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1 Brain size and organization in the Middle Pleistocene hominins from Sima de los Huesos. 

2 Inferences from endocranial variation

3

4 Abstract

5

6 The Sima de los Huesos (SH) endocranial sample includes 16 complete or partial endocasts 

7 corresponding to European Middle Pleistocene hominins. Different anatomical and molecular 

8 studies have demonstrated that these hominins are phylogenetically related to Neanderthals, 

9 thus making them the earliest unquestionable representatives of the Neanderthal lineage. The 

10 description of endocranial variation in this population is fundamental to shedding light on the 

11 evolution of the Neanderthal brain. In this contribution, we analyze and describe endocranial 

12 variation in this sample, including aspects related to brain size (endocranial volume and 

13 encephalization) and brain organization (through qualitative descriptions and quantitative 

14 analyses). Our results indicate that the SH hominins show a transitional state between a 

15 primitive hominin endocranial configuration (which is found in Homo erectus and non-SH 

16 Middle Pleistocene Homo) and the derived configurations found in Neanderthals and modern 

17 humans, without a clear anticipation of classic Neanderthal endocranial traits. In comparison 

18 with other cranial and postcranial traits that show a fully Neanderthal or clear pre-Neanderthal 

19 condition in the SH collection, endocranial variation in these hominins is surprisingly primitive 

20 and shows no Neanderthal affinity. These results and the comparison with other cranial traits 

21 confirm that Neanderthals evolved in a mosaic fashion. Traits related to mastication (dental, 

22 facial and mandibular anatomy) led the Neanderthalization process, whereas neurocranial 

23 anatomy must have acquired a fully Neanderthal condition considerably later. 

24

25 Introduction
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26

27 Studying endocranial morphology is fundamental to inferring key aspects of human brain 

28 evolution. Similarities in brain size and general brain proportions between chimpanzees and 

29 early hominins (as inferred from endocranial anatomy) indicate that the brain of the last 

30 common ancestor of the chimpanzees and humans was more similar to the chimpanzee brain. 

31 Therefore, a dramatic modification in brain size and organization must have happened in the 

32 human lineage after its separation from the chimpanzee lineage, which is also inferred from 

33 endocranial variation in fossil hominins. Detailed study of the hominin fossil record has 

34 allowed researchers to describe in some detail endocranial variation in australopiths (Falk, 

35 1980, 1983, 2014; Holloway, 1981a, 1983; Holloway et al., 2004a, 2004b; Carlson et al., 2011; 

36 Beaudet et al., 2018; Falk et al., 2018), early Homo (Tobias, 1987; Spoor et al., 2015), Homo 

37 erectus and Homo ergaster (Grimaud-Hervé, 1997; Coqueugniot et al., 2004; Balzeau et al., 

38 2005; Wu et al., 2010; Bruner et al., 2015; Beaudet and Bruner, 2017), Homo floresiensis (Falk 

39 et al., 2005; Kubo et al., 2013), classic Neanderthals (Holloway, 1981b; Grimaud-Hervé, 1997; 

40 Bruner et al., 2003; Bruner and Manzi, 2008; Gunz et al., 2010; Ponce de León et al., 2016) 

41 and early and recent modern humans (Hublin et al., 2017; Neubauer et al., 2018), and to make 

42 some inferences regarding their brain anatomy and their behavior. 

43

44 Other periods of human evolution, however, remain poorly understood. Among them, patterns 

45 of variation in Middle Pleistocene hominins, usually referred to as H. heidelbergensis, remain 

46 particularly elusive. This is due, at least in part, to the lack of consensus on the relationships 

47 and the putative evolutionary cohesion (or lack thereof) of different Middle Pleistocene groups 

48 (Tattersall, 2007; Mounier et al., 2009; Stringer, 2012; Gómez-Robles et al., 2013a). This lack 

49 of consensus primarily concerns the relationships between European and African fossils, as 

50 different lines of evidence indicate that these European and African populations may be already 
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51 part of the Neanderthal and modern human lineages, respectively (see below). In addition, it 

52 has been argued that European Pleistocene hominins may include two different evolutionary 

53 lineages, one of which would be phylogenetically more closely related to Neanderthals than 

54 the other (Tattersall, 2007; Roksandic et al., 2018). A key sample that has a fundamental role 

55 to inform this debate is the Middle Pleistocene collection from the Sima de los Huesos site 

56 (Sierra de Atapuerca, Burgos, Spain).

57

58 The Sima de los Huesos (SH) hominin sample comprises a minimum of 28 individuals as 

59 determined through dental associations (Bermúdez de Castro and Nicolás, 1997; Bermudez de 

60 Castro et al., 2004; Arsuaga et al., 2014). Sixteen individuals preserve complete or fragmentary 

61 cranial remains and form the SH endocranial (and cranial) collection (Arsuaga et al., 2014; 

62 Poza-Rey, 2015). Reliable associations have been established between six dental and cranial 

63 individuals, whereas the remaining dental individuals are not associated with their cranial 

64 counterparts (Arsuaga et al., 2014; Poza-Rey et al., 2017). All these hominins were found in a 

65 single pit site and in the same stratigraphic level (Arsuaga et al., 2014; Aranburu et al., 2017), 

66 suggesting that they belonged to the same biological population. The most recent analyses of 

67 the site indicate that the fossil hominins are dated to 430 ka (Arnold et al., 2014). This age is 

68 younger than the ca. 600 ka indicated by earlier analyses (Bischoff et al., 2007), but older than 

69 the 350 ka suggested initially for this sample (Bischoff et al., 2003). Recent molecular studies 

70 of a bone fragment from this sample have shown that the SH hominins are phylogenetically 

71 related to Neanderthals (Meyer et al., 2014, 2016), a result that confirms the Neanderthal 

72 affinity indicated by a multitude of anatomical studies of this sample published for more than 

73 25 years (e.g., Arsuaga et al., 1993, 1997). Indeed, studies of the cranial and postcranial 

74 anatomy of these hominins show a transitional morphology between a more primitive hominin 

75 anatomy and a classic Neanderthal condition in most traits (Arsuaga et al., 1993, 1997, 2014, 
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76 2015; Carretero et al., 1997; Martı́nez and Arsuaga, 1997; Rosas, 1997; Gómez-Olivencia et 

77 al., 2007; Bonmatí et al., 2010; Rodríguez et al., 2016; Pablos et al., 2017). Studies of the SH 

78 teeth, however, have shown a surprisingly derived dental anatomy that is virtually 

79 indistinguishable from a classic Neanderthal condition for discrete traits (Martinón-Torres et 

80 al., 2012) and even more derived than the classic Neanderthal condition in terms of dental size 

81 (Bermudez de Castro and Nicolas, 1995) and structural reduction in the number and size of 

82 individual cusps (Gómez-Robles et al., 2015a). The eclectic combination of fully Neanderthal 

83 and transitional traits of this population indicates that the process of acquiring a classic 

84 Neanderthal anatomy has occurred in a mosaic fashion (Arsuaga et al., 2014), with different 

85 traits evolving at different rates in response to different selective pressures (Gómez-Robles et 

86 al., 2017). 

87

88 Given the role that cognitive advancements must have had during Neanderthal evolution, it is 

89 particularly important to describe the evolution of the brain in the early representatives of this 

90 lineage as inferred from endocranial variation. The SH sample offers not only an incomparable 

91 glimpse into the evolution of the early Neanderthal brain, but also documents intrapopulation 

92 variation because of its large sample size. Recently, endocranial asymmetry of the SH hominins 

93 has been assessed in association with behavioral lateralization as inferred from labial striations 

94 on the anterior dentition (Poza-Rey et al., 2017). In addition, some particular aspects of 

95 endocranial variation in some individuals of the sample have been described in previous studies 

96 (Bookstein et al., 2000; Bruner et al., 2003; Arsuaga et al., 2014). However, a comprehensive 

97 descriptive analysis of this collection has not yet been published. The purpose of the present 

98 contribution is to provide such a study, including descriptions of major anatomical traits, size 

99 and morphometric variation of the SH endocranial collection and comparisons with other 

100 European, African and Asian hominins.
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101

102 It has to be noted that inferences about brain anatomy based on endocranial variation are subject 

103 to different interpretations and lead to occasional controversy (e.g., Holloway, 1981a; Falk, 

104 1983). Brain sulci do not leave unequivocal marks on the endocranial surface, particularly in 

105 older individuals, thus making the interpretation of sulcal imprints particularly challenging and 

106 open to debate. Behavioral and cognitive inferences based on endocranial variation are even 

107 more problematic and very often impossible to test. Other aspects of brain variation, such as 

108 size, general proportions and the relative expansion or reduction of certain areas, are much less 

109 problematic and can be inferred from endocranial size, from different sets of linear metrics, or 

110 from geometric morphometric configurations of landmarks. Therefore, the present study 

111 focuses on the anatomical description of the SH endocranial collection with special emphasis 

112 on the variation of endocranial size and shape while acknowledging that these are but imperfect 

113 proxies for the evolution of brain size and organization.

114

115 Material and methods

116

117 Material

118

119 The SH endocranial sample comprises 16 endocasts obtained from the preserved crania in the 

120 sample. Some of these crania are incomplete and fragmentary, so the completeness and 

121 preservation of endocasts differs widely. These endocasts were given the same number as their 

122 corresponding crania, from cranium 2 to cranium 17. Crania 4 and 5 were scanned in 1999 with 

123 a CT Scanner Toshiba Xpress/GX, using a slice thickness of 1 mm, slice interval of 1 mm and 

124 pixel size of 0.468 mm. All the other crania from the Sima de los Huesos sample were scanned 
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125 in 2006 with an industrial CT Scanner MU 2000-CT YXLON International. For these crania, 

126 slice thickness was 0.5 mm, slice interval 1 mm and pixel size 0.217 mm (Poza-Rey, 2015).

127

128 This sample was compared with a sample of other Middle and Late Pleistocene hominin 

129 endocasts which, according to a splitting taxonomy (Wood and Boyle, 2016), belong to H. 

130 erectus, Homo heidelbergensis and Homo rhodesiensis (here together referred to as Middle 

131 Pleistocene Homo), Homo neanderthalensis and Homo sapiens. Details of the specimens 

132 included in the quantitative analyses are provided in Table 1, but additional specimens are 

133 mentioned in the qualitative comparisons. Some of those comparisons come from personal 

134 observations, whereas others come from published studies.

135

136 Methods

137

138 General qualitative descriptions of the Sima de los Huesos endocasts are provided, which 

139 include the description of the completeness of the specimens, an assessment of Broca’s cap 

140 asymmetry and of petalial patterns (LeMay, 1976; LeMay et al., 1982), a description of the 

141 projection of the encephalic rostrum (Grimaud-Hervé, 1997) and of the shape of the occipital 

142 lobe (Fig. 1). The assessment of endocranial asymmetries is based on previous studies (Poza-

143 Rey, 2015; Poza-Rey et al., 2017). As described in further detail in Poza-Rey et al. (2017), the 

144 assessment of petalial patterns relies on linear metrics, particularly on the hemispheric 

145 differences in the length and width of the frontal and occipital poles measured at the points 

146 marking 10% of the total length (Fig. 2). The asymmetry of Broca’s cap is based on the 

147 comparison of left and right areas as measured following the sulcal boundaries of the pars 

148 triangularis (anterior horizontal and ascending rami of the Sylvian fissure and inferior frontal 

149 sulcus) and of the pars opercularis (anterior vertical ramus of the Sylvian fissure, inferior 
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150 segment of the precentral sulcus and inferior frontal sulcus). Additional methodological details 

151 and quantifications of endocranial asymmetries are provided in Poza-Rey et al. (2017). It has 

152 to be noted, however, that the human Broca’s cap also includes the pars orbitalis (the inferior 

153 frontal cortex laying inferior and anteriorly to the horizontal ramus of the Sylvian fissure), 

154 which is not included here. In addition, because sulcal boundaries on the inferior frontal region 

155 do not reproduce well in hominin endocasts (Balzeau et al., 2014; Falk, 2014), the assessment 

156 of Broca’s cap asymmetry remains tentative. 

157

158 Endocranial volumes (ECV) were calculated using the approach described in previous studies, 

159 which consisted of scaling complete endocasts (SH4 and SH5) to the size of incomplete 

160 endocasts using 15 endocranial landmarks and an affine transformation (Arsuaga et al., 2014; 

161 Poza-Rey, 2015). The accuracy of this approach was tested using the very complete cranium 6 

162 (SH6), for which the empirically measured ECV could be compared with the estimated ECV 

163 using the previously explained approach. The empirical ECV of SH6 is 1220 cc, whereas its 

164 estimated ECV is 1225 cc (Supplementary Information in Arsuaga et al., 2014). The estimated 

165 value is, therefore, less than 0.5% higher than the empirical value. 

166

167 Endocranial volumes were used to calculate encephalization quotients (EQ) based on an 

168 average body mass estimate of 69.1 kg for the SH hominins (Arsuaga et al., 2015). SH’s EQ 

169 was estimated using the recent formula proposed by Grabowski and colleagues 

170 (EQ=ECV/e(0.60*log(Body Mass)-1.40), Grabowski et al., 2016), which provides updated results 

171 versus those based on Jerison’s (1973) and Martin’s (1981) earlier approaches. Those values 

172 were compared with data for other species that were calculated using the same approach 

173 (Grabowski et al., 2016). Those comparisons use individual ECVs, but, in most cases, species-

174 specific body masses, which can result in misleading values because interindividual variation 
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175 in ECV is considered, but the same variation in body mass is not accounted for. Therefore, a 

176 range of possible EQs for the SH sample was calculated based on the range of body mass 

177 estimates from 59.1 to 79.0 kg (Arsuaga et al., 2015). This approach, however, can still yield 

178 unrealistically high variation because it does not account for sexual dimorphism in brain size 

179 and body mass. This source of variation was further explored by assuming an equal distribution 

180 of sexes in the SH sample, as has been suggested by previous studies (Bermúdez de Castro and 

181 Nicolás, 1997; Bermudez de Castro et al., 2004), and assuming that individuals with smaller 

182 ECVs are females and that individuals with larger ECVs are males. It should be noted, however, 

183 that this way of classifying males and females does not perfectly match previous sex 

184 assignments of the individuals in this population based on mandibular size and shape and on 

185 dental size (Bermúdez de Castro and Nicolás, 1997; Bermudez de Castro et al., 2004). EQs in 

186 the SH individuals were then additionally calculated using female- and male-specific body 

187 mass estimates (females: mean 57.6 kg, range 52.9-62.3; males: mean 76.7 kg, range 70.7-

188 82.9). These EQ calculations can potentially be influenced by the immature state of some SH 

189 individuals (Arsuaga et al., 1997; Gracia et al., 2009), who may not have attained their adult 

190 ECV and body mass. However, the paleodemographic analysis of this population shows that 

191 most individuals within the collection are adolescents or young adults who would have attained 

192 their adult brain size (Arsuaga et al., 1997; Bermúdez de Castro and Nicolás, 1997; Bermudez 

193 de Castro et al., 2004), so an immature state is unlikely to affect most EQ calculations.

194

195 Detailed morphometric analyses were based on 17 linear metrics between specific endocranial 

196 landmarks measured by E.M.P.-R. (Tables 2 and 3; Fig. 3). Correlations between those 

197 variables within the SH sample were computed for those pairs of variables that are present in 

198 more than five individuals. A principal components analysis (PCA) of size-adjusted metrics 

199 (divided by the geometric mean of all the employed variables) was carried out to assess the 
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200 major patterns of shape variation of the SH sample with respect to other hominins. This analysis 

201 included only seven variables that were present in the largest possible number of SH specimens, 

202 and only those fossil specimens without missing data for those variables. This analysis was 

203 based on 29 fossil specimens (which includes eight specimens from the SH sample) and 25 

204 modern humans (Table 1). Comparative data for fossil specimens were compiled from different 

205 sources (Grimaud-Hervé, 1997; Falk et al., 2000; Holloway et al., 2004a). Comparative data 

206 for the modern human sample were measured by E.M.P.-R.

207

208 Results

209

210 General anatomical descriptions

211

212 A summary of these descriptions is provided in Table 4.

213

214 SH2 (Fig. 4) This endocast is rather incomplete. A small part of the posterior frontal region is 

215 preserved. The right parietal lobe is almost complete, but the left parietal and occipital lobes 

216 are represented only by a few fragments. Due to the fragmentary nature of this cranium, its 

217 endocast lacks the anterior region of the temporal lobes and the whole base. Broca’s cap is not 

218 preserved. The occipital lobes are rounded and slightly projected. The endocranial volume of 

219 SH2 was estimated at 1333 cc.  

220

221 SH3 (Fig. 5) This endocast is also fragmentary and moderately incomplete. A large part of the 

222 frontal lobe and the base of the endocast are lost. Occipital and parietal lobes are quite 

223 complete, and the left temporal lobe is also preserved. Broca’s cap is preserved in both 

224 hemispheres, although the right one is not complete. Like SH2, the occipital lobes of SH3 are 
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225 rounded and moderately projected. The endocranial volume of this individual was estimated at 

226 1230 cc.

227

228 SH4 (Fig. 6) This is one of the most complete endocasts from the SH collection, where all of 

229 the endocranial areas are preserved and undistorted. Broca’s cap is preserved in both 

230 hemispheres, but there is no clear right or left asymmetry. Encephalic rostrum development is 

231 intermediate between typology 1 and 2 (Grimaud-Hervé, 1997), which means that the rostrum 

232 is pointed and considerably projecting, as observed in most H. erectus (type 1) and 

233 Neanderthals and Middle Pleistocene fossils (type 2). This endocast shows a left-frontal and 

234 left-occipital length petalia, and a right-frontal and right-occipital width petalia. This means 

235 that the right hemisphere is wider and shorter than the left. The occipital lobes are rounded and 

236 highly projected. The endocranial volume of SH4 was measured to be 1360 cc.

237

238 SH5 (Fig. 7) This is also one of the most complete endocasts from the SH collection, which 

239 lacks only a fragment of the anterior region of the left parietal lobe. Broca’s cap is preserved 

240 in both hemispheres and it is larger on the left side. The degree of development of the 

241 encephalic rostrum corresponds to typology 1-2 of Grimaud-Hervé (1997). This endocast 

242 shows a right-frontal and left-occipital petalial pattern in both length and width. The occipital 

243 lobes are rounded and moderately projecting. The endocranial volume of SH5 is 1092 cc.

244

245 SH6 (Fig. 8) This endocast is not as complete at SH4 and SH5, but it is better preserved than 

246 other endocasts in the collection. Most of the frontal lobes are preserved and the temporal and 

247 occipital lobes are quite complete. However, SH6 lacks most of the anterior parietal region of 

248 both lobes and the base of the endocast. Broca’s cap is preserved in both hemispheres, but there 

249 is no clear left or right asymmetry. This endocast shows no petalia in the frontal lobes, and it 
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250 shows a left-occipital petalial pattern in both length and width. The occipital lobes are rounded 

251 and slightly projecting. The endocranial volume of this individual was estimated at 1225 cc.

252

253 SH7 (Fig. 9) This endocast preserves most of the right parietal lobe and a large part of the left 

254 one. It lacks a large part of the base involving frontal, temporal and occipital lobes. Broca’s 

255 cap is preserved on both hemispheres, although it is incomplete on the right one. This endocast 

256 shows a left-frontal and left-occipital length petalia, with no frontal and a left-occipital width 

257 petalia. The occipital lobes are rounded and slightly projected. The endocranial volume was 

258 estimated at 1143 cc.

259

260 SH8 (Fig. 10) This is a fragmentary specimen that preserves only the posterior part of the right 

261 parietal and temporal lobes. Some middle meningeal vessels can be observed. Based on the 

262 preserved endocranial regions, the endocranial volume of this individual was estimated at 1313 

263 cc. 

264

265 SH9 (Fig. 11) This endocast lacks the base, as well as the cerebellar lobes and the ventral region 

266 of the frontal lobe. The temporal lobes are incomplete, but both parietal and occipital lobes are 

267 almost complete. Only the left Broca’s cap is preserved. This endocast shows a left-frontal and 

268 left-occipital width petalia, and a right-frontal and left-occipital length petalia. The occipital 

269 lobes are rounded and highly projected. The endocranial volume of this individual was 

270 estimated at 1201 cc.

271

272 SH10 (Fig. 12) This endocast is rather incomplete. It lacks the entire base, almost all of the 

273 occipital lobes, the prefrontal region, and most of the right temporal and parietal lobes. A large 

274 part of the frontal lobes, the temporal poles and the left parietal lobe are preserved. Broca’s cap 
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275 is present in both hemispheres and it appears to be larger on the left side. The endocranial 

276 volume of SH10 was estimated at 1218 cc.

277

278 SH11 (Fig. 13) This endocast is incomplete. It lacks the base, including the ventral regions of 

279 the frontal and temporal lobes. The complete right temporal and parietal lobes are absent. The 

280 occipital and cerebellar lobes are quite well preserved, together with the left parietal lobe. 

281 Based on the preserved parts, the encephalic rostrum shows a 1-2 typology of Grimaud-Hervé 

282 (1997). This endocast shows a right-frontal width petalia and a left-occipital length petalia. The 

283 occipital lobes are rounded and slightly projected. The endocranial volume was estimated at 

284 1057 cc.

285

286 SH12 (Fig. 14) This endocast preserves only the right parietal lobe, a large part of the left 

287 temporal lobe, and the prefrontal area. A large part of Broca’s cap is preserved in the right 

288 hemisphere. The endocranial volume of this individuals was estimated at 1227 cc.

289

290 SH13 (Fig. 15) This endocast is quite complete on its right side, but very incomplete on its left 

291 side. It preserves the right frontal, parietal and temporal lobes, whereas the left hemisphere 

292 preserves only a minor part of the temporal and inferior frontal region. Broca’s cap is preserved 

293 on both sides and it is larger on the right hemisphere. Based on the anatomy of the preserved 

294 parts, the encephalic rostrum shows a 1-2 typology (Grimaud-Hervé, 1997). The endocranial 

295 volume of SH13 was estimated at 1436 cc. This value makes this the biggest endocast in the 

296 SH sample, with an endocranial volume that falls comfortably within the range of variation 

297 observed for classic Neanderthals (Holloway et al., 2004a). 

298
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299 SH14 (Fig. 16) This endocast is almost complete. It lacks only a part of the base involving the 

300 cerebellar area and the left temporal lobe and frontal region. Broca’s cap is preserved on both 

301 sides and it shows a left asymmetry. The degree of development of the encephalic rostrum is 

302 between typology 1 and 2 of Grimaud-Hervé (1997). This endocast shows a right-frontal width 

303 petalia and a right-frontal and left-occipital length petalia. The occipital lobes are rounded and 

304 slightly projecting. This endocast shows a marked asymmetry that is particularly apparent in 

305 posterior view. However, the endocranial traits of this individual cannot be considered 

306 representative of the normal range of variation of this population, as SH14 has been previously 

307 suggested to suffer from a pathological condition termed lambdoid single suture 

308 craniosynostosis (Gracia et al., 2009). According to the previously published diagnosis, this 

309 condition would be associated with ecto- and endocranial deformities in this individual (Gracia 

310 et al., 2009). The endocranial volume of this individual was estimated at 1224 cc.

311

312 SH15 (Fig. 17) This endocast preserves most of the left parietal and temporal lobes, but only a 

313 small part of the right parietal and temporal lobes. It lacks portions of the frontal, occipital and 

314 cerebellar lobes. Only the left Broca’s cap is preserved. The endocranial volume of SH15 was 

315 estimated at 1283 cc.

316

317 SH16 (Fig. 18) This endocast is rather incomplete. It preserves only a small part of the frontal 

318 lobes on both sides, the right temporal lobe and a part of the right parietal lobe; the occipital 

319 lobe is almost complete. Broca’s cap is preserved in both hemispheres and it shows a right 

320 asymmetry. Encephalic rostrum development shows a typology 1-2 (Grimaud-Hervé, 1997). 

321 There is no length petalia in the frontal lobes and a very minor right-occipital length petalia 

322 (considered no petalia). Comparison of the preserved regions indicates that this endocast shows 

323 no frontal width petalia, and it was not possible to assess the occipital width petalia. The 
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324 occipital lobes are rounded and slightly projected. The endocranial volume of this individual 

325 was estimated at 1236 cc.   

326

327 SH17 (Fig. 19) The left side of this endocast is very well preserved, but the right side is rather 

328 incomplete. The frontal lobe is almost completely preserved. The left temporal and parietal 

329 lobes are quite complete, and so are the occipital and cerebellar lobes. However, SH17 lacks 

330 the central basicranial region and the right parietal and temporal lobes. Broca’s cap is present 

331 in both hemispheres and it is larger on the right side. The encephalic rostrum shows a 1-2 

332 typology (Grimaud-Hervé, 1997). This endocast shows a right-frontal petalial pattern for both 

333 width and length, but it was not possible to determine the occipital width petalia. Both 

334 hemispheres are very similar with almost no length asymmetry. The occipital lobes are rounded 

335 and moderately projected. The endocranial volume of this individual was estimated at 1218 cc.

336

337 Anatomical comparison with other endocasts

338

339 The maximum endocranial width in SH endocasts tends to be located at the level of the 

340 temporal lobes, around the mid-posterior region of the second temporal convolution. This 

341 pattern is also observed in Ceprano (Bruner and Manzi, 2005), Hexian (Wu et al., 2006), 

342 Zhoukoudian (Wu et al., 2009, 2010), the Ngandong collection and Swanscombe. In 

343 Neanderthals, the maximum endocranial width tends to be found more posteriorly, at the end 

344 of the first temporal convolution and close to the parietal lobe. This same position is observed 

345 in some fossil H. sapiens, such as those from the Předmostí collection, but other fossil H. 

346 sapiens (including Brno 3, Cro-Magnon 3, and Skhul 1) show an even more posterior location 

347 of the maximum width, at the level of the mid-parietal region. 

348
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349 Frontal organization in the SH collection has been mostly assessed based on the asymmetry of 

350 Broca’s cap, the endocranial remnant of Broca’s area. Broca’s cap in SH hominins is well 

351 developed on both sides, but it tends to be slightly larger and more prominent on the left side 

352 (Poza-Rey, 2015; Poza-Rey et al., 2017). This trait anticipates the pattern seen in modern 

353 humans and other later hominins, including Neanderthals, where Broca’s cap is generally 

354 asymmetrically enlarged on the left side (de Sousa and Cunha, 2012). Indeed, a number of later 

355 Homo specimens show this asymmetry in the Broca’s cap, including H. erectus from 

356 Zhoukoudian (Wu et al., 2009, 2010) and Hexian (Wu et al., 2006), Middle Pleistocene Homo 

357 (Kabwe) and Neanderthals (Teshik Tash, Feldhofer and La Quina 5; Holloway et al., 2004a). 

358 Some other specimens, including some from the SH collection, show the opposite pattern 

359 consisting of an enlarged Broca’s cap on the right side (La Ferrassie 1 and La Chapelle-aux-

360 Saints; Holloway et al., 2004a) or an unclear one (Bodo, Arago and Cro-Magnon 3).  

361

362 Superiorly, the parietal lobes of the SH endocasts are depressed para-sagitally and many of 

363 them show a keel in the upper part. This gives rise to a “roof-like” anatomy that is observed in 

364 other Middle Pleistocene specimens, such as Swanscombe, Arago, or Reilingen (Fig. 20). This 

365 morphology differs from the “tent-like” (“en tente”) configuration observed in H. erectus 

366 specimens, such as those from Hexian (Wu et al., 2006) and Zhoukoudian (Wu et al., 2010). 

367 Juvenile SH specimens show a less marked para-sagital depression and, therefore, a more 

368 rounded appearance. Rounded parietals (termed “en bombe”) can be observed in La Ferrassie 

369 1, La Quina 5, Teshik Tash and other Neanderthals such as Saccopastore 1 (Bruner and Manzi, 

370 2008). Fossil H. sapiens, such as Cro-Magnon 3, Brno 3, the Předmostí collection, Skhul 1, 

371 Dolní Vӗstonice 1, Combe Capelle and Singa, show rounded parietal lobes and vertical 

372 temporal lobes, which result in a “house-like” (“en maison”) anatomy. 

373



16

374 A qualitative assessment shows that the temporal lobes of the SH endocasts are narrower than 

375 those of modern humans, but similar to Neanderthals’ (including Teshik Tash, Gibraltar 1, 

376 Monte Circeo, La Chapelle-aux-Saints and La Ferrassie 1). The temporal lobes of Zhoukoudian 

377 hominins have been described as narrow and slender (Wu et al., 2010), whereas those from 

378 Hexian, Sambungmacan and Trinil are fuller and broader. 

379

380 Most of the SH specimens show slight or moderate posterior projection of the occipital lobes 

381 (except SH4 and SH9, which have a stronger posterior projection than the others). This is quite 

382 different from the pattern observed in Zhoukoudian and Hexian specimens, which are dorso-

383 ventrally flattened and have strong posterior projections (Wu et al., 2006, 2010). Some Middle 

384 Pleistocene specimens, such as Petralona and Kabwe, have been described as having a strong 

385 projection of the occipital lobes (Seidler et al., 1997; Holloway et al., 2004a), but we consider 

386 this a moderate projection that is similar to that observed in the SH endocasts. Neanderthal 

387 endocasts show a strong posterior protrusion that can be related to the occipital “chignon” 

388 (Holloway et al., 2004a), which is not observed in SH hominins (Arsuaga et al., 2014). Fossil 

389 modern humans (including those from Jebel Irhoud, Dolní Vӗstonice, Předmostí, Brno, 

390 Combe Capelle and Cro-Magnon) and recent modern humans show rounded occipital lobes 

391 and very slight posterior projections. 

392

393 The petalial patterns of the SH endocasts are relatively variable when considering both width 

394 and length projections. A left occipital length petalia is clearly predominant in the SH hominins 

395 (seven out of nine individuals where this petalia can be assessed), but this is not always 

396 associated with a right frontal petalia (see Table 4). This left-occipital right-frontal (LORF) 

397 petalia is the predominant condition in modern humans (Balzeau et al., 2012), and it seems to 

398 become more and more frequent during the evolution of the genus Homo (de Sousa and Cunha, 



17

399 2012). Consistent with this observation, numerous hominin endocasts show a LORF petalia 

400 (Saccopastore 1, Reilingen, Sambungmacan 3, Ngandong 1, 6 and 7, Trinil 2, Amud 1, Teshik 

401 Tash, Brno 3, Combe Capelle, Cro-Magnon 3, Feldhofer, Gibraltar 1, La Quina 5, Monte 

402 Circeo, Předmostí 4 and 10, Spy 1 and 2, La Ferrassie 1, Salé, Jebel Irhoud 1). Others, however, 

403 show less common patterns, including a right-occipital right-frontal petalia in Hexian (Wu et 

404 al., 2006) and a right-occipital left-frontal petalia in Brno 2, Le Moustier 1 and Předmostí 3 

405 (Holloway et al., 2004a). Substantial variability is also observed in the Zhoukoudian collection 

406 (Wu et al., 2010).

407

408 Endocranial volume and encephalization

409

410 Endocranial volume in the Sima de los Huesos sample ranges from 1057 to 1436 cc (Fig. 21, 

411 Table 5). This range is slightly lower than that observed for classic Neanderthals (1172-1740 

412 cc) and similar to that observed in non-SH Middle Pleistocene Homo (1165-1325 cc), although 

413 the latter can be affected by the lack of a clear definition for this group (see below). In addition, 

414 the lowest ECV observed in the SH sample corresponds to one of the subadult individuals 

415 whose adult ECV may be slightly higher (SH11), so the lowest ECV corresponding to an SH 

416 adult individual is 1092 cc.

417

418 The mean encephalization quotient of the SH sample, obtained from the average ECV and 

419 estimated mean body mass for this population, is 6.29. This EQ is slightly higher than the 

420 Middle Pleistocene Homo value (6.14) and smaller than that observed in classic Neanderthals 

421 (6.86), obtained from data in Grabowski et al. (2016). The range of variation of EQs observed 

422 in SH hominins is similar to that found in Middle Pleistocene Homo (referred to as H. 

423 heidelbergensis in Grabowski et al., 2016) and lower than in Neanderthals (Fig. 21). EQs 
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424 within the SH sample range between 5.36 and 7.28, with a potential range of variation of 5.11-

425 8.01 when variation in body mass is also considered (Table 5). This range of variation, 

426 however, is substantially reduced when potential dimorphism in brain size and body mass is 

427 accounted for, giving rise to largely overlapping ranges of variation for putative females and 

428 males (6.02-6.99 for females and of 5.85-6.83 for males).

429

430 Endocranial morphometrics

431

432 The analysis of the endocranial metrics of SH hominins (Table 6) reveals some expected 

433 patterns. Most of the correlations across variables are not significant (Table 7). Although this 

434 lack of significant correlations can result from the relative independence of these variables 

435 within the SH sample, it is also likely related to the small sample sizes, which are the result of 

436 the fragmentary nature of most SH endocasts. Some variables, however, still show significant 

437 correlations due to their general relationship with endocranial volume (e.g., endocranial length 

438 and maximum width) or with general endocranial proportions (e.g., maximum width, frontal 

439 width, and width at Broca’s cap). 

440

441 The principal components analysis of size-adjusted linear metrics shows a clear separation 

442 between modern humans and all the other groups, including the SH hominins (Fig. 22). 

443 Unsurprisingly, variable loadings show that the variable driving this separation is the increase 

444 in the parietal chord in modern humans (Fig. 22, Table 8). Simple parietal linear metrics have 

445 been shown to be a reliable predictor of parietal expansion in modern humans and to separate 

446 them from earlier hominins (Bruner et al., 2011; Gómez-Robles et al., 2017), so this appears 

447 to be the anatomical trait underlying this distribution of individuals. The SH sample fully 

448 overlaps with the Neanderthal sample, thus pointing to negligible differences between early 
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449 and classic Neanderthals in these endocranial metrics. H. erectus and Middle Pleistocene Homo 

450 (MP Homo) also overlap with classic Neanderthals and SH hominins to a large extent. Some 

451 H. erectus, however, have negative scores for PC1 overlapping with modern humans. This 

452 indicates that these H. erectus specimens have a relatively long parietal chord, but their low 

453 PC1 scores do not indicate the high degree of parietal expansion observed in modern humans. 

454 The ranges of variation of all species overlap along PC2, which is mostly associated with the 

455 relative length of the complete endocast and of the frontal chord. Within the modern human 

456 sample, clear differences exist between the fossil and the recent samples, with a much higher 

457 degree of parietal expansion in the latter (Neubauer et al., 2018). The simple linear metrics 

458 used in our study, however, do not clearly separate different groups of fossil modern humans 

459 according to their geological age and level of parietal expansion. 

460

461 An additional PCA was carried out only on the fossil sample to get rid of the strong effect that 

462 the upper parietal expansion observed in recent modern humans has on the ordination of 

463 individuals. That PCA shows extensive overlap of species along PC1. The variables with the 

464 highest —and opposite— loadings on PC1 are the frontal chord and the parietal chord, which 

465 means that the ordination of individuals along PC1 is driven by the relative size of the frontal 

466 and the parietal lobes (Fig. 22, Table 8). H. erectus, MP Homo and fossil H. sapiens overlap to 

467 a large extent along PC2. There is, however, certain separation between SH hominins and 

468 classic Neanderthals along PC2, which is associated in its positive values with maximum and 

469 occipital width (that is, with the width of the caudal half of the brain) and in its negative values 

470 with the frontal length. Therefore, SH hominins tend to have broader brains than classic 

471 Neanderthals, particularly in the temporo-parietal and occipital regions, whereas Neanderthals 

472 tend to have longer brains, which is particularly true for the frontal lobe. The Ehringsdorf 
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473 endocast, also considered an early Neanderthal (although substantially younger than SH 

474 hominins), plots with classic Neanderthals and is separated from SH individuals in this PCA. 

475

476 Discussion

477

478 The analysis of the SH endocranial collection provides some fundamental insights into the 

479 evolution of the Neanderthal brain configuration. A number of anatomical (Arsuaga et al., 

480 1997; Martinón-Torres et al., 2012; Arsuaga et al., 2014, 2015; Gómez-Robles et al., 2015a) 

481 and recent molecular studies (Meyer et al., 2014, 2016) demonstrate that the SH hominins are 

482 early representatives of the Neanderthal lineage. Therefore, their endocranial anatomy provides 

483 information on the brain phenotype that was typical of the early stages of the 

484 Neanderthalization process. Brain size and, to a lesser extent, the level of encephalization are 

485 similar in classic Neanderthals and in fossil modern humans (Holloway et al., 2004a; 

486 Grabowski et al., 2016). Brain organization as inferred from endocranial morphology also 

487 shows similarities between classic Neanderthals and modern humans in some aspects of frontal 

488 and occipital anatomy (reviewed in de Sousa and Cunha, 2012), but also important differences 

489 that are mostly related to the expansion of the parietal cortex and to the level of globularization 

490 (Bruner et al., 2003, 2011; Gunz et al., 2010; Neubauer and Gunz, 2018). The analysis of the 

491 SH collection shows that some of those similarities between classic Neanderthals and modern 

492 humans were already present in early Neanderthals, thus suggesting a common origin of those 

493 traits. Other traits that are shared by modern humans and classic Neanderthals and that are not 

494 observed in the SH sample point to a parallel acquisition of those traits in both lineages. One 

495 of the traits that seems to have evolved in parallel in both species is a very large brain size, so 

496 it is possible that other parallel-evolving traits are allometrically associated with brain size 

497 increase. The evolution of brain size and brain organization in these groups is discussed below. 
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498

499 Brain size and encephalization

500

501 Brain size in SH hominins has a mean value of 1241 cc, which is close to the MP Homo mean 

502 value (1227 cc) and lower than the Neanderthal mean value (1387 cc). The range of variation 

503 of brain size in SH hominins largely overlaps with that seen in MP Homo, but it falls in the 

504 lower end of the range of variation seen in Neanderthals (Fig. 21). This indicates a gradual 

505 increase in brain size from earlier to later Neanderthals. Other individuals that are considered 

506 early Neanderthals show similarly variable endocranial volumes, with some specimens 

507 showing SH-like values (1200 cc in Steinheim and 1325 cc in Swanscombe) and others 

508 showing more Neanderthal-like values (1430 cc in Reilingen and 1450 cc in Ehringsdorf). 

509 Interestingly, brain size in the earliest representatives of the modern human lineage already 

510 shows values that are typical of later modern humans (Neubauer et al., 2018). Indeed, cranial 

511 capacities in the Jebel Irhoud specimens, now considered to be the earliest known hominins 

512 that can be clearly identified as part of the modern human lineage (Hublin et al., 2017), are 

513 1375 and 1467 cc (Neubauer et al., 2018), very close to the mean brain size of fossil modern 

514 humans (approx. 1485 cc). The Jebel Irhoud remains are younger than those from Sima de los 

515 Huesos (315 ka versus 430 ka; Arnold et al., 2014; Richter et al., 2017), so it is possible that 

516 pre-modern humans predating those from Jebel Irhoud had smaller brains that increased in size 

517 later in the evolution of the modern human lineage. However, considering the current 

518 hypodigms of both species and their ancestral groups, a gradual increase in brain size is more 

519 clearly observed in the Neanderthal lineage than in the modern human lineage. 

520

521 As for encephalization, the SH sample shows a transitional state between that seen in more 

522 primitive groups (H. erectus and MP Homo) and in classic Neanderthals. The EQ of the SH 
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523 sample is 6.3, which is closer to the values observed in MP Homo (6.1) than in Neanderthals 

524 (6.9). All these values are substantially lower than the ones observed in modern humans (7.7). 

525 The comparison of ranges of variation across species and of individual values is hampered by 

526 the scarcity of data regarding individual body masses. Therefore, EQs have been estimated 

527 with respect to species-specific (in some cases, group-specific) body masses (Ruff et al., 1997; 

528 Grabowski et al., 2016). This scenario is far from ideal because it accounts for interindividual 

529 differences in brain size, but not in body mass, thus making large-brained specimens look 

530 highly encephalized. However, this can be simply the result of their large body size. Studies of 

531 contemporary humans show that brain size (as measured from MRI brain scans) and body mass 

532 have a significant but moderate correlation of about 0.4 (A.G.-R., unpublished data). Although 

533 this correlation is not extremely high, it does show a moderate association between both 

534 variables within species whereby larger individuals tend to have larger brains. This implies that 

535 the actual range of variation in EQs within each species would be probably narrower were 

536 interindividual variation in body mass included in these calculations. Despite this 

537 methodological challenge, the evaluation of species- or group-specific values indicates that the 

538 SH hominins show both an absolute brain size and a level of encephalization that are 

539 intermediate between those seen in earlier and more primitive hominins (H. erectus and non-

540 SH MP Homo) and later classic Neanderthals. 

541

542 Brain organization

543

544 Brain organization has been evaluated through quantitative analysis and qualitative 

545 descriptions. Quantitative analysis shows a clear separation between recent modern humans 

546 and all other hominin groups that is driven by the length of the parietal chord. All other hominin 

547 groups, however, including H. erectus, MP Homo, SH hominins, Neanderthals and fossil 
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548 modern humans, are virtually indistinguishable on the basis of their level of parietal expansion. 

549 This difference between recent modern humans and other later hominins has been already noted 

550 by other authors (Bruner et al., 2003; Neubauer et al., 2018). Unsurprisingly, the SH 

551 endocranial collection aligns with other non-recent modern humans in showing no parietal 

552 expansion. Whether parietal expansion is linked to functional differences related to modern 

553 human behavior (Gunz et al., 2010; Bruner and Iriki, 2016) or simply the result of general 

554 craniofacial integration (Martínez-Abadías et al., 2012; Zollikofer et al., 2017) is a matter of 

555 some debate. 

556

557 The second principal component analysis, which includes only fossil specimens, shows some 

558 intriguing differences between SH hominins and later Neanderthals. SH hominins seem to have 

559 broader brains, particularly in their posterior (temporo-parietal and occipital) regions. Later 

560 Neanderthals, however, have relatively longer brains, particularly in the anterior (frontal) 

561 region. The fact that other hominin groups do not show any trend with respect to the posterior 

562 endocranial width (measured in the temporo-parietal and occipital regions) and frontal length 

563 makes it unlikely that they are related to functional/behavioral differences between early and 

564 late Neanderthals. However, certain behavioral differences may have existed and they may be 

565 related to the already mentioned differences in brain size and encephalization or on other 

566 aspects not included in our quantitative analyses (see below). 

567

568 The qualitative comparison of SH and Neanderthal endocranial anatomy shows some 

569 additional differences. The encephalic rostrum of SH hominins tends to be pointed and 

570 considerably projecting, showing a typology that is intermediate between that seen in H. 

571 erectus (long and narrow encephalic rostrum with a marked invagination at the interorbital 

572 region) and Neanderthals (shorter and broader rostrum as a result of the expansion of the 
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573 anterior frontal convolutions; Grimaud-Hervé, 1997). This intermediate typology of the 

574 encephalic rostrum is indicative of a moderate expansion of the prefrontal region. This 

575 expansion, particularly the one involving the inferior frontal region, has occurred 

576 asymmetrically during hominin evolution, giving rise to an asymmetry of Broca’s language 

577 area in modern humans whereby the left region is larger than its right counterpart. This size-

578 asymmetry can be associated with microstructural asymmetries of the inferior frontal region 

579 (Amunts et al., 1999; Keller et al., 2009), some of which are also present in chimpanzees 

580 (Schenker et al., 2010). Structural asymmetries of the inferior frontal region that can be 

581 identified on endocasts are also found in Neanderthals and other later hominins (de Sousa and 

582 Cunha, 2012). Because of the large proportion of modern humans that exhibit a left hemisphere 

583 language dominance (Springer et al., 1999), it is thought that the anatomical asymmetry of 

584 Broca’s area can be related to functional lateralization for language production (but see Keller 

585 et al., 2009). The small number of SH individuals where inferior frontal asymmetry can be 

586 assessed makes it hard to infer a population-specific pattern. Out of eight SH endocasts that 

587 preserve Broca’s cap on both sides, three of them have a larger left area, three of them have a 

588 larger right area, and two individuals do not show a clear pattern. This observation may indicate 

589 a transitional state with respect to that observed in later hominins, or it may simply indicate 

590 that evolutionary trends in Broca’s cap asymmetry are not as clear-cut as previously assumed 

591 (Balzeau et al., 2014). In addition, the analysis of evolutionary trends in endocranial and brain 

592 asymmetry is unavoidably affected by the different methodological approaches used in 

593 different studies, which can lead to apparently contradictory results. For example, asymmetries 

594 in surface areas assessed in hominin endocasts may not accurately reflect the evolutionary 

595 trends indicated by volumetric and microstructural asymmetries measured in MRI scans and 

596 postmortem brain tissue of extant primates.

597
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598 Whole-hemispheric asymmetries, usually referred to as petalias, also show a transitional state 

599 in SH hominins. These hominins tend to show a left-occipital petalia that is typical of modern 

600 humans and other later hominins. In modern humans, the left-occipital petalia tends to be 

601 associated with a right-frontal petalia. This pattern, however, is not so clearly observed in the 

602 SH hominins. The left-occipital right-frontal (LORF) petalia has been classically considered to 

603 correlate with right-handedness in humans (LeMay and Kido, 1978), but later analyses have 

604 not confirmed that association (Good et al., 2001). Indeed, even if this petalial pattern is not as 

605 consistent in SH hominins as it is in modern humans, studies of the orientation of labial 

606 striations on the surface of the incisors, which are formed when individuals hold something 

607 between their anterior teeth and use a stone tool to cut it, indicate that SH hominins were 

608 predominantly right-handed (Lozano et al., 2009) in a proportion that is similar to that observed 

609 in modern humans (9:1). Likewise, studies of dental striations in Neanderthal populations show 

610 that classic Neanderthals were also preferentially right-handed in a similar proportion (Frayer 

611 et al., 2010; Estalrrich and Rosas, 2013). The presence of a population-level right-handedness 

612 in SH hominins is not surprising considering that a preferential right-handedness has been 

613 suggested even for early Homo based on the morphology of stone tools (Toth, 1985) and on 

614 the orientation of labial striations on the anterior teeth (Frayer et al., 2016). Indeed, a 

615 preferential right-handedness, at least for some tasks, has even been suggested for chimpanzees 

616 (Hopkins et al., 2007), which indicates that this aspect of behavioral lateralization may predate 

617 the separation of the hominin and panin clades and may have been present in the earliest 

618 hominins.

619

620 As in other MP Homo, the SH hominins tend to show para-sagitally depressed parietal lobes, 

621 with the maximum width located quite inferior and posteriorly. This configuration is different 

622 from that observed in H. erectus (which tends to show a tent-like profile in posterior view), 
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623 classic Neanderthals (with a rounded or “en bombe” profile), and modern humans (with a 

624 house-like or “en maison” profile). Perhaps surprisingly, the SH endocasts do not show any 

625 clear differentiation towards the Neanderthal condition (Bruner et al., 2003), but a pure 

626 intermediate state between the most primitive tent-like anatomy and the two derived states (“en 

627 bombe” and “en maison”). This intermediate condition of the SH sample makes it difficult to 

628 identify even incipient Neanderthal traits in the endocasts and neurocrania of early 

629 Neanderthals (Arsuaga et al., 1997). However, the affinity of SH hominins with classic 

630 Neanderthals indicates that the rounded, laterally expanded parietal lobes typical of classic 

631 Neanderthals must have evolved from the flatter parietal lobes that are typical of SH hominins 

632 and other early Neanderthals. These shape changes result not only from the level of upper 

633 parietal expansion, but also from the level of inferior parietal expansion and from the 

634 relationships across different parietal domains and with temporal areas. Although upper 

635 parietal expansion in fossil hominins has been extensively discussed in the literature (Bruner 

636 et al., 2003, 2011; Gunz et al., 2010; Ponce de León et al., 2016; Neubauer et al., 2018), 

637 comparatively little has been discussed about inferior parietal variation. Quantitative studies of 

638 chimpanzee and human brains, however, have shown that the inferior parietal region is a hot 

639 spot of variation and evolutionary change in humans in terms of symmetric and asymmetric 

640 variation (Gómez-Robles et al., 2013b), and a particularly plastic target for environmental 

641 influences (Gómez-Robles et al., 2015b). These observations are in line with the range of 

642 complex cognitive tasks in which the inferior parietal region is involved, including language, 

643 attention and memory (Sherwood et al., 2008). The clear differences in parietal configuration 

644 between SH hominins, classic Neanderthals and modern humans, which seem to involve both 

645 superior and inferior parietal regions, might point to behavioral differences in higher-order 

646 tasks that are controlled by these domains. As far as it can be inferred from endocranial 

647 anatomy, however, the temporal lobes of SH hominins are similar to those of Neanderthals but 
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648 narrower than those of modern humans, confirming the results of previous quantitative analyses 

649 (Bastir et al., 2011). These differences in temporal lobe development have been suggested to 

650 correlate with differences in visual memory, language and theory of mind that might be 

651 mediated by higher olfactory functions (Bastir et al., 2011). 

652

653 The occipital lobes of the SH hominins tend to be slightly projected, but substantially less so 

654 than the occipital lobes of classic Neanderthals. The size and shape of the occipital lobes can 

655 simply reflect other ectocranial traits, such as the presence of an occipital bun in Neanderthals, 

656 but they can be also associated with the size of the visual cortex, which is located in the 

657 occipital region. The size of the visual cortex (as inferred from orbital size rather than from 

658 endocranial anatomy) has been controversially linked to differences in social cognition and 

659 social organization between Neanderthals and modern humans (Pearce et al., 2013; but see 

660 Traynor et al., 2015, among others). Given the methodological difficulties associated with these 

661 inferences, however, interpretations about sociality in the SH sample are more safely based on 

662 demographic aspects of this group. The SH collection is formed by at least 28 individuals 

663 (Arsuaga et al., 2014) where infants are underrepresented (Bermúdez de Castro and Nicolás, 

664 1997). Given the excellent preservation of all the skeletal parts in the SH sample, which 

665 includes even auditory ossicles, it is unlikely that the absence of infants in the sample is the 

666 result of taphonomic factors. This underrepresentation of infants and children is more likely to 

667 have resulted from differential accumulation related to social or cultural factors (Bermúdez de 

668 Castro and Nicolás, 1997) or from ecological factors (Bocquet-Appel and Arsuaga, 1999). 

669 Among them, a demographic crisis caused by severe environmental fluctuation has been 

670 suggested to explain the age distribution of the SH sample and of other fossil hominin samples, 

671 such as that from Krapina (Bocquet-Appel and Arsuaga, 1999). In any case, the absence of 

672 very young individuals in the SH population indicates that the potential size of the social group 
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673 to which these individuals belonged was probably larger (perhaps substantially larger) than the 

674 number of individuals in the SH assemblage. In addition, the study of the nearby site of Gran 

675 Dolina TD10-2, which is roughly contemporary to Sima de los Huesos and probably associated 

676 with the same or similar pre-Neanderthal populations, shows evidence of communal hunting 

677 activities that involve complex technological, cognitive and social skills (Rodríguez-Hidalgo 

678 et al., 2017).

679

680 SH behavior and evolutionary relationships

681

682 Although SH hominins have a more primitive endocranial morphology than that of classic 

683 Neanderthals, this may not be informative of their behavioral capabilities. Indeed, most 

684 behavioral inferences about the SH collection come from the study of the associated 

685 paleontological and archaeological evidence rather than from the study of endocranial anatomy 

686 per se. Based on that associated evidence, the SH hominins have been suggested to show most 

687 of the behavioral innovations that were also present in later Neanderthals, including a right-

688 hand preference and other signs of behavioral lateralization (Lozano et al., 2009; Poza-Rey et 

689 al., 2017), conspecific care (Gracia et al., 2009), lethal interpersonal conflict (Sala et al., 2015), 

690 the capacity to hunt cooperatively (Rodríguez-Hidalgo et al., 2017), symbolic behavior 

691 (Carbonell and Mosquera, 2006) and perhaps a spoken language (Martínez et al., 2004). Some 

692 of these behavioral traits, however, particularly those related to behavioral lateralization and 

693 lethal aggression, may largely predate the origin of the Neanderthal lineage and may have been 

694 inherited from much earlier hominins or even from the chimpanzee-human last common 

695 ancestor (Hopkins et al., 2007; Gómez et al., 2016). These observations indicate that the 

696 association between particular endocranial evolutionary changes and the evolution of human 

697 behavioral innovation can be rather loose. Behavioral inferences should therefore be based on 
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698 a comprehensive and holistic study of all the available evidence from the fossil and 

699 archaeological record. 

700

701 The analysis of endocranial variation in the SH sample, however, is important because it allows 

702 us to make inferences about the timing of the Neanderthalization process. The SH endocranial 

703 collection shows, in general, a transitional state between that found in more primitive hominins 

704 (H. erectus and non-SH Middle Pleistocene Homo) and the derived states found in classic 

705 Neanderthals and modern humans, without any differentiation towards the Neanderthal 

706 condition. Indeed, SH endocranial anatomy differs markedly from the endocranial anatomy of 

707 classic Neanderthals in some traits, such as the absence of a strong occipital projection and the 

708 relationship between upper parietal, lower parietal and temporal domains. These distinct 

709 endocranial configurations give rise to very different profiles in posterior view that have been 

710 extensively discussed at the level of external cranial anatomy (e.g., Hublin, 1982; Arsuaga et 

711 al., 1997) and that are also reproduced endocranially. In most traits included in our study, SH 

712 hominins also differ from the conditions observed in earlier and later hominins, showing a 

713 squarely intermediate state between those found in H. erectus, Neanderthals and modern 

714 humans. Future quantitative studies should assess whether finer-grained brain organization still 

715 shows a primitive condition or whether it shows some incipient affinities with Neanderthals.  

716

717 SH primitive endocranial anatomy can be compared with a large number of features where SH 

718 hominins show an intermediate morphology between that observed in earlier hominins and that 

719 observed in classic Neanderthals (e.g., Arsuaga et al., 1993, 1997; Carretero et al., 1997; 

720 Martı́nez and Arsuaga, 1997; Rosas, 1997; Gómez-Olivencia et al., 2007; Bonmatí et al., 2010; 

721 Arsuaga et al., 2014, 2015; Quam et al., 2016; Rodríguez et al., 2016; Pablos et al., 2017). 

722 Those traits are differentially developed along the primitive-to-classic Neanderthal continuum, 
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723 with some of them showing a fully Neanderthal or quasi-Neanderthal condition, whereas others 

724 show a more primitive configuration. Indeed, SH primitive endocranial anatomy stands out in 

725 stark contrast with SH dental anatomy, which shows a surprisingly derived Neanderthal 

726 condition that is not found in any other traits of this population (Bermudez de Castro and 

727 Nicolas, 1995; Martinón-Torres et al., 2012; Gómez-Robles et al., 2015a). The different 

728 evolutionary trends observed for different traits indicate that classic Neanderthal anatomy 

729 evolved in a mosaic fashion whereby masticatory traits (dental, mandibular and facial anatomy) 

730 acquired a fully Neanderthal condition substantially earlier than non-masticatory traits 

731 (Arsuaga et al., 2014). Different selective pressures related to mastication - and perhaps also to 

732 the para-masticatory use of anterior teeth (Lozano et al., 2008) - may have driven the early 

733 evolution of the Neanderthal dentition and face (Arsuaga et al., 2014). Therefore, neurocranial 

734 anatomy and the anatomy of other non-masticatory regions with very diverse functional roles 

735 seem to have lagged behind masticatory features, which apparently led the Neanderthalization 

736 process as it can be inferred from SH hominins. 

737
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1054 Figure legends

1055

1056 Figure 1. Anatomy of the encephalic rostrum (top row) showing configurations observed in H. 

1057 erectus (type 1 as shown by Zhoukoudian 12), SH hominins (type 1-2 as shown by SH4) and 

1058 H. sapiens (type 3 as shown by a recent modern human; Grimaud-Hervé, 1997). Degree of 

1059 projection of the occipital lobes (bottom row) showing slightly projecting (SH6), moderately 

1060 projecting (SH3, mirror-imaged) and highly projecting (SH4) configurations. Broca’s cap 

1061 region is highlighted in red in the lateral view of SH4. Endocasts are not to scale.

1062

1063 Figure 2. Analysis of petalial patterns. Left-right differences are calculated for the length and 

1064 width of the frontal and occipital poles as measured at the points marking 10% of total 

1065 endocranial length. Further details and quantifications are provided in Poza-Rey et al. (2017). 

1066

1067 Figure 3. Linear metrics used in the quantitative analysis of the SH sample and in the 

1068 comparisons with other endocasts. Linear measurements and landmarks are defined in Tables 

1069 2 and 3.

1070

1071 Figure 4. Endocast SH2. Six different views are provided (top row: left lateral, superior, right 

1072 lateral; bottom row: anterior, inferior and posterior). Missing parts are represented in black. 

1073 Scale bar is 10 cm.

1074

1075 Figure 5. Endocast SH3. Six different views are provided (top row: left lateral, superior, right 

1076 lateral; bottom row: anterior, inferior and posterior). Missing parts are represented in black. 

1077 Scale bar is 10 cm.
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1078

1079 Figure 6. Endocast SH4. Six different views are provided (top row: left lateral, superior, right 

1080 lateral; bottom row: anterior, inferior and posterior). Missing parts are represented in black. 

1081 Scale bar is 10 cm.

1082

1083 Figure 7. Endocast SH5. Six different views are provided (top row: left lateral, superior, right 

1084 lateral; bottom row: anterior, inferior and posterior). Missing parts are represented in black. 

1085 Scale bar is 10 cm.

1086

1087 Figure 8. Endocast SH6. Six different views are provided (top row: left lateral, superior, right 

1088 lateral; bottom row: anterior, inferior and posterior). Missing parts are represented in black. 

1089 Scale bar is 10 cm.

1090

1091 Figure 9. Endocast SH7. Six different views are provided (top row: left lateral, superior, right 

1092 lateral; bottom row: anterior, inferior and posterior). Missing parts are represented in black. 

1093 Scale bar is 10 cm.

1094

1095 Figure 10. Endocast SH8. Six different views are provided (top row: left lateral, superior, right 

1096 lateral; bottom row: anterior, inferior and posterior). Missing parts are represented in black. 

1097 Scale bar is 10 cm.

1098

1099 Figure 11. Endocast SH9. Six different views are provided (top row: left lateral, superior, right 

1100 lateral; bottom row: anterior, inferior and posterior). Missing parts are represented in black. 

1101 Scale bar is 10 cm.

1102
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1103 Figure 12. Endocast SH10. Six different views are provided (top row: left lateral, superior, 

1104 right lateral; bottom row: anterior, inferior and posterior). Missing parts are represented in 

1105 black. Scale bar is 10 cm.

1106

1107 Figure 13. Endocast SH11. Six different views are provided (top row: left lateral, superior, 

1108 right lateral; bottom row: anterior, inferior and posterior). Missing parts are represented in 

1109 black. Scale bar is 10 cm.

1110

1111 Figure 14. Endocast SH12. Six different views are provided (top row: left lateral, superior, 

1112 right lateral; bottom row: anterior, inferior and posterior). Missing parts are represented in 

1113 black. Scale bar is 10 cm.

1114

1115 Figure 15. Endocast SH13. Six different views are provided (top row: left lateral, superior, 

1116 right lateral; bottom row: anterior, inferior and posterior). Missing parts are represented in 

1117 black. Scale bar is 10 cm.

1118

1119 Figure 16. Endocast SH14. Six different views are provided (top row: left lateral, superior, 

1120 right lateral; bottom row: anterior, inferior and posterior). Missing parts are represented in 

1121 black. Scale bar is 10 cm.

1122

1123 Figure 17. Endocast SH15. Six different views are provided (top row: left lateral, superior, 

1124 right lateral; bottom row: anterior, inferior and posterior). Missing parts are represented in 

1125 black. Scale bar is 10 cm.

1126
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1127 Figure 18. Endocast SH16. Six different views are provided (top row: left lateral, superior, 

1128 right lateral; bottom row: anterior, inferior and posterior). Missing parts are represented in 

1129 black. Scale bar is 10 cm.

1130

1131 Figure 19. Endocast SH17. Six different views are provided (top row: left lateral, superior, 

1132 right lateral; bottom row: anterior, inferior and posterior). Missing parts are represented in 

1133 black. Scale bar is 10 cm.

1134

1135 Figure 20. Posterior view of four hominin endocasts showing the configurations observed in 

1136 H. erectus (tent-like or “en tente”, Zhoukoudian 12), SH-hominins (roof-like, SH4), H. 

1137 neanderthalensis (rounded or “en bombe”, Saccopastore 1) and H. sapiens (house-like or “en 

1138 maison”, recent modern human). Endocasts are not to scale.

1139

1140 Figure 21. Variation in brain size (top left) and encephalization quotients (top right) across 

1141 hominins. EQ data for all the groups except Sima de los Huesos are based on unpublished data 

1142 from Grabowski et at. (2016) with some minor taxonomic reallocations. The H. sapiens sample 

1143 does not include recent individuals, but only fossil H. sapiens. Bottom panels show the possible 

1144 range of variation in EQ of all SH individuals when considering the range of variation in body 

1145 mass for the complete sample (bottom left) and when separating male and female body masses 

1146 (bottom right). SH individuals in the bottom panels are sorted according to their increasing 

1147 endocranial volumes. 

1148

1149 Figure 22. Principal components analysis of endocranial shape variation based on seven size-

1150 adjusted linear metrics (graphically represented in the insets on the right). The two plots on the 



48

1151 top of the figure correspond to the analysis of all groups, including recent modern humans. The 

1152 two plots on the bottom of the figure include only fossil specimens to better ascertain the 

1153 relationships between non-recent specimens. Plots on the right show the same analyses as those 

1154 on the left without specimen labels, but with variable loadings on PC1 and PC2.

1155















































Table 1. Comparative sample used for metric analyses

Individual Abbreviation Taxon

Ngandong 6 Ng6 H. erectus

Ngandong 7 Ng7 H. erectus

Ngandong 11 Ng11 H. erectus

Ngandong 12 Ng12 H. erectus

Sambungmacan 3 Sb3 H. erectus

Trinil 2 Tr2 H. erectus

Zhoukoudian 3 Zk3 H. erectus

Zhoukoudian 12 Zk12 H. erectus

Arago 21-47 A21-47 Middle Pleistocene Homo

Kabwe Kb Middle Pleistocene Homo

Petralona Ptr Middle Pleistocene Homo

Ehringsdorf 9 Eh9 H. neanderthalensis

Feldhofer Fdh H. neanderthalensis

La Chapelle-aux-Saints LCh H. neanderthalensis

La Ferrassie 1 LF H. neanderthalensis

La Quina 5 LQ5 H. neanderthalensis

Teshik Tash TT H. neanderthalensis

Cro-Magnon 3 CM3 Fossil H. sapiens

Jebel Irhoud 1 JI1 Fossil H. sapiens

Předmostí 10 Pr10 Fossil H. sapiens

Singa Sng Fossil H. sapiens

25 recent modern humans* Recent H. sapiens

*Recent modern humans are non-pathological adults from the anthropological collections of 

the Musée de l’Homme, Paris. Most individuals are from recent historical times and their 

geographic origin is diverse. 



Table 2. List of landmarks used to obtain endocranial metrics. 

Landmark 

abbreviation

Definition

fp Frontal pole: the most anterior point of the frontal lobe.

fv The most ventral point of the frontal lobe.

tv The most ventral point of temporal lobe.

cv The most ventral point of the cerebellar hemisphere.

op Occipital pole: the most posterior point of the occipital lobe.

o The most laterally projected point of the occipital lobe.

ev Endovertex: the most superior point of the endocast, perpendicular to the hemispheric length (L).

rf/sg Point where the central sulcus (Roland fissure) and the sagittal sinus intersect. 

pf/sg Point where the perpendicular fissure and the sagittal sinus intersect.

eat Point where the perpendicular fissure and the lateral sinus intersect.

eba Endobasion: middle point on the anterior margin of the foramen magnum.

bat The most anterior point on the temporal lobe in basal view.

mat The most lateral point on the endocast at the level of “bat” point in basal view.

mbat Middle point on the line connecting the two “bat” points.

fl The most laterally projected point of the frontal lobe.

lat The most laterally projected point of the endocast.

Br The most laterally projected point of the Broca’s region.

rof The most anteriorly projected point on the orbital surfaces of the frontal lobes in basal view.

bpc The most posteriorly projected point of the occipital lobes in basal view.



Table 3. List of linear metrics measured in the SH sample and in the comparative sample. 

Measurements

Lateral view

L Total length; average value of both hemispheres (fp-op).

H Total height (ev-cv).

CH Cerebral height (ev-tv).

FC Frontal chord (fp-rs/sg).

PC Parietal chord (rf/sg- pf/sg).

FH Frontal height (rf/sg- fv).

rf/sg-eba Distance between the intersection point between the Roland fissure with the sagittal sinus and the 

endobasion point. 

rf/sg-cv Distance between the intersection point between the Roland fissure with the sagittal sinus and the 

most ventral point of the cerebellum.

rf/sg-eat Distance between the intersection point between the Roland fissure with the sagittal sinus and the 

intersection point between the perpendicular fissure and the lateral sinus.

P Distance between op and cv.

Basal view

bat-bat Distance between the most anterior points of the temporal lobes.

mat-mat Width of the frontal lobes at the level of bat.

mbat-rof The shortest distance between the mid-point of the line connecting the two bats and the tangent to 

the most rostral point on the orbital surfaces of the frontal lobes.

BW Width of the endocast at the level of Broca’s cap. 

Dorsal view

FW Width of the frontal lobe. 

MW Maximum width of the brain endocast.  

OW Width of the occipital lobe. 



Table 4. Summary of the anatomical descriptions of SH endocasts

Specimen Preservation Broca’s cap 

asymmetry

Petalias Rostrum 

development

Occipital lobes

SH2 Rather 

incomplete

-- -- -- Slightly 

projected

SH3 Moderately 

incomplete

-- -- -- Moderately 

projected

SH4 Complete L≈R L-frontal, L-occipital (length)

R-frontal, R-occipital (width)

1-2 Highly 

projected

SH5 Almost 

complete

L˂R R-frontal, L-occipital (length)

R-frontal, L-occipital (width)

1-2 Moderately 

projected

SH6 Moderately 

incomplete

L≈R No frontal, L-occipital (length)

No frontal, L-occipital (width)

-- Slightly 

projected

SH7 Moderately 

incomplete

-- L-frontal, L-occipital (length)

No frontal, L-occipital (width)

-- Slightly 

projected

SH8 Very 

incomplete

-- -- -- --

SH9 Moderately 

incomplete

-- R-frontal, L-occipital (length)

L-frontal, L-occipital (width)

-- Highly 

projected

SH10 Rather 

incomplete

L˂R -- -- --

SH11 Rather 

incomplete

-- No frontal, L-occipital (length)

R-frontal, ?-occipital (width)

1-2 Slightly 

projected



SH12 Rather 

incomplete

-- -- -- --

SH13 Almost 

complete (R) 

and very 

incomplete (L)

L˂R -- 1-2 --

SH14 Almost 

complete

L˂R R-frontal, L-occipital (length)

R-frontal, No occipital (width)

1-2 Slightly 

projected

SH15 Rather 

incomplete

-- -- -- --

SH16 Rather 

incomplete

L˂R No frontal, No occipital (length)

No frontal, ?-occipital (width)

1-2 Slightly 

projected

SH17 Almost 

complete (L) 

and rather 

incomplete (R)

L˂R R-frontal, No occipital (length)

R-frontal, ?-occipital (width)

1-2 Moderately 

projected



Table 5. Endocranial volume and encephalization quotients in SH individuals

Specimen Endocranial volume 

(cc)

EQ mean (range) Assigned sex EQ as male or 

female

SH2 1333.5 ± 3.5 6.79 (6.24-7.43) Male 6.34 (6.06-6.65)

SH3* 1230 ± 8 6.27 (5.76-6.86) Male 5.85 (5.59-6.14)

SH4 1360** 6.93 (6.37-7.58) Male 6.47 (6.18-6.79)

SH5 1092** 5.57 (5.11-6.09) Female 6.22 (5.97-6.49)

SH6 1225 ± 21 6.24 (5.73-6.83) Female 6.98 (6.70-7.28)

SH7 1143.5 ± 26.5 5.83 (5.35-6.37) Female 6.51 (6.25-6.80)

SH8 1313 ± 31 6.69 (6.16-7.32) Male 6.25 (5.97-6.55)

SH9 1201 ± 9.5 6.12 (5.62-6.70) Female 6.84 (6.56-7.14)

SH10 1218 ± 5 6.21 (5.70-6.79) Female 6.94 (6.66-7.24)

SH11* 1057 ± 23.5 5.38 (4.95-5.89) Female 6.02 (5.78-6.29)

SH12 1227.5 ±0.5 6.25 (5.74-6.84) Female 6.99 (6.71-7.30)

SH13 1436.5 ± 29.5 7.32 (6.72-8.01) Male 6.83 (6.52-7.17)

SH14* 1224 ± 8 6.24 (5.73-6.83) Female 6.98 (6.69-7.28)

SH15 1283.5 ± 0.5 6.54 (6.00-7.15) Male 6.11 (5.83-6.40)

SH16 1236 ± 10 6.30 (5.78-6.89) Male 5.88 (5.61-6.17)

SH17 1218 ± 7 6.53 (6.00-7.14) Male 6.10 (5.82-6.39)

* Immature individuals whose adult ECV may have not been attained

** Endocranial volumes measured in complete endocasts. All the other values have been 

estimated by scaling the complete endocasts (SH4 and SH5) to the size of incomplete 

endocasts using 15 endocranial landmarks as described in Arsuaga et al. (2014) and Poza-Rey 

(2015). 



Table 6. Linear metrics in the SH sample. Values are provided in mm.

Ind L H CH FC PC FH rs/sg-eba rs/sg-cv rs/sg-eat P bat-bat mat-mat mbat-rof BW FW MW OW

SH2 52.21 122.28* 136.28* 97.97

SH3 54.98 101.83 61.22* 96.3 107.9 134.98 98.32

SH4 174.35 124.4 113.95 119.26 50.53 115.4 113.48 119.82 107.22 76.37 73.47 113.15 47.15 101.61 115.98 146.62 113.62

SH5 159.86 118.63 107.19 110.72 47.8 105.27 110.02 114.56 98.35 62.43 64.82 98.16 51.14 92.15 106.54 129.22 105.97

SH6 167.57 69.34 62.28 101.6 47.44 99.73 106.23 129.72 97.21

SH7 161.8 113.22 114.43 57.92 112.45 71.25 62.53* 88.70* 104.34 126.76* 98.09*

SH8

SH9 172.24 115.55 47.47 94.08 92.88* 113.58 134.93 102.41

SH10 68.08 95.72 109.9* 131.49*

SH11 158.76 118.03 51.75 109.23 114.72 94.28 60.92 98.18 113.53* 129.34* 93.76

SH12 68.32* 100.32 116.61 132.61*

SH13 123.3 73.08* 101.4 114.45 141.78

SH14 161.83 110.52 114.59 57.81 99.64 67.68 94.38 113.56 132.43 91.14

SH15 167.24 117.48 54.65 104.32 91.18* 103.26* 114.01* 140.36* 95.69*



SH16 167.88 84.11 68.85* 97 103.84* 131.39* 97.52*

SH17 168.18 128.05 111.74 59.2 108.54 121.8 100.71 70.93 64.5 93.47 108.99* 132.86* 102.04*

* Values that have been estimated in incomplete endocasts by mirror-imaging preserved parts.



Table 7. Correlations between linear metrics in the SH sample. Sample sizes for each comparison are provided above the diagonal, and 

correlation coefficients and p-values (in parentheses) under the diagonal.

L H CH FC PC FH rs/sg-eba rs/sg-cv rs/sg-eat P bat-bat mat-mat mbat-rof BW FW MW OW

L 4 3 8 8 3 3 5 7 7 8 3 3 10 10 10 10 L

H 2 4 4 3 2 4 3 4 4 2 2 4 4 4 4 H

CH 3 3 2 2 2 3 2 3 2 2 3 3 3 3 CH

FC 0.36 

(0.397)

8 3 3 5 7 5 6 2 2 8 8 8 8 FC

PC -0.20 

(0.653)

-0.17 

(0.700)

3 3 5 8 5 7 2 2 9 10 10 10 PC

FH 2 3 3 3 3 2 2 3 3 3 3 FH

rs/sg-eba 2 3 3 3 2 2 2 3 3 3 3 rs/sg-eba

rs/sg-cv 4 5 5 2 2 6 6 6 5 rs/sg-cv

rs/sg-eat 0.47 

(0.308)

0.28 

(0.565)

0.32 

(0.464)

4 6 2 2 8 8 8 8 rs/sg-eat

P 0.72 

(0.071)

6 3 3 7 7 7 7 P

bat-bat 0.33 

(0.450)

0.65 

(0.179)

-0.15 

(0.769)

0.56 

(0.272)

0.59 

(0.244)

3 3 12 12 12 9 bat-bat

mat-mat 3 3 3 3 3 mat-mat

mbat-rof 3 3 3 3 mbat-rof

BW 0.39 

(0.502)

0.74 

(0.035)

-0.15 

(0.715)

0.64 

(0.185)

0.63 

(0.097)

0.21 

(0.667)

0.66 

(0.011)

14 14 11 BW



FW 0.29 

(0.430)

0.75 

(0.029)

-0.28 

(0.454)

0.60 

(0.225)

0.17 

(0.707)

-0.24

(0.631)

0.55 

(0.040)

0.56 

(0.034)

15 12 FW

MW 0.73 

(0.015)

0.62 

(0.108)

-0.21 

(0.565)

0.75 

(0.094)

0.80 

(0.015)

0.39 

(0.405)

0.64 

(0.066) 

0.66 

(0.008)

0.58 

(0.023)

12 MW

OW 0.56 

(0.094)

0.01 

(0.981)

-0.49 

(0.161)

0.40 

(0.343)

0.18 

(0.713)

-0.03 

(0.806)

0.04 

(0.905)

0.05 

(0.885)

0.51 

(0.091)

OW

L H CH FC PC FH rs/sg-eba rs/sg-cv rs/sg-eat P bat-bat mat-mat mbat-rof BW FW MW OW

Bold: comparisons involving more than five individuals (above the diagonal) and significant correlations (below the diagonal). Correlations have 

been calculated only when pairs of variables have been measured in more than five individuals.
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Table 8. Variable loadings corresponding to the principal components analysis of all groups 

and of all the fossil groups (excluding recent modern humans).

All groups Only fossils

Variable PC1 loading PC2 loading PC1 loading PC2 loading

Length (L) 0.398 0.499 -0.266 0.150

Frontal chord (FC) 0.232 0.643 -0.747 -0.448

Parietal chord (PC) -0.701 0.114 0.529 -0.072

Width at Broca’s cap (BW) -0.013 -0.201 0.104 -0.311

Frontal width (FW) 0.001 -0.195 0.087 -0.265

Maximum width (MW) 0.380 -0.328 -0.100 0.490

Occipital width (OW) 0.391 -0.371 -0.252 -0.604


