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Zusammenfassung

Der Fokus der vorliegenden Dissertation liegt auf der Untersuchung von post-mortem
Diagenese und deren Auswirkungen auf die chemische Zusammensetzung von Zahngewebe
und auf die mikroskopische Textur der Zahnschmelzoberflache, um unter anderem die
treibenden Mechanismen hinter Diagenese zu verstehen. Der erste Teil dieser Arbeit
beschaftigt sich mit der mechanischen und chemischen Widerstandsfahigkeit von
mikroskopischen Oberflachentexturen (dental microwear texture, DMT) und nicht-traditioneller
stabiler Isotope gegen verschiedene post-mortem Alterationsszenarien. Diese wurden in
unterschiedlichen Experimenten simuliert. DMT und nicht-traditionelle stabile Isotope wurden
jeweils vor und nach den einzelnen Experimenten gemessen, um Abnutzungsspuren auf der
Schmelzoberflache und Veranderungen der chemischen Isotopenzusammensetzung im
Zahngewebe zu charakterisieren. Im zweiten Teil der Dissertation wurden sowohl DMT als
auch nicht-traditionelle stabile Isotope in permokarbonischen Tetrapoden gemessen, um
Ernahrungspraferenzen und die Besetzung unterschiedlicher Nischen in den frihesten

terrestrischen Nahrungsnetzen zu rekonstruieren.

DMT Analysen und nicht-traditionelle Isotopensysteme werden zunehmend auf eine
Vielzahl von taxonomischen Gruppen, wie Reptilien (einschlieRlich Dinosaurier) und Fische,
sowie in modernen und fossilen Okosystemen angewandt, um Nahrungskategorien und
Positionen in den jeweiligen Nahrungsnetzen zu bestimmen. Allerdings konnen diese
sogenannten Proxies besonders im Fossilbericht durch post-mortem Alteration beeinflusst
werden. Zahnschmelz ist, im Gegensatz zu anderen phosphatischen Hartgeweben wie Dentin
und Knochen, hoch mineralisiert und daher weniger anfallig fir Diagenese. Allerdings kann
auch fossiler Zahnschmelz diagenetisch Uberpragt sein. Um die Auswirkungen von
mechanischer Alteration auf DMT durch fluvialen Transport von Fossilien, sowie Erosion der
Zahnschmelzoberflache durch &olischen Sedimenttransport oder die Verdauung von
verschluckten Zahnen zu bewerten, wurden Tumblingexperimente, sowie ein Sandstrahl- und
ein Magensaureexperiment mit verschiedenen Wirbeltierarten unter Verwendung
verschiedener  Sedimentkorngréflen und  Saurebedingungen durchgefihrt. Diese
experimentell erzeugten Datensatze wurden mit einem Referenzdatensatz schlecht erhaltener
Zahnoberflachen erganzt, die beispielweise bei Ausgrabungen, Praparation und
Probennahme entstanden sind. Die Datensatze wurden mit standardisierten
Texturparametern analysiert. Die Ergebnisse zeigen, dass sich die Parameterwerte von post-
mortem DMT kaum von nahrungsbezogenen DMT Werten unterscheiden. Daher ist es
notwendig, dass erfahrene Anwender der Methodik post-mortem Texturen identifizieren und
bewerten kdénnen bevor potentiell alterierte Schmelzoberflichen in einen Datensatz
aufgenommen werden. Neben Diagenese kdnnen aber auch ein reduziertes Kauverhalten

oder kontinuierlicher Zahnwechsel Einfluss auf DMT haben. Einige Arten mit wenig
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ausgepragtem Kauverhalten und lebenslangem Zahnwechsel, wie Schuppenechsen
(Reptilien), zeigen ernahrungsspezifische mikroskopische Schmelzoberflachentexturen
(DMT), wahrend Ergebnisse in der vorliegenden Dissertation zeigen, dass einige rezente Hai-
Arten keine ernahrungsspezifischen Texturen ausbilden. Bei Haien scheint der Zahn-
Nahrungskontakt auf Grund von stark reduziertem Kauverhalten oder sehr schnellem
Zahnwechsel, oder einer Kombination aus beidem, zu gering zu sein, um ernahrungsbedingte
Abnutzungsspuren zu erzeugen.

Zusatzlich wurde ein in-vitro Alterationsexperiment durchgefiihrt, um das Verstandnis
der Auswirkungen von Diagenese auf die isotopenchemische Zusammensetzung von
Zahngewebe, Schmelz und Dentin, zu verbessern. Dabei wurden Elefantenzahnwdrfel fir
unterschiedliche Laufzeiten und Temperaturen in einer isotopenangereicherten, wassrigen
Lésung eingelegt. Auf der Grundlage der Veranderungen in der Kristallstruktur und in den
Isotopenverhaltnissen der Zahngewebe wurden Ldsungs- und Ausfallungsprozesse als
Reaktionsmechanismen identifiziert. DarlUber hinaus konnte gezeigt werden, dass
Zahnschmelz sehr resistent gegen Alteration der chemischen Isotopenzusammensetzung der
getesteten Isotope ist, wahrend Dentin anfélliger fur diagenetische Veranderungen ist.

Im zweiten Teil dieser Dissertation wurden DMT Analysen und nicht-traditionelle stabile
Isotopensysteme (5**2Ca und 3%%8¢Sr) in ausgestorbenen permokarbonischen Tetrapoden
gemessen, um frilhe pflanzen- und fleischfressende Arten in fossilen Okosystemen
verschiedener Lokalitaten in den USA, Sudafrika und Deutschland zu identifizieren. Als
Erganzung zu dem fossilen Isotopendatensatz wurden zusatzlich 3*42Ca und 8%¥8Sr in
rezenten Schuppenechsen unterschiedlicher Ernahrungskategorien gemessen. Die 3*442Ca
Werte zeigen einen Unterschied zwischen fleisch- und pflanzenfressenden Arten sowohl bei
rezenten Schuppenechsen als auch bei ausgestorbenen permokarbonischen Tetrapoden,
wobei Fleischfresser niedrigere Werte haben als Pflanzenfresser. Insekten- und eierfressende
Schuppenechsen haben die hochsten 3*42Ca Werte. Es ist kein systematischer Unterschied
zwischen Knochen- und Zahnproben in rezenten Schuppenechsen feststellbar, in fossilen,
ausgestorbenen Tetrapoden zeigen die Zahnschmelzproben allerdings weniger negative
5*442Ca Werte als fossilen Knochenproben. Mit dem vorliegenden Datensatz kann nicht geklart
werden, ob diese Unterschiede durch diagenetische Uberpragung oder durch Unterschiede in
den physiologischen Fraktionierungsprozessen verschiedener Tierarten verursacht wird.
Generell zeigen die 5*42Ca Werte der Tiere aus dem oberen Perm einen ausgepragteren
Unterschied zwischen den Trophiestufen im Vergleich zu Arten aus dem unteren Perm. Dieser
Unterschied wird mdglicherweise verursacht durch Unterschiede in der Erndhrung oder in
physiologischen Fraktionierungsprozessen, besonders zwischen Pflanzenfressern aus dem
unterem und oberem Perm. Die 3%/%Sr Werte zeigen, ahnlich wie 8**42Ca, ebenfalls starke

Unterschiede zwischen verschiedenen Ernahrungskategorien in rezenten Schuppenechsen.
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In permokarbonischen Fossilien ist die ante-mortem Sr Zusammensetzung allerdings deutlich
durch Diagenese Uberpragt, was zu positiven 8%/88Sr Werten fiihrt. Des Weiteren zeigen DMT
Daten von fossilen permokarbonischen Tetrapoden keine Unterschiede zwischen
Fleischfressern und Pflanzenfressern wahrend sich die Insektenfresser signifikant von beiden
unterschieden. Interessanterweise wurden Unterschiede innerhalb der pflanzen- und auch der
fleischfressenden Ernahrungskategorien festgestellt, was darauf hindeutet, dass die Tiere sich
von Nahrung mit unterschiedlichen Materialeigenschaften (z. B. unterschiedliche Arten oder
unterschiedliche Teile) ernahrt haben und/oder unterschiedliche ausgepragte Kauverhalten
hatten, was zu signifikanten Unterschieden in den Abnutzungsspuren der Schmelzoberflache
fuhrt.

Die Kombination von DMT Analysen und &*/#2Ca in einer Hauptkomponentenanalyse
zeigt signifikante Unterschiede zwischen verschiedenen fleisch-, pflanzen- und mutmalflich
allesfressenden Arten aus dem spaten Karbon, unterem und oberem Perm. Daraus kann
geschlussfolgert werden, dass diese Arten artspezifische &kologische Nischen in
spatkarbonischen und permischen Okosystemen besetzten. Allerdings werden mehr Fauna-
und Floraproben aus den jeweiligen Okosystemen bendtigt, um die §**?Ca Werte der
Primarproduzenten, also der Pflanzen, zu bestimmen und die Unterschiede der 3*¥42Ca Werte
in den Pflanzenfressern besser interpretieren zu kénnen. Die Ergebnisse der vorliegenden
Dissertation zeigen, dass die Kombination von DMT Analysen und stabilen Ca Isotopen das
Potenzial zu einer, im Vergleich mit einem Einzel-Proxy-Ansatz, praziseren Rekonstruktion

von Nischenbesetzung und Trophieebenen in fossilen Okosystemen hat.
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Abstract

The main focus of this thesis was to determine whether dental microwear texture (DMT)
and non-traditional stable isotopes are overprinted by diagenetic influences to provide a more
thorough understanding of mechanisms behind, and effect of, post-mortem alteration in dental
tissues. First, the teeth of several extant species were subjected to different experimental
conditions intended to simulate diagenetic alteration. DMT and non-traditional stable isotopes
were measured both before and after each experiment, to characterize dental wear features
and in-vivo chemical composition as a result of simulated diagenetic alteration. Second, both
dental microwear texture analyses (DMTA) and non-traditional stable isotopes were applied to
fossil Permo-Carboniferous non-mammalian tetrapods to reconstruct dietary preferences and
niche partitioning in the earliest terrestrial food webs.

In general, DMTA and non-traditional isotope systems are increasingly being applied
to a great variety of taxonomic groups, such as Reptilia (including dinosaurs) and fish, as well
as in modern and fossil ecosystems, to determine feeding categories and positions in trophic
webs. In the fossil record, DMTA, as well as non-traditional stable isotopes might be biased by
mechanical or chemical post-mortem alteration. Although, fossil tooth enamel is highly
mineralized, and thus less prone to mechanical and chemical alteration compared to other
hard tissues such as dentin and bone, it can still be diagenetically overprinted. To evaluate the
impact of post-mortem fluvial transport, aeolian sediment transport or digestion of teeth on the
dental surface, a tumbling, a sandblasting and an acid etching experiment were performed
with different vertebrate species using various sediment grain size fractions and acidity
conditions. These experimentally produced datasets were compared to a reference dataset of
badly preserved dental surfaces resulting from sample excavation and preparation (e.g.
adhesive varnish, bubbles in the mould). Using standardized parameters for dental wear (i.e.
ISO surface and SSFA), the results of these analyses demonstrate that many post-mortem
dental surface alterations are difficult to distinguish from diet-related ante-mortem wear
features using DMT parameters alone. Instead, it is necessary for an observer to identify post-
mortem features, and to evaluate the degree of alteration before samples are included in a
dataset. In addition to diagenesis, limited oral processing behaviour or variable tooth
replacement rates can also bias DMTA. For example, while some suborders with reduced
mastication and tooth replacement, such as extant lepidosaurs (Reptilia), show diet-related
ante-mortem wear features, the results presented in this thesis indicate that extant shark
species are not good candidates for diet reconstruction using dental microwear texture. In
sharks, it seems that either tooth-to-food contact is too reduced, tooth replacement rate is too
fast, or a combination of both factors prevent diet-related dental wear from forming.

To increase our understanding chemical alteration on dental tissue, i.e. dentin and

enamel, an in-vitro alteration experiment with cubes cut from an elephant tooth were placed in
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aqueous isotope-enriched tracer solution at different temperatures and for different durations.
Based on changes in the isotope ratios and Raman spectra of experimentally altered dental
cubes, dissolution and re-precipitation was identified as the alteration mechanism.
Furthermore, it was demonstrated that tooth enamel is highly resistant to chemical alteration
of isotopic composition (at least for the isotopes tested in this study), while dentin is more prone
to diagenetic alteration.

Finally, DMTA and non-traditional stable isotopes (8*/42Ca and &%/®Sr) have been
applied to extinct non-mammalian tetrapods, to identify early herbivorous and faunivorous taxa
in fossil ecosystems from different Permo-Carboniferous localities in the U.S.A., South Africa,
and Germany. For the stable isotopes, extant lepidosaurs with distinct feeding strategies were
measured to establish a modern comparative dataset. §*¥42Ca showed a separation of
carnivorous and herbivorous taxa in both extant lepidosaurs and extinct non-mammalian
tetrapods, with carnivores being more negative than herbivores. Insectivorous and ovivorous
extant lepidosaurs yielded the least negative §*42Ca values of the measured samples. In
general, no systematic offset between lepidosaur bones and teeth were detected, while in
fossil non-mammalian tetrapods bones displayed less negative 3*4*2Ca values than tooth
enamel. So far it is not clear if this offset is caused by diagenesis or by physiological
fractionation processes. &*4?Ca values of upper Permian specimens show a more
pronounced trophic spacing compared to lower Permian species, possibly caused by
differences in diet or in physiological fractionation processes. 5%/#Sr showed distinct trophic
spacing in extant lepidosaurs, similar to that observed for stable Ca. However in fossil
specimens, Sr is clearly diagentically overprinted, resulting in positive 3%%%Sr values. In fossil
tetrapods, DMTA revealed no differences between carnivores and herbivores, while
insectivores differed significantly from both. Interestingly, differences were detected between
taxa in both herbivorous and carnivorous feeding groups, suggesting that the mechanical
properties of a food (e.g. type and part) and/or different oral processing behaviours, can
introduce significant variation in dental wear signals, even within a feeding category.

Principal component analyses of combined DMTA and &*/42Ca revealed distinct
differences between carnivorous, herbivorous and presumed omnivorous taxa. Therefore, it is
assumed that these taxa occupied species-specific niches in Late Carboniferous and Permian
ecosystems. However, more faunal and floral samples from the respective ecosystems are
needed to reconstruct 3*4*2Ca values of the primary producers, i.e. plants, and to better
understand the differences in 8*442Ca values in herbivores. Nevertheless, the combination of
DMTA and stable Ca data presented in this thesis illustrate the significant potential of this
toolkit for more precise reconstruction of niche partitioning in fossil ecosystems when

compared to a single proxy approach.
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Chapter 1

Chapter 1 Introduction

Diet connects animals and their environment and plays a major role for the evolution of
the vertebrate terrestrial life. The ability of utilizing new food resources, such as cellulose-rich
plant matter, and therefore new ecological niches is the key for a successful colonisation of
new habitats and leads to a diversification of vertebrates over time (Price et al., 2012). During
the mid-Ordovician (~ 467 Ma), colonization of land by the first plants began and spread rapidly
earthwide during the early Silurian (~ 443 Ma; Strother et al., 1996; Tomescu, 2006; Steemans
et al., 2009; Rubinstein et al., 2010, 2019). Almost 24 million years later, during the Lower
Devonian period (around 419 Ma), the first land vertebrate fauna appeared, while the earliest
tetrapods evolved from lobe-finned fishes (Payne et al., 2009; Dahl et al., 2010; Servais et al.,
2010; George and Blieck, 2011). Through the first few millions of years of evolution and
radiation of vertebrate terrestrial life, those animals were not able to access the available
cellulose-rich plant matter. During the Lower Pennsylvanian, around 100 million years later,
the first fully terrestrial amniotes, including sauropsid and synapsid clade, appeared (about 315
Ma; Sahney et al., 2010). The first terrestrial food webs were less complex than today with a
lack of herbivorous vertebrate taxa. Herbivory, however, is a fundamental innovation for the
development of a trophic structure in terrestrial ecosystems as we know them today, with a
high number of herbivores feeding on primary producers and a lower number of carnivores
feeding on herbivores (e.g. Olsen, 1966; DiMichele et al., 1992; Sues, 2000; Pearson et al.,
2013; Reisz and Frdbisch, 2014). High-fibre herbivory evolved almost 100 million years after
the first terrestrial tetrapods appeared, in the Late Carboniferous, near the Permo-
Carboniferous boundary (~ 298.9 Ma, Reisz, 1997; Sues and Reisz, 1998).

Herbivory includes a great diversity of different more specialized feeding strategies,
such as frugivory, algaevory or folivory and evolved independently multiple times in both major
monophyletic groups of amniota, Sauropsida and Synapsida (Reisz and Sues, 2000; Reisz
and Frobisch 2014). Synapsids are of particular interest for understanding the evolution of
extant communities, since mammals evolved within this clade (Reisz and Sues, 2000). During
the Palaeozoic non-mammalian synapsids dominated the terrestrial fauna with a great
diversity, while sauropsids (including extant reptiles and dinosaurs) were less divers and less
widely distributed (Kissel and Reisz, 2004, Reisz and Frébisch, 2014). Synapsids were able to
occupy different ecological niches and developed a great variety of feeding strategies within
one single clade, including large herbivorous taxa such as Edaphosauridae (e.g. Spindler et
al., 2020) and Caseidae (Reisz and Frobisch, 2014), piscivorous taxa like Ophiacodon (Romer
and Price, 1940; Reisz, 1986), or smaller faunivores as well as large apex predators such as
Dimetrodon (e.g. Brink and Reisz, 2014). Also, their dentition underwent a functional
diversification including the development of dental occlusion, which ultimately led to the oral

processing of food, i.e. chewing (Sues and Reisz, 1998; LeBlanc et al., 2018). An improved
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understanding of synapsid diet preferences and feeding behaviour, especially the evolution of
herbivorous feeding strategies, will help to better constrain their radiation and survival across
the largest extinction event in Earth history at the Permian-Triassic boundary (Erwin, 1990,
2015; Sahney and Benton, 2008).

Dietary reconstruction of extinct synapsids can be difficult and is mostly based on tooth
shape analyses or morphological features of the cranial and postcranial skeleton (e.g.
Modesto, 1995; Maddin et al., 2008; Brink and Reisz, 2014). Direct evidence of diet, such as
gastrointestinal contents or coprolites (e.g. Karlsruhe and Sues, 1993; Kowalewski and Kelley,
2002), however, are rarely preserved in the fossil record. An unexplored dietary proxy for
synapsids is dental microwear texture analysis (DMTA), which provides information about
mechanical food properties of the last meals (Winkler et al.,, 2020a). DMTA has already
successfully been used to differentiate between various dietary groups in mammalian, as well
as in non-mammalian taxa (i.e., grazer and browser: Schulz et al., 2010; Fraser and Theodor,
2011; Calandra and Merceron, 2016; faunivores: DeSantis et al. 2012, 2015, 2017; Stynder et
al., 2019; reptiles: Bestwick et al, 2019; Winkler et al., 2019a; mammal-like reptiles: Kalthoff et
al., 2019; fish: Purnell et al., 2016, aquatic mammals: Purnell et al., 2017; Bethune et al., 2019).
However, since DMTA is a mechanical proxy it might be biased by diagenetic alteration and
dental surfaces should therefore be evaluated carefully prior to analysis (Béhm et al., 2019).
Chemical proxies, such as traditional and non-traditional stable isotopes, however, are
increasingly used to reconstruct diet, trophic level, and predator-prey relationships of
vertebrates (e.g. Skulan et al., 1997; Kohn and Cerling, 2002; Knudson et al., 2010; Newsome
et al., 2010; Schoeninger, 2012; Jaouen et al., 2013; Martin et al., 2014, 2017a; Tacalil et al.,
2020). Nitrogen isotopes (3'°N) of bone collagen and more recently tooth enamel are an
established trophic level proxy (e.g. DeNiro and Epstein, 1981; Leichliter et al., under review),
as well as stable carbon isotopes (3'3C, e.g. DeNiro and Epstein, 1978). Non-traditional stable
isotopes, such as Ca, Sr, Mg, and Zn are stored in the bioapatite of bone and tooth material,
and elemental ratios of Sr/Ca or Ba/Ca are used as proxies for trophic level and diet
reconstruction in both terrestrial and marine food webs (e.g. Burton et al., 1999; Blum et al.,
2000; Balter, 2004; Martin et al., 2014, 2015a). The major element Ca, as well as the trace
elements Zn, Mg and Sr are successfully used as dietary and trophic level proxies (§*/4°Ca or
d*42Ca: Skulan et al., 1997; Clementz et al., 2003; Heuser et al., 2011; Melin et al., 2014;
Tacail et al., 2020; §%¢/64Zn: Jaouen et al., 2013, 2016a, b, 2020; Bourgon et al., 2020; §%%"2*Mg:
Martin et al., 2014, 2015b; §%¢#Sr: Knudson et al., 2010; Lewis et al., 2017). In general, bone
(collagen and the mineral phase) and tooth dentin are prone to diagenesis due to their high
organic content. Therefore, their trace and main element composition can be altered due to
post-mortem diagenesis (Tutken and Vennemann, 2011; Kohn et al., 2013). Tooth enamel,

however, is highly mineralized and consists almost exclusively of hydroxylapatite, therefore
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pristine trace element ratios and major element isotope compositions may be preserved over
millions of years (Kohn et al, 1999; Sponheimer and Lee-Thorp, 2006). This is especially true
for Ca, which is the major component of bones and teeth (~ 380 mg/g) and is therefore much
more resistant against post-mortem alteration than other elements that occur in lower
concentrations (Heuser et al., 2011). The combination of non-traditional stable isotope systems
with dental microwear texture analysis could provide important new insights into fossil trophic
systems, and serve as a new toolset for sophisticated dietary reconstruction of extinct taxa

based on both chemical and mechanical proxies.

1.1. Definition of goals

The focus of this thesis was to determine the resistance of DMTA and non-traditional
stable isotopes against diagenesis in an effort to provide a better understanding of alteration
of dental wear features and in-vivo chemical composition in dental tissues. Diagenetic
alteration experiments, including tumbling in sediment suspension, sandblasting and acid
etching, will be used to obtain qualitative and quantitative data regarding the influence of
mechanical and chemical alteration to DMTA. An in-vitro alteration experiment using
isotopically enriched tracer solution will provide information on the mechanisms behind post-
mortem changes in isotope composition (traditional and non-traditional) of dental tissue (dentin
and enamel), as well as qualitative and quantitative statements on differences in the
vulnerability of dental tissues and different isotope systems to diagenetic alteration.

The ultimate goal of this thesis was the combination of DMTA and Ca and Sr stable
isotopes to reconstruct long-term (evolutionary) and short-term (ontogenetic) dietary
preferences and feeding categories in Permo-Carboniferous non-mammalian tetrapods.
Stable isotopes should distinguish between different trophic levels (herbivorous and
faunivorous taxa), while DMTA should distinguish between hard- and soft-object feeders within

specific trophic levels and ecological niches.

1.2. Structure of this thesis

The initial requirement for using this combined tool set for diet reconstruction was
validating the stability of the different dietary proxies over prolonged time spans and for
different diagenetic alteration scenarios. The first part of the following thesis therefore focuses
on four experimental studies, each designed to address a specific diagenetic scenario,
exploring its application to new taxa, as well as testing the stability of different isotopes systems
under experimental diagenesis conditions. The resistance of diet specific dental microwear
textures against diagenetic alteration, fluvial transport in particular (Manuscript I, Chapter 3),
is tested in a tumbling experiment, using teeth from two large and one small mammal. The

zebra (Equus sp.) was chosen as a grazing and the row deer (Capreolus capreolus) as a
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browsing taxon, as well as one small mammal (Otomy sp., African vlei rat) as comparison.
Teeth were tumbled in a sediment-water suspension with three different sand grain size
fractions (51 — 513 um) for up to 336 hrs (equivalent to ~ 366 km). Their surface texture was
measured both before and after the experiment to quantify the impact of mechanical abrasion
on the dental surface due to fluvial transport. In a second study (Manuscript Il, Chapter 4)
further tumbling experiments with one shark (Carcharhinus plumbeus, sandbar shark) and one
crocodile species (Crocodylus niloticus, Nile crocodile), as well as a larger gravel grain size
fraction, a sandblasting and an acid etching experiment were conducted. For the sandblasting
experiment, polished dental surfaces were sandblasted with loess (J 36.86 um) and quartz
fine sand (@ 166.01 ym) to simulate mechanical abrasion due to aeolian sediment transport.
The acid etching experiment was conducted to simulate chemical erosion during digestion in
a predator stomach, using teeth from the African vlei rat, the sandbar shark and the Nile
crocodile. In addition to the experimental post-mortem dental surfaces, a first catalogue of
badly preserved and taphonomically altered dental enamel surfaces was compiled
(Manuscript lll, Chapter 5), i.e. a set of bad surfaces resulting from excavation or preparation
blunders. In a novel approach, such altered surfaces were not only visually identified by an
observer, but also by using a set of standardised DMTA parameters employed for dietary
reconstruction. Additionally, the application of DMTA for further non-mammalian taxa, in this
case sharks, was explored (Manuscript IV, Chapter 6). Therefore, dental surfaces of 24
different extant as well as 12 extinct shark species were analysed to test whether ante-mortem
wear is related to ingested diet or habitat preferences and resistant to post-mortem alteration

processes.

Apart from DMTA, the evaluation of geochemical diagenetic stability was also tested
by an in-vitro alteration experiment. Dental material from an African elephant (Loxodonta
africana) was cut into cubes of enamel and dentin (about 3.3 mm mean edge length) and
immersed in an isotopic tracer solution at different durations up to 3 months and two different
temperatures (30 and 90 °C). The tracer solution was isotopically enriched in Mg, **Ca, ®'Zn
and %Sr to assess the diagenetic stability of Ca and Sr isotopes as well as Mg and Zn as
additional potential dietary proxies in dental enamel (Manuscript V, Chapter 7). Changes in
element concentrations, isotope ratios and crystal structure were quantified using LA-(MC-
)ICP-MS, EMPA and Raman spectroscopy.

In the second part of this doctoral thesis, the application of the new combined tool set
for diet reconstruction is explored to connect different methods of dietary reconstruction. DMTA
as well as Ca and Sr isotopes were measured for a great variety of Permo-Carboniferous non-
mammalian tetrapods from localities in South Africa, Germany and the U.S.A. (Chapter 8). As

a comprehensive dataset for Ca and Sr in fossil specimens, a set of extant lepidosaurs
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(Sauropsida, Reptilia) were measured as well. These measurements present the first

preliminary DMTA and stable isotope datasets for fossil non-mammalian tetrapods.

Chapter 2 Theoretical background

To understand how diet influences vertebrate hard tissues, i.e. bones and teeth,
including dental wear and chemical composition, knowledge about their formation is
necessary. The following paragraphs provide an overview of the different aspects of tooth and
bone formation and discuss the analytical methods commonly used for diet reconstruction.
Due to the proposed application to past food webs, information about Late Carboniferous,

Permian and Lower Triassic sites and tetrapods will also be provided.

2.1 Skeletal tissue

Vertebrates differ from invertebrates in that they possess endoskeletons, i.e. skeletal
hard tissues within their bodies, in which the essential Ca and P are stored. Due to the higher
fossilisation potential of hard tissues in comparison to soft tissues, the evolution of
biomineralization of hard tissues resulted in an increasing number of body fossils, i.e. fossil
bones and teeth, at the beginning of the Phanerozoic (~ 541 Ma) (Lowenstam, 1980;
Lowenstam and Margulis, 1980; Lowenstam and Weiner, 1983, Cook and Shergold, 1984;
Murdock and Donoghue, 2011). The increased preservation of hard tissues through time

provides more opportunities to reconstruct the ecology of extinct organisms.

2.1.1 Bones

In the early ontogenetic stage of vertebrate life, bone material is formed by the osteoid
(unmineralized, organic basic substance of bone tissue), into which hydroxylapatite
(Ca10(PO4)s(OH)., Berkovitz and Shellis, 2016) is incorporated and subsequently mineralised
(Boskey and Posner, 1977; Lowenstam and Weiner, 1989; Olszta et al., 2007). This primary
mineralised bone is remodelled constantly during the lifetime of a vertebrate by dissolution and
precipitation processes. During the ontogeny, this remodelling leads to significant structural
and chemical changes of bone tissue composition and bone density. The degree of
mineralisation increases, while the collagen content and water content decreases (Posner,
1969; Lowenstam and Weiner, 1989; Dorozhkin and Epple, 2002; Olszta et al., 2007). Young
secondary bone has a high porosity and consist of ~ 650 mg/g mineral phase, ~ 250 mg/g
organic matrix, mostly collagen and 100 mg/g water (Lowenstam and Weiner, 1989; Dorozhkin
and Epple, 2002; Currey, 2003; Olszta et al., 2007). Different types of bones, as well as

different parts of the same bone show different remodelling speeds leading to time averaged
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values in the chemical composition of bulk bone samples. Therefore, these bulk samples
reflect the last years of vertebrate’s life, depending on the turnover rate and the animal’s
longevity (e.g. Burkhardt et al., 1984; Agerbaek et al., 1991; Eriksen, 1986, 2010; Hill, 1998).

2.1.2 Teeth

In mammals, teeth are formed over a relatively short span of time, ranging from months
up to two years early in an animal’s life and are not remodelled afterwards (Hillson, 2005).
During ontogeny, different teeth within the jaw are formed at different ontogenetic ages. While
some teeth are formed prenatally, others begin to form after birth. This timing of formation is
species-specific (e.g. Hillson, 2005; Jernvall and Thesleff, 2012; Koch et al., 2017; Kreiborg
and Jensen, 2018). In general, mammalian tooth mineralisation starts during early ontogeny,
although there are some dental tissues (e.g. rodent incisors or tusks) which are ever-growing.
In contrast to monophyodont (without tooth replacement) and diphyodont (deciduous and
permanent teeth) mammals (Fig. 2.1A), teeth are continuously replaced throughout life
(polyphyodonty) in some fish, reptile or amphibian species (Fig. 2.1A). In these animals teeth
do not reflect only the early ontogenetic life stages of an animal (e.g. Berkovitz and Shellis,
2016; Kreiborg and Jensen, 2018).

A1 Reptile (alligator) A2 Mammal B
(monophydont)
Functional tooth Permanent tooth
OraL i Enamel
epithelium | .
Dentin
____ Dentary ___ Crown cervical
bone
[ e . Dental pulp
Dental Replacement Dental pulp cervical A
papilla tooth o @
AsMammal (diphydont) ap‘%% &
e <
Juvenile Adult Root 5;3% . t
Deciduous tooth Permanent tooth % De ementum
apical % ﬂwf?c
— e
Oral : G
itheli Dent
epithelium L root apex Q 0 ﬁlg 5(202 b;:eary
Owa..-. CEOUALNE &
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Dental  Permanent Dental pulp
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Figure 2.1. Schematic sketch illustrating tooth formation. A; Functional and replacement tooth
in alligator (Reptilia), A2 Permanent tooth in a monophyodont mammal, As Deciduous (juvenile)
and permanent (adult) tooth in diphyodont mammals. B lllustration of tooth structure with

enamel covering the dentin at the crown, modified from Berkovitz and Shellis (2016, 2018).
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The mature teeth of most vertebrates consist of three different types of hard tissue:
tooth enamel or enameloid, dentin and tooth cementum (Fig. 2.1B). Enamel formation is
separated into general two phases, (pre-)secretion and mineralisation). First, an organic matrix
is produced by formative cells (secretion) and second the matrix mineralizes due to the
deposition of calcium phosphate (apatite mineralisation, for more details see Berkovitz and
Shellis, 2016). The enamel is the outermost functional part of a tooth and covers the dentin at
the crown. The root of a tooth consists of dentin and is covered with a thin layer of tooth
cementum, which attaches the tooth to the jawbone (Hillson, 2005; Berkovitz and Shellis, 2016,
2018). The cementum has the highest organic content (around 230 mg/g) and is not often
included in isotope studies on dental material (Hillson, 2005; Goldberg and Smith, 2004; Ungar,
2010). Dentin is more resistant against diagenetic alteration due to its higher hydroxylapatite
content (around 700 mg/g; Ungar, 2010). It is also more resistant than bone, since it is more
compact with a different and randomized crystal structure (Hillson, 2005). Nonetheless, dentin
still has a relatively high organic content (collagen ~ 200 mg/g) and is penetrated by dental
canaliculi, which make it porous and susceptible to diagenetic alteration (Kohn et al., 1999;
Heuser et al., 2011). The hard tissue most resistant against diagenetic alteration is tooth
enamel/enameloid. Enamel has a higher density and crystallinity, as well as a lower porosity
and organic content than both dentin and bone. It's hydroxylapatite content is ~ 970 mg/g,
while the remaining fraction is composed of water and organics (amelogenin and
phosphoprotein, ~ 9 mg/g, Hillson, 2005; Maas and Dumont, 1999; Ungar, 2010). Tooth
enameloid covers the tooth dentin of all sharks and most bony fish and consists, in contrast to
tooth enamel, exclusively of fluorapatite (Cas(POa4)sF, Suga et al., 1991; Berkovitz and Shellis,
2016). Tooth enamel/enameloid and dentin are continuously deposited in increments during
tooth formation, reflecting the isotopic composition of the body fluid of the associated time span
of formation. The isotopic time period over which dietary and environmental information are
recorded in enamel differs between species, however, it represents a time series for the

duration of enamel formation (Balasse, 2002; Hoppe et al., 2004).

2.2 Bone and tooth chemistry

Skeletal and dental tissue is formed and remodelled (bones) chemically is influenced
by the chemical composition of body fluid, namely blood, of an animal (Bryant and Froelich,
1995; Martin et al., 2017a). The chemical composition of body fluid is determined by the
chemical composition of ingested food and drinking water and the fractionation of different
isotopes during metabolism and tissue formation (Bryant and Froelich, 1995). Therefore,
skeletal and dental tissue can be used to reconstruct modern and fossil ecosystems and

environments (e.g. Trueman and Tuross, 2002; Ambrose and Krigbaum, 2003, Sponheimer
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and Lee-Thorp, 2003; Bedaso et al., 2013), as well as trophic ecology (for a review see Martin
et al., 2017a) during a specific period of an animal’s life (e.g. Hoppe et al., 2004). Depending
on an individual's age and life expectancy, bones reflect the last year(s) of life as a result of
bone remodelling (e.g. Eriksen, 2010). Teeth reflect different time spans, depending on

species, time of tooth formation and rate of tooth replacement (e.g. Hillson, 2005).

In the following section, a brief overview of different isotope systems and their use for
palaeoenvironmental, palaeoecological or palaeobiological studies is provided. In general,
both organic and inorganic matter of the skeletal and dental tissues can be used in
geochemistry, however reconstructions based on the organic matter in skeletal tissues, namely
collagen, are limited since collagen is prone to diagenetic alteration and therefore only rarely
preserved in fossil bones and teeth (e.g. Jones et al., 2001; Avci et al., 2005; Schweitzer et
al., 2005; Lee et al., 2017). Carbon, nitrogen and sulphur isotopes in collagen can be used for
diet and trophic reconstruction in extant and extinct food webs (8'3C: e.g. DeNiro and Epstein,
1978; Vogel, 1978; Zanden and Rasmussen, 2001; van der Merwe et al., 2008; Lee-Thorp et
al., 2010; Schoeninger, 2012; &"°N; e.g. DeNiro and Epstein, 1981; Ambrose, 1986, 1990;
Zanden and Rasmussen, 2001; Jirgensen et al., 2017; Leichliter et al., under review (in tooth
enamel); 5*S: e.g. Hesslein et al., 1991; Richards et al., 2001; Goedert et al., 2016; Rand and
Nehlich, 2018), dating (“C: e.g. Bronk, 2008; Harvey et al., 2016) and provenance
reconstruction (8*S; e.g. Trust and Fry, 1992; Connolly et al., 2004; Doubleday et al., 2018).
The inorganic matrix of skeletal and dental tissue is more resistant to diagenetic alteration
(Wang and Cerling, 1994; Hedges, 2002) and records major as well as trace elements in the
hydroxylapatite (Ca10(POa4)s(OH)2). The main components of hydroxylapatite are calcium (Ca),
phosphorous (P), oxygen (O) and hydrogen (H) (Fig. 2.2). All elements can be substituted

ante- and post-mortem by different trace and major elements (Fig. 2.2).

Calcium can be substituted by trace elements, such as strontium (Sr), zinc (Zn),
magnesium (Mg) and rare earth elements (REEs) (Kohn et al., 1999). Stable isotopes of Ca
(8*42Ca, d*4°Ca), magnesium (5%*Mg), zinc (8%/%9Zn, strontium (3%/¢Sr), as well as
element-to-calcium ratios provide information about diet and trophic position in extant or extinct
food webs (e.g. Sillen and Lee-Thorp, 1994; Skulan et al., 1997; Balter et al., 2002; Clementz
et al., 2003; Sponheimer et al., 2005; Knudson et al., 2010; Heuser et al., 2011; Jaouen et al.,
2013, 20164, b, 2020; Melin et al., 2014; Martin et al., 2014, 20153, b; Lewis et al., 2017). CO3
can be substituted ante-mortem for the PO4 group (~ 90 %) as well as for the OH group in
hydroxylapatite (Fig. 2.2), and thus can also be used for diet reconstruction (8'3C: e.g. DeNiro
and Epstein, 1978; Lee-Thorp et al., 2010; Schoeninger, 2012) or dating ('*C: e.g. Bronk, 2008;
Harvey et al., 2016). Oxygen stored in the hydroxylapatite (PO4, CO3, OH) is mainly used for

climate reconstruction (8'®Opo4: €.g. Longinelli, 1984; Koch et al., 1989; Fricke and O’Neil,
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1996; Amiot et al., 2011) and reconstruction of body temperature (5'®QOcos: e.g. Amiot et al.,
2006; Bernard et al., 2010; clumped isotopes: Eagle et al., 2010, 2011).

provenance:
“Sr/*Sr _
diet: 8**Sr diet: 626r‘24Mg, climate, .
Ca/Sr , 0™*Zn bOdy temperature: 5"Ocos
diet: 8°C
diagenesis \ / /dating: “C

REE Sr Mg/Zn CEJ3
\\/ / \

Collagen + Ca(PO,).(OH),

/ \
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provenance: 5*S body temperature:
61EOPO4

Figure 2.2. Schematic sketch illustrating which isotopes occur in collagen and hydroxylapatite

in bone and their methodological applications, modified from Titken (2003).

Radiogenic Sr (87Sr/%6Sr) is used for reconstructing migration and provenance (e.g.
Bentley, 2006; Fischer et al., 2013; Martin et al., 2016). Rare earth elements (REEs) are
typically incorporated into skeletal and dental tissue only in minor sub ng/g quantities while the
animal is alive, and start to accumulate in significant amounts only after the death of an animal.
and are thus mainly used as a proxy for diagenetic alteration (e.g. Kohn et al., 1999; Tltken et
al., 2008; Reynard and Balter, 2014). In addition, Uranium (U) can substitute Ca in
hydroxylapatite and is sometimes used for dating of fossil skeletal and dental material, using
combined (?**U/?%U) and (#°Th/?38U) activity ratios (e.g. Reynard and Balter, 2014). However,
bones and teeth are usually not a closed system for U and Th, hampering the successful

application of U-series disequilibrium dating (e.g. Bourdon et al., 2003).

2.2.1 Calcium and Strontium isotopes

Calcium is an essential element and exclusively incorporated into the organism from
ingesta and drinking water. There are six stable, naturally occurring Ca isotopes (*°Ca, “*Ca,
43Ca, *Ca, “6Ca, “®Ca). During incorporation from the ingesta into the body, a strong
fractionation against the heavier “*Ca occurs with preferred incorporation of the light “>Ca. This
leads to a decreasing **Ca/*’Ca ratio in the bone/tooth compared to the diet (expressed as
5*42Ca value in permil (%o)), with a systematic offset between diet and bone of about -0.57 +

0.10 %o, i.e. bone being isotopically lighter than diet (Skulan and DePaolo, 1999; Chu et al.,
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2006; Hirata et al., 2008; Tacail et al., 2014). When moving up the trophic food chain the less
heavy “‘Ca is available and therefore the &*¥42Ca of bioavailable Ca is decreasing with
increasing trophic level of a vertebrate (marine ecosystems: Clementz et al., 2003; Martin et
al., 2015a, 2017b, terrestrial ecosystems: e.g. Heuser et al., 2011; Melin et al., 2014; Martin et
al., 2017a, 2018; Hassler et al., 2018). In general, herbivorous taxa have lower *#42Ca values
than their plant diet, and faunivores have lower 5*42Ca values than their meat diet, if they
ingest also more than 1-2 % of bone, which is Ca-rich and**Ca-depleted (Fig. 2.3A, Heuser et
al., 2011; Martin et al., 2018). Using this systematic fractionation, or trophic level effect (TLE)
along the food chain, it is possible to identify apex predators with high bone ingestion rates as
well as herbivores in fossil food webs. Importantly, unlike other trace elements, the original Ca
isotope composition of skeletal and dental tissue should have a long-term preservation
potential, since the concentration of Ca in diagenetic fluids is negligible compared to the
concentration of Ca in hydroxylapatite (Martin et al., 2017a). Therefore, Ca should be a reliable
proxy for diet reconstruction in deep time (Heuser et al., 2011; for a detailed review on Ca

isotopes in vertebrate palaeontology see Tacail et al.,2020).

Another promising, but largely underexplored, isotope system for diet reconstruction is
stable Sr. Preliminary studies suggest that this isotope might be useful as a complementary
trophic level proxy to stable Ca. Strontium is incorporated into tissues via food and drinking
water. This element substitutes for Ca in hydroxylapatite (Martin et al., 2017a) and has four
naturally occurring isotopes (34Sr, 8Sr, 87Sr, 88Sr). One of these isotopes, &Sr is radiogenic
(the daughter isotope of 8’Rb), and is a commonly used proxy for determining provenance and
migration patterns in archaeology (for review see Bentley, 2006) and palaeontology (e.g.
Hoppe et al., 2003; Kocsis et al., 2009; Martin et al., 2016; Terrill et al., 2020). The radiogenic
Sr signatures (87Sr/®Sr) of the bedrock which underlies the areas in which the animals spent
their lives varies with age and bedrock composition. This composition is recorded, without
measurable biological fractionation in animals’ biological tissues and thus can be used as a
geological fingerprint. Although less commonly reported, stable Sr isotopes (5%¢%Sr), can be
measured in the same samples and serve as a dietary proxy. Similar to Ca, fractionation takes
place during biological processes, resulting in the preferred incorporation of the lighter 8¢Sr
over the heavier Sr, in turn resulting in decreasing 5%/®Sr values along the food chain
(Fig. 2.3A). Therefore, by measuring Sr in archaeological human populations it is possible to
evaluate differences in paleodiet (5%/86Sr) together with paleomobility (3’Sr/Sr) from the same
specimens (Knudson et al., 2010). However, Sr is a trace element and occurs in lower
abundance in bioapatite compared to Ca, so Sr is more prone to post-mortem alteration (Kohn
et al., 1999; Hoppe et al., 2003), thus limiting the application of stable Sr in fossil material.
Various rock types display characteristic Sr isotope composition with positive 8%¢8Sr values
while humans and animals typically yield negative therefore 5%/#Sr values (Hajj et al., 2017,
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and references therein). Therefore, such non-depleted 5%/%Sr values in fossil vertebrates

would imply a diagenetic alteration of ante-mortem Sr composition (Neymark et al., 2014).
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Figure 2.3. lllustration of non-traditional stable isotopes and DMTA as dietary proxies. A. the
trophic level effect (TLE) in Ca and Sr isotopes and B. effects of soft- and hard-objects on
abrasion of dental surface in dental microwear texture analysis (DMTA) together with an

exemplary tooth of a lower Permian eryopid (amphibious Temnospondyli).

2.3 Dental microwear texture analyses

The masticatory apparatus, including teeth, is the link between ingested diet and the
organism itself. For endothermic animals such as mammails, all the energy needed to sustain
their high metabolic rate comes from their ingested diet, therefore, it is necessary to extract
nutrients from the food as efficiently as possible (Clissold, 2007). The teeth, together with the
muscles, mechanically reduce food to small pieces prior to swallowing. During this mastication
process both the food and also the teeth themselves are mechanically damaged. Tooth-to-
tooth contact (attrition) and tooth-to-food/ tooth-to-particle contact (abrasion), fracture and
abrade enamel material on the dental surface and lead to material loss and the formation of
distinct wear features at the ym-scale (Dahlberg and Kinzey, 1962). Dental wear analysis is
typically performed on tooth enamel at a variety of spatial scales (mesowear: e.g. Green and
Croft, 2018; Ackermans, 2020; microwear: e.g. Gordon, 1988; Ungar et al.,, 2003; dental
microwear texture analysis: e.g. Calandra and Merceron, 2016). Tooth enamel is preferred
over dentin because enamel covers the whole occlusal surface it is functionally more important
during the mastication process in mammals (Hillson, 2005). Furthermore, according to its

higher crystallinity (Hillson, 2005), enamel is harder than dentin and therefore mechanically
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more resistant to diagenetic alteration. However, dental microwear has also been successfully
applied on e.g., orthodentin of Xenarthra (Green and Resar, 2012; Resar et al., 2013) and
different dinosaur species (Williams et al., 2008; Kubo and Kubo, 2014; Varriale, 2016).

One of the first studies connecting dental wear features to abrasion was performed by
Baker et al. (1959). They found dental wear features on sheep’s teeth to be caused by abrasion
with opal-phytoliths of fodder plants, as well as potentially by opal-phytoliths and other minerals
from the soil. Subsequent microwear studies were performed using a scanning electron
microscope (SEM, e.g. Walker et al., 1978; Ungar, 1995), which is very time consuming. In
general, 2D microwear is based on the quantity of pits and scratches, categorized depending
on their length-width ratio, scored by an observer (Gordon, 1988). The technique was further
developed and improved by methodological changes that employ low-magnification
stereomicroscopy (Solounias and Semprebon, 2002) including the analysis of a standard
enamel surface area (of 0.09 mm?), the establishment of size-based categories for wear
features and the use of image analysis software (Merceron et al., 2004, 2005). In general,
using classical 2D microwear, it is possible to statistically distinguish between the diets of
different herbivorous ungulates, by counting the number of scratches (more grass
consumption) versus pits (more browse diet, e.g. Semprebon et al., 2004a, b; Merceron et al.,
2006, 2010; Ungar et al., 2007; Calandra et al., 2008; Solounias et al., 2010). However, 2D
microwear is strongly limited by observer bias, because the method is based on visually
counting single wear features, and is difficult to reliably reproduce by different observers (Grine

et al., 2002). See Ungar et al., 2003 for a review of dental microwear studies.

Dental microwear texture analysis (DMTA) has several advantages compared to
classical 2D microwear analysis. However, since DMTA is one of the main analytical methods
used in this thesis and extensively described in the following chapters, it will only be briefly
discussed at this point. In this method, the 3D topography of dental surface is quantified using
confocal microscopy and wear features are automatically characterised using length-scale and
area-scale fractal parameters (SSFA, e.g. Ungar et al., 2003, 2012; Scott et al., 2006; Scott,
2012) and standardised surface texture roughness (ISO 25178) and flatness (ISO 12781),
motif, furrow and direction parameters (3DST, e.g. Schulz et al., 2010, 2013a, b; Purnell and
Darras, 2016; Kubo et al., 2017; Purnell et al., 2017; Winkler et al. 2019b). This standardised
method avoids observer-induced bias and errors, and improves comparability across different
users and laboratories. Originally, DMTA was developed for extant and extinct terrestrial
mammals (e.g. Ungar et al. 2003, 2007, 2008, 2020; Scott et al., 2005; Merceron et al., 2007;
Merceron and Madelaine, 2008; Scott et al., 2009; Schulz et al., 2010; Calandra et al., 2012;
Purnell et al., 2013; Schulz et al., 2013b; Winkler et al., 2013, 2016; Kubo et al., 2017; Schulz-
Kornas et al., 2019), as a short-term proxy, reflecting the last consumed meals. The temporal

scale on which diet specific microwear texture is formed and overwritten (turnover) differs
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between species and depends on factors including food properties, environment and oral
processing (Teaford and Glander, 1991, 1996). In rats, for example the turnover rate of
microwear features is about 28-35 days (Winkler et al., 2020a) while in vervet monkeys it is
about 1-2 weeks (Teaford and Oyen, 1989).

Different soft- or hard-object feeding strategies are characterized by specific wear
features, which allow the assignation of individuals to specific feeding categories (Fig. 2.3B,
e.g. Scott et al.,, 2005; Merceron et al., 2007; Schulz et al., 2010; Winkler et al., 2013).
However, unlike mammals, other clades of animals such as fish, ancient non-mammalian
synapsids or reptiles (including dinosaurs), food items are not processed by thorough
mastication, and tooth-to-food contact is therefore short. Recent studies, however, have
successfully applied DMTA to many extant and extinct vertebrate taxa other than mammals
(reptiles: Bestwick et al., 2019, 2020; Winkler et al., 2019a; mammal-like reptiles: Kalthoff et
al., 2019; fish: Purnell et al., 2016), and have demonstrated that even reduced tooth-to food

contact produce diet related wear features.

2.4 Diagenetic alteration of bones and teeth

After the death of an organism, all physiological processes stop and tissue decay
processes begin directly post-mortem. From a carcass to burial to subsequent decay, an
organism undergoes various taphonomic processes, including disarticulation, transport or
weathering (Fig. 2.4, for an overview see Muller, 1992; Denys, 2002). After burial, microbial
activity, pH, temperature, water and soil compositions all influence the fossilization process.
Only a small fraction of vertebrate remains actually fossilize (Muller, 1992). After the decay of
soft tissues, chemical and/or mechanical alteration of the hard tissues begins. The diagenesis
of skeletal and dental tissues is an active and large area of research. The summary provided
here is not meant to be exhaustive, but rather focuses on certain key diagenetic processes

which are weathering, abrasion, transport, recrystallisation and mineralisation.

The chemical alteration of skeletal and dental tissue can be rather complex so only the
main points are presented in the following paragraph. Bone diagenesis can be separated into
two phases, early and late diagenesis (Pfretzschner, 1998, 2000, 2001, 2004). During early
diagenesis, the organic matter, namely collagen, is degraded and removed and consequently
the porosity of hard tissue and the crystallinity of the hydroxylapatite changes (Pfretzschner,
1998, 2004; Hedges, 2002). In general, there are two types of collagen degradation during
early diagenesis; microbial and chemical decay, which can occur simultaneously (Collins et
al., 1995, 2000, 2002; Nielsen-Marsh et al., 2000; Carter et al., 2007; Turner-Walker, 2012).
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Figure 2.4. Schematic illustration of pre-burial and post-burial post-mortem alteration

processes (modified from Deny, 2002).

Microbial decay occurs for around 500 years (Hedges, 2002) during which time the
bioapatite is dissolved by acidic metabolites secreted by the microbes in order for the microbes
to reach the collagen (Child, 1995). This bioerosion leads to characteristic “tunnels” that partly
destroy the bone and tooth histology and increase the porosity of the tissue (e.g. Hackett,
1981; Hedges et al., 1995; Jackes et al., 2001; Cobaugh et al., 2015). Additionally, after
dissolution and resorption of the original apatite and collagen, the microbes secrete a more
highly mineralised apatite, which is deposited in the bioerosion tunnels (Hackett, 1981; Jackes
et al.,, 2001). The much slower inorganic chemical decay breaks the peptide bonds of the
collagen by hydrolysis and transforms it into a gel (Collins et al., 1995; Nielsen-Marsh et al.,
2000). Due to possible storage of water molecules into protein chains, the collagen expands
and swells, leading to volume changes in the bone and formation of diagenetically induced
micro-fissures. These fissures produce pathways for diagenetic fluids to enter, leading to faster
collagen decay and ion uptake and exchange (Pfretzschner, 2000). The chemical decay of
collagen is very sensitive to temperature, resulting in different preservation potential and
reaction speeds in different climate zones, soils and burial depths (Hedges, 2002). Both types

of collagen reduction further enable a secondary filing of the pore space and rapid
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recrystallization of the biogenic hydroxylapatite. According to thermodynamic instability and
high absorption potential in aqueous solution, a potential isotope and ion exchange of the
hydroxylapatite with the surrounding fluid and sediment takes place during this recrystallization
(Berna et al., 2004; Kohn, 2008; Trueman et al., 2008). After the recrystallization new,
thermodynamically stable crystals are formed (Berna et al., 2004). During this process, foreign
ions (e.g. F, Fe?*, Mn?*, Sr?*, REEs, UO2?*) can be substituted at different positions in the
hydroxylapatite and can be incorporated into the apatite crystal lattice (Kohn et al., 1999;
Nielsen-Marsh and Hedges, 2000; Keenan, 2016; Keenan and Engel, 2017). In this case,
diagenetic alteration of the original element and isotope composition of the hydroxylapatite
takes place (for overview see Titken and Vennemann, 2011; Martin et al., 2017a). In general,
recrystallisation of bone apatite is estimated to happen relatively quickly (around 30 ka years,
Kohn, 2008), though it is important to note here that diagenesis is strongly depend on the
surround physio-chemical milieu and not directly on fossilization time (Hedges, 2002; Keenan,
2016; Keenan and Engel, 2017). During the early stage of diagenesis, the skeletal and dental
tissue is in active isotope and ion exchange with the surrounding environment (Trueman et al.,
2008), though it may retain its structural and chemical composition after recrystallisation is

completed (late diagenesis, Hedges, 2002)

Post-mortem mechanical alteration of skeletal and dental tissue can potentially bias
morphological and textural analyses of original shapes and surfaces. These types of alteration
can happen directly after death due to decomposition, disarticulation, predation by scavengers,
abrasion and erosion due to fluvial transport or reworking after burial and weathering
processes or digestion (Fig. 2.4, Muller, 1992). All these processes can damage and break
hard tissues into small pieces, making morphological identification of fossil bone and tooth
material very difficult (Lyman and Lyman, 1994). They can also lead to abrasion of ante-
mortem enamel structure on the macro- to micrometer scale, hindering dental surface texture
analyses (e.g. Teaford, 1988; King et al., 1999; Martinez and Pérez-Pérez 2004; Calandra and
Merceron, 2016, Béhm et al., 2019). In general, post-mortem mechanical alteration strongly
depends on the surrounding environmental conditions before burial, but also on re-working

processes after burial (Muller, 1992).

2.5 The Permian terrestrial ecosystem

The Permian (298.9 to 251.9 Ma) followed the Carboniferous around 300 Ma ago. The
landmass of Gondwana drifted northwards, and the collision with Laurentia lead to the
Variscian orogeny event resulting in the formation of a large mountain range along the equator.
The southern Gondwana landmass was covered by a thick layer of ice during the Upper

Carboniferous, which disappeared during the lower Permian as it drifted northwards. During
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the lower Permian, all major landmasses were agglomerated into the single supercontinent
Pangaea (Johnson, 1981; Blakey, 2003; Benton and Pfretzschner, 2007). This supercontinent
facilitated the development of a megamonsoon climate system, including a hot, dry climate
zone in the mid latitudes and cool to cold temperatures in the polar regions (Tabor and
Poulsen, 2008, Tabor et al., 2017). This climate system led to major changes in the flora,
generally containing ferns, seed ferns such as Glossopteris, cycadales, early conifers (e.g.
Ullmannia) and first-time ginkgo plants (Rothe, 2000), and was followed by a major vertebrates
faunal turnover during the Permian, i.e. a transition from synapsid-dominated to therapsid-
dominated ecosystems (Olson, 1962; Lucas, 2006; Benton and Pfretzschner, 2007;
Brocklehurst et al., 2013; Olroyed and Sidor; 2017). The During the Permian, non-mammalian
tetrapods occupied all kinds of ecological niches and evolved a great variety of feeding
strategies (Olson, 1962; Olson, 1966; Kemp, 2006; Sahney and Benton, 2008; Ruta et al.,
2011; Benton, 2012; Benson and Upchurch, 2013; Brocklehurst et al., 2013; Brocklehurst and
Frébisch, 2017). The Permian faunal turnover and diversification is particularly unique because
it was during this period that the first terrestrial herbivorous taxa evolved and began to radiate.
The increasing abundance and diversity of herbivores led to the development of the complex
terrestrial food webs that characterize present day ecosystems (Fig. 2.5; Pearson et al., 2013).
With the evolution of high-fibre herbivory, terrestrial vertebrates became primary consumers,
feeding mostly on leaves, stems, roots, and rhizomes of Permian flora (Sues and Reisz, 1998;
Reisz and Sues, 2000).

The first evidence for terrestrial vertebrate herbivory appears in the fossil record near
the Permo-Carboniferous boundary (Sues and Reisz, 1998). During the lower Permian two
clades of early synapsids, caseids and edaphosaurs, evolved herbivorous taxa, (Sues and
Reisz, 1998; Reisz and Sues, 2000). Herbivory evolved more than one time during synapsid
evolution with different feedings strategies and oral processing mechanisms. Caseids, for
example, only rarely orally processed their ingesta, i.e. no chewing occurred, and therefore
their teeth have no occlusal surfaces (Maddin et al., 2008; Reisz and Frdbisch, 2014) while
edaphosaurs, had teeth which were used for crushing food (Modesto, 1995).
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Figure 2.5. Stratigraphic ranges of Late Carboniferous, Permian and Lower Triassic with key
fossil localities/food webs in South Africa (Beauford Supergroup, Karoo Basin), U.S.A. (Briar
Creek Bonebed, Texas) and Germany (Korbach fissure filling; Tambach Fm., Bromacker
Quarry; Remigiusberg Fm., Saar-Nahe Basin) within each period indicated on the left side of
the figure. On the right, theoretical trophic pyramids illustrating faunal evolution over the course
of the Permian. Note that non-mammalian tetrapod icons are not scaled to their relative sizes.

In general, besides dental adaptations, herbivory requires numerous morphological and
physiological adaptations to extract and process the difficult-to-digest nutrients in a plant diet
(Sues and Reisz, 1998; Reisz and Sues, 2000). Herbivorous taxa evolved longer and bulkier
digestive tracts capable of facilitating fermentation by necessary gut endosymbionts for the
digestion of plants. This adaptation resulted in the elongation and enlargement of the whole
thorax in herbivore species (Sues and Reisz, 1998; Reisz and Sues, 2000; O’Grady et al.,
2005), as can be seen in caseids (Reisz and Frdbisch, 2014). Additionally, the evolution of
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herbivory was accompanied by a dramatic increase in body size, a phenomenon not observed
to the same extent in sympatric carnivorous taxa (Reisz and Frobisch, 2014). Herbivory also
evolved independently several times in diadectids (Diadectomorpha); consequently the first
true herbivores already lived during the Upper Pennsylvanian (Late Carboniferous, Kissel and
Lehman, 2002), in captorhinids (Dodick and Modesto, 1995) and probably also in bolosaurids,
as suggested from their dental morphology (Reisz et al., 2007; Berman et al., 2000a). This
evolution is assumed to have occurred over a longer period of time during the Late
Carboniferous and lower Permian (Pearson et al., 2013). The diversity of herbivorous taxa
increases during the lower and middle Permian and was disrupted by a smaller extinction event
(known as Olson’s gap) at the end of the middle Permian (Lucas and Heckert, 2001; Lucas,
2005; Frobisch, 2008; Lucas, 2009; Pearson et al., 2013). The Olson gap marks the time of
faunal transition from a synapsid-dominated to a therapsid-dominated fauna, with richer and

more complex faunal communities afterwards (Benton, 2012).

2.5.1 The terrestrial Permian life

In the following, a very brief overview of vertebrate taxa relevant to this study is given.
Vertebrates have a worldwide distribution with Tetrapoda, which means “four feet”, as the
largest group. Tetrapods originated during the Middle Devonian and inhabit all major habitats
in the modern time (Clack, 2012). Most are terrestrial, but several have secondarily returned
to the aquatic environment such as various salamanders, frogs, turtles, sea snakes, pinnipeds
(seals and walruses), and whales. Some tetrapods are capable of flight (birds and bats), while
others like flying squirrels and flying dragons (Clack, 2012), glide. The two tetrapod groups of
relevance for this study are the Diadectomorpha and Amniota clade, which existed during the

Late Carboniferous and Permian.

2.5.1.1 Diadectomorpha

The Diadectomorpha is a sister-clade of the Amniota clade, containing semi-aquatic
and terrestrial vertebrates living during the Late Carboniferous and the Permian (Laurin and
Reisz, 1995, 1997, 1999; Lee and Spencer, 1997). One representative of the clade is
Diadectes, known from the U.S.A. as well as from Germany (Berman et al., 1998). A massive
animal, with short legs and a compact body. Diadectes belongs to the first herbivorous
terrestrial vertebrates. It had short, pin-like teeth in the front and broad cheek teeth in the back
of his mouth (Sues and Reisz, 1998). Another representative of this clade is Orobates

(Fig. 2.6A), which was found in the lower Permian locality of Bromacker, Germany. This taxon
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was also herbivorous and fed on high fibre plants (for detailed information see Berman et al.,
2004).

2.5.1.2 Amniota

Currently the earliest record of amniotes comes from a Middle Pennsylvanian locality
in Nova Scotia (Carroll, 1964). These fossils indicate that amniotes first diverged into two
lineages, one lineage (Synapsida) resulted in mammals, including all extinct mammalian
ancestors, while the other lineage (Sauropsida) includes all living sauropsids (including birds,

lizards and snakes, crocodiles, and turtles) and their extinct relatives (Laurin and Reisz, 1995).

Sauropsida

The majority of taxa included in the second part of this thesis are non-mammalian
synapsids, therefore, only two relevant groups of the Sauropsida clade are described in the
following section. This includes the very small group of Bolosauridae (Parareptilia) with taxa
from the lower Permian Bromacker Quarry Germany (Berman et al., 2000a), Texas (Cope,
1878), Fort Sill Oklahoma (Reisz et al., 2002) or the middle Permian of Russia (Reisz et al.,
2007) and China (Mdller et al., 2008). One representative of this group is the ~25 cm long,
bipedal Eudibamus cursoris, the first evidence for biped tetrapods (Berman et al., 2000a).
Eudibamus had dome-shaped teeth with occlusal surfaces, i.e. the teeth of lower and upper
jaw came into contact during food processing suggesting that the animals fed on plant matter
(Reisz, 2006). Recent studies suggest that bolosaurids replaced anterior and posterior teeth
in a single wave which occurred from the front to the back of the dental arcade (Styder et al.,
2020). The Bolosauridae went extinct at the end of the Permian (Benton and Pfretzschner,
2007). Another group of Sauropsida are the Pareiasauridae (Parareptilia), which were large
amniotes, restricted to the upper Permian, mostly found in South Africa (e.g. Owen, 1876;
Haughton and Boonstra, 1929), Germany (Tsuji, 2011) and Russia (Hartmann-Weinberg,
1930; Bulanov and Yashina, 2005; Tsuji, 2011). Most representatives of this group were quite
large, with body size ranging from 2 to 3 meters, and massive bodies with short legs. The leaf-
shaped dentition of Pareiasauridae suggests an herbivorous diet of relatively soft plant matter
(Fig. 2.6B, Lee, 1997; Benton and Pfretzschner, 2007; Van den Brandt et al., 2020).
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Diictodon feliceps, Dicynodontia ~ Procynosuchus delaharpeae,
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Figure 2.6. Examples of fossil Permian tetrapods. A. Complete skeleton of Orobates pabsti
(MNG 10181), A1 Crania of Orobates pabsti (MNG 8980), both specimens from the Tambach
Fm. (Berman et al., 2004). B. Crania of (KPM 232) and B+ lower jaw (PIN 2212/6) of Deltavjatia
rossicus, both from the Kotel'nich locality (Tsuji, 2013), C. Lower jaw of Cryptovenator
hirschbergeri (LFN-PW 2008/5599-LS) from the Remigiusberg Fm., D. skull of Diictodon
feliceps (USNM 22949, right lateral view, Kammerer et al., 2020, DOI:10.7717/peerj.9925/fig-

2), E. labial and lingual view of isolated lower postcanine tooth of Procynosuchus delaharpeae

(NMT RB3) from Tanzania (Weide et al., 2009).
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Synapsida

The oldest known synapsid fossils come from Late Carboniferous deposits in North
America and Czechia (Reisz, 1972; Mann et al., 2019; Maddin et al., 2020). Synapsids radiated
quickly and became the most taxonomically diverse, widespread, and common amniotes in
the late Palaeozoic and early Mesozoic (Benton and Pfretzschner, 2007). The family of
Varanopidae (for a review of the phylogeny of Varanopidae see Spindler et al., 2018) for
example, lived in North America (Campione and Reisz, 2010) and Germany (Berman et al.,
2014) during the lower Permian until the upper Permian in South Africa (Modesto et al., 2001)
and Russia (Anderson and Reisz, 2004). Based on the body plan of these animals, it is
assumed that they were small, active and fast small carnivores or insectivores (Reisz, 1986;
Benton and Pfretzschner, 2007; Shelton, 2015). Two further groups of synapsids from the
lower Permian evolved a body plan with large sails on their back formed by elongated neural
spines extending from the vertebrae and probably covered with skin that possibly served as
display (Mazierski and Reisz, 2011; Shelton, 2015) and for thermoregulation (Bennett, 1996).
The first group is the medium to large sized carnivore Sphenacodontidae (Fig. 2.6C, Reisz,
1986), which lived during the Late Carboniferous and early to middle Permian (although not all
members of this clade evolved sails (Berman et al. 2001; Benton and Pfretzschner, 2007;
Frébisch et al. 2011)). One representative of this group is the genus Dimetrodon, represented
by at least 14 species (Brink, 2015; Brink et al., 2015). This taxon is found, for example in
Texas and Oklahoma (Brink et al., 2019), as well as in Germany (Berman et al., 2001). The
herbivorous Edaphosauridae are another synapsid group with a huge sail on their back and
are found from the Late Carboniferous until the lower Permian (Spindler et al., 2020).
Edaphosauridae had very small skulls with pin-like and large palatine teeth for crushing plant
matter (Modesto, 1995). However, the earliest Edaphosauridae from the Late Carboniferous,
lanthasaurus hardestii, potentially fed more on insects than on plants (Reisz and Berman,
1986; Spindler, 2015). Representatives of Edaphosauridae can be found, inter alia, in the
U.S.A. (e.g. Reisz and Berman 1986; Benson 2012) and also in Germany (Remigiusberg near
Kusel, Rhineland-Palatinate; Spindler et al., 2020).

Within the clade of Synapsida, the clade of Therapsida (including mammals and most
of their upper Permian and more recent relatives) evolved during the lower Permian from the
Sphenacodontia (Laurin and Reisz, 1990, 1996; Amson and Laurin, 2011; Benton, 2012). One
group within the Therapsida are the Dinocephalia, which are known from the upper Permian
mostly from Russia and South Africa (Simon et al., 2010). This group contains carnivorous, as
well as herbivorous and omnivorous taxa, which makes fragments of unidentified
dinocephalians difficult to use in studies dealing with trophic level effects (Boonstra, 1969;
Benton and Pfretzschner, 2007; Nicolas and Rubidge, 2010).
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An important, exclusively herbivorous group are the Dicynodontia, with so far around
70 described species from the middle Permian to Lower Triassic (King, 1990; Angielczyk,
2001, Benton and Pfretzschner, 2007). They were the dominant herbivores in a typical upper
Permian fauna assemblage (Benton, 1983; Edler, 2000). Dicynodontian taxa differ significantly
in body size, varying from very small up to hippo-sized species, such as Lisowicia bojani (Sulej
and Niedzwiedzki, 2019), but all had a barrel-shaped body and a particularly interesting
chewing apparatus and dentition (Fig. 2.6D, e.g. Benton and Pfretzschner, 2007). For
dicynodontian species like Pristerodon, a complex jaw movement and chewing process is
evident (Crompton and Hotton, 1967), teeth of some other Dicynodontia show traces of
abrasion due to chewing movement and the tusks of some species show grinding or grubbing
marks (Hotton, 1986). These marks, however, probably originate from digging through the
ground in search of roots, ferns or other plants near the ground and not from chewing or the
oral processing of food (e.g. King et al., 1989; Edler, 2000; Benton and Pfretzschner, 2007;
Jasinoski et al., 2009; Cox and Angielczyk, 2015). Dicynodontia almost went extinct at the end
of the Permian (King, 1990; Benton and Pfretzschner, 2007; Racki and Lucas, 2020). The
dominant faunivorous group within the Therapsida clade during the upper Permian, were the
Gorgonopsia, a relatively large group, known from Russia, China and Africa (Sigigneau-
Russell and Sun, 1981; Maisch, 2002; Kammerer, 2015; Kammerer et al., 2015; Kammerer
and Masyutin, 2018). Gorgonopsia vaguely resemble sabre-toothed tigers with very prominent
canine teeth, suitable for slicing large pieces of flesh from the carcasses of prey (Kemp, 1969).
They probably specialised in hunting Dinocephalia and Dicynodontia, as gorgonopsians went
extinct along with these taxa at the end of the Permian (Botha and Smith, 2006; Benton and
Pfretzschner, 2007). A group of faunivorous Therapsida that survived the end Permian
extinction event are the Therocephalia, which consist of small insectivorous as well as larger
carnivorous species (Rubidge and Sidor, 2001; Benoit et al., 2016; Huttenlocker and Sidor,
2016). During the Lower Triassic this group also evolved some herbivorous species (Benton
and Pfretzschner, 2007; Brocklehurst, 2019).

Finally, a group that originated in the upper Permian radiated very successfully during
the Triassic (including basal mammals) are the Cynodontia (for detailed information see
Kammerer, 2016). In cynodonts tooth replacement similar to that of extant reptiles is evident
(Botha et al., 2005). Species like Procynosuchus, known from the upper Permian of South
Africa, Tanzania and Germany, were dog-sized animals that evidence mammalian-like
characteristics (e.g. Sues and Munk, 1996; Abdala and Allinson, 2005; Weide et al., 2009).
The dentition of Procynosuchus together with its small size suggest a predominantly
insectivorous diet (Fig. 2.6E, Benton and Pfretzschner, 2007).
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2.5.2 Permian tetrapod fossil localities

The following section will give a brief overview and very short description of the
geological setting of lower and upper Permian localities important for this thesis (Fig. 2.5 and
2.7).

Late Carboniferous and lower Permian tetrapod fossil sites

Remigiusberg Formation, Saar-Nahe Basin, Germany

The Saar-Nahe Basin in SW-Germany is an intra-mountainous basin within the
Variscan mountains and contains a several km thick succession of terrestrial and fluvio-
lacustrine Late Carboniferous and lower Permian sediments of the Rotliegend Group
(Fig. 2.7A, Schindler, 2007; Uhl and Jasper, 2016). The Remigiusberg Formation, is part of
the lower Rotliegend deposits and its base is formed by an around 50 m thick subvolcanic
kuselite intrusion from the Early Permian. The Remigiusberg Formation itself consists of an
around 30 m thick fluvio-lacustrine succession of reddish-brown to grey-green clay-, silt- and
sandstone and carbonate layers from sediments of a long-lasting shallow freshwater lake,
Lake Theisbergstegen (Boy and Schindler, 2000; Voigt et al., 2014). The Saar-Nahe Basin has
yielded a largest number of vertebrate fossils from the Late Carboniferous and lower Permian
in Europe (Boy, 2007). Among the fossils from many different lake deposits, such as the
Remigiusberg Fm., are exquisitely preserved aquatic taxa, such as xenacanthiformes
(cartilaginous fishes), palaeonisciformes (ray-finned fishes), lepospondyls (Reptiliomorpha),
branchiosaurids (Amphibamiformes) and Stereospondylomorpha (Temnospondyli) (e.g. Boy
and Schindler, 2000, 2012; Boy, 2003; Witzmann, 2013; Voigt et al., 2014) and a great diversity
of terrestrial tetrapod tracks (Fichter 1983; Schindler, 2007; Voigt, 2007; Boy and Schindler,
2012). The tracks provide evidence for the likely presence of diadectids, parareptiles, diapsids,
and synapsids in the Saar-Nahe Basin. However, during the first 165 years of mining and
excavation not a single terrestrial tetrapod fossil apart from the abundant aquatic amphibians
was found in the Remigiusberg Formation. The first amniote body fossil from the latest
Carboniferous of the Saar-Nahe Basin referred to Sphenacodontidae, Cryptovenator
hirschbergeri., a relatively small animal with ~ 100 cm body length, representing to oldest
amniote fossil of Germany (Fig. 2.6C, Frobisch et al., 2011). In the following recent years, an
increasing number of fossils of some of the oldest European terrestrial vertebrates were found,
revealing a rich species diversity of aquatic, semi-aquatic and terrestrial animals. The species
found in the Remigiusberg Formation include among Cryptovenator, the dvinosaurian
temnospondyl  Trypanognathus  remigiusbergensis, Eryopidae (Eryopide indet.),

Edaphosauridae (Remigiomontanus robustus), different Diadectomorphs and small diapsid
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skeletons (Fig. 2.8A, e.g. Boy and Schindler, 2000; Schindler, 2007, Witzman, 2013; Voigt et
al., 2014, 2019; Witzmann and Voigt, 2015; Schoch and Voigt, 2019; Spindler et al., 2019).

Bromacker Quarry, Germany

A second lower Permian locality from the lowermost unit of the Upper Rotliegend Group
is the Bromacker Quarry, located in the Tambach Formation in Thuringia (Fig. 2.7B). The site
covers ~ 500 m? and the fossil bearing layer is an approx. 1 m thick succession of mudstone
within the Tambach Sandstone (for detailed information see Eberth et al., 2000; Berman et al.,
2000b). The Bromacker locality represents sediments deposited in an internally drained upland
locality in the lower Permian with a lack of fully aquatic taxa, such as fish and certain aquatic
anamniotes. In contrast to Bromacker, most other lower Permian vertebrate fossil
assemblages are described from low-land localities with extensive coastal or alluvial plains
(Fig. 2.8A, Eberth et al 2000; Martens et al., 2005b). In general, the fossils from the Bromacker
Quarry are well-preserved, which indicates a relatively short exposure of carcasses and limited
reworking, maybe during sheetflood events, prior to final burial (Eberth et al., 2000). The fossil
flora and fauna are relatively low in diversity compared to other lower Permian terrestrial
assemblages, probably as a result from the small size of the quarry, only around 12 taxa were
found at the quarry so far (e.g., Berman et al., 2000b, 2001, 2004, 2011, 2014, 2020; Eberth
et al., 2000; Martens et al., 2005b; Miller et al., 2006; Anderson et al., 2008; Henrici et al.,
2011; Wings and Eckert, 2018). However, the most abundant tetrapods in this ecosystem were
herbivorous diadectids, with Diadectes absitus and Orobates pabsti (Fig. 2.6A, Berman et al.,
2004). In general, the locality shows a high abundance of herbivorous species besides
diadectids, such as the bolosaurid parareptile Eudibamis cursoris (Berman et al., 2000a) and
four skeletons of Martensius bromackerensis (Caseidae; Berman et al., 2020). Another highly
abundant taxon at Bromacker is the carnivorous Seymouria sanjuanensis (Seymouridae),
including the famous “Tambach Lovers”, a pair of completely articulated skeletons fossilized
near each other (Eberth et al., 2000; Berman et al., 2000b). Apart from Seymouria, carnivorous
taxa are underrepresented with only Dimetrodon teutonis (Sphenacodontidae) and

Tambacarnifex ungifalcatus (Varanopidae) (Berman et al., 2001, 2014).
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Figure 2.7. Map of the key fossil localities. Palaeogeographical maps of the Late Carboniferous (Pennsylvanian), the Permian and the Triassic with
the important tetrapod fossil localities marked with black dots (modified from Lucas, 2005). A. Late Carboniferous and lower Permian Remigiusberg
Fm. in the Saar-Nahe Basin, south-western Germany (modified from Frébisch et al., 2011); B. Lower Permian Bromacker Quarry in the Tambach
Fm., central Germany (modified from Henrici et al.,2011); C. Lower Permian Briar Creek Bonebed (BCBB) in the Nocona Fm., north Texas, U.S.A.
(modified from Labandeira and Allen, 2007; Shelton, 2015); D. Upper Permian Korbach fissure filling in the Zechstein Basin, west Germany (modified
from Sues and Munk, 1996); E. Upper Permian Beauford Group, South Afrika (modified from Botha and Smith, 2007; Hancox et al., 2013).

26



Chapter 2

A
Dimetrodon,
Sphenacodontidae e
_ Diadectidae
Eudibamus, Seymouria,
Bolosauridae

Edaphosaurus,

LG ¥ Edaphosauridae
i T T . o
Cryptovenator, — 47 D e
Sphenacodontidae Diadectes, Eryops,
Diadectidae Eryopidae
B Eryops,
Eryopidae
Diplocaulus,
Diplocaulidae

Sphenacodon, L .. Edaphosaurus,
Sphenacodontidae Ay - Edaphosauridae

Sk (TSR
BT e

Diadectes,
Diadectidae

Dimetrodon,
Sphenacodontidae Casea,
Caseidae

Figure 2.8. Lower Permian terrestrial ecosystems of A. Tambach and Remigiusberg Fm.,
Germany and B. Texas, U.S.A.. Red colour indicates carnivores, yellow-green and green
indicate herbivores, orange colour shows carnivorous Eryopidae (Temnospondyli), light blue
indicates unspecified dvinosaurian Temnospondyli and dark blue indicates lepospondyl
amphibians. Footprints in A show ichnofossils found in lower Permian localities in Germany

(modified from Rothe, 2000).
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Briar Creek Bonebed, Texas, U.S.A.

The lower Permian material from Texas, U.S.A., is mostly concentrated in and around
the Archer County area (Fig. 2.7C, Konietzko-Meier et al. 2016). Lower Permian terrestrial and
aquatic vertebrates have been collected from the Texas redbeds for over a century (e.g. Case,
1915; Sander, 1987, 1989; Shelton et al., 2013, Shelton, 2015) and the Briar Creek Bonebed
(BCBB) had were been discovered in 1912 by E.C. Case (Case, 1915). The BCBB is an about
30 cm thick grey mudstone and contains disarticulated vertebrate skeletons of variable
preservation, e.g. ironstone covering some fragments (Konietzko-Meier et al., 2016). The
crushed bone and tooth fragments possibly indicate scavenging, however, the fragments do
not show signs of abrasion due to water transport (Shelton, 2015). It was originally
hypothesized by Case (1915), that the BCBB is a fossil swamp or lake system which conserved
vertebrate remains in a manner similar to a macerating tank. However, it has also been
hypothesized that the bone bed is a fossil meandering river system which formed a lake or
swamp similar to what is hypothesized for the Geraldine Bonebed (Archer County, Texas,
Sander, 1989; Konietzko-Meier et al., 2016). A diverse fossil faunal assemblage is found in the
bonebeds of Texas including Eryops (Eryopidae), Diadectes (Diadectidae), and the synapsids
Edaphosaurus (Edaphosauridae) and Dimetrodon limbatus (Sphenacodontidae), as well as
the freshwater shark Orthocanthus (Fig. 2.8B, e.g. Shelton, 2013, 2015).

Upper Permian tetrapod fossil sites

Korbach fissure-filling, Germany

This upper Permian terrestrial tetrapod fossil assemblage from a karst fissure-filling in
marine limestone sediments of the early Zechstein near Korbach (Northern Hesse, Germany)
is located at the edge of the Rhenish Slate Mountains (Fig. 2.7D, Kulick, 1997). The Korbach
fissure-filling was first discovered by J. Kulick in 1964 and classified as upper Permian fossil
assemblage much later (Kulick and Paul, 1987). The Korbach fissure presumably resulted from
a combination of tectonic activity and karstification, whereby the karstification started along
smaller fissures and quickly deepened into the surrounding carbonate rock (Zeeh et al., 2000;
Becker, 2002; Zeeh and Becker, 2005). The sediments in the fissure consist of a siliciclastic
and a carbonate component, whereby the clastic component consists of quartzitic silt and fine
sand and an illite matrix from the eastern edge of the Variscan mountains. The carbonate
component (calcite and dolomite) consists of a transported carbonate and diagenetically
formed fine matrix and poikilitic calcite crystals from the surrounding (Békenschmidt, 2006).
The sediment and the vertebrate remains therein were most likely washed into the fissure in a
constant sediment water suspension, as a mudflow over the coastal area of the Zechstein Sea

(Békenschmidt, 2006). The disarticulated bone fragments are mostly preserved as
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hydroxylapatite (Békenschmidt et al., 1999) and show no signs of longer transport (Sues et al.,
1996). Regarding the preservation of the fossil material, it is assumed that the animals died,
decayed and disarticulated for different durations before the skeletal remains were washed
into the fissure and reworked (Bokenschmidt, 2006). The Permian faunal assemblage is
comparable to those from South Africa and Russia of similar age, with most of the taxa being
restricted to the upper Permian, while some survived into the Triassic (Bokenschmidt, 2006).
Fragments of upper Permian terrestrial vertebrates are found in the fissure-filling, comprise
taxa such as Procynosuchus sp. (Therapsida, Procynosuchidae), a small faunivore/
insectivore animal (e.g. Fig. 2.6E, 2.9, Sues and Munk, 1996), Protorosaurus (Protosauridae)
and Parasaurus (Pareiasauroidea, Captorhinida) (Sues and Boy, 1988; Sues and Munk,
1996). No evidence for aquatic taxa, such as temnospondyls or fishes are found (Sues and
Munk, 1996); even the more recent discovery of a new Chroniosuchia taxon, Hassiacoscutum
munki, is suggested to have been a primarily terrestrial vertebrate (Witzman et al., 2019). The
upper Permian vertebrate fossils of the Korbach fissure filling have the same age as fossils
from the upper Permian Kupferschiefer, such as Protorosaurus. It can be assumed that the
fissure filling might be a tertiary fossil deposit with fossils from the Kupferschiefer washed into
the fissure (Bokenschmidt, 2006).

Karoo Supergroup, South Africa

The deposits of the Karoo Supergroup cover large geographic areas of south-central
Africa represented a time interval from the Late Carboniferous until the Lower Jurassic
(Fig. 2.7E, for review see Hancox and Rubidge, 2001; Catuneanu et al., 2005; Nicolas, 2007).
The Supergroup includes different lithostratigraphic units, for this thesis, the Beauford Group
is the most important one, since this unit contains fossil tetrapod assemblages from the middle
Permian until the Lower Jurassic, however, the absolute age is not well constrained (Rubidge,
1995; Hancox and Rubidge, 1996). In general, the Beauford Group is divided into eight
biozones: Eodicynodon, Tapinocephalus, Pristerognathus, Tropidostoma, Cistecephalus,
Dicynodon, Lystrosaurus and Cynognathus assemblage zones (Rubidge, 1995; Hancox and
Rubidge, 1997). The Beauford Group is located in South Africa and consists of a ~ 3000 m
thick sedimentary succession of sedimentary sandstones and mudrocks. The sandstones are
deposits in fossil channels, while the mudrocks are deposits of overbank settings (Hancox and
Rubidge, 2001).
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Figure 2.9. Exemplary upper Permian terrestrial trophic levels with primary producers, small
and large primary consumers (herbivores) and small and large (apex-) predators (faunivores)
(A). B. showing composition of faunal assemblage of the Korbach fissure filling and Karoo
Basin, South Africa (modified from Bernardi et al., 2017, Frébisch et al., 2018, Frébisch pers.

comm.)

The fossil vertebrate fauna of the Beauford Group is very diverse and large, however,
generally different taxa are found in great diversity and abundance in the different assemblage
zones. The following paragraph only gives a brief overview over abundant taxa, without
mentioning referring assemblage zones, for more detailed information see Nicolas and

Rubidge (2010). A large diversity of freshwater fish, including sharks and lungfishes, were
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found, hinting at an aquatic freshwater palaeoenvironment (Rubidge, 2005). Furthermore, a
very diverse temnospondyl amphibian fauna, represented in different numbers in the different
assemblage zones (Shishkin and Rubidge, 2000; Damiani and Rubidge, 2003) was found. The
Amniota clade, taxa such as Pareiasaurus (Pareiasauridae), Tapinocephalus atherstonei
(Therapsida, Dinocephalia), Jonkeria boonstrai (Therapsida, Dinocephalia), Pristerognathus
(Therapsida, Therocephalia), Diictodon (Therapsida, Dicynodontia), numerus Gorgonopsidae
(e.g. Dinogorgon, Rubidgea), Lystrosaurus (Therapsida, Dicynodontia), Cynognathus
(Therapsida, Cynodontia) are among the most abundant species and partly eponymous for the
different assemblage zones. Apart from that, many other taxa within the Pareiasauridae,
Dinocephalia, Therocephalia, Dicynodontia, Gorgonopsidae and Cynodontia are found in the
Beauford Group. The Beauford Group is rich in fossils, however, low in diversity, with a high
percentage of herbivorous species (varying between different assemblage zones), and a low
percentage of carnivorous and omnivorous taxa (Fig. 2.9, Nicolas and Rubidge, 2010,
Bernardi et al., 2017)

2.5.3 The end of the Permian ecosystem

The end of the Permian which coincides with the end of the Palaeozoic Era (~ 252 Ma)
was marked with the most disastrous mass extinction event in earth history, with a loss of 50-
75% of terrestrial and ~80-96 % of aquatic families (Benton and Twitchett, 2003; Sahney and
Benton, 2005; Benton and Pfretzschner, 2007). The most plausible reason for the mass
extinction event is a combination of massive volcanic events (e.g. Siberian trap basalts), global
warming, and ocean anoxia due to methane hydrates and acidification (Benton and Twitchett,
2003; Algeo and Twitchett, 2010; Algeo et al., 2011; Clarkson et al., 2013; Burgess and
Bowring, 2015; Garbelli et al., 2016, 2017; Polozov et al., 2016; Black et al., 2018). Over a
time of approx. 500.000 years during the upper Permian, massive eruptions of Siberian basalt
lava occurred covering an area of around 2 million km? (Campbell et al., 1992; Benton and
Pfretzschner, 2007; Reichow et al, 2005, 2009; Saunders and Reichow, 2009). The eruption
would have led to an enrichment of volcanic gases in the atmosphere, such as CO2 and SO,
followed by massive reduction of O content and changes in the global temperature (Saunders
and Reichow, 2009). The resulting greenhouse effect in the atmosphere and the ocean would
have killed terrestrial and aquatic flora, resulting in an increasing erosion of the ground and
increasing organic input into the oceans. This would be followed by an increasing temperature
and could have led to a release of methane, trapped as frozen methane hydrate in the
continental shelf (Benton and Twitchett, 2003; Brand et al., 2016). This would have led to a
further increase of the greenhouse effect and a further increasing temperature. The end-

Permian mass extinction seems to have been rather a gradual process over a short time span
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of around 500.000 years than a long-lasting event (Smith and Wang, 2001; Burgess et al.,
2014; Shen et al., 2018). The faunal turnover across the Permo-Triassic boundary suggested
by fossils in continental sediments from the Karroo Basin, South Africa, show a gradual
disappearing of tetrapod fauna over a very short time span of perhaps about 50000 years
(Smith and Ward, 2001). Due to the extinction event, the number and diversity of tetrapod
families dropped rapidly, however, in order to refill the free ecological niches, a fast increase
of diversity appears until the late Lower Triassic (Olenekian). However, during the Triassic, the
taxonomic diversification rate dropped, with only one new additional family every 25 Ma
(Sahney and Benton, 2014). Additionally, the end-Permian mass extinction is followed by a
“Lilliput effect” (Urbanek 1993), where only a few large species and many small species
survived (Sahney and Benton, 2014). One of the survivors of the extinction event was probably
Lystrosaurus, which radiated quickly over the whole world and contributed almost 95 % of the
vertebrate fauna afterwards (Benton and Pfretzschner, 2007). Also, the newly formed
ecosystem was affected by the extinction event, the number of herbivores and predators
decreased, while the number of piscivorous taxa increased, however, this went stepwise back
toward a pre-extinction state with more predators and herbivores, than piscivorous and
insectivorous taxa during the Triassic (Sahney and Benton, 2014). For detailed review on the
effect of the end-Permian mass extinction and the faunal recovery during the Triassic see
Sahney and Benton (2014).
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3.1 Abstract

In the fossil record, teeth are often all that remains of a fossil organism. Dental
microwear texture analysis (DMTA) is a common proxy for diet using dental wear features at
the ym-scale, enabling comparative and quantitative assessments of various feeding traits in
extant and extinct species. In extinct species, original diet-related dental wear features may be
overprinted by post-mortem alteration including fluvial transport. Here we experimentally
investigate the effects of mechanical alteration on diet-related 3D enamel surface texture
(3DST) patterns of different mammal teeth. Post canine teeth of Equus sp., Capreolus
capreolus and Otomys sp. are tumbled in sediment-water suspensions using three different
grain size fractions of sand. The 3DST of the enamel surfaces are measured prior to and after
each tumbling interval and characterised using ISO normed surface texture and SSFA
parameters. In all species, we find several parameters to be almost unaffected by tumbling
(stable parameters), while other parameters show inconsistent-directional shifts (unstable
parameters). For Otomys, all three sediment grain size fractions result in abrasion of peaks
and a reduction of overall surface roughness. For Equus, tumbling results in visible abrasive
changes in the original wear patterns and the introduction of new wear features. Capreolus
capreolus shows high variability in surface texture patterns prior to and after the experiment,
hence we see ambiguous trends for changes in parameter values. However, even after 336

hrs of tumbling the browsing C. capreolus can still be distinguished from the grazing Equus sp.

Thus, biostratinomy may potentially modify diet-related 3DST causing non-systematic
bias via mechanical abrasion, which is related to sediment grain size, duration of transport and
geometry of teeth. However, the original diet-related 3DST is still preserved and a more

prominent characteristic in DMT than the experimentally induced diagenetic alteration.

3.2 Introduction

Dental microwear texture analysis (DMTA) is a powerful proxy for oral behaviour,
reflecting the mechanical properties of ingesta consumed during the last few days or weeks,
and for tooth function in general. The tribosystem of occluding teeth is largely controlled by
abrasion and attrition as a cause of material loss (Dahlberg and Kinzey, 1962). Patterns of
wear features at pym-scales (roughness texture) can be related to feeding traits, enabling
quantitative and comparative assessments of diet/ingesta related traits such as soft- or hard-
object feeding among extant and fossil vertebrates (Solounias et al., 1988; Scott et al., 2005;
Merceron et al., 2007; Semprebon and Rivals, 2007; Schulz et al., 2010; Winkler et al., 2013).
Baker et al. (1959) were among the first link microscopic wear features on teeth with abrasives
ingested in the diet. In their study of sheep teeth, they concluded that internal abrasives, such

as phytoliths, where hard enough to scratch enamel and thus indicate diet. Since then, many
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studies of tooth wear analyses at different spatial scales (mesowear, microwear, dental
microwear texture analysis) for a large variety of vertebrates (mostly mammals) have been
performed, and characteristic wear patterns related to their assumed natural diets have been
described (Fortelius and Solounias, 2000; Schulz et al., 2010; Fraser and Theodor, 2011;
DeSantis et al., 2013; Purnell et al., 2013; Calandra and Merceron, 2016).

In the fossil record, teeth are often the only preserved parts of animals and are therefore
a crucial source of information about the feeding behaviour of extinct taxa. Dietary
reconstructions based on the wear features of fossil occlusal tooth surfaces can easily be
biased post-mortem due to mechanical and/or chemical modification (King et al., 1999;
Dauphin et al., 2018). Therefore, reconstructions should be restricted to areas of a tooth which
are relatively unaltered by post-mortem processes. This makes distinguishing between ante-
and post-mortem surface alterations a crucial issue for reliable palaeodietary reconstructions
based on 3DST (Calandra and Merceron, 2016).

There are two primary sources of post-mortem mechanical surface alteration on teeth
(Teaford, 1988):

I.  Material loss occurring after death or before/during the burial of an animals remains.

Il.  Material loss caused by excavation and preparation during/after the collection of a

fossil.

Both sources of mechanical surface alteration can have an impact on ante-mortem
occlusal wear features and possibly alter or obscure those wear features. Most post-mortem
wear features are distinctively different in their size, shape or orientation (Teaford, 1988). In
addition to mechanical alteration, chemical alteration may modify ante-mortem wear features,
e.g. by acid attack in the stomach of a predator (e.g. Dauphin et al., 2003; 2018) or by
dissolution processes in the soil/sediment environment. Overall, there is a substantial lack of
experimental data on the effect of biostratinomy on mammalian teeth. Gordon (1983; 1984)
tumbled extracted human molars and premolars with four different types of sediment, ranging
from volcanic ash to “pea” gravel (~4-8 mm), in aqueous and non-aqueous environments for
different time intervals (unspecified). Gordon found significant changes to the ante-mortem
dental wear after 5 hours and determined that alteration of the microwear pattern correlated
positively with sediment grain size. However, tumbling seemed to abrade the identifiable
microwear rather than add or produce new wear features (Gordon, 1984). Similarly, King et al.
(1999) tumbled three human lower molar teeth from the late Neolithic with three different grain

size fractions of sediment and water for 2-512 hours and found evidence for changes in dental
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microwear only with the smallest grain size fraction. Coarse sand (500-1000 ym) produced no
change in dental microwear and quartz pebbles (2000-11000 um) also resulted in little surface
damage on the tooth. However, a noticeable abrasive effect was observed for the grain size
fraction between 250 to 500 um, which completely removed the original microwear features.
Both studies showed a polishing effect on the dental surface rather than formation of new wear
features comparable in morphology with those of the ante-mortem wear (Gordon, 1984; King
et al., 1999). Nevertheless, taphonomically altered dental wear patterns could still be easily
identified and distinguished from diet-related wear patterns (Teaford, 1988; King et al., 1999).
For example, Martinez and Perez-Perez (2004) tested whether taphonomic and non-
taphonomic wear features were clearly distinguishable on the buccal enamel surfaces of fossil
hominin teeth from Olduvai and Laetoli (Martinez and Perez-Perez, 2004). In this sample, they
found evidence for both chemical and mechanical alteration, as well as for well-preserved
dental surface areas with no obvious post-mortem material loss, enabling the identification of
taphonomically altered teeth. The combination of mechanical and chemical post-mortem wear
has often drastically reduced sample sizes of analyses of fossil material (e.g., Ungar et al.,

2008), however, this may not always be necessary.

All experimental studies conducted thus far are qualitative and have only been
performed on human teeth. Although there are numerous studies connecting dental wear in
other mammalian taxa with ingesta properties (e.g. Mainland, 2003a, b), there is as of yet no
experimental approach to assess the influence of post-mortem abrasion on non-human teeth.
Here we present the first experiment to quantitatively test the effect of biostratinomy on DMTA

in three different herbivorous mammalian species.

We employ an experimental setup with three different sediment grain size fractions (fine
to middle sand, 63-500 ym) and different tumbling time periods (from 0.5-336 hours). Dental
surface texture measurements of the same areas on wear facets were performed on teeth of
three herbivorous (grazer and browser) mammals (Otomys sp., Capreolus capreolus and
Equus sp.) before and after each tumbling interval, using a high-resolution disc-scanning
confocal 3D-surface measuring system psurf Custom. To quantify dental wear and detect
potential alteration by the selected sediments during the experiments two DMTA methods were
employed: scale-sensitive fractal analysis (SSFA) and, what we refer to as 3D surface texture
analysis (3DST). Both approaches employ optical profilometry to obtain 3D representations of
the enamel surface at submicron resolution and evaluate the overall distribution and three-
dimensional geometry of topographic features. In SSFA, surface features are characterised
using length-scale and area-scale fractal analyses, describing complexity and anisotropy of
the surface (e.g. Ungar et al., 2003; 2012; Scott et al., 2006; Scott, 2012). In 3DST,
standardised roughness (ISO 25178) and flatness (ISO 12781) parameters plus additional

motif, furrow, and direction parameters are employed to characterise wear features (Schulz et
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al., 2013a; 2013b; Purnell and Darras, 2016; Kubo et al., 2017; Purnell et al., 2017). A major
focus of diet reconstruction via dental wear has been on the browser-grazer dichotomy in the
artiodactyla and perissodactyla (e.g. Rensberger, 1973; Fortelius and Solounias, 2000;
Damuth and Janis, 2011; Fraser and Theodor, 2011; Schulz et al., 2013a). The browser-grazer
dichotomy is well reflected at the different scales of dental wear evaluation (i.e. mesowear,
microwear, and dental microwear texture analysis). Browsers are characterised by less
abraded tooth wear, which is reflected in a mesowear profile with sharp cusps (Fortelius and
Solounias, 2000; Kaiser et al., 2000). The surface is dominated by high complexity and low
anisotropy values (SSFA, Scott, 2012; Ungar et al., 2012) and an overall smooth surfaces with
low microscopic peaks (3DST, Schulz et al., 2013a, b) and pits (microwear, Walker et al.,
1978). In contrast, grazers show mesowear dominated by rounded or blunt cusps and
dominated by scratches (microwear, Walker et al., 1978), with an overall greater surface
roughness, higher and more frequent peaks and deeper dales but a generally less variable
pattern (3DST, Schulz et al., 2013a, b) and high anisotropy/low complexity values (SSFA,
Scott, 2012; Ungar et al., 2012).

The aim of this study is to test whether diet-related 3DST (i.e. browser-grazer
differences) are resistant against mechanical alteration during sediment transport under a
post-mortem abrasive regime. If biostratinomical changes on the wear facets of teeth occur,
are they recognizable as post-mortem wear or do they show patterns comparable to ante-
mortem wear? We therefore tested if the 3DST of teeth from a grazer (Equus sp.) and browsers
(Capreolus capreolus) could still be assigned to the correct dietary category after tumbling
intervals of up to 336 hrs. In other words, could the surface texture parameters normally found
to distinguish between these two dietary categories still distinguish between browsers and
grazers despite mechanical abrasion meant to mimic sediment transport? We expect that
different surface texture parameters will be affected differently by our experimental setup. We
anticipate that parameters which describe extremes of the surface (e.g. maximum height) will
be more prone to alteration by abrasion compared to parameters describe mean roughness of
the surface. Thus, we intend to identify parameters that show the potential to bias dietary
interpretations. Our goal is further to test the hypothesis that sediment grain size has an impact
on dental microwear texture, but that tooth geometry does as well. Additionally, we analysed
the altered parameters after the experiment to test the hypothesis if extreme outliers in

parameter values can be used as indicators of taphonomic alteration.

3.3 Material and Methods

Cheek teeth from three different extant small and large mammal taxa were used to

investigate the physical effects of post-mortem abrasive action on 3DST patterns on chewing
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facets. Due to the potentially destructive nature of the experiment, dental material with low
scientific value (e.g. no precise locality data) was used. This resulted in a variable sample
composition including both molars and premolars and, due to unequal preservation, different
enamel facets (Fig.3.1). Such a sample composition is thus more representative of the type of

mixed tooth assemblage often recovered in the fossil record.

A upper left molar B upper left molar C upper molar 1-3
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Figure 3.1. Schematic representation of the tumbled specimens. A. Upper left molar of Equus
sp. with the three possible facets (red bars). B. Upper left molar of Capreolus capreolus with
the four possible facets (red bars). C. Upper molar 1-3 of Ofomys sp. with the possible lamellae

on the third molar (red bars). Occlusal tooth views modified after Thenius (1989).

Nine teeth of each taxon were used: molars and premolars belonging to Equus sp.
(Zebra), Otomys sp. (African vlei rat or groove-toothed rat) and Capreolus capreolus (roe deer)
(Table 3.1). The samples represent wild species from landscape and museum collections, with
no obvious sign of post-mortem dental alteration. The zebra teeth have a mean occlusal width
of 2-3 cm, the roe deer 1.5-2 cm and the Ofomys teeth are the smallest with ~ 2-4 mm in length
(Fig. 3.1). Zebra and roe deer samples have the same prismatic structure in mature enamel,
with horizontally arranged multiserial Hunter-Schreger bands (Hillson, 2005). Rodent molar
teeth have enamel with a more irregular and less sharply defined structure on the occlusal
surface (Hillson, 2005). All specimens were tumbled in sediment-water suspensions containing
siliciclastic sediment particles of three different grain sizes (63-125 ym, 125-250 ym and 250-
500 pm) using commercially available tumbling machines. For each grain size fraction, three
teeth of each species (one per barrel) were tumbled for eight different time intervals of 0.5, 1,
2,4,8,12, 16 and 336 hours (Table 3.1). At each 3DST measurement, the tumbling interval

was interrupted and continued after the measurement.
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Table 3.1. Tumbled specimens with tooth side and position (where possible), analysed facet

(see Fig. 3.1), grain size fraction and tumbling interval.

Taxon Side Tooth Facet Original vs. Treatment Tumbling interval
position mould [hrs]
Equus sp. right M2 3 original 63-125 uym 0.5,1,2,4,8,12, 16,
Equus sp. right M1 1 original 63-125 ym 336
Equus sp. left M2 1 original 63-125 uym
Equus sp. left P4 1 original 125-250 um
Equus sp. right P4 1 original 125-250 um
Equus sp. left M1 3 original 125-250 um
Equus sp. left P3 1 original 250-500 ym
Equus sp. right P3 3 original 250-500 ym
Equus sp. left P2 1 original 250-500 ym
Capreolus capreolus left M1 2 original 63-125 pm 4,8,12, 16, 336
Capreolus capreolus left P2 3 original 63-125 pm
Capreolus capreolus  right M3 1 mould 63-125 pm
Capreolus capreolus left M2 3 original 125-250 um
Capreolus capreolus left P3 4 original 125-250 um
Capreolus capreolus  right P4 1 original 125-250 um
Capreolus capreolus left M3 4 original 250-500 ym
Capreolus capreolus left P4 4 original 250-500 ym
Capreolus capreolus  right M1 3 original 250-500 uym
Otomys sp. n.n n.n L1 original 63-125 um 4,8,12, 16
Otomys sp. n.n n.n L1 original 63-125 um
Otomys sp. n.n n.n L2 original 63-125 um
Otomys sp. n.n n.n L1 original 125-250 ym
Otomys sp. n.n n.n L2 original 125-250 ym
Otomys sp. n.n n.n L2 original 125-250 uym
Otomys sp. n.n n.n L1 original 250-500 pm
Otomys sp. n.n n.n L1 original 250-500 pm
Otomys sp. n.n n.n L1 original 250-500 ym

3.3.1 Sample preparation

The teeth were cleaned manually using cotton swabs and water to remove adhering
dust, ethanol to remove lipids and acetone to remove any residual acetone-soluble
vanishes/superglue. 3DST measurements were taken of the original ante-mortem occlusal
texture according to the protocol of Schulz et al. (2013a) for all dental specimens except for
three molars of Capreolus capreolus, in which the high cusps and steeply inclined wear facets
did not allow for direct measurements on the original teeth. For these C. capreolus specimens,
moulds of the facet surface of each of the three molars were produced using high-resolution
silicone-Vinylpolysiloxane precision impression material Provil novo Light regular set EN ISO

4823, type 3, light (Heraeus Kulzer GmbH, Dormagen, Germany).

Two cutmarks were placed on the target facets of the Equus sp. and C. capreolus (pre-
)molars (facets 1-4, Fig. 3.2) in order to define a measurement area. Four non-overlapping
scans of 160 x 160 um were taken on all suitable and marked wear facets (Fig. 3.1). In order
to identify and measure the same areas on the occlusal surface after each tumbling interval,
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the wear facet was optically aligned to the referring cutmark and measured at the same relative
coordinates as in the previous measurements. Since there were possible inaccuracies during
the orientation of the teeth at each measuring interval, a rotation of the wear facet around 5-
10° was accepted. Ofomys teeth were too small and delicate to use cutmarks, however, the
small size and number of enamel lamellae enabled precise re-identification of focal
measurement positions. (Fig. 3.2, Table 3.1). Four non-overlapping scans were measured per
tooth.

lmm upper right M3

Figure 3.2. Exemplary graphical representation of the measurement position on the chewing
facet of the upper third molar (M3) of Capreolus capreolus; and the cut marks (red lines) used

for orientation. The area of the 3D scan is 160 x 160 um. b = buccal, a = anterior.

3.3.2 Sediment

Construction grade joint-sand (Flairstone) was sieved using DIN norm sieves (500 um,
250 pm, 125 uym and 63 um), into three different grain size fractions: 63-125 um, 125-250 um,
250-500 um. Based on grain size analysis with laser granulometry, the true grain size fractions
have a median of 101 ym (range: 51-168 um), 200 pm (range: 112-292 um) and 353 uym (221-
513 um) (Fig. 3.3). The grain size fractions thus overlap somewhat, potentially due to
aggregate formation and disintegration; nevertheless, the median fits the considered grain size
fractions. In the following, the grain size fractions are labelled as follows: very fine sand (51-

168 um), fine sand (112-292 ym) and medium sand (221-513 um). Based on X-ray diffraction
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measurements, quartz is the principle mineral phase in all three sand fractions. In the fine
sand, the quartz content is slightly higher (~60 %) than in the other two grain size fractions
(~50-55 %). Additionally, feldspar (albite) is a component of the sediment in all three sand

fractions.

amount [%]

TAALNY | N

0 100 200 300 400 500 600 700
grain size [um]

Figure 3.3. Graphical representation of the sediment grain size fractions measured by laser
granulometry. SEM photos (275x magnification) of A. very fine sand, median 101 ym (range:
51-168 um); B. fine sand, median 200 ym (range: 112-292 ym); and C. medium sand, median
353 uym (221-513 um). D. Grain size distribution according to analysis with laser granulometry.
Yellow = very fine sand (51-168 ym), blue = fine sand (112-292 pym), violet = medium sand
(221-513 pm).
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3.3.3 Tumbling procedure

The effects of fluvial transport in a suspension of sediment particles were simulated
using commercial hobby rotary tumblers TYP TRO 2 A (Otto Eigner e.K., Industriebedarf &
Hobbyschleifmaschinen, Idar-Oberstein, Germany). Tumbling barrels have a diameter of
10 cm and a capacity of 900 ml. Machines operate at a constant speed of 45 rpm, which equals
a transport speed of around 1.08 km per hour. As comparison, the Rhine river flows with a
speed of around 2.5 — 10.5 km per h (http://www.wsd-west.wsv.de). In order to ensure a
constant suspension of sediment in water during tumbling and to facilitate contact between the
tooth and sediment, the barrels were filled with 500 g of sediment and 300 ml of tap water
(resulting in a 90 % full barrel). For each barrel, one tooth was added to the sediment-water
mixture and each tooth was then tumbled for 0.5, 1, 2, 4, 8, 12 and 16 h (Table 3.1). These
time intervals were chosen to represent the potential alteration effects on diet-related ante-
mortem textures occurring during the first hours (i.e. first kilometres) of simulated fluvial
transport. Additionally, teeth of two species (C. capreolus and Equus sp.) were also tumbled
for 336 h to simulate a long distance (362.9 km) transport scenario. The enamel texture of
each tooth was scanned prior to tumbling, to establish baseline parameters and document
original ante-mortem dental wear. The approximately same surface area was scanned again

after each time interval of tumbling (Table 3.1).

3.3.4 Data acquisition for enamel surface texture analysis

The surface scans of occlusal enamel facets were performed using the high-resolution
disc-scanning confocal 3D-surface measuring system psurf Custom (NanoFocus AG,
Oberhausen, Germany), following the procedure described in Schulz et al. (2010). A square
area of 160 x 160 ym was scanned using the x100 long distance lens with a resolution in x, y
= 0.16 ym, and z = 0.06 um. Measurements with a vertical displacement range dz > 60 ym

were rejected (i.e. measured surface was oriented too obliquely).

We applied 3D (enamel) surface texture analysis (compare Schulz et al. 2010; 2013a,
b; Calandra et al., 2012) and scale-sensitive fractal analysis (SSFA) using parameters after
Ungar et al. (2003) and Scott et al. (2006) using MountainsMap Premium v.7.4 software for
data evaluation. To test for the impact of imprecision in misalignment of repeated sampling,
we performed a nine-time repetition of the same scan for one original and one moulded
sample. Percentage variance was below 1 % for ~50 % (moulded sample) and ~57 % (original
sample) of the parameters. For the parameters Spd, S10z, S5p, Sbv, Shv, mea, and madf a

percentage variance above 10 % (Table ES3.1) was found.

42



Chapter 3

3.3.5 Data processing

3.3.5.1 Dental microwear texture analysis

The measurements were processed using two different templates in MountainsMap

Premium v.7.4. 8495 (DigitalSurf, Besangon, France):

Otomys template. First an extraction sub-surface of 60 x 60 ym was cut out using the
extraction operator in MountainsMap, because the enamel bands of this taxon are
smaller than the typical measurement field of 160 x 160 um used for all other teeth. All
extracted scans of Otomys sp. were treated in the same way without mirroring to
account for left/right teeth, since tooth position could not be determined. Most surface
texture parameters are, however, expected not to differ between left and right teeth
with exception of directional parameters such as Str, Spd, Tr1R, Tr2R, Tr3R. After
tumbling, we expect directional parameters to be altered and hence the inclusion of
both left and right teeth with potentially different original surface textures is
unproblematic.

Large mammal template. This template is designed to analyse scans on original upper
right (pre-) molar teeth. Therefore, in order to have the same orientation in all teeth, all
scans of original left teeth were mirrored along the y-axis. All moulded surfaces were
mirrored along the z-axis, since the measurements first need to be inverted,

additionally, all moulded upper right teeth need to be mirrored along the x-axis.

The analysis is based on 3D industrial area surface texture standards (ISO 25178, ISO

12781), with parameters which allow quantification of an area based on surface texture

geometry (Schulz et al., 2010; Calandra et al., 2012). Thirty-five 3D-surface roughness

parameters (according to ISO 25178): standardised height, functional, spatial, hybrid, and

segmentation parameters (Schulz et al., 2013b); and fourteen motif, furrow, isotropy, and ISO

12781 (flatness) parameters integrated in Mountains 7.4 were computed (Table 3.2).

Additionally, we employed the SSFA parameter Asfc (complexity) and epLsar (anisotropy)

(compare Ungar et al., 2007; 2008), as these are commonly applied to differentiate browsing
and grazing herbivores (Scott et al., 2005; 2006; Merceron et al., 2007; DeSantis et al., 2013;
Ungar et al., 2012).
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Table 3.2. Description of applied surface texture parameters according to ISO 25178, ISO

12781, motif, furrow, texture direction and isotropy.

Category Parameter Description (condition) Standard Unit

Sq Standard deviation of the height distribution, or RMS surface roughness 1ISO 25178 um

Ssk Skewness of the height distribution 1ISO 25178 no unit

Sku Kurtosis of the height distribution 1ISO 25178 no unit
Height Sp Maximum peak height, height between the highest peak and the mean plane 1ISO 25178 um

Sv Maximum pit height, depth between the mean plane and the deepest valley 1ISO 25178 um

Sz Maximum height, height between the highest peak and the deepest valley 1ISO 25178  pm

Sa Arithmetic mean height or mean surface roughness 1ISO 25178 um

Smr Areal material ratio 1ISO 25178 %

Smc Inverse areal material ratio (p = 10%) 1ISO 25178 um

Sxp Peak extreme height difference in height between p% and q% (p=50%, q=97.5%) 1ISO 25178  pm
Function Sk Core height 1ISO 25178 um

Svk Reduced dale height, average height of the protruding dales below the core surface 1ISO 25178 um

Spk Reduced peak height, average height of the protruding peaks above the core surface  1SO 25178 um

Smr1 Peak areal material ratio 1ISO 25178 %

Smr2 Dale areal material ratio 1ISO 25178 %

Sal Auto-correlation length (s = 0.2) 1ISO 25178 um
Spatial Str Texture aspect ratio (s = 0.2) 1ISO 25178 no unit

Std Texture direction 1ISO 25178 no unit
Hybrid Sdq Root mean square gradient 1ISO 25178 no unit

Sar Developed interfacial area ratio 1ISO 25178 %

Vm Material volume at a given material ratio (p = 10%) 1ISO 25178 pm¥um?2

Vmc Material volume of the core at given material ratio (p = 10%, q = 80%) 1ISO 25178 pm3¥um?2
Volume Vmp Material volume of the peaks (p=10%) 1ISO 25178 um3/um?

W Void volume at a given material ratio (p = 10%) 1ISO 25178 pm3¥um?2

Vve Void volume of the core (p = 10%, q = 80%) 1ISO 25178  um>3/um?2

Vvv Void volume of the valley at a given material ratio (p = 80%) 1ISO 25178  pm 3/um?

S10z Ten-point height 1ISO 25178 um

S5p Five-point peak height 1ISO 25178  pm

Sbv Five-point valley height 1ISO 25178 um

Sda Closed dale area 1ISO 25178  pm?
Feature Sdv Closed dale volume 1ISO 25178  pm?3

Sha Closed hill area 1ISO 25178  pm?

Shv Closed hill volume 1ISO 25178  ym?

Spc Arithmetic mean peak curvature 1ISO 25178  1/um

Spd Density of peaks 1ISO 25178 1/ um?

nMotif Number of motifs Motif no unit
Motif meh Mean height Motif um

mea Mean area Motif um?2

metf Mean depth of furrows Furrow um
Furrow medf Mean density of furrows Furrow cm/cm?

madf Maximum depth of furrows Furrow um

TriR First direction Direction no unit
Direction Tr2rR Second direction Direction no unit

Tr3R Third direction Direction no unit
Isotropy IsT Texture isotropy Isotropy %

FLTt Peak to valley flatness deviation of the surface (Gaussian Filter, 0.025 mm) 1ISO 12781 um
Flatness FLTp Peak to reference flatness deviation (Gaussian Filter, 0.025 mm) 1ISO 12781 um

FLTv Reference to valley flatness deviation (Gaussian Filter, 0.025 mm) 1ISO 12781 um

FLTq Root mean square flatness deviation (Gaussian Filter, 0.025 mm) 1ISO 12781 um
SSFA Asfc Fractal complexity (Area-scale) SSFA no unit

eplLsar Length-scale anisotropy SSFA no unit

3.3.5.2 Statistics

Two datasets which were subjected to different statistical procedures, are described

below. The open-source software R v.3.4.1 (R. Development Core Team, 2009) with the

packages xlsx, rdJava, doBy, R.utils and WRS version 0.12.1 was used for the statistical
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analyses. For every specimen, only one measured facet was used. The datasets were

calculated equally for all three species (n = 9 teeth) as follows:

l. A mean for each tumbled tooth was calculated from four measured scans for to and for

each tumbling interval (Table 3.1) (n = 9 mean values).

Il.  Dataset 1 (Table ES3.2), separated after sediment grain size fraction. Here, we used
the mean values of step 1 and calculated a mean for each sediment type (n = 3

teeth/mean values).

lll. Dataset 2 (Table ES3.3), all nine teeth per taxon were pooled (ignoring the grain size
fraction with which it was tumbled during the experiment). Here, we used the mean
values of step 1 and averaged these nine values for to and per tumbling interval (Table
3.1).

For Dataset 1 we only present descriptive statics, because a sample size of n = 3 per
species and sediment grain size fraction is not sufficient to draw statistically significant
conclusions. However, we discuss visible trends in parameter value development between
tumbling intervals. Trends are calculated by the quotient of tumbling time zero (to) and the
maximum tumbling time (tmax) (16 hours for Ofomys sp., 336 hours for Equus sp and C.
capreolus, Table ES3.4). If the value for the quotient (index) is above a value of one outside
the standard error, the parameter value is increasing and the trend is described as positive. If
the quotient (index) value is below one outside the standard error, the trend is described as
negative. In case the quotient (index) value is within the standard error, there is no trend in the

parameter.

For Dataset 2, we employ pair-wise comparisons of surface texture parameter values
within species between the different tumbling intervals. Dataset 2 also allows us to test for
conservation of significant differences between dietary categories (grazer — browser). Previous
studies have shown that surface texture data is non-normally distributed and heteroscedastic
(e.g. Schulz et al, 2013a). Therefore, we used the procedure of Wilcox (Wilcox, 2003; 2005),
applying the robust heteroscedastic Welch-Yuen omnibus test (Welch, 1938; Yuen, 1974)
coupled with a heteroscedastic pair-wise comparison test (“Lincon test”, analogous to
Dunnett’s T3 test (Dunnett, 1980)). Data were trimmed (15%) to compensate for non-normality.
Following the established statistical protocol for 3DST data in dietary analyses (Calandra et
al.,2012; Schulz et al., 2013a), we further applied the robust heteroscedastic rank-based test
according to CIiff (Cliff, 1996; Schulz et al., 2013a). Due to the heterogeneity of the tooth

sample (different tooth positions and suitability of facets for texture analysis), we encountered
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a higher variability in diet-related texture parameters than in previous studies. This was evident
in the results from the rank-based statistical test (Cliff's method) which did not confirm the
significant differences documented by the first robust heteroscedastic pair-wise comparison

(“Lincon’s test”).

3.4 Results

Only texture parameters (Table 3.2) showing distinct trends after the tumbling intervals

are further described and only parameters with obvious alterations are plotted for the individual

species in figures 4, 7 and 8.

3.4.1 Small mammal-Otfomys sp.
3.4.1.1 Dataset 1: Very fine sand (61-168 um)

Most intra-specific alterations are observed in this grain size fraction. Three
parameters, which reflect the extreme height differences of the surface texture, are decreasing
(Sq, Svand Svk, Fig. 3.4). All parameters (except of Str) showing a negative trend (Fig. 3.5)
(decreasing parameters) are describing the overall surface flatness (FLTt, FLTp, FLTv, FLTQ),
volume (Vm, W, Vmp, Vmc, Vvc, Vvv), roughness (Sa), dales and peaks (Spd, Spc, Sbp, Sbv,
Shv, Sdv, madf, meftf). Complexity (Asfc) vs. heterogeneity (epLsar) of the surface texture (Fig.
3.6) is decreasing during the first four hours of tumbling, during the last 12 hours of tumbling,

no further alteration was observed.

3.4.1.2 Dataset 1: Fine sand (112-292 um)

Peaks become less voluminous as indicated by decreasing Vm and Vmp (Fig. 3.4),
while the volume of valleys and core (Vv, Vvc, VW, Vmc, Fig. 3.5) remained almost unaltered
after the treatment with the fine sand. The majority of altered parameters (describing overall
height and roughness; Sq, Sa) show a negative trend for parameter values over the 16 hours
of tumbling (Fig. 3.5). The parameter related to size of dales (Sdv) has an increasing trend.

Asfc vs. epLsar does not change during the course of all tumbling intervals (Fig. 3.6).
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Figure 3.4. Exemplary parameters with strong alteration after tumbling for Otomys sp. (Dataset
1). Yellow = Very fine sand (51-168 pm), blue = Fine sand (112-292 ym), violet = Medium sand
(221-513 um). Svk = Reduced dale height, Sq = Standard deviation of the height distribution,
Vm = Material volume at a given material ratio (p = 10%), Sdv = Closed dale volume, Sv =
Maximum pit height, depth between the mean plane and the deepest valley, Vmp = Material

volume of peaks (p = 10).

3.4.1.3 Dataset 1: Medium sand (221-513 um)

Similar to the two smaller grain size fractions, parameters describing the volume (Vm,
Vv, Vmp, Vmc, Vvc), general height (meh, Sq) and the extreme features (peaks and dales;
Spc, Sbp, S5v, Shv) tend to decrease (Fig. 3.5). Asfc vs. epLsar is not altered after the
tumbling treatment with the medium sand (Fig. 3.6).
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Figure 3.5. Trends for Dataset 1 of Otomys sp., Equus sp. and C. capreolus. Index values of tg calculated with standard error. Red line = Index value
of one. The roughness parameter Vm (material volume) shows an index value different from 1 in all treatments (within the standard error), and
therefore highlighted to illustrate the intraspecific trends. For Ofomys sp., Vm shows a negative trend (index value below 1) in all three grain size
fractions, Vm decreases from t to tmax. In Equus sp. Vm increase from to to tmax for the two smaller grain size fractions, the index values are above
1. However, for the medium sand, the trend is negative (index value below 1), Vm value of tnax is lower than to. For C.capreolus Vm shows an

increasing trend in all grain size fractions (index values above 1), Vm values are higher in tnax than to.
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Figure 3.6. Complexity vs. heterogeneity for Dataset 1 of Otomys sp., Equus sp. and C. capreolus at all tumbling intervals (red numbers represent

the hours of tumbling).

50



Chapter 3

3.4.2 Large mammals-Equus sp.

The Equus sp. (pre-)molars are the only large mammal teeth which show pronounced

alterations after the tumbling process.
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Figure 3.7. Exemplary parameters with strong alteration after tumbling for Equus sp. (Dataset
1). Yellow = very fine sand (51-168 ym), blue = fine sand (112-292 ym), violet = medium sand
(221-513 ym). Spc = Arithmetic mean peak curvature, medf = Mean density of furrows, FLTt
= Peak to valley flatness deviation of the surface, Vv = Void volume at a given material ratio (p

= 10%), metf = Mean depth of furrows, Smc = Inverse areal material ratio (p = 10).

3.4.2.1 Dataset 1: Very fine sand (51-168 um)

In this size fraction almost no alteration on the inner wear facets is observed, even
though the tumbled teeth macroscopically display pronounced rounding of cusps and other
elevations of the occlusal surface and visible alteration on the facets after 336 hours of
tumbling (Fig. 3.9). After a tumbling time of 336 hrs, reflecting a transport distance of over

360 km, parameters describing the surface volume (Vm, Vv, Vmp, Vmec, Vvc) and general
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surface roughness (Sa) show positive trends (Fig. 3.5). Increasing values are found primarily
in the peak and dale parameters (Sp, Spd, Spc, S5v, Spk, metf) and additionally in parameters
describing the general height (meh) (Fig. 3.5). Negative trends are found in Ssk, Sxp, Vvv,
S5v, Svk and FLTv. Regarding Asfc vs. epLsar, both parameters increase after ~540 m of
transport (30 minutes of tumbling), however, for longer tumbling intervals no further alteration
is visible (Fig. 3.6).

3.4.2.2 Dataset 1: Fine sand (112-292 um)

Equus sp. teeth show strong signs of alteration in surface texture (Fig. 3.7). In contrast
to the smaller grain size fraction, the whole chewing area shows no obvious macroscopic
alteration at the corners. medf decreases over the whole tumbling treatment of 336 hours,
while the ISO void volume parameter (Vv) increases (until 16 hours of tumbling) (Fig. 3.7). A
positive trend is observed in parameters describing the overall volume (Vm, Vmp, Vmc, Vvc)
and a strong negative in the general surface roughness (Sa) and height (Sq) (Fig. 3.5).
Parameters describing peaks and dales (Spd, S10z, Sbv, Sdv, Shv, Spk, Svk, madf, metf) of

the surface are ambiguous (Fig. 3.5).

3.4.2.3 Dataset 1: Medium sand (221-513 um)

Parameters describing the amount of the dales (medf, Fig. 3.7) and the complexity
(Asfc, Fig. 3.6) are strongly decreasing over the whole tumbling time (336 hours). Only seven
parameters show a positive trend (Sxp, Vvv, S10z, S5p, Sdv, Shv and meh), while parameters
describing the volume (Vm, Vv, Vmp, Vmc, Vvc) and the peaks (Spd, Spc,) as well as the
general roughness (Sa) are decreasing in their parameter values over ~362 km of transport
(336 hours of tumbling) (Fig. 3.5).

3.4.3 Large mammals-Capreolus capreolus

The roe deer teeth do show alteration in parameter values and new wear features are

visible after tumbling procedure (described below).

3.4.3.1 Dataset 1: Very fine sand (51-168 um)

The strongest alteration effect on enamel facets can be observed for this grain size
fraction (Fig. 3.5 and 3.8). Ssk, Spd and epLsar are the only parameters showing a negative

trend over 336 hours of tumbling, while the parameters describing the volume (Vm, Vmp, Vmc,
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Vve, vy (Fig. 3.5), Vv (Fig. 3.8)), the general surface texture (Sq, Sa, Sxp, Str (Fig. 3.5), Smc
(Fig. 3.8)), the dales and peaks (S70z, S5p, Sbv, Sdv, Shv, madf (Fig. 3.5), Spc, metf (Fig.
3.8)) are increasing. Asfc vs. epLsar of specimens tumbled with this grain size fraction show a

broad range of values between the different tumbling intervals (Fig. 3.6).
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Figure 3.8. Exemplary parameters for C. capreolus (Dataset 1). Yellow = very fine sand (51-
168 um), blue = fine sand (112-292 ym), violet = medium sand (221-513 um). Spc = Arithmetic
mean peak curvature, medf = Mean density of furrows, FLTt = Peak to valley flatness deviation
of the surface, Vv = Void volume at a given material ratio (p = 10%), metf = Mean depth of

furrows, Smc = Inverse areal material ratio (p = 10).

3.4.3.2 Dataset 1: Fine sand (112-292 um)

The least alteration during the tumbling experiment was found for the medium grain
size fraction (112-292 um). The teeth of Capreolus capreolus show a pronounced negative
trend in two surface texture parameters, Str and meh (Fig. 3.5). A positive trend is found in

five parameters describing the peaks (Spk, FLTp) and the volume (Vm, Vmp) (Fig. 3.5).
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Figure 3.9. Photosimulations 3DMT surface models of single facets of Otomys sp (A-F), horse
(Equus sp.) (G-L) and roe deer (Capreolus capreolus) (M-R) teeth. A/D. individual K, lammela
2; B/E. individual J, lamella 2; C/F. indivual L, lamella 1; G/J. upper left M2, facet 1; H/K. upper
left M1, facet 3; I/L. upper left P2, facet 1; M/P. upper left M1, facet 2, N/Q. upper left M2, facet
3; O/R. upper right M1, facet 3.
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3.4.3.3 Dataset 1: Medium sand (221-513 um)

Teeth tumbled with this grain size fraction of middle sand show an obvious surface
abrasion already visible with the naked eye (Fig. 3.9). However, only eight surface texture
parameters show pronounced trends. Sdq, Spd and Svk decrease strongly, while parameters
Str, Vm, Vmp, Sdv and meh increase (Fig. 3.5), comparable to the trends observed in the roe
deer specimens tumbled with the fine sand. After four hours of tumbling, Asfc vs. epLsar
increases strongly, but then reverts back to the level of time zero during all remain tumbling
intervals until 336 hours (Fig. 3.6)

3.4.4 Large mammals Dataset 2 -grazer versus browser
3.4.4.1 Conservation of inferred diet categories at the same tumbling interval

The parameter differences between zebra and roe deer remain stable for the majority
of well-differentiating parameters. Overall, in both species alteration is only visible as non-
significant trends, which are however more pronounced in C. capreolus teeth (Dataset 2)
compared to Equus sp. (Dataset 2). All ISO 25178 volume parameters are altered towards
increasing values for both species (zebra and roe deer), leading to consistently higher
parameter values Vmc, Vvv, Vv and Vvc (exemplary parameter Vv Fig. 3.10) in the grazer
(Equus sp.). Additionally, in the ISO 12781 flatness parameters (FLTp, FLTq (exemplary
parameter FLTq Fig. 3.10)) and the well separated ISO 25178 parameters Smc, Sxp and Sa
(Fig. 3.10) of the grazer (Equus sp.) are consistently higher than those of the browser (C.

capreolus) and lower in medf (Fig. 3.10).

3.4.4.2 Diet categories between different tumbling intervals

Besides finding differences between grazer (Equus sp.) and browser (C. capreolus) at
the same tumbling interval, these two diet categories are also still distinguishable when original

tooth surface textures are compared to those of tumbled samples (Fig. 3.10).

After t16, surface textures of tumbled C. capreolus still show smaller flatness parameters
(FLTp, FLTq, FLTt (exemplary parameter FLTq Fig. 3.10)) and the ISO 25178 roughness
parameters Sa, Smc, the volume parameters (Vmc, Vv and Vvc (exemplary parameter Vv Fig.
3.10)) than the untreated Equus sp. samples (Fig. 3.10). After tsss of tumbling, only four
separating parameters still show pronounced differences between the two diet categories. The
flatness parameter FLTq, and the parameters Sa, Sxp and Vmc (Fig. 3.10) are still separate

clearly.
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Figure 3.10. Well separating 3D surface texture parameters with well distinguished grazer
(horse, yellow) and browser (roe deer, green) specimens. Small open circles represent
outliers. Sa = Mean surface roughness; Smc = Inverse areal material ratio (p = 10%); Sxp =
Peak extreme height difference in height between p=50% and q=97.5%; medf = Mean density
of furrows; Vv = Void volume at a given material ratio (p = 10%); FLTq = Root mean square

flatness deviation.

Contrary, at ti¢ for the teeth of the grazer (Equus sp.) a higher number of parameters
distinguishes them from the teeth of the untreated (pre-tumbled) browser (C. capreolus). The
values of the surface texture parameters of Equus sp. are lower in medf than for the browser,
even still after 336 hrs of tumbling (Fig. 3.10). Flatness (FLTp, FLTq, FLTt (exemplary
parameter FLTq Fig. 3.10)), volume (Vmc, Vv, Vvc (exemplary parameter Vv Fig. 3.10)), Sa
and the function parameters Sxp and Smc are almost unaltered after the whole tumbling
treatment and higher in Equus sp. (Fig. 3.10, FLTp, FLTt, Vmc and Vvc in Table ES3.2).

3.5 Discussion

Generally, we observe two different patterns in parameter values when comparing the
original, unaltered surface textures with those after the subsequent tumbling intervals. “Stable”

parameters are either not significantly altered by the tumbling process or follow a distinct trend
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with increasing tumbling time (Fig. 3.11). “Unstable” parameters show pronounced different
values after tumbling and/or follow no distinct trend, alternating between increasing and
decreasing parameter values over the tumbling intervals (Fig. 3.12). We find the highest
number of stable parameters in the tumbling regimes using the two smaller grain size fractions
(51-168 um, 112-292 uym). Altogether, those parameters that appear to be unstable, in all
tumbling regimes, regardless of grain size fraction, describe the extreme height and depth
characteristics of the enamel surface (peaks and dales). The peaks are most exposed to the
sediment, and therefore vulnerable for alteration through abrasion. However, it needs to be
taken into account, that some of these unstable parameters are also prone to measurement
inconsistencies in repeated measurement approach (see Table ES3.1). It is clear that
observed post-tumbling alteration in parameter values for the parameters Spd, S10z, S5p,
S5v, Shv, mea, and madf result from experimental abrasion or are due to the repeated
measurement error. However, in all other 44 parameters, the error due to repeated
measurements is lower than 5 %. Changes in these parameters are therefore considered to

be the result of the experimental abrasion.
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Figure 3.11. Examples of stable parameters over the tumbling experiment for Dataset 1 of
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furrows.
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3.5.1 Differences in sand grain size fractions
3.5.1.1 Small mammal-Otomys sp.

Otomys sp. are specialised herbivores which live in Africa feed primarily on grasses,
reeds and sedges (as well as some fruits, roots and bark) (Skinner and Chimimba, 2005;
Happold, 2013). Their 3DST is similar to that of rats from an abrasive, dusty environment in
SW Madagascar (Winkler et al., 2016). Tumbling in three different grain size fractions results
in relatively small alteration effects on the enamel surface. The most general changes caused
by the tumbling procedure, that applies for all grain size fractions, is observed in the volume
and height of the peaks and size of the dales (Fig. 3.13), as indicated by decreasing Vm and
Vmp, Sp and Sv, Sda and Sha. The slightly smaller values for volume parameters, (e.g. the
volume of the core (Vmc) and the volume of the peaks (Vmp)), is likely the result of sediment
abrasion (most pronounced in the fine sand) which removed the peaks during the tumbling
experiment. In addition, in the two smallest grain size fractions (51-168 and 292 ym), new
scratches formed (indicated by increasing medf). However, these scratches are never as deep
or as broad (decreasing Sda) as those related to ante-mortem wear (Fig. 3.13). This can
possibly be explained by the small size of Ofomys enamel lamella, which are less than 80 um
wide. The likelihood of sediment particles leaving scratches on the lamella increases with
smaller particle size and decreases with larger particle size. In our case, the 51-168 and 112-
292 um grain size fractions were more effective in producing this abrasive signal on these

small specimens.

3.5.1.2 Large mammals-Equus sp.

In contrast to the Otomys sp. teeth, the zebra teeth show different patterns of alteration
in all the three different grain size fractions. Larger particles have greater potential to leave
scratches on the broader enamel bands of the zebra (Fig. 3.13). Thus, in addition to the
abrasion of peaks, a formation of new scratches in all grain size fractions was caused by the
tumbling. There is an increase of the volume of the surface texture in the two smaller grain
size fractions, and a decrease of the general surface roughness in the two larger grain size
fractions. Apart from a slight polishing effect that occurs in all grain size fractions (Fig. 3.13),
and a slightly changing roughness, volume and width of the furrows, teeth of Equus sp. show
few signs of surface texture alteration, after a long distance (> 360 km) fluvial transport (as
simulated in the 336 hrs experiment), even though the teeth exhibit macroscopic signs of
strong abrasion. The least pronounced alteration was observed during tumbling with the very
fine sand (51-168 pm), which caused deepening of furrows (increasing metf) after 362 km of

transport, the surface tends to become more rough and voluminous.
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Figure 3.13. 3D simulations of surface models of single facets of Otomys sp. (A-F), horse
(Equus sp.) (G-L) and roe deer (Capreolus capreolus) (M-R) teeth. A/D. individual K, lammela
2; B/E. individual J, lamella 2; C/F. individual L, lamella 1; G/J. upper left M2, facet 1; H/K.
upper left M1, facet 3; I/L. upper left P2, facet 1; M/P. upper left M1, facet 2, N/Q. upper left
M2, facet 3; O/R. upper right M1, facet 3.
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Tumbling with the medium sand (221-513 pm) resulted in faster and more intense
abrasion of the enamel surface, leading to a less rough and voluminous surface texture (Fig.
3.13).

3.5.1.3 Large mammals-Capreolus capreolus

The teeth of the Capreolus capreolus do not show pronounced changes of the surface
textures in any of the grain size fractions used for the tumbling procedure. Compared to the
Equus sp. samples, the very fine sand mainly produces deeper scratches on the occlusal
surface, while the fine sand only abrades the surface (decreasing meh) (Fig. 3.13). In contrast
to the Equus sp. teeth, the strongest alteration trends are observed for the very fine sand (51-
168 um). The pre-existing furrows become deeper (increasing metf and madf), resulting in a
relatively increased peak- and mean height and a slightly rougher surface. There is almost no
macroscopically visible alteration in the fine sand (112-292 um), however, surface texture
parameters reveal the slightly levelled towards a less high texture with mainly the peaks

abraded, the surface becomes flatter.

3.5.2 Inter-specific differences in mechanical alteration
3.5.2.1 Preservation of different sized teeth

Understanding alteration and stability of surface features is crucial to infer how good
the experimental setup is as a model for natural transport in a fluviatile system. Tumbling
intended to mimic fluviatile transport and being performed in barrels may potentially introduce
systematic errors. This is because the likelihood for a sediment particle (including a tooth) to
touch the inner wall of the barrel will depend on the geometry of both, the barrel and the particle
(i.e. tooth). A fluviatile system does not have these restrictions. Periodic contact with the barrel
wall may introduce directionally non-random signals to scars, in particular, when the sediment
filling is not turbulently mixed, but rather slides along the wall, just separated by a fluid layer.
We propose this effect to be reduced with larger sediment infill amounts, when the diameter of
the tumbling barrel is small as compared to the size of the tooth. The reverse should hold true,
if the specimen is small in relation to the diameter of the barrel. Nevertheless, the texture
signals of small mammal teeth appear particularly less sensitive to post-mortem abrasive
alteration and should thus be robust in maintaining their ante-mortem signatures, although they
do have the possibility to move more freely in the barrel, according to the small size of the
teeth. This makes them potentially well-suited samples for environmental reconstruction even

if the exact post-mortem abrasive impact is unknown.

62



Chapter 3

The zebra teeth tumbled during this experiment show the strongest alteration effects.
Considering the geometry of both the barrel and a zebra molar, these large cheek teeth likely
overturn along their longitudinal axis, instead of being transported in a randomly oriented
fashion in the sediment flow. Our experimental data is thus less well suited to infer fluviatile
abrasive effects on such large mammal dental specimens. However, although the roe deer
teeth treated during this experiment could potentially move more freely in the barrel than the
larger zebra teeth, none of the texture parameters were strongly altered during any of the
tumbling treatments. Therefore, medium-sized mammal teeth from fluvial transported fossil
assemblages embedded in fine to medium grained siliciclastic sediments, may still preserve

their original ante-mortem occlusal surface texture.

3.5.2.2 Alteration versus preservation of dietary signatures in large mammals

Dietary reconstruction through 3DST is usually applied on homologous tooth positions
and enamel wear facets. Due to the composition of the tooth sample set for this partially
destructive experiment, the teeth were not ideally suited for dietary analysis, as we compared
several wear facets among different tooth positions. Nevertheless, prior to tumbling as well as
after the two longest tumbling intervals, grazer and browser could still be distinguished by
parameter values (Fig. 3.10). This supports the applicability of 3DST for dietary reconstruction

in fossil species, even on isolated teeth.

Before the tumbling treatment 12 surface texture parameters resulted in excellent
separation between grazers and browsers, and nine of these are texture parameters previously
demonstrated by Schulz et al. (2013a) to differentiate best between the two feeding traits:
FLTp, FLTq, FLTt, Sa, Smc, Sxp, Vmc, Vv and Vvc. Over a short tumbling period of 16 hrs,
the textural differences between grazers and browsers, especially in these well discriminating
parameters, are very stable. In contrast, over the very long tumbling interval of 336 hrs, four
parameters (FTLp, FLTt, Vv and Vvc) lost their strength in discriminating those two feeding
traits. Six surface texture parameters are very stable, mainly corresponding to the volume of
the core, the general roughness and the flatness of the surface. Contrary, parameters
corresponding to the peaks, dales and the mean height are unstable. In conclusion, isolated
teeth from fossil assemblages deposited in siliciclastic sediment by fluviatile transport, with
parameters simulated by our experiments, would still preserve diet-related ante-mortem
occlusal textures that allow distinction between grazers and browsers. Vvc, Sa, Smc, Sxp and
FLTq would be the best suited parameters in this case. However, those texture parameters
characterising extreme topographic features such as peaks and dales, seem to be
preferentially biased by abrasive post-mortem alteration and thus are not reliable predictors for

ingesta reconstruction under these circumstances. In contrast, if only one species within a
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comparative pair of two was subject to post-mortem alteration, while the other was not, flatness
and volume parameters well as the surface roughness still permit distinction between grazing
and browsing. Even if teeth from the same depositional setting are not taphonomically altered
in the same way, grazers and browsers should still be distinguishable in their mostly unbiased

texture parameters corresponding to the form and volume of the occlusal surface.

In general, it can be concluded, that discrimination of the two broad dietary categories
browser and grazer can still be performed based on surface texture parameters even after a
long tumbling period in siliciclastic very fine to medium sand of 336 hrs (simulating more than
360 km of transport distance in a fluviatile environment). This also applies if those teeth that
are tumbled in different grain size fractions of sand. Therefore, it is not necessary to
categorically exclude fluvial transported dental specimens from dietary reconstruction based

on surface texture analysis and likely also other ingesta related dental wear proxies.

3.6 Conclusion

Tumbling experiments of isolated cheek teeth from large and small mammalian
herbivores in siliciclastic sediment demonstrate a high degree of resistance of surface textures
against physical post-mortem abrasive alteration during simulated fluvial transport in grain size
fractions representing a sandy natural river sediment. The surface texture signatures as
measured do not generally respond to post-mortem abrasive alteration as imposed by the
tumbling procedure. Macroscopically these modified surfaces appear slightly polished, but we
also found newly formed large scratches in different grain size fractions; however, these
alteration features do not change the overall surface texture signature significantly. We
conclude that there is a difference in the degree of post-mortem abrasive impact related both
to sediment particle size and to the morphology and size of an individual dental specimen.
Small teeth are less affected compared to larger sized teeth. This effect should relate to the
size relation between teeth and sediment grains, where small teeth obviously incur fewer new
scratches, if individual grains are at the same size fraction as occlusal enamel structures under
study, as indicated by our Otomys sample. The larger occlusal facets of the roe deer were
most visibly altered in the very fine sand fraction of 51-168 ym, while the zebra samples
suffered post-mortem alteration mainly by the coarser grain size fraction of medium sand 221-
513 pm grain size fraction. Signs of physical alteration were mainly detected in peak and furrow
parameters. No single surface texture parameter could be identified, which can be used as an
unambiguous indicator for taphonomic alteration of ante-mortem enamel wear texture.
Parameters describing the volume, flatness and roughness of the wear surface only showed
slight shifts. These parameters enable us to discriminate between the two feeding categories,

even when isolated teeth of grazers and browsers transported in the same sediment.
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Therefore, tooth samples need not to be discarded from microtexture analyses even if they are
slightly abraded or if the reference tooth position and facet are not preserved, they can still be

used for dietary reconstruction, at least to resolve the browser-grazer dichotomy.
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Figure S3.1. X-ray diffraction-analysis of the three different grain size fractions used for the

tumbling.

Table ES3.1. Nine-time repetition of the same scan for one original and one moulded sample
to test for imprecision in misalignment of repeated sampling. The table is found in the

electronic Supplement.

Table ES3.2. Descriptive statistics for Dataset 1 separated after sediment grain size fraction.

The table is found in the electronic Supplement.

Table ES3.3. Descriptive statistics for Dataset 2 with all nine teeth per taxon pooled together.

The table is found in the electronic Supplement.

Table ES3.4. Trends calculated by the quotient of tumbling time zero (o) and the maximum
tumbling time (tmax) (16 hours for Otomys sp., 336 hours for Equus sp and C. capreolus). The

table is found in the electronic Supplement.
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4.1 Abstract

Experimental approaches are often used to better understand the mechanisms behind
and consequences of post-mortem alteration on proxies for diet reconstruction. Dental
microwear texture analysis (DMTA) is such a dietary proxy using dental wear features in extant
and extinct taxa to reconstruct feeding behaviour and mechanical food properties. In fossil
specimens especially, DMTA can be biased by post-mortem alteration caused by mechanical
or chemical alteration of the enamel surface. Here we performed three different dental surface
alteration experiments to simulate common taphonomic processes: 1) tumbling in sediment
suspension to simulate fluvial transport, 2) sandblasting to simulate mechanical erosion due
to aeolian sediment transport, 3) acid etching to simulate chemical dissolution by stomach
acid. For tumbling (1) we found alteration to be mainly dependent on sediment grain size
fraction and that specimens tumbled with a fine-gravel fraction resembles those of fossil horse
teeth of Hippotherium primigenium deposited in similar sized sediments of the
Dinotheriensande, Germany. Sandblasting (2) with loess caused only negligible alteration
however, blasting with fine sand quartz particles resulted in significant destruction of enamel
surfaces. Acid etching (3) using diluted HCI in concentrations similar to that of predator
stomachs led to a complete etching of the whole dental surface which did not resemble those
of teeth from owl pellets. These experimental settings resulted in post-mortem alteration
similar, but not identical to post-mortem alteration features occurring during natural taphonomic
processes. Nevertheless, this study serves as a first assessment and step towards further,

refined taphonomic experiments evaluating post-mortem alteration of DMT.

4.2 Introduction

Dental microwear texture analysis (DMTA) is a common and well-established proxy for
reconstructing diet and food properties in extant and extinct vertebrates (Scott et al., 2005;
Merceron et al., 2007; Ungar et al., 2003, 2007, 2008, 2020; Scott et al., 2009; Schulz et al.,
2010; Winkler et al., 2013, 2016). It has been successfully applied to terrestrial large and small
mammals (Ungar et al., 2003; Merceron and Madelaine, 2006; Merceron et al., 2007; Scott et
al., 2009; Schulz et al., 2010, 2013b, 2019; Calandra et al., 2012; Purnell et al., 2013; Winkler
et al.,, 2016; Kubo et al.,, 2017), including (semi-)aquatic mammals (Purnell et al., 2017;
Bethune et al., 2019), but also non-mammalian taxa like lepidosaurs (Bestwick et al., 2019;
Winkler et al., 2019a), mammal-like reptiles (Kalthoff et al., 2019), and fish (Purnell et al.,
2016). Microwear and microwear texture are shown to be powerful proxies for oral behaviour
and ingesta-intake in general; however, they can be biased by post-mortem surface alteration
resulting in material loss (King et al., 1999; Dauphin et al., 2018). In fossil sample sets, it is

often the case that a high number of specimens have to be excluded from analyses, since they
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show potential post-mortem alteration, which reduces the sample drastically (Ungar et al.,
2008). Chemical or mechanical alteration can be caused by transport, burial and/or different
fossilisation processes and the impact of such post-mortem alteration has not been sufficiently
explored. Only a few studies have dealt with post-mortem alteration under natural conditions
(Dauphin et al., 2003, 2018; Martinez and Pérez-Pérez, 2004) or in different experimental
approaches (e.g. Gordon, 1983, 1984; King et al., 1999; B6hm et al., 2019; Kropacheva et al.,
2019). However, it is unknown how well natural alteration processes can be simulated and how
comparable experimentally induced post-mortem wear alteration is to naturally induced
alteration. Here we performed three dental microwear texture (DMT) alteration experiments to

recreate three different mechanical and chemical natural taphonomic processes:

I.  Fluvial transport in a sediment suspension (tumbling).
II.  Aeolian erosion by windblown mineral dust (sandblasting).

lll.  Stomach digestion erosion in an acidic environment (acid etching).

Fluvial transport (I) of vertebrate fossil remains is a very common post-mortem
alteration process in terrestrial depositional settings. It can occur in permanent as well as
ephemeral river systems, e.g. in arid settings with heavy rainfall or intense snowmelt events
(Milner, 1987; Astin et al., 2010; Cressler et al., 2010; Bennett et al., 2016; Beylich and Gintz,
2016). In high-energy environments and during long fluvial transport processes, water,
together with transported sediment, has a strong abrasion effect on objects, e.g. as seen in its
rounding effect on sand, stones or bones (Domokos et al., 2014). This type of mechanical post-
mortem alteration process modifies skeletal remains of aquatic as well as terrestrial
vertebrates transported in fluvial systems as well as reworked fossil specimens. To
experimentally simulate fluvial transport, we performed a tumbling experiment with rotary
tumblers filled with tap water and siliciclastic sediment of different grain size fractions (fine to

medium sand, 63-500 pum; fine gravel, 2—8 mm).

Sandblasting (lI) was used to simulate the mechanical effects of aeolian sediment
transport. This type of alteration is encountered in fossil or modern vertebrate remains exposed
to weathering in arid or desert systems. In such settings vertebrates remains decompose and
disarticulate on the sediment surface and face intermittent sandblasting prior to burial. It is not
well known if, and how exactly, this “sandblasting” affects the dental surface. Therefore, we
performed a sandblasting experiment with loess and fine sand to assess how different grain
size fractions of siliciclastic mineral particles alter dental microwear textures. Loess is a

widespread silt-sized aeolian sediment that is often deposited during glacial periods (Wright,
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2001). The quartz fine sand used in this study is at the upper end of the typical sediment

fraction which can be carried by suspension in dust storms (Squires, 2001).

Finally, we performed an acid etching experiment (lll). This type of chemical alteration
was chosen because it frequently occurs in remains of small mammals and other vertebrates,
which are preyed on by raptorial birds, which then regurgitate bones and teeth in pellets. Small
vertebrates are common fossils found in coprolites or e.g. owl pellets and they could potentially
be affected by the strong stomach acid of the predator. Carnivorous and necrophagous birds,
like grey falcon, the bald eagle, vultures and different owl species, have stomach pH-values of
=~ 1.0 — 1.8, while carnivorous mammals have higher pH values, depending on the species
(e.g. cat: 3.6, dog: 4.5; Houston and Cooper, 1975; Beasley et al., 2015). Faunivorous sharks
(Papastamatiou et al., 2007) and reptiles, such as crocodiles (Pooley and Gans, 1976) and
snakes, have low stomach pH-values of around 2, at least during digestion (e.g. Python
molurus, Secor, 2003). Thus, for the acid-etching experiment, we immersed different
vertebrate teeth in specific concentrations of hydrochloric acid matching the chemical (i.e. pH)

conditions of typical predator stomach environments.

For the first time, extensive alteration experiments of dental surface texture with teeth
from different modern taxa, two large mammals, one small mammal, one fish and one reptile
species were performed to cover three key mechanical and chemical post-mortem alteration

processes. We intend to address the following two research questions in this study:

I. Is it possible to experimentally reproduce post-mortem wear features similar to those

observed on fossil tooth samples altered by natural processes?

II.  Are single surface texture parameters or sets of parameters suitable to detect post-

mortem alteration?

For this purpose, we applied scale-sensitive fractal analysis (SSFA, e.g. Ungar et al.,
2003, 2012; Scott et al., 2006; Scott, 2012) and 3D surface texture analysis (3DST, Schulz et
al., 2010, 2013a, 2013b; Purnell and Darras, 2016; Kubo et al., 2017; Purnell et al., 2017;
Winkler et al., 2019a), two different DMTA techniques that evaluate 3D representations of the
enamel surface at submicron resolution. For addressing the first research question, we
measured the experimentally altered dental surface before and after each experiment and
compared the resulting surfaces with those of fossil and extant specimens that potentially
underwent comparable natural alteration processes. For addressing the second research

question, we applied pairwise comparison of the experimentally altered dental surface before
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and after the experiment and used principal component analysis (PCA) for evaluation of

textural changes.

4.3 Material and methods

4.3.1 Experimental design
4.3.1.1 Tumbling experiment

This dataset includes dental surface measurements of modern cheek teeth from three
different large and small mammals (zebra (Equus sp.), roe deer (Capreolus capreolus) and
African vlei rats (Otomys sp.)), one archosaur (Nile crocodile, Crocodilus niloticus) and a
cartilaginous fish (sandbar shark, Carcharhinus plumbeus) which were tumbled in commercial
hobby rotary tumblers TYP TRO 2 A (Otto Eigner e.K., Industriebedarf &
Hobbyschleifmaschinen, Idar-Oberstein, Germany) at University Mainz. Similar to Béhm et al.
(2019), two different siliciclastic sediments, a quartz-dominate (~60 %) sand and a fine to
medium grained gravel, were sieved into four different grain size fractions for tumbling (Table
S5.1): very fine sand (51-168 um), fine sand (112—292 ym) and medium sand (221-513 ym),
and fine to medium-grained gravel (2—8 mm, Table S4.1). A single isolated tooth was tumbled
in each specific grain size fraction. Experimental tumbling barrels were filled with a mixture of
300 g of sediment and 500 g of tap water. Each tooth was tumbled for 336 hours and surface
texture scans were measured on the same, marked area of the tooth enamel surface both
before and after the experiment. The duration of 336 hours of tumbling was chosen to simulate
an extreme case of constant water-sediment-tooth movement in a fluvial system. Two weeks
of experimental tumbling represent a fluvial transport distance of ca. 363 km, using the size of
the barrels and the speed of the rotation for calculation of the distance. It has previously been
observed that even 10 km of fluvial transport in a tropical montane system reduced the mass
of volcaniclastic pebbles to two thirds of their original mass and resulted in an exponential
decline in pebble diameter (Miller et al., 2014), thus our calculated transport distance of 363 km

represents an extreme case of fluvial transport.

In our experiment, one specimen of roe deer (tx right M3, Table ES4.2) was moulded
using high-resolution silicone-Vinylpolysiloxane precision impression material Provil novo Light
regular set EN ISO 4823, type 3, light (Heraeus Kulzer GmbH, Dormagen, Germany), all other
specimens were measured directly on the original dental surface. The occlusal surface of this
specimen was to oblique to be measured directly on the original dental surface. Scans on
original and moulded dental surface are considered to have similar quality and contain the
same information on wear features (Mihlbachler et al., 2019). Sample preparation of

mammalian teeth is described in detail in Bohm et al. (2019). To ensure measurement of the
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same enamel surface areas after the tumbling experiment, mammalian teeth were marked with
cutmarks on enamel bands while crocodile and shark teeth were marked with a small drill hole
on the centre of the dental surface. The dental surface was optically aligned to the reference
cutmark/drill hole and measured at the same relative coordinates as in the previous
measurements. Four non-overlapping scans were taken of all experimentally altered teeth (for

details see Supplement Table ES4.2).

In comparison to this experimentally altered set of dental surfaces, we also analysed
cheek teeth of the fossil horse Hippotherium primigenium from the Dinotheriensande,
Eppelsheim, Germany. The Dinotheriensande are Late Miocene (~ 10.5 Ma) fluviatile deposits
of the ancient Rhine river (Steininger et al., 1996; Andrews and Bernor, 1999). Mammalian
fossils in this locality are almost entirely restricted to a siliciclastic, sand- and gravel-dominated
horizon close to the base of the sedimentary sequence (Tobien, 1983). The similarity in grain
size spectrum of these deposits containing fluvially transported isolated teeth makes them

suitable for comparison with our experimentally altered large mammal teeth.

4.3.1.2 Sandblasting experiment

A single fossil tooth of Mammuthus sp. from Pleistocene Rhine river deposits was cut
several times parallel to the occlusal surface to produce several slices comprised of multiple
enamel and dentine bands. The slices were polished using silicon carbide (SiC) of different
grain size fractions down to 6.5 ym, to produce large, smooth enamel surfaces where new
wear features could easily been identified. These polished enamel surfaces were then
sandblasted with two different natural sediments: Late Pleistocene airborne loess
(Schwalbenberg outcrop, Remagen, Germany) and Oligocene fluvial fine sand (Feinsand 12c,
Dorentrup Quarzwerke, Germany). The silt-sized loess was sieved through a 300 ym mesh
and had a mean grain size of 36.87 ym (range: 6.3 to 200 ym, data from laser diffraction size
analysis, Table S5.1), with quartz (37.3 wt.-%), calcite (15.7 wt.-%), illite and mica (13.8 wt.-
%), plagioclase (9.8 wt.-%), and dolomite (5.4 wt.-%) as main mineral phases. The fine sand
12c had a mean grain size of 166.01 uym (range: 63 to 630 ym, data from laser diffraction size
analysis, Table S4.1) and was composed of nearly pure quartz (99.5 wt.-%). Four non-
overlapping scans were measured on three different enamel bands before and after
sandblasting with each of the two sediment types. A sandblasting machine (Renfert, basic
quattro IS, Hilzingen, Germany) was used to blast the mineral dust vertically onto the sample
from a distance of 30 cm and with a pressure of 3.5 bar for 7 seconds for the fine sand and
additionally up to 14 sec for the loess. These experimental conditions were chosen for practical
reasons, 3.5 bar is the lowest pressure possible for the sandblaster and a seven-second

interval is the shortest human reaction time we could set for turning the sandblaster on and off.
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The pressure of 3.5 bar represents an approximate wind speed of 100 m/s when the particles
hit the dental surface, which is about 3 to 4 times higher than gusts of wind in very strong
naturally occurring dust-storms (e.g. up to 30 m/s measured in Chinese dust-storms,
Gengsheng et al., 2001). For comparison, naturally “sandblasted” (i.e. eroded by windblown
sand) fossil antelope teeth from the Late Miocene Toros-Menalla fossiliferous area in Chad,
approximate 500 km NE of the present-day Lake Chad, were analysed. The fossil-bearing
siliciclastic sediments consist of clay and sandstone (Lebatard et al., 2008) with a sediment
grain size comparable to that of the fine sand used in our experiment. The majority of present-
day wind-speeds for dust-storms in the Chad are 2 to 6 m/s (Cowie et al., 2014). All specimens

were measured on the original dental material.

4.3.1.3 Acid etching experiment

After being tumbled for 336 hours in the finest sand fraction, teeth of Otomys sp.,
Crocodilus niloticus and Carcharhinus plumbeus were in-vitro exposed to acid etching
simulating pH and temperature conditions experienced in stomach acid of the gastro-intestinal
tract of different predators (Table 4.1 and ES4.2). The samples were chosen for practical
reasons, as they were easily available, and the post-tumbling surface could be re-used
representing the pre-etching surface. Ofomys teeth were kept in trace-metal grade 0.1 mol/L
hydrochloric acid of pH ~ 1.3 for 12 hours at a temperature of 45 °C to simulate the stomach
conditions of a barn owl prior to the regurgitation of bone and tooth material in the form of
pellets (Grémillet and Plos, 1993; Beasley et al., 2015). Crocodile teeth were kept under
crocodile stomach conditions, while shark teeth were kept under simulated shark stomach
conditions, to simulate stomach conditions of carnivore reptile and predatory fish (Table 4.1).
These large predators frequently replace their teeth, and potentially swallow some of them.
Fossil shark and crocodile teeth may therefore have passed through their respective stomachs.
For both crocodile and shark teeth, we used 0.05 mol/L hydrochloric acid (pH ~2) at 25 °C for
48 and 72 hours to simulate passage times through the gastrointestinal tract of each respective
taxon (Pooley and Gans, 1976; Hutton, 1987; Papastamatiou et al., 2007, Table 4.1). A mixing
ratio of 10 ml acid to 1 g dental material was applied, and the acid was renewed after 24 hours

to ensure persistence of a low pH.

After the experiment, all teeth were thoroughly rinsed with Milli-Q water (18.2 MQ) and
dried at room temperature. Two different sets of modern Otomys teeth from the Cradle of
Humankind World Heritage Site, South Africa (collected in 2017) were used as natural
reference samples for comparison to those from the acid etching experiment. The first sample
set (Otomys sp.) of teeth was extracted from barn owl pellets and serves as a direct

comparison to the African vlei rat teeth from the etching experiment. The second sample set
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of teeth (Otomys irroratus) was extracted from skulls of live-trapped animals and provides the
natural baseline for non-altered, ingesta-related dental surface textures from the same
geographic setting and species. For all specimens DMTA were performed on the original dental

material.

Table 4.1. Taxon, number of teeth, pH-value, temperature, and etching interval for the stomach
acid alteration experiment. [1] Beasley et al., 2015; [2] Papastamatiou et al., 2007; [3] Pooley
and Gans, 1976; [4] Grémillet and Pl6s, 1993; [5] Hutton, 1987.

Taxon Nu:z:tet:' of pH value Temperature [°C] [Er:::]mg interval
Otomys sp. 3 1.3 42 4 124
Carcharhinus plumbeus 20 250 48 [2
Crocodilus niloticus 2B 258l 72 1

Otomys sp. Barn owl pellet

O 0O W | W

Otomys irroratus None (live-trapped)

4.3.2 Dental microwear texture analysis

All samples were cleaned prior to moulding or scanning using water to remove adherent
dirt, ethanol, and acetone to remove lipids and varnishes or glue from the dental surface.
Surfaces were scanned using the high-resolution disc-scanning confocal 3D-surface
measuring system psurf Custom (NanoFocus AG, Oberhausen, Germany) with a blue LED
(470 nm) and high-speed progressive-scan digital camera (984 x 984 pixel). Per sample, four
non overlapping square areas of 160 x 160 um were scanned using a x100 long distance lens
(numerical aperture 0.8) with a resolution in x, y = 0.16 um, and z = 0.06 pm. Measurements
with an oblique orientation too significant for measurement were rejected (displacement range
0z > 60 um). Following Béhm et al. (2019) for the experimental settings, a rotation along x-, y-
and z-axis of the teeth between individual measurements of 5-10° was accepted. We used 3D
(enamel) surface texture analysis (see Schulz et al., 2010, 2013a, 2013b; Calandra et al.,
2012) and scale-sensitive fractal analysis (SSFA) with parameters after Ungar et al. (2003)
and Scott et al. (2006), implemented in MountainsMap Premium v. 7.4.8676. We used three
customized templates in MountainsMap Premium v.7.4.8676 software to generate an S-L
surface (noise, waviness, and form removed; for more details see Schulz et al., 2013a). A
detailed description of the templates including the pre-processing procedures are given in the
supplements. Subsequently a set of 46 surface texture parameters were quantified on the S-L
surface using the following analyses: (1) the ISO 25178, (2) motif, (3) furrow, (4) direction, (5)
isotropy, and (6) ISO 12871 (flatness) analysis (Table S$4.3).
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4.3.3 Statistics

The open-source software R v.4.0.0 (R. Development Core Team, 2020) with the
packages xIsx (Dragulescu, 2014), rJava (Urbanek, 2016), doBy (Hgjsgaard and Halekoh,
2016), R.utils (Bengtsson, 2016), factoextra (Kassambara, 2017), plyr (Wickham, 2011),
ggplot2 (Wickham, 2016), Rcpp (Eddelbuettel, 2011, 2013), rela (Chajewski, 2009) and WRS
version 0.12.1 (Wilcox and Schonbrodt, 2010) was used for data processing and all statistical
analyses. A median for each tooth was calculated from four measured scans. From this
median, a mean was calculated for all experimental datasets for t, (before each experiment as
a baseline) and t; (after each experiment) (Table ES4.4 — ES4.6). In general, we employed

pair-wise comparisons for the following datasets:

I.  Pairwise comparison for dependent data of pre- and post-tumbling surfaces in all four

grain size fractions, five species in the tumbling experiment (Table $4.7).

Il.  Pairwise comparison dependent data of pre- and post-sandblasted surfaces in the two

grain size fractions used in the sandblasting experiment (Table S4.7).

lll.  Pairwise comparison dependent data of pre- and post-etching surfaces in all three

species in the acid etching experiment (Table S4.7).

IV. Pairwise comparison of independent data from trapped animals (Otomys irroratus),
Otomys sp. extracted from owl pellets and experimentally altered Otomys teeth before
and after acid etching (Table ES4.2 and ES4.8).

For pair-wise comparison of dependent data the Wilcoxon signed rank test with
continuity correction was employed (Wilcoxon, 1945). Pairwise comparison of independent
data was subjected to the statistical test after Calandra et al. (2012) and Schulz et al. (2013a).
We applied the robust heteroscedastic Welch-Yuen omnibus test (Welch, 1938; Yuen, 1974)
coupled with a heteroscedastic pairwise comparison test (“Lincon test”, analogous to Dunnett's
T3 test (Dunnett, 1980)), according to the procedure of Wilcox (Wilcox, 2003, 2005, 2012). We
performed a data trimming of 15 % to remove outliers and compensate for non-normality.
Finally, we applied the robust heteroscedastic rank-based test according to Cliff (Cliff, 1996;
Schulz et al., 2013a). Before applying principal component analyses, we use the Kaiser-Meyer-
Olkin test for sampling adequacy (value>0.5) and Bartlett’s test of sphericity (<0.05) to validate
the application of a principal component analysis (PCA) is justified on our data. PCAs were
conducted using the built-in function prcomp(). All principal components (PCs) with standard

deviation of over 1.0 are considered in the result section. For factor loadings, we choose a cut-

75



Chapter 4

off value of 0.4 (Budaev, 2010), describing the best separating parameters in the different PCs
(Table ES4.9).

4.4 Results

4.4.1 Tumbling experiment
4.4.1.1 Very fine sand (561-168 um)

Exemplary scans of experimentally altered dental surfaces are shown in Figure 4.1.
The Wilcoxon signed rank test displays significant differences between dental surface before
and after the tumbling experiment for Capreolus capreolus, Crocodilus niloticus, Carcharhinus
plumbeus and Otomys sp., while Equus sp. did not show significant surface modifications
(Table S4.7). Experimental alteration of teeth with very fine sand lead to a higher number of
new wear features, such as new scratches and dales (larger anisotropy values of parameters,
except for Otomys, Fig. S4.1A and S4.2A). This coincided with an increase in overall
complexity of the surface (larger Sdr, Asfc values, except for Otomys) and an increase in height
and volume parameters for the large mammal teeth (Equus and Capreolus). PCA displayed
separation of dental surface before and after tumbling for all five different species along PC1
— PC3 (Fig. 4.2A and S4.3A), whereby the isotropy (/sT), complexity (Asfc), area (mea),
density (Spd) and plateau size (Smr) are the best separating parameters (Table ES4.9).

4.4.1.2 Fine sand (112-292 um)

Tumbling the teeth of the five different species with the fine sand resulted in only minor
modifications on the dental surface (Fig. 4.1), only Capreolus capreolus (Fig. 4.1) showed
significant changes in the Wilcoxon rank test. Quantitative analyses of the surface texture
parameter values of teeth tumbled in this grain size fraction indicated only slight changes in
the direction of the wear features (texture direction) with changing complexity and fewer peaks
and furrows (Table ES4.2 and S4.3). The biplot of metf vs medf displayed a strong separation
for Equus sp. and slight separation of Charcharhinus plumbeus, Capreolus capreolus and
Crocodilus niloticus with a decreasing density of the furrows (medf, Fig. S4.2B). Asfc showed
a slight increase of parameter values for Charcharhinus plumbeus and Oftomys sp., while it
decreased for Equus sp. (Fig. S4.1B). The PCA showed no separation of dental surfaces
before and after tumbling, except for Equus sp. along PC1 and PC2 (Fig. 4.2B and S4.3B)
and for Charcharhinus plumbeus along PC3 (Fig. $4.3B). In this grain size fraction, the best
separating parameters of the PCA are isotropy (/sT), complexity (nMotif) and peak curvature
(Spc) (Table ES4.9).
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4.4.1.3 Medium sand (221-513 um)

Similar to the tumbling with the fine sand, tumbling with medium sand resulted mostly
in slight surface modifications, only Ofomys sp. and Crocodilus niloticus showed significant
surface changes according to the Wilcoxon rank test (Table ES4.7). The biplot of metf vs medf
provided good separation for all species, expect for Otomys sp., which showed decreasing
depth of furrows (Fig. $4.2C). The biplot of Asfc vs epLsar displayed a strong separation only
for Equus sp. with decreasing complexity (Fig. S4.1C). PCA showed a strong separation in
PC2 and PC3 (Fig. 4.2C and S$4.3C) for all specimens expect Otomys sp.. The best separating
parameters in this PCA are the volume (Vm), peak curvature and peak density (Spc and Spd),

complexity (nMotif), mean area (mea) as well as the isotropy (/sT).

4.4.1.4 Fine to medium-grained gravel (2—8 mm)

Tumbling with 2-8 mm-sized gravel lead to major changes in surface texture patterns
and resulted in a complete overwriting of the dental surface. More new small dales (Fig. 4.1)
and very similar texture features on dental surfaces between different species become
apparent after the experiment, which indicates significant post-mortem abrasion. Both the
complexity (Asfc, Fig. $S4.1D) and the isotropy of the dental surface increased in all specimens
(Table S4.3). Parameters describing the height, plateau size, slope, and volume showed
different trends in the teeth of different species. The specimens tumbled with gravel had a high
mean density of furrows with a low depth, plotting as a data cloud in the biplot of medf — mean
density of furrows vs. metf— mean depth of furrows parameter space (Fig. $S4.2D). The surface
texture parameter values for all five species experimentally altered using gravel, displayed a
huge overlap with the parameter space of the fluvial transported fossil Hippotherium
primigenium teeth from the Dinotheriensande (Fig. S4.2D). However, the Wilcoxon signed
rank test indicated significant changes of the dental surface only for the Equus sp., Crocodilus

niloticus and Otomys sp. (Table S4.7).
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Figure 4.1. Meshed axiomatic 3D models of enamel surfaces (160 x 160 pm, if not specified otherwise) of the 3D models represent experimentally
altered teeth before tumbling (left column) and after tumbling for 336 hours (column 2-5) with four different grain size fractions: very fine sand (51—
168 pm), fine sand (112-292 ym), medium sand (221-513 pm) and fine to medium gravel (2-8 mm). A. zebra: Equus sp.; B. roe deer: Capreolus

capreolus; C. crocodile: Crocodilus niloticus, and D. shark: Carcharhinus plumbeus; E. African vlei rat: Otomys sp., scan size 60 x 60 um.
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PCA revealed a strong separation of dental surface before and after the tumbling along

PC1 for Capreolus capreolus, Crocodilus niloticus, Carcharhinus plumbeus and Otomys sp.

(Fig. 4.2D), along PC2 for Capreolus capreolus, Carcharhinus plumbeus and Otomys sp. (Fig
4.2D and S4.3D) as well as along PC3 for Crocodilus niloticus (Fig. S4.3D). The best

separating parameters in the PCA are the peak curvature (Spc), complexity (Asfc) and isotropy

(IsT).
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Figure 4.2. PCA results of the tumbling experiment. Principle component analysis (PCA) of
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surface texture parameters from each category (Table S5.3) with good separation between

ante- and post-tumbling dental surfaces. Large symboils in the PCA plot mark the mean area

of the different groups; for details about the taxa see Table S5.2. A. very fine sand (51-168

pum, B. fine sand (112-292 um), C. medium sand (221-513 pym) and D. fine to medium gravel

(2-8 mm).
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4.4.2 Sandblasting experiment

Sandblasting the Mammuthus sp. polished surface with loess did not change the
surface texture pattern significantly; at least not after 14 seconds of blasting time (Fig. 4.3A
and 4.4; Table ES4.4 and S4.7). The impact of the fine sand 12c however, was very
prominent, and resulted in a significant difference between dental surface before and after
sandblasting with numerous new large dales formed on the surface of the section (Fig. 4.3B
and 4.4, Table S4.7).

before experiment after experiment ) Antelope

loess

-10

finesand 12¢c @

Figure 4.3. Meshed axiomatic 3D models of enamel surfaces (160 x 160 pm) of the
experimentally sandblasted teeth of the same area of tooth specimens before (left) and after
(right) alteration. A. Mammuthus sp. before and after being sandblasted with loess for seven
seconds; B. Mammuthus sp. before and after being sandblasted with fine sand 12c for seven
seconds; C. and D. Miocene antelope tooth from Chad (Lake Chad) as natural example of a
fossil tooth that was exposed to windblown mineral dust (comparable to fine sand 12c in

particle size) in comparison to tooth surfaces from the sandblasting experiment.

The biplot of medf— mean density of furrows vs. metf— mean depth of furrows displayed
strong separation of surface parameter values before and after the experiment with strongly
increasing depth of the furrows (Fig. 4.4A). The biplot Asfc vs. epLsar also showed this strong
separation for sandblasting with fine sand, with strongly increasing fractal complexity (Asfc,
Fig. 4.4B). PCA revealed strong separation of dental surface before and after the sandblasting
only along PC1 (Fig. 4.4C), with volume (Vm) and depth of the furrows (metf) as best
separating parameters. Additionally, we compared the experimentally sandblasted mammoth
dental surfaces with naturally “sandblasted” fossil antelope teeth from the Late Miocene Toros-
Menalla, Chad. The dental surface of the fossil specimens shows elevated height and volume

80



Chapter 4

parameters. The biplots of medf vs. metf show high medf values, while metf is similar to the
ones of the mammoth dental surface before and after sandblasting with loess (Fig. 4.4A). The
PCA reveals a strong separation along PC1 and PC2 from the experimentally altered
mammoth teeth (Fig. 4.4C).
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Figure 4.4. Results of the sandblasting experiment. Dental microwear texture parameter A.
metf (um) vs medf (cm/cm?) values and B. Asfc vs. epLsar for the experimentally altered
mammoth teeth before (circles) and after (stars) the sandblasting experiment. C. Principle
component analysis (PCA) of surface texture parameters that best separate surfaces before
and after experiment. Large symbols in PCA plot mark the mean area of the different sample

sets.
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4.4.3 Acid etching experiment

The acid etching experiment was performed with three different species, Otomys sp.,
Crocodilus niloticus and Carcharhinus plumbeus at different pH-values and temperatures. The
three species displayed significant textural surface modification after the acid etching (Table
84.7). Overall, it is evident that the outermost layer of enamel (consisting of hydroxylapatite)
and enameloid (consisting of fluorapatite) is significantly affected by etching during the
experiment (Fig. 4.5) and thus the original dental surface is completely overwritten. The biplot
medfvs. metf as well as Asfc vs. epLsar displayed a strong separation in all three species with
increasing density and depth of furrows, as well as increasing complexity of the dental surface
after the etching (Fig. 4.6A and B). PCA revealed a strong separation only along PC2
(Fig. 4.6C and $4.5) with the most separating parameters being density of the peaks (Spd),
complexity (nMotif), depth (medf) and area (mea) parameters (Table ES4.9).

Additionally, we compared two sets of different natural African vlei rat tooth samples -
one live-trapped and the other digested and extracted from barn owl pellets - with each other
and with the experimentally altered Otomys teeth. The two natural samples are barely
distinguishable from each other according to all surface texture parameters (Fig. 4.5D and E,
Fig. 4.6, Table ES4.8). Even though Dunnett's T3 test displays significant differences between
the two natural samples sets as well as the experimentally altered Ofomys teeth, the overlap
of the parameter values is very large and therefore none of the differences were confirmed by
Cliff's method (Table ES4.9). The biplot medf vs. metf and Asfc vs. epLsar, as well as the PCA
displayed strong separation of the two natural Otomys sample sets from the experimentally

altered Otomys samples after the acid etching (Fig. 4.6 and $4.5).
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before exeriment

after experiment

Crocodilus
niloticus

Carcharhinus
plumbeus

Otomys sp.

D Otomys sp.
- owl pellet

E Otomys irroratus
- live-trapped

Figure 4.5. Meshed axiomatic 3D models of enamel surfaces (160 x 160 pm) of dental
specimens before (left) and after (right) the acid etching experiments. Scan size is 160 x 160
pum except for all Otomys sp. for which scan size is 60 x 60 ym. A. Crocodilus niloticus before
and after experiment at pH 2 for 72 hours; B. Carcharhinus plumbeus before and after
experiment at pH 2 for 48 hours; C. Ofomys sp., before and after experiment at pH 1.3 for 12
hours; D. Otomys sp. from modern owl pellets as natural comparison to the acid etching
experiment; E. Otomys irroratus live-trapped as unaltered comparison to the naturally altered
Otomys sp..
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Figure 4.6. Results of the acid etching experiment. Dental microwear texture parameter A.
metf (um) vs medf (cm/cm?) and B. Asfc vs. epLsar for the experimentally altered teeth before
(circles) and after (stars) the acid etching experiment. C. Principle component analysis (PCA)
of surface texture parameters with best separation. Large symbols in PCA plots mark the mean

for each taxon/etching interval.

4.5 Discussion

4.5.1 Fluvial transport in a sediment suspension simulated via a tumbling experiment

Tumbling of mammal, reptile and fish teeth shows that mechanical alteration of dental
surfaces as characterised by dental microwear texture analysis seems to be more dependent
on the sediment particle size than on the type of enamel(-oid) microstructure, tooth morphology

or size. In most cases, the mechanical modification of the dental surface during tumbling leads
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to changes of surface texture parameters in the same directions for all species (three
mammalian, one reptilian, and one fish species). The dental surfaces of different species are
strongly affected by sediment abrasion, especially by the small gravel fraction. The surfaces
altered by the small gravel fraction look quite similar across species (Fig. 4.1) and they share
a similar parameter space in the biplot metf vs. medf (Fig. $4.2), as well as in the PCA
(Fig. 4.2). Very fine sand and gravel have the strongest alteration effects on abrasive texture
patterns over the tumbling two-week time interval, with a variety of new texture features forming
on the surface and increasing surface complexity (Fig. $4.1). In contrast, tumbling with the
fine and medium sand have a slight polishing effect resulting in only a few new scratches. In
this case, the abrasional effects are mostly undetectable by statistical analyses (Table S$4.6).
In general, all four grain size fractions of both sediment types lead to a variety of new texture
features on the teeth of all five species as reflected in the shift of the parameter values before
and after tumbling. In a direct comparison of the pre-tumbling with the post-tumbling surfaces,
a separation was evident in the finest fine sand and the gravel fraction and for the biplots as
well as in the PCA; however, there is still substantial overlap. Volume and overall height
parameters seem to be least affected. Parameters from these groups are considered to be
among the best for distinguishing between different feeding strategies (e.g. browser-grazer,
Schulz et al., 2013a; herbivorous, carnivorous, frugivorous and molluscivorous lepidosaurs,
Winkler et al., 2019a). Still, this can be critical for dietary reconstructions using DMTA and
requires careful sample selection prior to scanning to exclude taphonomically altered teeth or
surface areas. A proper training in DMTA would help to serve this purpose. We recommend
that such training should include experience in recognizing various taphonomic alterations,
which should ideally be calibrated to a database of surface textures characteristic of poorly
preserved enamel surfaces as described in Weber et al. (in review). Here, we provide a first
set of surface texture examples that illustrate the alteration effect of fluvial transport in sediment
suspension. The comparison of fossil equid teeth Hippotherium primigenium from the
Dinotheriensande, which were fluvially transported to a certain extent and deposited in sand-
gravel sized siliciclastic sediments (Tobien, 1983), with the experimentally altered tooth
samples reveals differences as well as similarities between the natural and the experimental
surface alteration features. Keeping teeth moving in water-sediment suspension continuously
for 336 hrs is an extreme taphonomic scenario, which was chosen to produce clear alteration
effects in a short time experiment. Fluvial transport is potentially shorter, depending on different
factors, such as size of the fossil and flow rate of the river system, e.g. smaller sediments could
be transported over longer distances, in contrast to larger and heavier grains or fossils, where
the flow rate has to be much faster to transport the material (Harms et al., 1982). The alteration
process could be variable and might include reworking or discontinuous draining and flooding

processes, leading not only to various post-mortem alterations, but that might also affect the
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proportion of species in a fossil assemblage (Dodson, 1973; Russel et al., 1996; Lang et al.,
2013, Pesquero et al., 2013). Still, the mechanical surface modification is rather small; only the
tumbling with the fine gravel resulted in strong alteration. Fine-grained gravel leads to similar
surface texture parameter values as those observed for fossil teeth from Hippotherium
primigenium that were found in fine-grained sandy gravels of the fluvial Dinotheriensande
deposits. Thus, we can link the in-vitro surface texture alteration results with those of fossil
Hippotherium primigenium teeth that were deposited in a similar type of sediment. Hence,
fluvial transport in gravel leads to similar enamel surface alteration features and potentially
abrades ante-mortem surface texture. This finding is of high importance for dietary
reconstructions because it limits ingesta-related reconstruction of microscopic wear patterns.
Our tumbling experiments revealed that fossil teeth transported in fluviatile settings with gravel
or sand, could be altered and that ante-mortem wear features might be erased or at least
modified mechanically during transport due to post-mortem alteration. This might set limits on
reliable dietary reconstruction at least for Hippotherium primigenium from the fluviatile
environment of the Dinotheriensande. Furthermore, teeth of other species from the

Dinotheriensande might be altered when transported in the same grain size fractions.

Thus, dental surfaces must be evaluated very carefully before attempting dietary
reconstruction from this and similar fluvial depositional settings. When comparing different
species from the same locality within the same depositional setting, dental surface might be
altered in the same extant, and offsets between different feeding categories reflect ante-
mortem differences, while absolute parameter values might be altered post-mortem (see Béhm
et al.,, 2019). Vice-versa, when comparing the same species from different localities and
different depositional settings where offsets between the different groups might be due to

different diagenetic alterations.

4.5.2 Aeolian abrasion simulated via sandblasting experiment

Our sandblasting experiment demonstrated the suitability of such experimental
approaches for testing the impact of aeolian sand on dental surfaces exposed to post-mortem
or post-depositional weathering by airborne mineral dust. However, the air pressure applied in
our experiment was very high (e.g. at least 20 times higher than present-day natural wind-
speeds in the Chad, Cowie et al., 2014) and constant, leading to excessive alteration by the

quartz fine sand.

Loess is a typical silt-sized aeolian sediment predominantly deposited during glacial
periods in many areas, and could potentially have altered post-mortem teeth of the
contemporaneous fossil fauna. However, despite the high air pressure and fast speed of

sediment particles hitting the dental surface, short duration silt-sized (& 36 pym) loess blasting
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experiments do not lead to any visible alteration or changes of surface texture parameter
values (Fig. 4.3). Fossil teeth from natural loess deposits are therefore likely usable for diet
reconstruction employing DMTA. In contrast, sandblasting of dental surfaces with larger, sand-
sized (@ 166 ym) quartz grains caused major damage to and abrasion of the enamel surface
leading to strongly increasing complexity and volume parameters (Fig. 4.4). Fossil tooth
specimens that were naturally or artificially sandblasted using sand-sized sediment grain size
fractions seem to be affected by mechanical surface modification. However, due to our
experimental design, it remains unclear which particle size causes the damage. Further
experiments using lower air pressure could help to resolve this issue. Additionally, special care
needs to be taken if air-abrasive techniques were used for sample preparation, i.e.
sandblasting during preparation of fossils from the embedding sediment/rock. In general,
various materials, such as Aluminium oxide, crushed glass, plastic, but also walnut shells or
wheat starch, with different hardness, shapes and particle size are used for sample preparation
(for detailed information see Graham and Allington-dJones, 2018). Air-abrasive techniques
should be avoided when dealing with dental surfaces for later dietary analyses using DMTA,
however, if is not possible to avoid this, special care needs to be taken to protect the dental
surfaces from the blast. Specimens prepared with air-abrasive techniques, especially larger
and harder abrasive powders comparable to the quartz finesand (Feinsand 12c) from this

study, should be evaluated carefully for potential post-mortem alteration.

4.5.3 Stomach digestion alteration effects simulated via in-vitro acid etching experiments

Acid-etching experiments of mammal, reptile, and fish teeth with diluted HCI alter the
original dental surface of enamel (hydroxylapatite: Otomys sp., Crocodilus niloticus) and
enameloid (fluorapatite: Carcharhinus plumbeus) by dissolution processes. The complexity
and the roughness of the dental surface increase strongly and the textures of the dental
surfaces are significantly different before and after the etching experiment (Fig. 4.6,
Table S4.7). The in-vitro stomach acid experiment design performed with isolated teeth
directly immersed only in hydrochloric acid do not accounting for the role of digestive enzymes,
and therefore resemble more closely the digestive system of crocodiles, where stomach fluids
consist almost entirely of hydrochloric acid with almost no enzyme activity (Fisher, 1981). A
similar experiment performed by Fernandez-Jalvo et al. (2014) showed great similarities
between the surface of bones and teeth of small mammals immersed exclusively in
hydrochloric acid and bones digested by crocodiles. Additionally, they found differences
between hydrochloric acid immersion alone and natural digestion of avian predators as well as
mammalian carnivores, which we can confirm with our comparison of experimentally altered

versus natural Ofomys samples from owl pellets. We find the surface textures of the
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experimentally altered teeth to be very different from those of small mammal teeth digested by
avian predators. For avian predators and mammalian carnivores digestion is driven by the
combination of stomach fluids and enzymes. Modifications in form of corrosion and
decalcification on bones and teeth of small mammals can be reproduced with experimental
approaches, but to a lesser degree and at a slower alteration rate than during natural digestion
(Fernandez-Jalvo et al., 2014). Our results further support the findings of Fernandez-Jalvo et
al. (2014), that hydrochloric acid erodes the outer tooth enamel layer almost completely,

especially the most exposed areas, such as cusps or lamella of molars.

In contrast, no significant differences in DMT parameters could be detected between
digested and non-digested teeth, i.e. from barn owl-pellet (that were digested for at least 10-
12 hours (Grémillet and Plds, 1993)) and live-trapped specimens, both from the same area in
South Africa. This result is in line with findings that in barn owl stomachs, only 1 % of ingested
molars evidence digestion-related acid-etching and supports the categorization of barn owls in
the weakest predator category 1 (i.e. exhibit no or minimal acid digestion, Fernandez-Jalvo et
al., 2016). We conclude that small mammal teeth extracted from barn owl pellets can be used
for diet reconstruction studies using DMTA, however, we did not test if this is also the case for
other owl species. It is likely that, at least for birds of prey of predator category 1 (see
Fernandez-Jalvo et al., 2016), ingesta-related enamel surface textures of prey vertebrates can

survive the weak acid attack.

4.6 Conclusions

While all of our experiments were well conceived, they nonetheless represent simplified
approximations of post-mortem alteration and do not completely reproduce the complex,
natural conditions teeth will experience during post-mortem taphonomic processes.
Nevertheless, both simplified and extreme experimental conditions, can be very informative in
understanding how dental surfaces can be affected by post-mortem wear and alteration
processes. An important finding of our tumbling experiment is that surface texture parameter
values of naturally or experimentally altered dental surfaces often cannot be unambiguously
distinguished from ingesta-related ante-mortem wear by DMTA. This is because the surface
texture parameter values of taphonomically biased post-mortem textures often fall within the
same parameter space as textures from ingesta-related ante-mortem wear. Therefore, fluvially
transported fossil specimens need to be evaluated carefully and categorised according to their
degree of post-mortem alteration. Only slightly altered dental surfaces should be considered
in a DMTA study for diet reconstruction. Different parameters, including sample size, grade of
alteration, and research question should all be considered and should be addressed in the

discussion of the dataset. Different species from the same depositional setting might still be
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comparable, even when the dental surface is influenced by slight post-mortem alteration, if the

degree of alteration is comparable between taxa.

Our sandblasting experiment showed that silt-sized aeolian transported mineral
particles do not affect the dental surface and only larger, sand-sized quartz particles cause
post-mortem abrasion. Depending on the fossil locality and the associated grain size fraction
of the aeolian sediment our experiment suggests that sandblasted specimens can be included
in DMTA studies. Special care needs to be taken with specimens altered by aeolian activity

with larger grain size fractions.

The acid etching experiment revealed a more complex impact of digestion on the dental
surface than expected, at least for avian and mammalian predators. First, the comparison of
digested and un-digested Ofomys teeth suggest that small mammal teeth can also be used for
diet reconstruction using DMTA, at least for samples processed by category 1 avian predators
(Fernandez-Jalvo et al., 2016). Teeth digested by mammalian carnivores or crocodiles, which

have much stronger stomach acids should be carefully evaluated prior to DMTA.

Our results demonstrate that, at least for a subset of samples from a given fossil
assemblage, it is necessary to identify post-mortem wear features to evaluate the degree of
post-mortem alteration. Further, it is important to include dental surfaces displaying moderate
post-mortem alteration and to subsequently discuss how the parameter spaces might be
shifted by those post-mortem alterations. In this study, we only cover three different post-
mortem scenarios (fluvial and aeolian sediment transport, digestion), but more experiments
covering other scenarios, such as burial or trampling, are necessary and encouraged. Future
experiments should also include sediment mixtures of larger particle size spectra as well as
abrasives with different mineralogical compositions. Also, experiments simulating transport in
a flow channel instead of tumbling barrels would better approximate natural fluvial depositional
settings. In vitro digestion experiments should be performed with better environmental control
(i.e. controlled pH, addition of digestive enzymes) and in vivo feeding experiments with actual
predators digesting prey and investigation of teeth collected from faeces would complement

the dataset.
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4.8 Supplement

Operators used in MountainsMap template:

Otomys template. This template applies to all Otomys specimens. The enamel ridge of Otomys

are very small, therefore, first a sub-surface of 60 x 60 um was cut out of the texture model
using the extraction operator in MountainsMap. The following MountainsMap template was
produced for extracted scans of Ofomys sp. upper right teeth, scanned on the original tooth.

All single teeth with unknown position were treated similarly.

Orientation of dental surface with LS-surface using subtraction
Noise-cancelling median filter, filter size 5 x 5

Gaussian filter, filter size 3 x 3

Filling of non-measured points

Set the threshold using the material-% (0.5-99.5 %) to reduce height and depth

Removal of isolated outliers, outliers at the edge and with a maximum allowed

I o

inclination (85°), soft strength of the method

7. Removal of form using a 2" order polynomial.

Mammal template. This template is for analyses of original upper right premolar and molar
teeth of all large mammal species in this study and the polished mammoth teeth. All moulded
surfaces were mirrored along the z-axis, to be inverted first. Lower jaw teeth were treated the

same way.

Orientation of dental surface with LS-surface using subtraction
Noise-cancelling median filter, filter size 5x 5

Gaussian filter, filter size 3 x 3

Filling of non-measured points

Set the threshold using the material-% (0.5-99.5 %) to reduce height and depth

o M w0 dh -
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6. Removal of isolated outliers, outliers at the edge and with a maximum allowed

7.

inclination (85°), soft strength of the method

Removal of form using a 2" order polynomial.

Reptile template. This template is designed for original upper right teeth of crocodile teeth; all

teeth were treated the same way.

I

Orientation of dental surface with LS-surface using subtraction

Noise-cancelling median filter, filter size 5 x5

Gaussian filter, filter size 3 x 3

Filling of non-measured points

Set the threshold using the material-% (0.5-99.5 %) to reduce height and depth
Removal of isolated outliers, outliers at the edge and with a maximum allowed
inclination (85°), soft strength of the method

Removal of form using a 4™ order polynomial.

Shark template. This template is designed for original upper right teeth of sandbar shark teeth;

all teeth were treated the same way.

o gk w N~

Orientation of dental surface with LS-surface using subtraction

Noise-cancelling median filter, filter size 5 x5

Gaussian filter, filter size 3 x 3

Filling of non-measured points

Set the threshold using the material-% (0.5-99.5 %) to reduce height and depth
Removal of isolated outliers, outliers at the edge and with a maximum allowed
inclination (85°), soft strength of the method

Removal of form using a 2™ order polynomial.
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Figure S4.1. Results of Asfc-epLsar of the tumbling experiment. Biplot of the enamel surface
texture parameters Asfc — fractal complexity versus epLsar — length-scale anisotropy for the
experimentally altered teeth of different vertebrate species before (circles) and after (stars) the
tumbling experiment with A. very fine sand (51-168 pm), B. fine sand (112-292 pm), C.

Asfc - fractal complexity

medium sand (221-513 um) and D. fine-grained gravel (2—8 mm) as suspension in water.
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Figure S4.2. Results of metf-medf of the tumbling experiment. Biplot of the enamel surface
texture parameters metf (um) vs medf (cm/cm?) for the experimentally altered teeth of different
vertebrate species before (circles) and after (stars) the tumbling experiment with A. very fine
sand (51-168 um), B. fine sand (112—-292 ym), C. medium sand (221-513 ym) and D. fine-

grained gravel (2-8 mm) as suspension in water.
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surface texture parameters that best separate for the experimentally altered teeth of different

vertebrate species before (circles) and after (stars) the tumbling experiment with A. very fine
sand (51-168 um), B. fine sand (112-292 ym), C. medium sand (221-513 pm) and D. fine-
grained gravel (2-8 mm) as suspension in water. Large symbols in PCA plot mark the mean

of the area of the different taxa and tumbling intervals.
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Figure S4.4. Principle component analysis (PC2 and PC3) of the sandblasting experiment with
surface texture parameters that best separate for the experimentally altered mammoth teeth
before (circles) and after (stars) the sandblasting experiment. Large symbols in PCA plot mark

the mean of the area of the taxa and blasting intervals.
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Figure $4.5. Principle component analysis (PC2 and 3) of the acid etching experiment with
surface texture parameters that best separate for the experimentally altered teeth before
(circles) and after (stars) the acid etching experiment. Large symbols in PCA plot mark the

mean of the area of the taxa and blasting intervals.
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Table S4.1. Grain size fraction with mean and median of the sediments used for the experiments. The quartz-bearing sand used for the tumbling

experiment (measured before and after tumbling) and Feinsand 12c and loess used for the sandblasting experiment, measured by laser

granulometry.

<02um <063uym <2uym <63uym <20um <36um <63uym <200pum <630um <2000 um  mean median
[%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [um] [pm]

51-168 um 0.03 0.28 0.85 0.50 0.62 242 1194 7871 4.65 0.00  105.86 101.20
before tumbling
112-292 um 0.12 030 044 021 014 024 118 4778 49.61 000  200.94 200.36
before tumbling
221-513 um 0.10 020 022 008 006 004  0.10 6.63 90.50 209 35924 35345
before tumbling
f’u:gﬁr?g“m after 0.00 0.27 1.39 1.98 3.11 3.65 12.71 74.20 2.69 0.00 9580  94.62
u rﬁgﬁgg mafter g 44 034 055 052 076 055 080 4252 5383 000 20596 207.57
tzuzrlgﬁ;g’ umafter 4 g9 0.19 0.20 0.07 0.09 0.06 0.09 4.07 92.45 270  375.83 369.22
Finesand 126 0.12 0.32 0.52 0.18 0.11 0.32 1.40 71.72 25.32 0.00  166.01 164.31
loess 1.16 2.97 451 6.88 16.87  23.81  28.24 15.46 0.10 0.00 36.86  31.97

Schwalbenberg

Table ES4.2. Taxon, amount, information about collection, fossil side and teeth samples and different experimental set ups. n.a. = information not

available. The table is found in the electronic Supplement.
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Table S4.3. Description of applied surface texture parameters according to ISO 25178, ISO

12781, motif, furrow, texture direction and isotropy.

Category Parameter Description (condition) Standard Unit
Sda Closed dale area ISO 25178 um?2
Area Sha Closed hill area ISO 25178 um?2
mea Mean area Motif um?2
Sar Developed interfacial area ratio ISO 25178 %
Complexity nMotif Number of motifs Motif no unit
Asfc Fractal complexity (Area-sale) SSFA no unit
Sal Auto-correlation length (s = 0.2) ISO 25178 um
Density Spd Density of peaks ISO 25178 1/ um?
medf Mean density of furrows Furrow cm/cm?
Str Texture aspect ratio (s = 0.2) ISO 25178 no unit
Std Texture direction ISO 25178 no unit
TriR First direction Direction no unit
Direction Tr2R Second direction Direction no unit
Tr3R Third direction Direction no unit
IsT Texture isotropy Isotropy %
epLsar Length-sale anisotropy SSFA no unit
S10z Ten-point height ISO 25178 um
Sbp Five-point peak height ISO 25178 um
Sbv Five-point valley height ISO 25178 um
Arithmetic mean height or mean surface
Sa roughness ISO 25178 um
Sku Kurtosis of the height distribution ISO 25178 no unit
Sp Maximum peak height, height between the highest ISO 25178 um
peak and the mean plane
Standard deviation of the height distribution or
Sq RMS surface roughness 1SO 25178 Hm
Ssk Skewness of the height distribution ISO 25178 no unit
Sy Maximum pit height, depth between the mean 1SO 25178 um
plane and the deepest valley
. Peak extreme height difference in height between
Height Sxp 0% and q% (p=50%, q=97.5%) ISO 25178 um
Maximum height, height between the highest peak
Sz and the deepest valley 1SO 25178 Hm
meh Mean height Motif um
madf Maximum depth of furrows Furrow um
metf Mean depth of furrows Furrow um
Peak to valley flatness deviation of the surface
FLTt (Gaussian Filter, 0.025 mm) 150 12781 Hm
Peak to reference flatness deviation (Gaussian
FLTp Filter, 0.025 mm) ISO 12781 um
Reference to valley flatness deviation (Gaussian
FLTv Filter, 0.025 mm) ISO 12781 um
Root mean square flatness deviation (Gaussian
FLTq Filter, 0.025 mm) 1SO 12781 Hm
Peak Spc Arithmetic mean peak curvature ISO 25178 1/um
sharpness
Plateau size Smr Areal material ratio ISO 25178 %
Smc Inverse areal material ratio (p = 10%) 1ISO 25178 um
Slope Sdq Root mean square gradient ISO 25178 no unit
Sdv Closed dale volume ISO 25178 um?3
Shv Closed hill volume ISO 25178 um3
vm Material volume at a given material ratio (p = 10%) 1SO 25178 um3/um?2
Vme L\;I)aie;gol/ovo(;u?g();f’)the core at given material ratio 1SO 25178 um ¥um?
Volume Vmp Material volume of the peaks (p=10%) ISO 25178 um3/um?
W Void volume at a given material ratio (p = 10%) ISO 25178 um3/um?2
Vve Void volume of the core (p = 10%, q = 80%) ISO 25178 um3/um?2
Vv &olcjggol/:)me of the valley at a given material ratio ISO 25178 um Ypum 2
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Table ES4.4. Descriptive statistics (mean £SD) for all DMT parameters for the tumbling
experiment (see Table ES4.3). For parameter descriptions, see Table S4.3. The table is

found in the electronic Supplement.

Table ES4.5. Descriptive statistics (mean £SD) for all DMT parameters for the sandblasting
experiment (see Table ES4.3). For parameter descriptions, see Table S4.3. The table is

found in the electronic Supplement.

Table ES4.6. Descriptive statistics (mean £SD) for all DMT parameters for the acid etching
experiment (see Table ES4.3). For parameter descriptions, see Table S4.3. The table is

found in the electronic Supplement.

Table $4.7. Statistical results from Wilcoxon Signed-Rank Test for the different experiments.

Significances confirmed are highlighted in red.

Equus Charcharhinus Crocodilus Otomys Capreolus Mammuthus
sp. plumbeus niloticus sp. capreolus sp.

tumbling experiment with
fine sand (51-168 um)
tumbling experiment with
fine sand (112—292 pm)
tumbling experiment with
medium sand (221-513 0.704 0.716 0.000 0.029 0.063 -
Hm)

tumbling experiment with

fine-grained gravel (2-8 0.002 0.804 0.000 0.007 0.076 -
mm)

0.111 0.024 0.006 0.000 0.000 -

0.237 0.335 0.768 0.053 0.039 -

sandblasting experiment
with loess

sandblasting experiment
with fine sand

- - - - - 0.721

- - - - - 0.000

acid etching experiment,
pH 1.3, Temperature 42 °C
acid etching experiment,
pH 2, Temperature 25 °C

- - 0.021 - -

0.000 0.000 - - -

Table ES4.8. Statistical results of the acid etching experiment for all DMT parameters for
Otomys teeth of trapped (Otomys irroratus) species, Otomys sp. extracted from owl pellets
and experimentally altered Ofomys teeth before and after acid etching. For parameter
description, see Table S4.3. Significances confirmed by Cliff's method are highlighted in

bold. The table is found in the electronic Supplement.
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Table ES4.9. Importance of components for PCA from the different types of experimentally
altered enamel surfaces scans using 12 DMT parameter (Smr, medf, Spd, nMotif, Asfc, Spc,
metf, Vm, Sq, FLTt, IsT, mea). Factor loadings for the parameter values are represented with

values cut-off +/- 0.4 marked in red. The table is found in the electronic Supplement.
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5.1 Abstract

Dental microwear texture analysis (DMTA) is a common wear proxy for diet using dental
wear features enabling dietary reconstruction in extant and extinct taxa. Dietary
reconstructions of extinct species can be biased post-mortem due to mechanical modification.
These post-mortem surface alterations can be caused by material loss occurring after death
or as the result of burial, excavation or preparation processes. In this study, we are dealing
with the latter ones, post-mortem surface alteration occurring during excavation, preparation
and conservation processes. We present a first general overview of “bad” and unsuitable
dental surface scans and describe them qualitatively as well as by using dental microwear
texture (DMT) parameters and compare them to “good”, unaltered ingesta-related dental
surfaces. Therefore a dataset was compiled consisting of scans of common surface defects
observed in different species. These non-ingesta related “bad” surfaces show a great variety
of morphologies, whereby some are easy to distinguish from ante-mortem ingesta-related wear
features, such as large post-mortem scratches or cracks in the enamel, while others are more
obscured, such as remaining varnish covering the dental surface. The compiled surface
defects dataset reveals that “bad and ugly” surfaces often partly overlap with the parameter
space of “good” surfaces, but have a number of outliers. However, with sufficient training and
a reference database, these surfaces are detectable by an experienced user. At this point, we
want to initiate a database for the user of dental microwear texture analysis containing different
kinds of non-ingesta related dental wear features, to help identify those and improve future
DMTA studies.

5.2 Introduction

For nearly 20 years, dental microwear texture analysis (DMTA) has been a well-
established method to estimate dietary tendencies in extant and extinct taxa (e.g. Scott et al.,
2005; Merceron et al., 2007; Ungar et al., 2003, 2007, 2008, 2020; Scott et al., 2009; Schulz
et al., 2010; Winkler et al., 2013, 2016). Originally developed for terrestrial mammals (Ungar
et al., 2003; Schulz et al., 2010; Purnell et al., 2013; Kubo et al., 2017), including lagomorphs
(Schulz et al., 2013b), rodents (Winkler et al., 2016), ungulates (Merceron et al., 2007;
Merceron and Madelaine, 2006), and primates (Scott et al., 2009; Calandra et al., 2012;
Schulz-Kornas et al., 2019), it has gained popularity and been successfully applied to teeth of
many extant and extinct vertebrate taxa, such as reptiles (Bestwick et al., 2019; Winkler et al.,
2019a), mammal-like reptiles (Kalthoff et al., 2019), fish (Purnell et al., 2016) and (semi-
Jaquatic mammals (Purnell and Darras, 2017; Bethune et al., 2019). Furthermore, DMTA has
proven to be a powerful tool for quantifying wear of bone surfaces, e.g. archaeological use-

wear (Martisius et al., 2018) and bone-use (Turcotte et al., 2019). It has long been known that
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dental microwear and dental microwear texture are proxies for oral behaviour and environment
but that they are also prone to bias from post-mortem alteration, especially in fossil teeth (King
et al., 1999; Dauphin et al., 2003, 2018). Taphonomic post-mortem alteration of the occlusal
surface can be caused by mechanical and/or chemical agents during transport, burial, and the
fossilization process as well as during excavation and preparation of fossils for conservation
or study. When surfaces from museum collections are moulded using high-resolution silicones,
another potential source of alteration is introduced by moulding errors. Only a few studies
address the issue of diagenetic changes in dental wear features under experimental (e.g.
Gordon, 1983, 1984; King et al., 1999; B6hm et al., 2019) or natural conditions (Dauphin et al.,
2003, 2018; Martinez and Pérez-Pérez, 2004). In general, DMTA relies on surface scans of
“good” (i.e. proposed ingesta-related) ante-mortem surfaces, but those scans which appear
suspicious are excluded (i.e. the “bad and ugly”) and never shown in publications. “Bad”
surfaces with dirt (i.e. dust or lint) attached or “ugly” wear surfaces which have been potentially
affected by post-mortem surface alteration are usually excluded from analyses (Ungar et al.,
2008; Schulz et al., 2010; Purnell et al., 2013). On the one hand, this guarantees higher quality
of the selected “good” ingesta-related surface scans, but on the other hand it reduces the
sample drastically (Ungar et al., 2008). However, selecting only “good” ingesta-related dental
surface depending on the subjective view of the observer does not consequently guarantee
“high quality” datasets. This selection can improve datasets, the more experienced the user,
and the better be the selection. Further, every DMTA study focused on diet or feeding
behaviour of vertebrates relies on user expertise to sort reliable (i.e. ingesta-related) from un-
reliable surface scans (negative results) out by recognizing variable and sometimes unknown
surface features. Therefore, we see a need to publish these negative results and compile a
dataset of scans of obviously altered surfaces to better characterise the “bad and ugly” surface
features. Here we provide a first general orientation for researchers applying DMTA, and focus
on “bad and ugly” dental surface scans resulting from preparation blunders during collection,
cleaning (adherent dirt or remaining varnish or glue), moulding or enamel defects. For the first
time, these “bad and ugly” surfaces were not identified and excluded by individual researchers,
but instead were included and standardised surface texture parameters were used to quantify

“bad and ugly” surfaces using an automated software tools in order to be objective.

To do so, we employed two different DMTA approaches: scale-sensitive fractal analysis
(SSFA, Ungar et al., 2003) and 3D surface texture analysis (3DST, Schulz et al., 2010). Both,
SSFA and 3DST, use optical topometry at the um-scale to produce 3D representations of the
enamel surface and rate the distribution and geometry of topographic features in three-
dimensions. In SSFA, complexity and anisotropy of the surfaces are described, using length-
scale and area-scale fractal parameters (e.g. Ungar et al., 2003, 2012; Scott et al., 2006; Scott,
2012). In 3DST, surfaces are characterised using standardised surface texture roughness (ISO
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25178) and flatness (ISO 12781) parameters, as well as additional motif, furrow, direction and
parameters (Schulz et al., 2010, 2013a, b; Purnell and Darras, 2016; Kubo et al., 2017; Purnell
et al., 2017; Winkler et al. 2019).

In this study, we test the hypothesis, that the observer-biased, visual separation of
ingesta-related ante-mortem wear, done by the authors, and any kind of post-mortem alteration
can statistically be supported by different 3DST and SSFA parameters. We further compile a
literature-based overview of thresholds for DMTA parameter values from unaltered, diet-
related wear surfaces, and compare them to parameter values obtained for the “bad” post-
mortem altered surfaces. We intend to find parameters or sets of parameters, which reliably
characterize post-mortem altered surface textures by values falling out of range of the
threshold set by literature values, and therefore help to discard “bad” surface scans on
objective parameter basis, rather than on subjective, visual basis. In theory, it should be
possible to identify extreme post-mortem wear features, such as cracks in the enamel or
bubbles in the moulding silicon. However, if the features are very small and/or only cover small
areas of the dental surface, they might not affect parameter values significantly and therefore
could be concealed. So far, presumably altered, “bad and ugly” surfaces are excluded during
the cleaning, moulding and scanning procedure on a qualitative basis by an experienced
observer. It is necessary to quantitatively test if DMTA itself can - based on surface features
characterised by surface texture parameter values - separate post-mortem altered “bad and
ugly” from ante-mortem “good” wear surfaces. This will be helpful in future studies and
interpretations based on DMTA to avoid taphonomic artefacts in assessing diet related ante-
mortem wear features as well as help to understand the limits of the method in distinguishing

ingesta-related and taphonomic wear.

5.3 Material and methods

5.3.1 Dataset structure

Single scans of “bad” post-mortem altered dental surface textures of the selected taxa
were included in this study (Table 5.1 and ES5.1). Scans were taken between 2003 and 2019
from different, mostly museum specimens (Table ES5.1), however, have not been included
into published studies according to their badly preserved dental surface or bad quality of the
moulds. Some scans are already used as examples for bad surfaces to train students and
young researcher fellows in the DMTA lab of Thomas M. Kaiser at the Center of Natural
History, University of Hamburg. The dataset includes a large number of mammalian species
and additionally reptilian and synapsid samples. All teeth were cleaned with water to remove
adherent dust or dirt particles, ethanol for removing lipids and acetone for removing remaining

glue or varnish, often applied on museum specimens.
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Table 5.1. Sample set for the “bad and ugly” dataset. Type of defect, class, taxon, trivial name
and number of specimens and scans per specimen and number of total scans per “bad and

ugly” surface category and ingesta-related dental surfaces.

- n of n single Scans
Type Class Taxon Trivial name individuals scans in total
Connochaetes .
N mammalia taurinus blue wildebeest 2 2
crack in Canis lupus grey wolf 1 1
enamel
diapsida Allosaurus Allosaurus 2 2
P Ceratosaurus Ceratosaurus 1 5 10
mammalia Z;Zg ?alzﬁg;‘herlum Primeval horse 2 2
post-mortem Theropoda theropod 1 3
scratches diapsida Iguanodon Iguanodon 1 1
P Allosaurus Allosaurus 1 3
Tyrannosaurus rex Tyrannosaurus rex 1 1 10
Hippotherium . .
primigenium Hipparion 3 22
mammalia Goirilla gorilla gorilla we§tern lowland 3 3
gorilla
Paranthropus Robust 1 1
robustus australopithecine
Amblyrhynchus A
varnish crista};usy marine iguana 2 2
ida/ Genovum broilii 1 19
sauropsida Synapsida indet. 1 9
diadectomorpha O};obgtes 1 18
/synapsida
ynapst Pristerognathus 1 2
Diadectes 1 5
Pareiasauria 1 8 89
g;?s) ?;iig;herlum Primeval horse 2 5
Hippotherium . .
primigenium Hipparion 1 2
Bison bison bison 1 1
Canis lupus grey wolf 5 5
Connochactes blue wildebeest 1 14
gSrTaac%e of mammalia Giraffa three-horned 1 1
camelopardalis giraffe
Goirilla gorilla gorilla western iowiand 5 3
gorilla
g;%)jéaeotherlum Primeval horse 1 1
Diceros bicornis black rhinoceros 1 1
Equus grevyi Grévy's zebra 1 2
diapsida Diplodocidae 1 4 43
Candiacervus sp. 2 2
(f:r?cl)lrlgmg mammalia gc:;;clﬁhaetes blue wildebeest 1 5
Canis lupus grey wolf 1 1 8
Candiacervus sp. 5 6
surface ‘ Canis lupus grey wolf 6 28
covered mammalia gczggzc;haetes blue wildebeest 1 1
Equus grevyi Grévy's zebra 1 1 36
erjcr;?:: mammalia Canis lupus grey wolf 2 3 3
Canis lupus grey wolf 2 2
attached it~ "ammalia Connochactes blue wildebeest 1 8
sauropsida Iguana iguana green iguana 2 3 13
Camarasaurus 2 5
drill traces diapsida/ sauropsida Diplodocidae 1 1
Crocodylus sp. 1 2 8
ingesta- mammalia Equus sp. horse 2 48
gtzlffga(igental sauropsida Crocodilus niloticus Nile crocodile unknown 48 96
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The exception from this cleaning procedure are the green iguana teeth. Those teeth
were extracted from extant animals having undergone feeding experiments and were cleaned
according to a cleaning protocol using 3 % NaOCI (for 2 hrs) and distilled water. Afterwards,
sample were dried at 40 °C over night. Scans were either taken on the original dental surface
or on moulds of the original facets (Table S1). Moulds were produced using high-resolution
silicone-vinylpolysiloxane precision impression material Provil novo Light regular set EN ISO
4823, type 3, light (Heraeus Kulzer GmbH, Dormagen, Germany). Casts were produced using
epoxy resin (Injektionsharz EP, Reckli GmbH, Herne, Germany). We did not choose specific
sides or tooth positions; therefore, the dataset comprises both sides, teeth and facets for the
mammal and reptile/synapsid species (Table ES5.1). The different types of post-mortem wear
features are not produced on purpose and together with the great variety of different scanning
positions, we are able to cover variable expressions of the different “bad” post-mortem wear

features.

Scans were sorted into post-mortem feature groups, whereby multiple scans can
belong to multiple groups because a dental surface can have more than one typical bad
surface structure, e.g. post-mortem scratches together with adherent dirt. Altogether, nine
different groups of “bad” post-mortem altered surface defects from different mammalian and
reptilian taxa were compiled and compared to one sample set of unaltered Equus sp. (Béhm

et al., 2019) and one sample set of unaltered Crocodilus niloticus teeth (Table 5.1 and ES5.1).

5.3.2 Dental microwear texture analysis

Following the protocol described in Schulz et al. (2010), a high-resolution disc-scanning
confocal 3D-surface measuring system psurf Custom (NanoFocus AG, Oberhausen,
Germany) with a blue LED (470 nm) and high-speed progressive-scan digital camera (984 x
984 pixel) was used for surface measurements. A x100 long distance lens (numerical aperture
0.8) with a resolution in x, y=0.16 ym, and z=0.06 ym was used, non-overlapping 160 x 160
MM square areas were scanned per specimen. Scans with surface oriented too obliquely were
rejected (i.e. vertical displacement range 6z > 60 pm). MountainsMap Premium v.7.4.8676
software was used for data evaluation and we applied 3D (enamel) surface texture analysis
(compare Schulz et al., 2010, 2013a, 2013b; Calandra et al., 2012) and scale-sensitive fractal
analysis (SSFA) after Ungar et al. (2003) and Scott et al. (2006). Selected SSFA parameters
(complexity and anisotropy) are implemented as an additional new module in MountainsMap
Premium v. 7.4.8676 and are no longer analysed in the sfrax or toothfrax software as described
by Ungar et al. (2003). In total, we employed two SSFA, thirty 3D-surface roughness
parameters (according to ISO 25178, Schulz et al., 2013b); and fourteen motif, furrow, isotropy,
and ISO 12781 (flatness) parameters (Table S4.3). All specimens measured are listed in the
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supplements (Table ES5.1). Detailed description of the MountainsMap templates are included
in the supplements. Scans were performed on the original dental surface and casts, or directly
on the moulds of facets and dental surfaces. Therefore, all scans performed on moulds were

mirrored along the z-axis.

I.  Mammal template. For analysis of scans of original upper right molar and premolar

teeth. Original upper left teeth were mirrored along the y-axis to obtain the same
orientation as in upper right teeth. Casts are treated as original teeth. All moulded upper
right teeth were mirrored along the x-axis. Lower jaw teeth were treated the same way.

IIl.  Reptile template. This template is designed for original upper right teeth; all teeth were

treated the same way. The main difference to the mammal template is the form removal
based on a 4" polynomial function, because the curvature on reptile teeth is stronger

as compared to most mammals.

5.3.3 Statistics

Data processing and statistical analyses, including principal component analyses
(PCA) were performed with the open-source software R v.4.0.0 (R. Development Core Team,
2020) using the packages xlIsx (Dragulescu, 2014), rdava (Urbanek, 2016), doBy (Hgjsgaard
and Halekoh, 2016), R.utils (Bengtsson, 2016), WRS version 0.12.1 (Wilcox and Schonbrodt,
2010), factoextra (Kassambara, 2017), plyr (Wickham, 2011), ggplot2 (Wickham, 2016), Rcpp
(Eddelbuettel, 2011, 2013) and rela (Chajewski, 2009). We used only single scans and did not
produce any mean or median values, as typically used in 3DST studies (e.g. Schulz et al.,
2010, 2013a, b; Winkler et al., 2013, 2016, 2019a). Schulz et al. (2013a) have shown that that
surface texture data of mammalian teeth are non-normally distributed and heteroscedastic,
which was verified using the Shapiro-Wilk test (Shapiro and Wilk, 1965). We proceed the data
using the method of Wilcox (Wilcox, 2003, 2005, 2012), with the robust heteroscedastic Welch-
Yuen omnibus test (Welch, 1938; Yuen, 1974) together with a heteroscedastic pairwise
comparison test (“Lincon test”, according to Dunnett's T3 test (Dunnett, 1980)). For removing
outliers and for non-normality, data were trimmed (15%). Afterwards, we performed the robust
heteroscedastic rank-based test in accordance with Cliff (Cliff, 1996; Schulz et al., 2013a). We
compared the “good” ingesta-related ante-mortem enamel surfaces with each of the different
types of “bad” post-mortem surfaces. No pairwise comparison of the different “bad” post-
mortem surfaces was performed. For validation of adequacy and justification of conduction of
PCAs on our data, we used the Kaiser-Meyer-Olkin test for sampling adequacy (value>0.5)
and Bartlett’s test of sphericity (<0.05). PCAs were built using the function prcomp() with

singular value decomposition (SVD). Detailed results for the PCAs are given in the Electronic
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Supplement (Fig. $5.1, Table $5.2), all principal components (PCs) with standard deviation
of over 1.0 are considered in the result section. We set a cut-off value of 0.4 for factor loading
(Budaev, 2010), describing the most important parameters in the PCA (Table $5.2).

54 Results

A great variety of different surface or moulding defects exist (as illustrated in the
photosimulations Fig. 5.1, Fig. $5.2-S5.10). Several types of post-mortem scratches can be
found. These scratches often crosscut other wear features and can be qualitatively described
as deeper and straighter than ante-mortem scratches. In contrast, cracks in the surface are
not straight although they are frequently deep and wide. Surfaces with varnish residue, as well
as eroded ones, result in a blurred dental surface. Adherent dirt, a covered surface and bubbles
in the moulding material can produce topographic elevations which are much larger/higher
than peaks caused by ante-mortem wear processes. The drill traces produced by diamond
studded dill heads show pronounced, deep valleys on the surface, with several, parallel
running scratches. The group which includes different kinds of surface damages of unknown
origin or cause, shows very rough and unnaturally shaped surface structures in general. This
category shows the broadest variability in surface structure and parameter space (Fig. $5.6
and S5.11).

108



Chapter 5

v Y

:;;va(Qhergé'nt' dirt

Figure 5.1. Photosimulations of enamel surface scans (160 x 160 um) of different types of “bad” post-mortem surface textures is shown with arrows
pointing to the according alteration features. These “bad” post-mortem surfaces represent examples of common naturally or anthropogenically altered
surface textures due to moulding and surface defects: post-mortem scratches, varnish residue, cracks in the enamel, adherent dirt, different kinds
of surface damages, drill traces (diamond studded drill bit traces from enamel sampling for isotope analysis), moulding errors (i.e. air bubbles, paraffin

sweat out, detailed wear features not visible), and dental surfaces that are covered or eroded.
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Table 5.2. Significant DMT parameters (p-value value in brackets derived from “Lincon” test, confirmed by Cliff's method) for the pairwise comparison
of the ingesta-related “good” ante-mortem dental surfaces with the different types of “bad” post-mortem dental surfaces.

Peak Plateau

. Slope Volume
sharpness size

Vme (0.054), Vv

Area Complexity Density Direction Height

Moulding Sa (0.060), (0.051), Vve
errors mea Sq (0.078), Smc (0.118), Vwv
(0.011) Sxp (0.086) (0.055) (0.619)

Cracks in the
enamel

Adherent dirt 2’8‘_9;99)

Drill traces

Post-mortem

scratches

Varnish mea epLsar

residue (0.024) (0.005)

Surface

covered

Surface mea S5p (0.039), Spc
eroded (0.095) Sz (0.108) (0.209)
Damage on mea Sa (0.038),

the surface (0.011) Sz (0.082) Vmc (0.031)
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All nine identified groups of “bad” post-mortem surfaces are characterised by many
extreme parameter values in the surface texture parameter space (Fig. $5.11, Table $5.3 and
S§5.4). However, due to high parameter variance and the large number of outliers in the
parameter groups, “bad” post-mortem surface scans cannot be unambiguously distinguished
from one another. Moreover, according to the high variability of the different categories, they
are hardly distinguishable from non-altered wear surfaces, although Cliff’'s method displays
significant differences between “good” ingesta-related and “bad” post-mortem surfaces
(Table 5.2 and S5.3-S5.4). Cracks in the enamel, drill traces, post-mortem scratches and
covered surface are not different in all parameter groups from ingesta-related dental surfaces
(Table 5.2 and S5.4). For the mean area (mea) moulding errors and eroded or damaged
surfaces have significantly higher parameter values than ingesta-related dental surfaces, while
adherent dirt and remaining varnish is significantly lower than ingesta-related dental surfaces
(Table 5.2 and S5.4). Remaining varnish is additionally significantly higher in epLsar than
ingesta-related dental surfaces (Table 5.2 and S5.4). The complexity, density and slope
parameter groups did not display any significant differences between different groups. In
general, moulding errors have significantly larger height (Sa, Sq, Sxp) and volume (Vmc, Vv,
Vve, Vvv) parameter values than ingesta-related dental surfaces (Table 5.2 and S5.4), while
they are lower in Spc. Also surface damages of unknown origin show significantly larger height
(Sa, Sz) and volume (Vmc) parameters than “good” surface, while eroded dental surface have
significantly higher S5p and Spc parameter values and lower Sz parameter values compared
to ingesta-related dental surfaces (Table 5.2 and S5.4). The biplot of medf vs. metf indicates
that all kinds of “bad” post-mortem surfaces cluster together with the “good”, ingesta-related
dental surfaces (Fig. 5.2A). In general, the ingesta-related dental surface textures show
relatively little variance in parameter values, while those of all other scans show a larger
scatter. Importantly, however, no type of “bad” post-mortem surfaces can be clearly separated
texturally from “good” (i.e. ingesta-related) surface. The scans with post-mortem scratches
tend to show higher metf values, while eroded and covered surfaces show lower values
(Fig. 5.2A). Drill traces show much deeper furrows (higher metf, Fig. 5.2A), as for example
post-mortem scratches or cracks in the enamel, where deeper furrows are expected as well
(Fig. 5.2A). If the enamel surface is covered with remaining varnish or glue, the parameter
space nonetheless largely overlaps with that of the unaltered, ingesta-related enamel surfaces.
However, values tend to have much lower metf values, while the scatter along the medf

parameter increases (Fig. 5.2A).
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Figure 5.2. Results for the “bad and ugly” dataset. Biplot of A. metf (um) versus medf (cm/cm?)
and B. Asfc vs. epLsar for the different types of altered enamel surfaces (coloured circles) in
comparison to “good”, ingesta-related, well-preserved dental surface scans (black circles) that
define the parameter space of ingesta-related surfaces (grey area). C. Principle component
analysis (PCA) of surface texture parameters from each category (Table S4.3) with good
separation. Large symbols in PCA plot mark the mean of the area of the different “bad” post-

mortem surface categories. Note the large overlap of all categories in the three plots.
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In the SSFA biplot Asfc vs. epLsar, different kinds of “bad” post-mortem surfaces
display high complexity values, however, no single “bad” post-mortem surface category
consistently exhibits such a high complexity for all surface scans (Fig. 5.2B). In a PCA with a
set of 12 different parameters, the ingesta-related surfaces again show a large scatter and
overlap with most “bad” post-mortem surfaces. The “bad” post-mortem surface category of drill
traces and attached dirt is separated from the ingesta-related surfaces along PC1, explaining
36.8% of the variance with Sq, Vm, FLTt and metf considered to be most important
(Table $5.2). Also, the mean area of the different types of surface defects falls outside the
narrow cluster of the majority of scans (Fig. 5.2C). PC2 and PC3 describe 21.6 % and 11 %
of the variance, but there is almost no separation possible along those two PCs. Only a covered
surface is slightly separated along PC3, with isotropy (/sT) as best distinguishing parameter
(Table S5.2).

5.5 Discussion

Blunders during preparation and moulding or errors during measuring of the surface
and defects on the surface can be detected by eye, but predominantly still fall in the same
broad parameter space as “good” ingesta-related dental surfaces. The most difficult alteration
to identify by naked eye is a thin cover of translucent conservation varnish. Dental surfaces
coated with varnish have a slightly blurry appearance which has the effect of “smoothing” the
relief of normal wear features. In the parameter space of the biplot metf — medf varnish has a
huge overlap with “good” ingesta-related surface scans (Fig. 5.2A). This is likely due to the
variable thickness of the varnish layer and the detection of gross topography underneath the
varnished surface. Most likely, if the layer is thick, wear features and most of the surface
roughness can be completely obscured; but if the layer is relatively thin, however, the
parameter values are almost similar to “good” ingesta-related surfaces, but slightly shifted
towards a reduced depth of furrows. Complete removal of vanish from museum specimens
could be a critical and challenging task sometimes, and it is difficult to ensure that all varnish

is removed before moulding and measuring.

In general, shifts of parameter spaces and values are detectable for different kinds of
dental surface alteration or defects/blunders, but no clear separation of those “bad” post-
mortem surfaces from “good” (i.e. diet related) surfaces was possible. Especially in very fragile
fossil specimens, e.g. small bubbles in moulds or casts often cannot be avoided. These small
bubble-like features in casts created from silicone moulds may result from small bubbles which
formed during the moulding or from transpiration of paraffin drops when the silicone is stored
under high temperatures. If such minor blunders do not result in significantly different

parameter values from surface without obvious defects/blunders, it may be possible to include
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them to extend limited datasets. Still, it is advisable to analyse both, surfaces with visible
defects/blunders, and surface showing (potentially) only diet-related traces, separately. When
the “bad” post-mortem surfaces yield comparable results to the “good” ingesta-related
surfaces, including them may be justified, but needs to be evaluated thoroughly on a case by
case basis. By no means we want to encourage to include altered surfaces, but for small

(fossil) sample sizes, inclusion might be inevitable.

We compiled published values of different dental surface parameters to establish a
range of ingesta-related parameter values for small and large mammals, both from wild
specimens and feeding experiments as well as for wild lepidosauria (Table 5.3). The
lepidosauria show a much larger range in parameter values than mammals. Overall, the “good”
ingesta-related surface measurements scatter a great deal. According to the high number of
outliers in the dataset and the different “bad” post-mortem surface categories, we try to identify
those categories which are outside the ingesta-related parameter range of extant mammals
and reptiles (Table 5.3). The PCA shows that different parameters with factor loading over
+/- 0.4, such as Sq, Vm, Spd, FLTt, nMotif and metf, can potentially help to detect ranges of
different types of “bad” post-mortem surfaces (Fig. 5.2C). In most cases, the “bad” post-
mortem surfaces show maximum parameter values that surpass those of the ingesta-related
parameter space, especially for the parameters Asfc, FLTp, metf, Sa, Shv, Smc, Sq, Sz, Vmc,
while the parameters Spd and medf vary within the literature parameter space. For medf the
minimum values in the categories moulding errors and surface defect are much lower than for
the ingesta-related parameter space (Table 5.3). Interestingly, the drill traces caused by
enamel sampling for isotope analyses do not show higher maximum values than the published
values for extant vertebrates. However, they show lower minimum parameter values thus, the
range of parameter space for this “bad” post-mortem surface category is smaller than the
literature range (Table 5.3). We combine the information about surface texture parameters
from each category with good separation and factor loadings of lower -0.4 and higher 0.4 from
the PCA (following Budaev, 2010) the range of published ingesta-related parameter values.
For this threshold, we calculated 10 % of the mean literature value for mammals and
lepidosaurs and added this 10 % to the maximum parameter value and subtracted it from the
minimum parameter value (Table 5.3). Parameter values which exceed this threshold may
potentially indicate dental surfaces that were overprinted through post-mortem mechanical
and/or chemical alteration processes as they fall outside of the known ingesta-related

parameter space.

114



Chapter 5

Table 5.3. Compilation of published minimum and maximum parameter values for different large and small mammal species from the wild and
feeding experiments as well as different extant lepidosauria compared to different categories of surface defects and errors. Based on these literature
values a threshold for “good”, ingesta-related parameter values for mammals and lepidosauria was defined. n.a. = not available, min = minimum
parameter value, max = maximum parameter value. For parameter description see Table S4.3. Parameter values in the different surface categories,
which greatly exceed literature range are highlighted in bold, whereby the “bad” post-mortem surface categories moulding errors, surface covered,
surface eroded, adherent dirt and surface damages are mostly compiled on mammalian data and are compared to the mean of the mammal studies,

while the “bad” post-mortem surface categories remaining varnish, cracks in the enamel, post-mortem scratches and drill traces mostly compiled

reptile data and are compared to the study of Winkler et al., 2019b.

Data Taxon Asfc FLTp [pm] IsT [%] medf [cm/cm?] metf [pm] Sa [um]
min max min max min max min max min max min max
Catz et al. 2020* Rangifer tarandus 0.394 5.36 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Ackermans et al. 2020 Ovis aries 0 25 n.a. n.a. n.a. n.a. 4050 4800 0.3 0.9 0.3 1
Schulz et al. 2019* Pan troglodytes verus n.a. n.a. 0.44 4.98 17 79 1840 3003 0.1 1.1 0.1 1.3
Diceros bicornis,
Ceratotherium simum,
Hullot et al. 2018* ?L’;;f;?rrgr’;;’: 0.32 10.51 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Rhinoceros unicornis ,
Rhinoceros sondaicus
Kubo et al. 2017 * Cervus nippon 3.56 7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.6 1.3
Connochaetes
Schulz et al. 2013a ﬁé’gg]‘l’; ED(;CU‘Z’:Z oy, M na. 0 2.2 20 75 4400 5400 0.2 1.2 0.1 1.1
Giraffa camelopardalis
mean of large mammal studies 1 14 0 4 18 77 3430 4401 0 1 0 1
Robinet et al. 2020 cawomqrphs 0.12 8.87 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
(Rodentia)
Winkler et al. 2019bb* Cavia porcellus n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Winkler et al. 2016 Rattus rattus n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.1 0.4
mean of small mammal studies 0.12 8.87 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.1 0.4
mean of mammal studies 1 13 0 4 18 77 3430 4401 0 1 0 1
moulding errors only mammalia 1.09 29.45 1.02 8.79 21.07 77.83 2042 4783 0.29 3.29 0.37 2.86
surface covered only mammalia 0.45 11.04 0.21 156.06 9.3 91.14 3380 4659 0.14 100.33 0.1 79.79
surface eroded only mammalia 1.95 3.98 0.8 1.85 61.69 73.03 3540 4171 0.3 0.41 0.37 0.53
attached dirt mostly mammalia 1.43 103.47 0.59 11.97 9.15 80.95 3676 5026 0.3 5.47 0.27 4.19
surface defects mostly mammalia 0.98 74.75 0.28 15.59 8.62 88.72 3181 5034 0.17 4.19 0.12 2.74
Winkler et al. 2019a* Lepidosauria 0.4 41.19 0.38 9.16 5.52 86.21 2825 5447 0.19 1.23 0.13 1.42
varnish mostly synapsids 1.49 74.75 0.33 15.59 9.02 89.37 3181 5413 0.22 4.19 0.13 2.74
cracks in the enamel more reptilia 3.31 32.82 0.75 4.61 5 57.99 3638 5140 0.39 1.12 0.26 1.59
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post-mortem scratches more reptilia 1.39 10.61 0.61 16.3 70.77 0.79 3704 4890 0.3 0.83 0.15 0.51
drill traces only reptilia 7.55 31.53 2.36 11.08 69.84 217 3978 4528 0.78 1.89 0.58 1.36
preliminary threshold from mammals 0.9 14 0.2 3.95 16.56 84.7 3087 4841 0.19 1.18 0.23 1.1
literature lepidosauria 0.36 45.3 0.34 10.07 4.97 94.83 2542 5991 0.17 1.36 0.12 1.57
Table 5.3. (continued)
Data Taxon Shv [um?] Smc [pm] Spd [1/pm?] Sq [um] Sz [um] Vmc [um3/pm?]
min max min max min max min max min max min max
Catz et al. 2020* Rangifer tarandus n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Ackermans et al. 2020 Ovis aries n.a. n.a. 0.4 1.6 n.a. n.a. n.a. n.a. n.a. n.a. 0.3 1.1
Schulz et al. 2019* Pan troglodytes verus 1 87 0.2 1.7 0 0.022 0.174 1.798 1.513 13.334 0.1 1.3
Diceros bicornis,
Ceratotherium simum,
Hullot et al. 2018* cherorh/m_Js n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
sumatrensis,
Rhinoceros unicornis ,
Rhinoceros sondaicus
Kubo et al. 2017 * Cervus nippon 5 24 0.94 2 0 0 0.84 1.6 5.61 9.65 0.6 14
Connochaetes
Schulz et al. 2013a f.“””“.s' Diceros ~ 0 20 0.25 1.45 0 1.7 0.25 15 n.a. n.a. 0 1
icornis, Equus grevyi,
Giraffa camelopardalis
mean of large mammal studies 2 44 0 2 0 1 0 2 4 11 0 1
Robinet et al. 2020 cawomo_rphs n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
(Rodentia)
Winkler et al. 2019bb* Cavia porcellus 0 2 n.a. n.a. 0.01 0.04 0.15 0.55 1 5 0.1 0.5
Winkler et al. 2016 Rattus rattus n.a. n.a. 0.1 0.6 n.a. n.a. 0.1 0.5 n.a. n.a. 0.1 0.4
mean of small mammal studies 0 1.5 0.1 0.6 0.01 0.04 0.13 0.53 1 5 0.1 0.45
mean of mammal studies 1 33 0 1 0 0 0 1 3 9 0 1
moulding errors only mammalia 0.5 94.34 0.61 4.52 0 0.02 0.5 3.42 5.06 18.17 0.39 3.21
surface covered only mammalia 0.07 10.9 0.14 110.57 0 0.03 0.14 111.26 1.13 826.69 0.08 1.27
surface eroded only mammalia 0.48 4.45 0.58 0.95 0 0.01 0.46 0.69 2.66 9.49 0.43 0.55
attached dirt mostly mammalia 0.49 33.15 0.38 6.81 0 0.06 0.38 5.71 3.49 44.14 0.25 4.34
surface defects mostly mammalia 0.19 14.1 0.18 3.82 0 0.06 0.17 3.99 1.57 28.31 0.12 2.53
Winkler et al. 2019a* Lepidosauria 0.1 327.76 0.22 2.17 0 0.01 0.16 1.89 1.86 30.74 0.14 1.52
varnish mostly synapsids 0.18 13.63 0.22 3.82 0 0.06 0.17 3.99 1.74 28.57 0.14 2.53
cracks in the enamel more reptilia 1 26.21 0.39 2.98 0 0.01 0.34 2.06 3.42 17.63 0.25 1.94
post-mortem scratches more reptilia 0.76 3.95 0.23 0.79 0 0.02 0.21 0.69 2.21 6.76 0.15 0.5
drill traces only reptilia 4.07 9.34 0.89 2.17 0 0.01 0.87 1.82 9.67 22.51 0.5 1.41
preliminary threshold from mammals 1.34 36.43 0.34 1.63 0 0.49 0.27 1.32 2.44 10.26 0.19 1.06
literature lepidosauria 0.09 360.54 0.2 2.39 0 0.01 0.15 2.08 1.68 33.81 0.13 1.67
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Nevertheless, it was still not possible to find a single surface parameter or combination
of parameters to clearly and unambiguously identify altered dental surfaces of any specific
kind. Therefore, the observed surface alteration defects cannot be clearly distinguished via the
selected texture parameters as proxies for alteration, even though such surface alteration
features are readily visually identified by the naked eye and a threshold might give information
about the validity of a given surface. The mismatch between visual and DMTA identification of
altered enamel surfaces might be due to the fact that alteration defects do not cover the whole
enamel surface scan area in many cases. Often, especially when only a few suspicious
scratches or one enamel crack are present, the good surface area covers more than 80%. The
majority of ISO parameters evaluate the whole surface and report a mean value (e.g. Sa —
mean surface roughness), therefore the importance of small, altered areas, may be less
preponderate. Moreover, all “bad” post-mortem surfaces included in this study were treated
like “good” ingesta-related surfaces, i.e. subjected to the same post-scanning filtering protocol.
This includes several filters to remove noise, non-measured points, and outliers. The impact
of non-diet related surface artefacts is therefore minimized by the filtering routine, and only

extreme alterations can be seen in the parameter values, obscuring minor defects.

Still the trained eye of an experienced user is able to differentiate easily between
different ingesta-related (“good”) and taphonomically altered (“bad”) surfaces, such as post-
mortem scratches, cracks, drill traces, dirt, or bubbles in moulds. Even if the presence of most
defects/blunders may be negligible, it is still desirable to be aware of their presence, so that
the researchers are aware of potential effects on their data. This differentiation can be difficult,
therefore, experience in surface texture analysis as well as a representative reference
database of badly preserved/altered enamel surfaces is necessary. Where DMTA is used,
such a database of good and bad surfaces is needed during the training of new unexperienced
users as well as a helpful reference tool for experienced users. Here, we provide an example
and we would like to encourage other working groups to start collecting and share data, to
enlarge the exemplary database and provide an resource for DMTA for various laboratory and
measurement systems. We want to encourage a discussion about what is the best way to
share cross-laboratory DMT data and scans. As reliability of dental wear studies hugely
benefits from assessing intra-species or intra-population variation, the volume of DMTA data
expands continuously. It is our vision and hope that standards for data quality control could
and need to be established beyond the borders of individual working groups and measurement
systems to train future generations of researchers and foster data exchange. Consequently,
this would allow as a logical next step for the future direction of dental microwear research to
establish and share large databases of this type to facilitate “big data” analysis. Big data
analysis can use various approaches, e.g. using machine learning or neural network
algorithms on artificially produced surface textures in order to detect patterns of surface
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textures of fossil taxa. Training neural networks could also be an option to detect those
suspicious alteration features visible to the naked eye, but not detectable by the currently
available DMT parameters. Furthermore, other computer algorithms, e.g. machine-learning
approaches could facilitate diet reconstruction in identifying diet characteristics as well as

altered surface features to identify wear patterns that are beyond parameter values.

5.6 Conclusions

Surface texture parameter values of altered dental surfaces often cannot be
unambiguously distinguished from ingesta-related ante-mortem wear by DMTA. This is due to
the surface texture parameter values of post-mortem altered textures often falling within the
same parameter space as ingesta-related ante-mortem wear. Thus, there seems to be no
single surface texture parameter and no specific set of parameters that can be used as
alteration proxies to sort out altered “bad” surfaces using the DMTA method itself. However, it
was possible to set thresholds for some DMT parameters, based on literature values for the
surface parameter space of “good” ingesta-related enamel surfaces. This helps to identify at
least strongly altered dental surface areas and exclude them after measurement. Even if
surface damage due to cracks or post-mortem scratches or the impact of attached dirt seems
to be minor, it is still strongly recommended to exclude such altered surfaces from DMTA, even
if they share a similar parameter space with well-preserved specimens. This will ensure the
best possible DMTA results. In general, an experienced DMTA user can more easily and
quickly visually distinguish between “good” and “bad” enamel surfaces than software. Ideally,
teeth or enamel surface areas with alteration artefacts or defects should be excluded by
experienced researchers directly before measurement and DMTA rather than a post-hoc using
the surface texture parameters themselves. However, if a small amount of enamel surface
scans with unavoidable blunders during preparation slip through the sort out process, they do

not seem to reduce the sample quality massively.
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5.8 Supplement

Operators used in MountainsMap template:

Mammal template

1. Orientation of dental surface with LS-surface using subtraction
Noise-cancelling median filter (5 x 5) and Gaussian filter (3 x 3)
Filling of non-measured points

Threshold to reduce height and depth using the material-% (0.5-99.5 %)

o ~ w0

Soft strength removal of isolated outliers, outliers at the edge and with a maximum
allowed inclination (85°)

6. Form removal using a 2nd order polynomial.

Reptile template

1. Orientation of dental surface with LS-surface using subtraction
Noise-cancelling median filter (5 x 5) and Gaussian filter (3 x 3)
Filling of non-measured points

Threshold to reduce height and depth using the material-% (0.5-99.5 %)

o > N

Soft strength removal of isolated outliers, outliers at the edge and with a maximum
allowed inclination (85°)

6. Form removal using a 4th order polynomial.
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Figure S5.1. Principle component analysis (PC2 and 3) for the “bad and ugly” dataset of
surface texture parameters from each category (Table $4.3) with good separation. Large
symbols in PCA plot mark the mean of the area of the different “bad” post-mortem surface

categories. Note the large overlap of all categories.
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M

Figure S5.2 Exemplary photosimulations of “good” diet-related enamel surface scans (160 x
160 um if not mentioned otherwise). Large mammals: Connochaetes taurinus, Giraffa
camelopardalis, Equus grevyi (Schulz et al., 2013a); primates: Pan troglodytes (Schulz-Kornas
et al., 2019); small mammals (scan size 60 x 60 um): Cavia porcellus (Winkler et al., 2019a);
comparison for this study: Equus sp. (Béhm et al., 2019), Crocodylus niloticus; lepidosaurs:
Cyeclura cornuta, Tupinambis teguixin, Varanus niloticus, Varanus griseus, Uromastyx aegyptia
(Winkler et al., 2019b). Note that some reptile species have very pronounced scratches, which
are considered to be ante-mortem, since their enamel is very thin. Especially in faunivorous
taxa, scratches are often aligned at almost 90° towards the tooth apex, and likely result from
a pulling/tearing motion during prey capture. If only one deep scratch is present, and is aligned
differently from the main texture pattern, this is likely a sign of post-mortem wear (compare
Fig. S9).
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Figure S5.3. Exemplary photosimulations of enamel surface scans (160 x 160 pm) of moulding
errors are shown. In A-C. a large number of small air bubbles are included in the silicone.
These small bubbles are expressed as dark dots, lower in the moulds, with sharp edges. In D—
F. the first two scans show larger bubbles and places, where the moulding material did not
cover the dental surface perfectly. In the last scan of Canis lupus, two different defects are
visible, a large post-mortem scratch, as well as moulding material, which deliver a more blurry

dental surface.

Figure S5.4. Exemplary photosimulations of enamel surface scans (160 x 160 um) of cracks
in the enamel are shown. This type of surface defect is often the case in fossil material,
especially in dinosaurs with thin enamel layers (B—F), Cracks are relatively large, long and

show “frayed” edges.
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Figure S5.5. Exemplary photosimulations of enamel surface scans (160 x 160 um) of dental
surfaces that are covered with substances of unknown origin are shown. These moulded
specimens show partly extensive thin or thick covers of the surface, moulded in form of

elevations. This category can be also mistaken for moulding errors.
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Figure S5.6. Exemplary photosimulations of enamel surface scans (160 x 160 um) of different

kind of surface damages are shown. This category shows very rough surface, partly large
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dales in the dental surface. The dental surfaces are looking generally strange and post-

mortem.

Figure S5.7. Exemplary photosimulations of enamel surface scans (160 x 160 ym) of adherent
dirt are shown. This category also shows a great variety of different expressions. A. and C.
shows large, extensive layers of some kind of dirt. D. and F. shows only single, small bits of
attached dirt, expressed as little dark dots. Similar to bubbles, dirt on the dental surface in
moulds is lower, while it is elevated on original dental surfaces. It mostly has sharp edges and
could be clearly separated from wear features B. and E. are showing really large, single bits
of dust or maybe frays from the cleaning procedure. Those extreme features are easily

distinguishable from normal wear features according to their enormous size.

Figure S5.8. Exemplary photosimulations of enamel surface scans (160 x 160 um) of drill

traces (diamond studded drill traces from enamel sampling for isotope analysis) are shown.
This kind of post-mortem wear is very unusual and shows parallel straight and deep scratches
on the dental surface.
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Figure S5.9. Exemplary photosimulations of enamel surface scans (160 x 160 pm) of post-
mortem scratches are shown. This category has a great variety of different expressions and is
sometimes hardly to describe and differentiate from ante-mortem, ingesta-induced scratches.
Post-mortem scratches can be relatively small, however, still deeper and straighter than the
surrounding ante-mortem wear features (A). They can also be very long, deep and straight and
crossing all ingesta-related wear features. (B-D, F). In E. several short, but parallel post-

mortem scratches are shown, crossing ingesta-related wear features.
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Figure S$5.10. Exemplary photosimulations of enamel surface scans (160 x 160 ym) of varnish
residue are shown. This category can be difficult to identify and describe. It can also include
different other post-mortem alteration features, such as post-mortem scratches (D, F, G-I), or
surface damages of unknown source (C-D). In general, the dental surface appears to be
blurred, wear features are not as clear as without a varnish cover. Depending on the thickness

of the varnish layer, the ingesta-related wear features disappear completely (A).
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Figure $5.11. Boxplots for all dental microwear texture parameters for the “bad and ugly”
surfaces. The thick horizontal bar represents the median; the box encloses the first (25%)
and third (75%) quartiles; the whiskers extend to 1.5 times the length of the box (the

interquartile range); the small open circles represent outliers.

Table ES5.1. Type of defect, class, taxon and amount of scans per specimen and number of
total scans per “bad and ugly” surface category. n.a. = information not available. Table is

found in the electronic supplement.
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Table S5.2. Importance of components for PCA from the different types of altered enamel surfaces and the “good”, well-preserved dental surface

scans using 12 DMT parameter (Smr, medf, Spd, nMotif, Asfc, Spc, metf, Vm, Sq, FLTt, IsT, mea). Factor loadings for the parameter values are

represented in line 8-19.

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12
Standard deviation 2.102 1.611 1.148 0.966 0.916 0.828 0.650 0.512 0.480 0.415 0.284 0.205
C;?f;%rg;’” of 0.368 0.216 0.110 0.078 0.070 0.057 0.035 0.022 0.019 0.014 0.007 0.003
g;’o'gg'rzg‘f 0.368 0.584 0.694 0.772 0.842 0.899 0.934 0.956 0.975 0.990 0.997 1.000
Sq -0.445 0.015 -0.196 0.077 -0.060 0.093 -0.091 0.177 -0.214 -0.101 -0.520 -0.616
Smr 0.172 0.177 -0.252 -0.036 -0.884 -0.237 0.023 -0.079 -0.111 0.131 0.004 -0.007
vm -0.411 0.112 -0.062 -0.006 -0.051 0.162 -0.050 -0.810 0.312 -0.006 0.140 -0.104
Spd 0.028 0.565 -0.065 0.111 -0.049 0.070 0.022 0.311 0.646 -0.357 -0.104 0.051
Spc 0.213 -0.151 0.534 -0.148 -0.066 -0.659 0.221 -0.031 0.261 0.007 -0.256 -0.048
ELTt -0.435 -0.069 0.002 0.105 -0.126 -0.167 0.064 0.175 -0.254 -0.582 0.555 0.067
nMotif 0.079 0.502 0.182 -0.044 0.112 0.116 0.709 -0.152 -0.381 -0.021 -0.027 -0.092
mea -0.109 -0.368 -0.147 0.674 -0.105 0.118 0.500 0.075 0.219 0.197 -0.031 0.095
metf -0.447 0.114 -0.123 -0.134 -0.020 0.072 -0.017 0.038 -0.174 0.081 -0.388 0.748
medf 0.055 0.284 0.459 0.656 -0.040 -0.058 -0.422 -0.132 -0.247 0.019 -0.087 0.080
Asfe -0.380 0.297 0.072 -0.045 0.038 -0.032 -0.064 0.332 0.070 0.676 0.406 -0.129
IsT 0.063 0.197 -0.565 0.205 0.403 -0.636 -0.016 -0.143 -0.072 0.048 0.000 0.008
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Table S5.3. Descriptive statistics (mean £SD) for all DMT parameters for the “bad and ugly”
surfaces (see Table $4.3). Specimens of Equus sp. and Crocodilus niloticus are unaltered
and compiled as diet-related "good" surface, see Table ES5.1. Table is found in the

electronic supplement.

Table S5.4. Statistical results (p-values) for pair-wise comparison in all DMT parameters for
diet-related “good” surface scans and all different categories of “bad and ugly” surface scans
(see Table ES5.1). For parameter description, see Table S4.3. Significant p-values derived
by Welch-Yuen test (p< 0.05) are highlighted in bold. Significant differences between pairs
(by “Lincon’s” test) confirmed by Cliff's method are highlighted in bold. Table is found in the

electronic supplement.
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6.1 Abstract

Sharks are apex-predators that play an important role in past and present aquatic food
webs. However, their diet - especially in extinct species - is often not well constrained. Dental
microwear texture analysis (DMTA) has been successfully applied to reconstruct diet and
feeding behaviours of different aquatic and terrestrial vertebrates. However, unlike in
mammals, food-to-tooth contact in sharks is rather limited because only larger prey is
manipulated before swallowing. Together with a fast tooth replacement rate, this reduces wear
on individual teeth. Here, we present an explorative study of dental microwear texture on extant
and extinct sharks to test whether ante-mortem wear is related to ingested diet or habitat
preferences and resistant to post-mortem alteration processes. Shark teeth from 24 modern
species and 12 fossil species from different localities were measured. As an additional
comparison, extant shark teeth of Carcharhinus plumbeus were tumbled in sediment-water
suspensions to simulate post-mortem mechanical alteration by sediment transport. Only three
of the twelve extant shark species with three or more specimens had significantly different
dental surface textures. Furthermore, no clear relation between food or habitat preferences
and ante-mortem dental wear features was detected for this sample set. Tumbling modern
shark teeth with siliciclastic sediment of four different grain size fractions led to increasing
complexity of the dental surface. Fossil specimens resemble these experimentally altered
shark teeth more in complexity and roughness. Thus, fossil shark teeth seem to display either
very different (e.g. harder) diet-related wear or a strong degree of post-mortem alteration.
Based on our restricted sample size, dental wear of shark teeth does overall not seem to simply
reflect dietary differences; hence, it is difficult to use DMTA as reliable dietary reconstruction,

in either extant nor extinct sharks.

6.2 Introduction

Sharks (Galeo- and Squalomorphs) belong to the subclass Elasmobranchii, which has
a complex and long evolutionary history (Compagno, 1990; Maisey et al., 2004; Wilga et al.,
2007). After the Late Devonian mass extinction, the subclass diversified and radiated quickly
and become the oceanic apex-predators during the Carboniferous (Wilga et al., 2007; Long,
2011; Maisey, 2012). Sharks themselves evolved during the Lower Jurassic and after a loss
of genera during the end of the Cretaceous, they again radiated during the Lower Palaeocene,
reaching a high diversity during the Eocene (Guinot et al., 2012; Maisey, 2012). Today, there

are around 500 extant shark species (Compagno, 1990).

Still, relatively little is known about the ecology of sharks and their dietary preferences
are not well constrained beyond the fact that most sharks are zoophagous, with a few

exceptions (e.g. Leigh et al., 2018). Dietary information for extant sharks are predominantly
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derived from stomach content analyses (e.g. Ellis and Musick, 2006; Sommerville et al., 2011;
Espinoza et al., 2015), field observations (e.g. Ebert, 1991; Klimley, 1994), tooth morphology
(e.g. Tricas and McCosker, 1984; Simpfendorfer et al., 2001; Markaida and Sosa-Nishizaki,
2010), bite marks from shark attacks on prey remains (e.g. Ehret et al., 2009; Bianucci et al.,
2010) and stable isotope analyses of (hard-)tissues (Vennemann et al., 2001; Hussey et al.,
2012; Zigaité and Whitehouse, 2014; Churchill et al., 2015; Martin et al., 2015a). For fossil
sharks, information on feeding behaviour is sparse; fossilized stomach contents are rarely
preserved (e.g. Kriwet et al., 2007). In general, sharks are rarely fossilized because unlike
bony fish they have a less mineralized cartilaginous skeleton. In contrast, shark teeth are highly
mineralized, and are thus often well preserved as fossils. The teeth consist of an enameloid
layer of fluorapatite on top of dentin (Enax et al., 2012, 2014). Shark enameloid has similar
hardness values as compared to mammalian enamel (Whitenack et al. 2010), which is
composed of hydroxylapatite and also usually well preserved in the fossil record. As sharks
have a revolver dentition and permanently replace their teeth, shark teeth are very common in
the fossil record. Although taxonomy based on the morphology of isolated shark teeth
sometimes yields controversial results, the shape and serration of fossil teeth nonetheless
provides taxonomic information (e.g. Adnet and Cappetta, 2001; Straube et al., 2007) and can
show significant differences between species (Shimada, 2005; Marrama and Kriwet, 2017).
Although tooth morphology can also be a useful proxy for diet reconstruction, this method is
hampered by several different factors. For instance, individuals of the same species of modern
elasmobranchs can have nearly the same tooth morphology, although consuming a different
diet, and, conversely, the same diet can be consumed by different species with varying tooth
morphologies (Tricas and McCosker, 1984; Simpfendorfer et al., 2001; Markaida and Sosa-
Nishizaki, 2010). Furthermore, when teeth of extinct species are compared to extant species,
tooth morphology may be similar but differs in main features, such as presence or absence of
cusplets or serration characteristics (Welton and Farish, 1993; Purdy et al., 2001). Bite marks
on fossil prey bones, as proxy for diet reconstruction in extinct sharks, can be difficult to assign
to specific species (Kent, 2018). However, stable isotope analysis of carbon and nitrogen
isotopes (Hussey et al., 2012; Tamburin et al., 2020) as well as calcium isotopes (Martin et al.,
2015a) in shark teeth can yield information about the diet ingested and their trophic level in

food webs.

Dental microwear texture analysis (DMTA) is also a well-established, powerful dietary
proxy for mechanical food properties of the last meals. Abrasion and/or attrition cause material
loss and wear features at the pym-scale on the enamel surface (Dahlberg and Kinzey, 1962).
DMTA has successfully been applied to differentiate dietary groups in mammalian herbivores
(e.g., grazer and browser; Schulz et al., 2010; Fraser and Theodor, 2011; Calandra and
Merceron, 2016) and carnivores (e.g. Schubert et al., 2010; DeSantis et al. 2012, 2015, 2017;
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Stynder et al., 2019). The diet-related enamel microwear texture of mammal teeth seem to be
not significantly changed by mechanical diagenetic alteration during sediment transport, at
least for sandy substrates as demonstrated experimentally (Bohm et al., 2019). This is
encouraging for application of DMTA on fossil teeth. So far, DMTA has mainly been performed
on extant and fossil terrestrial mammalian species and has only recently been applied to
reptiles (Bestwick et al, 2019; Winkler et al., 2019a), aquatic mammals (Purnell et al., 2017)
and fish (e.g. Purnell et al., 2012; Purnell and Darras, 2016; McLennan, 2017).

However, there are potential issues with DMTA on shark teeth. Shark species with
broad, serrated teeth, such as great whites, tear or cut chunks of flesh from large prey. Those
teeth are also suitable for cracking hard items, such as turtle shells. Species with long, pointed
teeth, like the sandtiger shark, use their teeth to quickly grab and swallow smaller prey (e.g.
Lucifora et al., 2001; Ferrara et al., 2011). Some shark species like the nurse shark have
conical or flattened teeth for crushing crustaceans or molluscs. Similarly, molariform teeth,
found in e.g. Heterodontus, are for crushing and grinding prey (e.g. Whitenack and Motta,
2010). However, no mammal-like true chewing takes place in sharks, resulting in only brief
tooth-to-prey contact. This limits the food-to-tooth contact and hence dental wear. Another
potential issue is the fast tooth replacement rate (again reducing food-to-tooth contact), which
varies between different shark species (e.g. 8-10 days in lemon shark (Negaprion brevirostris;
Moss, 1967), a few weeks in leopard shark (Trikias semifasciata; Reif et al., 1978), or up to
several months in great white shark (Carcharodon carcharias; Fraser and Thiery, 2018). The
replacement rate is also related to different parameters such as ontogeny, diet type, and
frequency of feeding events (Fraser and Thiery, 2018) and is unknown for extinct species
(Strasburg, 1963; Litvinov et al., 1983; Overstrom, 1991). Therefore, cross-species
comparison might be problematic, because the degree of dental wear can vary even for the
same diet or within the same species, depending on the time period during which the teeth
were in use. Moreover, tooth position could affect tooth-to-food contact (Purnell et al., 2012).
It can be difficult or sometimes impossible to assign and sample the same tooth position for
isolated fossil shark teeth, as is common practice when sampling mammalian dentitions for
DMTA. Tooth replacement and reduced food-tooth contact also occur in many reptiles,
nevertheless, DMTA was successfully applied for diet inference (Bestwick et al., 2019; Winkler
et al.,, 2019a). However, tooth replacement rate in sharks is potentially faster and feeding
categories are more general than in reptiles. This could challenge the application of DMTA on
extant shark species. Independent of tooth position and replacement rate, mechanical
alteration during post-mortem transport processes, especially in high-energy depositional
environments, such as sandy or rocky shores with breaking waves, could play a major role in
potential alteration or even complete overwriting possible ante-mortem wear patterns on shark
teeth. A single study (McLennan, 2017) explored the use of DMTA on fossil and modern shark
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teeth and found a relationship between distinct ingested diets and dental wear on enameloid
surfaces in two different modern populations of Carcharias taurus nonetheless. Sharks from
the Sea Life London Aquarium, who received a diet of whole ‘white fish’ and occasional tropical
fish (Caranx sp.), could be clearly separated from sharks captured in the western Atlantic,
which presumably fed on a more diverse, mostly unknown diet. McLennan also postulates that
there is diet-related ante-mortem wear preserved on fossil Carcharodon carcharias and
Carcharocles megalodon teeth. Similarly, a 2D microwear study using stereomicroscopy to
count the number of ante-mortem scratches on fossil teeth of the Carboniferous shark Edestus
minor found a relationship between abundance and orientation of scratches near the tooth

apex to hunting and feeding behaviour (ltano, 2019).

Here, we perform an explorative study to test the applicability of DMTA for determining
diet in sharks by analysing extant, fossil, and experimentally altered extant shark tooth
specimens. To quantify dental wear on shark teeth we employ two different DMTA methods:
scale-sensitive fractal analysis (SSFA) and 3D surface texture analysis (3DST). The aim was
to assess if the teeth of extant sharks with known dietary habits have characteristic, diet-related
surface textures and if such diet-related dental wear features are still preserved in fossil shark
teeth. First, extant shark teeth from known tooth positions within complete jaws from wild
caught collection specimens were analysed to test for the influence of tooth position on wear
features along the upper and lower jaw, as well as to compare textures from buccal and lingual
sides of the same teeth. Second, tooth specimens from the same species but from individuals
of different ontogenetic stages were compared. A third dataset of extant shark species
generated by these analyses was then employed as a reference framework to assess dietary
differences. Fourth, we performed a taphonomic experiment with siliciclastic sediments of four
different sediment grain size fractions (very fine sand, 51-168 pm; fine sand, 112-292 ym;
medium sand, 221-513 ym: fine gravel, 2-8 mm) and different tumbling time periods (from 0.5
to 336 h) using the setup of Béhm et al. (2019), in order to simulate the effect of sediment
transport on dental wear features of modern sandbar shark (Carcharhinus plumbeus) teeth.
Finally, a set of isolated fossil shark teeth from different species and depositional settings were
measured, to infer whether taphonomic transport processes overprinted ante-mortem wear

features.

6.3 Material and methods

All tooth samples were cleaned with tap water to remove dust and any adhering dirt,
ethanol and acetone to remove organic remains and potential glue and varnishes sometimes

applied to museum specimens.

139



Chapter 6

6.3.1

Modern shark tooth dataset

The modern dataset comprises 89 teeth from 24 shark species of different ontogenetic

stages and sizes (Table 6.1, Table ES6.1). The DMTA was directly performed on the original

tooth surface for teeth in smaller jaws and single teeth (aquarium specimens), while for

specimens with larger jaws, teeth were moulded using high-resolution silicone-

vinylpolysiloxane precision impression material Provil novo Light regular set EN ISO 4823,

type 3, light (Heraeus Kulzer GmbH, Dormagen, Germany).

the:

The modern shark teeth were used for three main aims of this study, including testing

Influence of tooth position on DMT. For this purpose, multiple teeth along the buccal
side of the complete first, functional upper tooth row (see Fig. 6.1) of six specimens
belonging to four different species were scanned and analysed to assess the variance
of the dental surface texture among teeth along the jaw. One sample specimen was
measured directly on the original enameloid, while the remaining five specimens
needed to be moulded due to their large jaw size. Additionally, some lower jaw teeth
and a few lingual tooth sides were also scanned for the moulded samples (Supplement
Table ES6.1).

Influence of ontogeny on DMT. For the species Galeocerdo cuvier it was possible to
obtain central teeth from three different ontogenetic stages, classified according to jaw
and body size (Lowry et al., 2009) as juvenile (n = 4, all from Florida, U.S.A.), mid-age
(n =5, three from Florida, U.S.A., two from south-east Asia) and adult (n = 2, unknown
origin). This sub-dataset is used to exemplarily assess the range of DMT for shark teeth

from individuals of different ontogenetic ages.

Influence of diet on DMT. One central upper tooth was measured on the buccal side
per specimen and included in further analyses. The buccal side was favoured due to
practical reason, the lingual side is often difficult to reach, since the space between the
in-use tooth row and the second row is often narrow. First, dental surface textures of
modern wild specimens, with a diverse and mostly unknown diet were compared with
those of modern aquarium sharks from the Blackpool Sea Life centre, which were fed
with a mixed shrimp and white fish pellet-based diet. From this diet type, no wear
features are expected for the aquarium specimens. Additionally, for all modern wild
shark species with three or more teeth analysed, literature information regarding their
respective food spectra and habitat were compiled (Table 6.2) and compared to DMT

parameter values of the same species. For Galeocerdo cuvier, the four juvenile
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specimens were excluded from the diet reference frame dataset. These data were then

used as a reference framework for assessing the diets of fossil sharks (Table 6.3).

Table 6.1. Shark taxon, number and type of modern specimen. All wild specimens are included

in the modern wild dataset, which is compared to the modern aquarium dataset (including all

aquarium specimens) and to the fossil dataset (including all fossil specimen, Table 6.3). Note

that when testing for diet differences, only extant species represented by 3 or more specimens

were included.

Taxon Common name n DMT reference frame for
. Tooth
Diet Ontogeny position
Alopias vulpinus common thresher  wild jaw X
Carcharhinus . . .
. spinner shark wild jaw
brevipinna
Carcharhinus silky shark wild jaw 6  x
falciformis
Carcharhinus . .
; galapagos shark  wild jaw X
galapagensis
Carcharhinus leucas bull shark wild jaw 2
Carcharhinus dusky shark wild jaw 3 x
obscurus
Carcharhinus sandbar shark aquarium single 15
plumbeus teeth
Carcharhinus sorrah spot-tail shark wild jaw 10 X 1
Carcharias taurus sand tiger shark aquarium ts(;r;?rlle 2
Centrophorus gulper shark wild jaw 3 X
granulosus
Galeocerdo cuvier tiger shark wild jaw 11 X 11 2
o shaggletooth . .
Hemipristis elongata shark wild jaw 1
Isurus oxyrinchus shortfin mako wild jaw 2
shark
longfin mako . .
Isurus paucus shark wild jaw 1
Mustelus manazo starspotted wild jaw 10 X
smooth-hound
Negaprion sp. lemon shark wild jaw 1
Prionace glauca blue shark wild jaw 3 X 1
Rhizoprionodon milk shark wild jaw 1
acutus
Rhizoprionodon sp. sharpnose shark  wild jaw 1
Somniosus . tooth
. greenland shark wild 1
microcephalus row
. scalloped . .
Sphyrna lewini hammerhead wild jaw 1 X
, bonnethead . .
Sphyrna tiburo shark wild jaw 1 X
smooth . .
Sphyrna zygaena hammerhead wild jaw 1 X
Triaenodon obesus whitetip reef wild jaw 2
shark
Triaenodon obesus whitetip reef aquarium single 3
shark teeth
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Table 6.2. Habitat, body size and diet of the 12 modern shark species used for establishing an enameloid surface texture dietary reference

framework. Three different Sphyrna species are later pooled into Sphyrna. Data were compiled from the following literature resources: [1] Last and
Stevens (2009); [2] Compagno (1984a); [3] Preti et al. (2004); [4] Compagno (1984b); [5] Clarke et al. (2011); [6] Cabrera-Chavez-Costa et al. (2010);
[7] Meyer et al. (2010); [8] Florida Museum of Natural History (2005); [9] Compagno et al. (2005); [10] Hoffmayer et al. (2014); [11] Dicken et al.
(2015); [12] Carpenter and Valdestamon (2017); [13] White et al. (2006); [14] Last and Stevens (1994); [15] Randall et al. (1990); [16] White et al.
(2013); [17] Megalofonou and Chatzispyrou (2006); [18] Heithaus et al. (2002); [19] Werry et al. (2014); [20] Heithaus, et al. (2002); [21] Heithaus
(2001); [22] Heithaus et al. (2007); [23] Compagno and Niem (1998); [24] Yamaguchi and Taniuchi (2000); [25] Taniuchi et al. (1983); [26] Vaske et
al. (2009); [27] Kubodera et al. (2007); [28] Schluessel et al. (2008); [29] Sommer et al. (1996); [30] Myers (1999); [31] Smith (1997); [32] Cortes et
al. (1996); [33] Cortes and Parsons (1996); [34] Ebert (2003); [35] Cortés (1999).

Taxon

Habitat

Diet

Size

Alopias vulpinus
Carcharhinus falciformis
Carcharhinus galapagensis
Carcharhinus obscurus
Carcharhinus sorrah
Centrophorus granulosus
Galeocerdo cuvier
Mustelus manazo
Prionace glauca

Sphyrna lewini

Sphyrna tiburo

Sphyrna zygaena

pelagic and outer shelf waters "in depths up to 366 m?

pelagic and continental shelf edge waters in depths up of
500 m [:9]

isolated, oceanic islands and reefs from surface waters to
depths of 280 m [": @

coastal and pelagic waters from the surface to depths of
400 m® 10

continental and insular shelf waters from the intertidal to
depths of 140 m [:4 13

upper continental slopes and outer continental shelves at
depths to 1700 m 14 18

coral reefs, continental shelves and offshore islands and
atolls from very shallow waters to depths of 1200 m [8 1l
mud and sand bottoms of continental waters in the
intertidal and subtidal regions 9, up to 360 m 12!
oceanic and pelagic waters to depths of 1000 m [

continental and insular shelves and in deep water from
intertidal zone up to 275 m depth 28

mud and sand bottoms of inshore, coastal, continental
and insular shelf and coral reefs

coastal-pelagic and semi-oceanic to depths of 200 m 34

mostly small teleosts; also squids; octopuses; pelagic crustaceans; rarely seabirds
[2;3; 4]

mostly teleosts; squid; paper nautiluses; pelagic crustaceans [% 4 €l

mostly bottom teleosts (e.g. eels, flying fish); squid; octopi; other sharks; sea lions;
marine iguana; occasional garbage %49

wide variety of reef, bottom and pelagic teleosts; octopi; squid; crustaceans; other
shark species; whale meat; sea turtles; occasional garbage (uncommon) 24 11
mostly teleosts; octopi; crustaceans %4 4

mostly teleosts (e.g. hake, epigonids and lanternfish); cephalopods; crustaceans

4;17]

variety of marine life (mammals, seabirds, sea turtles,...) and garbage; potent
predator-scavenger, very opportunistic [ 4 2021
mostly bottom invertebrates; teleosts; crustacean; eggs; bivalve molluscs 1% 4 24 251

mostly relatively small teleosts; squid; invertebrates; small sharks; mammalian
carrion; seabirds [% 4 26:27]

variety of teleosts; invertebrates (e.g. cephalopods); crustaceans; other shark
Species [2; 4; 14; 29; 30]

mostly small teleosts; crustacean; bivalves; octopi %4 32

variety of teleosts; cephalopods; crustaceans;small sharks (favoured) 1% 4 33 351

up to 600 cm 4
up to 330 cm 24

up to 370 cm 24

up to 400 cm [%410:12]
up to 160 cm 2419
up to 170 cm ['®

up to 750 cm &4 22
up to 120 cm 249
up to 380 cm 4

up to 420 cmz 431
up to 100 cm 2433

up to 400 cmZ 4
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Table 6.3. Fossil shark teeth with locality, stratigraphic age, geological formation, sediment type. For more detailed information see supplement and

Table S6.1.
Taxon Stratigraphic age Geological formation Locality Predominant sediment fraction n
Hemipristis serra Middle Miocene Torreya Fm. Milwhite Gunnfarm Mine, Florida, U.S.A. (30.584844°, -084.620819°) Clay to sand 2
Lower Pliocene Bone Valley Fm. Polk County, Florida, U.S.A. (27.9600°, -081.7000°) Sand (sand-gravel particle) 1
Negaprion brevirostris Middle Miocene Torreya Fm. Milwhite Gunnfarm Mine, Florida, U.S.A. (30.584844°, -084.620819°) Clay to sand 1
Lower Miocene Parachucla Fm. White springs east quad., Florida, U.S.A. (30.331647°, -082.756008°) Sand 1
Lower Pliocene Bone Valley Fm. Polk County, Florida, U.S.A. (27.9600°, -081.7000°) Sand (sand-gravel particle) 5
Carcharhinus sp. Lower Pliocene Bone Valley Fm. Polk County, Florida, U.S.A. Sand (sand-gravel particle) 1
(27.9600°, -081.7000°)
Carcharhinus taurus Lower Pliocene Bone Valley Fm. Polk County, Florida, U.S.A. (27.9600°, -081.7000°) Sand (sand-gravel particle) 1
Carcharodon carcharias Lower Pliocene Hillsborough County, Florida, U.S.A. (27.9100°, -082.3500°) Sand (sand-gravel particle) 1
Pliocene Yorktown Fm. North Carolina, U.S.A. (35.782169°, -080.793457°) Clay to sand 5
Carcharocles megalodon Miocene Bone Valley Fm. Polk County, Florida, U.S.A. (27.9600°, -081.7000°) Sand (sand-gravel particle) 1
Pliocene Yorktown Fm. North Carolina, U.S.A. (35.782169°, -080.793457°) Clay to sand 7
Cosmopolitodus hastalis Pliocene Yorktown Fm. North Carolina, U.S.A. (35.782169°, -080.793457°) Clay to sand 5
Galeocerdo aduncus Middle Miocene Torreya Fm. Milwhite Gunnfarm Mine, Florida, U.S.A. (30.584844°, -084.620819) Sand 1
Isurus hastalis Pliocene/Miocene Sands of Kattendijk Antwerpen/Doel, Belgium (51.260197°, 004.402771°) Clay to sand 3
Isurus sp. Pliocene/Miocene Sands of Kattendijk Antwerpen/Doel Clay to sand 3
Steendorp, Belgium (51.260197°, 004.402771°)
Pliocene/Miocene Glaukonitsande Rumst, clay pit Svendsen, Belgium (51.08153°, 004.42217°) Clay to sand 4
Lower Oligocene Alzey Fm. Eckelsheim, Germany (49.794982°, 007.983155°) Sand (sand-gravel particle) 2
Odontaspis sp. Lower Oligocene Alzey Fm. Wodllstein, Germany Sand (sand-gravel particle) 7
(49.811878°, 007.960753°)
unknown Lower Oligocene Alzey Fm. Eckelsheim, Germany (49.794982°, 007.983155°) Sand (sand-gravel particle) 2
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6.3.2 Fossil shark tooth dataset

All fossil specimens are isolated shark teeth from different locations in Europe and
North America representing different geological time periods (Oligocene to Pliocene) and
marine sedimentary settings (Table 6.3 and Table ES6.1). For more detailed description of
the depositional settings, see Table 6.3 and supplement. Since several specimens were used
for isotopic analyses in previous studies (Tutken, 2003), some buccal surfaces had been
destructively sampled, therefore, for those specimens, lingual sides were used for DMTA. The
whole pooled fossil dataset was compared to the whole modern dataset, for comparison to

ante-mortem wear.

6.3.3 Experimental shark tooth dataset

To test for the effect of fluvial transport on the enameloid surface, modern shark tooth
specimens from unknown position in the upper jaw of Carcharhinus plumbeus were subjected
to five tumbling intervals between 0.5 and 336 h (Table 6.4) in water-sediment suspension
using commercial hobby rotary tumblers TYP TRO 2 A (Otto Eigner e.K., Industriebedarf &
Hobbyschleifmaschinen, Idar-Oberstein, Germany). Teeth were marked with a drill hole on the
centre of the lingual dental surface to identify the same areas for DMTA between the different
tumbling intervals. A rotation of the dental surface according to possible inaccuracies during
the orientation of the teeth of ~ 5-10° was accepted. A tumbling procedure as described in
Bohm et al. (2019) was performed using siliciclastic sand (quartz-content 50-60 %) in three
different grain size fractions, very fine sand (51-168 um), fine sand (112-292 ym), medium
sand (221-513 ym), and fine gravel (2-8 mm). Rotary tumbler barrels were filled with 500 g of
tap water and 300 g sediment, one tooth per tumbling barrel. Per sediment type, three teeth
were tumbled subsequently for 30 minutes, 1, 2, 4, and 336 h, and scans were taken on the

lingual side of each tooth per tumbling interval.

Table 6.4. Modern shark teeth tumbled with different grain size fractions and tumbling intervals.

Sediment grain size

Taxon n fraction Tumbling interval [h]
Carcharhinus plumbeus 12 before tumbling 0

Carcharhinus plumbeus 3 51-168 ym 0.5,1,2,4, 336
Carcharhinus plumbeus 3 112-292 ym 05,1, 2,4, 336
Carcharhinus plumbeus 3 221-513 ym 0.5,1,2,4, 336
Carcharhinus plumbeus 3 2-8 mm 0.5, 1,2, 4,336
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The experimental and fossil dataset were employed for a secondary aim of this study,
comparison of ante- and post-mortem wear on fossil shark teeth. The DMTA data of the fossil
shark teeth from different localities were compared to the dataset of experimentally altered

teeth that were tumbled in different grain size fractions.

6.3.4 Dental microwear texture analysis

Following the procedure of Schulz et al. (2010) surface scans were conducted using a
high-resolution disc-scanning confocal 3D-surface measuring system psurf Custom
(NanoFocus AG, Oberhausen, Germany) with a high-speed progressive-scan digital camera
(984 x 984 pixel) and a blue LED (470 nm). The measurements were processed using the
software package of MountainsMap Premium v.7.4.8676 (DigitalSurf, Besancon, France). All
teeth were scanned with the tip pointing in the same direction. For detailed description of the

MountainsMap template and a detailed description of DMTA, please see supplement.

We employed scale-sensitive fractal analysis (SSFA) and 3D surface texture analysis
(3DST), both techniques use optical profilometry to receive 3D pictures of the enamel surface
at submicron resolution and evaluate the general three-dimensional geometry of wear
features. In total we computed two SSFA, thirty 3D-surface roughness parameters
(standardised height, functional, spatial, hybrid, and segmentation parameters according to
ISO 25178 (Schulz et al., 2013b) and fourteen motif, furrow, isotropy, and flatness (ISO 12781)
parameters included in MountainsMap 7.4.8676 (Table S4.3).

6.3.5 Statistics

Data processing and statistical analyses were performed using the open-source
software R v.4.0.0 (R. Development Core Team, 2020). A detailed description of the packages
and calculations can be found in the electronic supplement. Detailed results for the PCAs
including graphical representations of principal components with a standard deviation >1 are
given in the electronic supplement (Table $6.2-S6.6, Fig. $6.1-S6.5).

For all teeth of the modern, fossil and experimental datasets (Table 6.1, 6.3 and 6.4),
a median for each tooth was calculated from four measured scans. For testing the influence of
tooth position and ontogenetic age on DMT (Table 6.1), no inferential statistics were
performed. In the experimental dataset, a median was calculated for t0 and for each tumbling
interval, for each sediment grain size fraction. The median values for each tooth were used to
calculate a mean for each sediment type (n = 3 teeth/median values). No further statistics were

performed for the experimental dataset.
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Only species with n = 3 in the datasets of fossil and modern sharks were included in
statistical tests. Pairwise comparisons of dental surface texture parameter values were

performed between:

I.  twelve different modern wild shark species with an n = 3, to test for possible differences

in dental surface wear among these (Table 6.1 and 6.2),

Il.  modern aquarium specimens of Carcharhinus plumbeus before the tumbling
experiment with the same teeth after the tumbling experiment in four different grain size
fractions (336 h) and the fossil shark teeth (Table 6.1 and 6.4),

lll.  modern wild, modern aquarium and fossil specimens (Table 6.1 and 6.3), to test for
possible significant variation in DMT signals between species with an unknown but
presumably broader range of diet and specimens with a pellet-based diet and to see,
if there are significant differences between ante- and potentially post-mortem wear from

transport, deposition and reworking.

6.4 Results

6.4.1 Influence of tooth position on DMT

Teeth of modern sharks from multiple tooth positions along the jaw of two different
individuals of Galeocerdo cuvier and Carcharhinus leucas and one each of Carcharhinus
sorrah and Prionace glauca were analysed. All DMTA data are reported in the supplements
(Table ES6.7-S6.12, Fig. ES6.6-ES6.11).

All teeth (n = 20) of the most complete foremost upper tooth row of a Carcharhinus
sorrah were measured (Fig. 6.1A). The scans show differences between tooth positions along
the upper jaw, also DMT parameters show a certain variation along the tooth row (Fig. 6.1A).
The PCA shows however, that the different teeth along a tooth row are grouped species-
specific. All measured teeth of the two individuals of Galeocerdo cuvier grouped together, the
same is true for the two individuals of Carcharhinus leucas. Additionally, the different species
could be distinguished along PC1, PC2 and PC3 (Fig. 6.2A and S6.1A). No systematic textural
differences between lingual and buccal side of the analysed specimens were found, as well as
only slight differences between teeth from the upper and lower jaw (Table ES6.8-S6.12).
Overall, the parameter space measured for one central tooth position in the modern wild sharks

covers mostly the parameter variance measured for single teeth along the jaw of one individual.
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160 pm

160 ym

2cm

Figure 6.1. lllustration of influence of tooth position and ontogeny on the dental surface of
Carcharhinus sorrah. A. Photo of the complete upper jaw tooth row of a modern Carcharhinus
sorrah with 3D enameloid surface texture models shown for five different tooth positions. B.
Typical 3D photosimulations for one tooth of a juvenile, mid-age, and adult specimen. C.

Schematic outline of the typical tooth size for different ontogenetic stages.

6.4.2 Influence of ontogenetic stage on dental wear patterns

One central tooth per specimen from three different ontogenetic stages, juvenile (n =
4), mid-age (n = 5), and adult (n = 2) of Galeocerdo cuvier was measured (Fig. 6.1B and C)
and showed no surface texture differences in the area, density, and direction parameters
(Table ES6.13, Fig. ES6.12). In parameters describing the height and volume, a trend towards
lower values for the two adult specimens occurs (Fig. ES6.12). The PCA revealed a distinct
separation of the different ontogenetic stages, whereby the juvenile specimens were separated
along PC2 from the adult and mid-age individuals, and the adult specimens were separated

along PC1 from the other two ontogenetic stages (Fig. 6.2B). However, it needs to be noted
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here, that the sample size per stage is very small and, at least the mid-age individuals show a
high scatter in the PCA (Fig. 6.2B and $6.2)
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Figure 6.2. Results of the test for the influence of tooth position on DMT. Principle component

analysis (PCA) of surface texture parameters from each category (Table S4.3) with good

separation. Large symbols in PCA plot mark the mean of the area of the different groups. A.

All measured modern shark teeth of Galeocerdo cuvier (specimen No. 22 and No. 36),

Carcharhinus leucas (specimen No. 26 and No. 27), Carcharhinus sorrah (specimen No. 4)

and Prionace glauca (specimen No. 24) for testing the influence of tooth position; for details

about the taxa see Table S6.1. B. All Galeocerdo cuvier specimens according to their

ontogenetic age to assess whether dental wear differs in different ontogenetic stages.
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Figure 6.3. DMT results for the shark teeth. Principle component analysis (PCA) of surface
texture parameters from each category (Table $4.3) with good separation. Large symbols in
PCA plot mark the mean of the area for the different groups. A. 12 wild shark species, three
different Sphyrna species are pooled into Sphyrna; for details about the taxa see Table 6.2
and S1. B. Modern Carcharhinus plumbeus tooth specimens from aquarium sharks used for
tumbling experiments. Parameter values of teeth tumbled for 336 hrs in all four different

sediment grain size fractions are plotted. Additionally, the values of all fossil shark tooth
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specimens are plotted, divided according to their locality. C. All different modern wild, modern

aquarium and fossil sharks analysed in this study.

6.4.3 Influence of diet on DMT of shark teeth

Twelve different species (with three Sphyrna species pooled together under Sphyrna)
with three or more individuals used for DMTA were included in the analysis of diet-related wear
parameters of the modern wild sharks (Fig. 6.3A and 6.4, Table 6.5). All DMTA data and
parameter boxplots are reported in the supplements (Table ES6.14, Fig. ES6.13). Only
significances confirmed by Cliff's method are accepted (Table 6.5 and ES6.15). Two groups
could be identified along PC1, with Mustelus manazo, Centrophorus granulosus and
Galeocerdo cuvier separated by higher complexity, height, volume, and density parameters
from the other taxa. Mustelus manazo and Centrophorus granulosus were additionally clearly
separated along PC4 (Fig. S6.3A). The remaining taxa overlapped and were almost not
distinguishable from each other, whereby Alopias vulpines and Sphyrna showed higher values
along PC2 (Fig. 6.3A). The DMT parameters, however, revealed only significant differences
between Mustelus manazo and Galeocerdo cuvier and all remaining taxa, though, there were
no significant differences between Mustelus manazo and Galeocerdo cuvier. These two taxa
showed the largest height, complexity and volume parameter values. Additionally, only
Centrophorus granulosus was significantly different from Mustelus manazo and Galeocerdo
cuvier, but also from Carcharhinus sorrah. All other taxa showed no significant differences
between each other (Table 6.5 and ES6.15).
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Table 6.5. Significant DMT parameters (confirmed by Cliff's method) for the analysis of diet-related wear parameters of the modern wild sharks.

Alopias vulpines

Prionace glauca

Carcharhinus
falciformis
Carcharhinus
galapagensis
Centrophorus
granulosus
Carcharhinus
obscurus

Carcharhinus
sorrah

Sphyrna
(including S.
lewini, S. tiburo,
S. zygaena)

Mustelus
manazo

Galeocerdo
cuvier

Alopias
vulpines

Smr

metf,
FLTt

Prionace
glauca

Asfc,

metf

Carcharhinus
falciformis

Asfc, Sku, Sy,
Sxp, Sz, madf,
FLTt, FLTv,
Vm, Vvv

madf, metf

Carcharhinus
galapagensis

Tr1R, Tr3R, IST,
epLsar, Sku, Sv,
Sz, Spc, Smr

Sv

Centrophorus
granulosus

Asfc, Sv, Sz,
madf, metf, Spc,
Vvwv

Asfe, Tr1R, metf,
Spc

Sv
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Figure 6.4. Representative 3D surface models of single teeth (including a schematic outline
of a typical tooth for each modern shark species) employed to establish a dietary reference
frame for modern sharks. Mustelus manazo (scale bar 0.5 cm), Centrophorus granulosus
(scale bar 0.5 cm) and Galeocerdo cuvier (scale bar 2 cm) have significantly different (i.e.
larger) complexity and height values while the remaining seven taxa (scale bar 1 cm) have

similar parameter values.
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6.4.4 Ante- or post-mortem wear on fossil shark teeth

6.4.4.1 Tumbling experiment of shark teeth with siliciclastic sediments of different grain size

fractions

For the experimentally altered shark teeth (Table ES6.16, Fig. ES6.14), an increase of
the surface complexity (Sdr, nMotif, Asfc) was evident. The strongest increase occurred in the
gravel group, followed by the finest fine sand group (Fig. 6.5). The same was true for the area
parameters mea, Spc and Spd, which decreased over the duration (up to 336 h) of the tumbling
experiment in all four grain size groups. Height parameters exhibited increasing variance after
tumbling intervals for all four sediment groups compared to before the experiment. However,
not all of them showed clear trends towards increasing or decreasing parameter values
(Fig. 6.5 and ES6.14). S710z, S5p, Sbv, Sv, Sz, meh, madf and metf were increasing over the
tumbling time (Fig. ES6.14), with the strongest increase of parameter values in the gravel
group, followed by the very fine sand group. The parameters Ssk, as well as FLTt, FLTp, FLTv
and FLTq, were decreasing only in the gravel group, while they did not change in the three
sand groups. The volume parameter group was the only set of parameters exhibiting changes
towards both decreasing and increasing values during the tumbling experiment for the different
grain size fractions. While the fine and medium sand fractions did not cause changes in the
parameter values, the smallest, very fine sand fraction showed a trend during the experiment
towards higher volume values. Tumbling with the gravel fraction already resulted in lower
volume parameter values after the first interval of 0.5 h (Fig. 6.5). However, the changes in
parameter values after the tumbling experiment deviated only slightly from the large parameter

range of the modern wild shark species (Fig. 6.5).

The PCA (Fig. 6.3B and S6.4A) revealed, that there is no distinct difference between
the pre-tumbling dental surface and the dental surface after tumbling with fine and medium
sand fraction. The teeth tumbled with the very fine sand and the fine gravel are well separated
along PC2 after tumbling and share a similar PCA space as the fossil specimens form the
Bone Valley Formation (sand with gravel-sized particles). Fossils from the Torreya Formation
(sand with clay fractions) lie between the specimens tumbled with fine and very fine sand,
according to PC2 (Fig. 6.3B). Fossils from the Alzey Formation (sand with gravel-sized
particles), Yorktown Formation (sand with clay fractions), Sand of Kattendijk (sand with clay
fractions) and the Glaukonitsande (sand with clay fractions) are well separated from all tumbled

specimens and the fossil specimens from Bone Valley and Torreya Formation.
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Figure 6.5. Results for the experimentally altered shark teeth. Boxplots for Asfc — fractal
complexity, Sq — standard deviation of height distribution (um) and Vm — material volume
(Mm3/um?3). Parameter values of all six tumbling time intervals (0, 0.5, 1, 2, 4, 336 h) with all the
four different grain size fractions ranging from fine sand to fine gravel. The thick horizontal bar
represents the median; the box encloses the first (25%) and third (75%) quartiles; the whiskers
(extend to 1.5 times the length of the box (the interquartile range); the dots represent outliers.

The grey box marks the parameter space of all modern wild shark species.

6.4.4.2 Fossil and modern shark specimens

There were several significant differences between modern shark species kept in an
aquarium on the same pellet-based diet and different wild shark species with variable but
unknown diet (Table ES6.17, Fig. ES6.15). However, both groups had a high overlap, with the
wild shark group showing much higher variance (Fig. 6.3C and ES6.15). The comparison of
fossil and modern wild shark teeth revealed high variability in texture parameters for both
groups, however, they differed significantly in 35 DMT parameters. Six dental surface
parameters (Sda, Sha, mea, Sal, Tr3R, Ssk) were significantly lower in the fossil group, while
all other significant parameters describing height, area, peak sharpness, plateau size, slope
and volume were lower in the modern wild group. The PCA of the 12 best separating DMT
parameters (Fig. 6.3C and S6.5A), showed an overlap between all three data clouds, whereby
the core area of the fossil group was separated along PC1 by higher complexity, height, volume

and density parameters from the core area of the two modern groups.

6.5 Discussion

6.5.1 Effects of tooth position and ontogeny on dental surface wear

Non-systematic differences in surface textures exist between different tooth positions,

upper and lower jaw, and measurements on opposing tooth sides (buccal vs. lingual). The
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more posterior tooth positions along both jaws showed more variance (Fig. ES6.6-S6.11),
which might be due to higher bite forces generated at the back of the jaw (Huber et al. 2005).
However, this variability appears to be individual and species specific and rather independent
from the tooth position in the jaw. We also found differences between different ontogenetic
stages in Galeocerdo cuvier (Fig. 6.2B). Especially the juvenile specimens showed quite
different DMT and were therefore excluded for the dietary dataset. This variability might be
caused by several life history variables, such as changing tooth replacement rate and bite force
with age (Fraser and Thiery, 2019), as well as changing diet (e.g. size and hardness of prey,
Lowe et al., 1996) or habitat preferences (Lowry and Motta, 2008). The variability could also
be a result of the variation of provenance of the different samples. Hence, our data imply that
the effect of tooth position and ontogeny introduce certain variability to dental surface texture
and that it is advisable to constrain sampling to one tooth position and a narrow age range.
DMTA further seems to be a useful tool to help with the identification of shifting ecological
factors during the ontogeny. However, to verify this hypothesis it would be necessary, to

sample different ontogenetic stages of one species from the same spatiotemporal origin.

6.5.2 Suitability of dental surface texture on shark teeth for diet reconstruction

Sharks have only short food-to-tooth contact due to limited oral food processing and
fast tooth replacement rates. However, some species, such as the bull shark, great white shark
and tiger shark have a strong bite force able to even crack shells of sea turtles (e.g. Wroe et
al., 2008; Habegger, 2009; Ferrara et al., 2011; Ferrara, 2012), which leads, at least for short
periods, to forceful contact between teeth and prey items and/or the opposing teeth. Thus,
depending on the type, hardness, and size of ingested prey, various degrees of food-tooth or
tooth-tooth interaction are expected. This should presumably leave some wear features on the
enameloid surface of shark teeth; however, the results of this study indicate that such wear is

not indicative of the type of ingested diet.

McLennan (2017) found different surface textures between two different populations of
modern wild and aquarium Carcharias taurus and concluded that dental surface texture on
shark teeth is diet-related. We also found some significant differences in dental surface
textures between wild specimens and those kept in an aquarium, indicating even lower tooth
wear in the aquarium sharks. This was expected, since the aquarium species had a pellet-
based diet, digested as bolus. However, the two groups showed a huge variance and overlap
in dental wear parameter space, making clear separations between potential diet groups
difficult (Fig. 6.3C, Table ES6.17-S6.18). Currently, our data for the same species from a wild

and an aquarium setting is too limited to directly confirm or rebut this conclusion.
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The results of the PCA for the extant wild shark species (with teeth from n = 3
individuals analysed) indicated significant DMT differences between two groups of sharks
(Fig. 6.3A). In particular, in one group containing Mustelus manazo, Centrophorus granulosus
and Galeocerdo cuvier, the volume, height, and complexity parameters showed higher values.
This reflects an overall rougher and more complex dental surface texture in these three taxa
than for the other seven taxa and likely indicates the ingestion of harder food items. Further
support for this interpretation comes from the mean density of furrows versus their mean depth,
which showed a trend for Centrophorus granulosus and Galeocerdo cuvier towards fewer but
deeper furrows (Fig. $6.3B), that clearly separated them from other shark taxa. A similar
pattern was also observed for extant hard-object feeding lepidosaurs, which have a very
different tooth morphology, but also limited oral food processing behaviour (Winkler et al.,
2019a).

Centrophorus granulosus showed the most prominent differences in height and volume
parameters and the clearest separation from all other shark taxa with n = 3. This species has
compressed, interlocking teeth and tends to live in water depths of up to 1700 m. Its diet
consisting mostly of different species of small- and medium-sized teleost fish appears to be
relatively soft. However, a relatively small part of the soft teleost fish are potentially soleidea
or flatfishes (Megalofonou and Chatzispyrou, 2006), which are living directly on the sea floor
covered by sediment. It is plausible, that sediment might be ingested together with this bottom-
dwelling prey, which could potentially lead to complex and rough enameloid surface textures
in this taxon. However, other species, such as Carcharhinus galapagensis and Carcharhinus
obscurus might also ingest a high amount of sediment together with their prey (Table 6.2) and
did not show more complex or rougher surface textures. Together with teleosts, around one
third of Centrophorus granulosus diet seems to be cephalopods, which are overall very soft,
but also possess gladium and rostrum consisting of relatively hard chitin (Megalofonou and
Chatzispyrou, 2006). The ingestion of this hard material could cause increased surface
roughness and complexity, if it comes to contact with teeth. Additionally, another smaller taxon
with a similar diet, Carcharhinus sorrah (Table 6.2), showed lower and less complex surface
textures than Centrophorus granulosus in the same parameter groups. In contrast to
Centrophorus granulosus, Carcharhinus sorrah was not clearly separated from other shark
taxa in PCA (Fig. 6.3A). Mustelus manazo, a small-sized shark with small teeth not suitable
for cutting prey, lives mostly on sandy and muddy ocean bottoms and feeds on benthic
crustaceans and molluscs (Table 6.2). This durophagous diet could explain a rougher and
more complex surface texture, due to the hardness of the food (invertebrates with mineralized
exoskeletons) and/or potentially a high amount of sediment ingested alongside the benthic
prey. However, for example Sphyrna tiburo (as a part of Sphyrna) showed less rough and
complex surface textures, although it is also a durophagous benthic species and mostly feeds
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on hard crustaceans and bivalves (Table 6.2). The last species with distinct surface textures
is Galeocerdo cuvier, which is one of the largest shark species in the modern dataset
(Table 6.2). However, this species represented by adult and mid-age individuals in the dataset,
had a higher variance of surface texture parameter values. Nevertheless, it was well separated
from other sharks in the PCA (Fig. 6.3A), as well as in mean density versus mean depth of the
furrows (Fig. $6.3B), due to deeper furrows in G. cuvier. Galeocerdo cuvier's serrated teeth
are suitable for cracking hard prey, as well as for cutting though flesh (Ferrara et al., 2011).
The latter feeding is hypothesized as a potential reason for several scratches on Edestus minor
teeth (ltano, 2019), therefore, it could potentially cause also furrows on the dental surface on
G. cuvier. Galeocerdo cuvier has the most opportunistic diet of all investigated shark species,
including fish, marine mammals, birds, as well as carrion and even garbage into its diet
(Table 6.2). It is known from the literature, that large sharks, such as G. cuvier, Carcharodon
carcharias or Carcharhinus leucas prey on larger and harder prey than smaller sharks (e.g.
Cliff and Dudley 1991; Lowe et al. 1996; Cortés, 1999; Ebert, 2002; Lucifora et al., 2009;
Habegger, 2009), so a rougher surface is expected. However, other large species in this
dataset, such as Carcharhinus obscurus and Carcharhinus galapagensis, which feed on larger
bony fish, marine mammals and sometimes garbage (Table 6.2), do not show significantly
different surface textures. Additionally, G. cuviers enameloid surface clearly shows not as high

roughness and complexity as Centrophorus granulosus with a potentially softer diet.

In general, almost all our tested shark species feed on teleost fish and some species
of cephalopods, which are overall a softer diet, however, include some harder body parts.
Crustaceans are also included in most shark’s diets and are presumably harder but would only
leave wear features on the dental surfaces if they were processed orally. Larger shark species
in this dataset partly prey on other sharks, mammals, or even sea turtles, which are expected
to be processed, e.g. during shell cracking or ripping apart a carcass. It is likely, that mode of
food processing, hardness and size of prey, and ingestion of sediment together with prey, have
some effect on DMTA. Consequently, a variable mixture of these factors leads to unsystematic
differences between species, or even within one species. Based on our dataset, no clear
correlation between diet or environment and enameloid surface texture can be established for
modern sharks feeding on different or similar prey. Even sharks feeding predominantly on a
durophagous diet did not show characteristic surfaces textures different from more soft-prey
or opportunistic feeding sharks. Sharks seem to display a species-specific DTM pattern rather
than a diet-specific one. However, at this point it is worth to mention the limitations of this study:
a small sample size and a potentially high number of variables influencing DMTA. This study
aims to give a broad overview over a variety of shark species, and we note that for further

studies, it is worth focussing on fewer species with higher specimen numbers.
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6.5.3 Ante- or post-mortem wear

Another important aspect is if ante-mortem surface textures are robust against
taphonomic processes during sediment transport and deposition. As shark tooth enameloid
consists of fluorapatite (e.g. Enax et al., 2012, 2014), a chemically resistant apatite, and shows
similar hardness to mammal teeth, shark teeth are frequently preserved in the fossil record.
Analysis of fossil shark teeth from different taphonomic/depositional settings indicated that
their enameloid surface is often not well preserved and shows signs of post-mortem alteration

often being different from DMT of modern shark teeth.

The tumbling experiments with modern shark teeth in aqueous suspension of
siliciclastic sediment showed that transport with constant tooth-to-sediment contact leads to
strong changes in some DMT parameters (e.g. nMotif, Asfc, Spc, Spd, mea, meh) while others
remain mostly unchanged (e.g. Ssk, FLTt, FLTp, FLTv in the sand fractions). In most
parameter sets, the direction of changes is similar for all four experimental grain size fractions.
Surface complexity increased dramatically after tumbling in all grain size fractions. This was
likely caused by the addition of new wear features and material removal, which is supported
by increased density of peaks (Spd) and depth of furrows (madf) (Fig. ES6.14). Such an
increase in complexity was also observed for mammalian teeth in a tumbling experiment with
the same siliciclastic sediments (Boéhm et al., 2019). Height parameters were not obviously
altered and the most prominent differences between dental surfaces of non-tumbled and
tumbled shark teeth were found in the parameters describing the valleys and furrows, e.g.
increasing depth of the furrows. Again, this post-tumbling condition was also found in
mammalian teeth (Béhm et al., 2019), which indicates that shark enameloid and mammalian
enamel react similarly when subjected to sediment transport. We find that modern shark
enameloid surface textures after tumbling resemble the surface textures of fossil shark teeth

in this study.

The comparison of different Paleogene/Neogene fossil shark species found in different
sedimentary settings revealed difference in DMT parameters between fossil shark teeth from
different localities as well as from the experimentally altered teeth (Fig. 6.3B). Specimens from
the Yorktown Formation (North Carolina, U.S.A.), with clayey and medium to coarse quartz
sands were distinctively different from the Bone Valley and Alzey Formation with gravel-sized
sediments. However, they were also different from other sedimentary settings with clay
components, such as the Glaukonitsande and Sands of Kattendijk (Antwerp, Belgium) and the
Torreya Formation (Florida, U.S.A.).Presumably, the hydrodynamics of the depositional setting
during burial and potential reworking processes of the fossil site, as well as the grain size of

the embedding sediment play a major role in dental surface texture formation of shark teeth.
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However, based on our limited dataset, a final conclusion cannot be drawn and needs further

investigation in the future.

The comparison of the fossils from the different localities with the experimentally altered
modern shark teeth, before and after the tumbling experiment, shows that tumbling shifted the
dental surfaces towards the parameter space of the fossil specimens from Florida, especially
for the specimens tumbled in the very fine sand and the fine gravel fraction. This is due to an
increasing complexity and depth of wear features on the experimentally altered dental surface.
This likely reflects a taphonomic alteration of the fossil shark teeth during post-mortem
transport, overprinting the original ante-mortem wear features. Different from the ante- and
post-tumbling surface are the fossils of the Yorktown Formation and from silty sands of the
Glaukonitsande and Sands of Kattendijk and of the Alzey Formation. Thus, the fossil shark
teeth from these sediments are most likely overprinted by diagenetic (i.e. mechanical) surface
alteration during marine transport processes in near-coastal settings with sediments, which
might differ from the sediments (e.g. grain size fraction, composition,...) used in this tumbling
experiment. The fossil shark teeth from mudstones and silt-to-clay containing sediments (e.g.
Yorktown Formation, North Carolina, U.S.A.; Sands of Kattendijk, Antwerp, Belgium), are
presumably taphonomically altered by contact with smaller grain size fractions than those
which were used for the tumbling experiments in this study. These very small grain size
fractions (clay/silt) seem to have a greater alteration impact on dental surface wear in the form
of strongly increasing complexity, height/roughness, and volume, than the larger sand fractions

used in this experiment (Fig. 6.5).

The DMTA data of all fossil specimens compiled showed a high number of significant
differences compared with all the modern wild specimens, despite a large overlap between the
two groups (Fig. 6.3C). The fossil shark teeth had more complex surfaces, together with larger
height and furrow values than the modern wild shark teeth. Hence, there were more deep wear
features, such as furrows and scratches on the dental surface of the fossil specimens than
observed on modern wild shark teeth. However, it also demonstrates that some modern wild
shark species, as Mustelus manazo or Galeocerdo cuvier, had very rough and complex dental
surface textures. Some fossil shark teeth even fall clearly outside the surface texture parameter
space of ante-mortem dental wear of modern wild shark teeth (Fig. 6.3C). The large overlap
between the two groups in the mean density vs. mean depth of the furrows as well as in the
PCA demonstrates that there are potentially some well-preserved ante-mortem dental surface
areas on the fossil shark tooth specimens, independent of their sedimentary setting.
Regardless, fossil and modern specimens are still distinguishable in the PCA, suggesting
either a high amount of post-mortem alteration of ante-mortem dental wear on fossil shark
teeth or different unknown diet in the fossil species. Especially for extinct large species, such

as Carcharocles megalodon, the diet is potentially larger and harder than for smaller species.
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However, the high complexity and roughness of the dental surface in almost all species,
independent of taxonomy, gives a hint towards diagenetic alteration rather than differences in
diet.

6.6 Conclusions

Dental microwear texture analysis of extant shark teeth demonstrates that enameloid
surface wear can occur in vivo, despite minimal tooth-food or tooth-tooth contact and rapid
tooth replacement rates. However, it needs to be taken into account, that the sample size of
the analysed species in this study is quite small. At this point, it was not possible to relate a
clear dietary or environmental signal to the observed wear features. We theorize that a
potentially more complex interaction between type and size of prey, food processing or attrition,
and ingested sediment exists, which together with a variable carnivorous diet result in highly
variable DMT. DMTA in shark species seems to be not as diet-specific as in mammals or even
reptiles, which have similar unfavourable characteristics for development of diet-related dental
wear, such as reduced oral processing and fast tooth replacement rates. These circumstances
could be caused by the potentially faster rates in shark species. Additionally, feeding
categories in mammals and reptiles are more distinct and diverse than in sharks, which have

a generalist, but variable carnivorous or piscivorous diet.

DMTA of fossil shark teeth revealed that hydrodynamic transport regime and grain size
of the embedding siliciclastic sediment seems to influence the surface texture differently. The
surfaces of fossil shark teeth were much more complex and rougher than those of modern
shark teeth. Thus, the microwear textures of fossil shark teeth either reflect a certain diet or
habitat interaction quite different from extant species or post-mortem mechanical alteration
during sediment transport. However, fossil shark teeth of different species from the same
localities had very similar microwear textures. In contrast, fossil shark teeth of the same
species from different localities had very different microwear textures. This is a strong
indication for taphonomic processes being the main agent in DMT formation (i.e. overwriting)
post-mortem, although our results indicate that preservation of some ante-mortem wear
features might be possible. In fossil sedimentary settings, sediments of mixed grain sizes (from
clay to sand) seemed to lead to a stronger alteration effect on texture than could be simulated
by use of narrow grain size fractions (very fine to medium sand) in the tumbling experiment.
All experimentally altered shark teeth have more complex surfaces after tumbling, resembling
the fossil shark teeth in this respect. Microwear textures of extant specimens tumbled in fine
gravel most closely resembled those observed in fossil shark teeth. Taphonomic post-mortem
wear is different from what can be experimentally simulated. Therefore, the complex interaction

between small and large sediment particles of natural depositional settings potentially together
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with different (i.e. longer) time-spans leaves microscopic wear traces that cannot exactly be

reproduced by a simple tumbling experiment.
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6.8 Supplement

6.8.1 Detailed description of depositional settings of the fossil shark teeth
6.8.1.1 Sands of Kattendijk and Glaukonitsande

The two fossiliferous sedimentary settings are located near Steendorp and Rumst,
south-west of Antwerp, Belgium. During the Miocene this area in the Belgian Basin at the north-
western border of the European continental shelf was covered by a shallow sea and a huge
amount of different vertebrate fossils were deposited together with sand during the Miocene.
Due to global sea-level-rise during the Pliocene (Haq et al., 1987), these deposits were eroded
and fossils were re-worked and re-deposited as Kattendijk Formation. The basis of the
formation is a 10 cm thick bonebed, rich in Miocene and Pliocene vertebrate fossils. The fossil
shark fauna is especially rich suggesting abundant food resources. This bonebed layer is
overlain by the Glaukonitsande, black and grey-green fine to medium glauconite sands, with a
clay component and a shell-rich layer on top of the Kattendijk Formation (Laenen, 1997;
Tutken, 2003).
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6.8.1.2 Parachucla Formation

The Parachucla Formation contains coastal marine deposits from the Late Oligocene
and Lower Miocene together with a rich fossil vertebrate fauna of different sizes. The sediment
of the Parachucla Formation contains sandstones formed by fine to middle sand (Morgan,
1989; Tutken, 2003).

6.8.1.3 Bone Valley Formation and Torreya Formation

The Bone Valley Formation in central Florida, as well as the Torreya Formation, belong
to the Hawthorn Group. Shark teeth from the Bone Valley Formation are found in the upper
part of the formation in phosphate-bearing sands with sand-gravel sized particles and a rich
fossil fauna (Palmetto-Fauna, including shark teeth) deposited during a sea-level rise in the
Lower Pliocene (Scott and MacGill, 1981; Woodburne, 1987; Scott, 1988; Titken, 2003). The
Torreya Formation contains a rich vertebrate fauna from the Lower to Middle Miocene (Bryant,
1991). The formation consists of siliciclastic sediments with variable carbonate and phosphate
content with clay to sand grain size and the fossil bearing layer was deposited during a sea-
level high (Bryant, 1991).

6.8.1.4 Alzey Formation

The Alzey Formation is located in the Mainzer Basin west of the Rhine Graben fault in
Germany and consists of siliciclastic, coarse-grained, fossil-bearing sands and gravels that

were deposited in a marine coastal facies during the Lower Oligocene (Grimm et al., 2000).

6.8.1.5 Yorktown Formation

The shark specimens from the Yorktown Formation are found in North Carolina, U.S.A..
The sediments of this formation were deposited during multiple transgressions in the Lower to
Middle Pliocene and interpreted as basement of the Chesapeake Bay (Hobbs, 2004). The
Formation is divided into the lower Yorktown and upper Yorktown, whereby the lower consists
of muddy, medium to coarse, phosphatic quartz sands and the upper Yorktown has gray,

clayey quartz sands with occasional interbeds of sandy clay (Snyder and Riggs, 1993).

6.8.2 Detailed description of dental microwear texture analysis

Four non-overlapping square areas of 160 x 160 um in close proximity to the apex of

the tooth were scanned using a x100 long distance lens (numerical aperture 0.8, resolution in
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X, y of 0.16 ym, and z of 0.06 uym). We employed the SSFA parameters Asfc (complexity) and
epLsar (anisotropy), implemented in a new MountainsMap module, where surface features are
characterised using length-scale and area-scale fractal analyses (e.g. Ungar et al., 2003, 2012;
Scott et al., 2006; Scott, 2012). Additionally, we used standardised roughness (ISO 25178)
and flatness (ISO 12781) parameters together with motif, furrow and direction parameters to
characterise wear features (Schulz et al., 2013a, 2013b; Purnell and Darras, 2016; Kubo et
al., 2017; Purnell et al., 2017).

A MountainsMap template for scans of upper and lower original right shark teeth and
moulded left teeth on the buccal side, and moulded upper left teeth on the lingual side was
created. In general, all moulded tooth surfaces were mirrored along the z-axis prior to analysis.
All scans of upper and lower jaw teeth original left buccal side and moulded right buccal side
were mirrored along the x-axis, as well as moulded upper right teeth on the lingual side. All

isolated teeth of unknown position were treated as upper right teeth.

Operators used in MountainsMap template:

Orientation of dental surface with LS-surface using subtraction
Noise-cancelling median filter, filter size 5 x 5

Gaussian filter, filter size 3 x 3

Filling of non-measured points

Set the threshold using the material-% (0.5-99.5 %) to reduce height and depth

Removal of isolated outliers, outliers at the edge and with a maximum allowed

o~ w N =

inclination (85°), soft strength of the method

7. Removal of form using a 2™ order polynomial.

6.8.3 Statistics

For data processing and statistical analyses, the open-source software R v.4.0.0 (R.
Development Core Team, 2020) using the packages xlIsx (Dragulescu, 2014), rJava (Urbanek,
2016), doBy (Hgjsgaard and Halekoh, 2016), R.utils (Bengtsson, 2016), factoextra
(Kassambara, 2017), plyr (Wickham, 2011), ggplot2 (Wickham, 2016), Rcpp (Eddelbuettel,
2011, 2013), rela (Chajewski, 2009), WRS version 0.12.1 (Wilcox and Schénbrodt, 2010) and
the function prcomp() was employed. Surface texture data are usually non-normally distributed
and heteroscedastic (e.g. Schulz et al., 2013a), therefore we applied the robust
heteroscedastic Welch-Yuen omnibus test (Welch, 1938; Yuen, 1974) paired with a
heteroscedastic pairwise comparison (“Lincon test”, analogous to Dunnett's T3 test; Dunnett,
1980) according to the method of Wilcox (Wilcox, 2003, 2005, 2012). A data trimming of 15 %
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was performed to remove outliers and compensate for non-normality. We further used the
robust heteroscedastic rank-based test according to CIiff (Cliff, 1996; Schulz et al., 2013a),
according to the established statistical protocol for 3DST data (Calandra et al., 2012; Schulz
et al., 2013a). Finally, before calculating principal component analyses (PCA), we performed
the Kaiser-Meyer-Olkin criteria of sampling adequacy (value>0.5) and Bartlett’'s test of

sphericity (<0.05) to validate that PCAs are justified on the current dataset.

6.8.4 Detailed description of results modern wild and aquarium specimens

This dataset compares the DMT of three modern shark species (Carcharias taurus,
Carcharhinus plumbeus, Triaenodon obesus) kept in an aquarium on the same pellet-based
diet with a range of 22 different wild shark species with variable but unknown diet. The data
show a high overlap between these two groups with a much higher variance in the wild shark
group (Fig. 6.3C, Table ES6.17-S6.18). However, 17 DMT parameters show significant
differences between aquarium and wild specimens (Table ES6.18). In 15 parameters
describing the complexity of the surface (Sdr, nMotif, Asfc), density (Spd), direction (Tr2R,
Tr3R, IsT, epLsar) and height (S5p, Sku, Sp, FLTv) of wear features, peak sharpness (Spc),
slope (Sdq) and volume (Vvv), the values of aquarium sharks are significantly lower than those
of the wild sharks. Only in the parameters mea (mean area) and Smr (areal material ratio), do

the wild sharks have significantly lower values (Table ES6.18, Fig. ES6.15).
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Figure S6.1. Results for the influence of tooth position on DMT. All measured modern shark
teeth of Galeocerdo cuvier (specimen No. 22 and No. 36), Carcharhinus leucas (specimen No.
26 and No. 27), Carcharhinus sorrah (specimen No. 4) and Prionace glauca (specimen No.
24) for testing the influence of tooth position; for details about the taxa see Table S6.1. A.
Principle component analysis (PCA) of surface texture parameters from each category
(Table $4.3) with good separation of different taxa. Large symbols in PCA plot mark the mean
of the area of the different shark taxa. B. Dental microwear texture parameter metf [um] vs

medf [cm/cm?] values.
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Figure S6.2. Results for the influence of ontogenetic age on DMT. Principle component
analysis (PCA) of surface texture parameters from each category (Table S4.3) with good
separation of all Galeocerdo cuvier specimens according to their ontogenetic age to assess
whether dental wear differs in different ontogenetic stages. Large symbols in PCA plot mark

the mean of the area of the different groups; for details about the taxa see Table S6.1.
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Figure S$6.3. Results for the 12 wild shark species; for details about the taxa see Table 6.2
and S6.1. A. Principle component analysis (PCA) of surface texture parameters. Large
symbols in PCA plot mark the mean of the area of the different groups. B. Dental microwear

texture parameter metf [um] vs medf [cm/cm?] values.
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Figure S6.4. Results for the fossil and experimentally altered shark teeth. Modern
Carcharhinus plumbeus tooth specimens from aquarium sharks used for tumbling
experiments. Parameter values of teeth tumbled for 336 h in all four different sediment grain
size fractions are plotted. Additionally, the values of all fossil shark tooth specimens are plotted,
divided according to their locality.; for details about the taxa see Table S6.1. A. Principle
component analysis (PCA) of surface texture parameters. Large symbols in PCA plot mark the
mean of the area of the different groups. B. Dental microwear texture parameter metf [um] vs

medf [cm/cm?] values.
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Figure S6.5. All measured modern wild/aquarium and fossil shark teeth; for details about the
taxa see Table S6.1. A. Principle component analysis (PCA) of surface texture parameters.
Large symbols in PCA plot mark the mean of the area of the different groups. B. Dental

microwear texture parameter metf [um] vs medf [cm/cm?] values.

Figure ES6.6. Values for all dental microwear texture parameters for Carcharhinus sorrah
(specimen 4). The thick horizontal bar represents the median of four measured sans per tooth.
Data for 20 teeth of the foremost upper tooth row. The figure is found in the electronic

Supplement.

Figure ES6.7. Values for all dental microwear texture parameters for Carcharhinus leucas
(specimen 26). The thick horizontal bar represents the median of four measured sans per
tooth. Data for 3 lingual and 9 buccal teeth of foremost upper tooth row and 2 teeth of the

foremost lower tooth row. The figure is found in the electronic Supplement.
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Figure ES6.8. Values for all dental microwear texture parameters for Carcharhinus leucas
(specimen 27). The thick horizontal bar represents the median of four measured sans per
tooth. Data for 3 lingual and 6 buccal teeth of foremost upper tooth row and 4 teeth of the

foremost lower tooth row. The figure is found in the electronic Supplement.

Figure ES6.9. Values for all dental microwear texture parameters for Prionace glauca
(specimen 24). The thick horizontal bar represents the median of four measured sans per
tooth. Data for 2 lingual and 8 buccal teeth of foremost upper tooth row and 3 teeth of the

foremost lower tooth row. The figure is found in the electronic Supplement.

Figure ES6.10. Values for all dental microwear texture parameters for Galeocerdo cuvier
(specimen 22). The thick horizontal bar represents the median of four measured scans per
tooth. Data for 2 lingual and 7 buccal teeth of the foremost upper tooth row and 3 teeth of the

foremost lower tooth row. The figure is found in the electronic Supplement.

Figure ES6.11. Values for all dental microwear texture parameters for Galeocerdo cuvier
(specimen 36). The thick horizontal bar represents the median of four measured scans per
tooth. Data for 2 lingual and 9 buccal teeth of the foremost upper tooth row and 5 teeth of the

foremost lower tooth row. The figure is found in the electronic Supplement.

Figure ES6.12. Boxplots for all dental microwear texture parameters for different ages of
Galeocerdo cuvier. The thick horizontal bar represents the median; the box encloses the first
(25%) and third (75%) quartiles; the whiskers (extend to 1.5 times the length of the box (the
interquartile range); the dots represent outliers. The figure is found in the electronic

Supplement.

Figure ES6.13. Boxplots for all dental microwear texture parameters for upper central tooth of
Alopias vulpines (A. v.), Prionace glauca (P. g), Carcharhinus falciformis (Ca. f.), Carcharhinus
galapagensis (Ca. gal.), Centrophorus granulosus (Ce. g.), Carcharhinus obscurus (Ca. 0.),
Carcharhinus sorrah (Ca. s.), Mustelus manazo (M. m.), Sphyrna (S.), Galeocerdo cuvier (G.
c¢). The thick horizontal bar represents the median; the box encloses the first (25%) and third
(75%) quartiles; the whiskers (extend to 1.5 times the length of the box (the interquartile range);

the dots represent outliers. The figure is found in the electronic Supplement.
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Figure ES6.14. Boxplots for all dental microwear texture parameters for the experimentally
altered Carcharhinus plumbeus teeth (see Table 6.2). For parameter description, see
Table S4.3. FFS = 51-168 ym; FS = 112-292 ym; S = 221-513 pm; G = 221-513 uym. The thick
horizontal bar represents the median; the box encloses the first (25%) and third (75%)
quartiles; the whiskers (extend to 1.5 times the length of the box (the interquartile range); the

dots represent outliers. The figure is found in the electronic Supplement.

Figure ES6.15. Boxplots for all dental microwear texture parameters for fossil and modern wild
shark tooth specimens. The thick horizontal bar represents the median; the box encloses the
first (25%) and third (75%) quartiles; the whiskers (extend to 1.5 times the length of the box
(the interquartile range); the dots represent outliers. The figure is found in the electronic

Supplement.

Table ES6.1. Shark taxon, sample ID, dataset and type of specimen. The table is found in the

electronic Supplement.
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Table S6.2. Importance of components for PCA from different tooth positions (Smr, medf, Spd, nMotif, Asfc, Spc, metf, Vm, Sq, FLTt, IsT, mea).

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12
Standard deviation 2.305 1.8 1.045 0.9199 0.6321 0.6 0.559 0.4368 0.3581 0.23223 0.19577 0.1658
Proportion of
Variance 0.443 0.27 0.091 0.0705 0.0333 0.03 0.026 0.0159 0.0107 0.00449 0.00319 0.00229
Cumulative
Proportion 0.443 0.713 0.804 0.8742 0.9074 0.937 0.963 0.9793 0.99 0.99452 0.99771 1
Table S6.3. Importance of components for PCA from different ontogenetic stages (Smr, medf, Spd, nMotif, Asfc, Spc, metf, Vm, Sq, FLTt, IsT,
mea).
PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12
Standard deviation 2.193 2.095 1.213 0.7609 0.5572 0.5119 0.29719 0.28266 0.3581 0.10493 0.02917 2.59E-16
Proportion of
Variance 0.401 0.366 0.123 0.0483 0.0259 0.0218 0.00736 0.00666 0.0107 0.00092 0.00007 0.00E+00
Cumulative
Proportion 0.401 0.766 0.889 0.9373 0.9631 0.985 0.99235 0.99901 0.99 0.99993 1 1.00E+00
Table S$6.4 Importance of components for PCA from 12 wild shark species (Smr, medf, Spd, nMotif, Asfc, Spc, metf, Vm, Sq, FLTt, IsT, mea).
PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12
Standard deviation 2.158 1.753 1.29 1.0185 0.7846 0.58 0.5191 0.3865 0.26812 0.2401 0.20075 0.16081
Proportion of
Variance 0.388 0.256 0.139 0.0864 0.0513 0.028 0.0225 0.0124 0.00599 0.0048 0.00336 0.00215
Cumulative
Proportion 0.388 0.644 0.783 0.8694 0.9207 0.949 0.9712 0.9837 0.98968 0.9945 0.99785 1
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Table S6.5 Importance of components for PCA from the experimentally altered teeth. Modern Carcharhinus plumbeus tooth specimens from

aquarium sharks used for tumbling experiments and all fossil shark tooth specimens, divided according to their locality (Smr, medf, Spd, nMotif,
Asfc, Spc, metf, Vm, Sq, FLTt, IsT, mea).

PC1 PC2

PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12
Standard deviation 2,583 1678 09534  0.8021 06046 05316  0.34275 029465 023403  0.1867  0.10561  0.08225
Proportion of
Variance 0.556 0.235 0.0757 0.0536 0.0305 0.0236 0.00979 0.00723 0.00456 0.0029 0.00093 0.00056
Cumulative
Proportion 0.556 0.791 0.8664 0.92 0.9505 0.974 0.9838 0.99104 0.9956 0.9985 0.99944 1
Table S6.6. Importance of components for PCA from fossil and modern shark species (Smc, medf, Spd, nMotif, Asfc, Spc, metf, Vm, Sq, FLTt, IsT,
mea).
PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12
Standard deviation 2.406 1.641 1.0689 0.9183 0.774 0.6063 0.565 0.3625 0.22164 0.21534 0.11409 0.08844
Proportion of
Variance 0.482 0.224 0.0952 0.0703 0.05 0.0306 0.0266 0.0109 0.00409 0.00386 0.00108 0.00065
Cumulative
Proportion 0.482 0.707 0.8019 0.8722 0.922 0.9527 0.9794 0.9903 0.9944 0.99826 0.99935 1
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Table ES6.7. Descriptive statistics (mean) for all DMTA parameters for Carcharhinus sorrah
(specimen 4) at different tooth positions (see Table ES6.1). For parameter description, see

Table S4.3. The table is found in the electronic Supplement.

Table ES6.8. Descriptive statistics (mean) for all DMTA parameters for Carcharhinus leucas
(specimen 26) at different tooth positions (see Table ES6.1). For parameter description, see

Table S4.3. The table is found in the electronic Supplement.

Table ES6.9. Descriptive statistics (mean) for all DMTA parameters for Carcharhinus leucas
(specimen 27) at different tooth positions (see Table ES6.1). For parameter description, see

Table S4.3. The table is found in the electronic Supplement.

Table ES6.10. Descriptive statistics (mean) for all DMTA parameters for Prionace glauca
(specimen 24) at different tooth positions (see Table ES6.1). For parameter description, see

Table S4.3. The table is found in the electronic Supplement.

Table ES6.11. Descriptive statistics (mean) for all DMTA parameters for Galeocerdo cuvier
(specimen 22) at different tooth positions (see Table ES6.1). For parameter description, see

Table S4.3. The table is found in the electronic Supplement.

Table ES6.12. Descriptive statistics (mean) for all DMTA parameters for Galeocerdo cuvier
(specimen 36) at different tooth positions (see Table ES6.1). For parameter description, see

Table S4.3. The table is found in the electronic Supplement.

Table ES6.13. Descriptive statistics (mean £SD) for all DMTA parameters for different ages of
Galeocerdo cuvier (see Table ES6.1). For parameter description, see Table S4.3. The table is

found in the electronic Supplement.

Table ES6.14. Descriptive statistics (mean £SD) for all DMTA parameters of the wild taxa. For
upper central tooth of Alopias vulpines (A.v.), Prionace glauca (P.g), Carcharhinus falciformis
(Ca. f.), Carcharhinus galapagensis (Ca.gal.), Centrophorus granulosus (Ce. g.), Carcharhinus
obscurus (Ca.o.), Carcharhinus sorrah (Ca. s.), Mustelus manazo (M. m.), Sphyrna (S.),
Galeocerdo cuvier (G. c) (see Table 6.1). For parameter description, see Table S4.3. The table

is found in the electronic Supplement.
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Table ES6.15. Statistical results for all DMTA parameters of the wild taxa. For upper central
tooth of Alopias vulpines (A.v.), Prionace glauca (P.g), Carcharhinus falciformis (Ca. f.),
Carcharhinus galapagensis (Ca.gal.), Centrophorus granulosus (Ce. g.), Carcharhinus
obscurus (Ca.o.), Carcharhinus sorrah (Ca. s.), Mustelus manazo (M. m.), Sphyrna (S.),
Galeocerdo cuvier (G. ¢). For parameter description, see Table S4.3. The table is found in the

electronic Supplement.

Table ES6.16. Descriptive statistics (mean xSD) for all DMTA parameters for the
experimentally altered Carcharhinus plumbeus teeth (see Table 6.2). For parameter
description, see Table S4.3. FFS = 51-168 um; FS = 112-292 uym; S = 221-513 ym; G = 221-

513 um. The table is found in the electronic Supplement.

Table ES6.17. Descriptive statistics (mean £SD) for all DMTA parameters for fossil and
modern wild/aquarium specimens (see Table S$6.1). For parameter descriptions, see Table

S4.3. The table is found in the electronic Supplement.

Table ES6.18. Statistical results for all DMTA parameters for fossil (f) and modern wild
(w)/aquarium (a) specimens. For parameter descriptions, see Table S4.3. The table is found

in the electronic Supplement.
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71 Abstract

Stable isotope ratios and trace element concentrations of fossil bones and teeth are
important geochemical proxies for the reconstruction of diet and past environment in
archaeology and palaeontology. However, since diagenesis can significantly alter primary diet-
related isotope signatures and elemental compositions, it is important to understand and
quantify alteration processes. Here, we present the results of in-vitro alteration experiments of
dental tissues from a modern African elephant molar reacted in aqueous solutions at 30 °C
and 90 °C for 4 to 63 days. Dental cubes with = 3 mm edge length, comprising both enamel
and dentin, were placed into 2 mL of acidic aqueous solution enriched in different isotopes
(*®*Mg, **Ca, %7Zn, %Sr). Element and isotope distribution profiles across the reacted cubes
were measured with LA-(MC-)ICP-MS and EMPA, while potential effects on the bioapatite
crystal structure were characterised by Raman spectroscopy. In all experiments isotope ratios
measured by LA-(MC-)ICP-MS revealed an alteration of the enamel in the outer = 200-300 pm.
In contrast, dentin was fully altered after one week at 90 °C. Then, the tracer solution started
also to penetrate through the enamel-dentin junction into the innermost enamel, however,
leaving the central part of the enamel unaltered, even after three months. The Raman spectra
suggest an initial demineralisation in the acidic environment while organic matter (i.e. collagen)
is still preserved. In the 90 °C experiment, Raman spectra of the v{(PO4) band of the dentin
shift over time towards synthetic hydroxylapatite patterns and the Ca (and Sr) concentrations
in the respective solutions decrease. This indicates precipitation of newly formed apatite.
Isotope and element concentration profiles across the dental tissues reveal different exchange
mechanisms for different isotope systems. Magnesium is leached from enamel and dentin,
while Zn is incorporated into the apatite crystal structure. However, the distribution of both
elements is not affected in the innermost enamel where their concentrations do not change
over the whole duration of the experiments. We found no correlation of reaction depth in the
cubes and experimental duration, which might be caused by natural variability of the dental
material already at the beginning of the experiment. Our alteration experiments in a closed
system at high temperatures <90 °C and low initial pH demonstrate that at least the central
part of mm-thick mammalian enamel apatite seems to be resistant against alteration
preserving its pristine bioapatite mineral structure as well as its in vivo elemental and isotopic
composition. The experiments in the presented study demonstrate that the isotopes Ca, Sr, Zn
and Mg in the dentin are prone for diagenetic alteration, while enamel is more resistant against

alteration and could be used for dietary and physiological reconstructions in fossil teeth.
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7.2 Introduction

Bones and teeth are important proxy archives for the reconstruction of diet, ecology,
habitat use, and environment of extant and extinct vertebrates. Both traditional and non-
traditional stable isotopes in bones and teeth have become important proxies for the
reconstruction of diet (3'C: e.g. DeNiro and Epstein, 1978; §'N: DeNiro and Epstein, 1981;
Leichliter et al., under review), diet and trophic level (§**Ca: Skulan et al., 1997; Clementz et
al., 2003; Heuser et al., 2011; Melin et al., 2014; Tacail et al., 2020; 5°°Mg: Martin et al., 2014,
2015b; 8%2Zn: Jaouen et al., 2013, 2016a, b, 2020; Bourgon et al., 2020; 5%/#Sr: Knudson et
al., 2010; Lewis et al., 2017) and migration (8Sr/%Sr: Ericson, 1985; Price et al., 1994; Sillen
etal., 1995; Hoppe et al., 1999), respectively. Environment- and diet-related element or isotope
compositions are ingested from food and water and via metabolic processes incorporated into
bones and teeth. Bones and teeth are hard tissues composed predominantly of bioapatite, a
non-stoichiometric, carbonate-bearing hydroxylapatite with the formula Ca1o—X[(PO4)s—
X(CO3)x] (OH)>—x-nH20, where n ranges between 0.1 and 0.3 (Pasteris et al., 2014). The OH
group in bioapatite is partly replaced by F, whereas Ca is partly substituted by, e.g., Mg, Zn,
Sr, Na, and K due to their similar chemical behaviour and ion radii (e.g., Kohn et al., 1999;
Boanini et al.,, 2010). Bone and tooth apatite is a complex solid solution that is further
characterised by a small crystallite size in the order of 20 to 150 nm. Dental enamel has on
average, larger bioapatite crystallites than bone and dentin, a significantly lower organic
content (= 1 %) of phosphoproteins and amelogenins, and negligible intrinsic porosity (Hillson,
2005). This makes tooth enamel much less prone to diagenetic alteration than bone and dentin,
the latter which has similar properties as bone and is thus similarly susceptible to aqueous
alteration and diagenetic changes (see overview in: Titken and Vennemann, 2011). Due to its
crystal-chemical properties, bioapatite is a highly reactive phase that, if its physical and
chemical environment is changing, for instance, after death of the individual, has a high
thermodynamic driving force to dissolve (Berna et al., 2004). In teeth, the organic and inorganic
components vary significantly between different hard tissues such as enamel, dentin, and
cement. While enamel contains about 960-990 mg/g hydroxylapatite, dentin and cement
contain about 200 mg/g and = 300 mg/g of collagen, respectively (Hillson, 2005). According to
its different protein content, crystallite size, and porosity, enamel apatite is less vulnerable to
diagenetic alteration than dentin and bone (Wang and Cerling, 1994; Hedges et al., 1995; Kohn
et al., 1999; Hedges, 2002; Pfretzschner, 2004). However, also enamel, especially its trace
element composition, can be altered during the fossilization process (e.g., Kohn et al., 1999;
Schoeninger et al., 2003), while stable light isotope composition such as C and O (COs* or
PO, group) are not prone to diagenetic alteration (Lee-Thorp et al., 1989, 2000; Ayliffe et al.,

1994), except if microbes are involved (Zazzo et al., 2004a, b).
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Diagenetic alteration of the isotopic composition in bioapatite depends on several
variables such as temperature, pH, chemical and isotopic compositions of the surrounding fluid
and/or sediment as well as of the biogenic apatite itself. Some elements are more prone for
diagenetic alteration than others, therefore every element or isotope system has to be checked
for alteration individually. In general, systematic studies on the effect of diagenesis on trace
element composition are rare. A good overview about the current knowledge of various isotope
systems, such as Ca, Mg, Cu, Zn and Fe, as well as their diagenetic vulnerability in biological
apatite and potential applications for vertebrate palaeobiology are given by Martin et al.
(2017a). Heuser et al. (2011) measured the calcium isotope composition of fossil dinosaur
enamel as well as dentin from the same teeth and could not detect any diagenetic alteration
of &¥4Ca values in both dental tissues, which was further supported by mass balance
considerations. However, especially trace elements, such as Sr, Mg and Zn, are more prone
to diagenetic alteration compared to the major element Ca. A trace element study performed
on Plio-Pleistocene South African australopithecine teeth displayed dramatically increased Zn
levels in the fossil enamel samples, compared to Sr/Ca, Ba/Ca and Pb/Ca ratios, which were
not significantly altered during fossilization (Sponheimer and Lee-Thorp, 2006). Different trace
elements seem to be affected differently during diagenesis. Generally, the effect on Zn in fossil
enamel seem to vary from site to site (Bocherens et al., 1994; Sponheimer and Lee-Thorp,
2006; Hinz and Kohn, 2010). Bourgon et al. (2020) measured enamel Zn isotope ratios of a
diverse fossil Late Pleistocene fauna from the Tam Hay Marklot cave and found the 6%Zn
values still reflecting trophic level differences similar to modern mammals, supporting that the
ante-mortem Zn isotope composition and concentration was still preserved. Both, in modern
and fossil teeth they found the outermost enamel layer of <200 ym displaying higher Zn
concentration. This Zn concentration increase towards the outermost enamel was also found
in teeth of other large mammals and seems to be caused by the process of enamel maturation
(Muller et al., 2019). Based on mass balance considerations a diagenetic Mg uptake seems to
be unlikely, at least for terrestrial settings, since the Mg concentration in fresh water fluids (5 —
20 pg/mL, Shalev et al., 2017; Potasznik and Szymczyk, 2015) is negligible in comparison to
the typical at least 100-fold higher Mg concentration in bioapatite (2000 — 10000 ug/g, Martin
et al., 2017a). In contrast, because of the higher Mg concentration in seawater (~1300 mg/mL,
Shalev et al., 2017), a diagenetic alteration of Mg in bioapatite deposited in marine settings is
more likely. Overall, alteration of the trace element composition and isotope ratios can vary
from one setting to another, according to the type of surrounding sediment, stratigraphic age
as well as taphonomical and environmental conditions (e.g., Wang and Cerling, 1994; Kohn et
al., 1999; Hedges, 2002). A study by Copeland et al. (2010) on Sr isotopes (8"Sr/%Sr) in fossil
rodent teeth from South Africa suggest little contamination of tooth enamel with diagenetic Sr,

however, dentin was observed to have = 50 % diagenetic Sr. Another study by Budd et al.
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(2000) on archaeological human teeth also found a common, but highly variable diagenetic
alteration of Sr in the dentin, potentially derived from the surrounding soil. Hoppe et al. (2003)
demonstrate, that pretreatment can eliminate around 20 % of diagenetic Sr from Holocene seal

bones, and nearly 95 % from fossil tooth enamel.

The understanding of alteration processes is paramount for the reconstruction of
palaeoenvironmental or palaeodietary information from fossil teeth. However, still little is
known about these processes and mechanisms driving those chemical and mineralogical
alterations, such as recrystallization or isotope exchange processes. Thus far, only few
diagenetic alteration experiments were made. Snoeck et al. (2015) performed an alteration
experiment, where they put fragments of tooth enamel and calcined bones in 8 Sr-spiked
solution for up to 1 year at room temperature and afterwards cleaned the samples using acetic
acid washing and ultrasonic. 8Sr/%Sr was measured before and after the cleaning treatment,
whereby all samples showed elevated ratios of 8Sr/%Sr before cleaning. After cleaning, only
enamel remained significantly elevated in 8’Sr, indicating that porosity allows Sr to penetrate
into the dental material, however, higher crystallinity of calcined bones in comparison to pristine
bones and tooth enamel did not allow an incorporation of Sr into the crystal lattice. This is
showing that apatite crystallinity plays a major role during diagenesis (Snoeck et al., 2015).
There is only a small number of alteration experiments, dealing with the alteration of stable
isotope compositions and apatite crystallinity changes. In most cases, alteration experiments
are performed on bone material (e.g. Stiner and Kuhn, 1995; Berna et al., 2004; Pucéat et al.,
2004; Munro et al., 2007; Kohn and Moses, 2013; Keenan and Engel, 2017; Aufort et al., 2019).
Berna et al. (2004) performed dissolution experiments in aqueous and buffered solution with
synthetic hydroxylapatite and bone samples at 25 °C with the purpose of measuring the
solubilities and therefore the stabilities of fossil bone under quasi-natural conditions. The so-
called recrystallization window, the chemical conditions under which bone apatite can
recrystallize into authigenic apatite, is restricted to a narrow pH range between 7.6 and 8.1.
Preservation is best at a pH of above 8.1, whereby minerals will undergo recrystallization in
alkaline to neutral pH conditions. This, together with precipitation of additional apatite, will
generally increase the crystallinity of the bone material. Berna et al. (2004) found, that under
a pH of 7.5, the original bone mineral was totally recrystallized. An experiment on alligator
bones buried in wetland soils and in experimental mesocosms with and without microbial
colonization performed by Keenan and Engel (2017) found that this recrystallization into a
more stable apatite phase occurred already after one month of burial when microbial
colonization was inhibited. Preservation of stable isotope compositions in bone were
experimentally investigated by Munro et al. (2007) or Aufort et al. (2019). Munro et al. (2007)
tested the effects of heating bone in air on the isotopic composition of phosphate oxygen,
whereby the original 6'®0po4 values were preserved at <300 °C and strongly shifts towards
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lower 6'®0po4 values at higher temperatures, potentially due to '®0O exchanges with an external
low-"80 reservoir in the phosphate oxygen. Whereas Aufort et al. (2019) performed immersion
experiments of modern bones in aqueous NaF solution at pH 9 - 10 for up to three weeks at
up to 70 °C and measured F, Ca and P concentrations, C and O isotopes, as well as vibrational
(ATR-FTIR, Raman) and solid-state (H-1, C-13, F-19) NMR spectroscopies. They found a
transformation mechanism by partial dissolution of biogenic apatite and precipitation of
secondary apatite. There are only a few experiments on enamel hydroxylapatite (e.g., Koch et
al., 1997; Zazzo et al., 2004a, b). Zazzo et al. (2004a) measured &'*C and 680 of bone and
tooth enamel powders after immersing the samples in *C- and '®0O-labelled water with the
result of rapid and significant isotopic changes in the bone material, while tooth enamel is more
resistant, however not exempt of alteration. Especially in the presence of microbial activity,
even §'®0po4 values can alter in both, bone and tooth enamel. From the Raman spectroscopy
perspective, spectra reveal modifications of the position and the full width at half maximum of
the v4(PO3™) band caused by aqueous alteration (Thomas et al., 2007). In general, Raman
spectroscopy is used in palaeontology for identification of mineralogical contents (Schweitzer
et al.,, 1997), crystallinity changes (Person et al., 1995) and diagenetically induces ion
concentration (MacFadden et al., 2010). Thomas et al. (2011) were able to detect io exchanges
in apatite chemistry in fossil enamel and dentin samples indicating significant diagenetic
alteration using Raman spectroscopy. They found Raman spectroscopy to be very useful a
non-destructive tool for pre-screening fossil samples for diagenetic alteration (particularly
COs?%, F-and Sr?*).

To our knowledge, there are so far no experiments performed to assess the stability of
original element and isotope compositions of enamel and dentin by exposing tooth pieces to
aqueous solutions. Here we present an extensive in-vitro alteration experiment assessing the
resistance of non-traditional stable isotopes against diagenetic alteration in enamel and dentin
by immersing tooth pieces in an isotope tracer solution enriched in Mg, 44Ca, 57Zn, and 8Sr.
For this purpose, cubes cut from a modern elephant molar comprising both enamel and dentin
were placed into the acidic tracer solution at 30 °C and 90 °C and for different time intervals
(up to three months). This experimental approach allows to assess the diagenetic stability of
these non-traditional isotope systems used for dietary reconstruction and to characterize the
physico-chemical mechanisms involved in tooth diagenesis. Changes of the chemical
composition and isotopic composition in the reacted samples are measured in-situ with high
spatial resolution using LA-ICP-MS, LA-MC-ICP-MS, electron microprobe and Raman

spectroscopy on the dental cubes before and after the alteration experiments.
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7.3 Material and methods

7.3.1 Dental material

A molar of a wild modern African elephant (Loxodonta africana) from Africa of unknown
provenance (AG-Lox: Gehler et al., 2012) was cut into mm-sized dental cubes with a mean
edge length of about 3.3 mm £ 0.3 mm (1SD). Enamel thickness is on average 1.8 mm %
0.2 mm (1SD), that of the dentin portion from the enamel dentin junction (EDJ) is on average
about 1.4 mm = 0.2 mm (1SD). The mean weight of the cubes was 63.8 mg £ 3.5 mg (1SD)
(Table 7.1). An overview of the sampling locations on the dental cubes of the in-situ element

and isotope analyses is provided in Figure 7.1.

7.3.2 Isotope tracer solution

For all alteration experiments, an aqueous solution isotopically enriched in Mg, “*Ca,
67Zn and ®Sr was used (Table S$7.1). The different isotopes °Mg, ¢Zn and #Sr (in HNOg3
solution) were mixed and evaporated at 80 °C down to a volume of = 500 yL. “*Ca was added
(as carbonate powder, 34.8 mg CaCl,, 97 % ““Ca) and evaporated at = 55 °C to a volume of =
100 L. Afterwards 1 mL of H,'80 (Sigma-Aldrich, 97 atom-% '80) was added and the solution
was filled up to 30 ml with D20 (Sigma-Aldrich, 99.9 atom-% D). The final acidic tracer solution
(pH of = 1) was shaken and equilibrated for three hours before entering the experiment. The
element concentrations of the tracer solution after different time intervals of the dental
immersion experiments and an aliquot of the starting solution were measured using a Thermo
Element 2/XR ICP-MS system (University Bonn). Results are presented in Figure 7.2 and
Table S7.1.

7.3.3 In-vitro alteration experiment

The alteration experiments were performed in custom-made 3 mL teflon beakers, self-
sealed autoclaves with custom-made furnaces. The dental cube samples were weighted
before and after the experiment to determine the weight loss. For each beaker, the temperature
was constantly monitored during the experiment using a Digital Multimeter Voltcraft 840. Room
temperature and relative humidity were monitored during the whole experiment, using a
Tinytag Ultra 2 Datalogger — TGU-4500 (Gemini Data Loggers, Chichester, United Kingdom).
The room temperature over the whole duration of the experiment was always below 26 °C
(average 22.6 °C = 2.0 °C). Each 3 mL teflon autoclave was filled with 2 mL of aqueous tracer

solution. One dental cube was added to each teflon autoclave (Fig. 7.1).
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Figure 7.1. lllustration of the experimental setup. A. Dental cubes, containing enamel and
dentin, were immersed in isotopic tracer solution enriched in Mg, “‘Ca, ¢’Zn and %Sr and
afterwards cut into half for in situ trace element and Sr isotope analysis. B. lllustration of the
scans and maps measured with different in situ analytical techniques on the freshly sawn
surface of one of the two halves of the dental cube. Red: Laser ablation lines of ICP-MS and
MC-ICP-MS across the EDJ. Yellow: Raman maps, covering the outer 120 ym rim of both
dental tissues, different number of rows for dentine (n = 10) and enamel (n = 13). Yellow dots
indicate one Raman measurement respectively. Green: EMPA spots across EDJ, parallel to

the laser ablation lines.
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Table 7.1. Sample list of dental cubes with size and weight (before and after experiment).

Weight
Length after before Weight after
Temperature Duration Length Experiment Length Experiment Experiment Weight

Sample ID Experiment [°C] [days] [mm] [mm] loss [%] [mg] [mg] loss [%]
G Isotopic tracer solution 30 4 3.52 3.42 2.8 59.5 49.1 17.5
K Isotopic tracer solution 30 7 3.3 3.11 5.8 62 51.9 16.3
N Isotopic tracer solution 30 14 3.25 2.9 10.5 64.8 54.6 15.7
C Isotopic tracer solution 30 21 2.95 2.75 6.8 66.7 56.9 14.7
E Isotopic tracer solution 30 64 3.14 2.91 7.3 66.8 56.5 154
A Isotopic tracer solution 90 4 2.98 2.73 8.4 61.2 47.5 224
H Isotopic tracer solution 90 7 3.17 2.81 1.4 62.9 48.2 234
I Isotopic tracer solution 90 14 3.49 3.23 7.4 66.2 49.2 25.7
J Isotopic tracer solution 90 21 3.01 2.86 5.0 67.8 52.9 22.0
F Isotopic tracer solution 90 64 3.77 3.65 3.2 66.8 49.6 25.7

untreated reference
D sample - - 3.23 57.3 - -

untreated reference
L sample - - 3.75 116.3 - -

untreated reference
M sample - - 3.25 93.8 - -
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The experiments were carried out at 30 °C and 90 °C (x 1 °C) over a period of 4, 7, 14,
21 and 64 days (Table 7.1). After the experiment, the samples were washed three times with
ultrapure water and dried in a desiccator for one day at room temperature. After drying, the
samples were cut in half, perpendicular to the enamel-dentin junction (Fig. 7.1). On the first
half, first LA-ICP-MS and LA-ICP-MC-MS measurements were performed, afterwards, after
embedding and polishing, the same halves were used for Raman spectroscopy and electron
microprobe measurement (Table S7.2). For further description of the embedding see section

“Electron microprobe analysis” and “Raman spectroscopy”.

7.3.4 Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)

Trace element measurements were performed using an ArF Excimer laser system
(193 nm wavelength, NWR193 by ESI/NewWave) equipped with a TwoVol? ablation cell and
coupled to an Agilent 7500ce quadrupole ICP-MS (Agilent Technologies) at the Institute of
Geoscience, University of Mainz. Laser repetition rate was set to 10 Hz. Line scans with a
transition speed of 5 um/s, using a fluence of 3.5 J/cm?were carried out with a rectangular spot
size of 130 um x 30 pm. Pre-ablation was performed prior to each analysis to clean the surface.
Background signals were acquired for 20 s during laser warm-up prior to each scan. “*Ca was
used as internal standard and synthetic NIST SRM 612 was used for calibration, using the
preferred values from the GeoReM Database (Jochum et al., 2005). Data reduction was
performed using an in-house Excel spreadsheet (Jochum et al., 2007). Details of the
calculations are given in Mischel et al. (2017). For each day of measurement basaltic USGS
BCR-2G and Durango Apatite were used as quality control materials to test accuracy and
reproducibility of the measurements (Table S7.3). All reference materials were measured prior
and after each sample block, three lines of 100 um length respectively per reference material.
Measured isotopes of interest are 2*Mg, Mg, ?Mg, *°Ca, “*Ca, %4Zn, %Zn, 87Zn, %Zn, ¥Sr and
8Sr. The dental cubes were analysed prior to the experiment at the outer surface with one
long line scan across the EDJ (start and end point beyond the cube). After the experiment, the
freshly sawn surface was analysed in the same way, to determine the reaction depth of the
solution into both dental tissues. The scans before and after the experiment differs slightly in
length, since we measured on different plains of the same cube. The same untreated dental
cube (cube D) was measured each time together with the altered cubes as reference cube to
test the reproducibility and comparability between different measuring days (Table S$7.4). Each

line on this cube D was placed in close proximity to the previous one.
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7.3.5 Laser ablation multi collector inductively coupled plasma mass spectrometry (LA-MC-
ICP-MS)

In-situ analyses of Sr isotopes have been performed for all dental cubes after the
experiment by LA-MC-ICP-MS. A first generation Nu Plasma MC-ICP-MS (Nu Instruments™)
was coupled to a 213 nm Nd:YAG laser ablation system (New Wave Research™ UP-213) at
the Max Planck Institute for Chemistry, Mainz, following the methods described by Weber et
al. (2017, 2018). Data acquisition was performed in line scan analysis, covering the whole
transect and across the EDJ. A circular spot size of 100 um, a transition rate of 5 um/s and a
laser repetition rate of 10 Hz have been applied. Energy output was set to 100 %, resulting in
a fluence of 15 — 20 J/cm?. Prior to each analysis, a pre-ablation of the sample surface was

performed for cleaning purposes.

The following m/z ratios were monitored during analysis: 82, 83, 84, 85, 86, 87 and 88
and half masses 83.5, 85.5 and 86.5 (monitoring '®’Er, ""Yb and '"3Yb, respectively) using
time-resolved analysis (0.2 s integration time). To correct for Kr, we used the “on peak zero”
method by measuring a 45 s gas background prior to each analysis without the laser firing
(82Kr <0.2 mV). Calcium argide and dimer formation was found to be negligible by monitoring
m/z 82 (<0.2 mV). Potential signals of doubly-charged REEs corrected by using constant
isotope ratios for '®’Er and ""Yb (Berglund and Wieser, 2011). To correct for the occurrence
of Rb on mass 87, we used the natural constant 8’Rb/®Rb ratio of 0.3857 (Berglund and
Wieser, 2011) and assume the same mass bias for Rb as for Sr. Mass bias correction was
performed using the exponential law (Ingle et al., 2003) assuming a constant #Sr/%Sr ratio of
0.1194. Standard-bracketing was used as calibration protocol, applying the same laser
parameters for the reference material and the samples (Irrgeher et al., 2016, Weber et al.,
2017). An in-house marine shark tooth was used as reference material, using a modern-day
seawater 8Sr/%Sr ratio of 0.70918 + 0.00001 (McArthur et al., 2001) as reference value. This
is in the range of modern-day marine organisms (e.g. marine carbonate reference materials
JCt-1 (giant clam, Tridacna gigas) and JCp-1 (coral, Porites sp.), yielding 8 Sr/%Sr ratios of
0.709169 £ 0.000009 (2SE, n = 3) and 0.709170 £ 0.000006 (2SE, n = 3, Weber et al., 2018),
respectively, and a modern Great white shark tooth having an average 8 Sr/%6Sr ratio of
0.709167 £ 0.000009 (2SE, n = 10, Vennemann et al., 2001).

Since the original tooth (AG-Lox) from which the dental cubes were processed is used
as in-house reference material, additional analyses of the unaltered sample have been
performed in the framework of further analyses, using a Neptune Plus MC-ICP-MS system
(ThermoFisher Scientific) coupled with an ArF Excimer laser system (193 nm wavelength,
NWR193 by ESI/NewWave) at the Institute of Geosciences, University of Mainz. All analyses

using this system have been performed using a 500 um long line scan, a transition speed of
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5 um/s and 0.262 s integration time. Due to different applications, the other laser parameters
varied accordingly (spot size 70 — 110 um, laser repetition rate 20 — 50 Hz and fluence of 3.5
— 5 J/lcm?). Data evaluation has been performed offline, using an in-house R-script, following

the methods described below.

7.3.6 Laser ablation data processing

For calculation of the isotope ratios of interest, the background corrected raw data

measurements obtained from the LA-(MC-)ICP-MS analyses were used.

The calculation was performed in a similar way for all isotope ratios and is therefore
only described in detail once for the Sr isotope system as an example. The & Sr/%Sr was
chosen since it is widely used in geochemical studies of tooth enamel and dentin to determine
habitat-use and migration patterns in palaeontology and archaeology (e.g. Clarke et al., 2007;
Vroon et al., 2008). The 8Sr/%Sr was only corrected for mass bias and isobaric interference

of Rb following the methods described for LA-MC-ICP-MS measurements in the section above.

Calculation of “4Ca/*?Ca, Mg/?*Mg and 67Zn/%*Zn ratios were performed similar to the
87Sr/%Sr using the exponential law for mass bias correction with the literature values for
42Ca/**Ca =0.3102, 2*Mg/*®Mg = 7.1728 and %Zn/%*Zn = 1.7732 (Berglund and Wieser, 2011).

Then a 100-point running mean was calculated for all isotope ratios.

To evaluate if there are alteration effects on the element concentration independent or
dependent on the isotope of interest for the respective element, "element/Ca ratio have been
calculated based on the element concentrations, with n = mass number of the specific isotope
the concentration was calculated with, e.g. 8¢Sr/Ca vs. 8Sr/Ca. For undoped samples, those

ratios are expected to be identical, while doped parts should yield diverging results.

7.3.7 Solution MC-ICP-MS analysis

To further evaluate the initial isotopic values of Sr (3Sr/%®Sr) and Ca (*‘Ca/**Ca
expressed as §*¥#2Ca) of the original dental material (AG-Lox) solution-based MC-ICP-MS
analyses have been performed on enamel bulk powder samples. Purification of Sr and Ca has
been performed using a prepFAST MC (ESI Elemental Scientific) using a 1 mL Sr-Ca ion
chromatographic column following the default Sr-Ca separation protocol. Mass spectrometric
analyses have been performed using a Neptune Plus MC-ICP-MS coupled with an Aridus3
(CETAC Technology) for Sr isotopes and an Apex Omega HF (ESI Elemental Scientific) for
Ca isotopes at the Institute of Geosciences, University of Mainz. Strontium isotopes were
measured following the methods described by Weber et al. (2018), using NIST SRM 987
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(Strontium carbonate isotopic standard) as reference material for standard bracketing (long-
term &Sr/8Sr = 0.710279 + 0.000027 (1SD, n = 506) and normalizing measured values to a
87Sr/8Sr of 0.710248 (McArthur et al., 2001). Calcium isotope analyses were made following
the protocol of Tacail et al. (2014), using an Alfa Aesar plasma standard solution (Lot.Nr.
8142996) as reference material for standard bracketing of the Ca isotope ratio. Sample
solutions have been prepared to match the concentration of the reference solution within 10 %
(10 pg/L for Sr, 2 mg/L for Ca).

7.3.8 Raman spectroscopy

For Raman spectroscopic measurements, the same halves of the dental cubes were
embedded in the fast hardening resin Technovit 5071 and polished. The measurements were
performed at the Institute of Geoscience, University of Bonn, using a Horiba Scientific HR800
confocal Raman equipped with an Olympus BX41 microscope and an electron-multiplier CCD
detector. A 200 mW, 784 nm diode-pumped solid-state laser was applied as excitation source.
A 50 times objective with a numerical aperture of 0.75 and a confocal hole of 1000 um were
used for all measurements, resulting in a theoretical, diffraction limited lateral and axial
resolution in the order of about 1.3 and 5.5 um, respectively. The scattered light passed a
100 um spectrometer entrance slit and was dispersed by a grating with 600 grooves/mm. The
520.7 cm™ line of a silicon standard was used for initial calibration of the spectrometer, while
the 985.43 cm™ line of a neon lamp (Saloman, 2006) was used as an internal standard to be
able to correct for any spectrometer shift occurring during analysis by placing a Ne lamp
alongside the beam path of the scattered light. The 520.7 cm™ line of a silicon standard was
used for initial calibration, while the 985.43 cm™' Ne line was then used as an internal standard
to correct for any linear shift occurring during analysis, e.g., due to small temperature
fluctuation in the laboratory (x 0.5 °C). With these settings, the spectral resolution was 2.478
+ 0.006 cm™ as estimated from the width of the Ne line. Point-by-point measurements were
performed with an acquisition time of 60 s and three accumulations per point in the frequency
range between 360 and 1200 cm™ for enamel and between 750 and 1450 cm for the dentin,
due to the different structures of enamel and dentin. With 10 spots parallel to the cubes edge
and 10 (dentin) and 13 (enamel) spots into the sample, an area of 120 x 120 ym? was covered
for all samples. To observe changes in crystallinity of the hydroxylapatite or potential
incorporation of isotopes from the tracer solution the v{(PO4) symmetric stretching band near
960 cm™" of apatite was fitted using the LabSpec 6 program of Horiba Scientific. In case of
isotope incorporation shifts in v{(PO4) band position and width (e.g. Thomas et al., 2011). In
all samples a slight asymmetry of the v1(PQO4) band was observed. To quantify changes in the

width 7" (given as full width at half maximum, FWHM) and frequency of the v4(PO.) band, an
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asymmetric Gauss-Lorentz function was used. All other bands were fitted with symmetric
Gauss-Lorentz function along with a linear background function between 900 and 1200 cm™.
Furthermore, finite slit width effects on the width of the Raman bands were corrected using the

following equation (Tanabe and Hiraishi 1980):
I =Im[1 - (SITW)?

with 7 and 7t representing measured and corrected bandwidth, respectively, and S the

spectra resolution (= 2.478cm™).

7.3.9 Electron microprobe analysis

For electron microprobe analysis (EMPA), the halves of the dental cubes (already
embedded in Technovit) were further embedded in epoxy resin, polished, cleaned and
sputtered with a = 20 nm layer of carbon. Experimentally altered dental cubes were solely
measured after the experiment, together with untreated samples D, L and M (Table 7.1).
Analyses were carried out at the Institute of Geosciences, University of Mainz, using a Jeol
JXA 8200 electron microprobe in wavelength-dispersive spectrometry (WDS) mode. A beam
current of 12 nA and an acceleration potential of 15 kV were chosen, with the electron beam
defocused to 10 ym. Peak counting times were 30 s for Ca, P and Mg, 120 s for Zn and 80 s
for Sr. Raw element concentration data were corrected using the routine by Armstrong (1995)
and an in-house apatite reference material was chosen for calibration. A profile of 10 um spot
measurements with a distance of 40 um between the spot centres was analysed across the

enamel thickness across the EDJ into to the dentin (Fig. 7.1).

7.4 Results

7.4.1 Changes in physical properties of the dental cubes

All dental cubes react very brittle during the preparation after immersion in the tracer
solution at 90 °C, indicating higher porosity, especially sample | (14 days, 90 °C) shows a clear
dissolution of dentin, especially at the boundary to the enamel (Fig. S7.1). All cubes have a
few pm-thick, pale whitish coating on the dental surface, which was too thin to be detected in
the different measurement methods used in this study. All cubes have a weight loss of around
15.5% £ 1.5 % (30 °C) and 23.5 % + 2.3 % (90 °C), which is also reflected in an average size
decrease of the dental cubes leading to an average length loss (length across enamel dentin
junction) of 6.6 % + 2.5 % (30 °C) and 7.1 % % 2.8 % (90 °C), respectively.
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Figure 7.2. Evolution of the doped isotopes in the isotopic tracer solution over the experiments. Closed circles/rectangles indicate the concentration
of the doped isotope (**Ca (A), #Sr (B), Mg (E), ¢’Zn (F)) in the solution, while open circles/rectangles represent the concentration of the undoped
isotope (**Ca (C), 88Sr (D), Mg (E), %8Zn (F)). In (E) and (F) the doped isotope (**Mg (E), Zn (F)) are plotted against the primary axis, while the
undoped isotope (*®Mg (E), %8Zn (F)) are plotted against the secondary axis. The initial concentration is represented as a black circle, the evolution
during the 30 °C experiment is shown by blue rectangles and the 90 °C experiment by red rectangles.
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7.4.2 Tracer solution composition

The pH value of the solution rose already during the first week of experiment from pH
= 1 to pH = 6-7 and stayed relatively constant afterwards. The evolution of the elemental and

isotopic composition of the tracer solution is shown in Figure 7.2 and Table S7.1.

7.4.2.1 Calcium

The Ca of the raw tracer solution consisted almost purely of the doped isotope *‘Ca
(340 mg/L, Fig. 7.2A), while the “*Ca content was almost negligible (0.14 mg/L, Fig. 7.2C).
During the 30 °C experiment, “4Ca increased up to 376 mg/L after four days and remained
rather constant and only increased up to 405 mg/L after 63 days. A contrasting evolution is
visible during the 90 °C experiment, where *‘Ca decreased (nearly exponential, apart from
cube |, 14 days, see Fig. 87.1) in the tracer solution during the whole experiment down to a
concentration of 166 mg/L after 63 days. The undoped “*Ca shows a similar behaviour for both
experiments, with a strong initial increase towards 2.62 mg/L (30 °C) and 2.47 mg/L (90 °C),

with almost constant concentrations afterwards (apart from cube I, 14 days, 90 °C, see above).

7.4.2.2 Strontium

In comparison to the other used element solutions enriched in a specific isotope, the
8Sr-enriched solution was not as pure and contained also a significant amount of #Sr.
Therefore, the tracer solution has %Sr (3.44 mg/L, Fig. 7.2B) and 88Sr (1.05 mg/L, Fig. 7.2D).
Overall, the Sr concentration in the solution displays a similar behaviour as Ca. For the 30 °C
experiment, a slight increase in the 8¢Sr is visible after four days (3.61 mg/L), which then
remains almost constant, except for a small decrease after 63 days (3.26 mg/L). During the
90 °C experiment, the Sr concentration decreases over the experimental duration (except for
cube |, 14 days, 90 °C) down to 2.96 mg/L after 63 days (Fig. 7.2B). This decrease is not as
strong as for Ca, however, the general trend is similar. The 8Sr increases already after four
days of experiment up to 3.09 mg/L (30 °C) and 3.36 mg/L (90 °C) and increases slightly over
time (Fig. 7.2D).

7.4.2.3 Magnesium

The evolution of the Mg concentrations is almost identical for both analysed isotopes
and at the two different temperatures (Fig. 7.2E). Both, the doped ?°Mg (24.8 mg/L 30 °C and
29.3 mg/L 90 °C), as well as the undoped Mg (6.6 mg/L 30 °C and 11.1 mg/L 90 °C), increase

significantly after four days in comparison to the starting solution (*®*Mg 20.2 mg/L and Mg
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1.8 mg/L). Afterwards, the concentration for both Mg isotopes increases slightly during the
experimental period. In addition, the concentration increases strongly during the 90 °C

experiment.

7.4.2.4 Zinc

The evolution of Zn in the tracer solution is similar for both isotopes and temperatures
(Fig. 7.2F). While the raw solution has the highest concentration for the doped 6°Zn (6.35 mg/L)
and undoped %8Zn (0.59 mg/L), the concentration in the solution decreases during the whole
experimental duration (except cube I, 14 days, 90 °C and cube N, 14 days, 30 °C) down to
0.15 mg/L (30 °C) and 0.08 mg/L (90 °C) for ®Zn and 1.14 mg/L (30 °C) and 0.13 mg/L (90 °C)
for 7Zn (Fig. 7.2F).

7.4.2.5 Phosphorus

Phosphorus concentrations were measured only qualitatively using a Spectro Vision
ICP-OES at the Institute of Geosciences, University of Mainz (Fig. §7.2). The absolute
concentration values could not be established, because the analytical procedure was not
validated for this high concentrations of phosphorous, but the trend can be used as the matrix
of the samples did not change significantly and reproducibility of the measurements was
ensured. Phosphorous was absent in the initial tracer solution but increased strongly after the
first days of experiment. However, P tends to decrease in the progression of the experiment,

especially for the 90 °C experiment.

7.4.3 Element concentration profiles across dental cubes

Concentration of Ca, P, Mg, Zn, and Sr were measured using electron microprobe
analysis. In both, enamel and dentin the concentrations do not show significant changes within
the EPMA uncertainties of approximately 3 % (Weber et al., 2020) during the 63 days of the
30 °C experiment (Fig. 87.3). Dental cubes placed in the 90 °C solutions show for the dentin
slightly higher Ca (= 10 %) and P (= 14 %) concentrations after 21 days (Fig. 7.3). The Mg and
Zn concentration of the inner dentin immersed for four days still shows an unreacted core area,
while the outer = 200 uym are clearly altered. After seven days of treatment, Mg and Zn in the
dentin are altered throughout. While Zn concentration in dentin increases (up to 90 times above
the range of natural variability), Mg decreases down to about 80 % less Mg than the unaltered
dental cube and the range of natural variability (Fig. 7.3). The enamel does not show significant

changes during the 90 °C experiment (Fig. 7.3).
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Figure 7.3. Element (Ca, P, Mg and Zn) concentration profiles across the full enamel and
dentin length of the dental cubes determined by EMPA perpendicular to the enamel-dentin
junction (EDJ) (Fig. 1) on samples from the 90 °C experiments of different duration (4 to 63

days). Data are all centred [0 ym] to the EDJ.

7.4.4 |sotope ratios of Mg, Ca, Zn and Sr across dental cubes

Isotope ratios were measures using the count rates conducted by LA-ICP-MS.
Solutions bases Ca and Sr, as well as in-situ 8”Sr/®Sr profiles were measured using (LA-)MC-
ICP-MS. The untreated dental cube D was analysed as a reference material together with the
treated samples to test the reproducibility of the measurements between different days of
analysis. For the isotopes of interest, the mean values of the concentration of enamel and
dentin lie within one standard deviation for all days of analysis (Table $7.4). Therefore, the

LA-ICP-MS data of the different days of analysis are comparable among each other.

Solution based & Sr/%Sr analyses of the unaltered enamel (AG-Lox) yielded an average
value of 0.70999 £ 0.00003 (1SD, n = 6, MC-ICP-MS), in perfect agreement with LA-MC-ICP-
MS results of 0.71003 + 0.00009 (1SD, n = 23). Stable Sr (5%/®Sryistes7) analysis of the
unaltered enamel (AG-Lox) yield an average of -0.31 £ 0.05 %0 (1SD, n = 5) and Ca isotope
analyses yielded an average d*Canist-srm 9152 (**Ca/*?Ca) of -1.82 = 0.06 %o (1SD, n = 10).

Both Sr and Ca isotope composition were measured using MC-ICP-MS.
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The calculated isotope ratios of all four elements Mg, Ca, Zn and Srin the dental tissues
indicate that the dentin generally shows more pronounced alteration effects in comparison to
the enamel during the experiment duration for both temperatures (Fig. 7.4-7.6 and S7.4-
8§7.15). However, samples immersed at 30 °C in the tracer solution show only slight alteration
effects in both enamel and dentin. Generally, the enamel shows only a narrow alteration rim
of 25 — 50 um for #*Ca/*?Ca, ¢7Zn/%Zn and ®Sr/®Sr (Fig. 7.4 and S7.4) in comparison to the
dentin with an alteration rim of up to 150 — 200 ym from the outer tissue surface (Fig. S7.5).
No correlation between the alteration depth and the duration of the experiment was detected.
For 2Mg/>*Mg, no distinct alteration is detectable in enamel (Fig. 7.4). However, a small
decrease in all "Mg/Ca during the 30 °C experiment is visible for the outer 50 — 75 ym in the
enamel (Fig. S$7.6). Since all "Mg/Ca ratios decrease the same way, no change in the isotopic
ratio occur. In addition, an increase of all "Zn/Ca ratios has been observed in the outer part of
both enamel (up to 100 um) and dentin (up to 150 um), with the 6’Zn/Ca being at least one
order of magnitude more enriched than the other "Zn/Ca ratios (Fig. S7.7 and S7.8). This is in
accordance with the increase in °Zn/%Zn shown in Figure 7.4 and S7.9, as well as with the
data of the tracer solution, which is reflecting a loss of ¢’Zn from the solution. The enamel of
the sample immersed for seven days (sample K), however, shows a different alteration pattern
in the isotope ratio and the alteration depth, up to 100 um in Ca, Sr and Zn and only a very
minor (= 20-25 ym) alteration depth in Mg. This pattern is not visible in the dentin of sample K
(Fig. S7.5). The dentin of samples treated up to 63 days at 30 °C show alteration rims up to
200 um for *Ca/*?Ca, 87Zn/%*Zn and 8 Sr/%¢Sr. The 2Mg/?**Mg shows an alteration in the outer
150 um, but not as pronounced as for the other three isotope ratios (Fig. $7.5). This agrees
with the "Mg/Ca ratios for the outer dentin, which also show a decrease of "Mg/Ca for at least
150 um. However, the ?®Mg/Ca is slightly elevated in comparison to the other "Mg/Ca ratios
(Fig. S7.9), which is in line with the increase in 2Mg/?*Mg. The innermost part of all dental
cubes treated with the solution at 30 °C does not show any sign of alteration of the enamel

and dentin in the area around the EDJ.

The enamel of dental cubes immersed at 90 °C in tracer solution show alteration rims
in the outer part of the samples. The highest degree of alteration occurs in the experiment with
the longest duration (cube F) for all isotope ratios, with alteration depths of = 100 um for
2Mg/>*Mg and Zn/%*Zn, = 150 um for *4Ca/*’Ca (Fig. S7.10) and up to 350 um for & Sr/®Sr
(LA-MC-ICP-MS) (Fig. 7.5). All other experiments of different, shorter durations show
consistently an alteration rim of around 50-100 um for Ca, Zn and Sr isotopes and almost no
alteration of the 2°Mg/?*Mg. In contrast, the "Mg/Ca is significantly lower than for the untreated
sample (Fig. $7.11), while the ?°Mg/Ca is again higher compared to other "Mg/Ca ratios. No

systematic increase of the alteration depth is visible with prolonged experimental duration.
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Figure 7.4. Profiles of Ca, Mg, Sr and Zn isotope ratios measured in-situ by LA-ICP-MS from
the outer enamel boundary 300 um into the enamel of experimentally altered dental cubes.
The cubes were immersed in isotopically (**Ca, Mg, #8Sr, 67Zn) enriched tracer solution at

30 °C for increasing durations from 4 to 63 days.
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the 90 °C experiments of increasing durations from 4 to 63 days.
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Samples kept at 90 °C in the tracer solution show strong alteration effects, especially
in the dentin. Only the sample with the shortest experimental duration (cube A, 4 days) still has
an unaltered zone in the inner dentin and an alteration rim of = 150 um visible in the **Ca/*’Ca,
87Sr/%Sr, and 2°Mg/**Mg (Fig. 7.6). Samples treated for a longer duration of a week or more
do not have any unaltered dentin remaining (Fig. 7.5). Solution based Sr isotope analysis
dentin from the altered dental cube H (7 days) yield a 8 Sr/%¢Sr of 0.35680 + 0.00001 (2SE, n
= 1) and a &%/#3r of -720.62 + 0.03 %0 (1SD, n = 1) showing the strong alteration of the dentin.
Also, the 6*2Ca value of 2941.5 + 1.4 %o (1SD, n = 1) is strongly altered. However, ¢’Zn/%Zn
shows only a narrow alteration rim of 50 um even for the shortest experimental duration (cube
A, Fig. 7.6). For samples treated for seven and 14 days, a gradual increase of the 87Zn/%*Zn
towards the inner dentin until = 250-300 um is observed. Only the sample with the longest
experimental duration (sample F, 63 days) shows fully altered dentin in 7Zn/%Zn. This is in
agreement with the "Zn/Ca ratios, which show an alteration rim for 6°Zn/Ca of 300 um after 14
days (Fig. $7.12). Interestingly, the "Mg/Ca decreased in comparison to the initial ratio in all
dentin cubes treated in the 90 °C experiment, indicating a Mg loss (Fig. $7.13). Nevertheless,
the Mg/Ca is higher than the two other "Mg/Ca ratios, confirming the increase in 2?Mg/?*Mg
(Fig. 7.6). The LA-MC-ICP-MS 87Sr/%Sr clearly shows a fully altered dentin after seven days.
At this point, the alteration starts to penetrate across the EDJ into the enamel, clearly visible
in the longest duration experiment (cube F, Fig. 7.5). An interesting feature is visible for Sr in
the "Sr/Ca ratios of the dentin (Fig. S7.14). While the #Sr/Ca is increased in the treated
samples, the 8Sr/Ca ratio is slightly decreased. This feature is especially pronounced in the

dentin and only slightly occurring in the enamel (Fig. S7.15).
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Figure 7.6. Profiles of isotope ratios for Ca, Mg, Sr and Zn measured in-situ by LA-ICP-MS
from the outer boundary of the dentin 300 um into the dentin for dental cubes of the in-vitro
alteration experiments in isotopically (“4Ca, 2Mg, 8Sr, ¢7Zn) enriched tracer solution at 90 °C

for increasing durations from 4 to 63 days.

7.4.5 Changes in bioapatite mineralogy assessed by Raman spectroscopy

Raman spectroscopy was used to investigate potential modifications of the biogenic
apatite in both dental tissues, enamel and dentin, of each sample (Fig. 7.7 and 7.8). Figure
7.7 shows Raman spectra in the frequency range of 700-1450 cm™' taken from the outer 120
um of the dentin (Fig. 7.7A). A frequency range of 360-1200 cm™ was chosen for spectra from
the outer rim of the enamel (Fig. 7.7B). Reference spectra of untreated dentin and enamel as

well as synthetic hydroxylapatite (HAp) are also included.

A comparison made of the reference spectra of both tissue types and the synthetic HAp
(Fig. 7.7) reveal that the most intense feature is a band at ~960 cm™', which is attributed to the
fully symmetric stretching mode of phosphate (v+(PO.*)). In HAp the shape of this band is
symmetric, whereas in dentin and enamel spectra, on the lower frequency side, a slight
asymmetry of the v4(PO4%) band can be observed, which is most likely caused by an underlying

band at 950 cm™' that has also been observed in other studies on bone apatite (Pasteris and
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Ding, 2009; Asjad et al., 2019). Broad and less intense Raman bands between 1040 and 1090
cm™ are attributed to the PO.*> antisymmetric stretching modes. However, the v; band 1070
cm overlaps with v band of the carbonate unit near 1079 cm™' (v4(CO3?%)). Dentin is further
distinguished by a number of broad bands that are related to collagen vibrations: proline (853
and 917 cm™), hydroxyproline (873 cm™"), phenylalanine (~1001 cm™') and amid I, consisting
of v(C-N) and 8(N-H) modes (1243-3120 cm™).

The treatment in solutions at 30 °C and 90 °C affected the dental hard tissues
differently, enamel experienced distinctly less modifications than dentin (Fig. 7.7). For dentin,
representative spectra were selected from different locations on the sawed surface of the
treated cubes for different reaction durations and at different temperatures (Fig. 7.7A). The
exact locations of the spectra are displayed as circle on the hyperspectral images in Figure
7.7C, where the colour of the respective circle corresponds to the colour of the spectrum. Each
hyperspectral image covers an area of 120 x 120 um with one collected spectrum each 10 pm.
Spectra 1 and 2 were taken close to the rim of the dentin sample which was exposed for 4
days at 30 °C to the tracer solution. Here, the collagen bands are still detectable in the
peripheral areas, whereas the initially most intense v4(PO4) band is not detectable (spectrum
1) or shows only weak intensities (spectrum 2). The v4(COs3) band is also not detectable
anymore in both spectra. These spectral observations demonstrate that the inorganic

component (i.e. bioapatite) of dentin dissolved, whereas the organic material was preserved.

Spectrum 3 was collected from the inner part of the 120 ym thick rim of a sample
reacted for 63 days at 30 °C. This spectrum is comparable to those of the untreated sample,
suggesting that no significant alteration occurred. In the hyperspectral image shown in Figure
7.6C, however, it is clearly observed that within the outermost 50 um the dentin has been
strongly altered, i.e., this area is characterized by a low intensity ratio between the v
phosphate and the collagen bands. Spectra 4 and 5 were taken from dentin samples reacted
at 90 °C for 14 and 63 days, respectively, and were taken from the inner part of the mapped
area. The most prominent feature is again the v1(PO4) band near 960 cm™, which, however,
became sharper and blue shifted with increasing reaction time. The narrowing of this band is
evident in spectrum 5 by the appearance of a small shoulder near 948 cm™ (grey arrow in
Fig. 7.7A). This band is also present in spectra from synthetic HAp, but has not yet been
convincingly assigned, but could possibly reflect the splitting of the v4(PO.) vibration of the free
tetrahedron by the crystal field (Asjadi et al., 2019). It is usually hidden below the v1(PO4) band
(Pasteris and Ding, 2009), which was accounted for in this study by using an asymmetric
Gauss-Lorenz function to fit the overall profile of this band. Moreover, both spectra do not
anymore exhibit the broad v1(CO3) band near 1070 cm, suggesting the loss of carbonate from

the dentine bioapatite phase and thus complete reorganisation of its apatite crystal lattice. It is
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also noteworthy that the v(C-C) vibration of the aromatic phenylalanine ring near 1001 cm™ is

clearly detectable but this is the only significant remaining collagen-related Raman signal.
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Figure 7.7. Results of Raman spectroscopy. Raman spectra of dentin A. and enamel B. for
different experimental durations and temperatures. Spectra were normalized to the v1(POs)
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hyperspectral images shown in C. Each hyperspectral image represents an area of 120 x 120
Mm. The colour coding shows the integrated intensity of the v4(PO.) band relative to the proline

band near 853 cm™.

The only significant visible spectral changes in enamel were observed on the rim of the
enamel sample treated at 90 °C for the longest reaction duration (Fig. 7.7B). The spectra from
the outer part of this sample have a distinctly blue shifted v(PO4) band compared to the spectra
of the inner part and the untreated enamel reference. Furthermore, two weak bands at 917 cm-

' (proline) and 1001 cm™ (phenylalanine) as well as weak amid Ill bands, all assigned to
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collagen vibrations, are significantly more intense than in the spectra from the inner part of the

enamel and the untreated enamel reference.

In order to quantify potential modifications within the bioapatite lattice, the position and
width of the v1(PO.) band were determined by least-squares fitting of an asymmetric Gauss-
Lorentz function and plotted against each other in Figure 7.8. Raman data from fossil dentin
and enamel, modern and fluoridated fossil lizard bone, modern fluoridated shark tooth,

magmatic fluorapatite (FAp), as well as synthetic HAp are plotted as references in Figure 7.8C.

As already observed in the Raman spectra, enamel is distinctly less reactive than
dentin. Especially, the Raman spectra from the enamel samples reacted at 30 °C for different
durations (Fig. 7.8A, blue symbols) do not reveal any significant changes, as the samples,
irrespective of the experimental duration, all plot in the same area. Any difference merely
reflects the natural variability of the starting material. Similarly, samples treated at 90 °C for up
to 21 days do not show any significant changes (Fig. 7.8B). However, after an experimental
duration of 63 days, the v¢(PO4) band position increased significantly by about 1 cm™, whereas
the bandwidth did not change significantly. This frequency shift is also directly visible in the

Raman spectrum shown in Figure 7.7B.

Under the microscope differently pronounced but clear reaction rims are visible in the
dentin part of all samples treated at 30 °C (Fig. $7.16). However, there is no clear correlation
between the width of the reaction rim and the duration of the experiment, as also deducible
from Figure 7.7C. In any case, all samples from the 30 °C experiments have preserved an
apparently unreacted zone within the measured areas (Fig. 7.7C). Data points from this zone
cluster in the diagram frequency versus width of the v4(PO4) band between about 960.5 and
961.7 cm™ and between 12.0 and 15.5 cm™, respectively (marked area in Fig. 7.8A and B).
These ranges essentially represent the natural, spectral variability of the starting dentin
material. In the measured outer part of the treated dentin samples, substantially band
parameter changes occurred with increasing reaction time both at 30 °C and 90 °C (Fig. 7.8A
and B). At 90 °C and reaction times larger than 7 days, the measured area has completely
been altered, particularly recognizable by a significant reduction of the bandwidth (Fig. 7.8B),
whereas for samples treated at 90 °C for 4 days only the data pattern is still comparable to that

observed for the 30 °C experiments (Fig. 7.8A).
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experiment, B. from the 90 °C experiment, and C. from both experiments in comparison with
data from different modern and fossil bones (Pasteris and Ding, 2009; Barthel et al., 2020) and
teeth (Thomas et al., 2007), as well as from synthetic HAp (Asjadi et al., 2019) and magmatic
FAp (own, unpubl. data). Arrows mark distinct trends that show different slopes of dv/dfl" in A

and B enclose the field for untreated and unaltered dentin and enamel, respectively.

The overall pattern is complex and cannot be explained by a single process. Whereas
in a perfect crystalline solid the long-range order of the lattice makes the correlation length of
the normal-mode vibration infinite, limiting Raman scattering to zone-centre (q = 0) optical
phonon modes, in defect-rich or nano-crystalline materials, such as dentin apatite, the
relaxation of the momentum selection rule allows a greater range of vibrational modes to
contribute to Raman scattering. This results in a redshift of the phonon frequency and a
decrease in the phonon lifetimes, i.e., a broadening of Raman bands. In the anharmonic
approximation, the phonon frequency (real part) and the phonon lifetime (imaginary part)
should be linearly related to each other via Kramers-Kronig relationship. Indeed, we observe
different, nearly linear data arrays in the data set of dentin treated at 30 °C that are
characterized by different slopes dv/drl, ranging from -0.206 £ 0.004 to about -0.85 (Fig. 7.8A
and B). In particular, the dentin altered for 7 days at 30°C shows an evolution of Raman
spectral parameters towards synthetic hydroxylapatite (crystallite sizes between 70 and 100
nm) with a slope dv/dl" of -0.206 + 0.004, whereas all other experiments resulted in steeper
trends that point then towards fluoridated fossil tooth and bone references as shown in Figure
7.8C. We also note that after 7 days at 90 °C, the dentin band parameters plot at the trend
towards synthetic HAp, but for longer durations the slope dv/dl" again became steeper, i.e.,

dv/dl = -0.57 £ 0.01, indicating a change in the recrystallization process.

7.5 Discussion

7.5.1 Weight loss and mass balance

The weight loss observed in samples immersed in acidic (= pH 1) tracer solutions at
30 °C and 90 °C is the result of material loss by dissolution of dental material (preferentially
bioapatite), as indicated by increasing Ca and P content in the remnant solution (Table S7.1,
Fig. 7.2 and S7.3). This dissolution of bioapatite caused an increase of solution pH from 1 to
about 6-7. The degree of alteration observed at 30 °C and 90 °C seem to be different for the
elements of interest. While both Ca and Sr concentrations show a similar temporal evolution
in the tracer solution, both at 30 °C and 90 °C, Mg and especially Zn seem to be controlled by
different reaction mechanisms. This becomes evident by the differences in material loss of the

dental cubes between both experimental temperatures and by comparing those data with the
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changes in solution composition over time. Based on the observed concentrations of the doped
and undoped isotopes of interest in the solution, it is possible to calculate the expected material
loss of the dental cubes by calculating a mass balance based on the solution concentrations
(Table S7.5). However, this approach is limited by some assumptions, i.e. (a) the natural
variability in element concentrations across the dental cubes, resulting in uncertainties of the
average concentration of the dissolved material, (b) the uneven surface of the dental cubes,
which can cause an enhanced dissolution of one cube in comparison to the other, due to
differences in surface area, (c) the concentration difference of the isotope/element of interest
in the initial solution and in the solutions from different time intervals of the immersion
experiment. The latter is especially crucial for “Ca, which has already a high concentration in
the raw solution and does not increase as much as the “3Ca, i.e. resulting in a high background
concentration in the starting solution. These limitations also explain the non-linear behaviour
of the material loss with increasing time. However, there are as well several points affecting
the accuracy in weighing, i.e. varying water content in the dental cube. Based on the results
from the solution (Fig. 7.2), we calculated the absolute amount of each isotope (*Mg, *Mg,
43Ca, *Ca, %7Zn, %Zn, 8gr, 88Sr), based on their concentration, the known volume of each
solution (2 mL, see “Materials and Methods, Tracer solution”), the natural abundance of each
isotope (Berglund and Wieser, 2011), the elemental concentrations of the unaltered dental
cube (Table S7.4) and the weight of each dental cube (Table 7.1). Calculations for Zn have
not been performed, since the Zn concentration in the solution is decreasing with time, i.e.
there is no Zn dissolution from the dental cube. The same trend was observed for the
calculations using “*Ca and #Sr during the 90 °C experiment. Therefore, these calculations
have also been excluded from the Figure 7.9. For the 30 °C experiment, the calculations based
on “3Ca, 88Sr, Mg and Mg show the best agreement with the measured weight loss, while
4Ca and %Sr seem to underestimate the dissolved apatite material. During the 90 °C
experiment, both Mg concentration calculations, as well as the calculation based on “*Ca,
overestimate the weight loss. The best agreement was found between the measured weight
loss and the mass balance model based on the 3Sr. This is especially interesting, since we
observe a decrease of the 8Sr/Ca in the dental cubes in the 90 °C experiment (Fig. $7.14 and
S§7.15). This evolution indicates, that 8Sr seems to most accurately reflect the bioapatite
dissolution process of the dental cubes during this experiment. In contrast, *Ca and 8Sr show
a decreasing trend in the solution data and are most likely involved in an opposing trend and

increase due to mineral re-precipitation along the dental surface.
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Figure 7.9. Weight loss of the dental cubes based on the mass balance model for the A. 30 °C
experiment and the B. 90 °C experiment. Note that in B, the calculations based on #*Ca and

8Sr are not shown due to negative values (see text for details).

7.5.2 Evolution of the tracer solution and dental cubes

The composition of the tracer solution evolves differently for the elements enriched
therein, but also for different isotopes of the element of interest at 30 °C and 90 °C, whereby
slight positive shifts in the mass fraction might be due to some evaporation loss of the tracer
solution during the experiment, especially during the 90 °C experiment. For Mg, a clear
increase for both isotopes Mg (doped) and Mg (undoped) in the solution is observed at both
temperatures. Interestingly, the increase in 2Mg (~4.6 mg/L for 30 °C and ~9.1 mg/L for 90 °C)
and Mg (~4.8 mg/L for 30 °C and ~9.3 mg/L for 90 °C) reflects the natural isotopic
composition of Mg (¥Mg ~10 % and Mg ~11 %), proofing that Mg is leached from the dental
cubes. In general, during the 90 °C experiment the Mg concentration in the solution increased
more than during the 30 °C experiment, indicating a higher dissolution of the dental material
(Fig. 7.1). This is in agreement with the weight loss data of the dental cubes at 90 °C and
30 °C displaying a higher loss of 23.5 + 2.3 % compared to 15.5 + 1.5 %, respectively
(Table 7.1). Magnesium is further dissolved with increasing duration of the experiment, which
is in agreement with the decreasing "Mg/Ca in the dental cubes. All "Mg/Ca ratios decrease in
altered dental tissue compared to the starting values of each dental cube before the
experiment, especially in the dentin, which is completely overprinted in the 90 °C experiment
and lost about 80 % of its Mg content (Fig. $7.9). However, the doped ?°Mg shows the highest
"Mg/Ca ratio, both in the dentin and enamel after the 90 °C experiment. Since both, the lighter
2*Mg and the heavier 2Mg are lower concentrated in comparison to the 2Mg with intermediate
weight, no clear trend towards a preferential dissolution of heavier/lighter isotopes is

detectable. This implies, that the dissolution process out of the dental cube for the Mg is
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(mainly) controlled by the concentration gradient between solid dental material and the tracer

solution, the latter being highly enriched in 2°Mg.

Zinc shows a completely different alteration behaviour, both in the solution and in the
dental tissues, than Ca, Sr and Mg. Apart from two outliers for the 14 days experiment
(Fig. 7.2), the Zn concentration in the solution shows an exponential decrease for the whole
experimental duration for both temperatures (Fig. $7.17). In addition, all "Zn/Ca ratios increase
in the outer parts of the dental cubes, both for enamel and dentin (Fig. 7.7, S7.8 and S7.12).
However, the %7Zn/Ca increases the most, leading to an increased %7Zn/%*Zn (Fig. 7.4, 7.5,
8§7.5, S§7.10). This implies, that Zn is absorbed from the solution and incorporated into the
apatite crystal lattice. If any Zn dissolution from the dental material occurs, this amount is
several orders of magnitude lower than that of the Zn precipitation, i.e. there is a net
accumulation of Zn in the outer rim of the dental tissues, both dentin and enamel. However, it
is not possible to evaluate the amount of Zn dissolved in comparison to Zn incorporated. It is
assumed that Zn is taken up into the dental material, substituting for the leached out divalent
cations, such as Ca?", Mg?* and Sr?* in the crystal lattice of the apatite. Zinc distribution
patterns comparable to our experiment have also been postulated for fossil aurochs bone
fragments from the Neolithic (Reiche et al., 2003). The increase in "Zn/Ca ratios in the
outermost parts of the dentin and enamel could be caused by incorporation of Zn from the
tracer solution into the dental tissue or the possibility of contamination of Zn from either
laboratory gloves during the handling of the samples (Gargon et al., 2017), or from the resin
Technovit 5071 in which the samples have been embedded. An incorporation from the tracer
solution, however, seems to be more likely, since there is no increase in "Zn/Ca ratios in the

untreated cube, which were handled similar to the treated cubes.

The evolution of Sr and Ca isotopes is rather similar during the experimental duration
and the two temperatures, as expected from their similar chemical properties. However, the
concentration changes of Ca in the tracer solution are even more pronounced during the 90
°C experiment. The 4*Ca and #Sr, which were not enriched in the tracer solution, both increase
rapidly after the experiment started and almost stay constant during the full experimental
duration (Fig. 7.2). Only for the 90 °C experiment, “*Ca might show a slight decrease with
increasing experimental duration (Fig. 7.2C). This indicates that Sr and Ca are both dissolved
from the dental material into the solution, as shown by the increased #Sr and “Ca
concentration in the tracer solution. This dissolution is mostly happening during the first four
days of the experiment and is significantly reduced afterwards. Due to buffering of the tracer
solution by bioapatite dissolution, the pH increases up to 6 to 7 and the solution is no longer
acidic, preventing any significant further dissolution, since hydroxylapatite dissolution is highly
dependent on pH and almost not soluble in neutral agueous solutions (Fassbender et al., 1966;

Berna et al., 2004). The same changes are visible during the 30 °C experiment for the doped
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44Ca and 88r. After initial dissolution within the first four days, the solution concentration varies
only slightly. However, for the 90 °C experiment, the doped isotopes of “‘Ca and 8¢Sr tend to
decrease significantly in the tracer solution. Since there is no other sink (no precipitates that
formed in the Teflon beaker) for the Ca and Sr than the dental cubes, the only explanation is
that both are incorporated into the dental material, i.e. by re-precipitation as newly formed
(synthetic) hydroxlyapatite (Fig. 7.8). The differences in the concentration for the specific time
intervals (i.e., 14 days at the 90 °C experiment) are again most likely due to the natural variance
in the trace element composition of the dental material between the different individual cubes.
The imperfections of the crystal structure of bioapatite can therefore favour the mineral
dissolution (Mayer and Featherstone, 2000). As soon as hydroxylapatite starts to re-precipitate
from the solution, the rate of precipitation is not only controlled by the availability of Ca?* and
PO, ions, but also by the surface area (Inskeep and Silvertooth, 1988), which likely differs
between the different dental cubes. This re-precipitation is only visible during the 90 °C
experiment and therefore seems to be controlled mainly by temperature, i.e. a specific thermal
activation energy is needed to induce the re-precipitation. Especially for supersaturated
solutions, an equilibrium state can only be achieved when long experimental durations and/or
highly elevated temperatures are used (Chander and Fuerstenau, 1984). Nevertheless, in the
90 °C experiment, the doped isotopes (**Ca, 8Sr, 2Mg) of the according elements show a
different evolution. There is no clear trend regarding the preferred precipitation of a
lighter/heaver isotope. For Ca, the heavier “*Ca is preferentially removed from the solution into
the newly precipitated mineral, while for Sr, the lighter 8Sr is preferentially incorporated. For
the 90 °C experiment, the 8Sr/Ca is lower than before the experiment, while the 8Sr/Ca is
increased. This trend is especially visible in the dentin, but also slightly visible for the outer
enamel (Fig. S7.14 and S7.15), which would imply a preferred incorporation of the lighter 8¢Sr
in comparison to the heavier 8Sr. While this trend is known for fractionation along trophic food
chains (Knudson et al., 2010), i.e. due to biological processes, the experimental setup is entire
inorganic and therefore should not favour the lighter isotope. Stable isotope fractionation in
biological processes is typically in in the permil or sub-permil range. In our in-vivo experiment
probably no stable isotope fractionation might be visible for the precipitation of Sr (for Ca and
Mg as well) from the tracer solution to the solid dental material, because the difference in the
8Sr/Ca ratio is dominated by the excess of #Sr in the solution. We observe preferred isotopic
incorporation not dependent on isotopic weight, but rather on concentration of the isotope in
the enriched tracer solution. This is true for Ca (**Ca preferentially incorporated versus “3Ca),
Sr (85Sr preferentially incorporated versus 8Sr), but also for Mg, where the intermediate, but
higher concentrated 2Mg in preferentially incorporated in contrast to the lighter Mg or the
heavier 2Mg (Fig. S7.11 and S7.13). Considering, that all three elements belong to the same

group of earth alkaline elements they should react in a similar way in natural processes. Due
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to the fact that there is no, or at least no detectable, preferred isotopic incorporation for a lighter
or heavier isotope during the alteration experiments, it seems more plausible, that the re-
precipitation process at higher temperatures is induced due to the oversaturation in the solution
of solved calcium phosphate and the unproportionally higher abundance of the enriched Mg,

44Ca and 8¢Sr in the solution, compared to 2*Mg, Mg, “*Ca and ®Sr, respectively.

7.5.3 Implications for sampling of dental tissues for isotope or trace element analysis

Based on the laser ablation profiles isotope ratios of all four different isotope systems
Ca, Sr, Mg and Zn display alteration rims of enriched concentrations in the outer enamel of at
least = 100 ym for both temperatures. For the lower temperature experiment (30 °C) no
systematic extension of the alteration rim (i.e. penetration depth of the reaction zone) with
increasing experiment duration was observed. Since the dental cubes are biological materials,
natural variation in chemical composition and structural properties is likely. Therefore, deeper
penetration depth of the alteration rim in single samples could be explained with a crack or
more porous enamel, which might function as a fluid pathway for the isotopic tracer solution
deeper into the dental material. In the higher temperature experiment (90 °C), the deepest
reaction depth of around 150 um was observed in the longest lasting experiment (cube F,
63 days). For all other experimental durations, no systematic increase could be detected,
implying that a significant difference in alteration depth of the enamel only occurs at higher
temperatures and long experimental durations. It could also be concluded that the main
alteration processes took place during the first few days of experiment, while the pH value was
only 1. As soon as the pH increases, the dissolution process likely stopped. In-situ LA-MC-
ICP-MS 87Sr/88Sr analysis allows for a more sensitive and higher spatially resolved assessment
of diagenetic alteration than LA-ICP-MS analysis. During LA-ICP-MS analysis, the high
number of isotopes measured per cycle, resulting in a temporal resolution of 0.8 s, limits the
temporal resolution. Based on the transition rate of 5 um/s, the calculated spatial resolution for
the LA-ICP-MS data is 6 — 8 um (Sanborn and Telmer, 2003). In contrast, the data acquisition
in multi-collection mode solely for Sr enables the LA-MC-ICP-MS methodology to achieve a
spatial resolution of up to 1 um (based on a transition rate of 5 ym/s and an integration time of
0.2 s in the time resolved analysis of the Nu Plasma software). Therefore, the higher spatially
resolved LA-MC-ICP-MS &’Sr/%Sr data shows, independent of experiment duration, an enamel
alteration rim of 300 um at 30 °C (Fig. S7.4) and up to 500 ym at 90 °C. Therefore, for sampling
of fossil teeth for isotope analysis the removal of the outer few 100 ym of enamel is
recommended to ensure the analysis of the least altered central part of the enamel. This may
work well for mammal teeth with thick enamel but can be problematic and not feasible for

reptilian teeth with thin enamel is for small-sized teeth. However, as the innermost enamel,
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along the EDJ, is also altered due to a penetration of the tracer fluid through the whole dentin
and across the EDJ into the innermost few 100 um of enamel (Fig. 7.5), this zone should
ideally also be avoided for geochemical analysis assessing in vivo compositions. The
innermost, pristine zone in the central part of the enamel is shrinking from both sides with the
duration of the alteration experiments (Fig. 7.5). After 63 days at 90 °C, there remains only a
zone of = 1 mm unaltered enamel, which is about = 56 % of the original enamel thickness of
=~ 1.8 mm. In contrast, dentin is much more prone to alteration than the enamel. Especially
during the higher temperature experiment, a complete alteration of the = 1.4 mm thick dentin
is observed for all doped isotopes (**Mg, “‘Ca, 6Zn and 8°Sr) already after 7 days. This is
probably caused by the lower apatite crystallinity, higher porosity, lower degree of
mineralisation and higher content of organic matter (i.e. collagen) in the dentin compared to

the enamel, making it much more prone to diagenetic alteration.

7.5.4 Dissolution and precipitation processes

The Raman spectra of enamel and the extracted spectral parameters, bandwidth and
position, of the v4(PO.) band display a higher resistance of enamel against alteration, matching
with the expected higher apatite crystallinity of enamel compared to dentin. According to the
high crystallinity, the enamel is less vulnerable to changes during the lower temperature
experiment (30 °C), where no changes in the Raman spectral parameters in the outer 120 pm
were observed. Even at higher temperatures (90 °C experiment), only the enamel in the
sample with longest exposure to the tracer solution show an increase of the v1(PO4) band
position in the outer 120 uym (Fig. 7.7 and S7.18). Note that band position is determined from
the average P—O bond length involved in the symmetric stretching of phosphate (i.e. Popovi¢
et al., 2005). The higher band positions indicate a shorter P-O bond length, which could be
caused by the incorporation of light ions from the doped isotope tracer solution on the Ca
crystal lattice position. Fluorine is known to substitute on the OH- position in the apatite lattice
and can cause also such a shift of the v1(PO4) band to higher wavenumbers (Thomas et al.,
2011). However, the tracer solution initially did not contain any F, therefore, in this special
experimental setup, the only possible source of F are the reaction beakers consisting of Teflon,
which is a synthetic fluoropolymer of tetrafluoroethylene. This is further supported by the fact
that a notable shift only occurred in the enamel experiment that ran for 63 days at 90 °C. The
different dv/dl” trends are potentially a result of different F concentrations dissolved from the

Teflon beakers, expect for the dv/d/™ trends going towards synthetic HAp (Fig. 7.8C).

Modifications of the dentin Raman spectra and of the v1(PQO4) band confirm that dentin
is much less resistant against alteration compared to enamel. Furthermore, the alteration

processes of dentin samples progress continuously and are temperature-dependent. The
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reaction time seems to have only little influence at low temperatures, however, a clear
tendency to a dissolution of hydroxylapatite and a preservation of organic material exists. It is
indicated, that the partial dissolution of the apatite component in the outer part of the samples,
which relatively increased the amount of collagen with respect to the bioapatite, as also
observed for the dentin samples but here even at lower temperatures. Raman spectra of the
dental cubes from the 30 °C experimental series display the dissolution of apatite in the outer
dentin area exposed to the solution already after 4 days, while collagen is predominantly still
preserved, indicating a preferred preservation of organic matter in this specific acidic
environment at low temperatures (Fig. 7.7). In the 90 °C experimental series, the outer 120 ym
of dentin were also completely altered already after 4 days. At higher temperature, also
degradation of the organic matter can be observed, while the bioapatite component remains
preserved, even after long experimental durations. This is reflected by a strong shift of the
v1(PO4) band towards higher wavenumbers in samples with longer reaction duration at 90 °C
(Fig. 7.8B), which hints towards a dissolution-recrystallization process. From unaltered dentin
Raman shift and FWHM display two different trends, one towards values of high bandwidth
and slightly increasing band position and the other one displaying increasing band position
accompanied by a strongly decreasing bandwidth, reaching minimum values close to synthetic
HAp (Fig. 7.8C).

A dissolution-recrystallization process of the bioapatite resulting in higher apatite
crystallinity would lead to such an increasing v1(PO4) band position and decreasing bandwidth.
During the dissolution and recrystallization of the apatite F and Zn got incorporated. Zinc is
known (independent of Zn concentration) to reduce the acid reactivity, causing less dissolution
of the dental cubes after the initial experimental phase, as well as the formation of new and
larger crystals (Featherstone and Nelson, 1980) with less structural defects (Nelson et al.,
1982; Mayer and Featherstone, 2000). This would lead to the observed increased crystallinity
and the decreased bandwidth in the Raman spectra. Furthermore, the lower Mg/Ca in the
newly precipitated hydroxylapatite could also cause a higher crystallinity (Legfros et al., 1996).
Since Mg is leached out of the dentin, Sr and/or Zn seems most likely to substitute for Ca
instead of Mg, causing the increase of the band position, when comparing Raman spectra with

the laser ablation results.

The dissolution behaviour of Ca-apatites in acids, such as hydroxylapatite in HNO3, can
be described by different models and is still a matter of debate (see Dorozhkin, 2012 and
references therein for a literature review of different models). However, all of these models are
generally limited by several assumptions, they usually only use the stoichiometric
hydroxylapatite (Ca/P = 1.67) and only consider ions of Ca?*, POs* and OH" or F", respectively.
In addition, the initial surface of the model-apatite is always perfectly smooth, even from a

molecular point of view, i.e. no dissolution nuclei are modelled. Furthermore, those models
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usually do not consider whether the specific anions of an acid such as CI vs. NO3 for
hydrochloric and nitric acid, respectively, might have unknown specific effects. Therefore, such
models are only of limited use to explain dissolution and precipitation of the bioapatite of the
dental cubes used in this study. Furthermore, these models are not valid for experimental
conditions with pH of < 2 and temperatures above 70 °C (Dorozhkin, 2012). Since isotopic
fractionation seems to be only of minor importance for the processes observed during the
experiment, we mainly use concentration differences and diffusion effects on the solid/liquid
interface as explanation. As soon as the solid material (i.e. the dental cube) gets in contact
with the tracer solution, a small layer of solid/liquid interface develops (DePaolo, 2011). This
induces the chemical interaction of the solution with the apatite (Pearce, 1988), and the
exchange of ions from both reservoirs within the solid/liquid interface. The components of the
solution will absorb onto the surface of the dental cubes and induce a chemical exchange of
the surface layer, i.e. causing the crystal surface to lose some of its components, such as Ca?*,
Sr?*, Mg?* and PO.*. Depending on the ionic diffusion gradient, ions from the bulk solution or
the dental material are exchanged within this interface layer and ultimately either transported
into the solution, or incorporated into recrystallized dental material (Dorozhkin, 2012).
Therefore, the large concentration differences in the tracer solution between the different
isotopes, “4Ca vs. ©Ca and #Sr vs. 8Sr, will ultimately be responsible for the different isotope

evolution, while the element concentration stays consistent during the 90 °C experiment.

Our experiments demonstrate that non-traditional isotopes such as Ca, Sr, Zn and Mg
increasingly used for dietary and physiological reconstructions are prone for diagenetic
alteration in fossil teeth. Especially dentin is vulnerable for alteration and should be avoided.
But also enamel, exposed to diagenetic fluids, can be altered especially the outer and
innermost few hundred micrometres, depending on the time of burial and the physico-chemical
conditions in the diagenetic setting. The enamel along the EDJ can be affected by alteration
of solutions penetrating into the enamel from the dentin. To obtain pristine, in vivo isotope
compositions it is thus important to carefully assess the chemical and mineralogical
preservation state of enamel ideally by spatially resolved in-situ techniques such as Raman
and LA-(MC)-ICP-MS. By analysing profiles across the enamel, the least altered zones can be
identified and sampled from fossil tooth specimens. This is especially important for the
application of non-traditional stable isotope systems such as &**Ca, 6®Sr, Mg and 6%*Zn
values used as trophic level indicators for the reconstruction of fossil food chains (Knudson et
al., 2010; Jaouen and Pons, 2017; Martin et al., 2015b, 2017a; Bourgon et al., 2020). For these
isotopes displaying trophic level differences in the sub-permil range, even small degrees of
diagenetic alteration can strongly bias original compositions. Due to the experimental setup of
this study, it is not possible to evaluate differences in the isotopic behaviour within a specific
element, due to the high concentration in the tracer solution. To further evaluate the differences
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during the 90 °C experiment between heavier and lighter isotopes, another experimental and
analytical setup would be necessary, i.e. by using single element solutions with reduced
isotopic concentration gradients (i.e. only near-natural isotopic enrichment). Besides the
analysed Sr, Mg and Zn, there are several further elements that are contained in natural
hydroxylapatite, such as Na, K, Ba, etc., which might influence the chemical properties during
the experimental setup. In an independent experiment to evaluate isotopic fractionation effects
during dissolution and/or precipitation of hydroxylapatite, single element solutions should be
used at different temperatures, using high-resolution analytical techniques, such as MC-ICP-
MS or TIMS, to further assess changes in the isotopic composition in the per mil range, which
is relevant for palaeoecological and palaeoenvironmental applications using isotope

compositions of fossil teeth.

7.6 Conclusion

In general, low, near Earth-surface temperatures (30 °C) do not affect the chemical
alteration of dental tissues in acidic aqueous solution as much as higher temperatures of 90 °C
(representing about 3 km of burial depth). Enamel isotope composition and apatite crystallinity
are both much less affected by the in-vitro alteration experiment in the isotopically enriched
tracer solution than in dentin. The isotopic ratios of dentin are fully altered at 90 °C after only
few days. Calcium, Mg, Zn and Sr concentrations and isotope composition indicate that only
the outermost = 100-200 um of the enamel are affected by reaction processes, probably
diffusion and re-precipitation. High-resolution in-situ LA-MC-ICP-MS 87Sr/®Sr profiles across
the dental cubes indicate that the central part of mm-thick enamel preserves original isotope
compositions (even after 63 days at 90 °C), while dentin is fully altered after one week. This
finding has implications for only few 100 um thick enamel of certain fossil reptiles or small
vertebrates. To measure pristine, in-vivo isotope compositions, we recommend to either
remove the outermost = 100-200 um of enamel, as well as not to sample too close to the EDJ,
or work with spatially resolving methods such as SIMS or laser ablation (MC-)ICP-MS to
identify and avoid diagenetically altered zones. Magnesium and Zn show a different behaviour
than Ca and Sr during the experimental bioapatite alteration. Zinc is incorporated into the
dentin, while Mg is leached out of the dentin. The incorporation of Zn into the hydroxylapatite
could be the reason for a decreasing Raman shift, causing the precipitation of crystals with
less structural defects. Due to the lack of correlation between the reaction depth of the apatite
(i.e. changes in isotope ratio and Raman spectra) and the duration of the experiments, it is not
possible to determine the kinetic mechanism causing the alteration reaction. In contrast, it was
possible to explain the different evolutions for the doped isotopes of Sr and Ca during the 90

°C experiment in the alteration zones of the bioapatite. Probably a diffusion gradient controlled
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mechanism at the solid/liquid interface around the dental cubes due to the highly elevated
concentration of the doped isotopes caused the altered isotope ratios in the outer few 100 pm

enamel and throughout the dentin.
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7.8 Supplement
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Figure S7.1. Dental cube | (14 days, 90 °C) after the experiment. A clear dissolution scar
around the enamel dentin junction (EDJ) is visible, resulting in a higher concentration of Ca,
P, Mg and other apatite-derived trace elements in the tracer solution. This picture was taken
prior to the cutting and does not represent the area where the LA-(MC-)ICP-MS, EMPA and
Raman analyses have been performed.
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Figure S7.2. Qualitative evolution of the P concentration in the tracer solution. While P is
absent in the raw solution, a significant amount is dissolved into the solution already after 4

days, which decreases afterwards, especially during the 90°C experiment. Note that the Y-axis
is interrupted.
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Figure S7.3. Results from EMPA for the in-vitro experiment. Major and trace element
concentration profiles of enamel and dentin across the enamel dentin junction (EDJ)
determined by EMPA, lines are centred to the EDJ. Concentration profiles of dental cubes
immersed for different reaction times of 4-63 days in to Mg, “‘Ca, 6Zn and %Sr enriched

tracer solution are given for both reaction temperatures 30 °C and 90 °C.
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Figure S7.4. In situ 8’Sr/%Sr LA-MC-ICP-MS profiles across the enamel and dentin perpendicular to the enamel dentin junction (EDJ) of the cubes
from the 30 °C experiment. Note that only the outer rims of both enamel and dentin were altered and shifted to lower 8Sr’®Sr due to #Sr incorporation
from the tracer solution. Note also the decrease of 87Sr'®¢Sr in the dentin close to the EDJ in the 14 days experiment, which is in line with the strong

dissolution of dentin visible in this cube (Fig $7.2). The zero point is defined as the outer boundary of the enamel.

217



Chapter 7

16 0.30q
] 0.28
14 4 ]
J 0.26 4
@ 12 o 0.24—_
(&) = 0221
o™~ =
4 104 b |
- =~ 0.204
© g o) i
3(_) 8 = o018 f\/\/
n |
N 0164
4 e~
6 014 Ay
i R S
s 0.12-
T T T T T T T 0.10 T T T T T T T
0.8 q 20+
074 18
16
0.6 4 j
— [ 14
N 0.5 <rN ]
2 3 12
~— —~ 4
— i C 10
,\(D 0.4 N j
© B 84
0.3 ]
o untreated D 64
0.2 ed4days G 1
e7days K 4
e 14days N 1
0.11 21days C 27
e63days E i
00 T T T T T T T T T T N 0 T T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Distance [um]

Figure S7.5. Isotope ratios of Ca, Mg, Sr and Zn measured by LA-ICP-MS in the outer 300 pm
of dentin from the in-vitro alteration experiments at 30 °C for 4 to 63 days in isotopically (**Ca,

Mg, #Sr, 87Zn) enriched tracer solution. The zero point is defined as the outer boundary of

the dentin.
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Figure S7.6. "Mg/Ca ratios measured by LA-ICP-MS in the outer 300 um enamel of dental
cubes from the 30 °C experiment after 14 (A) and 63 days (B). Thick lines indicate the "Mg/Ca
ratios after the experiment, while thin lines show the initial "Mg/Ca prior to the experiment. The

zero point is defined as the outer boundary of the enamel.
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Figure S7.7. "Zn/Ca ratios measured by LA-ICP-MS in the outer 300 um enamel of dental
cubes from the 30 °C experiment after 14 (A) and 63 days (B). Thick lines indicate the "Zn/Ca
ratios after the experiment, while initial "Zn/Ca prior to the experiment are almost 0 and not
visible in this plot. Note that both y-axes are plotted on a logarithmic scale. The zero point is

defined as the outer boundary of the enamel.
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Figure S7.8. "Zn/Ca ratios measured by LA-ICP-MS in the outer 300 um dentin of dental cubes
from the 30 °C experiment after 14 (A) and 63 days (B). Thick lines indicate the "Zn/Ca ratios
after the experiment, while initial "Zn/Ca prior to the experiment are almost 0 and not visible in

this plot. The zero point is defined as the outer boundary of the dentin.
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Figure S7.9. "Mg/Ca ratios measured by LA-ICP-MS in the outer 300 um dentin of dental
cubes from the 30 °C experiment after 14 (A) and 63 days (B). Thick lines indicate the "Mg/Ca
ratios after the experiment, while thin lines show the initial "Mg/Ca prior to the experiment. The
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Figure S$7.10. Isotope ratios of Ca, Mg, Sr and Zn measured by LA-ICP-MS in the outer
300 um of enamel from the in-vitro alteration experiments at 90 °C for 4 to 63 days in
isotopically (**Ca, Mg, Sr, 7Zn) enriched tracer solution. The zero point is defined as the
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Figure S7.11. "Mg/Ca ratios measured by LA-ICP-MS in the outer 300 ym enamel during the
90 °C experiment after 14 (A) and 63 days (B). Thick lines indicate the "Mg/Ca ratios after the
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Figure S7.12. "Zn/Ca ratios measured by LA-ICP-MS in the outer 300 um dentin during the
90 °C experiment after 14 (A) and 63 days (B). Thick lines indicate the "Zn/Ca ratios after the
experiment, while thin lines show the initial "Zn/Ca prior to the experiment. The zero point is

defined as the outer boundary of the dentin.
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Figure S7.14. "Sr/Ca ratios measured by LA-ICP-MS in the outer 300 um dentin during the 90

°C experiment after 14 (A) and 63 days (B). Thick lines indicate the "Sr/Ca ratios after the

experiment, while thin lines show the initial "Sr/Ca prior to the experiment. The zero point is

defined as the outer boundary of the dentin.
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Figure S7.15. "Sr/Ca ratios measured by LA-ICP-MS in the outer 300 ym enamel during the
90°C experiment after 14 (A) and 63 days (B). Thick lines indicate the "Sr/Ca ratios after the
experiment, while thin lines show the initial "Sr/Ca prior to the experiment. The zero point is

defined as the outer boundary of the enamel.
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Figure S7.16. Example of the alteration rim (red box) visible in the dentin after the experiment.
A. untreated reference cube D, B. 63 days, 30 °C experimental cube E.
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Figure S7.17. Exponential decrease of the Zn concentration in the tracer solutions for 30 °C

(A) and (C) and 90 °C (B) and (D). Equations for every plot are given in the figure and are

plotted as a red line. Please note that in C, the 14 days experiment was excluded from the

calculations (red circle), due to its unusual dissolution behaviour (see Fig. S7.2).
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Figure S7.18. Raman shift and full width at half maximum (FHWM) of the outer 120 uym of the
enamel (A), (C) of the 30 °C and (E), (G) of the 90 °C experiment and the outer 120 um of the
dentin (B), (D) of the 30 °C and (F), (H) of the 90 °C experiment. Grey bars show the natural
variability of different unaltered dental samples from the same modern African elephant

(Loxodonta africana) molar of unkown provenance (AG-Lox: Gehler et al., 2012).
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Table S7.1. Concentration of the isotopic tracer solutions, the raw solution and those from the different time intervals during the 30 °C and the 90 °C
alteration experiments. A. shows the isotopic concentration of the enriched isotopes (*Ca, Sr, Mg, ¢7Zn), while B. shows the isotopic concentration

of the non-doped isotopes (**Ca, 8Sr, Mg, ¢8Zn), which have not been added on purpose to the raw solution, but are comprised as impurities.

A raw day 4, day 7, day 14, day 21, day63, day4, day 7, day 14, day 21, day63,
[mg/l] solution 30 °C 30°C 30°C 30°C 30°C 90 °C 90 °C 90 °C 90 °C 90 °C
“Ca 340.6 376.4 372.6 362.8 366.0 405.4 320.0 242.5 271.5 184.0 166.2
+SD 1.1 1.9 2.2 1.1 7.0 0.5 2.1 0.5 0.6 2.0 0.2
86Sr 3.443 3.612 3.610 3.550 3.620 3.262 3.500 3.040 4.004 2.960 2.959
+ SD 0.036 0.023 0.030 0.030 0.050 0.058 0.023 0.040 0.019 0.020 0.011
Mg 20.20 24.80 25.30 25.27 25.90 27.10 29.31 29.22 46.47 36.10 36.82
+ SD 0.20 0.20 0.30 0.15 0.30 0.20 0.15 0.06 0.02 0.40 0.22
Zn 6.350 4.010 3.070 1.600 1.362 1.140 1.270 0.374 0.247 0.194 0.127
+SD 0.050 0.050 0.020 0.020 0.001 0.010 0.020 0.007 0.002 0.002 0.001
B raw day 4, day 7, day 14, day 21, day63, day4, day 7, day 14, day 21, day 63,
[mg/l] solution 30 °C 30°C 30°C 30°C 30°C 90 °C 90 °C 90 °C 90 °C 90 °C
*Ca 0.14 2.62 2.65 2.74 2.59 2.73 2.47 2.26 3.04 2.16 217
+SD 0.00 0.06 0.03 0.00 0.04 0.02 0.01 0.02 0.01 0.01 0.00
88Sr 1.05 3.09 3.18 3.15 3.33 3.32 3.36 3.42 5.35 4.24 4.32
+SD 0.01 0.05 0.00 0.07 0.02 0.01 0.07 0.05 0.05 0.02 0.01
%Mg 1.78 6.56 7.21 7.21 7.54 8.63 11.13 12.76 23.61 19.40 19.70
+SD 0.03 0.04 0.1 0.03 0.12 0.07 0.05 0.01 0.05 0.50 0.30
88Zn 0.59 0.49 0.25 0.69 0.10 0.15 0.42 0.05 0.1 0.05 0.08
+SD 0.01 0.00 0.02 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00
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Table S7.2. Overview of dental cube samples and analytical methods used to measure isotope and chemical compositions in the dental tissues.

Time of measurement | Sample Data Method
‘ d after in-vi D,G, K N,CEAMHIJF 44Ca/*2Ca, 5Mg/**Mg, 67Zn/%*Zn and 87Sr/8Sr Laser ablation inductively coupled plasma
be ore anda ter in-vitro mass spectrometry (LA-ICP-MS)
experiment nelement/Ca
D,G,K,N,C,E,AHIJF 87Sr/86Sr Laser ablation multi collector inductively
after in-vitro experiment coupled plasma mass spectrometry (LA-
MC-ICP-MS)
o . D,L,M,G,K,N,C,E,A,HI,J,F Concentration of Ca, P, Mg, Zn, and Sr Electron microprobe analysis (EMPA)
after in-vitro experiment
o . D,G, K N,C,E,AH,IJF Changes in bioapatite mineralogy Raman spectroscopy
after in-vitro experiment
original dental material (AG-Lox) 87Sr/86Sr Solution multi collector inductively coupled
after in-vitro experiment 541420 plasma mass spectrometry (MC-ICP-MS)
o raw solution, experimental solutions  Tracer solution composition Thermo Element 2/XR inductively coupled
before and after in-vitro | from different temperatures and plasma mass spectrometry (ICP-MS) and
experiment durations Spectro Vision ICP-OES
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Table S7.3. Trace element data for quality control materials (QCMs) USGS BCR-2G and Durango Apatite, during each day of LA-ICP-MS

analysis.
Magnesium Calcium Zinc Strontium
total concentr_ation based 24Mg Mg Mg 2c3 4Ccq 6471 6671 67Zn 6871 865y 883Gy
on measured isotope
BCR-2G  GeoReM* 21471 50458 125 342
1st Mean [ug/g] 21644 21842 21626 50132 52479 152 154 168 162 335 328
RSF 1.01 1.02 1.01 0.99 1.04 1.21 1.24 1.34 1.30 0.98 0.96
ond Mean [ug/g] 23821 23838 23829 50614 50082 152 150 170 144 324 321
RSF 1.1 1.11 1.1 1.00 0.99 1.21 1.20 1.36 1.15 0.95 0.94
3rd Mean [ug/g] 25356 24982 26654 50600 48656 157 153 179 156 325 325
RSF 1.18 1.16 1.24 1.00 0.96 1.26 1.23 1.43 1.25 0.95 0.95
Magnesium Calcium Zinc Strontium
total concentr_ation based 24Mg Mg Mg 20, 40, 6471 6671 677n 6871 865 88gy
on measured isotope
Durango  GeoReM* 229 390444 NA 524
1st Mean [ug/g] 182 182 179 389247 405573 0.3 04 3.3 1.4 471 461
RSF 0.80 0.79 0.78 1.00 1.04 NA NA NA NA 0.90 0.88
ond Mean [ug/g] 192 190 190 413513 406890 BDL BDL BDL BDL 451 440
RSF 0.84 0.83 0.83 1.06 1.04 NA NA NA NA 0.86 0.84
3rd Mean [ug/g] 186 177 176 434803 405648 BDL BDL BDL BDL 458 459
RSF 0.81 0.77 0.77 1.11 1.04 NA NA NA NA 0.87 0.88

*Reference values obtained from the GeoReM database (Jochum et al., 2005) and the provided references therein for the different reference

materials.
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Table S7.4. Trace element data measured for the unaltered dental cube during different days

of LA-ICP-MS analysis. The elemental concentration [ug/g] was calculated based on the

isotope in superscript for every day of analysis.

total Enamel [ug/g] Dentin [ug/g]
concentration
based on 1st 2nd rd M 1st 2nd rd M
measured 3 ean 3 ean
isotope
2Mg 2806 2986 2990 2927 13200 13148 12289 12879
+SD 265 320 246 277 1542 945 1172 1220
. 25Mg 2893 2978 2751 2874 13428 13267 12174 12956
Magnesium
+SD 314 335 242 297 1531 960 1183 1224
26Mg 2892 2990 2968 2950 13244 13283 13025 13184
+SD 305 304 240 283 1549 948 1222 1240
42Ca 377322 399458 418486 398422 | 275958 292278 294270 287502
Calci +SD 28227 28021 21077 25775 10424 9603 15398 11808
alcium
44Ca 389620 395194 388455 391090 | 286109 289139 273807 283018
+SD 27497 25603 19112 24071 11245 9344 14443 11677
64Zn 59 62 58 59 46 54 44 48
+SD 15 15 10 14 12 16 9 12
667n 58 64 51 58 47 57 41 48
Zinc +SD 17 17 12 16 13 19 9 14
i
67Zn 59 65 60 62 48 55 46 50
+SD 37 36 24 32 18 26 15 20
687n 59 62 56 59 47 52 43 47
+SD 20 18 13 17 13 15 9 12
86Sr 554 505 509 523 428 403 408 413
. +SD 116 74 67 86 50 44 44 46
Strontium
88Gr 547 499 508 518 419 395 430 415
+SD 106 68 65 80 45 39 46 43

Table S7.5. Measured and calculated weight loss based on the mass balance model explained

in the main text.

Weight day4, day7, day14, day21, day63, day4, day7, day14, day21, day®63,
loss [%] 30°C 30°C 30 °C 30 °C 30 °C 90°C 90°C 90 °C 90 °C 90 °C
Measured 17.5 16.3 15.7 14.7 15.4 224 234 25.7 22.0 25.7
4Ca 17.5 15.0 10.0 11.1 28.2 -9.8 -45.3 -30.3 -67.1 -75.9
86Sr 11.8 1.7 7.2 11.5 -11.8 4.0 -27.8 36.8 -30.9 -31.5
Mg 19.4 20.6 19.6 21.4 25.9 37.3 36.0 99.5 58.8 62.4
43Ca 18.7 18.2 18.0 16.5 17.4 171 15.2 19.7 13.4 13.7
88Sr 17.8 17.8 16.8 17.7 17.6 19.6 19.5 33.7 244 254
26Mg 18.3 19.9 19.1 19.7 NA 34.8 39.8 75.1 59.2 61.1
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Chapter 8 DMTA and isotopes in the fossil record

After experimentally testing the resistance of DMTA (Chapter 3-5) and non-traditional
stable isotopes (Chapter 7) against diagenetic alteration these dietary proxies are applied in
the following chapter to Permo-Carboniferous tetrapod fossil to assess their diet. In the fossil
record, skeletal hard tissues are usually the only available source for inferring the dietary
preferences, however, even though DMTA and non-traditional isotopes seems to be relatively
resistant against diagenetic alteration this needs to be assessed for 300 Ma old fossils. In
general, DMTA could help to infer mechanical food properties (e.g. Calandra and Merceron,
2016), while d**42Ca and 5%/®Sr are promising proxies for distinguishing faunivores from
herbivores (Knudson et al., 2010; Tacail et al., 2020). A combination of both approaches should
be able to infer dietary preferences and feeding behaviours more precisely and provide a
clearer picture of trophic spacing and niche partitioning in fossil ecosystems. In the following,
preliminary DMTA, d*42Ca and &%/¥3r data of Permo-Carboniferous tetrapods from different
localities (Fig. 2.7) are presented to assess the suitability of these proxies for diet

reconstruction in deep time.

8.1 Material

The first DMTA, 5*42Ca and d%¥8Sr dataset comprises a large variety of different
species from the Late Carboniferous and lower Permian of the Remigiusberg Fm., the
Bromacker Quarry (Tambach Fm.) and the Briar Creek Bonebed in Texas together with upper
Permian taxa from the Karoo Basin and the Korbach fissure filling. Not for all taxa DMTA and
stable isotope data are analysed (Table ES8.1, S8.2 and 8.1). The stable isotope dataset
comprises tooth enamel and bone samples of fossil specimens (Table $8.2). As comparative
dataset for the non-traditional isotopes (Ca and Sr) a preliminary dataset of extant lepidosaurs
from a broad variety of feeding strategies (insectivorous, herbivorous, algaevorous,
omnivorous, ovivorous and carnivorous) was measured (Table ES8.1). All measured extant
lepidosaur taxa have continuous tooth replacement. The lepidosaur dataset includes tooth
samples (whole tooth and powdered enamel) as well as powdered bone samples (Table ES8.1
and S8.2).

For DMTA it was not possible to include all measured specimens in the dataset, due to
the poor quality of some dental surfaces. Herbivore species from the lower Permian are mostly
represented by Diadectes (Sues and Reisz, 1998), Orobates (Berman et al., 2004) and
Edaphosaurus (Spindler et al,, 2020) and additionally the Caseidae Martensius
bromackerensis including one potentially juvenile specimen. This is of particular interest, since
Caseidae are assumed to undergo a diet switch from an insectivorous to a more herbivorous

diet during ontogeny (Berman et al., 2020). Furthermore, one Bolosauridae (Eudibamus
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cursoris) from the Bromacker Quarry with a plant-based or potentially insect-based diet (Reisz,
2006) and Tseajaia (Tseajaiidae; Berman et al., 1992) from the Remigiusberg Fm. with an
assumed omnivorous (Hotton et al., 1997) or faunivorous (Kissel, 2010; Reisz and Frébisch,
2014) diet was sampled. Faunivorous species from the lower Permian are mainly represented
by Dimetrodon (Sphenacodontidae; Brink and Reisz, 2014) as apex-predators and additionally
Varanopidae, Seymouridae and Eryopidae specimens (Benton and Pfretzschner, 2007).
Archeria (Archeriidae) and Varanosaurus acutirostris (Ophiacodontidae) are considered to be
carnivorous or piscivorous (Holmes, 1989; Brocklehurst, 2015). The sampled exclusively
herbivorous upper Permian taxa are pareiasaurs (Benton and Pfretzschner, 2007) and
Dicynodontia (e.g. Cox and Angielczyk, 2015), while Gansurhinus (Captorhinidae) are
considered to have an herbivorous/omnivorous diet (Reisz et al., 2011). An omnivorous
(Shelton et al., 2017) or herbivorous (Nicolas and Rubidge, 2010) species in the dataset is
Jonkeria (Titanosuchidae) from the Karoo Supergroup, South Africa. The sampled upper
Permian faunivorous are mainly Gorgonopsidae and Therocephalia (Rubidge and Sidor, 2001;
Kammerer et al., 2015). Procynosuchus (Procynosuchidae) from the Korbach fissure filling are
considered to have fed on small vertebrates and/or insects (Sues and Munk, 1996).
Diadectomorphs (Diadectes and Orobates), Seymouridae and most basal amniotes (e.g.
Sphenacodontidae, pareiasaurs, Dicynodontia, Gorgonopsia, Therocephalia, Captorhinidae)
experience a permanent tooth replacement in labial-vertical direction (e.g. Romer and Price,
1940; Edmund, 1960; Hopson, 1964; Kermack, 1956; Bolt and DeMar, 1985; Laurin, 1996;
Luo et al., 2004; Cabeira and Cisneros, 2009; Macdougall and Modesto, 2011; LeBlanc and
Reisz, 2013, 2015; Benton et al., 2015; Bendel et al., 2017; Bertin et al, 2018; LeBlanc et al.,
2018). Cynodonts exhibit a treadmill-like tooth replacement, where newly formed teeth are
regularly added to the tooth row to maintain a relatively precise dental occlusion. This
replacement pattern evolved probably due to highly abrasive intakes (Bertin et al, 2018).
Across the amniote clade the rate of tooth replacement is reduced towards the mammalian
clade (Sanchez-Villagra, 2010; Bertin et al, 2018).

8.2 Methods

8.2.1 Dental microwear texture analyses

Specimens from the Remigiusberg Fm. (collection Geoskop Kusel), Briar Creek
Bonebed in Texas (Museum fur Naturkunde, Berlin), Korbach fissure filling
(Naturkundemuseum Karlsruhe), Karoo Supergroup Africa (Museum fir Naturkunde, Berlin
and Palaeontological Collection, University Tlbingen) and the Bromacker Quarry (Tambach
Fm., Museum der Natur, Gotha) were moulded or directly measured on the original dental

surface (Table ES8.1). All samples were manually cleaned with water to remove dust and
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afterwards with ethanol and acetone to remove any adherent lipids, varnish or glue. In case of
multiple teeth still associated in a tooth row several teeth were moulded using high-resolution
silicone-Vinylpolysiloxane precision impression material Provil novo Light regular set EN ISO
4823, type 3, light (Heraeus Kulzer GmbH, Dormagen, Germany). All specimens were scanned
using the high-resolution disc-scanning confocal 3D-surface measuring system psurf Custom
(NanoFocus AG, Oberhausen, Germany) with a high-speed progressive-scan digital camera
(984 x 984 pixel) and a blue LED (470 nm). In general, several non-overlapping scans (160 x
160 um) were taken in close proximity to the tip or the edge of the tooth, if still preserved. In
isolated, not in matrix embedded teeth, scans were taken from the lingual and buccal side,
while in shed teeth which are still embedded in the sediment only one side (often orientation
was not identifiable) was measured. When fragments of the jaw or the whole skull were
preserved, measurements were taken on the whole tooth row to address differences in DMT
along the jaw. Both lingual and buccal as well as upper and lower jaw were measured, if
possible. As described in Chapter 3-6 3DST (Schulz et al., 2010, 2013a, b; Calandra et al.,
2012) and SSFA (after Ungar et al., 2003; Scott et al., 2006) are employed using
MountainsMap Premium v. 7.4.8676. In order to reduce the amount of post-mortem alteration
on the dental surface and increase the data quality, a reduced surface of 120 x 120 ym was
extracted from all scans prior to analyses. All moulded scans were mirrored along the z-axis,
all scans of upper jaw left teeth were mirrored along the x-axis, while all lower jaw teeth were
first mirrored along the y-axis and right teeth additionally along the x-axis. Upper right teeth
and single teeth were not mirrored at all. The reptile template of Chapter 4.8 (Supplement) was
used for data acquisition. All statistical analyses were performed as described in Chapter 6.3.5.
using the open-source software R v.4.0.0 (R. Development Core Team, 2020), with inferential

statistics calculated between:

I.  Pooled herbivorous (n = 19), carnivorous (n = 18) and insectivorous (n = 3) feeding
categories,

II.  Dimetrodon (n = 10), Diadectes (n = 11), pareiasaurs (n = 3) and Procynosuchus
(n=3).

Only significances confirmed by “Lincon’s” test (equivalent to Dunnett’s T3) and Cliff's
method are considered as significant, however, several parameters only significant in Cliff’s

method still well separate different groups and are therefore considered in the result section.
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8.2.2 Non-traditional stable isotopes

Samples for Ca and Sr stable isotope analyses were either bone or tooth fragments or
drilled from bones and teeth (i.e. enamel) using a hand drill with a diamond drill head, size
1 mm., Depending on the available sample amount, between 0.3 and 10 mg of material were
used for analysis (Table $8.2). Powdered and fragmented samples were dissolved using
distilled concentrated HNO3 on a hot plate at 120 °C overnight. Afterwards samples were dried
down and dissolved in 2 mol/L HNOs. Chemical separation and purification of Ca and Sr was
performed using prepFAST-MC (ESI Elemental Scientific) with a 1 mL Sr-Ca ion
chromatographic column (see Chapter 7.2.7). The Ca and Sr fractions were dried down,
dissolved in concentrated suprapure H>O» and HNO3 to destroy all remaining organic matter,
dried down and finally dissolved in 0.5 mol/L HNO3z (Ca) or 0.8 mol/L (Sr), respectively. Calcium
and Sr isotope analyses were performed using a Neptune Plus MC-ICP-MS coupled with an
Apex Omega HF (ESI Elemental Scientific) for Ca and Sr isotopes at the Institute of
Geosciences, University of Mainz. Measurements were performed equivalent to Chapter 7.2.7.
For data evaluation the open-source software R v.4.0.0 (R. Development Core Team, 2020)
with an in-house R-script, following the calculations presented by Tacail et al. (2014) for Ca
and Weber et al. (2017) for Sr. Delta values for Ca (5*4*?Ca, relative to Ca ICP-Std MZ) and
Sr (58888, relative to NIST SRM 987) were calculated using a standard-sample-bracketing
approach. A mean value was calculated for all duplicate measurements and for all samples
from one specimen if available (including bone and tooth measurements, Table ES8.1 and
$8.2). Uncertainty ranges include analytical uncertainty and intra-individual variability, given
as Standard Deviation (SD). Inferential statistics were calculated using the Wilcoxon signed

rank test only between extinct carnivorous (n = 10) and herbivorous (n = 7) taxa.

8.3 Results

8.3.1 Dental microwear texture analysis

Only a fraction of 43 out of 93 sampled specimens from 17 taxa were suitable for dental
microwear texture measurements in extinct non-mammalian Permian tetrapods (Table 8.1 and
ES8.1). Species such as Martensius bromackerensis, Eudibamus cursoris and Archeria had
no suitable preserved ante-mortem dental surfaces. In the measurable 43 specimens, dental
surfaces were relatively well preserved (Fig. 8.1), with only minor post-mortem erosion

features.
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Dimetrodon Gorgonopsia

| Eaphosaur Diadectes Pareiasaur

120 um

Figure 8.1. 3D simulations (120 x 120 pym) of the enamel surface with associated silhouettes
(scaled to approximate species size for better comparison) of the animals. Dimetrodon (= 3 m),
Gorgonopsia (= 1.5 m), Procynosuchus (= 0.6 m), edaphosaur (= 3 m), Diadectes (= 3 m) and

pareiasaur (= 3 m).

In general, herbivorous and carnivorous taxa are only significantly distinguishable
among each other in the MountainsMap parameter second texture direction (Tr2R,
Table S4.3). Both, plant- and meat-based feeding categories show relatively low parameter
values for most height and area parameters (e.qg. mea, madf, FLTt, FLTq, FLTp, FLTv, Fig. 8.2,
Table ES8.3), the complexity parameter nMotif and the isotropy (/sT) are relatively high
(Fig. 8.2, Table ES8.3). The enamel surface is characterized by a high number of shallow
furrows, indicated by higher medf and low metf and madf. The insectivorous feeding category,
however, can be separated significantly from herbivorous and carnivorous taxa by lower

complexity (nMotif) and density (Spd) of the dental surface and lower direction (Tr2R) values.

Additionally, insectivores can be separated significantly from carnivorous species by a
lower isotropy of the surface (/IsT) and higher values for the parameters Sdq and Sar.
Insectivores also have fewer but deeper furrows than the other two categories, indicated by
lower medf and significantly higher madf values than both carnivores and herbivores
(Fig. 8.2A, Table 8.2 and ES8.4).
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Table 8.1. Taxon, locality, geological period, and presumed diet of samples included in the
DMTA dataset.

Taxon Locality Period Presumed Number of
diet specimens
Diadectes sp. Remigiusberg Formation, Late Carboniferous, herbivore 1
Germany lower Permian
Eryopide indet. Remigiusberg Formation, Late Carboniferous, carnivore 1
Germany lower Permian
Tseajaia Remigiusberg Formation, Late Carboniferous, omnivore 1
Germany lower Permian
Diadectes absitus Bromacker Quarry, Germany  lower Permian herbivore 4
Diadectes sp. Bromacker Quarry, Germany  lower Permian herbivore 3
Orobates pabsti Bromacker Quarry, Germany  lower Permian herbivore 1
Orobates sp. Bromacker Quarry, Germany  lower Permian herbivore 1
Diadectes sp. Briar Creek Bonebed, Texas lower Permian herbivore 2
Dimetrodon sp. Briar Creek Bonebed, Texas lower Permian carnivore 11
Edaphosaurus Briar Creek Bonebed, Texas lower Permian herbivore 1
Varanosaurus Craddock Bonebed, Texas lower Permian piscivore 1
acutirostris
Gansurhinus Korbach fissure filling upper Permian herbivore 2
Gorgonopsia indet. Korbach fissure filling upper Permian carnivore 1
Procynosuchus Korbach fissure filling upper Permian insectivore 3
Aelurognathus Karoo Supergroup, Africa upper Permian carnivore 1
Bolotridon frerensis Karoo Supergroup, Africa Lower Triassic carnivore 1
Cyniscops Karoo Supergroup, Africa upper Permian carnivore 1
broomianus
Genovum broilii Karoo Supergroup, Africa upper Permian carnivore 1
Gorgonopsia indet. Karoo Supergroup, Africa upper Permian carnivore 1
Jonkeria sp. Karoo Supergroup, Africa upper Permian omnivore 1
Pareisaur indet. Karoo Supergroup, Africa upper Permian herbivore 3
Pristerognathus sp. Karoo Supergroup, Africa upper Permian carnivore 1

In addition, the height and volume parameter values are higher in insectivorous taxa.
The only piscivorous taxon Varanosaurus acutirostris (Ophiacodontidae) included in the
dataset is characterized by a smaller number of deeper furrows (low medf, high metf and madf)
and relatively large height and volume parameters (Fig. 8.2A). The two omnivorous taxa are
characterized by low area, height and volume and high complexity and direction parameters.
In contrast to piscivorous and insectivorous taxa, Jonkeria and Tseajaia have a high density
of shallow furrows (high medf, low metf and madf, Fig. 8.2B). The PCA shows a separation of
insect-feeders from carnivores, omnivores and herbivores along PC1 and PC3 (Fig. 8.3,
Table ES8.5), with the best separating parameters for PC3 being IsT. This is also true for the
piscivorous specimen. Herbivores can be separated along PC2 and PC4 from carnivores, with
the best separating parameters in PC2 being Sdq and Sdr, while Tr2R and IsT best separate
in PC4. Omnivores are only represented by two individuals which are highly variable and fall
in between carnivores and herbivores but are only separated by PC4 from the two feeding
categories (Fig. 8.3, Table ES8.5).
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Figure 8.2. Best separating parameters for Permo-Carboniferous non-mammalian tetrapods:
A. herbivore (n = 19), carnivore (n = 18), insectivore (n = 4), omnivore (n = 2) and piscivore (n
= 1) feeding categories; B. Dimetrodon (n = 11), eryopid (n = 1), Orobates (n = 2), Diadectes
(n =10), pareiasaurs (n = 3), Procynosuchus (n = 3). Significance levels from “Lincon’s” test:
0.05="*0.01 =
nMotif = number of motifs, Sdr = developed interfacial area ratio, medf = mean density of

**,0.001 = ***. mea = mean height, Asfc = fractal complexity (Area-scale),

furrows, Spd = density of peaks, Tr2R = second direction, IsT = texture isotropy, Sqg = RMS
surface roughness, madf = maximum depth of furrows, FLTt = peak to valley flatness deviation
of the surface (Gaussian Filter, 0.025 mm), medf = mean depth if furrows, Sdq = root mean
square gradient, Vm = material volume at a given material ratio (p = 10 %), Sha = closed hill

area.
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On the species level, statistics could only be calculated for Dimetrodon (n = 10),
Diadectes (n = 11), pareiasaurs (n = 3) and Procynosuchus (n = 3) (Table 8.2, Fig. 8.2B).
Carnivorous Dimetrodon have significantly shallower furrows (medf) and additionally
significantly less complex dental surface (Asfc) and lower values for Sdr and Sdq than
herbivorous pareiasaurs. Additionally, Dimetrodon are among the carnivorous species with the
lowest medf and Asfc values, while the single eryopid is among species with the highest
density of furrows and highest complexity of the surface. No statistics could be calculated here,
according to the low sample number for the eryopid (n = 1). Interestingly, within the herbivorous
feeding category, Diadectes and pareiasaurs differ strongly in the complexity of the surface
(Asfc and Sdr), with Diadectes having a less complex surface. The same is true for Orobates,
however, according to the low sample size (n = 2) of Orobates, no inferential statistics were
performed. Additionally, Diadectes have a lower height and less rough surface, with a lower
density of furrows (medf) and peaks (Spd). Contrary, Orobates have larger height, roughness
and density (medf) parameter values than pareiasaurs. The only insectivorous species,
Procynosuchus differs significantly from Diadectes and Dimetrodon with lower values for
Procynosuchus in nMotif and Spd. Metf, madf and Sha are significantly higher in
Procynosuchus than in Diadectes, while Sdq and Sdr are significantly higher Procynosuchus

than in Dimetrodon.

Table 8.2. Inferential statistics for A. carnivore, herbivore and insectivore feeding categories
and B. Dimetrodon, Diadectes, pareiasaurs and Procynosuchus. Only significant parameters

[l

confirmed by both, “Lincon’s” test and Cliff's method are reported here.

A
carnivore carnivore
herbivore Tr2R herbivore
IsT, madf, nMotif,
Sdq, Sdr, Spd, madf, nMotif, Spd,
insectivore TreR Tr2R insectivore
B
Dimetrodon Dimetrodon
Diadectes Tr2R Diadectes
pareiasaurs medf pareiasaurs
nMotif, Sdq, Sdr, metf, madf, nMotif,
Procynosuchus | Spd Sha, Spd, Tr2R Procynosuchus
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Figure 8.3. Principle component analysis (PCA) of surface texture parameters with best
separation between different feeding categories. A. for PC1 and PC2, B. for PC2 and PC3.
Large symbols in the PCA plot mark the mean area of the different groups.

8.3.2 Ca and Srisotope data

In extant lepidosaurs, except for the insectivorous giant girdled lizard (Cordylus
giganteus) and extinct Dimetrodon, Arctops, eryopids and Diadectes, */4?Ca and &%/®¢Sr
values were measured in both, bone and tooth samples. In all other species, only tooth or bone
samples were available (Table 8.3 and ES8.2).
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Table 8.3. Presumed diet, number of samples and 5**2Cays. mz-sto and 8%/#Srs nistes7 values with 1SD of the extant wild lepidosaur and extinct

non-mammalian tetrapod feeding categories, bone and tooth samples separated.

Diet Number of Tooth sample Bone sample Tooth sample Bone sample
samples
644/4203\/5. 644/4203\,5_ MZ- 688/86Sr 688’868r
Mz-STD [%o] 15D [kd] sTD [%o] 18D [%ol  \istosr [%o] 1SD [l |, \istosr [%o] 1SD [%o]
algaevore 2 -0.79 0.02 -0.78 0.04 -0.39 0.02 - -
insectivore 2 - - -0.68 0.06 - - -0.20 0.03
extant herbivore 2 -0.83 0.02 -0.87 0.03 -0.29 0.03 - -
lepidosaurs ovivore 1 -0.73 0.04 -0.98 0.06 -0.25 0.07 - -
omnivore 3 -1.07 0.06 -1.03 0.03 -0.42 0.04 - -
carnivore 2 -1.10 0.03 -1.04 0.04 -0.55 0.05 - -
Bone 10
. herbivore Enamel 3 -0.56 0.08 -0.52 0.03 0.43 0.15 0.36 0.20
extinct non- Bone 1
mammalian o wore Enamel 2 -0.42 0.02 -0.35 0.06 0.19 0.06 0.38 0.04
tetrapods Bone 6
carnivore Enamel 11 -0.66 0.09 -0.59 0.10 0.31 0.08 0.45 0.10
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Figure 8.4. Ca and Sr isotope results of extant lepidosaurs and extinct non-mammalian

tetrapods: A. individual &*¥“?Ca values of bone and teeth/tooth enamel of extant wild
lepidosaurs (Table ES8.2), B. biplot of 3*442Ca and %/8¢Sr values of extant lepidosaurs (Table

ES8.2), C. mean 3*¥*2Ca values of bones, teeth and tooth enamel, and combined teeth and

bones of herbivorous, omnivorous and carnivorous extant lepidosaurs in comparison to

herbivorous, omnivorous and carnivorous extinct non-mammalian tetrapods (Table 8.3), D.

5*¥42Ca values for different fossil species (bone and enamel, Table 8.4 and ES8.2) from the

lower Permian Briar Creek Bonebed, Bromacker Quarry and Remigiusberg Fm., and the upper

Permian

Karoo Basin.
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0*442Ca values in extant lepidosaurs were obtained for insectivorous, herbivorous,
omnivorous, ovivorous and carnivorous species (Fig. 8.4A, Table 8.3). Tooth and bone
samples were available for herbivorous, omnivorous, ovivorous and carnivorous species, for
the insectivorous species, only bone powder was available. For the herbivorous Rhinoceros
iguana (Cyclura cornuta) and marine iguana (Amblyrhynchus cristatus), omnivorous gold tegu
(Tupinambis teguixin) and carnivorous perentie (Varanus giganteus) and desert monitor
(Varanus griseus), 3*#*2Ca values of bones and teeth differ about 0.01 to 0.06 %o with teeth
being less negative in herbivorous Cyclura cornuta (0.04%.) and being more negative in
algaevorous Amblyrhynchus cristatus (0.01 %o), omnivorous Tupinambis teguixin (0.04 %o) and
the carnivorous species (0.06 %o, Table 8.3). However, the tooth in the ovivorous Mexican
beaded lizard (Heloderma horridum) yields 0.24 %o less negative 3*442Ca values that the bone
(Fig. 8.4, Table 8.3). Bone of the insectivorous species yield the least negative values
(Cordylus giganteus, mean bone -0.68 %o, 1SD 0.12 %o, n = 2, Table 8.3 and S$8.2), followed
by tooth of Heloderma horridum (-0.73 %o, 1SD 0.04 %., n = 1, Table 8.3 and S8.2).
Herbivorous (Cyclura cornuta) and algaevorous (Amblyrhynchus cristatus) taxa have slightly
more negative 5*¥42Ca values (mean tooth -0.81 %o, 1SD 0.02 %o, n = 4, mean bone -0.83 %o,
1SD 0.04 %0, n = 4, Table 8.3) and omnivorous taxa (Tupinambis teguixin, mean tooth -1.07
%o, 1SD 0.06 %o, n = 3, mean bone -1.03 %o, 1SD 0.04 %0, n = 3, Table 8.3) yield even more
negative 3*442Ca values. The omnivorous taxa have the largest inter-species variability among
the measured specimens (0.26 %o), followed by the insectivorous taxa with around 0.23 %o
(Table S8.2). Bone of Heloderma horridum yields very negative values (-0.98 %o, 1SD 0.06 %o,
n =1, Table 8.3. The most negative 5*¥42Ca values are visible in the carnivorous taxa (Varanus
griseus, Varanus giganteus) with -1.06 to -1.14 %o (1SD 0.04 %o, respectively) in teeth and -
1.00 to -1.09 %o (1SD 0.07 %o, and 0.08 %0, Table S8.2) in bones. Extant lepidosaurs show an
average trophic spacing between exclusively herbivorous and carnivorous species of 0.29 %o
in teeth and 0.21 %o in bones. Due to the small sample size, no inferential statistics were
calculated (Table 8.3).

Tooth enamel was not available for all extinct non-mammalian tetrapods, only in
Dimetrodon, Arctops, Diadectes and Jonkeria specimens both enamel and bone were sampled
in the same individual (Table $8.2). For all four species, tooth enamel yield more negative
values than bone (0.16 — 0.20 %., Table S$8.2). Additionally, for two Dimetrodon and one
Diadectes specimens tooth enamel of two different teeth within one jaw were measured
(Table S8.2). The two Diadectes teeth yield within uncertainties identical 5*#42Ca values of -
0.72 %o (1SD 0.05 %) and -0.71 %o (1SD 0.04 %.), while the Dimetrodon teeth differ strongly
with -0.59 %o (1SD 0.04 %0) and -0.86 %o (1SD 0.07 %o) for specimen DIM BRI 2 and -0.74 %o
(1SD 0.04 %o) and -1.19 %o (1SD 0.05 %o) for specimen DIM BRI 3. For the following dataset
(Table 8.4), the two enamel samples per specimen were pooled into one mean value. 5*4*2Ca
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values show a tendency towards less negative values in the herbivorous taxa (mean tooth -
0.56 %o, 1SD 0.08 %o, n = 2, mean bone -0.52 %o, 1SD 0.03 %o, n = 11) and towards slightly
more negative values in the carnivorous species (mean tooth -0.66 %o, 1SD 0.09 %o, n = 7,
mean bone -0.59 %o, 1SD 0.10 %0, n = 12, Table 8.4), however no significant difference
between the two feeding categories were detected. There is an offset between extant
herbivorous lepidosaurs (including algaevores) and extinct tetrapods of 0.31 %o in bones and
0.25 %o in teeth and for the carnivores of 0.45 %o in bones and 0.44 %o in teeth (Fig. 8.4B,
Table 8.3).

Table 8.4. Taxon, presumed diet, number of samples and 3**2Cays. mz-sto and d%/86Sr s nisTos7

values with 1SD of extinct non-mammalian tetrapod feeding categories and species.

Taxon Diet Number of  &%"2Cays, 1SD [%o] Sseisegy 1SD [%o]
samples mz-stp [%oo] vs.NisT987 [%o]

extinct non- herbivore 12 -0.52 0.05 -0.52 0.03
mammalian omnivore 13 -0.42 0.02 -0.35 0.06
tetrapods carnivore 2 -0.62 0.08 -0.59 0.10
Dimetrodon sp. carnivore 7 -0.68 0.09 0.52 0.14
Sphenacodontida 1 -0.61 0.05 - -
indet. carnivore

Tambacarnifex 1 -0.65 0.05 - -
ungifalcatus carnivore

Arctops carnivore 1 -0.60 0.03 0.09 0.09
eryopids carnivore 2 -0.41 0.06 0.54 0.05
Seymouria 1 -0.59 0.04 - -
sanjuanensis carnivore

pareiasaur herbivore 1 -0.34 0.06 0.45 0.1
edaphosaurs herbivore 5 -0.50 0.04 0.47 0.10
Diadectes herbivore 4 -0.62 0.03 0.17 0.06
Orobates pabsti herbivore 1 -0.46 0.04 - -
Eudibamus 1 -0.49 0.05 - -
cursoris herbivore

Jonkeria omnivore 1 -0.45 0.03 0.22 0.12
Tseajaia omnivore 1 -0.40 0.05 0.30 0.07

In the following, only tooth enamel is included into the dataset, if both tissue types, i.e.
bone and tooth enamel, were available for one specimen (Table S$8.2 and 8.4). Within the
extinct carnivore feeding group, Dimetrodon (mean -0.68 %o, 1SD 0.09 %o, n = 7) with a large
variability displays the most negative &*#42Ca values, followed by Tambacarnifex ungifalcatus
(Varanopidae, -0.65 %o, 1SD 0.05 %o, n = 1), Sphenacodontida indet. (-0.61 %o, 1SD 0.05 %o,
n = 1), Arctops (-0.60 %o, 1SD 0.03 %o, n = 1) and Seymouria sanjuanensis (-0.59 %o, 1SD 0.04
%o, N =1, Fig. 8.4C, Table 8.4). The eryopid specimens yield less negative values (mean -0.41
%o, 1SD 0.07 %o, n = 2) overlapping with the omnivorous Jonkeria (-0.45 %o, 1SD 0.03 %0, n = 1)
and Tseajaia (-0.40 %o, 1SD 0.04 %0, n = 1, Table 8.4). Within the herbivore feeding group,
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Diadectes yields the most negative value (mean -0.62 %o, 1SD 0.03 %o, n = 4) therefore
overlapping with all carnivorous species, except the eryopids. Contrary, pareiasaur yields the
least negative 3*4*2Ca value (-0.34 %o, 1SD 0.03 %o, n = 1, Table 8.4). Intermediate to low
5*42Ca values are displayed by Orobates pabsti (-0.46 %o, 1SD 0.04 %o, n = 1, Fig. 8.4C,
Table 8.4), Eudibamus cursoris (-0.49 %o, 1SD 0.05 %o, n = 1) and edaphosaurs (mean -0.50
%o, 1SD 0.03 %o, n = 5) with a large variability 5*#42Ca values (Fig. 8.4C, Table 8.4 and S8.2).

Stable Srin extant lepidosaurs was only measured in tooth samples, with the exception
of the insectivorous giant girdled lizard (Cordylus giganteus), where only bone was available
(Fig. 8.4A, Table 8.3). The biplot of 3%88¢Sr vs. */42Ca therefore includes only tooth samples
and bone samples of Cordylus giganteus. 5%/#Sr values of insectivorous (Cordylus giganteus,
mean bone -0.20 %o, 1SD 0.03 %o, n = 2) and herbivorous taxa in extant lepidosaurs yield the
least negative values (Cyclura cornuta, mean tooth -0.29 %o., 1SD 0.03 %o, n = 2, Table 8.3
and 88.2). The two carnivorous specimens have a large inter-species variability (Varanus
giganteus -0.46, 1SD 0.07 and Varanus griseus -0.63 %o, 1SD 0.05 %o), however, carnivores
are in general more negative in 5%/®Sr (Table 8.3 and S8.2). The omnivorous taxa
(Tupinambis teguixin, mean -0.42 %o, 1SD 0.07 %o, n = 3) have intermediate d%¥%Sr values
(Table 8.3). The herbivorous taxon feeding on algae (Amblyrhynchus cristatus) yield a mean
5885863r value of -0.39 %o (1SD 0.01 %o, n = 2) and is therefore more negative than Cyclura
cornuta (Table 8.3). The biplot of 5%¢%Sr vs. 5*442Ca show a clear separation of carnivore taxa
from insectivorous, ovivorous and herbivorous taxa, while omnivorous taxa yield intermediate
values. In all fossil tetrapods, independent of age, excavation site and sampled tissue, i.e.
bone or tooth, 5%/8¢Sr values are positive (carnivores: mean tooth 0.43 %o, 1SD 0.15 %o, n = 9,
mean bone 0.36 %o, 1SD 0.20 %o, n = 7; herbivores: mean tooth 0.31 %o, 1SD 0.08 %o, n = 2,
mean bone 0.45 %o, 1SD 0.10 %0, n = 6, Table 8.3 and 8.4), with the exception of bone of a
single Arctops and Dimetrodon specimen, which yield slightly negative values of -0.30 %o
(1SD 0.04 %o, n = 1) and -0.13 %o (1SD 0.06 %o, n = 1, Table 8.4). For comparison, geological
rock and soil samples yield 5%¢#Sr values ranging from -0.42 %o in limestone (-0.42 to 0.38 %o)
to 0.42 %o in basalt (de Souza et al., 2010; Hajj et al., 2017).

8.4 Discussion

8.4.1 Diet related DMT

Diagenesis (i.e. mechanical and/or chemical alteration) can be a problem in dental
microwear texture analysis as diet-related ante-mortem wear surfaces can be taphonomically
modified. Even though the influence of small blunders and post-mortem alteration on the
dataset were tested in previous chapters (Chapter 3-5), the observed defects and preparation

traces on the dental surfaces of non-mammalian tetrapods were often too extreme to include
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them into the diet reconstruction. The main issue of the Karoo specimens, especially in those
preserved as complete crania, was a thick, unremovable layer of varnish and/or glue (applied
to the specimens for sample preservation), which covered the whole dental surfaces. DMT
measurements with layers of remaining varnish could shift the resulting parameter space
towards lower roughness and height of the dental surface (see Chapter 5.5) and therefore lead
to biased inferences drawn when comparing to extant reference data or other, unaltered
synapsids. Furthermore, several specimens showed no ante-mortem dental surface
preservation, but instead unnaturally rough dental surfaces, deep furrows and cracks in the
enamel, or the thin enamel layer was completely missing at all. These massive ante-mortem
alterations of the dental surface would distort the analyses and were therefore removed.
Especially the majority of the Bromacker specimens showed badly preserved dental surfaces.
This was unexpected, since the preservation at this locality should be rather favourable,
especially in excellently preserved articulated specimens that were fast embedded by mudflow
events. Due to a short exposure of the carcass and assumed limited reworking, obvious causes
for post-mortem alteration were not expected (Eberth et al., 2000). The reason for the badly
preserved dental surfaces in non-mammalian tetrapods in general could be any kind of post-
mortem alteration during burial or transport, as well as during excavation and preparation.
However, the precise cause for the post-mortem erosion cannot be clarified here. This issue
is currently limiting the possibility of testing e.g. the influence of tooth position or ontogeny in
single specimens or between species. So far, only scans from one single tooth or pooled scans
of several teeth were included into the dataset, in order to analyse as many specimens as
possible. Also, dental surfaces with minor signs of post-mortem alteration are included into the

dataset, therefore conclusions drawn from the data have to be treated with caution.

Based on the 17 fossil taxa suitable for DTMA it can be concluded that ante-mortem
tooth wear is reflecting the feeding behaviour of these extinct non-mammalian tetrapods. The
effect of tooth replacement on DMTA could not be tested in the following dataset due to the
low number of specimens. However, DMTA studies on extant lepidosaurs (Bestwick et al.,
2019; Winkler et al., 2019a) and extant and extinct crocodiles (Winkler et al., 2020b) have
demonstrated the suitability of dental microwear for diet reconstruction in taxa with comparable
reduced oral food processing and fast tooth replacement rate as seen in Diadectomorphs and
the basal amniotes (e.g. Dimetrodon, edaphosaurs, pareiasaur). Distinct surface textures were
found between insectivores and herbivores/carnivores independent of the fossil locality and
stratigraphic age (Fig. 8.2 and 8.3). The preliminary data suggest that DMTA on extinct non-
mammalian tetrapods is a potential dietary proxy to differentiate insect from plant and meat
feeding taxa, which might help to assess the evolution from insectivory to herbivory (Reisz and
Sues, 2000; Modesto et al., 2009). This could also help to assess ontogenetic diet shifts, such
as hypothesized for caseids (Berman et al., 2020). The large height and metf and madf values
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in insectivorous Procynosuchus (Fig. 8.2) would hint towards relatively hard material
properties of the ingesta, potentially due to the insect’s chitinous exoskeleton. The low number
of scratches together with the less complex dental surface (Fig. 8.2) would suggest a less
pronounced food processing behaviour and prey size reduction in insectivorous compared to
carnivorous and herbivorous taxa, possibly according to a smaller size of the ingested insects.
This is similar to extant carnivorous monitor lizards and Heloderma, where a low density of
furrows implies a reduced tooth-food contact during capturing, killing and swallowing the prey
(Winkler et al., 2019a). Feeding behaviour in extant carnivorous lepidosaurs and extinct non-
mammalian insectivorous Procynosuchus appears to be relatively similar. The only piscivorous
species (Varanosaurus acutirostris) falls within the same parameter space (Fig. 8.2),
suggesting a reduced food processing, however, more data are needed. No distinct differences
were found between carnivorous and herbivorous feeding strategy in general, which might be
caused by e.g. similar material properties of the diet or very similar oral processing (Fig. 8.2).
Both feeding categories are characterised by a higher number of shallow furrows and a more
complex dental surface, which would suggest a more pronounced oral processing compared
to insectivorous Procynosuchus. This more pronounced food processing is also found in extant
herbivorous, omnivorous and insectivorous lepidosaurs (Winkler et al., 2019a). Differences
between extant and extinct carnivores might be caused by different types of prey size
reduction. While extant carnivorous lepidosaurs only capture and swallow their prey, extinct
carnivores potentially reduced prey size orally, possibly due to differences in prey size. Large
extant carnivorous monitor lizards feed on smaller prey (other reptiles, birds, small mammals),
while extinct carnivores, such as Dimetrodon, fed on larger prey like edaphosaurs, which
needed to be at least torn apart, increasing the tooth-to-prey contact. This feeding behaviour
might be more comparable to extant and extinct crocodiles, which show distinctive prey-
processing behaviour, and consequently more pronounced dental wear as compared to
carnivorous lepidosaurs (Winkler et al. 2020b, Winkler pers. comm.). Single species within the
carnivorous and herbivorous feeding categories, however, are showing distinct differences in
DMT parameters. The single carnivorous eryopid seems to have had a pronounced oral
processing behaviour. Low height and roughness of the DMT data (Fig. 8.2) furthermore
suggest limited consumption of hard tissue, i.e. bone, in carnivorous species, such as
Dimetrodon or Gorgonopsidae, both considered to have been active hunters and apex-
predators in Permian food webs. The extinct herbivore dataset includes lower Permian
Diadectes, Orobates and Edaphosaurus as well as the upper Permian pareiasaurs and
Gansurhinus. Herbivory among extant taxa in general is a vast feeding category, including e.g.
grazing and browsing, ingestion of fruits or nuts, which differ in their material properties,
however, among the early herbivores during the Permian, the herbivore diet was probably

characterized by the ingestion of e.g. leaves or needles, stems or roots of e.g. early conifers,
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ginkgo trees and ferns (Sues and Reisz, 1998, Reisz and Frobisch, 2014). The extant flora
and it's material properties are probably not comparable to the Permian flora, even though e.g.
woody conifers (e.g. Agathoxylon), Calamites, ferns (e.g. Asterotheca) and seed ferns (e.g.
Lepidopteris) colonised the ecosystems (Bamford, 2004; Uhl and Jasper, 2016), therefore it is
difficult to draw conclusion on the material properties of ingested plants in the fossil record,
compared to the modern ones. In general, early herbivore diet included more high fibre-plant
matter and few harder ingesta, which would have led to more food processing and a complex
dental surface, which can be observed in the current dataset. Differences were detected in the
complexity of the dental surface between lower Permian Diadectes, Orobates and upper
Permian pareiasaurs (Fig. 8.2), indicating differences in the ingested plant matter, either due
to ingestion of different parts of plants or ingestion of different plant species, or different oral
processing behaviour. Since different localities and time scales were compared, i.e. lower and
upper Permian (~ 298 — 251 Ma), differences in floral composition between the ecosystems
were not accounted for in the analysis, but might be an important factor leading to the observed
variability in Permian herbivore DMTA. More specimens from specific localities, e.g.
Bromacker Quarry or Karoo Basin, are needed to exclude the possibility of major differences
in vegetation and to draw conclusion about niche partitioning within one single ecosystem. The
slightly higher density of wear features together with a higher complexity of the dental surface
and larger depth of the furrows in pareiasaurs and Orobates compared to Diactectes (Fig. 8.2)
would suggest a more pronounced food processing behaviour or at least a larger proportion of
harder diet (e.g. roots, rhizome, branches) or a combination of both. Diadectes seems to have
had less pronounced food processing or ingestion of different, maybe softer plant-matter (e.g.
young plant shoots, leaves). However, especially in case of ingestion of e.g. roots or young
plant shoots near the ground, external mineral abrasives attached to the plant matter could
influence DMT, as seen in experiments with guinea pigs (Winkler et al., 2020c). While fine-
grained quartz (>5/<50 pm), loess and kaolin seems to have no significant effect on DMT,
ingestion of coarse grained volcanic ashes increase the complexity significantly and ingestion
of fine sand (130 — 166 um) increases the roughness significantly. Ingestion of fine silt-sized
quartz (~ 5um) has a polishing effect on DMT. Hence, depending on the sediment grain size
fraction surrounding the roots, ingestion of high loads of mineral dust can influence DMT
towards higher as well as lower surface complexity and roughness. Differences in dental
surface texture between the analysed herbivores demonstrate that the Permian herbivorous
taxa seem to differ at least slightly in oral processing behaviour and probably slight preferences
towards ingestion of different plant parts, possibly together with mineral dust. For the
omnivorous species Jonkeria and Tseajaia the data show, that at least the two measured
specimens were different in their ingested diet and their way to process their diet, with Tseajaia

showing a less complex dental surface (Fig. 8.2). However, no assumption can be drawn for
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the proportion of plant- versus meat-based diet ingested, since carnivorous and herbivorous
species cannot be separated clearly and both specimens overlap with the carnivore and

herbivore parameter spaces.

8.4.2 Diet specific isotope composition

The 5*/#2Ca in teeth and bones of extant lepidosaurs showed no distinct offset between
bone and tooth, therefore is assumed, that there is no systematic fractionation offset between
them. This is in contrast to studies in modern sheep, where a systematic offset of @ 0.15 %o
between bone and tooth enamel was measured (Tacail et al., 2014) These differences might
be explained by different physiological process in mammals compared to reptiles, lepidosaurs
in particular. Only the ovivorous Mexican beaded lizard (Heloderma horridum, Beck and Lowe,
1991) showed a large offset in §*¥*2Ca values, with the bone being more negative (-0.98 %o)
than the tooth (-0.73 %o, Fig. 8.4A). Ovivores (i.e. egg-feeding), when consuming egg yolk and
white, are expected to have more positive 3*¥42Ca values, since egg white has very positive
values (Skulan and DePaolo, 1999). This enrichment in §*¥2Ca is visible in the tooth sample,
however, not in the bone sample, which displayed &*42Ca values similar to carnivorous
species. The reason for the offset between Heloderma horridum bone and tooth is probably a
difference in ingested diet during the formation and remodelling time. During bone formation
and remodelling this Heloderma horridum specimen fed on a meat-based diet, while it was
feeding on eggs during tooth formation. Since Heloderma shed their teeth regularly, tooth
d*442Ca values would represent the more recent diet preference before death in comparison
to the bone. Therefore, in species with regular tooth replacement, such as reptiles and non-
mammalian tetrapods, different teeth within one jaw might display significantly different
5*42Ca values, depending on the diet ingested during formation. Also, in the fossil record
differences between two different tooth enamel samples from the same specimens were
detected in Dimetrodon, however, not in Diadectes. Extinct non-mammalian tetrapods had
tooth replacement just like extant lepidosaurs, therefore differences in the §*4#2Ca value along
the tooth row might be expected, if changes in the diet occurred. In Diadectes however, both
measured teeth were either formed during the same time or diet preferences did not changed,

at least for this individual.

o*42Ca showed differences between herbivorous (including algaevore, having higher
5*¥42Ca) and carnivore species (having lower §*¥42Ca) with omnivores in between, which is in
line with the expected TLE in Ca isotopes for e.g. terrestrial extant mammals or extinct
dinosaurs (Fig. 8.4A, e.g. Heuser et al., 2011; Hassler et al. 2018, Tacail et al., 2020). The
extant Rhinoceros Iguana (Cyclura cornuta) is not a strict herbivore, as they are frequently

feeding on animal matter, especially as juveniles (Cooper and Vitt, 2002; Hines, 2016);
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however, the 5*¥42Ca data show that the two specimens were feeding on herbivorous diets
during the formation times of the analysed teeth. Ingested animal tissue, especially bones and
teeth, would have shifted the §*42Ca value to more negative values. In contrast, Cyclura
cornuta yielded the same 5*/#2Ca value as the marine iguana (Amblyrhynchus cristatus), which
is feeding exclusively on marine algae (Cooper and Vitt, 2002). This supports the assumption
that all measured Cyclura specimens were feeding on a plant-based diet during tooth
formation. This implies that early ontogenetic stages are potentially not represented in the
available teeth (ontogenetic age of sampled specimens unknown, according to the size they
were assumed to be adult). The omnivorous gold teju (Tupinambis teguixin, Colli et al., 1998)
had &*/42Ca values closer to the two carnivorous Varanus specimens (Reilly et al., 2007),
leading to the assumption that a larger proportion of its diet is composed of vertebrates, rather
than a plant-based or even insect-based diet (Fig. 8.4A). The ingestion of insects seems to
shift the 3**/42Ca value towards less negative values, as suggested by the other two measured
insect feeding specimens (Cordylus giganteus, Fig. 8.4A). The high d*4#2Ca values of the
insect feeders were also expected since mammalian insectivores tend towards less negative

5*442Ca values than carnivores or herbivores (Gussone and Heuser, 2016; Weber et al., 2020).

In general, there was no distinct offset between fossil bone and tooth enamel 5*44?Ca
values of herbivorous (including pareiasaur, edaphosaurs, Orobates pabsti, Eudibamus
cursoris and Diadectes) and carnivorous (Tambacarnifex ungifalcatus, Sphenacodontida
indet., Dimetrodon, Arctops and eryopide) feeding categories (Table 8.4, Fig. 8.4C). However,
on the species level, in specimens where bone and tooth enamel samples from the same
specimen were available, bone samples displayed less negative §*¥42Ca values than tooth
enamel samples in Dimetrodon, Diadectes, Arctops and Jonkeria. Such a systematic offset
was not observed in extant lepidosaurs, however in e.g. extant sheep, with bones on average
being higher in **42Ca than enamel (Tacail et al., 2014). Physiological fractionation effects
between bone and dental tissues might be one explanation for this offset. Another explanation
might also be diagenetic alteration of the ante-mortem isotope composition. Calcium is the
main component in hydroxylapatite and is generally less prone to diagenetic alteration than
trace elements, such as Sr (Chapter 2.2.1 and 2.4). Overprinting of biogenic Ca with diagenetic
Ca is unlikely, however, in bone is a higher risk to measure diagenetically overprinted 3*42Ca
due to secondary calcite infilling in the pore space (Martin et al., 2017a), which was not
addressed in the current dataset. Contrary, enamel is according to its lower porosity and higher
inorganic proportion less prone to diagenetic alteration (Chapter 2.4 and 7.5.3). The
taphonomic settings of the fossil specimens employed in this thesis show different potential for
diagenetic alteration. The Permo-Carboniferous Remigiusberg Fm. contains sedimentary
lacustrine and floodplain deposits together with volcaniclastic deposits (Schindler, 2007) that
have been hydrothermally altered due to the kuselite sill intrusion a few meters beneath the
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fossil-bearing sediments (Voigt et al., 2014; Uhl and Jasper, 2016). The Remigiusberg Fm.
bore fossils with exceptionally white-coloured preservation (Voigt et al., 2014), which might be
biased diagenetically due to hydrothermal activity and contact metamorphism. Trace elements
measured in white Lebachacanthus teeth (Permian shark) from the Remigiusberg Fm., such
as U, Cu, Fe and Al associated with hydrothermal fluid activity, as well as REE are enriched
and the crystallite dimensions are elevated, however the fossil are still preserved as carbonate
fluorapatite. It is assumed, that these fossils altered in contact with hydrothermal fluids at
temperatures above 500 °C (Arns et al., 2020). In contrast, the continental red bed sediments
of the Beauford Group, Karoo Basin, as well as from the Briar Creek Bonebed, Texas, consist
mainly of sedimentary mud-, silt-, and sandstones (Nicolas and Rubidge, 2010; Konietzko-
Meier et al., 2016; Neveling et al., 2016) and were probably not altered much by diagenetic
fluids. Diagenesis cannot be excluded entirely, however, fossils from localities, such as the
Remigiusberg Fm., showed no distinct or systematic differences compared with the same
species from other localities, e.g. edaphosaurs from the Remigiusberg Fm and the Briar Creek
Bonebed or Diadectes from the Bromacker Quarry and the Briar Creek Bonebed (Table 8.5

and Table S8.2, Fig. 8.4D), which makes a strong diagenetic overprint unlikely.

Comparing 8*2Ca values of extant lepidosaurs with those of extinct non-mammalian
tetrapods, a systematic offset between extant and extinct carnivorous and herbivorous species
exists (Fig. 8.4C). This could be best explained by different 5*#42Ca values of the primary food
source. It is known from extant terrestrial ecosystems, that different plant tissues, such as
roots, stems or leaves, as well as different plant species have different 5*#42Ca values (e.g.
Schmitt, 2016, and references therein; Tacail et al., 2020). Generally, roots of e.g. beech,
spruce or pine trees display the most negative 5*442Ca values in trees, while leaves or needles
have around 0.5 %o higher 8*442Ca values (Cenki-Tok et al., 2009; Holmden and Bélanger,
2010). The same is true for extant dicotyledons, where root and trunk display similar 5*/42Ca
values, while leaves and fruits are around 0.5 %o higher (Tacail et al., 2020). However, different
plant parts still show a large variability in 3*4“2Ca values and therefore also a large overlap
(Schmitt, 2016, and references therein; Tacail et al., 2020). Additionally, different species yield
different 5*42Ca values, e.g. Jack pines (Pinus banksiana) display very high 8**42Ca values
of about 0.15 %o, while Norway spruce (Picea abies) have values of about 0 %0 and black
spruce (Picea mariana) and trembling aspen (Populus tremuloides) displays 8**4?Ca values of
-0.15 %o. Extant European beech (Fagus sylvatica) displays very negative values with a large
variance (-0.25 %o to -1.0 %) overlapping with the sugar maple (Acer saccharum, -1.0 %o, Page
et al., 2008; Cenki-Tok et al.,2009; Holmden and Bélanger, 2010). Therefore, the ingestion of
different plant species and/or plant parts could vary the 8*442Ca values greatly. Additionally, if
the 8*442Ca value of the primary producers (plants) differ between different localities, different
5*442Ca values for the primary consumers and finally the apex-predators are expected. In the
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fossil ecosystems analysed in this thesis 8*42Ca values of different plant species, e.g. ferns
and seed ferns, and plants parts are unknown, therefore it is difficult to infer differences in the
ingested plant matter and species from differences in 3*4*2Ca values of the herbivorous taxa.

Generally, it is assumed that fractionation between root and leaves is similar to modern plants.

Fossil carnivorous and herbivorous non-mammalian tetrapods yielded an offset of
around 0.10 %o, with herbivores having higher &*/42Ca values, which is in line with a plant-
based diet, while carnivorous taxa have more negative values, indicating more meat/bone
consumption (as bone is Ca-rich and “‘Ca-depleted, Table 8.5). The overlap in &*4Ca
between the two feeding categories is large and no significant differences could be detected.
In lower Permian ecosystemes, i.e. Briar Creek Bonebed, Bromacker Quarry and Remigiusberg
Fm., no clear separation of trophic levels are shown in the 3*#42Ca values (Fig. 8.4D). Within
the carnivorous feeding group Dimetrodon, Tambacarnifex ungifalcatus, Sphenacodontida
indet. and Seymouria sanjuanensis yielded the most negative §*#42Ca values, supporting the
assumption of them being apex-predators in Permian ecosystems. Lower Permian eryopids
are also assumed to be carnivorous, however the 5*#42Ca results yielded less negative values,
overlapping strongly with omnivorous Tseajaia and herbivorous edaphosaurs from the same
locality (Fig. 8.4D). Several hypotheses could explain the higher values of eryopids, first,
diagenesis cannot be unambiguously excluded, especially in the Remigiusberg Fm., as
described above. However, the edaphosaur bones from the Remigiusberg Fm. do not differ
isotopically from the edaphosaur bones from the Briar Creek Bonebed, therefore,
taphonomical alteration seems unlikely (Fig. 8.4D). Secondly, eryopids were amphibians living
in lakes or swamps (Quémeneur et al., 2013; Witzmann, 2013) and their physiology was
potentially different from those of synapsid, such as e.g. Dimetrodon. Thirdly, their diet might
have been different from other carnivores, maybe also including invertebrates or fish.
Generally, the lower Permian carnivores overlap greatly with the lower Permian herbivores,
within the herbivorous feeding group Diadectes (from Briar Creek Bonebed and Bromacker
Quarry) displayed the most negative 5*4#2Ca values, comparable to those of the carnivorous
species. Edaphosaurs, Orobates pabsti and Eudibamus cursoris yielded higher 5*#42Ca values
than Diadectes and were therefore slightly elevated compared to carnivorous Tambacarnifex
ungifalcatus, Sphenacodontida indet. and Seymouria sanjuanensis. 5*#*2Ca values of the
different lower Permian herbivorous species generally showed two things, firstly they did not
show a clear trophic spacing compared to lower Permian carnivorous species (Fig. 8.4D).
During the lower Permian a new trophic structure only started to evolve and was not
comparable modern day ecosystems, and the physiology of non-mammalian lower Permian
synapsids differed from those of extant mammals or reptiles, and therefore, no clear trophic
spacing is visible in lower Permian bone and tooth enamel. Secondly, and most interestingly,
there were differences in 3*4*2Ca values and therefore potentially in ingested plant-based diet
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lower Permian herbivores (Fig. 8.4D). In modern ecosystems higher */42Ca values, as seen
in edaphosaurs, Orobates pabsti and Eudibamus cursoris, would suggest ingestion of e.g.
leaves or species with higher 8*42Ca values such as Jack Pine, as described above. Lower
5*¥42Ca values (as measured in Diadectes), however, would suggest ingestion of branches or
even roots or species with low 5*42Ca values, e.g. sugar maple. In lower Permian ecosystems
5*442Ca values of plants and tissue types are unknown, therefore, no clear conclusion about
ingested plant matter or species can be done at this point. The only assumption which can be
done so far is that edaphosaurs (from Briar Creek Bonebed and Remigiusberg Fm.), Orobates
pabsti and Eudibamus cursoris (both from Bromacker Quarry) potentially fed on isotopically
lighter (**Ca-enriched) plant species and/or plant tissues (e.g. leaves or needles), while
Diadectes (from Briar Creek Bonebed and Bromacker Quarry) lived in the same ecosystems,
however fed on isotopically heavier (“*Ca-depleted) plants and/or tissues (e.g. roots, branches,
trunks). Compared to the lower Permian localities, the upper Permian ecosystem of the Karoo
Basin, South Africa, showed a very distinct trophic level effect (TLE), with carnivorous Arctops
(n = 1) having a low &*¥*Ca value due to potential bone ingestion, while herbivorous
pareiasaur (n = 1) is very high in 3*42Ca suggesting a plant-based diet. Omnivorous Jonkeria
(n = 1) yielded an intermediate 5*¥42Ca value (Fig. 8.4D). Differences in physiological effects
in lower and upper Permian taxa might lead to the pronounced TLE (Fig. 8.4D). However, the
upper Permian carnivorous therapsid yielded a comparable 3*42Ca value like the lower
Permian carnivores (including synapsids and Seymouriidae), suggesting ingestion of “Ca-
depleted bone in all carnivores. Also, the two presumed omnivorous species (lower Permian
Tseajaia (Tseajaidae) and upper Permian Jonkeria (Therapsida)) yielded similar §*42Ca
values, suggesting either similar diet, i.e. similar proportion of meat- and plant-based diet, or
in general similar physiological effects between lower Permian and upper Permian species, at
least for carnivores and omnivores (Fig. 8.4D). The upper Permian herbivore pareiasaur
(Sauropsida, Pareiasauridae), however, is on average 0.18 %o, above the lower Permian
herbivores in &*/42Ca (including Synapsida, Diadectidae and Bolosauridae (Sauropsida),
Fig. 8.4D). During the Permian especially herbivory as feeding strategy diversified greatly,
upper Permian herbivores might have had different or more efficient ways to access nutrients
and Ca from ingested plant matter, compared to the early herbivores from the lower Permian.
However, all Karoo Basin taxa are only represented by one specimen, therefore these
preliminary results should be cautiously interpreted. Contrary, the differences in herbivorous
taxa could also be an effect of the ingestion of isotopically lighter plant species and/or plant
tissues (e.g. needles). More faunal specimens from lower and upper Permian ecosystems
need to be measured and analysed locality-wise, to test, if the 8*442Ca values represent diet

specific Ca signals due to different diet preferences, differences in the flora assemblage
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between the localities or differences in physiological fractionation processes between

synapsids, diadectids, therapsids, sauropsids and also amphibs, i.e. Seymouria and eryopids.

0%%5863r in the extant lepidosaurs teeth and bone (insectivorous Cordylus giganteus)
showed, similar to 3*4#2Ca, the expected trophic level effect (TLE) effect, however the offset is
smaller than in Ca, with 0.26 %o between carnivores and herbivores (Fig. 8.4A). In general, the
biplot 8*42Ca vs. 3%/®Sr showed a clear TLE, with omnivores between carnivores and
herbivores. One omnivorous specimen yielded more negative 3*44?Ca and &%/®Sr values,
suggesting a more meat-based diet of this single specimen. Similar to 3*442Ca, insectivores
and the single ovivorous specimen were elevated in 5%/#Sr values, both plotting at the upper
end of the Ca versus stable Sr isotope biplot (Fig. 8.4A). The most interesting offset, which
could not be detected in Ca isotopes, is between the terrestrial herbivore Cyclura cornuta and
the marine algaevore Amblyrhynchus cristatus. In general, seawater has slightly lower 5%/%¢Sr
values (0.31 — 0.38 %o, Halicz et al., 2008; Knudson et al., 2010) than fresh water lakes
(0.40 %o, Knudson et al., 2010), therefore plants growing in sea water would yield slightly lower
588/863r values than plants growing in freshwater ecosystems. This could be an explanation for
the slightly more negative values in the algaevorous marine iguana Amblyrhynchus cristatus.
Therefore 5%/#3r might be an additional proxy to distinguish the source of plant ingesta in
terrestrial herbivores. The 3%/853r in fossil non-mammalian tetrapods, however, yielded with
one exception, only positive, geogenic values instead of expected trophically fractionated
negative d%¢/®Sr values. Siliciclastic sedimentary rocks yield mean &%/#Sr of around 0.25 %o,
also volcanic rocks and hydrothermal waters yield mean values of around 0.16 %o and 0.32 %.,
while plants would typically have mean &%/®¢Sr values of around 0 %. and secondary
consumers such as humans and animals would yield negative &%/#Sr values (mean around -
0.2 %o with a large variability, Hajj et al., 2017; and references therein). Therefore, it seems
more plausible that the fossil tetrapod remains rather reflect a diagenetically overprinted Sr
isotope composition caused by the hydrothermal fluids and thus reflecting bedrock/soil
compositions, rather than biological ante-mortem &%/#Sr values. This is well in line with the

taphonomic setting of the fossil specimens, as described above.

8.4.3 Combination of Ca isotopes and DMTA as dietary proxies

Combining the two independent dietary proxies DMTA (reflecting mechanical food
properties) and d**2Ca (reflecting chemicall/isotopic food properties) have the potential to
separate different feeding strategies more precisely and therefore reconstruct trophic niche
partitioning in more detail than a single proxy approach. This could be particularly interesting
for species with ontogenetic dietary shifts, omnivorous species, or different herbivorous

species with variable (unknown) plant matter as diet and will potentially allow refined dietary
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reconstructions of past food webs and feeding behaviour of extinct taxa. Therefore, a principal
component analysis (PCA) was conducted using the DMT parameters Asfc and metf as
indicators for harder components or more abrasives in the ingesta and therefore for a more
pronounced tooth-to-food contact, e.g. through more pronounced oral processing, and stable
Ca (0*¥*2Ca) as indicator for the trophic level. Carnivorous lower Permian Dimetrodon and
eryopid, herbivorous lower Permian Diadectes, Orobates, edaphosaurs and upper Permian
pareiasaurs, as well as omnivorous lower Permian Tseajaia and upper Permian Jonkeria were
included into the PCA, mean parameter and &*/42Ca values per species were calculated

because the overlap of DMTA and stable isotope dataset was too small on the individual level
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Figure 8.5. Principle component analysis (PCA) for the combination of Ca isotopes and DMTA
for different lower (circles) and upper (squares) Permian non-mammalian tetrapods with

associated silhouettes of the animals.

The PCA reveals a clear separation of two groups along PC1, with metf and Asfc as
separating parameters. DMTA showed that extinct non-mammalian tetrapods in general
showed an oral processing behaviour similar to extant herbivorous, omnivorous and
insectivorous lepidosaurs (Winkler et al., 2019a), however, there were differences within the
feeding groups. On the one side of PC1, with low metf and Asfc values, are Dimetrodon,
Diadectes, Tseajaia and edaphosaurs, with potentially softer diet and less pronounced food
processing behaviour compared to the other species (Table $8.6 and $8.7). On the other side
of PC1, with higher metf and Asfc values, are pareiasaurs, eryopide, Jonkeria and Orobates
(Table S8.6 and S8.7). Along PC2, with 3*#*2Ca and metf as best separating parameters are
Diadectes, Orobates and Dimetrodon with low &*/*2Ca values, eryopids, Jonkeria and
edaphosaurs with intermediate and pareiasaurs and Tseajaia with less negative 3*4*2Ca
values (Table S8.6 and S8.7). This separation was already seen in the single stable isotope
approach (Chapter 8.4.2). The PCA shows, that carnivorous Dimetrodon and eryopids are
separated by material and isotopic food properties. 5*#42Ca values differs, possibly due to the
different &*¥42Ca values of the ingested diet. It could be assumed that even though both
species lived in the same ecosystems, they hunted different types of prey, potentially at
different positions in the trophic web (i.e. primary consumers, other carnivores). Potentially,
eryopids did not ingest the bones (Ca-rich and “‘Ca-depleted) of their prey, which could also

explain the higher *442Ca values. More data are needed to validate this hypothesis.

The lower Permian carnivorous Dimetrodon and herbivorous Diadectes clearly plot
together, therefore the material, as well as the isotopic food properties seem to have been
similar, with low &*42Ca values and low abrasiveness. It is unclear what exactly was ingested
by Diadectes to cause such negative 5*4“2Ca values with low abrasiveness. The ingestion of
roots would explain low 8*442Ca values, however, this would increase metf and Asfc, since
roots are supposed to be relatively hard and external abrasives would potentially be attached
to the roots (expect of external abrasives with very low grain sizes). This is not the case in
Diadectes, however, in Orobates, high metf and Asfc together with relatively low &*¥42Ca
values could indicate ingestion of root material. This hypothesis might be supported by traces
of digging, as they were found in the Bromacker Quarry and were probably produced by
Diadectomorphs (Martens, 2005a; Nyakatura et al., 2015), possibly in search of food. Within
the same lower Permian ecosystems, the large herbivorous edaphosaurs showed signs of diet
with low abrasiveness and low 3*#2Ca values (not as low as Diadectes). The PCA of lower
Permian herbivorous taxa suggested distinct differences in ingested plant parts or even plant

species e.g. early conifers and ferns, however, since 5*¥42Ca values of Permian plants species
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are unknown, it is so far not possible to draw conclusion of what plant species were consumed
by which tetrapod species. Lower Permian potentially omnivorous Tseajaia from the
Remigiusberg Fm. also showed signs of ingesta with low abrasiveness, however, with very
high 8*442Ca values, suggesting a more leave-based diet of 8*/42Ca high plants. Therefore,
Tseajaia’s ecological niche differs from all other lower Permian species measured so far. Upper
Permian omnivorous Jonkeria’'s diet had a higher abrasiveness compared to lower Permian
Tseajaia, with slightly lower 3*442Ca values, at least for this specific individual. So far, it is
unclear, if the reason for these differences were distinct differences in ingested diet, i.e.
different plant species or meat-based diet, differences between mechanical and isotopic
properties of lower and upper Permian plants or even different physiological processes
between lower Permian Tseajaia (Diadectomorphs) and upper Permian Jonkeria (Therapsida,
Dinocephalia). More individuals of more species from the same localities are needed to test if
a combined proxy approach would be able to exclude or validate one of these reasons. Finally,
there are distinct differences between lower Permian herbivores, i.e. Diadectes, Orobates and
edaphosaurs, and upper Permian pareiasaurs. Upper Permian pareiasaurs showed signs of a
highly abrasive ingesta, however with very positive 5*44?Ca values. However, these differences
might be explained with the same reasons as already explained for Tseajaia and Jonkeria,
differences in physiological processes or ingested plant species cannot be excluded. Despite
the issues with the preliminary dataset, PCA of combined DMTA and &*4#2Ca generally was
able to draw a complex picture lower and upper Permian ecological niche partitioning and

positions in the trophic webs.

8.5 Conclusion and Outlook

The measurements of stable Ca and Sr in extant lepidosaurs showed that both systems
are able to resolve a TLE, especially the biplot of 5*42Ca vs. 8%¥8¢Sr showed that carnivorous
species have more negative values in both systems, while herbivores and insectivores are
higher in Ca and Sr values (Fig. 8.4). Especially Sr might be a valuable proxy to distinguish
between aquatic and terrestrial plant matter as diet in extant herbivorous lepidosaurs.
Preliminary data showed no offset in &*42Ca values between bone and tooth samples in
general, only in ovivorous Heloderma horridum, where potential differences in diet during
formation of bone and tooth are assumed. The preliminary dataset of fossil specimens showed
that both methods are applicable to Permo-Carboniferous tetrapods, but with some limitations
due to preservation. While DMTA seem to differentiate between insectivores and carnivores/
herbivores, Ca isotopes seem to preserve the ante-mortem, presumably diet-related isotope
signal and differentiate between carnivorous and herbivorous species. A more pronounced

TLE was found in upper Permian taxa, compared to lower Permian taxa, where herbivores
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yielded &*/42Ca more similar to those of carnivorous taxa. Several hypothesises, such as
identification of proportion of different ingesta in omnivorous species, ontogenetic diet shifts or
expected diet niche occupation in specific species could not be tested yet due to the small
sample size and badly preserved dental surfaces. First results suggest distinct differences in
ingested plant matter between Diadectes, Orobates, edaphosaurs and pareiasaurs, and in
prey-preferences between Dimetrodon and eryopids (Fig. 8.2B, 8.4 and 8.5). For DMTA and
Ca isotope datasets, more samples from the same localities are needed to assess
physiological processes and differences in flora assemblages between the localities.
Additionally, more insectivores are needed to further assess if insect-feeding can be
distinguished from the other feeding categories. If the size and biodiversity of the ecosystem
allow it, specific lower and upper Permian food webs should be analysed and compared among
each other, i.e. Bromacker Quarry and Texas Bonebed, as well as terrestrial and aquatic food
webs withing one locality, i.e. from the Remigiusberg Fm.. Nevertheless, the first attempt in
combining both independent proxies in a PCA showed huge potential to distinguish more
precisely what kind of plant matter or animal tissue was ingested and will enable more
sophisticated diet reconstructions of fossil food webs and niche partitioning in the future. In a
next step, trophic niche partitioning at the Permo-Carboniferous boundary, during the Permian
and beyond the Permo-Triassic mass extinction should be tracked and the evolution, changes
and stability (especially over the Permo-Triassic mass extinction) of the early trophic web

should be analysed.

8.6 Supplement

Table ES8.1. Sampled taxon, sample ID, collection ID, collection, locality, Period, presumed
diet and sampled tissue types for extinct non-mammalian tetrapods and extant wild

lepidosaurs. The table is found in the electronic Supplement.

Table S8.2. Taxon, trivial name, presumed diet, sample weight and 8*44?Cays wzsto and
5885863, nisTes7 Values with 1SD of the extant wild lepidosaur and extinct non-mammalian

tetrapod specimens, bone and tooth samples separated.
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Sample ID Taxon Trivial name Diet Tooth sample Bone sample
sample 5*442Ca,s. 1SD [%0] &%8/%6gy 1SD [%o] sample amount §*/42Cg,; 1SD [%o] §%/%6gr 1SD [%o]
amount [mg] Mmz-sTD [%o] vs.NIST987 [mg] Mz-sTD [%eo] vs.NIST987
ZFMK_84181 Amblyrhynchus cristatus Marine iguana algaevore  whole tooth 4.91 -0.77 0.05 -0.39 0.05  lower jaw bone 9.1 -0.86 0.06 - -
ZFMK_84199 Amblyrhynchus cristatus Marine iguana algaevore  whole tooth 4.96 -0.81 0.04 -0.40 0.05 lower jaw bone 8.5 -0.71 0.07 - -
ZFMK_7816  Cordylus giganteus Giant girdled lizard insectivore - - - - - - lower jaw bone 2.91 -0.56 0.04 -0.24 0.05
ZFMK_7817  Cordylus giganteus Giant girdled lizard insectivore - - - - - - crania 5.05 -0.79 0.03 -0.15 0.04
ZFMK_5223  Cyclura comnuta Rhinoceros iguana herbivore  whole tooth 2.78 -0.80 0.04 -0.25 0.06 lower jaw bone 2.8 -0.90 0.06 - -
ZFMK_86078 Cyclura cornuta Rhinoceros iguana herbivore  whole tooth 7.62 -0.87 0.04 -0.32 0.06 lower jaw bone 3.4 -0.85 0.06 - -
ZFMK_7846  Heloderma horridum Mexican beaded lizard ovivore whole tooth 1.82 -0.73 0.04 -0.25 0.07  lower jaw bone 52 -0.98 0.06 - -
ZFMK_7859  Tupinambis teguixin Gold tegu omnivore  whole tooth 212 -0.96 0.04 -0.40 0.04  lower jaw bone 2.6 -0.97 0.06 - -
ZFMK_53531 Tupinambis teguixin Gold tegu omnivore  whole tooth 9.91 -1.03 0.04 -0.35 0.05 humerus 3.7 -1.06 0.07 - -
ZFMK_53532  Tupinambis teguixin Gold tegu omnivore  enamel powder 0.27 -1.22 0.03 -0.51 0.06  lower jaw bone 2.9 -1.06 0.07 - -
ZFMK_14882 Varanus giganteus Perentie carnivore  enamel powder 3.17 -1.14 0.04 -0.46 0.07  lower jaw bone 29 -1.09 0.07 - -
ZFMK_7484  Varanus griseus Desert monitor camivore  enamel powder 0.98 -1.06 0.04 -0.63 0.05 lower jaw bone 2.1 -1.00 0.08 - -
DIM BRI 1 Dimetrodon sp. - carivore - - - - - - jaw bone 3.7 -0.67 0.06 0.42 0.06
DIM BRI 2 Dimetrodon sp. - carnivore  enamel (distaland 1.0/ 0.6 -0.73 0.10 0.32 0.08  jaw bone 1.6 -0.60 0.05 -0.13 0.06
DIM BRI 3 Dimetrodon sp. - camivore  enamel (distal and 1.2/0.5 -0.96 0.16 0.02 0.04 jaw bone 4.0 -0.76 0.05 0.19 0.05
DIM BRI 4 Dimetrodon sp. - carivore  enamel 1.5 -0.76 0.08 0.61 0.04 jaw bone 1.9 -0.77 0.05 0.40 0.03
DIM TX1 Dimetrodon sp. - carnivore  enamel 3.1 -0.47 0.08 0.93 0.11  vertebrae 0.5 -0.94 0.12 0.19 0.04
DIM TX2 Dimetrodon sp. - camivore  enamel 4.3 -0.46 0.07 0.59 0.05 unspecified fragment 5.6 -0.19 0.06 1.05 0.05
DIM TX 3 Dimetrodon sp. - carnivore - - - - - - unspecified fragment 4.4 -0.24 0.08 0.76 0.04
MNG 10226  Sphenacodontida indet. - carnivore - - - - - - right femur 1.5 -0.64 0.06 - -
MNG 10596  Tambacamifex ungifalcatus - camiwore - - - - - - rib 7.5 -0.64 0.05 - -
ARC KA 1 Arctops - carnivore  enamel 5.2 -0.60 0.06 0.09 0.09  unspecified fragment 4.1 -0.50 0.05 -0.30 0.04
UGKU 2564  Eryopidae - carnivore - - - - - - crania (3 samples) 20/17/24 -0.53 0.06 0.62 0.09
UGKU L-21 Eryopidae - carivore  enamel 0.3 -0.28 0.04 0.45 0.05 - - - - - -
MNG 7727 Seymouria sanjuanensis - camivore - - - - - - crania 0.7 -0.59 0.04 - -
PARKA 1 Pareiasaur - herbivore  enamel 2.5 -0.34 0.03 0.45 0.11 - - - - - -
EDA BRI 1 edaphosaur - herbivore - - - - - - unspecified fragment 2.4 -0.55 0.05 0.37 0.06
EDRM 1 edaphosaur - herbivore - - - - - - unspecified fragment 3.2 -0.56 0.05 0.48 0.03
ED TX2 edaphosaur - herbivore - - - - - - spine 3.6 -0.44 0.11 0.22 0.07
UGKU-1997  Remigiomontanus robustus - herbivore - - - - - - unspecified fragments (n 6.1/6.0/0.3 -0.56 0.04 0.37 0.06
UGKU-2551 edaphosaur - herbivore - - - - - - spine (3 samples) 1.9/07/1.3 -0.41 0.05 0.86 0.07
DIA BRI 1 Diadectes sp. - herbivore  enamel (distal and 1.2/3.2 -0.71 0.05 0.17 0.06 jaw bone (2 samples) 44148 -0.55 0.07 0.40 0.05
MNG 14473  Diadectes sp. - herbivore - - - - - - rib (2 samples) 43/15 -0.55 0.04 - -
MNG 11134(3) Diadectidae - herbivore  enamel 0.9 -0.63 0.03 - - - - - - - -
MNG 11240  Diadectidae - herbivore - - - - - - unspecified fragment 0.5 -0.66 0.05 - -
MNG 8980 Orobates pabsti - herbivore - - - - - - rib 1.3 -0.46 0.04 - -
MNG 12895-3 Eudibamus cursoris - herbivore - - - - - - pelvic bone 2.6 -0.49 0.05 - -
JON BRI 1 Jonkeria - omnivore  enamel 3.5 -0.45 0.03 0.07 0.04  unspecified fragment 2.4 -0.35 0.06 0.38 0.04
UGKU 2566  Tseajaia - omnivore  enamel 0.9 -0.40 0.04 0.30 0.07 - - - - - -
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Table ES8.3. Descriptive statistics (mean £SD) for all DMT parameters for the extinct non-mammalian tetrapods (see Table 8.1). For parameter

descriptions, see Table S4.3. The table is found in the electronic Supplement.

Table ES8.4. Statistical results for all DMT parameters for non-mammalian tetrapod. For parameter description, see Table S4.3. Significances

confirmed by Cliff's method are highlighted in bold. The table is found in the electronic Supplement.

Table S8.5. Importance of components for PCA using 13 DMT parameter (Sz, Sdq, Sdr, Spd, Sdv, Shv, FLTt, nMotif, meh, mea, madf, Tr2R, IST).

Factor loadings for the parameter values are represented with values cut-off +/- 0.4 marked in red.

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13

Standard deviation 2.66 1.55 1.04 1.01 0.87 0.57 0.39 0.31 0.25 0.20 0.10 0.10 0.06
Proportion of

Variance 0.54 0.18 0.08 0.08 0.06 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00

Cumulative

Proportion 0.54 0.73 0.81 0.89 0.95 0.97 0.98 0.99 1.00 1.00 1.00 1.00 1.00

Sz 0.36 014 0.04 20.07 0.05 20.04 0.01 0.25 0.24 0.23 0.76 023 0.18

Sdq 0.18 -0.53 0.23 0.09 0.07 -0.04 0.13 -0.28 0.01 -0.11 -0.49 -0.52 0.03

Sdr -0.14 -0.56 0.19 0.16 0.03 0.06 0.18 0.32 0.32 0.47 0.26 0.27 0.00

Spd 0.27 -0.34 0.32 -0.10 0.16 -0.36 0.28 0.08 0.06 -0.08 -0.08 0.16 0.65

Sdv 0.32 0.09 -0.40 0.1 0.24 0.09 -0.03 0.04 0.74 -0.29 -0.01 -0.11 0.03

Shv -0.28 0.13 0.17 -0.09 -0.48 0.77 -0.08 0.01 -0.18 -0.03 -0.05 0.08 -0.03

IOFaadCiLOJS FLTt -0.36 -0.08 -0.07 -0.06 0.10 0.01 0.17 0.69 0.40 -0.38 -0.16 0.07 -0.09

nMotif 0.29 0.32 -0.33 -0.10 0.14 -0.33 0.15 0.01 0.04 -0.05 0.17 0.12 -0.71

meh 0.35 -0.08 0.22 0.1 0.23 -0.03 -0.21 -0.50 0.20 0.07 0.19 0.60 0.12

mea 0.32 0.18 -0.35 -0.21 0.08 -0.07 0.09 0.11 0.19 0.69 -0.08 -0.39 0.06

madf -0.33 0.13 0.14 -0.04 -0.19 0.19 0.85 -0.01 -0.03 -0.03 -0.10 0.16 0.13

TreR 0.12 -0.25 -0.17 -0.66 -0.56 0.32 -0.19 -0.03 -0.01 -0.04 -0.01 0.00 0.03

IsT 0.08 0.10 0.54 -0.65 0.49 -0.11 0.06 0.06 -0.08 0.04 -0.01 0.02 -0.02
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Table S8.6. Pooled data of non-mammalian tetrapods for PCA of combined DMTA and

5**2Cays. mz-sTD.

Taxon Asfc metf 5*42Cays. mz-sTD
Diadectes 5.110 0.291 -0.626
Dimetrodon 4.372 0.335 -0.612
Edaphosaurs 4.274 0.210 -0.513
Orobates 11.860 0.446 -0.473
Jonkeria 10.599 0.351 -0.446
Eryopidae 12.090 0.383 -0.409
Tseajaia 2.054 0.180 -0.401
Pareiasaurs 9.755 0.364 -0.336

Table S8.7. Importance of components for PCA using 2 DMT parameter (Asfc, metf) and
d*42Cays. mz-sTp. Factor loadings for the parameter values are represented with values cut-off

+/- 0.4 marked in red.

PC1 PC2 PC3

Standard deviation 1.42 0.95 0.25

Proportion of Variance 0.68 0.30 0.02

Cumulative Proportion 0.68 0.98 1.00

Asfc 0.69 -0.08 0.72

Factor = i 0.63 -0.43 -0.65
loadings

0*42Cays. Mz-sTD 0.36 0.90 -0.25

261



262



Chapter 9

Chapter 9 Conclusion

The main focus of this thesis was the evaluation of the effects of and mechanisms
behind mechanical and chemical diagenesis on dental microwear texture analyses and non-
traditional isotopes. With the help of the experimental approaches presented in this thesis it
was possible to better understand the mechanisms of mechanical and chemical post-mortem
alteration of vertebrate teeth and its effects on dental microwear texture analyses and non-
traditional stable isotopes as dietary proxies. By performing alteration experiments for
simulating three different types of post-mortem diagenesis on dental microwear, the
understanding of the impact of post-mortem erosion on DMT parameters was improved. The
experiments on fluvial transport and aeolian sediment transport showed that the degree of
alteration is mostly dependent on sediment grain size fraction. While very fine sand and gravel
had the strongest abrasion effects, fine to medium sand had a slight polishing effect (smoother
dental surface) during the tumbling experiment. Very fine-grained loess, however, did not affect
the dental surface during the sandblasting, while sand-sized quartz particles causes strong
alteration effects. In general, the experiments showed that natural alteration processes are
more complex than initially thought, especially in the case of acid etching during digestion.
Extant Otomys teeth and those extracted from owl pellets showed no differences in their dental
surfaces, while experimentally altered Otomys teeth showed signs of strong chemical
alteration. Together with the first steps towards a database including varies kinds of badly
preserved dental surfaces resulted by e.g. excavation or preparation, it is shown, that the
influence of blunders, defects and post-mortem erosions on the DMT parameters is not as
large as expected. They could not be unambiguously separated from diet-related ante-mortem
wear features by using ISO and SSFA parameter values alone. A combination of careful
evaluation of wear features by the observers and the use of cut-off values for different
parameters is the basis for improving and enlarging sample size and datasets in general, and
in the fossil record in particular. Generally, fossils with signs of small post-mortem alteration
on the dental surface, might provide reliable results. Additionally, this thesis highlights potential
limits of DMTA for dietary reconstruction in species with fast tooth replacement rates and/or
very limited tooth-food contact due to reduced oral food processing behaviour. Although there
are some differences in diet preferences of extant (generally opportunistic) faunivorous sharks,
no ingesta-related ante-mortem wear was detectable. Therefore, sharks seem to be unsuitable
for dietary reconstruction using DMTA according to its fast tooth replacement rate and reduced

prey processing behaviour.

Post-mortem alteration of the isotope composition is not so easy to access and in-vitro
alterations experiment, as performed in this thesis, set the basis for better understanding and
evaluating the grade of potential post-mortem alteration of tooth chemistry. The in-vitro

experiments showed that different isotope systems were showing different signs of alteration,
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while there is a loss of Mg during the experimental duration in dentin and enamel, Zn is
incorporated into the newly formed hydroxylapatite crystal lattice. Calcium and Sr were
showing a similar alteration behaviour, probably due to a diffusion gradient controlled
mechanism caused by the highly elevated concentration of the doped isotopes. In general, it
is assumed, that diffusion and re-precipitation causes the alteration of Ca, Mg, Zn and Sr
isotope composition, however even at higher temperatures only the outermost = 200 um of the
enamel are affected. Dentin is more resistant than expected, at least for lower temperatures.
During higher temperatures the original isotopic composition are completely altered. The
results prove what is already known about the higher vulnerability of dentin in contrast to
enamel. These are important findings for the fossil application, even though the isotope
concentrations (especially “*Ca) in the tracer solution were extremely elevated, a proportion of
inner enamel (~ 200 um apart from EDJ and enamel edge) preserves ante-mortem original

isotopic composition and therefore this part should be suitable for diet reconstruction.

The second part of the presented thesis highlights the possibilities of applying DMTA
and non-traditional stable isotopes to fossil non-mammalian taxa. First results of DMTA on
extinct Permo-Carboniferous non-mammalian tetrapods show significant differences between
insectivorous and herbivorous/carnivorous taxa. DMTA also displays differences in material
properties and therefore potential preferences in ingested diet for different taxa within one
feeding category, i.e. between the herbivorous Diadectes, Orobates, Edaphosaurus and
pareiasaurs and between carnivorous eryopid and Dimetrodon. Furthermore, the first 3*442Ca
and 5%/8¢Sr values of extant lepidosaurs presented in this thesis yielded a trophic spacing
between feeding categories with carnivores being more negative than herbivores, which also
applies on extinct non-mammalian tetrapods, at least in *442Ca while the d%%/%¢Sr appeared to
be diagenetically overprinted. So far, no systematic offset in *442Ca between bones and teeth
of extant lepidosaurs were detected, while extinct non-mammalian tetrapods showed less
negative *#*2Ca values bone samples compared to enamel. It is not clear yet, if the offset is
caused by different physiological processes or by diagenesis. The offset in 3*/42Ca values
between extant carnivorous and herbivorous lepidosaurs and fossil carnivorous and
herbivorous taxa implies potential differences in the Ca isotope composition of primary
producers, i.e. plants, between modern and Permo-Carboniferous ecosystems. 3*/42Ca
reveals differences in chemical food properties and therefore, similar to DMTA potential
preferences in ingested diet within one feeding category, i.e. herbivorous and carnivorous
groups, as well as differences between lower and upper Permian herbivores. More data are
needed to evaluate the effect of differences in the ingesta, i.e. ingestion of different plant
species, and differences in physiological fractionation processes between lower and upper
Permian non-mammalian tetrapods. In general, the first combined dental microwear texture
and non-traditional stable isotope dataset on Permo-Carboniferous tetrapods yielded distinct
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differences between herbivorous, omnivorous and carnivorous non-mammalian tetrapods and
indicate the colonization of different niches within the same ecosystem. Therefore, this
combined toolset could be able to provide more precise information about fossil food webs and

niche portioning and should be further extended in the future.
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