UNB

Universitat Autonoma de Barcelona

Life history inferences in extant and extinct
Equus from the histological analysis of bone and enamel tissues

Carmen Nacarino Meneses

ADVERTIMENT. L’accés als continguts d’aquesta tesi queda condicionat a I'acceptacié de les condicions d’Us
establertes per la seglent lliceéncia Creative Commons: |§ @@@; http://cat.creativecommons.org/?page_id=184

BY NC ND

ADVERTENCIA. El acceso a los contenidos de esta tesis queda condicionado a la aceptacion de las condiciones de uso
establecidas por la siguiente licencia Creative Commons: !: ®®0Q http://es.creativecommons.org/blog/licencias/

BY NC HND

WARNING. The access to the contents of this doctoral thesis it is limited to the acceptance of the use conditions set
by the following Creative Commons license: !: @@@; https://creativecommons.org/licenses/?lang=en

BY NC ND




PhD Thesis
Universitat Autonoma de Barcelona
Doctorate in Biodiversity
2018

Life history inferences in
extant and extinct Equus from
the histological analysis of
bone and enamel tissues

CARMEN NACARINO MENESES

o MEIKe KOHLER
Universitat Autonoma de Barcelona
XAVIER JORDANA

SUPERVISORS l N

Institut Catala de Paleontologia
Miquel Crusafont












UNB ICP

Universitat Autonoma de Barcelona

Institut Catala de Paleontologia
Department de Biologia Animal, Biologia Vegetal i d’Ecologia ) b

PhD Thesis — 2018

Life history inferences in extant and extinct
Equus from the histological analysis of bone
and enamel tissues

Carmen Nacarino Meneses

Dissertation presented by Carmen Nacarino Meneses in fulfillment of the
requirements for the degree of Doctor in the Universitat Autonoma de Barcelona,
doctorate program in Biodiversity of the Department de Biologia Animal, Biologia Vegetal
i d’Ecologia. Under the supervision of:

- Dra. Meike Kohler, ICREA at Institut Catala de Paleontologia Miquel Crusafont
and teacher of the Departament de Biologia Animal, Biologia Vegetal i d’Ecologia
at Universitat Autonoma de Barcelona.

- Dr. Xavier Jordana, teacher of the Departament de Biologia Animal, Biologia
Vegetal i d’Ecologia at Universitat Autonoma de Barcelona.

Doctoral candidate

CARMEN NACARINO MENESES

Supervisors

DRrA. MEiKE KOHLER DR. XAVIER JORDANA






All the work (text, tables, figures and design) comprised in this PhD
thesis is the result of research and tasks carried out by the author.
When information has been derived from another sources, it is
accurately indicated in the text.

CARMEN NACARINO MENESES
Barcelona, June 2018
© Rights Reserved






ABSTRACT

The study of life histories provides valuable insights into many aspects of a species’
biology and ecology, including the ecological conditions of its ecosystem, its biodiversity, its
demography and its vulnerability to extinction. Life histories of extant and extinct vertebrates
can be reconstructed from bone and dental microstructure. However, histological research in
key mammalian groups for paleontology and ecology, such as equids, is still little explored. The
present PhD thesis aims to analyze bone and dental histology in extant and extinct Equus to obtain
information about their most important life history and biological traits. The extant sample of the
present dissertation comprises bones and teeth of Asiatic wild ass, plains zebra and Grevy’s zebra.
Their detailed histological study has provided a solid framework for the subsequent analysis of
fossil Equus species, which has been limited here to Middle and Late Pleistocene taxa. Results
obtained from bone histology in living equids show that bone tissue types vary through ontogeny,
recording individual growth. This dissertation also indicates that changes in bone tissue types
are related to certain life history characteristics. Thus, for instance, results of this thesis reveal
that the transition from fibrolamellar to lamellar bone (i.e. external fundamental system) in equid
femora is associated with the onset of reproductive maturity. Key life history events, such as the
moment of birth, are also registered in the bone tissue of equids. For the first time in mammals, the
present dissertation describes a non-cyclical bone growth mark in the limb bones of equids whose
timing of deposition agrees with a period of growth arrest/decline during birth in foals (neonatal
line). This discovery is of high importance for the histological reconstruction of life histories in
extant and extinct mammals. Bone skeletochronology in extant Equus further reveals that the
femur is the best bone to obtain life history data in equids, and that bone growth curves yield
information about skeletal maturity. On the other hand, the counting of incremental markings of
daily periodicity in equid enamel yields new estimates of daily secretion rates for these mammals
that invalidate previous inaccurate studies. The detailed study of dental enamel in first lower
molars of extant Equus also shows that the development of this tooth involves three different
stages. Each of them presents a specific rate and pattern of growth, and is related to ontogenetic
and structural modifications of the tooth. The histological analysis performed here further
indicates that enamel extends beyond the molar’s cervix in equids, hampering measurements of
the crown height from the external appearance of the tooth. Results of this thesis also reveals that
the time of first lower molar crown formation in the Asiatic wild ass doubles that of the African
zebras, probably due to differences in habitat and longevity among these species. Dental histology
further yields information about rates of wear in equids, indicating much higher wear rates for
the first lower molar early in ontogeny than commonly thought. In a first attempt to reconstruct
the life history of extinct Equus, bone histology was analyzed in the Middle Pleistocene species
E. steinheimensis and E. mosbachensis and dental enamel was studied in the Late Pleistocene taxa
E. ferus and E. hydruntinus. The preliminary findings obtained from these investigations allowed
the first analysis of the body size trend towards dwarfing in European Pleistocene Equus under
a life history perspective. First results indicate that larger Middle Pleistocene equids grew at
higher rates than smaller Late Pleistocene and extant species. This finding agrees with published
paleoenvironmental reconstructions and conforms to life history models that propose resource
availability as one of the main selection pressures influencing adult body size.






RESUMEN

El estudio de life histories proporciona informacién sobre la biologia y ecologia de las
especies, incluyendo las condiciones ecoldgicas de su ecosistema, su biodiversidad, su demografia
y suvulnerabilidad. La life history de vertebrados actuales y extintos puede ser reconstruida a partir
de la microestructura dsea y dental. Sin embargo, el estudio de mamiferos clave en paleontologia y
ecologia, como los équidos, es aun escaso. La presente tesis doctoral tiene como objetivo analizar
la histologia dsea y dental de Equus actuales y extintos para inferir sus caracteristicas bioldgicas
y de life history mds importantes. La muestra actual se compone de huesos y dientes de asno
salvaje asidtico, cebra comun y cebra de Grevy. Su estudio ha proporcionado un marco sélido
para el analisis de Equus fosiles, limitado en esta tesis a especies del Pleistoceno Medio y Superior.
Los resultados obtenidos de histologia 6sea en équidos actuales muestran que el tipo de tejido
varia a lo largo de la ontogenia, registrando el crecimiento del individuo. Los cambios de tejido
6seo también se han relacionado con ciertas caracteristicas de life history. Asi, el cambio de hueso
fibrolamellar a lamellar (external fundamental system) en fémures de équidos se ha visto asociado
a la madurez reproductiva. Eventos clave del ciclo vital, como el nacimiento, quedan igualmente
registrados en el tejido dseo de los équidos. Por primera vez en mamiferos, esta tesis doctoral
describe una marca de crecimiento no ciclica en huesos apendiculares, cuya deposicion esta
relacionada con una reduccidn/parada del crecimiento en los potros durante el nacimiento (linea
neonatal). Este descubrimiento es de gran importancia para la reconstrucciéon histolégica de life
histories en mamiferos actuales y extintos. El estudio esqueletocronolégico en Equus actuales ha
revelado, ademas, que el fémur es el mejor hueso para obtener datos de life history y que las curvas
de crecimiento reflejan la madurez esquelética. Por otro lado, el contaje de marcas diarias en el
esmalte de équidos actuales ha proporcionado nuevas tasas de secreciéon que invalidan estudios
incorrectos previos. El estudio del esmalte dental realizado en primeros molares inferiores de
Equus indica, ademas, que el desarrollo de este diente consta de tres fases. Cada una de ellas
presenta un patrén y una tasa de crecimiento especifica, y esta relacionada con modificaciones
ontogenéticas y estructurales del diente. Asimismo, el andlisis histolégico muestra que el esmalte
se extiende mas alla del cérvix, dificultando la toma de medidas de la altura de la corona a partir
de la apariencia externa del diente. Los resultados obtenidos indican, también, que el desgaste
del primer molar es mucho mds pronunciado en etapas tempranas de la ontogenia, y que la
corona de este diente tarda en formarse el doble de tiempo en el asno asiatico que en las cebras
africanas debido, probablemente, a diferencias en habitat y longevidad entre especies. Ademas,
se ha analizado la histologia 6sea de las especies del Pleistoceno Medio E. steinheimensis y E.
mosbachensis y el esmalte dental de las del Pleistoceno Superior E. ferus y E. hydruntinus, en un
primer intento por reconstruir la life history de Equus fésiles. Esto, a su vez, ha permitido analizar
los cambios evolutivos de tamafio corporal descritos en Equus durante el Pleistoceno europeo bajo
una perspectiva de life history. Los resultados preliminares obtenidos en esta tesis indican que
los équidos mas grandes del Pleistoceno Medio crecian a tasas mas elevadas que las especies del
Pleistoceno Superior y actuales, mas pequeias. Este resultado se corresponde con reconstrucciones
paleoambientales y con modelos teéricos de life history que proponen la disponibilidad de recursos
como una de las presiones de seleccién mas importantes en la determinacion del tamafio corporal.
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PROLOGUE

Bone and dental histology are powerful tools for reconstructing the life history
(LH) of extant and extinct vertebrates. At their microscopic level, bones and teeth
present specific features known as growth marks that are deposited following a certain
periodicity, and therefore recording individual growth and development. In bones, these
structures record annual cycles of growth, which provide valuable insights into the key LH
characteristics age at maturity, growth rate and age at death. In dental enamel, however,
most incremental markings register daily growth. Their analysis allows the reconstruction
of rates, timings and patterns of tooth formation, which, in turn, provides information
about essential mammalian LH traits such as age at weaning. Nonetheless, studies in
bone histology are commonly biased towards reptiles, birds and dinosaurs, while dental
histology has traditionally focused on hominoids. As a result, bone and dental histology
is still relatively unexplored in most mammalians groups. This is the case, for instance,
of the genus Equus, despite horses, zebras and asses being key taxa in many ecological
communities and paleoecological death assemblages. In point of fact, LH data obtained
from the histological study of equid bones and teeth would provide valuable information
that is of interest to many different scientific areas, including Ecology and Paleontology.
On the one hand, the histological assessment of LH traits in extant Equus is expected to
be useful in demographic studies and in developing and improving conservation plans for
the group. Such studies are urgently needed, as most living equids are highly threatened
in the wild and classical monitoring in the field to obtain such data is time intensive and
expensive. On the other hand, the histological study of extant species is indispensable to
set a well-founded basis for the analysis of fossil taxa. Histological studies of fossil Equus,
indeed, are highly relevant in Paleontology, as they aid the understanding of characteristic
evolutionary trends of and within the group, such as the tendency during the European
Pleistocene towards a smaller body size.

The present PhD thesis attempts to reconstruct the LH strategy (i.e. the combination
of LH traits that maximize reproductive success in a given environment) of extant and
extinct Equus species from the histological analysis of bone and enamel tissues, to shed
light on their (paleo-)biology and (paleo-)ecology. This dissertation is the result of the
studies carried out at the Evolutionary Paleobiology department of the Institut Catala
de Paleontologia Miquel Crusafont (Bellaterra, Spain), during the years 2014 - 2018. It is
structured in two different sections. Thus, the aim of the first part of the thesis is to provide
awell-founded basis for the interpretation of bone and dental histology in the genus Equus.
Here, a fundamental piece is the description of bone tissue microstructure over ontogeny,
and the identification of the most reliable long bone for skeletochronological studies in



equids. Amongst the most outstanding results are the first finding of a non-cyclical growth
mark in the limb bones of mammals related to the moment of birth (the neonatal line)
and the identification of key LH traits, such as the age at reproductive maturity, from
bone tissue types. On the other hand, enamel histology allowed the establishment of three
different developmental stages for the equid first lower molar crown, characterized by
different rates and patterns of growth and related to ontogenetic and structural changes of
the tooth. The recalculation of daily rates of enamel secretion in Equus disproved already
published data based on erroneous identifications of enamel incremental markings.
Enamel histology further revealed differences in crown formation time between extant
Equus species, which are likely related to differences in habitat and longevity. Finally,
wear rates calculated from enamel microstructure indicated much higher wear rates
early in ontogeny than usually reported. The second part of the thesis is dedicated to the
analysis of fossil Equus species. It is a first attempt to reconstruct the pace of life of several
European fossil horses applying analytical tools and knowledge acquired in the first part
of this dissertation. The aim is to test whether changes in body size are associated with
changes in LH traits, as predicted from LH theory. First results indeed indicate differences
in growth rate between larger Middle Pleistocene equids and smaller Late Pleistocene and
extant Equus. At this preliminary stage, published data of climate and paleoenvironment
for the fossil sites analyzed support LH models that suggest resource availability to be an
important selection pressure behind changes in body size.

Thepresent PhD dissertationisstructuredaccording to the standardsfor compendium
of publications of the Departament de Biologia Animal, Biologia Vegetal i Ecologia of the
Universitat Autonoma de Barcelona (Bellaterra, Spain), doctorate program in Biodiversity.
The Introduction (Chapter 1) provides an overview and an essay of the state-of-the-art of
the central issues to be covered in this PhD thesis. It is divided into several sections. The
first one describes the main postulates of the LH theory, a central tenet in this research.
In the second section, the histological features of bones and teeth that allow inferences of
mammalian LH traits are explained, as they constitute the main tool used in the present
dissertation. Finally, a third section provides a thorough review of the evolution, biology
and ecology of the genus Equus, which is the mammalian group studied in this thesis.
Aims & Objectives (Chapter 2) justifies the research performed and details the hypotheses
and goals to be tested in the dissertation. Material & Methods (Chapter 3) describes the
extant and fossil samples studied, and explains the procedure of preparation and analysis
of bone and dental histological thin sections. This chapter also details the methodology
used for the estimation of adult and neonatal body sizes in fossil species. The main results
of the dissertation (Chapters 4 to 8) are presented as either published articles in SCI rated
journals or still unpublished manuscripts. All of them present the classical structure of a
scientific article, which includes an introduction, material and methods, results, discussion
and conclusion sections. The Discussion (Chapter 9) collects the main results of the thesis
and provides an integrated and general discussion. Finally, the Conclusions (Chapter 10)
summarize the main conclusions of this PhD dissertation.



ABBREVIATIONS

BGM - Bone growth mark
CFT - Crown formation time
CGM - Cyclical growth mark
DSR - Daily secretion rate
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INTRODUCTION






INTRODUCTION

1.1. LirFe HisTORY THEORY: A framework to study evolution

Life histories (LHs) describe how organisms live their life cycles in a given
environmental context. They explain, for instance, how long an individual lives, when
it matures or how fast it grows under certain ecological conditions (Stearns 1992; Roft
2002; Ricklefs 2008). These scheduled events that conform life cycles, along with other
biological characteristics, are the so-called LH traits (Stearns 1992; Braendle et al. 2011).
Generally, all life history components that affect the survival and reproduction of the
individual are considered LH traits (Stearns 1992; Braendle et al. 2011). Some of the most
important LH traits are also demographic characters (e.g. growth rate, longevity, age at
maturity) (Stearns 1992). Other biological attributes that correlate and co-vary with these
features, such as adult body size or size at birth, are also studied as LH traits (Stearns 1992;
Braendle et al. 2011). LH traits combine to determine individual fitness (reproductive
success) (Stearns 1992; Roft 2002) and, as fitness components (Braendle et al. 2011), they
are sensitive to the action of natural selection (Stearns 1992).

Life history theory (LHT) provides an explanation of how evolutionary forces
(i.e. natural selection) shape LHs optimizing reproductive success under the prevailing
ecological conditions (Roftf 1992; Stearns 1992; Stearns 2000). The adaptive response of
the organism to the action of natural selection is, however, not unrestricted but subject
to constraints intrinsic to the organism (Stearns 2000). Genetic factors, developmental
characteristics and phylogeny limit the expression and combination of LH traits (Roff
1992; Braendle et al. 2011). Evolution is also restricted by LH trade-offs (Roftf 1992;
Stearns 1992; Roft 2002; Braendle et al. 2011), a key concept in LHT intimately linked to
the problem of resource allocation (Stearns 1989; Roff 2002; Ricklefs 2008). According
to LHT, organisms dispose of limited energy, time and nutrients that must be distributed
among different vital tasks including growth, reproduction, survival and maintenance
(Ricklefs 2008; Braendle et al. 2011). Because the energy assigned to one function cannot
be invested in another function at the same time (van Noordwijk and de Jong 1986; Roft
2002; Begon et al. 2006), a compromise (trade-off) must be reached among alternative
and complementary time and energy drains (Cody 1966). In terms of LHT, trade-ofts thus
occur when an increase in one fitness component is coupled with a reduction in another
fitness component (Roff 1992; Stearns 1992; Braendle et al. 2011). Trade-offs are analyzed
at the phenotypic, genotypic and physiological level (Stearns 1989; Ricklefs and Wilkelski
2002; Roff 2002). Among the numerous trade-offs encountered in nature (Stearns 1989),
the one between future and current reproduction is especially noteworthy (Roff 1992;



Stearns 1992; Ricklefs 2008). It illustrates how individuals must optimally allocate
resources between growth (future reproduction) and reproduction (current reproduction)
(van Noordwijk and de Jong 1986), which forces them to wait until attaining a minimum
age and size for which fitness is optimal and a maximum of resources can be devoted to
reproduction (Ricklefs 2008).

Energy distribution (timing and rates of the different LH traits) is mainly determined
by extrinsic ecological factors that influence survival and reproduction (Stearns and
Koella 1986; Stearns 2000; Ricklefs 2008). LHT predicts age-specific extrinsic mortality
(i.e. predation) to be the main selective pressure acting upon LH traits and controlling
resource allocation decisions (Roft 1992; Stearns 1992). In environments with high
extrinsic mortality, theory suggests that organisms mature earlier (Stearns 1992) by
principally devoting resources to LHs traits related to reproduction (Ricklefs 2008). An
earlier maturation increases their probability of survival until adulthood by decreasing
their period of exposure to juvenile mortality before the first breeding (Stearns 2000). An
advanced reproduction has additional benefits at the demographic level such as reduction
in generation time (Stearns 2000). Low extrinsic mortality, instead, favors a delay in the age
at maturity (Stearns 1992) that allows individuals to increase their fecundity by achieving
larger sizes and behavioral maturity (experience), and to give birth to higher-quality
offspring (Stearns 2000). In late-maturing organisms, most resources are thus channeled
to growth, maintenance and survival at the expense of reproduction (Ricklefs 2008). The
variation in LH traits observed in nature between individuals, populations and species
has led to the description of a continuum of values denominated “fast-slow continuum”
(Stearns 1983; Read and Harvey 1989; Promislow and Harvey 1990). At the “slow” end of
the continuum, organisms (populations or species) are characterized by long life-span,
slow development, delayed maturity, long generation times and high parental investment
(Ricklefs 2008). At the other extreme of the continuum, the “fast” end, individuals
(populations or species) present the opposite trends (Ricklefs 2008). The combination of
LH traits for maximizing fitness in a specific environment, which determines the position
of the individual (population or species) along the fast-slow continuum, is termed LH
strategy (Stearns 1992).

Although trade-offs (the central issue of LHT) in nature were already described by
Goethe, Saint-Hilaire and Darwin in the 18th and 19th century (Zawojska and Siudek
2016), it was not until the middle of the 20th century when the publication of the seminal
works of Lack (1954) and Cole (1954) initiated the comprehensive study of LH evolution
(Reznick et al. 2002). Few years later, MacArthur and Wilson (1967) presented their
theory of r- and K-selection. It suggests the degree of density-dependent mortality (i.e.
resource limitation) to be the main selective pressure driving evolution, providing a first
framework to analyze the evolution of LHs (Pianka 1970). The /K theory proposes two
different kinds of selection (r and K) depending on how populations grow and how they
are regulated (MacArthur and Wilson 1967). On the one hand, populations exposed to
extreme environmental fluctuations experience density-independent mortality followed
by episodes of fast population growth (Reznick et al. 2002). In this case, selection favors LH



traits that increase population size and maximize r (intrinsic rate of population growth),
such as an earlier and single (semelparity) reproduction, a fast development, a short
lifespan and a small body size (Pianka 1970). r-strategists (Pianka 2000), hence, mainly
invest energy and resources in reproductive tasks (Begon et al. 2006). In predictable and
constant environments, on the other hand, populations approach their carrying capacity
(K) and are subject to density-dependent mortality and to intraspecific competition
(Reznick et al. 2002). In these scenarios, traits that favor the persistence of individuals,
such as delayed and repeated (iteroparity) reproduction, large body size, long lifespan and
slow development will be selected (Pianka 1970). Therefore, species following a K-strategy
(Pianka 2000) devote more resources to growth and survival than to reproduction (Begon
et al. 2006). Although the /K theory became extremely popular during the late 1960s and
the 1970s (Reznick et al. 2002), ecologists and evolutionary biologists soon criticized its
simplicity and the general lack of empirical support (Stearns 1992; Reznick et al. 2002).
This led to the first studies in the framework of LHT (Gadgil and Bossert 1970; Schaffer
1974; Stearns 1976; Stearns 1977; Charlesworth 1980; Stearns 1983; Stearns 1989; Roft
1992; Stearns 1992), which emphasizes the use of demographic models for explaining life
history evolution and proposes extrinsic mortality as the major agent of selection (Reznick
et al. 2002).

Nowadays, LHT is placed in the core of evolutionary ecology (Stearns 2000) and
the study of LHs is a central issue even in related scientific areas such as Conservation
Biology or Paleontology (Begon et al. 2006; Kohler 2010). The LH of a species is
analyzed, for instance, before developing habitat restoration projects or when dealing
with invasive species (Begon et al. 2006). LHs are also examined in detail to achieve a
successful management and conservation of endangered species (Begon et al. 2006), as
vulnerability to extinction is known to increase in those species that present a concrete
set of LH traits (McKinney 1997; Purvis et al. 2000; Gonzalez-Sudrez and Revilla 2013).
Furthermore, LHT is gaining popularity in Paleontology. Studies aimed at reconstructing
the LH strategy of fossil organisms are considerably increasing, allowing interpretation of
evolutionary trends and the reconstruction of past environments. Hitherto, most of these
studies focused on islands (Bromage et al. 2002; Palkovacs 2003; Raia et al. 2003; Raia and
Meiri 2006; Kohler and Moya-Sola 2009; Kéhler 2010; Jordana and Kohler 2011; Marin-
Moratalla et al. 2011; Moncunill-Solé et al. 2016; Orlandi-Oliveras et al. 2016).

1.2. THE HISTOLOGICAL ANALYSIS OF BONES AND TEETH: A tool to reconstruct life
histories in extant and extinct vertebrates

Bones and teeth are the major components of the vertebrate skeleton (Francillon-
Vieillot et al. 1990). They grow incrementally, leaving marks in bone and dental tissues
that record the growth and development of the organism (Castanet et al. 1993; Klevezal
1996; Chinsamy-Turan 2005; Smith 2006). The detailed histological study of these features,
along with other characteristics in the case of bone tissue (i.e. bone matrix typology, bone



vascularization, etc.), set the basis for the inference of LH traits in past and modern taxa
(Castanet et al. 1993; Klevezal 1996; Chinsamy-Turan 2005; Castanet 2006; Smith 2008;
Woodward et al. 2013).

Histology (i.e. the microscopic study of tissues) was founded as a scientific discipline
in the 18th century after the invention of the microscope (Turner-Walker and Mays 2008).
Since then, first descriptions of vertebrate bone tissue are documented from the last half of
the 19th and the beginning of the 20th century (Padian 2011; de Ricgles 2011). Systematic
studies on bone histology, however, only date back to the middle of the 20th century,
when the extensive descriptive work on extant and extinct species by Enlow and Brown
(Enlow and Brown 1956; Enlow and Brown 1957; Enlow and Brown 1958) was published
(de Ricqlés 2007; Padian 2011; de Ricqles 2011). Few years later, between 1968 and 1981,
de Ricgles presented a series of papers under the title “Recherches paléohistologiques sur
les os longs des tétrapodes” (Padian 2011; Padian 2013). This pioneering research shortly
became a basic reference for the forthcoming histological and paleohistological studies
on vertebrates (Padian 2011; Padian 2013). Research on bone microstructure continued
during the next decades with investigations mainly focused on dinosaurs, birds, reptiles
and amphibians (Chinsamy et al. 1994; Horner et al. 1999; Botha and Chinsamy 2000;
Horner et al. 2000; Sander 2000; Padian et al. 2001; de Margerie et al. 2002; de Margerie et
al. 2004; Padian et al. 2004; Ray et al. 2004; Botha and Chinsamy 2005; Chinsamy-Turan
2005; Sander et al. 2006; Botha-Brink and Angielczyk 2010; Chinsamy-Turan 2012; Botha-
Brink et al. 2016), while mammalian histology received only little attention (Klevezal
1996). Over the last years, however, interest in bone histology as a tool to decipher the
biology and life history of extant and fossil mammals has importantly increased (Castanet
et al. 2004; Castanet 2006; Chinsamy and Hurum 2006; Sander and Andréassy 2006;
Kohler and Moya-Sola 2009; Kohler 2010; Garcia-Martinez et al. 2011; Marin-Moratalla
et al. 2011; Hurum and Chinsamy-Turan 2012; Kohler et al. 2012; Marin-Moratalla et al.
2013; Marin-Moratalla et al. 2014; Martinez-Maza et al. 2014; Amson et al. 2015; Kolb
et al. 2015a; Kolb et al. 2015b; Moncunill-Solé et al. 2016; Orlandi-Oliveras et al. 2016;
Montoya-Sanhueza and Chinsamy 2017).

First comprehensive studies on dental microanatomy also date back to the middle
of the 19th and the beginning of the 20th century (Schour and Hoffman 1939a; Boyde
1964; Foster 2017). At that time, scientists such as Andersen, Retzius, or Von Ebner
described the incremental features on enamel and dentine tissues that have been named
after them (Schour and Hoftman 1939a). During the 1930s and 1940s, researchers mainly
focused on testing the rhythmicity of these structures (Bromage 1991; FitzGerald 1998;
FitzGerald and Rose 2008). Some of the most remarkable studies of these years are those
developed by Schour and colleagues (Schour and Hoftman 1939a; Schour and Hoftman
1939b; Schour and Massler 1940) and their Japanese contemporaneous scholars (Mimura
1939; Okada 1943). About two decades later, Boyde presented his dissertation (Boyde
1964), which is considered essential for our understanding of growth, development and
microscopic structure of enamel tissue (Smith 2004). However, it was not until the end
of the 20th and the beginning of the 21st century when incremental markings in enamel



and dentine were regularly analyzed to study the life history of extant and extinct species,
mainly primates (Bromage and Dean 1985; Dean 1987; Bromage 1991; Dirks 1998; Dean
etal. 2001; Dirks et al. 2002; Dean and Leakey 2004; Smith 2004; Dirks and Bowman 2007;
Hogg and Walker 2011, among others; see Smith 2008 for a review). During the last years,
dental histology has also been applied in other mammalian groups such as bovids (Macho
and Williamson 2002; Jordana and Kohler 2011; Kierdorf et al. 2012; Kierdorf et al. 2013;
Jordana et al. 2014; Kahle et al. 2017), suids (Kierdorf et al. 2014), proboscideans (Dirks et
al. 2012; Metcalfe and Longstaffe 2012), cervids (Iinuma et al. 2004a; linuma et al. 2004b)
and rhinoceros (Tafforeau et al. 2007). Although to a lesser extent, dental incremental
markings have also been analyzed in crocodiles and dinosaurs (Erickson 1996; Erickson
etal. 2017).

1.2.1. Bones as recording structures

At the histological level, bones present several characteristics that allow the
estimation of three main life history traits: the age at death, the age at maturity and the
growth rate. Inferences on the rate of growth are mostly based on the qualitative and
quantitative analysis of different features of the bone tissue (Amprino 1947; de Margerie
et al. 2002; Chinsamy-Turan 2005; Huttenlocker et al. 2013), while estimations about the
age at death and the age at maturity rely on the counting of bone growth marks (BGMs)
by means of a methodology known as skeletochronology (Castanet et al. 1993; Woodward
etal. 2013).

According to the number and density of bone cells, the distribution of collagen fibers
within the bone matrix and the quantity of vascular canals, bone tissues are classified under
several typologies that differ in the rate of bone formation (Amprino’s rule) (Amprino
1947; Francillon-Vieillot et al. 1990; de Margerie et al. 2002; Chinsamy-Turan 2005;
Huttenlocker et al. 2013). On the one hand, bone tissue can be highly vascularized (many
vascular canals) with many osteocytes (i.e. bone cells) and with the collagen fibers of the
bone matrix loosely and randomly organized. This kind of bone tissue, named woven
bone (WFB), is deposited at very fast rates (Francillon-Vieillot et al. 1990; Currey 2002;
Chinsamy-Turan 2005; Huttenlocker et al. 2013). On the other hand, bone tissue can be
poorly vascularized, with few osteocytes and with the collagen fibers of the bone matrix
closely and highly organized. This type of bone tissue, which is formed at very low rates,
is known as lamellar bone (LLB) (Francillon-Vieillot et al. 1990; Currey 2002; Chinsamy-
Turan 2005; Huttenlocker et al. 2013). Other types of bone tissue such as parallel-fibered
(PFB) or fibrolamellar bone (also called fibrolamellar complex — FLC), present intermediate
characteristics and rates of formation (See Chapter 3 for further information) (Francillon-
Vieillot et al. 1990; Currey 2002; Chinsamy-Turan 2005; Huttenlocker et al. 2013). Due
to the close relationship between bone tissue types and their respective rate of formation,
bone typologies have been widely used as a proxy of the rate of growth in extant and
extinct taxa (Kohler and Moya-Sola 2009; Cubo et al. 2012; Marin-Moratalla et al. 2014;
Orlandi-Oliveras et al. 2016). Interestingly, bone tissue types not only vary among species
but also during ontogeny, recording individual growth and development. For instance,



mammals deposit a fast-growing bone (either FLC or PFB) during the first stages of
ontogeny and a slow-growing LLB when growth rate decreases as the animal approaches
adult body size (Currey 2002; Chinsamy-Turan 2005; Huttenlocker et al. 2013). FLC (or
PFB), hence, makes up most part of the bone cross-section (Fig 1.1), while LLB is usually
restricted to the most external (periosteal) part of the bone cortex (Fig. 1.1) constituting
the external fundamental system (EFS) (Huttenlocker et al. 2013). The transition from the
FLC (or PFB) to the EFS in a bone cortex is considered to mark the attainment of maturity,
although it is still under debate whether this refers to skeletal maturity (Cormack 1987;
Chinsamy-Turan 2005; Woodward et al. 2013; Martinez-Maza et al. 2014; Amson et al.
2015; Kolb et al. 2015a; Kolb et al. 2015b) or to sexual/reproductive maturity (Chinsamy
and Valenzuela 2008; Marin-Moratalla et al. 2013; Jordana et al. 2016).

Figure 1.1. Schematic drawing of a hypothetical
mammalian bone cortex. It is shown a fast-
growing bone tissue (FLC) interrupted by bone
growth marks (Annulus, LAG) occupying most
part of the bone cortex. The slow-growing bone
tissue (EFS) deposited after growth rate decrease
makes up the most external cortex. EFS = external
fundamental system; FLC = fibrolamellar complex;
LAG =line of arrested growth; PO = primary osteon;
VC = vascular canal.

Bones present other histological structures that also record individual growth and
development. These are the bone growth marks (BGMs), histological features that record
changes and interruptions in the rate of bone formation (Castanet et al. 1993; Huttenlocker
et al. 2013). They are classified as annuli if they consist of a low-vascularized LLB or PFB
(Fig. 1.1), or as lines of arrested growth (LAGs) if they occur as thin black lines within the
bone cortex (Fig. 1.1) (Francillon-Vieillot et al. 1990; Castanet et al. 1993; Chinsamy-Turan
2005). Annuli register a drop in the rate of bone growth, while LAGs represent a pause in
bone deposition (Francillon-Vieillot et al. 1990; Castanet et al. 1993; Chinsamy-Turan
2005; Huttenlocker et al. 2013). Nowadays, it is widely accepted that the vast majority of
the BGMs found in vertebrates register annual cycles of growth (cyclical growth marks -
CGMs) in response to physiological cycles (Kohler et al. 2012) that reflect environmental
variations (Castanet et al. 1993; Chinsamy-Turan 2005). This assumption constitutes the
basis for skeletochronological studies and thus for inferences of the individual timing of LH
events. Therefore, the age at death of an individual can be estimated by counting the total
number of CGMs within a bone cross-section (Castanet et al. 1993; Castanet et al. 2004;
Castanet 2006; Woodward et al. 2013) while age at maturity can be calculated by counting
the number of CGMs before deposition of the EFS (Chinsamy-Turan 2005; Chinsamy



and Valenzuela 2008; Marin-Moratalla et al. 2013; Woodward et al. 2013; Jordana et al.
2016). In mammals, the estimation of the age at death always yields a minimum individual
age (Castanet et al. 2004; Castanet 2006), due to the characteristic asymptotic growth of
this group of animals (Lee et al. 2013) and to the difficulty in differentiating CGMs from
the lamellae of the EFS (Horner et al. 1999). CGMs can further provide insights into the
growth rate of an individual. The pattern and rate of growth can also be reconstructed
from the study of these features by measuring the distance between consecutive CGMs
(Bybee et al. 2006; Woodward et al. 2013).

Non-cyclical BGMs can also be found in the bone cortices of vertebrates (Castanet
et al. 1993; Castanet 2006; Woodward et al. 2013). Although they are less studied than
CGMs, the identification of non-cyclical BGMs is critical for LH reconstructions made
from bone histology. On the one hand, estimations of important LH traits such as age at
death or age at maturity are inaccurate if a non-cyclical BGM is incorrectly counted as
a cyclical one. Furthermore, non-cyclical BGMs have been associated to key LH events,
such as hatching (Castanet and Baéz 1991; Bruce and Castanet 2006; Hugi and Sanchez-
Villagra 2012), metamorphosis (Hemelaar 1985; Sinsch 2015) or weaning (Morris 1970;
Castanet et al. 2004; Castanet 2006). Thus, their identification can provide valuable insights
for LH reconstructions made from bone histology.

1.2.2. Teeth as recording structures

Teeth consist of three dental tissues: enamel, dentine and cementum (Fig. 1.2)
(Carlson 1990; Hillson 2005). All of them present incremental markings in their
microstructure, consequence of periodical variations on the particular secretion rhythm
of each tissue (Carlson 1990; Klevezal 1996; Hillson 2005; FitzGerald and Rose 2008).
Cementum deposition, for instance, leaves incremental marks following a yearly periodicity
(Lieberman 1993; Klevezal 1996; Ungar 2010). The counting of these features, hence,
yields information about LH variables such as the age and/or the season of death in extant
and extinct mammals (Morris 1972; Spinage 1973; Fancy 1980; Penzhorn 1982; Burke
and Castanet 1995; Klevezal 1996; Azorit et al. 2004; Jordana et al. 2012; Lkhagvasuren et
al. 2013; Kolb et al. 2015b). Enamel and dentine, on the other hand, are formed at higher
rates than cementum and thus record secretory pulses of shorter periodicity (Dean 1987).
Therefore, enamel and dentine tissues present incremental markings of daily, supra-daily
and sub-daily periodicity (Bromage 1991; Dean and Scandrett 1996; Dean 2000; Hillson
2005; Smith 2006; FitzGerald and Rose 2008; Smith 2008). Daily and supra-daily features
in these tissues have been widely analyzed to calculate timings and rates of tooth formation
in different mammalian species (Dean 1987; Dirks 1998; Tafforeau et al. 2007; Dirks et al.
2009; Jordana and Kohler 2011; Dirks et al. 2012; Metcalfe and Longstaffe 2012). This
information is important for reconstructing the LH strategy of present and past animals
(Bromage et al. 2002; Dirks et al. 2009; Jordana and Kohler 2011; Dirks et al. 2012; Jordana
et al. 2014), as several stages of mammalian dental development, such as the eruption of
the first or the third permanent molar, are tightly linked to key LH events (Smith 1989;
Smith 2000; Dean 2006).
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Figure 1.2. Schematic drawing of a hypothetical longitudinal cut on a hypsodont tooth.
It shows the different tissues and structures that conforms a tooth. Figure also presents a
magnification of dental enamel (dashed rectangle), where incremental markings (laminations,
Retzius lines) and enamel prisms are displayed.

Among dental tissues, most researches have focused on dental enamel because it is
simpler and less prone to diagenetic alterations than dentine (FitzGerald and Rose 2008).
Enamel is formed from the tooth cusp to the root during amelogenesis, a biological process
that is divided into two different stages (Boyde 1964; Hillson 2005; Ungar 2010). During
a first phase of enamel development, the enamel-forming cells (i.e. ameloblasts) secrete
thin hydroxyapatite-like crystals and an organic matrix rich in enamel-specific proteins
(mainly amelogenin, ameloblastin and enamelin) (Hillson 2005; Lacruz et al. 2017). This
stage is known as the matrix production phase of amelogenesis (Boyde 1964; Hillson 2005;
Ungar 2010). It is followed by the maturation stage (Boyde 1964; Hillson 2005; Ungar
2010), during which enamel crystals grow in thickness and width while proteins and water
of the previously deposited matrix are removed (Smith 1998; Hillson 2005; Ungar 2010;
Lacruz et al. 2017). Enamel crystallites are arranged into bundles named enamel prisms
(Fig. 1.2) (Hillson 2005), configuring the structural fundamental units of dental enamel
(Smith 2006).

During matrix production, the secretory activity of the ameloblasts undergoes
rhythmic fluctuations that lead to the formation of enamel incremental markings (Fig.
1.2) (Boyde 1964; Hillson 2005; Smith 2006; Smith and Tafforeau 2008; Lacruz et al.
2012). These are classified as short- or long-period marks according to their daily or
supra-daily periodicity (FitzGerald and Rose 2008; Smith 2008). The most studied short-
period marks are the so-called cross-striations. Under polarized or transmitted light, they
appear as transversal bright and dark bands that cross the enamel prisms (Hillson 2005;
FitzGerald and Rose 2008). Cross-striations have been mainly described in primates,



including humans (Smith 2008). Several studies using vital labelling have demonstrated
that these features register circadian cycles of enamel formation (Bromage 1991; Smith
2006) that are regulated by the biological clock (Lacruz et al. 2012). Laminations (Fig. 1.2)
are a second type of daily incremental marks found in mammalian enamel. Thus, they
are temporally equivalent to cross-striations (Smith 2006). Although they may appear in
primates (Smith 2006; Smith and Tafforeau 2008), laminations are the most important
incremental features identified in the enamel of hypsodont animals (linuma et al. 2004a;
Jordana and Ko6hler 2011; Kierdorf et al. 2013; Jordana et al. 2014). They run parallel to the
enamel formation front, presenting a more oblique orientation than cross-striations (Smith
and Tafforeau 2008). Finally, enamel long-periods marks comprise those incremental lines
denominated Retzius lines (Fig. 1.2) (FitzGerald and Rose 2008; Smith 2008). They appear
parallel to enamel laminations but more marked than daily lines (Smith and Tafforeau
2008), registering the position of the enamel-forming front at consecutive points in time
(Smith 2006). Their periodicity, which has been one of the most studied topics in dental
microanatomy (FitzGerald 1998), varies considerably across species: from few days in
small primates to several weeks in proboscideans (Bromage et al. 2009).

Based on the distance and regularity of deposition of both short- and long-period
enamel incremental markings, several parameters can be estimated that reflect enamel
growth (Smith 2008). These are (i) the enamel daily secretion rate (DSR) or the amount
of enamel formed by ameloblasts every 24 hours, (ii) the enamel extension rate (EER) or
the number of ameloblasts activated at the same time, and (iii) the repeat interval (RI) or
the periodicity of Retzius lines (See Chapter 3 for the methodology of calculation of each
enamel growth parameter) (Smith 2008; Bromage et al. 2009; Hogg and Walker 2011).
DSR and EER determine tooth growth in height and thickness (Smith 2008; Hogg and
Walker 2011), so they are frequently used to estimate another variable: (iv) the crown
formation time (CFT) or total period of crown formation (Smith et al. 2006; Smith 2008)
(See Chapter 3 for the methodology of calculation of the CFT). The assessment of all
these parameters sets the basis for obtaining information about the LH of extant and
extinct species (Smith 2008). For instance, CFT estimations in the fossil bovid Myotragus
balearicus provided evidence of an extended period of dental development that has been
related, among others, to a slow pace of life based on bone histology (Kohler 2010; Jordana
and Kohler 2011). EER and RI, on the other hand, have been correlated with several
LH variables, such as the age at first reproduction or the adult body mass respectively
(Bromage et al. 2009; Bromage et al. 2012; Jordana et al. 2014).

1.3. THE Genus Equus: A paradigm of evolution

The genus Equus comprises extant wild horses (E. ferus), zebras (E. quagga — formerly
E. burchelli, E. zebra, E. grevyi) and asses (E. africanus, E. hemionus, E. kiang) (Moehlman
2002), as well as several extinct forms of Pliocene and Pleistocene equids (Azzaroli 1990).
The domestic horse (E. caballus), the donkey (E. africanus asinus) and their respective



crossbreeds (the mule and the hinny) are also grouped in this clade (Cucchi et al. 2017).
Equus is included in the family Equidae, which along with Tapiridae and Rinocerontidae
comprises the order Perissodactyla (Steiner and Ryder 2011). The genus is characterized
by different anatomical features of the cranium, teeth and limb bones (Alberdi and
Cerdeflo 2003; Garrido 2008), among which the reduction in the number of digits and the
extremely hypsodont high-crowned teeth are outstanding (MacFadden 1992). The enamel
pattern of the lower cheek teeth is used to classified extant and fossil Equus in two distinct
groups, the “caballoids” (after Equus caballus) and the “stenonoids” (after Equus stenonis)
(Hopwood 1936; Forsten 1988; Alberdi et al. 1998). Specifically, caballoid horses present a
U-shaped linguaflexid between the metaconid and the metastylid, while stenonoids show
and V-shaped linguaflexid (Hopwood 1936). Stenonoids comprise the extant species of
zebras and asses (Forsten 1988) and the most primitive fossil Equus found in Pliocene
and Pleistocene paleontological sites of the Old World (Forsten 1988; Alberdi et al. 1998).
Extant feral and domestic horses, as well as several extinct species of Middle/Upper
Pleistocene and Holocene equids, belong to caballoid horses (Forsten 1988; Cucchi et al.
2017).

Equid evolution is considered iconic in Paleontology (MacFadden 1992; Janis
2007). The great amount of well-preserved equid remains in the fossil record has allowed
researchers to exhaustively track the most important evolutionary tendencies of the group,
from their first appearance in the Eocene to the most recent Equus species (MacFadden
1992; Alberdi and Cerdeno 2003; Janis 2007; Orlando 2015). As a result, the evolution of
horses has been widely used to exemplify macroevolution, and is an indispensable topic
in student text-books (MacFadden 2005). Equids are considered of extreme importance
in both extant and fossil ecological communities (Janis 1976; Odadi et al. 2011) due to
their position as tope grazer consumers (Forsten 1989). Despite their high diversity in
the past, extant equids are now only represented by the genus Equus (MacFadden 2005;
Orlando 2015) and most of their representatives are seriously threatened according to the
International Union for Conservation of Nature and Natural Resources (IUCN) (Orlando
2015; IUCN 2018). From the seven wild living species that comprises the genus, E. kiang
is catalogued as “least concerned’, E. quagga and E. hemionus as “near threatened’, E.
zebra as “vulnerable’, E. ferus and E. grevyi as “endangered” and E. africanus as “critically
endangered” (IUCN 2018).

1.3.1. Evolutionary history of the genus Equus

Family Equidae is thought to originate around 55 Ma ago from the “Hyracothere
clade” (previously known as Hyracotherium or “Eohippus”) (MacFadden 1992; Froehlich
2002; MacFadden 2005; Prothero 2009). Hyracotherine fossils have been found in the
Eocene of North America and Europe (Forsten 1989; Janis 2007). They were dog-sized
hoofed mammals with low-crowned teeth adapted for browsing, four toes on the front
feet and only three toes on the hind feet (MacFadden 1992; Eisenmann 1993; Janis 2007;
Orlando 2015). In this group initiated a general evolutionary trend within Equidae
towards an increase in molar height, a diminution in the number of digits and an increase



in body size (MacFadden 1992; Eisenmann 1993; Alberdi and Cerdefio 2003). Because
Equus present very high-crowned teeth and only one toe in both the fore and hind feet
(MacFadden 1992), first evolutionary studies on equids proposed a linearly evolution
from the Eocene ancestries to these more derived horses (MacFadden 1992; MacFadden
2005; Janis 2007; Prothero 2009). This view, however, rapidly changed during the 20th
century when a huge number of new equid genera and species were described, and it
is now well-known that there are many different evolutionary branches within Equidae
(Simpson 1953; MacFadden 1992; MacFadden 2005; Janis 2007).

Equus is believed to have emerged 4.0 — 4.5 Ma ago (Orlando et al. 2013) in North
America (Azzaroli 1990; Forstén 1992), where they survived, underwent radiation and
dispersed to other continents until becoming extinct at the end of the Pleistocene due
to climatic changes and human hunting (Azzaroli 1992; Guthrie 2003; MacFadden 2005;
Janis 2007; Lorenzen et al. 2011). Taxonomic and phylogenetic relationships among
species of Pleistocene North American Equus are still not well resolved. Researchers have
usually classified them in two different groups: the stout-legged and the stilt-legged horses
(Heintzman et al. 2017). While the first ones are widely accepted to be closer linked to
other Pleistocene caballine equids (Weinstock et al. 2005), stilt-legged horses have been
related either to Asiatic wild asses based on morphological similarities (Eisenmann et
al. 2008) or to other caballine forms based on genetic studies (Weinstock et al. 2005;
Vilstrup et al. 2013). Recently, these slender equids have even been grouped under a new
genus named Haringtonhippus (Heintzman et al. 2017). During the Pliocene and the
Pleistocene, Equus dispersed from North America into the Old World and South America
(Azzaroli 1992; Eisenmann 1992; MacFadden 1992; Janis 2007; Orlando 2015). They are
thought to have arrived in South America through the Panamanian Isthmus during the
Great American Biotic Interchange 1 Ma ago (MacFadden 2013; Prado and Alberdi 2017).
There, they coexisted with Hippidion (Prado and Alberdi 2017), another clade of Plio-
Pleistocene American equids (Prado and Alberdi 1996; Der Sarkissian et al. 2015). Like
North American horses and many other groups of big mammals, both groups of South
American equids did not survive the megafaunal extinction that took place 10,000 years
ago on this continent (Azzaroli 1992; MacFadden 2005; Barnosky and Lindsey 2010).

Regarding the Old World, Equus reached Eurasia in two different migration waves
(Alberdi and Bonadonna 1988; Forsten 1988; Azzaroli 1992; Alberdi and Cerdefio 2003;
Orlando 2015). A first dispersal event took place 3.0 - 2.5 Ma ago (Lindsay et al. 1980;
Azzaroli 1983), when an episode of climate cooling allowed stenonoid horses to reach this
continent (Alberdi and Bonadonna 1988; Alberdi et al. 1998) through the Bering Strait
(Orlando 2015). During the Pliocene and the Early and Middle Pleistocene, stenonoids
quickly flourished and dispersed through Eurasia (Orlando 2015), becoming important
elements of the faunal complexes of these epochs (Forsten 1988; Alberdi et al. 1998). From
there, stenonoids entered Africa in at least two different events (Orlando 2015). Caballine
Equus arrived at Eurasia from the New World during a second migration that took place in
the Middle Pleistocene (1 - 0.8 Ma) (Alberdi and Bonadonna 1988; Forsten 1988; Orlando
2015). They rapidly replaced stenonoid forms, which became confined to Africa (Forsten



1988), probably as a consequence of the climatic changes that occurred during the Early/
Middle Pleistocene boundary (Alberdi and Bonadonna 1988; Forsten 1988; Alberdi et al.
1995). One of the most striking evolutionary tendencies of Equus in the Old World is its
reduction in body size, which has been observed in both the stenonoid and the caballoid
lineages (Forsten 1991; Alberdi et al. 1995; Alberdi et al. 1998). During the Pleistocene and
Holocene of Europe and Africa, stenonoid and caballoid equids exhibit a dwarfing trend
(Forsten 1991; Alberdi et al. 1995; Alberdi et al. 1998) that has usually been explained
as an adaptation to climatic and resources variations during these time periods (Forsten
1991; Alberdi et al. 1995; Alberdi et al. 1998; Cantalapiedra et al. 2017).

Over the last decades, multiple molecular analyses have been performed to address
the phylogenetic relationships and the divergence times between extant Equus species
(George and Ryder 1986; Steiner and Ryder 2011; Steiner et al. 2012; Vilstrup et al. 2013;
Jonsson et al. 2014; Rosenbom et al. 2015). A recent phylogeny based on the analysis of
complete equid genomes, for instance, suggests that caballoid (E. ferus and E. caballus)
and non-caballoid (zebras and asses) Equus diverged around 2 Ma ago (Jénsson et al.
2014). Among non-caballine groups, zebra species form a monophyletic clade that started
to diversify 1.6 Ma ago (Jonsson et al. 2014), with mountain zebra (E. zebra) diverging
from Grevy’s (E. grevyi) and plains zebra (E. quagga), which are sister species (Steiner et al.
2012; Vilstrup et al. 2013; Jonsson et al. 2014). African (E. africanus) and Asiatic wild asses
(E. hemionus and E. kiang) are grouped in a second clade within non-caballine horses
(Steiner et al. 2012; Vilstrup et al. 2013; Jonsson et al. 2014) that is estimated to have split
approximately 1.7 Ma ago (Jonsson et al. 2014). Both Asiatic wild asses, the hemione (E.
hemionus) and the kiang (E. kiang), diverged sometime later around 600 Ky ago (Jonsson
etal. 2014).

1.3.2. Biology and ecology of extant Equus

Extant wild Equus are spread across different environments of Africa and Asia. In
Asia, E. ferusis found in small patches in semi-desert habitats of China and Mongolia, where
it was reintroduced in the 1990s after being almost extinct in the wild (King et al. 2015). E.
hemionus also inhabits semi-desert and desert Asiatic plains (Nowak 1999; Kaczensky et
al. 2015). It is mainly distributed across the Gobi Desert (southern Mongolia and China),
though small populations have also been found in Iran and India (Kaczensky et al. 2015).
On the contrary, E. kiang dwells in broad valleys, alpine meadows and hills where grass-
like plants are abundant (Nowak 1999; Shah et al. 2015). Its distribution is restricted to the
Tibetan Plateau (China, Pakistan, India and Nepal) at elevations up to 5,400 m (Shah et
al. 2015). The wild ass of the African continent, E. africanus, lives in stony arid bushlands
and grasslands of Eritrea and Ethiopia (Moehlman et al. 2015). Nowadays, it is the most
threatened Equus species (IUCN 2018) with a distribution of only 23,000 km? (Moehlman
et al. 2015). Grévy’s zebra inhabits arid and semi-arid grasslands and shrublands too, but
its habitat is limited to the horn of Africa, specifically to Ethiopia and Kenya (Rubenstein
et al. 2016). E. zebra, on the other hand, occurs in escarpment mountainous areas up to
2,000 m in Namibia and South Africa (Eastern, Northern and Western Cape Province)



where there is a high diversity of grasses (Novellie 2008). Finally, the plains zebra shows
the widest range of distribution among all extant Equus (IUCN 2018). It can be found in
open savanna or open woodland with abundance of grass, ranging from southern Angola,
northern Namibia and northern South Africa to South Sudan and southern Ethiopia
(King and Moehlman 2016).

All living equids are considered grazers because they mainly feed on grass (Nowak
1999). Several species, however, do also browse to some degree (Nowak 1999). Unlike
artiodactyls, Equus are hind-gut fermenters, which means that most of their microbial
digestion takes place in the caecum (Janis 1976). This digestive strategy allows them to
feed on low-quality forage with a high content in cellulose, such as stems instead of leaves
(Janis 1976). Dietary traits of extant equids are quite diverse (Schulz and Kaiser 2013),
consequence of the different environments that these animals inhabit. For instance, E.
hemionus and E. africanus incorporate a high percentage of browse in their diets (Nowak
1999; Grinder et al. 2006; Schulz and Kaiser 2013; Kaczensky et al. 2015). As they live in
very arid environments, they must browse or graze on any available forage (Grinder et al.
2006; Kaczensky et al. 2015). Conversely, plains and mountain zebras have plenty access
to grass-like plants (Novellie 2008; King and Moehlman 2016) and thus grazing comprises
most of their diet (Grubb 1981; Penzhorn 1988; Nowak 1999; Schulz and Kaiser 2013).
They only browse if forced to do so, which only happens in dry periods (Grubb 1981;
Novellie 2008; King and Moehlman 2016). Water is a very limiting factor in populations
of extant wild equids (Saltz 2002). It restricts the distribution of several taxa, such as E.
grevyi or E. zebra, which inhabit areas where permanent water can be found (Novellie
2008; Rubenstein et al. 2016). Other equids present certain behaviors that facilitate their
access to hydric resources. E. hemionus is known to walk very long distances looking for
water and even to dig deep holes for obtaining it from subterranean aquifers (Kaczensky
etal. 2015), while E. kiang covers most of its water requirements with water stored in snow
and plants (St-Louis and Co6té 2009).

Extant wild equids exhibit two different types of social organization (Klingel 1974).
On the one hand, species inhabiting temperate environments live in permanent family
groups comprising several mares with their foals and one leading stallion (Klingel 1974;
St-Louis and Coté 2009). Males also organized in stallion groups once they leave the
family group due to illness or old age (Klingel 1974). Sick and old mares, however, use
to stay in the same family group for all their life (Klingel 1974). The species showing this
kind of social organization are considered non-territorial (Klingel 1974), as they share
their home range with other associations of the same species. The non-territorial behavior
has been documented in the Przewalski’s horse (Nowak 1999; King et al. 2015) and in the
plains (Grubb 1981; King and Moehlman 2016) and mountain zebra (Penzhorn 1988).
Equids adapted to arid environments, on the other hand, present a complete different
social arrangement (St-Louis and Coté 2009) that is characterized by the lack of stable
bonds between animals, with the exception of that between a mare and her foals (Klingel
1974). These species can be found either in solitary or conforming mixed herds, stallion
groups, mare groups or mares-foals groups, but bands are always temporary (Klingel



1974). Solitary males under this social organization exhibit a marked territorial behavior
(Klingel 1974). Territoriality is known to occur in the African species E. grevyi (Churcher
1993; Nowak 1999) and E. africanus (Grinder et al. 2006; Moehlman et al. 2015) and in
both Asiatic wild asses (Klingel 1998; Nowak 1999; St-Louis and Coté 2009; Shah et al.
2015). Although most extant equids mate, mark, look after their foals and fight in a similar
way, the kind of social arrangement strongly influences other social behaviors such as
dominance (Klingel 1974). For instance, non-territorial species show a marked hierarchy
within their family groups, while no dominance ranks are observed in territorial equids
(Klingel 1974; Nowak 1999). Furthermore, most wild Equus inhabit areas that are subject
to extreme seasonal variations on resources and water supply, which force them to migrate
repeatedly (Klingel 1974). This migratory behavior is closely linked to the type of social
organization. In non-territorial species, population migrates as a whole, which facilitates
breeding at any time during the entire year (Klingel 1974). This is the case, for instance, of
E. quagga, whose migrations across the Serengeti are considered one of the most massive
among ungulates (King and Moehlman 2016). On the contrary, only mares of territorial
species migrate during the dry season, as the alpha-stallion always remains to defend its
territory (Klingel 1974). In these species, mating is limited therefore to the rainy season
(Churcher 1993; Nowak 1999; Grinder et al. 2006).

The most important LH traits of extant wild Equus are summarized in Table 1.1.
Adult body mass of living equids ranges from 200 to 400 kg, being E. hemionus the lightest
species with only 230 kg (Nowak 1999; Ernest 2003). By contrast, Grevy’s zebra (384 kg,
Ernest 2003) and kiang males (350 - 400 kg, St-Louis and Coté 2009) show the highest
weight among extant wild taxa (Table 1.1). The domestic species E. africanus is reported
to live up to 47 years (Ernest 2003), but they usually live only half of this time span in the
wild (Table 1.1). Interestingly, the Asiatic wild ass has a longer life span than expected
from its body mass (Table 1.1), as it is documented to live up to almost 30 years in the wild
(Lkhagvasuren et al. 2018) being the smallest living Equus species (Ernest 2003). Stallions
of all species attain sexual maturity between their third and fourth year of life (Grubb 1981;
Churcher 1993; Monfort et al. 1994; Nowak 1999; Tacutu et al. 2013), with the exception
of the African wild ass that is sexually mature at the age of two (Grinder et al. 2006) (Table
1.1). Female Equus mature a bit earlier than males, usually when they are two or three
years old (Monfort et al. 1994; Nowak 1999; Tacutu et al. 2013) (Table 1.1). Again, E.
africanus mares deviate from this pattern by maturing between their first and second year
of life (Grinder et al. 2006). Plains zebra mares are reported to attain sexual maturity at
the same range of age (1 - 2 years, Grubb 1981), while some Grévy’s zebras may delay the
onset of maturity up to the age of four (Nowak 1999). Like many other ungulates (Vanpé
et al. 2009), both male and female equids show a decoupling between their physiological
maturity and the time of their first breeding (Table 1.1). Generally, stallions reproduce for
the first time at the age of five (Penzhorn 1988; Monfort et al. 1994; Kaczensky et al. 2015)
although males of E. quagga and E. grevyi may reproduce at 4.5 and 6 years respectively
(Grubb 1981; Nowak 1999). In females, age at first mating varies considerably among
species (Table 1.1). Mares of African wild ass and plains zebra show the earliest age at first
reproduction (2 - 3 years, Grubb 1981; Grinder et al. 2006), followed by the Asiatic wild
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ass (3 years, Kaczensky et al. 2015), the kiang (3 - 4 years, St-Louis and Coté 2009), the
wild horse (4 years, Monfort et al. 1994) and the mountain zebra (5 years, Penzhorn 1988).
Females of E. grevyi breed for the first time over a wider range of age, from their third to
their sixth year of life (Churcher 1993). Age at weaning also varies widely among extant
Equus (Table 1.1). African zebras show the earliest age at weaning amongst equids: E.
zebra at their tenth month (Nowak 1999), E. grevyi at their ninth month (Churcher 1993)
and E. quagga between their seventh and eleventh month of live (Nowak 1999). Foal wild
asses, on the other hand, stop suckling some time later: between their twelfth and their
fourteenth or between their twelfth and their eighteenth month in E. africanus and E.
hemionus respectively (Nowak 1999; Grinder et al. 2006). Przewalski’s horses are weaned
at the age of two (Nowak 1999). In all living equids, gestation length is approximately one
year (Grubb 1981; Penzhorn 1988; Churcher 1993; Monfort et al. 1994; Nowak 1999; Shah
et al. 2015) (Table 1.1). Equid foals weight between 25 and 40 kg when born (Penzhorn
1988; Churcher 1993; Nowak 1999; St-Louis and Coté 2009) (Table 1.1). Grévyi’s zebra has
the largest neonates (40 kg, Churcher 1993), while E. zebra neonates are the smallest with
only 25 kg (Penzhorn 1988).
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Aims & OBJECTIVES

The histological analyses of bones and teeth aimed at reconstructing the biology
and LH of vertebrates is an active area of research. The vast majority of bone histological
studies focus on amphibians and reptiles (Castanet et al. 1993) due to the traditional belief
that endotherm organisms grow continuously (Chinsamy-Turan 2005). Recent research,
however, has shown that bones of these animals also record cyclical periods of growth that
are synchronized with seasonal physiology (Kohler et al. 2012). Since then, the number
of studies that analyze bone histology in living (Marin-Moratalla et al. 2013; Marin-
Moratalla et al. 2014; Jordana et al. 2016) and fossil (Martinez-Maza et al. 2014; Amson et
al. 2015; Kolb et al. 2015a; Kolb et al. 2015b; Moncunill-Solé et al. 2016; Orlandi-Oliveras
et al. 2016) mammals have significantly increased, though many mammalian groups still
remain poorly studied. Furthermore, the biological significance of several histological
features, such as the deposition of non-cyclical BGMs or the appearance of EFS, are not
well known yet. Thus, studies on living taxa are still necessary to completely understand
the biological signals recorded in bone tissue (Martinez-Maza et al. 2014; Woodward et al.
2014; Cambra-Moo et al. 2015; Kolb et al. 2015a; Jordana et al. 2016). The study of extant
species is also indispensable for creating a solid framework that allows the comparison
and analysis of fossil forms (de Ricqles 2011).

Regarding dental histology, enamel microstructure of low-crowned primates is
broadly studied in comparison to other mammalian groups, as most histological research
has traditionally focused on these animals (Smith 2008). In hypsodont species, however,
enamel histology is still relatively unexplored. Only a few studies have extensively analyzed
this dental tissue in several groups of bovids and cervids (Macho and Williamson 2002;
Iinuma et al. 2004a; Jordana and Kohler 2011; Kierdorf et al. 2013; Jordana et al. 2014),
while previous descriptions of enamel incremental lines and their periodicity in equids
(Hoppe et al. 2004) have recently been challenged by several authors (Kierdorf et al. 2013;
Kierdorf et al. 2014). Hence, exhaustive histological studies that investigate the enamel
tissue of high-crowned vertebrates are absolutely needed.

Among mammals, equids are an essential group of study in several scientific
disciplines including Ecology, Zoology and Paleontology. The ecological and zoological
interest in Equus mainly centers on the development of conservation plans for the clade
(Moehlman 2002), as most wild equid species are under threat of extinction (IUCN
2018). In this regard, bone and dental histology could serve as powerful tool for obtaining
information about their main LH and demographic traits (Chinsamy and Valenzuela
2008; Garcia-Martinez et al. 2011; Marin-Moratalla et al. 2013), which would help in turn



to improve their conservation strategies. In Paleontology, Equidae is an emblematic clade
(MacFadden 2005). Nonetheless, paleohistological studies in these mammals are still
scarce (Enlow and Brown 1958; Sander and Andréssy 2006), the study of Martinez-Maza
etal. (2014) being hitherto the only one that provides LH data for a fossil equid (Hipparion
concudense) from the histological analysis of their bones. In fact, the microscopic study
of bones and teeth in Equus is expected to provide key information about LH traits
that tightly correlate with body size (Kohler 2010), which is one of the most interesting
features of equid evolution (MacFadden 1992). During the evolutionary history of Equus
in the Old World, for instance, a trend towards dwarfed forms in both the stenonoid and
caballoid lineages has been described (Forsten 1991; Alberdi et al. 1995; Alberdi et al.
1998). However, despite body size being one of the most important LH trait of an animal
(Peters 1983; Calder 1984), these body size variations have never been investigated from
a LH perspective. Instead, the size decrease observed in European fossil horses has been
related to changes in resources and climatic conditions because of the tight relationship
between body size and environment (Forsten 1991; Alberdi et al. 1995; Cantalapiedra et
al. 2017).

Therefore, the main aim of the present PhD dissertation is to thoroughly analyze
bone and dental histology of extant and extinct Equus to reconstruct their most important
LH traits and to shed light on their LH strategies. On the one hand, the study of extant
species will contribute to the knowledge about mammalian bone and dental histology and,
at the same time, it will provide a firm basis for the subsequent paleohistological analysis
on fossil taxa. In extinct equids, bone and dental paleohistology provides the opportunity
to study the size variation reported for Pleistocene forms within a LH framework. In this
regard, the hypothesis to be tested in this PhD dissertation is that different-sized equids
differ in their LH strategies, due to the coupling between body size and LH (Blueweiss et
al. 1978; Calder 1984).

The present PhD thesis addresses the following specific goals:

I. To reconstruct the histological development of bones and teeth in ontogenetic
series of different extant Equus species

II. To correlate the histological features found in bones and teeth of living Equus
with different LH traits of the species and with key biological events.

II1. To reconstruct the most important LH traits and the LH strategy of different-
sized extinct Equus from the histological analysis of their bones and teeth.

IV. To shed light on the body size trends observed in Equus from a LH perspective.

Table 2.1 explains how the different chapters, the specific objectives and the
publications that conform the present dissertation are related.



Chapter 4. First approach to bone
histology and skeletochronology of Equus
hemionus

Chapter 5. Histological variability in the
limb bones of the Asiatic wild ass and its
significance for life history inferences

Chapter 6. Limb bone histology records
birth in mammals

Chapter 7. The life history of European
Middle Pleistocene equids: first insights
from bone histology

Chapter 8. Reconstructing molar growth
from enamel histology in extant and
extinct Equus

1,1

1,1

1,11

i, 1Iv

LI LV

Nacarino-Meneses C., Jordana X.
& Kohler M. (2016) Comptes Rendus
Palevol 15: 267-277

Q2 (Paleontology); IF (2016): 1.376

Nacarino-Meneses C., Jordana X. &
Kohler M. (2016) Peer) 4: 2580

Q2 (Multidisciplinary sciences); IF (2016):
2177

Nacarino-Meneses C. & Kohler M.
(Accepted) PLoS ONE

Q1 (Multidisciplinary sciences); IF (2016):
2.806

Nacarino-Meneses C. & Orlandi-
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(2017) Scientific Reports 7: 15965

Q1 (Multidisciplinary sciences); IF (2016):
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Table 2.1. Overview of the chapters included in the present PhD dissertation. For each chapter
(number and title), it is the objective achieved and the publication (authors, year, journal, number,

pages, quartile, discipline and impact factor) to which it refers.
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Chapter 3 Material & Methods

MaATerIAL & METHODS

3.1. MATERIAL

The sample studied in the present PhD dissertation comprises 81 bone and dental
thin sections from a minimum number of 35 individuals belonging to different species
of extant and extinct Equus (Table 3.1). 70 histological thin sections from different limb
bones (femora, tibiae, metacarpi and metatarsi) and first lower molars were analyzed in
27 specimens of living equids (see Chapters 4 to 8 for further information) (Table 3.1).
In extinct Equus, 7 metapodia and 4 first lower molars from a minimum number of 8
individuals were studied (see Chapters 7 and 8 for further information) (Table 3.1). All
material came from museum collections from which permission to prepare histological
thin sections was obtained.

EXTANT SPECIES
Bone thin sections Dental thin sections

Individuals

Chapter Chapter
quus hemionus 12 36 4t07 5 8
quus quagga 1 14 6 3 8
quus grevyi 4 10 6and 7 2 8
Total extant Equus| 27 60 4to7 10 8

EXTINCT SPECIES

Individuals

quus ferus
Equus hydruntinus
quus steinheimensis
Equus mosbachensis
Total extinct Equus

- Bone thin sections Dental thin sections
Individuals

Chapter Chapter
TOTAL PhD 35% 67 4to7 14 8

Table 3.1. Summary of the sample analyzed in the present PhD thesis. See the specific chapter for
further details on the sample. n = number of bone/dental thin sections. The star (*) indicates minimum
number of individuals.

35



3.1.1. Extant sample

Ontogenetic series of limb bones and teeth from Asiatic wild ass (E. hemionus),
plains zebra (E. quagga) and Grevy’s zebra (E. grevyi) comprise the extant sample of
this PhD thesis (Table 3.1). These three equids differ greatly in ecology and life history,
covering almost all the biological variability reported for living wild Equus (Nowak 1999;
Ernest 2003; Kaczensky et al. 2015; King and Moehlman 2016; Rubenstein et al. 2016; see
also Table 1.1 in Chapter 1). Therefore, they were considered the most appropriate taxa to
histologically exemplify the growth and development of the whole clade.

The extant Equus sample includes captive, semi-captive and wild individuals. Most
specimens of E. hemionus, E. quagga and E. grevyi were born and lived captive at the
Hagenbeck Zoo (Hamburg, Germany). They currently belong to the scientific collections of
the Zoological Institute of Hamburg University (Germany) (See Chapters 4 to 8 for further
information). Some of them had associated sex information, but all lacked age data. Thus,
each captive individual was aged according to the wear and eruption patterns described
for the species (Silver 1963; Smuts 1974; Penzhorn 1982; Lkhagvasuren et al. 2013).
Additionally, annual cementum layers were counted in the first lower incisor of captive
adult specimens to obtain a more accurate estimation of their age at death (Lkhagvasuren
et al. 2013; see also Chapter 8 for further information). The exhaustive analysis of dental
enamel performed in Chapter 8 also provided a more precise age assessment for some
captive subadult individuals of E. hemionus, E. grevyi and E. quagga. Several plains and
Grevy’s zebras of the sample lived semi-captive in the African Reserve of Sigean (Sigean,
France) (see Chapter 6 for further information). At present, they are part of the Natural
History collection of the Catalan Institute of Paleontology (Barcelona, Spain), where they
are also housed. Key biological information of semi-captive zebras, such as their sex, their
date of birth or their date of death, was provided by veterinarians of the African Reserve of
Sigean (B. Lamglait, pers. comm.). Finally, bone samples of adult E. hemionus came from
the collections of the Museum of Domesticated Animals of the Martin-Luther-University
Halle-Wittenberg (Halle, Germany) (see Chapters 4 to 7 for further information). They
belonged to animals that lived wild in the Gobi Desert before being killed by poachers
(Schopke et al. 2012). Curator of the museum provided sex data and age estimations for
these specimens of E. hemionus (R. Schatberg, pers. comm.).

3.1.2. Fossil sample

The fossil sample of this PhD dissertation is comprised of bones and teeth of different
European species of Pleistocene Equus (Table 3.1). Metapodial bones were histologically
studied in the Middle Pleistocene species Equus steinheimensis and Equus mosbachensis
(Table 3.1), whereas thin sections from first lower molars were prepared from the Late
Pleistocene Equus ferus and Equus hydruntinus (Table 3.1).

Fossil bones of Middle Pleistocene equids belong to the collections of the Staatliches
Museum fiir Naturkunde (Stuttgart, Germany) (See Chapter 7 for further information).



Specifically, metapodia of E. steinheimensis were recovered from Steinheim an der Murr
site (Germany) (Adam 1954), a late Middle Pleistocene locality dated as the Holsteinian
Interglacial (MIS 11) (Van Asperen 2013). Material of E. mosbachensis comes from the
early Middle Pleistocene site of Mosbach Sands (Wiesbaden, Germany) (Koenigswald et
al. 2007), which is generally correlated with the Cromerian Interglacial (MIS 13, 15) (Maul
et al. 2000; Kahlke et al. 2011).

Fossil teeth of E. ferus and E. hydruntinus were found in La Carihuela cave (Pifar,
Spain) (See Chapter 8 for further information). This fossil locality is dated as Late
Pleistocene, between 82,500 and 11,200 years BP (Carridon 1992; Fernandez et al. 2007;
Samper Carro 2010). Specifically, fossil teeth studied in the present PhD thesis were
recovered along with material belonging to other species of macro- (Cervus elaphus, Bos
primigenium) and micromammals (Chionomys nivalis, Allocricetus bursae) typical of cold
climates (Ruiz Bustos and Garcia Sanchez 1977; Fernandez et al. 2007).

3.2. METHODS: HiSTOLOGICAL THIN SECTIONS OF BONES AND TEETH
3.2.1. Preparation of histological thin sections

The preparation of histological thin sections is a destructive process (Chinsamy and
Raath 1992; Lamm 2013) that usually involves the subtraction of a bone portion (Fig.
3.1A). In some cases (e.g. small samples, teeth), not only a part but the whole element
(Fig. 3.1B) may be partially or totally damaged (Lamm 2013). Hence, it is of extreme
importance to document and collect as much information as possible from the original
bone/tooth before beginning the sectioning process (Lamm 2013). In this PhD thesis, all
material was exhaustively measured and photographed before starting the preparation of
the histological slices. This information, together with any other relevant associated data
(e.g. sex, age, degree of bone epiphyseal fusion, degree of tooth wear) was annotated and
incorporated into the histological database of the Evolutionary Paleobiology department
of the Catalan Institute of Paleontology (ICP, Barcelona). In the case of fossil specimens,
only fragmentary bones/teeth were used to avoid any possible damage to more valuable
samples.

The procedure followed to obtain histological slices from extant and fossil bones
began with the extraction of a 3-cm block from its mid-diaphysis (1.5 cm above and 1.5
cm below the exact mid-diaphysis of the bone) (Fig. 3.1A). This bone chunk was then
embedded into an epoxy resin (Araldite 2020), which prevents its fracture during the
following steps of the process (Chinsamy and Raath 1992). Afterwards, this embedded
block was divided into two halves (Fig. 3.1C) with a low speed diamond saw (IsoMet,
Buehler) (Fig. 3.1D), each exposing the mid-shaft surface of the bone (Fig. 3.1C). One of
these surfaces was later polished either in a grinder-polisher machine (Metaserv®250,
Buehler) (Fig. 3.1E) or with carborundum powder of decreasing particle size (350, 800



and 1000 grit) (Fig. 3.1F). Then, it was fixed to frosted glass that was previously polished
too (Fig. 3.1F). The sample and the glass were joined using Loctite 358, a glue that must
be exposed to ultraviolet light for 30 minutes to completely harden (Fig. 3.1G). The thin
section was finally obtained from the fixed bone block using PetroThin (Buehler) (Fig.
3.1H), a specific machine that cuts slices of »400 pm thick and then grounds them up
into several microns. With this device, histological thin sections of =150 pm thick were
obtained. However, these samples were still too thick to be observed under the microscope
(Bromage and Werning 2013). Thus, they were polished again in the Metaserv®250 or
with carborundum powder to obtain a final thickness of 100 — 120 pm. Histological thin
sections were finished by covering and mounting them using different products that
enhance viewing under the microscope. Histological slices obtained from extant samples
were covered with a mix of oils (Lamm 2013) before being protected with a cover slip.
Thin sections prepared from fossil bones, on the other hand, were mounted using DPX
medium (Scharlau). This latter procedure requires the dehydration of the histological slice

Figure 3.1. Preparation of histological thin sections from bones and teeth. (A) A 3-cm-portion is
extracted from the mid-diaphysis of long bones. (B) Teeth, on the other hand, are completely embedded
and cut through the protoconid. Due to the high height of the crown, they are also transversally divided
into different parts to be mounted in two different slides. (C) Embedded bone blocks are cut into
two halves to expose the mid-shaft surface of the bone. (D) This cut is performed using a low speed
diamond saw. (E) The surface of interest of each bone/tooth block is polished using a grinder-polisher
machine. (F) Glasses are also polished with caborundum powder to obtain frosted glasses. (G) The
bone/tooth block is glued to the frosted glass with an UV-curing glue. (H) The thin section is performed
with Petrothin (Buehler), a specific machine that presents two different saws that cut and ground the
sample respectively. (1) Histological thin sections obtained from fossil bones and from extant and fossil
teeth are bathed in alcohol and in Histo-Clear Il before their mounting with DPX medium.



in increasing concentrations of alcohol and its submersion in a histological clearing agent
(Histo-Clear II) (Fig. 3.1I) before applying the DPX medium.

Histological thin sections from extant and fossil teeth are prepared following
a similar procedure as that already described for bone samples. In extant species, first
lower molars were first extracted from the mandible and dehydrated in different
concentrations of alcohol (70, 96 and 100%), where they remained for 72 hours (24 h in
each concentration). Unlike bones, both extant and fossil teeth were completely embedded
in epoxy resin (Araldite 2020) (Fig 3.1B). This hardened block was then longitudinally
cut through the dental protoconid in the buco-lingual plane using a low-speed diamond
saw (IsoMet, Buehler) (Fig 3.1B). The next steps of grinding and polishing followed the
procedure specified for bone samples and, similar to fossil bones, dental thin sections were
also finished by mounting with DPX medium (Scharlau). Because equid tooth crowns
are extremely high, most dental thin sections had to be prepared on two different slides.
When two thin sections were obtained from one tooth (Fig. 3.1B), the course of enamel
incremental markings were used to determine that both slides were cut from the same
plane following Dirks et al. (2012).

3.2.2. Analysis of histological thin sections
3.2.2.1. Microscopy

Histological thin sections of bones and teeth are commonly analyzed under polarized
light microscopy (Smith 2004; Bromage and Werning 2013), as it provides information
about their structure and composition that is not available with other techniques (Bromage
et al. 2003). Polarized light microscopes have two different polarizing filters that isolate
light vibration in only one direction (Bromage and Werning 2013). The first polarizing
filter, the polarizer, is positioned between the light source and the sample. It allows light
to pass in only one vibration direction. The analyzer is the second filter of the microscope
and it is placed between the sample and the observer. Its vibration direction is at 90° to
that of the polarizer, blocking the light that exits from this first filter when no sample or
an isotropic material is observed on the microscope. In these circumstances, therefore,
no image is displayed (Bromage et al. 2003). If a birefringent (i.e. two refraction indexes)
material is placed between the two filters (the polarizer and the analyzer), it interacts with
the light that radiates from the polarizer and changes its vibrational direction to that of the
analyzer (Bromage et al. 2003). In this case, light may pass through the analyzer and the
sample is observed (Fig 3.2A, C). Besides these polarizing filters, a quarter lambda plate
(1/4 \) can also be added to the microscope (Turner-Walker and Mays 2008). This crystal
filter retards the wavelength of the light and colors the sample (Fig. 3.2B), facilitating
the identification of histological features in bone cross-sections (Turner-Walker and Mays
2008).

The collagen fibers of the bone tissue (Bromage et al. 2003) and the crystalline
structure of enamel (Smith 2004) are birefringent when viewed under polarized light.



Collagen fibers appear brighter or darker depending on their orientation when observed
under polarized light microscopes (Fig. 3.2A) (Bromage et al. 2003). This allows the
classification of bone tissue into different typologies (e.g. lamellar bone vs. woven bone)
(Turner-Walker and Mays 2008). In dental thin sections, polarized light helps to identify
enamel incremental features (Smith 2004), as it displays alternating bands crossing enamel
prims that correspond to enamel laminations (Fig. 3.2C).

Figure 3.2. Bone (A - B) and enamel (C) tissues observed under polarized light microscopy. (A)
Metatarsal cortex of E. grevyi IPS84964 under polarized light. (B) Metatarsal cortex of E. grevyi IPS84964
under polarized light with 1/4A filter. Note that panel B shows the same area of the bone cortex than
panel A. (C) Enamel tissue of E. quagga IPS92342 under polarized light. White scale bars = 200 um; black
scale bar =100 um.

All histological samples of this PhD dissertation were observed using the polarized
light microscopes Zeiss Scope.Al and Leica DM 2500P. Micrographs of bone and dental
tissues were captured with the cameras mounted on them (AxioCam ICc5 in the Zeiss
Scope.Al microscope and Leica DFC490 in the Leica DM 2500P microscope).

3.2.2.2. Histological features of bone

Bones from extant and extinct Equus species were histologically analyzed to infer
essential LH traits. Specifically, bone tissue types, bone growth marks (BGMs) and bone
vascularization were qualitatively and quantitatively studied in this PhD thesis.

Bone tissue types

Bone tissue is classified as primary or secondary regarding its origin. Primary
bone is the first tissue formed in ontogeny, while secondary bone is deposited in areas
where primary bone has been previously resorbed (Francillon-Vieillot et al. 1990; Currey
2002). Secondary bone (Fig. 3.3) results from the joint action of the osteoclasts (i.e. bone-
resorbing cells) and the osteoblasts (i.e. bone-forming cells) during a process known as
bone remodeling (Currey 2002). It takes place over the whole life of an individual, repairing
the tissue damaged by biomechanical stress and coping with physiological demands in the
organism (Francillon-Vieillot et al. 1990). The newly formed secondary bone may appear
as secondary osteons (also name Haversian canals) occupying different parts of the bone
cortex (Fig. 3.3A), or as endosteal bone (EB) bordering the medullary cavity (Fig. 3.3B)
(Chinsamy-Turan 2005).



Figure 3.3. Secondary bone tissue types. (A) Secondary osteons
(Haversian systems) in the metatarsal cortex of E. hemionus IPS83155.
(B) Endosteal bone in the metatarsal cortex of E. hemionus IPS83155.
All images show bone cross-sections observed under polarized light
with 1/4A filter. Scale bars = 200 um.

Primary bone is categorized based on the arrangement of the collagen fibers within
the bone matrix and its pattern and quantity of vascularization (de Ricqlés 1975; Francillon-
Vieillot et al. 1990; de Margerie et al. 2002; Huttenlocker et al. 2013). The general typologies
are lamellar (Fig 3.4A), parallel-fibered (Fig 3.4B) and woven bone (WFB, Fig 3.4C),
according to the order of the collagen fibers (Francillon-Vieillot et al. 1990; Huttenlocker
et al. 2013). Within each primary tissue type, several sub-classifications are described
regarding the amount and arrangement of the vascular canals (VCs) (Francillon-Vieillot
et al. 1990; de Margerie et al. 2002; Huttenlocker et al. 2013). Interestingly, each primary
bone tissue is associated with functional and physiological characteristics, among which
the pattern and rate of bone deposition are noteworthy (Huttenlocker et al. 2013).

Among primary bone tissue types, lamellar bone (LLB) (Fig 3.4A) presents the
highest level of organization, with its closely-packaged collagen fibers arranged into
layers known as lamellae (Francillon-Vieillot et al. 1990; Currey 2002; Huttenlocker et al.
2013). In each lamella, collagen fibers are parallel to each other, and their direction only
changes from one lamella to the next (Francillon-Vieillot et al. 1990; Huttenlocker et al.
2013). This arranfement displays a characteristic alternating dark and light pattern when
observed under a polarized light microscope (Francillon-Vieillot et al. 1990; Huttenlocker
et al. 2013). LLB usually presents few bone cells, which are mostly flattened in shape and
arranged in rows (Francillon-Vieillot et al. 1990). Simple VC may be embedded in the LLB

Figure 3.4. Primary bone tissue types. (A) Lamellar bone (LLB) in the tibial cortex of E. grevyi IPS84963.
(B) Parallel-fibered bone (PFB) in the femoral cortex of E. hemionus IPS83155. (C) Fibrolamellar complex
(FLC) in the femoral cortex of E. quagga IPS92342. WFB = woven bone, PFB = parallel-fibered bone. All
images show bone cross-sections observed under polarized light with 1/4\ filter. White scale bar = 200
pum; black scale bars = 100 pm.



bone matrix, forming the tissue known as lamellar bone with simple vascular canals (LSV)
(de Margerie et al. 2002). Primary osteons (i.e. vascular canals encircled by concentric
bone lamellae; Francillon-Vieillot et al. 1990) might also be found in LLB. In this case, it is
classified as lamellar bone with primary osteons (LPO) (de Margerie et al. 2002). Whether
showing simple VC or primary osteons, LLB is generally low-vascularized (Francillon-
Vieillot et al. 1990). No VC may even be present at all, in which case it is classified as
lamellar non vascular bone (LNV) (de Margerie et al. 2002). The scarcity of vascularization,
along with the extreme order of the collagen fibers, are indicative of the very low rates of
formation of the LLB (Currey 2002; de Margerie et al. 2002). This bone tissue type is
usually found in the bone cortex of crocodilians, turtles and reptiles (Huttenlocker et al.
2013).

Parallel-fibered bone (PFB) (Fig 3.4B) (also named pseudo-lamellar bone) consists
of closely-packaged collagen fibers oriented in the same direction, each running parallel
to each other (Francillon-Vieillot et al. 1990; Huttenlocker et al. 2013). It is highly
anisotropic when observed under polarized light. Therefore, it appears homogeneously
dark or bright (according to the preferred orientation of the collagen fibers) under this
kind of microscopy (Francillon-Vieillot et al. 1990; Huttenlocker et al. 2013). Bone cells of
PFB are also flattened in shape, but randomly distributed (Francillon-Vieillot et al. 1990).
Similarly to LLB, PFB is classified as non-vascular parallel-fibered bone, parallel-fibered
bone with simple vascular canals or parallel-fibered bone with primary osteons according
to the absence of VCs, the presence of simple VCs, or the presence of primary osteons
respectively (de Margerie et al. 2002). PEB is deposited at very low rates (Huttenlocker et
al. 2013), but not as slowly as LLB (Currey 2002). Besides reptiles, turtles and crocodilians,
this primary bone tissue type is also found in mammals, mainly in small-sized ones
(Huttenlocker et al. 2013).

Finally, woven bone or woven-fibered bone (WFB) (WEFB, Fig 3.4C) is composed
of loosely-packaged collagen fibers distributed without any specific spatial arrangement
(Francillon-Vieillot et al. 1990; Huttenlocker et al. 2013). This lack of order makes WFB
to appear highly isotropic (relatively dark) under polarized light (Francillon-Vieillot et
al. 1990; Huttenlocker et al. 2013). WFB present multiple and huge vascular spaces, as
well as numerous rounded or star-shaped bone cells (Francillon-Vieillot et al. 1990). This
bone tissue is laid down at very high rates (Francillon-Vieillot et al. 1990; Currey 2002; de
Margerie et al. 2002; Huttenlocker et al. 2013) and thus it is typically found in embryonic
bones (Francillon-Vieillot et al. 1990; Currey 2002). During postnatal growth, vascular
spaces of WFB are filled with PFB (PFB, Fig 3.4C) (Francillon-Vieillot et al. 1990; Currey
2002), resulting in a bone tissue that presents many primary osteons surrounded by a WFB
matrix (de Margerie et al. 2002). This tissue, which combines WFB and PFB (Prondvai et
al. 2014), is named either fibrolamellar bone or fibrolamellar complex (FLC) (Fig 3.4C)
(Francillon-Vieillot et al. 1990; Huttenlocker et al. 2013). It is the main primary bone
tissue found in large mammals (Currey 2002; Huttenlocker et al. 2013). VCs embedded in
the FLC may present multiple orientations, including radial (orthogonal to the bone edge),
longitudinal (parallel to the bone diaphysis), oblique (between orthogonal and parallel to



the bone margin) and circular (parallel to the bone periphery) (Francillon-Vieillot et al.
1990). This leads to a classification of the FLC under different sub-typologies, which are
the radial FLC (mainly composed of radial VCs), the laminar FLC (mainly composed of
circular VCs), the plexiform FLC (mainly composed of circular VCs connected by oblique
and radial VCs), the longitudinal FLC (mainly composed of longitudinal VCs) and the
reticular FLC (mainly composed of anastomosed oblique VCs) (Francillon-Vieillot et al.
1990).

In this PhD thesis, primary bone tissues were qualitatively studied to analyze
differences in the rate of bone formation between limb bones, ontogenetic stages and Equus
species (Chapters 4 to 7). The presence of secondary bone was also reported, although it
was not exhaustively analyzed because it does not provide any relevant information for the
reconstruction of the LH in mammals.

Bone growth marks

BGMs are histological features that register changes in the rate of bone deposition
(Castanet et al. 1993; Huttenlocker et al. 2013). They may take the form of either LAGs
or annuli (Francillon-Vieillot et al. 1990; Castanet et al. 1993; Chinsamy-Turan 2005;
Huttenlocker et al. 2013). In adult individuals, BGMs may be erased and obscured due to
the action of bone remodeling (Woodward et al. 2013). The ontogenetic increase in area of
the medullary cavity (Hall 2005) might also delete previously deposited BGMs (Woodward
et al. 2013). Bone superimposition (Fig. 3.5) provides a good solution to reconstruct
incomplete growth records by retrocalculating lost BGMs (Woodward et al. 2013). This
methodology, which requires the use of ontogenetic series, is based on the hypothesis that

1PS83877

IPS$83876

Fig. 3.5. Retrocalculation of BGMs in the
femora of adult Asiatic wild asses (IPS83877,
IPS83876). Superimposition shows that one
BGM has been lost (green line) in the femur
of IPS83877 due to secondary remodeling
and the expansion of the medullary cavity. All
images show bone cross-sections observed
under polarized light. A = anterior; L = lateral.
Modified from Nacarino-Meneses et al. (2016a).




the dimensions (e.g. perimeter) of a particular BGM (e.g. the CGM corresponding to the
first winter) is similar in a given bone of individuals of the same species (Woodward et al.
2013). Superimposition of individual bone sections was applied in the present dissertation
to identify, among other characteristics, lost BGMs in the bone tissue of equids (Fig. 3.5).

BGMs are classified as cyclical (CGMs) or non-cyclical features regarding their
periodicity (Castanet et al. 1993; Woodward et al. 2013). Periodicity cannot be assessed
from BGM morphology (Woodward et al. 2013), but from comparing individual age with
the position and number of BGMs within a bone cross-section (Chapters 5 and 6). CGMs
are deposited when physiological and metabolic changes occur in the organisms during the
unfavorable season (i.e. winter in north-hemisphere dwelling species) (Kohler et al. 2012).
Therefore, only a BGM located in the outermost cortex of a 6-month-old specimen born in
summer should be considered as CGM. Following the same line of reasoning, any internal
mark in this individual should be classified as a non-cyclical feature. When more BGMs
than expected from individual age are found in a bone cross-section (e.g. two BGMs in a
specimen aged 1 year), some might be recording non-cyclical growth. The specific location
of the BGM within the cortex (inner, medium or outer cortex) in relation to the age of the
specimen will provide the clue for determining which BGM should be considered as a
non-cyclical feature in this case. Superimposition of individuals (Woodward et al. 2013)
may also help in identifying and differentiating between non-cyclical and cyclical BGMs.
Those BGMs that do not match known CGMs by superimposition can be considered as
non-cyclical BGMs. The study of CGMs and non-cyclical BGMs performed in this PhD
thesis allowed the inference of mammalian key LH traits from bone histology (Chapters
4 to 7). Age at maturity and age at death, on the one hand, were calculated by counting
GCMs in equid cross-sections (total number of CGM for age at death calculation, number
of CGM before the presence of EFS for age at maturity calculation) (Castanet et al. 2004;
Chinsamy and Valenzuela 2008; Marin-Moratalla et al. 2013; Jordana et al. 2016). On the
other hand, non-cyclical BGMs were thoroughly analyzed to determine their relationship
to a specific life history event: the moment of birth. Such correlation was assessed by
superimposing ontogenetic series of different limb bones on the species E. hemionus, with
the aim of finding a match between the perimeter of the perinatal individual and that of
the non-cyclical BGM identified in later ontogenetic stages.

BGMs were also quantitatively analyzed in this dissertation to obtain information
about the pace and the rate of growth of the different limb bones and the species studied.
Bone growth curves were obtained by measuring either the distance between CGM:s or the
perimeter of each BGM (Bybee et al. 2006; Woodward et al. 2013) (Chapter 4, 5and 7). All
measurements were performed using Image J software, after tracing the BGMs’ contour
on Adobe Photoshop CS3. Non-cyclical BGMs were considered as time zero on growth
plots because of the tight association between these features and the moment of birth
found in Chapter 6. The rate of growth, represented as the difference in BGM perimeters
between consecutive annual cycles of growth, was assessed in different limb bones for
the extant species E. hemionus (Chapter 5). Bone growth reconstructions performed in
Chapter 5 revealed that bone growth curves provide useful information about the timing



of the epiphyseal fusion of limb bones in Equus. According to these findings, this biological
event was estimated from growth plots for the fossil bones studied in the extinct Middle
Pleistocene Equus of the sample (Chapter 7).

Vascularization: quantitative and qualitative measurements

Bone growth rate is closely related to several aspects of bone vascularization (Lee
et al. 2013). Avascular bone, for instance, is formed at slower rates than well-vascularized
bone tissue (de Margerie et al. 2002). Among vascularized bone tissues, those composed
of primary osteons grow faster than those showing simple vascular canals (de Margerie
et al. 2002). Furthermore, the size of primary osteons and vascular cavities influences the
rate of bone growth; the higher the rates of bone formation the larger are these histological
structures (de Margerie etal. 2002). The specific orientation of the VCs within a bone cross-
section also provides information about the relative rate of bone growth (Lee et al. 2013).
For a particular long bone, radial bone (FLC with radial VCs) is deposited at higher rates
than laminar bone (FLC with circular VCs), while longitudinal (FLC with longitudinal
VCs) and reticular (FLC with anastomosed oblique VCs) bone present intermediate rates

Figure 3.6. Quantification of the area of the longitudinal vascular canals (VCs) formed before
(black framed micrograph) and after (grey framed micrograph) the presence of the neonatal line
(NL). The area of the longitudinal VCs is measured in the antero-medial region (grey and black rectangles,
left image) of each bone cross-section (left image: metatarsal cortex of E. hemionus IPS83149). For each
VG, an ellipse (red circles) is adjusted to the edges of this biological structure. The area of this geometric
form is then measured with ImagelJ software. Yellow dashed line indicates the NL. Note that black and
grey framed micrographs are magnifications of the areas highlighted with a black and grey rectangle
respectively in the left image. All images show bone cross-sections observed under polarized light.
White scale bar = 200 um. Modified from Nacarino-Meneses and Kohler (accepted).



of growth (de Margerie et al. 2004).

In the present PhD dissertation, bone vascularization was qualitatively and
quantitatively studied. On the one hand, the arrangement of the vascular canals (e.g.
longitudinal, radial, circular) was described following classical bibliography (Francillon-
Vieillot et al. 1990; de Margerie et al. 2002) (Chapters 4, 5 and 7). On the other hand,
vascular density was qualitatively assessed in fossil samples and compared with extant
ones with the aim to shed light on the rate of growth of extinct Equus species (Chapter
7). Finally, the area of the longitudinal VCs after and before deposition of the non-
cyclical BGM (neonatal line, NL) was quantitatively analyzed in extant Equus (Chapter
6). Measurements were performed using Image J software by adjusting an ellipse to the
borders of the longitudinal VCs and then measuring its area (Fig. 3.6). Regions of 2.6 x 2.2
mm (5.7 mm?) were sampled at both sides of the non-cyclical BGM, in the antero-medial
cortex of each bone (Figure 3.6). Results obtained from the quantification of the area of
the longitudinal VCs were then statistically analyzed with Java Gui for R version 1.7-16
(Fellows 2012). Specifically, Mann-Whitney U test was performed to analyze differences
between groups and a p-value of p<0.05 was considered to be statistically significant.

3.2.2.3. Enamel histological features

In this PhD thesis, enamel incremental markings were exhaustively analyzed to
reconstruct the pattern of growth and development of the first lower molar in extant and
extinct Equus (Chapter 8). Specifically, measurements and counts of daily and supra-
daily marks were performed along the buccal cusp of each tooth to calculate the most
relevant enamel growth parameters. Measurements were taken with Image ] software on
micrographs obtained from the cameras incorporated on the polarized light microscope
(AxioCam ICc5 in the Zeiss Scope.Al microscope).

Enamel growth parameters

Daily secretion rate (DSR), crown formation time (CFT), enamel extension rate
(EER) and the repeat interval (RI) were the enamel growth parameters estimated in the
present dissertation (Fig. 3.7).

Daily secretion rate (DSR) represents the quantity of enamel deposited by enamel-
forming cells over the period of 24 hours (Smith 2008). Its calculation relies on the tested
hypothesis that daily incremental marks (i.e. cross-striations and laminations) are formed
during that period of time (Bromage 1991; Smith 2006; Kierdorf et al. 2013). DSR is thus
assessed by measuring the distance between a series of consecutive daily marks and then
dividing this value by the time they took to be formed (Smith 2008). For instance, the
distance between a sequence of 5 laminations was measured in the enamel of E. hemionus
IPS83151 and then divided by 4 (the number of days that they needed to be formed)
to obtain the DSR of the species (Fig. 3.7A). Several studies indicate that DSR is not
constant throughout the crown but that it varies from the inner to the outer enamel and



Figure 3.7. Quantification of enamel growth
parameters. (A) To estimate the enamel daily
secretion rate (DSR) in E. hemionus 1PS83151,
the distance (red doubled arrow) between a
series of consecutive laminations (white lines) is
measured and divided by the number of days
that they take to be formed. (B) Crown formation
time (CFT) is estimated in IPS92342 (E. quagga)
by measuring the distance (red lines) between
incremental lines (black dashed lines) and then
dividing this value by the DSR. As a result, the
time required to form a specific portion of the
EDJ (white doubled arrow) is obtained. (C)
The enamel formation front angle (EFFa) is
calculated in IPS84964 (E. grevyi) by measuring
the angle between the enamel formation front
(EFF, black dashed line) and the enamel dentine
junction (EDJ, black line). (D) The number of
laminations (white lines) between consecutive
Retzius lines (white dotted lines) is counted to
quantify the repeat interval (RI) in the enamel
of IPS92346 (E. quagga). If laminations are not
well preserved, the distance (red doubled
arrow) between consecutive Retzius lines is
measured and divided by the DSR. All images
show enamel tissue observed under polarized
light microscopy. White scale bar = Tmm; black
scale bars =50 um.

from the tooth cusp to the cervix (Smith 2008; Kierdorf et al. 2013; Kierdorf et al. 2014).
Consequently, measurements of DSR were performed randomly in different areas of the
enamel and the tooth crown to obtain representative values for this parameter.

Crown formation time (CFT), or the amount of time required for the tooth crown
to be completely developed (Smith 2008), was calculated following the methodology
described in Jordana and Kohler (2011). The course of enamel laminations was first
outlined from the enamel-dentine junction (EDJ) to the enamel surface on each tooth (Fig.
3.7B). Afterwards, the distance between these incremental markings was measured (Fig.
3.7B) and divided by the DSR to obtain the number of days needed to form a particular
segment of the ED]J (Fig. 3.7B). CFT of first lower molars was finally estimated as the sum
of the days calculated along the EDJ.

Enamel extension rate (EER) defines the tooth growth in height (Smith 2008; Hogg
and Walker 2011) and represents the rate of growth of the enamel along the ED]J (Smith
2008). It was quantified by dividing the length of a determinate portion of the ED] by the
time that it needs to be formed. The enamel formation front angle (EFFa), which is the



angle formed between the enamel formation front (EEF) and the ED], is related to the EER
too (Hogg and Walker 2011; Jordana et al. 2014). Thus, it was also measured in all equid
teeth studied (Fig. 3.7C).

Finally, the repeat interval (RI) concerns the periodicity of supra-daily lines (Smith
2008). It was determined by counting the number of daily enamel laminations between
Retzius lines (Fig. 3.7D). Additionally, RI was calculated from the quotient between
the distance of successive supra-daily lines and the DSR of the species (Fig. 3.7D). This
latter methodology was applied when laminations between Retzius lines were not clearly
identified.

Several enamel growth parameters, such as DSR and EER, were statistically studied
to test for differences between species, developmental stages and enamel/tooth areas.
All these analyses were performed with Java Gui for R version 1.7-16 (Fellows 2012).
Specifically, Kruskal-Wallis and Mann-Whitney U tests were applied to analyze the
differences between groups. A p-value of p<0.05 was considered statistically significant
after applying Bonferroni correction.

Assessment of the daily periodicity of enamel laminations in equids

The periodicity of enamel laminations in equids has recently been a matter of
debate within the specialized scientific community (Kierdorf et al. 2013; Kierdorf et al.
2014). Kierdorf et al. (2013, 2014) considered that Hoppe et al. (2004) misidentified sub-
daily and daily incremental markings in their enamel analysis of the domestic species
E. caballus, leading to incorrect estimations of DSR for this taxon. Ideally, the interval
of deposition of incremental markings should be established from experimental studies
that involve vital labelling (Bromage 1991; Smith 2006; Kierdorf et al. 2013). However,
this kind of investigations are usually expensive and time-consuming. Moreover, it
requires the approval of an ethic commission in the country where the experiment will be
performed. As an alternative, the daily periodicity of enamel laminations can be assessed
by comparing the CFT of unworn teeth and the estimated age of the specimen to which
they belong. This methodology was employed in the present dissertation to test for the
daily periodicity of enamel laminations in several extant Equus species.

3.3. METHODS: BoDY SIZE INFERENCES IN EXTINCT TAXA

Adult body size and size at birth are key LH traits of mammals (Stearns 1992) that
co-vary with other LH characteristics that can be inferred from bone and dental histology
(Kohler 2010). In order to analyze the LH strategy of extinct Equus in the context of
their body size (See Chapter 2 for further information), adult and neonatal size of the
Middle Pleistocene species E. steinheimensis and E. mosbachensis were calculated in this
PhD dissertation (Chapter 7). Adult weight of Late Pleistocene species (E. ferus and E.
hydruntinus) was compiled from literature (Cantalapiedra et al. 2017) (Chapter 8), but no



information about their size at birth could be obtained neither from previous studies nor
from the methodology developed in this thesis.

3.3.1. Inferring adult body mass in extinct Equus

Body size is frequently represented by its proxy, body mass (Damuth and MacFadden
1990). Body mass (weight) cannot be directly inferred from fossil remains, though it can be
estimated from allometric models that relate bone dimensions to body mass (Damuth and
MacFadden 1990). These models are represented by the power function y = ax’ (Damuth
and MacFadden 1990), which can be log transformed to obtain a linear relationship Iny =
Ina + b Inx (Peters 1983). In both equations, y is the dependent variable (i.e. body mass), x
is the independent variable (i.e. measurement taken on the bone), a is a constant and b is
the allometric coefficient (Alberdi et al. 1995). In the present PhD thesis, adult body mass
of E. steinheimensis and E. mosbachensis was assessed from different measurements on the
metacarpi and phalanges of adult (fused epiphyses) specimens. Specifically, the proximal
depth of the first phalanx and the distal minimal depth of the lateral condyle of the third
metacarpus were measured (Fig. 3.8) (Eisenmann et al. 1988) using a digital electronic
precision caliper (0.05 mm error). Measurements were then applied to the equations of
Alberdi et al. (1995) to predict the adult weight of these Middle Pleistocene species.

Figure 3.8. Measurements taken
(grey dotted arrows) on the distal
metacarpus (A) and the proximal
phalanx (B) of Middle Pleistocene
Equus for weight estimation.
Modified from Eisenmann et al. (1998).

3.3.2. Estimating size at birth in extinct Equus

Size at birth of Middle Pleistocene equids could not be represented on terms of body
mass. On the one hand, equations of Alberdi et al. (1995) to estimate body weight from
skeletal measurements are derived from adult specimens. Hence, they provide inaccurate
results if applied at earlier ontogenetic stages (Kohler 2010). Furthermore, measurements
performed at the mid-diaphysis of metacarpi and metatarsi on extant Equus do not
significantly correlate with body mass (Alberdi et al. 1995). As thin sections were prepared
at this point of the metapodial diaphysis, dimensions of BGMs (including the NL) are not
useful to infer body weight. Therefore, neonatal body mass of fossil specimens was not
calculated and just the perimeter of the NL was used as a proxy of the size at birth for these
extinct equid species.
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ABSTRACT

The study of bone growth marks (BGMs) and other histological traits of bone tissue
provides insights into the life history of present and past organisms. Important life
history traits like longevity or age at maturity, which could be inferred from the
analysis of these features, form the basis for estimations of demographic parameters
that are essential in ecological and evolutionary studies of vertebrates. Here, we study
the intraskeletal histological variability in an ontogenetic series of Asiatic wild ass
(Equus hemionus) in order to assess the suitability of several skeletal elements to
reconstruct the life history strategy of the species. Bone tissue types, vascular canal
orientation and BGMs have been analyzed in 35 cross-sections of femur, tibia and
metapodial bones of 9 individuals of different sexes, ages and habitats. Our results
show that the number of BGMs recorded by the different limb bones varies within
the same specimen. Our study supports that the femur is the most reliable bone for
skeletochronology, as already suggested. Our findings also challenge traditional beliefs
with regard to the meaning of deposition of the external fundamental system (EES).
In the Asiatic wild ass, this bone tissue is deposited some time after skeletal maturity
and, in the case of the femora, coinciding with the reproductive maturity of the species.
The results obtained from this research are not only relevant for future studies in fossil
Equus, but could also contribute to improve the conservation strategies of threatened
equid species.

Subjects Biodiversity, Conservation Biology, Paleontology, Zoology, Histology

Keywords Equus hemionus, Bone histology, External fundamental system, Bone growth marks,
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INTRODUCTION

The study of bone growth marks (BGMs) is nowadays the focus of many investigations
due to its potential to reconstruct many aspects of the life history of present and past
vertebrates (Amson et al., 2015; Kolb et al., 2015a; Woodward et al., 2015; Jordana et al.,
2016; Moncunill-Solé et al., 2016; Nacarino-Meneses, Jordana ¢ Kéhler, 2016; Orlandi-
Oliveras et al., 2016). These histological features, which record cyclic variation in bone
growth rate, can take the form of “lines of arrested growth” (LAGs) or of “annuli” within the
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cortical bone (Castanet et al., 1993). LAGs appear as thin dark lines in bone cross-sections
and are considered to represent moments of cessation of growth (Francillon-Vieillot et al.,
1990; Chinsamy-Turan, 2005). Annuli, on the other hand, are poorly vascularized rings
of lamellar or parallel-fibered bone within the bone cortex (Francillon-Vieillot et al., 1990;
Chinsamy-Turan, 2005) that indicate periods of growth rate decrease. From Peabody (1961)
to the present, it has repeatedly been demonstrated that most of the BGMs found in the
bone tissue record annual cycles of growth (cyclical growth marks—CGMs) reflecting
physiological cycles (Kohler et al., 2012) that match environmental cycles (Castanet et al.,
1993; Chinsamy-Turan, 2005). Nevertheless, BGMs are also suggested to register biological
events that entail moments of physiological stress in the organism (Woodward, Padian ¢
Lee, 2013) instead of periodical growth (Castanet, 2006).

From dinosaurs to mammals, the annual periodicity of the CGMs is the basis for
inferences of life history strategies in many groups of fossil organisms (e.g., Klevezal,
1996; Horner, De Ricqlés & Padian, 2000; Kéhler ¢ Moya-Sola, 2009). The number of
CGMs within a bone cortex allows researchers to calculate important life history traits
such as longevity (Castanet et al., 2004; Kiohler ¢» Moya-Sola, 2009; Kohler, 2010) or age
at maturity (Chinsamy & Valenzuela, 2008; Horner, De Ricqlés ¢ Padian, 2000; Kohler
& Moya-Sola, 2009; Kéhler, 2010; Marin-Moratalla, Jordana ¢ Kohler, 2013; Jordana et
al., 2016) by means of a technique called skeletochronology (Castanet et al., 1993). This
method also provides information about other biological aspects of the animals such as
their growth strategy or physiology (Horner, De Ricqlés ¢ Padian, 2000; Padian, De Ricqlés
& Horner, 2001; Kohler et al., 2012; Woodward et al., 2015). However, skeletochronology
has some limitations that are particularly important when dealing with mammals. Firstly,
the remodelling process (haversian systems) and the expansion of the medullary cavity
that accompany the increase in age can hide the presence of previous CGMs and, thus,
give an underestimated individual age (Woodward, Padian ¢ Lee, 2013). The inference of
this important trait could also be altered if non-cyclical BGMs are erroneously counted as
cyclical ones. On the other hand, CGMs are difficult to identify if they are located in the
lamellar and avascular bone tissue deposited in the outermost cortex of adult individuals
(external fundamental system—EFS) (Woodward, Padian ¢ Lee, 2013), because of the
structural similarity between LAGs and the lamellae of this tissue (Horner, De Ricqles
& Padian, 1999). Such misidentification of CGMs within the EFS, along with the fact
that mammals present asymptotic growth (Lee et al., 2013), also reduces the accuracy of
longevity estimates when old specimens are analyzed (Castanet et al., 2004; Woodward,
Padian & Lee, 2013). Finally, several authors had reported a variable number of CGMs
depending on the bone analyzed within an individual (Garcia-Martinez et al., 2011;
Woodward, Horner & Farlow, 2014). Thus, it is important to select the most appropriate
bone for skeletochronological studies in each taxon before making general assessments
about the life history of the species (Horner, De Ricqles & Padian, 1999).

The histological analysis of bones for this kind of research in mammals is still
little explored in comparison with other vertebrate groups (Castanet et al., 2004;

Kolb et al., 2015a; Jordana et al., 2016). However, since the study of Kohler et al.
(2012) that demonstrated the correlation between cyclical bone growth and seasonal
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physiology in a wide sample of ruminants, the number of histological works in extant
(Marin-Moratalla, Jordana & Kohler, 2013; Marin-Moratalla et al., 2014; Jordana et al.,
2016; Nacarino-Meneses, Jordana ¢ Kohler, 2016) and extinct mammals (Martinez-Maza
et al., 2014; Kolb et al., 2015b; Amson et al., 2015; Moncunill-Solé et al., 2016; Orlandi-
Oliveras et al., 2016) has considerably increased. Among all mammalian clades, members
of the family Equidae play a key role in extant and fossil ecosystems (MacFadden, 1992;
Downer, 2014). Besides, they are a classical group of research in Paleontology due to their
characteristic evolution (MacFadden, 2005). Nevertheless, histological studies in equids
are scarce and only a few aimed to infer the life history strategies of some fossil (Sander ¢
Andrdssy, 2006; Martinez-Maza et al., 2014) or extant representatives (Nacarino-Meneses,
Jordana & Kéhler, 2016) of the group.

For the reasons set out above, the main objective of the present work is to study the
histological variability (BGMs, pattern of vascularization, bone tissue types) between
different limb bones of the same individual in the Asiatic wild ass (Equus hemionus Pallas,
1775). With this study, we aim to find out what life history information can be inferred from
the histological study of equids and to try to determine which is the best skeletal element
to develop skeletochronological studies in this mammal. The kulan or Asiatic wild ass, a
mammal endemic to the Gobi desert, is one of the eight extant species of the family Equidae
(Steiner & Ryder, 2011) and presents nowadays a delicate conservation status (Kaczensky
et al., 2015). Because previous studies pointed out the potential of histological analyses
in conservation management of wild populations (Chinsamy ¢ Valenzuela, 2008; Garcia-
Martinez et al., 2011; Marin-Moratalla, Jordana ¢ Kéhler, 2013), we have considered this
species as the most appropriate to conduct this study. Moreover, its extant habitat—the
steppe and semi-desert plains of Mongolia, Iran, Turmekistan, India and China (Feh et al.,
20015 Reading et al., 2001; Kaczensky et al., 2015)—make this extant taxon the most similar
to fossil stenoid horses (Forstén, 1992) extending the importance of our research form
Conservation Biology to Palaeontology.

MATERIAL AND METHODS

Thin sections from femur, tibia, metatarsus and metacarpus were analyzed in an ontogenetic
series of 9 specimens of E. hemionus (Table 1). Only specimen IPS83154 lacks metacarpal
bone, totaling 35 the cross-sections studied. As shown in Table 1, the sample includes
individuals from different habitats, sex and ages. Sex data were provided by curators while
age at death was estimated according to dental eruption pattern of the species (Lkhagvasuren
et al., 2013) and corroborated with the analysis of cementum layers in adult individuals
(R Schafberg, pers. comm., 2014). Wild specimens (IPS83876-IPS83877) were collected
during the Mongolian-German Biological Expeditions in the Gobi desert (Schipke et al.,
2012) and are housed at the Natural History Collections of the Martin-Luther-University
Halle-Wittenberg (Halle, Germany). Captive individuals (IPS83149-1PS83155) lived in
the Hagenbeck Zoo (Hamburg, Germany) and belong to the collections of the Zoological
Institute of Hamburg University (Hamburg, Germany).

From the mid-shaft of each bone, we prepared histological slices following standard
procedures in our laboratory (Nacarino-Meneses, Jordana ¢» Kohler, 2016). After measuring
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Table 1 Sample studied.

Individual Estimated age Age group Habitat Sex Bones studied Collection
1PS83152 <3 weeks Perinatal Hagenbeck Zoo — Fe, Ti, Mc, Mt Zoological Institute of Hamburg
University (Hamburg, Germany)
IPS83153 0.5 years Foal Hagenbeck Zoo M Fe, Ti, Mc, Mt Zoological Institute of Hamburg
University (Hamburg, Germany)
IPS83154 0.5 years Foal Hagenbeck Zoo M Fe, Ti, Mc Zoological Institute of Hamburg
University (Hamburg, Germany)
1PS83149 1 year Yearling Hagenbeck Zoo — Fe, Ti, Mc, Mt Zoological Institute of Hamburg
University (Hamburg, Germany)
IPS83150 1 year Yearling Hagenbeck Zoo = Fe, Ti, Mc, Mt Zoological Institute of Hamburg
University (Hamburg, Germany)
1PS83151 1 year Yearling Hagenbeck Zoo = Fe, Ti, Mc, Mt Zoological Institute of Hamburg
University (Hamburg, Germany)
IPS83155 2 years Juvenile Hagenbeck Zoo JE Fe, Ti, Mc, Mt Zoological Institute of Hamburg
University (Hamburg, Germany)
1PS83876 4.5 years Adult Gobi desert F Fe, Ti, Mc, Mt Museum of Domesticated
Animals (Halle, Germany)
1PS83877 8 years Adult Gobi desert M Fe, Ti, Mc, Mt Museum of Domesticated
Animals (Halle, Germany)
Notes.

M, male; F, female; Fe, femur; Ti, tibia; Mc, metacarpus; Mt, metatarsus.

and photographing each bone, three centimeters of its mid-shaft were cut and embedded
in an epoxy resin (Araldite 2020). This block was later cut into two halves (ISO Met,
Biometa) and the exposed surface was polished with carborundum powder to be fixed
to a frosted glass with an UV curing glue (Loctite 358). Afterwards, it was cut with a
diamond saw (Petrothin, Buehler) up to a thickness of 100—120 microns and polished
again with carborundum powder. Finally, a mix of oils (Lamm, 2013) was spread over the
slice before being sheltered with a cover slip. Longitudinal sections were also prepared
from several blocks to corroborate that the identification of bone tissue types does not
rely on the orientation of the cutting plane (Stein ¢ Prondvai, 2014). All thin-sections were
observed in a Leica DM 2500P microscope under polarized light with a 1/4A filter and
photographed with the camera incorporated in the microscope. The use of a retardation
filter that colors the cross-section, which is not mandatory in this kind of studies, was used
to improve the visualization of BGMs and to facilitate the description of bone histology
and skeletochronology (Turner-Walker & Mays, 2008).

To analyze the histological variability between skeletal elements, bone tissue types and
BGM:s were studied. The histological descriptions follow the classification of Francillon-
Vieillot et al. (1990) and De Margerie, Cubo ¢ Castanet (2002). The terminology proposed
by Prondvai et al. (2014) was employed to describe the different components of the
fibrolamellar complex (FLC) (a special case of woven-parallel complex for this authors):
“fibrous” or woven bone (WB) and “lamellar” or parallel-fibered bone (PFB). Because
the femoral bone histology of the Asiatic wild ass has previously been described in detail
(Nacarino-Meneses, Jordana & Kéhler, 2016), only descriptions of the bone tissue of tibiae,
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metacarpi and metatarsi will be detailed in the present work. Regarding growth marks, we
have generally used the term “bone growth mark—BGM,” interchangeably for LAGs or
annuli, instead of “cyclical growth mark—CGM” because not all the marks identified in the
samples have proved to be periodical. Double LAGs or LAGs that split were considered as a
single event. BGMs were traced along the cross-sections and superimposition of individuals
was performed to identify growth marks that have been erased by the remodeling process
or the expansion of the medullary cavity (Woodward, Padian ¢ Lee, 2013). Each BGM
circumference was measured with ImageJ® software to estimate the bones’ perimeter

at different times during ontogeny and the results were plotted to obtain growth curves
for each sample (Bybee, Lee ¢ Lamm, 2006). The perimeter of the cross-section was
also calculated with ImageJ® software in those animals that are still growing (subadult
individuals) to estimate its bone perimeter at the time of death. The perimeter of adult
individuals was not determined and only the length of the BGMs identified within the EFS
is shown. Because it is generally considered that the presence of EFS indicates the cessation
of radial growth in long bones (Huttenlocker, Woodward ¢ Hall, 2013), the length of the
BGMs located in this bone tissue and the perimeter of the cross-section are almost the same
value. Thus, the estimation of the cross-section’s perimeter in adult specimens does not
provide relevant information about the growth of the animal. Furthermore, we calculated
the size variation per year of each bone in yearling and adult specimens as the difference
of BGMs’ perimeters of consecutive annual growth cycles and interpreted it as a proxy of
growth rate. Finally, several life history traits were calculated in each bone from the study
of CGMs. Age at death of the specimens was determined as the total number of CGMs
present in the bone cortex (Castanet et al., 2004) and compared with the age estimated
from teeth. Age at maturity was calculated by counting the CGMs before the deposition
of the EFS (Chinsamy & Valenzuela, 2008; Marin-Moratalla, Jordana & Kohler, 2013) and
contrasted with literature data.

RESULTS

Bone tissue types
All bones of E. hemionus present a well-vascularized FLC that is progressively remodeled
during ontogeny. However, the arrangement of the vascular canals embedded in the FLC
varies among the bones sampled and in the course of ontogeny. An ontogenetic change
in the proportion of the different components of the bone matrix (WB and PFB) has also
been noted in some of the limb bones studied, regardless of the orientation of the cutting
plane (transversal or longitudinal preparations).

The histology of kulan’s femora was previously described in Nacarino-Meneses, Jordana
& Kohler (2016). It consists of a highly vascularized FLC that presents an ontogenetic change
in the orientation of the vascular canals to a predominantly circumferential arrangement,
along with a decrease in the proportion of the WB of the matrix. The EFS was only
indentified in adult stages and remodeling was associated to the course of ontogeny and to
mechanical loading.

Tibial cortices consist of laminar bone (Fig. 1A) and remodeling begins early in ontogeny,
as the high number of secondary osteons (SO) identified in yearling specimens (Fig. 1B)
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Figure 1 Tibial bone histology of the Asiatic wild ass. (A) Detail of the lateral cortex of the foal
IPS83153, showing two areas that differ in the proportions of the parallel-fibered component (PFB) of the
bone matrix. (B) Haversian systems in the anterior cortex of the yearling IPS83150. (C) Anterior cortex
of the newborn individual (IPS83152) with a high proportion of parallel-fibered component (PFB) in its
bone matrix. (D) Packages of lamellar bone within the fibrolamellar complex in the anterior cortex of the
wild male (IPS83877). HS, haversian systems; LB, lamellar bone; PFB, parallel-fibered bone. Scale bars:

1 millimeter. All images were obtained under polarized light with a 1/42 filter.

suggests. Regarding primary bone tissue, the cortical bone of the perinatal individual
presents FLC with a high proportion of PFB in the bone matrix (Fig. 1C). The cortex of
foals, as well as those of yearling and juvenile individuals, is divided into two well-defined
areas that differ in the proportion of this bone matrix component. In these specimens, the
laminar bone of the internal cortex presents a higher proportion of PFB than the outer one
(Fig. 1A). The EFS is not identified in any of the tibiae analyzed. Instead, several packages
of a poorly vascularized lamellar bone that interrupt the FLC matrix, can be recognized in
the mid-outer cortex of adult specimens (Fig. 1D). This bone tissue differs from the real
EFS (Huttenlocker, Woodward ¢ Hall, 2013) because it is not restricted to the outermost
cortex.

Bone tissue and vascular arrangement is very similar in metatarsi and metacarpi. In
both skeletal elements, the bone cortex is mainly composed of a FLC with primary osteons
(POs) oriented in circular rows (Fig. 2A). The vascular canals of these POs present a larger
diameter in the outer half of the cortex than in the inner half (Fig. 2A). Some radial canals
are situated in the proximity of the medullary cavity in metacarpal bones (Fig. 2B) whereas
metatarsi present several areas with laminar bone (Fig. 2C). Haversian bone is restricted
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Figure 2 Metapodial bone histology of the Asiatic wild ass. (A) Anterior metatarsal cortex of the year-
ling IPS83149, showing a fibrolamellar complex with primary osteons oriented in circular rows. (B) Ra-
dial canals in the metacarpus of the yearling IPS83150. (C) Circular canals in the metatarsus of the foal
IPS83153. (D) Detail of the external fundamental system in the metatarsus of the wild female IPS83876.
EFS, external fundamental system; FLC, fibrolamellar complex. Scale bars: 1 millimeter. All images were
obtained under polarized light with a 1/42 filter.

to the posterior side of the cortex in immature kulans but it is more generalized in adult
ones. The EFS is identified in the outermost cortex of adult individuals (Fig. 2D).

Bone growth marks
Table 2 shows the number of BGMs identified in the different bones of each individual.
From foals to adults, all samples present these features, although its number varies among
skeletal elements of the same individual and between individuals of the same age category.
The presence of a BGM in the middle cortex of tibia, metacarpus and metatarsus
(Fig. 3, Table 2) of foals (IPS83153 and IPS83154) is surprising. LAGs and annuli are
known to be annual and deposited during the unfavorable season (i.e., winter for E.
hemionus) in mammals (Kohler et al., 2012). Because kulans tend to give birth in summer
(Zuckerman, 1952; Nowak, 1999; Feh et al., 2001; Feh et al., 2002) and our foals are around
six months old (Table 1), the CGM corresponding to the first winter should be observed in
the outermost cortex, not in the mid-cortex (Fig. 3). Therefore, this feature is interpreted
as a non-cyclical growth mark and will not be taken into account for age estimation.
Yearling specimens (IPS83149, IPS83150 and IPS83151) present a variable number of
LAGs. As it is shown in Table 2, one BGM is identified in all skeletal elements of IPS83151,
while IPS83149 and IPS83150 present two (Fig. 4). Such variability might be explained by
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Table 2 Number of bone growth marks (BGMs) identified in each cross-section.

Individual Estimated Age

Femur Tibia Metacarpus Metatarsus

Sex FLC EFS Total FLC EFS Total FLC EFS Total FLC EFS Total

age group
IPS83152 <3 weeks  Perinatal — 0 — 0 0 — 0 0 — 0 0 — 0
IPS83153 0.5 years Foal M 0 = 0 1 = 1 1 1 1 = 1
IPS83154 0.5 years Foal M 0 = 0 1 = 1 1 = 1 = = =
IPS83149 1 year Yearling = 2 = 2 2 = 2 2 = 2 2 = 2
IPS83150 1 year Yearling — 2 — 2 2 — 2 2 — 2 2 — 2
IPS83151 1 year Yearling = 1 = 1 1 = 1 1 = 1 1 = 1
IPS83155 2 years Juvenile F 1 - 1 2 — 2 1 — 1 2 — 2
IPS83876  4.5years  Adult F 4 1 5 4 - 4 3 2 5 3 2 5
1PS83877 8 years Adult M 4 2 6 5 = 5 4 2 6 4 2 6
Notes.

M, male; F, female; FLC, number of BGMs identified within the fibrolamellar complex; EFS, number of BGMs identified within the external fundamental system.
*Indicates that the most internal BGM has been considered as a non-cyclical BGM.

the fact that the first permanent molar is totally unworn in IPS38151 but presents initial
wear in IPS83149 and IPS83150. Thus, the former might be somewhat younger than the
others. Because these specimens are aged as one year, we interpret the most external BGM
identified in all bones of IPS83149 and IPS83150 (Figs. 4B and 4D) as CGM deposited
during the first year of life. However, we consider the internal BGM observed in these
individuals (Figs. 4B and 4D), as well as the single BGM identified in the mid-cortex of all
bones of IPS83151 (Figs. 4A and 4C), as a non-cyclical growth mark.

Two BGMs are identified in the tibia and the metatarsus of the juvenile individual
(IPS83155) while the femur and the metacarpus present only one (Table 2, Fig. 5). In these
latter bones, the growth mark appears in the outer cortex (Figs. 5A and 5C). Because this
individual is aged around two years, we consider that this external BGM is representing
the winter growth arrest during its second year of life. The second BGM in the tibia and
metatarsus is also found in the external part of the cortex (Figs. 5B and 5D), so we interpret
it as the CGM corresponding to the second winter. On the other hand, superimposition of
individuals reveals that the first BGM of these bones (Figs. 5B and 5D) does not correspond
to the CGM identified in yearlings, as it appears more internally within the cortex. This fact
suggests that the first winter has not been recorded in this animal and that such internal
BGM could be considered as non-cyclical.

Wild adult individuals (IPS83876 and IPS83877) also present differences in the number
of BGMs between limb bones (Table 2, Fig. 6). Femur, metatarsus and metacarpus of the
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Figure 3 Bone growth marks in foal kulans. (A) BGM in the lateral side of the tibia (IPS83154).

(B) BGM in the anterior cortex of the metacarpus (IPS83153). (C) BGM in the anterior side of the
metatarsus (IPS83153). White arrows indicate bone growth marks. Scale bar: 1 millimeter. All images were
obtained under polarized light with a 1/4A filter.
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Figure 4 Bone growth marks in yearling kulans. (A) Femoral bone cortex of IPS83151 showing one
BGM in its anterior side. (B) Tibial bone cortex of IPS83150 showing two BGMs in its lateral side. (C)
Metacarpal bone cortex of IPS83151 showing one BGM in its lateral side. (D) Metatarsal bone cortex of
IPS83149 showing two BGMs in its anterior side. White arrows indicate bone growth marks. Scale bar:
1 millimeter. All images were obtained under polarized light with a 1/4A filter.

wild female (IPS83876) show five BGMs while only four BGM:s are identified in its tibia
(Table 2, Figs. 6A, 6B, 6E and 6F). In the femur, four BGMs lie within the FLC and one
within the avascular and highly organized lamellar tissue deposited in the periphery of the
bone (EFS) (Table 2, Figs. 6A and 6B). Metapodial bones, however, present three BGMs
within the FLC and two BGMs in the EFS (Table 2, Figs. 6F and 6F). The four BGMs found
in the tibia are within the FLC, as an EFS is not identified in this bone. On the other hand,
the wild male (IPS83877) presents six BGMs in its femur and metapodial bones, whereas
five BGMs are found in the tibia (Table 2, Figs. 6C, 6D, 6G and 6H). Superimposition of
both adult individuals reveals that one BGM has been lost in the femur of the wild male due
to bone remodeling (Nacarino-Meneses, Jordana ¢ Kohler, 2016). This process, however,
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Figure 5 Bone growth marks in the juvenile kulan (IPS83155). (A) Femoral bone cortex showing one
BGM in its anterior side. (B) Tibial bone cortex showing two BGMs in its lateral side. (C) Metacarpal bone
cortex showing one BGM in its anterior side. (D) Metatarsal bone cortex showing two BGMs in its ante-
rior side. White arrows indicate bone growth marks. Scale bar: 1 millimeter. All images were obtained un-
der polarized light with a 1/42 filter.
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Figure 6 Bone growth marks in adult kulans. (A) Femoral bone cortex of the wild female (IPS83876)
showing five BGMs in its anterior side. (B) Detail of the most external BGMs identified in the femur of
1PS83876. Fifth BGM is located within the external fundamental system. (C) Tibial bone cortex of the wild
male (IPS83877) showing five BGMs in its lateral side. (D) Detail of the most external BGMs identified in
the tibia of IPS83877. (E) Metacarpal bone cortex of the wild female (IPS83876) showing five BGMs in its
anterior side. (F) Detail of the most external BGMs identified in the metacarpus of IPS83876. Fourth and
fifth BGMs are located within the external fundamental system. (G) Metatarsal bone cortex of the wild
male (IPS83877) showing six BGMs in its anterior side. (H) Detail of the most external BGMs identified
in the metacarpus of IPS83877. Fifth and sixth BGMs are located within the external fundamental sys-
tem. White dashed rectangles indicate areas of image magnifications. White arrows indicate bone growth
marks. White scale bar: 1 millimeter; black scale bar: 500 microns. All images were obtained under polar-
ized light with a 1/4X filter.

has not erased the presence of any BGM in the other limb bones studied. Thus, a total of
seven BGMs should be counted in the femur of the wild male: five in the FLC (one hidden
by secondary osteons) and two in the EFS. Five BGMs, all located in the FLC, are identified
in the tibia of this wild male (IPS83877; Table 2, Figs. 6C and 6D). Finally, four BGMs are
found in the FLC and two in the EFS of its metatarsus and metacarpus (Table 2, Figs. 6G
and 6H). The correspondence between the age of both adults and the number of BGMs
identified in their limb bones indicates that all these features could be considered as CGMs.
However, superimposition suggests that the most internal BGM observed in metapodial
bones of wild adults might be a non-cyclical feature, as they are deposited previously to the
CGM identified in yearlings.
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Growth curves
Based on the ontogenetic time schedule obtained from the study of the BGMs, we
represented the growth curve for the different bones of each specimen (Figs. 7A-7D).
In these graphs, the perimeter of the bone (outline of the BGM) at different years is plotted
against the estimated age. Because the non-cyclical BGM identified in several bones is
deposited sometime before the six months of life (Table 2, Fig. 3), it has been considered
as time “zero” in the growth curves. The amount of growth in successive years, calculated
as a proxy of growth rate, is also represented for yearlings and adult kulans (Figs. 7E-7H).
In adult individuals, the growth curves, as well as the plots of growth rate estimations,
indicate a change in the pace of growth during ontogeny. Figure 7A shows that in both
adults, growth of the femur slows down at the fourth year of life and from this time
onwards growth is minimal (Fig. 7E). However, this decrease in growth rate takes place at
the age of two in tibia, metatarsus and metacarpus (Figs. 7B=7D), followed by only minimal
growth (Figs. 7F=7H). Figure 7 also reveals differences in growth between captive and wild
kulans. The results obtained from the analysis of bone growth cycles of the femur indicate
two different growth tendencies with wild specimens growing more slowly than captives
(Fig. 7A). While this difference is not perceived in the growth curves of the other limb
bones studied (Figs. 7B—7D), growth rates of captive individuals are always higher than
those of wild kulans in the first year of life (Figs. 7E-7H).

DISCUSSION

In the present research, we analyzed the histological variability between limb bones in the
extant species Equus hemionus for the first time. Previous studies have addressed this issue
in isolated bones of fossil vertebrate species (Horner, De Ricqlés & Padian, 2000; Sander ¢
Andprdssy, 2006; Cullen et al., 2014; Martinez-Maza et al., 2014), but only a few have studied
the histological variation of bone tissue within the same individual (Horner, De Ricgles

& Padian, 1999; Garcia-Martinez et al., 2011; Woodward, Horner ¢ Farlow, 2014; Cambra-
Moo et al., 2015). Our analysis of kulan’s bone histology contributes to the knowledge
of intraskeletal variability in mammals, providing new and important results that are of
interest in different scientific areas. The applicability of histological studies to describe
the life history of past animals and their evolutionary trends is well known (Kéhler ¢
Moya-Sola, 2009; Marin-Moratalla et al., 2011; Martinez-Maza et al., 2014; Woodward et
al., 2015). However, many researchers claim that more studies in living taxa are needed to
truly understand the correlation between bone histology and the life history strategy of past
organisms (Martinez-Maza et al., 2014; Woodward, Horner & Farlow, 2014; Cambra-Moo
et al., 2015; Kolb et al., 2015a; Jordana et al., 2016). The results obtained from the present
research will serve as a basis for the inference of life history parameters from the histology
of extinct mammal species. Even more, skeletochronological studies of extant species are
also of interest in related biological disciplines like Conservation Biology (Chinsamy ¢
Valenzuela, 2008; Garcia-Martinez et al., 2011; Marin-Moratalla, Jordana ¢ Kohler, 2013).
Nowadays, most of the wild species of the genus Equus are threatened and conservation
policies are usually focus on genetic studies of captive individuals (Orlando, 2015). By
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Figure 7 Bone growth of the Asiatic wild ass. From (A-D), bone perimeter (mm, ordinate axis) is
plotted against estimated age (years, abscissa axis) to obtain growth curves. From (E-F), variation of
bone perimeter (mm, ordinate axis) is plotted against estimated age (years, abscissa axis) as a proxy of
growth rate. (A) Growth curves obtained from the femora. (B) Growth curves obtained from the tibiae.
(C) Growth curves obtained from the metacarpi. (D) Growth curves obtained from the metatarsi. (E)
Femoral growth rate. (F) Tibial growth rate. (G) Metacarpal growth rate. (H) Metatarsal growth rate.
Legend is shown in the bottom of the figure. In the graphs, filled characters represent females, unfilled
ones correspond to males and linear ones indicate animals with unknown sex. Dashed lines indicate wild
animals while continuous lines represent captive ones. Male and female symbols indicate the time of
deposition of the external fundamental system (EFS) in each wild adult respectively. It could be noted that
this moment does not match with the decline in periosteal growth rate.
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means of skeletochronology, however, key life history traits such as longevity or age at
sexual maturity can be inferred from the bone tissue of wild specimens (Castanet et al.,
2004; Marin-Moratalla, Jordana & Kohler, 2013; Jordana et al., 2016). This information can
be later used to calculate demographic parameters (e.g., life expectancy, generation time)
that are essential to improve the conservation status of the species in the wild (Feh et al.,
2001).

The detailed analysis of LAGs and annuli performed in the present research reveals that
the number of BGMs recorded by the different limb bones varies within the same specimen
(Table 2), a fact that has previously been reported for other vertebrate groups (Horner,
De Ricqlés & Padian, 1999; Garcia-Martinez et al., 2011; Cullen et al., 2014; Woodward,
Horner & Farlow, 2014). Our results show that the femur registers the highest total number
of BGMs, as well as the highest number of these features within the FLC (Table 2).
This observation, which has previously been observed in mammals (Garcia-Martinez
etal, 2011), is likely related with the fact that the femur is the bone that more tightly
correlates with the final size of the individual because it fuses its epiphyses late in ontogeny
(Silver, 1969). Furthermore, the total number of CGMs identified in this bone agrees fairly
well with the estimated age of the specimens (Table 2), even in the oldest one, which is aged
8 years and present 7 CGMs (one obscured by haversian systems) in the cross-section. This
result provides reliability to the estimation of longevity in wild populations of Asiatic wild
ass that are known to live around nine years in the wild (Kaczensky et al., 2015). Horner,
De Ricqlés & Padian (1999), in their study of Hypacrosaurus stebingeri, suggested that also
the tibia is suitable for skeletochronology. However, the presence of many haversian
systems in the tibial cortices of hemionus yearlings (Fig. 1B) indicates that it does not
provide accurate skeletochronological results in the Asiatic wild ass. The use of metapodial
bones in skeletochronology is still a controversial issue. While Horner, De Ricqles ¢ Padian
(1999) do not recommend it, for perissodactyls, Martinez-Maza et al. (2014) obtained
acceptable results in their histological analysis of the fossil species Hipparion concudense.
In artiodactyls, however, it does not work because of the ontogenetically late fusion of
metatarsus III and IV that deletes growth structures (M Kohler, pers. obs., 2006). Our
results show that these bones record a similar total number of BGMs as the femur (Table 2),
although the first BGM identified in these skeletal elements seems to be a non-cyclical BGM
(Table 2, Figs. 3—6), a fact that must be taken into account when calculating individual
age. This information is especially important for studies that comprise a single individual,
to not overestimate the results. Moreover, adult metacarpi and metatarsi show a lower
number of BGMs than femora within the FLC (Table 2, Fig. 6), which contrasts with the
results obtained by Martinez-Maza et al. (2014). The presence of BGMs in the fibrolamellar
tissue provides important information about the growth and the timing of key life history
traits of the species. Because it is deposited during growth (Huttenlocker, Woodward ¢
Hall, 2013) distance between BGMs has been used to estimate growth rates in extant and
extinct mammals (Marin-Moratalla, Jordana ¢ Kohler, 2013; Kolb et al., 2015b). On the
other hand, the number of BGMs within the FLC seems to correlate with the time of
sexual maturity in artiodactyls (Marin-Moratalla, Jordana & Kohler, 2013; Jordana et al.,
2016). Therefore, the results obtained from metapodial bones should be used with caution.
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Despite these drawbacks, the skeletochronological study of metacarpi and metatarsi still
provide valuable individual age estimates because they present a similar total number of
BGMs as femora (Table 2). This result is especially interesting for the inference of longevity
in fossil species, as these bones are the most abundant remains of equids in paleontological
sites.

Regarding bone tissue types, our results show that femora and tibiae present laminar
bone (Fig. 1A) while the cortices of metapodial bones are mainly composed of longitudinal
POs arranged in circular rows (Fig. 2A) (Francillon-Vieillot et al., 1990). This histological
variability, which agrees with previous descriptions of the bone tissue of extant (Enlow
& Brown, 1958; Stover et al., 1992) and fossil (Sander ¢ Andrdssy, 2006; Martinez-Maza et
al., 2014) equid species, is likely related with the specific growth rate and biomechanics
of each bone (Horner, De Ricqlés & Padian, 1999; De Margerie, Cubo & Castanet, 2002;
De Margerie et al., 2004). On the one hand, the kind of bone matrix is associated with
different growth rates (Amprino, 1947; Huttenlocker, Woodward & Hall, 2013) while the
arrangement of the vascular canals is commonly related to mechanical forces (De Margerie,
Cubo & Castanet, 2002; De Margerie, Cubo ¢ Castanet, 2002). Furthermore, ontogenetic
histological changes regarding bone matrix have been noticed in the different limb bones
studied. Our study shows a marked change in the proportion of PFB (Fig. 1A) within the
FLC matrix in tibiae of subadult kulans. Bone matrix change, along with a modification
of the orientation of the vascular canals, has also been observed in femora of E. hemionus
(Nacarino-Meneses, Jordana ¢ Kohler, 2016). These histological modifications are likely
related to both the changes in loadings (Firth, 2006) and in growth rate (Peters, 1983) that
foals experience at the moment of birth.

Amongst all bone tissue types, the occurrence of EFS in vertebrates is a controversial
issue. Traditionally, its deposition has been interpreted as the attainment of skeletal maturity
(Cormack, 1987; Chinsamy-Turan, 2005; Woodward, Padian ¢ Lee, 2013; Martinez-Maza
et al., 2014; Amson et al., 2015; Kolb et al., 2015b) but recent studies have shown that, at
least in mammals, it might also be related with the onset of sexual maturity of the species
(Klevezal, 1996; Marin-Moratalla, Jordana ¢ Kohler, 2013; Jordana et al., 2016). Growth
studies have been shown to provide good estimations of these traits in fossil species
(Lee et al., 2013). Our results indicate that the EFS is deposited after epiphyseal fusion in
all bones and at a later time in the male than in the female (Table 3, Fig. 7). Actually, in
most of the bones analyzed, the time of fusion of both epiphyses agrees with an important
drop in the rate of radial growth (inflection point in the growth curves, Fig. 7) and does
not match the time of deposition of the EFS. Concretely in the femur, which epiphyses
are fused at the age of three (Silver, 1969), the EFS of the wild female is deposited in the
fourth year of life while in the wild male it appears at the age of six (Table 3, Fig. 7). In
metapodials, the EFS appears after the third year in the female and after the fourth year
in the male (Table 3, Fig. 7). These skeletal elements are completely fused at the age of
two (Silver, 1969). The correspondence between the pronounced decrease in periosteal
growth rate and the age of epiphyseal fusion (Silver, 1969) (Table 3) suggests the decrease
in periosteal growth rate to be a good indicator of the end of longitudinal growth in the
respective bone. However, the deposition of the EFS some time after growth decline (Fig. 7)
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Table 3 Age of deposition of the external fundamental system (EFS) in the limb bones of adult kulans and time of several biological traits in
equids obtained from the literature. Age of epiphyseal fusion (Silver, 1969) is indicated for the closely related species Equus caballus while age at
sexual maturity (Nowak, 1999) and age at first reproduction (Kaczensky et al., 2015) is reported for Equus hemionus. All data are expressed in years.

EFS Epiphyseal fusion
F T Mc Mt F T Mc Mt Sexual maturity Age at first reproduction
Female 4 = 3 3 3=25 3-3.5 1.25-1.5 1.3-1.6 2 3
Male 6 = 4 4 3-3.5 3-3.5 1.25-1.5 1.3-1.6 3 5

Notes.
F, femur; T, tibia; Mc, metacarpus; Mt, metatarsus.

indicates that the bone shaft continues growing at minimal rates over some time until full
radial growth is achieved (Huttenlocker, Woodward ¢ Hall, 2013). This decoupling between
longitudinal and radial growth suggests that inferences of skeletal maturity from the time
of deposition of the EFS in equids might be incorrect. However, the presence of the EFS
in femora agrees fairly well with the age at first reproduction reported for E. hemionus
(Table 3; Kaczensky et al., 2015). In general terms, the femur in mammals presents the
longest time of development with the latest epiphyseal fusion (Silver, 1969). Thus, its
histological structure should provide the best record of life history events. It is known that
although kulans are sexually mature at their second or third year of life (Nowak, 1999),
they delay some years its first mating (Kaczensky et al., 2015). Hence, our results provide
histological evidence for this well-known behavior in equids (Fielding, 1988; Monfort,
Arthur & Wildt, 1994).

Finally, the growth analysis has also revealed a high inter-individual variability in size
(Fig. 7) that should be taken into account when retrocalculating lost CGMs. Our results,
although obtained from a relatively small sample size, show different femoral growth
tendencies between wild and captive individuals (Fig. 7A) and a higher growth rate in
captive exemplars than in wild ones during the first year of life (Figs. 7E—7H). These
differences, that reflect the influence of the habitat in the life history of the species, have
previously been reported for mammals (Marin-Moratalla, Jordana ¢ Kéhler, 2013) and
alligators (Woodward, Horner ¢» Farlow, 2014) and are related with the constant food
supply and care that captive animals experience during their life (Asa, 2010). To obtain the
most accurate data, we propose to study wild animals when possible to avoid overestimation
of growth rates for the species under study.

CONCLUSIONS

Our study analyzes the histological variation between different limb bones of the Asiatic
wild ass. Our research provides evidence that the femur is the most reliable bone for
skeletochronological studies in equids, although metapodial bones also provide good
individual age estimations. The use of tibiae, however, is not recommended for this
group due to the high presence of secondary osteons observed in early ontogenetic stages.
Furthermore, all bones present histological changes regarding the proportions of bone
matrix components and / or the arrangement of vascular canals in the course of ontogeny.
Finally, the presence of an EFS in the outermost cortex of adult femora is likely related
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to the reproductive maturity of the species (first reproduction) than to skeletal maturity.
Skeletal maturity, however, is recorded in growth curves as a significant drop in periosteal
growth rate.
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ABSTRACT

The annual cyclicality of cortical bone growth marks (BGMs) allows reconstruction
of some important life history traits, such as longevity, growth rate or age at maturity. Little
attention has been paid, however, to non-cyclical BGMs, though some record key life
history events such as hatching (egg-laying vertebrates), metamorphosis (amphibians), or
weaning (suggested for Microcebus and the hedgehog). Here, we investigate the relationship
between non-cyclical BGMs and a stressful biological event in mammals: the moment
of birth. In the present study, we histologically examine ontogenetic series of femora,
tibiae and metapodia in several extant representatives of the genus Equus (E. hemionus,
E. quagga and E. grevyi). Our analysis reveals the presence of a non-cyclical growth mark
that is deposited around the moment of birth, analogous to the neonatal line described
for teeth. We therefore refer to it as neonatal line. The presence of this feature within the
bone cross-section agrees with a period of growth arrest in newborn foals regulated by
the endocrine system. The neonatal line is accompanied by modifications in bone tissue
type and vascularization, and has been identified in all bones studied and at different
ontogenetic ages. Our discovery of a non-cyclical BGM related to the moment of birth in
mammals is an important step towards the histological reconstruction of life histories in
extant and fossil equids.
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INTRODUCTION

The study of bone microstructure provides key insights into the life history strategy
of extant and extinct vertebrates. Bones present distinctive histological features that allow
inference of important life history traits of species, such as growth rate (Padian et al. 2001;
de Margerie et al. 2002; Cubo et al. 2012; Lee et al. 2013), longevity (Castanet et al. 2004;
Kohler and Moya-Sola 2009; Woodward et al. 2015; Nacarino-Meneses et al. 2016a) or age
at maturity (Chinsamy and Valenzuela 2008; Kéhler 2010; Marin-Moratalla et al. 2013;
Jordana et al. 2016; Nacarino-Meneses et al. 2016b). The arrangement of collagen fibers
within the bone matrix, its vascularization and the density and number of bone cells are
directly related to the rate of bone deposition (Amprino 1947; Castanet et al. 2000; de
Margerie et al. 2002; Chinsamy-Turan 2005; Huttenlocker et al. 2013; Lee et al. 2013).
Analysis of these histological characteristics, hence, allows estimation of growth rate in
extant and extinct taxa (Padian et al. 2001; Kéhler and Moya-Sola 2009; Cubo et al. 2012;
Marin-Moratalla et al. 2013; Marin-Moratalla et al. 2014; Orlandi-Oliveras et al. 2016).
Inferences of longevity and age at maturity, on the other hand, are based on the study
of bone growth marks (BGMs) by means of skeletochronology (Kéhler and Moya-Sola
2009; Kohler 2010; Marin-Moratalla et al. 2013; Woodward et al. 2013; Jordana et al. 2016;
Moncunill-Solé et al. 2016; Nacarino-Meneses et al. 2016b). This sort of studies relies on
the annual periodicity of cyclical growth marks (CGMs), which record hormonal and
physiological cycles (Kohler et al. 2012) that are synchronized with seasonal photoperiod
and resource availability (Castanet et al. 1993; Chinsamy-Turan 2005).

However, not all BGMs reflect periodical growth (Castanet et al. 1993; Castanet
2006; Woodward et al. 2013). Although the ultimate causes of deposition of non-cyclical
BGMs are poorly understood, they are supposed to record stressful biological events that
affect the organism (Castanet 2006) and thereby periosteal bone growth (Woodward et
al. 2013). During their growth, long bones increase in diameter and change in shape to
cope with biomechanical loads (Martin et al. 1998; Currey 2002). Microscopically, these
diaphyseal changes involve the simultaneous deposition of bone at the periosteal (external)
surface and its resorption at the endosteal (internal) margin of the bone shaft (Martin et
al. 1998; Chinsamy-Turan 2005; Woodward et al. 2013). This process, named cortical drift
(Martin et al. 1998; Chinsamy-Turan 2005), may leave non-cyclical resorption lines within
the bone cross-section (Woodward et al. 2013). These consist of incomplete circles that
are limited to the affected bone area (Woodward et al. 2013). Other non-cyclical BGMs
have been related to specific biological events that represent moments of physiological
stress in the individual (Castanet et al. 1993; Castanet 2006). These BGMs do not result
from resorption but they are deposited along the whole growth front of the bone, thus
forming complete circles within the bone cross-section at the time of deposition (Castanet
et al. 1993). Several authors have described non-cyclical BGMs that record hatching in
amphibians and reptiles (Castanet and Baéz 1991; Bruce and Castanet 2006; Chinsamy
and Hurum 2006; Hugi and Sanchez-Villagra 2012), metamorphosis in amphibians
(Hemelaar 1985; Esteban et al. 1999; Khonsue et al. 2001; Ento and Matsui 2002; Esteban
et al. 2002; Jakob et al. 2002; Olgun et al. 2005; Sinsch 2015) and weaning in mammals



(Morris 1970; Castanet et al. 2004; Castanet 2006).

In a previous study of limb bone histology of the Asiatic wild ass (Equus hemionus),
we identified a non-cyclical BGM in most of the bone cortices analyzed (Nacarino-
Meneses et al. 2016b). On that basis, we develop the present research, which primary
objective is to thoroughly explore the causes that led to the deposition of this feature in
Equus, and to increase our understanding of the appearance of non-cyclical BGMs of
physiological origin in mammals in general. Thus, we aim to investigate the non-cyclical
BGM previously found in E. hemionus and to explore its presence in other Equus species
at different ontogenetic stages from perinates to adults. We will further examine if this
non-cyclical BGM appears associated to other histological changes. When deposited as a
consequence of a physiologically stressful event, such as hatching, these structures have
been described to be associated with changes in bone tissue type and vascularization
(Bruce and Castanet 2006; Chinsamy and Hurum 2006; Hugi and Sanchez-Villagra 2012).

MATERIAL AND METHODS

Thin sections of femur, tibia, metacarpus and metatarsus were prepared from
ontogenetic series (perinates to adults) of E. hemionus, E. quagga (Plains zebra) and
E. grevyi (Grevy’s zebra) (Table 1). We selected these Equus species because they cover
almost all habitats and life histories of the genus (Nowak 1999; Ernest 2003; Kaczensky et
al. 2015; King and Moehlman 2016; Rubenstein et al. 2016). We studied 9 individuals of
E. hemionus, 11 of E. quagga and 4 of E. grevyi (Table 1). The sample comprises 35 thin
sections of E. hemionus, 14 of E. quagga and 10 of E. grevyi, totaling 59 the thin sections
of the study (Table 1). As shown in Table 1, specimens differ in habitat, age and sex. Most
specimens of this study lived captive in the Hagenbeck Zoo (Hamburg, Germany) and
are stored at the Zoological Institute of Hamburg University (Germany). Several zebra
specimens (Table 1) lived semi-captive in the African Reserve of Sigean (Sigean, France)
and belong to the collections of the Catalan Institute of Paleontology (Barcelona, Spain).
Finally, adult individuals of Asiatic wild ass lived wild in the Gobi Desert (Table 1).
Found killed by poachers, they were collected during the Mongolian-German Biological
Expeditions (2001 - 2006) (Schopke et al. 2012) and are currently housed at the Museum
of Domesticated Animals (Halle, Germany). Curators and veterinarians of the different
institutions provided information of the sex (R. Schatberg and B. Lamglait, pers. comm.).
Additionally, B. Lamglait of the African Reserve of Sigean (France) facilitated the exact
age at death of the animals that lived in their institution (B. Lamglait, pers. comm.) and
R. Schafberg provided an estimated age for adult kulans (R. Schatberg, pers. comm.). The
rest of specimens belonging to museum collections were aged according to the eruption
and wear pattern of the species (Silver 1963; Smuts 1974; Penzhorn 1982; Lkhagvasuren
et al. 2013; Nacarino-Meneses et al. 2017). In adult individuals, these estimations were
validated by the number of annual cementum layers present in the first lower incisor
(Lkhagvasuren et al. 2013; Nacarino-Meneses et al. 2017). In several subadult specimens,
age calculation was also corroborated by crown formation time inferred from the study
of enamel laminations (Nacarino-Meneses et al. 2017). We grouped our specimens into



the classical life stages proposed for equids (Table 1): foals (less than 1 year), yearlings
(between 1 and 2 years), juveniles (between 2 and 4 years) and adults (more than 4 years).
We further considered an additional age category for the youngest animals of our sample:
the perinatal stage. Perinatal specimens were aged by the species-specific tooth eruption
sequence, which starts between the first (in E. quagga; (Smuts 1974)) and the third week of
life (in E. hemionus; (Lkhagvasuren et al. 2013)). Tooth eruption in our animals indicates
that they were younger than 1 and 3 weeks respectively, but we cannot assess from this
methodology whether they died during birth, just after birth or few days before birth.
Therefore, we preferred to use the term “perinate” to designate this age group, instead of
“newborn’, “fetus” or similar.

Species CoIcI:::::on Age Age group Sex Habitat sI:::ieeSd Collection
UH 6970 <3w. Perinate - HZ Fe, Ti, Mc, Mt ZIHU
UH 7009 5mo. Foal M HZ Fe, Ti, Mc, Mt  ZIHU
UH 7016 5mo. Foal M HZ Fe, Ti, Mc ZIHU
UH 5929 6 mo. Foal = HZ Fe, Ti, Mc, Mt ZIHU
UH 5547 6-12mo. Yearling - HZ Fe, Ti, Mc, Mt ZIHU
UH 5546 6-12mo. Yearling - HZ Fe, Ti, Mc, Mt ZIHU
UH 7528 1-2y. Juvenile F HZ Fe, Ti, Mc, Mt ZIHU
225 45y. Adult F GD Fe, Ti, Mc, Mt MDA
381 8y. Adult M GD Fe, Ti, Mc, Mt MDA
UH 903 <lw. Perinate = HZ Fe ZIHU
UH 6189 <Tw. Perinate - HzZ Fe ZIHU
A15/007 4 mo. Foal F ARS Fe, Ti ICP
UH 7467 4 mo. Foal - Hz Fe ZIHU
UH 7529 5 mo. Foal F HZ Fe ZIHU
A16/085 9 mo. Foal F ARS Ti, Mc, Mt ICP
UH 800 1y. Yearling = HZ Fe ZIHU
A15/013 1y. Yearling F ARS Ti ICP
A14/330 1y.+2mo. Yearling M ARS Fe ICP
A15/049 1y.+2mo. Yearling F ARS Ti ICP
UH 397 5y. Adult = HZ Fe ZIHU
A15/020 1 mo. Foal M ARS Fe, Ti ICP
UH 8255 4 mo. Foal E Hz Fe, Ti, Mt ZIHU
A15/120 2y. Juvenile M ARS Fe, Ti ICP
UH 7111 5y. Adult F Hz Fe, Ti, Mt ZIHU

Table 1. Sample studied. w.: weeks; mo.: months; y.: years; M: male; F: female; Fe: femur; Ti: tibia; Mc:
metacarpus; Mt: metatarsus; GD: Gobi Desert (Mongolia, Asia); HZ: Hagenbeck Zoo (Hamburg, Germany);
ARS: African Reserve of Sigean (Sigean, France); ICP: Catalan Institute of Paleontology (Barcelona, Spain);
MDA: Museum of Domesticated Animals (Halle, Germany); ZIHU: Zoological Institute of Hamburg
University (Hamburg, Germany).

Histological slices were prepared following standard methods in our laboratory
(Nacarino-Meneses et al. 2016a; Nacarino-Meneses et al. 2016b). From the mid-shaft of



each bone, we extracted a block of 3 cm that was then embedded in epoxy resin (Araldite
2020). This block was later cut into two halves using a low speed diamond saw (IsoMet,
Buehler). The cut surfaces were then polished with carborundum powder or with a
MetaServ 250 (Buehler) and fixed to a frosted glass with Loctite 358, an ultraviolet-curing
adhesive. Samples were then cut and grounded with a diamond saw (PetroThin, Buehler)
and polished again either with carborundum powder or with a grinder-polisher (MetaServ
250, Buehler) to obtain a final thickness of approximately 100 — 120 um. Finally, thin
sections were covered with a mix of oils (Lamm 2013) to improve the visualization of
the histological features under the microscope. All thin sections obtained in the present
research belong to the collections of the Catalan Institute of Paleontology (ICP, Barcelona,
Spain) and are available to researchers. Histological thin sections were observed using
polarized light under a Leica DM 2500P microscope and under a Zeiss Scope.Al
microscope. Micrographs were taken with the incorporated cameras (Leica DFC490 and
AxioCam ICc5). Several samples were also analyzed under polarized light with a % A filter
to facilitate the identification of the bone tissue types and the visualization of the BGMs
(Turner-Walker and Mays 2008).

We recorded the presence or absence of non-cyclical BGMs in all species, bones
and ontogenetic stages under study. The classification of BGMs as cyclical or non-cyclical
was made considering the position of the BGM within the bone cross-section in relation
to the age of the individual. For instance, a BGM identified in the mid-cortex of a kulan
foal aged 5 months (e.g. IPS83153, Table 1) was considered as non-cyclical (Nacarino-
Meneses et al. 2016b). As E. hemionus tends to give birth in summer (Zuckerman 1952;
Nowak 1999), the CGM that records the growth arrest during the unfavorable season
(i.e. winter for this species) (Kohler et al. 2012) is expected to be found in its outermost
cortex. Accordingly, any BGM deposited in the internal part of the cross-section at this
ontogenetic stage should be considered as non-cyclical. In yearlings, the identification of
non-cyclical BGMs and its differentiation from cyclical ones was made following a similar
procedure as in foals, that is, considering the age of the individual and the location of
the BGM within the bone cortex. In yearlings, we identified an additional BGM to that
expected from age (2 BGMs in total) (Nacarino-Meneses et al. 2016b). Because CGMs
are known to be deposited annually (Kohler et al. 2012) and these specimens are aged
around one year (Table 1), we considered the most external BGM as a CGM and the
most internal BGM as a non-cyclical one (Nacarino-Meneses et al. 2016b). In juveniles
and adults, we did not always find an extra BGM in relation to their age, but non-cyclical
features were recognized by performing superimposition of individuals (Woodward et al.
2013). In these age categories, those BGMs were considered as non-cyclical whether they
were deposited earlier than the CGM found in yearlings (Nacarino-Meneses et al. 2016b).
Superimposition (Woodward et al. 2013) was also applied to identify non-cyclical BGMs
that have been erased by resorption of the medullary cavity. Likewise, this technique was
employed to evaluate the correspondence between the perimeter of the non-cyclical BGM
identified in different ontogenetic stages and the perimeter of the perinatal individual,
with the objective to find a correlation between this non-cyclical feature and a specific key
life history event such as the moment of birth. In our sample, we have a complete set of



all limb bones (femur, tibia, metacarpus and metatarsus) of the perinatal stage only from
E. hemionus (IPS83152, Table 1). Therefore, we used superimposition in this equid to
establish the relationship between the non-cyclical BGM and birth. Since this non-cyclical
feature shares several characteristics between species (position, associated histological
changes), we considered this structure analogous in all equids analyzed. This allowed us
to extrapolate this life history trait to the other species under study.

We further analyzed bone tissue types and vascularization in the proximity of the
non-cyclical BGM to identify any histological changes related to the deposition of this line.
Bone tissue types were classified following Francillon-Vieillot et al. (1990) and de Margerie
etal. (2002), while the description of the different components of the fibrolamellar complex
(FLC) follows Prondvai et al. (2014). These authors indicate that the FLC is composed of
a mix of “fibrous” or woven bone (WB) and “lamellar” or parallel-fibered bone (PFB)
(Prondvai et al. 2014). The pattern of vascularization was also classified following classical
bibliography (Francillon-Vieillot et al. 1990; de Margerie et al. 2002). In all limb bones
studied, we quantitatively analyzed the area of the longitudinal vascular canals (VCs)
before and after the presence of the non-cyclical BGM. We restricted the measurements
to longitudinal VCs and we did not consider other VC orientations because we have
previously noted a difference in size of VCs with this specific arrangement regarding its
location in the inner or in the outer cortex of E. hemionus’ foals (Nacarino-Meneses et al.
2016b). VCs with blurred contours were not drawn or measured (S1 Fig) to reduce error.
Secondary osteons (Haversian canals) were also excluded from the analysis (S1 Fig), as the
present research is only focused on primary bone. Measurements were taken with Image ]
software on areas of 2.6 x 2.2 mm (5.7 mm?) in the antero-medial region of each bone, at
both sides of the non-cyclical BGM (S1 Fig). For each longitudinal VC, we used the circle
tool provided by this computer program to manually adjust an ellipse to the edges of this
biological structure (S1 Fig). Afterwards, the area of such ellipse was calculated with the
“Measure” action integrated in the “Analyze” panel of Image J. Statistical analyses were
carried out with Java Gui for R version 1.7-16 (Fellows 2012). For each bone and Equus
species, we first calculated the main descriptive statistics (n, mean, standard deviation)
for the variable “area of the longitudinal VCs” regarding the position of the VC before
or after deposition of the non-cyclical BGM (Table 2). Afterwards, we tested the variable
for normality within each group (before the non-cyclical BGM and after the non-cyclical
BGM) on the different bones (femur, tibia, metacarpus and metatarsus) and species studied
(E. hemionus, E. quagga and E. grevyi) using Shapiro-Wilk normality test (Dytham 2011).
Because several data did not follow a normal distribution (p-value<0.05), we performed
a non-parametric test (Dytham 2011) to statistically evaluate the differences in area of
the longitudinal VCs at both sides of the non-cyclical BGM within each bone and species
under study. Specifically, Mann-Whitney U test (also named Mann-Whitney-Wilcoxon,
Wilcoxon rank-sum test or Wilcoxon-Mann-Whitney test) was applied (Dytham 2011)
and a p-value of p<0.05 was considered to be statistically significant.



ResuLts

Non-cyclical BGMs are recognized in the bone cortices of all equid species under
study, although the identification of these features varies between bones and ontogenetic
stages (Fig 1). Only one non-cyclical BGM, which always appears as the first BGM

Metapodia

Perinate

(=2
=
=

o
S

Juvenile

Figure 1. Presence and absence of the neonatal line (NL) in the limb bones of extant Equus. From
up to down: Femur - IPS92343 (E. quagga), IPS101798 (E. quagga), IPS101800 (E. quagga), IPS101804
(E. grevyi), IPS83876 (E. hemionus); Tibia — IPS83152 (E. hemionus), IPS101798 (E. quagga), IPS101801 (E.
quagga), IPS101804 (E. grevyi), IPS84963 (E. grevyi); Metapodials — IPS83152 (Mc, E. hemionus), IPS84964
(Mt, E. grevyi), IPS83150 (Mt, E. hemionus), IPS83155 (Mc, E. hemionus), IPS83876 (Mt, E. grevyi). Mc =
metacarpus; Mt = metatarsus. White arrows indicate the NL. Scale bars = 1 mm.



deposited (i.e. the most internal BGM), is found in bone cross-sections (Fig 1). Changes
in vascularity and bone matrix typology are also identified associated to the presence of
this non-cyclical feature in the different limb bones analyzed.

Femur

In all species analyzed, we identify a non-cyclical BGM in the femoral cortex of foals
(IPS83153, IPS83154, IPS83151, IPS101798, IPS92345, 1PS$92342, IPS101802, IPS84964)
and yearlings (IPS83149, IPS83150, IPS92341, IPS101800) (Fig 1). In the youngest animal
of our sample, a 1-month-old Grevy’s zebra (IPS101802, Table 1), this feature is situated in
the outermost cortex (Fig 2A and 2B). We do not find any non-cyclical BGM, however, in

Figure 2. Neonatal line (NL) identified in the femoral and tibial external cortex of a 1-month-old
Grevy'’s zebra. (A) Femoral cortex of IPS101802. (B) Detail of the NL identified in the femur of IPS101802.
(C) Tibial cortex of IPS101802. (D) Detail of the NL identified in the tibia of IPS101802. White arrows
indicate NL. White dashed rectangles indicate areas of image magnification. White scale bars = Tmm;
black scale bars =200 pm.

the femur of perinates (IPS83152, IPS92343, IPS92344), juveniles (IPS83155, IPS101804)
or adults (IPS83876, IPS83877, IPS92346, IPS84963) (Fig 1). Superimposition performed
in this bone shows that the bone tissue formed during the earliest ontogenetic stages
(perinatal, foal) is lost in juvenile individuals through resorption of the medullary cavity
(Fig 3), which erased any early non-cyclical BGM in the femora of juvenile and/or adult
specimens. Interestingly, superimposition performed in the Asiatic wild ass reveals that
the cortical perimeter of the perinatal individual almost matches the non-cyclical BGM
found in the femora of foals and yearlings (Table 2 and Fig 4A). As shown in Table 2, the
perimeter of the perinatal femur is 75.08 mm while the perimeter of the non-cyclical
BGM varies between 76.89 mm and 85.93 mm in this bone. For this reason, we consider



this BGM as a stress line related to the birth event of the animal and, henceforward, we
will refer to it as neonatal line (NL).

Foal
(IPS101802)

Juvenile Figure 3. Superimposition of
(IPS101804) foal’s (IPS101802) and juvenile’s
(IPS101804) femur of E. grevyi.
Figure shows a high resorption
of the medullary cavity in the
juvenile femur that has erased
the neonatal line (NL) identified in
smm thefoal (red line). A = anterior, L =
lateral.

We recognize several histological changes related to bone tissue type and to the
arrangement of the VCs in the surroundings of the NL (Fig 5A - C). In femora of E.
hemionus, the NL divides the bone cortex in two areas: an internal one composed of FLC
with longitudinal VCs and an external ring of laminar bone (Fig 5A). In E. quagga and
E. grevyi, however, the NL is associated with a change in the components of the FLC, as
femora of both zebras shows a higher proportion of PFB before the deposition of this non-
cyclical BGM (Fig 5B and 5C). In all species studied, we observe significant differences
in the area of the longitudinal VCs before and after the NL (E. hemionus, W=14004.5
and p<0.001; E. quagga, W=9408.5 and p<0.001; E. grevyi, W=3208 and p<0.001). VCs
identified before this mark are smaller than those found after this feature in equid femoral
cortices (Fig 6A and 7A, E). Specifically, longitudinal VCs formed before deposition of
the NL present a mean area of =250 um?, ~350 um? and ~170 pm? in the Asiatic wild ass,
the Plains zebra and the Grevy’s zebra respectively (Table 3 and Fig 6A). On the contrary,
the mean area of the VCs found after the NL is =370 um? in E. hemionus, <500 um? in E.
quagga and ~290 pm? in E. grevyi (Table 3 and Fig 6A).

Tibia

From foals to adults, we find a non-cyclical BGM in the tibiae of all species under
study (IPS83153,1PS83154,1PS83151,1PS83150,1PS83149,1PS83155,1PS83876,1PS83877,
IPS101798, 1PS104356, IPS104357, IPS101801, IPS101802, IPS84964, 1PS101804,
IPS84963) (Fig 1). The same as in the femur, this mark is identified in the tibial cortex
of IPS101802 (Fig 2C and 2D), the youngest specimen of E. grevyi aged one month old
(Table 1). Only the perinatal tibia of E. hemionus (IPS93152) does not show a non-cyclical
BGM in its cortex (Fig 1). Superimposition of individuals performed with the tibiae of E.



hemionus indicates a correspondence between the perimeter of the non-cyclical BGM and
that of the perinatal individual (Fig 4B), as the perimeter of the NL measures between ~66
mm and =74 mm and the perimeter of IPS83152 measures 65.4 mm (Table 2). This also
indicates that the non-cyclical feature is recording the moment of birth in this bone.

Anterior

Medial Lateral

Posterior
D

Figure 4. Correspondence between the perimeter of the perinatal Asiatic wild ass (dark images,
IPS83152) and the neonatal line (NL) (red dashed line) identified in different limb bones and
ontogenetic stages of E. hemionus (light images). (A) Superimposition of newborn’s and yearling’s
(IPS83149) femora. (B) Superimposition of newborn’s and foal’s (IPS83154) tibiae. (C) Superimposition of
newborn’s and juvenile’s (IPS83155) metatarsi. (D) Superimposition of newborn’s and adult’s (IPS83876)
metacarpi. Scale bars =5 mm.

Code Age Agegroup Femur Tibia Metacarpus Metatarsus

[HEEEP <3w. Perinate 7508 654 60.15 61
[s ki 5mo.  Foal 7921 7231 60.40 61.65
5l 5mo.  Foal 8221 7147 63.53 .
[ 5 6mo.  Foal 8593  66.64 61.29 60.34
[iilil6-12mo. Yearing 8553 6875 59.05 64.72
(5 6-12mo. Yearling 7689 5938 57.13 56.04

[HEEE -2y, Juvenile - 74.04 - 63.81

IPS83876 [E3YA Adult = = 60.77 60.04

IPS83877 |3 Adult = = 56.29 53.09

Table 2. Perimeter of E. hemionus’ perinatal bones and perimeter of the neonatal line (NL)
identified in other ontogenetic stages of the same species. w.: weeks; mo.: months; y.: years. All
measurements are expressed in mm.



Regarding bone tissue, tibial cortices of E. hemionus, E. quagga and E. grevyi show
a change in the proportions of the FLC components associated to the deposition of the
neonatal line (Fig 5D - F). In all samples, we notice that the FLC formed before the
deposition of the NL presents a higher proportion of PFB than the FLC deposited after the
presence of the NL (Fig 5D - F). The area of the longitudinal VCs also varies significantly
at both sides of the NL in all species under study (E. hemionus, W=21609.5 and p<0.001;
E. quagga, W=19060 and p<0.001; E. grevyi, W=7903.5 and p<0.001). The VCs identified
before this feature are smaller than those deposited after the NL (Fig 6B and 7B, F). The
mean area of the longitudinal VCs found earlier than the presence of the NL is =240 pm?
in E. hemionus, =350 pm? in E. quagga and =<170 pm? in E. grevyi (Table 3 and Fig 6B).
After this feature, longitudinal VCs present a mean area of ~440 um? ~820 um?* and ~460
pm? respectively (Table 3 and Fig 6B).

Figure 5. Histological changes associated to the presence of the neonatal line in extant Equus. (A)
Femoral cortex of E. hemionus IPS83153. (B) Femoral cortex of E. quagga 1P592345. (C) Femoral cortex
of E. grevyi IPS84964. (D) Tibial cortex of E. hemionus IPS83154. (E) Tibial cortex of E. quagga IPS101801.
(F) Tibial cortex of E. grevyi IPS101804. (G) Metacarpal cortex of E. hemionus IPS83150. (H) Metatarsal
cortex of E. quagga IPS104356. (1) Metatarsal cortex of E. grevyi IPS84964. White dotted line indicates the
neonatal line. AVC = area of the longitudinal VCs; FLC = fibrolamellar complex; LB = laminar bone; PFB =
parallel-fibered bone. Scale bars =1 mm.

Metapodial bones

We recognize a non-cyclical BGM in metacarpus and metatarsus of foals (IPS83153,
IPS83154, IPS83151, IPS104356, IPS84964), yearlings (IPS83150, IPS83149), juvenile
(IPS83155) and adults (IPS83876, IPS83877, IPS84963) of all Equus species examined (Fig
1). Thus, the only ontogenetic stage that does not record this mark is the perinatal period



(IPS83152) (Fig 1). The youngest individual of our sample that presents this non-cyclical
BGM is a 4-month-old Grevyi’s zebra (IPS84964, Table 1). In this specimen, this mark is
identified in the middle cortex of the metatarsus (Fig 1). Superimposition of individuals
in the Asiatic wild ass shows that the perimeter of the non-cyclical BGM identified in both
metapodials is almost the same as the perimeter of the perinatal kulan (Fig 4C and 4D),
which supports the hypothesis that this mark is deposited around birth. The perimeter
of E. hemionus’ perinatal metapodia measures ~60 mm, while the perimeter of the non-
cyclical BGM identified in older ontogenetic stages is <53 — 64 mm in these bones (Table
2).

A _[D_ E. grevyi B _[D_,. E. grevyi
_EI]_ E. hemionus _[D__ E. hemionus

{ I I E. quagga | I | - E. quagga

250 500 750 1000 400 800 1200 1600
um? um?
C | | | E. hemionus D _[D_ E. grevyi
_[D_. E. hemionus
T E. quagga —A 1 —-
_[I]_ . E. quagga
0 1000 2000 3000 0 1000 2000 3000

um? um?

Figure 6. Boxplot of the area of the vascular canals (VCs) at both sides of the neonatal line (NL)
in the limb bones of Equus. (A) Femora. (B) Tibiae. (C) Metacarpi. (D) Metatarsi. White boxplot = Area
of the VCs located before the deposition of the NL; grey boxplot = Area of the VCs located after the
deposition of the NL.

We do not find differences in bone tissue type or in the arrangement of VCs
associated to the presence of the NL, although we also observe a variation in the size of the
longitudinal VCs at both sides of this feature in metacarpi and metatarsi of the different
Equus species studied (Fig 5G - I). In our equid metapodial sample, VCs found earlier
than the deposition of the NL are significantly smaller than those identified after the
mark (Metacarpi: E. hemionus, W=181501 and p<0.001; E. quagga, W=2017 and p<0.001;
Metatarsi: E. hemionus, W=196227 and p<0.001; E. quagga, W=1767 and p<0.001; E.
grevyi, W=6677 and p<0.001) (Table 3 and Fig 6C - D and 7C, D, G, H). The mean area
of the inner VCs is 400 — 500 pm? (Table 3 and Fig 6C - D), while it is 1000 — 2000 pm?
(Table 3 and Fig 6C - D) for the VCs found in the outer cortex of both metapodial bones.



-----------------
- = ., Tt it L S g i O RO L

90 I g bR

GREFETY 1.- g -~ e — " Y W T = . —

Figure 7. Longitudinal vascular canals (VCs) formed after (A - D) and before (E - F) the presence
of the neonatal line (NL) (yellow dotted line) in the different limb bones of Equus. (A) VCs formed
after deposition of the NL in the femur of E. quagga IPS92345. (B) VCs formed after deposition of the NL
in the tibia of E. hemionus IP$83153. (C) VCs formed after deposition of the NL in the metacarpus of E.
hemionus IPS83150. (D) VCs formed after deposition of the NL in the metatarsus of E. grevyi IPS84964.
(E) VCs formed before deposition of the NL in the femur of E. quagga IP$92345. (F) VCs formed before
deposition of the NL in the tibia of E. hemionus IPS83153. (G) VCs formed before deposition of the NL in
the metacarpus of E. hemionus IPS83150. (H) VCs formed before deposition of the NL in the metatarsus
of E. grevyi IPS84964. Scale bars = 200 um.

FEMORA TIBIAE
Before the NL After the NL Before the NL After the NL

n Mean=SD n Mean = SD n Mean=SD n Mean = SD

UL 137 2548:952 135 37241376 150 2435:91.6 169  446.8x177

123 356.6x142.4 114 501.3x246.1 156 497.6+1464 147 823.3+301.3
59 177«57.7 70 2925%137.3 74 270.7+100.6 128 458+170

METACARPI METATARSI
Before the NL After the NL Before the NL After the NL

n Mean+=SD n Mean = SD n Mean=SD n Mean = SD

UL 449 45542191 454 121376606 514 499.1:2002 427 1284426557
72 50881845 29 108032761 52 5254+1559 34 1962.9+656.1

= = = = 100 426.1+202.4 72  1502.6+873

Table 3. Area of the longitudinal vascular canals (VCs) at both sides of the neonatal line in the
limb bones of Equus. n = number of observations; SD = standard deviation.

Discussion

Most of the skeletochronological research developed so far focuses on the study
of cyclical bone growth marks present in the limb bones of vertebrates (Castanet 2006;
Kohler et al. 2012; Woodward et al. 2013). Hitherto, however, little is known about the
causes leading to the deposition of non-cyclical features. Non-cyclical BGMs identified
in bone cortex are usually classified as cortical drift lines (Woodward et al. 2013), while
non-cyclical lines that record periods of physiological stress are less studied (Castanet
et al. 1993). The non-cyclical BGM identified in our equid sample is not restricted to a



specific location within the cross-section of the bone, but it can be followed around the
whole cortex (Fig 3). Thus, it cannot be considered a resorption line caused by cortical
drift (Woodward et al. 2013). Rather, it appears to record a specific biological event: the
moment of birth. The NL is well described in dental histology and can be easily found in the
enamel and dentine of different mammalian species (Schour 1936; Weber and Eisenmann
1971; Carlson 1990; Smith et al. 2006; Tafforeau et al. 2007). To our knowledge, however,
there is no previous reference to the NL in histological studies of any mammalian taxon.
With the present study, hence, we provide the first description of a non-cyclical BGM
related to the moment of birth in the limb bones of mammals. From foals to adults, we
recognized a NL in all species and bones studied, except for the femora of juvenile and
adult specimens (Fig 1), where it has been removed during resorption of the medullary
cavity (Fig 3). Also, we did not identify a NL in any of the perinatal bones analyzed (Fig
1), probably indicating that the youngest animals of our sample died before or at birth
(stillborn). The identification of the NL is essential for histological research performed in
the appendicular bones of mammals, and especially in Equidae. For instance, in a previous
study on the limb bone histology of Hipparion concudense, Martinez-Maza et al. (2014)
reported the presence of a non-cyclical BGM that these authors interpreted as a drift line.
Based on their descriptions and the images provided by the authors (Martinez-Maza et al.
2014), however, we consider this non-cyclical feature as a NL. Though the identification
of the NL does not affect the conclusions of their study, it provides a time anchorage (the
moment of birth) for skeletochronological studies. It further facilitates the estimation of
the size at birth in extinct species, an important life history trait in mammals (Stearns
1992). Considering that the NL represents the bone circumference at the moment of birth,
its dimension can be used to estimate the weight (Anderson et al. 1985) of the newborn
foal, a proxy of its body size (Damuth and MacFadden 1990).

Despite the huge amount of studies that describe hatching lines and metamorphosis
lines in reptiles and amphibians (Hemelaar 1985; Castanet and Baéz 1991; Esteban et al.
1999; Khonsue et al. 2001; Ento and Matsui 2002; Esteban et al. 2002; Jakob et al. 2002;
Olgun et al. 2005; Bruce and Castanet 2006; Chinsamy and Hurum 2006; Hugi and
Sanchez-Villagra 2012; Sinsch 2015), only few studies report the presence of non-cyclical
BGMs related to life history events in mammalian bones (Morris 1970; Castanet et al.
2004). In their study of Microcebus murinus, Castanet et al. (2004) described a weak mark
in several long bones of this species that they suggest might be recording the weaning
event. Likewise, Morris (1970) identified a line of weaning in the jaws of the hedgehog. In
the equid species analyzed here, weaning occurs at 1 — 1.5 years (Asiatic wild ass), around
the first year (Plains zebra) and at the eighth month of life (Grevy’s zebra) (Churcher
1993; Nowak 1999; Ernest 2003; Tacutu et al. 2013). However, we found the non-cyclical
BGM in our specimens at an earlier age (Fig 1), already present only one month after
birth in the youngest foal of E. grevyi (Fig 2). Thus, our results do not match the weaning
event previously described for the prosimian Microcebus or the hedgehog (Morris 1970;
Castanet et al. 2004). The coincidence between the perimeter of the perinatal individual
and that of the non-cyclical BGM identified in other age groups of E. hemionus (Table 2
and Fig 4) supports however the idea that this feature is related to the birth of the animal.



In equids, as well as in other groups of mammals, birth is a moment of physiological stress
where many organic systems of the foal (respiratory, circulatory, etc.) undergo important
changes that adapt them to a life ex utero (Fowden et al. 2012). This transition also implies a
variation in the concentration values of the most important hormones (Stewart et al. 1993;
Messer et al. 1998; Fowden et al. 2012) that regulate bone growth (Buchanan and Preece
1992). At the moment of birth, equid foals present low concentration values of growth
and thyroid hormones (Stewart et al. 1993; Messer et al. 1998), endocrine regulators that
control several key growth factor signaling pathways to tune and stimulate skeletal growth
(Buchanan and Preece 1992; Kim and Mohan 2013). At this moment, neonatal foals also
show high levels of cortisol (Fowden et al. 2012), a glucocorticoid that constrains bone
growth in stressful conditions (Buchanan and Preece 1992). This hormonal scenario,
hence, suggests an arrest of bone growth at the moment of birth, which, in turn, agrees
with the presence of a rest line (Francillon-Vieillot et al. 1990; Castanet et al. 1993) such as
the NL found in our sample (Fig 1).

We have also identified changes in bone tissue type and in vascularization in the
surroundings of the NL (Fig 5). Regarding bone matrix, our study reveals a notable change
in the proportion of PFB within the FLC shortly before deposition of the NL in the femora
of both zebras and in the tibiae of all Equus species analyzed (Fig 5B - F). Previous studies
have also reported a change in bone tissue type associated to a non-cyclical BGM that
reflect a biological event, such as the hatching line (Chinsamy and Hurum 2006; Hugi
and Sanchez-Villagra 2012; Curry Rogers et al. 2016). Contrary to our observations in
equids, however, dinosaurs and reptiles show a change from a disorganized bone matrix
(woven-fibered bone) before the hatching line to a more organized one (parallel-fibered
bone) after this line (Chinsamy and Hurum 2006; Hugi and Sanchez-Villagra 2012;
Curry Rogers et al. 2016). The differences between these findings and our results from
Equus might be related to the higher postnatal growth rates of mammals in comparison
with that of reptiles (Case 1978; Peters 1983; Calder 1984). In fact, histological studies
on Elephantidae (Curtin et al. 2012) and thoroughbred horses (Stover et al. 1992) agree
with our results, as the postnatally deposited FLC in these animals also presents a lower
proportion of PFB than the prenatally formed bone tissue (Stover et al. 1992; Curtin et
al. 2012). In agreement with these investigations (Stover et al. 1992; Curtin et al. 2012),
the reduction in PFB observed in the present study (Fig 5B - F) suggests a higher rate
of bone deposition in Equus after birth. Nonetheless, the qualitative variation in PFB
observed in equids (Fig 5B - F) can also been interpreted as an adaptation to the change in
biomechanical loads (Martin et al. 1998; Currey 2002) that these animals experience after
birth. In this sense, it has been suggested that the disposition of VCs within the bone tissue
might be related to biomechanics (de Margerie 2002; de Margerie et al. 2004). The change
in the orientation of the VCs observed in E. hemionus just after deposition of the NL
(Fig 5A), thus, seems to be associated with the onset of weight-bearing and locomotion
just after birth (Nacarino-Meneses et al. 2016a). In our equid sample, we also observe a
change in diameter of the longitudinal VCs associated to the deposition of the NL (Fig
5G - I - 7). In all limb bones and species examined, longitudinal VCs identified before
this feature are significantly smaller than those found after the mark (Table 3 and Fig 6



and 7). In metapodia, the mean area of the VCs formed after deposition of the NL even
doubles the mean area of those VCs formed before the formation of the NL (Table 3 and
Fig 6). These results agree with the findings of Stover et al. (1992) of perinatal histological
modifications in thoroughbred horses. Although these authors analyzed primary osteons
of the third metacarpus instead of VCs, they described that postnatally formed primary
osteons are larger than those formed prenatally (Stover et al. 1992). Larger VCs have also
been related to higher rates of bone deposition (de Margerie et al. 2002). Thus, the higher
area of the VCs identified after deposition of the NL in Equus limb bones (Table 3 and Fig
6) also suggests higher rates of postnatal bone formation in equids.

CONCLUSIONS

In the present research, we describe for the first time a non-cyclical BGM in the
limb bones of mammals that records the moment of birth. During this life history event,
physiologicallevels of cortisol, thyroid hormones, and growth hormones agree with a period
of growth arrest in the newborn foal that leads to the deposition of the NL. We identified
this NL in femora, tibiae and metapodia of E. hemionus, E. quagga and E. grevyi. While
the NL is observable in tibia, metacarpus and metatarsus of foals, yearlings, juveniles and
adults, it disappears in juvenile and adult femora due to early resorption of the medullary
cavity in this bone. We have also identified several histological changes associated to the
presence of the NL. On the one hand, the proportion of PFB within the FLC is reduced
after deposition of the NL in the femora of plains and Grevyi’s zebra and in the tibiae of all
Equus species studied. This suggests a higher rate of bone deposition in these bones after
birth. In the femora of the Asiatic wild ass, however, we observed a change in orientation
of the VCs from a preferentially longitudinal to a circular organization, which is likely
related to biomechanical loads. Finally, a difference in size of the longitudinal VCs has
been identified in all limb bones and species studied, showing larger VCs after deposition
of the NL. Our findings about perinatal bone histology, both the presence of the NL and
the histological changes (bone tissue and vascularization) associated to it, are essential for
future skeletochronological studies in equids and related mammals.
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SUPPORTING INFORMATION

S1 Fig. Methodology employed to estimate the area of the longitudinal vascular canals (VCs) in
the limb bones of Equus at both sides of the NL. (A) Metatarsal cross-section of E. hemionus IPS83149.
White dashed rectangles indicate areas of image magnification. (B) VCs after the presence of the NL in
E. hemionus IPS83149. (C) VCs before the presence of the NL in E. hemionus IPS83149. For each VC, we
adjusted an ellipse (red circles) and measured its area with ImageJ software. Secondary osteons (white
star), canals with no longitudinal orientation and non-circular form (green star) or canals with blurred
edges (blue star) were not measured. Yellow dashed line indicates the NL. White scale bar = 200 um.
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ABSTRACT

Body size is one of the most important life history traits of an animal. Thus,
evolutionary trends in body size are a central issue of study in Paleontology. In the European
evolution of the genus Equus, a shift towards a decrease in body size during the Pleistocene
and Holocene periods is observed. However, this evolutionary change has never been
analyzed under a life history framework. Here, we used bone histology to reconstruct
the life history of two large Middle Pleistocene species (Equus mosbachensis and Equus
steinheimensis) and to compare it with that of smaller extant Equus (Equus grevyi and
Equus hemionus). We studied bone tissue types, vascularization and bone growth marks
in the metapodia of these extinct equids to infer key life history traits that correlate with
body size (e.g. size at birth, growth rate, longevity). Our results show that neonatal size of
these Middle Pleistocene equids fits the predictions from body mass scaling. We estimate a
similar age at skeletal maturity for the metapodia of E. mosbachensis and E. steinheimensis
and that of extant equids. Our findings also reveal that extinct equids grew at higher
rates than extant E. hemionus and E. grevyi. This result conforms to the predictions of life
history theory on environments with different levels of resource availability and provides
a new framework of study for body size shifts on European Pleistocene equids.
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INTRODUCTION

The family Equidae has been deeply studied due to its relevance for Paleontology
and evolution (MacFadden 1992; Janis 2007). The abundance of equid remains in the
fossil record has facilitated the tracking of evolutionary changes in the clade (Orlando
2015), positioning Equidae as a classic example of macroevolution (MacFadden 2005;
Janis 2007). Along with modifications in dentition and number of digits (Simpson 1953;
Azzaroli 1992; MacFadden 1992; Stromberg 2006; Janis 2007; Cantalapiedra et al. 2017;
McHorse et al. 2017), this mammalian group experienced significant variations in size
during its evolutionary history (Simpson 1953; MacFadden 1986; Eisenmann 1991; Forsten
1991a; MacFadden 1992; Alberdi et al. 1995; Guthrie 2003; Ortiz-Jaureguizar and Alberdi
2003; Shoemaker and Clauset 2014; Cantalapiedra et al. 2017). Generally, a phylogenetical
large-scale trend towards ever increasing body size is observed (Cope’s law, Stanley
(1973)), although several clades of the family experienced size reduction (MacFadden
1986; Forsten 1991a; Forsten 1991b; MacFadden 1992; Alberdi et al. 1995; Alberdi et
al. 1998). One of these dwarfing tendencies occurred during the evolution of the genus
Equus in the Old World (Forsten 1991b; Alberdi et al. 1995), as both the stenonoid and
the caballoid lineages progressively reduced their size during the Pleistocene (Alberdi et
al. 1995; Alberdi et al. 1998). This size decrease trend continued throughout the Holocene
(Forsten 1988; Forsten 1991b), resulting in a smaller body size of extant Equus (Ernest
2003) in comparison to their Pleistocene relatives (Alberdi et al. 1995).

Body size is one of the most important characteristics of an animal, as it tightly
correlates with its physiology (Kleiber 1932; Peters 1983; McNab 1990), life history
(Blueweiss et al. 1978; Western 1979; Calder 1984) and ecology (Damuth 1981; Peters
1983; Eisenberg 1990). Due to the close relationship between body size and the ecological
conditions of the ecosystem, the size shift observed in Pleistocene equids has usually been
related to the climatic and resources variations occurring during that epoch (Forsten
1991b; Alberdi et al. 1995; Cantalapiedra et al. 2017). Demographic (population density)
and behavioral (social structure) characteristics of the species have also been proposed
to explain the body size differences observed between European Pleistocene horses
(Saarinen et al. 2016). Nevertheless, body size is also a key life history trait that correlates
with other biological traits (Peters 1983; Calder 1984; Damuth and MacFadden 1990), but
no previous research has investigated the body size variations observed in Equus within
a life history framework. In fossil mammals, the histological analysis of bones is known
to provide valuable insights into their life history strategy (Kohler and Moya-Sola 2009;
Koéhler 2010; Marin-Moratalla et al. 2011; Martinez-Maza et al. 2014; Amson et al. 2015;
Kolb et al. 2015; Moncunill-Solé et al. 2016; Orlandi-Oliveras et al. 2016). The kind of
bone tissue type, its vascularization, and the bone growth marks (BGMs) present within a
bone cortex, record the pace of growth and development of the species (Chinsamy-Turan
2005; Huttenlocker et al. 2013; Lee et al. 2013; Woodward et al. 2013). The detailed study
of these histological features, hence, allows the inference of key life history traits of the
species such as longevity, growth rate or age at maturity in extant and extinct vertebrates
(Woodward et al. 2015; Jordana et al. 2016; Nacarino-Meneses et al. 2016a; Nacarino-



Meneses et al. 2016b).

In the present research, we aim to investigate whether the body size shift observed in
the Equus lineage is related to changes in the life history of the species. We focus our study
in the European Middle Pleistocene species Equus steinheimensis and Equus mosbachensis.
Both extinct caballoid horses were described for the first time in Steinheim an der Murr
and Mosbach Sands respectively, two classical Middle Pleistocene localities of Germany
(Adam 1954; Forsten 1999; Koenigswald et al. 2007; Van Asperen 2013). Previous
studies based on measurements of their dental and postcranial remains have reported
differences in body size for these extinct equids (Eisenmann 1991; Forsten 1999). While
E. steinheimensis is considered a medium-sized caballoid horse (Eisenmann 1991; Forsten
1999), E. mosbachensis is one of the largest equids that can be found in the Pleistocene
fossil record of Europe (Eisenmann 1991; Alberdi et al. 1995). From bone histology, we
reconstruct their pace of life and compare it with that of extant Equus, as both Middle
Pleistocene equids greatly exceeded in size extant representatives of the group (Alberdi
et al. 1995; Forsten 1999; Ernest 2003). Thus, we also examine here the bone histology of
the extant equid species of Asiatic wild ass (Equus hemionus) and Grevyi’s zebra (Equus
grevyi). These two extant taxa dwell in very different habitats and present extreme values of
body size and life history traits within extant Equus (Churcher 1993; Nowak 1999; Ernest
2003; Kaczensky et al. 2015; Orlando 2015; Rubenstein et al. 2016), which makes them as
the most appropriate ones for comparison with our fossil sample.

MATERIAL & METHODS

Collection
code

IPS96010  32917/23 Mt SMNS
IPS96011  32803/61 Mc Steinheim an der Murr ~ SMNS
IPS96012  32803/235 Mt Steinheim an der Murr  SMNS
IPS96013  32803/321 Mc Steinheim an der Murr ~ SMNS
IPS96014  32850/87 Mt Mosbach Sands SMNS
2l deldil e IPS96016  32850/6 Mc Mosbach Sands SMNS
IPS96017  32850/112 Mc Mosbach Sands SMNS

IPS83876 225 Mc, Mt  Gobi Desert MDA
IPS83877 381 Mc, Mt  Gobi Desert MDA
IPS84963 7111 Mt Hagenbeck Zoo ZIHU

Table 1.- Sample studied for bone histology. Mc = metacarpus; Mt = metatarsus; SMNS = Staatliches
Museum fiir Naturkunde Stuttgart (Stuttgart, Germany); MDA = Museum of Domesticated Animals
(Halle, Germany); ZIHU = Zoological Institute of Hamburg University (Hamburg, Germany). The star (¥)
indicates fossil species.

Species Bone Site/Habitat Institution

Steinheim an der Murr

E. steinheimensis*



Equid sample

We analyzed postcranial fossil remains of E. steinheimensis and E. mosbachensis
belonging to the collections of the Staatliches Museum fiir Naturkunde (Stuttgart,
Germany) (Table 1). Specifically, metapodial bones (metacarpi and metatarsi) were used
for paleohistological analyses, while phalanges and metacarpi were analyzed for body
mass estimations. The material of E. steinheimensis comes from Steinheim an der Murr
site (Steinheim, henceforward), a late Middle Pleistocene locality (Van Asperen 2013)
situated in south-west Germany (Fig. 1). Steinheim fossil site presents a mix of glacial and
interglacial fauna (Adam 1954) due to a sampling bias during the recovery of the remains
and/or to the coexistence of species with flexible adaptations (Pushkina et al. 2014).
Although the dating of Steinheim site is, hence, controversial, it is thought to generally
correlate with the Holsteinian Interglacial (MIS 11) (Van Asperen 2013). The sample of E.
mosbachensis belongs to Mosbach Sands, an early Middle Pleistocene site (Koenigswald et
al. 2007) located in Wiesbaden (Germany) (Fig. 1). This German classical site is divided
into two different stratigraphic ages based on lithological and paleontological criteria
(Maul et al. 2000). The E. mosbachensis sample analyzed here belongs to the Mosbach 2
fauna, which is known to present interglacial conditions (Koenigswald et al. 2007) and
to correlate with the Cromerian Interglacial (MIS 13, 15) (Maul et al. 2000; Kahlke et al.
2011).

Figure 1. Map of Germany
showing the provenance of
the fossil sample. M = Mosbach
Sands; S = Steinheim an der Murr.




We also studied an adult metapodial sample of extant E. hemionusand E. grevyi (Table
1) for comparison. Specimens of E. hemionus are stored at the Museum of Domesticated
Animals (Halle, Germany) and lived wild in the Gobi Desert (Table 1). They were found
killed by poachers and collected during the Mongolian-German Biological Expeditions
(2001 - 2006) (Schopke et al. 2012). The E. grevyi individual belongs to the collections of
the Zoological Institute of Hamburg University (Germany) (Table 1), after living captive
in the Hagenbeck Zoo (Hamburg, Germany) (Table 1).

Preparation and analysis of histological thin-sections

We sectioned 12 metapodia of extant and extinct equids: 4 metapodia of E.
steinheimensis, 3 metapodia of E. mosbachensis, 4 metapodia of E. hemionus and 1
metatarsus of E. grevyi (Table 1). To avoid damaging of the most valuable fossil specimens,
only metapodia fragmented at the mid-shaft level were used in the present study. The
preparation of the histological thin-sections follows standard procedures in our laboratory
(Kohler et al. 2012; Nacarino-Meneses et al. 2016a). In all extant and extinct exemplars,
a chunk of 2 - 3 cm was extracted from the mid-diaphysis of each bone and embedded
in an epoxy resin (Araldite 2020). Afterwards, this block was cut into two halves with a
low speed diamond saw (IsoMet, Buehler). The mid-shaft surface of each block was later
polished using a Metaserv®250 (Buehler) or carborundum powder, and fixed to a frosted
glass with ultraviolet-curing glue (Loctite 358). Each sample was then cut and grounded
with a diamond saw (PetroThin, Buehler) and polished again using the Metaserv®250
(Buehler) or carborundum powder to obtain histological thin-sections of 100 — 120 pm
thick. Finally, histological slices obtained from fossil samples were dehydrated in alcohol,
bathed in a histological clearing agent (Histo-Clear II) and mounted using DPX mounting
medium (Scharlau). Thin-sections prepared from extant specimens were covered, however,
with a mix of oils (Lamm 2013) to improve their view under the microscope.

Samples were analyzed under polarized light in a Zeiss Scope.Al microscope and
photographed with the camera incorporated on it (AxioCam ICc5). We also observed
the histological thin-sections under polarized light with a %A filter, which helps on the
identification and visualization of the bone tissue and the bone growth marks (BGMs)
(Turner-Walker and Mays 2008). Histological description of bone tissue types and vascular
organization follows classical bibliography (Francillon-Vieillot et al. 1990; de Margerie
et al. 2002; Huttenlocker et al. 2013). Regarding BGMs, both cyclical and non-cyclical
features were identified in our metapodial equid sample. Cyclical BGMs (CGMs) record
annual cycles of growth in response to hormonal and environmental cycles (Castanet et
al. 1993; Kohler et al. 2012). From their study, we inferred the minimum longevity of
extinct equid species by counting the total number of CGMs within a bone cross-section
(Nacarino-Meneses et al. 2016a). A non-cyclical BGM related to birth (Nacarino-Meneses
and Kohler accepted) was also recognized in our metapodial sample. We considered this
neonatal line (NL) as time zero in growth reconstructions. The perimeter of each BGM,
regardless of its cyclicality, was calculated using Image ] software and the results were
plotted to reconstruct the pattern of metapodial growth (Bybee et al. 2006; Woodward



et al. 2013). From the obtained metapodial growth curves, we estimated the timing of
epiphyseal fusion in these bones for each fossil species (Nacarino-Meneses et al. 2016a).

Adult and neonatal body size estimation

We analyzed metacarpi and phalanges of E. steinheimensis and E. mosbachensis to
estimate their adult body mass, a proxy of its body size (Damuth and MacFadden 1990).
For each species, we measured the proximal depth on the first phalanx and the distal
minimal depth of the lateral condyle on the third metacarpus (Eisenmann et al. 1988), as
these linear measurements present the best correlation with body mass in extant equids
(Alberdi et al. 1995). Measurements were taken using a digital electronic precision caliper
(0.05 mm error). We used the equations provided by Alberdi et al. (1995) to perform body
mass estimations. These data were based on allometric models expressed as the power
function y = ax’ (Damuth and MacFadden 1990) and logarithmically transformed to
obtain a linear relationship (Iny = Ina + b Inx) (Peters 1983); where y is body mass, x is the
measurement taken on the bone, b is the allometric coefficient and a is a constant (Alberdi
et al. 1995).

We also estimated the size at birth of extinct and extant equids from the analysis
of the NL found in their metapodia (Nacarino-Meneses and Kohler accepted). Alberdi
et al. (1995) did not found a significant correlation between the measurements taken
at the mid-diaphysis on the metapodia of extant Equus (measures 3 and 4 according to
Eisenmann et al. (1988)) and their adult body mass. Because histological slices of the
present study were prepared at this level of the diaphysis, we cannot use measurements
of the NL to infer body weight at birth. Moreover, equations of Alberdi et al. (1995) are
calculated for adult individuals. Thus, they are little useful for estimating body mass at
earlier ontogenetic stages (Kohler 2010). We decided, then, to represent size at birth as a
linear measurement instead of on terms of body mass, by using the perimeter of the NL
as a proxy of the neonatal size.

ResuLts

Bone histology is generally better preserved in Steinheim (Fig. 2A, C; Fig. 3A, B)
than in Mosbach samples (Fig. 2B, D; Fig. 3C, D). Although several histological slices from
both fossil sites present microtaphonomical alterations (Fig. 2; Fig. 3), it is still possible to
recognize the primary bone tissue and the BGMs in all fossil specimens studied.

Primary bone histology

Metapodial bones of E. steinheimensis and E. mosbachensis are mainly composed of
fibrolamellar bone (Fig. 2A-C), the same as in extant equids (Fig. 2E, F). Most of the vascular
canals identified in extinct species are oriented longitudinally (Fig. 2A, B). However, both
fossil equids also present multiple circular and radial canals that interconnect primary



osteons (Fig. 2A, B). Hence, we found a qualitatively higher proportion of vascular canals
in fossil (Fig. 2A, B) than in extant metapodia (Fig. 2E, F).

Figure 2. Metapodial bone histology of European Middle Pleistocene (A - D) and extant Equus (E,
F). (A) Metacarpal bone cortex of Equus steinheimensis (IPS96013). (B) Metatarsal bone cortex of Equus
mosbachensis (IPS96014). (C) Metacarpal bone cortex of Equus steinheimensis (IPS96011). (D) Metacarpal
bone cortex of Equus mosbachensis (IPS96017). (E) Metacarpal bone cortex of Equus hemionus
(IPS83877). (F) Metatarsal bone cortex of Equus grevyi (IPS84963). CVC = circular vascular canals; EFS =
external fundamental system; FLC = fibrolamellar complex; LCV = longitudinal vascular canals; RVC =
radial vascular canals. Scale bars = 200 um.

Metacarpi of E. steinheimensis do not show an external fundamental system (EFS)
in their outermost cortex (Fig. 2C). This avascular and lamellar bone tissue (Huttenlocker
et al. 2013) is recognized, however, in the metatarsi of this species and in metacarpi and
metatarsi of E. mosbachensis (Fig. 2D).



Skeletochronology

Up to five cyclical BGMs are identified in the metapodia of E. steinheimensis (Fig. 3A,
B). In E. mosbachensis, the highest number of cyclical BGMs is found in the metacarpus
IPS96017 (Fig. 3C). This specimen presents six cyclical BGMs within the primary bone
tissue (Fig. 3C). Besides, all fossil metapodia show a non-cyclical BGM in the most internal
cortex (Fig. 3) that corresponds to the NL observed in extant Equus (Nacarino-Meneses
and Kohler accepted).

Figure 3. Bone growth marks identified in the metapodia of Equus steinheimensis (A, B) and Equus
mosbachensis (C, D). (A) Metacarpal bone cortex of Equus steinheimensis IPS96013. (B) Metatarsal bone
cortex of Equus steinheimensis IPS96010. (C) Metacarpal bone cortex of Equus mosbachensis IPS96017.
(D) Metatarsal bone cortex of Equus mosbachensis IPS96014. White arrows = cyclical bone growth marks;
black arrows = non-cyclical bone growth marks (neonatal line - NL). Scale bars = T mm.

From the study of cyclical and non-cyclical BGMs, we reconstruct the metapodial
growth pattern of E. steinheimensis and E. mosbachensis (Fig. 4). As Figure 4 shows,
metacarpus (Fig. 4A) and metatarsus (Fig. 4B) of extinct equids follow the same growth
pattern as the metapodia of extant E. hemionus and E. grevyi (Fig. 4). In both fossil and
extant species, it is observed a decrease in growth rate at the second year of life (Fig. 4).
Growth reconstruction also shows, however, a steeper slope in fossil than in extant samples
(Fig. 4), both during the phase of highest growth rate and during residual growth (Fig. 4).
These differences in growth rate are unlikely related to sex differences, as equid bones
from males and females are known to grow similarly (Nacarino-Meneses et al. 2016a).

Adult and neonatal body size

. : Metacarpus Phalanx
Species ey @ e Mean=SD (N)

SteinheimanderMurr 18 4787631 36 4647x131.2  469.3x1126 (54)
Mosbach Sands 7 5956+82 9 6165422752  607.4x207.8(16)

Table 2. Adult body weight estimation (kg) in extinct Equus.
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Figure 4. Metapodial growth of European Middle Pleistocene (continuous lines) and extant
(dashed lines) Equus. Bone perimeter (mm, ordinate axis) is plotted against estimated age (years,
abscissa axis) to obtain growth curves. (A) Growth curves obtained from the metacarpus. (B) Growth
curves obtained from the metatarsus. Legend is shown at the bottom of the figure.

We estimated the adult weight of fossil equid species from measurements on
metacarpi and phalanges (Table 2). A mean adult body mass of 469.3 kg is obtained for E.
steinheimensis, while adult E. mosbachensis is predicted to weight around 607.4 kg (Table
2; Fig. 5).

The perimeter of the NL is used here to provide a rough estimation of the size at the
birth for the Pleistocene species studied (Table 3, Fig. 4). As Table 3 shows, extinct equids
present a larger size at birth than extant E. hemionus and E. grevyi. The mid-shaft perimeter
of the metacarpi and metatarsi of a neonate E. mosbachensis measures between 83.65 and
90.86 mm (Table 3, Fig. 4), while that of E. steinheimensis does around 80 mm (Table 3,
Fig. 4). Perimeters of neonate metapodia in extant species are considerably smaller, as they
vary between 50 - 60 mm in E. hemionus and around 75 mm in E. grevyi (Table 3, Fig. 4).

Species

IPS96010
[FIC E  IPS9601 1
IPS96013
IPS96014

Exmosbachensis OIS
IPS96017 Table 3. Size at birth in extant and

extinct Equus. The perimeter of the
1iS83870 neonatal line (NL), considered as a
IPS83877 proxy of the size at birth, is shown.

|p584963 The star (¥) indicates fossil species.




Discussion

Evolutionary trends in body size of European extinct Equus are widely studied
(Eisenmann 1991; Forsten 1991b; Alberdi et al. 1995; Cantalapiedra et al. 2017). A size
shift towards a smaller body size is described for the first monodactyl horses (stenonoid
horses) (Alberdi et al. 1995; Alberdi et al. 1998) that arrived in Eurasia between 3.0 — 2.5
M.y. ago (Lindsay et al. 1980; Azzaroli 1983). A second migratory event (1 — 0.8 M.y. ago)
introduced the equid caballine forms in Europe (Alberdi and Bonadonna 1988), which
also experienced size reduction during their Pleistocene and Holocene evolution in this
continent (Forsten 1991b; Alberdi et al. 1995). To date, these dwarfing trends have been
usually explained as an adaptation to the environmental changes that occur during the
European Pleistocene (Forsten 1991b; Alberdi et al. 1995; Cantalapiedra et al. 2017), and
no previous study has investigated its relationship with the life history of the species. In the
present research, we reconstruct for the first time we reconstruct for the first time several
life history traits of the extinct caballoid horses E. steinheimensis and E. mosbachensis,
providing a unique life history framework for the analysis of the size shifts observed in
European Pleistocene equids.
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Figure 5. Estimated body mass of Equus mosbachensis (red star) and Equus steinheimensis (blue
star) in comparison with Pleistocene (circles; Alberdi et al. 1995) and extant (triangles; Ernest
2003) Equus. 75% grey triangles = zebras; 25% grey triangles = asses.

Body size of European Middle Pleistocene Equus

Body size is usually represented by body mass (i.e. the weight of an individual), as
this measure does not consider the shape of the organisms (Saarinen et al. 2016). The
exhaustive study of Alberdi et al. (1995) reported adult body mass estimations for the most
important Plio-Pleistocene Equus species of Europe, Africa and America. Here, we expand
their database by calculating the body weight of E. steinheimensis. Our results show that its



mean body mass is around 470 kg (Table 2), which is similar to that reported for the Late
Pleistocene species Equus germanicus (Fig. 5) (Alberdi et al. 1995). This finding agrees
with a previous study by Forsten (1999), where she indicated similarities in metapodial
size between E. steinheimensis and latter caballine equids such as E. germanicus. Our adult
body mass estimations for this equid also matches previously published data about the
weight of Steinheim horses (Saarinen et al. 2016). We further estimate body mass of E.
mosbachensis from measurements on its metacarpi and phalanges (Table 2). We obtained
a mean body weight of 607 kg for this early Middle Pleistocene species (Table 2), a result
that match previous body mass estimations of 671.15 kg for it (Fig. 5) (Alberdi et al. 1995).

Size at birth is one of the most important life history traits of mammals (Stearns
1992). In the present study, we obtained an estimation of this attribute for the Middle
Pleistocene equids of the analysis (Table 3) based on the perimeter of the NL identified
in their metapodia (Fig. 3) (Nacarino-Meneses and Kohler accepted). Our findings reveal
that E. mosbachensis presents the largest size at birth within the equids studied, followed
by E. steinheimensis, E. grevyi and E. hemionus (Table 3, Fig. 4). E. mosbachensis is also the
largest Equus of the study (Table 2, Fig. 5), while the Asiatic wild ass is the smallest (230
kg, Ernest 2003). E. steinheimensis (Table 2, Fig. 5) and E. grevyi (384 kg, Ernest 2003)
present intermediate adult weights between E. mosbachensis and E. hemionus. Therefore,
our results on neonatal body size of extinct equids (Table 3) are the expected by scaling, as
they agree with the known correlation between size at birth and adult body size (Blueweiss
et al. 1978; Calder 1984).

Growth rate of European Middle Pleistocene Equus

Some of the most important life history traits that correlate with body size can be
inferred from bone histology (Kohler 2010). Thus, the number of studies that histologically
examine bone remains in extinct taxa to estimate their growth rate (Padian et al. 2001;
Kohler and Moya-Sola 2009; Cubo et al. 2012; Amson et al. 2015; Orlandi-Oliveras et al.
2016), longevity (Kohler 2010; Marin-Moratalla et al. 2011; Martinez-Maza et al. 2014;
Moncunill-Solé et al. 2016) or age at maturity (Horner et al. 2000; Kohler and Moya-
Sola 2009; Marin-Moratalla et al. 2011; Martinez-Maza et al. 2014) has considerably
increased over the last years. Growth rate inferences are usually based on the combined
analysis of the bone matrix and its vascularization (Amprino 1947; de Margerie et al. 2002;
Chinsamy-Turan 2005; Huttenlocker et al. 2013; Lee et al. 2013). Our histological study of
E. steinheimensis and E. mosbachensis has not revealed differences in bone tissue type and/
or vascularization between both extinct species (Fig. 2A - D), which indicates similar rates
of bone formation in these Pleistocene equids (de Margerie et al. 2002; Lee et al. 2013).
We have observed, however, a higher proportion of vascular canals in their metapodia
(Fig. 2A, B) than in extant Equus (Fig. 2E, F). According to de Margerie et al. (2002), this
suggests a higher rate of bone deposition in the Pleistocene equids analyzed, which could
be generally interpreted as a higher growth rate. Radial canals, as those identified in the
metapodia of E. steinheimensis and E. mosbachensis (Fig. 2A, B), have also been related to
higher rates of bone deposition (de Margerie et al. 2004). Growth curves have also been



commonly used to report differences in growth rate between sexes (Marin-Moratalla et
al. 2013), taxa (Erickson et al. 2001; Erickson 2005) and even between animals under
different ecological regimes (Marin-Moratalla et al. 2013; Nacarino-Meneses et al. 2016a).
The slope of the metapodial growth curves obtained here for extinct equids is steeper
than that of E. hemionus and E. grevyi (Fig. 4), suggesting higher rates of growth for E.
steinheimensis and E. mosbachensis in comparison with these extant species. Therefore,
our metapodial growth reconstruction (Fig. 4) supports our histological inference (Fig.
2A, B) of higher growth rates in E. steinheimensis and E. mosbachensis.

Age at maturity and longevity of European Middle Pleistocene Equus

Estimates about the age at maturity in fossil taxa use to rely on the identification of
the lamellar and avascular bone tissue that is deposited in the outer cortex of bones: the
external fundamental system (EFS) (Kohler et al. 2012; Marin-Moratalla et al. 2013). The
timing of deposition of this tissue in equid and ruminant femora is known to correlate
with the age at first reproduction of the species (Jordana et al. 2016; Nacarino-Meneses
et al. 2016a), as it is supposed to record the life history trade-off between growth and
reproduction (Stearns 1992). The significance of deposition of the EFS in other bones,
however, is poorly known. Although several authors have suggested a relationship between
the presence of EFS and the skeletal maturity of the species (Martinez-Maza et al. 2014),
the appearance of this bone tissue in metapodial bones is likely related with the cessation
of periosteal/radial bone growth (Nacarino-Meneses et al. 2016a). Therefore, the lack of
EFS in metacarpi of E. steinheimensis (Fig. 2C) might just indicates a prolonged periosteal
bone growth in this Pleistocene species. Alternatively, inferences on skeletal maturity can
be made from growth reconstructions, as growth curves provide reliable information
about the cessation of longitudinal bone growth (Nacarino-Meneses et al. 2016a). The
decrease in growth rate observed at the second year of life in metapodia of Pleistocene
and extant species (Fig. 4) suggests a similar age of epiphyseal fusion in these bones for
both groups of equids (Nacarino-Meneses et al. 2016a). As metapodia fuse their epiphyses
very early in ontogeny (Silver 1963), we cannot use this finding to infer an absolute age
at skeletal maturity for E. mosbachensis and E. steinheimensis. Future histological studies
on other long bones that finish later their growth, such as the femur or the tibia (Silver
1963), will be necessary to obtain information about this biological trait in the extinct taxa
studied. These forthcoming studies would also shed light on the onset of sexual maturity
in these Middle Pleistocene species, by analyzing the timing of deposition of the EFS in
their femora (Nacarino-Meneses et al. 2016a).

The total number of CGMs within a bone cortex is known to broadly match the
age at death of an individual (Castanet et al. 1993). Hence, several studies have analyzed
these histological features on ancient bones to estimate longevity on extinct mammals
(Kohler and Moya-Sola 2009; Marin-Moratalla et al. 2011; Moncunill-Solé et al. 2016;
Orlandi-Oliveras et al. 2016). Because mammals present asymptotic growth (Lee et al.
2013) and the identification of CGMs within the EFS is sometimes a challenging issue
(Woodward et al. 2013), this methodology always yields a minimum longevity in this



group of vertebrates (Castanet et al. 2004; Castanet 2006). Moreover, femur is the most
valuable bone for skeletochronological studies (Horner et al. 1999; Garcia-Martinez et
al. 2011; Nacarino-Meneses et al. 2016a), although metapodia is known to yield accurate
individual age estimations in equids (Martinez-Maza et al. 2014; Nacarino-Meneses et
al. 2016a). In our Pleistocene equid sample, we have identified a maximum of 5 and 6
CGMs in the metapodial cortex of E. steinheimensis and E. mosbachensis respectively
(Fig. 3). These results suggest that the minimum longevity of E. steinheimensis is 5 years,
while it is of 6 years in E. mosbachensis. Although the number of CGMs identified in the
metapodial cortex of these extinct equids is similar to that found in the limb bones of E.
hemionus (Nacarino-Meneses et al. 2016a), the small sample size of the present research
limit us to perform a comparison with enough confidence between the longevity of extinct
species (E. steinheimensis and E. mosbachensis) and that of extant equids. Further studies
with a larger sample size are necessary, hence, to estimate the longevity of these Middle
Pleistocene species.

Size variation in Old World Equus: environment and life history

Our life history reconstruction of E. mosbachensis and E. steinheimensis indicates
that these Middle Pleistocene species grew at higher rates than extant horses (Fig. 2 and
4). As resource availability is the main selection pressure acting on individual growth rate
(Palkovacs 2003), the difference in adult body size between extant and Middle Pleistocene
equids would likely be influenced by the resource availability of each habitat. On the one
hand, paleoenvironmental reconstructions on Mosbach (Cromerian interglacial (MIS 13,
15); Kahlke et al. 2011) suggest open steppe landscapes interrupted by warm and humid
episodes with extended forests to be the main habitats at this fossil site (Maul et al. 2000;
Kahlke et al. 2011). Steinheim horse sample, on the other hand, is thought to be originated
in the Holsteinian interglacial (MIS11) (Van Asperen 2013), which is characterized by
temperate, humid and forested environments (Nitychoruk et al. 2005). Specifically,
Steinheim site during this interglacial is thought to present a temperate humid habitat
of woodland and shrubland (Pushkina et al. 2014). Extant Grevy’s zebra also occurs in
grasslands and shrublands, but its habitat is considered as arid or semiarid (Rubenstein
et al. 2016) with a negative mean annual climatic water balance (Schulz and Kaiser 2013).
Thus, the habitat of E. grevyi can be considered as poor-resourced in comparison with that
of E. steinheimensis or E. mosbachensis. The drier habitat of the Grevy’s zebra probably
forces it to grow at lower rates than extinct Equus (Fig. 2 and 4) following the model of
Palkovacs (2003), which finally results in a smaller adult body size for E. grevyi than for
Middle Pleistocene taxa. A similar reasoning applies to E. hemionus, which also grows at
lower rates than E. steinheimensis and E. mosbachensis (Fig. 2 and 4). The Asiatic wild ass
is endemic of the Gobi desert, one of the most arid habitats of the world (Kaczensky et al.
2015). This poor-resourced environment also limits the growth rate of E. hemionus and,
hence, its final body size.

Along with modifications in growth rate, the life history model proposed by
Palkovacs (2003) postulates that age at maturity also influences adult body size. However,



and as previously mentioned, we could not obtain information about this LH trait from our
histological analysis due to the characteristic of the sample studied (e.g. lack of femora).
Following this model (Palkovacs 2003), we would expect that the fast-growing Middle
Pleistocene equids present an advance in their age at maturity in comparison with extant
taxa, although future histological studies on femora (Nacarino-Meneses et al. 2016a)
must be done to confirm this preliminary hypothesis. Interestingly, the hypothesis of an
earlier maturation in the Middle Pleistocene species E. mosbachensis and E. steinheimensis
conforms to the predictions of life history theory in environments where there is a high
extrinsic mortality pressure (i.e. predation) (Roff 1992; Stearns 1992; Roft 2002). In
these circumstances, theory predicts that organisms mature early to reduce the time of
exposure to juvenile mortality (Stearns 2000). Paleontological and ecological data indeed
suggest differences in levels of extrinsic mortality between Middle Pleistocene equids and
extant species. Thus, while important potential predators for equids such as felids (Lynx
issiodorensis, Panthera gombaszoegensis, Panthera leo fossilis, Panthera pardusi, Acinonyx
pardinensis, Homotherium), canids (Canis lupus mosbachensis, Cuon alpinus priscus, Cuon
dubius stehlini) and hyaenids (Pliocrocuta perrieri, Crocuta spelaea) have been found in
Mosbach or Steinheim sites (Adam 1954; Kahlke 1961; Kahlke 1975), the extant E. grevyi
and E. hemionus are threatened by a few number of carnivore species (Churcher 1993; Feh
et al. 2001).

CONCLUSIONS

Our study infers, for the first time, several life history traits of European Middle
Pleistocene Equus from the histological analysis of their metapodia. Bone histology and
growth reconstruction performed in these bones indicate higher growth rates for the
extinct E. mosbachensis and E. steinheimensis in comparison with extant representatives
of the group (E. hemionus and E. grevyi). Their occurrence in temperate and humid
habitats during European interglacials explains the higher growth rates found in these
extinct equids, as they dwelt in resource-richer environments than those inhabited today
by the extant Asiatic wild ass and the Grevyi’s zebra. The resource levels of each habitat
seems to be, thus, one of the main selection pressures acting upon individual growth rate
and finally determining body size in Equus. The influence of other key life history traits,
such as age at maturity, in determining the adult body size of these mammals could not
be assessed in the present research, although some hypotheses are proposed. Our first
approach to the skeletochronology of these Middle Pleistocene equids suggests a similar
age at epiphyseal fusion for the metapodia in E. mosbachensis and E. steinheimensis and
extant Equus, and yields a minimum age at death for these extinct species. In the present
study, we also provide estimates of the adult (in terms of body mass) and the neonatal body
size (considering the perimeter of the NL as a proxy of this size) of E. mosbachensis and
E. steinheimensis. Our results match previous adult weight estimations for these extinct
equids and show that their size at birth is the expected from allometric scaling.
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Published online: 21 November 2017  The way teeth grow is recorded in dental enamel as incremental marks. Detailed analysis of tooth

: growth is known to provide valuable insights into the growth and the pace of life of vertebrates. Here,

we study the growth pattern of the first lower molar in several extant and extinct species of Equus and
explore its relationship with life history events. Our histological analysis shows that enamel extends
beyond the molar’s cervix in these mammals. We identified three different crown developmental
stages (CDS) in the first lower molars of equids characterised by different growth rates and likely to be
related to structural and ontogenetic modifications of the tooth. Enamel extension rate, which ranges
from =400 pm/d at the beginning of crown development to rates of ~30 pum/d near the root, and
daily secretion rate (=17 pm/d) have been shown to be very conservative within the genus. From our
results, we also inferred data of molar wear rate for these equids that suggest higher wear rates at early
ontogenetic stages (13 mm/y) than commonly assumed. The results obtained here provide a basis for
future studies of equid dentition in different scientific areas, involving isotope, demographic and dietary
studies.

The reconstruction of tooth growth is essential to understanding the biology and palaeobiology of mammals'?,
as dental development is closely related with a species’ life history*=. For instance, the eruption of the first per-
manent molar correlates well with weaning*’. Similarly, the emergence of the third molar correlates with skeletal
maturity?. Thus, the estimation of rate and duration of molar growth in extant and extinct vertebrates yields key
information about their pace of life'~*#-!!. Furthermore, an understanding of tooth growth is crucial for palae-
oecological and palaeobiological studies that involve the analysis of stable isotopes'®'*. Tooth crowns preserve
a temporal record of isotopic variation that can be related to changes in climatic conditions and/or modifica-
tions of an animal’s behaviour'*-8. Therefore, the rate and duration of tooth growth must be precisely known to
accurately develop isotopic sampling methods'® and correctly interpret the isotopic data obtained in this type of
investigation'>!3.

The pace of growth and development of teeth is recorded, among others, in dental enamel®’. From the cusp to
the root, enamel is rhythmically deposited by enamel-forming cells called ameloblasts in the amelogenesis pro-
cess, which involves a first stage of enamel secretion followed by a second phase of enamel maturation*"?2. As a
result, the histological microstructure of dental tissue registers the pattern of enamel growth in the form of incre-
mental markings®>?. Incremental features have traditionally been classified as short- or long-period marks?*.
The first ones include cross-striations and laminations and represent a circadian rate of enamel formation>2>2°,
Retzius lines, on the other hand, are long-period lines that indicate the successive positions of the developing
enamel front*®?. Counts and measurements of incremental markings in enamel provide the basis for quantifying
tooth growth, estimating various dental growth parameters such as daily secretion rate or extension rate, and for
calculating crown formation time'.

In large herbivorous mammals, studies aimed at reconstructing tooth growth through the analysis of enamel
incremental markings have increased considerably in number over the last years>$-11927-2%_ However, an analy-
sis of life history parameters from the enamel microstructure in key groups of evolution such as equids® is still
lacking. Only the work of Hoppe et al.'* provided some data about the periodicity and disposition of incremental
lines in the enamel of the domestic horse, but recently their results have been questioned by other authors?*>!.
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Indeed, the development of equid teeth has hitherto been determined from radiographic observations!'>*>-34

measurements of the crown height'>*, but it has not yet been studied using dental histology.

In the present study, we aim to analyse the enamel microstructure of several wild equid species to provide
information about the dental growth pattern and development in this mammalian group. Nowadays, the genus
Equus comprises the wild extant species of zebras (E. zebra, E. grevyi, E. quagga), asses (E. africanus, E. kiang, E.
hemionus) and horses (E. ferus) that dwell in different areas of Africa and Asia®**’. Here, we quantified incre-
mental markings and enamel growth parameters in the Asiatic wild ass (E. hemionus), plains zebra (E. quagga)
and Grevy’s zebra (E. grevyi). These three taxa are the most appropriate ones to infer the dental growth pattern
of the clade, as they cover most of the range of habitat, body mass and life history traits observed in extant wild
equids**-*2. To apply our results to the equid fossil record, we examined the dental enamel of Pleistocene fossil
specimens of E. ferus and E. hydruntinus to infer their pattern of molar growth. These two different-sized equids
are frequent in European Late Pleistocene mammal assemblages®. Because body size is a fundamental life history
trait that tightly correlates with other biological traits such as growth rate**¢, we calculated their molar growth
rate as a proxy of their overall growth rate to understand whether the differences in body size resulted from
changes in life history.

or by

Results

Dental histology of extant Equus. Enamel, dentine and cementum are the three dental tissues that con-
form the molar crown in all extant Equus (Figs 1a,b; 2b). A thin layer of enamel is also observable in the region
that is macroscopically considered as the root!*3>*’ (Fig. 2). Therefore, the molar crown, understood as the part of
the tooth composed of enamel?, extends further than macroscopically considered*”*® (Fig. 2). To avoid confusion
between the morphological and histological distinction of tooth root in Equus first molars, the term root will be
used here to designate the most apical area of the tooth which is enamel-free*® (Fig. 2b).

Laminations are fine incremental markings running parallel to the enamel formation front® and are the most
common incremental features identified in the enamel of our equid sample (Fig. 1c). Considering that lamina-
tions follow the one-day periodicity previously described in other herbivorous mammals®*¢-2%, we calculated
the crown formation time (CFT) of unworn teeth. As it is shown in Table 1, CFT estimations are a reasonable
match for the age of the specimen previously determined by classical methods, confirming the daily periodicity
of laminations in equids.

Long-termed Retzius lines, prominent lines formed at an oblique angle to the enamel prisms®, are also
observed in the enamel of extant equids (Fig. 1d), mainly in cervical enamel. The periodicity of these features
in our equid sample range from 5 to 7 days in E. hemionus and 5 to 6 days in both zebra species (E. grevyi and
E. quagga) (RI, Table 2).

A mean daily secretion rate of ~17-18 um/d was calculated in the enamel of extant equids (DSR, Table 2)
regardless of the part of the crown (occlusal, cervical) or the enamel zone (inner, outer) analysed (Kruskal-Wallis,
p-value > 0.05, Supplementary Table S1, S2). The Asiatic wild ass shows the slowest daily secretion rate within
the extant species, while Grevy’s zebra presents the fastest rate (Table 2, Fig. 3). However, no significant differ-
ences have been observed among the species analysed (Kruskal-Wallis, p-value > 0.05, Supplementary Table S3)
(Fig. 3).

The pace of growth of the first lower molars of extant equids (crown height against crown formation time) is
plotted in Fig. 4a and b. As equid teeth start to wear before the crown is completely formed***, crown develop-
ment is reconstructed from the cusp tip in unworn teeth (Fig. 4a) and from the root in worn molars (Fig. 4b).
Differences in growth between species have only been identified in the most cervical enamel (Fig. 4b), concretely,
at the beginning of the morphological root'****” (Fig. 2a). As Fig. 4b shows, E. hemionus deposits enamel in
that part of the tooth for a longer period than both zebras. In all studied species, unworn teeth without roots
experienced fast linear growth (Fig. 4a) while growth curves of worn molars fit to a polynomial of quadratic
order (Fig. 4b). These results indicate that teeth experience different types and rates of growth during formation.
Furthermore, the inflection point of the polynomial growth curve (Fig. 4b) is related to macroscopic anatomical
changes in the tooth, as it matches the crown divergence that results in the formation of the morphological roots
(Fig. 2a). Enamel, then, is still being deposited after the morphological roots are formed, but at much lower rates
(Fig. 4b,e).

Three different crown developmental stages (CDS) that significantly differ in enamel extension rate
(Kruskal-Wallis, p-value < 0.05, Supplementary Table S4) could be established based on the different growth
patterns (Fig. 4). During a first stage of fast linear growth (Fig. 4a) enamel extends at a mean rate of 350-400
pm/d (Fig. 4c, Table 2). At the second stage of development, which corresponds to the fastest period of polyno-
mial growth (Fig. 4b), enamel extension progressively decreases up to rates of ~130 pm/d (Fig. 4d, Table 2). At
the third stage, enamel extension rate (EER) decreases quickly to ~30 pm/d (Fig. 4e, Table 2), representing the
slowest period of polynomial growth (Fig. 4b). The decrease in the rate of enamel extension observed throughout
tooth formation is mainly due to changes in the enamel formation front angle (EFFa), which presents a range
of values that vary from ~1° on the tooth cusp to ~11° near the root (Table 2). The EFFa reflects the number of
ameloblasts that are secreting matrix at the same time, with smaller angles indicating higher EERs because more
ameloblasts are activated along the EEF*>*. Thus, the number of activated ameloblasts in the first lower molars of
extant equids is progressively reduced during the development of their crowns.

No significant differences have been found in the rate of enamel extension between the different species of
extant Equus analysed within each CDS (Kruskal-Wallis, p-value > 0.05, Supplementary Table S5). This suggests
that EER is conservative and characteristic for each developmental stage in extant Equus. On that basis, we recon-
structed the complete growth of the crown for the first lower molars of the Asiatic wild ass (Fig. 5a), establishing
the overlap area between unworn and worn teeth where similarities in EER were found (Fig. 5b). The timing of
several ontogenetic and structural changes of the first molar, such as the time of emergence, eruption and crown
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Figure 1. Dental histology of Equus and methodologies used to analyse the pattern of enamel growth. (a)
Longitudinal section of Equus hemionus’ first lower molar (IPS83151) mounted on two different slides. White
dashed rectangle indicates the magnified area in b. (b) Methodology employed to calculate the crown formation
time (CFT; IPS83151). The distance between incremental lines (white dashed lines) is measured following the
course of enamel prisms (black lines) and divided by the daily secretion rate to determine the time required

to form a specific portion of the enamel dentine junction (EDJ; white doubled arrow). (c) Laminations (black
lines) and enamel prisms (black arrows) identified in the enamel of E. hemionus (IPS92347). (d) Laminations
(black lines) between consecutive Retzius lines (black dashed lines) in the outer enamel of E. grevyi (IPS84963).
(e) Angle between the enamel dentine junction (EDJ; white line) and the enamel formation front (EFF; white
dashed line) in E. quagga (IPS92346). C = cementum; D = dentine; E = enamel. Black scale bars: 5 mm; white
scale bars =50 pm.

divergence obtained from dental histology (Fig. 5a), agrees well with data in the literature on timing of occurrence
of these events in equid’s first molars*>*"*2. This confirms the validity of the growth reconstruction based on EER
for this species and indicates that the complete crown of the first lower molar of E. hemionus takes about three
years to be formed. Changes in curve’s slope coinciding with teeth eruption and crown divergence indicate the
start of the different CDS (Fig. 5a).
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Figure 2. Macroscopic (a) versus histological (b) distinction of tooth crown and root. Figure shows that dental
enamel extends beyond the limit of the macroscopic crown (black dashed line). (a) First lower molar of E.
quagga (IPS92346) in buccal view. (b) Histological section of the buccal cusp in IPS92346. C = cementum;

D = dentine; E=enamel.

N IPS83153 | 137 5 0-6
IPS83151 | 184 6 6—12
1P$92345 | 134 4 0-3

£ quagga 1PS92342 | 160 5 3-6

E. grevyi IPS84964 | 117 4 0—6

Table 1. Age and crown formation time (CFT) estimates in unworn teeth of extant species.

We performed superimposition of teeth considering similarities in EER to infer data about wear rate
in the species. As shown in Fig. 5b, the cervical portion of a recently erupted tooth from a one-year old indi-
vidual (IPS83155) presents similar extension rates as the occlusal part of the crown of a seven-year-old tooth
(IPS92347), while EER values at the mid-crown of IPS92347 match those estimated on the occlusal enamel of a
thirteen-year-old individual (IPS92339). Superimposition of teeth indicates that approximately 110 mm of tooth
crown has been worn down in 12 years: almost 80 mm during the first six years of life and around 30 mm during
the next six (Fig. 5). Thus, a wear rate of around 13 mm/y is estimated for the first six-year period, while this
is 5mm/y for the second one. These results indicate that most of the crown formed during the first year of life
(IPS83155, Fig. 5b) is worn away by when the individual is seven years old (IPS92347, Fig. 5b).

Dental histology of fossil Equus.  As in extant Equus, both laminations and Retzius lines are identified in
the enamel of the Pleistocene fossils studied. Long-termed Retzius lines present a periodicity of 5 to 7 days in E.
ferus, while they are deposited every 4 to 6 days in E. hydruntinus (Table 2).

The fossil species analysed (E. ferus and E. hydruntinus) secrete enamel at similar rates (Kruskal-Wallis,
p-value > 0.05, Supplementary Table S3) (Fig. 3, Table 2). When compared with extant species, however, dif-
ferences in daily secretion rate have been found between E. hydruntinus, E. quagga and E. hemionus (Fig. 3)
(Kruskal-Wallis, p-value < 0.05, Supplementary Table S3). The small extinct species E. hydruntinus secretes
enamel a mean rate of ~19 pm/d, while the Plains zebra and the Asiatic wild ass do at ~17 pm/d (Fig. 3, Table 2).

We analysed the rate of enamel extension of each fossil tooth based on its macroscopic appearance and the
CDS established for extant equids (Fig. 6). The EER of IPS87523 (E. hydruntinus Stage I, Table 2) matches the
first stage of crown development (Kruskal-Wallis, p-value > 0.05, Supplementary Table S6) (Fig. 6) and its mac-
roscopic appearance (slight wear and no presence of morphological roots, Table 3) is also that expected for this
developmental stage. The rate of enamel extension of IPS87540, IPS87497 and IPS87509 (E. hydruntinus and E.
ferus Stage II, Table 2) corresponds to that estimated for the second phase of crown formation (Kruskal-Wallis,
p-value >0.05, Supplementary Table S3). As these teeth show moderate wear and macroscopic roots (Table 3), a
stage II of development was expected for their crowns too. These results on EER of fossil Equus confirm that this
dental growth parameter is very conservative within the genus.
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E. hemionus 230 4.76 45 16.92+2.3 18 [5-7
E. quagga 257 4.44 45 | 16.98+1.64 12 |5-6
E. grevyi 384 5.19 37 |17.74%+1.6 13 |5-6
E. ferus* 350 3.8 28 17.8£2.48 21 |5-7
E. hydruntinus* 215 3.54 28 18.87+2.01 22 |4-6

E. hemionus 28 349.28+£118.7 23 123.46 +76.32 48 31.38£11.58
E. quagga 14 427.084+129.58 12 1404 65.56 17 | 28.214+9.25
E. grevyi 7 358.39+101.33 13 153.37+81.26 17 | 36.831+12.58
E. ferus* — — 26 | 138.04+52.74 — | =

E. hydruntinus* 12 256.82+122.64 21 | 97.40£45.01 —

E. hemionus 25 1.25+0.54 17 | 3.35+£0.87 17 | 10.63+3.4
E. quagga 14 1.49£0.63 9 3.34+0.76 16 |11.134+3.85
E. grevyi 8 1.21£0.3 7 2.940.87 15 11.73£3.37
E. ferus* — — 39 (3474146 - | =

E. hydruntinus* 17 2.33+1.16 20 | 4344227 - | =

Table 2. Body mass, hypsodonty index and values of the different enamel growth parameters inferred in
extant and extinct equids. BM =body mass; HI = hypsodonty index; DSR = daily secretion rate; RI =repeat
interval; EER = enamel extension rate; EFFa = enamel formation front angle; N = number of observations;
SD = standard deviation; Min = minimum; Max = maximum. The star (*) indicates fossil specimens.

E. quagga — —
=
E. hemionus 5
=
—|

E. grevyi

E. hydruntinus .. S
=
E. ferus _ )

12 15 18 21

um/day
Figure 3. Boxplot of the daily secretion rate (DSR) of the enamel in the extant and extinct species of Equus
analysed.
Discussion

The aim of the present research was to reconstruct, for the first time, the pace of growth and development of
the first lower molars in Equus based on the analysis of enamel microstructure. Until now, most of the research
concerning enamel histology has been limited to low-crowned, brachydont teeth of different primate species!
and only a few studies have focused on hypsodont mammals*>***>. Our findings in three species of extant (E.
hemionus, E. quagga and E. grevyi) and two Pleistocene (E. ferus and E. hydruntinus) equids contribute to the
knowledge of enamel microstructure in high-crowned vertebrates and provide the basis for future research in
Perissodactyls. However, the results obtained here are not only relevant for histological research but also for iso-
topic studies on fossil and archaeological vertebrates. Equus’ teeth, concretely equid enamel, are widely used in
palaeobiological and palaeoecological isotopic studies'>!”!8 because their extremely high crowns record several
years of the individual’s life". A thorough understanding of the timing, geometry and rate of enamel maturation
is key to interpretation of isotopic results®. Although enamel incremental marks do not provide relevant infor-
mation about the timing? and/or the pattern® of enamel mineralization because they only register the secretory
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Figure 4. Crown formation time (CFT) related to crown height (a,b) and enamel extension rates (EER) (c,d,e)
in the extant Equus species studied. (a) CFT related to crown height in unworn teeth. (b) CFT related to crown
height in worn teeth. Dashed line separates measures obtained for the enamel that is deposited before (upward)
and after (downward) the crown divergence. (c) EER of unworn teeth studied. (d) EER in macroscopic crowns
of worn teeth. (e) EER of the enamel deposited beyond the limit of the macroscopic crown. Legend for scatter
plots is shown at the bottom of the figure. 75% grey boxplot = E. quagga; 25% grey boxplot = E. grevyi; white
boxplot = E. hemionus.
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Figure 5. Reconstruction of growth of the first molar crown in Equus hemionus based on similarities in
EER. (a) Crown formation time against crown height. Three different crown developmental stages (CDS)

are identified from the slope of the curve. (b) Teeth of E. hemionus that differ on degree of wear and root
development showing the correspondences of EER (black dashed lines) that enabled growth reconstruction
(Stage I=1PS83155; Stage I =1PS92347; Stage III =IPS92339). Em = emergence; Er = eruption; Cd = crown
divergence. Colour legend is shown at the bottom of the figure.
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Figure 6. Enamel extension rate of Pleistocene Equus specimens compared with the mean enamel extension
rate of the three crown developmental stages established for extant species (grey boxplots).

1PS83153 | NE Unworn 0—6mo. Hagenbeck Zoo | ZIHU

1PS83151 | E Unworn 6—12mo. Hagenbeck Zoo | ZIHU
E. hemionus 1PS83155 | E Slight 1-2y. Hagenbeck Zoo | ZIHU

1PS92347 | E Moderate 7y. Hagenbeck Zoo | ZIHU

1PS92339 | E Advanced 13y. Hagenbeck Zoo | ZIHU

1PS92345 | NE Unworn 0—3mo. Hagenbeck Zoo | ZIHU
E. quagga 1PS92342 | E Unworn 3 —6mo. Hagenbeck Zoo | ZIHU

1PS92346 | E Moderate 5y. Hagenbeck Zoo | ZIHU

1PS84964 | NE Unworn 0—6mo. Hagenbeck Zoo | ZIHU
E. grevyi

1PS84963 | E Moderate 5y. Hagenbeck Zoo | ZIHU

1PS87509 | E Moderate Adult La Carihuela ICp
E. ferus*

1PS87497 | E Moderate Adult La Carihuela ICP

1PS97523 | E Moderate Adult La Carihuela icp
E. hydruntinus*

1PS87540 | E Slight Subadult La Carihuela 1Cp

Table 3. Sample studied. E: erupted; NE: no erupted; mo.: months; y: years; ZIHU: Zoological Institute of
Hamburg University (Hamburg, Germany); ICP: Catalan Institute of Paleontology (Barcelona, Spain). The star
(*) indicates fossil species.

stage of amelogenesis?, these features are known to yield accurate estimations on tooth growth rates'. Indeed,
our results on enamel extension rates (=130 pm/d or ~48 mm/y for the second CDS, Table 2) are similar to the
maturation rates reported for equids (40-60 mm/y)™. Thus, rates of enamel extension seem to be a good proxy of
rates of enamel maturation in Equus. This finding, along with the detailed description of the growth and devel-
opment of the equid crown presented here, will help in the understanding of the isotopic microsamples extracted
from this mammalian group'>3.

Crown height and formation time. To date, the timing and pace of crown formation in equid teeth has
been assessed by measuring crown height'>** and by identification of dental roots in radiographic images'***-4,
In agreement with previous studies*’*$, our results indicate that the external division of teeth into crown and root
does not match the histological definition of these structures (Fig. 2), as dental enamel extends over the limit of
what is usually considered the macroscopic crown of the tooth*” (Fig. 2b). As enamel is characteristic of a tooth’s
crown??, we suggest that this portion of the tooth should be considered part of the crown and not part of root; this
view is in contrast to a previous study by Kirkland et al.*2. Apart from this terminological issue, it is worth noting
that the presence of enamel beyond the crown divergence might affect results of previous studies which consid-
ered this anatomical point to be the crown’s end. Thus, reconstructions of crown growth that exclude its final
portion'>"* may underestimate total crown formation time, as this cervical enamel takes up to one or two years to
be formed in zebras and E. hemionus, respectively (Fig. 4b), due to low rates of enamel extension (Fig. 4e, Table 2).
On the other hand, the discrepancy between macro- and microanatomical tooth structure (Fig. 2) may lead to
a miscalculation of dental indexes that involve measurements of the complete crown. For instance, the hypso-
donty index usually used in palaeoecological studies** requires the identification of the crown end to measure
the crown height™. Consequently, difficulty in differentiating the exact point where enamel ends from tooth
macroanatomy* (Fig. 2) makes the estimation of the degree of hypsodonty in Equus a challenging issue. Thus,
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hypsodonty values previously reported for this genus®’-> should be viewed with caution because the crown-root
transition might be not homologous when measuring crown height. Furthermore, the enamel identified in the
morphological roots represents up to 1-1.5 cm of tooth height (Fig. 4b). Failure to consider this area when meas-
uring crown height leads to underestimation of the hypsodonty index.

An alternative approach to estimating hypsodonty in equids can be made from enamel histology. Our results
indicate a longer period of crown formation in E. hemionus than in both African zebra species (Fig. 4b), suggest-
ing a higher hypsodonty in the former species. However, previous studies described similar hypsodonty values
for these three equids®~>°. The increase in crown height that characterises hypsodont teeth has usually been
explained as an adaptation which extends the durability of the teeth in animals feeding on an abrasive diet®>*’.
Like all extant equids, E. hemionus, E. quagga and E. grevyi are classified as grazers®**"%° with similar abrasive
diets®®. However, they dwell in different habitats, which also influence tooth wear®'. While the Asiatic wild ass is
endemic on the steppe and desert plains of central Asia***, E. quagga and E. grevyi usually occur in different types
of African grasslands®***!. Our findings of an extended deposition of enamel in the Asiatic wild ass (Fig. 4b) is con-
gruent with previous research that correlates hypsodonty and mean annual precipitation®®!, as this species dwells
in a more arid habitat. Furthermore, hypsodonty has been explained to occur in response to an increase in lifespan
of the species®*®*-%4. A higher degree of hypsodonty in E. hemionus (Fig. 4b) is consistent with this hypothesis, as
the maximum longevity reported for this species in the wild is 29 years®, while it is 18 and 21 years for Grevy’s
zebra® and plains zebra®, respectively. Theory suggests that in a resource-limited environment with low extrinsic
mortality, natural selection favours a shift in energy allocation from reproduction to growth and maintenance®,
and that triggers extended longevity®>$46%%_The Asiatic wild Ass inhabits a resource-poor environment (steppes
and deserts of Asia*’) and faces low rates of predation (grey wolves are its only known non-human predators™).
Thus, the increase in crown height observed in E. hemionus can alternatively be explained as an increase in dura-
bility of its teeth to extend life span. The extended deposition of enamel in the Asiatic wild Ass has been identified
after the crown divergence, at the beginning of the macroscopic root (Fig. 4b). Although, as far as we know, there
are no descriptions of equid molars which are worn below the crown bifurcation, teeth with such exceptional
degree of wear could still be functional. In very old horses, teeth are known to present minimal reserve crowns
and very elongated roots that allow stable alveolar attachment®. Thus, a hypothetical equid molar worn below
the crown divergence would be viable. This also supports the hypothesis of a prolonged enamel deposition in E.
hemionus related to the extended longevity of the species, as the presence of enamel beyond the crown bifurcation
increases the durability of the tooth in animals of advanced ontogenetic stages.

Crown developmental stages (CDS). Our results indicate that the rate of crown formation exponen-
tially decreases throughout tooth development (Figs 4a,b; 5), as already suggested by Bendrey et al.'?. The EER
decreases from values of ~2350-400 jum/d at the beginning of crown development to rates of ~30 jum/d at the end
of crown formation (Fig. 4c-e, Table 2). A reduction on EER during crown development has also been observed
in other mammalian species®!%%3!1 Based on such variation of EER along the tooth’s crown, we determined
three different developmental stages of the crown (CDS) in the first lower molars of extant Equus (Fig. 4, Table 2).
During a first phase of crown formation, dental enamel grows fast and linearly (Fig. 4a,c, Table 2). The next
stages of enamel development, however, follow polynomial growth (Fig. 4b). Thus, the second CDS, which pre-
sents extension rates values of around ~130 um/d (Fig. 4d, Table 2), corresponds to the fastest period of this
polynomial growth (Fig. 4b), while CDS III represents the slowest period (Fig. 4b) with very low rates of enamel
extension (Fig. 4e, Table 2). The limit between the different CDS seems to correlate with both structural and
ontogenetic changes in the tooth in E. hemionus (Fig. 5a). Therefore, the transition from stage I to stage I matches
the first molar’s eruption time®?, while the beginning of stage III correlates well with the macroscopic appearance
of the tooth roots in related Equus species®® (Fig. 5a). Correspondence between the beginning of CDS III and the
divergence of the crown has also been detected in E. quagga and E. grevyi (Fig. 4b). Our results also show that the
rate of enamel extension is very conservative within the genus Equus and, as previously mentioned, characteristic
for each CDS (Figs 4c—e; 6). This result is especially relevant for palaeodemographic studies, as EER estimations
of a fragmentary fossil/archaeological equid tooth allow researchers to assigned it to a CDS and, hence, to an age
category. Studies aimed to infer the life history strategy of extinct species, however, require combined analysis
of the macroscopic appearance of the tooth and the microscopic examination of its EER. Thus, in the case of the
estimated CDS of a fossil tooth failing to match the degree of dental wear and/or root development expected for
this stage, differences in growth and, thus, in life history might be deduced for the species.

Estimation of wearrates. Superimposition of teeth of E. hemionus based on similarities of EER (Fig. 5) also
yield data on wear rates in Equus. A wear rate of around 13 mm/y has been estimated for the first six years of life,
avalue far above the 3-5mm/y previously reported in extant**”! and in extinct equids’>. However, the latter pub-
lished wear rates agree with the estimated wear rate of 5mm/y obtained for the next six-year period. Therefore,
our results suggest that (i) first lower molars of the Asiatic wild ass wear down at an exponentially decreasing rate
and that (i) wear rates are much higher at the beginning of the animal’s life, as already proposed by Levine®. This
is explained by the eruption sequence of the species. As the first molar is the first permanent tooth to erupt, and
complete permanent dentition is not visible until almost the fifth year of life®?, it seems reasonable that higher
wear rates in the first molar would be found at early ontogenetic stages. Due to these greater wear rates, the crown
formed during the first year of life is almost worn down in a seven-year-old tooth (Fig. 5b). This observation is of
special interest for the correct interpretation of isotopic values obtained from enamel microsampling in equids.

Daily Secretion Rate (DSR). The DSR of enamel in equids has recently been a matter of discussion?*!.
The results obtained here suggest that extant equid species secrete enamel at a mean rate of ~17-18 pm/d (Fig. 3,
Table 2). These values agree well with rates of enamel apposition reported for other hypsodont mammals®#27:28,
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but they differ from previously published estimates of only 5 pm/d for the domestic horse'?. Kierdorf et al.?**!
considered that these lower values of enamel apposition rates reported in horses might be due to a misidentifi-
cation of sub-daily incremental marks as daily marks. The daily periodicity of laminations is well-established
in several mammalian taxa using experimental labelling?>?%*!, but this type of study has never been conducted
in equids. Therefore, we compared the estimated age of the youngest individuals with the time of formation of
their first molar crown (Table 1), in order to validate and corroborate the periodicity of these features in Equus.
As the formation of the first permanent molar in equids starts around the time of birth!>*, the CFT of the
still-developing, unworn tooth must be equivalent to the previously calculated age of the individual. Our results
show that both methodologies provide similar times for crown formation (Table 1). These results confirm the
hypothesis of Kierdorf et al.*>*! that previous studies misidentified incremental lines in equid enamel®.

First insights into enamel histology of fossil equids. Finally, the enamel microstructure of the Late
Pleistocene species, E. ferus and E. hydruntinus, was analysed in a first attempt to infer their pattern of molar
growth. Both fossil equids present similar values for enamel secretion and extension rate but differ in the peri-
odicity of Retzius lines, namely the repeat interval (RI) (Table 2). As is shown in Table 2, RI in E. hydruntinus
comprises 4-6 days, while RI in E. ferus consists of 5-7 days. In agreement with previous research on primates
and proboscideans’, these results suggest that equid repeat interval is related to body mass, as E. hydruntinus pre-
sents the lowest body mass as well as the lowest RI within the equid species investigated. The EER of all fossil teeth
studied was as expected due to their macroscopic appearance (degree of wear and root development) (Fig. 6),
which suggests that the time of crown formation and eruption in both extinct species was similar to that reported
for extant equids. When comparing extant and extinct Equus, our results show that the daily secretion rate of
enamel in E. hydruntinus significantly differs from that of E. quagga and E. hemionus (Fig. 3, Table 2). According
to Dirks et al.'®, “the daily secretion rate of enamel is likely to be dependent on a complex interaction of tooth size,
morphology and life history”. A full assessment of the factors responsible for the higher rates of enamel apposition
detected in E. hydruntinus requires a more detailed analysis involving a larger sample size, beyond the scope of
the present study. However, some hypotheses can be drawn from our results. On the one hand, our findings do
not match expected DSR values for this species based on body size (life history factor) or hypsodonty (tooth size
factor). As E. hydruntinus is the smallest and less hypsodont equid analysed here (Table 2), an enamel secretion
rate comparable to that of E. quagga would be expected. The unexpected elevation in daily secretion rates in this
extinct equid species might be related to tooth morphology. Although genetically related to the extant Asiatic wild
ass, E. hydruntinus is a singular extinct species that shares morphological features with extant asses, zebras and the
Pliocene equid, E. stenonis’*7°. Specifically, the lower molar enamel of E. hydruntinus presents a primitive pattern
that appears to be similar to that of E. stenonis”. Future histological studies of the enamel in this early Pliocene
species might shed light on the factors that lead to the daily secretion rates found in E. hydruntinus.

In conclusion, our histological analysis of enamel in the first lower molars of several extant and extinct Equus
species allowed the estimation of dental growth parameters and the reconstruction of the enamel growth pattern
in the clade. Our results provide further evidence of the already known discrepancy between dental macro- and
microanatomy that might hamper growth inferences using external measurements of the crown. This finding calls
for a revision of commonly used palaeontological and palaeoecological indexes, requiring a correct identification
of the crown-root transition, such as the hypsodonty index. We identified three crown developmental stages
(CDS) based on different growth patterns during the formation of the first molar. The beginning of each CDS is
related to ontogenetic and morphological changes of the tooth. EER is very conservative within the genus and
characteristic for each of the three CDS, thus showing a high potential for use in palacodemographic and/or life
history studies. We estimated a daily secretion rate for enamel of 217-18 pm/d in the three extant Equus species,
suggesting that previously reported values of DSR in E. caballus are erroneous. Superimposition of different-aged
teeth of E. hemionus reveals a high wear rate during the first six years of the animal’s life. This information should
be considered in isotopic studies of tooth enamel to correctly interpret isotopic microsamples. Our results show
that there are no differences in extension rate or daily secretion rate in the enamel of E. hemionus, E. quagga and
E. grevyi. However, the Asiatic wild ass shows a longer period of crown formation in comparison with plains zebra
and Grevy’s zebra, which indicates a higher hypsodonty in the ass. Such increase in tooth height is likely to be an
adaptation of the Asiatic wild ass to counterbalance tooth wear resulting from both the more arid habitat and the
extended longevity of the species. Finally, enamel histology of the Pleistocene species (E. ferus and E. hydrunti-
nus) reveals that the smallest fossil species secreted enamel at higher rates than extant equids of the same size, E.
quagga for example. We suggest that this might be related to the tooth morphology of E. hydruntinus rather than
its tooth size or life history. Further studies with a larger sample size and related taxa are needed to corroborate
these results.

Methods

Material. In the present study, we analysed 14 first lower molars from three extant and two Pleistocene species
of Equus (Table 3). A total of 10 teeth representing different eruption stages and degrees of wear were studied in
specimens from three extant species (E. hemionus, E. grevyi and E. quagga) from the Hagenbeck Zoo (Hamburg,
Germany). Each extant specimen was aged by the eruption and wear patterns described for the different Equus
species®*27778 In view of this methodology becoming less reliable when all permanent teeth are erupted, the age
of adult individuals was confirmed by counting annual growth marks present in the cementum of the first lower
incisors®"*. In addition to the extant samples, four teeth of the Pleistocene species, E. ferus and E. hydruntinus,
were examined. Each fossil tooth was assigned to an age category (sub-adult or adult) based on the degree of
wear and root development?®?. The fossil material came from La Carihuela, a Late Pleistocene cave located in
Pifiar (Granada, Spain) and dated between 82,500 and 11,200 years BP7?-8!. Fossil samples were housed at the
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Catalan Institute of Palaeontology (Barcelona, Spain), while extant specimens belonged to the collections of the
Zoological Institute of Hamburg University (Hamburg, Germany).

Preparation of histological thin-sections. Histological sections of teeth were prepared in our laboratory
following standard procedures®. In the case of extant species, teeth were firstly extracted from the mandible and
dehydrated using different concentrations of alcohol for a total period of 72 hours (70, 96 and 100%; 24 h in each).
With both extant and fossil samples, each tooth was then embedded in epoxy resin (Araldite 2020) and longitudi-
nally sectioned at the level of the protoconid in the bucco-lingual plane using a low-speed diamond saw (IsoMet,
Buehler). The cut surface was later polished using a Metaserv®250 (Buehler) and fixed to a frosted glass with
ultraviolet-curing adhesive (Loctite 358). Each sample was then cut and ground with a diamond saw (PetroThin,
Buehler) up to a thickness of 150 pum and polished again to obtain a final thickness of approximately 120 pm.
Finally, the thin sections obtained were dehydrated again in increasing concentrations of alcohol, immersed in
a histological clearing agent (Histo-Clear II) and mounted using DPX medium (Scharlau) to improve visualis-
ation of the dental microscopic features. Due to the high height of equids’ crowns, most of the samples had to be
mounted on two separate slides'®. The identification of incremental markings enabled confirmation of both slides
being cut from the same plane (Fig. 1a).

Analysis of thin histological sections. Thin sections were examined using a polarised light microscope
(Zeiss Scope.Al microscope) and images were captured with a digital camera mounted on the microscope
(AxioCam ICc5). Enamel tissue was examined in detail and different types of incremental markings were iden-
tified. Counts and measures of daily periodic laminations (Fig. 1c) along the buccal cusp were performed using
Image] software, allowing estimates of several histological parameters that reflect the growth rate of the enamel.
Firstly, the daily secretion rate (DSR) was calculated in different areas of the crown by measuring the distance
between adjacent daily lines following the course of enamel prisms® (Fig. 1¢). Secondly, the repeat interval (RI),
representing the periodicity of long-period lines, was quantified by counting the number of laminations between
Retzius lines! (Fig. 1d). In those areas where laminations were not well-preserved, this parameter was estimated
by dividing the distance between consecutive Retzius lines by the DSR!. Thirdly, the course of incremental marks
was used to reconstruct the crown formation time (CFT) of each tooth, following the method of Jordana &
Kohler®. As indicated in Fig. 1b, the path of the incremental lines was traced from the enamel-dentine junction
(ED]J) to the enamel surface. The distance between these lines was then measured following the course of the
enamel prism; this value was divided by the DSR to determine the time required to form a specific portion of
EDJ. The sum of all times along the EDJ results in the CFT. In unworn teeth of extant species, in which the crown
development has not been completed, the CFT was compared with the estimated age of each specimen®"*? to
validate and calibrate the daily periodicity of laminations in Equus. Fourthly, the enamel extension rate (EER)
was calculated as the quotient between a determinate length of the EDJ and the number of days that it takes to be
formed, as this parameter represents the growth of teeth along the EDJ". The angle between the enamel formation
front (EEF) and the ED] was also quantified (Fig. 1e) because it is directly related to the EER>?!.

Statistics. Statistical analyses were carried out with Java Gui for R© version 1.7-162. Kruskal-Wallis and
Mann-Whitney U tests were performed to analyse differences between groups. A value of p < 0.05 was considered
to be statistically significant after applying the Bonferroni correction.

Data availability. All data generated or analysed during this study are included in this published article (and
its Supplementary Information files).
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Supplementary Tables for
Reconstructing molar growth from enamel histology in extant and extinct Equus

Carmen Nacarino-Meneses, Xavier Jordana, Guillem Orlandi-Oliveras & Meike Kohler

Supplementary Table S1. Daily secretion rate in different parts of the crown (occlusal,

middle, cervical) and enamel zones (inner, middle, outer) in the extant Equus studied.

Part of the crown

Occlusal Middle Cervical
N | Mean=SD | N | Mean+=SD | N | Mean=SD
E. hemionus | 30 | 17.53+x1.68 | 6 | 17.42+3.04 | 6 | 15.62+1.96
E. quagga |26 |17.31 £1.56 | 12 | 16.04=1.13 | 7 | 17.39+£2.18
E. grevyi 19| 18.12+1.82 | 12| 17.52+1.24 | 6 | 17.02+1.33

Enamel zone

Inner Middle Outer
N | Mean+SD | N | Mean+SD | N | Mean+SD
E. hemionus | 17 | 16.18+2.6 |15 | 17.58+2.03 | 13| 17.11+£2.06
E. quagga 14 | 16.98+1.82 | 15 | 16.42+1.39 | 16 | 17.5+1.6
E. grevyi 15| 17.43x1.3 |14 | 17.89«x1.86 | 8 | 18.08+1.70

Supplementary Table S2. Results of Kruskal-Wallis test on differences of daily
secretion rate (DSR) between enamel zones (inner, middle, outer) and between parts

of the crown (occlusal, middle, cervical). P-value adjustment method: Bonferroni. o =
0.05.

Chi-squared p-value
Enamel zones 2.0576 0.3574
Part of the crown 3.8434 0.1463

Supplementary Table S3. Results of Kruskal-Wallis test on differences of daily
secretion rate (DSR) between Equus species. Pairwise comparisons were calculated

using Mann-Whitney U test. P-value adjustment method: Bonferroni. o = 0.05.



Chi-squared p-value

DSR  18.83402  <0.001
E. ferus E. grevyi E. hemionus E. hydruntinus
E. grevyi 1 - - -
E. hemionus 1 1 - -
E. hydruntinus | 0.86813  0.05080 0.00265 -
E. quagga 1 0.52253 1 <0.001

Supplementary Table S4. Results of Kruskal-Wallis test on differences of enamel
extension rate (EER) between crown developmental stages (CDS) in the different extant

Equus species analysed. Pairwise comparisons were calculated using Mann-Whitney U

test. P-value adjustment method: Bonferroni. a = 0.05.

Chi-squared p-value

E. hemionus 78.0673 <0.001
E. quagga 36.5513 <0.001
E. grevyi 28.8870 <0.001
E. hemionus
CDSI CDSII
CDSII <0.001 -
CDSIII <0.001 <0.001
E. quagga
CDSI CDSII
CDSII <0.001 -
CDSIII <0.001 <0.001
E. grevyi
CDSI CDSII
CDSII 0.0015 -
CDSIII <0.001 <0.001




Supplementary Table S5. Results of Kruskal-Wallis test on differences of enamel

extension rate (EER) between species within each crown developmental stage (CDS). a

=0.05.
Chi-squared p-value
CDS 1 2.5601 0.2780
CDS I 2.0468 0.3593
CDS III 4.3409 0.1141

Supplementary Table S6. Results of Kruskal-Wallis test on differences of enamel

extension rate (EER) between Pleistocene Equus specimens and crown developmental

stages (CDS) established for extant equids. Pairwise comparisons were calculated using

Mann-Whitney U test. P-value adjustment method: Bonferroni. o = 0.05.

Chi-squared

p-value

EER 1

91.3405

CDS1

<0.001

CDS 11

CDS III  1PS87497 1PS87509 1PS87523

CDS 11
CDS III
IPS87497
IPS87509
IPS87523
IPS87540

<0.001
<0.001
<0.001
<0.001
0.15828
<0.001

<0.001
1
1
0.01037
1

<0.001 - - -
<0.001 1 - -
<0.001 0.30434  0.04284
<0.001 1 0.71513  <0.001
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DiscussionN

The central aim of the present PhD dissertation is to reconstruct the life history (LH)
strategies of extant and extinct Equus from the histological analysis of their bones and teeth.
To achieve this goal, limb bones and first lower molars have been histologically analyzed
in the extant species E. hemionus, E. quagga and E. grevyi (Chapters 4 to 6 and 8). The
results have provided novel findings about the growth and development of these biological
structures that not only contribute to our knowledge of mammalian bone and dental
histology but also set a well-founded basis for the study of fossil species. The information
obtained from living equids has subsequently been applied to European extinct Equus
species, providing a first insight into their pace of life. Specifically, bone histology of the
Middle Pleistocene equids E. steinheimensis and E. mosbachensis (Chapter 7) and enamel
tissue of the Late Pleistocene species E. ferus and E. hydruntinus (Chapter 8) have been
studied. In the present chapter, the main results of this dissertation are discussed following
the order of the objectives detailed in Chapter 2. In a first section (9.1), the most significant
findings obtained from the histological analysis of skeletal and dental elements in extant
Equus are reviewed, highlighting their relevance for the inference of LH characteristics. In
a second section (9.2), several LH traits of European Pleistocene equids are inferred from
the study of bone and enamel microstructure. Their LH strategy is analyzed within the
framework of Palkovacs’ (2003) LH model in order to better understand the evolution of
body size from this novel point of view (9.2).

9.1. BONE AND DENTAL HISTOLOGY OF EXTANT Equus: Setting the basis for life
history inferences

9.1.1. Bone histology of extant Equus

Over the last decades, the number of studies that investigate mammalian bone tissue
under a LH perspective has increased importantly (see a review in Kolb et al. 2015a).
However, and despite several authors claimed that research in living taxa is crucial to
decipher how organismal biology is recorded in bone microstructure (Martinez-Maza et
al. 2014; Woodward et al. 2014; Cambra-Moo et al. 2015; Kolb et al. 2015a; Jordana et
al. 2016), most investigations have focused on fossil organisms (Chinsamy and Hurum
2006; Sander and Andrassy 2006; Kohler and Moya-Sola 2009; Marin-Moratalla et al.
2011; Martinez-Maza et al. 2014; Amson et al. 2015; Kolb et al. 2015b; Moncunill-Solé
et al. 2016). In extant species, studies aimed at inferring LH traits from bone histology



are limited to primates (Castanet et al. 2004), ruminants (Kohler et al. 2012; Marin-
Moratalla et al. 2013; Marin-Moratalla et al. 2014) and rodents (Garcia-Martinez et al.
2011). The present dissertation partially fills this gap by providing new and unique results
about the bone microanatomy in the genus Equus. Specifically, this PhD thesis presents
the first comprehensive histological description of the femur, the tibia and the metapodial
bones for complete ontogenetic series (from perinates to adults) of the extant species
E. hemionus (Asiatic wild ass) (Nacarino-Meneses et al. 2016a; Nacarino-Meneses et al.
2016b; Chapters 4 and 5). According to Forstén (1992), the Asiatic wild ass is ecologically
and morphologically similar to fossil stenonoid equids, which makes E. hemionus one
of the most appropriate extant taxa for comparison with extinct equids. Furthermore, E.
hemionus is near threatened in the wild (Kaczensky et al. 2015; IUCN 2018) and the LH
information obtained from the histological analysis of its bones may aid the development
of new conservation strategies for the species, as has been suggested for a few other taxa
(Chinsamy and Valenzuela 2008; Garcia-Martinez et al. 2011; Marin-Moratalla et al.
2013). Therefore, the Asiatic wild ass has been used in this thesis as a test-case taxon
to exemplify the histological development of bones in the genus Equus. Nonetheless,
bone microstructure has also been thoroughly analyzed in the extant species of plains
and Grevy’s zebra, shedding light on the relationship between non-cyclical BGMs of
physiological origin and key LH events in equids in particular and in mammals in general
(Nacarino-Meneses and Kohler accepted; Chapter 6).

9.1.1.1. The bone tissue of extant Equus: ontogenetic changes in bone matrix and
vascularization

The exhaustive analysis of limb bone histology performed in E. hemionus
along Chapters 4 and 5 of the present dissertation (Nacarino-Meneses et al. 2016a;
Nacarino-Meneses et al. 2016b) has revealed important changes in bone tissue types
and vascularization along growth and development. Early in ontogeny, all limb bones
of the Asiatic wild ass are composed of well-vascularized fibrolamellar complex (FLC)
interrupted by bone growth marks (BGMs) (Fig. 2 and 5 in Chapter 4; Fig. 1 to 6 in Chapter
5). This primary bone tissue is progressively replaced by secondary osteons (Haversian
systems) (Fig. 5 in Chapter 4; Fig. 1 and 2 in Chapter 5), which usually concentrate in
those cortical areas that suffer higher biomechanical stress (e.g. tendon attachment sites).
Besides, closely-packaged laminar bone with BGMs was identified in the outermost
cortex of adult femora and metapodia (Fig. 51 in Chapter 4; Fig. 2D in Chapter 5), forming
the external fundamental system (EFS; Cormack 1987). Differences between limb bones
are restricted to the arrangement of the vascular canals (VCs): while femoral and tibial
cortices are mainly composed of laminar bone (circular VCs) (Fig. 5C in Chapter 4;
Fig. 1A and 2A in Chapter 5), metapodia present longitudinal primary osteons (POs)
oriented in circular rows (Fig. 2A in Chapter 5). These observations agree with previous
histological descriptions reported for the limb bones of extant and extinct Equidae (Enlow
and Brown 1958; Stover et al. 1992; Sander and Andrassy 2006; Cuijpers and Lauwerier
2008; Martinez-Maza et al. 2014). As the pattern of vascularization is intimately related to
biomechanics (de Margerie 2002), differences in VC arrangement between appendicular



bones are likely reflecting the different weight-bearing forces acting upon each of them.

In femora of E. hemionus, differences in bone matrix components have been identified
between areas of the same cross-section (Chapter 4; Nacarino-Meneses et al. 2016a). At all
ontogenetic stages, the lateral regions of the cortex present a higher proportion of parallel-
fibered bone (PFB) than woven-fibered bone (WFB) within the FLC matrix (Fig. 5F in
Chapter 4). Even in the juvenile individual (IPS83155), a PFB matrix is identified in this
specific area of the bone cortex (Fig. 5G in Chapter 4). As bone tissue types differ in their
rate of deposition (Amprino 1947; de Margerie et al. 2002), these findings suggest different
rates of growth for the different cross-section regions. This is likely a consequence of bone
drift, an ontogenetic process that adjusts diaphyses of long bones during growth to their
final adult size and shape (Martin et al. 1998; Currey 2002; Chinsamy-Turan 2005).

Especially remarkable are the changes in bone tissue and vascularization that take
place in the limb bones of Equus at a specific moment in ontogeny: the time of birth
(Chapters 4 to 6; Nacarino-Meneses et al. 2016a; Nacarino-Meneses et al. 2016b; Nacarino-
Meneses and Kohler accepted). Our analysis has revealed the presence of a non-cyclical
BGM that records this LH event in the bone microstructure of extant equid species (Chapter
6; see also section 9.1.1.2.). Associated to this feature, we have identified differences in
the components of the FLC matrix and in vascular canal size and arrangement. On the
one hand, results of the present dissertation showed that prenatally formed FLC in the
tibiae of all Equus species and in the femora of both zebras presents a higher proportion
of PFB than postnatally formed tissue (Fig. 5C in Chapter 4; Fig. 1A in Chapter 5; Fig.
5B-F in Chapter 6), suggesting higher rates of bone formation (de Margerie 2002) after
birth. This finding agrees with previous histological studies in Elephantidae (Curtin et al.
2012) and E. caballus (Stover et al. 1992), which described lower proportions of PFB in
the limb bones of these animals in postnatally formed tissue (Stover et al. 1992; Curtin
et al. 2012). Our results, however, contrast with studies in reptiles and dinosaurs, which
reported a more organized bone matrix composed of PFB in these taxa after hatching
(Chinsamy and Hurum 2006; Hugi and Sanchez-Villagra 2012; Curry Rogers et al. 2016).
Differences on postnatal bone tissue between equids and reptiles or dinosaurs are probably
related to the higher postnatal growth rates described for mammals in comparison with
these egg-laying vertebrates (Case 1978; Peters 1983; Calder 1984). Results of the present
dissertation also reveal changes in bone vascularity associated to the moment of birth.
VCs in the femora of E. hemionus, for instance, change from a longitudinal to a mainly
circular arrangement after this LH event (Fig. 5C in Chapter 4; Fig. 5A in Chapter 6).
As previously stated, VC pattern is generally associated with biomechanics (de Margerie
2002) and laminar bone (FLC mainly composed of circular VCs (Francillon-Vieillot et
al. 1990)), specifically, has been suggested to be adapted to support torsional loads (de
Margerie 2002). These stresses, along with bending loads, are the main forces affecting
the limb bones of horses during locomotion (Gross et al. 1992). Therefore, the change in
VC orientation identified in femora of E. hemionus is probably related with the onset of
locomotion just after birth. Not only differences in VC arrangement but also in VC size
have been identified in Equus associated to the moment of birth. In all limb bones of the



equid species studied (E. hemionus, E. quagga and E. grevyi), VCs formed postnatally are
larger than those formed prenatally (Fig. 5G-I, Fig. 6, Fig. 7 and Table 3 in Chapter 6).
This finding agrees with results on PO size reported by Stover et al. (1992), who described
bigger POs in bone tissue deposited after birth. Larger VCs have also been associated
with higher rates of bone formation (de Margerie 2002). Thus, the larger area of the VCs
formed after birth suggests higher rates of postnatal bone formation in equids, as already
inferred from bone matrix changes (Fig. 1A in Chapter 5; Fig. 5B-F in Chapter 6).

9.1.1.2. Non-cyclical and cyclical BGMs: bone skeletochronology and the inference
of biological and LH traits in extant Equus

Bone growth marks (BGMs) are classified as cyclical (CGMs) and non-cyclical
features in relation to their periodicity (Castanet et al. 1993; Woodward et al. 2013). The
first ones appear in bone cortices due to endogenous physiological rhythms linked to
seasonality (Kohler et al. 2012), registering annual cycles of growth (Castanet et al. 1993;
Woodward et al. 2013). Causes of deposition of non-cyclical BGMs, however, are little
studied. In amphibians and reptiles, these features have been suggested to record key LH
events such as metamorphosis or hatching respectively (Hemelaar 1985; Castanet and
Baéz 1991; Esteban et al. 1999; Khonsue et al. 2001; Ento and Matsui 2002; Esteban et al.
2002; Jakob et al. 2002; Olgun et al. 2005; Chinsamy and Hurum 2006; Hugi and Sanchez-
Villagra 2012; Sinsch 2015). Nonetheless, non-cyclical BGMs in mammalian cross-
sections are commonly related to bone drift (Woodward et al. 2013; Martinez-Maza et al.
2014) and only a few authors have proposed a relationship between these and mammalian
LHs (Morris 1970; Castanet et al. 2004; Castanet 2006). In the present dissertation, we
identified a non-cyclical BGM (LAG) in the limb bones of the Asiatic wild ass, the plains
zebra and the Grevy’s zebra (Chapter 6) that does not result from cortical bone drift but
from the physiological changes that occur in the organism during a biological stressful
event (Nacarino-Meneses and Kohler accepted). Specifically, this mark was identified in
the tibiae and the metapodia of all Equus specimens studied (Fig. 1 in Chapter 6), from
foal to adult stage. It was also recognized in femoral cortices, but only in that of foals and
yearlings (Fig. 1 in Chapter 6). Later in ontogeny, this non-cyclical BGM is lost in the
femur due to expansion of the medullary cavity (Fig. 3 in Chapter 6). Superimposition
(Woodward et al. 2013) performed in the Asiatic wild ass indicated a coincidence between
the perimeter of perinatal bones and that of the non-cyclical BGM identified at later
ontogenetic stages (Fig. 4 and Table 2 in Chapter 6), suggesting that this mark records the
birth of the animal. Consequently, and in analogy to the neonatal line described in enamel
and dentine tissues (Schour 1936; Weber and Eisenmann 1971; Carlson 1990; Smith et
al. 2006; Tafforeau et al. 2007), we refer to it as neonatal line (NL). NLs have never been
described before in mammalian bone tissue. Hitherto, previous reports on non-cyclical
BGMs of physiological origin in mammals have always been related to the weaning event
(Morris 1970; de Margerie et al. 2004; Castanet 2006). However, weaning occurs much
later in all equid species studied (12 - 18 months in E. hemionus (Nowak 1999); 7 - 11
months in E. quagga (Nowak 1999); 9 months in E. grevyi (Churcher 1993); see also
Table 1.1 in Chapter 1) than the appearance of the non-cyclical BGM in their limb bones



(before the first month of life in the femur and the tibia and before the fourth month in the
metapodia; Fig. 1 and Fig. 2 in Chapter 6). Furthermore, low physiological levels of thyroid
and growth hormones (Stewart et al. 1993; Messer et al. 1998) and high concentration
values of cortisol (Fowden et al. 2012) in equids during birth are consistent with an arrest
or reduction in the rate of bone formation (Buchanan and Preece 1992) that likely leads
to the deposition of a NL. The description of a NL in the bone tissue of equids offers new
and interesting possibilities for the reconstruction of LHs in this and in related groups of
mammals. Considering that this feature records the bone circumference of newborn foals,
its measurement can be used, for instance, to obtain estimations of the weight at birth
(Anderson et al. 1985) in extant and fossil species. Body weight is commonly used as a
proxy of body size (Damuth and MacFadden 1990). Therefore, weight estimates obtained
from dimensions of the NL can be used as a proxy of the size at birth, which is one of the
most important LH traits of mammals (Stearns 1992). The accurate identification of the
NL further provides a “time zero” that may be crucial for skeletochronological research
and growth reconstructions.

Bone skeletochronology constitutes the basis for the estimation of key LH
characteristics in mammals (e.g. age at death, age at maturity) from the counting of
CGMs (Castanet et al. 1993; Castanet 2006; Marin-Moratalla et al. 2013; Woodward et
al. 2013). The correspondence of CGMs with annual growth cycles has been tested in
several mammalian groups including ruminants, primates and rodents (Castanet et al.
2004; Garcia-Martinez et al. 2011; Kohler et al. 2012), but not in equids. In the present
dissertation, we checked for the first time the reliability of skeletochronology in the
genus Equus by comparing the number of CGMs in several femora of E. hemionus with
the estimated age of the specimens (Chapter 4; Nacarino-Meneses et al. 2016a). In this
preliminary study, all BGMs within a bone cortex were considered as cyclical features, as
they are the most common growth marks in the bone cortices of vertebrates (Castanet et al.
1993). Results showed a general agreement between the number of CGM:s in femoral bone
cortices and the age assessed for each individual from the eruption sequence (Chapter
4; Nacarino-Meneses et al. 2016a), validating the application of skeletochronology in
this group of mammals. Reliability of bone skeletochronology was also tested in tibiae
and metapodia of the Asiatic wild ass in order to determine which limb bone provides
the most accurate LH estimations in equids (Chapter 5; Nacarino-Meneses et al. 2016b).
Generally, our results show that tibiae record a lower number of CGMs than femora
and/or metapodia (Table 2 in Chapter 5). Also, Haversian systems appear very early in
ontogeny in tibial cortices (Fig. 1B in Chapter 5), which increases the probability that
BGMs are erased earlier than in other long bones. Furthermore, estimations of the age at
maturity based on the appearance of an EFS (Chinsamy-Turan 2005; Marin-Moratalla et
al. 2013; Jordana et al. 2016) cannot be performed in this bone, as this tissue type was not
identified in the adult tibia of E. hemionus (Fig. 1C in Chapter 5). For all these reasons, and
contrasting with previous studies in dinosaurs (Horner et al. 1999), we consider that tibiae
are not suitable for skeletochronological studies in Equidae. Metacarpi and metatarsi, on
the other hand, register a similar total number of CGMs as femora, but fewer CGMs are
located within the FLC (Table 2 in Chapter 5). This underlines the relevance of metapodia



for the estimation of individual age (Castanet et al. 2004), which is especially interesting
for fossil species as these bones are the most common equid skeletal elements found at
paleontological sites. Metapodia, however, do not provide reliable inferences about the age
at maturity due to the lower number of CGMs before deposition of the EFS (Chinsamy-
Turan 2005; Marin-Moratalla et al. 2013; Jordana et al. 2016), which likely results from
the advanced attainment of adult size and shape of metapodia in comparison with other
long bones. This contrasts with a previous study of Martinez-Maza et al. (2014), who
analyzed cross-sections of Hipparion concudense metapodia to infer age at maturity of the
species. Actually, our findings agree with investigations in mammals (Garcia-Martinez et
al. 2011) and dinosaurs (Horner et al. 1999) that suggest the femur as the best limb bone
for performing skeletochronological studies. In equids, the femur does not only register
the highest total number of CGM:s of all limb bones analyzed, but also the highest number
of these features within the FLC (Table 2 in Chapter 5). Furthermore, and as previously
stated, the number of CGMs in this bone fairly matches the estimated age of each specimen
(Chapter 4). Hence, femora provide the best results for the estimation of both the age at
death and the age at maturity in extant and extinct equids.

Age at reproductive maturity is one of the most important LH traits of mammals
(Stearns 1992). Based on the energetic trade-off between growth and reproduction
postulated by the life history theory (LHT) (Stearns 1992), several authors have proposed
that this LH characteristic is registered in mammalian bone microstructure as the timing
of deposition of the EFS (Marin-Moratalla et al. 2013; Jordana et al. 2016). Due to the
close relationship between bone tissue types and their rate of deposition (Amprino 1947;
de Margerie et al. 2002; Huttenlocker et al. 2013), however, other authors argued that the
occurrence of this tissue is related to the attainment of skeletal maturity (Cormack 1987;
Woodward et al. 2013; Martinez-Maza et al. 2014; Amson et al. 2015; Kolb et al. 2015b).
In all limb bones of E. hemionus, the EFS is deposited after the time of epiphyseal fusion
(Fig. 7 and Table 3 in Chapter 5), indicating that it does not record skeletal maturity in
equid bones (Nacarino-Meneses et al. 2016b). The timing of deposition of the EFS in the
femora of the Asiatic wild ass, however, matches the age at first breeding (see Kaczensky
et al. (2015) for the age at first breeding of E. hemionus) of the species, in both the female
and the male specimen analyzed (Fig. 7 and Table 3 in Chapter 5). Our findings thus
support previous studies that consider the presence of EFS in the femora as an indicator
of the onset of reproductive maturity (Marin-Moratalla et al. 2013; Jordana et al. 2016).
The occurrence of an EFS in metacarpi and metatarsi does not seem to correlate, however,
with any LH or biological trait (e.g. epiphyseal fusion) (Chapter 5; Nacarino-Meneses
et al. 2016b). In these bones, deposition of this tissue type simply indicates the end of
radial bone growth (Huttenlocker et al. 2013). Valuable insights into the timing of sexual
and skeletal maturity can also be obtained from growth reconstructions (Sander 2000;
Lee et al. 2013). In Chapter 5 of the present dissertation, we obtained growth curves for
the different limb bones of E. hemionus by measuring the perimeters of the BGMs (Fig.
7 in Chapter 5). Interestingly, we observed that the decrease in periosteal growth rate,
which is represented by the inflection point in the growth curve, agrees with the age of
epiphyseal fusion (see Silver (1963) for the age of epiphyseal fusion in E. caballus) in



almost every bone analyzed (Fig. 7 and Table 3 in Chapter 5). This result suggests the
change in the rate of radial growth to be a good indicator of the end of longitudinal bone
growth. Bone growth curves do not provide information, however, about the sexual or the
reproductive maturity of equid species. Regardless of the limb bone analyzed, reduction
in periosteal growth rate occurs at the same time in E. hemionus’ male and female (Fig. 7
in Chapter 5), though mares of Asiatic wild ass attain sexual and reproductive maturity
earlier than stallions (Nowak 1999; Kaczensky et al. 2015; see also Table 1.1 in Chapter 1).
Changes in the rate of radial bone growth are therefore unlike to be related to the onset of
physiological/reproductive maturity in Equus.

Growth plots are also commonly used to analyze differences in growth rate between
individuals and species (Marin-Moratalla et al. 2013; Padian and Stein 2013; Woodward et
al. 2014). The growth curves obtained in Chapters 4 and 5 for femur, tibia and metapodia
of E. hemionus reveal differences in growth rate between captive and wild specimens
(Nacarino-Meneses et al. 2016a; Nacarino-Meneses et al. 2016b). Specifically, captive
individuals grow at higher rates than wild individuals (Fig. 4 in Chapter 4; Fig. 7 in Chapter
5), probably due to the continuous food supply and care to which captive animals have
access during their lifetime (Asa 2010). Growth rate differences between habitats have also
been observed in alligators (Woodward et al. 2014) and ruminants (Marin-Moratalla et
al. 2013), pointing out the influence of the environment on the life history of the species.

9.1.2. Enamel histology of extant Equus

Along with bones, mammalian teeth are frequently analyzed at their histological level
to obtain LH information (Bromage et al. 2002; Dean 2006; Dirks et al. 2009; Jordana and
Kohler 2011; Dirks et al. 2012). Specifically, daily and supra-daily incremental markings
of dental enamel are usually examined to reconstruct rate and timing of tooth formation
(Smith 2008). In mammals, dental development is tightly linked with key LH events
such as weaning or age at maturity (Smith 1989; Smith 2000; Dean 2006). Thus, enamel
formation time is usually considered a good proxy of their overall LH. Nevertheless,
most of the research developed so far has focused on brachydont teeth (see a review in
Smith 2008) and hypsodont species still remain poorly studied. Hitherto, dental enamel
has only been extensively studied in some bovids and cervids (Macho and Williamson
2002; Iinuma et al. 2004a; Jordana and Kohler 2011; Kierdorf et al. 2013; Jordana et al.
2014; Jordana et al. 2015). In this thesis, enamel microstructure of the first lower molar
has been thoroughly analyzed in the extant species E. quagga, E. hemionus and E. grevyi
(Chapter 8; Nacarino-Meneses et al. 2017), increasing our knowledge on the histological
growth and development of high-crowned teeth. Moreover, equid enamel is frequently
examined in isotopic studies aimed at reconstructing the paleobiology and paleoecology
of these vertebrates (Wang et al. 1994; Bryant et al. 1996; MacFadden 2000). The results
obtained in the present dissertation, hence, may also help to correctly interpret the isotopic
microsamples obtained from these mammals (Hoppe et al. 2004; Bendrey et al. 2015).



9.1.2.1. Daily incremental markings in the enamel of extant Equus: the assessment
of enamel secretion rate in equids

The microscopic study of equid enamel has previously been addressed by Hoppe
at al. (2004) in the extant domestic horse. These authors described the presence of
incremental markings of daily periodicity in the enamel of premolars and third molars
of E. caballus, and calculated an average rate of enamel secretion of 5 pm/day for this
species (Hoppe et al. 2004). Strikingly, related hypsodont taxa such as bovids (Jordana
and Kohler 2011; Kierdorf et al. 2013; Jordana et al. 2014) or cervids (Iinuma et al. 2004a;
Jordana et al. 2014), secrete enamel at much more higher rates: between 10 um/day and
17 pum/day. These discrepancies in daily secretion rate (DSR) between high-crowned
mammals led certain authors to suggest that published observations in equid enamel
might be incorrect, possibly as a consequence of a misidentification of sub-daily and daily
incremental features (Kierdorf et al. 2013; Kierdorf et al. 2014). In the present dissertation,
we tested the daily periodicity of enamel laminations in Equus by comparing the crown
formation time (CFT) of still-developing unworn molars (calculated from histology)
with the age of the individual estimated from the eruption pattern (see section 3.2.2.3 in
Chapter 3 for further information). We postulate that both methodologies should provide
equivalent results because equid first molars start their formation around birth (Soana et
al. 1999; Hoppe et al. 2004). Our findings show indeed a high coincidence between the
values of CFT estimated from enamel histology and the age of the individual to which they
belong (Table 1 in Chapter 8), which corroborates both the daily periodicity of enamel
laminations in Equus and the error in the classification of enamel incremental markings
in previous studies, as suggested by Kierdorf et al. (2013, 2014). Actually, estimations of
DSR obtained in this thesis and based on the counting of enamel laminations indicate that
this biological tissue is secreted at a mean rate of =17 — 18 um/day in extant Equus (Fig.
3 and Table 1 in Chapter 8). This finding agrees with the DSR values reported for other
hypsodont vertebrates (Iinuma et al. 2004a; Jordana and Kéhler 2011; Kierdorf et al. 2013;
Jordana et al. 2014) and underlines the importance of a correct identification of enamel
incremental markings when assessing enamel growth parameters.

9.1.2.2. Growth and ontogeny of equid molar crowns: histological findings and LH
implications

Rates and patterns of equid molar crown formation have traditionally been studied
from radiographic images (Dixon and Copeland 1993; Kirkland et al. 1996; Soana et al.
1999; Hoppe et al. 2004) or from measurements of the crown height (Levine 1982; Bendrey
et al. 2015). In this PhD thesis, however, growth and development of equid first lower
molars were reconstructed from the histological study of dental enamel for the first time
(Chapter 8; Nacarino-Meneses et al. 2017). Our results suggest that equid molar crowns
grow at an exponentially decreasing rate (Fig. 4 and Fig. 5 in Chapter 8), in agreement
with previous investigations (Bendrey et al. 2015) that reported this pace of growth for
equid enamel maturation. From the tooth cusp to the root, rates of enamel extension vary
from =350 - 400 um/day to =30 pm/day (Fig. 4C - E and Table 2 in Chapter 8), recording



a reduction in the rate of enamel formation along tooth development that has previously
been reported in other mammalian clades (Smith 2008; Jordana and Koéhler 2011; Dirks
et al. 2012; Kierdorf et al. 2013; Kierdorf et al. 2014). Our histological analysis further
shows that equid first lower molars experience different growth patterns during crown
formation. Specifically, enamel grows linearly at the beginning of crown development
(Fig. 4A in Chapter 8) but follows polynomial growth at later stages of crown formation
(Fig. 4B in Chapter 8). Based on these different growth patterns, we established three
developmental stages (CDS) for the crowns of extant Equus, each of them characterized by
a specific enamel extension rate (EER) value (Fig. 4 and Table 2 in Chapter 8). Thus, CDSI
corresponds to the first phase of crown formation in which enamel extends at very fast
rates (=350 — 400 pm/day) following linear growth (Fig. 4A, C and Table 2 in Chapter 8).
The second phase of crown development (CDSII) registers the fastest period of polynomial
growth and presents EER values of =130 um/day (Fig. 4B, D and Table 2 in Chapter 8).
Finally, rates of enamel extension are of ~30 pm/day during CDSIII, which corresponds to
the slowest phase of polynomial growth (Fig. 4B, E and Table 2 in Chapter 8). Our results
do not revealed differences between species in the rate of enamel extension within each
CDS (Fig. 4C - E and Supplementary Table S5 in Chapter 8), which suggests EER to be a
very conservative enamel growth parameter and, as previously mentioned, characteristic
of each CDS. This finding highlights the potential of EER for both paleodemographic
and LH studies. On the one hand, estimations of this parameter on fragmentary teeth
allows its assignment to a specific age category that broadly corresponds to one of the CDS
already described. On the other hand, EER must be analyzed along with the macroscopic
appearance of the tooth to obtain LH information from equid enamel. Differences in
growth rate and, therefore, in LH will only be found if the estimated CDS of a tooth do not
match the degree of macroscopic root development and/or dental wear expected for this
ontogenetic stage.

Using E. hemionus as a test-case of study, we reconstructed the complete pace of
growth of the equid first lower molar and we found evidence that the onset of each CDS is
related to ontogenetic and structural modifications of the tooth (Fig. 5 in Chapter 8). The
beginning of CDSI], for instance, correlates well with the time of eruption of this tooth in
the Asiatic wild ass (see Lkhagvasuren etal. (2013) for dental eruption time in E. hemionus).
In mammals, this ontogenetic event is closely related with the age at weaning (Smith 1989;
Dirks and Bowman 2007), an important LH trait in these vertebrates (Stearns 1992).
Therefore, reconstruction of dental growth in equids provides useful information about
this LH characteristic by identifying the transition from CDSI to CDSII. The beginning of
CDSIII, on the other hand, matches the start of structural tooth root formation (or crown
divergence) in all species under study (see Kirkland et al. (1996) for timing of appearance
of structural roots in E. caballus) (Fig. 4B and Fig. 5A in Chapter 8). In agreement with
previous studies (Sisson 1914; Stromberg 2006), the analysis of equid enamel performed
in the present dissertation reveals that this biological tissue extends over the limit of
what is generally considered the crown of the tooth (Fig. 2 in Chapter 8), indicating a
discrepancy between the histological definition of the crown (part of the tooth composed
of enamel; Hillson (2005)) and the macroscopic division of the equid tooth in crown and



root. This inconsistency between the macro- and microanatomy of equid teeth challenges
previous studies that considered crown divergence as the crown’s end in these mammals.
This includes, for instance, estimations of the hypsodonty index (Janis 1988; Mendoza and
Palmqvist 2008; Cantalapiedra et al. 2017) or the reconstruction of dental growth from
external observations of the tooth crown (Hoppe et al. 2004; Bendrey et al. 2015), as both
kinds of research involve measurements of the crown height (Janis 1988; Bendrey et al.
2015). As dental enamel covering the structural tooth roots makes up almost 1 - 1.5 cm of
the crown and takes between 1 and 2 years to be formed (Fig. 4B in Chapter 8), failure to
consider this area of the tooth in the previously mentioned studies leads to underestimates
of the hypsodonty index or the crown formation time (CFT).

In equids, more reliable estimates of both dental parameters (hypsodonty index and
CFT) can be obtained from enamel histology. The results of this PhD thesis show that the
first lower molar crown requires almost twice the time to be formed in the Asiatic wild ass
than in the Grevy’s and plains zebra (Fig. 4B in Chapter 8). This suggests that E. hemionus
is more hypsodont in comparison with the African zebras, which contrasts with previous
studies that reported comparable hypsodonty indexes for these three equids (Janis 1988;
Mendoza and Palmgqvist 2008; Cantalapiedra et al. 2017). High-crowned (hypsodont)
molars have usually been related to very abrasive diets (Janis 1988; Damuth and Janis
2011) such as in living equids, which mainly feed on grass (Nowak 1999). Although the
extant Equus species analyzed here present a similar degree of abrasiveness in their diets
(Schulz and Kaiser 2013), a higher degree of hypsodonty is expected in the Asiatic wild ass
because it dwells in a much more arid habitat (Nowak 1999; Kaczensky et al. 2015), which
also influences the rate of tooth wear (Kaiser et al. 2013). Nevertheless, the higher crown
heights here inferred for E. hemionus can also be explained as an adaptation of the species
to an extended longevity (Veiberg et al. 2007; Kéhler 2010; Ozaki et al. 2010; Damuth and
Janis 2011; Jordana et al. 2012; Pérez-Barberia et al. 2015). According to LHT, organisms
inhabiting resource-limited environments and facing low rates of predation invest more
energy in growth and maintenance than in reproduction (Stearns 1992), which triggers
extended longevity (Palkovacs 2003; Kohler 2009; Kohler and Moya-Sola 2009; Kohler
2010; Jordana et al. 2012). E. hemionus lives in a very poor habitat (the Gobi Desert) and
it is only predated by grey wolves (Feh et al. 2001; Kaczensky et al. 2015). Therefore, an
increase in life span would be expected for this species. Actually, this animal lives up to 29
years in the wild (Lkhagvasuren et al. 2018), while the maximum longevity reported for E.
quagga and E. grevyi is only of 21 and 18 years respectively (Smuts 1974; Churcher 1993;
see also Table 1.1. in Chapter 1). Thus, a higher degree of hypsodonty in E. hemionus likely
increases the durability of its teeth over a longer life span in response to the low resource
levels in its habitat.

The exhaustive analysis of equid enamel performed in the present dissertation has
not only revealed information about rates and patterns of tooth formation in Equus but
also about rates of tooth wear in this group (Fig. 5B in Chapter 8). Superimposition of
E. hemionus’ teeth based on correspondences of EER indicated wear rates of ~13 mm/
year for the first six years of life and of =5 mm/year for the next six-year period. The



estimation obtained for the first time lapse contrasts importantly with published wear
rates in extant and extinct Equidae of 3 - 5 mm/year (Spinage 1972; Hulbert 1982; Dixon
and du Toit 2011), while the published estimations fairly match the values for the second
ontogenetic period. Overall, our findings are consistent with the eruption pattern of
the Asiatic wild Ass. In this animal, the first lower molar is the first permanent tooth to
erupt (Lkhagvasuren et al. 2013). Also, complete permanent dentition, which distributes
grinding and, hence, the amount of wear over a larger surface, is not present until the
fifth year of life (Lkhagvasuren et al. 2013). Therefore, higher rates of wear such as those
inferred in the present dissertation (Chapter 8) are expected at earlier ontogenetic stages.
These greater wear rates early in ontogeny make that the crown formed during the first
year of life is almost completely worn down in a seven-year-old tooth (Fig. 5B in Chapter
8). This should be taken into account in isotopic studies performed on equid enamel to
correctly interpret the results obtained.

9.2. THE LIFE HISTORY OF EXTINCT Equus: Insights from bone and dental
histology

The histological analysis of bone and enamel tissue is an important tool to reconstruct
the LH strategy of fossil mammals (e.g. Bromage et al. 2002; Kéhler and Moya-Sola 2009;
Kohler 2010; Jordana and Kohler 2011; Marin-Moratalla et al. 2011; Amson et al. 2015;
Kolb et al. 2015b; Moncunill-Solé et al. 2016; Orlandi-Oliveras et al. 2016). Because LH
strategies are shaped by environmental selective pressures (Stearns 1992; Roft 2002; Ricklefs
2008), they are indicative of the prevailing ecological conditions. LHs of fossil taxa, hence,
provide both information about past environments and key data for the interpretation of
evolutionary trends in body size (Bromage et al. 2002; Palkovacs 2003; Raia et al. 2003;
Raia and Meiri 2006; Kéhler and Moya-Sola 2009; Kohler 2010; Jordana and Koéhler 2011;
Marin-Moratalla et al. 2011; Moncunill-Solé et al. 2016; Orlandi-Oliveras et al. 2016), as
predicted from allometric scaling rules between LH traits and body mass (Peters 1983;
Calder 1984). The trend in size-reduction observed in Old World Equus is one of the most
remarkable features that characterize the evolution of the genus (Eisenmann 1991; Forsten
1991; Alberdi et al. 1995; Cantalapiedra et al. 2017). Both the stenonoid and the caballoid
lineages of equids experienced size reduction during their Pleistocene and Holocene
evolution in Africa and Eurasia (Forsten 1988; Forsten 1991; Alberdi et al. 1995; Alberdi et
al. 1998), which finally resulted in the smaller body size of extant horses (Ernest 2003) in
comparison with most of their Pleistocene relatives (Alberdi et al. 1995). Paleontological
studies have traditionally proposed changes in resources, habitat and climate during the
Pleistocene to be the main selective forces determining body size in Equus and therefore
the main drivers of the size variation observed in this group (Forsten 1991; Alberdi et al.
1995; Cantalapiedra et al. 2017). LHT provides an alternative framework of analysis in
which size shifts are the result of LH adaptations to different environments (Palkovacs
2003), which has been poorly explored for fossil forms. An exception is the dwarfing of
elephants in Mediterranean islands, which has been claimed to result from selection for



enhanced reproduction (r) (Bromage et al. 2002; Raia et al. 2003; Raia and Meiri 2006).
However, evolutionary changes in body size described for Equus have never been studied
under this perspective.

In the present dissertation, we used bone and dental histology for the first time to
obtain data on key LH traits such as age at maturity and growth rate of several Middle and
Late Pleistocene European equid species (Chapter 7 and 8). From these data, we obtained
preliminary results about the LH strategy of these extinct mammals that allowed us to
investigate the body size variations described for the Equus lineage within the framework
of the LHT.

9.2.1. The LH of Middle Pleistocene Equus: inferences from bone histology

In Chapter 7 of the present dissertation, several metapodia of the Middle Pleistocene
species E. steinheimensis and E. mosbachensis were histologically analyzed to estimate
certain LH traits. Specifically, we inferred their growth rate, their age at maturity and
their age at death from the study of bone tissue types and BGMs (de Margerie et al. 2002;
Huttenlocker et al. 2013; Woodward et al. 2013; Nacarino-Meneses et al. 2016b). These
latter histological features, specifically non-cyclical BGMs, also allowed the estimation of
the size at birth (Chapter 6, see also section 9.1.1.2) in these Middle Pleistocene species.

Growth rate of extinct Middle Pleistocene species was qualitatively assessed from the
analysis of bone vascularization (de Margerie et al. 2002; Lee et al. 2013) and from bone
growth plots (Marin-Moratalla et al. 2013; Nacarino-Meneses et al. 2016b). Results of this
thesis show that metapodia of both fossil equids are composed of a FLC with multiple VCs
(Fig. 2A - D in Chapter 7). Most of them are oriented longitudinally, although circular
and radial VCs are also present in the metapodial bone cortices of Middle Pleistocene
horses (Fig. 2A - D in Chapter 7). No qualitative differences in bone microstructure
or vascularization have been observed between E. steinheimensis and E. mosbachensis,
suggesting similar rates of bone deposition (de Margerie et al. 2002; Lee et al. 2013), and
thus of growth rate, for both Middle Pleistocene equids. When comparing their bone
microanatomy with that of the extant E. grevyi and E. hemionus (Fig. 2E, F in Chapter
7), however, a higher proportion of VCs, and specifically of radial VCs, was identified
in the metapodia of the extinct species (Fig. 2A, B in Chapter 7). This suggests higher
rates of bone deposition (de Margerie et al. 2002; de Margerie et al. 2004) and, therefore,
higher growth rates for the Middle Pleistocene taxa in comparison with the extant Asiatic
wild ass and the Grevy’s zebra. Results obtained from growth reconstructions (Fig. 4 in
Chapter 7) agree with the information inferred from bone histology (Fig. 2 in Chapter
7). Metapodial growth curves evince higher growth rates in Middle Pleistocene equids
in comparison with living representatives of the group, as metacarpi and metatarsi of E.
steinheimensis and E. mosbachensis grow at higher rates than metapodia of the Asiatic wild
ass and/or the Grevy’s zebra (Fig. 4 in Chapter 7).



Bone growth curves also yielded information about the skeletal maturity of Middle
Pleistocene equids (Chapter 7). According to our results, metapodial growth rate decreases
at the second year of life in E. steinheimensis and E. mosbachensis, the same as in extant
species (Fig. 4 in Chapter 7). This finding suggests that metapodia fuse their epiphyses at
a similar age in both groups of equids (Nacarino-Meneses et al. 2016b; see also section
9.1.1.2). From this result, however, we cannot infer an absolute age at skeletal maturity for
the extinct E. mosbachensis and E. steinheimensis, as metapodia are among those long bone
of equids that finish their growth earliest (Silver 1963). Future histological studies of other
long bones that fuse their epiphyses later in ontogeny, such as femora (Silver 1963), are
necessary to obtain information about this biological trait in Middle Pleistocene horses.
The histological analysis of the femur is also essential to determine the age at reproductive
maturity in these Middle Pleistocene species, as the femur is the only long bone in which
the presence of the EFS marks the attainment of this LH trait in equids (Nacarino-Meneses
et al. 2016b; see also section 9.1.1.2). The presence of EFS in the metapodia of equids is
not related with this LH trait (Nacarino-Meneses et al. 2016b; see also section 9.1.1.2), so
we could not provide an assessment of the age at reproductive maturity from metapodial
bone histology for the extinct Middle Pleistocene species studied in this dissertation.

Age at death estimates for E. steinheimensis and E. mosbachensis were obtained from
the counting of CGMs. As previously demonstrated in this thesis, metapodia provide
accurate individual age estimations in equids (Chapter 5, Nacarino-Meneses et al. 2016b;
see also section 9.1.1.2). These age inferences, however, should always be considered as
minimum ages (Castanet et al. 2004). Considering this limitation, we inferred a minimum
age at death of 6 years for E. mosbachensis and of 5 years for E. steinheimensis, as a
maximum of 6 and 5 CGMs were identified in their metapodial bone cortices respectively
(Fig. 3 in Chapter 7). The number of CGMs registered in the metapodia of both Middle
Pleistocene species is comparable to that of the Asiatic wild ass (Nacarino-Meneses et al.
2016b). However, the small fossil sample size of this thesis limits reliable comparisons
between the longevity of E. steinheimensis and E. mosbachensis and that of extant equids.
Future research on a larger sample size is necessary to assess longevity of these extinct
equids with more confidence.

Size at birth of Middle Pleistocene equids was inferred from the analysis of the NL
(Chapter 6; Nacarino-Meneses and Kohler accepted) found in metapodial bones (Fig. 3
in Chapter 7). Results indicate that neonate foals were bigger in the larger E. mosbachensis
than in the smaller E. steinheimensis, as the perimeter of their NL is 80 - 90 mm and 75 -
80 mm respectively (Fig. 4 and Table 3 in Chapter 7). The smallest extant E. hemionus and
E. grevyi are also considerably smaller at the time of birth than Middle Pleisocene taxa,
with perimeters of the NL of only 50 - 60 mm in the Asiatic wild ass and around 75 mm
in Grevy’s zebra (Fig. 4 and Table 3 in Chapter 7). Interestingly, E. mosbachensis is also the
largest species of the sample with a mean adult body weight of 607 kg (Fig. 5 and Table 2
in Chapter 7). It is followed by E. steinheimensis, whose adult body mass is around 470 kg
(Fig. 5 and Table 2 in Chapter 7). Adult individuals of Asiatic wild ass and Grevy’s zebra,
however, are much lighter than Middle Pleistocene equids, with a mean adult body mass



of 230 kg and 384 kg respectively (Ernest 2003). Thus, results obtained for neonatal body
size of Middle Pleistocene Equus conform to the allometric predictions from LHT for the
relation between size at birth and adult body size in vertebrates (Blueweiss et al. 1978;
Calder 1984), as bigger species give rise to bigger neonate foals and vice versa (Tables 2
and 3 in Chapter 7).

9.2.2. The LH of Late Pleistocene Equus: inferences from enamel histology

Dental enamel of the first lower molar was histologically analyzed in the Late
Pleistocene species E. ferus and E. hydruntinus to reconstruct their pattern and rate of
molar growth (Chapter 8; Nacarino-Meneses et al. 2017). Enamel growth parameters such
as repeat interval (RI), daily secretion rate (DSR) and enamel extension rate (EER) were
calculated in these extinct Equus species to infer rates of tooth development (Smith 2008).
In a first attempt to infer LH information for these extinct taxa, these parameters were
considered as a proxy of the overall growth rate of the organism. Unfortunately, crown
formation times (CFT) could not be calculated in any of the Late Pleistocene species
studied because of the characteristics of the sample. All fossil teeth presented some degree
of wear (Table 3 in Chapter 8) that hampered the reconstruction of the complete pattern
of crown formation.

Ithasbeensuggested that the periodicity of deposition of Retziuslinesin mammalian
enamel, also known as repeat interval (RI), correlates with a specific LH characteristic: the
body mass (Bromage et al. 2009; Bromage et al. 2012). Results of this dissertation (Table 2
in Chapter 8) support these previous studies, which described a relationship between RI
and body mass in proboscideans and primates (Bromage et al. 2009). Rl in E. hydruntinus
consists of 4 — 6 days, while it comprises 5 - 7 or 5 — 6 days in the fossil E. ferus and in
the extant equids studied (E. hemionus, E. quagga, E. grevyi) (Table 2 in Chapter 8). E.
hydruntinus is the smallest equid of the analysis (Table 2 in Chapter 8), suggesting that this
enamel growth parameter is also related to body mass in equids.

E. hydruntinus also differs significantly in DSR from E. quagga and E. hemionus
(Fig. 3, Table 2 and Supplementary Table S3 in Chapter 8). Specifically, the mean rate
of enamel secretion in this extinct species is =19 pm/day, while the Asiatic wild ass and
the plains zebra secrete enamel at =17 um/day. This result was totally unexpected, as E.
hydruntinus presents the lowest weight and the lowest hypsodonty index among extant
and extinct Equus species studied (Table 2 in Chapter 8). Because DSRs have been related
to tooth size (Jordana et al. 2014) and LH (Dirks et al. 2012), values comparable to that
of E. quagga (the smallest and less hypsodont living species of the analysis, see Table 2
in Chapter 8) were expected for E. hydruntinus. DSR, however, is also strongly linked to
tooth morphology (e.g. enamel thickness) (Dirks et al. 2012). Therefore, the higher rates
of enamel secretion found in the Late Pleistocene species E. hydruntinus may be related to
dental morphology. This extinct equid shares several morphological characteristics with
both extant and extinct Equus (Burke et al. 2003; Orlando et al. 2006; Geigl and Grange
2012), among which the primitive enamel pattern of the lower molars is noteworthy



because it resembles that of E. stenonis (Burke et al. 2003). A histological analysis of the
enamel in this early Pliocene species, as well as future studies on E. hydruntinus involving
a larger sample, might help uncovering the main factors affecting DSR in this particular
Late Pleistocene taxon.

Among enamel growth parameters, EER is known to provide key information
about the LH of the species (Jordana et al. 2014). Indeed, results obtained in the present
dissertation reveal that the combined analysis of EER and the macroscopic appearance of
the tooth (degree of root development and wear) yields valuable information about the
pace of life of equids (Chapter 8; see also section 9.1.2.2.). Specifically, differences in LH
should be expected if both features do not match when comparing Equus species. Values
of EER obtained for the fossil teeth of E. hydruntinus and E. ferus were the expected from
their degree of wear and root development (Fig. 6 and Supplementary Table S6 in Chapter
8), which suggests a similar time of crown formation and eruption for the first lower molar
of Late Pleistocene species and extant equids.

9.2.3. Evolutionary changes in body size of the genus Equus: preliminary analysis
from a LH perspective

Although size trends are traditionally believed to result from selective pressures
acting directly on body size (Foster 1964; Lomolino 1985), several researchers have
suggested that size variation can instead result from the direct action of selective pressures
on key LH traits to which adult body size is sensitive (Stearns 1992; Palkovacs 2003). Based
on this latter assumption, Palkovacs (2003) proposed a predictive model that explains the
changes in body size experienced by insular mammals in relation to their mainland relatives
(the island rule, Van Valen (1973)). Following LHT (Stearns 1992; Roft 2002), he stated
that resource levels and predation pressure (extrinsic mortality) are the key mechanisms
(selection pressures) acting on growth rate and age at maturity (LH traits) to determine
the LH strategy that maximizes reproductive success (Palkovacs 2003). According to
this model, body size variation can be a by-product of natural selection. The theoretical
framework of Palkovacs (2003) has successfully been tested in insular environments
(Kohler 2010; Jordana and Kohler 2011; Marin-Moratalla et al. 2011; Moncunill-Solé et
al. 2016; Orlandi-Oliveras et al. 2016), but it has never been applied before to exploring
body size tendencies that occur on continent, such as those observed in Equus during
their evolution in Europe (Forsten 1991; Alberdi et al. 1995; Alberdi et al. 1998). Here we
use Palkovacs’ (2003) LH model to analyze the size-trend reduction observed in the Equus
lineage by comparing continental environments that differ in resource levels and in the
degree of predation pressure (extrinsic mortality).

The histological analysis of bones and teeth performed in the present dissertation
has yielded preliminary data about one of the most important LH features, i.e. the growth
rate, in Middle and Late Pleistocene Equus species (Chapters 7 and 8; see also sections
9.2.1 and 9.2.2). Specifically, our preliminary findings reveal higher rates of growth in the
larger Middle Pleistocene Equus species than in the smaller extant taxa (Chapter 7; see
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also section 9.2.1), but comparable growth rates between similar-sized Late Pleistocene
and living equids (Chapter 8; see also section 9.2.1). These results suggest that larger
Middle Pleistocene taxa grew at higher rates than smaller species, a finding that agrees
with previous observations in fossil artiodactyls (Kohler 2010; Amson et al. 2015) and
conforms to allometric predictions (Calder 1984). According to Palkovacs (2003), resource
availability is the main selection pressure acting on individual growth rate, which, in turn,
influences final body size. In resource-poor environments, for instance, growth rate is
reduced because individuals expend more energy in acquiring resources (Palkovacs 2003).
The higher growth rates inferred for the larger Middle Pleistocene equids (E. mosbachensis
and E. steinheimensis) suggests, hence, that these equids dwelt in more resource-
rich environments in comparison to Late Pleistocene (E. ferus and E. hydruntinus) or
extant species (E. quagga, E. hemionus, E. grevyi). This hypothesis is supported by the
paleoecological conditions described for each habitat and species (Table 9.1). Mosbach
and Steinheim sites, on the one hand, are Middle Pleistocene localities dated as Cromerian
(MIS 13, 15) and Holsteinian (MIS11) interglacials, respectively (Kahlke et al. 2011; Van

Lynx issiodorensis, Panthera
gombaszoegensis, Panthera
leo fossilis, Panthera pardusi, .
: . . Open steppes interrupted
Acinonyx pardinensis, .
: . . by warm and humid
. mosbachensis : Homotherium, Canis lupus . .
Middle . . episodes with extended
: mosbachensis, Cuon alpinus forests

LB riscus, Cuon dubius stehlini,
Pliocrocuta perrieri, Crocuta
spelaea

steinheimensis 470 Canis lupus, Panthera cf.leo, Temperate, humid
. Homotherium woodland and shrubland
Late . o .
' Pleistocene Canis, Panthera, Crocuta conditions in grasslands
. hydruntinus 215 and open pine forests

230 Canis lupus Desert and semi-desert
P plains
Panthera leo, Crocuta Oben savanna or oben
.quagga 257 crocuta, Acinonyx jubatus, e dland 3
=SS [ycaon pictus e

Panthera leo, Crocuta Arid and semi-arid
. grevyi 384 crocuta, Lycaon pictus,
o grasslands and shrublands

Table 9.1. Environmental conditions of extinct and extant Equus. Data on body mass (BM) was
calculated from bone measurements for the species E. mosbachensis and E. steinheimensis (Chapter 7)
and compiled from Cantalapiedra et al. (2017) for E. ferus and E. hydruntinus, and Ernest (2003) for E.
hemionus, E. quagga and E. grevyi. Information of extrinsic mortality compiled from Kahlke (1961) and
Kahlke (1975) for E. mosbachensis, Adam (1954) and Kahlke (1975) for E. steinheimensis, Carrion (1992)
and Fernandez et al. (2007) for E. ferus and E. hydruntinus, Feh et al. (2001) for E. hemionus, Grubb (1981)
for E. quagga, Churcher (1993) for E. grevyi. Habitat information compiled from Maul et al. (2000) and
Kahlke et al. (2011) for E. mosbachensis, Pushkina et al. (2014) for E. steinheimensis, Carridén (1992) and
Fernandez et al. (2007) for E. ferus and E. hydruntinus, Kaczensky et al. (2015) for E. hemionus, King and
Moehlman (2016) for E. quagga, Rubenstein et al. (2016) for E. grevyi.
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Asperen 2013). While the Mosbach site is characterized by open steppes and extended
forests (Maul et al. 2000; Kahlke et al. 2011), the Steinheim site is thought to present a
habitat composed of woodland and shrubland (Pushkina et al. 2014). Both Middle
Pleistocene localities are described as dominated by temperate and humid climates (Maul
et al. 2000; Kahlke et al. 2011; Pushkina et al. 2014). Paleoenvironmental reconstructions
of La Carihuela site (Late Pleistocene), on the other hand, evoke cold and dry habitats of
grasslands and open forests for the period when E. hydruntinus and E. ferus inhabited this
area (Carrion 1992; Fernandez et al. 2007). This suggests low resource levels in the habitats
of Late Pleistocene species in comparison to those of Middle Pleistocene Equus, which
agrees with the reduction in growth rate observed in the more recent taxa. Actually, extant
equids also dwell in more resource-limited environments than Middle Pleistocene species,
particularly the Grevy’s zebra and the Asiatic wild ass (Kaczensky et al. 2015; Rubenstein
et al. 2016). E. grevyi, specifically, dwells in arid or semiarid grasslands and shrublands
(Rubenstein et al. 2016) characterized by a negative mean annual climatic water balance
(Schulz and Kaiser 2013). The Asiatic wild ass, on the other hand, is endemic of the desert
plains of Asia (Kaczensky et al. 2015). The low resource levels of these environments likely
conditioned the growth rate of these equids, thus affecting their final body size (Palkovacs
2003).

According to Palkovacs (2003), adult body size is also determined by the age at
maturity. Unfortunately, the characteristics of the fossil sample analyzed in this dissertation
did not allow the estimation of this LH trait in the extinct Middle or Late Pleistocene Equus.
For instance, due to the lack of femora, which is the most reliable bone for calculating age
at maturity (Nacarino-Meneses et al. 2016b; see also section 9.1.1.2), we could not assess an
absolute timing of physiological or reproductive maturity for the extinct E. mosbachensis
and E. steinheimensis. Following the LH model proposed by Palkovacs (2003), we would
expect, however, that the slow-growing Late Pleistocene and extant Equus delayed their
maturity in comparison to Middle Pleistocene taxa. Nevertheless, future histological
studies are necessary to corroborate this hypothesis. The advance or delay in the age at
maturity is generally determined by the degree of extrinsic mortality (i.e. predation) (Roff
1992; Stearns 1992). Under conditions of low extrinsic mortality, organisms mature later
to increase fecundity and to produce higher-quality offspring (Stearns 2000). In contrast,
organisms advance their age at maturity when facing high extrinsic mortality, as it reduces
the time of exposure to juvenile mortality (Stearns 2000). The hypothesis of delayed maturity
in Late Pleistocene and extant species would be the result, hence, of experiencing lower
rates of extrinsic mortality. Paleontological data support this hypothesis which, as already
mentioned, should be tested in future investigations. As Table 9.1. shows, a higher number
of potential predators has been found in Middle Pleistocene localities (mainly in Mosbach
Sands) than in Late Pleistocene or extant environments. Thus, while E. mosbachensis was
potentially threatened by many different species of felids, canids and hyaenids (Kahlke
1961; Kahlke 1975), the number of potential predators of Late Pleistocene or of extant
equids was/is much lower (Grubb 1981; Carrién 1992; Churcher 1993; Feh et al. 2001;
Fernandez et al. 2007). It is worth noting that human remains have been found in some
of the paleontological sites analyzed in the present dissertation, such as Steinheim an der



Murr (Street et al. 2006) and La Carihuela (Fernandez et al. 2007). As hunting affects the
LH strategy of mammals (Fisher 2009) and influences their habitat selection (Djagoun
et al. 2014), these humans also may have influenced the degree of extrinsic mortality
experienced by extinct equids. This issue, however, is actually beyond the aims and scope
of the present dissertation, and future demographic studies would be necessary to address
this question using bone and dental histology.

From the preliminary histological analysis performed in this PhD dissertation,
hence, we obtained evidence that growth rate is a key LH trait in determining adult body
size of extant and extinct Equus. This represents a first step towards the understanding
of size trends observed in European Pleistocene equids from the angle of LH theory. The
use of Palkovacs’ (2003) LH model also permits to formulate new hypotheses regarding
modifications in other LH traits (i.e. age at maturity) which will be tested through future
research.
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Bone tissue types in equid limb bones vary through ontogeny, recording individual
growth and development. At early ontogenetic stages, femur, tibia and metapodia of
the Asiatic wild ass are composed of a fibrolamellar complex (FLC) with multiple
vascular canals (VCs). These mainly present a circular orientation in the femur
and the tibia, but a longitudinal arrangement forming circular rows in metapodia,
probably reflecting different biomechanical stresses that each limb bone suffers. The
FLC is gradually replaced by Haversian systems, beginning in young individuals
within the innermost cortex and expanding towards the outer cortex with increasing
age. They, thus, make up most of the bone cortex in older individuals. Adult
specimens further present a poorly-vascularized laminar bone, namely the external
fundamental system (EFS), in the most external femoral and metapodial cortices.
Bone tissue types and components of the FLC matrix also vary within femoral cross-
sections in E. hemionus, related with the bone drift process.

Certain changes in bone matrix and vascularity occur in the limb bones of equids
at the time of birth. In the tibiae of all Equus species and in the femora of E. quagga
and E. grevyi, the FLC deposited before birth shows a higher proportion of parallel-
fibered bone (PFB) than the FLC formed after this life history (LH) event. This
suggests higher rates of postnatal bone formation in equids. Perinatal variation in
VC size also supports this inference, as VCs formed postnatally are larger than those
formed prenatally in all species and limb bones studied. Furthermore, VCs change
from longitudinal to mainly circular orientation in the femora of E. hemionus just
after birth, probably associated with the onset of locomotion in these equids.

Birth is also recorded in the limb bones of equids in the form of a non-cyclical
bone growth mark (BGM) (LAG). The deposition of this feature matches a period
of growth decline/arrest in newborn foals regulated by cortisol, growth and thyroid
hormones. This neonatal line (NL), which is analogous to the NL described in
mammalian dental tissues, was identified in the tibiae and metapodia of all Equus
species studied, from foals to adults. The NL also appears in the femur of foals and
yearlings, but it was not recognized in juvenile and adult femora due to resorption
of the medullary cavity.

Cyclical BGMs (CGMs) in individuals of Asiatic wild ass of known age reveal that
femora provide the most accurate age and LH estimations, as this bone registers
the highest number of CGMs both within the FLC and within the whole bone
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cortex. The total number of CGMs in femoral cortices further matches the age at
death of the specimen, confirming for the first time the annual deposition of these
features in equids. Metapodia yield good individual age estimations, as they record
a similar number of CGMs as femora. Tibiae, however, do not provide reliable
skeletochronological results in equids, due to the great number of secondary osteons
at early ontogenetic stages and to the lack of EFSs in adult specimens.

Key LH and biological traits can be inferred from bone histology in equids. Thus,
deposition of the EFS in the femora of E. hemionus marks the attainment of
reproductive maturity. Inferences about skeletal maturity can be obtained, however,
from bone growth plots, as the abrupt reduction in the rate of bone formation
matches the timing of epiphyseal fusion in femora and metapodia of the Asiatic wild
ass. Bone growth curves also revealed differences in growth rate between captive
and wild individuals, which likely result from the different environments that these
animals inhabited.

The histological analysis of first lower equid molars showed that enamel laminations
are deposited daily in these mammals. This evinces the misidentification of enamel
incremental markings in previous studies performed in Equus and invalidates
already published rates of enamel secretion for the group. Actually, our findings
revealed enamel secretion rates of around 17 — 18 um/day for extant equids, which
are almost 4 times higher than previously reported.

Three different crown developmental stages (CDS) can be established for the first
lower molars of Equus based on the different rates and growth patterns that this
tooth experiences during formation. CDSI is characterized by very high rates of
enamel extension (EER) and linear growth, while CDSII and CDSIII present
intermediate and very low values of EER, respectively, following polynomial growth.
The beginning of each CDS corresponds to ontogenetic and structural modifications
of the tooth, such as the eruption time (transition from CDSI to CDSII) or the
appearance of the structural tooth roots (transition from CDSII to CDSIII). These
CDSs are a powerful tool for age determination and demographic studies, as well as
for LH research.

Dental enamel extends beyond the molar cervix in equids, evidencing the already
known discrepancy between dental macro- and microanatomy and highlighting the
need to correctly measure crown height from the external appearance of the teeth
in these mammals. Previous studies on the estimation of the hypsodonty index or
on the calculation of crown formation time in Equus should therefore be reviewed,
as they likely underestimated data as a consequence of an erroneous identification
of the point of crown divergence (beginning of structural roots) as the crown’s end.

Estimates of crown formation time for the first lower molar obtained from enamel
histology revealed a longer period of crown growth in the Asiatic wild ass than in
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the Grevy’s and plains zebras. This suggests an increase in tooth height (hypsodonty)
in E. hemionus in comparison to both African taxa, which likely results from an
adaptation of the Asiatic wild ass to a more arid habitat and from its extended
longevity.

We inferred very high rates of wear for E. hemionus’ first lower molars during the
earlier stages of ontogeny (=13 mm/year). These rates decrease up to 3 — 5 mm/year
later in ontogeny, when the permanent dentition has completely erupted and wear
is distributed over a larger surface.

Several LH traits were estimated in the Middle Pleistocene species E. steinheimensis
and E. mosbachensis from the histological analysis of their metapodia. From the
counting of CGMs, we inferred a minimum longevity of 5 and 6 years for each fossil
species respectively. Our results also indicated higher growth rates in these extinct
equids than in extant E. hemionus and E. grevyi, but a similar timing of skeletal
maturity for the metapodia in Middle Pleistocene species and extant Equus. Size
at birth was also estimated in E. steinheimensis and E. mosbachensis. The results
conform to allometric predictions for this LH trait from adult body size.

Enamel histology was analyzed in the first lower molars of the Late Pleistocene species
E. ferus and E. hydruntinus. Results showed that E. hydruntinus secreted enamel at
significantly lower rates than similar-sized extant species such as E. hemionus and/or
E. quagga. These differences, however, are likely related to tooth morphology rather
than to LH or tooth size (hypsodonty). Nevertheless, Late Pleistocene and extant
Equus presented similar values of EER, which suggests similar times of formation
and eruption for the first lower molar in both groups of equids.

The trend in size-decrease that characterizes the evolution of Old World Equus is
analyzed within a LH framework here for the first time. Our first results indicate
that growth rate is an important LH trait that influences adult body size in Equus,
and that shifts in this trait are triggered by changes in the key selection pressure
resource availability. Following the LH model proposed by Palkovacs (2003), we
hypothesize that changes in growth rate were probably coupled with changes in age
at maturity. Future studies on a larger and more suitable fossil sample are necessary,
however, to corroborate this suggestion.
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