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Abstract

Bone histology has proved to be a valuable tool to obtain information about the palaeobiology and early taphonomic history
of fossil vertebrates. However, there are still many extinct taxa for which bone histology studies could be applied to deduce
information about their life history and early diagenetic changes. Here, we partially fill this gap by studying bone microstruc-
ture and bone micropreservation in the third metapodia of Hipparion and Equus recovered from several Miocene, Pliocene,
and Pleistocene localities in Turkey. Our histological analysis reveals that most of the bone cortices under study are composed
of a well-vascularized fibrolamellar bone. Furthermore, we record the presence of compact coarse cancellous bone in a
Hipparion metatarsal. In terms of histological preservation, our findings provide supporting evidence that differences in
moisture, oxygen, and/or temperature during fossilisation at the different localities impacted the quality of bone preservation.
Bacterial bioerosion was extensive in the samples, and we also identified a specific tunnelling morphology that we tentatively
consider to be damage caused by freshwater algae. The present study provides novel insight into the palaeobiology and early
diagenetic history of extinct horses from Turkey and sets the stage for further research in this area.
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INTRODUCTION

Horses (i.e., family Equidae) are key taxa in palaeontological
and evolutionary studies due to their abundance and wide-
spread presence in the fossil record (MacFadden, 1992,
2005; Orlando, 2015). Among the different equid lineages,
Hipparionini and Equini tribes have traditionally received
much interest because of their importance as stratigraphical,
biochronological, and palaeoecological markers (Strömberg,
2006; van Asperen, 2012; Bernor et al., 2017; Boulbes and
van Asperen, 2019; Rook et al., 2019). Turkey has an excel-
lent palaeontological record of both Hipparionini and Equini
equids (Tekkaya et al., 1975; Koufos and Kostopoulos, 1994;
Forsten and Kaya, 1995; Eisenmann and Sondaar, 1998;
Kaya and Forsten, 1999; Geraads et al., 2002; Saraç et al.,
2002; Bernor et al., 2003; Kaya et al., 2005a, 2005b, 2012;

Koufos and Vlachou, 2005; Mayda et al., 2015). However,
most of the studies performed so far on Miocene and Pleisto-
cene Turkish horses have focused on the taxonomy and sys-
tematics of the different species (e.g., Kaya et al., 2012),
whereas palaeobiological and diagenetic aspects still remain
poorly explored.
Bone histology has proved to be a valuable tool for infer-

ring palaeobiological and taphonomic information of
prehistoric animals (e.g., Chinsamy-Turan, 2005; Turner-
Walker, 2008; Kendall et al., 2018). Despite the host of
information that bone histology is able to provide for archae-
ological and palaeontological vertebrates, it is still not
widely addressed in these fields. On the one hand, histo-
taphonomical works have traditionally focused on archaeo-
logical material (e.g., Jans, 2005), and only a few studies
thoroughly reported microscopic alterations in the bone tissue
of palaeontological samples (Davis, 1997; Trueman and
Martill, 2002; Chinsamy-Turan, 2005; Chinsamy-Turan and
Ray, 2012; Turner-Walker, 2012; van der Sluis et al., 2014;
Tomassini et al., 2015; Lyras et al., 2019; Mayer et al.,
2020). Conversely, histological studies on palaeontological
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bones have generally aimed at inferring life history informa-
tion of extinct species (Chinsamy-Turan, 2005; Kolb et al.,
2015b), an approach less investigated within archaeological
material.
In this paper, we apply bone histology to several Equus and

Hipparion specimens from the Miocene, Mio-Pliocene, and
Pleistocene deposits of Turkey (Fig. 1, Table 1) with the
objective of describing the bone histology and the micro-
scopic diagenetic alterations of the samples. The main aims
of our research are (1) to expand our knowledge of the palae-
obiology of extinct equid species and (2) to shed light on the
early taphonomic history of the fossils from 11 different
Turkish localities.

BACKGROUND

Hipparion and Equus palaeontology

Hipparionine horses are characterized by having three-toed
limbs and isolated protocones in their upper cheek teeth
(Christol, 1832; Alberdi, 1989; Bernor et al., 1990). Originat-
ing in the Miocene of North America (MacFadden, 1984,
1985), they reached the Old World around 11 Ma (million
years ago) during the migratory event usually referred to as
“Hipparion datum” (Cormohipparion datum after Bernor
et al., 2017) (Bernor et al., 1988; Sen, 1990; Garcés et al.,
1997). Hipparionine taxa flourished in this continent during
Vallesian (European Land Mammal Age, 11.2–8.9 Ma [Hil-
gen et al., 2012]) and Turolian (European Land Mammal
Age, 8.9–5.3 Ma [Hilgen et al., 2012]) periods (Forsten,
1989) and finally became extinct in Europe at the middle Vil-
lafranchian (early Pleistocene, 2.6–2.0 Ma [Rook et al.,

2019]) (Pueyo et al., 2016). During this latest period, they
may have coexisted (Pueyo et al., 2016; Rook et al., 2017)
with the only Equini representative distributed worldwide
(Prado and Alberdi, 1996): the genus Equus, which com-
prises all living and extinct species of monodactyl horses
with extremely hypsodont teeth (MacFadden, 1992). Equus
first emerged in North America 4–4.5 Ma (Orlando et al.,
2013), and thereafter they dispersed to Eurasia (Rook et al.,
2019) in two different migration waves (Alberdi and Bona-
donna, 1988; Forsten, 1988; Azzaroli, 1992; Alberdi and Cer-
deño, 2003). A first dispersal event introduced the stenonid
horses (zebras and asses) to Eurasia (Alberdi and Bonadonna,
1988; Alberdi et al., 1998) 3.0–2.5 Ma (Equus-Elephant
event, Lindsay et al., 1980). Caballoid equids (horses), on
the other hand, arrived in Eurasia during a second migration
wave that took place in the middle Pleistocene (1–0.8 Ma)
(Alberdi and Bonadonna, 1988; Forsten, 1988; Orlando,
2015).

Hipparion s.l. (see Material Section for further explana-
tions on hipparionine taxonomy) and Equus are common ele-
ment faunas in the Neogene and Quaternary of Turkey. From
the early Vallesian (MN9 European Land Mammal Age,
11.2–9.9 Ma [Hilgen et al., 2012]) to the early Ruscinian
(MN14 European Land Mammal Age, 5.3–5.0 Ma [Hilgen
et al., 2012]), Anatolia was inhabited by a high taxonomic
diversity of hipparionines, including small-bodied forms
(e.g., H. matthewi), medium-sized taxa (e.g., H. dietrichi),
and large-bodied species (e.g., H. brachypus) (Tekkaya
et al., 1975; Koufos and Kostopoulos, 1994; Forsten and
Kaya, 1995; Eisenmann and Sondaar, 1998; Kaya and For-
sten, 1999; Geraads et al., 2002; Saraç et al., 2002; Bernor
et al., 2003; Kaya et al., 2005a, 2005b, 2012; Koufos and

Figure 1.Map of Turkey (dark grey) showing the locations of the localities from which the studied metapodia were recovered: (1) Çanakkale-
Gülpınar, (2) Izmir-Karaburun, (3) Kütahya-Bayat, (4) Uşak-Kemiklitepe, (5) Çankırı-Yeniköy, (6) Kırşehir-Kaman, (7)
Muğla-Yatağan-Salihpaşalar, (8) Muğla-Yatağan-Şerefköy, (9) Manisa-Düzpınar, (10) Manisa-Aşağıçobanisa, (11) Denizli-Pamukkale.
Stars indicate fossil localities and circles depict main cities.
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Vlachou, 2005; Mayda et al., 2015). Quaternary mammals
from Turkey are less studied (Erten et al., 2005) than lateMio-
cene ones (Demirel and Mayda, 2014), but still different sten-
onid Equus have been described in Plio-Pleistocene and early
Pleistocene deposits (Kostopoulos and Sen, 1999; Alçiçek
et al., 2012; Mayda et al., 2013; Demirel and Mayda, 2014;
Lebatard et al., 2014; Rausch et al., 2019).

Studies on bone histology

Since the seminal works of Enlow and Brown (Enlow and
Brown, 1956, 1957, 1958) and de Ricqlès (e.g., de Ricqlès,
1975), numerous authors have analysed the bone microstruc-
ture of extinct vertebrates to reconstruct different aspects of
their life history (e.g., Chinsamy-Turan 2005). These infer-
ences of extinct taxa rely on our understanding of the histol-
ogy of extant species (e.g., Köhler et al., 2012), which has
shown that key life history traits like birth, growth rate, age
at maturity, and age at death are recorded in the bone micro-
structure (Amprino, 1947; Chinsamy et al., 1995; de Marg-
erie et al., 2002; Castanet et al., 2004; Chinsamy and
Valenzuela, 2008; Erismis and Chinsamy, 2010; Marín-
Moratalla et al., 2013; Kolb et al., 2015b; Jordana et al.,
2016; Nacarino-Meneses et al., 2016a; Montoya-Sanhueza
and Chinsamy, 2017; Nacarino-Meneses and Köhler,
2018). In extinct mammals, palaeohistological investigations
have focussed on bones of extinct rodents (Geiger et al.,
2013; Kolb et al., 2015b; Orlandi-Oliveras et al., 2016; Gar-
rone et al., 2019; Miszkiewicz et al., 2019, 2020), lago-
morphs (Kolb et al., 2015b; Moncunill-Solé et al., 2016),
hedgehogs (Kolb et al., 2015b), wombats (Walker et al.,
2020), hippos (Kolb et al., 2015b), seals (Woolley et al.,
2019), bovids (Köhler and Moyà-Solà, 2009; Marín-
Moratalla et al., 2011), cervids (Amson et al., 2015; Kolb
et al., 2015a; Lyras et al., 2016, 2019), ursids (Veitschegger
et al., 2018), and equids (Sander and Andrássy, 2006;
Martínez-Maza et al., 2014; Orlandi-Oliveras et al., 2018;
Nacarino-Meneses and Orlandi-Oliveras, 2019; Zedda
et al., 2020).
Bone histology also provides relevant insights into the

early taphonomic history of fossil samples (Garland, 1989;
Child, 1995; Pfretzschner, 2004; Jans, 2005, 2008; Turner-
Walker, 2008; Pfretzschner and Tütken, 2011; Kendall
et al., 2018). In 1864, Wedl described some small tunnels
boring the microstructure of ancient bones and tentatively
identified fungi, microscopic parasites, and/or parasitic plants
as the cause (Turner-Walker, 2008, 2019). Since this pioneer-
ing work, different experiments have related the presence,
shape, and size of these microscopic foci to the diagenetic
action of several microorganisms (Marchiafava et al., 1974;
Hackett, 1981; Fernández-Jalvo et al., 2010; Fernández-Jalvo
and Andrews, 2016; Pesquero et al., 2018; Turner-Walker,
2019). Today, it is well known that aerobic bacteria (Hackett,
1981; Kendall et al., 2018; Turner-Walker, 2019), cyanobac-
teria (Davis, 1997; Turner-Walker and Jans, 2008;
Turner-Walker, 2012), and algae (Davis, 1997; Fernández-
Jalvo et al., 2010) are important bioerosion agents thatT
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leave permanent marks on the bone tissue (Jans, 2008),
while the role of fungi as bone tunnellers (Marchiafava
et al., 1974) is still under debate (Fernández-Jalvo and
Andrews, 2016; Turner-Walker, 2019). The action of
microorganisms is affected by different environmental
factors, including water, soil pH, or temperature (Child,
1995; Nielsen-Marsh et al., 2000; Hedges, 2002; Kendall
et al., 2018; Turner-Walker, 2019). Some of these abiotic
factors, like water or temperature, can further produce
microcracks in the bone tissue during fossilization
(Pfretzschner, 2000, 2004; Jans, 2005; Pfretzschner and
Tütken, 2011). Thus, the histo-taphonomical analysis of
fossil bones can yield important information about the
physical factors affecting their depositional environments
(Pfretzschner and Tütken, 2011; Dal Sasso et al., 2014).
Moreover, microscopic bioerosion influences the long-term
survival of bones in the fossil record, as well as the quantity
and quality of the biological information recorded on them
(Child, 1995; Trueman and Martill, 2002; Galligani et al.,
2019; Turner-Walker, 2019).

MATERIAL AND METHODS

Material

We studied 14 Hipparion and Equus fossil metapodia recov-
ered from various late Miocene, Mio-Pliocene, and early
Pleistocene localities spread across the west of Turkey (see
Fig. 1, Table 1). Specifically, metatarsi III (henceforth meta-
tarsi) and metacarpi III (henceforth metacarpi) were the bones
selected for the study, as these are the most common skeletal
elements of equids found in palaeontological sites.
Systematics and phylogeny of Old World hipparionines

is still unclear: Woodburne and Bernor (1980) suggest that,
considering the taxonomic variability of this group, all
taxa should be grouped at a supra-specific level (e.g.,
Cremohipparion, Hippotherium), while Alberdi (1989)
argues that the taxa should be classified into different mor-
photypes all belonging to the genus Hipparion s.l. Due to
the fragmentary condition of the bones analysed here, we
use Hipparion as a generic name for the different hippar-
ionine samples under study. We will only refer to other
hipparionine genera (i.e., Cremohipparion, Hippotherium,
etc.) to maintain the original taxonomy used in previous
investigations (1) when describing the different fossil
sites and (2) when making palaeobiological inferences if
only one hipparionine species was reported at a specific
fossil site.

Çanakkale-Gülpınar

We analysed three metatarsi from the Çanakkale-Gülpınar
fossil site (see Table 1). This Turolian locality (MN11-12,
11.2–7.4/6.8 Ma [Hilgen et al., 2012]) (Koufos et al., 2018)
is a seashore cliff 3 km southwest of the city of Gülpınar
(Çanakkale province) (Forsten and Kaya, 1995) (see
Fig. 1). Fossil bones were collected from a fluvial

sedimentary sequence that includes brownish sandy and
limy mudstones, limestones, sandstones, and conglomerates
(Forsten and Kaya, 1995). A variety of large mammals
were found in this locality, including both carnivores (Koufos
et al., 2018) and herbivores (Forsten and Kaya, 1995).
Regarding equids, Forsten and Kaya (1995) described three
different Hipparion morphotypes: H. cf. matthewi (small-
sized), H. sp. medium-sized, H. sp. large-sized.

Izmir-Karaburun

One metatarsus from the early Turolian (MN11-12 11.2–7.4/
6.8 Ma [Hilgen et al., 2012]) fossil locality of Izmir-
Karaburun (Kaya et al., 2005a) is included in this study
(see Table 1). It belongs to the so-called Esendere fauna
from the Esendere locality, in the Karaburun Peninsula,
west of Izmir (Kaya et al., 2005a) (see Fig. 1). Specifically,
fossil bones were recovered from the upper part of the Kara-
burun Formation, a muddy fluvial assemblage grading
upwards into lacustrine facies (Kaya, 1981; Kaya et al.,
2005a). The geology of the area mainly consists of massive
mudstone and lithic sandstone, with oolitic limestone, clay-
stone, and conglomerate occurring subordinately (Kaya
et al., 2005a). The Esendere fauna is significant because of
the description of two new carnivore species (Kaya et al.,
2005a). Other mammalian taxa such as Cremohipparion cf.
mediterraneum were also found in this locality (Kaya et al.,
2005a).

Kütahya-Bayat

One metatarsus from Kütahya-Bayat locality was analysed
(see Table 1). Fossil mammalian remains at this fossil-
bearing site were recovered from the alluvial channel deposits
filled with reddish conglomerates, brownish claystone, and
mudstone of the Çokköy Formation in Bayat village, 40 km
southwest of Kütahya (Kütahya province) (see Fig. 1)
(Kaya et al., 2005b). The Bayat faunal assemblage is charac-
terized by the presence of different herbivores, among which
the hipparionine species Cremohipparion cf. matthewi and
Cremohipparion cf. mediterraneum are outstanding (Kaya
et al., 2005b). The characteristics of these and other mamma-
lian species indicate a late Miocene age for the site (Turolian,
MN11-12, 11.2–7.4/6.8 Ma [Hilgen et al., 2012]) (Kaya
et al., 2005b).

Uşak-Kemiklitepe 2

We analysed one metacarpus from the Uşak-Kemiklitepe 2
Turolian locality (MN11-12, 11.2–7.4/6.8 Ma [Hilgen
et al., 2012]) (see Table 1). This fossiliferous site is located
1.5 km south of Karacaahmet village (Uşak province) (Sen
et al., 1994) (see Fig. 1) in the Asartepe Formation (Seyitoğlu
et al., 2009). Specifically, fossils were collected from a clastic
unit composed of massive mudstones that alternate with
matrix-supported fine-grained conglomerates representing
subaerial deposition in distal alluvial-fan environments (Seyi-
toğlu et al., 2009). Equidae specimens from this locality were

Bone histology, palaeobiology, and early diagenetic history of extinct equids from Turkey 243

https://doi.org/10.1017/qua.2020.87 Published online by Cambridge University Press

https://doi.org/10.1017/qua.2020.87


studied by Koufos and Kostopoulos (1994), who described
Hipparion mediterraneum, Hipparion matthewi, and a large-
size Hipparion sp.

Çankırı-Yeniköy

One metatarsus from the fossiliferous locality of
Çankırı-Yeniköy was analysed (see Table 1). This fossil-
bearing site is located in the red beds around Yeniköy (Çan-
kırı province) (Sen et al., 1998) (see Fig. 1). The geology of
the area is characterized by the presence of alternating sand-
stones, siltstones, mudstones, and gypsum that represent an
alluvial flood plain depositional environment with braided
stream channels (Tekkaya et al., 1975). Tekkaya and col-
leagues (1975) provided a faunal list that includes the pres-
ence of Hipparion gracile, which suggests a Turolian age
(MN11-12, 11.2–7.4/6.8 Ma [Hilgen et al., 2012]) for this
locality.

Kırşehir-Kaman

We studied one metatarsus from the Turolian (MN12, 7.6–
7.4/6.8 Ma [Hilgen et al., 2012]) locality of Kırşehir-Kaman
(see Table 1). This fossil site, also known as Akkaşdağı, is
located in the southern part of the Çankırı-Çorum Basin,
125 km southeast of Ankara (see Fig. 1) (Koufos and Vla-
chou, 2005). Mudstones, limestones, and sandstones with
subordinate conglomerates and tuff compose the sedimentary
succession and suggest an alluvial fan as the main depositio-
nal environment of the site (Kazanci et al., 2005). The main
large mammals (e.g., carnivores, perissodactyls, artiodactyls,
suids, and proboscideans) from this locality have been stud-
ied in detail by Antoine and Saraç (2005), de Bonis (2005),
Kostopoulos and Saraç (2005), Koufos and Vlachou
(2005), Liu and colleagues (2005), Saraç and Sen (2005),
and Tassy (2005). More specifically in terms of equids, Kou-
fos and Vlachou (2005) described the presence of four differ-
ent Hipparion species: Hipparion dietrichi, Hipparion
moldavicum, Hipparion brachypus, and Hipparion cf.
longipes.

Muğla-Yatağan-Salihpaşalar 1

We studied one metatarsus from the Muğla-Yatağan-
Salihpaşalar locality (see Table 1). This fossil site, which
is found 5 km east of Salihpaşalar village (Muğla province)
(see Fig. 1), was first described by Atalay (1980). The
fossil-bearing red-bed unit belongs to the Yatağan Forma-
tion (Atalay, 1980; Geraads et al., 2002) and includes
alternating conglomerates, sandstones, siltstones, and
mudstones representing an alluvial flood plain depositional
environment with braided stream channels (Kaya et al.,
2012). The Turolian (MN12, 7.6–7.4/6.8 Ma [Hilgen
et al., 2012]) ungulate mammalian faunal assemblage
found at this fossiliferous locality is characterised by a
high diversity of bovids and giraffes (Kaya et al., 2012),
although it also includes several equid species such as

Hipparion mediterraneum and Hipparion matthewi (Ger-
aads et al., 2002; Saraç et al., 2002).

Muğla-Yatağan-Şerefköy

Two metatarsi from the Muğla-Yatağan-Şerefköy fossil site
were analysed (see Table 1). This Turolian locality (MN12,
7.6–7.4/6.8 Ma [Hilgen et al., 2012]) is situated near
the Şerefköy village, 9 km east of Yatağan town (Muğla
province) (Kaya et al., 2012) (see Fig. 1).
Muğla-Yatağan-Şerefköy also belongs to the Yatağan Forma-
tion (Kaya et al., 2012). Specifically, the fossil-bearing unit at
this locality is composed of sandstones, siltstones, and mud-
stones and alternating fine- to coarse-grained conglomerates
with subangular to subrounded gravel of pebble to cobble
grade (Kaya et al., 2012). The depositional environment
described is an alluvial flood plain with braided stream chan-
nels (Kaya et al., 2012). Hipparionines represent more than
50% of the entire faunal assemblage and can be grouped
into five species belonging to three different morphotypes:
Cremohipparion sp. type 1 (small-sized), Cremohipparion
sp. type 2 (small-sized), “Hipparion” sp. type 1 (medium-
sized), “Hipparion” sp. type 2 (medium-sized), and Hippo-
therium brachypus (large-sized) (Kaya et al., 2012).

Manisa-Düzpınar

We studied one metacarpus from the Manisa-Düzpınar fossil
site (see Table 1), which is found in the outskirts of Develi vil-
lage (Manisa province) (see Fig. 1). Fossil material was specif-
ically collected from the light-coloured limestones, mudrocks,
and sands that compose the water lacustrine deposits of the
Urla Formation (Kaya et al., 1998). Micro- and macromammal
fossil remains from this site have recently been reviewed by
Mayda and colleagues (2015), who assigned the Develi
fauna to the Miocene–Pliocene transition (MN13-14, 7.4/
6.8–5.0Ma [Hilgen et al., 2012]). Hipparioninematerial recov-
ered at Manisa-Düzpınar was tentatively assigned to Cremo-
hipparion cf. matthewi (Mayda et al., 2015).

Manisa-Aşağıçobanisa

We analysed one metatarsus from the Manisa-Aşağıçobanisa
fossil site (see Table 1). This Plio-Pleistocene locality
(MN15: 5.0–3.6/3.5 Ma, MN17: 2.5–2.0/1.8 Ma [Hilgen
et al., 2012]) is situated in the vicinity of Aşağı Çobanisa vil-
lage (Manisa province) (see Fig. 1), about 50 km northeast
from Izmir (Mayda et al., 2013). Fossil remains were recov-
ered from the fluvial deposits of the Turgutlu Formation,
which mainly consists of cross-bedded sandstones and less
commonly of interclasting mudrocks (Mayda et al., 2013).
Equid material studied from this locality was assigned to
Equus aff. major. It belongs to the mid-early Pleistocene
(MN17, 2.5–2.0/1.8 Ma [Hilgen et al., 2012]) faunal associ-
ation found at this locality, which is dated to 2.1–1.9 Ma
(Mayda et al., 2013).
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Denizli-Pamukkale

One metacarpus from the middle Pleistocene (MN17-18,
2.5–0.6 Ma [Hilgen et al., 2012]) locality of Denizli-
Pamukkale (see Fig. 1) was studied (see Table 1). Fossil
remains at this site were recovered from the tourist travertine
formations known as Pamukkale travertines (Rausch et al.,
2019). These are freshwater limestones that form when hot
ground water rich in calcium and bicarbonate emerges at
springs (Guo and Riding, 1998). Specifically, fossils were
collected from the 50-m-thick “Upper Travertine” unit (Leb-
atard et al., 2014), which represents travertine depositional
environments (Rausch et al., 2019). This fossiliferous locality
registers the presence of E. cf. altidens s.l. and E. cf. apollo-
niensis (Boulbes et al., 2014; Rausch et al., 2019).

Preparation and analysis of histological slides

Bone thin sections of ∼100 μm thickness were prepared from
each sample following standard procedures that include differ-
ent steps of embedding, cutting, grinding, and polishing
(Chinsamy and Raath, 1992). The obtained histological slides
were observed and analysed under transmitted and polarized
light to describe the bone histology and preservation. Specifi-
cally, we used a Nikon Eclipse E200 and a Zeiss Ax10 Lab.A1
polarising microscopes. High-quality micrographs were taken
with the cameras (Canon EAOD 500D and Nikon DS-Fi1,
respectively) attached to the different microscopes. Diagenetic
alterations of the bone tissue were also studied in a desktop
scanning electron microscope Phenom™ ProX.
Bone tissue types and their vascularization were qualita-

tively studied following classical approaches presented in
the literature (e.g., Francillon-Vieillot et al., 1990; Chinsamy-
Turan, 2005). Generally, bone tissue is classified as primary
or secondary based on its origin. Primary bone is usually
grouped into different typologies according to the degree of
organization of the collagen fibres, the shape and arrange-
ment of bone cells (i.e., osteocytes), and the quantity and
organisation of the vascular canals (Francillon-Vieillot
et al., 1990; Chinsamy-Turan, 2005; Huttenlocker et al.,
2013). In large mammals, such as equids, during early onto-
genetic stages primary bone is usually fibrolamellar bone tis-
sue (Kolb et al., 2015b). This bone tissue is formed at high
rates (Amprino, 1947; deMargerie et al., 2002), which results
in a highly vascularized bone matrix with multiple primary
osteons, many osteocytes, and randomly organized collagen
fibres (Francillon-Vieillot et al., 1990; Chinsamy-Turan,
2005). When growth rate decreases as the animal approaches
adult body size, lamellar bone tissue is deposited. In this
case, it is usually called external fundamental system (EFS)
or outer circumferential layer (OCL). Lamellar bone tissue
is formed at slower rates than fibrolamellar bone (Amprino,
1947; de Margerie et al., 2002) and consists of highly orga-
nized collagen fibres, few vascular canals and/or primary
osteons, and few osteocytes (Francillon-Vieillot et al.,
1990; Chinsamy-Turan, 2005). Secondary bone, as the
name suggests, is deposited after primary bone has been

resorbed (Francillon-Vieillot et al., 1990; Currey, 2002). It
results from the joint action of the osteoclasts (i.e., bone-
resorbing cells) and the osteoblasts (i.e., bone-forming
cells) during a process known as bone remodelling (Currey,
2002) or secondary reconstruction (Chinsamy-Turan,
2005). Secondary tissue may take the form of secondary
osteons (also named Haversian canals) or can be endosteally
formed, such as compacted coarse cancellous bone
(Chinsamy-Turan, 2005).

Bone growth marks (BGMs, i.e., lines of arrested growth
[LAGs] and annuli) (Castanet et al., 1993), both cyclical
(CGMs) and non-cyclical ones (i.e., neonatal line [NL])
(Nacarino-Meneses and Köhler, 2018), were also analysed
in the different cross sections. When possible, their perimeter
was estimated using Image J software, and the results were
plotted to reconstruct the pattern of metapodial growth
(Nacarino-Meneses et al., 2016a). Size variation per year
was calculated as a proxy of growth rate by subtracting
BGMs’ perimeters of consecutive annual growth cycles
(Nacarino-Meneses et al., 2016a). The non-cyclical BGM
described by Nacarino-Meneses and Köhler (2018) as the
NL was considered as time zero for growth reconstructions
(Woodward et al., 2013).

Several diagenetic features were recorded for each speci-
men, including the general histological index (GHI) (Hollund
et al., 2012), the type of bone microscopic focal destruction
(MFD) (Hackett, 1981), the presence and appearance of
bone microcracks (Jans, 2005; Pfretzschner and Tütken,
2011), the degree of bone birefringence (Jans, 2005), and
the presence of inclusions and infiltrations (Garland, 1989).
The GHI (Hollund et al., 2012) was applied to qualitatively
analyse the amount of unaltered microstructure within a
bone cross section. Based on previous preservation indexes
that only considered microorganisms as the main factors
altering bone tissue microstructure (Hedges et al., 1995; Mill-
ard, 2001; Haynes et al., 2002), the GHI assesses the amount
of bone microstructure affected by bioerosion, microcracks,
and infiltrations (Hollund et al., 2012). According to this pres-
ervation index (Hollund et al., 2012), we classified the micro-
scopic damage into each of the already described six
categories that range from GHI 0 (bad preservation) to GHI
5 (excellent preservation). We also examined the presence
and type of MFD within each bone slide. These features,
also known as tunnels or foci, are changes of the bone tissue
caused by the action of microorganisms (Hackett, 1981).
MFD is classified into four types on the basis of their size,
shape, and the presence of a hypermineralized ring (Hackett,
1981; Jans, 2008); the four types are Wedl, linear longitudi-
nal, budded, and lamellate. To simplify our results, linear lon-
gitudinal, budded, and lamellate foci where all classified as
non-Wedl tunnels following Jans (2008). Furthermore, we
preferentially used the term “Wedl-like” instead of “Wedl”
because the agent causing this kind of borings in our sample
is probably different from that causing the tunnels originally
described by Wedl (i.e., cyanobacteria, Turner-Walker,
2019). Bone microcracks or microfissures, on the other
hand, tend to appear in bone cross sections as a result of
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variations in the water content (i.e., wetting and drying cycles
that provoke shrinkage and expansion) of the bone matrix col-
lagen during early stages of fossilization (Pfretzschner, 2000,
2004; Pfretzschner and Tütken, 2011). Here, we qualitatively
describe the presence and extent of bone microcracks for each
fossil sample. Bone birefringence is related to the degree of
arrangement of the apatite crystals, with ordered apatite crys-
tals showing a high degree of birefringence (Schoeninger
et al., 1989). In the present work, bone birefringence was
assessed as 1 (perfect), 0.5 (reduced), or 0 (absent) following
Jans (2005). Finally, we analysed inclusions and infiltrations
within each bone cross section. According to Garland (1989),
inclusions appear within bone spaces (e.g., medullary cavity,
Haversian canals) while infiltrations appear within the bone
substance itself. Inclusions can consist of diverse materials
such as sand, minerals, or microorganisms (Jans et al.,
2002). Infiltrations, on the other hand, appear as stains in
the bone section (Jans et al., 2002).

RESULTS

Bone histology and skeletochronology

Primary bone tissue of Turkish hipparionines is characterized
by the presence of longitudinal primary osteons (POs) ori-
ented in circumferential rows (see Fig. 2A) throughout the
whole bone cortex. In KK-1 we additionally identified com-
pacted coarse cancellous bone (CCCB) composing most of
the inner bone cortex (see Fig. 2B). Abundant secondary
osteons (SOs) are scattered in the cortex of TurkishHipparion
(see Fig. 2B), which eventually form awell-developed Haver-
sian bone (see Fig. 2C) in some specimens like UEK-1. Sec-
ondarily deposited endosteal bone (EB) lines the medullary
cavity of several hipparionine samples (e.g., UEK-1, MD-7,
CG-1) (see Fig. 2D).
Bone tissue types of our Equus sample was only studied in

the Denizli-Pamukkale metacarpus (P-1, see Fig. 2E, 2F)
since the histology of the other Equus sample was not well
preserved (see below). The internal cortex of this specimen
consists of a fibrolamellar bone tissue with circumferentially
oriented vascular canals (PO), which conforms to the primary
bone tissue type known as laminar bone (LB) (see Fig. 2E).
Vascular canals within the external half of the cortex predom-
inantly have a longitudinal orientation (see Fig. 2E), resulting
in longitudinal POs oriented in circumferential rows (see
Fig. 2E). Scattered SOs are also identified in this Equus speci-
men (see Fig. 2F), mainly in the posterior part of the cortex.
EB is found in the innermost cortex.
BGMs, both in the form of LAGs and annuli, were also

identified in Hipparion and Equus samples (see Fig. 3).
These features were recognized in many of the specimens
under analysis (CG-1, CG-2, CG-3, P-1, MD-7, MYSA-1,
UEK-1), regardless of the preservation state (see Fig. 3A) or
the degree of intracortical remodelling (i.e., presence of multi-
ple SOs) (see Fig. 3B). However, the complete path of the
BGMs within the whole cortex could only be followed with
confidence in the metacarpus MD7 (see Fig. 3C), which

presents one NL and six CGMs (see Fig. 3C). All BGMs in
this specimen appear within the fibrolamellar bone tissue,
and no EFS/OCL was recognized. The perimeter of each
CGM, as well as that of the NL, was measured and plotted
to reconstruct the pattern of MD7’s growth (see Fig. 3D). As
Figure 3D shows, this bone grows faster during the first year
of life and then progressively reduces its growth rate. Minimal
rates of bone deposition are only attained after the deposition of
the fourth CGM (see Fig. 3E). This change in growth rate
observed in both graphs (see Fig. 3D, 3E) coincides with a
decrease in the spacing between CGMs (see Fig. 3C).

Preservation at the histological level

Bone preservation at the histological level varies greatly among
the samples studied (see Fig. 4A, 5). Only two of the speci-
mens under analysis (Supplementary Table 1), which represent
14.3% of the sample (see Fig. 4A), present diagenetically unal-
tered histology (GHI = 5, see Fig. 5A). Bone histological fea-
tures can also be easily identified in P-1 (see Fig. 5B), which is
categorized as GHI = 4 (see Fig. 4A, Supplementary Table 1)
due to the high number of bonemicrocracks that run through its
cortex (see Fig. 5B). Bone microstructure is completely altered
in four metapodia (28.6% of the sample, see Fig. 4A, Supple-
mentary Table 1), which are scored as GHI = 0 (see Fig. 5E).
The remaining specimens under analysis also present altered
histological preservation: five (35.7% of the sample, see
Fig. 4A, Supplementary Table 1) are classified as GHI = 1
(see Fig. 5D) and two (14.3% of the sample, see Fig. 4A, Sup-
plementary Table 1) as GHI = 2 (see Fig. 5C) according to the
amount of bone microstructure preserved in the different cross
sections (Hollund et al., 2012). Specimens foundwithin fluvial
and alluvial sediments usually present worse histological pres-
ervation (lower GHI) than those recovered from lacustrine and
travertine environments (Table 2), though some exceptions can
be found. UEK-1, for example, was recovered from an alluvial
fan (see Table 2) but presents very well-preserved histology
(see Fig. 5A, Supplementary Table 1). Thus, there is not a
clear trend in the relationship between the degree of bone pres-
ervation and its depositional environment.
MFD (see Fig. 6) is extensive (see Supplementary Table 1),

affecting 78.6% of the sample (see Fig. 4B). In very badly pre-
served specimens (GHI = 0),MFD is widely distributed across
thewhole cortex (see Fig. 5E), while it is restricted to the inter-
nal and/or the external cortex in those samples categorized as
GHI = 1 and GHI = 2 (see Fig. 5C, 5D). Non-Wedl tunnels
(see Fig. 6A–I) are recognized in 71.4% of the sample (see
Fig. 4B, Supplementary Table 1), both in the form of budded
(∼50 μm diameter, see Fig. 6A–C) and linear longitudinal
(∼20 μm diameter, see Fig. 6D–F) tunnels. In transmitted
light microscopy, both foci present a rim that isolates them
from the surrounding alterations (see Fig. 6A, 6D). This rim
is not always recognizable, however, when samples are
observed under scanning electron microscopy (SEM) (see
Fig. 6B, 6C, 6E, 6F). Nonetheless, SEM always allows
the identification of the submicron porosity (see Fig. 6C, 6F)
characteristic of non-Wedl MFD (Turner-Walker et al., 2002).
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The generalized damage of the bone tissue in several speci-
mens, such as MYSE-2, greatly hampers the identification
of the different types of MFD (Wedl-like vs. non-Wedl tun-
nels) when analysed under transmitted light (see Fig. 6G).
Such specimens examined under SEM show an almost com-
plete destruction of the bone microstructure (see Fig. 6H, 6I)
that likely result from the dissolution and re-precipitation of
the bone matrix (Turner-Walker, 2012). With SEM, we also
identified non-Wedl submicron porosity (see Fig. 6I). Wedl-
like tunnels (see Fig. 6J–L), on the other hand, are only
found in one sample: KK-1 (see Fig 4B, Supplementary
Table 1). In this specimen, branching Wedl-like tunnels
seem to start from the lumen of the vascular canal and progress
outwards within the cortical bone (see Fig. 6J–L). Interest-
ingly,Wedl-likeMFD appears both in themost external cortex
and in the middle area of the compacta. When observed under

SEM, bone matrix of KK-1 also shows signs of dissolution
and precipitation, as well as multiple breakages in disaggre-
gated fragments (see Fig. 6K–L).

Bone microcracks are only found in two metapodials
(14.3% of the sample, see Fig. 4C): P-1 and UEK-1 (see
Fig. 7, Supplementary Table 1). In P-1, microfissures extend
through the whole cortical bone, from the periosteal to the
endosteal surface (see Fig. 5B). Interestingly, they interrupt
the primary bone tissue without following any preferential
direction. As a result, both radial and circumferential cracks
can be detected within the fibrolamellar bone (see Fig. 5B).
On the contrary, microcracks within SOs follow the path of
the cement line and never trespass it (see Fig. 7A). In
UEK-1, bone microcracks are limited to a few SOs (see
Fig. 7B). In this case, microfissures appear radial to the
Haversian canal crossing the cement line (see Fig. 7B).

Figure 2. (color online) Bone tissue types in metapodial cortices of extinct equids from Turkey. (A)Hipparion, specimenMD-7. POs oriented
in circumferential rows. (B)Hipparion, specimen KK-1. Compacted coarse cancellous bone (CCCB) with scattered secondary osteons (SOs).
(C)Hipparion, specimen UEK-1. Well-developed Haversian bone with multiple SOs. (D)Hipparion, specimen UEK-1. Endosteal bone (EB)
and SOs; m =medullary cavity. (E) Equus, specimen P-1. Vascular canals present a circumferential orientation (laminar bone, LB) in the most
internal half of the cortex but are oriented longitudinally (LVC) in the external half of the cortex. (F) Equus, specimen P-1. Scattered SO found
in P-1. Images show bone cross sections observed under polarized light with 1/4λ plate. White scale bars: 250 μm; black scale bars: 500 μm.
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The medullary cavity of almost all specimens under study,
as well as most of the pore spaces and resorption cavities of
their cortices, are infilled with mineral sediments (see Supple-
mentary Table 1). These are either a muddy clastic material
(see Fig. 2D) or crystals of quartz, depending on the geology
of the area. A red-brown staining, which likely results from
the infiltration of humic factors (Jans et al., 2002), is also
locally found in most of the bone cortices under analysis
(see Fig. 5B, 5D, Supplementary Table 1).
Birefringence is preserved in 85.8% of the sample (see

Fig. 4D), but substantially reduced in 6 out of the 12 speci-
mens that still present this histological feature (see Fig. 4D,
Supplementary Table 1), indicating a disruption of the

collagen-hydroxyapatite bond in these fossil samples
(Turner-Walker, 2008).

DISCUSSION

Bone histology and life history of Turkish fossil
equids

The histology of fossil bone and, in particular, features such
as the type of bone tissue, the pattern of vascularization, and
the presence of growth marks are useful when undertaking
life history studies of extinct taxa (e.g., Chinsamy-Turan,

Figure 3. (color online) Bone growth marks (BGMs) in metapodial cortices of extinct equids from Turkey. (A) Hipparion, specimen CG-1.
BGMs can still be recognized despite poor histology preservation. (B)Hipparion, specimen UEK-1. BGMs are still identifiable despite a high
concentration of secondary osteons (SO). (C) Hipparion, MD-7. Non-cyclical (neonatal line [NL], black arrowhead) and cyclical growth
marks (CGMs, white arrowheads) are identified. (D) Growth curve obtained for MD-7 by plotting the perimeter of each BGM (mm, ordinate
axis) against the estimated age (years, abscissa axis). (E) Difference in perimeter of consecutive BGM (mm, ordinate axis) is plotted against
estimated age (years, abscissa axis) in MD-7, providing a proxy of the growth rate of the bone. Images show bone cross sections observed
under polarized light with 1/4λ plate. Scale bars: 500 μm.
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2005, 2012). The cortices of the metapodia of the Turkish
fossil equids consist of a fibrolamellar complex with longitu-
dinal POs oriented in circumferential rows (see Fig. 2A).
These histological characteristics have been previously

reported in several Hipparion (Martínez-Maza et al., 2014;
Orlandi-Oliveras et al., 2018) and Equus (Nacarino-Meneses
et al., 2016a; Nacarino-Meneses and Orlandi-Oliveras, 2019)
species. The presence of CCCB in the Hipparion metatarsus

Figure 4. (color online) Pie charts showing the prevalence of different diagenetic features in the metapodia of extinct equids from Turkey.
Percentage values for each group are shown.

Figure 5. (color online) Preservation states (general histological index [GHI]) identified in the metapodia of extinct equids from Turkey. (A)
Hipparion, specimen UEK-1. Well-preserved histology, directly comparable to histology of modern bone (GHI = 5). (B) Equus, specimen
P-1. Bone tissue is fairly well preserved, although lots of microcracks run through the cortex (GHI = 4). (C) Hipparion, specimen KK-1.
Some well-preserved bone microstructure is recognised between altered areas (GHI = 2). (D) Hipparion, specimen MYSA-1. Only small
areas of well-preserved bone tissue are present (GHI = 1). (E)Hipparion, specimenMYSE-2. Histology is completely altered with no original
histological features identifiable (GHI = 0). Images show bone cross sections observed under transmitted light. Scale bars: 500 μm.
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KK-1 is noteworthy since such tissue has not previously been
reported in fossil horses (see Fig. 2B). This endosteally formed
bone tissue results from the incorporation and compaction of
metaphyseal bone trabeculae into the diaphyseal cortex during
longitudinal growth (Enlow, 1962; Chinsamy-Turan, 2005).
Although it may appear in the mid-diaphysis of long bones
(McFarlin et al., 2008; Geiger et al., 2013; Kolb et al.,
2015b; Montoya-Sanhueza and Chinsamy, 2017; Legendre
and Botha-Brink, 2018; Bhat et al., 2019; Garrone et al.,
2019), CCCB is most commonly found in metaphyseal areas
(Enlow, 1962). KK-1 was prepared from the most distal part
of the bone shaft (see Supplementary Fig. 1), which explains
the presence of this bone tissue type in the cross section.
Another interesting finding was the distinctive stratification

present in the proximal section of an Equus metacarpus, P-1
(see Supplementary Fig. 1): multiple circumferentially ori-
ented vascular canals (i.e., LB) occur in the inner half of
the cortex while longitudinal POs were present in the outer
half of the cross section (see Fig. 2E). Patches of LB have pre-
viously been identified in the inner metapodial cortex of hip-
parionines from Greece and Spain (Orlandi-Oliveras et al.,
2018), as well as in that of Equus hemionus (Nacarino-
Meneses et al., 2016a), but never as extensively developed
as in our specimen P-1. The abrupt change in the orientation
of the vascular canals in Equus hemionus appears to be linked
to birth (Nacarino-Meneses et al., 2016b), although in the lat-
ter instance the vascular canals change from a longitudinal to
a circumferential orientation (Nacarino-Meneses et al.,
2016b). We propose that the change in vascular channel ori-
entation observed in P-1 (see Fig. 2E) may also be related to
the birth of the animal, as it likely reflects the changes in bio-
mechanics and growth rate associated with the beginning of
postnatal life (Nacarino-Meneses and Köhler, 2018).

Life history studies on extinct taxa usually involve the
analysis of BGMs, as they provide key information about
traits such as the age at death, the age at maturity, or the
growth rate (Woodward et al., 2013; Nacarino-Meneses
et al., 2016a). Unfortunately, the diagenetic alteration of
most of our samples greatly hampered the identification of
these histological features (see Fig. 3A). Nevertheless,
among all our material, BGMs were well preserved in
MD-7 (see Fig. 3C), a metacarpal recovered from the Mio-
Pliocene fossil locality of Manisa-Düzpınar, which is consid-
ered to belong to the medium-sized equid Cremohipparion
cf. matthewi—the only equid known from this locality
(Mayda et al., 2015). In this specimen, five CGMs plus one
NL were observed in the cross section, and an EFS/OCL
was not identified in the most external cortex (see Fig. 3C).
This finding agrees with descriptions for the Pleistocene spe-
cies Equus steinheimensis (Nacarino-Meneses and Orlandi-
Oliveras, 2019), but differs from previous findings in Spanish
and Greek hipparionines, in which an EFS/OCL usually
appears after the second or third year of growth (i.e., second
or third CGM) (Martínez-Maza et al., 2014; Orlandi-Oliveras
et al., 2018). The presence of an EFS/OCL in metapodial
cross sections of equids indicates the end/decrease of perios-
teal bone growth (Nacarino-Meneses et al., 2016a). Hence,
the lack of EFS/OCL in Cremohipparion cf. matthewi speci-
men MD-7 suggests an extended period of periosteal growth
(Nacarino-Meneses et al., 2016a) as compared to other Euro-
pean hipparionines. In these taxa, the EFS/OCL has been cor-
related with the attainment of skeletal maturity
(Martínez-Maza et al., 2014; Orlandi-Oliveras et al., 2018);
therefore, the absence of the EFS/OCL (despite having at
least 5–6 years of growth) in Cremohipparion cf. matthewi
may indicate extended skeletal maturity. In equids, skeletal

Table 2. Summary of the main preservation results and the depositional environment for the different fossil sites studied. Data on depositional
environment from (a) Forsten and Kaya (1995), (b) Kaya (1981), (c) Kaya and colleagues (2005b), (d) Seyitoğlu and colleagues (2009), (e)
Tekkaya and colleagues (1975), (f) Kazanci and colleagues (2005), (g) Kaya and colleagues (2012), (h) Kaya and colleagues (1998), (i)
Mayda and colleagues (2013), ( j) Rausch and colleagues (2019).

Epoch (MN) Locality

General
histological
index (GHI)

Kind of
MFD

Presence of
microcracks Birefringence

Depositional
environment

Late Miocene
(MN11-12)

Çanakkale-Gülpınar 1 Non-Wedl No Low Fluviala

Izmir-Karaburun 1 Non-Wedl No High Fluvialb

Kütahya-Bayat 1 Non-Wedl No High Alluvial channelc

Uşak-Kemiklitepe 2 5 - Yes High Alluvial fand

Çankırı-Yeniköy 0 Non-Wedl No Low Alluvial flood plaine

Late Miocene (MN12) Kırşehir-Kaman 2 Wedl No High Alluvial fanf

Muğla-Yatağan-Salihpaşalar 1 2 Non-Wedl No Low Alluvial flood plaing

Muğla-Yatağan-Şerefköy 0 Non-Wedl No Low Alluvial flood plaing

Miocene–Pliocene
(MN13-14)

Manisa-Düzpınar 5 - No High Lacustrineh

Early Pleistocene
(MN17)

Manisa-Aşağıçobanisa 1 Non-Wedl No Low Fluviali

Early Pleistocene
(MN17-18)

Denizli-Pamukkale 4 - Yes High Travertinej

250 C. Nacarino‐Meneses et al.

https://doi.org/10.1017/qua.2020.87 Published online by Cambridge University Press

https://doi.org/10.1017/qua.2020.87


Figure 6. (color online) Microscopic focal destruction (MFD) in the metapodia of extinct equids from Turkey. (A) Hipparion, specimen CG-2.
Transmitted light micrograph showing multiple non-Wedl tunnels of ∼50 μm diameter. (B) Hipparion, specimen CG-2. SEMmicrograph of the
same area showing bacterial damage. (C) Hipparion, specimen CG-2. Detailed SEM micrograph showing submicron porosity surrounded by a
hypermineralized ring around each bacterial colony. (D)Hipparion, specimen KB-1. Transmitted light micrograph showing non-Wedl tunnels of
∼20 μm diameter. (E)Hipparion, specimen KB-1. SEMmicrograph of the same area showing bacterial damage. (F)Hipparion, specimen KB-1.
Detailed SEMmicrograph showing the submicron porosity characteristic of bacterial damage. Note that no hypermineralized ring surrounds sub-
micron pores (arrows) in this case. (G)Hipparion, specimenMYSE-2. Transmitted light micrograph showing extensive damage through the cor-
tex. It is difficult to recognize eitherWedl-like or non-Wedl tunnels because the overall bonemicrostructure is destroyed. (H)Hipparion, specimen
MYSE-2. SEMmicrograph of the same area showing general destruction of the bone microstructure. Bone matrix (right of dashed line) is almost
indistinguishable frommineral inclusions (left of dashed lines). (I)Hipparion, specimenMYSE-2. Detailed SEMmicrograph showing submicron
porosity (arrows) characteristic of bacterial damage. (J) Hipparion, specimen KK-1. Transmitted light micrograph showing Wedl-like tunnels
(arrows). (K) Hipparion, specimen KK-1. SEM micrograph of the same area showing microscopic damage. (L) Hipparion, specimen KK-1.
Detailed SEM micrograph showing Wedl-like tunnels (arrows) that may have been caused by algae. White dotted rectangles in B, E, H, and
K indicate areas of image magnification showed in C, F, I, and L, respectively. White scale bars: 100 μm, black scale bars: 50 μm.
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maturity of the bone (understood as the time of epiphyseal
fusion or the end of longitudinal bone growth) can also be
inferred from growth curve reconstructions (Nacarino-
Meneses et al., 2016a). In the histological study of Equus
hemionus, Nacarino-Meneses and colleagues (2016a) dem-
onstrated that the completion of longitudinal bone growth
correlates with a decrease in periosteal growth and that
growth rate is minimal after epiphyseal fusion. Although
metacarpal MD-7 of Cremohipparion cf. matthewi shows a
decrease in growth rate after the deposition of the first
CGM (see Fig. 3D), growth rate continues at a similar rate
until the fourth CGM (fifth year of life), after which it
becomes minimal (see Fig. 3E). This suggests that epiphyses
of MD-7 would have fused after the fourth year of life, much
later than in similar body-sized Spanish and GreekHipparion
horses (Martínez-Maza et al., 2014; Orlandi-Oliveras et al.,
2018), and also points to a delayed skeletal maturity for the
species. These inferences, however, should be considered
with caution due to our limited sample size, as they only pro-
vide preliminary life history information for this hipparionine
that must be tested in future studies.

Histotaphonomy of Turkish fossil equids

Bone degradation is abundant in our sample, affecting almost
80% of the bones studied (see Fig. 4B). Non-Wedl tunnels
(see Fig. 6A–I) are the main MFD identified both in Hippa-
rion and Equus specimens (see Fig. 4B, Supplementary
Table 1), while Wedl-like tunnelling only affects the hippar-
ionine metatarsal KK-1 (see Fig. 4B, 6J–L, Supplementary
Table 1). This contrasts with previous research in fossils
reporting a higher or even an exclusive presence of Wedl tun-
nels (Trueman andMartill, 2002; Bao et al., 2009; Chinsamy-
Turan and Ray, 2012), but agrees with the research of Mayer
and colleagues (2020) and Turner-Walker (2012), who
describe non-Wedl microboring as the primary MFD affect-
ing mammalian bones recovered from the palaeontological
fossil record. It should be considered that non-Wedl tunnels
are much easier to identify than Wedl ones in poorly pre-
served samples (Mayer et al., 2020), so the huge alteration
of most of our specimens (see Fig. 4A, 5D–E) might be

partially biasing our findings toward the identification of non-
Wedl tunnels, as proposed in other investigations (Mayer
et al., 2020).
Wedl and non-Wedl tunnels are traditionally believed to

register the action of different microorganisms (Jans, 2008).
Since Hackett (1981), non-Wedl MFD is usually attributed
to bacteria (Jans, 2008), while Wedl foci are thought to be
caused by fungi (Marchiafava et al., 1974), algae (Davis,
1997; Fernández-Jalvo et al., 2010), and/or cyanobacteria
(Davis, 1997; Turner-Walker and Jans, 2008). Recently, sev-
eral authors have argued that both kinds of MFD are just the
result of specific bacteria boring different tissue types and that
tunnelling type cannot be assigned to different decomposition
agents (Kendall et al., 2018; Turner-Walker, 2019). Here, we
follow the classical approach that correlates the MFD
observed in our sample with different microbes (e.g., Jans,
2008). Thus, the identification of Wedl-like tunnels on the
Hipparion specimen KK-1 (see Fig. 4B, Fig. 6J–L, Supple-
mentary Table 1) suggests that it was affected by microorgan-
isms other than bacteria (Jans, 2008). This kind of MFD has
traditionally been associated with fungi (Marchiafava et al.,
1974; Hackett, 1981; Trueman and Martill, 2002; Jans
et al., 2004; Chinsamy-Turan and Ray, 2012), but, as already
stated, it is known that other microbes like cyanobacteria or
algae can also leave Wedl-like borings in the bone tissue
(Turner-Walker and Jans, 2008; Fernández-Jalvo et al.,
2010; Turner-Walker, 2019). It has been proposed that the
depositional environment of the specimen might be key to
establishing the main agent of the Wedl tunnelling, as fungi
will only be expected in terrestrial environments, while cya-
nobacteria and algae occur in aquatic environments (Kendall
et al., 2018). Metacarpal KK-1 was recovered from an alluvial
fan (Kazanci et al., 2005), so aquatic microorganisms cannot
be excluded as bioerosion agents. Indeed, the morphology
and the specific location of the Wedl-like tunnelling around
vascular canals (see Fig. 6J–L) throughout the entire middle
and external cortex of KK-1 agrees with previous descrip-
tions of borings caused by algae (Fernández-Jalvo et al.,
2010; Fernández-Jalvo and Andrews, 2016). These microor-
ganisms, along with moss and lichen, are known to penetrate
the bone through its histological traits (Fernández-Jalvo et al.,

Figure 7. (color online) Bone microcracks in the secondary bone tissue of extinct equids from Turkey. (A) Circumferential cracks (arrows)
following the cement line of SOs in P-1. (B) Radial fissures (arrows) in the cement lines of SOs in UEK-1. Images show bone cross sections
observed under transmitted light. Scale bars: 100 μm.
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2010), while fungal and cyanobacterial damage usually starts
at the periosteal surface and is commonly restricted to the
most external part of the bone cortex (Jans, 2008; Bao
et al., 2009). Previous taphonomic research performed at
this specific fossil site report macroscopic alterations by
roots, fungi, and other microorganisms (Valli, 2005), so we
also cannot completely discard fungal damage to KK-1.
However, the location of the MFD in the section likely points
toward freshwater algae (which may be included in “other
microorganisms” [Valli, 2005]) as the main agent causing
the microboring in this sample.
The high presence of non-Wedl tunnels in the fossilHippa-

rion and Equus metapodia (see Fig. 4B, Fig. 6A–I, Supple-
mentary Table 1), on the other hand, suggests bacterial
degradation (Jans, 2008). Corpse-decomposing bacteria con-
sists both of exogenous bacteria from the soil (Turner-Walker,
2008; Kontopoulos et al., 2016;Morales et al., 2018; Galligani
et al., 2019) and of intrinsic gut microbiota, including bacteria
(Child, 1995; Bell et al., 1996; Jans et al., 2004; Hollund et al.,
2012; White and Booth, 2014; Damann and Jans, 2017; Brön-
nimann et al., 2018). Currently there is no consensus as to
which kind of bacteria has a greater influence on bone bioero-
sion. Following the “endogenous model,” Jans and colleagues
(2004) proposed that animal remains from archaeological sites
may present low bacterial damage because specimens are usu-
ally buried as fragments without flesh (i.e., butchered animals),
preventing putrefaction bacteria from spreading from the belly
to the limbs (Jans et al., 2004). The larger prevalence of bac-
terial attack in our samples (see Fig. 4B, Fig. 6A–I, Supple-
mentary Table 1) may suggest that the Hipparion and Equus
fossil specimens analysed here would have entered the fossil
record as complete animals, facilitating the invasion of endog-
enous bacteria throughout the body (Jans et al., 2004). This
hypothesis, however, seems highly improbable, as fossil
bones usually enter the soil as fragments because of the previ-
ous action of scavengers (Trueman andMartill, 2002). Indeed,
recent studies propose that exogenous bacteria may contribute
more to bioerosion (Turner-Walker, 2008; Kendall et al.,
2018) than intrinsic gut microbiota becausemost decomposing
bacteria is already present in the soil (Metcalf et al., 2016).
This has been claimed to be particularly true for tropical and
subtropical climates (Morales et al., 2018; Galligani et al.,
2019). Palaeoenvironmental reconstructions for Turkey sug-
gest a dry, warm-temperate climate from the Miocene
(Akgün et al., 2007; Akkiraz et al., 2011; Kayseri-Özer
et al., 2017) to the early Pleistocene (Kahlke et al., 2011;
Jiménez-Moreno et al., 2015), with warmer temperatures
than today (Jiménez-Moreno et al., 2015). This palaeoclimatic
scenario could have led to higher soil bacterial decomposing
activity (Galligani et al., 2019) that might have been responsi-
ble for the large prevalence of bacterial attack observed in fos-
sil Hipparion and Equus samples (see Fig. 4B, Fig. 6A–I,
Supplementary Table 1).
In addition to temperature, other physical aspects of the

environment, such as oxygen and water, also play a key role
in the preservation of the bone microstructure, as they control
the action of the different microorganisms (Kendall et al.,

2018). Bones buried in waterlogged and anoxic conditions,
for example, are not usually affected by microbial attack,
while soils with periodical or seasonal influx of water and
variation in temperature favour microboring (Hackett,
1981). We propose that the greatly degraded samples ana-
lysed here (GHI = 0–2, see Fig. 5D, 5E, Supplementary
Table 1) may have experienced variation in moisture during
early stages of diagenesis. Interestingly, some of the most
altered specimens of our sample belong to alluvial flood
plain depositional environments (e.g., CY-1, MYSE-1, see
Table 2, Supplementary Table 1), which are prone to peri-
odic inundations. These wetting-drying, low-high oxygen
cycles may have influenced the quick degradation of the
bones. Specimens UEK-1, MD-7, and P-1, on the other
hand, were not affected by any kind of MFD (GHI = 4–5,
see Fig. 5A, 5B, Supplementary Table 1), so we propose
that they were probably buried in anoxic waterlogged soils.
Indeed, in UEK-1 the occurrence of radial microcracks that
cross the cement lines of SOs (see Fig. 7B) also suggest that fos-
silization occurred in an aquatic environment (Pfretzschner,
2004; Pfretzschner and Tütken, 2011; Tomassini et al., 2015).
According to Pfretzschner (2004), these radial microfissures
appear in response to the swelling of bone collagen by water
during the late stage of early diagenesis, which creates a tension
stress in the cement line that triggers breakage. Variations in the
water content of the collagen may also be responsible for the
microscopic breakages of the bone matrix observed in SEM
(see Fig. 6H, 6I, 6K, 6L). Bone microcracks were also identified
in P-1 (see Supplementary Table 1), both within the fibrolamel-
lar bone (see Fig. 5B) and within areas of secondary bone tissue
(see Fig. 7A). However, unlike in UEK-1 (see Fig. 7B), bone
microcracks in the areas of SOs in P-1 follow the cement
lines and never cross them (see Fig. 7A).

Interestingly, P-1 was recovered from an exceptional dep-
ositional environment: the Pamukkale travertines (Rausch
et al., 2019). These are sedimentary rocks formed by the pre-
cipitation of carbonates in geothermally heated hot-springs
(Guo and Riding, 1998). Since intense heat is known to pro-
voke fractures in the bone tissue (Hanson and Cain, 2007), the
microcracks observed in P-1 may be the result of its fossiliza-
tion in a hot environment. When temperatures exceed 100°C
the heat can cause the denaturation of collagen in mineralized
bones (Bonar and Glimcher, 1970) as a result of the breakage
of the triple-helical chains, the disruption of intermolecular
cross-links, and the shrinkage of the collagen molecules
(Lees, 1989). Maximum palaeotemperatures inferred for the
Quaternary deposits of the Pamukkale travertines are only
70°C (Özkul et al., 2013), so bone collagen would have not
completely denatured in this environment. It may have suf-
fered, however, some structural changes that may have led
to bone microcracks, including the unravelling of the helical
chains, which may occur at lower temperatures (Lees, 1989).
Indeed, heating affects the collagen fibrils differently as com-
pared to variations in water content: while water absorption/
adsorption causes changes at right angles (radially) to the col-
lagen fibril direction (Pfretzschner, 2004), thermal shrinkage
provokes the longitudinal breakage of the collagen fibrils
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(Bonar and Glimcher, 1970; Lees, 1989). This differential
rupture of the collagen molecule might explain the different
microcrack pattern observed in the SOs of P-1 and UEK-1.
Generally, we could not identify any specific trend relating

the depositional environment of the bone and its degree of
micropreservation (see Table 2), which might suggest occa-
sional transport and redeposition of bones. Well-preserved
specimens of Hipparion and Equus (GHI = 4–5, see
Fig. 5A, 5B) were recovered from either alluvial fan, lacus-
trine, or travertine sediments, while badly preserved metapo-
dia (GHI = 0–2, see Fig. 5C–E) were found within fluvial and
alluvial deposits (see Table 2). With the exception of
Kırşehir-Kaman (Valli, 2005), taphonomy has not been prop-
erly studied yet for the different localities under analysis, and
only some data about their lithology, stratigraphy, and/or
sedimentary environments can be found in the literature (Tek-
kaya et al., 1975; Kaya, 1981; Forsten and Kaya, 1995; Kaya
et al., 1998, 2005a, 2005b, 2012; Kazanci et al., 2005; Seyi-
toğlu et al., 2009; Mayda et al., 2013; Lebatard et al., 2014;
Rausch et al., 2019). A complete taphonomical analysis
would be useful to fully analyse the relationship between
bone histology degradation and depositional environment,
but this is beyond the scope of the present investigation.
Thus, we encourage future research in this area.

CONCLUSIONS

Among the equid samples studied from Turkey, we found that
a few had well-preserved histology, while the majority were
diagenetically altered. In the specimens in which the histology
was intact they compared favourably with European hippario-
nines, as well as with extant and extinct Equus. TheHipparion
metatarsal (KK-1) permitted the identification of CCCB in the
bone cortex, which is likely the result of the more distal loca-
tion of the histological section on the bone shaft. Regarding
vascularity, the proximal cross section of the P-1 Equusmeta-
carpal showed a marked change in the orientation of the vas-
cular canals within the mid-cortex that might be correlated
with birth. The well-preserved bone histology and BGMs in
MD-7 of Cremohipparion cf. matthewi permitted deductions
concerning the later attainment of skeletal maturity as com-
pared to other Mediterranean hipparionines.
The histology of most of the bones we studied was poorly

preserved. Most of them were affected by non-Wedl tunnel-
ling, suggesting that most of the Hipparion and Equus fossil
metapodia analysed here were degraded by soil bacteria.
Wedl-like tunnels were only recognized in KK-1, and their
specific position and morphology agree with the damage
caused by algae. Many of our specimens presented low histo-
logical preservation indexes (GHI = 0–2), so they likely expe-
rienced differences in moisture content during diagenesis.
The well-preserved UEK-1, MD-7, and P-1 present higher
preservation indices (GHI = 4–5) without signs of bioerosion,
and we propose that they were initially buried in anoxic
waterlogged conditions. UEK-1 and P-1 showed micro-
cracks, which in the case of UEK-1 were likely formed in a
water environment, and in P-1 (from the Pamukkale

travertines) were most likely formed in response to intense
heat and associated collagen denaturation. Given our small
sample size, we did not identify a specific correlation between
the degree of bone preservation and the sedimentary environ-
ment in which the different bones were found (i.e., alluvial
fan, lacustrine, etc.).
Our analysis of the bone histology and the diagenetic

alterations evident in the metapodia of late Miocene,
Mio-Pleistocene, and early Pleistocene equids from Turkey
provides a glimpse into the palaeobiology and early taphon-
omy of these extinct horses. Future research is encouraged to
corroborate these initial findings. Furthermore, we note that
histological research aiming at obtaining palaeobiological
information should focus on the localities Manisa-Düzpınar
and Uşak-Kemiklitepe 2 since bones from these sites pre-
sented excellent micropreservation. Indeed, increasing the
sampling of Cremohipparion cf. matthewi from Manisa-
Düzpınar would complement our interesting preliminary
skeletochronological findings. Further taphonomical investi-
gations at most of the fossil sites studied here will greatly
enable a better understanding of bone preservation and the
agents of bioerosion.
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sitas 27, 633–705.

Lebatard, A.E., Alçiçek, M.C., Rochette, P., Khatib, S., Vialet, A.,
Boulbes, N., Bourlès, D.L., et al., 2014. Dating theHomo erectus
bearing travertine from Kocabaş (Denizli, Turkey) at at least 1.1
Ma. Earth and Planetary Science Letters 390, 8–18.

Lees, S., 1989. Some characteristics of mineralised collagen. In:
Hukins, D.W.L. (Ed.), Calcified Tissue. The Macmillan Press,
LTD, Houndmills, pp. 153–173.

Legendre, L.J., Botha-Brink, J., 2018. Digging the compromise:
investigating the link between limb bone histology and fossorial-
ity in the aardvark (Orycteropus afer). PeerJ 6, e5216.

Lindsay, E.H., Opdyke, N.D., Johnson, N.M., 1980. Pliocene dis-
persal of the horse Equus and late Cenozoic mammalian dispersal
events. Nature 287, 135–138.

Liu, L., Kostopoulos, D.S., Fortelius, M., 2005. Suidae (Mamma-
lia, Artiodactyla) from the late Miocene of Akkaşdaǧι, Turkey.
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