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Abstract
	
	 Hipparionins are a clade of  tridactyl equids that greatly diversified during the late Miocene 
throughout the circum-Mediterranean area, with some taxa undergoing dwarfing. Due to their abundance, 
they have been the subject of  several paleoecological studies and constitute a key mammalian group for 
exploring evolutionary patterns, although more research is necessary to better understand their ecology. 
One central aspect of  an organism’s biology is its life history, which can be inferred from the analysis 
of  bone and dental microstructure. In addition, since a species’ life history evolves relative to ecological 
conditions, its study can provide environmental information. Feeding ecology, another feature of  an 
organism’s biology and an important link to its environment, can be inferred from dental microwear. With 
this in mind, the central aim of  this thesis is to elucidate the ecological conditions and mechanisms that 
accompanied dwarfing in western and eastern Mediterranean hipparionins. Therefore, I (i) reconstruct 
the growth patterns of  metapodials and molars in different-sized hipparionins using bone and dental 
histology, (ii) make inferences regarding their life histories, and (iii) examine their diets by studying dental 
microwear textures to test the ecological inferences obtained from life history analyses.

	 Metapodial histology confirms the usefulness of  metapodials for reconstructing the entire 
ontogenetic growth and establishing a relative maturity attainment. Therefore, the identification of  
different timings of  metapodial growth cessation demonstrate distinct growth strategies within the 
hipparionins analyzed. For the first time among ungulates, the analysis of  daily enamel laminations 
reveals higher growth rates in first/second molars compared to later-formed third molars, which 
suggests a link between dental development and somatic growth. Thus, the slower dental growth rates 
and the relatively late eruption timings (correlated with life history traits) in hipparionins indicate slower 
paces of  life compared to Equus. This challenges previous assumptions that hipparionins have faster 
life histories due to their generally smaller body size. Western dwarf  hipparionins, moreover, show an 
even slower dental development than larger forms, and a relatively late skeletal maturity, pointing to a 
slower life history than expected for their size. Conforming with life history theory, this evidences that 
dwarfing in these western hipparionins was led by lower resource availability. Conversely, the eastern 
small-sized form shows an advanced relative maturity, which indicates that its size decrease was triggered 
by higher extrinsic mortalities (predation). This scheme suggests that paleoenvironmental differences 
accounted for the distinct ecological pressures inferred: forested habitats in the western Mediterranean 
likely provided increased cover against predation but less resources for the hipparionins, while the more 
open habitats further east were riskier, but richer in resources. 

	 Dietary reconstructions reveal mixed-feeding diets and opportunistic feeding behaviors in 
most hipparionins, although some western large-sized forms were grazers. Dental microwear textures 
of  western hipparionins, therefore, provide evidence of  distinct diets between the size classes. In this 
case, dwarfs had broader browse-dominated feeding spectra supporting the idea that they dwelt in 
more forested habitats and/or that their resources were more limited. Conversely, eastern hipparionins 
do not show significantly different microwear textures, thus indicating similar dietary preferences in 
a resource-rich environment that precluded resource partitioning. Contrary to expectations for more 
open habitats, eastern hipparionins seem to have included less grass in their diets than western forms, 
which could be related to a higher consumption of  browse during droughts and/or the presence of  grit 
affecting microwear texture. 

	 In summary, this thesis provides evidence that the dwarfing process and the mechanisms 
behind it are not uniform, but that they depend on the specific ecological context. The results represent 
a further step toward the understanding of  the life histories and ecologies of  extinct equids.
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Resum
	
	 Els hipparionins eren uns èquids tridàctils molt diversificats durant el Miocè superior a l’àrea 
circummediterrània, on alguns van esdevenir nans. Per la seva abundància, aquests són un grup clau en la 
recerca paleoecològica i l’anàlisi de patrons evolutius, tot i que encara cal conèixer millor la seva ecologia. 
Un dels aspectes més importants de la biologia d’un organisme és la seva història de vida, la qual pot ser 
reconstruïda a partir de la microestructura òssia i dental, i ens proporciona informació sobre el context 
ambiental. Així mateix, la dieta, una altra característica de la biologia d’un organisme i un important vincle 
amb l’ambient, es pot inferir a través del microdesgast dental. En aquesta tesi, l’objectiu principal és 
dilucidar les condicions ecològiques i els mecanismes relacionats amb la disminució de mida que van patir 
alguns hipparionins de l’est i oest del Mediterrani. Amb aquesta finalitat, es (i) reconstrueixen els patrons 
de creixement de metàpodes i molars d’hipparionins de diferent mida, (ii) s’infereixen les seves històries 
de vida, i (iii) s’exploren les seves dietes a través del microdesgast per testar les inferències ecològiques 
obtingudes de l’anàlisi de les històries vitals. 

	 L’estudi de la histologia dels metàpodes permet reconstruir el creixement ontogenètic i establir 
l’assoliment d’una maduresa relativa. La identificació de diferents edats de maduració, doncs, evidencia 
diferents estratègies de creixement en els hipparionins analitzats. L’estudi de laminacions diàries en l’esmalt 
revela, per primer cop en ungulats, taxes de creixement en primeres/segones molars més elevades que en 
terceres molars de formació més tardana, suggerint un vincle entre el desenvolupament dental i el somàtic. 
Així, les taxes de creixement dental més lentes i les erupcions relativament posteriors (correlacionades 
amb trets d’història de vida) indiquen ritmes de creixement més lents en hipparionins comparat amb 
Equus. Això contrasta amb la idea d’històries de vida ràpides en hipparionins pel fet de ser generalment 
més petits. A més, els hipparionins nans occidentals mostren un desenvolupament dental més lent que 
el de les formes grans i una maduresa relativament tardana, indicant també una història vital més lenta 
de l’esperada per la seva mida. D’acord amb la teoria de les històries de vida, això assenyala que la menor 
disponibilitat de recursos és la causa del nanisme en aquests hipparionins. Per contra, les formes petites 
orientals mostren una maduresa relativa avançada, el que suggereix que la disminució de mida va ser 
causada per una major mortalitat extrínseca (depredació). Diferències paleoambientals explicarien les 
pressions ecològiques contraposades: ambients més tancats a l’oest del Mediterrani proporcionaven més 
cobertura contra la depredació però menys recursos pels hipparionins, mentre a l’est els hàbitats més 
oberts eren arriscats però rics en recursos. 

	 L’anàlisi del microdesgast dental indica un tipus d’alimentació mixta i oportunista en la majoria 
dels hipparionins, encara que algunes formes occidentals grans pasturaven. D’altra banda, els hipparionins 
occidentals nans tenien espectres tròfics més amplis i brostejaven, el que avala que habitessin ambients 
més boscosos i/o tinguessin recursos més limitats. En canvi, els hipparionins orientals petits no difereixen 
dels grans en les seves textures de microdesgast, suggerint dietes similars en un entorn ric en recursos 
que evitaria la necessitat del seu repartiment. Contràriament al que s’esperaria en ambients més oberts, els 
hipparionins orientals menjaven menys gramínies que els occidentals, cosa que es podria relacionar amb 
canvis de dieta durant sequeres i/o la presència de sorra alterant la textura del microdesgast. 

	 En resum, aquesta tesi proporciona evidències que els processos de disminució de mida i els 
mecanismes infrajacents no són uniformes sinó que depenen del context ecològic. Els resultats presentats 
suposen un pas més per entendre les històries de vida i ecologies d’èquids extints. 
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Conventions
 

  
	 The term “hipparionin” is used here instead of  “hipparionine” to formally designate those 
members of  the Hipparionini tribe. Informal grade-level terms (e.g., merychippine) are written 
here between quotation marks. 

	 In this thesis, I used the broad sense of  the genus Hipparion. This decision follows previous 
work from other authors who focused on taxonomy and worked on material from the Iberian and 
the Balkan peninsulas (Pirlot, 1956; Sondaar, 1961; Forsten, 1968; Koufos, 1987; Alberdi, 1989; 
Pesquero, 2003; Vlachou, 2013), where most of  my samples come from. I agree on the unlikely 
existence of  only a single genus (i.e., Hipparion) during the 10 Myr that hipparionin horses were 
present in the Old World (Bernor et al., 1996). However, the lack of  complete cranial material for 
some of  the main taxa analyzed herein, precludes an unequivocal assignation to the supraspecific 
groupings to the date proposed (Bernor et al., 1990b, 1996). Therefore, rather than ambiguously 
assigning taxa to determinate genera—which are mainly defined based on cranial morphology 
(Woodburne and Bernor, 1980; Bernor et al., 1996)—I chose to refer them to the Hipparion genus 
sensu lato.

	 Finally, because this thesis is focused on Eurasian hipparionin faunas, the circum-
Mediterranean area here only refers to its northern portion.
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Chapter 1
Introduction

1.1. The Equidae Evolutionary History

	 The family Equidae is included within the order of  odd-toed ungulates Perissodactyla 
together with the extant families Tapiridae and Rhinoceratidae (Steiner and Ryder, 2011), and other 
extinct groups (e.g., Chalicotheriidae). Equids are an evolutionary paradigm, primarily because of  
their rich fossil record, which provides evidence of  the many transitions from primitive forms to 
the extant taxa (MacFadden, 1992, 2005; Janis, 2007). Horse evolution was first interpreted during 
the second half  of  the 19th century as a gradual linear progression from a multi-toed equid with 
low-crowned teeth, toward a monodactyl horse with high-crowned teeth (MacFadden, 1992; Janis, 
2007). This orthogenetic trend was clearly depicted by Marsh (1879), and remains in the public 
perception due to its simplicity and constant presence in textbooks (Gould, 1987; MacFadden, 
1992). During the 20th century, however, further fossil discoveries, and a deeper understanding of  
equid diversity, advocated for a more complex branching scheme within the horse’s evolutionary 
history (Simpson, 1951; Woodburne and MacFadden, 1982; MacFadden and Hulbert, 1988).

	 The earliest equid representatives were the “hyracotheres”, which inhabited the Holarctic 
realm during the early Eocene (55 Ma) (MacFadden, 1992; Froehlich, 2002). These primitive equids 
had small hooves and low-crowned teeth (Franzen, 2010) that they used for browsing fruits and 
soft leaves in dense forests (Mihlbachler et al., 2011; Semprebon et al., 2016). Much of  the radiation 
of  this group took place in North America (Froehlich, 2002), similar to many other equid clades 
(Woodburne and MacFadden, 1982; MacFadden, 1992). Due to the high diversity of  equids within 
North America, this region is considered to be the center of  their evolutionary history and the focus 
of  different migratory events toward the Old World (Forsten, 1989; MacFadden, 1992; Janis, 2007; 
Orlando, 2015). Indeed, during the North American late Eocene, the first anchitheriine horses 
appeared, which were characterized by more specialized teeth and hooves than their “hyracotheriine” 
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ancestors (Janis, 2007). After a lapse of  relatively low equid diversity during most part of  the Eocene 
up to the late Oligocene, the Equidae family experienced considerable diversification (MacFadden, 
1992; Shoemaker and Clauset, 2014; Orlando, 2015). Thus, at the beginning of  the early Miocene, 
various anchitheriine lineages were present throughout North America, and the genus Anchitherium 
began to disperse from there across Eurasia (Janis, 2007). Most of  these anchitheriine horses 
were mainly browsing taxa with low-crowned teeth (Mihlbachler et al., 2011). However, the more 
derived forms showed an incipient increase in tooth height (Damuth and Janis, 2011) related to the 
incorporation of  higher quantities of  fibrous food in their diet (Semprebon et al., 2016). The major 
explosion in equid diversity occurred in North America during the later early Miocene (ca. 17 Ma), 
when the first hypsodont forms included within the “merychippine” grade underwent explosive 
adaptive radiation (MacFadden and Hulbert, 1988; Hulbert and MacFadden, 1991). During this 
time, the two tribes included in the subfamily Equinae (i.e., Hipparionini and Equini) differentiated 
from various lineages pertaining to the “merychippine” group (MacFadden, 1992). 

	 The Hipparionini and the Equini are mainly distinguishable by the autopodium and dental 
morphology (Hulbert and MacFadden, 1991; MacFadden, 1992; Janis, 2007). The first occurrence 
of  hipparionin horses is dated at 15 Ma in some localities from Texas, North America (MacFadden 
and Skinner, 1981). The members of  this tribe, together with earlier representatives of  the Equini, 
were abundant in North America from approximately 15 to 8 Ma, when they exemplified the 
maximum taxonomical diversity within the evolutionary history of  the Equidae (MacFadden, 1984, 
1992; Hulbert, 1988).

	 During the late Miocene, around 11 Ma, hipparionins underwent a significant dispersal 
across the Old World (Bernor et al., 1988; Forsten, 1989; Garcés et al., 1997), followed by an 
adaptive radiation that led to the appearance of  different lineages (Woodburne and Bernor, 1980; 
Bernor et al., 1996). After this extensive and arguably isochronous dispersal (Sen, 1990; Garcés et 
al., 1996; Woodburne, 2009), hipparionins became a dominant element within the Eurasian and 
African faunal assemblages (Alberdi, 1989; Bernor and Lipscomb, 1995) representing the first 
equids to inhabit the African continent (Forsten, 1989). From the Pliocene onwards, Equidae 
diversity was comparably lower in both the Old and the New World (Alberdi, 1986; Eisenmann 
and Sondaar, 1989; MacFadden, 1992). It was during this epoch, about 4.5 to 4 Ma, that the first 
members of  the genus Equus likely appeared in North America (Orlando et al., 2013); being 
initially only represented by one species (Lindsay et al., 1980; Azzaroli, 1992; MacFadden, 1992). 
Posteriorly, this genus flourished and dispersed over South America and the Old World during the 
end of  the Pliocene [≈ 2.6 Ma (Lindsay et al., 1980)] (Forsten, 1989; Orlando, 2015). By that time, 
there were few hipparionin horses of  Asian origin present in Europe (Alberdi, 1989; Bernor and 
Sun, 2015). Both groups arguably coexisted in Europe for a short period of  time (Alberdi, 1989; 
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Bernor and Lipscomb, 1991; Pueyo et al., 2016; Rook et al., 2017; Athanassiou, 2018), but they 
mainly coexisted in Asia and Africa, where hipparionin horses remained present until less than 1 
Myr ago (Eisenmann, 1985; Qiu et al., 1987).

	 Within the extant Equus genus, “caballine” (Equus ferus) and “non-caballine” equids (zebras 
and asses) are differentiated based on their genetic material (Oakenfull et al., 2000; Jónsson et al., 
2014). A similar division can be established morphologically by considering the enamel pattern 
of  the lower teeth, separating the more primitive linguaflexid fold of  “stenonoid” forms—which 
include some Plio-Pleistocene Equus species and extant asses and zebras—from the more derived 
pattern of  “caballoids”, which are currently only represented by the horse (Forsten, 1988; Alberdi 
et al., 1998). During the first Equus migration wave, the “stenonoid” ancestor of  the extant “non-
caballine” taxa dispersed to the Old World (Lindsay et al., 1980; Alberdi et al., 1998), subsequently 
radiating (Azzaroli, 1992) and reaching the African continent at least twice (Orlando, 2015). 
“Caballine” horses appeared in the Old World after a second dispersal event during the Middle 
Pleistocene, replacing nearly all “stenonoid” equids of  Eurasia and confining most of  the “non-
caballine” forms to Africa (Forsten, 1988, 1989; Alberdi et al., 1998; Orlando, 2015). As with the 
case of  other large Pleistocene mammals, Equus disappeared in many areas of  its distribution 
range approximately 8–10 ka, probably due to multiple factors such as climate change or over-
killing (MacFadden, 1992; Janis, 2007; Lorenzen et al., 2011). Nowadays, all extant wild equids are 
comprised in one single genus with seven recognized species: the horse (Equus ferus), three zebra 
species (Equus quagga, Equus zebra, and Equus grevyi), and three species of  ass (Equus africanus, 
Equus hemionus, and Equus kiang) (Orlando, 2015). Hence, the equid family today only represents 
a small fraction of  its past diversity, which has included more than 200 species distributed across 
more than three dozen different genera over the course of  its 55 Myr of  evolutionary history 
(MacFadden, 1992, 2005).

	 1.1.1. Evolution of Body Size Within the Family Equidae

	 Body size is a fundamental trait in an animal as it is intimately related to many ecological and 
physiological parameters (Peters, 1983; Calder, 1984; McNab, 1990). Because of  this, determining 
and understanding body size shifts has been of  key importance in Paleobiology (Damuth and 
MacFadden, 1990). Body mass, a good proxy of  body size (Damuth and MacFadden, 1990), ranged 
over two orders of  magnitude (10–1000 kg) during the evolutionary history of  equids (MacFadden, 
1986, 1992; Eisenmann, 2003). When comparing the smaller-sized Paleogene equids (MacFadden, 
1986) with the wild extant equids that weigh 275 kg on average (Tacutu et al., 2018), a tendency 
toward a larger body size can be seen. For this reason, the family Equidae has long been used as 
an example of  a progressive size increase trend over time (Matthew, 1926) (i.e., Cope’s Rule, see 
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Stanley, 1973), a generalization based on the idea that a larger body size is an adaptive trait that 
favors survival (Kurtén, 1953; Simpson, 1953; Gould, 1966). 

	 In fact, equids have experienced significant variations in size during their evolutionary 
history (Simpson, 1953; MacFadden, 1986; Shoemaker and Clauset, 2014; Cantalapiedra et al., 
2017). However, instead of  a linear and progressive trend toward larger sizes, body size evolution 
within this family is complex, and has comprised periods of  relative stasis as well as the presence 
of  lineages that gradually decreased in size (MacFadden, 1986; Gould and MacFadden, 2004). For 
more than half  of  the equids’ history (early Eocene to latest Oligocene), there were no significant 
shifts in body mass, which typically ranged from 5 to 50 kg (MacFadden, 1986, 1992; Gould and 
MacFadden, 2004). During the Miocene, there was a huge taxonomic and body size diversification 
(MacFadden, 1986; Shoemaker and Clauset, 2014), which has usually been interpreted as a result 
of  adaptations to the spread of  grassland ecosystems (MacFadden, 1986; Hulbert, 1993). This 
diversification has also been linked to the effect of  external factors that promoted speciation 
(e.g., higher ecosystems productivity or increased provincialism) rather than ecomorphological 
differentiation (Cantalapiedra et al., 2017). Although some studies have related some of  the equids’ 
body size shifts to temperature changes (Secord et al., 2012; D’Ambrosia et al., 2017), the general 
size variations within the clade do not seem to be correlated with global temperature changes 
(Shoemaker and Clauset, 2014).

	 Body size decrease trends in discrete equid lineages were almost as common as giantism 
processes (Gould and MacFadden, 2004). Indeed, dwarfing took place multiple times in different 
branches of  the Old World and New World equids, such as in the North American genera 
Archaeohippus, Pseudhipparion and Calippus (MacFadden, 1986, 1992). The most recent examples 
of  size decrease trends are those independently experienced by some Equus lineages during the 
Pleistocene (Forsten, 1991; Alberdi et al., 1995, 1998; Guthrie, 2003). In Europe, both “stenonoid” 
(Alberdi et al., 1995, 1998) and “caballoid” equids (Forsten, 1991; Alberdi et al., 1995) decreased 
in mean body size, which also occurred in North America just prior to the local extinction of  the 
genus (Guthrie, 2003). Different scenarios have been proposed as causes that underlay these shifts, 
such as a reduction in resource availability (Forsten, 1991; Guthrie, 2003) or environmental changes 
leading to a warmer climate and more forested biomes (Alberdi et al., 1995, 1998).

	 Some hipparionin lineages also underwent significant size decrease trends (MacFadden, 1986, 
1992). In North America, these processes occurred multiple times in at least two different genera 
(e.g., Nannipus, Pseudhipparion) (Gould and MacFadden, 2004). Likewise, Old World hipparionins 
followed comparable shrinking tendencies that led to the appearance of  small-sized taxa in Eurasia 
and Africa (Forsten, 1978a; Eisenmann, 1980; Alberdi, 1989; Bernor and Tobien, 1989; Bernor et 
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al., 1996). As in the case of  the first Eurasian Equus, the first hipparionins that reached the Old 
World were probably large-sized forms, which subsequently differentiated in size (Alberdi et al., 
1995; Cantalapiedra et al., 2017). To date, the smaller-sized hipparionins from the Old World have 
usually been assigned to the genus Cremohipparion, which according to Bernor et al. (1996) includes 
a lineage that underwent a size decrease trend and another group composed of  larger and more 
robust forms. The ubiquity of  small hipparionins in different regions of  the Old World during 
the late Miocene (Eisenmann, 1980; Bernor and Tobien, 1989; Pesquero, 2003; Koufos, 2016) 
and the early Pliocene (Alberdi, 1986), would indicate the existence of  more than one clade of  
small-sized hipparionins (Bernor et al., 2016) and the occurrence of  independent size decrease 
trends (Woodburne and MacFadden, 1982). These size decrease trends have been interpreted as the 
outcome of  different scenarios: (i) an adaptation to energy economization (Forsten, 1968, 1978a), 
(ii) a response to habitat changes toward more open biomes (Bernor et al., 1996; Saarinen, 2009), 
or (iii) toward warmer and more forested habitats (Ortiz-Jaureguizar and Alberdi, 2003).

	 1.1.2. The Old World Hipparionins

	 This thesis focuses specifically on Old World hipparionins, which have been studied for 
more than 175 years. These equids have traditionally been included within the genus Hipparion, 
which was erected by Christol (1832) and generally comprises those horses that have tridactyl limbs 
and isolated protocones in their upper cheek teeth (Alberdi, 1989). The arrival of  hipparionins in 
Eurasia, the so called as “Hipparion Datum”, is dated at around 11 Ma (Bernor et al., 1988, 2017; 
Garcés et al., 1996, 1997; Woodburne, 2009) and marks the start of  the Vallesian European Land 
Mammal Age (Fahlbusch, 1976). These earliest Eurasian hipparionins probably originated from 
members of  the North American Cormohipparion genus, as evidenced by the similarities between both 
groups (Bernor et al., 1988; Woodburne, 2007, 2009). Commonly, Old World Vallesian hipparionins 
have been associated with a single large-sized robust form (Forsten, 1968, 1978b); however, various 
morphotypes can be distinguished already on early Vallesian assemblages (Eisenmann, 1995). 
Indeed, soon after the hipparionin dispersal, some vicariant processes took place and Eurasian 
hipparionins began to differentiate in form (Bernor et al., 1988, 1990b, 1996, 2003). This radiation 
originated distinct forms that are usually grouped around the “Hippotherium primigenium Complex” 
proposed by Bernor et al. (1996). The magnitude of  this diversification, however, differs between 
regions (Bernor et al., 1988, 1990a, 2003). Central European hipparionins were little diverse and 
showed a conservative body plan during most part of  the Vallesian (Bernor et al., 1988, 1996), 
while multiple and differentiated taxa were present in western (Bernor et al., 1996; Forsten, 1997) 
and eastern Mediterranean areas (Bernor et al., 1990a, 1996, 2003; Koufos, 2016). It was during the 
end of  the Vallesian period, and particularly during the Turolian period, that hipparionin diversity 
substantially increased and sympatric taxa occurred in many localities (Forsten, 1989). The rapid 
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diversification of  hipparionins is thought to have been related to increased seasonality regimes and 
their impact on vegetation communities (Bernor et al., 1990a).

	 The systematics and phylogeny of  Old World hipparionins have proven to be difficult 
because of  (i) the diversity of  forms found in many of  the hipparionin associations, (ii) the poor 
stratigraphic control of  some fossil assemblages, (iii) the large intraspecific variability, (iv) the 
existence of  homoplasic characters, and (v) the ontogenetic variation in diagnostic traits (Alberdi, 
1989; Bernor et al., 1990b). Following previous work on New World equids (Skinner and MacFadden, 
1977), some authors based systematic and phylogenetic relationships of  the Old World hipparionin 
on skull characters, with special emphasis on the morphology and position of  the preorbital fossa 
(Woodburne and Bernor, 1980; Bernor et al., 1990b, 1996). These studies suggest that Old World 
hipparionins are represented by different evolutionary lineages of  supraspecific rank (Woodburne 
and Bernor, 1980; Bernor et al., 1990b). Under this scope, hipparionin systematics rely strongly 
on the availability of  complete cranial material (Bernor et al., 1996), which is scarce or virtually 
non-existent for many taxa. Different authors (Forsten, 1983; Eisenmann et al., 1987; Alberdi, 
1989), moreover, have questioned the validity of  the preorbital fossa as being the sole character 
for generic-differentiation. Alternatively, the Hipparion s.l. genus has been divided within different 
morphotypes by means of  cranial and postcranial characters (Alberdi, 1989; Vlachou, 2013). 

	 Currently, the supraspecific groupings proposed by Bernor et al. (1996) are the most 
widely used. Following their division, the earliest Old World hipparionins are mainly included in 
the “Hippotherium primigenium Complex” (Bernor et al., 1996). This group represents a paraphyletic 
lineage (Bernor et al., 1988) that was specially prolific during the Vallesian but that also persisted 
afterwards during the Turolian (Woodburne and Bernor, 1980; Bernor et al., 1996). These large 
hipparionins are characterized by exhibiting primitive traits such as robust metapodials, marked 
preorbital fossa, long preorbital bar, and complex enamel folding in the cheek teeth (Woodburne, 
1989; Bernor et al., 1990b, 1996). This group can be broadly related to morphotype 1 of  Alberdi 
(1989) and the morphotype primigenium of  Vlachou (2013). The other clade is represented by the 
genus Hipparion sensu stricto as defined by Bernor et al. (1996). These hipparionins might have 
originated from some representatives of  the former group (Bernor et al., 1990b, 1996) or from 
an independent migratory wave of  North American hipparionins (Woodburne and MacFadden, 
1982; Woodburne, 1989). The Hipparion s.s. genus is composed of  medium-sized forms that have a 
preorbital fossa situated in a high position, a short preorbital bar, slender metapodials, and simplified 
enamel ornamentation (Woodburne and Bernor, 1980; Bernor et al., 1990b, 1996). Vlachou (2013) 
includes these forms in the dietrichi morphotype. The “Cremohipparion group” represents the other 
hipparionin supraspecific clade proposed by Bernor et al. (1996). The members of  this group are 
differentiated by their short preorbital bar and elongated metapodials (Bernor et al., 1990b, 1996). 
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These hipparionins were particularly prolific during the Eurasian Turolian period, although they are 
also found in Vallesian fossil assemblages (Bernor et al., 1996, 2016; Koufos, 2016) and in North 
African localities (Bernor et al., 1996). Two distinct evolutionary pathways are comprised within 
this group: a lineage characterized by the reduction of  facial fossae and dwarfism, and another 
group of  large-sized hipparionins that show multiplication and sharpening of  the facial fossae 
(Bernor et al., 1996). These two lineages, respectively, correspond to the macedonicum and proboscideum 
morphotypes suggested by Vlachou (2013). The small-sized hipparionins from western Eurasia 
have been commonly assigned to the Cremohipparion group and, particularly, referred to the species 
Cremohipparion matthewi (= Hipparion matthewi) (Pesquero et al., 2007; Bernor et al., 2016; Koufos, 
2016), although in some cases without solid evidence (Koufos, 2016). Finally, a late diversification 
of  Old World hipparionins took place from the latest Miocene to the Pliocene and Pleistocene 
(Bernor et al., 1990b). This radiation was undergone by the members of  the “Sivalhippus Complex” 
of  Bernor et al. (1990b), which are characterized by having reduced or absent preorbital fossa, very 
hypsodont teeth, and very large body sizes (Bernor et al., 1996). 

		  1.1.2.1. Eastern Mediterranean (Balkans and Western Anatolia)

	 Western Eurasian hipparionins had a marked provincial distribution during the late Neogene 
(Bernor et al., 1996). In the eastern Mediterranean, these horses exhibited a high taxonomic diversity 
(Koufos, 1987; Bernor et al., 2003; Vlachou, 2013), which contrasted with that of  the western 
Mediterranean province but particularly with Central Europe (Forsten, 1978b; Bernor et al., 1990a, 
1996, 2003; Fortelius et al., 1996). Compared to this latter area, the richer hipparionin assemblages of  
circum-Mediterranean domains have been associated with the presence of  more open habitats due 
to increased seasonality regimes (Bernor et al., 1990a). Accordingly, different studies have indicated 
that the eastern Mediterranean paleoenvironments were dry and open during the late Miocene (Bonis 
et al., 1992a; Merceron et al., 2005; Koufos, 2006; Strömberg et al., 2007; Ioakim and Koufos, 2009; 
Merceron et al., 2016a), while in other regions of  Europe—particularly in Central Europe—there 
were more humid and wooded biomes (Bernor et al., 1988; Bonis et al., 1992b).

	 After their dispersal through the eastern Mediterranean, hipparionins experienced a short 
period of  relative stasis, followed by a radiation at the end of  the early Vallesian (MN9) (Bernor 
et al., 2003). During the early Vallesian in the southern Balkans (Koufos, 2013), the small-sized 
Hipparion macedonicum (~ 100 kg) was already co-existing with larger and more primitive forms 
of  the primigenium morphotype (~ 150–200 kg) (Vlachou, 2013; Koufos, 2016). Evidence of  the 
coexistence of  members from the primigenium and the macedonicum morphotypes is commonly found 
in Vallesian localities from this area (Koufos, 1986; Vlachou, 2013; Koufos et al., 2016). 
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	 For most of  the Turolian period, the faunal assemblages differed between the southern 
Balkans and the western Anatolian sectors of  the eastern Mediterranean (Kostopoulos, 2009; 
Koufos and Vlachou, 2016), probably because of  a biogeographical barrier (Kostopoulos, 2009). 
As a consequence, the existing hipparionin lineages evolved separately and gave rise to different 
taxa (Vlachou, 2013; Koufos and Vlachou, 2016). For instance, while the small-sized macedonicum 
morphotype was mainly represented by the species H. matthewi in western Anatolia, this group was 
characterized by H. macedonicum in the southern Balkans (Vlachou, 2013; Koufos, 2016). Interestingly, 
the members of  this morphotype decreased further in body size during their evolutionary history 
(Vlachou, 2013; Koufos, 2016). From the early Turolian onwards, the different hipparionin lineages 
continued to diversify (Bernor et al., 1996), and the fossil associations commonly included three or 
more species (Koufos, 1987; Koufos and Vlachou, 2016). The taxa comprised within the dietrichi 
and the proboscideum morphotypes became an important element of  the eastern Mediterranean 
hipparionin associations (Vlachou, 2013; Koufos and Vlachou, 2016), also co-existing with 
representatives of  the former primigenium and macedonicum groups (Hristova, 2009; Vlachou and 
Koufos, 2009; Vlachou, 2013; Koufos and Vlachou, 2016). The dietrichi morphotype of  Vlachou 
(2013) includes the gracile medium to large-sized hipparionins referred to as Hipparion s.s. by Bernor 
et al. (1996), such as Hipparion dietrichi or Hipparion philippus. On the other hand, the proboscideum 
morphotype comprises the large-sized hipparionins that pertain to one of  the two lineages of  the 
“Cremohipparion group” defined by Bernor et al. (1996). Hipparion proboscideum or the well represented 
Hipparion mediterraneum from Pikermi are included within this latter morphotype (Vlachou, 2013). 
After this period of  huge taxonomic and morphologic diversity, there was a marked decline in the 
number of  hipparionin taxa during the earliest Pliocene (MN14) (Eisenmann and Sondaar, 1989, 
1998; Bernor et al., 1996). The lasts hipparionins inhabiting the eastern Mediterranean were larger 
species that migrated from Asia (Eisenmann and Sondaar, 1998; Bernor and Sen, 2017).

		  1.1.2.2. Western Mediterranean (Iberian Peninsula) 

	 Hipparionin diversity in the western Mediterranean was lower than in the eastern 
counterpart (Bernor et al., 1996; Fortelius et al., 1996), but not as low as in Central Europe (Bernor 
et al., 1990a). Similar to the eastern Mediterranean region, the diversification of  hipparionin forms 
have been related to the presence of  open habitats in this area (Bernor et al., 1990a; Forsten, 
1997). Nevertheless, the western Mediterranean biomes during the late Miocene were roughly 
characterized by woodland landscapes (Hernández Fernández et al., 2006; Domingo et al., 2013), 
which were generally more closed and humid than the eastern ones (Bonis et al., 1992b; Fortelius 
et al., 2006). Indeed, some humid forested environments have been clearly identified in the Iberian 
Peninsula during the early Vallesian (Marmi et al., 2012), although other sectors were dominated by 
drier, more open habitats (Van Dam, 2006; Jiménez-Moreno et al., 2010; Pound et al., 2011). The 
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more humid and dense forests shifted later to more open woodlands (Agustí et al., 2003; Van Dam, 
2006; Domingo et al., 2013) probably due to a stronger seasonality from the late Vallesian onwards 
(Agustí et al., 2003).

	 The earliest hipparionins that inhabited the Iberian Peninsula have commonly been included 
within the species Hipparion primigenium (Forsten, 1968, 1978b; Alberdi, 1972). These large-sized 
forms [~ 180 kg (Ortiz-Jaureguizar and Alberdi, 2003)] already showed some differences between 
them and the more primitive members of  the H. primigenium s.s. taxon as defined by Bernor et 
al. (1996). Because of  this, they have been differentiated at subspecific level by different authors 
(Sondaar, 1961; Alberdi, 1974; Tomàs et al., 2010). As soon as during the early Vallesian (Casanovas-
Vilar et al., 2011), hipparionins of  small to medium stature co-existed in some localities from the 
eastern Iberian Peninsula with larger and more primitive forms (Forsten, 1997). In other Iberian 
basins, a slender, medium-sized hipparionin, clearly differentiated from the primigenium group, has 
also appeared in early Vallesian sites (Bernor et al., 1996; Pesquero and Alberdi, 2012). 

	 Hence, throughout this region, hipparionins underwent an early radiation similar to what 
occurred in the eastern Mediterranean (Forsten, 1997). However, the main divergence between 
hipparionin lineages took place during the late Vallesian (Bernor et al., 1996). By this time, the 
Iberian Peninsula basins also registered the appearance of  very large gracile species (Pesquero 
et al., 2006) and small-sized hipparionins that had previously been unreported (Romano et al., 
2017). These different hipparionin forms, however, did not tend to live sympatrically until the early 
Turolian (Alberdi and Alcalá, 1989-1990; Pesquero et al., 2011).

	 Hipparionins of  medium stature such as Hipparion concudense, dominated the middle 
Turolian faunas from Iberia (Alberdi, 1974, 1978; Bernor et al., 1996). Posteriorly, the late Turolian 
(MN13) was characterized by a higher diversity of  hipparionins, since three sympatric forms can 
be commonly recognized within some localities (Alberdi, 1974; Alberdi and Alcalá, 1989; Ortiz-
Jaureguizar and Alberdi, 2003; Pesquero, 2003; Pesquero et al., 2007). The largest hipparionins 
from these assemblages have been related to the H. primigenium lineage (Pesquero, 2003; Pesquero 
et al., 2007), while the other two forms are usually represented by the dwarf  taxa Hipparion gromovae 
(59 kg) and Hipparion periafricanum (23 kg) (Fig. 1.1) (Alberdi, 1974, 1978; Ortiz-Jaureguizar and 
Alberdi, 2003; Pesquero, 2003). These two forms are thought to be the result of  a progressive size 
decrease trend (Forsten, 1968; Alberdi, 1989; Pesquero, 2003; Pesquero et al., 2011) that culminated 
in the appearance of  the smallest of  the Old World hipparionins, H. periafricanum (Bernor et al., 
1996). The presence and diversity of  hipparionins decreased considerably from the beginning 
of  the Pliocene onwards (Alberdi, 1986), mirroring what occurred in the eastern Mediterranean 
(Eisenmann and Sondaar, 1989; Bernor et al., 1996).
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1.2. Life History Theory

	 The life history (LH) of  an organism comprises all of  its ontogenetic stages and scheduled 
events that are related to growth, survival, and reproduction (Stearns, 1992; Roff, 2002; Flatt and 
Heyland, 2011). It is clear that the reproductive performance of  an organism (i.e., the individual 
fitness) is linked to the timing and magnitude of  LH characteristics such as the growth rate, age 
at maturity, number of  offspring, or lifespan (Stearns, 1992). Indeed, some of  these so-called LH 
traits are important demographic elements that directly affect population growth (Stearns, 1992, 
2000). Because of  their importance as fitness components (Braendle et al., 2011), hence, LH traits 
represent adaptive features sensitive to natural selection (Stearns, 1992; Roff, 2002). Based on this 
scheme, life history theory (LHT) aims to explain (i) the diversity of  LH strategies found in nature 
and (ii) the way that ecological factors—or selective pressures—shape LH traits (Roff, 1992, 2002; 
Stearns, 1992, 2000).

	 To address the evolution of  LHs, evolutionary biologists have traditionally used optimization 
models (Stearns, 2000). Ideally, a hypothetical organism could maximize fitness by infinitely extending 
its reproductive life, while also increasing the number of  offspring produced, which would lead to 
the known as a “Darwinian demon” (Law, 1979). However, as happens with the rest of  organismal 
characteristics, the evolution of  LH traits is determined by important intrinsic constraints that 

Figure 1.1.
First phalanges and distal portions of the 
central metatarsals of the three sympatric 
hipparionin species from the El Arquillo fossil 
site (Teruel Basin, central eastern Iberian 
Peninsula). From left to right, Hipparion 
primigenium truyolsi, Hipparion gromovae, 
and Hipparion periafricanum. Measurements 
on these elements of the autopodium have 
shown to be highly related to the equid body 
mass (Alberdi et al., 1995; Eisenmann and 
Sondaar, 1998). Each division of the scale 
corresponds to 1 cm.
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prevent this from happening (Roff, 1992; Stearns, 1992). These constraints limit the increase of  
one particular fitness component through the co-varying changes in other fitness traits (trade-offs) 
(Stearns, 1992; Flatt and Heyland, 2011). From a physiological point of  view, the compromise resides 
in the fact that the available resources are limited; if  resources are devoted to one function they 
cannot be invested in another (Cody, 1966; de Jong, 2006; Ricklefs, 2008). In this regard, the most 
relevant and generic compromise involves the assigning of  resources between current and future 
reproduction (Stearns, 1992). During the juvenile stage, the dichotomy is whether to keep growing 
or start reproducing (age at maturity), while in adults it is between reproducing, or postponing 
reproduction in favor of  maintenance and repair (Stearns, 1992). In LHT, the identification of  
these trade-offs has been of  central importance for a correct understanding of  the limits of  LH 
evolution (Roff, 1992, 2002; Stearns, 1992). As well as these important intrinsic constraints, LHs 
are also shaped by extrinsic elements that affect the organism’s survival and reproductive chances 
(Stearns, 2000). Considering the effect of  intrinsic and extrinsic factors, organisms channel the 
available energy to different fitness components following a specific schedule of  LH traits (i.e., 
the LH strategy) to maximize their fitness under given ecological conditions (Roff, 1992; Stearns, 
1992).

	 The r-K- selection of  MacArthur and Wilson (1967) expanded by Pianka (1970), was the 
first proposed framework that addressed the differences in LH between species and populations 
(Reznick et al., 2002). This r-K selection scheme focuses on density-dependent mortality regimes, 
and considers resource availability as the major driver of  LH variations (Pianka, 1970). Under 
this scope, selection promotes traits that maximize the intrinsic population growth (r, Malthusian 
parameter) in populations facing unpredictable environments and density-independent extrinsic 
mortalities (e.g., catastrophic mortality or higher predation pressures). On the other hand, those 
traits linked to soma maintenance are selected in populations that occur in stable, resource-poor 
environments that are near carrying capacity (K) (Pianka, 1970). From the r-K selection point of  
view, the populations occupying these latter settings are exposed to density-dependent mortality and 
thus selection favors LH strategies that confer higher competitive capacity (K-strategist) (e.g., long 
lifespan, late reproduction). In contrast, those organisms adapted to unpredictable high-resource 
environments invest most of  the energy in reproduction earlier in life (r-strategist) (Pianka, 1974). 

	 The over-simplistic r-K selection was posteriorly relegated by studies under the focus of  
LHT (Law, 1979; Roff, 1992; Stearns, 1992; Charlesworth, 1994), which included demographic 
models and highlighted the importance of  age and size-specific mortality and fertility rates 
(Reznick et al., 2002). Concretely, the LHT approach focuses on extrinsic mortality as the major 
selective pressure driving LH evolution (Law, 1979; Promislow and Harvey, 1990; Roff, 1992; 
Stearns, 1992). Later LH models, however, also incorporated resource availability as a selective 
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agent affecting LH (Reznick et al., 2002). Under the LHT framework, therefore, the LH of  an 
organism is shaped by extrinsic factors that influence age/size-specific survival and reproduction 
rates, which at the same time are determined by the intrinsic constraints to LH trait variation—i.e., 
trade-offs (Stearns, 1992). In this regard, one LH strategy will only evolve if  its benefits for fitness 
counterbalance the associated costs in a specific ecological setting (Stearns, 2000; Koons et al., 
2008). For instance, when populations are subject to high extrinsic mortality (predation), selection 
favors an advance in maturity attainment and a higher reproductive effort (Gadgil and Bossert, 
1970; Stearns, 1992; Reznick et al., 1996; Ricklefs, 2008). The advantages of  this earlier maturation 
are a shorter generation time and the increased possibility of  successfully reproducing before 
falling prey to a predator (Stearns, 2000). On the other hand, a later age at maturity is selected for in 
environments with low extrinsic mortality, as a later maturity allows to grow larger and to increase 
fecundity (Stearns, 1992). A similar delay in maturation can also be adaptive under high levels of  
juvenile mortality (Stearns and Koella, 1986; Promislow and Harvey, 1990) because larger and more 
experienced progenitors, and the production of  better-quality offspring, might compensate for the 
high mortality among juveniles (Stearns and Koella, 1986; Stearns, 2000).

	 Much of  the variation in LHs has been explained in the context of  covariance between LH 
traits and body size, where size is usually considered to be the direct target of  selection (Lindstedt 
and Calder, 1981; Peters, 1983; Calder, 1984). Although the evidence of  this strong tie, studies 
based on LHT highlight the influence of  ecological conditions on LH traits—as we have already 
seen. Therefore, there is, in fact, an adaptive size-independent source of  variation in LH strategies 
(Stearns, 1983; Read and Harvey, 1989; Promislow and Harvey, 1990; Sibly and Brown, 2007), 
which is mainly triggered by differences in extrinsic mortality (Read and Harvey, 1989; Promislow 
and Harvey, 1990) and resource availability (Sibly and Brown, 2007). In this regard, comparative 
analyses of  mammalian LHs have led to the proposal of  a fast—slow continuum along which 
the organisms’ LH strategies are arranged, and in which body size still has an important influence 
(Stearns, 1983; Read and Harvey, 1989; Promislow and Harvey, 1990). However, organisms can 
even be characterized by following slower or faster LHs once the effect of  size is removed (Read 
and Harvey, 1989). In general terms, therefore, taxa situated at the fast end of  the LHs continuum 
are smaller, develop fast, reproduce early, have high fecundity, and are short-lived. Conversely, at 
the slow end of  the continuum, we find larger organisms that develop slowly, mature later, and 
have long lifespans (Read and Harvey, 1989; Gaillard et al., 2006).
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	 1.2.1. Body Size Shifts and Life History Theory

	 Because of  the central role that size plays in the biology of  an organism (Peters, 1983; 
Calder, 1984; Eisenberg, 1990; McNab, 1990), the evolution of  body size and its drivers are of  
particular relevance in evolutionary ecology. In insular organisms, shifts in body size toward 
dwarfism or gigantism [Island Rule (Foster, 1964; Van Valen, 1973)] are commonly considered 
to be a direct outcome of  selection for size through reduced competition, absence of  predation, 
and resource scarcity (Foster, 1964; Sondaar, 1977; Case, 1978; Lomolino, 1985). Because of  the 
aforementioned coupling between LH and body size, however, others have argued that selection 
on fitness components might have indirectly triggered the shifts in body size (Brown et al., 1993; 
Palkovacs, 2003; Raia et al., 2003; Brown and Sibly, 2006; Raia and Meiri, 2006). In this way, trends 
in decreasing size, undergone by insular organisms, have been associated with selection toward 
increased productivity rates and thus more energy allocation to reproduction at the expense of  
growth and maintenance (faster LH, r-selection) (Bromage et al., 2002; Raia et al., 2003; Raia and 
Meiri, 2006; Palombo, 2007). 

	 In contrast with these explanations, Palkovacs (2003) proposed a model explicitly based 
on LHT (Stearns, 1992), which explains size shifts of  insular organisms (both decreasing and 
increasing) as the indirect result of  variations in LH traits. In his model, variations on LH traits 
to which body size is sensitive (i.e., growth rate and age at maturity) are caused by changes in 
mortality regimes and resource availability from mainland to insular environments (Palkovacs, 
2003). The relative influence of  these two changes will therefore determine the direction of  the 
size shift (Palkovacs, 2003). In small organisms for which decreased extrinsic mortality plays a more 
important role than resource limitation, selection will favor a delay in age at maturity that results 
in a size increase [e.g., the giant glirids of  the Balearic islands (Orlandi-Oliveras et al., 2016)]. In 
larger organisms, for which a decrease in resource levels has more relevance than release from 
predation pressure, a significant decrease in growth rate leads to a shift toward a smaller size 
(Palkovacs, 2003; Köhler and Moyà-Solà, 2009; Köhler, 2010). In both cases, organisms channel 
energy from reproduction to maintenance following slower life histories, as evidenced by their 
delayed development and extended lifespan (Adler and Levins, 1994; Köhler and Moyà-Solà, 2009; 
Köhler, 2010; Jordana et al., 2012; Orlandi-Oliveras et al., 2016). Although hitherto only applied to 
insular settings, Palkovacs’ predictive model could be perfectly applicable to mainland ecosystems 
because of  the universality of  the underlying LHT mechanisms driving size modifications. In this 
sense, this thesis mainly focuses on the dwarfed hipparionin forms and their growth patterns, 
which can help to unravel the evolutionary processes driving shifts in body size on the continent.
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1.3. Life History and Ecology of the Equidae

	 1.3.1. Extant Equus

	 Most living equid species are classified by the IUCN Red list at different levels of  extinction 
risk (Moehlman, 2002). Since the LH of  an organism influences its vulnerability to extinction 
(Reynolds, 2003), the study of  equids’ LHs is of  key importance in addressing their conservation 
plans. The body mass of  living wild equids, a good general predictor of  LH (Calder, 1984), ranges 
from 200 kg to 450 kg (Nowak, 1999). E. grevyi has the highest average weight (384 kg) while 
E. hemionus is the lightest extant equid (230 kg) (Ernest, 2003). Generally, females (mares) are 
physiologically sexually mature after their second year of  life, while males (stallions) reach maturity 
later, around the age of  three (Smuts, 1976ab; Monfort et al., 1994; Nowak, 1999; Tacutu et al., 
2018). However, mares and stallions do not start to reproduce until one or even two years after they 
have attained sexual maturity (Grubb, 1981; Churcher, 1993; Monfort et al., 1994; Nowak, 1999). 
There are interspecific differences on the timing of  some LH traits: for instance, E. grevyi tend to 
mature and reproduce later than the other equid species (Churcher, 1993), which is to be expected 
due to their larger body size (Calder, 1984). The age at which the animal reaches adult size (i.e., 
skeletal maturity) is difficult to determine, and is usually not reported in wild equids. Smuts (1975), 
however, indicated that E. quagga individuals may reach adult height after the first year of  growth, 
and reach their adult body weight at the age of  three. The reported life expectancies among extant 
equids are variable depending upon the wild or captive status of  the specimen. In general, equids 
living in the wild have an average lifespan of  20 years (Smuts, 1974; MacFadden, 1992; Churcher, 
1993) and live 30 years in captivity (Ernest, 2003; Tacutu et al., 2018). Some domesticated E. ferus 
and E. africanus have been shown to live more than 45 years in captivity (Tacutu et al., 2018).

	 Equids are hindgut fermenters that can process large quantities of  low-quality fibrous 
foods (Janis, 1976). Most extant species are classified as strict grazers since their diet is almost only 
composed of  grasses (Nowak, 1999). In accordance with these dietary preferences, they inhabit 
open landscapes such as savanna woodlands, grasslands, shrublands, and semi-deserts (Nowak, 
1999; Moehlman, 2002). Although they are mainly grazers, some species broaden their diet when 
monocots become scarce during drought periods (Grubb, 1981; Moehlman, 2002). Consequently, 
the taxa that dwell in more arid environments (i.e., E. hemionus and E. africanus) include higher 
proportion of  browse than other species (Schulz and Kaiser, 2013).
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	 1.3.2. Extinct Equids
	
	 Understanding the LH adaptations and ecology of  past organisms are key aspects of  
paleobiological studies. To date, the LH of  extinct equids has been addressed from three different 
approaches: population dynamics (cohort analyses) (for a review see MacFadden, 1992), dental 
eruption patterns (Domingo et al., 2018), and paleohistological analyses (Martinez-Maza et al., 
2014; Nacarino-Meneses et al., 2017; Nacarino-Meneses and Orlandi-Oliveras, 2019). Extinct 
equids’ ecological preferences have also focused on ecomorphology, dental wear, and isotopic 
analysis (see section 1.3.2.4). 

		  1.3.2.1. Population Dynamics

	 Studies on the population dynamics of  fossil equids are based on the determination of  
dental wear stages to classify individuals in discrete age classes (Woodburne and MacFadden, 
1982). Therefore, in order to obtain characteristic demographic traits, these studies rely strongly 
on tooth height and on different assumptions regarding (i) the wear and eruption patterns, (ii) the 
nature of  the fossil assemblage, and (iii) the existence of  a stable age distribution, and seasonal 
breeding/mortality events (Kurtén, 1953; Voorhies, 1969; Hulbert, 1982, 1984). Although the 
aforementioned points are difficult to address, these studies have generally proposed an earlier 
attainment of  maturity and a shorter potential lifespan for Miocene horses compared to extant 
forms (Woodburne and MacFadden, 1982). For instance, the potential lifespan—measured as the 
age of  death due to completely worn teeth—has been suggested to be 9 to 15 years in different 
middle and late Miocene taxa (Van Valen, 1964; Voorhies, 1969; Hulbert, 1982, 1984), and their age 
at maturity is thought to have been at 1 to 2.8 years old (Van Valen, 1964; Voorhies, 1969).

	 Based on these latter studies, as well as on the allometric scaling between lifespan and body 
size (Calder, 1984), MacFadden (1992) suggested a fivefold increase in potential longevity from 
the first small-sized “hyracotheres” (3–4 years) to the much larger extant equids (20–25 years). As 
in the case of  the general size increase trend (see section 1.1.1), the inferred increase in longevity 
should not has been progressive (MacFadden, 1992). Indeed, MacFadden (1992) indicated that 
the major increase in potential lifespan might have occurred from 15 Ma onwards, coinciding with 
the diversification in equid body sizes (MacFadden, 1986, 1992). MacFadden (1992) also raised 
questions regarding the LHs of  North American dwarfing lineages in relation to their increased 
hypsodonty indices and decreased body sizes (e.g., Pseudhipparion simpsoni). In contrast with the 
general scaling rule, he proposed that the small hipparionin P. simpsoni probably had a long lifespan, 
perhaps comparable to Equus, by means of  its almost hypselodont cheek teeth (MacFadden, 1992). 
In a similar way, it has been suggested that high-crowned Nannippus taxa or the larger Dinohippus 
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had longer lifespans (Woodbourne and MacFadden, 1982; Hulbert, 1982) and presumably more 
delayed maturities (Woodbourne and MacFadden, 1982). 
	
	 Since these first demographic surveys, the study of  the LHs of  extinct equids has long been 
set aside. Currently, however, new studies based on different approaches are shedding new light 
on this issue (Martinez-Maza et al., 2014; Domingo et al., 2018; Nacarino-Meneses and Orlandi-
Oliveras, 2019). 

		  1.3.2.2. Dental Eruption Pattern

	 Smith (2000) introduced the concept of  Schultz’s Rule, which states that the tooth eruption 
sequence is a trait that reflects the pace of  LH. Although the observations were first made in 
primates (Schultz, 1935), Smith (2000) confirmed the trend and extended its validity to ungulates. 
In this context, long-lived mammals with slow growth rates tend to have a relatively late molar 
eruption compared with the premolar replacement. Conversely, an earlier eruption of  molars 
relative to the permanent premolars is associated with faster growing taxa (Smith, 2000). The study 
of  dental replacement, therefore, has the potential to provide insights into the LHs of  extinct 
mammals (Harvati and Frost, 2007; Jordana et al., 2013; Gomes Rodrigues et al., 2017).

	 The relative emergence of  the permanent dentition is quite similar within the equid family 
(Domingo et al, 2018). However, hipparionins erupt the lower third molar after the fourth premolar 
(Domingo et al, 2018), while in Equus the fourth premolar tends to be the last cheek tooth to erupt, 
although there is some variability (Smuts, 1974; Grubb, 1981; Hoppe et al., 2004). Domingo et al. 
(2018) related this late m3 eruption—coupled with an earlier p4 emergence—to a shorter durability 
of  the decidual dentition (dp4) or, according to Schultz’s Rule, to a slower LH in hipparionin 
horses. Because some authors have questioned the predictive value of  Schultz’s Rule, highlighting 
the effect of  phylogeny on the tooth eruptive pattern (Veitschegger and Sánchez-Villagra, 2016; 
Monson and Hlusko, 2018), further studies are necessary to confirm the interpretation of  a slower 
pace of  growth in hipparionins from dental eruption.

		  1.3.2.3. Paleohistological Approach

	 The analysis of  fossilized tissues (i.e., paleohistology) represents the most promising 
method for inferring the LH of  extinct taxa (see section 1.4). Until recently, however, very few 
paleohistological studies reconstructed the LH of  fossil equids (Martinez-Maza et al., 2014; 
Nacarino-Meneses and Orlandi-Oliveras, 2019), as previous descriptive work did not aim to infer 
aspects of  LHs (Enlow and Brown, 1958; Sander and Andrássy, 2006).
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 	 Martinez-Maza et al. (2014) identified a similar but somewhat accelerated LH of  Hipparion 
concudense compared to that of  extant equids. They determined that individuals of  this species might 
have reached skeletal maturity, and arguably sexual maturity, during their third year of  life, by means 
of  the observation of  two cyclical growth marks before the deposition of  slow-growing tissue in 
the bone periosteum. Moreover, they indicated that the older hipparionin individuals died at the age 
of  ten, based on the counting of  the total number of  growth marks (Martinez-Maza et al., 2014). 
In this context, they suggested that larger Equus species tend to have longer lifespans and reach 
maturity later than H. concudense due to the scaling of  LH traits with body size (Calder, 1984). More 
recently, Nacarino-Meneses (2018) provided a broad comparative sample for a proper inference 
of  LH traits from equid bone and dental histology. While comparing metapodial histology of  
large-sized Middle Pleistocene Equus species with that of  extant smaller representatives, Nacarino-
Meneses and Orlandi-Oliveras (2019) found similar skeletal maturity times but increased growth 
rates in the metapodials of  the larger taxa. In this study, the increased growth rate was suggested to 
be related to greater resource availability.

		  1.3.2.4. Ecological Preferences of Hipparionins 

	 Because of  their hypsodont teeth, hipparionins have traditionally been interpreted as open-
habitat grazers comparable to extant equids (Stirton, 1947; MacFadden and Hulbert, 1988). More 
recently, however, hypsodonty has also been related to extended lifespans apart from a dietary 
adaptation (Veiberg et al., 2007b; Jordana et al., 2012; Witzel et al., 2018). Moreover, recent studies 
have indicated a broader spectrum of  dietary and habitat preferences within this group (Hayek 
et al., 1992; Eisenmann, 1995; Fortelius and Solounias, 2000; Kaiser, 2003; Tütken et al., 2013; 
Semprebon et al., 2016). In this sense, the ecological diversity among hipparionins tends to resemble 
to which is exhibited nowadays by bovids (Gagnon and Chew, 2000), and contrasts with the more 
specialized strategies of  living equids (Nowak, 1999).

	 Hipparionins that show morphological traits such as elongated metapodials, relatively high-
crowned teeth, simple enamel plication, and reduced preorbital fossae—that are arguably related 
to the presence of  an upper lip for selective feeding (Bernor et al., 1996)—have commonly been 
considered as being adapted to grazing in open and dry environments (Forsten, 1968, 1978b; 
Eisenmann, 1995; Bernor et al., 1996). Conversely, hipparionins with the opposite set of  characters 
are usually associated with more forested landscapes and browse-dominated diets, as in the case of  
the primitive Vallesian H. primigenium populations of  Central Europe (Forsten, 1968, 1978b; Bernor 
et al., 1988). Nonetheless, other Vallesian hipparionin forms were arguably more adapted to more 
open environments (Eisenmann, 1995; Bernor et al., 2003; Scott and Maga, 2005; Scott et al., 2013). 
However, recent isotopic and dental wear studies have shown that central European hipparionins 
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followed rather opportunistic diets, feeding on browse and grass depending on availability (Kaiser, 
2003; Wolf  et al., 2012; Tütken et al., 2013; Johnson and Geary, 2016). As a result, these horses 
were able to dwell on a broad range of  habitats (Kaiser, 2003; Tütken et al., 2013; Johnson and 
Geary, 2016). 

	 In general, most western Eurasian Turolian hipparionins show characters such as gracile 
metapodials associated with open, dry environments (Forsten, 1968; Eisenmann, 1995). Analysis 
of  micro and mesowear patterns suggest that these hipparionins were mainly grazers, but also to 
mixed feeders in some cases (Koufos et al., 2006, 2009; Solounias et al., 2010; Clavel et al., 2012; 
Merceron et al., 2016a) and even browsers (Kaiser et al., 2003). Notably, all isotopic studies point 
to the lack of  C4 grasses in the diet of  the western Eurasian hipparionins during the late Miocene 
(Cerling et al., 1997; Van Dam and Reichart, 2009; Domingo et al., 2013; Rey et al., 2013; Tütken 
et al., 2013). 

	

	 In this thesis, I aim to shed new light on the LHs and the ecology of  the diverse hipparionin 
forms that inhabited the circum-Mediterranean area (see “Aims and Objectives”). My underlying 
purpose, moreover, is to integrate the concepts of  LHT into a concrete case (hipparionin dwarfing) 
in order to determine the mechanisms and causes that drove the evolution of  body size. In this 
thesis, I specifically focus my approach on the predictive model of  Palkovacs (2003), which 
explains how changes on the environment trigger LH shifts, indirectly influencing adult body size 
(see section 1.2.1). To this end, paleohistological techniques were used to reconstruct the LHs of  
different-sized hipparionins, while microwear analyses have been performed to infer their probable 
ecology.

	 In Chapter 4 of  this thesis, I study the metapodial histology of  dwarfed hipparionins from 
the Balkan and the Iberian peninsulas and compare them with that of  larger forms. By this, I 
reconstruct their growth patterns and explore, through the prism of  the LHT framework, the 
body shifts that occurred. To gain further insights on the growth patterns and LHs followed by 
hipparionin horses, and especially by those that experienced size decrease trends, I subsequently 
analyze the dental histology of  different-sized hipparionins from the Teruel Basin and compare 
it with a extant equid (Chapter 5). Next, I investigate the relationship between body size and 
the paleoecology of  different hipparionins from various late Miocene localities (Chapter 6). This, 
moreover, helps me to evaluate the interpretations that have been made in the previous Chapters, 
and to further understand the ecological preferences that this group exhibited across the circum-
Mediterranean area.
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1.4. Paleohistology as a Method for Life History Inferences

	 Vertebrate hard tissues are formed in an accretional way, in most cases preserving a 
permanent growth record within their microstructure (Klevezal, 1996; Dean, 2000; Hogg, 2018). 
Dental formation can therefore be quantified through the analysis of  the periodical increments 
present in enamel and dentine (Dean, 2000; Smith, 2006, 2008). Similarly, bone growth can be 
reconstructed through the identification of  the embedded growth marks (Castanet et al., 2004; 
Woodward et al., 2013), and the information drawn from bone tissue typology and its vascular 
arrangement (de Margerie et al., 2004; Montes et al., 2010; Huttenlocker et al., 2013). Bone histology 
studies, however, should take into account the bone remodeling process (Enlow, 1962) and thus 
the probable lost record (Woodward et al., 2013). As the rates and timing of  both dental and 
bone formation are strongly linked to the development of  the organism, the analysis of  fossilized 
tissues represents a powerful tool for reconstructing the growth strategies and LHs of  extinct taxa 
(Chinsamy-Turan, 2005; Dean, 2006; Padian and Lamm, 2013; Hogg, 2018). Likewise, because 
of  the environmental influences on LHs (selective pressures acting on LH traits, see section 1.2), 
paleohistology allows us to gain further insights into past ecological conditions (Castanet, 2006; 
Hogg, 2018). 

	 1.4.1. Bone Paleohistology

	 Most of  the studies that used bone histology to reconstruct the biology of  extinct taxa have 
usually been centered on archosaurs (Chinsamy et al., 1995; Curry, 1999; Horner et al., 1999, 2000; 
Padian et al., 2001; Erickson et al., 2001, 2004; Horner and Padian, 2004; Chinsamy-Turan, 2005; 
Bybee et al., 2006; Sander et al., 2006; Lee and O’Connor, 2013; Woodward et al., 2015). The reason 
for this is that mammals were traditionally supposed to grow rapidly and continuously, leaving no 
marks on their bone cortex (Klevezal, 1996; Chinsamy-Turan, 2005). Because of  the refutation of  
this belief  (Castanet, 2006; Sander and Andrássy, 2006; Köhler et al., 2012) and the studies relating 
bone histology and LH in extant mammals (García-Martínez et al., 2011; Marín-Moratalla et al., 
2013; Nacarino-Meneses et al., 2016ab; Calderón et al., 2019), there has been a recent increase in 
studies addressing mammalian paleohistology (Köhler and Moyà-Solà, 2009; Martinez-Maza et al., 
2014; Amson et al., 2015; Kolb et al., 2015a; Moncunill-Solé et al., 2016; Orlandi-Oliveras et al., 
2016; Nacarino-Meneses and Orlandi-Oliveras, 2019). Therefore, studies applying bone histology 
to fossil forms will enrich this field of  research. For detailed information on the analysis of  bone 
histology and the LH data obtained from it, refer to Methods (section 3.2.1.2).
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	 1.4.2. Dental Paleohistology

	 As in the case of  bone histology, the study of  ungulates’ dental tissues and its use for 
LH reconstruction have largely been unexplored. Indeed, almost all the studies that inferred the 
ontogenetic development and LH of  extinct taxa from dental histology have focused on hominoids 
and other primates (e.g., lemurs) (Beynon et al., 1998; Dean, 2006; Dean et al., 2001; Ramirez-Rozzi, 
1993; Schwartz et al., 2007, 2002; reviewed in Smith, 2008). Recently, however, this methodology 
has yielded interesting results for fossil species of  other mammalian groups such as ungulates and 
proboscideans (Bromage et al., 2002; Dirks et al., 2009, 2012; Jordana and Köhler, 2011; Nacarino-
Meneses et al., 2017). Moreover, current advances in our understanding of  the formation of  the 
higher-crowned teeth of  ungulates (Iinuma et al., 2004; Kierdorf  et al., 2013; Nacarino-Meneses 
et al., 2017; Witzel et al., 2018) provide a more solid framework for studying LH of  extinct taxa 
through their dental histology.

	 The study of  the dental histology of  hipparionins may not only yield information on 
their LH but may also improve our understanding of  the way in which their teeth grow. Because 
hipparionin dental tissues are frequently used for isotopic analyses, the characterization of  their 
accretional growth will provide a better basis for future sampling protocols. For more information 
on the analysis of  dental histology and the LH data that can be obtained from it, see Methods 
(section 3.2.1.3).

1.5. Microwear as a Method for Reconstructing Dietary and Habitat Preferences

	 The diet of  an animal represents one of  its most important direct links to the environment, 
and thus a central aspect of  its ecology. In extinct mammals, tooth morphology provides a first 
broad idea of  the tooth function and its possible diet (Lucas, 2004). Finer dietary reconstructions, 
however, are obtained through form-independent proxies such as analyses of  stable isotopes 
(reviewed in Clementz, 2012) and dental wear. In this regard, isotopic studies of  ungulates’ enamel 
allows us to separate C3 and C4 plant consumers (Cerling and Harris, 1999). Since most plants 
following the C4 photosynthesis pathway are grasses (Ehleringer et al., 1997; Tipple and Pagani, 
2007), the isotopic signal on mammals’ enamel related to C4 plant consumption indicates a feeding 
preference for grazing (Cerling and Harris, 1999). However, isotopic analysis may not discriminate 
between grazing or browsing species if  the plants consumed follow the same photosynthetic pathway 
(i.e., C3 grasses). Dental wear studies, alternatively, can discern between feeding strategies by means 
of  the macroscopic (Fortelius and Solounias, 2000) and microscopic (Walker et al., 1978; Solounias 
and Semprebon, 2002) wear signatures produced during food processing. Moreover, because of  
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the association between dietary behavior and the availability of  the consumed items (McNaughton 
and Georgiadis, 1986), dental wear studies have the potential to reconstruct past habitats through 
the exploration of  the diets of  herbivores (e.g., Ungar et al., 2007). Concretely, dental microwear 
analysis has proven to be a reliable method for inferring the diet of  extant and extinct mammals 
(Walker et al., 1978; Solounias et al., 1988; Ungar, 1996; Solounias and Semprebon, 2002; Merceron 
et al., 2004; Scott, 2012; Scott et al., 2012). For detailed information on the microwear methodology 
used here, see Methods (section 3.2.2).





Chapter 2
Aims and Objectives
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Chapter 2
Aims and Objectives

	 Hipparionin horses had an important ecological role in the late Neogene ecosystems of  
Eurasia as some of  the more abundant and diverse primary consumers (Bernor and Lipscomb, 
1995). Traditionally, most studies concerning Old World hipparionins have centered on their 
systematics, phylogeny, and biochronology (Forsten, 1968; Koufos 1987; Alberdi, 1989; Bernor 
et al., 1996; among others). More recently, however, an increasing number of  studies have been 
devoted to reconstructing the hipparionin foraging ecology using micro- and mesowear analysis, 
as well as isotopes (e.g., Kaiser, 2003; Solounias et al., 2010; Tütken et al., 2013). The study of  
hipparionin LHs, on the other hand, has received little interest, even though it has a great potential 
to shed light on the ecological pressures that acted on these animals. In this sense, only a few 
studies have begun to explore this issue (Martinez-Maza et al., 2014; Domingo et al., 2018), but 
the obtained LH data have not yet been used to infer their ecological setting. Life histories are 
nevertheless a potential source of  information on the ecological pressures when analyzed within 
the framework of  LHT. Here I focus on this approach, while exploring the conspicuous body 
size decrease trends followed by some circum-Mediterranean hipparionins, which have long been 
overlooked from an ecological perspective.

	 This thesis aims, therefore, to fill the gap in the study of  the LHs of  this ecologically 
important group of  ungulates. In particular, it addresses the differences in LH strategies and foraging 
ecologies associated with the hipparionin body size decrease trends. To this end, I reconstruct the 
LHs of  different-sized hipparionins (especially of  dwarfed forms) from the histological study of  
their bone and dental microstructure. The results will then be analyzed in the framework of  LH 
theory. Therefore, I will apply the predictive model of  Palkovacs (2003), which relates changes in 
LH with body size shifts, in order to infer the ecological pressures behind dwarfing in hipparionins. 
Following this model, a trend in body size decrease accompanied by a slow LH is predicted under 
low resource availability, while dwarfing associated with a fast LH is predicted to evolve under 
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increased predation pressures (see section 1.2.1). Finally, I will test these predictions considering the 
inferred environments and the reconstructed resource preferences through the study of  DMT (see 
Methods). In order to obtain data on hipparionin LH from paleohistological analyses, this thesis 
further relies on the inclusion of  extant equids material in the sample studied, and on previous 
studies on extant mammalian bone and dental tissues (see sections 3.2.1.2 and 3.2.1.3), with special 
stresses on those performed on equids (Nacarino-Meneses, 2018). 

	 This thesis seeks, therefore, to achieve the following specific objectives:

	 (I) Reconstruction of  the growth pattern of  bone/dental tissues in hipparionin horses, 
with a comparison between different-sized hipparionins and between hipparionins and extant 
equid species.

	 (II) Inferences on the LH strategies of  the analyzed hipparionins, with particular emphasis 
on the dwarfed taxa, within the framework of  Palkovacs’ predictive LH model.

	 (III) Reconstruction of  the foraging ecology of  the hipparionin groups of  different body 
sizes to test the interpretations obtained from the predictive model.

	 (IV) Relate the body size differences with differences in the LH strategies and/or the 
dietary preferences.

	 These goals are addressed in the following chapters:

Thesis Chapter Objective Addressed

Chapter 4. Bone Histology Provides Insights into the Life History 
Mechanisms Underlying Dwarfing in Hipparionins I, II, IV

Chapter 5. Dental Histology of  Late Miocene Hipparionins Compared 
with Extant Equus, and its Implications for Equidae Life History I, II

Chapter 6. Feeding Strategies of  Circum-Mediterranean Hipparionins 
during the Late Miocene: Exploring Dietary Preferences Related to Size 
through Dental Microwear Texture Analysis

III, IV



Chapter 3
Materials and Methods
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Chapter 3
Materials and Methods

3.1. Materials

	 I analyzed material from six hipparionin forms from western Mediterranean basins with 
body masses ranging from less than 40 kg to more than 150 kg (Ortiz-Jaureguizar and Alberdi, 
2003). From the eastern Mediterranean basins, the hipparionins analyzed corresponded to four 
differentiated morphotypes (Vlachou, 2013), one of  which typically weighed approximately 80 kg, 
while others and others easily surpassed 150 kg (Vlachou, 2013). The extant equid comparative 
material included specimens from different-sized horse varieties and three wild species that, on 
average, weigh 230 kg the smallest (E. hemionus) and 384 kg the largest (E. grevyi) (Ernest, 2003) 
(Table 3.1). Detailed information on the sample can be found in the following subsections. 

	 In total, the entire sample analyzed in this thesis included 435 samples that correspond to 
63 thin sections used for the analysis of  the bone and dental microstructure, and 372 silicon molds 
used for the analysis of  DMT. The sectioning and molding of  the specimens were realized after 
obtaining the required permission.

	 3.1.1. Histological Analyses

	 Most of  the thin histological sections came from fossil material (48 specimens, see Table 
3.2). Additionally, 15 histological slides of  extant equid elements were analyzed for comparative 
purposes (Table 3.2). Information on these specimens can be found in the following subsections, 
in Chapter 4 for the postcranial material, and in Chapter 5 for the dental samples.
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WEST. MEDITERRANEAN HIPPARIONINS
AGE GROUP MEAN BODY MASSa TOTAL NUMBER OF SAMPLES

Vallesian
?primigenium small 154 kg 13

primigenium 200 kg 58

Turolian

periafricanum 31 kg 22
gromovae 84 kg 48

cf. matthewi 124 kg 20
concudense 178 kg 30

primigenium 192 kg 6

EAST. MEDITERRANEAN HIPPARIONINS (BALKANS + ANATOLIA)
AGE GROUP MEAN BODY MASSa TOTAL NUMBER OF SAMPLES

Vallesian
macedonicum 92 kg 8
primigenium 191 kg 19

Turolian

macedonicum 81 kg 79
dietrichi 155 kg 52

proboscideum 202 kg 48
primigenium 256 kg 17

EXTANT EQUIDS
AGE GROUP MEAN BODY MASSb TOTAL NUMBER OF SAMPLES

Extant

E. ferus caballus 300 kg* 4
E. hemionus 230 kg 2

E. grevyi 384 kg 2
E. quagga 280 kg 7

CHAPTER 4 CHAPTER 5
FOSSIL HIPPARIONINS

WESTERN MEDITERRANEAN SPECIES Nº OF METAPODIAL SLIDES Nº OF LOWER MOLAR SLIDES
H. periafricanum - 5

H. gromovae 8 6
H. concudense - 6

H. primigenium truyolsi 1 -

EASTERN MEDITERRANEAN GROUPS Nº OF METAPODIAL SLIDES
macedonicum morphotype 9

dietrichi morphotype 8
primigenium morphotype 5

EXTANT EQUUS
EXTANT SPECIES Nº OF FEMUR SLIDES Nº OF LOWER MOLAR SLIDES

E. ferus caballus 4 -
E. hemionus 2 -

E. grevyi 2 -
E. quagga - 7

Table 3.1.
Summary of the equid groups analyzed in this thesis and the total number of samples included, both histological 
sections and dental microwear molds. The mean body masses shown have been taken from Chapter 6 (a) and 
from Ernest (2003) (b). (*) The horse sample analyzed here comprises different varieties/breeds that actually differ 
on body mass.

Table 3.2.
Summary of the bone and dental thin sections analyzed in this thesis.
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		  3.1.1.1. Fossil Hipparionins

	 All the fossils histologically studied herein correspond to isolated skeletal and dental 
elements. The sample does not include the bones of  newborns or highly worn teeth. The isolated 
nature of  the teeth favors their histological sampling, but precludes an unambiguous differentiation 
between some tooth types (Eisenmann et al., 1988). Therefore, the selected molars (see Chapter 
5 for further information on the selection process) were divided into two categories: first/second 
lower molars in one category, and third lower molars on the other. The postcranial sample was 
composed of  central metapodials, as these are far more common in fossil assemblages than other 
long bones (e.g., femurs), and are therefore more available for paleohistological analysis. Moreover, 
previous studies addressing bone histology on equids have endorsed the value of  this element for 
LH reconstruction (Martinez-Maza et al., 2014; Nacarino-Meneses et al., 2016b) as it registers a 
similar number of  cyclical bone growth marks (CGM) than the femur and presents less loss of  
register than other bones due to remodeling and resorption processes (Nacarino-Meneses et al., 
2016b). In this thesis, metapodial histology has been explored in hipparionins from eastern and 
western Mediterranean basins, whereas dental histology has been studied in western Mediterranean 
taxa (Table 3.2). Information on the hipparionin diversity in these regions can be found in sections 
1.1.2.1 and 1.1.2.2. Because this dissertation focuses on the body size differences within this group, 
dental and postcranial material has been always sampled in different-sized hipparionin forms 
(ordered from small to large in Table 3.2).

	 The metapodials of  eastern Mediterranean hipparionins were accessed from the collections 
of  the Laboratory of  Geology and Paleontology of  the Aristotle University of  Thessaloniki 
(Greece). This material came from various late Miocene localities from the southern Balkans (see 
Chapter 4 for further information on the sample, and Appendix 1 in Chapter 6 for details of  the 
fossil sites). Dental and postcranial elements of  western Mediterranean hipparionins belong to the 
collections of  the Institut Català de Paleontologia Miquel Crusafont (ICP, Barcelona). The analyzed 
teeth were found at the Concud and El Arquillo fossil sites, both situated in central-eastern Iberian 
Peninsula and dated on the middle and the late Turolian, respectively (van Dam et al. 2001) (see 
Chapter 5 for more information on the sample, and Appendix 1 in Chapter 6 for further details 
of  the fossil sites). The sectioned metapodials mainly pertain to the smaller-sized H. gromovae from 
El Arquillo (Table 3.2), as previous studies have already explored the bone histology and LH of  
a larger Iberian hipparionin (i.e., H. concudense) (Martinez-Maza et al., 2014). These results on the 
bone histology of  H. concudense will be compared and discussed in the light of  the data obtained 
here. 
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		  3.1.1.2. Extant Equus

	 The extant Equus specimens used for comparison belong to four taxa: plains zebra (E. quagga), 
Grevy’s zebra (E. grevyi), Asiatic wild ass (E. hemionus), and horse (E. ferus caballus). Within the horse 
sample, four domestic breeds of  different body sizes are represented (Iceland, Welsh, Hackney, and 
Shetland). The postcranial material consists of  femurs from these four domestic varieties, and from 
two wild species: the larger E. grevyi and the smaller E. hemionus (Table 3.2). These specimens were 
chosen to illustrate most of  the diversity in body size shown by extant equids. Femurs have been 
considered in this case because, when available for sectioning, their use is preferred for growth 
reconstructions (Nacarino-Meneses et al., 2016b).

	 Dental histology has been analyzed in lower molars from E. quagga (Table 3.2). This 
species was selected in order to typify a standard extant equid that does not show any extreme LH 
adaptation within the group (Ernest, 2003), nor has it experienced artificial selection. Following the 
methods of  Nacarino-Meneses et al. (2017), E. quagga teeth in different stages of  wear were studied 
in order to reconstruct the entire dental growth (see Chapter 5 for more information).

	 The specimens came from various museum collections and pertained to wild, semi-captive, 
and captive equids. The femurs of  domestic horses came from the Zoologisches Institut und 
Museum of  Universität Kiel (Germany). The E. hemionus individuals lived in the Gobi Desert 
(Mongolia) and their remains belong to the Museum für Haustierkunde at the Universität Halle-
Wittenberg (Germany). Most of  the molars of  E. quagga and one of  the femurs of  E. grevyi are 
part of  the collection of  the Zoologisches Museum of  the Universität Hamburg (Germany) and 
pertained to animals from the Hagenbeck Zoo (Hamburg). The E. quagga molar MZB-94-1229 
was taken from an individual that lived at Barcelona Zoo whose skeleton is now at the Museu 
de Ciències Naturals de Barcelona. The rest of  the material came from semi-captive E. grevyi and 
E. quagga specimens from the Réserve Africaine de Sigean (France), whose remains are stored at 
the collections of  the Institut Català de Paleontologia (ICP).

	 3.1.2. Microwear Texture Analyses

	 The study of  the microwear signature has been addressed through 3D dental microwear 
texture analysis (DMTA) (see section 3.2.2 for detailed information on this method). The enamel 
texture has been quantified from molds of  the enamel facets of  hipparionin cheek teeth. The 
molding was conducted on isolated specimens and on teeth present in the maxillae and mandibles. 
For preference, second upper and lower molars were selected, although other cheek teeth have also 
been sampled as dental microwear texture (DMT) does not vary significantly along the tooth row 
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(Ramdarshan et al., 2017). Deciduous, unworn, and very worn teeth were dismissed. In all cases, 
only one facet per specimen was considered. In total, the sample comprised 372 scanned molds 
after discarding those showing post-mortem alterations (see section 3.2.2.1).

	 As in the histological analyses, the microwear sampling was performed on different-sized 
hipparionins from the circum-Mediterranean basins. The specimens came from Vallesian and 
Turolian localities from both sides of  the Mediterranean, particularly from sites that yielded rich and 
diverse hipparionin assemblages (Table 3.3). In comparison with the sample analyzed histologically, 
material was also included from the western Anatolian Turolian. The eastern Mediterranean 
specimens were then divided into those from the Balkans and from Anatolia considering the 
faunistic differences found in these areas for most of  the late Miocene (Kostopoulos, 2009). 

CHAPTER 6
VALLESIAN HIPPARIONIN GROUPS

WEST. MEDITERRANEAN Nº OF MOLDS LOCALITIES SURVEYED
?primigenium small 13 Santiga

primigenium 58 Can Llobateres, Can Poncic

EAST. MEDIT. (BALKANS) Nº OF MOLDS LOCALITIES SURVEYED
macedonicum 6 Pentalophos, Ravin de la Pluie, Nikiti-1
primigenium 14 Pentalophos, Ravin de la Pluie, Nikiti-1

TUROLIAN HIPPARIONIN GROUPS
WEST. MEDITERRANEAN Nº OF MOLDS LOCALITIES SURVEYED

periafricanum 17 El Arquillo
gromovae 34 El Arquillo

cf. matthewi 20 Venta del Moro
concudense 24 Concud

primigenium 5 El Arquillo

EAST. MEDIT. (BALKANS) Nº OF MOLDS LOCALITIES SURVEYED

macedonicum 45 Nikiti-2, Ravin des Zouaves-5, 
Perivolaki, Dytiko

dietrichi 31 Nikiti-2, Perivolaki, Dytiko

proboscideum 20 Ravin des Zouaves-5, Hadjidimovo, 
Perivolaki

primigenium 17 Hadjidimovo

EAST. MEDIT. (W. ANATOLIA) Nº OF MOLDS LOCALITIES SURVEYED

macedonicum 27 Gülpınar, Şerefköy-2, 
Samos new Collections

dietrichi 13 Gülpınar, Samos new Collections
proboscideum 28 Şerefköy-2, Samos new Collections

Table 3.3.
Summary of the dental molds analyzed in this thesis.
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	 The hipparionins were organized into groups following Vlachou (2013) morphotypes for 
the eastern Mediterranean forms, and following specific and body size differences in the western 
ones (Table 3.1 and 3.3). Detailed information on all the analyzed hipparionins and the fossil 
localities can be found in Appendix 1 and 2 in Chapter 6. 

	 The western Mediterranean sample were accessed from the collections of  the Institut Català 
de Paleontologia and the Museo Nacional de Ciencias Naturales (Madrid). The Balkan material 
belongs to the collection at the Laboratory of  Geology and Paleontology of  the Aristotle University 
of  Thessaloniki, except for the specimens from Hadjidimovo, which are part of  the Asenovgrad 
Paleontological Museum (pertaining to the National Museum of  Natural History of  Sofia, Bulgaria). 
The Samos sample came from the Paleontological Museum of  Mytilinii (Greece) and the sample 
from Anatolia came from the Natural History Museum of  Ege University of  Izmir (Turkey). 

3.2. Methods
	
	 3.2.1. Histological Analyses

		  3.2.1.1. Histological Sections of Bones and Teeth

	 Because most histological procedures either partially or completely destroy the specimen, 
all of  its details were recorded in order to avoid the loss of  valuable information (Lamm, 2013). 
This meant that the entire sample—both extant and fossil material—was photographed and 
measured before the histological sectioning. In addition, casts of  the complete specimens, or of  
their extracted portions, were taken in many cases. To the fullest possible, fragmentary fossils 
of  undoubted assignment and preserving the surface of  interest were selected to prevent the 
destruction of  complete specimens. All the associated information, measurements, photographs, 
and casts of  the fossil and extant material were stored and are available in the database of  the 
Evolutionary Paleobiology department of  the ICP. 

	 The first step in obtaining of  the histological thin sections was to embed the specimens, or 
part of  them, in epoxy resin (Araldite 2020). Teeth of  extant equids were previously removed from 
the mandibles where they were inserted, following a dehydration treatment with different alcohol 
solutions (24 hours curing at concentrations of  70%, 96% and 100%). Next, these teeth were 
completely encased in resin, like in the case of  the isolated fossil teeth (Fig. 3.1A). On the other 
hand, only mid-shaft chunks of  long bones were embedded (Fig. 3.1A). These long bone sections 
of  approximately 3 cm were extracted using a hand-held rotary tool (Navfram N120). The surfaces 
of  interest of  all the specimens were then exposed using an Isomet low-speed saw (Buehler) 
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(Fig. 3.1B). Bone blocks were transversely cut through the mid-shaft (Fig. 3.1C), while teeth were 
cut longitudinally in the bucco-lingual plane through the protoconid cusp (Fig. 3.1D). Some highly 
curved molars were first sectioned transversally to allow two longitudinal cuts covering the entire 
tooth height (Fig. 3.1D). The exposed surfaces were then polished with carborundum powder of  
decreasing particle size (350, 800, and 1,000 grit) or with a grinder-polisher (Buehler, MetaServ 
250) (Fig. 3.1E). Afterwards, the polished blocks were glued to a frosted glass slide using either 
epoxy resin or ultraviolet curing glue (Loctite 352). Finally, the thin sections were obtained after 
cutting the mounted samples down to a thickness of  ~ 300 μm with a PetroThin diamond saw 
(Buehler) (Fig. 3.1F) before grinding them to ~ 150 μm using the PetroThin’s polisher disc. Thin 
sections were posteriorly polished again, using the carborundum powder or the grinder-polisher, 
down to a thickness of  ~ 100 μm for bones and to 70-120 μm in the case of  teeth. This allowed 
their histological features to be observed under the microscope. Before covering the slides, water 
was removed using alcohol baths of  increasing concentrations and with a clearing agent (Histo-
Clear II). Finally, the thin sections were covered with the same epoxy resin or with a DPX medium 
(Scharlau) in order to enhance their preservation and visualization. These procedures were carried 
out at the thin section laboratory of  the ICP. 

Figure 3.1.
Paths followed for the obtainment of the histological thin sections. A) Specimens are embedded in epoxy resin. 
B) The resin blocks containing the specimens are cut using a low-speed diamond saw. C) The mid-shaft region is 
exposed from the bone blocks. D) Teeth are sectioned longitudinally through the protoconid, but with a previous 
transverse cut in those curved specimens. E) Grinder-polisher machine used for polishing the resin blocks before 
gluing them to the glass slides. F) The thin sections are performed and ground by a PetroThin saw. All photographs 
were taken at the ICP thin section laboratory.
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	 The histological slides obtained were observed using circularly polarized light in a Zeiss 
Scope A1 microscope. This type of  microscopy uses emitted light beams which are modulated by 
two filters: the polarizer, which is situated between the light and the thin section, and the analyzer, 
situated between the thin section and the observer or camera. When there is no sample, or the 
specimen is formed by an isotropic material, the light emitted by the polarizer is blocked by the 
90º vibration direction of  the analyzer. In contrast, if  the material is birefringent, such as the bone 
collagen and the crystallites of  the enamel, the vibrational direction of  the light is modified by 
the sample, and the light crosses the analyzer forming an image (Bromage and Werning, 2013). 
Therefore, this specific filter alignment increases the contrast, and allows us to obtain further 
insights into the arrangement of  the tissues observed (Bromage et al., 2003; Bromage and Werning, 
2013). Moreover, bone tissues were analyzed using the retardation lambda filters (λ and ¼λ), which 
delay the received wavelength and add color allowing for better discernment of  the histological 
features (Turner-Walker and Mays, 2008). The images of  bone and dental tissues were acquired 
with a digital camera (AxioCam ICc5) attached to the microscope and processed with ZEN 2011® 
software (Carl Zeiss). The compound images were adjusted and merged using Adobe Photoshop®.

		  3.2.1.2. Bone Histology Analysis

	 Bone is a dynamic tissue that experiences changes during the lifetime of  the animal. Its 
histomorphology is influenced by factors related to ontogeny, mechanics, phylogeny, and the 
environment (Padian, 2013).Variations in the organisms’ physiology are reflected in the bone 
microstructure by the deposition of  growth marks and by changes in the growing matrix and its 
vascularization (Castanet, 2006; Huttenlocker et al., 2013). Taking all this into account, researchers 
can get information from extinct taxa that could not be approached in any other way (Padian, 
2013). Regarding our interest in LH reconstruction, bone histology analyses have provided insights 
on key LH traits such as the age at maturity, the age at death, and the growth rate (Castanet, 
2006; Marín-Moratalla et al., 2011; Cubo et al., 2012; Marín-Moratalla et al., 2013; Lee et al., 2013; 
Nacarino-Meneses et al., 2016ab; Calderón et al., 2019).

Bone Tissues

	 In this thesis, I follow the classification and nomenclature on bone histology detailed in 
Francillon-Vieillot et al. (1990) and Ricqlès et al. (1991). During the ossification process, the first 
bonel tissue deposited constitutes the primary bone (Currey, 2002). Three main types of  primary 
bone matrices can be differentiated: the woven-fibered, the parallel-fibered, and the lamellar-
fibered.
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	 Woven bone represents a highly vascularized tissue composed of  randomly and loosely 
arranged collagen fibers (Fig. 3.2A), while lamellar bone is a highly organized tissue with little 
or no vascularization, which is formed by thin layers of  closely packed collagen fibers (i.e., 
lamellae) deposited in alternating directions (Fig. 3.2A). When the collagen fibers are oriented in 
the same direction, the tissue is referred as parallel-fibered bone (PFB) (Francillon-Vieillot et al., 
1990; Weiner and Wagner, 1998; Huttenlocker et al., 2013). The aggregate of  woven and lamellar 
matrices constitutes a complex known as fibrolamellar bone (Fig. 3.2A, B, and C) (de Ricqlès et al., 
1991), which composes most of  the long bone cortex in large mammals (Marín-Moratalla et al., 
2013; Kolb et al., 2015b). The fibrolamellar-complex (FLC) can then be classified into different 
categories taking into account the orientation of  the vascular canals filled with lamellar bone (i.e., 
primary osteons) (Francillon-Vieillot et al., 1990). 

	 From the study of  the bone matrix typology and vascularization patterns, we can extract 
information regarding the bone growth rate (Francillon-Vieillot et al., 1990; de Ricqlès et al., 1991; 
de Margerie et al., 2002; Huttenlocker et al., 2013). The relationship between these histological traits 
and the velocity of  bone deposition is commonly referred as “Amprino’s rule”, since it was first 
identified by Rodolfo Amprino (1947). Thereafter, a series of  quantitative studies demonstrated the 
validity of  this pattern (Castanet et al., 2000; de Margerie et al., 2002, 2004; Montes et al., 2010). 
In this sense, the matrix with the fastest depositional rate is the woven-fibered bone, while at the 
other extreme there is the slow-growing lamellar bone (Francillon-Vieillot et al., 1990; Weiner 
and Wagner, 1998; Castanet et al., 2000; de Margerie et al., 2002; Huttenlocker et al., 2013). Other 
tissue types present intermediate growth rates: parallel-fibered tissue is also laid down somewhat 
slowly, while the FLC shows particularly high depositional rates (Huttenlocker et al., 2013). The 
orientation of  the vascular canals also provides information on the relative rate at which the bone 
was deposited, although the link is not as significant as when considering the different matrix 
typologies and their vascularization content (de Margerie et al., 2004; Lee et al., 2013). For instance, 
FLC with numerous radial canals, known as radial FLC (Fig. 3.2B), is generally associated with 
faster rates of  growth compared to that with longitudinal canals or with more circular ones (Fig. 
3.2C), which is known as laminar FLC (de Margerie et al., 2004).
	
	 The primary tissue can be posteriorly resorbed due to modeling and remodeling processes, 
which lead in most cases to the deposition of  secondary bone (Currey, 2002). Bone remodeling 
results in the formation of  secondary osteons or Haversian Systems (HS) (Currey, 2003), while bone 
modeling generally entails the resorption of  the medullary cavity and the posterior deposition of  
endosteal bone (EB) (Chinsamy-Turan, 2005) (Fig. 3.2D). Because of  these processes, the growth 
record registered in the primary bone is sometimes partially or completely erased. 
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Growth Marks
	
	 The “time factor”—crucial for the inference of  the LH traits—is revealed by 
skeletochronology, the study of  CGMs (Castanet, 2006; Woodward et al., 2013). These histological 
features illustrate periods of  reduction or cessation of  bone growth (annuli and lines of  arrested 
growth, respectively) occurring cyclically (Klevezal, 1996; Chinsamy-Turan, 2005; Woodward et al., 
2013). Non-cyclical growth marks, on the other hand, record exceptional periods of  physiological 
stress such as birth or weaning (Castanet et al., 2004; Nacarino-Meneses and Köhler, 2018). It 
is well-established that the CGMs denote an annual rhythm of  bone deposition influenced by 
the photoperiod (Peabody, 1961; Castanet et al., 1993, 2004). These physiological cycles are 
conspicuous in different taxonomic groups of  vertebrates, and are synchronized with seasonal 
variations of  environmental resource availability (Köhler et al., 2012). The identification, counting, 
and quantification of  all the bone growth marks allow the reconstruction of  the growth trajectory 

Figure 3.2.
Micrographs showing bone histology features. All micrographs were done under polarized light and with a ¼λ filter. 
The scales shown represent 500 μm unless indicated. A) Woven bone (WB) and lamellar bone (LB) conforming a 
fibrolamellar tissue on the bone cortex of a Hipparion gromovae metacarpal (IPS-96275). Lamellar bone shows 
an alternating dark and bright pattern because of the characteristic disposition of the collagen fibers. Scale 
bar = 100 μm. B) Fibrolamellar bone complex with radial vascular canals on the cortex of a Hipparion philippus 
metatarsal (PER-1211). C) Fibrolamellar bone complex predominantly showing circularly arranged vascular 
canals, Hipparion gromovae metacarpal (IPS-96274). D) Secondary bone tissues near the medullary cavity of 
a Hipparion primigenium truyolsi metatarsal (IPS-28842). At the top, secondary lamellar tissue is infilling the 
Haversian Systems or secondary osteons, and at the bottom it conforms the endosteal bone (EB) deposited in the 
inner cavity. E) Growth zones (long arrows) separated by growth marks (signaled by arrow heads) in the cortex of 
a metatarsal of Hipparion aff. platygenys (DTK-106). F) External fundamental system (EFS) found in the periosteal 
surface of the metatarsal IPS-28842. Arrowheads signal the growth marks. 
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of  a vertebrate when the entire bone growth record is considered. From this, we can infer how fast 
the organism was growing, when it reached maturity, and how many years it lived (Castanet et al., 
2004; Lee et al., 2013; Marín-Moratalla et al., 2013; Woodward et al., 2013, 2015).

Growth Reconstruction

	 The growth variations that occur during ontogeny are recorded on the bone tissues as 
growth marks and as changes in the histological organization (Huttenlocker et al., 2013; Jordana et 
al., 2016). During embryonic development, the bones of  mammals are entirely composed of  fast-
growing woven tissue (Klevezal, 1996). After birth, a growth line signaling this event is recorded 
(Nacarino-Meneses and Köhler, 2018) and the vascular canals of  the woven matrix start to be filled 
by lamellar bone, thus becoming a fibrolamellar tissue (Francillon-Vieillot et al., 1990; de Ricqlès 
et al., 1991). Posteriorly, juveniles of  large mammals (that grow over several years) tend to deposit 
thick zones of  FLC—separated by CGMs (Fig. 3.2E)—reducing the zone thickness as the growth 
rate begins to decrease (Marín-Moratalla et al., 2013). Finally, a layer of  slow-growing lamellar bone 
is laid down in the periosteum when maturity is reached, forming the external fundamental system 
(EFS) (Fig. 3.2F) (Cormack, 1987; Huttenlocker et al., 2013). 

	 Taking this into account, the age at maturity can be determined by counting the CGMs 
present before the deposition of  the lamellar EFS (Woodward et al., 2013). Some researchers have 
further attributed this tissue transition to the attainment of  physiological and reproductive maturity 
(Köhler and Moyà-Solà, 2009; Marín-Moratalla et al., 2011, 2013; Jordana et al., 2016), as EFS 
formation may indicate the channeling of  energy from growth to reproduction (Stearns, 1992). 
Indeed, the formation of  this structure in the femur of  extant equids, but not in other bones, has 
been correlated with the age of  first reproduction (Nacarino-Meneses et al., 2016b). Alternatively, 
the decrease in periosteal growth signals epiphyseal closure and the finalization of  the longitudinal 
growth in most other bones such as metapodials (Nacarino-Meneses et al., 2016b). The age at 
death is another trait that can be determined, in this case through the count of  all the CGMs 
present in the bone (Woodward et al., 2013). Insights into the growth rate, on the other hand, can 
either be obtained from the observation of  the bone tissues (qualitative) or through quantification 
of  surface areas, perimeters, or distances between CGMs (Lee et al., 2013).

	 There are, however, limitations associated with all these skeletochronological analyses, which 
are chiefly linked to the bone resorption and remodeling processes that erase the growth record 
later on in the ontogeny (Woodward et al., 2013). It is therefore essential to dispose of  juvenile 
specimens in order to know the modifications experienced and to reconstruct the growth marks 
that may have been lost. In this regard, the obscured growth marks are usually retrocalculated by 
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superimposing the register of  juvenile individuals with that of  adult ones (Woodward et al., 2013; 
Nacarino-Meneses et al., 2016a). The low accuracy of  the age determination in older individuals 
represents another problem (Klevezal, 1996; Castanet et al., 2004; Castanet, 2006), partly because 
of  the difficult recognition and doubtful significance of  growth marks within the EFS—as the 
cyclical nature of  the growth marks deposited there has not yet been proven (Horner et al., 1999).

	 The bone histology analyses performed in this thesis have been focused on the quantification 
of  the bone growth marks and the qualitative analysis of  bone tissues in hipparionin metapodials. From 
the measure of  the growth mark perimeters, it has been modeled the metapodial growth trajectory using 
non-linear growth curves (Ricklefs, 1967; Zullinger et al., 1984) (see Chapter 4 for further details). The 
identification and measure of  the neonatal line in these metapodials (Nacarino-Meneses and Köhler, 
2018) allowed a timezero point for the curves. From these growth reconstructions, a relative age at 
skeletal maturity was obtained and different growth parameters were calculated. Moreover, the growth 
rate in relation to body size in extant equids has been determined for comparison. A general measure of  
the growth rate was calculated through the quantification of  the growth between the first and second 
CGM. All the measurements were taken with Image J 1,48v software (Schneider et al., 2012). The 
growth curves of  the fossil metapodials were fitted with the non-linear least squares fitting of  the 
PAST software (Hammer et al., 2001), and all the analyses and graphs were performed using PAST and 
Microsoft Office Excel® (the graphs were posteriorly redrawn using Adobe Illustrator®).

		  3.2.1.3. Dental Histology Analysis

	 Analyzing the dental microstructure provides another source of  information on the growth 
patterns and LH of  extinct vertebrates (Dean, 2006; Smith, 2008; Hogg, 2018). Teeth are composed 
of  enamel, dentine, and cement (Fig. 3.3A) (Hillson, 2005; Nanci, 2008), three tissues that preserve 
in their structure a growth record in the form of  incremental features (Klevezal, 1996; Risnes, 1998; 
Dean, 2000; Smith, 2008). The quantification of  these increments allows the calibration of  the growth 
of  the tissue and, by extension, that of  the tooth and the whole organism (Hillson, 2005; Hogg, 2018). 
Cement is a slow-growing mineralized tissue that has a similar composition to bone (Hillson, 2005); 
accordingly, it registers annual marks comparable to the CGMs of  bone tissues (Klevezal, 1996). 
On the other hand, enamel and dentine are secreted at a faster rate and contain different types of  
increments of  shorter periodicity, predominantly of  circadian and supra-daily rhythmicity (Fitzgerald, 
1998; Dean, 2000; Smith, 2006). These similarly recurring marks in enamel and dentine are considered 
to be the result of  the same underlying rhythms of  the tissues’ secretory activity (Fitzgerald and Rose, 
2008). Because of  the simpler pattern of  enamel, and its resistance to alterations due to a higher 
mineral content (Dauphin and Williams, 2004), most studies that addressed the reconstruction of  
dental development have focused on this tissue (Hillson, 2005; Fitzgerald and Rose, 2008).
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	 Enamel formation starts with the differentiation of  ameloblasts on the dentine horns, 
which will constitute the future tooth cusps. Once differentiated, ameloblasts begin to secrete an 
organic matrix and the precursors of  the enamel crystallites on top of  the dentine (Nanci, 2008). 
This deposition makes the ameloblasts move away from the enamel dentine junction (EDJ) toward 
the future enamel outer surface, thickening the enamel layer (appositional growth). Simultaneously, 
adjacent ameloblasts begin to differentiate and extend from the cusp toward the cervical portion 
of  the tooth (Thesleff, 1995), thus making the crown increase in height (extension growth) (Smith, 
2008; Hogg, 2018). After the first phase of  matrix secretion, it follows the maturation stage of  

Figure 3.3.
Dental histological features and methodology used to assess the enamel formation parameters. Micrographs were 
taken on the buccal enamel band of a Hipparion periafricanum first/second molar (IPS-91734) using polarized light 
microscopy. A) General view showing the dental tissues that compound an equid tooth. Three enamel incremental 
marks are outlined (black lines) to show the method used to quantify the crown extension rate: the distance 
through the enamel dentine junction (EDJ) that separates two incremental marks (X) is divided by the time that 
it required for being formed, in turn calculated by measuring the amount of enamel that separates these lines 
through the prism course (Y) divided by the daily secretion rate. Scale = 0.5 mm. B) Close-up showing enamel 
prisms (dashed line shows the prim’s direction) and laminations (continuous white lines). The daily secretion rate 
is estimated by dividing the distance that separate a set of daily increments, following the prism course, by the 
total number of laminations. Scale = 50 µm. C) Close-up showing long-term Striae of Retzius (signaled by white 
arrows) clearly identifiable at the outer enamel surface. Scale = 50 µm.
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amelogenesis. At this moment, the proteins and water of  the enamel matrix are removed, and the 
enamel crystallites expand significantly (Lacruz et al., 2017). The resulting organized bundles of  
crystallites form the basic unit of  dental enamel, the prism (Hillson, 2005; Smith, 2006). It is within 
the prism’s structure that we find some of  the incremental markings derived from the rhythmical 
fluctuations of  amelogenesis (Hillson, 2005; Smith, 2006; Lacruz et al., 2012).

	 Three different types of  marks have been differentiated depending on their cyclicity: 
sub-daily, daily, and supra-daily lines (Dean, 2000; Smith, 2006; Kierdorf  et al., 2014). The best-
known features of  daily periodicity are cross striations, which appear as bright and dark bands 
crossing the enamel prism perpendicularly (Bromage, 1991; Dean, 2000; Smith, 2006; Hogg, 
2018). While these marks are the most conspicuous daily increments present in primate enamel, 
in ungulates the main short-period lines are laminations (Tafforeau et al., 2007; Jordana and 
Köhler, 2011; Kierdorf  et al., 2013, 2014). Unlike cross-striations, laminations appear as closely 
spaced bands that follow the course of  the enamel formation front obliquely to the EDJ (Fig. 3.3) 
(Tafforeau et al., 2007; Kierdorf  et al., 2013). Via fluorescent labeling experiments, both types 
of  daily increments have been shown to contain sub-daily marks between them (Smith, 2006; 
Kierdorf  et al., 2014). Finally, the Striae of  Retzius are the increments caused by supra-daily growth 
discontinuities. These incremental marks signal successive positions of  the enamel formation 
front as the growth discontinuities affect all the active ameloblasts simultaneously (Risnes, 1998; 
Smith, 2006). Because of  their long-term periodicity, it is possible to identify laminations running 
parallel between successive Retzius lines. The secretion fluctuations underlying this supra-daily 
pattern have been hypothesized to result either from the interaction between two short-period 
rhythms (Newman and Poole, 1993; Smith, 2006) or from the expression of  an independent 
rhythm generated by the internal clock that modulates bone and dental formation (Bromage et 
al., 2009, 2016).

Enamel Formation Parameters

	 By using the incremental markings of  known periodicity, we can reconstruct the entire enamel 
development and calculate the parameters that characterize the rate and timing of  tooth formation 
(Smith, 2008; Hogg, 2018). To do this, we should consider the way in which enamel is formed and 
then determine (i) its appositional rate, daily secretion rate (DSR), (ii) and the rate of  increase in 
crown height—the enamel extension rate (EER) (Smith, 2008). Moreover, we can quantify the total 
time that it takes the enamel band to be formed, which is known as the total crown formation time 
(CFT). In all cases, these parameters have been assessed here in the buccal enamel band of  the 
protoconid to standardize and allow comparisons (Nacarino-Meneses et al., 2017) since the enamel 
formation parameters may differ between cusps and enamel bands (Kierdorf  et al., 2013).
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	 The DSR defines the amount of  enamel secreted per ameloblast every day (Smith, 
2008), and its calculation relies on assuming the circadian nature of  enamel laminations, as has 
been demonstrated (Smith, 2006; Kierdorf  et al., 2013). This parameter is therefore calculated 
by measuring the distance that separates various laminations through the prism length, and then 
dividing it by the number of  days that it took for these marks to be formed (Fig. 3.3B). Many 
random measures within the total tooth length and at different enamel zones have been performed, 
since the DSR have been shown to vary between different enamel portions (Smith, 2008; Metcalfe 
and Longstaffe, 2012; Kierdorf  et al., 2013). Thus, it has been obtained a representative mean that 
includes all the variation.

	 The EER represents the daily rate of  crown height increase, which is determined by the 
length of  the cohort of  the differentiated ameloblasts secreting enamel (Shellis, 1984; Smith, 2008). 
This parameter has been measured here by dividing the EDJ length between two accentuated 
incremental marks (X, Fig. 3.3A) by the days required to form that distance (Smith, 2008; Jordana 
and Köhler, 2011). This formation time is in turn calculated by dividing the space that separates 
these two lines through the prism’s course (Y, Fig. 3.3A) by the previously measured DSR. By 
repeating this process along the entire EDJ, the EER of  different tooth portions is obtained. 
By this method, the CFT can be determined by adding up all the days that it takes to form the 
entire tooth crown. Finally, based on the equid dental formation model of  Nacarino-Meneses et 
al. (2017), the eruption time has been inferred through the reconstruction of  the dental growth. 
Concretely, the eruption can be recognized by identifying the significant decrease in the EER 
(Nacarino-Meneses et al., 2017) (see detailed information in Chapter 5).

	 Because of  the well-known relationship between dental development and life history (Dean, 
2006; Dirks and Bowman, 2007; Hogg and Walker, 2011), all these data on dental formation provide 
insights into certain aspects of  the LH strategy of  extinct taxa (Dean, 2006; Dirks et al., 2009; 
Jordana and Köhler, 2011). For instance, values that characterize faster forming teeth (high EERs) 
are exhibited by extant species that wean early (Hogg and Walker, 2011), have an advanced foraging 
independence (Godfrey et al., 2001), or an early age at first reproduction (Jordana et al., 2014)—all 
aspects of  faster LHs. The eruption timing also represents a good proxy for the determination 
of  the pace of  LH (Smith, 1991a, 2000; Dean, 2006), as in some tooth types it matches key LH 
events such as weaning (Smith, 1991b; Dirks and Bowman, 2007) and the attainment of  maturity 
(Engström et al., 1983; Dean, 2006).

	 The measurements used to calculate the DSR were here taken using ZEN 2011® software 
(Carl Zeiss), while those to assess the EER and the CFT were performed with Image J 1,48v 
(Schneider et al., 2012). DSR differences were tested by non-parametric Kruskall-Wallis tests using 
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PAST software (Hammer et al., 2001) as data did not always meet normality thresholds. Because 
of  the EER diminution from cusp to cervix (Jordana and Köhler, 2011; Nacarino-Meneses et al., 
2017), the EER differences between hipparionin species were explored via ANCOVA analyses 
after testing for the model’s assumptions (see Chapter 5 for further details). The statistical tests 
and the graphs were done using IBM SPPS Statistics 20® and, in the case of  the graphs, posteriorly 
redrawn using Adobe Illustrator®. The significance level of  all tests was set to α = 0.05.

	 3.2.2. Dental Microwear Texture Analysis (DMTA)

	 Dental microwear analysis has proven to be a reliable technique to infer the diet of  extant 
and extinct mammals (Walker et al., 1978; Solounias et al., 1988; Ungar, 1996; Solounias and 
Semprebon, 2002; Scott, 2012). It is based on the principle that food items produce characteristic 
microscopic scars on the wear facets during mastication. These microwear features reflect the 
physical and mechanical properties of  the food (hardness, toughness, and abrasiveness) (Schulz et 
al., 2013; Merceron et al., 2016b; Ramdarshan et al., 2016). For instance, the processing of  tougher 
materials (e.g., grasses) tends to yield more scratches in the wear surface, while the major presence 
of  pits indicates the consumption of  harder or more brittle items (e.g., woody browse) (Solounias 
and Semprebon, 2002). Because of  the turnover of  the enamel surface, this signal generally reflects 
the properties of  the items ingested during the last days or weeks of  the animals’ life (Teaford and 
Oyen, 1989; Teaford et al., 2017).

	 Microwear studies have usually involved the observation of  the wear surfaces in 2D using 
scanning electronic microscopy or light microscopy, so the microwear features were characterized 
and quantified semi-automatically (Walker et al., 1978; Solounias and Semprebon, 2002; Merceron 
et al., 2004; DeSantis et al., 2013). In a pioneering paper, Ungar et al. (2003) described a new 
approach in which the whole 3D microwear texture is scanned using confocal microscopy and 
then automatically quantified through Scale-sensitive fractal analysis (SSFA). This method, known 
as dental microwear texture analysis (DMTA), was later developed by Scott et al. (2005, 2006) and 
has proven to generate more objective, robust, comparable, and repeatable results than previous 
2D approaches (DeSantis et al., 2013). To date, DMTA has been extensively applied to many extant 
and extinct taxa pertaining to a broad range different groups (see reviews on DMTA studies in 
Calandra and Merceron, 2016 and DeSantis, 2016).
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		  3.2.2.1. Specimens Molding and Scanning

	 The microwear texture is analyzed from molds rather than directly from the enamel facets. 
As stated in section 3.1.2, the molds were preferably taken from second upper and lower molars, 
but in some cases other cheek teeth were selected (after discarding those specimens showing 
taphonomical alterations). Before the molding, the dental occlusal surfaces were cleaned with 
acetone-soaked cotton swabs to remove dust and glue. Thereafter, molds of  the dental facets were 
made with a silicone material (polyvinyl siloxane, President Regular Body, Coltène-Whaledent). 

	 The obtained vinyl impressions (Fig. 3.4A) were then examined with a white-light confocal 
profilometer Leica DCM8 equipped with a x100 lens (numerical aperture = 0.90; working distance 
= 0.9 mm) (Fig. 3.4B, “TRIDENT” at PALEVOPRIM lab CNRS, Université de Poitiers). The 
lingual facet of  the paracone and the buccal facet of  the protoconid have been preferentially 
scanned, although the metacone and hypoconid were considered if  the former were not properly 
preserved. Finally, the scanning produced a digital elevation model of  the enamel surface (Fig. 
3.4C) with a vertical spacing of  less than 0.002 µm and a lateral resolution (x,y) of  0.129 µm. 

Figure 3.4.
Analysis of the dental microwear texture. A) Occlusal mold of three hipparionin upper molars (P4-M2) from where 
the paracone of the M2 has been extracted for its analysis. B) Profilometer Leica DCM8 used for the scanning 
of the microwear surface (photo at PALEVOPRIM lab). C) Portion (200 µm x 200 µm) of the obtained 3D surface 
simulation of a Hipparion concudense molar. D) Enamel surface clearly showing post-mortem alteration. E) 
Enamel prisms showing up at the enamel surface because of chemical attacking. F) Photosimulation of the 
enamel surface of an Hipparion periafricanum molar. 
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	 The analyzed surfaces should only be the result of  food-related wear (Teaford, 1988), 
thus the scans showing post-mortem transformations were discarded. These alterations can be 
easily identified (Teaford, 1988; Calandra and Merceron, 2016) and can, for instance, include the 
deposition of  sediment/particles, glue on the enamel surface (Fig. 3.4D), or the attack of  the 
microwear surface due to mechanical or chemical preparation procedures (Fig. 3.4E). The selected 
scans were finally saved as .plμ files by LeicaScan® software (Leica Microsystems) and imported to 
LeicaMap® for processing. This processing involved the correction of  missing points (which always 
represent < 2%) and aberrant peaks using automatic operators that replaced them with a smooth 
shape calculated from adjacent points. The same filling was used when deleting larger artifacts with 
a 3 μm diameter eraser or a user-defined contour eraser. As a final step, the surfaces were leveled 
and a 200 μm x 200 μm area was extracted and saved as a .sur file. Photosimulations (Fig. 3.4F) of  
all the analyzed specimens were then saved (Appendix 3 of  the Chapter 6).

		  3.2.2.2. Textural Parameters and Statistical Analyses

	 The surfaces (.sur files) were analyzed using Toothfrax and Sfrax software (Surfract, http://
www.surfract.com) applying SSFA, as detailed in Scott et al. (2006). Through this method, the 
microwear texture is automatically quantified by a set of  textural attributes (Ungar et al., 2003; Scott 
et al., 2005, 2006). Four of  these DMT parameters have shown to be more related to the properties 
of  the diet (Scott et al., 2005, 2006):

Complexity (Area-scale of  fractal complexity, Asfc) is a measure of  the changes on the surface relief  
across different scales of  observation. Enamel surfaces with high complexity exhibit numerous pits 
of  different sizes and/or many microwear features superposed to each other (Fig. 3.5A). 

Anisotropy (exact proportion of  length scale anisotropy of  relief, epLsar) calculates the orientation 
concentration of  surface roughness at a given scale. Surfaces with high anisotropy show parallel 
oriented scratches (Fig. 3.5B). 

Heterogeneity of  complexity (heterogeneity of  the area-scale of  fractal complexity, HAsfc) 
quantifies the variation of  complexity across the surface. To calculate HAsfc, the whole scanned area 
is subdivided and the Asfc differences between subregions are measured (Fig. 3.5C). In this thesis, 
this variable has been calculated in an 8 x 8 mesh (64 cells, see Chapter 6 for more information). 

Textural fill volume (Tfv) indicates the volume of  cuboids of  2 µm per side that can fill the 
surface, characterizing the total volume occupied by the microwear features (Fig. 3.5D). For further 
details on the DMT parameters, see Scott et al. (2006).
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	 Based on these variables, it is possible to determine the nature of  the items consumed. 
Concretely, anisotropy and complexity have shown to be the most useful DMT parameters for 
locating a herbivore on the grazer-browser continuum (Ungar et al., 2007; Scott, 2012). Anisotropy 
is positively correlated with the consumption of  abrasive and tough items, such as grasses. On the 
other hand, brittle and hard browse produces textures of  low anisotropy and with a wide range 
of  complexities (Scott, 2012). In this thesis, moreover, a linear combination of  the four DMT 
parameters has been performed using Principal Component Analysis (detailed information can be 
found in Chapter 6). By this, a new variable (PC1) has been obtained, which gathers most of  the 
sample DMT variance and characterizes the surface.

	 To test the link between the size of  the hipparionins and their diet and habitat, the DMT 
parameters and the calculated PC1 were regressed using the linear least-squares method with 
hipparionin body mass estimations (see next section). Subsequent analyses of  variance exploring 
the DMT differences between hipparionins involved rank-transformed data, since the DMT 
variables tend to not conform to assumptions of  parametric tests (Conover and Iman, 1981). 
The differences were tested with a set of  three-way crossed and nested ANOVAs. Details on the 
ANOVA models performed can be found in Chapter 6. Moreover, pairwise comparisons with 
Tukey’s Honest Significant Differences (HSD) and Fisher’s Least Significant Differences (LSD) 
were used to determine the source of  variation. The significance level was set at α = 0.05 for all 
these tests, which were performed using RStudio software (Rstudio Team, 2016).
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Figure 3.5.
Schematic representations of surfaces with high and low values of each dental microwear parameter considered. 
A) Complexity. B) Anisotropy. C) Heterogeneity of complexity calculated in a nine-cell mesh. D) Textural fill volume. 
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	 3.2.3. Body Mass Estimations 

	 Body size plays a central role in an organism’s biology as it is related to ecological and LH 
traits (Case, 1979; Peters, 1983; Calder, 1984), some of  which are inferred herein from histology 
and DMTA (e.g., age at maturity or dietary preferences). Considering that this thesis aims to explore 
the size decrease processes from an LHT framework (Chapter 2), this parameter becomes a key 
point of  relevance. As in most studies, body size has been represented by its proxy: body mass 
(MacFadden, 1986; Damuth and MacFadden, 1990). The obtaining of  this variable for extinct 
taxa relies on the allometric scaling of  the organism’s mass with its body dimensions (Damuth and 
MacFadden, 1990). Skeletal and dental measures of  living forms are then related to their body mass 
to compute regression lines, which later allow us to predict the weight of  fossil species from linear 
measurements (Janis, 1990; Scott, 1990; Alberdi et al., 1995).

	 In this thesis, all the body mass data of  extinct forms is based on measures of  weightbearing 
elements (Scott, 1990), as these yield more reliable predictions than cranial and dental measurements 
(Alberdi et al., 1995). Some estimations were compiled from the literature (Ortiz-Jaureguizar and 
Alberdi, 2003; Pesquero and Alberdi, 2012; Vlachou, 2013) while the rest were performed herein. 
In the case of  the hipparionins from the southern Balkans, their predicted weights come from the 
calculations that Vlachou (2013) made using metapodial measures. The body mass estimations 
performed in this thesis are accordingly based on the same measures: the distal maximal supra-
articular breath of  metacarpals and metatarsals (Mc10 and Mt10 of  Eisenmann et al., 1988) and 
the distal minimal depth of  the lateral condyles of  metacarpals and metatarsals (Mc13 and Mt13 
of  Eisenmann et al., 1988). These measures were taken from museum collection specimens using 
a digital electronic precision caliper (0.05 mm error), and were also compiled from the literature 
(Forsten and Kaya, 1995; Clavel et al., 2012). Afterwards, the metric data was applied to the 
equations provided by Eisenmann and Sondaar (1998) and Scott (1990) to obtain the body mass 
estimations. The inferred body masses provided here correspond to the arithmetic mean of  those 
estimates.
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Bone histology provides insights 
into the life history mechanisms 
underlying dwarfing in hipparionins
Guillem Orlandi-Oliveras1, Carmen Nacarino-Meneses  1, George D. Koufos2 & Meike Köhler  1,3

Size shifts may be a by-product of alterations in life history traits driven by natural selection. Although 
this approach has been proposed for islands, it has not yet been explored in continental faunas. The 
trends towards size decrease experienced by some hipparionins constitute a good case study for the 
application of a life history framework to understand the size shifts on the continent. Here, we analysed 
bone microstructure to reconstruct the growth of some different-sized hipparionins from Greece and 
Spain. The two dwarfed lineages studied show different growth strategies. The Greek hipparions ceased 
growth early at a small size thus advancing maturity, whilst the slower-growing Spanish hipparion 
matured later at a small size. Based on predictive life history models, we suggest that high adult 
mortality was the likely selective force behind early maturity and associated size decrease in the Greek 
lineage. Conversely, we infer that resource limitation accompanied by high juvenile mortality triggered 
decrease in growth rate and a relative late maturity in the Spanish lineage. Our results provide evidence 
that different selective pressures can precipitate different changes in life history that lead to similar size 
shifts.

Body size is a key aspect of organisms’ biology as it is tightly correlated with many aspects of their physiology, 
ecology and life history1–3; body size, hence, is a fitness component4. Based on the coupling between life history 
traits and body mass, some authors5–8 have addressed size shifts in insular environments within the framework 
of life history theory.

Life history theory is built around the idea that selection acts on the life history characteristics of an organism 
to maximise its reproductive success or fitness9,10. To explain the range of life history strategies observed in nature, 
evolutionary biologists have traditionally used the approach of life history optimization11. Different optimality 
studies have provided a broad range of predictive models for the evolution of life cycle traits under different 
ecological constraints9,12,13. These models provide an explanatory framework for understanding how selective 
pressures can shape the life history of an organism.

Based on this scheme, Palkovacs7 proposed that body size shifts on islands can indirectly result from variation 
in life history traits instead of direct selection acting on size, as previously suggested by other authors14–16. He 
pointed out that two factors, extrinsic mortality and resource availability, influence life history traits to which 
adult size is sensitive, especially individual growth rate and age at maturity7. Although this approach has been the-
oretically proposed7 and tested17–20 in insular environments, it has not yet been explored in continental settings, 
where predictive life history models should also be applicable to explain body size evolution.

On continents, trends in size reduction have been identified in various taxonomic groups from different strati-
graphic ages21–23. For instance, contrary to the notion of size increase over geological time within the horse lineage 
(Copes’ Rule)24, some equid clades experienced dwarfing21,25,26. This is the case of the Arenahippus lineage during 
the Paleocene-Eocene Thermal Maximum27, of some hipparionins during the European late Miocene28–30, and of 
the Equus lineage during the Pleistocene25,31,32.

The first hipparionins that dispersed throughout the Old World in the Vallesian were large sized hippar-
ions33 that likely evolved from a large ancestor34. Late Miocene hipparionins from the Eastern and Western 
Mediterranean basins exemplify an interesting case of continental trends in size decrease. The Western 
Mediterranean late Turolian (MN13) dwarf hipparions from the Teruel Basin (Spain) have been interpreted to 
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represent an evolutionary gradation towards reduced body size, simplified enamel abrasive figures, increasing 
hypsodonty and gracility29,30. This size reduction led to some of the smallest Hipparion sensu lato forms of the 
Old World, Hipparion gromovae and Hipparion periafricanum, with estimated mean body masses of 59 kg and 
23 kg respectively29. These two taxa coexisted sympatrically with the larger 138 kg Hipparion truyolsi29. In the 
Eastern Mediterranean basins, the existence of the small macedonicum morphotype is already reported in the 
early Vallesian (MN9), and its temporal range extends up to the middle Turolian (MN12), and possibly to the late 
Turolian (MN13)28,35. Similar to the Spanish small hipparionins, the Greek Hipparion macedonicum underwent a 
body mass decrease coupled with a simplification of the enamel plication and an increased gracility of the meta-
podials28. The body mass estimations for this taxon range from 72.3–121 kg during the Vallesian (MN9-MN10) to 
49.5–94.7 kg during the early-middle Turolian (MN11-12)28. This small morphotype coexisted with larger species 
that pertain to the primigenium, the dietrichi and the proboscideum morphotypes, which almost double the body 
mass of the small forms35.

The occurrence of these dwarfed hipparionins in the European late Miocene represents a good opportunity 
to test for the coupling of life history changes and size shifts. In the present study, we aim to unravel the possible 
mechanisms and causes underlying trends in size reduction of these hipparions from a life history approach. For 
this purpose, we reconstruct the bone growth pattern of different-sized hipparionins through bone histology. Due 
to the fact that tissue type and bone growth marks reflect tempo and rate of bone growth36,37, bone histology is a 
valuable tool for reconstructions of life histories38,39 and growth patterns40–42.

Results
Bone histology. Bone microstructure is generally better preserved in the Spanish specimens (Supplementary 
Fig. S1a), while some Greek metapodials have suffered different taphonomical alterations. In most cases this does 
not erase histological details such as vascularization or bone growth marks (Supplementary Fig. S1b). The sample 
from the Nikiti-2 (NIK) fossil site, however, is especially damaged diagenetically or through microbiological 
attack (Supplementary Fig. S1c), and it has therefore not been used for our growth curves reconstruction.

Both metacarpals and metatarsals of all the groups studied present a similar tissue and vascular arrangement. 
Their primary bone consists of a fibrolamellar complex (FLC) with longitudinal primary osteons oriented in 
circular rows (Fig. 1a). A similar histological pattern has been observed in previous studies in the metapodials of 
extant43 and fossil equids44,45. The amount of parallel fibered bone (PFB) within the FLC46 is higher in the inner-
most cortex of the metapodials than in the outer cortical area, coinciding with a smaller diameter of the primary 
osteons in the inner cortex (Fig. 1a). This observation is in agreement with the tissue pattern observed in extant 
equid bones43,47.

We also have identified the following primary tissues and vascular orientations within the histological sam-
ples: Laminar bone is present in the posterior inner cortical zone (Fig. 1b) in some metapodials. Half of the 
Spanish H. gromovae specimens exhibit this tissue in the innermost cortex, while it is present in only some meta-
podials from Greek Vallesian sites. Radial canals are also identified within the first growth cycle of metatar-
sals of the large dietrichi morphotype (Fig. 1c) and one primigenium metatarsal (PNT-4). Radial canals are also 
sparsely situated in some regions of one dietrichi metacarpal (DTK-58) and in metapodials of the macedonicum 
morphotype (PER-23 and PER-425). The different vascular arrangements exhibit modest differences in growth 
rate compared to the bone matrix typology48. Nevertheless, tissues with radial osteons present higher growth 
rates compared to those with predominant circular osteons, as laminar tissues, when observed within the same 
bone49,50. Accordingly, the radial canals mainly observed in some dietrichi and primigenium metatarsals can be 
related to higher growth rates, while the laminar bone tissue present in four of the eight H. gromovae specimens 
can be an indicator of slower growth rates. These extrapolations from bone vascularization patterns must be done 
carefully in fossil taxa because of the high range of variability48,49.

We identified large resorption cavities (RC) distributed near the medullary cavity within the posterior area 
of almost all metapodials. These RC appear early in ontogeny and, in some cases, lamellar bone is deposited at 
their margins, resulting in a high concentration of secondary tissue in the inner posterior zone of the metapo-
dials (Fig. 1d). Besides, dense Haversian tissue is identified in our samples (Fig. 1d). The Haversian tissue is 
mainly concentrated within the lateral posterior and medial posterior areas, where the lateral metapodials (II and 
IV) contact the central one. The major secondary remodelling of these areas is related to higher biomechanical 
loadings43,44. Two metapodials show an extensive distribution of Haversian systems (PER-X and IPS-28842), 
though the growth marks are still identifiable (Supplementary Fig. S2). Superimposition of different ontogenetic 
stages shows that neither medullary expansion nor Haversian canals completely eroded the cyclical growth marks 
(CGMs). Lamellar bone is present in the outermost cortex of some metapodials, forming the external fundamen-
tal system (EFS, see Material and Methods) in adult individuals that have attained their final size (Figs 2 and 3).

Skeletocronology. We have used the specimens that approached their final size for skeletocronological anal-
ysis and growth reconstruction. In most cases, the three Greek morphotypes present two CGMs embedded in the 
FLC matrix, both in the metacarpals (Fig. 2a,b) and the metatarsals (Fig. 3a,b,e). However, one of the three meta-
tarsals of the dietrichi morphotype (DTK-106) exhibits three CGMs in the FLC prior to deposition of the EFS in 
the lateral and medial areas, while two of the five specimens of the macedonicum morphotype (PER-23 and VAT-
112) have only one CGM each. This can suggest an advanced maturity in the small Greek representatives though 
there appears to be some variability. The main difference between the Greek forms, however, lies in the spacing 
between the last growth mark of the FLC and the EFS. Generally, when analogous regions are compared, the large 
primigenium and dietrichi metacarpals (Fig. 2a,b) continue to grow after the second CGM compared to the mace-
donicum morphotype (Fig. 2c). Similarly, a higher amount of tissue is deposited during the third growth cycle of 
the larger metatarsals of primigenium and dietrichi morphs (Fig. 3a–c), while the small macedonicum metatarsals 
deposits fewer tissue in this zone (Fig. 3e). This early narrowing of the growth zones51 lends support to the idea of 
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an earlier attainment of maturity in the smaller Greek form compared to the larger ones. Within the Spanish hip-
parionins, the H. gromovae metapodials show three CGMs in the bone cortex prior to the EFS (Figs 2d and 3d),  
while the larger H. truyolsi metatarsal has only two CGMs embedded in the FLC (Fig. 3f). Although it has not 
reached maturity, the H. gromovae metacarpal IPS-96275 (Supplementary Fig. S1a) also points towards extended 
growth period as it exhibits open vascular canals in the periosteum after the deposition of the second CGM. 
Consequently, the metapodials of the small H. gromovae present three or more cycles of active growth, contrary 
to the small Greek morphotype and the larger Spanish taxon. These differences in growth cessation can also be 
identified by the overall growth trajectory reconstruction.

Growth Curves Reconstruction. The curve fitting allowed us to obtain characteristic growth parameters 
and to estimate growth variables (Table 1, see Material and Methods). At birth, metapodial size shows an almost 
isometric relationship (0.834-slope) with the asymptotic maximum size obtained for each specimen (parameter 
A) (R2 = 0.908; p-value (Pearson) < 0.001) (Fig. 4a). Therefore, metapodial postnatal growth starts at analogous 
sizes in each hipparionin group, depending on their adult final circumference. If we consider bone perimeter as 
a proxy of body mass50,52, these values correspond to those predicted from isometric scaling of eutherian neo-
natal mass with adult body mass1. This contrasts with insular dwarf lineages where neonate size is smaller than 
predicted from allometry18. After birth, the growth rate during the first growth cycle (age = 0.5 years, Table 1) 
also scales positively with adult bone size (Fig. 4b, R2 = 0.543; p-value (Pearson) < 0.001). However, when the 
same relationship is established but considering the relative growth rate at that point (size factor extracted), 
the correlation is not significant (R2 = 0.160; p-value (Pearson) > 0.05). During the first stages of growth, hence, 
metapodials grow at analogous velocities relative to their size, and the allometrical relationship with a 1.46 slope 
results in slightly higher growth rates in the metapodials of large forms compared to the small ones. For compar-
ison, we have also related the growth rate and the femoral lateromedial diameter, a good proxy of body size in 

Figure 1. Hipparionin metapodial histology observed under polarised light using a 1/4λ filter. Scale: 0.5 mm. 
(a) Primary bone tissue formed by fibrolamellar complex (FLC) in the innermost cortex of the Hipparion 
truyolsi metatarsal IPS-28842. The arrow points out the transition between a FLC with higher parallel fibered 
bone component (PFB) to a FLC with higher fibrous component and larger osteons. (b) Laminar bone tissue in 
the inner cortex of the Hipparion cf. sebastopolitanum (primigenium morphotype) PNT-22. (c) Radial vascular 
canals present in the first growth cycle of the Hipparion philippus (dietrichi morphotype) metatarsal PER-342. 
(d) Secondary bone tissue in the lateral posterior area of the Hipparion gromovae metacarpal IPS-101807. Dense 
Haversian systems (HS) are concentrated in the contact zone with the lateral metapodials, and lamellar tissue is 
filling the resorption cavities near the medullary area (arrow indicating resorption line).
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equids53, on a sample of different-sized extant equid femurs (see Material and Methods). Although the points of 
the obtained regression are scattered (R2 = 0.387) (Supplementary Fig. S3) and the correlation is not statistically 
significant (p-value (Pearson) = 0.099), we can identify a trend indicating higher growth rates in larger taxa and 
lower growth rates in the smaller species or breeds. Similar to what we observe in hipparionins, hence, extant 
smaller equid species and horse breeds, such as Equus hemionus and the Shetland pony, tend to grow at absolute 
slower rates than larger representatives of the genus Equus.

The overall growth patterns in hipparionins are graphically visualised in the curves from discrete measure-
ments of the CGMs (Fig. 5, dashed lines). From the obtained logistic parameters (Table 1), we reconstructed the 
mean growth trajectory for each group (Table 1 and Fig. 5, solid lines). In the mean and individual growth curves, 
we identified the point where the growth rate is reduced as the change in the slope of the trajectory43 (Fig. 5, 
arrow), which coincides with the lower bone deposition observed histologically. This signal has been related to 
epiphyseal fusion and reflects the end of longitudinal bone growth43. The growth rate of the larger Greek meta-
podials substantially declines by around ~2.5 years after birth, and generally at sizes above 75 mm of perimeter 
(Fig. 5). Growth deceleration starts earlier in the small Greek macedonicum morphotype, about the first year 
in the metatarsals and within the second year in the metacarpals, both at perimeter sizes around ~65 mm. The 
Spanish dwarf form, on the contrary, grows at sustained rates over a longer period until the age of approximately 
~2.5 years (Fig. 5), comparable to the large Greek morphs. Indeed, the growth in H. gromovae metapodials and 
the larger Greek morphs declines later compared to the small Greek morphotype and to the larger Spanish H. 
truyolsi (Fig. 5), in which the absolute (GR) and relative (RGR) growth rates are considerably low at the second 
and third year of growth (Table 1 and Supplementary Fig. S4).

The logistic growth parameters (Table 1) also show the aforementioned growth differences. Accordingly, the 
growth parameter k, that represents the relative growth velocity (see Material and Methods), tends to be higher 
in the metapodials of the macedonicum morphotype (kMCmc = 1 in metacarpals and kMTmc = 1.6 in metatarsals, 
Table 1) than in the specimens of the other groups (e.g. dietrichi morphotype metacarpals kMCdt = 0.84 and met-
atarsals kMTdt = 1, Table 1), when metacarpals and metatarsals are compared separately. This indicates an initially 

Figure 2. Bone growth marks in the periosteum of adult metacarpals. Growth marks are indicated by white 
arrows, small black arrows mark the growth lines present within the EFS, which is identified by a white line. 
The images were obtained under polarised light using a 1/4λ filter. Scale: 0.5 mm. (a) Hipparion aff. giganteum 
(primigenium morphotype) metacarpal NKT-22. (b) H. philippus (dietrichi morphotype) metacarpal PER-X. 
(c) Hipparion macedonicum (macedonicum morphotype) metacarpal PER-23. (d) H. gromovae metacarpal IPS-
96274.
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faster growth relative to size, and an earlier attainment of maturity in this Greek dwarf form. In contrast, the small 
metapodials from H. gromovae and the larger from the large Greek morphotypes (primigenium and dietrichi) 
exhibit lower k values (e.g. kMCgr = 0.78 and kMTgr = 0.98, Table 1), which indicates a longer growth period and a 
later onset of maturity. Conversely, the large Spanish H. truyolsi has one of the highest k value (kMTty = 1.3, Table 1) 
as it grows fast and decreases the deposition rate before the second year of life (Fig. 5). The growth period, or the 
time required to attain the 95% of its final size (t95A), illustrates the same fast development in the macedonicum 
morphotype compared to the Spanish small species and the larger Greek morphs (Table 1). For instance, while the 
metatarsals of the macedonicum morphotype complete the 95% of growth by the age of 1 year (t95AMTmc = 1.01, 

Figure 3. Bone growth marks in the periosteum of adult metatarsals. Growth marks are indicated by white 
arrows, small black arrows mark the growth lines present within the EFS, and EFS is identified by a white line. 
The images were obtained under polarised light using a 1/4λ filter. Scale: 0.5 mm. (a) H. cf. sebastopolitanum 
(primigenium morphotype) metatarsal PNT-4. (b) Hipparion aff. platygenys (dietrichi morphotype) metatarsal 
DTK-106. (c) H. philippus (dietrichi morphotype) metatarsal PER-1211. (d) H. gromovae metatarsal IPS-
101809. (e) H. macedonicum (macedonicum morphotype) metatarsal PER-485. (f) H. truyolsi metatarsal IPS-
28842.
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Table 1), the small metatarsals of H. gromovae and the larger ones from dietrichi and primigenium morphotypes 
double this time (t95AMTgr = 2.04, t95AMTdt = 2.04, t95AMTpg = 2, Table 1). The single metatarsal of the larger 
H. truyolsi (t95AMTty = 1.39, Table 1) ceases growth earlier than the metatarsals of the other taxa except for the 

GROUP BONE CODE
A
(mm)

k
(year−1)

t95A
(year)

GR 
(t = 0.5)
(mm/year)

RGR 
(t = 0.5)
(year−1)

GR 
(t = 1)
(mm/
year)

RGR 
(t = 1)
(year−1)

GR 
(t = 2)
(mm/
year)

RGR 
(t = 2)
(year−1)

GR 
(t = 3)
(mm/
year)

RGR 
(t = 3)
(year−1)

primigenium
morphotype

MC NKT-22 81.54 0.66 2.46 7.35 0.108 5.79 0.081 3.36 0.044 1.85 0.023

MC RPL-nn 83.74 1.02 1.81 11.89 0.170 8.20 0.110 3.41 0.043 1.30 0.016

MT PNT-4 86.53 0.99 2.00 13.07 0.186 9.29 0.123 4.07 0.049 1.61 0.019

Mean
pgMC 82.64 0.84 2.07 9.60 0.139 7.08 0.097 3.49 0.045 1.60 0.020

pgMT 86.53 0.99 2.00 13.07 0.186 9.29 0.123 4.07 0.049 1.61 0.019

macedonicum
morphotype

MC RPL-44 69.06 0.86 1.94 7.75 0.133 5.63 0.091 2.69 0.041 1.20 0.018

MC PER-23 65.57 1.27 1.42 10.31 0.184 6.30 0.105 2.00 0.031 0.59 0.009

MC PER-425 64.47 0.88 1.83 6.99 0.127 5.01 0.086 2.35 0.038 1.03 0.016

MT VAT-112 64.60 1.88 0.90 10.91 0.188 4.83 0.078 0.79 0.012 0.12 0.002

MT PER-485 70.71 1.32 1.16 9.32 0.149 5.38 0.081 1.57 0.023 0.43 0.006

Mean
mcMC 66.37 1.00 1.69 8.40 0.149 5.74 0.096 2.39 0.037 0.92 0.014

mcMT 67.66 1.60 1.01 10.28 0.170 5.21 0.081 1.14 0.017 0.23 0.003

dietrichi
morphotype

MC PER-X 78.02 0.65 3.05 8.59 0.141 7.03 0.108 4.33 0.061 2.48 0.034

MC DTK-58 76.29 0.85 2.14 9.34 0.148 6.92 0.103 3.42 0.048 1.56 0.021

MT PER-1211 82.96 0.94 2.16 12.46 0.188 9.11 0.127 4.23 0.054 1.77 0.022

MT PER-342 86.29 1.04 2.02 14.63 0.213 10.32 0.138 4.35 0.053 1.64 0.019

MT DTK-106 87.97 1.02 1.97 13.80 0.194 9.71 0.126 4.13 0.049 1.59 0.018

Mean
dtMC 77.15 0.75 2.54 9.08 0.146 7.08 0.107 3.92 0.055 2.00 0.027

dtMT 85.74 1.00 2.04 13.63 0.198 9.72 0.130 4.24 0.052 1.67 0.020

H. gromovae

MC IPS-101807 65.53 0.79 2.25 7.42 0.137 5.62 0.098 2.93 0.048 1.42 0.022

MC IPS-96274 63.83 0.77 2.29 6.93 0.131 5.29 0.095 2.82 0.047 1.40 0.023

MT IPS-101809 81.00 0.95 2.15 12.34 0.191 9.00 0.129 4.15 0.054 1.73 0.022

MT IPS-96276 66.09 1.01 1.92 9.94 0.184 6.96 0.119 2.96 0.047 1.14 0.018

Mean
grMC 64.68 0.78 2.27 7.17 0.134 5.45 0.096 2.88 0.047 1.41 0.023

grMT 73.55 0.98 2.04 11.15 0.188 7.97 0.124 3.53 0.051 1.42 0.020

H. truyolsi
MT IPS-28842 97.00 1.30 1.39 15.41 0.185 9.27 0.104 2.85 0.030 0.80 0.008

Mean tyMT 97.00 1.30 1.39 15.41 0.185 9.27 0.104 2.85 0.030 0.80 0.008

Table 1. Logistic growth curve parameters and growth estimates for each adult metapodial. Mean growth curve 
parameters and estimates for the metacarpals (MC) and metatarsals (MT) of each group are also provided. A: 
asymptotic circumferential metapodial size; k: mean relative velocity; t95A: time required to attain the 95% of 
the final size. Growth rates (GR) and relative growth rates (RGR) at different points of the metapodial growth 
are also shown.

Figure 4. (a) Linear regression between the neonatal metapodial size and the adult final size (A) of mature 
metapodials. (b) Allometric regression relating the growth rate during the first growth cycle (t = 0.5 years) 
and the adult final body size (A) of mature metapodials. All variables were log-transformed to linearise the 
relationship. See main text for statistics information.
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macedonicum morphotype. This earlier maturity in H. truyolsi, however, should be taken with caution since there 
is only one remodelled metatarsal available and there is no other metatarsal of this species to compare with. In 
all groups analysed, the metacarpals attain their final size later than metatarsals, as shown both by the parameter 
k and by the time required to complete growth (Table 1). This finding can be related to the variability reported 
between other limb bones of equids43 and the ontogenetic differences between bones54. Distinct loading charges 
and biomechanics between hipparion metapodials may be the reason underlying this difference55.

Discussion
Body size variations in continental settings, and concretely in equid lineages, have been hypothesised to repre-
sent direct adaptations to habitat change25,29, resources shifts27,30,31,34 or to climate change25,27. These hypotheses 
are closely linked because of the strong relationship between climate, habitat and resources. Alternatively, life 
history theory provides a theoretical background to explain size shifts as a by-product of life history adaptations 
to environmental conditions. This approach has been proposed for islands7; however, it has not been explored in 
mainland size trends. Our analysis of the growth strategies of different-sized hipparionins provides a first attempt 
to understanding the possible causes behind continental trends in size decrease within a life history framework.

In the present study, we inferred the growth trajectories of small and large hipparionin groups from two conti-
nental bioprovinces using metapodial bone histology. Although the bone microstructure of metapodials does not 
provide the absolute age of physiological maturity43, it informs about the relative maturity that, within the context 
of body mass, indicates whether these size reductions were coupled with shifts towards either slower or faster life 

Figure 5. Growth curves of mature metapodials. Dashed lines represent each metapodial growth trajectory 
while solid lines indicate the mean fitted logistic growth curves for the different groups. Arrows pointed out the 
change of slope of the growth curves that characterises metapodial maturity43. (a) Metacarpal growth curves. 
(b) Metatarsal growth curves. The unusual size of the H. gromovae metatarsal IPS-101809 is due to a more 
proximal cut of the specimen, however, the growth trajectory is still identifiable.
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histories. Future histological analysis on adult femurs could provide an absolute estimation of the age at sexual 
maturity and, thus, help to support our inferences.

We found that the metapodials of the larger hipparionins grow at higher rates than the metapodials of the 
smaller forms during the first growth stages (Fig. 4b and Table 1). We can infer, hence, lower growth rates for the 
small taxa and higher rates for the larger forms as predicted from allometry1 and observed in dinosaurs36,56 and 
in extant and fossil artiodactyls6,18,39,57. Moreover, we identified a similar trend in extant equids, since femora 
of larger wild equids and of larger domestic breeds tend to grow at higher rates than the smaller-sized species 
or breeds (Supplementary Fig. S3). In hipparionins, although the differences in development have principally 
been identified from growth curve reconstructions, bone tissue microstructure also indicates distinct growth 
velocities. Thus, we principally found radial vascularity in the large dietrichi and primigenium metatarsals, and 
laminar bone in the small H. gromovae. In fact, growth rate is particularly low in H. gromovae, where besides the 
growth rate scaling (Fig. 4b), the relative growth rate expressed by the logistic growth parameter k is also lower 
(Table 1). On the other hand, the small macedonicum morphotype metapodials exhibit in some cases disperse 
radial canals, indicating a probable higher growth rate for its size, which is supported by the greater k values. 
Regarding the attainment of relative maturity, the small macedonicum morphotype and the large H. truyolsi con-
siderably decrease their growth rate between the first and the second year, while the two large Greek morphotypes 
and the small Spanish H. gromovae decrease growth rate after the second year. The large Greek forms, hence, grew 
at high rates and attained their maturity later than the small Greek macedonicum morphotype that advance the 
growth rate decline. The small Greek macedonicum morphotype, thus, shifted towards a faster life history. The 
small Spanish H. gromovae, on the contrary, matured relatively late, similar to the large Greek representatives. 
However, it does it at much lower growth rates. H. truyolsi, on the other hand, grew at high rates and decreased 
growth early (based on a single specimen). Martinez-Maza et al.44 observed two CGMs within the cortex of the 
metapodials of the larger (160–186 kg58) Hipparion concudense from a Vallesian and a middle Turolian Spanish 
locality. These growth marks are situated close to the periosteal surface44, suggesting an early decrease in growth 
rate. Moreover, in half of the metapodials of their middle Turolian sample, only one CGM is situated within the 
bone cortex44. From allometric scaling1, the smaller H. gromovae should be expected to show less CGMs within 
the cortex than H. truyolsi or H. concudense; however, it exhibits more growth marks indicating a delayed matu-
rity in relation to these larger Spanish species. Besides, our results have also shown that in some cases metacarpals 
tend to decrease their growth later than metatarsals. This difference is beyond the scope of the present study, but 
may indicate different timings in the growth cessation between these bones.

In summary, we did not only find differences in the growth patterns between the small and the large Greek 
morphotypes as predicted from scaling, but also between the small Greek macedonicum morphotype and the 
small Spanish H. gromovae, since the Spanish species matured later than expected from size. The two dwarf lin-
eages, hence, followed different growth strategies that led to a similar reduction in adult size. Our results, thus, 
are congruent with two different evolutionary scenarios where dwarfing is caused by distinct selective pressures. 
Following life history theory, attainment of sexual maturity and growth rate are the two main characteristics that 
determine the final size of an organism7,9. These factors, in turn, are modulated by environmental changes in 
mortality regimes and resource availability respectively7,9,12,59–61. Palkovacs7, in his life history based model for 
size evolution on islands, considered the changes in resource levels and mortality rates (caused by low predation) 
between mainland and islands as the principal selective pressures involved in size shifts. However, variations in 
ecological factors over time and space can be far more complex on the continent where, for example, predation 
pressure can either increase or decrease, and can affect specific ontogenetic stages differently. As age-specific sur-
vival and fecundity indexes are the basis of life history and demographic studies9,10,60, it is important to determine 
which is the life cycle stage affected by a shift in the selective agent. Organisms that suffer from high extrinsic 
mortality regimes acting on adult stages will maximise their fitness following a different life history strategy com-
pared to those exposed to high juvenile mortality61,62. Concretely, when the adult stage is affected by high preda-
tion pressure, animals maximise their fitness by reproducing earlier62. By this, organisms are able to increase their 
reproductive output before they fall prey to carnivores, hence accelerating their life history. Both theoretical60,62 
and comparative surveys59,61,63 provide evidence for advancement of reproductive maturity in populations facing 
high adult mortality regimes. This suggests that increased predation pressure upon adult individuals selected for 
advanced maturity through earlier growth cessation, leading to dwarfing in the macedonicum lineage. On the 
other hand, under high juvenile mortality, organisms maximise fitness by reproducing later in time12,13,60,61. A 
delay in maturity is predicted if the benefits outweigh the disadvantages of a late reproduction12,64. These advan-
tages are based on two key assumptions; fecundity increases with size, and juvenile mortality decreases with 
increasing age and size at maturity of the progenitor12. Because equids are monotocous65, a significant increase in 
fecundity related to larger size is not expected; however, a delay in maturity can compensate high juvenile mor-
tality by increasing juvenile survival rates due to more experienced progenitors59. Age-specific juvenile mortality 
increases during periods of low resource availability59,66–70, which are common in arid and semi-arid environ-
ments71. Seasonal or unpredictable fluctuations in food quantity and quality have a high influence on juvenile 
mortality72, since at this ontogenetic stage young mammals are more sensitive to environmental stresses due to 
their smaller size, lower fat reserves, immature immunological system and inexperience61. Furthermore, resource 
availability affects individual growth, with low resource levels constraining growth rates7,9. Under this scenario, 
individuals are forced to grow over an extended period to attain a size large enough for successful reproduc-
tion12,13, which leads to a delay in maturity7. This suggests that low resource availability played an important role 
in the dwarfing process of H. gromovae, triggering a decrease in growth rate and an associated delay in maturity. 
Hence, we interpret the small size of the later maturing H. gromovae as a consequence of low growth rates and a 
high juvenile mortality regime due to low resource availability. The analysis of the growth strategies indicates that 
dwarfing in the two small hipparionins resulted from different adaptive shifts in their life histories under distinct 
selective pressures.
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Extant equids are less diverse in size, form and ecology than they used to be in the past73. Nowadays, only 
domestic horse breeds show a large size range, while size differences in wild taxa are much less pronounced (e.g. 
Equus hemionus weighting 230 kg74 and Equus grevyi 384 kg74). Despite the size disparity, different-sized horse 
breeds have comparable growth patterns75. Gestation lengths also show little variation between breeds76, and the 
time of growth plates closure is similar between small and large horses77. Considering this, the size difference in 
domestic horses is not caused by variations in the duration of growth, but by the higher or lower prenatal76 and 
postnatal77 growth rates. Accordingly, we identified a trend indicating higher growth rates in femora of larger 
extant equids compared to smaller representatives of Equus. Hence, differences in growth rates lead to size diver-
sity in extant equids. Similar to the case of H. gromovae, epiphyseal closure in the small Iceland horse is delayed, 
and even later compared to that in Thoroughbreds77,78. The lower growth rates and delayed growth plate closure 
in the small Iceland horse have been related to the original harsher living conditions in which this breed evolved78. 
Likewise, one of the smallest extant wild equid, Equus hemionus, dwells in resource-poor environments as the 
arid and semi-arid steppes and deserts from Asia79. In this case, resource limitation led to reduced growth rates 
and, thus, to a smaller size at maturity. The body size differences between extant taxa, hence, are likely the result of 
differences in somatic growth rates triggered by differential selective pressures (e.g. resource availability).

Our different life history deductions for the small hipparionins are supported by the different ecological set-
tings inferred for the two bioprovinces. Small ungulates suffer stronger predation pressure than larger ones80. 
They therefore prefer habitats with dense canopy cover (forested areas) that provide shelter and that are more 
secure than open areas80–84, albeit the poor forage supply80–83. From Vallesian through Turolian, the Eastern 
Mediterranean bioprovince was characterised by open dry bushlands and grasslands with low tree cover85–87, 
a risky habitat for small ungulates80. The presence of diverse carnivore associations dominated by hyaenids 
and felids85, provides support to our inference from life history models that early maturity and a corollary size 
decrease in the macedonicum morphotype was triggered by high predation pressure. In contrast, the Western 
Mediterranean biomes during the late Turolian were composed of deciduous forests and xeric woodlands with 
shrublands and grasslands88–90. At the H. gromovae site – Rambla de Valdecebro II (=El Arquillo) –, the climate 
was characterised by a high aridity regime91. There was a high carnivore diversity in this area at that time92,93, 
but within a patchy landscape there were forest and xeric woodland areas available for cover. These more for-
ested areas could have provided site humidity and increased protection against predation82,83, habitat parameters 
preferred by extant small ungulates80. This suggests that H. gromovae, and possibly also the sympatric smaller 
Hipparion periafricanum, likely dwelled in such forested and more secure habitats. Although conferring the 
advantage of protection, closed areas support fewer grasses and forbs compared to open habitats because of the 
shading effect of the canopy83. The quantity of available forage, hence, is lower under denser tree cover82,83,94. 
Additionally, these small hipparions must have faced longer periods of resource stress because of the high aridity 
of El Arquillo site91, which most likely affected the quality and quantity of available resources71. Such adverse 
climatic conditions must have been an additional problem for equids because their digestive strategy of hindgut 
fermentation makes them dependent on continuous resource supply95. The environmental scenario of low and 
fluctuating resource levels provides support to our inference from life history models that H. gromovae grew at 
low rates and delayed maturity, which led to a reduction of adult body size. It is conceivable that these resource 
conditions might have also affected juvenile mortality as observed in extant ungulate populations59,66–70.

The causes and mechanisms behind size decrease trends on continents are not completely understood. In this 
survey focused on the bone histology of different-sized hipparionins, we tested if changes in life history traits 
are related to size decrease in continental settings. We recognised opposed growth strategies in the two dwarfed 
lineages, a faster life history characterised by an early maturity in the Greek small hipparion vs. a slower strategy 
with slow growth and later maturity in the Spanish one; otherwise leading to parallel size shrinking under dif-
ferent ecological scenarios. Based on Palkovacs7 life history model, we consider the size decrease as a by-product 
of life adaptations to differential ecological constraints. Specifically, we interpret the shift of the Spanish small H. 
gromovae towards a slow life history as a response to limited and unpredictable resource supply and an associated 
increase in juvenile mortality, and the shift of the Greek small macedonicum morphotype towards a fast life his-
tory as an adaptation to cope with increased adult mortality regimes. Our results show that there is more than one 
possible life history strategy behind evolutionary dwarfing, and that bone histology is a powerful tool to unravel 
the mechanisms involved.

Material and Methods
Previous studies of the characterization and variability of equid bone tissue43,44 have provided evidences of the 
usefulness of metapodial bone microstructure for life history reconstruction in this group. Moreover, we used 
metapodials due to their higher abundance in fossil assemblages and the possibility to assign them to a specific 
morphotype. We sectioned 31 hipparionin metapodials from the late Miocene of Greece and Spain for histologi-
cal analysis. The Greek sample comprises metacarpals and metatarsals of one small (macedonicum morphotype) 
and two large (primigenium and dietrichi morphotypes sensu Vlachou35) hipparionin morphotypes from seven 
fossil sites ranging from early Vallesian to late Turolian (Table 2). Large-sized hipparions are used for compara-
tive purposes. The Spanish sample includes metapodials from one small species (Hipparion gromovae) and one 
specimen of the large H. truyolsi, both from a late Turolian fossil site of the Teruel Basin (Table 2). Metapodial 
histology of other large-to-medium sized hipparionins from early Vallesian and middle Turolian of Spain have 
already been studied in an exhaustive survey by Martinez-Maza et al.44.

To support our interpretations of the growth rates in hipparionins, we also analysed bone appositional rates 
in extant equids of different body sizes. Because the femur develops over a longer time period96, its use in Equus 
bone histology is preferred if possible43. Hence, we calculated the appositional growth in femora to estimate the 
growth rates of different-sized extant equids. The entire extant sample was composed by eight femora of wild and 
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domestic equids; two belonging to Equus grevyi, two to Equus hemionus, and four to different-sized horse breeds 
(Iceland, Welsh, Hackney and Shetland) (Supplementary Table S1).

Adult body mass estimations of the fossil Greek morphotypes were calculated from the material published in 
Vlachou35 and were kindly provided by the author. Body mass estimations of the Spanish sample were calculated 
(Supplementary Table S2) following the same measurements and regressions used for the Greek metapodials 
(Table 2). These estimations were obtained for each morphotype from measurements on metapodials (Mc10, 
Mt10, Mc13, Mt13, following Eisenmann et al.97) and using the equations provided by Eisenmann and Sondaar98 
and Scott53.

Preparation of histological slides. Histological slides were produced following the standard protocol of our 
laboratory43,99. Mid-shaft blocks of each metapodial were embedded in epoxy resin (Araldite 2020) and sectioned 
using an IsoMet low-speed saw (Buehler). The exposed surfaces were polished using a grinder polisher (Buehler, 
MetaServ 250) and glued to a glass slide using the same epoxy resin. The mounted samples were cut using a diamond 
saw (Buehler, Petrothin) up to a thickness of 300 μm and grounded to 150–100 μm, using the grinder polisher. 
Finally, the slides were dehydrated in alcohol gradients and immersed in a histological clearing agent (Histo-Clear 
II) prior to cover them with a DPX medium.

The histological samples were studied under polarised light using a Zeiss Scope.A1 microscope with an 
attached digital camera (AxioCam ICc5). The slides were examined using a retardation filter of ¼ λ to improve 
the observation of the bone tissues and growth marks100. The micrographs of the cortex were merged using Adobe 
Photoshop® and analysed with Image J software.

Bone histology. We analysed bone tissues and bone growth marks to reconstruct metapodial growth. 
Description of bone tissues types follows the classification of Francillon-Viellot et al.101 and de Margerie et al.48. 

Group Body Mass estimation (kg) Fossil Site and Age (MN) Element Specimen Collection
LM mid-shaft 
Diameter (mm)

Eastern 
Mediterranean

primigenium morphotype 188.92 (±43.35 SD, N = 99)

Pentalophos (MN9) Metacarpal PNT-22 LGPUT 26.17

Pentalophos (MN9) Metatarsal PNT-4 LGPUT 25.81

Ravin de la Pluie (MN10) Metacarpal RPL-nn LGPUT 28.53

Ravin de la Pluie (MN10) Metatarsal RPL-3 LGPUT 27.05

Nikiti-1 (MN10) Metacarpal NKT-22 LGPUT 27.75

dietrichi morphotype 143.16 (±28.69 SD, N = 279)

Nikiti-2 (MN11) Metacarpal NIK-1736 LGPUT 21.92

Perivolaki (MN12) Metacarpal PER-X LGPUT 21.99

Perivolaki (MN12) Metatarsal PER-1211 LGPUT 22.76

Perivolaki (MN12) Metatarsal PER-342 LGPUT 25.21

Dytiko-1 (MN13) Metacarpal DTK-58 LGPUT 24.42

Dytiko-1 (MN13) Metatarsal DTK-149 LGPUT 24.92

Dytiko-1 (MN13) Metatarsal DTK-106 LGPUT 27.01

Dytiko-1 (MN13) Metatarsal DTK-104 LGPUT 26.34

macedonicum morphotype 76.09 (±15.04 SD, N = 258)

Ravin de la Pluie (MN10) Metacarpal RPL-44 LGPUT 21.51

Nikiti-1 (MN10) Metatarsal NKT-nn LGPUT 20.33

Nikiti-2 (MN11) Metacarpal NIK-1698 LGPUT 19.85

Nikiti-2 (MN11) Metacarpal NIK-nn LGPUT 18.65

Vathylakos-2 (MN11) Metatarsal VAT-112 LGPUT 19.71

Perivolaki (MN12) Metacarpal PER-23 LGPUT 20.43

Perivolaki (MN12) Metacarpal PER-425 LGPUT 20.49

Perivolaki (MN12) Metatarsal PER-380 LGPUT 20.50

Perivolaki (MN12) Metatarsal PER-485 LGPUT 20.29

Western 
Mediterranean

Hipparion gromovae 84.33 (±12.86 SD, N = 80)

Rambla de Valdecebro II (MN13) Metacarpal IPS-96274 ICP 21.91

Rambla de Valdecebro II (MN13) Metacarpal IPS-96275 ICP 19.02

Rambla de Valdecebro II (MN13) Metacarpal IPS-101807 ICP 21.12

Rambla de Valdecebro II (MN13) Metacarpal IPS-101810 ICP 20.43

Rambla de Valdecebro II (MN13) Metatarsal IPS-96276 ICP 20.92

Rambla de Valdecebro II (MN13) Metatarsal IPS-96277 ICP 21.51

Rambla de Valdecebro II (MN13) Metatarsal IPS-101808 ICP 22.22

Rambla de Valdecebro II (MN13) Metatarsal IPS-01809 ICP 22.81

H. truyolsi 192.46 (±17.37 SD, N = 8) Rambla de Valdecebro II (MN13) Metatarsal IPS-28842 ICP 28.73

Table 2. Sample analysed and results of body mass estimations. Lateromedial diameter (LM) at mid-shaft 
is provided as a metapodial size proxy. LGPUT: Material sampled from the collections of the Laboratory of 
Geology and Paleontology at the University of Thessaloniki; ICP: Material sampled from the collections of the 
Institut Català de Paleontologia Miquel Crusafont.
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The analysis of cyclical growth marks (CGM) of annual periodicity99 provide the temporal basis for the recon-
struction of metapodial growth and the assessment of certain life history traits6,37,38. Where the growth marks 
were faint due to poor tissue preservation or partially eroded by secondary osteons, we retrocalculated their track 
by superimposition102. The identification of a non-cyclical growth mark, the neonatal line47, in the innermost 
cortical area of almost all metapodials allowed the estimation of bone size at birth.

The significant decrease in bone growth rate marks the attainment of bone maturity. This event is identified by 
the periosteal deposition of slow-growing lamellar bone after fast-growing fibrous tissue37 and by the narrowing 
of consecutive growth zones51. By counting the CGM that precede the deposition of the avascular lamellar bone 
found in the outermost cortex of bone (external fundamental system (EFS) sensu Woodward et al.102), some 
authors have inferred the organism’s age at sexual maturity38,103 or skeletal maturity44,57 from mainly tibia and 
femora tissues. Nacarino-Meneses et al.43, however, provided evidence that the decrease in periosteal growth 
rate in equids metapodials – represented by the inflection point of the growth curves – is an indicator of their 
epiphyseal fusion and the end of longitudinal growth. As metapodials fuse their epiphyses earlier than other long 
bones96, the identification of the moment of metapodial growth decrease only provides a relative age at skeletal 
maturity. Thus, we obtain a proxy of maturity attainment, instead of an absolute age at which the animal should 
end its growth. We used this ‘relative maturity’ to compare between taxa and to identify which species tends to 
delay or to advance it.

In the extant femur sample used for comparative purpose, we estimated the growth rate between the first and 
the second year of growth. We identified these two CGM and measured their perimeter. The estimation of the 
growth rate was calculated as the perimeter difference between the second and the first CGM.

Growth curves. Growth data in metapodials were obtained by counting the bone growth marks and by cal-
culating their perimeters. Contrary to studies on dinosaurs41,104 that use body mass estimations for each growth 
cycle, our growth curves are based on direct measures. We did not estimate body mass at each growth cycle 
because the correlation between equid metapodial mid-shaft dimensions and body mass is not significant25, and 
the regressions are based adult individuals. Instead, we took the direct skeletal measurement of the mid-shaft 
circumference as a proxy of body size, a more conservative alternative to an estimate of body mass52. In those 
cases where exact mid-shaft cuts were not possible due to the fragmentary nature of the specimen (IPS-101809, 
H. gromovae metatarsal), the bone circumference is slightly overestimated. This is particularly true in metatar-
sals which are anteroposteriorly wider in more proximal planes; however, the growth trajectory can be equally 
reconstructed. From the available sample, we used only those specimens for the growth curve reconstructions 
where the radial growth was finished (18 metapodials). The other specimens have been analysed for bone tissue 
characterization, growth mark superimposition, and the study of the ontogenetic development.

Similar to other biological processes, growth is generally modelled using nonlinear sigmoidal equations105,106. 
Among several models, and considering the nature of our data, we used the logistic equation (1) 1,107 to describe 
the pattern of metapodial radial growth because it presents good fitting values (Akaike Information Criterion) 
(Supplementary Table S3) and provides the most realistic asymptotic size values. A similar logistic model has 
been used to describe the circumferential growth of dinosaurian femora and tibiae40,108, as well as dinosaur body 
mass growth104. We used the nonlinear least squares fitting of the PAST software to fit the curves equations to our 
data109.
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In sigmoidal equations, the parameter A represents the final asymptotic value to which the response variable 
approaches in an exponentially decreasing rate after reaching the growth inflection point50. In our case, the A 
parameter shows the final adult metapodial circumferential size. The mean relative growth rate, or the relative 
velocity at which the response variable is approaching to this final size, is characterised by the exponent k108, while 
the parameter b represents the quotient between the initial and final size110. Hence, the parameter k expresses 
the ratio of the maximum growth rate in relation to the adult size, indicating delayed maturity when k is low and 
advanced maturity when k is high111. These growth curve parameters were calculated for each specimen and the 
results were also averaged to obtain a mean growth curve for the metacarpals and metatarsals of each group42. 
The rate at which bone grows was calculated from the derivative (2) of this logistic equation (1), representing 
the instantaneous growth rate at a concrete time. It should be considered that the calculated growth rate values 
expressed as mm/year do not represent a real approximation of the rate at which those bones were growing, 
because bone growth rate varies with the season of the year99. However, these values represent useful estimates for 
comparison42. In order to compare the growth rates between species, we estimated the relative growth rate (RGR) 
extracting the effect of size (3), because growth rates tightly scale with size1. The relative growth rate is defined as 
the increase per unit of time relative to the size at a concrete point112.
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Additionally, we calculated the time required to attain the 95% of the final size (4) as an indicator of the growth 
duration time108.



72 Ch.4

www.nature.com/scientificreports/

1 2SCIentIfIC REPORTS | (2018) 8:17203 | DOI:10.1038/s41598-018-35347-x

= −
.
.

t
k

A
A b

1 ln( 0 05
0 95

) (4)A95

Statistics. Statistical analyses and graphs were performed using Past 3.14109 and Microsoft Office Excel. 
Pearson’s correlation was used for the linear correlation analysis. A significance level of 0.05 was used for all tests.

Data Availability
The data sets generated and/or analysed during the current study are included on this published article. Raw data 
not included is available from the corresponding author on reasonable request.
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A B S T R A C T

Hipparionins were a dominant element of the late Miocene faunas of Europe; however, their biology and ecology
remain incompletely understood. In this paper, we explore the pace of life history of different-sized hipparionin
horses, using dental histology, and compare it with extant equids. In doing so we consider (i) the size diversity of
hipparionins, (ii) their generally smaller size compared to extant equids, and (iii) the allometric coupling be-
tween size and life history. In particular, we reconstruct the dental growth in lower first/second molars and in
later-formed lower third molars for three hipparionin taxa: two dwarf species (Hipparion periafricanum and H.
gromovae), and a larger species (H. concudense). We also analyze dental growth in an extant zebra (Equus quagga)
for comparative purposes. Our results reveal that, within each species, there are differences in enamel growth
parameters between the first/second molars and third molars. These results illustrate the differences in the
developmental timing of these teeth and the existence of a relationship between dental growth parameters with
somatic growth. We also find that hipparionin teeth grow at slower rates and tend to erupt later in time than in
extant Equus. Dwarf hipparionins, moreover, exhibit lower enamel extension rates than the larger species, but
similar formation and eruption times. Considering the link between dental development and life history, these
results suggest a slower pace of growth of selected hipparionins compared to extant equids, and a further slower
life history than expected for their size in the two dwarf forms.

1. Introduction

The first hipparionins arrived in the Old World around 11Ma,
marking the start of the Vallesian European Land Mammal Age, and
signaling one of the most important biochronological events of the
Neogene in Europe (Bernor et al., 1996; Garcés et al., 1997, 2003).
After their dispersal, hipparionins became dominant in European
mammal associations and rapidly diversified into different forms in
circum-Mediterranean areas, while they retained a more conservative
body plan in central Europe (Alberdi, 1989; Bernor et al., 1990, 1996;
Eisenmann, 1995; Woodburne, 1989). Besides their morphological di-
versity, hipparionin horses were highly diverse in size (Eisenmann,
1995; Ortiz-Jaureguizar and Alberdi, 2003), especially during the
Turolian European Land Mammal Age (late Miocene) (Bernor et al.,
1990, 1996). In the western Mediterranean late Turolian (MN13), for
example, there were at least three sympatric hipparionins present
(Alberdi, 1974; Alberdi and Alcalá, 1989; Ortiz-Jaureguizar and

Alberdi, 2003; Pesquero, 2003): the scarce and large Hipparion primi-
genium truyolsi (138 kg), the small H. gromovae (59 kg), and the dwarf H.
periafricanum (23 kg) (Ortiz-Jaureguizar and Alberdi, 2003). Different
scenarios have been proposed to explain these size differences. On the
one hand, based on the evolutionary size response model in Equini
(Alberdi et al., 1995), the two small taxa have been hypothesized as
representing species adapted to closed and forested areas (Ortiz-
Jaureguizar and Alberdi, 2003). On the other hand, some authors have
argued that these gracile and small-sized taxa were adapted to open
habitats (Eisenmann, 1995; Pesquero, 2003), and that the small size
represents an adaptation to energy economization due to the less nu-
tritive xerophyte plants that typify open habitats (Forsten, 1968, 1978).
Recently, however, hipparionin size shifts have been considered as a
probable outcome of the evolution of life history strategies that in-
directly affect body size (Orlandi-Oliveras et al., 2018) as has been
previously proposed for island ecosystems (Köhler, 2010; Palkovacs,
2003).
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Hipparionins have long been suggested to follow faster life histories
than Equus based on population dynamics studies (Hulbert, 1982;
Kurtén, 1953; Van Valen, 1964). Through the study of age classes de-
fined by dental wear stages (Hulbert, 1982; Kurtén, 1953; Van Valen,
1964; Woodburne and MacFadden, 1982), and considering their
smaller size (Van Valen, 1964), some authors proposed shorter lifespans
and earlier maturity ages in hipparionins compared to extant equids.
Body mass frequently correlates with life history (Calder, 1984).
However, this is not always the case since there are other factors on
which life history traits depend and that are associated with an orga-
nism's ecology (Sibly and Brown, 2007; Stearns, 1992). Indeed, the pace
of growth of hipparionins has recently been questioned based on the
study of their molar eruption sequence interpreted within the context of
Schultz's Rule (Domingo et al., 2018). Grounded on the idea that the
tooth replacement pattern is a valuable proxy of an animal's life history,
Schultz's Rule states that the later eruption of the permanent molars
compared to that of the replacement teeth (e.g. permanent premolars)
is typically found in slow-growing taxa (Smith, 2000). Domingo et al.
(2018), therefore, suggested that hipparionins might have followed a
slow pace of growth due to their late third molar eruption, which occurs
prior to the appearance of the fourth premolar in some extant equids
(Easley et al., 2005; Hoppe et al., 2004; Joubert, 1972; Lkhagvasuren
et al., 2013; Smuts, 1974).

Recent studies, however, claim that the eruption sequence is more
influenced by phylogeny than by life history in primates (Monson and
Hlusko, 2018a) and artiodactyls (Monson and Hlusko, 2018b;
Veitschegger and Sánchez-Villagra, 2016), challenging the predictive
value of the Schultz's Rule. Within equids, the timing of third molar and
fourth premolar eruption generally differs between extant and extinct
representatives of the family, with basal equines, Miocene anchither-
iines, and hipparionins showing a later m3 eruption (Domingo et al.,
2018). However, in some taxa of the Equus genus the fourth premolar is
the last to erupt (Easley et al., 2005; Hoppe et al., 2004; Joubert, 1972;
Lkhagvasuren et al., 2013; Smuts, 1974) while in others it is the third
molar (Grubb, 1981; McDonald, 1996; Penzhorn, 1982). This in-
trageneric variability suggests an adaptive component in the eruption
pattern and takes issue with the idea of a phylogenetic meaning of this
trait. The differences in the eruption sequence (Domingo et al., 2018),
in dietary preferences (Semprebon et al., 2016), and in dental wear
rates (Famoso and Davis, 2016; Hulbert, 1984) between extant equids
and hipparionins make us reconsider the previous life history inter-
pretations founded on population dynamics from the study of the
dentition ontogeny (Hulbert, 1982; Kurtén, 1953; Van Valen, 1964).
The deviations from the allometric coupling between life history and
size (Sibly and Brown, 2007) also challenge the idea that faster life
histories are necessarily associated with smaller sizes. Moreover,
bearing in mind the hipparionin ecological and size diversity (Hayek
et al., 1992; MacFadden et al., 1999; Ortiz-Jaureguizar and Alberdi,
2003; Tütken et al., 2013), we could further expect diverse life history
adaptations within the group.

Dental histology has proved to be a valuable tool for inferring life
histories of extinct species since tooth formation times and growth rates
are closely related to the animal's pace of life history (Dean, 2006;
Jordana et al., 2014; Schwartz et al., 2002). Additionally, the emer-
gence sequence of the permanent dentition has shown to generally
correlate with the organism's postnatal growth (Smith, 2000), and the
eruption time of certain teeth is linked to key life history traits such as
weaning and attainment of maturity (Dean, 2006; Dirks and Bowman,
2007; Engström et al., 1983; Hillson, 2005; Smith, 1991, 2000). In this
way, the study of dental growth has allowed the reconstruction of the
life strategy of many extinct mammals (Dirks et al., 2009, 2012;
Jordana and Köhler, 2011; Schwartz et al., 2002; Smith, 2016). Current
advances in dental histology of extant equids, moreover, have char-
acterized the growth of hypsodont teeth of the genus Equus (Nacarino-
Meneses et al., 2017), providing a solid framework for studying and
inferring the life history of fossil equid taxa.

Here we aim to explore the life history strategies of hipparionin
horses and compare them to those of extant equids, focusing on the
differences linked to body size variations within the clade. The high
diversity and abundance of Turolian hipparionins in the western
Mediterranean provides an excellent opportunity to study their pace of
life history in relation to their size. Therefore, we analyze for the first
time the dental development in different-sized hipparionins to shed
light on their life history strategies. Specifically, we reconstructed the
tooth growth patterns of lower first/second molars and lower third
molars of three hipparionin taxa (Hipparion periafricanum, Hipparion
gromovae, and the larger Hipparion concudense) together with the first
and third molar growth of an extant equid. Among wild extant equids,
we have chosen Equus quagga as a model because unlike the larger
Equus grevyi or the longer-lived Equus hemionus, it does not show any
extreme life history trait (Ernest, 2003; Grubb, 1981; Lkhagvasuren
et al., 2013; Smuts, 1974). We have analyzed first and third lower
molars as these are formed and erupt during different moments of on-
togeny that are characterized by two major life history events, weaning
and attainment of maturity, respectively. Furthermore, the eruption of
the first molar has been shown to correlate with different life history
traits, and thus it can be used as a predictor of the organisms' pace of
life history (Dirks and Bowman, 2007; Smith, 2000; Veitschegger and
Sánchez-Villagra, 2016). The dental mineralization sequence – in-
timately related to the enamel matrix formation – is the same between
hipparionin horses and extant horses (Domingo et al., 2018; Hoppe
et al., 2004): the first lower molar (m1) begins to mineralize before
birth, followed by the m2, and later by the p2 and the p3. Although the
p4 eruption occurs earlier in hipparionins, the p4 starts to mineralize
before the m3 as it happens in extant Equus (Domingo et al., 2018;
Hoppe et al., 2004). This similar onset of the tooth formation, and the
same degree of overlap between extant equids and hipparionins (e.g.
the third molar is still being formed when the m1 and the m2 are fully
in wear), endorse our interpretations obtained from individual tooth
growth reconstructions. Due to their diversity and abundance, hippar-
ionins constitute a key mammalian group widely used in paleoecolo-
gical studies, especially in those involving isotopes (Domingo et al.,
2009; Matson and Fox, 2010; Nelson, 2005; Rey et al., 2013; van Dam
and Reichart, 2009). Besides the importance of dental growth pattern as
a life history proxy, the understanding of hipparionin molar growth
patterns provides an important basis for future paleoecological in-
ferences from hipparionin dental analyses.

2. Material and methods

The extremely high-crowned molars of Equus are produced by de-
laying the root formation (Hoppe et al., 2004; Nacarino-Meneses et al.,
2017), which leads to extended dental growth periods. Eruption of the
crown occurs gradually, and tooth wear starts before the roots are
formed (Kirkland et al., 1996). For this reason, the entire tooth devel-
opment in Equus must be reconstructed from compositions of molars
with different wear degrees (Nacarino-Meneses et al., 2017). Based on
differences in the pattern of growth during the crown formation of
unworn and worn extant equid molars, Nacarino-Meneses et al. (2017)
defined three crown developmental stages (CDS) that differed in growth
rate. The first stage is characterized by a fast and linear growth (CDS I),
followed by a significant decrease in growth rate (CDS II) and the at-
tainment of an almost residual enamel extension rate in the last formed
part of the cervix (CDS III). These CDS described in Equus, further agree
with the morphological appearance of the molar. The transition from
stage I to stage II matches the tooth eruption time, and that of CDS II to
CDS III represents the macroscopic root appearance (Nacarino-Meneses
et al., 2017). The hypsodont teeth of hipparionins, however, tend to
finish the crown formation shortly after the tooth eruption, allowing the
observation of little worn rooted teeth (Supplementary material Fig.
S1). The histological analysis of unworn or slightly worn hipparionin
teeth, thus, allows the reconstruction of the complete tooth growth.

G. Orlandi-Oliveras, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 528 (2019) 133–146
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2.1. Fossil material

In this study, we studied isolated lower molars from three different
hipparionin species of the Spanish Turolian. The teeth of the dwarf
hipparionins H. periafricanum and H. gromovae come from the El
Arquillo fossil site (Teruel Basin, Spain), also known as Rambla de
Valdecebro II. This fossil site is dated to the late Turolian (MN13) and
establishes the reference fauna for the MN13 with an estimated age of
6.2Ma (de Bruijn et al., 1992; van Dam et al., 2001). The H. concudense
molars were from Concud, a classical and rich fossil site from the same
Teruel Basin. This locality is< 10 km away from El Arquillo and is
dated around 7Ma on the middle Turolian (MN12) (Pesquero et al.,
2010) (Fig. 1). All fossil samples are accessioned in the Institut Català
de Paleontologia (Barcelona, Spain) collections (IPS-91731, IPS-91732,
IPS-91733, IPS-91734, IPS-91762, IPS-91763, IPS-40644, IPS-40665,
IPS-40668, IPS-85504, IPS-85506, IPS-85508, IPS-86850, IPS-86851,
IPS-87855, IPS-87856, IPS-87857, Table 1).

Based on sectioned material, we analyzed two lower first/second
molars (m1/m2) and three lower third molars (m3) for the smallest Old
World hipparionin Hipparion periafricanum, four lower m3 molars and
two lower m1/m2 molars from the small-sized Hipparion gromovae, and
four lower m3 molars and two lower m1/m2 molars from the large
Hipparion concudense (Table 1). To the greatest extent possible, the less
worn teeth were selected in order to retain the maximal growth record
and make analogous comparisons. Following Sondaar (1961) and
Pesquero (2003), we used tooth width and length measurements at
1 cm above the base of the tooth as a biometric criterion for inter-
specific differentiation between the two contemporaneous small species
H. gromovae and H. periafricanum (Supplementary material Fig. S2 and
S3). Body mass estimations based on first phalanx measurements
(Alberdi et al., 1995) were obtained from the literature (Ortiz-
Jaureguizar and Alberdi, 2003; Pesquero and Alberdi, 2012). Hypso-
donty indices calculated from measurements of m1/m2 molars were
also compiled from literature (Cantalapiedra et al., 2017; Pesquero,
2003). Using the same procedure described in Cantalapiedra et al.
(2017), we calculated the hypsodonty indices for m3 molars (Table 1).

2.2. Extant Equus material

Our sample also includes four first molars of extant Equus quagga
from the Hagenbeck Zoo (Hamburg, Germany). These teeth represent
different eruption and wear stages (Table 1), thus comprising the entire
tooth development of Equusmolars (Nacarino-Meneses et al., 2017). We
also sectioned three third molars from E. quagga depicting different
eruption and wear stages (Table 1). These third molars came from the
Réserve Africaine de Sigean (Sigean, France), the Barcelona Zoo (Bar-
celona, Spain) and the Hagenbeck Zoo (Hamburg, Germany). The ex-
tant samples from the Hagenbeck Zoo are accessioned in the Centrum
für Naturkunde of the Universität Hamburg (Hamburg, Germany), the
Barcelona Zoo specimen is accessioned in the Museu de Ciències Nat-
urals de Barcelona (Barcelona, Spain), and the specimen from Sigean is
housed at the Institut Català de Paleontologia Miquel Crusafont (Bar-
celona, Spain).

2.3. Thin section preparation and study

The dental histological sections were prepared following the stan-
dard procedures of our laboratory (Jordana et al., 2014; Nacarino-
Meneses et al., 2017). Each molar was embedded in epoxy resin (Ara-
ldite 2020) and sectioned buccolingually through the higher mesial
cusps (protoconid and metaconid) using an IsoMet low-speed saw
(Buehler). In some cases, highly curved third molars were previously
cut in a transversal plane. At this stage, the exposed buccolingual sur-
faces were polished using a grinder polisher (Buehler, MetaServ 250)
and glued to a glass slide using ultraviolet curing glue (Loctite 352).
Thereafter, the glass-mounted samples were cut using a diamond saw
(Buehler, Petrothin) up to a thickness of 300 μm and grounded to
around 120–70 μm using the grinder polisher. Finally, each sample was
dehydrated in alcohol gradients and immersed in a histological clearing
agent (Histo-Clear II) prior to covering them with a DPX medium.

The resulting thin sections were studied under polarized light using
a Zeiss Scope A1 microscope with an attached digital camera (AxioCam
ICc5). To estimate the tooth growth parameters, the acquired images of
the overall enamel band (Fig. 2A) were merged using Adobe Photo-
shop® and analyzed with ZEN 2011® (Carl Zeiss) and Image J software.

2.4. Histological analysis techniques and dental growth parameters

We used measurements and counts of enamel incremental markings
to assess the tooth growth patterns of the species. As the dental growth
parameters depend on the cusp and enamel side studied (Jordana and
Köhler, 2011; Kierdorf et al., 2013), we decided to standardize and
analyze the buccal enamel band of the protoconid in agreement with
previous work on equid teeth (Nacarino-Meneses et al., 2017). This
allows future comparisons between extinct and extant equids. We did
not analyze the lingual enamel band of the metaconid due to the pre-
sence of more marked Hunter-Schreger bands that hindered the correct
observation of incremental markings. Enamel band thickness of each
tooth was measured perpendicular to the enamel-dentine junction at a
homologous zone situated 1 cm above the root. In order to reconstruct
the entire tooth growth curve, the length of the cuspal enamel lost in
worn molars was estimated by considering both the profile of unworn
teeth (Tafforeau et al., 2007) and the hypoconulid wear degree (Stirton,
1941). We used the mean enamel extension rate of the nearest area to
extrapolate the time that the worn portion required to be formed.

In ungulates, the main short-period enamel incremental features are
laminations, which have a circadian periodicity and run oblique from
the enamel-dentine junction (EDJ) (Jordana and Köhler, 2011; Kierdorf
et al., 2013; Smith, 2006; Tafforeau et al., 2007). The other common
incremental features are the Retzius lines or striae of Retzius, which
correspond to the successive positions of the ameloblast secretory front
(Dean, 2000). These long-period marks represent variations in the se-
cretory activity, hypothesized to be ruled by two independent intern
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cycles (Smith, 2006) or by a general chronobiological rhythm (Bromage
et al., 2016). Due to their known cyclical and regular nature, both la-
minations and Retzius lines permit the calculation of the following
tooth growth parameters: the enamel daily secretion rate (DSR), or the
amount of enamel secreted by an ameloblast per day; the enamel ex-
tension rate (EER), or the enamel growth rate along the EDJ; and the
total crown formation time (CFT). Firstly, and following prior studies
on ungulate teeth (Jordana et al., 2014; Jordana and Köhler, 2011), we

calculated the DSR quantifying the distance between laminations
through the course of the enamel prisms (Fig. 2B). The DSR values have
been seen to increase from inner to outer enamel regions (Kierdorf
et al., 2014; Metcalfe and Longstaffe, 2012; Smith, 2008), although in
some cases no significant differences between enamel areas have been
identified (Nacarino-Meneses et al., 2017). We made many random
counts in different enamel zones within all the tooth length to gather all
the variation and obtain a representative mean. Because we were not

Table 1
Teeth analyzed in the present study. Mean body mass (BM) is provided per each species and hypsodonty indices (HI) per each species' tooth type.

Species Tooth BM (kg) HI Code Locality Age Wear

m1/m2 H. concudense m1/m2 160a 2.8d IPS-91762 Concud middle Turolian (MN12) Slight
H. concudense m1/m2 IPS-91763 Concud middle Turolian (MN12) Slight -
H. gromovae m1/m2 59b 2.9d IPS-91731 El Arquillo late Turolian (MN13) Slight
H. gromovae m1/m2 IPS-91732 El Arquillo late Turolian (MN13) Slight
H. periafricanum m1/m2 29b 3.2d IPS-91733 El Arquillo late Turolian (MN13) Slight
H. periafricanum m1/m2 IPS-91734 El Arquillo late Turolian (MN13) Slight +
Equus quagga m1 250c 4.4c IPS-92341 Hagenbeck Zoo Extant Slight +
Equus quagga m1 IPS-92342 Hagenbeck Zoo Extant Null
Equus quagga m1 IPS-92345 Hagenbeck Zoo Extant Crypt
Equus quagga m1 IPS-92346c Hagenbeck Zoo Extant Moderate

m3 H. concudense m3 160a 2.0e IPS-40644 Concud middle Turolian (MN12) Null
H. concudense m3 IPS-40665 Concud middle Turolian (MN12) Slight
H. concudense m3 IPS-40668 Concud middle Turolian (MN12) Slight
H. concudense m3 IPS-87855 Concud middle Turolian (MN12) Null
H. gromovae m3 59b 1.9e IPS-85506 El Arquillo late Turolian (MN13) Slight -
H. gromovae m3 IPS-85508 El Arquillo late Turolian (MN13) Slight
H. gromovae m3 IPS-86851 El Arquillo late Turolian (MN13) Slight +
H. gromovae m3 IPS-87856 El Arquillo late Turolian (MN13) Slight +
H. periafricanum m3 29b 2.1e IPS-85504 El Arquillo late Turolian (MN13) Slight -
H. periafricanum m3 IPS-86850 El Arquillo late Turolian (MN13) Slight +
H. periafricanum m3 IPS-87857 El Arquillo late Turolian (MN13) Moderate
Equus quagga m3 250c 2.5e IPS-104358 Réserve Africaine Sigean Extant Crypt
Equus quagga m3 MZB-94-1229 Barcelona Zoo Extant Slight +
Equus quagga m3 IPS-92346e Hagenbeck Zoo Extant Moderate

Body mass data from aPesquero and Alberdi (2012), bOrtiz-Jaureguizar and Alberdi (2003), and cCantalapiedra et al. (2017). Hypsodonty indices calculated for first/
second molars are taken from dPesquero (2003) and
cCantalapiedra et al. (2017).
eHypsodonty indices for third molars were calculated from our sample using the less worn specimens.

Fig. 2. A: Protoconid buccal enamel band of a Hipparion periafricanum first/second molar (IPS-91733) sectioned longitudinally and observed under polarized light. B:
Detail of the enamel band depicted in (A) illustrating the method used to calculate the daily secretion rate (DSR). The distance between laminations through the
prism path (dashed line) is divided by the number of laminations (arrows). Dashed arrow represents the prisms' direction. C: Detail of the cervical zone in (A),
showing the methodology used for the enamel extension rate (EER) determination. “X” represents the increase in crown height between two incremental features
(black lines) and “Y” indicates the distance following the enamel prism between those two enamel marks. Black arrows point to Retzius lines that outcrop the outer
enamel, and “EDJ” depicts the enamel dentine junction.
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able to perform the same amount of DSR measures in all the crown
regions and enamel zones due to fossil preservation, direct comparison
between the mean obtained DSRs should be taken with caution. We
calculated EER following the methodology described in Jordana and
Köhler (2011): the time that takes to form the distance that separate
two incremental lines through the EDJ (X, Fig. 2C) is determined by
dividing the prism length that separates those two incremental features
(Y, Fig. 2C) by the rate of daily enamel deposition (DSR). This calcu-
lation is based on the ideas that the enamel prisms mark the enamel
growth path and that accentuated lines indicate the position of the
developing enamel front at a determinate moment (Dean, 2000). Ap-
plying this methodology through the entire enamel band, we obtained
EER values in different tooth portions. The EERs were calculated at the
intersection of clearly visible accentuated Retzius or stress lines, rather
than at regularly spaced points (Dirks et al., 2012). In order to permit
analogous comparisons, we divided the enamel band of each tooth into
three thirds (cuspal, middle and cervical). Finally, the CFT was esti-
mated calculating the overall time required to form the enamel band.

Differences between groups within each dental growth parameter
were tested with a degree of significance of α= 0.05. Non-parametric
Kruskall-Wallis tests were used to test for differences in the DSR values
between species since normality was not always met. Differences in EER
values between fossil species were compared using an ANCOVA model,
as this considers the decrease in EER along the crown height. Prior to
the ANCOVA analysis, we tested for the significance of the interaction
between the categoric predictive variable (species) and the continuous
covariate (crown height) in the two different subsets analyzed (first/
second molars and third molars). Moreover, we tested for the homo-
geneity variances (Levene test). In both cases, when the extant Equus
data was excluded, we did not find significant violations of the as-
sumptions of the ANCOVA model (Supplementary material Tables S1-
S8). The statistical tests and graphs were performed using IBM SPPS
Statistics 20 ® and PAST v. 3.18 (Hammer et al., 2001).

3. Results

Laminations represent the main incremental features observed in
our sample. These are more appreciable on the central and inner en-
amel zones, although also identifiable between some striae of Retzius
that outcrop at the outer enamel surface. In the inner enamel zone,
laminations are less regularly spaced and more difficult to distinguish
as some sub-daily incremental lines appear. Retzius lines are clearer in
the outer enamel (Fig. 2C). These Retzius lines are also more discernible
in the cervical region (Fig. 2C), where the angles between those and the
EDJ are more obtuse (~ 10°) than in the middle or cuspal region (< 5°).
These observations agree with previous findings on equid enamel his-
tology (Hoppe et al., 2004; Nacarino-Meneses et al., 2017).

3.1. Enamel daily secretion rates

In our sample, the mean daily secretion rates vary from ~14 to
~17 μm/day (Table 2). Contrary to hipparionins, Equus quagga shows
different DSRs within the three different tooth zones (cuspal, middle,
cervical) considered from the reconstructed third molar (p < 0.001).
These differences are only observed in the m3, since the m1 does not
show significant variations on the DSR through the tooth length
(p=0.08). The first formed region of the third molar presents higher
DSRs, while it decreases in the middle zone and reaches its minimum at
the final formed root zone (Table 2). Considering this, the calculation of
the other parameters in third molars of Equus has been done using the
mean DSR of each stage, not the general mean of the taxon. When
compared within hipparionin species, the DSRs of the first/second mo-
lars are significantly higher than those reported in third molars
(p < 0.001) (Table 2). We do not find these significant differences be-
tween the DSR of m1 and m3 in extant Equus (p=0.34), when we use
the medial region DSR of the m3 as a general mean for the third molar.

The DSR is significantly different between species, both in the case
of the analyzed m1/m2 (p < 0.001) and the m3 (p < 0.001). Among
the first/second molars, the H. concudense m1/m2 exhibit the lowest
DSR values with a mean value of 15.76 μm/day, which is significantly
different from the higher secretion rates of H. gromovae (p= 0.009) and
Equus (p < 0.001) (Table 2). The first/second molars of H. peria-
fricanum have a mean DSR of 16 μm/day, which is significantly dif-
ferent (p= 0.009) to the higher rates of Equus quagga (~17 μm/day).
The DSR of the third molars differ significantly between most species
(p < 0,001), except for H. concudense and H. periafricanum, which
present similar low DSRs (Table 2). In general, therefore, H. gromovae
exhibit greater mean DSR values than the other two hipparionin spe-
cies, both in the third and in the first/second molars, and this is only
surpassed by the always higher DSRs of Equus quagga. This pattern is
followed both in the m3 and the m1/m2, with lower values of DSR in
the later formed third molars (Table 2). It should be noted that the same
number of DSR measures within the crown regions and the enamel
zones was not possible in our sample. We should, hence, be prudent
when interpreting the differences in DSRs found between species and
tooth types. However, since the DSRs in the equids' first molars tend to
do not vary significantly between regions (Nacarino-Meneses et al.,
2017), we assume that our results are more reliable than if the same
measures were performed on taxa that reported high variations on the
DSRs, like pigs (Kierdorf et al., 2014, 2019).

3.2. Enamel extension rates

The first/second molars' ameloblasts differentiated along the EDJ at
higher rates than in the third molars in all the studied taxa, particularly
in the cuspal and medium zones (Table 2). Due to these differences, and
in order to make interspecific comparisons, we separated the higher
EER values of the m1/m2 from the lower EERs of the m3. We always
observed higher EERs in the first formed enamel area, while the rates
were lower towards the cervical region (Table 2, Fig. 3 and Supple-
mentary material Fig. S4). For example, the first third of the crown of
the m1/m2 of H. periafricanum grow at a mean rate of 166.62 μm/day,
while at the end of the enamel band the mean EER is 37.27 μm/day.
This diminution is present in all taxa and in both tooth types, thus re-
presenting a general decrease in the tooth growth rate through the
development of the tooth (Table 2, Fig. 3 and Supplementary material
Fig. S4). Taking into account this growth rate decrease, the intraspecific
variation in EER within the crown height is high, thus hindering the
growth rate comparisons between species. To evaluate the EER differ-
ences between species, therefore, we considered the crown height as a
covariate affecting the EER. By doing this, interspecific differences
between EER in fossil first/second molars and third molars are sig-
nificant (p < 0.001). These differences are found between all groups of
hipparionin teeth (p≤0.001), except for the m1/m2 of H. gromovae
and H. periafricanum, which grow at similar rates (p= 0.075). In all
cases, H. concudense teeth grow at higher rates, while the teeth of the
dwarf species grow at a slower pace. Although not directly tested by the
ANCOVA model (see Section 2.4), Equus quagga teeth develop at higher
rates compared to the three hipparionin species (Table 2 and Fig. 3).
The higher EER of extant Equus molars compared to hipparionins mo-
lars is comparably more pronounced in m1/m2 than in m3 (Table 2 and
Fig. 3).

3.3. Growth reconstruction and crown formation times

To reflect the whole tooth growth pattern, we plotted the crown
height against the crown formation time (CFT) for each species tooth
type (Fig. 4). Extant Equus tooth development has been plotted con-
sidering the entire tooth growth reconstruction using differently worn
teeth (Nacarino-Meneses et al., 2017) (see Section 2). All the re-
constructed tooth growth curves fit well with von Bertalanffy growth
models (Fig. 4 and Supplementary material Fig. S5). Compared to
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recently erupted Equus teeth (Nacarino-Meneses et al., 2017), we con-
firm that unworn or slightly worn hipparionin teeth register most of the
tooth development, since asymptotic size is being reached (Fig. 4).
Some residual cervical enamel, however, could be further deposited
although without increasing the tooth height substantially. Steeper
slopes than those for the H. gromovae and H. periafricanum teeth in-
dicate the higher growth rates of the Equus and H. concudense molars
(Fig. 4). We also identify the higher EER in m1/m2 compared to m3 in
the steeper slopes of the first molars within each species (Supplemen-
tary material Fig. S5). These intraspecific EER differences between m3
and m1/m2 are more pronounced in the Equus quagga molars than in
hipparionin horses, as first molars show comparably much higher
crown extension rates (Fig. 3 and Supplementary material Fig. S5).

The complete growth period or CFT is explored in the teeth that

have not lost cuspal growth register and that have started forming roots
(Table 3). Despite having the higher crowns, the m1/m2 of H. con-
cudense take 500 days to be formed, a similar time to that of the smaller
species' teeth (Table 3 and Fig. 4). When we compare the third molars
total CFT, these generally take more time to form than first/second
molars. Within species, the m3 of H. gromovae and H. periafricanum
require similar time to form (around 600 days), whereas the H. con-
cudensem3 spans 100 days more to finish formation (Table 3). The total
crown formation time of the composite Equus tooth is much higher,
taking 785 days in the case of the first molar and 1750 days in the third.
However, these Equus CFTs are the product of differently worn teeth
compositions, as they keep growing after eruption and delay their root
closure, depositing residual enamel (Nacarino-Meneses et al., 2017).
Analogous comparisons of the formation time in Equus and Hipparion

Table 2
Dental growth parameters – daily secretion rate (DSR) and enamel extension rate (EER) – estimated through dental histology analyses. Mean, standard deviation, and
number of observations are provided. DSR values of Equus m3 are shown separately due to the significant differences in the DSR values within the different areas of
Equus third molar. The division of E. quaggamolars for the EER considers the complete tooth development and corresponds to the different CDS defined by Nacarino-
Meneses et al. (2017).

Species Overall DSR (μm/day) Cuspal EER (μm/day) Middle EER (μm/day) Cervical EER (μm/day)

m1/m2 H. concudense 15.76 ± 0.96
(N=90)

211.50 ± 27.25
(N=6)

177.08 ± 24.71
(N=6)

82.52 ± 38.96
(N=9)

H. gromovae 16.27 ± 1.15
(N=104)

144.73 ± 28.05
(N=7)

131.32 ± 29.63
(N=6)

55.75 ± 35.85
(N=16)

H. periafricanum 15.96 ± 1.37
(N=85)

166.62 ± 33.08
(N=7)

121.14 ± 8.11
(N=5)

37.27 ± 19.84
(N=15)

Equus quagga 16.98 ± 1.63
(N=45)

441.69 ± 152.37
(N=10)

316.18 ± 146.18
(N=13)

78.37 ± 73.25
(N=30)

m3 H. concudense 14.08 ± 1.73
(N=78)

150.39 ± 45.50
(N=9)

95.54 ± 18.87
(N=12)

41.30 ± 22.43
(N=15)

H. gromovae 15.37 ± 1.78
(N=93)

119.09 ± 10.51
(N=7)

95.36 ± 14.25
(N=11)

43.06 ± 20.59
(N=15)

H. periafricanum 13.72 ± 1.70
(N=36)

116.35 ± 18.17
(N=6)

75.14 ± 9.74
(N=8)

43.19 ± 20.36
(N=12)

Equus quagga Cuspal: 18.11 ± 1.02
(N=25)

199.42 ± 66.11
(N=8)

112.44 ± 23.99
(N=13)

25.00 ± 18.99
(N=44)

Middle: 17.23 ± 1.05
(N=40)
Cervical: 15.92 ± 1.78
(N=73)
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teeth that present a similar ontogenetic stage (recently erupted and
little worn, Table 1: Equus quagga IPS-92342 and Hipparion concudense
IPS-91763) show that, although the H. concudense tooth (IPS-91763)
lost the final part of enamel due to preservation, it took more time
(367 days) to be formed than the extant Equus tooth (160 days) (Fig. 5).
Growth rate differences between these two teeth are also evident
(Fig. 5).

Aside from the total growth span, eruption times can be inferred
considering that the different crown developmental stages are identi-
fiable in the reconstructed growth curve (Nacarino-Meneses et al.,
2017). Hence, here we estimated tooth eruption from the transition
from the first CDS to the second CDS (arrowheads, Fig. 4), following

Nacarino-Meneses et al. (2017). That is, from the change of an almost
linear growth (CDS I) over a reduced growth rate (CDS II) that re-
presents intermediate rates of growth (Nacarino-Meneses et al., 2017).
Based on the Equus quagga m1 growth curve, we can identify this point
at around 230 days, thus indicating the eruption of the first molar. For
the Equus quagga m3, on the other hand, we estimate a time of eruption
of around 500 days after the start of the formation (Fig. 4). As the first
molars of extant zebras erupt around 9months after birth (270 days)
(Smuts, 1974), our estimation for the m1 seems reliable. In zebras, the
third molar erupts at the age of 3 years and 3months (Smuts, 1974)
(39months). Assuming that zebras' m3 starts to develop at a similar age
as when the third molar of Equus caballus starts to mineralize
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Fig. 4. Molar growth curves obtained from plotting the crown height through the enamel band (mm, y axis) against the crown formation time (days, x axis), from the
cusp to the root area. Left plots show mean curves for first/second molars while right plots the third molar mean curves. Upper graphs represent the growth curves of
all the species analyzed, while lower graphs only show hipparionin teeth. Equus growth curves obtained from the composition of differently worn teeth, which are
represented by different grey scale dots. Note that the plot axes are not equally scaled. Dashed lines represent the 95% confidence intervals and the arrows the
inferred eruption times.
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[21months of age (Hoppe et al., 2004)], the estimated eruption time of
500 days (~16.5months) (Fig. 4) also agrees quite well. The decrease in
growth rate is more progressive in hipparionin teeth than in Equus
(Fig. 4), thus, the transitions between the CDSs in the hipparionin
growth curves are less clear. Nevertheless, a change in the slope of the
curves is identifiable (arrowheads, Fig. 4) and might match the eruption
time as in the extant equid model. Applying this methodology, we infer
a later eruption time in hipparionins' first/second molars compared to
extant Equus [300 days to 350 days of formation (Fig. 4)]. The hippar-
ionin third molars, on the other hand, likely erupted around 500 days
after the beginning of their formation, similar to extant E. quagga third
molars. Besides using the equid tooth growth model by Nacarino-
Meneses et al. (2017), we can further endorse the inferences of the
eruption times based on radiographic evidence of hipparionin eruptive
sequences (Domingo et al., 2018). Judging from the radiographs pro-
vided in Domingo et al. (2018), the enamel band of the mesial lobe of
an hipparionin m1 close to eruption measures ~53mm, and that of a
fully erupted one ~60mm. Considering the tooth growth curve of the
larger hipparionin species (Fig. 4), these teeth may have taken ~300 to
~350 days to be formed, respectively. In the third molars, an unerupted
– still in crypt – hipparionin m3 measures ~45mm and a totally
erupted m3 measures ~55mm, which represent ~350 and ~600 days
of formation respectively. Thereafter, our inferred eruption times in
hipparionin lower first/second molars and third molars are in agree-
ment with the estimated CFTs of the teeth that have erupted or are close
to eruption.

4. Discussion

Our study represents the first comprehensive analysis of hipparionin
tooth growth through dental histology. The addition of extant Equus
quagga teeth, moreover, allows us to compare the growth patterns and
to identify differences in the tooth formation between extant and ex-
tinct representatives of the Equinae subfamily. Dental growth variations
between different sets of permanent teeth have hitherto not been ex-
plored in ungulate mammals. Here, we analyze and compare, for the
first time in ungulates, two different sets of permanent teeth, thus
characterizing the growth of dental tissues during two distinct onto-
genetic stages. A few other studies have addressed the differences in
growth parameters between tooth loci, but these have been focused on
hominoids (Guatelli-Steinberg et al., 2012; Shellis, 1984; Smith, 2016;
Smith et al., 2007). Besides the growth characterization of the hippar-
ionin teeth, widely used in many paleoecological studies (Domingo
et al., 2009; Matson and Fox, 2010; Nelson, 2005; Rey et al., 2013; van
Dam and Reichart, 2009), our approach also allows us to make further
inferences of the life history of the studied taxa. The assessment of the
dental growth patterns, thus, led us to infer differences in the lifestyles
of the different-sized hipparionin taxa. Moreover, the comparison

between hipparionin and Equusmolars has highlighted significant tooth
growth differences that can be both involved in life history differences
and in the formation of the higher crowned teeth of Equus.

4.1. Dental growth parameters: daily secretion rate

We identified that the dominant incremental markings in hippar-
ionin enamel are laminations, which is in agreement with previous
findings on ungulate teeth (Jordana and Köhler, 2011; Kierdorf et al.,
2013, 2014; Nacarino-Meneses et al., 2017; Tafforeau et al., 2007). The
daily secretion rates obtained through quantification of the lamination
spacing (Table 2) are congruent with those determined in the afore-
mentioned studies focused on ungulate species. Nevertheless, our esti-
mated DSR values ranging from 14 to 17 μm/day do not correspond to
previous values of 5 μm/day calculated in domestic horses (Hoppe
et al., 2004). As formerly pointed out by other authors (Kierdorf et al.,
2013, 2014), and already addressed in previous studies with equid teeth
(Nacarino-Meneses et al., 2017), we consider those undervalued pre-
liminary measures a result of the misinterpretation of laminations and
sub-daily incremental marks.

In our sample, we identified higher DSRs in the hipparionin first/
second molars compared to third molars (Table 2). Although the mean
DSRs can be skewed to some extent by the unbalanced counts between
the different enamel and crown portions, the higher DSR values in m1/
m2 compared to those of the m3 are commonly found within all zones.
The few previous studies that compared daily enamel secretion rate
between hominoid tooth types did not detect variations between the
molars' DSRs (Smith, 2016; Smith et al., 2007). In a similar way, we do
not identify DSR differences between the Equus quagga tooth types. In
our case, we interpret the lack of differences in Equus tooth types as
being a result of the lumped measures, the lower number of observa-
tions done in the Equus first molars (n=45) compared to the third
molars (n=138), and to the significant DSR decrease observed in the
consecutive developmental stages of the Equus third molars. Similarly, a
decrease in the enamel secretion rate at the end of the third molar
formation has been observed in human teeth (Guatelli-Steinberg et al.,

Table 3
Crown heights through the enamel band and crown formation times of the most
complete teeth. Equus quagga calculations (*) relative to the total reconstructed
molar growth.

Species Tooth Code Crown height
(mm)

CFT (days)

m1/m2 H. concudense m1/m2 IPS-91762 64.47 523
H. gromovae m1/m2 IPS-91731 53.39 610
H. gromovae m1/m2 IPS-91732 49.97 511
H. periafricanum m1/m2 IPS-91733 44.10 504
H. periafricanum m1/m2 IPS-91734 45.29 498
Equus quagga m1 Composition 125.94* 785*

m3 H. concudense m3 IPS-87855 57.38 701
H. gromovae m3 IPS-85506 46.71 584
H. periafricanum m3 IPS-85504 41.51 591
Equus quagga m3 Composition 98.71* 1750*
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Fig. 5. Growth curves of two molars of comparable developmental stage (Equus
quagga IPS-92342 and Hipparion concudense IPS-91763). The curve represents
the growth from the cusp to the root. Scale shown in the teeth images corre-
spond to 1 cm.
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2012). We suggest that these lowered secretion rates on the Equus third
molars might be related to a general depletion of tissue depositional
rates after the eruption of the third molar (transition from CDS I to CDS
II sensu Nacarino-Meneses et al. (2017), as this event is broadly cor-
related with the attainment of skeletal maturity (Dean, 2006). Thus, the
lower DSRs of hipparionin third molars compared to the first/second
molars can also be linked to the differences in the formation timing.

In ungulates, however, the DSR parameter has shown to be more
correlated with the tooth morphology (i.e. hypsodonty degree) than to
the pace of life history or somatic growth (Jordana et al., 2014). This
would agree with the differences observed in the DSRs between the
hipparionin tooth types, since third molars are lower crowned and less
hypsodont than first/second molars (Tables 1 and 3). The DSR, more-
over, can also be related to the enamel band thickness, since the amount
of enamel secreted per day (i.e. DSR) and the ameloblast secretory
lifespan determine the final width of the enamel (Kierdorf et al., 2014).
Accordingly, we measured the linear enamel thickness in our sample
(Supplementary material Fig. S6). Despite their lower DSRs, the third
molars tend to have somewhat thicker enamel bands than the first/
second molars. This result suggests that enamel thickness differences
between tooth types are more influenced by the secretory lifespan of the
ameloblasts (Kierdorf et al., 2014) or the total CFT (Kierdorf et al.,
2019) than by the DSR. Regarding intergeneric comparisons, the higher
DSR values of extant Equus' molars compared to those of hipparionins
are expected considering the proposed relationship between hypso-
donty and DSR (Jordana et al., 2014) but also considering the Equus'
thicker enamel bands (Supplementary material Fig. S6). However, in-
terspecific differences in the hipparionin DSR do not seem to be directly
linked to differences in hypsodonty (Table 1), nor to differences in
enamel thickness (Supplementary material Fig. S6). For example, the
smallest and most hypsodont H. periafricanum presents low DSRs
comparable to those of the less hypsodont H. concudense, which has
considerably thicker enamel bands. Therefore, the ameloblast secretory
lifespan and the CFTs may have more important roles than DSR in the
formation of thicker enamel bands (Kierdorf et al., 2019) and more
hypsodont teeth (Nacarino-Meneses et al., 2017; Witzel et al., 2018).
Hence, the small differences in the hypsodonty between these high-
crowned hipparionins might be of little importance in terms of DSR
changes. We suggest that the relationship between hypsodonty and DSR
(Jordana et al., 2014) could be more easily observed in large-scale
comparisons between more brachydont to more hypsodont species.
Alternatively, the differences identified here could represent inter-
specific variations in the quotient between enamel and dentine, a
characteristic that together with hypsodonty determine tooth durability
(Famoso et al., 2013; Jordana et al., 2012; Winkler and Kaiser, 2015).
Thus, we interpret that DSR is probably influenced by many other
factors besides hypsodonty, such as tooth morphology, phylogeny
(Dirks et al., 2012), enamel thickness (Kierdorf et al., 2014), tooth
formation timing or even general somatic growth. The interplay of
many of these factors might determine the overall DSR of the tooth.
Further studies addressing the relationship between this parameter and
the disposal and proportion of enamel could shed light on this topic.

4.2. Dental growth parameters: extension rate

Various isotopic studies have already inferred hipparionin tooth
growth in height thanks to the identification of cyclic variations in δ13C
and δ18O signal (Matson and Fox, 2010; Nelson, 2005; van Dam and
Reichart, 2009). These estimations represent mineralization rates ra-
ther than matrix secretion rates. However, since the enamel starts to
mineralize soon after matrix deposition, the extension rates estimated
from isotopic studies tend to resemble those calculated using histology
(Metcalfe and Longstaffe, 2012). Accordingly, the tooth growth rates
calculated from the isotopic cyclicity in hipparionin teeth agree well
with the enamel extension rates calculated here from incremental
growth marks. For example, van Dam and Reichart (2009) estimated a

growth rate of 40mm/year (=109.60 μm/day) for the upper third
molar of H. concudense from Concud. In our study, we obtained a si-
milar mean EER of 95.54 μm/day in the middle region of the lower
third molar from the same species population, supporting the link be-
tween formation and mineralization rates, which has also been corro-
borated in extant equids' molars (Nacarino-Meneses et al., 2017).

In general, the proper estimation of a representative EER mean in
high-crowned teeth is difficult since there is a general decrease of this
parameter through the course of tooth formation (Fig. 3). This declining
in the tooth growth pace from the cusp to the cervix is a reflection of a
non-linear dental growth pattern (Bendrey et al., 2015), and has al-
ready been described in other mammalian groups (Guatelli-Steinberg
et al., 2012; Jordana and Köhler, 2011; Kierdorf et al., 2013; Shellis,
1984) and in extant equids (Nacarino-Meneses et al., 2017). Due to the
larger crowns' heights, the variation in the EER values through the
enamel band is especially high in hypsodont ungulate teeth and should
be considered when making comparisons. Moreover, apart from the
within-tooth variation, the extension rates of the first/second molars
and the third molars differed in our sample, being always higher in the
first/second molars of all taxa. Similarly, Shellis (1984) found that in
humans the first formed deciduous teeth grow eight times faster than
third molars do, and higher crown extension rates have been calculated
in first molars compared to third molars in other hominoids (Smith,
2016; Smith et al., 2007, 2010). Higher EERs might be influenced by
the need to form the tooth within a shorter CFT (Kierdorf et al., 2014),
as tooth crowns in m1/m2 tend to take less time to be formed than
those of m3 (Table 3 and Supplementary material Fig. S5). Moreover,
we interpret the higher EER values of the m1/m2 compared to those of
the m3 as a reflection of the higher growth rates of the organism.
Mammalian first molars are formed and erupt earlier in the ontogeny,
while third molars finish their formation when skeletal maturity is
being reached (Dean, 2006; Hillson, 2005; Hoppe et al., 2004). For this
reason, we can expect greater EERs in m1/m2 since there are more
activated ameloblasts due to the higher general somatic growth than
posteriorly in ontogeny, when m3 are being formed. The fact that the
deposition of bone lamella is coupled with the Retzius line formation
(Bromage et al., 2009), and that there is an endogenous rhythm con-
trolling both functions (Bromage et al., 2016), endorses the relationship
between enamel growth rates with bone growth and, then, the general
somatic growth. The same idea has recently been suggested due to the
discovery of lower EER in mammaliamorphs that experienced an earlier
reduction of the overall skeletal growth rates (O'Meara et al., 2018).
The influence of growth hormones (GH and IGF-1) and their receptors
in the differentiation and proliferation of the odontogenic cells involved
in the formation of teeth (Symons and Seymour, 2000; Young, 1995;
Zhang et al., 1992) further supports this link.

Besides the variations in intraspecific somatic growth rates during
ontogeny, the differences EERs between taxa might also be indicative of
differences in the organism's pace of growth (Jordana et al., 2014). The
estimation of this parameter, therefore, might allow further inter-
pretations to be made on the biology of animals, although caution
should be taken due to the variation of these parameters between and
within tooth types. Considering the differences between the third and
first/second molars, and the decreasing of EER through the enamel
band, we could identify higher EER in E. quagga compared to all hip-
parionin horses, and higher EER in the larger hipparionin species
compared to the dwarfed taxa. Within a sample of 21 ruminant species
and taking into account their phylogenetic relationships, Jordana et al.
(2014) found a significant correlation between the residuals of the age
at first reproduction – a proxy of the pace of life history corrected by
body size – and the tooth enamel extension rate. Hence, lower EER
values have shown to be indicative of a slower pace of growth than
those expected from body size scaling (Jordana et al., 2014). Ad-
ditionally, slower extension rates have also been associated to a later
attainment of foraging independence in cebids (Hogg and Walker,
2011) and to the prolonged growth periods of modern humans
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compared to Homo erectus and earlier hominins (Dean et al., 2001). The
influence of the EER in the formation of a tooth at the required time for
its eruption, might be the reason underlying the EER relationship with
the timing of life history events, since the tooth development is strongly
tied to the mammals' life cycle (Smith, 1991, 2000). In terms of EER,
therefore, we can infer a slower pace of growth in the analyzed hip-
parionin species in comparison to extant equids. Moreover, the exten-
sion rates of the dwarf late Turolian Spanish forms further suggest a
slower pace of growth compared to H. concudense.

Some authors have considered the existence of an allometric cou-
pling of the EER with total crown height (Dirks et al., 2012) or body
mass (O'Meara et al., 2018). Taking this into account, the lower EERs of
the hipparionins compared to extant equids, and the lower EER of
dwarf hipparionins compared to larger representatives, could represent
the consequence of the allometric scaling of this parameter. The same
relationship between tooth size and EER was also identified in humans
by Guatelli-Steinberg et al. (2012), estimating higher EERs in those
teeth with larger enamel dentine junction lengths. On the other hand,
however, the formation of larger canines in male gorillas has been re-
lated to longer formation times rather than to higher growth rates
(Schwartz and Dean, 2001). Smith (2016) also found that taller fossil
teeth from larger extinct pongines had lower EERs compared to those of
extant orangutans. Similarly, Jordana and Köhler (2011) identified
lower EERs in the higher crowned insular Myotragus balearicus, which
was a slow-growing mammal with a delayed life history schedule
compared to extant caprines (Jordana et al., 2012; Köhler, 2010; Köhler
and Moyà-Solà, 2009). In our case, H. periafricanum and H. gromovae
were relatively higher crowned – more hypsodont – than the larger
hipparionin species from the late Miocene (Pesquero, 2003). Thus, to
form those more hypsodont teeth, we should expect higher EERs
compared to less hypsodont species (H. concudense), especially if we
consider that they would have advanced the general life history sche-
dule due to their reduced size and the theoretical size coupling with life
history traits (Calder, 1984; Stearns, 1992). Our results suggest the
opposite scenario, namely more hypsodont dwarf hipparionin species
exhibiting lower EER, which we further relate to a slower life history
than the expected from their size.

4.3. Formation and eruption times

The previous life history interpretations are not only supported by
the EER values, but also by the estimated formation and eruption times,
two parameters that are strongly correlated with the life history of an
organism (Dean, 2006; Macho and Williamson, 2002; Smith, 1991,
2000).

Regarding the formation times, we generally identified higher CFTs
in third molars compared to those of first molars. Similarly, CFTs in
human third molars are much higher than in the case of other teeth
(Shellis, 1984), as has also been observed in other hominoids where the
first molars form faster and in less time than third molars (Smith et al.,
2007, 2010). The longer formation times in the third molars might be
related to their lower EER. When comparing between taxa, the overall
crown formation times in Equus are much higher than in hipparionins,
since Equus CFTs are the result of a composite growth reconstruction as
they extend the molar formation. When we compare growth curves and,
thus, observe the total crown formation times of individual teeth of
similar developmental stages, we observe higher CFTs in hipparionin
teeth compared to Equus (Fig. 5), and in some cases higher CFTs in the
small hipparionins compared to the larger species (Fig. 4). Macho and
Williamson (2002) found a significant correlation between the crown
formation times corrected by body mass and the relative gestation
length in African bovids. Although they arguably overestimated the
CFTs due to the misinterpretation of sub-daily striations with daily in-
crements (Kierdorf et al., 2013, 2014), the similar repeat intervals that
they reported relating these features across the studied taxa (Macho and
Williamson, 2002) might maintain the proportionality of the correction

and thus the significance of the correlation. Hence, taking in mind the
high relative CFTs obtained in hipparionins, and especially the two
dwarf taxa, we might infer higher relative gestation lengths, a char-
acteristic of a slower pace of life history compared to Equus and to
larger hipparionins.

However, a more direct life history proxy not related to the con-
tinuous growth of extant equid teeth is the timing of dental eruption
(Smith, 2000). On the one hand, the first molar eruption is considered
as an indicator of the weaning event (Dirks and Bowman, 2007; Smith,
1991, 2000), and the age of eruption is an informative estimate of
postnatal growth rate, with faster-growing animals erupting their first
molars earlier in life (Smith, 2000). The age of first molar eruption,
moreover, has been shown to positively correlate with important life
history traits such as longevity or female sexual maturity (Veitschegger
and Sánchez-Villagra, 2016). On the other hand, the onset of the third
molar eruption has been shown to be correlated with skeletal maturity
(Dean, 2006; Engström et al., 1983). Data relative to the weaning and
maturity attainment of extant equids coincide with those of the first and
third molar eruption times (Table 4). This endorses our interpretations
based on the hipparionin eruption times. In extant foals, the first molar
starts to be formed close to the birth event, and begins mineralization
two weeks after (Hoppe et al., 2004). Taking into account the growth
curve reconstruction, we identified the emergence time of extant Equus
molars (Nacarino-Meneses et al., 2017) at ~230 days (Fig. 4), which
agrees quite well with that reported in the literature (Smuts, 1974).
Assuming a similar age of the first molar formation onset in hippar-
ionins, we can infer later eruption times compared to extant equids. By
this, we roughly estimate the weaning age of the hipparionins analyzed
in a span from 300 to 350 days of age (10–12months).

The absolute eruption age of the third molar is difficult to establish
because we do not know at which age hipparionins started to form the
third molar. However, the hipparionin tooth mineralization pattern has
shown to be analogous to that of extant Equus (Domingo et al., 2018).
From the growth curves, we estimated a similar third molar eruption
time of ~500 days after the onset of the formation in all analyzed taxa.
If we conservatively assume that hipparionin third molars begin to form
as in Equus, where third molar mineralization starts at the age of
21months (Hoppe et al., 2004), the hipparionin third molars should
have erupted around the age of ~37.5months. Considering the allo-
metric coupling between size and life history, we would expect that the
smaller species followed faster life history strategies and, thus, they
would have matured earlier (Calder, 1984). However, we observe how
hipparionins, and especially the dwarf Spanish species, had a similar
maturity age to extant equids. In this sense, we could infer a slower
lifestyle in hipparionin horses bearing in mind the similar timing de-
spite the smaller size (Sibly and Brown, 2007). Our results on weaning
and maturity schedules, together with the hipparionin smaller size

Table 4
Eruption dates of first and third molars contrasted with life history information
in two extant equid species.

Species Event Age (months) Reference

Equus caballus First molar eruption 8–12 (Hoppe et al., 2004)
Weaning age (feral) 8–9 (Waran et al., 2008)
Third molar eruption 42–48 (Hoppe et al., 2004)
Femoral epiphysis fusion 36–42 (Silver, 1969)
Breeding (Przewalski's
horse)

36–48 (Monfort et al.,
1994)

Equus quagga First molar eruption 9–12 (Smuts, 1974)
Weaning age 8–12 (Pluháček et al.,

2007)
Third molar eruption 39 (Smuts, 1974)
Adult body mass
attainment

36 (Smuts, 1975)

Sexual physiological
maturity

42 (Smuts, 1976a)

G. Orlandi-Oliveras, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 528 (2019) 133–146

142



95Ch.5

Life History and Ecology of Late Miocene Hipparionins from the Circum-Mediterranean Area

compared to extant equids, further support our previous interpretation
of slower life histories. Conforming to the Schultz's Rule (Smith, 2000),
moreover, the hipparionin eruption sequence have already indicated a
slow-growing strategy (Domingo et al., 2018). Besides the slower pace
of life history compared to Equus, our results also suggest that the dwarf
taxa from the Spanish late Turolian followed slower lifestyles than the
larger middle Turolian species; because although they were smaller,
which predicts faster life history from body mass scaling (Calder, 1984),
they followed similar life history schedules.

4.4. Hypsodonty and life history interpretations

The more hypsodont Equus molars erupt earlier compared to those
of hipparionins, probably related to a faster ontogenetic development.
In a similar way, the South American notoungulates with ever-growing
teeth exhibited an earlier eruption of permanent molars compared to
premolars, which has also been linked to an accelerated life history
(Gomes Rodrigues et al., 2017). The higher wear exposure due to earlier
eruption of the permanent molars would have been compensated by the
observed extended dental growth span and a late root formation. After
the earlier Equus molar eruption, therefore, the subsequent slower
growth and extended formation time helps to counterbalance the height
loss due to wear (Nacarino-Meneses et al., 2017). Moreover, the higher
EERs related to earlier formation, and the extended crown formation
times in Equus, may be involved in the higher hypsodonty indices ex-
hibited within the genus. As a result, extant equids could have increased
the endurance of their masticatory apparatus and, thus, incremented
their potential lifespan (Damuth and Janis, 2011; Jordana et al., 2012;
Veiberg et al., 2007). Hipparionins, on the other hand, would have
erupted their permanent molars later than extant equids, thus having a
prolonged potential tooth lifespan as teeth began to wear later. More-
over, instead of increased crown heights, hipparionin horses relied on
occlusal enamel-band complexity as a way to expand their tooth dur-
ability (Famoso et al., 2016; Famoso and Davis, 2016).

Previous inferences on the life history of the Hipparionini tribe
suggested an earlier maturity attainment and shorter lifespan compared
to modern equids (Hulbert, 1982; Kurtén, 1953; Van Valen, 1964).
These first surveys were based on age-structure and population dy-
namics studied from attritional equid fossil populations by means of
their dentition ontogeny (Woodburne and MacFadden, 1982). There-
fore, to define and characterize discrete age stages for the reconstruc-
tion of the demographic profile, these studies depended on models of
age determination for extant species and their eruption patterns
(Kurtén, 1953; Spinage, 1972). For this reason, the inferences of ac-
celerated life history in hipparionins, and especially the interpretations
of shorter potential lifespan, strongly relied on the lower crown height
of these taxa compared to present-day equids (Hulbert, 1982) and on
the smaller size of some species (Van Valen, 1964). However, as we
have seen, hipparionins do not follow the same formation, nor eruption
pattern as extant equids (Domingo et al., 2018), and probably they also
had different wear rates (Hulbert, 1984) due to their different dietary
niches (Semprebon et al., 2016). Hence, there are arguments in support
of the thesis that hipparionins were slow-growing mammals, as has also
been recently proposed from their molar eruption pattern based on the
Schultz's Rule (Domingo et al., 2018).

More recent approaches using bone paleohistological analyses have
provided a new framework to test for the life history adaptations of this
diverse and successful group (Martinez-Maza et al., 2014; Orlandi-
Oliveras et al., 2018). Thus, the study of the bone histology of Hipparion
concudense has provided evidence of the attainment of skeletal maturity
during the third year of life (Martinez-Maza et al., 2014), coinciding
with our inferred age of third molar eruption. Although Martinez-Maza
et al. (2014) pointed out similar life history patterns between H. con-
cudense and extant equids, they suggested that H. concudense developed
over a shorter time span. Their interpretation was based on an esti-
mated age of sexual maturity at three years old in H. concudense, while

most extant equids reach reproductive maturity during or after the
fourth year of life (Martinez-Maza et al., 2014). However, the identi-
fication of absolute sexual maturity attainment from bone histology
analysis is an issue still under debate (Marín-Moratalla et al., 2013;
Nacarino-Meneses et al., 2016), as Martinez-Maza et al. (2014) already
indicated, and the results should be considered carefully. Furthermore,
wild equid populations can exhibit a wide range of variability in sexual
maturity attainment since there are many possible factors influencing it
(Choquenot, 1991; Penzhorn and van der Merwe, 1988; Smuts, 1976a,
1976b; Westlin-van Aarde et al., 1988). The dental histology para-
meters and eruption times calculated here, however, point towards a
slower life strategy in hipparionins compared to extant equids. Con-
sidering their size, the Spanish dwarf taxa would have followed an even
relative slower lifestyle than the larger hipparionins, as was also pro-
posed by Orlandi-Oliveras et al. (2018) from the study of H. gromovae
bone histology. This slower pace of growth can be related to a different
ecology of the smaller species compared to the larger hipparionin forms
(Orlandi-Oliveras et al., 2018). In African bovids, Macho and
Williamson (2002) also found that the small-sized taxa tend to follow
slower life history strategies due to their relatively longer gestation
lengths. In this case, small ruminants showed different habitat pre-
ferences than the larger ones, browsing in more wooded habitats. Fu-
ture paleodietary reconstructions using micro or mesowear techniques
(Calandra and Merceron, 2016; Kaiser and Solounias, 2003) on the
teeth of these dwarf hipparionins could shed light on their diet and
habitat preferences.

5. Conclusions

Our analyses of the dental histology of hipparionin teeth allow the
characterization of their growth and comparisons both between dif-
ferent-sized taxa and with an extant equid model. In all cases, hippar-
ionin teeth grow and develop differently from those of the genus Equus.
Variations are also found between hipparionin species and between the
two tooth types analyzed within each taxon. We have associated the
higher enamel secretion and extension rates of the first/second molars
compared to the third molars with differences in the formation timing,
although the variation in the secretion rates could also be influenced by
the crown height or other characteristics related to tooth morphology.
The higher enamel extension rates of the first/second molars are a re-
flection of the fast somatic growth of early ontogenetic stages, while the
third molars are formed close to maturity attainment. Moreover, third
molars generally take more time to be formed and to erupt than first/
second molars, which is probably linked to their lower extension rates.
Regarding the differences between groups, we found lower daily se-
cretion rates in hipparionin teeth in comparison to E. quagga. We hy-
pothesize that these distinct secretion rates, together with the disparity
between hipparionin species, are the consequence of the interplay of
numerous factors, such as hypsodonty, enamel thickness, secretory
ameloblast lifespan, and overall tooth morphology.

Due to the link between pace of life history and dental growth de-
velopment, we could also draw inferences on the life history of the
studied taxa. The parameters that are more related to the pace of
growth are the enamel extension rate and the formation time. The
formation and eruption of first and third molars are further linked to
key life history events such as weaning and maturity attainment, re-
spectively. As a result, we were able to compare the hipparionin life
history strategies with an extant equid model, and also to make com-
parisons between the two dwarf forms and the larger one. Hipparionin
teeth grow more slowly and erupt relatively later than those of extant
equids, suggesting a slower pace of growth. In addition, the dwarf
hipparionins exhibit lower extension rates but similar formation and
eruption schedules than the larger species, which considering their
smaller size indicates that they had slower life histories than expected.
These results point towards a slow-growing strategy in hipparionin
horses, as has recently been suggested from dental eruption patterns
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(Domingo et al., 2018), and debunk previous hypotheses of general
shorter lifespans and earlier maturity. Dwarfed hipparionin species
from the late Turolian of Spain, moreover, do not follow the size scaling
of the life history schedule but show a similar life history strategy as
larger hipparionins, which is slower than predicted from the body mass.
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1. Comparison between Equus quagga and Hipparion concudense molars 
 

 

 

 

 

 

 

Figure S1. Molars of Equus quagga clearly showing occlusal wear and open roots. Enamel is still 
being deposited in these teeth (green arrows). Unworn or little worn molars of Hipparion concudense 
with identifiable closed roots (red arrows). First/second molars shown in lingual view (Equus quagga 
IPS-92341 and Hipparion concudense IPS-91762). Third molars shown in buccal view (E. quagga 
MZB-94-1229 and H. concudense IPS-87855). Scale 2 cm. 
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2. Scatterplots of molar measurements 
 

 

 

 

Figure S2 and Figure S3. Scatterplots of the width and length measurements at 1 cm above the 
crown base in hipparionin molars from El Arquillo fossil site. The specimens selected for histological 
study are represented in darker color.  

6

7

8

9

10

11

12

13

12 13 14 15 16 17 18 19 20 21

W
ID

TH
 (M

M
)

LENGTH (MM)

INFERIOR M1-M2
H. gromovae H. gromovae analyzed H. periafricanum H. periafricanum analyzed

6

7

8

9

10

11

16 17 18 19 20 21 22 23 24 25 26

W
ID

TH
 (M

M
) 

LENGTH (MM)

INFERIOR M3
H. gromovae H. gromovae analyzed H. periafricanum H. periafricanum analyzed



102 Ch.5

3. Tests for ANCOVA assumptions: 
 

3.1 With Equus quagga data: 
 

3.1.1 All first/second molars  
 

 

- Table S1. Test for equality of variances (Levene’s Test) in all first/second molars. 
 

F df1 df2 Sig. 
5.965 3 93 0.001 

 

 

 

- Table S2. ANOVA table for the EER of all first/second molars. Checking for the significance 
of the interaction between the predictive variable (Species) and the continuous covariate 
(Crown Height) of the ANCOVA model. 
 
Model: EER ~ Intercept + Species + Crown Height + (Species : Crown Height)  
 

 SS df Mean squares F p-value 

Intercept 27051.17 1 27051.17 41.38 0.000 

Species 19190.67 3 6396.89 9.79 0.000 

CrownHeight 44868.68 1 44868.68 68.63 0.000 

Species:CrownHeight 3957.502 3 1319.17 2.02 0.117 

Error 58182.76 89 653.74   

Total 1198735.19 97    
 

 

 

There is no significant interaction between the predictive variable and the covariate (p = 0.117). 
However, Levene’s test rejects the hypothesis of equality of variances between groups (p = 0.001). 
The slopes of the regressions between the enamel extension rate and the crown height of the four 
groups are similar (Fig. 3, main text).  
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3.1.2 All third molars 
 

 

- Table S3. Test for equality of variances (Levene’s Test) in all third molars. 
 

F df1 df2 Sig. 
0.605 3 156 0.615 

 

 

 

- Table S4. ANOVA table for the EER of all third molars. Checking for the significance of the 
interaction between the predictive variable (Species) and the continuous covariate (Crown 
Height) of the ANCOVA model. 
 
Model: EER ~ Intercept + Species + Crown Height + (Species : Crown Height)  
 

 

SS df Mean squares F p-value 

Intercept 673670.37 1 673670.37 1925.10 0.000 

Species 26905.87 3 8968.62 25.63 0.000 

CrownHeight 183825.53 1 1 83825.53 525.30 0.000 

Species:CrownHeight 5364.69 3 1788.23 5.11 0.002 

Error 53191.06 152 349.94   

Total 1320630.94 160    
 

 

 

There is a significant interaction between the predictive variable and the covariate (p = 0.02). 
However, Levene’s test fails to reject the hypothesis of equality of variances between groups 
 (p = 0.615). The slopes of the regressions between the enamel extension rate and the crown height 
of the four groups are similar (Fig. 3, main text).  
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3.2 Without Equus quagga data:  

3.2.1 Hipparionin first/second molars  
 

 

- Table S5. Test for equality of variances (Levene’s Test) in hipparionin first/second molars. 
 

F df1 df2 Sig. 
0.527 2 74 0.593 

 

 

 

- Table S6. ANOVA table for the EER of hipparionin first/second molars. Checking for the 
significance of the interaction between the predictive variable (Species) and the continuous 
covariate (Crown Height) of the ANCOVA model. 
 
 
Model: EER ~ Intercept + Species + Crown Height + (Species : Crown Height)  
 

 SS df Mean squares F p-value 

Intercept 686008.31 1 686008.31 867.67 0.000 

Species 15909.98 2 7954.99 10.06 0.000 

CrownHeight 208030.85 1 208030.85 263.12 0.000 

Species:CrownHeight 2901.08 2 1450.54 1.83 0.167 

Error 56134.75 71 790.63   

Total 1165851.56 77    
 

 

 

There is no significant interaction between the predictive variable and the covariate (p = 0.167). 
Moreover, Levene’s test fails to reject the hypothesis of equality of variances between groups  
 (p = 0.593). The regression slopes between the three groups are similar (Fig. 3, main text).  
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3.2.2 Hipparionin third molars 
 

 

- Table S7. Test for equality of variances (Levene’s Test) in hipparionin third molars. 
 

F df1 df2 Sig. 
1.390 2 92 0.254 

 

 

 

- Table S8. ANOVA table for the EER of hipparionin third molars. Checking for the significance 
of the interaction between the predictive variable (Species) and the continuous covariate 
(Crown Height) of the ANCOVA model. 
 
 
Model: EER ~ Intercept + Species + Crown Height + (Species : Crown Height)  
 

 

SS df Mean squares F p-value 

Intercept 373972.67 1 373972.67 1351.98 0.000 

Species 9655.94 2 4827.97 17.45 0.000 

CrownHeight 117170.31 1 117170.31 423.59 0.000 

Species:CrownHeight 886.04 2 443.02 1.60 0.207 

Error 24618.44 89 276.61   

Total 757613.04 95    
 

 

 

There is no significant interaction between the predictive variable and the covariate (p = 0.207). 
Moreover, Levene’s test fails to reject the hypothesis of equality of variances between groups  
 (p = 0.254). The regression slopes between the three groups are similar (Fig. 3, main text).  
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4. Enamel extension rates at the different tooth thirds  
 

 
 

Figure S4. Enamel extension rate (EER) box-plots for each species considering three different thirds 
of the enamel band. Note the different scales of the x-axis for the first/second molar compared to that 
of the third molar. 
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5. Tooth type growth curves 

 

 

 

 

Figure S5. Molar growth curves fitted to von Bertalanffy growth models. The reconstructed growth 
curve of the first/second molar (black) and the third molar (grey) of each species is represented in 
each plot. Higher growth rates can be inferred in the first/second molars compared to the third molars. 
95 % confidence intervals represented as dashed lines.  
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6. Enamel thickness 
 

 

 

 

 

Figure S6. Box-plots showing the enamel thickness measures of all molars analyzed. Because the 
measures were performed 1 cm above the root, we only included from the Equus quagga sample 
those moderately worn molars with identifiable morphological roots. 
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Abstract

	 The adaptive radiation of  hipparionins after their Old World dispersal was linked with 
a trend towards smaller body sizes. The appearance of  these small-sized forms has usually been 
associated to more open environments and grazing diets. A recent approach, moreover, highlights 
the role of  life history modifications related to habitat conditions as triggers of  their size shifts. Here, 
we test the relationship between hipparionin size and diet, further exploring feeding and habitat 
preferences in relation to size through time and space. We analyzed dental microwear textures 
of  different-sized hipparionins from Vallesian and Turolian circum-Mediterranean localities. Our 
results show that hipparionins were mainly mixed-feeders, and that there was no general link 
between body size and diet. However, in the western Mediterranean, we identified broader feeding 
spectra in smaller forms and more specialized grazing diets in larger ones. In contrast, the eastern 
Mediterranean hipparionins do not show this differentiation. Contra with the notion of  more open 
habitats eastwards, we detected a larger browsing component in eastern hipparionin diets. The 
consumption by extant equids of  more woody browse during the dry season, leads us to propose a 
greater seasonality as a possible cause. Another interpretation might involve the presence of  more 
millimetric grit in the eastern opener habitats. We also found that sympatric hipparionins have 
similar feeding habits, and their diets appear to be influenced by the local environment. Finally, we 
suggest that the hipparionin small size resulted from different adaptations to local environments 
rather than to a generalized and common pattern of  size modification due to a shared ecological 
shift.

Keywords: hipparion; Equidae; diet; body size; late Miocene; dental microwear texture analysis
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6.1. Introduction

	 The living Equidae are today represented by only few species from one genus that chiefly 
graze and inhabit open habitats (Bauer et al., 1994; Moehlman, 2002). However, in the past the 
Equidae exhibited much greater taxonomic richness (MacFadden, 1992, 2005; Woodburne and 
MacFadden, 1982) and a broader spectrum of  dietary adaptations (MacFadden et al., 1999; 
Semprebon et al., 2016; Tütken et al., 2013) more comparable to modern African bovids (Gagnon 
and Chew, 2000). Similarly, extinct equids occupied more habitat types than their extant relatives 
(MacFadden, 1992; Semprebon et al., 2016) and showed a broader range of  body sizes (Alberdi et 
al., 1995; Gould and MacFadden, 2004; MacFadden, 1992).

	 Hipparionins are an equid tribe that was especially diverse during the late Miocene, when 
it dominated many of  the mammal assemblages from the Holarctic realm (Bernor et al., 1996; 
Woodburne, 1989). These three-toed horses radiated soon after their first dispersal from North 
America to the Old World (Bernor et al., 1996, 2003; Cantalapiedra et al., 2017; Scott et al., 2003; 
Woodburne, 1989). Consequently, sympatric and morphologically diverse species are found in 
western and eastern Mediterranean regions already during the beginning of  the Vallesian (Forsten, 
1997; Koufos, 2016; Scott et al., 2003) [European Land Mammal Age, 11.2–8.9 Ma (Hilgen et al., 
2012)]. Although the hipparionins from circum-Mediterranean regions underwent an important 
taxonomic and morphological diversification (Bernor et al., 1990b, 1996; Forsten, 1968), in central 
Europe the specific diversity was much lower (Bernor et al., 1990a; Forsten, 1978a). It is during the 
Turolian [European Land Mammal Age, 8.9–5.3 Ma (Hilgen et al., 2012)], however, that the Old 
World hipparionin horses reached their highest taxonomic and ecological diversity (Bernor et al., 
1990a, 1996). This diversification is marked by an increase in the range of  body sizes, especially 
towards smaller sizes (Bernor et al., 1996; Ortiz-Jaureguizar and Alberdi, 2003). The “Cremohipparion 
clade” (sensu Bernor et al., 1996), for instance, diversified along two opposite trajectories; leading 
to the appearance of  a lineage characterized by large-sized horses (e.g., Cremohipparion proboscideum) 
and to the appearance of  other forms that decreased in body size (e.g., Cremohipparion matthewi) 
(Bernor et al., 1996, 2016). Those hipparionins that decreased in body size may have evolved the 
small size independently (Bernor and Tobien, 1989; Woodburne and MacFadden, 1982). Hence, 
contrary to the commonly described phyletic size increase in Equidae, size decrease processes took 
place numerous times during their evolutionary history (Gould and MacFadden, 2004; MacFadden, 
1992).

	 The shift towards smaller size in some hipparionins, together with their diversification, has 
been associated with increasing climate seasonality and its repercussions on floral communities 
(Bernor et al., 1990a, 1996; Saarinen, 2009). Accordingly, some authors have suggested that the 
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small-sized hipparionins dwelt in more open habitats (Bernor et al., 1996; Saarinen, 2009) and were 
adapted to graze on less nutritious xerophytic forage (Forsten, 1968, 1978b). On the other hand, 
other authors have argued that these forms were adapted to more closed and forested areas (Ortiz-
Jaureguizar and Alberdi, 2003) like extant “smaller zebras” (Alberdi et al., 1995). Recently, these 
size diminution trends have been associated with shifts in adult mortality regimes in some cases, 
and resource availability in others (Orlandi-Oliveras et al., 2018). These are two scenarios that can 
also be indirectly linked to changes in habitat structure.
	
	 Animal body size is related to many physiological and ecological factors (Calder, 1984; 
Palkovacs, 2003; Peters, 1983). One of  the central variables determining body size is growth rate, 
which in turn is strongly affected by the environmental effects on food availability and foraging risk 
(Dmitriew, 2011). Hence, the items consumed by an animal do not only depend on the availability 
and quality of  the available resources, but also on the competitive pressure and predation risk 
associated with the exploitation of  these resources (Brown, 1988). In turn, these factors all depend 
on habitat type and structure. A general relationship can thus be described for body mass, diet, 
and habitat in extant African ungulates: large-sized species tend to inhabit open areas and graze on 
abundant low quality food, while smaller taxa generally browse on less abundant high quality items 
in closed habitats (Bell, 1971; Case, 1979; Gagnon and Chew, 2000; Hopcraft et al., 2010; Jarman, 
1974). Case (1979) enumerates these examples, among many others, to illustrate this tendency: the 
Cape buffalo (Syncerus caffer caffer) grazes and inhabits savanna landscapes, while the smaller forest 
buffalo (Syncerus caffer nanus) dwells in more closed habitats; the pygmy hippopotamus (Hexaprotodon 
liberiensis) of  235 kg (Jones et al 2009) forages in aquatic masses of  forested areas, while the much 
larger Hippopotamus amphibius of  1536 kg (Jones et al 2009) grazes near open savanna lakes. 

	 It was long assumed that hipparionins were mostly open savanna grazers due to their high-
crowned teeth (MacFadden and Hulbert, 1988; Matthew, 1926; Stebbins, 1981; Stirton, 1947). 
Because of  that, their arrival to the Old World was tentatively linked to the spread of  grasslands 
(Gabunia and Chochieva, 1982; MacFadden, 1992), a thesis no longer supported by more recent 
studies on hipparionin diets (Hayek et al., 1992; Kaiser, 2003; Tütken et al., 2013) and by evidence 
of  grassland presence predating their appearance (Strömberg, 2006; Strömberg et al., 2007). In 
stark contrast, reconstructions of  hipparionin paleobiology indicate more diverse dietary niches 
than grazing (Hayek et al., 1992; MacFadden et al., 1999; Merceron et al., 2016a, 2007; Tütken et 
al., 2013). For instance, an opportunistic mixed-feeder strategy in a wide range of  habitats has been 
suggested (Kaiser, 2003; Tütken et al., 2013). While some studies have not identified significant 
feeding differences between sympatric hipparionin species (Clavel et al., 2012; Rey et al., 2013; 
Solounias et al., 2010), others detected dietary niche-partitioning between taxa (MacFadden et 
al., 1999; Merceron et al., 2016a). Similarly, life history strategies have also been found to differ 
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between hipparionins of  different sizes (Orlandi-Oliveras et al., 2018, 2019). Although hipparionin 
dietary preferences have been extensively studied from a paleoenvironmental point of  view, the 
relationship between their size and diet has not yet been explored. Due to 1) the long-time interval 
of  hipparionin presence in the Old World, 2) their wide geographical distribution, and 3) their 
broad range of  body sizes, hipparionins constitute a good model for exploring size related niche 
partitioning with respect to habitat and feeding preferences across closely-related ungulates. 

	 Microwear analysis has proven to be a powerful tool for tracking differences in diet in both 
extant and extinct species (Calandra and Merceron, 2016; DeSantis, 2016; Martin et al., 2018; Scott 
et al., 2005; Walker et al., 1978). During mastication, processed matter produces a characteristic 
microwear signature on wear facets likely related to the foods’ physical and mechanical properties 
and the presence of  phytoliths or grit in the food items (Lucas et al., 2014; Madden, 2014; Merceron 
et al., 2016b; Rabenold and Pearson, 2011; Ramdarshan et al., 2016, 2017; Schulz et al., 2013; 
Winkler et al., 2019; Xia et al., 2015). It is therefore possible to infer, through the study of  the 
dental microwear texture, properties and types of  foods consumed by an animal during the last 
days or weeks (Teaford and Oyen, 1989; Teaford et al., 2017). Comparative studies across a range 
of  taxonomic groups consistently find empirical relationships between diet and dental microwear 
textures [e.g., Scott, R.S. et al. (2012) in primates, Schubert et al. (2010) in carnivorans, Scott, J.R 
(2012) in bovids, etc.]. Using dental microwear texture analysis, researchers have tracked animal’s 
dietary strategies, revealed their feeding plasticity, identified cases of  niche partitioning (Merceron 
et al., 2010a; Rivals et al., 2007; Ungar et al., 2007), and made inferences on the habitat in which 
they might have dwelt (Merceron et al., 2005a, 2016a). The scans obtained from Dental Microwear 
Texture Analysis (DMTA) can be quantified repeatably, limiting the risks for intra and inter-observer 
errors (DeSantis et al., 2013; Scott et al., 2005, 2006; Ungar et al., 2003). Using this method, we 
obtain some distinct variables that typify the dental microwear texture: the measure of  change in 
roughness with scale (complexity), the measure of  orientation concentration of  surface roughness 
(anisotropy), and the variation of  complexity within the surface (heterogeneity of  complexity) 
(Scott et al., 2005, 2006). The consumption of  tough food—such as mature grasses—tend to 
produce high anisotropic textures, whereas the processing of  harder and more brittle items—such 
as woody browse—results in textures of  lower anisotropy indices and high complexities. Generalists 
and mixed-feeders consume diverse types of  resources with varying mechanical properties, which 
it appears to increase the heterogeneity of  the texture complexity. 

	 In previous studies, the hipparionin size differences have been explored from a life history 
approach by means of  bone and dental histology analysis (Orlandi-Oliveras et al., 2018, 2019). In 
this work, we aim to evaluate the scaling relationship between ecological preferences (diet) and 
hipparionin body size, and how it has changed through time and space during the late Miocene. 
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The present study, hence, might help to test the interpretations on hipparionin paleobiology 
obtained from previous life history inferences. For this purpose, we use DMTA in different-sized 
hipparionins from Vallesian and Turolian sites located on eastern and western Mediterranean 
basins, with special interest on sympatric taxa. Our results will help to understand the dietary 
preferences of  the hipparionins of  diverse size classes, and to explore the changes they undergone 
from Vallesian to Turolian in different areas of  their distribution range. 

6.2. Material and methods

	 6.2.1. Sample and Study Area

	 The fossil specimens come from 20 late Miocene fossil sites of  circum-Mediterranean basins 
(Figure 6.1). We have focused on localities that yielded large hipparionin assemblages and with those 
exhibiting a high hipparionin size diversity. We predominantly sampled the more diverse Turolian 
fossil sites. Far from being homogeneous, eastern Mediterranean faunas show some dissimilarities 
during most part of  the Turolian (Kostopoulos, 2009; Koufos and Vlachou, 2016). We divided, hence, 
the eastern Mediterranean Turolian sample in the western Anatolian (Samos island and continental 
western Anatolia) and the Balkans bioprovinces (continental Greece and Bulgaria). Vallesian 
hipparionins come from western Mediterranean and from the Balkans, while Turolian forms come 
from the three bioprovinces studied (see Appendix 1 for detailed information). 

1

3
2

5

4 7

6

8

910

500 km

Figure 6.1.
Geographic distribution of the localities from western Mediterranean (circles), Balkans (stars), and western 
Anatolian (squares) basins. Dashed contours depicting the areas with Vallesian localities sampled. 1. Vallès-
Penedès Basin (Santiga, Can Llobateres, Can Poncic); 2. Teruel Basin (Concud, El Arquillo); 3. Cabriel Basin (Venta 
del Moro); 4. Axios Valley (Pentalophos, Ravin de la Pluie, Ravin des Zouaves-5 and Dytiko sites); 5. Thessaly 
(Perivolaki); 6. Mesta Valley (Hadjidimovo); 7. Chalkidiki Peninsula (Nikiti-1 and Nikiti-2); 8. Biga Peninsula 
(Gülpınar); 9. Muğla Yatağan Basin (Şerefköy-2); 10. Samos Island (Mytilinii-A, Mytilinii-B).
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	 Here we decided to use the broad sense of  the genus Hipparion because of  the lack 
of  cranial material available for some of  the analyzed taxa, which hinders their unequivocal 
determination within the proposed supraspecific groupings (Bernor et al., 1996). We organized 
the eastern Mediterranean hipparionin taxa following the morphotypes defined by Vlachou (2013). 
We grouped the western Mediterrenan hipparionins considering size morphotypes, which follow 
specific differences, due to the general lack of  complete cranial material.

	 6.2.2. Microwear Data Acquisition

	 The sample studied comprises 372 teeth from a wide range of  hipparionin populations 
(Table 6.1; Appendix 2). We discarded unworn and completely worn teeth together with those 
showing marked taphonomical alterations. We preferably selected second upper or lower molars, 
although in some cases we also analyzed first/third molars and third/fourth premolars as 
variations in DMT along the tooth row are not significant (Ramdarshan et al., 2017). Following 
standard procedures, the occlusal surfaces of  the teeth were cleaned using acetone-soaked cotton 
swabs to remove dust particles and glue. Afterwards, dental replicas were made using a polyvinyl 
siloxane silicone of  medium consistency (ISO 4823, President Regular Body, Coltène-Whaledent). 
These molds were scanned with the “TRIDENT” Leica DCM8 white-light confocal profilometer 
(PALEVOPRIM lab CNRS University of  Poitiers, France) with a 100× lens (numerical aperture 
= 0.90; working distance = 0.9 mm). We scanned preferentially the lingual facets of  paracone 
and buccal facets of  protoconid, but metacone and hypoconid were selected when the former 
showed alterations. The lateral resolution (x,y) of  the scans was set to 0.129 μm and the vertical 
spacing to less than 0.002 μm. Once scanned, the surfaces were saved as .plμ files by LeicaScan 
software (Leica Microsystems) and imported for processing to LeicaMap following procedures 
shown in Merceron et al. (2016a). A 200 × 200 μm area was extracted and saved as a .sur file. All 
the specimens were scanned and processed at PALEVOPRIM (CNRS and University of  Poitiers, 
France). Photo-simulations of  the surfaces analyzed are available at the Appendix 3. 

	 6.2.3. Dental Microwear Texture Variables and Statistical Analyses 

	 The surfaces were processed using Toothfrax and Sfrax software (Surfract, 
http://www.surfract.com) applying Scale Sensitive Fractal Analysis (SSFA) and following the 
standard procedures detailed in Scott et al. (2006). SSFA generates a set of  Dental Microwear 
Texture (DMT) parameters that quantify the enamel surface. These are described in Scott et al. 
(2006, 2005). In the present study, we focused on the ones that better reflect surface textural 
attributes correlated to diet: complexity (area scale fractal complexity, Asfc), anisotropy (exact 
proportion of  length scale anisotropy of  relief, epLsar), heterogeneity (heterogeneity of  area scale 
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fractal complexity, HAsfc), and textural fill volume (Tfv) (Scott et al., 2006). Here we consider 
the heterogeneity of  complexity over 64 cells per scan, because this setting contributed the most 
to the variance in our sample (tested via Principal Component Analysis, Appendix 4). Finally, a 
linear combination of  all four dental microwear texture parameters was performed by means of  
a Principal Component Analysis. The most explicative principal component (PC1) has been used 
as a proxy of  the overall microwear texture, gathering the major variance from the four DMT 
variables. Unfortunately, because extant equids are mostly grazers, there is no extensive dataset to 
which compare the DMT of  extinct equids with that of  extant forms with different diets. Hence, 
we relied on the framework provided Scott (2012) in which the DMT has been explored in relation 
to diet in another group of  ungulates with much diverse dietary adaptations.

		  6.2.3.1. Correlation between body size and diet
	
	 Body mass estimates have been used as a measure of  body size (Damuth and MacFadden, 
1990). We compiled from the literature body mass estimations based on metapodial measures 
(Orlandi-Oliveras et al., 2018; Pesquero and Alberdi, 2012; Vlachou, 2013), and calculated our own 
estimations using published data (Clavel et al., 2012; Forsten and Kaya, 1995) and own measures 
(Appendix 5). Calculations were performed using equations from Scott (1990) and Eisenmann and 
Sondaar (1998). We tested the link between the hipparionin size and their dietary preferences using 
linear least squares regressions: mean body mass estimates per population were correlated to our 
obtained dietary proxies [i.e., each DMT variable and the calculated principal component (PC1)].

		  6.2.3.2. Dietary differences between hipparionin populations

	 While considering the size differences, we have further explored the dietary diversity shown 
among hipparionins through time and space. In this regard, eastern and western Mediterranean 
hipparionins were differentiated, divided depending on the age of  the fossil association (Vallesian/
Turolian), and separated by their size category. Our smallest “work unit” was hipparionin population, 
which we defined as each group present in a specific fossil locality. The mean body masses of  the 
sampled populations range from 31 kg (periafricanum group from El Arquillo) to more than 250 kg 
(primigenium group from Hadjidimovo) (Table 6.1). We used a 100 kg threshold to establish two 
body size categories, dividing the large to medium-sized hipparionins (> 100 kg), and the small-
sized ones (< 100 kg). Despite surpassing the 100 kg threshold, we included into the small group 
the medium-sized Hipparion sp. from the western Mediterranean early Vallesian (Forsten, 1997) 
(154 kg), the Hipparion macedonicum from the Axios Valley Vallesian (103 kg), and the H. cf. matthewi 
from Samos (108 kg), by considering the larger body masses of  their sympatric taxa (Table 6.1), and 
that these groups represent the smallest forms present in their associations (Appendix 1). Thus, the 



121Ch.6

Life History and Ecology of Late Miocene Hipparionins from the Circum-Mediterranean Area

body mass of  the large members from the eastern Mediterranean ranges from 281 kg to 113 kg, 
while in the small taxa range from 108 kg to 62 kg. In the western Mediterranean, the body mass 
of  the large hipparioins goes from 205 kg to 124 kg, and from 154 kg (84 kg, excluding the early 
Vallesian form) to 31 kg in the small members.

	 To explore the variation on the microwear signal related to regional, chronological, and 
body size factors, a first set of  analyses based on three-way ANOVAs were performed for each 
DMT parameter. Post-hoc pairwise comparisons tests, the Tukey’s Honest Significant Differences 
test (HSD) and the less conservative Fisher’s Least Significant Differences test (LSD), were then 
used in tandem to identify the source of  variation. These parametric procedures were applied 
to rank-transformed variables for approximating distribution free (e.g., non-parametric) tests 
(Conover and Iman, 1981). Facing unbalanced factorial designs, here we used Type II sums of  
squares (SS) because it has been proved to be more powerful than Type III SS and does not depend 
on the arbitrary order of  the model terms (Langsrud, 2003). Because marginality principle applies 
to multifactorial ANOVA designs (Langsrud, 2003; Nelder, 1977), the significance of  the main 
effects was only interpreted when the interaction term was insignificant.

	 Moreover, a second set of  analyses consisting in three-way nested ANOVAs were 
performed to explore in more detail the hipparionin dietary regimes during the Turolian, when this 
clade achieved its higher taxonomic and size diversity. Here, we tested for differences on the dental 
microwear textures between the three bioprovinces surveyed (western Mediterranean, Balkans and 
western Anatolia) and the hipparionin groups present within these areas (section 6.2.1; Appendix 
1), while also considering the localities in which these groups are present. Differences were tested 
on the four DMT variables and on our calculated PC1. Again, HSD and LSD were used as post-
hoc tests, and all the variables were rank-transformed prior to the analyses. A significance level of  
α = 0.05 has been used for all tests.

6.3. Results

	 6.3.1. Relationship between Hipparionin Diet and Size

	 The first principal component (PC1) built with the four DMT variables, and considered as 
a more direct dietary proxy, gathered 34.6% of  the total variance (Table 6.2). The variance of  this 
PC1 is chiefly explained by complexity (Asfc, 45.2%), anisotropy (epLsar; 28.5%), and heterogeneity 
of  complexity (HAsfc; 26.3%), whereas textural filled volume (Tfv) accounts for less than the 0.1% 
of  it. Anisotropy is positively correlated with this principal component, while Asfc, HAsfc and Tfv are 
negatively correlated. Hence, higher PC1 values are linked to less complex enamel surfaces, which in 
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turn are more anisotropic and homogeneous, and have smaller microwear features. The regressions 
of  this PC1 and the four microwear textural parameters with the hipparionin body mass show 
no significant correlation (Table 6.3; Appendix 6). Thus, there is no general relationship between 
the microwear signal and the hipparionin body mass when all our sample is considered. However, 
some significant correlations are detected when separating the three bioprovinces. Heterogeneity of  
complexity is negatively correlated with hipparionin mass in western Mediterranean (p < 0.01), while 
it is positively correlated in the Balkans sample (p < 0.01) (Table 6.3 ; Appendix 6). Moreover, the PC1 
is positively correlated with the hipparionin body mass in the western Mediterranean area (p = 0.03). 
In all cases, there is a high dispersion of  the data—with R2 always below 0.05 (Table 6.3)—because 
the dependent variables (DMT parameters) show high variability as individual data are considered, 
whereas the independent variable (mass) is represented by mean values per each population. 

Asfc epLsar HAsfc Tfv

Component % of variance cumulative % 
of variance r r2 r r2 r r2 r r2

PC1 34.58 34.58 -0.672 0.452 0.534 0.285 -0.513 0.263 -0.023 0.001
PC2 25.16 59.73 0.083 0.007 0.138 0.019 -0.010 0.000 0.987 0.974
PC3 23.26 83.00 -0.023 0.001 0.673 0.453 0.735 0.540 -0.084 0.007
PC4 17.00 100 -0.735 0.540 -0.493 0.243 0.444 0.197 0.135 0.018

Asfc epLsar HAsfc Tfv PC1

Summary Linear 
Regressions p-value R2 p-value R2 p-value R2 p-value R2 p-value R2

All Data 0.084 0.008 0.185 0.005 0.901 <0.001 0.087 0.008 0.116 0.007
Western 

Mediterranean 0.601 0.002 0.125 0.014 0.006 0.044 0.889 <0.001 0.028 0.028

Balkans 0.328 0.007 0.591 0.002 <0.001 0.010 0.121 0.018 0.449 0.004
Western Anatolia 0.121 0.036 0.990 <0.001 0.526 0.006 0.169 0.029 0.204 0.024

Table 6.2.
Results of the Principal Component Analysis performed with the four DMT variables. Percentage of variance 
explained by the principal component and contribution of each variable to the principal components are shown. r: 
correlation coefficient between the DMT variables and the principal components; r2: proportion of variance of the 
principal component explained by each variable.

Table 6.3.
Summary of the linear regressions of the DMT parameters and the calculated principal component (PC1) against 
body mass. Graphs available at Appendix 6.
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	 6.3.2. Spatial and Temporal Dietary Variations Related to Hipparionin Size

	 In our first model we test whether three factors—geological age, geographic region, and 
body size—contribute to the variance of  the dental microwear texture and might have influenced the 
hipparionin diet. Our results confirm that these three factors affect the dental microwear texture, being 
in many cases involved in significant interactions (Table 6.4). Hence, changes in the dental microwear 
textures due to one of  these factors follow different directions depending on a second factor. We 
detect a significant decrease on the complexity parameter from the Vallesian to the Turolian in the 
large hipparionins, but not for smaller ones (Appendix 7.1), which maintain high levels of  complexity 
during the Turolian (Figure 6.2). Moreover, complexity is generally higher in the eastern hipparionins 
compared to the western groups (Figure 6.2, 6.3). Anisotropy, on the other hand, increases from 
Vallesian to Turolian in both regions (Table 6.4; Figure 6.2). In the western Mediterranean, the small-
sized hipparionins show significantly lower anisotropy values than the larger forms, while in the east 
the means between both size groups are similar (Figure 6.2; Appendix 7.2). The western Mediterranean 
small hipparionins have also higher values of  heterogeneity of  complexity than the large-sized forms 
from the same region. In the eastern Mediterranean, we detect the opposite trend, since large-sized 
species show higher HAsfc than the smaller ones (Figure 6.3.3; Appendix 7.3). Heterogeneity of  
complexity tend to increase from the Vallesian to the Turolian in hipparionins from eastern basins, 
while it does not vary in the western area (Figure 6.3.3; Appendix 7.4). Finally, the textural fill volume 
of  the small Vallesian forms is higher than that of  the larger Vallesian ones, a trend that is not 
followed during the Turolian (Figure 6.3.4; Appendix 7.5). 
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Figure 6.2.
Bivariate plot showing the mean and the standard error of the mean for the complexity (Asfc) and anisotropy 
(epLsar) variables. The symbol type (circle/square) represents the region, the filling of the symbol differentiates 
between hipparionin size types, and the color if they are from Vallesian (grey) or Turolian (black) assemblages. 
Extant wild Equus africanus asinus (A) and Equus quagga burchelli (B) are included for comparison.  
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Figure 6.3.
Bar charts with the mean and the standard error of the mean of the four DMT variables considered for each 
hipparionin group. Small-sized hipparionins depicted in light grey and larger ones in dark grey.



126 Ch.6

	 6.3.3. Hipparionin Diets during the Turolian

	 Nested ANOVAs on the more diverse Turolian sample show that the microwear patterns 
differ between hipparionin groups within the same bioprovince, and between the hipparionin 
populations within the same group (Table 6.5). Moreover, differences on the Asfc and HAsfc 
parameters between the three bioprovinces are detected. In this regard, complexity values are 
generally higher in the Balkans than in western Anatolia, while western Mediterranean hipparionins 
show the lowest complexities (Appendix 8.1). Differences in heterogeneity of  complexity are only 
significant between the Balkan sample and the less heterogeneous microwear signatures of  the 
western Mediterranean hipparionins (Appendix 8.2). 

	 Turolian hipparionin groups significantly differ in all parameters but Tfv (Table 6.5). The 
most notable differences are found between two large-sized groups from the western Mediterranean 
(concudense and cf. matthewi) and the rest (Figures 6.3, 6.4; Appendix 8.3). Their dental microwear 
textures are less complex and tend to be more anisotropic and homogeneous than in other 
hipparionins (Table 6.1; Figure 6.3; Appendix 8.3), showing, hence, higher PC1 scores (Figure 6.4). 
The general higher complexity values of  the Balkans hipparionins are also detected in the inter-group 
comparisons, since some groups (e.g., macedonicum and proboscideum) show minor Asfc differences 
compared to other forms from western Anatolia and the western Mediterranean (Figure 6.3.1; 
Appendix 8.3). Other significant differences are found between the large-sized proboscideum and 
primigenium groups from the Balkans compared to other hipparionins that have lower heterogeneity 
values (Figure 6.3.3; Appendix 8.3). These inter-group dissimilarities apart, the locality from which 
the samples came from is also an important factor affecting the variance of  our sample (Table 6.5). 
Focusing on the groups present in more than one locality, pairwise comparisons between fossil 
sites show that there are minor differences in DMT parameters between populations (Appendices 
8.4–8.7). Most of  these dissimilarities are caused by the high epLsar values of  Nikiti-2 macedonicum 
and dietrichi morphotypes in comparison with other populations from the same groups; together 
with the higher HAsfc values from Gülpınar and Hadjidimovo hipparionins (Table 6.1; Appendices 
8.4–8.7). On the other hand, when considering the localities with sympatric taxa, no significant 
differences are found among forms coexisting on the same fossil site (Appendices 8.8–8.15). Only 
some minor variations are detected inside El Arquillo locality, with higher heterogeneity values in 
the small-sized periafricanum and gromovae hipparionins compared to that of  the larger primigenium 
group (Figure 6.3.3; Appendix 8.15). 
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6.4. Discussion

	 6.4.1. Paleoecology of Hipparionins in Relation to Their Size

	 In this study, we have investigated the relationship between body size and diet in hipparionin 
horses. The linkage between body size and dietary strategy is still debated in extant ungulates (Codron 
et al., 2007; De Iongh et al., 2011). Contrary to previous interpretations (Bell, 1971; Gagnon and 
Chew, 2000; Jarman, 1974), more recent studies failed to detect a correlation between body mass 
and diet type in extant African herbivores (Codron et al., 2007), and even between their body mass 
and the quality of  the forage they ingest (De Iongh et al., 2011). A lack of  association between 
size and diet have also been found in Pleistocene ungulates (Saarinen et al., 2016) and in Eocene 
brontotheres (Mihlbachler and Solounias, 2002). Similarly, our results show that there is no evidence 
to support a general link between hipparionin size and their dietary preferences at a global scale. 
However, at a regional scale we still detect 1) an effect of  size on the dental microwear texture and 
2) a coupling between the hipparionin body size and the heterogeneity of  complexity of  their dental 
microwear textures. This later tendency, however, follows opposite directions: in the Balkans the 
small hipparionins were less generalists than the larger species, while western Mediterranean small 
forms fed on wider spectra of  preferred items. Moreover, the small hipparionins from the western 
Mediterranean consumed less tough items than the larger taxa, a trend not found in the eastern 
groups. Accordingly, there is a significant decrease in the grazing behavior related to the size decrease 
in the western Mediterranean, but not in the other bioprovinces. These biogeographical differences 
within size groups, strengthen the idea of  no general correlation between diet and hipparionin size.
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	 Paleoenvironmental inferences should preferably be done based on the dietary habits of  a 
broad range of  ungulates rather than from the diets of  a reduced group of  them. Nevertheless, the 
opportunistic feeding habits of  hipparionins (Tütken et al., 2013), and the fact that their dietary 
strategies are related to the available vegetation and, thus, to the habitat properties (Kaiser, 2003), 
allows us to get a broad idea of  the environment in which these hipparionins might have dwelt. 
Hence, considering the absence of  a global relationship between size and diet, we suggest that 
there should be no general correspondence between hipparionin size and their habitat preferences. 
The habitat structure, thus, might have not directly affected their body size. Other physiological, 
ecological, and life history factors may have had a significant influence on the size decrease trends 
undergone by some hipparionins (Orlandi-Oliveras et al., 2018) and other equids (Saarinen et 
al., 2016). At a regional scale, however, western Mediterranean small taxa seem to be related to 
wider dietary spectra and, during the Turolian, to more browsing diets compared to that of  their 
larger counterparts. Therefore, we infer that these smaller hipparionins probably preferred more 
heterogeneous and somewhat denser habitats. Small eastern Mediterranean hipparionins, on the 
other hand, have similar microwear textures to those of  the larger species, suggesting that they 
might have occupied comparable niches.

	 6.4.2. Temporal and Biogeographical Differences in Hipparionin Diets

	 The study of  the dietary strategies of  the circum-Mediterranean hipparionins further 
allows us to compare their feeding preferences and potential habitats through time and space. 
From Vallesian to Turolian, a general trend of  increasing seasonality and habitat opening has been 
suggested in all the Mediterranean area (Fortelius et al., 1996). These changes have been linked to an 
increase of  xerophytic vegetation and the development of  open landscapes with a rich herbaceous 
layer that includes grasses (Agustí et al., 2003; Jiménez-Moreno et al., 2007). The xerophytic foliage 
with thicker epidermis and grasses at least available seasonally may have contributed to the observed 
higher anisotropy observed in Turolian forms. In the eastern Mediterranean, besides, hipparionins 
generally differed from Vallesian to Turolian by the broadening of  their diets, which were already 
based on mixed-feeding strategies. This dietary niche expansion suggests the prevalence of  mosaic 
habitats that allow the exploitation of  food resources with diverse physical properties. Recent 
isotopic studies did not detect a major climate nor habitat change during the Vallesian-Turolian 
transition in this area (Merceron et al., 2013; Rey et al., 2013), but only a slight decrease in the 
precipitation regime (Rey et al., 2013). Wider seasonal variations and more perturbations during the 
Turolian, however, could have enhanced the presence of  heterogeneous landscapes with grasses, 
bushes and shrubs (Merceron et al., 2016a, 2005a; but see Denk, 2016), that would have provided a 
high variety of  resources. This diversity might have favored the coexistence of  diverse hipparionin 
taxa which do not strongly differ in dietary strategies (Solounias et al., 2010).
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	 Broadly, the main differences between regions lie in the different patterns observed through 
the hipparionin size range (see section 6.4.1), and the more complex dental microwear textures of  
eastern hipparionins compared to western forms. Moreover, compared to western Mediterranean 
hipparionins, the Balkans groups have dental microwear textures suggesting broader diets that 
include items of  harder nature, a dietary regime compatible with a more mixed-feeding strategy. 
	
	 During the late Miocene, the eastern Mediterranean is typically supposed to be more arid and 
less wooded than the western realm, based on the comparison of  the fossil mammal assemblages 
(Bonis et al., 1992; Koufos, 2006), and to other proxies that point to the open character of  the 
eastern habitats (Ioakim and Koufos, 2009; Koufos et al., 2009; Merceron et al., 2005a, 2010b, 2016a; 
Rey et al., 2013; Strömberg et al., 2007). Hence, the eastern Mediterranean biotope has mainly been 
characterized by an open dry savanna with a rich layer of  grasses and with some bushes and shrubs 
(Koufos et al., 2009; Merceron et al., 2005a, 2016a), although other proxies suggest the existence of  
more densely wooded areas (Denk, 2016; Denk et al., 2018; Solounias et al., 2010). In this context, 
we might expect more grazing feeding strategies in the eastern Mediterranean taxa compared to 
western ones. On the contrary, the large hipparionins from the Turolian western Mediterranean 
are the species that grazed more, while eastern hipparionins have microwear textures consistent 
with the consumption of  harder items (higher DMT complexity) of  diverse physical properties. We 
interpret this as a consequence of  seasonal dry conditions given the open character of  the eastern 
Mediterranean habitats and that late Miocene environments were arguably subject to significant 
precipitation shifts (Merceron et al., 2005b, 2013). During the dry seasons, extant African ungulates 
widen their dietary niches thus following less strict grazing diets (De Iongh et al., 2011). Accordingly, 
extant equids tend to include higher quantity of  harder woody browse in their diets during periods 
of  low food availability due to drought (Estes, 1991; Moehlman, 2002). In this regard, the lower 
selective behavior and higher intake rates of  the hindgut fermenters (Janis, 2008) can facilitate the 
broadening of  their diets and compensate for the resource fluctuations. Studies on fossil mammals 
coping with instable or limited resource supplies also point towards an expansion of  the dietary 
regimes and the inclusion of  more browse material (Smith and DeSantis, 2018; Winkler et al., 
2013). This increase in the browsing behavior during the dry season can be related to seasonal 
depletion of  herbaceous monocotyledons due to their lower water competitive capacity compared 
to bushes and shrubs whose roots go deeper in soil (Donzelli et al., 2013; February et al., 2013; 
Hipondoka et al., 2003; Wang et al., 2010). On the other hand, more humid conditions near lakes 
and floodplains can support a richer layer of  herbaceous vegetation (Rodgers, 1982), which is more 
present in the diets of  our large western Mediterranean hipparionins. Indeed, the populations that 
show a stronger grazing signal (Hipparion concudense from Concud, and Hipparion cf. matthewi from 
Venta del Moro) come from fossil associations developed on lacustrine environments (Montoya et 
al., 2006; Pesquero et al., 2013). Hipparionin obligate grazers, hence, were rather rare and probably 
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inhabited somewhat humid environments and/or faced seasonal migrations. Similarly, the extant 
zebra species that graze more (Equus quagga and Equus zebra) are in turn those which undergo larger 
migrations and are more water-dependent (Bell, 1971; Estes, 1991; Moehlman, 2002). 

	 Besides the physical properties of  the food and its phytolith content, the dental wear of  
ungulate teeth has been related to the action of  exogenous particles of  grit and dust (Lucas et 
al., 2014; Madden, 2014; Sanson et al., 2007). The exact role of  these particles on the microwear 
signature is an issue still debated, although recent studies have highlighted the fact that its presence 
do not significantly alter the dietary signal of  the DMT (Burgman et al., 2016; Merceron et al., 
2016b). In this sense, while the inclusion of  micrometric dust has shown to not increase the 
complexity of  the microwear texture (Merceron et al., 2016b), larger sand particles as millimetric 
grit could have an impact on it through the generation of  large pits (Solounias and Semprebon, 
2002), so arguably increasing complexity (Calandra and Merceron, 2016; Hedberg and DeSantis, 
2017). Hence, one alternative interpretation to the higher complexity of  the DMTs of  the eastern 
Mediterranean hipparionins could be the presence of  more micrometric grit in the eastern open 
environments compared to those of  the western Mediterranean. 

	 The dietary reconstructions proposed here potentially reflect the last weekly to monthly 
preferences, due to the nature of  the dental microwear studies (Teaford and Oyen, 1989; Teaford et 
al., 2017). On the other hand, long-term feeding strategies might be better inferred from mesowear 
and isotopic analyses, which can provide other comparative proxies for diet and overcome possible 
caveats as the effect of  exogenous grit. Although the short-term nature of  microwear studies 
could represent a limitation, particularly on behalf  of  the paleoenvironmental reconstruction, 
the advantage of  the DMTA methodology resides in the possibility of  tracking at a finer scale 
the feeding plasticity of  taxa, while helping to identify cases of  niche partitioning (Calandra 
and Merceron, 2016). In this regard, our DMT results are key to understand the ecology of  the 
sympatric different-sized hipparionins from different areas and ages. Future paleoenvironmental 
studies comparing both regions might require the study of  diverse ungulate groups, together with 
the inclusion of  isotopic and/or mesowear data that complements the information obtained from 
the microwear texture. 

	 6.4.3. Diets of Hipparionin Groups and Populations 

	 Previous studies have suggested a mixed-feeding and opportunistic dietary strategy in the 
primigenium hipparionins from the central European Vallesian (Kaiser, 2003; Tütken et al., 2013). 
Similarly, we show that the Vallesian forms analyzed here were intermediate feeders. Within each 
region, the coexisting different-sized Vallesian hipparionins did not strongly differ in their diet, 
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except for the broader dietary spectra of  the small western Mediterranean forms. In this case, they 
followed a more generalist diet than the larger hipparionins of  the same area, including a wider 
range of  preferred items in a weekly basis. On the other hand, the primigenium and the macedonicum 
hipparionins from the eastern Mediterranean show similar dietary preferences, as also suggested 
from isotopic studies (Rey et al., 2013). Compared between regions, the dental microwear textures 
of  large sized primigenium hipparionins are more complex in the eastern than in the western 
Mediterranean, consistent with the general pattern observed comparing both areas (see section 
6.4.2). However, this contrasts with a previous mesowear study that suggests a more browsing 
diet in the western Mediterranean primigenium forms compared to those of  the east (Scott et al., 
2013). This disagreement can be related to the distinct time scales addressed with the meso- and 
the microwear studies (Calandra and Merceron, 2016). On one hand, the mesowear signal might 
illustrate the long-term feeding preferences of  the hipparionins due to closer habitats in the west 
and opener habitats in the east (Koufos, 2006; Scott et al., 2013). On the other hand, our shorter 
term dental microwear results might reveal the seasonal addition of  more woody browse due to a 
stronger seasonal depletion of  monocot resources in the eastern Mediterranean. 

	 When we focus on the much diverse Turolian hipparionin assemblages, the greatest 
differences are found when comparing the large-sized western hipparionins with the others. As 
mentioned before, western Mediterranean H. concudense and H. cf. matthewi mainly fed on grasses, while 
the other hipparionins followed more mixed-feeding strategies and incorporated more browse in 
their diets. The Turolian primigenium group from the western Mediterranean could also have followed 
a somewhat grazing strategy. However, the small sample hinders a more reliable interpretation. 
Further comparisons are not possible since no other dental wear studies on Turolian western 
Mediterranean hipparionins have hitherto been done. The smaller hipparionins from this region, on 
the other hand, were generalist mixed-feeders that fed on a higher percentage of  browse than other 
western hipparionins. In the eastern Mediterranean, and especially in the Balkans bioprovince, the 
hipparionins show again more complex microwear textures, which we have mainly related to the 
higher consumption of  browse during seasonal dry phases (section 6.4.2). In this regard, the Balkans’ 
macedonicum group included in their diet—besides grasses—more quantity of  hard browse material 
in comparison to other western Mediterranean and western Anatolian hipparionins. This group, 
however, fed on a narrow range of  items on a daily basis, thus suggesting a seasonal mixed-feeding 
strategy rather than a “meal-by-meal” one (Solounias and Semprebon, 2002).

	 Previous dietary reconstructions of  eastern Mediterranean Turolian hipparionins have 
mainly inferred grazing diets (Hayek et al., 1992; Koufos et al., 2009; Solounias et al., 2010). Our 
results rather point to more intermediate feeding preferences both in a daily or in a seasonal basis. 
Similar mixed-feeding diets have also been suggested within the proboscideum group (Hayek et 
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al., 1992; Solounias et al., 2010), while other authors indicate a more grazing tendency for this 
group (Clavel et al., 2012; Koufos et al., 2009). In our sample, although being mixed-feeders, 
the proboscideum hipparionins from the western Anatolia represent the forms that grazed more 
of  the eastern Mediterranean. On the contrary, the Balkan proboscideum show a clear “meal-by-
meal” generalist feeding behavior. The dietrichi and macedonicum hipparionins, on the other hand, 
do not differ in diet between the two eastern bioprovinces. In the case of  the dietrichi group, our 
inferred mixed-feeding strategy agrees with previous interpretations based on material from Samos 
(Koufos et al., 2009), but contrasts with those that suggest a clear grazing diet (Hayek et al., 1992; 
Solounias et al., 2010). Our results also point to intermediate feeding preferences in the macedonicum 
hipparionins, in contrast to previously reported grazing diets (Hayek et al., 1992; Koufos et al., 
2006; Solounias et al., 2010). Merceron et al. (2016a) also detected variable grazing and even mixed-
feeding within the dietrichi and macedonicum groups; a pattern that they related to the inclusion of  
more browse during dry seasons. This last interpretation can be supported by our results pointing 
to intermediate feeding preferences but with narrow daily/weekly dietary spectra.

	 Local populations within each hipparionin group also show some differences in their 
microwear textures. For example, the macedonicum and dietrichi hipparionins from Nikiti-2 grazed more 
than their analogues from Perivolaki. To a lesser extent, the macedonicum hipparionins from Nikiti-2 
consumed higher proportion of  grasses than those from the localities of  Ravin des Zouaves-5 and 
Dytiko. Additionally, broader dietary preferences have been detected in the macedonicum group from 
Gülpınar, and in the proboscideum and primigenium hipparionins from Hadjidimovo in comparison 
to their counterparts from other sites. Comparable dietary variations within the same hipparionin 
group present in different localities have already been identified (Kaiser, 2003). These differences 
illustrate the influence of  the local environments; like the possible presence of  a richer herbaceous 
layer including monocots in Nikiti-2, as well as a more diverse habitat structure or higher intra- or 
inter-specific competition levels in Gülpınar and Hadjidimovo sites. In agreement with this pattern, 
we find a quite homogeneous dental microwear texture within each fossil site, with no significant 
differences between hipparionin groups coexisting on the same locality. We therefore suggest that 
the taxa present in one area exploited similar resources and, hence, that there was no strong niche 
partitioning. The same low degree of  dietary differentiation has also been found in previous studies 
on hipparionin diets (Clavel et al., 2012; Koufos et al., 2006; Solounias et al., 2010), in other extinct 
perissodactyls (Mihlbachler and Solounias, 2002), and even in extant ungulate assemblages (De 
Iongh et al., 2011). The presence of  various hipparionin groups with no clear niche differentiation 
can therefore be explained by: 1) the wide mixed-feeding strategies that allow them to consume a 
large variety of  resources, and 2) the size differences that might favor the exploitation of  different 
herbaceous strata (Koufos et al., 2006) in a diverse and rich environment (Solounias et al., 2010). 
The coexistence in Hadjidimovo of  two large hipparionins that show some of  the broadest dietary 
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spectra of  our sample (higher HAsfc), supports the hypothesis of  an expansion of  the dietary 
preferences due to competition rather than a niche differentiation strategy. In our sample, however, 
we have also detected some minor differences that may suggest a case of  niche differentiation within 
El Arquillo fossil site from the western Mediterranean area. Here, the smallest hipparionins follow 
a more browse dominated generalist diet compared to the larger primigenium group. Surprisingly, the 
larger and more grazing taxon from this site has lower-crowned teeth, while the smaller and more 
mixed-feeders periafricanum and gromovae hipparionins show the highest hypsodonty index of  the 
western Mediterranean Turolian (Pesquero, 2003).

	 6.4.4. Hypsodonty and Hipparionin Diets

	 Despite their hypsodont teeth, most of  the hipparionin groups analyzed here have shown 
to be intermediate feeders. The same lack of  correspondence between the hipparionin high-
crowned teeth and a strict grazing diet have been discussed in various studies dealing with dental 
wear and isotopes (Hayek et al., 1992; MacFadden et al., 1999; Solounias et al., 2010; Tütken et al., 
2013). MacFadden et al. (1999), initially proposed that the increased tooth height appeared once 
within the clade and that this condition was retained despite the following shifts in the dietary 
strategies. This interpretation, however, fails to explain the observed hypsodonty increase through 
time in many hipparionin groups (Alberdi, 1989). Alternatively, other authors emphasized that 
hipparionin hypsodont teeth represent an adaptation to flexible dietary habits (Kaiser, 2003; 
Tütken et al., 2013). In agreement with this interpretation, our results show that most of  the 
hypsodont hipparionins had mixed-feeding strategies in a daily or a seasonal basis. This feeding 
flexibility might have represented an advantageous trait during the climatic shifts occurred during 
the late Miocene (Tütken et al., 2013), since herbivores dealing with instable resource supplies tend 
to expand their dietary breaths (Winkler et al., 2013). 

	 Besides allowing to switch between a grazing or browsing diet depending on the resource 
availability, higher-crowned teeth might also promote the achieving of  a longer life span (Carranza 
et al., 2004; Jordana et al., 2012; Veiberg et al., 2007), which is linked to a general slower life history 
(Stearns, 1992). Indeed, as well as by the diet quality, the wear degree has shown to be influenced 
by the optimal timing of  tooth use in relation to the schedule of  growth and reproduction through 
life (Pérez-Barbería et al., 2015). More hypsodont teeth, then, can be related to a higher resource 
assignation to the soma maintenance rather than to current performance, a life history strategy which 
is in turn coupled to longer reproductive lifespans (Carranza et al., 2008; Veiberg et al., 2007). Enamel 
folding complexity on the occlusal surface, moreover, might have also played an important role in the 
efficiency of  the hipparionin tooth durability (Famoso and Davis, 2016); while in the Equus genus 
dental functionality is chiefly maintained by means of  increased crown heights due to the extension 
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of  the crown formation time (Nacarino-Meneses et al., 2017; Orlandi-Oliveras et al., 2019). The 
relationship between life history and dental development (Smith, 1991, 2000), together with the 
inferred slow molar formation and relatively late eruption of  hipparionins’ molars (Orlandi-Oliveras 
et al., 2019), make us interpret the lack of  linkage between hypsodonty and diet in hipparionins as 
possible evidence of  the role of  life history in the evolution of  tooth hypsodonty within this group. 

	 6.4.5. Size Decrease Trends 

	 The decrease in hipparionin size has mainly been related to an adaptation to open 
landscapes (Bernor et al., 1996; Forsten, 1997; Saarinen, 2009) and to feeding on plants of  
increasing xerophytism (Forsten, 1968, 1978b). On the other hand, Ortiz-Jaureguizar and Alberdi 
(2003) suggested more closed-habitat affinities for the small hipparionins. Here, however, we do 
not find a common dietary pattern shared between the small-sized hipparionins of  Vallesian and 
Turolian assemblages from the circum-Mediterranean regions. In consequence, we interpret that 
the size differences were not directly promoted by a common dietary or habitat shift but might 
instead represent independent adaptations that otherwise led to similar size decrease tendencies. 

	 The small and large-sized groups from the eastern Mediterranean did not follow contrasting 
dietary regimes during the Vallesian and the Turolian. This suggests that the cause or causes triggering 
the small-sized hipparionin appearance were not directly related to dietary differences. Otherwise, it 
lends support to the idea that shifts in other factors probably underlay these changes [e.g., mortality 
regimes shifts (Orlandi-Oliveras et al., 2018)]. In the western Mediterranean Vallesian, the main 
detected dietary difference resides in the more generalist diets followed by the smaller hipparionins. 
The smaller form, hence, probably dwelt in more heterogeneous habitats (Forsten, 1997). The 
sharpest dietary dissimilarities between size groups, however, are found in the western Mediterranean 
Turolian. Nowadays, the large size of  extant grazing plain zebras allows them to go through the 
seasonal migrations following the grasses fluxes (Moehlman, 2002). In the western Mediterranean, 
likewise, larger-sized hipparionins were the taxa with the stronger grazing tendencies, and they might 
arguably undergo seasonal migrations when the resources in monocotyledonous were depleted. The 
smaller and more hypsodont species, on the other hand, followed browse-dominated mixed-feeding 
strategies; probably exploiting the available resources in somewhat closer habitats, and broadening 
the spectrum of  ingested items during seasons of  lower resource availability. In this regard, bone 
and dental paleohistological studies have pointed towards relative slower life histories in these more 
hypsodont small-sized forms in comparison to larger hipparionins from the western Mediterranean 
Turolian (Orlandi-Oliveras et al., 2018, 2019). Similarly, extant roe deer populations of  less productive 
environments are smaller, more hypsodont, and more longer-lived than larger-sized roe deer 
populations inhabiting highly productive environments (Veiberg et al., 2007). 
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6.5. Summary

	 The dental microwear textures of  the northern circum-Mediterranean hipparionins mainly 
point towards mixed-feeding strategies. Some exceptions are present, since large-sized forms of  the 
Turolian western Mediterranean grazed more than the rest. When considering all the hipparionins 
analyzed, we do not find a common relationship between their dietary preferences and their size. 
Despite this lack of  general correlation, the western Mediterranean large-sized forms tended to 
have narrower dietary breadths further associated to a higher percentage of  grassy consumption 
in comparison to smaller hipparionins. On the other hand, the different-sized hipparionins from 
the eastern bioprovinces follow similar intermediate feeding strategies, including both browse and 
grasses in their diets (in some cases in a more seasonal basis and others in a more daily-weekly 
basis). Although we did not reconstruct the paleoenvironmental conditions from the sole diet of  
hipparionins, their opportunistic feeding adaptations provided some evidence of  the habitat in 
which they might have dwelt. In this regard, the lack of  correspondence between diet and size 
contrasted with the common belief  that hipparionin size decrease was related to habitat openness. 

	 The broad comparison between Vallesian and Turolian hipparionin assemblages from 
different areas also allowed us to detect some general spatiotemporal differences regarding the 
hipparionin feeding strategies. The inclusion of  tough items in their diets tended to increase 
from Vallesian to Turolian; in the eastern Mediterranean, and a further widening of  the dietary 
strategies is also detected. This could reflect a general increase in plant xerophytism, and the 
presence of  more heterogeneous environments in the eastern Mediterranean late Miocene. More 
solid paleoenvironmental inferences, however, should be based on dietary reconstructions of  more 
diverse ungulate assemblages (adding other dietary proxies as isotopes and mesowear) and the 
study of  macrobotanical and palynological remains. When comparing the eastern and western 
Mediterranean regions, we find significant higher complexity values in the eastern forms, and specially 
on the Balkans. One possible interpretation to this observation is the presence of  higher levels of  
millimetric grit eastwards. However, considering previous studies comparing both areas (Bonis et 
al., 1992; Koufos, 2006), we relate this to the presence of  more dry seasonal episodes (Merceron et 
al., 2016a, 2005a) and the consumption of  harder woody browse by eastern hipparionins. Similarly, 
extant equids (Estes, 1991; Moehlman, 2002) and other ungulates (De Iongh et al., 2011) include 
higher proportion of  browse during the dry seasons in savanna and more arid environments. 

	 In some cases, the diet of  the hipparionin groups differ between the fossil sites surveyed, 
probably reflecting the season at which most of  the specimens died and the influence of  local 
conditions. Accordingly, coexisting hipparionins show no differences on the dental microwear 
patterns, thus suggesting no strong dietary niche partitioning over the traditional grazing-browsing 
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couple. Alternatively, the segregation might have existed among the frame of  mixed-feeders and 
browsers (exploiting different resources but with similar mechanical properties). The general 
mixed-feeding strategy inferred in most of  the hypsodont hipparionin groups shows no support 
to the assumption of  grazing diets due to high hypsodonty indices. Hypsodonty within the group, 
hence, might have been influenced by its role on dietary flexibility (Tütken et al., 2013) and life 
history (Veiberg et al., 2007). Finally, the different ecologies shown by the small-sized hipparionins 
make us conclude that the size decrease trends were probably achieved independently rather than 
related to a common habitat shift.
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Appendix 1. Information on the hipparionin sample

	 Appendix 1.1. Western Mediterranean

	 The Vallesian hipparionins from the western Mediterranean area come from the fossil sites 
of  Can Llobateres, Can Poncic and Santiga. All three localities are situated on the Vallès-Penedès 
Basin (northeastern Iberian Peninsula) (Fig. 6.1, main text) and are placed on medial to distal facies 
of  alluvial origin (Casanovas-Vilar et al., 2014). The classical fossil site of  Can Llobateres registers 
the early/late Vallesian (MN9/MN10) transition and has been divided into two different levels with 
estimated ages of  9.72 Ma and 9.65 Ma, respectively (Casanovas-Vilar et al., 2011). Both Can Poncic 
and Santiga were dated on the early Vallesian with an estimated age of  10.4 to 9.9 Ma (Casanovas-
Vilar et al., 2011). Based on a Vallesian hipparionin cranium of  the Vallès-Penedès, Pirlot (1956) 
established the species Hipparion catalaunicum. Thereafter, Vallesian hipparionins from this basin 
have been generally assigned to this taxon. The similarities between this form with the central 
European Hipparion primigenium (= Hippotherium primigenium sensu Bernor et al., 1996) (Forsten, 
1968; Woodburne and Bernor, 1980) have led some authors to include it within the H. primigenium 
species (Alberdi, 1974; Forsten, 1968; Tomàs et al., 2010), and differentiate it at subspecific level 
(Alberdi, 1974; Tomàs et al., 2010). The presence of  one single large species have been proposed 
in Can Poncic and Can Llobateres (Scott et al., 2013). We consider both populations to pertain to 
the H. primigenium catalaunicum subspecies following Tomàs et al. (2010). In Santiga, however, it is 
evident that at least two species are present, an abundant medium-sized to small hipparionin and 
a much rarer large one (Forsten, 1997). Although unnamed, the small/medium-sized hipparionin 
from Santiga represent a different taxon compared to larger Vallesian forms, although it might also 
be related to the primigenium group. Here we refer to this form as Hipparion sp. (?primigenium small). 
Due to the lack of  dentognathic material of  the large species from Santiga, we only analyze the 
microwear texture of  the small hipparionin from this site. 

	 The Turolian material from this area come from the localities of  Concud, El Arquillo and 
Venta del Moro. The classical fossil sites from Concud and El Arquillo are located in the Teruel 
Basin (central eastern Iberian Peninsula), and Venta del Moro in the Cabriel Basin (central eastern 
Iberian Peninsula) (Fig. 6.1, main text). Both Concud and Venta del Moro sites were formed in 
marginal lacustrine environments with abundant vegetation (Montoya et al., 2006; Pesquero et al., 
2013). The locality of  Concud (MN12) has an estimated age of  7.2–7.1 Ma, while El Arquillo and 
Venta del Moro are dated on the MN13 with estimated ages of  6.2 Ma (van Dam et al., 2001) and 
5.8–5.5 Ma (Opdyke et al., 1997), respectively. Recently, however, a magnetostratigraphic study by 
Gibert et al. 2013 dated Venta del Moro at 6.23 Ma. Still, El Arquillo site is deemed to be older 
because of  the absence of  Paraethomys miocaenicus, similarly to Las Casiones, which was dated at 6.33 
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Ma (van Dam, 1997; van Dam et al., 2006). During the middle Turolian (MN12) the most common 
species was Hipparion concudense, a medium to large sized hipparionin [178 kg (Pesquero and Alberdi, 
2012)] that is very abundant in Concud (Pesquero and Alberdi, 2012). On the other hand, at least 
three different sized hipparionins inhabited the Teruel Basin during the late Turolian (MN13). 
The three sympatric taxa identified in El Arquillo have been referred to Hipparion periafricanum, 
Hipparion gromovae, and H. primigenium truyolsi (Alberdi, 1974). The two dwarf  hipparionins of  this 
site, H. periafricanum and H. gromovae, are the smallest members of  this clade in the Iberian Peninsula 
(Ortiz-Jaureguizar and Alberdi, 2003; Pesquero, 2003). H. primigenium truyolsi, on the other hand, 
was much larger (Ortiz-Jaureguizar and Alberdi, 2003). An association of  three sympatric forms 
has also been reported in the Venta del Moro. Morphometric comparisons of  the most common 
hipparionin from this site has allowed its assignment to the species Hipparion matthewi (Pesquero 
et al., 2007), which is also present in eastern Mediterranean basins. This identification, however, 
has recently been questioned (Koufos, 2016b; Koufos and Vlachou, 2016), so here we decided 
to refer this medium-sized hipparionin as H. cf. matthewi and to differentiate it from the eastern 
Mediterranean forms. Pesquero et al. (2007), based on the material from Venta del Moro, also 
proposed the synonymy of  H. gromovae and H. matthewi. Because we are interested in testing dietary 
differences related to size, the body mass differences between H. gromovae from El Arquillo (84 kg) 
and H. cf. matthewi from Venta del Moro (123 kg) (Table 6.1, main text), together with the lack of  
cranial traits to compare, make us consider both populations two different sets of  data. Besides H. 
cf. matthewi, there are two other hipparionins present in Venta del Moro: a much rarer large form 
determined as H. primigenium, and a probable smaller subspecies of  H. cf. matthewi (Pesquero et al., 
2007). Due to the scarcity of  remains assigned to these two last forms, here we only analyze the 
microwear texture of  the medium-sized H. cf. matthewi from Venta del Moro. All the hipparionin 
teeth and mandibles from western Mediterranean sites are stored at the collections of  the Institut 
Català de Paleontologia Miquel Crusafont (ICP), Barcelona, and of  the Museo Nacional de Ciencias 
Naturales (MNCN), Madrid. 

	 Appendix 1.2. Balkans

	 The Vallesian hipparionins pertain to the localities of  Ravin de la Pluie and Pentalophos 
from the Axios Valley (southeastern Balkan Peninsula), and to Nikiti-1, which is located in the 
Chalkidiki Peninsula (southeastern Balkan Peninsula) (Fig. 6.1, main text). Ravin de la Pluie was 
dated to the lower part of  the late Vallesian (MN10) with an estimated age of  ~9.3 Ma based on 
a combination of  biochronological and paleomagnetostratigraphical data (Koufos, 2006a; Sen et 
al., 2000). Nikiti-1 is correlated based on its mammalian assemblage to the upper part of  the late 
Vallesian with an estimated age ranging from 9.3 to 8.7 Ma (Koufos, 2006b, 2016a). Pentalophos’ 
chronology is not clear, although its faunal association indicates that it could be slightly older 
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than Ravin de la Pluie (Koufos, 2013, 2006a, 2006b). Following Vlachou (2013), two hipparionin 
morphotypes were present in Macedonia during the Vallesian: the small macedonicum and the large 
primigenium morphotype. The material of  the small macedonicum morphotype has been assigned 
to the Hipparion macedonicum species, while the larger hipparionins of  the primigenium morphotype 
have been referred to Hipparion aff. giganteum in Nikiti-1, and to Hipparion cf. sebastopolitanum in 
Pentalophos and Ravin de la Pluie (Koufos et al., 2016; Vlachou, 2013).

	 Numerous Turolian localities have yielded rich hipparionin assemblages in the Balkan 
region. The Turolian sample analyzed here comes from the localities of  Nikiti-2, Ravin des 
Zouaves-5, Hadjidimovo, Perivolaki and Dytiko. The oldest fossil site is Nikiti-2 (Chalkidiki 
Peninsula) (Fig. 6.1, main text), dated to the early Turolian (MN11) with an age comprised between 
8.7–8.2 Ma (Koufos, 2016a). Four different hipparionins are recognized here: two small taxa of  
the macedonicum morphotype (Hipparion sithonis and H. macedonicum), a larger form that pertains to 
the dietrichi morphotype (Hipparion philippus), and a rare and large hipparionin of  the proboscideum 
group identified as Hipparion cf. proboscideum (Koufos and Vlachou, 2016; Vlachou, 2013). Ravin des 
Zouaves-5 (Axios Valley) is also an early Turolian site (MN11) dated at ~8.2 Ma (Koufos, 2006b). 
In this locality, the species H. macedonicum, H. proboscideum and H. philippus have been recognized 
(Vlachou, 2013; Koufos and Vlachou, 2016), together with one form pertaining to the proboscideum 
group (Vlachou, 2013). From this site, we analyzed mainly specimens of  H. macedonicum due to 
their availability. Hadjidimovo locality (Mesta Valley, central Balkan Peninsula) (Fig. 6.1, main 
text) was dated between the early-middle Turolian (MN11–MN12) with an estimated age of  ~7.5 
Ma (Spassov, 2002). Three species have been identified, although the major bulk of  the material 
corresponds to the two large species Hipparion mediterraneum (proboscideum morphotype sensu 
Vlachou, 2013) and Hipparion brachypus (primigenium morphotype sensu Vlachou, 2013) (Hristova, 
2009), which are the species herein analyzed. We also sampled the hipparionins from Perivolaki 
(Thessaly, southeastern Balkan Peninsula) (Fig. 6.1, main text), a site dated on the upper middle 
Turolian (MN12) with an estimated age of  7.3–7.1 Ma (Koufos, 2006a, 2006b). In Perivolaki, 
three different species are found: H. macedonicum, H. philippus and H. proboscideum; forming a similar 
association than other early and middle Turolian sites from the Axios Valley. Finally, the youngest 
locality is represented by the three Dytiko sites (DKO, DTK, DIT; Axios Valley) (Fig. 6.1, main 
text), which were dated to the late Turolian (MN13) (Koufos, 2006b). Three hipparionin taxa are 
identified in the Dytiko faunal assemblage: the large Hipparion aff. platygenys (dietrichi morphotype 
sensu Vlachou, 2013), the small Hipparion cf. macedonicum, and a medium-sized rare form resembling 
to Hipparion moldavicum and tentatively assigned to the proboscideum morphotype (Vlachou, 2013). 
Because of  the scarcity of  some of  the material from the species mentioned, we did not consider 
for analysis the proboscideum group from Nikiti-2 nor from the Dytiko sites, and only include one 
specimen from Ravin des Zouaves-5. The fossil material analyzed here from Hadjidimovo is stored 
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at the Asenovgrad Museum (a division of  the National Museum of  Natural History of  Sofia, 
Bulgaria) and the specimens from the Greek localities come from the Laboratory of  Geology and 
Paleontology, Aristotle University of  Thessaloniki, Greece. 

	 Appendix 1.3. Western Anatolia

	 The Turolian hipparionins from the western Anatolian bioprovince come from the 
localities of  Şerefköy-2, Gülpınar and the Samos new collections. The specimens from Samos 
pertain to the MTLA/B sites found in the Adrianos ravine during the recent excavations (Mytilinii 
Basin, Samos Island) (Fig. 6.1, main text), which were dated on the late middle Turolian (~7.1 
Ma) (Koufos et al., 2009; Vlachou and Koufos, 2009). At least five hipparionin taxa pertaining to 
four different morphotypes are present there: H. cf. matthewi (macedonicum morphotype), Hipparion 
aff. forstenae (proboscideum morphotype), H. cf. proboscideum (proboscideum morphotype), H. dietrichi 
(dietrichi morphotype) and H. brachypus (primigenium morphotype) (Vlachou, 2013; Vlachou and 
Koufos, 2009). In the Anatolian Peninsula, the locality of  Şerefköy-2 (Muğla Yatağan Basin, 
western Anatolia) (Fig. 6.1, main text) has been referred to the middle Turolian (MN12) based on 
its fossil mammal assemblage (Kaya et al., 2012). Four to five different hipparionin forms might be 
present in this site, a rare and large species similar to H. brachypus, two medium hipparionins broadly 
referred as Hipparion, and two small forms only identified as belonging to the Cremohipparion group 
(sensu Bernor et al., 1996) (Kaya et al., 2012). The medium-sized hipparionins show similarities 
to H. mediterraneum specimens (Kaya et al., 2012). In consequence, we included here the medium 
sized forms to the proboscideum group. We further relate the small hipparionins of  Şerefköy-2 to the 
species H. matthewi, as it has been done with the majority of  the small-sized forms from eastern 
Mediterranean basins (Koufos, 2016b), thus including them to the macedonicum group defined 
by Vlachou (2013). Finally, Gülpınar fossil site is located on the Biga Peninsula (northwestern 
Anatolia) (Fig. 6.1, main text) and corresponds to a sedimentary sequence of  fluvial origin dated 
on early-middle Turolian (MN11–MN12) (Forsten and Kaya, 1995; Koufos et al., 2018). Three 
different forms have been distinguished in Gülpınar. The smallest hipparionin has been identified 
as H. cf. matthewi (macedonicum morphotype) and the medium-sized form show affinities to H. dietrichi 
from the classic Samos quarries (Forsten and Kaya, 1995). Due to these similarities, here we include 
this form to the dietrichi group defined by Vlachou (2013). The larger hipparionin remains from 
Gülpınar have not been determined. We did not analyze the dental microwear textures of  the 
largest taxon—usually related to H. brachypus (Kaya et al., 2012; Vlachou and Koufos, 2009)—from 
the western Anatolian fossil sites due to its scarcity. The material from Samos is stored at the 
Paleontological Museum of  Mytilinii, Samos, Greece, and the material from continental Anatolian 
sites at the Natural History Museum of  Ege University of  Izmir, Turkey.
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Appendix 2. Raw data of all the hipparionin sample analyzed (attached separately as a .xls): 
https://data.mendeley.com/datasets/np65bh8tgw/draft?a=ead03d9e-6f2a-4bf8-b2b7-9821cb1f8d45

Appendix 3. Photosimulations of the microwear surfaces (attached separately as a .pdf): 
https://data.mendeley.com/datasets/np65bh8tgw/draft?a=ead03d9e-6f2a-4bf8-b2b7-9821cb1f8d45

Appendix 4. Results of the Principal Component Analysis of the heterogeneity settings

	 Results of  the Principal Component Analysis performed with the ten settings used to 
calculate HAsfc (4, 9, 16, 25, 36, 49, 64, 81, 100, and 121 cells). Percentage of  variance explained 
by the principal component and the contribution of  each setting to the principal components are 
shown.

Appendix 5. Metapodial measures and body mass estimations (attached .xls file):  
https://data.mendeley.com/datasets/np65bh8tgw/draft?a=ead03d9e-6f2a-4bf8-b2b7-9821cb1f8d45

% contribution to the variance of the principal components

Component % of variance H4 H9 H16 H25 H36 H49 H64 H81 H100 H121

PC1 84.31 5.11 8.26 9.87 10.69 11.06 11.09 11.15 10.99 10.89 10.89
PC2 7.88 60.94 15.86 3.57 0.02 0.62 2.46 2.68 4.66 5.18 4.03
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Appendix 6. Linear regressions on DMT parameters versus body mass

Appendix 6.1. Linear regressions of  microwear textural parameters and the calculated 
principal component against body mass for all hipparionins. Correlation statistics included 
in each graph. 

APPENDIX 6. Linear regressions on DMT parameters versus body mass. 1576 

APPENDIX 6.1. Linear regressions of microwear textural parameters and the calculated principal 1577 

component against body mass for all hipparionins. Correlation statistics included in each graph.  1578 

 1579 

 1580 
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Appendix 6.2. Linear regressions of  microwear textural parameters and the calculated 
principal component against body mass for western Mediterranean hipparionins. Correlation 
statistics included in each graph.

APPENDIX 6.2. Linear regressions of microwear textural parameters and the calculated principal 1581 

component against body mass for western Mediterranean hipparionins. Correlation statistics 1582 

included in each graph. 1583 

 1584 

 1585 
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Appendix 6.3. Linear regressions of  microwear textural parameters and the calculated 
principal component against body mass for hipparionins from the Balkans. Correlation 
statistics included in each graph.

APPENDIX 6.3. Linear regressions of microwear textural parameters and the calculated principal 1586 

component against body mass for hipparionins from the Balkans. Correlation statistics included in 1587 

each graph. 1588 

 1589 

 1590 
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Appendix 6.4. Linear regressions of  microwear textural parameters and the calculated 
principal component against body mass for western Anatolian hipparionins. Correlation 
statistics included in each graph.

APPENDIX 6.4. Linear regressions of microwear textural parameters and the calculated principal 1591 

component against body mass for western Anatolian hipparionins. Correlation statistics included in 1592 

each graph. 1593 

 1594 

 1595 

 1596 
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Appendix 7. Post-hoc pairwise comparisons with all hipparionin data

Appendix 7.1. Post-hoc tests on Age-Size interaction considering ranked complexity (Asfc) 
parameter. P-values from HSD test are depicted above the grey diagonal and those from 
LSD are under it. Significant p-values represented in bold.

Appendix 7.2. Post-hoc tests on Region-Size interaction considering ranked anisotropy 
(epLsar) parameter. P-values from HSD test are depicted above the grey diagonal and those 
from LSD are under it. Significant p-values represented in bold.

Appendix 7.3. Post-hoc on Region-Size interaction considering ranked HAsfc. HSD test 
p-values shown above the diagonal and LSD under it. Significant p-values in bold.

Asfc Vallesian Turolian

Age x Size Small Large Small Large

Vallesian
Small 0.901 0.999 0.509
Large 0.490 0.768 0.002

Turolian
Small 0.889 0.334 0.012
Large 0.167 < 0.001 0.002

epLsar Western Mediterranean Eastern Mediterranean

Region x Size Small Large Small Large

Western 
Mediterranean

Small 0.028 0.266 0.156
Large 0.005 0.801 0.806

Eastern 
Mediterranean

Small 0.070 0.365 0.999
Large 0.037 0.370 0.911

HAsfc Western Mediterranean Eastern Mediterranean

Region x Size Small Large Small Large

Western 
Mediterranean

Small 0.013 0.059 0.992
Large 0.003 0.981 0.006

Eastern 
Mediterranean

Small 0.012 0.701 0.044
Large 0.780 0.001 0.009
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Appendix 7.4. Post-hoc on Age-Region interaction considering ranked HAsfc. HSD test 
p-values shown above the diagonal and LSD under it. Significant p-values in bold.

Appendix 7.5. Post-hoc on Age-Size interaction considering ranked Tfv. HSD test p-values 
shown above the diagonal and LSD under it. Significant p-values in bold.

Appendix 8. Post-hoc pairwise comparisons with Turolian hipparionin data

Appendix 8.1. Post-hoc tests on ranked complexity (Asfc). P-values from HSD test are 
depicted above the grey diagonal and those from LSD are under it. Significant p values 
represented in bold. 

Appendix 8.2. Post-hoc tests on ranked heterogeneity of  complexity (HAsfc). P-values from 
HSD test are depicted above the grey diagonal and those from LSD are under it. Significant 
p-values represented in bold.

HAsfc Western Mediterranean Eastern Mediterranean

Age x Region Vallesian Turolian Vallesian Turolian

Western 
Mediterranean

Vallesian 0.899 0.242 0.877
Turolian 0.488 0.441 0.322

Eastern 
Mediterranean

Vallesian 0.062 0.136 0.069
Turolian 0.455 0.089 0.015

Tfv Vallesian Turolian

Age x Size Small Large Small Large

Vallesian
Small 0.029 0.059 0.017
Large 0.006 0.912 1.000

Turolian
Small 0.012 0.509 0.847
Large 0.003 0.999 0.415

BIOPROVINCE Western Mediterranean Balkans Western Anatolia

Western Mediterranean < 0.001 0.001
Balkans < 0.001 0.011

Western Anatolia < 0.001 0.004

BIOPROVINCE Western Mediterranean Balkans Western Anatolia

Western Mediterranean 0.049 0.935
Balkans 0.019 0.189

Western Anatolia 0.727 0.081
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Appendix 8.4. Summary of  post-hoc tests on parameters showing significant differences 
between localities. Here represented the results from pairwise comparisons between 
localities with hipparionins of  the macedonicum group. Significant differences obtained from 
the HSD test are above the grey diagonal and those from LSD are under it. 

Appendix 8.5. Summary of  post-hoc tests on parameters showing significant differences 
between localities. Here represented the results from pairwise comparisons between 
localities with hipparionins of  the dietrichi group. Significant differences obtained from the 
HSD test are above the grey diagonal and those from LSD are under it. 

Appendix 8.6. Summary of  post-hoc tests on parameters showing significant differences 
between localities. Here represented the results from pairwise comparisons between 
localities with hipparionins of  the proboscideum group. Significant differences obtained from 
the HSD test are above the grey diagonal and those from LSD are under it. 

macedonicum group Balkans Western Anatolia

Locality NIK RZO PER DTK GLP MYSE MTLA/B

Balkans

Nikiti-2 (NIK) epLsar

Ravin des 
Zouaves-5 (RZO)

epLsar

Perivolaki (PER) epLsar, PC1

Dytiko (DTK) epLsar, PC1 Tfv

Western 
Anatolia

Gülpınar (GLP) HAsfc, PC1 HAsfc HAsfc HAsfc

Şerefköy-2 (MYSE) epLsar Tfv HAsfc

Samos (MTLA/B) Tfv HAsfc

dietrichi group Balkans Western Anatolia

Locality NIK PER DTK GLP MTLA/B

Balkans
Nikiti-2 (NIK)

Perivolaki (PER) epLsar, PC1

Dytiko (DTK)

Western 
Anatolia

Gülpınar (GLP)
Samos (MTLA/B) epLsar

proboscideum group Balkans Western Anatolia

Locality RZO PER HD MYSE MTLA/B

Balkans
Ravin des Zouaves-5 (RZO)

Perivolaki (PER) Tfv

Hadjidimovo (HD)

Western 
Anatolia

Şerefköy-2 (MYSE) HAsfc

Samos (MTLA/B) Tfv, PC1 HAsfc, PC1 Tfv
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Appendix 8.7. Summary of  post-hoc tests on parameters showing significant differences 
between localities. Here represented the results from pairwise comparisons between 
localities with hipparionins of  the primigenium group. Significant differences obtained from 
the HSD test are above the grey diagonal and those from LSD are under it. 

Appendix 8.8. Results of  the post-hoc tests from pairwise comparisons between hipparionin 
groups from Nikiti-2 locality. Significant p-values represented in bold.

Appendix 8.9. Results of  the post-hoc tests from pairwise comparisons between hipparionin 
groups from Perivolaki locality. Significant p-values represented in bold.

primigenium group Western Mediterranean Balkans

Locality ARQ HD

Western Mediterranean El Arquillo (ARQ) HSD test →
Balkans Hadjidimovo (HD) HAsfc ← LSD test

Nikiti-2 (NIK) macedonicum dietrichi

macedonicum HSD test →

Asfc: -

epLSar: 1.000

HAsfc: 1.000

Tfv: 1.000

PC1: 1.000

dietrichi

Asfc: -

← LSD test

epLSar: 0.968

HAsfc: 0.480

Tfv: 0.667

PC1: 0.811

Perivolaki (PER) macedonicum dietrichi proboscideum

macedonicum HSD test →

Asfc: - Asfc: -

epLSar: 1.000 epLSar: 1.000

HAsfc: 1.000 HAsfc: 1.000

Tfv: 1.000 Tfv: 1.000

PC1: 1.000 PC1: 1.000

dietrichi

Asfc: - Asfc: -

epLSar: 0.813 epLSar: 1.000

HAsfc: 0.569 HAsfc: 1.000

Tfv: 0.997 Tfv: 1.000

PC1: 0.389 PC1: 1.000

proboscideum

Asfc: - Asfc: -

← LSD test

epLSar: 0.744 epLSar: 0.669

HAsfc: 0.779 HAsfc: 0.997

Tfv: 0.184 Tfv: 0.198

PC1: 0.203 PC1: 0.408
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Appendix 8.10. Results of  the post-hoc tests from pairwise comparisons between 
hipparionin groups from Hadjidimovo locality. Significant p-values represented in bold.

Appendix 8.11. Results of  the post-hoc tests from pairwise comparisons between 
hipparionin groups from Dytiko locality. Significant p-values represented in bold.

Appendix 8.12. Results of  the post-hoc tests from pairwise comparisons between 
hipparionin groups from Gülpınar locality. Significant p-values represented in bold.

Gülpınar (GLP) macedonicum dietrichi

macedonicum HSD test →

Asfc: -

epLSar: 1.000

HAsfc: 1.000

Tfv: 1.000

PC1: 1.000

dietrichi

Asfc: -

← LSD test

epLSar: 0.991

HAsfc: 0.448

Tfv: 0.444

PC1: 0.516

Dytiko (DTK) macedonicum dietrichi

macedonicum HSD test →

Asfc: -

epLSar: 0.998

HAsfc: 1.000

Tfv: 0.913

PC1: 1.000

dietrichi

Asfc: -

← LSD test

epLSar: 0.144

HAsfc: 0.806

Tfv: 0.040

PC1: 0.323

Hadjidimovo (HD) proboscideum primigenium

proboscideum HSD test →

Asfc: -

epLSar: 1.000

HAsfc: 1.000

Tfv: 1.000

PC1: 1.000

primigenium

Asfc: -

← LSD test

epLSar: 0.970

HAsfc: 0.990

Tfv: 0.257

PC1: 0.187
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Appendix 8.13. Results of  the post-hoc tests from pairwise comparisons between 
hipparionin groups from Samos new collections. Significant p-values represented in bold.

Appendix 8.14. Results of  the post-hoc tests from pairwise comparisons between 
hipparionin groups from Şerefköy-2 locality. Significant p-values represented in bold.

Samos (MTLA/B) macedonicum dietrichi proboscideum

macedonicum HSD →

Asfc: - Asfc: -

epLSar: 1.000 epLSar: 1.000

HAsfc: 1.000 HAsfc: 0.971

Tfv: 1.000 Tfv: 1.000

PC1: 1.000 PC1: 0.995

dietrichi

Asfc: - Asfc: -

epLSar: 0.663 epLSar: 1.000

HAsfc: 0.353 HAsfc: 1.000

Tfv: 0.850 Tfv: 1.000

PC1: 0.691 PC1: 1.000

proboscideum

Asfc: - Asfc: -

← LSD

epLSar: 0.475 epLSar: 0.213

HAsfc: 0.066 HAsfc: 0.479

Tfv: 0.902 Tfv: 0.723

PC1: 0.111 PC1: 0.267

Şerefköy-2 (MYSE) macedonicum proboscideum

macedonicum HSD test →

Asfc: -

epLSar: 1.000

HAsfc: 0.997

Tfv: 1.000

PC1: 1.000

proboscideum

Asfc: -

← LSD test

epLSar: 0.972

HAsfc: 0.124

Tfv: 0.881

PC1: 0.659



167Ch.6

Life History and Ecology of Late Miocene Hipparionins from the Circum-Mediterranean Area

Appendix 8.15. Results of  the post-hoc tests from pairwise comparisons between 
hipparionin groups from El Arquillo locality. Significant p-values represented in bold.

El Arquillo (ARQ) periafricanum gromovae primigenium

periafricanum HSD →

Asfc: - Asfc: -

epLSar: 1.000 epLSar: 0.995

HAsfc: 1.000 HAsfc: 0.840

Tfv: 1.000 Tfv: 1.000

PC1: 1.000 PC1: 1.000

gromovae

Asfc: - Asfc: -

epLSar: 0.175 epLSar: 1.000

HAsfc: 0.645 HAsfc: 0.909

Tfv: 0.779 Tfv: 0.985

PC1: 0.743 PC1: 1.000

primigenium

Asfc: - Asfc: -

← LSD

epLSar: 0.112 epLSar: 0.397

HAsfc: 0.027 HAsfc: 0.039

Tfv: 0.970 Tfv: 0.830

PC1: 0.604 PC1: 0.450
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Chapter 7
General Discussion

	 This PhD thesis has focused on exploring the life history (LH) and ecology of  hipparionin 
horses that inhabited the circum-Mediterranean area during the late Miocene. Its underlying aim was 
to shed light on the trend of  decreasing body size occurring in this group within the framework of  
life history theory (LHT). In order to do this, bone and dental tissues were analyzed and the dental 
microwear textures quantified among different hipparionin populations. The paleohistological 
results that were obtained allowed the reconstruction of  the growth pattern of  skeletal (Chapter 4) 
and dental (Chapter 5) elements of  different-sized hipparionin forms. Based on previous histological 
studies on extant equids (Nacarino-Meneses et al., 2016b, 2017; Nacarino-Meneses and Köhler, 
2018), and the inclusion of  comparative Equus material, key LH information has been extracted 
from the paleohistological data (Chapters 4 and 5). Thereafter, the reconstruction of  the dietary 
preferences of  some hipparionin populations and their relation to body size (Chapter 6) have given 
clues to the environments in which these circum-Mediterranean hipparionins dwelt. The ecological 
interpretations obtained through the reconstructed growth strategies (Chapters 4 and 5) applying 
an LH predictive model (Palkovacs, 2003) have then been contrasted with the inferred ecological 
preferences of  various hipparionin groups (Chapter 6). In the following chapter, I provide an 
overview of  the main findings presented in this thesis, interpret the results in light of  previous 
studies, and focus on how and why some hipparionin lineages underwent reductions in body size. 
To the best of  my knowledge, this is the first time that data from paleohistological and dental wear 
analyses have been integrated into a study on shifts in body size in continental taxa from an LHT 
perspective.
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7.1. Bone and Dental Histology in Hipparionins

	 7.1.1. Metapodial Growth

	 Thanks to the application of  long bone histology in living taxa (Castanet et al., 2004; 
García-Martínez et al., 2011; Köhler et al., 2012; Marín-Moratalla et al., 2013; Nacarino-Meneses 
et al., 2016ab; Calderón et al., 2019), the LHs of  extinct mammals can be inferred through the 
study of  their fossilized bone microstructure (Köhler and Moyà-Solà, 2009; Martinez-Maza et 
al., 2014; Amson et al., 2015; Kolb et al., 2015; Moncunill-Solé et al., 2016; Nacarino-Meneses 
and Orlandi-Oliveras, 2019). Therefore, in order to reconstruct the growth patterns and make 
inferences on the LHs, bone histology has been analyzed and compared in the metapodials of  
eastern Mediterranean hipparionins with both small (macedonicum morphotype) and large body sizes 
(primigenium and dietrichi morphotypes), together with that of  a western Mediterranean small form 
(H. gromovae) and a larger one (H. primigenium truyolsi). Although Horner et al. (1999) discouraged 
the use of  metapodials for the reconstruction of  growth patterns in dinosaurs, recent work has 
supported its value in both extant (Nacarino-Meneses et al., 2016b) and extinct (Martinez-Maza 
et al., 2014) equids. Our observations on hipparionin metapodial histology (Chapter 4) agree with 
these more recent studies, as metapodials do not show a major process of  medullary resorption nor 
do they show an intense remodeling that could potentially erase the growth record.

	 The rate at which bone is deposited is reflected by the type of  bone tissue and its vascular 
arrangement (de Margerie et al., 2002, 2004). In a previous study, Martinez-Maza et al. (2014) 
described the metapodial microstructure of  a medium to large-sized hipparionin as being composed 
of  a fibrolamellar complex (FLC) with longitudinal primary osteons arranged in circular rows, such 
as can be seen in both living and fossil Equus species (Stover et al., 1992; Sander and Andrássy, 
2006; Cuijpers and Lauwerier, 2008; Nacarino-Meneses et al., 2016b; Nacarino-Meneses and Orlandi-
Oliveras, 2019). All the hipparionin groups analyzed here conform to this pattern, with only few of  
the specimens showing local variations of  the vascular orientation in parts of  their cortex (Fig. 1B 
and 1C in Chapter 4), which could be linked to minor differences in the rate of  bone deposition 
(de Margerie et al., 2004). In most of  the metapodials, we also identified a change in the vascularity 
and in the amount of  parallel fibered component at the innermost cortex (Fig. 1A in Chapter 4). 
We related this observation to a non-cyclical growth mark signaling the moment of  birth (neonatal 
line), as recently described in extant asses and zebras (Nacarino-Meneses and Köhler, 2018). The 
identification of  this mark provided us with a rough estimate of  the size at birth and a time-zero 
point for the reconstruction of  the growth curves through skeletochronology (Lee et al., 2013). The 
metapodial radial growth in hipparionins was then properly adjusted to sigmoidal logistic curves 
(Zullinger et al., 1984; Lee et al., 2013) (Fig. 5 in Chapter 4), such as in the case of  some dinosaurian 
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long bones (Bybee et al., 2006; Lee and O’Connor, 2013). The curve fitting allowed us to quantitatively 
assess characteristic growth parameters and bone growth rates (Table 1 in Chapter 4).

	 Although neonates in some dwarfed insular mammals have been shown to be smaller than 
predicted from allometry (Köhler, 2010), our analyses revealed that size at birth in hipparionins 
was proportional to the adult size (Fig. 4A in Chapter 4). Moreover, the growth rate during the first 
year of  growth was allometrically related to the final asymptotic size in the analyzed taxa (Fig. 4B 
in Chapter 4). This means that metapodials of  larger hipparionins start to grow proportionally 
larger and relatively faster than in the case of  the dwarfed forms; something that conforms to the 
scaling predictions (Case, 1978; Calder, 1984). Similarly, higher bone growth rates in larger forms 
have been identified from bone histology in cervids (Amson et al., 2015; Kolb et al., 2015) and also 
among extant wild equids and domestic horse breeds in the course of  the research for this thesis 
(Suppl. Fig. S3 in Chapter 4).

	 In addition to the growth rate, the time span devoted to growth also determines the 
size of  the adult (Roff, 2002). In this regard, the occurrence of  slow-growing lamellar tissue in 
the outermost periosteum (external fundamental system, EFS) has typically been related to the 
finalization of  bone growth (skeletal maturity) (Cormack, 1987; Woodward et al., 2013). Thus, 
counting the cyclical growth marks (CGMs) deposited before the EFS is supposed to indicate the 
annual growth cycles that occurred before maturity attainment (Woodward et al., 2013). In most 
metapodials of  H. concudense, Martinez-Maza et al. (2014) identified two CGMs within their cortex, 
and in Equus hemionus, Nacarino-Meneses et al. (2016b) reported two CGMs in the metapodials of  a 
mare, but three in those of  a stallion. On the other hand, Nacarino-Meneses and Orlandi-Oliveras 
(2019) have found more than four CGMs in the metapodial cortexes of  some of  the largest equid 
representatives (Equus mosbachensis and Equus steinheimensis). In our sample, we observed that all the 
metapodials continued to grow after the first growth cycle, and that another CGM is subsequently 
deposited before the formation of  the EFS (Fig. 2 and 3 in Chapter 4). In the H. gromovae metapodials, 
however, we identified three or more CGMs before the appearance of  the EFS (Fig 2D and 3D in 
Chapter 4), while in some specimens of  the macedonicum morphotype the second CGM is deposited 
near the periosteum (Fig. 2C and 3E in Chapter 4). This narrower growth zone suggests an earlier 
maturity (Chinsamy and Valenzuela, 2008) in the macedonicum hipparionins, whereas in H. gromovae 
the higher number of  CGMs in the cortex suggests an extended growth period. 

	 Nevertheless, the interpretation of  the occurrence of  EFS in mammalian bone is complex. 
Generally, its deposition is linked to epiphyseal fusion and, thus, to reaching skeletal maturity (Kolb 
et al., 2015; Calderón et al., 2019). Some authors, moreover, have related EFS formation in certain 
elements (i.e., femurs) to the onset of  the reproductive maturity (Marín-Moratalla et al., 2013; 
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Jordana et al., 2016; Nacarino-Meneses et al., 2016b). Research in close-related, extant species is 
therefore essential for correctly interpreting how the growth and LH of  an extinct organism is 
recorded in the microstructure of  a specific bone (Woodward et al., 2013). In this regard, Nacarino-
Meneses et al. (2016b) noted that the EFS deposition in equid metapodials is not directly related to 
any LH event; rather, the significant decrease in the bone radial growth signals epiphyseal closure 
and, thus, the end of  the longitudinal growth of  the bone. In contrast with other bones that keep 
growing for longer periods, such as femurs (Silver, 1969), metapodials merely provide a relative 
age of  growth cessation instead of  the absolute age at which the organism attains physiological or 
reproductive maturity. This idea is further supported by the earlier metapodial maturity estimated 
in H. gromovae (after approximately 2 ½ years, see Chapter 4) in comparison with the later maturity 
inferred from the third molar eruption (at the third year, see Chapter 5). In this thesis, this relative 
maturity considered within the context of  body size has allowed us to examine whether differences 
in equid size were coupled with shifts in growth strategies. 

	 In extant hemiones, although the metapodials of  a male exhibited three CGMs before 
the EFS deposition and two in a female, the significant decrease in growth rate (relative maturity) 
occurred in both cases in the second year of  life (Nacarino-Meneses et al., 2016b). Similarly, 
metapodials of  zebras and large Middle Pleistocene equids tend to show this growth rate drop in 
the second year after birth (Nacarino-Meneses and Orlandi-Oliveras, 2019). In this dissertation, the 
growth curves of  hipparionin metapodials (Fig. 5 in Chapter 4) and the logistic growth parameters 
(Table 1 in Chapter 4) have helped to compare the growth trajectories of  the different groups. Our 
results have indicated that the metapodials of  the larger eastern Mediterranean morphs (primigenium 
and dietrichi) approached their final size and showed a significant decrease in growth rate well after 
their second year, later than those of  the smaller form (macedonicum). The small metapodials of  
H. gromovae from the western Mediterranean follow a similar growth trajectory to those of  the 
eastern large primigenium and dietrichi hipparionins; hence, reducing their growth rate later than the 
macedonicum group and the single H. primigenium truyolsi specimen (Fig. 5 in Chapter 4). Consequently, 
and in line with what was observed when counting the CGMs, the two dwarf  groups had different 
growth strategies: while H. gromovae matured relatively late considering its size, the macedonicum form 
had a faster LH characterized by earlier maturity attainment. Moreover, considering the studies on 
the metapodial growth in extant equids (Nacarino-Meneses et al., 2016b; Nacarino-Meneses and 
Orlandi-Oliveras, 2019), our results suggest that some hipparionins matured relatively late, or at a 
comparable moment with larger Equus species. Finer LH reconstructions can be performed in the 
future based on the histology of  fossilized femurs, helping to contrast or support the inferences 
obtained from metapodial growth.
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	 7.1.2. Dental Growth

	 The study of  tooth growth through dental histology is also increasingly applied to 
reconstructing the LH of  mammalian taxa (Schwartz et al., 2002; Dean, 2006; Dirks and Bowman, 
2007; Dirks et al., 2009; Hogg and Walker, 2011; Jordana and Köhler, 2011) due to the close 
relationship between LH and the rate and timing of  the formation and eruption of  teeth (Smith, 
2000; Jordana et al., 2014; Veitschegger and Sánchez-Villagra, 2016; Hogg, 2018). Therefore, in 
order to make inferences on the hipparionins’ LHs, their enamel histology has been explored here 
in lower molars from western Mediterranean hipparionins with large (H. concudense) and small body 
sizes (H. gromovae and H. periafricanum), and in an extant equid (E. quagga) for comparison. To my 
knowledge, this is the first time that dental formation has been analyzed and directly compared 
in two distinct sets of  teeth (first/second molars and third molars) in a non-primate group. The 
tooth growth has hence been characterized for each species during the immature stage (m1/m2 
formation) and during the period close to maturity attainment (m3 formation). Moreover, this has 
allowed us to estimate the timing of  two key LH events, as the eruption of  the first and the third 
molars are respectively linked to weaning and age at maturity (Smith, 1994, 2000; Dean, 2006).

		  7.1.2.1. Enamel Formation

	 In order to calculate the parameters that describe enamel growth, dental histology studies 
rely on the identification of  periodic incremental markings (Smith, 2006). As it is not possible 
to directly test the periodicity of  marks found in the enamel of  fossil taxa, the understanding of  
the enamel histology on extant analogs becomes essential. In general, research that is based on 
this method has mostly been focused on low-crowned primate teeth (see review in Smith, 2008), 
from where incremental features have been extensively characterized (Dean, 2006; Smith, 2006). 
On the other hand, the histological study of  tooth formation in high-crowned ungulates has been 
overlooked, until some recent studies have started to address it (e.g., Iinuma et al., 2004; Jordana 
and Köhler, 2011; Kierdorf  et al., 2014; Nacarino-Meneses et al., 2017). In this dissertation, the 
recognition of  the incremental features and their periodicity in the hipparionins’ enamel was 
based on the comparison with the patterns observed in other ungulates (Kierdorf  et al., 2013) 
and particularly in extant equids (Nacarino-Meneses et al., 2017; Chapter 5). In lines with these 
previous studies, laminations of  circadian-periodicity (Kierdorf  et al., 2013) have been identified as 
the main incremental features localized in the enamel of  hipparionin horses.
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Enamel Daily Secretion Rate 

	 The recognition of  these daily laminations has allowed us to quantify the amount of  enamel 
secreted per day by each ameloblast (DSR) in both tooth types of  the four analyzed species. The first 
preliminary study addressing this issue in equids reported DSR estimates of  5 μm/day in horse molars 
(Hoppe et al., 2004), whereas other studies indicated DSRs comprised of  between 10–18 μm/day in equids 
and other ungulates (Iinuma et al., 2004; Kierdorf  et al., 2013; Nacarino-Meneses et al., 2017). Our mean 
DSR values of  around 15 μm/day (Table 2 in Chapter 5) are in stark contrast with the preliminary estimates 
of  Hoppe et al. (2004), but are in line with those studies that indicated higher DSRs.

	 We related the low previous estimates to the misidentification of  sub-daily features with 
those of  daily nature, as first stated by Kierdorf  et al. (2013). They also found differences in the 
DSR from the inner to the outer enamel regions (Smith, 2008; Kierdorf  et al., 2013), although other 
studies failed to detect them on extant equids (Nacarino-Meneses et al., 2017). Unfortunately, it was 
not possible to perform the same number of  DSR measurements in the different tooth portions 
because of  the uneven observation of  laminations along the length and width of  the enamel bands. 
Therefore, because of  the arguable variation on the DSR between the tooth and enamel portions, 
caution should be taken when interpreting the minor DSR differences reported here. 

	 The significance of  the DSR parameter is still not fully understood (Dirks et al., 2012; Jordana 
et al., 2014; Kierdorf  et al., 2014; Nacarino-Meneses et al., 2017). Following the interpretations 
of  Jordana et al. (2014), greater DSRs are related to higher hypsodonty indices. Accordingly, we 
found significantly higher DSRs in the more hypsodont Equus molars compared to the hipparionin 
ones, and higher DSR values on the hipparionins’ m1/m2s in comparison to the less hypsodont 
m3s (Table 1 and 2 in Chapter 5). However, the differences in hypsodonty have been shown to be 
more influenced by the ameloblast secretory lifespan and the overall crown formation time than 
to the DSR parameter (Nacarino-Meneses et al., 2017; Witzel et al., 2018), as also seem to occur 
with the differences on the enamel band thickness reported here (Table 2 and Suppl Fig. S6 in 
Chapter 5). We then proposed that the lower DSRs could also be influenced by a depleted tissue 
deposition because of  its formation at a late ontogenetic stage, as in the case of  the hipparionins’ 
m3 (Domingo et al., 2018). This idea is supported by the progressive DSR decrease through the 
enamel band of  the Equus third molar (Table 2 in Chapter 5) during its extensive formation (1750 
days, Table 3 in Chapter 5). Thereafter, we suggested that the DSR differences might be the result 
of  the interplay of  many factors, such as the moment of  formation, phylogeny (Dirks et al., 2012), 
enamel thickness (Kierdorf  et al., 2014), and the height and morphology of  the tooth (Jordana et 
al., 2014). Further studies with a strict sampling protocol and the inclusion of  species with more 
accused differences could shed more light on the exact significance of  this parameter.
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Growth in Height and Eruption 

	 The other parameter that characterizes enamel formation is the enamel extension rate 
(EER), which describes the speed at which the tooth increases in height (Hogg, 2018). In general, 
most studies have explored equid tooth growth through the measurement of  teeth in skeletonized 
mandibles or radiographies (e.g., Dixon and Copeland, 1993; Hoppe et al., 2004; Bendrey et al., 2015). 
Recently, dental formation of  extant equids has been more accurately reconstructed through dental 
histology (Nacarino-Meneses et al., 2017), like in the case of  caprines’ teeth formation (Jordana 
and Köhler, 2011; Kierdorf  et al., 2012; Witzel et al., 2018). In hipparionins, the identification 
of  isotopic seasonal cycles in their enamel has previously allowed to obtain broad estimates of  
tooth growth rates (35–40 mm/year, = 96–110 μm/day) (Sharp and Cerling, 1998; Van Dam and 
Reichart, 2009), which reasonably resemble the EER values we reported in this group (Table 2 in 
Chapter 5). In view of  our results, however, we questioned the significance of  a general mean for 
the extension rate, since this parameter has been shown to linearly decrease from the beginning of  
the cuspal formation to the end of  cervical enamel deposition (Fig. 3 in Chapter 5). 

	 Similarly, a decline in the rate of  enamel extension has been reported in some dental histological 
studies performed on ungulates (Dirks et al., 2009; Jordana and Köhler, 2011; Kierdorf  et al., 2013; Nacarino-
Meneses et al., 2017; Witzel et al., 2018) and other mammalian clades such as primates (Shellis, 1984; 
Guatelli-Steinberg et al., 2012) and proboscideans (Dirks et al., 2012). In our sample, the progressive EER 
decrease reflects the described nonlinear growth pattern of  equid molars (Bendrey et al., 2015; Nacarino-
Meneses et al., 2017). Concretely, the growth of  equid molars has been adjusted here to sigmoidal von 
Bertalanffy curves (Fig. 4 in Chapter 5), which resemble the sigmoidal logistic equations (Zullinger et al., 
1984) we used to model the metapodial growth of  hipparionins (Fig. 5 in Chapter 4). 

	 Differences in the growth rate between tooth types have been reported in previous works 
on primate dental histology (Smith et al., 2007, 2010). Our results also found differences in 
ungulates’ tooth types, since faster EERs have been identified in the m1/m2s compared to the 
m3s (Table 2 and Suppl. Fig. S5 in Chapter 5). These observations suggested to us that higher 
EERs are probably influenced by (i) the need to form the enamel layer in a short period of  time 
for its eruption (Kierdorf  et al., 2014) and by (ii) the fast juvenile somatic growth during tooth 
development. Therefore, we have interpreted the higher EERs of  the m1/m2s as a result of  
their earlier formation and the need to erupt faster in comparison to the m3s (Hoppe et al., 2004; 
Domingo et al., 2018). The role of  growth hormones (GH and IGF-1) in the differentiation and 
proliferation of  odontogenic cells (Young, 1995; Symons and Seymour, 2000), together with the 
existence of  a common endogenous rhythm that links bone and tooth formation (Bromage et al., 
2009, 2016), further support this relationship between the EER and the ontogenetic growth. 
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	 In this context, the lower EERs of  hipparionin molars (and especially of  the small forms) 
(Table 2 and Fig. 3 in Chapter 5), could suggest a delayed onset in their formation and a later 
eruption time, which is characteristic of  mammals with slower paces of  life (Smith, 2000). Indeed, 
a link between lower EERs and traits indicative of  slower LHs have already been identified in 
other groups such as primates and bovids (Hogg and Walker, 2011; Jordana et al., 2014; Hogg, 
2018). Accordingly, the supposed relationship between EER and eruption time is upheld here by 
the earlier eruption of  the fast-growing m1 of  Equus (~230 days) compared to the m1/m2s of  
hipparionins (~300 days in H. concudense, ~350 days in H. gromovae and H. periafricanum) (Fig. 4 in 
Chapter 5). These eruption data further point to a slower LH in hipparionins and in the dwarf  
forms due to the existing correlation between the first molar eruption and the organisms’ LH 
(Smith, 1989; Veitschegger and Sánchez-Villagra, 2016). The same interpretations have been drawn 
from the m3 eruption, as this trait represents a marker of  somatic adulthood (Engström et al., 
1983; Dean, 2006), and occurred at the same time in the four species (~500 days) (Fig. 4 in Chapter 
5) despite the marked size differences.

	 Once molar eruption occurs, the complete lack of  a rooting system in extant equids’ molars 
(Easley et al., 2005) (see Suppl. Fig. S1 in Chapter 5) implies that they continue to grow in height 
while also starting to wear down (Nacarino-Meneses et al., 2017). From the reconstructed growth 
curves, we corroborated the fact that the molars of  extant equids show this prolonged growth, 
whereas hipparionin molars keep growing at a slower rate and for a shorter time, and without 
considerably increasing the crown height after eruption (Fig. 4 in Chapter 5). This confirms our 
idea that a single hipparionin tooth registers most of  its growth, allowing the estimation of  a 
reliable CFT. By contrast, Equus molars keep growing when wear has already erased a significant 
part of  the cuspal enamel, thereby requiring the use of  composites for the estimation of  CFTs 
(Nacarino-Meneses et al., 2017). 

	 In previous dental histology studies, longer CFTs in later-formed third molars compared 
to other teeth have been reported (Shellis, 1984; Smith et al., 2007; Jordana and Köhler, 2011). 
Similarly, our estimated CFTs within each species tend to be longer in the m3 compared to m1/m2 
(Table 3 in Chapter 5), probably because of  the slower growth rates of  the former. In addition, we 
found that hipparionin molars had longer CFTs than less hypsodont bovids (Jordana and Köhler, 
2011; Kierdorf  et al., 2012), but shorter than the ones obtained from the Equus “composites” 
(Table 3 in Chapter 5). This trend confirms that more hypsodont teeth are mainly formed through 
extended CFTs, as recently suggested (Nacarino-Meneses et al., 2017; Witzel et al., 2018). The 
prolonged formation time in Equus molars, and thus higher hypsodonty, might then compensate 
for their earlier eruption and, as a consequence, their earlier exposure to wear.
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7.2. Life History Inferences

	 7.2.1. Hipparionin Life History Compared to Extant Equids

	 Because of  the coupling between body size and LH (Millar and Zammuto, 1983; Calder, 
1984), Miocene horses are generally thought to have faster paces of  life than extant equids as 
these are commonly larger (Van Valen, 1964; MacFadden, 1992; Martinez-Maza et al., 2014). This 
interpretation has been supported by the earlier maturities and shorter potential lifespans inferred 
for some fossil taxa in a few population dynamic studies (Kurtén, 1953; Van Valen, 1964; Hulbert, 
1982) (see section 1.3.2.1). These demographic studies relied on the identification of  discrete 
dental wear classes—assumed to represent annual stages (Hulbert, 1982)—and were based on age 
determination models (eruption and wear) for extant species. Hence, the generally lower crowned 
molars of  hipparionins led to the proposal of  shorter potential lifespans in comparison to the 
more hypsodont extant equids (MacFadden, 1992). Nevertheless, some of  the assumptions of  
these demographic studies have recently been challenged, as there are differences between Equus 
and hipparionins on (i) the eruption sequence (Domingo et al., 2018), (ii) the eruption timing 
(see previous section), and (iii) the dental wear rate. Actually, dental wear rate was most likely 
lower in hipparionins due to their mixed-feeding diets (Chapter 6) and their higher enamel band 
complexities that increase dental durability (Famoso and Davis, 2016). 

	 Indeed, the presumed rapid LH of  hipparionins has been directly questioned in a recent 
study that analyzed hipparionin molar eruption in view of  Schultz’s Rule (Domingo et al., 2018) 
(see section 1.3.2.2). In this study, the authors identified a late m3 eruption relative to premolars 
that suggests that decidual teeth lost functionality (p4 replaced the dp4) when the jaw had not yet 
grown enough to accommodate the m3, a characteristic of  slow-growing organisms (Smith, 2000). 
In contrast, Equus’ third molar tends to erupt earlier than the fourth premolar (Smuts, 1974), and in 
many specialized ruminants it erupts even before the other permanent premolars (Smith, 2000). In 
accordance with Schultz’s Rule, ruminants and living equids have been proposed to have relatively 
fast LHs (Sibly and Brown, 2007), as well as, in all probability, some lineages of  notoungulates that 
erupted all molars before the replacement premolars (Gomes Rodrigues et al., 2017). In contrast, a 
bovid with an extended life span [Myotragus balearicus (Köhler and Moyà-Solà, 2009)] shows a later 
eruption of  the third molar (Jordana et al., 2013) compared to other caprines (Silver, 1969; Pérez-
Barberia and Mutuberria, 1996). 

	 Nevertheless, recent studies have questioned the usefulness of  Schultz’s Rule, and have 
placed more emphasis on the impact of  phylogeny on the pattern of  tooth eruption (Veitschegger 
and Sánchez-Villagra, 2016; Monson and Hlusko, 2018). The fact that one trait is “phylogenetically 
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conserved”, however, does not necessarily invalidate its relationship with the organism’s ecology, 
as the evolution of  a trait is driven by ecological pressures (Westoby et al., 1995; McNab, 2015). 
Mandibular development and molar emergence, as well as somatic growth, are regulated by 
growth hormones (growth hormone and its mediator insulin-like growth factor I) (Pirinen, 1995; 
Vandeberg et al., 2004; Litsas, 2015; Bartke, 2017), which might be the mechanistic link between the 
eruption pattern and the organisms’ pace of  growth. Indeed, the LH proxies inferred from molar 
eruption schedules are in good agreement with predictions from Shultz’s Rule: taxa with an earlier 
m3 eruption compared to premolars (suggesting a fast LH on the basis of  Shultz’s Rule) show an 
advanced eruption of  the first molar—a good indicator of  a fast LH (Smith, 1989; Veitschegger and 
Sánchez-Villagra, 2016), as in the case of  extant equids and some notoungulates (Gomes Rodrigues 
et al., 2017; Chapter 5). Interestingly, this pattern (advanced m1 eruption and m3 appearing before 
the p4) is also coupled with delayed root formation in both of  the aforementioned groups (Gomes 
Rodrigues et al., 2017; Nacarino-Meneses et al., 2017), which could represent an adaptation to the 
increased dental wear caused by the early exposal of  molars and the rapid early somatic growth 
(characteristic of  a fast LH) that imply an increased food intake (Veiberg et al., 2007a).

	 In fact, the results presented in this thesis challenge the idea that hipparionins generally 
have faster LHs compared to larger living equids. Firstly, metapodial histology suggests that most 
hipparionins reached relative maturity at a similar or later age than larger Equus species (see section 
7.1.1), although we would expect a more advanced maturity due to their smaller size (Calder, 1984). 
Secondly, the lower EERs found in hipparionin molars (Fig. 3 in Chapter 5) are indicative of  
slower LHs, as supported by previous studies that linked low EERs to later ages of  foraging 
independence (Hogg and Walker, 2011; Hogg, 2018) and a later onset of  reproduction (Jordana et 
al., 2014). Finally, data on the molar eruption timing have illustrated the similar or later occurrences 
of  two LH events in hipparionins compared to Equus, as weaning and skeletal maturity ages can 
be respectively inferred from the eruption of  the m1 (Smith, 1991b) and the m3 (Engström et 
al., 1983; Dean, 2006) (Table 4 in Chapter 5). Then, if  we assume that all equids have a similar 
molar formation onset, the hipparionins studied through dental histology would have been weaned 
around 100 days later than Equus, at one year after birth. Adult skeletal maturity, on the other 
hand, might have taken place at a similar age in the three hipparionins and the extant Equus, three 
years after birth (see section 4.3 in Chapter 5). These similar or later timings contrast with what we 
would expect from the coupling of  LH and size (Peters, 1983; Calder, 1984) and are suggestive of  
a relative slower LH for hipparionin horses compared to extant equids. 
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	 7.2.2. Small-sized Hipparionins

	 To the best of  my knowledge, no other studies have directly addressed LH differences with 
regard to body size in hipparionin horses. However, when relating the general phyletic increase in 
equid body size to longer potential lifespans, MacFadden (1992) had already raised questions about 
the LH changes that might have occurred in lineages experiencing dwarfing trends (see section 
1.3.2.1). He speculated that the dwarf  Pseudhipparion simpsoni might have maintained the arguably 
longer lifespan of  its ancestors and thus an increased lifetime reproduction (MacFadden, 1992). In 
this thesis, the results on bone and dental histology point to distinct LHs on the different-sized 
hipparionins analyzed. From the estimated relative maturity of  the small-sized hipparionin from 
the western Mediterranean (H. gromovae), we inferred a slower LH strategy than was expected for 
its size (Chapter 4). Moreover, the lower EERs also led us to propose a slower LH in this species 
and in the even smaller H. periafricanum in comparison to the larger hipparionin and its probable 
ancestor, H. concudense (Alberdi, 1972) (Chapter 5). The reconstruction of  molar eruption timing 
and its relationship with LH events further supports this inference—as shown in Fig. 7.1A, weaning 
probably took place later than predicted from scaling in both dwarfed species, as it also occurs in the 
case of  maturity attainment (Fig. 7.1B). It is worth mentioning that the ages of  m3 eruption (proxy 
for skeletal maturity) have been plotted here with data on the age at first reproduction (Fig. 7.1B) 
because most datasets lack values for somatic maturity. However, I am assuming that (i) hipparionins 
may have reached sexual maturity when they stopped growing, due to the trade-off  between growth-
reproduction (Stearns, 1992), and (ii) that they reproduced shortly after becoming sexually mature. 
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Figure 7.1.
Allometries for weaning (A) and age at first reproduction (B) based on data from the mammalian LH database 
published in Ernest (2003). The black color highlights the regression line for perissodactyls and artiodactyls. 
Weaning and maturity ages inferred in this thesis from molar eruption are indicated with stars. Note that the stars 
in B actually indicate the ages at skeletal maturity and not the age at first reproduction. Hipparionin body masses 
were taken from Table 6.1 of Chapter 6. 
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	 The small-sized hipparionins from the eastern Mediterranean (macedonicum morphotype), 
on the other hand, have shown to advance their relative maturity attainment compared to larger 
forms, which point toward a shift to a faster LH in this group (Chapter 4). Interestingly, the larger 
H. primigenium truyolsi from the western Mediterranean reached relative maturity around the same 
time as macedonicum hipparionins (Fig. 5 in Chapter 4), despite the striking differences in size. We 
were cautious, however, regarding the interpretations of  this result owing to the limited sample size 
and the high presence of  remodeling on the single H. primigenium truyolsi specimen. The occurrence 
of  this earlier maturation in a large-sized taxon, and of  the slower LH in dwarfed taxa, suggest 
that there are other factors besides body size that are acting on the LHs, which are related to the 
environmental conditions and the organisms’ ecology (Stearns, 1992; Sibly and Brown, 2007).

7.3. Ecological Interpretations 

	 Resource availability and extrinsic mortality are the two principal ecological agents that 
shape LHs (Law, 1979; Promislow and Harvey, 1990; Stearns, 1992). A higher extrinsic mortality due 
to increased predation selects for an advanced maturity (faster LH), as that warrants reproduction 
before an early death (Gadgil and Bossert, 1970; Reznick et al., 1996; Gaillard et al., 2000). On 
the other hand, a later maturity is favored under low predation levels (Stearns, 1992) because of  
the benefits of  reproducing late: fecundity increases with the size of  the progenitor, and juvenile 
mortality decreases with the age and size of  the progenitor (Stearns and Koella, 1986; Palkovacs, 
2003). In the context of  resource limitations, delayed maturation can also help to increase juvenile 
survival, which has shown to be significantly affected by resource constraints (Skogland, 1985; 
Choquenot, 1991; Gaillard et al., 2000). Indeed, the best strategy under conditions of  low resource 
availability is to invest more energy to soma maintenance in detriment of  growth and reproduction 
(slower LH), thus favoring survival (Holliday, 1989). Moreover, under a scenario of  low resource 
availability (e.g., low habitat productivity), growth rate is constrained due to the necessity of  spending 
more energy to obtain food (Palkovacs, 2003). Besides habitat productivity, density-dependence is 
another important aspect influencing the levels of  available resources (Skogland, 1983; Choquenot, 
1991), which can influence ungulates’ LHs (Gaillard et al., 2000). 

	 Because the rate and duration of  growth determine the organism body size, the adaptive 
changes in maturity attainment and growth rate may lead to changes in adult body size (Palkovacs, 
2003). Smaller sizes can be as a result of  the outcome of  (i) lowered growth rates, due to resource 
limitation (e.g., Long et al., 2019), (ii) or of  the shortening of  the growth period because of  
advanced maturity (e.g., Stearns et al., 2000). In contrast, larger body sizes are reached through 
an extended growth period or increased growth rates (Roff, 2002). Dwarfing trends, however, 
have also shown to be occasionally coupled to delayed maturities (Skogland, 1983; Köhler and 
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Moyà-Solà, 2009; Jordana and Köhler, 2011) because the direction of  the size shift depends on 
the magnitude and relative importance of  the changes in the mortality regime and the availability 
of  resources (Palkovacs, 2003). All these LH responses to ecological variation are first expressed 
through phenotypic plasticity (Stearns and Koella, 1986) and are later selected and assimilated 
genetically in the population (Lande, 2015). Afterwards, the characteristic LH strategy will be 
maintained distinct and stable in as far as it remains optimal under the prevailing environmental 
conditions (Promislow and Harvey, 1990).

	 7.3.1. Life History Differences Between Hipparionins and Extant Equids

	 Despite the similar or advanced timing of  LH events in hipparionin horses and extant equids 
(section 7.2.1)—implying a shorter or comparable timespan to grow— Equus species generally reach 
larger body sizes. Therefore, faster somatic growth in Equus compared to hipparionins must necessarily 
be involved. Similarly, differences in growth rate seem to account for the body size differences observed 
between domestic horse breeds (Strand et al., 2007; Heck et al., 2017), and between extant Equus 
species and significantly larger Pleistocene forms (Nacarino-Meneses and Orlandi-Oliveras, 2019). In 
this regard, abundant food supplies have been shown to favor higher somatic growth rates (Marín-
Moratalla et al., 2013; Woodward et al., 2014; Nacarino-Meneses et al., 2016a), and animals under 
these conditions tend to increase in body mass and advance breeding (reviewed in Boutin, 1990). The 
availability of  resources is thus likely to be the underlying cause of  the observed differences. 

	 It is hypothesized, therefore, that extant equids may rely on a more abundant and/
or nutritious type of  vegetation than most hipparionins. Indeed, the graminaceous plants that 
compose much of  the Equus diet (Nowak, 1999) tend to lack the secondary metabolites, while 
forbs and browse species produce more defense compounds that make them less nutritious 
(Harborne, 1988; Duncan and Poppi, 2008). Hipparionins, which had more opportunistic diets 
and include a higher proportion of  browse (Tütken et al., 2013; Chapter 6), might then have 
had a poorer source of  energy to sustain high somatic growth rates and rapid development. In 
accordance with the proposed hypothesis, it has been suggested that hipparionins were probably 
more mixed feeders, while the Equini might have consumed mainly grasses in the North American 
ecosystems in which both groups co-occurred (Shotwell, 1961; Forsten, 1989). In the case of  the 
hipparionin populations for which we have inferred stronger grazing strategies, i.e., those from 
Concud and Venta del Moro (Fig. 6.4 in Chapter 6), the paleoenvironmental data indicate that 
they were dwelling in wetlands near lacustrine areas (Montoya et al., 2006; Pesquero et al., 2013). 
In these habitats, grasses were probably not as abundant as in they are in modern-day savannas 
and steppes since monocots may have been mostly confined to the shores of  lakes; whereas more 
closed or mixed landscapes probably occupied the lake surroundings (DeMiguel et al., 2018). 
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	 Aside from the quantity and quality of  the primary producers, the available food for 
an ungulate also depends on its population density (Wolverton et al., 2009) and that of  other 
competitors. Hence, both resource productivity and population density have been shown 
to influence body size in extant ungulates (Klein, 1965; Klein and Strandgaard, 1972). In this 
regard, Saarinen et al. (2016) recently proposed that higher intraspecific competition due to high 
population densities was the cause of  the smaller body size of  some Equus ferus populations from 
the European Pleistocene. Thus, in hipparionin horses, the lower resource availability could have 
also been related to higher competence levels due to the presence of  sympatric hipparionin taxa in 
most assemblages, or to higher population densities of  the same species. The wide dietary spectra 
observed for some hipparionin populations (Chapter 6) might support this interpretation since 
ungulates tend to expand their feeding preferences under density-dependent resource limitation 
(Skogland, 1988; Freeland and Choquenot, 1990; Winkler et al., 2013). Conversely, in extant faunal 
associations, only one equid species tends to occur (Janis, 2008). In this case, competition with 
other ungulates is avoided through the exploitation of  the more abundant, less digestible, and more 
abrasive plants (Janis et al., 1994) from which equids can feed thanks to their different craniodental 
morphology and digestive strategy compared to ruminants (Janis, 1976).

	 7.3.2. Dwarfing in Hipparionins

	 The main objective of  this thesis has been to elucidate the processes and causes that 
led some hipparionin groups to undergo a decrease in body size. The mechanistic basis and 
evolutionary factors that underlie the organisms’ size shifts in continental settings are still poorly 
understood. Islands, however, represent natural laboratories from which evolutionary patterns can 
be studied and can subsequently be applied in the mainland. In general, it has been thought that 
shifts in body sizes in insular organisms are the result of  direct selection for larger or smaller 
sizes (reviewed in Palkovacs, 2003) and that the accompanying changes in LH are simply an effect 
of  allometry (Calder, 1984). LHT, however, offers a more general explanation for the body size 
shifts in insular organisms (see section 1.2.1). Body size modifications can be merely a byproduct 
of  natural selection acting on the LH traits to which body size is sensitive (Palkovacs, 2003). 
Thus, based on Palkovacs’ (2003) model for body size evolution on islands, this thesis aims to 
unravel whether the hipparionin dwarfing trends were related to differences in predation pressures 
(extrinsic mortality) or to resource availability. The contrasting growth strategies identified in the 
dwarfed hipparionins from the eastern and the western Mediterranean (see section 7.2.2), suggest 
that two different selective agents triggered two distinct adaptive mechanisms that, conversely, led 
to a similar phenotypic outcome (small size). 
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	 In the case of  the macedonicum group from the eastern Mediterranean, we inferred that 
higher extrinsic mortality—due to predation—selected for a faster LH resulting in an associated 
decrease in body size. This higher mortality rate likely affected adult survival, since population 
growth rates in ungulates are more sensitive to changes in this parameter than to variations in 
juvenile survival (Gaillard et al., 2000; Gaillard and Yoccoz, 2003). An alternative interpretation of  
direct selection for smaller body size to avoid dietary competition (a niche partitioning hypothesis) 
is preliminary discarded here in view of  the similar foraging preferences of  the sympatric differently 
sized hipparionins from the eastern Mediterranean (Chapter 6). However, dietary segregation 
could have occurred through the exploitation of  different food items but with similar mechanical 
properties (thereby producing similar dental microwear textures).

	 On the other hand, the reduced growth rates, relatively delayed maturities, and slower 
LHs of  the western Mediterranean dwarfs (H. gromovae and H. periafricanum) have been interpreted 
here as a response to low resource availability, as it is the main selective pressure influencing the 
organisms’ growth rate (Stearns, 1992; Palkovacs, 2003). In this context of  constrained growth, 
a delayed maturity arises from (i) the extension of  the growth period to reaching the proper 
condition for reproduction (Stearns and Koella, 1986; Berrigan and Koella, 1994) and/or from (ii) 
the postponement of  breeding in favor of  survival and maintenance (Holliday, 1989). Additionally, 
later maturation leads to more experienced and larger progenitors (Sand, 1996; Gaillard et al., 2000) 
that may help to counterbalance the probable higher rate of  juvenile mortality due to resource 
limitations (Skogland, 1985; Choquenot, 1991; Gaillard and Yoccoz, 2003). The lower resource 
availability inferred from growth rate could have been caused by either lower habitat productivity, 
density-dependent food limitations (Wolverton et al., 2009), or both. 

	 Accordingly, individuals from extant ungulate populations living in less productive habitats 
exhibit smaller body sizes and traits indicative of  slower LHs (longer lifespans) than those inhabiting 
more productive areas (Veiberg et al., 2007b). Likewise, ungulate populations affected by density-
dependent resource constraints have also shown to be composed of  smaller individuals with 
delayed maturities (Skogland, 1983; Choquenot, 1991) and later weaning ages (extended lactation 
times) (Skogland, 1983) as observed in the dwarf  western Mediterranean hipparionins (Fig. 7.1A). 

7.3.2.1. Environmental Setting and Inferences on the Ecology of 
Different-sized Hipparionins

	 Because the selective pressures acting on LHs are exerted by the biotic and abiotic 
environment (Stearns, 1992), we considered the paleoenvironmental reconstructions of  the eastern 
and western Mediterranean in order to explore the occurrence of  the factors driving hipparionin 
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dwarfing (i.e., higher extrinsic mortality and lower resources, see Chapter 4). Additionally, the 
ecological interpretations inferred from LH analysis were examined by reconstructing the foraging 
ecology of  hipparionins from both regions using dental wear analysis (Chapter 6). Our results on 
hipparionin DMTs indicated that most hipparionins were mixed feeders (Fig. 6.4 in Chapter 6), 
which contrasts with the classic interpretation that characterize them as grazing zebras inhabiting 
grassland plains (Matthew, 1926; Stebbins, 1981; Gabunia and Chochieva, 1982), but reinforce 
the idea of  their wide dietary flexibility (Kaiser, 2003; Tütken et al., 2013). Moreover, although 
the dietary preferences of  a sole group of  ungulates do not directly indicate the habitat type, the 
opportunistic diets of  the hipparionins have given us clues as to habitat composition (Kaiser, 2003) 
due to the necessary association between grazing diets and the presence of  grasses, and between 
browsing diets and the presence of  woody cover (Ungar et al., 2007; Schulz et al., 2010). 

The Eastern Mediterranean 

	 The eastern Mediterranean landscapes during the late Miocene were likely more open than 
those of  the western part, and would have mostly consisted of  savannas and shrubland (Bonis et 
al., 1992a, 1999; Fortelius et al., 1996, 2006; Merceron et al., 2005, 2016a; Strömberg et al., 2007; 
Costeur and Legendre, 2008; but see Denk et al., 2018). For ungulates, more open environments 
such as these are richer in resources than more closed and forested ones (Fischhoff  et al., 2007; 
Godvik et al., 2009; Thaker et al., 2010), which tend to support lower quantities and quality of  
forage (Mysterud and Ostbye, 1999). However, in comparison to the shelter provided by covered 
areas, opener habitats are riskier for ungulates (Fortin et al., 2005; Hernández and Laundré, 2007; 
Godvik et al., 2009) since predators can more easily detect their prey and have fewer obstacles when 
attacking (see review in Mysterud and Ostbye, 1999). In this context, the high predation pressures 
that triggered the earlier maturity of  the macedonicum hipparionins could have been caused by the 
diverse carnivore associations occurring in the more open eastern Mediterranean environments 
(Koufos and Konidaris, 2011). The existence in this region of  rich hipparionin assemblages with no 
strong DMT differences (so low dietary partitioning) neither in general (Appendix 8.3 of  Chapter 
6) nor within each locality (Appendices 8.8 to 8.14 in Chapter 6), also point to the presence of  
highly productive open habitats with diverse and abundant resources. Hence, the different-sized 
hipparionin forms present in this area could live sympatrically, broadening their dietary preferences 
as a function of  the exploitable primary resources and of  intra/interspecific competition. 

	 In addition to the presence of  a grassy layer in the eastern Mediterranean landscapes 
(Merceron et al., 2007; Strömberg et al., 2007), our DMTA data further indicate the existence of  
bushy and shrubby vegetation because of  the mixed-feeding diets of  the eastern hipparionins (Fig. 
6.2 and 6.4 in Chapter 6). Indeed, our results do not attest the inclusion of  more grasses in the 
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diet of  the eastern Mediterranean hipparionins compared to the western forms—due to the higher 
DMT complexities of  the former (Fig. 6.3.1 in Chapter 6)—as would be expected due to the more 
open habitats eastwards. We interpreted this as the consequence of  hipparionins consuming a higher 
proportion of  woody browse during seasonal depletions of  monocots. A similar browsing behavior 
has been reported in extant equids during drought periods (common in open environments) (Estes, 
1991; Moehlman, 2002), which constrain the growth of  grasses due to their lower water competitive 
capacity compared to bushes and shrubs (Hipondoka et al., 2003; Wang et al., 2010). As a consequence, 
extant ungulates that only feed on grasses are generally confined to wetlands, or alternatively they are 
subject to seasonal migrations (discussed in Merceron et al., 2016a). An alternative interpretation 
involves the arguable presence of  millimetric grit in the open landscapes of  the eastern Mediterranean. 
To date, the role and effect of  exogenous grit, and of  the silica phytoliths in the microwear signature, 
is a contentious issue (Lucas et al., 2014; Merceron et al., 2016b; Sanson et al., 2017). In this regard, the 
incorporation by ungulates of  micrometric dust has been shown to not significantly alter the DMT 
complexities (Merceron et al., 2016b; Ramdarshan et al., 2016) and, more importantly, to not obscure 
the DMT differences between dietary classes (Burgman et al., 2016; Merceron et al., 2016b). However, 
the processing of  larger sand particles (millimetric grit) might form large pits on the enamel surface 
(Solounias and Semprebon, 2002) that increase the DMT complexity (Calandra and Merceron, 2016; 
Hedberg and DeSantis, 2017). Thus, an arguably higher presence of  grit in the east—due to drier and 
more open habitats—could be hindering the direct comparison between the diets of  hipparionins 
from the eastern and the western Mediterranean. A future multi-proxy study which includes mesowear 
and isotopic analyses may help to shed light on this comparison. 

The Western Mediterranean 

	 In the western side of  the Mediterranean, the landscapes during the late Miocene were 
generally more forested than those of  the eastern part (Bonis et al., 1992b; Koufos, 2006). Along 
with occasional open habitats, the presence of  xeric woodlands and forested areas in Iberia 
(Hernández Fernández et al., 2006; Domingo et al., 2013; DeMiguel et al., 2018) could have provided 
increased cover (Mysterud and Ostbye, 1999; Godvik et al., 2009) to some of  the hipparionins that 
were analyzed. Therefore, considering the LH reconstructions discussed here (section 7.2.2), the 
western Mediterranean dwarf  hipparionins dwelt in the more densely covered areas, where they 
were less exposed to the present predators (Salesa et al., 2012) (lower predation pressures) but had 
lower availability of  resources due to the shading effect of  trees (Mysterud and Ostbye, 1999). 
Therefore, their slower LHs were triggered by the lower resource availability caused by them living 
in more secure but less productive closed environments. In a similar way, Macho and Williamson 
(2002) recognized that among African bovids, smaller taxa tend to occupy more forested habitats 
and have longer gestation periods (slower LHs) than expected for their size. 
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	 These interpretations on the ecology of  the smaller hipparionins from the western 
Mediterranean are supported by our results on the DMTA. We have found that, contrary to the 
similar diets of  the eastern hipparionins, the diets of  the western smaller-sized forms generally 
differ to those of  the larger ones by the inclusion of  a higher proportion of  browse and of  
items of  diverse physical properties (Fig. 6.4 in Chapter 6). Specifically, while the larger Turolian 
hipparionins from this area fed mainly on grasses, H. gromovae and H. periafricanum had a more varied 
browse-dominated diet (Fig. 6.2 and 6.4 in Chapter 6) that endorsess their occupation of  denser 
habitats with more woody cover. This trend of  relating smaller forms to more closed habitats, and 
larger hipparionins to more open ones, conforms to the model of  body size changes in the Equini 
proposed by Alberdi et al. (1995) and later applied to Iberian hipparionins by Ortiz-Jaureguizar 
and Alberdi (2003). In agreement with this, Kaiser et al. (2003) also found that in a German fossil 
locality the smaller hipparionin was a browser that was more adapted to closed habitats compared 
to the larger species present in the same site. 

	 In addition, the greater inclusion of  hard ligneous material and the broader diets of  the 
western Mediterranean dwarfs could also point to a dietary expansion favored by the low availability 
of  resources. In a similar way, extant ungulates under resource limited conditions feed on a wider 
range of  lower quality food, which increases their tooth wear and constrains their somatic growth 
rate, leading to smaller adult body sizes (Skogland, 1988; Veiberg et al., 2007b). This could explain, 
for example, that the aforementioned hipparionins have higher hypsodonty indices compared 
to larger-sized forms (Pesquero, 2003) that otherwise fed mainly on grasses (e.g., H. concudense) 
(Fig. 6.4 in Chapter 6). Seasonal variability in climate and resource productivity is overcome by 
large ungulates through migration to other foraging areas (Sinclair and Norton-Griffiths, 1979), as 
that allows them to increase resource availability and reduce its variations (Georgiadis et al., 2003). 
Migratory behavior, therefore, represents another tactic to maximize fitness, and thus should be 
considered when characterizing an organism’s LH strategy (Southwood, 1988). In this context, it is 
hypothesized that the grazing larger hipparionins from the Iberian Peninsula arguably underwent 
seasonal migrations following fluxes in grass production, whereas the smaller forms would have 
seasonally expanded their diets and exploited the fewer available resources. 

	 To see whether these hipparionin populations did indeed undergo seasonal migrations 
or remained in the same area, a promising topic to address in the future would be to explore the 
variations on the strontium isotopic ratio (87Sr/86Sr) of  their enamel. As this ratio varies with 
differences in the underlying bedrock (Gosz and Moore, 1989), its analysis on the enamel of  
large mammals has been shown to help tracking migratory movements (e.g., Hoppe et al., 1999). 
The presented data on enamel growth (Chapter 5), together with that of  the hipparionin dietary 
preferences (Chapter 6), can then help to interpret at a finer level the results of  this eventual 
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isotopic study as well as others that address isotopic variations on hipparionin enamel—a proxy 
widely used for paleoecological inferences (e.g., Nelson, 2005; Domingo et al., 2009; Van Dam and 
Reichart, 2009). Future work will benefit in particular from the growth reconstruction of  the third 
molar of  both extant and extinct equids (Chapter 5), as this tooth is preferred for isotopic analysis 
due to its longer formation times (Table 3 in Chapter 5) and to the fact that its isotopic signal is not 
affected by the consumption of  mother’s milk (Bryant et al., 1994).

	 In summary, the results of  this thesis have evidenced that different ecological settings 
led to convergent decreases in body size in hipparionins from both sides of  the Mediterranean. 
Previously, other studies proposed a general link between forested biomes and the presence of  
smaller hipparionins (Ortiz-Jaureguizar and Alberdi, 2003), in contrast with others that considered 
the smaller forms to be more adapted to open habitats (Bernor et al.,1996). Based on a body size 
evolution model rooted in LHT (Palkovacs, 2003), the results of  this thesis suggest that high predation 
pressures typical of  open landscapes indeed triggered the dwarfing of  some eastern Mediterranean 
hipparionins. On the other hand, it has also been inferred here that lower resource availability was 
the cause of  the small body size of  some hipparionins from the western Mediterranean, as was 
also advocated by Forsten (1968, 1978a). Moreover, as suggested from the reconstructed LHs 
and dietary preferences, these dwarf  hipparionins likely dwelt in more densely covered habitats 
compared to larger forms, in accordance with the interpretation of  Ortiz-Jaureguizar and Alberdi 
(2003). This thesis, based on the study of  the LH and foraging ecology of  extinct taxa by means of  
paleohistology and dental wear, sets a precedent for the understanding of  shifts in body size and 
the ecological factors underlying them.
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Chapter 8
Conclusions

I.	 Hipparionin metapodials show a similar arrangement of  bone tissues and vascularity to that 
described in extant equids. Their cortex is mostly formed by a fibrolamellar complex with 
longitudinal primary osteons oriented in circular rows, and with some occasional circular and 
radial canals. The neonatal line previously observed in the limb bones of  zebras and asses 
has been found within the innermost cortex of  hipparionin metapodials. Because of  the 
low resorption of  the metapodial medullary cavity, the neonatal line has been identified in 
mature specimens, distinguished here by the deposition of  slow-growing lamellar bone in the 
periosteal surface. This fact has allowed the reconstruction of  the entire metapodial growth, 
which properly fits a logistic growth curve. 

II.	 The metapodial size at birth and its growth rate during the first year of  life are functions 
of  the final size of  the metapodia in the analyzed hipparionin taxa. The marked reduction 
in the rate of  bone deposition, which indicates the attainment of  a relative maturity, occurs 
earlier in the eastern Mediterranean small hipparionins (macedonicum group) than in the larger 
morphotypes (primigenium and dietrichi). The metapodials of  the western Mediterranean 
dwarf  hipparionin (H. gromovae) show an extended growth period, indicating a relatively late 
maturity for its size. 

III.	 The main incremental markings identified in the hipparionin enamel are laminations 
analogous to the daily increments found in other ungulates. This finding has allowed us 
to determinate that the amount of  enamel secreted per day (DSR) in hipparionin molars 
was approximately 15 μm/day, which is akin to the rates reported for ungulates in more 
recent studies. Differences in this parameter have been detected among the species analyzed, 
but particularly between Hipparion and Equus because of  the higher enamel secretion values 
of  the latter. Numerous factors are playing a role in the rate of  enamel secretion, as the 
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observed DSR differences have not been shown to be directly related to hypsodonty or 
differences in enamel thickness. Future studies with rigorous sampling protocols and a more 
heterogeneous sample will help to identify the factors involved. 

IV.	 The rate of  increase in tooth height (EER) decreases linearly from the first-formed cuspal area to 
the cervical enamel due to the nonlinear growth trajectory of  equid molar development. Taking 
into account this intra-tooth variability in EERs, it has been shown that Equus’ molars are formed 
at higher rates than those of  hipparionins, and that the molars of  a large western Mediterranean 
hipparionin grew faster in height than those of  the dwarf  taxa from the same region. 

V.	 The higher DSRs and EERs of  the first/second molars compared to the later-formed third 
molars suggest that the timing of  tooth formation/eruption and the tooth growth rates 
are correlated. Therefore, this could indicate an earlier formation and eruption of  the fast-
growing molars of  extant equids compared to those of  hipparionins. In accordance, the first 
molar in Equus has been shown to erupt earlier than the hipparionins’ first/second molars, 
and the slower-growing m1/m2s of  H. periafricanum and H. gromovae likely erupted later than 
those of  the larger H. concudense. The m3s, on the other hand, erupt at the third year of  life 
in all the analyzed taxa despite the marked differences in body size. Although Equus molars 
show similar or earlier eruption timings to those of  hipparionins, they extend their growth 
over a much longer time period, thus becoming more hypsodont.

VI.	 The LH proxies obtained from bone and dental histology debunk previous postulations 
on the faster LH of  hipparionins compared to Equus, which were based on their generally 
smaller size and less hypsodont molars. Moreover, the dwarf  hipparionins from the western 
Mediterranean must have followed slower LHs than expected for their size, as evidenced by 
(i) the late relative maturity of  H. gromovae’s metapodials and (ii) the estimated late weaning 
age (~one year old) and maturity age (~three years old) of  H. gromovae and H. periafricanum. 
Conversely, the eastern Mediterranean small-sized forms show an advanced relative maturity 
and thus a faster LH in comparison to the larger morphotypes. 

VII.	 Based on the predictive LHT model of  Palkovacs (2003), it has been inferred that a 
higher extrinsic mortality was the selective pressure that triggered the earlier maturity of  
the macedonicum group, indirectly leading to dwarfing. On the other hand, lower resource 
availability led to the decrease in size of  the western Mediterranean dwarfs, as evidenced by 
their slower LHs. Similarly, this thesis has hypothesized that the LH differences between Equus 
and hipparionins could have been related to resource availability, either due to differences in 
the quantity/quality of  forage, in the intra/interspecific competition levels, or both.
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VIII.	Differences in landscape composition between the eastern and the western Mediterranean 
might account for the contrasting ecological scenarios implied to drive dwarfing in 
hipparionins. The results suggest that a higher extrinsic mortality arose in the open 
environments around eastern Mediterranean in the late Miocene, which were richer in forage 
but riskier for ungulates as they were exposed to higher levels of  predation. The dwarf  
hipparionins from the western Mediterranean, by contrast, likely dwelt in more secure but 
less forage-rich forested habitats. 

IX.	 The analysis of  DMTs revealed that most hipparionin groups were mixed feeders. In the 
eastern Mediterranean, the different-sized forms had similar dietary habits (and arguably 
also habitat preferences), which supports the hypothesis of  the presence of  resource-rich 
environments. The DMTs of  eastern Mediterranean hipparionins tend to be more complex 
than those of  the western ones, which has been related to a higher consumption of  browse 
during seasonal droughts or, alternatively, to feeding in open habitats with vegetation 
containing more particles of  millimetric grit. 

X.	 The dietary strategies of  the western Mediterranean hipparionins were more differentiated. 
The smaller forms had broader diets and included a larger proportion of  ligneous browse 
while larger hipparionins grazed almost exclusively. This pattern suggests that the dwarfed 
hipparionins dwelt in more densely covered areas and/or had more opportunistic diets 
prompted by an environment with low resource availability.

XI.	 This thesis evidences, for the first time, that the process and mechanisms behind dwarfing 
are neither universal nor uniform but depend on the ecological context. Accordingly, the 
dwarfed eastern and western Mediterranean hipparionins did not follow the same LH 
strategies, and probably did not even dwell in similar habitats. Future studies based on multi-
proxy data will provide more information on the paleoenvironmental settings inhabited by 
the different-sized hipparionins. 
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