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Abstract 16 

Evolutionary trends in body size are a central issue of study in Paleontology. 17 

However, and despite body size being one of the most important life history traits of an 18 

animal, iconic size-decrease trends such as the one experienced by Equus during the 19 

European Pleistocene has never been analysed under a life history framework. Here, we 20 

studied the metapodial bone histology of two large Middle Pleistocene species (Equus 21 

mosbachensis and Equus steinheimensis) to reconstruct key life history traits that 22 

correlate with body size (e.g. size at birth, growth rate), and compare them with that of 23 

smaller extant Equus (Equus grevyi, Equus quagga, Equus zebra and Equus hemionus). 24 

Our results show that neonatal size of these Middle Pleistocene equids fits predictions 25 

from body mass scaling. We estimate a similar age of epiphyseal fusion for the 26 

metapodia of E. mosbachensis and E. steinheimensis and that of extant equids. Our 27 

findings also reveal that extinct equids grew at higher rates than extant Equus. This 28 

result conforms to the predictions of LH theory on environments with different levels of 29 

resource availability and provides a new framework of study for body size shifts on 30 

European Pleistocene equids. 31 

Keywords: Bone histology, body size, life history, growth rate, Pleistocene, Equus  32 



 3 

Introduction 33 

The family Equidae is of special relevance for Palaeontology and evolution 34 

(MacFadden 1992; Janis 2007). The abundance of equid remains in the fossil record has 35 

facilitated the tracking of evolutionary changes in the clade (Orlando 2015), positioning 36 

Equidae as a classic example of macroevolution (MacFadden 2005; Janis 2007). Along 37 

with modifications in dentition and number of digits (Simpson 1953; Azzaroli 1992; 38 

MacFadden 1992; Strömberg 2006; Janis 2007; Cantalapiedra et al. 2017; McHorse et 39 

al. 2017), this mammalian group experienced significant variations in size during its 40 

evolutionary history (Simpson 1953; MacFadden 1986; Eisenmann 1991; Forsten 41 

1991a; MacFadden 1992; Alberdi et al. 1995; Guthrie 2003; Ortiz-Jaureguizar and 42 

Alberdi 2003; Shoemaker and Clauset 2014; Cantalapiedra et al. 2017). Generally, a 43 

phylogenetical large-scale trend towards ever increasing body size is observed (Cope’s 44 

law, Stanley (1973)), although several clades of the family experienced size reduction 45 

(MacFadden 1986; Forsten 1991a; Forsten 1991b; MacFadden 1992; Alberdi et al. 46 

1995; Alberdi et al. 1998). One of these dwarfing tendencies occurred during the 47 

evolution of the genus Equus in the Old World (Forsten 1991b; Alberdi et al. 1995). A 48 

size shift towards a smaller body size is described for the first monodactyl horses 49 

(stenonoid horses) (Alberdi et al. 1995; Alberdi et al. 1998) that arrived in Eurasia 50 

between 3.0 – 2.5 Ma ago (Lindsay et al. 1980; Azzaroli 1983) (Fig. 1). A second 51 

migratory event (1 – 0.8 Ma ago) introduced the equid caballoid forms in Europe 52 

(Alberdi and Bonadonna 1988), which also experienced size reduction during their 53 

Pleistocene evolution in this continent (Forsten 1991b; Alberdi et al. 1995) (Fig. 1). The 54 

size decrease trend continued throughout the Holocene (Forsten 1988; Forsten 1991b), 55 

resulting in a smaller body size of extant Equus (Ernest 2003) in comparison to their 56 

Pleistocene relatives (Alberdi et al. 1995) (Fig. 1). 57 

Body size is one of the most important characteristics of an animal, as it tightly 58 

correlates with its physiology (Kleiber 1932; Peters 1983; McNab 1990), life history 59 

(Blueweiss et al. 1978; Western 1979; Calder 1984) and ecology (Damuth 1981; Peters 60 

1983; Eisenberg 1990). Due to the close relationship between body size and the 61 

ecological conditions of the ecosystem, the size shift observed in Pleistocene equids has 62 

usually been related to the climatic and resource variations occurring during that epoch 63 

(Forsten 1991b; Alberdi et al. 1995; Cantalapiedra et al. 2017). Demographic 64 

(population density) and behavioural (social structure) characteristics of the species 65 
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have also been proposed to explain the body size differences observed between 66 

European Pleistocene horses (Saarinen et al. 2016). Body size is also a key life history 67 

trait that correlates with other biological traits (Peters 1983; Calder 1984; Damuth and 68 

MacFadden 1990), but no previous research has investigated the body size variations 69 

observed in Equus within a life history framework. In fossil mammals, the histological 70 

analysis of bones is known to provide valuable insights into their life history strategy 71 

(Köhler and Moyà-Solà 2009; Köhler 2010; Marín-Moratalla et al. 2011; Martínez-72 

Maza et al. 2014; Amson et al. 2015; Kolb et al. 2015; Moncunill-Solé et al. 2016; 73 

Orlandi-Oliveras et al. 2016; Orlandi-Oliveras et al. 2018). The kind of bone tissue type, 74 

its vascularization, and the bone growth marks (BGMs) present within a bone cortex, 75 

record the pace of growth and development of the species (Chinsamy-Turan 2005; 76 

Huttenlocker et al. 2013; Lee et al. 2013; Woodward et al. 2013). The detailed study of 77 

these histological features, hence, allows the inference of the key life history longevity 78 

(Köhler 2010; Marín-Moratalla et al. 2011; Martínez-Maza et al. 2014; Moncunill-Solé 79 

et al. 2016; Orlandi-Oliveras et al. 2016), growth rate (Padian et al. 2001; Köhler and 80 

Moyà-Solà 2009; Cubo et al. 2012; Amson et al. 2015; Orlandi-Oliveras et al. 2018) 81 

and age at maturity (Köhler and Moyà-Solà 2009; Marín-Moratalla et al. 2011; 82 

Woodward et al. 2015; Jordana et al. 2016; Nacarino-Meneses et al. 2016; Orlandi-83 

Oliveras et al. 2018; Calderón et al. 2019) in extant and extinct vertebrates.  84 

In the present research, we aim to investigate whether the body size shift 85 

observed in the Equus lineage is related to changes in the life history of the species. We 86 

focus our study in the European Middle Pleistocene species Equus steinheimensis and 87 

Equus mosbachensis. Both extinct caballoid horses were described for the first time at 88 

Steinheim an der Murr and Mosbach Sands respectively, two classical Middle 89 

Pleistocene localities of Germany (Adam 1954; Forsten 1999; Koenigswald et al. 2007; 90 

Van Asperen 2013). Previous studies based on measurements of their dental and 91 

postcranial remains have reported differences in body size for these extinct equids 92 

(Eisenmann 1991; Forsten 1999). While E. steinheimensis is considered a medium-sized 93 

caballoid horse (Eisenmann 1991; Forsten 1999), E. mosbachensis is one of the largest 94 

equids that can be found in the Pleistocene fossil record of Europe (Eisenmann 1991; 95 

Alberdi et al. 1995). From bone histology, we reconstruct their pace of life and compare 96 

it with that of extant Equus, as both Middle Pleistocene equids greatly exceeded in size 97 

extant representatives of the group (Alberdi et al. 1995; Forsten 1999; Ernest 2003). 98 
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Thus, we also examine here the bone histology of the extant equid species of Asiatic 99 

wild ass (Equus hemionus), Grevyi’s zebra (Equus grevyi), Plains zebra (Equus quagga) 100 

and mountain zebra (Equus zebra). These four extant taxa are the most appropriate ones 101 

for comparison with our fossil sample, as they cover almost all habitats, body size and 102 

life histories within extant wild Equus (Grubb 1981; Penzhorn 1988; Churcher 1993; 103 

Nowak 1999; Ernest 2003; Novellie 2008; Moehlman et al. 2013; Kaczensky et al. 104 

2015; Orlando 2015; King and Moehlman 2016). 105 

Material and methods 106 

Equid sample 107 

We analysed postcranial fossil remains of E. steinheimensis and E. 108 

mosbachensis belonging to the collections of the Staatliches Museum für Naturkunde 109 

(Stuttgart, Germany) (Table 1). Specifically, isolated metapodial bones (metacarpi and 110 

metatarsi) were used for palaeohistological analyses, while isolated phalanges and 111 

metacarpi were analysed for body mass estimations. The material of E. steinheimensis 112 

comes from Steinheim an der Murr site (Steinheim, henceforward), a late Middle 113 

Pleistocene locality (Van Asperen 2013) situated in south-west Germany (Fig. 2). 114 

Steinheim fossil site presents a mix of glacial and interglacial fauna (Adam 1954) due to 115 

a sampling bias during the recovery of the remains and/or to the coexistence of species 116 

with flexible adaptations (Pushkina et al. 2014). Although the dating of Steinheim site 117 

is, hence, controversial, it is thought to generally correlate with the Holsteinian 118 

Interglacial (MIS 11) (Van Asperen 2013). The sample of E. mosbachensis belongs to 119 

Mosbach Sands, an early Middle Pleistocene site (Koenigswald et al. 2007) located in 120 

Wiesbaden (Germany) (Fig. 2). This German classical site is divided into two different 121 

stratigraphic ages based on lithological and paleontological criteria (Maul et al. 2000). 122 

The E. mosbachensis sample analysed here belongs to the Mosbach 2 fauna, which is 123 

known to present interglacial conditions (Koenigswald et al. 2007) and to correlate with 124 

the Cromerian Interglacial (MIS 13, 15) (Maul et al. 2000; Kahlke et al. 2011). 125 

We also studied an adult metapodial sample of extant E. hemionus, E. grevyi, E. 126 

quagga and E. zebra (Table 1) for comparison. Specimens of E. hemionus are stored at 127 

the Museum of Domesticated Animals (Halle, Germany) and lived wild in the Gobi 128 

Desert (Table 1). They were found killed by poachers and collected during the 129 
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Mongolian-German Biological Expeditions (2001 – 2006) (Schöpke et al. 2012). The E. 130 

grevyi individual belongs to the collections of the Zoological Institute of Hamburg 131 

University (Germany) (Table 1), after living captive in the Hagenbeck Zoo (Hamburg, 132 

Germany) (Table 1). Finally, E. quagga and E. zebra specimens of the study lived semi-133 

captive in the Réserve Africaine de Sigean (Sigean, France) and are part of the 134 

collections of the Institut Català de Paleontologia (Barcelona, Spain) (Table 1). 135 

Preparation and analysis of histological thin-sections 136 

We sectioned 18 metapodia of extant and extinct equids: 4 metapodia of E. 137 

steinheimensis, 3 metapodia of E. mosbachensis, 4 metapodia of E. hemionus, 1 138 

metatarsus of E. grevyi, 2 metapodia of E. quagga and 4 metapodia of E. zebra (Table 139 

1). To avoid damaging of the most valuable fossil specimens, only fossil metapodia 140 

fragmented at the mid-shaft level were used in the present study. The preparation of the 141 

histological thin-sections followed standard procedures in our laboratory (Köhler et al. 142 

2012; Nacarino-Meneses et al. 2016). In all extant and extinct exemplars, a chunk of 2 – 143 

3 cm was extracted from the mid-diaphysis of each bone and embedded in an epoxy 144 

resin (Araldite 2020). Afterwards, this block was cut into two halves with a low speed 145 

diamond saw (IsoMet, Buehler). The mid-shaft surface of each block was later polished 146 

using a Metaserv®250 (Buehler) or carborundum powder and fixed to a frosted glass 147 

with ultraviolet-curing glue (Loctite 358). Each sample was then cut and grounded with 148 

a diamond saw (PetroThin, Buehler) and polished again using the Metaserv®250 149 

(Buehler) or carborundum powder to obtain histological thin-sections of 100 – 120 μm 150 

thick. Finally, histological slices obtained from fossil samples were dehydrated in 151 

alcohol, bathed in a histological clearing agent (Histo-Clear II) and mounted using DPX 152 

mounting medium (Scharlau). Thin-sections prepared from extant specimens were 153 

covered with a mix of oils (Lamm 2013) to improve their view under the microscope. 154 

Samples were analysed under polarized light in a Zeiss Scope.A1 microscope 155 

and photographed with the camera incorporated on it (AxioCam ICc5). We also 156 

observed the histological thin-sections under polarized light with a ¼ filter, which 157 

helps on the identification and visualization of the bone tissue and the bone growth 158 

marks (BGMs) (Turner-Walker and Mays 2008). Histological description of bone tissue 159 

types and vascular organization follows classical bibliography (Francillon-Vieillot et al. 160 

1990; de Margerie et al. 2002; Huttenlocker et al. 2013). Regarding BGMs, both 161 
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cyclical and non-cyclical features were identified in our metapodial equid sample. 162 

Cyclical BGMs (CGMs) record annual cycles of growth in response to hormonal and 163 

environmental cycles (Castanet et al. 1993; Köhler et al. 2012). From their study, we 164 

inferred the minimum longevity of extinct equid species by counting the total number of 165 

CGMs within a bone cross-section (Nacarino-Meneses et al. 2016). A non-cyclical 166 

BGM related to birth (Nacarino-Meneses and Köhler 2018) was also recognized in our 167 

metapodial sample. We considered this neonatal line (NL) as time zero in growth 168 

reconstructions. The perimeter of each BGM, regardless of its cyclicality, was 169 

calculated using Image J software and the results were plotted to reconstruct the pattern 170 

of metapodial growth (Bybee et al. 2006; Woodward et al. 2013). From the obtained 171 

metapodial growth curves, we estimated the timing of epiphyseal fusion in these bones 172 

for each fossil species following Nacarino-Meneses et al. (2016a). 173 

Adult and neonatal body size estimation 174 

We analysed metacarpi and phalanges of E. steinheimensis and E. mosbachensis 175 

to estimate their adult body mass, a proxy of its body size (Damuth and MacFadden 176 

1990). For each species, we measured the proximal depth on the first phalanx and the 177 

distal minimal depth of the lateral condyle on the third metacarpus (Eisenmann et al. 178 

1988), as these linear measurements present the best correlation with body mass in 179 

extant equids (Alberdi et al. 1995). Measurements were taken using a digital electronic 180 

precision calliper (0.05 mm error). We used the equations provided by Alberdi et al. 181 

(1995) to perform body mass estimations. These data were based on allometric models 182 

expressed as the power function y = axb (Damuth and MacFadden 1990) and 183 

logarithmically transformed to obtain a linear relationship (lny = lna + b lnx) (Peters 184 

1983); where y is body mass, x is the measurement taken on the bone, b is the allometric 185 

coefficient and a is a constant (Alberdi et al. 1995). 186 

We also estimated the size at birth of extinct and extant equids from the analysis 187 

of the NL found in their metapodia (Nacarino-Meneses and Köhler 2018). Alberdi et al. 188 

(1995) did not found a significant correlation between the measurements taken at the 189 

mid-diaphysis on the metapodia of extant Equus (measures 3 and 4 according to 190 

Eisenmann et al. (1988)) and their adult body mass. Because histological slices of the 191 

present study were prepared at this level of the diaphysis, we cannot use measurements 192 

of the NL to infer body weight at birth. Moreover, equations of Alberdi et al. (1995) are 193 
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calculated for adult individuals. Thus, they are little useful for estimating body mass at 194 

earlier ontogenetic stages (Köhler 2010). We decided, then, to represent size at birth as 195 

a linear measurement instead of on terms of body mass, by using the perimeter of the 196 

NL as a proxy of the neonatal size.  197 

Results 198 

Bone histology is generally better preserved in Steinheim (Fig. 3A, C; Fig. 4A, 199 

B) than in Mosbach samples (Fig. 3B, D; Fig. 4C, D). Although several histological 200 

slides from both fossil sites present several microtaphonomical alterations (Fig. 3; Fig. 201 

4), it is still possible to recognize the primary bone tissue and the BGMs in all fossil 202 

specimens studied (Fig. 3; Fig. 4). The description and identification of the diagenetic 203 

alterations of the bone microstructure is, however, beyond the scope of the present 204 

research. 205 

Primary bone histology 206 

Metapodial bones of E. steinheimensis and E. mosbachensis are mainly 207 

composed of fibrolamellar bone (Fig. 3A–D), the same as in extant equids (Fig. 3E–H). 208 

Most of the vascular canals identified in extinct species are oriented longitudinally (Fig. 209 

3A, B). However, both fossil equids also present multiple circular and radial canals that 210 

interconnect primary osteons (Fig. 3A, B). Therefore, we found a qualitatively higher 211 

number of vascular canals in fossil (Fig. 3A, B) than in extant metapodia (Fig. 3E–H). 212 

Metacarpi of E. steinheimensis do not show an external fundamental system 213 

(EFS) in their outermost cortex (Fig. 3C). This avascular and lamellar bone tissue 214 

(Huttenlocker et al. 2013) is recognized, however, in the metatarsi of this species and in 215 

metacarpi and metatarsi of E. mosbachensis (Fig. 3D). 216 

Skeletochronology 217 

Up to five cyclical BGMs are identified in the metapodia of E. steinheimensis 218 

(Fig. 4A, B). In E. mosbachensis, the highest number of cyclical BGMs is found in the 219 

metacarpus IPS96017 (Fig. 4C). This specimen presents six cyclical BGMs within the 220 

primary bone tissue (Fig. 4C). Besides, all fossil metapodia show a non-cyclical BGM 221 

in the most internal cortex (Fig. 4) that corresponds to the NL observed in extant Equus 222 

(Nacarino-Meneses and Köhler 2018). 223 



 9 

From the study of cyclical and non-cyclical BGMs, we reconstruct the 224 

metapodial growth pattern of E. steinheimensis and E. mosbachensis (Fig. 5). As Figure 225 

5 shows, metacarpus (Fig. 5A) and metatarsus (Fig. 5B) of extinct equids follow the 226 

same growth pattern as the metapodia of extant E. hemionus, E. grevyi, E. quagga and 227 

E. zebra (Fig. 5). In both fossil and extant species, a decrease in growth rate at the 228 

second year of life is observed (Fig. 5). Growth reconstruction also shows, however, a 229 

steeper slope in fossil than in extant samples (Fig. 5), both during the phase of highest 230 

growth rate and during residual growth (Fig. 5). These differences in growth rate are 231 

unlikely related to sex differences, as equid bones from males and females are known to 232 

grow similarly (Nacarino-Meneses et al. 2016). 233 

Adult and neonatal body size 234 

We estimated the adult weight of fossil equid species from measurements on 235 

metacarpi and phalanges (Table 2). A mean adult body mass of 469.3 kg is obtained for 236 

E. steinheimensis, while adult E. mosbachensis is predicted to weight around 607.4 kg 237 

(Table 2; Fig. 1). 238 

The perimeter of the NL (Fig. 4) is used here to provide a rough estimation of 239 

the size at birth for the Pleistocene species studied (Table 3). As Table 3 shows, extinct 240 

equids present a larger size at birth than extant Equus. The mid-shaft perimeter of the 241 

metacarpi and metatarsi of a neonate E. mosbachensis measures between 83.65 and 242 

90.86 mm (Table 3, Fig. 4), while that of E. steinheimensis does around 80 mm (Table 243 

3, Fig. 4). Perimeters of neonate metapodia in extant species are considerably smaller, 244 

as they vary between 50 – 60 mm in E. hemionus, around 75 mm in E. grevyi, and ca. 245 

70 mm in E. quagga and E. zebra (Table 3). 246 

Discussion 247 

Evolutionary trends in body size of European extinct Equus are widely studied 248 

(Eisenmann 1991; Forsten 1991b; Alberdi et al. 1995; Cantalapiedra et al. 2017), but no 249 

previous research has investigated its relationship with the life history of the species. In 250 

the present research, we reconstruct several life history traits of the extinct caballoid 251 

horses E. steinheimensis and E. mosbachensis for the first time, providing a unique life 252 

history framework for the analysis of the size shifts observed in European Pleistocene 253 

equids.  254 
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Body size of European Middle Pleistocene Equus 255 

Body size is usually represented by body mass (i.e. the weight of an individual) 256 

because this measure does not consider the shape of the organisms (Saarinen et al. 257 

2016). The exhaustive study of Alberdi et al. (1995) reported adult body mass 258 

estimations for the most important Plio-Pleistocene Equus species of Europe, Africa and 259 

America. Here, we expand their database by calculating the body weight of E. 260 

steinheimensis. Our results show that its mean body mass is around 470 kg (Table 2), 261 

which is similar to that reported for the Late Pleistocene species Equus germanicus 262 

(Fig. 1) (Alberdi et al. 1995). This finding agrees with a previous study by Forsten 263 

(1999), where she indicated similarities in metapodial size between E. steinheimensis 264 

and latter caballoid equids such as E. germanicus. Our adult body mass estimations for 265 

this equid also matches previously published data about the weight of Steinheim horses 266 

(Saarinen et al. 2016). We further estimated body mass of E. mosbachensis from 267 

measurements on its metacarpi and phalanges (Table 2). We obtained a mean body 268 

weight of 607 kg for this early Middle Pleistocene species (Table 2). As expected, this 269 

result matches previous body mass estimations of 671.15 kg for E. mosbachensis (Fig. 270 

1) (Alberdi et al. 1995) that were obtained from measurements on fossil material 271 

recovered from the same locality (Mosbach Sands fossil site) but housed at other 272 

European collections (Eisenmann 1979). 273 

Size at birth is one of the most important life history traits of mammals (Stearns 274 

1992), although this information is still lacking for most extinct equid taxa. In the 275 

present study, we obtained an estimation of this attribute for the Middle Pleistocene 276 

equids of the analysis (Table 3) based on the perimeter of the NL (Nacarino-Meneses 277 

and Köhler 2018) identified in their metapodia (Fig. 4). Our findings reveal that E. 278 

mosbachensis presents the largest size at birth within the equids studied, followed by E. 279 

steinheimensis, E. grevyi, E. zebra, E. quagga and E. hemionus (Table 3). E. 280 

mosbachensis is also the largest Equus of the study (Table 2, Fig. 1), while the Asiatic 281 

wild ass is the smallest (230 kg, Ernest 2003). E. steinheimensis (Table 2, Fig. 1), E. 282 

grevyi (384 kg, Ernest 2003), E. zebra (296 kg, Ernest 2003) and E. quagga (257 kg, 283 

Ernest 2003) present intermediate adult weights between E. mosbachensis and E. 284 

hemionus. Therefore, our results on neonatal body size of extinct equids (Table 3) are 285 

the ones expected by scaling, as they agree with the known correlation between size at 286 

birth and adult body size (Blueweiss et al. 1978; Calder 1984). 287 
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Growth rate of European Middle Pleistocene Equus 288 

Growth rate inferences made from bone histology are usually based on the 289 

combined analysis of the bone matrix and its vascularization (Amprino 1947; de 290 

Margerie et al. 2002; Chinsamy-Turan 2005; Huttenlocker et al. 2013; Lee et al. 2013). 291 

Our histological study of E. steinheimensis and E. mosbachensis has not revealed 292 

differences in bone tissue type and/or vascularization between both extinct species (Fig. 293 

3A, B), which indicates similar rates of bone formation in these Pleistocene equids (de 294 

Margerie et al. 2002; Lee et al. 2013). We have observed, however, a higher number of 295 

vascular canals in their metapodia (Fig. 3A, B) than in extant Equus’s (Fig. 3E – H). 296 

According to de Margerie et al. (2002), this suggests a higher rate of bone deposition in 297 

the Pleistocene equids analysed, which could be generally interpreted as a higher 298 

growth rate. Growth curves have also been commonly used to report differences in 299 

growth rate between sexes (Marín-Moratalla et al. 2013), taxa (Erickson et al. 2001; 300 

Erickson 2005; Orlandi-Oliveras et al. 2018) and even between animals under different 301 

ecological regimes (Marín-Moratalla et al. 2013; Nacarino-Meneses et al. 2016; 302 

Calderón et al. 2019). The slope of the metapodial growth curves obtained here for 303 

extinct equids is steeper than those of E. hemionus, E. grevyi, E. quagga and E. zebra 304 

(Fig. 5), suggesting higher rates of growth for E. steinheimensis and E. mosbachensis in 305 

comparison with these extant species. Therefore, our metapodial growth reconstruction 306 

(Fig. 5) supports the histological inference (Fig. 3A, B) of higher rates of growth in E. 307 

steinheimensis and E. mosbachensis than in extant Equus. 308 

Age at maturity and longevity of European Middle Pleistocene Equus 309 

Estimates about the age at maturity in fossil taxa use to rely on the identification 310 

of the lamellar and avascular bone tissue that is deposited in the outer cortex of the 311 

bones: the external fundamental system (EFS) (Chinsamy-Turan 2005; Marín-Moratalla 312 

et al. 2013; Calderón et al. 2019). The timing of deposition of this tissue in equid and 313 

ruminant femora is known to correlate with the age at first reproduction of the species 314 

(Jordana et al. 2016; Nacarino-Meneses et al. 2016), as it is supposed to record the life 315 

history trade-off between growth and reproduction (Stearns 1992). The significance of 316 

deposition of the EFS in other bones, however, is poorly known. Although several 317 

authors have suggested a relationship between the presence of EFS in metapodia and the 318 

skeletal maturity of the species (Martínez-Maza et al. 2014), the appearance of this 319 
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tissue type in these bones is just likely related with the cessation of periosteal/radial 320 

bone growth (Nacarino-Meneses et al. 2016). Therefore, the lack of EFS in metacarpi of 321 

E. steinheimensis (Fig. 3C) might just indicates a prolonged periosteal bone growth in 322 

this Pleistocene species. Alternatively, inferences on skeletal maturity can be made from 323 

growth reconstructions, as growth curves provide reliable information about the 324 

cessation of longitudinal bone growth (Nacarino-Meneses et al. 2016). The decrease in 325 

growth rate observed at the second year of life in metapodia of Pleistocene and extant 326 

species (Fig. 5) suggests a similar age of epiphyseal fusion in these bones for both 327 

groups of equids (Nacarino-Meneses et al. 2016). However, we cannot use this finding 328 

to infer an absolute age at skeletal maturity for E. mosbachensis and E. steinheimensis 329 

because metapodia fuse their epiphyses very early in ontogeny (Silver 1963). Future 330 

histological studies on other long bones that finish later their growth, such as the femur 331 

or the tibia (Silver 1963), will be necessary to obtain information about this biological 332 

trait in the extinct taxa studied. These forthcoming studies would also shed light on the 333 

onset of sexual maturity in these Middle Pleistocene species, by analysing the timing of 334 

deposition of the EFS in their femora (Nacarino-Meneses et al. 2016). 335 

The total number of CGMs within a bone cortex is known to broadly match the 336 

age at death of an individual (Castanet et al. 1993). Hence, several studies have 337 

analysed these histological features on ancient bones to estimate longevity on extinct 338 

mammals (Köhler and Moyà-Solà 2009; Marín-Moratalla et al. 2011; Moncunill-Solé et 339 

al. 2016; Orlandi-Oliveras et al. 2016). Because mammals present asymptotic growth 340 

(Lee et al. 2013) and the identification of CGMs within the EFS is sometimes a 341 

challenging issue (Woodward et al. 2013), this methodology always yields a minimum 342 

longevity in this group of vertebrates (Castanet et al. 2004; Castanet 2006; Calderón et 343 

al. 2019). Moreover, femur is the most valuable bone for skeletochronological studies 344 

(Horner et al. 1999; García-Martínez et al. 2011; Nacarino-Meneses et al. 2016), 345 

although metapodia is known to yield accurate individual age estimations in equids 346 

(Martínez-Maza et al. 2014; Nacarino-Meneses et al. 2016). In our Pleistocene equid 347 

sample, we have identified a maximum of 5 and 6 CGMs in the metapodial cortex of E. 348 

steinheimensis and E. mosbachensis respectively (Fig. 4). These results suggest that the 349 

minimum longevity of E. steinheimensis is 5 years, while it is of 6 years in E. 350 

mosbachensis. Although the number of CGMs identified in the metapodial cortex of 351 

these extinct equids is similar to that found in the limb bones of E. hemionus (Nacarino-352 
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Meneses et al. 2016), the small sample size of the present research limits us to perform 353 

a comparison with enough confidence between the longevity of extinct species (E. 354 

steinheimensis and E. mosbachensis) and that of extant equids. Further studies with a 355 

larger sample size are necessary, hence, to estimate the longevity of these Middle 356 

Pleistocene species. 357 

Size variation in Old World Equus: environment and life history 358 

 Our life history reconstruction of E. mosbachensis and E. steinheimensis 359 

indicates that these Middle Pleistocene species grew at higher rates than extant horses 360 

(Fig. 3 and 5). As resource availability is the main selection pressure acting on 361 

individual growth rate (Palkovacs 2003), the difference in adult body size between 362 

extant and Middle Pleistocene equids would likely be influenced by the resource 363 

availability of each habitat. On the one hand, paleoenvironmental reconstructions on 364 

Mosbach (Cromerian interglacial (MIS 13, 15), Kahlke et al. (2011)) suggest open 365 

steppe landscapes interrupted by warm and humid episodes with extended forests to be 366 

the main habitats at this fossil site (Maul et al. 2000; Kahlke et al. 2011). Steinheim 367 

horse sample, on the other hand, is thought to have been originated in the Holsteinian 368 

interglacial (MIS11) (Van Asperen 2013), which is characterized by temperate, humid 369 

and forested environments (Nitychoruk et al. 2005). Specifically, Steinheim site during 370 

this interglacial is thought to present a temperate humid habitat of woodland and 371 

shrubland (Pushkina et al. 2014). Extant Grevy’s zebra also occurs in grasslands and 372 

shrublands, but its habitat is considered as arid or semiarid (Rubenstein et al. 2016) with 373 

a negative mean annual climatic water balance (Schulz and Kaiser 2013). The habitat of 374 

E. zebra, who dwells in mountainous and escarpment areas (Novellie 2008), also 375 

presents a negative mean annual climatic water balance (Schulz and Kaiser 2013). Thus, 376 

the habitat of both E. grevyi and E. zebra can be considered as poor-resourced in 377 

comparison with that of E. steinheimensis or E. mosbachensis. The drier habitat of the 378 

Grevy’s and the mountain zebra probably forces them to grow at lower rates than 379 

extinct Equus (Fig. 3 and 5) which, following the model of Palkovacs (2003), finally 380 

results in a smaller adult body size for E. grevyi and E. zebra than for Middle 381 

Pleistocene taxa. A similar reasoning applies to E. hemionus and E. quagga, which also 382 

grow at lower rates than E. steinheimensis and E. mosbachensis (Fig. 3 and 5). The 383 

Asiatic wild ass, on the one hand, is endemic of the Gobi desert, one of the most arid 384 

habitats of the world (Kaczensky et al. 2015). Equus quagga, on the other hand, lives in 385 
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the open savannah and open woodland of several African countries (King and 386 

Moehlman 2016) that are likely poor-resourced in comparison with Middle Pleistocene 387 

environments. Growth rate of both E. hemionus and E. quagga, hence, is probably 388 

restricted by the environmental conditions of their habitat, as it is their final body size. 389 

Along with modifications in growth rate, the life history model proposed by 390 

Palkovacs (2003) postulates that age at sexual maturity also influences adult body size. 391 

However, and as previously mentioned, we could not obtain information about this LH 392 

trait from our histological analysis due to the characteristic of the sample studied (e.g. 393 

lack of femora). Following this model (Palkovacs 2003), we would expect that the fast-394 

growing Middle Pleistocene equids present an advance in their age at sexual maturity in 395 

comparison with extant taxa, although future histological studies on femora (Nacarino-396 

Meneses et al. 2016) must be done to confirm this preliminary hypothesis. Interestingly, 397 

the hypothesis of an earlier sexual maturation in the Middle Pleistocene species E. 398 

mosbachensis and E. steinheimensis conforms to the predictions of life history theory in 399 

environments where there is a high extrinsic mortality pressure (i.e. predation) (Roff 400 

1992; Stearns 1992; Roff 2002). In these circumstances, theory predicts that organisms 401 

achieve sexual maturity early to reduce the time of exposure to juvenile mortality 402 

(Stearns 2000). Paleontological and ecological data indeed suggest differences in levels 403 

of extrinsic mortality between Middle Pleistocene equids and extant species. Thus, 404 

while important potential predators for equids such as felids (Lynx issiodorensis, 405 

Panthera gombaszoegensis, Panthera leo fossilis, Panthera pardus, Acinonyx 406 

pardinensis, Homotherium), canids (Canis lupus mosbachensis, Cuon alpinus priscus, 407 

Cuon dubius stehlini) and hyaenids (Pliocrocuta perrieri, Crocuta spelaea) have been 408 

found in Mosbach or Steinheim sites (Adam 1954; Kahlke 1961; Kahlke 1975), the 409 

extant E. grevyi, E. hemionus, E. quagga and E. zebra are threatened by a few number 410 

of carnivore species (Grubb 1981; Penzhorn 1988; Churcher 1993; Feh et al. 2001).  411 

Conclusions 412 

Our study infers, for the first time, several life history traits of European Middle 413 

Pleistocene Equus from the histological analysis of their metapodia. Bone histology and 414 

growth reconstruction performed in these bones indicate higher growth rates for the 415 

extinct E. mosbachensis and E. steinheimensis in comparison with extant 416 

representatives of the group (E. hemionus, E. grevyi, E. quagga and E. zebra). Their 417 
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occurrence in temperate and humid habitats during European interglacials explains the 418 

higher growth rates found in these extinct equids, as they dwelt in resource-richer 419 

environments than those inhabited today by the extant Asiatic wild ass and the Grevyi’s, 420 

mountain and plains zebra. The resource levels of each habitat seem to be, thus, the 421 

main selection pressure acting upon individual growth rate and finally determining body 422 

size in Equus. The influence of other key life history traits such as age at maturity in 423 

determining the adult body size of these mammals could not be assessed in the present 424 

research, although some hypotheses are proposed. Our first approach to the 425 

skeletochronology of these Middle Pleistocene equids suggests a similar age at 426 

epiphyseal fusion for the metapodia in E. mosbachensis and E. steinheimensis and 427 

extant Equus and yield a minimum age at death for these extinct species. In the present 428 

study, we also provide estimates of the adult (in terms of body mass) and the neonatal 429 

body size (considering the perimeter of the NL as a proxy of this size) of E. 430 

mosbachensis and E. steinheimensis. Our results match previous adult weight 431 

estimations for these extinct equids and show that their size at birth is the expected from 432 

allometric scaling. 433 
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Figure 1. Size-decrease trend experienced by caballoid (circles) and stenonoid 714 

(triangles) horses during the Pleistocene (data from Alberdi et al. 1995; Ernest 2003; 715 

Cantalapiedra et al. 2017). Body mass estimates of Equus mosbachensis (black star) and 716 

Equus steinheimensis (white star) is also shown. Black circles and triangles = extinct 717 

Equus species; 75% grey triangles = zebras; 25% grey triangles = asses. 718 
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Figure 2. Map of Germany showing the provenance of the fossil sample. M = Mosbach 721 

Sands; S = Steinheim an der Murr. 722 
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Figure 3. Metapodial bone histology of European Middle Pleistocene (a–d) and extant 725 

Equus (e–h). (a) Metacarpal bone cortex of Equus steinheimensis (IPS96013). (b) 726 

Metatarsal bone cortex of Equus mosbachensis (IPS96014). (c) Metacarpal bone cortex 727 

of Equus steinheimensis (IPS96011). (d) Metacarpal bone cortex of Equus 728 

mosbachensis (IPS96017) (e) Metacarpal bone cortex of Equus hemionus (IPS83877). 729 

(f) Metatarsal bone cortex of Equus grevyi (IPS84963). (g) Metacarpal bone cortex of 730 

Equus quagga (IPS116319). (h) Metatarsal bone cortex of Equus zebra (IPS116321). 731 

CVC = circular vascular canal; EFS = external fundamental system; FLC = 732 

fibrolamellar complex; LCV = longitudinal vascular canal; RVC = radial vascular canal. 733 

Scale bars = 200 μm. 734 
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Figure 4. Bone growth marks identified in the metapodia of Equus steinheimensis (a,b) 737 
and Equus mosbachensis (c,d). (a) Metacarpal bone cortex of Equus steinheimensis 738 
IPS96013. (b) Metatarsal bone cortex of Equus steinheimensis IPS96010. (c) 739 
Metacarpal bone cortex of Equus mosbachensis IPS96017. (d) Metatarsal bone cortex 740 
of Equus mosbachensis IPS96014. White arrows = cyclical bone growth marks; black 741 
arrows = non-cyclical bone growth marks (neonatal line – NL). Scale bars = 1 mm. 742 
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Figure 5. Metapodial growth of European Middle Pleistocene (continuous lines) and 745 

extant (dashed lines) Equus. Bone perimeter (mm, ordinate axis) is plotted against 746 

estimated age (years, abscissa axis) to obtain growth curves. (a) Growth curves obtained 747 

from the metacarpus. (b) Growth curves obtained from the metatarsus. Legend is shown 748 

at the bottom of the figure. 749 
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Table 1. Sample studied for bone histology. Mc = metacarpus; Mt = metatarsus; SMNS 752 

= Staatliches Museum für Naturkunde Stuttgart (Stuttgart, Germany); MDA = Museum 753 

of Domesticated Animals (Halle, Germany); ZIHU = Zoological Institute of Hamburg 754 

University (Hamburg, Germany); ICP = Institut Català de Paleontologia (Barcelona, 755 

Spain). The star (*) indicates fossil species. 756 

Species Code 
Collection 

code 
Bone Site/Habitat Institution 

E. steinheimensis* 

IPS96010 32917/23 Mt Steinheim an der 

Murr 

SMNS 

IPS96011 32803/61 Mc Steinheim an der 

Murr 

SMNS 

IPS96012 32803/235 Mt Steinheim an der 

Murr 

SMNS 

IPS96013 32803/321 Mc Steinheim an der 

Murr 

SMNS 

E. mosbachensis* 

IPS96014 32850/87 Mt Mosbach Sands SMNS 

IPS96016 32850/6 Mc Mosbach Sands SMNS 

IPS96017 32850/112 Mc Mosbach Sands SMNS 

E. hemionus 
IPS83876 225 Mc, Mt Gobi Desert MDA 

IPS83877 381 Mc, Mt Gobi Desert MDA 

E. grevyi IPS84963 7111 Mt Hagenbeck Zoo ZIHU 

E. quagga 
IPS116319 A16/033 Mc, Mt Réserve Africaine 

de Sigean 

ICP 

E. zebra 

IPS116321 A15/213 Mc, Mt Réserve Africaine 

de Sigean 

ICP 

IPS116322 A16/003 Mc, Mt Réserve Africaine 

de Sigean 

ICP 

 757 
  758 
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Table 2. Adult body weight estimation (kg) in extinct Equus. n = number of samples, 759 

SD = standard deviation. 760 

Species Locality 

Metacarpus Phalanx 
Mean  SD 

(n) 
n Mean  

SD 

n Mean  SD 

E. steinheimensis Steinheim an der 

Murr 

18 478.7  

63.1 

36 464.7  

131.2 

469.3  112.6 

(54) 

E. mosbachensis Mosbach Sands 7 595.6  82 9 616.54  

275.2 

607.4  207.8 

(16) 

 761 
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Table 3. Size at birth in extant and extinct Equus. The perimeter of the neonatal line 763 

(NL), considered as a proxy of the size at birth, is shown. The star (*) indicates fossil 764 

species. 765 

Species Code 
Perimeter of the NL (mm) 

Metacarpus Metatarsus 

E. steinheimensis* 

IPS96010 - 81.26 

IPS96011 76.55 - 

IPS96013 77.59 - 

E. mosbachensis* 

IPS96014 - 90.86 

IPS96016 86.02 - 

IPS96017 83.65 - 

E. hemionus 
IPS83876 60.77 60.04 

IPS83877 56.29 53.09 

E. grevyi IPS84963 - 74.15 

E. quagga IPS116319 69.98 68.35 

E. zebra 
IPS116321 68.70 69.13 

IPS116322 71.92 73.29 
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