliter et al., 2022). The other study focusses
on the combination of carbon and nitrogen isotope analysis in tooth enamel of both modern mammals
from several habitats across Africa and fossil mammals from Laos, in southeast Asia (Leichliter and
Lidecke et al., 2023). These publications show that the method works in both modern and fossil fauna

assemblages and provide a modern dataset to which future fossil data can be compared.

1.1 Research aim and questions

As mentioned, the oxidation-denitrification method has already been applied twice in
African/savannah environments, and once in a tropical environment. However, it has not been applied
in a European/temperate environment. The values of the isotopes measured in this study (§'3C, 8°N,
and 60), are dependent on a wide range of factors, one of which is the local environment, which can
provide a baseline from which the isotope values can vary to a certain degree. Savannah, tropical, and
temperate environments are so vastly different from one another that the §°N baseline will differ as
well and thus measured 8°Nenamel Values cannot be directly compared between these environments.
This means that it is necessary for future studies analysing 8°N in temperate environments to
understand what factors influence nitrogen isotopic fractionation in such places.

As itis the first time it is possible to analyse 6§°N in tooth enamel using this new method, there
is still quite some information missing on what mechanisms influence the isotopic fractionation of
nitrogen in enamel. One of these factors is seasonality, in particular the winter-summer seasonality
present in temperate environments. These patterns can be reconstructed by e.g., measuring 8°N and
5180 in serially-sampled tooth enamel and see if and how they are correlated. This is due to the fact
that one application of 860 values is as a measure for temperature and by extent seasonality in
serially-sampled enamel (e.g., Pederzani & Britton, 2019), because tooth enamel mineralizes in a
specific direction over the span of several months to years depending on tooth type and taxon (e.g.,
Kohn & Cerling, 2002). Furthermore, in order to further validate the utility of the new method to
measure 8§°N in tooth enamel, it is crucial to compare §°N values from other biological tissues, usually
collagen in archaeological settings, with the 8N values of tooth enamel of the same taxa and/or
individuals.

The palaeontological site “Neumark-Nord 2” presents a unique opportunity to tackle all of
these issues. It is well-preserved 120,000-year-old Middle-Palaeolithic Neanderthal butcher site in
Germany (e.g., Gaudzinski-Windheuser & Roebroeks, 2014). Fossil fauna from this site produced one
of the oldest and largest 86°N datasets measured in collagen (Britton et al., 2019), which can be
compared to the 8°N values in tooth enamel from the same fossil assemblage measured here. In

addition, the very rich zooarchaeological material recovered from this site contains many mammalian
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teeth, including teeth from the same taxa (bovids and equids) of which the collagen was analysed for
5%3C and 6*°N. However, even though so much isotopic research has been done at this site, there is no
serially-sampled data available as of yet.

In order to understand if and how 8N in tooth enamel in a temperate environment is
affected by seasonality and further validate the oxidation-denitrification method by comparing the

55N of tooth enamel and §%°N of collagen, | will try to answer the following research questions:

1. To what extent does seasonality impact the §°N pattern in the tooth enamel of serially-
sampled equid third molars from the Eemian site Neumark-Nord 2, Germany?
a. How are the §3C and 60 values of the serially-sampled equid teeth correlated?
b. How are the §3C and 6N values of the serially-sampled equid teeth correlated?
c. How are the §©°N and 50 values of the serially-sampled equid teeth correlated?
d. How does the relationship between seasonality and 6N values influence bulk

sampling approaches of tooth enamel from temperate environments in the future?

2. To what extent, and why, do the 5§°N values of collagen compared to tooth enamel of equids

from Neumark-Nord 2 differ from one another?

The results of this study will provide first insights into the §'°N patterning in herbivore teeth from
temperate environments, which will further the development and applications of this new method. In
addition, the serially-sampled data will expand the isotopic dataset of Neumark-Nord 2 and enable us

to, in contrast to bulk sampled data, reconstruct seasonality at this site.

1.2 Chapter guide

| will start this thesis with providing background information on the archaeological context of
Neumark-Nord 2, Germany, the site where the samples were excavated, in chapter 2. In chapter 3, |
will provide an introduction of the concepts and terms related to mammalian teeth and tooth enamel,
with a focus on horse teeth. Chapter 4 is the last background chapter and there | will focus on the
chemistry of isotopes and the application of the different isotopic systems that are analysed in this
study (stable carbon, oxygen, and nitrogen). In chapter 5, | will explain the materials and methods
applied in this study. The results will be presented in chapter 6. In chapter 7, | will discuss these
findings, present my interpretations, and make suggestions for future research. Lastly, | will give a
short summary of the most important findings in chapter 8, as well as the answers to the research

questions.
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2 Archaeological context

2.1 Introduction

. . . v I \
The samples analysed in this thesis were 2 o ' ‘\

recovered from the site of Neumark-Nord 2 ‘ NeumarkNord

Germany Blosien

(NMNZ2), which is located in Saxony-Anhalt,

Germany (figure 2.1). Neumark-Nord 2 is

situated next to the bigger and much more

Geiseltalsee
Both are lake basins and were discovered by |

Miicheln 3 y

Dietrich Mania when an open cast lignite Krumpa , ="

well-known site Neumark-Nord 1 (NMN1). :I>

mine exposed them. Neumark-Nord 1 was oo

uncovered in 1985 and was excavated and Figure 2.1: Location of Neumark-Nord 2 (NN2). Neumark-Nord 1
surveyed over the next eleven years. It was (NN1)Ts also shown (efter Pop et al, 2013).
a relatively large and deep lake and covers about 24 ha. However, since there were mining activities
going on at the site, only small portions were excavated systematically and under severe time pressure
(Gaudzinski-Windheuser & Roebroeks, 2014). The mining ceased in 1995 and in 1996 Mania
discovered the Neumark-Nord 2 basin a few hundred meters to the northeast of Neumark-Nord 1.
NMN2 represents a small, shallow pool at the margin of the NMN1 lake and covers an area of 2 ha. It
was excavated between 2003 and 2008 (Gaudzinski-Windheuser & Roebroeks, 2014). After this, the
former lignite quarry, and thus both sites, was inundated and repurposed as a recreational lake called
the Geiseltalsee.

NMN1 and NMN2 are contemporaneous and date to the Eemian or Marine Isotope Stage
(MIS) 5e/5d transition, the last interglacial period, based on stratigraphic, paleomagnetic, multiple
amino acid racemisation and pollen analysis, as well as thermoluminescence dating (Gaudzinski-
Windheuser & Roebroeks, 2014; Sier et al., 2011; Strahl et al., 2010). Interglacials are, relatively short
(10,000 to 30,000 years), warm temperate periods in between a cycle of glacials, which are relatively
long (40,000 to 100,000 years), extremely cold periods. The Eemian is dated to around 125,000 years
ago and has a duration of 11,000 to 12,000 years.

Due to the calcareous character of fine-grained sedimentary matrix, which was deposited
rapidly, wet and anaerobic conditions, as well as the absence of soil formation, there is incredibly
preservation and little reworking of (organic) archaeological finds (Garcia-Moreno et al., 2016;

Gaudzinski-Windheuser et al., 2014). The excavations at NMN2 yielded an archaeological assemblage

of around 23,000 pieces of lithics and 125,000 faunal remains (Kindler et al., 2014; Pop, 2014).
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In this chapter, the formation of NMN2 will be discussed, as well as the Eemian environment,
Eemian fauna, and hominin influence at the site. Lastly, the NMN2 find context of the analysed

samples will be briefly described.

2.2 Site formation

Before the basin of Neumark-Nord 2 was formed, (peri)glacial sediments were deposited. These
sediments date to the late Saalian or MIS 6 (Sier et al., 2011; Strahl et al., 2010), which is the glacial
period preceding the Eemian. During the very last part of the Saalian, the frozen lignite, underlying
the newly deposited glacial till, started to melt and it formed two diapirs, one to the north and one to
the west of NMN2 (Pop et al., 2015). A diapir is an intrusion of a more mobile, deformable material
(here the lignite) into the overlying rock (the glacial deposition). The two diapirs around NMN2
resulted in the continuous subsidence of the NMN2 location and basin formation. The basin infill is
overlain by Weichselian gravel and loess deposits (Sier et al., 2011). The Weichselian is the glacial
period following the Eemian.

The basin of NMN2 is shallow and shows rapid, on a geological timescale, nearly continuous
infilling, with barely any evidence for soil formation during non-depositional periods (Sier et al., 2011).
The sequence of sediments in the basin infill were described by Sier et al. (2011) along an eleven-
meter-high profile, Hauptprofil 7 (HP7), from the deeper section of the basin (figure 2.2). Most of the
infill consists of calcareous silt loams, which were deposited in a calm sedimentary setting in near-still
water. The infilling occurred nearly continuous, with only a couple of short (<1 decade) interruptions
due to the drying up of the basin. The sequence consists of 19 units of which unit 4-19 document the

Eemian interglacial. Unit 8 contains the main archaeological find horizon named NMN2/2b.

2.3  Environment

Due to the vast number of basins dating to the Eemian period, a comprehensive tree pollen sequence
is established for Southern England and the North European plain (Turner, 2000), which shows a
relative uniformity from east to west. The pollen sequences of both Neumark-Nord basins have been
correlated with this established sequence. There are multiple different interpretations on what the
environment looked like in Europe during the Eemian based on these tree pollen. There are
researchers who point to a closed-canopy environment (Bradshaw & Mitchell, 1999; Mitchell, 2005),
while others point to a mosaicof grassland and forests that were maintained by large herbivores (Vera,
1997, 2000), and yet others take up an intermediate position pointing to the presence of closed forest

with localized open patches (Sandom et al., 2014; Svenning, 2002).
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Figure 2.2: Environmental data of Hauptprofil 7, Neumark-Nord 2. Depth in cm, PAZ (pollen assemblage zones), percentage
diagram of the composite pollen, the density of charcoal particles > 1 mm (particles/5 litres of sediment), lithological units,
and archaeological find levels (Roebroeks et al, 2021, figure 2).

When zoomingin on Neumark-Nord 2, itis clear from the stratigraphy and sedimentology that
the water levels of this small, shallow basin fluctuated strongly with short periods of dry stands, as
mentioned above (Pop et al., 2015; Sier et al., 2011). Based on pollen and non-pollen palynomorph
(NPP) analysis, the pool started out as a freshwater pool, then held alternating fresh and brackish
water, before reverting to a true freshwater pool at the end of the Eemian (Bakels, 2012). When
looking at the main archaeological find layer, unit 8 in the stratigraphical sequence, it shows that there
was a water body present at this time, which extended beyond the normal margin of the basin (Pop
et al., 2015).

When turning to the environment surrounding the basin, the largest part of the sequence
corresponds with the Corylus (hazel) pollen phase (figure 2.2). Pollen and NPP analyses show that the
area around the pool must have been relatively open during the deposition of unit 6 — 11 (Bakels,
2012; Pop & Bakels, 2015). In addition, terrestrial molluscs, which are present in unit 6, 8/9, 11, and

14, are dominated by species adapted to open environments, while species that are adapted to forests
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are nearly absent (Pop & Bakels, 2015). Almost all archaeological find layers are associated with dryer
and more open environments based on these aforementioned proxies. Furthermore, oxygen isotope
analysis shows that the climate at NMN2 during the early Eemian was generally comparable to the
present climate, with similar mean annual temperatures and annual average rainfall 60 values

(Britton et al., 2019).

2.4  Fauna

As mentioned above, more than 120,000 faunal remains have been excavated from NMN2. Most of
them belong to large sized mammals like red and fallow deer, aurochs, and horses (Kindler et al.,
2014). Some of the horse bones may belong to the wild ass, while there are also remains found from
roe deer, a small cervid. Giant deer and wild boar are also present. Furthermore, megaherbivore
remains, like those of rhinos and straight-tusked elephants, only occur in low frequency. This is in
contrast to the faunal assemblage of NMN1, where elephants and fallow deer dominate and horses
are absent (Gaudzinski-Windheuser et al., 2014; Kindler et al., 2020). For carnivores, foxes, wolfs, cave
bears, and lions are represented at the site. Coprolites of hyenas have also been found. Furthermore,
microfauna, fishes, molluscs, birds, and reptiles were also recorded. Overall, the faunal assemblage of

NMN2 looks like a typical central European interglacial faunal community (Kindler et al., 2014).

2.5 Neanderthal presence

In the eighties and nineties of the last century, there existed a long debate about whether hominins
were able to survive in the densely forested environment of the Eemian interglacial in north-western
Europe (Roebroeks & Bakels, 2015). However, the discovery of an Eemian site at Caours in northern
France put a stop to this debate and showed that Neanderthals were most definitely present in this
period. Neumark-Nord 2 soon followed, with its clear pollen record, abundant flint artefacts and
modified faunal remains, and was assigned as an Eemian Neanderthal site, even though no hominin
remains were found (Kindler et al., 2020; Sier et al., 2011).

Almost 9,000 lithics from NMN2/2 were analysed by Pop (2014). Approximately 91 % of these
are artefacts, which are lithics intentionally used or modified by hominins. Approximately 1.4 % of
these artefacts were heated. It seems that intensive flint knapping took place at the site with a focus
on high quantities of flakes. Neanderthals used small, well-prepared cores to make flakes, which were
mostly directly used without any further modification. Retouch was probably only used to resharpen
edges at on off-site location. Some opportunistic use of raw materials is also visible in the lithic

assemblage.
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Intense fragmentation of bone is apparent in the faunal assemblage. Surface mark analysis
was performed on almost 2,200 bones from layer NMN2/2b. The results show that 11 % of all bone
specimens show cut marks, with the number rising to 17 % when including possible cut marks (Kindler
et al., 2014). Of the species present at NMN2, only elephant remains show an absence of cut marks.
Some bones, from a range of species, were clearly used as tools. Break patterns of the bones were
also analysed to determine if the bones were fresh or dry when broken. 50 % of the analysed long
bones, showed fresh fractures associated with marrow extraction. Seasonality studies based on faunal
remains indicate that Neanderthals were active at the site year-round (Kindler et al., 2020).
Furthermore, surface marks made by carnivores are almost completely absent, which might indicate
ongoing presence of Neanderthals, deterring competitors and scavengers from feeding at NMN2
(Kindler et al., 2020; Kindler et al., 2014).

During the excavation of NMN2, no hearth features were found. However, macroscopic
charcoal remains and charred seeds were recovered from both the excavation and HP7 sediment
samples. In addition, as mentioned above, some heated lithics and faunal remains were found during
excavation. These fire proxies were investigated to determine if their origin was anthropogenic or
natural (Pop et al., 2016). The flint artefacts and faunal remains point to temperature above 400 and
600°C respectively, and their spatial distribution is indicative of multiple, temporally distinct, fire
events. The charcoal originates from deciduous tree species, and was probably produced within the
watershed of the basin, since it co-occurs with charred seeds. The relatively high charcoal
concentrations in layers with hominin presence and conversely, the relatively low concentrations in
layers without hominin presence, seem to indicate a correlation between Neanderthal activity and
fire activity at NMN2. The lack of hearth features can be explained by the higher water levels during
periods of hominin presence (Pop & Bakels, 2015; Pop et al., 2015) and the presence of large
herbivores (Pop et al., 2016).

As pointed out by Roebroeks et al. (2021), the first and biggest peak in charcoal
concentrations, retrieved from HP7, falls in unit 6 (figure 2.2), which is also the unit where the first
Neanderthal presence is documented. In addition, this also coincides with the start of a period with a
semi-open environment surrounding NMN2, based on a reduction in the concentration of upland
deciduous forest pollen and an increase in the concentration of upland herbs pollen. The higher levels
of charcoal concentrations, although not as high as in unit 6, are sustained in the next 400-450 cm of
HP7, which includes unit 8. Based on these proxies and comparisons with proxies from neighbouring
Eemian lake basin sites, Roebroeks et al. (2021) suggest that Neanderthals continuously maintained
open habitats at Neumark-Nord by their use of the landscape, which includes fire use, for roughly

2000 years.
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2.6 Layer NMN2/2b

Thirteen of the fourteen teeth studied in this research come from the main find layer of Neumark-
Nord 2, named NMN2/2b. The other tooth comes from the layer NMN2/2, but it is unknown what
sublayer it was found in. Here | will only focus on the NMN2/2b layer. This layer contained more than
118,000 faunal remains and almost 20,000 lithic artefacts, and thus represents most of the material
which was found at the NMN2 basin. Also present in this layer are thermally altered flint artefacts and
bones, charred seeds, charcoal, and heated stone.

NMN2/2b corresponds to the sand and silt deposits of unit 8 (figure 2.2). Unit 8 is a finely
laminated deposit, which is the result of afterflow (deposition by overland flow without the impact of
raindrops; Pop et al., 2015). Based on the sedimentation rate of 0.11 cm per year calculated by Sier et
al. (2011), find layer NMN2/2b was accumulated within 455 years (Kindler et al., 2014).
Thermoluminescence dating of heated flints form this layer provide a weighted mean age of 121 +5
ka (Roebroeks et al., 2021). Based on both bone and lithic analysis, the finds in NMN2/2b seem to not
have been heavily influenced by post-depositional processes and thus correspond relatively well with
their original place of deposition (Kindler et al., 2014; Pop, 2014; Pop et al., 2015).

Based on pollen analysis, unit 8 correlates with the Corylus-phase or pollen zone 1Va2 of the
Eemian (Bakels, 2012; Sier et al., 2011). This pollen phase is dominated by Corylus or hazel trees. The
analysis also showed that there were a wide variety of plants present at NMN2 during the IVa2 phase,
including Poaceae (the grass family; Sier et al., 2011, Suppl. table S1 and figure S5). Appendix A shows
a list of all plant genera and families present at NMN2 in unit 8. In addition, stable carbon and oxygen
isotope analysis of freshwater molluscs (Bithynia tentaculata) from unit 8 show that this is the most
humid phase in the sequence of Neumark-Nord 2 (Milano et al., 2020). The first half of this unit
experienced high temperatures and humidity, whereas in the second part the temperature decreased

and NMN2 experienced a dry event.

2.7 Conclusion

To summarise, Neumark-Nord 2 is an Eemian lake basin with a relatively typical Central European
interglacial environment and an extremely rich archaeological record. The studies discussed above,
point to NMN2 being a location where Neanderthals knapped flint, used fire, and processed hunted
animals, and where they were able to maintain an open landscape surrounding the basin due to their
use of the landscape for roughly 2000 years. Find layer NMN2/2b was accumulated within 455 years
and is part of the Corylus pollen phase. In addition, it is the most humid phase with a semi-open

environment and shows very little evidence for post-depositional processes.
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3 Teeth and tooth enamel

3.1 Introduction

In this chapter, | will introduce the basic concepts and terms associated with teeth and enamel. This
is important to understand since mammalian tooth enamel is analysed in this study. Firstly, | will focus
on mammalian teeth in general, including the different components of a tooth and the composition
of enamel. Then, | willzoom in on equid teeth and explain their morphology, growth and wear, with a
specific focus on the third molar, which are the types of teeth (equid third molars) that were studied

here.

3.2 Mammalian teeth
Nearly all mammalian species have teeth, which are relatively similar to each other in a range of
aspects, including structure and development. Each tooth can be divided into three parts: the crown,
which is the part of the tooth covered by enamel and usually exposed above the gum; the neck, which
is the transition part between the crown and the root; and the root, which is the part of the tooth
embedded in the socket in the jaw bone (e.g., Lacruz et al., 2017; figure 3.1). Located in the centre of
each tooth is the pulp cavity, which has a very small opening at the apex of the root. Through this
opening, blood vessels and nerves can enter the pulp cavity and supply the tooth with nutrients, so it
continues growing. In most mammalian species, including equids, this aperture is closed at a certain
age, so further growth ceases. These teeth are thus aptly named closed-rooted. Some species,
including elephants, have open-rooted teeth, which means that the pulp cavity remains open and the
teeth grow throughout life. The pulp cavity is surrounded by dentin. This material contains a large
collagen component, like in bone, and forms the main mass of each tooth. The dentin is covered by
enamel in the crown part and cementum in the root part of the tooth. Enamel is the hardest substance
in the body of mammals and acts as a barrier to protect the tooth from outside forces. It borders the
dentin along the dentin-enamel
junction (DEJ or EDJ). Cementum Tooth Ereme
Crown — Dentin
surrounds the root of the tooth and structure ﬁGngva
(gum)

‘cements’ it to the jaw bone. For a EVERS

Neck —
Pulp cavity
(contains
more detailed overview of the blood vessels
and nerves)
structure of a mammalian tooth, see Root — l’f;a":j‘;g;“a'

/
+————— Root canal

Lacruz et al. (2017).

Bone

Figure 3.1: The structure of a human molar (Gorden Betts et al, 2013, p.
1103).

There are four different

types of mammalian teeth: incisors,
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canines, premolars, and molars. The function of each tooth type depends on the feeding and social
habits of the species (e.g., Ungar & Lucas, 2010). In most herbivores, including horses, incisors are the
front teeth and are mainly used to bite and cut food. The canines flank the incisors, and are long
pointed teeth. They are mostly used for holding and tearing food. Premolars are transitionary teeth
between the canines and molars. They have a flat surface and are used for chewing. Lastly there are
molars. These have an even larger flat surface than premolars and are mostly used for grinding food.
Both premolars and molars can vary quite a lot in morphology of the flat/biting surface and its cusps,
due to differences in diet between species. For example, folivores (leaf eaters) have taller cusps and
longer sheering blades in their (pre)molars, whereas grass eaters, like horses and gazelles, have very
flat biting surfaces with ridges of enamel to grind their food (e.g., Ungar, 2015). It has to be noted that
not all mammalian species possess all four tooth types, but most of them do.

The different sides of teeth are all termed differently (figure 3.2). The biting edge of incisors
and canines is called the incisal surface, while the biting edge (or chewing surface) of premolars and
molars is called the occlusal surface. The mesial side of the tooth is the side facing forward, touching
the preceding tooth. The distal side on the other hand is the side facing backward, touching the
succeeding tooth. For example, the mesial surface of the first molar faces the distal surface of the last
premolar. The lingual side of a tooth faces the tongue. The side of incisors and canines that faces the
lip is called labial, whereas the side of (pre)molars that faces the cheek is called buccal. To distinguish
between teeth originating in the upper or lower jaw, upper jaw (maxilla) teeth are termed superior or

makxillary teeth and lower jaw (mandible) teeth are termed inferior or mandibular teeth.

Incisal

fid
g

Figure 3.2: diagram of the directional terms of mammalian teeth, photograph of a human
maxilla (after White and Folkens, 2005, p. 132).
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Most mammal species, including horses, belong to the category of diphyodonts. This means
that early in their life, individuals have a set of deciduous teeth (or milk teeth). This is later replaced
by the permanent teeth. There are some species belonging to a different category of polyphyodonts,
including the elephant, which means that their teeth are continuously replaced. Other species, like
rats and mice, belong to the category of monophyodonts. This means that they have only a singular

set of teeth, which is open-rooted and continuously grows throughout life (Lacruz etal., 2017).

As mentioned above, enamel is the hardest material in the body of mammals. It is a dense, highly
mineralized material, consisting of 85 — 95 % wt. hydroxyapatite (depending on species) in mature
enamel (Gil-Bona & Bidlack, 2020; Lacruz et al., 2017; Sakae et al., 1994; Teruel J. de et al., 2015). As
hydroxyapatite is a mineral, it is inorganic and has a well-organized crystal matrix. This makes enamel
exceptionally resistant to diagenetic alteration during fossilization when compared to bone and
dentin, which are the other biological materials most often preserved in the fossil record (Koch et al.,
1997; Kohn & Cerling, 2002; Lee-Thorp & Merwe, 1991; Sakae et al., 1994; Wang & Cerling, 1994;
Zazzo et al., 2004). Bone and dentin are more poorly mineralized as they only contain between 60 —
70 % wt. hydroxyapatite. The chemical formula for pure hydroxyapatite is: Ca10(PO4)s(OH)2 (Elliott,
2002; Sakae et al., 1994). However, in enamel, hydroxyapatite contains ion substitutions/impurities,
namely COs%, Mg?, and HPO,%, which is why the hydroxyapatite in enamel, bone, and dentine is called
carbonated hydroxyapatite or biological apatite. Tooth enamel contains less than 5 % wt. of structural
carbonate (COs%; Lidecke and Leichliter et al., 2022; Sakae et al., 1994), which is the part that is
targeted for simultaneous stable carbon and oxygen isotope analysis. Oxygen isotopes can also be
measured in the PO, component of enamel (Kohn & Cerling, 2002).

Nitrogen isotopes are commonly measured in the organic matter of bone and dentin, which
consists of approximately 90 % wt. collagen. However, because bone and dentin are much more
susceptible to diagenesis, nitrogen isotope analysis is restricted to relatively young (<100 kya) and
well-preserved samples (Bocherens & Drucker, 2003; Britton et al., 2012; DeNiro, 1985; Jaouen et al.,
2019). On the other hand, the organic matter in enamel (0.5 — 2 % wt. depending on taxon) is trapped
within the crystalline structure of the hydroxyapatite and protected against diagenetic changes over
long time-scales (Martinez-Garcia et al., 2022; Robinson, 2014; Robinson et al.,, 1995; Savory &
Brudevold, 1959; Teruel J. de et al., 2015). This organic matter consists mostly of enamel-specific
proteins (namely amelogenin) and proteases (Castiblanco et al., 2015; Lacruz et al., 2017; Robinson et
al., 1995; Welker et al., 2020), which contain nitrogen. Because most traditional analyses of nitrogen
isotopes require a relatively large quantity of nitrogen, as mentioned in chapter 1, the low nitrogen

content of enamel has meant that nitrogen isotopes in this tissue could not be measured routinely.
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However, a recently developed method, oxidation-denitrification, described in more detail in chapter
5, requires much lower quantities of nitrogen for accurate measurement and thus allows us to analyse

the nitrogen isotopic composition of (fossil) tooth enamel and explore this reservoir of information.

Enamel develops in two main stages: the secretory stage, which forms immature enamel, and the
maturation stage, which forms mature and fully mineralized enamel (Gil-Bona & Bidlack, 2020; Lacruz
et al., 2017; Robinson, 2014). During the first stage immature enamel is deposited along the enamel-
dentine junction (EDJ) and grows outward (away from the dentin) and downwards (away from the
crown, towards the root), until it reaches the full enamel thickness (figure 3.3). Immature enamel is
softer than mature enamel, because it contains more organic material and water, and is much less
mineralized, consisting of only roughly 30 % mineral wt. at the moment of secretion (Lacruz et al.,
2017; Robinson et al., 1995). The first mineral crystals already form during this first stage. In the
maturation stage, the mineral crystals grow in width and thickness and replace the organic matrix of
immature enamel, providing it with its characteristic hardness. For a more detailed overview of
enamel development see Lacruz et al. (2017), Passey and Cerling (2002), and Robinson et al. (1995).
After full mineralization, enamel loses its capacity to regenerate and thus only preserves the
individual’s isotopic composition acquired during the early stages of life (i.e., infant to young-adult),
because this is the time enamel forms. This sets it apart from other tissues (such as bone and dentin)
that continuously remodel throughout life (e.g., Balasse et al., 1999; Kohn & Cerling, 2002; Passey &
Cerling, 2002). To avoid the isotopic influence of the consumption of breast milk (Chinique de Armas
etal., 2022; Dailey-Chwalibog et al., 2020; Fuller et al., 2006; Tsutaya & Yoneda, 2015), the last forming
permanent teeth should be targeted (third molars in equids), because these start to develop only post-
weaning.

Tooth Tip H__

Younger | Dentine | L—

1 mm
Enamel Enamel 45 days

Figure 3.3: General diagram of how large herbivore teeth grow. The enamel grows downwards and outwards through time
(Kohn and Cerling, 2002, figure 4, p. 464).
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3.3 Equid teeth

Modern equids are diphyodonts, as
mentioned above, and normally have 40
permanent teeth. In each quadrant of the
mouth, they possess 3 incisors, 1 canine,
3 premolars, and 3 molars. Equids have
hypsodont (high-crowned) teeth. This
means that they feed on abrasive
substances and their teeth are thus

subject to considerable wear on the

Figure 3.4: Occlusal surface of an equid maxillary cheek tooth. Red
occlusal surface. To compensate for the ;w5 show the canals for blood vessels. The yellowish-brown tissue is
dentin. The enamel lophs are clearly visible as grey lines (after Staszyk
etal 2015, p. 479).

large amount of material loss due to
wear, equid teeth have long crowns (up to 9 cm; Hoppe, Stover, et al., 2004) with only a small fraction
visible in the mouth at any given time. The part of the crown not visible is named the reserve crown
and is located in the alveolar socket in the jaw bone (Staszyk et al., 2015). This means that equids have
a lot of enamel along almost the complete length of their teeth. The reserve crown is covered in
cementum in order to attach it to jaw bone.

The occlusal surface of equid cheek teeth is much more complex than in humans, as an
adaptation to feeding on abrasive grasses (see figure 3.4). The tooth is surrounded by a continuous
ring of enamel, but also possesses enamel folds (lophs) and protruding enamel ridges, visible on the
occlusal surface (Staszyk et al., 2015). These enamel folds are covered by cementum and encircle
dentin.

To further compensate for the wear experienced, equid teeth erupt continuously throughout
life, but they do not grow indefinitely (Bendrey etal., 2015; Staszyk et al., 2015). Erupting is the process
where a tooth enters the oral cavity and becomes visible, whereas growing is the process of the
formation of new dental material. In equids, like in most mammals, the crown of the teeth form:s first,
and then the tooth grows downward, increasing its length. During the first year after eruption of cheek
teeth (premolars and molars), tooth growth rate exceeds occlusal wear, increasing the length of the
tooth (Staszyk et al., 2015). During the second year after eruption, the rate of tooth formation and
occlusal wear are equal, maintaining the length of the tooth. After this time, tooth growth slows down
and the teeth start reducing in length. It has been estimated that the amount of occlusal wear and
compensatory tooth eruption is roughly 2-4 mm per year in equine cheek teeth, with rates up to 9
mm per year in young individuals (Staszyk et al., 2015). For incisors, the wear vs growth rate is quite

different. However, that will not be discussed here since only third molars are analysed in this study.
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The start of tooth growth, growth rate, eruption time, and enamel mineralization time differs
per tooth. Here, | will shortly discuss these aspects for the third molar (M3) in modern equids. For a
more complete overview regarding the other (pre)molars, see Hoppe, Stover, et al. (2004) and
Bendrey et al. (2015). All molars reach approximately the same maximum length of 9 cm in modern
horses. The M3 starts to form around 16 months of age (Bendrey et al., 2015), it starts to mineralize
around 21 months of age, continues for about 34 months (Hoppe, Stover, et al., 2004), and it erupts
around 3.5 years of age (Hoppe, Stover, et al., 2004). As Bendrey et al. (2015) and Nacarino-Meneses
et al. (2017) show, both modern and archaeological equid molars show an exponentially decreasing
tooth growth rate over time. This, however, does not mean that the teeth keep mineralizing until they
reach their full length. After full mineralization (for M3s around 55 months of age), dentin continues
to be deposited, extending the roots of the tooth. The average growth rate of a modern equid third
molar is around 3 cm per year (Hoppe, Stover, et al., 2004). This means any bulk sample for stable
isotope analysis would need to cover around 3 cm of enamel along the vertical axis of the tooth to not
be influenced by seasonality. This is, however, also dependent on the location of sampling, since tooth
growth rate decreases exponentially. There is thus more time averaging in the enamel closer to the
root (Bendrey et al., 2015). It has to be noted that the timings mentioned here are based on data from
modern horses and should thus not be directly applied to extinct equid species as absolute values.

In this study, third molars were collected, because, as explained above, the consumption of
mother’s milk influences the isotopic composition of tissues that form during this period. In equids,
third molars only start to develop after the weaning period has ended, and are therefore perfect to
avoid this confounding factor. Furthermore, due to the direction and duration of mineralization, the
teeth were serially-sampled along the complete growth axis (crown to root) in order to establish a

seasonality pattern based on the 6§80 values of the enamel.

3.4 Conclusion

Enamel is the hardest material in the mammalian body, as well as that it is highly resistant to
diagenesis and chemical alteration. It preserves a small amount of nitrogen bound to the mineral
matrix and therefore is an untapped resource for nitrogen isotope analysis. Equid teeth possesses
high-crowned (hypsodont) teeth, which erupt continuously during life to compensate for the occlusal
wear experienced due to their abrasive food diet. The third molar (the tooth type analysed for this
study) start to form around 16 months of age (post-weaning), starts to mineralize around 21 months
of age, and continuous to do so for another 34 months. Furthermore, it can reach a maximum length

of 9 cm and has an exponentially decreasing tooth growth rate.
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4 |sotope background

4.1 Introduction

In this chapter, | will focus on providing the necessary background information regarding stable
isotopes and isotopic analysis, in particular stable carbon, oxygen, and nitrogen isotopes. First, | will
explain whatisotopes are, as well as the difference between stable and unstable isotopes. In addition,
I will discuss two important mechanisms, fractionation and mixing, which influence the ratios of
isotopes in nature, and | will explain the conventional delta notation used for isotopes. Then, | will
describe the isotopes that are analysed here, their applications, and how their ratios can be influenced
in nature. | will start with stable carbon and oxygen isotopes. The enamel samples were first analysed
for these isotopes combined and based on those results, a selection was made for nitrogen analysis,
as will be explained in more detail in chapter 5. | will end this chapter with a detailed description of
nitrogen isotopes and what factors can influence them, as the main focus of this thesis is to see what

affects nitrogen isotopes during the development of (equid) enamel.

4.2 Isotopes

4.2.1 What are isotopes?

Everythingis made up of molecules and molecules in turn are made up of different atoms, or elements,
in different ratios. At the present moment, 118 chemical elements are known of which 94 occur in
nature. Each atom consists of a nucleus with protons and neutrons surrounded by a ‘cloud’ of
electrons. The weight of protons and neutrons is roughly the same, while the weight of electrons is
nearly negligibly small. The weight of protons and neutrons together forms the atomic weight of the
atom. The atomic number of each element corresponds with the number of protons in the nucleus.
The different elements are arranged by increasing atomic number in the period table (figure 4.1). The
table starts with hydrogen, which has an atomic number of 1 and thus one proton. Helium has an
atomic number 2 and thus two protons, and so on. Usually, atoms have a neutral charge, which is
achieved by an equal number of protons and electrons.

However, it is also possible to have several variants of the same element. These versions are
called isotopes. Isotopes of a single element differ from each other because of a slight variation in
atomic mass, which is caused by a different number of neutrons in the nucleus. For example, carbon
(C) has three different isotopes: carbon-12 (*2C), carbon-13 (*3C), and carbon-14 (**C). The number in
the name of the isotopes equals the number of protons and neutrons added together. Carbon has an
atomic number of 6 in the periodic table, which means it has 6 protons inits nucleus. Carbon-12, which
is by far the most common carbon isotope in nature, thus has 6 neutrons in the nucleus (12 — 6 = 6).

Carbon-13 has 7 neutrons (13 — 6 = 7), and carbon-14 has 8 neutrons (14 — 6 = 8).
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Periodic Table of the Elements
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Figure 4.1: Periodic table with carbon (C), nitrogen (N), and oxygen (O) circled
(https://www.snexplores.org/article/scientists-say-periodic-table (accessed on 03-02-2023)).

4.2.2 Stable and unstable isotopes
Two types of isotopes exist: stable and unstable (or radioactive) isotopes. Stable isotopes are isotopes

that stay the same over time, whereas unstable isotopes fall apart into stable isotopes of other
elements over time. Radioactive isotopes do not necessarily decay to stable isotopes immediately, but
can go through a chain of other unstable isotopes until they reach a stable stage. Every unstable
isotope has its own half-life. The half-life means the time it takes for a specific isotope to decay until
there is only half of the initial amount of that isotope left.

Both stable and radioactive isotopes are used in archaeological research. In this study, only
stable isotope analysis will be used. Stable isotope analysis is based on the measurement of the ratio
between the most common naturally-occurring stable isotope of the element and (one of) the rarer
naturally-occurring stable isotope(s) of the element in the sample being analysed. What such analyses

can show will be explained in detail for carbon, oxygen, and nitrogen below.

4.2.3 Mixing and fractionation
There are two main mechanisms which influence the distribution of isotopes in nature: mixing and
fractionation. Mixing is relatively straight-forward and occurs when two or more sources of isotopes

are combined. Fractionation is a bit more complicated, but highly important, because it forms the
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basis of most isotopic analyses and their interpretations, and thus also the analyses done in this study.
This mechanism mostly influences concentrations of stable isotopes.

Fractionation is the result of the fact that the stable isotopes of one element are highly similar,
but not exactly the same and thus behave slightly differently during certain chemical reactions and

physical processes. According to Fry (2006, p. 12), the two most important rules are:

1. Inkinetic reactions, the light isotopes tend to react faster than the heavy isotopes

2. In exchange reactions, the heavy isotopes concentrate where bonds are strongest

The first rule means that when a reaction needs a starting energy, the light isotopes (the isotopes with
fewer neutrons in the nucleus) react faster and thus there will be a relatively higher ratio of light
isotopes in the product compared to the source material. For example, during photosynthesis, carbon
is taken up from the atmosphere in the form of CO, and converted into sugar. In this reaction the
lighter isotope, *C, reacts faster than the heavier isotope, 3C, and the light isotope is thus
preferentially taken up. This leads to the conclusion that more *C relative to 3C is present in plant
sugar compared to atmospheric CO,.

The second rule describes the heavy isotopes preferring the side of an equilibrium reaction
where bonds are strongest. Equilibrium reactions are reactions that not only react forwards (from
source to product), but both forwards and backwards (from product to source) until they reach a
balance. Such a balance means that the forward and the backward reaction occur simultaneously with
an equal speed. This means there are no net changes to the source and product concentrations in
equilibrium. The heavier isotopes will be relatively more abundant on whichever side of this balance
the bonds between atoms are stronger. This could be on the ‘source’ side, but also on the ‘product’

side depending on which reaction is happening.

4.2.4  Delta notation

Isotope values are reported using the &6 (delta) notation, which denotes difference. In this case, it
signifies the difference between the isotopic composition of a measured sample and the isotopic
composition of a standard. Each isotope has its own standard, although some standards are used for

more than one isotope. The 6 values are calculated using the following formula (Fry, 2006, p. 31):

8"X = (Rsample/Rstandard —1) * 1000 (1)
which can also be written as:

6HX = ((Rsample - Rstandard)/Rstandard) * 1000
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where the Xis the specific element measured (carbon (C), nitrogen (N), or oxygen (0)), the superscript
H denotes the heavy isotope mass of that element (*3C for carbon, °N for nitrogen, or 80 for oxygen),
and R stands for the ratio of the heavy isotope to the light isotope for that element (*3C/*%C, >N/%N,
or 80/1%0). As the differences between sample and standard are often incredibly small, the & values
are multiplied by 1000 and expressed in permille or parts per thousand (%o).

For most isotopes, the 6 values range between -100 and +50 %o for natural samples (Fry, 2006,
pp. 23-24). The & values being negative means that there are relatively fewer heavy isotopes present
in the sample than in the standard. Standards themselves have a & value of 0 %o, because if you
measure them against themselves, the difference is 0. When the & value is higher, the sample is
enriched in heavy isotopes and thus heavier compared to the standard. When the 6 value is lower,
the sample is depleted in heavy isotopes and thus lighter. In other words, “higher heavier, lower

lighter” (Fry, 2006, pp 22).

4.3 Carbon

As mentioned above, stable isotope analysis focusses on the ratio of the concentration of the most
naturally occurring isotope vs the rarer naturally occurring isotope of the same element. In this
section, the focus is on stable carbon isotopes, which are 2C and *3C. *2Cis the most naturally abundant
isotope and accounts for roughly 98.9 % of atmospheric carbon, whereas **C is much rarer and
accounts for roughly 1.1 % of atmospheric carbon (Nier, 1950).

Stable carbon isotope analyses are used to investigate the plant component of the
diet of animals. This analysis is based on the fact that there are two main photosynthetic pathways
used by terrestrial plants: the C3 and C4 pathway. Cs plants get their name from the fact that the first
photosynthetic product is a 3-carbon molecule, whereas with C; plants, the first photosynthetic
product is a 4-carbon molecule. C; plants are by far the most abundant on earth, accounting for ~ 95
% of green plants. C4 plants are a relatively recent adaptation (~ 20 million years ago) and only began
to expand and be incorporated in the diet of mammals between 8 and 6 million years ago (Ehleringer
& Cerling, 2002; Hobbie & Werner, 2004). The efficiency of C, photosynthesis is higher only in
environments with higher temperatures and/or lower CO, concentrations than that of C;
photosynthesis (Ehleringer & Cerling, 2002). C4 plants are mostly tropical grasses and sedges and occur
in Asia, Africa, North and South America.

One other photosynthetic pathway exists, called CAM (crassulacean acid metabolism). This
occurs insucculent and epiphyte species from very arid regions. CAM plants usually fixate atmospheric

CO; following the Cs pathway, but separate certain activities of enzymes between day and night
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(Marshall etal., 2007, p. 24). The carbon in such plants undergoes as much fractionation as in C4plants,
and the 813C values are therefore similar. Some CAM plants (facultative-CAM plants) can switch
between the C; pathway and the CAM pathway based on environmental conditions (Marshall et al.,
2007; O'Leary, 1981). These plants will present with a §'3C value intermediate to Cs and Cs4 plants.
However, since their distribution is so restricted, they often do not play a (significant) role when
analysing the diet of an animal.

As explained above (section 4.2), fractionation occurs during photosynthesis. There is a
difference in the degree of fractionation between the two photosynthetic pathways (Ehleringer &
Cerling, 2002; Kohn & Cerling, 2002). Cs plants are very ‘leaky’, which means they have more free
exchange between external and internal CO,. Because of the first rule of fractionation, which says that
light isotopes react faster than heavy isotopes, 12C is preferably captured during photosynthesis, while
13C is incorporated less before the internal CO; is exchanged with ‘fresh’ external atmospheric CO».
This means that the internal CO, will be exchanged when it has a relatively increased concentration of
13C compared to atmospheric carbon, while the plant material of the Cs plant is relatively depleted of
13C. This in turn results in a lower §3C value of C3 plant material compared to the §'3C value of the
atmosphere. In contrast, C4 plants are less ‘leaky’ compared to Cs plants. They still adhere to the first

rule of fractionation and thus have a 8'3C value that is lower than the atmospheric §3C value.

However, their §'3C value is higher than that 200 —— e L
i Modern plants

of Cs plants, because the internal CO; is - i

Cj plants C,4 plants

o L

exchanged with external CO; at a slower rate  g100f
=1 [
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and the plant therefore has more time to

incorporate 3C isotopes in its products (see ol R
figure 4.2 for an illustration of this &C 120§ —
separation). For a more detailed overview of 5 ]
e F .
how the two pathways work, see Ehleringer § _ C4 d'Et—;
and Cerling (2002) and O'Leary (1981). “F' Modern E
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The two different photosynthetic ’ |
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pathways result in a relative 3C depletion of §13C (%, V-PDB)

~18 %o for C; plants and ~4 %o for C4 plants, Figure 4.2: Separation of plant and tooth enamel §'3C values.
Histograms of the 6'3C values of modern plants (above) and of
the structural carbonate component of African mammal tooth
enamel (below). The differentiation between the two different
photosynthetic pathways is clearly visible and corresponds with
atmosphere is around -8 %o (compared to a the separation visible in the ¢.jiet. The enrichn'qentfactor of 14 %
between plants and enamel is based on Cerling and Harris
standard, see below), the 83C values of Cs (1999), but this study will use the enrichment factor of 13.5 %
calculated by Cerling at al (2021) for non-coprophagous hindgut
plants range between -25 and -30 %o, While fermenters as will be explained further down in this section
(Kohn and Cerling, 2002, figure 3, p. 462).

compared to atmospheric carbon isotope

ratios. Presently, the 8%3C value of the
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the 83C values of most C4 plants range between -9 and -19 %o (e.g., Bender, 1971; Cerling et al., 2003;
Kohn, 2010; Kohn & Cerling, 2002). However, these values were different before the industrial
revolution. Due to the enormous amount of CO; added to the atmosphere from fossil fuel combustion
and deforestation, the §'3C of the atmosphere has decreased by roughly 1.5 %o since 1850 (e.g.,
Dombrosky, 2019; Marino & McElroy, 1991). This is called the Suess effect. The CO, concentration of
the atmosphere has also fluctuated before 1850, although generally less drastically than in the last
150 years (e.g., Hare et al., 2018). Hare et al. (2018) modelled the §3C of CO; in the atmosphere, as
well as its concentration, over the last tens of thousands of years. They show that around 120,000
years ago, the §'3C of the atmosphere was around -6.5 %o, and the average 63C of Cs plants around -
26 %o. This indicates that the range of §3C of Cs plants during the Eemian was between -24 and -29

%o, and the range for C4 plants between -8 and -18 %o.

Generally speaking, an animal’s isotopic composition depends on the isotopic composition of its diet
according to the “you are what you eat” principle (DeNiro & Epstein, 1981). In the case of carbon
isotopes, the relative §'3C of plants is transferred to the animal. So, animals with a Cs diet have a lower
8%3C in their tissues than animals with a C4 diet. Animals that feed on a mixed diet fall in between.
However, itis important to remember that fractionation occurs during chemical reactions and physical
processes. The incorporation of carbon into different body tissues is a chemical reaction and the
carbon isotopes ratios present in the diet are thus affected by fractionation. The difference between
the 63Cvalue of the diet and the §3C value of the specific tissue is called the enrichment factor or £*.
The enrichment factor is not only dependent on what specific tissue is measured, but also what type
of digestive system an animal has and the specific isotope under analysis.

An enrichment factor of 14.1 £+ 0.5 %o between tooth enamel and the diet of ungulate
mammals was determined by Cerling and Harris (1999). Since then, multiple studies have explored
what aspects of animal physiology influence the enrichment factor, and if this factor is different
between species or groups of species. For example, Tejada-Lara et al. (2018) concluded that the
enrichment factor between diet and bioapatite for herbivorous mammals is dependent on body mass.
However, Cerling et al. (2021) show, based on modern mammal samples, that the enrichment factor
between diet and breath (diet-breath enrichment factor) is mostly determined by methane
production and that it is different for four different groups of mammals: non-coprophagous and
coprophagous hindgut fermenters, and non-ruminant and ruminant foregut fermenters.
Coprophagous animals are animals that incorporate their dung into their diet, rabbits for example.
Hindgut fermenters have a single stomach and multiple enlarged fermentation compartments in their

colon and/or cecum, whereas foregut fermenters have a pre-gastric fermentation chamber. Rhinos
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and horses fall into the category of hindgut fermenters, while cattle fall in with foregut fermenters.
Ruminants are animals that are able to regurgitate food from their rumen, such as cattle and giraffes.
The diet-breath enrichment factor for each group can be used to estimate the diet-bioapatite
enrichment factor for 63C, because there is a near constant isotope enrichment between breath and
enamel (Passey et al., 2005). Following Cerling et al. (2021), equids have a diet-enamel enrichment
factor of 13.5 = 1 %, since they belong to the non-coprophagous hindgut fermenter group (figure 4.2).

Because of the enrichment factor between the diet of herbivores and their enamel, modern
browsers (>70 % Cs diet) have a 8*3Cenamel Values lower than -8 %o, while grazers (>70 % C4 diet) have
53Cenamer vValues higher than -2 %o (Cerling et al., 2003; Cerling & Harris, 1999; Uno et al., 2018). Any
value in between is typical for a modern mixed feeder (>30 % C3 and >30 % Csdiet). On the other hand,
the 83Cenamel values of carnivores are determined by the 83Cenamel vValues of their prey, with hardly any
fractionation between the trophic levels (roughly 1 %o; Bocherens & Drucker, 2003). This means that
when analysing the enamel of a carnivore for stable carbon isotopes, it can indicate what type of prey
(browser or grazer) it fed on. However, in complete C; environments, all modern herbivores will have
a 8%3Cenamel value lower than -8 %o. Due to the Suess effect, herbivores from the Eemian would have a

8%3Ceramel value of lower than -9 %o.

Another effect that impacts the §'3C of plants and animals is the so-called canopy effect. This effect
states that below a closed canopy the plants are depleted in 3C, so they have a more negative §'3C
value, because of two major factors. First, below a poorly ventilated canopy the CO; in the atmosphere
is depleted in 13C, due to CO; recycling from leaf litter (e.g, Medina & Minchin, 1980; Medina et al.,
1986; Merwe & Medina, 1989). Second, below a canopy there is an overall depletion of CO; and a lack
of light, which leads to a change in photosynthetic activity resulting in more negative §3C values (e.g.,
Broadmeadow et al., 1992; Gebauer & Schulze, 1991). The presence and degree of the canopy effect
is the result of a combination of aspects influencing the two main factors, including air circulation and
canopy complexity (Drucker et al., 2008). Not every forest will show a canopy effect in its 5§3C values,
but when it is observed, it implies the presence of a mature, dense, complex forest (Drucker et al.,
2008). This lower §3C value is also passed on up the food chain, but it may not affect the §3C values
of all woodland-dwelling species to the same extent (Bonafini et al., 2013; Merwe & Medina, 1991).
Variation in 63C values within a single plant can be due to varying climate conditions over the
year. For example, a higher temperature during the summer period is associated with a reduction of
stomatal conductance in plants in order to decrease water loss (Farquhar et al., 1989; Hartman &
Danin, 2010; Smedley et al., 1991). Stomata are the cell organs in the leaves or needles of plants that

are responsible for the exchange of CO; and water between the plant tissues and the atmosphere.
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The reaction of the stomata to temperature results in higher 8%3C values during the summer. In
contrast, plants have more water loss in wet areas or during the growth/wet season, which results in
lower §3C values (Kohn, 2010; Smedley et al., 1991). Related, water availability in the environment
can also impact 8%C values. In case water availability decreases, water-use efficiency of plants
increases, which leads to an increase in §'3C value of plants (Farquhar et al., 1989; Rao et al., 2017). In
general, plants that are adapted to dry environments have higher §13C values than plants that are not.

Variation in 6§3C values can also occur between different plant species and between different
organs of a single plant. Generally, woody plants (e.g., trees) have a higher 6§3C value (2 %o or higher)
than herbaceous plants (e.g., grasses; Heaton, 1999). Different plant organs have different ratios of
carbohydrates, proteins, and lipids, which have different §3C values (up to a couple permille), with
carbohydrates typically the highest and lipids the lowest §13C (Heaton, 1999). Therefore, the §3C value
of the plant depends on its composition and the measured organ. However, it should be noted that
the variation caused by these climate and environmental conditions, as well as the species and organ
differences, is very small compared (roughly 2 %o; Heaton, 1999) to the difference in 63C values

between C3 and C4 plants.

Stable carbon isotopes are measured in the structural CO; component of bioapatite (Kohn & Cerling,
2002). This component is present in the inorganic mineral phase of enamel, as explained in the
previous chapter, but also collagen in bones and dentin. The values are measured against the standard
VPDB (Vienna Pee Dee Belemnite). This standard is a virtual reference of the original carbon reference
standard, called Peedee Belemnite (PDB; e.g., Brand et al., 2014). This standard was a calcium
carbonate fossil from the Peedee formation in South Carolina, collected in the 1950s. However, the

physical sample was exhausted by the end of the 1970s and replaced by VPDB in the early 1980s.

All'in all, even though horses are considered grazers, with a diet of mainly grasses supplemented with
a small percentage of shrubs, forbs, and herbs (e.g., Hoppe, Amundson, et al., 2004; Lazzerini et al,,
2019), it is expected in this study to see §13C values corresponding with a complete Csz diet. This is due
to the fact that Germany, and thus the Neumark-Nord locality, experiences a climate that is too wet

and does not sustain any C4 or CAM plants.

4.4 Oxygen

Oxygen has three stable isotopes, 1°0, 170 and 20. As with carbon, the lightest variant, 20, is the most
common naturally-occurring stable isotope, representing around 99.76 % of all oxygen isotopes. 'O

is the least common naturally-occurring stable isotope with around 0.04 %, while 0 accounts for
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roughly 0.20 % (Nier, 1950). 7O is can be used in oxygen isotope analysis, which is called triple isotope
analysis (e.g., Gehler et al., 2016). However, this method is not employed in this study, and thus will
not be discussed any further. Stable oxygen isotope analysis has a whole range of applications from
reconstructing past environments to past culinary preparation techniques (Pederzani & Britton, 2019).
In this study, the focus of the oxygen isotope analysis is on reconstructing seasonality at NMN2 during

the Eemian.

Reconstructing seasonality based on 60 values works as follows: Local rainwater has a certain 620
value, which is dependent on a wide range of variables including the distance from its source area
(Pederzani & Britton, 2019). However, seasonality is established on a local scale and the relative 620
values of winter compared to summer are more important than the absolute §'®0 values. In non-
tropical regions, the temperature effect is the most important variable affecting local rain water §'%0
values. This effect says that the difference between winter and summer 8§20 values of precipitation is
due to the fact that the isotopic fractionation during the condensation of rainwater is dependent on
temperature (Pederzani & Britton, 2019, p. 79). This, in turn, results in higher 6%0 values of
precipitation in summer compared to winter and thus a predictable seasonal 560 pattern for
rainwater. In tropical regions, the amount effect is the most important variable affecting local rain
water 5§80 values. However, | will not discuss this here as Neumark-Nord is located in a non-tropical
region.

The 80 values of lakes, rivers, pools, or springs is partially dependent on the §30 values of
precipitation but can deviate quite substantially due to, among other things, influxes of non-local
water or evaporative enrichment (Pederzani & Britton, 2019). However, here, the small, shallow, calm
pool Neumark-Nord 2 is studied, which will be mostly affected by evaporation. Based on the fact that
80 is lighter than 80, this isotope will evaporate more quickly, meaning the pool water becomes
depleted in 0 and enriched in 0. In summer, when the temperature is higher, there is relatively
more evaporation, and thus the 80 value of the water will be relatively high. In contrast, in winter
the temperature is lower, there is less evaporation and thus the 5§20 value of the water will be lower
than in summer. This results in a seasonal isotopic pattern of 50 values of the pool, with maximum
580 values in summer months, and minimum 8§80 values in winter months (figure 4.3; Pederzani &
Britton, 2019). A study of the 80 values of mollusc shells from NMN2, as well as of modern
precipitation and of a small lake located close to Neumark-Nord, shows that there would have been

such a seasonal pattern visible in the §'80 values of the pool water (Milano et al., 2020).
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Hypothetical graph of 6180 of enamel samples along the
growth axis of a tooth showing seasonality
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Figure 4.3: A hypothetical graph of 6'80 values showing seasonality. The peaks correspond to summer and the throughs to
winter. In the hypothetical case that each summer has the same 680 value, each winter has the same value, and enamel
mineralizes evenly, a §'%0 graph of equid enamel should look like this (figure by M. Vink).

To determine the 680 values of the NMN2 water, it is necessary to look at the 8§20 values of
body water of animals who use this water as a drinking source. These values are dependent on the
animal’s habitat, climate (temperature, humidity), diet, drinking behaviour, and physiology (e.g.,
Bryant & Froelich, 1995; Kohn, 1996; Pederzani & Britton, 2019). However, it has been demonstrated
that for large-bodied (>100 kg), obligate drinkers, which includes equids, the §'%0 values of their body
water primarily reflect the 60 values of consumed water or drinking water, since this forms the
largest proportion of their oxygen intake (Bryant & Froelich, 1995; Hoppe, 2006; Kohn, 1996). Obligate
drinkers are animals that need to drink from a water source and are not able to get all of their water
out of their diet. In order to determine the 60 values of body water, and thus of drinking water, it is
necessary to look at the 5§80 values of bioapatite.

As explained above for carbon isotopes, there is an offset, due to fractionation, between the
813Cvalues of the diet and the §*3C values of the enamel. This is also the case between the §0 values
of body water and the 50 values of bioapatite, including enamel. However, this is not as simple as

with stable carbon isotopes and requires the following equation (Kohn & Cerling, 2002):

6180po4= 0.9 * 6180b0dywater+23 (2)

This equation is an average used for the entire group of mammals. However, it can be different for
any given species. There is an equation for horses specifically, which was also used in a recent paper

on 80 values of horses at NMIN2 (Britton et al., 2019). Because this study looks at equids from NMN2,
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this horse specific equation will also be used in this study in order to be able to compare the results
easily. This equation was first presented by Delgado Huertas et al. (1995, p. 4304) and improved upon
by Pryor et al. (2014):

6180p04= 0.71* Glgobodywater+22.60 (3)

As can be seen in this equation, the 880 values are measured in the PO4 component, which is
found in the inorganic mineral phase of bioapatite. When measured in this component, the values are
determined by the reference standard called VSMOW (Vienna Standard Mean Ocean Water). This
standard is a physical standard consisting of distilled ocean water from the equator and 180° longitude
(e.g., Brand et al., 2014). It was first named SMOW (Standard Mean Ocean Water), but it was changed
to VSMOW in 1976 to avoid confusion with the virtual SMOW scale.

It is also possible to measure §3C and 6®0 simultaneously in the structural COs component,
as will be done in this study. In this case, these values are determined against the standard VPDB and
are thus different from the VSMOW values. It is possible to recalculate the §80yppgs values to 5*¥0ysvow
values using the International Union of Pure and Applied Chemistry (IUPAC) recommended formula
(Brand et al., 2014; Kim et al., 2015), which is based on the equation listed in Coplen et al. (1983), in

order to calculate 60 values of body water:

6180VSM0W= 1.03092 * 6180VPDB+ 30.92 %o (4)

After this, itis also necessary to recalculate the carbonate (CO3) §¥0vsmowvalues to phosphate
(PO4) 80vysmow, since the phosphate values are the ones necessary to calculate the 60 values of
body water (equation 3). This recalculation has been recently re-established by lacumin et al. (2022):

6180po4 +1=0.9787 * (5180c03 + 1) +0.0142 (5)

All in all, a seasonal signal is expected to be visible in the §'®0 values of the enamel of the equids
measured in this study, because of the position of the Neumark-Nord locality on the globe, which
experiences a winter-summer seasonality. In addition, even though there can be considerable time
lag present in the 50 values of enamel due to the mineralisation time (as explained in chapter 3),
there have been plenty of studies using equid teeth to establish a seasonal cycle, to show that this is

possible (e.g., de Winter et al., 2016; Nelson, 2005).
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4.5 Nitrogen

Nitrogen has two stable isotopes, *N and ®N. Comparable to both carbon and oxygen, the lightest
isotope, N, is the most naturally abundant accounting for 99.63 %, whereas °N accounts only for
0.37 % of all naturally occurring nitrogen (Robinson, 2001). The most important application of nitrogen
stable isotope analysis is the investigation of the trophic level of animals. Trophic level indicates the
position of a group of organisms who have a similar feeding strategy in the food web. So, in short,
plants, which get their energy from the sun, have the lowest trophic level, while herbivores are a level
above plants and carnivores in turn, occupy a level above herbivores. Nitrogen is a major nutrientand
animals obtain it from their diet. Due to fractionation during metabolism (digestion) and the excretion
of waste, an animal’s §°N values are higher compared to the §°N values of the food they consume.
On average, this difference is +2-5 %o based on large ecological studies and laboratory experiments
(e.g., Bocherens & Drucker, 2003; Fox-Dobbs et al., 2007; Krajcarz et al., 2018; Leichliter and Ludecke
et al., 2023; Leichliter et al., 2021; Lidecke and Leichliter et al., 2022; Schoeninger & DeNiro, 1984).

In a terrestrial food web, plants form the lowest trophic level, as mentioned above. Unlike carbon,
which plants get from the air, they get their nitrogen typically from the soil (Robinson, 2001). Nitrogen
in soils is derived from three main sources of which ammonium from biological fixation of atmospheric
nitrogen gas is the most important (Ostrom & Ostrom, 1998). The §%°N values of plants are affected
by the 8N values of the soil they grown on (Codron et al., 2005). These §°N values are correlated
with two aspects of the local climate, mean annual precipitation (MAP) and mean annual temperature
(MAT; Amundson et al., 2003; Evans, 2001; Robinson, 2001). The 8N values of soil decrease with
increasing MAP and decreasing MAT and thus, wetter and colder areas have lower 6N values
(Amundson et al., 2003; Craine, Elmore, et al., 2009).

The 8N values of plants are generally lower than the §°N values of the soil (e.g., Amundson
etal., 2003; Craine, Elmore, et al., 2009; Evans, 2001; Handley et al., 1999). This is due to fractionation
occurring during the uptake and assimilation of inorganic soil nitrogen into organic nitrogen in the
plant tissues (Kalcsits et al., 2014). The first rule of fractionation is applicable, since the uptake involves
a process in which N reacts faster, as this is the lighter isotope, and the plant tissue thus becomes
enriched in N and depleted in >N compared to the soil (Evans, 2001). Furthermore, the difference
between 8N values of the soil and §°N values of the plant is also (mostly) correlated with MAT. The
difference in 8°N values increases with decreasing MAT (Amundson et al., 2003). So, in colder
ecosystems, the difference between soil and plant §'°N values is larger than in warmer ecosystems.
In addition, on a global scale, leaf (or foliar) §°N values are correlated with MAP in the same way as

the soil (Handley et al., 1999), so foliar §*°N decreases with increasing MAP. However, at a smaller
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regional or landscape scale, this pattern does not hold true; wet spots, topographical depressions in a
landscape, have a higher §*°N value in their soil and plants than surrounding dry areas (Handley et al.,
1999). Lastly, even though foliar 6N is usually lower than soil §°N, they do show a positive

correlation (Craine, Ballantyne, et al., 2009; Craine, EImore, et al., 2009).

Bulk soil contains many different forms of nitrogen, but only three of them are available to
plants: ammonium (NH4"), nitrate (NOs’), and dissolved organic nitrogen (DON). This means that the
5%N value of bulk soil is different from the §°N value of the nitrogen source of plants, because these
three forms represent only a fraction of the nitrogen in bulk soil, and thus also influence the §°N of
bulk soil relatively little (Marshall et al., 2007). Discrimination between N source/supply and plant N
is often only observed when the nitrogen demand of the plantis low compared to the nitrogen supply
(e.g., Evans, 2001; Kalcsits et al., 2014). In other words, when nitrogen supply increases or nitrogen
demand decreases, discrimination, which is the difference between 6N values of source nitrogen
and those of plant nitrogen (also written as AN), increases. When nitrogen supply decreases or
nitrogen demand increases, discrimination decreases (Kalcsits et al., 2014). Since in natural
ecosystems nitrogen demand of plants usually exceeds nitrogen supply, 8°N values of plants are
generally good approximations of the §'°N values of the available nitrogen sources, but not of bulk
soil, as explained above (Marshall et al., 2007, p. 36).

Many plants show a distinct preference for one of the three sources. The preference of plants
for the rates of ammonium (NH4*) vs. nitrate (NOs) they take up can change depending on
environmental conditions (Marshall et al., 2007). The 6N values of ammonium vs. nitrate can also
differ based on certain processes, and thus the §°N values of plants grown on the same soil can differ
if they have different nitrogen source preferences. For example, in soils with high nitrification rates,
ammonium will be enriched in °N, and thus have a higher §°N value, than nitrate (e.g., Marshall et
al., 2007; Schmidt & Stewart, 2003). Nitrification is the process of converting ammonia into nitrate.
This process has a significant isotope effect, which follows the first rule of fractionation, where the
light isotopes react first and form a product (nitrate) that is depleted in N compared to the source
(ammonium). Thus, in a soil with high nitrification rates, the §°N of plants, which preferentially take
up ammonium, will be higher than plants that take up relatively more nitrate.

Denitrification, the process of converting nitrate into gaseous nitrogen, mainly N, or N0, is
also associated with the same kind of isotopic discrimination, where the product (gaseous nitrogen
(N2 or N>0)) is depleted in °N and the source (soil ammonium (NH4*)) is enriched in N (e.g., Szpak,
2014). So, in soils where denitrification occurs, the plants that prefer ammonium have a higher §°N

value. This process is likely to take place in swampy shallow water due to the high input of organic
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matter (Muzuka, 1999). It is thus possible that NMN2 and its surrounding soil and vegetation was
affected by denitrification. In circumstances of ammonium toxicity, greater discrimination has been
observed between the §°N values of ammonium and plants than between nitrate and plants (Kalcsits
et al., 2014). In these cases, plants will have lower §°N values when they take up more ammonium
than nitrate.

The amount of salt in the soil can also impact plant §°N values. This can take the form of sea-
spray, which contains nitrate enriched in N and thus results in a higher §°N of plants (Heaton, 1987).
High salinity in the soil, potentially caused by a nearby alkaline lake, is also correlated with enriched
5N values of plants (Muzuka, 1999), as are salt marches (Guiry et al., 2021). Seeing as the NMN2 pool
contained brackish water at times (Bakels, 2012; chapter 2), the higher salinity could potentially have

enriched the §%°N values of the plants in the surrounding area.

Microhabitat, wet/dry seasonality, and species can have an effect on 6°N values of plants, and thus
also grasses. This was shown by Codron et al. (2005), who measured §'3C and 6°N values of different
planttypes (grasses, trees, and forbs) within the savanna biome of Kruger National Park (KNP) in South
Africa. There was a relatively wide range of 6°N values within each plant type. However, the plant
types (grasses vs shrubs vs trees) did not differ significantly from each other in their §2°N values. In
addition, the 8N values of all groups followed similar geographical trends corresponding to their
different microhabitats. The mean 8N value of the different microhabitats differed up to 4 %o
between them and is most likely primarily influenced by local environmental factors, like water
availability/precipitation, and soil type (Codron et al, 2005). This shows that the microhabitat can
influence the 8N value of plants to a relatively large degree and that it is therefore important to
establish a §'°N baseline for each site/habitat.

All plant 8*°N values combined for KNP showed seasonal shifts, where the wet season showed
higher 8°N values than the dry season (Codron et al., 2005). This is mostly likely linked to the increase
in water availability in the soil and thus soil denitrification and nitrogen loss, which drives the local
5N values upwards during the wet season (e.g., Lazzeriniet al., 2019; Szpak, 2014). However, it needs
to be noted that the KNP, which experiences a wet/dry seasonality based on changes in rainfall
amounts, is different from the area of the present study, which experienced a winter/summer
seasonality based on changes in temperature. In addition, the grasses studied at KNP consisted of only
Csgrasses, so their 8°N range (up to 6 %o difference between species) reported by Codron et al. (2005)
may differ from the range of Cs grasses, which are the only type of grasses present at NMN2, as

mentioned above.
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The next part will discuss plant physiology in great detail. It will show that there is quite some variation
in plant 6%°N values and thus that the 8'°N values of the diet of herbivores is not only dependent on
the environment, but also on what type, species, and parts of plants these herbivores eat. This could
lead to variation in the values observed in the equid tooth enamel and will be discussed in relation to
the results of this study in chapter 7.

The 8N values of different plant types and/or species can not only differ from each other
due to environment and soil features, but also due to certain aspects of plant physiology. One of these
aspects is the symbiotic relationship with mycorrhizal fungi. Mycorrhizal fungi colonise the root
system of a plant and supplies it with soil nutrients, including nitrogen. There are three main types of
mycorrhizal fungi: arbuscular or endomycorrhizal, ectomycorrhizal, and ericoid mycorrhizal, which can
all form relationships with a different group of plant species. The group of plant species, which cannot
form a relationship with a mycorrhizal fungus, are called nonmycorrhizal plants. Arbuscular
mycorrhizal fungi are by far the most common and can form relationships with up to 90 % of terrestrial
plant species, including grasses. All these different fungi groups have a different impact on the foliar
5N values of plants. Generally, mycorrhizal plants are more depleted in °N, and thus have a lower
8%N values, than nonmycorrhizal plants, with ericoid plants having the lowest §°N values, roughly 6
%o lower than nonmycorrhizal plants, then ectomycorrhizal plants, and then arbuscular plants being
depleted by around 2 %o compared to nonmycorrhizal plants (Craine, EImore, et al., 2009; Schmidt &
Stewart, 2003).

Another aspect of plant physiology that can lead to differences in §'°N values is the ability to
fix N2 from the atmosphere into a more useful form of nitrogen for the plant. These nitrogen-fixing
plants have a symbiotic relationship with specific bacteria which are capable of converting N; into NH3
(e.g., Stewart, 1977). There is hardly any discrimination during this process of fixation and therefore,
the 8°N of nitrogen-fixing plants should be highly similar to the §'°N of atmospheric N,, which is by
definition 0 %o (Handley & Raven, 1992; Robinson, 2001). Generally, this means that the §°N values
of N-fixing plants are lower than of non-N-fixing plants in a specific ecosystem (Codron et al., 2005;
Dijkstra et al., 2003). A lot of leguminous plants and quite some tropical grass species are N-fixing
plants (e.g., Boddey & Dobereiner, 1995; Débereiner, 1977; Stewart, 1977). Itis not likely that N-fixing
played a large role for the grasses at NMN2.

Plant type can also potentially influence 86N value. For example, a paleoclimatic
reconstruction of Beringian Megafauna used Alaskan vegetation values to distinguish grasses/sedges
and herbs, with a slightly higher §°N value, from shrubs/trees, with a lower §*°N value (Fox-Dobbs et
al., 2008). Bonafini et al. (2013) even showed relatively large variation in 8°N between four grass

species as well as between individual plants from the same species.
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Variations in 8N values can be present between different parts/organs of a plant. For
example, in controlled experiments, the §°N value of leaves can be 3-7 %o higher than roots (e.g.,
Evans et al., 1996). This variation between different plant parts can be due to the loss of nitrogen in
specific organs, reallocation of nitrogen, or a difference in nitrogen assimilation patterns between
organs (Evans, 2001). Field studies point towards the AN of leaves vs root being ecosystem
dependent. For example, Dijkstra et al. (2003) looked at A°N of leaves vs roots in a forest compared
to a meadow. They found that there were significant differences in foliar §°N compared to root §°N
in almost all plant groups studied, but the range of AN was relatively small (-0.97 to +0.86 %o). Some
species were depleted in foliar §2°>N compared to the roots, while others were enriched in foliar §°N.
In addition, they show that the A°N of forbs in the forest differed significantly from the ones in the
meadow.

When focussing on grasses specifically, Craine et al. (2005) showed that there is no uniform
global relationship between root and leaf traits that is consistent across four different environments.
The only global relationship noted is the strong positive correlation between leaf and root nitrogen
concentrations. C4 grasses in South Africa showed significantly lower 8N values in their roots
compared to the seeds (Codron et al., 2005). Leaves and stems had intermediate §°N values with
considerable overlap with both roots and seeds. All this is to say that the differences in leaf vs root
8N in grasses, and other plants, at NMN2 are difficult to determine. A generalised overview of the

different processes affecting nitrogen cycling in plants, as explained here, is visible in figure 4.4.
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Figure 4.4: Generalized overview of all processes that affect nitrogen cycling in plants and soils. For some processes,
fractionations are given according to Robinson, 2001 (Szpak, 2014, figure 3, p. 4)
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The 8N values of an animal are higher than their diet, as explained above. The fractionation during
metabolic processing thus preferentially includes °N in the consumers tissues and excretes “N as
waste (Robinson, 2001). This results in a depletion of N, and thus a lower §°N, in waste material,
and an enrichment, and thus a higher §*°N, in the consumers tissues. This fractionation occurs during
amino acid synthesis and is dominated by the second rule of fractionation, which states that the heavy
isotopes concentrate on the side of the reaction where bonds are strongest (e.g., Adams & Sterner,
2000; Gaebler et al., 1966; Gannes et al., 1998).

Seeing as animal §°N values are dependent on their diet, herbivore §°N values will vary with
the plant, and thus also soil, 5*°N values between different climates and (micro)habitats. It is therefore
important to keep in mind that the 2-5 %o stepwise trophic level separation does not correspond to
the same absolute 6*°N values across the world, but to the §*°N values within each specific ecosystem
(Amundson et al., 2003). For example, African herbivores will have different §°N values compared to
European herbivores, even though both of them are part of the same, low trophic level, just in
different ecosystems. Despite the wide potential variations in §'°N values of plants, as detailed above,
the 3-5 %o trophic level separation seems to hold in well-constrained ecosystems (e.g., Liidecke and
Leichliter et al., 2022).

As explained, there are variations in §2°N values in different ecosystems. So, when studying a
trophic food web, it is vital to understand the baseline §'°N values and its variations of that specific
habitat (e.g., Codron et al.,, 2005). However, since this is nearly impossible for past ecosystems,
analysing the 6°N values of enamel of different species of herbivores can provide a baseline for the
lowest trophic level in that habitat. It preferable to include herbivores of different diet types, both
browsers and grazers, to encapsulate the complete §°N variation within the lowest trophic level of
that ecosystem. This is because browsers mainly feed on trees and grazers mainly on grasses. Since
these different plant types potentially have different §°N ranges, browsers may differ slightly in their
5N values from grazers. For example, even though the browsers and grazers in Gorongosa National
Park, Mozambique, do not differ significantly in their §°N values, as expected, the mean §%°N for each
group is slightly different, which also influences the mean and the range for all herbivores together
(Ludecke and Leichliter etal., 2022). The complete range observed in the §°N values of the herbivores
at Gorongosa National Park is 4.3 %o (Llidecke and Leichliter et al., 2022), which corresponds to the 4
%o baseline variation in plant §2°N values in the savannah biome of Kruger National Park reported by

(Codron et al., 2005).

It has been suggested that not only climate and habitat baseline variation affect §'°N values of animals,

but that digestive physiology and water dependence do as well (Ambrose, 1991; Cantalapiedra-Hijar
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et al., 2015; Hartman, 2010; Sealy et al., 1987). However, in a recent study on a well-constrained
modern African ecosystem, no correlation between herbivore diet groups (browsing, grazing, mixed-
feeding), digestive physiology (ruminant vs. non-ruminant) or water dependence and 6N values was
found (Liidecke and Leichliter et al., 2022). Furthermore, it has been shown that starvation has an
effect on 8N values (e.g., Beaumont & Montgomery, 2016; Doi et al., 2017). The longer the starvation
period lasts, the more §°N values increase due to an internal recycling of nitrogen isotopes. However,
this should not affect the present study, since starvation periods usually have a relatively short
duration, and enamel mineralization has a relatively long duration. Another potential factor
influencing 8*°N values of animal tissue is seasonality. Lazzerini et al. (2019) showed that the §'°N
values of tail hair of modern domestic horses from Mongolia were influenced by seasonality (most
likely associated with an increase in melt water) and seasonal diet preferences. Lastly, the canopy

effect does not seem to influence §*°N values of animal tissues (Bonafini et al., 2013).

Caut et al. (2009) reviewed a multitude of studies concerning the trophic enrichment factor or
discrimination factor for both §*C and 6N in animals. This factor is the difference in 63C or 6°N
values between the diet and the animal and is usually shown as A3C or AN. So, the average of AN,
as mentioned above, is 2-5 %o. Caut et al. (2009) showed that AN is significantly affected by the
studied tissue and some of the tissues in turn by the isotopic ratios of the diet. They provide a decision
model, in which each consumer group (mammals, bird, fish, invertebrates) and each tissue (liver,
muscle, blood, hair, etc.) has its own regression equation for both A*C and AN, which includes the
diet isotopic ratios if this affects that specific tissue. However, the decision diagram does not include
either collagen, dentin, or enamel as a tissue in the mammal group. Therefore, in this study, the
trophic enrichment factor (A™N) of 3-5 %o will be maintained, based on studies of §°N values in
enamelin both modern and fossil material (Leichliter and Liidecke et al., 2023; Lidecke and Leichliter
et al., 2022).

In addition, a laboratory study of AN in rats in different tissues showed that the A°N
between tissues and a diet based on animal proteins was lower than the A°N between tissues and a
plant protein-based diet (Poupin et al., 2011). This is likely due to plant proteins containing a lower
amount of essential amino acids. Essential amino acids are amino acids that animals cannot produce
themselves and thus they need to acquire them from their diet. Non-essential amino acids can be
broken down and built into new non-essential amino acids by the body. So, foodstuffs with less
essential amino acids (like plant proteins) are thus subjected to more digestion (break down of the
amino acids) and thus more fractionation compared to foodstuffs with more essential amino acids

(like animal proteins; Gaebler et al., 1966; Silfer et al., 1992). This results in a higher 8°N compared to
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the diet and thus a higher AN between plant-based diets and their consumers than in animal-based
diets and their consumers. This is relevant for trophic level studies, since this might influence the 3-5
%o trophic spacing. However, since the present study only focusses on herbivores, this metabolic

mechanism is not of high importance and will not be explored any further.

As explained in chapter 3, nitrogen isotopes in the fossil record are usually measured from the organic
nitrogen in bone- and dentine-derived collagen, when it is well-preserved, which typically means less
than 100,000 years old (Bocherens & Drucker, 2003; Britton et al., 2012; Jaouen et al., 2019). Older
samples are much harder to get an original nitrogen signal from, since the organic material (mostly
collagen) in bone and dentin is not very resistant to diagenetic alterations over time. This is due to the
fact that bone is a porous material, has a large surface-to-volume ratio, and the bioapatite
nanocrystals in its mineral phase have low crystallinity, which means they are not arranged in a highly
regular manner (e.g., Clementz, 2012; Keenan, 2016), and therefore the organic matter in bone and
dentin is more susceptible to diagenesis. In contrast, as explained previously, enamel is much more
highly mineralized and more resistant to degradation. In this study, a new method (oxidation-
denitrification) will be employed to measure the §°N of the organic nitrogen trapped in the mineral

lattice of the enamel. The §*°N values will be determined against the standard of atmospheric air (Air).

In this study, several individuals of a single herbivore species, equids from Neumark-Nord 2, were
analysed. The goal of the nitrogen isotope analysis here is thus not to reconstruct the food web at
NMN2, which is the usual application of such an analysis. This research focused on serially-sampled
teeth and how the 6N values of an herbivore, and thus the species that is used as part of baseline
for 8*°N values in past ecosystems when present, change during the development of the enamel. The
combination of the nitrogen isotope analysis with stable carbon and oxygen isotope analysis will show
if the 8°N values observed in enamel over time are correlated to &'3C and/or 60 values and then
may likely be affected by the same factors. For example, if §*°N values show a strong correlation with
580 values, it is likely that seasonality has an influence on the §°N values in enamel, as it does on
8N values in hair (Lazzerini et al., 2019). If the 8N values correlate with the §3C values, they are
likely affected by the same factors associated with plants in the diet, since horses acquire both types
of isotopes from their diet. This will influence future studies on fossil enamel §°N analysis, whether it

be on sampling strategy or on interpretation of herbivore §°N values.
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4.6 Conclusion

Stable isotope analysis has a plethora of applications, ranging e.g., from distinguishing C; from C,4
plants in the diet using stable carbon isotopes, to reconstructing the temperature based on stable
oxygen isotopes, to reconstructing a trophic food web based on nitrogen isotopes. Stable isotope
ratios are denoted using the 6-notation and expressed in %o compared to a standard. This standard is
VPDB for stable carbon isotopes and in some cases also for stable oxygen isotopes. VSMOW is the
most used standard for stable oxygen isotopes and Air is the standard used in nitrogen isotope
analysis. The values of 8'3C, 60, and 8'°N are dependent on a number of factors, and are often
specific for each ecosystem. It is therefore important to be aware of the factors that could cause
variation within the studied ecosystem. 8*°N variations in animal tissues are affected by the broadest
range of factors, including soil type, plant species, nitrogen source, mean annual temperature, mean
annual precipitation, starvation, and more. However, it is yet unknown if, and how, winter-summer

seasonality impacts 8°N in enamel.
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5 Research Methods

5.1 Introduction

In this chapter, | will present the processes of sample selection and preparation. Then, | will provide a
short overview of the cold trap method for §3C and 620 analysis. Next, | will discuss, in more detail,
an overview of the oxidation-denitrification method used for §°N analysis. Lastly, | will shortly go into
trace element analysis, which was performed on the samples of a single tooth by T. Tacail. All of the
sample preparation and isotope analyses were done at the Max Planck Institute of Chemistry in Mainz,
Germany; the trace elementanalysis was done at Johannes Gutenberg-Universitdt in Mainz, Germany;

specimens are housed at the MONREPOS, Neuwied, Germany.

5.2 Sample selection

For this research, 14 fossilized Equus sp. teeth from NMN2 were selected. Equids were chosen mainly
because of their great availability at NMN2 (Kindler et al., 2014). In addition, horses were present at
NMN2 all year round, which indicates that they reflect the isotopic conditions of the immediate
environment surrounding the pool (Britton et al., 2019). All horses at NMN2 are caballoid horses (true
horses) and their larger, less gracile molars indicate that they belong to the Caballine clade (Britton et
al., 2012, p. 170). The longest, fully erupted teeth available were selected (7 - 10 cm in length) in order
to capture data over the longest possible span of time. As explained in chapter 3, equid teeth wear
down during life, so the selection of long teeth with little wear indicates that they belonged to young
individuals.

All of the teeth are third molars, which means there is no weaning signal, as explained in the
chapter 3. Eight of the molars are left maxillary molars, two are right maxillary molars, one an
undetermined maxillary molar, and three right mandibular molars. Left maxillary molars were mostly
selected to ensure analysis of different individuals. However, due to the limited number of teeth in
the primary selection, third molars from other positions were added. All of these added molars were
found in areas of the excavation clearly separated from the left maxillary molars selected before (see
figure 5.1). As discussed in chapter 2, there were very little post-depositional processes occurring at
NMN2 and thus, it is assumed that the separated teeth do not belong to the same individual (MNI =
14).

The teeth all have an official collection identification number, but were renamed for this
research with an MPIC ID for simplicity (table 5.1). In the rest of this paper, the teeth will be referred
to by their MPIC ID.
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Figure 5.1: Excavation map of Neumark-Nord 2. The grid covers over 30 m from top to bottom. The squares where the teeth
were found are highlighted (Red = superior left; Blue = superior right; Yellow = inferior right; Orange = superior of unknown
side; after Kindler et al, 2014, p. 198).

Table 5.1: Basic information of each selected equid tooth. The square corresponds to the square of the excavation the tooth
was found (see figure 5.1 for an excavation map). Tooth NMN-125 was found in HP10, which is a profile and not a square,
and is thus also not a square, and is thus also not on the excavation map. Sup and Inf corresponds to superior (maxillary)
and inferior (mandibular) molars respectively and side indicates the side of the jaw the molar is from. The teeth are colour
coded to correspond with the colours of the excavation grid above in figure 5.1

Collection ID

NN2/2/13833

NN2/2/11938

NN2/2/28869

MPIC ID Find layer Square Sup or Inf Side
NMN-120 NN2/2b 2132 Sup Right
NMN-121 NN2/2b 220/298 Sup Left
NMN-122 NN2/2b 2075 Sup Left
NMN-123 NN2/2b 2085 Sup Unknown
NMN-124 NN2/2b 2126 Inf Right
NMN-125 NN2/2b HP10 Sup Left
NMN-126 NN2/2b 224/292 Sup Left
NMN-127 NN2/2b 2013 Sup Left
NMN-128 NN2/2b 216/300 Sup Right
NMN-129 NN2/2 2098 Sup Left
NMN-130 NN2/2b 2099 Sup Left
NMN-131 NN2/2b 2108 Inf Right
NMN-132 NN2/2b 2070 Sup Left
NMN-133 NN2/2b 228/307 Inf Right
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5.3 Sample preparation
As explained in chapter 3, enamel maturation can result in significant time averaging of the isotopic

signal. This fact can be partly mitigated by sampling the tooth in lines perpendicular to the growth
direction to collect a sample over the smallest time period possible (Hoppe, Stover, et al., 2004; Passey
& Cerling, 2002). However, there is still time averaging present since it can take up to a couple months
for a small area of enamel to be fully mineralized from the EDJ (enamel-dentine junction) through to
the outer layer.

The sampling area on each tooth was selected based on the thickness of the enamel. The
enamel is thickest on the buccal and lingual side of the molar. Of these sides, the one with the least
breakage and/or longest enamel cover was chosen for each tooth. Next, that area was cleaned of all
cementum by using a Dremel with an abrasive stone head (silicon carbide grinding stone or aluminium
oxide grinding stone). This material is not hard enough to flake off any enamel, which means the tooth
could be cleaned thoroughly. The samples were collected in lines perpendicular to the growth
direction, starting close to the root (figure 5.2), using a Dremel with a diamond-studded drill bit (2 mm
diameter). Each sample was assigned an alphabetical sample ID based on the MPIC ID assigned to the
tooth (e.g., NMN-120a, NMN-120b, NMN-120c, etc.). Between 13 and 26 samples were taken per
tooth and collected in 4 ml combusted glass vials. To run carbon, nitrogen, and oxygen analyses in
duplicate as well as to have enough material for other isotope analyses, e.g., calcium, strontium, and
zinc isotopes, a minimum of 32 mg enamel powder per sample was collected. In total, 259 samples
were collected from the fourteen teeth.

Table 5.2 shows the maximum length of each tooth and the maximum length of each tooth
that was sampled, which is at least 10 mm shorter than the maximum length of each tooth. This is due
to the enamel not extending completely along the maximum length of the tooth, the enamel being
broken or damaged at either end of the tooth, and/or the side of the tooth that was sampled, not

extending over the maximum length of the tooth.

5.4 Carbon and Oxygen analysis

All the collected samples were run for carbon and oxygen isotopes using a relatively new method of
continuous-flow mass spectrometry called the cold trap method (Vonhof, de Graaf, et al., 2020). The
carbonate in the bioapatite of the enamel is measured in the form of CO,. For this method only
between 70 and 100 ug of enamel powder is needed. The powder was directly weighted intoa 12 ml
glass exetainer vial with a septum. This method is fully automated and uses a Thermo Delta-V mass
spectrometer in continuous flow configuration. It is directly interfaced with a GasBench Il gas

preparation unit, which has an integrated pneumatically operated cold trap system. First, the vials
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Figure 5.2: Tooth NMIN-130 before (a) and after (b) sampling. Scale in cm. Letters of samples on the right side. Lines from
sample NMN-130a, NMN-130n, and NMN-130z to their respective samples (photographs by M. Vink).

Table 5.2: The maximum length of each tooth and the maximum length that was sampled.

MPIC ID Max length (mm) Max length sampled (mm)
NMN-120 80 70
NMN-121 91 68
NMN-122 79 63
NMN-123 83 70
NMN-124 76 60
NMN-125 89 76
NIMMN-126 80 64
NMN-127 75 51
NIMMIN-128 85 67
NMN-129 87 72
NMN-130 92 84
NMN-131 84 71
NMN-132 95 83
NMN-133 82 68

containing the samples and standards are flushed with ultrapure helium, to make sure there is no
more atmospheric CO; in the vial. Next, the enamel powder is dripped with acid (> 99 % H3PQ,) to
digest the solid bioapatite structural carbonate into measurable CO; gas, which takes 90 min. at 70 °C.
Lastly, the sample gas is fed through the cold trap, where the CO; is cryogenically focused by cooling
the trap with liquid N, for 6 to 7 min. This is done to separate the CO, from the other gasses present
in the sample vial. After the cooling, the cold trap is lifted out of the liquid N, and the sample gas is

sent through a standard Poraplot-Q Gas Chromatography (GC) column and carried to the mass
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spectrometer. The carbon and oxygen isotope values are measured in a single peak, preceded by five
reference gas peaks (Vonhof, de Graaf, et al., 2020).

With each batch, five different standards and five in-line blanks were included. All standards
used are listed in table 5.3. Three of these are NBS18, NBS120c, and IAEA-603, of which two (NBS18
and IAEA-603) are internationally certified carbonate (CaCOs) standards and one (NBS120c) is an
internationally certified rock phosphate standard. The other two are VICS and AG-Lox, which are in-
house standards. VICS is a carbonate standard (Carrara marble) used in several labs. AG-Lox is an
enamel standard collected from the molar of an adult modern African elephant (Loxodonta africana;
Leichliter et al., 2021). The AG-Lox standard was used to correct the isotope measurement of the equid
samples, because both it and the sample are bioapatite, while all the other standards are pure
carbonate or rock phosphate powders (Vonhof, de Graaf, et al., 2020).

In some of the later runs a new, not yet established, enamel in-house standard was included
for the first time. This standard is called Mammy and the first values are reported in table 5.3. It was
collected from the fossilized molar of a juvenile mammoth (Mammuthus sp.) from Siberia. This
standard was not used to correct the samples analysed in this research. However, in the future it will
be used together with AG-Lox to establish a two-point correction for carbon and oxygen isotopes
analysis of bioapatite structural carbonate.

The measured stable carbon and oxygen values were normalized to Vienna Pee Dee Belemnite
(VPDB). All samples were measured in duplicate. As a quality control, if the standard deviation of either
the 63C value or the 680 value of a sample was above 0.5 %o, the sample was measured in triplicate
or more if necessary (appendix B). A total of 19 different batches were run with the cold trap, between
the 7t" of May 2022 and the 7" of July 2022. Each batch included between 20 and 35 enamel samples,
36 standards for batches excluding Mammy (11 AG-Lox, 11 VICS, 6 IAEA-603, 5 NBS-120c, and 3 NBS-
18), 38 standards for batches including Mammy (11 AG-Lox, 11 Mammy, 5 VICS, 6 IAEA-603, and 5
NBS-120c), and 5 in-line blanks. The overall analytical uncertainties are better than 0.14 %o for
583Cenamer and 0.18 %o for 6¥0cnamel (10 standard deviation of AG-Lox within batches). Carbonate
contents of samples were calculated based on the standard vs sample total peak area ratios, where

AG-Lox has a 7.5 % structural carbonate content (after Vonhof, Tutken, et al., 2020).

5.5 Nitrogen analysis

The cleaning and preparation of the samples needed before nitrogen analysis of enamel powder using
the oxidation-denitrification method, makes it a much longer (5 to 7 working days) and more
complicated process than carbon and oxygen analysis using the cold trap method (24 hours). A short

overview of all the steps will be presented here, but for a detailed explanation of the cleaning process,
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Table 5.3: Values of all standards used in this study. References can be found in the "standard reference list" subsection of
the bibliography. *Unpublished established in-house standards. **Unpublished values obtained from this study only.

International Material 613C (%o vs. 680 (%o vs. 62N (%o vs. Air)
standards VPDB) VPDB)
NBS18 Carbonatite -5.01 £ 0.035 -23.2+0.1 -
NBS120c Phosphate rock -6.2 -2+0.5 -
IAEA-603 Calcite 2.46 £ 0.01 -2.37+£0.04 -
USGS40 L-glutamic acid - - -4.52 + 0.06
USGS65 L-glutamic acid - - 20.68 £ 0.06
IAEA-NO-3 Potassium nitrate - - 4.7+0.2
USGS34 Potassium nitrate - - -1.8+0.2
In-house standards
VICS Carrara marble 1.45+<0.1 -5.44+<0.1 -
MPIC-Cf1* Coral fragments - - 5.7+0.2
MPIC-Cf2* Branching coral - - 3.5+<0.2
AG-Lox Modern enamel -11.46 £ 0.05 -1.5+0.08 4205
Mammy** Fossil enamel -13.5+<0.1 -14.8+0.1 6.2+0.5

see Leichliter et al. (2021), and for details on the bacteria process and mass spectrometer set-up see
Sigman et al. (2001) and Weigand et al. (2016). The denitrification part of the method was first
developed to measured §°N in water (Sigman et al., 2001), while the oxidation part was added later
to measure diatom microfossil-bound 8®N (Robinson et al., 2004). Currently, the entire method
(oxidation-denitrification) is routinely used for research into both modern and fossil marine
invertebrates, including foraminifera, corals, and diatoms, by measuring the 8N values of their
mineral bound organic matter (e.g., Martinez-Garcia et al., 2014; Robinson et al., 2004; Studer et al.,
2018).

Since 86N measurements require a large sample amount (ca. 6 mg), and pre-treatment and
oxidation are time-consuming and labour-intensive compared to C and O, not all 259 samples were
analysed. Instead a selection was made (table 5.4) in order to establish if and how 8N is correlated
with §13C and/or 60 in equid tooth enamel. First, of four teeth (NMN-120, NMN-122, NMN-127, and
NMN-129), two to three samples were selected based on extremes in oxygen. One of the samples
corresponds with a high oxygen value, the other with a low oxygen value, which correlate with
extremes in seasonality, as explained in chapter 4 (for a more in-depth discussion of the results, see

chapter 7). Next, three teeth were selected for complete 8N serial sample analysis. NMN-126 was

52



selected based on its 60 results. It shows a relatively extended time span (multiple high and low
extremes) compared to the 60 results of other teeth, with a relatively large intra-tooth variation.
The other two teeth were selected based on their §'3C results. NMN-130 shows relatively high intra-
tooth variability in the §'3C values, whereas NMN-133 shows relatively low intra-tooth variability in
these values. In total, 72 samples were analysed with the oxidation-denitrification method, of which

63 were part of the three completely analysed teeth.

Table 5.4: Sample selection for nitrogen isotope analysis.

Tooth Nitrogen isotopes analysis sample selection n
NMN-120 NMN-120e and NMN-120h 2
NMN-122 NMN-122c and NMN-122n 2
NMN-126 All (NMN-126a —s) 19
NMN-127 NMN-127b and NMN-127d 2
NMn-129 NMN-129a, NMN-129n, and NMN-129s 3
NMN-130 All (NMN-130a - z) 26
NMN-133 All (NMN-133a—r) 18

For this method ca. 5 to 7 milligram of enamel powder is usually needed (Leichliter et al., 2021), with
the aim of having 10 nmol N in the sample vial, of which half (5 nmol) is injected (see below) for
measurement. However, after the first run of the Neumark-Nord 2 equid samples, it became clear that
these teeth have a lower nitrogen content than most other fossil (or modern) tooth enamel samples
that have been analysed with this method. This means that from the second run onwards, at least 8
milligram per sample was weighed in. In addition to the samples, three aliquots of three different in-
house standards were weighted in. These standards include two coral standards (cfl and cf2) and one
enamel standard (AG-Lox, the same as used for the cold trap method; see table 5.3). In addition, the
new Mammy standard was also included in all runs as a start in establishing it as the second in-house

enamel standard. This will be used in the future as a two-point correction with AG-Lox.

The first step of the process is the removal of exogenous organic matter in the tooth enamel by means
of a reductive cleaning followed by an oxidative cleaning. In the first part of the cleaning, 7 ml of
sodium bicarbonate-buffered dithionite citrate (recipe in table 5.5) was added to the powders in 15
ml polypropylene centrifuge tubes to reduce the metal oxide coatings (Mehra & Jackson, 1958; Ren
et al., 2012). These metals have the protentional to trap exogenous nitrogen, which is nitrogen from
any outside source, during the fossilisation process and thus contaminate the nitrogen trapped in the
mineralized enamel when they are not removed. After 10 min in a water bath of 80 °C, the samples

were centrifuged (5 min. at 4000 rpm) and decanted. The samples were then rinsed three times with
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10 ml Milli-Q water and centrifuged between each rinse. The rinsed powder was transferred to a pre-
combusted 4 ml glass vial and after a final round of centrifuging, the remaining water was removed
by suction (Leichliter et al., 2021).

Immediately following this reductive cleaning, 3 ml of a basic potassium persulfate solution
(recipe in table 5.6) was added to the samples. The samples were then put into the autoclave for 65
min. at 120 °C. During this step, exogenous nitrogen in organic matter is oxidized to nitrate, which is
removed with the solution by suction after a round of centrifuging. Again, the samples were rinsed
using 4 ml Milli-Q water four times and centrifuged between every rinse. The samples were loosely
covered by pre-combusted aluminium foil and then placed in an oven in the clean lab at 60 °C and
dried overnight. Once the powder was completely dry, the clean samples were weighed, which is
necessary to calculate the nitrogen content, and transferred to new pre-combusted 4 ml glass vials

(Leichliter et al., 2021). During these two steps an average of 55-65 % of the material was lost.

The next step is the demineralization of the enamel and the conversion of organic nitrogen that was
first trapped in the mineral structure of the enamel, to nitrate. To demineralize the enamel and free
the organic matter in the mineral structure, 40 pl of 4N hydrochloric acid was added to the cleaned
powder. Immediately after, 1 ml basic potassium persulfate solution (recipe in table 5.7) was added
to oxidize the freed organic nitrogen to nitrate. To guarantee complete oxidation of the organic
nitrogen, the samples were autoclaved again for 65 min. at 120 °C (Leichliter et al., 2021).

During this step, two new standards were oxidized along the samples. USGS-40 and USGS-65
are internationally certified amino acid isotope reference standards (see table 1), which serve as a
control on the complete oxidation of the samples. They were treated exactly the same as the pre-
treated samples. In addition to the two extra standards, fifteen blanks (empty pre-combusted glass
vials) were added, which were prepared with the HCl and oxidizing solution. This is necessary in order
to monitor the blank and correct for the N content and §°N of the solution used for oxidation. The
blanks were spaced throughout the batch, with five at the beginning, five in the middle, and five at
the end.

In order to minimize uncertainties related with nonlinearity in the mass spectrometer, it is
important to guarantee a consistent final quantity of N,O for samples and standards (Sigman et al.,
2001; Weigand et al., 2016). Using 5 ul of each oxidized sample, the nitrate concentration was
determined by the reduction of the nitrate to nitrous oxide with Vanadium (Ill) and by
chemiluminescent detection of this nitrous oxide on a Teledyne NOx analyser (or NOxBox; Braman &

Hendrix, 1989). This analysis resulted in an estimated nitrate content of the samples. This estimation
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was used to calculate the volume of the sample which needed to be injected into the bacteria to

ensure the desired 5 nmol nitrogen for measurement.

Table 5.5: Recipe for 100 ml of sodium bicarbonate-buffered dithionite citrate solution used in the reductive cleaning step.

Material Amount
Milli-Q water 100 ml
Sodium Citrate 6.2g
Sodium Bicarbonate 2g
Sodium Dithionite 5g
4N NaOH 400 pl

Table 5.6: Recipe for 100 ml of basic potassium persulfate solution used in the oxidative cleaning step.

Material Amount

Milli-Q water 100 ml
NaOH (pellet) 2g
Potassium persulfate (K,S,0s) 2g

Table 5.7: Recipe for 100 ml of basic potassium persulfate solution used in the oxidation step. Four-times recrystallized
potassium persulfate is used to ensure a low nitrogen content that does not interfere with the sample signal.

Material Amount
Milli-Q water 95 ml
6.25 N NaOH 4 ml
Four-times recrystallized potassium persulfate 0.67-0.70¢g

The last step before measurement was the conversion of the nitrate to N,O using denitrifying bacteria
(Pseudomonas chlororaphis). The bacteria were grown, cultured, and harvested prior to injection of
the samples (Sigman et al., 2001; Weigand et al., 2016). The samples were injected into 3 ml of media
containing bacteria. The injection volume of the sample corresponded with the nitrate content of the
sample as explained above. To avoid bacterial death due to a too high (too basic) pH of the injected
solution, blanks and samples that required more than 750 pl of injection volume, were adjusted to a
near-neutral pH (5-7) by stepwise addition of 4 N hydrochloric acid. Next to the samples and the
standards mentioned above, another two internationally certified nitrate standards (IAEA-NO-3 and
USGS34, see table 5.3) were also injected. These were injected at concentrations of 1, 3, 5, and 10
nmol nitrogen in order to calculate the nitrogen concentration and calibrate the isotopic composition
of the samples relative to atmospheric nitrogen (Weigand et al., 2016).

Five 1 ml blanks were combined and injected into a single bacteria vial. So, the fifteen blanks
that were added into the batch during the oxidation step result in three blanks for measurement. This

is necessary because the blanks have extremely low nitrogen contents (between 0.4 — 0.5 nmol/ml in
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this study) and it is important to accurately measure the nitrogen isotopic composition and nitrogen
content of the blanks in order to calculate their impact on the nitrogen content and nitrogen isotope
composition of the samples (Leichliter et al., 2021).

The 8N values of the converted N,O were measured via gas chromatography-isotope ratio
mass spectrometry (GC-IRMS) on a Thermo Scientific 253 Plus isotope ratio mass spectrometer. A
purpose-built system was used for extraction and purification of the N,O, which fed into the mass
spectrometer (Casciotti et al., 2002; Mcllvin & Casciotti, 2011; Weigand et al., 2016). In addition,
standard N,O gas aliquots at 5 nmol N were included in each run to monitor for potential instrumental
drift. In none of the runs, significant drift was detected.

All samples of the chosen teeth were measured in duplicate, or triplicate where necessary (1o
> 0.5 %o), in different batches, resulting in 149 individual measurements (appendix B). Duplicates and
triplicates were run in five different batches. The nitrogen values were normalized to atmospheric
nitrogen (Air) using the standards IAEA-NO-3 and USGS34 following Weigand et al. (2016). The §°N
values of the samples were corrected for blank contribution using the nitrogen content and &N
values of the blanks added during the oxidation step. Taking the fraction of the blank (fuiank) and the
fraction of the sample (fsample) in the sample vial into account, the blank contribution is calculated as

follows (Leichliter et al., 2021):

615Nsamp|e = (615Nmeasured - (fblank * 515N blank)) / fsample (6)

where 8 Nmeasured and 8 Npiank Were measured directly using GC-IRMS. 8 Nmeasured COrresponds to the
5N value of the sample vial in question and 8®Nynk corresponds to the average 8'°N value of the
three blanks included in each batch. fyiank and fsample Can be calculated using the following equations
(Leichliter et al., 2021):

foiank = N contentpiank / N contentmeasured (7)

fsample =1 - folank (8)

where N contentpank corresponds to the average nitrogen content (in nmol/ml) measured of the three
blanks included in each batch, and N contentmeasured to the nitrogen content measured of the sample
vial in question.

The average nitrogen content of the blank was 0.43 £ 0.06 nmol/ml(n =14). The average blank
fraction was 0.05 £ 0.01, which means that the blank typically contributed around 5 % of nitrogen
content in a given sample vial. Inter-batch precision (+ 10) in measured 8N values for international

standards is < 0.5 %o for USGS65 (n = 14) and < 0.9 %o for USGS40 (n = 15). This precision for in-house
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standards is < 0.2 %o for coral standard cfl1 (n = 15) and cf2 (n = 15) and < 0.3 %o for tooth enamel

standard AG-Lox (n = 15) across all analytical batches.

5.6 Trace element analysis

Trace elements are minerals and metals that occur in small amounts (ug/g) in (fossilized) bones and
teeth. The analysis of such trace elements has multiple applications (e.g., Reynard & Balter, 2014;
Sponheimer & Lee-Thorp, 2006; Tacail et al., 2017), but here itis used look at the degree of diagenetic
alteration of the enamel and if this changes over the length of the tooth. During fossilization, trace
elements can be incorporated in bioapatite in two ways: they can substitute other elements in the
crystal structure of the bioapatite, or they can fill miniscule voids in the crystal lattice (Parker & Toots,
1970). A high abundance of trace elements would thus indicate that the bioapatite is diagenetically
altered and therefore that the isotopic composition of the fossilized bioapatite is likely different from
the composition during life, while a low number of trace elements would indicate no to very little
diagenetic change of the isotopic composition.

A single tooth was selected (NMN-126), which was analysed for all three isotopic systems, and
send to T. Tacail at the Institut fiir Geowissenschaften at the Johannes Gutenberg-Universitat, Mainz,
Germany. The following elements were measured: aluminium (Al), boron (B), barium (Ba), iron (Fe),
magnesium (Mg), manganese (Mn), sodium (Na), phosphorus (P), strontium (Sr), and zinc (Zn). Results
of trace element analysis are routinely given normalized to calcium (Ca; e.g., Tacail et al., 2017), since
this material is very abundant in bioapatites. This means that the results of for example aluminium
will be given in Al/Ca, which is the ratio of aluminium abundance in pug/g compared to the abundance
of calciumin pg/g. The values for this study fall in the range of 0.0001 — 0.1, depending on the element.

The results of this analysis are given in appendix C and briefly discussed in chapter 7.

5.7 Statistical analyses
The isotopic data of each tooth were evaluated to determine if the data was normally distributed using

a Shapiro-Wilks test. In all cases at least some of the teeth did not have normally distributed isotopic
data. This means that the requirements of Analysis of variance (ANOVA) were not satisfied (data needs
to be normally distributed), so a non-parametric Kruskal-Wallace test was used to determine if the
isotopic values between teeth were statistically significantly different, followed by a Dunn’s post-hoc
test with a Bonferroni correction. To determine statistically significant correlations between paired
isotopic values from the same tooth, a Pearson correlation (two-tailed) was used. The significance
level was set to p = 0.05 and for correlation the Pearson correlation coefficient (r) is given. Statistical

analyses were performed using R-studio version 4.2.3.
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5.8 Conclusion

In this chapter, | discussed the materials and methods employed in this research. First, | selected long,
third molars of equids, of which | collected enamel samples by drilling the enamel of either the buccal
or lingual side of the tooth. For stable carbon and oxygen isotope analysis, all 259 samples were run
using the cold trap method. Next, a sub-selection for nitrogen analysis was made based on the §3C
and 60 results and a total of 72 samples were run with the oxidation-denitrification method. Trace
element analysis was performed on a single tooth to estimate the degree of diagenetic alteration and
to see if certain parts of the tooth enamel are more diagenetically affected than others. Statistical
analyses were performed on isotopic data of the teeth to determine if the isotopic values between
teeth were statistically significant and if there are statistically significant correlations between paired

isotopic values from the same tooth.
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6 Results

6.1 Introduction

In this chapter, | will present the results of the isotope analyses of tooth enamel from fourteen equid
teeth from NMN2. Every tooth has between 15 and 26 C and O measurements (approximately every
2 mm). Four teeth have between two and three N measurements, while three teeth were selected for
detailed nitrogen analysis, which have between 18 and 26 measurements. Firstly, | will discuss the
results from analyses of the standards used in all three isotopic analyses. Next, | will show the cold
trap results; carbon and oxygen isotope values were measured simultaneously. Then, the oxidation-
denitrification nitrogen isotope ratios are shown. Both methods use the same aliquot of tooth enamel,
but different machines (and pre-treatments). The results per tooth are given in figure 6.2 and 6.5, and
in table 6.1, 6.3, and 6.4, while the results of each individual sample are given in appendix B. All
standard deviations are given in 1c.

The carbon and oxygen isotope ratios of the 259 equid tooth enamel samples were analysed
in at least duplicates (total number of measurements = 543) in nineteen analytical batches. If the
standard deviation of the duplicates of a sample was > 0.5 %o, the sample were analysed again,
resulting in a typical standard deviation between 0.0 and 0.4 %o (on average 0.1 %) for stable carbon
and oxygen isotopes. Nitrogen isotope measurements were also conducted in duplicates in five
analytical batches, and, whenever necessary, a triplicate analysis was performed when 1o was > 0.5
%o, resulting in 149 individual measurements with a standard deviation generally < 0.5%. (on average

0.3 %o).

6.2 Standards

The in-house enamel standard AG-Lox was used to correct the values for §C and §'®0 of the NMN2
samples. The average standard deviation observed over all nineteen runs was 0.08 %o for §3C and
0.12 %o for 60 (n = 175), which falls in the normal range of variation (e.g., Leichliter and Liidecke et
al., 2023; Ludecke and Leichliter et al., 2022). The other four standards that were included in each run
were corrected against their official carbon and oxygen values. VICS has a standard deviation of 0.09
%o for carbon and 0.08 %o for oxygen (n = 168); IAEA-603 has a standard deviation of 0.10 %o for §'3C
and 0.06 for 80 (n = 95); NBS120c has a standard deviation of 0.11 %o for carbon and 0.12 %o for
oxygen (n = 86); NBS18 has a standard deviation of 0.06 %o for carbon and 0.10 %o for oxygen (n =43),
which all fall in the normal range of variation for this method (Vonhof, de Graaf, et al., 2020). The new
in-house enamel standard Mammy was corrected using AG-Lox and yielded a §3C value of -13.5 + <

0.1 %o and a 680 value of -14.8 £ 0.1 %o (n = 67).
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The 8°N values of the NMN2 samples were calculated using the IAEA-NO-3 and the USGS34
internal standards and then corrected for the blank contribution, as explained in the previous chapter.
The average standard deviation observed over all five runs for the §°N values of both IAEA-NO-3 and
USGS34 is 0.06 %o (n =51). The average blank content in each vial observed over all runs is 0.42 + 0.07
nmol with a range between 0.37 and 0.50 nmol per vial. This content corresponds to a fraction of the
blank between 0.02 and 0.08 (2 to 8 %; average = 0.05 + 0.01) in each sample vial, which falls in the
normal range for blank contribution (Leichliter et al., 2021). The other standards that were included
in each run were corrected against their known nitrogen values. USGS 40 and USGS 65 both have an
average standard deviation of 0.4 %o (n = 15 and n = 14 respectively); the average standard deviation
of cf1 and cf2 is 0.1 %o (n = 15). AG-Lox has an average standard deviation of 0.2 %o (n = 15). The new
in-house enamel standard Mammy was corrected using the same method as for the samples and
yielded a 8°N value of 6.2 + 0.4 (n = 15). Given that all values reported above fall in the range of

normal variation, | am confident that the results of the samples presented below are accurate.

6.3 Carbon

The carbon isotope ratios of the 259 equid tooth enamel samples show values between -10.6 and -
13.1 %o (average = -12.3 + 0.4 %.; table 6.1 and figure 6.1, grouped according to table 6.2). The
standard deviation ranges between 0.0 and 0.4 %o, with an average of < 0.1 %.. The §C range is
smaller within a single tooth, with an average amplitude of 1.1 %o. The average §'3C value of each
tooth ranges between -11.6 and -12.7 %eo.

There is no cyclical pattern visible in the carbon isotope ratio variation within each tooth
(figure 6.2), as might be expected if the diet varied seasonally. However, in some teeth, the carbon
values increase significantly in the sample(s) closest to the root (e.g., samples NMN-123a and NMN-
129a; figure 6.2).

A Kruskal-Wallis test (KW test) was performed to see if there is a significant difference
between the §'3C values of the 14 equid teeth. A Kruskal-Wallis test was preferred above a one-way
ANOVA test, since four of the fourteen teeth (NMN-122, NMN-123, NMN-129, NMN-131) did not have
normally-distributed §3C values based on the results of a Shapiro-Wilk Test (o = 0.05). The KW test
showed a statistically significant difference in the mean 8*3C value between at least two teeth (x?(13)
=122.27, p < 0.001). Pairwise comparisons of average §3C values of teeth, using a Post-Hoc Dunn's
test using a Bonferroni corrected alpha (a = 0.00055), showed that certain pairs are statistically
significantly different (p <0.001), while others are not significantly different (p > 0.05; table 6.2). Two

main clusters can be distinguished, which are highlighted in figure 6.1 and table 6.2.
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Table 6.1: The results of the 5*3C analysis per tooth.

MPIC ID n Average 613CVPDB (%o) Range 613CVPDB (%o) Amplitude 613CVPDB (%o)
NMN-120 13 -11.6 +0.3 (-12.0) - (-11.0) 0.9
NMN-121 17 -11.9+0.4 (-12.5) — (-10.6) 1.9
NMN-122 17 -12.0+ 0.5 (12.7) - (-11.5) 1.2
NMN-123 16 -12.2+0.4 (12.6) — (-11.0) 1.6
NMN-124 17 -12.0+0.3 (12.5) - (-11.4) 1.1
NMN-125 19 -12.7+0.3 (13.1) - (-12.2) 0.9
NMN-126 19 -12.4+0.2 (-12.9) — (-11.8) 1.1
NMN-127 14 -11.8+0.2 (-12.1) - (-11.4) 0.7
NMN-128 20 -12.5+0.2 (-12.8) — (-12.1) 0.6
NMN-129 23 -12.4+0.4 (-12.9) - (-10.8) 2.1
NMN-130 26 -12.4+0.1 (12.7) - (-12.1) 0.6
NMN-131 19 -12.4+0.2 (-12.8) — (-11.8) 0.9
NMN-132 21 -12.5+0.3 (-12.9) - (-12.1) 0.8
NMN-133 18 -12.1+0.3 (-12.5) - (-11.5) 1.1

Total 259 -12.3+0.4 (-13.1) - (-10.6) 1.1
813C vs distance from root per tooth

-105

-11.0 -

2 115

>

*DE- -12.0

g 125

130
-135

10

NMN-120

—&¢— NMN-127

20 30 50 60
Distance from root (mim)
NMN-121 NMN-122 ----8--- NMN-123 —&— NMN-124

NMN-128 —#— NMN-129 —@— NMN-130

70 80 20

NMN-125 NMN-126

NMN-131 —— NMN-132 ----@--- NMN-133

Figure 6.1: The 6*3C values of each sample compared to the distance from the root grouped per tooth. The colours correspond
to the groups of teeth, whose average 6*3C value is statistically different from the other group (see table 6.2 on the next
page). The teeth in the blue and red groups are statistically different from one another, while the grey, dashed group is
different from neither the blue nor the red group.
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Table 6.2: Results of the Post-Hoc Dunn’s test with a Bonferroni corrected alpha (o = 0.00055) used on the carbon values per
tooth in a pairwise table. In case the average §3C value of two teeth are statistically significantly different, the p-value is
given. An empty cell means that the average §'3C value of those two teeth are not different. The teeth are colour-coded
according to the three groups visible in figure 6.1.
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Figure 6.2: The results of the carbon and oxygen analysis visualized per tooth. Green lines correspond to 6'3C values on the
left y-axis, blue lines correspond to §'%0 values on the right y-axis. The samples IDs that were taken along the growth axis
from root to crown per tooth are shown on the x-axis.
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6.4 Oxygen

The oxygen isotope ratios of the 259 equid tooth enamel samples show values between -4.6 and -8.7
%o (average = -6.2 + 0.8 %o.; figure 6.3 and table 6.3). The standard deviation ranges between 0.0 and
0.4 %o (average = 0.1 %o). Again, within a single tooth, the average §'30 range is smaller than the range
for all 259 samples combined, with an average range of 2.4 %o for each tooth. The average 6§80 value
of a single tooth ranges between -5.9, and -6.8 %o.

In contrast to the carbon isotope values, there is a clear cyclical pattern visible in the oxygen
isotope ratios of each tooth (figure 6.2), which indicates seasonality, as explained in chapter 4. As
mentioned, the average amplitude of the oxygen isotope values is 2.4 %o per tooth. Tooth NMN-122
has the largest amplitude (3.5 %o), while tooth NMN-132 has the smallest amplitude (2.0 %o).

A Kruskal-Wallis test was performed to see if there is a significant difference between the
average 50 values of the fourteen equid teeth. Three of the fourteen teeth (NMN-125, NMN-128,
and NMN-132) did not distribute normally in their 620 values based on the results of a Shapiro-Wilk
Test (a = 0.05), and so ANOVA could not be performed. The KW test showed a statistically significant
difference in the mean 60 value between the different teeth (x?(13) = 24.21, p = 0.029). However,
when performing a pairwise comparison of the teeth using a Post-Hoc Dunn's test, none showed a

significant difference in 60 mean value.

80 vs distance from root per tooth
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Figure 6.3: The 680 values of each sample compared to the distance from the root grouped per tooth. The colour of each
tooth corresponds to the colour of that tooth in figure 6.1. However, for the 630 values there are no teeth that have an
average 50 value statistically different from another tooth based on pairwise analysis.
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Table 6.3: The results of the 5'30 analysis per tooth.

MPIC ID n Average 6180VPDB (%o) Range 6180vp|)3 (%o) Amplitude 6180vp|)3 (%o)
NMN-120 | 13 5.9+0.7 (-7.2) - (-5.0) 2.2
NMN-121 17 -6.3+0.8 (-7.5) = (-5.0) 2.5
NMN-122 17 -6.7+0.9 (-8.7) — (-5.3) 3.5
NMN-123 | 16 5.9+0.8 (-7.2) - (-4.9) 2.4
NMN-124 17 -6.0+0.8 (-7.0) — (-4.8) 2.3
NMN-125 | 19 6.1+0.7 (-6.9) — (-4.6) 2.3
NMN-126 19 -6.5+0.9 (-7.8) — (-4.7) 3.1
NMN-127 | 14 6.8+0.6 (-8.0) - (-5.9) 2.1
NMN-128 20 -5.9+0.7 (-7.1) — (-4.8) 2.2
NMN-129 | 23 6.0+0.7 (-7.1) - (-4.7) 2.4
NMN-130 26 -6.0+0.8 (-7.7) = (-5.0) 2.8
NMN-131 | 19 6.3+0.5 (-7.6) - (-5.4) 2.1
NMN-132 21 -6.2+0.7 (-7.1) = (-5.1) 2.0
NMN-133 | 18 6.0+0.7 (-7.2) - (-5.0) 2.1
Total 259 6.2+0.8 (-8.7) - (-4.6) 2.4
6.5 Nitrogen

A selection of 72 of the 259 enamel samples were analysed for nitrogen isotope composition using
the oxidation-denitrification method, as explained in the previous chapter. The nitrogen isotope
values range between 2.4 and 4.8 %o (average = 3.5 + 0.6 %o; figure 6.4 and table 6.4). The standard
deviation ranges between 0.0 and 0.9 %o (average = 0.3 %.). Within a single tooth, the average range
of 86N values is 1.0 %o. When focussing only on the three teeth that were analysed for nitrogen in
detail, the range and average 8N values do not change much (2.5 — 4.8 %o and 3.6 + 0.6 %o
respectively, n = 63). However, the average range within a single tooth does increase to 1.5 %o.

As with carbon values, there is no clear cyclical pattern visible for the nitrogen isotopes in the
three teeth, as might be expected if the §1°N varied seasonally (figure 6.4). Sample NMN-126a (enamel
sample closest to the root/cervical margin) does show a marked increase in 6°N value, following the
pattern observed in carbon values for this same tooth.

A Kruskal-Wallis test was performed to see if there is a significant difference between the
average 6N values of the 3 teeth. The 8'°N values of two of the three teeth (NMN-126 and NMN-
133) do not distribute normally based on the results of a Shapiro-Wilk Test (a = 0.05). The KW test
showed a statistically significant difference in the mean 8%°N value between the different teeth (x*(2)
=34.99, p < 0.001). In addition, a pairwise comparisons using a Post-Hoc Dunn's test with a Bonferroni
corrected alpha of 0.017, indicated that all pairs of the teeth are different in their §°N values (NMN-
126 vs NMN-130, p < 0.001; NMN-126 vs NMN-133, p < 0.001; NMN-130 vs NMN-133, p = 0.005).
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Figure 6.4: The 6N values of each sample (n = 72) compared to the distance from the root grouped per tooth. The green
diamonds represent the samples of the four teeth that were not completely analysed.

Table 6.4: The results of the 5°N analysis per tooth.

MPIC ID n Average 6N air (%o) Range 6™°N i (%o) Amplitude 8*°N air (%o)
NMN-120 2 3.6 3.4-3.8 0.4
NMN-122 2 3.1 3.0-3.2 0.2
NMN-126 19 29+04 2.4-4.2 1.8
NMN-127 2 2.6 2.4-29 0.5
NMN-129 3 3.8 3.1-4.7 1.6
NMN-130 26 3.6x0.4 2.6-4.4 1.8
NMN-133 18 4,1+0.3 3.8-4.8 1.0
Total 72 3.5+0.6 2.4-48 1.0

6.6 Pairing of Carbon, Oxygen, and Nitrogen

Results of the Pearson correlation of all 259 samples indicated that there is a significant small positive
relationship between 83C and 80 (r(257) = 0.137, p = 0.028). However, when looking at the
correlation between 6C and 60 within each tooth, only four show a significant relationship
between 53C and §'80: NMN-121 shows a significant medium positive relationship (r(15) = 0.487, p =
0.048), NMN-122 shows a significant large positive relationship (r(15) = 0.574, p = 0.16), NMN-124
shows a significant large positive correlation (r(15) = 0.605, p = 0.010), and NMN-132 also shows a
significant large positive correlation (r(19) = 0.599, p = 0.004; figure 6.2 and table 6.5).
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Table 6.5: The correlation between the §3C and 530 values of each tooth. The p-value, significance, and R? are based on a
Pearson correlation test.

MPIC ID n p-value Significance R?

NMN-120 13 0.581 Non 0.03
NMN-121 17 0.049 Significant 0.24
NMN-122 17 0.016 Significant 0.33
NMN-123 16 0.843 Non 0.00
NMN-124 17 0.010 Significant 0.37
NMN-125 19 0.081 Non 0.17
NMN-126 19 0.677 Non 0.01
NMN-127 14 0.576 Non 0.03
NMN-128 20 0.244 Non 0.08
NMN-129 23 0.621 Non 0.01
NMN-130 26 0.068 Non 0.13
NMN-131 19 0.927 Non 0.00
NMN-132 21 0.004 Significant 0.36
NMN-133 18 0.553 Non 0.22

Results of the Pearson correlation of all samples (n = 72) analysed for nitrogen isotope ratios
indicates a significant medium positive relationship between §3C and 8N values (r(70) = 0.386, p <
0.001). When looking at the correlation between §3C and 8N within the three teeth that were
completely analysed for nitrogen isotopes, both NMN-126 and NMN-133 show a significant large
positive relationship (r(17) = 0.723, p < 0.001 and r(16) = 0.633, p = 0.005, respectively), while NMN-
130 shows a non-significant relationship (p > 0.05; figure 6.5 and table 6.6).

The results of the correlation between §°N and 6§80 values of all nitrogen analysed samples
(n = 72), show a non-significant very small positive relationship (r(70) = 0.0623, p = 0.603). When
looking at this relationship within each of the three fully analysed teeth, both NMN-126 and NMN-133
show a non-significant relationship (p = 0.417 and p = 0.649 respectively), while NMN-130 shows a
significant very small negative relationship between 6N and 50 (r(24) = 0.441, p = 0.024; figure 6.5
and table 6.7)

Table 6.6: The correlation between the §'3C and 5N values of each tooth. The p-value, significance, and R? are based on a
Pearson correlation test.

MPIC ID n p-value Significance R?

NMN-126 19 <0.001 Significant 0.52
NMN-130 26 0.306 Non 0.04
NMN-133 18 0.005 Significant 0.40
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Figure 6.5: Pairing of 6*C, 6N and 680 for tooth NMN-126 (a), NMN-130 (b), and NMN-133 (c). Green lines represent
613C (in %o vs VPDB), orange lines represent 6N (in %o vs Air), and blue lines represent §%0 (in %o vs VPDB). To get all
values on the same scale, | subtracted 15 from the average 6N values of each sample and 6 from the average 530 values
of each sample. The samples IDs per tooth are shown on the x-axis.

Table 6.7: The correlation between the §'0 and §°N values of each tooth. The p-value, significance, and R? are based on a

Pearson correlation test

MPIC ID n p-value Significance R?

NMN-126 19 0.417 Non 0.04
NMN-130 26 0.024 Significant 0.19
NMN-133 18 0.649 Non 0.01
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6.7 Carbonate and nitrogen content

The carbonate content in the equid enamel samples is on average 7 % (x 1 %), which is normal for
enamel, as explained in chapter 3. AG-Lox has a carbonate content between 7 and 8 % (Wacker et al.,
2016) and was used to calculate the carbonate content in the NMN2 samples. There is no significant
correlation between carbonate content and §*3C (p = 0.382; figure 6.6) or carbonate content and 5§20
(p = 0.239; figure 6.7).

The average nitrogen content in all 72 samples is 3.1 = 0.5 nmol/mg. Tooth NMN-126 has an
average content of 2.9 £ 0.5 nmol/mg, NMN-130 has an average of 3.1 + 0.2 nmol/mg, and NMN-133
of 3.4 £ 0.4 nmol/mg, which is on the low side of the range observed in modern and fossilized enamel
(Leichliter and Lidecke et al., 2023; Liidecke and Leichliter et al., 2022). Results of the Pearson
correlation indicated that there is a significant large positive relationship between §'°N and nitrogen
content, (r(70) = 0.698, p < 0.001; figure 6.8), which is also visible when focussing only on the three
complete analysed teeth (r(61) = 0.731, p < 0.001). In addition, the cervical margin sample of tooth
NMN-126 (NMN-126a), which shows both a high §C and 6N value compared to the rest of the
tooth, also has a high nitrogen content. This pattern is also visible in one other cervical margin sample
of tooth NMN-129 (NMN-129a). It has the highest nitrogen content of all enamel samples measured,
as well as a high 63C and §%°N value compared to other samples of this tooth.

Carbonate content vs 613C

Carbonate content (%)
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Average 6*3C (in %o vs VPDB)

Figure 6.6: The §%C value of each tooth enamel sample compared to its carbonate content. Each dot represents a single
sample.
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Figure 6.7: The 6180 value of each tooth enamel sample compared to its carbonate content. Each dot represents a single
sample.
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Figure 6.8: The 615N value of each tooth enamel sample compared to its nitrogen content. A significant large positive
correlation is visible. The trend line, its equation and its R2 value are displayed. Each dot represents a single sample. The two
orange dots represent cervical margin samples NMN-126a and NMN-129a.

6.8 Conclusion

In this chapter, | presented the results from the stable carbon, oxygen, and nitrogen isotope analyses.
All standards fall within the normal range expected for the two methods (cold-trap for stable carbon
and oxygen analysis and oxidation-denitrification for nitrogen analysis). The overall average of the §3C
values is -12.3 + 0.4 %o (n = 259), the average is -6.2 + 0.8 %o for §'80 (n = 259), and 3.5 + 0.6 %o for
8N (n =72). Four or the fourteen teeth (NMN-121, NMN-122, NMN-124, and NMN-132) show a
positive relationship between §3C and §'0. Two of the three teeth (NMN-126 and NMN-133)
completely analysed for nitrogen isotope ratios, show a significant large positive relationship between
8%3C and 8%N, while the other tooth (NMN-130) shows a significant very small negative relationship
between 8N and §80. The carbonate content of the enamel samples falls into the normal range and
is not correlated with either §!3C or §'80. The nitrogen content of the enamel is on the low side of the

range and does show a significant large positive correlation with §*°N.
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7 Discussion

7.1 Introduction

In this chapter, | will start with a discussion on the possibility of diagenetic alteration of the tooth
enamel analysed in this study. It is important to examine this, since diagenesis can impact the isotopic
ratios in the enamel. Next, | will discuss the implications and interpretations of the results presented
in the previous chapter. In addition, | will compare the equid data to previously published and
unpublished isotopic data. These data cover stable carbon, oxygen, and nitrogen isotopes from bone
collagen as well as tooth enamel from equids, and some other species from Neumark-Nord 2. At the

end of the chapter, | will make some suggestions for future research.

7.2 Diagenesis

As explained in chapter 3, enamel as a biological material is highly resistant to diagenetic alteration.
In addition, isotope analysis of bone collagen from Neumark-Nord 2 reflected the isotopic signal of
the animal (chapter 2, Britton et al., 2012), which indicates that the preservation at the site is
extremely good, because it preserved collagen for approximately 120,000 years and presents one of
the oldest §°N collagen datasets published so far. Since enamel is more diagenetically resistant than
collagen, it can be inferred that the enamel at this site is also well persevered.

The enamel samples that are nearest to the lowest point of the root (the cervical margin)
show a relatively sharp increase in 8§3C value, as well as §°N where measured, in 5 different teeth (n
= 6, e.g., figure 6.5a). This increase in isotopic values could be explained by the fact that equid teeth
grow from the crown to the root and thus also mineralize in this direction (as explained in chapter 3).
In case the individual died before the root part of the tooth was fully mineralized, this portion is much
more porous and thus more susceptible to diagenetic alteration, which in turn can affect the stable
isotope values (e.g., Kohn et al., 1999).

Tooth NMN-126 has undergone trace elementanalysis (appendix C). It indicates that the tooth
is not diagenetically altered, because the concentrations of the trace elements that are present are
low. When excluding the two samples NMN-126a and NMN-126b, which are within 5mm of the tip of
the root, there is even less correlation visible between calcium and trace elements indicative of
diagenesis. This indicates that these two samples are potentially more diagenetically altered than the
rest of the tooth. This corresponds with the fact that the 63C and 6°N values of these two samples
show a relatively sharp increase in their values compared to the rest of the samples of this tooth.

Tooth NMN-133 is the only tooth that has a part of the enamel near the root that has a black

colour (figure 7.1a). Bendrey et al. (2015, p. 1108) show a figure of a third molar belonging to a modern
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domesticated horse, of which the lower half of the enamel is a much darker, almost black colour. This
is enamel that is still mineralizing. It could be the case that the black enamel of tooth NMN-133 is also
not fully matured yet. However, discoloration can also be a result of fossilization and does not
necessarily imply diagenetic alteration. For example, all the sampled teeth have a brown-yellow to
grey colour (e.g., tooth NMN-130 in figure 7.1b), but the teeth of living horses are white. The dark
coloured part of the enamel was sampled and encompasses samples NMN-133a to e. These samples
will be included in all analyses because it is undetermined whether the discolouration is due to
immature enamel or fossilization. In addition, the stable carbon, oxygen, and nitrogen isotope values
do not show outliers in these five samples. To determine if these five samples were affected by
diagenesis, a trace element analysis could be performed on this tooth in the future.

Summarizing, the tooth enamel analysed in this research show no indicators for diagenetic
alteration and thus reflect the isotope signal of the animal. However, there is the possibility that the
enamel nearest to cervical margin is slightly affected by diagenesis. These samples (n = 6) will be
included in the majority of interpretations. It will be explicitly mentioned when, and why, they are

excluded from certain analyses and interpretations.
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Figure 7.1: Tooth NMN-133 (a) and NMN-130 (b) after sampling. Scale in cm. The black enamel of tooth NMN-133 near the
root is indicated by the bracket in a. Tooth NMN-130 shows the usual colour of equid tooth enamel from NMN2, ranging
from brown-yellow to grey (photographs by M. Vink)

7.3  Carbon

The enrichment factor between diet and bioapatite in carbon isotopes for herbivorous ungulate

mammals was determined by Cerling and Harris (1999) to be approximately 14 %.. However, as
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explained in chapter 4, a new enrichment factor was determined for four groups of herbivorous
mammals: non-coprophagous and coprophagous hindgut fermenters, and non-ruminant and
ruminant foregut fermenters (Cerling et al., 2021). They show that the enrichment factor (e*) is mostly
dependent on methane production. Equids belong to the category of non-coprophagous hindgut
fermenters, which has a €*cnamel-diet Of 13.5 + 1 %o.

The average 6C value of the enamel samples studied here is -12.3 * 0.4 %o, which
corresponds with a §13C value of the diet of -25.8 *+ 1.4 %o after subtracting the enrichment factor (e*
=13.5 + 1 %o; see table 7.1 for the average §"*Cget per tooth). This value falls well within the range of
Eemian Csz plants (-29 and -24 %.; chapter 4), and is even very close to the average (-26 %o, chapter 4).
This is as expected, since there are no wild C4 plants (or CAM plants) at the latitude Neumark-Nord is
located. The range of 63Cenamel (-13.1 —-10.6 %o; n = 259) corresponds with a range of §3Cgiet between
-26.6 and -24.1 £ 1 %o.. When excluding the enamel samples near the cervical margin, as explained
above, neither the average nor the standard deviation changes. The range does become a little smaller
for the 63Cenamer values (-13.1 —-11.0 %o). However, since the average and standard deviation do not
change when the enamel samples near the cervical margin are excluded, they will be included in the

rest of the analyses on stable carbon isotopes.

Table 7.1: The average 5*3C value of the diet per tooth (calculated by subtracting the enrichment factor (¢* = 13.5) from the
6%3Cenamer values).

MPIC ID n Average 63Cenamel (%o) Average 63Cgiet (%0)
NMN-120 13 -11.6 -25.1
NMN-121 17 -11.9 -25.4
NMN-122 17 -12.0 -25.6
NMN-123 16 -12.2 -25.7
NMN-124 17 -12.0 -25.5
NMN-125 19 -12.7 -26.2
NMN-126 19 -12.4 -25.9
NMN-127 14 -11.8 -25.3
NMN-128 20 -12.5 -26.0
NMN-129 23 -12.4 -25.9
NMN-130 26 -12.4 -25.9
NMN-131 19 -12.4 -25.9
NMN-132 21 -12.5 -26.0
NMN-133 18 -12.1 -25.6

The average 8%3Cgict value (-25.8 + 1.4 %o) is slightly on the less negative end of the §'3C range of C3
plants (-29 and -24 %o). This indicates that the §3C values of the plants were likely not affected by the

canopy effect. In chapter 4 | explained that the canopy effect can lead to depleted §3C values of Cs
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plants, which would result in a §3Cget value on the lower/more negative end of the Cs plant range
(e.g., Bonafini et al, 2013; Drucker et al, 2008). Horses have a diet of grasses, shrubs, and herbs
(chapter 4), which are below the canopy height, a canopy effect would therefore be expected to be
visible in the §%3Cgiet in case the area surrounding NMN2 where the equids fed was a dense forest.
However, as explained in chapter 2, the area surrounding the small lake was likely an open habitat
(Bakels, 2012; Pop & Bakels, 2015), which is reflected in the slightly more positive §3Cgiet values
calculated here. In addition, if the horses fed in a wider area around the Neumark-Nord complex, there
was either no mature, complex, and dense forest close by, or the portion of their diet consisting of
plants originating in such a forest was not big enough for the 3C depletion to remain visible in their

tissues.

The variation of 83Cenamer Values between individual teeth (range = -12.7 — -11.6 %o), as well as the
intra-tooth variation (average variation = 1.1 * 0.4 %o, range = 0.6 — 2.1 %o), can be explained by
variations in the 823C values of the plants the equids ate, as explained in chapter 4. For example, when
consuming varying proportions of different plant species, which have different §13C values, the §3C
values of two individuals can differ from each other corresponding with these different plant
proportions. In addition, the §*3Cenamel values of an individual can change over its lifetime (e.g., during
the time of tooth formation) due to changes in climate, different proportions of different plant species
in the diet, etc., which all affect the §3C values of the plants.

The Kruskal-Wallis test showed that there is a statistically significant difference in the mean
513C value of the thirteen teeth (x*(13) = 122.27, p < 0.001). The results of the Post-Hoc Dunn's test,
using a Bonferroni corrected alpha (a=0.00055; chapter 6; table 6.2, p. 61) show between which pairs
of teeth the §'3C mean value is statistically significantly different. Table 6.2 shows that most of the
teeth can be clustered in two different groups based on their §'3C values; the teeth in the first group
have statistically higher mean 83C values compared to the teeth in the other group (figure 6.1, p. 60).
NMN-133 could potentially be clumped in with the first group, since it is different from NMN-125,
NMN-128, NMN-129, and NMN-132, but none of the other teeth. NMN-122 and NMN-123 fall outside
of either of the groups, because NMN-122 is only statistically different from NMN-125, while NMN-
123 is not statistically different from any other tooth.

The relatively clear division of the teeth in these two groups can indicate that the individuals
with higher 83C values had a relatively similar diet source during enamel development, which in turn
was different from the diet source of the specimens with lower §3C values. This small difference in
813C could be caused by a geographical separation of the feeding area of the two groups and/or by a

temporal separation of the two groups. It has been suggested that equids were present year-round in
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the vicinity of NMN2 (Garcia-Moreno et al., 2015; Kindler et al., 2020; Kindler et al., 2015), but this
does not necessarily mean that they all have the same feeding area around the lake. In addition, the
find layer was accumulated over a span of 455 years (chapter 2; Kindler et al., 2014). In archaeological
terms, this is a relatively short period, but it is long when compared to the lifespan of horses, especially
youngones as studied here. Furthermore, within 455 years, it is definitely possible for the §3C values
of the area surrounding NMN2 to change. It was also explored whether the location of the tooth in
the site might have been correlated with the group it belongs to. When looking at the geographical

distribution of these groups in the excavation grid, there is no obvious pattern visible (figure 7.2).
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Figure 7.2: Excavation grid with the squares where the teeth were found highlighted. The colours correspond to the colours
in figure 6.1 and table 6.2 and represent the statistically different groups. The yellow squares correspond to the three teeth
that do show a significant difference with any other tooth and are represented with the grey colour in figure 6.1 and table
6.2. As can be seen, there is no obvious geographical pattern visible (after Kindler et al, 2014, p. 198).
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Britton et al. (2012) analysed bone collagen from both Bos and Equus species from NMN2 for stable
carbon and nitrogen isotopes. They analysed individuals from layer NN2/2 and all its three sublayers
(a, b, and c). The results of the Equus (n = 6) from layer NMN2/2b will be discussed and compared to
my tooth enamel results in this thesis. The nitrogen results will be discussed below (section 7.5). The
average 8"Celagen Value of the equids analysed by Britton et al. (2012) is -21.5 + 0.5 %o. This value
cannot be directly compared to the §3C values produced in this research, because they were
measured on collagen while the results here are determined based on enamel powder. These two
different tissues have different enrichment factors between their §*3C values and the 8§C values of
the diet. Here, the calculated 83C values of the diet will be compared. The enrichment factor between
8%3Cgiet and 83Ceoliagen is between +3.7 and +6 %o (Bocherens & Drucker, 2003), but Britton et al. (2012)
mentions an enrichment factor of around +5 %o, which is the value used here. This would make the
average §3C of the diet of the equids analysed by Britton et al. (2012) around -26.5 + 0.5 %o.. Even
though this value is 0.7 %o lower than the average §*Cge: of the equids analysed in this study (-25.8 +
1.4 %o), it still falls within the 1o of the average, as well as within the range of the §*3Cgi: calculated in
this study (-24.1 —-26.6 £ 1 %o). This shows, in combination with the fact that the enrichment factor
between 63Cget and §%3Ceoiagen cOVers several permille, that the equids analysed by Britton et al. (2012)
and the equids analysed presently had a diet with the same §3C values, which is expected since they
lived during the same short period at the same locality.

The isotopic values of collagen and enamel do not necessarily reflect the same period in the
life of an individual. As explained in chapter 3, enamel mineralizes during a specific period of an
animal’s life and only captures the isotopic values during that time frame. In contrast, bone collagen
remodels throughout life and is completely replaced after a number of years, depending on the
species (e.g. Vander Zanden et al., 2015). This means that isotopic values of bone collagen reflect the
last years of life. As the age of the horses analysed by Britton et al. (2012) is unknown, it is impossible
to say if they represent the same period of life as the enamel does. However, the fact that the §3C
values of both the collagen and enamel are the same could indicate that the equids fed on a diet

source with the same 8'3C values during their life.

J. N. Leichliter (personal communication, March, 2023) analysed both enamel and bone material of
different herbivore, omnivore, and carnivore species from Neumark-Nord 2, including five equids. The
equid material is made up of a right maxillary second premolar and three left inferior third molars. All
enamel samples were analyzed with the cold trap for stable carbon and oxygen isotope analysis and

with the oxidation-denitrification method for nitrogen isotope analysis.
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Only the 8§3C values of the third molars will be compared to my data, because those are the
only type that was analysed in this research. The average of the 6§3Cenamel vValues of the three third
molars analysed by Leichliter is -12.5 £ 0.1 %o, which corresponds well with the presently measured

613Cename| Va|Ue Of ‘123 + 04 %0

7.4 Oxygen

As mentioned in section 7.2, some enamel samples (n = 6) nearest to the cervical margin show an
increase in their §3C and/or 6N values compared to the value of the rest of the teeth. However,
none of these samples show this pattern in their 680 values. Even when, as a control, excluding the
cervical margin samples with higher §3C values from the 80 average, the average, standard
deviation and range of 80 values do not change. So, these samples will be included in all analyses
and comparisons of the 880 values.

To calculate the 5§80 of the body water of the equids, which equates to drinking water (e.g.,
Pederzani & Britton, 2019), the measured 50 values need to be transformed to the correct values in
three steps. First, it is necessary to recalculate §¥0enamel from the values calibrated with the VPDB
standard to VSMOW standard values. This standard is used to calibrate §80 measurements of oxygen
isotopes in phosphate and water. Second, the §'80 values were measured on the carbonate part (COs)
of the enamel. This needs to be recalculated to 60 values of phosphate (or PO4), because the
phosphate oxygen values are necessary for the next calculation. The last step is to transform the
enamel 8'0pos values to §¥0podywater by Using the fractionation equation between body water and
phosphate in enamel. Each step will be detailed below for this study. A list of equations can be found
at the beginning of this thesis (p. 10).

The 6®0vyppe values were recalculated to carbonate §*®0ysvow values using the IUPAC recommended
equation (Brand et al., 2014; Kim et al., 2015), which is based on the equation listed in Coplen et al.

(1983), as mentioned in chapter 4:

8*0vsmow = 1.03092 * §0yppg + 30.92 %o (4)

The results of this first calculation per tooth are given in table 7.2. The average §'®0vepg value of -6.2
%o is 24.6 %o 5180VSM0W-
As explained in chapter 4, to recalculate carbonate 5Ovsmow (written as §%¥0cos) to

phosphate §®0ysvow (written as §¥0po4), the following formula is used (lacumin et al., 2022):

8'0pos + 1= 0.9787 * (6'80co3 + 1) + 0.0142 (5)
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Table 7.2: 5'80 values recalculated from VPDB (5'80ypps) to VSMOW (5'80vsmow) per tooth, following equation 4.

MPIC ID Average 6180VPDB Ra nge 6180VPDB Average 6180vs|v|ow Range 5180v5|v|ow
(%o) (%) (%o) (%o)
NMN-120 -5.9 (-7.2) = (-5.0) 24.9 23.5-25.8
NMN-121 6.3 (-7.5) = (-5.0) 24.5 23.2-25.8
NMN-122 -6.7 (-8.7) = (-5.3) 24.1 21.9-25.5
NMN-123 5.9 (-7.2) = (-4.9) 24.8 23.5-25.9
NMN-124 6.0 (-7.0) — (-4.8) 24.7 23.7-26.0
NMN-125 -6.1 (-6.9) — (-4.6) 24.7 23.8-26.2
NMN-126 6.5 (-7.8) — (-4.7) 24.3 22.9-26.1
NMN-127 -6.8 (-8.0) = (-5.9) 23.9 22.7-24.9
NMN-128 -5.9 (-7.1) - (-4.8) 24.8 23.7-25.9
NMN-129 -6.0 (-7.1) - (-4.7) 24.8 23.6-26.1
NMN-130 -6.0 (-7.7) = (-5.0) 24.7 23.0-25.8
NMN-131 -6.3 (-7.6) = (-5.4) 24.4 23.1-253
NMN-132 6.2 (-7.1) = (-5.1) 24.5 23.6-25.7
NMN-133 -6.0 (-7.2) = (-5.0) 24.8 23.6-25.7
Total -6.2 (-8.7) - (-4.6) 24.6 21.9-26.2

Multiple different sources have proposed equations to recalculate carbonate 520 to phosphate §20
over the past 25 years (Bryant et al., 1996; lacumin et al., 1996; Miller et al., 2019; Pellegrini et al.,
2011; Zazzo et al., 2004). However, the lacumin et al. (2022) equation was chosen in this study,
because it is the most recent one, as well as that it takes almost all previously mentioned sources in
consideration.

In equation 4, the 5§80 values are not given in permille, but in the proportional delta values.
(e.g.,a 80 value of 24.7 %o would be given as 0.0247). The equation was rewritten in the same format
as the lacumin et al. (1996) equation, because this is the equation used in most 5§80 studies (e.g.,
Bershaw et al., 2010; Lidecke and Leichliter et al., 2022) and gives values in permille. lacumin et al.
(1996) presented the following equation:

8'0pos = 0.98 * 68003 — 8.5 (9)

What stands out is that the slope of equations 5 and 6, as well as the others analysed by lacumin et
al. (2022), are equal (= 0.98). This means that only the y-intercept (the last number of equation 6: 8.5)
has to be determined to rewrite equation 5 into the same format as equation 6. This was done by
taking the average 8®0c0s value, recalculated to VSMOW using equation 4, of tooth NMN-120 (24.8
%o) and converting it to the proportional delta value (0.0248). Then, equation 5 was used to calculate

the phosphate 5*®0ysvow of tooth NMN-120:

5180p04 + 1 = 0.9787 * (0.0248 + 1) +0.0142
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5%¥0pos +1=1.0172
6180})04: 0.0172
6180po4: 17.2 %o

Next, the equation was rewritten in the proper format with an unknown y-intercept (x in the
equation):

6180})04 =0.9787 * 6180c03— X

To calculate x, the previously calculated 68003, using equation 4, and 880504, using equation 5,values
in permille of tooth NMN-120 were filled in:

17.2=0.9787 * 24.8—x

17.2=243-x

x=7.1

which leads to a rewritten formula of:

6180po4 =~ (0.9787 * 6180c03— 7.1 (10)

The validity of this formula was checked by filling in the 6003 values of three other, randomly
chosen, teeth in both the original and rewritten lacumin et al. (2022) equations (eq. 5 and 7), which
gave the same 6'0posvalues for both equations in all cases. In addition, the difference between the
5%0po4 value calculated using the lacumin et al. (1996) formula (equation 6) and the §0po4 value
calculated using the rewritten lacumin et al. (2022) formula (equation 7) isin all cases 1.4 %o, which is
also the difference between the y-intercept values for both equations (8.5 —7.1 = 1.4). This shows that
equation 7 is rewritten correctly and that the most recent presented calculation gives 6§20 values of
1.4 %o higher than the previously used calculation. Table 7.3 shows the results of the carbonate to

phosphate 50 calculations per tooth. The average §®0co3value of 24.6 %o is 16.9 %o 5¥0poa.
The last step is to recalculate the §'®0po4 values of the enamel to 6§80 values of body water. This is
done by using the formula (equation 3) given by Delgado Huertas et al. (1995) and following Pryor et

al. (2014), as mentioned in chapter 4:

5180p0s = 0.71 * 68 0podywater +22.60 (3)

or rewritten as:
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Slsobodywater: (6180PO4_ 22.60) / 0.71

The results of this calculation are given in table 7.4. The average §'®0po4 value of 16.9 %o becomes a
8" 0podywater Value of -8.0 £ 1.1 %o. The results of the complete recalculation per sample (n = 259) are

given in appendix D.

Table 7.3: 6'80 values recalculated from the VSMOW &80¢03 to VSMOW 6'80p04 values per tooth, following equation 10.

MPIC ID Average 6'¥0co3 Range 6%0cos | Average 8'®0pos (%0) | Range 6®0pos (%o)
(%o) (%o)
NMN-120 24.9 23.5-25.8 17.2 16.0-18.2
NMN-121 24.5 23.2-25.8 16.9 15.7-18.2
NMN-122 24.1 21.9-25.5 16.5 14.4-17.9
NMN-123 24.8 23.5-25.9 17.2 15.9-18.3
NMN-124 24.7 23.7-26.0 17.1 16.1-18.4
NMN-125 24.7 23.8-26.2 17.0 16.2-18.5
NMN-126 24.3 22.9-26.1 16.6 15.3-18.4
NMN-127 23.9 22.7-24.9 16.3 15.1-17.3
NMN-128 24.8 23.7-25.9 17.2 16.1-18.3
NMN-129 24.8 23.6-26.1 17.2 16.1-18.5
NMN-130 24.7 23.0-25.8 17.1 15.4-18.2
NMN-131 24.4 23.1-25.3 16.8 15.6 -17.7
NMN-132 24.5 23.6-25.7 16.9 16.0-18.1
NMN-133 24.8 23.6-25.7 17.1 16.0-18.1
Total 24.6 21.9-26.2 16.9 14.4-18.5

Table 7.4: 5'80 values recalculated from §'80po4 to the 5180 values of body water per tooth, following equation 3.

MPIC ID Average 6%0po4 Range 6'%0p04 Average 8"Opodywater | Range 8O0podywater
(%o) (%o) (%o) (%o)
NMN-120 17.2 16.0-18.2 -7.6 (-7.6) = (-6.3)
NMN-121 16.9 15.7-18.2 8.1 (-9.8) - (-6.3)
NMN-122 16.5 14.4-17.9 8.7 (-11.6) — (-6.7)
NMN-123 17.2 15.9-18.3 -7.6 (-9.5) - (-6.1)
NMN-124 17.1 16.1-18.4 7.7 (-9.2) - (-6.0)
NMN-125 17.0 16.2-18.5 -7.8 (-9.0) — (-5.8)
NMN-126 16.6 15.3-18.4 8.4 (-10.3) — (-5.9)
NMN-127 16.3 15.1-17.3 -8.9 (-10.6) — (-7.6)
NMN-128 17.2 16.1-18.3 7.6 (-9.2) - (-6.1)
NMN-129 17.2 16.1-18.5 -7.7 (-9.3) - (-5.9)
NMN-130 17.1 15.4-18.2 7.8 (-10.2) — (-6.3)
NMN-131 16.8 15.6-17.7 -8.2 (-9.9) - (-6.9)
NMN-132 16.9 16.0-18.1 8.0 (-9.3) - (-6.4)
NMN-133 17.1 16.0-18.1 -7.7 (-9.4) - (-6.4)
Total 16.9 14.4-18.5 -8.0 (-11.6) — (-5.8)
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Equids are obligate drinkers. Therefore, they are likely to record stable oxygen isotope inputs from
their water source(s) with great fidelity (e.g., Britton et al., 2019; Pederzani & Britton, 2019). An animal
that is an obligate drinker is water dependant and thus requires a water source in addition to their
diet to obtain enough water to survive. Furthermore, the 80 of body water of ungulate mammals is
largely determined by their drinking water (e.g., Bershaw et al., 2010; Pederzani & Britton, 2019). In
addition, based on juvenile bone development and biomass estimates, it has been suggested that
equids were present year-round in the vicinity of NMN2 (Garcia-Moreno et al., 2015; Kindler et al.,
2015; Kindler et al., 2020). This indicates that the &®0pogywater Values of the equids were partly
determined by the 5§80 values of the water from the NMN2 lake. However, it needs to be noted that
itis unlikely that NMN2 was the only drinking source used by the equids, because not only do horses
have relatively large home ranges (e.g., Hennig et al, 2018; King, 2002), one other, larger water source,
Neumark-Nord 1, was located immediately next to NMN2. This means that the 8%®0yater values
calculated here are a combination of all the drinking sources used by each individual and do likely not

directly correspond to §®0uyater values from the NMN2 pool.

Milano et al. (2020) measured oxygen isotopes in freshwater molluscs from Neumark-Nord 2, to
reconstruct palaeoenvironmental conditions. They also analysed 560 in modern freshwater molluscs
for oxygen isotopes, as well as the water they were living in, in order to establish a calibration for the
molluscs from NMN2. The small modern river where these molluscs and the water was taken from is
called Hundewasser and is located about 30 km east of Neumark-Nord. The results of the water §%0
values show a clear seasonal signal, with lower values in the winter months and higher values in the
summer months, a similar cyclical signal is visible in the 620 results of the equid teeth analysed here.
As the modern 680 values were measured on water collected close to NMN2, and the Eemian is
considered to have had a similar climate as the present (e.g., chapter 2.3; Britton et al., 2019), it can
be concluded that the 50 signal of the equids show the same seasonality, with the lower values
corresponding to winter/colder periods and the higher values to summer/warmer periods during the
year.

Based on the 50 results of molluscs from NMN2 compared to modern molluscs from
Hundewasser, Milano et al. (2020) concluded that the isotopic composition of paleolake NMN2 was
different from the modern Hundewasser water composition. This is likely due to the small size of the
NMN2 lake, which might have been affected by evaporative processes, and to the fact that
Hundewasser is a small river and not a small lake (Milano et al, 2020). In addition, the fact that the
5180 values of the NMN2 molluscs do not correspond with the 80 values of Hundewasser water

(Milano et al., 2020), but the 60 values of the equid tooth enamel analysed here do, indicates that
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the equids did not have NMN2 as their only water source. In the case that the equids did only get their
water from the NMN2 pool, it would have been expected that their §'¥0 values would corresponds
with the 880 values of the molluscs, because these lived in the NMN2 paleolake, which was thus their
only source of water. This again indicates that the 6§80 values of drinking water calculated in this study
likely represent the average of different types of water sources in the area surrounding NMN2.

The water samples collected from Hundewasser have 6§80 values, calibrated against VSMOW,
between approximately -6.5 and -8.1 %o (range = 1.6 %o; Milano et al., 2020). The range of 680 values
of the water at NMIN2 calculated here, is between -11.6 and -5.8 %o (see table 7.4). It is not unexpected
that the total range of %0 values of the equid teeth is much wider than the Hundewasser values. This
is might be connected with the fact that water from Hundewasser was only collected and measured
over a single year. In contrast, the 5§80 values of the equid teeth were collected from layer NMN2/2b,
which spans roughly 455 years. In these four and a half centuries, it is possible, and highly likely, that
some summers were hotter and some winters were colder than the ones in the single year measured
at Hundewasser. This results in the summer extremes of the 6§20 values among the equids to be higher
and the winter extremes to be lower, and thus the total range of 60 values to be larger, than the
580uater range of Hundewasser.

The range of 60y values in each analysed molar is larger than the 1.6 %o range measured
at Hundewasser. The average range of §'0uwater values in each individual is 3.4 + 0.6 %o, and all ranges
are above 2.8 %o. This might indicate that the temperature differences between summer and winter,
and their related 6®0uwater values, were bigger in the Eemian compared to the present day. A recent
study on seasonal variations of modern lake water §'80 values in north eastern Germany shows a
maximum range of about 2.5 %o in one lake (Aichner et al, 2022). This range in 80 values was
measured in the shallowest lake in the river-lake system over a period of eight months (Aichner et al,
2022). This modern lake water 880 range is still lower than the ones observed in the equid teeth,
which could indicate that the temperature differences between summer and winter would indeed
have been larger in the Eemian than in the present day. However, it would be necessary to measure
more than one consecutive year of modern lake water, preferably in multiple, smaller lakes, some of
which are part of a closed system, to confirm this hypothesis, because the equids analysed here likely

drank from multiple water sources, one of which was NMMZ2, a small, shallow, closed lake.

Each tooth studied in this research should encompass around three years of growth based on the
maximum length of the tooth (see table 5.2, p. 50) in combination with the mineralisation rates of
modern horse teeth (3 cm/year for third molars; chapter 3; Hoppe, Stover, et al., 2004). When looking

at the maximum length that was sampled, each tooth should represent a little less than two years to
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almost three years of tooth growth (table 5.2). In contrast, in most §*80enamel graphs, around two years
of time is represented, based on the seasonal signal of high values in summer and low values in winter.
This is likely in part related to the fact that, as shown by Bendrey et al. (2015) and explained in chapter
3, modern horse teeth show an exponentially decreasing tooth growth rate over time. This means that
the earliest mineralized enamel has the least time-averaging visible in the stable isotope values,
whereas the latest mineralized enamel has the most time-averaging. In case the teeth were already
erupted and experienced wear, the enamel that is still present and sampled in this study, contains a
more time averaged 5§80 signal than when the earliest formed enamel was still present, and this time-
averaging increases the closer the samples get to the root of the tooth.

All of this is visible in the 580 graphs (figure 6.2 and 6.3), which show that the dips and peaks
are much narrower on the left of the graphs, and correspond to the samples that are nearest to the
root. Furthermore, when there is time averaging present, one would expect the high and low &80
values closest to the root to be less extreme than the high and low 80 values closest to the occlusal
surface. This is visible in most of the graphs (e.g. tooth NMN-121, NMN-123, and NMN-126). In
addition, slower mineralization rates can result in such big time averaging that one sample could have
mineralized over months. This could result in the 580 value of that specific sample representing all of
the warmer months of a year in a single point. This possibility makes it hard to interpret the §¥0
graphs of the teeth near the root. For example, in tooth NMN-121, it is difficult to determine if NMN-
121b represents all of the colder months of a year and NMN-121c all of the warmer months in one
point or if they represent an average of two colder and two warmer months respectively. With the
interpretation here, a conservative estimation is given on how much time is represented in the 60
graphs of each tooth (about two years).

Of note is that in some other teeth (e.g., NMN-130) the values of either the winter or summer
season closest to the root are more extreme than the one present closer to the occlusal surface. This
could be due to the year in which the root enamel mineralized having a relatively large difference in
temperatures (either higher or lower) than the year(s) previously, in which the enamel closer to the
occlusal surface mineralized. This could result in 60 values that, even after time averaging, are still
lower than the 80 values of the previous year which are affected by less time averaging.

The average length that covered a complete year based on 60 values in the tooth enamel of
the equid teeth analysed in this study, is 34 mm. This length is calculated excluding both the samples
near the root, because of slower mineralization rates and potential diagenetic alterations, and the
samples near the occlusal surface, because this surface can be used for other analyses, like microwear
analysis, and it should thus be avoided in order to not damage it. In two teeth (NMN-125 and NMN-

132), a full year based on 80 values is covered by samples spanning 41 mm along the length of the
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tooth. Based on these results, it is recommended to sample around 35 to 40 mm of enamel along the
length of the tooth roughly in the middle of the buccal or lingual side, when bulk sampling caballoid

horse teeth for 6§80 analysis.

The breeding season of modern domesticated horses in the Northern Hemisphere starts in April and
ends at the beginning of October (e.g., Trundell, 2020). The average gestation period is 11 months,
but can vary anywhere between 10.5 and 13 months (Abraham, 2014). This means that foals are
generally born between early spring and mid-autumn. In addition, as explained in chapter 3, equid
third molars start to mineralize around 21 months of age, with a variation of roughly three months
based on the various growth rates of individuals (Hoppe, Stover et al, 2004). This shows that third
molars can start mineralizing in any season of the year, but this is dependent on the season of birth
and individual growth. Furthermore, as soon as these teeth erupt, they begin to wear down in the
same direction as they mineralize (crown to root, chapter 3), which means that the season of initial
mineralization is the first that is removed from the isotopic record of that tooth. All of this is to say
that it is nearly impossible to make a prediction on what part of the enamel mineralizes in what

season.

As mentioned above, Leichliter (personal communication, March, 2023) analysed horse teeth from
NMN2, including three third molars. The cold trap results of these molars show an average 6*0vpps
value of -8.2 + 2.0 %o, which falls outside of the 1o range of the average 6®0vpps analysed here
(average = -6.2 *+ 0.8 %o). However, the average does fall within the range of §*¥0ypps measured in this
study (-8.7 —-4.6 %o). Considering that these samples were bulk samples, it is possible that the 60
values are skewed due the sample only including tooth enamel that mineralized during the warm
months or during the cold months. Seeing as the average §®0ypps value (-8.2 + 2.0 %o) measured by
Leichliter is on the low side of the range measured here (-8.7 — -4.6 %o), the enamel likely mineralized

during winter, since it is a relatively low 6§80 value.

Britton et al. (2019) analysed 26 equid teeth from Neumark-Nord 2, including eight from layer
NMN2/2b, for oxygen isotopes in order to reconstruct paleotemperatures during the early Eemian
and early Weichselian. They took a bulk sample of enamel along the growth axis of each tooth (~3-3.5
cm in length), to ensure the coverage of a full year of growth and eliminate the seasonal signal
according to the growth rate of equid (pre)molars established by Hoppe, Stover, et al. (2004). The
NMN2/2b samples analysed by Britton et al. (2019) show a mean §'®0po4value of 16.1 + 0.4 %o (1 o)

with a range between 15.6 and 16.9 %o. This value falls within the range of the calculated 6#0po4
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values of the samples analysed in this study, which range between 14.4 and 18.5 %o (see table 7.3).
This indicates that even though the &0 values were measured on different parts of the enamel
(phosphate in case of Britton et al. (2019) and structural carbonate in the present study), the results
are the same. The range of the 50 values of this study is larger than the one of Britton et al. (2019),
which is the results of the different sampling strategies. This study employs serial sampling and thus
includes summer and winter extremes, whereas bulk sampling, as done by Britton et al. (2019),
resulted in the averaging of the 60 values over the year and thus a smaller range.

The 60 values of water calculated by Britton et al. (2019) show a mean value of -9.1 + 1.1 %o
in layer NMN2/2b. This looks different from the mean 680 value of water (-8.0 + 1.1 %o) calculated in
this study, but both the averages fall within 1o of the other average. The difference might have been
caused by the fact that Britton et al. (2019) used bulk samples, which might not have covered the

complete year, and the present study used serial samples.

7.5 Nitrogen

The average of the 8*°N values of all samples (n = 72) is 3.5 + 0.6 %o, with an amplitude of 2.4 %o. This
amplitude is lower than the differences between trophic levels (3 — 5 %o, chapter 4). This is expected,
since only a single species was analysed in this study, which thus falls within a single trophic level.
When excluding the samples that might be affected by diagenesis due to incomplete mineralization
(NMN-126a and NMN-129a), as mentioned in section 7.2, the average 6N value and standard
deviation do not change. For the rest of the analyses and comparisons of the §°N values, only the

completely analysed teeth (NMN-126, NMN-130, and NMN-133), including root samples, will be used.

The variation in 8°N values, as well as the statistical separation between the three teeth (x*(2) = 34.99,
p < 0.001), can be explained by differences in §'°N values of the plants in the diet of the equids. As
explainedin chapter 4, there are relatively few factors relating to the physiology of animals that impact
the 8%°N values of their tissues. In addition, the individuals that are analysed here all belong to the
same species, so even if the §°N values of animals were majorly affected by their physiology, this is
not expected to be visible in members of the same species, since they have the same physiology. The
range of 8°N values visible in the three completely analysed teeth will, thus, be discussed based on
differences in plant 8°N and how likely certain aspects were present in the environment surrounding
NMN2.

The range of factors affecting plant §°N is very extensive, however there are a couple that
are more likely to have been at play at Neumark-Nord 2. This includes denitrification, which is likely

to occur in swampy shallow water (Muzuka, 1999) and could have been present at NMN2. This results
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in plants that prefer to take up ammonium (NH4*) having a higher §°N than plants that prefer to take
up nitrate (NOs’; e.g., Szpak, 2014). The individuals analysed here lived spread over a period of around
455 years (chapter 2, Sier et al., 2011). So, in the case that equids eat ammonium plants preferentially,
the individual to which tooth NMN-126 belongs could have lived in a period with less denitrification
than the other two individuals, since the §%°N values of NMN-126 are substantially lower than the
values of the others. In the case that they lived in the same period, the difference between the §°N
values of the individuals might partially be explained by NMN-126 incorporating a great proportion of
nitrate plants in their diet compared to ammonium plants, whereas NMN-133 would have
incorporated a great portion of ammonium plants and thus have a higher §'°N value average.

Higher salinity in the soil can also cause enriched 6N values in plants (e.g., Guiry et al., 2021;
Muzuka, 1999). This could partially explain the difference in §'°N values between the teeth in the case
the individuals did not live during the exact same time. Salinity results in an overall enrichment of the
8N values of plants, and thus also of animals, NMN-130 and NMN-133 may have lived in a period
where NMN2 contained more brackish water and the environment was more saline than during the
period NMN-126 lived.

As Codron et al. (2005) showed, there can be a difference of up to 4 %o in 8°N values between
plants from different microhabitats within the same ecosystem, as well as a nearly 6 %o difference
between different grass species. However, this study uses a savannah habitat in South Africa and the
grass species studied were all C4 plants, as explained in chapter 4. This means that these variations
cannot be directly applied to Neumark-Nord 2, because the site represents a single microhabitat with
only Cs grasses, forbs, and shrubs as potential food sources for the equids. Such variation in §*°N values
should be separately established for European habitats with Cs plants. In addition, Codron et al. (2005)
suggest that the major reason for the variability observed in §°N values is the difference in soil type
and climate between the different microhabitats. To see if this might be a reason for §°N variety at
Neumark-Nord, the surrounding areas need to be tested on past soil type and climate.

In an experimental setting, Bonafini et al. (2013) grew four grass species native to the UK, all
Cs grasses, and measured each individual plant for §3C and 8%°N in different environments. The first
measurement was based on individuals that all endured the same exact circumstances and showed a
maximum difference between species of 4.1 %o in 8°N and a range of 0.5 to 1.2 %o between
individuals of a single species. This already gives an indication that the differences in §°N values
between the equids seen here could be explained by different proportions of different grass and shrub
species in their diet. This is even more likely when taking into consideration the results of the pollen
analysis, which shows that a wide variety of plants were present at NMN2 (Appendix A; Sier et al.,

2011). However, this should further be investigated in a wild setting, since the plants might respond
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differently when growing in varying and uncontrolled environmental conditions. This could result in
either less variation in the §?°N values between or within plants species or, what is more likely, even
more variation between species.

There are a number of factors related to plant physiology that can impact the §°N values of
plants. Plants that can form a relationship with arbuscular mycorrhizal fungi (roughly 90 % of plant
species) are about 2 %o more depleted in §"°N than non-mycorrhizal plants (Craine, Elmore, et al.,
2009; Schmidt & Stewart, 2003). When equids incorporate different kind of proportions of such plants
in their diet, the overall 8*°N values of their tissues will differ from one another.

Different plant parts/organs can also have different §'°N values. As explained in chapter 4,
there is nearly always a difference between leaf and root §°N of plants, as well as stems and seeds in
some cases (e.g., Codron et al., 2005; Dijkstra et al., 2003; Evans et al., 1996). When horses are grazing,
they usually only eat the leaves of the grass, shrubs, or herbs. An individual that ingests a lot more
roots, seeds, or stems than another might have a different average 6°N value in their tissues. The
amount of variation in 6*°N values between plant parts, however, is also dependent on the species of
plant.

Summarizing, the variation in 515N boxplots
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source. However, this is not

individuals of the same species that were fed the exact same diet in an experimental setting show
5% Nenamel Variations (Leichliter et al., 2021, Suppl. table A2). In addition, wild individuals of the same
species living in the same natural environment (Gorongosa National Park) also show variation in their

8% Nenamel (Liidecke and Leichliter et al., 2022).
As mentioned above, Britton et al. (2012) performed stable carbon and nitrogen isotope analysis on

collagen of equids and bovids from Neumark-Nord 2. In contrast to §23C values in collagen and enamel,

8% Ncoliagen Values can be directly compared to §*Nenamel Values. The important thing to note with such
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a comparison, is that collagen represents the last couple of years of life, while enamel represents the
period of life during which it mineralized, as explained above. The average §"*Noiagen Value of equids
measured by Britton et al. (2012), is 3.6 + 0.6 %o, excluding the individual from layer C. This
corresponds perfectly with the average §°Nenamel value (3.5 + 0.6 %o0) measured in the present study.
Furthermore, the range in equid 6™ Ncoiagen (2 %o) also corresponds well with the range in 8 Nename
(2.4 %o).

After comparing the 8™*Neiagen Values of equids to the ones of bovids, Britton et al. (2012)
reports a niche separation between these two species, with bovids having around ca. 2 %o higher §°N
values. The range of 8*Neliagen Values of both species combined is between 2.6 and 6.7 %o for layer
NMN2/2b. This range and the separation of species show that the variation in 8'°N of plants at NMN2
is larger than just the variation observed in the equids analysed here. This confirms the importance to
include different herbivore species to capture the entire §°N variation that is present at the base of

a trophic food web.

The nitrogen values from Leichliter (personal communication, March, 2023) of equid third molars from
NMN2/2b are 4.8 + 1.1 %o (n = 3) on average, with a range between 3.3 and 5.8 %.. The average is
much higher than the one measured in the present study (3.5 + 0.6 %o) and falls outside of the 1o0. The
average is just on the outer range of the 8%®Nenamel values measured in the serial samples (2.4 — 4.8
%o), as well as outside the range of 6" Ncoiagen Values measured by Britton et al. (2012; 2.6 — 4.6 %o).
However, it has to be noted that Leichliter measured only three bulk enamel samples of equid third
molars for §°N, of which two in duplicate and one only a single time. If the single measured sample is
excluded, the average drops to 4.3 + 1.0 %o, with a range between 3.3 and 5.3 %e.. In addition, the
8% Nenamer Values measured by Leichliter do fall in the range of the 8°Ncoliagen Values when combining
both the 6§°Ncoliagen Values from equids and bovids from NMN2/2b (Britton et al., 2012). Concluding,
the Leichliter NMN sample set is very small and even though the 8N values do not fall within the
values measured in this study, they do still fall within the range of 6*°N values of herbivores in layer

NMN2/2b.

An interesting result of the nitrogen isotope analysis is the significant large positive correlation
between §°N and nitrogen content. The pattern persists when including all samples (n = 72; Pearson
correlation: r(70) =0.698, p < 0.001), or when excluding the root samples (NMN-126a and NMN-129a;
n = 70; Pearson correlation r(68) = 0.728, p < 0.001). This shows that this correlation is not driven by
the root samples, which might not be fully mineralized yet and might be affected by diagenetic

alteration, as explained in section 7.2.

88



A correlation between nitrogen content and 8N could be associated with diagenesis.
Nitrogen can be removed from enamel that is affected by diagenesis. Leaching follows rule 1 of
fractionation, which states that the lighter isotope (in this case *N) reacts faster than the heavier
isotope (**N), which results in the source being depleted in *N and enriched in >N and thus a having
a higher 8°N. In addition, leaching means that the overall nitrogen content decreases, since nitrogen
is taken out of the enamel. The correlation between 6N values and N-content would thus be a
negative correlation: the lower the N-content, the higher the §°N value of the tissue, since it is
depleted of ¥*N. However, the fact that the correlation observed here is positive instead of negative,
in combination with the other points on why the samples from NMN2 were likely not diagenetically
altered, as explained in section 7.2, means that the positive correlation needs to be explained using a
different hypothesis.

A potential theory could revolve around the amino acids, proteins, and proteases involved
with enamel mineralization. During mineralization, the organic content of enamel decreases (e.g., Gil-
Bona & Bidlack, 2020), and thus the amount of organic nitrogen in the enamel also decreases. In case
the proteins and proteases that are involved in enamel maturation preferentially extract the heavy
isotope N from the mineralizing enamel, this would result in both the §°N value as well as the
nitrogen content of the enamel to drop. However, to confirm such a mechanism, more research is
necessary. For example, non-mineralized enamel could be analysed and compared to mineralized
enamel, preferably of the same individual. This was already done on a small sample set (n = 4) in
modern rodents teeth, which showed a higher nitrogen contentin immature enamel, but a lower §°N
value (Leichliter et al, 2021). However, mammals might have a completely different enamel
mineralization mechanism compared to rodents. Such an experiment would thus preferably be done
on modern horses, or other mammals, to avoid diagenetic alteration of immature enamel, as well as
that the diet can be controlled and analysed for §2°N and N-content. Serial sampling a still-mineralizing
third molar would be best for such a study, because then there is no weaning signal and the mature
and immature enamel of the same tooth can be compared. Another option would be to study the
processes responsible for and proteins involved with enamel mineralization in more detail. This is

already happening with the recent advances in proteomic analyses (e.g., Gil-Bona & Bidlack, 2020).

The nitrogen content of the equid teeth (average = 3.1 + 0.4 nmol/mg, range = 2.6 — 4.9 nmol/mg)
falls within the range of previously reported values for modern mammals (Leichliter and Liidecke et
al., 2023; Ludecke and Leichliter et al., 2022). However, the here analysed nitrogen contents are low
within this reported range. This is likely not an effect of diagenesis, as thoroughly discussed above.

Leichliter (pesonal communication, March, 2023) analysed enamel of multiple different species at
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NMN?2, whose results also show a relatively low N-content (3.6 + 1.1 nmol/mg). Since not only equids
but also other species, including omnivores and carnivores, from NMN2 have a relatively low nitrogen
contentin their enamel, it is likely that an aspect of the locality is responsible for this and not a species-
specific aspect. Such an aspect might be related to the climate or soil nitrogen content, but more

research is necessary to establish this.

7.6 Pairing of Carbon, Oxygen, and Nitrogen

As explained in chapter 5, preferentially left superior/maxillary third molars were selected to ensure
the analysis of different individuals. However, this was not possible for all teeth, and thus third molars
from different positions were also selected. In order to avoid analysing the same individual, the teeth
were selected from completely different squares of the excavation (see figure 5.1 and table 5.1). Third
molars mineralize around the same age in equids, and a single individual has a specific diet at that
time, it is expected that third molars from the same individual show the same 8%3C, 60, and 6°N
values compared to the distance from the root. As can be seen in figure 6.1, 6.3, and 6.4, none of the
teeth analysed show a complete overlap in all three values. This indicates that the fourteen molars
did in fact belong to fourteen different individual horses that died near the NMN2 lake during the 455
years in which the layer NMN2/2b formed (MNI = 14).

As shown in the previous chapter, there are four teeth that demonstrate a significant correlation
between §3C and 60, based on a Pearson correlation (table 6.5). The four teeth all show a similar
relationship between §3C and 60, namely a medium to large positive one. This indicates that this
correlation is likely caused by the same mechanism in each of these four individuals.

A positive variation between two variables means that if one increases in value, the other
does as well. In this case, as the higher 620 values have been established to represent summer, while
the lower values represent winter, the higher §13C values are also present in summer, and the lower
ones in winter. This is likely due to the reduction of stomatal conductance in plants during summer in
order to decrease water losses, as explained in chapter 4. This results in an increase in §3C values of
plants and thus also an increase in §3C values in the enamel of herbivores. However, even though this
mechanism was probably active at NMN2, it did not play a major role, because only four out of
fourteen teeth show a correlation between §3C and 0. Furthermore, the R? value of the significant
correlations are relatively small (R? = 0.24 for NMN-121, R? = 0.33 for NMN-122, R? = 0.37 for NMN-
124,and R2=0.36for NMIN-132). The R? value of a correlation correspond with the amount of variation
in one variable that can be explained by the variation in the other variable. For example, the R2 value

for tooth NMN-132 is 0.36. This means that 36 % of the variation in §3C values of this tooth can be
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explained by the variation in the %0 values. This also shows that 64 % of the variation in §'C values
cannot be explained by seasonality (or 620 values) and thus needs to be explained in a different way,

as done in section 7.3.

Focusing in on the three teeth that were analysed for all three isotopes (NMN-126, NMN-130, and
NMN-133), there is no correlation between the §3C and 680 values as mentioned above. In contrast,
there is a large positive relationship between the §3C and 6N of teeth NMN-126 (r(17) =0.723, p <
0.001) and NMN-133 (r(16) = 0.633, p = 0.005; figure 6.5a and c and table 6.6). Furthermore, the R?
value is relatively high for both teeth: 0.52 for NMN-126 and 0.40 for NMN-133. As explained above,
this means that 52 % of the variation in §'3C in tooth NMN-126 can be explained by the variation in
5%N. However, as explained in sections 7.3 and 7.5, there are a lot of factors possibly influencing the
5%3C and &N values observed in these teeth. It is likely that, due to the statistical significance, the
correlation is caused by a mechanism that influences both §'3C and §%°N in a similar manner, because
the relationship is positive. The variation in both §3C and 8'°N in the equid enamel is expected to be
based on variation in the §'3C and §°N values of the plants, which the individuals ate, because there

are no physiological factors that influence 6°N values, as explained in chapter 4.

Tooth NMN-130 does not show a correlation between its §3C and 6N values (p = 0.306), but a very
small negative relationship between its 8°N and &0 values (r(24) = 0.441, p = 0.024). A negative
relationship means that if, in this case, the 8°N value increases, the related 80 value decreases
(figure 6.5b and table 6.7). This indicates that during the winter/cold season, the §'°N values where
higher compared to the values during summer/warm season. However, it has to be noted that the R?
value is relatively low (0.19) and that the relationship is small. Taken together this shows that 19 % of
the variation in 8°N values can be explained by variation in 680 values, but that the amount of 6°N
variation, relative to related 60 variation, is very small.

Lazzerini et al. (2019) observed seasonal variation in §*°N in tail hairs of modern horses in
Mongolia. Because hair grows much faster than enamel mineralizes, and the authors samples the hair
over an extended period of time, their resolution on the time scale is much greater. The pattern in
8%N values in equid tail hair observed by Lazzerini et al. (2019) does not correspond with the pattern
visible in the 8°N of the equid enamel from NMN2. First of all, the variation within a year is much
greater in hair than in enamel. This can potentially be explained by the fact that hair grows faster and
that there is time averaging present in enamel, as explained in chapter 3. In addition, based on the
negative correlation of 8 Nenamel With 8*®0enamel, We would expect higher 8§ Npair values in winter and

lower ones in summer if the same mechanism would have worked at NMN2 and in Mongolia. This
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does not seem the case, as the only part of the patterns that overlap is when the §°N in Mongolia
decreases for two months in the summer, due to a change in the diet of the horses.

Based on this comparison, it is clear that the correlation between 8N and 60 is not driven
by an increase in melt water, since this would result in a positive correlation. It is possible that the
individual at NMN2 shifted its diet source to a group of plants with a slightly lower §°N value during
summer. However, since this correlation is only visible in a single individual and it is a very small
relationship, the mechanism responsible for it did likely not play a major role at the Neumark-Nord
locality. Future research should address if this is also the case at other localities in different

environments.

7.7 Recommendations and future research

Based on the 50 results of the equid teeth discussed in section 7.4, it is recommended for future
studies focussing on stable oxygen isotope analysis in bulk samples of enamel from the third molars
of caballoid Equus sp. in a similar environment to Neumark-Nord, to sample at least 35 to 40 mm along
the growth axis of the tooth. This is to make sure that the sample covers an entire year of
mineralization in enamel and thus represent a correct average value of 8%¥0 during the year.
Furthermore, it is advised to avoid the enamel near the root when dealing with younger individuals at
least, because this enamel might not have fully mineralized yet and thus be more susceptible to
diagenetic alteration, as well as to avoid the enamel near occlusal (bite) surface of the tooth, which
can be used for microwear analysis. Sample location-wise, the same goes for bulk samples for stable
carbon and/or nitrogen analysis. It is important to avoid both the enamel near the root in younger
individuals, and to avoid damaging the occlusal surface. However, since both §3C and §°N show very
little to no correlation with 6§80, and thus seasonality, in the fourteen teeth, bulk samples do not need

to extent over the same length as they do for §'%0 samples.

One option for future research would be strontium isotope analysis on the equid teeth analysed here.
Strontium isotopes are used to look into migration patterns (e.g., Kohn & Cerling, 2002), which could
be an explanation for the differentiation between the two groups of individuals visible in the §3C
values. Migration might also be a reason for the variation in 8°N between individuals.

Isotopic analysis of other serially-sampled species, both herbivore and carnivore, from
Neumark-Nord, or similar environments, could show if the patterns observed in equid teeth are also
present in other species or if other patterns are visible. This would show if it is necessary to have
different sampling strategies for 63C, 6°N and/or 80 isotope analysis when sampling teeth from

different species. 8'°N analysis of all herbivore species present at NMN2 would also demonstrate the
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51N variation within this trophic level, and thus the indicate the minimum variation in §°N at the site.
Furthermore, serial sampling equid teeth from completely different environments, like an African
environment with a different seasonality, would show if the patterns observed here, especially the
correlation between 63C and 6*°N and the non-correlation between 80 and §%°N, is something that
is visible in all environments. This would in turn also lead to better recommendations when it comes
to bulk sampling teeth.

To better understand the variation observed in §'3C and 8N values within and between
individuals, a study like Codron et al. (2005) did at Kruger National Park could be done on a temperate
Cs environment in Europe. Seeing as the variation in plant 8°N observed in Kruger National Park
corresponds well with the observed variation in herbivore enamel §8°N in Gorongosa National Park,
which have a similar environment (Lidecke and Leichliter et al., 2022), it would be interesting to see
if this is also the case for the variation in herbivore enamel §°N from Neumark-Nord compared to the
variation in plant 8°N of a modern comparable environment. Moreover, such a study could confirm
if the correlation between §'3C and &N, visible in the equid teeth analysed here, is also present in
the plants in a temperate C; environment. In addition, observation of modern horse’s feeding
behaviour and subsequent isotope analysis, might indicate where the variation in both §*°C and §°N
between individuals living in the same habitat originates from.

As mentioned in section 7.5, the correlation between nitrogen content and the 8N value of
the enamel might be related to the amino acids and proteins involved in enamel
mineralization/maturation. If this is the case, this pattern should also be visible in modern horse teeth.
A comparative study on modern horse teeth could also give more insight in the rate and timing of
enamel mineralization, especially around the root of the tooth. Such a study could also be done on
teeth from other herbivore species to better understand their enamel development, which is
important when researching an archaeological site without any horses.

Trace element analysis could be done on more of the teeth here, especially the one that show
outliers in the sample closest to the root, as explained in section 7.2. This could indicate if and to what
extent these samples might be affected by diagenetic processes. A study on the effects of diagenesis
on immature, not fully mineralized enamel, could be done on archaeological specimens from a site
which has a wide range of ages and development stages represented in the herbivore teeth.

Lastly, a study on the (dis)colouration of equid teeth could be done. This would include an
analysis on the colouration of modern horse teeth to figure out if mineralizing/maturing enamel
always presents with a darker/black colour compared to mature enamel. Furthermore, archaeological
specimens in different stages of development should be analysed to see if darker enamel represents

not fully mineralized enamel or if it is potentially a result of diagenetic alterations.
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7.8 Conclusion

This chapter discussed the patterns and variations visible in the isotopic data of fourteen equid teeth
from NMN2/2b and tried to explain what these could mean. The §*3C values correspond, as expected,
to a Cs diet. The 80 results show a clear seasonal pattern, and the §°N values are consistent with
herbivore values from NMN2. In addition, comparisons with already published isotopic data from
NMN2 were made, which show very similar results. There is no consistent correlation observed
between the 8N values and 60 values, which shows that §°N in equid tooth enamel is not
influenced by seasonality. There is a strong positive correlation noted between §%°N and 63C values,
which indicates that the mechanism behind the isotopic fractionation of these two isotopes are

related in some way. Lastly, some recommendations and suggestions for future research were made.
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8 Conclusion

In this chapter, | will summarise the most important findings of this study and answer the research
guestions posed in the introduction. Trace element analysis shows hardly any evidence for diagenetic
alteration of the equid tooth enamel analysed in this study. Based on the results of both trace element
and stable carbon and nitrogen isotope analysis, the enamel samples closest to the roots of the teeth
may not be fully mineralized yet and thus more susceptible to diagenetic alteration. This may
especially be the case in teeth with black enamel near the root, although this requires more research
in the colour of mineralizing enamel in horses, as well as discoloration of enamel in different
environments during the fossilization process.

The results of the stable carbon isotope analysis of the tooth enamel correspond to the §3C
values associated with a diet consisting of C; plants, as expected for this locality. The closed canopy
effect did likely not affect the plants the horses ate, which corresponds to the previously established
open habitat surrounding NMN2. The relatively small variation in §3C values between individual
specimens can be explained by variations in the §3C values of the plants they ate. Most of the
individuals can be separated into two groups. The individuals in each group have an average §3C value
which does not significantly differ within the group, but does differ from the 8§3C value of the
individuals in the other group. The feeding area of these groups could have been separated in time
and/or in space. There is also a third group consisting of three individuals, whose average 8§'3C value
does notdiffer from any other individual. Based on these groups, thereis no observable spatial pattern
in the excavation grid of NMN2. The &'3C values measured here correspond to previously published
and unpublished data from the same site and taxa.

As expected, the 60 data show a clear seasonal summer-winter pattern in each tooth. The
average range of the calculated 58%®0uater Values per tooth is more than double the range of the 60
values of a modern water source, which was measured over the span of a year. This could indicate
that the difference in summer and winter temperature at this locality in the Eemian was larger than
the difference in modern temperature, but this requires more research. Approximately 2 years is
represented in the 680 values of each third molar. The 8§80 values from this study are in agreement
with previously published and unpublished data.

The results of the nitrogen isotope analysis show less variation within all equid enamel
samples than between trophic levels, which is as expected. The variation in §°N values between
individuals can be explained by variation in §°N values of the plants they ate. More research is
necessary to establish which factors played a role in this variation at NMN2. Both the 6N values and
nitrogen content of the enamel correspond to previously published and unpublished data. The

relatively low nitrogen content could be explained by a specific aspect of the locality, which would
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need to be confirmed in future research. The large positive relationship observed here between §°N
values and nitrogen content in the tooth enamel might be the results of processes involved in the
enamel mineralization of equids. This would also require more research to confirm.

Four specimens show a significant positive relationship between their 63C and 50 values.
This is likely the result of the plants the equids consumed having a reaction to temperature changes,
which influenced their §3C values. The large positive relationship between §*Cand 6°N values seems
to indicate that, in temperate environments, the mechanisms controlling carbon and nitrogen isotope
fractionation are related. There is no strong, consistent relationship observed between §°N and 6§20
values of the equid teeth, which means that the 8N values of the enamel are not influenced by
seasonality. This indicates that in temperate environments, bulk samples of tooth enamel from equids
—and likely other large herbivores —do not need to cover an entire year of growth in order to measure
an accurate average §°N value.

Lastly, when bulk sampling equid enamel, it is recommended to avoid the enamel close to the
root in young individuals, since this enamel might not be fully mineralized and thus more susceptible
to diagenetic alteration. In addition, it is also recommended to avoid the enamel near the crown, to
ensure the occlusal surface stays intact for potential future microwear analysis. When performing 6§20
analysis on the equid enamel, it is recommended to bulk sample between 35 and 40 mm of enamel
along the growth axis on the buccal or lingual side of the tooth, to ensure a full year is covered and an
accurate average 60 value will be measured. For both §'3C and 8N analysis it is not necessary to
cover an entire year when bulk sampling, and thus the sample can be much shorter.

To answer the research questions posed in the introduction chapter of this thesis:

1. Seasonality does not seem to impact the 8N pattern observed in serially-sampled tooth
enamel of equid third molars from the Eemian site Neumark-Nord 2, Germany.

a. The 8%C and 60 values of the serially-sampled equid teeth do not show a strong
correlation.

b. The 8C and 8N values of the serially-sampled equid teeth show a large positive
correlation.

c. The 8N and 60 values of the serially-sampled equid teeth do not show a strong
correlation.

d. The lack of a relationship between seasonality and the 8N values of the tooth

enamel shows that it is not necessary to cover an entire year of growth when bulk

sampling equid — and likely other large herbivores — teeth from temperate

environments in order to measure an accurate average 8°N value.
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2. The previously published 6N values of equid collagen do not differ from the §%°N values of
equid tooth enamel measured in this study, which is as expected and shows once again that
the oxidation-denitrification method can be applied to fossilized tooth enamel, which is highly
resistant to diagenesis. This means that 8'°N research can be extended into deep time and

help answer questions about the trophic position of our early ancestors.

Summarizing, this study showed that, by analysing the correlation between 80 and 6N values of
the same aliquots of serially-sampled equid third molars, 8*°N values in tooth enamel of equids, in
temperate environments, are not influenced by seasonality. This means that a bulk sample for the
measurement of 8°N taken from equid — and likely other large herbivores - tooth enamel from
temperate environments does not need to cover an entire year of growth. Furthermore, the positive
correlation between the §3C and 8N values of the same samples indicates that the carbon and
nitrogen isotope fractionation are controlled by related mechanisms. Lastly, this thesis expanded the
isotopic data set of the Middle Palaeolithic Neanderthal site of Neumark-Nord 2, Germany, by
providing serially-sampled data which enables seasonality reconstruction of the Middle Palaeolithic

environment.
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Abstract

Stable carbon (83C), nitrogen (6*°N), and oxygen (680) isotopes are well-established proxies for the
reconstruction of past diet and environment. §*Cand 6®0 can be used to reconstruct the plant-based
diets of animals and seasonal environmental patterns. These isotopes are regularly measured in the
non-organic component of tooth enamel, which is highly resistant to diagenetic alteration. Likewise,
5N can be used to reconstruct trophic level and food webs. Up until recently, 8*°N could only be
measured on relatively young samples (<100,000 years old), because it requires organic material,
usually bone collagen or dentin, which rarely preserves in the fossil record. However, in 2021, an
oxidation-denitrification method was developed. This method allows for the measurement of the
nitrogen isotopic composition of the organic material trapped in the crystalline structure of (fossil)
tooth enamel. Thus, we can now measure §*3C, §°N, and 580 on the same aliquot of tooth enamel.

Here, combined &'3C, 8'°N, and 50 isotope data from tooth enamel of 14 serially-sampled
fossil equid (Equus sp.) third molars from the ~120,000-year-old Middle Paleolithic Neanderthal site
of Neumark-Nord 2, Germany, is presented. Each tooth was sampled along the growth axis and yielded
up to 26 sub-samples (total n = 259). Neumark-Nord is a well-preserved archaeological site with a rich
vertebrate fauna. It has yielded a large isotopic dataset, which includes some of the oldest stable
carbon and nitrogen isotope measurements on bone collagen. This study allows us to expand the
isotopic dataset of Neumark-Nord 2 by serially-sampled data, which enables us to reconstruct
seasonality for the Last Interglacial (Eemian; MIS 5e/5d transition).

513C and 80 of all enamel samples (n = 259) was measured using the cold trap method. Based
on these isotope patterns, 72 samples (including all serial measurements of three of the equid teeth)
were selected for §°N measurement, to assess potential seasonal variation in the §°N values of the
enamel. The enamel 63C, 6N, and 80 results are consistent with previously published equid
collagen 63C, §°N, and bulk enamel 680 values. A clear seasonal signal is present in the 5§20 values
of each tooth, with higher values in summer than in winter. This seasonal signal is absent in both the
8'3C and 8™N values.

This study shows that there is no strong effect of seasonal variation detectable in the §°N
values of nitrogen isotopes in the enamel of equids in temperate environments. This suggests that, in
order to measure an accurate average 8N value, bulk samples of tooth enamel from equids —and
likely other large herbivores — in temperature environments do not need to cover an entire year of
growth. In addition, the correlation observed between §3C and §°N enamel values seems to indicate
that, in such environments, the mechanisms controlling carbon and nitrogen isotope fractionation are
positively related. Lastly, this study improves the time-resolution of the Neumark-Nord 2 isotopic

dataset, allowing for a better reconstruction of the past ecosystem by providing seasonal data.
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Appendix A
Identified plant species present in unit 8 of NMN2.

Table A.1: All identified plant species present in unit 8 of NMN2 based on pollen analysis. The analysis was performed by C.

C. Bakels (Sier et al, 2011). The species in bold are from figure S5. The other species are from table S1.

Tree, shrubs, lianas

Herbs, open space

Waterside and lake vegetation

Betula Artemisia Monoletae psilatae
Carpinus Asteraceae liguliflorae Ranunculus aquatilis group
Corylus Asteraceae tubuliflorae Spirogyra
Fraxinus Caryophyllaceae )
Sparganium erectum type
Picea Chenopodiaceae o
Typha latifolia
Pinus Cyperaceae
yp Myriophyllum spicatum
Quercus Poaceae
Ulmus Polygonum aviculare
Alnus Galium type
Tilia Filipendula
Salix Ranunculus acris type
Rosacae Ericales
llex Apiaceae
Acer Brassicaceae

Cornus sanguinea

Rumex acetosa type

Humulus/Cannabis Caltha

Hedera Triglochin

Myrica Plantago coronopus

Frangula Trifolium type

Prunus Campanula
Thalictrum

Plantago major/media

Spergularia

Veronica

Stachys type
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Mentha type

Papaver rhoeas type

Helianthemum nummularium type

Lysimachia vulgaris type

Saxifraga aizoides type

Onobrychis

Parietaria
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Appendix B

All 83Cenamel, 50enamel, and 8 Nenamel Measurements per sample.

Table B.1: All 5*3Cenamei cold trap measurements (in %o vs VPDB), the average, and standard deviation per sample corrected

against the AG-Lox standard, as explained in section 5.4. All samples were measured in duplicate. As a quality control,

samples were measured in triplicate, or more, if the standard deviation of either the 6*3C or the 680 value was above 0.5.

The last row contains the average §'3C value and the average standard deviation of all 259 samples together.

Sample ID First Duplicate | Triplicate Quadruplicate | Average Standard
63C 613C 83C &83C &83C deviation
8¢

NMN-120a -12.0 -11.9 -11.9 -11.9 0.0
NMN-120b -11.8 -11.8 -11.6 -11.7 0.1
NMN-120c -11.0 -11.2 -11.4 -11.2 0.1
NMN-120d -11.5 -11.3 -11.3 -11.4 0.1
NMN-120e -11.9 -11.8 -11.9 0.0
NMN-120f -11.6 -11.6 -12.0 -11.7 0.2
NMN-120g -11.2 -11.4 -11.3 0.1
NMN-120h -11.0 -11.1 -11.0 0.0
NMN-120i -11.8 -11.7 -11.7 0.1
NMN-120j -11.9 -12.0 -12.0 0.1
NMN-120k -11.7 -11.4 -11.5 0.1
NMN-120I -11.8 -11.9 -11.9 0.1
NMN-120m -11.9 -11.9 -11.9 0.0
NMN-121a -10.3 -11.0 -10.6 0.3
NMN-121b -11.8 -11.8 -11.8 0.0
NMN-121c -12.1 -11.6 -11.8 0.3
NMN-121d -11.9 -11.8 -11.9 0.0
NMN-121e -11.8 -11.6 -11.7 0.1
NMN-121f -11.5 -11.6 -11.5 0.0
NMN-121g -11.3 -11.6 -11.4 0.1
NMN-121h -11.6 -11.8 -11.7 0.1
NMN-121i -11.9 -11.7 -11.8 0.1
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NMN-121j -12.1 -12.1 -12.1 0.0
NMN-121k -12.2 -12.5 -12.4 0.1
NMN-1211 -12.4 -12.6 -12.5 0.1
NMN-121m -12.1 -12.2 -11.6 -12.0 0.3
NMN-121n -12.2 -12.2 -12.2 -12.2 0.0
NMN-1210 -11.9 -12.2 -11.9 -12.0 0.1
NMN-121p -12.2 -12.3 -12.1 -12.2 0.1
NMN-121q -12.2 -12.1 -12.0 -12.1 0.1
NMN-122a -11.7 -11.3 -11.3 -11.5 0.2
NMN-122b -11.5 -11.4 -11.5 -11.5 0.0
NMN-122c -11.8 -11.7 -11.8 -11.8 0.1
NMN-122d -11.6 -11.3 -11.5 -11.4 0.1
NMN-122e -11.4 -11.5 -11.6 -11.5 0.1
NMN-122f -11.8 -11.5 -11.7 0.1
NMN-122g -11.8 -11.5 -11.7 0.1
NMN-122h -11.8 -11.7 -11.7 0.0
NMN-122i -12.0 -11.9 -11.9 0.1
NMN-122j -12.3 -11.8 -12.0 0.2
NMN-122k -12.4 -12.4 -12.4 0.0
NMN-122| -12.6 -12.6 -12.6 0.0
NMN-122m -12.8 -12.6 -12.7 0.1
NMN-122n -12.7 -12.6 -12.6 0.0
NMN-1220 -12.7 -12.6 -12.6 0.1
NMN-122p -12.7 -12.6 -12.6 0.1
NMN-122q -12.4 -12.3 -12.4 0.1
NMN-123a -10.8 -11.4 -10.9 -11.0 0.2
NMN-123b -12.6 -12.3 -12.4 0.2
NMN-123c -12.6 -12.3 -12.5 0.1
NMN-123d -12.3 -12.5 -12.4 0.1
NMN-123e -12.3 -12.5 -12.4 0.1
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NMN-123f -12.8 -12.4 -12.6 0.2
NMN-123g -12.4 -12.3 -12.3 0.0
NMN-123h -12.5 -12.3 -12.4 0.1
NMN-123i -12.5 -12.5 -12.5 0.0
NMN-123; -12.3 -12.2 -12.2 0.1
NMN-123k -12.1 -11.8 -11.7 -11.7 -11.8 0.2
NMN-123I -11.7 -11.9 -11.8 0.1
NMN-123m -11.9 -12.1 -12.0 0.1
NMN-123n -12.0 -12.0 -12.0 0.0
NMN-1230 -12.4 -12.5 -12.4 0.0
NMN-123p -12.3 -12.7 -12.5 0.2
NMN-124a -12.0 -12.0 -12.0 0.0
NMN-124b -12.2 -12.2 -12.2 0.0
NMN-124c -11.8 -12.4 -12.1 0.3
NMN-124d -12.1 -12.3 -12.2 0.1
NMN-124e -12.1 -12.6 -12.4 0.2
NMN-124f -12.2 -12.5 -12.3 0.1
NMN-124g -12.4 -12.5 -12.5 0.0
NMN-124h -12.0 -12.4 -12.2 0.2
NMN-124i -12.0 -12.0 -12.0 0.0
NMN-124; -12.5 -11.6 -12.0 0.4
NMN-124k -11.2 -12.1 -11.6 0.4
NMN-124| -11.6 -11.8 -11.7 0.1
NMN-124m -11.8 -11.5 -11.6 0.2
NMN-124n -11.1 -11.7 -11.4 0.3
NMN-1240 -12.0 -12.0 -12.0 0.0
NMN-124p -12.0 -12.2 -12.1 0.1
NMN-124q -11.3 -11.5 -11.4 0.1
NMN-125a -12.1 -12.3 -12.2 0.1
NMN-125b -12.3 -12.4 -12.3 0.0
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NMN-125c -12.5 -12.4 -12.4 0.0
NMN-125d -12.3 -12.4 -12.4 0.0
NMN-125e -12.2 -12.4 -12.3 0.1
NMN-125f -12.4 -12.3 -12.3 0.1
NMN-125g -12.5 -12.4 -12.4 0.0
NMN-125h -12.6 -12.6 -12.6 0.0
NMN-125i -12.8 -12.7 -12.8 0.1
NMN-125j -12.7 -12.6 -12.7 0.0
NMN-125k -12.8 -12.8 -12.8 0.0
NMN-125I -12.6 -12.7 -12.7 0.0
NMN-125m -12.8 -12.7 -12.7 0.0
NMN-125n -12.9 -13.1 -13.0 0.1
NMN-1250 -13.1 -13.0 -13.1 0.0
NMN-125p -13.2 -12.7 -13.0 0.2
NMN-125q -13.1 -13.0 -13.1 0.1
NMN-125r -12.6 -12.9 -12.7 0.1
NMN-125s -12.8 -12.7 -12.8 0.0
NMN-126a -12.0 -11.6 -11.8 0.2
NMN-126b -12.3 -12.5 -12.4 0.1
NMN-126¢ -12.2 -12.3 -12.2 0.0
NMN-126d -12.5 -12.6 -12.5 0.1
NMN-126e -12.7 -12.7 -12.7 0.0
NMN-126f -12.9 -12.8 -12.9 0.0
NMN-126g -13.0 -12.4 -12.7 0.3
NMN-126h -12.0 -12.6 -12.3 0.3
NMN-126i -12.5 -12.5 -12.5 0.0
NMN-126j -12.6 -12.7 -12.7 0.1
NMN-126k -12.2 -12.3 -12.2 0.0
NMN-126l -12.2 -12.1 -12.1 0.0
NMN-126m -12.2 -12.4 -12.3 0.1
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NMN-126n -12.5 -12.5 -12.5 0.0
NMN-1260 -12.4 -12.2 -12.3 0.1
NMN-126p -12.6 -12.5 -12.5 0.1
NMN-126q -12.3 -12.6 -12.4 0.1
NMN-126r -12.3 -12.2 -12.4 -12.3 0.1
NMN-126s -12.2 -12.2 -12.2 -12.2 0.0
NMN-127a -11.4 -11.4 -11.3 -11.4 0.1
NMN-127b -11.8 -11.8 -11.4 -11.7 0.2
NMN-127c -11.8 -11.9 -12.1 -11.9 0.1
NMN-127d -11.8 -11.4 -11.9 -11.7 0.2
NMN-127e -12.0 -12.1 -11.9 -12.0 0.1
NMN-127f -11.8 -11.9 -11.8 0.0
NMN-127g -12.0 -11.9 -12.0 0.0
NMN-127h -11.7 -11.8 -11.8 0.1
NMN-127i -11.8 -11.8 -11.8 0.0
NMN-127j -11.5 -11.6 -11.6 0.0
NMN-127k -11.5 -11.7 -11.6 0.1
NMN-127I -12.0 -11.5 -11.8 0.2
NMN-127m -12.0 -12.1 -12.1 0.0
NMN-127n -11.9 -12.2 -12.0 0.1
NMN-128a -12.7 -12.6 -12.6 0.1
NMN-128b -12.8 -12.5 -12.6 0.1
NMN-128c -12.5 -12.9 -12.7 0.2
NMN-128d -12.3 -12.3 -12.3 0.0
NMN-128e -12.5 -12.4 -12.5 0.0
NMN-128f -12.2 -12.1 -12.1 0.0
NMN-128g -12.5 -12.7 -12.6 0.1
NMN-128h -12.7 -12.8 -12.7 0.0
NMN-128i -12.7 -12.7 -12.7 0.0
NMN-128j -12.4 -12.4 -12.4 0.0
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NMN-128k -12.4 -12.5 -12.5 0.0
NMN-128| -12.6 -12.6 -12.6 0.0
NMN-128m -12.6 -12.6 -12.6 0.0
NMN-128n -12.5 -12.5 -12.5 0.0
NMN-1280 -12.5 -12.5 -12.5 0.0
NMN-128p -12.3 -12.4 -12.3 0.0
NMN-128q -12.2 -12.3 -12.2 0.1
NMN-128r -12.3 -12.3 -12.3 0.0
NMN-128s -12.2 -12.3 -12.3 0.0
NMN-128t -12.4 -12.3 -12.4 0.1
NMN-129a -10.8 -10.9 -10.8 0.1
NMN-129b -11.9 -11.9 -11.9 0.0
NMN-129c -12.4 -12.4 -12.4 0.0
NMN-129d -12.5 -12.6 -12.5 0.0
NMN-129e -12.6 -12.4 -12.5 0.1
NMN-129f -12.9 -12.8 -12.9 0.0
NMN-129g -12.6 -12.7 -12.7 0.0
NMN-129h -12.8 -12.8 -12.8 0.0
NMN-129i -12.6 -12.7 -12.7 0.0
NMN-129j -12.6 -12.7 -12.6 0.0
NMN-129k -12.6 -12.5 -12.6 0.0
NMN-129I -12.5 -12.6 -12.5 0.1
NMN-129m -12.7 -12.7 -12.7 0.0
NMN-129n -12.6 -12.7 -12.6 0.0
NMN-1290 -12.5 -12.5 -12.5 0.0
NMN-129p -12.5 -12.5 -12.5 0.0
NMN-129q -12.7 -12.6 -12.6 0.1
NMN-129r -12.5 -12.6 -12.5 0.1
NMN-129s -12.4 -12.5 -12.4 0.0
NMN-129t -12.1 -12.4 -12.3 0.1
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NMN-129u -12.4 -12.3 -12.4 0.0
NMN-129v -12.2 -12.3 -12.3 0.0
NMN-129w -12.2 -12.2 -12.2 0.0
NMN-130a -12.3 -12.2 -12.3 0.1
NMN-130b -12.5 -12.2 -12.4 0.1
NMN-130c -12.7 -12.6 -12.6 0.0
NMN-130d -12.7 -12.3 -12.5 0.2
NMN-130e -12.6 -12.7 -12.7 0.0
NMN-130f -12.4 -12.5 -12.5 0.0
NMN-130g -12.6 -12.5 -12.5 0.1
NMN-130h -12.3 -12.4 -12.3 0.0
NMN-130i -12.5 -12.3 -12.4 0.1
NMN-130j -12.5 -12.4 -12.5 0.1
NMN-130k -12.4 -12.5 -12.4 0.0
NMN-130I -12.7 -12.6 -12.6 0.0
NMN-130m -12.6 -12.1 -12.3 0.2
NMN-130n -12.3 -12.5 -12.4 0.1
NMN-1300 -12.4 -12.4 -12.4 0.0
NMN-130p -12.6 -12.5 -12.5 0.1
NMN-130q -12.6 -12.4 -12.5 0.1
NMN-130r -12.4 -12.0 -12.2 0.2
NMN-130s -12.3 -12.2 -12.3 0.1
NMN-130t -12.4 -12.2 -12.3 0.1
NMN-130u -12.1 -12.1 -12.1 0.0
NMN-130v -12.4 -12.3 -12.3 0.0
NMN-130w -12.6 -12.2 -12.4 0.2
NMN-130x -12.4 -12.3 -12.3 0.0
NMN-130y -12.6 -12.5 -12.5 0.0
NMN-130z -12.8 -12.6 -12.7 0.1
NMN-131a -11.8 -11.9 -11.8 0.1
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NMN-131b -12.5 -12.7 -12.6 0.1
NMN-131c -12.6 -12.6 -12.6 0.0
NMN-131d -12.5 -12.2 -12.4 0.2
NMN-131e -12.2 -12.4 -12.3 0.1
NMN-131f -12.5 -12.6 -12.5 0.1
NMN-131g -12.9 -12.4 -12.6 0.2
NMN-131h -12.5 -12.4 -12.5 0.1
NMN-131i -12.5 -12.4 -12.4 0.1
NMN-131j -12.1 -12.0 -12.0 0.1
NMN-131k -12.3 -12.2 -12.2 0.0
NMN-131l -12.4 -12.5 -12.4 0.0
NMN-131m -12.5 -12.4 -12.5 0.1
NMN-131n -12.6 -12.4 -12.5 0.1
NMN-1310 -12.5 -12.6 -12.6 0.1
NMN-131p -12.5 -13.0 -12.8 0.2
NMN-131q -12.7 -12.5 -12.6 0.1
NMN-131r -12.3 -12.3 -12.3 0.0
NMN-131s -12.6 -12.7 -12.7 0.0
NMN-132a -12.4 -12.1 -12.3 0.1
NMN-132b -12.5 -12.4 -12.5 0.0
NMN-132c -12.3 -12.4 -12.4 0.0
NMN-132d -11.8 -12.3 -12.1 0.3
NMN-132e -12.2 -12.2 -12.2 0.0
NMN-132f -12.2 -12.1 -12.1 0.0
NMN-132g -12.2 -12.2 -12.2 0.0
NMN-132h -12.3 -12.1 -12.2 0.1
NMN-132i -12.4 -12.4 -12.4 0.0
NMN-132j -12.5 -12.5 -12.5 0.0
NMN-132k -12.4 -12.1 -12.3 0.1
NMN-132] -12.5 -12.5 -12.5 0.0
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NMN-132m -12.7 -12.7 -12.7 0.0
NMN-132n -12.7 -12.7 -12.7 0.0
NMN-1320 -12.7 -12.7 -12.7 0.0
NMN-132p -12.7 -12.8 -12.8 0.0
NMN-132q -12.8 -12.7 -12.8 0.1
NMN-132r -12.9 -12.9 -12.9 0.0
NMN-132s -12.9 -12.9 -12.9 0.0
NMN-132t -12.9 -12.9 -12.9 0.0
NMN-132u -12.9 -12.9 -12.9 0.0
NMN-133a -11.4 -11.5 -11.5 0.0
NMN-133b -11.6 -11.5 -11.6 0.1
NMN-133c -11.6 -11.6 -11.6 0.0
NMN-133d -11.8 -11.6 -11.7 0.1
NMN-133e -11.7 -11.5 -11.6 0.1
NMN-133f -12.3 -12.2 -12.2 0.0
NMN-133g -12.6 -12.5 -12.5 0.1
NMN-133h -12.6 -12.4 -12.5 0.1
NMN-133i -12.3 -12.3 -12.3 0.0
NMN-133j -12.5 -12.3 -12.4 0.1
NMN-133k -12.3 -12.3 -12.3 0.0
NMN-133I -12.2 -12.2 -12.2 0.0
NMN-133m -12.1 -12.1 -12.1 0.0
NMN-133n -12.1 -12.0 -12.0 0.1
NMN-1330 -11.9 -11.7 -11.8 0.1
NMN-133p -12.1 -12.1 -12.1 0.0
NMN-133q -12.2 -12.3 -12.3 0.0
NMN-133r -12.3 -12.4 -12.4 0.0
Total

average -12.3 0.1
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Table B.2: All 50e¢namer cold trap measurements (in %o vs VPDB), the average, and standard deviation per sample corrected
against the AG-Lox standard, as explained in section 5.4. All samples were measured in duplicate. As a quality control,
samples were measured in triplicate, or more, if the standard deviation of either the 6*3C or the 6180 value was above 0.5.

The last row contains the average 680 value and the average standard deviation of all 259 samples together.

Sample ID First Duplicate | Triplicate Quadruplicate | Average Standard
80 50 80 80 80 deviation
80

NMN-120a -7.1 -7.2 -7.1 -7.2 0.0
NMN-120b -5.9 -6.2 -6.3 -6.1 0.2
NMN-120c -5.0 -5.1 -5.2 -5.1 0.1
NMN-120d -5.7 -6.2 -5.6 -5.8 0.3
NMN-120e -6.7 -6.6 -6.7 0.0
NMN-120f -7.0 -6.9 -7.2 -7.0 0.1
NMN-120g -6.5 -6.3 -6.4 0.1
NMN-120h -5.9 -5.5 -5.7 0.2
NMN-120i -6.2 -6.0 -6.1 0.1
NMN-120j -5.0 -5.0 -5.0 0.0
NMN-120k -5.2 -4.8 -5.0 0.2
NMN-120I -5.2 -5.0 -5.1 0.1
NMN-120m -5.5 -5.4 -54 0.1
NMN-121a -6.4 -6.0 -6.2 0.2
NMN-121b -7.3 -7.3 -7.3 0.0
NMN-121c -5.6 -5.7 -5.6 0.0
NMN-121d -6.6 -6.5 -6.5 0.1
NMN-121e -6.0 -5.7 -5.8 0.1
NMN-121f -5.6 -5.3 -5.4 0.1
NMN-121g -5.0 -5.0 -5.0 0.0
NMN-121h -5.1 -4.8 -5.0 0.1
NMN-121i -5.4 -5.3 -5.3 0.0
NMN-121j -6.0 -6.1 -6.0 0.1
NMN-121k -6.8 -6.4 -6.6 0.2
NMN-1211 -7.5 -7.4 -7.5 0.1
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NMN-121m -7.1 -7.2 -6.7 -7.0 0.2
NMN-121n -7.1 -7.0 -7.1 -7.1 0.1
NMN-1210 -6.9 -6.8 -6.7 -6.8 0.1
NMN-121p -6.7 -6.6 -6.8 -6.7 0.1
NMN-121q -6.5 -6.3 -6.3 -6.4 0.1
NMN-122a -6.5 -6.4 -6.7 -6.5 0.1
NMN-122b -7.1 -7.2 -7.1 -7.2 0.0
NMN-122c -5.3 -5.2 -5.4 -5.3 0.1
NMN-122d -6.2 -5.8 -5.9 -6.0 0.2
NMN-122e -6.7 -6.6 -6.6 -6.6 0.0
NMN-122f -6.9 -6.7 -6.8 0.1
NMN-122g -6.5 -6.0 -6.2 0.3
NMN-122h -5.7 -5.6 -5.6 0.1
NMN-122i -5.4 -5.4 -5.4 0.0
NMN-122j -5.4 -5.4 -5.4 0.0
NMN-122k -6.1 -6.1 -6.1 0.0
NMN-122] -7.0 -7.2 -7.1 0.1
NMN-122m -7.6 -7.8 -7.7 0.1
NMN-122n 9.1 -8.4 -8.7 0.3
NMN-1220 -7.5 -7.3 -7.4 0.1
NMN-122p -7.5 -7.3 -7.4 0.1
NMN-122q -7.6 -7.3 -7.5 0.2
NMN-123a -6.5 -6.5 -6.7 -6.5 0.1
NMN-123b -6.1 -6.4 -6.2 0.2
NMN-123c -5.7 -5.6 -5.6 0.0
NMN-123d -5.3 -5.5 -5.4 0.1
NMN-123e -5.4 -6.1 -5.8 0.3
NMN-123f -6.4 -6.4 -6.4 0.0
NMN-123g -6.9 -6.7 -6.8 0.1
NMN-123h -7.1 -7.0 -7.0 0.1
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NMN-123i -7.3 7.1 -7.2 0.1
NMN-123] -6.8 -6.9 -6.9 0.0
NMN-123k -6.0 -6.0 -5.9 -5.8 -5.9 0.1
NMN-123l -5.2 -5.3 -5.2 0.0
NMN-123m -4.8 -4.9 -4.9 0.1
NMN-123n -5.1 -5.1 -5.1 0.0
NMN-1230 -5.0 -4.9 -4.9 0.1
NMN-123p -5.1 -5.3 -5.2 0.1
NMN-124a -7.0 -7.0 -7.0 0.0
NMN-124b -6.8 -6.7 -6.7 0.0
NMN-124c -6.9 -6.5 -6.7 0.2
NMN-124d -5.7 -6.0 -5.8 0.1
NMN-124e -5.9 -5.9 -5.9 0.0
NMN-124f -6.4 -6.8 -6.6 0.2
NMN-124g -6.7 7.1 -6.9 0.2
NMN-124h -6.9 -6.9 -6.9 0.0
NMN-124i -6.6 -6.4 -6.5 0.1
NMN-124;j -5.8 -5.7 -5.7 0.1
NMN-124k -5.0 -5.5 -5.2 0.3
NMN-124 -5.1 -5.2 -5.2 0.0
NMN-124m -5.2 -4.8 -5.0 0.2
NMN-124n -4.6 -4.9 -4.8 0.1
NMN-1240 -5.1 -4.9 -5.0 0.1
NMN-124p -5.6 -5.7 -5.7 0.0
NMN-124q -6.2 -6.1 -6.1 0.0
NMN-125a -6.1 -6.3 -6.2 0.1
NMN-125b -6.5 -6.5 -6.5 0.0
NMN-125¢ -6.3 -6.4 -6.4 0.1
NMN-125d -6.4 -6.3 -6.3 0.0
NMN-125e -5.6 -5.7 -5.6 0.0
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NMN-125f -4.8 -4.8 -4.8 0.0
NMN-125g -4.7 -4.5 -4.6 0.1
NMN-125h -5.0 -4.8 -4.9 0.1
NMN-125i -5.6 -5.6 -5.6 0.0
NMN-125j -6.0 -6.1 -6.0 0.0
NMN-125k -6.5 -6.2 -6.4 0.1
NMN-125I -6.6 -6.7 -6.7 0.0
NMN-125m -6.9 -6.9 -6.9 0.0
NMN-125n -7.0 -6.8 -6.9 0.1
NMN-1250 -6.4 -6.5 -6.4 0.0
NMN-125p -6.4 -6.3 -6.3 0.1
NMN-125q -6.5 -6.2 -6.3 0.1
NMN-125r -6.1 -6.2 -6.1 0.1
NMN-125s -6.3 -6.1 -6.2 0.1
NMN-126a -6.9 -6.6 -6.7 0.1
NMN-126b -7.5 -7.6 -7.6 0.0
NMN-126¢ -5.3 -5.4 -5.3 0.0
NMN-126d -5.7 -5.7 -5.7 0.0
NMN-126e -6.7 -6.5 -6.6 0.1
NMN-126f -6.9 -6.8 -6.9 0.0
NMN-126g -6.7 -6.5 -6.6 0.1
NMN-126h -6.0 -6.3 -6.2 0.1
NMN-126i -5.8 -5.6 -5.7 0.1
NMN-126j -5.5 -5.1 -5.3 0.2
NMN-126k -4.6 -4.8 -4.7 0.1
NMN-126l -5.5 -5.4 -5.5 0.0
NMN-126m -6.4 -6.6 -6.5 0.1
NMN-126n -7.2 -7.2 -7.2 0.0
NMN-1260 -7.3 -7.3 -7.3 0.0
NMN-126p -7.5 -7.7 -7.6 0.1
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NMN-126q -7.6 -8.0 -7.8 0.2
NMN-126r -6.9 -7.0 -7.1 -7.0 0.1
NMN-126s -6.5 -6.6 -6.6 -6.6 0.0
NMN-127a -6.7 -6.8 -6.6 -6.7 0.1
NMN-127b -8.0 -8.1 -7.9 -8.0 0.1
NMN-127c -7.0 -7.1 -7.4 -7.1 0.2
NMN-127d -5.8 -6.0 -6.2 -6.0 0.1
NMN-127e -6.6 -6.5 -6.4 -6.5 0.1
NMN-127f -7.3 -7.5 -7.4 0.1
NMN-127g -7.3 -7.8 -7.5 0.2
NMN-127h -7.5 -7.2 -7.3 0.1
NMN-127i -6.5 -6.7 -6.6 0.1
NMN-127j -6.2 -6.6 -6.4 0.2
NMN-127k -6.0 -6.2 -6.1 0.1
NMN-127I -5.9 -5.8 -5.9 0.0
NMN-127m -6.5 -6.3 -6.4 0.1
NMN-127n -6.9 -7.5 -7.2 0.3
NMN-128a -6.8 -6.6 -6.7 0.1
NMN-128b -6.3 -6.0 -6.1 0.1
NMN-128c -4.7 -5.2 -4.9 0.3
NMN-128d -4.8 -4.9 -4.8 0.0
NMN-128e -5.5 -6.0 -5.7 0.3
NMN-128f -6.3 -6.5 -6.4 0.1
NMN-128g -6.4 -6.7 -6.5 0.1
NMN-128h -6.5 -6.5 -6.5 0.0
NMN-128i -6.0 -6.2 -6.1 0.1
NMN-128;j -5.5 -5.8 -5.7 0.1
NMN-128k -5.1 -5.3 -5.2 0.1
NMN-128| -4.7 -5.0 -4.8 0.1
NMN-128m -4.9 -4.9 -4.9 0.0
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NMN-128n -4.9 -4.8 -4.8 0.0
NMN-1280 -5.8 -5.7 -5.8 0.0
NMN-128p -6.6 -6.7 -6.6 0.0
NMN-128q -7.0 -7.1 -7.1 0.0
NMN-128r -6.9 -6.8 -6.9 0.0
NMN-128s -6.6 -6.6 -6.6 0.0
NMN-128t -6.1 -6.2 -6.2 0.1
NMN-129a -5.3 -5.1 -5.2 0.1
NMN-129b -6.2 -6.6 -6.4 0.2
NMN-129c -6.5 -6.3 -6.4 0.1
NMN-129d -5.2 -5.5 -5.3 0.2
NMN-129e -5.0 -4.9 -5.0 0.1
NMN-129f -6.2 -6.0 -6.1 0.1
NMN-129¢g -6.6 -6.6 -6.6 0.0
NMN-129h -6.7 -6.4 -6.5 0.2
NMN-129i -6.2 -6.2 -6.2 0.0
NMN-129j -6.0 -6.4 -6.2 0.2
NMN-129k -5.5 -5.4 -5.4 0.0
NMN-129I -5.1 -5.4 -5.2 0.1
NMN-129m -4.9 -4.8 -4.8 0.0
NMN-129n -4.7 -4.7 -4.7 0.0
NMN-1290 -5.1 -5.0 -5.0 0.0
NMN-129p -6.1 -5.9 -6.0 0.1
NMN-129q -6.8 -6.4 -6.6 0.2
NMN-129r -6.8 -7.0 -6.9 0.1
NMN-129s -7.1 -7.1 -7.1 0.0
NMN-129t -6.8 -6.9 -6.8 0.0
NMN-129u -6.9 -6.6 -6.7 0.1
NMN-129v -6.0 -6.1 -6.1 0.1
NMN-129w -5.7 -5.5 -5.6 0.1

135




NMN-130a -6.5 -6.4 -6.5 0.1
NMN-130b -6.8 -6.9 -6.9 0.1
NMN-130c -7.8 -7.6 -7.7 0.1
NMN-130d -7.5 -7.2 -7.3 0.1
NMN-130e -7.1 -6.9 -7.0 0.1
NMN-130f -6.6 -6.2 -6.4 0.2
NMN-130g -6.0 -5.7 -5.9 0.1
NMN-130h -5.4 -5.2 -5.3 0.1
NMN-130i -5.5 -4.9 -5.2 0.3
NMN-130j -5.5 -5.4 -5.4 0.0
NMN-130k -5.7 -5.8 -5.7 0.0
NMN-130I -6.2 -6.3 -6.2 0.0
NMN-130m -6.8 -6.3 -6.5 0.2
NMN-130n -6.6 -6.7 -6.6 0.0
NMN-1300 -7.1 -7.0 -7.0 0.0
NMN-130p -7.3 -6.9 -7.1 0.2
NMN-130q -6.6 -6.5 -6.6 0.1
NMN-130r -6.2 -5.9 -6.1 0.1
NMN-130s -5.7 -5.7 -5.7 0.0
NMN-130t -5.4 -5.1 -5.2 0.2
NMN-130u -5.2 -4.7 -5.0 0.2
NMN-130v -5.1 -4.9 -5.0 0.1
NMN-130w -5.4 -4.8 -5.1 0.3
NMN-130x -5.0 -5.0 -5.0 0.0
NMN-130y -4.9 -5.0 -5.0 0.0
NMN-130z -5.5 -5.2 -5.3 0.2
NMN-131a -6.7 -6.6 -6.7 0.0
NMN-131b -7.7 -7.4 -7.5 0.1
NMN-131c -7.5 -7.2 -7.3 0.2
NMN-131d -7.3 -6.7 -7.0 0.3
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NMN-131e -6.4 -6.1 -6.3 0.1
NMN-131f -6.1 -6.0 -6.1 0.1
NMN-131g -6.2 -6.6 -6.4 0.2
NMN-131h -6.3 -6.1 -6.2 0.1
NMN-131i -6.5 -6.4 -6.5 0.0
NMN-131j -6.5 -6.3 -6.4 0.1
NMN-131k -6.0 -6.0 -6.0 0.0
NMN-131l -5.9 -5.9 -5.9 0.0
NMN-131m -5.9 -5.7 -5.8 0.1
NMN-131n -5.7 -5.6 -5.6 0.1
NMN-131o0 -5.5 -5.3 -5.4 0.1
NMN-131p -6.0 -6.5 -6.3 0.3
NMN-131q -6.0 -5.9 -6.0 0.1
NMN-131r -6.1 -6.0 -6.0 0.0
NMN-131s -6.5 -6.7 -6.6 0.1
NMN-132a -5.5 -5.4 -5.4 0.0
NMN-132b -5.6 -5.3 -5.5 0.1
NMN-132c -6.7 -6.7 -6.7 0.0
NMN-132d -6.4 -6.8 -6.6 0.2
NMN-132e -6.2 -6.4 -6.3 0.1
NMN-132f -5.5 -5.4 -5.5 0.1
NMN-132g -5.2 -5.1 -5.1 0.0
NMN-132h -5.2 -5.0 -5.1 0.1
NMN-132i -5.2 -5.5 -5.4 0.2
NMN-132j -5.4 -5.6 -5.5 0.1
NMN-132k -5.9 -5.7 -5.8 0.1
NMN-132] -6.2 -6.2 -6.2 0.0
NMN-132m -6.7 -6.9 -6.8 0.1
NMN-132n -7.0 -7.1 -7.1 0.1
NMN-1320 -6.9 -7.0 -7.0 0.0
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NMN-132p -7.2 -6.9 -7.1 0.2
NMN-132q -6.7 -7.5 -7.1 0.4
NMN-132r -6.9 -7.2 -7.0 0.1
NMN-132s -6.9 -6.7 -6.8 0.1
NMN-132t -6.3 -6.4 -6.3 0.0
NMN-132u -5.8 -5.9 -5.9 0.0
NMN-133a -7.1 -7.2 -7.2 0.0
NMN-133b -6.6 -6.4 -6.5 0.1
NMN-133c -5.7 -5.9 -5.8 0.1
NMN-133d -5.5 -5.3 -5.4 0.1
NMN-133e -5.3 -5.1 -5.2 0.1
NMN-133f -5.5 -5.2 -5.3 0.2
NMN-133g -6.4 -6.1 -6.3 0.1
NMN-133h -6.9 -6.4 -6.6 0.2
NMN-133i -6.6 -6.4 -6.5 0.1
NMN-133j -7.2 -6.9 -7.0 0.2
NMN-133k -6.9 -7.1 -7.0 0.1
NMN-133I -6.8 -6.5 -6.7 0.1
NMN-133m -6.3 -5.8 -6.1 0.2
NMN-133n -5.8 -5.3 -5.5 0.2
NMN-1330 -5.2 -4.8 -5.0 0.2
NMN-133p -5.2 -5.0 -5.1 0.1
NMN-133q -5.3 -5.0 -5.1 0.1
NMN-133r -5.3 -5.6 -5.4 0.1
Total

Average -6.2 0.1
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Table B.3: All 5*°Nename 0xidation-denitrification measurements (in %o vs Air), the average, and standard deviation per
selected sample normalized to atmospheric nitrogen using IAEA-NO-3 and USGS34 and corrected for blank contribution, as
explained in section 5.5. All samples were measured in duplicate. As a quality control, samples were measured in triplicate if
the standard deviation was above 0.5. The last row contains the average §'°N value and the average standard deviation of

all 72 samples together.

Sample ID | First 8©°N Duplicate Triplicate Average 6N | Standard deviation
8°N 6N 6N

NMN-120e 3.6 4.0 3.8 0.2
NMN-120h 3.3 3.4 3.4 0.0
NMN-122c 3.0 3.4 3.2 0.2
NMN-122n 2.7 3.3 3.0 0.3
NMN-126a 4.1 54 3.2 4.2 0.9
NMN-126b 3.1 3.6 3.3 0.3
NMN-126¢ 2.3 3.1 2.7 0.4
NMN-126d 2.5 3.6 3.0 0.5
NMN-126e 2.6 2.7 2.6 0.1
NMN-126f 2.3 3.3 2.8 0.5
NMN-126g 1.7 3.1 2.6 2.5 0.5
NMN-126h 2.5 3.3 2.9 0.4
NMN-126i 2.1 2.8 2.4 0.4
NMN-126j 2.1 3.2 2.6 0.6
NMN-126k 2.2 3.2 2.7 0.5
NMN-126l 2.5 3.5 3.0 0.5
NMN-126m 2.5 3.4 3.0 0.4
NMN-126n 2.1 3.2 3.0 2.8 0.5
NMN-1260 2.3 3.4 2.4 2.7 0.5
NMN-126p 1.9 3.5 2.6 2.7 0.6
NMN-126q 2.1 3.9 2.8 2.9 0.7
NMN-126r 2.3 3.5 2.9 0.6
NMN-126s 3.3 3.6 3.5 0.2
NMN-127b 2.6 3.2 2.9 0.3
NMN-127d 2.2 2.6 2.4 0.2
NMN-129a 4.6 4.9 4.7 0.2
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NMN-129n 3.0 3.3 3.1 0.2
NMN-129s 3.4 3.5 3.4 0.1
NMN-130a 3.8 4.4 4.1 0.3
NMN-130b 3.8 4.7 4.3 0.5
NMN-130c 3.4 3.9 3.7 0.2
NMN-130d 3.7 4.4 4.1 0.3
NMN-130e 3.5 4.2 3.9 0.4
NMN-130f 3.8 4.1 3.9 0.1
NMN-130g 4.5 3.5 4.0 0.5
NMN-130h 4.2 4.0 4.1 0.1
NMN-130i 2.9 3.7 3.3 0.4
NMN-130j 4.6 4.2 4.4 0.2
NMN-130k 3.7 4.0 3.8 0.2
NMN-130I 3.6 4.2 3.9 0.3
NMN-130m 3.7 3.5 3.6 0.1
NMN-130n 3.2 3.5 3.3 0.1
NMN-1300 3.3 3.9 3.6 0.3
NMN-130p 3.5 3.2 3.4 0.1
NMN-130q 3.0 3.9 3.4 0.4
NMN-130r 3.4 3.5 3.4 0.0
NMN-130s 3.4 3.4 3.4 0.0
NMN-130t 3.0 3.6 3.3 0.3
NMN-130u 2.8 3.5 3.1 0.4
NMN-130v 3.0 3.4 3.2 0.2
NMN-130w 2.9 3.6 3.2 0.4
NMN-130x 2.5 3.6 3.2 3.1 0.4
NMN-130y 2.1 3.1 2.6 0.5
NMN-130z 3.1 3.9 3.5 0.4
NMN-133a 4.2 4.2 4.2 0.0
NMN-133b 4.8 4.3 4.6 0.3
NMN-133c 5.2 4.3 4.8 0.5
NMN-133d 4.2 4.2 4.2 0.0
NMN-133e 4.5 4.2 4.3 0.2
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NMN-133f 4.0 4.1 4.1 0.1
NMN-133g 4.2 3.7 3.9 0.2
NMN-133h 4.0 3.9 4.0 0.0
NMN-133i 4.0 4.2 4.1 0.1
NMN-133j 4.2 4.0 4.1 0.1
NMN-133k 4.2 3.7 3.9 0.2
NMN-133I 3.9 4.0 3.9 0.1
NMN-133m 3.9 4.0 4.0 0.0
NMN-133n 4.0 3.7 3.8 0.2
NMN-1330 4.0 4.0 4.0 0.0
NMN-133p 3.8 3.8 3.8 0.0
NMN-133q 3.8 3.8 3.8 0.0
NMN-133r 4.4 4.1 4.2 0.2
Total

Average 3.5 0.3
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Appendix C

Results of the trace element analysis of tooth NMN-126

Table C.1: Results of the trace element analysis of tooth NMIN-126, performed by T. Tacail at the Institut fiir

Geowissenschaften at the Johannes Gutenberg-Universitdt, Mainz, Germany. The results for calcium (Ca; second column)

are given in ug per g of tooth enamel. The other elements are given as a ratio compared to calcium, as explained in section

5.6. The red slashes in indicate that the amount of the element in the sample was too low to be detected. The values for

phosphor (P) are higher than the rest of the elements, because phosphor occurs naturally in relatively large quantities in

tooth enamel. Note the slightly elevated values for samples NMN-126a and/or NMN-126b for aluminium (Al), iron (Fe),

magnesium (Mg), natrium (Na), strontium (Sr) and zinc (Zn), discussed in section 7.2.

Sample | Ca Al/Ca | B/Ca | Ba Fe Mg Mn Na [P Sr/Ca | Zn
ID (ng/g) /Ca /Ca | /Ca | /Ca /Ca | /Ca /Ca
NMN-
126a

26 * 10* | 0.0010 | 0.0004 | 0.0003 | 0.008 | 0.008 | 0.0013 | 0.01 | 0.5 | 0.0006 | 0.0014
NMN-
126b

17 *10* | 0.0194 | 0.0004 | 0.0001 | 0.003 | 0.035 | 0.0005 | 0.06 | 0.5 | 0.0006 | 0.0002
NMN-
126¢

41 *10* | 0.0003 | 0.0001 | 0.0001 | 0.002 | 0.006 | 0.0003 | 0.01 | 0.5 | 0.0005 | 0.0001
NMN-
126d

32*10% |/ 0.0001 | 0.0001 | 0.002 | 0.006 | 0.0002 | 0.01 | 0.5 0.0005 | 0.0001
NMN-
126e

16 *10* | / 0.0001 | 0.0001 | 0.001 | 0.006 | 0.0003 | / 0.5 | 0.0005 | 0.0002
NMN-
126f

29 *10* | / 0.0003 | 0.0001 | 0.001 | 0.006 | 0.0002 | 0.01 | 0.5 | 0.0005 | 0.0002
NMN-
126g

32%10% |/ 0.0004 | 0.0001 | 0.001 | 0.006 | 0.0004 | 0.01 | 0.5 | 0.0005 | 0.0001
NMN-
126h

26 * 10* | 0.0006 | 0.0004 | 0.0001 | 0.002 | 0.005 | 0.0004 | 0.01 | 0.5 | 0.0005 | 0.0001
NMN-
126i

33*10% | / 0.0001 | 0.0001 | 0.001 | 0.006 | 0.0005 | 0.01 | 0.5 | 0.0005 | 0.0001
NMN-
126

18 * 10* | 0.0012 | 0.0003 | 0.0001 | 0.002 | 0.005 | 0.0007 | / 0.5 | 0.0005 | 0.0001
NMN-
126k

30 *10* | / 0.0001 | 0.0001 | 0.001 | 0.006 | 0.0006 | 0.02 | 0.5 | 0.0005 | 0.0001
NMN-
126l

26 *10* | / 0.0001 | 0.0001 | 0.001 | 0.005 | 0.0004 | 0.01 | 0.5 | 0.0005 | 0.0001
NMN-
126m

30 *10* | / 0.0005 | 0.0001 | 0.001 | 0.005 | 0.0003 | 0.01 | 0.5 | 0.0005 | 0.0001
NMN-
126n

35 *10% | / 0.0003 | 0.0001 | 0.001 | 0.005 | 0.0004 | 0.01 | 0.5 | 0.0005 | 0.0001
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NMN-

1260

47 * 10* | 0.0002 | 0.0003 | 0.0002 | 0.001 | 0.005 | 0.0005 | 0.01 | 0.5 | 0.0005 | 0.0001
NMN-
126p

40 * 10* | / 0.0003 | 0.0002 | 0.001 | 0.005 | 0.0008 | 0.01 | 0.5 | 0.0005 | 0.0001
NMN-
126q

39 * 10* | 0.0002 | 0.0003 | 0.0002 | 0.001 | 0.005 | 0.0012 | 0.01 | 0.5 | 0.0005 | 0.0001
NMN-
126r

32*10* | / 0.0003 | 0.0002 | 0.001 | 0.005 | 0.0010 | 0.01 | 0.5 | 0.0005 | 0.0001
NMN-
126s

34 *10* | 0.0004 | 0.0003 | 0.0005 | 0.001 | 0.005 | 0.0010 | 0.01 | 0.5 | 0.0005 | 0.0001

143




Appendix D

The 613Cenamel, 613Cdiet, 6180enamel, 6180VSMOW; 5180PO4, and 6180bodywater values per sa mple

Table D.1: The average 5% Cepamer value (in %o vs VPDB), the average 6*3Cgie: value (in %o vs VPDB), the average 5'80cnamer

value (in %o vs VPDB), average 6*30enamer value (in %o vs VSMOW), the average 6*80po4 value (in %o vs VSMOW), and the

average 5" 0podywater value (in %o vs VSMOW) per sample. The §*3Cgier value was calculated by subtracting the enrichment

factor (* = 13.5) from the 6%3Cenamer value. The 6 0ysvow value was calculated following equation 4, the 6'80po4 following

equation 10, and the 8 0pogywater following equation 3. The last row shows the average value of all 259 samples for each

column.
Sample ID | 8Cenamel 8Caiet 8"0cnamel 80vsmow | 6™%0ro4 8" 00 0dywater
NMN-120a -11.9 -25.4 -7.2 23.5 15.9 -7.8
NMN-120b -11.7 -25.2 -6.1 24.6 17.0 -6.7
NMN-120c -11.2 -24.7 -5.1 25.7 18.0 -5.5
NMN-120d -11.4 -24.9 -5.8 24.9 17.3 -6.4
NMN-120e -11.9 -25.4 -6.7 24.1 16.4 -7.3
NMN-120f -11.7 -25.2 -7.0 23.7 16.1 -7.7
NMN-120g -11.3 -24.8 -6.4 24.3 16.7 -7.0
NMN-120h -11.0 -24.5 -5.7 25.1 17.4 -6.2
NMN-120i -11.7 -25.2 -6.1 24.6 17.0 -6.7
NMN-120j -12.0 -25.5 -5.0 25.8 18.1 -5.4
NMN-120k -11.5 -25.0 -5.0 25.8 18.1 -5.4
NMN-120I -11.9 -25.4 -5.1 25.7 18.0 -5.5
NMN-120m -11.9 -25.4 -5.4 25.3 17.7 -5.9
NMN-121a -10.6 -24.1 -6.2 24.5 16.9 -6.8
NMN-121b -11.8 -25.3 -7.3 234 15.8 -8.0
NMN-121c -11.8 -25.3 -5.6 25.1 17.5 -6.1
NMN-121d -11.9 -254 -6.5 24.2 16.6 -7.1
NMN-121e -11.7 -25.2 -5.8 24.9 17.3 -6.4
NMN-121f -11.5 -25.0 -5.4 25.3 17.7 -5.9
NMN-121g -11.4 -24.9 -5.0 25.8 18.1 -5.4
NMN-121h -11.7 -25.2 -5.0 25.8 18.2 -5.4
NMN-121i -11.8 -25.3 -5.3 254 17.8 -5.8
NMN-121j -12.1 -25.6 -6.0 24.7 17.1 -6.6
NMN-121k -12.4 -25.9 -6.6 24.1 16.5 -7.3
NMN-1211 -12.5 -26.0 -7.5 23.2 15.6 -8.2
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NMN-121m -12.0 -25.5 -7.0 23.7 l6.1 -7.7
NMN-121n -12.2 -25.7 -7.1 23.6 16.0 -7.7
NMN-1210 -12.0 -25.5 -6.8 23.9 16.3 -7.5
NMN-121p -12.2 -25.7 -6.7 24.0 16.4 -7.3
NMN-121q -12.1 -25.6 -6.4 24.4 16.7 -7.0
NMN-122a -11.5 -25.0 -6.5 24.2 16.6 -7.2
NMN-122b -11.5 -25.0 -7.2 23.5 15.9 -7.8
NMN-122c -11.8 -25.3 -5.3 25.5 17.8 -5.7
NMN-122d -11.4 -24.9 -6.0 24.8 17.1 -6.5
NMN-122e -11.5 -25.0 -6.6 24.1 16.5 -7.3
NMN-122f -11.7 -25.2 -6.8 23.9 16.3 -7.5
NMN-122g -11.7 -25.2 -6.2 24.5 16.9 -6.8
NMN-122h -11.7 -25.2 -5.6 25.1 17.5 -6.1
NMN-122i -11.9 -25.4 -5.4 25.4 17.7 -5.9
NMN-122j -12.0 -25.5 -5.4 25.3 17.7 -5.9
NMN-122k -12.4 -25.9 -6.1 24.6 17.0 -6.7
NMN-122] -12.6 -26.1 -7.1 23.6 16.0 -7.8
NMN-122m -12.7 -26.2 -7.7 23.0 15.4 -8.4
NMN-122n -12.6 -26.1 -8.7 21.9 14.4 -9.6
NMN-1220 -12.6 -26.1 -7.4 23.3 15.7 -8.1
NMN-122p -12.6 -26.1 -7.4 23.3 15.7 -8.1
NMN-122q -12.4 -25.9 -7.5 23.2 15.6 -8.2
NMN-123a -11.0 -24.5 -6.5 24.2 16.6 -7.2
NMN-123b -12.4 -25.9 -6.2 24.5 16.9 -6.8
NMN-123c -12.5 -26.0 -5.6 25.1 17.5 -6.1
NMN-123d -12.4 -25.9 -5.4 25.4 17.7 -5.9
NMN-123e -12.4 -25.9 -5.8 25.0 17.4 -6.3
NMN-123f -12.6 -26.1 -6.4 24.4 16.7 -7.0
NMN-123g -12.3 -25.8 -6.8 23.9 16.3 -7.5
NMN-123h -12.4 -25.9 -7.0 23.7 16.1 -7.7
NMN-123i -12.5 -26.0 -7.2 23.5 15.9 -7.9
NMN-123j -12.2 -25.7 -6.9 23.9 16.2 -7.5
NMN-123k -11.8 -25.3 -5.9 24.8 17.2 -6.4
NMN-123I -11.8 -25.3 -5.2 25.5 17.9 -5.7
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NMN-123m -12.0 -25.5 -4.9 25.9 18.3 -5.3
NMN-123n -12.0 -25.5 -5.1 25.7 18.0 -5.5
NMN-1230 -12.4 -25.9 -4.9 25.8 18.2 -5.4
NMN-123p -12.5 -26.0 -5.2 25.6 17.9 -5.6
NMN-124a -12.0 -25.5 -7.0 23.7 16.1 -7.7
NMN-124b -12.2 -25.7 -6.7 24.0 16.4 -7.4
NMN-124c -12.1 -25.6 -6.7 24.0 16.4 -7.3
NMN-124d -12.2 -25.7 -5.8 24.9 17.3 -6.4
NMN-124e -12.4 -25.9 -5.9 24.8 17.2 -6.4
NMN-124f -12.3 -25.8 -6.6 24.1 16.5 -7.2
NMN-124g -12.5 -26.0 -6.9 23.8 16.2 -7.6
NMN-124h -12.2 -25.7 -6.9 23.8 16.2 -7.6
NMN-124i -12.0 -25.5 -6.5 24.2 16.6 -7.2
NMN-124j -12.0 -25.5 -5.7 25.0 17.4 -6.3
NMN-124k -11.6 -25.1 -5.2 25.5 17.9 -5.7
NMN-124| -11.7 -25.2 -5.2 25.6 18.0 -5.6
NMN-124m -11.6 -25.1 -5.0 25.8 18.1 -5.4
NMN-124n -11.4 -24.9 -4.8 26.0 18.4 -5.2
NMN-1240 -12.0 -25.5 -5.0 25.8 18.1 -5.4
NMN-124p -12.1 -25.6 -5.7 25.1 17.4 -6.2
NMN-124q -11.4 -24.9 -6.1 24.6 17.0 -6.7
NMN-125a -12.2 -25.7 -6.2 24.6 16.9 -6.7
NMN-125b -12.3 -25.8 -6.5 24.2 16.6 -7.1
NMN-125c -12.4 -25.9 -6.4 24.4 16.7 -7.0
NMN-125d -12.4 -25.9 -6.3 24.4 16.8 -6.9
NMN-125e -12.3 -25.8 -5.6 25.1 17.5 -6.1
NMN-125f -12.3 -25.8 -4.8 26.0 18.3 -5.2
NMN-125g -12.4 -25.9 -4.6 26.2 18.5 -5.0
NMN-125h -12.6 -26.1 -4.9 25.8 18.2 -5.3
NMN-125i -12.8 -26.3 -5.6 25.2 17.5 -6.1
NMN-125j -12.7 -26.2 -6.0 24.7 17.1 -6.6
NMN-125k -12.8 -26.3 -6.4 24.3 16.7 -7.0
NMN-125I -12.7 -26.2 -6.7 24.1 16.4 -7.3
NMN-125m -12.7 -26.2 -6.9 23.8 16.2 -7.6
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NMN-125n -13.0 -26.5 -6.9 23.8 16.2 -7.6
NMN-1250 -13.1 -26.6 -6.4 24.3 16.7 -7.0
NMN-125p -13.0 -26.5 -6.3 24.4 16.8 -6.9
NMN-125q -13.1 -26.6 -6.3 24.4 16.8 -6.9
NMN-125r -12.7 -26.2 -6.1 24.6 17.0 -6.7
NMN-125s -12.8 -26.3 -6.2 24.5 16.9 -6.8
NMN-126a -11.8 -25.3 -6.7 24.0 16.4 -7.4
NMN-126b -12.4 -25.9 -7.6 23.1 15.5 -8.3
NMN-126¢ -12.2 -25.7 -5.3 25.4 17.8 -5.8
NMN-126d -12.5 -26.0 -5.7 25.1 17.4 -6.2
NMN-126e -12.7 -26.2 -6.6 24.1 16.5 -7.3
NMN-126f -12.9 -26.4 -6.9 23.8 16.2 -7.5
NMN-126g -12.7 -26.2 -6.6 24.1 16.5 -7.2
NMN-126h -12.3 -25.8 -6.2 24.6 17.0 -6.7
NMN-126i -12.5 -26.0 -5.7 25.0 17.4 -6.2
NMN-126j -12.7 -26.2 -5.3 25.4 17.8 -5.8
NMN-126k -12.2 -25.7 -4.7 26.1 18.4 -5.1
NMN-126l -12.1 -25.6 -5.5 25.3 17.7 -5.9
NMN-126m -12.3 -25.8 -6.5 24.2 16.6 -7.1
NMN-126n -12.5 -26.0 -7.2 23.5 15.9 -7.9
NMN-1260 -12.3 -25.8 -7.3 23.4 15.8 -8.0
NMN-126p -12.5 -26.0 -7.6 23.0 15.5 -8.4
NMN-126q -12.4 -25.9 -7.8 22.9 15.3 -8.6
NMN-126r -12.3 -25.8 -7.0 23.7 16.1 -7.7
NMN-126s -12.2 -25.7 -6.6 24.1 16.5 -7.2
NMN-127a -11.4 -24.9 -6.7 24.0 16.4 -7.3
NMN-127b -11.7 -25.2 -8.0 22.7 15.1 -8.8
NMN-127c -11.9 -25.4 -7.1 23.6 16.0 -7.8
NMN-127d -11.7 -25.2 -6.0 24.7 17.1 -6.6
NMN-127e -12.0 -25.5 -6.5 24.2 16.6 -7.1
NMN-127f -11.8 -25.3 -7.4 23.3 15.7 -8.1
NMN-127g -12.0 -25.5 -7.5 23.2 15.6 -8.3
NMN-127h -11.8 -25.3 -7.3 23.3 15.7 -8.1
NMN-127i -11.8 -25.3 -6.6 24.1 16.5 -7.2
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NMN-127j -11.6 -25.1 -6.4 24.3 16.7 -7.0
NMN-127k -11.6 -25.1 -6.1 24.6 17.0 -6.6
NMN-1271 -11.8 -25.3 -5.9 24.9 17.2 -6.4
NMN-127m -12.1 -25.6 -6.4 24.3 16.7 -7.0
NMN-127n -12.0 -25.5 -7.2 235 15.9 -7.9
NMN-128a -12.6 -26.1 -6.7 24.0 16.4 -7.3
NMN-128b -12.6 -26.1 -6.1 24.6 17.0 -6.7
NMN-128c -12.7 -26.2 -4.9 25.8 18.2 -5.3
NMN-128d -12.3 -25.8 -4.8 25.9 18.3 -5.2
NMN-128e -12.5 -26.0 -5.7 25.0 17.4 -6.2
NMN-128f -12.1 -25.6 -6.4 24.3 16.7 -7.0
NMN-128g -12.6 -26.1 -6.5 24.2 16.6 -7.1
NMN-128h -12.7 -26.2 -6.5 24.2 16.6 -7.1
NMN-128i -12.7 -26.2 -6.1 24.6 17.0 -6.7
NMN-128j -12.4 -25.9 -5.7 25.1 17.5 -6.2
NMN-128k -12.5 -26.0 -5.2 25.5 17.9 -5.7
NMN-128| -12.6 -26.1 -4.8 25.9 18.3 -5.3
NMN-128m -12.6 -26.1 -4.9 25.9 18.2 -5.3
NMN-128n -12.5 -26.0 -4.8 25.9 18.3 -5.2
NMN-1280 -12.5 -26.0 -5.8 25.0 17.3 -6.3
NMN-128p -12.3 -25.8 -6.6 24.1 16.5 -7.3
NMN-128q -12.2 -25.7 -7.1 23.6 16.0 -7.7
NMN-128r -12.3 -25.8 -6.9 23.8 16.2 -7.5
NMN-128s -12.3 -25.8 -6.6 24.1 16.5 -7.2
NMN-128t -12.4 -25.9 -6.2 24.6 17.0 -6.7
NMN-129a -10.8 -24.3 -5.2 25.6 17.9 -5.6
NMN-129b -11.9 -25.4 -6.4 24.3 16.7 -7.0
NMN-129c -12.4 -25.9 -6.4 24.3 16.7 -7.0
NMN-129d -12.5 -26.0 -5.3 25.4 17.8 -5.8
NMN-129e -12.5 -26.0 -5.0 25.8 18.2 -5.4
NMN-129f -12.9 -26.4 -6.1 24.6 17.0 -6.7
NMN-129¢g -12.7 -26.2 -6.6 24.1 16.5 -7.2
NMN-129h -12.8 -26.3 -6.5 24.2 16.6 -7.1
NMN-129i -12.7 -26.2 -6.2 24.6 16.9 -6.7
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NMN-129j -12.6 -26.1 -6.2 24.5 16.9 -6.8
NMN-129k -12.6 -26.1 -5.4 25.3 17.7 -5.9
NMN-129I -12.5 -26.0 -5.2 25.5 17.9 -5.7
NMN-129m -12.7 -26.2 -4.8 25.9 18.3 -5.2
NMN-129n -12.6 -26.1 -4.7 26.1 18.4 -5.1
NMN-1290 -12.5 -26.0 -5.0 25.7 18.1 -5.5
NMN-129p -12.5 -26.0 -6.0 24.8 17.1 -6.5
NMN-129q -12.6 -26.1 -6.6 24.1 16.5 -7.2
NMN-129r -12.5 -26.0 -6.9 23.8 16.2 -7.5
NMN-129s -12.4 -25.9 -7.1 23.6 16.0 -7.7
NMN-129t -12.3 -25.8 -6.8 23.9 16.3 -7.5
NMN-129u -12.4 -25.9 -6.7 24.0 16.4 -7.4
NMN-129v -12.3 -25.8 -6.1 24.7 17.0 -6.6
NMN-129w -12.2 -25.7 -5.6 25.1 17.5 -6.1
NMN-130a -12.3 -25.8 -6.5 24.2 16.6 -7.1
NMN-130b -12.4 -25.9 -6.9 23.8 16.2 -7.5
NMN-130c -12.6 -26.1 -7.7 23.0 15.4 -8.5
NMN-130d -12.5 -26.0 -7.3 23.4 15.8 -8.0
NMN-130e -12.7 -26.2 -7.0 23.7 16.1 -7.6
NMN-130f -12.5 -26.0 -6.4 24.3 16.7 -7.0
NMN-130g -12.5 -26.0 -5.9 24.9 17.2 -6.4
NMN-130h -12.3 -25.8 -5.3 25.4 17.8 -5.8
NMN-130i -12.4 -25.9 -5.2 25.5 17.9 -5.7
NMN-130j -12.5 -26.0 -5.4 25.3 17.7 -5.9
NMN-130k -12.4 -25.9 -5.7 25.0 17.4 -6.2
NMN-130I -12.6 -26.1 -6.2 24.5 16.9 -6.8
NMN-130m -12.3 -25.8 -6.5 24.2 16.6 -7.2
NMN-130n -12.4 -25.9 -6.6 24.1 16.5 -7.3
NMN-1300 -12.4 -25.9 -7.0 23.7 16.1 -7.7
NMN-130p -12.5 -26.0 -7.1 23.6 16.0 -7.8
NMN-130q -12.5 -26.0 -6.6 24.1 16.5 -7.2
NMN-130r -12.2 -25.7 -6.1 24.7 17.0 -6.6
NMN-130s -12.3 -25.8 -5.7 25.1 17.4 -6.2
NMN-130t -12.3 -25.8 -5.2 25.5 17.9 -5.7
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NMN-130u -12.1 -25.6 -5.0 25.8 18.1 -5.4
NMN-130v -12.3 -25.8 -5.0 25.7 18.1 -5.5
NMN-130w -12.4 -25.9 -5.1 25.7 18.0 -5.5
NMN-130x -12.3 -25.8 -5.0 25.7 18.1 -5.5
NMN-130y -12.5 -26.0 -5.0 25.8 18.2 -5.4
NMN-130z -12.7 -26.2 -5.3 25.4 17.8 -5.8
NMN-131a -11.8 -25.3 -6.7 24.1 16.4 -7.3
NMN-131b -12.6 -26.1 -7.5 23.1 15.5 -8.3
NMN-131c -12.6 -26.1 -7.3 23.4 15.8 -8.0
NMN-131d -12.4 -25.9 -7.0 23.7 l6.1 -7.7
NMN-131e -12.3 -25.8 -6.3 24.5 16.8 -6.8
NMN-131f -12.5 -26.0 -6.1 24.7 17.0 -6.6
NMN-131g -12.6 -26.1 -6.4 24.3 16.7 -7.0
NMN-131h -12.5 -26.0 -6.2 24.5 16.9 -6.7
NMN-131i -12.4 -25.9 -6.5 24.3 16.7 -7.1
NMN-131j -12.0 -25.5 -6.4 24.3 16.7 -7.0
NMN-131k -12.2 -25.7 -6.0 24.7 17.1 -6.5
NMN-131l -12.4 -25.9 -5.9 24.9 17.2 -6.4
NMN-131m -12.5 -26.0 -5.8 24.9 17.3 -6.3
NMN-131n -12.5 -26.0 -5.6 25.1 17.5 -6.1
NMN-1310 -12.6 -26.1 -5.4 25.3 17.7 -5.9
NMN-131p -12.8 -26.3 -6.3 24.5 16.8 -6.8
NMN-131q -12.6 -26.1 -6.0 24.8 17.1 -6.5
NMN-131r -12.3 -25.8 -6.0 24.7 17.1 -6.6
NMN-131s -12.7 -26.2 -6.6 24.1 16.5 -7.2
NMN-132a -12.3 -25.8 -5.4 25.3 17.7 -5.9
NMN-132b -12.5 -26.0 -5.5 25.3 17.6 -6.0
NMN-132c -12.4 -25.9 -6.7 24.0 16.4 -7.4
NMN-132d -12.1 -25.6 -6.6 24.1 16.5 -7.2
NMN-132e -12.2 -25.7 -6.3 24.4 16.8 -6.9
NMN-132f -12.1 -25.6 -5.5 25.3 17.6 -6.0
NMN-132g -12.2 -25.7 -5.1 25.6 18.0 -5.6
NMN-132h -12.2 -25.7 -5.1 25.7 18.0 -5.5
NMN-132i -12.4 -25.9 -5.4 25.4 17.7 -5.8
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NMN-132j -12.5 -26.0 -5.5 25.3 17.6 -6.0
NMN-132k -12.3 -25.8 -5.8 25.0 17.3 -6.3
NMN-132I -12.5 -26.0 -6.2 24.5 16.9 -6.8
NMN-132m -12.7 -26.2 -6.8 23.9 16.3 -7.5
NMN-132n -12.7 -26.2 -7.1 23.6 16.0 -7.7
NMN-1320 -12.7 -26.2 -7.0 23.7 16.1 -7.7
NMN-132p -12.8 -26.3 -7.1 23.6 16.0 -7.7
NMN-132q -12.8 -26.3 -7.1 23.6 16.0 -7.8
NMN-132r -12.9 -26.4 -7.0 23.7 16.1 -7.7
NMN-132s -12.9 -26.4 -6.8 23.9 16.3 -7.4
NMN-132t -12.9 -26.4 -6.3 24.4 16.8 -6.9
NMN-132u -12.9 -26.4 -5.9 24.9 17.2 -6.4
NMN-133a -11.5 -25.0 -7.2 23.5 15.9 -7.8
NMN-133b -11.6 -25.1 -6.5 24.2 16.6 -7.1
NMN-133c -11.6 -25.1 -5.8 24.9 17.3 -6.3
NMN-133d -11.7 -25.2 -5.4 25.4 17.7 -5.9
NMN-133e -11.6 -25.1 -5.2 25.6 17.9 -5.6
NMN-133f -12.2 -25.7 -5.3 25.4 17.8 -5.8
NMN-133g -12.5 -26.0 -6.3 24.5 16.8 -6.8
NMN-133h -12.5 -26.0 -6.6 24.1 16.5 -7.3
NMN-133i -12.3 -25.8 -6.5 24.2 16.6 -7.1
NMN-133j -12.4 -25.9 -7.0 23.7 16.1 -7.7
NMN-133k -12.3 -25.8 -7.0 23.7 16.1 -7.6
NMN-133I -12.2 -25.7 -6.7 24.0 16.4 -7.3
NMN-133m -12.1 -25.6 -6.1 24.7 17.0 -6.6
NMN-133n -12.0 -25.5 -5.5 25.2 17.6 -6.0
NMN-1330 -11.8 -25.3 -5.0 25.7 18.1 -5.5
NMN-133p -12.1 -25.6 -5.1 25.7 18.0 -5.5
NMN-133q -12.3 -25.8 -5.1 25.6 18.0 -5.6
NMN-133r -12.4 -25.9 -5.4 25.3 17.7 -5.9
Total

Average -12.3 -25.8 -6.2 24.6 16.9 -6.7
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