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ABSTRACT 

 

The Atapuerca sites continue to figure prominently in the understanding of European 

hominin evolution. The dental studies of these Early Pleistocene (Homo antecessor) and 

Middle Pleistocene [Sima de los Huesos (SH)] hominins have been particularly valuable in 

providing phylogenetic contexts for the last common ancestor (LCA) of modern humans and 

Neanderthals and the investigation of Neanderthal roots in the Middle Pleistocene. Advances 

in micro-computed tomography (µCT) have offered further opportunities to examine the 

outer and inner structural morphology of these specimens. However, the taxonomically 

diagnostic lower premolars have yet to be fully explored by these means. This research 

project considers the lower third premolar (P3) crown morphology of the Atapuerca hominins 

through the analysis of the enamel dentine junction (EDJ) discrete traits, and the dental tissue 

proportions, to understand their taxonomic and phylogenetic position.  

 

The EDJ discrete traits of the H. antecessor P3s are morphologically distinct from those of 

the SH hominins and the Neanderthals. H. antecessor preserves primitive features whereas 

SH hominins show closer affinities with Neanderthals, ratifying their phylogenetic link. The 

study of the dental tissue proportions show that the thin enamel condition, which was 

classically considered a distinctive trait for the Neanderthal clade, was already present in H. 

antecessor. In contrast, the dental tissue proportions of the SH hominins are more similar to 

that of modern humans, despite being phylogenetically closer to the Neanderthals. We 

propose several factors that may contribute to the relatively thick enamel condition of the SH 

hominins, such as the relative dentine reduction due to small postcanine dentition in the SH 

population, and a general derived condition of the SH P3s compared to the LCA. Our study 

also corroborates previous findings in showing the presence of sexual dimorphism in dental 

tissue proportions in a modern human population. However, after accounting for allometric 

scaling, this dimorphism is significantly reduced. Accordingly, this study suggests that what is 

perceived as sexual dimorphism may be the result of allometric scaling. Furthermore, when 

comparing the modern human population to the Middle Pleistocene (MP) hominins and 

Late Pleistocene (LP) groups, significant differences between populations are noted even 

after accounting for non-isometric scaling. Several factors such as small sample sizes of 

comparative MP and LP populations, or differences in sex composition of these comparative 

populations, may contribute to such results.  
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Our study is compatible with H. antecessor being closely related to the LCA as it shows a 

general primitive conformation in the EDJ and a Neanderthal-like tissue distribution that 

links the Early Pleistocene populations from Europe to the Neanderthal clade. Regarding 

the Middle Pleistocene, the P3 morphology of several key specimens from the Eurasian MP, 

including Mauer, show morphological similarities to the SH hominins and Neanderthals. As 

such, and based on the P3 morphology alone, H. heidelbergensis as a taxon may not be 

considered distinctive. However, we acknowledge the high cranial and mandibular variability 

in the Middle Pleistocene record, so the validity of this taxon remains a matter of deliberation.  
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IMPACT STATEMENT 

 

This project investigated the lower third premolar (P3) crown morphology of the Atapuerca 

hominins using novel techniques, with the objective of gaining a clearer perspective on the 

evolutionary scenarios of the European Early and Middle Pleistocene populations. Our 

studies based on the enamel-dentine junction discrete traits and the dental tissue proportions 

of the EP (H. antecessor) and MP (SH) hominins from Atapuerca provided some useful 

taxonomic information. We demonstrated that H. antecessor is generally more primitive in 

its morphology than SH hominins and Neanderthals, while the SH hominins are comparable 

to Neanderthals. There is a concordance between the EDJ and outer enamel surface (OES), 

and as such, the EDJ can be considered a good proxy for studying the OES. In our study of 

the P3 dental tissue proportions we show that features previously considered Neanderthal 

apomorphies were already present in H. antecessor, while the SH hominins show average 

and relative enamel thickness that approximate the modern human condition. Accordingly, 

we propose several factors that may cause such a configuration. While sexual dimorphism is 

noted in the dental tissue proportions of modern human populations, our results emphasise 

the need to consider the effects of allometric scaling on such differences. Our studies also 

highlight the differences in the expressions of features within a tooth, as well as the disparities 

in dental tissue proportions between dental classes; therefore, we propose that future studies 

take a wholistic approach towards the analysis of dentition. By contributing to the current 

dental evidence, we make certain taxonomic and phylogenetic inferences for H. antecessor 

and the SH hominins, and discuss possible scenarios for their origins. Regarding the ongoing 

debate on the taxonomic validity of H. heidelbergensis, the similarities observed in the P3 

crown morphology of specimens such as Mauer (Germany), SH, Arago (France), Qesem 

(Israel) and Pontnewydd (UK), do not allow for a clear taxonomic distinction of H. 

heidelbergensis, based on this dental class. However, considering the variability in the overall 

craniofacial and dental morphology of the MP fossil specimens, the validity of this taxon 

remains in question. 
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1. AIMS AND OBJECTIVES 
 

Teeth continue to maintain an essential position in anthropology. They are highly durable 

structures and are generally the most well-preserved specimens in the archaeological and 

fossil record (Bailey and Hublin, 2007; Hillson, 1996a; Hoppa and Fitzgerald, 1999; Kono, 

2004a; Rathmann et al., 2017; Ungar and Lucas, 2010). They can be studied in both living 

and skeletal populations, extinct and extant hominid groups, making them a valuable research 

tool (Hillson, 1996b, 2014; Scott and Turner, 1997a; Scott, 1997, 2012; Giacaman et al., 

2016; Neel et al., 2016). Unlike bones whose contents are constantly replaced throughout 

life, dental enamel does not remodel, and is modified mainly by effects such as dental wear 

and diseases. Therefore, teeth represent a reliable source of biological information that can 

potentially be used to determine the age and sex of individuals, and through the analysis of 

its morphometric features, to also investigate taxonomic and phylogenetic relationships (e.g., 

Bei, 2009; Bermúdez de Castro et al., 2018; Davies et al., 2019b; De Angelis et al., 2015; 

Demirjian and Levesque, 1980; García-Campos et al., 2018; Gómez-Robles et al., 2012, 2011, 

2008, 2007; Goodman and Rose, 1990; Harris, 2015; Hillson, 2014; Işcan and Kedici, 2003; 

Martínez de Pinillos et al., 2020; Martinón-Torres et al., 2019, 2013, 2012, 2006a; Scott, 

1997; Skinner and Goodman, 1992; Smith et al., 2010; Sorenti et al., 2019; Welborn, 2020; 

Zorba et al., 2011). This is because teeth are considered highly heritable and selectively 

neutral (Bermúdez de Castro et al., 2004; Beynon and Wood, 1986; Buti et al., 2017; García-

Campos et al., 2019; Gómez-Robles et al., 2011; Hajdinjak et al., 2018; Hemphill, 2015; 

Jernvall et al., 1994; Martín-Francés et al., 2018; Rathmann et al., 2017; Reich et al., 2010; 

Sawyer et al., 2015; Scott and Turner, 1988; Skinner et al., 2008a, 2008b). While most 

studies have focused on the examination of the outer enamel surface (OES), the enamel-

dentine junction (EDJ) may be evolutionarily more conservative (Fornai et al., 2014; Guy et 

al., 2015; Morita et al., 2014; Skinner et al., 2008a, 2008b; Skinner and Gunz, 2010). 

Therefore, EDJ is considered a genetic blueprint of the OES, and is useful in taxonomic and 

phylogenetic studies. In addition, this surface is less affected by wear than the OES, so it 

increases the sample size of teeth that can be studied (Butler, 1956; Fornai et al., 2014; 

Korenhof, 1982; Morita et al., 2014; Skinner et al., 2008a). 

 

Apart from the morphometric characterization of teeth, dental tissue proportions, and in 

particular, enamel thickness have progressively gained importance over the years in 

palaeoanthropology, owing to the purported taxonomic and phylogenetic value (Beynon and 
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Wood, 1986; Brunet et al., 2002; Gantt, 1977; Grine, 2002, 1991; Haile-Selassie, 2001; 

Haile-Selassie et al., 2004; Kay, 1982, 1975; Macho and Berner, 1993; Macho and Thackeray, 

1992; Martin, 1985, 1983; Olejniczak et al., 2008a; Senut et al., 2001; Simons and Pilbeam, 

1972; Smith and Zilberman, 1994; Smith et al., 2005; Strait and Grine, 2004a, 1999; Teaford, 

2007; White et al., 1994; Wolpoff et al., 2002; Zilberman and Smith, 1992) although the 

precise meaning of dental tissue variation is not fully understood (García-Campos et al., 2019; 

Martín-Francés et al., 2018, 2020a; Martínez de Pinillos et al., 2020; Olejniczak et al., 2008b; 

Olejniczak and Grine, 2006; Schwartz, 2000; Skinner et al., 2015; Smith et al., 2003; Smith 

et al., 2012b; Zanolli et al., 2019). Nonetheless, the study of dental tissue proportions have 

been shown to be relevant for the taxonomic discrimination of Neanderthals (Bayle et al., 

2017; Benazzi et al., 2011a; Buti et al., 2017; Fornai et al., 2014; Olejniczak et al., 2008a; 

Smith et al., 2012b) and can be useful for investigating the relationship of extinct hominin 

populations that inhabitated Europe during the Pleistocene.  

 

The Sierra de Atapuerca, Spain, has yielded prominent evidence for hominin settlements 

from the Early Pleistocene (EP) to the Holocene, representing the longest chronological 

sequence in Europe with paleontological and archaeological evidence (e.g., Bermúdez de 

Castro et al., 2015, 2004; Carbonell et al., 2008, 1999; Martinón-Torres et al., 2012; 

Rodríguez et al., 2011; Rosas et al., 2006; Vergès et al., 2016). In particular, the EP site of 

Gran Dolina (Homo antecessor) and the Middle Pleistocene (MP) site of Sima de los Huesos 

(SH hominins) are the most significant human samples for these periods in Europe. Homo 

antecessor has been proposed as the last common ancestor (LCA) of modern humans and 

Neanderthals (Bermúdez de Castro et al., 2003a, 1997a) or very closely related to this node 

of divergence (Bermúdez de Castro et al., 2017a; Bermúdez de Castro and Martinón-Torres, 

2019; Welker et al., 2020). On the other hand, SH hominins were initially categorized as 

Homo heidelbergensis (Szalay, 1982; Arsuaga et al., 1997; Arsuaga et al., 2014) but this taxon 

is widely questioned at present. Even though the taxonomic classification of the SH group is 

still debated, there is general consensus about its relationship with the Neanderthal clade 

(Arsuaga et al., 2014, 1997d; Dennell et al., 2011; Gómez-Robles et al., 2011, 2008; 

Martinón-Torres, 2006; Meyer et al., 2016). 

 

Dental studies on the Atapuerca samples have provided significant information about the 

taxonomy and phylogeny of the EP and MP hominins of Europe. These studies have 

addressed the external morphology of teeth (e.g., Bermúdez de Castro et al., 1999, 1997b; 

Martinón-Torres et al., 2019, 2012) and, more recently, the endostructure of molars and 

canines (García-Campos et al., 2019; Martín-Francés et al., 2020a, 2018).  



 37 

 

This thesis aims to examine the outer and inner structural morphology of the lower third 

premolar crowns (P3s) of the Atapuerca hominin samples that so far have been unexplored, 

through the application of micro-computed tomography (µCT). Through the characterisation 

of the morphological variability of the outer and inner crown surface, as well as through the 

analysis of the dental tissue proportions, we expect to shed light on the taxonomic and 

phylogenetic relationships of the Early and Middle Pleistocene hominins from Europe. To 

this end, we compare the P3 crowns of the Pleistocene Atapuerca hominins to a large sample 

of Eurasian and African hominin specimens.  

 

This general goal will be achieved through the following more specific objectives:  

 

A. To characterise the outer and inner crown morphology of the TD6 and SH P3 

samples as well as a large comparative hominin sample using three-dimensional 

imaging 

 

B. To study the tissue distribution patterns of the P3 crowns of the TD6 and SH 

hominins as well as a large comparative hominin sample through the adoption of two- 

and three-dimensional variables 

 

C. To investigate the expression of sexual dimorphism in the P3 crowns of our sample. 

We present and investigate to what extent sexual dimorphism could be due to 

allometric scaling.  

 

D. To interpret the observed variability in relation to the following: 

 

- The role of Homo antecessor as the Last Common Ancestor (LCA) to Homo 

neanderthalensis and Homo sapiens. 

 

- The taxonomy of the SH sample and its relationship with Homo 

neanderthalensis. 
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2. INTRODUCTION 
 

 

2.1. Odontogenesis 
 
Our current understanding of dental ontogeny is based on the fundamentals outlined by 150 

years of research conducted on histological sections of embryonic teeth of animals, including 

humans (Scott et al., 2018c; Thesleff, 2014). These studies have been revisited through the 

onset of 3D reconstruction methods which have allowed greater understanding and 

appreciation for the complexity of the odontogenic processes (Peterkova et al., 2014). Dental 

development can be viewed as a complex adaptive system, where multiple interacting 

components at lower levels affect, and thereby, give rise to higher level processes (Brook et 

al., 2014; Hughes and Townsend, 2012). If we consider this dynamic bottoms-up approach 

to odontogenesis, the processes arise from interactions at a molecular level – that is, genetic 

and epigenetic and then, environmental factors (Brook, 2009; Brook et al., 2014; Scott et al., 

2018c).  

Teeth can be defined in terms of homology, derived from a common ancestor. While the 

teeth of other genera are made up of three basic cellular layers during embryonic 

development – ectoderm, mesoderm and endoderm, it is only in vertebrates that we find a 

fourth cellular layer – the neural crest (Scott and Turner, 1997; Smith and Coates, 2009; 

Ungar, 2010; Nanci, 2013). These four germ layers play a critical role during odontogenesis. 

As teeth are primarily derived from the ectoderm, it is considered part of the integumentary 

(skin) system along with feathers, hair, scales and skin glands (Oster and Alberch, 1982; Pispa 

and Thesleff, 2003; Scott et al., 2018c; Scott and Turner, 2015; Wu et al., 2004). From an 

evolutionary perspective, the origins of teeth have been linked to the appearance of scales 

(outside-in theory), and the origin of jaws (inside-out theory) (Donoghue and Rücklin, 2016; 

Fraser et al., 2010; Huysseune et al., 2009; Koussoulakou et al., 2009; Ørvig, 1978, 1976; 

Smith and Coates, 2009; Ungar, 2015; Ungar and Lucas, 2010).  

 

Tooth formation begins very early in ontogeny, with mineralised tissues being visible in 

radiographs as early as fifth week post-conception and soft tissues presenting themselves even 

earlier than this period (Harris, 2015). Over 300 genes are involved in this process (Brook, 

2009; Harris, 2015; Scott et al., 2018c; Thesleff, 2006). These genes are influenced by other 
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genes, epigenetics and the environment that they interact with. More so, these interactions 

are highly controlled and are upregulated and downregulated (Brook and O’Donnell, 2012; 

Brook, 2009).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 1: Ectodermal appendages as seen during the early stages of development  (Jiménez-Rojo et al., 2012) 

 

The entire process of tooth formation is described in separate but continuous early 

morphological stages –bud stage, cap stage, early and late bell stage (Harris, 2015; Hillson, 

1996a; Koussoulakou et al., 2009; Nanci, 2013; Scott et al., 2018c; Scott and Turner, 2015). 

What governs the regulatory mechanism of tooth development is the communication 

between the two tissues – the epithelium and the mesenchyme (Thesleff, 2006). It is these 

interactions between the two tissues that regulate tooth initiation and morphogenesis, as well 

as differentiation between odontoblasts and ameloblasts at the interface of the two tissues 

(Thesleff, 2006). The stomodeum or primitive oral cavity is seen early on in the development 

of the embryo along with the mandibular arches and the maxillary arches (which are derived 

from the mandibular arches) (Nanci, 2013; Scott et al., 2018c). At day 11 of gestation, 

epithelial thickening is initiated on the surface of the first branchial (mandibular) arch. The 

earliest known mesenchymal markers for tooth formation are the LIM-homeobox (Lhx) 

genes – Lhx-6 and Lhx-7; they are expressed on the neural-crest derived ectomesenchyme 

of the first branchial arch as early as 9 days in utero. At around day 37 in utero, the continuous 

band of oral epithelium thickens on the mandibular and maxillary arches (Nanci, 2013; Scott 
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et al., 2018c). Next, epithelial thickenings (called dental placodes) in ten locations on the 

upper and lower jaws are initiated. These dental placodes will initiate the formation of 

different tooth groups. The site of placodes is determined by inhibitory signals such as BMPS 

(bone morphogenetic protein) and stimulatory signals such as FGFs (fibroblast growth 

factors), and Wnt (wingless-type). In fact, defects in placode-forming pathways can lead to 

oligodontia (missing teeth) and misshapen teeth, while the overreaction of these pathways can 

lead to hyperdontia with an unusual morphology (Nanci, 2013). The expression of a number 

of genes in the ectomesenchyme lead to the initiation of tooth germ sites. These genes include 

Pax-9 (Paired box 9) and Activin-A. The dental lamina is formed as a folding of the dental 

epithelium, and invaginates the underlying mesenchyme. The dental lamina is formed earlier 

than the vestibular lamina – the lamina that rapidly enlarges and then undergoes apoptosis, 

eventually forming the vestibule between the cheek and the tooth-region. Continued and 

proliferative activity on the dental lamina creates several epithelial outgrowths in the 

mesenchyme at future sites of deciduous teeth, leading to the next three stages of tooth 

development.  

 

The Bud Stage is the initial phase of tooth germ development where the presumptive enamel 

organ penetrates the ectomesenchyme. There is little to no change in the shape or function 

of the epithelial cells during this phase. The epithelial bud continues to push and proliferate 

into the ectomesenchyme. The cells of the ectomesenchyme condense adjacent to the 

epithelial bud, a process known as condensation. The Bud-to-Cap stage transition signifies 

the beginning of morphological differences between tooth germs that will eventually give rise 

to different groups of teeth. The most important homeobox genes expressed during this time 

are the Msx-1, Bmp-4, Pax-9 and Activin-ßA. The first two genes are expressed together in 

the mesenchymal cells when condensing around the tooth buds. Pax-9 is expressed in bud 

stage mesenchyme as well in earlier domains like the Activin-ßA seen in patches of 

mesenchyme marking the sites of tooth formation (Nanci, 2013).  

 

As the bud grows larger in the cap stage, it tethers and drags along with it the dental lamina. 

The tooth is bound to the dental lamina by an extension known as the lateral lamina. 

Consequently, the epithelial bud engulfs the condensed ball of ectomesenchyme to form a 

cap. This cap is called the enamel organ as it will eventually go on to form the enamel of the 

tooth. The condensed ball of ectomesenchyme cells is called the dental papilla and will 

eventually form the dentine and pulp of the tooth. The condensed ectomesenchyme that 

encapsulates the enamel organ and limits the dental papilla is called the dental follicle or sac 

– this will eventually give rise to periodontal tissues. The enamel organ, dental papilla, and 
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the dental follicle together form the tooth germ or dental organ. As the cells continue to 

proliferate, histodifferentiation occurs, whereby a number of epithelial cells transform 

themselves into morphologically and functionally distinct components (Nanci, 2013). These 

components are the four layers of the enamel organ epithelium – the inner enamel 

epithelium, the outer enamel epithelium, the stellate reticulum, and the stratum intermedium. 

The region where the inner and the outer enamel epithelium meet is called the cervical loop 

– it is here that the cells will continue to divide until the full tooth crown is achieved. This 

region will initiate the epithelial component of root formation. There is also a basement 

membrane separating the inner enamel epithelium from the dental papilla. The final shape 

of the tooth and the basement membrane is established once these membranes become 

distinct (Harris, 2015; Nanci, 2013). 

 

 

 

Figure 2. 2: Crown formation pattern in the inner enamel epithelium (Nanci, 2013) 

 

 

During this bud-to-cap stage, epithelial signalling centres called the primary enamel knots 

form on the epithelial tooth bud. During the cap stage the enamel knot is fully developed 

and expresses at least ten different signalling molecules that belong to the BMP, FGF 
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(fibroblast growth factor), Hh (hedgehog) and Wnt families (Harris, 2015; Nanci, 2013; 

Thesleff et al., 2000). The enamel knot is the organisational centre signalling the cuspal 

morphogenesis in teeth. Each tooth germ has one primary enamel knot and secondary 

enamel knots forming on the tips of future cusps of the tooth. The best known molecular 

markers for enamel knot formation that are present both in primary and secondary enamel 

knots are the FGF-4 and the Slit-1 genes (Jernvall et al., 1994; Nanci, 2013; Thesleff et al., 

2000). 

 

As the under surface of the epithelial cap deepens, the enamel organ starts to resemble a bell. 

This commences the Bell stage. It is in this stage that the tooth crown undergoes 

morphodifferentiation to assume its final shape, and cells that will form the hard tissues 

acquire their distinct phenotype through histodifferentiation. Once the template of the crown 

has been achieved, the ameloblasts differentiate from the cuboidal cells of the inner enamel 

epithelium and get ready to deposit enamel. Similarly, the odontoblasts differentiate from 

the dental papilla adjacent to the basement membrane so as to form dentine. The jaws that 

surround the teeth are deposited by alveolar bone. The dental lamina and the lateral lamina 

that have attached the tooth germ to the epithelium since the cap stage now detaches. The 

tooth continues its development within the jaw untethered from the oral epithelium, however, 

before it can function it must once again re-establish a connection with the oral epithelium as 

it penetrates it to reach the occlusal plane (Harris, 2015; Nanci, 2013).  
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Figure 2. 3: Table summarising tooth formation (Nanci, 2013) 

 

 

2.1.1. Origin and diversity of teeth and models for tooth formation 

 

 Dentition can vary greatly in animals; for example, mammals are typically heterodonts – 

having different tooth types, while non-mammalian invertebrates are typically homodonts – 

having a single tooth shape. We also have the monophyodonts that have a single set of teeth 

across their lifespan (such as in aquatic mammals), the diphyodonts – having two successive 

sets of teeth (for example the deciduous and permanent dentition in hominins), and the 

polyphyodonts whose dentition is constantly replaced across their lifespan (seen in elephants, 

kangaroos and crocodiles) (Harris, 2015; le Gros Clark, 1960; Ungar, 2015). 

 

There is also a lot of variability observed in the shape and form of mammalian dentition: we 

can group animals into brachydonts where the molar crown is low, and hypsodonts - 

commonly seen in herbivorous mammals who have higher crowns. Considering the cusps 

and their form, we have the bunodonts – with their rounded cusps (such as in hominins), 

secodonts whose cusps are formed into sharp cutting edges, lophodonts whose cusps are 
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coalesced into folds (Hillson, 1996a). In the 19
th

 century, Edward Cope (1888) and Henry 

Osborn (1888) introduced the tritubercular theory that explained the evolution of our 

complex multi-cusped molars from the simplified conical reptilian forms. 

Tritubercular/tribosphenic molars, which are originally seen in the fossils of the Triassic 

Period of the Mesozoic era, are tri-cuspid, and are divided in to two ‘sectors’ – the trigonid, 

which is the shearing end and placed towards the anterior of the tooth, and the talonid, which 

is the crushing end, placed posteriorly. The theory proposed by Osborn (1888) was that the 

main cusp (protoconid) of the trigonid (of the lower molars) was pushed to assume a buccal 

position, while the same cusp for the trigon (protocone of the upper molars) had rotated to 

assume a lingual position. Following the same principles, we continue to apply this theory of 

reverse triangles, naming the cusps of the trigon as protocone, paracone and metacone, while 

those of the trigonid are called protoconid, paraconid and metaconid. And while the 

paraconid was eventually lost, it was replaced by a subocclusal talonid, which ultimately 

occupied a distal occlusal position. It is this feature - the presence of a conspicuous talonid – 

that we see in hominin premolar morphology, while modern humans, whose teeth have 

become highly specialised, and hence simplified, seem to have lost this expression (Gómez-

Robles et al., 2008; Osborn, 1888; Scott et al., 2018a; Ungar, 2015; Wood et al., 1988). 

 

Three models have been proposed to explain how specific tooth types, their shapes and 

positions are determined genetically. The first is the Field model which suggests that the 

factors responsible for each tooth family reside within the ecto-mesenchyme in distinct 

graded and overlapping fields. Each field is thought to have its strongest effects on the anterior 

or key tooth within the class, with more distally placed teeth showing greater phenotypic 

variation (Nanci, 2013; Townsend et al., 2009). Indeed, each field expresses different 

combinations of patterning homeobox genes. The second is the Clone model that suggests 

that each tooth class is derived from a clone of ectomesenchymal cells that are specifically 

programmed to produce teeth of a particular pattern. For example, the isolated presumptive 

first molar tissues have been shown to continue development posteriorly to form three molar 

teeth (Nanci, 2013). However, this does not explain the development of the entire dentition, 

with different dental classes showing different shapes (Townsend et al., 2009). According to 

the third model - the Odontogenetic homeobox code model; the different domains of 

homeobox genes in neural crest derived ectomesenchyme explains the generation of 

different dental patterns. The ectomesenchyme expresses an intermixing of genes of the first 

brachial (mandible) arch which leads to the establishment of different morphogenetic fields. 

The signals from the ectoderm establish patterns that in turn initiate specific domains of 

homeobox gene expressions in the ectomesenchyme. More recent works, however, have 



 45 

introduced the idea that all three models could potentially be viewed as complementary to 

one another in the Co-operative genetic interaction model where neural crest cells, 

homeobox containing genes and signalling molecules play an important role in tooth 

specification (Mitsiadis and Smith, 2006; Townsend et al., 2009).  

 

 

2.1.2. Tooth eruption and timing 

 

Evolutionarily speaking, Old World Anthropoids have maintained the same dental formula 

for roughly 30 million years – having two incisors, one canine, two premolars, and three 

molars in each of the four quadrants of the permanent dentition (Harris, 2015; Hillson, 

1996a, 1996b; Perez et al., 2013; Thesleff, 2014). The deciduous dentition (often called milk 

teeth or primary dentition) in hominids on the other hand have two incisors, one canine and 

two molars. While the permanent incisors, canines and premolars are successional teeth 

which replace the deciduous dentition, the permanent molars are accessional teeth, that is, 

they have no primary antecedents. The most parsimonious explanation for the replacement  

of the deciduous dentition by the larger permanent teeth would be for the better 

accommodation of greater stresses resulting from masticatory forces, higher feeding capacity 

and larger facial structures in adults (Harris, 2015).  

 

The primary and permanent dentition are essentially formed in the same manner, albeit at 

different times. Primary dentition begins formation between 6-8 weeks of gestation while 

successional permanent teeth initiate formation between 20 weeks in utero and 10 months 

after birth. The permanent dentition is also created from the dental lamina. The incisors, 

canines and premolars are formed as a result of further proliferative activity on the deepest 

extremity within the dental lamina. A tooth bud is formed on the lingual aspect of the 

deciduous tooth germ and remains dormant until the initiation of permanent dentition. As 

molars do not have deciduous predecessors, their tooth germs are formed when the dental 

lamina burrows posteriorly beneath the lining epithelium of the oral mucosa and into the 

mesenchyme when the jaws have grown long enough. The molars begin forming between 

week 20 in utero and five years of age (Moorrees et al., 1963a, 1963b; Nanci, 2013). However, 

more recent studies using different methods of scoring dental development in mandibular 

canine and postcanine dentition identify faster crown development, and a slower paced root 

development, than previously noted (Liversidge, 2011; Liversidge et al., 2010; Šešelj et al., 

2019). Furthermore, while males and females have a similar pace of dental development 
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during ontogeny, this tempo is faster in girls at later stages of development (Demirjian and 

Levesque, 1980; Šešelj et al., 2019).   

 

The active eruption of the tooth, i.e., the movement of the tooth in an axial direction, begins 

when root formation is initiated (Fehrenbach and Popowics, 2016; Nanci, 2013; Palumbo, 

2011). When the enamel appositional growth stops, the ameloblasts of the crown place an 

acellular dental cuticle on the newly created outer enamel surface. The layers of the enamel 

organ become compressed and begin to form the reduced enamel epithelium (REE). The 

REE fuses with the oral epithelium lining. When eruption begins, enzymes of the REE 

disintegrates the central part of this tissue so as to create a protective epithelial-lined tunnel 

from which the tooth can emerge in to the oral cavity. The inflammatory response to this 

tissue disintegration is commonly known as ‘teething’. After the primary teeth have fully 

erupted, the undifferentiated mesenchyme forms the odontoclasts which cause root 

resorption along with the removal of dentine and cementum. During the postnatal period, 

the primary teeth predominantly follow the sequential order of central incisor, lateral incisor, 

first molar, canine and second molar. However, spatial and population differences have been 

noticed in such a sequence (Nelson and Ash, 2010). The emergence of the primary dentition 

is said to be completed by about 30 months or when the second primary molars are in 

occlusion (Nelson and Ash, 2010). As the primary tooth is shed, the dormant tooth germ of 

the succedaneous tooth begins the initiation process. Remnants of dental lamina are retained 

in a canal called the gubernacular canal which aid in this process of tooth development. Once 

the permanent tooth is ready for eruption the gubernacular canal widens, removing the 

surrounding alveolar bone and thereby creating the eruptive pathway (Fehrenbach and 

Popowics, 2016). The mixed dentition period commences when teeth transition from 

primary to permanent dentition. It begins with the eruption of the mandibular first molar and 

ends with the loss of the last primary tooth by about age twelve. This is also the time when 

the premolars erupt, taking the place of deciduous molars (Nanci, 2013; Nelson and Ash, 

2010). By the age of 18 to 25 years, the permanent dentition, consisting of 32 teeth would 

have erupted. The third molars do not erupt until age 17 or later, and posterior jaw growth 

is required to accommodate these teeth (Nelson and Ash, 2010). 
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Figure 2. 4: ‘Dried skull of an 8-year-old child. The outer cortical plate has been cut away to show the mixed dentition’ 
(Nelson and Ash, 2010) 

 

 

2.2. Lower third premolars 
 

From an evolutionary perspective, the initial number of premolars present in ancestral 

primates was four. However, over the course of evolution, this number reduced to three. 

While the Platyrrhines (New World monkeys) retained the same number of teeth as the first 

primates, the Catarrhines (the infraorder to which humans belong to) have lost another 

premolar – retaining only two on each antimere and isomer. These are in fact the third and 

the fourth premolars but are also referred to as the first and second premolars (Arsuaga and 

Martínez, 2006; Delson et al., 2000).  

 

Premolars have increasingly been explored in palaeoanthropological research over the past 

three decades (e.g., Wood and Uytterschaut, 1987; Leonard and Hegmon, 1987; Bermúdez 

de Castro et al., 2001; Bailey, 2002; Martinón-Torres et al., 2006a; Gómez-Robles et al., 

2008, 2011; Arambawatta et al., 2009; Xing et al., 2009, 2014; Braga et al., 2010; Zorba et 

al., 2011; Benazzi et al., 2014; Hershkovitz et al., 2016; Toussaint et al., 2017; Zanolli et al., 

2018; Ortiz et al., 2020; Pan et al., 2020). It has been shown that the morphogenesis of upper 

and lower dentition is controlled by different genetic programs, therefore highlighting the 
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importance of investigating each dental class separately (Ferguson et al., 1998; McCollum 

and Sharpe, 2001; Thomas et al., 1997). To this end, the upper premolars are often regarded 

as teeth that do not show clear metric or morphological species specific differences, especially 

when considering Neanderthals and modern humans (Bailey, 2002b; Gómez-Robles et al., 

2011; Martinón-Torres et al., 2006b) (but see Gómez-Robles et al., 2011 for upper second 

premolars). While some studies have suggested that lower third premolars morphology is 

taxonomically distinctive (Davies et al., 2020, 2019b, 2019a; Leonard and Hegmon, 1987; 

Suwa, 1996; Wood and Uytterschaut, 1987), others have also shown a lack of species-specific 

taxonomic affinities (Gómez-Robles et al., 2008). Nonetheless, strong ecological and 

evolutionary factors may be attributed to the clear differences in lower third premolar crown 

shape among hominins (Gómez-Robles et al., 2008).  

 

Early odontometric studies have shown that anterior and posterior segments of the dental 

arcade functioned as independent units of variation. Particularly from an evolutionary 

viewpoint, the boundary separating these two segments was placed between the lower third 

premolars (P3) and the lower fourth premolars (P4) (Carbonell et al., 1995; Irish and Scott, 

2015a). The observation that these teeth belong to different regions of the dental arcade is 

reflected in both metric and morphological aspects. For example, in early hominins like 

Australopithecus, P3<P4, and this is in correlation with their larger molar size. Similarly, 

reduction in molar size during the MP results in P3>P4, showing that P4 size is concomitant 

with the molar field. In modern humans we find that P3=P4 or even that P3<P4 as a result of 

strong reduction in the anterior dentition (Irish and Scott, 2015a). Indeed, P3 show greater 

variation among modern human populations (Krenn et al., 2019; Scott and Turner, 2015; 

Turner et al., 1991) and their morphology has been explored in modern humans (Hillson, 

1996b; Irish and Scott, 2015b; Nelson and Ash, 2010) and early hominins (Chen et al., 2019; 

Davies et al., 2019b; Gómez-Robles et al., 2012, 2011; Kraus and Furr, 1953; Moore et al., 

2016; Prado-Simón et al., 2012; Skinner et al., 2016; Wood and Uytterschaut, 1987; Zanolli 

et al., 2018a; Zanolli and Mazurier, 2013). Likewise, P3s have also been explored for their 

nonmetric (Bailey, 2002a; Bailey and Hublin, 2013; Bailey and Lynch, 2005; Davies et al., 

2019b; Krenn et al., 2019; Martinón-Torres et al., 2012, 2007c; Sakai, 1967; Scott, 1997; 

Turner et al., 1991) and metric traits (Berger et al., 2015; Bermúdez de Castro, 1986; 

Bermúdez de Castro and Nicolas, 1995).  

 

Premolars first erupt in the dental arcade during the period of deciduous eruption. The lower 

and upper third premolars (or the first molars) erupt at around the 16
th

 month after birth and 

are the third teeth to erupt. The lower and upper fourth premolars (or the second molars) 
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usually erupt between the 26
th

 and the 29
th

 month and are the last of the teeth to erupt. Any 

variation in eruption time could be a result of anomalies and malformation of other teeth. 

The permanent premolars erupt during the transitional stage. They are anchored in by the 

bifurcated roots of the deciduous molars and erupt when the individual is around 10-12 years 

of age (Liversidge, 2009, 2015; Nanci, 2013; Nathan and Scobell, 2012; Nelson and Ash, 

2010). 

 

 

2.2.1.  External morphology of lower third premolars 

 
In modern humans, lower third premolars are generally the smallest of the premolars. The 

basic elements of a premolar are two cusps: a lingual one known as the metaconid (Md) and 

a buccal one, termed the protoconid (Pd). They are usually two cusped but variations in their 

number can be noted. From the occlusal view, a typical modern human premolar tends to 

present a symmetrical outline, with an occlusal polygon that is large and centrally placed. A 

transverse crest can usually be observed, connecting the buccal cusp to the lingual cusp. On 

the mesial and the distal sides of this crest a fossa or fovea can be found. The mesial and 

distal foveae are usually circular or pit-like, with the distal fovea being larger and deeper. The 

contour of the tooth is bounded by a mesial marginal ridge (mmr) and a distal marginal ridge 

(dmr). Frequently, we can observe a mesio-lingual groove separating the mmr from the 

lingual cusp.  The mmr is more apical than the distal marginal ridge (dmr). The mmr is at a 

grossly different angle than the dmr. All these features (number of cusps, grooves, transverse 

crest, morphology of the mmr and dmr and occlusal outline shape) can vary among hominin 

groups (see Figure 2.5). 
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Figure 2. 5: Figure illustrating features of lower third premolars 

 

 

Variations in premolars have been observed and are environmentally and genetically driven 

(Scott and Turner, 2015). The Arizona State University Dental Anthropology System 

(ASUDAS) was initiated by A.A. Dahlberg (Dahlberg, 1956, 1951), along with the 

compilation of the works of researchers such as Aleš Hrdlička and Hanihara (Hanihara, 1963, 

1961; Hrdlička, 1920). This system comprises of plaques of various trait expressions in 

dentition, along with the maximum and minimal grade or degree of expression of said traits. 

The aim of such a system is to promote replicability of results while also allowing observation 

beyond the presence/absence dichotomy. The traits mentioned in the ASUDAS are among 

many of the numerous trait expressions that are observed around the world between 

populations and groups of people (Delgado-Burbano et al., 2010; Scott and Irish, 2017; 

Turner et al., 1991). Four traits are scored for the lower third premolars: the 

presence/absence of odontomes, Tomes’ root variation, lingual cusp variation, and the 

radical number variation (Appendix 1, Table A1.1). A link to the complete description of 

the ASUDA system has been provided here: 

https://www.researchgate.net/publication/263046755.  

 

https://www.researchgate.net/publication/263046755
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The ASUDA System is wholly based on modern human populations, and while they have 

been especially beneficial in comparative studies, they do not describe the variability 

observed in hominin dentition (Martinón-Torres et al., 2007c; Scott and Turner, 2015; 

Turner et al., 1991). Martinón-Torres et al. (2007b) describe eleven dental traits that are 

clearly variable and show a relative polarity across the fossil record that are particularly 

beneficial for cladistic analysis. Some of these features have been described in Appendix 1, 

Table A1.2. Some of these traits are modifications of Turner et al. (1991) to better cover the 

variability of the hominin fossil record.  

 
Taking in to account the relative frequency with which teeth are found in the fossil record, 

and to varying extents being the only fossil features to be found, it remains that taxonomic 

identification must sometimes be attempted based solely on teeth. Therefore, it is beneficial 

to be able to recognize and formalize features to distinguish patterns for the identification of 

hominid fossils (Bailey and Lynch, 2005; Haile-Selassie et al., 2004). Accordingly, in the 

following pages we present a review of literature on the lower third premolar morphology of 

hominins.  

 

 

2.2.2. Premolar morphology of putative hominins 

 

For the most part, the search for the earliest evidence of the human lineage has been 

concentrated on east Africa. Sahelanthropus tchadensis (Chad, central Africa) is the earliest 

known putative hominin, dated to 6-7 mya (million years ago) (Brunet et al., 2004; Emonet 

et al., 2014; Strait and Grine, 2004a; White et al., 2006; Wolpoff et al., 2002; Zollikofer et 

al., 2005). The cranio-facial morphology displays a mosaic of primitive and derived features 

(see Zollikofer et al., 2005). Compared to later hominins like Australopithecus and 

Paranthropus, Sahelanthropus has relatively smaller cheek teeth. Sahelanthropus lacks the 

canine honing (C/P3) complex, a feature present in fossil and extant apes, but not in hominins. 

Indeed, the lack of this C/P3 complex and the reduction in canine size of Sahelanthropus 

tchadensis, and other putative hominins such as Ardipithecus ramidus, and Orrorin 

tugenensis, contributed to their taxonomic assignment as early hominins (Haile-Selassie et al., 

2004). The P3 has a 2R=MB+D pattern with a small mesio-buccal root and two partially fused, 

larger oblique distal roots. According to some authors, cranio-dental evidence suggests that 

this particular species was close to the Last Common Ancestor (LCA) of chimpanzees and 

the hominin lineage around 6 mya – pushing the date of divergence earlier than previously 

thought (Brunet et al., 2002; Zollikofer et al., 2005). However, Wolpoff et al. (2002) consider 
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such cranio-dental features a result of biomechanical adaptations, and to this end, suggest 

Sahelanthropus tchadensis to be more closely related to Pan or Gorilla than to the hominin 

clade. 

 

The dental remains of Ardipithecus kadabba (Middle Awash, Ethiopia), show a mosaic of 

primitive and derived features. They lack a fully functional honing canine-premolar complex 

(as seen on the horizontal wear of the upper canine). In comparison to the Ar. ramidus 

specimens (see below), the P3 of Ar. kadabba has a more asymmetrical crown outline and a 

smaller anterior fovea (Fa). There is also a large divide between the much larger posterior 

fovea (Fp) and the smaller Fa (Haile-Selassie, 2001; Haile-Selassie et al., 2004). The 

protoconid and the metaconid have a strong constriction of the mesial crown contour and 

the mesial protoconid ridge is longer than the distal ridge. The premolar is also lingually 

narrow and buccally broad from the occlusal view.  

 

Ardipithecus ramidus (Middle Awash, Ethiopia) is distinguished as a hominin from modern 

apes and other Miocene hominoids based primarily on dental remains; this includes the 

absence of a honing facet on the P3, weaker mesiobuccal projection of the crown base and a 

relatively smaller P3. The P3 has a primitive morphology and reflects a weak C/P3 honing 

complex that is slightly removed from the ancestral ape condition (White et al., 1994). There 

is a general reduction in crown dimension from the ancestral apes to Ar. ramidus. The P3 is 

comparatively smaller than Pan and is not as asymmetrical or elongated from the occlusal 

view. However, compared to Australopithecus, the Ar. ramidus P3 is more primitive with its 

high protoconid, extensive buccal face and steep distolingually directed transverse crest 

(White et al., 1994). The study by Suwa et al. (2009) conclude based on dental and other 

morphological features, along with isotopic analysis that Ar. ramidus was an omnivore and 

frugivore and unlike Australopithecus, lacked adaptations to abrasive feeding environments.  
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2.2.3. Premolar morphology of Plio-Pleistocene hominins 

 

The period between the Miocene and the Pliocene seems to have entailed critical changes in 

hominin morphology that represents the end of a continuum (Leonard and Hegmon, 1987). 

The dentition of Australopithecus and Paranthropus reflect a shift to greater masticatory 

demands of the P3; therefore, Australopithecus shows a trend towards the accumulation of 

derived features relative to early hominins, with increased levels of P3 molarisation (Davies et 

al., 2019a). Australopithecus is also known to demonstrate more variability within the taxa, 

than a sample of modern non-human primates, with a slight trend towards increased 

molarisation through time.  

 

Australopithecus anamensis (Kanapoi and Allia Bay, northern Kenya), are chronologically 

the earliest known species of their genus (Guatelli-Steinberg, 2016). They lie intermediate in 

time between Ardipithecus ramidus and Australopithecus afarensis and are dated to 3.8 to 

4.2 mya (Guatelli-Steinberg, 2016; Leakey et al., 1995; Ward et al., 1999a). A. anamensis P3s 

retains a number of plesiomorphic features that are shared with African apes – they are 

uniformly unicuspid (or sectorial), but do show significant metric and non-metric departures 

from Pan and Gorilla (Delezene and Kimbel, 2011; Ward et al., 2001a; White et al., 2000). 

The P3 crown is asymmetrical with a large buccal cusp that occupies most of the crown surface, 

and is hardly discernible from the distal marginal ridge (White et al., 2000; Delezene and 

Kimbel, 2011). The P3s have a tall protoconid that has sharp crests radiating from the tip, an 

open anterior fovea (Fa) with a weak mmr that is much larger than the Fp in projected area.  

The relatively larger Fa and Fp areas clearly differentiate it from Pan and Gorilla, and the 

shorter MD and a broader BL crown are features that are shared with all succeeding hominin 

taxa (White et al., 2000; Delezene and Kimbel, 2011). While A. anamensis could be 

ancestral to A. afarensis, it is acknowledged that variations within hominin dentition could 

have resulted from novel adaptations to the environment (Leakey et al., 1995; Ward et al., 

1999a; Ward et al., 2001). 

 

Australopithecus afarensis (Hadar and Laetoli, east Africa), is dated to 3.6-2.5 mya (Wolpoff, 

1999). The P3 mesiodistal length, M
3

 size and canine shape seem to change over time across 

specimens, but such a change is not unusually variable within this species (Lockwood et al., 

2000). A. afarensis P3s display a mosaic of derived and primitive traits (Delezene and Kimbel, 
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2011) (Figure 2.6). There also seems to be a significant difference between the samples from 

Hadar and Laetoli, with the latter having mesiodistally expanded P3 crowns relative to the 

former. To be more specific, over the course of 700 kyr (thousand years), the P3 crown of A. 

afarensis has reduced in mesio-distal length, and the crown shape has become more 

symmetrical.  

 

Within the Australopithecus hypodigm we see a mixture of primitive and derived traits, and 

this phylogenetic polymorphism shed light on the changes that took place in the 

transformation of P3 morphology (Davies et al., 2019b; Delezene et al., 2013; Delezene and 

Kimbel, 2011). The C/P3 complex is absent and the crown is more derived than those of A. 

anamensis and Ardipithecus, with a reduced Fa and a prominent mmr. It is interesting to 

note that at the EDJ, the marginal ridges show a polymorphic state in A. afarensis, while 

retaining a plesiomorphic discontinuous pattern in A. anamensis, and a derived state of 

continuous ridges in later groups (Davies et al., 2019b). The metaconid ranges from 

undeveloped to well-developed cusps that clearly separate themselves from the protoconids 

(Delezene et al., 2013; Delezene and Kimbel, 2011; Kimbel and Delezene, 2009). More so, 

the P3s of A. anamensis - A. afarensis reflect the incipient stages of the evolutionary 

molarisation of this tooth, and bridge the morphological gap between geologically younger 

hominins (Cela Conde and Ayala, 2008; Davies et al., 2019a; Delezene and Kimbel, 2011; 

Guatelli-Steinberg, 2016). While the postcanine morphology of A. anamensis and A. 

afarensis is suggestive of these hominins being hard object feeders (Macho et al., 2005; 

Teaford and Ungar, 2000; Walker, 2002; Ward et al., 1999b; White et al., 2000; Wood and 

Richmond, 2000), microwear analysis of molars has indicated that these hominins were 

prone to eating softer/tougher objects (Grine et al., 2006; Ungar et al., 2010).  

 

 

 

 

 

 

 

 

 

 

 

 



 55 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 6: Variation in A. afarensis P3 occlusal morphology of specimens A.L. 207-13 (A), A.L. 266-1 (B), A.L. 333w-1a 
(C), and A.L. 417-1 (D). (Delezene and Kimbel, 2011) 

 

 

Australopithecus garhi (Hadar, east Africa), a species that is contemporary to A. afarensis, 

has been dated to 3.0-3.6 mya. The P3 is more derived, as seen in early Homo (Asfaw et al., 

1999; Strait and Grine, 2004b). Previously, A. garhi has been proposed as a last common 

ancestor (LCA) (Asfaw et al., 1999), and even as a sister taxon to Homo (Strait and Grine, 

2001). But some researchers do not think A. garhi share any synapomorphies with Homo, 

and therefore may be distantly related to a genus that is older than A. africanus (Strait and 

Grine, 2004b, 1999). Based on craniodental characteristics, it has also been proposed that 

Australopithecus is paraphyletic, and to be considered monophyletic, species such as A. 

anamensis and A. garhi would need to be placed in new genera (Strait and Grine, 2004b).   

 

Intra-species comparisons make obvious the extent of variability in the genus 

Australopithecus. For example, Australopithecus africanus dated to 2-3 mya and found only 

in south Africa have teeth that are more derived than Australopithecus afarensis, and a dental 

morphology that approaches that of early Homo. While a diastema has been reported to 
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exist in some A. afarensis specimens, it is rarely seen in A. africanus. The P3 is bicuspid in A. 

africanus, with both cusps being almost equal in size (Cartmill and Smith, 2009; Guatelli-

Steinberg, 2016; Stringer and Andrews, 2005; Wolpoff, 1999). The P3 crown in 

Australopithecus africanus is asymmetrical, with well-defined lingual cusps and buccal 

grooves. The mesial marginal ridge is usually continuous in this species (Davies et al., 2019b). 

From the buccal view, the mesial buccal groove is deeper than the distal groove, and the 

median longitudinal fissure is shallower (Davies et al., 2019b; Wood and Uytterschaut, 1987).  

 

Australopithecus sediba, a Plio-Pleistocene hominin dating to 1-78-1.95 mya and discovered 

at the enclosed cave at Malapa, south Africa, is now a candidate to be the LCA or a sister 

group to the LCA of our genus (Churchill and Berger, 2011). Unlike the other 

Australopithecus species, A. sediba is characterised by comparatively smaller postcanine 

dentition (Berger et al., 2010; De Ruiter et al., 2013; Ledogar et al., 2016), similar to Homo  

(Irish et al., 2016), with lower propensity to consuming hard foods (Ledogar et al., 2016b, 

but see Henry et al., 2012;). Their P3s have a shortened mesio-distal length, with a P4>P3 

pattern resembling that of H. habilis, and other Australopiths (Irish et al., 2016). Overall, 

there is much variability within Australopithecus reflecting an adaptive radiation (Wolpoff, 

1999). 

 

The robust Australopithecus or Paranthropus have a comparatively larger postcanine 

dentition (Stringer and Andrews, 2005; Wolpoff, 1999). Paranthropus robustus was the first 

to be discovered in south Africa (Cela Conde and Ayala, 2008; Guatelli-Steinberg, 2016). A 

more robust form was discovered in east Africa – Paranthropus boisei. Both these species 

have been cumulatively dated to 2-1.3 mya (Stringer and Andrews, 2005). A possible ancestor 

of these two species discovered in east Africa is Paranthropus aethiopicus (2.7-2.5 mya), 

although it has a smaller brain and a more primitive, projecting face (Guatelli-Steinberg, 2016; 

Stringer and Andrews, 2005). When compared to Australopithecus, Paranthropus P3s have 

a relatively more asymmetrical crown, with additional cusps on their conspicuous talonid 

(Davies et al., 2019a; Wood and Uytterschaut, 1987). The P3s of Paranthropus robustus and 

Paranthropus boisei have a reduced mesiobuccal asymmetry, mesially positioned metaconid, 

a high mmr, a non-prominent transverse crest, and a weak expression of the mesiobuccal 

groove (Suwa 63:199). The study of EDJ discrete traits also shows that Paranthropus 

specimens show marginal ridge continuity, which is considered a derived state (Davies et al., 

2019b). The mandibular premolars of south African (Paranthropus robustus) specimens 

show relative talonid expansion, but this is much more exaggerated in east African 

(Paranthropus boisei) specimens. Overall, the P3 morphology is apomorphic relative to other 



 57 

early hominins (Grine, 2008; Wood and Uytterschaut, 1987). There has been a noted 

disparity between the diets of Paranthropus robustus and Paranthropus boisei. Despite 

having similar robust craniofacial morphologies, microwear and stable isotope studies suggest 

that Paranthropus robustus had a greater dietary repertoire, while Paranthropus boisei had a 

diet primarily consisting of C4 rich foods (such as grasses and sedges) (Cerling et al., 2011; 

Grine, 1986; Grine and Martin, 1988; Jolly, 1970; Lee-Thorp, 2011; Scott, 2005; Ungar et 

al., 2008; Walker, 1981). 

 

 

2.2.4. Premolar morphology of Early Pleistocene hominins 

 

In the Early Pleistocene [2.5 mya – 780 kya (thousand years ago)] we see hominins that are 

morphologically more derived than Australopithecus with an increase in brain size, and 

higher ecological flexibility. The genus Homo first appears in the African fossil record at 

around 2.5 mya (Conroy and Pontzer, 2012) and represents the departure from the 

australopithecine model (Conroy and Pontzer, 2012; Stringer and Andrews, 2005). 

 

Homo habilis (2-1.4 mya) was discovered in Olduvai Gorge, Tanzania, with later finds in 

Koobi Fora, Kenya. These fossils have created much confusion among the research 

community regarding the homogeneity of these samples. There is consensus among some 

researchers that larger forms should be represented by the name Homo rudolfensis, while 

the smaller species should retain the name of H. habilis (Arsuaga and Martínez, 2006; Cela 

Conde and Ayala, 2008; Stringer and Andrews, 2005). Others have suggested specimens be 

lumped into two distinct groups – KNM-ER 1470 and KNM-ER 1813 (Antón et al., 2014). 

The KNM-ER 1470 specimens have a P3s that is smaller, and mesiodistally narrow compared 

to the specimens of the latter group. The P3s of the KNM-ER 1813 group are larger; for 

example, the OH13 specimen has a P3 that is chunky and wedge-shaped in outline; it is low 

cusped, with the protoconid and metaconid subequal in size. The trigonid basin is small. The 

P3 of OH7 is slightly bulbous buccally, with the apex of the protoconid placed slightly 

internally (Schwartz and Tattersall, 2003). There is a slight buccal protoconid swelling; the 

swelling being fainter on the left than on the right. There is a shallow concavity on the 

mesiolingual side of the crown. Therefore, the features of KNM-ER 1813 group are more 

robust-like, with larger teeth, well-developed premolar talonids, molarised P3 roots, and 

thicker enamel. There is a strong development of the P3 mesiobuccal roots, and the talonids 



 58 

are moderately developed with a distinct distobuccal groove and flatter occlusal wear (Antón 

et al., 2014; Suwa et al., 1996).  

 

Since the 19
th

 century, several fossils attributed to Homo erectus have been discovered across 

Africa, Europe and Asia. These finds shed light on the movement of these early Homo 

species out of Africa and the extent of their settlements. The bulk of the finds come from 

central and east Asia and these hominins have retained the name of Homo erectus sensu 

stricto (s.s). The African specimens, which are older, and possibly represent the ancestors of 

the Asian Homo erectus have been termed Homo ergaster [or Homo erectus sensu lato (s.l)]. 

Dental evidence indicates that Eurasian Early and Middle Pleistocene hominins had a 

relatively independent course of evolution compared to African hominins (Bae, 2017; 

Bermúdez de Castro and Martinón-Torres, 2013; Kaifu, 2017; Liu et al., 2017, 2013a; 

Martinón-Torres et al., 2011, 2007a; Xing et al., 2016). 

 

The earliest hominin fossils discovered outside Africa come from the EP site of Dmanisi, 

Georgia, dated to around 1.8 mya (Gabunia and Vekua, 1995; Lee, 2005; Rightmire et al., 

2019; Vekua et al., 2002). The Dmanisi fossils show substantial metric and anatomical 

variation, prompting the question of whether this variability is related to age/sex/pathologies, 

or if there existed two or more distinct taxa within the same sample (Bermúdez De Castro et 

al., 2014; Garvin et al., 2017; Lee, 2005; Lordkipanidze et al., 2013; Rightmire et al., 2019, 

2008, 2006b; Skinner et al., 2006; van Arsdale, 2006). The hominin remains have been 

attributed to H. erectus  (Gabunia and Vekua, 1995; Rightmire et al., 2006b), H. sp. indet 

(aff. ergaster) (Rosas and Bermúdez de Castro, 1998a) and H. georgicus (Gabunia et al. 2002). 

More recent studies on craniofacial morphological variation suggests that Dmanisi hominins 

shared some traits with H. habilis, but did not have the full suite of characters that are seen 

in H. erectus s.s (Rightmire et al., 2019). Regarding the dentition, the premolars of Dmanisi 

are well preserved albeit some specimens show great amounts of wear. The P3s retain several 

primitive traits for the genus Homo (Martinón-Torres et al., 2008; Rosas and Bermúdez de 

Castro, 1998a; Wood and Uytterschaut, 1987). They are asymmetrical with a subtriangular 

occlusal outline, the maximum buccolingual diameter being oblique in relation to the 

mesiodistal axis of the tooth. The buccal cusp is larger than the lingual cusp, which is similar 

in size to the accessory lingual cusps on the talonid. The Fa is pronounced and is a short 

linear feature. In contrast, the Fp is long and deep and is prolonged by a buccal groove. There 

is a cingulum remnant in the form of a buccal lineal depression that is homologous to the 

protostylid expressed in molars (Martinón-Torres et al., 2008; Schwartz and Tattersall, 2002). 

There is also a continuous mesial marginal ridge (as observed for Paranthropus and A. 
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africanus) (Bermúdez De Castro et al., 2014; Davies et al., 2019b). A cladistic analysis of the 

crown morphology of African and Eurasian fossil hominins shows that, Dmanisi dentition 

are closer to the morphology of African Pliocene and Pleistocene specimens (Martinón-

Torres et al., 2007a).  

 

East Africa has produced an abundance of H. erectus remains from sites in Tanzania and 

Kenya, which have been extremely informative in studying the overall morphology of these 

African hominins. Some researchers prefer to term these African specimens as Homo 

ergaster or Homo erectus (sensu lato). The Nariokotome specimen (Turkana, Kenya) is 

dated to around 1.6 mya (Dean and Smith, 2009). The lower premolars are compressed 

buccolingually, like their isomers. The P3 is asymmetrical, with a protruding talonid; the 

protoconid is centrally placed. The transverse crest runs down from the protoconid to a small 

swelling on the region of the metaconid. The Fa is longer mesio-distally than the Fp, which 

is wider bucco-lingually. Both anterior and Fp are quite deep (Gómez-Robles et al., 2008; 

Rowlett, 2000; Schwartz and Tattersall, 2003). 

 

In Java, Indonesia Homo erectus s.s is recognized from sites such as Sangiran, Trinil, 

Mojokerto, Nnangdong, Sambungmacan (Baba et al., 2003; Kaifu, 2017, 2006; Smith et al., 

2009b). The postcanine dentition of EP Javanese H. erectus are considerably larger in size, 

compared to chronologically younger specimens (Gómez-Robles et al., 2011; Kaifu, 2006; 

Kaifu et al., 2005; Polanski et al., 2016). The Sangiran cave site has especially proved to be a 

rich source for H. erectus fossils, and is dated to 1.5-1.0 mya. Considering the P3 of Sangiran 

9, it is more asymmetrical than the P4 and has an oval outline. It has a small metaconid that is 

placed slightly mesial to the protoconid. The premolar has a bulbous lingual swelling and the 

crown is comparatively larger than the canine crown. The Fa is a deep, bucco-lingually 

elongated pit and sits close to the mmr. The Fp is a narrow transverse slit that is distally placed 

and close to the thick dmr. From the posterior view, the buccal face slopes toward the apex 

of the protoconid above the moderate basal bulge of the enamel. From the anterior view, the 

lingual face is vertically convex.  

 

Apart from the Indonesian remains, a bulk of Homo erectus samples from southeast Asia 

and continental Asia are attributed to the Middle Pleistocene and will be mentioned in the 

next section.  

 

In Europe, the Atapuerca samples are the only hominin collections representative of this 

period. The EP site of Gran Dolina (TD6) in the Atapuerca hills, Spain, have produced 
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more than 160 hominin fossil remains, which have been studied thoroughly. These hominins 

have been attributed to the species Homo antecessor and dated to 800-860 ka (Bermúdez 

de Castro et al., 1997, 1999). Homo antecessor display a mosaic of primitive and derived 

dental traits, the former of which are shared with hominins such as H. ergaster and H. erectus, 

while the latter are represented in later hominins such as Neanderthals (for eg: Bermúdez de 

Castro et al., 2003a, 1997b; Gómez-Robles et al., 2008). Therefore, dental studies of the 

TD6 hominins have been of particular importance as they have relayed significant 

information on their taxonomic and phylogenetic relationship to other Homo species. The 

description of the different dental classes of this species will be discussed in detail in Chapter 

3, subsection 3.1.1.1. (also see Figure 2.7). 

 

 

2.2.5. Premolar morphology of Middle Pleistocene hominins 

 

The Middle Pleistocene in continental Asia is rich in several hominin samples that have been 

ascribed to classic H. erectus, like Zhoukoudian, Hexian, Yiyuan and Xichuan. These fossils 

show morphological differences when compared to the Indonesian samples; Zhoukoudian 

P3s show much variation from the Sangiran (S-6) individual, especially in the occlusal outline 

and crown morphology. In fact, the Zhoukoudian mandibular premolars retain some 

primitive characteristics of early hominins. Such characteristics include an asymmetrical 

lingual contour of P3s, mesial and distal vertical buccal grooves and an open fovea. There is 

a conspicuous talonid present, which results in crown asymmetry. The occlusal polygon is 

expanded and the apices of the protoconid and metaconid are displaced mesially. There also 

exists an extra groove on the transverse crest (Schwartz and Tattersall, 2003; Xing et al., 2009). 

The dental tissue proportions of the Zhoukoudian P3 has also been explored; while the 

Zhoukoudian specimen (PMU M3549, Locality 1, Layer 5) has thicker dentine and pulp 

volume and relatively thinner enamel compared to early Homo. Their EDJ topography is 

low, similar to early Homo, and can be distinguished from later MP and LP hominins 

(Zanolli et al., 2018b). While Hexian (Longtan cave, eastern China) and Yiyuan (northern 

China) do not present any P3 specimens, comparative studies of other dental classes suggest 

similarities to Zhoukoudian, classifying them as Homo erectus s.s  (Han et al., 2016; Pan et 

al., 2020; Sun et al., 2014; Xing et al., 2021, 2019, 2016, 2014).  

 

Overall, the Pleistocene Asian hominin dental remains present high morphological variability, 

some showing archaic morphotypes together with other more derived conformations (Liu et 
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al., 2013b; Xing et al., 2019, 2018; Zanolli, 2013; Zanolli et al., 2018b). Indeed, such 

variability could indicate the presence of more than one hominin lineage in continental Asia 

during the same period (Li et al., 2017; Liu et al., 2013b; Ni et al., 2021; Wu and Bruner, 

2016; Wu and Trinkaus, 2014; Xing et al., 2015b, 2015a). The study of the upper and lower 

premolar EDJ morphology of the Asian hominins suggest at least two morphotypes from the 

beginning of the late MP in China, one that is characterised by a larger crown base, a low 

EDJ topography and centrally positioned dentine horn tips (as in Changyan and Chaoxian), 

while the latter group is more derived, similar in morphology to Neanderthals and H. sapiens. 

It has been proposed that this group could represent the Denisovans (Chen et al., 2019; Pan 

et al., 2020; Sawyer et al., 2015). More recently, the study of a nearly complete fossil cranium 

from Harbin city, northeastern China, has provided some new insights into the diversity of 

the MP. This hominin termed Homo longi, has been dated through U-series methods to 

about 146 kya, and shows a mosaic of features that can be differentiated from Neanderthals, 

H. sapiens, as well as H. heidelbergensis. Instead, Homo longi shares traits with Chinese MP 

specimens such as Dali, Jinniushan and Hualongdong, and the phylogenetic analysis further 

places this species alongside Xiahe, which is associated with the Denisovan hypodigm. 

Therefore, it may be possible to consider the placement of these Chinese MP specimens 

along with H. longi and Xiahe, as part of a third eastern Asian lineage (Ji et al., 2021; Ni et 

al., 2021; Shao et al., 2021). 

 

The European Middle Pleistocene (MP) (781-126 kya) is an important period, characterised 

by climatic oscillations, cultural advances, and a rich and diverse fossil record. However, the 

abundance of fossils have raised much concern regarding the true nature of their antiquity, 

and the prevalent issue of properly classifying these hominins has resulted in the MP being 

termed the ‘muddle in the middle’ (e.g., Buck and Stringer, 2014; Rightmire, 1998; Stringer, 

2012).  As explained in Chapter 3, Section 3.1.3, the taxonomy of the European Middle 

Pleistocene hominins is hotly debated, and there is no clear consensus about the validity of 

the H. heidelbergensis taxon to which most of the fossils of this period are attributed to. The 

variability of these samples will be discussed in detail in the following chapter (Chapter 3, 

section 3.1.3.3.1), where we outline the P3 morphology of some of the key specimens for this 

period and region.  

 

Homo naledi (236-335 kya) was discovered in the Dinaledi chamber of the Rising Star cave 

system, Swartkrans, south Africa (Berger et al., 2015; Dirks et al., 2017). About 1550 hominin 

remains belonging to at least 15 individuals have been excavated, and while their age is still 

unknown, they have enhanced the existing debate on how many distinct hominins were 
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actually present at any given time. The H. naledi teeth are smaller than those of A. sediba; 

The P3 is distinctive, with a symmetrical occlusal outline; it is double-rooted with a mesio-

buccal and distal component that is not seen in either H. habilis or H. erectus (Berger et al., 

2015; Grün et al., 2020; Hawks et al., 2017). The EDJ morphology attests to this distinctive 

morphology, showing a tall, well developed metaconid, with continuous mesial marginal 

ridges (Davies et al., 2020, 2019b). Despite its chronology, its morphology is intermediate 

between Australopithecus and early Homo, so it could represent the late survival of a 

primitive hominin in southern Africa and it is not directly relevant to our discussion of the 

European Pleistocene evolution.  

 

 

 

Figure 2. 7: A Comparison of the lower third premolar morphology. From left to right: H. habilis (OH 16 cast), H. 
antecessor (Hominid 1), Sima de los Huesos hominins (AT-3880), Homo sapiens (Bermúdez de Castro et al., 2003a) 

 

 

2.2.6. Premolars of Late Pleistocene hominins 

 

Homo floresiensis (Liang Bua cave, Flores, Indonesia) is a small-bodied hominin that is 

almost as tall as A. afarensis. The most prominent view is that this species is an evolved form 

of H. erectus that eventually adapted to its distinct anatomy as a result of insular dwarfism 

(Argue et al., 2006). While initial dates suggested an age of 13 kya for this species, revised 
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ages place it around 100-60 kya (Brown et al., 2004; Brown and Maeda, 2009; Morwood et 

al., 2005). The dental remains suggest a predominantly primitive condition sharing 20 traits 

with EP and MP hominins, with only two derived traits, and four unique traits specific only 

to this species (Kaifu et al., 2015). The P3 is asymmetrical, with a mesio-distally elongated 

crown, slightly oblique in its orientation. The occlusal outline is triangular. The talonid is 

broad and the buccal cusp is large. The distal marginal ridge is prominent and Fp larger than 

the Fa. Such a primitive condition is prevalent in Australopithecus, Miocene and living apes. 

There is poor development of the mmr and the Fa. The Fa is flattened and finely wrinkled 

and is bevelled mesially and lingually. From the buccal aspect, basal enamel swelling has been 

observed (Brown and Maeda, 2009; Kaifu et al., 2015). Its dental morphology has been 

described as uniquely different to any other group (Kaifu et al., 2015) and could be reflecting 

some developmental anomalies (Martinón-Torres et al., 2017).  

 

La Cotte de St. Brelade, Jersey, Channel Islands, has produced several dental remains dating 

to <46 kya (Compton et al., 2021). The age of this site corresponds with an important period 

in human evolution when both Neanderthals and modern humans occupied western Europe. 

Thus, the taxonomic status of these specimens is of great importance. In most aspects, the 

dental morphology of the St. Brelade specimens can be considered typical of Neanderthals; 

but there are some traits, such as those observed in the P3s and P4s (absence of a transverse 

crest and a more symmetrical outline) that are typical of H. sapiens (Compton et al., 2021). 

Therefore, it is likely that the St. Brelade individuals shared a Neanderthal and H. sapiens 

ancestry (Compton et al., 2021).  

 

Finally, modern humans present some lower premolar conformations that can be considered 

exclusive to this group (Scott et al., 2018b). Only H. sapiens exhibit first lower premolars 

with symmetric and circular outline and a centered metaconid (Gómez-Robles et al., 2008). 

This conformation is typical of H. sapiens, but some early H. sapiens do not present this 

pattern complicating the taxonomic identification of isolated specimens. As an example, in 

the early H. sapiens sample of Qafzeh (Israel), premolars of Qafzeh (IPH Q7-17) tapers 

lingually in occlusal outline, thick crests run down the protoconid and run around the deep 

Fp. The mesial side of the protoconid is slightly distended from which stout crests arise. The 

P3 is slightly larger than P4, and the protoconid is centrally placed (Schwartz and Tattersall, 

2003). The more recent discovery at the Daoxian cave site in southern China dating to 80 

kya has provided evidence of fully modern humans during the Late Pleistocene (LP). Metric 

analysis of the P3s show that the buccolingual and mesiodistal dimensions most closely 

resemble recent modern human and early African modern human samples. The P3s are 
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slightly asymmetrical as a result of disto-lingual projection of a small talonid but generally 

more symmetrical than any other extinct hominin group.  In contrast, other samples like that 

from Dushan cave (southern China), dated to 15 kya, displays a mosaic of primitive and 

derived traits. For the P3, the Dushan 1 specimen presents a large crown size compared to 

early Homo and recent Homo sapiens. The occlusal basin is complex, presenting accessory 

crests. There is a deep buccal groove on the mesial and distal aspect of the protoconid. It 

also retains a three-rooted premolar which is a primitive feature seen in Australopithecus 

afarensis, Australopithecus africanus and Paranthropus robustus, as well as extant non-

human primates. Such a primitive morphology in the LP Homo sapiens could indicate a high 

degree of regional variability, possibly resulting from introgression from late-surviving archaic 

populations (Liao et al., 2019).   

 

Table A1.3 in Appendix 1 summarises the key morphological features of the P3s of hominin 

groups that were discussed in the previous pages. Overall, from the Plio-Pleistocene to the 

Holocene, we see a general trend towards tooth size reduction in P3s, and towards a more 

derived state; the early hominin P3s are characterised by a more asymmetrical crown due to 

the strongly protruding talonid, a larger occlusal polygon, large protoconid and metaconid, 

and a complex occlusal topography. Towards the MP, the P3 crown outline becomes more 

symmetrical due to the reduction or absence of the talonid, a protoconid that is lingually 

displaced creating a smaller occlusal polygon, a larger protoconid relative to the metaconid, 

and an occlusal topography that is comparatively more simplified. Finally, modern humans 

have a crown that is symmetrical due to the weak or absent talonid, with a protoconid tip that 

is buccally displaced creating a more centrally placed occlusal polygon, a protoconid that is 

larger than the metaconid. 

 

 

In the following chapter, we present a comprehensive review of two of the current leading 

debates in Palaeoanthropology – the question of the last common ancestor to Neanderthals 

and modern humans, and the taxonomic validity of H. heidelbergensis, as well as the role of 

the EP (Homo antecessor) and MP (SH) hominins from Atapuerca in these debates. 
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3. TAXONOMY AND PHYLOGENY OF PLEISTOCENE 

HOMININS FROM EUROPE: THE STATE OF THE ART 
 

 

A central debate in resolving evolutionary relationships within hominins is the extent to which 

we can distinguish between different species and their evolutionary relationships through the 

interpretation of the limited Pleistocene (2.59 - 0.01 mya) fossil record (Endicott et al., 2010). 

Nonetheless, the number of known species existing together at any given point in the 

Pleistocene continents have increased over the decade, and we now know that there were 

several species of hominins co-existing and co-evolving (Berger et al., 2015; Brown et al., 

2004; Churchill and Berger, 2011; Hublin et al., 2017; Ji et al., 2021; Reich et al., 2010; 

Stringer, 2002). This is particularly true for the European Pleistocene record where 

discoveries of species such as Homo georgicus (Dmanisi, Georgia), Homo antecessor 

(Atapuerca, Spain) and Homo heidelbergensis suggest that there was considerable diversity 

in the European Pleistocene fossil record (Roksandic et al., 2011). Palaeoanthropologists 

continue to deliberate over species recognition, and the latest evidence seems to indicate a 

cladogenetic, rather than an anagenetic evolutionary scenario for hominins (Daura et al., 

2017) - a rather complex, braided stream of open genetic network for different human 

lineages (Hublin, 2014; Lordkipanidze et al., 2013; Spoor, 2014; Stringer, 2016, 2014).  

 

One of the main issues in palaeoanthropology relates to the classification and phylogenetic 

relationships of the Middle Pleistocene (MP; 781 – 126 kya) hominin fossil record. More so, 

the European MP fossil record is comparably much larger than that known for the African 

MP (Harvati et al., 2010). In Europe, Homo heidelbergensis has been the subject of 

controversy regarding its taxonomic validity, morphology, geographical spread and 

phylogenetic position, as associated fossils show a lot of variability (Rink et al., 2013). The 

contrasting morphologies seen in the fossils have thus clouded our understanding of the 

evolutionary process during the MP (Arsuaga et al., 2014; Buck and Stringer, 2014; Conde-

Valverde et al., 2018; Dennell et al., 2011; Mounier et al., 2009).  

 

Perhaps the best documented species apart from Homo sapiens are the Neanderthals, whose 

morphology has been studied thoroughly (e.g., Bailey, 2002a; Bayle et al., 2017, 2009; 

Belcastro et al., 2018; Brace, 1979; Di Vincenzo et al., 2012; Harvati, 2003; Harvati and 
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Harrison, 2006; Hublin, 2009; Rightmire, 2008, 1998; Tattersall and Schwartz, 2006; 

Trinkaus, 1978). This group of hominins occupied parts of Europe, west, central and 

northern Asia around 400-40 kya (Bailey et al., 2008; Curnoe, 2014; Devièse et al., 2021, 

2017; Higham et al., 2014; Hublin, 2017; Krause et al., 2007). Our evolutionary relationship 

with the Neanderthals has been increasingly well understood, a fact corroborated by recent 

studies showing genomic contribution by Neanderthals to modern human ancestry (Chen et 

al., 2020; Green et al., 2010; Meyer et al., 2012; Prüfer et al., 2014; Sankararaman et al., 

2016; Vernot et al., 2016; Wall et al., 2013). Therefore, there has been a heightened interest 

in finding the roots that gave rise to our lineages (Fu et al., 2015; Hajdinjak et al., 2018; 

Stringer, 2002; Tattersall and Schwartz, 2006; Wall and Hammer, 2006). Taking a bottoms-

up approach to pinpointing our divergence from the latter species has provided potential to 

identifying which of the known species in our lineage could have been our last common 

ancestor. 

 
 

3.1. The Last Common Ancestor – current theoretical models 
 
There is considerable debate about the taxonomy and the time of the split between Homo 

sapiens and Neanderthals from their most recent common ancestor. Following Mounier and 

Mirazón (2016) and Endicott, Ho and Stringer (2010), we can identify three main models 

categorically divided into chronological groups, two of which will be individually discussed in 

more detail following a brief summary of all three: 

 

- The first is the late Early Pleistocene (EP) model that supports deep roots for the common 

ancestor, perhaps even before the Jaramillo event going back a little further than 1 mya 

(Martinón-Torres et al., 2019; Mounier and Mirazón Lahr, 2016). H. antecessor, with its 

Eurasian affiliations is considered to be representative of such a hominin, or closely related 

to it (Bermúdez de Castro et al., 2017a; Bermúdez de Castro and Martinón-Torres, 2019; 

Carbonell et al., 2005; Martinón-Torres et al., 2007a; Stringer, 2016; Welker et al., 2020). 

While this idea was initially under contention as a result of earlier genetic studies supporting 

a more recent split between Neanderthals and modern humans, new nuclear DNA studies 

(Meyer et al., 2016) are compatible with this model with an earlier divergence date (Berger 

et al., 2015; Bermúdez de Castro and Martinón-Torres, 2019, 2013; Carbonell et al., 2008; 

Endicott et al., 2010; Gómez-Robles, 2019; Mounier and Mirazón Lahr, 2016; Noonan et 

al., 2006). 
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- An early-Middle Pleistocene (MP) ancestry takes on the debate of H. heidelbergensis. Some 

authors include in this taxon the European, African and even Asian Middle Pleistocene 

record whereas other authors suggest it should be restricted to the western Eurasian record 

(see Buck and Stringer, 2014; Stringer, 2012; Stringer and Barnes, 2015 for discussion). In 

the latter, H. heidelbergensis – H. neanderthalensis are considered a chrono-species, with a 

continuum leading from late EP to early MP, where the Sima de los Huesos (SH) hominins, 

who show clear Neanderthal affinities, are included (Arsuaga et al., 1997). A critique to this 

model is that the specific link of Middle Pleistocene hominins from Europe, like those from 

SH, to Neanderthals would exclude them from the common ancestry (Bermúdez de Castro 

et al., 2017a; Gómez-Robles, 2019; Meyer et al., 2016, 2013; Mounier and Mirazón Lahr, 

2016; Reich et al., 2010).  

 

- The third model, of the mid-Middle Pleistocene ancestry, was proposed by Lahr and Foley 

(2003), who addressed the paradoxical evolutionary trajectory of modern humans and 

Neanderthals over a prolonged period, yet sharing similar technological innovations. Using 

Clark’s lithic mode classification, the authors parsimoniously explain the apparent 

convergence of technology (Mode 3) and brain size as resulting from an evolutionary change 

in an African population in the MP that was ancestral to Neanderthals and modern humans. 

Basing the hypothesis particularly on the Florisbad cranium (Florisbad, south Africa), they 

suggest a monophyletic origin where hominins called Homo helmei would have dispersed 

out of Africa and in to Europe, and possibly Asia, carrying with them the distinct, shared 

Mode 3 technology. These hominins would then continue their transition to Homo 

heidelbergensis in Europe and would be ancestral to Neanderthals, while the African branch 

would be ancestral to H. sapiens, thus linking descendent lineages in Africa and Europe to a 

single population in the mid-Middle Pleistocene. However, this model shall not be discussed 

here as it is prominently focused on archaeological data. The origin of the technology is 

unclear, and it could have very well originated in Eurasia, or even developed independently 

in different regions (Endicott et al., 2010; Foley and Lahr, 2001; Foley et al., 1997; Mounier 

and Mirazón Lahr, 2016).  
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3.1.1. The late-Early Pleistocene model: Homo antecessor as the LCA 

 

3.1.1.1. The phylogenetic position of H. antecessor 
 

For over two decades the archaeological sites at Sierra de Atapuerca, Spain, have helped re-

define the evolutionary history of hominins in Europe (Bermúdez de Castro et al., 2017a, 

2015a, 2004, 1997b; Bermúdez de Castro and Martinón-Torres, 2019). The Gran Dolina 

(TD) cave site is of particular significance – the TD6 layer has produced over 160 hominin 

fossil hominin specimens, with a minimum number of 8 individuals (MNI), with more than 

300 Mode 1 lithic artefacts, and several thousand macro- and micro- mammalian specimens 

(Bermúdez de Castro et al., 2017a, 2015a, 2004). The TD7 layer, which lies above TD6, has 

been associated with the Matuyama-Bruhnes palaeomagnetic transition of 780 kya. Electron-

Spin Resonance (ESR) dating methods on optically bleached quartz have consequently 

produced an age range of 800-900 kya for the TD6 hominin fossil producing layer, assigned 

to marine isotope stage (MIS) 21 (Antoñanzas and Bescós, 2002; Bermúdez de Castro et al., 

2017a; Moreno et al., 2015). Finally, Duval et al. (2018) directly-dated the hominins using 

ESR methods on ATD6-92 tooth sample, acquiring an age range of 624 – 949 kya. 

Additionally, magnetostratigraphic data from the TD6 site helped further constrain the age 

range to 772 – 949 kya for H. antecessor (see Chapter 4, Section 4.1.1.1 for more 

information).  

 

The relationship of this EP population to later populations occupying the circum-

Mediterranean region and northern Europe has been debated (Bermúdez de Castro and 

Martinón-Torres, 2019; Mounier and Mirazón Lahr, 2016; Stringer, 2016; Wagner et al., 

2010). Bermúdez de Castro et al. (1997) note their unique mosaic pattern - several primitive 

characteristics in the crania similar to early Homo, and dental features that are derived in 

regard to Homo ergaster and Homo erectus in combination with a modern human-like face. 

The TD6 hominins display primitive dental traits such as the presence of a cingulum in 

mandibular canines and premolars, an asymmetrical crown and a well-developed talonid in 

the P3 that are shared with H. ergaster and H. erectus, and generally absent in later Homo 

species such as H. neanderthalensis and H. sapiens (Bermúdez de Castro et al., 2003a, 

1997b; Gómez-Robles et al., 2008). Recent dental studies have shown that features like a 

continuous mid-trigonid crest and short-fissure like anterior foveae in molars were indeed 

present in these hominins and would eventually become descriptive of Neanderthal dentition 
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(Martínez de Pinillos et al., 2017; Martinón-Torres et al., 2019). The identification of the 

medial pterygoid tubercle in the ATD6-96 mandible and the shape of the distal epiphysis of 

the humerus ratified the phenetic similarities of TD6 populations and Neanderthals 

(Bermúdez de Castro et al., 2012; 2014). More so, they also display some derived mandibular 

features such as a gracile mandibular corpus, a noticeably larger brain size, and a fully modern 

midfacial topography that are not observed in H. erectus or H. ergaster, but are representative 

of a mosaic pattern from which Neanderthal and modern human morphologies could be 

derived (Bermúdez de Castro et al., 2008, 2007, 1997a). According to these authors, these 

features point to a morphological departure with regard to earlier Homo species such as H. 

ergaster and H. erectus and would support their taxonomic distinctiveness. Such patterns 

would also imply a closer phylogenetic link of H. antecessor to later Homo lineages and, as 

such, it is a more suitable candidate than H. erectus to be the LCA to Neanderthals and 

modern humans (MH). Based on this, the hypothesis was put forward that the TD6 hominins 

– appropriately named as Homo antecessor (from Latin, pioneer, explorer, early settler) 

could represent the LCA of Neanderthals and modern humans (Bermúdez de Castro et al., 

1997).  

  

 One of the key features for this proposal is related to the modern-like face (see Figure 3.1). 

H. antecessor presents a midfacial topography that has been suggested to be similar to Homo 

sapiens such as a coronal orientation of the infraorbital surface, an inferoposterior slope of 

this surface (with the development of a canine fossa), arching of the zygomatico-alveolar crest, 

a forward position of the nasal aperture, and an associated anterior flexion of the maxillary 

surface near the nasal aperture. This topography is not present in early Homo such as H. 

habilis and H. ergaster (Arsuaga et al., 1999a; Bermúdez de Castro et al., 2015a). The study 

of the immature individual Hominin 3 (ATD6-69) suggests that H. antecessor also share a 

modern human facial growth remodeling pattern (Lacruz et al., 2013). This differs from the 

pattern observed in early Homo and Australopithecus (Lacruz et al., 2013), and in 

Neanderthals and the SH hominins (Lacruz et al., 2019, 2015b), that are characterised by 

bone deposition leading to facial prognathism. Instead, H. antecessor is characterised by 

bone resorption associated with a retracted sub-nasal region, like H. sapiens (Lacruz et al., 

2013, 2019; Bermúdez de Castro et al., 2015). This gives weightage to the idea that an 

important element of ‘modernisation’ was already present in this EP Homo (Lacruz et al., 

2013). However, Stringer (2002) was skeptical of the questionable phylogenetic siginificance 

of the ‘modern’ infraorbital region of ATD6-69 as it is a juvenile (see Figure 3.1). Freidline 

et al. (2013) approached these modern facial features through geometric morphometrics and 

developmental simulations of the midface to visualise potential adult shapes of this specimen. 
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In agreement with Arsuaga et al. (1999a), their results showed that H. antecessor and modern 

humans share facial features such as a coronally oriented infraorbital plate, laterally oriented 

zygomatic bone and a curved zygomaticoalveolar crest, and that these features would have 

presented themselves into adulthood. They conclude with a plausible evolutionary scenario 

that these features were primitive relative to the MP hominins, and given an African origin 

for modern humans, the latter group would have independently acquired these features from 

an African MP clade. While agreeing with the morphological similarities between H. 

antecessor and modern human facial topography, the phylogenetic interpretation of this 

feature varies among researchers. As stated above, Freidline et al. (2013) proposed a 

convergent pattern of evolution, whereby this feature that characterises Homo sapiens would 

have developed multiple times in the evolutionary timeline. In contrast, Lacruz et al. (2013, 

2019) emphasize the similarity between modern humans and H. antecessor in their sub-nasal 

remodeling pattern, evincing a shared mechanism for mid-facial retraction among more 

recent hominins. More so, they (Lacruz et al., 2019) note that the modern mid-face appears 

in several other specimens such as Jebel Irhoud (Africa), and the Chinese specimens from 

Zhoukoudian, Dali, Jinniushan, and Nanjing. As facial growth is directly affected by the 

development of the braincase and other cranial regions, as well as environmental, and socio-

cultural features, this feature can be considered a symplesiomorphy shared by EP and MP 

African and Eurasian  hominins and H. sapiens (Bermúdez de Castro and Martinón-Torres, 

2019; Lacruz et al., 2019). 

Figure 3. 1: Specimen ATD6-69, presenting a true canine fossa. Note that this depressed area is mainly located at the 
zygomatic process of the maxilla (Bermúdez de Castro and Martinón-Torres, 2020: 3) 
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Finally, a comparison of an adult zygomaxillary fragment of ATD6-19 with the Zhoukoudian 

maxilla (II), reveals that they share the expression of a zygomaxillary tubercle. It is worth 

noting at this point that the Chinese MP sample from Yunxian have a zygomatic and maxillary 

bone that is closer to the facial morphology of modern humans (Vialet et al., 2010). Recently, 

a study on the MP cranium and mandible from Hualongdong, China (HLD 6) shows that 

they resemble other east Asian MP fossils but also add to the overall variation in the sample 

(Wu et al., 2019). However, Wu et al. (2019) interpret this pattern as evidence of regional 

continuity in Asia towards the origin of H. sapiens within a multi-regionalism scheme.    

 

While the concerns regarding the facial morphology of the immature TD6 Hominin 3 

individual is cleared (Freidline et al., 2013; Lacruz et al., 2015, 2013), some researchers have 

either criticized, or are hesitant to directly compare the juvenile mandibular specimens such 

as ATD6-96 and ATD6-15 with fossils like Mauer (Germany) (Mallegni, 2011; Wagner et 

al., 2010).  This is based on the notion that mandibles continue to increase in height during 

the juvenile period and into adulthood (Mallegni, 2011; Wagner et al., 2010). However, this 

misconception has been discredited by recent studies; the wear facet on the mesial marginal 

ridge of the lower third molars (M3) of ATD6-96 suggests that this molar was used extensively 

prior to death of the individual. More so, in modern humans and Neanderthals, adult 

mandibular dimensions are reached once the M3 erupts, and mandibular morphology is 

essentially fixed in infants and juveniles (Rak et al., 2002; Bermúdez de Castro et al., 2017). 

Furthermore, in older juvenile Pan paniscus it is observed that dental development does not 

drive mandibular shape changes as an adult morphology is fully achieved by then (Boughner 

and Dean, 2008). All of the above would support the direct comparison of these specimens 

with other adult fossils.  

 

Considering the features of the cranium, the TD6 hominins share with Neandertals and MH 

a convex superior border of the temporal squama, as well as an anterior position of the 

incisive canal, which is nearly vertical (Arsuaga et al., 1999). Several other derived traits are 

observed in regard to the genus Homo; unlike the straight and prominent torus of H. erectus 

sensu stricto (s.s), a double-arched supraorbital torus is seen in H. antecessor. Likewise, a 

convex superior border of the temporal squama is observed in H. antecessor, while H. 

erectus s.s has a low superior border. In contrast to the derived features, juvenile specimen 

ATD6-100/168 - the first parietal bone to be described for the TD6 hominins specifically 

displays a plesiomorphic endocranial pattern that is shared with H. ergaster and H. erectus. 

This further supports the mosaic pattern of the TD6 individuals (Arsuaga et al., 1999; Lacruz 
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et al., 2013; Martinón-Torres et al., 2013; Bruner et al., 2017). A study of the shape variation 

in maxillary arcades of African and Eurasian fossil specimens also studied the juvenile 

specimen ATD6-69 (Stelzer et al., 2018). Interestingly, in contrast to mandibular gracility 

observed for H. antecessor  (Bermúdez de Castro, Arsuaga, et al., 1997) (see below), the 

maxillary arcade is reminiscent of the primitive U-shape of H. erectus s.l. This, along with 

the large anterior dentition and their long and straight tooth row is similar in size to the 

Dmanisi specimens. However, such an interpretation needs to be considered with caution as 

it is based on a single specimen. Nevertheless, taken together, the modern human-like face 

(Arsuaga et al., 1999b) along with a primitive maxillary arcade may represent a western 

European side branch of an African stem group which retained the ancestral arcade shape 

(Stelzer et al., 2018). 

 

 

 

Figure 3. 2: Lateral view of the ATD6-96 mandible (Bermúdez de Castro and Martinón-Torres, 2020: 6) 

 

 

 

 



 73 

 

Regarding the mandibular evidence, H. antecessor shares a general pattern with all African 

and Asian Homo species; but this generalized pattern is refined through the reduction of the 

robust corpus and of the alveolar prominence that is more enhanced in H. habilis and H. 

rudolfensis, as well as in the older Sangiran specimens and the Dmanisi mandibles (D211 

and D2735). They also have shallow masseteric and pterygoid fossae, an absence of 

retromolar space, and an M3 that is partially covered by the ramus relative to H. ergaster and 

H. erectus (Bermúdez de Castro et al., 2015a, 2008; Carbonell et al., 2005).  More so, they 

are derived in relation to earliest African Homo and Javanese H. erectus, also showing 

proximity to Chinese EP and MP Homo erectus in features such as mandibular gracility and 

dimensions (Carbonell et al., 2005). In fact, the minor differences in the robusticity and 

dimensions of the TD6 and the Chinese samples reinforces the possibility of a Eurasian 

origin for the former species (Carbonell et al., 2005). But the medial pterygoid tubercle 

(MPT) which is seen in MH and whose expression is robust in Neanderthals and the SH 

hominins, has also been observed in the ATD6 hominins. This feature is not observed in 

other European MP hominins and thus brings to light a possible evolutionary relationship 

between the ATD6 hominins with Neanderthals and modern humans, and discredits 

previous conceptions that the MPT was a Neanderthal synapomorphy (Bermúdez de Castro 

et al., 2015b). A study of the TD6-96 mandible (see Figure 3.2) with that of its contemporary 

Tighenif mandible (Algeria, Africa) provide a substantial picture on the phylogenetic 

relationships of populations in Europe and Africa in the late EP and the early MP (Bermúdez 

de Castro et al., 2007). Both these samples share some primitive traits for the genus Homo 

such as the position of the mental foramen, position of the lateral prominence, and a shallow 

pterygoid fossa. Accordingly, H. antecessor has previously been assigned to H. mauritanicus, 

for which Tighenif is the holotype (Hublin, 2001; Stringer, 2003). But the TD6 hominins do 

vary significantly from the northwest African group in that they lack an alveolar prominence 

as well as a markedly developed alveolar plane. Furthermore, the shape of the Tighenif 

ramus is considerably different from the TD6 ramus, and also are remarkably larger than the 

latter group (Bermúdez de Castro et al., 2007). Overall, the TD6 specimens are much smaller 

and lack the characteristic mandibular robustness of the African Pleistocene mandibles. This 

study not only concludes that the Tighenif hominins and later north African hominins should 

be considered a subspecies of H. ergaster, but also reiterates previous research that H. 

antecessor could belong to an exclusive Eurasian lineage (Bermúdez de Castro et al., 2007; 

Carbonell et al., 2005). A recent study compared the ATD6-96 mandible with the Mauer 

(Germany) mandible – the holotype of H. heidelbergensis (Bermúdez de Castro et al., 2017). 

This comparison is pertinent as H. heidelbergensis is assumed by several 
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palaeoanthropologists to be the LCA of Neanderthals and modern humans and thus, 

challenges the potential phylogenetic position of H. antecessor (Rightmire, 2008; Stringer, 

2012). The general size of the two mandibles vary. The Mauer mandible seems to be more 

robust than ATD6-96, although this could potentially be attributed to sexual dimorphism. 

The two specimens share several primitive features such as the relationship between the M3 

and the anterior border of the ramus, the junction between the mandibular notch and the 

condyle articular surface, and the absence of structures related to the mentum osseum 

(Bermúdez de Castro et al., 2017). But the TD6 specimen is primitive in terms of its position 

of the mental foramen, position of the lateral prominence and the size and inclination of the 

retromolar area. The Mauer mandible displays several features that are characteristic of 

Neanderthals such as the position of the anterior marginal tubercle, the lateral prominence, 

and the large and horizontal retromolar space. The TD6 hominins on the other hand share 

a similar mandibular notch pattern with modern humans. Thus, attention is drawn to the 

more primitive pattern of the TD6 mandible lacking MP European mandibular signals, while 

the Mauer mandible displays more features that share taxonomic signals with the 

Neanderthals (Rosas and Bermúdez  de Castro, 1998a; Bermúdez  de Castro et al., 2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 3: Occlusal view of left P3 (right) and P4 (left) of ATD6-96 (Bermúdez de Castro et al., 2019: 106) 

 

 

It is perhaps the dental remains that present the most extensive evidence on the mosaic 

evolutionary pattern of these hominins. While many of the features are plesiomorphic for 
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the Homo clade, they also show some apomorphies shared with the Neanderthals especially 

in upper lateral incisors, upper first molar and lower second premolar. The upper lateral 

incisors (I
2

s), for example, have a high degree of labial convexity like that seen in early H. 

erectus s.s and Neanderthals (Bermúdez de Castro et al., 2003). They have a light triangular 

shovel-shape, which is characteristic of Neanderthals. The lower canines are more derived 

and are closer to the SH hominins than to early Homo specimens from Dmanisi and Homo 

habilis. This dental class has the incisor-like morphology (Bermúdez de Castro et al., 2003). 

But they also have a cingulum vestige and marked/prominent essential ridges that are lost in 

later Homo populations (Martinón-Torres et al., 2008). The lower third premolar (P3) is 

larger than the lower fourth premolar (P4), a feature that is found in European MP 

populations (see Figure 3.3). The P3 is plesiomorphic and comparable to early Homo from 

Asia and Africa, being highly asymmetrical, with a well-developed talonid, and with a large 

occlusal polygon. The roots of the P3 are complex (2R: MB+DL), with mesial and distal 

buccal grooves that are connected to a shelf-like cingulum, the MB root having two pulp 

canals, and DL root with a single canal. Overall, the P3 is primitive and differs from the 

European MP hominins, Neanderthals and modern humans (Gómez-Robles et al., 2008b; 

Martinón-Torres et al., 2019). The P4 is similar to those of Neanderthals displaying a 

transverse crest, an asymmetrical contour and a mesially displaced metaconid, with a reduced 

occlusal polygon. The upper third premolars (P
3

s) are derived with regard to the Homo clade, 

with a reduced lingual cusp, and an almost symmetrical shape, but not to the extent seen in 

MP and LP hominins. The upper fourth premolars (P
4

s) are more derived, and comparable 

to H. erectus s.s, Neanderthals, and the SH hominins (Gómez-Robles et al., 2011).These 

teeth show a vestige of a cingulum and some longitudinal grooves that are comparable to EP 

and MP fossils from Asia and Africa. The lower first molar (M1) is smaller than the lower 

second molar (M2),  and retain a primitive Y pattern. One out of two M1s, two out of three M2s 

and one out of two lower third molars (M3s) show the presence of a continuous mid-trigonid 

crest (Bermúdez de Castro et al., 2017a, 2015a; Martinón-Torres et al., 2019). However, the 

mid-trigonid crest is seen in lower frequencies compared to Neanderthals, and similar to the 

frequencies observed in modern humans. Thus, this feature is not a Neanderthal apomorphy 

but a symplesiomorphy that appeared in the EP and transitioned in to higher frequencies in 

Neanderthals (Martínez de Pinillos et al., 2017). 3D studies of molars of the TD6 specimens 

have shown relatively low total crown percentage of dentine and relatively thick enamel 

comparable to those of early Homo and modern human samples. The reduction in post-

canine dentition compared to early hominins could potentially explain the reduced coronal 

dentine (Martín-Francés et al., 2018). Molars of different ATD6 specimens also show hyper-

, hypo-, as well as meso-taurodontism, perhaps a result of masticatory adaptations to high 
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attrition diets or a result of genetic drift processes (Benazzi et al., 2015; Bermúdez de Castro 

et al., 2011, 2003b; Martinón-Torres, 2006; Martinón-Torres et al., 2019, 2007c).  

 

The EDJ morphology of new H. antecessor permanent dentition was described for the first 

time in detail in the work of Martinón-Torres et al. (2019). The work highlights the 

importance of studying the inner structural morphology of dentition that often vary from the 

OES, and are useful for phylogenetic analysis. EDJ morphology of the upper incisors 

generally show pronounced shovel shape, and the presence of a tuberculum dentale. The 

upper central incisor (I
1

)
 

ATD6-14 has marked parallel marginal ridges, while the I
2

 ATD6-

312, ATD6-143, ATD6-69 shows moderate to strong labial convexity.  The upper canines 

ATD6-69, ATD6-13, ATD6-14 have pronounced marginal ridges, a conspicuous essential 

ridge that runs from basal eminence towards incisal edge, and possible presence of 

tuberculum dentale. The upper premolars have a lingual cusp that is smaller than the buccal 

cusp. P
3 

ATD6-7, ATD6-69, ATD6-13 have a continuous transverse crest but absent in 

ATD6-69, a feature not observed in the OES. P
4 

ATD6-8, ATD6-69, ATD6-9 also shows a 

continuous transverse crest which connects the main cusps. The lingual cusp is also mesially 

displaced. The first and second upper molars present a large hypocone, and the absence of 

a C5. In M
1 

ATD6-10, 69, 103, 11, the large and bulging hypocone presents a rhomboidal 

occlusal contour, and a carabelli cusp is presented in varying degrees, while the M
2 

ATD6-

12, 69 does not show the presence of this trait, except in ATD6-12 where it presents itself in 

a pit-like fashion. The EDJ of the M
3 

ATD6-69 could not be reconstructed due to the lack of 

contrast or noise between enamel and dentine, but shows a strong reduction of the distal 

cusps. The lower central incisor (I1) ATD6-52 has a faint shovel shape, with a pronounced 

labial convexity, and no evident tuberculum dentale. The lower lateral incisors (I2s) ATD6-2, 

48, 146 display varying degrees of shovel shape on the OES; however, this feature is 

presented in traces at the EDJ. There is an absence of ridges or tubercules, with a 

pronounced labial convexity. The canines ATD6-1, 6, present themselves as incisor-like at 

the dentine level, the distal marginal ridges are pronounced and merge with the basal 

eminence, while the mesial marginal ridges are elevated, yet slightly less pronounced than the 

dmr, and marked by a vertical groove in the buccal surface. The P3 ATD6-3, 96 has a talonid 

that protrudes disto-lingually, giving an asymmetric occlusal contour. A high continuous 

transverse crest connects the two main cusps, and the tips of these two cusps are mesially 

displaced considering the entire occlusal contour. The lingual tip is mesially displaced to the 

buccal cusp (but also see Chapter 6 and Chapter 9, Section 9.1, for further description and 

characterization of features of H. antecessor P3s). While there is variability in transverse crest 

point of origin for P4 ATD6-4, 96, 125, it is continuous and mesially displaced. The P4 also 



 77 

has a large anterior fovea that is enclosed within the mesial marginal ridge and transverse 

crest.  The accessory cusps are barely identifiable in the EDJ while clearly observable in the 

OES. A vestige of a cingulum is also presented in the buccal surface with two vertical grooves 

above it. The M1 has a large hypoconulid, but the occlusal surface of the dentine varies 

between the specimens from having accessory ridges and grooves ATD6-94, ATD6-112 to 

having a simple and smooth surface ATD6-95, ATD6-5. The M2 also has a medium sized 

hypoconulid but the ATD6-114 shows a smaller C5. This differs from the OES where we 

can observe large hypoconulids. They have five main cusps with a y-pattern. The C7 is 

present only in ATD6-5, while it is conspicuous on the OES. Therefore, there are some clear 

differences between the OES and EDJ morphology of the M2. Finally, the three M3s ATD6-

5, ATD6-96, ATD6-113 all display a hypoconulid, five main cusps which are arranged in a 

y-pattern in the OES. They have a complex occlusal morphology, with crenulations and 

grooves, and ATD6-5 is large and complex, with several grooves and ridges. They also have 

a small C6, with ATD6- 5 and ATD6-113 also having a C7. In the EDJ, the three specimens 

show different features; ATD6-5 as in the OES shows all five cusps and a hypoconulid, but 

also an essential crest. The hypoconulid and C6 appear as weak elevations in occlusal rim of 

ATD6-96, and ATD6-113 shows a small hypoconulid and C6 (Martinón-Torres et al., 2019).  

 

The mosaic morphology of the dentition, with the maxillary teeth showing more derived 

features and the mandibular teeth displaying primitive features could potentially be explained 

by inciting developmental genetic studies. Hlusko et al. (2011) and Hlusko and Mahaney 

(2009) in their study of mammalian dentition found the presence of three modules (which 

can be described as the relative connectivity of systems) – that of the incisors separating it 

from postcanine dentition, and the premolar module which demonstrates an incomplete 

pleiotropy (i.e., not all the additive genetic variances in the two traits is due to the effects of 

the same gene or genes) from the molar module. Gómez-Robles and Polly (2012) also 

documented a separate maxillary and mandibular module for hominins. The comparison of 

craniofacial integration and mandibular integration in modern humans and baboons showed 

variability between the two groups for the former integration, while following a similar pattern 

of integration for the latter. This could be due to the passive role played by the mandible, as 

mandibular changes would be secondary consequences to the primary evolutionary changes 

affecting the cranial and facial elements. Therefore, there would be weaker integration of the 

upper teeth as the maxilla is under strong evolutionary pressures, while the mandible could 

provide a more stable environment and its dentition would have a stronger integration 

(Gómez-Robles and Polly, 2012; Polanski, 2011).  
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Finally, we consider some of the works detailing the postcranial elements of H. antecessor. 

In general, the postcranial remains of H. antecessor are more similar to modern humans 

than to MP and LP hominins (Bermúdez de Castro et al., 2020a; Bermúdez De Castro et 

al., 2012; Carretero et al., 1999; Lorenzo et al., 1999; Pablos et al., 2012). For example, 

considering the hands and pedal remains, the diaphysis of the proximal hand appears non-

curved, there are marked insertions for flexor superficialis in the diaphysis of the middle 

phalanges, and the dimensions of the hands are MH-like. They also have a broader head of 

the manual phalanges similar to Neanderthals and early Homo. The pedal remains depart 

from the MH range in some aspects such as having a more rounded shaft of the hallucal 

proximal phalanges, and a wider mid-shaft of the proximal toe phalanx, a long and high talus 

with a short neck and a wide and long trochlea (Lorenzo et al., 1999; Pablos et al., 2012). 

Two practically complete scapulae ATD6-116 and ATD6-118 belonging to H. antecessor 

have also been recently described in detail (Bermúdez de Castro et al., 2020a). Metrically 

and morphologically, ATD6-116 falls within the MH range and shows a clear departure from 

EP specimens such as Australopithecus afarensis (DIK-1-1), in having a transversely oriented 

scapular spine indicating bipedalism and loss of suspensory and climbing activities. ATD6-

118 has a slightly cranially oriented glenoid fossa but still falls within the MH range. But the 

two TD6 scapulae also show primitive features, such as glenoid index and the morphology 

of the axillary border, which are similar to early Homo. Overall, these studies support the 

taxonomic position of H. antecessor and provide us with an opportunity to consider the 

potential morphology the LCA. 

 

 

3.1.1.2.  Evolutionary scenario for H. antecessor as the LCA 
 

The location of the TD6 population in the westernmost extreme of the Eurasian continent 

in the Iberian Peninsula has also raised questions about its position as a possible LCA for 

Neanderthals and MH, particularly as it goes against current paradigms of human origins 

(Bermúdez de Castro et al., 2015). H. antecessor could have an African origin and, in this 

scenario, we would expect to find some H. antecessor features in the late-Early Pleistocene 

populations in Africa. This scenario is difficult to contrast due to the scarcity of fossils from 

the Early Pleistocene in Africa, and the lack of a directly comparable adult crania from TD6, 

although the Early Pleistocene cranium of Buia, from the northern Danakil Depression in 

Eritrea displays a vertical incisive canal like that of TD6 (Abbate et al., 1998; Macchiarelli, 

personal communication with MMT).   
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Using the “source and sink” model and the definition of a Central Area of Dispersal of 

Eurasia (CADE), Bermúdez de Castro and Martinón-Torres (2013) have proposed a 

possible scenario to explain the evolution of Homo in Europe. According to this model, after 

the first out of Africa hominin dispersal, Eurasia would have been colonized by several 

migrations originating in the Levantine Corridor. A source population, perhaps continuously 

inhabiting this region, and representing the origin of hominins in eastern and western Eurasia, 

would have taken advantage of the favourable climatic and ecological conditions, and also 

provided movement for sink populations in to northern regions when the climate allowed 

(Bermúdez de Castro et al., 2016, 2013; Martinón-Torres et al., 2015). It is interesting to 

note here that H. antecessor had morphologically diverged from the typical H. erectus/H. 

ergaster anatomical bauplan and, in fact, shared a Eurasian hallmark (Bermúdez de Castro 

et al., 2016; Carbonell et al., 2005; Martinón-Torres et al., 2007a). Southwest Asia would 

have then been a good source of phylogenetic diversity, which could explain the 

symplesiomorphic midface in H. antecessor and other Asian specimens, the variability 

observed in the MP European fossil record (see Chapter 3, Section 3.1.3.3.1), and the 

subsequent origin of the Neanderthals. The archaeological and faunal evidence also suggests 

this region as a possible source for the origin of H. antecessor and the LCA (Bermúdez de 

Castro et al., 2016, 2013; Bermúdez de Castro and Martinón-Torres, 2019; Carrión et al., 

2011; Lacruz et al., 2019). In this scenario, the TD6 population could represent one of 

several possible migrations derived from the mother population that resides somewhere 

outside Europe, perhaps in southwestern Asia, and that reached the westernmost part of 

Europe in the Early Pleistocene. The southwest of Asia is increasingly appearing as a key 

area in most models developed to explain the colonization of Eurasia (Bergström et al., 2021; 

Bretzke and Conard, 2017). 

 

Summarizing, reviewing the anatomical evidence, we see that H. antecessor shares several 

plesiomorphic and apomorphic features with the Homo clade. Cranio-facial evidence 

indicates some plesiomorphic features relative to early Homo and that could be derived in 

later MP and LP hominins. Mandibular evidence shows that these hominins, while sharing a 

general pattern with the Homo clade, are different from African samples, and are more 

similar to the bauplan of Asian Homo erectus. The evidence shows the mosaic pattern of 

development, and also indicate a general Eurasian pattern, shared with EP and MP hominins. 

Overall, the primitive traits of H. antecessor with early Homo along with their shared 

neurocranial, mandibular and postcranial features with later European MP groups could 

mean that what was once considered Neanderthal apomorphies, is actually plesiomorphic 

traits from a polymorphic (a discontinuous genetic variation resulting in the occurrence of 
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several different forms or types of individuals among the members of a single species) 

population of the EP (Carrión, Rose and Stringer, 2011; Bermúdez de Castro and Martinón-

Torres, 2013; Bermúdez-de-Castro et al., 2015; Bermúdez de Castro, Martinón-Torres, 

Arsuaga, et al., 2017; Martin et al., 2017). Finally, the dentine proteomes extracted from a 

H. antecessor specimen provides a better picture of the taxonomic position of this species, 

placing it as a sister taxon or closely related to the LCA of Neanderthals, Denisovans and 

modern humans (Welker et al., 2020) (see discussion below on genetic studies).   

 

In this light we can reconsider the position of H. antecessor as the LCA, being aware of the 

limitations posed by the scanty fossil record from 1 - 0.6 mya. We will explore to what extent 

the evidence derived from the study of the P3s supports this hypothesis.  

 
 

3.1.2. Genetic studies and their contribution to our current understanding of 

the LCA 

 
Over the years, mitochondrial DNA (mtDNA) and nuclear DNA (nDNA) data of archaic 

hominins has reshaped our understanding of evolutionary relationships (Endicott et al., 2010; 

Fu et al., 2015; Green et al., 2010; Krause et al., 2010; Meyer et al., 2014b, 2013; Posth et 

al., 2017; Reich et al., 2010; Sawyer et al., 2015; Skoglund and Jakobsson, 2011; Stringer and 

Barnes, 2015). Endicott et al. (2010) analyzed mtDNA of Neanderthals and modern humans, 

providing estimates for a widely-dispersed ancestral species during the mid-MP, that 

genetically diverged around 410-440 kya. According to this scenario of a recent Neanderthal-

modern human divergence, H. antecessor would not be an ideal candidate to be the LCA. 

Instead, considering the dates and the fossil evidence, Endicott et al. (2010) suggested that H. 

heidelbergensis, a MP taxon that inhabited Europe and Africa, and perhaps Asia (Buck and 

Stringer, 2014; Rightmire, 1998, 2008; Stringer, 2012) is more probable to be the LCA.  

 

However, the discovery of an unknown hominin from Siberia has shed further light on the 

widespread admixture between different hominin groups (Andrew Bennett et al., 2019; 

Browning et al., 2018; Chen et al., 2019; Krause et al., 2010; Martinón-Torres et al., 2011; 

Meyer et al., 2016, 2014b, 2013; Pääbo, 2015; Rogers et al., 2017; Slon et al., 2018; Stringer 

and Barnes, 2015; Vattathil and Akey, 2015). A phalanx from a child (Denisova 3) of an 

unknown hominin was found in the Denisova cave in the Altai mountains, southern Siberia, 

in 2008. This was followed by the discovery of a molar in 2010 (Denisova 4) and an upper 

molar in 2010 (Denisova 8) (Krause et al., 2010; Reich et al., 2010; Sawyer et al., 2015). 
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Consequently, this group of hominins were named the Denisovans (Reich et al., 2010). 

Radiocarbon dating of the layer where Denisova 3 was found gives an age of around 50 kya 

(Prüfer et al., 2014). The sequencing of the complete mtDNA from the phalanx indicated 

that this individual shared an ancestor with Neanderthals and MH 1 mya (Krause et al., 2010), 

while the nuclear genome suggested this hominin belonged to a sister group to Neanderthals 

(Meyer et al., 2012; Reich et al., 2010). Furthermore, a mandible discovered in 1980 in 

Baishiya karst cave (Tibet) termed the Xiahe mandible, has been dated to 160 kya using 

U/Th method on carbonate subsamples (Chen et al., 2019). Palaeoproteomic analysis of 

proteomes recovered from the dentine of M2, place this individual very close to Denisova 3. 

Finally, a putative morphological profile of the Denisovans using DNA methylation maps, 

suggest that while these hominins shared most traits with Neanderthals, they also had unique 

derived traits such as an elongated dental arch and enlarged mandibular condyle, and lateral 

cranial expansion. This earliest known hominin in the Tibetan plateau is therefore a 

Denisovan or closely related to the Denisovans (Chen et al., 2019; Gokhman et al., 2019). 

Finally, a study by Rogers et al. (2020) focused on how mutations are shared among modern 

African and European populations, as well as Denisovans and Neanderthals. The results 

highlight a previously unknown episode of interbreeding between the ancestors of 

Neanderthals and Denisovans, and a ‘super-archaic’ population that separated from other 

hominins over 2 mya; these two groups were more distantly related than any other known 

pair of interbreeding hominin groups (Rogers et al., 2020). MH, and the ancestors of 

Neanderthals and Denisovans have been estimated to have separated around 570.25 kya, 

assuming a mutation rate 0.5 x 10
−9

/base pair/year by Prüfer et al., (2014), while Rogers et al. 

(2020) study estimates 751.69 kya or 25,920 generations.  

 

The earliest hominin DNA was successfully extracted and sequenced from the SH specimens. 

The genomic studies were vital in providing a clearer picture for the phylogenetic position of 

these hominins, since their initial classification as H. heidelbergensis (Arsuaga et al., 1997). 

The results showed that the mtDNA of the SH hominins were more similar to the 

Denisovans (Meyer et al., 2013). However, mtDNA does not give a complete picture of 

relationships among populations as it is inherited exclusively from mothers to offspring 

(Meyer et al., 2013). Meyer et al. (2016) consequently conducted a study on the nDNA that 

gave a different result: the SH hominins were in fact, more closely related to the Neanderthals 

than to the Denisovans.  Meyer et al. (2016) further used a human mutation rate of 0.5 X 10 

-9

 per base pair per year, finding a divergence date of around 550 – 760 kya for the split 

between Neanderthals and MH. As the nDNA is passed on through both parental genes, it 

can be assumed that the SH hominins were in fact early Neanderthals or very closely linked 
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to the ancestors of the species, after diverging from a common ancestor of the Denisovans. 

This not only makes it difficult to reconcile that younger specimens such as Arago and 

Petralona classified as H. heidelbergensis could represent the LCA, but it further pushes 

back our divergence from the Neanderthals by about 300 ka (Meyer et al., 2016, 2013; 

Sawyer et al., 2015). More recently, a study looking at quantitative and Bayesian analysis of 

hominin phylogenetic relationships through the evolutionary rates of dental shape changes 

in postcanine dentition from Sima de los Huesos (considered in the study as Homo 

neanderthalensis s.l) indicates an early divergence time of 0.8 – 1.2 mya for the SH and, in 

turn, Neanderthal and modern human branches (Gómez-Robles, 2019). Gómez-Robles 

(2019) further states that any divergence time younger than 800 kya between Neanderthals 

and MH would have entailed an unexpectedly rapid dental evolution in the SH hominins. 

The results further conclude that the phenotypic LCA cannot include hominins younger than 

800 kya such as Homo heidelbergensis. If Neanderthals and MH diverged earlier than 800 

kya, then Homo heidelbergensis could be related to either Neanderthals or MH, or could 

be a sister lineage to both of them (Gómez-Robles, 2019). Such a breakthrough analysis of 

our genetic and phenetic prehistory thereby continues to raise questions on the H. 

heidelbergensis clade, on their phylogenetic position, and more importantly, whether this 

species should even exist.  

 

Researchers also used palaeoproteomic analyses to extract proteomes from the dentine of 

the lower left first/second molar of H. antecessor (ATD6-92), and the enamel and dentine 

from an isolated upper first molar from Dmanisi, Georgia (Welker et al., 2020). The 

phylogenetic analysis based on the proteomes suggests that H. antecessor appears as a closely 

related sister taxon of the LCA to Neanderthals, Denisovans and MH. The modern human-

like face can then be considered a primitive retention, having a deep ancestry in the Homo 

lineage, while the Neanderthal features, would have appeared in EP hominins but was lost in 

MH. Furthermore, as H. antecessor has been dated to 772 - 949 kya, this study agrees with 

a divergence date of 550 -765 kya for MH and Neanderthals and Denisovans (Bermúdez de 

Castro and Martinón-Torres, 2014; Duval et al., 2018; Prüfer et al., 2014; Rogers et al., 2020; 

Welker et al., 2020). Thus, H. antecessor, could represent a side-branch that originated from 

the cladogenesis of an ancestral EP population (Bermúdez de Castro et al., 2017a; Bermúdez 

de Castro and Martinón-Torres, 2019, 2014; Welker et al., 2020).  
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3.1.3. The Middle Pleistocene Model 

 

3.1.3.1.  The ‘Origins’ of Homo heidelbergensis and its possible role as the 

LCA 
 
In the 1900’s the discovery of a fossil mandible would initiate the description and 

classification of a new species, which would eventually be considered the missing link that 

palaeoanthropologists would use to connect the linear evolutionary dots between Homo 

erectus sensu lato (s.l), and Neanderthals and modern humans. This fossil was the Mauer 

mandible, recovered in 1907 at Heidelberg, Germany, associated with a Cromerian (600 – 

550 kya) fauna. The mandible displayed a combination of primitive features such as a wide 

ramus and high corpus thickness, as well as derived features, especially seen in the reduced 

size of the dentition, and so this type specimen was given the new species name Homo 

heidelbergensis by Otto Schoetensack a year later (Schoetensack, 1908). Meanwhile, fossil 

finds in Africa and Asia affiliated to Homo erectus s.l began to create a picture of widespread 

speciation events, reinforced by archaeological finds and faunal dispersal patterns. For 

example, the Bodo cranium from the Middle Awash Region in Ethiopia shares 

plesiomorphies with Homo erectus, as well as apomorphies with later hominin groups. 

Furthermore, the cranio-facial elements resemble the fossils found at Broken Hill, Zambia, 

and Elandsfontein, Tanzania (Rightmire, 2013, 2008).  

 

In the 1960’s two fossil discoveries in Europe would lead to our current muddled conception 

of H. heidelbergensis. In Arago, Tautavel, France, newly found fossils were compared to, 

and consequently assigned to the Mauer taxon. The Arago XXI fossil was proposed as the 

paratype as it provided the cranium to go with the Mauer mandible (see for e.g., Howell, 

1999; Tattersall and Schwartz, 2006). In Petralona, Greece, a chance-find of a complete, well-

articulated skull began a series of discussions on how to place this specimen. What is unique 

about Petralona is that the skull is remarkably similar to Bodo dated to 600 kya (Clark et al., 

1994), while also showing Neanderthal features, particularly in the maxilla (Harvati, 2007; 

Harvati et al., 2009; Hublin, 1998; Stringer et al., 1979). Metric analysis of European fossils 

like those from Arago and Petralona have also provided good phenetic evidence for lumping 

these groups with the Broken Hill specimen (Rightmire, 1998, 2008; Stringer, 2012). And 

while H. erectus s.l has an average brain size of 950 cm
3

, these MP hominins from Africa and 

Europe have a range of 1100 – 1230 cm
3 

(Rightmire, 2013). Furthermore, fossils like the 
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calvarium from Ceprano, Italy, which was previously assigned to H. erectus (Ascenzi et al., 

1996a) and later tentatively classified as H. antecessor (Manzi et al., 2001), and now re-dated 

to 430-385 kya, show significant differences from the ancestral African species of the earliest 

dispersals, and share shape specific features with the early MP hominins from Africa and 

Eurasia (Manzi, 2016; Vincenzo et al., 2017). The Sima de los Huesos (SH) hominins from 

Atapuerca, Spain, which will figure prominently in the discussions that follow, represents the 

largest fossil assemblage in MP Europe, that also demonstrate clear Neanderthal 

apomorphies  (Arsuaga et al., 1997d, 1997c; Bermúdez de Castro et al., 2018, 2003a; 

Carretero et al., 2012, 1999; Gómez-Robles et al., 2012a, 2011, 2008; Hanegraef et al., 2018; 

Martínez de Pinillos et al., 2014; Martinón-Torres et al., 2012). This group was initially 

considered to belong to Homo heidelbergensis, but based on current anthropological and 

genetic evidence, represents either a sister taxon to, or representative of, early Neanderthals 

(e.g., Arsuaga et al., 2014, 1997c; Hanegraef et al., 2018; Martinón-Torres et al., 2012; Meyer 

et al., 2016). The growing number of fossil discoveries from Eurasia and Africa in the MP 

has led some researchers to develop a Euro-African clade, lumping them with the type-

specimen from Mauer within the species Homo heidelbergensis (Rightmire, 1998; Stringer, 

2012). Other researchers have seen cause for a separation of the African and European fossils; 

for while there may be phylogenetic similarities between the two groups, it seems apparent 

that the European specimens have clear affinities with the Neanderthals, while the African 

specimens do not. In this scenario, the proposed species name for the African clade is Homo 

rhodesiensis (Rightmire, 1998, 2008, 2001; Stringer, 2012).  

 

 

3.1.3.2. Leading models for Neanderthal evolution  
 
Assuming deep roots for the Neanderthal lineage in the Pleistocene, and the recognition of 

an Afro-European hominin lineage, several authors have suggested the plausibility of Homo 

heidelbergensis to be the LCA of Neanderthals and MH (Buck and Stringer, 2014; Hublin, 

2001; Mounier and Caparros, 2015; Rightmire, 1998; Stringer, 2012). Given the 

identification of some Neanderthal apomorphies in the European lineage, and the lack 

thereof in the African lineage, other researchers have hypothesized that H. heidelbergensis 

is a chronospecies of Neanderthals, while Homo rhodesiensis, the African representative, is 

ancestral to H. sapiens ( Arsuaga et al., 1997; Rosas and Bermúdez de Castro, 1998; Mounier 

and Caparros, 2015; Skinner et al., 2016). Mitochondrial genomic studies of Neanderthals 

as well as MH further supported a relatively recent divergence of the two species and gave 

further support to H. heidelbergensis as the LCA, as it inferred a genetic split for the two 
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groups from an ancestral species to be around 410-440 kya (Endicott et al., 2010). Thus, the 

exact process of the evolution of this species to later hominins became a central topic of 

debate amongst anthropologists, who have introduced hypothetical models to resolve this 

question.  

 

Towards the end of the twentieth century, two separate models were proposed to explain the 

European scenario leading to classic Neanderthals. The first is the accretion hypothesis, that 

emphasizes the distinctive Neanderthal morphology, resulting from the gradual accumulation 

of features from isolation of ancestral species in colder climatic conditions, eventually giving 

full expression to classic Neanderthal morphologies (Dean et al., 1998; Hublin, 2009, 1998; 

Rosas et al., 2006a). The first stage (early-pre-Neanderthal) is observed during oxygen isotope 

stage (OIS) 12 and encompasses the widening of the occipital torus and a convex and 

receding infraorbital profile. Specimens allocated to this stage are Arago, Mauer and 

Petralona. The second stage in OIS 11-9 (pre-Neanderthal) sees changes in occipital area, 

with an anterio-inferior glabella position, along with an anteriorly advanced and sagittally 

oriented face. Allocated to this stage are specimens like Sima de los Huesos, Steinheim 

(Germany), Vértesszöllös (Hungary). In stage 3 (OIS 7-5) can be observed features like a full 

en-bombe occipital, a reduced mastoid, and a full suprainiac fossa. Specimens like Krapina 

(Croatia), Shanidar (Iraq), La Chaise Suard (France) have been assigned to this stage. Stage 

4 is the full realization of classic Neanderthals seen in OIS 4-3, with features like an 

exaggerated suprainiac fossa, high mid-facial prognathism and a rounded circumorbital 

morphology, which can be seen in specimens like Shanidar (Iraq), Amud (Israel), La Ferassie 

(France). Thus, a continuum of species is assumed, where H. heidelbergensis – H. 

neanderthalensis are a single chronospecies (Hublin, 1998).  

 

Another hypothetical model put forward by Rosas et al. (2006) is the ‘organismic model’.  

This model assumes that the evolution of MP hominins in Europe occurred in two-phases. 

These craniofacial changes are a result of two interconnected effects at different levels of 

organization – body-face interactions through organismic-level effects such as allometry, and 

physiological demands, and brain-face interactions through integration principles. The first 

phase (Stage 1-2) starts in the early MP encompassing an increase in body size, along with 

midfacial prognathism and postcranial robusticity and is represented by the species Homo 

heidelbergensis. The second phase (comprising Stage 3-4) is realized in the late MP, where 

a drastic change in endocranial organization, as well as an increase in the occipital and 

temporal neural areas is observed, and is represented by the fossils of Homo 

neanderthalensis (Rosas et al., 2006a). Unlike the accretion hypothesis that assumes 
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continuity between the two species, this model identifies a true speciation event that separates 

H. heidelbergensis from H. neanderthalensis as distinct species (Rosas et al., 2006a).  

 

However, there are some key factors to be considered. Several of the fossils that have been 

included in the nomen H. heidelbergensis do not preserve any mandibular remains, making 

it difficult to make direct comparisons with the Mauer mandible. Interestingly, no feature of 

this type specimen is actually ever used to define the taxon (Hublin, 2001; Mounier et al., 

2009). This in itself puts strain on the biological meaning of this species. More so, the current 

set of fossils that are grouped as H. heidelbergensis display a mixture of traits – some that 

show clear Neanderthal apomorphies, while others that are plesiomorphic, comparable to 

the likes of H. erectus s.l. (e.g., see Buck and Stringer, 2014; Rightmire, 1998; Roksandic et 

al., 2017; Stringer, 2012). These fossils are spatial contemporaries and contest for the 

extreme variability in Eurasian populations of the MP (Howell, 1999). The two models 

discussed above cannot be tested successfully as there is a general lack of geochronological 

data. And as we will see in the following pages, the clear variability within these MP 

populations pose several questions against these hypotheses, as under them, we are to assume 

that all populations are subject to similar selective pressures (Bermúdez de Castro et al., 2018). 

 

 

3.1.3.3.  The variability of Middle Pleistocene populations 

 
The Middle Pleistocene (781-126 kya) is a period of great importance in human evolution, 

marked by dental reduction and encephalisation, along with changes in behavioural 

repertoire, increasing temporal and spatial diversification and distribution of hominin 

lineages in Africa, Asia and Europe (Rightmire, 2013; Skinner et al., 2016; Roksandic et al., 

2017). It is also marked by generally fragmentary fossil preservation and unclear chronologies 

of specimens (see Cook et al., 1982; Bermúdez de Castro et al., 2017 for discussion). It is 

accepted that a disruption exists in the fossil record between the early Homo groups like H. 

erectus, H. ergaster and H. antecessor on the one hand, and the widely diffused and more 

derived specimens assigned to H. heidelbergensis. This taxonomic and phylogenetic 

discontinuity ranges across the Matuyama-Bruhnes stratigraphic boundary of 780 kya (Manzi, 

2016). There has been a general disagreement between palaeoanthropologists in classifying 

the fossil hominins of the MP. Several authors opt to not use species names but rather prefer 

using general terms such as Heidelbergs (Cartmill and Smith, 2009) and Neanderthals (Boyd 

and Silk, 2009; Buck and Stringer, 2014; Dean et al., 1998; Marcos-Sáiz et al., 2017; 

Roksandic et al., 2017). In particular, what we see with early MP hominins in Europe is the 
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lumping of fossils into the species H. heidelbergensis despite several of these specimens 

showing clear Neanderthal apomorphies, and others retaining plesiomorphies shared with 

H. erectus s.l (Buck and Stringer, 2014; Rightmire, 1998; Stringer, 2012). Howell (1999) used 

the concept of palaeo-demes (p-demes) to explain the diversity in the MP fossil record. Two 

of these palaeo-demes form part of the palaeo-species H. heidelbergensis. The first of these 

p-demes would be represented by fossils like Mauer and Arago that show a mosaic of features, 

primitive in regard to early Homo and also a few derived traits seen in Neanderthals. The 

second p-deme would be represented by fossils from sites such as Sima de los Huesos 

(Atapuerca, Spain), Petralona (Greece), Vértesszöllös (Hungary) and Bilzingleiben 

(Germany) that retained a few primitive traits but overall, showed strong expressions of 

Neanderthal traits (Dennell et al., 2011; Howell, 1999). A recent study used multiple 

multivariate regressions from landmark coordinates to reconstruct missing arcades to isolated 

mandibles, thereby exploring size and shape variation in maxillary arcades (Stelzer et al., 

2018). Their results indicate that the MP hominin sample shows two morphs – one 

comprising of Tighenif (1 and 3), Mauer 1 and Montmaurin 1 with their long and slightly 

diverging postcanine rows, while the other comprise of SH 5, Petralona, Kabwe and Bodo 

with their short and rounded postcanine rows. Despite these differences, the variation in 

dental arcade between these specimens does not necessarily warrant distinction at the species 

level. The ‘muddle in the middle’ (see Buck and Stringer, 2014; Rightmire, 1998) mainly 

persists because of the difficulty in defining who H. heidelbergensis is and which fossils must 

be included in it. To illustrate this point, the anatomical variability of key specimens 

previously and currently considered as H. heidelbergensis are described in the next section. 

 

 

3.1.3.3.1. Variability of key specimens 
 

3.1.3.3.1.1. Mauer 
 

On October 21, 1907, a mandible of a fossil hominin was discovered by workers at the 

‘Grafenrain’ sandpit in Mauer, a village 16 kms southeast of Heidelberg, Germany. This find 

was the result of the foreknowledge of palaeontologist Prof. Otto Schoetensack to recognize 

the significance of the sandpit based on its rich faunal remains. Persuaded by Darwinian 

principles and through the application of modern techniques to study the fossil mandible 

such as x-ray exposure to study roots of teeth, Schoetensack published his monograph in 

1908 where he classified the mandible as belonging to genus Homo based on highly evolved 
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dentition. Considering its great ascending ramus breadth, lack of chin, small dentition and 

large size of the mandible, Schoetensack named Mauer mandible as the type-specimen of 

the species Homo heidelbergensis (Harvati, 2007; MacCurdy, 1909; Stringer, 2012; Wagner 

et al., 2011, 2010; Woodward, 1925). Based on the observable wear on the dentition, and 

the lack thereof on the third molar, it has been proposed that the individual was a young 

adult, probably of the age range of 18-25 years (Czarnetzki et al., 2003; Wagner et al., 2011). 

Regarding the chronological age of the mandible, a combined ESR/U-series method used on 

mammal teeth and the infrared radiofluorescence technique used on sand grains give an age 

of 609 ± 40 kya (Wagner et al., 2010).  

 

The anterior symphysial region of the mandible presents a receding profile with no other 

superstructures. The lateral face of the corpus is robustly built, however, some features such 

as the posterior position of the mental foramen, and the anterior marginal tubercle are 

derived Neanderthal traits (Mounier et al., 2009). The Mauer mandible presents a 

conspicuous retromolar space with no presence of a gap between the M3 and the anterior 

border of the ramus. Midfacial projection is important in stimulating the formation of the 

retromolar space, with the forward migration of the dental arch and reduction in 

anteroposterior length of the ramus. The long anteroposterior length of the ramus could then 

explain this inconspicuous formation in the Mauer specimen (Mounier et al., 2009; Rosas 

and Bermúdez de Castro, 1998b). The superstructures present on the superior part of the 

ramus are less developed and comparable to those of anatomically MH and Neanderthals. 

Considering the medial aspect, the inferior part is taxonomically more informative, with its 

morphology being most similar to early MP hominins and to anatomically MH.  
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Figure 3. 4: Occlusal view of a cast of the Mauer mandible from Stuttgart Naturkunde Museum, Germany. Photo 
credits: courtesy of María Martinón-Torres 

 

 

Accordingly, Rosas and Bermúdez de Castro (1998:694) conclude that the Mauer mandible 

‘exhibits a set of characteristics which are the structural basis on which Neanderthal 

apomorphies will eventually be fully developed’. However, further studies have refuted such 

a claim and have differentiated Mauer from Neanderthals and early Homo (Mounier et al., 

2009; Stringer, 2012). Mauer shows dental and mandibular features that differ from those of 

the Neanderthals, suggesting the exclusion of any specimens from Homo heidelbergensis 

that show Neanderthal-derived traits (Arsuaga et al., 2014; Roksandic et al., 2017; Stringer, 

2012) (see Figure 3.4). Furthermore, Mounier et al. (2009), identified a number of 

mandibular traits in hominin specimens and created a possible hypodigm for Homo 

heidelbergensis that include specimens from Mauer, Arago, SH, Montmaurin (France), and 

Tighenif. Stelzer et al. (2018) used 3D landmark data and multiple multivariate regression to 

reconstruct maxillae for isolated mandibles of fossil hominins so as to explore size and shape 

variation in these arches. Based on these arcades, the authors suggest two morphs for the MP 

hominins – one characterised by long and slightly diverging postcanine rows represented by 
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specimens such as Mauer, Tighenif 1 and 3 and Montmaurin 1, while the other is represented 

by short and rounded postcanine rows comprising specimens such as SH 5, Kabwe, and 

Bodo. However, the authors do not warrant distinction of these two groups at the species 

level, based solely on variation of the dental arcade shape. However, they do consider that 

the first morph could represent a likely shape of the LCA while the latter morph shows 

derived Neanderthal morphology. A study by Rosas et al. (2019) comparing the mandibles 

of MP fossils from Europe through geometric morphometrics and comparative analysis have 

illustrated similarities between Mauer, Arago 2, Montmaurin and AT-950 from SH. They 

consider the similarities observed between these specimens to be extreme cases of 

brachyfacial patterns of development, while other specimens like Arago 13 and SH AT-605 

to be representative of the dolichofacial European MP facial shape. Their results lead them 

to conclude that there was a polytypic species in MP Europe, and that if SH and Mauer are 

part of the same deme/species, they should taxonomically be named Homo heidelbergensis 

(Rosas et al., 2019).   

 

The most compelling evidence comes from dental analysis, which is taxonomically more 

informative than mandibular traits (Martinón-Torres et al., 2007a; Turner et al., 1991). The 

tooth size of Mauer is comparable to those of SH hominins and the Neanderthals (Bermúdez 

de Castro et al., 2003a, 1999; Stelzer et al., 2018). The Mauer dentition lacks features that 

are generally considered as diagnostic of Neanderthals and SH hominins – such as the 

absence of a continuous transverse crest in P4 (Bailey, 2002a; Martinón-Torres et al., 2012), 

the absence of a pit-like and closed anterior fovea in the M1, the absence of an anterior fovea 

and a continuous mid-trigonid crest in M2, lack of a well-developed distal mid-trigonid crest 

on M3 and the presence of a well-developed hypoconulid (Martínez de Pinillos et al., 2014; 

Martinón-Torres et al., 2012). The study of the EDJ of the molars shows that Mauer is similar 

to the Mala Balanica specimen BH-1 in that it shows a primitive morphology falling outside 

the variation of Neanderthals, and Pleistocene and Holocene H. sapiens. However, a 

morphometric analysis of Mauer dentition in comparison with Qesem specimens (Israel) 

suggests that for some dentition, it is within the morphospace of some Neanderthal 

specimens (Weber et al., 2016). For example, the morphometric analysis of Mauer P3 crown 

shape places it near the Qesem specimen, which approximates the Neanderthals, while the 

size of the Mauer P3s exceeds Qesem (Weber et al., 2016). These studies ultimately show 

that the Mauer dentition are more primitive, lacking Neanderthal apomorphies, and in 

general, fall outside the variation of Neanderthals and H. sapiens (Martinón-Torres et al., 

2012; Martinón-Torres and Bermúdez de Castro, 2015; Roksandic et al., 2017; Skinner et 

al., 2016; Weber et al., 2016).  
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3.1.3.3.1.2. Arago 
 

Caune de l’Arago, located in southwest France was discovered in 1829. Between the 

excavation periods of 1964 to 2014, this site has yielded 148 hominin remains, along with a 

rich array of lithic (Mode 2) and faunal evidence (de Lumley, 2015; Falguères et al., 2015). 

Overall, the site comprises five mandibles, 123 teeth, and several post-cranial fragments 

representing 18 adults and 12 juveniles (de Lumley, 2015). The discovery of several 

mandibles in the 1960s and of an anterior portion of a skull in 1971 were studied and 

suggested to belong to the same taxon as Mauer. Arago was then proposed as the paratype 

for Homo heidelbergensis (de Lumley, 2015; Harvati, 2007). ESR and U-series dating on 

mammalian remains give a mean age of 392 ± 43 kya for the F level, and 43831 kya for the 

G level. These levels, where many of the human remains were found, belong to stratigraphic 

complex III, and are associated with a cold period in MIS 12 (de Lumley, 2015; Falguères 

et al., 2015).  

 

The Arago specimens have several Neanderthal-like traits, especially of the mid-facial 

morphology, such as midfacial prognathism, parasagittally oriented zygomatic bones, and a 

flattened infraorbital surface (Arsuaga et al., 1997d; Freidline et al., 2012a; Rightmire, 1998) 

(see Figure 3.5a). As Arago shares these features with some other MP hominins such as 

Petralona and SH, some authors are inclined to accept the predictions of the accretion 

hypothesis, where European MP hominins display incipient Neanderthal traits (Freidline et 

al., 2012a). The mandibular features also demonstrate some Neanderthals traits; Arago II 

presents a distal location of a mental foramen below the M1, the presence of a retromolar 

space, laterally expanded condyle and a truncated gonion, as in Arago XIII (Rosas, 2001; 

Rosas et al., 2019) (see Figures 3.5b-d). However, Mounier et al. (2009) found that Arago 

lumps together with Mauer, Tighenif, SH and Montmaurin in showing minimal Neanderthal 

traits in its mandibular morphology, and as such cannot be synonymized with that taxon. 

They consider Homo heidelbergensis as a distinct Afro-European species that preceded both 

Neanderthals and MH.  

 

Regarding their dentition, Bermúdez de Castro et al. (2018) analysed all dental classes of the 

Arago hominins with those of the SH samples. The anterior teeth express mass additive traits 

such as shovel shape and tuberculum dentale, which are characteristic of Eurasian hominins. 
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The P3s of the Arago specimens have a broad and centered occlusal polygon, a medium-

sized talonid supporting a slight asymmetry of the occlusal outline, and the presence of an 

incipient cingulum – all placing the Arago P3s intermediate between the morphology of those 

of SH and Neanderthals and of early hominins (Bermúdez de Castro et al., 2018; Gómez-

Robles et al., 2008) (see Figure 3.6). Some features in the Arago premolars such as the 

presence of a vestige of a cingulum, can be seen in the premolars of ATD6. In fact, the dental 

variation observed in the Arago specimens is beyond those seen in the SH samples 

(Bermúdez de Castro et al., 2018).  The M1 and the M2 have a high frequency of a deep pit-

like anterior fovea, as well as a continuous mid-trigonid crest – features that are shared with 

Neanderthals (Bermúdez de Castro et al., 2018; Gómez-Robles et al., 2015), although this 

last feature is less pronounced in the M2s compared to the SH (Hanegraef et al., 2018). 

Overall, it has been observed that the Arago specimens are comparably absolutely larger than 

the SH samples, and while maintaining primitive traits seen in early hominins, also 

demonstrate some Neanderthal derived traits (Bermúdez de Castro et al., 2003; Dennell, 

Martinón-Torres and Bermúdez de Castro, 2011). Despite the plesiomorphies, they still 

carry a Eurasian hallmark (Martinón-Torres, Bermúdez de Castro, et al., 2007; Bermúdez 

de Castro et al., 2018).  
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Figure 3. 5: Specimens from Arago: a - Arago 21; b - Arago 13; c - Arago 2; d - Arago 89  (de Lumley, 2015: 316, 327, 
326, 328) 
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Figure 3. 6: Occlusal view of Arago P3s [A] Arago 71; [B] Arago 75. Photo credits: courtesy of María Martinón-Torres 

 

 

Finally, de Lumley et al. (2015) note that Arago cranio-facial features demonstrate primitive 

retentions, such as a low skull, an extended frontal, along with a strong facial prognathism, a 

powerful masticatory apparatus with temporal crests, and a large robust mandible, which are 

similar to Homo erectus s.l (see Figures 3.5a-d). They also describe archaic mandibular 

features in Arago that are not seen in Mauer. Based on these observations, the authors 

propose a hypothetical scenario wherein the Dmanisi hominins who inhabited Eurasia 

around 1.8 mya, would be ancestral to the lineage leading to TD6 and Sima del Elefante 

Atapuerca, Spain. Another lineage, that of Homo erectus s.l from Africa, would have then 

entered Europe around 1.2 mya and further evolved into hominins represented by the 

population in Arago – giving the geographical connotation to the specimens – Homo erectus 

tautavelensis – ancestral to Neanderthals (de Lumley et al., 2004; de Lumley, 2015; Falguères 

et al., 2015). Other authors who note that Arago display a combination of TD6 and SH 

dental traits reason that this could be either a result of crossbreeding between the two groups 

or the possibility of the coexistence of different lineages in the continent (Bermúdez de 

Castro et al., 2003; Dennell et al., 2011; Bermúdez de Castro and Martinón-Torres, 2013a; 
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Hanegraef et al., 2018; Martinón-Torres et al., 2019). In their geometric morphometric study 

of MP mandibles, Rosas et al. (2019) found that Arago shares several similarities with the 

Mauer mandible including having a broad ramus, and a thick coronoid process and a shallow 

sigmoid notch. Based on these similarities the authors propose that Mauer and Arago be 

included in a single morph – H. heidelbergensis (Rosas et al., 2019).   

 

 

3.1.3.3.1.3. Sima de los Huesos 
 

The MP site of Sima de los Huesos (Pit of Bones) (Atapuerca, Spain), has been systematically 

excavated since the 1970s and has produced more than 6500 skeletal remains belonging to 

at least 29 individuals, which were recovered from lithostratigraphic unit 6 (Arsuaga et al., 

1997c; Bermúdez de Castro et al., 2020b; Bischoff et al., 1997). Early U/ESR analyses on 

Ursus dentition gave an age of 200 – 320 kya for the hominin layer (Bischoff et al., 1997); a 

U/Th analysis of a speleothem gave an age of >350 kya (Bischoff et al., 2003), while an 

inductively coupled plasma-multicollector mass-spectrometry (ICP-MS) provided an age of 

600 kya, respectively (Bischoff et al., 2007). However, more recently post- infrared-infrared 

stimulated luminescence (pIR-IR) dating of K- feldspars and thermally transferred optically 

stimulated luminescence (TT-OSL) dating of individual quartz grains have provided 

weighted mean ages of 433 ± 15 kya, and 416 ± 19 kya, respectively for the allochthonous 

sedimentary horizons overlying the hominin-bearing clay breccia. This gives a combined 

minimum age of 427 ± 12 kya for the SH hominins (Arnold et al., 2014). Finally, U-series 

dating of a cave raft speleothem deposited directly on SH Cranium 4 gives a mean age of 434 

+ 36/-24 kya (Arsuaga et al., 2014) (see Chapter 4, Section 4.1.1.2 for more information on 

the site). 

 

The SH hominins display a mosaic of early MP hominin and Neanderthal traits, and this 

initially gave weightage to the idea that this population could belong to H. heidelbergensis. 

Here, Arsuaga et al. (1997), used the term H. heidelbergensis in a broad sense to include 

specimens that demonstrated a general primitive morphology than the late MP and LP 

Neanderthals, even if they displayed some Neanderthal traits. The authors who lumped the 

SH hominins to the H. heidelbergensis taxon emphasized that the ‘MP Europeans and 

Neanderthals represent the same evolutionary species, an ancestral-descendant sequence of 

population without rupture of the reproductive continuity’ (Szalay, 1982; Arsuaga et al., 1997; 

Arsuaga et al., 2014). Other researchers have, from the outset, regarded the SH samples as 
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an archaic form of Neanderthals, and found their inclusion to H. heidelbergensis only added 

to the confusion of its already muddled status (Stringer, 2012).  

 

 

 

Figure 3. 7: [A] Frontal and [B] lateral view of SH Cranium 15. [A] (Sala et al., 2015: 6) [B] (Arsuaga et al., 2014) 

 

Arsuaga et al. (2014, 1997c, 1993) provided a detailed description of the cranio-facial features 

of 17 SH hominin skulls, and studied them in relation to Neanderthals. The mean cranial 

capacity of the SH hominins is 1232 cm
3

. Considering the frontal view, the SH hominins 

have a supraorbital torus that is rounded and double arched, with a majority of specimens 

having no separation of the torus into two arches, although Cranium-13 shows a slight 

depression in the glabellar region. The nasal spine has a forward position, and the internal 

nasal margin has a raised rim, with the nasal floor being level or sloped. A greater degree of 

midfacial prognathism observed is caused by maxillary flexion, as the infraorbital plate and 

lateral wall of the nasal cavity do not form the same plane (see Figure 3.7A). Considering the 

occipital view, most SH hominins have a weak occipital torus, and fades towards the asterion. 

The opisthocranion lies on the upper margin of the suprainiac surface, and the craniums do 

not have an occipital bun. From the lateral view, there is a weak parietal angular torus, the 

temporal squama is high and convex, and the mastoid process is projects from the 

occipitomastoid region (see Figure 3.7B). The mandibles retain some primitive traits relative 

to Neanderthals; the SH hominins have a wider ramus, and do not show the horizontal/oval 

form of mandibular foramen. They have a less diagonally inclined mylohyoid line and a 

shallower submandibular fossa. However, the SH mandibles share several derived traits with 

Neanderthals - the mental foramen is placed posteriorly, with a well-developed retromolar 
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space, and Neanderthal-like marginal tubercle and lateral prominence (Arsuaga et al., 2014; 

Dennell et al., 2011; Rosas, 2001). The superior margin of the ascending ramus is 

asymmetrical with a relatively low position of the condyle, the pterygoid fossa is well-

developed on the medial aspect of the condylar neck. Based on these observations, and the 

general lack of Neanderthal traits in Mauer compared to SH, the authors suggested that the 

latter group either be removed from the H. heidelbergensis hypodigm or define H. 

heidelbergensis as a species that lacks clear Neanderthal apomorphies, thus considering it a 

stem group to Neanderthals and MH (Arsuaga et al., 2014). Therefore, the SH hominins 

share several derived traits with Neanderthals such as a midfacial projection, morphology of 

the supraorbital torus and the glenoid cavity. But the maximum cranial breadth is low, a 

feature seen in other European MP hominins assigned to H. heidelbergensis, and the 

occipital torus contrasts from those of the Neanderthals. The midfacial morphology is 

comparable to Neanderthals, but the temporal bone is largely primitive, comparable to early 

Homo, and presenting only one Neanderthal apomorphy (i.e., an inclined anterior wall of 

the articular fossa) (Arsuaga et al., 2014, 1997c). Overall, the SH pattern is closely linked to 

the derived Neanderthal morphology. Finally, it has been shown that the skeletal 

characteristics of the outer and middle ear associated with auditory capacities and speech 

perception in modern humans were already present in SH hominins (Conde-Valverde et al., 

2021; Martínez et al., 2004). 

 

The dentition of the SH hominins shows clear derived Neanderthal traits. In fact, the SH 

dentition are morphologically ‘more Neanderthal’ than other MP samples like Mauer and 

Arago, and are even more derived than some classic Neanderthal samples (Martinón-Torres 

et al., 2012; Stringer, 2012).  The anterior dentition is massive and robust. I
1

s
 

have a strong 

basal eminence, and moderate shovel shape and a strong lingual convexity (as observed in 

the occlusal view). The I
2

s have a prominent shovel shape and labial convexity, thick marginal 

ridges and deep lingual groove which express lingual convexity. Upper canines (C
1

s) express 

high frequency of mesial ridges in their upper canines, moderate to marked shovel shape, 

with the buccal face presenting a moderate basal swelling with no cingulum. The P
3

s and P
4

s 

have a small and centrally positioned occlusal polygon, a symmetrical crown with P
4

 more 

symmetrical than P
3

, and the buccal face has a moderate to strong bulging without a cingulum.  

The M
2

s have a reduced hypocone and metacone, the absence of a Carabelli’s cusp, the 

presence of a continuous crista obliqua. The hypocone and metacone is minimally 

represented in the SH M
3

s, and the Carabelli’s complex is present in about 20% of the 

specimens. The I1s have a slight to moderate labial convexity, and the I2s have traces of a 

shovel shape and moderate labial convexity. The lower canines (C1s) have an incisor-like 
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morphology, with moderate to marked shovel shape. The marginal ridges are relatively thick, 

with the distal being thicker than the mesial (Bermúdez de Castro et al., 2018; Dennell et al., 

2011; Martinón-Torres, 2006). The P3s are canine-like, and present a symmetrical contour 

with a reduced talonid, along with a compressed and lingually displaced occlusal polygon and 

a bulbous lingual cusp. They have a small and bulbous lingual cusp, a continuous transverse 

crest, and no buccal cingulum (Bermúdez de Castro et al., 2018; Gómez-Robles et al., 2011, 

2008) (see Figure 3.8). The P4s have an asymmetrical contour with a continuous transverse 

crest, a talonid that is distolingually projected, reduced occlusal polygon, no buccal cingulum, 

and a mesially-displaced metaconid (Bermúdez de Castro et al., 2018; Martinón-Torres et 

al., 2006b). The lower molars have a deep pit-like anterior fovea and a strong mid-trigonid 

crest, characteristic of Neanderthal populations (Bailey and Lynch, 2005; Bermúdez de 

Castro et al., 2018; Dennell et al., 2011). The M1s also show ‘+’ and ‘x’ groove pattern in 50% 

of the population, and the hypoconulid is distally placed. The M2s usually have a ‘+’ groove 

pattern but 40% show a Y groove pattern, and C6 and C7 are developed in majority of the 

specimens. Most of the specimens also show a pit-like protostylid that is placed at the end of 

the groove which separates protoconid and hypoconid. The M3s also show reduction or even 

absence of the hypoconulid and the presence of C6 and C7 (Bermúdez de Castro et al., 

2018). 
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Figure 3. 8: The SH P3s. Buccal (a), mesial (b), lingual (c), and occlusal (d) aspect of AT-563 (L); occlusal (e), buccal (f), 
distal (g), and lingual (h) aspect of AT-1466 (R); buccal (i), mesial (j), lingual (k), and occlusal (l) aspect of AT-1993 (L); 
occlusal (m), buccal (n), distal (o), and lingual (p) aspect of AT-4100 (L); buccal (q), mesial (r), lingual (s), and occlusal 
(t) aspect of AT-2027 (R); occlusal (u), buccal (v), mesial (w), and lingual (x) aspect of AT-1760 (L); occlusal aspect of y) 
AT-590 (R); z) AT-148 (R); aa) AT-3243 (R); bb) AT-3880 (R); cc) AT-2767 (L); dd) AT-300 (R); ee) AT-4147 (L); ff) AT-809 
(R); gg) AT-3045 (L); hh) AT-2768 (R); ii) AT-2438 (R); jj) AT-607 (R); kk) AT-807 (L); and ll) AT-3941 (R). L: left, R: right. 
White bar . 1 cm. (Martinón-Torres et al., 2012: 40) 
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The MP fossil record is dominated by cranial remains and only a few postcranial elements 

have been recovered (Andrew Bennett et al., 2019; Arsuaga et al., 2015, 1991; Rosenberg et 

al., 2006; Sankhyan et al., 2012; Stringer and Barnes, 2015). The SH sample gives us a unique 

opportunity to explore the morphology of this MP population, as all postcranial bones are 

represented, with the minimum number of elements equating to 1,523, and the MNI of 19 

young and adult individuals represented by the femora (Arsuaga et al., 2015). While the 

cervical C6 and C7 and lumbar L3 and L5 vertebrae of SH differ from MH and Neanderthals 

in the orientation of their spinous and transverse processes respectively, they do show 

reduced lumbar lordosis which is a derived feature shared with Neanderthals. The SH 

humeri are similar to Neanderthals in having, among other features, transversely oval 

humeral head, a projected and massive lesser trochanter and a broader and deeper olecranon 

fossa. The SH ulnae and radii are also more comparable to Neanderthals than to MH. The 

SH hand was capable of powerful precision grip and grasping ability similar to MH and 

Neanderthals, while the grip is enhanced by a robust thumb and well-developed flexor 

muscles as seen in Neanderthals. The SH pelvis is characterised by large, broad and tall 

antero-posteriorly expanded pelvis, and shares features observed in early and MP Homo, 

possibly suggesting the retention of a plesiomorphic condition. While the femur retains a 

plesiomorphic state for genus Homo, the tibia is similar in morphology to Neanderthals in 

having tibial condyles placed more posteriorly in relation to the axis of the shaft, and flat 

proximal and distal articular surfaces. Finally, the trochlea of the feet are relatively broad with 

parallel sides, and the lateral metatarsals have a broader base, and the proximal pedal 

phalanges present hypertrophy of the shaft, while the distal phalanx of the hallux has a distal 

tuberosity, all features shared with Neanderthals (Arsuaga et al., 2015; Carretero et al., 1997). 

Stature estimates based on long bones give a height of ~163.6 cm for the SH hominins 

(Carretero et al., 2012), while an estimate based on the trochlear breadth of the talus gives a 

height of 173.9 ± 1.4 cm for males, and 161.9 ± 2.3 cm for females (Pablos et al., 2017). The 

morphological similarities of the SH to the Neanderthals, is further supported by genetic 

studies that confirm their affinities (Gómez-Robles, 2019; Meyer et al., 2016, 2013). 
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3.1.3.3.1.4. Visogliano 
 

The MP site of Visogliano located 18 kms northwest of Trieste, Italy, was discovered in 1974. 

Excavations at this site began in 1983, focusing on two distinct loci of a karstic doline. Based 

on archaeological and biostratigraphic records, these loci are penecontemporaneous and 

comprise Locus A – a rock shelter, and Locus B – an outcrop of well-cemented breccia 

located 30 m west of the shelter (Abbazzi et al., 2000; Cattani et al., 1991; Falguères et al., 

2008; Mallegni et al., 2002; Tuniz et al., 2013; Zanolli et al., 2018a). Between 1983 and 1996, 

hominin remains comprising a mandible (Vis.2) (see Figure 3.10), and five maxillary teeth – 

RM
3 

(Vis.1), RM
2

 (Vis.3), LP
3

 (Vis.4) (see Figure 3.9), LP
4

 (Vis.5) (see Figure 3.9), and RM
1

 

(Vis.6), along with a root fragment (Vis.7), and two crown fragments (Vis.8 and Vis.9), have 

been recovered (Abbazzi et al., 2000; Falguères et al., 2008; Mallegni et al., 2002; Zanolli et 

al., 2018a). The lithic industries (like Tayacian of the Mousterian industry, denticulate and 

chopper tools), when compared to contemporaneous sites such as Fontana Ranucio, Italy, 

and their Acheulean technology, could indicate the coexistence of different human groups 

with different cultural traditions (Falguères et al., 2008; Grifoni and Tozzi, 2006; Mallegni et 

al., 2002).  The ESR/U-series dating of mammal teeth gives an ages of 500 – 350 kya for the 

lower levels, while level 44, where VIS.4 and VIS.5 were found, are constrained to 480-440 

kya (Falguères et al., 2010, 2008; Zanolli et al., 2018a). It is also interesting to note that these 

hominin-producing layers from Visogliano are contemporary with level G from Arago, where 

a majority of the hominin remains were found (de Lumley, 2015; Falguères et al., 2010, 2008). 

Visogliano is also contemporary to the oldest Acheulean sites in northern Europe such as 

Boxgrove (UK) and Cagny-la-Garenne (France) (Falguères et al., 2008).   

 

While early literature has indicated the teeth belong to two individuals (Abbazzi et al., 2000), 

some researchers have linked the maxillary teeth with the mandible to assume one MNI 

(Tuniz et al., 2013). The mandible Vis.1 has a mental foramen located anteriorly, between 

P3 and P4, and the preserved alveoli dimensions indicate it aligns with ‘Afro-Asian Homo 

erectus’ (Cattani et al., 1991; Roksandic et al., 2017). A morphological comparison of Vis.4, 

5, 6 and 8 was made with Javanese and Zhoukoudian Homo erectus, as well as with ‘archaic 

Homo sapiens’ such as Tighenif, Petralona and Carriere Thomas, and eastern and western 

Neanderthals. The results showed that the Visogliano teeth are most similar in shape and 

size to the eastern Homo erectus and western ‘archaic Homo sapiens’ (Abbazzi et al., 2000; 

Roksandic et al., 2017). However, another study looking at metrical data, suggests Visogliano 
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dentition are larger than both Neanderthal and Homo erectus teeth in their mesio-distal and 

bucco-lingual dimensions (Mallegni et al., 2002). Furthermore, a study on dental microwear 

shows Vis.1 has horizontal striations while Vis.4,5 and 6 have mostly vertical striations, 

indicating Vis.1 could have adopted a vegetarian diet while the others could have consumed 

more meat. This variation in the adoption of food acquisition strategies is similar to those of 

the SH hominins, where females had longer striations than males, indicating a 

different/varied diet between sexes (Mallegni et al., 2002; Pérez-Pérez et al., 1999). Zanolli 

et al.’s (2018) comparative study focused on the dental remains of Visogliano using 2D and 

3D techniques as well as geometric morphometrics. Given the degree of wear on the 

maxillary premolars and molars, the study of these teeth was limited to lateral tissue 

proportions. EDJ morphology and pulp cavity morphology were also studied using μCT 

methods. The results cumulatively indicate that the crown traits and the EDJ and pulp 

morphology of the Visogliano dental remains are similar to those of Neanderthals (Zanolli 

et al., 2018a).  

 

 
Figure 3. 9: Far Left to Far Right: Vis.4 P3 Lingual view; Vis.4 P3 occlusal view; Vis.5 P4 occlusal view; Vis.5 P4 lingual view 
(Mallegni, Bertoldi & Carnieri, 2002: 235) 
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Figure 3. 10:  [A] Occlusal and [B] lateral view of Visogliano mandible (Vis.2) (Falguères et al., 2008: 393) 

 
 

3.1.3.3.1.5. Montmaurin La-Niche 
 

Located 75 kms southeast of the city of Toulouse, France, the Montmaurin cave sites were 

discovered in the first half of the 20
th

 century during the exploitation of a quarry, exposing a 

multi-level karst system. The hominin mandible with all six molars in situ, was recovered by 

Raoul Cammas in 1949. Later excavations have found a dorsal vertebra and a left tibial 

fragment (Billy and Vallois, 1977a, 1977b; Vallois, 1956; Vialet et al., 2018b, 2018a). The 

first description of the mandible was given by Vallois (1956); he identified a mosaic of 

primitive and Neanderthal-derived features in the mandible, with the dentition retaining 

primitive features. Later, Vallois along with Billy (1977a, 1977b) wrote two more 
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comprehensive papers indicating a pre-Neanderthal origin. However, these works were 

written at a time when knowledge of Palaeoanthropology was restricted by a limited number 

of fossil finds; since then, our understanding on the subject, along with the number of MP 

fossils, has increased drastically. Crégut-Bonnoure et al. (2010) studied the geomorphological 

and faunal context of the site and found that the hominin-bearing C3 layer can be attributed 

to fauna living in temperate climate in the late MP; therefore, Montmaurin is estimated to 

have been deposited during MIS 7 (Vialet et al., 2019, 2018b). Nonetheless, the lack of data 

on the geochronology of the site still poses a limitation to providing a clear age bracket for 

the hominin remains (Vialet et al., 2018b).  

 

In their comparative study of the metric and morphological features of the Montmaurin 

mandible (M-LN) and molars, Vialet et al. (2018b) identified a number of shared features 

with Neanderthals, European MP hominins, and Homo sapiens. These include the location 

of the lateral prominence on the M3 position, a medial position of the mandibular notch and 

condylar process (as seen in modern humans), and the presence of a medial pterygoid 

tubercle. However, the mandible also exhibits a large number of plesiomorphies such as the 

absence of features associated with a bony chin, an anteriorly positioned mental foramen, a 

partially covered M3, a shallow pterygoid fossa, a small retromolar space, and a marked 

planum alveolare. The distance between the infradental and mental foramen (I-FOR) is also 

small, unlike the MP European hominins who have large I-FOR distances, possibly due to 

the backward position of the mental foramen and the enlargement of the anterior part of the 

mandible as a result of the expansion of anterior dentition.  

 

Considering the dentition, the outer morphology of the molars is similar to that observed in 

Neanderthals and the SH hominins. All three molars express a continuous mid-trigonid crest 

and large anterior foveae, the hypoconulid is absent in M2 while it is weakly formed in the M3 

(Martínez de Pinillos et al., 2020; Vialet et al., 2018b). A more recent study focuses on the 

EDJ morphology of the molars of M-LN, as well as the crown tissue proportions, enamel 

thickness values and analyzing the pulp cavity morphology, and comparing it with other 

Pleistocene and Holocene specimens (Martínez de Pinillos et al., 2020). The inner molar 

morphology is congruent with the observations made for the outer morphology made by 

Vialet et al. (2018b) – presenting a high frequency of mid-trigonid crest, a discontinuous 

distal-trigonid crest,  and the expression of a ‘Y’ configuration, and a deep and pit-like anterior 

foveae - traits associated with Neanderthals. However, the mid-trigonid crest should be 

considered with caution as this trait, previously considered a Neanderthal apomorphy, has 

been observed in other Early and MP specimens from Gran Dolina (Spain), Fontana 
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Ranuccio (Italy) and Tighenif (Algeria). Similarly, the pulp cavity is enlarged, presenting 

taurodontism, another trait often observed in Neanderthals. M-LN molars also present a 

primitive sequence of M1<M2<M3 (see Figure 3.11). Regarding enamel thickness patterns, 

M-LN molars present thick enamel similar to that observed in H. antecessor, H. erectus as 

well as recent MH; however, considering the enamel thickness distribution maps, M-LN 

molars are more aligned with Neanderthals, and in turn, SH, with thicker enamel observed 

on the buccal cusps and peripherally distributed (Martín-Francés et al., 2018; Martínez de 

Pinillos et al., 2020; Vialet et al., 2018b). The mandibles retain primitive traits similar to those 

of EP hominins, the outer and inner morphology of the molars are similar to those of the 

Neanderthals while the absolute and relative enamel thickness is comparable to those of EP 

hominins. This combination of primitive and derived traits in a late MP hominin brings in to 

question the linear evolutionary pattern put forward by the accretion hypothesis (Hublin, 

2009, 1998) or the two-phase ‘organismic’ model (Rosas et al., 2006a), both of which propose 

the full realization of Neanderthal traits by the end of the MP. Furthermore, specimens such 

as Ceprano, Petralona and Fontana Ranuccio, some of which will be discussed in the coming 

pages, add to this continuing trend of variability observed in the specimens of the MP.  
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Figure 3. 11: Occlusal view of the Montmaurin La Niche (M-LN) mandible.  Photo credits: courtesy of María Martinón-
Torres 

 
 

3.1.3.3.1.6. Mala Balanica 

 
Located in the Balanica Cave Complex in the Sićevo Gorge, south Serbia, the Mala Balanica 

cave, alongside the Velika Balanica cave, provide important archaeological and 

anthropological cues regarding the hominins in the Balkans Peninsula during the MP 

(Mihailović, 2014; Rink et al., 2013; Roksandic et al., 2017, 2011). In 2006, a fragment of a 

mandible BH-1 belonging to a hominin with three preserved molars was discovered in layer 

3b at Mala Balanica (Mihailović and Bogićević, 2016; Roksandic et al., 2011). This represents 

the first hominin specimen to be recovered in the central Balkans through controlled 

excavations and with a firm stratigraphic context (Roksandic et al., 2011). The lithic industry 

exhibits a strong Charentian character of the Mousterian industry, with Levallois and blades 

completely absent at the site (Mihailović, 2014; Mihailović and Bogićević, 2016). New 

ESR/U-series dates on faunal dentition, along with infrared stimulated luminescence (IRSL) 

dates on superimposed sediments give an age of older than 395 – 525 kya for the BH-1 

mandible (Rink et al., 2013).  
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The left hemi-mandible is about 67 mm long, and belonged to a young adult, and is preserved 

from the posterior margin of the canine alveolus to the mesial aspect of the ascending ramus 

(see Figures 3.12a-b). All three molars are intact, however the mesio-lingual root of the M3 is 

missing. The alveoli of the P3 and P4 are mostly filled up with sediment while the posterior 

portion seems to be fragile due to water infiltration (Roksandic et al., 2011). The mandible 

of BH-1 is primitive in comparison to Neanderthals – it presents a lateral prominence that is 

more anteriorly placed, a mental foramen that is situated under the P4, an alveolar planum 

extends from below the P3 towards the canines and the symphysis. These features place the 

specimen to an archaic Homo sp. (Roksandic et al., 2011). Skinner et al. (2016) focused on 

the dental morphology, particularly of the crown and the EDJ. The BH-1 EDJ morphology 

of the molars show shape and size affinities with EP H. erectus s.l. and LP H. sapiens, 

particularly in relative size and spacing of the dentine horn. The trigonid crest is different 

from Neanderthals in both form and frequency, while the protostylid extends around the 

base of the protoconid and towards the mesial marginal ridge, as seen in A. africanus. The 

P3 roots show a Tomes’ root which is a primitive trait shared with Plio-Pleistocene hominins 

such as Tighenif and Sima del Elefante (Atapuerca, Spain). This strongly invaginated root in 

the P3 is a derived condition relative to H. antecessor, while being a primitive trait relative to 

Neanderthals. The M1 roots are bifid at the apex. Skinner et al. (2016) reconfirm the 

designation of Homo sp. based on these findings, but also suggest an alternative classification 

to H. heidelbergensis, however, acknowledging the problematic definition of this species.  

 

Unlike the northwestern populations that experienced high levels of genetic isolation, the 

Balkans is at the cross-roads between Europe and western Asia, making it a potential principal 

glacial refugium for hominins in Europe (Dennell et al., 2011; Skinner et al., 2016). 

Considering that there were no major geographical barriers between southwest Asia and the 

Balkans during the glacials and interglacials, it can even be possible to consider this entire 

region as one single geographical entitity – the Eastern Mediterannean Area (EMA) 

(Roksandic et al., 2017). Therefore, the BH-1 is an important specimen for understanding 

the variability in the MP as it provides a data point for assessing interpopulation variability in 

MP Europe and western Asia, as well as the appearance of Neanderthal-derived morphology 

(Skinner et al., 2016).  
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Figure 3. 12: Left partial mandible from Mala Balanica: a - lateral view; b - medial view (Roksandic et al., 2011:192) 

 

 

3.1.3.3.1.7. Aroeira 

 
Gruta de Aroeira is located in the central limestone massif of Estamadura, Santarém, 

Portugal, and forms part of the Almondo karst system (Conde-Valverde et al., 2018; Daura 

et al., 2018, 2017; López-García et al., 2018; Sanz et al., 2018). The site was initially excavated 

during the period of 1997 – 2002, during which it was termed ‘Galerias Pesadas’ - a name 

corresponding to the internal conduits of the karst system, and in 2013 the excavations 

resumed at the back of the cave, yielding archaeological materials including Acheulean 

handaxes and three hominin remains. The hominin remains are comprised of isolated teeth 

(Aroeira 1 and 2), and a partial cranium (Aroeira 3) that was encased in hard breccia in Unit 

2 (Daura et al., 2018, 2017; Sanz et al., 2018). The Aroeira 3 is represented by an almost 

complete right half of the calvarium missing the occipital bone (see Figure 3.13A-B), with a 

fragmentary maxilla preserving part of the nasal floor and two fragmentary molars (Daura et 

al., 2017). Uranium-Thorium (U/Th) dating of eight speleothem specimens found in the 

same stratigraphic layer as Aroeira 3 gives an age range of 390 – 436 kya (Daura et al., 2018; 

López-García et al., 2018; Sanz et al., 2020, 2018). The lithic artifacts are of the Acheulean 

industry, and include handaxes, cores, flakes/flake fragments, as well as tested and untested 

cobbles (Daura et al., 2018; Sanz et al., 2018). The bifaces also show signs of woodworking, 

and probably butchering activities (Daura et al., 2018; Sanz et al., 2018). The Acheulean tools 

are similar to those found in Galería, level GIIIa Atapuerca, Spain, and to those found in 

Level G in Arago, France (Daura et al., 2018). The on-site reduction of tools, as well as the 

cut-marks on the faunal bone assemblage indicate a continuous occupation of the site (Daura 

et al., 2018). Furthermore, burnt bones, charcoal and heat-altered sediments and cobbles is 

indicative of a controlled use of fire in a small area of the cave and in two separate occupation 

horizons (Sanz et al., 2020).  
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Figure 3. 13: : [A] Endocranial view and [B] lateral view of the reconstructed Aroeira 3 cranium  (Daura et al., 2018: 
Supporting Information, Page 5). 

 

A study of the bony labyrinth of Aroeira 3 with those of other EP and MP hominins suggests 

that Aroeira 3 was characterised by a largely primitive morphology comparable to early 

Homo  (Conde-Valverde et al., 2018). It lacks the derived Neanderthal traits such as the 

relatively large and small lateral and posterior canals respectively, a relatively low position of 

the posterior canal and differences in angular relationships between the lateral canal plane. 

In contrast, the SH hominins have been known to show the derived canal proportions seen 

in later Neanderthals. However, Aroeira and the SH share a similar shape index of the 

cochlear basal turn, which is absent in Neanderthals (Conde-Valverde et al., 2018). The 

cranial analysis of Aroeira 3 have indicated a mixed morphology, many traits being shared 

with early MP hominins (Daura et al., 2017). The overall features of the crania are unique, 

as such a combination of traits not seen in any other MP fossils. The cranium shows a 

constellation of separate features that can be identified in MP specimens across Europe 

(Daura et al., 2017). The supraorbital arches are fused and rounded on their anterior surface 

with a swollen glabella, and most similar to the Bilzingsleben B1 specimen Germany. The 

nasal floor is not bilevel like most LP Neanderthals, but is sloped as in Gran Dolina and the 

SH hominins. Aroeira 3 is different from early Homo and more similar to the SH hominins 

in having a large and triangular postglenoid process (Daura et al., 2017). It has a short mastoid 

process, similar to the Steinheim (Germany) specimen. Based on the similarities between 

north African and western Mediterranean assemblages, it has been previously suggested that 

the Acheulean culture was introduced in to southern Europe through the strait of Gibraltar 

(Santonja et al., 2016; Sharon, 2011), but the European MP record gives no indication of 

such movement (Daura et al., 2018). More so, the Aroeira 3 cranium shows a mosaic of 

features, not seen in any other MP individual. The similarities between some biological 
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features as well as technological innovations reflects several evolutionary possibilities. Aroeira 

and SH could have shared an ancestral palaeodeme, possibly during the MIS 13 (Conde-

Valverde et al., 2018; Daura et al., 2017). The similarities in the technocomplex between 

Aroeira, SH and Arago could indicate the spread of such innovations across Europe 

irrespective of our perceived taxonomic boundaries (Daura et al., 2018).  

 

 

3.1.3.3.1.8. Petralona 

 

The Petralona cranium was discovered in 1960, in the ‘Mausoleum’ chamber of the 

Clemontsi cave near Petralona, Greece (Gantt et al., 1980; Grün, 1996; Harvati et al., 2009; 

Latham and Schwarcz, 1992; Roksandic et al., 2017; Seidler et al., 1997; Stringer, 1983, 1974; 

Stringer et al., 1979). It is well-preserved and virtually intact, lacking only the incisors, making 

it one of the most complete crania in the European fossil record (Harvati et al., 2009; Stringer 

et al., 1979). The dating of the cranium has been controversial over the years – in the 1980s 

ESR and U-series dates placed its age at 730 kya (Poulianos, 1982), 200 – 450 kya (Schwarcz 

et al., 1980)  respectively. In the 1990s, re-analyses of the calcite layer using U-series (Latham 

and Schwarcz, 1992) and ESR of speleothems (Grün, 1996) placed its age at 160 - 200 kya 

(Latham and Schwarcz, 1992), and 150 – 250 kya (Grün, 1996), respectively. This most 

recent revised age of 250 kya is younger than the primitive morphology of the cranium would 

suggest (Grün, 1996; Harvati, 2009).  

 

In describing the Petralona cranium, the frontal view shows a frontal bone that is relatively 

flat with no sagittal keeling, with a supraorbital torus that is not well-defined. The nasal bone 

rises high to form an inverted ‘V’, while the zygomatic bones are large and flare out temporally. 

The subnasal area is flat and extensive, and the maxilla is massively built with large cheek 

height (see Figure 3.14a). From the lateral view, the supraorbital torus projects outwards, the 

nasal bones project yet the middle and lower part of the face is relatively orthognathous. The 

occipital is angled and the opisthocranion lies on the upper part of the torus, rather than the 

inion (Stringer et al., 1979) (see Figure 3.14b). Therefore, the Petralona cranium is similar to 

Neanderthals in its supraorbital torus shape and zygomaxillary morphology, to H. erectus in 

the size of its supraorbital torus, the thick cranium, extreme pneumatization, and its angled 

occipital, and to MP hominins in its reduced facial prognathism and enlarged braincase 

(Seidler et al., 1997; Stringer, 1983; Stringer et al., 1979).  
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Figure 3. 14: Petralona cranium from (a) frontal and (b) right lateral view (Harvati, 2009:32) 

 

 

Early papers describing the cranium and discussing its potential phylogenetic position draw 

our attention to its likeness to specimens such as Broken Hill (Zambia, south Africa) and 

Bodo (Ethiopia), and Arago 21, bringing to light the possibility that European MP hominins 

were more closely related to African, rather than Asian hominins (Rightmire, 1998, 2008; 

Stringer, 1983, 1980, 1974; Stringer et al., 1979). Initial multivariate analysis of Petralona with 

other Pleistocene hominins indicated no similarities to Neanderthals, with proximity to 

specimens such as Jebel Irhoud (north Africa) and Kabwe (south Africa) (Stringer, 1974). 

Stringer et al. (1979) suggested a grade system to evade geographical or chronological unity 

of specimens, where Petralona was considered an ‘archaic’ form of Homo sapiens, and 

Neanderthals a subspecies to H. sapiens (Stringer et al., 1979). Furthermore, based on 

morphological and metrical comparisons of Petralona to other Pleistocene hominins, 

Stringer (1983) proposed that Petralona is most similar to MP hominins, and presents a 

morphotype expected of a LCA to Neanderthals and recent H. sapiens. While Petralona 

differs from Broken Hill [now accurately dated to 299 ±
 

25 kya (Grün et al., 2020)] in some 

aspects such as a wider cranial base and a less prominent torus crossing to occipital bone, its 

similarities are more prominent, such as vault shape, height and breadth, and massive upper 

face and zygomatic region, as well as in facial projection (Rightmire, 2008). Dean et al. (1998) 

noted some Neanderthal-like features in Petralona and Arago 21, such as anteriorly shifted 

maxillary buttress and obliquely placed zygomatic bone, thereby differentiating European 
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MP hominins from Kabwe and Bodo. However, a geometric morphometric study of the 

Petralona cranium using landmarks and semi-landmarks, could not confirm a more 

Neanderthal-like morphology for Petralona than in African specimens. The author maintains 

the existence of a strong similarity between Petralona and the African MP hominins, implying 

contact between Greece and Africa during the MP (Harvati, 2016; Roksandic et al., 2017) 

[but see (Martinón-Torres et al., 2007a)].  

 

 

3.1.3.3.1.9. Ceprano 

 
In March 1994, a fragmented hominin calvarium was discovered in the ‘Campo Grande’ area 

near Ceprano, Southern Latium, Italy, during excavation work for the construction of a 

motorway (Ascenzi et al., 2000, 1997, 1996a; Ascenzi and Segre, 1997; Bruner and Manzi, 

2007, 2005; Di Vincenzo et al., 2017; Manzi, 2016; Manzi et al., 2010, 2001; Muttoni et al., 

2009a; Nomade et al., 2011). The calvarium had to be heavily reconstructed due to the 

damage it sustained by a bulldozer, breaking the bone in to about fifty pieces (Ascenzi and 

Segre, 1997).  

 

The dating of the calvarium remained controversial for several years; initially the fossil was 

difficult to be directly dated. The first attempt at dating was made using K-Ar analysis on 

sandy volcaniclastic gravels which lay above the hominin-producing layer, giving an age of 

700 kya (Ascenzi et al., 1997, 1996a; Ascenzi and Segre, 1997), while later research indicated 

an age of 800 – 900 kya (Ascenzi et al., 2000; Bruner and Manzi, 2005; Manzi et al., 2001). 

However, given that the Matuyama-Bruhnes boundary is found 40 m below the hominin 

producing layer, new lithostratigraphic and palaeomagnetic age constraints yielded an age of 

around 450 kya for the Ceprano calvarium. This age is also consistent with the hominin 

producing layer at Fontana Ranuccio Latium, Italy (Muttoni et al., 2009b). Geological and 

palaeobiological evidence pointed to an age ascribed to MIS 11, a warm period 430 – 385 

kya (Manzi et al., 2010), while a more refined 
40

Ar/
39

Ar dating on feldspars found in the 

sediments where the calvarium was found, has given an age of 352 ± 4 kya, of MIS 10 - which 

was a cold period (Nomade et al., 2011).  
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Figure 3. 15: Lateral view of the Ceprano calvarium (Bruner and Manzi, 2007: 356) 

 

 

The calvarium is massive, and has been attributed to an adult male (Ascenzi et al., 1996b). 

The endocranium is wide relative to its length. From the lateral view, the calvarium appears 

low, with the supraorbital and the occipital torus appearing very prominent. The 

opisthocranion and the inion coincide. The temporal bone is low, with a somewhat elongated 

squama and a large mastoid (see Figure 3.15). From the frontal view, the supraorbital torus 

appears as a continuous bulky ridge that extends into the glabella region; they are also massive 

and very prominent. From the occipital view, the calvarium is low with respect to its breadth. 

The occipital bone is broad and low, and the occipital torus is rather flat and bulges (Ascenzi 

et al., 2000, 1997; Ascenzi and Segre, 1997; Manzi et al., 2001). Taxonomically, these 

features are comparable to the Asian H. erectus, but also lacks features such as a sagittal keel 

or parasagittal depression in the frontal squama, with a lessened post-orbital constriction, and 

reduction in the massiveness of the cranial vault with respect to the base. Despite these 

differences, this calvarium was considered to belong to H. erectus (Ascenzi et al., 2000, 1997, 

1996a; Ascenzi and Segre, 1997). A bivariate morphometric comparison of Ceprano with 

other Homo specimens shows that it fits within the variability of early Homo and is most 

similar to massive specimens such as Sangiran 17 (Java, Indonesia), Petralona, and SH 

Cranium 4 (Ascenzi et al., 2000). Manzi et al. (2001) studied thirty character states in 20 

specimens from EP and MP Africa and Eurasia. Apart from showing H. erectus traits 
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previously discussed, Ceprano also shared some traits with specimens attributed to H. 

heidelbergensis/H. rhodesiensis such as pronounced postorbital constriction and higher and 

more rounded temporal squama. So, the Ceprano morphology fits within the variability of 

H. erectus s.l on the one hand, and H. heidelbergensis s.l on the other, and the authors 

suggest that it could represent the LCA for H. heidelbergensis/H.rhodesiensis, and ultimately 

to Neanderthals and MH. They further suggest that Ceprano could be placed in H. 

antecessor. Another morphometric and cladistic analysis found differences in the frontal 

morphology of Ceprano and H. heidelbergensis, but was similar to H. rhodesiensis, thereby 

hypothesising that Ceprano was related to early African Homo and did not contribute to the 

morphology of European MP and LP populations. Furthermore, based on its unique 

features, as well as its relative short length of the calvarium being similar to the Daka specimen, 

they propose a new species name – Homo cepranensis (Mallegni et al., 2003). A computed 

tomographic study of the calvarium along with phylogenetic analysis showed that Ceprano 

comprises a mosaic of features shared with Early and MP Homo – the supraorbital torus 

differs from the double-arched H. ergaster, while the superior shape of the torus is similar to 

MP African specimens such as Bodo and Kabwe. A non-derived endocranial shape and 

increased cranial capacity are a departure from the H. erectus condition. The authors thereby 

conclude that Ceprano could represent an ancestral phenotype for MP African and 

European hominins (Bruner and Manzi, 2005). A landmark-based geometric morphometric 

study (Bruner and Manzi, 2007) of the calvarium further confirmed the phylogenetic position 

of Ceprano as previously proposed (Bruner and Manzi, 2005; Mallegni et al., 2003; Manzi 

et al., 2001). However, these studies lacked wider comparative samples, especially for 

specimens belonging to H. heidelbergensis. Taking in to consideration a mid-Middle 

Pleistocene age for Ceprano, and including a larger range of specimens belonging to H. 

heidelbergensis, a geometric morphometric analysis along with the scoring of morphological 

features was undertaken by Mounier, Condemi and Manzi (2011). In both analyses, the 

Ceprano calvarium showed a combination of archaic and derived features, but formed part 

of the great variability observed in H. heidelbergensis s.l specimens from Africa and Eurasia. 

A μCT reconstruction corrected the taphonomic damage sustained by the calvarium, and 

while the morphometric data previously mentioned remains unchanged, the new 

reconstruction has affected the shape, and thereby the apomorphic features of Ceprano (Di 

Vincenzo et al., 2017). For example, Mallegni et al. (2003) mentioned the relative short length 

of the calvarium similar to Daka, yet the new reconstruction demonstrates that Ceprano 

shares several shape-specific features with H. heidelbergensis specimens (Di Vincenzo et al., 

2017). Therefore, its morphological mosaicism has led authors to suggest it to be a cranial 
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counterpart for the Mauer mandible, and thereby to be an early morphotype of H. 

heidelbergensis (Manzi, 2016; Mounier et al., 2011).  

 

 

3.1.3.3.1.10. Steinheim 
 

The partially complete cranium from Steinheim, Swabia, Germany, was discovered in a 

commercial gravel pit in 1933 (Adam, 1988; Berckhemer, 1936; Itermann, 1962; Weinert, 

1936). The cranium, which has been attributed to Homo steinheimensis (Berckhemer, 1936; 

Itermann, 1962), may have belonged to a female individual, about 25 years of age (Weinert, 

1936). The specimen has been greatly affected by post-depositional plastic distortion, but 

nonetheless, has been considered as one of the key central European specimens as it presents 

a mosaic of Neanderthal and modern human-like cranio-facial features (Arsuaga et al., 1997d; 

Cartmill and Smith, 2009; Day, 1986; Martínez et al., 2006; Rightmire, 1998; Street et al., 

2006). Regarding the age of the fossil, early studies placed it at the Riss glacial maximum (OIS 

10, around 350 kya) (Berckhemer, 1936), and the Holstein interglacial period (OIS 11, 

around 400 kya) (Adam, 1954). Later studies associating the Steinheim cranium with a layer 

containing the Elephas antiquus faunal remains, give an age range of 250 kya or >300 kya 

(Adam, 1988; Henke and Rothe, 2013; Street et al., 2006). Others have suggested a general 

bracket range of 200 to 400 kya (Cartmill and Smith, 2009: 307), noting that the association 

between the fauna and the site may not be entirely secure (Cook et al., 1982).  

 

As we have noted earlier, the cranium is distorted, and this must be taken into consideration 

during its description and analysis. Nevertheless, the Steinheim skull has been interpreted as 

showing close similarities with the Swanscombe specimen (UK), which is known to show 

several Neanderthal apomorphies (e.g., Barton and Stringer, 1997; Rightmire, 1998; 

Tattersall and Schwartz, 2006). The regions of the cranium that are not affected by plastic 

distortion are the right side of the face and the supraorbital region (Cartmill and Smith, 2009: 

307). Here, it is possible to observe several features that approach the Neanderthal condition. 

For example, the Steinheim supraorbital torus is double-arched and rounded in a parasagittal 

section, there is midfacial prognathism, a large nasal fossa and the presence of a prenasal 

fossa. The calvarium also presents an incipient suprainiac fossa, and a rounded posterior 

profile (Roksandic et al., 2017; Tattersall and Schwartz, 2006). Thus, Steinheim has been 

considered by some scholars as pre-Neanderthal (Dean et al., 1998) or ante-/early 

Neanderthal (Street et al., 2006).  However, the Steinheim fossil differs from the 

Neanderthals in having a canine fossa, and a more angled zygomatico-alveolar margin where 
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it intersects with the alveolar region at a higher point (Cartmill and Smith, 2009: 307). Such 

a ‘sapiens-like’ morphology has also led it to being attributed to Homo sapiens steinheimensis 

(Campbell, 1964) or archaic Homo sapiens that are a transitional form at the root of the 

Neanderthal side branch (Day, 1986) (see Figure 3.16). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 16: Frontal view of the Steinheim skull.  Photo credits: courtesy of María Martinón-Torres 

 

 

Apart from Swanscombe, Steinheim also shows similarities to SH (Arsuaga et al., 2014, 

1997d; Martínez et al., 2006; Rightmire, 1998). A cladistic analysis of the cranio-facial 

morphology of Steinheim and SH hominins contradicts the question of whether the modern 

human-like features of Steinheim may have been a result of plastic deformation. Steinheim 

is comparable to SH, although in the latter, the facial morphology is more derived (Arsuaga 

et al., 2019).  
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Figure 3. 17: Occlusal view of the maxillary dentition of the Steinheim skull. Right to Left: M3, M2, M1, P4. Photo credits: 
courtesy of María Martinón-Torres 

 

 

Regarding the dentition, the Steinheim fossil is similar to the SH hominins in expressing 

mostly Neanderthal derived traits such as the rhomboidal shape of the upper molars, with 

large and protruding hypocones (Arsuaga et al., 2019; Martinón-Torres et al., 2012). In 

particular, the M
3 

shows significant reduction, with the absence of the hypocone. However, 

Steinheim also differs from SH in having larger M
2

s (Martinón-Torres et al., 2012). Therefore, 

based on this study, Arsuaga et al. (2019)  interpret Steinheim, along with other MP 

specimens (SH, Aroeira, Swanscombe) that show Neanderthal-derived traits, as a group that 

is cladistically intermediate between Homo heidelbergensis and Neanderthals (see Figure 

3.17). Tattersall and Schwartz (2000: 204) have previously taken note of this constellation of 

features shared with Neanderthals as well as some other MP hominins, concluding that 

Steinheim represents ‘a member of a distinct species that is closely related to Neanderthals’.  
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3.1.3.3.1.11. Pontnewydd 
 

Located in the lower Elwy valley of north Wales, the Pontnewydd cave was first excavated in 

the 1870’s (Green, 1981), but it is only in the excavation period between 1978 to 1995 that 

hominin remains associated with the MP were discovered (Aldhouse-Green et al., 1996; 

Compton and Stringer, 2015; Green et al., 1981). The site is associated with more than 1500 

artefacts, dominated by Levallois, handaxes and scrapers (Compton and Stringer, 2015), and 

hominin dental and mandibular fragments associated with at least five individuals have also 

been recovered. These fossils were more complete before they were transported from their 

original location towards the entrance of the cave by debris flow (Compton and Stringer, 

2015). Regarding the dating of the site, the stalagmite floor of the lower breccia from which 

the hominin remains were found, have been dated through uranium series to around 255 

kya, while a burnt flint artefact from this lower breccia has been dated using the 

thermoluminescence method to around 197 kya (Aldhouse-Green et al., 2012; Debenham 

et al., 2012).  

 

Pontnewydd teeth have previously been compared to those of the Neanderthals (Aldhouse-

Green et al., 2012; Green et al., 1981), but have also been characterised as H. heidelbergensis 

(e.g., Martinón-Torres et al., 2007; Quam et al., 2009). In comparing the metrics and 

morphology of the Pontnewydd dentition with those specimens typically classified as H. 

heidelbergensis as well as those with Neanderthal affinities, Pontnewydd showed marked 

similarities with the SH hominins as well as the Krapina Neanderthals (Bermúdez de Castro 

and Nicolas, 1995). In their crown area, Pontnewydd was most similar to Krapina in their 

mean values, while being larger than SH. While some specimens go beyond the SH range of 

variation (lower first and second molars PN11 and PN15), we must consider that SH 

hominins demonstrate postcanine reduction comparable to modern humans (Bermúdez de 

Castro and Nicolas, 1995), so such variability is expected. In considering their crown 

morphology, Pontnewydd share with SH several derived Neanderthal traits. For example, 

they demonstrate a P
4 

with a reduced occlusal polygon and symmetric outline (Gómez-Robles 

et al., 2011), a symmetrical occlusal outline of the P3, a mesially placed lingual cusps and 

presence of multiple lingual cusps in the P3s (Gómez-Robles et al., 2008; Martinón-Torres et 

al., 2012) (see Figure 3.18), reduced hypocones in M
3

s (Martinón-Torres et al., 2012), and 

the absence of prominent cusps and tubercles of Carabelli’s trait (grade 5-7) (Compton and 

Stringer, 2015). Therefore, Compton and Stringer (2015) propose (based on Dean et al. 

1998 classification) that specimens such as Pontnewydd and SH (or pre-Neanderthals) can 

be distinguished from those specimens such as Arago, Mauer, Petralona (H. heidelbergensis). 



 119 

Early Neanderthals such as Krapina and Shanidar (Iraq) are classified as such as they show 

some classic Neanderthal traits, while the fourth group – the classic Neanderthals, such as La 

Ferassie (France), Amud (Israel), Spy (Belgium) would demonstrate the fully realised 

Neanderthal morphology.  

 

Based on the variability observed in the MP, Bermúdez de Castro et al. (2016) have noted 

the possibility that two or more (e.g., Bermúdez de Castro et al., 2018; Hanegraef et al., 2018; 

Martínez de Pinillos et al., 2020) hominin lineages would have coexisted in MP Europe. One 

of these lineages would include hominins such as SH, Steinheim and Pontnewydd, while the 

latter would include hominins with the lack of Neanderthal derived features such as Mauer, 

Petralona, Ceprano.  

 

Figure 3. 18: Right P3 of Pontneywedd specimen PN6. From left to right – occlusal, buccal, lingual, mesial, distal and 
apical views. (Compton and Stringer, 2015: 715).   

 
 

3.1.3.3.1.12. Qesem  
 

The Qesem cave is located 12 kms east of Tel Aviv (Israel) and the Mediterranean coast (see 

Barkai et al., 2009; Hershkovitz et al., 2016, 2011; Weber et al., 2016). While most of the 

cave was destroyed during the construction of a highway, the site has been methodologically 

excavated since 2001 (Sarig et al., 2016; Weber et al., 2016). The site has produced several 

hominin teeth and faunal remains belonging to a wide archaeological context. The hominin 

teeth comprise 13 specimens (4 deciduous and 9 permanent) belonging to three different 

archaeological contexts spanning a temporal range of 200 kya (Hershkovitz et al., 2011). The 

230

Th/
234

U analysis of speleothems from the cave suggest that the occupation of the cave began 

around 420 kya and ended before 200 kya (Barkai et al., 2003; Gopher et al., 2010; Mercier 

et al., 2013). Israel would have been a part of the geographical ‘out of Africa/in to Africa’ 

corridor for hominin dispersals in the MP (Barkai et al., 2003), and as such is an important 

site to consider when discussing the variability of specimens of the period.  
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Figure 3. 19: Occlusal view of Qesem Left P3. Photo credits: courtesy of María Martinón-Torres 

 

 

Unlike the Acheulo-Yabrudian cultural complex, a unique Levantine archaeological entity 

that is presented in the cave, the dental remains give a mixed picture regarding the occupants 

of the site (Hershkovitz et al., 2016, 2011b; Weber et al., 2016). Preliminary studies on the 

Qesem dentition suggested the presence of a suit of Neanderthal and modern human-like 

traits (Hershkovitz et al., 2011). For example, the C1, P3 and P4 showed remarkably small 

crown size which would indicate similarities to anatomically modern human specimens such 

as Skhul and Qafzeh (Israel). However, the specimens also demonstrate long and robust 

roots which are plesiomorphous in relation to the genus Homo. In particular, the P4, which 

is considered taxonomically diagnostic (Bailey, 2006a, 2002a; Bailey and Lynch, 2005) 

departs from the Neanderthal condition (for e.g., a marked crown asymmetry, well-

developed and mesially placed lingual cusp and a well-developed and continuous transverse 

crest), as Qesem lacks many of these features. Instead, Qesem P4 is more comparable to the 

Chinese Homo erectus from Xichuan, and Qafzeh specimens in having strong asymmetry of 

the crown. More recent findings (Hershkovitz et al., 2016; Weber et al., 2016) also show that 

Qesem has a mosaic dental morphology. Hershkovitz et al. (2016), for example, show that 

the Qesem permanent dentition generally lack mass additive traits and can be described as 

having a more simplified occlusal morphology. Here it is important to describe the 
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particularity of the M2s which show a combination of features such as the presence of a mid-

trigonid crest which separates the anterior fovea from the central basin – a feature most 

commonly observed in Neanderthals. However, the absence of a hypoconulid departs from 

the Neanderthal condition (although about 30% of SH hominins also lack this feature 

possibly due to their reduced postcanines) (Bermúdez de Castro and Nicolas, 1995). The 

M3s presents several mass-additive traits such as cuspules, ridges, bifurcated essential crests, 

as well as the presence of a continuous mid-trigonid crest at the EDJ level. The geometric 

morphometric analysis and qualitative analysis of the OES and EDJ of Qesem as well as a 

sample of MP Eurasian specimens shows that Qesem is similar in its M2 crown shape to the 

Neanderthals (Weber et al., 2016). The crown shape of the P3 and P4 of this group can be 

seen as being intermediate between Neanderthals and modern humans than to specimens 

such as Mauer and Bilzingsleben (Germany). The premolar size is comparable to modern 

humans and outside the range of Neanderthals and Mauer and Bilzingsleben (Weber et al., 

2016). Bermúdez de Castro and Martinón-Torres (see Bermúdez de Castro et al., 2018) also 

provide a general morphological description of  some of the Qesem specimens (C1, P3, P4). 

For example, the P3s are described as having a large buccal cusp relative to a small and 

bulbous lingual cusp which is connected by a transvers crest (see Figure 3.19). While a 

geometric morphometric analysis is not conducted, it is observed that the specimen shows a 

lingually displaced occlusal polygon, a symmetrical crown outline, and a protoconid tip that 

is placed close to the lingual tip. It is apparent from this description, along with the modern 

human-like premolar crown size, that Qesem is within the variability of the SH specimens 

and the Neanderthals  (Bermúdez de Castro et al., 2018).  

 

Then, the dental variation observed in this MP site can be explained accordingly: a) Qesem 

cave was represented by more than one population (with a maximum difference of about 50 

kya) (Hershkovitz et al., 2011; Weber et al., 2016). b) the premolars and molars are from the 

same population, and represent a pattern of intra-population variability. The premolars 

would be characterised by crown size reduction, as well as displaying a crown shape that is 

intermediate between Neanderthals and modern humans, while molars show similarities to 

Neanderthal shape and size (also see Bermúdez De Castro et al., 1999). c) Qesem was 

representative of a population ancestral to the Neanderthal lineage, or, considering its 

affinities with Skhul and Qafzeh, ancestral to an early modern human lineage (Hershkovitz 

et al., 2016). Overall, the location of the site, its geological age, and its close affinities with the 

Neanderthals and particularly the SH hominins, makes Qesem a key site in considering 

southwest Asian dispersals in to Europe during the MP and population dynamics of the 

period.  
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3.1.3.3.1.13. Tighenif 
 

The Tighenif site is located in northwestern Algeria, in the province of Mascara where large 

scale excavations between 1954 and 1956 have produced important hominin fossil remains 

(Arambourg, 1954; Arambourg, 1955). The fossil remains consist of nine isolated teeth, two 

nearly complete adult mandibles (Tighenif 1 and 3), one adult hemi-mandible (Tighenif 2), 

and a parietal fragment. The dental remains suggest a minimum number of five individuals 

(including four adults and one juvenile) (Genochio et al., 2019). The fossils have been 

associated with an Acheulean industry (Raynal et al., 2001; Sahnouni et al., 2018b). Regarding 

the age of the fossils, the site was initially dated to 700 kya using palaeomagnetic and 

biostratigraphic methods (Geraads et al., 1986), however, more recent studies based on 

faunal remains from the site have produced a late Early Pleistocene age close to 1 mya 

(Sahnouni et al., 2018a). This, along with the recently discovered stone artefacts and faunal 

remains with cutmarks, indicate hominin presence in northwest Africa as early as 2.4 – 1.9 

mya (Sahnouni et al., 2018a, 2018b). 

 

Figure 3. 20: Lateral view of the Tighenif 3 mandible  (Bermúdez de Castro and Martinón-Torres., 2020: 6) 
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The Tighenif specimens are unique in showing a combination of primitive and derived traits 

that are observed in Pleistocene Homo from Africa and Eurasia (e.g., Bermúdez de Castro 

et al., 2007; Genochio et al., 2019; Zanolli, 2012; Zanolli et al., 2010). Originally, this group 

was attributed to Atlanthropus mauritanicus (Arambourg, 1955; Arambourg, 1954a), despite 

earliest descriptions noting resemblances with Chinese Homo erectus from Zhoukoudian 

(Arambourg, 1954b). Nevertheless, this group was subsequently placed in Homo erectus s.s 

(Howell, 1960; Rightmire, 1998; Schwartz and Tattersall, 2003). Tighenif has also been 

compared to Homo antecessor, and although Tighenif shares some similarities with the latter 

species the mandible is absolutely larger, presenting macrodontism of the dentition 

(Bermúdez de Castro et al., 2016, 2007, 1997b).  Considering the presence of several 

plesiomorphies for the genus Homo, Bermúdez de Castro et al. (2007) suggest Tighenif be 

placed under the subspecies Homo ergaster mauritanicus (also see Martinón-Torres et al., 

2007). More recently, the Algerian mandibles were compared to the Mauer specimen, and 

to this end, have also been classified as Homo heidelbergensis – an Afro-European species 

(Mounier et al., 2011, 2009). However, the presence of a chin-like protuberance on these 

mandibles, among other similarities of the anterior symphysial region, as well as some 

Neanderthal-like traits has been interpreted as this group being morphologically closer to 

modern humans and Neanderthals (see Mounier et al., 2009; Schwartz and Tattersall, 2000). 

Finally, a study on the mandibular corpus through the application of μCT shows Tighenif 

exhibits a proportionally more robust cortical bone thickness topography which the authors 

conclude to approximate the Neanderthal pattern (Genochio et al., 2019) (see Figure 3.20). 

 

The series pertaining to the dental tissue proportions of the deciduous (Zanolli et al., 2010) 

and permanent dentition (Zanolli and Mazurier, 2013) demonstrate a combination of 

primitive, Neanderthal-like and modern human-like features (see Figure 3.21 for P3s). The 

deciduous teeth in their dental tissue proportions, and in their EDJ topography, are most 

similar to modern humans (Zanolli et al., 2010). The permanent LP4 of Tighenif 2 shows a 

primitive crown and EDJ configuration, while the lower premolar roots are also characterised 

by a complex 2R Tomes root which is observed in early Homo. The EDJ discrete traits of 

the lower molars are similar to modern humans than to Neanderthals, while the crown tissue 

proportions are intermediate between Neanderthals and modern humans (Zanolli and 

Mazurier, 2013). When considering the lateral enamel thickness of the molars, the Tighenif 

group is similar to H. antecessor and Neanderthals (Martín-Francés et al., 2018), and differs 

from the Sima de los Huesos condition (Martín-Francés et al., 2020a), in having higher 
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percentage dentine values and lower average enamel thickness (Martín-Francés et al., 2018). 

Therefore, it remains that the taxonomic position of this group is still a matter of debate.  

 

 

Figure 3. 21: Occlusal view of left P3s Tighenif 1 [A] and Tighenif 2 [B]. Photo credits: courtesy of María Martinón-
Torres 

 

 

Therefore, a general pattern of variability in the MP specimens attributed to H. 

heidelbergensis becomes obvious. The Mauer mandible exhibits primitive traits (Mounier et 

al., 2009; Stringer, 2012) that distinguish them from Neanderthals and modern humans, and 

this is further supported by the studies on its dentition which confirm the lack of Neanderthal 

apomorphies (Martinón-Torres et al., 2012; Martinón-Torres and Bermúdez de Castro, 

2015; Roksandic et al., 2017; Skinner et al., 2016; Weber et al., 2016). The Arago specimens 

display several primitive craniofacial traits, as well as some Neanderthal apomorphies, 

especially in the mandibular and midfacial morphology (Arsuaga et al., 1997d; Freidline et 

al., 2012a; Rightmire, 1998). However, the dentition shows a combination of primitive and 

derived traits in relation to Neanderthals for different dental classes. Overall, despite the 

retention of several plesiomorphies, their dentition possesses a Eurasian pattern (Martinón-

Torres, Bermúdez de Castro, et al., 2007; Bermúdez de Castro et al., 2018). The SH 

hominins differ from early MP hominins such as those from Arago, and Mauer in their 

cranio-facial and dental morphology, and display Neanderthal-derived traits. Here, a 

cladogenetic pattern of evolution that coincides with masticatory specialization is considered 

(Martinón-Torres et al., 2012; Arsuaga et al., 2014). Compton and Stringer (2015), based on 

their dental analysis of MP hominins also conclude that the sudden appearance of 

Neanderthal traits in the SH hominins represents an early speciation event. It is interesting 
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to highlight the similarities of the SH dental morphology with the Qesem specimens 

(Bermúdez de Castro et al., 2018), as well as the location of the Qesem site in southwest Asia, 

which during the MP would have been an important corridor for hominin dispersals, and a 

possible location for the source population moving in to Europe (Bermúdez de Castro et al., 

2016, 2013; Martinón-Torres et al., 2015). Petralona is most similar to north African MP 

hominins such as Broken Hill and Kabwe, but also shares some H. erectus and Neanderthal-

derived traits. Its age of 250 kya is remarkable for the more primitive morphology it retains 

(Harvati et al., 2009; Rightmire, 1998, 2008; Stringer, 1983, 1980, 1974; Stringer et al., 1979). 

The Aroeira teeth and partial cranium show a combination of features which are unique and 

not seen before in MP hominins. The Aroeira cranium, in particular, is comparable to 

specimens that are spread across Europe such as Bilzingleben, Steinheim and SH  (Daura et 

al., 2018). The technocomplex of Acheulean bifaces is similar to SH and Arago, and 

challenges our perception of taxonomic boundaries and the spread of technology in the MP 

(Daura et al., 2018). The Steinheim cranium, although affected by post-depositional plastic 

distortion, retains several Neanderthal-like and modern human-like facial features (see 

Campbell, 1964; Street et al., 2006), and is particularly comparable to the SH hominins in 

its cranio-facial (Arsuaga et al., 2019) and dental morphology (Arsuaga et al., 2019; Martinón-

Torres et al., 2012). The Mala Balanica mandible, while from the MP, retains primitive 

features comparable to TD6 (ATD6-96), Dmanisi D211 (Dmainisi, Georgia), Sangiran B 

(Java, Indonesia), and Koobi Fora KNM-ER 992 (Lake Turkana, Kenya) as well as the MP 

sample from Tighenif 2 (Tighenif, Algeria, north Africa) (Roksandic et al., 2011). The 

Pontnewydd dental specimens which have been date to the late MP, demonstrate clear SH 

and Neanderthal features (Compton and Stringer, 2015). The late MP Montmaurin 

mandible and dentition show a combination of primitive and derived traits for the genus 

Homo (Martínez de Pinillos et al., 2020; Vialet et al., 2018b), bringing in to question models 

such as accretion hypothesis (Hublin, 2009, 1998) and the two-phase model (Rosas et al., 

2006a) which do not successfully explain these accumulation of traits. The Ceprano 

calvarium was considered a H. erectus owing to its primitive morphology, and has only 

recently been attributed to an archaic H. heidelbergensis, as it retains mostly primitive traits, 

but also displays derived traits shared with MP hominins (Ascenzi et al., 1996b; Di Vincenzo 

et al., 2017; Mallegni et al., 2003). Ceprano is contemporaneous to Visogliano and is also 

spatially closely located to it. The dental remains from Visogliano is demonstrably most 

similar to Neanderthals like Krapina (Croatia), and the SH hominins (Manzi, 2016; Muttoni 

et al., 2009b). The northwest African Tighenif specimens, which are now placed at the late 

EP (Sahnouni et al., 2018a, 2018b) show a mosaic of primitive and derived features for the 

genus Homo (e.g., Bermúdez de Castro et al., 2007; Mounier et al., 2011, 2009; Zanolli and 
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Mazurier, 2013). Their mandible also show the presence of several Neanderthal-like and 

modern humanlike features (see Mounier et al., 2009; Schwartz and Tattersall, 2000). To 

this extent, their taxonomic placement still remains unclear.  

 

 

3.2. Current explanations for hominin evolution in European Early 

and Middle Pleistocene  
 

In 2009, Hublin and Roebroeks proposed a model for Neanderthal occupation in Europe 

during the MP based on archaeological, faunal as well as Palaeo-genetic evidence (Hublin 

and Roebroeks, 2009). They suggested that rather than a simple ebb and flow in population 

dynamics, that is, retraction of northern populations during cold periods, and the movement 

of these populations back to northern areas when more habitable conditions prevailed, the 

evidence pointed to northern extinctions followed by re-colonisation of non-random 

southern Neanderthals. Such non-random population expansions would lead to bottlenecks 

and reduced variability in the Neanderthal lineage (Dennell et al., 2011; Hublin and 

Roebroeks, 2009). But as discussed in the previous section, the lack/attenuation of 

Neanderthal features in some MP specimens, and the presence of it in others, requires new 

explanations.  

 

Dennell et al.(2011) proposed a population model based on demographic ‘source’ and ‘sinks’. 

Here, the authors took in to consideration the geography and chronology for the variability 

in European MP palaeodemes. The source and sink model cumulatively states that a small 

number of source populations inhabited the southern region of Europe and were more or 

less stable and continuous occupants. These source populations would expand towards 

northern areas during interglacials, where they formed demographic sinks. However, during 

adverse climatic conditions, these northern populations would not only reduce in size but 

were also isolated and frequently disappeared. Those that did survive were then influenced 

by isolation mechanisms such as genetic drift and founder effects leading to derived and fixed 

combination of features. But when the climate once again improved, these populations began 

to expand geographically, as well as those from the southern regions. This scenario then 

allows for contact and hybridization of these surviving populations leading to a new 

combination of features and of new palaeodemes. Contemporaneous fossil assemblages such 

as Arago and the SH show clear morphological variation between them. Others, such as 

Ceprano and Mala Balanica lack Neanderthal-derived traits, but are chronologically younger 

than the SH hominins. Furthermore, some specimens such as Aroeira and Montmaurin 
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show a combination of primitive and derived traits in relation to MP hominins. Therefore, it 

is perfectly reasonable to hypothesize that two or more hominin lineages were present in MP 

Europe (Hanegraef et al., 2018; Manzi, 2016; Martinón-Torres et al., 2012).  

 

A new theoretical model (Bermúdez de Castro et al., 2016, 2013; Bermúdez de Castro and 

Martinón-Torres, 2013) called the Central Area of Dispersal of Eurasia (CADE) which has 

been discussed in Section 3.1.1.2 in relation to the LCA proposes the presence of a source 

population in southwest Asia (SWA), perhaps in the Levantine Corridor. Furthermore, it has 

been suggested that hominin dispersals OOA would have occurred during four favourable 

cycles – 2.0 – 1.6 mya, 1.4 – 1.2 mya, 1.0 – 0.8 mya, 0.6 – 0.1 mya. The presence of humid 

corridors between the Levant and Africa such as the trans-Saharan mega lake and riverine 

belts, and the Nile river valley, would have been used periodically by hominins to cross the 

hyper-arid north African regions. Therefore, the door to the Levantine corridor could have 

been open for short periods - about 1 – 10 kya, but long enough to allow population 

migrations and genetic exchange between east Africa and SWA (Abbate and Sagri, 2012; 

Demenocal, 2008). Ultimately, frequent extinctions and replacements by source and sink 

populations throughout the EP and early MP, lead to the appearance of classic Neanderthal 

morphology. The SH hominins, with their highly Neanderthalised morphologies, could 

represent a core population which contributed to the Neanderthal gene-pool. In this scenario, 

Neanderthals could be considered a terminal species belonging to a wide European hominin 

radiation, with the SH hominins being at the root of the classic Neanderthal group (Dennell 

et al., 2011; Martinón-Torres et al., 2011; Compton and Stringer, 2015; Conde-valverde et 

al., 2018b, 2018a).  

 

The lack of Neanderthal features (e.g., see Mala Balanica discussion above) in eastern MP 

populations can be explained through population dynamics between the Balkans and 

southwest Asia (cumulatively known as the ‘Eastern Mediterannean Area’) (Rink et al., 2013; 

Roksandic et al., 2011; Skinner et al., 2016). Here, southeast Europe could have remained 

in contact with southwest Asia, and unlike the west that frequently experienced bottlenecking, 

the Balkans peninsula would have been relatively free of isolation. Their frequent contact 

with the Asian hominins would have led to the retention of primitive features without 

restricting morphological changes such as brain growth and dental size reduction seen in MP 

hominins of all the three continents (Dennell et al., 2011; Rink et al., 2013). While the 

accretion model assumes isolation of groups and shared features in contemporaneous groups, 

what we can now gather from the MP fossil record is the possibility of genetic drift as in Arago 
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and SH, population gene flow, and morphological variability in contemporaneous 

populations (Bermúdez de Castro et al., 2018).  

 

Coming to the problem of the taxonomy of H. heidelbergensis, Mauer is distinct from 

Neanderthals in the morphology of their mandible and dentition [but see (Rosas and 

Bermúdez de Castro, 1998)] and some researchers suggest that it must not be included in 

the ancestral lineage (Mounier et al., 2009; Roksandic et al., 2017; Skinner et al., 2016). In 

this sense, Mauer, and in turn, H. heidelbergensis, would be considered a separate species. 

This brings in to question the position of other specimens that do demonstrate clear 

Neanderthal traits. While Hublin (2009) has stated that the lack of Neanderthal-derived traits 

alone cannot be used as a decisive factor to exclude specimens from the group, in such an 

instance of indefinite classifications it would rather be simpler to consider H. heidelbergensis 

a separate group. Similarly, while Stringer (2012) believes H. heidelbergensis as a species 

could only exist if the SH population be removed from this hypodigm, Arsuaga et al. (2014) 

think H. heidelbergensis should be defined as a species that lacks clear Neanderthal 

apomorphies, thus considering it a stem species to Neanderthals and H. sapiens.  

 

Previously, Compton & Stringer (2015) conducted a study using the conceptual work of Dean 

et al. (1998). Here, Compton & Stringer (2015) use the dental remains from Pontnewydd, 

Wales, UK, for a comparative study with other MP hominins from Africa and Eurasia. Their 

study, based on metric and morphological comparisons conclude that the dental remains of 

the MP do in fact support the accretion model. Here, the authors group the sites based 

primarily on morphology rather than chronology due to its unreliability. While they are 

cautious of the linearity and overlap in the stages presented by Dean et al. (1998), they find 

that it is still a useful means of classification. These stages need to be cautiously considered, 

as some traits such as the frequency and occurrence of the mid-trigonid crest in molars seem 

to change incrementally, while most seem to occur abruptly, such as the Neanderthalised 

shape of the lower first premolar. Accordingly, Compton & Stringer (2015) make the 

necessary changes to the original stages by Dean et al. (1998) , as follows: 

 

(a) H. heidelbergensis (early-pre-Neanderthal) – Mauer, Arago, Petralona, Visogliano, 

Steinheim 

(b) Pre-Neanderthals – Bilzingsleben, Vertesszollos, SH hominins, Swanscombe, Pontnewydd, 

Montmaurin, Ehringsdorf 

(c) Early Neanderthals – Shanidar, Krapina, Saccopastore 

(d) Classic Neanderthals – Gibraltar, Shanidar, La Quina, La Ferrassie, Amud 
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Considering recent works (Compton and Stringer, 2015; Hanegraef et al., 2018) Bermúdez 

de Castro et al. (2018), suggest the existence of multiple lineages basing this classification 

purely on morphology. The SH hominins, Swanscombe (UK), Steinheim (Germany) – all 

showing clear Neanderthal derived traits, could then belong to one lineage, while the other – 

Mauer, Petralona, Arago, Aroiera, Bilzingleben, Verteszöllös – having less derived 

Neanderthal morphology would belong to the other (Bermúdez de Castro et al., 2018).  

 

In order to retain the species name H. heidelbergensis, it would then be accurate to comply 

to Rosas and Bermúdez de Castro (1998), who include Mauer and possibly Vérteszöllös from 

central Europe, and Ceprano, Visogliano, Mala Balanica, Hazorea, Nadaouiyeh Aïn Askar 

in the Eastern Mediterranean Area to this group, where all specimens lack/attenuate any 

Neanderthal apomorphies (Arsuaga et al., 2014; Roksandic et al., 2017). Accordingly, 

Roksandic et al. (2017) give three scenarios to explain why the specimens could lack 

Neanderthal derived traits.  

 

- Those specimens that do not show Neanderthal features or lack them could predate the 

development of Neanderthal morphology; but the SH hominins are contemporaneous to or 

even older than these specimens; either way, chrono-spatial distribution shows an eastward 

trend for Neanderthal traits in the late MP. 

 

- There could be a strong possibility that Neanderthal morphology was indeed present, but is 

not preserved in the fossil record as there is a general lack of cranial and postcranial elements. 

However, adequate dental remains which have been thoroughly researched, have provided 

information on such attenuation of Neanderthal features in some specimens.   

 

- A third scenario would be that there was more than one population inhabiting Europe and 

southwest Asia in the MP. Here, the western groups would have been under strong genetic 

drift through isolation by distance in the early MP. As this parent population became more 

isolated, retention of some traits in higher frequencies and others falling under selective 

pressures, would have been a strong possibility. These latter traits would have become fixed 

in smaller populations. If the parent population in southwest Asia and southeast Europe did 

not go through the same isolating mechanisms, then they would have remained more variable, 
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retaining more plesiomorphies. In this case, it is difficult to assign such populations with 

mosaic features to any particular group.  

 

More recently, Rosas et al. (2019) used mandibular evidence to better understand the 

evolutionary lineage of Neanderthals. To this end, they applied geometric morphometrics to 

obtain 3D coordinates of 34 landmarks on the mandibles. They also used successive pairwise 

similarity inclusion to recognize similarities in the mandibular morphology, ultimately 

identifying resemblances in heterogenous populations.  The authors found a clear 

relationship between the mandibular morphology of Mauer and Arago 2, such as a broad 

ramus, a shallow sigmoid notch, and a thick coronoid process. As Montmaurin clusters close 

to Mauer in the Procrustes PC and cluster analyses, it is considered part of the Mauer-Arago 

morph. The cluster and PC analyses also show that SH hominins particularly AT-950, fall 

close to Arago, and thereby have a close proximity to the Mauer-Arago morph.  Some of 

these features include the shape of the posterior border of the ramus, the presence of a 

retromolar space which is covered by the ramus in lateral view, and a wide extramolar sulcus. 

There are also some similarities between the Mauer-Arago morph and the Neanderthal 

mandibles such as truncated gonion and posterior location of the mental foramen. Therefore, 

the study shows that all MP and early LP European hominins shared a common bauplan for 

their mandibular morphology, and move towards the process of Neanderthalisation. 

According to these authors, the variability in the shapes of the MP mandibles can be 

explained by brachyfacial (where the cranial base is medio-laterally wide and the face is 

vertically short) and dolichofacial (where the cranial base is medio-laterally narrow and the 

face is vertically long) growth patterns found in the same deme/species. So, Mauer, Arago 2, 

Montmaurin and AT-950 would be considered brachyfacial, while specimens such as Arago 

13 and AT-605 would be considered examples of dolichofacial patterns. The authors 

consider this entire p-deme as H. heidelbergensis, representing a Neanderthal lineage going 

back to 600 kya.  

 

It is unclear what the fate of H. heidelbergensis is in the future. The above literature shows 

that what we lack is a good archaeological and geochronological record to clarify this ‘muddle’. 

A possible remedy would be through the genetic evaluations of species. While the 

poor/disintegrated preservation of genetic material in older fossils makes it difficult to extract 

such information, palaeoproteomics has been used on hominid osteological and dental 

remains going back as early as 1.9 mya to successfully identify phylogenetic positions of 

several specimens (Chen et al., 2019; Welker et al., 2020, 2019, 2016). Based on genomic 

analysis of Neanderthals and Denisovans, Pääbo (2015) states ‘…that our ancestors were part 
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of a web of now-extinct populations linked by limited, but intermittent or sometimes perhaps 

even persistent gene-flow’. While the evolutionary origins of Neanderthals and MP hominins 

remains ambiguous, the rapid advancement within the scientific community to adopt new 

techniques and establish protocols in studying hominin remains could help resolve this issue.   

 

Few studies have pursued the topic of the LCA; researchers have previously used genetic 

(Endicott et al., 2010) and morphological evidence (Mounier and Mirazón Lahr, 2016) to 

reconstruct our last common ancestor, but  have either used older mitochondrial evidence 

or have used morphometric data that has failed to include important samples such as H. 

antecessor. However, more recent dental and molecular data present an updated picture 

(Bailey and Hublin, 2006; Meyer et al., 2016; Bermúdez de Castro, Martinón-Torres, 

Arsuaga, et al., 2017; Martin et al., 2017).  

 

Nevertheless, the EP and MP hominins from Atapuerca play a key role in redefining the 

Pleistocene populations. For more than three decades the Pleistocene sites of Sierra de 

Atapuerca have produced an extraordinary assemblage that have helped dictate our 

evolutionary story. The SH hominins represent the largest sample of fossil evidence for MP 

Europe. Despite the assumption that earlier MP populations would show more variability 

and be less Neanderthal-like, the SH hominins challenge such expectations (Hanegraef et al., 

2018; Hublin, 2009). More recently, their Neanderthal affinities have been highlighted by 

mandibular, dental and cranio-facial studies, and their allocation as H. heidelbergensis has 

been reconsidered.  Given the genetic and morphological affinities, the SH hominins could 

be a potential core population for the Neanderthal gene pool (Martinón-Torres et al., 2012; 

Meyer et al., 2016). Their undisputable Neanderthal apomorphies bring to light new 

questions about other contemporary fossils in the MP and the role of hybridization, genetic 

drift and isolation that could have contributed to such a level of variability. H. antecessor with 

its mosaic bauplan and Eurasian heritage, makes us consider other alternative views for 

dispersals and settlements in the EP. The dental proteomes of H. antecessor (Welker et al., 

2020) place them as a sister taxon to the LCA of Neanderthals, Denisovans and MH. 

Therefore, this population gives us an opportunity to deliberate on what the LCA could have 

looked like. 

 

In the next section, we provide an overview of the history and significance of the study of the 

enamel-dentine junction (EDJ) and its discrete traits, of enamel thickness, and of sexual 

dimorphism and allometry in hominid dentitions. This overview culminates in the current 

state of the art being applied to better understand the dentition of hominins through EDJ, 
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enamel thickness, and allometric studies. These methods ultimately form a core part of this 

research and, therefore, it is imperative to understand the general background and principles 

behind achieving these ends.  

 

 

3.3. An overview of enamel dentine junction studies in hominids 
 

The analyses of the outer and inner structural morphology of hominin dentition has played 

a crucial role in constructing palaeoanthropological theories. Metric and non-metric traits of 

hominins were conventionally studied at the outer enamel surface (OES), particularly in 

molars, and has been shown to be distinctive at the species level (Bailey, 2006b; Guatelli-

Steinberg and Irish, 2005; Heizmann and Begun, 2001; Irish and Guatelli-Steinberg, 2003; 

Kondo and Townsend, 2006; Martinón-Torres et al., 2012, 2007b; Ortiz et al., 2012; 

Robinson, 1956; Suwa, 1990; Suwa et al., 1996, 1994; Suwa, 1996; Wood et al., 1988; Wood 

and Abbott, 1983). Enamel is subjected to wear, and as such it can affect the morphological 

traits at the OES which are typically used for taxonomic differentiation (Skinner et al., 2008a). 

However, the enamel dentine junction (EDJ) which is a developmental precursor to the OES 

is considered evolutionarily more conservative and as such it would be more reliable in 

showing phylogenetic signals; in addition, it is comparatively affected by less wear (Korenhof, 

1982, 1961; Kraus, 1952; Le Luyer and Bayle, 2017; Olejniczak et al., 2004; Sakai, 1967; 

Skinner et al., 2008b, 2008a). The crown morphology is governed by two processes during 

odontogenesis – in the bell stage the inner enamel epithelium (IEE) grows and folds, and its 

final configuration is preserved as the EDJ. In the second phase, the biomineralization is 

initiated by ameloblasts (forming enamel) and odontoblasts (forming dentine). As 

ameloblasts are derived from the IEE, the enamel formation begins from the cusp tips and 

proceeds apically to form the OES (Butler, 1956; Guy et al., 2015; Morita, 2016; Morita et 

al., 2014). Therefore, the EDJ can be considered a genetic blueprint of the occlusal anatomy 

of the tooth (Korenhof, 1982). However, slight discrepancies may lie between the OES and 

EDJ. For example, Kraus (1952) in his study of modern human mandibular first molars 

found that, apart from a few non-metric traits like the number of major cusps, the EDJ and 

OES lacked topographical correspondence. Korenhof’s (1961) study of the endocasts of 

maxillary molars in modern humans also showed that the EDJ preserves features such as 

cuspules and ridges that are not evident at the OES. A study on Cercopithecus molars 

(Urscheler, 1976) identified greater crest relief in the enamel than in the dentine surfaces. 

Sakai and colleagues published a series of papers on Japanese modern human dentition 

where they scored the distribution of non-metric traits (Sakai, 1967; Sakai et al., 1969, 1967, 
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1965; Sakai and Hanamura, 1973, 1971). Their overall conclusion is that the EDJ is 

characteristically more primitive and comparable to the EDJ surfaces of primates and fossil 

and extant hominids (Sakai and Hanamura, 1973). Therefore, the authors highlight the 

importance of considering the EDJ in morphological interpretation of different dental traits 

and in phylogenetic inferences. Corruccini’s study (1987) of the maxillary molars in 

anthropoid primates was consistent with the results of Korenhof (1961) and Kraus (1952) in 

showing that morphological features present at the EDJ are not necessarily manifested at the 

OES. EDJ shape characters have also been qualitatively (Begun et al., 1997) and 

quantitatively (Olejniczak et al., 2004) assessed in anthropoid primates. Begun, Ward and 

Rose (1997) used these characteristics to code for parsimony analyses, while Olejniczak, 

Martin and Ulhaas (2004) applied 2D geometric morphometric analyses on sectioned 

maxillary molars to find that EDJ shape is useful in inferring taxonomic and phylogenetic 

relationships.  

 

However, methods used at that time such as chemical removal of the enamel (Corruccini, 

1987a) or the creation of endocasts of the enamel cap (Korenhof, 1961) were either 

destructive or unreliable in capturing the finer details of the complex EDJ morphology 

(Morita, 2016). To this end, the application of CT (computed tomography) and μCT (micro-

computed tomography) methods has greatly advanced the field of dental anthropology and 

palaeoanthropology. These innovative methods have provided valuable information through 

the analyses of the outer and inner crown morphology of extinct hominins, which have been 

beneficial in defining palaeoanthropological theories (Beynon and Wood, 1986; Buti et al., 

2017; García-Campos et al., 2017, 2019; Hanegraef et al., 2018; Kono, 2004a; Martín-

Francés et al., 2018, 2020a; Martínez de Pinillos et al., 2014; Martinón-Torres et al., 2014; 

Molnar and Gantt, 1977; Olejniczak et al., 2008b, 2008c; Olejniczak and Grine, 2005; Rossi 

et al., 2004; Saunders et al., 2007; Smith et al., 2005; Smith et al., 2012b; Sun et al., 2014; 

Zanolli et al., 2010, 2016, 2018a). For example, Schwartz, Thackeray and Reid (1998) used 

high resolution CT to study the inner structural morphology of early south African hominin 

maxillary molars, with a special focus on the Carabelli’s trait. They found that 

Australopithecus africanus from Sterkfontein, Makapansgat and Taung, possessed larger 

Carabelli’s cusps, with thinner enamel along the lingual wall of the protocone than the 

Paranthropus robustus specimens from Swartkraans and Kromdraai. Ortiz et al. (2012) 

studied the presence of Carabelli’s trait in the EDJ and OES of the upper molars of Homo 

sapiens and Pan. There was a great degree of concordance observed between both levels for 

this trait in modern humans, and could adequately be scored using the ASUDAS. Pan, 

despite showing a greater level of concordance between the EDJ and OES relative to modern 
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humans, presented a shelf-like cingulum, which could not be captured by ASUDAS. 

Ultimately, this study highlights the significance of the EDJ as a proxy for studying features 

presented in the OES. Suwa et al. (2007) applied μCT methods to study both OES and EDJ 

to ascertain dietary adaptations of a ten million year old late Miocene great ape from the Afar 

region in south Africa. Other works focused on the form (Skinner et al., 2008a) and trait 

expressions (Skinner et al., 2009, 2008b) at the EDJ level in Australopithecus africanus and 

Paranthropus robustus specimens. These studies successfully distinguished between species 

for the mandibular molars (Skinner et al., 2009, 2008a). In the case of intra and inter-

taxonomic comparisons, variable trait morphologies utilising different developmental 

pathways can produce traits that look similar at the OES between hominid species, but vary 

at the EDJ (Butler, 1956; Skinner et al., 2008b). Intra-individual EDJ metameric variation in 

the mandibular dentition of hominins has been explored by Braga et al. (2010), and later, 

Pan et al. (2017); these differences between species can indicate variability in developmental 

processes, and can also be an indicator of ecological conditions and functional adaptions 

(Polly, 2007). While Australopithecus africanus shows a metameric shape variation similar 

to Pan, modern humans show larger patterns of between- and within-group variability (Braga 

et al., 2010), especially between the M2 - M3, compared to M1 – M2 (Pan et al., 2017). Among 

lower molar’s discrete traits, the expression of trigonid crest patterns at the EDJ have been 

explored in several works (Bailey et al., 2011; Martínez de Pinillos et al., 2014; Skinner et al., 

2008b; Zanolli, 2015; Zanolli and Mazurier, 2013). While the majority of the mandibular 

molars of A. africanus (Sterkfontein, S. Africa) (5/6), H. ergaster from Eritrea (Zanolli et al., 

2014), SH (40/43) (Martínez de Pinillos et al., 2014), Neanderthals (Bailey et al., 2011) and 

Tighenif specimens (4/7) (Zanolli and Mazurier, 2013) show well-developed mid-trigonid 

crests, the Mauer molars generally lack this feature (Bailey et al., 2011). Interestingly, the 

Javanese H. erectus is similar to modern humans in having an interrupted mid-trigonid crest 

(Bailey et al., 2011; Zanolli, 2015).  Expanding on this feature in SH lower molars, Martínez 

de Pinillos et al. (2014) noted greater variability in trigonid crest types at the EDJ level (14 

types) as compared to the OES (4 types). Nonetheless, there was general concordance 

between the EDJ and OES for the expression/absence of continuous or discontinuous mid-

trigonid and distal trigonid crest types. Martinón-Torres et al. (2014) also studied the degree 

and frequency of expression of the talonid crest in deciduous and permanent mandibular 

molars of the SH hominins, as well as comparative Neanderthal and modern human 

populations. A small number of SH (6.3%, 4/63) and Neanderthal (12.5%, 5/40) permanent 

lower molars showed talonid crest expression, while 33.3% (2/6) of modern humans and 

12.5% (1/8) of Neanderthal specimens presented this crest in their deciduous molars. Le 

Luyer and Bayle’s ( 2017) study on the evolutionary changes of the outer and inner structural 
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morphology of upper molars in Late Pleistocene and early Holocene Homo sapiens, 

identifies a reduced frequency of the metacone and an increase in hypocone development 

from the Neolithic period. The EDJ shape reveals smaller dentine horns in earlier periods 

such as the Magdalenian and the Mesolithic relative to those seen in Neolithic dentition, 

particularly corresponding to the hypocone. These results are congruent with previous 

studies showing that mesial cusps of molars are more stable in modern human populations 

while distal cusps are subject to plasticity as a result of environmental stress (Scott and Turner, 

2015). Martin et al. (2017) studied the EDJ of mandibular and maxillary molars of a large 

sample of LP European Neanderthals for non-metric traits, among other aims of research. 

In their study, they describe distinct features such as the post-paracone tubercle, the variation 

in the crista oblique as well as the expression of varying degrees of centrally placed dentine 

horns and twinned dentine horn. These features can be used to easily discriminate between 

Neanderthals and modern humans (Martin et al., 2017). The molars of the MP Montmaurin-

La Niche hominin mandible (Montmaurin, France) was studied to evaluate its Neanderthal 

affinities (Martínez de Pinillos et al., 2020). Regarding the discrete traits such as the mid-

trigonid crest, the molars showed mostly pronounced (Type 10) crests, a trait typically found 

in Neanderthal and SH hominin samples. There was also no discordance between the 

continuous/discontinuous crests observed at the EDJ and at the OES level. Overall, given its 

significant contribution to trait expressions, the EDJ can generally be used as a proxy for the 

OES (Martínez de Pinillos et al., 2014; Martinón-Torres et al., 2014; Olejniczak and Grine, 

2006; Skinner et al., 2009, 2008b, 2008a).  

 

 

3.3.1. Discrete trait studies in lower third premolars  

 

Based on the early works of Hrdlička on incisor shovelling (1920) and Dahlberg’s techniques 

for the observation of dental morphological traits, a standardised method was developed for 

the observation of dental variants by way of the Arizona State University Dental Anthropology 

System (ASUDAS) (Scott, 1997; Turner et al., 1991; Turner CG II, Nichol CR, 1991) (see 

Section 2.1, and Appendix 1, Table A1.1). Later, researchers modified and applied these 

methods to better suit the more primitive and complex dental remains of early hominins 

(Bailey, 2002b, 2002a; Martinón-Torres et al., 2012, 2007a). While several studies have 

utilised μCT methods to study discrete trait expressions of molars at the level of the EDJ 

(Bailey et al., 2011; Corruccini, 1987b; Martin et al., 2017; Martínez de Pinillos et al., 2017, 

2014; Martinón-Torres et al., 2014; Skinner et al., 2008b; Zanolli, 2015; Zanolli and 
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Mazurier, 2013), the premolars are underrepresented in this line of literature with only some 

exceptions (Davies et al., 2019b; Krenn et al., 2019). While the lower premolars are not 

highly taxonomically diagnostic, the shape changes observed across hominin groups suggests 

strong underlying ecological and evolutionary signals (Davies et al., 2019b; Gómez-Robles et 

al., 2012, 2011; Kraus and Furr, 1953; Wood and Uytterschaut, 1987). In one of the early 

studies on discrete crown traits, Kraus and Furr (1953) isolated and defined 17 traits in 

modern human P3s relating to the position and development of ridges, cusps and other such 

features. Wood and Uytterschaut (1987) studied the morphological traits of P3 crowns of 

Plio-Pleistocene hominins. They found, for example, that Paranthropus had greater number 

of cusps than other hominins; and while Paranthropus and Australopithecus afarensis have 

a mesially placed lingual cusp, early Homo does not show such a feature. Regarding the 

median longitudinal fissure, Paranthropus and Australopithecus afarensis show a deeply 

incised fissure, while the early Homo specimens show an inconsistent pattern. Distobuccal 

grooves seem to be present in all specimens, although Paranthropus seem to lack the 

presence of a mesiobuccal groove. Sakai (1967) investigated the morphological relationship 

between the OES and the EDJ in lower premolars, and to this end, the enamel was removed 

by acids. Sakai studied three traits – buccal ridges, trigonid notch (i.e., the indentation in the 

mesiolingual side at the EDJ level), and the relative position of the lingual cusp. Overall, 

Sakai noted variability in the degree of development of the lingual cusp in modern human 

P3s. He also noted a significant correlation between the distal position of the lingual cusp, a 

pronounced buccal cingulum and the presence of a trigonid notch. Pan et al. (2017) studied 

the intra-metameric variation of lower premolars using geometric morphometrics, in south 

African fossil hominins and modern humans. The between-group variation indicates early 

Homo specimens (represented by SKX 21204) have an EDJ shape most similar to extant 

human groups, with equal-sized anterior and posterior foveae, and a high placed protoconid 

dentine horn.  More recently, Krenn et al. (2019) studied the EDJ and OES of modern 

humans P3s. Here they scored seven qualitative traits such as the number of occlusal ridges, 

manifestation of the transverse ridge, extension of the transverse ridge, number of lingual 

cusps, relative position of the main lingual cusp, independence of the main lingual cusp and 

form of marginal ridges. Davies et al. (2019b) looked at the presence and form of four 

discrete traits in several hominins as well as non-human primates – transverse crest, marginal 

ridge continuity, mesial buccal groove and distal buccal groove, and scored them accordingly. 

The methods and results of Krenn et al. (2019) and Davies et al. (2019b) which form an 

integral part of our study on EDJ discrete traits will be discussed in more detail in Chapter 6 

and Chapter 9, Section 9.1. 
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3.4. An overview of enamel thickness studies in hominids 
 

Dental tissue proportions, and enamel thickness in particular, have progressively gained 

importance in the field over the century and numerous studies have been published that have 

standardised, and later enhanced these methods (Benazzi et al., 2014; Buti et al., 2017; 

Martin, 1983, 1985; Olejniczak et al., 2008a, 2008c; Olejniczak and Grine, 2005; Smith et 

al., 2005; Smith et al., 2012b). The earliest studies on enamel thickness (Pilgrim, 1927, 1915) 

were driven partly by the need to identify the taxonomic position of Ramapithecus, which 

has since been debated by several scholars (Greenfield, 1974; Gantt, 1977; Andrews and 

Cronin, 1982; Kay, 1982; Rukang and Oxnard, 1983; Ward and Pilbeam, 1983). Butler 

(1956) was the first to identify the functional role of enamel in mammals (with no particular 

focus on primates), and by noticing the variability in cuspal patterns, noted ‘thick’ and ‘thin’ 

enamelled teeth. The application of this method of categorising enamel thickness was later 

utilised on Australopithecus and Paranthropus (Robinson, 1956; Simons, 1976; Simons and 

Pilbeam, 1972). Such studies showed, for example, that Paranthropus had thicker cuspal 

enamel than African early Homo (Beynon and Wood, 1986; Ramirez Rozzi, 1998). 

However, many of these studies on enamel thickness were non-metric, based on crown wear 

and dentine exposure observed in naturally broken molars. To this end, Gantt (1977) was 

the first researcher to take a quantitative approach to studying enamel thickness in non-

human primate dentition, by using physical cross-sections of specimens. Gantt made accurate 

observations that Homo had absolutely greater enamel than any other ape, and that African 

apes had relatively thinner enamel than Pongo. Kay (1982) in his study of physical cross-

sectioned specimens noted relatively similar results, although Pan showed no significant 

thickness values. Martin’s (1983) seminal study on Miocene hominoid dentition adapted and 

enhanced these methods, by introducing further linear measurements for summarising the 

distribution of enamel. Perhaps the two most important measures introduced by Martin in 

his thesis (1983) are average enamel thickness (AET) and relative enamel thickness (RET, 

scale free). At the time, Martin believed that the most useful measure of quantifying enamel 

would be its volume and this can be expressed as a thickness. This was based on the idea that 

a 2D plane of section could accurately represent 3D volume, which is no longer accepted 

(see Martin et al., 2003; Olejniczak, 2006; Schwartz, 2000). Nonetheless, the measures are 

still applicable, with area being the most useful measure for quantifying enamel. Considering 

that the surface area of the enamel dentine junction (EDJ) is directly proportional to the 
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number of ameloblasts which form the enamel cap, AET can be expressed as total volume 

of enamel (c) divided by the surface area of EDJ (e): 

 

AET = 𝑐 𝑒⁄  

 

Dentine, pulp and cementum dimensions are more reliable than crown measurements in 

producing dental estimates of body size, as they are related to great ape and human body size 

in a more linear fashion; the square root of dentine area (b) is combined with AET to produce 

the dimensionless index:  

 

RET = 
𝐴𝐸𝑇

√𝑏
 ×  100 

 

Martin (1983) noted four categories with ranges for relative enamel thickness – thin enamel 

as observed in Pan and Gorilla (ranging between 8.90 – 11.30), intermediate/thin enamel 

(11.3 – 14.65), intermediate/thick enamel, as seen in Pongo (14.65 – 17.21), and thick enamel, 

which is seen in Homo (18.58 – 26.12). The quantitative approaches taken by Gantt (1977), 

Kay (1982) and Martin (1983, 1985) ultimately demonstrated the potential of enamel 

thickness in studies pertaining to taxonomy and palaeodiet (Olejniczak, 2006). Later works 

showed that enamel thickness variation derives from the complex interplay between 

ecological and dietary constraints as well as the morphogenetic program (Hlusko and 

Mahaney, 2003; Horvath et al., 2014; Kelley and Swanson, 2008; Kono, 2004a; Simmer et 

al., 2010; Smith et al., 2012b; Vogel et al., 2008). In particular, it seems to quickly respond 

to dietary shifts through geological time, thus increasing its potential for homoplasy (Grine 

and Daegling, 2017; Hlusko et al., 2004; Le Luyer et al., 2014; Le Luyer and Bayle, 2017; 

Pampush et al., 2013). Nonetheless, the taxonomic implications of enamel thickness remains 

relevant in Neanderthal studies as within the genus Homo, Neanderthals appear to be the 

only species that are characterised by thin enamelled crowns  (Buti et al., 2017; Macchiarelli 

et al., 2006; Olejniczak et al., 2008a; Smith et al., 2007; Smith et al., 2012b; Suwa and Kono, 

2005).  

 

Naturally fractured teeth continued to be used for studying enamel growth and thickness 

patterns observable in the microstructure of hominoid dentition (Beynon and Dean, 1987; 

Dean et al., 2001; Smith et al., 2003; Smith, 2004; Dean, 2006; Boughner and Dean, 2008; 

Dean and Smith, 2009). However, since the work of Martin (1983), molar enamel thickness 

has been increasingly studied through physical cross sectioning of teeth (Beynon and Wood, 
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1986; Grine, 2005, 2002; Macho and Berner, 1993; Schwartz, 2000). But despite 

standardisation of methods, issues relating to specimen orientation can create slightly oblique 

planar sections, thereby introducing inconsistencies in measurements. More so, the 

destructive nature of this method, makes it less than ideal when working with extinct fossil 

specimens (Olejniczak, 2006; Olejniczak and Grine, 2006). The introduction of 

microcomputed tomography (μCT) in palaeoanthropology takes a non-destructive and non-

invasive approach towards studying the dental morphology of fossil specimens. These 

methods have been applied systematically to study the outer enamel surface (OES) of 

hominoid dentition in 2D and 3D (Kono, 2004b; Olejniczak et al., 2008c; Olejniczak and 

Grine, 2005; Smith et al., 2012b). The enamel-dentine junction (EDJ) morphology, 

considered a genetic blueprint of the OES, approximates the inner enamel epithelium of the 

developing tooth, and thereby, provides useful information relating to taxon-specific 

processes underlying crown growth (Martin et al., 2017; Skinner et al., 2009; Zanolli et al., 

2018b). However, it has also been shown that variable trait morphologies affected by separate 

developmental pathways can produce traits that look similar at the OES, but can only be 

distinguished at the level of the EDJ (Skinner et al., 2008a). In such cases, EDJ studies are 

particularly useful for inter- and intra-taxonomic comparisons (Butler, 1956; Skinner et al., 

2008a). More recently, lateral enamel thickness (LET) has become more prominent in 

studying growth periods for fossil hominins (Aiello and Dean, 1992; Guatelli-Steinberg et al., 

2007; Guatelli-Steinberg and Reid, 2008) as the Striae of Retzius (internal enamel growth 

layers) crops out externally as perikymata on this part of the enamel. LET is also becoming 

increasingly popular in studying the dental tissues of hominins where dental wear has severely 

affected the tooth crown (Benazzi et al., 2011a; Martín-Francés et al., 2020a, 2018; Toussaint 

et al., 2010; Zanolli et al., 2018a, 2017). While the occlusal enamel topography is useful to 

procure information regarding functional and adaptive responses, the lateral enamel is 

involved in dissipating related occlusal stresses (Benazzi et al., 2013b, 2013a). It also ‘‘resists 

tooth wear, tooth height loss and maintains interproximal tooth-tooth contacts during the late 

stages of tooth wear after dentine exposure over the occlusal surface’’ (Zanolli et al., 2017). 

Overall, variations in the dimensions and pattern of distribution of dental tissues can be 

characteristic of a group and, as such, useful to make taxonomic inferences. However, we 

should be cautious with the interpretations since several processes such as sexual dimorphism, 

diet, development, or biomechanical adaptations may be involved in the dental tissue 

variations.  

 

Initial studies used computed tomography (CT) to quantify enamel thickness in hominids 

(Conroy, 1991; Conroy et al., 1995; Macho and Thackeray, 1992; G. T. Schwartz et al., 1998; 
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Zonneveld and Wind, 1985); however, most of these studies employed standard CT scans 

which do not provide the necessary contrast and resolution to accurately measure enamel 

thickness (Grine, 1991). The first studies to accurately assess AET in three-dimension (3D) 

were those of Kono (2002, 2004). These works reported 2D and 3D tissue variables, with 

Homo having the thickest enamel, Pan and Pongo having intermediate enamel thickness, 

and Gorilla showing thin enamel. Kono (2002, 2004) also found discrepancies between 2D 

and 3D measures, and estimated that 2D AET is not a reliable indicator of whole crown 

AET. Several studies have later substantiated this claim (Lockey et al., 2020; Olejniczak et 

al., 2008b, 2008a). Olejniczak et al. (2008b) noted discrepancies in their 2D values relative 

to 3D, likely due to location of tooth sectioning, and variability in distribution of enamel 

thickness between species. Olejniczak et al. (2008a) in their study of Neanderthal and 

modern human molars, attributed discrepancies between 2D and 3D data to dimensional 

loss in 2D. Lockey et al.’s (2020) study which demonstrates a trend of increasing enamel 

thickness in Plio-Pleistocene hominins also finds that 2D planes of section are less reliable 

for taxonomic discrimination. Nonetheless, 2D enamel thickness can still be adopted as a 

relatively simple method in conjunction with 3D and L3D methods to study taxonomic 

hypothesis (Lockey et al., 2020).  

 

Most virtual studies on dental tissue proportions and enamel thickness have focused 

primarily on molars (Grine, 2005; Kono et al., 2002; Kono and Suwa, 2008; Martín-Francés 

et al., 2020a, 2018; Martin et al., 2017; Martínez de Pinillos et al., 2020; Olejniczak et al., 

2008c; Ortiz et al., 2012; Skinner et al., 2008b, 2015; Smith, 2008; Zanolli and Mazurier, 

2013). Reports on early hominins show an increased AET from A. anamensis to A. africanus, 

with P. robustus and P. boisei having the highest AET values (Lockey et al., 2020; Skinner 

et al., 2015). While H. erectus and fossil and extant Homo sapiens also have relatively and 

absolutely thicker enamel, it is comparably lower than the values of Australopithecus and 

Paranthropus, and the general trend is towards a decrease in enamel thickness from the 

Pliocene to the Holocene (Lockey et al., 2020; Smith et al., 2012b; Zanolli et al., 2014; 

Zanolli, 2015). Neanderthals have absolutely similar amounts of enamel to modern humans 

(Olejniczak et al., 2008a; Smith et al., 2012b). However, Neanderthals have a larger EDJ 

surface and a more complex topography, which might be instigated by a faster dental growth 

trajectory, leading to a distinct conformation of thinner AET and RET compared to other 

Homo species (Bayle et al., 2009; Macchiarelli et al., 2006; Olejniczak et al., 2008a, 2008b; 

Smith et al., 2012b;  Smith et al., 2007). The Sima de los Huesos (SH) hominins who are 

now considered part of the Neanderthal clade (Arsuaga et al., 2014, 1993, 1991; Gómez-

Robles, 2019; Martinón-Torres et al., 2012; Meyer et al., 2016) display dental morphological 
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traits that are considered typical of Neanderthals (Martinón-Torres et al., 2012) and are more 

derived than some classic Neanderthal specimens (Gómez-Robles et al., 2015, 2012a, 2011, 

2008, 2007; Martinón-Torres et al., 2006a). Studies on dental tissue proportions of the SH 

hominins show a mosaic pattern between dental classes; the absolutely larger canine crowns, 

and relatively thin enamel approximate the Neanderthal condition (García-Campos et al., 

2019), while a greater average and relative enamel thickness in molars compared to other 

Neanderthal groups indicate the retention of a primitive condition seen in early Homo and 

Homo sapiens (Martín-Francés et al., 2020a). However, it is interesting to note that enamel 

thickness cartographies indicate a similar enamel distribution pattern between SH and 

Neanderthals for molars (Martín-Francés et al., 2020a) (see Chapter 3, subsection 3.1.3.3.1.3 

for further discussion on the morphology of the dentition of SH hominins). TD6 share dental 

synapomorphies with Eurasian and African MP Homo, Neanderthals and Homo sapiens 

(Bermúdez de Castro et al., 2017b, 2007, 2003a, 1999; Bermúdez De Castro et al., 1999; 

García-Campos et al., 2019; Gómez-Robles et al., 2007, 2015, 2012a, 2011, 2008; Martín-

Francés et al., 2018; Martinón-Torres et al., 2019, 2007c, 2006a). As in the SH dentition, 

studies on tissue proportions show that canines have relatively thin enamel thickness (García-

Campos et al., 2019), while the molars show thicker absolute and relative enamel compared 

to Neanderthals, but encompassed within the range of variation of most of the fossil Homo 

and modern human specimens (Martín-Francés et al., 2018). However, H. antecessor shares 

with Neanderthals the values for lateral enamel thickness which is suggestive of a thicker 

enamel on the occlusal surface relative to the lateral surface (Martín-Francés et al., 2018) (see 

Chapter 3, Section 3.1.1.1). 

 

More recently, there has been an increase in the number of publications focusing on other 

dental classes (Buti et al., 2017; Davies et al., 2019b; Feeney et al., 2010; García-Campos et 

al., 2019; Le Cabec et al., 2013; Le Luyer and Bayle, 2017; Saunders et al., 2007; Zanolli et 

al., 2018a, 2018b, 2014). However, premolars are relatively underrepresented in such 

literature (Chen et al., 2019; Davies et al., 2019b, 2019a; Gómez-Robles et al., 2012a, 2011; 

Kraus and Furr, 1953; Krenn et al., 2019; Martín-Francés et al., 2018; Moore et al., 2016; 

Prado-Simón et al., 2012; Skinner et al., 2016; Wood and Uytterschaut, 1987; Zanolli et al., 

2018a; Zanolli and Mazurier, 2013). Compared to other dental classes, premolars have high 

variability of nonmetric traits, in particular, lower third premolars (P3) show a wide range of 

morphological nonmetric traits that are difficult to score (Irish and Scott, 2015a; Kraus et al., 

1969; Kraus and Furr, 1953; Nelson and Ash, 2010; Scott and Turner, 2015; Turner et al., 

1991). Previous studies on P3s have indicated that P. robustus (SK 6) has the greatest absolute 

and relative enamel thickness, with early Homo from south Africa (SKX21204) showing 
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slightly lower values, while the Javanese H. erectus from Zhoukoudian (PMU M3549) had a 

relative enamel thickness (RET) similar to modern humans (Pan et al., 2016; Zanolli et al., 

2018b). Neanderthals showed the greatest percentage of coronal dentine and pulp volume in 

the crown (Vcdp/Vc), and the lowest value for RET, compared to the other three groups 

(Zanolli et al., 2018b). A comprehensive study on the dentition of the Late Pleistocene (LP) 

Neanderthal population from Sima de las Palomas, southeast Spain, showed that while the 

3D AET and RET were slightly higher than the mean of other Neanderthal populations 

(Oliviera 9 and Regourdou 1), and close to/within the range of modern humans, the 2D 

values were within the Neanderthal range of variation. Furthermore, their analyses of all 

dental classes highlight the variability observed within each tooth types, and therefore, the 

importance of studying each class individually for inter- and intra- population studies (Bayle 

et al., 2017). The comparative analyses of P3s indicates that absolutely and relatively thicker 

enamel can be systematically found in H. erectus sensu lato and modern humans while 

Neanderthals show an intermediate-thick condition. More recently, the discrete traits of the 

P3 of hominids (Davies et al., 2019b) and extant modern humans (Krenn et al., 2019) at the 

level of the EDJ has been explored in detail. Both these studies, which will be discussed in 

Chapter 6 and Chapter 9, Section 9.1, demonstrate the taxonomic value of the P3s (Davies et 

al., 2019b; Krenn et al., 2019). 

 

 

3.5. An overview of sexual dimorphism and allometric studies in 

hominids 
 
 
The accurate determination of sex in human skeletons has been well-studied in recent 

populations (e.g., Buti et al., 2017; García-Campos et al., 2018a; Işcan and Kedici, 2003; 

Sorenti et al., 2019). This in turn has contributed to the field of archaeology, whereby the 

reconstruction of a precise biological profile of human remains through the study of their 

cranial and post-cranial elements allows us to understand the life history, and behaviour of 

populations and individuals (Bruzek, 2002; García-Campos et al., 2018a; Rogers and 

Saunders, 1994; Vinay et al., 2013). However, considering the poor preservation of bones in 

archaeological sites, it is more feasible to use dental remains as they are better preserved. 

The unique chemical composition in dentition makes them the best-preserved human 

remains and the past three decades have seen a more frequent use of odontometrics in the 

study of sexual differentiation (Bruzek, 2002; García-Campos et al., 2018a; Rogers and 

Saunders, 1994; Vinay et al., 2013). 
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Sexual dimorphism is a common phenomenon in anthropoid primates and several decades 

of research has broadened our understanding of its development, expression and evolution 

in extinct and extant species (García-Campos et al., 2018b; Lockwood, 1999; Lockwood et 

al., 2007, 1996; McHenry, 1994a; Plavcan et al., 2005; Plavcan, 2012, 2001a, 1994; Plavcan 

and van Schaik, 1992; Plavcan and Van Schaik, 1997; Wolpoff et al., 1976). Secondary sex 

differences are equated with sexual dimorphism, and are mostly confined to anthropoid 

primates (Plavcan, 2001). Several models have been duly proposed that could potentially 

influence sexual dimorphism in anthropoids. These mostly rely on, but are not exclusive to, 

sexual selection (Clutton‐Brock and Harvey, 1977; Gordon, 2006; Greenfield, 1992a; 

Greenfield, 1992b; Harvey et al., 1978; Kinzey, 1992; Nunn and Thomas, 1999; Pagel, 1994; 

Plavcan et al., 1995; Plavcan and van Schaik, 1992; Plavcan and Van Schaik, 1997). The 

growing body of work elucidates that sexual dimorphism is ultimately multifactorial in nature, 

with disparate pressures affecting both males and females (Morris et al., 2019; Plavcan, 2001).  

 

 

3.5.1. Sexual dimorphism in the hominin fossil record 

 

In fossil hominins, sexual dimorphism is one of the few, if not, the only available direct 

evidence for the evolution of social behaviour (Lockwood, 1999; Lockwood et al., 2007; 

McHenry, 1994a; Plavcan and Van Schaik, 1997). But the question of whether extinct species 

of hominins had a level of sexual dimorphism greater than or similar to modern humans 

continues to be debated in palaeoanthropology (Lieberman et al., 1988; Arsuaga et al., 1997; 

Rosas et al., 2002b). By identifying patterns of sexual dimorphism in fossil hominins, we can 

potentially evaluate morphological variability, assess taxonomic placement, as well as 

understand the ecological conditions that these species were exposed to (Lieberman et al., 

1988; Arsuaga et al., 1997; Rosas et al., 2002b). Ardipithecus ramidus, one of the earliest 

known hominins, have canines that are smaller than Pan while being relatively larger than 

later hominins (White et al., 1994) (but see Clark and Henneberg, 2015; Plavcan, 2018). 

Given their relatively large fossil record, the genus Australopithecus has been studied for its 

degree of sexual dimorphism (Harmon, 2009; Kimbel and White, 1988; Lockwood, 1999; 

Lockwood et al., 1996). This genus is attributed to showing variable body size dimorphism 

among species, but is characterised by a reduced canine size dimorphism compared to other 

anthropoid primates (McHenry, 1992; Plavcan and Van Schaik, 1997; Ward et al., 2001b). 

For example, Australopithecus anamensis maintain a high body size dimorphism comparable 
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to those of Gorilla gorilla and Pongo pygmaeus, as well as to A. afarensis (McHenry, 1992; 

Ward et al., 2001b). The authors (Leakey et al., 1995) also posit that the canine dimorphism 

may have been ‘substantial’ for this species. Based on skeletal size and estimated body mass, 

A. afarensis is generally considered to be a highly dimorphic species, comparable to Gorilla 

and Pongo (Kimbel and White, 1988; Lockwood et al., 1996; McHenry, 1992; Ward et al., 

2001b). Reno (2003, 2005) notes the inclusion of geologically diverse specimens in previous 

studies as a misrepresentation of sexual dimorphism in this species; instead, he finds that A. 

afarensis demonstrated sexual dimorphism comparable to modern humans. Lockwood’s 

(1999) study on the craniofacial size of this species shows that A. africanus has a range greater 

than that of modern humans and Pan troglodytes, indicating moderately high sexual 

dimorphism within the population. However, Harmon’s (2009) study of the proximal 

femoral size variation in A. africanus indicates a degree of sexual dimorphism in the range of 

modern humans/chimpanzees, and much lower than that of A. afarensis, while maintaining 

a high degree of craniofacial dimorphism. In living hominoids, craniofacial dimorphism is 

either similar to or surpassed by body mass dimorphism (Plavcan, 2003). Lockwood (1996) 

and Plavcan (2003) believe that early hominins, independent of hominoids, may have been 

characterised by higher levels of craniofacial dimorphism. However, A. afarensis, expresses 

similar levels of cranial and postcranial skeletal variation (Harmon, 2006; Kimbel and White, 

1988; Lockwood et al., 1996; McHenry, 1992). Ultimately, greater sexual dimorphism would 

imply a social structure that is driven by male-male competition, while a less dimorphic 

species would imply monogamous social structures. The variability observed within this 

genus could be due to epiphenomenal factors. Indeed, Joannes-Boyau et al. (2019) have 

shown that A. africanus from Sterkfontein were under dietary stress due to the unstable 

environmental and ecological conditions. The observed variability could also be due to 

different developmental trajectories. In his study of growth patterns in 38 primates, Leigh 

(1992) noted that size dimorphism is a result of not just bimaturism (extended growth 

trajectory relative to females), but also rate hypermorphism (where males grow faster than 

females in a given period of time). More so, congeneric species showed differing 

developmental patterns leading to a particular degree of dimorphism. However, Plavcan et 

al. (2005) warn that it is erroneous to assume that early hominin reproductive patterns and 

social behaviours were identical to those of extant primates, as it is unlikely they followed the 

same trends.   

 

Lockwood et al. (2007) ranked dental wear stages and craniofacial size of the Paranthropus 

robustus specimens from Swartkrans, Kromdraai and Drimolen (south Africa), so as to 

estimate the timing of maturity between sexes, and thereby attempt to reconstruct social 
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behaviour in this species. Based on the smaller size of Drimolen (DNH-7), it was assumed 

that this specimen was a female, while some of the larger specimens from Swartkraans and 

Kromdraai were assumed to be males; furthermore, males with well-developed features such 

as maxillary trigon and anterior pillars were considered older males. Lockwood et al. (2007) 

associated this pattern of growth to bimaturism, and compared the sexual dimorphism in this 

species to that observed in Gorilla gorilla. Another study on dental size supports the 

differential representation of sexes at Drimolen and Swartkrans (Moggi-Cecchi et al., 2010). 

However, the discovery of a well-preserved male cranium (DNH 155) does not corroborate 

these findings, as the facial size of this specimen is smaller than all measured males, while the 

dental wear is greater than that observed in the Swartkrans specimens attributed to males. It 

is then fascinating to consider the microevolutionary change within this species, perhaps due 

to factors pertaining to ecological stresses, while not eliminating the influences of genetic drift 

(Martin et al., 2020).   

 

Regarding the debate about Homo habilis s.s vs s.l, craniofacial traits of KNM-ER 1813 and 

KNM-ER 1470 suggest these specimens are not conspecific, but rather must belong to two 

separate species based on their sexual dimorphism (Lieberman et al., 1988). Another study 

considering Homo habilis/H. rudolfensis observes bimodality in body mass, implying strong 

size dimorphism (Plavcan, 2012). While McHenry (1992, 1994) and Spoor (2007) observe 

substantial sexual dimorphism in Homo erectus s.l., this dimorphism is reduced drastically 

and comparable to the levels of modern humans when the specimens are split in to Homo 

erectus and Homo ergaster (Plavcan, 2001). Here, the increase in female body size of Homo 

erectus relative to female australopithecines, is associated with reduced interbirth intervals 

and the inferred energetic costs that accompany it (Aiello and Key, 2002).  

 

While relatively high variation for one or more features can be observed in the Early 

Pleistocene (EP) Dmanisi specimens from Georgia, some of these variabilities have 

potentially been attributed to age and sexual dimorphism. According to some authors, the 

robust features and smaller brain of Skull 5 (D4500) demonstrates a pattern of sexual 

dimorphism unique to this population, differing from that seen in extant apes and hominins 

(Lordkipanidze et al., 2013; Rightmire et al., 2019). While several studies on the craniodental 

remains of Dmanisi have suggested the presence of a single species with moderate to high 

sexual dimorphism (Gabunia et al., 2000; Gabunia and Vekua, 1995; Lee, 2005; Rightmire 

et al., 2006a; Vekua et al., 2002), Skinner, Gordan and Collard (2006) find significant shape 

and size variation between the D2600 and D211 that is beyond the scope of sexual 

dimorphism within a single species, thereby supporting the concept of multiple species at 
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Dmanisi (Rightmire et al., 2006b). The morphological analysis of the teeth and mandibles of 

the Dmanisi hypodigm also suggests the presence of more than one population at the site 

(Bermúdez De Castro et al., 2014; Martinón-Torres et al., 2008), that could have coexisted 

in the same geographical area due to different ecological adaptations (Martínez de Pinillos et 

al., 2014). Caspari and Radovčić (2006) have observed considerable cranial variation in the 

Neanderthals from Krapina, Croatia, some of which is attributed to sexual dimorphism. 

Smith (1980) analysed cranial features of Middle (MP) and Late Pleistocene (LP) 

Neanderthals from several European sites, and found that relative to recent Europeans, this 

species shows slightly more sexual dimorphism.  The LP Homo naledi from south Africa 

show low sexual dimorphism in body mass and dental size consistent with other Homo 

species such as Homo erectus and Homo sapiens (Garvin et al., 2017). 

 

Recent years have seen a growing interest in studying the taxonomic implications of the 

variability observed in the European MP hominin fossil record (Hanegraef et al., 2018; 

Prado-Simón et al., 2012; Rightmire, 2008, 2001; Rosas, 1995; White et al., 2014; Wood 

and K. Boyle, 2016). Previous studies on cranial and dental remains have suggested that 

European MP hominins were generally more dimorphic than modern humans (Wolpoff, 

1980; Frayer and Wolpoff, 1985; Bermúdez de Castro et al., 1993; Arsuaga et al., 1997a; 

Bermúdez de Castro et al., 2001). However, other studies on cranial capacity and postcranial 

remains of MP hominins have indicated dimorphism similar to that of modern humans 

(Arsuaga et al., 2015; Lorenzo et al., 1998; Trinkaus, 1980). The MP site of Sima de los 

Huesos, Atapuerca, Spain, has one of the largest hominin samples whose morphology and 

taphonomy have been studied thoroughly, providing a unique insight in to the socio-cultural 

life of these hominins (Bermúdez de Castro, 1986, 1988; Bermudez de Castro, 1993; 

Arsuaga et al., 1997; Arsuaga et al., 1997b; Lorenzo et al., 1998; Bermúdez de Castro et al., 

2001; Bermúdez de Castro et al., 2004; Bermúdez de Castro et al., 2004; Meyer et al., 2013; 

Arsuaga et al., 2015a; Bermúdez de Castro et al., 2016; Meyer et al., 2016). The homogeneity 

of the sample is indicative of a single biological population (Arsuaga et al., 1997b; Bermúdez 

de Castro et al., 2004; Carretero et al., 1997; Lorenzo et al., 1998; Rosas, 1997) thus 

providing the opportunity to study intrapopulation and intersexual variation in the MP 

(Bermudez de Castro, 1993; Arsuaga et al., 1997a; Lorenzo et al., 1998; Bermúdez de Castro 

et al., 2001; Rosas et al., 2002). While quantitative and qualitative analyses of their mandibles 

have shown that these hominins are relatively more sexually dimorphic than modern humans 

(Bermúdez de Castro and Rosas, 1992; Rosas et al., 2002), cranial and postcranial studies 

suggest similar sexual dimorphism between SH and modern humans (Arsuaga et al., 2015, 

1997b; García-Campos et al., 2020; Lorenzo et al., 1998; Pablos et al., 2014). 
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3.5.2. Dental allometry and sexual size dimorphism in hominids 

 

One of the most important determining factors of body architecture, ecology, physiology, life 

history and social organisation in mammals is size, which falls in the domain of allometry 

(Fleagle, 1985; Gingerich and Smith, 1985). As such, variation in physiological, 

morphological and life-history traits are highly correlated with the size of the organism, and 

allometric relationships describe such covariation (Pélabon et al., 2018, 2014). Allometry can 

then be considered the study of the relationship between size and adaptation, and three types 

can be defined: ontogenic – studying the allometric relationship of size varying with growth; 

static –when size varies among individuals of the same species who are measured at a given 

stage of development; evolutionary – when size varies among populations/species (Fleagle, 

1985; Pélabon et al., 2014; Tidière et al., 2017). Allometric relationships are measured using 

the power function:  

 

y = αx
β 

 

where y = the measure of the trait being studied; x = the body size; α and β = constants. 

Therefore, where x and y are measured on the same scale, the ratio y/x will be a constant (α) 

when β = 1, which can be interpreted as geometric similarity or isometry. Where β ≠ 1, 

allometry is achieved. Where β > 1, y increases at a faster rate than x, achieving positive 

allometry (hyperallometry), while the opposite is true when β < 1 (hypoallometry) (Fairbairn, 

1997; Pélabon et al., 2014). In order to quantify the allometric coefficient β, we use log 

transformation: 

 

log (y) = log (α) + β log (x) 

 

where α and β represent the slope and intercept (Fairbairn, 1997; Pélabon et al., 2014).  

 

 The size variation observed between males and females, called sexual size dimorphism 

(SSD), has often been attributed to sexual selection, as well as natural selection and 

phylogenetic inertia, all of which are determined by the environmental context of the species 

(Butler et al., 2000; Darwin, 1859; Fairbairn, 1997; Gaulin and Sailer, 1984; Godfrey et al., 

1993; Kappeler, 1990; Leutenegger and Cheverud, 1982, 1985). However, alternate 
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hypotheses have been proposed to indicate that SSD evolved to reduce intraspecific 

competition for food, and is not directly associated with reproductive trait selection 

(Fairbairn, 1997; Ralls, 1976). In 1950, Rensch put forward the concept that SSD increases 

with size where males tend to be the larger sex (hyperallometry), while decreasing in size 

where females are the larger sex (hypoallometry) (Abouheif and Fairbairn, 1997; Berry and 

Shine, 1980; Ceballos et al., 2012; Dale et al., 2007; De Lisle and Rowe, 2013; Fairbairn, 

1997; Kappeler, 1990; Rensch, 1950; Székely et al., 2004).  

 

The allometric relationships are often studied on a proportional scale, and the allometric 

model looks at the expected proportional increase of two traits sharing a common factor that 

affects their growth (Pélabon et al., 2018). Dental allometry has been explored in primates, 

given their high morphological complexity and close functional integration (Creighton, 1980; 

Gingerich et al., 1982; Macho, 2001; Smith, 1981; Ungar, 1998; Wolpoff, 1985). As teeth 

represent the majority of the fossil primate remains, one of the main aspects to be investigated 

is the tooth size in relation to body size which allows for the reconstruction of ecologies and 

life histories (Gingerich et al., 1982). In this context, two scaling models are proposed: 

geometric scaling – which considers the relationship of dental area and volume if geometric 

similarity is maintained in an organism; and metabolic scaling – which considers the 

relationship of the area and volume if area scales in proportion to metabolism (Gingerich et 

al., 1982; Gingerich and Smith, 1985; Wolpoff, 1985). Kay (1975) assessed the molar size of 

several primate taxa with varying diets and concluded that within each category tooth size 

scales isometrically with body size. He further contested previous findings on positive 

allometry in primates (Pilbeam and Gould, 1974), suggesting they are a result of geometric 

scaling. The geometric model has also been supported through other works on hominid diet 

and dentition (Corruccini and Henderson, 1978; Gingerich and Smith, 1985). Studies have 

considered the molar area of robust and gracile Australopithecus. Some works have 

presented data to be consistent with the metabolic model, considering the relatively larger 

molars and muscle attachments for mastication in robust Australopithecus compared to those 

of the gracile specimens, the bite force per unit of tooth area thereby remaining constant 

(Demes and Creel, 1988; Walker, 1981). Other works that have calculated the body weight 

of both gracile and robust australopiths based on various aspects of the skeletal size have 

determined that there was not much variation in their body weight, thereby rejecting the 

metabolic model (Jungers, 2017; McHenry, 1992). Allometric studies on primate incisors 

have shown the positive influence of diet on incisor size independent of body size (Hylander, 

1975). Eaglen’s (1984) study considering incisor size and diet in platyrrhines shows that there 

is a negative allometric trend in incisor size when plotted against body size – larger 
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platyrrhines generally have smaller incisors relative to body size compared to smaller 

platyrrhines. However, platyrrhines as a group have smaller incisors than catarrhines, 

indicating the importance of taking into consideration phylogenetic effects. Gingerich and 

Smith (1985) explain the different results for Kay (1975)  and Pilbeam and Gould (1974). 

While there is isometric variation within diet categories for molar size, there is positive 

allometry across those categories. This is potentially due to the fact that larger mammals eat 

low energy foods but at greater quantities, hence requiring larger tooth surface area to process 

these foods (Pilbeam and Gould, 1974). However, the association of tooth size and diet 

category has been scrutinised by later findings – the theory does not explain why insectivorous 

non-cercopithecoid primates have relatively larger molars than frugivores, and why Old 

World monkeys with a frugivorous diet have larger molars than folivorous cercopithecoids 

(Corruccini and Henderson, 1978; Kay, 1977; Strait, 1993; Ungar, 1998). Therefore, in the 

absence of good phylogenetic control, molars may not be useful indicators in predicting diet 

in fossil primates (Ungar, 1998). In mammals, skull length, femur length and body mass are 

highly correlated, but one does not scale isometrically with the other. If we were to consider 

teeth, different measures of tooth size will also show different results. Overall, considering 

the scaling coefficients of upper and lower dentition, Gingerich and Smith (1985) also 

support Kay’s (1975) notion that when we eliminate dietary influences, tooth size scales 

geometrically with respect to body weight. 

 

 

3.5.3. Sexual dimorphism and dental tissue proportions of hominins 

 

The permanent dentition is sexually dimorphic in anthropoid primates, with males 

presenting greater dentine thickness values (Garn et al., 1967; Işcan and Kedici, 2003; Kondo 

et al., 2005; Kondo and Townsend, 2004; Plavcan, 2001; Rosas et al., 2002; Saunders et al., 

2007; Schwartz and Dean, 2005; Stroud et al., 1994). In modern humans, the sexual 

dimorphism in canines results from clear size differences, with males having more volumetric 

canines than females (Buti et al., 2017; De Angelis et al., 2015; Feeney et al., 2010; García-

Campos et al., 2018a). It is also interesting to note the presence of a ‘canine field’ as described 

by Garn et al. (1967), where adjacent teeth (lateral incisors and third premolars) tend to be 

more sexually dimorphic than the further displaced dentition (Garn et al., 1967; Saunders et 

al., 2007). 
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Sexual dimorphism in size and crown morphology of permanent dentition results from the 

variability in distribution of tissue proportions. Several studies attest that formation rates of 

the dental crown and its tissue proportions are highly regulated by sex-linked genes. For 

example, female individuals with a 47, XXX karyotype tend to have thicker enamel than 

control male and female groups, but their dentine is similar in thickness to control females 

and even thinner than control males (Alvesalo et al., 1987). The absence of a second sex 

chromosome (karyotype 45, XO) results in considerably thinner enamel, but the size of the 

dentine is unaffected (Alvesalo and Tammisalo, 1981). Another study by Alvesalo, Osborne 

and Kari (1975) on the permanent dentition of XYY males, shows that XYY males have 

larger teeth than those of control male and female groups. More so, a study of permanent 

and deciduous dentition in individuals with Klinefelter’s syndrome (XXY) shows that the size 

difference is greater in XXY males to XX females, as compared to XXY males and XY males 

(Alvesalo and Portin, 1980). Furthermore, Alvesalo and Varrela (1980) also studied the size 

of permanent teeth in XY females, and have found that females with the Y chromosome 

have dentition that are much larger than the female control group, and as large as those of 

males. What these studies cumulatively demonstrate is that the X chromosome plays a major 

role in amelogenesis, i.e., the formation of enamel, but has little, if any, effect in 

dentinogenesis, i.e., the growth of dentine. The Y chromosome on the other hand, influences 

amelogenesis, and also exerts its effect in the proliferation of cells during dentinogenesis, 

possibly because the mitotic potential is increased here, which in turn increases cell division 

in different stages of development (Alvesalo, 1997; Alvesalo et al., 1987, 1975; Alvesalo and 

Tammisalo, 1981; Alvesalo and Varrela, 1980). An important regulator of postnatal growth 

and development that has a strong effect on metabolism of dental tissues is the Growth 

Hormone (GH) receptor (García-Campos et al., 2018a; Giustina and Veldhuis, 1998; 

Slootweg, 1993; Zhang et al., 1997). This hormone is stimulated by sex hormones; it has 

been found that greater levels of oestrogen inhibit growth while testosterone induce it. As 

GH is involved in the proliferation of epithelial stem cells, pre-odontoblast differentiation 

and in the formation of dentine matrices, and as hormone levels are higher during puberty, 

this could potentially explain the greater dentine thickness differences (Alonso and 

Rosenfield, 2002; García-Campos et al., 2018a; Zilberman and Smith, 2001). Schwartz and 

Dean (2005) studied longitudinal sections of mandibular canines and M3s of modern humans 

of known sex and geographical origins (Asia, Africa and Europe). They found that the 

amount of enamel and dentine between sexes for molars was similar, while females had 

relatively more enamel in canines. They also attributed this difference to potential effects of 

sex hormones given the eight-year difference in initiation time between canines and M3s. 

Saunders et al. (2007) expanded on Schwartz and Dean’s (2005) study by introducing 
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archaeological samples with known age and sex at death, to identify sexual dimorphism in 

modern human mandibular canines and P3s. This study also adopted Martin’s (1983, 1985) 

method of measuring tissue proportions, and Grine’s (2005) scaling factors were used to 

account for the effect of differences in overall tooth size. In their study, Saunders et al. (2007) 

found males to have absolutely and relatively more dentine than females, while females had 

relatively more enamel than males due to the reduced amount of dentine, concurring with 

previous works on the effect of genetic and hormonal controls (Alonso and Rosenfield, 2002; 

Alvesalo, 1997; Alvesalo et al., 1991, 1987, 1985, 1975; Alvesalo and de la Chapelle, 1981; 

Alvesalo and Portin, 1980; Alvesalo and Tammisalo, 1981; Alvesalo and Varrela, 1980; 

Giustina and Veldhuis, 1998; Mayhall et al., 1991; Schwartz and Dean, 2005; Slootweg, 1993; 

Zhang et al., 1997; Zilberman and Smith, 2001).  

 

These aforementioned studies used linear measurements to analyse tissue thickness that was 

derived either through intraoral periapical or bitewing radiographs (Alvesalo et al., 1987; 

Alvesalo and Tammisalo, 1981; Harris et al., 2001; Harris and Hicks, 1998; Simpson and 

Kunos, 1998; Stroud et al., 1994; Zilberman and Smith, 2001). However, Grine, Stevens & 

Jungers (2001) found that radiographic measurement can significantly vary to the degree in 

which it may under- or over-estimate its true value. Therefore, radiographic measurements 

are less reliable in studying the enamel thickness as compared to physical sectioning of the 

crown (Olejniczak and Grine, 2006). Similarly, as computed tomographic (CT) scans 

undergo beam hardening effects, and make it improbable to obtain a slice that cuts through 

the tips of both dentine horns, they are rendered inaccurate in measuring enamel thickness 

(Grine, 1991).  While physical cross-sections of crowns are an accurate method of measuring 

tissue proportions, issues with specimen orientation/section obliquity may cause the 

specimens to be used with caution. Moreover, the destructive nature of this method makes 

it difficult to obtain enough specimens for statistical comparison, especially when the study 

deals with fossils (Olejniczak and Grine, 2006). Having established the significant genetic and 

hormonal influences on dental tissues, the most accurate description of proportional 

differences of tissues to overall crown morphology can be provided through volumetric 

measures (Saunders et al., 2007; Schwartz and Dean, 2005). As the micro-computed 

tomographic (μCT) method is more advanced and reliable (Olejniczak and Grine, 2006) 

than conventional methods such as radiography, it is an ideal tool to explore dental tissue 

proportions, and in turn, sexual dimorphism. In fact, while previous methods resorted to 

physical sectioning of the teeth to locate the dentine horn (eg: Grine, 2005; Saunders et al., 

2007; Schwartz & Dean, 2005), μCT methods allow the virtual sectioning of  crowns, thereby 
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including a larger number of specimens in samples (eg: Bayle et al., 2017; Feeney, 2009; 

García-Campos et al., 2020, 2018a; García-Campos and Modesto-Mata, 2019; Grine, 2005; 

Macho and Berner, 1993; Olejniczak et al., 2008c; Skinner et al., 2008b; Smith et al., 2012b; 

Sorenti et al., 2019). Furthermore, both 2D and 3D methods can be employed to quantify 

tissue proportions; however, as enamel thickness is not evenly distributed in the crown, and 

as there is dimensional loss in 2D, it is more beneficial to use 3D measurements (Benazzi et 

al., 2014; Feeney, 2009; García-Campos et al., 2018a). 

 

Feeney (2009) studied molar tissue proportions of specimens belonging to modern humans 

of Asian, African and European descent. The study focused on the application of novel two- 

and three-dimensional μCT methods to measure dental tissue distribution patterns. The 

results for mandibular molars showed that males have greater dentine proportions and 

relatively thinner enamel than females, greater EDJ length, surface area and size. Males also 

have taller and more widely spaced dentine horns than females. Their maxillary molars, 

however, are characterised by absolutely greater enamel proportions than females. This is 

particularly true for the M
1 

which have greater proportions of enamel in their protocone and 

can be explained by functionality i.e., highest forces of temporalis and masseter occur during 

the biting of M
1

. Feeney (2009) attributed the proportionally thicker enamel in females to the 

reduction in crown size. Based on these variations the author concludes that it could be 

inappropriate to combine sexes for certain analyses. Feeney et al’s. (2010) study on maxillary 

and mandibular canines and premolars of Asian, African and European populations focused 

primarily on the AET. Maxillary premolars have a larger enamel cap area, and therefore, 

greater AET, than maxillary canines. On the other hand, mandibular canines have greater 

dentine area and EDJ length, resulting in lower AET, than mandibular premolars. Feeney et 

al. (2010) did not find a significant difference between the sexes for AET values, although 

males have comparatively greater enamel area, dentine area, EDJ length and bi-cervical 

diameter. García-Campos et al. (2018b) studied the maxillary and mandibular (García-

Campos et al., 2018a) canines of modern human samples from Africa and Europe, in order 

to determine the viability of estimating sexes based on dental tissue measurements alongside 

discriminant function analysis. Their results for both studies correspond with previous works 

on sexual dimorphism of dental tissues, showing that males have absolutely and relatively 

greater dentine than females, and females have relatively thicker enamel. The thicker relative 

enamel thickness (RET) can be interpreted as resulting from lower dentine, or an increase 

in AET, or both. The maxillary canine enamel cap volume was smaller in females, and based 

on the 3D RET index, it appears that this results from size difference between the two sexes, 

rather than males having proportionally more enamel (García-Campos et al., 2018b). The 
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authors also found that males have longer and larger roots than females in their maxillary 

canines (García-Campos et al., 2018b). In both studies, the accuracy of sex determination 

was higher for females than for males indicating greater variability in male specimens (García-

Campos et al., 2018a, 2018b). Sorenti et al. (2019) studied mandibular molars of a Spanish 

anthropological collection and used μCT methods to extract 2D measurements. The 

application of 2D method can be debated due to the loss of one dimension; however, it is a 

more reliable method when using worn teeth. The results of Sorenti et al. (2019) once again 

align with other works in demonstrating that males have greater absolute and relative dentine 

area. Finally, García-Campos et al. (2020) used dental tissue proportions of maxillary and 

mandibular canines of SH specimens to characterise the degree of sexual dimorphism within 

these populations. They used a comparative sample comprising modern humans and 

Krapina Neanderthals. In order to identify the sex of the SH specimens, they used mean 

method and hierarchical cluster analysis. The results indicate that the SH and Krapina 

Neanderthals do not surpass the level of sexual dimorphism expressed in modern humans. 

However, the SH hominins do have mandibular canine root volume that surpassed the 

modern human mean, while falling within the 95% confidence interval. There, it appears the 

dental tissue proportions of European MP hominins were not significantly more dimorphic 

than modern populations.    

 

 

Overall, these studies demonstrate the significance of ‘virtual’ non-invasive methods to extract 

reliable information of taxonomic and phylogenetic value from dentition. Accordingly, in 

Chapters 6-8, we explore the endostructural organisation of the P3s of the European 

Pleistocene hominins by means of μCT. Then, in Chapter 9, Sections 9.1-9.3, we discuss the 

results of Chapters 6-8.   
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4. MATERIALS  
 
 

4.1. Sierra de Atapuerca: history and significance 

 

The Sierra de Atapuerca is located in the Iberian Peninsula (area: 25 km
2

, maximum altitude: 

1082 m), 14 km east of the city of Burgos, Spain, and is known for its extraordinary 

archaeological and anthropological finds. Its strategic location - between the basins of river 

Duero and the river Ebro, would have played a role in its regular occupation by hominins 

during the Pleistocene and the Holocene (Carbonell et al., 1999).  

 

Atapuerca consists of cretaceous limestone elevations and several archaeological and 

palaeontological sites (Bermúdez de Castro et al., 2004; Carbonell et al., 1999; Ciochon and 

Fleagle, 2006). The cave system of these hills was hidden away until it was exposed at the end 

of the last century when a British mining company built a narrow-gauge railway between 

Monterrubio de la Demanda and Villafría. The railway line was to pass through the southwest 

area of Sierra de Atapuerca, but after several years of use it was abandoned. However, it was 

only in the early 1960’s that the existence of the cave sites was revealed. In the following years, 

several discoveries of archaeological remains dating to the Chalcolithic and the Bronze Age, 

as well as the Roman period, were made. Trinidad Torres, a doctoral student, who was at the 

time looking for Ursus deningeri (cave bear) remains in Atapuerca, first explored the Gran 

Dolina and Galería cave sites of the Trinchera del Ferrocarril sector, with no luck. He then 

moved on to the Sima de los Huesos site of the Cueva Mayor sector where he came across 

abundant Ursus as well as hominin remains. The importance of such a site was ultimately 

recognized in the late 1970’s, when a new research project was initiated to undertake 

systematic excavations in the Sierra. Almost four decades later, this research project has 

produced fossil evidence of human presence throughout the Pleistocene as well as the 

Holocene, and their continuous exploitation of faunal resources (e.g., Aguirre et al., 1990; 

Antoñanzas and Bescós, 2002; Arsuaga et al., 2014; Bermúdez de Castro et al., 2020, 2017a, 

2013, 2004; Bermúdez de Castro and Martinón-Torres, 2014; Campaña et al., 2016; 

Carbonell et al., 1999, 2008; Ciochon and Fleagle, 2006; Euba et al., 2016; Galindo-Pellicena 

et al., 2017; Lozano-Ruiz et al., 2004; Lozano et al., 2017; Marcos-Sáiz et al., 2017; Martín 

et al., 2014; Martinón-Torres et al., 2019; Tattersall, 1995; Vergès et al., 2008).  
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Figure 4. 1: Panoramic view of the Atapuerca Hill range. From (Martín-Francés, 2015: 24) 

 
 

4.1.1. The site 

 

The Atapuerca mountains are a multi-level karst system comprising caves and galleries that 

extend over 3 kms and are partially faults and fractures. This three-level groundwater source 

karst system originated during the late Cretaceous (100.5 – 66 Mya), and then developed 

during the Quaternary (2.5 Mya – present) (Expósito et al., 2017). The archaeological sites 

can be divided into two sectors: the Trinchera del Ferrocarril and the Cueva Mayor – Cueva 

del Silo Complex. The Trinchera del Ferrocarril forms a 500 m arch with a maximum depth 

of 200 m. It is in this sector that we find the Early Pleistocene (EP) site of Gran Dolina, 

housing the remains of Homo antecessor dating to about 800 kya, and is located in the 

northern sector of the Trinchera. The other prominent sites that make up the Trinchera are 

Galería, Cueva de los Zarpazos, Penal and Sima del Elefante (Arsuaga and Martínez, 2006; 

Carbonell et al., 1999). The Cueva Mayor and Cueva del Silo – an extensive system of 

underground caverns with no entrances, are placed close to the Trinchera del Ferrocarril 

(Arsuaga et al., 1997c; Bischoff et al., 1997; Carbonell et al., 1999; Ciochon and Fleagle, 

2006; García-Medrano et al., 2017; Rodríguez et al., 2011; Vallverdú, 2017). The most 

prominent site in this sector is the Sima de los Huesos (“Pit of Bones”), dating to the Middle 

Pleistocene (MP) and comprising one of the largest hominin fossil remains of the period. 

The other sites from this sector that have provided promising finds from the Pleistocene and 

the Holocene are Galería del Silex, Portalón, La Revilla, Peluda and Mirador (Arsuaga et al., 

1997c; Díez and Marcos-s, 2017; Rosell et al., 2017).   
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Figure 4. 2: Map of Spain with emphasis on the location of Atapuerca. ©Google maps 
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Figure 4. 3: Map of the Pleistocene sites from the Sierra de Atapuerca (Cuenca-Bescos et al., 2017) 

 

 
 

4.1.1.1. Gran Dolina 
 
Located 300 m from the entrance of the railway trench, and 100 m from the EP site of Sima 

del Elefante, this karstic cave site has a stratigraphic succession that is 18 m thick, which is 

further divided into eleven lithostratigraphic units [TD1 (bottom) to TD11 (top)] (Figure 4.4) 

(Gil et al., 1987). The cave site fills up a large cavity of about 27 m deep, with a maximum 

width of 17 m (Bermúdez de Castro et al., 2015a). The sedimentary deposits of units TD1 
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and TD2 are composed of interior facies that are not influenced by external factors. On the 

contrary, the majority of the TD3-4 to TD11 units are made up of exterior deposits with 

minor interior deposits, that accumulated in the cave when the Gran Dolina cavity was 

opened to the outside in the EP (Campaña et al., 2016; Expósito et al., 2017). It is in unit 

TD6 that the EP hominin fossil remains were discovered. The boundary between the EP 

and MP marked by change in the earth’s magnetic field that occurred around 780 kya called 

the Matuyama-Bruhnes polarity, has been detected between levels TD7 and TD8 (Parés and 

Pérez-González, 1995). 

 

The Trinchera Dolina (TD) has been systematically excavated in two phases: first from 1994-

1995, and then from the first decade of the 21st century (Bermúdez de Castro et al., 2015a; 

Campaña et al., 2016). In July 1994, a survey pit of 6 m
2 

was created, reaching level TD-6, 

called the Aurora stratum. Here, 80 hominin remains corresponding to a minimum of six 

individuals and around 200 artefacts (Mode I technology) were unearthed, along with an 

abundance of faunal remains. The second phase excavated an area with a triangular shape of 

13 m
2

 and is situated in the central area of the Gran Dolina section, where there is the 

presence of medial sedimentary facies. The northern section of TD6 called ‘Torreón’ was 

excavated during this phase and more hominin fossils were recovered (Campaña et al., 2016). 

Overall, this site has recovered more than 160 hominin remains and >300 Mode 1 

technologies (Bermúdez de Castro et al., 2017a, 2015a).  

 

Preliminary results on the minimum number of individuals (MNI) based on dental remains, 

indicate a number of eight individuals (Bermúdez de Castro et al., 2010b). The age at death 

of these individuals is of particular interest, given that they range from juveniles to young 

adults. More so, the remains show explicit signs of cannibalism, with tool-induced surface 

modification of bones. The cut marks seem to have been made for the purpose of removing 

muscle attachments to the bone, and for the disarticulation of tendons/joints (Bermúdez de 

Castro et al., 2015a; Fernández-Jalvo et al., 1999). Spiral fractures have also been observed 

in the axial skeletons as produced by strong hammering action (Fernández-Jalvo et al., 1999). 

The wide diversity of fauna found in TD6 implies that there was no paucity of resources, 

invalidating any argument of starvation periods at the time (Cuenca-Bescós et al., 1999; 

Rodríguez-Gómez et al., 2013; Rodríguez et al., 2011). Taking in to account the age of the 

individuals, the method of processing the carcasses, and the deposition of these individuals 

over a period of successive events, it can be concluded that the nature of cannibalism 

executed at the site was cultural cannibalism with a functional purpose. As aggression to 

protect the group’s catchment territory perhaps from new groups would have occurred, these 
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young individuals would have posed the least risk in capture (Saladié et al., 2012). While 

several cases of Pleistocene cannibalism have been documented, the TD6 site is the earliest 

instance known to date (Fernández-Jalvo et al., 1999; Rougier et al., 2016; Saladié et al., 2012).   

 

The unique combination of modern facial features combined with a primitive dental 

morphology presented by the TD6 hominins warranted its new species name, Homo 

antecessor (Bermúdez de Castro et al. 1997) (also see Chapter 3, Section 3.1.1.1). Owing to 

this combination of cranio-facial and dental traits, it was initially hypothesized that H. 

antecessor could represent the last common ancestor (LCA) to Neanderthals and modern 

humans (Bermúdez De Castro et al., 1999). But this hypothesis has also been contented 

(Bergström et al., 2021; Gómez-Robles et al., 2013). Consequently, it has been proposed that 

H. antecessor could be a closely related sister taxon of LCA (Bermúdez de Castro et al., 

2017a; Bermúdez de Castro and Martinón-Torres, 2019), and this is supported by the recent 

palaeoproteomic analysis (Welker et al., 2020). 

 

Initial paleomagnetic studies on red clay and speleothem suggested an age older than 780 

kya for the TD6 hominin fossil producing layer (Parés and Pérez-González, 1999, 1995). 

Falguères et al. (1999) applied electron spin resonance (ESR) and uranium series (U-series) 

dating methods on ungulate teeth to obtain an age of 770 ±116 kya and 762 ±114 kya for the 

TD6 unit, respectively. Moreno (2011) used the optically bleached quartz (ESR-OB) method 

which produced an age range of 800 kya and 880 kya. More recently, Arnold et al. (2015) 

applied luminescence dating techniques, including thermally transferred optically stimulated 

luminescence (TT-OSL), post-infrared infrared stimulated luminescence (pIR-IRSL) and 

OSL dating of individual quartz super-grains, which gave an estimated age of 846 ± 57 kya.  

Finally, a combination of ESR and U-series dating was employed to directly date a hominin 

lower permanent molar (ATD6-92), producing an age range of 779 – 949 kya (Duval et al., 

2018). Regarding the biochronological evidence, Cuenca-Bescós et al. (1999) identified three 

species of rodents at the TD6 level - Mimomys savini, Pliomys episcopalis, and Iberomys 

huescarensis, indicative of an Early Pleistocene inhabitation. Preliminary analysis of pollen 

in TD6 suggested a Mediterranean climate for this level (Bermúdez de Castro et al., 2015a; 

García Antón, 1989). Herpetofaunal and avian faunal evidence is also suggestive of a 

Mediterranean landscape, but with higher proportions of humid and riparian vegetation 

(Blain et al., 2013; Sánchez-Marco, 1999). Celtis seeds, which is unequivocally related to a 

Mediterranean climate, has been found in large amounts in the TD6 layer, and is indicative 

of its consumption by the inhabitants of the cave (Allué et al., 2015; Blain et al., 2008). Blain 

et al. (2009) found a movement towards temperate climate in this unit. A new study of the 
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non-pollen palynomorph samples analyzed at Gran Dolina levels show that the lower units 

(TD5-TD6) are different from the other levels due to the predominance of algal 

palynomorphs. Such analyses confirms that the Mediterranean taxa continued throughout 

the TD stratigraphy successions, except in TD5, where the dominant polynomorphs are from 

conifers and poaceae, as well as a large herpetofaunal assemblage (Expósito et al., 2017). In 

TD6-3 to the TD6-1 units, we see a relative dryness outside the cave based on the pollen 

record, which is suggestive of an accurate change towards a Mediterranean landscape. 

However, there seems to be a hint of humidity inside the cave at TD6-3 (Expósito et al., 

2017).  Overall, it is likely that the hominins that inhabited the TD6 unit lived during a warm 

period, characterised by open woodlands and a steppe landscape (Blain et al., 2009, 2008; 

Cuenca-Bescós et al., 1999; Expósito et al., 2017; Rodríguez et al., 2011). 

 

The TD6 specimens included in this thesis consist of two specimens (see Table 4.1). 

Figure 4. 4: Stratigraphic layers of the Gran Dolina site (Bermúdez de Castro et al., 2013) 

 

 

4.1.1.2. Sima de los Huesos 
 

The Sima de los Huesos site is located close to the Gran Dolina cave, within the Cueva 

Mayor - Cueva del Silo complex (Arsuaga et al., 1993, 1991, 1990; Arsuaga and Martínez, 



 163 

2006; Henke and Tattersall, 2007). The two karst systems have four known entries – El 

Portalon and Galería de las Estatuas that are in the first karst level, and Sima de los Huesos 

and Cueva del Silo based in the third karst level. El Portalón provides entry to the Cueva 

Mayor cave system, and consequently, to the SH site. SH is located in the third level and 500 

m from the entrance to Cueva Mayor; it is a blind cavity of 8x4 m
2 

located at the foot of a 14 

m vertical shaft, about 30 m below the surface, its nearest entrance being the Cueva del Silo. 

The vertical conduit ends in a steep inclined ramp of 9 m in length, providing the current 

access to this chamber (Aranburu et al., 2017; Arsuaga et al., 1997c, 1993; Ciochon and 

Fleagle, 2006). The SH chamber is 18 m in length and comprises of three parts: the Sima 

Rampa, an inclined middle segment, and two pseudo-horizontal segments – the Sima Top 

and the Sima de los Huesos Proper at the bottom. Three test pits have been excavated along 

the Sima Rampa – SR Alta, SR Media and SR Baja. The majority of the fossil finds come 

from the SH chamber at the bottom of the pit. There are three major chimneys on the roof 

of the SH, of which only one chimney (Shaft or C2) is open and accessible. The sedimentary 

record has been divided in to 12 lithostratigraphic units (LU-1 to LU-12) of which LU-6 has 

the largest accumulation of hominin remains belonging to the MP (also see Figure 4.5). Here, 

the bones are chaotically organized in a bone breccia. The most complete hominin remains 

are found adjacent to the northern wall of SH Proper (Aranburu et al., 2017). The fossil 

reconstructions indicate continuity in the deposition of hominins, however, a debris flow 

formed by LU-7 eroded LU-6 as shown by the mud clasts. This would explain the deposition 

of skeletal remains in LU-7 as well as LU-6 (Aranburu et al., 2017). 

 

More than 7600 human remains have been recovered from the SH site. Overall, a MNI of 

29 have been identified, which include 13 immature individuals, 12 young adults and four 

middle-aged adults (Bermúdez de Castro et al., 2020b). While the sex ratio is skewed towards 

a greater number of females than males (15:9) (García-Campos et al., 2020), this ratio is not 

significantly different from 1:1 ratio (Bermúdez de Castro et al., 2020b). It has been suggested 

that the SH hominins belong to a single biological population, and that the fossil 

accumulation at the site occurred over a relatively short period of time due to anthropic 

activity (Aranburu et al., 2017; Arsuaga et al., 2014, 1997c). Also, the hominin remains were 

found in association with Ursus deningeri, and a small number of carnivore taxa and micro-

fauna. A natural trap – possibly the chimney shaft (C3) which is now blocked could represent 

an entrance from which these fauna and fossil remains entered. It would have been 

impossible to exit the chimney, and this hypothesis is backed by the catastrophic age profile 

of U. deningeri, their claw marks on red clay, and the extension of their remains along the 

sedimentary sequence (Arsuaga et al., 1997c). The extensive research done by Aranburu et 
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al. (2017) show that the Sima Top conduit was isolated sedimentologically from outside the 

cave by the time the hominin remains accumulated within the cave. The purity of the 

deposition space is indicative of a low-energy environment, undisturbed for the most part, 

and any such deposition of animal and hominin remains would have been done so through 

the in situ vertical conduits, rather than long-distance transport through the cave systems 

(Aranburu et al., 2017). The ages of the hominins do not fit the natural age profile either, 

and while the circumstances leading to their deaths remain uncertain, it is probable that their 

accumulation in the pit was a result of ‘human’ influence (Aranburu et al., 2017; Arsuaga et 

al., 1997c; Bischoff et al., 2007; Carbonell and Mosquera, 2006). A handaxe made of good 

quality reddish-light brown quartzite, with an amygdaloid shape, sculpted with soft-hammer 

percussion and ascribed to the Acheulean tool-kit has also been found. This tool is singular 

in nature, and not common in the area surrounding it. This has been deemed by researchers 

to be an act of deliberate disposal, just like the SH individuals were deposited in to the pit in 

some form of symbolic behaviour. If this is corroborated, then the SH site will represent the 

earliest known form of ritualistic funerary practice known to man (Aranburu et al., 2017; 

Arsuaga et al., 1997c; Bischoff et al., 2007; Carbonell and Mosquera, 2006; Martinón-Torres 

et al., 2012).  

 

Previously, SH was considered part of Homo heidelbergensis, which was understood to be 

a chronospecies of Homo neanderthalensis (Arsuaga et al., 1997a). However, the allocation 

of the SH hominins within this taxon has been questioned. This is because the Mauer 

mandible, which is the type specimen of Homo heidelbergensis, lacks derived Neanderthal 

traits, while SH hominins essentially show Neanderthal synapomorphies (Arsuaga et al., 2014, 

1997d, 1993; Pablos et al., 2017, 2014; Rightmire, 2008). In particular, the study of the dental 

remains have produced the most phenetically accurate results. The teeth are more derived 

than some classic Neanderthal samples and are more ‘Neanderthal’ than some contemporary 

fossil hominins. To this end, the dental samples have challenged the accretion hypothesis, 

calling for newer evolutionary models to be hypothesized (Martinón-Torres et al., 2012; 

Stringer, 2012). Finally, it has been possible to sequence the mitochondrial (mtDNA) (Meyer 

et al., 2014a) and nuclear DNA (Meyer et al., 2016) of the SH hominins. The mtDNA 

showed closer affinities with Denisovans than with Neanderthals (Meyer et al., 2014a), while 

the latter results indicate that the SH hominins were early Neanderthals or closely related to 

their ancestors (Meyer et al., 2016). 

 

Initial chronological studies by Bischoff et al’s. (2007, 2003, 1997) suggested a minimum age 

of 200 kya and a maximum age of 600 kya for the SH hominin remains. Arnold et al. (2014) 
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applied post-infrared-infrared stimulated luminescence (pIR-IR) dating analyses of K-

feldspars, and thermally transferred optically stimulated luminescence (TT-OSL) of 

individual quartz grains, which gave a mean age of 427 ± 12 kya for the SH hominins. More 

recently, a Bayesian age-depth model was carried out using published chronologies, as well 

as new single-grain TT-OSL ages for LU-5 and LU-6, in order to provide a combined age 

estimate for the lithostratigraphic unit preserving hominin remains (LU-6). The results 

suggest that the LU-6 was deposited between 455 ± 17 and 440 ± 15 ka, with a mean age of 

448 ± 15 kya (Demuro et al., 2019). Therefore, the SH hominins could be attributed to MIS 

12  (Demuro et al., 2019). Regarding the biochronological evidence, the pollen analysis shows 

a predominance of conifers (Pinus), mesic trees (deciduous Quercus), and Mediterranean 

trees (evergreen Quercus). Similarly, the faunal evidence is characterised by large carnivores 

such as Canis lupus, Panthera leo, and herbivores such as Stephanorhinus hemitoechus and 

Bos primigenius (Arsuaga et al., 1997c; García et al., 1997; García and Arsuaga, 2011a; 

Rodríguez et al., 2011). Overall, the evidence suggests a savannah-like open woodland 

landscape (García and Arsuaga, 2011b; Rodríguez et al., 2011). Furthermore, the dates 

provided for the faunal assemblage recovered from the LU-6 are consistent with an early-to-

mid Middle Pleistocene age given by geochronological studies (Arsuaga et al., 2014; Cuenca-

Bescós et al., 1997; García et al., 1997). 

 

The total number of SH specimens used in this study comprise 13 P3s, with eight specimens 

associated with eight individuals (some of known age and sex), and five isolated specimens, 

respectively (see Table 4.1).  
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Figure 4. 5: Stratigraphy of the Sima de los Huesos site. (Aranburu et al., 2017) 

 

 

4.1.2. Comparative samples 

 

4.1.2.1. Middle Pleistocene 
 

4.1.2.1.1. Arago 
 

Located in southern France, the Caune de l’Arago is a 30 m long karst cavity that is located 

about 20 kms away from Perpignan, in the valley of Tautavel (de Lumley, 2015; Falguères et 

al., 2015). The site was discovered in 1829, but excavations began in 1964, continuing till 

2014. This excavation period has yielded about 148 hominin remains, along with a rich 

collection of lithics (Mode 2), and faunal remains (about 140 species identified) (de Lumley, 

2015; Falguères et al., 2008; Lebreton et al., 2016). The stratigraphic sequence is 15 m thick 

and can be divided into four grand complexes, which can be further divided into 15 

archaeostratigraphic units (de Lumley, 2015). Most human remains come from the 

archaeostratigraphic layers F and G (Complex III of the middle grand complex). Regarding 
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the hominin remains, a majority of the specimens discovered are cranial elements. The site 

has also produced five mandibles, 123 teeth (isolated and in situ), as well as several post-

cranial bones, altogether representing 18 adults and 12 children. On 22 July 1971, a partial 

skull (Arago XXI) retaining the facial and frontal bone, was discovered in layer G. Based on 

mandibular similarities to Mauer, it was proposed at the time that this population could 

belong to the same taxon. Therefore, Arago was considered the paratype for Homo 

heidelbergensis (de Lumley, 2015; Harvati, 2007). However, de Lumley (de Lumley, 2015) 

believes this population displays more archaic characteristics and is similar to H. erectus s.l, 

and to that end, give a geographical connotation for this European specimen – Homo erectus 

tautavelensis (de Lumley et al., 2004; de Lumley, 2015; Falguères et al., 2015), considering it 

ancestral to Neanderthals.   

 

ESR and U-series dates give a minimum age of 392 ± 43 kya for the F level, and 43831 kya 

for the G level (de Lumley, 2015; Falguères et al., 2015). The environmental context of Arago 

suggests an initial cold and dry phase (570 – 530 kya), followed by a temperate and humid 

phase (530 – 480 kya), eventually leading to a cold and dry climate (up to 400 kya) (Falguères 

et al., 2015). Level G was occupied by a large group for an extended period of time. There 

are signs of cannibalism found in this layer, and an abundance of lithics have also been found 

(de Lumley, 2015; Saladié and Rodríguez-Hidalgo, 2017).  

 

Considering that Arago and SH hominins show anatomical differences despite their 

geographical and geological proximity (Bermúdez de Castro et al., 2018 and references 

therein), the Arago hominins are valuable to understand the variability and complexity of the 

MP. The specimens used in this study come from level E (Arago 71), and level F (Arago 75) 

of complex III, dating to MIS 12 (de Lumley, 2015; Falguères et al., 2015; Vialet, personal 

communication) (see Table 4.1). 



 168 

 

 

Figure 4. 6: Location of deposits with Middle Pleistocene fossils that were used for analysis in this thesis. ©Google 
maps 

 

 

4.1.2.2. Homo neanderthalensis 

 

4.1.2.2.1. Krapina 
 

The Hušnjakovo rock shelter, in the Croatian town of Krapina was systematically excavated 

between 1899 to 1905 under the directorship of Dr. Dragutin Gorjanović-Kramberger, and 

yielded one of the largest known fossil hominin samples from a single site at the time 

(Belcastro et al., 2006; Belcastro and Mariotti, 2017; Caspari and Radovčić, 2006; Mariotti 

and Belcastro, 2011; Simek and Smith, 1997; Smith, 1976; Trinkaus, 1985; Wolpoff, 1979a; 

Wolpoff and Caspari, 2006). The site was classified into several cultural layers (layers 1 – 9) 

by Dr. Gorhanović-Kramberger, with layers 3 and 4 showing predominantly hominin 

remains, thus being termed the Homo zone; however, later studies have shown the 

accumulation of hominin remains in other layers (Belcastro et al., 2018; Caspari and 

Radovčić, 2006; Smith, 1976; Wolpoff, 1979a). The site has been dated using ESR and 
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Uranium – (U) series methods with an estimated age of about 130 kya BP for the top and 

bottom sequence, suggesting the entire sequence covers a short period (Belcastro et al., 2018; 

Mariotti and Belcastro, 2011; Rink et al., 1995).  Modern estimates based on the mandibles 

and maxillae suggests 23 individuals (White and Toth as cited in Bocquet-Appel and Arsuaga, 

1999) but Wolpoff (1979) and Wolpoff and Caspari (2006) have estimated as high as 83 

individuals based on dental data (Belcastro et al., 2018; Caspari and Radovčić, 2006; Mariotti 

and Belcastro, 2011).  Therefore, the LP Neanderthals from Krapina, provide us with a great 

opportunity to study intra- and inter-population variability in the MP and LP fossil record.  

 

The current sample consists of a maximum of eight lower third premolars for the Krapina 

specimens, which were acquired from the online 3D database NESPOS (“NESPOS 

Database, 2017. NEanderthal Studies Professional Online Service.,” n.d.) (see Table 4.1). 

 

 
Figure 4. 7: Location of the deposit of Lower Pleistocene fossil used for analysis in this thesis. ©Google maps. 
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4.1.2.3. Homo sapiens 
 

4.1.2.3.1. Maltravieso 
 

Maltravieso is located to the south of the city of Cáceres, Extremadura, Spain. It is a cavity 

about 130 m long, formed by karstic activity, consisting of several rooms and corridors 

(Arroyo et al., 1997; Bañuls Cardona et al., 2012; Bermúdez de Castro et al., 2017c; Ripoll 

López et al., 1999; Rodríguez-hidalgo et al., 2017). This site is mainly known for its 

Palaeolithic rock art; some of the most important being a set of red hand stencils, as well as 

geometric designs, and painted and engraved figures (Hoffmann et al., 2018; Ochoa et al., 

2020; Pons-Branchu et al., 2020; Ripoll López et al., 1999; Rodríguez-Hidalgo et al., 2013). 

However, more recent research indicates a prolonged use of this site dating back to the late 

MP (Rodríguez-hidalgo et al., 2017).  

 

The cave was accidentally discovered in 1951 while work was being undertaken at a limestone 

quarry. A narrow entrance leads to the three chambers (column room, painting room and 

shafts room) where some of the important Palaeolithic art is found (Arroyo et al., 1997) [but 

see (Ochoa et al., 2020; Pons-Branchu et al., 2020)].  In an area called ‘Sala del 

Descubrimiento’ (Discovery Room), a number of ceramics, as well as human remains were 

found as part of a grave site. The pottery fragments indicate that this room was used as a 

burial site at least in the second half of the millennium BP. In 2002, further test pits were 

performed, identifying 172 new human remains, as well as some pottery fragments, and are 

considered part of the assemblage discovered in the 1950s. Uranium-Thorium on carbonate 

crusts found near the hand paintings has produced a minimum age of 66.7 kya (Hoffmann 

et al., 2018).  

 

The specimens used from this archaeological site for this thesis comprise of two specimens 

(see Table 4.1). 

 

 

4.1.2.3.2. El Mirador 
 

El Mirador cave is located in the southern side of the Sierra de Atapuerca, Burgos, Spain, 

and is located 1,033 m above sea level (Bermúdez de Castro et al., 2017c; Cáceres et al., 

2007; Gómez-Sánchez et al., 2014). The first archaeological work was initiated in the 1970s 
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by the Edelweiss Speleological Group, but an area of 20 m
2

 was subsequently affected by 

clandestine excavators. In 1999, archaeological fieldwork resumed, and is still ongoing 

(Bermúdez de Castro et al., 2017c; Gómez-Sánchez et al., 2014; Vergès et al., 2008, 2002). 

Two different human assemblages have been identified: the first sample is deposited in levels 

MIR 3 and MIR 4, attributed to the Early Bronze Age (4,400 – 4,100 BP). These remains 

belong to six individuals of different age and sex who were cannibalised and abandoned as 

rubbish in the Early Bronze Age, eventually being buried in the Middle or Late Bronze Age 

(Cáceres et al., 2007; Vergès et al., 2008, 2002). The next survey commenced in 2009 and 

focused on a small cavity near a wall of the cave where a collective burial was found (Gómez-

Sánchez et al., 2014). This excavation is still in progress. A minimum number of 23 

individuals have been found, of different sexes, with ages ranging from two to 40 years old 

(Vergès et al., 2016). These remains have been dated to the Chalcolithic period (4880 – 4480 

BP). Gomez-Sanchez et al. (2014) sequenced the mitochondrial DNA of 19 individuals from 

the Chalcolithic sample of El Mirador and analysed their haplogroup composition to 

compare with modern and ancient populations. To this end, the sample from El Mirador 

clustered with Middle and Late Neolithic populations from Germany, thereby suggesting an 

association between Western and central Europe during the Middle and Late Neolithic, 

pointing to a heterogenous genetic landscape among Chalcolithic groups.  

 

The specimens from El Mirador included in this thesis comprise of two specimens associated 

with the Early Bronze Age (see Table 4.1). 

 

 

4.1.2.3.3. Other Contemporary modern human samples 
 

Other contemporary modern humans included in this thesis comprise specimens of known 

age and sex and were originally housed at the School of Legal and Forensic Medicine of 

Complutense Madrid, Madrid, Spain. The specimens were collected after the closure of two 

Madrid cemeteries – Carabanchel and Antiguo of Alcornón, which are approximately 10 

kms apart. The CENIEH acquired these specimens through collaboration with Dr. 

Bernardo Perea Pérez of the School of Legal and Forensic Medicine of Complutense Madrid.  

In total, a number of 84 skeletons were collected (24 females and 60 males). A majority of 

the individuals in the sample were born in the first half of the 20
th

 century in different Spanish 

provinces. Our study comprises a maximum of 15 females and 12 males, with an age range 

of 20 to 55 years (see Table 4.1). 
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The specimens named UCL (University College London) come from modern localities of 

Bahri, Umdurman and Khartoum city, Khartoum, Sudan, Africa, and were acquired by the 

CENIEH for μCT scanning from Prof. Christopher Dean, Department of Anatomy, UCL, 

London, UK. Specimens for all dental classes were originally collected for a study on  

malnutrition (Elamin and Liversidge, 2013), and then by Prof. Dean for his study on 

parturition lines in modern human wisdom tooth roots (Dean and Elamin, 2014). The 

individuals range from 2 – 22 years. The present sample consists of 31 P3s, with only five 

specimens of known sex (F= 3; M = 2) (see Table 4.1). 
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Figure 4. 8: Location of the Holocene samples used for this thesis. ©Google maps. 

 

 

4.1.2.4. Bibliographic Comparative Samples 
 

The rest of the comparative samples used in the present thesis come from various articles 

that focus on the virtual analysis of the P3s of Pleistocene and Holocene hominins from 

important archaeological sites in Africa, Asia and Europe. These specimens were only 

included in the chapter dealing with the analysis of the dental tissue proportions of the 

Atapuerca hominins (Chapter 7, and Chapter 9, Section 9.2  for discussion).  

 

The sites from which we have obtained the comparative bibliographic samples are: early 

Homo [Koobi Foora, Kenya, east Africa (Smith et al., 2012b); Swartkrans, south Africa (Pan 

et al., 2016); Zanolli, direct communication], Homo erectus s.s. [Zhoukoudian, China 

(Zanolli et al., 2018; direct communication)] Middle Pleistocene Homo [Tighenif, Algeria, 

north Africa (Zanolli, direct communication)], Homo neanderthalensis [Gruta da Oliveira, 

Torres Novas, Portugal (Bayle et al., 2017), Sima de las Palomas, Spain (Bayle et al., 2017), 

Regourdou (Bayle et al., 2017)], Fossil Homo sapiens [Jebel Irhoud, Morocco, north Africa 
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(Smith et al., 2012b), Qafzeh, Israel (Smith et al., 2012b), Grotte des Contrebandiers, 

Morocco, north Africa (Smith et al., 2012b)] (see Table 4.1). 

 

The data pertaining to south African Early Homo (SKX 21204), Zhoukoudian (PMU 

M3549), and Tighenif (TH 1 and TH 2) were obtained through direct communication with 

Dr. Clément Zanolli of University of Bordeaux, France.  

 

While these comparative samples help demonstrate the general polarity of dental traits in 

Plio-Pleistocene and Holocene Africa and Eurasia, we would like to particularly highlight the 

importance of the EP specimens from Tighenif, Algeria. This fossil assemblage was originally 

attributed to Atlanthropus mauritanicus (Arambourg, 1954a), but has also been associated 

with Homo erectus s.s (le Gros Clark, 1960), Homo mauritanicus (Hublin, 2001; Stringer, 

2003) and Homo ergaster (Bermúdez de Castro et al., 2007). Therefore, its taxonomic 

placement remains a topic of interest. Furthermore, H. antecessor, which is approximately 

contemporary to Tighenif (Sahnouni et al., 2018b),  has previously been considered by some 

to be part of the Homo mauritanicus hypodigm (Hublin, 2001; Stringer, 2003). While 

Tighenif and H. antecessor do share some primitive dental traits for the genus Homo, the 

former group has a comparatively more robust and primitive mandibular and dental 

morphology (Bermúdez de Castro et al., 2007). This can be seen as a departure from the 

Eurasian morph which H. antecessor may have been a part of, and more compatible with an 

African morphotype (Bermúdez de Castro et al., 2007; Martinón-Torres et al., 2007a). 

Overall, the P3s of the Tighenif hominins provide us with a great opportunity to continue to 

explore the relationship between these two groups, and more so, to understand the origins 

of H. antecessor.  
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Figure 4. 9: Location of deposits of Comparative samples used for analyses in this thesis. ©Google maps. 
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Table 4. 1: Full list of specimens used for this thesis 

Samples Geological Epoch Geological Age Location Individual Specimen P3 Sex Age 2D 3D L3D Data base 

Early Homo  Early Pleistocene 

 

1.945 ± 0.004 mya 

and 2.058 ± 0.034 

mya1 

 

Koobi Fora, east Africa  KNM-ER 1802 R   X   Smith et al. 

(2012) 

 

Early Homo  Early Pleistocene 

 

1.80 ± 0.09 mya - 

2.19 ± 0.08 mya2 

 

Swartkrans, south Africa  SKX 21204 L   X X X Original Data 

(Dr. Clement 

Zanolli, 

University of 

Bordeaux) 

 

Homo erectus  Middle Pleistocene 

 

550 - 500 kya3 Zhoukoudian, north China  PMU M3549 L   X  X Original Data 

(Dr. Clement 

Zanolli, 

University of 

Bordeaux) 

Zanolli et al., 

(2018) 

 

Homo antecessor 

 

Early Pleistocene 949 – 779 kya4 

949 – 779 kya 

 

Atapuerca, Spain 

Atapuerca, Spain 

H1 

H5 

 

ATD6.3 

ATD6.96 

R 

L 

  X 

X 

 X 

X 

Original Data 

Original Data 

 

Tighenif Hominins     Early Pleistocene ~1 mya5 

~1 mya 

Morocco, north Africa 

Morocco, north Africa 

Tighenif 1 

Tighenif 2 

TH 1 

TH 2 

R 

L 

    X 

X 

Original Data 

(Dr. Clement 
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Zanolli, 

University of 

Bordeaux) 

(Zanolli and 

Mazurier, 2013) 

 

Sima de los Huesos 

Hominins  

Middle Pleistocene 448 ± 15 kya6 Atapuerca, Spain* 

 

II AT 2027 R M 13.5 X X X Original Data 

 Middle Pleistocene 448 ± 15 kya Atapuerca, Spain 

 

III AT 47 L F 16 X X X Original Data 

 Middle Pleistocene 448 ± 15 kya Atapuerca, Spain 

 

XI AT 148 L F 14 X X X Original Data 

 Middle Pleistocene 448 ± 15 kya Atapuerca, Spain 

 

XVIII AT 2767 L M 10.5 X X X Original Data 

 Middle Pleistocene 448 ± 15 kya Atapuerca, Spain 

 

XX AT 3045 L M 13.5 X X X Original Data 

 Middle Pleistocene 448 ± 15 kya Atapuerca, Spain 

 

XXIV AT 807 L  13.5 X X X Original Data 

 Middle Pleistocene 448 ± 15 kya Atapuerca, Spain 

 

 AT 3243 R   X X X Original Data 

 Middle Pleistocene 448 ± 15 kya Atapuerca, Spain 

 

XXV AT 3940 L F 11.8 X X X Original Data 

 Middle Pleistocene 448 ± 15 kya Atapuerca, Spain 

 

 AT 4100 L   X X X Original Data 

 Middle Pleistocene 448 ± 15 kya Atapuerca, Spain 

 

 AT 1993 L   X X X Original Data 

 Middle Pleistocene 448 ± 15 kya Atapuerca, Spain 

 

 AT 1466 R   X X X Original Data 
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 Middle Pleistocene 

 

Middle Pleistocene 

448 ± 15 kya  

 

448 ± 15 kya 

Atapuerca, Spain 

 

Atapuerca, Spain 

 

 

 

 

VI 

 

AT 563 

 

     AT 4328 

L 

 

R 

  X 

 

X 

X X 

 

X 

Original Data 

 

Original Data 

             

Homo 

neanderthalensis  

Late Pleistocene 130 ± 12 kya7 Krapina, Croatia 

 

 D 27 L     X NESPOS 

database 

 Late Pleistocene 130 ± 12 kya Krapina, Croatia  D 33 L   X X X NESPOS 

database 

 Late Pleistocene 130 ± 12 kya Krapina, Croatia  D 111 L   X X X NESPOS 

database 

 Late Pleistocene 130 ± 12 kya Krapina, Croatia  D 114 L   X X X NESPOS 

database 

 Late Pleistocene 130 ± 12 kya Krapina, Croatia  D 29 R   X  X NESPOS 

database 

 Late Pleistocene 130 ± 12 kya Krapina, Croatia  D 34 R   X X X NESPOS 

database 

 Late Pleistocene 130 ± 12 kya Krapina, Croatia  D 25 R     X NESPOS 

database 

 Late Pleistocene 130 ± 12 kya Krapina, Croatia  D 28 R     X NESPOS 

database 

             

 Late Pleistocene 43 kya8 Gruta du Oliveira, Portugal  7    X X  Bayle et al. 

(2017) 

 Late Pleistocene 50 kya9 Sima de las Palomas, Spain  45    X X  Bayle et al. 

(2017) 
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 Late Pleistocene 50 kya Sima de las Palomas, Spain  76    X X  Bayle et al. 

(2017) 

 Late Pleistocene 71 kya10 Regourdou, France  1 R    X  Bayle et al. 

(2017) 

             

Fossil Homo sapiens Holocene 315 ± 34 kya11 

 

Jebel Irhoud, north Africa  Jebel Irhoud 3    X   Smith et al. 

(2012) 

 Holocene 130 – 90 kya12 Qafzeh, Israel  Qafzeh 15    X   Smith et al. 

(2012) 

 Holocene 126 - 103 kya13 La Grotte des 

Contrebandiers, north 

Africa 

 La Grotte des 

Contrebandiers 

   X   Smith et al. 

(2012) 

             

Modern Homo 

sapiens 

Holocene 2000 – 1000 BP14 Maltravieso, Cáceres, Spain 

 

 MTV1408 L   X X X Original Data 

 Holocene 2000 – 1000 BP Maltravieso, Cáceres, Spain  MTV1413 R   X X X Original Data 

 Holocene 4, 400 – 4,100 cal yr 

BP15 

Mirador, Atapuerca, Spain  190A L   X X X Original Data 

 Holocene 4, 400 – 4,100 cal yr 

BP 

Mirador, Atapuerca, Spain  108B L   X X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain**  UCM 4 R  41 X X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 6 R  20 X X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 7 R  49  X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 9 L  55 X X X Original Data 



 180 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 10 L  21   X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 14 L  41 X X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 15 R  44 X X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 19 L  44   X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 20 R  34 X   Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 22 L  52 X   Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 26 L  38 X X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 28 R  42 X X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 31 L  34 X X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 36 R F 28  X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 37 L F 49 X X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 38 L M 50  X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 39 L M 30 X   Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 42 L M 38 X X X Original Data 
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 Holocene Contemporary 

samples 

Madrid, Spain  UCM 43 L M 33 X   Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 44 L M 50  X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 50 L F 33 X   Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 53 R F 46 X X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 54 L F 55   X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 55 R M 29 X X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 56 L M 45 X   Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 57 L F 39 X X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 58 L M 36 X X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 60 L F 35 X X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 63 R M 30  X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 65 L M 41  X X Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 74 L M 46 X X  Original Data 

 Holocene Contemporary 

samples 

Madrid, Spain  UCM 76 R M 33 X X X Original Data 
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 Holocene Contemporary 

samples 

Madrid, Spain  UCM 79 L M 28   X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa***   UCL 37 L F  X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 40 L F  X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 41 L F  X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 65 R   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 66 R M   X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 67 L   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 68 L   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 70 L   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 71 R    X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 72 L   X   Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 77 L   X   Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 96*** R M   X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 97*** R M  X X X Original Data 
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 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 130 L   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 131 L   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 132 L   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 133 L   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 134 L   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 135 L   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 136 L    X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 137 L   X   Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 138 R   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 139 R   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 140 R   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 170 L   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 171 L   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 172 R   X X X Original Data  
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 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 173  R   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 174 R   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 175 R   X X X Original Data 

 Holocene Contemporary 

samples 

Sudan, north Africa  UCL 176 L   X   Original Data 

             

Sima de los Huesos*: known sex based on García-Campos et al. (2020) 

Modern Humans** collection recovered from the closure of two cemeteries and housed at the Department of Legal Medicine, Universidad Complutense de Madrid, Spain. 

Modern Humans*** of known sex; based on data collected by Elamin and Liversidge (2013) 

1 - Age estimate based on Joordens et al. (2013) 

2 - Age estimate based on Gibbon et al. (2014) 

3 - Age estimate based on Grün et al. (1997) 

4 – Age estimate based on Duval et al. (2018) 

5 - Age estimate based on Geraads (2016) 

6 – Age estimate based on Demuro et al. (2019) 

7 – Age estimate based on Rink et al. (Rink et al., 1995) 

8 -  Age estimate based on Trinkaus et al. (2007)  

9 – Age estimate based on Walker et al. (2008) 

10 – Age estimate based on Gómez-Olivencia et al. (2019)  

11 -  Age estimate based on Richter et al. (2017)  

12 - Age estimate based on Mercier et al. (1993), Schwarcz et al. (1988), Valladas et al. (1988)    

13 - Age estimate based on Jacobs et al. (2011) 

14 – Age estimate based on Hoffmann et al. (2018) 

15 – Age estimate based on Cáceres et al. (2007) 
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5. METHODOLOGY 
 

 

5.1.  Background and process of micro-computed tomography 
 
Palaeoanthropology relies heavily on the analysis of hominin skeletal remains including 

dentition, for interpreting the variation of human physical and behavioural characteristics and 

thereby, modelling phylogenetic relationships (Witmer et al., 2008; Wu and Schepartz, 2009). 

However, fossils are typically poorly preserved, incomplete, or distorted, and may be encased 

in calcified matrices, making it a difficult and time consuming task to clean and successfully 

reconstruct specimens without destroying their original anatomy (Wu and Schepartz, 2009). 

However, in the last two decades, technological advances have offered new modes of 

approaching the study of comparative morphology to investigate both the external and 

internal structures of fossil hominins (Weber, 2015). To this end, there has been a gradual 

shift of physical anthropology and palaeoanthropology towards the novel field of ‘virtual 

anthropology’ (Weber, 2015, 2001).   

 

The core of virtual anthropology lies in the advent of non-destructive and non-invasive 

radiological techniques in the form of X-ray computed tomography (CT). In 1895, Röntgen 

discovered the material-penetrating X-radiation which was immediately applied to 

radiological imaging (Rossi and Kellerer, 1995; Rueckel et al., 2014; Stock, 2008). 

Considering the simplicity of the two-dimensional (2D) images procured through radiology, 

a process of acquiring three-dimensional images called ‘laminography’ was created (Stock, 

2008; Webb, 1990). But these methods were developed prior to the age of digital computers. 

In 1917, Johan Radon provided the theoretical basis for computed tomography (CT), which 

was further strengthened in 1963 through the experimental works of Cormack on the 

practical applications of computed tomography, after the development of computer 

technology (Cormack, 1963; Kalender, 2011, 2006; Stock, 2008). Consequently, the first 

commercial CT was developed for medical imaging by Hounsfield in the early 1970s 

(Hounsfield, 1977; Kalender, 2011, 2006; Stock, 2008), followed by the first X-ray 

microtomography system in the 1980s (Elliott and Dover, 1982), ultimately leading to the 

development of the commercial microcomputed tomographic (μCT) scanners in the 1990s 

that are so widely used in research today (Rüegsegger et al., 1996; Stock, 2008; Zamparo, 

2011).  
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The basic principles behind X-ray CT lies in measuring ‘‘…the spatial distribution of a 

physical quantity to be examined from different directions and to compute superimposition-

free images from these data’’ (Kalender, 2011). μCT (also known as High resolution X-ray 

CT ) follows the same principles as CT, with the added advantage that the scanning is 

performed in scale of microns rather than millimeters, which results in finer image 

resolutions and slice thickness (Olejniczak, 2006). Due to this greater, refined resolution of 

images, μCT is particularly useful for the study of hard tissues and, in the case of dentition, 

can easily distinguish between different tissues (enamel, dentine and pulp) (Braga, 2015; 

Guillaume et al., 2006; Macchiarelli et al., 2008) Therefore, μCT has increasingly been used 

in studying dentition of fossil hominins (e.g., Avishai et al., 2004; Bayle et al., 2009; García-

Campos et al., 2020, 2019, 2018; Martín-Francés et al., 2020a, 2020b, 2018; Martínez de 

Pinillos et al., 2020, 2014; Martinón-Torres et al., 2014; Olejniczak et al., 2008; Olejniczak 

and Grine, 2005; Prado-Simón et al., 2012; Skinner et al., 2015, 2008; Sorenti et al., 2019; 

Zanolli et al., 2018a, 2018b; Zanolli and Mazurier, 2013). 

 

Three distinct phases are acknowledged in the process of scanning and measuring a specimen 

using μCT; these are – image acquisition, image post-processing, and image measurement 

and analysis (Olejniczak, 2006). In this section, we describe the first two phases in detail, 

while covering the third phase – image measurement and analysis, in detail in Sections 5.2 

and 5.3. 

 

 

5.1.1. Image acquisition 

 

An imaging system comprises of a source and a detector, which work together to help define 

and visualise the outer and inner details of a scanned specimen for precise measurements. 

For both CT and μCT the principle and general set-up of the imaging system remains the 

same – radiation is emitted at the source on to a specimen, from an evacuated flight tube 

called the collimator. The specimen is positioned opposite this source, and the detector is 

placed behind the specimen. The detector converts the transmitted and attenuated radiation 

into light which is recorded and measured digitally (Braga, 2015). Depending on the type of 

device used (CT or μCT), either the specimen or the scanning system (i.e., source/detector 

pair) is rotated at equiangular-spaced views. For example, in most μCT devices, the specimen 

is placed on a platform that rotates between the source/detector pair (Braga, 2015; Stock, 

2008). By rotating the specimen relative to the source/detector pair (or vice versa) in sub-
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millimeter steps between consecutive scans, a series of equally spaced images of that 

specimen can be produced in different cross-sectional planes, called an image stack 

(Olejniczak, 2006) (Figure 5.1).  

 

 

 

 

 

Figure 5. 1: Schematic representation of the image acquisition process. Image from Braga (2015). 

 

 

5.1.2. Image post-processing 

 

The distance travelled by the X-ray source between the consecutive scans is called slice 

thickness. But this ‘slice’ does not actually have thickness, and thus the purported thickness 

of each slice can be translated by giving it a certain depth component. The image produced 

at each slice location will have a certain number of pixels of known dimensions. Considering 

that the number of pixels (called image resolution) and the size of each pixel is known, we 

can calculate the dimension of each image. For example, if the image resolution is 15 μm x 

15 μm and the pixel size is 6 μm x 6 μm, then the dimension of that image would be 90 μm 

x 90 μm (Olejniczak, 2006). The image can also be visualized in volumetric pixels or voxels 

using slice thickness (eg: 6 μm x 6 μm x 6 μm). By giving each image from the original stack 

a thickness, we can produce a three-dimensional representation of that specimen (Braga, 

2015; Olejniczak, 2006) (Figure 5.2). All images scanned can be saved as a single stack file 

called ‘digital imaging and communications in medicine’ (DICOM) files or as slice-by-slice 
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file type called ‘tag image file format’ (TIFF), where each .tif file represents a single cross-

sectional image of the specimen; furthermore, .tif files can be either 8-bits per pixel or 16-

bits per pixel. Each pixel has an associated value ranging from 0 to 255, with 0 indicated black 

and 255 indicating white (enamel). Values that fall within the range of 1 to 254 indicate grey 

(such as dentine). Therefore, these values can be used for identifying dental tissues during 

segmentation process (Olejniczak, 2006).   

 

 

Figure 5. 2: Figure shows the different levels of data used in analysis of μCT image stacks. Image from Olejniczak 
(2006) 

 

 

In order to proceed towards acquiring tissue measurements, we must first ensure that each 

tissue is homogenous in its pixel value and does not overlap with the ranges of other tissues. 

However, quite often it is the case that the scanned image has associated background noise. 

Sometimes, a ‘false dentine bridge’ is also observed on the concavities of the enamel surface 

between cusp tips. Therefore, to acquire an image with uniform pixel values, we use 

segmentation. Segmentation can be defined as a process of partitioning ‘a digital image into 

disjoint (non-overlapping) regions’ (Castleman, 1993). It is the process of converting a μCT 

original image into clean images such that each tissue of interest (enamel and dentine) is 
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represented by a homogenous range of pixel values (Olejniczak, 2006). In brief, there are 

three main categories which encompass different methods of image segmentation: the 

regional approach – which examines and classifies each pixel as part of a larger group or 

region, the boundary approach – which attempts to identify boundaries between different 

regions , and the edge-detection approach – which locates edges of homogenous tissue groups 

and links their pixels to create a continuous border surrounding the object (Castleman, 1993; 

Olejniczak, 2006).  The most commonly used type is the threshold segmentation (regional 

approach), which uses the associated pixel values to discriminate between each tissue. For 

example, if we wish to be left with an image of the dentine, then we manipulate the threshold 

tool in such a way that it ranges between 1 and 254, until it satisfactorily encompasses the 

entire dentine. However, often times background noise can share similar pixel values with 

dentine; also, the pixels at boundaries of certain objects can be blurred such that pixels 

representing dentine can be associated with enamel, and vice versa (Olejniczak, 2006). In 

such cases, a number of noise reduction methods called image filters can be applied (Kaur 

and Singh, 2017; Olejniczak, 2006). These image filters can be applied to significantly 

reduce/eliminate background noise and to correct distorted pixel values of an image 

corresponding to a tissue [see Pg. 77 of  Olejniczak, 2006 for further details].   

 

Once the segmentation is completed, the specimen is virtually cross-sectioned so that the 

researcher can proceed with acquiring measurements and, consequently, with the analyses. 

In order to produce accurate measurements, it is important to locate the ideal plane of section 

(Martin, 1985; Olejniczak, 2006). Martin (1983) defined the ideal plane as ‘the plane which 

course through the tips of the dentine horns of the mesial cusps and is perpendicular to the 

cervical margin’. However, ideal planes can also course through the dentine horn tips of other 

cusps. If a plane is not ideal, it can produce inaccurate enamel thickness measurements due 

to section obliquity. If the plane of section is not perpendicular to the cervical margin despite 

correctly traversing the dentine horn tips, angular obliquity is observed (Olejniczak, 2006; 

Olejniczak and Grine, 2006). If the plane is perpendicular to the cervical margin, but the 

plane traversing the dentine horn tips are either slightly mesial or distal to the tips, then mesio-

distal obliquity is observed. However, we must take in to consideration that the shape of the 

cervical margin is non-linear. Therefore, when using μCT models, it is crucial that the plane 

accurately traverses through the dentine horn tips, as they are reliable indicators for defining 

the ideal plane. Different methods have been proposed to create an ideal plane of section 

for permanent molars (Kono, 2004a; Olejniczak, 2006; Suwa and Kono, 2005; Tafforeau, 

2004). Kono (2004) suggested a method of iteratively oscillating the 3D model in order to 

view the maximum occlusal surface, thereby identifying the reference plane. However, this 
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method adopts a measure of enamel thickness and therefore is not independent of that 

measurement. Tafforeau (2004) suggested two methods; the first method requires defining a 

plane that approximates the cervical line, while the second method requires a system of 

animation that oscillates the model based on the best fit plane containing the dentine horn 

tips (Benazzi et al., 2014; Olejniczak, 2006; Tafforeau, 2004). Olejniczak (2006) reviewed 

these methods in his thesis, and found Tafforeau’s method one to be less effective than the 

second method due to the difficulty of fitting a plane on the cervical line. Olejniczak further 

simplified Tafforeau’s second method. Olejniczak noticed great differences in dentine horn 

height of the entoconid and the other three cusps in several of his studied taxa, and therefore, 

chose the protoconid, metaconid and hypoconid as the three primary cusps for the ideal 

plane of section. He re-oriented the tooth to the plane intersecting the dentine horn tips of 

these three cusps and a virtual section perpendicular to the plane and passing through the 

mesial dentine horn tips was created for 2D analysis. For 3D enamel thickness analysis, the 

crown is isolated from the root based on an average plane (“basal plane”) computed between 

“The most apical plane of section containing a continuous ring of enamel at the cervix (which 

represents the plane of section suggested by Kono to separate the crown cap). . .” and “…the 

most apical plane that is both parallel to the continuous ring of enamel and which contains 

the most apical extension of enamel...” [Olejniczak, (2006): 127]. However, later studies have 

shown that the 2D method may not be ideal as the plane passing through the dentine horn 

tips might be oblique relative to the cervical margin. Furthermore, both 2D and 3D methods 

are only applicable for molars (Benazzi et al., 2014). Feeney et al. (2010) presented methods 

for the analysis of enamel thickness in modern human premolars and canines. But as Benazzi 

et al. (2014) point out, these methods may not necessarily be transferred to more complex 

hominoid dentition; these methods are also subjective in that it requires quite a lot of manual 

translation and rotation of the image stack in order to orient the tooth and to identify the 

uniform ring of enamel at the cervical margin. Therefore, in their work, Benazzi et al. (2014) 

provide new guidelines for the analysis of enamel thickness in all dental classes, by either 

introducing new methodologies, or by improving upon the works of Tafforeau (2004) and 

Olejniczak (2006). Our study adopts these new guidelines for 2D segmentation. However, 

there was no statistical difference in the application of the original Olejniczak (2006) 3D 

method for hominin premolars. The guidelines described by Benazzi et al. (2014) 

implemented in this research will be described further in the next section.  

 

Once the ideal plane of section has been identified (for 2D) and the crown has been 

separated from the root (for 3D), linear (2D) (through softwares such as Amira/Avizo/ImajeJ) 

and volumetric (3D) measurements (through softwares such as Avizo/Amira) are acquired. 
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These values are then tested through statistical analysis using softwares such as SPSS or 

RStudio. In the consecutive pages we describe the image acquisition, post-processing and 

measurement and analysis of our sample.  

 

 

5.2. Scanning of study samples 
 

The μCT scans of the fossil teeth from Atapuerca, Spain, (Homo antecessor, Sima de los 

Huesos hominins), and Arago, France, were scanned using the ScanCo Medical AG Micro-

Tomography 80 system (μCT 80 ScanCo Medical, Switzerland) housed at the National 

Research Centre on Human Evolution (CENIEH) in Burgos, Spain (μCT 80, Scanco 

Medical, Switzerland). The scans were performed using two 0.1mm aluminium filters, with 

a peak energy of 70 kV and a scanning intensity of 114 μA. The resultant slice thickness 

ranged from 18 to 36 μm. The modern humans from the collection at Complutense 

University of Madrid (UCM) (Madrid, Spain), the Bronze age modern human specimens 

from Maltravieso (Cáceres, Extremadura, Spain), El Mirador (Atapuerca, Spain), and the 

UCL (University College London, London, UK) modern human collection were all scanned 

using the GE 103 Phoenix v/tome/x_s 240 which was acquired by CENIEH IN 2015. In 

2019, the ATD6-96 specimen was re-scanned using this new scanner. The scans were 

performed using two 0.1 mm copper filters, 100-120 kV voltage and 110-140µA amperage. 

The output images had a voxels size ranging between 17 and 21 µm. 

 

The UCM, UCL and Arago specimens were accessed and acquired through the collaborative 

efforts of CENIEH with external organisations. The UCM specimens were acquired by the 

CENIEH Microscopy and Microtomography Lab after collaboration with Dr. Bernardo 

Perea Pérez of the School of Legal and Forensic Medicine of Complutense Madrid, where 

the specimens were originally housed. The UCL specimens were acquired by CENIEH for 

μCT scanning through collaboration with Prof. Chris Dean of the Department of Anatomy, 

University College London, London, UK (see Chapter 4, Section 4.1.2.3.3 for further 

information on samples). The MP samples from Arago, France, were acquired at the 

CENIEH for μCT scanning through their collaborative research with Institut de 

Paléontologie Humaine, Paris, France.  

 

The Neanderthal samples from Krapina were acquired from the online 3D database 

NESPOS (voxel size: 20 – 40 μm) (“NESPOS Database, 2017. NEanderthal Studies 

Professional Online Service.,” n.d.).  
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The data for Homo erectus (Zhoukoudian, China), the early Homo from south Africa, as 

well as Tighenif, Algeria, which comprises values for 2D, 3D as well as Lateral enamel 

thickness was graciously shared by Dr. Clément Zanolli from the University of Bordeaux. 

Information on scanning system and parameters for Homo erectus can be found in (Zanolli 

et al., 2018b), for Early Homo from south Africa in (Pan et al., 2016), and for Tighenif in 

(Zanolli and Mazurier, 2013), respectively.  

 

 

5.2.1. Processing of images for 2-dimensional analysis 

 

In the previous pages we have discussed the importance of the ideal plane of section and the 

different methods developed by researchers to achieve this plane. In this study, we follow the 

standardization and automation of Tafforeau’s (2004) first method by Benazzi et al. (2014) 

[Method 2D-a as seen in (Benazzi et al., 2014)] and the protocol by Feeney et al. (2010). First, 

the .tif or .dicom file of the scanned specimen was loaded in to Avizo 9.5 (Visualisation Sciences 

Group Inc.), and the virtual model (created using the tool ‘volume rendering’) was rotated and 

translated so as to be in an occlusal/anatomical view. Next, we generated an orthoslice and an 

adjacent isosurface to define the best-fit plane at the cervical margin. To do this, landmarks 

were placed on the cemento-enamel junction (CEJ) of a 3D rendered image of the premolar 

and a slice was made to pass through these landmarks such that a ring of enamel that shows a 

uniform width at the cervix was acquired (Figure 5.3). Next, a slice was created, and reference-

attached to the landmarks; by doing so, we produced a new slice – that of the best-fit cervical 

margin. A new orthoslice was created through this slice, and was scrolled through the cusps to 

view the first indications of buccal and lingual dentine horns, and a landmark was placed on 

each of these tips. Another orthoslice was created intersecting the reference plane 

perpendicularly. The vertical orthoslice was then rotated and translated until the dentine horn 

tips intersected with the landmarks of the horizontal orthoslice. A new vertical slice was created, 

and translated until it merged with the previously created vertical orthoslice (Figure 5.4). This 

produced the ideal plane which would be used for further 2D analysis (Figure 5.5). A scale bar 

was inserted and the image was saved in .tiff format, and imported in to ImageJ (a Java-based 

image processing program) where the area (mm
2

) and linear measurements were taken in 

millimeters (mm).  
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Figure 5. 3: Following Tafforeau (2004) method A, a slice is made to pass through the cervix after landmarks are placed 
on them. This helps approximate an even, cervical line 

 

 

 

 

 

Figure 5. 4: A new orthoslice from a generated tab is made to overlap with the older vertical slice which is now aligned 
with the landmarks passing through both dentine horns. 

 

 

 



 194 

 

Figure 5. 5: The final slice which is meant to represent a physical sagittal cross section of the tooth is generated 

 

 

In cases where enamel was worn to stage 3 (as per Molnar, 1971) reconstruction was 

necessary. The images were imported into GIMP (GNU Image Manipulation Program, 

version 2.10.14), where, following the protocol put forth by Saunders et al. (2007), were 

reconstructed by the placement of two anchors – one on the buccal cervical wear and one on 

the lingual. These anchors were dragged using the pointer so as to create an arch that can be 

used to form the missing enamel region. These two lines follow the natural enamel contour, 

and intersect with each other above the cusp. Next, a smooth curve imitating a complete 

enamel was created by placing two points within the previously created lines where the 

original enamel contour ends. Once this curve was laid down, it was filled with solid colour 

that imitated the enamel of the tooth (Figure 5.6). To test for error, we used teeth with Molnar 

wear 0, and artificially produced wear on the images of the ideal planes of section, by erasing 

part of the enamel cap. Reconstruction was then attempted twice in a two week interval, with 

error <5%.  
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Figure 5. 6: Using the GIMP tool, the worn enamel is reconstructed. The worn enamel region in highlighted in red (far 
left image) 

 
 
2D variables were calculated following those described in Martin (1983), Saunders et al. 

(2007) and Olejniczak et al. (2008c):  

 

- Total area of the tooth crown section (a): the area of the crown bound by the outer 

enamel perimeter and a straight line parallel to the cemento-enamel junction (CEJ) 

between the buccal and lingual cusp margins, in millimeter square (mm
2

). 

 

- Coronal Dentine + pulp area (b): the area enclosed by the enamel-dentine junction 

and a straight line drawn between the buccal and lingual cervical margins, in mm
2

.  

 

- Area of the enamel cap (c): the area of the crown enclosed and bounded by the outer 

enamel perimeter and the EDJ, in mm
2

.  

 

- Bi-cervical diameter (d):  the linear distance between the buccal and lingual cervical 

margins, in mm. 

 

- Length of the EDJ (e): the linear distance of the line separating the enamel cap area 

from the dentine and pulp area above the cervical margin, in mm
 

(e). 

 

- Average enamel thickness (AET):  calculated as the quotient of enamel cap area and 

the length of the EDJ, in mm
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AET
 =  𝑐

𝑒

 

 

 

- Relative enamel thickness:  defined as average enamel thickness expressed as a 

percentage of the square root of dentine area. This is a scale-free measurement.   

 

                                                                RET =    

𝑐

𝑒

√𝑏
× 100 

 

 

- Relative dentine area (b/a %): defined as the dentine area expressed as a percentage 

of the total area of the tooth crown section. 

 

 

RDA =  
𝑏

𝑎
× 100 

 

 

- Coronal dentine area (Acd):  the area within the EDJ that is comprised of dentine, 

and enclosed by the bi-cervical diameter, mm
2 

 

 

- Coronal pulp area (Acp): the area within the EDJ that is only comprised of the pulp, 

and enclosed by the bi-cervical diameter, mm
2  

 

 

5.2.2. Processing of images for 3-dimensional analysis 

 

Next, using the resampled image stack of the entire premolar, each dental tissue is chosen 

separately, and filtered so that the enamel, dentine and pulp are segmented as separate 

entities of the tooth. We applied the non-local means filter which effectively reduces noise 

while preserving edges. Segmentation is a long and arduous task as many of the prehistoric 

premolars are either broken or have a disproportionate signal to noise ratio (Figure 5.7 – 5.9). 

This means that many of the slices with cuts/breaks will have to be manually allocated their 

specific tissues. First, the threshold was adjusted such that the tissues were distinguishable 

from each other. Each tissue was allocated a ‘material’ name [such as enamel, dentine, pulp, 
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and exterior (for background)], and the stack was scrolled occlusally from the root in the 

occlusal view and four slices were chosen – one below the CEJ, one showing the first 

complete rim of enamel (along with dentine and pulp cavity), a slice which has enamel and 

dentine but no longer showed the pulp, and the final slice which has enamel and some 

dentine (towards the protoconid cusp tip). Accordingly, the corresponding material was 

added to each of these slices. In the case where selection did not encompass the entire tissue 

due to nonuniform pixel values in certain regions, the ‘masking’ feature was used to create 

an even distribution of the selection. Similarly, as calculus shares similar density values to 

dentine, such regions were manually fixed for the chosen slice by using the paint tool. To 

accelerate the process of segmenting the entire tooth, we used the semiautomatic watershed 

segmentation tool which used the four segmented slices as reference to complete the 

segmentation of the entire tooth. The resulting image is as shown in Figure 5.10.  

 

Figure 5. 7: Original orthoslice in different views; for segmentation, the occlusal view is initially chosen. 
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Figure 5. 8: Individual slice is chosen and material (enamel, dentine, pulp and exterior) is added manually 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 9: A closer look at the segmented slice, with each colour representing the three materials – enamel (in 
purple), dentine (in grey) and pulp (in green). 
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Figure 5. 10: A completed segmented lower third premolar of an SH hominin 
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Figure 5. 11: Left - an enamel cap after cropping out the rest of the tissues; Right – EDJ of the premolar 

 

 

 

The next step is to separate the crown from the root. Here, Olejniczak et al. (2008a) protocol 

for the definition of the cervical plane was used. This can be defined as the plane halfway 

between the most apical continuous ring of enamel and the plane containing the last hint of 

enamel. In order to find this plane, landmarks were placed on the CEJ of the crown. A 

surface cross section of the crown was then generated and made to fit with the landmarks. 

Then, the surface cross section was scrolled occlusally from the CEJ, finding the first and last 

hint of enamel ring on the crown. By subtracting the values of their slice numbers, a new 

occlusal slice was created using the new value. We used the Sliceviewpoint.scro tool that was 

manually imported into Avizo. By attaching the surface cross section to the newly created 

Sliceviewpoint.scro tab, the crown is then virtually cut off from the root by using the lasso 

tool (Figure 5.11). The process behind this is that the root is applied to the ‘exterior’ as it is 

no longer needed. Finally, to acquire volume measurements of the enamel, dentine and pulp, 

as well as the EDJ, we use the ‘Material Statistics’ from the ‘Measure and Analyse’ tool. These 

values were saved to Microsoft XML Spreadsheet (*.xml).  

 

For three-dimensional analysis, the following measures were considered as described in 

Olejniczak et al. (2008b, 2008a):  
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- Volume of enamel cap, in mm
3 

(Ve) 

- Volume of coronal dentine including the pulp enclosed in the crown, in mm
3 

(Vcdp) 

- Total volume of the crown, including the enamel, dentine and pulp, in mm
3  

(Vc)
  

 

- Surface of the EDJ, mm
2 

 (SEDJ) 

- Percentage of dentine and pulp in the total crown volume [Vcdp/Vc (%)] (Formula: 

100*Vcdp/Vc) 

- Average enamel thickness (AET), in mm. The average straight-line distance between 

the EDJ and the outer enamel surface, calculated as the quotient of the enamel 

volume and EDJ surface area 

- Relative enamel thickness (RET), average enamel thickness expressed as a percentage 

of the cube root of coronal dentine volume. This is a scale-free measurement. 

 
 

5.2.2.1. Protocol for acquiring the lateral crown (L3D) 
 

The analysis of lateral enamel has progressively been gaining importance in 

Palaeoanthropology. As lateral enamel has taxon-specific signatures, it is particularly useful 

in studying teeth whose occlusal surface is worn (Toussaint et al., 2010; Zanolli et al., 2017). 

As a large sample of teeth are worn in this study, we employ L3D to increase our sample size.   

 

For acquiring the L3D, we used the same surface cross section that was already generated for 

3D by separating the crown from the root. Next, we defined and identified the occlusal basin 

plane – a plane that lies parallel to the cervical plane and tangent to the last hint of enamel 

point on the occlusal basin (Macchiarelli et al., 2013; Toussaint et al., 2010; Zanolli et al., 

2017). This required scrolling through the image stack occlusally until the slice number 

containing the last hint of enamel was noted on the occlusal basin. Using the 

Sliceviewpoint.scro tool, the region above the occlusal basin plane was removed. This 

generated the model of the lateral enamel – the materials within the occlusal basin plane and 

the cervical plane. The volumetric measurements for lateral enamel, dentine and pulp, as 

well as the lateral EDJ were then obtained using the ‘Material Statistics’ tool, and were saved 

as an .xml file (Figure 5.12).  
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It must be noted that some specimens from Sima de los Huesos, as well as some modern 

human specimens showed a specific occlusal morphology such that the last hint of enamel 

which is needed to create the slice, was not observed on their occlusal basin. Taking this in 

to consideration, and after discussing with Zanolli (personal communication), we tested a 

different method, by determining the closest possible tip of what could have been the 

detached part creating the hint of enamel, that is, the lowest part of the slice where the enamel 

facing toward the pulp and dentine is small and has a slight tip. The resulting values did not 

differ significantly from the values of other specimens (<0.05%) (Zanolli et al., 2017). 

Therefore, even though this is a subjective method, it does not affect the measurements 

substantially. Figures 5.13 and 5.14 illustrate this concept better.  

 

For lateral three-dimensional analysis, the following measures were considered following the 

measurements detailed in Olejniczak et al. (2008b, 2008a):  

 

- Volume of lateral enamel cap, in mm
3 

(LVe) 

- Volume of lateral coronal dentine including the pulp enclosed in the crown, in mm
3 

(LVcdp) 

- Volume of the lateral crown, including the enamel, dentine and pulp, in mm
3 

(LVc)
  

 

- Lateral surface of the EDJ, mm
2 

(LSEDJ) 

- Percentage of dentine and pulp in the total lateral crown volume [LVcdp/LVc (%)] 

(Formula: 100*Vcdp/Vc) 

- Lateral average enamel thickness (LAET), in mm. The average straight-line distance 

between the EDJ and the outer enamel surface, calculated as the quotient of the 

enamel volume and EDJ surface area 

- Lateral relative enamel thickness (LRET), average enamel thickness expressed as a 

percentage of the cube root of coronal dentine volume. This is a scale-free 

measurement. 
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Figure 5. 12: Lateral crown, after slicing part of the crown that lies above the occlusal basin plane 
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Figure 5. 13: Slices of crown in occlusal view highlighting (in white circle) the enamel hint on the dentine. The image on 
the left shows the slice mid-section, hence the hint of enamel is better visible. The image on the right depicts the slice 
that has been scrolled down to find the last hint of enamel on the dentine 

 

 

 
Figure 5. 14: These slices from the same tooth represent a tooth that has no hint of enamel on the dentine (in dark 
blue). In this case, the slice was scrolled down to find suitable slices where the hint of enamel should have detached 
from the original enamel ring (left). The image was then scrolled down further to find a slice (middle image) where the 
last hint of enamel tip protruding buccally and inward toward the dentine was observed. This image was chosen as the 
most suitable replacement for premolars that did not show any enamel hint. The LET values of these teeth did not vary 
markedly from the other samples, despite being a subjective method. 
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5.2.2.2. Protocol for creating enamel thickness cartographies 
 

In order to visualise the enamel thickness topographic distribution of our samples, we also 

created chromatic maps using Avizo 9.5. The underlying principle of cartographic maps is to 

measure the distance between the EDJ and the enamel cap. The topographic variations are 

rendered by a thickness-related colour-scale ranging from ‘thin’ dark-blue, to ‘thick’ red 

(Zanolli et al., 2018b, 2010).Using the EDJStats.hx file (the file that produced the statistics 

via Material Statistics), we generated a new surface.tab and renamed it ‘enamel cap’. We 

duplicated this surface.tab and renamed it ‘EDJ’. Next, using the surface editor, we simplified 

the surface of ‘enamel cap’, i.e., we reduce the number of faces in the surface. Then, using 

the surface editor, we deleted all material other than the enamel cap. Similarly, for the 

surface.tab of EDJ, we simplified the surface, and then removed all material (outer crown, 

dentine and pulp) such that only the EDJ remained. Finally, by using the ‘toggle’ module we 

connected both surface.tabs, and measured the distance between the two surfaces. The 

output produced the cartographic maps (Figure 5.15).  
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Figure 5. 15: Cartography of a RP3 of an Arago specimen (A-71). Top right: Buccal view; Top left: Lingual view; Center: 
Occlusal view; Bottom left: Distal view; Bottom right: Mesial view. Colour-Scale at the bottom left shows topographic 
variations - ‘thin’ dark-blue, to ‘thick’ red. 
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5.3. Methodology for the virtual analysis of the lower third premolars 

of Pleistocene hominins 

 
 

5.3.1. Analysis of discrete traits at the enamel -dentine junction of lower third 

premolars of European Pleistocene populations 

 

5.3.1.1. Materials and methods 

 

The sample comprised a total of 73 specimens previously segmented for the 3D analysis of 

tissue proportions. Information on scanning and segmentation of specimens can be found in 

Chapter 5. Table 4.1 provides a list of specimens used for this study. Specimens up to wear 

stage 3 were considered (Molnar, 1971). Considering that we have a unique opportunity to 

study the EDJ of the P3s of Homo antecessor which can give us valuable information 

regarding the phylogenetic proclivities of this species, we choose to include both specimens 

only for the EDJ study, despite their level of wear (ATD6-3 wear 3; ATD6-96 wear 4) does 

not allow for a complete assessment of all features.  

 

5.3.1.1.1. Scoring procedure  
 
We considered the presence and form of seven discrete traits at the EDJ: accessory crests, 

transverse crest, buccal groove, marginal ridge continuity/discontinuity, the protoconid form, 

lingual accessory cusps, and disto-buccal accessory cusps. While these traits have previously 

been studied at the OES, more recently, these features have been explored in depth at the 

level of the EDJ through the use of μCT in hominin dentition, particularly the P3s (Davies et 

al., 2019b; Delezene and Kimbel, 2011; Kraus, 1952; Krenn et al., 2019; Leonard and 

Hegmon, 1987; Sakai, 1967; Skinner et al., 2008b). 

 

We scored each trait at the EDJ and OES level in the SPSS (v.27) software. We used the 

Fisher’s Exact Test (FET) (R Studio v. 1.2.5) to test for relationships between hominin groups 



 
 
 
 
 

208 

and trait expressions at the EDJ level. This test, which is similar to the Chi-square test (X
2

), 

is more suitable to assess datasets where a cell may have fewer than five specimens (Curran 

and Haile-Selassie, 2016). We also tested for relationships between EDJ trait expression 

between pairs of hominins groups, and employed the Bonferroni correction to determine 

the statistical significance of multiple comparisons (p < 0.005). Finally, we tested for 

relationships in trait expression between the EDJ and the OES for each individual hominin 

group.   

 
The scoring procedures for all seven traits were adapted from the works of Davies et al. (2019) 

and Krenn et al. (2019) whose research focuses primarily on the P3 crown morphology 

through the analyses of discrete traits in the endostructure. We adapt these methods for our 

study such that all traits are either scored as a hierarchy of types (i.e., Type 1, Type 2…), or 

as present/absent. 

 

 

5.3.1.1.1.1. Transverse crest 
 
The transverse crest, also known as the transverse ridge, is a crest that runs across the occlusal 

surface of a premolar, and connects the lingual and buccal triangular ridges (Nelson and Ash, 

2010), thereby connecting the two main cusps. A continuous transverse crest runs across the 

occlusal surface connecting the protoconid tip and the metaconid tip; however, the transverse 

ridge can also originate in either one of the cusp tips and end before reaching the opposite 

cusp. Similarly, transverse crest absence is not unusual (Kraus and Furr, 1953).  

 

Early studies on the transverse crest at the OES of the Australopithecus have focused on the 

position and prominence of the transverse crest, as well as its cutting capacity reflected by 

such a prominence (Delezene and Kimbel, 2011; White, 1981; Wolpoff, 1979b; Wolpoff 

and Russell, 1981). Leonard and Hegmon (1987) studied the variability within the P3 of the 

A. afarensis specimens, and looked at the changes in the canine/P3 honing complex that 

occurred over time. To this end, one of the criteria set to evaluate the variation in P3 

morphology was the level of molarisation of this tooth, and a criterion for evaluating 

molarisation was the degree of transverse ridge development. Leonard and Hegmon (1987) 

further divided the extent of transverse ridge development in to a) ridge slightly present or 
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absent; b) substantial ridge slopes from protoconid to lingual edge; c) substantial ridge slopes 

from protoconid to metaconid; d) substantial ridge runs from protoconid to metaconid, 

sloping slightly; e) ridge deteriorates between the two cusps. More recently, Krenn et al. (2019) 

assessed the EDJ of the P3 of modern humans, and scored the manifestation of the transverse 

crest i.e., whether the crest is single or bifurcated, the number of occlusal ridges, and if the 

crest is continuous between the two cusps or if it is interrupted by the central groove. Davies 

et al. (2019b) based their typology on the position of the transverse crest relative to the other 

crown features, as the relationship between the crest and other crown features is highly 

variable.  

 

We characterise the following types of transverse crests based on the scoring procedure of 

Davies et al. (2019b) (Figures 5.16 – 5.17): 

 
Type 0: transverse crest is absent, or only small incipient crests are present; 

 
Type 1: transverse crest is present, and connects the protoconid to the metaconid (or 

equivalent point on the marginal ridge, when a clear metaconid is not present); 

 
Type 1a: transverse crest connects to the lingual margin of the tooth, but flattens to the level 

of the surrounding occlusal basin before connecting to the protoconid; 

 
Type 1a is allocated to specimens whose transverse crest flattens for more than one-third the 

height of the protoconid, while Type 1 also encompass specimens that might have a tall well-

developed dentine horn, and thereby may flatten to at-least two thirds of the dentine horn 

height. Type 1a can be considered a subtype of Type 1; 

 
Type 1b: one transverse crest arises from the protoconid, while another arises from the 

lingual margin. These separate crests taper at the occlusal basin without connecting. Type 1b 

is a new scoring type developed in this study as observed in some specimens; 

 
Type 2: transverse crest arises from the protoconid, but is either deflected distally or flattens 

to the level of the occlusal basin before connecting to the marginal ridge on the lingual side 

of the tooth; 
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Type 3: transverse crest arises from a point distal to the protoconid dentine horn tip and, as 

in Type 2, is either deflected distally or flattens to the level of the surrounding occlusal basin 

before connecting to the marginal ridge on the lingual side of the tooth. 

 

Figure 5. 16: Transverse crest variation. Illustration of the four main transverse crest forms observed in hominin P3. The 
schematic diagram represents lower left third premolar in occlusal view. Filled black circle indicated the protoconid, 
and white circle represents the metaconid tip, while the dashed lines indicate the transverse crest. Example EDJs with 
their accompanying outer enamel surface is provided for each transverse crest type: Type 0 - UCL – 66 (modern 
human); Type 1 - UCL 40 (modern human); Type 1a - UCM 55 (modern human; mirrored); Type 1b - UCL 96 (modern 
human). 
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Figure 5. 17: Other forms of transverse crest that has previously been observed in fossil hominid samples. These two 
types have not been observed in the current sample. The images are as per Davies et al. (2019b).Filled black circle 
indicated the protoconid, and white circle represents the metaconid, while the dashed lines indicate the transverse 
crest Type 2 – KNM-ER 5431E (Hominidae gen. et sp. indet.); Type 3 - MPITC 11776 (Pan). 

 
 

5.3.1.1.1.2. Marginal ridge continuity/discontinuity  
 
The marginal ridge can be defined as the rounded borders that form the mesial and distal 

margins of the occlusal surface of premolars (Nelson and Ash, 2010). Sakai (1967) in his 

study of the EDJ of modern human P3s observed the presence of a ‘trigonid notch’ – a clear 

indentation on the mesio-lingual side of the EDJ border. The mesial marginal ridge (MMR) 

is separated from the metaconid by this indentation. Sakai further noted the absence of this 

trait in the OES of his specimens. According to Sakai, this notch is a primitive feature 

correlated with a well developed buccal cingulum, a distal position of the metaconid, and a 

weak metaconid. Krenn et al. (2019) distinguished the marginal ridges in to four segments – 

mesio-buccal margin, mesio-lingual margin, disto-buccal margin, and the disto-lingual margin. 



 
 
 
 
 

212 

They score accordingly: a) all four segments well expressed along their entire lengths; b) 

mesio-lingual margin either missing or fading and difficult to see; c) disto-lingual margin either 

missing or fading and difficult to see; d) more than one segment missing or difficult to see. 

Davies et al. (2019b) in their study found that there is little difference between a ‘notched’ 

marginal ridge of Sakai (1967) and poorly developed marginal ridge, and thus adhere to the 

classification of continuous and discontinuous marginal ridges. 

 
Following Davies et al. (2019b), the classification employed in the present study is as follows 

(Figure 5.18):  

 
Type 1: continuous marginal ridges. The DMR runs from the distal protoconid crest (DPC) 

to the metaconid, and the MMR runs from the mesial protoconid crest (MPC) to the 

metaconid; 

 
Type 2: the MMR is discontinuous, it runs from the mesial protoconid crest but it stops 

before reaching the metaconid; 

 
Type 3: the DMR is discontinuous, it runs from the distal protoconid crest but stops before 

reaching the metaconid; 

 
Type 4: MMR and DMR are both discontinuous. 

 



 
 
 
 
 

213 

 
Figure 5. 18: Marginal ridge continuity/discontinuity. Specimens are represented in lingual view at the EDJ (left) and 
OES (right), demonstrating continuous and three types of discontinuous marginal ridges. Specimens from top to 
bottom: UCL 171 (modern human); UCL 136 (modern human); UCL 133 (modern human; mirrored); UCL 97 (modern 
human). 
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5.3.1.1.1.3. Buccal groove 
 
The buccal groove is a shallow vertical groove accompanying a ridge on the mesial and distal 

margins of the buccal surface (Kraus and Furr, 1953). Suwa (1990) scored buccal grooves in 

modern human P3s at the level of the OES as either strong, moderate or trace/lacking, and 

‘ill-defined but with significant triangular depression’ for mesial buccal grooves. Sakai (1967) 

on the other hand, scored buccal ridges – a bandlike blunt ridge accompanying a shallow 

horizontal groove. The level of expression at the EDJ of this feature is classified as 

‘Pronounced’ – buccal ridges are well developed and clearly defined by distinct grooves; 

‘Weak’ – buccal ridges are distinctly set off from the buccal surface by shallow grooves, but 

the degree of prominence of the ridge is weak; ‘No Ridge’ – no trace of buccal ridges are 

observed. Davies et al. (2019b) take a similar approach to these two studies and create a new 

scoring method that is adapted for this study (Figure 5.19 – 5.20):  

 
Type 0 – absent; the EDJ buccal face shows no distinct grooves; there may be slight vertical 

ridge on the mesial or distal margin or the buccal face, but it is not associated with a clear 

concavity of the surface; 

 
Type 1 –mesial minor; a vertical ridge is present on the mesial aspect of the EDJ surface, and 

is associated with a small and indistinct concavity; 

 

Type 2 –distal minor; a vertical ridge is present on the distal aspect of the EDJ surface, and 

is associated with a small and indistinct concavity; 

 

Type 3 – mesial marked; the EDJ buccal surface shows a clear extended vertical ridge on the 

mesial aspect associated with a marked concavity; 

 
Type 4 – distal marked; the EDJ buccal surface shows a clear extended vertical ridge on the 

distal aspect associated with a marked concavity; 

 
Type 5 –mesial and distal minor; a vertical ridge is present on both mesial and distal aspect 

of the EDJ surface, and is associated with a small and indistinct concavity; 
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Type 6 – mesial and distal marked; the EDJ buccal surface shows a clear extended vertical 

ridge on the mesial and distal aspect, associated with a marked concavity. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 5. 19: Buccal groove variation in LP3s. Three specimens in buccal view at the EDJ (left) and OES (right) level. 
From top to bottom: SH-3045 (Sima de los Huesos hominins); UCL 34 (modern humans); D34 (Krapina Neanderthals); 
D111 (Krapina Neanderthals). Note that Type 4 (Distal Marked) was not observed in our sample 
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Figure 5. 20: Buccal groove variation in LP3s. Three specimens in buccal view at the EDJ (left) and OES (right) level. Top: 
UW101 889 (H. naledi); Bottom: STW 213 (A. africanus, reversed). Image as seen in (Davies et al., 2019b). 
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5.3.1.1.1.4. Protoconid form 
 
Davies et al. (2019b) also characterise the form of the protoconid dentine horns in their 

specimens, given the universality of its presence in hominoid P3s. To this end, four types of 

dentine horns are observed (Figure 5.21) –  

 

 Type 1 - simple conic 

 Type 2 - flat ridge (resulting from tall MPC and DPC) 

 Type 3 - transversely expanded 

Type 4 - double dentine (longitudinally expanded tip) 

 
 
 

 

 

 
Figure 5. 21: Protoconid Form as seen in Davies et al. (2019b). A) ‘Standard’ simple conic dentine horn in SK 100 (P. 
robustus). B) Flat ridge in ULAC 790 (H. sapiens, mirrored). C) ‘Double’ dentine in UW101 377 (H. naledi). D) 
Transversely expanded dentine horn in ULAC 58 (H. sapiens). A - C presented as right sided in lingual view, D left sided 
in distal view. Abbreviations: B . buccal; L . lingual; M . mesial; D . distal. 
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5.3.1.1.1.5. Accessory crests  
 
Accessory crests are the additional crests that form on the occlusal basin, either mesial or 

distal to the transverse crest, or on both sides of it (Kraus and Furr, 1953). Accessory crests, 

unlike transverse crests, show more variation in their form and expression (Davies et al., 

2019b). Particularly in the P3s, we find the accessory crests to connect to the MPC or DPC, 

as well as the transverse crest, and occasionally to the marginal ridges.  

 
While different accessory crests are observed on the occlusal basin of the P3, in this study, we 

score the most commonly observed features based on personal observations. Accordingly, 

we use the following four classifications (Figure 5.22):  

 
Type 0 - Absence of any accessory crest; 

Type 1 - accessory crest descending from the distal protoconid crest;  

Type 2 - accessory crest descending from the mesial protoconid crest; 

Type 3 - presence of two accessory crests, one mesial and one distal. 
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Figure 5. 22: Accessory Crest types in LP3s observed in our sample group. Top to Bottom: AT4100 (SH Hominin), UCL 
137 (modern human) (outgroup), UCL 136 (modern human) MTV1413 (modern human) (mirrored) 
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5.3.1.1.1.6. Accessory cusps 
 
Similar to the observations of Davies et al. (2019b), very small accessory cusps along the 

marginal ridges can be found in hominin P3s. Based on our observations, accessory cusps are 

scored as follows (Figure 5.23 – 5.24):  

 
Type 0 - absent  

Type 1 - single distal cusp 

Type 2 - double distal cusps 

Type 3 - mesial and distal cusp  

Type 4 – multiple distal cusps 

 
 

5.3.1.1.1.7. Disto-buccal accessory cusps 
 
Davies et al. (2019b) also mention the presence of a small dentine horn at the distobuccal 

corner of the tooth. This disto-buccal cuspulid forms at the intersection between the DPC 

and DMR. Davies et al. (2019b) relate it to the presence of disto-buccal grooves as the dentine 

horn tip is often attached to a raised ridge of dentine on the buccal face. Although Davies et 

al. (2019b) only make note of this feature while discussing accessory cusps, we score this trait 

separately in our study. Accordingly, the trait is scored as present/absent (Figure 5.25).  
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Figure 5. 23: Types of accessory cusps observed in the LP3 of our samples. Top to bottom: A75 (Arago hominin; 
mirrored), UCL 131 (modern human); UCM 42 (modern human); UCM 6 (modern human) 
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Figure 5. 24: Type 4 (Multiple) Accessory cusps on observed in the LP3 of Homo antecessor specimen ATD6-3. 

 

 

Figure 5. 25: Example of a disto-buccal cuspulid. Specimen is SH-47 (SH hominin). 
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5.3.2.  Characterisation of lower third premolar crown tissue proportions of 

European Pleistocene populations 

 

5.3.2.1. Material and methods 
 
Our sample comprised of the EP and MP hominins from Atapuerca, Spain, as well as a 

comparative Pleistocene and Holocene sample from Asia, Africa and Europe (n = 83) (see 

Table 4.1 for specifics). Regarding the selection of specimens, we considered both antimeres 

when present, but chose the antimere with least amount of wear and a better-preserved crown. 

During segmentation, all specimens were mirrored to represent the LP3. Due to the 

possibility of reconstructing enamel cusps in 2D images, the 2D analyses comprised 

specimens with a wear stage of 3 or less (n=81) (Molnar, 1971) [TD6 = 2; SH = 13; Arago = 

2; Neanderthals = 8; modern humans (MH) = 50; east African Early Homo from Koobi Fora 

(EHEA) = 1; south African Early Homo from Swartkrans (EHSA) = 1; Homo erectus from 

Zhoukoudian = 1; Fossil Homo sapiens = 3]. On the contrary, no reconstruction protocol 

has yet been defined for 3D cusps (also see Chapter 5, Sections 5.1.2), therefore for the 3D 

analysis of the complete crown, we selected specimens with a wear degree 2 or less (n = 77) 

(SH = 12; Arago = 2; Neanderthals = 8; MH = 53; EHSA = 1; H. erectus = 1). When analysing 

the lateral enamel thickness, we included specimens up to wear degree 4 (n=83) (Molnar, 

1971) [TD6 = 2; SH = 13; Arago = 2; Neanderthals = 8; MH = 54; EHSA = 1; H. erectus = 

1; Tighenif (TH) = 2]. A complete list of comparative samples used for crown 2D and 3D 

crown and lateral 3D measurements can be found in Table 4.1. 

 

The segmentation and extraction of the 2D and 3D variables was done using the 

methodology described in Chapter 5, Section 5.2.1 and 5.2.2. Inter- and intra-observer error 

was assessed by MSK and Dr. Martín-Francés in 2D, 3D and L3D for both TD6 specimens, 

and three randomly selected SH and modern human (MH) specimens. Here, the entire 

process of orientation, cusp reconstruction for 2D, segmentation, and measuring of variables 

was performed and repeated in three alternative days.  The resulting inter- and intra-observer 

error resulted in < 4%. 
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Adjusted Z-scores of comparative samples and TD6 specimens of 2D and 3D variables 

relating to tissue proportions (AET, RET, and percentage of dentine and pulp) were 

computed to compare with the mean and standard deviation of the SH, Krapina 

Neanderthals, and MH groups. This method compares unbalanced samples using Student’s 

inverse t distribution. Maureille et al. (2001) use the concept of adjusted centered reduced 

value, which varies between 0 and ± ∞, whereby 95% of the variability of the comparison 

population falls between +1 and -1.  

 

We also employed standard box plots to represent three sets of variables of linear and volume 

measurements [including 2D and 3D (complete cap and lateral), AET, RET and percentage 

of dentine)] of the complete sample (Tables 7.1, 7.3, 7.5, Figures 7.1, 7.3, 7.5). In addition, 

absolute linear and volumetric measurements of enamel cap, dentine and pulp (enclosed in 

the crown), and EDJ length were also computed (Tables 7.1, 7.3, 7.5, and Appendix 3, 

Figures A3.1 – A3.3).  

 

Statistical tests were performed using the SPSS software (version 27). The non-parametric 

Mann Whitney U-test was used to compare groups with more than four specimens (SH, 

Neanderthals, and MH) (Smith et al., 2012b). Means were considered to be significantly 

different at 0.05 level.  

 

Finally, using Avizo (9.5, FEI Inc.) we generated chromatic maps to visualize the enamel 

thickness topographic distribution in the SH premolar crown (SH 3045) and compare them 

to those of Arago (A75), a Neanderthal (D111), and a modern human of African origin (UCL 

68). The defined chromatic scale is from thinnest (blue) to thickest (red) (Bayle et al., 2017; 

Macchiarelli et al., 2013). 
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5.3.3. Sexual dimorphism and allometric scaling in the lower third premolars 

of Pleistocene and Holocene hominins 

 

5.3.3.1. Materials and methods 
 

The P3 modern human samples included in this study comprise a maximum of 26 specimens 

of known age and sex. Our study includes 19 males and 13 females, with an age range of 20 

to 55 years. The SH hominins include a maximum of 13 specimens, some with known sex 

estimation, with an age range of 10.5 to 16 years. Finally, the Krapina Neanderthals consists 

of a maximum of eight P3s specimens of unknown age and sex (see Table 4.1 for specifics).  

 

The segmentation and reconstruction process of the P3s have previously been described in 

detail. Following the protocols described in Chapter 5 (Sections 5.2.1 and 5.2.2 ) we 

measured the subsequent area (mm
2

), volume (mm
3

) and linear measurements (mm). We 

include the crown variables for 2D, 3D and lateral 3D (L3D) as previously described by 

Olejniczak et al. (2008a), Skinner et al. (2008a, 2008b) and Zanolli et al. (2017) (Chapter 5, 

Section 5.2.1 and 5.2.2).  

 

Statistical analysis was performed using Microsoft Excel (Version 16.16.24), SPSS (Version 

26) as well as the open source software R Studio (Version 1.2.5042). First, we calculate the 

percentage sexual dimorphism in our modern human sample using Garn et al. (1967)  

formula: 

 

(
𝑚𝑎𝑙𝑒 𝑚𝑒𝑎𝑛 − 𝑓𝑒𝑚𝑎𝑙𝑒 𝑚𝑒𝑎𝑛

𝑓𝑒𝑚𝑎𝑙𝑒  𝑚𝑒𝑎𝑛 
)  𝑥 100 

 

 

to test the assumption of Saunders et al. (2007) that sexual dimorphism is present in P3s. 

Shapiro Wilk’s test and Levene’s test are then used to confirm the assumption of normality 

and equality of variances, along with a t-test to test for between group differences. In the case 
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where normality and equality are rejected, a Welch ANOVA (Analysis of Variance) and 

Tukey’s post-hoc tests are used.  

 

We then employ Analysis of Covariance (ANCOVA) and ANOVA to test the relationship 

between metrics, especially the regression slope values, and the effect of sex on the metrics. 

If the majority of our results show no significant difference between sexes in residual values, 

we proceed to pool sexes together in subsequent ANCOVA to test whether metric regression 

slopes are similar between three populations – Sima, Krapina Neanderthals and modern 

humans. In the case of lateral enamel values, we applied log transform (log10 transform) in 

SPSS as the variables did not meet the conditions of normality, and equality of variance. 

Finally, a simple regression analysis is used to test the residual values for population 

differences. 
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PART C: VIRTUAL ANALYSIS OF THE LOWER THIRD 

P R E M O L A R S  O F  P L E I S T O C E N E  H O M I N I N S 
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6. ANALYSIS OF DISCRETE TRAITS AT THE ENAMEL -

DENTINE JUNCTION OF LOWER THIRD PREMOLARS 

OF EUROPEAN PLEISTOCENE POPULATIONS 
 

Non-metric dental traits are considered taxonomically diagnostic and useful for studying 

phylogenetic relationships in hominids, as they are selectively more neutral than metric traits 

and under significant genetic control (Bailey, 2006a; Hanihara, 2008; Irish et al., 2020). 

Traditionally, studies on non-metric traits have focused on the outer enamel surface (OES) 

(Bailey, 2006b, 2006a; Delgado-Burbano et al., 2010; Hanihara, 2008; Kondo and 

Townsend, 2006, 2004; Scott et al., 2015; Turner et al., 1991; Venkatesh et al., 2019), but 

the enamel dentine junction (EDJ) is more reliable in showing phylogenetic signals as it is 

considered the genetic blueprint of the occlusal surface, and as such, is evolutionarily more 

conservative (Butler, 1956; Guy et al., 2015; Korenhof, 1982; Morita, 2016; Morita et al., 

2014). Early studies of the EDJ either adhered to destructive procedures, or did not fully 

capture the complexity of the EDJ (Morita, 2016). To this end, microcomputed tomographic 

(μCT) methods provide non-destructive and non-invasive means of studying the morphology 

of the hominin dentition, as they overcome these issues. While discrete trait expressions of 

hominin dentition, particularly, the molars, have been explored through the application of 

μCT (e.g., Bailey et al., 2011; Martínez de Pinillos et al., 2014; Martinón-Torres et al., 2014; 

Skinner et al., 2008b, 2009; Zanolli, 2015; Zanolli and Mazurier, 2013), the lower third 

premolars (P3s) are underrepresented (Davies et al., 2019b; Kraus and Furr, 1953b; Krenn 

et al., 2019; Sakai, 1967; Wood and Uytterschaut, 1987). A comprehensive literature review 

on this subject has been presented elsewhere (Chapter 3, Section 3.3). 

 

The Atapuerca fossils continue to contribute to our understanding of the European 

Pleistocene. Homo antecessor (Gran Dolina, TD6) dated to the late Early Pleistocene (EP) 

(772 – 949 kya), are considered the basal group, or closely related to the last common 

ancestor of the Neanderthal and modern human clade (Bermúdez de Castro et al., 2017a; 

Bermúdez de Castro and Martinón-Torres, 2019; Welker et al., 2020), and display a unique 

mosaic craniofacial morphology (Bermúdez de Castro et al., 2017a, 2015a, 1997a; Duval et 

al., 2018). Regarding their dentition, Homo antecessor upper dentition is more derived and 

Neanderthal-like, while the lower dentition retains a more primitive condition (Bermúdez de 

Castro et al., 2017a; Gómez-Robles et al., 2015, 2012b, 2011, 2008, 2007; Martinón-Torres 
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et al., 2006a). The outer crown morphology of their P3s can be described as having an 

asymmetrical occlusal outline due to the conspicuous talonid, a large occlusal polygon, with 

a large protoconid as compared to the metaconid, a continuous transverse crest, and the 

presence of lingual accessory cusps. Overall, this morphology is considered a plesiomorphic 

pattern which is shared with Homo erectus sensu lato (s.l), as well as some Middle Pleistocene 

(MP) hominin specimens (Gómez-Robles et al., 2008; Martinón-Torres et al., 2019, 2012; 

Wood and Uytterschaut, 1987; Xing et al., 2018). The MP Sima de los Huesos (SH) 

hominins, while initially assigned to H. heidelbergensis (Arsuaga et al., 1997d, 1993, 1991; 

Bermúdez de Castro et al., 2004), are now considered to be either early Neanderthals or 

closely related to this species due to their morphological and genetic affinities (Arsuaga et al., 

2014; Bermúdez de Castro, 1993, 1988; Bermúdez de Castro et al., 2018; Meyer et al., 2016). 

The P3 crowns of the SH hominins are almost symmetrical due to a reduced talonid, a 

reduced occlusal polygon, a comparatively larger protoconid that is lingually placed and a 

continuous transverse crest. In this respect, they are similar to the Neanderthals (Bermúdez 

de Castro et al., 2018; Gómez-Robles et al., 2008). While the P3 outer crown morphology 

has been described for the EP and MP hominins, a detailed analysis of their EDJ discrete 

traits has yet to be conducted. Indeed, considering their vast dental samples and their 

significance, the EP and MP P3 specimens from Atapuerca provide us with a unique 

opportunity to explore the relationship of hominin populations in the European Pleistocene; 

that is, to consider the relationship of H. antecessor to Neanderthals and modern humans, 

as well as to interpret the taxonomic position of the SH hominins.  

 

Consequently, the present study aims to characterise the EDJ morphology of the Pleistocene 

hominin samples from Atapuerca. Given the severe dental wear of the TD6 sample, the study 

will focus mainly on the Middle Pleistocene hominins from Atapuerca - Sima de los Huesos, 

along with the comparative MP sample from Caune de l’Arago, (Tautavel, France), the Late 

Pleistocene Neanderthals from Krapina (Zagreb, Croatia), and modern human (MH) 

specimens from Spain and Sudan, thereby ultimately providing further insight into their 

taxonomic and phylogenetic relationships. We employed the scoring system developed by 

Davies et al. (2019b) and Krenn et al. (2019) to score for seven traits: A) accessory crests; B) 

the transverse crest; C) buccal groove; D) marginal ridge continuity/discontinuity; E) the 

protoconid form; F) lingual accessory cusps G) Disto-buccal accessory cusps. Although these 

traits are scored for the EDJ, to test for concordance between the EDJ and the OES, we also 

characterise the OES. Unless variability is observed between the EDJ and OES, the 

discussion will focus on the EDJ trait (see Chapter 5, Section 5.3.1 for Methodology). 
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6.1.  Results 
 

6.1.1. Transverse crest 
 
The transverse crest form is assessed for all 73 specimens (TD6 N = 2 SH N = 12, Arago N 

= 2; Neanderthals N = 4; MH N = 53) (Table 6.1). Despite having a wear stage 3 (ATD6-3) 

and 4 (ATD6-96) (Molnar, 1971), it is clear that the transverse crest in Homo antecessor 

(TD6) hominins does not flatten for more than one third the height of the protoconid, so 

both specimens are scored as having a Type 1 transverse crest. The predominant type in SH 

hominins and Neanderthals is the Type 1a transverse crests. Type 1a is present in 50% of 

the SH specimens (6/12), with 33.3% (4/12) showing Type 1, and another 16.7% (2/12) 

having no transverse crests at all (Type 0). Half of the Arago sample (1/2) shows Type 1a 

while the other 50% show Type 1. 54.7% (29/53) of modern humans display the Type 1 

transverse crest. The Neanderthal sample has 75% (3/4) of their specimens with Type 1a 

transverse crests, while another 25% (1/4) shows the presence of the Type 1 crests. While 

Davies et al. (2019b) did not find any Type 1a in any of their modern human specimens, we 

do indeed find a substantial percentage 22.6% (12/53) that shows this trait. Furthermore, we 

found a small percentage of specimens (7.54% (4/53) with a Type 1b, displaying a double 

transverse crest – one originating from the metaconid and tapering in the occlusal basin and 

another originating from the protoconid and tapering in the occlusal basin. In 15.1% (8/53) 

the transverse crest is completely absent (Type 0).   
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Figure 6. 1: Specimen UCM 67 (Modern human) with a transverse crest converging with the DPC 
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Table 6. 1: Crosstabulation of Transverse crest (TC) variation by group. Type 0 – TC absent; Type 1 – TC connects protoconid and metaconid; Type 1a – TC initiates from metaconid, flattens 
more than one-third the height of protoconid; Type 1b – one TC arises from protoconid, another from metaconid, the two crests do not meet and flatten/taper in occlusal basin; Type 2 – 
TC arises from protoconid but tapers at occlusal basin; Type 3 – TC arises distal to protoconid dentine horn, and tapers in occlusal basin. 

   Transverse Crest     

  Type 0 Type 1 Type 1a Type 1b Total 

 Homo antecessor 

SH hominins 

0 

2 (16.7%) 

2 (100%) 

4 (33.3%) 

0 

6 (50%) 

0 

0 

2 (100%) 

12 (100%) 

 Arago hominins 0 1 (50%) 1 (50%) 0 2 (100%) 

 Homo neanderthalensis 0 1 (25%) 3 (75%) 0 4 (100%) 

 Homo sapiens 8 (15.1%) 29 (54.7%) 12 (22.6%) 4 (7.5%) 53 (100%) 
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6.1.2. Marginal ridge continuity/discontinuity 
  
 Marginal ridge continuity was scored for all 73 specimens (Table 6.2). All hominins except 

TD6 show the presence of a discontinuous marginal ridge (Type 4). 100% of the TD6 

specimens show a continuous marginal ridge (Type 1). None of the SH specimens show 

continuous marginal ridges (Type 1), with 41.7% (5/12) of the specimens showing mesial 

marginal ridge discontinuity (Type 2), and 16.7% (2/12) of the specimens showing distal 

marginal ridge continuity (Type 2). 41.7% (5/12) of the SH specimens show discontinuous 

ridges (Type 4). For the Arago sample, one specimen shows discontinuity on both sides, 

whereas the other has continuous marginal ridges. The majority of the Neanderthal 

specimens [75% (3/4)] show Type 2, while 25% (1/4) are Type 4. Considering the modern 

human sample, 49% (26/53) of the specimens show a continuous marginal ridge (Table 6.2). 

34% (18/53) of the specimens are Type 2, and 3.8% (2/53) are Type 3, while 13.2% (7/53) 

show discontinuity of both ridges.  
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Table 6. 2: Crosstabulation of Marginal ridge (MR) variation by group. Type 1 – continuous marginal ridge; Type 2 – mesial discontinuous marginal ridge; Type 3 – distal discontinuous 
marginal ridge; Type 4 – discontinuous 

   Marginal Ridge    

  Type 1 Type 2 Type 3 Type 4 Total 

 Homo antecessor 

SH hominins 

2 (100%) 

0 

0 

5 (41.7%) 

0 

2 (16.7%) 

0 

5 (41.7%) 

2 (100%) 

12 (100%) 

 Arago hominins 1 (50%) 0 0 1 (50%) 2 (100%) 

 Homo 

neanderthalensis 

0 3 (75%) 0 1 (25%) 4 (100%) 

 Homo sapiens 26 (49.1%) 18 (34%) 2 (3.8%) 7 (13.2%) 53 (100%) 
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6.1.3. Buccal groove 
 

All 73 specimens were scored for the level of buccal groove expression (Table 6.3). A mesial 

and distal minor buccal groove (Type 5) type is observed for the Homo antecessor specimen 

ATD6-96, while ATD6-3 shows a mesial and distal marked buccal groove type (Type 6). 

Buccal groove was absent (Type 0) in all SH specimens. One out of two Arago specimens 

show a minor groove (Type 1) on the EDJ, while another shows complete absence of this 

trait. The Neanderthal specimens mainly show minor buccal grooves –on the mesial (Type 

1) (25%; 1/4) and distal (Type 2) (25%; 1/4) aspect, respectively. Some specimens also show 

a deep groove at the lower third of the crown; accordingly, one specimen (25%; 1/4) shows a 

mesial marked buccal groove (Type 3), while another specimen shows a Type 6 (25%; 1/4). 

No buccal groove (Type 0) is observed in a large majority of the modern human samples 

(92.4%; 49/53), while Type 1 grooves are observed in 7.5% of the specimens (4/53). 
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Table 6. 3: Crosstabulation of Buccal Groove (BG) variation by group. Type 0 – Absent; Type 1 – Mesial minor; Type 2 – Distal minor; Type 3 – Mesial marked; Type 4 – Distal marked; Type 
5 – Mesial and distal minor; Type 6 – Mesial and distal marked 

 

 

 

 

   Buccal Groove      

 Type 0 Type 1 Type 2 Type 3 Type 5 Type 6 Total 

Homo antecessor 0  0  0  0 1 (50%)  1 (50%) 2 (100%) 

SH hominins 12 (100%) 0  0  0  0  0  12 (100%) 

Arago hominins 1 (50%) 1 (50%) 0  0  0  0  2 (100%) 

Homo 

neanderthalensis 

0  1 (25%) 1 (25%) 1 (25%) 0 1 (25%) 4 (100%) 

Homo sapiens 49 (92.4%) 4 (7.5%) 0  0  0 0  53 (100%) 
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6.1.4. Protoconid form 
 

The protoconid form of 69 specimens was studied (SH n = 12; Arago n = 2; Neanderthals n 

= 3; MH n = 52) (Table 6.4). The most frequently observed type of protoconid form in all 

hominin groups is the conical protoconid (Type 1). While 94.2% (49/52) of the MH 

specimens have a conical protoconid horn, 3.8% (2/52) show a transverse type (Type 3) 

(UCM 28 and UCL 66). One specimen (UCL 140) also has a double-dentine horn tip (Type 

4) [1.9% (1/52)]. 



 

 239 

 

 
 

 
Table 6. 4: Crosstabulation of Protoconid variation by group. Type 1 – Conical; Type 2 – Flat ridge; Type 3 – Transversely expanded; Type 4 – double dentine. 

  Protoconid Form   

 Type 1 Type 3 Type 4 Total 

SH hominins 12 (100%) 0 0 12 (100%) 

Arago hominins 2 (100%) 0 0 2 (100%) 

Homo neanderthalensis 3 (100% 0 0 3 (100%) 

Homo sapiens 49 (94.2%) 2 (3.8%) 1 (1.9%) 52 (100%) 
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6.1.5. Accessory crests 
 
Accessory crests on the EDJ were assessed for 72 specimens (Table 6.5). Overall, for all 

specimens the distal accessory crest (Type 1) arising from the distal protoconid crest was the 

most commonly observed trait. 100% of Homo antecessor specimens showed a Type 1 

accessory crest. In addition, ATD6-3 showed a number of additional accessory crests on the 

posterior fovea. In ATD6-96, any additional accessory crests were not identified due to a 

slightly low-resolution scan of this specimen. In the SH hominins, 58.3% (7/12) of specimens 

display a Type 1 arising from the distal protoconid crest, while in a 41.7% (5/12) the accessory 

crest is absent (Type 0). We also note additional accessory crests on the anterior/posterior 

foveae of specimens AT-1993, AT-3243, AT-807, and AT-3940. 100% of the Arago 

specimens display a Type 1. In the Neanderthal specimens, 75% (3/4) show a Type 1, and 

25% (1/4) has no accessory crests. Specimen D111 from Krapina, along with the presence of 

Type 1, also shows a crest arising from the distal marginal ridge.  

  

In modern humans, 50.9% (27/53) of the specimens showed Type 1. The next most frequent 

types in modern humans are the Type 3 running from the distal and mesial protoconid crest 

(24.5%; 13/53), and the Type 0 (24.5%; 13/53). A single specimen from the UCM sample 

(UCM 14) shows a crest from the DMR of the metaconid. In some cases, specimens (UCM, 

4, UCM 9, UCM 66, UCM 136, UCL 66, UCL 172, UCL 97, UCL 135) showed the 

presence of accessory crests on the anterior/posterior foveae. UCM 55, along with the DPC, 

also presents a small distal ridge next to the transverse crest. In UCL 97, the accessory crest 

bifurcates from the lower distal part of the transverse crest. We also observe the presence of 

small accessory crests in modern human specimens (UCL 41, UCL 171, UCL 68, UCM 7, 

UCM 44, UCM 60) that bifurcate from the transverse crest either distally or mesially, and 

descend towards the anterior/posterior foveae. 
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Table 6. 5: Crosstabulation of Accessory crest variation by group. Type 0 – Absent; Type 1 –Distal Accessory Crest; Type 2 –Mesial Accessory Crest; Type 3 –Distal and Mesial Accessory 
Crest 

  Accessory Crests    

 Type 0 Type 1 Type 2 Type 3 Total 

Homo antecessor 

SH hominins 

0 

5 (41.7%) 

1 (100%) 

7 (58.3%) 

0 

0 

0 

0 

1 (100%) 

12 (100%) 

Arago hominins 0 2 (100%) 0 0 2 (100%) 

Homo neanderthalensis 1 (25%) 3 (75%) 0 0 4 (100%) 

Homo sapiens 13 (24.5%) 27 (50.9%) 0 13 (24.5%) 53 (100%) 
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6.1.6. Accessory lingual cusps 
 

Accessory lingual cusps were scored for 72 specimens (Table 6.6). These are usually 

manifested as very small cusps at the EDJ in the P3. Lingual accessory cusps are generally 

absent in all hominin groups. Homo antecessor (ATD6-3) shows the presence of multiple 

distal cusps (Type 4). We observe three small distal lingual cusps on this specimen. The SH 

hominins and the Neanderthal specimens show no accessory cusps in their lingual aspect. 

One of the Arago specimens (A-71) has a small single disto-lingual cusp (Type 1), whereas 

the other specimen shows no accessory cusps. In modern humans, the greatest percentage 

of specimens show the absence of accessory cusps (Type 0) (58.4%; 31/53). The most 

frequent type is Type 1, seen in 26.4% (14/53) of the sample, while double disto-lingual cusps 

(Type 2) are also noted (11.3%; 6/53). A small number of specimens (3.7%; 2/53) show the 

presence of both a mesio-lingual and disto-lingual cusp (Type 3).  

 
 

6.1.7. Disto-buccal cuspulids 
 
A cuspulid on the distobuccal (DB) corner of the EDJ at the intersection between the DMR 

and the distal protoconid crest (DPC) is frequently observed in our sample. According to 

Davies et al. (2019b) this feature is less commonly observed in modern humans and 

Neanderthals. DB cuspulid presence/absence was scored for 72 specimens (Table 6.7). We 

scored this trait only for one Homo antecessor specimen (ATD6-3), and to this end, find the 

presence of DB cuspulid in TD6. 75% (9/12) of the SH hominins also show this feature. The 

SH specimens are unique in that in addition to the DB cuspulid (5/12), they show the 

presence of dentine horns on the DPC and sometimes on the MPC in close proximity to the 

protoconid horn tip (SH 148, SH 807, SH 1466, SH 1993, SH 3940) (Figure 6.2), while 

other SH specimens show no buccal accessory cuspulids (25% (3/12). Both the Arago 

specimens have a disto-buccal cuspulid. Neanderthal specimens also present the DB 

cuspulid in 50% of the cases (2/4). The majority of the modern human specimens have the 

DB cuspulid, albeit less pronounced (64.2%; 34/53), while in 35.8% (19/53) the cuspulid is 

absent. 
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Figure 6. 2: SH-148 (SH hominin) showing additional dentine horns mesial and distal to the protoconid dentine horn 
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Table 6. 6: Crosstabulation of Accessory cusp variation by group. Type 0 – Absent; Type 1 – Single Distal Accessory Cusp; Type 2– Double Distal; Type 3 – Mesial + Distal Cusp; Type 4 – 
Multiple (four cusps). 

     EDJ Accessory Lingual Cusps    

 Type 0 Type 1 Type 2 Type 3 Type 4 Total 

Homo antecessor  0 0 0 0 1 (100%) 1 (100%) 

SH hominins 12 (100%) 0 0 0 0 12 (100%) 

Arago hominins 1 (50%) 1 (50%) 0 0 0 2 (100%) 

Homo 

neanderthalensis 

4 (100%) 0 0 0 0 4 (100%) 

Homo sapiens 31 (58.4%) 14 (26.4%) 6 (11.3%) 2 (3.7%) 0 53 (100%) 
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Table 6. 7: Crosstabulation of Disto-buccal cusp presence/absence by group. 

  EDJ Accessory D-B Cusps  

 Present Absent Total 

Homo antecessor 

SH hominins 

1 (100%) 

9 (75%) 

0 

3 (25%) 

1 (100%) 

12 (100%) 

Arago hominins  2 (100%) 0 2 (100%) 

Homo neanderthalensis 2 (50%) 2 (50%) 4 (100%) 

Homo sapiens 34 (64.2%) 19 (35.8%) 53 (100%) 

    

 

 
Appendix 2.1, Figures A2.1.1 – A2.1.7 further illustrates the variation in frequencies for each trait between all four hominin groups.  
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6.1.8. Inter-group comparisons 
 

Table 6.8 shows the results of the Fisher’s Exact Test (FET) testing the relationship between 

the EDJ trait expressions and sample groups. Overall, there was no statistically significant 

relationship between type of traits expressed and hominin groups, with the exception of 

marginal ridge (p = 0.002), buccal groove (p = 0), and lingual accessory cusps (p = 0.04).  

 

Furthermore, we individually tested for relationships between trait expression and pairs of 

hominin groups. After accounting for the Bonferroni correction (p<0.005), there is statistical 

(see Appendix 2.1, Tables A2.1.1 – A2.1.2) significance for the expression of marginal ridges 

between SH hominins and modern humans (MH) (p = 0.001) (Appendix 2.1, Table A2.1.1). 

For the expression of buccal grooves, there is statistically significance between TD6 and MH 

(p = 0.0006), SH hominins and Neanderthals (p = 0.0006), and Neanderthals and MH (p = 

<0.0001) (Appendix 2.1, Table A2.1.2). 

 

 

 

 

Table 6. 8: Results of the Fisher’s Test between all hominin groups and EDJ traits 

Trait Sig. (2. tailed) 

Transverse Crest 0.516 

Marginal Ridge 0.002 

Buccal Groove 0 

Protoconid Form 1 

Accessory Crest 0.437 

Accessory Cusps 0.044 

Accessory DB Cuspulid 0.768 
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6.1.9. Frequency of trait expression at the OES and EDJ 
 

To assess the level of concordance in trait expressions between the OES and EDJ, we scored all six traits at the OES level. Considering the level 

of wear in the TD6 specimens [ATD6-3 (Molnar wear stage 3); ATD6-96 (Molnar wear stage 4)] we did not score Homo antecessor discrete 

traits at the OES. Appendix 2.2, Tables A2.2.1-A2.2.28 show the frequencies of these traits at the EDJ and the OES for each sample group. Table 

6.9 shows the results of the FET test between trait categories and each sample group. 

 

 

 

 

 

Table 6. 9: Results of the Fishers Exact Test for trait categories in each group between the EDJ and OES. SH (Sima de los Huesos Hominins), ARA (Arago Hominins); NEA (Krapina 
Neanderthals); MH (Homo sapiens). The areas that are hyphenated (-) indicate no results due to insufficient row: column ratios. 

EDJ Vs. OES Traits 

 
Transverse Crest Marginal Ridge Buccal Groove Protoconid Form Accessory Crests Lingual Accessory Cusps DB Accessory Cuspulids 

SH 0.006 0.0001 - - 0.001 - 1 

ARA 1 1 1 - - 1 - 

NEA 0.25 0.25 1 - 0.25 - - 

MH 0 0 0 - 0 0 0.009 
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Overall, there was generally high concordance between the EDJ and OES scores for trait 

categories of all hominin groups (Appendix 2.2, Tables A2.2.1-A2.2.28). This is reflected in 

the FET scores (Table 6.9) for SH and MH; the lack of statistically significant association 

between EDJ and OES in Arago and Krapina may be attributed to a small sample size. When 

considering trait scores, Arago and Krapina mostly show a high level of correspondence 

between the EDJ and OES. Arago hominins only show discordance between the EDJ and 

OES scores for buccal groove – while at the EDJ level, a Type 0 and Type 1 buccal groove 

is identified, at the OES both specimens are scored as Type 0 (Appendix 2.2, Table A2.2.10). 

The Krapina show discordance in their buccal groove scores between the EDJ and OES 

mainly for two specimens – specimens scored as Type 1 and Type 6 at the EDJ are scored 

as Type 0 and Type 4, respectively (Appendix 2.2, Table A2.2.11). Indeed, the scan quality 

of these specimens was not optimal, causing issues in differentiating between tissue 

proportions, creating a slightly distorted OES. The Krapina group also shows difference in 

EDJ and OES scores for the disto-buccal cuspulids; at the EDJ, half the specimens (2/4) show 

presence of this trait, while for the other half this trait is scored as absent. However, this trait 

is not observed at the OES and is scored as absent (Appendix 2.2, Table A2.2.27). 

Furthermore, in the case of some traits, the FET does not produce any results for some/all 

groups; this is due to insufficient row: column ratios for trait categories. Particularly for the 

protoconid form, when considering only the scores, we observe a high correlation between 

EDJ and OES for this trait groups (Appendix 2.2, Tables A2.2.13 – A2.2.16). However, the 

MH show variability in scoring between the EDJ and OES (Appendix 2.2, A2.2.16). While 

some specimens show transversal (2/52), and a double dentine (1/52) protoconid form at the 

EDJ, these forms are identified as conical at the OES.   
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7. CHARACTERISATION OF LOWER THIRD PREMOLAR 

CROWN TISSUE PROPORTIONS OF EUROPEAN 

PLEISTOCENE POPULATIONS 
 

 

The scarce and dispersed fossil record particularly for the European Early Pleistocene (EP) 

have hindered our understanding of different evolutionary scenarios (see Chapter 3). To this 

end, the study of the Pleistocene populations from rich archaeological sites such as Sierra de 

Atapuerca, Spain, have enabled better conceptualisation of such evolutionary gaps 

(Bermúdez de Castro et al., 2016, 2015a, 2013, 2004; Bermúdez de Castro and Martinón-

Torres, 2019; Dennell et al., 2011). The abundant dental remains from these sites have 

allowed for a more precise taxonomic and phylogenetic study of EP and Middle Pleistocene 

(MP) groups (e.g., García-Campos et al., 2019; Gómez-Robles, 2019; Gómez-Robles et al., 

2015, 2013, 2012a, 2011, 2008, 2007; Martín-Francés et al., 2018; Martínez de Pinillos et al., 

2017, 2014, 2020; Martinón-Torres et al., 2019, 2012, 2007a). The European EP species 

Homo antecessor (TD6) is known for presenting a distinct mosaic of primitive and derived 

cranio-dental features in regard to the genus Homo (Arsuaga et al., 1999b; Bermúdez de 

Castro, 1986; Bermúdez de Castro et al., 2017a, 1997a; Carbonell et al., 2008; Gómez-

Robles et al., 2007; Manzi et al., 2001; Martinón-Torres et al., 2019, 2007a; Rosas and 

Bermúdez de Castro, 1999) (see Chapter 3, Section 3.1.1.1). Recent genetic and dental 

proteomic studies support previous hypothesis that Homo antecessor is the best possible 

representative of the LCA of MH, Neanderthals and Denisovans (Bermúdez de Castro et al., 

2017a; Martín-Francés et al., 2018; Welker et al., 2020). H. antecessor would then represent 

the best opportunity to explore the origins of our species and the Neanderthals (Bermúdez 

de Castro et al., 2017a; Bermúdez de Castro and Martinón-Torres, 2019; Stringer, 2016). 

The Sima de los Huesos (SH) hominins are genetically very close to the Neanderthals (Meyer 

et al., 2016) and discussions move around considering them a sister-taxon, an early 

Neanderthal or directly a member of Homo neanderthalensis sensu lato  (Arsuaga et al., 

2014, 1991; Gómez-Robles, 2019; Meyer et al., 2016). SH hominins also provide a good 

opportunity to explore and contribute to the ongoing debate of the European MP hominin 

fossil record (see Chapter 3, Section 3.1.3.3.1.3).  

 

Dental tissue distribution patterns, and enamel thickness, in particular, has been considered 

an important source for studying the taxonomy, phylogeny, as well as diet and behavioural 
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adaptations of fossil and extant hominids (e.g., Berger et al., 2015; García-Campos et al., 

2019; Martín-Francés et al., 2020, 2018; Olejniczak et al., 2008b; Pan et al., 2020; Skinner et 

al., 2015; Smith et al., 2012b; Zanolli et al., 2018a; Zanolli and Mazurier, 2013). In the genus 

Homo, enamel thickness is taxonomically distinct in the Neanderthals (Buti et al., 2017; 

Olejniczak et al., 2008a; Smith et al., 2012b), as they show relatively thin enamel compared 

to the thick to hyper-thick condition of other species (Smith et al., 2012b). (A review of 

studies on enamel thickness and dental tissue proportions in hominins is provided in Chapter 

3, Section 3.4). Previous studies on the dental tissue proportions of the Atapuerca hominins 

have shown that TD6 molars, while having average and relatively thick enamel similar to early 

Homo and Homo sapiens, their lateral enamel thickness and enamel topographic 

distribution is generally shared with Neanderthals (Martín-Francés et al., 2018); the canine 

tissue proportions show a general thin enamel condition similar to Neanderthals (García-

Campos et al., 2019). The SH hominins present a thick enamelled condition in molars 

similar to modern humans (Martín-Francés et al., 2020a), while the canines exhibit a 

Neanderthal-like pattern of thin relative enamel (García-Campos et al., 2019).  

 

Therefore, the current study focuses on the P3 crowns of H. antecessor and the SH hominins. 

By applying μCT imaging techniques to analyse the dental tissue proportions and distribution 

patterns of these hominin samples, we aim to explore the relationship of H. antecessor to 

other Middle and Late Pleistocene hominins and their possible role as the link to the last 

common ancestor (LCA) of Neanderthals and modern humans. We will also explore the 

similarities/differences between the SH populations and Neanderthals in an attempt to 

understand the origins of the Neanderthal lineage. Ultimately, we aim to shed light on the 

taxonomic and phylogenetic relationships of these Pleistocene groups (see Chapter 5, Section 

5.3.2 for Methodology). 
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7.1. Results 
 

7.1.1. Characterisation of lower third premolar crown tissue proportions of 

European Pleistocene populations: a two-dimensional approach 

 

The results of the 2D crown tissue measurements (absolute, average and relative indices) for 

the P3s of the TD6 and SH hominins as well as their comparative groups are presented in 

Table 7.1, as well as Figures 7.1 – 7.2.    

TD6 has the lowest 2D AET and RET mean values compared to all other hominin groups. 

Conversely, TD6 has the greatest 2D b/a (%) mean value of all other groups. The TD6 range 

of variation for AET falls in the lower extreme ranges of the SH, Neanderthal and MH, while 

overlapping exclusively with the Neanderthals for the 2D RET and b/a (%). Regarding the 

isolated early Homo specimens, TD6 mean values for AET and RET are lower than those 

of early hominins from Africa [EHEA (KNM-ER 1802) (Smith et al., 2012b), EHSA (SKX 

21204) (Zanolli, direct communication)], and the H. erectus from Zhoukoudian (PMU 

M3549) (Zanolli, direct communication). Conversely, the TD6 mean value for b/a (%) is 

greater than the values reported for African and Asian specimens [EHEA (KNM-ER 1802) 

(Smith et al., 2012b), EHSA (SKX 21204) (Zanolli direct communication), and H. erectus 

(PMU M3549) (Zanolli, direct communication)]. (Table 7.1, Figure 7.1). Appendix 3, Figure 

A3.1 illustrates the absolute values of our hominin samples. TD6 has the lowest mean enamel 

area (c) of the study sample, but approximates the values of SH, Neanderthals and MH. The 

mean dentine and pulp area (b) approximate the values of the EHEA (KNM ER 1802) 

(Smith et al., 2012b) and fossil Homo sapiens [Jebel Irhoud 3 (north Africa); Grotte des 

Contrebandiers (north Africa); Qafzeh 1 (Israel)] (Smith et al., 2012b), while the mean EDJ 

length (e) approximates the Arago and Neanderthal values, as well as the early Homo groups 

[EHEA (KNM-ER 1802) (Smith et al., 2012b), EHSA (SKX 21204) (Zanolli, direct 

communication),] and fossil Homo sapiens [Jebel Irhoud 3 (north Africa); Grotte des 

Contrebandiers (north Africa); Qafzeh 1 (Israel)] (Smith et al., 2012b). Nonetheless, ‘c’, ‘b’ 

and ‘e’ are still within the range of variation of MP, LP and MH groups. Overall, the thin 

enamel condition of the TD6 P3 crowns can be attributed to a combination of smaller enamel 

area (c), greater dentine and pulp area (b), and EDJ length (e), compared to the other 

specimens, although they are similar to the Neanderthal values. 
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The SH 2D AET mean approximates the Neanderthal values, while being lower than the 

values of hominin groups (Arago and MH), exceeding the TD6 value. The 2D RET and b/a 

(%) are closer to the Arago and Homo sapiens (Fossil Homo sapiens and MH). The SH 2D 

AET range overlaps with all hominin groups (TD6, Arago, Neanderthals, and MH), although 

only encompassed within the MH range.  For the RET and b/a (%), SH is within the range 

of variation of all hominin groups (Arago, Neanderthals, Fossil Homo sapiens and MH) 

except TD6, but is only encompassed within the variability of MH (Table 7.1, Figure 7.1). 

Regarding the rest of the comparative sample, SH mean values for AET and RET are lower 

than those of early hominins from Africa [EHEA (KNM-ER 1802) (Smith et al., 2012b), 

EHSA (SKX 21204) (Zanolli, direct communication)], and the H. erectus from 

Zhoukoudian (PMU M3549) (Zanolli, direct communication). Conversely, SH mean value 

for b/a (%) is higher than the values reported for African and Asian specimens [EHEA 

(KNM-ER 1802) (Smith et al., 2012b), EHSA (SKX 21204) (Zanolli direct communication), 

and H. erectus (PMU M3549) (Zanolli, direct communication)]. The absolute values for the 

SH hominins along with the comparative samples are shown in (Table 7.1 and Appendix 3, 

Figure A3.1). The SH mean enamel area (c) approximates those of Neanderthals and MH. 

The mean dentine and pulp area (b) are comparatively smaller than the Arago hominins and 

Neanderthals, and estimates the values of MH and EHSA (SKX 21204) (Zanolli, direct 

communication). Similarly, the mean values for EDJ length (e) is smaller than the MP and 

LP groups, and comparable to MH. The ‘c’ overlaps with TD6, Arago and Neanderthals, 

but is encompassed within the MH range of variation. The ‘b’ overlaps with TD6, Arago, 

Neanderthals and MH groups, as well as the isolated specimens, EHSA and H. erectus (SKX 

21204; PMU M3549; Zanolli, direct communication). Overall, the SH hominins show some 

variability, overlapping with the majority of MP, LP and Holocene hominin groups. However, 

compared to the Neanderthals, the SH hominins show a trend towards thicker relative 

enamel and a lower b/a (%). This thicker enamel condition in the SH group which is similar 

to MH, can be attributed to having smaller dentine and pulp area (b), and EDJ length (e) 

compared to other MP and LP hominins, and approximating a MH pattern.  

The adjusted Z-score analysis (Figure 7.2) was conducted for those samples having up to two 

specimens: Homo antecessor (ATD6-3; ATD6-96), as well as early Homo [EHSA (SKX 

21204) (Zanolli direct communication), EHEA (KNM ER 1802) (Smith et al., 2012b)], 

Homo erectus (PMU M3549; Zanolli, direct communication), Arago hominins (A71; A75), 

and Fossil Homo sapiens [Jebel Irhoud 3 (north Africa); Grotte des Contrebandiers (north 

Africa); Qafzeh 1 (Israel)] (Smith et al., 2012b), and compared to the variations expressed by 

SH hominins, Neanderthals, and MH. To this end, both H. antecessor specimens (ATD6-
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3 and ATD6-96) fall within the 95% of variation for all three variables (AET, RET, b/a%) of 

Neanderthals, and are only within the 95% of variation for AET of SH and MH. This suggests 

that H. antecessor have a relative thin enamel and a greater percentage of dentine and pulp 

that approximates the Neanderthal condition.  

Regarding the SH hominins, most isolated specimens [EHSA (SKX 21204); H. erectus 

(PMU M3549); (Zanolli direct communication)] are outside the 95% of the range of variation 

for all three variables (2D AET, RET and percentage of dentine and pulp). EHEA (KNM 

ER 1802) (Smith et al., 2012b) falls only within the 95% range of variation for b/a (%) of the 

SH hominins. This confirms our observations that SH has thinner enamel compared to EP 

groups. Arago 71 fall within the 95% range of variation of all variables of the SH as well as 

Neanderthals and MH. Arago 75 is within the range of variation of RET and b/a (%) for all 

three groups, but slightly exceeds their range in the AET values. Finally, the fossil Homo 

sapiens [Jebel Irhoud 3 (north Africa); Grotte des Contrebandiers (north Africa); Qafzeh 1 

(Israel)] fall within the 95% range of variation of all three variables for all groups (with the 

exception of the AET values of the Neanderthals). The adjusted Z-scores confirm that Arago 

is intermediate between SH hominins and Neanderthals.  

A non-parametric Mann-Whitney U test (Table 7.2) shows that there is significant difference 

between the SH and Neanderthal groups for their RET (p=0.02) and b/a values (p=0.02), 

while the SH and MH groups only show significant differences for their RET (p = 0.032). 

There is also statistically significant difference between Neanderthals and MH for all three 

variables (AET, p = 0.024; RET p= 0.00; and b/a% p = 0.00). These values confirm a thicker 

enamel pattern of the SH compared to the Neanderthals, albeit still thinner than the MH.   
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Table 7. 1: 2D variables of the crown assessed in the hominin lower third premolars. Mean and range are provided for samples that have two or more specimens. Individual values are 
provided for the rest of the samples. Groups: EHEA – Early Homo from east Africa (KNM-ER 1802), EHSA – Early Homo from south Africa (SKX21204),ERE – Homo erectus (PMU M3549), 

TD6 – Homo antecessor (ATD6-3, ATD6-96), SH – Sima de los Huesos hominins, , ARA – Arago hominins (A 71, A75), NEA – Neanderthals [(Krapina = 4), ( Oliviera = 1), (Las Palomas 

Neanderthals = 2)], FHS – Fossil Homo sapiens (Jebel Irhoud 3 = 1; Qafzeh 15 = 1; Grotte des Contrebandiers = 1) , MH – modern humans. 
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Figure 7. 1: Two-dimensional values for lower third premolar crowns of sample hominins, and compared to the estimates from other fossil and contemporary human specimens/samples 
(See Table 7.1). From left to right: Average enamel thickness (AET) in LP3s; Relative enamel thickness (RET) in LP3; The percentage of coronal area that is dentine and pulp in the lower 
third premolar crown (b/a*100) in LP3s.. MH= recent modern humans (n=50); FHS = Fossil Homo sapiens = 3  (Grotte des Contrebandiers (Morocco; Late Pleistocene Homo sapiens) = 1, 
Qafzeh 15 (Israel; Late Pleistocene Homo sapiens) = 1, Jebel Irhoud 3 (Morocco; Late Pleistocene Homo sapiens) = 1),  Neanderthals (Krapina n=5; Oliviera n=1; Sima de las Palomas n=2); 
Ara = Arago hominins (A71, A75); SH = Sima de los Huesos hominins (n=12); ERE = Homo erectus (Zhoukoudian PMU M3549; n=1); TD6 = Homo antecessor (Gran Dolina TD6; n=2); EHEA = 
Early Homo from east Africa (KNM-ER 1802 Kenya; n=1); EHSA = Early Homo from south Africa (SKX 21204, Swartkrans; n = 1). 
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Figure 7. 2: Adjusted Z-Scores of 2D complete crown variable: Z-score graphs of the crown percentages of dentine and pulp (b*a/100), average enamel thickness (2D AET), and relative 
enamel thickness (2D RET) in the Fossil Homo sapiens (FHS), Arago (A71, A75), Homo antecessor (TD6.3, TD6.96), Homo erectus (PMU M3549), Early Homo from east Africa (KNM-ER 
1802), Early Homo from south Africa (SKX 21204), and compared to the variation expressed by the SH hominins (brown circles), Neanderthals (blue diamonds) and modern humans (purple 
triangles). The solid line passing through zero represents the mean, and the -1 and 1 values represent the 95% limit of variation expressed for the two components 
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Table 7. 2: Descriptive statistics and Non-Parametric Mann-Whitney U test results for 2D variables of the lower third premolars in Modern humans (MH), Neanderthals (NEA) and SH 
hominins (SH). The variables are: crown area that is dentine and pulp (b/a*100), average (AET) and relative (RET) enamel thickness. ‘N’ represents the number of specimens in the group. 
The between group results are depicted as MH-NEA, NEA-SH and MH-SH. Means were considered to be significantly different at 0.05 

 

 

 

 

 

 

 N AET RET b/a (%) 

SH vs NEA 21 .515 .020 .007 

SH vs MH 63 .093 .032 .221 

NEA vs MH 58 .024 .00 .00 
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7.1.2. Characterisation of lower third premolar crown tissue proportions of 

European Pleistocene populations: a three-dimensional approach 

 

7.1.2.1. Complete crown enamel thickness 
 

The results of the 3D crown tissue measurements (absolute, average and relative indices) for 

the P3s of the SH hominins as well as their comparative groups are presented in Table 7.3, 

as well as Figures 7.3 – 7.4.  

The SH mean values for AET, RET and Vcdp/Vc (%) are closer to the mean values of Arago 

and MH groups, than to the Neanderthal mean values.  While the SH range overlaps with 

Arago and Neanderthals for all three variables, they are within the MH range of variation. 

Compared to EHSA (SKX 21204) (Zanolli, direct communication) and H. erectus 

(PMU3549) (Zanolli direct communication), SH have lower mean AET and RET values, 

and a higher mean Vcdp/Vc (%) value. The absolute values are presented in Table 7.3 and 

Appendix 3, Figure A3.2. The mean enamel volume (Ve) approximates the Neanderthal and 

H. erectus (PMU M3549) (Zanolli direct communication) values, while the mean dentine 

and pulp volume (Vcdp), and the mean EDJ surface (EDJ) are comparatively lower than the 

MP and LP groups. The Ve, Vcdp, and SEDJ overlap with Arago and Neanderthals, but are 

only within the range of variation of MH. Consequently, the thicker enamel condition 

presented in the SH P3s can be attributed to a lower Vcdp, and a smaller SEDJ that departs 

from the values presented for Arago and Neanderthals, and is similar to MH. 

The adjusted Z-score (Figure 7.4) was performed for those hominin groups represented by 

up to two specimens, including: EHSA (SKX 21204) (Zanolli direct communication), H. 

erectus (PMU M3549) (Zanolli direct communication), and Arago hominins (A71; A75), 

that are compared to the SH, Neanderthal and MH groups. EHSA (SKX 21204) (Zanolli 

direct communication) is outside the 95% of SH variation for all three variables (AET, RET 

and Vcdp/Vc %), and H. erectus (PMU M3549) (Zanolli direct communication) is within the 

95% range of SH variation only for Vcdp/Vc (%). Arago 71 and Arago 75 are outside the 95% 

range of SH variation for all three variables; Arago 71 is within the 95% range of variation of 

Neanderthals for all three variables, as well as within the 95% range for MH AET. Arago 75 

is within the 95% range of variation of MH for all three variables, while only being within the 

95% range for RET and Vcdp/Vc (%) for Neanderthals. These adjusted Z-score results 
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suggest that SH hominins have a thinner enamel compared to early Homo (represented by 

EHSA SKX 21204 and H. erectus PMU M3549; Zanolli direct communication). There is 

variability observed between the enamel thickness patterns of the two Arago specimens, but 

in general, their enamel thickness pattern can be seen as intermediate between Neanderthals 

and MH.  

Table 7.4 illustrates the between-group non-parametric Mann-Whitney-U test. Significant 

differences were observed between SH and the Neanderthal groups for all variables (AET p 

= 0.002; RET p = 0.002; Vcdp/Vc% p = 0.011). The SH and MH groups only show significant 

difference in their RET (p = 0.002) and LVcdp/LVc% (p = 0.011) value. We also note a 

significant difference between the Neanderthals and MH for all three variables (AET p = 

0.001; RET p = 0.00; Vcdp/Vc p = 0.01). These results confirm our findings that SH has a 

thicker enamel compared to the Neanderthals; nonetheless, the SH hominins have thinner 

enamel and a greater dentine percentage compared to MH. 
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Table 7. 3: 3D variables of the crown assessed in the hominin lower third premolars. Mean and range are provided for samples that have two or more specimens. Individual values are 
provided for the rest of the samples. Groups – EHSA – Early Homo from south Africa (SKX 21204), ERE – Homo erectus (PMU M3549), SH – Sima de los Huesos hominins, ARA – Arago 
hominins (ARA71, ARA75), NEA – Krapina Neanderthals, OLIV – Oliviera Neanderthal (Oliviera 9), Regourdou Neanderthal (Regourdou 1), Las Palomas Neanderthals (Pal 45; Pal 76); MH – 
modern humans. 
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Figure 7. 3: Tooth crown tissue proportions and enamel thickness of lower third premolars of sample hominins, and compared to the estimates from other fossil and extant human 
specimens/samples (See Table 7.3). From left to right: Average enamel thickness (AET) in LP3s; Relative enamel thickness (RET) in LP3;  The percentage of coronal volume that is dentine 
and pulp in the lower third premolar crown (Vcdp/Vc)  in LP3s. MH= recent modern humans (n=53); NEA= Neanderthals (Krapina n=4; Oliviera n=1; Regourdou n=1; Sima de las Palomas 
n=2); ARA – Arago hominins (n=2); SH = Sima de los Huesos hominins (n=12); ERE = Homo erectus (Zhoukoudian PMU M3549; n=1); TD6 = Homo antecessor (Gran Dolina TD6; n=2); EHSA 
= Early Homo from south Africa (SKX 21204, Swartkrans; n = 1). 
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Figure 7. 4: Adjusted Z-Scores of 3D complete crown variable: Z-score graphs of the crown percentages of dentine and pulp (Vcdp/Vc), average enamel thickness (AET), and relative 
enamel thickness (RET) in the Homo erectus (PMU M3549), Early Homo from south Africa (SKX 21204), and Arago hominins (ARA71, ARA75) compared to the variation expressed by the SH 
hominins (brown circles), Neanderthals (blue diamonds) and modern humans (purple triangles). The solid line passing through zero represents the mean, and the -1 and 1 values represent 
the 95% limit of variation expressed for the two components. 
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Table 7. 4: Descriptive statistics and Non-Parametric Mann-Whitney U test results for the crown volume that is dentine and pulp (Vcdp/Vc), average and relative enamel thickness of the 
lower third premolars in Modern humans (MH), Neanderthals (NEA) and SH hominins (SH).  ‘N’ represents the number of specimens in the group. The between group results are depicted 
as MH-NEA, NEA-SH and MH-SH. Means were considered to be significantly different at 0.05. 

 

 

 N AET RET Vcdp/Vc (%) 

SH vs NEA 20 .002 .002 .001 

SH vs MH 65 .120 .002 .011 

NEA vs MH 61 .001 .00 .00 
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7.1.2.2. 3D Lateral crown tissue proportions 
 

The results of the lateral 3D (L3D) crown tissue measurements (absolute, average and 

relative indices) for the P3s of the TD6 and SH hominins as well as their comparative groups 

are presented in Table 7.5, as well as Figures 7.5 – 7.6.    

 

The TD6 mean values for LAET and LRET approximates the Tighenif (TH, Zanolli, direct 

communication) hominin values. As for the LVcdp/LVc (%), TD6 mean values are closer to 

those reported for TH (Zanolli, direct communication) and Neanderthals. Compared to the 

isolated specimens, TD6 LAET and LRET values are lower than those reported for the 

EHSA [(SKX 21204) (Zanolli, direct communication)] and H. erectus [(PMU M3549) 

(Zanolli, direct communication)], while for the LVcdp/LVc% variable, TD6 presents higher 

values than the two specimens. While the TD6 AET range overlaps with TH and Arago, it 

is only encompassed within the range of variation of Neanderthals and MH. The TD6 RET 

range overlaps with SH and Arago, but is encompassed within the range of variation of TH, 

Neanderthals, and MH. Finally, while TD6 Vcdp/Vc (%) range overlaps with TH, Arago and 

MH, it is only encompassed within the range of variation of Neanderthals. The absolute 

values for lateral tissue proportions are shown in Table 7.5 and Appendix 3, Figure A3.3. 

The mean enamel volume (LVe) and the mean dentine and pulp volume (LVcdp) 

approximate the Arago values. For the mean lateral EDJ surface values (LSEDJ), TD6 

approaches the estimates of the MP hominins, MH, and H. erectus specimen (PMU M3549) 

(Zanolli, direct communication). The TD6 range for LVe overlaps with the SH and 

Neanderthals but is encompassed in the with Arago and MH ranges. The LVcdp range of 

the TD6 hominins overlaps with all groups including the isolated EHSA specimen (SKX 

21204) (Zanolli, direct communication), with the exception of TH which surpasses the TD6 

values; TD6 is only encompassed within the MH range of variation. The LSEDJ range 

overlaps with all MP, LP and Holocene groups, and is within the range of variation of SH 

and MH. Therefore, the thin lateral enamel displayed by the TD6 P3s can be attributed to 

lower lateral enamel volume and a greater lateral dentine and pulp volume, with TD6 mean 

value of LVcdp/LVc% being the highest of the samples analysed.   
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The SH mean value of LAET and LRET are close to those of MH and H. erectus (PMU 

M3549) (Zanolli, direct communication). The mean LVcdp/LVc (%) is closest to the MH, 

as well as EHSA (SKX 21204) (Zanolli, direct communication) and H. erectus (PMU M3549) 

(Zanolli, direct communication). The LAET range overlaps with all groups but is only within 

the MH range of variation. The LRET and LVcdp/LVc (%) ranges overlap with the Early 

Homo groups (EHSA, H. erectus; Zanolli, direct communication), and Neanderthals, while 

overlapping only with Arago for RET, and being encompassed within the range of variation 

of MH for both these variables. The absolute values of the lateral tissue proportions for the 

SH hominins are shown in Table 7.5 and Appendix 3, Figure A3.3.  The mean lateral enamel 

volume (LVe), lateral dentine and pulp volume (LVcdp), and mean lateral EDJ surface of 

the SH hominins approximate the values of H. erectus (PMU3549) (Zanolli, direct 

communication). The mean LVe also approaches MH values, while the LSEDJ is close to 

the Arago and MH means. The SH LVe range overlaps with all comparative groups, but is 

within the range of variation of Neanderthals and MH. The LVcdp range overlaps with all 

groups, but is only encompassed within the MH range of variation. Finally, the LSEDJ range 

overlaps with all groups except TH which exceeds SH in its range of variation, with SH being 

encompassed within the MH range. Therefore, the average and relative thick lateral enamel 

that characterizes the SH premolars results from the combination of smaller EDJ surface 

combined with a low percentage of dentine in the lateral crown complex.  

The adjusted Z-scores (Figure 7.6) were assessed for the TD6, EHSA (SKX 21204) (Zanolli 

direct communication), H. erectus (PMU M3549) (Zanolli, direct communication), Tighenif 

hominins (TH1; TH2) (Zanolli, direct communication), and Arago hominins (A71; A75), 

and compared to the variation of SH, Neanderthals and MH groups. Regarding TD6 

(ATD6-3, ATD6-96), both specimens fall within the 95% of variation of Neanderthals for all 

three variables, showing close affinities with this group. TD6 specimens fall within the 95% 

range of variation for LAET of the SH hominins, while only ATD6-96 is within the range of 

variability of the SH group for the LRET variable. Regarding the MH sample, ATD6-3 falls 

within the range of variation for LAET. These results confirm the closer relationship of TD6 

to the Neanderthals due to having a thin enamel trait. Regarding the isolated specimens, both 

the EHSA (SKX 21204) (Zanolli, direct communication) and H. erectus (PMU M3549) 

(Zanolli, direct communication) fall within the 95% of variability for all three variables (LAET, 

LRET, LVcdp/LVc%) of SH. These results indicate a thicker lateral enamel condition of the 

SH hominins that is more similar to Early Homo than to Neanderthals, further confirming 

an intermediate position of the SH hominin P3s for the enamel thickness trait between the 

thin enamelled Neanderthals and the thick enamelled MH. Regarding the TH specimens, 
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only TH2 specimen fall within the 95% of SH variability for LAET and LRET. However, 

both specimens (TH1 and TH2) are within the 95% range of variation of Neanderthals. This 

suggests a thinner enamel condition in the TH hominins that is similar to the Neanderthals 

than to SH. It is also worth mentioning that Arago specimens are within the 95% of the 

Neanderthal variability for all three variables. This result indicates the closer affinity of Arago 

with Neanderthals than with SH.

Table 7.6 depicts the results of the non-parametric Mann Whitney U-test between SH, NEA 

and MH groups. We only observed significant differences for two variables, LAET and 

LVcdp/LVc%. For the LAET variable there is significant difference between SH and 

Neanderthals (p = 0.004), and SH and MH (p = 0.042), and Neanderthals and MH (p = 0.00). 

There is also a significant difference in LVcdp/LVc% values between SH and Neanderthals 

(p = 0.001) and Neanderthals and MH (p = 0.00). These values suggest that SH has a thicker 

enamel and lower lateral dentine percentage than Neanderthals, while still having 

comparatively thinner enamel than MH.
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Table 7. 5: 3D lateral enamel values of the crown assessed in the hominin lower third premolars. Mean and range are provided for samples that have two or more specimens. Individual 
values are provided for the rest of the samples. Groups – EHSA – Early Homo from South Africa (SKX 21204), ERE – Homo erectus (PMU M3549), TD6 – Homo antecessor (ATD6-3, ATD6-
96), TH – Tighenif Hominins (TH 1, TH 2), SH – Sima de los Huesos hominins, ARA – Arago hominins (A71, A75), Neanderthals – Krapina specimens, MH – modern humans 
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Figure 7. 5: Lateral crown tissue proportions and lateral enamel thickness of lower third premolars of sample hominins, and compared to the estimates from other fossil and extant human 
specimens/samples (See Table 7.5).From left to right: Lateral average enamel thickness (LAET) in LP3s; Lateral  relative enamel thickness (LRET) in LP3; The percentage of coronal volume 
that is lateral dentine and pulp in the lower third premolar lateral crown (LVcdp/LVc)  in LP3s. MH= recent modern humans (n=53); NEA= Neanderthals (Krapina n = 8); ARA = Arago 
hominins (n = 2); SH = Sima de los Huesos hominins (n=9);TH = Tighenif hominins (Algeria, north Africa; n=2) ERE = Homo erectus (Zhoukoudian PMU M3549; n=1); TD6 = Homo antecessor 
(Gran Dolina TD6; n=2); EHSA = Early Homo from south Africa (SKX 21204, Swartkrans; n = 1). 
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Figure 7. 6: Adjusted Z-Scores of 3D lateral enamel values: Z-score graphs of the crown percentages of dentine and pulp (LVcdp/LVc), average enamel thickness (LAET), and relative enamel 
thickness (LRET) in Arago (ARA71, ARA75), Tighenif hominins (TH1, TH2), Homo antecessor (TD6.3, TD6.96), Homo erectus (PMU M3549), Early Homo from south Africa (SKX 21204), and 
compared to the variation expressed by the SH hominins (brown circles), Neanderthals (blue diamonds) and modern humans (purple triangles). The solid line passing through zero represents 

the mean, and the -1 and 1 values represent the 95% limit of variation expressed for the two components. 
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Table 7. 6: Descriptive statistics and Non-Parametric Mann-Whitney U test results for the lateral crown volume that is dentine and pulp (LVcdp/LVc), lateral average and relative enamel 
thickness (LAET and LRET) of the lower third premolars in Modern humans (MH), Neanderthals (NEA) and SH hominins (SH).  ‘N’ represents the number of specimens in the group. The 
between group results are depicted as MH-NEA, NEA-SH and MH-SH. Means were considered to be significantly different at 0.05. 

 

 

 

 

 

 

 

 N LAET LRET LVcdp/LVc (%) 

SH vs NEA 21 .004 .146 .001 

SH vs MH 67 .042 .617 .281 

NEA vs MH 62 .000 .235 .000 
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7.1.2.3. Enamel thickness topographic distribution 

The colour maps represented in Figure 7.7 reflects different enamel distribution patterns 

across the crown for the P3 of the SH hominins, Arago hominins, Krapina Neanderthals, and 

MH. The thickest distribution of enamel is represented in red while the thinnest enamel is 

represented in blue. On average, the thickest enamel is observed for all groups on the buccal 

aspect of the protoconid, with varying degrees of thickness distribution in other regions for 

each group. The SH crowns, as can be observed in specimen AT-3045, have the thickest 

enamel on the buccal aspect of the protoconid, the disto-buccal region of the lingual aspect, 

as well as on the mesial marginal ridges. This pattern of distribution is similar to modern 

humans. The Arago hominins have the thickest enamel on their buccal aspect of the 

protoconid, while the distal protoconid crests also tend to have high thickness (as seen in 

Arago 75). The Neanderthals (represented here by Krapina specimen K111) with their low 

AET and RET values, show similar trends to the Arago specimens, having the greatest 

thickness on the buccal aspect of the protoconid which is distributed evenly across the surface. 
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Figure 7. 7: Enamel thickness cartographies of the lower third premolar crowns (AT 3045) from Sima de los Huesos (SH, Atapuerca) compared with those of Arago (Arago 75), 
Neanderthals (Krapina D 111) and modern humans (UCL 68). The Arago 75 specimen has been mirrored to represent the left antimere. Topographic thickness variation is rendered by a 
pseudo-colour scale ranging from thinner (dark-blue) to thicker (red). Scale bar = 1.46 mm, the average of the SH hominins. O – Occlusal; M – Mesial; D – Distal; L – Lingual; B- Buccal. 
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8. Sexual Dimorphism and Allometric Scaling in the Lower Third 

Premolars of Pleistocene and Holocene Hominins 
 
 
In Chapter 3, Section 3.5, we provide a detailed and in-depth introduction to the concepts 

of sexual dimorphism and allometric scaling in hominids. Sexual dimorphism is a common 

phenomenon in anthropoid primates (Lockwood, 1999; Lockwood et al., 2007, 1996; 

McHenry, 1994a; Plavcan, 2012, 2001b, 1994; Plavcan et al., 2005; Plavcan and van Schaik, 

1992; Plavcan and Van Schaik, 1997; Wolpoff et al., 1976), and in fossil hominins, it is 

perhaps the only direct evidence for social behaviour (Lockwood, 1999; Lockwood et al., 

2007; McHenry, 1994a; Plavcan and Van Schaik, 1997). It is then fascinating to consider to 

what extent hominin sexual dimorphism was similar to ours (Arsuaga et al., 1997b; García-

Campos et al., 2020; Lieberman et al., 1988; Rosas et al., 2002). Allometric relationships 

describe the covariation of body size of an organism with physiology, life history and 

morphology (Pélabon et al., 2018, 2014). Dental allometry, in particular, has been explored 

in primates (Creighton, 1980; Gingerich et al., 1982; Macho, 2001; Smith, 1981; Ungar, 

1998; Wolpoff, 1985), and in hominins, these allometric studies can be especially useful in 

reconstructing ecologies and life histories (Gingerich et al., 1982). In modern humans, studies 

by researchers such as Saunders et al. (2007) (on mandibular canines and P3s), Feeney (2009) 

(on mandibular and maxillary molars), and García-Campos et al. (2018a) (on mandibular 

and maxillary canines), have shown that males tend to have absolutely and relatively greater 

dentine than females, while females have relatively greater enamel (also see Chapter 3, 

section 3.5.3). Considering the Atapuerca hominins, sexual dimorphism studies of the 

maxillary and mandibular canines of the SH hominins have previously shown that this 

population did not surpass the level of sexual dimorphism seen in modern humans (García-

Campos et al., 2020), while the TD6 hominins (Hominin1 and Hominin 3) show marked 

intrapopulation variability, where Hominin 1 might have been male, while Hominin 3 may 

have been a female (García-Campos et al., 2021).  

 

The present study uses a sample of modern human P3 crowns to further extend Saunders et 

al’s. (2007) work that demonstrates the contribution of dental tissues (in canines and P3s) to 

sexual dimorphism. We also use a comparative sample of European MP (Sima de los 
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Huesos, Spain), and LP (Krapina, Croatia) populations. We recognise that Saunders et al’s. 

(2007) study was limited to the use of physical cross-sections which makes it difficult to 

correctly identify the bucco-lingual plane, and thereby correctly traverse through both the 

dentine horn tips. Furthermore, their study is limited to the two-dimensional study of the 

crowns of their samples. To this end, we apply the methodology adopted by Saunders et al. 

(2007) from Martin (1983, 1985) for the 2D linear and crown area measurements. We also 

extract 3D (Kono, 2004a; Olejniczak et al., 2008a) and lateral enamel thickness (LET) 

measurements (Toussaint et al., 2010; Zanolli et al., 2017) (see Chapter 5, Sections 5.2.1 and 

5.2.2 ). We also consider the extent to which sexual dimorphism (if reported) could be the 

consequence of allometric scaling (see Chapter 5, Section 5.3.3 for Methodology). 

 

 

8.1. Results 
 
The percentage sexual dimorphism as calculated using Garn et al. (1967) along with mean 

values for males and females are shown in Tables 8.1 – 8.3. In general, males tend to have 

greater mean values than females for most of the variables. Mean values for females tend to 

be greater for 2D AET and RET, as well as the RET mean values for 3D and lateral tissue 

proportions. 
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Table 8. 1: Percentage sexual dimorphism for 2D variables of mandibular third premolars in modern humans 

 
Variables Sex Mean % Sexual 

Dimorphism 

c: enamel cap 
area 

M 

F 

14.81 

14.17 
 

4.52% 

b: dentine and 

pulp area 

M 

F 

31.68 

26.92 
 

17.66% 

a: total crown 
area 

M 

F 

 

46.49 

41.09 
 

13.14% 

e: enamel-
dentine 

junction length 

M 

F 

17.41 

16.31 
 

6.74% 

b/a (%):  total 
percentage 

area of crown 
that is dentine 

and pulp 
 

M 

F 

68.18 

65.56 
 

4% 

AET: average 
enamel 

thickness 

M 

F 

 

0.85 

0.87 
 

-2.30% 

RET: relative 
enamel 

thickness 

M 

F 

 

15.11 

16.75 
 

-9.79% 
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Table 8. 2: Percentage sexual dimorphism for 3D variables of mandibular third premolars in modern humans 

 
Variables Sex Mean % Sexual 

Dimorphism 

Ve: enamel 
cap volume 

M 

F 

94.03 

82.79 
 

13.58% 

Vcdp: dentine 
and pulp 

volume 

M 

F 

97.38 

80.73 
 

20.63% 

Vc: total crown 
volume 

M 

F 

 

191.42 

163.52 
 

17.06% 

SEDJ: enamel-
dentine 
junction 
surface 

M 

F 

99.17 

88.84 
 

11.63% 

Vcdp/Vc (%): 
total 

percentage 

volume of 
crown that is 
dentine and 

pulp 

M 

F 

51.11 

49.43 
 

3.40% 

AET: average 
enamel 

thickness 

M 

F 

 

0.94 

0.93 
 

1.20% 

RET: relative 
enamel 

thickness 

M 

F 

 

20.49 

21.59 
 

-5.09% 
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Table 8. 3: Percentage sexual dimorphism for lateral tissue proportions in 3D of mandibular third premolars in modern 
humans 

 

Variables Sex     Mean % Sexual 
Dimorphism 

LVe: lateral 
enamel volume 

M 

F 

24.30 

22.60 
 

7.54% 

LVcdp: lateral 
dentine and 
pulp volume 

M 

F 

68.45 

59.25 
 

15.53% 

LVc: lateral 
crown volume 

M 

F 

 

92.75 

81.84 
 

13.33% 

LSEDJ: lateral 
enamel and 

dentine 
junction 
surface 

M 

F 

49.99 

47.08 
 

6.18% 

LVcdp/LVc 
(%): total 

percentage 
volume of 

lateral crown 
that is dentine 

and pulp 

M 

F 

74.16 

72.43 
 

2.39% 

LAET: lateral 
average enamel 

thickness 

M 

F 

 

0.48 

0.48 
 

0.04% 

LRET: lateral 
relative enamel 

thickness 

M 

F 

 

11.75 

12.29 
 

      -4.39% 
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Tables 8.4 – 8.7 present the results of the individual sample t-test, Levene’s test for Equality 

of Variance, and Shapiro-Wilks Normality test, for 2D, 3D and L3D of mandibular third 

premolars of the modern human samples. For the 2D tissue proportions, the results show a 

significant difference between males and females for all variables except enamel cap area (p 

= 0.41) and AET (p = 0.606). For the 3D variables, there is a significant difference between 

the sexes for dentine + pulp area (p = 0.009), crown volume (p = 0.038), and enamel and 

dentine junction surface (p = 0.024). However, the L3D does not show significant difference 

in values.  
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Table 8. 4: Results of Levene's tests, and independent sample t-tests between sexes for 2D variables of mandibular 
third premolars in modern humans 

 
Variables Levene’s Test 

for Equality of 

Variance  

t Sig. (2-tailed) 

c: enamel cap 
area 

.889 -8.23 .419 

b: dentine and 
pulp area 

.027 -3.65 .001 

a: total crown 
area 

.037 -2.81 .010 

e: enamel 
dentine 
junction 
length 

.570 -2.55 .017 

b/a (%): total 
percentage 

area of crown 
that is dentine 

and pulp 
 

.321 -2.85 .009 

AET: average 
enamel 

thickness 

.894 .52 .606 

RET: relative 
enamel 

thickness 

.688 .26 .014 
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Table 8. 5: Results of Levene's tests, and independent sample t-tests between sexes for 3D variables of mandibular 
third premolars in modern humans 

 
Variables Levene’s Test 

for Equality of 

Variance 

t Sig. (2-tailed) 

Ve: enamel 
volume 

.285 -1.51 .144 

Vcdp: dentine 
and pulp 
volume 

.647 -2.87 .009 

Vc: crown 
volume 

.259 -2.21 .038 

SEDJ: enamel 
and dentine 

junction 
surface 

 

.887 -2.43 .024 

Vcdp/Vc (%): 
total 

percentage 
volume of 

crown that is 

dentine and 
pulp 

 

.561 -1.43 .165 

AET: average 
enamel 

thickness 

 

.154 -.20 .844 

RET: relative 
enamel 

thickness 

.420 1.15 .261 
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Table 8. 6: Results of Levene's tests, and independent sample t-tests between sexes for lateral tissue proportions in 3D 
for mandibular third premolars in modern humans 

 
Variables Levene’s Test 

for Equality of 
Variance 

t Sig. (2-tailed) 

LVe: lateral 
enamel 
volume 

.256 -.61 .544 

LVcdp: lateral 
dentine and 
pulp volume 

.339 -1.83 .078 

LVc: lateral 
crown volume 

.276 -1.46 .156 

LSEDJ: 
lateral enamel 
and dentine 

surface 
 

.117 -.97 .340 

LVcdp/LVc 
(%):  total 
percentage 
volume of 

lateral crown 
that is dentine 

and pulp 
 

.101 

 

 

-1.43 .163 

LAET: lateral 
average 
enamel 

thickness 
 

.142 -.00 .994 

LRET: lateral 
relative 
enamel 

thickness 

.061 .78 .438 
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Table 8. 7: Results of Shapiro-Wilks Test between sexes in 2D, 3D and lateral tissue proportions (L3D) for mandibular third premolars in modern humans 

 

 2D 3D L3D 

 Male Female Male Female Male Female 

c: enamel cap area 0.941 0.522     

b: dentine and pulp area 0.216 0.612     

a: total crown area 0.369 0.396     

e: e: enamel dentine junction 

length 

0.675 0.581     

b/a (%): total percentage area 

of crown that is dentine and 

pulp 

0.969 0.082     

AET: average enamel 

thickness 

0.200 0.849     

RET: relative enamel 

thickness 

0.266 0.598     

       

Ve: enamel volume   0.160 0.281   
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Vcdp: dentine and pulp 

volume 

  0.362 0.582   

Vc: crown volume   0.572 0.277   

SEDJ: enamel and dentine 

junction surface 

  0.625 0.254   

Vcdp/Vc (%): total percentage 

volume of crown that is 

dentine and pulp 

  0.113 0.950   

AET: average enamel 

thickness 

  0.447 .893   

RET: relative enamel 

thickness 

  0.151 .754   

       

LVe: lateral enamel volume     0.011 0.854 

LVcdp: lateral dentine and 

pulp volume 

    0.554 0.265 

LVc: lateral crown volume     0.255 0.473 

LSEDJ: lateral enamel and 

dentine surface 

 

    0.902 0.398 
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LVcdp/LVc (%):  total 

percentage volume of lateral 

crown that is dentine and pulp 

 

    0.749 0.990 

LAET: lateral average enamel 

thickness 

 

    0.594 0.749 

LRET: lateral relative enamel 

thickness 

    0.924 0.608 
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Table 8. 8: Analysis of Covariance Table showing ‘Sex’ as Predictor Variable and 2D Ratio Data as the Response Variables for the Modern Human Sample. b/a where b = dentine+pulp area, 
a = total crown area; c/e where c = enamel cap area, e = EDJ length; AET/b(1/2) where AET = average enamel thickness. 

 

  b c AET 

Predictors Estimates CI p Estimates CI p Estimates CI p 

Female (Intercept) 1.89 -5.70 – 9.48 0.611 -4.97 -21.77 – 11.82 0.545 0.42 -0.79 – 1.64 0.477 

Female ‘a’ 0.61 0.43 – 0.79 <0.001       

Sex (Male) -0.94 -9.92 – 8.04 0.830 -1.41 -22.51 – 19.70 0.891 0.54 -0.83 – 1.92 0.419 

a * Sex (Male) 0.05 -0.16 – 0.26 0.615       

Female ‘e’    1.17 0.15 – 2.20 0.027    

e * Sex (Male)    0.04 -1.22 – 1.31 0.944    

Female ‘b’       0.08 -0.14 – 0.31 0.456 

b
(1/2)

 * Sex (Male)       -0.10 -0.36 – 0.15 0.403 

Observations 26 26 26 

2

 / R
2

 adjusted 0.943 / 0.935 0.458 / 0.384 0.178 / 0.066 
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Table 8. 9: Analysis of Variance of the ANCOVA for the 2D Ratio Data and their Interaction with the Predictor 'Sex' 

Analysis of Variance with ‘b’ as Response Variable 

 Df Sum Sq Mean Sq F value Pr(>F) 

a 1 371.05 371.05 355.11 0 

Sex 1 7.51 7.51 7.18 0.01 

a:Sex 1 0.27 0.27 0.25 0.61 

Residuals 22 22.99 1.04   

      

Analysis of Variance with ‘c’ as Response Variable 

 Df Sum Sq Mean Sq F value Pr(>F) 

e 1 41.07 41.072 17.59 0.0003 

Sex 1 2.32 2.326 0.99 0.32 

e:Sex 1 0.01 0.012 0.005 0.94 

Residuals 22 51.36 2.335   

      

Analysis of Variance with ‘AET’ as Response Variable 

 Df Sum Sq Mean Sq F value Pr(>F) 

b
(1/2)

 1 0.000 0.000 0.0008 0.978 

Sex 1 0.002 0.002 0.257 0.616 
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b
(1/2)

:Sex 1 0.006 0.006 0.725 0.403 

Residuals 22 0.15 0.008   
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Tables 8.8 and 8.9 show the ANCOVA and ANOVA analyses corresponding to the 2D 

ratios – b/a, c/e and AET/b, respectively.  

 

Considering Table 8.8, the coefficients show an estimated intercept value = 1.89 for females 

from the modern human population from Spain, with a slope = 0.61 relating to the total 

crown area (a). The intercept of males relative to females = 0.95, with a slope = 0.66 (see 

Appendix 4.1, Figure A4.1.1). Table 8.9 shows that ‘a’ has a significant contribution to the 

variation observed in dentine and pulp area (b) (F = 355.11; p = 0). There is also a significant 

difference between the mean values of the two sexes (p = 0.01). The interaction between ‘a’ 

and sexes do not have a significant effect on the slopes (F = 0.25; 0.61). The simple linear 

regression analysis of (b) on (a) produced a standardised residuals range (Min = -2.18, Max 

=1.90), and a t-test indicates a significant difference between the two sexes (p = 0.029) 

(Appendix 4.1, Tables A4.1.1-A4.1.3). 

 

In relation to enamel dentine junction length (e), the estimated intercept value of females = -

4.97, with a slope = 1.17. The male intercept relative to females = -6.38, with a slope = 1.21 

(Table 8.8) (see Appendix 4.1, Figure A4.1.2). Table 8.9 shows that ‘e’ has a significant effect 

on the variation seen in enamel area (c) (F = 17.59; p = 0.0003). There is no significant 

difference between the mean values of the two sexes (p = 0.32). The interaction between ‘e’ 

and the two sexes does not have any significant difference in slopes (F = 0.005; p = 0.94). A 

simple linear regression analysis of (c) on (e) gives a standardised residual range (Min = -2.68, 

Max = 1.65), and a t-test shows no significant difference between the two sexes for these 

residuals (p = 0.36) (Appendix 4.1, Tables A4.1.1-A4.1.3). 

 

The intercept value for females in relation to ‘b(1/2)’ = 0.42, with a slope = 0.08. The intercept 

value of males relative to that of females = 0.96, with a slope = -0.02 (Table 8.8) (see Appendix 

4.1, Figure A4.1.3). The ANOVA table (Table 8.9) indicates that ‘b(1/2)’ does not contribute 

significantly to the variation observed in the average enamel thickness (AET) (F = 0.0008; p 

= 0.97). The mean values of the two sexes are not significantly different from each other (p = 

0.61). The interaction between ‘b(1/2)’ and the sexes does not have a significant impact on the 

slopes (F = 0.72; p = 0.40). A simple linear regression analysis of (AET) and (b(1/2)) produces 

a standardised residuals range (Min = -2.62, Max = 1.95), and a t-test shows no significant 
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difference between populations for these residuals (p = 0.192) (Appendix 4.1, Tables A4.1.1-

A4.1.3).  

 

Overall, we can conclude that apart from AET/b, an allometric relationship exists between 

the two variables. There are no sex differences in allometric relationship between any of the 

2D variables, and only in (b) relative to (a) is there sexual dimorphism after allometric scaling 

has been taken into account.  
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Table 8. 10: Analysis of Covariance Table showing ‘Sex’ as Predictor Variable and 3D Ratio Data as the Response Variables for the Modern Human Sample. Vcdp/Vc where Vcdp = 
dentine+pulp volume, Vc = total crown volume; Ve/SEDJ where Ve = enamel cap volume, SEDJ = EDJ surface; AET/Vcdp(1/3) where AET = average enamel thickness. 

  Vcdp Ve AET 

Predictors Estimates CI p Estimates CI p Estimates CI p 

Female (Intercept) 5.73 -19.87 – 31.34 0.645 -13.08 -81.98 – 55.82 0.696 0.72 -0.87 – 2.31 0.356 

Female ‘Vc’ 0.46 0.30 – 0.61 <0.001       

Sex (Male) 10.15 -20.04 – 40.34 0.490 -54.49 -144.39 – 35.40 0.220 -1.20 -3.18 – 0.79 0.222 

Vc * Sex (Male) -0.03 -0.21 – 0.14 0.700       

Female ‘SEDJ’    1.08 0.31 – 1.85 0.009    

SEDJ * Sex (Male)    0.55 -0.41 – 1.52 0.247    

Female ‘Vcdp
(1/3)

’       0.05 -0.32 – 0.42 0.783 

Vcdp
(1/3)

  * Sex (Male)       0.26 -0.19 – 0.71 0.241 

Observations 23 23 23 

R
2

 / R
2

 adjusted 0.922 / 0.909 0.725 / 0.682 0.253 / 0.135 
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Table 8. 11: Analysis of Variance of the ANCOVA for the 3D Ratio Data and their Interaction with the Predictor 'Sex' 

Analysis of Variance Table with ‘Vcdp’ as Response Variable 

 Df Sum Sq Mean Sq F value Pr(>F) 

Vc 1 5015.0 5015.0 219.700 0 

Sex 1 95.9 95.9 4.200 0.054 

Vc:Sex 1 3.5 3.5 0.153 0.70 

Residuals 19 433.7 22.8   

      

Analysis of Variance Table with ‘Ve’ as Response Variable 

 Df Sum Sq Mean Sq F value Pr(>F) 

SEDJ 1 5036.0 5036.0 48.1276 0 

Sex 1 55.5 55.5 0.5307 0.47 

SEDJ:Sex 1 149.1 149.1 1.4252 0.24 

Residuals 19 1988.1 104.6   

      

Analysis of Variance Table with ‘AET’ as Response Variable 

 Df Sum Sq Mean Sq F value Pr(>F) 

Vcdp(1/3) 1 0.042 0.042 3.949 0.061 
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Sex 1 0.010 0.010 1.026 0.32 

Vcdp(1/3):Sex 1 0.015 0.015 1.464 0.24 

Residuals 19 0.20 0.010   
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Considering Table 8.10, the coefficients show an estimated intercept value = 5.73 for females, 

with a slope = 0.46 relating to the total crown volume (Vc). The intercept of males relative to 

females = 15.88, with a slope = 0.43 (see Appendix 4.1, Figure A4.1.4). Table 8.11 shows 

that ‘Vc’ significantly contributes to the variation observed in dentine and pulp volume (Vcdp) 

(F = 219.70; p = 0). There is no significant difference between the mean values of the two 

sexes (p = 0.054). The interaction between ‘Vc’ and sexes do not have a significant effect on 

the slopes (F = 0.15; 0.70). A simple linear regression analysis of (Vcdp) and (Vc) produced 

a standardised residuals range (Min = -2.00, Max =1.97), and a t-test indicated no significant 

difference between the two sexes (p = 0.07) (Appendix 4.1, Tables A4.1.1-A4.1.3).  

 

In relation to enamel dentine junction surface (SEDJ), the estimated intercept value of 

females = -13.08, with a slope = 1.08. The male intercept relative to females = -67.57, with a 

slope = 1.63 (Table 8.10) (see Appendix 4.1, Figure A4.1.5). Table 8.11 shows that ‘SEDJ’ 

significantly contributes to the variation seen in enamel volume (Ve) (F = 48.12; p = 0). There 

is no significant difference between the mean values of the two sexes (p = 0.47). The 

interaction between ‘SEDJ’ and the two sexes does not have any significant difference in 

slopes (F = 1.42; p = 0.24). A simple linear regression analysis of (Ve) on (SEDJ) shows a 

standardised residual range (Min = -2.05, Max =1.63), and a t-test shows no significant 

difference between the two sexes for these residuals (p = 0.52) (Appendix 4.1, Tables A4.1.1-

A4.1.3).  

 

The intercept value for females in relation to ‘Vcdp(1/3)’ = 0.72, with a slope = 0.05. The 

intercept value of males relative to that of females = -0.48, with a slope = 0.31 (Table 8.10) 

(see Appendix 4.1, Figure A4.1.6). The ANOVA table (Table 8.11) indicates that ‘Vcdp(1/3)’ 

does not contribute significantly to the variation observed in the average enamel thickness 

(AET) (F = 3.94; p = 0.06). The mean values of the two sexes are not significantly different 

from each other (p = 0.32), while the interaction between ‘Vcdp(1/3)’ and the sexes does not 

have a significant impact on the slopes (F = 1.46; p = 0.24). A simple linear regression analysis 

of (AET) and (Vcdp(1/3)) shows a standardised residual range (Min = -1.84, Max = 1.91), and 

a t-test shows no significant difference between the two sexes for these residuals (p = 0.40) 

(Appendix 4.1, Tables A4.1.1-A4.1.3). 
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We can conclude that, similar to the 2D findings, all variable apart from AET/Vcdp(1/3) have 

an allometric relationship. All three ratios show that this relationship is the same in males 

and females. There is no sexual dimorphism in any of the variables after allometric scaling 

has been accounted for, although Vcdp relative to Vc comes close. 
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Table 8. 12: Analysis of Covariance Table showing ‘Sex’ as Predictor Variable and LET Ratio Data as the Response Variables for the Modern Human Sample. LVcdp/LVc where LVcdp = 
lateral dentine+pulp volume, LVc = lateral total crown volume; LVe/LSEDJ  where LVe = lateral enamel cap volume, LSEDJ =lateral  EDJ surface; LAET/LVcdp(1/3)  where LAET = lateral 
average enamel thickness 

  LVcdp LVe LAET 

Predictors Estimates CI p Estimates CI p Estimates CI p 

Female (Intercept) 1.47 -11.22 – 14.16 0.812 -10.82 -38.04 – 16.40 0.419 0.08 -0.97 – 1.12 0.884 

Female ‘LVc’ 0.71 0.55 – 0.86 <0.001       

Sex (Male) 6.92 -7.38 – 21.23 0.326 -4.33 -34.20 – 25.54 0.766 -0.10 -1.28 – 1.09 0.867 

LVc * Sex (Male) -0.06 -0.23 – 0.11 0.480       

Female ‘LSEDJ’    0.71 0.13 – 1.29 0.018    

LSEDJ * Sex (Male)    0.08 -0.55 – 0.70 0.794    

Female ‘LVcdp
(1/3)

’       0.11 -0.17 – 0.38 0.434 

LVcdp
(1/3)

 * Sex (Male)       0.02 -0.29 – 0.32 0.896 

Observations 26 26 26 

R
2

 / R
2

 adjusted 0.961 / 0.955 0.708 / 0.669 0.162 / 0.048 
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Table 8. 13: Analysis of Variance of the ANCOVA for the LET Ratio Data and their Interaction with the Predictor 'Sex' 

Analysis of Variance Table with ‘LVcdp’ as Response Variable 

 Df Sum Sq Mean Sq F value Pr(>F) 

LVc 1 4227.2 4227.2 531.3 0 

Sex 1 24.5 24.5 3.08 0.09 

LVc:Sex 1 4.1 4.1 0.51 0.47 

Residuals 22 175.0 8.0   

      

Analysis of Variance Table with ‘LVe’ as Response Variable 

 Df Sum Sq Mean Sq F value Pr(>F) 

LSEDJ 1 850.40 850.40 53.24 0 

Sex 1 1.93 1.93 0.12 0.73 

LSEDJ:Sex 1 1.11 1.11 0.06 0.79 

Residuals 22 351.37 15.97   

      

Analysis of Variance Table with ‘LAET’ as Response Variable 

 Df Sum Sq Mean Sq F value Pr(>F) 

LVcdp
(1/3)

 1 0.02 0.02 3.76 0.06 

Sex 1 0.002 0.002 0.47 0.49 
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LVcdp
(1/3)

:Sex 1 0 0 0.017 0.89 

Residuals 22 0.12 0.005   
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Tables 8.12 and 8.13 show the results for the ANCOVA and ANOVA for LET ratios 

LVcdp/LVc, LVe/LSEDJ, and LAET/LVcdp. Similar to the results seen for 2D and 3D, the 

LAET/LVcdp does not show allometric relationship between the two variables. However, 

the three ratios show the same allometric relationship between males and females.  

 

Considering Table 8.12, the coefficients show an estimated intercept value = 1.47 for females, 

with a slope = 0.71 relating to the lateral total crown volume (LVc). The intercept of males 

relative to females = 8.39, with a slope = 0.65 (see Appendix 4.1, Figure A4.1.7). Table 8.13 

shows that ‘LVc’ significantly contributes to the variation observed in dentine and pulp 

volume (LVcdp) (F = 531.3; p = 0). There is no significant difference between the mean 

values of the two sexes (p = 0.09). The interaction between ‘LVc’ and sexes do not have a 

significant effect on the slopes (F = 0.51; 0.47). A simple linear regression analysis of (LVcdp) 

on (LVc) produced a standardised residuals range (Min = -1.67, Max = 2.45), and a t-test 

indicated no significant difference between the two populations (p = 0.09) (Appendix 4.1, 

Tables A4.1.1-A4.1.3). 

 

In relation to lateral enamel dentine junction surface (LSEDJ), the estimated intercept value 

of females = -10.82, with a slope = 0.71. The male intercept relative to females = -15.15, with 

a slope = 0.79 (Table 8.12) (see Appendix 4.1, Figure A4.1.8). Table 8.13 shows that ‘LSEDJ’ 

significantly contributes to the variation seen in enamel volume (LVe) (F = 53.24; p = 0). 

There is no significant difference between the mean values of the two sexes (p = 0.73). The 

interaction between ‘LSEDJ’ and the two sexes does not have any significant difference in 

slopes (F = 0.06; p = 0.79). A simple linear regression analysis between (Ve) on (SEDJ) shows 

a standardised residual range (Min = -1.82, Max = 2.56), and a t-test shows no significant 

difference between the two sexes for these residuals (p = 0.72) (Appendix 4.1, Tables A4.1.1-

A4.1.3). 

 

The intercept value for females in relation to ‘LVcdp(1/3)’ = 0.08, with a slope = 0.11. The 

intercept value of males relative to that of females = -0.02, with a slope = 0.13 (Table 8.12) 

(see Appendix 4.1, Figure A4.1.9). The ANOVA table (Table 8.13) indicates that ‘LVcdp(1/3)’ 

does not contribute significantly to the variation observed in the lateral average enamel 
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thickness (LAET) (F = 3.76; p = 0.06). The mean values of the two sexes are not significantly 

different from each other (p = 0.49), while the interaction between ‘LVcdp(1/3)’ and the sexes 

does not have a significant impact on the slopes (F = 0.01; p = 0.89). A simple linear 

regression analysis of (LAET) on (LVcdp(1/3)) shows a standardised residual range (Min = -

2.00, Max = 2.14), and a t-test shows no significant difference between the two sexes for these 

residuals (p = 0.51) (Appendix 4.1, Tables A4.1.1-A4.1.3). 

 

After accounting for allometric scaling, b/a is the only ratio that continues to show sexual 

dimorphism in the modern human sample. While the 3D and LET ratios no longer show 

sexual dimorphism, Vcdp/Vc and LVcdp/LVc (which correspond to 2D b/a) approach 

statistical significance. Therefore, most of what is perceived as sexual dimorphism in our ratio 

data can be considered a consequence of allometric scaling. Furthermore, as there was no 

demonstrable difference in scaling between the sexes for any of the variables for the 2D, 3D 

and LET data, we proceed to pool the sexes and consider the population as a whole for 

subsequent analyses.  

 

Next, the ratio data is analysed by population. Middle (Sima de los Huesos) and Late 

(Krapina) Pleistocene groups are tested against the modern human population to assess if the 

variation observed in the former groups is similar to that observed and reported for in the 

latter group.  

 

The three populations were tested for normality and equality of variances in 2D, 3D, and 

LET. Both 2D (Appendix 4.2, Tables A4.2.1-A4.2.5) and 3D (Appendix 4.2, Tables A4.2.6-

A4.2.11) showed mostly normal distribution, while not violating the assumption of equality 

of variances for most variables. Given that the LET variables did not meet either the 

assumption of normality or equality of variance, we applied log transformation. The resulting 

log transformed variables met both assumptions (Appendix 4.2, Tables A4.2.12-A4.2.17).  
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Table 8. 14: Analysis of Covariance Table showing ‘Population’ as Predictor Variable and LET Ratio Data as the Response Variables for the European MP (Sima de los Huesos, Spain) and LP 
(Krapina, Croatia) Pleistocene and Holocene (UCM, Spain) populations. b/a where b = dentine+pulp area, a= total crown area; c/e  where c = enamel cap area, e =lateral  EDJ length; 
AET/b(1/2)  where AET = average enamel thickness. 

  b c AET 

Predictors Estimates CI p Estimates CI p Estimates CI p 

Krapina (Intercept) -11.66 -24.82 – 1.50 0.081 10.67 -16.21 – 37.55 0.427 1.73 0.32 – 3.13 0.017 

Krapina ‘a’ 0.92 0.69 – 1.14 <0.001       

Population (CMH) 10.09 -3.59 – 23.76 0.144 -14.26 -42.39 – 13.88 0.311 -1.20 -2.68– 0.28 0.110 

Population (Sima) 6.57 -8.02 – 21.16 0.368 -7.70 -38.35 – 22.96 0.614 -0.95 -2.55 – 0.65 0.237 

a * Population (CMH) -0.21 -0.45 – 0.03 0.091       

a * Population (Sima) -0.14 -0.40 – 0.12 0.292       

Krapina ‘e’    0.30 -1.08 – 1.68 0.660    

e * Population (CMH)    0.77 -0.70 – 2.23 0.296    

e * Population (Sima)    0.41 -1.20 – 2.01 0.611    

Krapina ‘b
(1/2)

’       -0.14 -0.36 – 0.08 0.215 

b
(1/2)

 * Population (CMH)       0.20 -0.04 – 0.43 0.100 

b
(1/2)

 * Population (Sima)       0.15 -0.10 – 0.41 0.235 
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Observations 44 44 44 

R
2

 /R
2

 adjusted 0.960 / 0.955 0.476 / 0.407 0.094 / -0.025 
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Table 8. 15: Analysis of Variance of the ANCOVA for the 2D Ratio Data and their Interaction with the Predictor 'Population' 

Analysis of Variance with ‘b’ as Response Variable 

 Df Sum Sq Mean Sq F value Pr(>F) 

a 1 1148.87 1148.87 911.72 0 

Population 2 8.57 4.29 3.40 0.04 

a:Population 2 4.22 2.11 1.67 0.20 

Residuals 38 47.88 1.26   

      

      

Analysis of Variance with ‘c’ as Response Variable 

 Df Sum Sq Mean Sq F value Pr(>F) 

e 1 68.344 68.34 32.63 0 

Population 2 0.88 0.44 0.21 0.81 

e:Population 2 3.09 1.54 0.73 0.48 

Residuals 38 79.58 2.09   

      

Analysis of Variance with ‘AET’ as Response Variable 

 Df Sum Sq Mean Sq F value Pr(>F) 

b
(1/2)

 1 0.002 0.002 0.351 0.55 
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Population 2 0.004 0.002 0.353 0.70 

b
(1/2)

:Population 2 0.019 0.009 1.440 0.24 

Residuals 38 0.25 0.006  
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Table 8.14 and Table 8.15 show the ANCOVA coefficients table and the ANOVA for the 

ratios b/a, c/e and AET/b. Table 8.14 shows the intercept value of = -11.66 for the Krapina 

population with a slope of = 0.92 in relation to the crown area (a). The intercept value of the 

Spanish contemporary modern human population (CMH) relative to that of Krapina is = -

1.57, with a slope = 0.71; and the intercept value of the SH population relative to that of 

Krapina is = -5.09, with a slope = 0.78 (see Appendix 4.3, Figure A4.3.1). Considering the 

ANOVA table (Table 8.15), ‘a’ shows significant contribution to the variation observed in 

dentine and pulp area (b) (F = 911.72; p = 0). There is also a significant difference between 

the mean values of the three populations (p = 0.04), while the interaction between ‘a’ and 

population indicates no significant difference in slopes (F = 1.67; p = 0.20). A simple linear 

regression of (b) on (a) gives a standardised residual range (Min = -1.82, Max = 2.85) (see 

Appendix 4.3, Tables A4.3.1-A4.3.4). A one-way ANOVA of these residual statistics testing 

for population variation indicates no significant difference between populations (F=2.66; p = 

0.82) (Appendix 4.3, Table A4.3.5). 

 

The intercept value of = 10.67 for the Krapina population with a slope = 0.30 in relation to 

enamel dentine junction length (e) (Table 8.14). The intercept value of the CMH population 

relative to that of Krapina = -3.59, with a slope = 1.07. The intercept value of the Sima 

population relative to the Krapina population = 2.97, with a slope = 0.71 (see Appendix 4.3, 

Figure A4.3.2). The ANOVA table (Table 8.15) indicates that ‘e’ significantly contributes to 

the variation observed in enamel area (c) (F = 32.63, p = 0). There is no significant difference 

between the mean values of the three populations (p = 0.81), while the interaction between 

‘e’ and population indicates no significant difference between slopes (F = 0.73; p = 0.48). A 

simple linear regression of (c) on (e) gives a standardised residual range (Min = -2.91, Max = 

1.78) (Appendix 4.3, Tables A4.3.6-A4.3.9). A one-way ANOVA of these residuals testing 

for population variation indicates no significant difference between the three populations (p 

= 0.807) (Appendix 4.3, Table A4.3.10).  

 

The coefficients table (Table 8.14) shows an intercept value of = 1.73 for the Krapina 

population with a slope = -0.14 in relation to dentine and pulp area (b(1/2)). the intercept value 

of the CMH population relative to that of Krapina = 0.53, with a slope = 0.06. The intercept 

value of the Sima population relative to the Krapina population = 0.78, with a slope = 0.01 

(see Appendix 4.3, Figure A4.3.3). The ANOVA table (Table 8.15) indicates that ‘b(1/2)’ does 
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not contribute significantly to the variation observed in average enamel thickness ‘AET’ (F = 

0.35, p = 0.55). There is no significant difference between the mean values of the three 

populations (p = 0.70), while the interaction between ‘e’ and population indicates no 

significant difference between slopes (F = 1.44; p = 0.24). A simple linear regression of (AET) 

on (b(1/2)) gives a standardised residual range (Min = -2.99, Max = 1.84) (Appendix 4.3, Tables 

A4.3.11-A4.3.14). A one-way ANOVA of these residuals testing for population variation 

indicates no significant difference between the three populations (p = 0.736) (Appendix 4.3, 

Table A4.3.15).  

 

Overall, except for AET/b(1/2), all variables show the presence of an allometric relationship 

between them. Considering the presence of allometric relationship between ‘a’ and ‘b’, there 

is population variation observed in ‘b’. This allometric relationship is not the same in the 

three populations.
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Table 8. 16: Analysis of Covariance Table showing ‘Population’ as Predictor Variable and LET Ratio Data as the Response Variables for the European MP (Sima de los Huesos, Spain) and LP 
(Krapina, Croatia) Pleistocene and Holocene (UCM, Spain) populations. Vcdp/Vc where  Vcdp = dentine+pulp volume, Vc = total crown volume; Ve/SEDJ  where Ve = enamel cap volume, 
SEDJ = EDJ surface; AET/Vcdp  where AET =  average enamel thickness 

  Vcdp Ve AET 

Predictors Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 11.10 -33.70 – 55.90 0.618 51.18 -123.69 – 226.04 0.556 -0.62 -3.50 – 2.26 0.662 

Krapina ‘Vc’ 0.53 0.39 – 0.68 <0.001 
      

Population (CMH) -4.14 -50.32 – 42.05 0.857 -90.40 -269.34 – 88.54 0.311 0.81 -2.16 – 3.77 0.583 

Population (Sima) -21.03 -70.95 – 28.88 0.397 -70.94 -258.16 – 116.28 0.446 1.13 -1.99 – 4.24 0.467 

Vc * Population (CMH) -0.07 -0.22 – 0.09 0.378 
      

Vc * Population (Sima) 0.02 -0.15 – 0.19 0.773 
      

Krapina ‘SEDJ’ 
   

0.53 -0.58 – 1.65 0.338 
   

SEDJ * Population 

(CMH) 

   
0.82 -0.36 – 2.01 0.167 

   

SEDJ * Population (Sima) 
   

0.61 -0.64 – 1.87 0.325 
   

Krapina ‘Vcdp
(1/3)

’ 
      

0.26 -0.25 – 0.78 0.302 

Vcdp
(1/3)

* Population 

(CMH) 

      
-0.10 -0.63 – 0.44 0.719 
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Vcdp
(1/3)

* Population 

(Sima) 

      
-0.17 -0.74 – 0.40 0.548 

Observations 39 39 39 

R
2

 / R
2

 adjusted 0.982 / 0.979 0.830 / 0.804 0.257 / 0.145 
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Table 8. 17: Analysis of Variance of the ANCOVA for the 3D Ratio Data and their Interaction with the Predictor 'Population' 

Analysis of Variance Table with ‘Vcdp’ as Response Variable  

 Df Sum Sq Mean Sq F value Pr(>F) 

     Vc 1 37256 37256 1745.2316 0  

Population 2 688 344 16.11 0  

Vc:Population 2 68 34 1.58 0.22  

Residuals 33 704 21    

       

Analysis of Variance Table with ‘Ve’ as Response Variable  

 Df Sum Sq Mean Sq F value Pr(>F)  

SEDJ 1 15493.7 15493.7 147.35 0  

Population 2 1219.7 609.8 5.79 0.006  

SEDJ:Population 2 222.7 111.3 1.05 0.35  

Residuals 33 3469.8 105.1    

       

Analysis of Variance Table with ‘AET’ as Response Variable  

 Df Sum Sq Mean Sq F value Pr(>F)  

Vcdp 1 0.003 0.003 0.45 0.503  

Population 2 0.090 0.045 5.24 0.010  
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Vcdp:Population 2 0.004 0.002 0.23 0.78  

Residuals 33 0.28 0.008    
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Considering the ANCOVA table (Table 8.16), the Krapina population shows an intercept = 

11.10, with a slope = 0.53 for the crown volume (Vc). The intercept of the CMH population 

in relation to that of the Krapina population = 6.96, with a slope = 0.46. The intercept of 

Sima in relation to the Krapina population = -9.93, with a slope = 0.55 (see Appendix 4.3, 

Figure A4.3.4). The ANOVA table (Table 8.17) shows ‘Vc’ significantly contributes to the 

variability observed in the dentine and pulp volume (Vcdp) (F = 1745.23; p = 0). There is 

also a significant difference between the mean values of the three populations (p = 0.01). The 

interaction between Vc and population shows no significant difference in slopes (F = 1.58; p 

= 0.22). A simple linear regression of (Vcdp) on (Vc) gave a standardised residuals range 

(Min = -2.43, Max = 2.66) (Appendix 4.3, Tables A4.3.16-A4.3.19). The one-way ANOVA 

of these residuals testing for population variation shows significant difference between groups 

(p = 0.003). Tukey HSD post-hoc test revealed this difference exits between Krapina – CMH 

(p = .007) and Krapina – Sima (p = .002) (Appendix 4.3, Table A4.3.20-A4.3.21). 

 

 

The coefficients table (Table 8.16) indicates the Krapina population has an intercept value = 

51. 18 with a slope = 0.53 for surface enamel dentine junction (SEDJ). The intercept of the 

CMH population relative to that of the Krapina population = -39.22, with a slope = 1.35. the 

intercept of the Sima population relative to Krapina = -19.76, with a slope = 1.14 (see 

Appendix 4.3, Figure A4.3.5). The ANOVA table (Table 8.17) indicates that SEDJ 

significantly contributes to the variation observed in enamel volume (Ve) (F = 147.35; p = 0). 

There is also a significant difference in the mean values of the three populations (p = 0.006), 

while the interaction between SEDJ and population shows no significant difference in slopes 

(F = 1.05; P = 0.35). A simple linear regression of (Ve) on (SEDJ) gives a standardised 

residuals range (Min = -3.16, Max = 2.50) (Appendix 4.3, Tables A4.3.22-A4.3.25). A one-

way ANOVA of these residuals testing for population variation show a significant difference 

between groups (p = 0.050) (Appendix 4.3, Tables A4.3.26). A Tukey HSD non-parametric 

test highlights the difference is between Krapina – Sima (p = 0.041) (Appendix 4.3, Table -

A4.3.27). 

 

The coefficients table (Table 8.16) shows that the Krapina population has an estimated 

intercept value = 0-0.62, with a slope = 0.26 relating to ‘Vcdp(1/3)’. The CMH population has 

an intercept = 0.19, with a slope = 0.16 relative to the Krapina population. The Sima 

population has an intercept = 0.51, with a slope = 0.09, relative to the Krapina population 
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(see Appendix 4.3, Figure A4.3.6). The ANOVA table (Table 8.17) indicates that ‘Vcdp(1/3)’ 

does not contribute significantly to the variation observed in AET (F = 0.45, p = 0.50). The 

mean values of the three populations show a significant difference (p = 0.01). The interaction 

between Vcdp(1/3) and population suggests no significant difference in slopes (F = 0.23; p = 

0.78). A simple linear regression between (AET) on (Vcdp(1/3)) gives a standardised residuals 

range (Min = -2.55, Max = 2.18) (Appendix 4.3, Tables A4.3.28-A4.3.31). A one-way 

ANOVA of these residuals testing for population variation shows no significant difference 

between groups (p = 0.07) (Appendix 4.3, Table A4.3.32). 

 

The results cumulatively indicate that all ratio variables, except for AET/Vcdp(1/3), have an 

allometric relationship. Considering the allometric relation between the ratio data, there is 

population variation observed for all three variables (Vcdp, Ve, AET). This allometric 

relationship is the same across all populations.  
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Table 8. 18: Analysis of Covariance Table showing ‘Population’ as Predictor Variable and LET Ratio Data as the Response Variables for the European MP (Sima de los Huesos, Spain) and LP 
(Krapina, Croatia) Pleistocene and Holocene (UCM, Spain) populations. LVcdp/LVc where  LVcdp = lateral dentine+pulp volume, LVc = lateral total crown volume; LVe/LSEDJ  where LVe = 
lateral enamel cap volume, LSEDJ = LEDJ surface; LAET/LVcdp  where LAET =  lateral average enamel thickness 

  LVcdp LVe LAET 

Predictors Estimates CI p Estimates CI p Estimates CI p 

Krapina (Intercept) 0.00 -0.32 – 0.32 0.998 -0.50 -1.56 – 0.57 0.350 -0.72 -1.88 – 0.43 0.212 

Krapina ‘LVc’ 0.95 0.81 – 1.09 <0.001       

Population (CMH) -0.04 -0.39 – 0.31 0.830 -0.44 -1.68 – 0.80 0.476 -0.04 -1.31 – 1.23 0.949 

Population (Sima) 0.00 -0.50 – 0.50 0.999 -0.65 -2.44 – 1.14 0.465 -0.03 -1.75 – 1.69 0.972 

LVc * Population 

(CMH) 

-0.00 -0.17 – 0.16 0.973       

LVc * Population 

(Sima) 

-0.02 -0.25 – 0.22 0.889       

Krapina ‘LSEDJ’    1.09 0.53 – 1.66 <0.001    

LSEDJ * Population 

(CMH) 

   0.27 -0.41 – 0.95 0.422    

LSEDJ * Population 

(Sima) 

   0.42 -0.58 – 1.41 0.406    

Krapina ‘LVcdp
(1/3)

’       0.57 -1.06 – 2.20 0.484 
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LVcdp
(1/3)

* Population 

(CMH) 

      0.16 -1.70 – 2.02 0.863 

LVcdp
(1/3)

* Population 

(Sima) 

      0.19 -2.37 – 2.75 0.882 

Observations 47 47 47 

R
2

 / R
2

 adjusted 0.987 / 0.985 0.793 / 0.767 0.225 / 0.130 
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Table 8. 19: Analysis of Covariance Table for LET Ratio Data and their Interaction with the Predictor 'Population' 

Analysis of Variance Table with ‘LVcdp’ as Response Variable 

 Df Sum Sq Mean Sq F value Pr(>F) 

LVc 1 0.94 0.94 3062.21 0 

Population 2 0.004 0.002 7.64 0.001 

LVc:Population 2 0.00001 0.000 0.01 0.98 

Residuals 41 0.012 0.0003   

      

Analysis of Variance Table with ‘LVe’ as Response Variable 

 Df Sum Sq Mean Sq F value Pr(>F) 

LSEDJ 1 0.603 0.60 145.49 0 

Population 2 0.04 0.02 5.09 0.01 

LSEDJ:Population 2 0.003 0.001 0.46 0.63 

Residuals 41 0.17 0.004   

      

Analysis of Variance Table with ‘LAET’ as Response Variable 

 Df Sum Sq Mean Sq F value Pr(>F) 

LVcdp
(1/3)

 1 0.012 0.012 2.99 0.09 

Population 2 0.037 0.018 4.36 0.019 
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LVcdp
(1/3)

:Population 2 0.0001 0.00007 0.017 0.98 

Residuals 41 0.176 0.004   
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The coefficients table indicates that the estimated intercept for the Krapina population = 0 

with a slope = 0.95, in relation to lateral crown volume (LVc) (Table 8.18). The intercept of 

the CMH population relative to that of the Krapina population = -0.04, with a slope = 0.95. 

The intercept of the Sima population relative to that of Krapina = 0, with slope = -0.93 (see 

Appendix 4.3, Figure A4.3.7). The ANOVA table (Table 8.19) suggests that LVc significantly 

contributes to the variation observed in lateral dentine and pulp volume (LVcdp) (F = 

3062.21; p = 0). The mean values of the three populations show significant difference (p = 

0.001). the interaction between LVc and population shows that there is no significant 

difference in slopes (f = 0.01; p = 0.98). A simple linear regression analysis between LVcdp 

and LVc gives a standardised residuals range (Min = -2.45, Max = 2.25) (Appendix 4.3, 

Tables A4.3.33-A4.3.36). A one-way ANOVA of these residual statistics testing for 

population variation indicates no significant difference between populations (p = 0.053) 

(Appendix 4.3, Table A4.3.37). 

 

 

The coefficients table shows an estimated intercept value = -0.50 for the Krapina sample, 

with a slope = 1.09, in relation to lateral enamel dentine junction surface (LSEDJ) (Table 

8.18). The intercept of the CMH population relative to Krapina = -0.94, with a slope = 1.36. 

The intercept of the Sima population relative to that of Krapina = -1.15, with a slope = 1.51 

(see Appendix 4.3, Figure A4.3.8). The ANOVA table indicates that LSEDJ significantly 

contributes to the variation observed in lateral enamel volume (LVe) (F = 145.49, p = 0) 

(Table 8.19). There is a significant difference between the mean values of the three 

populations (p = 0.01), while the interaction between LSEDJ and population does not show 

significant difference in slopes (F = 0.46; p = 0.63). A simple linear regression analysis 

between LVe and LSEDJ shows a standardised residuals range (Min = -3.03, Max = 2.05) 

(Appendix 4.3, Tables A4.3.38-A4.3.41). A one-way ANOVA of the residuals testing for 

population variation shows a significant difference (p = 0.014). The Tukey HSD post-hoc 

test shows that there is a population difference between Sima – Krapina (p = 0.017) 

(Appendix 4.3, Tables A4.3.42-A4.3.43).  

 

The coefficients table (Table 8.18) shows an estimated intercept value = -0.72 for the Krapina 

population, with a slope = 0.57, in relation to the ‘LVcdp(1/3)’. The intercept of the CMH 

relative to Krapina = -0.76, with a slope = 0.73. The intercept of the Sima population relative 
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to the Krapina population = -0.75, with a slope = 0.76 (see Appendix 4.3, Figure A4.3.9). 

The ANOVA table indicates that ‘LVcdp(1/3)’ does not contribute significantly to the variation 

seen in lateral average enamel thickness (LAET) (F = 2.99; p = 0.09) (Table 8.19). There is 

significant difference in the mean values of the three populations (p = 0.01). The interaction 

between LVcdp(1/3) and population shows no significant difference in slopes (F = 0.01; p = 

0.98). A simple linear regression analysis shows standardised residual values ranging (Min = 

-2.53, Max = 2.58) (Appendix 4.3, Tables A4.3.44-A4.3.47). A one-way ANOVA of the 

residuals testing for population variation shows a significant difference (p = 0.024). The 

Tukey HSD post-hoc test shows that there is a population difference between Sima – Krapina 

(p = 0.025) (Appendix 4.3, Tables A4.3.48-A4.3.49). 

 

Overall, all LET ratio data except for LAET/LVcdp(1/3) show an allometric relationship. 

Considering the presence of an allometric relationship between ‘LVcdp’ and ‘LVc’, ‘LVe’ 

and ‘LSEDJ’, ‘LAET’ and ‘LVcdp(1/3)’, there is population variation observed in ‘LVc’, ‘LVe’ 

and ‘LAET’. All three populations show the same trend in allometric relationship for the 

variables. 
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9. DISCUSSION 

  
 

9.1. Analysis of discrete traits at the enamel-dentine junction of lower 

third premolars of European Pleistocene populations 
 

While initial studies on the morphology of the tooth crown focused on the OES, Korenhof 

(1960) noted the significance of the EDJ in understanding the outer crown surface pattern. 

Butler specified that the EDJ of a species could retain features of an older genetic heritage, 

and thereby eliminate convergences observed in the enamel surface that are affected by 

recent events such as dietary selection (Butler, 1956; Corruccini, 1987b). Other works 

(Korenhof, 1961; Kraus, 1952; Sakai, 1967; Sakai et al., 1969, 1967, 1965; Sakai and 

Hanamura, 1973, 1971) further supported the idea of a more conservative conformation of 

the EDJ. As the EDJ is formed early on in dental development, its structure is highly 

genetically modulated, and is thereby less likely to be affected by environmental and 

developmental processes (a.k.a. canalization) (Monson et al., 2020; Morita et al., 2014; 

Olejniczak et al., 2007; Smith et al., 2006; Wagner et al., 1997; Willmore et al., 2007). 

 

Dental crown discrete traits are effective in identifying extinct and extant hominins, and 

patterned geographical variation can be observed in the crown size and morphology of 

modern human populations (Bailey and Lynch, 2005; Guatelli-Steinberg and Irish, 2005; 

Henry et al., 2012; Hlusko, 2016; Martinón-Torres et al., 2007a; Scott et al., 2018b; Suwa, 

1996; Turner et al., 1991; Weidenreich, 1937; Wood et al., 1988). As most of these studies 

considered the OES adequate for standardising trait classifications, the assumption was that 

similar traits identified on the OES in different teeth is a result of developmental processes 

sufficiently analogous to permit within and between group comparisons. However, 

comparative studies of hominoid dentition have shown that some traits that appear similar at 

the OES may have resulted from different developmental patterns, and can therefore be 

differently expressed in the EDJ and OES (Braga et al., 2010; Morita et al., 2014; Ortiz et al., 

2017; Skinner et al., 2008b). Nonetheless, a significant relationship between the EDJ and 
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OES in primates as well as hominins have also been noted (Bailey et al., 2011; Guy et al., 

2015; Ortiz et al., 2012; Skinner et al., 2008b). Therefore, the exact level of concordance 

between the EDJ and OES continues to be examined (Davies et al., 2019b; Krenn et al., 

2019; Martínez de Pinillos et al., 2014; Martinón-Torres et al., 2014; Olejniczak et al., 2004; 

Pan et al., 2017; G. Schwartz et al., 1998; Skinner et al., 2008b, 2008a; Zanolli and Mazurier, 

2013).  

 

While discrete trait studies of the EDJ for P3s have found a general correspondence between 

traits at the EDJ and OES level (Davies et al., 2019b; Krenn et al., 2019), additional 

information that is obscured by OES features have also been reported at the EDJ (Davies et 

al., 2019b). This study identified several discrete traits on the EDJ of European Pleistocene 

hominins. Our results largely agree with the works of Krenn et al. (2019) and Davies et al. 

(2019b) that there is similarity between the EDJ and OES for the expression of these traits.  

 

 

9.1.1. Transverse crest 
 

Regarding the transverse crest, our results show that the most commonly observed type in all 

hominin groups is the Type 1 and Type 1a (Appendix 2.1, Figure A2.1.1). However, Type 

1a is present in higher percentages in MP and LP hominin groups, while Type 1 is found in 

the highest frequency in modern humans as well as in both TD6 specimens. The Type 1 trait 

is considered a plesiomorphy for the hominin clade, and is present in specimens such as 

Ardipithecus ramidus and A. anamensis (Haile-Selassie et al., 2004). A high and continuous 

(Type 1) transverse crest is observed in the EDJ (this study) and OES of TD6 P3s (Martinón-

Torres et al., 2019). This type of crest in TD6 can be attributed to the asymmetrical occlusal 

contour caused by the strong talonid protrusion; this protrusion creates a larger posterior 

fovea, with a small anterior fovea. The metaconid is placed mesially, is small and is slightly 

buccally and obliquely placed to the protoconid such that the transverse crest is short and 

connects the protoconid without interruption. The Type 1a is defined as a crest that flattens 

before connecting to the protoconid or as a crest that is flattened for more than one-third the 

height of the protoconid (Davies et al., 2019b). The high frequency of expression in 

Neanderthals for Type 1a was previously noted by Davies et al. (2019b) who attributed this 
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form to the shape of the Neanderthal crown. To this end, we agree with the authors, as the 

SH hominins, Neanderthals, and Arago hominins (often designated to H. heidelbergensis) 

have a tall and wide lingual face of the protoconid. The SH hominins have a tall and large 

buccal cusp, while their lingual cusp is reduced, small and bulbous. The Arago hominins also 

share a similar occlusal morphology to the SH hominins (Bermúdez de Castro et al., 2018) 

(this study). The Type 1b was observed only in modern humans (7.5%). This type was 

observed only in three Sudanese (UCL) and one Spanish (UCM) modern human specimen; 

interestingly, these specimens showed a mesially displaced metaconid, and the presence of 

up to two multiple accessory cups. The factors causing this type will need further investigation.  

 

Our study revealed that there is no significant association between the type or form of 

transverse crest expressed and our hominin groups (Table 6.8). Conversely, there is a good 

statistical correspondence between the EDJ and OES for the transverse crest trait in SH and 

MH (Table 6.9). No statistically significant association was detected for Arago and 

Neanderthals despite high levels of concordance when scoring, likely due to the low sample 

sizes in those groups (Appendix 2.2, Tables A2.2.1 to A2.2.4). But when scoring specimens, 

some individual cases of discrepancies are also noted. For example, one SH specimen scored 

as Type 1a at the EDJ, was scored as Type 1 at the OES, while another specimen scored as 

Type 1 at the EDJ was scored as 1a at the OES. Likewise, for MH, some specimens 

considered Type 1a and 1b at the EDJ were scored as Type 0 at the OES. Several factors 

can influence these results. During development, the enamel deposition process can slightly 

modify or mask the original morphological traits at the EDJ (Morita, 2016; Ortiz et al., 2012). 

In our MH sample, we observe specimens at the OES having a complex enamel topography, 

with metaconid tips that are positioned slightly buccally, or are poorly developed, and most 

often have an increased enamel deposition at or near the transverse crest. So, a Type 1a can 

often be mistaken for no transverse crest, as the crest is not highlighted at the OES. Also, we 

should take into consideration the presence of longitudinal fissures, whose placement and 

depth can also affect the form of the transverse crest (Davies et al., 2019b). While Irish et al. 

(2018) did not find the presence of a transverse crest in the OES of their A. africanus, H. 

naledi and some P. robustus specimens, Davies et al. (2019b) used overlapping fossil samples 

and found the presence of this crest in all three species. Similarly, while Martinón-Torres et 

al. (2012) identify a continuous transverse crest (Type 1) in the OES of their SH sample (95%, 
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34/36), our results show that at the EDJ level the highest frequency is the Type 1a (50%, 

6/12). Therefore, the EDJ seems to be more reliable in scoring this trait. 

 

9.1.2. Marginal ridges 
 
In Sakai’s (1967) study of modern human P3s, he notes the presence of a trigonid notch, and 

describes it as a clear indentation on the mesio-lingual side of the dentino-enamel border. 

This indentation is comparable to the ‘discontinuous mesial marginal ridge’ that we have 

scored in our study sample. It is interesting that this interruption of the marginal ridge is 

clearer at the EDJ than at the OES. As the indentation is located right next to the metaconid, 

the enamel of the metaconid could obscure it. In fact, Sakai (1967a) identifies the notch only 

at the EDJ level. Apart from the TD6, all our studied samples showed discontinuity of the 

marginal ridges, but in a very small percentage. A weak MMR is commonly observed in A. 

anamensis and is considered a primitive condition, while A. africanus and Paranthropus show 

a continuous MMR which is considered a derived state (Delezene and Kimbel, 2011; Kimbel 

et al., 2006; Suwa et al., 1996; Ward et al., 2001a). A. afarensis shows intra-species variability 

for this trait (see Davies et al., 2019; Kimbel et al., 2004). H. antecessor P3s have a continuous 

marginal ridge at both the EDJ and OES (this study) (Martinón-Torres et al., 2019). The 

variability of this trait between hominin groups has been considered likely due to 

phylogenetic polymorphisms (Davies et al., 2019b; Kimbel et al., 2004).  

 

The mesial marginal ridge discontinuity (Type 2) is seen in a high frequency in SH and 

Neanderthals (41.7% and 75%, respectively), and a small number of SH hominins and MH 

also show distal marginal ridge (Type 3) discontinuity (16.7% and 3.8%). The TD6 specimens, 

a high number of MH, and one Arago specimen show continuous marginal ridges (Type 1) 

(100%; 50%, and 49.1%, respectively). Davies et al. (2019b) note the presence of this feature 

in high frequency in their P. robustus, P. boisei, H. naledi where 100% of specimens show 

continuous marginal ridges. While MMR discontinuity has been considered a primitive state 

(Delezene and Kimbel, 2011; Kimbel et al., 2006; Suwa et al., 1996; Ward et al., 2001a), 

Davies et al. (2019) note MMR discontinuity in their A. africanus specimens, as well as in 

their Neanderthal and modern human specimens. An interesting observation they make is 

the difference between the mesial marginal ridge discontinuity between early and later 
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hominins: while early Australopithecus as well as extant apes show minimal expression of the 

mesial marginal ridges, the interruption or absence observed in later hominins such as 

Neanderthals and MH represents a secondary loss of this feature. Therefore, our results of 

a discontinuous mesial marginal ridge (Type 2) in the MP, LP and Holocene hominins, is 

not homologous to the primitive trait observed in early groups.   

 

Our results showed a significant association between the marginal ridge types expressed, and 

the hominin groups (p = 0.001) (Table 6.8). Following Bonferroni correction for multiple 

comparisons, this difference is statistically significant in pair-wise comparison between SH 

hominins and MH (p= 0.001), where SH show mostly Type 1a, and MH mostly show Type 

1 marginal ridges (Appendix 2.1, Table 2.1.1, Figure A2.1.2). Our results also showed a 

general high association in the scoring of traits between the EDJ and OES level for all four 

hominin groups (SH, NEA, ARA, MH) (Appendix 2.2, Tables A2.2.5 – A2.2.8) which is 

confirmed statistically in those groups with larger sample sizes (SH and MH; Table 6.9).  

 

 

9.1.3. Buccal groove 
 

Variability in the buccal groove form (marked, minor, absent) has previously been graded by 

several authors (e.g., Davies et al., 2019; Haile-Selassie et al., 2012, 2004; Sakai, 1967a; Suwa, 

1990; Wood and Uytterschaut, 1987). Suwa (1990) considered the marked buccal groove a 

derived condition of the hominin lineage relative to the extant apes who show minor to no 

buccal grooves. However, for the genus Homo, the expression of buccal grooves may be a 

primitive feature with regard to later representatives. A strong distal buccal groove is common 

in Australopithecus specimens (Haile-Selassie et al., 2012, 2004), while marked mesial buccal 

groove has also been noted (Suwa, 1990). Davies et al. (2019b) found marked mesial buccal 

grooves in their A. anamensis and A. afarensis specimens, and did not find any buccal 

grooves in their extant ape comparative sample. H. naledi shows minor buccal grooves on 

both mesial and distal sides, a derived condition compared to Australopithecus.  

 

In general, MP, LP and Holocene groups mostly lack buccal grooves (Table 6.3). The TD6 

specimen ATD6-3 show marked buccal grooves on both mesial and distal (Type 6) aspects, 

while ATD6-96 shows minor grooves (Type 5). The Arago hominins and MH also show 
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minor grooves (Type 1) in very small percentages. According to Davies et al. (2019b) the 

Neanderthals, including the Krapina specimens, do not show any marked buccal grooves. 

However, we disagree with these authors in stating that they do show a marked buccal groove 

(Type 3, 1/4 specimens, 25%; Type 6, 1/4 specimens, 25%) originating at the middle-third of 

the crown and extending towards the cervical third, forming a deep indentation. In regard to 

the modern human sample, our results are consistent with Davies et al. (2019b) with the 

majority of our specimens showing no buccal grooves (49/53; 92.4%), however, Sakai (1967) 

noticed marked and minor mesial and distal buccal ridges in his sample of Japanese dentition 

(29.2% and 30.1% respectively on mesial, and 7.9% and 27.2% respectively on distal). 

Therefore, population variation may also have to be taken in to account when studying this 

trait. The potential cause for the development of this trait needs to be considered. Davies et 

al. (2019b) link the appearance of buccal grooves to specimens with straight protoconid crests. 

This conformation allows for a more angled intersection between the protoconid crests and 

the mesial/distal marginal ridge, usually marked by a small accessory cusp. The buccal ridge 

can then be considered simply an extension of the marginal ridge. We observe that the 

cervical buccal groove of the Krapina sample is placed almost exclusively on the mesial aspect 

of the protoconid, next to the slight buccal shelving presented by their P3s. Their protoconid 

is tall and wide, and their metaconid is slightly more central. Liao et al. (2019) also note the 

presence of marked buccal grooves in the P3s of the Late Pleistocene Homo sapiens (Dushan 

1) from south China. This buccal vertical groove is more pronounced at the EDJ. Liao et al. 

(2019) interpret the incidence of such grooves as due to the presence of a buccal basal 

cingulum, which creates an angled slope with the buccal aspect of the crown.  As such, they 

consider this primitive feature the ‘crown buccal vertical groove complex’, which is not 

observed in other LP Asian hominin groups and modern humans.  

 

Our results showed that there was a statistically significant association between the buccal 

groove types and the hominin groups (p = <0.0001) (Table 6.8). Following Bonferroni 

correction, pair-wise comparisons between hominin groups return significant differences 

between TD6 and MH (p = 0.0006), SH hominins and Neanderthals (p = 0.0006), and 

Neanderthals and MH (p = <0.0001) (Appendix 2.1, Table A2.1.2). This is due to TD6 and 

Neanderthals mainly showing the more pronounced types (Type 5 and Type 6), while the 

MP groups and MH mostly show Type 0 or Type 1. We found a high correspondence 

between the EDJ and OES of the MH (p = 0) (Table 6.9). As with marginal ridges, the lack 
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of statistical association in Arago and Neanderthals is likely due to small sample sizes, and 

statistical association for buccal groove expression between EDJ and OES was not tested for 

in SH due to the lack of variation in trait expression (Appendix 2.2, Tables A2.2.9 – A2.2.12).  

 

 

9.1.4. Protoconid form 
 

The protoconid form of earlier hominins has never been scored, with the exception of the 

work by Davies et al. (2019b). Earlier works have only described the position of the 

protoconid, or its shape and form. For example, the Ar. kadabba P3 has an asymmetrical 

contour, with a longer mesial protoconid crest, therefore the protoconid tip is positioned 

distally to the small lingual cusp (Haile-Selassie et al., 2004). The Ar. ramidus P3 is 

comparatively more Australopithecus-like in its protoconid form, having a slightly more 

symmetrical outline relative to Ar. kadabba (White et al., 1994). Australopithecus generally 

show mesially displaced protoconid, an asymmetrical crown outline, and an extended talonid 

(Delezene and Kimbel, 2011). Neanderthals and H. heidelbergensis have a protoconid that 

is usually lingually placed, with a reduced occlusal polygon, while modern humans have a 

protoconid tip that is buccally placed, thereby having a more larger and central occlusal 

polygon (Gómez-Robles et al., 2008). 

 

The highest scored protoconid type for all hominin groups was the conical protoconid form 

(Type 1). However, in MH we observed the presence of transversely expanded protoconid 

(Type 3) (UCL 41 and UCM 28) and the double-dentine or longitudinally expanded dentine 

form (Type 4) (UCL 140). Davies et al. (2019b) speculate that the developmental basis for 

the transversely expanded dentine horn is due to what Tattersall and Schwartz (1999) call 

‘internally placed cusps’. This is in reference to the central position of the P3 protoconid as 

noted by Gomez-Robles et al. (2008) in their geometric morphometric study, but more so, 

to the observations made by Martin et al. (2017) for molars, where the dentine horn is 

centrally positioned in varying forms relative to the marginal ridge. However, we also suggest 

a correspondence between this trait and the transverse crest. As observed in UCL 41 (Type 

3), the central and lingual position of the protoconid tip, could potentially play a role in the 

development of the transverse/longitudinal expansion of the dentine horns. But, both 

specimens with transversely expanded protoconid have a Type 1 transverse crest, and we find 
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that this is in fact an extension or an anomaly of crest expansion. Davies et al. (2019b) also 

noted a double dentine type, which was only identified in several H. naledi specimen, and in 

one Pan specimen. In our study, we identify one modern human specimen with this feature. 

Martin et al. (2017) found ‘twinned dentine horns’ in the upper and lower Neanderthal 

molars. The patterning cascade model predicts that cusps are formed successively using the 

same developmental pathway. Therefore, the Type 4 is indeed an interesting feature, as 

under the patterning cascade model two cusps should not form in such close proximity to 

one another, as one dentine horn tip should inhibit the development of the other. The Type 

4 form is found not only in different species of hominins but also persists in extant apes.  

 

Our results showed no significant association between the types of protoconid form, and 

hominin groups (p = 1) (Table 6.8). Due to the overall similarity in scoring between EDJ and 

OES, or in the case where EDJ was more variable, and OES was scored only as a single type 

of protoconid form, our FET did not compute any results for this trait (Table 6.9). However, 

some discrepancies in scoring can be pointed out - while the MP and LP groups show 

absolute concordance in scoring between EDJ and OES for this trait, MH show some 

variability, mainly as the enamel distribution on the OES at the protoconid tip can affect 

uniform scoring between the two levels (Appendix 2.2, Tables A2.2.13 – A2.2.16). Overall, 

considering the scoring for EDJ and OES, with the exception of MH, there was concordance 

for the hominin groups for this trait.  

 

 

9.1.5. Accessory crests 
 

The position of accessory crests varies in different species. For example, A. africanus and P. 

robustus have accessory crests that connect to either the large dentine horns, or to the well-

developed transverse crest (Davies et al., 2019b). Bailey (2006) noted the high presence of 

distal accessory crests in the OES of Neanderthals (90%, 18/20), compared to other fossil 

hominins; while the mesial accessory crest is present mainly in Neanderthals (23.5%; 4/17), 

they also note the presence of this trait in a very small percentage of European early modern 

humans (12.5%, 1/8). Similarly, Martinón-Torres et al. (2012) found a comparatively large 

proportion (8/15) of the SH P3s had distal accessory ridges at the OES level, while a small 

number (1/15) also showed mesial accessory crest. In general, accessory crests are extremely 
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variable and a number of other crests are also identified: some forming from the mesial/distal 

part of the transverse crest, originating in the anterior/posterior foveae, originating from the 

DPC/MPC and descending towards the posterior/anterior foveae. 

 

Our results are in line with the results presented by other authors for MP and LP hominins– 

at the EDJ level, our samples show the highest frequency of distal accessory crest (Type 2). 

The SH hominins and Neanderthals also show the absence of crests at smaller percentages 

(Type 0) (41.7% and 25%, respectively). The MH, however, show a lot of variability, beyond 

the scope of our scoring categories (see Section 6.1.2.5). These types include crests 

descending from the mesial/distal part of transverse crest, crests originating in the 

anterior/posterior foveae, crests originating from the mesial marginal ridge. The MH show a 

high percentage of distal + mesial accessory crests (Type 3).  

 
The development of crests could be a result of biomechanical forces, with crests along with 

fissures and grooves acting as stress-bearing features providing structural rigidity to the tooth 

(Benazzi et al., 2011b). As these crests are most common on relatively tall crown structures, 

it is possible that during the formation of these structures in ontogeny, the process of 

differential cell division creates small folds in the inner enamel epithelium and that these 

folds eventually become accessory crests (Davies et al., 2019b; Jernvall et al., 1994).  

 

Our results showed no significant association between the accessory crest types, and hominin 

groups (Table 6.8). There was a general statistically significant association between the EDJ 

and OES for this trait expression [SH (p = 0.001) and MH (p = 0)] (Table 6.9). Despite a 

clear association, it is important to note that, while scoring, the complexity of OES such as 

the enamel distribution patterns, obscured small crests that were clearly observable at the 

EDJ (Appendix 2.2, Tables A2.2.17 – A2.2.20).  

 

 

9.1.6. Accessory cusps 
 
The P3s of early hominins such as Paranthropus, some Australopithecus species (Wood et 

al., 1988), as well as H. antecessor are described as having more than two accessory lingual 

cusps (Martinón-Torres et al., 2019) (this study). However, accessory lingual cusps are rare 
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in later hominins such as specimens belonging to H. heidelbergensis and the SH hominins. 

In Neanderthals the presence of an accessory lingual cusp is not unusual, however, it is not 

as pronounced as the early hominins (Martinón-Torres et al., 2012). Considering the 

patterning cascade model, a number of factors can influence the development of accessory 

cusps. Such parameters include the overall size of the tooth germ, the time of cusp initiation 

and interaction. There is also a significant association between dentine horns and crests as 

well as accessory cusps developing on the EDJ that form along the marginal ridges, and 

developmental constraints in the tooth germ can limit where crests and cusps can form 

(Skinner and Gunz, 2010). In the current sample, TD6 specimen (ATD6-3) showed a Type 

4 (multiple) accessory cusp. The MP and LP hominins showed no lingual accessory cusps, 

with the exception of Arago which showed a small distal accessory cusp (Type 1) at the EDJ 

level. While the MH mainly showed no accessory cusps (58.4%), we also see more variability 

in this sample group in showing the presence of single distal (6.4%), double distal (11.3%), as 

well as distal+mesial accessory cusps (3.7%).   

 

Our results showed a marginally significant association between EDJ accessory cusp types, 

and hominin groups (p = 0.04) (Table 6.8); but no pairwise comparison between groups 

remained statistically significant following Bonferroni correction for multiple comparisons. 

As the accessory cusps in P3s are generally quite small, they are better observed at the level 

of the EDJ (Appendix 2.2, Tables A2.2.21 – A2.2.24). The FET testing for association 

between EDJ and OES for this trait showed statistical significance for MH (p = 0) while the 

lack of statistical significance in the MP and LP can be attributed to small sample sizes and a 

lack of variation in trait expression. 

 

 

9.1.7. Disto-buccal cuspulids 
 

The disto-buccal cuspulid was also scored in our sample. This cuspulid is formed at the 

intersection between the DPC and the DMR, and is present in most hominin species. Davies 

et al. (2019b) report the general absence of this feature in Neanderthals and modern humans. 

However, in our sample, we find a large number of specimens presenting this cuspulid, 

although it is indistinct. This feature is more prominent in the SH and Arago specimens. The 

presence of the disto-buccal cusp is said to be contiguous with distal buccal grooves (Davies 
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et al., 2019b). An interesting feature that is noted is the formation of multiple cuspulids next 

to the protoconid and adjacent to the disto-buccal cuspulid in some SH specimens. More so, 

the impact of such traits on the crown as well as root morphology is substantial. Odontogenic 

processes (such as secondary enamel knots during development of crown) and 

biomechanical forces could be the initial step towards understanding the basis for this trait, 

but new explanations are needed.  

 

Our results showed no significant association between the disto-buccal presence/absence and 

the hominin groups (Table 6.8). During scoring, we noticed some discordance between the 

EDJ and OES scores for SH, Krapina and MH. As mentioned earlier, the size of this 

cuspulid is indistinct, and is clearer at the EDJ while usually obscured by enamel and the 

DPC at the OES. Therefore, this trait is usually scored as absent at the OES (Appendix 2.2, 

Tables A2.2.25 – A2.2.28). However, a statistically significant association was found between 

the EDJ and OES for the MH (p = 0.009) (Table 6.9), while a non-significant result in the 

MP and LP could simply be due to small sample sizes and a lack of variation in trait 

expression.   

 

To this end, we note certain trends in expressions for each trait category – Type 1a transverse 

crest is the most commonly observed type in SH and Neanderthals due to their tall and wide 

protoconid, while TD6 and MH show Type 1 most frequently. Furthermore, MH are unique 

in our study sample in showing the Type 1b. Arago is variable showing both Type 1 and 

Type 1a.  

TD6 and MH have a higher frequency of the continuous marginal ridge (Type 1), while SH 

hominins and Neanderthals have a higher frequency of the mesial discontinuous marginal 

ridge (Type 2). Arago show both Type 1 and discontinuous (Type 4) marginal ridges.  

Buccal grooves are absent in the SH hominins (Type 0), while Arago and MH express some 

minor grooves (Type 1) and TD6 demonstrates major buccal grooves (Type 6). Neanderthals 

show more variability in the expression of this trait. 

While the conical protoconid form (Type 1) is seen in all groups, the MH also show the 

double dentine (Type 4) and transverse type (Type 3) which is found in Neanderthals and 

H. naledi (Davies et al., 2019b), respectively.  

For the accessory crests, the distal accessory crest (Type 1) is the only scored type for the EP, 

MP and LP groups. The MH, apart from having Type 1, also show a distal + mesial accessory 
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crests (Type 3). We also note several other forms of crests in TD6 and MH that are beyond 

the scope of our scoring.  

Regarding the lingual accessory cusps, the SH hominins and Neanderthals show no accessory 

cusps (Type 0), while Arago and MH show some frequency of single distal accessory cusps 

(Type 1).  TD6 is the only specimen which showed multiple (Type 4) accessory crests.  

SH, Neanderthals and MH groups show the presence of the disto-buccal cuspulids at a higher 

rate than the absence of the trait, and TD6 and Arago also show the presence of this trait.  
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9.2. Characterisation of lower third premolar crown tissue 

proportions of European Pleistocene populations 
 
 

Although recent studies have questioned the utility of enamel thickness in large-scale 

phylogenetic relationships for the genus Homo (Martín-Francés et al., 2018, 2020a; Martínez 

de Pinillos et al., 2020; Olejniczak et al., 2008b; Olejniczak and Grine, 2006; Schwartz, 2000; 

Skinner et al., 2015; Smith et al., 2003; Smith et al., 2012b; Zanolli et al., 2019), the study of 

enamel thickness variation in hominins is of value as it has been linked to dental reduction 

(Grine, 2002; Kupczik and Hublin, 2010; Lieberman, 2011; Smith et al., 2012b), EDJ 

morphology (Davies et al., 2019b; Krenn et al., 2019; Macchiarelli et al., 2006; Martin et al., 

2017; Olejniczak et al., 2008a), and enamel formation (Bermúdez de Castro et al., 2017c; 

Dean, 2009, 2006; Dean et al., 2001b; Grine, 2002; Modesto-Mata et al., 2020; Ramirez 

Rozzi and Bermúdez de Castro, 2004; Reid and Dean, 2006; Rosas et al., 2017; Smith et al., 

2007). Enamel thickness has also been suggested to be homoplastic - rapidly changing due to 

dietary pressures/changes over short evolutionary periods (Hlusko et al., 2004; Morita et al., 

2014; Pampush et al., 2013). The earliest known putative hominins are characterised by thick 

to intermediate enamel (Brunet et al., 2004, 2002; Haile-Selassie, 2001; Senut et al., 2001; 

Suwa et al., 2009; White et al., 1994). Australopithecus is generally characterised by thick 

enamel (Beynon and Wood, 1986; Grine and Martin, 1988; Lockey et al., 2020; Olejniczak 

et al., 2008b; Smith et al., 2012b; Ward et al., 2001b; White et al., 1994, 2006), while the 

thick/hyper-thick enamel of Paranthropus has been considered a synapomorphy of this genus 

(Beynon and Wood, 1986; Grine and Martin, 1988; Olejniczak et al., 2008b). The Homo 

genus, with the exception of Neanderthals (Bayle et al., 2010, 2017; Benazzi et al., 2011a; 

Fornai et al., 2014; Martín-Francés et al., 2020a; Molnar et al., 1993; Olejniczak et al., 2008a; 

Olejniczak and Grine, 2005; Smith et al., 2012b; Zilberman and Smith, 1992), is 

characterised by thick enamel (Beynon and Wood, 1986; Lockey et al., 2020; Martín-Francés 

et al., 2018, 2020a; Olejniczak et al., 2008a; Smith et al., 2006, 2009a; Smith et al., 2012b; 

Zilberman and Smith, 1992). Within this genus, the study of enamel thickness and dental 

tissue proportions remains relevant for the taxonomic discrimination of Neanderthals (Bayle 

et al., 2017; Benazzi et al., 2011a; Buti et al., 2017; Fornai et al., 2014; Olejniczak et al., 
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2008a; Smith et al., 2012b). Neanderthal crowns are characterised by relatively thin enamel 

that is distributed over a greater coronal dentine and pulp volume, and may be attributed to 

a faster dental developement pattern and a more complex EDJ morphology (Bayle et al., 

2017; Buti et al., 2017; Macchiarelli et al., 2006; Olejniczak et al., 2008a; Smith et al., 2012b; 

Smith et al., 2007). However, Dean (2009) and Dean et al. (2001) suggested that 

Neanderthals have similar crown formation times and secretion rates to modern humans, 

while Macchiarelli et al. (2006) and Smith et al. (2008) showed that the complex EDJ and a 

peak in root extension rates ultimately cause the differences in tissue proportions between 

the two species. The thick enamel in modern humans can result from different mechanisms. 

The decrease in crown size instigates a reduction of cornal dentine and pulp volume, resulting 

in thick enamel (Grine, 2002; Kupczik and Hublin, 2010; Lieberman, 2011; Smith et al., 

2012b). Also, thicker enamel may be attributed to a slower enamel growth trajectory and 

tooth root extension (Dean, 2000; Dean et al., 2001; Grine, 2005), as well as an anterio-

posterior reduction of the face (Brace et al., 1987; Lieberman, 2011).  

 

The Atapuerca fossil record continues to contribute to the debate on Neanderthal origins. 

Due to its distinct morphology, and phylogenetic affinities (based on palaeoproteomic 

analysis), H. antecessor presents a great opportunity to consider the morphology of the LCA 

of Neanderthals and MH (Bermúdez de Castro et al., 2017a; Bermúdez de Castro and 

Martinón-Torres, 2019; Welker et al., 2020; and references therein). The SH hominins have 

been shown to be affiliated with the Neanderthals through morphological and genetic studies 

(Arsuaga et al., 2014, 1991; Gómez-Robles, 2019; Meyer et al., 2016), and as such, their large 

dental sample provides a good opportunity to interpret the European MP variability, as well 

as further explore their relationship with the Neanderthals. Previously, the study of the dental 

tissue proportions of the Atapuerca hominins (TD6 and SH) have shown a mosaic of thick 

and thin enamel in different dental classes. For example, the canines of the TD6 hominins 

are generally characterised by relatively thin enamel (García-Campos et al., 2019), while their 

molars show average and relative thick enamel (in 2D and 3D) (Martín-Francés et al., 2018). 

However, the L3D of the TD6 molars are comparable to Neanderthals, attributing the 

greater 2D and 3D RET values to complex enamel distribution in the occlusal surface 

(Martín-Francés et al., 2018). The SH hominins, with their close affinities to the Neanderthal 

clade, show relatively thin enamel in their canines (García-Campos et al., 2019) but have 

absolutely and relatively thick enamel in their molars, comparable to modern humans and 
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early Homo species (Martín-Francés et al., 2020a). To this end, our results of the 2D and 

3D (including L3D) P3 tissue proportions of the EP and MP hominins from Atapuerca 

provide new insights.  

 

 

9.2.1. Possible explanations for the TD6 dental tissue distribution patterns 

 
The TD6 hominins (ATD6-3 and ATD6-96) have absolutely and relatively thin enamel 

associated with high percentage of dentine and pulp, and greater enamel dentine junction 

(EDJ) length (2D). Consequently, the TD6 hominins depart from the early Homo and 

Homo sapiens pattern (Pan et al., 2016; Smith et al., 2012b; Zanolli et al., 2018b, this study) 

and exhibit a trend similar to that documented for Neanderthals (Bayle et al., 2017; Smith et 

al., 2012b, this study) in both linear and L3D estimates (Tables 7.1 and 7.5; Figures 7.1 – 7.2, 

Figures 7.5 – 7.6; Appendix 3, Figure A3.1 and A3.3).  

 

The thin-enamelled condition of TD6 P3 crowns can then be explained accordingly. In 

Neanderthals, the thin enameled condition is partly attributed to the complex, steeper EDJ 

topography (Macchiarelli et al., 2006; Olejniczak et al., 2008a). In general, the Neanderthal 

deciduous and permanent molars have 10% more complex EDJ surface area than modern 

humans (Macchiarelli et al., 2006; Suwa and Kono, 2005). One possible hypothesis for this 

would be that relatively steeper EDJ topography instigates different compressive and tensile 

forces on migrating sheets of ameloblasts during enamel secretion; when a certain threshold 

of tension is met, enamel secretion is terminated, resulting in thinner enamel compared to 

modern humans (Olejniczak et al., 2008a; Suwa and Kono, 2005). Considering the TD6 

hominins, our results reflect a greater EDJ length for the 2D values compared to the SH and 

modern humans, while being closer to the Neanderthal and Arago groups. In our study of 

EDJ discrete traits (see Chapter 6, Section 6.1 for results, and Chapter 9, Section 9.1 for 

discussion), we conclude that the TD6 specimens (ATD6-3, ATD6-96) have a complex EDJ 

topography with an asymmetrical occlusal contour and a distolingually protruding talonid that 

is indicative of primitive retentions. The outer enamel surface (OES) of ATD6-3 and ATD6-

96 is primitive, showing concordance with the traits observed at the EDJ (Bermúdez de 

Castro et al., 1999; Carbonell et al., 2005). Previously, a geometric morphometric analysis of 

the crown contour has placed these specimens within the morphospace of early hominins 
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such as Australopithecus, Paranthropus, and early Homo as well as with the Tighenif 

hominins (Gómez-Robles et al., 2008). Since the EDJ is considered a blueprint of the OES 

(Fornai et al., 2014; Guy et al., 2015; Morita et al., 2014; Skinner et al., 2008a, 2008b; Skinner 

and Gunz, 2010), the results of the external occlusal complexity confirm the EDJ complexity. 

Ultimately, the complex EDJ topography along with the greater proportion of dentine in the 

crown complex, contribute to the thin enamel condition in TD6 P3s. 

 

When compared to early Homo, the H. sapiens face is 15-25% smaller, both absolutely and 

relatively to brain size; this can be attributed to the antero-posterior and super-inferior 

reduction of the face. Therefore, H. sapiens have a more retracted face compared to other 

hominin groups; this, supplemented by the reduction in mandibular size, may ultimately 

explain the overall dental size reduction (Grine, 2005; Kimbel and White, 1988; Lieberman, 

2011, 1998; Lieberman et al., 2000; Smith et al., 2012b). It is then interesting to consider the 

modern human-like facial morphology, cranio-facial developmental pattern (Bermúdez de 

Castro et al., 2004, 1997a), and the comparatively smaller postcanine dentition of Homo 

antecessor (Bermúdez de Castro et al., 1999), that departs from African and Asian early 

Homo (Bermúdez de Castro et al., 2010a, 1999; Freidline et al., 2013; Lacruz et al., 2019). 

But we must also note that the P3s co-vary in their size with incisors and canines, while P4s 

covary with M1s and M2s; this suggests that P3s and P4s may belong to different dental regions 

(Bermúdez de Castro et al., 1999). The TD6 hominins retain modern human-like facial-

growth patterns (study based on immature Hominid 3) into adulthood (Freidline et al., 2013). 

Homo antecessor also shares their sub-nasal remodelling pattern (ATD6-69) with H. sapiens 

(Lacruz et al., 2019, 2013), and previously, a convergent pattern of evolution has been 

hypothesized for these two species (Freidline et al., 2013). However, considering that the 

complex process of cranio-facial development is interlinked, and is influenced by 

environmental, and socio-cultural factors, this feature cannot be considered a homoplasy. 

Instead, the H. antecessor modern-like facial morphology can be considered a 

symplesiomorphy shared by MP African and Eurasian populations, and in MH, and lost in 

Homo heidelbergensis and Neanderthals (Lacruz et al., 2019). But, while Bermúdez de 

Castro et al. (2010) note a modern human-like pattern of dental development in the upper 

and lower first molars (Hominid 5) (Bermúdez de Castro et al., 2010a), more recent studies 

suggest a faster dental developmental trajectory for the TD6 hominins (Bermúdez de Castro 

et al., 2009; Ramirez Rozzi and Bermúdez de Castro, 2004) similar to the SH hominins and 
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Neanderthals (Modesto-Mata et al., 2020; Ramirez Rozzi and Bermúdez de Castro, 2004). 

Therefore, despite their reduced, more modern human-like facial morphology, H. 

antecessor have a faster dental growth trajectory, and conversely, a possible faster ontogenic 

growth trajectory, similar to Neanderthals, which could potentially explain the thin enamelled 

condition of their P3s.  

 

There is also evidence that dentine and bone share responses to several developmental 

signalling molecules, that are not shared with enamel, possibly due to similar ontogenetic 

development and organic composition (Goldberg et al., 2011; Smith et al., 2012a; Smith et 

al., 2012b). At a composition level, there are many similarities between bone and dentine; 

for example – they share a major organic component – collagen type 1a, which is mineralised 

by hydroxyapatite crystalites (Smith et al., 2012a). Similarly, several shared growth factors and 

the potential for release of bioactive molecules, and their local action on tissue behaviour 

have also been identified. While in dentine, such releases are linked to carious tissue 

dissolution, in bone, the release of these molecules during remodelling could help in tissue 

genesis and regeneration at sites of injury (Smith et al., 2012a). Therefore, it may be possible 

to draw parallels between dentine volume and body size (Smith et al., 2012a; Smith et al., 

2012b). Previously, studies on clavicular and radial length have estimated a population stature 

of 172.5 cm (Carretero et al., 1999). The total length of the talus of ATD6-95 gives a stature 

of 173.4 cm with a body mass of 76 kgs (Pablos et al., 2013). Indeed, when compared to the 

SH hominins (with respect to their postcranial remains), H. antecessor shows similar stature 

and build to the male individuals (Pablos et al., 2017, 2012). Therefore, our results of a 

greater crown dentine could relate to the skeletal robusticity of this species.  

 

Finally, studies have suggested a link between enamel thickness and diet (Constantino et al., 

2009; Lucas et al., 2008b, 2008a; Vogel et al., 2008). Considering the diet of the TD6 

hominins, the dental microwear analysis shows that the population consumed highly abrasive 

foods (Pérez-Pérez et al., 2017). As an adaptation to more abrasive foods may have led to 

greater enamel thickness (Lucas et al., 2008a), we cannot say that diet satisfactorily explains 

the thin enamel condition in TD6. More so, there may not be a clear threshold between 

hard- and soft-object feeders, in which case enamel thickness may not be ideal for making 

dietary inferences (Constantino et al., 2011; Dumont, 1995; Grine and Daegling, 2017; Smith 

et al., 2012b).  
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We also wish to discuss the potential relationship between the TD6 hominins and the MP 

hominins from Tighenif, since Hublin (2001) and Stringer (2003) considered that TD6 

hominins should be assigned to H. mauritanicus. However, a later study conducted by 

Bermúdez de Castro et al. (2007) on the mandible and dental remains showed that the 

Tighenif specimens were morphologically closer to the African Early Pleistocene populations, 

while TD6 hominins may have belonged to an exclusive Eurasian lineage. The analysis of 

the dental tissue proportions of the molars of both groups indicate that when considering the 

L3D and enamel distribution pattern, TD6 differ from Tighenif, and are similar to the 

Neanderthal condition (Martín-Francés et al., 2018). Our results show that, contrary to the 

observations made for molars, TD6 and Tighenif specimens have similar values for the three 

lateral crown variables (LAET, LRET, LVcdp/LVc%), sharing a thin enameled condition 

comparable to the Neanderthals (Figures 7.1, 7.5; Appendix 3, Figure A3.1, A3.3).   

 

Previously, it has been shown that the TD6 lower dentition have a more primitive 

morphology  compared to the more derived conformation of the upper dentition (Bermúdez 

de Castro et al., 2017a; Gómez-Robles et al., 2015, 2012b, 2011, 2008; Martinón-Torres et 

al., 2006b). Thus, a “dissociation” between the signal of the external morphology and the 

dental tissue proportion is identified. While the OES of TD6 P3s (ATD6-3 and ATD6-96) 

are considered primitive and comparable to Early Homo (Martinón-Torres et al., 2019), the 

dental tissue proportions depart from the EP Homo pattern and show clear affinities with 

the Neanderthals.  

 

The relatively thin enamel in TD6 P3s (this study) and canines (García-Campos et al., 2019) 

shows that what was once considered an autapomorphy in Neanderthals, was already present 

in the EP hominins from Atapuerca around 800 kya (Bermúdez de Castro et al., 2015a, 2013; 

García-Campos et al., 2019). Consequently, the taxonomically discriminative value of enamel 

thickness is also brought into question. The exact processes behind why each dental class 

(that is, molars with MH-like pattern, and P3s and canines with Neanderthal-like pattern) 

shows different dental compositions needs new explanations. Additionally, our results are 

based on the analysis of only two specimens, and needs to be considered with caution. 
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9.2.2. Possible explanations for the SH dental tissue distribution patterns 

 

 The SH hominins have average and relatively thick enamel for 2D, 3D and L3D, associated 

with lower percentage of dentine and shorter EDJ length/surface. While the SH P3 outer 

crown morphology has generally been associated with MP hominins and Neanderthals (e.g., 

Bermúdez de Castro et al., 2018; Gómez-Robles et al., 2008; Martinón-Torres et al., 2007b), 

our results demonstrate that the dental tissue proportions share a trend documented for MH 

in both linear and 3D (including L3D) estimates (Tables 7.1 - 7.5; Figures 7.1 –7.7; Appendix 

3, Figure A3.1 – A3.3).  

 

We consider certain processes to explain the relative thick enamel condition in the SH 

hominins. In Neanderthals, it has been suggested that a complex EDJ topography along with 

the greater coronal dentine results in their thin enamel condition (Kono and Suwa, 2008; 

Macchiarelli et al., 2006; Olejniczak et al., 2008a). The SH P3s have a mean EDJ 

length/surface that is lower than the MP and LP values, and comparable to MH. In our study 

of the EDJ discrete traits (as per Chapter 6, Section 6.1; also see discussion in Chapter 9, 

Section 9.1), SH hominins present an EDJ topography that is comparable to Neanderthals, 

such as a transverse crest originating at the metaconid but terminating in the occlusal basin 

before reaching the tall and wide protoconid (Type 1a), showing a high frequency of 

discontinuous mesial marginal ridge (Type 2), presenting a distal accessory crest (Type 1), 

and presenting no accessory cusps (Type 0). Regarding the OES, SH P3s have a large and 

high protoconid, with a low, small and bulbous metaconid, and discontinuous marginal ridges 

(Bermúdez de Castro, 1986; Bermúdez de Castro et al., 2018; Martinón-Torres et al., 2012). 

The geometric morphometric analysis of P3s place SH hominins in the morphospace of 

Neanderthals, having a slightly asymmetrical contour and lacking talonid protrusion. The 

occlusal polygon is small and lingually placed due to the migration of the protoconid tip 

towards the lingual face (Gómez-Robles et al., 2008). These studies cumulatively show that 

SH P3s are morphologically closer to the Neanderthals, and share an EDJ topographic signal 

with MP and LP groups. But while MH show some variability in their EDJ discrete traits 

(such as showing more variation in transverse crest types, presence of accessory crests), there 

is also a general trend towards simplification in the MP, LP and Holocene groups (Chapter 
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6 and Chapter 9, Section 9.1). So, we cannot say that SH has a more or a less complex EDJ 

topography than MH, and therefore, this process does not satisfactorily explain their thick 

enamel condition. 

 
Another hypothesis regarding the thick enamel in modern humans is related to dental 

reduction (Smith et al., 2012b, Grine, 2005). In modern humans, a relatively thicker enamel 

might be a consequence of the reduction in coronal dentine, and in molars, an overall 

reduction in distal molar crowns is achieved through the differential loss of their dentine 

component (Grine, 2002, 2005b; Kupczik and Hublin, 2010; Smith et al., 2012b). Dental 

metric studies of the SH population suggest that their postcanines were generally smaller than 

other MP European groups, including Neanderthals, and comparable to the size of some 

modern human populations (Bermúdez de Castro, 1993; Bermúdez De Castro and Nicolas, 

1995). That is, while the SH hominins have an overall similar crown morphology to the MP 

and LP European groups (Gómez-Robles et al., 2008) (Chapter 6), their crown dimensions 

are comparable to MH (Bermúdez de Castro and Nicolas, 1995) as reflected in their smaller 

EDJ surface and percentage dentine in the crown complex (Figures 7.1, 7.3, 7.5; Appendix 

3, Figure A3.1 – A3.3). Therefore, the thick enamel, and the corresponding reduction of the 

dentine-pulp complex observed in SH hominins could be related to the reduction of the 

postcanine dentition, compared to Neanderthals.  

 

The relatively thin enamel in Neanderthals compared to modern humans has been attributed 

to their faster dental developmental trajectory (Macchiarelli et al., 2006; Smith et al., 2007). 

While it was previously suggested that Neanderthals had comparatively faster dental growth 

trajectories relative to the SH hominins (Ramirez Rozzi and Bermúdez de Castro, 2004), 

more recent studies show a similar trajectory between SH and Neanderthals (Modesto-Mata 

et al., 2020). Modesto-Mata et al. (2020) also show the presence of different perikymata 

distribution patterns in the P3s of SH compared to MH. Therefore, as the SH hominins had 

a faster rate of enamel formation compared to MH, we cannot conclude that the 

developmental pattern in SH (which is shared with the Neanderthals) can explain the thicker 

enamel condition observed in their P3s.  

 

Considering maxillary bone growth remodelling patterns, SH hominins (Cranium 9 and 

Cranium 16) and Neanderthals are characterised by extensive bone deposition, while MH 
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are characterised by osteoclastic bone resorption (Lacruz et al., 2015). A gracile face in 

modern humans (Lacruz et al., 2019, 2015a), is conversely related to dental reduction 

(Lieberman, 2011; Smith et al., 2012b) and therefore, a relatively thick enamel (Olejniczak 

et al., 2008a; Smith et al., 2012b). As their physiological developmental patterns are similar 

to the Neanderthals (Lacruz et al., 2019, 2015a), the SH thick enamel condition is not 

adequately explained by this process.  

 

Similarly, the SH thick enamel cannot be related to body gracility in this species, as suggested 

for H. sapiens (Smith et al., 2012b and references therein). That is, based on trochlear 

breadth of the talus, an estimated body stature of 173 cm for males, 161 cm for females, and 

a mean body mass of 69 kgs has been obtained  for the SH hominins (Pablos et al., 2017). 

Therefore, the robust stature of these hominins is similar to that of Neanderthals (Pablos et 

al., 2017), and may not be used to explain the differential tissue proportions.  

 

A final aspect to consider would be enamel thickness variation in relation to diet. It has been 

suggested that thick enamel could indicate better resistance to more abrasive foods (Lucas et 

al., 2008a; Vogel et al., 2008). However, see (Constantino et al., 2011; Dumont, 1995; Martin 

et al., 2003; Smith et al., 2012b) for alternative hypotheses between diet and enamel thickness. 

An abrasive diet (Bermúdez de Castro et al., 2003; Pérez-Pérez et al., 1999b) in the SH 

hominins could be proposed as a cause for the thick enamel in this group. Crown dimensions 

in Neanderthals have been correlated to root dimensions (Kupczik and Hublin, 2010; 

Lieberman, 2011), and several factors, including, ontogenic, dietary and eco-geographical, 

can be attributed to such changes (Richards and Trinkaus, 2009; Zaatari et al., 2016). As the 

reduction of crown dentine has been linked to reduction of root dentine and vice versa 

(Kupczik and Hublin, 2010; Lieberman, 2011), it can be hypothesised that the changes in 

root dimensions of the SH populations, could potentially lead to the reduction of dentine, 

and a slight increase of enamel in the premolars of this population. This, could be further 

influenced by environmental and biomechanical forces. Prado-Simón et al. (2012) show that 

the SH P4 roots show a small convergence of the root canal, and while this is also seen in 

Neanderthals, this is highly marked in the SH population. However, what is particularly 

interesting to the current study is their remark on the circular shape of the root canal (as 

opposed to ellipsoid in other comparative EP, MP and Holocene groups) at the cemento-

enamel junction plane. The authors associate this to long roots and wide root canals, and 
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therefore, possible taurodontism. When we consider the roots of the P3s, they are single-

rooted, and usually present with a crescent shape. It is interesting to hypothesise the 

developmental phenomenon causing such a shape (for example, taurodontism), and its 

effects on the crown shape and tissue composition. We propose these questions be explored 

in future analyses. The thick enamel in the SH P3s could ultimately be due to the reduction 

in postcanine size, or due to the retention of the plesiomorphic condition for genus Homo, 

or even genetic drift processes.  

 

Considering the chronological and geographical proximity between SH and Arago hominins, 

we compare their values to see if any metric trend can be identified. The Arago midfacial 

(Arsuaga et al., 1997d; Freidline et al., 2012a; Rightmire, 1998) and mandibular features have 

previously been associated to Neanderthals (Rosas, 2001; Rosas et al., 2019), as well as Mauer 

(Mounier et al., 2009; Rosas et al., 2019; Tattersall and Schwartz, 2006). Bermúdez de Castro 

et al’s. (2018) study on dental morphological characterization found that the Arago hominin 

P3 crown morphology is between SH and Neanderthal hominins and those of earlier hominin 

groups. Our results of the dental tissue proportions ultimately show that Arago has an 

intermediate position between SH and Neanderthals for their dental tissue proportions, and 

depart from the early hominin condition. We believe that the relatively thin enamel in Arago 

results from a greater EDJ surface and a greater percentage of dentine on the crown complex.  

 

Finally, the enamel topographic maps further emphasize our results, with the SH hominins 

showing enamel distribution pattern that is relatively more similar to modern humans, while 

Arago is intermediate between the SH and the Neanderthals in their enamel thickness 

distribution. 

 

Slight discrepancies between 2D and 3D enamel thickness values in molars have previously 

been noted by Olejniczak et al. (2008a). Their study on the dental tissue proportions and 

enamel thickness of Neanderthals and modern humans demonstrates that 2D studies result 

in greater dentine and lower enamel values, while the 3D studies show that the dentine 

volume is greater in Neanderthals but the enamel volume remains almost the same between 

the two groups. They explain these differences as resulting from dimensional loss in 2D. 

Appendix 3, Figure A3.4 shows percentage of enamel and coronal dentine and pulp 

area/volume in the P3s of SH, Neanderthals and modern humans. As in Olejniczak et al. 
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(2008a), our two-dimensional data (Appendix 3, Figure A3.4, column B) is relatively similar 

between the SH, Neanderthals and MH; that is, the proportion of dentine and pulp area is 

greater than that of the enamel area. However, for the 3D data (Appendix 3, Figure A3.4, 

column A), the Neanderthals have greater volume of dentine and pulp, relative to SH and 

MH (Appendix 3, Figure A3.4, column A). Nonetheless, note that the SH hominins still have 

a comparatively higher percentage of dentine and pulp volume (3D) than enamel relative to 

MH. Therefore, our study suggests that the 2D estimates for P3s may not be a good proxy for 

3D values. 

 

.  
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9.3. Sexual dimorphism and allometric scaling in the lower third 

premolars of Pleistocene and Holocene hominins   
 

Tooth formation begins as early as four weeks in utero, and follows a number of well-defined 

developmental stages. Apart from the third permanent molars, all tooth crowns reach their 

final shape and size between the ages of 2 months and 8 years, so sexual dimorphism can be 

observed at these early and different developmental stages (Alvesalo, 1997; Alvesalo and 

Portin, 1980; Nanci, 2013; Reid et al., 2008). Studies on sexual dimorphism have established 

the presence of sexual dimorphism in permanent dentition, particularly the canines (García-

Campos et al., 2018a, 2018b; Garn et al., 1967, 1964; Grine, 2005; Harvey et al., 1978; 

Hillson, 1996a; Işcan and Kedici, 2003; Moss and Moss‐Salentijn, 1977; Prabhu and 

Acharya, 2009; Saunders et al., 2007; Schwartz and Dean, 2005; Stroud et al., 1994; Viciano 

et al., 2013; Zilberman and Smith, 2001; Zorba et al., 2011). A number of studies exploring 

the dentition of individuals with various chromosomal anomalies have recognised the effect 

of sex-linked genes on tooth-crown formation rates and tissue proportions (Alvesalo, 1997; 

Alvesalo et al., 1991, 1987, 1985, 1975; Alvesalo and de la Chapelle, 1981; Alvesalo and 

Tigerstedt, 1974; Alvesalo and Varrela, 1980; Garn et al., 1967; Lahdesmaki, 2006; Mayhall 

et al., 1991; Moss and Moss‐Salentijn, 1977; Saunders et al., 2007). Aneuploidy studies have 

demonstrated how such mutations can significantly influence enamel thickness, as growth of 

dental tissues is genetically controlled (Alvesalo et al., 1987; Alvesalo and Portin, 1980; 

Alvesalo and Tammisalo, 1981; Alvesalo and Varrela, 1980). Odontometric studies of 

populations have shown that European groups express high degrees of sexual dimorphism 

while Asian, particularly western and south Asian, as well as Native south American 

populations show lower degrees of dimorphism (Acharya and Mainali, 2007; Işcan and 

Kedici, 2003; Prabhu and Acharya, 2009; Zorba et al., 2011). Tooth crown diameters have 

been shown to be reasonably good predictors of sexual differences (Sabóia et al., 2013). 

Studies focusing on differences in tissue proportions between sexes demonstrate that males 

tend to show proportionally greater amounts of dentine (Harris et al., 2001; Stroud et al., 

1994; Zilberman and Smith, 2001). Faster apposition of dentine and thinner enamel relative 

to crown size is seen in mandibular first molars of adolescent children; the amount of primary 

and secondary dentine formed on the roof of the pulp chamber is much greater in boys than 
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in girls, even before adolescence (Zilberman and Smith, 2001). Overall, it is understood that 

greater dentine dimensions in males contribute to tooth size dimorphism, while variability in 

enamel proportions between sexes, does not (García-Campos et al., 2018a; Harris and Hicks, 

1998; Smith et al., 2006; Stroud et al., 1994). 

 

The mean values of our modern human males from the Spanish sample studied here have 

greater dentine and pulp area/volume (b, Vcdp, LVcdp), enamel dentine junction 

length/surface (e, SEDJ, LSEDJ), and the total percentage area/volume of crown that is 

dentine and pulp [b/a (%), Vcdp/Vc (%), LVcd/Lvc (%)] (see Tables 8.1–8.3). This is 

reflected in the significantly greater total crown area/volume mean values for males (a, Vc, 

LVc) (see Tables 8.1-8.3). Females show slightly higher relative enamel thickness (RET) 

values resulting from proportionally more enamel and reduced dentine (see Tables 8.1–8.3). 

The highest percentage sexual dimorphism is seen in the absolute dentine and pulp 

area/volume (b = 17.66%; Vcdp = 20.63%; LVcdp =15.53%), while AET shows the lowest 

percentage sexual dimorphism (2DAET =-2.30%; 3DAET = 1.20; LAET = 0.04%). 

Considering that percentage sexual dimorphism only accounts for the magnitude, and not 

the frequency of variation between sexes (Saunders et al., 2007), the t-test p-values are also 

taken in to consideration to confirm the presence of sexual dimorphism. The p-values from 

our t-tests indicate that dentine+pulp area/volume (b, Vcdp), total crown area/volume (a, Vc), 

EDJ length/surface, b/a%, 2DRET are statistically significant (see Tables 8.4-8.7).  

 

Therefore, our results are consistent with previous 2D works (Feeney et al., 2010; Saunders 

et al., 2007; Sorenti et al., 2019) that sexual dimorphism is skewed by males having 

proportionally larger dentine than females, and that there is no significant difference between 

the sexes for AET mean values (Feeney et al., 2010) in the European lower third premolars. 

The results also conform to previous odontometric works (Garn et al., 1967; Kondo et al., 

2005; Stroud et al., 1994; Viciano et al., 2013; Zorba et al., 2011) in showing that females 

have smaller premolars. Our 3D results correspond to previous literature on other dental 

classes (Feeney, 2009; García-Campos et al., 2018a, 2018b) showing that males have 

absolutely greater quantity of dentine (Vcdp), which results in a greater surface area of the 

EDJ, as well as a larger crown volume (Vc) (see Table 8.5). On the other hand, the LET 

results do not show significant differences between the means of the two sexes for any of the 

variables. However, it must be pointed out that the ‘LVcdp’ value comes close to significance 
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(0.078) (Table 8.6). As the EDJ begins development prior to enamel and dentine deposition, 

regions of maturation at the future dentine horn tips are distinguishable before the secretion 

of hard tissues (Kraus, 1952). Therefore, the macromorphology of the tooth can be 

influenced by the location of the dentine horn tips (Feeney, 2009; Smith et al., 2006). 

Consequently, males can have taller dentine horn tips and greater breadth in preparation for 

a larger dentine base of the developing crown (Feeney, 2009). Taking this into consideration, 

our close to significance value of 0.078 for ‘LVcdp’ could indicate that male P3s have 

comparatively taller and wider dentine horns with more dentine deposition. However, these 

dentine horns are virtually removed during the process of acquiring the lateral enamel (see 

Chapter 5, Section 5.2.2.1). The difference between our 2D and 3D values could simply be 

due to dimensional loss in 2D. Such differences have been noted in previous works (Benazzi 

et al., 2014; Feeney, 2009; García-Campos et al., 2018a; Olejniczak et al., 2008b, 2008a) 

where 2D measurements of the crown can be over- or under-estimated.  

 

While females have relatively more enamel (RET) than males in 2D, 3D, and L3D (see 

Tables 8.1-8.3), there is only a significant difference between the mean values for 2D for this 

variable (RET = 0.014) (see Table 8.4). The RET was first developed by Martin (1983, 1985); 

this index was specifically developed as a unitless measure to compare enamel thickness 

among species of different tooth and body size. However, when the tooth position is 

unknown, the use of RET seems to be of limited value (Feeney, 2009; Grine, 2002; Schwartz, 

2000; Smith et al., 2006). Several factors are taken in to consideration when interpreting 

interspecies RET– decrease in dentine or an increase in AET can contribute to higher RET. 

Likewise, both these factors could equally contribute to higher RET. However, this index 

becomes difficult to interpret in isolation when considering inter-species comparisons as 

groups can overlap (García-Campos et al., 2018a; Smith et al., 2005). Nonetheless, this index 

is widely used to show significant dimorphism in the tissue proportions between sexes (for 

example, see García-Campos et al., 2020, 2018a, 2018b; Saunders et al., 2007; Sorenti et al., 

2019). For this study, if we are to assume dimensional differences, and factor in that 3D 

measurements are comparatively more reliable than 2D measurements (Benazzi et al., 2014; 

Feeney, 2009; Olejniczak et al., 2008b), then we can conclude that females do not 

significantly differ from males in their mean RET values for P3s, at least for this European 

population. However, when we do factor in 2D RET, it shows a significant difference between 

the mean values of the two sexes; but after accounting for allometric scaling (see Tables 8.8-
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8.9, and discussion below), this index is no longer significant. We can infer from this finding 

that what is considered biological differences between sexes for certain dental tissues (García-

Campos et al., 2018b, 2018a; Sorenti et al., 2019) could potentially be a result of allometric 

scaling.  

 

Considering the allometric model, we can expect a proportional increase of two traits sharing 

a common factor affecting their growth. The allometric slope would then be used as a 

parameter to infer the interaction between the two traits (Pélabon et al., 2018). To this end, 

we used standard ratios for three variables –total percentage of the crown area/volume that is 

dentine+pulp, AET, and RET, and found that perceived sexual dimorphism in tissue 

proportions is mostly due to allometric scaling rather than due to true differences between 

sexes. Tables 8.8-8.13 show the results of the ANCOVA and ANOVA for 2D, 3D and L3D 

modern human ratio data. For all three ratios in 2D, 3D and L3D, we see that the slopes 

between males and females does not significantly differ; as having separate slopes for females 

and males would significantly reduce the sum of residuals, we fit the male and female data in 

to a single slope for subsequent analysis. Tables 9.1 and 9.2 summarise the sex differences 

in dental tissue metrics based on the t-test and residual values from linear regressions (also 

see Appendix 4.1, Tables A4.1.1-A4.1.3). The ranking of sexes based on their mean values 

for the three variables (see Tables 8.1-8.6, and Table 9.1) show that the total percentage 

area/volume that is dentine/pulp is larger in males. Females have a greater proportion of 

relative enamel thickness, while the average enamel thickness for 3D and L3D show males 

are either slightly greater (M>F : 0.94>0.93) or proportional (M = F : 0.48 = 0.48) in mean 

values. Nonetheless, the t-test for these variables were not statistically significant. The ranking 

of sexes based on mean residual values across 2D, 3D, and L3D for all three ratio data (Table 

9.2) demonstrate a more consistent pattern. These values aligns with previous works (Feeney 

et al., 2010; Saunders et al., 2007; Schwartz and Dean, 2005; Smith et al., 2006; Stroud et al., 

1994) in showing that males have greater mean values than females for dentine and pulp 

percentage values, while females have greater mean values than males for AET and RET. 

However, while the results of the analyses of ratio data between sexes are statistically 

significant only for 2D b/a (%) (p = 0.009) and RET (p = 0.014), the linear regressions 

corresponding to residuals of ratio data show that only the relationship between (b) on (a) 

continues to display sexual dimorphism (p = 0.029) after accounting for allometric scaling. 

Consequently, we pooled the sexes for subsequent analysis to study population differences 
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between modern humans and MP and LP hominins from Europe, with the caveat that 

analyses of the values of (b) relative to (a) may be affected by differences in the relative 

numbers of females and males between populations.  

 

While there have been several studies on sexual dimorphism of fossil hominins, there is yet 

to be a clear consensus regarding species dimorphism. In addition, the scarce fossil record, 

with fragmentary fossils coming from different sites, spanning different geographical and 

chronological ranges makes it difficult to accurately reconstruct intrapopulation variability 

(McHenry, 1994b, 1992; Trinkaus, 1980; Wolpoff et al., 1976). To this end, sites like Sima 

de los Huesos, Spain, which is well-dated and comprises a large, and complete hominin 

sample gives us a great opportunity to study intra-population variability (García-Campos et 

al., 2020). Feeney et al. (2010) had previously used canine and premolar dental tissue 

proportions to show that there was no sexual dimorphism in the AET values of their large 

modern human sample. Subsequently, they suggested that enamel thickness values of mixed 

human populations can be used for comparisons with fossil hominins. García-Campos et al. 

(2020) used permanent canine dental tissue proportions of a mixed-population of modern 

humans to compare against the SH and Krapina specimens. They found that the European 

fossil hominins showed a similar degree of sexual dimorphism to that of modern humans for 

this dental class. Tables 8.14-8.19 show the results of the ANCOVA and ANOVA for 

population ratio data. The scaling coefficients for all three ratio data in 2D, 3D and L3D do 

not significantly differ between populations, and it is justified to use a single slope for the 

population data. There are significant differences between the mean values of the three 

populations for b/a, c/e, Vcdp/Vc, Ve/SEDJ, LVcdp/LVc, LVe/LSEDJ, LAET/LVcdp. 

Further, ANOVA and post-hoc tests on residuals of corresponding linear regressions show 

significant between-group differences [Vcdp/Vc- Krapina – CMH (p = .007) and Krapina – 

Sima (p = .002) (Appendix 4.3, Table A4.3.20-A4.3.21)], [Ve/SEDJ - Krapina – Sima (p = 

0.041) (Appendix 4.3, Table A4.3.27)], [LVe/LSEDJ – Krapina – Sima (p = 0.017) 

(Appendix 4.3, Tables A4.3.42-A4.3.43)], [LAET/LVcdp
(1/3)

 – Krapina –Sima (p = 0.025) 

(Appendix 4.3, Table A4.3.48-A4.3.49)]. 

 

Tables 9.3 and 9.4 give a summary of the ANOVA and mean values of 2D, 3D, and L3D 

variables of populations and their residual values for variables and ratio data. The ANOVA 

results show that all variables except for 2D (p = 0.810) and 3D AET (p = 0.129) show 
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significant differences. For b/a%, Vcdp/Vc%, and LVcdp/LVc%, Krapina has the highest 

mean values, while Sima de los Huesos and the Spanish human sample have the lowest values. 

For 2D and 3D AET and RET mean values, we observe the same trend in population ranks 

of mean values with Krapina having the lowest mean values and SH and CMH sample having 

the higher ranks. Finally, for L3D, while Krapina has the lowest RET values, it is in fact 

higher than the CMH mean values for AET. While these values show slight inconsistencies, 

especially for L3D, in general, they fit the general trend of Neanderthals having greater 

dentine and pulp area/volume, while having thinner average and relative enamel. The SH 

values, which show higher AET and RET values, are in line with our results on P3 tissue 

proportions that show this group demonstrate modern human-like tissue proportions 

(discussed further below). The ANOVA results for population residuals shows statistical 

significance for (Vcdp) on (Vc) (p = 0.003), (Ve) on (SEDJ) (p = 0.050), (LVe) on (LSEDJ) 

(p = 0.014), and (LAET) on (LVcdp
(1/3)

) (p = 0.024). In considering the population ranks by 

mean residual values, the Neanderthals show the highest ranks for (b) on (a), (Vcdp) on (Vc), 

and (LVcdp) on (LVc), while the SH hominins show the lowest ranks. For all other ratios in 

2D, 3D, and L3D, the SH show the highest mean values, while Neanderthals have the lowest 

values. It is interesting to note that modern humans are always intermediate between these 

two populations. The SH hominin dentition generally show clear Neanderthal-derived traits 

in their outer structural morphology (Bailey and Lynch, 2005; Bermúdez de Castro et al., 

2018; Dennell et al., 2011; Gómez-Robles et al., 2011, 2008; Martínez de Pinillos et al., 2014; 

Martinón-Torres et al., 2012, 2006a), and nuclear DNA sequencing have addressed their 

close affinities to Neanderthals (Meyer et al., 2016). However, while the SH anterior teeth 

are proportionally bigger than the posterior teeth and comparable to European MP hominins 

and Neanderthals, the posterior teeth are small, and proportionally similar to some modern 

humans (Bermúdez de Castro et al., 2018; Bermúdez De Castro and Nicolas, 1995). While 

the SH P3 tissue proportions (Chapter 7) are within the range of variation of Neanderthal 

values for 2D, 3D and L3D ratio data, their mean values almost exclusively overlap with fossil 

and modern humans. The SH P3s have average and relatively thick enamel and lower 

percentage of dentine and pulp area/volume (b/a%, Vcdp/Vc%, LVcdp/LVc%) comparable 

to modern humans (see Chapter 9, section 9.2.2 for more details and discussion), and 

departing from the Neanderthal condition. We also consider the effect of developmental 

mechanisms on the trend observed in the SH P3s. For example, we know from studies that 

the modern human dental developmental pattern emerged more recently, while 
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Australopithecus and early Homo show a faster pace of development (Dean et al., 2001). 

While some aspects of Neanderthal dental development are more advanced than modern 

humans, a recent study on a single Neanderthal from El Sidrón (Spain) showed that it was 

indeed encompassed within the modern human variation (Guatelli-Steinberg and Reid, 2008; 

Ramirez Rozzi and Bermúdez de Castro, 2004; Rosas et al., 2017; Smith et al., 2010). While 

it has previously been hypothesized that Neanderthals have shorter periods of dental growth 

than the SH hominins (Ramirez Rozzi and Bermúdez de Castro, 2004), a recent study that 

utilised advanced techniques to analyse the perikymata of fossil dentition from Atapuerca, 

does not support this statement (Modesto-Mata et al., 2020). There was also significant 

difference in perikymata distribution between the lower premolars of SH hominins and H. 

sapiens, demonstrating an overall faster rate of tooth formation compared to the latter species 

(Modesto-Mata et al., 2020). Overall, while the SH hominins have a smaller postcanine 

dentition and a similar thick enamel pattern to modern humans, their developmental 

mechanisms are comparable to the Neanderthals. Their Neanderthal affiliations (Arsuaga et 

al., 2014; Meyer et al., 2016) are also supported by our study of EDJ discrete traits that 

demonstrate their shared topographic ‘signal’ (see Chapter 9, Section 9.1). As such, we 

propose that SH presents its own specific dental distribution pattern highlighting its highly 

derived state, driven by biomechanical and environmental factors. 

 

Considering the population means where there is significant sexual dimorphism, the 

perceived difference between groups could be due to discrepancies in sex distributions 

between the three populations.  In this case where sex distribution is potentially an issue, we 

could apply re-sampling by, for example, only including male CMH specimens and 

comparing them with the Krapina specimens. However, this could genuinely be a result of 

the Krapina specimens having larger dentine and pulp areas relative to total crown area. In 

fact, our study on 3D and L3D tissue proportions (see Chapter 7) shows that Krapina 

hominins have the largest mean 3D dentine+pulp volume (Vcdp = 176.86 mm
3

), enamel 

volume (Ve = 134.55 mm
3

), SEDJ (156.48 mm
3

) and dental crown volume (Vc = 311.41 mm
3

), 

in comparison to our Middle and LP groups as well as modern human groups. Similarly, for 

the L3D, Krapina values are comparable to TD6 (TD6.3 and TD6.96) and Tighenif (TH1 

and TH2) P3s, surpassing the mean LVcdp, LSEDJ, and LVc values in comparison to SH 

and MH groups.  
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Table 9. 1: Summary results of sex differences in dental tissue metrics. 

Data type Model t-tests between sex data
a

 Sex ranked by mean values
b

 

2D b/a (%) 0.009 Male > Female 

 AET NS Female > Male 

 RET 0.014 Female > Male 

    

3D Vcdp/Vc (%) NS Male > Female 

 AET NS Male > Female  

 RET NS Female > Male 

    

L3D LVcdp/LVc (%) NS Male > Female 

 AET NS Male = Female 

 RET NS Female > Male 

a

 significance values are given where p<0.05; statistically significant values are in bold; see Tables 8.4-8.6 for full results. 

b

 results of Descriptives showing sexes ranked by mean residual values; see Tables 8.1-8.3 for full results.  
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Table 9. 2: Summary results of sex differences in dental tissue metrics based on residual values from linear regressions. 

Data type Model t-tests on sex residuals
a

 Sex ranked by mean residual values
b

 

2D b~a 0.029 Male > Female 

 c~e NS Female > Male 

 AET~b
(1/2)

 NS Female > Male 

    

3D VCDP~VC 0.072 Male > Female 

 Ve~SEDJ NS Female > Male 

 AET~Vcdp
(1/3)

 NS Female > Male 

    

L3D LVcdp~LVc 0.097 Male > Female 

 LVc~LSEDJ NS Female > Male 

 LAET~LVcdp
(1/3)

 NS Female > Male 

a

 significance values are given where p<0.1; statistically significant values are in bold; see Appendix 4.1 (Table A4.1.1) for full results. 

b

 results of Descriptives showing sexes ranked by mean residual values; see Appendix 4.1 (Table A4.1.3) for full results.  
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Table 9. 3: Summary results of population differences in dental tissue metrics. 

Data type Variable ANOVA on population 

data
a

 

Populations ranked by mean values
b

 

2D b/a (%) .006 Krapina
A

 > CMH
B

 > Sima
B

 

 AET NS Sima
B

 > CMH
B 

> Krapina
A

 

 RET 0.022 CMH
A

 > Sima > Krapina
B

 

    

3D Vcdp/Vc (%) 0.000 Krapina
A

 > Sima
B

 > CMH
B

 

 AET NS Sima > CMH > Krapina 

 RET 0.000 CMH
B

 > Sima
 B

> Krapina
A

 

    

L3D LVcdp/LVc (%) 0.000 Krapina
A 

> Sima
B

 > CMH
B

 

 AET 0.028 Sima
A

 > Krapina > CMH
B

 

 RET 0.000 Sima
B

 > CMH
B 

> Krapina
A  

a

 significance values are given where p<0.1; statistically significant values are in bold; see Appendix 4.2 (Tables A4.2.4, A4.2.9, A4.2.15) for full results. 

b

 results of post-hoc tests are given where ANOVA reached statistical significance; different superscript letters indicate statistically significant differences between 

populations. The same superscript letter indicates no statistically significant difference between populations; a population with no superscript letter does not 

differ statistically significantly from any other population; see Appendix 4.2 (Tables A4.2.3, A4.2.5, A4.2.8, A4.2.11, A4.2.14, A4.2.17) for full results. 
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Table 9. 4: Summary results of population differences in dental tissue metrics based on residual values from linear regressions. 

Data type Model ANOVA on population 

residuals
a

 

Populations ranked by mean residual values
b

 

2D b~a NS Krapina > CMH > Sima 

 c~e NS Sima > CMH > Krapina 

 AET~b
(1/2)

 NS Sima > CMH > Krapina 

    

3D Vcdp~Vc 0.003 Krapina
A

 > CMH
B

 > Sima
B

 

 Ve~SEDJ 0.050 Sima
A

 > CMH > Krapina
B

 

 AET~Vcdp
(1/3)

 0.071 Sima > CMH > Krapina 

    

L3D LVcdp~LVc 0.053 Krapina > CMH > Sima 

 LVc~LSEDJ 0.014 Sima
A

 > CMH > Krapina
B

 

 LAET~LVcdp
(1/3)

 0.024 Sima
A

 > CMH > Krapina
B  

a

 significance values are given where p<0.1; statistically significant values are in bold; see Appendix 4.3 (Tables A4.3.5, A4.3.10, A4.3.15, A4.3.20, A4.3.26, 

A4.3.32, A4.3.37, A4.3.42, A4.3.48) for full results. 

b

 results of post-hoc tests are given where ANOVA reached statistical significance; different superscript letters indicate statistically significant differences between 

populations. The same superscript letter indicates no statistically significant difference between populations; a population with no superscript letter does not 

differ statistically significantly from any other population; see Appendix 4.3 (Tables A4.3.4, A4.3.9, A4.3.14, A4.3.19, A4.3.21, A4.3.25, A4.3.27, A4.3.31, 

A4.3.36, A4.3.41, A4.3.43, A4.3.47, A4.3.49) for full results.
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9.4. Homo antecessor – its relationship to Neanderthals and modern 

humans 
 
 
In Chapter 2 we outlined the current debate surrounding the relationship of H. antecessor 

to Neanderthals and H. sapiens, and presented comprehensive evidence based on 

morphological, geographical and genomic studies that have cumulatively given us a better 

understanding of the taxonomic and phylogenetic position of this species (e.g., Arsuaga et al., 

1999; Bermúdez de Castro et al., 2017, 2015, 1997; Bermúdez de Castro and Martinón-

Torres, 2019; Welker et al., 2020). One of the goals of this research was to contribute to the 

discussion regarding the role of H. antecessor as the Last Common Ancestor (LCA) to 

Neanderthals and H. sapiens (Bermúdez de Castro et al., 1997; 2017) by characterising and 

comparing the morphology and dental tissue proportions of their P3s. We are well aware that 

we cannot make conclusive statements on the position of this species due to the specific focus 

of our research topic and small sample size; nonetheless, our results, alongside those of other 

works (e.g., García-Campos et al., 2019; Gómez-Robles et al., 2015, 2008; Martín-Francés et 

al., 2018; Martinón-Torres et al., 2019, 2007a, 2007b), amplify the significance and 

phylogenetic placement of this species. 

 

Our study of the enamel-dentine junction (EDJ) discrete traits shows that the TD6 hominins 

have a complex EDJ topography, with additional accessory crests on the occlusal surface, a 

continuous mesial marginal ridge, a continuous transverse crest and marked buccal grooves. 

While some of these EDJ traits are observed in the Middle Pleistocene (MP) Europeans, 

Late Pleistocene (LP) Neanderthals as well as modern humans, the TD6 EDJ morphology 

reflects a general primitive pattern of the outer enamel surface (OES) which is shared with 

Australopithecus, Paranthropus, and early Homo, as well as with the Tighenif hominins 

(Gómez-Robles et al., 2008; Haile-Selassie et al., 2004; Kimbel et al., 2004; Martinón-Torres 

et al., 2019; Suwa, 1990; Wood et al., 1988). Thus, the analysis of the discrete trait 

expressions matches previous studies based on classic morphological and geometric 

morphometric studies (Bermúdez de Castro et al., 1999; Gómez-Robles et al., 2008; 

Martinón-Torres et al., 2019). These works highlight the strongly asymmetric occlusal outline 
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and protruding distobuccal talonid of H. antecessor P3s, which would have preserved 

primitive conformations, unlike the P4s (Martinón-Torres et al., 2006a). 

 

 In contrast, the study of dental tissue proportions shows that the TD6 P3s [2D and Lateral 

3D (L3D)] are characterised by a complex and larger EDJ length/surface, along with a greater 

percentage of coronal dentine, which results in an average and relatively thin enamel, a trait 

that was considered taxonomically distinct for Neanderthals. Accordingly, our study of the 

dental tissue proportions suggests that low enamel thickness may not be an exclusive 

Neanderthal trait but a primitive conformation that was already present in the late Early 

Pleistocene.   

 

Previously, several studies have suggested that some dental traits which are considered typical 

of Neanderthals may not be autapomorphies, but rather plesiomorphic features, which due 

to their high frequencies and degrees of expression, become ‘typical’ of this species (see 

Bailey, 2002; Hublin, 2009; Martinón-Torres, 2006; Martinón-Torres et al., 2012). The TD6 

dentition do not share any derived traits with modern humans, while there are several features 

in common with the Neanderthal clade (Bermúdez de Castro et al., 2017, 2015; Martinón-

Torres et al., 2019 and references therein). Our study would support this statement with 

regard to the dental tissue proportions whereas the data regarding the morphology, since it is 

primitive, would not contribute taxonomically discriminative information. This implies that 

rather than TD6 displaying a dental morphotype that was neutral between Neanderthals and 

H. sapiens, the species showed more Neanderthal-like traits (Martinón-Torres et al., 2019) 

which adds to the list of features that compose the so-called “Eurasian dental pattern” that is 

shared with Asian and European EP and MP hominins, as well as Neanderthals (Martinón-

Torres et al., 2007a). Despite sharing a Eurasian dental pattern, there are clear differences in 

the dental signature between H. antecessor and Asian H. erectus (Xing et al., 2021, 2018, 

2016, 2014). In fact, a clear contrast in the dental tissue proportions was observed between 

H. antecessor and the Zhoukoudian H. erectus (PMU M3549) specimen in our 2D and L3D 

variables (Chapter 7). Therefore, these new findings suggest that H. antecessor may be 

considered separate from the classic H. erectus lineage which would include palaeodemes 

such as Zhoukoudian, Hexian and Yiyuan, and may instead represent a European lineage 

(Xing et al., 2018, this study).  
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The thin enamel condition in Neanderthals has been attributed to the complex, steeper EDJ 

topography relative to modern humans (Macchiarelli et al., 2006; Olejniczak et al., 2008a). 

A complex EDJ topography observed in the TD6 P3s, along with a greater percentage of 

coronal dentine, and a faster dental developmental trajectory (Modesto-Mata et al., 2020; 

Ramirez Rozzi and Bermúdez de Castro, 2004) that is comparable to Neanderthals, may 

ultimately explain the thin enamel observed in H. antecessor, and further supports its 

affinities with this species (see Chapter 9, Section 9.2.1).  

 

Overall, evidence suggests that the dental morphology of the LCA may be phenetically closer 

to that of the Neanderthals. In this context, the data would be compatible with H. antecessor 

being a closely related sister taxon to the LCA of Neanderthals, modern humans and possibly 

Denisovans (Welker et al., 2020). An alternative, and remarkably less parsimonious 

explanation is that these features are Neanderthal apomorphies, implying the divergence of 

the H. sapiens and the Neanderthal clade is much deeper in time and goes back to the Early 

Pleistocene. This scenario is far from compatible with any of the molecular divergences 

provided so far (see Endicott et al., 2010; Gómez-Robles, 2019; Meyer et al., 2016, 2013; 

Reich et al., 2010; Welker et al., 2020).  

 

Taking these factors in to consideration, we can approach the question of the geographical 

origins of H. antecessor. In order to explain the possible origins of this species, and the 

evolution of the genus Homo in Europe, Bermúdez de Castro and Martinón-Torres (2013) 

proposed the Central Area of Dispersal of Eurasia (CADE), which hypothesizes that Eurasia 

would have been colonised by several migrating populations originating in southwest Asia. 

However, a movement into Europe by early Homo from Africa into the Iberian Peninsula 

through the Strait of Gibraltar/the Alboran Sea has also been proposed (see Arribas and 

Palmqvist, 1999; Gibert et al., 2008, 2003; Nos, 2019; Ribot Trafí et al., 2020). Here, the 

northwest African late EP site of Tighenif, which is approximately contemporaneous to TD6, 

contributes to this discussion. The Tighenif specimens, previously considered H. 

mauritanicus (see Arambourg, 1955, 1954; Hublin, 2001; Stringer, 2003 for discussion), 

show a mosaic of primitive and derived features for the genus Homo, and its taxonomic 

position remains unclear (Arambourg, 1954a; Bermúdez de Castro et al., 2007; Genochio et 

al., 2019; Hublin, 2001; Mounier et al., 2009; Stringer, 2003; Zanolli and Mazurier, 2013) 

(see Chapter 3, Section 3.1.3.3.1.13). When compared to the more gracile H. antecessor 
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(ATD6-69) specimen, the Tighenif (Tighenif 2) mandible is absolutely larger and with clear 

morphological differences in its mandibular architecture (Bermúdez de Castro et al., 2007). 

More so, a qualitative assessment of the postcanine corpus of two Tighenif mandibles 

(Tighenif 1 and Tighenif 2) demonstrates that this group had absolutely and relatively great 

mandibular corpus bone thickness distribution patterns at the P3/P4 and M1/M2 level, which 

may be directly related to biomechanical forces acting on this region of the mandible 

(Fiorenza et al., 2019; Genochio et al., 2019). Even though TD6 and Tighenif have similar 

crown traits (such as the strong asymmetrical P3 crown, a wide talonid that consists of 

distobuccal and distolingual component) (Hublin, 2001; Stringer, 2003), such similarities are 

plesiomorphic retentions for the genus Homo (Martinón-Torres, 2006), which is not useful 

for taxonomic assessment. While the isolated analysis of the P3 crown is not conclusive 

regarding the taxonomic relatedness of both samples, it is interesting to highlight that the L3D 

of Tighenif indicates a thin average and relative lateral enamel thickness, along with greater 

percentage of coronal dentine, comparable to H. antecessor and Neanderthals. This variable 

would add to the list of traits that were classically considered as typical and even exclusive of 

Neanderthals but are indeed plesiomorphies retained by later hominins. Previous studies on 

molars have also shown that Tighenif lateral enamel is relatively thin but shows greater 

distribution of enamel on the occlusal surface (Martín-Francés et al., 2018). Tighenif lower 

premolars were too worn to calculate the occlusal values but it could be that the same pattern 

of distribution (thin in the basal and lateral area and thick in the overall crown values) is 

present, although this cannot be confirmed at the moment. It is worth mentioning the 

relationship between the mandibular premolar occlusal wear, a complex 2R Tomes’ root 

(see Wood et al., 1988), and the robust cortical bone as observed by Genochio et al. (2019), 

which may imply the effect of masticatory/paramasticatory differential loadings (e.g., Fiorenza 

et al., 2019; Gröning et al., 2013). Although the relationship between enamel thickness and 

diet is still disputed (Constantino et al., 2011; Dumont, 1995; Grine and Daegling, 2017; 

Smith et al., 2012b) (but also see Constantino et al., 2009; Lucas et al., 2008b, 2008a; Vogel 

et al., 2008), and considering that crown dimensions have been correlated to root dimensions 

(Kupczik and Hublin, 2010; Lieberman, 2011), a scenario of thicker occlusal enamel, 

relatively larger P3s, and a robust mandible capable of generating relatively greater masticatory 

forces, perhaps due to local adaptations, as posited by Hublin (1989) cannot be discredited. 

Finally, there is also a cultural disparity between the two groups, with Tighenif showing the 

remnants of the Acheulean technology, while TD6 had an Oldowan industry (Carbonell et 
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al., 1999, 1995; Sahnouni et al., 2018a). Overall, this hypothesis would be in line with the 

proposal of Tighenif specimens representing the evolution in isolation of an earlier Homo 

African form and as such, would outline two different evolutionary trajectories for the 

European (TD6) and the north African Middle Pleistocene groups (Tighenif, Rabat, Tomas 

Quarry) (Bermúdez de Castro et al., 2013).   

 

 In all cases, it seems that some features of the enamel distribution that are present in the 

Neanderthal clade can be identified in some Early Pleistocene specimens. Interestingly, the 

enamel thickness of the African Early Pleistocene specimen found in Buia (Danakil 

Depression, Eritrea, east Africa) is intermediate (Martin, 1985) with 2D and 3D average 

(AET) and relative (RET) enamel thickness values that are systematically lower than Early 

and Middle Pleistocene hominins, especially African early Homo assemblages (Smith et al., 

2012b)  and Javanese H. erectus (Zanolli, 2011). According to Zanolli et al. ( 2014), the Buia 

unassigned lower molar is closest to the enamel thickness values of the lower second molars 

(M2) from Tighenif (Zanolli and Mazurier, 2013) and the Neanderthals (see Zanolli et al., 

2014). In this context we could hypothesize that some components of the dental tissue 

distribution that will later characterize Neanderthals can be traced back to the Early 

Pleistocene in hominins like H. antecessor and perhaps the Buia specimen. It has also been 

noted that the Buia cranium presents a vertical incisive canal, a trait that is present and 

characteristic of the TD6 sample and shared with Neanderthals and modern humans 

(Bermúdez de Castro et al., 2011). This leaves open the possibility that both samples belong 

to the same palaeodeme. Unfortunately, currently we do not have a complete adult cranium 

from the TD6 level to allow for a direct comparison with the specimen from Danakil 

Depression.  

 

Therefore, considering the current data (see Bermúdez de Castro and Martinón-Torres, 

2020, 2019), the proposal of southwest Asia as the origin of H. antecessor is robust, at least 

until further data against this theory is found. This scenario would entail the evolution or 

movement of a population in to southwest Asia during the Early Pleistocene (also see Abbate 

and Sagri, 2012), possibly from Africa; this population would have settled and evolved in the 

crossroads between Africa and Eurasia (Bermúdez de Castro et al., 2016) giving rise to the 

LCA. Compared to the extremely arid conditions in Africa and the severity of the glacial 

stages in the Mediterranean between 900 – 700 kya, southern Levant experienced mild wet 
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glacial and interglacial cycles. The extreme fluctuations between humid-warm and arid-cool 

phases in Africa throughout Early-Middle Pleistocene transition could have potentially 

opened up the Levantine corridor at certain stages, allowing the passage of hominins from 

Eurasia to Africa and vice-versa (Almogi-Labin, 2011; Bermúdez de Castro and Martinón-

Torres, 2019; Martinón-Torres et al., 2019). The Near East was therefore comparatively 

more favourable for continuous hominin occupation throughout the Pleistocene (Almogi-

Labin, 2011). H. antecessor would then represent one of the earliest migrational waves into 

Europe from this region, and closely related to this ancestral population (Bermúdez de 

Castro et al., 2017a, 2016; Bermúdez de Castro and Martinón-Torres, 2019). It has been 

hypothesised based on mandibular evidence, that there was discontinuity between H. 

antecessor and Middle Pleistocene (MP) European populations (Bermúdez de Castro et al., 

2016). However, H. antecessor does show some relationship with MP hominins and 

Neanderthals in its craniofacial, dental and postcranial features (Arsuaga et al., 1999b; 

Bermúdez De Castro et al., 2012; Carbonell, 2012; Carretero et al., 1999; García-Campos et 

al., 2019; Gómez-Robles et al., 2007; Martinón-Torres et al., 2007a; Modesto-Mata et al., 

2020; Pablos et al., 2012; this study). One way to explain the similarities between H. 

antecessor and the MP populations would be if they shared a common ancestor in southwest 

Asia. In this scenario, one (or more) early migrational waves in the EP represented by H. 

antecessor would have settled in Europe and possibly other locations of higher latitudes such 

as Pakefield (UK). But ultimately, these EP groups may have gone extinct. Alternatively, there 

is no concrete evidence to completely reject the idea of continuity of such residual EP groups, 

and the possibility of hybridization between these groups and incoming populations cannot 

be discredited (Bermúdez de Castro et al., 2016).  
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9.5. The Sima de los Huesos hominins – their taxonomy and 

relationship to the Neanderthals  
 
 

The Sima de los Huesos (SH) fossil assemblage is the largest and best represented sample 

group of the MP, providing us with a great opportunity to explore intra-population variability 

in Pleistocene Europe (e.g., Arsuaga et al., 1997; Bermúdez de Castro et al., 2020, 2018, 

2004; Gómez-Robles et al., 2012, 2011, 2008, 2007; Lorenzo et al., 1998; Martinón-Torres 

et al., 2006, 2012). The results presented in this thesis form part of a series of studies related 

to the SH dentition (e.g., Bermúdez de Castro et al., 2018; García-Campos et al., 2019; 

Gómez-Robles et al., 2011, 2008; Martín-Francés et al., 2020; Martinón-Torres et al., 2012; 

Prado-Simón et al., 2012), and can be considered a small piece of a larger puzzle regarding 

their taxonomic position and their phylogenetic affinities to the Neanderthals. Our results 

provide some new and interesting insight into the P3 crown morphology of these hominins, 

and accordingly, we discuss their significance below.  

 

Our study of the EDJ discrete traits showed that, when compared to H. antecessor, SH 

hominins share with MP, LP and Holocene groups a trend towards simplification of the EDJ 

topography. That is, H. antecessor is characterised by a generally more primitive morphology, 

with the presence of multiple accessory cusps (see Skinner and Gunz, 2010 for further 

discussion on this trait in hominins), major buccal grooves (see Davies et al., 2019; Haile-

Selassie et al., 2012, 2004; Suwa, 1990 for further discussion on this trait in hominins), and 

multiple accessory crests. In this way, it can be said that the SH hominins and the MP Arago 

population share with Neanderthals an EDJ topographic ‘signal’. Such traits include high 

frequencies or degrees of expression of a Type 1a transverse crest, distal accessory crests, 

absence of accessory cusps and discontinuous marginal ridges (see Chapter 6, and Chapter 

9, Section 9.1). Previously, the SH P3 crowns have been described, confirming their 

morphological affinities to Neanderthals (Bermúdez de Castro, 1986; Bermúdez de Castro 

et al., 2018; Martinón-Torres et al., 2012). The crowns have a large and high protoconid, 

with a low, small and bulbous metaconid, and discontinuous marginal ridges. Considering 

the geometric morphometric analysis, their crowns show an occlusal polygon that is small 

and lingually placed; they also have a slightly asymmetrical contour and lack a talonid 
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protrusion (Gómez-Robles et al., 2008). Our analysis of the EDJ discrete traits shows a 

generally high concordance with the OES discrete traits, and these results corroborate that 

SH P3s share a morphospace with European MP hominins as well as Neanderthals 

(Bermúdez de Castro et al., 2018; Gómez-Robles et al., 2008; Martinón-Torres et al., 2012, 

2007a).  

 

In contrast, the study of the dental tissue proportions indicate that the SH hominins have an 

average and relatively thick enamel for both 2D and 3D (including L3D) variables, that is 

comparable to the modern human values (see Chapter 7, and Chapter 9, Section 9.2.2 for 

discussion). This is interesting, as a thin enamel condition is considered a taxonomically 

discriminative feature of Neanderthals for the genus Homo (see Buti et al., 2017; Olejniczak 

et al., 2008a; Smith et al., 2012b), and a previous study on the dental tissue proportions of 

canines (García-Campos et al., 2019) has shown that SH hominins share this feature. 

Conversely, the SH molars present a thick enamelled condition similar to modern humans 

(Martín-Francés et al., 2020a). So, there is an observable mosaic in enamel thickness patterns 

between dental classes (García-Campos et al., 2019; Martín-Francés et al., 2020a). Indeed, 

even after accounting for non-isometric scaling, the P3 mean values for percentage dentine, 

AET and RET, consistently show significant differences. The population ranks for the tested 

ANOVA of population data and residuals indicate that SH ranks even higher than modern 

humans in most cases for AET and RET values, while Krapina Neanderthals outrank the 

other two groups in having a higher percentage of dentine (Chapter 8, and Chapter 9, Section 

9.3).  

 

The SH hominins have proportionally larger anterior dentition compared to their posterior 

teeth, a pattern that is observed in European MP hominins and Neanderthals (Bermúdez De 

Castro and Nicolas, 1995). But there is also considerable postcanine reduction, with SH 

posterior teeth being comparable in size to some modern human populations (Bermúdez de 

Castro, 1993; Bermúdez De Castro and Nicolas, 1995). This is evident when comparing our 

P3 crown area/volume with Neanderthals, which have proportionally larger values. One 

aspect to consider when discussing the possible cause of such a configuration would be the 

P3 roots which present a unique crescent shape in most specimens. As the crown and dentine 

dimensions may be interlinked (Kupczik and Hublin, 2010; Lieberman, 2011), we can 

hypothesise this correlation may also partially explain the reduced dentine percentage in the 
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P3 crowns, which could be compensated with an enlarged pulp cavity (possibly taurodontism). 

Nonetheless, this line of reasoning needs to be investigated further, and at this time, is only 

suggested as one of the many potential scenarios, among others, such as the retention of a 

plesiomorphy for the genus Homo, to explain the relatively thick enamel condition of the 

P3s. It is also important to remember that SH hominins are Neanderthal-like in terms of their 

dental growth trajectory (see Modesto-Mata et al., 2020), physiological developmental 

patterns (Lacruz et al., 2019, 2015a), mandibular (see Arsuaga et al., 2014) and body 

proportions (Pablos et al., 2017). Furthermore, they also show very close genetic affiliations 

with the Neanderthals (Meyer et al., 2016) (see Chapter 9, Section 9.2.2 for discussion). Then, 

as SH hominins share an overall general Neanderthal bauplan, it may also be possible to 

suggest that this thick enamel condition observed in SH and modern humans may have 

resulted as a consequence of parallel evolution (Bermúdez De Castro and Nicolas, 1995), or 

due to genetic drift processes.  

 

Initially, the SH hominins were assigned to H. heidelbergensis with the caveat that this species 

would broadly include MP and LP specimens that demonstrate both primitive morphology 

for the genus Homo, as well as some shared derived Neanderthal traits (Arsuaga et al., 1997d). 

Multiple studies have shown clear affinities between the SH hominins and the Neanderthals 

(e.g., Arsuaga et al., 2014; Gómez-Robles, 2019; Gómez-Robles et al., 2015b, 2008; 

Martinón-Torres et al., 2012; Meyer et al., 2016, 2014; Mounier and Caparros, 2015). 

Currently the H. heidelbergensis hypodigm consists of specimens that were ancestral to 

Neanderthals, as well as those specimens that do not show clear Neanderthal traits (Arsuaga 

et al., 1997d; Hublin, 2009; Roksandic et al., 2017; Rosas and Bermúdez de Castro, 1998b). 

The lack of a concrete species diagnosis (i.e., what features define H. heidelbergensis, and as 

such, which specimens should be allocated to this group) complicates the discussion on the 

validity of H. heidelbergensis. In order to address this topic, it is important to first explore 

whether the fossils usually attributed to this species make a morphologically coherent group. 

To this end, it is interesting to consider our results in relation to some key MP specimens to 

better understand the extent of this variability. Regarding the dentition of the 

contemporaneous Arago population, they have previously been described as being 

intermediate between the SH and TD6 hominins (Bermúdez de Castro et al., 2003; Dennell, 

Martinón-Torres and Bermúdez de Castro, 2011). Despite the dental plesiomorphies, Arago 

still possess a Eurasian pattern (Martinón-Torres et al., 2007a). Later studies confirmed that 
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the outer crown morphology of the Arago P3s were intermediate between the SH and 

Neanderthal hominins and those of earlier hominins (Bermúdez de Castro et al., 2018; 

Gómez-Robles et al., 2008) (see Chapter 3, Section 3.1.3.3.1.2). Our study of the EDJ and 

OES discrete traits shows that Arago shares a morphological ‘signal’ with SH and 

Neanderthals (see Chapter 6, and Chapter 9, Section 9.1). Regarding their dental tissue 

proportions, the Arago hominins are intermediate between the SH and Neanderthals average 

and relative enamel thickness values. When compared to the SH hominins and H. 

antecessor, Arago is closer to the SH hominin estimates, with H. antecessor having distinctly 

larger 2D and lateral percentage dentine values (see Chapter 7, and Chapter 9, Section 9.2). 

The Mauer mandible, which is the type specimen of H. heidelbergensis, generally lacks 

Neanderthal apomorphies (e.g., Arsuaga et al., 2014; Bailey, 2002; Martinón-Torres et al., 

2012; Roksandic et al., 2017; Stringer, 2012). The absence of Neanderthal apomorphies in 

the mandibular molars have also been noted (Martínez de Pinillos et al., 2014; Martinón-

Torres et al., 2012). However, the tooth size is comparable to the SH hominins and the 

Neanderthals (Bermúdez de Castro et al., 2003a, 1999; Stelzer et al., 2018) (also see Chapter 

3, Section 3.1.3.3.1.1). A geometric morphometric analysis of the P3 EDJ shape suggests that 

Mauer falls at the border of the Neanderthal distribution, near modern humans, MP 

specimens from Qesem (Israel), and early H. sapiens such as Qafzeh (Israel) (Weber et al., 

2016). Such a morphology would include a mildly rhomboidal and asymmetrical outline, a 

large anterior fossa, and low lingual horn tip (Weber et al., 2016), which approximate the 

features observed for H. heidelbergensis, Neanderthals and SH hominins (Gómez-Robles et 

al., 2008). Considering that the EDJ is a genetic blueprint of the OES (Butler, 1956; Guy et 

al., 2015; Korenhof, 1982; Morita, 2016; Morita et al., 2014), we can conclude that at least 

for the inner and outer crown morphology, the Mauer P3s do in fact show similarities to SH 

hominins and Neanderthals. The MP specimens from Pontnewydd (UK) have previously 

been compared to the SH hominins (see Compton and Stringer, 2015). A number of 

similarities are described for the two groups, distinguishing them from other MP populations 

such as Arago and Mauer (Compton and Stringer, 2015) (also see Chapter 3, Section 

3.1.3.3.1.11). A description of the OES discrete traits and crown morphology based on the 

pictures of the Pontnewydd P3 (from Compton and Stringer, 2015) further confirms its 

resemblance to the SH hominins. The Pontnewydd P3 is characterised by a discontinuous 

mesial marginal ridge, a slightly asymmetrical crown outline, a small occlusal polygon which 

is lingually placed due to the migration of the protoconid tip towards the lingual face (also 
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see Gómez-Robles et al., 2008). Considering their location in southwest Asia, the Qesem 

cave which is dated to the MP and approximately contemporary to the SH population, is an 

important site to review in relation to our results. Previously, it has been established that 

Qesem dentition show a suite of Neanderthal and modern human-like features (Hershkovitz 

et al., 2011). A morphometric analysis of the Qesem P3 EDJ shape places this specimen in 

the proximity of Neanderthals, Mauer, as well as within the modern human range (Weber et 

al., 2016). Therefore, Qesem P3 EDJ shape approximates those observed for Arago, 

Neanderthals and SH hominins (Weber et al., 2016) (also see Chapter 3, Section 

3.1.3.3.1.12 ). Finally, a general description of the Qesem P3s based on pictures, by 

Bermúdez de Castro and Martinón-Torres (see Bermúdez de Castro et al., 2018) reinforces 

the similarity between Qesem and SH hominins, with Qesem even presenting a reduced 

dental size as observed in SH (Bermúdez De Castro and Nicolas, 1995).  

 

It is also important to consider some key sites that do not preserve any P3s for direct 

comparisons with our results, but which still contribute to the discussion regarding 

variability/homogeneity in the MP. These have been explored in detail in Chapter 3, Section 

3.1.3.3.1. In general, the metric analysis of the upper molar and premolar crown size of 

Visogliano (Italy) (de Lumley, 2015; Falguères et al., 2010, 2008) suggests that they are larger 

than both Neanderthal and Homo erectus teeth in their mesio-distal and bucco-lingual 

dimensions (Mallegni et al., 2002), while their lateral enamel thickness values align them with 

the Neanderthals (Zanolli et al., 2018a) (also see Chapter 3, Section 3.1.3.3.1.4). The 

Montmaurin specimens (France) show a mosaic of primitive and derived traits for the genus 

Homo (Martínez de Pinillos et al., 2020; Vialet et al., 2018b), while the analysis of their molar 

EDJ topography indiciates some Neanderthal affiliations (Martínez de Pinillos et al., 2020), 

(but also see Martínez de Pinillos et al., 2017; Zanolli and Mazurier, 2013). Montmaurin 

presents absolutely and relatively thick enamel comparable to EP hominins. This 

conformation of a Neanderthal-like outer and inner crown morphology, with more primitive 

dental tissue proportions is similar to that observed in our SH P3s (also see Chapter 3, Section 

3.1.3.3.1.5). The hemi-mandible and in-situ molars from Mala Balanica (Serbia) (Mihailović 

and Bogićević, 2016; Roksandic et al., 2011), are characterised by a primitive conformation 

for the genus Homo (Roksandic et al., 2011; Skinner et al., 2016) (also see Chapter 3, Section 

3.1.3.3.1.6).  
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Finally, some of the most important specimens for the H. heidelbergensis hypodigm are 

represented by cranial remains (also described in detail in Chapter 3, Section 3.1.3.3.1). 

Ceprano (Italy) mostly demonstrates a bulk of primitive H. erectus-like features (e.g., Bruner 

and Manzi, 2005; Mallegni et al., 2003; Manzi et al., 2001; Mounier et al., 2011) (also see 

Chapter 3, Section 3.1.3.3.1.9). Despite its young age of 250 kya, Petralona (Greece) has a 

mosaic of cranial features shared with H. erectus and Neanderthals (e.g., Dean et al., 1998; 

Roksandic et al., 2017). More importantly, Petralona shares several cranial features with 

Broken Hill (south Africa) (dated to ~299 kya) (Grün et al., 2020; Rightmire, 2008) (also see 

Chapter 3, Section 3.1.3.3.1.8). Aroeira is geographically and geochronologically close to the 

SH site; yet the osseous labyrinth is primitive relative to the SH hominins (Conde-Valverde 

et al., 2018), while the cranium shows a combination of features seen in groups like SH, 

Steinheim and Bilzingsleben (Germany) (also see Chapter 3, Section 3.1.3.3.1.7). Finally, the 

distorted MP cranial remains from Steinheim shows the presence of some Neanderthal-like 

and modern human-like features (e.g., Campbell, 1964; Roksandic et al., 2017; Tattersall 

and Schwartz, 2006; Arsuaga et al., 2014, 1997d; Martínez et al., 2006; Martinón-Torres et 

al., 2012; Rightmire, 1998) (also see Chapter 3, Section 3.1.3.3.1.10).  

 

Therefore, considering the evidence presented above, the lower third premolars of the type 

specimen of H. heidelbergensis does show some Neanderthal-apomorphies in its crown 

architecture (at least at the EDJ level). Some of these features are shared with specimens such 

as SH, Arago, Pontnewydd and Qesem. Further information regarding the dental tissue 

proportions of Mauer P3s will provide additional insights into the extent of its Neanderthal 

affinities for this dental class. Mauer also shares with SH and Arago some Neanderthal 

derived mandibular features. We currently lack P3s for some key sites such as Ceprano and 

Petralona which form an important part of the H. heidelbergensis narrative. More so, 

considering other dental classes, there is some variability observed across populations. This 

variability is also emphasized in craniofacial and mandibular features of these groups. 

Nevertheless, these populations do present some Neanderthal-derived features to a certain 

extent, some more than others. To this end, our results do agree that there is considerable 

variability across the MP fossil record (e.g., Bermúdez de Castro et al., 2018, 2016; Compton 

and Stringer, 2015; Rightmire, 1998; Roksandic et al., 2017; Stringer, 2012). But our data 

does not provide enough resolution to investigate the taxonomic validity or “distinctiveness” 

of the H. heidelbergensis taxon.  
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In general, we could state that the European Middle Pleistocene groups share some traits 

that can be considered typical of the Neanderthal clade. In this sense, based on the P3 

morphology it is not possible to allocate SH, Mauer, Arago, Qesem to separate palaeodemes. 

However, if we consider the rest of the dentition such as lower molars (e.g., Compton and 

Stringer, 2015; Martínez de Pinillos et al., 2014; Martinón-Torres et al., 2012) and the 

mandibular morphology (Mounier et al., 2009; Stringer, 2012), the “Neanderthal signature” 

is less pronounced in Mauer than in most of the European Middle Pleistocene hominins. If 

Mauer is representative of all the hominin samples traditionally allocated under the H. 

heidelbergensis taxon (e.g. SH, Arago, Steinheim, Montmaurin) then we should expect H. 

heidelbergensis to be a remarkably variable species which includes specimens with different 

patterns or combination of Neanderthal-like and non-Neanderthal-like features, even within 

the dentition. The problem with this hypothesis - that Mauer is the holotype of a valid taxon 

— is that we still do not have a clear understanding of what features differentiate H. 

heidelbergensis from Neanderthals. If the “distinctiveness” of H. heidelbergensis cannot be 

defined, that is, if we cannot identify what features distinguish them from Neanderthals, the 

validity of the taxon remains questionable.  

 

The accretion model (Hublin, 1998, 2009) and the organismic model (Rosas et al., 2006a) 

have tried to explain the origin of Neanderthals (see Chapter 3, section 3.1.3.2). The 

organismic model takes on a two-phased approach (Rosas et al., 2006a), while the accretion 

hypothesis predicts a linear evolutionary trend towards achieving the classic Neanderthal 

morph (Hublin, 2009, 1998). But late MP populations such as Petralona and Ceprano do 

not fit with these concepts as they generally lack Neanderthal features. Consequently, these 

two leading models (Hublin, 2009, 1998; Rosas et al., 2006a) do not satisfactorily explain the 

variability observed in the MP.  

 

More recently, Rosas et al. (2019) presented further evidence in support of their organismic 

model based on morphometric analysis of key MP mandibular specimens (see Chapter 3, 

section 3.2). Ultimately, the authors suggest the presence of a single polytypic species in the 

European Middle Pleistocene. As their study suggests that Mauer and SH hominins are 

members of the same deme/species, they may be taxonomically classified as H. 

heidelbergensis. While Rosas et al. (2019) certainly make some interesting observations, it is 
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also important to consider the dental evidence, which is taxonomically more informative than 

mandibular traits since they are more conservative and less subject to remodelling (Bermúdez 

de Castro et al., 2003a, 1999). Though Mauer shows some Neanderthal affinities (e.g., this 

study, Bermúdez de Castro et al., 2016; Weber et al., 2016), it generally lacks Neanderthal-

derived dental traits (e.g., Compton and Stringer, 2015). More so, we must consider MP 

specimens such as the Mala Balanica mandible which have primitive retentions for the Homo 

clade. 

 

Similarly, Compton and Stringer (2015) support the accretion hypothesis (see Hublin and 

Roebroeks, 2009) through their modified version of Dean et al’s. (1998) four stages of 

Neanderthal evolution (which was originally based on cranial morphology) in the sense that 

there would be a gradual accumulation of dental traits across the four stages irrespective of 

geochronology (see Chapter 3, section 3.2). However, while some of these traits would 

develop in increments, other traits, such as the ‘Neanderthal’ like crown shape of the P3s 

would appear very abruptly (as observed in the SH hominins). Compton and Stringer (2015) 

also consider the possibility of a speciation event, perhaps represented by the SH population, 

that would have led to the gradual accumulation of Neanderthal traits. Here, it is important 

to point out that the dentition of the SH hominins show clear derived Neanderthal traits (as 

demonstrated by our study of EDJ discrete traits), and are morphologically ‘more 

Neanderthal’ than other MP samples like Mauer and Arago, and are even more derived than 

some classic Neanderthal samples (Martinón-Torres et al., 2012). Then, Compton and 

Stringer’s (2015) accretion model would not be fully supported for the dental traits as 

demonstrated by our results which show shared Neanderthal features between populations 

such as Mauer (Stage 1), Arago (Stage 1), SH (Stage 2), Pontnewydd (Stage 2), Krapina 

Neanderthals (Stage 3). 

 

Based on the evidence presented thus far, we question the validity of the H. heidelbergensis 

hypodigm. Previously, it has been hypothesised that southwest Asia would have been the 

ideal location for a core population leading to several dispersal events during different 

periods, into Europe, Asia and Africa (e.g., Bermúdez de Castro et al., 2016; Bermúdez de 

Castro and Martinón-Torres, 2013; Dennell et al., 2011). In such a cladogenetic event, 

successive waves of populations would have moved in to MP Europe when climatic and 

environmental conditions were favourable. The early settlers would have presented higher 
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percentages of primitive traits, while the recent palaeodemes would have been closer to the 

Neanderthal morphotype. Our study does not provide taxonomically discriminative 

information to conclusively support such a scenario. The SH hominins were closely related 

to the Neanderthals (Meyer et al., 2016), and our results confirm that in their outer and inner 

morphological configuration the SH P3s are Neanderthals. But a general reduction in their 

postcanine dentition, perhaps due to factors such as isolation or genetic drift, would have 

resulted in lower percentage dentine, and relatively greater enamel thickness (also see 

Bermúdez De Castro and Nicolas, 1995; Martinón-Torres et al., 2012). When we factor in 

all morphological evidence, there is a lack of Neanderthal derived traits in specimens like 

Mauer (e.g., Mounier et al., 2009; Stringer, 2012), Petralona (Harvati et al., 2009; Rightmire, 

1998, 2008; Stringer, 1983, 1980, 1974; Stringer et al., 1979), Ceprano (e.g., Ascenzi et al., 

1996b; Di Vincenzo et al., 2017; Mallegni et al., 2003) and Mala Balanica (Roksandic et al., 

2011) on the one hand, while specimens such as SH (e.g., Arsuaga et al., 2014; Bermúdez 

de Castro et al., 2018; Martinón-Torres et al., 2012), Pontnewydd (Compton and Stringer, 

2015), and Steinheim (see Campbell, 1964; Street et al., 2006) show clear Neanderthal 

apomorphies. Qesem which is contemporaneous to SH, demonstrate Neanderthal-derived 

traits (Bermúdez de Castro et al., 2018; Weber et al., 2016), and more data will be required 

on the morphology of this population, as it will provide a clearer picture on the exact 

relationship of this population with the SH hominins. Indeed, the Levantine Corridor is 

considered an important passage between Africa and Eurasia, and sites from Israel such as 

Qesem (Hershkovitz et al., 2018, 2016, 2011; Weber et al., 2016), Zuttiyeh (Freidline et al., 

2012b; Mercier and Valladas, 2003), Misliya (Hershkovitz et al., 2018), Skhul (Grün et al., 

2005), Qafzeh (Hershkovitz et al., 2011; Valladas et al., 1988; Vandermeersch and Bar-Yosef, 

2019), and Kebara (Bar-Yosef et al., 1992), provide important evidence for the presence of 

hominin populations in this region, and for the coexistence of Neanderthals and Homo 

sapiens in southwest Asia. Likewise, the similarities between Petralona, Broken Hill and 

Kabwe (south Africa), also need to be considered when discussing population movements 

from Eurasia into Africa. The presence of humid corridors would have been taken advantage 

of by hominins to cross the north African hyper-arid regions into the Levant (Abbate and 

Sagri, 2012); albeit open for short periods (1 - 10kya ) (Demenocal, 2008), this would have 

provided enough leeway for hominin populations to migrate between southwest Asia and east 

Africa. We also need to factor in the possibility of genetic drift, as well as hybridisation and 

isolation, which would have resulted in further morphological diversification (Bermúdez de 
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Castro et al., 2018, 2016; Dennell et al., 2011). Therefore, one of the more plausible 

scenarios for the variability in the European MP would be the coexistence of multiple lineages. 
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10. CONCLUDING REMARKS AND FUTURE RESEARCH 
 

10.1. Concluding remarks 
 
The focus of this research were the prominent palaeoarchaeological sites of Gran Dolina 

(TD6) and Sima de los Huesos (SH), Atapuerca, which continue to contribute to the 

evolutionary scenario in Eurasia. Through the application of μCT methods, the P3 crown 

morphology of specimens from the EP and MP sites from Atapuerca, along with a large 

comparative sample, were explored. To this end, our study shows that the lower third 

premolar crowns can provide some valuable information in terms of morphology (at the EDJ 

and OES level) and through the quantification of dental tissue proportions.  

 

The EDJ is a developmental precursor to the OES, and as such is evolutionarily conservative, 

and is more reliable in showing phylogenetic signals. We scored seven discrete traits on the 

EDJ and OES of our samples, confirming a high level of concordance between the outer and 

inner surfaces. Our study reconfirms previous findings (Gómez-Robles et al., 2008; 

Martinón-Torres et al., 2019) that TD6 P3s are morphologically distinct from SH hominins 

and Neanderthals. On the other hand, the morphological similarities between SH hominins 

and Neanderthals reinforce previous studies showing their close phylogenetic relationship 

(Arsuaga et al., 2014; Martinón-Torres et al., 2012; Meyer et al., 2016). Ultimately, we show 

that EDJ can indeed be used as a proxy for studying the OES.  

 

Enamel thickness is considered relevant in the taxonomic discrimination of Neanderthals. 

Our results demonstrate that the taxonomically discriminative thin enamel condition of 

Neanderthals was already present in Homo antecessor. This suggests that some traits which 

are considered Neanderthal autapomorphies, might indeed be plesiomorphies that are 

retained by this species. Furthermore, these results further support the probability that the 

morphology of the LCA was phenetically closer to that of the Neanderthals rather than being 

“neutral” or undefined. Therefore, our results are compatible with H. antecessor being 

closely related to the LCA. The enamel thickness patterns of the SH hominins deviate from 

the Neanderthal values and are more modern human-like in showing a thick-enamelled 
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condition. Such a conformation may have been a result of postcanine reduction or may have 

been a primitive retention for the genus Homo, but we cannot disregard other factors such 

as the effects of genetic drift and isolation. Ultimately, our study reiterates that enamel 

thickness may not be a useful indicator of taxonomic and phylogenetic signal in hominins, as 

the Atapuerca hominins (TD6 and SH) show mosaicism in their dental tissue distribution 

between different dental classes. 

 

We also note the difference in the expression of features within a tooth, i.e., morphology 

versus enamel thickness, as well as differences in tissue proportions between dental classes 

(SH canines versus P3s and molars). In this way, we suggest future studies take a more 

comprehensive approach towards studying a dental class (e.g., implementing morphology, 

dental tissue proportions, geometric morphometrics of EDJ and OES).  

 

Sexual dimorphism is commonly noted in studies of permanent dentition as disparities in 

size and crown morphology often results from differences in dental tissue proportions 

between sexes. However, our study on sexual dimorphism and allometric scaling shows that 

after accounting for non-isometric scaling, the ratio data of our modern human sample no 

longer shows sexual dimorphism. This has important implications for future research. 

Further, a comparison between modern humans and MP and LP populations (SH and 

Krapina Neanderthals) show the presence of population differences even after accounting 

for allometric scaling; but this may result from differences in the number of specimens in our 

comparative MP and LP populations, or possibly even due to differences in sex composition, 

or greater dental tissue proportions in certain populations relative to others.  

 

Finally, we consider the variability of the MP and find that in their P3 morphology, Mauer are 

similar to SH hominins and Neanderthals. This would not support the allocation of Mauer 

and SH into separate palaeodemes. As our P3 analysis would not be able to discriminate 

between Mauer and Neanderthals, H. heidelbergensis as a taxon is not distinctive from the 

point of view of this dental class. However, when taking in to account all morphological 

evidence, there are significant differences in the degrees of Neanderthalisation between MP 

populations, and the validity of H. heidelbergensis remains a matter of deliberation.
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10.2. Future Research 
 
We propose future steps in the investigation of the premolar series that may further add to 

the growing evidence on morphological diversity of the European Pleistocene. (1) A powerful 

method of studying dentition is through the application of geometric morphometrics (e.g., 

Carayon et al., 2018; Gómez-Robles et al., 2015b, 2008; Martinón-Torres et al., 2006a; 

Singleton et al., 2011), particularly when considering hominin taxonomy (e.g., Martinón-

Torres et al., 2006b; Skinner et al., 2008; Weber et al., 2016; Zanolli and Mazurier, 2013). 

Therefore, the next logical step would be the application of geometric morphometric analysis 

of the crowns of the Atapuerca samples in relation to a comparative sample. In his study of 

the P3s, Sakai (1967) noted that the trigonid notch or mesial marginal ridge discontinuity is 

associated with a buccal cingulum and a distal position of the metaconid. It would be 

interesting to explore, among others, this characteristic through geometric morphometrics (2) 

We have also mentioned the interesting crescent shaped root conformation of the SH P3s. 

Previously, Prado-Simón et al. (2012) have remarked that the P4 roots of SH hominins may 

present taurodontism. To this extent, it would certainly be interesting to study the dental 

tissue proportions of the P3 roots to see if this crescent shape is a form of taurodontism, which 

in turn may even affect the dental tissue proportions of the crown. (3) Our study on sexual 

dimorphism and allometry showed that hominin population means for percentage dentine, 

and AET and RET continued to show significant differences between groups even after 

accounting for non-isometric scaling. Such differences may in fact have been due to 

discrepancies in sex distributions between groups, and future studies applying resampling 

analysis on these samples would benefit to understand the differences. (4) Finally, it has been 

suggested that the P3 and P4 belong to different regions of the dental arcade (Bermúdez de 

Castro et al., 1999; Carbonell et al., 1995; Irish and Scott, 2015a). The TD6 P4 crowns have 

been described as being more derived compared to early Homo (Martinón-Torres et al., 

2006a), and are also considered as taxonomically distinctive (Bailey and Lynch, 2005). When 

considering tissue proportions, our study of the TD6 P3s showed that it aligned with the 

incisors (García-Campos et al., 2019) in having greater percentage dentine and lower AET 

and RET values. Thus, studying the P4 crowns would be the next step in order to test the 

hypothesis that this dental class may have molar-like tissue proportions (Martín-Francés et 
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al., 2018); it will also provide a wider perspective in understanding the factors that may affect 

the lower premolar crown morphology of hominins. The study of the dental tissue 

proportions of the P4s in conjunction with the P3s would ultimately broaden our 

understanding on the different dental classes and their functional implications.  
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12. APPENDIX 
 

12.1. Appendix 1 
 

Table A1. 1: Table representing dental traits observed in different dental classes (highlighted in dark grey) based on the ASUDAS. Terms: Max (Maxillary); Man (Mandibular) 

Trait                                                                  Max 
Central 
Incisors 

Max 
Lateral 
Incisors 

Max 
Canin

es 
Max Third 
Premolars 

Max 
Fourth 

Premolars 

Max 
First 

Molar 

Max 
Second 
Molar 

Max 
Third 
Molar 

Man 
Central 
Incisors 

Man 
Lateral 
Incisors 

Man 
Canin

es 

Man 
Third 

Premolar 

Man 
Fourth 

Premolar 

Man 
First 

Molar 

Man 
Second 
Molar 

Man 
Third 
Molar 

Winging                                 

Shovelling                                 

Labial Convexity                                 

Double-Shovelling                                 

Interruption Groove                                 

Tuberculum Dentale                                 

Mesial Ridge                                 

Distal Accessory Ridge                                 

Mesial Accessory Cusp                                 

Distal Accessory Cusp                                 

Tricuspid Premolars                                 

Distosaggital Ridge                                 

Metacone                                 

Hypocone                                 

Metaconule (Cusp 5)                                 

Tooth 
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Carabelli's Trait                                 

Parastyle                                 

Enamel Extensions                                 

Peg-Shape                                 

Odontome                                 

Congenital Absence                                  

Lingual Cusp Variation                                 

Anterior Fovea                                 

Groove Pattern                                 

Hypoconulid (Cusp 5)                                 

Entoconulid (Cusp 6)                                 

Metaconulid (Cusp7)                                 

Mesial Marginal 
Accessory Ridges (Edge 
Tubercles)                                 

Deflecting Wrinkle                                 

Distal Trigonid Crest                                 

Protostylid                                 

Canine Root Number 
Variation                                 

Tome's Root                                 

Radical Number 
Variation                                 

Torsomolar Angle                                 
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Table A1. 2: Unique dental traits for hominin dentition 

Dental traits Australopithecus Paranthropus Early Homo Homo antecessor Homo 

heidelbergensis  

Homo 

neanderthalensis 

(including Sima de 

los Huesos 

hominins) 

Homo sapiens 

Upper Lateral Incisor 

Shovel Shape 

Present 

Well-defined 

marginal ridges1 

Present 

Well-defined marginal 

ridges1 

Present 

Well-defined 

marginal ridges/less 

pronounced labial 

convexity 

Less pronounced 

triangular shovel 

shape 

Present Triangular shovel 

shape 

Present/Absent 

Barrel shovel shape 

Upper Canine 

Morphology 

Prominent cutting 

edges, sharp cusps 

Reduced, compared to 

Australopithecines2 

Incisiform while some 

like H. habilis and H. 

georgicus retain 

primitive form of 

Australopithecine 

canines. 

Derived, with more 

prominent cutting 

edges. Mesial and 

Distal cutting edges 

shorter and less 

sharply angled. 

 

Derived, with more 

prominent cutting 

edges. 

Mesial and Distal 

cutting edges shorter 

and less sharply 

angled. 

Derived, with more 

prominent cutting 

edges. Mesial and 

Distal cutting edges 

shorter and less 

sharply angled. 

Derived, with more 

prominent cutting edges. 

Mesial and Distal cutting 

edges shorter and less 

sharply angled. 

Lower Canine Morphology Primitive, 

asymmetrical cutting 

edges. Accessory 

distal cuspule might 

be present. 

Primitive, asymmetrical 

cutting edges 

Primitive, 

asymmetrical cutting 

edges 

Derived, 

symmetrical cutting 

edges. Expression 

of buccal cingulum. 

Derived, symmetrical 

cutting edges. 

Derived, 

symmetrical cutting 

edges. 

Derived, symmetrical 

cutting edges. 

Transverse Crest in Lower 

Second Premolars 

Absent Absent Present/Absent. 

Found in lower 

Present/Absent Present/Absent Present Rare 
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frequencies in 

Africans3 

Lower Second Premolar 

Morphology 

Asymmetrical contour 

with mesially 

displaced metaconid, 

development of 

bulging talonid and 

wide occlusal 

polygon. 

Large, greatly expanded 

talonids. Molarised 

premolars4 

Asymmetrical contour 

with mesially 

displaced metaconid, 

development of 

bulging talonid and 

wide occlusal 

polygon. High 

variability seen 

between H. erectus 

and H. ergaster. 

Asymmetrical 

contour, smaller 

occlusal polygon. 

Buccal portion of 

talonid reduced, 

lingual half of tooth 

reduced. 

Asymmetrical 

contour, smaller 

occlusal polygon. 

Buccal portion of 

talonid reduced, 

lingual half of tooth 

reduced. 

Asymmetrical 

contour, smaller 

occlusal polygon. 

Buccal portion of 

talonid reduced, 

lingual half of tooth 

reduced. 

Symmetrical, small occlusal 

polygon. Centered 

metaconid. Overall, a 

derived state. 

Lower First Premolar 

Shape 

Strongly 

asymmetrical contour, 

large talonid 

Strongly asymmetrical 

contour, large talonid 

Strongly 

asymmetrical contour, 

large talonid. The 

African group in 

contrast have mass-

additive features such 

as extra accessory 

cusps. 

Strongly 

asymmetrical 

contour, large 

talonid 

A more symmetrical 

contour, small 

occlusal polygon 

located near lingual 

border 

A more symmetrical 

contour, small 

occlusal polygon 

located near lingual 

border 

Symmetrical contour, small 

occlusal polygon, lingual 

cusp mesial to the buccal 

cusp. 

Lower First Premolar Root 

Morphology 

Multi-rooted, mesial 

and distal, with buccal 

and lingual 

interradicular 

processes.  

2R=MB+D5 

Multi-rooted, mesial 

and distal, with buccal 

and lingual 

interradicular processes.  

2R=M+D5 

More simplified 

relative to 

Australopithecines, 

with predisposition to 

having Tomes’ root5 

Distolingual single 

root supporting 

well-developed 

talonid and a mesio-

buccal root. 

Reduced root number 

and morphology. 

Slender root system. 

Reduced root 

number and 

morphology. Single-

rooted. 

Usually single-rooted. 

Tomes’ root common. 
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Mid-Trigonid Crest in M1 

and/or M2 

Rare Rare Rare Rare More frequent More frequent Rare 

Four Cusped M1 and/or M2 

(presence/absence of 

Hypoconulid C5) 

Present Large hypoconulids 

present6 

Present/Absent Large hypoconulids Present/Absent Present/Absent Rare 

Upper First Molar Shape Primitive pattern, no 

protrusion of cusp, 

squared occlusal 

polygon and regular 

contour7 

Primitive pattern, no 

protrusion of cusp, 

squared occlusal 

polygon and regular 

contour7 

Primitive pattern, no 

protrusion of cusp, 

squared occlusal 

polygon and regular 

contour7 

Derived pattern, 

rhomboidal occlusal 

polygon, skewed 

external outline, 

bulging protrusion 

of hypocone in 

disto-lingual corner. 

Derived pattern, 

rhomboidal occlusal 

polygon, skewed 

external outline, 

bulging protrusion of 

hypocone in disto-

lingual corner. 

Derived pattern, 

rhomboidal occlusal 

polygon, skewed 

external outline, 

bulging protrusion 

of hypocone in 

disto-lingual corner. 

Squared occlusal polygon, 

similar to early Homo 

pattern7 

1 Aiello and Dean (1992) 

2 Grine (1981) 

3 Martinón-Torres and Bermudez de Castro (2015) 

4 Martinón-Torres et al., (2006) 

5 Wood and Uytterschaut (1988) 

6 Skinner et al., (2008) 

7 Goméz-Roblés et al., (2007) 
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Table A1. 3: Lower third premolar traits observed in hominin species 

 Australopithecu

s 

Paranthropus Early Homo Homo 

erectus s.l 

 

Homo 

ergaster 

Homo 

antecessor 

Homo 

heidelbergensi

s 

Homo 

neanderthalensi

s 

Homo sapiens 

Crown outline Asymmetricala,e Asymmetricala,

e 

Asymmetrical

a 

 

 

Asymmetrica

l lingual 

contour, oval 

outlinea 

 

Asymmetrical

a 

 

 

Asymmetrical

. Disto-

lingual 

projection of 

the crowna 

Symmetrical 

or slightly 

asymmetrical 

outline a 

 

Rounded, 

rhomboidal in 

contour. 

 

Symmetrical or 

slightly 

asymmetrical 

outline a 

 

Small and 

lingually placed 

occlusal 

polygon. 

Symmetrical contour, 

large and centrally 

located occlusal polygon 

a 

Transverse crest 

type 

Type 1b Type 1b Type 1k Type 1 b,c Type 1b Type 1d Continuous or 

crest initiating 

at metaconid 

and 

terminating at 

the occlusal 

basin (Type 

1a)g 

Type 1ab Type 1b 

Talonid 

presence/absenc

e 

Conspicuous 

talonid 

presenta,e,h 

Conspicuous 

talonid 

presenta,h 

Conspicuous 

talonidb,c,i 

Conspicuous 

talonidb,c,i 

Conspicuous 

talonidc,b 

Conspicuous 

talonidb,d 

Weak or 

absentb,g 

Weak or 

absentb,g,f 

Weak or absentb 
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Marginal Ridge 

Continuity 

Continuous 

marginal ridge/ 

Discontinuous 

mesialb 

Continuousb Continuousb,e Continuousb,e Continuousb Continuousd Continuous 

marginal 

ridge/ 

Discontinuous 

mesialg,f 

Continuous 

marginal ridge/ 

Discontinuous 

mesialb 

Continuous/Discontinuo

us (mesial or 

distal/mesial+distal) b 

Accessory 

Crests 

Presentb Presentb Presentb Presentb Present Presentd Present (less 

frequent)j 

Present (less 

frequent) b 

Present (less frequent) b 

Cusps Protoconid 

larger than or 

subequal to 

metaconid, 

presence of 

additional 

lingual cuspsj 

Protoconid 

larger than or 

subequal to 

metaconid, 

presence of 

additional 

lingual cuspsb,h 

Protoconid 

slightly larger 

to or subequal 

to metaconid, 

presence of 

additional 

lingual cuspsk 

Protoconid 

larger than 

metaconid, 

presence of 

additional 

lingual 

cuspsc 

Protoconid 

centrally 

placed and 

larger than 

metaconid.j 

Protoconid is 

bulbous and 

larger than 

metaconid. 

Can have up 

to four 

accessory  

lingual cuspsd 

Protoconid 

larger than 

metaconid; 

accessory 

cusps can be 

present but 

infrequentg,f,j 

Protoconid 

larger than 

metaconid; 

Accessory 

cusps can be 

present but 

infrequentb,g 

Protoconid larger than 

metaconid; accessory 

cusps can be present but 

infrequentb 

Roots Two-rooted: 2R 

= mesiobuccal 

and distolingual 

(2R = MB + D) 

 

2R = Mesial + 

Distal 

(2R = M + D)l 

 

2R = MB + D l 

 

2R = M + D l 

2R = 

Mesiobuccal 

+ 

distolingual 

(2R = MB + 

DL) l 

2R = M + Dm 2R = MB + 

DLn 

(mesiobuccal 

+ 

distolingual) 

 

disto-lingual 

root shorter 

than mesio-

buccal root. 

Single 

rooted/Tomes’ 

root g,n 

Usually single-

rootedm,o,p 

Usually single-rooted, 

narrow and smallq 

a Goméz-Robles et al. (2008) 

b, e Davies et al. (2019b, 2019a) 
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c,j Schwartz and Tattersall et al. (2003, 2002) 

d,f,o  Martinón-Torres et al. (2019, 2012) 

 g Bermudéz de Castro et al. (2018) 

h, l Wood and Uytterschaut et al. (1987;1988) 

j Delezene and kimbel (2011) 

k Anton et al. 2014 (2014) 

m Abbott (1984) 

n Prado-Simon et al. (2012) 

p Bayle et al. (2017) 

q Selmer-Olsen et al. (1949) 
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12.2. Appendix 2 
 

12.2.1. Appendix 2.1 

 
 

Table A2.1. 1: Fishers-Exact Test results for the expression of marginal ridge between-groups. TD6 (Homo antecessor), SH (Sima de los Huesos hominins); ARA (Arago hominins); NEA 
(Krapina Neanderthals); MH (modern humans). (p<0.005; Bonferroni correction). 

 

 

 

 

 

 

 

 

 

 

                                  Marginal Ridge 

  TD6 SH  ARA NEA MH 

TD6      

SH 0.02 
    

ARA 1 0.153 
   

NEA 0.06 0.769 0.2 
  

MH 0.66 0.001 0.436 0.161   
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Table A2.1. 2: Fishers-Exact Test results for the expression of buccal groove between-groups. TD6 (Homo antecessor), SH (Sima de los Huesos hominins); ARA (Arago hominins); NEA 
(Krapina Neanderthals); MH (modern humans). (p<0.005; Bonferroni correction). 

                                  Buccal Groove 

  TD6 SH ARA NEA MH 

TD6      

SH 0.01 
    

ARA 1 0.142 
   

NEA 1 0.0005 1 
  

MH 0.0006 1 0.01 <0.0001 
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Figure A2.1. 1: Bar graph plotting difference in values for categories between hominin groups and transverse crest. Type 0 – TC absent; Type 1 – TC connects protoconid and metaconid; 
Type 1a – TC initiates from metaconid, flattens more than one-third the height of protoconid; Type 1b – one TC arises from protoconid, another from metaconid, the two crests do not 
meet and flatten/taper in occlusal basin; Type 2 – TC arises from protoconid but tapers at occlusal basin; Type 3– TC arises distal to protoconid dentine horn, and tapers in occlusal basin. 
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Figure A2.1. 2: Bar graph plotting difference in values for categories between hominin groups and marginal ridge. Type 1 – continuous marginal ridge; Type 2 – mesial discontinuous 
marginal ridge; Type 3 – distal discontinuous marginal ridge; Type 4 – discontinuous. 
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Figure A2.1. 3: Bar graph plotting difference in values for categories between hominin groups and buccal groove. Type 0 – Absent; Type 1 – Mesial Minor; Type 2 – Distal Minor; Type 3 – 
Mesial Marked; Type 4 – Distal Marked; Type 5 – Mesial and Distal Minor; Type 6 – Mesial and Distal Marked 
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Figure A2.1. 4: Bar graph plotting difference in values for categories between hominin groups and protoconid form. Type 1 – Conical; Type 2 – Flat ridge; Type 3 – Transversely expanded; 
Type 4 – double dentine. 
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Figure A2.1. 5: Bar graph plotting difference in values for categories between hominin groups and accessory crest. Type 0 – Absent; Type 1 –Distal Accessory Crest; Type 2 –Mesial 
Accessory Crest; Type 3 –Distal and Mesial Accessory Crest 
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Figure A2.1. 6: Bar graph plotting difference in values for categories between hominin groups and lingual accessory cusps. Type 0 – Absent; Type 1 – Single Distal Accessory Cusp; Type 2– 
Double Distal; Type 3 – Mesial + Distal Cusp; Type 4 – Multiple (four cusps) 
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Figure A2.1. 7: Bar graph plotting difference in values for categories between hominin groups and disto-buccal cuspulids. Scored as present/absent. 
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12.2.2. Appendix 2.2 

 

- Transverse Crest:  

 

 
Table A2.2. 1: Frequency of Expression of Transverse Crests on both the OES and EDJ of the P3s of SH Hominins. Type 0 – TC absent; Type 1 – TC connects protoconid and metaconid; Type 
1a – TC initiates from metaconid  flattens more than one-third the height of protoconid; Type 1b – one TC arises from protoconid, another from metaconid, the two crests do not meet and 
flatten/taper in occlusal basin; Type 2 – TC arises from protoconid but tapers at occlusal basin; Type 3 – TC arises distal to protoconid dentine horn, and tapers in occlusal basin. 

SH Hominins 

 OES Transverse Crest  

 Type 0 Type 1 Type 1a Total 

 N % N % N % N % 

EDJ Transverse Crest Type 0 2 100.0% 0 0.0% 0 0.0% 2 16.7% 

Type 1 0 0.0% 3 75.0% 1 16.7% 4 33.3% 

Type 1a 0 0.0% 1 25.0% 5 83.3% 6 50.0% 

Total 2 100.0% 4 100.0% 6 100.0% 12 100.0% 
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Table A2.2. 2: Frequency of Expression of Transverse Crests on both the OES and EDJ of the P3s of Arago Hominins. Type 0 – TC absent; Type 1 – TC connects protoconid and metaconid; 
Type 1a – TC initiates from metaconid,  flattens more than one-third the height of protoconid; Type 1b – one TC arises from protoconid, another from metaconid, the two crests do not 
meet and flatten/taper in occlusal basin; Type 2 – TC arises from protoconid but tapers at occlusal basin; Type 3 – TC arises distal to protoconid dentine horn, and tapers in occlusal basin. 

Arago Hominins 

 OES Transverse Crest  

 Type 1 Type 1a Total 

 N % N % N % 

EDJ Transverse Crest Type 1 1 100.0% 0 0.0% 1 50.0% 

Type 1a 0 0.0% 1 100.0% 1 50.0% 

Total 1 100.0% 1 100.0% 2 100.0% 
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Table A2.2. 3: Frequency of Expression of Transverse Crests on both the OES and EDJ of the P3s of Krapina Neanderthals. Type 0 – TC absent; Type 1 – TC connects protoconid and 
metaconid; Type 1a – TC initiates from metaconid,  flattens more than one-third the height of protoconid; Type 1b – one TC arises from protoconid, another from metaconid, the two 
crests do not meet and flatten/taper in occlusal basin; Type 2 – TC arises from protoconid but tapers at occlusal basin; Type 3 – TC arises distal to protoconid dentine horn, and tapers in 
occlusal basin. 

Krapina Neanderthals 

 OES Transverse Crest  

 Type 1 Type 1a Total 

 N % N % N % 

EDJ Transverse Crest Type 1 1 100.0% 0 0.0% 1 25.0% 

Type 1a 0 0.0% 3 100.0% 3 75.0% 

Total 1 100.0% 3 100.0% 4 100.0% 
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Table A2.2. 4: Frequency of Expression of Transverse Crests on both the OES and EDJ of the P3s of Homo sapiens. Type 0 – TC absent; Type 1 – TC connects protoconid and metaconid; Type 
1a – TC initiates from metaconid,  flattens more than one-third the height of protoconid; Type 1b – one TC arises from protoconid, another from metaconid, the two crests do not meet 
and flatten/taper in occlusal basin; Type 2 – TC arises from protoconid but tapers at occlusal basin; Type 3 – TC arises distal to protoconid dentine horn, and tapers in occlusal basin. 

 

Homo sapiens 

 OES Transverse Crest  

 Type 0 Type 1 Type 1a Type 1b Total 

 N % N % N % N % N % 

EDJ Transverse Crest Type 0 8 80.0% 0 0.0% 0 0.0% 0 0.0% 8 15.1% 

Type 1 1 10.0% 28 93.3% 0 0.0% 0 0.0% 29 54.7% 

Type 1a 1 10.0% 1 3.3% 10 90.9% 0 0.0% 12 22.6% 

Type 1b 0 0.0% 1 3.3% 1 9.1% 2 100.0% 4 7.5% 

Total 10 100.0% 30 100.0% 11 100.0% 2 100.0% 53 100.0% 
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- Marginal Ridge: 

 

 

Table A2.2. 5: Frequency of Expression of Marginal Ridge on both the OES and EDJ of the P3s of SH Hominins. Type 1 – Continuous, Type 2 – Mesial Discontinuous, Type 3 – Distal 
Discontinuous, Type 4 – Discontinuous. 

SH Hominins 

 OES Marginal Ridge  

 Type 2 Type 3 Type 4 Total 

 N % N % N % N % 

EDJ Marginal Ridge Type 2 5 100.0% 0 0.0% 0 0.0% 5 41.7% 

Type 3 0 0.0% 2 100.0% 0 0.0% 2 16.7% 

Type 4 0 0.0% 0 0.0% 5 100.0% 5 41.7% 

Total 5 100.0% 2 100.0% 5 100.0% 12 100.0% 
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Table A2.2. 6: Frequency of Expression of Marginal Ridge on both the OES and EDJ of the P3s of Arago Hominins. Type 1 – Continuous, Type 2 – Mesial Discontinuous, Type 3 – Distal 
Discontinuous, Type 4 – Discontinuous. 

Arago Hominins 

 OES Marginal Ridge  

 Type 1 Type 4 Total 

 N % N % N % 

EDJ Marginal Ridge Type 1 1 100.0% 0 0.0% 1 50.0% 

Type 4 0 0.0% 1 100.0% 1 50.0% 

Total 1 100.0% 1 100.0% 2 100.0% 
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Table A2.2. 7: Frequency of Expression of Marginal Ridge on both the OES and EDJ of the P3s of Krapina Neanderthals. Type 1 – Continuous, Type 2 – Mesial Discontinuous, Type 3 – Distal 
Discontinuous, Type 4 – Discontinuous. 

Krapina Neanderthals 

 OES Marginal Ridge  

 Type 2 Type 4 Total 

 N % N % N % 

EDJ Marginal Ridge Type 2 3 100.0% 0 0.0% 3 75.0% 

Type 4 0 0.0% 1 100.0% 1 25.0% 

Total 3 100.0% 1 100.0% 4 100.0% 
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Table A2.2. 8: Frequency of Expression of Marginal Ridge on both the OES and EDJ of the P3s of Homo sapiens. Type 1 – Continuous, Type 2 – Mesial Discontinuous, Type 3 – Distal 
Discontinuous, Type 4 – Discontinuous. 

Homo sapiens 

 OES Marginal Ridge  

 Type 1 Type 2 Type 3 Type 4 Total 

 N % N % N % N % N % 

EDJ Marginal Ridge Type 1 26 100.0% 0 0.0% 0 0.0% 0 0.0% 26 49.1% 

Type 2 0 0.0% 18 100.0% 0 0.0% 0 0.0% 18 34.0% 

Type 3 0 0.0% 0 0.0% 2 100.0% 0 0.0% 2 3.8% 

Type 4 0 0.0% 0 0.0% 0 0.0% 7 100.0% 7 13.2% 

Total 26 100.0% 18 100.0% 2 100.0% 7 100.0% 53 100.0% 
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- Buccal Groove: 

 
 

 

Table A2.2. 9: Frequency of Expression of Buccal Groove on both the OES and EDJ of the P3s of SH Hominins. Type 0 – absent; Type 1 – minor buccal groove; Type 2 – major buccal groove. 

SH Hominins 

 OES Buccal Groove  

 Type 0 Total 

 N % N % 

EDJ Buccal Groove Type 0 12 100.0% 12 100.0% 

Total 12 100.0% 12 100.0% 
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Table A2.2. 10: Frequency of Expression of Buccal Groove on both the OES and EDJ of the P3s of Arago Hominins. Type 0 – absent; Type 1 – minor buccal groove; Type 2 – major buccal 
groove. 

Arago Hominins 

 OES Buccal Groove  

 Type 0 Total 

 N % N % 

EDJ Buccal Groove Type 0 1 50.0% 1 50.0% 

Type 1 1 50.0% 1 50.0% 

Total 2 100.0% 2 100.0% 
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Table A2.2. 11: Frequency of Expression of Buccal Groove on both the OES and EDJ of the P3s of Krapina Hominins. Type 0 – absent; Type 1 – minor buccal groove; Type 2 – major buccal 
groove. 

 

Krapina Neanderthals 

 OES Buccal Groove  

 Type 0 Type 2 Type 3 Type 4 Total 

 N % N % N % N % N % 

EDJ Buccal Groove Type 1 1 100.0% 0 0.0% 0 0.0% 0 0.0% 1 25.0% 

Type 2 0 0.0% 1 100.0% 0 0.0% 0 0.0% 1 25.0% 

Type 3 0 0.0% 0 0.0% 1 100.0% 0 0.0% 1 25.0% 

Type 6 0 0.0% 0 0.0% 0 0.0% 1 100.0% 1 25.0% 

Total 1 100.0% 1 100.0% 1 100.0% 1 100.0% 4 100.0% 
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Table A2.2. 12: Frequency of Expression of Buccal Groove on both the OES and EDJ of the P3s of Homo sapiens. Type 0 – absent; Type 1 – minor buccal groove; Type 2 – major buccal 
groove. 

 

 

Homo sapiens 
 

 OES Buccal Groove  

 Type 0 Type 1 Total 

 N % N % N % 

EDJ Buccal Groove Type 0 49 100.0% 0 0.0% 49 92.5% 

Type 1 0 0.0% 4 100.0% 4 7.5% 

Total 49 100.0% 4 100.0% 53 100.0% 
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- Protoconid Form:  

 

  

Table A2.2. 13: Frequency of Expression of Protoconid Form on both the OES and EDJ of the P3s of SH Hominins. Type 1 – conical; Type 2 – flat ridge; Type 3 – transverse expanded; Type 4 
– double- dentine. 

SH Hominins 

 OES Protoconid Form  

 Type 1 Total 

 N % N % 

EDJ Protoconid form Type 1 12 100.0% 12 100.0% 

Total 12 100.0% 12 100.0% 
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Table A2.2. 14: Frequency of Expression of Protoconid Form on both the OES and EDJ of the P3s of Arago Hominins. Type 1 – conical; Type 2 – flat ridge; Type 3 – transverse expanded; 
Type 4 – double- dentine. 

Arago Hominins 

 OES Protoconid Form  

 Type 1 Total 

 N % N % 

EDJ Protoconid form Type 1 2 100.0% 2 100.0% 

Total 2 100.0% 2 100.0% 
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Table A2.2. 15: Frequency of Expression of Protoconid Form on both the OES and EDJ of the P3s of Krapina Neanderthals. Type 1 – conical; Type 2 – flat ridge; Type 3 – transverse 
expanded; Type 4 – double- dentine. 

Krapina Neanderthals 

 OES Protoconid Form  

 Type 1 Total 

 N % N % 

EDJ Protoconid form Type 1 3 100.0% 3 100.0% 

Total 3 100.0% 3 100.0% 
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Table A2.2. 16: Frequency of Expression of Protoconid Form on both the OES and EDJ of the P3s of Homo sapiens. Type 1 – conical; Type 2 – flat ridge; Type 3 – transverse expanded; Type 4 
– double- dentine. 

Homo sapiens 

 OES Protoconid Form  

 Type 1 Total 

 N % N % 

EDJ Protoconid form Type 1 49 94.2% 49 94.2% 

Type 3 2 3.8% 2 3.8% 

Type 4 1 1.9% 1 1.9% 

Total 52 100.0% 52 100.0% 
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- Accessory Crest: 

  

Table A2.2. 17: Frequency of Expression of Accessory Crest on both the OES and EDJ of the P3s of SH Hominins. Type 0 – Absent; Type 1 – Distal Accessory Crest; Type 2 – Mesial Accessory 
Crest; Type 3 – Distal and Mesial Accessory Crest. 

 
 
 
 

 

 
 

 
 

SH Hominins 

 OES Accessory Crest  

 Type 1 Type 0 Total 

 

 
N % N % N % 

EDJ Accessory Crest 
Type 1 7 100.0% 0 0.0% 7 58.3% 

Type 0 0 0.0% 5 100.0% 5 41.7% 

Total 7 100.0% 5 100.0% 12 100.0% 
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Table A2.2. 18: Frequency of Expression of Accessory Crest on both the OES and EDJ of the P3s of Arago Hominins. Type 0 – Absent; Type 1 – Distal Accessory Crest; Type 2 – Mesial 
Accessory Crest; Type 3 – Distal and Mesial Accessory Crest. 

Arago Hominins 

 OES Accessory Crest  

 Type 1 Total 

 N % N % 

EDJ Accessory Crest Type 1 2 100.0% 2 100.0% 

Total 2 100.0% 2 100.0% 
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Table A2.2. 19: Frequency of Expression of Accessory Crest on both the OES and EDJ of the P3s of Krapina Neanderthals. Type 0 – Absent; Type 1 – Distal Accessory Crest; Type 2 – Mesial 
Accessory Crest; Type 3 – Distal and Mesial Accessory Crest. 

 

Krapina Neanderthals 

 

 OES Accessory Crest  

 Type 1 Type 0 Total 

 N % N % N % 

EDJ Accessory Crest Type 1 3 100.0% 0 0.0% 3 75.0% 

Type 0 0 0.0% 1 100.0% 1 25.0% 

Total 3 100.0% 1 100.0% 4 100.0% 
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Table A2.2. 20: Frequency of Expression of Accessory Crest on both the OES and EDJ of the P3s of Homo sapiens. Type 0 – Absent; Type 1 – Distal Accessory Crest; Type 2 – Mesial Accessory 
Crest; Type 3 – Distal and Mesial Accessory Crest. 

Homo sapiens 

OES Accessory Crest 

 Type 0 Type 1 Type 2 Type 3 Total 

 N % N % N % N % N % 

EDJ Accessory Crest Type 1 2 13.3% 25 96.2% 0 0.0% 0 0.0% 27 50.9% 

Type 3 0 0.0% 1 3.8% 1 100.0% 11 100.0% 13 24.5% 

Type 0 13 86.7% 0 0.0% 0 0.0% 0 0.0% 13 24.5% 

Total 15 100% 26 100% 1 100.0% 11 100.0% 53 100.0% 
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- Accessory Cusps:  

 

 

 

Table A2.2. 21: Frequency of Expression of Accessory Cusps on both the OES and EDJ of the P3s of SH Hominins. Type 0 – Absent, Type 1 – Single Distal; Type 2 – Double Distal; Type 3 – 
Mesial and Distal Accessory Cusps. 

SH Hominins 

 OES Accessory Cusps  

 Type 0 Total 

 N % N % 

EDJ Accessory Cusps Type 0 12 100.0% 12 100.0% 

Total 12 100.0% 12 100.0% 

 
 
 
 
 

 
 
 

 

 



 

 
 
 
 
 

505 

 

 

 

Table A2.2. 22: Frequency of Expression of Accessory Cusps on both the OES and EDJ of the P3s of Arago Hominins. Type 0 – Absent, Type 1 – Single Distal; Type 2 – Double Distal; Type 3 – 
Mesial and Distal Accessory Cusps. 

Arago Hominins 

 OES Accessory Cusps  

 Type 1 Type 0 Total 

 N % N % N % 

EDJ Accessory Cusps Type 1 1 100.0% 0 0.0% 1 50.0% 

Type 0 0 0.0% 1 100.0% 1 50.0% 

Total 1 100.0% 1 100.0% 2 100.0% 
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Table A2.2. 23: Frequency of Expression of Accessory Cusps on both the OES and EDJ of the P3s of Krapina Neanderthals. Type 0 – Absent, Type 1 – Single Distal; Type 2 – Double Distal; 
Type 3 – Mesial and Distal Accessory Cusps. 

Krapina Neanderthals 

 OES Accessory Cusps  

 Type 0 Total 

 N % N % 

EDJ Accessory Cusps Type 0 4 100.0% 4 100.0% 

Total 4 100.0% 4 100.0% 
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Table A2.2. 24: Frequency of Expression of Accessory Cusps on both the OES and EDJ of the P3s of Homo sapiens. Type 0 – Absent, Type 1 – Single Distal; Type 2 – Double Distal; Type 3 
– Mesial and Distal Accessory Cusps. 

 

Homo sapiens 
: 

 

 Type 0 Type 1 Type 2 Type 3 Total 

 N % N % N % N % N % 

EDJ Accessory Cusps Type 0 30 88.2% 1 7.7% 0 0.0% 0 0.0% 31 58.5% 

 Type 1 2 5.9% 12 92.3% 0 0.0% 0 0.0% 14 26.4% 

Type 2 1 2.9% 0 0.0% 5 100.0% 0 0.0% 6 11.3% 

Type 3 1 2.9% 0 0.0% 0 0.0% 1 100.0% 2 3.8% 

Total 34 100.0% 13 100.0% 5 100.0% 1 100.0% 53 100.0% 
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- Accessory DB Cuspulids: 

 
  

 

Table A2.2. 25: Frequency of Expression of Disto-Buccal Cuspulids on both the OES and EDJ of the P3s of SH Hominins. Scored as present/absent. 

SH Hominins 

 OES DB Cuspulids  

 Present Absent Total 

 N % N % N % 

EDJ DB Cuspulids Present 1 100.0% 8 72.7% 9 75.0% 

Absent 0 0.0% 3 27.3% 3 25.0% 

Total 1 100.0% 11 100.0% 12 100.0% 
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Table A2.2. 26: Frequency of Expression of Disto-Buccal Cuspulids on both the OES and EDJ of the P3s of Arago Hominins. Scored as present/absent. 

Arago Hominins 

 OES DB Cuspulids Total 

 Present  

 N % N % 

EDJ DB Cuspulids Present 2 100.0% 2 100.0% 

Total 2 100.0% 2 100.0% 
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Table A2.2. 27: Frequency of Expression of Disto-Buccal Cuspulids on both the OES and EDJ of the P3s of Krapina Neanderthals. Scored as present/absent. 

 

Krapina Neanderthals 

 OES DB Cuspulids  

 Absent Total 

 N % N % 

EDJ DB Cuspulids Present 2 50.0% 2 50.0% 

Absent 2 50.0% 2 50.0% 

Total 4 100.0% 4 100.0% 
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Table A2.2. 28: Frequency of Expression of Disto-Buccal Cuspulids on both the OES and EDJ of the P3s of Homo sapiens. Scored as present/absent. 

Homo sapiens 

 OES DB Cuspulids  

 Present Absent Total 

 N % N % N % 

EDJ DB Cuspulids Present 13 92.9% 21 53.8% 34 64.2% 

Absent 1 7.1% 18 46.2% 19 35.8% 

Total 14 100.0% 39 100.0% 53 100.0% 
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12.3. Appendix 3 
 

12.3.1. Appendix 3.1  
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Figure A3. 1: Two-dimensional values for lower third premolar crowns of sample hominins, and compared to the estimates from other fossil and contemporary human specimens/samples 
(See Table 2). From left to right: enamel area [c]) in LP3s; dentine and pulp area [b] in LP3;  enamel dentine junction length [e]  in LP3s; crown area [a] in LP3s; MH= recent modern humans 
(n=50); FHS = Fossil Homo sapiens = 3  [Grotte des Contrebandiers (Morocco; Late Pleistocene Homo sapiens) = 1, Qafzeh 15 (Israel; Late Pleistocene Homo sapiens) = 1, Jebel Irhoud 3 
(Morocco; Late Pleistocene Homo sapiens) = 1],  Neanderthals (n=8); Ara = Arago hominins (A71, A75); SH = Sima de los Huesos hominins (n=12); ERE = Homo erectus (Zhoukoudian PMU 
M3549; n=1); TD6 = Homo antecessor (Gran Dolina TD6; n=2); EHEA = Early Homo from east Africa (KNM-ER 1802 Kenya; n=1); EHSA = Early Homo from South Africa (SKX 21204, 
Swartkrans; n =1. 
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Figure A3. 2: Tooth crown tissue proportions and enamel thickness of lower third premolars of sample hominins, and compared to the estimates from other fossil and extant human 
specimens/samples. From left to right: enamel volume [Ve] in LP3s; dentine and pulp volume [Vcdp] in LP3s; EDJ surface area [SEDJ] in LP3s; crown volume [Vc] in LP3s. MH= recent 
modern humans (n=53); NEA= Neanderthals (Krapina; n=4); ARA = Arago hominins (n = 2); SH = Sima de los Huesos hominins (n=9);TH = Tighenif hominins (Algeria, north Africa; n=2) ERE 
= Homo erectus (Zhoukoudian PMU M3549; n=1); TD6 = Homo antecessor (Gran Dolina TD6; n=2); EHSA = Early Homo from south Africa (SKX 21204, Swartkrans; n = 1). 
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Figure A3. 3: lateral tooth crown tissue proportions and enamel thickness of lower third premolars of sample hominins, and compared to the estimates from other fossil and extant human 
specimens/samples. From left to right: lateral enamel volume [LVe] in LP3s; lateral dentine and pulp volume [LVcdp] in LP3s;lateral EDJ surface area [LSEDJ] in LP3s; lateral crown volume 
[LVc] in LP3s. MH= recent modern humans (n=53); NEA= Neanderthals (Krapina; n=4); ARA = Arago hominins (n = 2); SH = Sima de los Huesos hominins (n=9);TH = Tighenif hominins 
(Algeria, north Africa; n=2) ERE = Homo erectus (Zhoukoudian PMU M3549; n=1); TD6 = Homo antecessor (Gran Dolina TD6; n=2); EHSA = Early Homo from south Africa (SKX 21204, 
Swartkrans; n = 1). 
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Figure A3. 4: Percentage of crown which is enamel (light grey) and coronal dentine and pulp (dark grey) in 3D (column A) and 2D (column B) in SH Hominins (SH) (row 1), Neanderthals 
(NEA) (row 2), and modern humans (MH) (row 3). 
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12.4. Appendix 4 
 

12.4.1. Appendix 4.1  

 

 

2D: 

Number of Specimens: M:15; F:11 = 26 
 

3D: 

Number of Specimens: M: 13; F: 10 = 23 
 

L3D: 

Number of Specimens: M: 14; F: 12 = 26 
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Figure A4.1. 1: Plot demonstrating the slope and intercept values of males and females for [b] on [a]. For statistical results, refer Tables 8.8-8.9.  
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Figure A4.1. 2: Plot demonstrating the slope and intercept values of males and females for [c] on [e]. For statistical results, refer Tables 8.8-8.9. 
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Figure A4.1. 3: Plot demonstrating the slope and intercept values of males and females for [AET] on [b1/2]. For statistical results, refer Tables 8.8-8.9. 
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Figure A4.1. 4: Plot demonstrating the slope and intercept values of males and females for [Vcdp] on [Vc]. For statistical results, refer Tables 8.10-8.11. 
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Figure A4.1. 5: Plot demonstrating the slope and intercept values of males and females for [Ve] on [SEDJ]. For statistical results, refer Tables 8.10-8.11. 
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Figure A4.1. 6: Plot demonstrating the slope and intercept values of males and females for [AET] on [Vcdp1/3]. For statistical results, refer Tables 8.10-8.11. 
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Figure A4.1. 7: Plot demonstrating the slope and intercept values of males and females for [LVcdp] on [LVc]. For statistical results, refer Tables 8.12-8.13. 
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Figure A4.1. 8: Plot demonstrating the slope and intercept values of males and females for [LVe] on [LSEDJ]. For statistical results, refer Tables 8.12-8.13. 
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Figure A4.1. 9: Plot demonstrating the slope and intercept values of males and females for [LAET] on [LVcd1/3]. For statistical results, refer Tables 8.12-8.13. 
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Table A4.1. 1: Levene's test for equality of variance and t-test showing between-sex differences in the modern human sample in residuals from a regression on all ratio data. 2D:  b/a = 
dentine and pulp area [b] on crown area [a]; c/e = enamel area [c] on enamel dentine junction length [e]; AET/b = average enamel thickness [AET] on dentine and pulp area [b]. 3D: 
Vcdp/Vc = dentine and pulp volume [Vcdp] on crown volume [Vc]; Ve/SEDJ = enamel volume [Ve] on enamel dentine junction surface [SEDJ]; AET/Vcdp = average enamel thickness [AET] 
on dentine and pulp volume [Vcdp]; Lateral 3D: LVcdp/LVc = lateral dentine and pulp volume [LVcdp] on lateral crown volume [LVc]; LVe/LSEDJ = lateral enamel volume [LVe] on lateral 
enamel dentine junction surface [LSEDJ]; LAET/LVcdp = lateral average enamel thickness [AET] on lateral dentine and pulp volume [LVcdp]. 

Variables Levene’s Test for Equality of 

Variance 

t Sig. (2-tailed) 

b/a .414 -2.326 .029 

c/e .699 .920 .367 

AET/b .980 -1.342 .192 

    

Vcdp/Vc .504 

 

-1.894 .072 

Ve/SEDJ .158 .650 .522 

AET/Vcdp
 (1/3)

 .224 -.848 .406 

    

LVcdp/LVc .103 -1.726 .097 

LVe/LSEDJ .010 .356 .725 

LAET/LVcdp
 (1/3)

 0.61 .665 .512 
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Table A4.1. 2: Results of the Shapiro-Wilks test for normality between sex differences in the modern human sample in residuals from a regression on all ratio data. 2D:  b/a = dentine and 
pulp area [b] on crown area [a]; c/e = enamel area [c] on enamel dentine junction length [e]; AET/b = average enamel thickness [AET] on dentine and pulp area [b]. 3D: Vcdp/Vc = dentine 
and pulp volume [Vcdp] on crown volume [Vc]; Ve/SEDJ = enamel volume [Ve] on enamel dentine junction surface [SEDJ]; AET/Vcdp = average enamel thickness [AET] on dentine and pulp 
volume [Vcdp]; Lateral 3D: LVcdp/LVc = lateral dentine and pulp volume [LVcdp] on lateral crown volume [LVc]; LVe/LSEDJ = lateral enamel volume [LVe] on lateral enamel dentine 
junction surface [LSEDJ]; LAET/LVcdp = lateral average enamel thickness [AET] on lateral dentine and pulp volume [LVcdp]. 

 

 2D 3D L3D 

 Male Female Male Female Male Female 

b/a 0.615 0.094     

c/e 0.247 0.945     

AET/b 0.079 0.974     

      

Vcdp/Vc   0.165 0.822   

Ve/SEDJ   0.700 0.964   

AET/Vcdp
(1/3)

   0.255 0.729   

       

LVcdp/LVc     0.875 0.780 

LVe/LSEDJ     0.745 0.242 

LAET/LVcdp
(1/3)

     0.927 0.667 
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Table A4.1. 3: Descriptives of standardised residuals for the ratio data of the modern human sample. 2D:  b/a = dentine and pulp area [b] on crown area [a]; c/e = enamel area [c] on 
enamel dentine junction length [e]; AET/b = average enamel thickness [AET] on dentine and pulp area [b]. 3D: Vcdp/Vc = dentine and pulp volume [Vcdp] on crown volume [Vc]; Ve/SEDJ = 
enamel volume [Ve] on enamel dentine junction surface [SEDJ]; AET/Vcdp = average enamel thickness [AET] on dentine and pulp volume [Vcdp]; Lateral 3D: LVcdp/LVc = lateral dentine 
and pulp volume [LVcdp] on lateral crown volume [LVc]; LVe/LSEDJ = lateral enamel volume [LVe] on lateral enamel dentine junction surface [LSEDJ]; LAET/LVcdp = lateral average enamel 
thickness [AET] on lateral dentine and pulp volume [LVcdp]. 

Variables Sex N Mean Std. Dev. Std. Error Minimum Maximum 

b/a Male 15 .399 .921 .237 -1.150 2.151 

 Female 11 -.544 1.148 .346 -2.466 .994 

 Total 26 .000 1.108 .217 -2.466 2.151 

c/e Male 15 -.151 1.020 .263 -2.683 1.223 

 Female 11 .206 .927 .279 -1.615 1.650 

 Total 26 .000 .979 .192 -2.683 1.650 

AET/b Male 15 -.217 .948 .244 -2.629 1.006 

 Female 11 .296 .986 .297 -1.454 1.956 

 

 

Total 26 .000 .979 .192 -2.629 1.956 

Vcdp/Vc Male 13 .320 .965 .267 -.846 1.970 

 Female 10 -.416 .866 .273 -2.003 1.267 

 Total 23 .000 .977 .203 -2.003 1.970 

Ve/SEDJ Male 13 -.117 1.130 .313 -2.056 1.631 

) Female 10 .153 .7636 .241 -1.134 1.625 
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 Total 23 .000 .977 .203 -2.056 1.631 

AET/Vcdp (1/3) Male 13 -.156 1.069 .296 -1.842 1.123 

 Female 10 .204 .853 .269 -1.237 1.921 

 Total 23 .000 .977 .203 -1.842 1.921 

        

LVcdp/LVc Male 14 .295 1.14 .306 -1.676 2.451 

 Female 12 -.344 .623 .179 -1.430 1.055 

 Total 26 .000 .979 .1921 -1.676 2.451 

LVe/LSEDJ Male 14 -.064 1.241 .331 -1.821 2.569 

 Female 12 .075 .589 .170 -1.312 1.171 

 Total 26 .000 .979 .192 -1.821 2.569 

LAET/LVcdp (1/3) Male 14 -.146 1.188 .317 -1.982 1.935 

 Female 12 .171 .6738 .194 -1.194 1.482 

 Total 26 .000 .979 .192 -1.982 1.935 
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12.4.2.  Appendix 4.2 

 
 
 
 
 
 

2D:  
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Table A4.2. 1: Shapiro Wilk's test for Normality for the 2D variables between the three population 

Tests of Normality 

 

Population 

Shapiro-Wilk 

Statistic df Sig. 

c Madrid .987 26 .978 

Krapina .799 5 .080 

Sima .935 13 .398 

b Madrid .949 26 .222 

Krapina .986 5 .964 

Sima .973 13 .929 

a Madrid .954 26 .287 

Krapina .971 5 .883 

Sima .968 13 .876 

e Madrid .979 26 .862 

Krapina .993 5 .988 

Sima .916 13 .221 

b/a (%) Madrid .947 26 .192 

Krapina .998 5 .998 

Sima .955 13 .668 

AET Madrid .956 26 .324 

Krapina .915 5 .496 

Sima .925 13 .293 

RET Madrid .962 26 .440 

Krapina .994 5 .992 
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Table A4.2. 2: Levene's Test for Homogeneity of Variance in the 2D variables for the three populations 

               

 

                   Test for Homogeneity of Variance 
 

Levene Statistic 

based on mean df1 df2 Sig. 

c 1.014 2 41 .372 

b .241 2 41 .787 

a .497 2 41 .612 

e .311 2 41 .734 

b/a (%) .242 2 41 .786 

AET .308 2 41 .736 

RET .208 2 41 .813 

 

 

 

 

 

Sima .957 13 .714 

*. This is a lower bound of the true significance. 

a. Lilliefors Significance Correction 
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Table A4.2. 3: Descriptives of 2D variables of Population data 

Descriptives 

     95% Confidence Interval for Mean   

 N Mean Std. Deviation Std. Error Lower Bound Upper Bound Minimum Maximum 

c Madrid 26.000 14.537 1.947 .382 13.751 15.324 10.173 18.857 

Krapina 5.000 16.543 1.511 .676 14.668 18.419 13.950 17.883 

Sima 13.000 15.764 1.404 .389 14.916 16.613 13.629 17.780 

Total 44.000 15.128 1.880 .283 14.556 15.699 10.173 18.857 

b Madrid 26.000 29.668 4.010 .786 28.049 31.288 23.490 37.610 

Krapina 5.000 40.882 4.775 2.135 34.954 46.810 34.620 47.050 

Sima 13.000 31.845 3.957 1.097 29.454 34.236 23.970 39.860 

Total 44.000 31.586 5.304 .800 29.973 33.198 23.490 47.050 

a Madrid 26.000 44.205 5.452 1.069 42.003 46.407 34.950 54.990 

Krapina 5.000 57.424 4.972 2.224 51.250 63.598 51.700 64.930 

Sima 13.000 47.610 4.980 1.381 44.601 50.619 37.600 57.640 

Total 44.000 46.713 6.625 .999 44.699 48.727 34.950 64.930 

e Madrid 26.000 16.947 1.198 .235 16.463 17.431 14.594 19.275 

Krapina 5.000 19.429 1.060 .474 18.113 20.745 18.077 20.797 

Sima 13.000 18.056 1.038 .288 17.428 18.683 16.250 19.449 

Total 44.000 17.557 1.396 .210 17.132 17.981 14.594 20.797 

b/a (%) Madrid 26.000 67.072 2.617 .513 66.015 68.129 60.840 72.245 

Krapina 5.000 71.064 3.215 1.438 67.072 75.056 66.955 75.508 

Sima 13.000 66.779 2.125 .589 65.495 68.063 63.551 70.640 

Total 44.000 67.439 2.819 .425 66.582 68.296 60.840 75.508 

AET Madrid 26.000 .857 .087 .017 .821 .892 .612 1.000 

Krapina 5.000 .853 .084 .037 .749 .957 .719 .945 

Sima 13.000 .874 .067 .019 .833 .914 .750 1.008 

Total 44.000 .861 .080 .012 .837 .886 .612 1.008 
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RET Madrid 26.000 15.807 1.738 .341 15.105 16.509 11.895 20.000 

Krapina 5.000 13.434 1.933 .865 11.034 15.834 10.957 16.064 

Sima 13.000 15.558 1.459 .405 14.676 16.439 12.770 18.436 

Total 44.000 15.464 1.803 .272 14.915 16.012 10.957 20.000 

 

 

 
 
Table A4.2. 4: Analysis of Variance test between the three populations for the 2D variables 

ANOVA 

 

Sum of 

Squares df Mean Square F Sig. 

c Between Groups 24.34 2 12.173 3.913 .028 

Within Groups 127.55 41 3.111   

Total 151.90 43    

b Between Groups 528.54 2 264.274 15.911 .000 

Within Groups 681.004 41 16.610   

Total 1209.55 43    

a Between Groups 747.62 2 373.815 13.449 .000 

Within Groups 1139.62 41 27.796   

Total 1887.25 43    

e Between Groups 30.42 2 15.212 11.695 .000 

Within Groups 53.32 41 1.301   

Total 83.75 43    

Between Groups 74.87 2 37.439 5.754 .006 
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b/a 

(%) 

Within Groups 266.78 41 6.507   

Total 341.66 43    

AET Between Groups .003 2 .001 .212 .810 

Within Groups .274 41 .007   

Total .276 43    

RET Between Groups 23.78 2 11.89 4.201 .022 

Within Groups 116.05 41 2.83   

Total 139.83 43    
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Table A4.2. 5: Post hoc multiple comparisons indicating significant difference between groups 

Multiple Comparisons 

Tukey HSD   

Dependent Variable (I) Population (J) Population 

Mean 

Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

c Madrid Krapina -2.00 .86 .063 -4.10 .088 

Sima -1.22 .59 .114 -2.68 .23 

Krapina Madrid 2.00 .86 .063 -.08 4.10 

Sima .77 .92 .681 -1.47 3.03 

Sima Madrid 1.22 .59 .114 -.23 2.68 

Krapina -.77 .92 .681 -3.03 1.47 

b Madrid Krapina -11.21 1.99 .000 -16.05 -6.37 

Sima -2.17 1.38 .269 -5.54 1.19 

Krapina Madrid 11.21 1.99 .000 6.37 16.05 

Sima 9.03 2.14 .000 3.82 14.25 

Sima Madrid 2.17 1.38 .269 -1.19 5.54 

Krapina -9.03 2.14 .000 -14.25 -3.82 

a Madrid Krapina -13.21 2.57 .000 -19.47 -6.95 

Sima -3.40 1.79 .151 -7.75 .94 

Krapina Madrid 13.21 2.57 .000 6.95 19.47 

Sima 9.81 2.77 .003 3.06 16.56 

Sima Madrid 3.40 1.79 .151 -.949 7.75 

Krapina -9.81 2.77 .003 -16.56 -3.06 
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e Madrid Krapina -2.48 .55 .000 -3.83 -1.12 

Sima -1.10 .38 .018 -2.05 -.16 

Krapina Madrid 2.4818000* .5569293 .000 1.127542 3.83 

Sima 1.3732615 .6001647 .069 -.086130 2.83 

Sima Madrid 1.1085385* .3874047 .018 .166506 2.05 

Krapina -1.3732615 .6001647 .069 -2.832653 .086 

b/a (%) Madrid Krapina -3.9922236* 1.2456607 .007 -7.021236 -.96 

Sima .2930928 .8664920 .939 -1.813913 2.40 

Krapina Madrid 3.9922236* 1.2456607 .007 .963212 7.02 

Sima 4.2853164* 1.3423636 .007 1.021157 7.54 

Sima Madrid -.2930928 .8664920 .939 -2.400099 1.81 

Krapina -4.2853164* 1.3423636 .007 -7.549476 -1.02 

AET Madrid Krapina .00391 .03989 .995 -.0931 .1009 

Sima -.01675 .02775 .819 -.0842 .0507 

Krapina Madrid -.00391 .03989 .995 -.1009 .0931 

Sima -.02066 .04299 .881 -.1252 .0839 

Sima Madrid .01675 .02775 .819 -.0507 .0842 

Krapina .02066 .04299 .881 -.0839 .1252 

RET Madrid Krapina 2.37318* .82158 .017 .3754 4.3710 

Sima .24944 .57150 .901 -1.1402 1.6391 

Krapina Madrid -2.37318* .82158 .017 -4.3710 -.3754 

Sima -2.12375 .88536 .054 -4.2766 .0291 

Sima Madrid -.24944 .57150 .901 -1.6391 1.1402 

Krapina 2.12375 .88536 .054 -.0291 4.2766 
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*. The mean difference is significant at the 0.05 level. 

 

 
 
 

3D: 
 

 

Table A4.2. 6: Shapiro Wilk's test for Normality for the 3D variables between the three populations 

 

Tests of Normality 

 

Population 

Shapiro-Wilk 

Statistic df Sig. 

Ve Madrid .908 23 .037 

Sima .959 12 .763 

Krapina .976 4 .878 

Vcdp Madrid .939 23 .173 

Sima .960 12 .787 

Krapina .657 4 .003 

Vc Madrid .934 23 .133 

Sima .983 12 .993 
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Krapina .851 4 .229 

SEDJ Madrid .954 23 .347 

Sima .961 12 .800 

Krapina .974 4 .866 

Vcdp/Vc (%) Madrid .950 23 .289 

Sima .955 12 .715 

Krapina .910 4 .483 

AET Madrid .972 23 .728 

Sima .961 12 .804 

Krapina .827 4 .161 

RET Madrid .959 23 .445 

Sima .951 12 .648 

Krapina .898 4 .423 

*. This is a lower bound of the true significance. 

a. Lilliefors Significance Correction 

 

 
 

 

 

 

 



 

 
 
 
 
 

541 

 

 

 
  

Table A4.2. 7: Levene's Test for Homogeneity of Variance in the 3D variables for the three populations 

Test of Homogeneity of Variances 

 Levene Statistic based on Means df1 df2 Sig. 

Ve .226 2 36 .799 

Vcdp .252 2 36 .779 

Vc .062 2 36 .940 

SEDJ .007 2 36 .993 

Vcdp/Vc (%) 2.268 2 36 .118 

AET 2.512 2 36 .095 

RET 1.992 2 36 .151 
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Table A4.2. 8: Descriptives of 3D variables of Population data 

Descriptives 

     

95% Confidence Interval for 

Mean   

 N Mean Std. Deviation Std. Error Lower Bound Upper Bound Minimum Maximum 

Ve Madrid 23.000 89.145 18.128 3.780 81.306 96.984 64.370 143.880 

Sima 12.000 114.870 13.946 4.026 106.009 123.731 90.270 139.690 

Krapina 4.000 134.545 18.395 9.198 105.274 163.816 113.880 158.400 

Total 39.000 101.717 23.173 3.711 94.205 109.229 64.370 158.400 

Vcdp Madrid 23.000 90.142 15.881 3.311 83.274 97.009 65.040 131.160 

Sima 12.000 121.783 17.354 5.010 110.757 132.810 90.780 150.640 

Krapina 4.000 176.865 20.770 10.385 143.816 209.914 165.940 208.000 

Total 39.000 108.772 31.920 5.111 98.425 119.119 65.040 208.000 

Vc Madrid 23.000 179.288 32.544 6.786 165.215 193.361 132.020 275.040 

Sima 12.000 236.650 30.702 8.863 217.143 256.157 181.050 290.320 

Krapina 4.000 311.410 37.935 18.968 251.047 371.773 279.870 366.400 

Total 39.000 210.489 53.638 8.589 193.101 227.877 132.020 366.400 

SEDJ Madrid 23.000 94.679 11.160 2.327 89.853 99.505 76.940 122.750 
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Sima 12.000 117.357 11.081 3.199 110.316 124.397 98.350 135.530 

Krapina 4.000 156.480 10.798 5.399 139.298 173.662 144.150 168.520 

Total 39.000 107.995 22.345 3.578 100.752 115.239 76.940 168.520 

Vcdp/Vc (%) Madrid 23.000 50.383 2.844 .593 49.153 51.613 44.500 55.540 

Sima 12.000 51.401 1.349 .390 50.543 52.258 49.550 54.020 

Krapina 4.000 56.840 1.757 .878 54.044 59.636 55.270 59.310 

Total 39.000 51.358 3.032 .486 50.375 52.341 44.500 59.310 

AET Madrid 23.000 .937 .111 .023 .889 .985 .760 1.170 

Sima 12.000 .976 .053 .015 .942 1.010 .870 1.050 

Krapina 4.000 .860 .113 .057 .680 1.040 .700 .940 

Total 39.000 .941 .100 .016 .909 .974 .700 1.170 

RET Madrid 23.000 20.968 2.279 .475 19.983 21.954 16.740 25.960 

Sima 12.000 19.779 1.045 .302 19.116 20.443 17.930 21.330 

Krapina 4.000 15.345 1.801 .900 12.480 18.210 12.810 17.060 

Total 39.000 20.026 2.538 .406 19.203 20.848 12.810 25.960 
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Table A4.2. 9: Analysis of Variance test between the three populations for the 3D variables 

ANOVA 

 

Sum of 

Squares df 

Mean 

Square F Sig. 

Ve Between 

Groups 

10021.871 2 5010.93 17.37 .000 

Within Groups 10383.894 36 288.44   

Total 20405.764 38    

Vcdp Between 

Groups 

28561.156 2 14280.57 50.62 .000 

Within Groups 10155.319 36 282.09   

Total 38716.476 38    

Vc Between 

Groups 

71343.149 2 35671.57 33.80 .000 

Within Groups 37985.861 36 1055.16   

Total 109329.010 38    

SEDJ Between 

Groups 

14533.322 2 7266.66 58.91 .000 

Within Groups 4440.380 36 123.34   

Total 18973.702 38    

Vcdp_V

c 

Between 

Groups 

142.113 2 71.05 12.34 .000 
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Within Groups 207.291 36 5.75   

Total 349.404 38    

AET Between 

Groups 

.041 2 .021 2.17 .129 

Within Groups .341 36 .009   

Total .382 38    

RET Between 

Groups 

108.79 2 54.399 14.39 .000 

Within Groups 136.009 36 3.77   

Total 244.80 38    

 

 
 
 
 

 

 

Table A4.2. 10: Welch statistic for equality of means for the 3D variables 

Robust Tests of Equality of Means 

 Welch Statistica df1 df2 Sig. 

Ve 15.624 2 8.278 .002 

Vcdp 36.493 2 7.777 .000 
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Vc 26.798 2 8.016 .000 

SEDJ 56.492 2 8.428 .000 

Vcdp/Vc 

(%) 

18.473 2 9.017 .001 

AET 2.367 2 7.962 .156 

RET 14.126 2 8.313 .002 

a. Asymptotically F distributed. 

 

 
 
 

Table A4.2. 11: Post hoc multiple comparisons indicating significant difference between groups 

Multiple Comparisons 

Tukey HSD   

Dependent Variable (I) Population (J) Population 

Mean 

Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

Ve Madrid Sima -25.72478* 6.04795 .000 -40.5078 -10.9418 

Krapina -45.39978* 9.20061 .000 -67.8888 -22.9107 

Sima Madrid 25.72478* 6.04795 .000 10.9418 40.5078 

Krapina -19.67500 9.80547 .125 -43.6425 4.2925 

Krapina Madrid 45.39978* 9.20061 .000 22.9107 67.8888 
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Sima 19.67500 9.80547 .125 -4.2925 43.6425 

Vcdp Madrid Sima -31.64159* 5.98102 .000 -46.2610 -17.0222 

Krapina -86.72326* 9.09879 .000 -108.9634 -64.4831 

Sima Madrid 31.64159* 5.98102 .000 17.0222 46.2610 

Krapina -55.08167* 9.69694 .000 -78.7839 -31.3795 

Krapina Madrid 86.72326* 9.09879 .000 64.4831 108.9634 

Sima 55.08167* 9.69694 .000 31.3795 78.7839 

Vc Madrid Sima -57.36174* 11.56749 .000 -85.6361 -29.0874 

Krapina -132.12174* 17.59737 .000 -175.1349 -89.1085 

Sima Madrid 57.36174* 11.56749 .000 29.0874 85.6361 

Krapina -74.76000* 18.75422 .001 -120.6009 -28.9191 

Krapina Madrid 132.12174* 17.59737 .000 89.1085 175.1349 

Sima 74.76000* 18.75422 .001 28.9191 120.6009 

SEDJ Madrid Sima -22.67797* 3.95493 .000 -32.3450 -13.0110 

Krapina -61.80130* 6.01654 .000 -76.5075 -47.0951 

Sima Madrid 22.67797* 3.95493 .000 13.0110 32.3450 

Krapina -39.12333* 6.41207 .000 -54.7963 -23.4503 

Krapina Madrid 61.80130* 6.01654 .000 47.0951 76.5075 

Sima 39.12333* 6.41207 .000 23.4503 54.7963 

Vcdp/Vc (%) Madrid Sima -1.01822 .85451 .466 -3.1069 1.0705 
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Krapina -6.45739* 1.29995 .000 -9.6349 -3.2799 

Sima Madrid 1.01822 .85451 .466 -1.0705 3.1069 

Krapina -5.43917* 1.38541 .001 -8.8255 -2.0528 

Krapina Madrid 6.45739* 1.29995 .000 3.2799 9.6349 

Sima 5.43917* 1.38541 .001 2.0528 8.8255 

AET Madrid Sima -.03844 .03463 .514 -.1231 .0462 

Krapina .07739 .05269 .318 -.0514 .2062 

Sima Madrid .03844 .03463 .514 -.0462 .1231 

Krapina .11583 .05615 .112 -.0214 .2531 

Krapina Madrid -.07739 .05269 .318 -.2062 .0514 

Sima -.11583 .05615 .112 -.2531 .0214 

RET Madrid Sima 1.18909 .69217 .212 -.5028 2.8810 

Krapina 5.62326* 1.05298 .000 3.0495 8.1971 

Sima Madrid -1.18909 .69217 .212 -2.8810 .5028 

Krapina 4.43417* 1.12220 .001 1.6912 7.1772 

Krapina Madrid -5.62326* 1.05298 .000 -8.1971 -3.0495 

Sima -4.43417* 1.12220 .001 -7.1772 -1.6912 

*. The mean difference is significant at the 0.05 level. 
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L3D: 
 

 

Table A4.2. 12: Shapiro Wilk's test for Normality for the LET variables between the three populations 

Tests of Normality 

 

Population 

Shapiro-Wilk 

Statistic df Sig. 

LVe Madrid .936 26 .109 

Krapina .940 8 .613 

Sima .957 13 .705 

LVcdp Madrid .969 26 .588 

Krapina .862 8 .126 

Sima .938 13 .430 

LVc Madrid .963 26 .446 

Krapina .904 8 .315 

Sima .960 13 .753 

LSEDJ Madrid .963 26 .447 
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Krapina .986 8 .987 

Sima .970 13 .897 

LVcdp/LVc (%) Madrid .976 26 .789 

Krapina .892 8 .245 

Sima .963 13 .793 

LAET Madrid .979 26 .862 

Krapina .941 8 .616 

Sima .961 13 .768 

LRET Madrid .953 26 .277 

Krapina .962 8 .830 

Sima .965 13 .824 

*. This is a lower bound of the true significance. 

a. Lilliefors Significance Correction 
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Table A4.2. 13: Levene's Test for Homogeneity of Variance in the LET variables for the three populations 

Test of Homogeneity of Variances 

 Levene Statistic df1 df2 Sig. 

LVe 1.262 2 44 .293 

LVcdp 1.407 2 44 .256 

LVc 1.196 2 44 .312 

LVcdp/LVc 

(%) 

1.738 2 44 .188 

LSEDJ 1.316 2 44 .279 

LAET 2.530 2 44 .091 

LRET 3.787 2 44 .030 
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Table A4.2. 14: Descriptives of L3D variables of Population data 

Descriptives 

     

95% Confidence Interval for 

Mean   

 N Mean Std. Deviation Std. Error Lower Bound Upper Bound Minimum Maximum 

LVe Madrid 26.000 23.515 6.942 1.361 20.711 26.319 14.170 49.560 

Krapina 8.000 37.531 10.847 3.835 28.463 46.599 23.130 52.590 

Sima 13.000 30.799 5.164 1.432 27.678 33.920 23.570 40.420 

Total 47.000 27.915 8.968 1.308 25.282 30.548 14.170 52.590 

LVcdp Madrid 26.000 64.198 13.313 2.611 58.821 69.576 38.460 102.796 

Krapina 8.000 134.953 31.503 11.138 108.615 161.290 108.070 203.100 

Sima 13.000 86.068 10.418 2.889 79.773 92.364 64.900 108.340 

Total 47.000 82.291 30.774 4.489 73.255 91.326 38.460 203.100 

LVc Madrid 26.000 87.713 19.332 3.791 79.905 95.521 53.700 152.350 

Krapina 8.000 172.485 40.264 14.235 138.824 206.146 131.200 255.690 

Sima 13.000 116.867 14.320 3.972 108.213 125.521 88.470 144.620 

Total 47.000 110.206 38.423 5.605 98.924 121.487 53.700 255.690 

LSEDJ Madrid 26.000 48.647 7.575 1.486 45.587 51.707 31.210 69.650 

Krapina 8.000 76.956 15.499 5.480 63.999 89.913 54.940 106.570 

Sima 13.000 56.089 5.869 1.628 52.543 59.636 46.940 67.810 

Total 47.000 55.524 13.544 1.976 51.547 59.501 31.210 106.570 

LVcdp/LVc (%) Madrid 26.000 73.362 3.135 .615 72.096 74.628 67.470 81.070 

Krapina 8.000 78.792 4.109 1.453 75.358 82.227 74.200 84.880 

Sima 13.000 73.701 2.393 .664 72.255 75.147 68.330 77.620 

Total 47.000 74.380 3.675 .536 73.301 75.459 67.470 84.880 
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LAET Madrid 26.000 .478 .076 .015 .448 .509 .330 .710 

Krapina 8.000 .486 .096 .034 .406 .566 .330 .610 

Sima 13.000 .545 .047 .013 .517 .574 .480 .630 

Total 47.000 .498 .078 .011 .476 .521 .330 .710 

LRET Madrid 26.000 12.000 1.729 .339 11.302 12.699 8.330 15.190 

Krapina 8.000 9.541 1.884 .666 7.967 11.116 6.700 12.100 

Sima 13.000 12.398 .962 .267 11.817 12.980 10.980 14.200 

Total 47.000 11.692 1.845 .269 11.150 12.234 6.700 15.190 

 
 

 

Table A4.2. 15: Analysis of Variance test between the three populations for the LET variables  

ANOVA 

 

Sum of 

Squares df Mean Square F Sig. 

LVe Between Groups .308 2 .154 13.374 .000 

Within Groups .507 44 .012   

Total .816 46    

LVcdp Between Groups .667 2 .334 50.238 .000 

Within Groups .292 44 .007   

Total .959 46    

LVc Between Groups .565 2 .282 40.660 .000 

Within Groups .305 44 .007   

Total .870 46    
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LVcdp_LVc Between Groups .006 2 .003 9.266 .000 

Within Groups .014 44 .000   

Total .021 46    

LSEDJ Between Groups .240 2 .120 27.165 .000 

Within Groups .195 44 .004   

Total .435 46    

LAET Between Groups .033 2 .017 3.895 .028 

Within Groups .189 44 .004   

Total .222 46    

LRET Between Groups .081 2 .040 10.203 .000 

Within Groups .174 44 .004   

Total .255 46    
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Table A4.2. 16: Welch statistic for equality of means for the LET variables 

Robust Tests of Equality of Means 

 Welch Statistic df1 df2 Sig. 

LVe 12.118 2 17.581 .000 

LVcdp 41.147 2 18.005 .000 

LVc 33.880 2 18.016 .000 

LVcdp_LVc 6.184 2 17.199 .009 

LSEDJ 18.534 2 17.255 .000 

LAET 6.731 2 17.002 .007 

LRET 6.699 2 16.900 .007 

a. Asymptotically F distributed. 
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Table A4.2. 17: Post hoc multiple comparisons indicating significant difference between groups 

Multiple Comparisons 

Games-Howell   

Dependent Variable (I) Population (J) Population 

Mean 

Difference (I-

J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

LVe Madrid Krapina -.20181* .05097 .006 -.3403 -.0633 

Sima -.12682* .03019 .001 -.2008 -.0529 

Krapina Madrid .20181* .05097 .006 .0633 .3403 

Sima .07498 .05007 .334 -.0628 .2127 

Sima Madrid .12682* .03019 .001 .0529 .2008 

Krapina -.07498 .05007 .334 -.2127 .0628 

LVcdp Madrid Krapina -.32254* .03658 .000 -.4207 -.2244 

Sima -.13312* .02301 .000 -.1894 -.0769 

Krapina Madrid .32254* .03658 .000 .2244 .4207 

Sima .18942* .03539 .001 .0925 .2863 

Sima Madrid .13312* .02301 .000 .0769 .1894 

Krapina -.18942* .03539 .001 -.2863 -.0925 

LVc Madrid Krapina -.29396* .03735 .000 -.3941 -.1938 
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Sima -.13095* .02351 .000 -.1885 -.0734 

Krapina Madrid .29396* .03735 .000 .1938 .3941 

Sima .16302* .03610 .003 .0642 .2619 

Sima Madrid .13095* .02351 .000 .0734 .1885 

Krapina -.16302* .03610 .003 -.2619 -.0642 

LVcdp/LVc (%) Madrid Krapina -.03088* .00874 .014 -.0548 -.0069 

Sima -.00216 .00535 .914 -.0153 .0110 

Krapina Madrid .03088* .00874 .014 .0069 .0548 

Sima .02871* .00888 .021 .0045 .0529 

Sima Madrid .00216 .00535 .914 -.0110 .0153 

Krapina -.02871* .00888 .021 -.0529 -.0045 

LSEDJ Madrid Krapina -.19688* .03322 .000 -.2880 -.1058 

Sima -.06485* .01836 .003 -.1098 -.0199 

Krapina Madrid .19688* .03322 .000 .1058 .2880 

Sima .13203* .03277 .007 .0412 .2228 

Sima Madrid .06485* .01836 .003 .0199 .1098 

Krapina -.13203* .03277 .007 -.2228 -.0412 

LAET Madrid Krapina -.00430 .03451 .991 -.0996 .0910 

Sima -.06056* .01684 .003 -.1017 -.0194 

Krapina Madrid .00430 .03451 .991 -.0910 .0996 
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Sima -.05625 .03344 .266 -.1507 .0382 

Sima Madrid .06056* .01684 .003 .0194 .1017 

Krapina .05625 .03344 .266 -.0382 .1507 

LRET Madrid Krapina .10268* .03366 .032 .0096 .1958 

Sima -.01755 .01583 .515 -.0562 .0211 

Krapina Madrid -.10268* .03366 .032 -.1958 -.0096 

Sima -.12022* .03250 .014 -.2125 -.0280 

Sima Madrid .01755 .01583 .515 -.0211 .0562 

Krapina .12022* .03250 .014 .0280 .2125 

*. The mean difference is significant at the 0.05 level. 
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12.4.3. Appendix 4.3 

 

b/a 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A4.3. 1: Plot demonstrating the slope and intercept values between populations for [b] on [a]. Red = Krapina Neanderthals, Blue = Modern Humans, Green = SH hominins. For 
statistical results, refer Tables 8.14-8.15. 
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- Simple Linear Regression: 

 

 

Table A4.3. 1: Model summary of simple linear regression for b/a ratio data with 'a' as Predictor 

 

Model Summaryb 

Model R R Square 

Adjusted R 

Square 

Std. Error of 

the Estimate 

1 .97a .95 .94 1.20 

a. Predictors: (Constant), a 

b. Dependent Variable: b 
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Table A4.3. 2: Coefficients table for b/a ratio data with 'b' as dependent variable 

Coefficientsa 

Model 

Unstandardized     

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) -4.86 1.30  -3.72 .001 

a .78 .02 .97 28.20 .000 

a. Dependent Variable: b 

 

 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 

562 

 
 
 

Table A4.3. 3: Residual statistics for b/a ratio data with 'b' as dependent variable and 'a' as predictor 

 

Residuals Statisticsa 

 Minimum Maximum Mean Std. Deviation N 

Predicted Value 22.40 45.79 31.58 5.16 44 

Residual -2.19 3.42 .00 1.18 44 

Std. Predicted Value -1.77 2.75 .00 1.00 44 

Std. Residual -1.82 2.85 .00 .98 44 

a. Dependent Variable: b 
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- Residual Statistics: 

 

 

 

Table A4.3. 4: Descriptives for population residuals 

Descriptives 

Standardized Residual   

 N Mean Std. Deviation Std. Error 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

Madrid 26 .033 .98 .19 -.36 .42 -1.82 2.28 

Krapina 5 .78 1.32 .59 -.86 2.43 -.71 2.85 

Sima 13 -.36 .71 .19 -.79 .06 -1.63 1.03 

Total 44 .00 .98 .14 -.30 .30 -1.82 2.85 
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Table A4.3. 5: ANOVA showing between group variances 

ANOVA 

Standardized Residual   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 4.831 2 2.416 2.665 .082 

Within Groups 37.169 41 .907   

Total 42.000 43    
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c/e 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A4.3. 2: Plot demonstrating the slope and intercept values between populations for [c] on [e]. Red = Krapina Neanderthals, Blue = Modern Humans, Green = SH hominins. For 
statistical results, refer Tables 8.14-8.15. 
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- Simple linear regression: 

 
 

 

Table A4.3. 6: Model summary of simple linear regression for c/e ratio data with 'e' as Predictor 

Model Summaryb 

Model R R Square 

Adjusted R 

Square 

Std. Error of 

the Estimate 

1 .67a .45 .43 1.41 

a. Predictors: (Constant), e 

b. Dependent Variable: c 
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Table A4.3. 7: Coefficients table for c/e ratio data with 'c' as dependent variable 

Coefficientsa 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) -.73 2.71  -.27 .789 

e .90 .15 .67 5.86 .000 

a. Dependent Variable: c 

 
 
 

Table A4.3. 8: Residual statistics for c/e ratio data with 'c' as dependent variable and 'e' as predictor 

Residuals Statisticsa 

 Minimum Maximum Mean Std. Deviation N 

Predicted Value 12.45 18.05 15.12 1.26 44 

Residual -4.10 2.52 .00 1.39 44 

Std. Predicted Value -2.12 2.32 .00 1.00 44 

Std. Residual -2.91 1.78 .00 .98 44 

a. Dependent Variable: c 
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- Residual Statistics: 

 
 

 

Table A4.3. 9: Descriptives for population residuals 

Descriptives 

Standardized Residual   

 N Mean Std. Deviation Std. Error 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

Madrid 26 -.02 1.04 .20 -.45 .39 -2.91 1.62 

Krapina 5 -.19 1.13 .50 -1.61 1.21 -2.02 1.05 

Sima 13 .13 .85 .23 -.38 .65 -1.55 1.78 

Total 44 .00 .98 .14 -.30 .30 -2.91 1.78 
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Table A4.3. 10:  ANOVA showing between group variances 

ANOVA 

Standardized Residual   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups .437 2 .218 .215 .807 

Within Groups 41.563 41 1.014   

Total 42.000 43    
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AET/b(1/2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A4.3. 3: Plot demonstrating the slope and intercept values between populations for [AET] on [b1/2]. Red = Krapina Neanderthals, Blue = Modern Humans, Green = SH hominins. For 
statistical results, refer Tables 8.14-8.15. 
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- Simple linear regression: 

 

 

 

 

Table A4.3. 11: Model summary of simple linear regression for AET/b ratio data with 'b' as Predictor 

Model Summaryb 

Model R R Square 

Adjusted R 

Square 

Std. Error of 

the Estimate 

1 .092a .008 -.015 .08 

a. Predictors: (Constant), b
(1/2)

 

b. Dependent Variable: AET 
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Table A4.3. 12: Coefficients table for AET/b ratio data with 'AET' as dependent variable 

Coefficientsa 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) .772 .150  5.153 .000 

b
(1/2)

 .016 .027 .092 .596 .554 

a. Dependent Variable: AET 
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- Residuals Statistics: 

 

 
 

Table A4.3. 13: Residual statistics for AET/b ratio data with 'b' as dependent variable and 'b' as predictor 

Residuals Statisticsa 

 Minimum Maximum Mean Std. Deviation N 

Predicted Value .8493 .8813 .8613 .00735 44 

Residual -.24198 .14924 .00000 .07985 44 

Std. Predicted Value -1.634 2.722 .000 1.000 44 

Std. Residual -2.995 1.847 .000 .988 44 

a. Dependent Variable: AET 

 

 



 

 
 
 
 
 

574 

 
 
 
 
 
 
 

Table A4.3. 14: Descriptives for population residuals 

Descriptives 

Standardized Residual   

 N Mean Std. Deviation Std. Error 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

Madrid 26 -.0230026 1.06730173 .20931509 -.4540951 .4080899 -2.99500 1.83487 

Krapina 5 -.2583456 1.08033736 .48314155 -1.5997616 1.0830704 -1.95482 .98172 

Sima 13 .1453690 .82819951 .22970122 -.3551070 .6458449 -1.43168 1.84712 

Total 44 .0000000 .98830369 .14899239 -.3004718 .3004718 -2.99500 1.84712 
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Table A4.3. 15: ANOVA showing between group variances 

ANOVA 

Standardized Residual   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups .622 2 .311 .308 .736 

Within Groups 41.37 41 1.00   

Total 42.00 43    
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Vcdp/Vc 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4.3. 4: Plot demonstrating the slope and intercept values between populations for [Vcdp] on [Vc]. Red = Krapina Neanderthals, Blue = Modern Humans, Green = SH hominins. For 
statistical results, refer Tables 8.16-8.17. 
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- Simple linear regression: 

 
 

 

Table A4.3. 16: Model summary of simple linear regression for Vcdp/Vc ratio data with 'Vc' as Predictor 

Model Summary 

Model R R Square 

Adjusted R 

Square 

Std. Error of 

the Estimate 

1 .98a .96 .96 6.28 

a. Predictors: (Constant), Vc 

b. Dependent Variable: Vcdp 
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Table A4.3. 17: Coefficients table for Vcdp/Vc ratio data with 'Vcdp' as dependent variable 

 

Coefficients 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) -14.10 4.12  -3.42 .002 

Vc .58 .01 .98 30.72 .000 

a. Dependent Variable: Vcdp 
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Table A4.3. 18: Residual statistics for Vcdp/Vc ratio data with 'Vcdp' as dependent variable and 'Vc' as predictor 

 

Residuals Statistics 

 Minimum Maximum Mean Std. Deviation N 

Predicted Value 62.96 199.78 108.77 31.31 39 

Residual -15.29 16.71 .00 6.19 39 

Std. Predicted Value -1.46 2.90 .00 1.00 39 

Std. Residual -2.43 2.66 .00 .98 39 

a. Dependent Variable: Vcdp 

 

 

 



 

 
 
 
 
 

580 

 

 

 

 

 

 

- Residual Statistics: 

 

 

 

Table A4.3. 19: Descriptives for population residuals 

Descriptives 

Standardized Residual   

 N Mean Std. Deviation Std. Error 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

Madrid 23 -.06 .99 .20 -.49 .36 -2.43 1.52 

Sima 12 -.35 .49 .14 -.67 -.04 -1.09 .41 

Krapina 4 1.46 .83 .41 .13 2.78 .74 2.66 

Total 39 .00 .98 .15 -.31 .319 -2.43 2.66 
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Table A4.3. 20: ANOVA showing between group variances 

ANOVA 

Standardized Residual   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 10.19 2 5.09 6.84 .003 

Within Groups 26.80 36 .74   

Total 37.0 38    
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Table A4.3. 21: Tukey HSD post-hoc test showing population differences 

Multiple Comparisons 

Dependent Variable:   Standardized Residual   

 

(I) Population (J) Population 

Mean 

Difference (I-

J) Std. Error Sig. 

95% Confidence Interval 

 

Lower Bound Upper Bound 

Tukey HSD Madrid Sima .293 .30 .610 -.45 1.04 

Krapina -1.52* .46 .007 -2.67 -.38 

Sima Madrid -.29 .30 .610 -1.04 .45 

Krapina -1.82* .49 .002 -3.03 -.60 

Krapina Madrid 1.52* .46 .007 .38 2.67 

Sima 1.82* .49 .002 .60 3.03 

*. The mean difference is significant at the 0.05 level. 
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Ve/SEDJ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A4.3. 5: Plot demonstrating the slope and intercept values between populations for [Ve] on [SEDJ]. Red = Krapina Neanderthals, Blue = Modern Humans, Green = SH hominins. For 
statistical results, refer Tables 8.16-8.17. 
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- Simple linear regression: 

 

 
  

 

Table A4.3. 22: Model summary of simple linear regression for Ve/SEDJ ratio data with 'SEDJ' as Predictor 

Model Summary 

Model R R Square 

Adjusted R 

Square 

Std. Error of 

the Estimate 

1 .87 .75 .75 11.52 

a. Predictors: (Constant), SEDJ 

b. Dependent Variable: Ve 
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Table A4.3. 23: Coefficients table for Ve/SEDJ ratio data with 'Ve' as dependent variable 

Coefficients 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) 4.12 9.22  .44 .657 

SEDJ .90 .08 .87 10.80 .000 

a. Dependent Variable: Ve 

 

 
Table A4.3. 24: Residual statistics for Ve/SEDJ ratio data with ‘Ve' as dependent variable and 'SEDJ' as predictor 

Residuals Statisticsa 

 Minimum Maximum Mean Std. Deviation N 

Predicted Value 73.65 156.41 101.71 20.19 39 

Residual -36.42 28.82 .00 11.36 39 

Std. Predicted Value -1.39 2.70 .00 1.00 39 

Std. Residual -3.16 2.50 .00 .98 39 

a. Dependent Variable: Ve 
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- Residual statistics: 

 
  

Table A4.3. 25: Descriptives for population residuals 

Descriptives 

Standardized Residual   

 N Mean Std. Deviation Std. Error 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

Madrid 23 -.04 .97 .20 -.46 .37 -1.59 2.50 

Sima 12 .40 .54 .15 .057 .75 -.63 1.13 

Krapina 4 -.95 1.55 .77 -3.42 1.52 -3.16 .17 

Total 39 .00 .98 .15 -.31 .319 -3.16 2.50 
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Table A4.3. 26: ANOVA showing between group variances 

ANOVA 

Standardized Residual   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 5.677 2 2.839 3.263 .050 

Within Groups 31.323 36 .870   

Total 37.000 38    
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Table A4.3. 27: Tukey HSD post-hoc test showing population differences 

Multiple Comparisons 

Dependent Variable:   Standardized Residual   

 

(I) Population (J) Population 

Mean 

Difference (I-

J) Std. Error Sig. 

95% Confidence Interval 

 
Lower Bound Upper Bound 

Tukey HSD Madrid Sima -.45 .33 .369 -1.26 .35 

Krapina .90 .50 .186 -.32 2.14 

Sima Madrid .45 .33 .369 -.35 1.26 

Krapina 1.36* .53 .041 .04 2.67 

Krapina Madrid -.90 .50 .186 -2.14 .32 

Sima -1.36* .53 .041 -2.67 -.04 

*. The mean difference is significant at the 0.05 level. 
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AET/Vcdp(1/3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A4.3. 6: Plot demonstrating the slope and intercept values between populations for [AET] on [Vcdp1/3]. Red = Krapina Neanderthals, Blue = Modern Humans, Green = SH hominins. 
For statistical results, refer Tables 8.16-8.17. 
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- Simple linear regression: 

 
 

 
Table A4.3. 28: Model summary of simple linear regression for AET/Vcdp ratio data with 'AET' as Predictor 

Model Summaryb 

Model R R Square 

Adjusted R 

Square 

Std. Error of 

the Estimate 

1 .100 .010 -.017 .101 

a. Predictors: (Constant), Vcdp(1/3) 

b. Dependent Variable: AET 
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Table A4.3. 29: Coefficients table for AET/Vcdp ratio data with 'Vcdp' as dependent variable 

Coefficientsa 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) .834 .176  4.727 .000 

Vcdp(1/3) .023 .037 .100 .614 .543 

a. Dependent Variable: AET 

 
 

Table A4.3. 30: Residual statistics Coefficients table for AET/Vcdp ratio data with 'Vcdp' as dependent variable with 'AET' as dependent variable and 'Vcdp' as predictor 

Residuals Statistics 

 Minimum Maximum Mean Std. Deviation N 

Predicted Value .93 .96 .94 .006 39 

Residual -.25 .22 .00 .099 39 

Std. Predicted Value -1.37 3.10 .00 1.00 39 

Std. Residual -2.50 2.21 .00 .98 39 

a. Dependent Variable: AET 
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- Residual Statistics: 

 
 

Table A4.3. 31: Descriptives for population residuals 

Descriptives 

Standardized Residual   

 N Mean Std. Deviation Std. Error 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

Madrid 23 .02 1.07 .22 -.44 .48 -1.75 2.18 

Sima 12 .29 .50 .14 -.028 .61 -.70 1.02 

Krapina 4 -1.00 1.09 .54 -2.74 .743 -2.55 -.188 

Total 39 .00 .98 .15 -.319 .319 -2.55 2.18 
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Table A4.3. 32: ANOVA showing between group variances 

ANOVA 

Standardized Residual   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 5.057 2 2.52 2.85 .071 

Within Groups 31.94 36 .88   

Total 37.00 38    
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LVcdp/LVc 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 Figure A4.3. 7: Plot demonstrating the slope and intercept values between populations for [LVcdp] on [LVc]. Red = Krapina Neanderthals, Blue = Modern Humans, Green = SH hominins. 
For statistical results, refer Tables 8.18-8.19. 

 

 



 

 
 
 
 
 

595 

 
 
 
 
Table A4.3. 33: Model summary of simple linear regression for LVcdp/LVc ratio data with 'LVc' as Predictor 

Model Summaryb 

Model R R Square 

Adjusted R 

Square 

Std. Error of 

the Estimate 

1 .99 .98 .98 .019 

a. Predictors: (Constant), LVc 

b. Dependent Variable: LVcdp 
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Table A4.3. 34: Coefficients table for LVcdp/LVc ratio data with 'LVcdp' as dependent variable 

Coefficients 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) -.21 .043  -4.97 .00 

LVc 1.04 .021 .99 49.55 .00 

a. Dependent Variable: LVcdp 
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Table A4.3. 35: Residual statistics for LVcdp/LVc ratio data with 'LVcdp' as dependent variable and 'LVc' as predictor 

Residuals Statistics 

 Minimum Maximum Mean Std. Deviation N 

Predicted Value 1.58 2.29 1.89 .143 47 

Residual -.048 .044 .00 .019 47 

Std. Predicted Value -2.10 2.82 .00 1.00 47 

Std. Residual -2.45 2.25 .00 .98 47 

a. Dependent Variable: LVcdp 
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Residual Statistics: 

 
 

 

Table A4.3. 36: Descriptives for population residuals 

Descriptives 

Standardized Residual   

 N Mean Std. Deviation Std. Error 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

Madrid 26 -.10 .99 .19 -.50 .30 -2.45 2.25 

Krapina 8 .74 1.04 .36 -.12 1.62 -.43 2.10 

Sima 13 -.26 .75 .21 -.71 .19 -2.01 .91 

Total 47 .00 .98 .14 -.29 .29 -2.45 2.25 
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Table A4.3. 37: ANOVA showing between group variances 

ANOVA 

Standardized Residual   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 5.63 2 2.81 3.14 .053 

Within Groups 39.36 44 .89   

Total 45.00 46    
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LVe/LSEDJ 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A4.3. 8: Plot demonstrating the slope and intercept values between populations for [LVe] on [LSEDJ]. Red = Krapina Neanderthals, Blue = Modern Humans, Green = SH hominins. For 
statistical results, refer Tables 8.18-8.19. 
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Table A4.3. 38: Model summary of simple linear regression for LVe/LSEDJ ratio data with 'LSEDJ' as Predictor 

Model Summary 

Model R R Square 

Adjusted R 

Square 

Std. Error of 

the Estimate 

1 .86 .74 .73 .068 

a. Predictors: (Constant), LSEDJ 

b. Dependent Variable: LVe 
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Table A4.3. 39: Coefficients table for LVe/LSEDJ ratio data with 'LVe' as dependent variable 

Coefficients 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) -.62 .18  -3.45 .001 

LSEDJ 1.18 .10 .86 11.40 .000 

a. Dependent Variable: LVe 
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Table A4.3. 40: Residual statistics for LVe/LSEDJ ratio data with 'LVe' as dependent variable and 'LSEDJ' as predictor 

Residuals Statistics 

 Minimum Maximum Mean Std. Deviation N 

Predicted Value 1.14 1.77 1.42 .11 47 

Residual -.20 .140 .00 .06 47 

Std. Predicted Value -2.45 3.02 .00 1.00 47 

Std. Residual -3.03 2.05 .00 .98 47 

a. Dependent Variable: LVe 
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Residual Statistics:  
 

 

Table A4.3. 41: Descriptives for population residuals 

Descriptives 

Standardized Residual   

 N Mean Std. Deviation Std. Error 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

Madrid 26 -.12 .95 .18 -.51 .25 -2.34 2.05 

Krapina 8 -.57 1.30 .46 -1.67 .51 -3.03 .98 

Sima 13 .60 .45 .12 .33 .88 -.01 1.37 

Total 47 .00 .98 .14 -.29 .290 -3.03 2.05 
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Table A4.3. 42: ANOVA showing between group variances 

ANOVA 

Standardized Residual   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 7.89 2 3.94 4.68 .014 

Within Groups 37.10 44 .84   

Total 45.00 46    
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Table A4.3. 43: Tukey HSD post-hoc test showing population differences 

 

Multiple Comparisons 

Dependent Variable:   Standardized Residual   

 

(I) Population (J) Population 

Mean 

Difference (I-

J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

Tukey HSD Madrid Krapina .44 .37 .456 -.45 1.34 

Sima -.73 .31 .058 -1.49 .01 

Krapina Madrid -.44 .37 .456 -1.34 .45 

Sima -1.18 .41 .017 -2.18 -.18 

Sima Madrid .73 .31 .058 -.01 1.49 

Krapina 1.18 .41 .017 .18 2.18 

*. The mean difference is significant at the 0.05 level. 

 



 

 
 
 
 
 

607 

 

 

LAET/LVcdp(1/3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A4.3. 9: Plot demonstrating the slope and intercept values between populations for [LAET] on [LVcdp1/3]. Red = Krapina Neanderthals, Blue = Modern Humans, Green = SH hominins. 
For statistical results, refer Tables 8.18-8.19. 
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Table A4.3. 44: Model summary of simple linear regression for LVcdp/LVc ratio data with 'LVcdp' as Predictor 

 

Model Summary 

Model R R Square 

Adjusted R 

Square 

Std. Error of 

the Estimate 

1 .246a .061 .040 .076 

a. Predictors: (Constant), LVcdp(1/3) 

b. Dependent Variable: LAET 
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Table A4.3. 45: Coefficients table for LVcdp/LVc ratio data with 'LAET' as dependent variable 

 

Coefficientsa 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) .331 .099  3.362 .002 

LVcdp(1/3) .039 .023 .246 1.706 .095 

a. Dependent Variable: LAET 
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Table A4.3. 46: Residual statistics for LVcdp/LVc ratio data with 'LAET' as dependent variable and 'LVcdp' as predictor 

 

Residuals Statisticsa 

 Minimum Maximum Mean Std. Deviation N 

Predicted Value .462 .559 .498 .019 47 

Residual -.192 .196 .000 .075 47 

Std. Predicted Value -1.86 3.22 .000 1.00 47 

Std. Residual -2.53 2.58 .000 .989 47 

a. Dependent Variable: LAET 
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Residual Statistics: 

 
 

  

Table A4.3. 47: Descriptives for population residuals 

Descriptives 

Standardized Residual   

 N Mean Std. Deviation Std. Error 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

Madrid 26 -.103 .959 .188 -.49 .28 -2.02 2.58 

Krapina 8 -.574 1.240 .438 -1.61 .463 -2.53 1.10 

Sima 13 .560 .592 .164 .20 .918 -.193 1.66 

Total 47 .000 .989 .144 -.290 .290 -2.53 2.58 
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Table A4.3. 48: ANOVA showing between group variances 

ANOVA 

Standardized Residual   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 7.00 2 3.500 4.05 .024 

Within Groups 38.00 44 .864   

Total 45.00 46    
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Table A4.3. 49: Tukey HSD post-hoc test showing population differences 

Multiple Comparisons 

Dependent Variable:   Standardized Residual   

Tukey HSD   

(I) Population (J) Population 

Mean 

Difference (I-

J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

Madrid Krapina .47 .37 .430 -.44 1.38 

Sima -.66 .31 .101 -1.42 .10 

Krapina Madrid -.47 .37 .430 -1.38 .44 

Sima -1.13 .41 .025 -2.14 -.12 

Sima Madrid .66 .31 .101 -.10 1.42 

Krapina 1.13 .41 .025 .12 2.14 

*. The mean difference is significant at the 0.05 level. 
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