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ABSTRACT 

 

This study investigated the significance of variation in the supraorbital morphology of 

the Middle Pleistocene hominins (MPH), using 3D geometric morphometric methods 

and a comparative taxonomic framework. The morphology of the supraorbital and 

orbital region of fourteen MPH from Africa, Asia, and Europe was recorded using 230 

3D landmarks and surface semilandmarks. A comparative sample of 460 primates 

(Pan, Gorilla, Papio and Macaca) and 237 hominins (Early Pleistocene to Holocene) 

were included to model supraorbital variation in groups of varying taxonomic 

classification, ecology, and geographic and temporal range.  

 

It was found that the fourteen MPH had relatively low morphological distinctiveness in 

relation to established species, although they did cluster together in most morphometric 

analyses. Nevertheless, the variation in the supraorbital and orbital region of the MPH 

was not larger than could be expected in a single, cross-continental species, and the 

validity of continental subgroups within the MPH could not be supported based on 

comparisons to established primate and hominin taxa. Instead, results indicated that 

some of the MPH may represent transitional specimens or members of other hominin 

lineages. Sex could not be reliably estimated for the MPH using patterns of sexual 

dimorphism in other groups of known sex, and while differences in size, allometry, and 

encephalisation were found to have significant effects on variation in the supraorbital 

region, geography and chronology did not have significant effects on variation within 

the MPH. Based on the application of a morphological species concept and 

comparative primate and hominin data on supraorbital variation, the existence of 

multiple MPH taxa is indicated by the results found here. It is therefore suggested that 

the term Homo heidelbergensis (sensu lato) be applied to a restricted, cross-

continental group of MPH (Bodo, Kabwe, Saldanha, Petralona, Arago 21, Ceprano, 

Narmada, and possibly Eliye Springs). 
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IMPACT STATEMENT 

 

This project investigated the taxonomic status of the Middle Pleistocene hominins. It 

used a multidisciplinary approach to quantify taxonomic variation which, while applied 

to a particular area of the craniofacial skeleton and a certain group of hominins in this 

project, has wider applicability to systematic studies of osteological differences in many 

organisms. The specific review of the Middle Pleistocene hominins in this thesis will 

lend insight into the phylogenetic relationships between Middle and Late Homo, and 

guide hypotheses on the speciation of Homo sapiens. The conclusions reached should 

help clarify the taxonomy of the Middle Pleistocene hominins, which has been a topic of 

palaeoanthropological debate for many years. By providing a hypothesis on what could 

reasonably be included in Homo heidelbergensis sensu lato, future studies can test the 

validity of this species group, and widen the hypodigm to include new and non-

craniofacial specimens. 
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CHAPTER 1 - INTRODUCTION AND OVERVIEW 

 

The Middle Pleistocene, the period dating to approximately 781-126 thousand years 

ago (kya) (Cohen et al., 2017), preserves important evidence of key changes that are 

argued to have contributed to the evolution of ‘modern’ Homo sapiens. One such 

change is a significant increase in relative and absolute brain size, thought to be linked 

to signs of advanced cognitive capacities, such as symbolism, regional identities, and 

language (Harvati, 2007; Rightmire, 2004). The Middle Pleistocene is also critical to our 

understanding of the evolution of Homo sapiens and the Neanderthals, with both 

lineages thought to have originated in this epoch. A better understanding of the nature 

of the Middle Pleistocene hominin (MPH) fossil record will provide clarity on the 

complex relationship between these Late Pleistocene hominins (Green et al., 2010; 

Hublin et al., 2012; Sankararaman et al., 2014). 

 

MPH have been found across Africa, Europe, and Asia, representing one of the earliest 

widely-dispersed hominin species (Athreya, 2006) which some have classified as 

Homo heidelbergensis (sensu lato) (Stringer, 2012). This taxon has a varied history, 

being first identified in 1908 (Schoetensack, 1908), and later being rejected in favour of 

more gradistic schemes that placed these hominin within archaic Homo sapiens 

(Stringer et al., 1979), before being reintroduced when such systems proved 

unsatisfactory (Rightmire, 1998; Stringer, 2012). 

 

The MPH show a complex mosaic of derived and archaic features, leading to a number 

of alternative hypotheses about their taxonomy and phylogenetic position within our 

evolutionary tree. Despite this, the consensus has placed this enigmatic group as the 

most likely last common ancestor of Homo sapiens and Homo neanderthalensis, 

although recent estimates of the divergence of these lineages (Gómez-Robles et al., 

2013), as well as difficulties in associating the type specimen of this species to other 

Middle Pleistocene fossils (Hublin, 2009), may challenge this view. The taxonomic 

validity and phylogenetic position of this species is further complicated by a lack of 

clear morphological criteria for their identification, with most fossils being assigned to 

Homo heidelbergensis sensu lato (or the preferred, more neutral term, MPH) using 

chronological data combined with evidence of intermediate morphology between Early 

and Late Pleistocene hominins. Specimens assigned to this group have been 

suggested to document a large amount of variability, leading some researchers to 

question its validity as a species. 
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This project aimed to use wider taxonomic principles to investigate the morphological 

variation of the MPH, with the aim of providing a suggested taxonomic classification for 

this group. As most of the specimens from the sparse Middle Pleistocene fossil record 

are craniofacial in nature, this study chose one of the best represented region across 

purported Homo heidelbergensis sensu lato specimens: the supraorbital region. This 

area is particularly taxonomically distinctive in primates, with MPH having massive, 

continuous, anteriorly projecting, and superoinferiorly thickened supraorbital tori that 

also document considerable variation in form (Schwartz and Tattersall, 2010).  

 

Geometric morphometric methods were used to examine the variation and morphology 

of the supraorbital region within and between a variety of primates and hominins. 

These methods can record morphology at a chosen degree of detail, with the use of 

semilandmarks, and can be easily combined with various statistical analyses to allow 

visualisation and quantification of morphological patterns. By using appropriate models 

of accepted non-hominin primate and hominin species with a variety of geographical 

ranges, evolutionary histories, and ecologies, and by using geometric morphometric 

methods to quantify and compare supraorbital variation between these taxa, the 

craniofacial variation documented in the MPH could be placed within a wider biological 

context. 

 

1.1 - OVERVIEW 

 

1.1.1 - SECTIONS A AND B 

 

In Chapter 2, this thesis described the taxonomic principles used for assessment of 

lower taxa in the fossil record in light of the ‘species problem’ and established a clear 

morphological definition of what is meant by the term species in the current project. 

Chapter 3 included a discussion on the taxonomic history and archaeological context of 

the MPH, while Chapter 4 focused on the comparative anatomy of the supraorbital and 

orbital region, along with the various factors which are believed to affect variation and 

morphology within this region. Section B summarised the issues surrounding the 

taxonomy of the MPH into four research questions, and described the general methods 

and materials used to address these questions.  
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1.1.2 - SECTION C 

 

Section C included four chapters which addressed the four research questions 

summarised below, along with the specific methods and analyses used. 

 

RESEARCH QUESTION 1: THE TAXONOMIC UTILITY OF THE PRIMATE 

SUPRAORBITAL AND ORBITAL REGION 

 

Chapter 6 addressed the first research question: 

 

1. Can supraorbital and orbital morphology be used to identify primate taxa? 

a. Can different genera, species, and subspecies of extant primates be 

differentiated? 

b. Can accepted hominin taxa be differentiated? 

 

This chapter assessed the phenetic utility of the recorded supraorbital and orbital 

morphology in the identification of non-hominin primate and hominin species and 

subspecies taxa. Results showed that supraorbital and orbital morphology could be 

used to distinguish between closely related species and subspecies, although with 

lower levels of accuracy for the latter. In the case of the hominins, Late Pleistocene 

hominin and Paranthropus taxa could be distinguished at comparable levels of 

accuracy as primate species, although this was not the case for Early Pleistocene 

groups, possibly due to lower sample sizes. Hierarchical cluster analysis indicated that 

the phylogenetic efficacy of the recorded area below the genus level was low. 

 

RESEARCH QUESTION 2: THE SIGNIFICANCE OF THE MIDDLE PLEISTOCENE 

HOMININS IN TERMS OF THEIR SUPRAORBITAL AND ORBITAL MORPHOLOGY 

 

Chapter 7 addressed the second research question: 

 

2. Are the MPH distinctive in their supraorbital and orbital morphology? 

a. If so, what characterises this group in terms of supraorbital and orbital 

morphology? 

b. Do any MPH show closer affiliation to other hominin taxa in terms of 

supraorbital and orbital morphology? 
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This chapter found that the MPH had relatively low morphological distinctiveness 

compared to accepted non-hominin primate and hominin species. In terms of key 

morphological changes across the datasets, the MPH were separated to some extent 

by their distinctive supraorbital morphology, especially in relation to the later Homo 

sapiens specimens. Anomalous MPH were identified, including Ndutu and Sima de los 

Huesos 5, based on unexpectedly high morphological disparity between these 

specimens and other MPH and their position as an outgroup in hierarchical cluster 

analysis. Results supported the suggestion, discussed in Chapter 3, that the MPH 

group includes multiple hominins from different lineages. 

 

RESEARCH QUESTION 3: TAXONOMIC INFERENCES ON THE MIDDLE PLEISTOCENE 

HOMININS FROM THEIR SUPRAORBITAL AND ORBITAL MORPHOLOGY 

 

Chapter 8 addressed the third research question: 

 

3. How does supraorbital and orbital variation within the MPH affect their 

taxonomic position? 

a. Are the MPH more variable in their supraorbital and orbital morphology 

than can be expected for a single, cross-continental primate species? 

b. Is there any taxonomically significant geographical variation that may 

indicate the existence of multiple taxa within the MPH?  

 

Comparison of morphological variation within and between taxa showed that the 

variability in the MPH supraorbital and orbital morphology was relatively high, but not 

higher than could be expected for a single, cross-continental species. Separating the 

MPH into continental groups, both with Ndutu and Sima de los Huesos 5 included and 

excluded, did not result in the expected pattern of intra- and intergroup variation for 

distinct taxa, either at the specific or subspecific level. 

 

RESEARCH QUESTION 4: FACTORS AFFECTING VARIATION IN THE SUPRAORBITAL 

AND ORBITAL REGION 

 

Chapter 9 addressed the fourth research question: 

 

4. How does the recorded supraorbital and orbital morphology relate to factors 

that are predicted to affect variation in this area in the MPH and the wider 
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primates (e.g. sexual dimorphism, size and allometry, brain size, chronology, 

geography)? 

 

This chapter found that all of the factors identified in Chapter 4 had significant effects 

on variation of the primate and hominin supraorbital and orbital morphology. While 

brain size and overall size can be assumed to have an impact on the heterogeneity 

documented within the MPH supraorbital region, chronological date and geographic 

distance did not appear to have significant effects within this group. Attempts were 

made to estimate the sex of the MPH based on wider patterns of sexual dimorphism, 

however these resulted in patterns of size and shape dimorphism that did not fit with 

expectations from comparison to closely related species. The estimates found in the 

literature also resulted in unexpected patterns of sexual dimorphism in size for the 

MPH, indicating that these may be affected by circular reasoning and the possible 

inclusion of different hominin lineages within this group. 

 

1.1.3 - SECTION D 

 

Finally, the results of this thesis were discussed in a wider palaeoanthropological 

context, and the implications were considered. A restricted hypodigm of MPH was 

suggested, based on evidence from Section C, and the name Homo heidelbergensis 

sensu lato was designated to this taxon, based on taxonomic arguments outlined in 

Chapter 3. This taxon was argued to represent a single, monotypic, cross-continental 

species, that may be indicative of a source population (sensu Dennell, 2009). The 

relevance of this species to Late Pleistocene hominins was also discussed in light of 

recent palaeoanthropological discoveries. Suggestions for future studies were made, 

particularly those that test the validity and reliability of the proposed hypodigm using 

wider craniofacial evidence.
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CHAPTER 2 - TAXONOMY AND THE ‘SPECIES PROBLEM’ 

 

Taxonomy refers to the scientific discipline dedicated to the definition and classification 

of biological organisms based on shared characteristics. It is linked to the work of Carl 

Linnaeus, who, in his Systema Naturae (Linnaeus, 1735), introduced the binomial 

naming system that is used today, with all organisms being assigned a genus and 

species name. Such classification systems are necessary to understand biological 

diversity, and serve as an identification key, allowing researchers to store and retrieve 

key information about organisms (Mayr, 1982a). Developments in biology have 

assimilated traditional taxonomy with evolutionary processes, resulting in an upward 

classification system where taxa (ranks in the Linnaean classification system) are 

grouped hierarchically (Mayr, 1982a).  

 

Before conducting a study into the taxonomy of the Middle Pleistocene hominins, it is 

necessary to establish what is meant by taxonomic terms that will be used. The 

species taxon forms the basal unit in Linnaeus’ original classification system (Linnaeus, 

1735) and is the fundamental unit used to study biological diversity (Mayr, 1982a). 

Despite this, the precise nature and meaning of the term ‘species’ are widely debated, 

both biologically and philosophically (Ereshefsky, 2016), and some argue that the 

species category is largely arbitrary (Dobzhansky, 1935; Mallet, 2007). This ‘species 

problem’ could be said to be founded on two questions: what does the term ‘species’ 

mean; and do species exist as biological identities that can be reliably recognised. It is 

further complicated by the nature of species as the product of speciation (see 2.5), and 

the (in)ability of existing species concepts to adequately define species and allow their 

delineation (see 2.2). It is unlikely that any of these issues will be resolved in the near 

future, but it is important to have a well-defined notion of what is meant by species in 

the current research project, and how this relates to wider issues of taxonomy. It is also 

important to consider what one is trying to achieve when using species as a taxonomic 

tool, as this will affect the particular understanding of species that will be applied. 
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2.1 - THE MULTIPLE MEANINGS OF ‘SPECIES’ 

 

Part of the issue over the definition and recognition of species is that disparities in 

species-level classification may be partly due to differences in perspectives of what a 

species is (Wood, 2010). The existence of multiple meanings of species is, in large 

part, due to the historical development of taxonomy and biology (Reydon, 2004). Under 

Linnaeus’ original system, species were viewed as natural entities in essentialist terms 

(Mayr and Ashlock, 1991), created by God and representing natural phenomena. After 

the acceptance of the theory of evolution, this view had to be reassessed, and species 

were reconceptualised as end products of an evolutionary process, and even as 

fundamental evolutionary units. As a result of this, as well as the continuous 

reassessment of what ‘species’ means in different scenarios, multiple meanings of 

species have arisen, some of which are contradictory. 

 

Many researchers (e.g. proponents of the Biological Species Concept, see 2.2.1) 

believe that what we call species reflect natural entities (natural kinds or classes in 

philosophy), reflecting divisions that have occurred through natural processes 

(Balakrishnan, 2005; Bird and Tobin, 2016). While this is true from a biological 

perspective, it is questionable from a philosophical standpoint. Philosophically, natural 

kinds are the product of natural processes and can function in natural laws, and 

therefore have to be applicable at any time and place (Ereshefsky, 2016). This notion is 

difficult to combine with species, due to two factors: firstly, the phenomena of 

intraspecific variation and cryptic species show that intrinsic similarity is not a criterion 

of species membership; and secondly, species are the product of evolution, and their 

properties will change over time (Bird and Tobin, 2016; Wilson and Brown, 1953).  

 

Many researchers now believe that species are best viewed as philosophical 

individuals, integrated and cohesive entities that are spatiotemporally restricted, rather 

than classes, which are spatiotemporally unrestricted (Ghiselin, 1966; 1971; 1974; Hull, 

1978), and have an equivalent of a life (Eldredge, 1993). This philosophical view of 

species as individuals has largely persisted in taxonomy (Mishler and Donoghue, 1992; 

Wood, 2010). It has the benefit of allowing species to be viewed as lineages, and 

subsequently considered as evolutionary units (Bird and Tobin, 2016; Hull, 1978). 

Nevertheless, Mishler and Donoghue (1992) have argued that most species do not 

conform to this standard, and that the best candidate for evolutionary individuals would 

be populations. 
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A related issue is the use of species as both taxa and categories. Taxa refer to 

individual lineages of any taxonomic rank (but in this case, what we refer to as 

species), and can be considered as a real, natural object, consisting of a population of 

organisms, which can be treated as philosophical individuals, or as classes, and 

delineated from one another (e.g. Homo sapiens). The species category is more 

inclusive, and refers to a specific class within the Linnaean hierarchy that contains all 

taxa of species rank, defined by a species definition, and is an abstract term 

(Ereshefsky, 2016; Ghiselin, 1974; Mayr, 1982b; 1992; Mayr, 1996). 

 

There is also a disparity between the use of species as basal evolutionary units, and as 

basal taxonomic units. Species are frequently viewed by researchers as an essential or 

even fundamental entity in the evolutionary process (Cracraft, 1992; Wiley, 1992). 

Others believe that populations with evolutionary novelties should be viewed as 

evolutionary units, with species containing single or multiple collections of these units 

(Cracraft, 1992), meaning that the basal evolutionary unit would be less inclusive than 

the basal taxonomic unit (Mishler and Donoghue, 1992). These researchers suggest 

instead that species should merely be viewed as primary or basal taxa for systematic 

biology, which function as a category that can be used to record biodiversity (Cracraft, 

1989).  

 

It is unlikely that a universal concept of species can be found which would unite 

‘species’ as both a basal taxonomic unit and basal evolutionary unit (Mishler and 

Donoghue, 1992), as these entities function in different, incompatible ways (Cracraft, 

1992). Smith (1994) has suggested that this disjunction is caused, again, by the 

attempts of researchers to amalgamate the original, Linnaean meaning of species as 

typological constructs, with a Darwinian understanding of species as dynamic 

participants in evolution. By separating the two roles (with the term ‘phena’ being 

suggested for basal taxonomic units), some of the debate around the meaning of 

species could be avoided (Smith, 1994).  
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2.2 - SPECIES CONCEPTS 

 

The identification of species consists of a two-step process: first a species concept is 

developed, involving a particular definition of the species category; then, this concept is 

applied to the available evidence (Kimbel and Rak, 1993; Mayr, 1996). Species 

concepts are an idea of what is represented by the species taxon (or category) (de 

Queiroz, 1998), and differ based on the research question or organism being 

considered (Groves, 2012b; Reydon, 2004; Templeton, 1989), resulting in the creation 

of at least 23 different species concepts over the history of biology (Quintyn, 2009).  

 

One way in which species concepts vary is in their aims. These can be: taxonomic, 

focusing on identification, or evolutionary, involving assumptions about the process of 

speciation; theoretical or operational; contemporaneous, where species are defined in 

relation to their contemporaries, or clade-based, using patterns of ancestral-

descendant relationships; and reproductive, emphasising reproduction and interfertility, 

or cohesive (Endler, 1989). Species concepts can be grouped into biological, 

phylogenetic/evolutionary and ad hoc (Quicke, 1993), typological, and nominalistic 

(Mayr, 1992), or even arranged into their own phylogeny (Quintyn, 2009). Smith (1994) 

suggested a useful separation of species concepts into those that emphasise the 

biological processes hypothesised to be involved in the speciation process (referred to 

here as Mechanistic), and those that emphasise the operational means (or patterns) by 

which species can be recognised (Operational).  

 

2.2.1 - MECHANISTIC SPECIES CONCEPTS 

 

Mayr (1992) has argued that the only valid species concepts are those that attempt to 

explain the processes leading to the creation of distinct species. Discussion here is 

limited to the two most widely considered mechanistic concepts, the Biological and 

Evolutionary Species Concepts (Smith, 1994), although other mechanistic definitions 

include the Recognition (Paterson, 1981; 1985), Cohesion (Templeton, 1989), and 

Ecological Species Concepts (Van Valen, 1976). While mechanistic concepts approach 

the species category as an evolutionarily significant unit, they frequently lack practical 

criteria that can be applied to identify species. They may also lead to confusion 

between identifying the significance of groups, with differences between populations, 
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subspecies, species and ‘higher taxa’ (everything above the species rank) being 

arbitrarily and variably defined in terms of relative inclusiveness (Smith, 1994). 

 

BIOLOGICAL SPECIES CONCEPT 

 

Most researchers use the term Biological Species Concept (BSC) to refer to a specific 

definition created and developed by Ernst Mayr, occasionally referred to as the 

Isolation Species Concept (Paterson, 1985; Templeton, 1989). The BSC is the 

dominant species definition in modern biology and has provided the primary 

philosophical framework for the species category over the last century (Avise and 

Wollenberg, 1997; Boggs, 2001; Cracraft, 1989; Harrison, 1998; Templeton, 1989). 

Under this type of concept species are seen as having a protected gene pool, and 

representing a reproductive community, an ecological unit, and a genetic unit (Mayr 

and Ashlock, 1991; Templeton, 1989). The BSC arose from the recognition of these 

properties of identified species, and is based around the notion that the only significant 

attributes that species share are those that protect a single, harmonious gene pool, 

what Dobzhansky referred to as isolation mechanisms (Dobzhansky, 1935; Mayr, 

1996). Within the BSC, species are defined as groups of actually or potentially 

interbreeding natural populations that are reproductively isolated from other such 

groups (Mayr, 1963; 1970; Templeton, 1989). 

 

The BSC incorporates three different aspects: species are defined by distinctiveness, 

not difference; species are populations; and species are defined more by their 

relationship to nonconspecifics than to their conspecifics (Sokal and Crovello, 1992). 

Biological species are subsequently identified by phenetic similarity, geographical 

contiguity, and the ability to interbreed (Sokal and Crovello, 1992). The key criterion of 

the BSC is reproductive isolation (Balakrishnan, 2005; Mayr, 1964; Mayr, 1992; Mayr, 

1996; Mayr and Ashlock, 1991), with species boundaries being maintained through the 

evolution of species-specific isolating mechanisms, including premating, postmating 

and prezygotic types (Templeton, 1989). Populations are viewed as distinct species 

once they have physiologically diverged following isolation (largely conceptualised as 

geographic), to the extent that when they come together with other similar populations, 

interbreeding does not occur, or does not produce fertile, viable offspring (Mayr, 1964).  

 

Despite the widespread acceptance of the BSC within the last century, it is plagued by 

numerous issues preventing its universal application. For instance, the BSC is clearly 
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inapplicable to non-sexual organisms, due to the key criterion of reproductive isolation. 

This criterion, as recognised by Mayr (1996), is also inapplicable to self-mating 

organisms or sexual groups with closed mating systems (Templeton, 1989). These 

organisms, however, cannot be excluded from consideration, as they generally show 

similar patterns of cohesion within and discontinuity between groups as found in sexual 

organisms (Templeton, 1989). Reproductive isolation also cannot be confirmed in 

historic populations, making the BSC inapplicable to fossil species (Balakrishnan, 

2005; Foley, 1991). 

 

Another issue with the BSC is the clear ability of many groups of organisms to 

interbreed with other distinct species, genera, and even families (Cracraft, 1989; Jolly, 

1997; Jolly, 2001; Quicke, 1993). In botany, larger groups termed syngameons are 

widely recognised, consisting of species that exist in larger units of naturally hybridising 

species, yet which function as cohesive evolutionary units that most would recognise 

as distinct species (Lotsy, 1925; Templeton, 1989). Other organisms that are known to 

hybridise across species boundaries maintain their individuality, both morphologically 

and genetically (Cracraft, 1989; Simpson, 1951). Mayr (1964; 1996) recognised the 

widespread occurrence of introgressive hybridisation and interbreeding between ‘good’ 

sympatric species, and revised his definition of isolating mechanisms to “the biological 

properties of individuals which prevent the interbreeding [fusion] of populations” (Mayr, 

1970:56; Mayr, 1996:265), although this has not resolved the issues with a criterion of 

reproductive isolation.  

 

Despite its relationship to the classic process of allopatric speciation (Mayr, 1963; 

Mayr, 1969; Mayr, 1970), the BSC cannot be applied to allopatric groups, as it is 

impossible to infer whether these populations could successfully interbreed, meaning 

that a subsidiary concept is required for allopatric groups (Boggs, 2001; Cracraft, 1989; 

Groves, 2004; Quicke, 1993; Tattersall, 1993; Templeton, 1989). Mayr (1963; 1996) 

has stated that comparisons of the amount of difference between allopatric taxa should 

be compared to that between sympatric taxa, yet the amount of difference is left as an 

arbitrary unknown (Groves, 2012b).  

 

As can be seen, reproductive isolation is not a suitable method of delineating species, 

being largely impractical (Cracraft, 1989; Sokal and Crovello, 1992). Indeed, the only 

situation in which the key criterion of the BSC could be objectively applied would be in 

the case of spatially restricted areas containing two distinct taxa that exist in sympatry, 

yet do not interbreed. In such scenarios, all other species concepts would arguably 
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lead to the same classification of these groups as species (Cracraft, 1989). As such, 

Balakrishnan (2005) has suggested that it should be considered as a sufficient but not 

necessary criterion. 

 

While the BSC is apparently based on assumptions of evolutionary processes (Nixon 

and Wheeler, 1990), many researchers have argued against these assumptions. 

Templeton (1989) has stated that isolation should not be confused with speciation, 

Quicke (1993) has argued that relatedness and interfertility are not tightly linked, Levin 

(1978) has shown that isolating mechanisms do not cause divergence in flowering 

plants, and many researchers have emphasised the importance of other factors in the 

evolution of species over lack of gene flow, such as natural and stabilising selection 

(Mallet, 2007; Mishler and Donoghue, 1992; Templeton, 1998). Indeed, factors 

affecting group cohesion appear to differ between groups, and the choice of 

reproductive isolation over all other factors appears to be largely arbitrary (Mishler and 

Donoghue, 1992). 

 

Like all mechanistic species concepts, by focusing on the evolutionary process 

assumed to give rise to species, the BSC becomes difficult to apply to most taxonomic 

groups, as implementation involves observation of patterns not processes (Nixon and 

Wheeler, 1990). This limitation was acknowledged by Mayr, who suggested that 

morphological divergence could be taken as an indication of reproductive isolation 

(Foley, 1991; Kimbel, 1991; Mayr, 1969; 1996), yet this assumption has been falsified 

through examination of morphological divergence in species groups (Cracraft, 1989; 

Mishler and Donoghue, 1992). 

 

All of these flaws are independently significant, yet the BSC may still have relevance to 

modern biology. Being mechanistic, it would have efficacy if it could be used to 

generate evolutionary hypotheses about biological diversification and speciation. Yet 

the BSC is not necessary in practical taxonomy, not useful in evolutionary taxonomy, 

where most researchers use phenetic differences rather than reproductive isolation, not 

useful heuristically, as populations provide a better basis to generate evolutionary 

hypotheses, and is not necessary or useful to evolutionary theory, as reproductive 

isolation appears to be an outcome of speciation, not a cause (Cracraft, 1989; Mishler 

and Donoghue, 1992; Sokal and Crovello, 1992). Despite Mayr’s acknowledgement of 

many of the issues inherent to the BSC (Mayr, 1996), proponents of this concept have 

failed to address its shortcomings, leading to the increasing abandonment of the BSC 

in biological research (Cracraft, 1989). 
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EVOLUTIONARY SPECIES CONCEPT 

 

The Evolutionary Species Concept (ESC) arose from an attempt to increase the 

applicability of the BSC to all organisms across time (Mishler and Donoghue, 1992; 

Simpson, 1951), and the recognition that species can maintain morphological and 

ecological distinctiveness despite occasional genetic introgression (Boggs, 2001). An 

evolutionary species is defined as a “phyletic lineage (ancestral-descendent sequence 

of interbreeding populations) evolving independently of others, with its own separate - 

and unitary evolutionary role and tendencies” (Simpson, 1951:289). Wiley (1978:18) 

modified this concept to define species as an “ancestor-dependent population 

maintaining its identity from other lineages and which has its own evolutionary 

tendencies and fate”, stating that species must be sufficiently reproductively isolated to 

maintain their separate identities, yet do not have to be differentiated by morphological 

or phenetic differences. 

 

The ESC is argued by some to summarise what a species should be, an evolutionary 

lineage (Groves, 2004; 2012b; a; Groves, 2014), and has many advantages in 

comparison to the BSC. For instance, unlike the BSC, it is applicable to sexual and 

asexual organisms (Templeton, 1989). It also acknowledges that genetic introgression 

may not lead to a loss of morphological or ecological distinctiveness (Boggs, 2001), 

and includes lineages that have not yet reached reproductive isolation (Miller, 2001). It 

(theoretically) can be applied to extinct and extant species (Mayr and Ashlock, 1991; 

Templeton, 1989) (but see below), and, while being mechanistic, has been said to 

provide an operational method for the demarcation of species, which is close to the 

concept used by many practising taxonomists and palaeontologists (Mayr and Ashlock, 

1991; Templeton, 1989). 

 

Nevertheless, the ESC has its own limitations. Like the BSC, it assumes a direct, 

proportional relationship between reproductive isolation and morphological divergence 

(under Simpson’s definition), again requiring taxonomists to use morphology as the 

main criterion (Smith, 1994). Templeton (1989) has stated that the ESC offers no 

guidance as to what traits should be considered, and, like the BSC, the ESC is only 

applicable to monotypic species (Boggs, 2001; Mayr, 1996). While acknowledging the 

temporal existence of species, it is impossible to apply to extant species, as their 

historical fate cannot be determined (Boggs, 2001; Mayr, 1996; Quicke, 1993), and it 

offers no guidelines as to how to determine common evolutionary fate in extinct groups 

(Mayr, 1996; Templeton, 1989). In addition, Mayr (1996) has argued that the criterion 
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of being a product of evolution with the potential to continue evolving is not sufficient, 

as all populations, organs and organisms fulfil this definition, and it has been argued 

that the ESC defines a phyletic lineage, not a species (Mayr and Ashlock, 1991). 

Finally, despite aiming to be mechanistic in its approach, it focuses on the 

manifestation of group cohesion, not the evolutionary processes resulting in this 

cohesion (Templeton, 1989). 

 

2.2.2 - OPERATIONAL SPECIES CONCEPTS 

 

In contrast to mechanistic species concepts, operational species concepts encompass 

those which are based on empirical observations of patterns of phenotypic and 

genotypic characters, and offer a practical approach to defining and recognising 

species (Smith, 1994). Operational species concepts are pattern-based, focusing on 

what can be observed without the requirement of making inferences on processes 

beyond the available evidence (Groves, 2004). While operational species concepts 

encompass the Phenetic (Sokal and Crovello, 1970) and Monophyletic Species 

Concepts (Rosen, 1978) among others, this section outlines two of the most widely 

applied operational definitions of species: the Typological and Phylogenetic Species 

Concepts. 

 

TYPOLOGICAL SPECIES CONCEPT 

 

The Typological Species Concept (TSC), occasionally called the morphological species 

concept (Smith, 1994), is similar to that used by Linnaeus in his classification system. 

While Linnaeus originally saw species from an essentialist viewpoint, representing 

natural, static, and discontinuous groups created by God, he eventually accepted that 

new species could be generated, and that hybridisation occurred between well-defined 

species (Mayr, 1964; Mayr, 1982a; Mayr and Ashlock, 1991). The TSC later developed 

to incorporate the evolutionary process, simply defining species as a class of 

organisms whose members share certain essential properties (Boggs, 2001; Mayr, 

1996).  

 

This concept focuses on similarity of morphology, and is the closest concept to that 

used by practising taxonomists (Boggs, 2001; Mayr, 1996). It has the advantage of 

being practical and universally applicable (Balakrishnan, 2005), and is useful for 

cataloguing collections of specimens. It has been criticised for only providing 
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operational methods to identify species boundaries, and not focusing on the processes 

that gave rise to these boundaries (Mayr, 1996). In addition, like many other concepts, 

the TSC struggles to properly identify polymorphic and cryptic species, or include 

polytypic species, as the lowest rank recognised in the Linnaean hierarchy is species 

(Mayr, 1964; 1996). 

 

PHYLOGENETIC SPECIES CONCEPT 

 

There are multiple Phylogenetic Species Concepts, which are either character-based 

(e.g. the classic Phylogenetic Species Concept) or history-based (e.g. Hennigian 

Species Concept) (Balakrishnan, 2005; Baum and Donoghue, 1995). Discussion here 

is restricted to the classic Phylogenetic Species Concept (PSC), which is the most 

widely applied and defines species as “a diagnosable cluster of individuals within which 

there is a parental pattern of ancestry and descent, beyond which there is not, and 

which exhibits a pattern of phylogenetic ancestry and descent among units of like kind” 

(Eldredge and Cracraft, 1980:92). It is related to the ESC (Boggs, 2001), in that it 

attempts to identify the earliest definitive evidence that a lineage has diverged, 

emphasising diagnosability (Groves, 2004; 2012b; Groves, 2014; Tattersall, 2005). 

 

Building on the Monophyletic Species Concept of Rosen (1978), the PSC offers an 

alternative to the BSC (Cracraft, 1989). It recognises reproductive isolation as an 

important but not predominant product of differentiation (Cracraft, 1989). It is a 

character-based definition linked to cladistics (Nixon and Wheeler, 1990; Smith, 1994), 

and could be considered purely morphological, with morphology being assumed to 

reflect underlying reproductive cohesion (Mayr, 1996; Tattersall, 1992). Speciation is 

taken to have occurred following the evolution of a uniquely derived trait (Mallet, 1995), 

and species are diagnosed by comparative analysis, and recognised when groups 

possess a unique combination of derived character states, assumed to indicate 

reproductive continuity (Nixon and Wheeler, 1990; Smith, 1994). The PSC 

acknowledges the possible existence of species as philosophical individuals, as well as 

fundamental units of evolution, making it applicable to both evolutionary theory and 

systematics (Groves, 2004; Kimbel, 1991; Kimbel and Rak, 1993; Nixon and Wheeler, 

1990; Tattersall, 1992).  

 

The PSC, with its key criterion of diagnosability, has been used to revise the 

classification of the Primates (Groves, 2001; Groves, 2014), yet the increase in the 
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number of primate species identified with this concept led to the introduction of the term 

‘taxonomic inflation’ (Isaac et al., 2004; Zachos, 2015; Zachos et al., 2013). This occurs 

due to an area of disagreement between the PSC and BSC, where what would be 

considered as subspecies under the BSC (interbreeding populations) are elevated to 

species rank under the PSC (Jolly, 2001; 2009; Tattersall, 2005; Zachos et al., 2013). 

Groves (2014) has argued, however, that this is necessary in order to avoid obscuring 

potentially significant biological differences between lineages. 

 

The PSC is not without flaws. For instance, it is imprecise in its practical application, 

with researchers using different approaches to the definition of unique features, and 

different thresholds for the number of traits to consider (Balakrishnan, 2005; Nixon and 

Wheeler, 1990). Like many other species concepts, in practice it depends on 

morphological distinctiveness, yet speciation is not caused by an accumulation of 

morphological differences, meaning that morphological traits used to diagnose lineages 

may be present in an ancestral species before speciation occurs (Tattersall, 2005). In 

addition, species are identified by fixation of traits (Groves, 2012b), yet true fixation 

within fossil populations is difficult, if not impossible, to establish (Balakrishnan, 2005). 

Some interpretations of the PSC deny the existence of subspecies groups, as any 

discernibly different group would have to be recognised as species (Baum and 

Donoghue, 1995; Groves, 2012b; Nixon and Wheeler, 1990; Smith, 1994; Tattersall, 

1992). Subsequently, it is likely that the PSC will overestimate the true number of 

species when properly applied (Quicke, 1993). The PSC is also tautological, using 

phylogeny to determine species, which are then used to reconstruct phylogenies 

(Mallet, 1995). It would also fail to identify cryptic species, although this is true for all of 

the many species concepts that depend on morphology alone (see 2.6.2). 

 

2.2.3 - PLURALISM 

 

An alternative to the numerous species concepts discussed above is Pluralism. This 

arises from the recognition that, at present, no single species concept can unify the 

needs of all biological researchers and be applied to all living organisms without 

obscuring key patterns of variation (Harrison, 1998; Mishler and Donoghue, 1992). It is 

advocated by Mishler and Donoghue (1992), who support their viewpoint with the 

statement that “a variety of species concepts are necessary to adequately capture the 

complexity of variation patterns in nature…to subsume this variation under the rubric of 
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any one concept leads to confusion and tends to obscure important evolutionary 

questions” (Mishler and Donoghue, 1992:131).  

 

While the idea of pluralism may seem attractive, especially in light of the numerous 

flaws in all current species concepts, it may not actually help to clarify the problem of 

species (Hey, 2006). Researchers using a pluralistic approach would still have to 

choose an appropriate species concept from the many options, yet different concepts 

will result in incompatible groupings (Reydon, 2004), meaning that the choice and 

subsequent species categories will still be unreliable, subjective, and arbitrary. In 

addition, Cracraft (1992:96) has argued that the adoption of multiple species definitions 

would require researchers to abandon the search for general patterns of biological 

diversification. 

 

The issue of which species concept should be used has not yet been resolved, despite 

sustained and ongoing debate (Freudenstein et al., 2016; Tattersall, 2017). 

Nevertheless, a few general statements can be made regarding the definition of 

species. As a researcher’s concept of species will affect their view of natural variation, 

and the subsequent delineation of groups of organisms (Eldredge and Gould, 1972; 

Quintyn, 2009), it is important that the exact species concept and subsequent criteria 

are explicitly stated and justified. At present, many species concepts are equally valid. 

Regardless of which concept is chosen, it should be universally valid, across time and 

all living organisms, testable in its application and conception, and refer to species 

origins while also providing practical methods from which to identify different species 

(Wiley, 1992).   
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2.3 - SPECIES IDENTIFICATION 

 

2.3.1 - SPECIES CRITERIA AND METHODS OF IDENTIFICATION 

 

Species recognition is dependent on the criteria arising from a researcher’s definition of 

species (Balakrishnan, 2005), meaning that recognition is hindered by the philosophical 

issues involved in the above discussion of species concepts. Theoretically, each 

concept should have its own criteria which can be used to detect species boundaries, 

as it is impossible to generate criteria without a clear idea of what the species group 

represents (Simpson, 1943). These criteria are used as a standard for deciding 

whether a group of organisms should be considered of equivalent rank to the species 

category (de Queiroz, 1998). The most obvious example is the BSC, which has the 

criterion of reproductive isolation and interfertility, although Mayr (1964) has indicated 

that this is insufficient in itself. Other criteria include genetic isolation, absence of 

cohesion, ecological distinctiveness, differences in fixed character states, and separate 

identities and independent evolutionary fates (Harrison, 1998). Many of these criteria 

are vague, and it appears that less attention has been paid to producing operational 

criteria to delimit species boundaries in comparison to formulating species concepts 

(Sites and Marshall, 2004). 

 

One process of species identification involves assessment of variation within different 

populations, and comparison of this variation between populations to test for 

‘significant’ levels of divergence (Simpson, 1951; Smith, 1994). Species can be 

empirically recognised by fixation of apomorphies (although true fixation is statistically 

impossible to determine, so taxonomists must use a non-zero threshold of ‘fixation’ 

(Wiens and Servedio, 2000)), loss of polymorphism, and attainment of reproductive 

isolation (but see discussion of BSC above) (Groves, 2012b; Sites and Marshall, 2004). 

Regardless of attempts to use objective or empirical methods, assessments are 

typically subjective, with the need for qualitative judgements in the determination of 

‘sufficient’ divergence to represent species status, and possible species have to be 

considered in relation to each other (de Queiroz, 1998; Mayr, 1982a; 1992; Simpson, 

1943; Sites and Marshall, 2004). 

 

The process of species recognition is likely to be complicated in many circumstances. 

Local populations may achieve different levels of speciation, isolating mechanisms may 
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be incomplete or difficult to assess due to geographic separation, and uniparental 

organisms cannot easily be organised into populations, and therefore taxonomic ranks 

(Mayr, 1992). Nevertheless, Simpson (1943) has argued that false groups will seldom 

be recognised if taxonomists apply competent modern methods (as yet undefined) to 

adequate sample sizes. Instead, taxonomists are more likely to encounter difficulties 

when deciding whether divergence represents specific, subspecific, or generic 

differences (Mayr, 1982a; Simpson, 1943), potentially due to the general application of 

the measure of ‘significant divergence’, as opposed to concrete criteria linked to 

species concepts.  

 

2.3.2 - MORPHOLOGICAL SPECIES CONCEPT IN PALAEONTOLOGY 

 

Linnaeus’ original classification scheme depended largely on a morphological species 

concept (Mayr, 1964), and this pattern has continued into modern taxonomy (Mallet, 

2007). Smith (1994) has argued that three of the main pattern-based species concepts 

(phenetic, phylogenetic, and monophyletic) are morphological species concepts when 

applied to fossil evidence. In addition, although Mayr (1996) has emphasised that the 

BSC does not ‘fall back’ on a morphological species concept, the BSC, as well as 

many other species concepts, uses morphology as a proxy for its own ‘species criteria’. 

This is because, despite the flaws in a purely typological or phenetic species concept, 

assessment of morphology is the most useful, practical, and widely applied method for 

classifying organisms (Balakrishnan, 2005; Mayr, 1996).  

 

The use of morphology in species delimitation, however, is not ideal. A morphological 

species concept would require us to view species as simply a Linnaean category, 

possibly reflecting the existence of natural entities. While these groups are indubitably 

maintained and created by some combination of evolutionary processes, morphological 

species may not have clear evolutionary significance (Simpson, 1951).  

 

The use of morphology to delineate species is based on the assumption that 

morphological differences will reflect phylogenetic patterns of ancestry and descent as 

well as taxonomy. This assumption is invalid, as there is significant evidence that, while 

morphological divergence may indicate absence of gene flow between groups (Wiens 

and Servedio, 2000), morphology does not necessarily reflect phylogeny or taxonomy 

(Athreya, 2009; Bjarnason et al., 2011; Bruner, 2013; Foley, 1991; Jiménez-Arenas et 

al., 2011; Larson, 1989; Masters, 1993; Paterson, 1981). Rates of morphological 
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divergence have been shown to vary widely between different organisms (Simpson, 

1951), and the process of speciation is not dependent on morphological differentiation 

(Larson, 1989; Miller, 2001; Tattersall, 2005). There are cryptic species which are not 

morphologically differentiated, yet generally recognised as species due to other factors, 

and polymorphic species that contain numerous morphological types within a single, 

cohesive unit (Cardini et al., 2009; Larson, 1989; Mayr, 1996; Mayr and Ashlock, 

1991). There is also the phenomenon of mosaic evolution, frequently identified in 

hominin evolution (Arnold et al., 2014; Bräuer and Leakey, 1986a; Daura et al., 2017; 

Etler, 1996; Hawks and Wolpoff, 2001; Lee, 2015; Martinón-Torres et al., 2018; Rosas, 

2001; Scerri et al.), where different characters may evolve (in the sense of 

morphological divergence) more rapidly than others within a single population (Mayr, 

1996).  

 

Researchers using morphological criteria are required, again, to make a subjective 

decision about when divergence is sufficient to indicate the existence of a new species 

group (Sites and Marshall, 2004), and as to which characters are the most important, 

and which are interdependent (Simpson, 1951). In addition, it will still be difficult for 

taxonomists to identify the correct taxonomic rank from morphological information 

(Mayr, 1964). While organisms from different higher taxa are assumed to be more 

morphologically different to each other than those from different lower taxa (i.e. species 

and subspecies) (Tattersall, 2017), in practice rank demarcation again requires 

experience and qualitative judgements.   
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2.4 - DO SPECIES EXIST? 

 

The second question in the ‘species problem’ is directly related to the first; it examines 

the existence of species, both in the sense of a category and as a natural entity. The 

lack of a universal species concept raises the possibility that species can never be 

defined in a meaningful way that can be applied to all organisms, while simultaneously 

differentiating these from other taxonomic ranks. Some researchers have argued that 

most taxonomists subconsciously agree on a species concept and the difficulty exists 

in the definition of that concept (Hey, 2006), yet application of different species 

definitions indicates that species groups cannot be reliably identified at present 

(Lagache et al., 2013). 

 

While taxonomists appear to be convinced of the existence and biological 

meaningfulness of species, either as an evolutionary unit or as a natural entity, their 

inability to provide an adequate, universal, and applicable definition is problematic. 

Mishler and Donoghue (1992) have argued that neither processes nor patterns can be 

used to create a unifying idea of species, as no process is common to every concept of 

species and unique to the species rank (Ereshefsky, 2016). The possible explanations 

for the current species debate: that we have not yet found a unifying feature that can 

apply to all species concepts (Sober, 1984); that we need to refine our meaning of 

species before we can attempt to find this unifying feature; or that there is no unifying 

feature, as species do not exist as a real category in nature (Ereshefsky, 2016).  

 

Species can be said to exist as taxa, as groupings such as ‘Homo sapiens’ indubitably 

represent a biologically meaningful cluster (Ereshefsky, 2016). Species may exist as a 

category, if a well-defined species concept and subsequent criteria are consistently 

applied to all organisms (Ereshefsky, 2016; Mishler and Donoghue, 1992). At present, 

taxonomy is more pluralistic, with different species concepts being applied to different 

groups of organisms. The existing classification system informs our understanding of 

what species are, yet new investigations and methodologies have the potential to 

change our categorisation of organisms (Rohland et al., 2010). As such, our notion of 

species can be expected to undergo a process of constant refinement. 

 

Previous discussion leads to the following conclusions. Species can be said to exist as 

philosophical individuals, but not classes (but see Boyd (1999)). Species do not exist 

as fundamental evolutionary units, but are the product of evolutionary processes 
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(Mishler and Donoghue, 1992). Species are also not natural entities in a philosophical 

sense (if they can be demonstrated to be individuals) but are clearly the product of 

natural processes. The question remains as to whether these processes lead to distinct 

discontinuities in diversity, or whether we enforce abstract discontinuity onto a more 

continuous, multifactorial process of diversification, arising from the nature of evolution 

as occurring by numerous processes.  
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2.5 - SPECIATION 

 

Speciation is the process that gives rise to species. It may occur through one of two 

processes: anagenesis, where a group of organisms accumulates a sufficient degree of 

diverging traits to be classed as something different to its ancestors; and cladogenesis, 

where a group becomes separated (geographically, ecologically, behaviourally or 

reproductively), and subsequently acquires new traits that distinguish it from its sister 

group or groups (Groves, 2014; Quicke, 1993). Anagenesis is of particular relevance to 

palaeontology, although some argue that it should not be considered true speciation as 

this process of phyletic evolution merely involves the modification of an existing 

species (Hennig, 1966; Mayr, 1996). Cladogenesis encompasses several types of 

speciation, such as allopatry, parapatry, statispatry, sympatry, speciation by 

hybridisation, and centrifugal speciation (Groves, 2014). 

 

Researchers have debated the rate of speciation, with some arguing for the occurrence 

of punctuated, rapid periods of evolution, followed by relative stasis (punctuated 

equilibrium) (Eldredge and Gould, 1972; Gould and Eldredge, 1977), and others for a 

more gradual, constantly paced evolution (gradualism), and there appears to be 

evidence for both phenomena in the fossil record (Boggs, 2001). Nevertheless, it is 

accepted that speciation is a temporally extended, not instantaneous process (de 

Queiroz, 1998; Masters, 1993; Mayr, 1996; Mayr and Ashlock, 1991). As speciation is 

a dynamic, continuous process, biologists can expect to find populations representing 

every stage of the speciation process, yet the static nature of the species category 

requires an arbitrary boundary to be drawn along this continuum (Isaac et al., 2004; 

Zachos et al., 2013). As the criteria used to identify these arbitrary boundaries are also 

likely to arise at different stages of the speciation process (de Queiroz, 2007), these 

boundaries are dependent on the species concepts that are applied. Arguably, 

therefore, the reductionist view that variation in nature should be packaged into 

discrete units (taxa) is partly responsible for the multitude of species concepts currently 

available (Tattersall, 2017).  

 

Speciation is an end result that occurs through various evolutionary mechanisms 

(Tattersall, 2005) including genetic drift, changing selection pressures, founder effects, 

isolation, and bottlenecks, which Barton (1989) has grouped into changes in adaptive 

peaks and steady accumulations of differences. It is likely, if not certain, that the 

various mechanisms proposed by some species concepts mentioned in 2.2 will also 
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play a role in speciation, such as changes in mate recognition systems (Paterson, 

1981; 1985) and ecological niches (Van Valen, 1976). Considering this, it is 

unsurprising that there is no universal species concept; to incorporate all of the 

possible mechanisms giving rise to new species, as well as all of the signs that 

speciation may have occurred, would require a complex, multifactorial species concept 

that will almost certainly be impractical in its application.  
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2.6 - SUBSPECIES 

 

In the original Linnaean system, species formed the basal taxonomic rank (Mayr, 1964; 

Tattersall, 1992). Many species concepts reflect this in not recognising any categories 

below the species level (e.g. the BSC and some interpretations of the PSC) (Baum and 

Donoghue, 1995). Nevertheless, subspecific groups are recognised across many 

groups of organisms in practical taxonomy, and are identified by their trinomial 

nomenclature. While research into the existence of subspecies groups within humans 

has tentatively concluded that modern Homo sapiens are monotypic (not containing 

distinct subspecies groups) (Barbujani et al., 1997; Biondi and Rickards, 2007; Keita et 

al., 2004; Lewontin, 1972; Long and Kittles, 2003; Relethford, 1994), subspecies 

classifications are fairly commonplace across the primates. It is therefore plausible that 

subspecies may have evolved within hominin groups, especially those living over large 

areas and time-spans, although it is uncertain whether they might be identified in the 

fossil record (see below). 

 

In taxonomy, the terms ‘race’ and subspecies are used synonymously to refer to 

variation below the species level (Dobzhansky, 1944; Keita et al., 2004; Livingstone 

and Dobzhansky, 1962; Long and Kittles, 2003; Mayr, 1964). Subspecies is a category 

used to classify groups within species, typically thought of as geographic subgroups 

that may intergrade in traits or be separated (Dobzhansky, 1944; Mayr, 1964; Mayr and 

Ashlock, 1991; Smith, 1994). They can be defined morphologically, as “substantively 

morphologically distinct populations” (Keita et al., 2004:S17), or genetically, as groups 

of organisms throughout which active interbreeding occurs regularly (Simpson, 1951). 

The relationship between the taxonomic, morphological, and genetic aspects of 

subspecies are analogous to those in the species category (Simpson, 1951). 

 

An alternative meaning of subspecies is Darwin’s ‘incipient’ or potential species 

(Boggs, 2001; Mayr, 1982b), representing groups of organisms within a single species 

that are undergoing speciation and have begun to diverge in some respects, yet are 

genetically reticulate (Groves, 2004). They have the potential to evolve into full species 

through isolation (in the wide sense), just as species distinctions may eventually 

become genus distinctions (Simpson, 1943). They are differentiated from species in the 

assumption that subspecies may eventually fuse to become a single, monotypic group, 

if the factor causing the initial divergence is removed (Dobzhansky, 1944) (except for in 

cases of extinction via hybridisation). While species can be assumed to have evolved 
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from historic subspecies (Mallet, 1995), not all subspecies will evolve sufficient 

divergence to be classified as species (Simpson, 1961). As such, subspecies have 

been described as not being objective concepts, and therefore as not existing as 

entities in the same way that species are (Groves, 2012b). 

 

Identification of subspecies is notoriously difficult (Mayr, 1964). The general process is 

similar to that for species, but considers less pronounced or discrete discontinuities 

between groups as significant (Long and Kittles, 2003). Unlike species, there has been 

less focus on the formation of subspecies concepts (Long and Kittles, 2003), and 

therefore little development of criteria for their recognition. It can be said that 

subspecific classification is unjustifiable when variation within potential subspecies is 

larger than variation between them (Long and Kittles, 2003), and some methods have 

been proposed for their identification, such as the 75% rule, where over 75% of 

organisms from a single subspecies should be identifiable by some diagnostic 

characters (Amadon, 1949; Mayr, 1964). 

 

The traditional definition of subspecies as geographically circumscribed and genetically 

differentiated populations cannot be applied operationally, as every population (and 

every individual) can be distinguished by some combination of characters, meaning 

that an arbitrary lower limit of population divergence would have to be applied 

(Templeton, 1998; Wilson and Brown, 1953). In a similar scenario to the species 

problem, the conclusion appears to be that subspecies do exist in nature, but their 

naming and definition is subjective (Dobzhansky, 1944), with subspecies again being 

determined in a circular manner, whereby a group can only be considered a 

subspecies if they acquire “taxonomically significant differences” (Mayr and Ashlock, 

1991:46) in comparison to their close relatives.  
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2.7 - WHAT IS THE CURRENT PURPOSE OF ‘SPECIES’? 

 

Much of the debate over ‘the species problem’ is philosophical in nature. While this is 

useful in enabling researchers to fully explore what they mean when they use the term 

‘species’, the same problems have persisted in this debate, meaning that ongoing 

discussion may be beyond what is required for practical taxonomy (Bruner, 2013; Jolly, 

2009). As Bruner (2013) has stated, taxonomy must be a means to an end, not the 

goal itself. As such, a balance has to be achieved between refinement of our 

understanding of what species are and maintaining the stability of what is implied by 

this taxon over time (Bruner, 2013; Groves, 2001; 2012b).  

 

If we accept that species can be reliably identified, and the problem lies in verbalising 

our underlying notion of species, the more important question is what meaning of 

species is applicable in a given context. Researchers may easily provide a definition 

and set of criteria for species delineation, but they also need to provide an explicit 

explanation of what is implied by this category, and therefore what can be concluded 

from analysis. If the purpose of species is for groups to be classified in a universally 

understandable manner, to aid identification and information retrieval (Mayr, 1982a), or 

to provide a consistent measure of biodiversity (Ereshefsky, 2016), then the original 

typological system of Linnaeus, with species referring to a category and a taxon, may 

be suitable. If species groups are to be used as fundamental evolutionary units, then 

their definition would need to be refined to ensure that they represent phylogenetically 

meaningful groups (Mishler and Donoghue, 1992).  
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2.8 - PALAEOTAXONOMY 

 

2.8.1 - THE ‘FOSSIL SPECIES PROBLEM’ 

 

Species in the fossil record serve a dual purpose, comparable to evolutionary units and 

taxonomic categories: they are the basis for the study of evolutionary processes giving 

rise to current groups; and they allow us to record levels of biodiversity, and link this to 

changing factors such as geographic expansion and climate change (Tattersall, 1986). 

As such, the ability to identify and delineate different taxonomic groups is an important 

aspect of palaeontology (Tattersall, 1986), yet species recognition in the hominin fossil 

record is a divisive topic. While we can expect that previous hominins were subject to 

the same evolutionary forces as extant mammals (Groves, 2012a), 

palaeoanthropologists do not have the same quality or quantity of evidence from which 

to base their decisions.  

 

Classification of fossil specimens is intrinsically linked to the available evidence 

(Stringer et al., 1979), however the fossil record only preserves small, incomplete 

samples of hominins from which to build our understanding (Simpson, 1961). While 

some believe that no useful conclusion can be drawn without significant (and largely 

unattainable) numbers of fossils (Nelson, 1989), others maintain that proper treatment 

of evidence (Smith, 1994) and understanding of normal biodiversity can lead to useful 

inferences.  

 

The fossil record only preserves hard-tissue evidence, yet many species differences 

are only apparent in behavioural or soft-tissue evidence (Bruner, 2013; Simpson, 1961; 

Smith, 1994; Tattersall, 1986; 1992; Wood, 2010), making the application of popular 

species concepts and criteria to the fossil record extremely difficult. Instead, most 

palaeoanthropologists use morphology to discern differences between hominin groups 

(Kimbel, 1991; Smith, 1994; Tattersall, 2005; Wood, 2010), therefore applying a 

morphological or phylogenetic species concept (Henneberg and de Miguel, 2004; 

Smith, 1994). Even with such limited evidence, palaeoanthropologists do apply 

different, frequently unspecified species concepts, as well as varying thresholds of 

‘sufficient’ morphological difference, which is one reason for the existence of numerous 

different phylogenies and classification systems (Foley, 1991). 
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In addition to the uncertainty in their ability to identify significant differences between 

organisms from limited evidence, palaeoanthropologists and palaeontologists are faced 

with another issue that distinguishes them from systematists. Palaeoanthropologists, 

unlike many modern taxonomists, are forced to consider species within the temporal 

dimension (Mayr, 1996). This adds an extra element of uncertainty to palaeotaxonomy, 

as palaeoanthropologists are likely to find all kinds of species, including incipient 

subspecies and ‘mature’ or ‘good’ species (Mayr, 1964). While this is arguably true for 

biologists looking at extant organisms, palaeoanthropologists are required to make 

inferences as to the evolutionary fate of these groups, and their relationship to other 

populations, on limited evidence. Even under the best of circumstances, where fossils 

show a clear anagenetic trend, researchers have to decide on an arbitrary threshold of 

when differentiation is sufficient to indicate speciation, again forcing a discontinuous 

framework onto a record of continuous evolution and accumulation of apomorphies. 

Thus, fossil species will always be arbitrary (Foley, 1991) in a sense that does not 

apply to extant organisms recognised as species, and palaeospecies may not be 

comparable to living species. 

 

Given the limitations of the fossil record, it could be argued that species diversity may 

be more likely to be underestimated in the fossil record (Wood, 2010), however this 

does not appear to hold true. Based on estimates from other mammalian species, the 

expected number of speciation events in the hominin evolutionary tree is 7.7 (Bokma et 

al., 2012), yet suggested alpha taxonomies include anywhere between 5-23 hominin 

species (Curnoe and Thorne, 2003). For instance, Mayr (1964) offered a minimalist 

view that all hominins should be classified into one of three species, Homo 

transvaalensis, Homo erectus, and Homo sapiens, yet this is clearly at odds with most 

palaeoanthropologists’ view of hominin taxic diversity, and our current understanding of 

the human fossil record (Schwartz and Tattersall, 2010; Tattersall and Schwartz, 2008; 

Wood and Boyle, 2016). The difference in estimates of the number of fossil hominin 

species could be the result of three factors: the application of different species 

concepts (Bokma et al., 2012; Derricourt, 2009; Isaac et al., 2004); a bias towards 

prestige in palaeoanthropology (Bokma et al., 2012; Derricourt, 2009); or an unusually 

fast rate of morphological differentiation in the hominin fossil record in comparison to 

other mammalian groups (Tattersall, 2005).   
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2.8.2 - RECOGNITION OF SPECIES AND SUBSPECIES WITHIN THE MIDDLE 

PLEISTOCENE HOMININ FOSSIL RECORD 

 

The above debate over ‘the species problem’ and ‘the fossil species problem’ may lead 

some to conclude that the search for species in palaeoanthropology is futile. Species, 

however, can be identified if four assumptions are made: 

 

1. Species exist in the sense that taxonomists can partition biological diversity in 

meaningful (or at least useful) ways, for instance as part of a classificatory and 

information retrieval system, or into groups which are significantly different in 

some manner that reflects evolutionary divergence. 

2. Species can be defined in numerous ways, and therefore by a morphological or 

phenetic species concept with a criterion of sufficient morphological difference.  

3. These groupings may not directly correspond to species that would be 

recognised from all available evidence in extant organisms, but may 

approximate them, and are broadly comparable to Smith’s (1994) ‘phena’.  

4. The use of a morphological criterion will recognise phenotypically distinct 

groups in the fossil record but may group together significantly different 

organisms (e.g. cryptic species). 

 

In order to identify species within the MPH, it is necessary to understand morphological 

variation within the fossil record in comparison to that seen in extant specimens of 

known taxonomic affiliation (Quintyn, 2009). The above criterion of ‘sufficient 

morphological difference’ will always be relative, as different organisms have different 

rates of morphological divergence, and will require comparisons to living organisms. 

Fossil species under the current definition can be discerned if they are shown to 

display morphological cohesion, with species boundaries being identified by intergroup 

variation of a similar magnitude to that found in suitable extant analogues (Tattersall, 

1986) (the idea of morphological disparity (Cardini et al., 2009)). Models of intraspecific 

variation cannot be made from fossil evidence alone, with individual fossil populations 

merely indicating minimal levels of population variability. By using extant models of 

‘good’ taxa, the probability hominin species identified under a morphological species 

concept will correspond to species recognised under a multifactorial (or pluralistic) 

species concept that incorporates molecular, ecological, and reproductive factors can 

be increased. 
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The subspecies category has been variably applied to palaeoanthropology (e.g. Homo 

sapiens neanderthalensis (see White et al., 2014), Homo erectus tautavelensis (de 

Lumley, 2015)). Palaeontologists rarely use this rank for vertebrate fossil specimens 

(Simpson, 1943), as this evidence generally does not represent an adequate sample 

from across the range of the assumed taxon (Simpson, 1961), although there are some 

exceptions. Differences between subspecies groups are normally subtle, again 

consisting of any number of factors from morphology, behaviour, ecology, geography, 

or genetics, yet the fossil record only preserves hard-tissue (skeletal and dental), 

temporal, and geographic evidence, and only morphological evidence has any 

necessary relationship to a specimen’s taxonomy (Tattersall, 2005). Studies of primate 

anatomy indicate that identification of primate subspecies from skeletal and dental 

evidence is extremely difficult (Tattersall, 1986; 1992), limiting the possibility of 

identifying fossil hominin subspecies. The search for fossil subspecies is compounded 

by the ephemeral nature of this taxon (Kimbel, 1991; Tattersall, 1986), as subspecies 

exist as ‘potential’ species (see above), and are therefore expected to have less of a 

discernible presence over time. Considering the number and density of specimens 

required for identification, the limitations of the fossil record, and the transient nature of 

subspecies, Tattersall (1986) has suggested that the search for fossil subspecies is 

probably futile, and it is best to classify a group showing considerable differentiation as 

a separate species. Nevertheless, the current study will attempt to assess the validity 

of suggested subspecies groups within the MPH (see 3.3) using extant models of 

accepted primate subspecies.  
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CHAPTER 3 - MIDDLE PLEISTOCENE HOMININS AND HOMO 

HEIDELBERGENSIS SENSU LATO 

 

3.1 - NATURAL HISTORY 

 

Homo heidelbergensis (sensu Schoetensack, 1908) is a term widely applied to a group 

of hominin fossils dating to the Middle Pleistocene. It includes specimens from Europe, 

Africa, and possibly Asia, and has been widely assumed to be the stem species of 

Homo neanderthalensis and Homo sapiens (Mounier et al., 2009; Rightmire, 1998; 

Stringer, 1983; 2002; 2012). This hypothesised close relationship to ourselves and the 

Neanderthals makes this group of hominins relevant to the hybridisation and species 

debates surrounding these Late Pleistocene groups, yet there is still little agreement 

over the origin, definition, and geographical extent of this taxon (Martinón-Torres et al., 

2011). Recent debate has led some researchers to question the validity of the 

taxonomic term Homo heidelbergensis (Bae, 2010; Fabbri, 2006), and there are 

numerous competing hypotheses as to the correct classification of the Middle 

Pleistocene hominins (MPH). 

 

3.1.1 - IDENTIFICATION  

 

The name Homo heidelbergensis was first used by Otto Schoetensack to classify a 

hominin mandible found in Middle Pleistocene deposits in a mine near Mauer, 

Germany, in 1907 (Schoetensack, 1908; Stringer, 2012). He assigned this specimen, 

now known as Mauer 1 (figure 3.1.I) and dated to 610 kya (thousands of years ago) 

(Wagner et al., 2010), to a new species as he felt it was too primitive to be grouped 

with previously known specimens of Homo neanderthalensis or our own species, Homo 

sapiens, but too similar to modern humans to belong to any earlier hominin groups 

discovered at that time (Schoetensack, 1908; Stringer, 2012). Mauer 1 therefore 

became the type specimen of its own species group, Homo heidelbergensis, assumed 

to be closely related to our own. The Mauer 1 mandible appears to be from a young 

adult and displays a broad ramus, thick body, receding symphysis, low and rounded 

coronoid processes, shallow mandibular notch, truncated gonial region, an incisura 

submentalis, and relatively small dentition in comparison to its general size and 

robusticity, resulting in modern dental proportions (Czarnetzki, 2003; de Lumley, 2015; 
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Fabbri, 2006; Howell, 1960; Rightmire, 1998; Schwartz and Tattersall, 2010; Stringer, 

2012). While some of the features of this specimen may be linked to periodontal 

disease and possible osteochondrosis dissecans (Czarnetzki, 2003), these processes 

do not explain the particular combination of derived and archaic traits seen in Mauer 1. 

 

 

 

FIGURE 1 

 

 

In 1920 a cranium was found in a mine in Broken Hill, Northern Rhodesia (Zambia). 

While details of the specific archaeological context of this specimen, now known as 

Broken Hill 1 (or Kabwe 1; figure 3.1.II), were lost, faunal and lithic analyses indicates 

that it may have come from layers dating to the late Middle Pleistocene (500-300 kya) 

(Barham et al., 2002; Klein, 1973; Stringer, 2011; Trinkaus, 2009). This cranium was 

designated a unique species name, Homo rhodesiensis, by Woodward (1921) due to 

its distinct appearance. Similarities have been noted between the Kabwe cranium and 

Homo sapiens, such as the large cranial capacity (1280 cm3), a deeply arched palate, 

high, arched temporal squamae, and an expanded upper scale of the occipital, 

although this specimen also retains some archaic features, such as very heavy 

browridges, and a lower degree of basicranial flexion (Rightmire, 2001b; 2009b; Smith, 

1928; Woodward, 1921). Woodward (1921) observed that the mandible of this 

specimen would be somewhat larger than that of Mauer, but could not comment more 

on the relationship between the two due to the different nature of the specimens.  

Figure 3.1.I - Mauer 1 mandible, type specimen (or holotype) of Homo heidelbergensis 

(Wagner et al., 2010:19727) 
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Later discoveries of MPH include a skullcap (figure 3.1.III) and mandibular fragment 

found in Saldanha (Elandsfontein), South Africa, in 1953, in contexts dating to 400-800 

kya (Klein et al., 2007; Singer, 1954). While similarities were noted between the 

mandibular fragment and the Mauer mandible (Drennan and Singer, 1955), and 

between the calvarium and Kabwe (figure 3.1.IV), Drennan (1955) believed the 

mandibular specimen was too similar to those of Neanderthals to belong to the same 

group. He also observed that while the Saldanha calvarium showed a similar slope of 

the frontal squama to the Kabwe specimen, it documented “a wealth of contrast” to the 

Homo rhodesiensis type specimen, some of which aligned it with the Lake Eyasi 

specimen (see below) (Drennan, 1955:633). Despite this, Singer (1954) believed that 

the differences between the Saldanha and Kabwe crania could be attributed to 

individual variation.  

 

 

 

Figure 3.1.II - Kabwe 1 (Broken Hill 1) cranium, type specimen of Homo rhodesiensis, from frontal and 

left lateral view 

(Schwartz and Tattersall, 2003:112) 

 

Figure 3.1.III - Saldanha skullcap from frontal and right lateral view 

(Singer, 1954:360, 361) 
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Excavations at Caune de l’Arago, France, led to the discovery of hominin remains 

between 1969 and 1979, including both cranial (Arago 21) and mandibular (Arago 2, 

13, 89) fossils (figure 3.1.V), which have been dated to approximately 438 kya 

(Falguères et al., 2015; Falguères et al., 2004). Morphological assessment indicates 

that the cranial specimen is similar to Kabwe, although smaller in size and showing 

more modern endocranial morphology (Rightmire, 2008; Seidler, 1997). Despite this, 

Arago 21 shows considerable post-depositional distortion (Subsol et al., 2001), and 

virtual reconstruction indicates a possible closer relationship to a purported 

Neanderthal clade including specimens from Sima de los Huesos (Guipert et al., 2014) 

(see 3.1.2 and 3.3.4). Mandibular fossils from Arago have been compared to Mauer 1; 

for instance Arago 13 shares a low, posteriorly situated mental foramen, a broadly 

rounded gonial region, and a broad symphyseal region with the Homo heidelbergensis 

type specimen (Schwartz and Tattersall, 2010). The mandibular specimens also show 

some archaic traits such as internal symphyseal buttresses and marginal tori, while 

Arago 2 appears to show elements of a mental eminence (chin), a derived trait 

(Rightmire, 2008; but see Schwartz and Tattersall, 2010).  

 

Similarities have been noted between Mauer 1 and Middle Pleistocene mandibular 

specimens from Arago and Sima de los Huesos, Spain (figure 3.1.VI) (Howell, 1960; 

Rak, 2011; Stringer et al., 1979), and between the Arago and Kabwe cranial specimens 

(Rightmire, 2008). These have led researchers to link Homo heidelbergensis and 

Homo rhodesiensis into a single taxon, Homo heidelbergensis sensu lato (‘in the wide 

sense’), with the Arago and Kabwe fossils acting as paratypes to extend the taxonomic 

definition of this group (Harvati, 2007; Stringer et al., 1979). Homo heidelbergensis 

Figure 3.1.IV – Comparisons of: the Saldanha mandibular fragment (continuous grey line) to Mauer 

1 (continuous black line) and projected mandible for Kabwe (dotted line) (left); and the Saldanha 

calvarium (dotted line) to Kabwe (continuous line) (right) 

(Drennan, 1955:627, 632) 



  

Page 67 of 547 

sensu lato now encompasses the majority of craniofacial hominin fossils from the 

Middle Pleistocene showing indeterminate affinities to Homo erectus, Homo sapiens, 

and Homo neanderthalensis (Fabbri, 2006). 

 

 

 
Figure 3.1.V - 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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The isolated nature of the mandibular type specimen has undoubtedly contributed to 

debate over the taxonomy of this group (Hublin, 2009; Rak, 2011). If Mauer 1 is 

included in Homo heidelbergensis sensu lato, then this species name is taxonomically 

valid (Rightmire, 1998). If, however, the Mauer mandible is shown to represent a 

different group, either Homo neanderthalensis or something as yet undefined, an 

alternative name would have to be used for the non-Mauer specimens. While this is a 

basic tenet of taxonomy, complications arise in palaeoanthropology due to the limited 

preservation of fossils (Bermúdez de Castro et al., 2016b). As the majority of Middle 

Pleistocene specimens are isolated craniofacial fossils it is impossible to link these to 

the Homo heidelbergensis holotype (Rightmire, 1998). While using sites which 

preserve both crania and mandibles from the Middle Pleistocene, such as Arago, 

Figure 3.1.VI - European mandibles from right lateral view: a - Mauer 1; b - Arago 8;  

c - Montmaurin; d - Arago 2; e - Atapuerca-SH 19; f - Atapuerca-SH 21 (reflected)  

(de Lumley, 2015:327; Rosas et al., 2002:463; Schwartz and Tattersall, 2010; Vallois, 1956:321) 
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Saldanha, and Atapuerca-SH, as paratypes may help, the Mauer 1 mandible has been 

argued to be too primitive and unique to be grouped with other fossils typically 

classified as Homo heidelbergensis (Dennell et al., 2011; Hublin, 2009; Rak, 2011; 

Stringer, 2012). The extension of the paradigm to cranial specimens would also require 

them to be sufficiently similar in morphology to those from Arago and Sima de los 

Huesos. 

 

Another issue is the possibility that Mauer 1 may share some specialised European 

traits with specimens from Sima de los Huesos (see section 3.3.4), which may require 

the Mauer specimen to be classified within a wider Neanderthal clade (Fabbri, 2006; 

Rosas and Bermúdez de Castro, 1998). Nevertheless, Rightmire (1998) has suggested 

that Mauer 1 shows few if any of these traits, while Rak (2011) argued that similarities 

between Mauer 1 and mandibles from Atapuerca-SH are not true synapomorphies. At 

present, therefore, the Mauer 1 mandible may have to be classified as incertae sedis 

(Hublin, 2009), although it is unclear whether this would require the abandonment of 

the term Homo heidelbergensis. If the holotype is replaced with the Kabwe cranium, 

either individually or as part of a group of specimens used to define this group, the term 

Homo rhodesiensis would have to be adopted. 

 

In recent years researchers have been using a less taxonomically valid rationale to 

assign specimens to Homo heidelbergensis (sensu lato) (used here to include 

specimens that cannot be directly linked to the Mauer 1 holotype). This arises from the 

nature of the Homo heidelbergensis sensu lato specimens discussed above, which 

date to the Middle Pleistocene and show a mosaic of archaic and derived characters 

which place them between Homo erectus sensu lato on the one hand, and Homo 

sapiens and Homo neanderthalensis on the other. Therefore, specimens from the 

Middle Pleistocene which cannot be placed within other defined hominin taxa have 

been grouped with Homo heidelbergensis sensu lato specimens under the term ‘Middle 

Pleistocene hominins’ (MPH). Arguably, there are features which link these specimens 

to Homo heidelbergensis, through the Arago paratypes, however the taxonomic issues 

associated with the mandibular holotype mean that the non-taxonomic term ‘Middle 

Pleistocene hominins’ may be preferable until the exact nature of this group of 

specimens can be established. 
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3.1.2 - MIDDLE PLEISTOCENE HOMININS 

 

As has been previously stated, MPH have been found across the Old World (figure 

3.1.VII). While many classify the Asian specimens from this time period (such as Dali, 

Maba, and Jinniushan; see below) to Homo erectus sensu stricto or ‘archaic Homo 

sapiens’, some of these fossils show similarities to Eurafrican specimens commonly 

classified as Homo heidelbergensis sensu lato (Bae, 2010; Lahr, 1994; Wu and 

Athreya, 2013). Therefore, to avoid excluding potentially relevant specimens, all fossils 

dating to the Middle Pleistocene, approximately 780-120 kya, that cannot be reliably 

included within Homo naledi, Homo sapiens, Homo neanderthalensis, or Homo erectus 

will be discussed here. Due to the nature of this project, and the preservation bias for 

the MPH fossil record, only sites with craniofacial specimens are included in the 

following section.  

 

AFRICA 

 

The most well-known MPH from Africa is the previously described Kabwe cranium. 

Finds from this Zambian site also include a tibia, two maxillae, a sacrum, an ilium, an 

ilio-ischial fragment, two proximal femora, a femoral diaphysis, a distal femur, a distal 

humerus, and a partial parietal (Trinkaus, 2009), as well as early Middle Stone Age 

technology including some potential bone tools (see 3.4.1) (Barham, 2001; 2002a), and 

faunal remains (Klein, 1973).  

 

Other finds from Africa include the nearly complete cranium (figure 3.1.VIII) and partial 

distal humerus from Bodo, near the Awash River valley in Ethiopia, dated to 

approximately 640 kya (Clark, 1994). Archaeological finds from the site include 

Acheulean and Oldowan technology as well as early Middle Pleistocene fauna 

(McBrearty and McBrearty, 2000; Rightmire, 1996; 1998). The Bodo cranium has a 

cranial capacity of 1250-1300 cm3, within the range of Homo sapiens, although it is 

relatively large and robust (Rightmire, 1996; 2012). It displays similarities to Kabwe and 

the cranium from Petralona (see below), and has a wide nasal and palatal breadth, 

massive facial bones, a broad frontal with massive supraorbital ridges and sagittal 

keeling, relatively reduced postorbital constriction, and arched temporal squamae 

(Rightmire, 1996; 1998; Stringer, 1983). Endocranial analysis has shown that Bodo is 

relatively derived in the relationship between its orbits and anterior cranial fossa in  
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Figure 3.1.VII – Map showing distribution of key MPH craniofacial sites discussed in Chapter 3 
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comparison to earlier Homo (Beaudet and Bruner, 2017), and while it is similar in 

overall shape to Homo sapiens and Homo neanderthalensis, it has a somewhat unique 

frontal torus in the region of Broca’s cap, a trait which is also seen to a lesser extent in 

Kabwe (Holloway et al., 2005). 

 

 

 

 

 

 

Other specimens include the cranium from Lake Ndutu, Tanzania (figure 3.1.IX), found 

with Acheulean lithics and various faunal remains, and dated to approximately 400 kya 

with an estimated cranial capacity of 1100 cm3 (Clarke, 1976; Leakey and Hay, 1982; 

Mturi, 1976). This specimen is more fragmentary than the other African specimens 

discussed above and went through multiple reconstruction efforts (Clarke, 1976; 1990). 

It has a projecting supraorbital torus, which is more gracile than in Bodo and Kabwe, a 

prominent articular tubercle, a delicate tympanic region, and a vertical upper plane of 

the occipital bone (Clarke, 1976; 1990; McBrearty and McBrearty, 2000; Mturi, 1976; 

Rightmire, 1983; 2001a; 2008; Rightmire, 2009b; Tattersall and Schwartz, 2009). It was 

originally grouped with Homo erectus due to similarities in the occipital region, mastoid, 

supraorbital torus, vault thickness, and cranial outline, although similarities to Homo 

sapiens (e.g. in the ossified styloid process, parietal bossing, absence of a sagittal 

torus, and relatively vertical lateral aspects of the cranial vault) and the lost Lake Eyasi 

1 specimen were also noted (Clarke, 1976; 1990). Later, Rightmire (1983) argued that 

cranial vault similarities between Ndutu and Omo 2, Kabwe, and particularly Saldanha 

would suggest that this specimen be placed within ‘archaic Homo sapiens’, meaning 

that it should be considered among the wider MPH hypodigm. 

Figure 3.1.VIII - Bodo cranium from frontal and oblique view 

(Rightmire, 1996:24)  
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A hominin cranium (ES-11693; figure 3.1.X) was found near Eliye Springs, West 

Turkana, Kenya, in 1985 (Bräuer and Leakey, 1986a; b). It was found with faunal 

remains presumed to be from similar, Pleistocene deposits, however the original 

archaeological context could not be established and the Eliye Springs specimen 

remains undated (Bräuer and Leakey, 1986a). Cranial capacity has been estimated to 

be between 1170-1222 cm3, close to the ranges of Kabwe, Bodo, and Saldanha 

(Bräuer et al., 2004). Bräuer and Leakey (1986a) concluded that ES-11693 is most 

similar to Saldanha in overall form and should be placed within late archaic Homo 

sapiens. Despite its relatively smaller cranial capacity, the Eliye Springs fossil shows a 

mixture of derived and archaic endocranial traits that suggest a close relationship to 

later Homo sapiens (Bräuer et al., 2004; but see Stringer, 2016). 

 

 

 

Figure 3.1.IX - Ndutu cranium in front and left lateral view, following second reconstruction in 1978 

(Schwartz and Tattersall, 2003) 

Figure 3.1.X - Eliye Springs cranium from frontal and left lateral view 

(Schwartz and Tattersall, 2002:61) 
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A partial cranium (figure 3.1.XI) and hominin tooth were found at the site of Florisbad, 

South Africa, in 1932 (Dreyer, 1935). They were found with Middle Stone Age tools, 

and the tooth has been dated to between 260-280 kya (Grün et al., 1996; Kuman, 

1999). Dreyer (1935) gave the hominin remains the name Homo helmei, perceiving 

them to be distinctive from other known hominin species (Schwartz and Tattersall, 

2003). The Florisbad hominin is seen by some to represent an intermediate or 

transitional species between Homo rhodesiensis and Homo sapiens (Deacon and 

Wurz, 2001; McBrearty and McBrearty, 2000), or an archaic Homo sapiens (Stringer, 

2016). Although the appearance of the partial cranium may have been affected by 

pathological processes and carnivore activity (Curnoe and Brink, 2010; Schwartz and 

Tattersall, 2003), its overall morphology is similar to Kabwe, with a relatively massive 

face and thick supraorbital torus, although it is less robust and has a broader face 

(Rightmire, 2001b; 2009a). It has been grouped with other MPH such as Saldanha, 

Kabwe, and Eliye Springs, as well as with later hominins such as Laetoli Hominin 18 

(LH18), Djebel Irhoud, and Omo 2 (Clarke, 1985; Grün et al., 1996; Rightmire, 1978; 

Schwartz and Tattersall, 2003). 

 

 

 

 

 

 

The Salé specimen was found in Morocco in 1971 and consists of a partial adult 

braincase (figure 3.1.XII), partly distorted due to pathology (Hublin, 1985; 2001), along 

with part of a left maxilla (Schwartz and Tattersall, 2003). It is dated to Oxygen Isotope 

Stage 13, with Electron Spin Resonance (ESR) dates of 389 kya being found for 

Figure 3.1.XI - Florisbad hominin from frontal and right lateral view 

(Schwartz and Tattersall, 2003:82) 
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associated faunal remains (Grün and Stringer, 1991). Cranial capacity for this 

individual is low, at 800 cm3 or possibly 930 cm3 (Holloway, 2000; Hublin, 2001). 

Researchers have noted a mosaic of derived traits reminiscent of Bodo, Kabwe, and 

Saldanha, such as the convexity of the frontal bone and vertical parietals, as well as 

archaic features, such as low frontal breadth, leading to its classification as an 

advanced Homo erectus (sensu lato) or early Homo sapiens (Hublin, 2001; Jaeger, 

1975). Comparisons have also been made to the Ndutu specimen, although Hublin 

(2001) notes the contrast in brain size between Salé and other MPH commonly 

included in Homo heidelbergensis sensu lato. 

 

 

 

 

 

 

Less complete remains include the cranial and mandibular fragments from Lake Eyasi, 

Tanzania (Schwartz and Tattersall, 2003). While these were surface finds, they are 

presumed to date to the late Middle Pleistocene based on similarities of the associated 

archaeological assemblage to the Sangoan and Middle Stone Age industries 

(Mehlman, 1984; Mehlman, 1987), although their possible association with Acheulean 

artifacts may indicate an earlier Middle Pleistocene origin (Stringer, 2016). A 

reconstruction of the most complete cranium (Eyasi 1; figure 3.1.XIII) shows a low 

profile with a projecting supraorbital torus, and some modern features, as well as 

morphological similarities to hominins from Laetoli and Eliye Springs (Stringer, 2000; 

2016). Recently, a new frontal bone fossil from Lake Eyasi (Eyasi 7) was discovered. 

Although the dating remains problematic, this specimen shows similarities to the other 

Figure 3.1.XII - Salé specimen from frontal and right lateral view 

(Schwartz and Tattersall, 2003:256) 
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Eyasi fossils, along with derived features that may link it to early African Homo sapiens, 

such as a reduced supraorbital torus and a more rounded frontal (Domínguez-Rodrigo 

et al., 2008). 

 

 

 

 

 

 

ASIA 

 

A cranial fragment, consisting of a frontal, right zygomatic, and right greater wing of a 

sphenoid, was found in Zuttiyeh Cave, Israel, in 1925 (figure 3.1.XIV) (Keith, 1927; 

Schwartz and Tattersall, 2003; Turville-Petre, 1927). It was found with Acheulean-

Yabrudian lithic artefacts and has been dated to approximately 200-500 kya (Bar-

Yosef, 1992; Freidline et al., 2012b; Rightmire, 2009a). Sohn and Wolpoff (1993:335) 

have noted that “virtually every opinion possible has been expressed with regard to 

Zuttiyeh’s phylogeny”; while Keith (1927) suggested it was a variant of Homo 

neanderthalensis with a more vertical frontal, morphometric analysis has indicated that 

this specimen could be located at the root of Homo sapiens (Zeitoun, 2001), and others 

have suggested that it could be considered as a ‘generalised’ hominin (Smith, 1985; 

Sohn and Wolpoff, 1993). Its morphology shows affinities to Arago 21 and early 

Neanderthals, as well as Homo sapiens (e.g. Skhūl, Qafzeh) (Freidline et al., 2012a; 

Simmons et al., 1991; Sohn and Wolpoff, 1993), indicating its potential proximity to the 

possible last common ancestor (LCA) of these two species. Genetic estimates of the 

divergence of Homo neanderthalensis and Homo sapiens, however, may refute this 

Figure 3.1.XIII - Lake Eyasi specimen from frontal and left lateral view 

(Schwartz and Tattersall, 2003:65) 
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hypothesis (see 3.3.4). Nonetheless, the age of this specimen, along with its 

morphological affinities, indicate that it should be considered within the wider hypodigm 

of the MPH. 

 

 

 

 

 

 

Further east, a near-complete cranium (figure 3.1.XV) was recovered from the 

Narmada river valley near Hathnora, India, along with clavicles and a rib fragment. 

Associated faunal remains date to the late Middle Pleistocene (de Lumley and Sonakia, 

1985), with a suggested minimum age of 236 kya (Cameron et al., 2004). This 

specimen was originally classified as Homo erectus narmadensis (de Lumley and 

Sonakia, 1985), although Kennedy et al. (1991) felt that it was more derived and should 

be placed within Homo sapiens. Despite this, morphological studies have noted 

affinities to MPH such as Petralona, Arago, Kabwe, Dali, Ndutu, and Bodo (Cameron et 

al., 2004; Kennedy et al., 1991), although a more recent study indicated that this 

specimen is intermediate between Homo heidelbergensis sensu lato and Homo 

erectus, and more similar to the former (Athreya, 2007). The Narmada cranium has a 

projecting supraorbital torus, thick cranial walls, low position of maximum cranial 

breadth, and pronounced post-orbital constriction, coupled with a large cranial capacity 

(1155-1421 cm3), a tall cranial vault, and a rounded occipital (Kennedy et al., 1991; 

Cameron et al., 2004; Sonakia and de Lumley, 2006; Patnaik and Chauhan, 2009; 

Weaver and Klein, 2009).  

Figure 3.1.XIV - Zuttiyeh hominin from frontal, right lateral, and superior view 

(Schwartz and Tattersall, 2003:404) 
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In 2006 a hominin skullcap (figure 3.1.XVI) was discovered in Salkhit, Mongolia 

(Coppens et al., 2008). The exact age of this specimen is unknown, and researchers 

have suggested dates ranging from the early Middle Pleistocene to terminal Late 

Pleistocene (Bae, 2010; Kaifu and Fujita, 2012). Originally described as showing a 

mosaic of plesiomorphic and apomorphic traits, including a frontal keel and a 

developed supraorbital torus, combined with a lack of a sagittal keel and decreased 

postorbital constriction, it has been suggested to be an archaic Homo sapiens, a 

member of Homo erectus sensu stricto, a possible Homo heidelbergensis sensu lato 

(Coppens et al., 2008; Lee, 2015), or even a terminal Pleistocene modern Homo 

sapiens (Kaifu and Fujita, 2012). It has some resemblance to the Dali cranium from 

China (see below), although it has a relatively smaller frontal breadth (Lee, 2015), and 

Neanderthal characteristics have also been identified in the lateral aspects of the 

supraorbital torus (Bae, 2010; Coppens et al., 2008; Lee, 2015). 

 

 

 

 

Figure 3.1.XV - Narmada cranium from front and right lateral view 

(Schwartz and Tattersall, 2003:448) 

Figure 3.1.XVI - Salkhit partial skullcap from front and right lateral view 

(Tseveendorj et al., 2016:176) 
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A number of MPH have been discovered in China. One of the most well-known is the 

cranium from Maba (Mapa) in Guangdong Province (figure 3.1.XVII), which was found 

in 1958 along with a partial mandible, isolated teeth, and faunal remains (Woo and 

Peng, 1959). While originally dated to the Late Pleistocene (Yuan et al., 1986), 

Uranium-series dates suggest that the fossils may be older than 278 kya (Shen et al., 

2014). The cranium shows pronounced post-orbital constriction, large, almost 

continuous supraorbital tori, rounded orbits, and relatively thin cranial walls, while 

morphological assessment of the mandibular and dental remains suggests that they 

are from a more recent population (Bae, 2010; Brown, 2001; Woo and Peng, 1959; Wu 

and Poirier, 1995; Wu and Wu, 1985; Xiao et al., 2014). Woo and Peng (1959) noted 

affinities to Homo neanderthalensis, while Wu and Wu (1985) suggested that Maba 

may be an advanced Homo erectus sensu stricto (Schwartz and Tattersall, 2003). 

Endocranial assessment has indicated that this individual had a cranial capacity of 

1331-1342 cm3, slightly higher than other MPH, with large frontal sinuses, a curved, 

bulging frontal squama, and a derived position of the frontal lobes, combined with 

notable postorbital constriction (Wu and Bruner, 2016). 

 

 

 

 

 

 

Another relatively complete cranium from the Shaanxi Province, China, is the Dali skull 

(figure 3.1.XVIII), found in 1978 and dated to approximately 209-300 kya (Bae, 2010; 

Chen et al., 1994; Wu and Athreya, 2013; Yin, 2002). This fossil has a keeled frontal, a 

low cranial vault, and thick cranial bones, but a larger cranial capacity (1120 cm3) than 

earlier Asian Homo erectus, along with a canine fossae and reduced post-orbital 

constriction, and shares certain traits with the Maba cranium (Anton, 2002; Bae, 2010; 

Rightmire, 1998; Wu and Athreya, 2013). Etler (2004) noted similarities between Dali 

and the crania from Djebel Irhoud, Morocco, classified as early Homo sapiens, for 

Figure 3.1.XVII - Maba partial cranium from frontal and right lateral view 

(Wu and Bruner, 2016:634) 
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instance in its flat, broad midface and squared orbits, as well as shared nasal 

characteristics between Dali and the Saccopastore Neanderthal. While Rightmire 

(2001a) noted that this specimen differed from Homo erectus fossils in similar ways to 

Kabwe and Bodo, Dali is distinct from African and European MPH in its delicate face, 

and aspects of the cranial vault shape (Brown, 2001). 

 

 

 

 

 

 

A fragmented cranium (figure 3.1.XIX) was found in Jinniushan, Liaoning Province, 

China, in 1984 along with postcranial remains that are believed to date to over 200 kya 

(Bae, 2010; Chen et al., 1994; Lu et al., 2011). This specimen has a cranial capacity of 

1260 cm3 (or possibly 1400 cm3), relatively thin cranial bones, a round occiput, 

shovelled incisors, and prominent zygomatics (Bae, 2010; Brown, 2001; Chen et al., 

1994). It is larger yet more gracile than Dali, with less robust browridges, a shallower 

supraorbital sulcus, and a greater degree of postorbital constriction (Bae, 2010; Brown, 

2001).  

Figure 3.1.XVIII - Dali cranium from frontal and left lateral view 

(Wu and Athreya, 2013:142) 142 
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The Yunxian crania (EV 9001 and EV 9002), from the Hubei Province, China, found 

between 1989 and 1990, are both considerably fragmented and distorted (figure 

3.1.XX). They have been dated to over 580 kya (Chen et al., 1997), and possibly up to 

830-870 kya based on palaeomagnetic dating (Chen et al., 1996; Yan, 1993). These 

crania show a lower cranial capacity (1050 cm3) that is within the range of Homo 

erectus, a long, low cranial vault, a thick, prominent supraorbital torus, and a lack of a 

defined articular tubercle on the temporal bones, combined with reduced postorbital 

constriction, presence of a canine fossa, and a large, orthognathic face (Etler, 1996; Li 

and Etler, 1992; Schwartz and Tattersall, 2003; Vialet et al., 2010; Yinyun, 1998). While 

some have argued that the primitive features of these crania would place them within 

Homo erectus (Etler, 2004; Li and Etler, 1992), others have suggested that many may 

be the result of post-depositional distortion (Yinyun, 1998). Virtual reconstruction could 

imply that their classification as Homo erectus is correct, albeit while considerably 

increasing the range of cranial variation found within this taxon (Vialet et al., 2010). 

Etler (2004) has noted a number of similarities between the Yunxian specimens and 

those from Gran Dolina (Atapuerca), Hexian, Lantian, Nanjing, and Zhoukoudian 

Locality 1, while Brown (2001) has commented on the similarities between these crania 

and Sangiran 17 (Homo erectus). 

Figure 3.1.XIX - Jinniushan hominin reconstruction from frontal and right lateral view 

(Schwartz and Tattersall, 2003:419) 
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Later remains from Xujiayao, Shaanxi Province, China, include four isolated teeth, 

various cranial fragments, and some postcranial elements (figure 3.1.XXI) (Brown, 

2001). These have been dated to 160-220 kya (Tu et al., 2015), although recent 

evidence indicates that the hominin layers of this site more probably date to 260-374 

kya (Ao et al., 2017). The teeth show particularly large proportions for their time period, 

with a third molar showing similarities to Panxian Dadong, and some teeth sharing 

features in common with the Neanderthals. These remains are currently not assigned 

to a hominin species, due to their complex mixture of traits and the lack of sufficient 

material (Martinón-Torres et al., 2018). The Xujiayao 11 cranial fragments have mixed 

characteristics that may link them to Homo sapiens, Asian Homo erectus, and 

particularly to Homo neanderthalensis, leading to suggestions that they could represent 

early Denisovans (Ao et al., 2017; Wu et al., 2014; Wu and Trinkaus, 2014). In 

addition, the parietal specimen appears to have an enlarged parietal foramen, which 

researchers have suggested could indicate inbreeding or possibly admixture (see 

3.3.6) (Ackermann et al., 2016; Wu et al., 2013). 

Figure 3.1.XX - Yunxian II hominin: a - original fossil; b - virtual reconstruction from right lateral view 

(Schwartz and Tattersall, 2003:541; Vialet et al., 2010:333) 
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EUROPE 

 

The site of Sima de los Huesos contains the largest assemblage of MPH, with the 

remains of over 32 individuals from what is assumed to be a single hominin population 

(Arsuaga et al., 1997b). Evidence indicates that this population may be dated to over 

531-571 kya (Arnold et al., 2014; Bischoff et al., 2003; Bischoff et al., 2007). Cranial 

remains (figure 3.1.XXII) have estimated cranial capacities of 1100-1390 cm3, and may 

provide evidence of a relationship to later Neanderthal populations in features such as 

a reduced occipital torus, projecting face, incipient suprainiac fossae, and retromolar 

gap, with some more primitive traits such as frontal keeling, well developed mastoid 

processes, double-arched supraorbital tori, and angled occipitals (Arsuaga et al., 2014; 

Arsuaga et al., 1993; Arsuaga et al., 1997b; Klein, 2009; Rightmire, 1996). Dental 

evidence also supports a relationship to later Neanderthals, although this group does 

show some unique dental traits as well (Martinón-Torres et al., 2012; Martinón-Torres 

et al., 2013). 

Figure 3.1.XXI - Hominin fossil remains from Xujiayao: a - mandibular ramus fragment from medial 

and lateral view; b - parietal fragments from superior and inferior view; c - cranial reconstruction from 

superior view 

(Ao et al., 2017:57) 
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Another mandibular specimen linked to Mauer, Arago, and Sima de los Huesos, is the 

Montmaurin mandible (figure 3.1.XXIII). It was found in 1949 at the site of La Niche, 

France, along with some isolated teeth and postcranial fragments, and has been dated 

to 190-240 kya (Crégut-Bonnoure et al., 2010; Schwartz and Tattersall, 2002; Vialet et 

al., 2018). Vallois (1956) noted its plesiomorphic symphyseal region and thick ramus, 

drawing comparisons to the Mauer mandible as well as to Neanderthal specimens. 

Recent analysis of this specimen has confirmed this conclusion, noting that it is 

generally plesiomorphic, for instance in the position of the mental foramen, the size and 

shape of the retromolar area, and the shallow nature of the pterygoid fossa, while also 

finding dental similarities to Neanderthal and Sima de los Huesos specimens, although 

the Montmaurin mandible appears to be more primitive than the latter hominins (Vialet 

et al., 2018). 

Figure 3.1.XXII - Cranial remains from Atapuerca-Sima de los Huesos: a - cranium 4 (SH4); b - 

cranium 5 (SH5); c - cranium 6 (SH6) 

(Arsuaga et al., 1997b:222, 224, 226) 
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A cranium was discovered in Ceprano, Italy, in 1994 along with Mode 1 and Acheulean 

tools (Mounier et al., 2011). While initially dated to 800-900 kya, more recent evidence 

places it at 353 or 395-435 kya (Ascenzi, 1996; Manzi, 2011; Manzi, 2016; Manzi et al., 

2010; Muttoni et al., 2009; Nomade et al., 2011). It has a heavy, continuous browridge, 

a relatively low cranial capacity (1000 cm3), a low vault, and thick cranial bones 

(Clarke, 2000; Manzi, 2011; Rightmire, 1998), along with reduced postorbital 

constriction (Mounier et al., 2011). It has been classified as Homo erectus, Homo 

antecessor, or even a new species, Homo cepranensis (Mallegni et al., 2003; Manzi et 

al., 2001). Cladistic analysis has grouped it with Daka (see 3.3.4) (Asfaw et al., 2002; 

Manzi et al., 2003), with Dali and Petralona (Mounier et al., 2011), or with Daka and 

Bodo in a Homo rhodesiensis clade (Argue, 2015). Ceprano has been reconstructed 

many times (Ascenzi et al., 2000; Clarke, 2000; Di Vincenzo et al., 2017), with the 

recent digital reconstruction reducing some of the unique features seen in this cranium, 

leading the authors to make comparisons to Kabwe and Petralona (Di Vincenzo et al., 

2017) (figure 3.1.XXIV). 

 

 

 
Figure 3.1.XXIV - Virtual reconstruction of Ceprano from frontal and right lateral view 

(Di Vincenzo et al., 2017:8) 

 

Figure 3.1.XXIII - Montmaurin mandible from left lateral and superior view  

(Vialet et al., 2018:8, 10)  
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A hominin cranium (Aroeira 3; figure 3.1.XXV) was recently discovered at Gruta da 

Aroeira in the Almonda karst system, Portugal (Daura et al., 2017). This specimen has 

been given the provisional age of 390-406 kya, and was found with two isolated teeth, 

Acheulean lithics, faunal remains, and possible manuports. Morphological assessment 

indicates similarities to Bilzingsleben (see below) in the supraorbital torus, a broad 

interorbital pillar similar to those of Kabwe, Bodo, and Bilzingsleben, well-developed 

frontal sinuses that are not as extensive as those found in Petralona, similarities in the 

nasal cavity to specimens from Gran Dolina and Sima de los Huesos, an angular torus 

similar to those found in Ceprano, Arago 47, and SH4, and a cranial capacity of over 

1100 cm3. The authors have suggested Aroeira 3 could be placed within a group of 

specimens showing some Neanderthal traits, such as Atapuerca-SH and 

Swanscombe, or among a group of MPH that do not show any Neanderthal 

apomorphies, including Ceprano and Arago (Daura et al., 2017). 

 

 

 

 

 

 

In 1959, a relatively complete cranium was found at Petralona, Greece (figure 

3.1.XXVI). It has a cranial capacity of around 1200 cm3 and is currently somewhat 

hesitantly dated to over 300 kya (Stringer, 1983; Stringer et al., 1979), due to 

uncertainties in its association to faunal remains from the same site (Grün, 1996; 

Rightmire, 1998). Similarities between Petralona and Kabwe have been noted, for 

instance in aspects of the frontal sinuses and supraorbital torus, although the former 

has a shorter and broader frontal, with less pronounced postorbital constriction 

(Rightmire, 2008; Stringer, 1974; 1983; Stringer et al., 1979). Morphometric analysis 

Figure 3.1.XXV - Virtual reconstruction of Aroeira 3 from frontal and left lateral (segmented) view 

(Daura et al., 2017:Fig. S5)  
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has confirmed a close relationship between Petralona, Kabwe, and Sima de los 

Huesos 5 (Harvati, 2009). 

 

 

 

 

 

 

A portion of posterior cranial vault was recovered from Swanscombe, United Kingdom 

(figure 3.1.XXVII), in 1935 (Oakley, 1952), which may be dated to 400 kya and has an 

estimated cranial capacity of 1300 cm3 (Stringer and Hublin, 1999). Swanscombe has a 

low position of maximum breadth, a primitive trait, as well as similarities to later 

Neanderthals, such as a well-developed occipital torus and an incipient suprainiac 

fossa (Klein, 2009). Some researchers have noted similarities to Homo sapiens, while 

others have suggested that Swanscombe could represent the last common ancestor of 

Homo sapiens and Homo neanderthalensis (Howell, 1960; Stringer and Hublin, 1999). 

 

 

Figure 3.1.XXVI - Petralona fossil hominin from frontal and right lateral view 

(Harvati, 2009:32) 
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A more complete cranium was found at Steinheim, Germany, in 1933 (figure 

3.1.XXVIII) (Berckhemer, 1933). It has a relatively low cranial capacity (1100-1200 cm3) 

for its estimated age of over 225 kya (Czarnetzki, 1983; Prossinger et al., 2003), and 

shows a marked supraorbital torus and a long, narrow vault. While it was initially given 

its own species name, Homo steinheimensis (Berckhemer, 1933; Schwartz and 

Tattersall, 2002), morphological assessment indicates a close relationship to Homo 

neanderthalensis (Howell, 1960; Tattersall and Schwartz, 2009), a conclusion that 

appears to be supported by virtual reconstruction of the original form (Ponce de León 

et al., 2011). This, along with noted affinities to Swanscombe (Morant, 1938; Street et 

al., 2006), could support the classification of this specimen as a ‘pre-Neanderthal’ (see 

3.3.4) (Dean, 1998). Nevertheless, this specimen has been strongly affected by post-

depositional deformation, and may have been broad with a more massive appearance, 

and an original cranial capacity and size which was comparable to Petralona and 

Kabwe (Prossinger et al., 2003). 

Figure 3.1.XXVII - Hominin cranial fossils from Swanscombe, from posterior view: a - left and right 

parietals; b - occipital 

(Schwartz and Tattersall, 2002:362) 
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Fossils from Vértesszöllös, Hungary, include a partial occipital and some fragments of 

deciduous teeth dating to 161-211 kya (Schwarcz and Latham, 1984) (figure 3.1.XXIX). 

Estimated cranial capacity is 1300-1325 cm3, and while the occipital thickness is similar 

to that of Homo erectus, this specimen has a heavy, laterally extending nuchal torus, 

similar to Swanscombe and Steinheim (Thoma, 1981; Wolpoff, 1971). Similarities to 

the Petralona cranium have also been noted (Stringer et al., 1979), for instance in the 

superficial ‘bun’ (Wolpoff, 1977), while the Vértesszöllös occipital was described by 

Thoma (1972) as being proto-Swanscombe in morphology, and assigned to the 

boundary between Homo erectus and Homo sapiens (Schwartz and Tattersall, 2002; 

Thoma, 1981).  

 

 

 

Figure 3.1.XXVIII - Steinheim cranium from frontal and right lateral view 

(Berckhemer, 1933:Fig. 1 and 2) 

 

Figure 3.1.XXIX - Partial occipital from Vértesszöllös 

(Wolpoff, 1977:358) 
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Cranial fragments from two individuals have been found at Bilzingsleben, Germany, 

along with eight isolated teeth, a fragment of mandible, lithic artefacts, and faunal 

remains (figure 3.1.XXX) (Vlček, 1978; Vlček et al., 2000). These could date to around 

228 kya (Schwarcz and Latham, 1984), or possibly 300-400 kya (Schwarcz et al., 

1988a). They show possible affinities to Vértesszöllös, Swanscombe, Steinheim, 

Saldanha, Petralona, Arago 21, and some Homo erectus, leading Vlček (1978) to give 

them a subspecies name of Homo erectus bilzingsleben. The cranial fragments show 

relatively high occipital and frontal thickness, an angled occipital, and a slightly different 

glabella and supraorbital torus morphology to African MPH such as Saldanha and 

Kabwe (Stringer, 1983; Vlček, 1978).  

 

 

 

 

 

 

 

The site of Reilingen in Germany preserved two complete parietals, a mostly complete 

right temporal, and a partial occipital bone (figure 3.1.XXXI). These are of unknown age 

but possibly date to 200-300 kya (Ziegler and Dean, 1998). They show similarities to 

Swanscombe, Steinheim, and Homo neanderthalensis, although with larger mastoid 

processes and an incipient angular torus, similar to those seen on Bodo, Kabwe, and 

Petralona, with an estimated cranial capacity of 1422-1434 cm3 (Dean et al., 1998). 

The Reilingen remains were originally assigned to a new subspecies, Homo erectus 

reilingensis, although more recent discussion has placed them early in the Neanderthal 

lineage (Dean, 1998; Schwartz and Tattersall, 2002). 

Figure 3.1.XXX - Hominin specimens from Bilzingsleben: a - occipital fragments; b - cranial fragments;  

c - mandibular fragment 

(Vlček, 1978:242, 243; Vlček et al., 2000:264) 
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A hemimandible (figure 3.1.XXXII) was discovered at the site of Mala Balanica, Serbia 

(Roksandic et al., 2011), which has been dated to over 397-582 kya (Rink et al., 2013). 

This specimen has been described as generally plesiomorphic, both in mandibular and 

dental morphology, and is different to some European MPH in its relative lack of 

distinct Neanderthal traits (Roksandic et al., 2011; Roksandic et al., 2018; Skinner et 

al., 2016). It has been compared to MPH from Visogliano, Ceprano, and Kocobaş, with 

morphometric analysis showing that it overlaps with the edge of the range of Homo 

sapiens and Homo neanderthalensis in some respects, while also being similar to 

Homo erectus specimens such as those from Tighenif (Roksandic et al., 2011). It has 

been classified as Homo heidelbergensis sensu lato and grouped with other 

plesiomorphic MPH such as Mauer, Ceprano, Visogliano, and possibly Vértesszöllös 

(Roksandic et al., 2011; Roksandic et al., 2018; Skinner et al., 2016). 

 

 

 

 

 

 

 

Figure 3.1.XXXI - Reilingen cranial remains from superior, right lateral, and frontal view  

(Dean et al., 1998:489) 

 

Figure 3.1.XXXII - Left partial mandible from Mala Balanica: a - lateral view; b - medial view  

(Roksandic et al., 2011:192) 
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DATING  

 

A major issue in recent debate over Homo heidelbergensis sensu lato is the criteria 

used to group specimens within it. In recent years, Homo heidelbergensis sensu lato 

has become a ‘refugium’ for all hominin fossils dating to the Middle Pleistocene (Fabbri, 

2006:296) that cannot be securely placed within Homo neanderthalensis, Homo 

sapiens, or Homo erectus. The main criterion for this grouping, after the exclusion from 

other possible hominin groups, has therefore become chronology. Ignoring the fact that 

chronology is not a reliable criterion in taxonomy and systematics (Tattersall, 2005; 

Tattersall, 2017), a dependence on chronology is invalid when considering the 

possibility of the coexistence of multiple lineages throughout time, a common situation 

in our hominin past (Ackermann et al., 2016; Dirks et al., 2017; Etler, 2004; Green et 

al., 2010), and a plausible hypothesis for the MPH fossil record (Arsuaga et al., 2014; 

Bermúdez de Castro et al., 2016b; Hanegraef et al., 2018; Martinón-Torres et al., 2012; 

Vialet et al., 2018). Furthermore, many fossils from the Middle Pleistocene do not have 

secure contexts, limiting our ability to date them precisely, while others have been 

reassessed and subsequently re-dated. While in normal taxonomic circumstances this 

should not have a large effect on our assessment of their classification, for Homo 

heidelbergensis sensu lato it has dramatically changed our hypotheses on the 

phylogenetic position of the MPH (e.g. Atapuerca-SH, see 3.3.4).  
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3.2 - MORPHOLOGICAL CHARACTERISTICS 

 

As has been discussed above, MPH classified as Homo heidelbergensis sensu stricto 

are frequently described as displaying a mosaic combination of archaic (plesiomorphic) 

and derived (apomorphic) morphological traits. This is, of course, expected for any 

palaeospecies. The main issue with the morphological definition of Homo 

heidelbergensis sensu lato is that it is difficult to find any apomorphic traits that are 

found in all specimens (Argue, 2015). Instead, MPH tend to show a mosaic of derived 

characteristics that set them apart from their ancestors and link them to later hominins, 

which may question the validity of Homo heidelbergensis sensu lato as a taxon (see 

3.3.2). Nevertheless, some researchers argue that MPH share a basic craniofacial 

morphology, typified by a consistent relationship between the proportions of the face 

and the cranial vault, a relatively increased brain size, and massive faces with robust 

supraorbital tori (Schwartz and Tattersall, 2005; Stringer, 2012; Tattersall and 

Schwartz, 2009). 

 

3.2.1 - FACIAL  

 

Facially, MPH can be differentiated from earlier Homo erectus sensu lato by a more 

vertically-set facial skeleton with an incisive canal that opens into the anterior portion of 

the palate (Rightmire, 1996; 2004; 2013). Other traits that distinguish this group from 

Homo erectus include: massive, robust facial bones; broad upper faces with large 

interorbital breadths; large, projecting supraorbital tori which are thickened medially, 

highly pneumatised laterally and superiorly, and frequently divided into medial and 

lateral portions; reduced overall facial prognathism; and parasagitally oriented zygoma 

(Freidline et al., 2012b; Groves and Lahr, 1994; Rightmire, 2004; Seidler, 1997; 

Stringer, 2012).  

 

Some derived traits of this group that are shared with Homo neanderthalensis are an 

increase in midfacial prognathism, broad nasal apertures, slightly inflated infraorbital 

regions, and a level or sloped nasal floor (Arsuaga et al., 2014; Freidline et al., 2012a; 

Stringer, 2012). Despite these similarities, there are also differences to the 

Neanderthals, such as in the large size and robusticity of the facial bones, and a lack of 

medial projection in the nasal cavity, as documented in the Atapuerca-SH population 

(Arsuaga et al., 2014; Freidline et al., 2012a). The MPH are different to Homo sapiens 



  

Page 94 of 547 

 

in their extremely thickened supraorbital tori, general size and robusticity, the forward 

set of the facial skeleton in relation to the anterior cranial fossa, and the lack of a 

canine fossa in some specimens (Freidline et al., 2012a; Stringer, 2012).  

 

3.2.2 - NEUROCRANIAL  

 

MPH show marked differences to earlier fossils in the neurocranial vault, generally 

having: an increase in vertex height; a position of maximum cranial breadth across the 

supramastoid crests; lengthened, laterally expanded parietals with occasional parietal 

bossing; a rounder occipital vault with a relatively long upper squama and a decrease 

in occipital angle; a horizontal nuchal surface; a broader frontal bone and subsequent 

reduction in postorbital constriction; and more arched temporal squamae (Baab, 2016; 

Bae, 2010; Groves and Lahr, 1994; Rightmire, 2004; Rightmire, 2008; Rightmire, 2012; 

2013; Stringer, 2012). The typical Homo heidelbergensis sensu lato neurocranium is 

lower than that of Homo sapiens, with a flatter, more receding profile, especially in the 

frontal squama, and is less globular in appearance (Bookstein et al., 1999; Freidline et 

al., 2012a), although Homo sapiens is derived in this regard. The Sima de los Huesos 

assemblage shows similarities to other MPH in the outline of their temporal squamae 

and parallel parietals, yet appears to have affinities to later Neanderthals such as a 

possible incipient suprainiac fossa, and in aspects of the double-arched supraorbital 

tori (Arsuaga et al., 2014).  

 

3.2.3 - BASICRANIAL  

 

Homo heidelbergensis sensu lato demonstrate a number of basicranial features that 

are different in comparison to Homo erectus sensu lato, including: a reduction in 

basicranial width; an increase in basicranial flexion; an increased petrotympanic angle; 

an enlarged foramen lacerum; a more inferiorly projecting sphenoid spine; a gracile 

tympanic lacking a distinct tympanomastoid fissure; and an articular tubercle that 

delimits the anterior margin of the mandibular fossa (Bae, 2010; Rightmire, 2004; 

Rightmire, 2008; Rightmire, 2012; 2013; Stringer, 2012). Some of these features are 

shared with Homo sapiens, however the MPH are distinctive in the larger size of the 

basicranium, both in terms of length and width (Rightmire, 2013). The SH5 cranium 

from Atapuerca shows apparently derived Neanderthal features, such as a weaker 
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articular eminence than that seen in Homo sapiens, functionally linked to the low 

mandibular condyle, and a relatively large postglenoid process (Arsuaga et al., 2014).  

 

3.2.4 - ENDOCRANIAL  

 

One of the most significant changes visible in the MPH craniofacial fossils is a 

markedly larger brain size in comparison to Homo erectus (Bae, 2010; Neill, 2007; 

Rightmire, 2008). Their cranial capacity is approximately 1100-1390 cm3 (Arsuaga et 

al., 2014; Rightmire, 2004) (or 1050-1390 cm3 if Ceprano is included (Ascenzi et al., 

2000)), which is significantly larger than that of Homo erectus sensu lato (average of 

952-970 cm3) and within the range of modern Homo sapiens (Rightmire, 2004; 2012). 

The MPH also demonstrate a marked relative increase in cranial capacity, with a 

conservatively estimated encephalisation quotient of 4.83 which is significantly larger 

than that of Homo erectus sensu lato, a trait that is shared by Asian representatives 

such as Dali and Jinniushan (Arsuaga et al., 2015; Arsuaga et al., 2014; Rightmire, 

2004; Rosenberg et al., 2006). This is part of a general trend of increasing relative 

brain size in hominins (Harvati, 2007) although Rightmire (2004) believes that it is not a 

simple time-dependent pattern. It is also not purely allometric (Harvati, 2007; Rightmire, 

2004), as the cranial capacities of the MPH were found to lie above a regression line 

for Homo erectus sensu lato of similar body proportions (Rightmire, 2004).  

 

In addition to the above, the anterior cranial fossae of Petralona, Arago 21, and Kabwe 

document tilting of the frontal lobe to become located behind the orbits, lateral flare of 

the temporal lobes, and a caudal shift in the brain, possibly linked to that seen in the 

frontal lobe (Beaudet and Bruner, 2017; Seidler, 1997). Seidler (1997) concluded that 

the morphology of these potential Homo heidelbergensis sensu lato was entirely 

different to that seen in a sample of 100 modern humans, although Arago 21 displayed 

an endocranial morphology that was somewhat more similar to modern Homo sapiens. 

Bodo and Kabwe also appear to share a potentially derived trait in the form of a frontal 

torus anterior to the left pars triangularis, although it is unknown whether this is found in 

any other Middle or Late Pleistocene hominins (Beaudet and Bruner, 2017; Holloway et 

al., 2005). Finally, Arago 21 and Bodo show a similar derived morphology of the 

hypophyseal (pituitary) fossa, while Kabwe and Petralona have a more plesiomorphic 

form (Schwartz and Tattersall, 2010).  
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3.2.5 - MANDIBULAR  

 

General mandibular traits of MPH classified as Homo heidelbergensis sensu lato 

include: a plesiomorphic receding symphysis (although Arago 13 shows elements of a 

mental eminence); a robust build; a shallow mandibular notch; a thickened symphysis; 

transverse tori; multiple, posteriorly positioned mental foramina; and an elongated, 

narrow overall form, possibly related to a decrease in facial prognathism (Bae, 2010; 

Nicholson and Harvati, 2006; Rak et al., 2002; Rightmire, 2004; Rosas, 2001; Rosas 

and Bermúdez de Castro, 1998; Stringer, 2012). Derived traits include a reduction in 

ramus width, a retromolar gap (possibly an allometric trait), and truncated gonial angles 

(Bae, 2010; Mounier et al., 2009; Nicholson and Harvati, 2006; Rightmire, 2004; 

Stringer, 2012). In comparison to Homo neanderthalensis, MPH mandibles are 

substantially larger, have a more vertical symphysis, and a smaller retromolar gap, 

while the two groups share high coronoid processes relative to the condyles, and an 

inwardly slanting ramus (Nicholson and Harvati, 2006).  

 

The Sima de los Huesos mandibular assemblage confirms some primitive traits listed 

above, as well as some others that distinguish them from later Neanderthals, such as a 

wider bigonial breadth, an absent or horizontal mandibular foramen, a less diagonally-

inclined mylohyoid line, a shallower submandibular fossa, and a unique pattern of bone 

remodelling (Arsuaga et al., 2014; Rosas and Martinez-Maza, 2010). A number of 

features appear to be correlated to size, including the position of certain features on the 

lateral corpus, verticality of the symphysis, robusticity, which decreases with increasing 

size, and the development of the mental trigone and incisive fossa (Arsuaga et al., 

2014; Rosas, 2001; Rosas and Bastir, 2004).  

 

3.2.6 - DENTAL  

 

The Mauer mandible has a more similar dentition to Homo neanderthalensis, Tighenif, 

and Sima de los Huesos specimens than to Homo sapiens in terms of the buccolingual 

dimensions of the lower premolars, which are relatively narrow, possibly indicating a 

secondary reversal to a more primitive condition seen in Homo habilis (Rosas and 

Bermúdez de Castro, 1998). The third premolars have more symmetrical crowns than 

previous hominins, and are similar to other European MPH and Neanderthals (Rosas 

and Bermúdez de Castro, 1998). The dimensions of the lateral incisors of this 

specimen indicate an increase in the relative proportion of the anterior teeth, seen in 
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European MPH and KNM-WT 15000 (Homo ergaster) (Rosas and Bermúdez de 

Castro, 1998; Wolpoff, 1980b).  

 

Dental remains from the Sima de los Huesos assemblage show slightly reduced cusps 

in comparison to Homo erectus and Homo antecessor, as well as a reduction in the 

size of the posterior dentition, modern molar proportions, and frequently absent 

hypoconulids and hypocones (Arsuaga et al., 2014; Martín-Albaladejo et al., 2015). 

They are unique in the large size of their protocone/ids, although this may be a result of 

the available hominin sample sizes, and they show a different pattern of the metaconid 

and hypoconulid in comparison to other MPH, and a more symmetrical crown of the 

third premolar (Martín-Albaladejo et al., 2015; Rosas and Bermúdez de Castro, 1998). 

This assemblage also shows a different pattern of cusp proportions to Homo 

antecessor, Homo heidelbergensis sensu lato, and early Homo sapiens, and bears 

closer similarity to Homo sapiens and Homo neanderthalensis in the fact that the 

hypocone/id tends to be smaller than the entocone/id in the first molars (Martín-

Albaladejo et al., 2015). 

 

3.2.7 - POSTCRANIAL  

 

Postcranial remains from the Middle Pleistocene mainly come from the Sima de los 

Huesos assemblage, which includes all postcranial elements (Arsuaga et al., 2015). 

MPH postcrania are again characterised by an increased robusticity in comparison to 

other groups (Arsuaga et al., 2015; Klein, 2009). Estimates of body proportions from 

Sima de los Atapuerca indicate an average height of 164 cm (Arsuaga et al., 2015; 

Carretero et al., 2012), while the Kabwe tibia indicates a stature of 181 cm, the 

Boxgrove tibia an estimate of 175. m, and the Jinniushan ulna between 167 to 170 cm 

(Carretero et al., 2012; Stringer et al., 1998). Predictions of body mass for this group 

are similarly high: 90-93 kg and 75 kg for male and female specimens from Sima de los 

Huesos, respectively (Arsuaga et al., 2015). The MPH are predicted to have a wide 

and large bauplan (a body plan shared by many members of a taxon), unlike modern 

Homo sapiens but similar to that in all other hominins (Arsuaga et al., 2015).  

 

The Sima de los Huesos assemblage indicates that this population had a larger thorax 

than modern Homo sapiens, with a reduced degree of lumbar lordosis similar to the 

Neanderthals (Arsuaga et al., 2015). They had a taller, narrower glenoid cavity than 

modern Homo sapiens, and their humeri had large lesser trochanters, thick diaphyseal 
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cortices, relatively broad and deep olecranon fossae, and shallow trochleae (Arsuaga 

et al., 2015). The Kabwe (E898) and Bodo (BOD-VP-1/2) distal humeri have similarly 

deep but narrow olecranon fossae (Carretero et al., 2009; Trinkaus, 2012). The 

Atapuerca-SH ulnae have broad olecranon processes, a rounded diaphysis, and 

pronounced shaft curvature (Arsuaga et al., 2015). The radius assemblage from 

Atapuerca shows some specimens that are more similar to Neanderthals and others 

that show affinities to modern Homo sapiens in their shaft curvature, gracility, and 

orientation of the radial tuberosity (Arsuaga et al., 2015). Elements of the hand indicate 

that this population had a deep carpal tunnel, high mobility in the first and second 

metacarpal joints, relatively long distal and short proximal phalanges, robust thumbs, 

and a powerful precision grip combined with an ability for fine precision grasping, as 

seen in Late Pleistocene hominins (Arsuaga et al., 2015).  

 

The MPH pelvic girdle remains document an elongated superior pubic ramus, the 

presence of an iliac pillar, and cortical buttressing above the acetabulum (Klein, 2009; 

Stringer, 2012). The Sima de los Huesos hominins had robust pelves, larger in most 

features than modern Homo sapiens, that were broad and elliptical (plesiomorphic), 

with a similar configuration of the anterior-inferior iliac spine to Homo neanderthalensis 

and other MPH (Arsuaga et al., 2015). They also had plesiomorphic femora, which 

were relatively long with moderate platymeria, a low angulation of the femoral neck, 

absence of a pilaster, a low point of minimum shaft breadth, and relatively thick cortical 

bone, a feature that is present in most Middle Pleistocene long bones (Arsuaga et al., 

2015; Klein, 2009; Stringer, 2012). 

 

Lower down, the Atapuerca-SH tibiae are similar to Neanderthals in the high 

retroversion of the proximal epiphysis, more posteriorly located condyles, and a 25% 

incidence of squatting facets (Arsuaga et al., 2015). A tibia from Boxgrove, United 

Kingdom, has a tibial pilaster and a very large proximal diaphysis, larger than other 

archaic Homo, yet shows less distal constriction than seen in other MPH (Stringer et 

al., 1998). The Broken Hill tibia (E691) again is of very large proportions, with a 

relatively large tibial plateau, and plesiomorphic diaphyseal morphology, similar to 

Boxgrove and the majority of Homo neanderthalensis specimens (Trinkaus, 2009). 

Pedal remains from Sima de los Huesos show a plesiomorphic trochlear height, similar 

metatarsal morphology to Late Pleistocene hominins, with the lateral metatarsals being 

derived in the broadness of their base, and broad calcanei with more projecting 

sustentaculum tali in comparison to the Neanderthals (Arsuaga et al., 2015). Pedal 

remains from Jinniushan indicate that the individual from which they came had a 
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relatively large body mass and a slightly different form of bipedality to modern Homo 

sapiens (Lu et al., 2011).  

 

3.2.8 - DEFINING CHARACTERISTICS  

 

After reviewing the skeletal and dental evidence of the MPH, there are a number of 

traits that can tentatively be suggested to distinguish this group in relation to earlier 

hominins (i.e. apomorphies). These include: a general increase in size and robusticity, 

including body mass and height; increase in relative and absolute brain size, along with 

associated craniofacial changes such as reduced postorbital constriction, laterally 

expanded parietals, rounded occipitals, arched temporal squamae, increase in 

basicranial flexion, tilting of the frontal lobe, and a more vertically aligned face; massive 

facial bones; decrease in overall prognathism; massive, projecting, and highly 

pneumatised supraorbital tori with frontal sinuses that may occupy the frontal squama; 

a defined articular tubercle for the temporomandibular joint; presence of a retromolar 

gap; and increase in relative proportions of the anterior teeth.  

 

The phylogenetic and cladistic significance of these traits is uncertain. Some 

researchers have hypothesised that the large, tall faces seen in MPH may be linked to 

their greater body mass and energetic requirements, which may also affect their 

basicranial anatomy (Bastir and Rosas, 2016). Some traits are possibly allometric and 

linked to the increase in cranial size. For instance, Rightmire (2013) believes that the 

large supraorbital tori found in this group may be allometric, as the largest specimens 

(e.g. Kabwe and Petralona) show the largest faces, with extremely thick supraorbital 

tori. Nevertheless, the increase in overall size is currently unexplained. While it may be 

linked to increased cranial capacity in this group, this is an unsatisfactory explanation 

when the even larger capacities of Homo neanderthalensis and Homo sapiens are 

taken into consideration.  

 

3.2.9 - VARIATION  

 

MPH generally classified as Homo heidelbergensis sensu lato are highly variable in 

craniofacial morphology (Dennell et al., 2011; Manzi, 2011). While they share some 

basic traits, many of which are listed above, they vary in occipital morphology, nasal 

profile, the relationship between the orbits and the anterior cranial fossae, the definition 
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of the pituitary fossa, the extent of pneumatisation in the cranial bones, supraorbital 

torus form and thickness, dimensions of the neurocranium, upper facial height, facial 

breadth, breadth and position of the nasal aperture, inflation of the infraorbital region, 

and endocranial anatomy (Rightmire, 2008; Schwartz and Tattersall, 2010; Seidler, 

1997; Tattersall and Schwartz, 2009). Within the Sima de los Huesos mandibular 

assemblage alone, specimens vary greatly in size, number of mental foramina, 

symphyseal morphology, and in the form of the coronoid process (Rosas, 2001). 

Indeed, some have argued that the amount of variation displayed in the MPH may be 

too great to be included in a single hominin species (Schwartz and Tattersall, 2010), 

although Rightmire (2008) has suggested that, while they vary more in some aspects 

than recent Homo sapiens, they are still less variable than Homo erectus sensu lato, 

which has been supported by recent quantification of craniofacial variation in these 

groups (Baab, 2016).  
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3.3 - TAXONOMY AND PHYLOGENY 

 

As with most hominins, Homo heidelbergensis sensu lato has a long history of 

classification and reclassification. This is largely a result of new fossil finds shaping 

researchers’ understanding of hominin evolution, as any attempt at classification of 

hominin specimens is dependent on the available fossil material (Stringer et al., 1979). 

Current fossil evidence from the Middle Pleistocene, although considerably expanded 

in the last 50 years, is still insufficient to answer many questions on the taxonomy and 

phylogeny of this group (Hublin, 2013b).  

 

3.3.1 - HISTORY OF TAXONOMIC CLASSIFICATION 

 

As has been discussed, the term Homo heidelbergensis originated over a century ago, 

following the discovery of the Mauer mandible in 1907. Despite this, the term was not 

widely applied until a much later date, probably due to the dearth of fossil evidence 

preventing this specimen from being linked to any other hominins. From the 1950s, 

‘archaic Homo sapiens’ was used to encompass the specimens that we would now call 

Homo heidelbergensis sensu lato, as well as transitional Homo sapiens and even 

Homo neanderthalensis specimens, with some researchers occasionally applying 

subspecific distinctions within this group (Stringer et al., 1979; Tattersall and Schwartz, 

2009). The term ‘archaic Homo sapiens’ has recently been described as a “conceptual 

dustbin” (Stringer and Buck, 2014:314), and is now recognised as being of limited 

taxonomic meaning or utility. Current evidence indicates that Homo neanderthalensis 

has to be considered as a separate species to early and modern Homo sapiens 

(Harvati et al., 2010; Tattersall and Schwartz, 2006; White et al., 2014), and both 

groups of Late Pleistocene specimens are clearly derived in regards to the more 

plesiomorphic MPH. As such, the use of archaic Homo sapiens is now generally 

restricted to early members of the Homo sapiens clade, following the divergence of 

Homo neanderthalensis (Stringer, 2016), although some researchers apply it to Asian 

hominins that are considered to be more derived than Homo erectus sensu stricto but 

less than later humans and Neanderthals (what others refer to as Homo 

heidelbergensis sensu lato) (Bae, 2010). 

 

A gradistic scheme was introduced in the last half of the 20th century as an alternative 

to the application of subspecies terms to understand groupings within archaic Homo 
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sapiens. Hominins were classified into grades based on their date and presentation of 

apomorphies (Stringer et al., 1979). For instance: grade 1 Homo sapiens included 

Petralona, Vértesszöllös, Mauer, Bilzingsleben, Kabwe, and Bodo; grade 2 included 

early Neanderthals such as Saccopastore, La Chaise, Ehringsdorf, and Fontéchevade; 

while grade 3 included later Neanderthals, such as La Ferrassie, La Chapelle, 

Shanidar, Amud, and Tabun, as well as Homo sapiens such as Omo 1, Qafzeh, Skhūl, 

Wadjak, Mungo, Cro-Magnon, Mladeč, and Djebel Irhoud (Rightmire, 1996; Stringer et 

al., 1979). This scheme has clear issues in its application given current fossil 

knowledge. 

 

Later, Howell (1999) introduced the idea of palaeo-demes (p-demes) to the hominin 

fossil record. He defined p-demes as groups of hominin specimens of a similar 

geography and age which represent segments of an evolving lineage, and considered 

them to be below the species level but above that of the individual specimens. His 

original concept separated the MPH into eleven p-demes as follows: Tighenif, Thomas 

Quarry, Salé; Kabwe, Saldanha, Ndutu, Bodo, and Kapthurin; Zuttiyeh and Djebel 

Irhoud; Florisbad, Omo 2, Eliye Springs, and LH18); Yunxian and Lantian; Dali; 

Jinniushan; Maba and Narmada; Mauer, Arago, and Boxgrove; and Petralona, 

Vértesszöllös, Swanscombe, Steinheim, Bilzingsleben, and Atapuerca-SH (Howell, 

1999). Others have since amended the application of this scheme, with some placing 

the Atapuerca-SH assemblage within their own p-deme (Arsuaga et al., 2014), and 

some grouping the majority of the MPH with Omo 2, except for Florisbad which was 

placed among LH18, KNM-ER 3884, Omo 1, and Djebel Irhoud Rightmire (2009a).  

 

More recently, Bräuer (2008) has linked the concept of p-demes to gradistic 

classification schemes. He has argued that grades are broadly comparable to p-

demes, and that both concepts are useful when looking at the evolution from Middle to 

Late Pleistocene hominins, with the mosaic appearance of derived traits and a general 

trend of modernisation and ‘Neanderthalisation’. He envisioned what he calls ‘early 

archaic Homo sapiens’, including Saldanha, Bodo, Kabwe, Lake Eyasi, and Salé as a 

single p-deme. ‘Late archaic Homo sapiens’ incorporates at least two p-demes, and 

groups Djebel Irhoud, Florisbad, LH18, Eliye Springs, Ileret, and Omo 2 with later 

anatomically modern Homo sapiens representing a number of different grades. The 

reasoning behind grouping specimens purely on geographical and temporal terms is 

questionable (Tattersall, 2005; Tattersall, 2017), regardless of the noticeable 

relationships between MPH from different continents. In addition, it is unknown how 
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these p-demes sit within wider taxonomic theory, limiting their usefulness in our 

understanding of such a complex group as Homo heidelbergensis.  

 

Before Bräuer’s (2008) gradistic concept was introduced, Howell (1960) had argued in 

support of Schoetensack’s (1908) original assertion that the Mauer mandible belonged 

to a separate species (Stringer, 2012). Meanwhile, a number of researchers continued 

to use Homo rhodesiensis before links to the Mauer mandible could be made. After this 

connection, the term Homo heidelbergensis was resurrected and applied to a subset of 

the African MPH (Rightmire, 1988), due to the appearance of purported Neanderthal 

apomorphies in European specimens such as those from Atapuerca-SH (Arsuaga et 

al., 1993; Arsuaga et al., 1997b).  

 

3.3.2 - TAXONOMIC VALIDITY 

 

It is important to consider the validity of recognising Homo heidelbergensis as a 

separate taxon. Cladistically, species groups need to be defined by their own unique 

apomorphies (Etler, 2004), which may or may not be inherited by their descendants, 

and are derived in relationship to their ancestors (Hennig, 1966). It is relatively easy to 

argue for the separation of Homo heidelbergensis from Homo neanderthalensis and 

Homo sapiens, as both latter groups have clearly derived traits that can be used to 

differentiate them (Rightmire, 2001b; Tattersall, 2005; Tattersall and Schwartz, 2006; 

Tattersall and Schwartz, 2008). The question then arises over whether any of the traits 

that link the MPH classified as Homo heidelbergensis sensu lato can be considered 

uniquely derived in comparison to earlier Homo erectus (sensu lato). Earlier 

morphological discussion has highlighted a number of features that differentiate the 

MPH classified as Homo heidelbergensis from earlier species, although their 

phylogenetic significance is less certain.  

 

Some researchers have argued that Homo heidelbergensis specimens lack 

autapomorphies, with their defining traits being gradistic in nature (Bae, 2010; Harvati, 

2007). While this is valid from a purely cladistic perspective, there are many 

shortcomings to the strict application of cladistic principles, for instance the fact that an 

ancestral species would not be considered an actual species regardless of any 

apomorphies they show (Groves and Lahr, 1994), which is at odds with 

palaeontological applications of taxonomy. Acknowledging this, some cladistic studies 

have supported the validity of separating Homo heidelbergensis based on anatomical 



  

Page 104 of 547 

 

terms (Mounier et al., 2009), albeit with the exclusion of some specimens (but see 

Mounier and Caparros, 2015; Mounier et al., 2011).  

 

While some defining traits of Homo heidelbergensis may be gradistic in nature, 

arguably all defining traits of later Homo sapiens and Homo neanderthalensis are also 

the product of a gradual morphological development from the more primitive 

anatomical architecture, meaning that a ‘gradualist’ argument against the validity of 

these traits may have little relevance. In addition, some MPH traits indisputably show a 

clear departure from earlier hominin morphology, such as the highly consistent and 

distinctive form of the supraorbital torus and frontal bone (Athreya, 2009), the rounding 

of the posterior cranial vault, which appears to be a reversal of the trend seen in Homo 

erectus specimens (Rightmire, 2013), and the above-predicted increase in cranial 

capacity (Rightmire, 2004; 2013). Meanwhile, Groves and Lahr (1994) believe that 

features such as medial thickening of the supraorbital torus, presence of an mandibular 

tubercle, parietal bossing, and a horizontal nuchal surface should be considered as 

apomorphic, and Rightmire (2012; 2013) has identified many cranial traits that separate 

Homo heidelbergensis from earlier hominins as primary in status, being unrelated to 

increases in relative and absolute brain size. 

 

3.3.4 - PHYLOGENETIC POSITION 

 

ANCESTORS 

 

The ancestral species of the MPH commonly classified as Homo heidelbergensis 

sensu lato is highly debated. The most likely options are Homo erectus (sensu lato), 

Homo ergaster, or the debated Homo antecessor. The speciation event that gave rise 

to this group of MPH could either have occurred in Africa, Western Eurasia, or South 

West Asia around 1 Mya (millions of years ago) to 800 kya (Bermúdez de Castro et al., 

2016b; Manzi et al., 2003; Rightmire, 1996; Wagner et al., 2010).  

 

The hominin assemblage at Atapuerca includes the earliest European hominin remains 

at Sima del Elefante and Gran Dolina, with the latter assemblage having been dated to 

over 780 kya and assigned to a new species, ‘Homo antecessor’ (Arsuaga et al., 

1999b; Bermúdez de Castro et al., 2016a; Bermúdez de Castro et al., 2011; Bermúdez 

de Castro et al., 2003; Falguères et al., 1999; Rosas, 1999). This species is suggested 

by some to be potentially ancestral to Homo sapiens and Homo neanderthalensis, or to 
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later European Middle and Late Pleistocene hominins, based on its mixture of 

plesiomorphic and derived traits (Arsuaga et al., 1999b; Bermúdez de Castro et al., 

2004; Bermúdez de Castro et al., 2016b). Another possibility is that this population may 

be more closely related to the derived Homo erectus sensu lato from Tighenif 

(Schwartz and Tattersall, 2010), and may represent a failed migration to Europe from 

Africa or Asia (Dennell et al., 2011; Etler, 2004; Klein, 2009; Rightmire, 1998). 

Alternatively, similarities in the growth and morphology of the face of Homo antecessor 

not seen in later European hominins may align it more closely with Homo sapiens, 

removing these specimens from the ancestry of Sima de los Huesos hominins and later 

Neanderthals (Bermúdez de Castro and Martinón-Torres, 2014; Freidline et al., 2013; 

Stringer, 2016).  

 

An African origin of the MPH appears to be more plausible. While there is a relative 

sparsity of fossil remains from the critical late Early Pleistocene period (Antón, 2003; 

Macchiarelli et al., 2004), three African fossils provide reasonable evidence of pre-MPH 

in this region. The first is the cranium (UA-31) from Buia, in the Danakil Depression, 

Eritrea (Abbate et al., 1998; Macchiarelli et al., 2004), dated to 992 kya (Albianelli and 

Napoleone, 2004) (figure 3.3.I). This site also preserved two permanent teeth and three 

pelvic fragments, probably from the same, female individual as the cranium 

(Macchiarelli et al., 2004). The cranium shows a mosaic of Early and MPH features 

(Abbate et al., 1998; Macchiarelli et al., 2004), and is derived in comparison to other 

Homo erectus sensu lato in its vertical parietals, reduced postorbital constriction, 

rounded frontal profile, lack of a frontal keel, and massive supraorbital torus, despite its 

relatively low cranial capacity (900-995 cm3) (Argue, 2015; Baab, 2016; Macchiarelli et 

al., 2004). Cladistic and qualitative morphological analysis has indicated a close 

relationship to the MPH referred to above as Homo heidelbergensis sensu lato, as well 

as to the Daka cranium (see below) (Argue, 2015; Macchiarelli et al., 2004). 
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The Daka cranium from Ethiopia (figure 3.3.II) has been dated to potentially between 

0.8 and 1.0 Mya, and has a similar estimated cranial capacity as Buia (~995 cm3) 

(Asfaw et al., 2002; Baab, 2016). Daka has a strongly arched supraorbital torus, with a 

depression at glabella separating the two halves that is somewhat distinctive, although 

Asfaw et al. (2002) suggest that it is broadly similar to the Buia specimen in this region, 

and researchers have noted similarities to Saldanha, Kabwe, Ceprano, Bodo and 

Petralona (Baab, 2016). This specimen is said to have both Homo erectus sensu stricto 

and derived traits (Asfaw et al., 2002; Rightmire, 2013), although morphological and 

cladistic analysis indicate a closer relationship with the MPH than with Homo erectus 

sensu lato (Argue, 2015; Baab, 2016). Asfaw et al. (2002) have suggested that the 

East African specimens represent an evolutionary lineage from KNM-ER 3883 and 

KNM-ER 3733 to OH 9, to Buia (and Daka), to Bodo. If this is accepted, then Daka 

(and potentially Buia) represent the best possible representatives of the ancestral 

species to Homo heidelbergensis sensu lato.  

Figure 3.3.I - Buia cranium from right lateral and frontal view 

(Abbate et al., 1998:459) 
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Figure 3.3.III - Hominin fossils from Melka Kunture: a - partial frontal fragment (MK2) from superior 

view; b - virtual reconstruction of cranial fragments (MK1 and MK2) from superior and left and right 

lateral views 

(Profico et al., 2016:47, 54) 

 

 

 

 

The final site of interest is that of Gombore II at Melka Kunture, Upper Awash, Ethiopia. 

Here, two cranial fragments (MK1 and MK2), presumed to be from the same individual, 

were discovered between 1973 and 1975, and are currently dated to approximately 

850 kya (Profico et al., 2016). The frontal fragment (MK2, figure 3.2.III) preserves part 

of a massive, laterally expanded supraorbital torus, with a shallow supratoral sulcus 

and marked postorbital constriction. This hominin has a higher estimated cranial 

capacity than the Daka and Buia crania (1080 cm3), similar cranial bone thickness to 

Ceprano, and appears to have been close to African Homo ergaster and early Homo 

heidelbergensis sensu lato specimens.  

 

 

 

 

 

Figure 3.3.II - Daka cranium from frontal and left lateral view 

(Asfaw et al., 2002:319) 
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DESCENDANTS 

 

Most researchers agree that Homo heidelbergensis, if a valid species, is ancestral to 

Homo neanderthalensis and Homo sapiens (Rightmire, 1998; Stringer, 2002; 2016). 

There has been a recent shift away from this viewpoint, however, spurred by genetic 

and morphological evidence of an older divergence. Morphological estimates place the 

divergence between 311-435 kya (Weaver et al., 2008), while genetic estimates of the 

divergence vary from ~370 kya (Noonan et al., 2006), to 407-435 kya (Endicott et al., 

2010), to 825 kya (Green et al., 2010), possibly due to differences in the rate of 

mutation used (Bermúdez-de-Castro et al., 2017; Bermúdez de Castro et al., 2016b; 

Noonan et al., 2006; White, 2014). Genetic differentiation is predicted to precede 

population and specific, and therefore morphological, differentiation (Groves and Lahr, 

1994; Stringer, 2002), however some researchers believe that morphological evidence 

could indicate an earlier divergence of around 1 Mya (Bermúdez de Castro et al., 

2016b; Gómez-Robles et al., 2013; Hublin, 2009; Martinón-Torres et al., 2011). This 

date far exceeds that of the oldest MPH, Bodo (600 kya). 

 

Researchers have attempted to model the morphology of the last common ancestor 

(LCA) of Homo sapiens and Homo neanderthalensis, with dental assessment indicating 

that none of the currently known fossils show the expected morphology of the LCA 

(Gómez-Robles et al., 2013). European representatives studied were closer to Homo 

neanderthalensis than to Homo sapiens, while African Homo ergaster and Asian Homo 

erectus specimens showed equal affinities to these species, supporting an earlier 

divergence. Despite this, cranial modelling shows that the morphology of the LCA 

should fit within the hypodigm of the known MPH, and implies that the LCA was more 

similar to Neanderthals in form, meaning that the Homo sapiens clade may have been 

subject to stronger evolutionary pressures (Mounier and Lahr, 2016). 

 

Earlier African specimens such as Bodo, Ndutu, Kabwe, and Saldanha have been said 

to show no clear affinities to either Late Pleistocene species (Rightmire, 2008), and 

could therefore plausibly represent an ancestral group. Some European specimens, 

particularly the Sima de los Huesos assemblage, clearly show affinities to later 

Neanderthals (see below), creating uncertainty in the likelihood of Homo 

heidelbergensis representing the LCA (Stringer, 2002). A key problem is the dating of 

this assemblage; the Sima de los Huesos assemblage seems to date to at least 430 

kya, indicating that Neanderthal specialisation may have occurred by this point, yet 

contemporaneous African specimens, such as Ndutu, do not show any development of 



  

Page 109 of 547 

 

Homo neanderthalensis apomorphies. The earliest specimens with purportedly Homo 

sapiens traits date to the late Middle Pleistocene, such as Florisbad, KNM-3884, and 

LH18 (Stringer, 2002), although the recent redating of the Djebel Irhoud hominins to 

315 kya (Hublin et al., 2017; Richter et al., 2017) provides evidence that our species 

originated in the mid Middle Pleistocene. A parsimonious explanation would be that 

Homo heidelbergensis existed across the Old World, with one European population 

evolving Neanderthal traits and eventually giving rise to Homo neanderthalensis. A 

more plesiomorphic group of Homo heidelbergensis may then have survived past this 

branching event (Rightmire, 2009a; Roksandic et al., 2018), and later developed Homo 

sapiens traits anagenetic evolution. Another explanation that cannot be ruled out is that 

the Sima de los Huesos population are not directly ancestral to the Neanderthals, as 

may be indicated by the DNA evidence from this site (Meyer et al., 2014).  

 

The inclusion of Asian MPH within Homo heidelbergensis sensu lato would complicate 

matters (Rightmire, 1998), as they are considered by some researchers to show 

transitional morphology between Homo erectus (sensu stricto) and Asian Homo 

sapiens, and are therefore occasionally classified as archaic or pre-modern Homo 

sapiens (Bae, 2010; Etler, 1996). This is related to the hypothesis of a local transition 

between these species in Asia (Multiregional Evolution) (Weidenreich, 1943; Wolpoff, 

2000; Wolpoff et al., 1984; Wu, 1998). Nevertheless, some Asian MPH, such as Dali, 

Maba, and Xujiayao, appear to show Neanderthal affinities, and have been suggested 

to be closely related to the Denisovans (Ao et al., 2017; Reich et al., 2010). There is 

also relatively early evidence for the appearance of hominins with modern human traits, 

such as the teeth from Fuyan Cave, Daoxian, China, dated to 80-120 kya and currently 

assigned to Homo sapiens (Liu et al., 2015; Liu et al., 2013), and the crania from 

Liujiang, Guanxi, China, possibly dating to 111-139 kya (Shen et al., 2002). 

 

THE ACCRETION HYPOTHESIS 

 

The Accretion hypothesis theorises that Neanderthal apomorphies accumulated in 

European Middle and Late Pleistocene hominins, becoming fixed due to genetic drift, 

small population sizes, inbreeding, and population bottlenecks between 480-425 kya 

(Dean, 1998; Hublin, 1998; Hublin, 2009; Klein, 2009; Rightmire, 1998). It stands in 

contrast to another option, a ‘two-phase’ model requiring a rapid, marked 

morphological change between European MPH (Homo heidelbergensis sensu stricto) 

and later Neanderthals (Hublin, 2009). Arsuaga et al. (2014) have argued that the Sima 
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de los Huesos material, which provides the main bulk of evidence for the Accretion 

hypothesis, would support a cladogenetic model of Neanderthal speciation, with 

climate-induced demographic crashes in Europe leading to sorting of palaeo-demes, 

with extinction and replacement of local populations. 

 

Researchers have argued for the existence of clear Neanderthal apomorphies in the 

Gran Dolina and Sima de los Huesos assemblages from Atapuerca, which would place 

these hominins within the Neanderthal lineage (Arsuaga et al., 2014; Bermúdez de 

Castro et al., 2004; Bermúdez de Castro et al., 2016b; Rak, 2011). The recent redating 

of the SH assemblage (Bischoff et al., 2003; Bischoff et al., 2007), however, 

complicates matters, as these hominins would be placed in an early stage of this 

model. This would place the SH assemblage close to or possibly before the split of the 

Neanderthal lineage (see above), making the dating and phylogenetic position of this 

assemblage central to the hypothesis of an earlier divergence between the lineages 

(Arsuaga et al., 2014; Hublin, 2013b; Street et al., 2006). It would also place the Gran 

Dolina specimens before this divergence event, in which case Neanderthal morphology 

should not be expected (Weaver et al., 2008) unless it was present in the source 

population. 

 

In addition to the aforementioned issues, the linearity of the accumulation of 

Neanderthal traits central to the Accretion hypothesis has been challenged, as some 

Sima de los Huesos fossils show more ‘Neanderthal’ traits than later Neanderthal 

specimens themselves, despite their early age (Dennell et al., 2011; Martinón-Torres et 

al., 2012). DNA evidence from Atapuerca-SH may place these hominins within a 

separate side-branch to Homo neanderthalensis (Meyer et al., 2016; Meyer et al., 

2014). In addition, studies of relative variation do not support a key assumption of this 

model, as samples of Neanderthals appear to be more variable than the Sima de los 

Huesos assemblage (Hanegraef et al., 2018; Martinón-Torres et al., 2013), and 

evidence from other European Middle and Late Pleistocene hominins do not show the 

predicted pattern of inter- and intragroup variation (Hawks and Wolpoff, 2001). 

 

Under an Accretion hypothesis, European MPH are expected to be more similar to later 

Neanderthals than their African and Asian contemporaries. While some researchers 

have suggested that Arago 21 shows some Neanderthal facial traits, this assessment 

is affected by the considerable distortion seen in this specimen (Rightmire, 1998). The 

Arago 2 mandible could be argued to show Neanderthal affinities in the retromolar gap, 

although the potential presence of this trait in the Mauer mandible (but see Cartmill and 
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Smith, 2009; Rosas and Bermúdez de Castro, 1998) would arguably require this trait to 

be reclassified as a symplesiomorphy inherited by later Neanderthals, and the Arago 

13 mandibular specimen shows no derived Neanderthal features (Rosas, 2001). In 

addition, the later mandible from Montmaurin, while showing some Neanderthal 

characteristics, appears to be more archaic than the SH assemblage in some respects 

(Vialet et al., 2018), again contradicting the linearity of the Accretion hypothesis.  

 

Finally, from a cladistic and taxonomic perspective, ‘Neanderthal’ traits observed in 

European MPH would have to be demonstrated to be true incipient Homo 

neanderthalensis features for this hypothesis to be valid (Rightmire, 2008). As 

morphological analysis indicates that MPH in general appear to be more similar to 

Neanderthals than to later Homo sapiens (Arsuaga et al., 1997b; Friess, 2010; Harvati 

et al., 2010), it is possible that many of these traits were plesiomorphic (Bermúdez de 

Castro et al., 2016b), and that some of these key traits may not be preserved in the 

limited sample of MPH.  

 

THE ORIGIN OF HOMO SAPIENS 

 

Evidence used to support the Accretion Hypothesis, along with molecular and 

morphological estimates, could indicate an earlier divergence of Homo sapiens and 

Homo neanderthalensis lineages than has been previously accepted, possibly dating 

between 0.5-1.0 Mya (Gómez-Robles et al., 2013) (see above). As such, the 

appearance of traits considered typical of Homo sapiens could be expected to appear 

within the African Middle Pleistocene fossil record, just as ‘Neanderthal’ traits have 

been identified in European MPH. The evidence for this, however, is limited to a 

mosaic appearance of derived features in the mid Middle Pleistocene Djebel Irhoud 

hominins (Hublin et al., 2017), with few if any derived Homo sapiens traits being 

identified in other specimens until the late African Middle Pleistocene (Scerri et al.). 

The MPH discussed above appear generally plesiomorphous in relation to Late 

Pleistocene hominins (Friess, 2010; Groves and Lahr, 1994; Harvati et al., 2010; 

Stringer, 2002; 2012), although Florisbad is a possible exception (Stringer, 2016). This 

is potentially caused by the poor African MPH fossil record, which makes it difficult to 

determine the mode of Homo sapiens evolution (Weaver, 2012). 

 

Of course, the identification of ‘human’ traits is dependent on the definition of Homo 

sapiens, which is a complicated question in itself. There is a clear morphological 
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difference between recent Homo sapiens and proposed early members of our species, 

which, aside from leading some to question the grouping of these specimens within a 

single species (Schwartz and Tattersall, 2010; Tattersall and Schwartz, 2008), has also 

made definition difficult. Proposed derived Homo sapiens traits include a bipartite brow 

and a chin (mental eminence), along with general cranial globularity, and changes in 

basicranial flexion (Lieberman et al., 2002; Schwartz and Tattersall, 2010; Tattersall 

and Schwartz, 2008) 

 

Proposed early members of our species include fossils from Africa and Israel, such as 

those from: Djebel Irhoud, dating to 315 kya (Richter et al., 2017); Ileret (KNM-ER 

3884) dating to 270 kya (Bräuer et al., 1997); Omo Kibish, dating to 195 kya (Aubert et 

al., 2012); Misliya Cave, dating to 174 kya (Hershkovitz et al., 2018); and Herto, dating 

to 154-160 kya (Clark et al., 2003). Nevertheless, these fossils show a mosaic of traits 

generally associated with later Homo sapiens, and more archaic characteristics found 

in African MPH, and there is disagreement over which can reasonably be included 

within Homo sapiens (Bräuer, 2008; Hublin et al., 2017; Rightmire, 2007; Rightmire, 

2009a; Schwartz and Tattersall, 2010; Stringer, 2016).  

 

The evolution of Homo sapiens from their predecessors is, at present, not well 

understood (Weaver, 2012), but the African fossil record appears to refute a simple, 

linear accumulation of traits which can link African MPH to early Homo sapiens. One 

suggested pattern of Homo sapiens speciation is African multiregionalism, where 

evolution progressed separately in different populations across Africa (Hublin et al., 

2017; Scerri et al.; Stringer, 2002; 2016; Stringer and Buck, 2014), although it remains 

possible that Homo sapiens did not evolve from ‘Homo rhodesiensis’, with other 

potential candidates including Homo antecessor or late Early Pleistocene hominins 

(see above). If the MPH sometimes classified as Homo heidelbergensis are not 

ancestral to Homo sapiens, then the present African and Middle Eastern fossil record 

would indicate the persistence of more archaic hominins alongside populations that 

could be considered as early Homo sapiens (Schwartz and Tattersall, 2000; Schwartz 

and Tattersall, 2010; Stringer, 2002; 2016).  
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3.3.5 - TAXONOMIC HYPOTHESES 

 

HYPOTHESIS 1: HOMO HEIDELBERGENSIS IS NOT A VALID TAXON 

 

It is possible to organise the variety of opinions regarding the taxonomic status of 

Homo heidelbergensis into four general hypotheses. The first is that Homo 

heidelbergensis is not a valid taxon. Specimens within this group would then be 

assigned to late Homo erectus sensu lato, early Homo neanderthalensis, or early 

Homo sapiens. In this scheme, Homo heidelbergensis sensu stricto could be a 

chronospecies within the Neanderthal lineage, if not completely subsumed within the 

earlier term Homo neanderthalensis (Bermúdez de Castro et al., 2004; Bermúdez de 

Castro et al., 2003; Friess, 2010; Harvati, 2007), and Homo rhodesiensis could be a 

chronospecies along an anagenetic line from Homo erectus sensu lato to Homo 

sapiens (Bermúdez de Castro et al., 2003; Friess, 2010; Klein, 2009). Asian specimens 

such as Dali and Maba may be part of a Westward expansion of a Neanderthal group 

(Hublin, 2013b), or a separate population that evolved from earlier Homo erectus sensu 

stricto (Bae, 2010; Etler, 1996). Under this hypothesis, the last common ancestor to 

ourselves and the Neanderthals would be Homo erectus sensu lato. The problem with 

this option is that it would still not explain the mosaic appearance of derived traits within 

the 300-400 kyr temporal span of the MPH, and it would require at least some of the 

later specimens to clearly fall along these evolving lineages, which is not the case. 

 

HYPOTHESIS 2: MONOTYPIC HOMO HEIDELBERGENSIS SENSU LATO 

 

An alternative is that the MPH represent a single, cross-continental, monotypic (i.e. 

without subspecies distinctions) species (Harvati et al., 2010). If this was shown to 

include the Mauer mandible, it could then be named Homo heidelbergensis sensu lato, 

however if the type specimen is excluded, the term Homo rhodesiensis would need to 

be adopted, based on taxonomic convention. This population could be considered the 

ancestral species of Late Pleistocene hominins (Harvati, 2007; Stringer, 2002), with 

initial morphological cohesion being maintained through interbreeding between 

geographic populations (Harvati, 2007), and populations eventually splitting into Homo 

neanderthalensis and Homo sapiens groups in Europe and Africa respectively (Harvati, 

2007). The major issue with this option is the existence of supposed Neanderthal 

apomorphies in European MPH (see above), and the associated earlier date of the 

divergence of the Neanderthal population.  
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HYPOTHESIS 3: POLYTYPIC HOMO HEIDELBERGENSIS SENSU LATO 

 

A third hypothesis suggests that Homo heidelbergensis may be a single, cross-

continental species, yet with subspecific distinctions (i.e. a polytypic species). The main 

proponent of this hypothesis is Manzi (2011; 2016), who suggested the separation of 

the MPH into four distinctive subspecies. The first is Homo heidelbergensis 

heidelbergensis, including all typical specimens without significant regional variation, 

such as Mauer, Arago, Ceprano, Melka Kunture, and possibly Hexian. The second, 

Homo heidelbergensis steinheimensis, would include those specimens with some of 

the traits found in later Neanderthals, such as Steinheim, Petralona, Reilingen, 

Swanscombe, and the Atapuerca-SH assemblage, and would represent the European 

lineage that evolved to become Homo neanderthalensis. The third is Homo 

heidelbergensis rhodesiensis, which would include the African specimens that may 

have evolved into later Homo sapiens, such as Kabwe, Florisbad, Eliye Springs, and 

some specimens considered here to be early Homo sapiens such as Djebel Irhoud, 

LH18 18, and Omo Kibish. The final subspecies, Homo heidelbergensis daliensis, 

would incorporate the Asian non-erectus specimens ranging between Dali to Denisova, 

including Jinniushan and Narmada. 

 

HYPOTHESIS 4: HOMO HEIDELBERGENSIS SENSU STRICTO AND HOMO 

RHODESIENSIS 

 

A final classification system would separate Homo heidelbergensis into geographically 

defined species. These would be Homo heidelbergensis sensu stricto in Europe, and 

Homo rhodesiensis in Africa (Freidline et al., 2012a; Rightmire, 1996), with the first 

evolving into Neanderthals and the second giving rise to Homo sapiens in the late 

Middle Pleistocene. As in the first hypothesis, the Asian MPH could either represent a 

restricted speciation from Asian Homo erectus sensu stricto or African Homo ergaster 

that became extinct, or a migratory group from Homo heidelbergensis sensu stricto. 

Taxonomically, this system encounters the same obstacles as the first, as if Homo 

heidelbergensis sensu stricto evolved anagenetically into the Neanderthals, and Homo 

rhodesiensis into Homo sapiens, then the more recent names of Homo 

neanderthalensis and Homo sapiens would take precedence, unless the differentiation 

between the Middle and Late Pleistocene populations could be demonstrated to 

represent speciation (Dennell et al., 2010; Hublin, 2009; Jiménez-Arenas et al., 2011; 

Rightmire, 1998). This option is difficult to support with quantitative morphological 
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evidence (Freidline et al., 2012a), as there is little evidence of European MPH being 

closer to Neanderthals than African representatives (Harvati et al., 2010; Rightmire, 

2001b), and all MPH appear to be more morphologically similar to Neanderthals than to 

Homo sapiens (Friess, 2010; Harvati et al., 2010).  
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3.3.6 - THE HYBRIDISATION DEBATE 

 

Palaeoanthropologists have begun to appreciate the significance of interbreeding 

between different hominin groups as a part of human evolution. This became 

particularly apparent in the case of interbreeding between Homo neanderthalensis and 

Homo sapiens (Fu et al., 2015; Green et al., 2010; Green et al., 2006). Further 

evidence has since arisen of additional hybridisation events between disparate hominin 

lineages in the Middle and Late Pleistocene. These include interbreeding between the 

Denisovans and both Homo neanderthalensis and Homo sapiens, and between 

Denisovans and another unknown population from South East Asia (Caldararo, 2016; 

Huerta-Sanchez et al., 2014; Reich et al., 2010; Reich et al., 2011). Models of recent 

human evolution have subsequently adapted to incorporate increasing amounts of 

hybridisation and DNA introgression between groups, and a departure from the 

traditional tree-like models of evolution, which oversimplify relationships between 

groups (Ackermann et al., 2016; Dennell et al., 2011; Scerri et al.; Smith, 2010; 

Stringer, 2014; Wu and Athreya, 2013). 

 

The recognition of hybridisation in the fossil record has forced palaeoanthropology to 

be acknowledged within its wider biological context. Closely related primates, such as 

papionins, have been shown to interbreed across both species and genus boundaries. 

For instance, Papio and Theropithecus, which diverged around 5 Mya, can interbreed 

to produce viable offspring, while Macaca mulatta and Papio species, which diverged 

at least 10 Mya, can interbreed, although produce sterile offspring (Ackermann and 

Bishop, 2010; Jolly, 1997; Jolly, 2001). Hybridisation is less well-known in the 

hominoids, and inter-generic interbreeding has never been demonstrated in living 

populations, yet morphological analysis indicates the likelihood of Late Pleistocene 

interbreeding between Gorilla gorilla and Gorilla beringei (Ackermann and Bishop, 

2010; Thalmann et al., 2007).  

 

The ‘hallmark’ of hybridisation (Ackermann et al., 2016:1) could be said to be the 

production of transgressive hybrids, individuals who document a higher degree of 

variation than is found in both parental populations, resulting from rare exchanges of 

migrants between divergent parental populations (Ackermann et al., 2006; Arnold, 

2004; Seehausen, 2004). In general, interbreeding has been shown to increase genetic 

variation in other species, in a phenomenon known as hybrid vigour or heterosis 

(Ackermann et al., 2006; Lewontin and Birch, 1966). Nevertheless, while a higher level 
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of intragroup variation, potentially greater than that seen in the combined parental 

populations, can be expected in some hybridising populations, craniodental evidence 

would indicate that it may be difficult to separate this variation from that resulting from 

high sexual dimorphism or sampling effects (Ackermann and Bishop, 2010; Ackermann 

et al., 2006; Ackermann et al., 2014). Other indicators of hybridisation include 

breakdowns in developmental processes, resulting in nonmetric variation such as 

sutural abnormalities and supernumerary teeth (Ackermann et al., 2006).  

 

Morphological clues from the hominin fossil record may indicate further hybridisation 

events, with some researchers suggesting that the prevalence of interbreeding may 

even be higher than indicated by genetic data (Ackermann et al., 2016), possibly due to 

the fact that higher rates of admixture will lead to non-transgressive hybrids 

(Ackermann et al., 2006), or because of low viability of hybrid offspring (Stringer, 2014). 

Evidence for this theory includes the relatively high level of morphological variation in 

the Middle and Late Pleistocene (Ackermann et al., 2016; Pearson, 2013; Weaver et 

al., 2008), as well as the prevalence of some atypical traits in hominins from East Asia 

(Wu and Athreya, 2013) that may indicate some influence from Western Eurasia. Other 

suggested indicators of admixture include the appearance in one area of fossil 

hominins which have strong affinities to populations in another region (Lahr, 1997), and 

a complicated pattern of synapomorphies (Holliday, 2003), both of which are 

particularly relevant when considering the complex mosaic of derived and archaic 

features documented in the MPH.  
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3.4 - ARCHAEOLOGICAL RECORD 

 

While fossils represent the only evidence that can be used in questions of hominin 

taxonomy, archaeological remains allow researchers to hypothesise on aspects of 

cognition and behaviour that are not visible from biological features alone. The Middle 

Pleistocene archaeological record contains important clues to the beginning of certain 

behaviours that might be considered ‘modern’, such as language, symbolism, the 

production of blades, enlarged geographical ranges and subsequently expanded 

exchange networks, organic and composite tools, and structured living spaces. Despite 

attempts to redefine modernity in order to restrict this concept to our own species (e.g. 

Conard, 2008; Conard, 2010), the above behaviours could indicate increasing cognitive 

capacity, linked to the significant increase in encephalisation found in the MPH noted 

above. Nevertheless, much of the evidence is not associated with hominin remains, 

and it is possible that these were created by early members of our own species, 

especially given the discovery of Homo sapiens crania dating to 315 kya at Djebel 

Irhoud (Hublin et al., 2017; Richter et al., 2017). 

 

3.4.1 - LITHICS AND TOOL USE 

 

Lithic evidence from MPH-bearing sites indicate a range of technocomplexes were 

used by these individuals, with lithics varying in shape, form, and frequency (Johnson 

and McBrearty, 2010; Rightmire, 2004). Sites preserve Oldowan (Mode 1), Acheulean 

(Mode 2), and prepared-core (Mode 3) technology (McBrearty and McBrearty, 2000), 

with Acheulean technology being most commonly found in Middle Pleistocene sites 

(Johnson and McBrearty, 2010). Acheulean tools from later in the Middle Pleistocene, 

such as those from Ndutu and Saldanha, have thinner, more symmetrical handaxes 

with more flake scars, indicating greater preparation than earlier phases (Rightmire, 

2004).  

 

Lithic evidence from the European Middle Pleistocene includes the site of Boxgrove, 

United Kingdom, dated to 500 kya, where platform preparation was used to produce 

refined bifaces, demonstrating an ability for abstract goal representation and social 

learning (Stout et al., 2014). There are relatively diverse Acheulean assemblages from 

the Middle Pleistocene levels at the Atapuerca sites of Gran Dolina-TD10 and Galería 

(Ollé et al., 2016), and a single handaxe known as ‘Excalibur’ (figure 3.4.I), associated 
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with the Sima de los Huesos skeletal assemblage, which has been interpreted as an 

intentional deposition showing some symbolic capacity (Carbonell and Mosquera, 

2006; Carbonell et al., 2003).  

 

 

 

 

 

 

 

In contrast to earlier technologies, Mode 3 is associated with the advent of composite 

tools, indicated by the presence of backed blades in African Middle Pleistocene sites 

such as Twin Rivers and Kalambo Falls, which have been taken as indicators of hafting 

(Barham, 2002b). Mode 3 sites also show systematic production of blades, for instance 

at Kathu Pan (464-542 kya), Kapthurin (545-509 kya), Wonderwerk cave (480-510 

kya), Twin Rivers and Kalambo Falls (400-225 kya) (Barham, 2001; 2002b; Beaumont 

and Vogel, 2006; Chazan and Horwitz, 2009; Johnson and McBrearty, 2010), which 

are thought to require a higher level of cognition (Johnson and McBrearty, 2010). The 

African Middle Pleistocene archaeological record also documents a number of 

spatiotemporally constricted industries, such as the Fauresmith (e.g. at Wonderwerk, 

Kathu Pan, Rooidam) and Lupemban (e.g. at Twin Rivers, Kalambo Falls, Broken Hill) 

(Barham, 2001; 2002b; Beaumont and Vogel, 2006; Chazan and Horwitz, 2009; 

McBrearty and McBrearty, 2000; Porat et al., 2010), which, in combination with 

Figure 3.4.I – ‘Excalibur’ Acheulean handaxe found with Sima de los Huesos assemblage, from front, 

left and rear view 

(Ollé et al., 2016:320) 
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composite tools, have been suggested to reflect the beginning of a transition to more 

modern hominin behaviour (Barham, 2001). 

 

Evidence of organic tools also appears in the Middle Pleistocene. In Africa, these are 

attributed to the Middle Stone Age industries, and are relatively rare (McBrearty and 

McBrearty, 2000; Wadley, 2003), but include some bone tools at Kabwe (Broken Hill) 

site (figure 3.4.II). An association between these tools and the hominin cranium has not 

been established, although they are assumed to have been made by the same 

species, and date to approximately 300 kya (Barham, 2002a; Clark et al., 1947). In 

Europe, there is evidence of bifacial tools being made from elephant bone in Castel di 

Guido (Rightmire, 2004; Villa, 1991). More well-known is the evidence from 

Schӧningen, Germany, and Clacton-on-Sea, England, dating to approximately 300 kya 

and 400 kya respectively, where a number of wooden tools, including spears, were 

preserved (Allington-Jones, 2015; Oakley et al., 1977; Rightmire, 2004; Schoch et al., 

2015; Thieme, 1997). 

 

 

 

 

 

 

3.4.2 - HUNTING AND FOOD PROCUREMENT 

 

MPH had sophisticated hunting behaviour, which intensified in the later stages of the 

Middle Pleistocene (Harvati, 2007; McBrearty and McBrearty, 2000). They were 

capable of killing and processing large game, as shown by the Middle Pleistocene sites 

Figure 3.4.II – Bone tools from Broken Hill (Kabwe): a, b – gouge (E1094); c, d – point (E700);  

e, f - gouge (E702) 

(Barham et al., 2002:6) 
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of Boxgrove, Schӧningen, and Gesher Benot Ya’aqov, Israel, which document the 

existence of butchery of large mammals (Dubreuil, 2009).  

 

While some researchers claim that hominin diet only diversified in the later stages of 

the Middle Pleistocene (McBrearty and McBrearty, 2000), archaeological evidence 

refutes this statement. The exploitation of marine resources dates back to at least 1.5 

Mya in Trinil, where Homo erectus created large, midden-like collections of mollusc 

shells, and possibly ate multiple fish species (Marean et al., 2007). Evidence from 

Gesher Benot Ya’aqov indicates a preference for elephants and fallow deer, as well as 

a general exploitation of large, medium, and small mammals, fish and crabs, and 

numerous plant resources (Goren-Inbar, 2011). The continuity of this diversity of food 

sources indicates cultural transfer of information across generations of MPH at this site.  

 

3.4.3 - SYMBOLISM  

 

A number of behaviours that can be linked to symbolic thought and communication 

occur in the Middle Pleistocene archaeological record. For instance, signs of pigment 

use are present at Kapthurin, Kathu Pan, and Twin Rivers in Africa (Barham, 2002b; 

Beaumont and Bednarik, 2010; McBrearty and McBrearty, 2000). In the latter case, 

haematite and limonite were transported from 2-5 km away from the main site, 

indicating a deliberate action (Barham, 2002b). While the exact use of the pigment is 

unknown and functional possibilities have been put forward (Morriss-Kay, 2010; 

Wadley, 2001; 2003), this has been taken by some as evidence of possible symbolism 

(Coolidge and Wynn, 2009).  

 

There are also some possible anthropomorphic figurines from Africa, specifically those 

from Tan-Tan and Berekhat Ram. The first, dating to 300-500 kya (Bednarik, 2013), is 

assumed to have been created by MPH commonly classified as Homo heidelbergensis 

sensu lato, and shows traces of pigmentation and minimal enhancement of the existing 

form (Bednarik, 2003; Morriss-Kay, 2010). Similarly, the Berekhat Ram figurine, dating 

to 250-280 kya and formed from a volcanic tuff, appears to have been intentionally 

modified using Levallois flakes from the associated lithic assemblage (d'Errico and 

Nowell, 2000; Feraud et al., 1983; Marshack, 1995; Marshack, 1997; Morriss-Kay, 

2010).   
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Other possible evidence of symbolism includes early rock art and manuports. For 

instance, four incised haematite plaques were found at Wonderwerk Cave in South 

Africa, potentially dating back to 152 kya, while lower Fauresmith levels preserved five 

incised slabs, possibly dating up to 500 kya (Beaumont and Vogel, 2006; Chazan and 

Horwitz, 2009). Nchwaneng, another Fauresmith site, also documents incised cupules 

on stone slabs, dating to around 400 kya (Beaumont and Bednarik, 2010).  

 

There is little evidence of burial or mortuary behaviour in the Middle Pleistocene fossil 

record (McBrearty and McBrearty, 2000). Some have hypothesised that the 

accumulation of remains, along with a single, elaborately made Acheulean handaxe 

(see above), at Sima de los Huesos may indicate deliberate deposition of the dead 

(Arsuaga et al., 1997a; Carbonell and Mosquera, 2006; Carbonell et al., 2003). A 

similar suggestion has been given for the specimens found in Rising Star Cave (Dirks 

et al., 2016; Dirks et al., 2015; Val, 2016), currently dated to around 250 kya (Dirks et 

al., 2017) and attributed to a different hominin species, Homo naledi (Berger et al., 

2015). There is also evidence of defleshing on the cranium from Bodo (White, 1986), 

although the intention behind this behaviour is impossible to deduce from the available 

evidence.  

 

3.4.4 - LANGUAGE AND SOCIAL BEHAVIOUR 

 

Evidence of language can be drawn from both anatomical and archaeological remains. 

Anatomical indicators from the Middle Pleistocene include the changes in the 

basicranial angle which may indicate a lengthening of the pharynx, as well as 

endocranial indicators for the expansion of Broca’s area (Coolidge and Wynn, 2009). In 

addition, MPH such as Kabwe and Swanscombe have enlarged hypoglossal canals for 

the cranial nerve, similar to that seen in modern Homo sapiens, possibly indicating 

modern levels of tongue innervation, necessary for the production of language (Kay et 

al., 1998). The Atapuerca-SH hyoid bones indicate a lack of laryngeal air sacs, which 

may have enabled these hominins to make subtle and distinct sounds seen in human 

language (Martínez et al., 2008), while vocal tract proportions and evidence of sound 

power transmission indicate that this population was close to the range of modern 

Homo sapiens for both traits (Martínez et al., 2013).  

 

Archaeological indicators of language include inferred evidence of social learning. 

Researchers have suggested that prepared core technology, a hallmark of Mode 3 
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industries, would require language to learn, although not necessarily with the same 

degree of grammatical complexity as in modern humans (Coolidge and Wynn, 2009). 

Some have suggested that the increasing complexity of artifacts throughout the Middle 

Pleistocene, specifically the symmetry and regularity of the Acheulean and the 

development of Levallois technology, may also require some capacity for language 

(Isaac, 1976). Others have argued that regional industries would only be able to be 

maintained by the use of symbolic communication (Barham, 2001).  

 

Social care has been argued to be present in Neanderthal populations (Trinkaus and 

Zimmerman, 1982) and is widely recorded in Homo sapiens, and could therefore be 

hypothesised to be within the behavioural repertoire of our LCA. Fossil evidence from 

Atapuerca-SH documents two likely cases of conspecific care. The first is that of an 

older individual whose remains show pathological changes in the lumbar vertebrae and 

sacrum, congruent with a diagnosis of lumbar kyphotic deformity and spondylolisthesis 

(Bonmatí et al., 2010). As the individual lived to a relatively old age, researchers have 

suggested that they would have received assistance from other members of their 

group. The second is the earliest example of craniosynostosis, or premature fusion of 

the cranial sutures. This was noticed in a young individual, aged approximately 10-12 

years at death, who would most likely have required extended care to survive to this 

point (Gracia et al., 2010). 

 

3.4.5 - FIRE AND ORGANISATION OF SPACE 

 

Evidence of the use of fire also occurs in the Middle Pleistocene fossil record, and 

appears to indicate controlled rather than opportunistic use of this resource (Gowlett, 

2006; Roebroeks and Villa, 2011). For instance: Wonderwerk Cave has a preserved 

hearth, possibly dating to 187 kya (Chazan and Horwitz, 2009); Gesher Benot Ya’aqov 

documents the use of fire as a controlled phenomenon across each hominin horizon, 

along with clusters of burned microartefacts indicating hearths (Alperson-Afil, 2008; 

Goren-Inbar, 2011); Qesem Cave, in Israel, preserves evidence of extensive, repeated 

use of fire by hominins between 200-400 kya, along with a potential stone-lined hearth 

(Karkanas et al., 2007); finds from Beeches Pit, UK, dated to over 400 kya, include 

burnt flint and bones, with discrete areas representing hearths at over 280 kya (Preece 

et al., 2006); and burnt remains from Bilzingsleben in Germany may indicates the 

presence of hearths (Schwartz and Tattersall, 2002). Despite this, there is also 

evidence of a lack of widespread controlled use of fire in more northern sites 
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(Roebroeks and Villa, 2011) such as Arago, indicating a complex pattern of the use of 

fire.  

 

The advent of regional identities in the Middle Pleistocene archaeological record of 

Africa could be taken as an index of social identity (McBrearty and McBrearty, 2000; 

Wadley, 2003), and there are other examples of social organisation as well. These 

include the organisation of sites into areas for specific activities, such as a possible 

bedding area dated to 400 kya at Wonderwerk Cave, and the existence at Gesher 

Benot Ya’aqov of discrete clusters of fish and crab remains, wood fragments around 

hearths indicating storage of firewood, the concentration of debris around focal hearths, 

a bifacial pavement, and remains from an elephant kill site (Alperson-Afil et al., 2009; 

Goren-Inbar, 2011; Goren-Inbar et al., 1994). These examples all indicate that MPH 

were beginning to exhibit different behaviours and attitudes towards their home bases, 

as well as other aspects of their social lives, similar to what is seen in Late Pleistocene 

populations of Neanderthals and Homo sapiens.  
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CHAPTER 4 - CRANIOFACIAL VARIATION AND THE PRIMATE 

SUPRAORBITAL REGION 

 

4.1 - THE SUPRAORBITAL TORUS 

 

The supraorbital region is particularly useful for studies of the MPH, as the majority of 

these specimens are craniodental in nature, with many preserving the frontal bone and 

aspects of the upper face. The frontal bone, and especially the supraorbital torus, of 

the MPH documents a number of characteristic traits that are thought to distinguish this 

group, for instance the large size and projection, as well as the particular morphology 

of the medial and lateral portions (Athreya, 2006; Freidline et al., 2012a; Klein, 2009; 

Rightmire, 2013; Stringer, 2012). Studies have also indicated that morphological 

variation in this region may be associated with a range of factors, including adaptive 

and neutral genetic processes, sexual dimorphism, allometry, and ecogeographical 

variables, which are particularly relevant to studies of intraspecific variation. Due to 

these reasons, the supraorbital region was chosen to address the research questions 

posed in Chapter 5 regarding the taxonomic position of the MPH. 

 

4.1.1 - ANATOMY 

 

The supraorbital torus (or browridge) can be defined as the portion of the frontal bone 

that projects beyond the frontal squama (Garvin and Ruff, 2012:662). The hominin 

supraorbital region can be separated into four areas which are variable in their 

presence and expression in different groups: glabella, which is the central region above 

the nasal process; the supraciliary (or superciliary) arches, above the medial portions 

of the orbit; the supraorbital trigones, sometimes called the supraorbital arches, above 

the lateral ends of the orbits, which are triangular in form and continuous with the 

supraorbital margin; and the supraorbital sulci, which are diagonal grooves that 

separate the supraciliary arches from the supraorbital arches or trigones (Aiello and 

Dean, 1990; Lieberman, 2000; Lieberman, 2011; Russell, 1985; Smith and Ranyard, 

1980) (figure 4.1.I).  

 

The supraorbital torus is characterised by indeterminate borders and a lack of 

homologous landmarks (Bruner et al., 2013; Garvin and Ruff, 2012), which can hinder 
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morphological analysis of this region. It can be separated from the frontal squama by 

the supratoral sulcus (Garvin and Ruff, 2012), although this feature is reduced in recent 

humans (Smith and Ranyard, 1980). The supraorbital torus can be categorised as a 

cranial or facial superstructure (Lahr and Wright, 1996; Weidenreich, 1940), and may 

have a continuous, undivided form (a ‘true’ torus, as found in MPH), or a divided form 

where the glabella creates a depression (more commonly found in modern Homo 

sapiens) (Russell, 1985). 

 

 

 

 

 

 

4.1.2 - GROWTH AND DEVELOPMENT 

 

The adult form of the primate supraorbital torus cannot be predicted from the neonatal 

form, as this feature develops during ontogeny (Schwartz and Tattersall, 2010). The 

growth of the supraorbital torus is directly affected by the outer bone table, which is a 

depository field and drifts anteriorly, independent of the inner table, with key influencing 

factors being paranasal sinus development and craniofacial growth (Bookstein et al., 

1999; Duterloo and Enlow, 1970; Rae and Koppe, 2004; Russell, 1985). Studies of 

vermiculate bone patterning, found in some hominin specimens from the Middle and 

Late Pleistocene, as well as in macaque and chimp crania, may indicate that the 

Figure 4.1.I – Diagram of the Homo sapiens frontal bone showing key features  

Adapted from Fiscella and Smith (2006:148) 
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supraorbital tori of large-browed hominins were produced by rapid growth processes, 

potentially linked to mastication during ontogeny (Oyen et al., 1979a; Oyen et al., 

1979b; Russell, 1982). While some researchers have suggested that there is no 

evidence that the browridge changes after adulthood (Athreya, 2006), this may not be 

the case. Recent adult males and females have been shown to go through separate, 

distinct periods of changes in this region, characterised by thickening of the lateral and 

midorbital supraorbital region (Hofbauer et al., 2003), and older females have been 

shown to have relatively larger supraciliary arches than younger females (Russell, 

1985).  

 

4.1.3 - COMPARATIVE ANATOMY AND EVOLUTION 

 

Craniodental specimens are typically used to define hominin species due to their high 

preservation in the fossil record and the assumption that they will be reliable indicators 

of phylogenetic history (Athreya, 2006; 2009; Lieberman, 2000; Lieberman, 1995; 

Strand Viðarsdóttir et al., 2002). Studies have indicated that different areas of the 

craniofacial skeleton may preserve signals of population history to varying degrees, 

with the neurocranium and facial skeleton showing moderate to high heritability 

(Harvati and Weaver, 2006; Holló et al., 2010; Schillaci, 2008; Šešelj et al., 2015; 

Smith, 2009; von Cramon-Taubadel, 2009; 2011; von Cramon-Taubadel and Smith, 

2012; Wood and Lieberman, 2001). Some researchers have suggested that areas 

under greater strain may have higher levels of epigenetic variability (Collard and Lycett, 

2008; Harvati and Weaver, 2006; Lieberman, 2000), although this is not supported by 

all studies (Collard and Wood, 2007; Lycett and Collard, 2005), and research indicates 

that the browridge is under relatively less strain than other areas of the craniofacial 

complex (see section 4.2.1).  

 

Many studies have questioned the reliability of craniofacial indicators of phylogeny in 

hominins and primates (Collard and Wood, 2000; Hanihara, 2000; Harvati and Weaver, 

2006; Strand Viðarsdóttir et al., 2002). External factors play a substantial role in 

determining craniofacial morphology, such as climatic and environmental variables 

(Hanihara, 2000; Roseman and Weaver, 2004; Smith, 2009; Strand Viðarsdóttir et al., 

2002), as well as variation in the complex process of growth and development 

(Hanihara, 2000). In addition, evolutionary processes such as convergence, 

parallelisms, and reversals mean that it can be difficult to estimate phylogenetic history 
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from individuals’ morphology (Harvati and Weaver, 2006; von Cramon-Taubadel and 

Smith, 2012). 

 

Athreya (2006; 2009) has suggested that the browridge may not be useful for 

reconstructing hominin phylogeny, yet there are reasons to believe that features such 

as the supraorbital torus can be useful for this purpose. While the shape of the inner 

frontal bone is highly conserved in hominids, reflecting similarities in the relative size of 

the anterior portion of the brain (Semendeferi et al., 1997), the outer portion of the 

frontal bone’s midsagittal profile varies between species (Bookstein et al., 1999). The 

supraorbital torus has been acquired, lost, and modified in various populations of 

hominins (Lahr and Wright, 1996), and has been shown to be important for assessing 

the relationship between Middle and Late Pleistocene hominins (Athreya, 2012; 

Weidenreich, 1947), documenting variation in Homo over time, between different 

geographic regions, and within populations (Russell, 1985), as well as distinctive 

morphologies between species.  

 

The supraorbital torus is found in a few primate genera, and is: rare or absent in 

platyrrhines and prosimians; well-developed in Papio and moderately so in Macaca; 

well-developed in Gorilla and Pan, where it takes the form of a bar of bone which 

incorporates the glabellar region, with a vertical component that is linked to the 

formation of a post-toral sulcus; less developed in Hylobatidae; and unusually formed 

in Pongo (as well as in some Paranthropus species), with the supraorbital rim making a 

costa supraorbitalis (Aiello and Dean, 1990; Clarke, 1977; Russell, 1985; Schwartz and 

Tattersall, 2010).  

 

There is notable variation in the hominin supraorbital torus. Ardipithecus and 

Sahelanthropus had relatively long supraorbital tori that lacked a deep post-toral sulcus 

(Lieberman, 2011). The australopith brow ridge has been described as being chimp-

like, and was coronally oriented with lateral thickening, with members of Paranthropus 

documenting massive, flat supraorbital tori and high levels of postorbital constriction 

(Lieberman, 2011). Fossil Homo had high levels of craniofacial robusticity and large 

superstructures (Gonzalez et al., 2010), with Homo erectus sensu lato specimens 

documenting a pronounced, bar-like supraorbital torus with a notable post-toral sulcus 

(Lahr and Wright, 1996; Russell, 1985). 

 

MPH are strongly united in their supraorbital morphology (Schwartz and Tattersall, 

2010), which simultaneously distinguishes them from Early and Late Pleistocene 



  

Page 129 of 547 

 

hominin taxa and potentially unites them into a single group, despite considerable 

individual variation in this region (Rightmire, 2013). They have been described as 

having robust, continuous, projecting supraorbital tori, especially in their lateral aspects 

(Freidline et al., 2012a; Stringer, 2012). Homo neanderthalensis specimens have 

supraorbital tori which are continuous across the inferior margin of the frontal bone, 

arch over the supraorbital margins, and are bordered anteriorly by supraglabellar 

fossae (Athreya, 2006; Lahr and Wright, 1996; Smith and Ranyard, 1980). A robust 

supraorbital region appears to be the plesiomorphic state for recent hominins (Lahr and 

Wright, 1996; Lieberman, 2000), with a trend towards increasing gracility in modern 

humans (Fiscella and Smith, 2006; Gonzalez et al., 2010; Moss and Young, 1960) and 

possibly some Neanderthals (Smith and Ranyard, 1980). Early members of our own 

species retained a relatively archaic appearance, with pronounced, strongly curved, 

continuous supraorbital tori, yet were already differentiated from earlier hominins as the 

browridge development was mainly limited to the supraciliary arches (Hublin et al., 

2017; Lahr and Wright, 1996; Lieberman, 2000; Russell, 1985).  

 

Modern Homo sapiens are comparatively derived and paedomorphic in the supraorbital 

region, lacking substantial browridge development (Smith and Ranyard, 1980), and 

being distinguished in having a bipartite supraorbital tori that has been described as a 

‘glabellar butterfly’ (Schwartz and Tattersall, 2010). They can be characterised by small 

supraciliary arches and glabellae, and an absence of a post-toral sulcus and 

supraglabellar fossa (Howells, 1973; Lahr and Wright, 1996; Lahr, 1994; Lieberman, 

2000; Lieberman, 2011; Smith and Ranyard, 1980). This modern form seems to have 

appeared gradually in the Late Pleistocene (Russell, 1985), with the distinctive bipartite 

butterfly form not being present in some early members of Homo sapiens (Schwartz 

and Tattersall, 2010). While there is notable variation within recent Homo sapiens (see 

section 4.4), continuous, undivided supraorbital tori are rare, even within more robust 

populations (Lahr and Wright, 1996; Russell, 1985).  

 

4.2 - RELATED ANATOMICAL STRUCTURES 

 

The supraorbital torus is one feature within the primate craniofacial complex. As such, 

while it may be subject to unique developmental constraints and evolutionary pressures 

(see section 4.3), the browridge must be considered within its wider anatomical 

context. The supraorbital torus is strongly associated with three features that will be 

considered in this section: the frontal squama, the frontal sinus, and the orbit.  
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4.2.1 - THE FRONTAL SQUAMA 

 

Persuasive arguments have been made to consider the browridge separately from the 

frontal squama. These components of the frontal bone have different structural roles 

and influences, with the squama being functionally related to the underlying brain 

components while the browridge may be more related to structural constraints and 

relationships between different areas of the cranium (see 4.3.3), and may have 

undergone different patterns of morphological evolution (Bruner et al., 2013; 

Lieberman, 2000). The frontal squama is also subject to different ontogenetic 

processes, being considered to be more influenced by the inner table, which attaches 

directly to the frontal lobe and grows in response to frontal lobe expansion (Lieberman, 

2011; Russell, 1985). 

 

Homo sapiens are distinctive in their derived frontal squama, which are vertical and 

highly curved, and associated with a more spherical neurocranium and less upper 

facial projection than seen in other hominins (Bruner et al., 2013; Hanihara, 2000; Lahr 

and Wright, 1996; Lieberman, 1995; 2011; Lieberman et al., 2002; Rightmire, 2009a). 

In contrast to later Homo sapiens, MPH are relatively plesiomorphic in their receding 

frontal squama (Bruner et al., 2013), potentially due to the larger influence of facial and 

supraorbital projection overriding the effect of increasing brain size in this group 

(Rightmire, 2013). Despite these key differences in external shape, one study has 

indicated that the internal structure of the frontal bone, including the squama, is highly 

conserved in the hominin lineage, and may indicate that the phenomenon of vertical 

frontal squama in recent humans may be a direct result of minimal expression of the 

supraorbital torus (Bookstein et al., 1999). 

 

4.2.2 - THE FRONTAL SINUS  

 

The frontal sinus can be grouped with the other paranasal sinuses in the ethmoid, 

sphenoid, and maxilla (Rae and Koppe, 2004; Tückmantel et al., 2009). It is only found 

in African apes, being absent in orangutans and gibbons, yet may be a primitive 

catarrhine trait which was lost in Cercopithecoidea, Pongo, and Hylobatidae (Rae and 

Koppe, 2004). While it is considered a typical trait of Homo sapiens, complete frontal 

sinus agenesis has been documented in many populations with varying incidence 

(Danesh-Sani et al., 2011; Greene and Scott, 1973; Rae and Koppe, 2004). The exact 

cause of this agenesis is currently unestablished, but may be related to the 
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environment, paramasticatory stress and changing spatial relationships during 

ontogeny, or systemic factors (Danesh-Sani et al., 2011; Godinho and O'Higgins, 2018; 

Rae and Koppe, 2004). 

 

Frontal sinuses are the most variable of the paranasal sinuses, being highly 

individualised in shape and volume, both within and between primate species 

(Buckland-Wright, 1970; da Silva et al., 2008; Kjær et al., 2012; Prossinger, 2008; 

Prossinger and Bookstein, 2003; Rae and Koppe, 2004; Tückmantel et al., 2009). This 

variation may be caused by the less constrained nature of the frontal sinuses (Zollikofer 

et al., 2008), which have been suggested to be under secondary regulation, for 

instance responding to availability of space (O'Higgins et al., 2006; Prossinger and 

Bookstein, 2003). 

 

There are recorded differences between hominin groups in the frontal sinus. Homo 

neanderthalensis specimens, for example, appear to have frontal sinuses that occupy 

the glabellar and orbital segments of the supraorbital torus, but do not extend into the 

frontal squama (Smith and Ranyard, 1980). Researchers have suggested that 

Neanderthals are more heavily pneumatised than other hominins, yet this does not 

appear to be the case for the frontal sinus (Zollikofer et al., 2008); instead, Neanderthal 

frontal sinuses appear to be more uniform and restricted than those of modern humans 

(Vlček, 1967; as cited in Zollikofer et al., 2008). The frontal sinuses of Upper 

Palaeolithic European humans have been shown to extend into the frontal squama 

(Smith and Ranyard, 1980) while those of modern humans may encompass the size 

range seen in Neanderthals (Zollikofer et al., 2008).  

 

The frontal sinuses of MPH have been found to be well-developed, relatively laterally 

extended, with variable occupation of the frontal squama (Bräuer et al., 2004; Buck, 

2014; Buck et al., 2012; Prossinger et al., 2003; Rightmire, 2001a; Woo and Peng, 

1959; Wu and Bruner, 2016; Zollikofer et al., 2008) (figure 4.2.I). The 

hyperpneumatisation seen in this group could be a direct consequence of the large 

craniofacial size of the MPH (Buck, 2014), with studies showing that frontal 

pneumatisation is correlated with cranial size (Zollikofer et al., 2008), and that larger 

strepsirrhine species are more likely to have frontal sinuses than smaller ones 

(Tückmantel et al., 2009). Hyperpneumatisation may also be an autapomorphic trait of 

the MPH, as Homo sapiens have been recorded as showing hypopneumatisation while 

Neanderthals appear to lack hyperpneumatisation (Buck, 2014; Buck et al., 2012), and 

the sinuses of some Asian Homo erectus are relatively constricted both laterally and 
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anteroposteriorly (Woo and Peng, 1959). The extension of the frontal sinuses into the 

frontal squama in MPH and modern humans may be a shared characteristic (Zollikofer 

et al., 2008), although it is unknown whether this trait is present in earlier hominins.  

 

 

 

 

 

 

 

Some researchers have suggested that key differences in the supraorbital region of 

Middle and Late Pleistocene hominins may be a direct consequence of increased 

frontal pneumatisation (Buck, 2014; Buck et al., 2012; Lieberman, 2011; Prossinger, 

2008; Smith, 1985). Others have argued that the form of the primate supraorbital torus 

is unrelated to the frontal sinuses, due to their variable occupation of the supraorbital 

region, and as the supraorbital torus is not merely the external wall of a large frontal 

sinus (Lieberman, 2011; Russell, 1985). Zollikofer et al. (2008) have suggested that the 

frontal sinus of the Kabwe specimen grew anteriorly in response to expansion of the 

supraorbital torus, and have shown that frontal sinus size varies regardless of cranial 

size and robusticity, with two male modern humans of similar robusticity having very 

different frontal sinus volumes (figure 4.2.II). 

Figure 4.2.I - Frontal sinuses (yellow), sphenoidal sinuses (blue), and neural cavities (red) of Kabwe 

(left), Petralona (middle), and Steinheim (right) 

(Klein, 2009; Prossinger, 2008:1457)  
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Various suggestions have been put forward as to the function of the frontal sinuses, 

including roles in thermoregulation and brain cooling, the filling of empty spaces 

between other craniofacial structures, and in biomechanical hypotheses (Rae and 

Koppe, 2004; Seidler, 1997; Zollikofer et al., 2008). Acting as empty spaces 

surrounded by bony shells, frontal sinuses can transmit high masticatory stress loads 

while optimising the cost and weight of bone, although studies indicate that this cannot 

be considered their primary role (O'Higgins et al., 2006; Preuschoft et al., 2002; Rae 

and Koppe, 2004; Tückmantel et al., 2009). The presence of frontal sinus agenesis in 

some modern humans indicates that this feature does not play a critical role in our 

species, and some have suggested that the paranasal sinuses may be analogous to 

spandrels, arising due to the spatiotemporal integration of craniofacial modules 

(O'Higgins et al., 2006).  

 

4.2.3 - THE ORBIT 

 

The orbit is formed by several bones and, as such, it can grow in numerous directions 

(Barbeito-Andrés et al., 2016). Several models have been suggested for the growth of 

Figure 4.2.II - Frontal (blue), maxillary (purple), ethmoidal (green), and sphenoidal (orange) sinuses 

of: a - Forbes Quarry 1; b - Neanderthal 1; c - Kabwe; d and e - two robust male Modern Homo 

sapiens. 1 indicates squamous frontal sinus; 2 indicates double recess of maxillary sinus into 

zygomatic bone 

(Zollikofer et al., 2008:1510) 
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the orbit (Enlow and Hans, 1996; Moss and Young, 1960), with research indicating that 

the size of the orbit is relatively independent of the size of the eye in primates (Schultz, 

1940). The frontal bone makes up the superior orbital margin and plate, meaning that 

morphological changes in the orbital shape may influence this region as well. 

 

There are taxonomic differences in the size of the orbit between primates, with gorillas 

having relatively larger orbits than chimps and humans (Aiello and Dean, 1990; 

Barbeito-Andrés et al., 2016; Schmittbuhl et al., 1999; Schultz, 1940), and larger 

primates having proportionately smaller orbits (Schultz, 1940). In terms of shape, 

Homo sapiens and Pan have been recorded as possessing more elongated orbits than 

Gorilla, while the orbit of Homo sapiens has been noted to be less quadrangular than 

those of the African apes (Schmittbuhl et al., 1999). There are also evolutionary 

changes in the hominin orbit, for instance in the degree of orbital frontation and 

convergence (Bruner et al., 2013; Noble et al., 2000; Ravosa et al., 2000), which have 

been associated with changes in brain size. In regard to the MPH, Schultz (1940) noted 

that the orbits of Kabwe were approximately equal in size to those of male Gorilla, and 

considerably larger than those of modern Homo sapiens despite the slight difference in 

body size (Ruff, 1997). More recently, studies have shown that orbit size and shape 

may have changed between Neolithic and modern human populations (Brown and 

Maeda, 2004). 

 

Sex and regional differences have also been noted in the human orbit. For instance, 

significant differences in orbit morphology were noticed between populations from 

Africa, Asia, and Europe by Xing et al. (2013), and females have been recorded as 

having relatively larger orbits than their male counterparts (Schultz, 1940), among other 

sex-related differences (Brown and Maeda, 2004). Despite these differences, the large 

amount of variation in the orbit, apparently common to all hominoid taxa (Seiffert and 

Kappelman, 2001), means that shape differences have little practical use in estimating 

ancestry or sex in recent humans (Husmann and Samson, 2011; Xing et al., 2013).   
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4.3 - THE FUNCTIONAL SIGNIFICANCE OF THE PRIMATE SUPRAORBITAL 

TORUS 

 

Theories as to the functional role of the supraorbital torus in the hominins have ranged 

from facial display and intimidation, protection from the sun and rain, secondary sexual 

selection, a secondary product of an active lifestyle, and protection from injury arising 

from interpopulational violence (Baab et al., 2010; Boaz and Ciochon, 2004; Carrier 

and Morgan, 2015; Godinho et al., 2018; Guthrie, 1974; Keith, 1925; Kurten, 1979; 

Lieberman, 1996; Russell, 1985; Tappen, 1973; 1979). Most studies into the aetiology 

of the browridge come from comparative primate anatomy, with key hypotheses being 

separated into biomechanical and nonmechanical models (Ravosa, 1988; 1991a; b). 

Nevertheless, these models are acknowledged to be non-mutually exclusive (Fiscella 

and Smith, 2006; Picq, 1994), and the functional significance of the supraorbital torus is 

likely to be multifactorial in nature (Bookstein et al., 1999; Ravosa, 1988). 

 

4.3.1 - BIOMECHANICAL MODELS 

 

The biomechanical models primarily link supraorbital torus formation to masticatory and 

paramasticatory stress (Aiello and Dean, 1990; Endo, 1970; Lahr and Wright, 1996; 

Oyen et al., 1979a; Ravosa, 1988; Russell, 1982; 1985; Tückmantel et al., 2009). As 

there are no direct insertions of muscles or ligaments on the supraorbital torus 

(Russell, 1985), it is believed that the browridge is part of a general stress-resistant 

cranial architecture (Lahr and Wright, 1996; Russell, 1985). There are three main 

biomechanical models relating to the browridge: the anterior dental loading hypothesis, 

the craniofacial torsion model, and the masticatory muscle size model. 

 

ANTERIOR DENTAL LOADING HYPOTHESIS 

 

The anterior dental loading hypothesis (or localised stress hypothesis) arose from the 

experiments of Endo (1965; 1966; 1970) into the effect of in vivo loading conditions of 

the masticatory muscles (Picq and Hylander, 1989). Results of these experiments 

indicated that the supraorbital region in humans and gorillas was mechanically 

deformed through transverse bending produced during biting along the anterior teeth 

(Endo, 1970; Picq, 1994; Picq and Hylander, 1989; Russell, 1985). During anterior 

dental loading, the middle portion of the supraorbital torus is pushed upwards by the 
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biting force, and the lateral aspects are pulled inferiorly by the action of the temporalis 

and masseter muscles, with the upper portion of the supraorbital torus being under 

tensile stress that is concentrated in the glabellar region and directed laterally (figure 

4.3.I) (Hylander et al., 1991a; Lahr and Wright, 1996; Picq, 1994; Picq and Hylander, 

1989). 

 

 

 

 

 

 

The development of the anterior dental loading hypothesis can be split into two 

approaches which were pioneered by separate researchers, Oyen and Russell 

(Ravosa, 1988; 1991a). Russell hypothesised that stress from masticatory muscle 

action stimulates cortical bone remodelling of the supraorbital torus to counteract stress 

(Lahr and Wright, 1996; Russell, 1985). She used Endo’s beam analogy to model the 

response to stress in this region (Russell, 1985), suggesting that greater anterior dental 

loading should lead to larger browridges, and that increased browridge formation is 

required when the frontal squama is more inclined, subsequently associating 

craniofacial angle to supraorbital torus formation (Russell, 1985). Russell (1985) found 

that all stress variables measured were significantly associated with measures of brow 

size and development, and that craniofacial angle was negatively related to supraciliary 

arch development in humans, although the relationship between the craniofacial angle 

and glabellar development was not significant (Ravosa, 1988).  

 

Figure 4.3.I - Diagram of forces generated during anterior dental loading 

(Ravosa, 1991a:373) 
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Oyen et al. (1979a; 1979b) noted rapid periods of bone deposition on the supraorbital 

torus that coincided with periods of dental eruption (see also Russell, 1982), and 

subsequently hypothesised that browridge formation is functionally or developmentally 

linked to masticatory activity (Lahr and Wright, 1996). They posited that ontogenetic 

changes in the masticatory system should be reflected by changes in the supraorbital 

torus, and that there is a functional association between increases in bone deposition 

on the supraorbital torus and decreased masticatory efficiency. As such, allometric 

decreases in masticatory efficiency in larger species were suggested to result in 

increased muscle forces to generate equivalent anterior dental bite forces, and 

increased browridge formation to resist these higher forces (Oyen et al., 1979b; 

Ravosa, 1991a; Russell, 1982).  

 

Researchers have attempted to test the anterior dental loading hypothesis in primates, 

with varying results. Picq (1994), for example, found that the biomechanical effects 

associated with anterior dental loading were more important for larger species, and that 

scaling of browridge thickness in comparison to prognathism would refute the anterior 

dental loading hypothesis. Ravosa (1988; 1991b; 1991a) found nonsignificant 

correlations between supraorbital torus height and craniofacial angle. Hylander et al. 

(1991a); Hylander et al. (1991b) argued that the morphological complexity of the 

browridge prevents it from being accurately modelled as a beam, and found low levels 

of bending in the frontal plane during mastication. More recently, Finite Element 

Analysis has been used to test this model in macaques. Such studies have indicated 

that mastication leads to region-specific loading regimes in the facial skeleton (Chalk et 

al., 2011), and recorded low levels of stress in the supraorbital torus in comparison to 

other regions, even during ontogeny (Kupczik et al., 2009).  

 

Many researchers have criticised the anterior dental loading hypothesis on numerous 

bases. A primary issue with this model is that it is based on the assumption of sufficient 

strain in the supraorbital toral region, yet data indicate that the upper face is subject to 

lower strains than the mandible, maxilla, and zygomatic bones (Kupczik et al., 2009; 

Picq, 1994; Tückmantel et al., 2009; Wood and Lieberman, 2001). In a criticism of the 

theoretical underpinnings of this theory, Picq (1994) observed that the development of 

the beam model was based on Endo’s mathematical model, yet his experimental 

results caused Endo to modify his original theoretical model, and acknowledge that a 

beam is not necessarily the most appropriate model for the supraorbital torus. The 

importance of the anterior dentition in this model may also be overstated, as in Endo’s 

research the simulated muscle forces were larger for the anterior teeth than the 
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posterior teeth which would have biased the results, with other studies indicating that 

the posterior dentition would play a considerable role in dental loading (Lahr and 

Wright, 1996; Picq, 1994). 

 

CRANIOFACIAL TORSION MODEL 

 

The craniofacial torsion model (Greaves, 1985; Rosenberger, 1986) was designed to 

explain the presence of the postorbital bar in ungulates. Greaves (1985) posited that 

the mammalian postorbital bar was correlated with dominance of the masseter and 

pterygoid muscles over the temporalis muscles in mastication. The postorbital bar is 

hypothesised to resist compressional, torsional forces that occur through asymmetrical 

loading of the skull in unilateral mastication (Greaves, 1985; Picq, 1994; Ravosa, 

1991a). This hypothesis models the mammalian cranium as a cylinder, and states that 

torsion from molar biting twists the active chewing side of the facial skeleton upward 

along the long axis of the skull, while condylar reaction forces from the non-chewing 

side of the skull twist the chewing side downwards (Greaves, 1985; Ravosa, 1991a) 

(figure 4.3.II).  

 

 

 

 

 

 

While this model is primarily related to the postorbital bar, Greaves (1985) also 

commented about its relation to the development of the occasional mammalian 

Figure 4.3.II - An illustration of neurofacial torsional forces during unilateral mastication 

(Ravosa, 1991a:374) 
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supraorbital torus. As the supraorbital ridge lies at approximately 90° to the postorbital 

bar, it is predicted to play a role in resisting tensile or compressive shearing forces 

during unilateral mastication. The craniofacial torsion model predicts that when the 

postorbital bar is resisting maximum compressive forces, half of the supraorbital ridge 

on the same side is resisting maximum tensile forces (Greaves, 1985). Taxa with 

relatively flared zygomatic arches and/or greater postorbital constriction should have 

higher torsional stresses, and therefore larger browridges and postorbital bars, due to 

more laterally oriented masticatory muscles with greater moment arms, and a reduced 

amount of bone available to resist biting forces (Ravosa, 1991a).  

 

Tests on primate crania have showed varying support for the craniofacial torsion 

model. One study found that increased craniofacial torsion is associated with increases 

in browridge height, but not with other supraorbital dimensions (Ravosa, 1991a). 

Hylander et al. (1991a) reformulated the craniofacial torsional model, due to the belief 

that twisting of the skull should not result in the supraorbital torus on the working side 

being loaded in tension and the balancing side being loaded in compression. Their 

results refuted the craniofacial torsional model, and only found small amounts of 

dorsoventral shearing in the interorbital region. Picq (1994) reported that the effect of 

craniofacial torsion varies according to the individual’s size, with larger species such as 

African apes being more affected due to their relatively wide crania and high degrees of 

postorbital constriction, and concluded that the craniofacial torsion model of browridge 

formation is not supported by experimental, biomechanical, or comparative primate 

data. 

 

MASTICATORY MUSCLE SIZE MODEL 

 

The masticatory muscle size model (Cachel, 1984; Hylander, 1985) associates the 

development of the supraorbital torus and primate circumorbital region to the size of 

the masticatory muscles (Picq, 1994), with muscle force and bite force magnitudes 

being proportional to masticatory muscle size (Ravosa, 1991a). It predicts that 

supraorbital torus and postorbital bar size should be positively correlated with 

masticatory muscle size, and therefore mandibular corpus height, which is known to 

vary in proportion to masticatory stresses (Ravosa, 1991a).  

 

Moderate support has been found for the muscle size model. Picq (1994) found that, in 

larger species, the anterior temporalis muscle changes its shape by increasing its 
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mediolateral width. Ravosa (1991a) found support for this model in anthropoids but not 

prosimians, although the effect of masticatory muscle size was primarily correlated with 

measures of browridge height. He also found that the effect of muscle size on the 

craniofacial skeleton followed a distance-based gradient, with closer features being 

more substantially affected than the supraorbital torus (Ravosa, 1991a). 

 

4.3.2 - NONMECHANICAL MODELS 

 

Nonmechanical models include spatial and structural hypotheses (Moss and Young, 

1960; Ravosa, 1988; 1991a; Shea, 1985; 1986; Weidenreich, 1941), and could be 

argued to be based in morphological integration (Olson and Miller, 1958), as they 

explore the structural interdependence between different regions of the craniofacial 

complex (Fiscella and Smith, 2006; Shea, 1985). Three nonmechanical models will be 

discussed here: the allometric model, the neuro-orbital disjunction model, and the facial 

position model.  

 

ALLOMETRIC MODEL 

 

Allometry is the study of size and its consequences (Gould, 1966; Huxley, 1932). The 

allometric model (Moss and Young, 1960; Schultz, 1940; Todd et al., 1940) associates 

the development of the supraorbital torus with size differences in the wider craniofacial 

skeleton, especially of the eye and the face. Under this model, browridge and 

postorbital bar size are expected to be larger in species with larger faces and orbits, 

and larger in males of dimorphic primate species (Ravosa, 1991a). 

 

There is considerable support for an effect of allometry on supraorbital torus 

morphology. Ravosa (1991a, b) found that all supraorbital measures were significantly 

correlated with palate length, taken as a proxy for cranial size, with palate length 

accounting for between 75-78% of variation in browridge dimensions in prosimians and 

anthropoids, indicating similar patterns of growth across primates. Picq (1994) found a 

relationship between allometry and the biomechanical effects of transverse bending in 

cercopithecoids, and craniofacial torsion in great apes. In addition, browridge length 

has been found to be positively correlated to allometry in upper facial projection and 

overall facial size (Lieberman, 2000), and human facial superstructures such as the 

supraorbital torus have been shown to have strong correlation with cranial dimensions 

(Lahr and Wright, 1996) (see 4.4.3).  
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NEURO-ORBITAL DISJUNCTION MODEL 

 

The neuro-orbital disjunction model is the main nonmechanical theory of primate 

supraorbital torus formation. It arose from the Functional Matrix Concept (Moss and 

Young, 1960), which suggests that bone form is highly influenced by soft-tissue 

components due to morphological integration (Wellens et al., 2013). The development 

of the supraorbital torus is thought to be directly related to the spatial relationship 

between the orbit and frontal lobe (Moss and Young, 1960), with a neuro-orbital 

disjunction arising through the separation of these two aspects, and variation in this 

disjunction subsequently influencing the degree of the development of the browridge 

(Hylander et al., 1991a; Moss and Young, 1960; Ravosa, 1991a). Under this model, the 

primary role of the browridge is to bridge the gap created by this neuro-orbital 

disjunction (Bruner et al., 2013) and maintain cranial structural integrity (Hylander et al., 

1991a; Moss and Young, 1960; Russell, 1985; Russell, 1986). This model predicts that 

species or individuals with a larger neuro-orbital disjunction will have larger supraorbital 

tori (Ravosa, 1988). This model can be assessed through measurement of the neuro-

orbital angle and the length of the anterior orbital axis (Picq, 1994; Ravosa, 1991a), 

with browridge formation being predicted to be negatively correlated with neuro-orbital 

angle and positively correlated with anterior orbital axis length (Ravosa, 1991a). 

 

Tests of this model provide some support for the effect of neuro-orbital disjunction on 

browridge formation. For instance, Fiscella and Smith (2006) found significant negative 

correlation between supraorbital projection and both craniofacial (basion-nasion-

prosthion angle) and neurocranial angle (metopion-nasion-basion angle), while Ravosa 

(1988) found a significant correlation between browridge length and neural-orbital 

angle, but not between browridge length and orbito-facial angle (with neural-orbital and 

orbito-facial angles being bisections of the craniofacial angle using the orbital axis). A 

later study by Ravosa (1991a) found strong support for the effect of variation in the 

neuro-orbital disjunction on browridge length, with neuro-orbital angle (the angle 

between lines fitted to the anterior contours of the cranial vault and face) being the 

second most important factor in browridge formation, after allometry. Ontogenetic 

studies also support this model, by indicating that a progressive anterior displacement 

of the orbits with increasing age is correlated with the formation of a strong supraorbital 

torus (Shea, 1986). Despite this, Russell (1985; 1986) has argued that the neuro-orbital 

disjunction model cannot explain intragroup variation in supraorbital torus development, 

especially within recent humans (figure 4.3.III).  
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FACIAL POSITION MODEL 

 

The facial position model is closely related to the neuro-orbital disjunction model. 

Variation in the neuro-orbital disjunction in primates is thought to be strongly 

associated with factors that affect the position of the face in relation to the basicranium 

(Moss and Young, 1960; Picq, 1994; Ravosa, 1991a). A key assumption of this model 

is that the mammalian anterior orbital axis will always be at approximately 90° to the 

posterior maxillary plane (Enlow et al., 1971), which has been supported in some 

primates and hominins (Bromage, 1992), although requires testing across more 

primate species (Ravosa, 1991a). Under this model, primates with greater ventral 

rotation of the anterior palate relative to the neurocranium (klinorhynchy) are predicted 

to develop larger supraorbital tori and orbits, whereas primates with greater 

airorhynchy (dorsal deflection of the face) are predicted to have smaller supraorbital 

tori and orbits (Picq, 1994; Ravosa, 1988; 1991a; Russell, 1985).  

 

Some support for this model comes from comparative anatomy. Pongo species, for 

instance, have minimal browridge formation despite having relatively large teeth, jaws, 

and infratemporal fossae, indicating stronger masticatory forces, yet have more 

airorhynch upper faces in comparison to other great apes which have considerable 

browridge formation (Shea, 1986). Nevertheless, Ravosa (1991a) found little support 

for the hypothesis of a constant relationship between facial rotation relative to the 

basicranium, monitored through the palatal angle, and browridge formation, 

questioning the basis of this model.   

Figure 4.3.III - Lateral outlines of two female adult Papio anubis with similar orbital-neurocranial 

relationships, yet different supraorbital torus morphology 

(Russell, 1986:260) 
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4.3.3 - THE HOMININ SUPRAORBITAL TORUS 

 

The functional significance of supraorbital torus formation is still unknown, although 

some of the hypotheses outlined above have started to fall out of favour. As has been 

stated, many researchers expect that the primate browridge will be influenced by both 

mechanical and nonmechanical factors, as these are not mutually exclusive (Ravosa, 

1988; Shea, 1986; Smith and Ranyard, 1980; Weidenreich, 1941). While the study by 

Ravosa (1988) indicated that the cercopithecine browridge is affected at least by 

variation in the anterior orbital axis, incisor arm load, masseter lever arm, basicranial 

length, palate length, craniofacial angle, and neuro-orbital angle, it is likely that there 

are numerous other factors that also play a role in the highly integrated craniofacial 

complex.  

 

One issue with assessing the functional significance of the hominin supraorbital torus is 

the fact that most of the models discussed above were formulated using data from 

primate crania, in particular from Papio, Macaca, Pan, and Gorilla. These taxa are 

considerably different to hominins in at least two key traits that distinguish our ancestral 

lineage: increased relative prognathism, and smaller relative brain size. Aspects of the 

hypotheses outlined above may be dependent on these particular features, which may 

question their application to changes in the hominin supraorbital torus.  

 

An example is the anterior dental loading hypothesis. While researchers believe that 

the large frontal sinuses of the MPH may be related to structural reinforcement to resist 

masticatory stress (Prossinger, 2008), research has indicated that anterior dental 

loading is not linked to the large browridges observed in Neanderthals, despite 

hypothesised increased paramasticatory behaviour in this group (Clement et al., 2012). 

While Russell’s (1982; 1985) model predicts that specimens with more sloping 

foreheads will have larger browridges than those with more vertical foreheads, studies 

have shown that only Homo sapiens can be distinguished by differences in forehead 

sloping (Bruner et al., 2013), and this may be a direct effect of the minimal expression 

of the supraorbital torus and relatively larger brains found in this group (Bookstein et 

al., 1999) as opposed to any change in the frontal bone angle. Oyen’s model (1979a, 

b) predicts that larger browridges will be found in more prognathic primates with larger 

faces (Ravosa, 1988). MPH and Neanderthals are relatively more prognathic than 

modern humans, yet it is unclear whether this difference is significant enough to 

contribute to the large disparity in browridge size. 
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It seems that the craniofacial torsion model has not been analysed in humans, possibly 

due to the fact that it was conceived primarily as an explanation for the primate 

postorbital bar, which is expanded in haplorrhines to form a postorbital plate. This 

hypothesis predicts that greater postorbital constriction should correlate to higher 

torsional stresses, and therefore larger browridges. This would contradict the evidence 

seen in the MPH, which are distinguished from earlier specimens by both a reduction in 

postorbital constriction and an increase in supraorbital torus dimensions and projection 

(Bae, 2010; Rightmire, 2008). This may be due to the inapplicability of this model to 

hominins, as it used a cylinder to model the effect of the bite forces, which is clearly 

inappropriate for more orthognathic groups (figure 4.3.IV). In a more orthognathic 

primate, the position of the bite force will be more posterior, lying under the supraorbital 

torus, and the moment arm of the masticatory muscles may be shorter, meaning that 

forces may act differently on the craniofacial complex than predicted by the craniofacial 

torsion model. Differences in muscle size linked to decreased prognathism, as well as 

changes in the diet linked to hunting and the use of fire for pre-processing of food (see 

Chapter 3), could also impact the applicability of the masticatory muscle size model.  

 

 

 

 

 

 

 

The applicability of the facial position model is also questionable in light of the 

decrease in prognathism seen in hominins relative to other Old World primates. As 

stated, this model suggests that greater klinorhynchy should lead to larger browridge 

formation, yet humans have been shown to have the greatest degree of klinorhynchy of 

Figure 4.3.IV - a - mammalian skull modelled as cylinder under craniofacial torsion model; b - Kabwe 

cranium in lateral view, demonstrating relative orthognathism of recent hominins 

(Greaves, 1985:129; Klein, 2009:343) 
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the great apes, as well as the smallest browridges (Schumacher et al., 1994). One 

possible reason for this is that Pleistocene and Holocene hominins document a 

different form of the supraorbital torus. While papionins and African great apes, along 

with earlier hominins, appear to have a protruding, bar-like supraorbital torus that is 

short superoinferiorly, MPH and Neanderthals appear to have a more swollen 

browridge, that is taller superoinferiorly, and shows greater supraciliary curvature. If 

this does represent a different form of supraorbital torus, rather than a continuation of a 

trend seen in other primates, it is unlikely that models built on evidence from non-

human primates will ever fully explain the formation of the browridge in recent hominin 

species. 

 

At least two of the models reviewed above might be applicable to hominin supraorbital 

torus formation: the allometric model and the neuro-orbital disjunction model. Allometry 

has already been suggested as a key factor explaining the large supraorbital tori found 

in MPH (Rightmire, 2013), and studies of human cranial form indicate that the size of 

the supraorbital and glabellar region is correlated with overall craniofacial dimensions 

(Howells, 1957; Lahr and Wright, 1996; Vinyard and Smith, 2001). The allometric 

model predicts that larger supraorbital tori will be associated with larger faces and 

orbits, with MPH in particular being notable for their relatively massive faces and orbits 

(Rightmire, 2013; Schultz, 1940).  

 

 

 

  

 

 

 

The neuro-orbital disjunction model predicts that a larger separation between the 

orbital and neural cavities will lead to a larger browridge. The evolution of increasing 

Figure 4.3.V - Figures illustrating neuro-orbital disjunction in Pan, Homo erectus, and recent Homo 

sapiens specimens 

(Weidenreich, 1941:387) 
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orthognathism in Homo has led to the ‘tucking in’ of the face to lie directly under the 

anterior portion of the brain (Lieberman, 2011), which is expected to be correlated with 

a decrease in neuro-orbital disjunction. Indeed, Weidenreich (1941) was an early 

proponent of the impact of this phenomenon on browridge formation in Homo erectus, 

along with the effect of mastication (figure 4.3.V). Nevertheless, there are few data on 

the degree of neuro-orbital disjunction between species of hominins. One study found a 

relatively large distance between nasion and foramen caecum in Bodo, Kabwe, and 

Petralona in comparison to SH5 and the Guattari 1 Neanderthal (Bookstein et al., 

1999), which may indicate an increased neuro-orbital disjunction in the MPH relative to 

the Neanderthal clade (Prossinger, 2008). Tests of this model in recent Homo sapiens 

have shown some support for a relationship between neuro-orbital disjunction and size 

of the supraorbital torus (Fiscella and Smith, 2006; Vinyard and Smith, 2001), although 

this model may not be the only determinant of supraorbital torus shape in Neanderthals 

(Smith and Ranyard, 1980). Indeed, a recent study found that the browridge in Kabwe 

were larger than needed to bridge the gap caused by neuro-orbital disjunction, 

indicating that spatial hypotheses may only explain part of the variation in the hominin 

supraorbital torus (Godinho and O'Higgins, 2018).  

 

Godinho et al. (2018) have re-examined the viability of the social hypotheses in 

explaining the hominin supraorbital torus. As studies have at least partly falsified the 

spatial and mechanical hypotheses outlined above (Godinho and O'Higgins, 2018; 

Godinho et al., 2018), and given the sexually dimorphic nature of the browridge, 

researchers have suggested that a large browridge in previous hominins may have 

functioned as a permanent social signal. In contrast, it is hypothesised that the loss of 

this superstructure in recent Homo sapiens may have allowed our species to develop a 

“greater range, subtlety, and visibility” (Godinho et al., 2018:958) of movements of the 

eyebrows, allowing more dynamic expressions and social signalling.  

 

CRANIAL ROBUSTICITY 

 

An additional model should be discussed in relation to hominin supraorbital torus 

formation: cranial robusticity. Studies into human craniofacial robusticity have indicated 

that facial superstructures and robust craniofacial features covary, leading researchers 

to caution against treating these features as independent characters as they appear to 

be integrated functionally or developmentally (Baab et al., 2010; Lahr and Wright, 

1996). Indeed, researchers have previously suggested that development of the 
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supraorbital torus may be a reflection of overall cranial robusticity in hominins (Carrier 

and Morgan, 2015; Russell, 1985).  

 

Dietary stress has been linked to cranial robusticity in humans, including variation in 

browridge morphology, (Baab et al., 2010; Hernández et al., 1997; Lahr and Wright, 

1996; Spencer and Ungar, 2000), with the transition to agricultural lifestyles in recent 

prehistory being accompanied by decreases in robusticity and size (Baab et al., 2010; 

Larsen, 1995; Ryan and Shaw, 2015). There is limited dietary evidence for the Middle 

Pleistocene, although analysis of the Sima de los Huesos dental remains indicates that 

this population may have been dependent on hard-to-process foods such as roots and 

seeds (Pérez-Pérez et al., 1999). Hard-to-process diets have been associated with 

increasing prognathism, expansion of the glabellar region, and increasing cranial 

robusticity in Homo sapiens populations, meaning that dietary stress may contribute to 

the large browridges and overall robusticity observed in the MPH (Baab et al., 2010; 

Lahr and Wright, 1996).  

 

Cranial robusticity is closely related to allometry, and fossil hominins in particular, 

including early modern humans, document particularly high levels of cranial robusticity 

and occurrence of superstructures (Gonzalez et al., 2010; Lahr and Wright, 1996). In 

contrast, modern human evolution is characterised by a trend of increasing 

gracilisation, and reduction of craniofacial superstructures such as the supraorbital 

torus (Gonzalez et al., 2010; Lieberman, 2011; Lieberman et al., 2002), although recent 

humans vary in robusticity and browridge development (Bernal et al., 2006; Gonzalez 

et al., 2010; Lahr and Wright, 1996). Nevertheless, studies have shown that the 

relationship between size, shape, and cranial robusticity may be more complex than 

anticipated (Baab et al., 2010), and it could therefore be argued that causes of general 

cranial robusticity need to be considered when discussing the aetiology of 

superstructures such as the browridge.   
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4.4 - PATTERNS OF VARIATION IN THE SUPRAORBITAL TORUS 

 

4.4.1 - SEXUAL DIMORPHISM 

 

Sexual differences can be assumed to play a role in intragroup variation in the 

supraorbital torus, as this region has been identified as being sexually dimorphic in 

humans (Buikstra and Ubelaker, 1994; Garvin and Ruff, 2012). A major mechanism 

that causes sexual dimorphism is ontogenetic scaling (with female primates tending to 

reach their adult craniofacial form earlier than males, thus resulting in a truncation of 

the common growth trajectory (or rate hypomorphosis) (Cheverud and Richtsmeier, 

1986; Leigh and Cheverud, 1991; O'Higgins and Collard, 2002; Rosas and Bastir, 

2002; Shea, 1983). For example, differences in craniofacial morphology between male 

and female Homo sapiens do not appear until puberty, due to the fact that females stop 

growing at around 14 years while males continue to grow for a few more years 

(Bulygina et al., 2006; Enlow, 1990).  

 

A second factor is subtle differences in the ontogenetic trajectories between the sexes 

(O'Higgins and Collard, 2002). Studies of human crania indicate that male and female 

growth trajectories are separate from the earliest observable ontogenetic stages, but 

parallel (Bulygina et al., 2006). Within early ontogeny, male Homo sapiens tend to have 

larger frontal bones, smaller faces and more flexed basicrania than females, although 

this trend reverses in later stages. At puberty, the trajectories begin to diverge, with 

males showing more pronounced supraorbital tori and relatively shorter upper faces 

than their female contemporaries (Bulygina et al., 2006; Weston et al., 2007). 

Differences in growth trajectories have also been recorded in male and female chimps 

before the eruption of the second molar, with males having more steeply inclined 

posterior cranial bases and females having shorter posterior maxillae (Bromage, 1992). 

 

There are some shared patterns of sexual differences in primates. For instance, 

primates generally show less sexual dimorphism in the neurocranium and orbit than in 

the face (O'Higgins and Dryden, 1993; O'Higgins et al., 1990). Cercopithecines have 

been found to have a similar overall pattern of craniofacial sexual dimorphism (Frost et 

al., 2003), with male papionins tending to be more prognathic, with larger and deeper 

midfaces (O'Higgins and Collard, 2002). Within the great apes, there are two patterns 

of sexual dimorphism, separated by differences in aspects of the palate and 
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infratemporal fossa; Gorilla gorilla and Pongo pygmaeus fall into one pattern, while 

Homo sapiens and Pan troglodytes conform to another (Wood, 1991).  

 

There are also differences between taxa. Macaca follow a different pattern of sexual 

dimorphism to other papionins, with males having wider nasal apertures and premaxilla 

regions, and increased breadth across the inferior zygomatic roots (O'Higgins and 

Collard, 2002). Papionin groups also differ in aspects of the rostrum, browridge, and 

inion region (Frost et al., 2003), and appear to have greater sexual dimorphism in the 

face in comparison to the great apes (Plavcan, 2002). Apes show significant 

differences in craniofacial shape between genera, although Homo sapiens and Pan 

specimens tend to cluster in some characteristics (Schaefer, 2004). 

 

Male Homo sapiens tend to have at least mildly expressed supraciliary arches, with tall 

brows that have relatively greater levels of projection, and more inferior extension of 

the lateral aspects which may contribute to observable differences in the orbital margin 

curvature. In contrast, females have smoother, more convex foreheads, and relatively 

shorter browridges with little to no projection, that tend to be flat in the midline (Buikstra 

and Ubelaker, 1994; Garvin and Ruff, 2012; Rosas and Bastir, 2002; Russell, 1985). 

Supraorbital traits linked to higher masticatory stress have been found to have 

significant sexual dimorphism, with males tending to have higher values for all 

osteological stress variables in this region (Russell, 1985). 

 

Sexual dimorphism can be separated into allometric and non-allometric aspects 

(O'Higgins and Dryden, 1993; Wellens et al., 2013). Males tend to be significantly 

larger than females across primates, and subsequently tend to have absolutely larger 

measures of browridge area and volume (Garvin and Ruff, 2012). Non-allometric 

components tend to account for lower levels of sexual dimorphism (Frost et al., 2003; 

Wellens et al., 2013), although the shape of the browridge remains sexually diagnostic 

(Garvin and Ruff, 2012) and substantial intersex distances exist within some groups 

(O'Higgins and Dryden, 1993), with female Homo sapiens being slightly more 

orthognathic and dolichofacial than males (Wellens et al., 2013).  

 

While males generally tend to be more robust across human groups (Lahr and Wright, 

1996), differences have been detected at an intraspecific level within Homo sapiens 

(Baab et al., 2010). For instance, caucasian individuals have been found to be more 

sexually dimorphic and generally more ‘masculine’ in their supraorbital region than 

black individuals (Garvin and Ruff, 2012; Walker, 2008). Another study found that male 
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Inuits show similar robusticity to female Fuegians, while males tend to be more robust 

than females within each group (Lahr and Wright, 1996). 

 

Assessment of sexual dimorphism in fossil hominins can be difficult, as accurate 

estimates require large samples of individuals (Richmond and Jungers, 1995). One 

Middle Pleistocene site that provides adequate sample sizes is Sima de los Huesos. 

Estimates of sexual dimorphism from this assemblage vary between elements, with 

some studies indicating higher levels of dimorphism in this group than in modern 

humans (Bermúdez de Castro et al., 2001; Rosas et al., 2002), and others indicating 

that dimorphism in this group was comparable to modern humans (Arsuaga, 1997; 

Arsuaga et al., 2015; Martínez et al., 2008).  

 

Estimates of sex in other MPH are tentative at best. Based on patterns of sexual 

dimorphism in related species, researchers have predicted t that males should be 

larger, more robust, and have more prominent superstructures and muscle 

attachments than females (Wolpoff, 1980a). Using cranial size and robusticity may not 

be the best method of sex determination, however, as variation in these characters can 

also be caused by taxonomic, geographic, and chronological factors, which may be 

hard to separate from sexual dimorphism. Based on these criteria, Bodo, Kabwe, 

Saldanha, Petralona, Bilzingsleben, and Vértesszöllös have been tentatively described 

as males, while Steinheim (but see Prossinger et al., 2003), Zuttiyeh, Ndutu, and 

Swanscombe have been described as female (Athreya, 2009; Clark, 1994; Klein, 2009; 

Wolpoff, 1980a). 

 

4.4.2 - ALLOMETRY 

 

Changes in allometry within and between groups are known to be responsible for a 

substantial amount of variation in primate craniofacial morphology. In papionins, 

general shape changes associated with increasing allometry include larger rostra, 

smaller neurocrania, narrower crania, more antero-inferiorly sloping palates, and 

smaller and more superiorly placed orbits (Frost et al., 2003). The effect of allometry 

varies between groups, for instance in great apes it is more influential in Pongo sp., 

followed by Gorilla, then Homo sapiens, then Pan sp. (Schaefer, 2004).  

 

In humans, allometry has been documented to account for up to 14.3% of variation in 

craniofacial morphology (Freidline et al., 2015). While recent humans share a static 
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allometric trajectory, there are subtle differences between regions (Freidline et al., 

2015). The main changes in the human craniofacial complex associated with 

increasing size are a shift in the relative proportions of the neurocranium and face, 

along with increased projection of the browridge, especially in the medial region, a 

backwards shift in the glabellar region, an expansion of the occipital area, vertical 

increases in the maxillary alveolar processes, and rotation of the mandibular corpus 

(Freidline et al., 2015; Rosas and Bastir, 2002). 

 

Allometry is significantly associated with sexual dimorphism (O'Higgins and Dryden, 

1993; O'Higgins et al., 1990; Schaefer, 2004; Shea, 1983). For instance, in 

cercopithecines, sex was found to explain 18% of difference in craniofacial form, but 

only 3% of shape differences when variables were adjusted for size (Frost et al., 2003). 

Different patterns of relationships between size and shape have been found for 

different craniofacial regions, and between different primate taxa (O'Higgins and 

Dryden, 1993; O'Higgins et al., 1990; Plavcan, 2002). For instance, hominoids appear 

to have an opposite pattern of scaling in craniofacial variables in comparison to other 

anthropoids (Plavcan, 2002). 

 

4.4.3 - ECOGEOGRAPHICAL VARIATION 

 

Some aspects of primate craniofacial anatomy appear to be correlated with 

ecogeographic variables. For instance, in a study by Frost et al. (2003), geography was 

found to explain a large amount of variation in cranial morphology in papionins. A 

strong north-south clinal pattern was detected, with Papio specimens from the north 

having relatively broad crania and less flexed rostra than their southern equivalents. 

This pattern was confirmed by Dunn et al. (2013), and was interpreted as reflecting 

phylogeny.  

 

Recent human crania are known to vary in size and shape, with a large amount of 

intraspecific variation being accounted for by differences between regional groups 

(Freidline et al., 2015; Howells, 1973; 1989; Lahr and Wright, 1996; Strand Viðarsdóttir 

et al., 2002). While recent humans appear to share a common global growth trajectory, 

differences between regional groups manifest early in ontogeny (Freidline et al., 2015), 

already being present in pre- or early postnatal life, and are accentuated by subtle 

differences in ontogenetic trajectories (Strand Viðarsdóttir et al., 2002). Key areas 
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associated with inter-regional growth-associated differences include orbit size and 

frontal breadth (Freidline et al., 2015).  

 

Inuit populations appear to have the most distinctive facial morphology of recent 

modern humans, partly due to further progression along the common ontogenetic 

trajectory in this group, leading to relatively larger, flatter faces (Freidline et al., 2015; 

Hennessy and Stringer, 2002). Other trends have also been identified: European 

populations tend to have narrower faces, with prominent midfaces and vertical frontal 

bones; sub-Saharan African populations have broad yet midsagittally prominent upper 

faces, smaller facial breadths and heights, and increased prognathism; and Aboriginal 

Australian populations have low, broad faces similar to African populations, which are 

flatter midsagittally and more prominent inferiorly (Buck and Strand Viđarsdóttir, 2012; 

Freidline et al., 2015; Hanihara, 2000; Hennessy and Stringer, 2002; Howells, 1973; 

1989). Australian crania also appear to depart from the typical pattern of robusticity 

seen in modern humans, having robust and narrow instead of robust and wide crania 

(Lahr and Wright, 1996), potentially due to specific adaptation to late Pleistocene 

Australian environments during a relatively long period of isolation of this region (Lahr 

and Wright, 1996). The degree of curvature in the frontal bone also varies between 

regions, and frontal flatness and prognathism appear to be related to fronto-orbital and 

nasal flatness as well (Hanihara, 2000), possibly indicating a functional association 

between these characteristics. Factors such as climate are thought to affect facial 

flatness and lateral expansion in some Asian populations, with colder climates being 

significantly associated with larger zygomatic bones (Cui and Leclercq, 2017).  

 

The degree of craniofacial robusticity is also known to vary between populations. For 

instance, Australian aboriginal and Eskimo populations have been found to have more 

developed supraorbital tori than Malaysian and Kenyan populations (Russell, 1985), 

with 6.1% of individuals from Queensland, Australia, having the continuous (or ‘true) 

supraorbital torus form (Larnach and Macintosh, 1970; Russell, 1985). While research 

indicates that there is no global pattern relating climate and robusticity (Baab et al., 

2010), significant associations have been found with climatic proxies and craniofacial 

robusticity (Bernal et al., 2006; Gonzalez et al., 2010). South America is a key 

example, with research indicating that latitude and robusticity are significantly 

correlated, although masticatory stress from dietary differences has also been 

identified as a possible influence (Bernal et al., 2006; Gonzalez et al., 2010; Hernández 

et al., 1997). 
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Some researchers have argued for the existence of regional patterning of some traits 

within MPH (Li and Etler, 1992; Manzi, 2011). As one of the first wide-ranging hominin 

species, it is reasonable to assume that geographic dispersion and separation may 

have affected the morphology of this group, and some evidence would indicate the 

presence of regional groupings (Harvati, 2009; Li and Etler, 1992; Rightmire, 1998; 

2013). Chinese specimens are believed to show some typical features that they share 

with other Asian hominins, such as the orientation and lateral projection of the 

zygomatics, and shovelling of the incisors (Bae, 2010; Etler, 1996). While they are 

united by shared traits such as absence of supraorbital notches, a short parietal profile, 

weak angular tori, thick parietal bones, and short faces (Wu and Athreya, 2013), Dali 

has a more vertical facial profile and less robust zygomatics (Rightmire, 2004), and 

Asian MPH show a high degree of morphological variability (Martinón-Torres et al., 

2018). European specimens have relatively low origins of the zygomatic roots, and 

oblique inferiolateral borders of the zygomata, with narrow lower premolars (Etler, 

1996), one of a range of traits shared with later Neanderthals, which nevertheless 

appear in an equally mosaic pattern as the potential apomorphic features of Homo 

heidelbergensis sensu lato across the Old World (Harvati, 2007). In contrast, some of 

the African specimens appear to have more of a generalised morphology (Arsuaga et 

al., 1997b). 

 

One study investigated general patterns of geographic differentiation across the MPH, 

with results indicating a weak relationship between geography and morphological 

relationship within this group when controlling for time (Athreya, 2006). The only aspect 

of craniofacial morphology that has been found to positively correlate with geographical 

distance is the midsagittal outline, including the supraorbital torus projection, the 

glabellar morphology, and frontal squama angle (Athreya, 2006).  
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SECTION B - MATERIALS AND METHODS   
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CHAPTER 5 - MATERIALS AND METHODS 

 

5.1 - RESEARCH QUESTIONS 

 

The following research questions were addressed separately in Chapters 7, 8, 9, and 

10, using appropriate datasets and analyses outlined in the following sections: 

 

1. Can supraorbital and orbital morphology be used to identify primate taxa? 

c. Can different genera, species, and subspecies of extant primates be 

differentiated? 

d. Can accepted hominin taxa be differentiated? 

2. Are the MPH distinctive in their supraorbital and orbital morphology? 

a. If so, what characterises this group in terms of supraorbital and orbital 

morphology? 

b. Do any MPH show closer affiliation to other hominin taxa in terms of 

supraorbital and orbital morphology? 

3. How does supraorbital and orbital variation within the MPH affect their 

taxonomic position? 

a. Are the MPH more variable in their supraorbital and orbital morphology 

than can be expected for a single, cross-continental primate species? 

b. Is there any taxonomically significant geographical variation that may 

indicate the existence of multiple groups within the MPH?  

4. How does the recorded supraorbital and orbital morphology relate to factors 

that are predicted to affect variation in this area in the MPH and the wider 

primates (e.g. sexual dimorphism, size and allometry, brain size, chronology, 

geography)? 
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5.2 - SAMPLE  

 

5.2.1 - MIDDLE PLEISTOCENE HOMININS 

 

 

Name Continent Data Type Date (kya) Reference for Date 

Arago 21 Europe Cast 438 
Falguères et al. (2015) 

Falguères et al. (2004) 

Bodo Africa CT 640 Clark (1994) 

Ceprano Europe Cast 
353 

395-435 

Manzi et al. (2010) 

Nomade et al. (2011) 

Dali Asia Cast 
209 

260-300 

Chen et al. (1994) 

Yin (2002) 

Florisbad Africa Cast 260-280 
Kuman (1999) 

Grün et al. (1996) 

Kabwe Africa Fossil 
300-500 

125-300 

Klein (1973) 

Barham (2002a) 

Maba Asia Cast 
130 

>278 

Yuan et al. (1986) 

Shen et al. (2014) 

Narmada Asia Cast 
>236 

? 

Cameron et al. (2004) 

Sonakia and de Lumley (2006) 

Ndutu Africa CT 
400 

500-600 

Leakey and Hay (1982) 

McBrearty and McBrearty (2000) 

Petralona Europe Cast 

150-250 

250-400 

>300 

Grün (1996) 

Rightmire (2004) 

Stringer (1983) 

Saldanha Africa Cast 
600 

(400-800) 
Klein et al. (2007) 

Sima de los Huesos 5 Europe Cast >530 Bischoff et al. (2003; 2007) 

Steinheim Europe Cast 
>300 

>225 

Street et al. (2006) 

Czarnetzki (1983) 

Zuttiyeh Asia Cast 
200 

>300 
Freidline et al. (2012b) 

 

 

This study used fourteen MPH (table 5.2.I), many of which have been classified 

previously as Homo heidelbergensis sensu lato. The Florisbad cranium from South 

Africa and the Zuttiyeh fossil from Israel are variably classified as archaic Homo 

sapiens, Homo neanderthalensis, or late Homo heidelbergensis sensu lato (Bruner et 

al., 2013; Freidline et al., 2012b; Rightmire, 2001b; 2009a; Simmons et al., 1991; 

Zeitoun, 2001). The specimens included in this analysis comprised the majority of the 

MPH fossils preserving the supraorbital tori, with the exception of Jinniushan, Yunxian, 

Gruta da Aroeira, Salkhit, and the other available crania from Sima de los Huesos 

(especially crania 4 and 6). While these fossils were excluded due to limited access 

opportunities, the Yunxian hominins show considerable post-depositional damage and 

distortion (Etler, 1996; Li and Etler, 1992; Vialet et al., 2010), and the Jinniushan 

cranium is fragmented and largely reconstructed in the frontal region (Wu, 1988). Of 

Table 5.2.I – Details of MPH included in this study 
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the remaining cranial fossils from the Middle Pleistocene outlined in Chapter 3, those 

from two sites, Mauer and Mala Balanica, only have mandibular specimens, and those 

from Swanscombe, Bilzingsleben, Vértesszöllös, Eliye Springs, and Xujiayao do not 

preserve the frontal bone or facial region. Therefore, the current sample included the 

majority of possible MPH, and should provide a suitable estimate of supraorbital 

variation in this group.  

 

5.2.2 - COMPARATIVE SAMPLE 

 

The comparative sample needed to adequately model the possible taxonomic 

scenarios outlined in Chapter 3, and therefore required: single, monotypic species, 

both widespread and geographically restricted; single, polytypic species (i.e. with 

multiple subspecies); sister species; and hybridising subspecies and species. The 

comparative sample also had to provide suitable models for intra- as well as 

intergroup variation, including the numerous sources of variation discussed in  

Chapter 4 that are hypothesised to have the largest effect on the craniofacial 

morphology of the MPH (Baab, 2008; Wolpoff, 1980a). 

 

Researchers have proposed the use of multiple models when attempting to address 

taxonomic questions (Harvati et al., 2004). This is, in part, explained by the great 

diversity found in animals, and primates in particular (Ackermann, 2002; Baab, 2008; 

Jiménez-Arenas et al., 2011; O'Higgins and Dryden, 1993; Schaefer, 2004; Wood, 

1991). Another argument for the use of diverse analogies in studies of taxonomy 

emphasises the increased validity of this approach, arising from the higher likelihood of 

the recorded variation arising from biological patterns that apply to all species (Jolly, 

2001).  

 

Model comparative taxa need to be carefully chosen so as not to further confuse our 

understanding of past hominin diversity (Ackermann, 2002). Jolly (2001) has stated 

that taxa need to be sufficiently similar in order to act as a suitable analogy for the 

various hypotheses. Many studies tend towards the use of great apes alone, due to 

their close relationship to the hominins, although some have questioned the suitability 

of the extant great apes (see Jiménez-Arenas et al., 2011; Plavcan and Cope, 2001). 

Arguments against their use include the limited number, populations, and range of 

extant non-human ape species, and the diminishing diversity of these groups due to 
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range retraction (Fleagle, 2013). Such factors necessitate the use of models outside of 

Hominoidea, such as papionins (Papionini). 

 

Papionins, as members of Cercopithecoidea, are more distantly related to hominins. 

Nevertheless, numerous researchers believe that they are appropriate models for the 

study of our evolutionary past (Baab, 2008; Delson, 1978; DeVore, 1963; Frost et al., 

2003; Harvati et al., 2004; Jolly, 2001; Zinner et al., 2009). Their suitability arises from 

many characteristics, including the numerous homologous traits they share with 

hominins, their phylogenetic distance to our own group, which may highlight possible 

parallelisms in primate evolution, as well as their increased range, both geographically 

and ecologically, and the occurrence of hybridisation across different taxonomic 

boundaries within the papionins (Ackermann and Bishop, 2010; Alberts and Altmann, 

2001; Baab, 2008; Harvati et al., 2004; Jolly, 2001). The comparative sample for this 

study therefore included hominins, both extinct and extant, as well as extant non-

human apes and papionins from groups generally classified as ‘good’ species and 

subspecies (i.e. those that are significantly divergent in molecular analyses) (Cardini 

and Elton, 2007; Cardini et al., 2009). 

 

HOMININS 

 

The comparative hominin sample played a key role in informing the taxonomic and 

phylogenetic position of the MPH. Specimens from the Early Pleistocene included 

members of the most likely ancestral group, Homo erectus (sensu lato) (Chapter 3), 

which also helped to model craniofacial variation in a closely related, widespread, and 

generally accepted hominin species with a considerable life span (over 1.5 million 

years (Antón, 2003)). Earlier Homo and Late Australopithecus specimens, from 

purported species such as Homo rudolfensis and Homo habilis, were also included, 

along with a reconstruction of the type specimen of Homo naledi. This specimen has 

been dated to the Middle Pleistocene (Dirks et al., 2017; Hawks and Berger, 2016), 

although its morphology indicates a closer relationship to Early Pleistocene hominins 

(Berger et al., 2015; Laird et al., 2017; Schroeder et al., 2017). 

 

Late Pleistocene fossils included both Homo neanderthalensis and Homo sapiens, both 

argued to be descendants of Homo heidelbergensis sensu lato (Chapter 3). These are 

indisputably closely-related to the MPH and to each other, and provide a good model 

for the craniofacial disparity that could be expected between two hominin sister-
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species. Homo sapiens also provide another model of a geographically widespread 

hominin species, and have the unique property of being relatively well-preserved 

across their geographic and temporal range. This group was therefore more highly 

sampled in order to comprehensively record and model relatively high variation within a 

single species.  

 

The Homo sapiens sample included a number of archaeological specimens from the 

Holocene, where crania are more widely preserved. A group of specimens (n=11) were 

included from the Anglo-Saxon assemblage from Breedon-on-the-Hill, which is 

believed to represent a closely related group (Kenyon, 1950). In addition, specimens 

from the Medieval and Post-Medieval assemblage from Chichester Cathedral (n=11), 

and from the Jomon collection at Kyoto University (n=5), were included to further model 

variation within closely related hominin populations below the species level. 

 

NON-HUMAN APES 

 

This study used specimens of Gorilla and Pan to model intra- and inter-taxonomic 

variation. These groups were chosen for a number of reasons. They provide a unique 

opportunity to model different levels of sexual dimorphism in closely related species, 

which is relevant as studies have indicated that some hominins may have been more 

sexually dimorphic than recent Homo sapiens (Garvin et al., 2017; Lockwood, 1996; 

1999; Plavcan, 2012; Richmond and Jungers, 1995; Royer et al., 2009) (but see: Reno 

and Lovejoy, 2015; Reno et al., 2003). These groups share a close relationship to 

Homo, with the Pan and Homo clades diverging approximately 4-8 Mya (Endicott et al., 

2010; Patterson et al., 2006), and the divergence between Gorilla and the Pan/Homo 

clade being dated to between 6-19 Mya (Glazko and Nei, 2003; Langergraber et al., 

2012). Finally, the large number of specimens from these groups in British collections 

enabled adequate sample sizes of mature craniofacial specimens of these taxa to be 

included in the present study (Jenkins, 1990).  

 

The acquiring of adequate sample sizes was slightly complicated by historical 

developments in the classification of Gorilla and Pan. The taxonomy of the Gorilla 

genus has been recently debated (Groves, 2002), although there are now four widely 

recognised taxa: Western gorillas (Gorilla gorilla), which includes Western lowland 

gorillas, Gorilla gorilla gorilla, and Cross-River gorillas, Gorilla gorilla diehli; and 

Eastern gorillas (Gorilla beringei), with a mountain subspecies, Gorilla beringei 
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beringei, and an Eastern lowland subspecies, Gorilla beringei graueri (Ackermann and 

Bishop, 2010).  

 

DNA analysis has suggested that the Gorilla species diverged between 1.6-0.9 Mya, 

and that subspecies within Gorilla beringei diverged approximately 400 kya. 

Hybridisation has been detected following the split of the Gorilla species, occurring 

potentially up to 80 kya based on morphological and genetic evidence (Ackermann and 

Bishop, 2010; Thalmann et al., 2007), making this group even more pertinent to the 

study of MPH. Previous researchers did not always recognise current subspecific 

distinctions, meaning that collections frequently list specimens as simply Gorilla gorilla 

or Gorilla beringei. Therefore, specimens with geographical data were prioritised, and 

these data were used to establish subspecies categories using information on current 

taxonomic distribution from the IUCN (2017) (figure 5.2.I). 

 

 

 

 

 

 

 

Pan consists of two species, bonobos (Pan paniscus) and chimpanzees (Pan 

troglodytes), which are estimated to have diverged approximately 1.3-0.9 Mya (Caswell 

et al., 2008; Hey, 2010). While Pan paniscus is monotypic, Pan troglodytes includes at 

least four subspecies, which are estimated to have diverged between 500–50 kya 

(Caswell et al., 2008; Ferreira et al., 2013): Central chimpanzees (Pan troglodytes 

troglodytes); Eastern chimpanzees (Pan troglodytes schweinfurthii); Western 

Figure 5.2.I - Modern distribution of Gorilla taxa: red - Gorilla gorilla diehli; purple - Gorilla gorilla gorilla;  

blue - Gorilla beringei beringei; green - Gorilla beringei graueri. Spatial data taken from IUCN (2017) 
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chimpanzees (Pan troglodytes verus); and Nigeria-Cameroon chimpanzees (Pan 

troglodytes ellioti, previously called Pan troglodytes vellerosus) (Groves, 2001; Oates 

et al., 2009). While no evidence of admixture has been found between Pan paniscus 

and Pan troglodytes, hybridisation has apparently occurred between the Pan 

troglodytes subspecies (Prüfer et al., 2012; Won and Hey, 2005). Again, many 

collections historically classified specimens as simply Pan troglodytes, so precise 

geographic data and modern taxonomic distributions were used to inform subspecies 

classification using data from the IUCN (2017) (figure 5.2.II). Access to Pan troglodytes 

ellioti specimens was especially limited in the United Kingdom, and few British 

institutions have Pan paniscus specimens (Jenkins, 1990), meaning that alternative 

sources had to be found in order to acquire suitable sample sizes. 

 

 

 

 

 

 

 

OLD WORLD MONKEYS 

 

Papionins have long been recognised as providing suitable ecological analogues for 

early hominins (Baab, 2008; Delson, 1978; DeVore and Washburn, 1963; Frost et al., 

2003; Jolly, 1970; Jolly, 2001). Baboons in particular have been used in comparative 

studies of hominin morphology due to a number of factors, such as: having a similar 

population structure (Harvati et al., 2004), including more extensive geographic ranges 

than extant non-human great apes in some species (Baab, 2008; Frost et al., 2003); 

Figure 5.2.II - Modern distribution of Pan taxa: turquoise - Pan paniscus; yellow - Pan troglodytes 

verus; pink - Pan troglodytes ellioti; orange - Pan troglodytes troglodytes; red - Pan troglodytes 

schweinfurthii. Spatial data taken from IUCN (2017) 
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being ecological generalists (Jolly, 2001); and including species which diverged at 

similar time-depths and in broadly analogous habitats to hominins (Zinner et al., 2009; 

Zinner et al., 2013). This study included baboons, along with macaques (Macaca spp., 

see below), to provide different ecogeographical models of primates containing distinct 

yet hybridising taxa, which occupy wider ranges than those seen in extant great apes. 

 

One issue with the use of baboons (Papio spp.) in the current study is the lack of 

consensus in their taxonomic classification (Groves, 2001), largely due to 

discrepancies between morphological and molecular evidence (Zinner et al., 2009) and 

the chosen species concept (Jolly, 2001). There are six recognised taxa of Papio, 

classified here as separate species: Hamadryas baboons (Papio hamadryas); Guinea 

baboons (Papio papio); Olive baboons (Papio anubis); Chacma baboons (Papio 

ursinus); Yellow baboons (Papio cynocephalus); and Kinda baboons (Papio kindae) 

(Groves, 2001; Newman et al., 2004; Singleton et al., 2017; Zinner et al., 2009). Some 

researchers believe these variants are all subspecies of a single baboon species, 

Papio hamadryas, while others prefer to refer to these groups as allotaxa (“parapatric, 

morphologically definable geographic populations” (Newman et al., 2004:17)). As with 

Neanderthals and our own species, debate largely centres around the taxonomic 

significance of the disparity between the two, rather than whether they represent 

distinct groups (Jolly, 2001; Newman et al., 2004). 

 

All baboon allotaxa appear to be able to hybridise and produce viable offspring, despite 

being classified into distinct populations (Jolly, 1970; 1997; Jolly, 2001; Newman et al., 

2004; Zinner et al., 2009), although hybridisation mainly occurs in zones where habitats 

overlap. MtDNA analysis indicates that, while most baboon allotaxa form distinct 

clades, East African Papio anubis and Papio cynocephalus form a single, shallow 

clade, indicative of more recent local gene flow (Newman et al., 2004). Other mtDNA 

analysis documents a more complex phylogenetic history of the Papio clade. While 

there appears to be a clear distinction between Northern (Papio papio, Papio anubis, 

and Papio hamadryas) and Southern (Papio cynocephalus, Papio kindae, and Papio 

ursinus) groups, which split at approximately 1.5 Mya (Boissinot et al., 2014), all 

allotaxa with the exception of Papio papio appear to be paraphyletic in certain studies, 

indicating a history of introgression, probably linked to expanding and retreating 

populations during the Pleistocene (Jolly, 1993; Jolly, 2001; Keller et al., 2010; Zinner 

et al., 2009). It has even been suggested that Papio anubis may have originated 

through hybridisation between the northern and southern clades (Jolly, 2001). 
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This study used Papio anubis, Papio cynocephalus, and Papio kindae specimens. This 

was due to the close relationship between these allotaxa, the hypothetical hybrid origin 

of Papio anubis, the existence of a large hybrid zone between Papio anubis and Papio 

cynocephalus (Alberts and Altmann, 2001; Frost et al., 2003; Newman et al., 2004), 

and the relatively large ranges that these groups, especially Papio anubis, are known 

to occupy (figure 5.2.III). Previously, Papio cynocephalus incorporated specimens now 

classified as Papio kindae due to DNA analyses (Groves, 2001; Singleton et al., 2017; 

Zinner et al., 2009). Due to the relatively recent separation of these groups, geographic 

data from the IUCN were used to inform classification, although this was not possible 

for all specimens. As a result, this study included 36 specimens of Papio cynocephalus 

and Papio kindae; eight of these could be assigned to Papio cynocephalus based on 

geographic data, while 23 were assigned to Papio kindae; the remaining five 

specimens could not be assigned to a subgroup, and were classified as Papio 

cynocephalus sensu lato.  

 

 

 

 

 

This study used macaques as another taxonomic model, as these groups show 

relatively high biodiversity and craniofacial variation in comparison to other primate 

Figure 5.2.III - Modern distribution of Papio taxa included in this study: red - Papio anubis;  

yellow - Papio cynocephalus; orange - Papio kindae. Spatial data taken from IUCN (2017) 
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groups (Pan and Oxnard, 2004; Pan et al., 2002; Pan and Oxnard, 2002). Up to 20 

species of Macaca have been identified, which can be classified into four groups 

(Delson, 1980; Fooden, 1976; Li et al., 2009). This study used specimens from three 

species from the fascicularis group: Macaca fuscata (Japanese macaques), Macaca 

fascicularis (long-tailed macaques), and Macaca mulatta (rhesus macaques) (see 

figure 5.2.IV for geographic distribution). Macaca mulatta and Macaca fuscata have 

been estimated to have diverged approximately 880-180 kya (Chu et al., 2007; Marmi 

et al., 2004), while the divergence between Macaca mulatta and Macaca fascicularis is 

less precisely dated to between 2.5-0.43 Mya (Bonhomme et al., 2009; Morales and 

Melnick, 1998; Tosi et al., 2003). 

 

Macaca fuscata is an island macaque species, and therefore provided a model of 

craniofacial variation in a geographically isolated taxon. Macaca mulatta has the largest 

geographic range of the macaques, spanning multiple different ecologies (Groves, 

2001; Pan and Oxnard, 2002). Macaca mulatta and Macaca fascicularis are known to 

hybridise and produce viable offspring in areas where their habitats overlap (Groves, 

2001; Tosi et al., 2003), although DNA analysis has found signs of introgression 

beyond this region potentially indicating a wider ancient hybrid zone (Bonhomme et al., 

2009; Bunlungsup et al., 2017), and a history of admixture between these taxa that 

may date back to 1.0 Mya (Osada et al., 2010).  

 

A number of subspecies within Macaca fascicularis have been proposed (Fooden, 

1995). Unfortunately, museum collections did not classify these specimens into 

subspecies groups, and information on geographic distributions of the subspecies was 

not sufficient to identify members within this study; as a result, specimens of this group 

were classified at the specific level. Subspecies could be identified from museum 

records for a number of Macaca fuscata, which has been divided into two subspecies: 

Macaca fuscata fuscata and Macaca fuscata yakui (Watanabe and Tokita, 2008; but 

see Marmi et al., 2004). This study included six specimens of Macaca fuscata fuscata, 

seven of Macaca fuscata yakui, and nine specimens of Macaca fuscata for which 

subspecific classification could not be determined. 
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5.2.3 - SELECTION CRITERIA 

 

Specimens needed to fulfil certain criteria in order to be included in the sample for this 

study. Firstly, they had to be from mature adult individuals, in order to avoid introducing 

ontogenetic variation. Maturity was assessed both dentally, by the full eruption of the 

third molars (both maxillary and mandibular, if present), and cranially, by full fusion of 

the basioccipital-basisphenoidal synchondrosis (Wood, 1976). There were a few 

scenarios where specimens required additional assessment before they could be 

included. For instance, some of the non-human primates exhibited hyperdontia, with 

the presence of fourth molars. In these cases, the fourth molars needed to be fully 

erupted for the individual to be considered adult. Another dental exception was the 

existence of tooth loss, either ante- or post-mortem. In both cases, wear from the other 

molars and fusion of the basioccipital-basisphenoidal synchondrosis were used to 

estimate maturity, although specimens which had lost their third molars before death 

were assumed to have been dentally mature. When the cranial base was too damaged 

or poorly preserved to assess fusion of the basioccipital-basisphenoidal synchondrosis, 

dental maturity was used as the sole criterion, although more complete specimens 

were used if available. 

Figure 5.2.IV - Modern distribution of Macaca taxa included in this study: dark green - Macaca 

fascicularis; blue - Macaca mulatta; purple - Macaca fuscata. Spatial data taken from IUCN (2017) 
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Pathological specimens were excluded from this study, so as to avoid variation 

resulting from such factors. Assessment of absence of pathology was largely made 

based on the cranium and mandible, when present, as the specimens used were 

frequently stored separately from related postcranial material, if any had been collected 

with the cranial remains. Crania and mandibles were assessed visually, with any 

specimens showing abnormal asymmetry or bone changes related to pathology around 

the area of study being excluded. Trauma was recorded, but was not an exclusionary 

criterion unless it affected the normal cranial form in the area of study. Some 

specimens with dental pathology were included, but only if the pathology consisted of 

minor antemortem tooth loss, caries, or dental calculus which had not lead to wider 

morphological changes in the facial bones, and all incidences were recorded for later 

reference. Homo sapiens specimens were excluded if they showed any signs of cranial 

modification. In addition to this, all zoo specimens were excluded due to the higher 

likelihood of these individuals experiencing malnutrition, living in habitats that do not 

reflect their species’ ecology, and engaging in restricted activity compared to their wild 

counterparts. 

 

Attempts were made to sample specimens across the geographic ranges of all extant 

taxa. Specimens with detailed geographical locations were favoured, although some 

with unknown origin were included when available specimen numbers were low. While 

samples were too restricted to employ any selection method other than opportunistic 

sampling, where possible specimens were chosen from across the geographic range, 

with similar geographic distributions of males and females. Selective sampling was 

easier for recent Homo sapiens, due to the larger numbers of these individuals within 

collections and the greater preservation of this group, in which case specimens were 

chosen to maximise the chronological and temporal range of this group. Sampling for 

archaeological and prehistoric Homo was the most geographically restricted, due to 

preservation and access issues. 

 

Preservation was a significant factor in most species. Ideally, specimens had to be 

anatomically complete in the frontal, zygomatic, nasal, and lacrymal bones, as well as 

the frontal processes and orbital margins of the maxillae, to be included in this study. In 

practise, specimens from the more restricted taxa were poorly preserved, necessitating 

their inclusion and subsequent reconstruction (see 5.3.6), particularly if they were 

damaged or incomplete in areas of the orbital margin as opposed to the frontal bone.   
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5.2.4 - SAMPLE SIZES 

 

In order to properly record craniofacial variation at a taxonomic level, it was important 

that sufficient sample sizes were included for all groups. The provisional decision was 

made to include 50 individuals from each extant taxonomic group, with equal numbers 

of males and females. Research by Cardini and Elton (2007) has shown that samples 

of less than 50 document considerably larger differences in shape variance between 

subsamples and the complete sample, with sample size having a larger impact when 

assessing the effect of size differences on morphology. For shape analysis, it was 

found to be more important to sample across the geographic range, and accurate 

estimates of variance could be achieved with relatively small samples (Cardini and 

Elton, 2007).  

 

Smaller sample sizes had to be taken for hominins, as fossil numbers before the Late 

Pleistocene are too restricted. In addition, the sample size for Homo sapiens was set to 

include at least 200 specimens, in order to sample widely, both geographically and 

temporally, and therefore model maximum hominin intraspecific craniofacial variation. 

Unfortunately, the target of 50 individuals was not achievable for all primate groups due 

to low levels of preservation and differences in the assessment of maturity between 

collection records. A maximum of 25 males and 25 females were included for each of 

the non-hominin primate taxa. 

 

Due to the unequal sample sizes, steps were taken during the analysis stage to 

account for any sampling effect on final estimates of intra- and intergroup variation. 

Cardini and Elton (2007) have found that results can change significantly depending on 

the original sample sizes used. Analyses that can remove these effects include 

rarefaction analysis, randomisation tests such as permutations and bootstrapping, and 

sub-sampling (Cardini and Elton, 2007; Gunz et al., 2009a; Jiménez-Arenas et al., 

2011; Lague et al., 2008; Mitteroecker and Gunz, 2009). The first and last methods 

were chosen here, and applied where possible in subsequent analyses (see specific 

methods in Section C). 

 

5.2.5 - DESCRIPTION OF SAMPLE 

 

The final sample consisted of 711 individuals (table 5.2.II). The proportion of total 

males and females were approximately equal (294 (41.4%) vs. 303 (42.6%),  
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respectively), although this varied between groups. 26 of the 172 Homo sapiens 

specimens for which sex determination could be attempted were of indeterminate sex. 

Sex determination methods were not attempted on fossil or cast specimens due to 

Group Abbr. 
Count % 

Total 
Female Indet. Male Unknown Female Indet. Male Unknown 

Gorilla beringei beringei GBB 6  8   42.9%  57.1%   14 

Gorilla beringei graueri GBG 23  18   56.1%  43.9%   41 

Gorilla gorilla gorilla GGG 25  25   50.0%  50.0%   50 

Gorilla gorilla diehli GGD 9  9   50.0%  50.0%   18 

Pan paniscus PP 21  18 4 48.8%  41.9% 9.3% 43 

Pan troglodytes troglodytes PTT 25  25   50.0%  50.0%   50 

Pan troglodytes schweinfurthii PTS 16  11 3 53.3%  36.7% 8.8% 30 

Pan troglodytes verus PTV 6  10   37.5%  62.5%   16 

Pan troglodytes ellioti PTE 2  3   40.0%  60.0%   5 

Macaca fascicularis MFa 24  25   49.0%  51.0%   49 

Macaca fuscata* MFu? 3  6   33.3%  66.7%   9 

Macaca fuscata fuscata MFuF 3  1 2 50.0%  16.7% 33.3% 6 

Macaca fuscata yakui MFuY 5  2   71.4%  28.6%   7 

Macaca mulatta MM 25  19   56.8%  43.2%   44 

Papio anubis PA 17  25   40.5%  59.5%   42 

Papio cynocephalus sensu lato* PC? 3  2   60.0%  40.0%   5 

Papio cynocephalus PC 2  6   25.0%  75.0%   8 

Papio kindae PK 10  13   43.5%  56.5%   23 

Homo sapiens HS 69 26 77 36 33.2%  37.0% 38.8% 208 

Homo neanderthalensis HN    13      13 

Middle Pleistocene hominins MPH    14      14 

Homo erectus sensu stricto# HEss    3      3 

Homo ergaster# HEr    2      2 

Homo georgicus# HG    2      2 

Homo naledi HNa    1      1 

Homo rudolfensis HRu    1      1 

Homo habilis HHa    2      2 

Australopithecus africanus AAf    1      1 

Paranthropus aethiopicus ParA    1      1 

Paranthropus boisei ParB       3         3 

          711 

Table 5.2.II - Summary of specimens included in this study by taxon and sex, with abbreviations. Data 

for sex were taken from museum records for all non-hominin primates. Sex of recent Homo sapiens 

was assessed using the standards of Buikstra and Ubelaker (1994) when known sex information was 

unavailable. Recent Homo sapiens were assigned to female, male, or indeterminate groups. Fossil 

hominins were treated as being of unknown sex (but see Chapter 10), due to issues of sex estimation 

of fossil hominins. *Some Macaca fuscata and Papio cynocephalus sensu lato specimens could not be 

assigned a subgroup classification. #Homo erectus sensu stricto, Homo ergaster, and Homo georgicus 

were occasionally grouped under Homo erectus sensu lato (HEsl) 
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issues with the applicability of modern standards across hominin evolutionary history. 

An ‘unknown’ sex assignation category was therefore applied to these specimens, and 

the primates for which sex information was not available, due to a lack of available 

standards for primate sex estimation. 

 

As can be seen in figure 5.2.V, Homo sapiens made up the largest group within the 

sample of modern (extant) specimens. Pan troglodytes specimens were also relatively 

large in number, due to the inclusion of up to 50 specimens from all four of the 

subspecies groups within this species. Papio cynocephalus was the smallest group 

within the sample used, due to the limited number of these specimens within 

collections. Figure 5.2.VI shows a similar breakdown of the fossil hominin specimens 

used in this study. As in figure 5.2.V, Homo sapiens were the largest group, followed by 

Homo neanderthalensis, and the MPH. 

 

 

 

 

 

 

 

 

 
 

Figure 5.2.V - Pie chart of number of specimens from extant groups by species (total n=627). Only 

modern comparative material is included, see figure 6.2.VI for hominin data. Papio cynocephalus 

sensu lato specimens of unknown subgroup (n=5) were excluded 

Figure 5.2.VI - Pie chart of number of fossil hominin specimens by species (total n=79) 
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Figures 5.2.VII to 5.2.IX show the geographical distribution of specimens. Non-hominin 

primates were taken from across the ranges of these taxa, with the widest distributions 

being seen in the Papio and Macaca groups. Homo sapiens specimens for which 

geographic data could be obtained are shown in figure 5.2.VIII. As expected, modern 

Homo sapiens show a much wider distribution. Distribution of the fossil Homo sapiens 

was more restricted, although largely reflected the fossil record, with most anatomically 

modern humans coming from Europe and most early modern humans coming from 

Africa. 

 

Details of the fossil hominin specimens are shown in tables 5.2.III and 5.2.IV. The 

Homo sapiens and Middle Pleistocene specimens were classified into subgroups. The 

latter were grouped based on their geography, being categorised as either African, 

Asian, or European MPH. The former were classified using their date, with specimens 

older than 40 kya being classified as early modern human (EMH), specimens between 

40 kya and 11.5 kya being classified as anatomically modern humans (AMH), and 

specimens after 11.5 kya being classified as modern Homo sapiens (MHS). In addition, 

specimens of insecure date but that were known to be from the late Late Pleistocene 

were separated and grouped under ‘late Late Pleistocene’, while specimens from the 

early Holocene were classified as ‘Holocene’. More recent Homo sapiens were 

grouped by their time period. Figure 5.2.X shows the numbers of Homo sapiens by 

time period, with the majority of specimens dating to the Post-Medieval period. 

 

INSTITUTIONS 

 

Specimen data were collected from the following institutions: Mammalogy Department, 

Natural History Museum, London (n=194); Palaeoanthropology Department, Natural 

History Museum, London (n=24); Odontological Collection, Royal College of Surgeons, 

London (n=12); Institute of Archaeology, University College London (n=11); 

Anthropology Department, University College London (n=16); Duckworth Museum, 

Cambridge University (n=133); Powell Cotton Museum, Kent (n=41); Royal Museum for 

Central Africa, Tervuren, Belgium (n=104); Mammalogy Department, American 

Museum of Natural History, New York (n=53); Anthropology Department, American 

Museum of Natural History, New York (n=28); Kyoto Museum, Japan (n=15); and the 

Primate Research Institute, Kyoto University, Japan (n=13). In addition, samples were 

supplemented by data from the following online digital collections: MorphoSource.com 

(n=2); NESPOS.org (n=1); the Smithsonian 3D Collection (n=56); the Digital Archive of  
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Figure 5.2.VII - Map showing distribution of non-hominin primates of known geographic location included in this study: dark blue - Gorilla beringei; light blue - Gorilla gorilla; 

dark green - Pan paniscus; light green - Pan troglodytes; orange - Papio anubis; yellow - Papio cynocephalus; dark purple - Macaca fascicularis;  

light purple - Macaca fuscata; pink - Macaca mulatta. Geographic coordinates available in appendix I 
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  Figure 5.2.VIII - Map showing distribution of Homo sapiens specimens of known geographic location included in this study: orange - MHS (Holocene); blue - AMH; white - 

EMH. Geographic coordinates available in appendix I 
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Figure 5.2.IX - Map showing distribution of non-Homo sapiens hominins of known geographic location included in this study: red stars - MPH; white diamonds - Homo 

neanderthalensis; squares - Homo erectus sensu lato (orange - Homo ergaster; pink - Homo georgicus; yellow - Homo erectus sensu stricto); white circle - Homo naledi; 

pentagons - Homo habilis (dark green) and Homo rudolfensis (turquoise); pink triangle - Australopithecus africanus; blue triangles - Paranthropus aethiopicus (light blue) 

and Paranthropus boisei (dark blue). Geographic coordinates available in appendix I 
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Name Species Group Country Institution 

Gambles Cave IV Homo sapiens Holocene Kenya AMNH (Anth) 

Wajak I Homo sapiens Holocene Indonesia AMNH (Anth) 

Ofnet 4K1802 Homo sapiens Holocene Germany AMNH (Anth) 

Ofnet 4K1811 Homo sapiens Holocene Germany AMNH (Anth) 

La Brea  Homo sapiens Holocene USA AMNH (Anth) 

Kennewick Homo sapiens Holocene USA AMNH (Anth) 

Csokavar Homo sapiens Holocene Hungary AMNH (Anth) 

Matjes River Homo sapiens Holocene South Africa NHM (Pal) 

Skull I/Sepulchre Homo sapiens Holocene Belgium AMNH (Anth) 

Combe Capelle Homo sapiens Holocene France UCL (Anth) 

Fish Hoek I Homo sapiens Late Pleistocene South Africa AMNH (Anth) 

Oberkassel I Homo sapiens Late Pleistocene Germany AMNH (Anth) 

Oberkassel II Homo sapiens Late Pleistocene Germany AMNH (Anth) 

Tepexpan I Homo sapiens Late Pleistocene Mexico AMNH (Anth) 

Keilor Homo sapiens Late Pleistocene Australia NHM (Pal) 

Zhoukoudian UC 101  Homo sapiens AMH China AMNH (Anth) 

Zhoukoudian UC 102 Homo sapiens AMH China AMNH (Anth) 

Furfooz I Homo sapiens AMH Belgium AMNH (Anth) 

Brno II Homo sapiens AMH Czech Republic AMNH (Anth) 

Brno III Homo sapiens AMH Czech Republic AMNH (Anth) 

Dolní Věstonice III Homo sapiens AMH Czech Republic NHM (Pal) 

Předmostí III Homo sapiens AMH Czech Republic UCL (Anth) 

Předmostí IV Homo sapiens AMH Czech Republic NHM (Pal) 

Abri Pataud Homo sapiens AMH France NHM (Pal) 

Cro-Magnon I Homo sapiens AMH France UCL (Anth) 

Cro-Magnon II Homo sapiens AMH France UCL (Anth) 

Mladeč 1 Homo sapiens AMH Czech Republic Vienna 

Mladeč 2 Homo sapiens AMH Czech Republic NHM (Pal) 

Chancelade  Homo sapiens AMH France UCL (Anth) 

Djebel Irhoud 1 Homo sapiens EMH Morocco NHM (Pal) 

Omo 1 Homo sapiens EMH Ethiopia NHM (Pal) 

Liujang Homo sapiens EMH China NHM (Pal) 

Qafzeh 9 Homo sapiens EMH Israel UCL (Anth) 

Skhūl V Homo sapiens EMH Israel Vienna 

Herto Homo sapiens EMH Ethiopia NHM (Pal) 

Border Cave 1 Homo sapiens EMH South Africa NHM (Pal) 

Bodo MPH AfMPH Ethiopia Vienna 

Kabwe MPH AfMPH Zambia NHM (Pal) 

Ndutu MPH AfMPH Tanzania Vienna 

Saldanha MPH AfMPH South Africa AMNH (Anth) 

Table 5.2.III - Fossil hominin specimens included in this study (part 1 of 2) 
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Name Species Group Country Institution 

Florisbad MPH AfMPH South Africa NHM (Pal) 

Dali MPH AsMPH Asia AMNH (Anth) 

Maba MPH AsMPH China NHM (Pal) 

Narmada MPH AsMPH India NHM (Pal) 

Zuttiyeh MPH AsMPH Israel UCL (Anth) 

Petralona MPH EMPH Greece UCL (Anth) 

Arago 21 MPH EMPH France AMNH (Anth) 

Sima de los Huesos 5 MPH EMPH Spain NHM (Pal) 

Steinheim MPH EMPH Germany NHM (Pal) 

Ceprano MPH EMPH Italy NHM (Pal) 

Tabun I Homo neanderthalensis  Israel AMNH (Anth) 

La Quina H5 Homo neanderthalensis  France AMNH (Anth) 

Spy 1 Homo neanderthalensis  Belgium NESPOS 

La Chapelle Homo neanderthalensis  France UCL (Anth) 

Guattari Homo neanderthalensis  Italy NHM (Pal) 

Gibraltar 1 Homo neanderthalensis  Gibraltar NHM (Pal) 

Le Moustier 1 Homo neanderthalensis  France UCL (Anth) 

Amud 1 Homo neanderthalensis  Israel UCL (Anth) 

Krapina C Homo neanderthalensis  Croatia NHM (Pal) 

Krapina E Homo neanderthalensis  Croatia AMNH (Anth) 

Saint-Césaire I Homo neanderthalensis  France AMNH (Anth) 

Shanidar I Homo neanderthalensis  Iraq AMNH (Anth) 

Shanidar V Homo neanderthalensis  Iraq AMNH (Anth) 

Ngandong (Solo VI) Homo erectus  Indonesia NHM (Pal) 

Sangiran 17 Homo erectus  Indonesia MorphoSource 

Zhoukoudian XII Homo erectus  China UCL (Anth) 

KNM-ER 3773 Homo ergaster  Kenya NHM (Pal) 

KNM-ER 3883 Homo ergaster  Kenya NHM (Pal) 

Dmanisi D4500 Homo georgicus?  Georgia NHM (Pal) 

Dmanisi D2282 Homo georgicus?  Georgia NHM (Pal) 

Dinaledi Hominin 1 (DH1)  Homo naledi  South Africa MorphoSource 

KNM-ER 1813 Homo habilis  Kenya UCL (Anth) 

OH 24 Homo habilis  Tanzania UCL (Anth) 

KNM-ER 1470 Homo rudolfensis  Kenya UCL (Anth) 

Sts 5 Australopithecus africanus  South Africa Vienna 

KNM-WT 17000 Paranthropus aethiopicus  Kenya AfricanFossils.org 

KNM-ER 406 Paranthropus boisei  Kenya AfricanFossils.org 

KNM-ER 732 Paranthropus boisei  Kenya AfricanFossils.org 

OH 5 Paranthropus boisei  Tanzania UCL (Anth) 

Table 5.2.IV - Fossil hominin specimens included in this study (part 2 of 2) 
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Fossil Hominins, University of Vienna (n=5); and AfricanFossils.org (n=3). These 

included high quality 3D models generated through laser scanning, photogrammetry, 

and from computed tomography (CT) data.  

 

 

 

 

 

 

SEXUAL DIMORPHISM DATASET 

 

In order to model sexual dimorphism in the supraorbital region, a sample of 50 Homo 

sapiens of known sex was included for some analyses (see Chapter 9). This was made 

up from CT scans of 45 specimens from the Terry Collection, collected by Copes 

(2012), as well as one male from Institut für Humangenetik und Anthropologie Freiburg, 

available from the NESPOS.org website. The final four male individuals were from the 

anthropology collection at the Duckworth Laboratory (University of Cambridge), and 

were also members of the wider Homo sapiens dataset used in other analyses (table 

6.2.V). 
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Figure 5.2.X - Number of Homo sapiens by time period included in this study 
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Ref. Age at death Country of origin Ancestry Collection Type of data Sex 

723 22 USA African American Terry Collection CT Female 

736 57 USA Caucasian Terry Collection CT Female 

738 45 USA African American Terry Collection CT Female 

815 32 USA African American Terry Collection CT Female 

840 32 USA African American Terry Collection CT Female 

869 59 USA Caucasian Terry Collection CT Female 

893  USA African American Terry Collection CT Female 

904 52 USA Caucasian Terry Collection CT Female 

906 22 USA African American Terry Collection CT Female 

917 62 USA African American Terry Collection CT Female 

920 36 USA African American Terry Collection CT Female 

921 38 USA African American Terry Collection CT Female 

929 20 USA African American Terry Collection CT Female 

1015 41 USA African American Terry Collection CT Female 

1052 48 USA African American Terry Collection CT Female 

1064 33 USA African American Terry Collection CT Female 

1120   Caucasian Terry Collection CT Female 

1155 64 USA Caucasian Terry Collection CT Female 

1233 63 USA Caucasian Terry Collection CT Female 

1306 36 USA African American Terry Collection CT Female 

1332 45 USA African American Terry Collection CT Female 

1333 33 USA African American Terry Collection CT Female 

1345 46 USA African American Terry Collection CT Female 

1356 35 USA African American Terry Collection CT Female 

1370 80 USA Caucasian Terry Collection CT Female 

634 74 USA Caucasian Terry Collection CT Male 

635 54 USA African American Terry Collection CT Male 

638 55 USA African American Terry Collection CT Male 

687 60 USA Caucasian Terry Collection CT Male 

701 55 Italy Caucasian Terry Collection CT Male 

711 61 USA African American Terry Collection CT Male 

713 68 USA Caucasian Terry Collection CT Male 

814 55 USA Caucasian Terry Collection CT Male 

842 73 USA Caucasian Terry Collection CT Male 

850 23 USA African American Terry Collection CT Male 

864 42 USA African American Terry Collection CT Male 

868 60 Switzerland Caucasian Terry Collection CT Male 

881 24 USA African American Terry Collection CT Male 

890 60 USA African American Terry Collection CT Male 

918 40 Serbia Caucasian Terry Collection CT Male 

1040 69 USA Caucasian Terry Collection CT Male 

1131 31 USA African American Terry Collection CT Male 

1281 53 USA African American Terry Collection CT Male 

1323 50 USA African American Terry Collection CT Male 

1361 52 USA African American Terry Collection CT Male 

1250 40 Pakistan Pathan Duckworth 3D laser scan Male 

3317 42 Sri Lanka Moor Duckworth 3D laser scan Male 

AF.15.0.14  Somalia Ainabo Duckworth 3D laser scan Male 

M-01    Institut für Humangenetik CT Male 

SEA 061   Sarawak Murut Duckworth 3D laser scan Male 

Table 5.2.V - Details of Homo sapiens specimens included in analysis of sexual dimorphism 
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5.2.6 - USE OF CASTS 

 

The use of fossil casts is widespread in palaeoanthropological research (e.g. Athreya, 

2009; Baab, 2008; Jiménez-Arenas et al., 2011; Martínez, 1997). This is due to the 

limited nature of the fossil record, restrictions to direct access of hominin fossils, and 

the lack of development in digital palaeoanthropology, despite the routine CT scanning 

of critical specimens (Weber, 2001; White et al., 2018). The proposed project therefore 

used mainly cast data for hominin fossils, although this was supplemented with data 

from CT and 3D laser scans of real specimens where possible. The accuracy of fossil 

casts has not been fully investigated, although the few studies that have been 

conducted have indicated differences ranging between a few millimetres (Athreya, 

2009) to significant Procrustes distances between original data and casts (McNulty and 

Smith, 2009). Despite these shortcomings, casts remain the only way to achieve 

suitable samples of fossils, and their frequent use in current palaeoanthropological 

research would justify their use in the present study, as long as the potential error their 

use introduces to results is acknowledged. A study was conducted to test for the effect 

of using research-quality hominin casts on the results of a 3D geometric morphometric 

study into taxonomy (see Appendix II). The results showed that any error that may be 

introduced through the use of research-quality casts was unlikely to have a significant 

impact on the current study, being lower than intra-populational distances and within 

the range of intra-observer error. This study therefore used 3D models generated from 

laser scans of 73 hominin research-quality casts, five hominin CT datasets (Spy 1, 

Bodo, Ndutu, Mladeč 1, and Skhūl V), and laser scans of two hominin fossils (Kabwe 

and Gibraltar 1).  
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5.3 - GEOMETRIC MORPHOMETRIC METHOD 

 

5.3.1 - PRIMARY DATA ACQUISITION 

 

NEXTENGINE LASER SCANNER 

 

Data from museum specimens were collected using a NextEngine Desktop Laser 

Scanner, model 2020i. This uses structured light scanning, with a laser pattern being 

projected onto the specimen, and a 3D surface mesh being generated using 

triangulation (Brown, 2010). The NextEngine scanner is frequently used in 3D 

geometric morphometric research (Algee-Hewitt and Wheat, 2016; Garvin and Ruff, 

2012; Schroeder et al., 2017) due to its low cost, relatively fast speed, and general 

precision (Polo and Felicísimo, 2012; Sholts et al., 2011). This laser scanner uses 

ScanStudio software to collect surface meshes in three formats: single scans, which 

collect the topography of the object from a single angle; brackets, consisting of three 

angled single scans; or 360°, which captures the topography of the specimen from all 

aspects, and can be made of a specified number of single scans, ranging between four 

and sixteen. ScanStudio software automatically aligns the single scans from the 

bracket and 360° modes into a composite 3D image. The resolution of the surface 

mesh can be specified to be either quick (500-1,100 points per square inch 

(points/inch2)), standard (1,600-4,400 points/inch2), or high definition (10,000-40,000 

points/inch2), with higher definition requiring longer scanning time. NextEngine 

scanners were borrowed from the Institute of Archaeology and the Anthropology 

Department at University College London, and laptops with ScanStudio HD software 

were used to collect and combine the data. 

 

3D LASER SCANNING METHOD 

 

A set protocol was used to collect data using the NextEngine 3D laser scanner. Crania 

were placed on the NextEngine rotating platform which was positioned at a distance of 

17 inches from the scanner itself, to maximise performance (see NextEngine user 

manual). The software was set to collect surface scans at 10,000 points/inch2 to 

achieve sufficiently detailed meshes at a reasonable speed, given the size of the 

required sample. Different combinations of scans were collected based on the type of 

specimen being examined. For instance, the hominoids (Homo, Australopithecus, 
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Paranthropus, Pan, and Gorilla) required a single bracket scan from norma frontalis 

with the specimen resting on a foam prop placed under the posterior portion of the 

cranial base, a single scan from norma verticalis, and two single scans with the 

cranium angled so that it faced the back left and right corners of the platform 

respectively, in order to record the morphology of the infratemporal region behind the 

zygomatic processes. Depending on the specimen, an additional single scan was taken 

with the cranium resting on a foam prop placed under the anterior portion of the cranial 

base, in order to capture the full morphology of the superior orbital margin. For the 

papionins (Macaca and Papio specimens), bracket scans from norma frontalis were 

taken, along with two single scans with the cranium angled as described above. In 

addition, a bracket scan was taken from norma occipitalis, with the anterior portion of 

the cranial base elevated by three foam props. 

 

Scans were manually combined in ScanStudio HD software using the Align function. 

First, extraneous information (e.g. from the scanning platform and foam props) were 

removed using the Trim function. Next, three or more homologous points were placed 

on two surface scans that overlapped in their recorded morphology. ScanStudio then 

used triangulation to align the two scans into a single surface mesh. Manual alignment 

had to result in error of less than 0.02 inches, an arbitrary threshold that was chosen to 

indicate inaccuracies in alignment that could be corrected for by using different 

homologous points. This process was repeated until all individual scans were aligned 

into one composite mesh documenting the full morphology of the frontal bone and face. 

This composite surface mesh was then saved in the proprietary ScanStudio format 

(.scn) in case future manipulation was required, and exported as ply surface meshes in 

ASCII format for use in geometric morphometric analysis. 

 

CT AND DIGITAL DATA 

 

Digital data acquired from online resources came in various formats. Some could be 

downloaded as surface meshes, either in ply or stl files. Any stl files were converted to 

ply format in Meshlab (Visual Computing Lab ISTI - CNR). CT data required more 

processing, and came in a variety of file types, including DICOM, ANALYZE, and TIFF. 

These were loaded into 3D Slicer (Fedorov et al., 2012) based on the specific CT 

parameters for each specimen. It was then possible to create a label map for the bone 

tissue contained in the CT scan using the threshold effect in the Editor module. Once a 

label map had been created, this was used to generate a surface model (mesh) from 
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the volume data using the Make Model function. This surface model could then be 

exported in ply format. 

 

5.3.2 - SECONDARY DATA COLLECTION 

 

Secondary data collection involved the placement of landmarks and semilandmarks on 

the 3D meshes to capture the morphology of the supraorbital tori. Various software 

were tested for their efficacy in placing semilandmarks on to 3D surfaces. Stratovan 

Checkpoint (www.stratovan.com/products/checkpoint) was chosen over other software 

such as Landmark Editor (Wiley et al., 2005), EVAN Toolbox (Phillips et al., 2010), and 

the Geomorph package in R (Adams et al., 2013a). This software provides greater 

control and the ability to change semilandmark density after the template mesh has 

been placed. In Checkpoint Stratovan, semilandmarks can take the form of curves with 

three or more control points, or meshes with between five and nine control points, 

which can be manipulated from different perspectives after the curve or mesh has been 

created. Additional semilandmarks can be placed automatically between the control 

points of a curve or surface mesh, forming a grid in the latter. 3D coordinates of plotted 

points can be exported in numerous formats corresponding to standard morphometric 

analysis software and techniques, and the user can specify the units in which they 

should be exported. For this study, 3D coordinates of landmarks and semilandmarks 

placed on specimens were exported in millimetres and in Morphologika format, as this 

can be readily uploaded into many morphometric software and is easy to amend 

manually in the reconstruction process (see 5.3.6). 

 

5.3.3 - LANDMARKS 

 

Landmarks and semilandmarks need to be chosen carefully in order to obtain 

biologically meaningful results. In their truest sense, landmarks can be defined as “the 

points at which one’s explanation of biological processes are grounded” (Bookstein, 

1991:61), and, as their locations are controlled by discrete biological processes, 

variation in their locations between specimens should correspond to biological 

questions and explanations (Bookstein, 1991; Richtsmeier et al., 2002). In addition to 

these considerations, landmarks and semilandmarks (see 5.3.4) need to be 

homologous, easily identifiable across the sample, sufficiently dense in their coverage 

to record the main aspects of morphology under study, and ideally not covary in their 
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displacement (Bookstein, 1991; Zelditch et al., 2012). In this study, there was the 

added complication that many standard anthropometric landmarks cannot be easily 

located in primates such as Gorilla and Pan, due to difficulties in discerning the cranial 

sutures that are not experienced when considering humans and most papionins (pers. 

obs.), which meant that some landmark definitions had to be amended, potentially 

reducing their relationship to biological processes (see below). 

 

DEFINITIONS 

 

This study used a set of 20 defined landmarks on and around the supraorbital region 

and orbital margin, and two auxiliary landmarks used to identify defining planes (table 

5.3.I). This included four unilateral points located along the midsagittal plane, and eight 

pairs of bilateral points. While many of the landmarks were standard craniometric 

points, some definitions had to be adapted or created in order to allow homology 

between all primate species used, and to account for frequent damage to specific 

areas of the cranium.  

 

 

 

 

 

# Landmark Laterality Definition Type 

A, B Auriculare (Au) Bilateral 
The point vertically above the midpoint of the external 

auditory meatus on the zygomatic root 
2 

 

5, 6 
Dacryon (D) Bilateral 

The point where a line from ectoconchion dividing the 

orbit into two along the long axis intersects with the 

medial orbital margin 

2 

 

1, 2 
Ectoconchion (Ec) Bilateral 

The intersection of the most anterior surface of the 

lateral border of the orbit and a line bisecting the orbit 

along the long axis 

2 

12, 20 
Frontomalare Anterior 

(FmA) 
Bilateral 

The point where the frontomalare suture intersects 

the lateral orbital margin 
2 

11, 19 
Frontomalare 

Posterior (FmP) 
Bilateral 

The most posterior point on the frontomalare suture 

of the zygomatic process 
2 

10, 18 Frontotemporale (Ft) Bilateral 
The most medial point on the lateral curve of the 

frontal bone, when viewed from norma verticalis 
3 

16 Glabella (Gl) Unilateral 
The most anterior point on the frontal bone, between 

the supraorbital tori, on the midsagittal plane 
3 

14 
Mid-Frontotemporale 

(mFt) 
Unilateral 

The point where a line between the frontotemporale 

points intersects the midsagittal plane 
3 

13, 17 
Mid-torus Anterior 

(MtA) 
Bilateral 

The most anterior point on the frontal bone, directly 

above the midpoints of the orbit 
3 

3, 4 Mid-torus Inferior (MtI) Bilateral 
The point on the superior orbital margin, at the 

midpoint of the orbit 
2 

9 Nasion (Na) Unilateral 
The point where the nasofrontal suture intersects the 

midsagittal plane 
2 

7, 8 Orbitale (O) Bilateral The most inferior point on the infraorbital margin 2 

15 
Post-toral Sulcus 

(PtS) 
Unilateral 

The most inferior point on the region posterior to 

glabella, in the midsagittal plane 
3 

Table 5.3.I - List of landmarks used in this study along with their definitions and type category (sensu 

Bookstein, 1991). Auriculare points are shown in italics as these were used, along with the orbitale 

points, to define the Frankfurt horizontal, but were not included in the final landmark dataset. Landmark 

definitions were amended from McNulty (2005), Baab (2008), and Howells (1973) 
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TYPOLOGY 

 

A typology of landmarks was created by Bookstein (1991) in which landmarks are 

classified according to the types of explanations that can be linked to changes in their 

positions, and the quality of the biological information that the points contain (Slice, 

2005; Zelditch et al., 2012). The three types are defined by Bookstein (1991) as 

follows. Type 1 denotes discrete landmarks, located at the intersection of various 

tissues, for instance cranial sutures. Any changes in their location can be explained by 

relative growth of a structure in the given direction of displacement, and can be linked 

to valid explanations of biological function. Type 2 landmarks are points at the maxima 

of small curves or other local processes, such as tips of small protuberances, or at the 

bottom of discrete invaginations. These lack information about changes in the 

surrounding bone in at least one direction (Zelditch et al., 2012), but can frequently be 

linked to points of application of various forces, and can provide information about 

phenomena occurring at some distance from the points. Landmarks that can be located 

at extremal points, such as end points of maximum diameters, are classified as type 3. 

Such points have been categorised as deficient in some regards, as their displacement 

is only meaningful in a single direction, representing length or size of their defining, 

distant features, while changes in other directions can be confounded by other factors 

affecting the local structure’s form (Bookstein, 1991). 

 

The landmarks used in this study were classified according to Bookstein’s typology. As 

can be seen from table 5.3.I, seven landmarks were classified as type 2 based on their 

definitions, and the remaining five as type 3, with no type 1 landmarks being used. 

Some adult great ape crania showed almost complete obliteration of cranial sutures on 

the ectocranial surface, excluding the use of these features which are commonly 

involved in the definitions of type 1 landmarks. Therefore, after attempts to identify 

major cranial vault sutures in surface scans of Pan and Gorilla specimens failed, 

traditional definitions of landmarks were amended so that they could be used in this 

study, requiring them to be reclassified as type 2 or 3 while making them more reliably 

identifiable (e.g. nasion, dacryon).  

 

The high proportion of type 3 landmarks may be considered undesirable, given their 

classification as deficient in some aspects. Yet, despite the shortcomings of these 

points in terms of biological explanations, they do have characteristics that increase 

their utility in comparative biology. The use of type 3 landmarks is commonplace and 

considered valid, provided that researchers acknowledge that such points may have 
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greater precision error and may not be biologically homologous, but will have geometric 

homology (Bookstein, 1991; O'Higgins, 2000). In addition, studies into precision error in 

cranial landmarks have indicated that type 3 landmarks can be accurately identified 

using 3D surface scans, with greater reliability in comparison to 3D digitiser methods. It 

has been suggested that this difference is due to the increased ease of identifying 

geometric features such as maxima of curves on 3D digital images, as well as the fact 

that reference identities (e.g. planes) can be defined to aid placement of extremal 

points (Sholts et al., 2011). Therefore, it is expected that the use of type 3 points may 

actually decrease precision error in this case, with the concession of replacing 

biological homology with geometric homology. 

 

5.3.4 - SEMILANDMARKS 

 

Landmarks can be insufficient in studies of elements with few discrete defining 

characteristics, such as the bones of the cranial vault (Mitteroecker and Gunz, 2009). 

Semilandmarks have particular efficacy in such cases, having been introduced as a 

method of collecting more detailed morphology when landmarks were insufficient 

(Bookstein, 1997). They can take the form of either curve semilandmarks, which should 

be used for any clearly observable curves, or surface semilandmarks for larger areas 

(Gunz and Mitteroecker, 2013). They are typically placed at approximately equidistant 

points across smooth features, and then slid using a widely accepted algorithm (Gunz 

and Mitteroecker, 2013; Gunz et al., 2005). This sliding ensures that semilandmarks 

are geometrically homologous between specimens, and removes any artefacts arising 

from the arbitrary spacing of points (Gunz and Mitteroecker, 2013). Sliding is an 

iterative process, where a sample mean shape and tangent vector are calculated for 

each curve or surface semilandmark. Semilandmarks are then slid along either tangent 

lines, in the case of curve semilandmarks, or tangent planes, in the case of surface 

semilandmarks, to minimise a measure of shape difference (Gunz and Mitteroecker, 

2013; Mitteroecker and Gunz, 2009). 

 

The measure of shape difference that is minimised during sliding can be one of two 

entities: bending energy or Procrustes distance. Bending energy (BE) relates to Thin-

Plate Spline deformation, and is a concept borrowed from engineering, where the 

assumption is made that the form of a target specimen results from the smoothest 

possible deformation of that of a reference specimen (Perez et al., 2006). It does not 

require superimposition of configurations, as adjusting for the effects of translation, 
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rotation, and scaling requires no bending energy (Gunz and Mitteroecker, 2013). 

Sliding to minimise bending energy minimises local shape deformation, i.e. differences 

in the vicinity of the particular point (Gunz and Mitteroecker, 2013; Perez et al., 2006). 

In contrast, minimising Procrustes distance (PrD) converts raw landmark coordinates 

into shape coordinates by Generalised Procrustes Analysis (Gunz and Mitteroecker, 

2013) (see 5.4.1), minimising all tangential variation between configurations, both local 

and non-local (Perez et al., 2006). Each semilandmark slides independently, 

unaffected by changes in nearby points. This leads to the possibility that the point in 

question may slide beyond the extent of the mesh or curve, or past the adjacent 

semilandmarks, a feat which is not possible to achieve when minimising bending 

energy (Gunz and Mitteroecker, 2013).  

 

The difference between the two sliding methods has been shown to be slight, provided 

that overall sample variation is small, and landmarks subsequently require minimal 

sliding (Gunz and Mitteroecker, 2013; Perez et al., 2006). When samples include larger 

amounts of variation, for instance when they incorporate specimens from multiple taxa 

with significantly different morphology, the bending energy method is favourable as it 

maintains geometric homology (Gunz and Mitteroecker, 2013). Perez et al. (2006) have 

shown that the distance between group mean shape configurations is larger when 

using the bending energy minimisation method, and that this method also resulted in 

small differences in estimated shape variation when compared to a sample where 

semilandmarks were not slid, while the Procrustes distance method resulted in reduced 

variation in comparison to bending energy and a control sample. Due to the inclusion of 

numerous primates from different taxa with considerably different supraorbital tori 

morphology, this study employed the sliding method of minimising bending energy.  

 

An appropriate density of semilandmark points needed to be chosen in order to 

properly record any subtle changes in supraorbital torus morphology between 

specimens and groups. The number of surface semilandmarks that should be used 

depends on the complexity of the surface, and the spatial scale of the shape variation 

being assessed (Gunz and Mitteroecker, 2013). While a higher density of points is 

recommended for visualisation and estimating missing data, and reduces the difference 

arising from the sliding method, some multivariate analyses require the number of 

variables (in this case, landmarks and semilandmarks) to be less than the number of 

cases (i.e. members of taxa) (Gunz and Mitteroecker, 2013; Perez et al., 2006). As the 

minimum group membership was 14 for the study group (MPH) and one in the case of 

some hominin species (e.g. Homo naledi), the maintenance of the required relationship 
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between the number of variables and cases was clearly not possible here, given the 

size and complexity of the supraorbital region. Instead, test surface semilandmark grids 

were placed on to 3D models of specimens from all taxa, and semilandmark density 

was altered until it appropriately captured the morphology of the region in question for 

both the smallest and largest specimens.  

 

5.3.5 - LANDMARKING METHOD 

 

Landmark and semilandmark placement followed a set protocol for all specimens, to 

minimise any intraobserver error. First, a pair of extraneous, bilateral landmarks was 

placed to help identify the Frankfort plane for later landmark placement. This was the 

standard bilateral point of auriculare (Au) (defined in table 5.3.I). Next, landmarks one 

to nine were placed around the orbits from frontal view. The auriculare and orbitale 

points were used to define a plane which approximated the Frankfort horizontal. The 

3D image was then rotated to norma verticalis, after which a mesh was placed directly 

onto the frontal bone. 11 of the possible control points for this mesh were then moved 

to the location of the remaining landmarks (figure 5.3.I and 5.3.II). To do this, two 

additional planes were defined: the paracoronal, and midsagittal planes. The first 

(paracoronal plane) was defined by using the frontotemporale and mid-frontotemporale 

points to create a plane. Then, the mid-frontotemporale point was moved posteriorly 

until this plane was perpendicular to the estimated Frankfort horizontal plane from 

lateral view. For the second, the unilateral (nasion, glabella, post-toral sulcus, and mid-

frontotemporale) points were manipulated until they rested on the midsagittal plane. 

The density of the points on the mesh was changed to 230 landmarks and 

semilandmarks in total, forming a 17 (across the paracoronal plane) by 13 (across the 

midsagittal plane) grid. Finally, the auriculare points were deleted and the remaining 

coordinates were exported in millimetres, using the Morphologika format. All 

semilandmarking and landmarking was conducted in Checkpoint Stratovan, and 

Checkpoint files were saved for future manipulation. 
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Figure 5.3.I - Diagrams showing location of landmarks used in this study, from frontal and left lateral 

view. Top images show first nine independent landmarks placed around the orbit and face, along with 

the auriculare points that were used along with the orbitale points to estimate the Frankfurt horizontal. 

Bottom images show the locations of the control landmarks used to place the grid of surface 

semilandmarks  
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5.3.6 - RECONSTRUCTION 

 

One caveat to geometric morphometrics is that many statistical analyses require a 

complete dataset, without any missing landmark data (Harvati et al., 2010). Given the 

nature of the fossil record, it is unsurprising that most fossil hominin specimens 

included in this study were not intact across the region of interest, and many 

specimens documented post-depositional distortion (see below). Other extant primate 

groups also contained specimens with damage, largely resulting from trauma and 

previous anatomical study. While efforts were made to select only the most well-

preserved specimens from extant groups, this was not possible for members of the less 

numerous taxa, and a number of extant primates in the final sample had missing data. 

While the simplest way to deal with missing data is to remove the affected landmarks 

from the dataset, this is unrealistic in larger samples. The alternative is to reconstruct 

Figure 5.3.II - Landmarks and semilandmarks used in this study, shown on 3D surface model of Kabwe 

from superior and frontal view. Top images show single landmarks (yellow) and mesh of landmarks and 

semilandmarks (blue) superimposed on the 3D surface model, while the bottom images show only the 

single landmarks and mesh of landmarks and semilandmarks 
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the missing data so that the incomplete specimens may still be included in the analysis 

(Gunz, 2005). 

 

Reconstruction methods can be classified into six types: digital reconstruction (Gunz et 

al., 2009b), visual reconstruction (Gunz and Harvati, 2007; Harvati, 2003; Harvati et al., 

2004; Harvati et al., 2010), mean substitution (Gunz et al., 2005; Gunz et al., 2009b; 

Nicholson and Harvati, 2006), reflection (Gunz et al., 2009b; Mardia et al., 2000), 

statistical reconstruction, and geometric reconstruction (Gunz et al., 2005; Gunz et al., 

2009b). Visual reconstruction is only applicable in cases where the surrounding area is 

sufficiently intact for the location of missing landmarks to be approximated, and is 

arguably only possible using a 3D digitiser, as landmarks can only be placed onto the 

morphology present in 3D surface scans. Mean substitution is the next simplest 

method, where missing landmarks are replaced with the mean value from a registered 

(see 5.4.1) reference sample (e.g. of the same sex and taxa). While such a technique 

may be assumed to lower any effect on the amount of variation in the sample by 

effectively using the ‘normal’ configuration, Gunz (2005) has argued that this is a 

nonsensical method in both statistical and scientific terms, and has demonstrated how 

it has relatively low accuracy in comparison to other reconstruction methods. The other 

four reconstruction methods (reflection, statistical, geometric, and digital 

reconstruction) were therefore the most applicable to the current study. 

 

Reflection is the best method for reconstruction of bilateral craniofacial landmark data, 

when considering time-efficiency and accuracy. This is the most basic of the four 

alternatives in that it exploits the object symmetry of the cranium by projecting missing 

landmarks across the estimated midsagittal plane (Baab, 2008; Gunz et al., 2009b; 

Harvati et al., 2010). Variants exist within this class, with the most common method 

being Reflected Relabelling (RR) (Mardia et al., 2000), where a configuration is 

reflected by multiplying one set of coordinates (e.g. the X values) by -1. Afterwards, the 

bilateral landmarks are relabelled, and then the original configuration is aligned with its 

reflection. The missing bilateral landmark is substituted for its reflection. While this 

method has been demonstrated to have relatively high levels of reconstruction 

accuracy, defined as the mean squared difference between the original and the 

reconstruction in appropriate units (Gunz et al., 2009b:58), it typically requires data to 

be put through Generalised Procrustes Analysis to register the two configurations, 

which is not always desirable (see below). An alternative variant, Mirroring across an 

Empirical Midplane (Gunz, 2005; Gunz et al., 2009b), where unilateral points are used 

to estimate the midsagittal plane through Orthogonal Regression (Total Least Squares) 
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has been shown to have comparable levels of reconstruction accuracy to Reflected 

Relabelling.  

 

While reflection is a useful technique for landmark data, it is impractical when missing 

data include numerous semilandmark points, due to the time required and the fact that 

it reduces the effect of asymmetry for the landmarks in question (Gunz et al., 2009b; 

Harvati, 2003). In addition, it can only be applied to missing bilateral points, and 

alternative methods are required for unilateral landmarks. Two methods are widely 

used for reconstruction of more complicated data: statistical and geometric 

reconstruction (Gunz, 2005; Gunz et al., 2005; Gunz et al., 2009b). These exploit the 

redundancy of data that can be produced using geometric morphometric methods 

(Gunz et al., 2005; Gunz et al., 2004; Gunz et al., 2009b). Statistical reconstruction 

uses an iterative multiple multivariate regression approach to predict the location of a 

missing value using a reference sample of individuals with complete datasets by using 

the minimum sum-of-squares distance (Gunz, 2005; Gunz et al., 2009b; Mitteroecker 

and Gunz, 2009). Geometric reconstruction uses Thin-Plate Splines (TPS) to estimate 

missing points in a configuration by mapping corresponding landmarks from a complete 

reference specimen onto the target configuration by minimising the bending energy 

between the two to provide the smoothest possible deformation (Gunz, 2005; Gunz et 

al., 2009b). The complete reference specimen can either be a Procrustes average 

configuration of an appropriate reference sample, or that of a single complete 

specimen, matched with the target specimen on properties such as age, sex, and 

species (Gunz, 2005; Gunz et al., 2009b).  

 

Reconstruction accuracy is similar for statistical and geometric reconstruction, although 

the TPS-based method has been shown to perform better for small areas of missing 

data on smooth surfaces such as the neurocranial vault, while the multivariate 

regression method was found to perform best when parts of a single side of a structure 

is missing, and both have similar performance for reconstructions of the whole face 

(Gunz, 2005). As statistical reconstruction exploits information in a reference subset of 

the entire sample, it may lead to over-fitting in subsequent analyses where covariance 

matrices are used, such as regressions and Principal Component Analysis (Gunz, 

2005). 

 

The final and most complex reconstruction method is digital (or virtual) reconstruction, 

which is commonly used to reconstruct entire hominin cranial models from fragments of 

fossils (Bermúdez de Castro et al., 2016a; Bromage et al., 2008; Di Vincenzo et al., 
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2017; Kalvin et al., 1992; Ponce de León and Zollikofer, 2001; Zollikofer et al., 1998), 

and to remove the effects of post-depositional distortion (Benazzi et al., 2014; Gunz et 

al., 2009b; Ogihara et al., 2006; Ponce de León et al., 2011; Zollikofer et al., 2005). 

This method uses the digital surface mesh instead of the landmark configuration, and 

frequently involves reflection of digital meshes in cases of asymmetric distortion, or, 

more generally, landmark-guided alignment with a complete reference surface model, 

followed by TPS interpolation to create a composite image (Gunz et al., 2009b). Digital 

reconstruction requires the researcher to have an in-depth knowledge of the method 

and software, as well as an appreciation for the expected ‘normal’ morphology of the 

specimen, based on closely related crania. 

 

GEOMETRIC RECONSTRUCTION 

 

This study used a combination of reconstruction methods, with each specimen being 

assessed individually in order to apply the most appropriate method given the above 

considerations. When only a few points required reconstruction, geometric 

reconstruction methods were applied using the estimate.missing function in the 

Geomorph package in R, using reference samples that were matched by sex and 

species, for non-hominin primates, and for time period and taxon for the hominins 

(Adams et al., 2013a). 57 of the 711 specimens required this type of reconstruction, 

and their details are summarised in table 5.3.IV.  

 

MANUAL VIRTUAL RECONSTRUCTION 

 

A peculiarity of the process of generating 3D models from CT data meant that some 

automatic semilandmarks were placed on endocranial surfaces in the Checkpoint 

software. 3D models generated from CT data, including all of the specimens from the 

Smithsonian collection, were therefore put through the Mesh Doctor function in 

Geomagic (uk.3dsystems.com). This automatically detects any errors in the polygon 

mesh and was used to fill holes, remove non-manifold edges, and smooth the mesh, 

which reduced the number of semilandmarks that fell through the ectocranial surface of 

the frontal bone during the landmarking process. The remaining misplaced 

semilandmarks were reconstructed manually in the Checkpoint software, by using the 

surrounding points and the grid system to place single landmarks in the appropriate 

location. The exported landmark file was then amended, with the affected 

semilandmarks being replaced with the additional single landmark coordinates. The 
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process of sliding removed any effects this reconstruction method may have had on the 

homology of the semilandmarks. 

 

 

 

Specimen # Group Sex Specimen # Group Sex 

USNM 545030 1 Gorilla gorilla beringei F ZD.1967.1658 1 Papio cynocephalus M 

RMCA 29538 1 Gorilla gorilla graueri F M-107100 1 Macaca fascicularis F 

RMCA 29104 1 Gorilla gorilla graueri F ZD.1894.6.12.13 4 Macaca fascicularis F 

USNM 252575 4 Gorilla gorilla gorilla F ZD.1951.67 2 Macaca fascicularis F 

F.C. 130 4 Gorilla gorilla gorilla M M-102015 1 Macaca fascicularis M 

USNM 599172 3 Pan troglodytes troglodytes M M-106565 1 Macaca fascicularis M 

USNM 236971 4 Pan troglodytes schweinfurthii F ZD.1876.10.4.9 1 Macaca fascicularis M 

M-16115 2 Papio anubis F ZD.1909.11.1.2 1 Macaca fascicularis M 

M-82097 1 Papio anubis F ZD.1955.1508 1 Macaca fascicularis M 

ZD.1908.8.9.41 6 Papio anubis F ZD.1955.1518 1 Macaca fascicularis M 

ZD31924.8.6.16 6 Papio anubis F ZD.1842.1.19.95 6 Macaca fuscata M 

ZD.1930.12.1.2 2 Papio anubis F ZD.1931.1.11.26 1 Macaca mulatta F 

ZD.1964.2194 4 Papio anubis F M-54816 3 Macaca mulatta M 

USNM 397476 1 Papio anubis F ZD.1921.7.9.3 1 Macaca mulatta M 

M-55446 2 Papio anubis M ZD.1923.11.4.1 1 Macaca mulatta M 

ZD.1899.7.8.1 2 Papio anubis M T4-8 6 Macaca mulatta M 

ZD.1900.3.18.1 1 Papio anubis M Ofnet 4K1802 4 Homo sapiens U 

ZD.1902.9.2.1 2 Papio anubis M Qafzeh 9 1 Homo sapiens U 

ZD.1922.12.19.6 3 Papio anubis M Herto 10 Homo sapiens U 

ZD.1924.2.25.1 1 Papio anubis M Ndutu 6 MPH U 

ZD.1939.1033 3 Papio anubis M Saldanha 2 MPH U 

ZD.1973.1291 2 Papio anubis M Tabun 4 Homo neanderthalensis U 

Cam.II.85 2 Papio anubis M La Quina H5 3 Homo neanderthalensis U 

ZD.1939.1035 3 Papio cynocephalus F Spy 1 3 Homo neanderthalensis U 

ZD.1961.758 3 Papio cynocephalus F La Chapelle 2 Homo neanderthalensis U 

ZD.1961.768 5 Papio cynocephalus F Shanidar V 5 Homo neanderthalensis U 

ZD.1897.10.1.11 2 Papio cynocephalus M Ngandong 5 Homo erectus sensu stricto U 

ZD.1924.1.1.7 2 Papio cynocephalus M D2282 3 Homo georgicus U 

ZD.1961.782 1 Papio cynocephalus M 
    

 

 

 

 

 

 

Table 5.3.II - Details of 57 specimens for which landmarks were reconstructed using geometric method. 

# indicates the number of landmarks that needed to be reconstructed for each specimen 
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RECONSTRUCTION BY MIRRORING ACROSS AN EMPIRICAL MIDPLANE 

 

The method of mirroring landmarks across an empirical midplane, estimated with 

orthogonal regression, was applied to specimens which were missing one of a pair of 

bilateral single landmarks. This method was used on 14 specimens (table 5.3.VI). The 

midplane was estimated by placing a curve of semilandmarks using three control 

landmarks: nasion, glabella, and post-toral sulcus. These points were used to generate 

a plane in Checkpoint software, and were manipulated until this plane estimated the 

Specimen # Group Sex Specimen # Group Sex 

USNM 545030 10 Gorilla beringei beringei F USNM 174714 21 Gorilla gorilla gorilla M 

USNM 545026 6 Gorilla beringei beringei F USNM 176206 33 Gorilla gorilla gorilla M 

USNM 545029 10 Gorilla beringei beringei F USNM 176207 8 Gorilla gorilla gorilla M 

USNM 395636 6 Gorilla beringei beringei M USNM 176209 13 Gorilla gorilla gorilla M 

USNM 396934 8 Gorilla beringei beringei M USNM 176213 18 Gorilla gorilla gorilla M 

USNM 545028 1 Gorilla beringei beringei M USNM 176216 21 Gorilla gorilla gorilla M 

USNM 545034 19 Gorilla beringei beringei M USNM 220324 10 Gorilla gorilla gorilla M 

USNM 545035 17 Gorilla beringei beringei M USNM 174701 1 Pan troglodytes troglodytes F 

USNM 260582 11 Gorilla beringei graueri F USNM 174702 3 Pan troglodytes troglodytes F 

USNM 590946 1 Gorilla gorilla diehli F USNM 174707 3 Pan troglodytes troglodytes F 

USNM 590947 1 Gorilla gorilla diehli F USNM 174710 1 Pan troglodytes troglodytes F 

USNM 590948 5 Gorilla gorilla diehli F USNM 220062 4 Pan troglodytes troglodytes F 

USNM 590951 3 Gorilla gorilla diehli F USNM 599172 6 Pan troglodytes troglodytes M 

USNM 590956 4 Gorilla gorilla diehli F USNM 220327 11 Pan troglodytes troglodytes M 

USNM 590963 12 Gorilla gorilla diehli F USNM 220326 1 Pan troglodytes troglodytes M 

USNM 590950 5 Gorilla gorilla diehli M USNM 220065 4 Pan troglodytes troglodytes M 

USNM 590953 3 Gorilla gorilla diehli M USNM 176242 3 Pan troglodytes troglodytes M 

USNM 590955 9 Gorilla gorilla diehli M USNM 176240 1 Pan troglodytes troglodytes M 

USNM 590958 5 Gorilla gorilla diehli M USNM 176228 2 Pan troglodytes troglodytes M 

USNM 590959 6 Gorilla gorilla diehli M USNM 174704 2 Pan troglodytes troglodytes M 

USNM 590967 10 Gorilla gorilla diehli M USNM 236971 7 Pan troglodytes schweinfurthii F 

USNM 590968 15 Gorilla gorilla diehli M USNM 477333 2 Pan troglodytes verus F 

USNM 252575 1 Gorilla gorilla gorilla F USNM 481803 3 Pan troglodytes verus F 

USNM 220380 10 Gorilla gorilla gorilla F USNM 162899 11 Papio anubis M 

USNM 252576 7 Gorilla gorilla gorilla F Skhūl V 8 Homo sapiens U 

USNM 252579 10 Gorilla gorilla gorilla F Sangiran 1 Homo erectus sensu lato U 

USNM 252580 12 Gorilla gorilla gorilla F KNM-ER 1813 12 Homo habilis U 

USNM 252577 19 Gorilla gorilla gorilla F Sts 5 8 Australopithecus africanus U 

Table 5.3.III - Details of 56 specimens for which landmarks were reconstructed using a manual digital 

reconstruction technique. # indicates the number of landmarks that needed to be reconstructed for each 

specimen 
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midsagittal plane. The process of orthogonal regression was performed in R and 

Microsoft Excel. 

 

 

 

 

 

Specimen # Group Sex 

ZD.1961.737 1 Papio cynocephalus Female 

M-102018 1 Macaca fascicularis Female 

M-103652 1 Macaca fascicularis Female 

M-107095 1 Macaca fascicularis Female 

M-107559 1 Macaca fascicularis Male 

Ofnet 4K1811 1 Homo sapiens Unknown 

Tepexpan 1 Homo sapiens Unknown 

RCSOM/B.94 2 Homo sapiens Male? 

RCSOM/B.124 2 Homo sapiens Female? 

Kiyono-34 1 Homo sapiens Female 

Kiyono-66 2 Homo sapiens Male? 

Kiyono-70 2 Homo sapiens Female? 

Dali 1 MPH Unknown 

Tabun 1 Homo neanderthalensis Unknown 

 

 

DIGITAL RECONSTRUCTION 

 

Specimens with larger areas of damage or distortion were reconstructed by digital 

reconstruction methods. 41 of the fossil hominin crania required reconstruction, either 

due to their fragmentary nature or because of taphonomic distortion. Fossil reference 

specimens were chosen based on species, geographic region, time period, and overall 

similarity of form, which was visually assessed (table 5.3.VII). In cases where areas 

were missing on only one side of the cranium, a reflection of the specimen was also 

used as a reference for digital reconstruction. Homologous, standard craniofacial 

landmarks were placed on the target and reference specimen crania, after which one of 

two methods were used. In the first, the reference and target surface models were 

aligned using a Generalised Procrustes Analysis (see 5.4.1) in Evan Toolbox (Phillips 

et al., 2010). In the second, the reference surface model was warped onto the target 

specimen in Evan Toolbox using the homologous landmarks. In both cases, the 

resulting reference and target surfaces were then exported and loaded into  

Table 5.3.IV - Details of 14 specimens for which single landmarks were 

reconstructed using the method of reflection across an empirical 

midplane. # indicates the number of landmarks that needed to be 

reconstructed for each specimen 
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Specimen Group Reference Specimen(s) 

Wajak I Homo sapiens Wajak I 

Keilor Homo sapiens Předmostí III 

Brno II Homo sapiens Brno II, Brunn/Brno III 

Dolní Věstonice III Homo sapiens Předmostí III 

Předmostí IV Homo sapiens Předmostí III 

Abri Pataud Homo sapiens Mladeč 1 

Cro-Magnon II Homo sapiens Cro-Magnon II 

Combe Capelle Homo sapiens Combe Capelle 

Mladeč 2 Homo sapiens Mladeč 1 

Djebel Irhoud 1 Homo sapiens Djebel Irhoud 1, Djebel Irhoud 2 

Omo 1 Homo sapiens Qafzeh 9 

Liujang Homo sapiens Liujang 

Qafzeh 9 Homo sapiens Qafzeh 9 

Ofnet 4K1802 Homo sapiens Ofnet 4K1802 

Bodo MPH Bodo 

Ceprano MPH Sima de los Huesos 5 

Maba MPH Maba, Dali 

Narmada MPH Narmada, Kabwe 

Ndutu MPH Ndutu, KNM-ER 3733 

Saldanha MPH Kabwe 

Sima de los Huesos 5 MPH Sima de los Huesos 5 

Steinheim MPH Arago 21 

Zuttiyeh MPH Skhūl V 

Gibraltar 1 Homo neanderthalensis Gibraltar 1 

Guattari Homo neanderthalensis Guattari 

Krapina C Homo neanderthalensis Krapina C, Shanidar 1 

Krapina E Homo neanderthalensis Krapina E, Shanidar 1 

Le Moustier 1 Homo neanderthalensis Le Moustier 1 

Saint Césaire Homo neanderthalensis Sainte Césaire, Shanidar 1 

Shanidar V Homo neanderthalensis Shanidar V 

Spy 1 Homo neanderthalensis La Chapelle 

Ngandong Homo erectus sensu stricto Ngandong, Sangiran 

Zhoukoudian XII Homo erectus sensu stricto Zhoukoudian XII 

KNM-ER 3733 Homo ergaster KNM-ER 3733 

KNM-ER 3883 Homo ergaster KNM-ER 3883 

D2282 Homo georgicus D2282 

KNM-ER 1813 Homo habilis KNM-ER 1813 

KNM-ER 1470 Homo habilis KNM-ER 1470 

KNM-WT 17000 Paranthropus aethiopicus KNM-WT 17000 

KNM-ER 406 Paranthropus boisei KNM-ER 406 

KNM-ER 732 Paranthropus boisei KNM-ER 732 

Table 5.3.V - Details of 41 fossil specimens which were digitally reconstructed. Reference specimen(s) 

indicates the specimens that were used to guide reconstruction 
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CloudCompare (version 2; www.cloudcompare.org). Distorted and damaged areas 

were removed on the target specimen, and superfluous areas were removed on the 

reference specimen. The alignment of the two surface models was refined using 

manual manipulation. The surface models were then exported and merged in 

Geomagic, and the Mesh Doctor function was used to correct for any defects in the 

merged surface model. Finally, the reconstructed model was scaled back to its original 

size in Meshlab in an iterative process where distances between two homologous 

points were measured on the original and reconstruction, and the reconstruction was 

scaled until the distances were approximately equal (to 0.01mm). 

 

RETRODEFORMATION AND RECONSTRUCTION IN SCANSTUDIO 

 

Four specimens required reconstruction by retrodeformation or manipulation of the 

original ScanStudio file. Two specimens with deformation (Ofnet 4K1811 and Arago 

21) were reconstructed by retrodeformation in Landmark Editor, where pairs of bilateral 

points were plotted and used to estimate the midsagittal plane for the deformed 

specimen. This plane was then manipulated using the Retrodeform function to form a 

corrected plane of symmetry, with the morphology of the surface model being corrected 

using this plane. Two specimens (Florisbad and RMCA 9220, a male Gorilla beringei 

graueri with a gunshot wound) had small defects in their morphology which could be 

reconstructed in the ScanStudio software. The area of the defect was removed using 

the Trim function, after which the Fill function was used to fill in the area. This method 

only works for suitably small areas, and uses the surrounding morphology to generate 

gaps in the 3D surface model.  



  

Page 201 of 547 

5.4 - PRIMARY ANALYSIS 

 

5.4.1 - DATA REGISTRATION (GPA) 

 

In order to compare differences between specimens, configurations of landmarks and 

semilandmarks needed to be placed into a common coordinate system (Slice, 2005; 

von Cramon-Taubadel et al., 2007). This is commonly referred to as registration 

(O'Higgins, 2000), and processes have been developed to remove the ‘nuisance 

parameters’ (Mitteroecker and Gunz, 2009:237) of location and scaling (von Cramon-

Taubadel et al., 2007). The most common method is Generalised Procrustes Analysis 

(GPA) (Rohlf, 1999; Rohlf and Rohlf, 1990; Slice, 2005), a least-squares procedure 

conceived by Gower (1975).  

 

GPA relates each configuration to the sample mean in an iterative process. All 

configurations are translated to the same Centroid, which is generally taken as the 

origin of the coordinate system. Configurations are then scaled to the same Centroid 

size (CS), defined as the squared root of the summed squared distances of landmarks 

(and semilandmarks) to the Centroid, which is normally scaled to 1 (Mitteroecker and 

Gunz, 2009). This scaling technique is known as a partial Procrustes fit, as it is not the 

best least-squares solution for correcting for differences in scaling. A less-commonly 

used scaling method is a full Procrustes fit, where the CS may vary from 1, with 

configuration size being constrained to the cosine of the angle created by a vector of 

shape coordinates of the specimen in question and the vector of the mean 

configuration (Mitteroecker and Gunz, 2009; Rohlf, 1999). This optimally reduces the 

distance between specimens (Perez et al., 2006), but is more difficult to implement in 

current geometric morphometric software.  

 

Once specimens have been scaled, a single configuration is taken as the mean, then a 

second configuration is rotated in comparison to this, with the sum of the squared 

Euclidean distances between paired landmarks being minimised (Mitteroecker and 

Gunz, 2009; Slice, 2005). The resulting superimposed landmarks are then averaged to 

create a new mean, and the next configuration is then rotated to fit this mean. The 

process is repeated until convergence is reached (Mitteroecker and Gunz, 2009; 

Mitteroecker et al., 2013). Following GPA, the superimposed or registered coordinates 

are known as Procrustes shape coordinates (Slice, 2005), which exist in Kendall’s 
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shape space (Kendall, 1977; Kendall, 1984; O'Higgins, 2000). Kendall’s shape space is 

a curved geometric construction and is therefore non-Euclidean (Mitteroecker and 

Gunz, 2009). Nevertheless, researchers have established that, as biological variation is 

small even in an assemblage spanning numerous taxa, Kendall’s shape space can be 

approximated by a Euclidean space of the same dimension, lying tangentially to 

Kendall’s shape space. This is known as tangent space, and Euclidean distances 

between specimens closely approximate distances between specimens (Procrustes 

distances) in Kendall’s shape space. Tangent space can be constructed using an 

orthogonal method, however the more common implementation of multivariate 

analyses without projecting data into tangent space, for instance with the use of 

Principal Component Analysis (see below), is statistically valid, as these analyses 

linearly approximate the properties of Kendall’s shape space (Marcus, 1990; 

Mitteroecker and Gunz, 2009; Mitteroecker et al., 2013; O'Higgins, 2000; Rohlf, 1999). 

 

The basis of GPA as a least-squares method can be problematic in certain cases. If a 

few landmarks have relatively large distances between configurations, this can affect 

the superimposition of all landmarks in what is referred to as the ‘Pinocchio effect’. In 

this scenario, error in the few abnormal landmarks is spread out over all landmarks in 

the configuration, leading to artificially larger disparity across all landmarks (Chapman, 

1990; Slice, 2005; Zelditch et al., 2012). Alternative superimposition methods include 

resistant fitting, where medians are used instead of mean configurations. These 

methods are statistically more robust, being less affected by outliers and therefore by 

the Pinocchio effect (Slice, 2005; Zelditch et al., 2012). Despite this, the results of 

resistant-fit methods and GPA are typically very similar, however resistance-fitting is 

not as sophisticated as GPA and its use restricts the application of certain statistical 

analyses (Slice, 2005; Zelditch et al., 2012).  

 

This study used GPA with a partial Procrustes fit to register the configurations, due in 

part to the documented robusticity and utility of this technique. In addition, as this type 

of GPA registration is the most commonly used, most software are designed to 

implement this method and use the results in subsequent analysis. GPA was 

performed in the Geomorph package in R (Adams et al., 2013a), after importing the 

raw coordinate data in Morphologika form. Semilandmark sliding was also conducted 

during this stage, with bending energy between configurations being minimised (see 

5.3.4). Factors such as CS could then be extracted, along with the Procrustes 

coordinates for each configuration. These were used directly in subsequent statistical 
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analyses, as well as being put through additional data manipulation techniques (see 

below). 

 

5.4.2 - DATA REDUCTION (PCA) 

 

Following registration, the Procrustes coordinate data were put through a data 

reduction technique known as Principal Component Analysis (PCA). This is a statistical 

process that has been identified as a particularly useful method for geometric 

morphometrics as it linearly approximates Kendall’s (Procrustes) shape space (Dryden 

and Mardia, 1998; Mitteroecker and Gunz, 2009; O'Higgins, 2000; Slice, 2005). PCA 

also reduces the dimensionality of large sets of data, such as those generated from 3D 

geometric morphometrics, into a few dimensions which summarise the key aspects of 

variation (Mitteroecker and Gunz, 2009; O'Higgins, 2000).  

 

PCA involves an eigendecomposition of the covariance matrix generated from the 

Procrustes coordinates, preserving the Procrustes distances between specimens 

(Mitteroecker and Gunz, 2009). The eigenvectors of this covariance matrix are then 

taken as the principal components, with each specimen having a specific loading along 

each component (or eigenvector) (Mitteroecker and Gunz, 2009; Mitteroecker et al., 

2013). Each principal component is uncorrelated to all other components, and PCA 

ordinates these components in terms of the amount of the total variance that they 

explain (Frost et al., 2003). The principal components exist in an n-dimensional space 

where all axes (components) are orthogonal to each other.  

 

PCA is highly useful for geometric morphometrics as it allows specimens to be plotted 

on graphs of a few dimensions, accounting for the majority of the total sample variance. 

Relationships within and between specimens can then be visually assessed without 

incorporating prior knowledge about group membership, age, or sex (Mitteroecker and 

Gunz, 2009). One caveat is that the principal components (PCs) are statistical 

artefacts, and do not necessarily correspond to biologically meaningful changes in 

shape or form (Mitteroecker and Gunz, 2009). The exception to this is the first PC, 

which accounts for the largest proportion of variation. This will correlate significantly 

with size (Klingenberg, 1998; Mitteroecker and Gunz, 2009), while still representing 

some changes in shape. The remaining PCs, frequently interpreted as representing 

only shape changes, may correlate with changes in size as well (Zelditch et al., 2012).  
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In taxonomic studies, it is arguably advisable to consider all PCs to avoid 

misinterpretation of morphological variation. Many morphometric studies focus on the 

first few PCs, possibly due to the ease at which relationships between specimens can 

be visualised and interpreted in simple scatter-plots, yet this discounts a potentially 

large amount of variation occurring along other components, especially if the first two 

or three components do not account for a large majority of variation. Therefore, this 

study used the first two PCs in a simple scatter-graph visualisation technique for 

preliminary analysis and visualisation, while including the loadings along the first PCs 

accounting for over 95% of total sample variance combined in subsequent analyses. 

PCA plots were produced with convex hulls which corresponded to species, for primate 

datasets, and a priori taxonomic groups for the hominin specimens. 

 

5.4.3 - TANGENT, FORM, AND SIZE-FREE SHAPE SPACE 

 

As discussed above, the typical GPA projects specimens into what is known as 

Kendall’s shape space, which is then approximated by Euclidean tangent space 

(Mitteroecker et al., 2013). A distinction is made between this resulting tangent space 

and what is known as form space. The difference is caused by the relationship 

between shape and form, with form being equal to shape and size, and shape 

recording morphology once the effect of size (scaling) is removed (O'Higgins, 2000). 

Most analyses use size-corrected Procrustes coordinates, however it is possible to 

reconstruct form space, a construction where raw coordinate data are standardised by 

removing the positional factors of rotation and translation, but the effect of scaling is not 

removed (Dryden and Mardia, 1998; Mitteroecker et al., 2013). This is achieved by 

using a matrix of Procrustes coordinate data which has been augmented by a vector of 

the natural logarithm of each specimen’s CS (lnCS) (Adams et al., 2013b; Mitteroecker 

and Gunz, 2009; Mitteroecker et al., 2004), or by CS itself (Dryden and Mardia, 1998).  

 

Most studies use tangent space, however researchers should carefully consider 

whether tangent space or form space is most appropriate in terms of the research 

questions. It has been suggested that tangent space is most appropriate when size 

differences are used to explain variation in shape (allometry, see below), when shape 

variation is otherwise explained differently from size variation, or when scaling 

information is not well preserved (Mitteroecker et al., 2013). Form space should be 

used when size is integral to the morphology under assessment, for instance in 

classification studies which include organisms that vary in both size and shape 
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(Mitteroecker and Gunz, 2009; Mitteroecker et al., 2013). Results from the two spaces 

can be usefully compared to bring to light dissociation between form and shape 

variation within a sample (Mitteroecker et al., 2013).  

 

Researchers have developed techniques to more fully remove the effects of size in 

analysis of shape (Klingenberg, 2016). While GPA removes the effect of scaling, any 

morphological changes associated with differences in size (allometry) may remain in 

the Procrustes coordinates. By using multivariate regression of the Procrustes 

coordinates against a measure of size (typically lnCS), the residuals can be used to 

produce shape coordinates which are theoretically free from allometry. This may be 

desirable when allometry is not considered to be of particular relevance. For instance, 

the MPH are distinguished from their close relatives in part by their large size (see 

Chapter 3). While this is of importance in understanding their evolutionary history and 

the selection pressures and processes that may have been acting on them, changes in 

cranial shape directly caused by the increase in overall size within this group may not 

be considered as synapomorphic. 

 

It is important to include size in any consideration of the MPH cranial morphology, and 

it could be argued that form space is the most appropriate entity in which to assess 

taxonomic status and variation. Nevertheless, allometry was identified in Chapter 4 as 

a potential source of taxonomic variation in the supraorbital region, meaning that 

tangent space needed to be considered as well. From a phylogenetic perspective, it 

was also important to identify any morphology unrelated to allometry that may 

distinguish the MPH. Therefore, three datasets were produced for analysis, 

corresponding to tangent, form, and size-free (allometry free) shape space: the first 

consisted of the Procrustes coordinates; the second of Procrustes coordinates scaled 

by CS (Dryden and Mardia, 1998); and the third was a dataset of allometry-free shape 

coordinates produced by using the residuals from a regression of size (lnCS) on the 

Procrustes coordinates, using the procD.lm and shape.resid functions in Geomorph.  

 

5.4.4 - PROCRUSTES ANALYSES OF VARIANCE AND COVARIANCE 

(PROCRUSTES ANOVA AND ANCOVA) 

 

While chapters within Section C explain the specific analyses used to address the 

research questions outlined in 5.1, two analyses were used frequently enough to 

warrant further explanation here. Procrustes Analyses of Variance (Procrustes 
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ANOVA) and Procrustes Analyses of Covariance (Procrustes ANCOVA) were used to 

assess the effect of various factors on variation in Procrustes coordinates. ANOVAs 

were one-way (i.e. assessed the effect of a single factor), two-way (two factors), or 

three-way (three factors) depending on the analyses. Procrustes ANOVAs and 

ANCOVAs were performed using the procD.lm function in the Geomorph package in R, 

with 1000 permutations. The natural logarithm of Centroid size (lnCS) was chosen as 

the measure of size in all relevant analyses, as it provides a normal distribution, and 

the MPH and Homo erectus sensu lato were considered as two species.  
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5.5 - INTRAOBSERVER ERROR 

 

5.5.1 - MEASURING INTRAOBSERVER ERROR 

 

Measurement of precision error in morphometric studies serves two purposes: to test 

for general error arising from imprecision in the observer’s technique (observer error); 

and to identify variation caused by imprecise landmarks. The first purpose has proven 

to be difficult, at least in terms of contextualisation and significance testing (von 

Cramon-Taubadel et al., 2007). A registration method is most commonly used to 

assess the effect of precision error in 3D geometric morphometric studies, and involves 

the repeated placement of landmarks, with resulting configurations being put through a 

Generalised Procrustes Alignment in order to compare differences. Subsequent 

analysis varies, although two common techniques include visual assessment of how 

tightly clustered the repeats are in comparison to the total sample variation following a 

PCA (Dryden and Mardia, 1998; O'Higgins and Jones, 1998), and the use of Euclidean 

distances generated from principal component values to test whether the distance 

between intraobserver repeats is lower than that between different individuals within 

the sample (Lockwood et al., 2002). While registration methods are easy to implement, 

the researcher has to ensure that results are put into context based on the questions 

that are being addressed. For the current study, the distance between repeated 

configurations should be less than distances between individuals in separate taxa in 

order to be considered to not have a significant effect on the main results, as the 

research questions deal primarily with taxonomic classification.  

 

The registration method has the drawback of resulting in configurations that exist in 

Kendall’s shape space. During GPA configurations are manipulated until the distance 

between landmarks is minimised, which can lead to statistical artefacts that may 

impede assessment of single landmark error (Lockwood et al., 2002; von Cramon-

Taubadel et al., 2007), such as what is known as the ‘Pinocchio effect’ (Chapman, 

1990; Zelditch et al., 2012) (see above). Nevertheless, a registration-based method is 

the only way to assess landmark error in comparison to variation in the whole sample, 

as configurations exist in their own coordinate system. Resulting configurations can be 

scaled using specimen’s CS, allowing calculation of distances in real measures. 
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One alternative to the registration technique is the use of raw coordinate data. This is 

possible as individual 3D surface meshes have a constant orientation, meaning that 

exact measurements of error can be calculated in real measures, and be directly 

compared between landmarks and individuals. This method is mainly pertinent to the 

second purpose of the measurement of landmark error, the assessment of intra-

landmark error, as comparisons are only possible within individual 3D models. 

Landmark error assessment allows researchers to identify which points are less 

reliable and may be introducing considerable variation to the data. Unreliable 

landmarks can then be removed completely from subsequent analysis, or redefined 

and tested until their location can be precisely identified within accepted limits of error 

(von Cramon-Taubadel et al., 2007).  

 

 

 

Specimen Species Sex 

ZD.1939.929 Gorilla gorilla gorilla Male 

ZD.1907.1.8.4 Gorilla gorilla gorilla Female 

ZD.1939.3365 Pan troglodytes troglodytes Male 

ZD.1939.3366 Pan troglodytes troglodytes Female 

MEL 396 Homo sapiens Male 

SEA 045 Homo sapiens Female 

Amud 1 Homo neanderthalensis Indet. 

Petralona Homo heidelbergensis sensu lato Indet. 

M-103644 Macaca fascicularis Male 

M-107100 Macaca fascicularis Female 

ZD.1964.2174 Papio anubis Male 

ZD.1953.654 Papio anubis Female 

 

 

There is, at present, no standard threshold of acceptability of precision error within 

geometric morphometrics. As briefly mentioned earlier, the significance of observer 

precision error varies based on context, i.e. what differences are being examined. In 

addition to this, error needs to be considered in relative terms, both specific to the size 

of the specimen being studied for specific landmark error, and in terms of total sample 

variance for intra-configuration error. Procrustes distances do not provide a suitable 

measure, as they are dependent on the number of landmarks and thus not directly 

comparable between studies, although they can be applied within a single dataset. 

Percentage differences may be more practical, yet it is difficult to adequately quantify 

variation in terms of percentages in geometric morphometric studies, except with the 

Table 5.5.I - Details of 12 specimens used for intra-landmark error assessment 
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possible use of analysis of variance (Freidline et al., 2015; Nicholson and Harvati, 

2006).  

 

Precision error was measured both in terms of intralandmark and intraobserver 

distances. Firstly, the anchoring landmarks (see 5.3.5) were defined and then 

repeatedly placed on twelve specimens (table 5.5.I). Raw coordinate data were used to 

directly measure the error in millimetres for each landmark on each individual. 

Landmarks showing relatively high variance in precision error were then addressed and 

redefined if necessary. This process was repeated until all landmarks showed similar 

levels of precision error within and across specimens (final descriptions are shown in 

table 5.3.I). Descriptive statistics were calculated for each specimen and were shown in 

millimetres and in millimetres divided by lnCS; the latter measure allowed error to be 

compared between specimens of considerably different size. 

 

Intraobserver error was also measured in the context of the total sample variation using 

two of the techniques mentioned above. First, following O'Higgins and Jones (1998), 

intraobserver repeats were included in the total dataset, which was then put through 

GPA and PCA in tangent space. Scatterplots were produced showing the relative 

position of intraobserver repeats to each other and to the other specimens within the 

same species. The tightness of the cluster formed by the intraobserver repeats in 

comparison to the spread of the specimens within the wider species group was then 

qualitatively assessed. Secondly, following Lockwood et al. (2002), the Procrustes 

distance matrix generated through the previous GPA was used to produce boxplots of 

Procrustes distances (which should approximate Euclidean distances from PCs) for 

intraobserver repeats, as well as intra- and interspecies comparisons. Independent 

sample t-tests were used to test whether the intraobserver Procrustes distances were 

significantly lower than intra- and interspecies Procrustes distances. Intraobserver error 

was assessed for 32 (4.50%) of the 711 specimens used in this study. Specimens were 

chosen from across the groups, with one male and one female selected from each non-

hominin primate species (table 5.5.II). 
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5.5.2 - SUMMARY OF INTRAOBSERVER ERROR BY SPECIMEN 

 

Results of the intraobserver error analysis for the landmarks are shown in table 5.5.III. 

The mean distances between intraobserver repeats ranged between 0.86mm (for the 

male Papio anubis) and 2.14mm (for the male Gorilla gorilla gorilla). The lowest 

distance was 0.01mm (found in both a female Macaca mulatta and a male Homo 

sapiens from Chichester), while the largest distance was 8.59mm (for the Gibraltar 1 

Neanderthal). The specimen with the highest relative mean distance (calculated as 

value in mm/lnCS) was the male Gorilla gorilla gorilla, while the specimen with the 

# Specimen Species Subgroup Sex 

IOE1 RMCA 2260 Gorilla beringei beringei  Male 

IOE2 RMCA 27840 Gorilla beringei graueri  Female 

IOE3 USNM 590946 Gorilla gorilla dielhi  Female 

IOE4 ZD.1878.12.14.1 Gorilla gorilla gorilla  Male 

IOE5 RMCA 27012 Pan paniscus  Female 

IOE6 RMCA 29036 Pan paniscus  Male 

IOE7 RMCA 29074 Pan troglodytes schweinfurthii  Female 

IOE8 ZD.1939.3365 Pan troglodytes troglodytes  Male 

IOE9 ZD.1908.8.9.42 Papio anubis  Female 

IOE10 ZD.1925.5.12.1 Papio anubis  Male 

IOE11 ZD.1961.772 Papio kindae  Female 

IOE12 ZD.1961.734 Papio kindae  Male 

IOE13 M-30622 Macaca fascicularis  Female 

IOE14 ZD.1919.11.12.8 Macaca fascicularis  Male 

IOE15 ZD.1905.11.3.2 Macaca fuscata  Male 

IOE16 KAS-290 Macaca fuscata yakui  Female 

IOE17 ZD.1914.7.10.3 Macaca mulatta  Female 

IOE18 ZD.1931.1.11.8 Macaca mulatta  Male 

IOE19 RCSOM/B 57 Homo sapiens MHS, Breedon Male 

IOE20 ESC11 SK2332 Homo sapiens MHS, Chichester Intermediate 

IOE21 Kiyono-61 Homo sapiens MHS, Jomon Unknown 

IOE22 AS.17.0.2 Homo sapiens MHS, Tibet Female 

IOE23 1717 Homo sapiens MHS, Tenerife Male 

IOE24 EU.1.5.082 Homo sapiens MHS, Neolithic Male 

IOE25 Zhoukoudian UC 102 Homo sapiens AMH Unknown 

IOE26 Border Cave 1 Homo sapiens EMH Unknown 

IOE27 Gibraltar 1 Homo neanderthalensis  Unknown 

IOE28 Bodo MPH Af. MPH Unknown 

IOE29 KNM-ER 3733 Homo ergaster  Unknown 

IOE30 D4500 Homo georgicus  Unknown 

IOE31 OH 24 Homo habilis  Unknown 

IOE32 KNM-ER 732 Paranthropus boisei  Unknown 

Table 5.5.II - Details of 32 specimens used for intraobserver error assessment. Sex for some specimens is 

shown in italics, indicating that this was based on sex assessment, not known sex values 
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lowest was the female Papio kindae. The lowest relative distance was 0.00, found in a 

number of specimens, while the largest was 1.34, found in the Gibraltar 1 Neanderthal.  

 

EFFECT OF SPECIES AND SEX 

 

A two-way ANOVA was performed to test the effect of species and sex on size-

corrected intraobserver error. It was found that while species and sex both had 

significant effects on intraobserver error independently (p<0.01 and p=0.025 

respectively), there was no significant interaction between the two (p=0.288). Species 

of unknown sex (i.e. the fossil hominins) had the highest mean intraobserver error  

(0.261), followed by male specimens (0.221), and lastly by female specimens (0.202). 

The species could be ordered by relative intraobserver error from highest to lowest as 

follows: Homo neanderthalensis, Gorilla gorilla, Homo erectus, Gorilla beringei, 

Paranthropus boisei, Homo habilis, Pan troglodytes, MPH, Homo sapiens, Pan 

paniscus, Macaca fuscata, Papio anubis, Macaca mulatta, Macaca fascicularis, and 

Papio kindae. 

 

5.5.3 - SIGNIFICANCE OF INTRAOBSERVER ERROR 

 

O’HIGGINS AND JONES (1998) METHOD 

 

A dataset of the 711 specimens and the three extra repeats for the 32 intraobserver 

specimens was compiled and aligned using GPA. Specimens were separated into 

groups and then plotted by their values for the first and second components from a 

PCA in tangent space (figures 5.5.I to 5.5.VI). All of the intraobserver specimens 

formed reasonably tight clusters within the wider species, although the spread of the 

intraobserver repeats was wider in some specimens.  
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    mm mm/lnCS 

# Specimen Classification Sex Mean SD Median Min Max Range Mean SD Median Min Max Range 

IOE1 RMCA 2260 Gorilla beringei beringei M 1.73 1.14 1.37 0.19 6.04 5.84 0.27 0.18 0.21 0.03 0.93 0.90 

IOE2 RMCA 27840 Gorilla beringei graueri F 1.78 1.32 1.55 0.04 7.21 7.16 0.28 0.21 0.25 0.01 1.14 1.14 

IOE3 USNM 590946 Gorilla gorilla dielhi F 1.48 1.10 1.25 0.02 6.63 6.61 0.24 0.18 0.20 0.00 1.07 1.07 

IOE4 ZD.1878.12.14.1 Gorilla gorilla gorilla M 2.14 1.57 1.72 0.28 8.19 7.91 0.34 0.25 0.27 0.04 1.29 1.24 

IOE5 RMCA 27012 Pan paniscus F 1.27 1.13 0.90 0.13 6.93 6.80 0.21 0.19 0.15 0.02 1.14 1.12 

IOE6 RMCA 29036 Pan paniscus M 1.11 0.96 0.81 0.02 4.52 4.50 0.18 0.16 0.13 0.00 0.75 0.75 

IOE7 RMCA 29074 Pan troglodytes schweinfurthii F 1.35 1.13 1.06 0.09 6.19 6.10 0.22 0.19 0.17 0.02 1.01 1.00 

IOE8 ZD.1939.3365 Pan troglodytes troglodytes M 1.65 1.26 1.41 0.09 6.81 6.72 0.27 0.21 0.23 0.02 1.11 1.10 

IOE9 ZD.1908.8.9.42 Papio anubis F 1.14 0.88 0.94 0.05 6.04 5.99 0.19 0.15 0.16 0.01 1.02 1.01 

IOE10 ZD.1925.5.12.1 Papio anubis M 1.12 0.73 1.06 0.09 4.53 4.44 0.19 0.12 0.18 0.02 0.77 0.75 

IOE11 ZD.1961.772 Papio kindae F 0.86 0.63 0.68 0.04 3.10 3.06 0.15 0.11 0.12 0.01 0.54 0.53 

IOE12 ZD.1961.734 Papio kindae M 1.09 0.80 0.89 0.09 3.83 3.74 0.19 0.14 0.15 0.02 0.66 0.64 

IOE13 M-30622 Macaca fascicularis F 1.05 0.81 0.78 0.05 3.63 3.58 0.19 0.15 0.14 0.01 0.67 0.66 

IOE14 ZD.1919.11.12.8 Macaca fascicularis M 0.90 0.77 0.68 0.04 3.47 3.44 0.16 0.14 0.12 0.01 0.62 0.62 

IOE15 ZD.1905.11.3.2 Macaca fuscata M 1.26 0.90 1.08 0.05 5.19 5.14 0.23 0.16 0.19 0.01 0.92 0.91 

IOE16 KAS-290 Macaca fuscata yakui F 0.89 0.61 0.70 0.05 2.45 2.40 0.16 0.11 0.12 0.01 0.44 0.43 

IOE17 ZD.1914.7.10.3 Macaca mulatta F 1.11 0.82 0.96 0.01 4.40 4.40 0.20 0.14 0.17 0.00 0.78 0.78 

IOE18 ZD.1931.1.11.8 Macaca mulatta M 1.03 0.88 0.83 0.05 5.55 5.49 0.18 0.16 0.15 0.01 0.99 0.98 

IOE19 RCSOM/B 57 Homo sapiens M 1.29 0.94 0.93 0.01 4.55 4.54 0.20 0.15 0.15 0.00 0.72 0.72 

IOE20 ESC11 SK2332 Homo sapiens F 1.03 0.72 0.86 0.04 3.15 3.11 0.16 0.11 0.14 0.01 0.50 0.50 

IOE21 Kiyono-61 Homo sapiens M 1.37 0.98 1.09 0.08 5.03 4.95 0.22 0.15 0.17 0.01 0.79 0.78 

IOE22 1717 Homo sapiens M 1.25 0.76 1.14 0.12 3.79 3.67 0.20 0.12 0.18 0.02 0.60 0.58 

IOE23 AS.17.0.2 Homo sapiens F 1.28 1.11 0.88 0.04 5.42 5.38 0.21 0.18 0.14 0.01 0.87 0.86 

IOE24 EU.1.5.082 Homo sapiens M 1.35 1.10 0.97 0.03 5.04 5.01 0.21 0.17 0.15 0.01 0.79 0.79 

IOE25 Zhouk. UC 102 Homo sapiens   1.35 1.06 1.10 0.11 4.90 4.80 0.21 0.17 0.17 0.02 0.77 0.75 

IOE26 Border Cave 1 Homo sapiens   1.86 1.35 1.41 0.10 5.50 5.40 0.29 0.21 0.22 0.02 0.85 0.83 

IOE27 Bodo MPH   1.56 1.27 1.27 0.11 7.83 7.72 0.24 0.20 0.19 0.02 1.20 1.18 

IOE28 Gibraltar 1 Homo neanderthalensis   1.91 1.54 1.59 0.02 8.59 8.56 0.30 0.24 0.25 0.00 1.34 1.34 

IOE29 KNM-ER 3733 Homo ergaster   1.86 1.71 1.34 0.11 7.79 7.68 0.29 0.27 0.21 0.02 1.23 1.22 

IOE30 D4500 Homo georgicus   1.67 1.09 1.57 0.05 5.20 5.16 0.27 0.18 0.25 0.01 0.84 0.83 

IOE31 OH 24 Homo habilis   1.53 1.31 1.09 0.09 5.92 5.83 0.25 0.21 0.18 0.01 0.96 0.95 

IOE32 KNM-ER 732 Paranthropus boisei   1.49 1.26 1.1 0.1 6.4 6.3 0.25 0.21 0.18 0.02 1.07 1.05 

Table 5.5.III - Summary of intraobserver distances between control landmarks used in this study, across the 32 specimens used to test intraobserver error. Results are 

shown in absolute (mm) and relative (mm divided by lnCS) terms/measures 
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Figure 5.5.I - Plot of PC1 and PC2 (72.20% of sample variance) from PCA in tangent space using 

full dataset supplemented with intraobserver error specimens, a total of 807 specimens. Only Gorilla 

specimens shown. Intraobserver specimens are indicated by coloured markers, as shown in the 

legend. Abbreviations are as in table 5.2.II 

Figure 5.5.II – Plot of PC1 and PC2 (72.20% of sample variance) from 

PCA in tangent space using full dataset supplemented with 

intraobserver error specimens, a total of 807 specimens. Only Pan 

specimens shown. Intraobserver specimens are indicated by coloured 

markers, as shown in the legend. Abbreviations are as in table 5.2.II 
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Figure 5.5.III – Plot of PC1 and PC2 (72.20% of sample variance) from PCA in tangent space using 

full dataset supplemented with intraobserver error specimens, a total of 807 specimens. Only Papio 

specimens shown. Intraobserver specimens are indicated by coloured markers, as shown in the 

legend. Abbreviations are as in table 5.2.II 

Figure 5.5.IV – Plot of PC1 and PC2 (72.20% of sample variance) from PCA in tangent space using full 

dataset supplemented with intraobserver error specimens, a total of 807 specimens. Only Macaca 

specimens shown. Intraobserver specimens are indicated by coloured markers, as shown in the legend. 

Abbreviations are as in table 5.2.II 
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Figure 5.5.V – Plot of PC1 and PC2 (72.20% of sample variance) from PCA in tangent space 

using full dataset supplemented with intraobserver error specimens, a total of 807 specimens. 

Only Holocene Homo sapiens specimens shown. Intraobserver specimens are indicated by 

coloured markers, as shown in the legend. Abbreviations are as in table 5.2.II 
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Figure 5.5.VI – Plot of PC1 and PC2 (72.20% of sample variance) from PCA in tangent space using full dataset supplemented with intraobserver 

error specimens, a total of 807 specimens. Only Pleistocene hominin specimens shown. Intraobserver specimens are indicated by coloured 

markers, as shown in the legend. Abbreviations are as in table 5.2.II 
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LOCKWOOD ET AL. (2002) METHOD 

 

Procrustes distances between intraobserver repeats were compared to intra- and 

intertaxonomic distances through boxplots, shown in figure 5.5.VII. The maximum 

intraobserver distance was lower than the interquartile range for subspecific (both inter- 

and intra-) and interspecific comparisons, and the interquartile range of the 

intraobserver comparisons was within the lower ranges of all taxonomic comparisons. 

Intraobserver Procrustes distances varied between the individuals tested, with higher 

values being found between repeats of the female Macaca fascicularis and KNM-ER 

3733 (Homo ergaster) specimens, and lower values being found between repeats of 

the SK2332 individual from Chichester (Homo sapiens). A two-way ANOVA with post-

hoc tests (performed in SPSS 24 (IBM Corp., 2016)) was used to assess whether the 

values for the intraobserver Procrustes distances were significantly different to the 

inter- and intrataxonomic Procrustes distances. Results showed that intraobserver 

Procrustes distances were significantly lower than all intra- and intertaxonomic 

Procrustes distances (p<0.001) (table 5.5.IV). Therefore, it was concluded that 

intraobserver error should not have had a significant effect on the results of the current 

study.  

 

 

 

  
Mean Difference Std. Error p 95% Confidence Interval 

IOE Intrasubspecies -0.061 0.001 0.000 -0.063 -0.058 

  Intersubspecies -0.072 0.001 0.000 -0.075 -0.070 

  Intraspecies -0.061 0.001 0.000 -0.063 -0.058 

  Interspecies -0.062 0.001 0.000 -0.064 -0.059 

Table 5.5.IV - Results of Games-Howell post-hoc comparisons of Procrustes distances between groups 

for assessment of intraobserver error significance 
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  Figure 5.5.VII – Boxplots of intraobserver, intraspecies and interspecies Procrustes distances from GPA 

using dataset of 807 specimens 
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5.6 - RESEARCH QUESTION 1: THE TAXONOMIC UTILITY OF THE 

PRIMATE SUPRAORBITAL AND ORBITAL REGION 

 

Chapter 6 addressed the first research question, concerning the taxonomic utility of the 

recorded supraorbital and orbital morphology: 

 

1. Can supraorbital and orbital morphology be used to identify primate taxa? 

a. Can different genera, species, and subspecies of extant primates be 

differentiated? 

b. Can accepted hominin taxa be differentiated? 

 

5.6.1 - PRINCIPAL COMPONENT ANALYSIS 

 

PCA was performed following GPA using tangent, form, and allometry-free shape 

coordinates. To do this, the various coordinates were exported from R in Morphologika 

format using the r2morphologika function in the Morpho package (Schlager, 2017). The 

data were then imported into Evan Toolbox to perform a GPA without scaling, rotation, 

or translation, in order to produce the necessary covariance matrix for a PCA. 

Following a PCA, the eigenvectors, eigenvalues, and PC loadings were exported as 

CSV files. This process was repeated for a dataset of 460 primates of known 

taxonomy, and 53 Pleistocene hominins, excluding the MPH specimens due to their 

debated taxonomy affiliation. Holocene Homo sapiens were excluded to minimise the 

effect of large disparities in sample sizes between groups. Scatterplots of the first and 

second PCs, accounting for the greatest proportion of variance, were produced in 

SPSS 24 (IBM Corp., 2016) for each dataset, and assessed qualitatively. Eigenvectors 

and PC ranges were used to produce figures representing the shape along the first two 

principal component (PC) axes (at the minimum, median, and maximum PC values for 

the dataset) using the Geomorph package in R.  

 

5.6.2 - GROUP MORPHOLOGY 

 

Mean shapes were generated for the taxa included in this analysis, using the 

Procrustes coordinates and the mshape function in Geomorph, and were visualised as 

3D scatterplots in SPSS 24. Differences in mean shapes between related taxa were 

described qualitatively. This process was repeated for the primates and Pleistocene 
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hominin datasets using the Procrustes coordinates from the separate Generalised 

Procrustes Analyses. For the Pleistocene hominin groups for which there was only a 

single representative (i.e. Homo naledi, Homo rudolfensis, Australopithecus afarensis, 

and Paranthropus aethiopicus), the coordinates of the single specimen were shown. 

 

5.6.3 - DISCRIMINANT ANALYSIS 

 

Step-wise, cross-validated discriminant analyses (DAs) were performed for both 

datasets, using the PCs that accounted for over 95% of total variance for each PCA, 

resulting in six separate datasets. Prior group probabilities were calculated using the 

number of specimens in each group, to reduce the effect of unequal sample sizes. DAs 

were repeated using two classification systems for both the primates and Pleistocene 

hominins: the first classified specimens into species; the second classified specimens 

into subspecies in the case of the primates, and subgroups in the case of the hominins, 

where applicable. Weighted classification accuracies were calculated using group 

numbers at the species and subspecies/subgroup level analyses for both the primates 

and Pleistocene hominins, and at the genus level for the primates. Misclassifications 

were identified in the case of the Pleistocene hominins. 

 

5.6.4 - HIERARCHICAL CLUSTER ANALYSIS 

 

Hierarchical cluster analysis was performed using the Procrustes distance matrices 

generated through GPA for both datasets. Specimens were clustered using the hclust 

package in R and the UPGMA method (Unweighted Pair Group Method with Arithmetic 

Mean) to create a rooted dendrogram for each dataset. Specimens were colour-coded 

by taxonomic group to aid visual interpretation of results.  
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5.7 - RESEARCH QUESTION 2: THE SIGNIFICANCE OF THE MIDDLE 

PLEISTOCENE HOMININS IN TERMS OF THEIR SUPRAORBITAL AND 

ORBITAL MORPHOLOGY 

 

Chapter seven addressed the second research question concerning the taxonomic 

significance of the MPH: 

 

2. Are the MPH distinctive in their supraorbital and orbital morphology? 

a. If so, what characterises this group in terms of supraorbital and orbital 

morphology? 

b. Do any MPH show closer affiliation to other hominin taxa in terms of 

supraorbital and orbital morphology? 

 

5.7.1 - PRINCIPAL COMPONENT ANALYSIS 

 

PCA was performed using two datasets: one consisted of all 711 specimens, including 

hominins and non-hominin primates; and the second was comprised of the 67 

Pleistocene hominins, including the MPH. PCA was repeated for each dataset using 

the Procrustes coordinates following GPA in tangent, form, and size-free shape space, 

resulting in six separate analyses. The first and second PCs, accounting for the largest 

proportion of variance, were used to create scatter-plots in SPSS, with specimens 

being identified by group. Shape changes along the first two components were 

represented using 3D scatter-plots at the minimum, median, and maximum values for 

the dataset in question. 

 

5.7.2 - CHARACTERISATION OF MIDDLE PLEISTOCENE HOMININ 

SUPRAORBITAL AND ORBITAL MORPHOLOGY 

 

Mean group morphologies were generated from the Procrustes coordinates for the 

Pleistocene hominin dataset, using the mshape function in Geomorph. These were 

entered into SPSS 24, and 3D scatterplots were created. Comparisons were made 

between the mean MPH configuration and those of closely related hominins: Homo 

sapiens, Homo neanderthalensis, and Homo erectus sensu lato. The shapes of the 
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fourteen MPH specimens were also generated, and differences between the 

configurations were described qualitatively. 

 

5.7.3 - DISCRIMINANT ANALYSIS  

 

Cross-validated DA were performed using the PCs accounting for over 95% of total 

sample variance combined for each of the six Principal Component Analyses (PCAs), 

which were entered in a step-wise fashion to maximise classification accuracy. The 

specimens were classified into species groups, with the MPH considered as a single 

taxon, and the Homo erectus sensu lato specimens as another. Specimens that were 

the only representative of their species were excluded (i.e. DH1, KNM-ER 1470, Sts 5, 

and KNM-WT 17000). The EMH were separated from the other Homo sapiens 

specimens in this analysis, due to observed differences in the supraorbital region of 

this group that placed them closer to the MPH. Misclassifications were summarised 

across the six DAs to identify MPH that were repeatedly misclassified; any specimens 

that were consistently misclassified were considered as potentially not belonging to the 

MPH group. Other hominins that were consistently misclassified were also identified. 

 

Biological distinctiveness of the MPH was assessed using their relative classification 

accuracy, following Cardini et al. (2009). This involved the direct comparison of 

classification accuracy for the MPH to that found in other extant primate groups 

considered to represent ‘good’ species (i.e. a consensus view based on expert 

assessment of all characteristics, including genetic evidence, from living populations), 

as well as established fossil hominin species. Consistently misclassified specimens 

were not removed in this comparison. 

 

5.7.4 - HIERARCHICAL CLUSTER ANALYSIS 

 

Hierarchical cluster analysis was performed using the Procrustes distance matrix 

generated through GPA using the dataset of 67 Pleistocene hominins. Specimens were 

clustered using the hclust package in R and the UPGMA method to create a rooted 

dendrogram. Specimens were colour-coded by taxonomic group to aid visual 

interpretation of results.  
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5.7.5 - ANALYSIS OF PROCRUSTES DISTANCES 

 

Procrustes distance matrices, produced in Evan Toolbox, for the full and Pleistocene 

hominin datasets were used to assess likelihood of group membership of individual 

MPH. Procrustes distance is a measure of shape difference between pairs of 

specimens, and can be approximated in Euclidean space by the square of the sum of 

the squared distances between landmarks following GPA (Cardini and Elton, 2007; 

Mitteroecker et al., 2013). Average distances between MPH and their 

contemporaneous groups (EMH, Homo neanderthalensis, other MPH, and Homo 

erectus sensu lato) were assessed. A matrix of Procrustes distances between the MPH 

was also analysed, using maximum intragroup Procrustes distances for their closest 

relatives (Homo sapiens, Homo neanderthalensis, and Homo erectus sensu lato) to 

provide context. Following both assessment of DA misclassifications and Procrustes 

distances, the MPH were classified in two ways: one where the specimens identified as 

least likely to belong to this group were excluded (Middle Pleistocene hominins sensu 

stricto); and one where these specimens were included (Middle Pleistocene hominins 

sensu lato). Dubious members of the MPH group were not included in any other 

hominin group in subsequent analysis, due to difficulties in establishing their exact 

species affiliation discussed in Chapter 3.  
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5.8 - RESEARCH QUESTION 3: TAXONOMIC INFERENCES ON THE MIDDLE 

PLEISTOCENE HOMININS FROM THEIR SUPRAORBITAL AND ORBITAL 

MORPHOLOGY 

 

Chapter 8 addressed the third research question concerning taxonomic inferences on 

the MPH: 

 

3. How does supraorbital and orbital variation within the MPH affect their 

taxonomic position? 

a. Are the MPH more variable in their supraorbital and orbital morphology 

than can be expected for a single, cross-continental primate species? 

b. Is there any taxonomically significant geographical variation that may 

indicate the existence of multiple groups within the MPH?  

 

5.8.1 - PRINCIPAL COMPONENT PLOTS  

 

PCA plots with convex hulls were used as these allowed easy visualisation of the areas 

that the various taxonomic groups occupied for the first and second PCs in each 

analysis, which accounted for the largest amount of variation within the sample. Due to 

the number of taxa included in this study, this method was implausible for the full 

dataset and was therefore only applied to the Pleistocene hominin dataset. Plots were 

produced with convex hulls that corresponded to subgroups (with Homo sapiens being 

separated into EMH, AMH, and MHS, MPH being split into continental subgroups, and 

Homo erectus sensu lato being split into its three subgroups). These were then 

compared to the corresponding PC plots from the previous analysis where convex hulls 

corresponded to the larger groups. Convex hull PCA plots were described qualitatively 

in terms of areas and relationships between groups. It must be noted that this approach 

only gives one perspective on taxonomic variation, and should only be considered in 

terms of key morphological changes among the sample; as it only uses two PCs, a lot 

of morphological variation may be ignored.   
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5.8.2 - PROCRUSTES DISTANCES 

 

Procrustes distances for both the full and Pleistocene hominin dataset were also used 

to assess intra- and intergroup variation in the recorded morphology (see: Baab, 2016; 

Cui and Wu, 2015). Procrustes distance matrices were loaded into R, where quantile 

values for intra- and intergroup comparisons were produced. These were used to 

create boxplots to visually compare the intra- and intergroup Procrustes distances. 

Boxplots were created for intragroup distances for the MPH using both sensu stricto 

and sensu lato classification schemes, and specimens were classified using the 

lumpers (i.e. where the MPH and Homo erectus sensu lato specimens were not 

separated into their geographical subgroups) and splitters classification schemes (i.e. 

where the MPH and Homo erectus sensu lato specimens were separated into their 

geographical subgroups). Both subspecies and species comparisons were made for 

the non-hominin primates, and the Homo sapiens specimens were separated into 

chronological subgroups as well as being considered together.  

 

SUBSAMPLING 

 

The significance of variation within the MPH was assessed by the use of subsampling. 

This was performed using three proposed groupings, based on the results of Chapter 

7: MPH, which included all fourteen MPH; MPH excluding Ndutu, based on the large 

Procrustes distances between the Ndutu specimen and the other MPH; and MPH 

excluding Ndutu and SH5, based again on the high Procrustes distances between 

these and other MPH. Separate matrices of Procrustes distances were created for all 

extant primate species, and for the Homo sapiens specimens (with and without the 

EMH).  

 

Subsamples of equal numbers of individuals to the three Middle Pleistocene groupings 

were created from each species Procrustes distance matrix, and this process was 

repeated 1000 times for each species. Independent t-tests were then used to test for 

differences between the Procrustes distances of the MPH groups and the various 

species subsamples. Significance was determined as when the Procrustes distances of 

the MPH groupings were significantly different in 95% or more of the 1000 

comparisons.   
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5.8.3 - DISCRIMINANT ANALYSIS 

 

The PCs accounting for over 95% of total sample variance combined were used in 

cross-validated DA. This was repeated for all six PC datasets (in tangent, form, and 

allometry-free shape spaces, and for the full and Pleistocene hominin datasets). The 

Gorilla, Pan, and Macaca fuscata taxa were classified into subspecific groups were 

possible, the MPH were classified into the proposed continental subspecific groups 

following Manzi (2011; 2016), and the Homo erectus sensu lato were separated into 

their subgroups of Homo erectus sensu stricto (for the Asian specimens), Homo 

ergaster (for the African specimens), and Homo georgicus (for the specimens from 

Dmanisi). DA was used to assess viability of the proposed subspecies groupings of the 

MPH, by comparing their classification accuracy to those of ‘good’ species and 

subspecies following Cardini et al. (2009), as well as the suggested subgroups of 

Homo erectus sensu lato.  



  

Page 228 of 547 

5.9 - RESEARCH QUESTION 4: FACTORS AFFECTING VARIATION IN THE 

SUPRAORBITAL AND ORBITAL REGION 

 

Chapter 9 addressed the fourth research question and the factors that were predicted 

to affect the recorded morphology: 

 

4. How does the recorded supraorbital and orbital morphology relate to factors 

that are predicted to affect variation in this area in the MPH and the wider 

primates (e.g. sexual dimorphism, size and allometry, brain size, chronology, 

geography)? 

 

5.9.1 - SEXUAL DIMORPHISM 

 

Investigation of the effect of sexual dimorphism in hominins is difficult; as the sex of the 

specimens cannot be known, it is estimated from morphology, which is likely to lead to 

circular reasoning. To avoid this issue, this study used a subset of 545 specimens 

containing all non-hominin primates of established sex (excluding the Papio 

cynocephalus sensu lato specimens of unknown subgroup classification), the 

Pleistocene Homo sapiens specimens, Homo neanderthalensis, and the MPH, as well 

as a set of 50 recent Homo sapiens for which sex was known (25 females and 25 

males; see section 5.2.5). A hominin dataset was also created, consisting of 99 

specimens, including the 50 recent Homo sapiens of known sex along with the 

Pleistocene Homo sapiens, MPH, and Neanderthal specimens.  

 

SEX DETERMINATION OF THE MIDDLE PLEISTOCENE HOMININS 

 

PCA was performed on both sex determination datasets in tangent and size-free shape 

space, and step-wise, cross-validated DAs were performed in SPSS 24 using the PCs 

that accounted for over 95% of total sample variance. Form space results were not 

considered, due to the likely confounding effect of size, which was evaluated 

separately (see below). Specimens were classified into one of three groups: male, 

female, or unknown (for the Pleistocene hominins). The full dataset was used to create 

three subsets: the first included all specimens, the second included the Pan and 

hominin specimens, and the third consisted of the hominins. DAs were repeated for all 

subsets.  
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DAs were repeated on the hominin dataset three times: in the first, only the Homo 

sapiens were used to create the discriminant function; in the second, the 50 Homo 

sapiens of known sex and the Homo neanderthalensis were used to create the 

discriminant function; and in the last, the Homo sapiens, Homo neanderthalensis, and 

the MPH were included, using sex estimations from the literature when available for the 

hominins, and with hominins of unknown sex estimation being marked as unknown. 

Weighted classification accuracy was calculated for each species, and for each sex, 

using known sex values for the non-hominin primates. Discriminant function values 

were used to estimate sex of the MPH. Accuracy of the sex estimates for the Homo 

neanderthalensis and MPH was assessed by comparison with estimates from the 

literature (table 5.9.I). Sex estimation schemes were then qualitatively assessed based 

on overall accuracy. 

 

 

 

 

 

SIZE (CENTROID SIZE) 

 

Size differences have been noted between the sexes within primates, especially in taxa 

with relatively high levels of sexual dimorphism, and size and allometry are known to 

play substantial roles in overall sexual dimorphism (see Chapter 4). Differences in size 

(CS) between sexes were calculated within the various taxa, including the MPH, using 

sex estimates from the literature and from the Das, and displayed using boxplots. A 

three-way Procrustes ANCOVA was performed on the Procrustes coordinates from a 

GPA using the sexual dimorphism dataset, with specimens of unknown sex (i.e. fossil 

Specimen Group Sex Reference for Sex Estimation 

Arago 21 MPH Female? Wolpoff (1980a) 

Ceprano MPH Male Ascenzi (1996) 

Dali MPH Male? Wu and Athreya (2013) 

Kabwe MPH Male? Klein (2009) 

Narmada MPH Female? de Lumley and Sonakia (1985) 

Ndutu MPH Female? Klein (2009) 

Petralona MPH Male Wolpoff (1980a) 

Saldanha MPH Male? Klein (2009) 

Steinheim MPH Female Wolpoff (1980a) 

Zuttiyeh MPH Female Athreya (2009); Freidline et al. (2012b) 

Amud 1 Homo neanderthalensis Male Trinkaus (1980) 

La Chapelle-aux-Saints Homo neanderthalensis Male Trinkaus (1980) 

Krapina E Homo neanderthalensis Male Smith (1980) 

Krapina C Homo neanderthalensis Female Smith (1980) 

Shanidar I Homo neanderthalensis Male Trinkaus (1980) 

Spy 1 Homo neanderthalensis Male Smith (1980) 

Tabun I Homo neanderthalensis Female Trinkaus (1980) 

Table 5.9.I - Sex estimations for the MPH and Homo neanderthalensis specimens from the available 

literature. Only specimens for which sex estimations could be found in the literature are listed 
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hominins) excluded, and with size, species, sex, and the interaction between size and 

sex being entered as factors. 

  

SHAPE  

 

A two-way Procrustes ANOVA was performed on the sexual dimorphism dataset to 

assess the effect of sex and species on the Procrustes coordinates. Procrustes 

distances between male and female individuals within the taxa included in the above 

analysis were calculated in R and used to produce boxplots. Boxplots were also 

produced for the MPH, using the sex designations from the available literature and the 

consensus schemes from the DAs. Sexual dimorphism in shape was then assessed 

across the groups. Mean male and female configurations were generated using the 

findMeanSpec function in Geomorph, and visualised as 3D scatterplots in SPSS 24. 

 

5.9.2 - SIZE AND ALLOMETRY 

 

SIZE 

 

A one-way ANOVA was performed in SPSS 24 to test for differences in size (lnCS) 

between taxa. Descriptive statistics were used to compare size differences between 

taxa. Two-way Procrustes ANOVAs were performed on the Procrustes coordinates of 

the full and Pleistocene hominin datasets from Chapter 7, to test for the effect of size 

(lnCS) and species on shape.  

 

ALLOMETRY 

 

Procrustes coordinates were regressed against lnCS using the procD.allometry 

function in Geomorph, which also calculated the Common Allometric Component 

(CAC) within groups as the scaled vector of the resulting regression slopes (Cardini 

and Elton, 2007; Freidline et al., 2015; Mitteroecker and Gunz, 2009; Mitteroecker et 

al., 2004; Mitteroecker et al., 2013). While either CS (Holló et al.) or lnCS could be 

used as a size metric (Mitteroecker et al., 2013), lnCS was again favoured for this 

analysis, as it results in a normal distribution of values despite the large differences in 

size between taxa. The CAC scores were then plotted against lnCS for all specimens, 

and trajectories were visually compared between taxa. Homogeneity of slopes tests 
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with pairwise slope comparisons were performed using the advanced.procD.lm function 

in Geomorph with 1000 permutations, to test for significant differences in allometric 

trajectories between groups (species). 

 

ALLOMETRY AND SEXUAL DIMORPHISM 

 

To investigate the relationship between allometry and sexual dimorphism, a separate 

dataset was created which consisted of all specimens of known sex, with all individuals 

of unknown sex being excluded (totalling 496 specimens). The specimens in this 

sexual dimorphism dataset were plotted by their values for lnCS and the calculated 

CAC (see above), with males and females being distinguished in subsequent 

scatterplots.  

 

5.9.3 - BRAIN SIZE  

 

To assess the effect of encephalisation within the hominins, a dataset was created of 

the 64 hominins for which precise estimates of cranial capacity could be obtained 

(tables 5.9.II and 5.9.III). A three-way Procrustes ANCOVA was performed on the 

Procrustes coordinates of this dataset following a GPA, with cranial capacity (cm3), size 

(lnCS), species, and the interaction between size and brain size being entered as 

factors.   
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Name Taxon Subgroup 
Cranial 

Capacity 
Reference 

Wajak I Homo sapiens Holocene 1539 Schoenemann (2013) 

Combe Capelle Homo sapiens Holocene 1570 Schoenemann (2013) 

Fish Hoek I Homo sapiens Late Pleistocene 1600 Keith (1931) 

Oberkassel I Homo sapiens Late Pleistocene 1500 Schoenemann (2013) 

Oberkassel II Homo sapiens Late Pleistocene 1370 Schoenemann (2013) 

Keilor Homo sapiens Late Pleistocene 1497 Schoenemann (2013) 

Chancelade  Homo sapiens Late Pleistocene 1710 Lieberman (2011) 

Zhoukoudian UC 101  Homo sapiens AMH 1500 Schoenemann (2013) 

Zhoukoudian UC 102 Homo sapiens AMH 1380 Schoenemann (2013) 

Brno II Homo sapiens AMH 1500 Schoenemann (2013) 

Brno III Homo sapiens AMH 1304 Schoenemann (2013) 

Dolní Věstonice III Homo sapiens AMH 1285 Schoenemann (2013) 

Předmostí IV Homo sapiens AMH 1250 Schoenemann (2013) 

Abri Pataud Homo sapiens AMH 1380 Lieberman (2011) 

Cro-Magnon I Homo sapiens AMH 1730 Schoenemann (2013) 

Předmostí 3 Homo sapiens AMH 1580 Schoenemann (2013) 

Mladeč 1 Homo sapiens AMH 1540 Schoenemann (2013) 

Mladeč 2 Homo sapiens AMH 1390 Schoenemann (2013) 

Djebel Irhoud  Homo sapiens EMH 1305 Lieberman (2011) 

Liujang Homo sapiens EMH 1480 Schoenemann (2013) 

Qafzeh 9 Homo sapiens EMH 1531 Schoenemann (2013) 

Skhūl V Homo sapiens EMH 1520 Schoenemann (2013) 

Herto Homo sapiens EMH 1450 Lieberman (2011) 

Border Cave 1 Homo sapiens EMH 1510 Lieberman (2011) 

Tabun I Homo neanderthalensis  1271 Schoenemann (2013) 

La Quina H5 Homo neanderthalensis  1350 Lieberman (2011) 

Spy 1 Homo neanderthalensis  1553 Lieberman (2011) 

La Chapelle Homo neanderthalensis  1625 Lieberman (2011) 

Guattari Homo neanderthalensis  1550 Lieberman (2011) 

Gibraltar 1 Homo neanderthalensis  1200 Lieberman (2011) 

Le Moustier 1 Homo neanderthalensis  1565 Lieberman (2011) 

Amud 1 Homo neanderthalensis  1740 Schoenemann (2013) 

Krapina C Homo neanderthalensis  1255 Schoenemann (2013) 

Krapina E Homo neanderthalensis  1205 Schoenemann (2013) 

Shanidar I Homo neanderthalensis  1600 Schoenemann (2013) 

Shanidar V Homo neanderthalensis  1550 Schoenemann (2013) 

Table 5.9.II - Hominin cranial capacities (in cm3) used for the analysis of the effect of encephalisation on 

supraorbital morphology (part 1 of 2) 

 

Name Taxon Subgroup Cranial Capacity Reference 

Wajak I Homo sapiens Holocene 1539 Schoenemann (2013) 

Combe Capelle Homo sapiens Holocene 1570 Schoenemann (2013) 

Fish Hoek I Homo sapiens Late Pleistocene 1600 Keith (1931) 

Oberkassel I Homo sapiens Late Pleistocene 1500 Schoenemann (2013) 

Oberkassel II Homo sapiens Late Pleistocene 1370 Schoenemann (2013) 

Keilor Homo sapiens Late Pleistocene 1497 Schoenemann (2013) 

Chancelade  Homo sapiens Late Pleistocene 1710 Lieberman (2011) 

Brno III Homo sapiens AMH 1304 Schoenemann (2013) 

Zhoukoudian UC 
101  

Homo sapiens AMH 1500 Schoenemann (2013) 

Zhoukoudian UC 
102 

Homo sapiens AMH 1380 Schoenemann (2013) 

Brno II Homo sapiens AMH 1500 Schoenemann (2013) 

Dolní Věstonice III Homo sapiens AMH 1285 Schoenemann (2013) 

Předmostí IV Homo sapiens AMH 1250 Schoenemann (2013) 

Abri Pataud Homo sapiens AMH 1380 Lieberman (2011) 

Cro-Magnon I Homo sapiens AMH 1730 Schoenemann (2013) 

Předmostí 3 Homo sapiens AMH 1580 Schoenemann (2013) 

Mladeč 1 Homo sapiens AMH 1540 Schoenemann (2013) 

Mladeč 2 Homo sapiens AMH 1390 Schoenemann (2013) 

Djebel Irhoud  Homo sapiens EMH 1305 Lieberman (2011) 

Liujang Homo sapiens EMH 1480 Schoenemann (2013) 

Qafzeh 9 Homo sapiens EMH 1531 Schoenemann (2013) 

Skhūl V Homo sapiens EMH 1520 Schoenemann (2013) 

Herto Homo sapiens EMH 1450 Lieberman (2011) 

Border Cave 1 Homo sapiens EMH 1510 Lieberman (2011) 

Tabun I Homo neanderthalensis  1271 Schoenemann (2013) 

La Quina H5 Homo neanderthalensis  1350 Lieberman (2011) 

Spy 1 Homo neanderthalensis  1553 Lieberman (2011) 

La Chapelle Homo neanderthalensis  1625 Lieberman (2011) 

Guattari Homo neanderthalensis  1550 Lieberman (2011) 

Gibraltar 1 Homo neanderthalensis  1200 Lieberman (2011) 

Le Moustier Homo neanderthalensis  1565 Lieberman (2011) 

Amud 1 Homo neanderthalensis  1740 Schoenemann (2013) 

Krapina C Homo neanderthalensis  1255 Schoenemann (2013) 

Krapina E Homo neanderthalensis  1205 Schoenemann (2013) 

Shanidar I Homo neanderthalensis  1600 Schoenemann (2013) 

Shanidar V Homo neanderthalensis  1550 Schoenemann (2013) 

 Table 9.2.II - Hominin cranial capacities (in cm3) used for the analysis of the effect of encephalisation on 

supraorbital morphology (part 1 of 2) 
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5.9.4 - CHRONOLOGY 

 

The relationship between temporal and morphological disparity within the hominins was 

also assessed. Pleistocene hominins were assigned an approximate date, based on 

the most reliable evidence from current research which was available for 50 of the 

hominins (tables 5.9.IV and 5.9.V). The Pleistocene hominin dataset was used, as the 

PCA for these specimens was predicted to emphasise key morphological changes 

within the hominins. A two-way Procrustes ANOVA was performed on the Procrustes 

coordinates from the GPA for these specimens, to assess the effect of chronological 

Name Taxon Subgroup Cranial Capacity Reference 

Bodo MPH Af. MPH 1250 Conroy et al. (2000) 

Kabwe MPH Af. MPH 1280 Smith (1928) 

Ndutu MPH Af. MPH 1100 Rightmire (1983) 

Saldanha MPH Af. MPH 1225 Rightmire (2013) 

Dali MPH As. MPH 1120 Wu and Poirier (1995) 

Maba MPH As. MPH 1300 Wu and Bruner (2016) 

Narmada MPH As. MPH 1200 Klein (2009) 

Petralona MPH E. MPH 1230 Rightmire (2004) 

Arago 21 MPH E. MPH 1166 Holloway (1982) 

Sima de los Huesos 5 MPH E. MPH 1125 Arsuaga et al. (1993) 

Steinheim MPH E. MPH 1100 Adam (1985) 

Ceprano MPH E. MPH 1057 Ascenzi et al. (2000) 

Ngandong VI Homo erectus sensu stricto  1013 Holloway (1980) 

Sangiran 17 Homo erectus sensu stricto  1004 Holloway (1981) 

Zhoukoudian XII Homo erectus sensu stricto  1030 Weidenreich (1941) 

KNM-ER 3733 Homo ergaster  848 Aiello and Dean (1990) 

KNM-ER 3883 Homo ergaster  804 Aiello and Dean (1990) 

Dmanisi D4500 Homo georgicus  546 Lordkipanidze et al. (2013) 

Dmanisi D2282 Homo georgicus  655 Rightmire (2013) 

DH1  Homo naledi  500 Laird et al. (2017) 

KNM-ER 1813 Homo habilis  510 Lieberman (2011) 

OH 24 Homo habilis  595 Antón (2012) 

KNM-ER 1470 Homo rudolfensis  750 Klein (2009) 

Sts 5 Australopithecus africanus  485 Lieberman (2011) 

KNM-WT 17000 Paranthropus aethiopicus  410 Lieberman (2011) 

KNM-ER 406 Paranthropus boisei  500 Lieberman (2011) 

KNM-ER 732 Paranthropus boisei  500 Lieberman (2011) 

OH 5 Paranthropus boisei  520 Lieberman (2011) 

Table 9.2.III - Hominin cranial capacities (in cm3) used for the analysis of the effect of encephalisation on 

supraorbital morphology (part 2 of 2) 

 

Table 10.2.III - Hominin cranial capacities (in cm3) used for the analysis of the effect of encephalisation 

on supraorbital morphology (part 2 of 2) 
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dates on shape using the Procrustes coordinates for the 50 specimens, with date and 

species being entered as factors. 

 

Two-tailed Pearson’s correlation tests were used to test for significant changes in the 

size of the recorded morphology over time within the hominin sample. Separate two-

tailed Pearson’s correlation tests were performed for Homo sapiens, Homo 

neanderthalensis, MPH, and Homo erectus sensu lato. Other hominins were not 

considered independently due to limited sample sizes. Due to the hypothesised 

relationship between the MPH and both Homo sapiens and Homo neanderthalensis, 

two-tailed Pearson’s correlation tests were performed with the MPH and Homo 

sapiens, and the MPH and Homo neanderthalensis specimens grouped together. A 

scatterplot of specimen age against CS was also produced. A three-way Procrustes 

ANCOVA was performed on the Procrustes coordinates for the hominin dataset, with 

species, size, and date being entered as factors, and size and date being entered as 

covariates. 

 

A Mantel correlation test was performed between a Procrustes distance matrix, 

generated in Evan Toolbox, and a chronological distance matrix, produced in SPSS 24. 

This was performed using the ade4 package in R (Chessel et al., 2004; Dray and 

Dufour, 2007; Dray et al., 2007) and was used to test whether chronology was 

significantly correlated with shape in the Pleistocene hominins. Mantel tests were also 

performed for the separate groups within the hominin dataset. Two-tailed Pearson 

correlations were performed between the chronological values and the PC scores for 

the 55 hominins along the components accounting for over 95% of total sample 

variation, using SPSS 24. This was repeated for the PCs in tangent, form, and 

allometry-free shape space.  



  

Page 235 of 547 

Specimen Taxon Group Date (kya) Final (kya) Reference 

Oberkassel I Homo sapiens Late Pleistocene 13.4-14 13.7 Fu et al. (2013) 

Oberkassel II Homo sapiens Late Pleistocene 13.4-14 13.7 Fu et al. (2013) 

Keilor Homo sapiens Late Pleistocene 12 12 Brown (1987) 

Brno II Homo sapiens AMH 23.7 23.7 Pettitt and Trinkaus (2000) 

Dolní Věstonice III Homo sapiens AMH 25.5-26.6 25 Trinkaus and Jelıńek (1997) 

Předmostí III Homo sapiens AMH 24-27 25.5 Svoboda (2008) 

Předmostí IV Homo sapiens AMH 24-27 25.5 Svoboda (2008) 

Abri Pataud Homo sapiens AMH 22 22 Chiotti et al. (2015) 

Cro-Magnon I Homo sapiens AMH 28 28 Henry-Gambier (2002) 

Cro-Magnon II Homo sapiens AMH 28 28 Henry-Gambier (2002) 

Mladeč 1 Homo sapiens AMH 31 31 Wild et al. (2005) 

Mladeč 2 Homo sapiens AMH 31 31 Wild et al. (2005) 

Djebel Irhoud 1 Homo sapiens EMH 315 315 Richter et al. (2017) 

Omo 1 Homo sapiens EMH 195? 195 Aubert et al. (2012) 

Liujiang Homo sapiens EMH 111-139? 125 Shen et al. (2002) 

Qafzeh 9 Homo sapiens EMH 90-115 100 Schwarcz et al. (1988b); Valladas et al. (1988) 

Skhūl V Homo sapiens EMH 100-135 115 Grün et al. (2005) 

Herto Homo sapiens EMH <160 160 Clark et al. (2003); Faupl et al. (2003) 

La Quina H5 Homo neanderthalensis  65 65 Schwartz and Tattersall (2002) 

Spy 1 Homo neanderthalensis  >36 36 Semal et al. (2009) 

La Chapelle-aux-Saints Homo neanderthalensis  50-60 55 Grün and Stringer (1991) 

Guattari Homo neanderthalensis  50-60 55 Grün and Stringer (1991) 

Le Moustier 1 Homo neanderthalensis  40-50 45 Grün and Stringer (1991) 

Amud 1 Homo neanderthalensis  50-70 60 Rink et al. (2001); Valladas et al. (1999) 

Krapina C Homo neanderthalensis  130 130 Rink et al. (1995) 

Krapina E Homo neanderthalensis  130 130 Rink et al. (1995) 

Saint-Césaire I Homo neanderthalensis  36 36 Mercier et al. (1991) 

Table 5.9.IV - Dates for 50 hominin specimens used in the chronological analysis. Final dates were chosen as midpoints of ranges when only ranges were available, and as 

available dates when only minimum and maximum estimates were available (indicated by italics) (part 1 of 2) 

 

Table 10.2.IV - Dates for 50 hominin specimens used in the chronological analysis. Final dates were chosen as midpoints of ranges when only ranges were available, and 

as available dates when only minimum and maximum estimates were available (indicated by italics) (part 1 of 2) 
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Specimen Taxon Group Date (kya) Final (kya) Reference 

Shanidar I Homo neanderthalensis  46 46 Stewart (1977) 

Shanidar V Homo neanderthalensis  46 46 Stewart (1977) 

Bodo MPH Af. MPH 640 640 Clark (1994) 

Ndutu MPH Af. MPH 400 400 Leakey and Hay (1982) 

Florisbad MPH Af. MPH 260-280 270 Grün et al. (1996) 

Dali MPH As. MPH 209, 260-300 250 Chen et al. (1994); Yin (2002) 

Arago 21 MPH E. MPH 438 438 Falguères et al. (2015); Falguères et al. (2004) 

Sima de los Huesos 5 MPH E. MPH >530 530 Bischoff et al. (2003); Bischoff et al. (2007) 

Steinheim MPH E. MPH 225? 225 Czarnetzki (1983) 

Zhoukoudian XII Homo erectus sensu stricto  ~750 750 Shen et al. (2009) 

KNM-ER 3773 Homo ergaster  1630 1630 Lepre and Kent (2010; 2015) 

KNM-ER 3883 Homo ergaster  1650-1500 1600 Schwartz and Tattersall (2003) 

Dmanisi D4500 Homo georgicus  1810 1810 Garcia et al. (2010) 

Dmanisi D2282 Homo georgicus  1810 1810 Garcia et al. (2010) 

Dinaledi Hominin 1 Homo naledi  236-335 285 Dirks et al. (2017) 

KNM-ER 1813 Homo habilis  1900-1880 1900 Feibel et al. (2009); Schwartz and Tattersall (2003) 

OH 24 Homo habilis  1800 1800 Schwartz and Tattersall (2003) 

KNM-ER 1470 Homo rudolfensis  1900-1880 1900 Schwartz and Tattersall (2003) 

Sts 5 Australopithecus africanus  2050-2160 2100 Herries and Shaw (2011) 

KNM-WT 17000 Paranthropus aethiopicus  2500 2500 Klein (2009) 

KNM-ER 406 Paranthropus boisei  1700 1700 Brown and Feibel (1989) 

KNM-ER 732 Paranthropus boisei  1700 1700 Brown and Feibel (1989) 

OH 5 Paranthropus boisei  1800 1800 Klein (2009) 

Table 5.9.V - Dates for 50 hominin specimens used in the chronological analysis. Final dates were chosen as midpoints of ranges when only ranges were available, and as 

available dates when only minimum and maximum estimates were available (indicated by italics) (part 2 of 2) 

 

Table 10.2.V - Dates for 50 hominin specimens used in the chronological analysis. Final dates were chosen as midpoints of ranges when only ranges were available, and 

as available dates when only minimum and maximum estimates were available (indicated by italics) (part 2 of 2) 
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5.9.5 - GEOGRAPHY 

 

Precise geographic data were available for 574 of the 711 specimens used in this study 

(excluding the Papio cynocephalus specimens of unknown subgroup; see appendix I). 

These data were used to estimate latitude and longitude values for each of the 574 

specimens. A matrix of geographical distance was then calculated using the Vincenty 

ellipsoid method, which approximates the earth as an ellipsoid (Vincenty, 1975), 

applied using the geosphere package in R (Hijmans, 2016). A Mantel correlation test 

with 1000 permutations was performed using the geographical distance matrix and the 

Procrustes distance matrix for the specimens, produced in Evan Toolbox. Mantel 

correlation tests were also performed for each taxon included in the geographic 

dataset. 

 

A two-way Procrustes ANOVA was performed to test the significance of the effect of 

geography and species on the Procrustes coordinates. The correlation between 

geography and the PCs accounting for over 95% of total sample variance from PCA in 

tangent, form, and allometry-free shape space was also assessed using distance 

matrices for the values for the 574 specimens along each PC. These were produced 

using the dist function in the stats package in R (R Core Team, 2014). 

  

CONTROLLING FOR TIME 

 

The effect of geography on shape within the Pleistocene hominins while controlling for 

time was also assessed, to control for the effect of within-species evolution. To do this, 

a partial Mantel test was performed on the geographic distance matrix and the 

Procrustes distance matrix for the 55 specimens for which precise dates could be 

obtained, with a chronological distance matrix being entered as a controlling factor. 

Separate partial Mantel correlation tests were also performed for the various groups 

within the Pleistocene hominin chronological dataset.  
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SECTION C - ANALYSES AND RESULTS 
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CHAPTER 6 - RESEARCH QUESTION 1: THE TAXONOMIC 

UTILITY OF THE PRIMATE SUPRAORBITAL AND ORBITAL 

REGION 

 

This chapter concerns the first research question from Chapter 5: 

 

1. Can supraorbital and orbital morphology be used to identify primate taxa? 

a. Can different genera, species, and subspecies of extant primates be 

differentiated? 

b. Can accepted hominin taxa be differentiated? 

 

As was discussed in Chapter 4, there is evidence to suggest that the orbital and 

supraorbital region documents phylogenetic signals in the primates. This chapter aimed 

to test whether the chosen recorded morphology of the orbit and supraorbital torus can 

be used to separate between closely related primate taxa, from the subspecies to the 

genus level. Differences in morphology between extant primate taxa were then 

documented and described. Once the phenetic utility of the recorded orbital and 

supraorbital morphology was established across extant primates, differences between 

accepted hominin taxa were then assessed.   
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6.1 - RESULTS 

 

6.1.1 - PRINCIPAL COMPONENT ANALYSIS 

 

PRIMATES 

 

Tangent Space 

 

PCA on the dataset of 460 primate crania in tangent space resulted in 460 PCs, with 

the first 33 accounting for >95% of the total sample variation combined, and the first 13 

accounting for >1% of variation individually. The first PC accounted for 40.2% of 

sample variation and separated the Pan paniscus from the Pan troglodytes, the Gorilla 

from the Pan, and the Papio anubis from the Papio cynocephalus and Papio kindae, 

with the former groups having higher values along this PC than the latter groups in all 

listed comparisons (figure 6.1.I). More negative values on PC1 were associated with 

less laterally flaring and anteriorly projecting supraorbital tori, a minimal postorbital 

sulcus, a higher degree of orbital frontation, a narrower nasal column, and a smaller 

degree of postorbital constriction. As values increased along PC1, the morphology 

changed to show more projecting and flaring tori, a relatively deep post-toral sulcus, a 

smaller angle between the orbits and frontal bone, a wider nasal column, and 

increased postorbital constriction.  

 

The second PC accounted for 14.6% of sample variation, and separated out the Pan 

from the Gorilla, and the Macaca from the Papio, with the former groups having more 

positive values. Negative values on PC2 were associated with anteroposteriorly thicker 

supraorbital tori, a lack of a post-toral sulcus, a small angle between the orbits and 

frontal bone in lateral view, and a particularly narrow nasal column. Specimens with 

more positive values along this axis had superoinferiorly thin supraorbital tori with a 

deep post-toral sulcus, a wider angle between the orbits and the frontal bone in lateral 

view, corresponding to an increased degree of orbital frontation, and a wider nasal 

bridge. 

 

The primates were spread along two parallel trajectories in this plot, with one 

comprising the non-human apes, which had higher values on PC2, and the other the 

papionins. The Gorilla gorilla specimens tended to have lower values on PC2 in 
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Figure 6.1.I - Plot of PC1 (x-axis) and PC2 (y-axis), accounting for 55.2% of variation, for PCA in tangent space using dataset of 460 primates. Convex hulls are shown 

and correspond to species groups. Specimens are identified by symbols shown in legend. Abbreviations are as in table 5.2.II. Shape changes are shown for minimum, 

median, and maximum sample values for both axes, in frontal and left lateral view 
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comparison to the Gorilla beringei. The Gorilla beringei subspecies largely overlapped, 

with a few individuals of Gorilla beringei beringei having lower values along both axes 

than the rest of the Gorilla beringei specimens. The Gorilla gorilla diehli specimens 

were almost fully encompassed by the Gorilla gorilla gorilla specimens in this plot. 

Within the Pan troglodytes, the subspecies groups largely overlapped. The distribution 

of Papio anubis specimens in this figure was broadly similar to that of the Papio 

cynocephalus (sensu stricto) specimens, while the Papio kindae specimens had higher 

values along both PC1 and PC2 axes in comparison to the other Papio specimens. The 

Macaca mulatta specimens had slightly higher scores on PC2 than the other Macaca 

species, and the Macaca fuscata subspecies largely overlapped.  

 

Form Space 

 

PCA on the dataset of 460 primate crania in form space resulted in 460 PCs, with the 

first three accounting for >95% of the total sample variation combined, and the first two 

accounting for >1% of variation individually. The first PC accounted for 92.2% of 

sample variation and separated the Gorilla from the Pan, the Pan troglodytes from the 

Pan paniscus, the Papio from the Pan, the Macaca from the Papio, and the Macaca 

mulatta and Macaca fuscata from the Macaca fascicularis, with the former groups 

having higher values along this PC than the latter groups (figure 6.1.II). The more 

negative values on this axis were associated with less laterally flaring supraorbital tori 

that were minimally anteriorly projecting, a small post-toral sulcus, a low degree of 

postorbital constriction, a somewhat curved frontal squama, and a narrow nasal 

column. As the values along PC1 increased, the associated morphology changed to 

show more laterally flaring and anteriorly projecting supraorbital tori, a deep post-toral 

sulcus, a smaller angle between the orbits and the frontal bone, a straight frontal 

squama, and a wider nasal column. 

 

The second PC accounted for 2.6% of sample variation, and largely separated the Pan 

from the other genera, with the former having more negative values on this axis. 

Negative values on PC2 were associated with superoinferiorly short but anteriorly 

projecting supraorbital tori, which were less laterally flared, and a relatively large angle 

between the orbits and the frontal squama. Conversely, positive values were 

associated with superoinferiorly tall supraorbital tori that were more anteriorly projecting 

and laterally flared, and a smaller angle between the orbits and frontal squama. 
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Figure 6.1.II - Plot of PC1 (x-axis) and PC2 (y-axis), accounting for 94.8% of variation, for PCA in form space using dataset of 460 non-hominin primates. Convex hulls are 

shown and correspond to species groups. Specimens are identified by symbols shown in legend. Abbreviations are as in table 5.2.II. Shape changes are shown for 

minimum, median, and maximum sample values for both axes, from frontal and left lateral view 
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The primates formed three trajectories in this view. The first, consisting of the non-

human apes, had the highest values for PC1, with the Gorilla specimens having higher 

values along PC2 than the Pan specimens. The second, somewhat parallel to the first, 

had middling values along PC1 and included the Papio specimens. The third was 

widely spread along PC1 and included the Macaca specimens. The Gorilla specimens 

largely overlapped at the specific and subspecific level. One male Gorilla beringei 

graueri specimen, RMCA 86.044 M13, appeared to be anomalous in its form, being 

positioned among the Pan paniscus due to its low values along both axes. A male 

Macaca fuscata, ZD.1939.1050, also had an anomalous location in this view, having a 

relatively high score along PC1. As has been noted, the Pan paniscus had lower 

values than the Pan troglodytes along PC1. Additionally, Pan troglodytes troglodytes 

had slightly higher values along PC2 than Pan troglodytes schweinfurthii. The Papio 

anubis specimens had higher values along PC2 in comparison to the other baboons, 

and Papio kindae specimens had lower values along both PC1 and PC2 in relation to 

Papio cynocephalus. Macaca mulatta had slightly lower values along PC1 than Macaca 

fascicularis, and Macaca fuscata yakui appeared to have higher values along this axis 

than Macaca fuscata fuscata. 

 

Size-Free Shape Space 

 

PCA on the dataset 460 primate crania in size-free shape space resulted in 460 PCs, 

with the first 41 accounting for >95% of the total sample variation combined, and the 

first 14 accounting for >1% of variation individually. The first PC accounted for 33.8% of 

sample variation and largely separated the Pan specimens from the other primates, the 

Papio cynocephalus from the Papio anubis, and the Macaca mulatta from the other 

macaques, with the former groups having lower values along PC1 in all cases (figure 

6.1.III). The more negative values on this axis were associated with anteroposteriorly 

and superoinferiorly small supraorbital tori which were slightly flared laterally, a 

relatively high degree of orbital frontation, relatively low postorbital constriction, and 

frontal squamae that were relatively curved. Increasingly positive values were 

associated with larger supraorbital tori which were more laterally flared, slightly laterally 

‘winged’, and occupied a larger proportion of the overall morphology, lower degrees of 

orbital frontation, increased postorbital constriction, and less curved frontal squamae. 

 

The second PC accounted for 12.6% of sample variation, and separated the Gorilla 

gorilla from the Gorilla beringei, and the Macaca mulatta from the other Macaca 
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Figure 6.1.III - Plot of PC1 (x-axis) and PC2 (y-axis), accounting for 46.4% of variation, for PCA in size-free shape space using dataset of 460 non-hominin primates. 

Convex hulls are shown and correspond to species groups. Specimens are identified by symbols shown in legend. Abbreviations are as in table 5.2.II. Shape changes are 

shown for minimum, median, and maximum sample values for both axes, from frontal and left lateral view 
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groups, with the former groups having lower scores along this axis. Negative values on 

PC2 were associated with anteriorly projecting supraorbital tori, curved frontal 

squamae, relatively narrow nasal columns, and short orbits. As scores increased along 

this PC, specimens had less anteriorly projecting supraorbital tori, more vertical frontal 

squamae, wider nasal columns, and taller orbits. 

 

The taxa largely overlapped in this plot, with the Gorilla and Macaca specimens 

forming a main cluster, the Pan specimens having lower values on PC1, and the Papio 

specimens having lower values along PC2. There was little separation between the 

Gorilla subspecies, while the Gorilla beringei specimens had higher values on PC2 but 

lower values on PC1 than the Gorilla gorilla individuals. The Pan groups generally 

overlapped, although the Pan paniscus had slightly lower values along PC1. The Papio 

anubis group had higher scores for both PC1 and PC2 in comparison to the other 

Papio, and the Papio cynocephalus specimens had higher values along PC1 in relation 

to the Papio kindae. Macaca fuscata fuscata specimens had slightly lower values along 

PC1 than Macaca fuscata yakui specimens, while little difference was apparent 

between the Macaca fascicularis and Macaca fuscata specimens along either axis.  

 

PLEISTOCENE HOMININS 

 

Tangent Space 

 

PCA was also performed on a dataset consisting of the 53 Pleistocene hominins, 

excluding the MPH. The PCA in tangent space resulted in 53 PCs, with the first 16 

accounting for over 95% of the total sample variance combined, and the first nine 

accounting for >1% of variance individually. Figure 6.1.IV shows the plot of specimens 

by the first and second PCs, accounting for 56.5% and 10.5% of variance respectively. 

The first PC corresponded to chronology, with older specimens having more positive 

values along this axis than the late Late Pleistocene specimens. Older specimens were 

found to have shorter and less curved frontal squamae, with anteroposteriorly and 

superoinferiorly large supraorbital tori that were laterally flared and occupied a larger 

proportion of the total recorded morphology, a defined angle between the frontal 

squamae and supraorbital torus, a relatively wide nasal column with a low nasion, and 

a higher degree of orbital frontation. As the values decreased along this axis, the 

frontal squamae became taller and occupied a larger proportion of the recorded area, 

while the supraorbital tori reduced and became more parallel with the lateral aspects of 
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Figure 6.1.IV - Plot of PC1 (x-axis) and PC2 (y-axis), accounting for 66.98% of variation, for PCA in tangent space using sample of 53 Pleistocene hominin specimens. 

Convex hulls are shown for groups with more than three members. Specimens are identified by symbols shown in legend. Abbreviations are as in table 5.2.II. Shape 

changes are shown for minimum, median, and maximum sample values for both axes from frontal and left lateral view 
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the frontal squamae, nasion moved superiorly, and the orbits became more vertically 

aligned. 

 

PC2 separated the early Homo sapiens, Homo neanderthalensis, and Homo erectus 

sensu lato, which had higher values along this axis, from the earlier hominins and later 

Homo sapiens. Specimens with lower values were associated with more laterally flaring 

supraorbital trigones, less projecting supraorbital tori with minimal post-toral sulci, more 

vertical frontal squamae, lower positions of dacryon points, and more vertically oriented 

orbits. Specimens with higher values had more anteriorly projecting supraorbital tori 

that were still short superoinferiorly, less flared supraorbital trigones that were more 

parallel with the lateral aspects of the frontal squamae, more sloping frontal squamae, 

dacryon points that were superiorly located relative to nasion, and a lower degree of 

orbital frontation. 

 

The different groups formed clusters in this plot: the Homo sapiens were at the far 

negative end of PC1; the Neanderthals had slightly higher values on PC1, were at the 

upper range of the Homo sapiens group for PC2, and overlapped with a few members 

of the EMH group (Omo 1, Herto, Djebel Irhoud 1, and Skhūl V); the Homo erectus 

sensu lato had lower values along PC1 and slightly higher values on PC2, separating 

them from the Neanderthals; the Australopithecus afarensis specimen was separated 

from these groups by lower scores along PC2; and the Paranthropus had the lowest 

scores on PC2 and the highest for PC1, with the Paranthropus aethiopicus specimen 

being at the extreme of their range. 

 

Liujiang was located among the more recent Homo sapiens (particularly close to 

Furfooz 1), with lower scores along both axes, while Qafzeh 9 and Border Cave 1 had 

relatively low values along PC1 which also placed them among the more recent Homo 

sapiens. KNM-ER 1470 was located close to the Neanderthal cluster, particularly 

Krapina C and Tabun 1. D4500 was somewhat separated from the other Homo erectus 

sensu lato (including D2282) due to its relatively low score along PC1. KNM-ER 1813 

appeared anomalous along the second component, being clustered with the Homo 

erectus sensu lato. Dinaledi hominin 1 (DH1) was located close to KNM-ER 3773 and 

OH 24 despite its relatively recent age.  
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Form Space 

 

PCA in form space using the 53 Pleistocene hominin specimens resulted in 53 PCs, 

with the first nine accounting for over 95% of total sample variance combined, and the 

first six accounting for >1% of variance individually. Figure 6.1.V shows the hominins 

plotted by their values for PC1 and PC2, which accounted for a total of 83.4% of 

sample variance. PC1, which accounted for 68.6% of variance, separated out the 

earlier hominins, as well as DH1 and the Georgian Homo erectus, from the later 

specimens, with the former having lower scores along this axis. The earlier specimens 

were associated with more laterally flaring and winged supraorbital trigones, shallow, 

curved post-toral sulci, relatively narrow, short, and vertical frontal squamae, dacryon 

points which were located slightly superiorly to nasion, and relatively tall orbits. Later 

specimens were associated with superoinferiorly shorter supraorbital tori that occupied 

a small proportion of the overall morphology, tall, curved frontal squamae with lateral 

aspects that were parallel with the lateral aspects of the supraorbital trigones, less 

postorbital constriction, and shorter orbits. 

 

PC2, accounting for 14.8% of variance, separated out the later Homo sapiens (AMH 

and late Late Pleistocene) from the rest of the hominins, with the former having lower 

values along this axis. Lower values were associated with taller frontal squamae, less 

laterally flared supraorbital trigones, lack of supraorbital tori and post-toral sulci, and 

dacryon points that were located inferior to nasion. Conversely, specimens with higher 

values had shorter frontal squamae that were more angled, larger supraorbital tori that 

were more anteriorly projecting and laterally flaring, a clear distinction between the 

supraorbital tori and frontal squamae, and nasion points that were more inferior than 

the dacryon points. 

 

Size-Free Shape Space 

 

PCA in size-free shape space for the 53 Pleistocene hominins resulted in 53 PCs, with 

the first 19 accounting for >95% of total sample variance combined, and the first 10 

accounting for >1% of variance individually. Specimens are shown plotted by their 

values for the first and second PCs, accounting for 61.1% of total variance combined, 

along with the shape changes associated with these components, in figure 6.1.VI. The 

first PC accounted for 50.1% of variation and separated the majority of the Homo 

sapiens from the other hominins. Specimens with lower values for this component had 
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short frontal squamae, anteroposteriorly and superoinferiorly large supraorbital tori with 

thick, laterally flared supraorbital trigones, a clear distinction between the supraorbital 

tori and the frontal squamae, relatively angled orbits, and dacryon points which were 

superior to the nasion point. Specimens with more positive values along PC1 had taller 

frontal squamae which occupied a large proportion of the recorded morphology, thin 

lateral supraorbital trigones which were parallel with the lateral aspects of the frontal 

squamae, absent supraorbital tori and post-toral sulci, vertical orbits, and dacryon 

points which were inferior to nasion. 

 

The second PC accounted for 10.9% of total variance. It slightly separated out the 

Neanderthals, which generally had negative values, and the early Homo, which had 

positive values, from the other hominins. Lower values on PC2 were associated with 

shorter, more angled frontal squamae, slightly anteriorly projecting supraorbital tori, 

and wide nasal columns. Specimens with higher values had taller and more vertical 

frontal squamae, relatively more protruding supraorbital tori, slightly narrower nasal 

columns, and a relatively greater degree of postorbital constriction.  

 

The majority of the Homo sapiens were clustered at the upper end of PC1, although 

Herto, Omo 1, Djebel Irhoud 1, and Skhūl V had more negative values and were closer 

to some Homo erectus sensu lato specimens. The Neanderthals also formed a cluster 

at the negative range of both PC1 and PC2, except for Amud 1 and La Quina H5 which 

had higher values along both PCs and were close to OH 24, Skhūl V, and Solo VI. DH1 

was located between the Neanderthals and KNM-ER 732, while OH 5 was close to the 

Neanderthal cluster and KNM-ER 406 had higher values along PC2, along with D4500. 

D2282 was separate from D4500, and lay close to the Homo sapiens cluster. Similarly, 

the Homo rudolfensis and Australopithecus afarensis specimens were located among 

the Homo sapiens, close to Oberkassel I.  
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Figure 6.1.V - Plot of PC1 (x-axis) and PC2 (y-axis), accounting for 83.4% of variation, for PCA in form space using sample of 53 Pleistocene hominin specimens. Convex 

hulls are shown for groups with more than three members. Specimens are identified by symbols shown in legend. Abbreviations are as in table 5.2.II. Shape changes are 

shown for minimum, median and maximum sample values for both axes 
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Figure 6.3.VI - Plot of PC1 (x-axis) and PC2 (y-axis), accounting for 61.1% of variation, for PCA in size-free shape space using sample of 53 Pleistocene hominins. Convex 

hulls are shown for groups with more than three members. Specimens are identified by symbols shown in legend. Abbreviations are as in table 5.2.II. Shape changes are 

shown for minimum, median, and maximum sample values for both axes, from frontal and left lateral view 
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6.1.2 - GROUP MORPHOLOGY 

 

PRIMATES 

 

Figures 6.1.VII to 6.1.X show shape comparisons between the various primate groups 

included in this study. There were slight differences apparent between the Gorilla 

gorilla subspecies, which were largely focused in the lateral and inferior aspects of the 

supraorbital tori (figure 6.1.VII). Larger differences were apparent between the Gorilla 

beringei subspecies, with Gorilla beringei beringei having more superiorly placed 

dacryon points, more anteriorly projecting frontal squamae and supraorbital tori, and 

slightly narrower frontal squamae than Gorilla beringei graueri. The differences 

between the Gorilla species were more obvious, with Gorilla gorilla having 

anteroposteriorly thicker lateral aspects of their supraorbital tori, more anteriorly 

projecting supraorbital tori in the midsagittal region, and more superiorly placed orbital 

points than Gorilla beringei. 

 

 

 

 

 

Figure 6.1.VIII shows minimal differences between the subspecies of Pan troglodytes. 

Pan troglodytes troglodytes were found to have more anteroinferiorly placed inferior 

aspects of the supraorbital tori, deeper post-toral sulci, and more vertical frontal 

squamae than the average Pan troglodytes schweinfurthii configuration. Pan 

troglodytes ellioti had slightly more laterally expanded supraorbital trigones, less 

anteriorly placed supraorbital tori and frontal squamae, and more posteriorly placed 

Figure 6.1.VII - Mean shapes of specimens of 

Gorilla taxa: a - Gorilla beringei beringei (black) 

superimposed with Gorilla beringei graueri 

(white); b - Gorilla gorilla diehli (black) 

superimposed with Gorilla gorilla gorilla (white); 

c - Gorilla beringei (black) superimposed with 

Gorilla gorilla (white) 
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orbits than Pan troglodytes troglodytes. Pan troglodytes verus had slightly more 

anteriorly projecting supraorbital tori which were taller in the midsagittal region, and 

less vertical frontal squamae than Pan troglodytes ellioti. In terms of species-level 

differences, Pan troglodytes had more projecting supraorbital tori on average, with 

laterally expanded supraorbital trigones, and more posteriorly placed lower orbital 

margins, while the uppermost part of the frontal squama of the average Pan paniscus 

configuration was more anteroinferiorly placed. 

 

 

 

 

 

 

 

 

Comparisons between the average shapes of the Papio groups are shown in figure 

6.1.IX. The differences between Papio anubis and Papio cynocephalus were small, 

with the latter having slightly narrower supraorbital tori, and more anteriorly placed 

frontal squamae in the medial region, while the lateral aspects were relatively inferiorly 

placed. Papio anubis had more anteriorly protruding supraorbital tori in the glabella 

region in comparison to Papio cynocephalus. Differences between Papio anubis and 

Papio kindae were more apparent, with the latter having taller, more anteriorly and 

laterally projecting frontal squamae, and the former having more inferiorly placed 

supraorbital margins and orbits. The differences between Papio cynocephalus and 

Papio kindae were less apparent, although again the latter as found to have a more 

superiorly and laterally projecting frontal squamae on average. 

Figure 6.1.VIII - Mean shapes of specimens of Pan taxa: a - Pan troglodytes troglodytes (black) 

superimposed with Pan troglodytes schweinfurthii (white); b - Pan troglodytes troglodytes (black) 

superimposed with Pan troglodytes ellioti (white); c - Pan troglodytes verus (black) superimposed with  

Pan troglodytes ellioti (white); d - Pan paniscus (black) superimposed with Pan troglodytes (white) 
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Figure 6.1.X shows the differences between the Macaca taxa. There were slight 

differences between the Macaca species, which were largely found in the supraorbital 

trigones and superior frontal squama region. Macaca fascicularis was found to have 

the most anteriorly projecting supraorbital tori in the medial region, while the lateral 

aspects of the supraorbital tori in the Macaca fuscata were more projecting. The orbits 

of Macaca mulatta showed a higher degree of orbital frontation than in the other two 

species, and the frontal squamae in this group was more vertically aligned. Macaca 

fuscata yakui specimens had slightly more laterally thickened supraorbital trigones and 

mediolaterally narrower frontal squamae which were more vertically aligned than those 

seen in Macaca fuscata fuscata.  

 

 

  

Figure 6.1.IX - Mean shapes of specimens of 

Papio taxa: a - Papio anubis (black) 

superimposed with Papio cynocephalus (sensu 

stricto) (white); b - Papio anubis (black) 

superimposed with Papio kindae (white);  

c - Papio cynocephalus (sensu stricto) (black) 

superimposed with Papio kindae (white) 

Figure 6.1.X - Mean shapes of specimens of 

Macaca taxa: a - Macaca fascicularis (black) 

superimposed with Macaca fuscata (white);  

b - Macaca fascicularis (black) superimposed  

with Macaca mulatta (white); c - Macaca fuscata 

fuscata (black) superimposed with Macaca fuscata 

yakui (white) 
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PLEISTOCENE HOMININS 

 

Figures 6.1.XI to 6.1.XV show comparisons of mean shapes between the various 

hominin groups included in this study. As can be seen in figure 6.1.XI, the EMH had 

slightly more anteriorly projecting supraorbital tori than AMH (including late Late 

Pleistocene Homo sapiens), although only in the inferior regions. The EMH also had 

lower frontals than the AMH, and their orbits were found to be shorter and more 

posteriorly retracted. 

 

 

 

 

 

Large differences were found between the average Homo sapiens and Homo 

neanderthalensis shapes (figure 6.1.XII). Homo sapiens had taller frontal squamae 

which were more vertically aligned, their orbits were more anteriorly placed (i.e. higher 

degree of orbital frontation), and their supraorbital tori were narrower mediolaterally. In 

addition, Homo sapiens had more superiorly placed nasion landmarks and thinner 

supraorbital trigones in comparison to the Neanderthals. In comparison to Homo 

erectus sensu lato, Homo sapiens had parallel frontal squamae and lateral aspects of 

the supraorbital tori, thin supraorbital trigones, high, vertical frontal squamae, more 

superiorly located nasion points, and less protruding supraorbital tori. The differences 

between the average Homo neanderthalensis and Homo erectus sensu lato 

configurations were smaller, with the Neanderthals having slightly taller and more 

vertical frontal squamae, more anteriorly projecting supraorbital tori, and slightly 

thinner, less laterally flaring supraorbital trigones.  

Figure 6.1.XI - Mean shapes of specimens 

of Homo sapiens: AMH (black; including 

late Late Pleistocene Homo sapiens) 

superimposed with EMH (white) 



  

Page 260 of 547 
 

 

 

 

 

 

Figure 6.1.XIII shows the differences between the average groups within Homo erectus 

sensu lato. In this dataset, Homo erectus sensu stricto were found to have less laterally 

expanded supraorbital tori, Homo ergaster had less anteriorly projecting supraorbital 

tori and slightly less postorbital constriction that Homo georgicus, while Homo 

georgicus had more inferiorly placed nasion points and the most laterally expanded 

and superoinferiorly tall supraorbital tori of the three groups. Caution must be taken 

when interpreting these results however, due to the small sample sizes of these 

groups. 

 

 

 

 

 

 

 

 

Comparisons between early Homo and Australopithecus africanus are shown in figure 

6.1.XIV. The Homo rudolfensis specimen (KNM-ER 1470) showed a more 

Figure 6.1.XII - Mean shapes of Middle and Late 

Pleistocene Homo: a - Homo sapiens (black) 

superimposed with Homo neanderthalensis 

(white); b - Homo sapiens (black) superimposed 

with Homo erectus sensu lato (white);  

c - Homo neanderthalensis (black) superimposed 

with Homo erectus sensu lato (white) 

Figure 6.1.XIII - Mean shapes of specimens of Homo erectus sensu lato: a - Homo erectus sensu 

stricto (black) superimposed with Homo ergaster (white); b - Homo georgicus (black) superimposed 

with Homo ergaster (white) 
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superoinferiorly bulging frontal squama in comparison to the Homo habilis specimens, 

with more inferiorly placed orbits, and a superiorly located nasion. Homo naledi showed 

closer affinities to early Homo in the PCA plots, despite its Middle Pleistocene age, so 

is also considered here. DH1 had a slightly taller supraorbital torus than the average 

Homo habilis shape, with much more angled orbits which were also wider, and a 

shorter frontal squama than the average Homo habilis configuration. Homo habilis had 

a more angled frontal squama than found in the Australopithecus africanus specimen 

(Sts 5), as well as more superiorly placed orbits and inferior supraorbital torus, and a 

mediolaterally wider frontal squama. 

 

 

 

 

 

There are large observable differences between Sts 5 and the Paranthropus 

aethiopicus specimen (KNM-WT 17000) (figure 6.1.XV). For instance, KNM-WT 17000 

had thick, laterally flaring and posteriorly rotated supraorbital trigones, and a lower 

frontal squama than Sts 5. Differences between the Paranthropus species are less 

pronounced. Paranthropus boisei was found to have less posteriorly rotated (or 

‘winged’) supraorbital trigones, slightly more vertical frontal squamae, slightly wider 

orbits and nasal columns, and slightly more anteriorly projecting supraorbital tori than 

seen in Paranthropus aethiopicus. Again, caution must be taken when interpreting 

these results, due to the low sample sizes available for the earlier hominins. 

Figure 6.1.XIV - Mean shapes of early Homo and 

related hominins: a - Homo habilis (black) 

superimposed with Homo rudolfensis (white);  

b - Homo habilis (black) superimposed with Homo 

naledi (white); c - Homo habilis (black) 

superimposed with Australopithecus africanus 

(white) 
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6.1.3 - DISCRIMINANT ANALYSIS 

 

PRIMATES 

 

Tangent Space 

 

 

 

 

 

 

 

A step-wise, cross-validated DA was performed using the first 33 PCs which accounted 

for over 95% of total variance combined from the PCA in tangent space using the 

dataset of the 460 primate specimens (table 6.1.I). Overall weighted species 

classification accuracy was 86.2% and ranged from 50.0% in Papio cynocephalus to 

93.1% in Pan troglodytes. A similar DA was performed using subspecies groups, where  

  GB GG PP PT PA PC PK MFa MFu MM Species Genus 

GB 85.5 12.7 1.8               85.5 98.2 

GG 7.4 92.6                 92.6 100.0 

PP     79.1 20.9             79.1 100.0 

PT     6.9 93.1             93.1 100.0 

PA         85.7 7.1 7.1       85.7 100.0 

PC         25.0 50.0 25.0       50.0 100.0 

PK           4.3 91.3     4.3 91.3 95.7 

MFa               81.6 6.1 12.2 81.6 100.0 

MFu           4.5   18.2 72.7 4.5 72.7 95.5 

MM         2.3 2.3 2.3 6.8 2.3 84.1 84.1 93.2 

Figure 6.1.XV - Mean shapes of Australopithecus and Paranthropus specimens:  

a - Australopithecus africanus (black) superimposed with Paranthropus aethiopicus (white);  

b - Paranthropus aethiopicus (black) superimposed with Paranthropus boisei (white) 

Table 6.1.I - Results of step-wise, cross-validated DA using first 33 PCs that accounted for over 95% of 

total sample variance from PCA in tangent space with dataset of 406 primates. Percentage classification 

accuracy is shown by group, with specimens classified into species groups. Overall weighted species 

classification accuracy was 86.2%. All PCs except for 12, 18, 21, 24, 28, and 31 were used to create the 

discriminant function. Abbreviations are as in table 5.2.II 
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  GBB GBG GGD GGG PP PTT PTS PTV PTE PA PC PK MFa MFuF MFuY MM Subspecies Species Genus 

GBB 57.1 14.3 7.1 21.4                         57.1 71.4 100.0 

GBG 7.3 87.8  2.4 2.4                       87.8 95.1 97.6 

GGD 11.1   61.1 27.8                         61.1 88.9 100.0 

GGG 10.0 6.0 10.0 72.0       2.0                 72.0 82.0 98.0 

PP         90.7 4.7 4.7                    - 90.7 100.0 

PTT         6.0 76.0 12.0 4.0 2.0               76.0 94.0 100.0 

PTS         6.7 36.7 46.7 6.7 3.3               46.7 93.3 100.0 

PTV         6.3 18.8 18.8 50.0 6.3               50.0 93.8 100.0 

PTE         20.0 20.0 40.0 20.0 0.0               0.0 80.0 100.0 

PA                   85.7 7.1 7.1          - 85.7 100.0 

PC                   25.0 50.0 25.0          - 50.0 100.0 

PK                     4.3 91.3     4.3    - 91.3 95.7 

MFa                         85.7 2.0 2.0 10.2  - 85.7 100.0 

MFuF                         33.3 16.7 33.3 16.7 16.7 50.0 100.0 

MFuY                         14.3 42.9 42.9  42.9 85.7 100.0 

MM                   2.3 2.3   4.5   90.9  - 90.9 95.5 

Table 6.1.II - Results of step-wise, cross-validated DA using first 33 PCs that accounted for over 95% of total sample variance from PCA in tangent space with dataset of 

406 primates. Percentage classification accuracy is shown by group, with specimens classified into subspecies groups where possible. Overall weighted species 

classification accuracy was 83.0% while weighted subspecies accuracy was 65.4%. All PCs except for 12, 18, 21, 24, 27, 28, 29, 30, 31, 32, and 33 were used to create 

the discriminant function. Abbreviations are as in table 5.2.II 
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possible (table 6.1.II). Species classification accuracy was 83.0% and ranged from 

50.0% in Macaca fuscata fuscata specimens to 95.1% in Gorilla beringei graueri  

specimens. Weighted subspecies classification accuracy was lower at 65.4%, and 

varied from 0.0% in Pan troglodytes ellioti, to 87.8% in Gorilla beringei graueri. 

 

Form Space 

 

A step-wise, cross-validated DA was also performed using the first three PCs which 

accounted for over 95% of total variance combined from the PCA in form space (table 

6.1.III). Weighted species classification accuracy was 74.3%, and ranged from 0.0% in 

Papio cynocephalus to 91.1% in Pan troglodytes. A similar DA was performed using 

subspecies groups, where applicable (table 6.1.IV). Weighted species classification 

accuracy was 72.4%, and ranged from 0.0% in Macaca fuscata fuscata, Macaca 

fuscata yakui, and Papio cynocephalus, to 88.0% in Pan troglodytes troglodytes. 

Weighted subspecies classification accuracy was 46.4%, and varied from 0.0% in 

Gorilla beringei beringei, Gorilla gorilla diehli, Pan troglodytes verus, Pan troglodytes 

ellioti, Macaca fuscata fuscata, and Macaca fuscata yakui, to 80.0% in Pan troglodytes 

troglodytes. 

 

 

 

 

 

 GB GG PP PT PA PC PK MFa MFu MM Species Genus 

GB 74.5 18.2 1.8 5.5       74.5 92.7 

GG 17.6 76.5  5.9       76.5 94.1 

PP   48.8 51.2       48.8 100.0 

PT  1.0 7.9 91.1       91.1 99.0 

PA     73.8  26.2    73.8 100.0 

PC     75.0 0.0 25.0    0.0 100.0 

PK     17.4  82.6    82.6 100.0 

MFa        83.7 2.0 14.3 83.7 100.0 

MFu        40.9 22.7 36.4 22.7 100.0 

MM        13.6 4.5 81.8 81.8 100.0 

Table 6.1.III - Results of step-wise, cross-validated DA using first three PCs that accounted for over 95% 

of total sample variance from PCA in form space with dataset of 406 primates. Percentage classification 

accuracy is shown by group, with specimens classified into species groups. Overall weighted species 

classification accuracy was 74.3%. All three PCs were used to create the discriminant function. 

Abbreviations are as in table 5.2.II  
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 GBB GBG GGD GGG PP PTT PTS PTV PTE PA PC PK MFa MFuF MFuY MM Subspecies Species Genus 

GBB 0.0 71.4  28.6             0.0 71.4 100.0 

GBG 2.4 78.0  14.6 2.4 2.4           78.0 80.5 95.1 

GGD  16.7 0.0 77.8  5.6           0.0 77.8 94.4 

GGG  16.0 4.0 72.0  8.0           72.0 76.0 92.0 

PP     86.0 11.6 2.3          - 86.0 100.0 

PTT    2.0 10.0 80.0 8.0 0.0 0.0        80.0 88.0 98.0 

PTS     30.0 63.3 6.7 0.0 0.0        6.7 70.0 100.0 

PTV     18.8 56.3 25.0 0.0 0.0        0.0 81.3 100.0 

PTE     40.0 40.0 0.0 20.0 0.0        0.0 60.0 100.0 

PA          73.8  26.2     - 73.8 100.0 

PC          75.0 0.0 25.0     - 0.0 100.0 

PK          17.4  82.6     - 83.7 100.0 

MFa             83.7   16.3 - 83.7 100.0 

MFuF             0.0 0.0 0.0 100.0 0.0 0.0 100.0 

MFuY             100.0 0.0 0.0  0.0 0.0 100.0 

MM             13.6   86.4 - 86.4 100.0 

Table 6.1.IV - Results of step-wise, cross-validated DA using first three PCs that accounted for over 95% of total sample variance from PCA in form space with dataset of 

406 primates. Percentage classification accuracy is shown by group, with specimens classified into subspecies groups where possible. Overall weighted species 

classification accuracy was 72.4% while weighted subspecies accuracy was 46.4%. All PCs were used to create the discriminant function. Abbreviations are as in table 

5.2.II 
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Size-Free Shape Space 

 

A step-wise, cross-validated DA was also performed using the first 41 PCs which 

accounted for over 95% of total variance combined from the PCA in size-free shape 

space (table 6.1.V). Weighted species classification accuracy was 80.9%, and ranged 

from 50.0% in Papio cynocephalus, to 95.7% in Papio kindae. Genus classification 

accuracy was over 79.4% for all taxa. A similar DA was performed using subspecies 

groups, where possible (table 6.1.VI). Weighted species classification accuracy was 

80.5%, and ranged from 50.0% in Papio cynocephalus, to 96.0% in Pan troglodytes 

troglodytes specimens. Weighted subspecies classification accuracy was lower at 

57.8%, and varied from 0.0% in Macaca fuscata fuscata and Pan troglodytes ellioti, to 

85.4% in Gorilla beringei graueri. 

 

 

 

 

 

 

 

 GB GG PP PT PA PC PK MFa MFu MM Species Genus 

GB 78.2 9.1  1.8    5.5 5.5  78.2 87.3 

GG 4.4 75.0  1.4    10.3 4.4 5.9 75.0 79.4 

PP   86.0 14.0       86.0 100.0 

PT   8.9 91.1       91.1 100.0 

PA     83.3 9.5 7.1    83.3 100.0 

PC     25.0 50.0 25.0    50.0 100.0 

PK      4.3 95.7    95.7 100.0 

MFa 6.1 8.2  2.0  0.0  75.5 2.0 6.1 75.5 83.7 

MFu 4.5 4.5  4.5  4.5  9.1 72.7  72.7 81.8 

MM    4.5 4.5   4.5  86.4 86.4 90.9 

Table 6.1.V - Results of step-wise, cross-validated DA using first 41 PCs that accounted for over 95% of 

total sample variance from PCA in size-free shape space with a dataset of 406 primates. Percentage 

classification accuracy is shown by group, with specimens classified into species groups. Overall weighted 

species classification accuracy was 80.9%. All PCs except for 24, 28, 31, 32, 33, 34, 35, 37, 38, 39, 40, 

and 41 were used to create the discriminant function. Abbreviations are as in table 5.2.II 
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  GBB GBG GGD GGG PP PTT PTS PTV PTE PA PC PK MFa MFuF MFuY MM Subspecies Species Genus 

GBB 14.3 14.3 7.1 14.3                 35.7   14.3   14.3 28.6 50.0 

GBG 2.4 85.4  4.9 2.4               2.4     2.4 85.4 87.8 92.7 

GGD 5.6  55.6 27.8                 5.6 5.6     55.6 83.3 88.9 

GGG 4.0 2.0 12.0 50.0       2.0  2.0 2.0  16.0 2.0 2.0 6.0 50.0 62.0 68.0 

PP         88.4 7.0 4.7                  - 88.4 100.0 

PTT         2.0 80.0 10.0 4.0 2.0             2.0 80.0 96.0 98.0 

PTS         10.0 33.3 50.0 3.3 3.3               50.0 90.0 100.0 

PTV         18.8 12.5 18.8 43.8 6.3               43.8 81.3 100.0 

PTE         20.0 20.0 40.0 20.0 0.0               0.0 80.0 100.0 

PA                   81.0 7.1 11.9          - 81.0 88.1 

PC                   25.0 50.0 25.0          - 50.0 75.0 

PK                    4.3 95.7          - 95.7 95.7 

MFa 4.1 2.0   8.2       2.0         77.6   6.1  - 77.6 83.7 

MFuF 16.7         16.7             16.7 0.0 50.0  0.0 66.7 66.7 

MFuY 28.6 14.3                      14.3 42.9  42.9 57.1 57.1 

MM   2.3   2.3   2.3       4.5     2.3  2.3 84.1  - 84.1 88.6 

Table 6.1.VI - Results of step-wise, cross-validated DA using first 41 PCs that accounted for over 95% of total sample variance from PCA in size-free shape space with 

dataset of 406 primates. Percentage classification accuracy is shown by group, with specimens classified into subspecies groups where possible. Overall weighted species 

classification accuracy was 80.5% while weighted subspecies accuracy was 57.8%. All PCs except for 11, 12, 24, and 27 to 41 were used to create the discriminant 

function. Abbreviations are as in table 5.2.II 
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PLEISTOCENE HOMININS 

 

Tangent Space 

 

A step-wise, cross-validated DA was performed using the Pleistocene hominin dataset 

and the first 16 PCs from PCA in tangent space accounting for over 95% of total 

variance combined. Species with only one representative (e.g. Homo naledi, Homo 

rudolfensis, Australopithecus afarensis and Paranthropus aethiopicus) were excluded, 

leaving 49 hominins from five species. Specimens were classified into species groups, 

and a summary of the results is shown in table 6.1.VII. Weighted species classification 

accuracy was 87.8%, and ranged from 100.0% for the Paranthropus boisei, to 50.0% 

for the Homo habilis. 95.8% of the Homo sapiens were correctly classified, with 4.2% 

(one individual, Djebel Irhoud 1) being misclassified as a Neanderthal. 92.3% of the 

Neanderthal specimens were correctly classified, with 7.7% (one individual, Amud 1) 

being misclassified as Homo sapiens. Classification accuracy for Homo erectus sensu 

lato was lower (57.1%), with two individuals (Zhoukoudian XII and KNM-ER 3773) 

being misclassified as Homo neanderthalensis and one (D4500) as Homo habilis. One 

of the Homo habilis specimens (KNM-ER 1813) was misclassified as Homo erectus 

sensu lato. 

 

 

 

 

 

 

 

 

 

 

 

 

 

A similar DA was performed with the hominins being classified into subgroups where 

possible (i.e. Homo sapiens was split into EMH and AMH, and Homo erectus sensu 

lato was split into its three geographic subgroups). Weighted species classification 

accuracy was 77.6%, and ranged from 0.0% for the Homo habilis specimens, to 

  HS HN HEsl HHa ParB Species 

HS 95.8 4.2       95.8 

HN 7.7 92.3       92.3 

HEsl   28.6 57.1 14.3   57.1 

HHa     50.0 50.0   50.0 

ParB         100.0 100.0 

Table 6.1.VII - Results of step-wise, cross-validated DA using first 16 PCs that accounted 

for over 95% of total sample variance from PCA in tangent space with dataset of 49 

hominins. Percentage classification accuracy is shown, with specimens classified into 

species groups. Overall weighted species classification accuracy was 87.8%. All PCs 

except for 7, 9, 10, 11, 12, 14, 15, and 16 were used to create the discriminant function. 

Abbreviations are as in table 5.2.II 
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100.0% for Homo ergaster and Paranthropus boisei (table 6.1.VIII). Subgroup 

classification accuracy was 58.1%, and ranged from 0.0% in Homo ergaster and Homo 

georgicus, to 82.4% in AMH. Two AMH (5.9%; Oberkassel I and Předmostí 3) were 

misclassified as EMH, while three EMH (14.3%; Border Cave 1, Liujiang, and Qafzeh 

9) were misclassified as AMH. Djebel Irhoud 1 was again misclassified as a 

Neanderthal, and one Neanderthal (7.7%; Saint-Césaire I) was misclassified as an 

EMH. Only Sangiran 17 was correctly classified out of the Homo erectus sensu stricto, 

while Solo VI and Zhoukoudian XII were misclassified as Neanderthals. KNM-ER 3883 

was misclassified as Homo erectus sensu stricto, while KNM-ER 3733 was placed 

among Homo georgicus. Conversely, D2282 was placed with Homo ergaster. D4500 

was once again placed with Homo habilis, while both Homo habilis were misclassified 

as Homo georgicus. 

 

 

 

 

 

 

 

Form Space 

 

A step-wise, cross-validated DA was also performed using the first nine PCs from PCA 

in form space which accounted for over 95% of total variance combined, with hominins 

being classified into species groups (table 6.1.IX). Weighted species classification 

accuracy was 87.8%, and ranged from 0.0% in Homo habilis, to 100.0% in 

Paranthropus boisei. As in the tangent space DA, Djebel Irhoud 1 was misclassified as 

Homo neanderthalensis. Two Neanderthals (15.4%; Amud 1 and Saint-Césaire I) were 

misclassified as Homo sapiens. Classification accuracy for Homo erectus sensu lato 

 AMH EMH HN HEss HErg HG HHa ParB Subgroup Species 

AMH 82.4 11.8 5.9      82.4 94.1 

EMH 42.9 42.9 14.3      42.9 85.7 

HN  7.7 92.3      - 92.3 

HEss   66.7 33.3 0.0 0.0   33.3 33.3 

HErg    50.0 0.0 50.0   0.0 100.0 

HG    0.0 50.0 0.0 50.0  0.0 50.0 

HHa      100.0 0.0  - 0.0 

ParB        100.0 - 100.0 

Table 6.1.VIII - Results of step-wise, cross-validated DA using first 16 PCs that accounted for over 95% of 

total sample variance from PCA in tangent space with dataset of 49 hominins. Percentage classification 

accuracy is shown, with specimens classified into subgroups where possible. Overall weighted species 

classification accuracy was 77.6%, while weighted subgroup classification accuracy was 58.1%. PCs 1, 2, 

3, and 4 were used to create the discriminant function. Abbreviations are as in table 5.2.II 
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was unchanged, however only one specimen (Zhoukoudian XII) was placed with Homo 

neanderthalensis, while two (D4500 and D2700) were misclassified as Homo habilis. 

Both Homo habilis were misclassified as Homo erectus sensu lato. 

 

 

 

 

 

  HS HN HEsl HHa ParB Species 

HS 95.8 4.2       95.8 

HN 15.4 84.6       84.6 

HEsl   14.3 57.1 28.6   57.1 

HHa     100.0 0.0   0.0 

ParB         100.0 100.0 

 

 

The results of a separate DA where hominins were classified into subgroups are shown 

in table 6.1.X. Weighted species classification accuracy was 81.6%, and ranged from 

0.0% in Homo georgicus and Homo habilis, to 100.0% in Homo erectus sensu stricto 

and Homo ergaster. Subgroup classification accuracy was 61.3%, and ranged from 

0.0% in Homo ergaster and Homo georgicus, to 82.4% in the AMH. As in the tangent 

space DA, two AMH (11.8%; Oberkassel I and Předmostí 3) and three EMH (42.9%%; 

Border Cave 1, Liujiang, and Qafzeh 9) were misclassified as EMH and AMH, 

respectively, and Djebel Irhoud 1 was once again misclassified as a Neanderthal. 

Zhoukoudian UC 101 was also misclassified as a Neanderthal in this analysis, while 

Saint-Césaire I was again misclassified as an EMH. Two Neanderthals (15.4%; La 

Quina H5 and Shanidar V) were misclassified as Homo erectus sensu stricto. 

Subgroup classification accuracy for Homo erectus sensu stricto was 66.7%, with one 

individual (Zhoukoudian XII) being misclassified as Homo ergaster. Both Homo 

ergaster specimens were misclassified as Homo erectus sensu stricto. Both Homo 

georgicus were misclassified as Homo habilis, while the Homo habilis specimens were 

both misclassified as Homo georgicus.  

Table 6.1.IX - Results of step-wise cross-validated DA using first nine PCs that accounted 

for over 95% of total sample variance from PCA in form space with dataset of 49 hominins. 

Percentage classification accuracy is shown, with specimens classified into species 

groups. Overall weighted species classification accuracy was 87.8%. All PCs except for 6, 

8, and 9 were used to create the discriminant function. Abbreviations are as in table 5.2.II 
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Size-Free Shape Space 

 

A step-wise, cross-validated DA was also performed using the first 18 PCs from PCA in 

size-free shape space accounting for over 95% of total variance combined (table 

6.1.XI). The overall weighted species classification accuracy for this analysis was 

79.6%, and ranged from 0.0% in Homo habilis, to 92.3% for Homo neanderthalensis. 

Djebel Irhoud 1 was, again, misclassified as a Neanderthal, while Omo 1 and Saint-

Césaire I were misclassified as Homo erectus sensu lato. Three of the Homo erectus 

sensu lato (42.9%; Zhoukoudian XII, KNM-ER 3883, and KNM-ER 3733) were 

misclassified as Homo neanderthalensis, and D2282 was misclassified as Homo 

habilis. OH 24 was placed among Homo sapiens while KNM-ER 1813 was 

misclassified as Homo erectus sensu lato. Unlike in previous analyses, KNM-ER 732 

was misclassified as a Neanderthal. 

 

Finally, a step-wise, cross-validated DA was performed with specimens being classified 

into subgroups where possible. Overall weighted species accuracy was 79.6%, and 

ranged from 0.0% in Homo ergaster and Homo habilis, to 94.1% in the AMH. Subgroup 

weighted classification accuracy was 61.3%, and ranged from 0.0% in the Homo 

erectus sensu lato subgroups, to 88.2% in the AMH. Oberkassel 1 was once again 

placed among the EMH, and Liujiang and Qafzeh 9 with the AMH. Zhoukoudian UC 

101 was misclassified as Homo neanderthalensis and Saint-Césaire I as an EMH, as in 

the form space subgroup DA, and Djebel Irhoud was also misclassified as a 

Neanderthal. None of the Homo erectus sensu lato specimens were correctly classified  

 AMH EMH HN HEss HErg HG HHa ParB Subgroups Species 

AMH 82.4 11.8 5.9      82.4 94.1 

EMH 42.9 42.9 14.3      42.9 85.7 

HN  7.7 76.9 15.4     - 76.9 

HEss    66.7 33.3 0.0   66.7 100.0 

HErg    100.0 0.0 0.0   0.0 100.0 

HG    0.0 0.0 0.0 100.0  0.0 0.0 

HHa      100.0 0.0  - 0.0 

ParB        100.0 - 100.0 

Table 6.1.X - Results of step-wise, cross-validated DA using first nine PCs that accounted for over 95% 

of total sample variance from PCA in form space with dataset of 49 hominins. Percentage classification 

accuracy is shown, with specimens classified into subgroups where possible. Overall weighted species 

classification accuracy was 81.6%, and weighted subgroup classification accuracy was 61.3%. PCs 1, 

2, 3, 4, and 5 were used to create the discriminant function. Abbreviations are as in table 5.2.II 
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into their subgroups, with Solo VI and Sangiran 17 being misclassified as Homo 

georgicus, Zhoukoudian XII, KNM-ER 3733, and KNM-ER 3883 being placed with 

Homo neanderthalensis, D4500 being misclassified as Homo erectus sensu stricto, 

and D2282 as Homo habilis. As in the species DA, KNM-ER 732 was misclassified as 

a Neanderthal. 

 

 

 

 

 

 

 

  

  HS HN HEsl HHa ParB Species 

HS 91.7 4.2 4.2     91.7 

HN   92.3 7.7     92.3 

HEsl   42.9 42.9 14.3   42.9 

HHa 50.0   50.0 0.0   0.0 

ParB   33.3     66.7 66.7 

 AMH EMH HN HEss HErg HG HHa ParB Subgroups Species 

AMH 88.2 5.9 5.9      88.2 94.1 

EMH 28.6 57.1 14.3      57.1 85.7 

HN  7.7 92.3       92.3 

HEss   33.3 0.0 0.0 66.7   0.0 66.7 

HErg   100.0 0.0 0.0 0.0   0.0 0.0 

HG    50.0 0.0 0.0 50.0  0.0 50.0 

HHa  50.0    50.0 0.0   0.0 

ParB   33.3     66.7  66.7 

Table 6.1.XI - Results of step-wise, cross-validated DA using first 18 PCs that accounted for 

over 95% of total sample variance from PCA in size-free shape space with dataset of 49 

hominins. Percentage classification accuracy is shown, with specimens classified into 

species groups. Overall weighted species classification accuracy was 79.6%. PCs 1, 2, 3, 

and 4 were used to create the discriminant function. Abbreviations are as in table 5.2.II 

 

Table 6.1.XII - Results of step-wise, cross-validated DA using first 18 PCs that accounted for over 95% of 

total sample variance from PCA in size-free shape space with dataset of 49 hominins. Percentage 

classification accuracy is shown, with specimens classified into subgroups where possible. Overall 

weighted species classification accuracy was 79.6%, while weighted subgroup classification accuracy 

was 61.3%. PCs 1, 2, 3, and 4 were used to create the discriminant function. Abbreviations are as in table 

5.2.II 
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6.1.4 - HIERARCHICAL CLUSTER ANALYSIS 

 

PRIMATES 

 

The UPGMA dendrogram produced using the primate dataset is shown in figure 

6.1.XVI (also see figures 6.1.XVII to 6.1.XIX). The biggest separation in terms of the 

recorded orbital and supraorbital morphology was between the Gorilla specimens and 

the other primates. The next split was between three apparently anomalous specimens 

(a female Pan paniscus and two female Macaca mulatta), and the Pan and papionin 

specimens. Within the latter group, the largest separation can be seen between the 

Pan and Papio/Macaca specimens. The papionins do appear to form separate clusters 

corresponding to the two genera included, although each genus was split into two 

separate clusters. A number of specimens can be found in a different cluster to that 

containing the majority of its congenerics 

 

PLEISTOCENE HOMININS 

 

The UPGMA dendrogram of the Pleistocene hominin dataset is shown in figure 

6.1.XVII. The first separation can be seen to be between the more archaic hominins, 

including the australopiths, DH1, OH 24, D4500, and KNM-ER 3773, and the other 

hominins. Within the latter group, the first split was between the majority of the Homo 

sapiens specimens and the other hominins. Sangiran 17 and La Quina H5 appear to be 

somewhat anomalous in their orbital and supraorbital morphology, forming their own 

clusters, after which the next split separates the majority of the Homo erectus and 

remaining early Homo specimens. While the majority of the Neanderthals are grouped 

together with the Zhoukoudian XII Homo erectus sensu stricto, three (Saint-Césaire I, 

Amud 1, and Le Moustier 1) were found in a cluster with the remaining Homo sapiens, 

including the majority of the EMH.  
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Figure 6.1.XVI - UPGMA Dendrogram for Primate dataset consisting of 460 specimens. Specimen labels are colour coded as follows, using the R colours: Gorilla beringei 

beringei - orange; Gorilla beringei graueri - dark orange; Gorilla gorilla diehli - dark orange red; Gorilla gorilla gorilla - orange red; Pan paniscus - Indian red; Pan troglodytes 

troglodytes - tomato; Pan troglodytes schweinfurthii - firebrick; Pan troglodytes ellioti - dark red; Papio anubis - magenta; Papio cynocephalus sensu lato - purple; Papio 

cynocephalus - slateblue3; Papio kindae - orchid4; Macaca fascicularis - steelblue1; Macaca fuscata - dodgerblue; Macaca fuscata fuscata - mediumblue; Macaca fuscata 

yakui - navyblue; Macaca mulatta - forestgreen 
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 Figure 6.1.XVII - Isolated cluster from Primate UPGMA Dendrogram shown in figure 6.1.XVI, containing majority of Gorilla specimens. Specimen labels are colour coded as 

in figure 6.1.XVI 
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Figure 6.1.XVIII - Isolated clusters from Primate UPGMA Dendrogram shown in figure 6.1.XVI, containing majority of Pan specimens along with cluster of three anomalous 

specimens. Specimen labels are colour coded as in figure 6.1.XVI 
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Figure 6.1.XIX - Isolated cluster from Primate UPGMA Dendrogram shown in figure 6.1.XVI, containing majority of papionin specimens. Specimen labels are colour coded 

as in figure 6.1.XVI 
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Figure 6.1.XX - UPGMA dendrogram for Pleistocene hominin dataset consisting of 53 specimens. Taxa are colour coded using R colours as follows: Homo sapiens - 

darkorange1; Homo neanderthalensis - darkmagenta; Homo erectus sensu lato - midnightblue; Homo naledi - darkcyan; Homo habilis - royalblue1;  

Homo rudolfensis - cadetblue; Australopithecus africanus - seagreen; Paranthropus aethiopicus - olivedrab4; Paranthropus boisei - forestgreen 
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CHAPTER 7 - RESEARCH QUESTION 2: THE SIGNIFICANCE OF 

THE MIDDLE PLEISTOCENE HOMININS IN TERMS OF THEIR 

SUPRAORBITAL AND ORBITAL MORPHOLOGY 

 

This chapter aims to address the second research question: 

 

2. Are the MPH distinctive in their supraorbital and orbital morphology? 

a. If so, what characterises this group in terms of supraorbital and orbital 

morphology? 

b. Do any MPH show closer affiliation to other hominin taxa in terms of 

supraorbital and orbital morphology? 

 

As Chapter 6 has already established, the recorded orbital, supraorbital, and frontal 

morphology has taxonomic utility for both wider primates and hominins. Therefore, it is 

possible to use this recorded morphology to explore the relationship of the MPH to 

other hominins, and their own distinctiveness. This chapter used a combination of PCA, 

visual comparison, DA, and assessment of Procrustes distance matrices to identify any 

members of MPH which should potentially be excluded from this group, and to 

compare the degree of biological distinctiveness found within the MPH in comparison 

to other ‘good’ (i.e. well-accepted) primate and hominin taxa (Cardini et al., 2009).  
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7.1 - RESULTS 

 

7.1.1 - PRINCIPAL COMPONENT ANALYSIS  

 

ALL SPECIMENS 

 

Tangent Space 

 

PCA of the full sample of 711 primate and hominin crania in tangent space resulted in 

690 PCs, with the first 20 accounting for >95% of total sample variation combined, and 

the first eight accounting for >1% of variation individually. PC1 accounted for 63.6% of 

sample variance and largely separated out the hominins (which had more positive 

values) from the other primates, and the Gorilla taxa (which had the most negative 

values) from the other primates (figure 7.1.I). More negative values on this axis were 

associated with anteroposteriorly short browridges, deep post-toral sulci, and wide, 

laterally flared supraorbital tori, with the inferior aspect of the orbit being more 

posteriorly positioned. As the values along this PC increased, the configurations 

became taller anteroposteriorly, with a more bulging, vertical frontal squama, and a 

higher mid-frontotemporale point. The post-toral sulcus disappeared between the 

median and maximum values, the lateral components of the supraorbital torus became 

narrower, the supraorbital torus itself became severely retracted, and the inferior points 

of the orbit were relatively more anteriorly positioned, lying under the frontal squama. 

 

PC2 accounted for 9.3% of sample variation, and separated out the non-hominin 

primate taxa, with Gorilla groups having more negative values and papionins more 

positive. Specimens with more negative values had relatively taller browridges 

anteroposteriorly, due to a more posterior location of minimum frontal breadth, 

narrower frontals with anteroposteriorly narrower yet laterally wide supraorbital tori, 

shorter orbits, and broader nasal columns. Conversely, specimens with more positive 

values had positions of minimum frontal breadth that were more anteriorly placed, less 

defined post-toral sulci, less flaring lateral supraorbital tori, anteroposteriorly taller 

supraorbital tori, taller orbits, and narrower nasal columns.  



  

Page 287 of 547 
 

 
Figure 7.1.I - Plot of PC1 (x-axis) and PC2 (y-axis), accounting for 72.9% of variation, for PCA in tangent space using full dataset of 711 specimens. Convex hulls are 

shown and correspond to species groups. Specimens are identified by symbols shown in legend. Abbreviations are as in table 5.2.II. Shape changes are shown for 

minimum, median, and maximum sample values for both axes 
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Figure 7.1.II shows the hominin sample plotted by their values along the first and 

second PCs, along with the shape changes associated with these axes. PC1 

corresponded with the chronological sequence of the hominins included in this study, 

with older specimens such as Paranthropus and early Homo having more negative 

values, corresponding to shorter browridges, lower crania, slight post-toral sulci, more 

slanted orbits, and wider, more robust supraorbital tori. At the opposite end, the MHS 

and AMH had taller, more vertical, bulging frontal squamae, slight or non-existent 

postorbital sulci, small supraorbital tori, and more vertically oriented orbits. 

 

The MPH sample were located in the mid-hominin range along PC1. They overlapped 

with Homo erectus sensu lato, EMH, and the Neanderthals. There was a key cluster of 

MPH, including Zuttiyeh, Bodo, Saldanha, Narmada, Petralona, Arago 21, and Maba, 

which also overlapped with the Sangiran 17 Homo erectus sensu stricto. The SH5 

specimen was slightly away from this group, having more positive values for PC1 that 

positioned it towards the EMH/Neanderthal range. Florisbad had a slightly more 

positive value for PC2, placing it among the bulk of the Neanderthals in this plot. 

Steinheim also had a more positive value on this axis, as well as on PC1, and was very 

close to Le Moustier 1. Kabwe had the most negative value of the MPH along PC1, 

placing it close to the African Homo ergaster specimens and Zhoukoudian XII. Ndutu 

appeared anomalous in this plot, having relatively low values for both PC1 and PC2. It 

was located far away from all other MPH and most hominins, with its closest neighbour 

being Sts 5 (Australopithecus africanus), followed by the Homo habilis specimens. 

Ceprano and Dali were also differentiated somewhat from other MPH in having 

relatively low values for PC2, as well as higher values for PC1. Ceprano’s closest 

neighbours in this plot were Skhūl V and Qafzeh 9 (EMH), while Dali lay close to 

Matjes River and Předmostí 3 (AMH). 

 

In terms of the other hominins, D4500 was positioned at the more ‘archaic’ end of PC1, 

among the Paranthropus, while D2282 had a more positive value and was located 

close to the Homo erectus sensu stricto and Homo ergaster specimens. DH1 was 

located away from the other hominins, with relatively low values for PC1 and relatively 

high values for PC2, and its nearest neighbours were Kabwe and KNM-ER 3733. 

Chancelade (AMH) had relatively negative values for PC1 and overlapped with both 

the MPH and the Neanderthal sample for PC1 and PC2. Meanwhile, the Saint-Césaire 

I and Shanidar V Neanderthals and the Djebel Irhoud EMH overlapped with the MPH 

on both axes. Finally, the Breedon and Jomon specimens were relatively tightly 

clustered within the MHS sample, while the Chichester specimens were more widely  
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  Figure 7.1.II - Plot of PC1 (x-axis) and PC2 (y-axis), accounting for 72.9% of variation, for PCA in tangent space using full dataset of 711 specimens. Convex hulls are 

shown for groups of more than three members. Only hominin specimens are shown. Specimens are identified by symbols shown in legend. Abbreviations are as in table 

5.2.II. Shape changes are shown for minimum, median, and maximum sample values for both axes. MPH are identified as follows: A - Arago 21; B - Bodo; C - Ceprano; D - 

Dali; F - Florisbad; K - Kabwe; M - Maba; Na - Narmada; Nd - Ndutu; P - Petralona; Sa - Saldanha; SH - Sima de los Huesos 5; St - Steinheim; Z - Zuttiyeh 
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dispersed despite their shared burial location. 

 

Form Space 

 

PCA in form space using all 711 primate and hominin specimens resulted in 691 PCs, 

with the first three accounting for >95% of variance combined and >1% of variance 

individually. Figure 7.1.III shows all specimens plotted by their values for PC1 and PC2 

(accounting for 94.9% of total sample variance), along with the shape changes 

associated with these axes. As can be seen, the first PC (85.6% of variance) separated 

out the non-human primates in order of size. The Macaca sample were at the far 

negative end, followed by the Papio specimens, and the Pan and early hominins, with 

the Gorilla and Homo specimens having the most positive values. As the values along 

this PC increased from negative to positive, the mid-frontotemporale point moved 

superiorly, resulting in a more vertical frontal squama, the superoinferior height of the 

supraorbital torus decreased, the superior orbital margin became less arched, the 

overall width of the supraorbital torus and frontal squama decreased, the nasal column 

broadened, the orbits became more vertically-aligned, and the orbital shape became 

more irregular, with the deepest point in the inferior orbital margin being more laterally 

located. 

 

The second PC, accounting for 9.3% of sample variance, separated the hominin 

sample from the non-hominin apes, the Pan from the Gorilla, and the Macaca from the 

Papio. Specimens with more negative values along this PC had extremely laterally 

flaring supraorbital tori with narrow frontal squamae, deep post-toral sulci with 

anteriorly projecting supraorbital tori, more angled, shorter orbits, and a more anteriorly 

placed mid-frontotemporale corresponding to relatively low frontal squamae. 

Specimens with more positive values, including the hominin sample, had taller, more 

vertical, and more bulging frontal squamae, more parallel lateral aspects of the frontal 

with non-laterally-projecting supraorbital trigones, more vertical orbits, minimal 

supraorbital torus development, and absent post-toral sulci. 

 

Figure 7.1.IV shows the hominin specimens plotted by their values for PC1 and PC2, 

along with the shape changes associated with this dataset. The first PC separated the 

Paranthropus sp., Australopithecus afarensis, Homo georgicus, Homo habilis, Homo 

rudolfensis, and DH1 specimens from later hominins, with the former having more 

negative values. PC2 separated the Homo sapiens from other hominins, with the latter   
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Figure 7.1.III - Plot of PC1 (x-axis) and PC2 (y-axis), accounting for 94.9% of total variation, for PCA in form space using full sample of 711 specimens. Convex hulls are 

shown and correspond to species groups. Specimens are identified by symbols shown in legend, see table 5.2.II for list of abbreviations. Shape changes are shown for 

minimum, median, and maximum sample values for specimens along both axes 
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Figure 7.1.IV - Plot of PC1 (x-axis) and PC2 (y-axis), accounting for 94.9% of variation, for PCA in form space using full sample of 711 specimens. Convex hulls are shown 

for groups of more than three members. Only hominins are shown. Specimens are identified by symbols shown in legend. Abbreviations are as in table 5.2.II. Shape 

changes are shown for minimum, median, and maximum sample values for specimens along both axes. MPH are identified as in figure 7.3.II 
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Figure 7.1.V - Plot of PC1 (x-axis) and PC2 (y-axis), accounting for 73.3% of variation, for PCA in size-free shape space using full sample of 711 specimens. Convex hulls 

are shown and correspond to species groups. Specimens are identified by symbols shown in legend. Abbreviations are as in table 5.2.II. Shape changes are shown for 

minimum, median, and maximum sample values for both axes 
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Figure 7.1.VI - Plot of PC1 (x-axis) and PC2 (y-axis), accounting for 73.3% of variation, for PCA in size-free shape space using full sample of 711 specimens. Convex hulls 

are shown for groups of more than three members. Only hominin specimens are shown, and are identified by symbols shown in legend. Abbreviations are as in table 5.2.II. 

Shape changes are shown for minimum, median, and maximum sample values for both axes. MPH are identified as in figure 7.3.II 
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having more negative values along this axis. The MPH sample had relatively high 

values for PC1, yet overlapped with some EMH and Neanderthals, and were less 

tightly clustered than in the tangent space PCA plot. An apparent cluster was formed 

by Saldanha, Arago 21, Dali, Kabwe, SH5, Bodo, Ceprano, Petralona, Narmada, and 

Florisbad, which overlapped with Herto, Omo 1, Spy 1, La Chapelle, and Saint-Césaire 

I. Ndutu was located slightly away from the other MPH with a lower score for PC1, and 

was positioned close to Zhoukoudian XII and KNM-ER 3883. Steinheim was also 

located at some distance to the other MPH, and sat among a group of Neanderthals 

including Krapina VI, Tabun 1, and Guattari. Zuttiyeh and Maba had relatively higher 

values for PC2 and were within the range of the AMH and MHS in this plot, with Maba 

lying close to Předmostí 3. The Neanderthal sample was located between the key MPH 

cluster and the majority of the Homo sapiens specimens. 

 

Size-Free Shape Space 

 

PCA was also conducted in size-free shape space using the complete sample of 711 

specimens. This resulted in 690 PCs, with the first 22 combined accounting for >95% 

of the total sample variance, and the first 8 accounting for >1% of variation individually. 

PC1 (65.0% of total variance) separated the Gorilla specimens, with extreme negative 

values, and the Homo sapiens, with positive values, from the rest of the specimens 

(figure 7.1.V). Specimens with negative values on this axis had high degrees of 

postorbital constriction, coupled with laterally flaring supraorbital tori and trigones, deep 

post-toral sulci, anteriorly projecting supraorbital tori, anteriorly placed frontotemporale, 

and lower degrees of orbital convergence. Specimens with positive values had higher, 

more bulging vertical squamae, minimal supraorbital torus projection, absent post-toral 

sulci, parallel lateral frontal squamae and supraorbital tori, and a high degree of orbital 

convergence and frontation.  

 

PC2 (8.3% of variance) largely separated the Pan specimens from the other groups, 

with these taxa having more positive values. Positive values were associated with 

superoinferiorly shorter squamae that were relatively vertical, thinner supraorbital 

trigones, more curved supraorbital tori above the orbits, a more inferiorly located post-

toral sulcus, and taller orbits. Specimens with more negative values had longer, more 

sloped frontal squamae, superoinferiorly tall supraorbital tori, a shallower post-toral 

sulcus, thicker supraorbital trigones, and shorter orbits. 
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The Gorilla, Pan, and Homo sapiens groups were separated in the plot of PC1 and 

PC2 for this analysis. In contrast, earlier hominins overlap with the Papio and Macaca 

groups, having intermediate values for both PC1 and PC2. When the hominins were 

isolated (figure 7.1.VI), the largest separation was between the Homo sapiens and the 

other hominins, with Homo sapiens specimens having positive values for PC1, followed 

by the Neanderthals from the other hominins, due to their higher values for PC2. The 

MPH had relatively low values for PC1 and PC2, but overlapped with other hominin 

specimens such as OH24, KNM-ER 3883, KNM-ER 1813, Sangiran 17, Sts 5, Herto, 

Skhūl V, La Quina H5, Saint-Césaire I, Omo 1, Solo VI, and KNM-ER 1470. Three 

MPH specimens could be identified as being outside of the main cluster: SH5 had a 

relatively high score on PC2, lying between KNM-ER 732, DH1, and Spy 1; Florisbad 

had a higher value for PC1 and intermediate value for PC2, placing it near Gibraltar 1 

and in an area of overlap between the Neanderthals and EMH; and Maba was located 

away from the other hominins, with a particularly low score for PC2 and a high value on 

PC1 that placed it among the Homo sapiens range for this axis. 

 

PLEISTOCENE HOMININS 

 

Tangent Space 

 

PCA was also performed on a dataset consisting of the 67 Pleistocene hominins. PCA 

in tangent space resulted in 67 PCs, with the first 19 accounting for >95% of the total 

sample variance combined, and the first 12 accounting for >1% of variance individually. 

Figure 7.1.VII shows the plot of specimens by the first and second PCs, accounting for 

49.8% and 12.6% of variance respectively. This plot is somewhat similar to 6.1.IV, with 

the first PC appearing to correspond to chronology, with older specimens having more 

negative values than more recent specimens. Older specimens can be seen to have 

lower frontal squamae, increased levels of postorbital constriction, larger, more 

anteriorly projecting supraorbital tori, more laterally flared supraorbital trigones, defined 

post-toral sulci, and more posteriorly located inferior orbital margins. More recent 

specimens had higher, more domed frontal squamae, minimal postorbital constriction, 

minimal supraorbital tori, absent post-toral sulci, supraorbital trigones that were parallel 

to the lateral borders of the frontal squama, and more vertically oriented orbits. 

 

The second PC mainly separated the MPH and Homo erectus sensu lato specimens 

from both the later hominins and the Paranthropus specimens, with the former having 
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the highest values and the latter the lowest values along this axis. Specimens with 

lower values were associated with more laterally flaring supraorbital trigones, less 

projecting supraorbital tori with minimal post-toral sulci, more vertical frontal squamae, 

and a larger distance between the glabella and nasion points. Specimens with higher 

values had more anteriorly projecting supraorbital tori that were taller superoinferiorly, 

less flared supraorbital trigones that were thicker, more sloping frontal squamae, and a 

smaller distance between the glabella and nasion points. 

 

The MPH were more widely dispersed in this plot, both in terms of PC1 and PC2. A key 

cluster was formed by the European Arago 21, Steinheim, Petralona, and Ceprano 

specimens along with Dali. Bodo, Kabwe, Saldanha, and Narmada had higher values 

for PC2 in comparison to the other MPH and the majority of the hominins, along with 

Sangiran 17 and the La Quina 5 Neanderthal. Maba had a more negative value for 

PC1, lying within the Homo sapiens range. Florisbad and Zuttiyeh had more negative 

values for both PC1 and PC2 relative to other MPH, and overlapped with some EMH 

and Neanderthal specimens, specifically Skhūl V and Le Moustier 1. SH5 had a 

relatively low score on PC2, placing it between the Neanderthals and a group formed 

by Zhoukoudian XII and D2282. Ndutu again appeared to be anomalous in comparison 

to the other MPH, having a high value on PC1 and a low value on PC2. Its closest 

neighbour was Sts 5, followed by OH 24, DH1, and KNM-ER 3773. The MPH group 

overlapped with Solo VI, KNM-ER 1813, and KNM-ER 3883 in this plot, as well as with 

the EMH and Neanderthal ranges to some extent. The D4500 Homo georgicus 

specimen appeared to be an outlier in comparison to all other hominins, having a 

relatively positive position on both PC1 and PC2. 

 

Form Space 

 

PCA in form space using the hominin dataset resulted in 67 PCs, with the first 11 

accounting for >95% of total sample variance combined, and the first seven accounting 

for >1% of variance individually. Figure 7.1.VIII shows the hominins plotted by their 

values for PC1 and PC2, which accounted for a total of 81.9% of sample variance. PC1 

(65.9% of variance) again separated out the earlier hominins, as well as DH1, from the 

later specimens. The earlier specimens were associated with more laterally flaring 

supraorbital trigones, shallow post-toral sulci, relatively narrow or constricted frontal 

squamae, somewhat projecting supraorbital tori which were relatively parallel over the 

orbits, and relatively tall orbits. Later specimens, and especially the MPH, were 
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Figure 7.1.VII - Plot of PC1 (x-axis) and PC2 (y-axis), accounting for 62.4% of variation, for PCA in tangent space using sample of 67 Pleistocene hominin specimens. 

Convex hulls are show for groups with more than three members. Specimens are identified by symbols shown in legend. Abbreviations as in 5.2.II. Shape changes are 

shown for minimum, median, and maximum sample values for both axes. MPH are identified as in figure 7.1.II 
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associated with superoinferiorly shorter supraorbital tori, less postorbital constriction, 

taller and slightly more curved frontal squamae, shorter orbits, supraorbital tori which 

were more curved above the orbits, and smaller, less projecting supraorbital trigones. 

 

PC2 (16.0% of variance) separated out the Homo sapiens specimens from the rest of 

the hominins, with the former having higher values along this axis. Higher values were 

associated with slightly shorter frontal squamae which were more vertical, and less 

anteriorly projecting supraorbital tori. Conversely, specimens with lower values had 

taller frontal squamae that were more curved, and supraorbital tori that were more 

anteriorly projecting.  

 

The majority of the MPH specimens had low values for both PC1 and PC2, and 

overlapped with Herto, and Omo 1 and La Chapelle to a lesser extent. Four MPH 

specimens were located further away from this key cluster: Steinheim and Ndutu had 

higher values for PC1, with Steinheim sitting among a Neanderthal group containing 

Krapina E, Tabun 1, and Guattari, and Ndutu being placed between the two Homo 

ergaster specimens; Zuttiyeh had a relatively high value for PC1 and PC2, placing it 

close to the Homo sapiens range; Maba had a higher value along PC2, and was 

located within the Homo sapiens cluster, between Oberkassel I and Předmostí 3. As in 

the form space PCA using the full dataset, Neanderthals occupied the space between 

MPH and Homo sapiens. 

 

Size-Free Shape Space 

 

PCA in size-free shape space for the 67 Pleistocene hominins resulted in 67 PCs, with 

the first 21 accounting for >95% of total sample variance combined, and the first 12 

accounting for >1% of variance individually. Figure 7.1.IX shows specimen plotted by 

their values for PC1 and PC2, accounting for 58.8% of total variance combined. The 

first PC (48.4% of variance) separated the Homo sapiens specimens, which had low 

values on this axis, from the other hominins. Specimens with low values for this 

component had taller, more bulging frontal squamae, reduced postorbital constriction, 

superoinferiorly shorter supraorbital tori which were minimal in their projection, a higher 

degree of orbital frontation, absent post-toral sulci, and supraorbital trigones that were 

parallel with the lateral edges of the frontal squama. Specimens with more negative 

values along PC1 had shorter frontal squamae, more pronounced postorbital 

constriction, more laterally flaring and superoinferiorly tall supraorbital tori with thicker   
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Figure 7.1.VIII - Plot of PC1 (x-axis) and PC2 (y-axis), accounting for 81.9% of variation, for PCA in form space using sample of 67 Pleistocene hominin specimens. Convex 

hulls are show for groups with more than three members. Specimens are identified by symbols shown in legend. Abbreviations are as in 5.3.II. Shape changes are shown 

for minimum, median, and maximum sample values for both axes. MPH are identified as in figure 7.1.II 
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Figure 7.1.IX - Plot of PC1 (x-axis) and PC2 (y-axis), accounting for 58.8% of variation, for PCA in size-free shape space using sample of 67 Pleistocene hominins. Convex 

hulls are show for groups with more than three members. Specimens are identified by symbols shown in legend. Abbreviations are as in table 5.3.II. Shape changes are 

shown for minimum, median, and maximum sample values for both axes. MPH are identified as in figure 7.1.II 



  

Page 306 of 547 
 

trigones, a visible post-toral sulcus, and reduced orbital frontation. 

 

PC2 accounted for 10.4% of total variance. It mainly separated out the Neanderthals, 

which had positive values, and the Homo erectus sensu lato and early Homo 

specimens, which had negative values. Higher values on PC2 were associated with 

generally larger overall size of the morphology captured, elongated frontal squamae, 

retracted supraorbital tori, and a slightly lower degree of orbital frontation. Specimens 

with lower values had superoinferiorly shorter frontal squamae which were more 

vertically aligned, wider nasal columns, and less anteriorly projecting supraorbital tori. 

 

The majority of the MPH were found together at the lower range of PC2 and the upper 

range of PC1. They overlapped with other hominins such as KNM-ER 3883, KNM-ER 

406, Herto, and OH 24. Zuttiyeh and Maba were located somewhat apart from the main 

group, having lower values for PC1, and therefore being positioned just within the 

range of the Homo sapiens specimens for this axis. Florisbad, Ndutu, and SH5 had 

higher values along PC2, with the first being located within the main Neanderthal 

group. Ndutu had a slightly more positive score along PC1, and was found close to Spy 

1, while SH5 had an even higher value along this axis, being located closest to Ndutu 

and KNM-ER 3733. Four of the EMH (Djebel Irhoud 1, Skhūl V, Herto, and Omo 1) 

were located in an intermediate position between the Neanderthals and the majority of 

the MPH. 

 

7.1.2 - CHARACTERISATION OF MIDDLE PLEISTOCENE HOMININ 

SUPRAORBITAL AND ORBITAL MORPHOLOGY 

 

COMPARISON TO RELATED HOMININS 

 

Mean configurations were generated from the Pleistocene hominin Procrustes 

coordinates, and comparisons were made between MPH and Homo erectus sensu 

lato, Homo neanderthalensis, and Homo sapiens (figures 7.1.X and 7.1.XI). Relatively 

large differences were observable between Homo sapiens and MPH; MPH had more 

sloping frontals with a clear distinction between the squama and supraorbital torus, 

thicker supraorbital trigones, more posteriorly positioned orbits, lateral winging of the 

superior orbital margin, and wider nasal columns than are seen in Homo sapiens, while 

Homo sapiens showed distinctive bulging in the frontal squamae, minimal supraorbital 
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torus development and reduced postorbital constriction. The differences between 

Homo neanderthalensis and the MPH were less apparent than those between MPH 

and Homo sapiens: the MPH had slightly more sloped frontal squamae, more anteriorly 

projecting supraorbital tori, a smaller distance between the superior orbital margin and 

the nasion and dacryon points, and narrower interorbital breadth, yet similar degrees of 

postorbital constriction in comparison to the average Neanderthal configuration. In 

comparison to the mean Homo erectus sensu lato shape, the MPH had more vertically 

expanded, bulging frontal squamae, superoinferiorly shorter orbits, less projecting 

supraorbital tori, nasion points that were generally superior to dacryon, more inferiorly 

located positions of minimum frontal breadth, and reduced postorbital constriction. 

 

 

  

Figure 7.1.X - Comparison between mean shapes 

of specimens of Middle and Late Pleistocene 

hominins: a - Homo sapiens (black) superimposed 

with MPH (white); b - Homo neanderthalensis 

(black) superimposed with MPH (white); c - Homo 

erectus sensu lato (black) superimposed with MPH 

(white) 
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COMPARISONS WITHIN THE MPH 

 

The configurations of the fourteen MPH following GPA were also generated, and are 

shown in figure 7.1.XII. Kabwe, Bodo, Petralona, and Dali were generally similar in 

their superoinferiorly tall and anteriorly projecting supraorbital tori, and sloping 

foreheads. Saldanha departed slightly from this in having a more vertical frontal 

squama, while Ndutu combined this change with a superoinferiorly short supraorbital 

torus and sharply angled post-toral sulcus area. Narmada had a shorter yet anteriorly 

projecting supraorbital torus, relatively curved superior orbital margins, with a relatively 

vertical, bulging frontal squama, and was fairly similar to Maba and Steinheim in this 

respect. Florisbad showed the most vertical forehead and smallest supraorbital torus, 

distinguishing it from the other MPH. While there were some similarities between Maba 

and Dali, the former had a taller and more bulging frontal squama, and was arguably 

the most extreme of the MPH in these characteristics. Arago 21 had a somewhat short 

supraorbital torus, without a clear post-toral sulcus, and was broadly similar to SH5 and 

Petralona. SH5 had shorter orbits than most of the MPH, but was somewhat similar to 

Petralona in this aspect. Otherwise, it had a distinctive post-toral sulcus region, a short 

but anteriorly projecting supraorbital torus, and a short but relatively vertical, bulging 

frontal squama. While there were similarities in the lateral profile of Steinheim and 

Zuttiyeh in particular, the former was more similar to Florisbad from frontal view.  

Figure 7.1.XI - Mean shapes of specimens of Middle and Late Pleistocene hominins: a - Homo sapiens;  

b - Homo neanderthalensis; c - Homo erectus sensu lato; d - MPH 
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Figure 7.1.XII – Recorded shapes for MPH 
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Orbital shapes varied between specimens, with Zuttiyeh and some of the European 

specimens having a relatively high degree of frontation, while Kabwe, Petralona, and 

Ndutu had some of the lowest degrees of frontation. All specimens had relatively wide 

nasal columns, with Bodo, SH5, Steinheim, and Ceprano having the widest. Most 

specimens had nasion points which were superior to the dacryon points, apart from 

Ndutu, Narmada, and Dali which were more similar to the Homo erectus sensu lato 

pattern (figure 7.1.XI). Degree of lateral winging of the superior orbital margin also 

varied, with Kabwe, Bodo, and Ndutu having relatively high levels, Saldanha, Florisbad, 

Narmada, Petralona, and SH5 having middle levels, and Zuttiyeh, Maba, Dali, Arago 

21, Steinheim, and Ceprano having relatively low values for this trait. Post-orbital 

constriction appeared to be higher in Ndutu, Bodo, Kabwe, Narmada, Dali, and 

Ceprano, and low in Zuttiyeh, Maba, Steinheim, and Arago 21. 

 

7.1.3 - DISCRIMINANT ANALYSIS 

 

ALL SPECIMENS 

 

Tangent Space 

 

A step-wise, cross-validated DA was performed using the first 20 PCs from the PCA 

analysis in tangent space (accounting for over 95% of sample variance combined) 

using the full dataset. Four hominins were excluded from all DAs, as they were the only 

member of their group (DH1, KNM-ER 1470, Sts 5, KNM-WT 17000), and the five 

Papio cynocephalus sensu lato specimens of unknown affiliation were also excluded, 

resulting in a dataset of 702 specimens. Summaries of the results for species are 

shown in table 7.1.I. Overall weighted species accuracy was 87.5%, with accuracy for 

the extant non-hominin primates being 83.5%, and accuracy for the hominins being 

94.7%.  

 

The classification accuracy of the MPH group was 64.3%, lower than the species 

accuracy for Homo sapiens, Homo neanderthalensis, and all non-hominin primates, but 

higher than for Homo erectus sensu lato and Homo habilis. There were a few key 

misclassifications within the hominins. One Homo sapiens specimen (Chancelade) was 

misclassified as a Neanderthal in this DA. Skhūl V, Solo VI, and Zhoukoudian XII were 

misclassified as MPH, while KNM-ER 3733 was placed with Homo habilis, and both 
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 GB GG PP PT PA PC PK MFa MFu MM HS EMH MPH HN HEsl HHa ParB Species Genus 

GB 83.6 14.5  1.8              83.6 98.2 

GG 10.3 89.7                89.7 100.0 

PP   79.1 20.9              79.1 88.0 

PT   8.9 91.1              91.1 100.0 

PA     85.7  11.9        2.4   85.7 97.6 

PC     50.0 12.5 25.0   12.5        12.5 87.5 

PK     4.3 4.3 91.3           91.3 100.0 

MFa        75.5 10.2 14.3        75.5 100.0 

MFu      4.5  13.6 72.7 9.1        72.7 95.5 

MM     4.5 2.3  9.1 2.3 81.8        81.8 93.2 

HS           100.0 0.0      100.0 100.0 

EMH           42.9 28.6 14.3 14.3    71.4 100.0 

MPH            14.3 64.3 14.3 7.1   64.3 100.0 

HN              100.0    100.0 100.0 

HEsl             28.6  57.1 14.3  57.1 85.7 

HHa               100.0 0.0  0.0 100.0 

ParB    33.3             66.7 66.7 66.7 

Table 7.1.I - Results of step-wise, cross-validated DA using the first 20 PCs that accounted for over 95% of total sample variance from PCA in tangent space for all 702 

specimens. Percentage classification accuracy is shown by group, with specimens classified into species groups. Overall species classification accuracy was 87.5%. All 

PCs except for PC 13 were used to form the discriminant function. Abbreviations are as in table 5.3.II 
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Homo habilis specimens were misclassified as Homo erectus sensu lato. Within the 

MPH, Ceprano and Dali were misclassified as EMH, Steinheim and Petralona were 

misclassified as Homo neanderthalensis, and Narmada was placed with the Homo 

erectus sensu lato. 

 

Form Space 

 

A step-wise, cross-validated DA was performed using the first three PCs from the PCA 

analysis in form space (accounting for over 95% of variance combined), using the 

dataset of 702 specimens. When specimens were classified into species groups, the 

discriminant function resulted in a weighted classification accuracy of 74.3% (65.1% for 

the non-hominin primates and 91.1% for the hominins) (table 7.1.II). Classification 

accuracy at genus level was particularly poor for the Homo habilis and Paranthropus 

boisei specimens, with one of the former (OH 24) and all of the latter being classified 

as Pan or Gorilla, and for the Macaca mulatta specimens, which were classified as 

either Homo sapiens or Papio anubis. Among the non-hominins, classification accuracy 

was lowest for the Macaca fuscata specimens (0.0%), with 25% being classified as 

Macaca mulatta and the remainder as Papio anubis. Classification accuracy for the 

MPH was 64.3%, lower than for the MHS and Neanderthal groups, but higher than for 

the EMH, Homo erectus sensu lato, and Homo habilis specimens. 

 

Within the MPH, Florisbad and Maba were misclassified as MHS, Narmada as EMH, 

SH5 as Homo neanderthalensis, and Ndutu as Homo erectus sensu lato. Omo 1, 

Herto, La Quina H5, Saint-Césaire I, and Sangiran 17 were misclassified as MPH. 

Other misclassifications included: NA 087 (a male MHS from New Westminster, 

Canada), Kennewick Man, and Djebel Irhoud 1, which were placed with the 

Neanderthals; Le Moustier 1, which was grouped with the MHS; Amud 1 which was 

misclassified as an EMH; KNM-ER 3733 which was classified as Pan troglodytes; 

D4500 which was grouped with Gorilla beringei; and D2282 which was misclassified as 

Homo habilis. 
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  GB GG PP PT PA PC PK MFa MFu MM HS EMH MPH HN HEsl HHa ParB Species Genus 

GB 41.8 49.1 1.8 7.3                           41.8 90.9 

GG 36.8 63.2                               63.2 100.0 

PP     62.8 37.2                           62.8 69.7 

PT     6.9 90.1 1.0                   1.0   1.0 90.1 97.0 

PA         81.0         19.0               81.0 81.0 

PC           83.7 6.1 10.2                   83.7 89.8 

PK         4.5 31.8 13.6 50.0                   13.6 50.0 

MFa           9.1 13.6 77.3                   77.3 77.3 

MFu         75.0       0.0 25.0               0.0 25.0 

MM         26.1     4.3   69.6               69.6 73.9 

HS                     99.0 0.0   1.0       99.0 100.0 

EMH                     42.9 14.3 28.6 14.3       57.1 100.0 

MPH                     14.3 7.1 64.3 7.1 7.1     64.3 100.0 

HN                     7.7 7.7 15.4 69.2       69.2 100.0 

HEsl 14.3     14.3                 14.3   42.9 14.3   42.9 57.1 

HHa       50.0                       50.0   50.0 50.0 

ParB 33.3     33.3 33.3                       0.0 0.0 0.0 

Table 7.1.II - Results of step-wise, cross-validated DA using the first 20 PCs that accounted for over 95% of total sample variance from PCA in form space for all 702 

specimens. Percentage classification accuracy is shown by group, with specimens classified into species groups. Overall species classification accuracy was 74.3%. All 

PCs were used to form the discriminant function. Abbreviations are as in table 5.3.II 
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Size-Free Shape Space 

 

A step-wise, cross-validated DA was performed using the first 22 PCs from the PCA 

analysis in size-free shape space (accounting for over 95% of total sample variance 

combined), using the whole sample of 702 hominins and non-hominins. When 

specimens were classified into species groups, weighted classification accuracy was 

85.3% (83.7% for the non-hominin primates and 88.2% for the hominins) (table 7.1.III). 

Classification accuracy for the MPH was 42.9%, lower than for all non-hominin 

primates, the MHS, and Homo neanderthalensis, equal to EMH and Homo erectus 

sensu lato, and higher than Homo habilis and Paranthropus boisei.  

 

Within the MPH: Maba was misclassified as EMH, Petralona and Narmada as 

Neanderthals, and Arago 21 and Ceprano as Homo erectus sensu lato. Other 

misclassifications included: both Homo habilis specimens, which were placed with the 

Homo erectus sensu lato; and KNM-ER 3733, which was misclassified as Homo 

habilis. A number of hominins were misclassified as non-hominins, including: KNM-ER 

406 (Pan troglodytes); Předmostí 3 (Macaca mulatta); Zuttiyeh (Macaca fascicularis); 

KNM-ER 732 (Macaca fuscata); D4500 (Papio anubis); Djebel Irhoud 1, Omo 1, Skhūl 

V, and D2282 (Papio cynocephalus); and Florisbad, Herto, Solo VI, and KNM-ER 3883 

(Papio kindae).  
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  GB GG PP PT PA PC PK MFa MFu MM HS EMH MPH HN HEsl HHa ParB Species Genus 

GB 81.8 16.4   1.8                           81.8 98.2 

GG 4.4 95.6                               95.6 100.0 

PP     81.4 18.6                           81.4 89.3 

PT     7.9 92.1                           92.1 100.0 

PA         78.6 4.8 14.3             2.4       78.6 97.6 

PC         37.5 37.5 25.0                     37.5 100.0 

PK         4.3 4.3 91.3                     91.3 100.0 

MFa               71.4 8.2 16.3 4.1             71.4 95.9 

MFu               18.2 68.2 9.1             4.5 68.2 95.5 

MM         2.3 4.5   6.8 2.3 81.8 2.3             81.8 90.9 

HS                   2.0 97.5 0.5           97.5 98.0 

EMH           14.3 42.9       42.9 0.0           0.0 42.9 

MPH           7.1   7.1       7.1 42.9 21.4 14.3     42.9 85.7 

HN                           100.0       100.0 100.0 

HEsl         14.3 28.6 14.3               28.6 14.3   28.6 28.6 

HHa                             100.0 0.0   0.0 100.0 

ParB       33.3         33.3               33.3 33.3 33.3 

Table 7.1.III - Results of step-wise, cross-validated DA using the first 22 PCs that accounted for over 95% of total sample variance from PCA in size-free shape space for all 

702 specimens. Percentage classification accuracy is shown by group, with specimens classified into species groups. Overall weighted species classification accuracy was 

85.3%. All PCs except for PC12 were used to form the discriminant function. Abbreviations are as in table 5.3.II 
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PLEISTOCENE HOMININS 

 

Tangent Space 

 

A step-wise, cross-validated DA was also performed using 63 of the Pleistocene 

hominin specimens (excluding specimens which were the only representative of their 

group), with the first 19 PCs from the PCA analysis in tangent space (accounting for 

over 95% of sample variance combined). Classification results for the species 

groupings are shown in table 7.1.IV. The weighted species classification accuracy was 

74.6%. The accuracy for the MPH group was 64.3%, lower than that for Paranthropus 

boisei, Homo neanderthalensis, and the AMH specimens, but higher than EMH, Homo 

erectus sensu lato, and Homo habilis. Within the MPH, Kabwe was misclassified as 

Homo erectus sensu lato, Dali and Florisbad were placed with the Neanderthals, and 

Maba and Zuttiyeh were misclassified as EMH. Other misclassifications included 

Zhoukoudian UC 101 (misclassified as a Neanderthal), Herto (MPH), Omo 1 (MPH), 

Djebel Irhoud 1 (Neanderthal), La Quina H5 (MPH), Amud 1 (MPH), Saint-Césaire I 

(MPH), Solo VI (MPH), Sangiran 17 (MPH), D2282 (Homo habilis), and KNM-ER 1813 

(Homo erectus sensu lato). 

 

 

 

 

 

  

 AMH EMH MPH HN HEsl HHa ParB Species 

AMH 88.2 5.9  5.9    94.1 

EMH 28.6 28.6 28.6 14.3    57.1 

MPH  14.3 64.3 14.3 7.1   64.3 

HN   23.1 76.9    76.9 

HEsl   28.6  57.1 14.3  57.1 

HHa     50.0 50.0  50.0 

ParB       100.0 100.0 

Table 7.1.IV - Results of step-wise, cross-validated DA using the first 19 PCs accounting for over 95% 

of sample variance from PCA in tangent space for dataset of 63 hominin specimens. Percentage 

classification accuracy is shown by group, with specimens classified into species groups. Overall 

weighted species classification accuracy was 74.6%. PCs 1, 2, 3, 4, and 5 were used to create the 

discriminant function. Abbreviations are as in table 5.3.II 

 

 AMH EMH MPH HN HEsl HHa ParB Species 

AMH 88.2 5.9  5.9    94.1 

EMH 28.6 28.6 28.6 14.3    57.1 

MPH  14.3 64.3 14.3 7.1   64.3 

HN   23.1 76.9    76.9 

HEsl   28.6  57.1 14.3  57.1 

HHa     50.0 50.0  50.0 

ParB       100.0 100.0 

 Table 7.1.IV - Results of step-wise, cross-validated DA using the first 19 PCs accounting for over 95% 

of sample variance from PCA in tangent space for dataset of 63 hominin specimens. Percentage 

classification accuracy is shown by group, with specimens classified into species groups. Overall 

weighted species classification accuracy was 74.6%. PCs 1, 2, 3, 4, and 5 were used to create the 

discriminant function. Abbreviations are as in table 5.3.II 
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Form Space 

 

A step-wise, cross-validated DA was also performed with the first eleven PCs 

(accounting for over 95% of total sample variance) from PCA analysis in form space. 

Classification results for the species groupings are shown in table 7.1.V. The weighted 

species classification accuracy was 76.2%. The accuracy for the MPH group was 

57.1%, lower than that of Paranthropus boisei, Homo habilis, Homo neanderthalensis, 

and the AMH specimens, but equal to that for EMH and Homo erectus sensu lato. 

Within the MPH, the same specimens were misclassified as in the DA in tangent 

space, with the addition of Ndutu which was also classified as an EMH. Other 

misclassifications included: Zhoukoudian UC 101 and Djebel Irhoud 1 (misclassified as 

Neanderthals); Herto, Omo 1, Zhoukoudian XII, La Quina H5, Amud 1, and Saint-

Césaire I (MPH); and D4500 and D2282 (Homo habilis). 

 

 

 

 

 

 

 

Size-Free Shape Space 

 

A step-wise, cross-validated DA was also performed using 63 Pleistocene hominin 

specimens, with the first 21 PCs from the PCA analysis in size-free shape space 

(accounting for over 95% of total sample variance). Results are shown in table 7.1.VI. 

The weighted species classification accuracy was 68.3%. The accuracy for the MPH 

group was 71.4%, higher than the accuracy for all other groups except for the AMH, 

although the accuracy for Neanderthals was only slightly lower at 69.2%. Within the 

MPH, Ndutu and Maba were classified as EMH, and Dali and Florisbad as Homo 

  AMH EMH MPH HN HEsl HHa ParB Species 

AMH 88.2 5.9   5.9       94.1 

EMH 28.6 28.6 28.6 14.3       57.1 

MPH   21.4 57.1 14.3 7.1     57.1 

HN     15.4 84.6       84.6 

HEsl     14.3   57.1 28.6   57.1 

HHa           100.0   100.0 

ParB             100.0 100.0 

Table 7.1.V - Results of step-wise, cross-validated DA using first 11 PCs accounting for over 95% of 

sample variance from PCA in form space for hominin specimens. Percentage classification accuracy is 

shown by group, with specimens classified into species groups. Overall weighted species classification 

accuracy was 76.2%. PCs 1, 2, and 3 were used to create the discriminant function. Abbreviations are 

as in table 5.3.II 

 

Table 7.1.V - Results of step-wise, cross-validated DA using three PCs from PCA in form space for 

hominin specimens. Percentage classification accuracy is shown by group, with specimens classified 

into species groups. Abbreviations are as in table 5.3.II 
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neanderthalensis. Skhūl V, Amud 1, Saint-Césaire I, Shanidar V, Zhoukoudian XII, 

KNM-ER 3733, and KNM-ER 3883 were all grouped with the MPH. Other 

misclassifications included: Keilor, Zhoukoudian UC 101, Djebel Irhoud 1, and KNM-ER 

732 (Neanderthal); Omo 1, La Quina H5, KNM-ER 1813, and OH 24 (Homo erectus 

sensu lato); and D2282 (Homo habilis). 

 

 

 

 

 

 

 

SUMMARY OF DA MISCLASSIFICATIONS  

 

A summary of the misclassifications resulting from the above DAs is shown in table 

7.1.VII. The most frequently misclassified specimens were Maba, Florisbad, and Solo 

VI which were each misclassified five times: Maba as HS or EMH; Florisbad as HS 

once, Papio kindae once, and Homo neanderthalensis three times; and Solo VI as 

MPH in four analyses and Papio kindae in one.   

  AMH EMH MPH HN HEsl HHa ParB Species Genus 

AMH 82.4 5.9   11.8       88.2 100.0 

EMH 28.6 28.6 14.3 14.3 14.3     57.1 100.0 

MPH   14.3 71.4 14.3       71.4 100.0 

HN     23.1 69.2 7.7     69.2 100.0 

HEsl     42.9   42.9 14.3   42.9 100.0 

HHa         100.0 0.0   0.0 100.0 

ParB       33.3     66.7 66.7 66.7 

Table 7.1.VI - Results of step-wise, cross-validated DA using the first 21 PCs accounting for over 95% 

of sample variance from PCA in size-free shape space for hominin specimens. Percentage 

classification accuracy is shown by group, with specimens classified into species groups. Overall 

weighted species classification accuracy was 68.3%. PCs 1 and 4 were used to create the discriminant 

function. Abbreviations are as in table 5.3.II 

 

Table 7.1.VI - Results of step-wise, cross-validated DA using PCs 1 and 4 from PCA in size-free shape 

space for hominin specimens, showing percentage classification accuracy by group. Specimens were 

classified into species groups. Abbreviations are as in table 5.3.II 
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 Full dataset Pleistocene hominin dataset 
Total  Tangent Form Allometry-free Tangent Form Allometry-free 

Kennewick man   MM    1 

Oberkassel I   EMH    1 

Chancelade HN HN     2 

Předmostí III   MM    1 

Zh UC 101    HN HN HN 3 

Djebel Irhoud   PC HN HN HN 4 

Omo 1   PC MPH MPH MPH 4 

Liujiang   HS    1 

Qafzeh 9   HS    1 

Skhūl V MPH MPH PC    3 

Herto   PK MPH MPH MPH 4 

Border Cave 1   HS    1 

Kabwe    HEsl HEsl HEsl 3 

Ndutu  HEsl    EMH 2 

Dali EMH   HN HN HN 4 

Maba  HS EMH EMH EMH EMH 5 

Narmada HEsl EMH HN    3 

Zuttiyeh   MFa EMH EMH EMH 4 

Florisbad  HS PK HN HN HN 5 

Arago 21   HEsl    1 

Petralona HN  HN    2 

SH5  HN     1 

Steinheim HN  HN    2 

Ceprano HS  HEsl    2 

La Quina H5    MPH MPH  2 

Amud 1    MPH MPH  2 

Saint-Césaire I    MPH MPH  2 

Solo VI MPH MPH PK MPH MPH  5 

Zhoukoudian XII MPH MPH     2 

Sangiran 17    MPH MPH  2 

KNM-ER 3733 HHa HHa HHa    3 

KNM-ER 3883   PK    1 

D2282   PC HHa HHa HHa 4 

D4500   PA   HHa 2 

KNM-ER 1813  HEsl HEsl HE   3 

OH 24  HEsl HEsl    2 

KNM-ER 406  PT PT    2 

KNM-ER 732   MFu    1 

 

Table 7.1.VII - Summary of misclassifications from DAs. Only misclassified Pleistocene hominins are 

shown. MPH are shown in bold. Total number of analyses in which specimens were misclassified are 

shown 

 

Table 7.1.VII - Summary of misclassifications from DAs. Only misclassified Pleistocene hominins are 

shown. MPH are shown in bold. Total number of analyses in which specimens were misclassified are 

shown 
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7.1.4 - HIERARCHICAL CLUSTER ANALYSIS 

 

The UPGMA dendrogram for the Pleistocene hominin dataset is shown in figure 

7.1.XIII. As in 6.1.4, the first separation was between a group encompassing the 

Australopiths, Homo naledi, OH24, D4500, and KNM-ER 3773, and the remaining 

hominins. Within the latter group, the next split separated out SH5 and Ndutu from the 

other hominins. Again, a cluster was formed of the majority of the Homo sapiens 

specimens. The final cluster encompassed the remaining hominins, with La Quina H5 

forming a separate cluster. Within this cluster, half of the MPH (Bodo, Kabwe, Ceprano, 

Arago 21, Steinheim, Saldanha, and Petralona) were found amongst the rest of the 

Homo erectus sensu lato and early Homo, while the others (Florisbad, Dali, Maba, 

Narmada, and Zuttiyeh) were interspersed with the remaining Homo neanderthalensis 

and more archaic Homo sapiens. 
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Figure 7.1.XIII - UPGMA dendrogram for Pleistocene hominin dataset consisting of 53 specimens. Taxa are colour coded using R colours as follows: Homo sapiens - 

darkorange1; Homo neanderthalensis - darkmagenta; MPH - firebrick; Homo erectus sensu lato - midnightblue; Homo naledi - darkcyan; Homo habilis - royalblue1; Homo 

rudolfensis - cadetblue; Australopithecus africanus - seagreen; Paranthropus aethiopicus - olivedrab4; Paranthropus boisei - forestgreen 
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7.1.5 - ANALYSIS OF PROCRUSTES DISTANCES 

 

The Procrustes distance matrices resulting from GPA using the full dataset of 711 

hominins and non-hominins, and the dataset of 67 Pleistocene hominins, were used to 

assess the MPH specimens’ group affiliations. Distances between individual MPH 

specimens and contemporaneous hominins are shown in table 7.1.VIII. Out of the 14 

MPH: six (Bodo, Saldanha, Petralona, Arago 21, Ceprano, and Narmada) were closest 

to the other MPH; two (Maba and Zuttiyeh) were closest to the EMH; three (Dali, SH5, 

and Florisbad) were closest to the Neanderthals; two (Kabwe and Ndutu) were closest 

to Homo erectus sensu lato; and one (Steinheim) was equally close to Homo 

neanderthalensis and the MPH. Results were consistent between both sets of 

Procrustes distances.  

 

Procrustes distance matrices for the MPH were assessed, and results are shown in 

tables 7.1.IX and 7.1.X. Procrustes distances were compared to the maximum 

intragroup distances for Homo sapiens, Homo neanderthalensis, and Homo erectus 

sensu lato. As could be expected after reviewing the available literature and 

considering the specimens that could be included in this study, the maximum 

intragroup Procrustes distance was greatest for Homo sapiens in both matrices (0.198 

for the full dataset and 0.176 for the Pleistocene hominins). 

 

The maximum intragroup Procrustes distances for the Homo neanderthalensis were 

the smallest (0.139 and 0.140), while those for the Homo erectus sensu lato group 

were intermediate (0.158 and 0.164). For the full dataset, most distances between 

Ndutu and other specimens were greater than the maximum intraspecific distances 

within Homo erectus sensu lato and Homo neanderthalensis specimens, and the 

distance between Ndutu and Maba was greater than the maximum intraspecific 

distance within Homo sapiens specimens. Most distances between SH5 and other 

MPH specimens were greater than the maximum intraspecific distance within Homo 

neanderthalensis specimens, and the distances between SH5 and Maba and Zuttiyeh 

were greater than the maximum intraspecific distances within Homo erectus sensu lato 

and Homo neanderthalensis specimens. Results were similar for the Procrustes 

distances from GPA with the Pleistocene hominin dataset (table 7.1.XXII). The key 

difference in the assessment of the Pleistocene hominin dataset was that the majority 

of distances between Ndutu and the other hominins were greater than the maximum 

intraspecific distance. 
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Full dataset Pleistocene hominins dataset 

 
EMH HN MPH HEsl EMH HN MPH HEsl 

Bodo 0.133 0.110 0.093 0.104 0.132 0.111 0.093 0.105 

Kabwe 0.163 0.125 0.118 0.108 0.164 0.128 0.116 0.111 

Ndutu 0.193 0.178 0.183 0.174 0.196 0.183 0.186 0.178 

Saldanha 0.132 0.109 0.095 0.114 0.132 0.110 0.095 0.114 

Dali 0.110 0.080 0.085 0.118 0.109 0.080 0.084 0.119 

Maba 0.094 0.121 0.111 0.164 0.092 0.119 0.111 0.162 

Petralona 0.117 0.100 0.091 0.118 0.116 0.101 0.090 0.117 

Arago 21 0.117 0.093 0.090 0.096 0.116 0.092 0.088 0.095 

SH5 0.171 0.147 0.152 0.151 0.170 0.147 0.151 0.152 

Steinheim 0.117 0.091 0.091 0.117 0.116 0.091 0.091 0.118 

Ceprano 0.116 0.094 0.090 0.106 0.117 0.095 0.090 0.106 

Narmada 0.100 0.097 0.086 0.128 0.102 0.098 0.086 0.129 

Florisbad 0.097 0.083 0.100 0.142 0.095 0.081 0.100 0.140 

Zuttiyeh 0.094 0.107 0.106 0.136 0.094 0.106 0.105 0.134 

 

 

  

Table 7.1.VIII - Mean Procrustes distance between individual MPH specimens and EMH, Homo 

neanderthalensis, other MPH, and Homo erectus sensu lato. Values are shown for the full dataset of 

711 hominins and non-hominins, and dataset of 67 Pleistocene hominins. The smallest distances are 

shown in grey for each specimen 

 

Table 7.1.VIII - Mean Procrustes distance between individual MPH specimens and EMH, Homo 

neanderthalensis, other MPH, and Homo erectus sensu lato. Values are shown for the full dataset of 

711 hominins and non-hominins, and dataset of 67 Pleistocene hominins. The smallest distances are 

shown in grey for each specimen 
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 Bodo Kabwe Ndutu Saldanha Dali Maba Petralona Arago 21 SH5 Steinheim Ceprano Narmada Florisbad Zuttiyeh Mean 

Bodo  0.066 0.179 0.087 0.082 0.130 0.087 0.079 0.138 0.101 0.075 0.083 0.120 0.118 0.103 

Kabwe 0.066  0.192 0.098 0.100 0.159 0.096 0.101 0.153 0.112 0.102 0.116 0.145 0.149 0.122 

Ndutu 0.179 0.192  0.185 0.183 0.209 0.175 0.165 0.108 0.181 0.165 0.189 0.191 0.173 0.177 

Saldanha 0.087 0.098 0.185  0.090 0.127 0.078 0.076 0.153 0.090 0.090 0.086 0.108 0.109 0.106 

Dali 0.082 0.100 0.183 0.090  0.106 0.071 0.078 0.137 0.073 0.076 0.071 0.071 0.109 0.096 

Maba 0.130 0.159 0.209 0.127 0.106  0.113 0.124 0.186 0.103 0.115 0.072 0.099 0.089 0.126 

Petralona 0.087 0.096 0.175 0.078 0.071 0.113  0.074 0.146 0.089 0.089 0.085 0.101 0.109 0.101 

Arago 21 0.079 0.101 0.165 0.076 0.078 0.124 0.074  0.132 0.080 0.075 0.091 0.098 0.100 0.098 

SH5 0.138 0.153 0.108 0.153 0.137 0.186 0.146 0.132  0.153 0.132 0.157 0.157 0.163 0.147 

Steinheim 0.101 0.112 0.181 0.090 0.073 0.103 0.089 0.080 0.153  0.084 0.084 0.096 0.097 0.103 

Ceprano 0.075 0.102 0.165 0.090 0.076 0.115 0.089 0.075 0.132 0.084  0.076 0.096 0.101 0.098 

Narmada 0.083 0.116 0.189 0.086 0.071 0.072 0.085 0.091 0.157 0.084 0.076  0.083 0.093 0.099 

Florisbad 0.120 0.145 0.191 0.108 0.071 0.099 0.101 0.098 0.157 0.096 0.096 0.083  0.099 0.113 

Zuttiyeh 0.118 0.149 0.173 0.109 0.109 0.089 0.109 0.100 0.163 0.097 0.101 0.093 0.099  0.116 

Table 7.1.IX - Procrustes distances between MPH from GPA of dataset of 711 hominins and non-hominins. Distances greater than the maximum interindividual distance 

within Homo neanderthalensis specimens (0.139) are shown in light grey, Homo erectus sensu lato (0.158) in mid-grey, and Homo sapiens (0.198) in dark grey 

 

Table 7.1.IX - Procrustes distances between MPH from GPA of dataset of 711 hominins and non-hominins. Distances greater than the maximum interindividual distance 

within Homo neanderthalensis specimens (0.139) are shown in light grey, Homo erectus sensu lato (0.158) in mid-grey, and Homo sapiens (0.198) in dark grey 
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  Bodo Kabwe Ndutu Saldanha Dali Maba Petralona Arago 21 SH5 Steinheim Ceprano Narmada Florisbad Zuttiyeh Mean 

Bodo  0.070 0.184 0.087 0.081 0.128 0.086 0.079 0.140 0.101 0.074 0.082 0.118 0.115 0.103 

Kabwe 0.070  0.195 0.102 0.102 0.160 0.097 0.104 0.155 0.116 0.106 0.120 0.146 0.150 0.130 

Ndutu 0.184 0.195  0.191 0.186 0.212 0.177 0.168 0.112 0.186 0.169 0.194 0.194 0.177 0.180 

Saldanha 0.087 0.102 0.191  0.090 0.126 0.077 0.075 0.154 0.088 0.093 0.087 0.108 0.107 0.108 

Dali 0.081 0.102 0.186 0.090  0.104 0.069 0.077 0.138 0.073 0.078 0.071 0.068 0.108 0.097 

Maba 0.128 0.160 0.212 0.126 0.104  0.113 0.122 0.183 0.101 0.114 0.072 0.097 0.086 0.124 

Petralona 0.086 0.097 0.177 0.077 0.069 0.113  0.074 0.146 0.088 0.089 0.085 0.100 0.107 0.102 

Arago 21 0.079 0.104 0.168 0.075 0.077 0.122 0.074  0.132 0.078 0.075 0.093 0.096 0.097 0.099 

SH5 0.140 0.155 0.112 0.154 0.138 0.183 0.146 0.132  0.154 0.134 0.159 0.156 0.162 0.149 

Steinheim 0.101 0.116 0.186 0.088 0.073 0.101 0.088 0.078 0.154  0.082 0.083 0.091 0.095 0.103 

Ceprano 0.074 0.106 0.169 0.093 0.078 0.114 0.089 0.075 0.134 0.082  0.078 0.097 0.100 0.101 

Narmada 0.082 0.120 0.194 0.087 0.071 0.072 0.085 0.093 0.159 0.083 0.078  0.082 0.092 0.101 

Florisbad 0.118 0.146 0.194 0.108 0.068 0.097 0.100 0.096 0.156 0.091 0.097 0.082  0.097 0.111 

Zuttiyeh 0.115 0.150 0.177 0.107 0.108 0.086 0.107 0.097 0.162 0.095 0.100 0.092 0.097  0.115 

Table 7.1.X - Procrustes distances between MPH from GPA of dataset of 67 Pleistocene hominins. Distances greater than the maximum interindividual distance within 

Homo neanderthalensis specimens (0.140) are shown in light grey, Homo erectus sensu lato in mid-grey (0.164), and Homo sapiens in dark grey (0.176) 

 

Table 7.1.X - Procrustes distances between MPH from GPA of dataset of 67 Pleistocene hominins. Distances greater than the maximum interindividual distance within 

Homo neanderthalensis specimens (0.140) are shown in light grey, Homo erectus sensu lato in mid-grey (0.164), and Homo sapiens in dark grey (0.176) 
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CHAPTER 8 - RESEARCH QUESTION 3: TAXONOMIC 

INFERENCES ON THE MIDDLE PLEISTOCENE HOMININS FROM 

THEIR SUPRAORBITAL AND ORBITAL MORPHOLOGY 

 

This chapter aimed to address the third research question: 

 

3. How does supraorbital and orbital variation within the MPH affect their 

taxonomic position? 

a. Are the MPH more variable in their supraorbital and orbital morphology 

than can be expected for a single, cross-continental primate species? 

b. Is there any taxonomically significant geographical variation that may 

indicate the existence of multiple groups within the MPH?  

 

The previous chapters established that the recorded orbital, supraorbital, and frontal 

morphology can be used to differentiate between primate taxa, even at the subspecific 

level (although with reduced accuracy). Chapter 7 showed that the MPH were 

somewhat distinctive in their morphology, although certain members should probably 

be excluded from this group based on divergent morphology. Based on the results from 

Chapter 7, SH5 and Ndutu were identified as possible hominins that should not be 

included within a MPH hypodigm. Subsequent analyses therefore considered the MPH 

with and without these specimens.   
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8.1 - RESULTS 

 

8.1.1 - PRINCIPAL COMPONENT PLOTS WITH CONVEX HULLS 

 

TANGENT SPACE 

 

The convex hulls from figure 7.1.VII were used here to compare areas occupied by 

different hominin groups in a plot of PC1 and PC2 from PCA in tangent space, using 

the Pleistocene hominin dataset. The Neanderthal group had the smallest area of all 

the four species in this plot. The area occupied by the MPH in this figure was broadly 

comparable to that of the Homo sapiens, although the numbers of each species 

contained within them was somewhat different (14 MPH compared to 25 Pleistocene 

Homo sapiens).  

 

A PCA plot was also produced with convex hulls corresponding to subgroups of more 

than three members, and the result is shown in figure 8.1.I. As can be seen, the African 

MPH occupied the largest space in this plot, despite only containing four members. The 

European MPH occupied a relatively small area, encompassed within the range of the 

African MPH and overlapping slightly with the Homo erectus sensu stricto convex hull. 

The Asian MPH overlapped mainly with the Neanderthal group, and there was a 

degree of overlap between the EMH, African MPH, Asian MPH, and Neanderthals. 

 

FORM SPACE 

 

The convex hulls from figure 7.1.VIII, a plot of PC1 and PC2 from PCA in form space, 

using the Pleistocene hominin dataset, were also assessed. Neanderthals again were 

observed to occupy a relatively small amount of space within the group plot, and their 

range overlapped with those of both the MPH and the Homo sapiens specimens. While 

the MPH group occupied a larger space than the Neanderthals and the Homo erectus 

sensu lato specimens, they were less variable than the Homo sapiens in this plot. 

Figure 8.1.II shows the corresponding PCA plot with convex hulls for the subgroup 

classification scheme. Again, the African MPH occupied the largest space of the MPH 

groups, and the European the smallest, although in this plot the Homo erectus sensu 

stricto group occupied an even smaller area. All three continental MPH groups 

overlapped with the Neanderthal group and each other, while the African MPH group  
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Figure 8.1.I - Scatter plot of PC1 (x-axis) and PC2 (y-axis), accounting for 72.8% of variation, for PCA in tangent space using hominin dataset of 67 Pleistocene hominins, 

with specimens classified by subgroup. Convex hulls are shown for subgroups containing more than three individuals and are identified as follows: pale grey - late Late 

Pleistocene Homo sapiens; dark grey - AMH; black - EMH; light blue - Homo neanderthalensis; red - African MPH; green - European MPH; mid blue - Asian MPH; dark  

blue - Homo erectus sensu stricto; pale purple - Paranthropus boisei. MPH are identified as follows: A - Arago 21; B - Bodo; C - Ceprano; D - Dali; F - Florisbad; K - Kabwe; 

M - Maba; Na - Narmada; Nd - Ndutu; P - Petralona; Sa - Saldanha; SH - Sima de los Huesos 5; St - Steinheim; Z - Zuttiyeh 

 

 

Figure 8.1.I - Scatter plot with convex hulls of PC1 (x-axis) and PC2 (y-axis), accounting for 72.8% of variation, for PCA in tangent space using hominin dataset of 67 

Pleistocene specimens, classified in the ‘splitters’ scheme. Convex hulls are shown for subgroups containing more than three individuals and are identified as follows: pale 

grey - late Late Pleistocene Homo sapiens; dark grey - AMH; black - EMH; light blue - Homo neanderthalensis; red - African MPH; green - European MPH; mid blue - Asian 

MPH; dark blue - Homo erectus sensu stricto; pale purple - Paranthropus boisei. MPH are identified as follows: A - Arago 21; B - Bodo; C - Ceprano; D - Dali; F - Florisbad; 

K - Kabwe; M - Maba; Na - Narmada; Nd - Ndutu; P - Petralona; Sa - Saldanha; SH - Sima de los Huesos 5; St - Steinheim; Z - Zuttiyeh 
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overlapped with both the Homo erectus sensu stricto and EMH groups, and the Asian 

MPH overlapped with the EMH and the AMH. The range of the EMH was somewhat 

comparable to that of the African MPH, and both represented the largest convex hulls 

within this plot. 

 

SIZE-FREE SHAPE SPACE 

 

The convex hulls from figure 7.1.IX, a plot of PC1 and PC2 from PCA in size-free 

shape space, using the Pleistocene hominin dataset, were also assessed. Within this 

plot, the MPH convex hull was again broadly comparable in size to that of the Homo 

sapiens, and both occupied the largest areas in comparison to the other groups. The 

Paranthropus convex hull occupied the smallest space, followed by that for the 

Neanderthal specimens. 

 

Figure 8.1.III shows the PCA plot for the same data with convex hulls showing 

subgroups. The African MPH convex hull was the largest of the MPH, and overlapped 

with all other groups except for the AMH and late Late Pleistocene Homo sapiens. The 

European and Asian MPH convex hulls were similar in size, yet while the former 

overlapped with the same groups as the African convex hull, the latter was somewhat 

separate and did not overlap with the Paranthropus specimens. While the African MPH 

convex hull appeared to be larger than those for the Neanderthals and EMH, it was 

relatively smaller than those for the AMH and late Late Pleistocene Homo sapiens. The 

EMH convex hull overlapped with all continental MPH groups, as well as the 

Neanderthals and Homo erectus sensu stricto.
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 Figure 8.1.II - Scatter plot of PC1 (x-axis) and PC2 (y-axis) accounting for 81.9% of variation for PCA in form space using hominin dataset of 67 Pleistocene hominins, with 

specimens classified by subgroup. Convex hulls are shown for subgroups containing more than three individuals. Convex hulls and MPH are identified as in figure 8.1.I 

 

 

Figure 8.1.II - Scatter plot with convex hulls of PC1 (x-axis) and PC2 (y-axis), accounting for 81.9% of variation, for PCA in form space using hominin dataset of 67 

Pleistocene specimens. Convex hulls are shown for subgroups containing more than three individuals. Convex hulls and MPH are identified as in figure 8.1.I 
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Figure 8.1.III - Scatter plot of PC1 (x-axis) and PC2 (y-axis), accounting for 58.7% of variation, for PCA in size-free shape space using hominin dataset of 67 Pleistocene 

hominins, with specimens classified by subgroup. Convex hulls are shown for subgroups containing more than three individuals. Convex hulls and MPH are identified as in 

figure 8.1.I 

 

 

Figure 8.1.IV - Boxplots of inter- (grey) and intragroup (white) Procrustes differences for pooled specimens from full dataset of 711 specimensFigure 8.1.III - Scatter plot 

with convex hulls of PC1 (x-axis) and PC2 (y-axis), accounting for 58.7% of variation, for PCA in size-free shape space using hominin dataset of 67 Pleistocene specimens, 

classified in the ‘splitters’ scheme. Convex hulls are shown for subgroups containing more than three individuals. Convex hul ls and MPH are identified as in figure 8.1.I 
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8.1.2 - PROCRUSTES DISTANCES 

 

ALL SPECIMENS 

 

A Procrustes distance matrix generated through the Generalised Procrustes alignment 

of all 711 specimens was used to create inter- and intragroup boxplots, shown in figure 

8.1.IV. As can be seen, intergroup distances were higher than intragroup distances for 

species and genus level comparisons, but were equal to intragroup distances for 

subspecies comparisons. Intra- and intergenus distances were higher than those for 

species, yet subspecies distances were higher than those for species. When Homo 

specimens were considered separately, intraspecies distances were slightly lower than 

those across taxa, while interspecies distances were slightly higher. Distances within 

and between Homo sapiens groups (Breedon, Jomon, and Chichester) were more or 

less equal, and all were slightly less than Homo intraspecies distances. Intragroup 

distances for the Breedon assemblage, the only group that could reasonably be 

considered as being from the same population of individuals, were the lowest of any 

groups considered here. 

 

Comparisons were made within MPH and within the continental groupings, with Ndutu 

and SH5 included (sensu lato) or excluded (sensu stricto). The inclusion of these 

questionable specimens within MPH increased the overall variation of this group. The 

boxplot for the MPH sensu lato specimens showed somewhat higher values of 

intragroup Procrustes distance than the intraspecies comparisons, and overlapped with 

the Homo interspecies interquartile range. When only MPH sensu stricto specimens 

were considered, the interquartile range of the Procrustes distances overlapped with 

the interquartile ranges of the intraspecies boxplots, and the maximum distance was 

reduced. When continental groupings of MPH were considered, the inter- and 

intragroup continental MPH sensu lato boxplots were broadly comparable. The 

intergroup values for the continental MPH sensu stricto comparisons were slightly 

higher than those for the intragroup comparisons, and both were slightly lower than 

those for the continental MPH sensu lato comparisons. 
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Figure 8.1.V shows the boxplots for intragroup Procrustes distances within the various 

groups included in this study. Within the non-hominin primates, the Gorilla species and 

subspecies were the most variable, while the Papio kindae group were the least 

variable. Within the hominin groups, the MPH sensu lato were most variable in terms of 

maximum intragroup Procrustes distance, while the Homo erectus sensu lato and 

Paranthropus boisei were more variable in terms of interquartile range. The 

Neanderthal group was the least variable of the hominin species, and was broadly 

comparable to Pan paniscus.  

 

The MPH sensu stricto group was less variable than the MPH sensu lato group, as 

should be expected. The intragroup Procrustes distances for both of the MPH groups 

were well within the ranges found for other non-hominin species as well as Homo 

sapiens. The Procrustes distances within the African MPH sensu lato were even higher 

Figure 8.1.IV - Boxplots of inter- (grey) and intragroup (white) Procrustes differences for pooled 

specimens from full dataset of 711 specimens. For the MPH groups, including continental subgroups 

(‘Cont.’), both sensu stricto (ss) and sensu lato (sl) comparisons are made. ‘HS pop.’ refers to 

populations within Homo sapiens, i.e. Jomon, Breedon and Chichester groups. ‘H.’ refers to Homo 

 

Figure 8.1.V - Boxplots of intrataxa Procrustes differences from full dataset of 711 specimensFigure 

8.1.IV - Boxplots of inter- (grey) and intragroup (white) Procrustes differences for pooled specimens 

from full dataset of 711 specimens. For the MPH groups, including continental subgroups (‘Cont.’), both 

sensu stricto (ss) and sensu lato (sl) comparisons are made. ‘HS pop.’ refers to populations within 

Homo sapiens, i.e. Jomon, Breedon and Chichester groups. ‘H.’ refers to Homo 
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than those in the MPH sensu lato, and higher than in all other groups (when median 

Procrustes distance and interquartile range are considered).  

 

 

 

 
Figure 8.1.V - Boxplots of intrataxa Procrustes differences from full dataset of 711 specimens. Larger 

groups/species are indicated in black, subgroupings/subspecies in grey. Abbreviations are as in table 

5.2.II and above 

 

Figure 8.1.VI - Boxplots of intergroup Procrustes differences from full dataset of 711 specimens. Figure 

8.1.V - Boxplots of intrataxa Procrustes differences from full dataset of 711 specimens. Larger 

groups/species are indicated in black, subgroupings/subspecies in grey. Abbreviations are as in table 

5.2.II and above 
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Figure 8.1.VI - Boxplots of intergroup Procrustes differences from full dataset of 711 specimens. 

Distances between species are shown in dark grey, while distances between subspecies/subgroups 

are shown in light grey. Abbreviations are as in table 5.2.II, and ‘Pleist. HS’ refers to Pleistocene Homo 

sapiens 
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Within Homo sapiens, there was a trend of decreasing variability with time; the EMH 

were the most variable group, followed by the AMH and the MHS. Indeed, the EMH 

appeared to be more variable than the Neanderthals and MPH sensu stricto, when 

medians and interquartile ranges were considered. The Jomon were the most variable 

of the recent Homo sapiens groups considered, and Breedon the least. 

 

Boxplots of intergroup comparisons are shown in figure 8.1.VI. Within the non-

hominins, the Procrustes distances between the Gorilla species and subspecies were 

the largest, followed closely by the distances between the Papio and Macaca species, 

with the distances between the Pan species and subspecies being the lowest across 

the entire sample. Within the hominins, the largest interspecies distances were found 

between the MPH and the Homo naledi specimen, followed by the MPH groups and 

Pleistocene Homo sapiens. The smallest distances were found between Homo habilis 

and Homo rudolfensis, followed by MPH and Homo neanderthalensis. When the 

distances between the MPH groups and their contemporaries were considered, the 

closest distances were found to the Homo neanderthalensis, followed by Homo erectus 

sensu lato, Pleistocene Homo sapiens and Homo naledi. Comparisons between the 

continental groups of MPH showed that the largest distances were found between the 

African and Asian MPH. 

 

HOMININS 

 

Boxplots of inter- and intragroup Procrustes distances were also produced for the 

dataset of 67 Pleistocene hominins. Figure 8.1.VII shows that the inter- and intragenus 

distances were larger than those for species, and intergroup distances were greater 

than intragroup distances at the genus and species levels. Separating the MPH into 

continental groupings and the Homo erectus sensu lato specimens into their subgroups 

did not affect overall inter- and intraspecies Procrustes distances. Intragroup distances 

for MPH sensu lato were larger than those for MPH sensu stricto, with the former being 

slightly higher and the latter falling within the range of intraspecies distances. Distances 

between continental MPH groups were slightly higher than those for within these 

groups, and splitting the MPH into continental groups did not reduce the intragroup 

Procrustes distances. 

 

Intragroup boxplots for specific taxa are shown in figure 8.1.VIII. Once again, the most 

variable hominin groups in terms of Procrustes distance appeared to be Paranthropus 
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boisei and Homo erectus sensu lato, closely followed by the MPH sensu lato 

specimens, while the least variable group was Homo neanderthalensis. When SH5 and 

Ndutu were removed from the MPH, the intragroup variation of this group was 

comparable to Pleistocene Homo sapiens.  

 

Within the Pleistocene Homo sapiens, the EMH were once again the most variable 

subgroup, followed by the late Late Pleistocene specimens and the AMH. Within the 

Homo erectus sensu lato specimens, the Homo erectus sensu stricto group were the 

least variable, and the Homo ergaster were the most. Within the MPH, the African 

subgroup was once again the most variable, while the Asian subgroup were the least. 

 

 

 

 

 

 

 

Figure 8.1.IX shows the intergroup boxplots for the hominin dataset. As with the larger 

dataset, the largest distances were found between the MPH and the Homo naledi 

specimen, followed by the MPH and the Homo sapiens specimens, while the smallest 

Figure 8.1.VII - Boxplots of inter- (grey) and intragroup (white) Procrustes differences for pooled 

specimens from dataset of 67 Pleistocene hominins. ‘Split.’ and ‘Lump.’ refer to the splitters and 

lumpers classification schemes outlined above. ‘Cont.’ refers to continental groupings within the MPH 

 

Figure 8.1.VIII - Boxplots of intragroup Procrustes differences from dataset of 67 Pleistocene 

homininFigure 8.1.VII - Boxplots of inter- (grey) and intragroup (white) Procrustes differences for 

pooled specimens from dataset of 67 Pleistocene hominins. ‘Split.’ and ‘Lump.’ refer to the splitters and 

lumpers classification schemes outlined above. ‘Cont.’ refers to continental groupings within the MPH 
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distances were found between the Homo habilis and Homo rudolfensis specimens. 

When the distances between the MPH groups and their contemporaries were 

considered, the closest distances were between the MPH and the Homo 

neanderthalensis, followed by Homo erectus sensu lato, Homo sapiens, and Homo 

naledi. Comparisons between the continental groups of MPH showed that the largest 

distances were found between the African and Asian MPH, especially when the sensu 

lato groupings are considered. 

 

 

 

 

 

 

Figure 8.1.VIII - Boxplots of intragroup Procrustes differences from dataset of 67 Pleistocene hominins. 

Larger groups are indicated in black, subgroupings in grey. Abbreviations are as in table 5.2.II and as 

listed above 

 

Figure 8.1.IX - Boxplots of intergroup Procrustes differences from dataset of 67 Pleistocene 

homininsFigure 8.1.VIII - Boxplots of intragroup Procrustes differences from dataset of 67 Pleistocene 

hominins. Larger groups are indicated in black, subgroupings in grey. Abbreviations are as in table 

5.2.II and as listed above 
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SUBSAMPLING  

 

Results of the subsampling procedure are shown in table 8.1.I. The Procrustes 

distances between the 14 MPH specimens were found to be significantly more variable 

than those of subsamples in eight of the 12 comparisons (Pan troglodytes, Pan 

paniscus, Papio kindae, Macaca fascicularis, Macaca fuscata, Macaca mulatta, Homo 

sapiens (both including and excluding the EMH)); the MPH Procrustes distances were 

not significantly different to the two Gorilla species or to Papio anubis. When Ndutu 

was removed from the MPH, this group was significantly more variable than Pan 

troglodytes, Pan paniscus, Papio kindae, Macaca mulatta, and Homo sapiens 

Figure 8.1.IX - Boxplots of intergroup Procrustes differences from dataset of 67 Pleistocene hominins. 

Abbreviations are as in table 5.2.II and as listed above 

 

Figure 8.1.IX - Boxplots of intergroup Procrustes differences from dataset of 67 Pleistocene hominins. 

Abbreviations are as in table 5.2.II and as listed above 
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(excluding EMH), and were not significantly different to the other groups. When both 

Ndutu and SH5 were excluded, MPH were found to be significantly more variable than 

the Papio kindae subsamples, and significantly less variable than both Gorilla taxa.  

 

 

 

 

 

 

  

 
 No sig. difference 

Sig. difference 

 
 MPH less variable MPH more variable 

MPH GB 84.5 10.3 5.2 

  GG 85.8 6.7 7.5 

  PT 0.1 0.0 99.9 

  PP 0.0 0.0 100.0 

  PA 10.0 0.0 90.0 

  PK 0.0 0.0 100.0 

  MFa 3.4 0.0 96.6 

  MFu 0.0 0.0 100.0 

  MM 0.0 0.0 100.0 

  HS 0.9 0.0 99.1 

  HSss 0.7 0.0 99.3 

MPH (exc. Ndutu) GB 34.2 65.7 0.1 

  GG 32.3 67.3 0.4 

  PT 5.0 0.0 95.0 

  PP 2.2 0.0 97.8 

  PA 67.7 0.2 32.1 

  PK 0.0 0.0 100.0 

  MFa 51.5 0.1 48.4 

  MFu 25.2 0.0 74.8 

  MM 3.8 0.0 96.2 

  HS 9.9 0.0 90.1 

  HSss 4.1 0.0 95.9 

MPH (exc. Ndutu and SH5) GB 3.0 97.0 0.0 

  GG 4.2 95.8 0.0 

  PT 49.0 0.0 51.0 

  PP 31.1 0.0 68.9 

  PA 74.9 20.4 4.7 

  PK 0.0 0.0 100.0 

  MFa 76.5 15.2 8.3 

  MFu 61.3 0.0 38.7 

  MM 41.7 0.2 58.1 

  HS 39.1 1.6 59.3 

  HSss 38.1 1.2 60.7 

  

Table 8.1.I - Table of results of independent t-test comparisons between Procrustes distances between 

individuals for MPH groups and 1000 random subsamples of other species, shown as percentages. 

MPH included all 14 specimens; MPH (exc. Ndutu) included all MPH specimens except for Ndutu; 

MPH (exc. Ndutu and SH5) included all MPH except for Ndutu and SH5. Comparisons were made to 

random subsamples of 14, 13, and 12 individuals, respectively. Significance was defined as when the 

MPH groups’ Procrustes distances were significantly different to the subsamples in 95% or more of 

comparisons, and are highlighted in grey. Abbreviations are as in table 5.2.II. HSss indicates 

comparisons made to Homo sapiens specimens, with the EMH excluded 

 

Table 8.1.IX - Table of results of independent t-test comparisons between Procrustes distances 

between individuals for MPH groups and 1000 random subsamples of other species, shown as 

percentages. MPH included all 14 specimens; MPH (exc. Ndutu) included all MPH specimens except 

for Ndutu; MPH (exc. Ndutu and SH5) included all MPH except for Ndutu and SH5. Comparisons were 

made to random subsamples of 14, 13, and 12 individuals, respectively. Significance was defined as 

when the MPH groups’ Procrustes distances were significantly different to the subsamples in 95% or 

more of comparisons, and are highlighted in grey. Abbreviations are as in table 5.2.II. HSss indicates 

comparisons made to Homo sapiens specimens, with the EMH excluded 
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8.1.3 - DISCRIMINANT ANALYSIS OF SUBSPECIFIC GROUPS 

 

ALL SPECIES 

 

Tangent Space 

 

A step-wise, cross-validated DA was performed using the first 20 PCs that accounted 

for over 95% of variance combined from the PCA in tangent space using the full 

dataset. Specimens were classified into subspecies and subgroups where applicable. 

The Macaca fuscata that could not be classified by subspecies were excluded, along 

with the Papio cynocephalus sensu lato specimens, resulting in a sample of 693 

specimens. The results are shown in tables 8.1.II and 8.1.III. Overall weighted species 

accuracy was 87.7% (84.3% for non-hominins and 93.9% for hominins), while 

subspecies/subgroup accuracy, which included the continental MPH and separate 

Homo erectus groupings, was 58.4% (62.4% for non-hominins and 11.8% for 

hominins). While the Homo erectus subgroups had low classification accuracy, all 

specimens were classified within Homo erectus sensu lato. MPH, on the other hand, 

had low group accuracy, with 42.9% (6 out of 14) of specimens being classified within 

this wider grouping. The only specimen that was placed within the correct continental 

subgrouping was SH5. The remaining specimens were misclassified as AMH 

(Ceprano), EMH (Dali), Homo neanderthalensis (Petralona and Steinheim), or Homo 

erectus sensu stricto (Bodo, Kabwe, Narmada, and Arago 21). 

 

Form Space 

 

A step-wise, cross-validated DA was also performed using the first three PCs that 

explained over 95% of variance combined from a PCA in form space, using the full 

dataset of 693 of the total specimens (tables 8.1.IV and 8.1.V). The resulting weighted 

species classification accuracy was 77.9% (71.3% for non-hominin primates and 89.7% 

for hominins), while the subgroup/subspecies classification accuracy was 40.2% 

(41.4% for non-hominins and 23.5% for hominins). Only one of the seven Homo 

erectus sensu lato specimens could be classified into its correct subgroup (14.3%; Solo 

VI), while three of the 14 MPH (21.4%) were correctly placed in their continental 

subgroups (Bodo, Kabwe, and Zuttiyeh). Maba and Narmada were misclassified as 

EMH, Florisbad as MHS, Dali, SH5, and Ceprano as Neanderthals, Ndutu as Homo 
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ergaster, and Steinheim as Homo erectus sensu stricto. Herto, Skhūl V, La Quina H5, 

and Sangiran 17 were all classified within the MPH group. Other misclassifications 

included: NA 087, Kennewick Man, Omo 1, and Djebel Irhoud 1 which were 

misclassified as Neanderthals; Le Moustier 1 which was placed among the MHS; Amud 

1 which was grouped with EMH; OH 24 which was misclassified as Homo georgicus; 

D2282 which was placed with Homo habilis; D4500 which was misclassified as 

Paranthropus boisei; KNM-ER 732 which was placed with Papio anubis; and KNM-ER 

3733, KNM-ER 406, and OH5 which were placed within Gorilla or Pan. 

 

Size-free Shape Space 

 

A step-wise, cross-validated DA was then performed using the first 22 PCs accounting 

for over 95% of variance combined from a PCA in size-free shape space using the full 

dataset. The 693 specimens were classified into subspecies and subgroups where 

applicable, and results are shown in tables 8.1.XVI and 8.1.XVII. The resulting 

weighted species classification accuracy was 87.3% (84.8% for non-hominin primates 

and 91.1% for hominins), while the subgroup/subspecies classification accuracy was 

55.4% (59.5% for non-hominins and 9.5 % for hominins). None of the Homo erectus 

sensu lato specimens could be classified into their correct subgroup, while only 

Narmada could be correctly placed into its continental MPH group. Maba was placed 

with the EMH, while Kabwe and Ceprano were misclassified as Homo erectus sensu 

stricto. Herto, Saint-Césaire I, and Sangiran 17 were all misclassified within the MPH 

group. Both of the Homo habilis specimens were misclassified as Homo georgicus, and 

one MHS was misclassified as Homo neanderthalensis. A number of hominins were 

misclassified as primates, including: KNM-ER 406 (Pan troglodytes troglodytes); 

Zuttiyeh (Macaca fascicularis); KNM-ER 732 (Macaca fuscata yakui); Kennewick Man, 

Předmostí III, and two MHS (Macaca mulatta); D4500 (Papio anubis); Solo VI (Papio 

cynocephalus); and Florisbad, Djebel Irhoud 1, Omo 1, and D2282 (Papio kindae). 
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  GBB GBG GGD GGG PP PTT PTS PTV PTE PA PCC PCK MFa MFuF MFuY MM Subspecies Species Genus 

GBB 50.0 28.6 0.0 21.4                         50.0 78.6 100.0 

GBG 9.8 82.9 0.0 4.9         2.4               82.9 92.7 97.6 

GGD 11.1 0.0  50.0 38.9                         50.0 88.9 100.0 

GGG 10.0 6.0 18.0 66.0                         66.0 84.0 100.0 

PP         81.4 14.0 4.7  0.0 0.0                 - 81.4 100.0 

PTT       2.0 4.0 80.0 12.0  0.0 2.0               80.0 94.0 98.0 

PTS         6.7 30.0 56.7 3.3 3.3               56.7 93.3 100.0 

PTV         25.0 12.5 25.0 25.0 12.5               25.0 75.0 100.0 

PTE         20.0 20.0 20.0 40.0 0.0               0.0 80.0 100.0 

PA                   83.3 4.8 9.5          - 83.3 97.6 

PCC                   62.5 0.0 25.0       12.5  - 0.0 87.5 

PCK                   4.3 4.3 91.3          - 91.3 100.0 

MFa                         83.7 0.0  4.1 12.2  - 83.7 100.0 

MFuF                         16.7 16.7 50.0 16.7 16.7 66.7 100.0 

MFuY                         14.3 42.9 42.9 0.0  42.9 85.7 100.0 

MM                   4.5 2.3   9.1 2.3 0.0  81.8  - 81.8 93.2 

Table 8.1.II - Results of step-wise, cross-validated DA using first 20 PCs accounting for over 95% of total sample variance combined from PCA in tangent space using full 

dataset of 693 specimens. Percentage classification accuracy is shown by group, with specimens classified into subspecies where applicable. Only non-hominin primates 

are shown, see table 9.3.X for hominin results. Non-hominin species classification accuracy was 84.3%, while subspecies classification accuracy was 62.4%. All PCs 

except for PCs 13 and 20 were used to form the discriminant function. Abbreviations are as in table 5.2.II 

 

Table 8.1.X - Results of step-wise, cross-validated DA using first 20 PCs that accounted for over 95% of total sample variance combined from PCA in tangent space using 

full dataset of 693 specimens, showing percentage classification accuracy by group. Specimens were classified into subspecies where applicable. Only non-hominin 

primates are shown, see table 9.3.X for hominin results. Non-hominin species classification accuracy was 84.3%, while subspecies classification accuracy was 62.4%. All 

PCs except for PCs 13 and 20 were used to form the discriminant function. Abbreviations are as in table 5.2.II 
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   Breedon Chichester Jomon MHS AMH EMH AfMPH AsMPH EMPH HN HE HErg HG HHa ParB Population Subgroups Species Genus 

Breedon 0.0  0.0 0.0  100.0 0.0 0.0                   0.0 - 100.0 100.0 

Chichester  0.0 0.0  0.0 100.0 0.0 0.0                   0.0 - 100.0 100.0 

Jomon  0.0  0.0 20.0 80.0 0.0 0.0                   20.0 - 100.0 100.0 

MHS 1.3 0.6 0.6 95.5 1.3 0.0        0.6            - - 99.4 100.0 

AMH  0.0 0.0   0.0 75.0 15.0 5.0       5.0            - - 95.0 100.0 

EMH 14.3 0.0   0.0 28.6 14.3 14.3     14.3 14.3            - - 71.4 100.0 

AfMPH             0.0 20.0 40.0   40.0          - 0.0 60.0 100.0 

AsMPH           25.0 50.0 0.0  0.0   25.0          - 0.0 50.0 100.0 

EMPH         20.0   0.0 0.0 20.0 40.0 20.0          - 20.0 20.0 100.0 

HN                   100.0            - - 100.0 100.0 

HE                     33.3 33.3 33.3      - 33.3 100.0 100.0 

HErg                     50.0 0.0 50.0      - 0.0 100.0 100.0 

HG                      0.0 100.0 0.0      - 0.0 100.0 100.0 

HHa                         100.0 0.0    - - 0.0 100.0 

ParB                             66.7  - - 66.7 66.7 

Table 8.1.III - Results of step-wise, cross-validated DA using first 20 PCs accounting for over 95% of total sample variance from PCA in tangent space using full dataset of 

693 specimens. Percentage classification accuracy is shown by group, with specimens classified into subgroups where applicable. Only hominins are shown, see table 

9.3.IX for non-hominin primate results. Subgroups of Homo sapiens are not shown in final subgroup classification accuracy due to the questionable basis of using 

chronology as a factor in taxonomic classification. Hominin weighted species classification accuracy was 93.9%, while subgroup classification accuracy was 11.8%. All PCs 

except for PCs 13 and 20 were used to form the discriminant function. One specimen of Paranthropus boisei (KNM-ER 406) was misclassified as Pan troglodytes. 

Abbreviations are as in table 5.2.II 

 

 

Table 8.1.XI - Results of step-wise, cross-validated DA using first 20 PCs that accounted for over 95% of total sample variance from PCA in tangent space using full dataset 

of 693 specimens, showing percentage classification accuracy by group. Specimens were classified into subgroups where applicable. Only hominins are shown, see table 

9.3.IX for non-hominin primate results. Subgroups of Homo sapiens are not shown in final subgroup classification accuracy due to the questionable basis of using 

chronology as a factor in taxonomic classification. Hominin species classification accuracy was 93.9%, while subgroup classification accuracy was 11.8%. All PCs except 

for PCs 13 and 20 were used to form the discriminant function. One specimen of Paranthropus boisei (KNM-ER 406) was misclassified as Pan troglodytes. Abbreviations 

are as in table 5.2.II 
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  GBB GBG GGD GGG PP PTT PTS PTV PTE PA PCC PCK MFa MFuF MFuY MM Subspecies Species Genus 

GBB 0.0 50.0 0.0 50.0                         0.0 50.0 100.0 

GBG 0.0 43.9 0.0 46.3 2.4 7.3                     43.9 43.9 90.2 

GGD 0.0 55.6 0.0 44.4                         0.0 44.4 100.0 

GGG 0.0 32.0 4.0 64.0                         64.0 68.0 100.0 

PP         88.4 7.0 4.7 0.0 0.0               -  88.4 100.0 

PTT         6.0 84.0 6.0 0.0 0.0 2.0             84.0 90.0 96.0 

PTS         26.7 53.3 20.0 0.0 0.0               20.0 73.3 100.0 

PTV         12.5 37.5 50.0 0.0 0.0                0.0 87.5 100.0 

PTE         40.0 60.0 0.0 0.0 0.0               0.0 60.0 100.0 

PA                   81.0 0.0  19.0          - 81.0 100.0 

PCC                   75.0 0.0 25.0          - 0.0 100.0 

PCK                   26.1 0.0  69.6       4.3  - 69.6 95.7 

MFa                         83.7  0.0 2.0 14.3  - 83.7 100.0 

MFuF                          0.0 0.0  0.0 100.0 0.0 0.0 100.0 

MFuY                         71.4 0.0  0.0 28.6 0.0 0.0 100.0 

MM                         13.6  0.0 0.0  86.4  - 86.4 100.0 

Table 8.1.IV - Results of step-wise, cross-validated DA using first three PCs accounting for over 95% of total sample variance from PCA in form space using full dataset of 

693 specimens. Percentage classification accuracy is shown by group, with specimens classified into subspecies where applicable. Only non-hominin primates are shown, 

see table 9.3.XIII for hominin results. Non-hominin primate species classification accuracy was 71.3%, while subspecies classification accuracy was 41.4%. All PCs were 

used to form the discriminant function. Abbreviations are as in table 5.2.II 

 

Table 8.1.XIII - Results of step-wise, cross-validated DA using first three PCs that accounted for over 95% of total sample variance from PCA in form space using full 

dataset of 693 specimens, showing percentage classification accuracy by group. Specimens were classified into subspecies where applicable. Only non-hominin primates 

are shown, see table 9.3.XIII for hominin results. Non-hominin primate species classification accuracy was 71.5%, while subspecies classification accuracy was 41.4%. All 

PCs were used to form the discriminant function. Abbreviations are as in table 5.2.II 
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  Breedon Chichester Jomon MHS AMH EMH AfMPH AsMPH EMPH HN HE HErg HG HHa ParB Population Subgroups Species Genus 

Breedon 0.0 0.0 0.0 100.0 0.0 0.0          0.0 -  100.0 100.0 

Chichester 0.0 0.0 0.0 100.0 0.0 0.0          0.0  - 100.0 100.0 

Jomon 0.0 0.0 0.0 100.0 0.0 0.0          0.0  - 100.0 100.0 

MHS 0.0 0.0 0.6 98.1 0.0 0.0    1.3       - - 98.7 100.0 

AMH 0.0 0.0 0.0 95.2 0.0 0.0    4.8       - - 95.2 100.0 

EMH 0.0 0.0 0.0 50.0 0.0 0.0   33.3 16.7       - - 50.0 100.0 

AfMPH    20.0   40.0 0.0 20.0   20.0     - 40.0 60.0 100.0 

AsMPH      50.0 0.0 25.0 0.0 25.0       - 25.0 25.0 100.0 

EMPH       40.0 0.0 0.0 40.0 20.0      - 0.0 40.0 100.0 

HN    7.7  7.7  7.7  76.9       -  - 76.9 100.0 

HE       33.3    33.3 33.3 0.0    - 33.3 66.7 100.0 

HErg           50.0 0.0 0.0    - 0.0 50.0 50.0 

HG           0.0 0.0 0.0 50.0 50.0  - 0.0 0.0 50.0 

HHa             50.0 50.0   -  - 50.0 100.0 

ParB               0.0  -  - 0.0 0.0 

Table 8.1.V - Results of step-wise, cross-validated DA using first three PCs accounting for over 95% of total sample variance from PCA in form space using full dataset of 

693 specimens. Percentage classification accuracy is shown by group, with specimens classified into subgroups where applicable. Only hominins are shown, see table 

9.3.XII for non-hominin primate results. Subgroups of Homo sapiens are not shown in final subgroup classification accuracy due to the questionable basis of using 

chronology as a factor in taxonomic classification. Hominin species classification accuracy was 89.7%, while subgroup classification accuracy was 23.5%. All PCs were 

used to form the discriminant function. Abbreviations are as in table 5.2.II 

 

 

Table 8.1.XIV - Results of step-wise, cross-validated DA using first three PCs that accounted for over 95% of total sample variance from PCA in form space using full 

dataset of 693 specimens, showing percentage classification accuracy by group. Specimens were classified into subgroups where applicable. Only hominins are shown, 

see table 9.3.XII for non-hominin primate results. Subgroups of Homo sapiens are not shown in final subgroup classification accuracy due to the questionable basis of using 

chronology as a factor in taxonomic classification. Hominin species classification accuracy was 90.1%, while subgroup classification accuracy was 23.5%. All PCs were 

used to form the discriminant function. Abbreviations are as in table 5.2.II 
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  GBB GBG GGD GGG PP PTT PTS PTV PTE PA PCC PCK MFa MFuF MFuY MM Subspecies Species Genus 

GBB 42.9 28.6 0.0 28.6                         42.9 71.4 100.0 

GBG 9.8 82.9 0.0 4.9         2.4               82.9 92.7 97.6 

GGD 11.1 5.6 50.0 33.3                         50.0 83.3 100.0 

GGG 10.0 6.0 16.0 68.0                         68.0 84.0 100.0 

PP         88.4 7.0 2.3 0.0  2.3               -  88.4 100.0 

PTT         4.0 68.0 22.0 2.0 4.0               68.0 96.0 100.0 

PTS         13.3 26.7 50.0 3.3 6.7               50.0 86.7 100.0 

PTV         12.5 18.8 31.3 31.3 6.3               31.3 87.5 100.0 

PTE         20.0 20.0 20.0 40.0 0.0               0.0 80.0 100.0 

PA                   81.0 7.1 9.5          - 81.0 97.6 

PCC                   25.0 50.0 25.0          - 50.0 100.0 

PCK                    0.0 4.3 95.7          - 95.7 100.0 

MFa                       2.0 79.6  0.0 4.1 12.2  - 79.6 95.9 

MFuF                         16.7 16.7 50.0 16.7 16.7 66.7 100.0 

MFuY                         28.6 28.6 42.9  0.0 42.9 71.4 100.0 

MM                   2.3 2.3 2.3 9.1 2.3 0.0  79.5  - 79.5 90.9 

Table 8.1.VI - Results of step-wise, cross-validated DA using first 22 PCs accounting for over 95% of sample variance from PCA in size-free shape space using full dataset 

of 693 specimens. Percentage classification accuracy is shown by group, with specimens classified into subspecies where applicable. Only non-hominin primates are 

shown, see table 9.3.XVI for hominin results. Non-hominin primate species classification accuracy was 84.8%, while subspecies classification accuracy was 59.5%. All PCs 

except for 12, 13, 17, 20, and 21 were used to form the discriminant function. Abbreviations are as in table 5.2.II 

 

Table 8.1.XVI - Results of step-wise, cross-validated DA using first 22 PCs from PCA in size-free shape space using full dataset of 693 specimens, showing percentage 

classification accuracy by group. Specimens were classified into subspecies where applicable. Only non-hominin primates are shown, see table 9.3.XVI for hominin results. 

Non-hominin primate species classification accuracy was 84.8%, while subspecies classification accuracy was 59.5%. All PCs except for 12, 13, 17, 20, and 21 were used 

to form the discriminant function. Abbreviations are as in table 5.2.II 
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  Breedon Chichester Jomon MHS AMH EMH AfMPH AsMPH EMPH HN HE HErg HG HHa ParB Population Subgroups Species Genus 

Breedon 0.0 0.0 0.0 100.0 0.0 0.0                   0.0  - 100.0 100.0 

Chichester 0.0 0.0 0.0 100.0 0.0 0.0                   0.0  - 100.0 100.0 

Jomon 0.0 0.0 20.0 80.0 0.0 0.0                   20.0  - 100.0 100.0 

MHS 0.6 0.0  0.6 93.5 2.6 0.0        0.6            -  - 97.4 98.1 

AMH 0.0 0.0 0.0 78.9 10.5 5.3                    -  - 94.7 94.7 

EMH 0.0 0.0 0.0 28.6 14.3 14.3   14.3                -  - 57.1 71.4 

AfMPH             0.0 0.0 60.0   20.0          - 0.-0 60.0 80.0 

AsMPH           25.0 0.0  25.0 25.0              - 25.0 50.0 75.0 

EMPH             40.0 20.0 20.0   20.0          - 20.0 80.0 100.0 

HN               7.7   92.3            -  - 92.3 100.0 

HE                 33.3   0.0 33.3 0.0      - 0.0 33.3 66.7 

HErg                     50.0 0.0 50.0      - 0.0 100.0 100.0 

HG                     0.0 0.0 0.0      - 0.0 0.0 0.0 

HHa                         100.0 0.0    -  - 0.0 100.0 

ParB                             33.3  -  - 33.3 33.3 

Table 8.1.VII - Results of step-wise, cross-validated DA using first 22 PCs accounting for over 95% of sample variance from PCA in size-free shape space using full dataset 

of 693 specimens. Percentage classification accuracy is shown by group, with specimens classified into subgroups where applicable. Only hominins are shown, see table 

9.3.XV for non-hominin primate results. Subgroups of Homo sapiens are not shown in final subgroup classification accuracy due to the questionable basis of using 

chronology as a factor in taxonomic classification. Hominin species classification accuracy was 91.1%, while subgroup classification accuracy was 9.5%. All PCs except for 

12, 13, 17, 20, and 21 were used to form the discriminant function. Abbreviations are as in table 5.2.II 

 

Table 8.1.XVII - Results of step-wise, cross-validated DA using first 22 PCs from PCA in size-free shape space using full dataset of 693 specimens, showing percentage 

classification accuracy by group. Specimens were classified into subgroups where applicable. Only hominins are shown, see table 9.3.XV for non-hominin primate results. 

Subgroups of Homo sapiens are not shown in final subgroup classification accuracy due to the questionable basis of using chronology as a factor in taxonomic 

classification. Hominin species classification accuracy was 91.1%, while subgroup classification accuracy was 9.5%. All PCs except for 12, 13, 17, 20, and 21 were used to 

form the discriminant function. Abbreviations are as in table 5.2.II 
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PLEISTOCENE HOMININS 

 

Tangent Space 

 

A step-wise, cross-validated DA was also performed using the first 19 PCs accounting 

for over 95% of sample variance combined from a PCA in tangent space using the 

Pleistocene hominin dataset of 63 specimens, and the results are shown in table 

8.1.XII. Weighted species classification accuracy was 69.8%, while subgroup 

classification accuracy was 9.5%. The only specimens which were correctly classified 

into their subgroups were Bodo and Narmada. Species weighted classification 

accuracy for MPH was 57.1%, lower than for Homo sapiens (83.3%), Homo 

neanderthalensis (84.6%), and Paranthropus boisei (66.7%), but higher than for Homo 

erectus sensu lato (42.9%) and Homo habilis (0.0%). Within the MPH, Kabwe was 

misclassified as Homo erectus sensu stricto, Maba and Zuttiyeh as EMH, and Dali, 

Steinheim, and Florisbad as Homo neanderthalensis. Other misclassifications were: 

Omo 1, Saint-Césaire I, and Solo VI which were grouped with the European MPH; 

Herto and Amud 1 which were grouped with the Asian MPH; Sangiran 17, KNM-ER 

3883, and D2282 which were placed with the African MPH; Zhoukoudian UC 101, 

Djebel Irhoud 1, and Zhoukoudian XII which were misclassified as Homo 

neanderthalensis; KNM-ER 1813 which was placed with Homo georgicus; OH 24 which 

was placed with Paranthropus boisei; and KNM-ER 406 which was placed with Homo 

habilis. 

 

Form Space 

 

A similar DA was then performed using the first five PCs which accounted for over 95% 

of sample variance combined from the Pleistocene hominin dataset of 63 specimens, 

and the results are shown in table 8.1.XV. Weighted species classification accuracy 

was 66.7%, while subgrouping classification accuracy was 23.8%. The only specimens 

which were correctly classified into their subgroups were Bodo, Arago 21, Ceprano, 

Solo VI, and Sangiran 17. Species weighted classification accuracy for MPH was 

28.6%, lower than for all other hominin groups except for Homo habilis (0.0%). Within 

the MPH, Kabwe was misclassified as Homo ergaster, Saldanha and Steinheim as 

Homo erectus sensu stricto, Ndutu, Dali, Petralona, and Zuttiyeh as Homo 

neanderthalensis, and Maba, Narmada, and Florisbad as EMH. Other 
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 AMH EMH AfMPH AsMPH EMPH HN HEss HErg HG HHa ParB Subgroups Species Genus 

AMH 88.2 5.9    5.9      - 94.1 100.0 

EMH 42.9 14.3  14.3 14.3 14.3      - 57.1 100.0 

AfMPH   20.0 0.0 40.0 20.0 20.0     20.0 60.0 100.0 

AsMPH  50.0 0.0 25.0 0.0 25.0      25.0 25.0 100.0 

EMPH   80.0 0.0 0.0 20.0      0.0 80.0 100.0 

HN    7.7 7.7 84.6      - 84.6 100.0 

HEss   33.3  33.3 33.3 0.0 
0.0 0.0   0.0 0.0 100.0 

HErg       50.0 0.0 50.0   0.0 100.0 100.0 

HG   50.0    0.0 50.0 0.0   0.0 50.0 100.0 

HHa         50.0 0.0 50.0 - 0.0 50.0 

ParB          33.3 66.7 - 66.7 100.0 

Table 8.1.VIII - Results of step-wise, cross-validated DA using first 19 PCs accounting for over 95% of sample variance from PCA in tangent space for dataset of 63 

Pleistocene hominins. Percentage classification accuracy is shown by group, with specimens classified into subgroups where applicable. Subgroups of Homo sapiens are 

not shown in final subgroup classification accuracy due to the questionable basis of using chronology as a factor in taxonomic classification. Species classification accuracy 

was 69.8%, while subspecies classification accuracy was 9.5%. PCs 1, 2, 3, and 4 were used to form the discriminant function. Abbreviations are as in table 5.2.II 

 

Table 8.1.XII - Results of step-wise, cross-validated DA using first five PCs from PCA in tangent space for dataset of 63 Pleistocene hominins, showing percentage 

classification accuracy by group. Specimens were classified into subgroups where applicable. Subgroups of Homo sapiens are not shown in final subgroup classification 

accuracy due to the questionable basis of using chronology as a factor in taxonomic classification. Species classification accuracy was 69.8%, while subspecies 

classification accuracy was 9.5%. All PCs were used to form the discriminant function. Abbreviations are as in table 5.2.II 
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  AMH EMH AfMPH AsMPH EMPH HN HEss HErg HG HHa ParB Subgroups Species 

AMH 88.2 11.8                    - 100.0 

EMH 28.6 28.6     14.3 28.6            - 57.1 

AfMPH   20.0 20.0 0.0 0.0 20.0 20.0 20.0       20.0 20.0 

AsMPH   50.0 0.0  0.0 0.0 50.0           0.0 0.0 

EMPH     20.0  0.0 40.0 20.0 20.0         40.0 60.0 

HN   7.7   7.7 7.7 76.9            - 76.9 

HEss     33.3       66.7 0.0 0.0     66.7 66.7 

HErg             100.0 0.0 0.0     0.0 100.0 

HG             0.0 0.0 0.0 100.0   0.0 0.0 

HHa                 100.0 0.0    - 0.0 

ParB                     100.0  - 100.0 

Table 8.1.IX - Results of step-wise, cross-validated DA using first five PCs accounting for over 95% of sample variance from PCA in form space for dataset of 63 

Pleistocene hominins. Percentage classification accuracy is shown by group, with specimens classified into subgroups where applicable. Subgroups of Homo sapiens are 

not shown in final subgroup classification accuracy due to the questionable basis of using chronology as a factor in taxonomic classification. Species classification accuracy 

was 66.7%, while subgroup classification accuracy was 23.8%. PCs 1, 2, 4, and 5 were used to create the discriminant function. Abbreviations are as in table 5.2.II 

 

 

Table 8.1.XV - Results of step-wise, cross-validated DA using first five PCs from PCA in form space for dataset of 63 Pleistocene hominins, showing percentage 

classification accuracy by group. Specimens were classified into subgroups where applicable. Subgroups of Homo sapiens are not shown in final subgroup classification 

accuracy due to the questionable basis of using chronology as a factor in taxonomic classification. Species classification accuracy was 66.7%, while subgroup classification 

accuracy was 19.0%. PCs 1, 2, 4 and 5 were used to create the discriminant function. Abbreviations are as in table 5.2.II 
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misclassifications were: Omo 1 and Zhoukoudian XII which were grouped with the 

MPH; Djebel Irhoud 1 and Herto, which were placed with the Neanderthals; both 

Dmanisi specimens which were misclassified as Homo habilis; and the Homo habilis 

specimens were misclassified as Homo georgicus. 

 

Size-free Shape Space 

 

A similar DA was performed using the first 21 PCs which accounted for over 95% of 

sample variance combined from the Pleistocene hominin dataset of 63 specimens, and 

the results are shown in table 8.1.XVIII. Weighted species classification accuracy was 

61.9%, while subgrouping classification accuracy was 9.5%. The only specimens which 

were correctly classified into their subgroups were Bodo and Kabwe. Species weighted 

classification accuracy for MPH was 14.3%, lower than for all other hominin groups 

except for Homo habilis (0.0%) and Homo erectus sensu lato which was also 14.3%. 

Within the MPH, Saldanha, Dali, Petralona, Arago 21, Steinheim, Ceprano, Narmada, 

Florisbad, and Zuttiyeh were misclassified as Homo neanderthalensis, Ndutu and SH5 

were misclassified as Homo georgicus, and Maba as an AMH. Other misclassifications 

were: D4500 which was grouped with the MPH; Djebel Irhoud 1, Omo 1, Skhūl V, 

Herto, Solo VI, Sangiran 17, Zhoukoudian XII, KNM-ER 3883, KNM-ER 1813, and 

KNM-ER 732 which were placed with Homo neanderthalensis; and D2282 which was 

placed with Homo habilis.   
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 AMH EMH AfMPH AsMPH EMPH HN HEss HErg HG HHa ParB Subgroups Species Genus 

AMH 82.4 17.6                   -  100.0 100.0 

EMH 42.9 0.0       57.1            - 42.9 100.0 

AfMPH     40.0 0.0 0.0 40.0     20.0     40.0 40.0 100.0 

AsMPH 25.0   0.0 0.0 0.0 75.0           0.0 0.0 100.0 

EMPH     0.0 0.0 0.0 80.0     20.0     0.0 0.0 100.0 

HN           100.0            - 100.0 100.0 

HEss           100.0 0.0 0.0 0.0      0.0 0.0 100.0 

HErg           50.0 0.0 0.0 50.0     0.0 50.0 100.0 

HG     50.0       0.0 0.0 0.0 50.0   0.0 0.0 100.0 

HHa           50.0       50.0    - 50.0 100.0 

ParB           33.3         66.7  - 66.7 66.7 

Table 8.1.X - Results of step-wise, cross-validated DA using first 21 PCs accounting for over 95% of sample variance from PCA in size-free shape space for dataset of 63 

Pleistocene hominins. Percentage classification accuracy is shown by group, with specimens classified into subgroups where applicable. Subgroups of Homo sapiens are 

not shown in final subgroup classification accuracy due to the questionable basis of using chronology as a factor in taxonomic classification. Species classification accuracy 

was 61.9%, while subgroup classification accuracy was 9.5%. PCs 1, 2, 3, 4, and 15 were used to create the discriminant function. Abbreviations are as in table 5.2.II 

 

 

Table 8.1.XVIII - Results of step-wise, cross-validated DA using first 21 PCs from PCA in size-free shape space for dataset of 63 Pleistocene hominins, showing 

percentage classification accuracy by group. Specimens were classified into subgroups where applicable. Subgroups of Homo sapiens are not shown in final subgroup 

classification accuracy due to the questionable basis of using chronology as a factor in taxonomic classification. Species classification accuracy was 61.9%, while subgroup 

classification accuracy was 9.5%. PCs 1, 2, 3, 4, and 15 were used to create the discriminant function. Abbreviations are as in table 5.2.II 
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CHAPTER 9 - RESEARCH QUESTION 4: FACTORS AFFECTING 

VARIATION IN THE SUPRAORBITAL AND ORBITAL REGION 

 

This chapter aimed to address the fourth research question: 

 

4. How does the recorded supraorbital and orbital morphology relate to factors 

that are predicted to affect variation in this area in the MPH and the wider 

primates (e.g. sexual dimorphism, size and allometry, brain size, chronology, 

geography)? 

 

The previous chapters established that: the recorded orbital, supraorbital, and frontal 

squama morphology is taxonomically useful (Chapter 6); the MPH were somewhat 

distinctive in their morphology for this region, although not as distinctive as should be 

expected, even for a hominin taxon, potentially due to the poor criteria used to include 

specimens within this group (Chapter 7); and that the MPH were relatively variable in 

their morphology, however this variation cannot be used to support the existence of 

separate continental taxa (Chapter 8). This chapter explored the high level of variability 

within the MPH browridge region. As has been established, there are many factors 

which have been shown to contribute to intragroup variation within this region, 

including: sex, allometry, encephalisation, chronological or ‘within-species’ evolution, 

and geography. These factors were explored in the following analyses, where attempts 

were made to quantify their influence on the variation within the MPH and between the 

groups included in this study. Where possible, shape changes associate with these 

factors were investigated and described.  
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9.1 - RESULTS 

 

9.1.1 - SEXUAL DIMORPHISM 

 

SEX DETERMINATION OF THE MIDDLE PLEISTOCENE HOMININS 

 

The results of the step-wise DA that used the PCs accounting for 95% of sample 

variance from PCA in tangent space and size-free shape space using the dataset of 

545 specimens are shown in table 9.1.I. Overall classification accuracy was highest for 

the analysis using the size-free shape space PCs which included all specimens 

(81.7%), and was lowest when PCs from tangent space were used but only hominins 

were considered (72.0%). While classification accuracy was relatively high, accuracy 

for hominin groups was low in all analyses when other primates were included. 

Discriminant function scores were used to predict the sex of the Neanderthal 

specimens. When these were compared to the literature-based estimates, accuracy 

was relatively low, but highest when only hominins were included (57.1%). The 

analyses which included non-hominin primates of known sex to create the discriminant 

function classified the majority of Neanderthal specimens as female, while the analyses 

including only hominins of known sex classified them as male. Therefore, the DAs for 

this dataset were not used to estimate the sex of the MPH. 

 

Classification accuracy of the step-wise DAs using the PCs accounting for over 95% of 

sample variance from the hominin dataset PCA in tangent and size-free shape space 

are shown in table 9.1.II. As can be seen, accuracy was higher for both Homo sapiens 

and Homo neanderthalensis when compared to the DA using other primate groups. 

Classification accuracy was also higher using PCs from PCA in tangent space for 

analyses which included sex estimates for Homo neanderthalensis and/or the MPH to 

create the discriminant function. Overall accuracy for Homo sapiens varied between 

62.0% to 78.0%, and was highest for the analyses in tangent space (with the 

discriminant function being created using the sex values for Homo sapiens and Homo 

neanderthalensis only). Overall classification accuracy for Neanderthals ranged from 

57.1% to 83.3%, and was highest in the analysis in size-free shape space which only 

included sex values for Homo sapiens to create the discriminant function. 
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All Pan and Homo Homo 

  

Size-free 
Shape Space 

Tangent Space 
Size-free 

Shape Space 
Tangent Space 

Size-free 
Shape Space 

Tangent Space 

Overall* 81.7% 78.8% 78.1% 80.7% 74.0% 72.0% 

GB 

M 96.2% 96.2% - - - - 

F 100.0% 96.6% - - - - 

All 98.2% 96.4% - - - - 

GG 

M 85.3% 88.2% - - - - 

F 97.1% 85.3% - - - - 

All 91.2% 86.8% - - - - 

PP 

M 61.1% 55.6% 72.2% 77.8% - - 

F 100.0% 100.0% 100.0% 95.2% - - 

All 82.1% 79.5% 61.5% 87.2% - - 

PT 

M 77.6% 73.5% 83.7% 87.8% - - 

F 89.8% 77.6% 89.8% 85.7% - - 

All 83.7% 75.5% 86.7% 86.7% - - 

PA 

M 100.0% 92.0% - - - - 

F 88.2% 88.2% - - - - 

All 95.2% 90.5% - - - - 

PC 

M 66.67% 83.33% - - - - 

F 100.00% 100.00% - - - - 

All 75.00% 87.50% - - - - 

PK 

M 30.77% 23.08% - - - - 

F 100.00% 100.00% - - - - 

All 60.87% 56.52% - - - - 

MFa 

M 92.0% 84.0% - - - - 

F 75.0% 91.7% - - - - 

All 83.7% 87.8% - - - - 

MFu 

M 66.7% 44.4% - - - - 

F 72.7% 100.0% - - - - 

All 70.0% 75.0% - - - - 

MM 

M 73.7% 63.2% - - - - 

F 80.0% 80.0% - - - - 

All 77.3% 72.7% - - - - 

HS 

M 24.0% 48.0% 48.0% 52.0% 76.0% 68.0% 

F 80.0% 52.0% 60.0% 76.0% 72.0% 76.0% 

All 52.0% 50.0% 54.0% 64.0% 74.0% 72.0% 

HN 

M 0.0% 0.0% 0.0% 0.0% 100.0% 100.0% 

F 100.0% 100.0% 100.0% 100.0% 0.0% 0.0% 

All 28.6% 28.6% 28.6% 28.6% 57.1% 57.1% 

Table 9.1.I - Classification accuracy of DAs using PCs from PCA in size-free and tangent space using 

full sample of 545 specimens. Results are shown for DA using values for all specimens, Pan and 

hominins, and hominins only. Abbreviations are as in table 5.2.II. *Overall classification accuracy 

excluded the Neanderthals, and classification accuracy for Neanderthal specimens are shown in italics 

as true sex values were unknown 

 

Table 9.1.I - Classification accuracy of DAs using PCs from PCA in size-free and tangent space using 

full sample of 545 specimens. Results are shown for DA using values for all specimens, Pan and 

hominins, and hominins only. Abbreviations are as in table 5.2.II. *Overall classification accuracy 

excluded the Neanderthals, and classification accuracy for Neanderthal specimens are shown in italics 

as true sex values were unknown 
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Discriminant function values for the MPH from each DA were used to estimate sex. 

Classification accuracy varied between 40.0% (in the tangent space analysis using sex 

values for only Homo sapiens to create the discriminant function, where all MPH were 

classified as males) to 80.0% (in the size-free shape space analysis where sex values 

for all three hominin groups were used to create the discriminant function) (table 9.1.II). 

The results of the sex estimation for the MPH are shown in table 9.1.III. There were 

considerable differences in sex estimation between assessments using PCs from size-

free shape space and tangent space. The tangent space results where only sex values 

for Homo sapiens and Homo neanderthalensis were used resulted in all of the MPH 

being classified as males, so the results of this analysis were excluded from sex 

estimations for this group.  

 

Two hypothetical schemes could be devised based on these results: the first (DA1), 

based on results from PCA in size-free shape space, classified Steinheim, Kabwe, 

Narmada, Bodo, and Zuttiyeh as female, and Arago 21 and Ndutu as male, with 

Florisbad, Dali, SH5, Ceprano, Maba, Petralona, and Saldanha being indeterminate; 

the second (DA2), which used PCs from PCA in tangent space, classified Ndutu, Arago 

21, and Dali as female, and Narmada, Florisbad, Steinheim, Saldanha, Maba, Bodo, 

Zuttiyeh, SH5, and Kabwe as male, with Petralona and Ceprano being indeterminate. 

Both schemes had 50.0% accuracy, when results from the literature were used as ‘true’ 

sex. Due to the variation in classification accuracy and results, it is unlikely that either 

scheme represents an accurate assessment of sex in the MPH. 

 

 

 

 

 

 

  
Size-free Shape Space Tangent Space 

  HS HS + HN HS + HN + MPH HS HS + HN HS + HN + MPH 

Overall 72.7% 69.7% 65.2% 71.2% 84.8% 71.2% 

HS M 76.0% 80.0% 64.0% 84.0% 96.0% 76.0% 

  F 76.0% 68.0% 60.0% 72.0% 80.0% 68.0% 

  All 76.0% 74.0% 62.0% 78.0% 88.0% 74.0% 

HN M 75.0% 60.0% 40.0% 50.0% 100.0% 40.0% 

  F 100.0% 50.0% 100.0% 100.0% 100.0% 100.0% 

  All 83.3% 57.1% 57.1% 66.7% 100.0% 57.1% 

MPH M 40.0% 60.0% 80.0% 40.0% 100.0% 80.0% 

  F 60.0% 40.0% 80.0% 40.0% 0.0% 40.0% 

  All 50.0% 50.0% 80.0% 40.0% 50.0% 60.0% 

Table 9.1.II - Accuracy of discriminant function analyses using PCs accounting for over 95% of sample 

variance from PCA in size-free and tangent shape space using dataset of 99 hominin specimens 

 

Table 9.1.II - Accuracy of discriminant function analyses using PCs from PCA in size-free and tangent 

shape space using dataset of 99 hominin specimens 
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SIZE (CENTROID SIZE) 

 

Boxplots of CS for male and female specimens are shown in figure 9.1.I. In all species 

of known sex, the male CS were larger than those for the females, with a larger degree 

of separation visible in the Gorilla taxa than in all other taxa. The values for Pan 

paniscus were notable, with the male values being similar to those for the females, 

indicating lower levels of sexual dimorphism in size of the browridge compared to other 

species, including its sister taxon Pan troglodytes. Within the baboons, the Papio 

anubis and Papio cynocephalus specimens had similar distributions of male and 

female CS, while the ranges for the Papio kindae were somewhat lower. Macaca 

mulatta and Macaca fascicularis had higher degrees of sexual dimorphism in browridge 

size than observed in Macaca fuscata. The human specimens were within the range of 

the Gorilla specimens, reflecting our relatively large frontal bone. The difference 

between the males and females of Homo sapiens, however, was more comparable to 

that of Pan troglodytes and the macaque groups.  

Size-free Shape Space Tangent Space 

HS HS + HN HS + HN + MPH HS HS + HN HS + HN + MPH 

Steinheim* Steinheim* Bodo Ndutu* Narmada* Ndutu* 

Florisbad Zuttiyeh* Florisbad Ceprano# Ceprano# Arago 21* 

Dali# Kabwe# Steinheim* Arago 21* Petralona# Dali# 

Kabwe# Maba SH5 Dali# Steinheim* Petralona# 

SH5 Petralona# Kabwe# Petralona# Bodo Kabwe# 

Narmada* Ceprano# Narmada* Bodo Zuttiyeh* Bodo 

Bodo Saldanha# Zuttiyeh* Maba Dali Ceprano# 

Ceprano# Narmada* Arago 21* Zuttiyeh* Kabwe## SH5 

Zuttiyeh* SH5 Ndutu* Saldanha# Maba Zuttiyeh* 

Maba Florisbad Dali# Kabwe# Arago 21* Maba 

Petralona# Dali# Ceprano# Florisbad Saldanha# Saldanha# 

Arago 21* Bodo Maba SH5 SH5 Steinheim* 

Saldanha# Arago 21* Petralona# Steinheim* Ndutu* Florisbad 

Ndutu* Ndutu* Saldanha# Narmada* Florisbad Narmada* 

Table 9.1.III - Sex estimations from DAs using PCs from PCA in size-free and tangent space using 

dataset of 99 hominins. DAs were repeated with only Homo sapiens of known sex classified (HS), with 

Homo sapiens of known sex and Homo neanderthalensis classified (HS + HN), and with Homo sapiens 

of known sex, Homo neanderthalensis, and MPH classified (HS + HN + MPH). Specimens identified as 

female are shown in white, and those identified as male are shown in grey. Specimens are ordered 

based on their values for the discriminant function. Specimens which are estimated to be female in the 

available literature are indicated by *, while those identified as male are identified by #. Incorrectly 

assigned specimens are shown in italics 

 

Table 9.1.III - Sex estimations from DAs using PCs from PCA in size-free and tangent space using 

dataset of 99 hominins. DAs were repeated with only Homo sapiens of known sex classified (HS), with 

Homo sapiens of known sex and Homo neanderthalensis classified (HS + HN), and with Homo sapiens 

of known sex, Homo neanderthalensis, and MPH classified (HS + HN + MPH). Specimens identified as 

female are shown in white, and those identified as male are shown in grey. Specimens which are 

estimated to be female in the available literature are indicated by *, while those identified as male are 

identified by #. Incorrectly assigned specimens are shown in italics 
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Figure 9.1.I - Boxplots of male and female CS from GPA using sample of 545 specimens, 

including primates and recent Homo sapiens of known sex along with Homo neanderthalensis, 

MPH, AMH, and EMH. Male boxplots are indicated by grey shading, and females by no shading. 

Subspecies are shown in light grey. Neanderthal boxplots were produced using sex estimates 

from the literature. MPH boxplots are shown using sex estimates from the literature, as well as 

from the two schemes arising from the discriminant analysis (DA1 and DA2). Abbreviations are 

as in table 5.2.II 

 

 

 

Figure 9.1.II - Boxplots of Procrustes distances between males and females from sample of 545 

specimens, including primates and recent Homo sapiens of known sex along with Homo 
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Boxplots for Neanderthals are also shown, using sex estimations taken from the 

literature. The overall size of the area recorded was larger than found in Homo sapiens, 

but the difference between males and females was similar when median values were 

considered. The boxplots for the MPH are shown under the two different sex 

determination schemes from the discriminant analyses (DA1 and DA2, see above), as 

well as using the estimations from the literature (Lit). The size of the area recorded in 

the MPH was larger than the Homo sapiens, and encompassed the range seen in the 

Neanderthals. Differences between males and females under DA1, based on the 

analysis in size-free shape space, would imply that males were smaller than females 

for the recorded morphology, which is unlikely based on the general pattern of size 

differences between sexes across the primates. Differences between the males and 

females under DA2, based on the analysis in tangent space, better matched the 

expected pattern, although there was a larger overlap between male and female CS 

than found in most other species. The difference between the males and females using 

values from the literature followed the expected pattern, although with a much larger 

than expected difference in size between males and females. 

 

A three-way Procrustes ANCOVA was performed on the Procrustes coordinates from a 

GPA using a dataset of 496 hominin and primate specimens of known sex. Results 

indicated that size (lnCS; F(1,491)=119.11, p=0.001), species (F(1,491)=364.16, 

p=0.001), sex (F(1,491)=28.74, p=0.001), and the interaction between sex and size 

(F(1,491)=2.46, p=0.002) had significant effects on shape (Procrustes coordinates). 

Species explained the largest proportion of variance in shape (R2=0.377), followed by 

size (R2=0.123), sex (R2=0.030), and the interaction between size and sex (R2=0.003). 

 

SHAPE 

 

A two-way Procrustes ANOVA was performed to assess the effect of sex and species 

on the Procrustes coordinates from a GPA using the sexual dimorphism dataset, with 

specimens of unknown sex (i.e. fossil hominins) excluded. Results showed that both 

sex and species had a significant effect on shape (F(1,493)=19.57, p=0.001; 

F(1,493)=265.05, p=0.001 respectively), with sex accounting for 2.5% of variance, and 

species 34.1%.  

 

Boxplots of Procrustes distances between male and female specimens of the various 

taxa were produced, and are shown in figure 9.1.II. The largest differences can be 
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found between the males and females of the Gorilla taxa, followed by Papio anubis and 

Macaca fascicularis, Macaca mulatta, Papio cynocephalus, the Pan taxa, Macaca 

fuscata, Homo sapiens, and Papio kindae. The distances between male and female 

Neanderthals, using sex estimates from the literature, are lower than those found in 

Homo sapiens, and are among the lowest in the entire sample. The values for the three 

MPH sex determination schemes are all higher than found in Homo sapiens, and are 

more comparable to Papio anubis, Macaca fascicularis, and the lower range of the 

Gorilla taxa, although those for DA2 (using the tangent space discriminant function) 

resulted in higher median differences between the sexes than found in any species, 

including the Gorilla groups. 

 

 

 

 

 

 

 

 

Average male and female specimens (those closest to the mean Procrustes shape) 

were identified for each taxon from the Procrustes aligned coordinates. Results are 

shown in figures 9.1.III to 9.1.V from front and left lateral view. Males of the non-

hominin primates tended to have more laterally expanded supraorbital tori, which were 

Figure 9.1.II - Boxplots of Procrustes distances between males and females from sample of 545 

specimens, including primates and recent Homo sapiens of known sex along with Homo 

neanderthalensis and MPH. Neanderthal boxplots were produced using sex estimates from the literature. 

MPH boxplots are shown using sex estimates from the literature, as well as from the two schemes 

arising from the discriminant analysis (DA1 and DA2; see above). Abbreviations are as in table 5.2.II 

 

 

Figure 9.1.II - Boxplots of Procrustes distances between males and females from sample of 545 

specimens, including primates and recent Homo sapiens of known sex along with Homo 

neanderthalensis and MPH. Neanderthal boxplots were produced using sex estimates from the literature. 

MPH boxplots are shown using sex estimates from the literature, as well as from the two schemes 

arising from the discriminant analysis (DA1 and DA2; see above). Abbreviations are as in table 5.2.II 
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anteroposteriorly thinner laterally. Females tended to have wider, more anteriorly 

projecting or vertical frontal squamae.  

 

 

 

 

 

 

Figure 9.1.III - Shape changes between average male (white) and female (black) of: a - Gorilla 

beringei; b - Gorilla gorilla; c - Pan paniscus; d - Pan troglodytes; e - Papio anubis; f - Papio 

cynocephalus sensu stricto; g - Papio kindae; h - Macaca fascicularis; i - Macaca fuscata; j - Macaca 

mulatta 

 

Figure 10.3.IV - Shape changes between average male (white) and female (black) ofFigure 10.3.III - 

Shape changes between average male (white) and female (black) of: a - Gorilla beringei; b - Gorilla 

gorilla; c - Pan paniscus; d - Pan troglodytes; e - Papio anubis; f - Papio cynocephalus sensu stricto; 

g - Papio kindae; h - Macaca fascicularis; i - Macaca fuscata; j - Macaca mulatta 

 

Figure 9.1.IV - Shape changes between average male (white) and female (black) of: a - Homo 

sapiens; b - Homo neanderthalensisFigure 9.1.III - Shape changes between average male (white) 
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Shape differences between the average male and female Homo sapiens and Homo 

neanderthalensis specimens are shown in figure 9.1.IV. In the Homo sapiens 

specimens, females had more bulging frontal squamae, a higher degree of orbital 

frontation, and less projecting supraorbital tori on average, while males had more 

anteriorly projecting supraorbital tori. In the Neanderthals, the average male (La 

Chapelle-aux-Saints 1) had a more anteriorly projecting supraorbital torus region and a 

taller, more vertical frontal squama, while the average female (Tabun 1) had a wider 

nasal column and slightly thicker supraorbital trigones.  

 

 

 

 

 

 

Figure 9.1.V shows the differences between the average male and female MPH 

specimens using the different sex estimation schemes (values taken from the literature, 

DA1, and DA2). The average male from the literature-based estimation (Dali) has a 

narrower, more angled frontal squama, and a more anteriorly projecting supraorbital 

torus in comparison to the average female (Arago 21). Using the DA1 scheme, the 

average male (Bodo) has a wider, slightly more vertical frontal squama and a less 

anteriorly projecting supraorbital torus in comparison to the average female (Arago 21, 

which the literature suggests is a female). Using the DA2 sex estimation scheme, the 

average male (Narmada, which the literature suggests is female) has a taller, slightly 

more vertical frontal squama, a more projecting supraorbital torus, and less anteriorly 

positioned orbits in comparison to the average female (Arago 21, which the literature 

suggests is female).  

Figure 9.1.IV - Shape changes between average male (white) and female (black) of: a - Homo sapiens; 

b - Homo neanderthalensis 

 

Figure 9.1.V - Shape changes between average male (white) and female (black) MPH using sex 

estimations from: a - the literature; b - DA1; c – DA2Figure 9.1.IV - Shape changes between average 

male (white) and female (black) of: a - Homo sapiens; b - Homo neanderthalensis 



 

Page 375 of 547 
 

 

 

 

9.1.2 - SIZE AND ALLOMETRY 

 

SIZE 

 

A one-way ANOVA was performed in SPSS 24 to test for differences in size between 

taxa, with the MPH being considered as a single group. Species group was found to 

have a significant effect on lnCS (F(15,686)=847.6, p<0.001, R2=0.95; descriptive 

statistics are shown in table 9.1.IV). Games-Howell post-hoc tests showed that Homo 

sapiens were significantly smaller for the recorded morphology than both the MPH and 

Homo neanderthalensis. No significant difference in size was found between the MPH 

and the Neanderthals, or between the MPH and Homo erectus sensu lato. The Gorilla 

taxa were significantly larger than all other groups, and Pan paniscus were found to be 

significantly smaller than Pan troglodytes. Papio anubis were significantly but minimally 

larger than Papio kindae in the recorded morphology, but no significant difference in 

size was found between Papio anubis and Papio cynocephalus, or Papio cynocephalus 

and Papio kindae. Significance was defined as p<0.05, and full results are shown in 

appendix III. 

 

Results of a two-way Procrustes ANOVA on the Procrustes coordinates from the 

dataset of 702 specimens indicated that species and size (lnCS) had a significant effect 

on shape (F(19,685)=90.77, p=0.001 for species; F(1,685)=41.53, p=0.001 for size), 

with species explaining 62.6% of variation within the sample, and size 1.5%. A two-way 

Figure 9.1.V - Shape changes between average 

male (white) and female (black) MPH using sex 

estimations from: a - DA1; b - DA2; c - the 

literature 

 

Figure 9.1.V - Shape changes between average 

male (white) and female (black) MPH using sex 

estimations from: a - the literature; b - DA1; c – 

DA2 
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Procrustes ANOVA was also performed on the Procrustes coordinates of the hominin 

dataset of 67 Pleistocene specimens. In this analysis, both factors were found to have 

a significant effect on shape (F(1,64)=15.04, p=0.001 for group; F(1,64)=23.46, p=0.01 

for size), with species again accounting for the largest proportion of variance (22.9%), 

followed by size (lnCS; 14.7%).  

 

 

 

 

 

  n Mean Std. Dev. Minimum Maximum 

Gorilla beringei  
55 6.28 0.087 6.01 6.47 

Gorilla gorilla 
68 6.32 0.093 6.17 6.52 

Pan paniscus  
43 6.04 0.044 5.91 6.14 

Pan troglodytes  
101 6.15 0.059 5.98 6.29 

Papio anubis  
42 5.91 0.073 5.76 6.03 

Papio cynocephalus 
8 5.93 0.066 5.80 5.99 

Papio kindae  
23 5.82 0.057 5.71 5.91 

Macaca fascicularis 
49 5.53 0.064 5.40 5.68 

Macaca fuscata  
22 5.63 0.064 5.54 5.81 

Macaca mulatta  
44 5.62 0.061 5.47 5.73 

Homo sapiens  
208 6.35 0.057 6.22 6.57 

MPH 
14 6.47 0.072 6.34 6.57 

Homo neanderthalensis 
13 6.43 0.050 6.33 6.50 

Homo erectus sensu lato  
7 6.31 0.092 6.15 6.40 

Homo habilis 
2 6.15 0.000 6.15 6.15 

Paranthropus boisei  
3 6.12 0.117 5.99 6.20 

  
702 6.12 0.291 5.40 6.57 

 

 

ALLOMETRY 

 

Figure 9.1.VI shows the 706 specimens used in the allometry analysis (full dataset 

excluding the five Papio cynocephalus sensu lato specimens of unknown subgroup) 

plotted by lnCS and their scores for the CAC. Figure 9.1.VII shows the hominin 

specimens from figure 9.1.VI. In terms of differences along the CAC, the hominins were 

broadly similar in allometry, with the exception of the EMH specimens, which had 

relatively higher values along this axis. Homogeneity of slopes tests (see appendix IV) 

Table 9.1.IV - Descriptive statistics for differences in size (lnCS) between species from one-way 

ANOVA. All specimens were included, except for the Papio cynocephalus sensu lato of unknown 

subgroup, and specimens which were the only representative of their group, resulting in a total sample 

of 702 specimens 

 

Figure 9.1.VI - Plot of lnCS against CAC scores for 706 specimens. Abbreviations are as in table 5.2.II 

Table 9.1.IV - Descriptive statistics for differences in size (lnCS) between species from one-way 

ANOVA. All specimens were included, except for the Papio cynocephalus sensu lato of unknown 

subgroup, and specimens which were the only representative of their group, resulting in a total sample 

of 702 specimens 
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showed that there were significant differences (p<0.05) in allometric trajectories 

between the MPH and Homo sapiens, Homo sapiens and Homo erectus, and Homo 

erectus and Homo habilis. Within the non-hominin primates, there were significant 

differences (p<0.05) between the allometric trajectories of Gorilla and Pan taxa, 

Macaca and Pan taxa, and Pan taxa and both Papio anubis and Papio kindae. 

 

 

 

 

 

 

Figure 9.1.VI - Plot of lnCS against CAC scores for 706 specimens. Abbreviations are as in table 5.2.II 

 

Figure 9.1.VII - Plot of lnCS against CAC scores with convex hulls for the hominin specimens from the 

analysis using the full dataset of 711 specimens. Specimens are identified as follows: black filled 

circles - MHS; grey filled circles - AMH; white filled circles - EMH; red stars - MPH; orange diamonds - 

Homo neanderthalensis; light blue filled squares - Homo erectus sensu stricto; unfilled blue squares - 

Homo ergaster; dark blue filled squares - Homo georgicus; black plus - Homo naledi; black crosses - 

Homo habilis; grey cross - Homo rudolfensis; black horizontal bar - Australopithecus afarensis; dark 

green perpendicular bar - Paranthropus aethiopicus; light green perpendicular bars - Paranthropus 

boisei 

Figure 9.1.VI - Plot of lnCS against CAC scores for 706 specimens. Abbreviations are as in table 5.2.II 
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Within the non-hominin primates (figure 9.1.VIII), the species fell along trajectories 

which were broadly parallel, indicating that they had a similar relationship between 

allometry and shape. Genera were separated along the lnCS axis, with Macaca being 

the smallest specimens for the recorded morphology followed by Papio, Pan, and 

Gorilla. While species groups were generally separated along the lnCS axis, to varying 

extents, little differences were observed between groups along the CAC axis. 

Figure 9.1.VII - Plot of lnCS against CAC scores with convex hulls for the hominin specimens from the 

analysis using the full dataset of 711 specimens. Specimens are identified as follows: black filled circles 

- MHS; grey filled circles - AMH; white filled circles - EMH; red stars - MPH; orange diamonds - Homo 

neanderthalensis; light blue filled squares - Homo erectus sensu stricto; unfilled blue squares - Homo 

ergaster; dark blue filled squares - Homo georgicus; black plus - Homo naledi; black crosses - Homo 

habilis; grey cross - Homo rudolfensis; black horizontal bar - Australopithecus afarensis; dark green 

perpendicular bar - Paranthropus aethiopicus; light green perpendicular bars - Paranthropus boisei 

 

Figure 9.1.VIII - Plot of lnCS against CAC scores with convex hulls for the non-hominin primates from 

the analysis using the full dataset of 711 specimens. Specimens are identified as follows: dark red 

circles - Gorilla beringei; light red circles - Gorilla gorilla; dark blue diamonds - Pan paniscus; light blue 

diamonds - Pan troglodytes; orange bars - Papio anubis; yellow bars - Papio cynocephalus; dark green 

triangles - Macaca fascicularis; mid-green triangles - Macaca fuscata; light green triangles - Macaca 

mulatta. Male specimens are indicated by filled shapes and horizontal bars, while female specimens are 

identified by unfilled shapes and perpendicular bars. Specimens of unknown sex are shown in grey (Pan 

paniscus and Macaca fuscata only) 

Figure 9.1.VII - Plot of lnCS against CAC scores with convex hulls for the hominin specimens from the 

analysis using the full dataset of 711 specimens. Specimens are identified as follows: black filled circles 

- MHS; grey filled circles - AMH; white filled circles - EMH; red stars - MPH; orange diamonds - Homo 

neanderthalensis; light blue filled squares - Homo erectus sensu stricto; unfilled blue squares - Homo 

ergaster; dark blue filled squares - Homo georgicus; black plus - Homo naledi; black crosses - Homo 

habilis; grey cross - Homo rudolfensis; black horizontal bar - Australopithecus afarensis; dark green 

perpendicular bar - Paranthropus aethiopicus; light green perpendicular bars - Paranthropus boisei 
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ALLOMETRY AND SEXUAL DIMORPHISM 

 

The specimens in the sexual dimorphism dataset were plotted by their values for lnCS 

and their scores for the CAC (figure 9.1.XII). As can be seen, the species groups are 

separated in a similar pattern to that found in the above figures. Across all species, 

male individuals were relatively further along the allometric trajectory (i.e. higher scores 

for lnCS and CAC) than their female counterparts. 

Figure 9.1.VIII - Plot of lnCS against CAC scores with convex hulls for the non-hominin primates from 

the analysis using the full dataset of 711 specimens. Specimens are identified as follows: dark red 

circles - Gorilla beringei; light red circles - Gorilla gorilla; dark blue diamonds - Pan paniscus; light blue 

diamonds - Pan troglodytes; orange bars - Papio anubis; yellow bars - Papio cynocephalus; dark 

green triangles - Macaca fascicularis; mid-green triangles - Macaca fuscata; light green triangles - 

Macaca mulatta. Male specimens are indicated by filled shapes and horizontal bars, while female 

specimens are identified by unfilled shapes and perpendicular bars. Specimens of unknown sex are 

shown in grey (Pan paniscus and Macaca fuscata only) 

 

Figure 9.1.IX - Plot of lnCS against CAC scores with convex hulls for the sexual dimorphism dataset of 

461 specimens of known sex only. Specimens are identified as follows: black circles - Homo sapiens; 

dark red squares - Gorilla beringei; light red squares - Gorilla gorilla; dark blue diamonds - Pan 

paniscus; light blue diamonds - Pan troglodytes; dark orange bars - Papio anubis; light orange bars - 

Papio cynocephalus; yellow bars - Papio kindae; dark green triangles - Macaca fascicularis; olive 

green triangles - Macaca fuscata; light green triangles - Macaca mulatta. Male specimens are 

indicated by filled shapes and horizontal bars, while female specimens are identified by unfilled shapes 

and perpendicular bars 

Figure 9.1.VIII - Plot of lnCS against CAC scores with convex hulls for the non-hominin primates from 

the analysis using the full dataset of 711 specimens. Specimens are identified as follows: dark red 

circles - Gorilla beringei; light red circles - Gorilla gorilla; dark blue diamonds - Pan paniscus; light blue 

diamonds - Pan troglodytes; orange bars - Papio anubis; yellow bars - Papio cynocephalus; dark 

green triangles - Macaca fascicularis; mid-green triangles - Macaca fuscata; light green triangles - 

Macaca mulatta. Male specimens are indicated by filled shapes and horizontal bars, while female 

specimens are identified by unfilled shapes and perpendicular bars. Specimens of unknown sex are 

shown in grey (Pan paniscus and Macaca fuscata only) 
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9.1.3 - BRAIN SIZE  

 

Results of a three-way Procrustes ANCOVA on the encephalisation dataset indicated 

that species (F(1,59)=6.05, p=0.001), size (lnCS; F(1,59)=9.07, p=0.001), brain size 

(cm3; F(1,59)=9.91, p=0.001), and the interaction between size and brain size 

(F(1,59)=1.07, p=0.040) all had significant effects on shape. Brain size had the largest 

effect on variation in Procrustes coordinates (R2=0.089), followed by size (R2=0.081), 

species (R2=0.054), and the interaction between the two (R2=0.010).  

 

9.1.4 - CHRONOLOGY 

 

A two-way Procrustes ANOVA was performed using the Procrustes coordinates for the 

50 hominins for which suitably precise dates could be ascertained, with date (kya) and 

Figure 9.1.IX - Plot of lnCS against CAC scores with convex hulls for the sexual dimorphism dataset of 

461 specimens of known sex only. Specimens are identified as follows: black circles - Homo sapiens; 

dark red squares - Gorilla beringei; light red squares - Gorilla gorilla; dark blue diamonds - Pan 

paniscus; light blue diamonds - Pan troglodytes; dark orange bars - Papio anubis; light orange bars - 

Papio cynocephalus; yellow bars - Papio kindae; dark green triangles - Macaca fascicularis; olive 

green triangles - Macaca fuscata; light green triangles - Macaca mulatta. Male specimens are 

indicated by filled shapes and horizontal bars, while female specimens are identified by unfilled 

shapes and perpendicular bars 

 

Figure 9.1.X - Plot of hominins showing relationship between hominin date (kya) and CS for 50 

hominins with reliable dates. Dates taken from tables 9.2.IV and 9.2.V. Abbreviations are as in table 

5.2.II 

 

Figure 9.1.IX - Plot of lnCS against CAC scores with convex hulls for the sexual dimorphism dataset of 

461 specimens of known sex only. Specimens are identified as follows: black circles - Homo sapiens; 

dark red squares - Gorilla beringei; light red squares - Gorilla gorilla; dark blue diamonds - Pan 

paniscus; light blue diamonds - Pan troglodytes; dark orange bars - Papio anubis; light orange bars - 

Papio cynocephalus; yellow bars - Papio kindae; dark green triangles - Macaca fascicularis; olive 

green triangles - Macaca fuscata; light green triangles - Macaca mulatta. Male specimens are 

indicated by filled shapes and horizontal bars, while female specimens are identified by unfilled 

shapes and perpendicular bars 
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species being entered as factors. Both date (F(1,39)=2.61, p=0.001) and time 

(F(9,39)=3.29, p=0.001) had significant effects on shape, with species accounting for 

29.0% of shape variation, and date 2.6%. A Mantel correlation test was also performed 

to assess the correlation between the Procrustes distance matrix and a chronological 

distance matrix for the 50 specimens. Results indicated a moderate significant 

correlation (Mantel r statistic = 0.568, p<0.001). Separate Mantel correlation tests were 

then performed on the various taxa within the hominin dataset. Significant correlations 

were found for Homo sapiens (Mantel r statistic = 0.457, p=0.01), but not for the MPH, 

Homo neanderthalensis, Homo erectus sensu lato, Paranthropus boisei, or for any 

subgroups within the MPH or Homo sapiens. Partial Mantel tests were also performed 

where size was controlled, using lnCS. Again, there was a significant correlation 

between the Procrustes distance and chronological matrices (partial Mantel r 

statistic=0.479, p<0.001) for the 50 specimens, but the only group with a significant 

correlation was Homo sapiens (partial Mantel r statistic=0.467, p=0.001). 

 

Two-tailed Pearson’s correlation tests were performed to test the relationship between 

CS and chronological date (kya). While there was a significant negative correlation 

between the two across the whole hominin dataset (r=-0.690, p<0.001), meaning that 

as the age of the specimens decreased their CS increased, non-significant correlations 

(p>0.05) were found for Homo sapiens, Homo neanderthalensis, MPH, and Homo 

erectus sensu lato when they were considered individually. A non-significant (p=0.583) 

correlation was also found when Homo neanderthalensis and MPH were considered as 

a single group. A moderate significant positive correlation was reported when Homo 

sapiens and MPH were considered as a single group (r=0.445, p<0.05), while a high 

negative correlation was noted when Homo erectus sensu lato and MPH were 

considered together (r=-0.762, p<0.01). A plot of specimen age and CS is shown in 

figure 9.1.X.  

 

A three-way Procrustes ANCOVA was performed on the Procrustes shape coordinates 

for the chronology dataset, with size (lnCS), species, date, and size and date being 

entered as factors. All factors were found to have a significant effect on shape, with 

species explaining the largest proportion of variance (F(9,37)=3.13, p=0.001, 

R2=0.267) followed by date (F(1,37)=2.85, p=0.001, R2=0.027), size (lnCS; 

F(1,37)=2.54, p=0.001, R2=0.024), and the interaction between size and date 

(F(1,37)=0.83, p=0.020, R2=0.008). 
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Two-tailed Pearson correlations were performed between specimen dates and values 

along the PCs that accounted for over 95% of sample variance in tangent, form, and 

size-free shape space. For tangent space, significant (p<0.005) correlations were 

found between the chronological vector and PCs 1 and 3 (r=0.771 and r=0.400, 

respectively). For form space, a significant correlation was found between chronology 

and PCs 1 and 2 (r=0.752 and r=-0.419, respectively). For size-free shape space, a 

significant (p<0.001) correlation was found between chronology and PC 1 (r=0.523). 

Descriptions of shape changes along these PCs can be found in section 8.3.1, with the 

exception of PC 3 in tangent space which is described below.  

 

PC3 accounted for 7.5% of total sample variance. As can be seen from figure 9.1.XI, 

this component largely separated the Homo neanderthalensis and Homo naledi 

specimens, which had a lower score along this axis, and the early Homo, which had a 

higher score, from the rest of the hominins. Higher scores corresponded to a more 

posterior position of minimum frontal breadth, more laterally flared supraorbital 

trigones, and more curved supraorbital margins. 

Figure 9.1.X - Plot of hominins showing relationship between hominin date (kya) and CS for 50 hominins 

with reliable dates. Dates taken from tables 9.2.IV and 9.2.V. Abbreviations are as in table 5.2.II 

 

 

Figure 9.1.XI - Plot of PC1 (x-axis) and PC3 (y-axis), accounting for 57.1% of variation, for PCA in 

tangent space using hominin dataset of 67 specimens. Only hominins with secure dates are shown, and 

specimens are identified by symbols shown in legend. Shape changes are shown for minimum, median 

and maximum sample values for PC3. Abbreviations are as in table 5.2.II 

Figure 9.1.X - Plot of hominins showing relationship between hominin date (kya) and CS for 50 hominins 

with reliable dates. Dates taken from tables 9.2.IV and 9.2.V. Abbreviations are as in table 5.2.II 

 



 

Page 383 of 547 
 

 

  

 

Figure 9.1.XI - Plot of PC1 (x-axis) and PC3 (y-axis), accounting for 57.1% of variation, for PCA in tangent space using hominin dataset of 67 specimens. Only hominins 

with secure dates are shown, and specimens are identified by symbols shown in legend. Shape changes are shown for minimum, median and maximum sample values for 

PC3. Abbreviations are as in table 5.2.II 

 

Figure 10.2.I – Configuration of Saint-Césaire Neanderthal (middle) compared to the average of Omo 1, Djebel Irhoud and Herto (left), and the other Neanderthal 

specimens (right), from frontal and left lateral view 

 

Figure 11.3.I - Comparison between virtually reconstructed last common ancestor of Homo sapiens and Homo neanderthalensis, from frontal and right lateral viewFigure 

11.2.I – Configuration of Saint-Césaire Neanderthal (middle) compared to the average of Omo 1, Djebel Irhoud and Herto (left), and the other Neanderthal specimens 

(right), from frontal and left lateral viewFigure 9.1.XI - Plot of PC1 (x-axis) and PC3 (y-axis), accounting for 57.1% of variation, for PCA in tangent space using hominin 

dataset of 67 specimens. Only hominins with secure dates are shown, and specimens are identified by symbols shown in legend. Shape changes are shown for minimum, 

median and maximum sample values for PC3. Abbreviations are as in table 5.2.II 
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9.1.5 - GEOGRAPHY 

 

Results of the Mantel matrix correlation indicated that there was a significant but low positive 

correlation between the geographic and Procrustes distances for the specimens included 

(Mantel statistic r=0.183, p<0.001). The results of a two-way Procrustes ANOVA indicated 

that geography (latitude and longitude) and species had significant effects on shape 

(F(2,570)=33.03, p=0.001 for geography; F(1, 570)=189.36, p=0.001 for species). 

Geography was found to explain 7.1% of sample variation, compared to 20.3% which was 

explained by species. Procrustes distances were significantly correlated with geographic 

distances for specimens of the following groups: Gorilla gorilla (r=0.151, p<0.05), Pan 

paniscus (r=0.179, p<0.05), Macaca fascicularis (r=0.172, p<0.05), and Macaca mulatta 

(r=0.188, p<0.05) (full results available in appendix V). Non-significant correlations were 

found for the other groups and subgroups, including the MPH. 

 

PCs from the PCA using the full dataset in tangent, form, and size-free shape spaces 

accounting for over 95% of sample variation were also assessed for a relationship with 

geographical location. For tangent space, PCs 1 and 4 were significantly correlated with 

geography (r=0.192 and 0.136 respectively, p<0.001). For form space, the first and second 

PCs were significantly correlated with geography (r=0.426 and 0.161 respectively, p<0.001). 

For size-free shape space, only the first PC was correlated with geographical distance when 

all specimens were considered together (r=0.165, p<0.001).  

 

CONTROLLING FOR TIME 

 

The relationship between geography and shape when controlling for time was also assessed 

for the hominin dataset used in the chronological analysis. A partial Mantel correlation test 

showed that there was no significant correlation between Procrustes distance and 

geographical distance when time was controlled for in the 50 Pleistocene hominins. Partial 

Mantel correlation tests were also performed on the various groups within this dataset, and 

no significant correlations were found (see appendix V for full results).  
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SECTION D - DISCUSSION AND CONCLUSIONS  
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CHAPTER 10 - DISCUSSION 

 

This study aimed to use the morphology of the orbital and supraorbital region to address the 

taxonomic classification of the MPH. As was established in Chapter 3, the classification of 

this group has been a source of contention for some time, and has not been clarified despite 

the addition of recent fossils from the Middle Pleistocene, or through the analysis of 

preserved ancient DNA from MPH. There are many sources of confusion around the 

classification of these specimens, including: the mosaic appearance of derived and archaic 

craniofacial and dental traits; the lack of unifying apomorphic traits across specimens from 

this group; the difficulty of identifying species boundaries in anagenetic lineages; the 

unknown timing and pattern of the speciation of Homo sapiens and Homo neanderthalensis; 

the possible confounding effect of persistence of archaic lineages after speciation; and the 

very nature of evolutionary processes leading to morphological and taxonomic 

differentiation. This study applied 3D geometric morphometric methods to a large sample of 

primates and hominins of varying taxonomic levels to address four research questions, in an 

attempt to bring clarity to this issue: 

 

1. Can supraorbital and orbital morphology be used to identify primate taxa? 

a. Can different genera, species, and subspecies of extant primates be 

differentiated? 

b. Can accepted hominin taxa be differentiated? 

2. Are the MPH distinctive in their supraorbital and orbital morphology? 

a. If so, what characterises this group in terms of supraorbital and orbital 

morphology? 

b. Do any MPH show closer affiliation to other hominin taxa? 

3. How does supraorbital and orbital variation within the MPH affect their taxonomic 

position? 

a. Are the MPH more variable in their supraorbital and orbital morphology than 

can be expected for a single, cross-continental primate species? 

b. Is there any taxonomically significant geographical variation that may indicate 

the existence of multiple groups within the MPH?  

4. How does the recorded supraorbital and orbital morphology relate to factors (e.g. 

sexual dimorphism, size and allometry, brain size, chronology, geography) that are 

predicted to affect variation in this area in the MPH and the wider primates?  
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10.1 - RESEARCH QUESTION 1: THE TAXONOMIC UTILITY OF THE PRIMATE 

SUPRAORBITAL AND ORBITAL REGION 

 

In order to address the taxonomy of the MPH, it was necessary to establish the phenetic 

utility of the proposed orbital and supraorbital morphology. This region was chosen due its 

high level of preservation within the sparse MPH fossil record, the previous suggestion of a 

phylogenetic signal within the frontal bone, and the fact that this area records certain traits 

considered typical of the MPH group sometimes referred to as Homo heidelbergensis sensu 

lato (see Chapter 4).  

 

10.1.1 - NON-HOMININ PRIMATES 

 

This study found notable differences between the papionins and non-human apes in the 

recorded supraorbital morphology, with the latter being distinguished by their relatively tall 

supraorbital tori and deep supratoral sulci. Species classification accuracy, as assessed 

through DA, was relatively high within the non-hominin primates, indicating detectable 

differences between closely-related primates in the area of morphology recorded in this 

study. The accuracy was highest when size was removed as a factor (tangent space), 

followed by when shape changes associated with allometry were removed (size-free shape 

space), and lowest when form was assessed (form space). This may be due to the 

confounding factor of sexual dimorphism in size, which was found to be relatively high in 

some primate groups (Chapter 9).  

 

As should be expected, at least due to the nature of the Linnaean taxonomic hierarchy, 

subspecies classification accuracy was lower than that for species. This indicates that 

morphological differentiation between primate subspecies was lower than that between 

species. Mayr (1964) suggested a minimum level of differentiation for the recognition of 

subspecies, so that approximately 66% of individuals should be correctly assigned to 

subspecies (Shea and Coolidge, 1988). Weighted subspecies classification accuracy in the 

DAs here approached this value for analysis in tangent space, however subspecies 

classification was lower for form space and size-free shape space. 

 

The hierarchical cluster analysis showed that the recorded morphology had some phenetic 

utility, although its efficacy in separating out the non-hominin primates phylogenetically was 

more limited; the main separation was between the Gorilla specimens and a cluster 
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containing the Pan and papionins, which does not reflect the phylogeny of these non-

hominin primates. Within the papionins, there was no clear separation between the Macaca 

and Papio specimens, and a number of specimens across the different groups included 

could be found in the ‘wrong’ cluster for their genera. 

  

10.1.2 - HOMININS 

 

As with the non-hominin primates, there was variation in classification accuracy between the 

three shape spaces used in this study for the hominin analysis. Including size as a factor 

(form space) had less of an effect on classification accuracy in the hominins, with similar 

accuracy to tangent space analyses, while accuracy when shape changes associated with 

allometry were removed (size-free shape space) was lower. This would suggest that size 

may have a significant effect on species differences in the hominins, as inclusion of 

allometric and isometric scaling effects led to higher species classification accuracy. Among 

the Late Pleistocene hominins, Homo neanderthalensis were found to have lower 

morphological distinctiveness in form space analysis, while Homo sapiens had lower 

distinctiveness in size-free shape space. This may suggest that the distinctiveness of 

Neanderthal supraorbital morphology may be more related to shape, while the 

distinctiveness of Homo sapiens in this region may be more affected by size. 

 

Skeletal evidence has been shown to be a less reliable indicator of phylogenetic history than 

DNA, due to its lower heritability, and functional and developmental complexity (Lieberman, 

2000). Studies have indicated, however, that the anterior cranium may reflect population 

history (Betti et al., 2009), and Weidenreich (1947) has emphasised the importance of the 

frontal bone in palaeoanthropology. Nevertheless, in depth analyses have suggested that 

the frontal bone may have low efficacy for identifying patterns of phylogenetic relationships 

and population structure in the MPH (Athreya, 2006), with few traits being identified that 

distinguish between Middle and Late Pleistocene hominins (Athreya, 2012). The hierarchical 

cluster analysis supports the suggestion that the frontal bone may have low to moderate 

phylogenetic efficacy; the specimens separated out into three key groups which did not 

correspond to phylogenetic groups and were more comparable to grades. The results of the 

PCA and DA in this study, however, indicated that the recorded morphology was 

phenetically and taxonomically useful in separating a priori hominin groups, especially in the 

case of the Late Pleistocene specimens. While this study does indicate that differences 

between accepted hominin groups in the orbital and supraorbital region are subtle, there is 

one exception to this pattern: Homo sapiens (see 10.2.2).  
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10.2 - IMPLICATIONS FOR NON-MIDDLE PLEISTOCENE HOMININS 

 

10.2.1 - DJEBEL IRHOUD AND EARLY MODERN HOMO SAPIENS 

 

While the primary aim of this study was to investigate the MPH, results of the various 

analyses allowed inferences to be made about other hominins, including early Homo 

sapiens. New excavations at the site of Djebel (Jebel) Irhoud, Morocco, have resulted in the 

discovery of additional fossil material, and a secure date of 315 kya for the hominin 

specimens (Hublin et al., 2017; Richter et al., 2017). Despite this relatively early age, the 

Djebel Irhoud craniofacial specimens have been said to be fully within the hypodigm of 

Homo sapiens, and therefore argued to represent the oldest Homo sapiens specimens in the 

current fossil record (Hublin et al., 2017). The results of this study, however, indicate that the 

supraorbital region of Djebel Irhoud 1 is closest to that of the Saint-Césaire I Neanderthal. 

This is also the case for Omo 1 and Herto (figure 10.2.I), with only one of the seven EMH 

(Liujiang) being more similar to another EMH specimen: Qafzeh 9 and Border Cave 1 were 

found to be more similar to Maba, and Skhūl V was more similar to Zuttiyeh. When 

considered as a group, five of the EMH were closer on average to the other EMH, with 

Djebel Irhoud 1 and Omo 1 both having smaller average Procrustes distances to the 

Neanderthal specimens.  

 

Djebel Irhoud 1 did not cluster more towards the MPH in PC plots, as would be expected if 

the latter represented a close ancestor of Homo sapiens: in tangent space, the younger Omo 

1 and Herto specimens were located more towards the MPH than Djebel Irhoud 1; in form 

and size-free shape space, Djebel Irhoud 1 was placed with the Neanderthals while Herto 

was among, and Omo 1 was slightly outside of, the MPH cluster. This would indicate that the 

Herto specimen, dated to between 154 and 160 kya (White et al., 2003), shows a more 

plesiomorphic orbital and supraorbital configuration than the older Djebel Irhoud 1 specimen. 

Despite this, Djebel Irhoud 1 has been found to have a relatively archaic, protruding 

supraorbital morphology in terms of the Djebel Irhoud assemblage (Hublin et al., 2017). This 

finding would support the suggestion of a complex accumulation of derived traits in the 

evolution of Homo sapiens (Stringer, 2016; Stringer and Buck, 2014) (see 10.3.4). 
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10.2.2 - DISTINCTIVENESS OF HOMO SAPIENS 

 

The results of Chapters 6 and 7 indicated that the Homo sapiens group was particularly 

distinctive from the MPH and the Neanderthals. While there was some overlap between the 

MPH and Homo neanderthalensis across the PC plots, Homo sapiens, and particularly the 

more recent specimens, were distinguished by their vertical, bulging frontal squamae, 

minimally protruding supraorbital tori, and taller, more vertical orbits. These traits appear to 

represent a significant change in hominin orbital and supraorbital morphology in our species 

relative to other Late Homo. In addition, Homo sapiens retained morphological 

distinctiveness with over 90% classification accuracy in all three shape-space analyses, 

indicating a particularly different shape and form of the supraorbital torus region in our 

species. 

 

Early Homo sapiens are known for having plesiomorphic browridges, which are relatively 

large, occasionally take the form of a continuous torus, and are curved over the orbits; these 

can be seen in specimens such as those from Djebel Irhoud, Qafzeh, and Skhūl, as well as 

in some of the more robust AMH such as those from Předmostí (Hublin et al., 2017; Lahr 

and Wright, 1996; Lieberman, 2000; Russell, 1985). EMH also document relatively receding 

frontal squamae, similar to those seen in more archaic hominins (Bruner et al., 2013). Both 

of these patterns are supported by the results of the present study, with some of the EMH 

(e.g. Djebel Irhoud 1, Omo 1, Herto) falling within the area of overlap between MPH and 

Neanderthals in the PC plots.  

 

Modern Homo sapiens diverge from the Late Homo pattern, being paedomorphic in their 

lack of ‘true’ supraorbital tori, and instead most commonly having non-continuous tori (the 

‘glabellar butterfly’), with small supraciliary arches, and small glabellae that lie below them 

(Kurten, 1979; Lieberman, 2000; Russell, 1985; Schwartz and Tattersall, 2010; Smith and 

Ranyard, 1980), as well as high, rounded, bulging frontal squamae (Bruner et al., 2013). 

There is some variability in the expression of these traits, as stated in Chapter 4, with 

populations such as aboriginal Australians, Patagonians, and Fuegians documenting more 

robust supraorbital regions (Lahr and Wright, 1996), although this study included specimens 

from two of these populations (aboriginal Australians and Fuegians), and morphologies from 

these groups were not found to approach the archaic morphotype.  

 

It has been suggested that the change in more recent Homo sapiens was a structural 

response to the increasing globularity of the neurocranium, with frontal bulging being linked 
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to increasing gracility, parietal curvature, basicranial flexion, and retrognathism, as well as 

positioning of the orbits and frontal squama along a similar vertical plane (Beaudet and 

Bruner, 2017; Bruner et al., 2013; Fiscella and Smith, 2006; Lieberman, 2011; Lieberman et 

al., 2002). Some have linked changes in craniofacial morphology in our species to the 

transition to agriculture, which is argued to have led to a decrease in cranial robusticity and 

size, two traits which have been linked to the form of the supraorbital region (Baab et al., 

2010; Lahr and Wright, 1996). Nevertheless, the change to a more modern morphology of 

the orbital and supraorbital area is apparent at an earlier stage, with AMH such as those 

from Cro-Magnon (dated to 28 kya, (Henry-Gambier, 2002)) being placed among a wider 

group of MHS in terms of morphology in the present study.  

 

An alternative explanation is a change in frontal lobe shape seen in Late Pleistocene 

hominins; as vertical expansion of the frontal lobe is hypothesised to be constrained by the 

structure of the upper face, lateral expansion may have occurred as a secondary adjustment 

(Beaudet and Bruner, 2017). This suggestion is also unsatisfactory, as wider frontal lobes 

are also documented in Homo neanderthalensis (Beaudet and Bruner, 2017; Bruner and 

Holloway, 2010), which document archaic supraorbital morphology that is more similar to 

that seen in the MPH. In addition, the Maba cranium has been shown to have narrow frontal 

lobes combined with a relatively derived, Homo sapiens-like face (Wu and Bruner, 2016), 

with the results of this study indicating it is also more derived in orbital and supraorbital 

morphology. 

 

10.2.3 - HOMO NEANDERTHALENSIS 

 

The Neanderthal specimens in this study showed general similarities in morphology to the 

MPH, with subtle differences being visible in the superoinferiorly shorter and anteriorly less 

rounded supraorbital tori, more vertical frontal squamae, higher, more curved supraorbital 

margins, wider supraorbital trigones, and more anteriorly placed nasion points (indicating a 

shallower infraglabellar notch). The results also indicated that Homo neanderthalensis were 

generally homogeneous in their orbital and supraorbital morphology: the classification 

accuracy for this group was consistently high; all specimens were more similar on average to 

the Neanderthal group than to other hominins; and, while a few specimens were located 

slightly away from the key cluster of Neanderthals in the PC plots (particularly La Quina H5), 

in terms of Procrustes distances, the intragroup variation was lower than found for the MPH 

and Homo sapiens groups. This could support the suggestion that Neanderthals lived in 
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small, inbred populations, particularly in the case of later populations (Briggs et al., 2009; 

Prüfer et al., 2017; Prüfer et al., 2014; Sánchez-Quinto and Lalueza-Fox, 2015). These 

results also support the notion that the Neanderthals remain one of the most well-defined 

hominin species in terms of morphology (Tattersall, 2005; Tattersall and Schwartz, 2006). 

One finding of the current study requires further exploration. As was stated above, Djebel 

Irhoud 1, Omo 1, and Herto were all found to be closer to the Saint-Césaire I Neanderthal in 

terms of Procrustes distance (figure 10.2.I). Conversely, the nearest neighbour to Saint-

Césaire I was Omo 1. This morphological similarity contrasts with the taxonomic assignation 

of these specimens. Saint-Césaire I is among the youngest Neanderthals found, dating to 

approximately 36 kya (Mercier et al., 1991). The later Neanderthals, including specimens 

from Vindija (Croatia), and Mezzena (Italy) show some similarities to AMH (Ahern et al., 

2002; Condemi et al., 2013). While some have interpreted this as a convergent trend 

towards gracilisation in the later Neanderthals (Smith and Ranyard, 1980), others have 

suggested hybridisation as an alternative explanation (Ahern et al., 2002), which has been 

verified through recent DNA analysis in the case of the Vindija specimens (Green et al., 

2010; Prüfer et al., 2017). Both alternatives are plausible for the Saint-Césaire I 

Neanderthals, although their association with Châtelperronian tools, previously believed to 

be unique to AMH, has been interpreted as showing cultural exchange between these two 

species in the Upper Palaeolithic (Hublin et al., 2012); this would therefore provide more 

support for the possibility of hybridisation in the recent ancestors of the Saint-Césaire I 

specimen. The contemporaneous Spy 1 specimen (Semal et al., 2009), in contrast, shows 

no such pattern of close relationship to the Homo sapiens specimens included here, at least 

in supraorbital and orbital morphology. 

 

 

 

 

 

 

 

 

Figure 10.2.I – Configuration of Saint-Césaire 1 Neanderthal (b) compared to the average of Omo 1, 

Djebel Irhoud 1, and Herto (a), and the other Neanderthal specimens (c), from frontal and left lateral 

view 
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10.2.4 - HOMO ERECTUS SENSU LATO 

 

The debate over the taxonomic classification of the Homo erectus sensu lato specimens is 

somewhat analogous to that of the MPH. Some researchers prefer to restrict the term Homo 

erectus to the Asian representatives (classified as Homo erectus sensu stricto in the current 

study), some extend it to African specimens (grouped here under Homo ergaster), and 

others include the Dmanisi specimens as well (identified here as Homo georgicus, although 

most have rejected this term) (Antón, 2003; Baab, 2008; Baab, 2016; Bilsborough, 2005; 

Etler, 2004; Lordkipanidze et al., 2013; Rightmire et al., 2006). Recent analysis has 

investigated the cohesiveness of the Homo erectus sensu lato specimens and concluded 

that this group can be considered as a single, widespread, and long-lasting hominin species 

with a complex pattern of intragroup variation (Baab, 2008; Baab, 2016).  

 

Although the present study had a relatively low number of Homo erectus sensu lato 

specimens, the results would indicate that this group is less cohesive and more variable than 

the debated MPH, at least in terms of orbital and supraorbital morphology. These specimens 

were consistently widely scattered in the PC plots of major shape changes, and the species 

classification accuracy for this group was relatively low. When Procrustes distances were 

assessed, none of the seven Homo erectus sensu lato had nearest neighbours within this 

group: Ngandong was closer to Omo 1; Sangiran 17 to Saldanha; Zhoukoudian XII to Arago 

21, Ceprano, Spy 1, La Chapelle, and Guattari; KNM-ER 3733 to DH1; KNM-ER 3883 to 

Bodo, Kabwe, and Arago 21; D4500 to Kabwe (although it was generally dissimilar to all 

other hominins); and D2282 to Arago 21. While Baab (2016) applied analysis of Procrustes 

distances for a wider sample of Homo erectus sensu lato and found that intraspecific 

distances for this group were less than interspecific distances, which would support the 

species status of this group, the same result was not found in the present study. 

 

Researchers have suggested that some of the lack of distinction in Homo erectus sensu lato 

specimens, especially in the case of the older African specimens, is due to the evolutionary 

nature of the specimens used, with those close to species boundaries being expected to 

have more of a transitional morphology (Baab, 2016; Wolpoff et al., 1994). This is somewhat 

supported for the earlier African and Georgian specimens, and the younger East Asian 

Homo erectus specimens did appear to be more similar in orbital and supraorbital 

morphology to the MPH, with the Ngandong specimen being close to the MPH cluster in 

tangent space. This, however, is unlikely to represent the blurring of species boundaries, as 

Ngandong could date to the Late Pleistocene (but see Indriati et al., 2011; Swisher et al., 
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1996), and there are more appropriate candidates for the ancestral group of the MPH (see 

10.3.5). 

 

THE DMANISI HOMININS 

 

As has been stated, some researchers have suggested that the Dmanisi specimens 

represent a different species to other Homo erectus sensu lato, leading to the creation of a 

new species name: Homo georgicus (Gabounia et al., 2002), although most now include 

them within Homo erectus sensu lato (Baab, 2016; Lordkipanidze et al., 2013). These 

specimens are highly variable, although this variation has been interpreted as intraspecific 

(Lordkipanidze et al., 2013; Rightmire et al., 2006; Rightmire et al., 2008), and the 

craniofacial assemblage shows affinities to other Homo erectus sensu lato along with some 

unique traits (Lordkipanidze et al., 2006). The current study found that the two Dmanisi 

crania, D4500 and D2282, showed similarities to Homo ergaster, although their supraorbital 

and orbital morphology was generally more anteriorly projecting, and these specimens 

showed different configurations of nasion and dacryon points, as well as relatively thickened 

supraorbital trigones. Procrustes distances placed these specimens as generally closer to 

the MPH than other groups, and some of their archaic features may be the result of their 

small size, based on the variation of their placement in the different PC plots. The results of 

the Procrustes distance comparisons supported the finding of relatively high variation within 

the Dmanisi assemblage, despite the inclusion of only two Dmanisi specimens, with D4500 

generally appearing to be more robust and plesiomorphic in its orbital and supraorbital 

morphology in comparison to D2282. 

 

10.2.5 - HOMO NALEDI 

 

This study included a reconstruction of the type specimen of Homo naledi, from Rising Star 

Cave in South Africa (Berger et al., 2015). This assemblage remained undated until recently 

(Dirks et al., 2017), leading to substantial speculation about the possible age of the hominins 

(Hawks and Berger, 2016). Assessment of morphology led some researchers to the 

conclusion that the Dinaledi assemblage should date to approximately 912 kya (Dembo et 

al., 2015), which starkly contrasts with the recently determined Middle Pleistocene age of 

250 kya (Dirks et al., 2017). This disparity is likely due to the plesiomorphic nature of the 

Dinaledi material, and especially the small cranial capacity of the cranial specimens (Berger 

et al., 2015; Laird et al., 2017; Schroeder et al., 2017). Despite dating to the Middle 
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Pleistocene, the Homo naledi type specimen shares only a few traits with contemporaneous 

hominins (Laird et al., 2017), and has a unique shape most similar to African and Georgian 

Homo erectus sensu lato and early Homo (Schroeder et al., 2017). The results of the current 

study support this conclusion, with the DH1 specimen being located away from the MPH in 

PC plots and in terms of Procrustes distances. Procrustes distances indicated close affinities 

to KNM-ER 3733, although in form space the DH1 specimen is located in between early 

Homo and the Sts 5 Australopithecus africanus specimen, potentially due to its small size.  
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10.3 - RESEARCH QUESTION 2: THE SIGNIFICANCE OF THE MIDDLE 

PLEISTOCENE HOMININS IN TERMS OF THEIR SUPRAORBITAL AND ORBITAL 

MORPHOLOGY 

 

10.3.1 - MIDDLE PLEISTOCENE HOMININS 

 

AFRICAN MIDDLE PLEISTOCENE HOMININS 

 

Kabwe, as the type specimen of Homo rhodesiensis (Woodward, 1921), has been 

suggested to be representative of the African, and possibly European, MPH cranial form 

(see Chapter 3). The results of the current study confirmed that this individual has a 

relatively robust supraorbital torus similar to its contemporaries, yet a somewhat more 

recessive frontal squama than documented in the other MPH. This placed the Kabwe 

cranium slightly towards the earlier hominins, suggesting a more plesiomorphic overall 

morphology, and supporting the findings of other researchers (Friess, 2010; Rightmire, 

2001b). The more archaic frontal squama form could represent individual variation, however 

the probable late Middle Pleistocene age of the Kabwe skull (Stringer, 2011; 2016) would 

complicate matters, as it would suggest the continuation of a more plesiomorphic form 

alongside the appearance of more derived specimens such as the contemporaneous Arago 

21 and Maba.  

 

The Bodo specimen was found to show general similarities to the Kabwe and Saldanha 

fossils, although it was intermediate between these specimens in terms of the degree of 

frontal angulation. While comparisons have been made to the Petralona specimen 

(Rightmire, 1996), Bodo documents a relatively high degree of lateral winging of the 

supraorbital region, and more laterally extended trigones, making it more comparable to the 

Narmada fossil in these aspects. This study also showed that the Bodo specimen had 

reduced postorbital constriction relative to Kabwe, yet a higher degree when compared to 

Saldanha and Petralona. Procrustes distances indicated Bodo was most similar to Kabwe 

and Ceprano, supporting the finding of Argue (2015) that these specimens should be 

grouped within a single clade, possibly with the Daka specimen (see 10.3.3).  

 

The Saldanha specimen was found to fit comfortably within the variation of key MPH. 

Previous researchers have suggested close affinities to Kabwe and Bodo (Drennan, 1955; 
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Rightmire, 2012; Singer, 1954), however the current study indicates that a closer match may 

be Arago 21, at least in terms of orbital and supraorbital morphology. Nevertheless, the 

proportions of the supraorbital torus in Saldanha are larger than generally seen in the 

European MPH, and the rounded shape of this area makes Saldanha somewhat distinctive. 

While the supraorbital torus of the Eliye Springs specimen is missing, excluding it from the 

current study, the overall similarities to Saldanha (Bräuer and Leakey, 1986a; b) could imply 

that both of these African specimens can be accepted within a Middle Pleistocene group that 

would include Arago 21 and Petralona. 

 

The Florisbad specimen was found to have certain traits that slightly separated it from the 

other MPH, such as a more vertical frontal squama. Within the MPH, it was most similar to 

Dali in terms of Procrustes distance, yet had overall similarities to the Neanderthals, a 

finding that was also supported by its occasional misclassification as a Homo 

neanderthalensis in the DAs. This specimen has been suggested to represent a speciation 

event from the MPH, and possibly to belong to a different species, Homo helmei, a 

suggested ancestor of Homo sapiens (Kuman, 1999; Lahr and Foley, 2001; McBrearty and 

McBrearty, 2000; Rightmire, 2001b). This suggestion is not supported by Florisbad’s orbital 

and supraorbital morphology, due to the aforementioned affinities to Neanderthals and not 

Homo sapiens. The date of this specimen, 260-280 kya (Grün et al., 1996), would also 

contradict this possibility, as it would appear to be younger than the Homo sapiens 

specimens from Djebel Irhoud (Hublin et al., 2017; Richter et al., 2017).  

 

The current study showed that, despite having a relatively vertical frontal squama, the 

specimen from Lake Ndutu was somewhat anomalous in terms of orbital and supraorbital 

form. It was more different to the other MPH than could be predicted for specimens within 

the same species, formed an outgroup to the majority of the Homo specimens in the 

UPGMA analysis, and was located among earlier hominins in the PC plots. This supports the 

view that the Ndutu specimen should not be included within a taxon with the other MPH 

(Clarke, 1990; Tattersall and Schwartz, 2009). The unusual verticality of the frontal bone has 

been previously noted (Clarke, 1976; Rightmire, 1983), although this may be affected by 

post-depositional processes and subsequent reconstruction efforts (Clarke, 1990); other 

areas of the cranium indicate a closer resemblance to specimens such as Omo 2 and 

Kabwe (Rightmire, 1983). The supraorbital torus of this specimen is particularly gracile and 

somewhat protruding, and is more similar to the average Homo erectus sensu lato 

morphology in this regard. Nevertheless, the supraorbital region of Ndutu has been heavily 

reconstructed (Clarke, 1990), so it is unclear whether the anomalous position of this 

specimen in the current analysis may be affected by an inaccurate reconstruction of the 
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original form. At present, given the fragmentary nature of the specimen, it is suggested that 

the Ndutu specimen be excluded from analysis of the MPH until appropriate reconstructions 

can be made. 

 

ASIAN MIDDLE PLEISTOCENE HOMININS 

 

Analysis of the Zuttiyeh fossil has led some to suggest that it may be close to the common 

ancestor of Homo sapiens and Homo neanderthalensis (Freidline et al., 2012b), although 

alternative interpretations have been suggested (Simmons et al., 1991; Sohn and Wolpoff, 

1993; Zeitoun, 2001). The results of this study indicated that the Zuttiyeh specimen was 

most similar to Maba or the EMH in terms of Procrustes distances and in the DAs. In 

comparison to the other MPH, Zuttiyeh has a low degree of postorbital constriction, and a 

relatively vertical, bulging frontal squama, combined with an anteriorly projecting supraorbital 

torus, and a relatively clear distinction between the supraorbital torus and the frontal 

squama. Bruner et al. (2013) also noted the relatively bulging form of the frontal squama in 

this specimen, and the findings of Freidline et al. (2012b) are generally consistent with this 

study. Therefore, the place of the Zuttiyeh specimen remains ambiguous, although this fossil 

shows close affinities to Homo sapiens in the orbital and supraorbital region. 

 

The taxonomic position of the Narmada specimen has also been debated, due to a mosaic 

of traits that may indicate affinities to Homo sapiens and Homo erectus sensu lato (Kennedy 

et al., 1991; Klein, 2009; Sonakia and de Lumley, 2006). This study would suggest that the 

Narmada specimen can be placed within a wider group of MPH, with close relationships to 

the Asian specimens. Visual assessment shows that Narmada is similar in supraorbital and 

frontal squama form to Petralona, although it has winging of the supraorbital region and a 

degree of bulging of the frontal squama that are more comparable to Maba. These results 

contradict the findings of Cameron et al. (2004) who noted a close similarity to Steinheim as 

well as Homo sapiens and Homo neanderthalensis, and those of Athreya (2007) who found 

that Narmada showed a mosaic of Homo erectus and Homo heidelbergensis sensu lato 

features, but was more similar to the former group.  

 

The Maba specimen has been interpreted as being a transitional form between late Homo 

erectus (sensu stricto) and archaic Homo sapiens, or as being close to early Homo sapiens 

(Bae, 2010; Wu and Bruner, 2016; Xiao et al., 2014). It can be seen to be relatively derived 

in its bulging, vertical frontal squama, which has been previously noted (Brown, 2001), and 

reduced supraorbital torus, and was found to be most similar to Narmada and the EMH in 
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this region. This study could therefore support the placement of Maba within the Homo 

sapiens hypodigm in terms of orbital and supraorbital morphology, or its classification as a 

relatively derived MPH.  

 

The Dali specimen is somewhat problematic. While some have noted similarities to 

Eurafrican MPH (Bae, 2010; Rightmire, 1998), others have suggested that this specimen is 

more similar to EMH such as those from Djebel Irhoud (Athreya and Wu, 2017; Etler, 2004). 

The latter interpretation is not supported by the current study, where the Dali specimen was 

found to show closer affinities to Petralona, Narmada, Florisbad, and Steinheim than to the 

Djebel Irhoud 1 specimen in terms of overall orbital and supraorbital morphology. As 

discussed in section 10.2.4, this study indicated similarities between this specimen and 

Homo neanderthalensis, with the closest hominin to Dali being the La Chapelle Neanderthal.  

 

Some inferences about MPH discussed in Chapter 3 but not included in this study can be 

made, based on suggested affinities to other specimens of similar age. For instance, the 

Salkhit specimen from Mongolia has been said to show similarities to Dali and the 

Zhoukoudian Homo erectus sensu stricto and Homo sapiens specimens (Lee, 2015). 

Although comparisons have to be crude in this case, the available images of the Salkhit 

frontal do seem to show similarities to Maba in the vertical orientation and convexity of the 

frontal squama, and the relatively small supraorbital torus.  

 

The Yunxian cranium is older than the MPH considered in this study, but has been 

suggested to show affinities to these specimens (Martinón-Torres et al., 2011), including a 

reduction in postorbital constriction (Rightmire, 1998). Nevertheless, the low frontal squama 

and superoinferiorly short, rounded supraorbital torus of this specimen would support the 

placement of Yunxian as more towards the Homo erectus sensu lato hypodigm than within 

that of the MPH, as concluded by other researchers (Li and Etler, 1992; Vialet et al., 2010).  

 

Finally, Jinniushan 1 has been said to be larger and more gracile in comparison to Dali, 

particularly in terms of the supraorbital torus (Bae, 2010). Qualitative assessment of the 

shape of this specimen indicates possible similarities to Narmada and Arago 21 in the frontal 

squama, supraorbital torus, and post-toral region. This could indicate that the Jinniushan 

specimens should be included in discussion of the MPH, although Tattersall and Schwartz 

(2009) have argued that certain characteristics of the Jinniushan specimens are 

demonstrably different to other MPH.   



 

Page 401 of 547 
 

EUROPEAN MIDDLE PLEISTOCENE HOMININS 

  

Arago 21 is a key fossil in the debate over the MPH, as it is a paratype for the disputed 

Homo heidelbergensis sensu lato species (Harvati, 2007). This specimen was found to be 

generally similar to Saldanha in orbital and supraorbital morphology, although with a higher 

degree of postorbital constriction, and had similar Procrustes distances to Saldanha, 

Petralona, and Ceprano. While it has been said to have a thinner supraorbital torus and 

narrower upper face than Petralona (Rightmire, 2012), the results of the current study 

indicate that this may be due to its small size.  

 

The Petralona specimen has been suggested to show similarities to Kabwe in the browridge, 

although with a reduced degree of postorbital constriction, and a smaller supraorbital torus 

than some of its African counterparts, combined with a more derived overall cranial shape 

(Harvati, 2009; Rightmire, 2001b; Rightmire, 2008; Stringer et al., 1979). This study indicates 

that the supraorbital torus of Petralona is less swollen than that of Kabwe, and supports the 

finding of decreased postorbital constriction in this specimen. Petralona has also been 

suggested to be similar to Arago 21 and Steinheim, for instance in the broadness and 

angulation of the frontal squama (Stringer et al., 1979), as well as to Sima de los Huesos 5 

(SH5) (Harvati, 2009). This is generally supported by the results of the current study, 

although Petralona is different to Arago 21, Steinheim, and SH5 in having supraorbital 

trigones that are parallel with the lateral borders of the frontal squama. There are also 

notable similarities to the Narmada specimen, although Petralona has relatively flat 

supraorbital margins.  

 

As discussed in Chapter 3, the Ceprano specimen has a complicated taxonomic history, with 

suggestions for its classification including Homo antecessor, Homo cepranensis, and Homo 

erectus sensu lato (Bruner and Manzi, 2005; Clarke, 2000; Mallegni et al., 2003; Manzi, 

2016; Manzi et al., 2003). This study found that Ceprano has a supraorbital torus that is 

generally similar to Saldanha and Arago 21 in projection, with a relatively broad internasal 

pillar, and a short, somewhat convex frontal squama with a higher degree of postorbital 

constriction than seen in the other European MPH, potentially linked to its relatively low 

cranial capacity (Clarke, 2000). Despite this, its orbital and supraorbital morphology 

generally fitted well within the MPH, and it showed small Procrustes distances to Dali, Bodo, 

and Arago 21, supporting the results of Argue (2015) who suggested it should be placed 

within a clade including Bodo and Kabwe. 
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The SH5 cranium has been said to show some Neanderthal affinities, while also being close 

to Petralona and Kabwe in multivariate analyses (Arsuaga et al., 1997b). This study 

corroborated the former, with SH5 generally being more similar to the Neanderthal 

specimens, yet this specimen was also found to have relatively large Procrustes distances to 

the other MPH. Nevertheless, it showed relatively large Procrustes distances to all other 

Middle and Late Pleistocene specimens, including the Neanderthals, with the closest 

specimen being Arago 21, and was located with Ndutu in an outgroup to the majority of the 

Homo specimens in the UPGMA tree. It documented a short but relatively vertical and 

bulging (at least in the posterior aspects) frontal squama, combined with an anteriorly 

projecting supraorbital torus, laterally projecting supraorbital trigones, and a wide internasal 

pillar. These results could therefore support one interpretation of the DNA evidence (Meyer 

et al., 2016; Meyer et al., 2014), that the Sima de los Huesos hominins may be a separate 

lineage in the Middle Pleistocene fossil record. 

 

The inclusion of the SH5 cranium makes certain inferences on the new Middle Pleistocene 

cranium from Gruta da Aroeira, Portugal, possible. This specimen is contemporaneous to 

the Sima de los Huesos assemblage, and researchers have suggested affinities to both SH5 

and other MPH, including Kabwe, Bodo, Ceprano, and Bilzingsleben, in terms of orbital and 

supraorbital morphology (Daura et al., 2017). Visual comparison of the virtual reconstruction 

of the Gruta da Aroeira specimen indicates closer similarities to Narmada and Saldanha, 

although there are affinities to SH5 and Steinheim in terms of the post-toral region and 

broadness of the internasal pillar. This specimen should therefore be included in any future 

discussion of the taxonomy of the MPH. 

 

The Steinheim cranium has been suggested to be better placed along the Neanderthal 

lineage than within a generalised MPH hypodigm (Howell, 1960; Schwartz and Tattersall, 

2002; Tattersall and Schwartz, 2009). This specimen, while being close to Dali in terms of 

Procrustes distance, was found to be generally closer to Neanderthal specimens such as La 

Chapelle than to other MPH in this study. This was reflected in PC plots, where Steinheim 

was generally located more towards the Neanderthal cluster, except for in size-free shape 

analyses. Steinheim showed a fairly clear distinction between the supraorbital torus and 

frontal squama, with a superoinferiorly short yet anteroposteriorly protruding supraorbital 

torus reminiscent of the average Neanderthal morphology, and an inferiorly vertical and 

superiorly convex frontal squama. Nevertheless, this specimen did not fit comfortably within 

the Neanderthal group, instead having a somewhat intermediate morphology of the orbital 

and supraorbital region, supporting previous analyses and assessments (Ponce de León et 

al., 2011; Tattersall and Schwartz, 2006). 
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10.3.2 - DISTINCTIVENESS OF THE MIDDLE PLEISTOCENE HOMININS 

 

Using the method of Cardini et al. (2009) to assess morphological distinctiveness of the 

MPH, it would appear that the 14 specimens included in this study have a lack of 

distinctiveness in comparison to the Late Pleistocene hominin groups. This result is 

somewhat expected, as this group may include transitional specimens, and species 

boundaries become blurred when considering palaeontological assemblages (see Chapter 

2). Despite this, the results of the current study support the suggestion that the use of 

chronological and ambiguous morphological criteria outlined in Chapter 3 have led to the 

grouping of different morphotypes of MPH.  

 

Ndutu appears to be the most likely anomaly within the collection of specimens considered 

here, although its exact position cannot be established without expert reconstruction of the 

fragmentary specimen. The Steinheim specimen could possibly represent a transitional 

Neanderthal or a sister lineage to this group, and should arguably be excluded if it can be 

shown to have Neanderthal affinities (Friess, 2010; Tattersall and Schwartz, 2006). Zuttiyeh 

and Florisbad both represent problematic specimens, but current and previous analysis 

would indicate that these are early Homo sapiens or anomalous individuals (see above). It is 

plausible that Maba could also represent an early Homo sapiens, although this may 

complicate our understanding of the origin and dispersal of our species. Regardless of this, 

the Maba specimen appears distinct from the key MPH and should be investigated further. 

Dali is similarly anomalous, demonstrating affinities to Neanderthals that might not be 

expected from its age and location (see 10.2.4). Finally, although the SH5 specimen has 

some similarities to MPH such as Petralona and Arago 21, the DNA evidence and 

documented Neanderthal traits in the Sima de los Huesos assemblage would indicate that 

this specimen is more likely to be within a wider Neanderthal clade.  

 

The results of this study would therefore support the existence of a cross-continental group 

of closely related MPH, formed of Kabwe, Bodo, Saldanha, Narmada, Petralona, Arago 21, 

and Ceprano (although Kabwe may represent another anomalous specimen, and requires 

further assessment). Future analysis may lead to the inclusion of the Eliye Springs, 

Jinniushan, and Gruta da Aroeira crania within this group. These specimens appear to be 

typified by anteriorly projecting, superoinferiorly tall supraorbital tori, with posteriorly placed 

nasal bones relative to glabella, laterally widened frontal squamae which are more angled 

than Later Pleistocene hominins yet more convex than those of Homo erectus sensu lato, 
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short distances between nasion and the supraorbital tori, and relatively tall but less laterally 

flaring supraorbital trigones in comparison to Homo erectus sensu lato.  

 

Other differences between the suggested MPH hypodigm and Homo erectus sensu lato 

include a more anteriorly and superiorly positioned frontal squama, with a lower position of 

minimum frontal breadth. The orbits of the MPH identified here are shorter and more 

vertically set, while the key changes in the supraorbital torus are visible in the post-toral and 

glabellar regions, which are more anteriorly and superiorly projecting. In comparison to the 

Neanderthal specimens, the supraorbital torus is taller and more anteriorly projecting, the 

frontal bone is less vertically aligned, there is a more posterior location of minimum frontal 

breadth, the orbits are shorter, the internasal pillar is narrower, and the supraorbital trigones 

are less laterally flaring. In comparison to Pleistocene Homo sapiens, the MPH have shorter, 

less vertical, and less bulging frontal squamae, a clear distinction between the supraorbital 

torus and frontal squama, a more anteriorly projecting supraorbital torus, a posterior location 

of minimum frontal breadth, lower and more anteriorly placed nasion points, and a lower 

degree of orbital frontation. 

 

10.3.3 - PHYLOGENETIC POSITION OF THE MIDDLE PLEISTOCENE HOMININS 

 

ANCESTRAL SPECIES 

 

This project did not directly assess the phylogenetic position of the MPH, and, as indicated 

by the results of the hierarchical cluster analysis, the recorded region may have low 

phylogenetic efficacy below the genus level. Nevertheless, some inferences can be made 

regarding the relationship of these hominins to other members of the Homo genus. For 

instance, the hominins tended to form a chronological trajectory in the PC plots from 

Chapters 8 and 9. In these plots, and in the analysis of Procrustes distances, the MPH were 

generally closer to Homo erectus sensu stricto specimens than the African and Georgian 

Homo erectus groups. While an Asian origin of the MPH cannot be excluded due to affinities 

with older Asian specimens such as Yunxian (Stringer, 2012), it is likely that this close 

relationship is due in part to the age of the Homo erectus sensu lato specimens included; the 

Georgian specimens are estimated to date to 1.8 Mya (Garcia et al., 2010), and the Homo 

ergaster to 1.7-1.6 Mya (Lepre and Kent, 2015), while the Asian specimens include those 

dating between 1.0 Mya to over 400 kya (Klein, 2009; Shen et al., 2009). As the LCA of the 

MPH is likely to date to the late Early Pleistocene or early Middle Pleistocene (3.3.4), the 

Asian Homo erectus sensu lato may be more closely related. 
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Despite suggestions of a European ancestor (Bermúdez de Castro et al., 2004), an African 

origin of the MPH seems more plausible (see Chapter 3), with possible representatives 

including the Daka, Buia, and Melka Kunture specimens. While the latter are too fragmentary 

to compare to the results of the current study, some comments can be made about the Daka 

and Buia fossils. In comparison to the morphologies shown in Chapter 8, the Buia specimen 

is more plesiomorphic in its short frontal squama, distinct supratoral sulcus, and more 

anteriorly projecting supraorbital tori. The Daka specimen has somewhat distinctive 

supraorbital tori with a depression at glabella, as well as a defined sulcus and a somewhat 

bulging but low frontal squama. While both could be said to anticipate the orbital and 

supraorbital morphology of the MPH (Argue, 2015; Asfaw et al., 2002; Baab, 2016), they 

could not be included in the current study, however any future investigations of the 

phylogenetic position of the MPH should consider these specimens. 

 

DESCENDANTS 

 

Last Common Ancestor of Homo sapiens and Homo neanderthalensis 

 

For some time, researchers have thought that the MPH represented the best candidates for 

the last common ancestor (LCA) of Homo sapiens and Homo neanderthalensis (Mounier et 

al., 2009; Rightmire, 1998; Stringer, 1983; 2002; 2016). There has been a recent shift away 

from this viewpoint, however, spurred by genetic and morphological evidence of an older 

divergence (e.g. Gómez-Robles et al., 2013; see Chapter 3). The current analysis indicates 

that the MPH are more similar to the Neanderthals in terms of orbital and supraorbital 

morphology, followed by Homo erectus sensu stricto, and then Homo sapiens. This supports 

the finding of Lieberman (2011), who noted subtle differences between the MPH and the 

Guattari Neanderthal. This apparent close relationship between the Neanderthals and MPH 

has led some to suggest that these groups are within a single evolving lineage (Lestrel et al., 

2013), yet this would confuse our understanding of the relationship between Homo 

heidelbergensis sensu lato, Homo neanderthalensis, and Homo sapiens. An alternative 

explanation is a more accelerated rate of craniofacial evolution in the Homo sapiens lineage, 

resulting in the relatively more distinctive appearance of fossils from this group (see section 

10.2.2). 

 

As stated in Chapter 3, there have been attempts to use geometric morphometric methods 

to reconstruct the probable morphology of the LCA. A recent study generated three possible 

LCA cranial morphologies reflecting three models of phylogenetic history: a late Lower 
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Pleistocene age of the LCA; an early Middle Pleistocene LCA; and a mid-Middle Pleistocene 

LCA (figure 10.3.I). It is difficult to compare the three models to the results here, especially 

considering the subtle nature of the differences between them. Nevertheless, the late Lower 

Pleistocene model shows somewhat superoinferiorly taller supraorbital tori, similar to those 

observed in the MPH specimens here. Comparison of these models to the available 

evidence in the original study indicated that the LCA fits within the Middle Pleistocene 

hypodigm, and that the second model (of an early Middle Pleistocene LCA) was the most 

plausible. 

 

 

 

 

 

 

 

 

Neanderthals and the Accretion Hypothesis 

 

The divergence of the Neanderthal lineage has been a source of considerable debate, which 

is exacerbated by the fragmentary and sparse European Middle Pleistocene fossil record 

(Hublin, 2013b) and the unclear taxonomy of the MPH (Daura et al., 2017). The current most 

widely accepted hypothesis is the Accretion hypothesis, discussed in Chapter 3, which has 

implications for both the timing of the divergence of the Neanderthals, and the pattern of 

morphological change linked to the evolution of the ‘classic’ Neanderthals (Arsuaga et al., 

2014).  

Figure 10.3.I - Comparison between virtually reconstructed last common ancestor of Homo sapiens 

and Homo neanderthalensis, from frontal and right lateral view. Blue areas indicated predicted 

morphology of first model (late Lower Pleistocene LCA); red areas indicate predicted morphology of 

second model (early Middle Pleistocene LCA); and grey areas indicate predicted morphology of 

third model (mid-Middle Pleistocene LCA) 

(Mounier and Lahr, 2016:62) 

 

Figure 11.3.II - Alternative evolutionary scenario, where Homo heidelbergensis, Homo 

neanderthalensis and Homo sapiens share a common ancestor approximately 750 kya 

Figure 11.3.I - Comparison between virtually reconstructed last common ancestor of Homo sapiens 

and Homo neanderthalensis, from frontal and right lateral view. Blue areas indicated predicted 

morphology of first model (late Lower Pleistocene LCA); red areas indicate predicted morphology of 

second model (early Middle Pleistocene LCA); and grey areas indicate predicted morphology of 

third model (mid-Middle Pleistocene LCA) 

(Mounier and Lahr, 2016:62) 

 

Figure 10.3.II - Alternative evolutionary scenario, where Homo heidelbergensis, Homo 

neanderthalensis and Homo sapiens share a common ancestor approximately 750 kya 

Adapted from Stringer (2016:7) 

 

Figure 11.3.II - Alternative evolutionary scenario, where Homo heidelbergensis, Homo 

neanderthalensis and Homo sapiens share a common ancestor approximately 750 kya 

Figure 10.3.I - Comparison between virtually reconstructed last common ancestor of Homo sapiens 

and Homo neanderthalensis, from frontal and right lateral view. Blue areas indicated predicted 

morphology of first model (late Lower Pleistocene LCA); red areas indicate predicted morphology of 

second model (early Middle Pleistocene LCA); and grey areas indicate predicted morphology of 

third model (mid-Middle Pleistocene LCA) 
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Most debate has focused on the second aspect, and the hypothesis of the accretional 

appearance of Neanderthal traits. A significant site for this hypothesis is Sima de los 

Huesos, where researchers have argued for the existence of clear Neanderthal apomorphies 

which would place these hominins within the Neanderthal lineage (Arsuaga et al., 2014; 

Bermúdez de Castro et al., 2004; Rak, 2011). As stated above, the present study found that 

the orbital and supraorbital morphology of the SH5 cranium is relatively distinctive from all 

other hominins, and is not consistently more similar to that of the Neanderthals. As found by 

Harvati et al. (2010), other European MPH, with the exception of Steinheim, were not more 

similar to Neanderthals than African and Asian MPH. Overall, this could imply that we do not 

have a full understanding of proposed Neanderthal autapomorphies, and may need to 

accept some degree of parallelism within the European Middle Pleistocene (Roksandic et al., 

2018) (see below). 

 

The Origin of Homo sapiens 

 

It could be argued that an earlier divergence of Homo neanderthalensis would also require 

us to place the origin of Homo sapiens further back in time (Stringer, 2002). There are, 

however, few convincing specimens in the Middle Pleistocene that could represent 

transitional or early Homo sapiens (Stringer, 2012; 2016). The results of this study would 

imply that these could include Florisbad, Zuttiyeh, and Maba, as well as the recently redated 

Djebel Irhoud remains (Hublin et al., 2017). This would push the speciation of Homo sapiens 

to at least 315 kya (Richter et al., 2017), yet this date is older than Dali and possibly 

Narmada (see Chapter 3). While Dali is suggested here to be representative of a different 

hominin group (see 10.2.4), the morphology of Narmada is consistent with a wider MPH 

hypodigm as defined above. Some researchers argue that this fact cannot be reconciled with 

the evidence for early Homo sapiens and Homo neanderthalensis, as it would require a later 

divergence than indicated by current evidence (Hublin, 2009). An alternative explanation is 

that both Homo sapiens and Homo neanderthalensis originated from two separate 

cladogenetic events, with the latter occurring earlier than the former, combined with the late 

persistence of a more generalised MPH group possibly representative of a source population 

(see below).  

 

The traditional model for the origin of Homo sapiens is the Recent Out of Africa model, which 

posits that our species evolved in Africa over 100 kya and spread to Europe and Asia 

without interbreeding with other hominin groups (Cann et al., 1987; Stringer, 2014; Stringer 

and Andrews, 1988). Recent evidence of interbreeding (Green et al., 2010; Meyer et al., 
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2012; Reich et al., 2011) has forced researchers to update this model, although evidence 

still suggests a predominant role of Africa in the origin of Homo sapiens (Pearson, 2012; 

Stringer, 2014). Nevertheless, there are still some researchers who argue that the alternative 

hypothesis of a Multiregional origin of Homo sapiens is equally supported by current 

evidence (Etler, 2004; Wolpoff, 2000), especially in Asia. The results of the current study 

indicate a closer relationship between potential early African Homo sapiens specimens, such 

as Djebel Irhoud 1, Herto, and Omo 1, to the generalised MPH group identified above. While 

there is an apparent close relationship between Homo erectus sensu stricto and the MPH, 

the Chinese MPH show little evidence for local evolution between Homo erectus sensu 

stricto and Homo sapiens; both Maba and Dali are more similar to other MPH and Late 

Pleistocene hominins than to Homo erectus sensu stricto. Nevertheless, the appearance of a 

hominin with Homo sapiens-like orbital and supraorbital morphology at Maba soon after the 

Djebel Irhoud assemblage does require some explanation, although this is beyond the scope 

of the current project. 

 

MULTIPLE LINEAGES AND THE FATE OF THE MIDDLE PLEISTOCENE HOMININS 

 

As has been suggested above, the coexistence of multiple lineages in the Middle 

Pleistocene is highly probable. Steinheim and the Sima de los Huesos assemblage support 

the possibility of sister lineages within the Neanderthal clade in the European Middle 

Pleistocene (see above), while the Homo naledi hominins may have coexisted with early 

Homo sapiens in Africa, the early Denisovans may have occupied areas of Asia at the same 

time as late Homo erectus, and current analysis could support the existence of an additional 

group of MPH in all three continents (Arsuaga et al., 2014; Martinón-Torres et al., 2012; 

Roksandic et al., 2018; Stringer, 2016; Tattersall and Schwartz, 2006). In addition, the 

African late Middle Pleistocene fossil record preserves signs of multiple hominin morphs 

around the time when our own species is thought to have originated (Schwartz and 

Tattersall, 2010). This coexistence has implications for the likelihood of identification of the 

various lineages through morphological evidence, as their close phylogenetic relationships 

would increase the probability of shared homoplasies (Tattersall and Schwartz, 2008) and 

admixture (Stringer, 2016).  

 

While it is plausible that the group represented by the MPH identified above were ancestral 

to other lineages, such as the Neanderthals and Homo sapiens, dating evidence would 

indicate that the majority of individuals from this group existed after the estimated divergence 

of these groups (Stringer, 2016). Therefore, the possibility that the MPH commonly classified 
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as Homo heidelbergensis may have been an evolutionary ‘dead end’, with a shared common 

ancestor to Neanderthals and Homo sapiens in the late Early Pleistocene or early Middle 

Pleistocene, also has to be acknowledged (figure 10.3.II). 

 

 

 

 

  

Figure 10.3.II - Alternative evolutionary scenario, where Homo 

heidelbergensis, Homo neanderthalensis and Homo sapiens 

share a common ancestor approximately 750 kya 

Adapted from Stringer (2016:7) 
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Figure 11.3.II - Alternative evolutionary scenario, where Homo 

heidelbergensis, Homo neanderthalensis and Homo sapiens 

share a common ancestor approximately 750 kya 

Adapted from Stringer (2016:7) 
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10.4 - RESEARCH QUESTION 3: TAXONOMIC INFERENCES ON THE MIDDLE 

PLEISTOCENE HOMININS FROM THEIR SUPRAORBITAL AND ORBITAL 

MORPHOLOGY 

 

10.4.1 - TAXONOMY OF THE MIDDLE PLEISTOCENE HOMININS 

 

The naming of the key group of MPH comprised of Kabwe, Bodo, Saldanha, Narmada, 

Petralona, Arago 21, and Ceprano is somewhat problematic. The term Homo 

heidelbergensis is commonly used for hominins from this time period, however the type 

specimen for this species is the Mauer mandible (Schoetensack, 1908). This specimen 

shows an arguably unique morphology, making it difficult to group with other mandibular 

fossils (Dennell et al., 2011; Rak, 2011) (see Chapter 3). Nevertheless, some researchers 

have argued that this specimen can be linked to mandibles from Arago, Sima de los Huesos, 

and Montmaurin (Rightmire, 1998; Rightmire, 2008; Stringer et al., 1979). If we accept that 

the Mauer and Arago specimens are similar enough to be from the same hominin species, 

and that the craniofacial remains from Arago show similarities to African MPH (Rightmire, 

2008), then the term Homo heidelbergensis sensu lato would be valid for these MPH. The 

classification of the specimens from Arago and Petralona as paratypes of this species 

(Harvati, 2007) would also support the validity of the term Homo heidelbergensis sensu lato, 

due to previously noted similarities between Petralona and Kabwe (Stringer, 1974; 1983; 

Stringer et al., 1979) that were also supported by the results of the present study. This group 

could be united with the generalised, plesiomorphic Homo heidelbergensis sensu lato 

hypodigm suggested by Roksandic et al. (2018) and incorporating the Mauer specimen, 

based on the inclusion of Ceprano in both schemes. 

 

If, however, the similarities between the Mauer and Arago mandibles are taxonomically 

insufficient, or Hublin’s (2009) suggestion that Mauer 1 cannot be a holotype is accepted, 

then the name Homo rhodesiensis could be applied to the MPH identified above. This, 

however, would depend on the inclusion of the Kabwe specimen. As has been indicated, the 

current analysis would suggest that Kabwe has a more plesiomorphic morphology of the 

orbital and supraorbital region than would be expected for its possible age. More complete 

analysis of the MPH, including the available mandibular specimens, could clarify their 

taxonomy, however this was beyond the scope of the present study. The group formed by 

Bodo, Saldanha, Petralona, Ceprano, Narmada, Arago, and possibly Kabwe shall therefore 
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be referred to as Homo heidelbergensis sensu lato for ease of differentiation from other MPH 

in the following discussion.  

 

10.4.2 - TAXONOMIC SIGNIFICANCE OF THE MIDDLE PLEISTOCENE HOMININS 

 

Assuming that sufficient evidence exists to link the Arago assemblage to the Mauer 

mandible and other MPH such as Bodo, Saldanha, Ceprano, Narmada, Petralona, and 

Kabwe, it is important to assess the taxonomic significance of the resulting Homo 

heidelbergensis sensu lato group. From reviewing the literature outlined in Chapter 3 as well 

as the analyses from Chapter 7, a list of possibly defining craniofacial traits of this group can 

be created, and is shown in table 10.4.I. 

 

 

Broad upper faces with large interorbital breadths 

Large, anteriorly projecting, and rounded supraorbital tori 

Highly pneumatised supraorbital tori* 

Reduced postorbital constriction* 

Reduced lateral projection of the supraorbital trigones 

Slightly more vertical frontal squamae 

Laterally expanded and taller parietals* 

Rounded occipital scale*  

Arched temporal squama 

Increased basicranial flexion  

Increased basicranial width* 

Enlarged foramen lacerum 

More inferiorly projecting sphenoid spine 

A mandibular articular tubercle that delimits the anterior margin of the mandibular fossa 

Significantly increased encephalisation * 

Tilting of the frontal lobe behind the orbits 

Horizontal retromolar area 

Truncated gonial angle 

Increase in overall size and robusticity 

A more vertically aligned face 

 

 

 

 
 

Chapter 2 discussed the numerous issues in identifying species in the fossil record. Three 

assumptions were established in light of the species problem: species exist in the sense that 

biological diversity can be partitioned in a meaningful or useful way; species can be defined 

by a morphological species concept, with a criterion of sufficient morphological difference; 

Table 10.4.I - Potentially defining traits of Homo heidelbergensis sensu lato group as defined in this 

study. Possible apomorphies are indicated by an asterisk (*) 

(Buck, 2014; Buck et al., 2012; Mounier et al., 2011; Rightmire, 2012; 2013: this study) 

 

 

 

Figure 10.4.I - Intra- (grey) and inter-group (white) Procrustes distances. HHe represents the Homo 

heidelbergensis hypodigm identified here as including Kabwe, Bodo, Saldanha, Narmada, Petralona, 

Arago 21, and Ceprano. MPHss is comprised of all Middle Pleistocene hominins except for Ndutu and 

SH5. Other abbreviations are as follows: HEsl - Homo erectus sensu lato; HS - Homo sapiens; Pleist. 

HS - Pleistocene Homo sapiens; HN - Homo neanderthalensisTable 10.4.I - Potentially defining traits 

of Homo heidelbergensis sensu lato group as defined in this study. Possible apomorphies are indicated 

by an asterisk (*) 

(Buck, 2014; Buck et al., 2012; Mounier et al., 2011; Rightmire, 2012; 2013: this study) 
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and fossil species identified in this manner may not correspond to extant species due to the 

insufficiencies of the fossil record, but may approximate them. Accepting these assumptions, 

a fossil species is comparable to Smith’s (1994) phena, which are basal taxonomic units, not 

basal evolutionary units. Fossil species identified by a morphological species concept are 

considered here as arbitrary entities, representing an apportionment of an evolutionary 

lineage, and are useful for categorising and assessing diversity.  

 

Accepting a morphological species concept (see 2.8), the validity of the species status of 

Homo heidelbergensis sensu lato can be assessed in three ways: there being equal or less 

morphological variation in this group than could be expected for a single species with 

comparable geographic and temporal range (Rightmire, 2008; Tattersall, 1986); there being 

less intragroup variation than intergroup variation (Baab, 2016); and the presence of 

apomorphic traits in the above list (Hennig, 1966; Kimbel and Rak, 1993). While the MPH 

were found to be quite variable in the current study, this is likely due to the false inclusion of 

multiple hominin morphs based on the weak morphological and chronological criteria used to 

assign specimens in this group (Schwartz and Tattersall, 2010).  

 

The orbital and supraorbital morphological variation of the identified Homo heidelbergensis 

sensu lato specimens, and the wider MPH, can be seen to be less variable than other 

species such as Homo sapiens and Homo erectus sensu lato, despite the small numbers of 

the latter group, as well as widely accepted primate species (see Chapter 8, figure 10.4.I, 

and table 10.4.II), fulfilling the first requirement. The second requirement was also 

addressed in the current study, where the variation within MPH sensu stricto (excluding 

Ndutu and SH5) and Homo heidelbergensis sensu lato (as defined above) was found to be 

generally lower than the variation between these groups and contemporaneous fossil 

hominin species. One exception was the distances between these MPH groups and the 

Neanderthal specimens, which were relatively small. Nevertheless, the MPH cannot be 

included in Homo neanderthalensis as they do not show the necessary craniofacial traits 

characteristic of this species (Schwartz and Tattersall, 2010), and the perception of the 

significance of this distance is likely affected by the relative distinctiveness of Homo sapiens 

(see 10.2.2). 
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A number of the traits in table 10.4.I could be considered apomorphic. Despite Bae’s (2010) 

claim that gradistic traits cannot be apomorphies, many derived traits will be gradistic in 

nature unless speciation events were punctuated; instead it may be better to consider them 

in terms of significance of the difference to previous ancestors. For instance, the increased 

brain size of the MPH is considered to represent a significant change in comparison to Homo 

erectus sensu lato specimens (Rightmire, 2004; 2013). In addition, Rightmire (2012; 2013) 

has showed that a number of the cranial traits listed above are unrelated to increasing 

encephalisation, and can therefore be suggested to be apomorphic, including: lengthened 

parietals, rounding of the occipital profile, increase in basicranial width, and broadening of 

the frontal bones (reduction of postorbital constriction). The existence of apomorphic traits 

within this group is also confirmed by other morphological studies, for instance in the case of 

Figure 10.4.I - Intra- (grey) and inter-group (white) Procrustes distances. HHe represents the Homo 

heidelbergensis hypodigm identified here as including Kabwe, Bodo, Saldanha, Narmada, Petralona, 

Arago 21, and Ceprano. MPHss is comprised of all Middle Pleistocene hominins except for Ndutu 

and SH5. Other abbreviations are as follows: HEsl - Homo erectus sensu lato; HS - Homo sapiens; 

Pleist. HS - Pleistocene Homo sapiens; HN - Homo neanderthalensis 

 

Figure 10.4.I - Intra- (grey) and inter-group (white) Procrustes distances. HHe represents the Homo 

heidelbergensis hypodigm identified here as including Kabwe, Bodo, Saldanha, Narmada, Petralona, 

Arago 21, and Ceprano. MPHss is comprised of all Middle Pleistocene hominins except for Ndutu 

and SH5. Other abbreviations are as follows: HEsl - Homo erectus sensu lato; HS - Homo sapiens; 

Pleist. HS - Pleistocene Homo sapiens; HN - Homo neanderthalensis 
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the hyperpneumatisation found in the MPH (Buck, 2014; Buck et al., 2012), and cladistic 

analyses (Argue, 2015; Mounier et al., 2011). 

 

 

 

 

 

 

 

 

The heterogeneous distribution of traits within Homo heidelbergensis sensu lato specimens 

could still be argued to be problematic to their taxonomic status (Rosas, 1997; Rosas, 2001). 

Nevertheless, researchers are becoming increasingly aware of the widespread mosaic 

pattern of morphological evolution across the Early, Middle, and Late Pleistocene (Abbate et 

al., 1998; Bräuer, 2008; Macchiarelli et al., 2004), which makes this feature of the Middle 

Pleistocene fossil record less controversial. Various explanations could be put forward for 

this pattern, for instance the impact of admixture (see 10.5.2), population dynamics and 

substructure, and the likelihood that the living hominin populations were much more 

heterogeneous than is suggested by the sparse fossil record (Ackermann et al., 2016; Daura 

et al., 2017; Gunz et al., 2009a; Ko, 2016; Martinón-Torres et al., 2018).  

 

10.4.3 - SUBGROUPING WITHIN THE MIDDLE PLEISTOCENE HOMININS 

 

As was discussed in section 10.3.3, at least four hypotheses have been proposed for the 

proper classification of the MPH. The first suggests that the MPH are not a distinct taxon, 

and specimens should be grouped within Homo erectus sensu lato, Homo neanderthalensis, 

or Homo sapiens. The results of this study, as discussed above, refute this hypothesis. The 

  
No sig. difference 

Sig. difference 

  Less variable More variable 

Homo heidelbergensis sensu lato  GB 1.7 98.3 0.0 

GG 1.6 98.4 0.0 

PT 75.2 19.4 5.4 

  PP 78.2 9.4 12.4 

  PA 42.5 56.9 0.6 

  PK 35.8 0.0 64.2 

  MFa 49.2 49.6 1.2 

  MFu 69.0 22.2 8.8 

  MM 78.4 11.0 10.6 

  HS 71.6 12.1 16.3 

  HSss 70.9 12.1 17.0 

Table 10.4.II - Table of results of independent t-test comparisons of Procrustes distances between individuals 

of defined Homo heidelbergensis sensu lato group (Bodo, Kabwe, Saldanha, Petralona, Arago 21, Ceprano 

and Narmada) and 1000 random subsamples of seven individuals of other species, shown as percentages. 

Significance was defined as when the Procrustes distances of Homo heidelbergensis sensu lato were 

significantly different to the subsamples in 95% or more of comparisons, and are highlighted in grey. 

Abbreviations are as in table 5.3.II. HSss indicates comparisons made to Homo sapiens specimens, with the 

EMH excluded 

 

 

Table 10.4.II - Table of results of independent t-test comparisons of Procrustes distances between individuals 

of defined Homo heidelbergensis sensu lato group (Bodo, Kabwe, Saldanha, Petralona, Arago 21, Ceprano 

and Narmada) and 1000 random subsamples of seven individuals of other species, shown as percentages. 

Significance was defined as when the Procrustes distances of Homo heidelbergensis sensu lato were 

significantly different to the subsamples in 95% or more of comparisons, and are highlighted in grey. 

Abbreviations are as in table 5.3.II. HSss indicates comparisons made to Homo sapiens specimens, with the 

EMH excluded 
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most popular alternatives are that these hominins are either a single, monotypic, cross-

continental taxon, or two separate species corresponding to the European and African MPH 

(Homo heidelbergensis sensu stricto and Homo rhodesiensis, respectively), with the Asian 

specimens potentially representing a separate taxon (Freidline et al., 2012a; Friess, 2010; 

Harvati et al., 2010; Stringer, 2012). The argument to separate the MPH into continental taxa 

is not solely based on the evidence used to form the Accretion hypothesis, with researchers 

noting regional differentiation in African and Asian specimens as well (Etler, 1996; Li and 

Etler, 1992; Rightmire, 1998). This complex pattern of variation has been addressed in 

gradistic classification schemes (Stringer et al., 1979), and the application of palaeo-demes 

(Howell, 1960) (see Chapter 3). An alternative hypothesis was suggested by Manzi (2011; 

2016), who proposed that the MPH represent four, largely geographic subspecies within a 

wider classification of Homo heidelbergensis sensu lato. As was discussed in Chapter 2, 

subspecies are generally best applied to geographically constrained groups (Stringer et al., 

1979), and should be applied to fossil evidence with caution, as differences between 

subspecies will be smaller than those between species, as demonstrated in Chapter 6, and 

are unlikely to be preserved in hard tissue remains (Simpson, 1961; Tattersall, 1986; 1992) 

(see Chapter 2). 

 

The results of Chapter 8 can be used to address the accuracy of the proposed continental 

subgroups within the MPH. The results of the DA showed a relatively low classification 

accuracy for the continental groups of MPH, much lower than seen in extant non-hominin 

primate species or subspecies. In addition, comparison of intra- and intergroup variation for 

the continental groups (both including and excluding Ndutu and SH5) were similar, indicating 

that these groups are not comparable to separate species. Intracontinental group variation 

was also not reduced in comparison to wider MPH intragroup variation. These results do not 

support the separation of the MPH into either continental species or Manzi’s suggested 

subspecies groups. This would indicate that the MPH are a widespread, intercontinental 

group, with no detectable regional patterning in the orbital and supraorbital morphology, 

although the likelihood of the inclusion of multiple lineages or morphotypes within the MPH 

may confound these results. This may also suggest that there was insufficient divergence 

time between continental groups to lead to significant morphological differentiation, or that 

population movement was at a sufficient level to prevent isolation, at least at a continental 

level.  
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10.5 - RESEARCH QUESTION 4: FACTORS AFFECTING VARIATION IN THE 

SUPRAORBITAL AND ORBITAL REGION 

 

10.5.1 - FACTORS AFFECTING VARIATION IN THE SUPRAORBITAL AND ORBITAL 

REGION 

 

SEXUAL DIMORPHISM 

 

The results of the analysis of sexual dimorphism in the primates and Homo sapiens groups 

were comparable to the pattern established in the literature. Males tended to be larger than 

females across all groups included here, although the degree of difference varied. Within the 

primates, small differences in size were found between male and female Pan specimens, as 

noted by O'Higgins and Dryden (1993), and larger differences were recorded in the Gorilla 

groups, matching the results of Albrecht et al. (2002). As noted in previous studies (e.g. 

Dunn et al., 2013; Singleton et al., 2017), sexual dimorphism in size for Papio kindae was 

lower than in the other Papio allotaxa. Sexual dimorphism in shape was also low for the 

Kinda baboons, and the greatest dimorphism was noted in the Gorilla taxa, followed by 

Papio anubis and Macaca fascicularis. 

 

In the hominins, size dimorphism was broadly comparable for Neanderthals and Homo 

sapiens. Shape differences between the sexes were also similar, although Neanderthals had 

the second lowest shape dimorphism between males and females (after Papio kindae), while 

shape dimorphism between males and females of Homo sapiens was slightly higher, and 

comparable to Pan paniscus. Patterns of shape dimorphism in Homo sapiens and Homo 

neanderthalensis differed somewhat, with males of the former group having wider frontal 

bones and females more bulging frontal squamae and taller orbits, while males of the latter 

had more anteriorly projecting supraorbital tori, and taller, more vertical frontal squamae, and 

females wider nasal columns, and slightly thicker supraorbital trigones. 

 

An attempt was made to estimate the sex of the MPH used in this study from shared 

patterns of sexual dimorphism across the sample of hominins and primates of known sex. 

Given that classification accuracy for Homo sapiens of known sex was low when a 

discriminant function was created using the wider primate sample, it could be suggested that 

primates show a different pattern of sexual dimorphism in orbital and supraorbital shape to 

recent hominins. Higher accuracy was achieved for the Homo neanderthalensis specimens 
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(using values from the literature as ‘true’ sex) when using the known sex Homo sapiens 

dataset, indicating a similar pattern of sexual dimorphism in the shape of the orbital and 

supraorbital region, or that researchers use patterns of sexual dimorphism in Homo sapiens 

to estimate sex in other hominins. Attempts to estimate sex in the MPH using discriminant 

functions from these hominins resulted in unlikely sex estimates, based on the unexpectedly 

high dimorphism in shape and unlikely patterns of dimorphism in size, with males being 

smaller than females in one of the resulting schemes. O'Higgins and Dryden (1993) have 

cautioned that patterns of sexual dimorphism in one species may not predict that in another, 

and considerable variation in craniofacial sexual dimorphism has been noted between 

closely related primate species (Plavcan, 2002).  

 

While the sex estimates from the literature led to the expected pattern of sexual dimorphism 

in size, they resulted in a considerably higher degree of dimorphism in shape than seen in 

Neanderthals and MHS. Previous research has indicated that the sexual dimorphism of the 

MPH, assuming a close relationship to the Sima de los Huesos assemblage, was fairly close 

to that seen in Homo sapiens and Homo neanderthalensis (Martínez et al., 2008; Rosas and 

Bastir, 2002), indicating that the literature-based sex estimates for the MPH may be 

incorrect. This could be due to circular reasoning, as smaller, more gracile specimens are 

assumed to represent females, while larger, more robust specimens are assumed to be 

male (Klein, 2009; Rosas, 2001). As robusticity and size are also likely to be affected by 

other features, such as time, geography, climate, and diet (Baab et al., 2010; Hernández et 

al., 1997; Lahr and Wright, 1996), this may not be the best approach for the MPH. In 

addition, before investigating sexual dimorphism in any hominin group, it is necessary to 

establish that the proposed fossils can reasonably be assumed to be from a single taxon 

(Richmond and Jungers, 1995), which, as discussed above, may not be the case for the 

MPH. 

 

SIZE AND ALLOMETRY 

 

The MPH were larger on average than all other groups considered, including the Gorilla 

specimens, in terms of the recorded morphology. This can be assumed to be at least 

partially due to their general larger size (Freidline et al., 2012a; Klein, 2009), but is probably 

also due to the relatively massive supraorbital tori found in this group. Size was found to 

have a significant effect on shape within this study, although the amount of variation in 

shape explained by size was fairly low (1.5% in the full dataset). Size had a higher effect on 



 

Page 418 of 547 
 

shape variation in the Pleistocene hominin dataset (14.7%)although this finding requires 

further investigation.  

 

Papio kindae are the smallest of the Papio allotaxa, and have been described as being 

paedomorphic in their cranial morphology (Delson et al., 2000; Dunn et al., 2013; Singleton 

et al., 2017). This study found that Papio kindae specimens were, on average, significantly 

smaller than Papio anubis in the recorded morphology, but were not significantly different 

from Papio cynocephalus. Papio cynocephalus were also found to be smaller than Papio 

anubis. This broadly fits a cline of size variation in the Papio allotaxa found by other 

researchers (Dunn et al., 2013; Frost et al., 2003). Among the non-human apes, Pan 

paniscus have also been noted for their small size relative to Pan troglodytes (Shea, 1984). 

This pattern was confirmed in the present study, with Pan paniscus being significantly 

smaller than Pan troglodytes in the recorded morphology.  

 

When allometric trajectories were plotted using the methods of Mitteroecker et al. (2004), the 

MPH were arguably separated from the trajectory for the Homo sapiens specimens, which 

overlapped with that of Homo neanderthalensis. These results were confirmed using 

homogeneity of slopes tests. In terms of the wider sample, males were found to be further 

along the intraspecific allometric trajectories than females, supporting the notion that part of 

sexual dimorphism in shape is ontogenetic scaling, with males reaching a further stage of 

ontogenetic growth (Cheverud and Richtsmeier, 1986; Leigh and Cheverud, 1991; O'Higgins 

and Collard, 2002; Rosas and Bastir, 2002; Shea, 1983) (see Chapter 4).  

  

BRAIN SIZE 

 

Brain size was found to have a significant effect on the recorded morphology, and accounted 

for more variation than species and size differences (8.9% vs. 8.1% and 5.4%, respectively) 

in the sample of available hominins. Bruner et al. (2003) have suggested that non-Homo 

sapiens hominins follow a similar pattern of shape change related to encephalisation, with 

Homo sapiens deviating from this in the morphology of the parietals. Rightmire (2013) has 

noted a link between increases in brain size and browridge size and facial projection. As 

Homo neanderthalensis have been found to have larger brains and higher encephalisation 

quotients than the MPH (Aiello and Dean, 1990; Arsuaga et al., 1999a; Klein, 2009; Wood 

and Collard, 1999), if the size of the supraorbital torus in the latter group was primarily due to 

brain size, then Neanderthals could be expected to have relatively larger supraorbital tori 

due to a continuation of the common evolutionary trend; this, however, is not the case, as 
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indicated by the results of this study. It could therefore be argued that increased brain size, 

either in absolute or relative terms, cannot solely explain the form of the supraorbital region 

in the MPH.  

 

CHRONOLOGY 

 

Chronology has also been suggested to be a significant factor that contributes to the 

unexpectedly high amount of shape variation seen in the MPH (Wolpoff, 1980a). 

Nevertheless, while a moderate significant correlation between chronological and shape 

distance was found across the hominin specimens, when groups were compared individually 

this pattern only held true for the Homo sapiens. This is likely due to the changes seen within 

the Homo sapiens lineage in terms of increasing globularity and gracility (see 10.2.2). Size of 

the recorded area was found to decrease over time, both across and within groups, yet even 

when the effect of size was controlled for, the previous results were unchanged. In addition, 

chronology was found to explain an estimated 2.6% of shape variation. Overall, results of 

this study would indicate that within-group evolution is not a significant factor when 

assessing the MPH. This could be the result of the likely inclusion of different lineages within 

this group, the lack of a linear trend in craniofacial evolution of Mid to Late Pleistocene 

hominins, and the numerous dating issues associated with key MPH discussed in Chapter 3. 

 

GEOGRAPHY 

 

There was a low but significant correlation between shape distance and geographic distance 

across the hominin and non-hominin primate dataset, with geography explaining 7.1% of 

shape variance. When groups were considered separately, low correlations were found for 

some primate groups, but not for the hominins. Previous studies have suggested that signals 

of isolation by distance and regional differentiation are present in recent Homo sapiens 

craniofacial morphology (Hanihara et al., 2003; von Cramon-Taubadel and Lycett, 2008), 

although this study would indicate that this is not reflected in simple geographic distance 

between specimens.  

 

Even when the effect of time was controlled for, no significant effect of geographic distance 

was found for the MPH. Athreya (2006) found a weak relationship between midsagittal 

morphology and geography in the MPH, and geography was found to have an effect on 

supraorbital torus projection, glabellar morphology, and frontal squama angle. The current 

study assessed overall orbital and supraorbital morphology, and could not confirm this result. 
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Both studies used a fairly crude measure of distance that did not account for mountain 

ranges, deserts, or bodies of water. Future studies that account for these variables may find 

a more complex relationship between geography and morphology, however at present 

geography cannot be concluded to be a significant factor in the relatively large amount of 

variation seen within the MPH orbital and supraorbital morphology. 

 

10.5.2 - OTHER POSSIBLE FACTORS AFFECTING MORPHOLOGICAL VARIATION 

 

SOURCE-SINK DYNAMICS 

 

Two factors which have been suggested to affect the pattern of craniofacial morphology of 

the MPH could not be tested within the current project: source-sink dynamics and admixture. 

The first suggests that there could have been cycles of local extinction and recolonisation 

due to climatic factors in the Pleistocene (Dennell, 2009; Dennell et al., 2011). Areas 

particularly susceptible to local extinction (‘sinks’) are suggested to include Northern Europe 

and Northern China, while areas of more stable climates and environments (‘sources’) could 

have included south and southeast Europe, and southwest Asia (Dennell, 2009; Dennell et 

al., 2011; Louys and Turner, 2012; Martinón-Torres et al., 2018). Dennell et al. (2011) have 

suggested that the genetic ancestry of the respective source and sink populations of MPH 

may have led to the characteristic mosaic of morphological features found in this group.  

 

Within Europe, it has been suggested that the MPH expanded during interglacial periods and 

retreated to refugia (sources) during colder periods (Stewart and Stringer, 2012), possibly 

leading to the early fixation of Neanderthal traits noted in the Accretion hypothesis (Dennell 

et al., 2011). Daura et al. (2017) have suggested that more generalised, archaic specimens 

such as Ceprano could have survived in the refugia, while more derived populations evolved 

in the population sinks, with varying degrees of admixture contributing to the mixture of traits 

found in Europe. Others have suggested that the morphology of the MPH fossils from Mala 

Balanica could indicate the existence of source populations in the Eastern Mediterranean 

Area which had some degree of gene flow with southwest Asian hominins (Rink et al., 2013; 

Roksandic et al., 2018; Skinner et al., 2016). The Levantine corridor has been suggested to 

be the location of a central area of dispersals in Eurasia, from which hominins could have 

moved into Europe (Vialet et al., 2018), and Athreya (2007) has argued that the mosaic 

morphology of Narmada may indicate continuity between the Levant and Asia. This could 

indicate that the heterozygous Homo heidelbergensis sensu lato group identified here may 

represent a somewhat continuous source population of MPH across southeast Europe and 
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southwest Asia, while the other more distinctive specimens could be from sink populations 

which diverged through a process of isolation by distance, although the predictions of this 

model need to be clarified and empirically tested against alternative hypotheses. 

 

ADMIXTURE 

 

There has been increasing evidence of interbreeding between various hominin populations 

in recent years (Green et al., 2010; Meyer et al., 2012; Reich et al., 2011; Sánchez-Quinto 

and Lalueza-Fox, 2015), leading to a recognition that admixture may play a significant role in 

the hominin fossil record (Ackermann et al., 2016; Stringer, 2014). Interbreeding has been 

studied in primate groups (Ackermann and Bishop, 2010; Ackermann et al., 2006; 

Ackermann et al., 2014; Eichel and Ackermann, 2016), leading to an increased 

understanding of the effects that this process can have on morphology. While hybrids can fit 

within the morphotypes of the parent species, or be somewhere in between the two, 

admixture can also create transgressive hybrids, individuals that fall outside of the range of 

morphological variation within parent species, which is more likely to occur when migrants 

are rarely exchanged between populations (Ackermann et al., 2016). This can be linked to 

source-sink dynamics, as analysis of Gorilla hybridisation has indicated that admixture 

should be present at the borders of refugial (or source) populations (Ackermann and Bishop, 

2010).  

 

One of the key indicators of hybridisation, apart from transgressive morphology, is the 

existence of morphological abnormalities caused by the breakdown of developmental 

processes (Ackermann et al., 2006). Both of these morphological markers have been 

detected in the Middle and Late Pleistocene fossil record (Ackermann et al., 2016), for 

instance the abnormal enlarged parietal foramen in the Xujiayao fossil (Wu et al., 2013), and 

the presence of cranial synostosis in the SH14 specimen from Sima de los Huesos (Gracia 

et al., 2010). It is therefore plausible that admixture between diverging lineages, as well as 

between source and sink populations, directly contributed to the increased variability and 

mosaic appearance of derived traits in the Middle Pleistocene. Nevertheless, admixture also 

occurred between Homo sapiens and Homo neanderthalensis, and a considerable number 

of fossils with developmental abnormalities have been identified in the Late Pleistocene (Wu 

et al., 2013). If admixture is hypothesised to have contributed to the complex pattern of 

morphology in the MPH, it should also be expected to have affected the morphology of 

Homo sapiens and Homo neanderthalensis, which were found to be less variable than the 

MPH in this study (although the EMH and AMH did display a relatively large amount of 
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variation). Further investigation is therefore required before admixture can be accepted as a 

significant factor in the morphological pattern of the MPH.  
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10.6 - STRENGTHS AND LIMITATIONS 

 

The use of semilandmarks in the current study, while increasing the depth of morphology 

recorded for areas in between key landmarks (Freidline et al., 2015; Gunz and Mitteroecker, 

2013; Mitteroecker and Gunz, 2009; Perez et al., 2006), might have given the supraorbital 

torus and frontal squama more weight in statistical analyses than the orbital landmarks. 

Other statistical issues include the fact that PCs, used in DAs and assessment of variation, 

are not biologically meaningful in themselves and have a bias towards large scale 

differences (Baab, 2016). These were also given equal weighting in some analyses, despite 

accounting for different amounts of variation.  

 

Many of the analyses did not account for differences in sample sizes. Sample size is likely to 

have a significant impact on assessment of morphological variation (Plavcan and Cope, 

2001), with studies indicating that between 25-50 individuals are required to reliably record 

group variability in size and shape (Cardini and Elton, 2007); these sample sizes are 

generally difficult to acquire for fossil material. In order to account for the effect of small 

sample sizes, subsampling was implemented in the assessment of variation within the MPH, 

and analyses were performed with 1000 permutations where possible. Small sample sizes of 

earlier hominins, however, undoubtedly had an impact on the DAs, and may partially explain 

the low classification accuracy found for Homo erectus sensu lato specimens. 

 

Efforts were made to include as many MPH as possible from across Africa, Europe, and 

Asia. By including a considerable number of MPH that preserved the chosen morphology (14 

of an estimated 20 possible specimens; see 5.2.1), it is more likely that the results of the 

current study are representative of the Middle Pleistocene fossil record. Nevertheless, future 

studies should aim to include more of the Asian fossil record, especially given the 

questionable place of the Dali and Maba fossils, as well as more representatives of the Sima 

de los Huesos assemblage, which plays a key role in assessment of the European fossil 

record and investigation of population variability in the Middle Pleistocene. Specimens such 

as Buia, Daka, and Melka Kunture should also be included in future studies, given their 

potential ancestral link to the MPH (see section 10.2.5). This study also aimed to include as 

much real data as possible, which may be important if fossil casts are shown to be less 

reliable than previously believed (McNulty and Smith, 2009). The proportion of real data, 

however, could be expanded in future studies, especially as more digital data are being 

made accessible in recent years (Berger et al., 2015; Copes et al., 2016; Hublin, 2013a; 

Weber, 2001). 
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The reference sample is predicted to have an impact on the assessment of taxonomic 

variation in the fossil record (Plavcan and Cope, 2001), and an understanding of variation in 

closely-related extant taxa is necessary to minimise the risk of over-reporting taxic diversity 

(Wood and Boyle, 2016). As well as apes, which have reduced ecological ranges in 

comparison to the widespread MPH (Fleagle, 2013), this study included papionins as a more 

appropriate analogy of specimens inhabiting a wide ecological range (Baab, 2008; Delson, 

1978; Jolly, 2001). Efforts were made to include primate specimens from different 

subspecies where possible, allowing assessment of subspecific as well as specific and 

generic differences in morphology and variation. This is particularly important when trying to 

assess the applicability of subspecies categories in the hominin fossil record (e.g. Manzi 

2011; 2016). The application of lower taxonomic categories to fossil evidence is difficult, 

partly due to issues in the palaeoanthropological framework (Tattersall, 2017), but also due 

to the confounding effects of geographic, temporal, and individual variation (Gilbert et al., 

2003). This study used generally well-accepted taxa, based on behavioural, ecological, 

molecular, and both soft- and hard-tissue characters, and attempted to investigate the 

confounding factors independently, however, as was found here, in reality they are hard to 

separate (Wolpoff, 1980a).  

 

In order to include a suitable number of fossil specimens, many had to be reconstructed 

using various methods (see Gunz et al., 2004; Gunz et al., 2009b). This will always be an 

issue in the study of palaeoanthropological and archaeological remains, as post-depositional 

processes inevitably affect preservation. The exact effect of reconstruction is impossible to 

quantify for the current study, although it is likely that the amount of variation was reduced 

through reconstruction techniques using other fossils as templates, along with methods that 

symmetrise the craniofacial specimens (Mitteroecker and Gunz, 2009). For instance, the 

perceived similarity of the Narmada specimen to the other MPH may have been affected by 

the use of Kabwe as a template to aid the positioning of the original and reflected fossil 

specimen. Studies have indicated that the choice of reference specimens can have a 

substantial effect on reconstruction accuracy (Senck et al., 2015), although this effect is 

reduced when references are chosen based on similarity of morphology, as in the current 

study. The reference specimen choice was limited to the more complete specimens for the 

hominins, such as Kabwe and Petralona for the MPH, and further research is required to 

assess the significance of this reference choice on the recorded intragroup morphological 

variation. 

 

An assessment of the effect of morphological integration between the three areas recorded 

(orbit, supraorbital torus, and frontal squama) was not within the scope of the current project. 
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Future studies should aim to investigate this aspect, as different areas of the frontal bone are 

predicted to respond to different factors (Bruner et al., 2013). These traits are also likely to 

be related, with studies indicating that robusticity traits are correlated and functionally 

integrated (Baab et al., 2010), which may have a negative impact on the significance of 

various statistical tests which assume that traits are not covaried. While it is important to 

assess the orbital and supraorbital region in an integrative framework in order to properly 

understand their significance, it is arguably also important to break these elements into 

different, discrete features (Athreya, 2006). Geometric morphometric methods were chosen 

as an appropriate approach to quantifying and comparing variation in overall morphology, 

however they are less suited to analysis of discrete characters (Baab, 2016). Future studies 

focusing on discrete features within the supraorbital region will be necessary to corroborate 

or refute the various findings of the current study. 

 

Finally, some circular reasoning was involved in the formation of the suggested Homo 

heidelbergensis sensu lato hypodigm outlined in section 10.3; recorded orbital and 

supraorbital morphology was used to create this group, and then variation within this 

morphology was used to support its validity. Empirical tests that use other aspects of the 

suggested Homo heidelbergensis sensu lato specimens’ phenotype are required to assess 

the reliability and validity of this suggested grouping.   
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CHAPTER 11 - CONCLUSIONS AND FUTURE RESEARCH 

 

11.1 - CONCLUSIONS 

 

This study aimed to investigate the pattern of orbital and supraorbital morphology and 

variation in the MPH, in a comparative taxonomic framework. There has been extensive 

debate over the correct classification of members of this group, as well as their relationships 

to other hominins such as the Neanderthals and early Homo sapiens, due to the widely 

accepted position of the MPH as the last common ancestor of these groups. There is also 

debate over the correct naming of the MPH, due to taxonomic practices and preservational 

issues making it difficult to link the type specimen of Homo heidelbergensis to other fossils, 

although many refer to this group as Homo heidelbergensis (sensu lato). Through the 

application of a morphological species concept and geometric morphometric methods, 

orbital and supraorbital morphology was recorded using landmarks and semilandmarks, and 

compared across a range of Papio, Macaca, Gorilla, Pan, Homo, and early hominin 

specimens. Through this process, anomalous and potentially transitional MPH were 

identified, and key taxonomic differences in the recorded region were described. The 

taxonomic validity of the Middle Pleistocene group was assessed using appropriate 

principles, and relationships between these and other hominins were explored. Finally, a 

number of factors that could be expected to contribute to the high degree of morphological 

variability recorded in this group were assessed for their impact on supraorbital and orbital 

shape and variation.  

 

This study was able to provide the following conclusions based on the research questions 

outlined in 6.1: 

  

1. Orbital and supraorbital (including aspects of the frontal squama) morphology can be 

used to distinguish between closely related primate species and genera, as well as 

subspecies, although with a reduced accuracy in the case of the latter taxon 

2. MPH are distinctive if the hypodigm is restricted to include specimens with a 

sufficient degree of morphological similarity, and the previous criteria of appropriate 

age and a mixture of archaic (i.e. Homo erectus) and derived (i.e. Homo sapiens or 

Homo neanderthalensis) traits is rejected (see below) 

3. The MPH are at the higher end of expected variability for a single primate species, 

however this is likely due to the inclusion of multiple morphotypes 
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a. When key anomalous specimens (i.e. Ndutu and Sima de los Huesos 5) are 

excluded, and a restricted hypodigm applied, the variation in this group is 

within the expected range of a wide-ranging primate or hominin species, and 

assessment of intra- and intergroup variation supports the species status of 

this restricted MPH group 

b. When the MPH are separated into continental groups, the patterns of intra- 

and intergroup variation do not support the validity of these groupings as 

individual taxa, either at the subspecies or species level, regardless of 

whether wide or restricted groupings are considered 

4. Brain size was found to have a significant effect on supraorbital and orbital shape 

variation in the hominins. Date, sex, and size also had significant effects on shape, 

although they explained a lower proportion of variation in Procrustes coordinates. 

Geography was not found to have a significant effect on shape except in the case of 

certain non-hominin primate groups, or when assessed across the whole dataset 

 

The results of this study would support previous findings that Homo heidelbergensis sensu 

lato can be accepted as a taxon if the hypodigm is revised to include specimens with 

sufficient similarity, including those from Arago, Petralona, Kabwe, Bodo, Saldanha, 

Narmada, and possibly Eliye Springs. This would indicate that Homo heidelbergensis sensu 

lato were a cross-continental, monotypic species that had a presence in Asia, and 

demonstrated some degree of heterogeneity. The orbital and supraorbital morphology of this 

group can be characterised by: general large size; reduced postorbital constriction; 

continuous, rounded, superoinferiorly tall and anteroposteriorly projecting supraorbital tori; 

and increased verticality of the orbits and frontal squamae. They may also be distinguished 

by certain apomorphic traits not investigated here, including: increased basicranial flexion; 

hypopneumatisation of the frontal bone; increased relative and absolute brain size; 

lengthened parietals; and rounded occipital bones. The name Homo heidelbergensis sensu 

lato is preferred, based on the recorded similarities between the Mauer type specimen for 

this taxon, the Arago assemblage, and the fossils listed above, although if the Mauer 

mandible is shown to be more closely related to Homo neanderthalensis, then the taxonomy 

of this group will need to be revised. It is suggested that specimens such as Florisbad, 

Zuttiyeh, and Maba be excluded due to possible affinities to Homo sapiens, and Steinheim, 

Sima de los Huesos, and possibly Dali be excluded as well, due to potential affinities to 

Homo neanderthalensis. 

 

As noted by previous researchers, some traits seen in the Homo heidelbergensis sensu lato 

group are probably linked to the increased encephalisation documented in this group. This is 
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supported by the finding from this study that brain size had a significant effect on the shape 

of the supraorbital and orbital region in this group, and explained a greater proportion of 

variation than size and the interaction between brain size and size for the recorded 

supraorbital morphology. This study also found evidence that the current sex estimations for 

the MPH may be incorrect, as they led to unexpectedly large dimorphism in size, and shape 

dimorphism that did not fit within the Late Pleistocene Homo pattern. Geography and 

chronology were also found to not have significant effects on orbital and supraorbital shape 

variation within this group. It is therefore suggested that the morphological variation in this 

region is indicative of individual (or intraspecific) variation incorporating sexual dimorphism 

and allometric differences. Results would support the suggestion that Homo heidelbergensis 

sensu lato were a heterogeneous species that spanned Africa, Europe, and Asia between 

640-250 kya, and possibly earlier. 

 

11.2 - FUTURE RESEARCH  

 

This study was limited in the fossils which could be included. Future studies should aim to 

expand the sample of Middle Pleistocene specimens to include more from the Sima de los 

Huesos assemblage, as well as fossils such as Salkhit, Jinniushan, Yunxian, Hexian, and 

Nanjing in Asia. In addition, the Neanderthal, Homo sapiens and Homo erectus sensu lato 

samples could be expanded, providing better estimates of craniofacial variation within these 

hominin groups. Finally, later Early Pleistocene specimens such as Daka, Buia, and Melka 

Kunture should be included in any future studies which aim to investigate the phylogenetic 

relationships of the MPH. 

 

If this project could be extended, additional aims would include the comparison of variation in 

different regions of the craniofacial skeleton. Studies have indicated differential preservation 

of phylogenetic signals in the neurocranium and face, as well as varying levels of phenotypic 

plasticity. Different information may be obtained by examining other regions, and a more 

complete understanding of this group may be obtained by combining information from across 

the available morphology of the MPH. This would be possible through the application of 

phylogenetic geometric morphometric methods, which would allow exploration of the 

relationships between the European pre-Neanderthals that were used to form the Accretion 

hypothesis, within the Asian Pleistocene hominins, and between them and those from Africa 

and Europe. For instance, the existence of evidence for relatively early Homo sapiens in 

East Asia, along with considerable variation in this region and the existence of non-erectus 
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MPH that do not fit comfortably within the suggested restricted Homo heidelbergensis sensu 

lato hypodigm, indicates a complex evolutionary history that needs to be further investigated. 

 

If more regions of craniofacial morphology are recorded across a similar sample, the 

morphological integration between them could be investigated. This would be of particular 

relevance to the testing of integrative hypotheses that link increasing encephalisation to 

angulation of the face and frontal squama, and therefore to variation in the form of the 

supraorbital torus. Despite extensive research into the functional significance of the primate 

browridge, studies have not been extended to the hominins. The browridge varies 

considerably between hominins, with some showing large, swollen supraorbital tori (e.g. 

Homo heidelbergensis sensu lato), others showing continuous bar-like brows (e.g. 

Paranthropus and early Homo), and others showing minimal development. (e.g. recent 

Homo sapiens). The evolutionary causes of these differences have yet to be established, 

although both functional and non-functional hypotheses exist in the primate literature. Given 

the increasing access to CT data and application of biomechanical methods such as Finite 

Element Analysis, testing of certain hypotheses like neuro-orbital disjunction would be 

possible, and would allow further discussion of the evolutionary role of the supraorbital tori in 

various hominin groups.  

 

This study has provided an in-depth investigation of craniofacial variation within the MPH. It 

has demonstrated suitable methodologies for quantifying variation using geometric 

morphometric data, and used these methods to directly compare the variation in the MPH to 

that found in suitable analogous primate and hominin species. By doing so, it has provided a 

hypothetical hypodigm of Homo heidelbergensis sensu lato, and identified MPH which 

should be investigated further within an evolutionary context. Future studies should aim to 

test this hypodigm using information from other regions of the craniofacial complex, to bring 

more clarity to the taxonomic status of this enigmatic hominin group.   
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APPENDIX I - GEOGRAPHIC COORDINATES OF SPECIMENS 

 

 

Specimen  Taxonomic Classification Latitude Longitude Specimen  Taxonomic Classification Latitude Longitude 

RMCA 2263 Gorilla beringei beringei -1.29 29.23 RMCA 27840 Gorilla beringei graueri -1.40 27.30 

USNM 545026 Gorilla beringei beringei -1.43 29.55 RMCA 29102 Gorilla beringei graueri -1.45 27.58 

USNM 545027 Gorilla beringei beringei -1.43 29.55 RMCA 29104 Gorilla beringei graueri -1.26 26.23 

USNM 545029 Gorilla beringei beringei -1.43 29.55 RMCA 31132 Gorilla beringei graueri -2.20 27.36 

USNM 545030 Gorilla beringei beringei -1.43 29.55 RMCA 31133 Gorilla beringei graueri -2.20 27.36 

USNM 545031 Gorilla beringei beringei -1.43 29.55 RMCA 34476 Gorilla beringei graueri -2.28 28.47 

RMCA 2257 Gorilla beringei beringei -1.29 29.23 RMCA 86.044 M13 Gorilla beringei graueri -1.00 27.06 

RMCA 2260 Gorilla beringei beringei -1.29 29.23 USNM 260582 Gorilla beringei graueri -2.42 27.20 

USNM 395636 Gorilla beringei beringei -1.43 29.55 RMCA 804 Gorilla beringei graueri -4.05 29.05 

USNM 396934 Gorilla beringei beringei -1.51 29.45 RMCA 994 Gorilla beringei graueri -4.05 29.05 

USNM 545028 Gorilla beringei beringei -1.43 29.55 RMCA 999 Gorilla beringei graueri -4.05 29.05 

USNM 545034 Gorilla beringei beringei -1.43 29.55 RMCA 1000 Gorilla beringei graueri -4.05 29.05 

USNM 545035 Gorilla beringei beringei -1.43 29.55 RMCA 1001 Gorilla beringei graueri -4.05 29.05 

ZD.1922.2.10.1 Gorilla beringei beringei -1.00 29.00 RMCA 8187 Gorilla beringei graueri -1.15 28.16 

RMCA 812 Gorilla beringei graueri -4.05 29.05 RMCA 18739 Gorilla beringei graueri -0.09 29.13 

RMCA 995 Gorilla beringei graueri -4.05 29.05 RMCA 22762 Gorilla beringei graueri -2.42 27.20 

RMCA 11725 Gorilla beringei graueri -0.09 29.13 RMCA 22763 Gorilla beringei graueri -2.42 27.20 

RMCA 14769 Gorilla beringei graueri -2.42 27.20 RMCA 22905 Gorilla beringei graueri -0.09 29.13 

RMCA 15352 Gorilla beringei graueri -0.06 29.16 RMCA 29099 Gorilla beringei graueri -1.45 27.58 

RMCA 15353 Gorilla beringei graueri -0.06 29.16 RMCA 29100 Gorilla beringei graueri -1.45 27.58 

RMCA 15355 Gorilla beringei graueri -0.06 29.16 RMCA 29103 Gorilla beringei graueri -1.26 26.23 

RMCA 15356 Gorilla beringei graueri -0.06 29.16 RMCA 31131 Gorilla beringei graueri -2.20 27.36 

RMCA 15357 Gorilla beringei graueri -0.06 29.16 RMCA 86.044-M-0014 Gorilla beringei graueri -1.38 27.06 

RMCA 15363 Gorilla beringei graueri -0.06 29.16 RMCA 86.044-M-0016 Gorilla beringei graueri -1.38 27.06 

RMCA 21533 Gorilla beringei graueri -0.09 29.13 RMCA 9220 Gorilla beringei graueri -1.00 28.00 

RMCA 21534 Gorilla beringei graueri -0.09 29.13 ZD.1929.11.29.1 Gorilla beringei graueri -2.00 29.17 

RMCA 22904 Gorilla beringei graueri -0.09 29.13 USNM 590946 Gorilla gorilla dielhi 6.06 9.43 

RMCA 27839 Gorilla beringei graueri -1.40 27.30 USNM 590947 Gorilla gorilla dielhi 6.13 9.26 

Table A.I.I – Tables of specimens used in geographic analyses in Chapter 10, with latitude and longitude (9 tables) 

 

Table A.I.I – Tables of specimens used in geographic analyses in Chapter 10, with latitude and longitude (9 tsblrd) 

 

Table A.I.I – Tables of specimens used in geographic analyses in Chapter 10, with latitude and longitude (9 tables) 

 

Table A.I.I – Tables of specimens used in geographic analyses in Chapter 10, with latitude and longitude (9 tsblrd) 
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Specimen  Taxonomic Classification Latitude Longitude Specimen  Taxonomic Classification Latitude Longitude 

USNM 590948 Gorilla gorilla dielhi 6.13 9.26 ZD.1949.664 Gorilla gorilla gorilla 3.40 15.71 

USNM 590951 Gorilla gorilla dielhi 5.13 9.34 USNM 252577 Gorilla gorilla gorilla 1.63 13.73 

USNM 590956 Gorilla gorilla dielhi 6.01 9.46 Merfield 28 Gorilla gorilla gorilla 3.50 11.50 

USNM 590957 Gorilla gorilla dielhi 6.10 9.56 Merfield 372 Gorilla gorilla gorilla 3.92 13.88 

USNM 590963 Gorilla gorilla dielhi 6.15 9.61 F.C.130 Gorilla gorilla gorilla 0.88 15.07 

USNM 590950 Gorilla gorilla dielhi 6.02 9.34 USNM 174714 Gorilla gorilla gorilla -1.59 9.43 

USNM 590953 Gorilla gorilla dielhi 6.02 9.34 ZD.1913.2.2.1 Gorilla gorilla gorilla 5.97 8.70 

USNM 590955 Gorilla gorilla dielhi 6.01 9.46 ZD.1939.920 Gorilla gorilla gorilla -2.53 9.45 

USNM 590958 Gorilla gorilla dielhi 9.56 5.90 ZD.1939.924 Gorilla gorilla gorilla -1.57 9.25 

USNM 590959 Gorilla gorilla dielhi 5.92 9.60 ZD.1948.435 Gorilla gorilla gorilla 6.25 9.17 

USNM 590967 Gorilla gorilla dielhi 9.53 6.16 ZD.1949.663 Gorilla gorilla gorilla 3.40 15.71 

USNM 590968 Gorilla gorilla dielhi 6.12 9.60 Zenker VI 32 Gorilla gorilla gorilla 2.83 11.17 

Cameroon I 139 Gorilla gorilla gorilla 3.67 12.00 RMCA 9338 (REAL) Pan paniscus 0.10 21.00 

Cameroon I 96 Gorilla gorilla gorilla 3.97 12.02 RMCA 11351 Pan paniscus 1.14 19.48 

French Congo 208 Gorilla gorilla gorilla 3.50 15.33 RMCA 11352 Pan paniscus 1.30 21.03 

French Congo 217 Gorilla gorilla gorilla 3.50 15.33 RMCA 13201 Pan paniscus -1.15 23.25 

Merfield 139 Gorilla gorilla gorilla 3.75 13.75 RMCA 15296 Pan paniscus 0.25 25.20 

Merfield 786 Gorilla gorilla gorilla 4.00 14.42 RMCA 20882 Pan paniscus -2.10 16.15 

USNM 252575 Gorilla gorilla gorilla 1.63 13.73 RMCA 26991 Pan paniscus -0.24 25.30 

USNM 252576 Gorilla gorilla gorilla 1.63 13.73 RMCA 27012 Pan paniscus -0.24 25.30 

USNM 252579 Gorilla gorilla gorilla 1.63 13.73 RMCA 27698 Pan paniscus -0.24 25.30 

USNM 252580 Gorilla gorilla gorilla 1.63 13.73 RMCA 29034 Pan paniscus 0.35 22.27 

USNM 252575 Gorilla gorilla gorilla 1.63 13.73 RMCA 29035 Pan paniscus 0.35 22.27 

USNM 252576 Gorilla gorilla gorilla 1.63 13.73 RMCA 29040 Pan paniscus 0.33 20.07 

USNM 252579 Gorilla gorilla gorilla 1.63 13.73 RMCA 29042 Pan paniscus 0.33 20.07 

USNM 252580 Gorilla gorilla gorilla 1.63 13.73 RMCA 29045 Pan paniscus 1.02 23.16 

ZD.1907.1.8.4 Gorilla gorilla gorilla 7.00 9.00 RMCA 29059 Pan paniscus -3.48 21.24 

ZD.1907.1.8.5 Gorilla gorilla gorilla 7.00 9.00 RMCA 29060 Pan paniscus -3.48 21.24 

ZD.1907.1.8.7 Gorilla gorilla gorilla 7.00 9.00 RMCA 29065 Pan paniscus -3.18 23.57 

ZD.1923.11.29.8 Gorilla gorilla gorilla -0.88 14.82 RMCA 11149 Pan paniscus 0.35 22.27 

ZD.1939.907 Gorilla gorilla gorilla 1.59 9.74 RMCA 13202 Pan paniscus -0.47 22.56 

ZD.1939.927 Gorilla gorilla gorilla -0.82 9.95 RMCA 15294 Pan paniscus 0.25 25.20 

ZD.1948.3.31.1 Gorilla gorilla gorilla 2.00 11.17 RMCA 15295 Pan paniscus 0.25 25.20 
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Specimen  Taxonomic Classification Latitude Longitude Specimen  Taxonomic Classification Latitude Longitude 

RMCA 20881 Pan paniscus -2.10 16.15 USNM 174707 Pan troglodytes troglodytes -1.59 9.43 

RMCA 27005 Pan paniscus -0.24 25.30 USNM 174702 Pan troglodytes troglodytes -1.59 9.43 

RMCA 27696 Pan paniscus -0.24 25.30 ZD.1924.8.6.1 Pan troglodytes troglodytes 3.65 9.97 

RMCA 27699 Pan paniscus -0.24 25.30 ZD.1939.3362 Pan troglodytes troglodytes -2.54 9.77 

RMCA 29036 Pan paniscus 0.35 22.27 ZD.1939.3363 Pan troglodytes troglodytes -2.54 9.77 

RMCA 29037 Pan paniscus 0.35 22.27 ZD.1939.3365 Pan troglodytes troglodytes -2.54 9.77 

RMCA 29038 Pan paniscus 0.35 22.27 ZD.1939.3369 Pan troglodytes troglodytes 2.77 10.70 

RMCA 29039 Pan paniscus 0.35 22.27 USNM 220065 Pan troglodytes troglodytes -1.59 9.43 

RMCA 29050 Pan paniscus 0.22 24.55 USNM 220326 Pan troglodytes troglodytes -1.91 9.51 

RMCA 29052 Pan paniscus -0.35 25.17 USNM 220327 Pan troglodytes troglodytes -0.72 9.72 

RMCA 29063 Pan paniscus -2.09 16.14 USNM 599172 Pan troglodytes troglodytes 2.12 9.97 

RMCA 29064 Pan paniscus -1.55 18.20 Cameroon 200 Pan troglodytes troglodytes 3.87 11.52 

RMCA 84.036-M-0009 Pan paniscus -0.04 25.17 Cameroon 74 Pan troglodytes troglodytes 3.08 10.08 

RMCA 84.036-M-0010 Pan paniscus -0.04 25.17 Cameroon II 62 Pan troglodytes troglodytes 3.50 10.08 

Cameroon 147 Pan troglodytes troglodytes 3.97 12.02 Merfield 254 3rd Pan troglodytes troglodytes 3.25 13.50 

Cameroon 204 Pan troglodytes troglodytes 3.87 11.52 Merfield 440 Pan troglodytes troglodytes 3.90 13.77 

Merfield 169 Pan troglodytes troglodytes 4.33 14.12 Merfield 984 Pan troglodytes troglodytes 3.92 13.88 

Merfield 273 Pan troglodytes troglodytes 3.75 14.25 Merfield 988 Pan troglodytes troglodytes 3.92 13.88 

Merfield 467 Pan troglodytes troglodytes 3.90 13.77 Zenker VI 34 Pan troglodytes troglodytes 2.83 11.17 

Cameroon 216 Pan troglodytes troglodytes 3.87 11.52 Zenker VII 0.2 Pan troglodytes troglodytes 3.08 10.42 

Merfield 181 Pan troglodytes troglodytes 4.33 14.12 Zenker VII 24 Pan troglodytes troglodytes 3.17 10.33 

Merfield 352 Pan troglodytes troglodytes 3.92 13.88 ZD.1986.214 Pan troglodytes troglodytes 3.88 10.28 

Merfield 450 Pan troglodytes troglodytes 3.90 13.77 ZD.1939.3370 Pan troglodytes troglodytes -0.50 17.70 

Merfield 475 1st Pan troglodytes troglodytes 3.90 13.77 ZD.1920.4.13.2 Pan troglodytes schweinfurthii -1.00 29.50 

Merfield 803 Pan troglodytes troglodytes 3.92 13.88 ZD.1920.10.21.4 Pan troglodytes schweinfurthii -1.38 29.58 

Merfield 873 Pan troglodytes troglodytes 4.00 14.42 ZD.1927.1.4.1 Pan troglodytes schweinfurthii -6.00 30.00 

ZD.1936.7.7.2 Pan troglodytes troglodytes 3.75 12.25 RMCA 8341 Pan troglodytes schweinfurthii 2.51 24.34 

ZD.1939.3366 Pan troglodytes troglodytes -2.54 9.77 RMCA 9655 Pan troglodytes schweinfurthii 2.44 23.46 

ZD.1939.3367 Pan troglodytes troglodytes -2.54 9.77 RMCA 26989 Pan troglodytes schweinfurthii -0.24 25.30 

ZD.1939.3383 Pan troglodytes troglodytes 3.17 10.33 RMCA 29074 Pan troglodytes schweinfurthii -1.45 27.58 

ZD.1939.957 Pan troglodytes troglodytes 2.77 10.70 RMCA 29079 Pan troglodytes schweinfurthii -0.06 29.46 

ZD.1939.965 Pan troglodytes troglodytes 3.08 10.42 RMCA 29080 Pan troglodytes schweinfurthii 2.21 18.47 

USNM 174701 Pan troglodytes troglodytes -1.59 9.43 RMCA 29086 Pan troglodytes schweinfurthii -4.09 26.30 
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Specimen  Taxonomic Classification Latitude Longitude Specimen  Taxonomic Classification Latitude Longitude 

RMCA 29088 Pan troglodytes schweinfurthii 1.36 19.08 Merfield 234 Pan troglodyte ellioti 4.50 10.50 

RMCA 83.006-M-0032 Pan troglodytes schweinfurthii 0.28 25.33 ZD.1907.7.1.8.8 Pan troglodyte ellioti 5.95 8.63 

RMCA 83.006-M-0034 Pan troglodytes schweinfurthii 0.28 25.33 ZD.1917.12.16.1 Pan troglodyte ellioti 7.98 10.83 

USNM 236971 Pan troglodytes schweinfurthii 1.75 31.58 ZD.1976.1797 Pan troglodyte ellioti 6.85 2.95 

ZD.1887.12.2.1 Pan troglodytes schweinfurthii 6.75 -11.27 ZD.1979.1798 Pan troglodyte ellioti 6.85 2.95 

RMCA 9289 Pan troglodytes schweinfurthii -1.10 17.11 M-161115 Papio anubis -3.03 35.56 

M-51203 Pan troglodytes schweinfurthii 2.39 27.30 ZD.1901.8.9.23 Papio anubis 0.63 36.28 

M-51209 Pan troglodytes schweinfurthii 2.39 27.30 ZD.1908.8.9.41 Papio anubis 2.28 31.68 

M-51278 Pan troglodytes schweinfurthii 2.93 26.83 ZD.1908.8.9.42 Papio anubis 2.28 31.68 

M-51377 Pan troglodytes schweinfurthii 3.73 29.70 ZD.1914.3.8.2 Papio anubis 13.08 34.00 

M-51379 Pan troglodytes schweinfurthii 3.73 29.70 ZD.1923.3.4.3 Papio anubis -0.20 36.83 

M-51381 Pan troglodytes schweinfurthii 2.93 26.83 ZD.1924.8.6.16 Papio anubis 7.08 10.08 

M-51382 Pan troglodytes schweinfurthii 2.42 26.44 ZD.1930.12.1.2 Papio anubis 1.75 31.58 

ZD.1901.8.9.10 Pan troglodytes schweinfurthii 0.50 30.50 ZD.1962.25 Papio anubis -0.20 36.83 

ZD.1922.12.19.1 Pan troglodytes schweinfurthii 0.83 29.00 ZD.1964.2194 Papio anubis 6.17 37.83 

Merfield C259 Pan troglodytes schweinfurthii 1.25 28.00 C.139 Papio anubis 2.33 31.33 

M-51205 Pan troglodytes schweinfurthii 3.73 29.70 C.438 Papio anubis -0.67 29.67 

RMCA 12014 Pan troglodytes schweinfurthii -7.04 29.45 N.N.304 Papio anubis 7.08 18.33 

RMCA 12089 Pan troglodytes schweinfurthii -7.04 29.45 U.222 Papio anubis 0.67 36.17 

M-89351 Pan troglodytes verus 28.02 96.23 RCS(OM) A92.28 Papio anubis -3.25 36.73 

M-89354 Pan troglodytes verus 28.02 96.23 USNM 397476 Papio anubis -1.98 3.00 

USNM 477333 Pan troglodytes verus 5.35 -7.37 M-52678 Papio anubis 3.73 29.70 

USNM 481803 Pan troglodytes verus 6.22 -8.13 M-55446 Papio anubis -6.83 36.98 

ZE.1968.7.5.10 Pan troglodytes verus 7.23 -11.55 ZD.1899.7.8.1 Papio anubis 13.85 122.25 

ZE.1968.7.5.11 Pan troglodytes verus 7.83 -11.17 ZD.1900.3.18.1 Papio anubis -1.52 37.27 

M-89353 Pan troglodytes verus 6.55 -7.50 ZD.1902.9.2.1 Papio anubis 7.67 28.07 

M-89355 Pan troglodytes verus 6.55 -7.50 ZD.1904.11.5.2 Papio anubis -0.72 37.15 

RMCA 31489 Pan troglodytes verus 6.28 8.54 ZD.1906.11.1.6 Papio anubis 9.40 41.95 

RMCA 35122 Pan troglodytes verus 7.10 -9.20 ZD.1913.10.18.2 Papio anubis -0.92 35.50 

USNM-481804 Pan troglodytes verus 6.22 -8.13 ZD.1913.10.18.3 Papio anubis 0.63 36.28 

ZD.1986.213 Pan troglodytes verus 7.32 -11.30 ZD.1918.11.8.1 Papio anubis -1.17 36.50 

ZE.1968.7.5.7 Pan troglodytes verus 7.32 -11.30 ZD.1922.12.19.6 Papio anubis 0.83 29.83 

ZE.1968.7.5.8 Pan troglodytes verus 8.10 -11.58 ZD.1924.2.25.1 Papio anubis -2.50 33.00 
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Specimen  Taxonomic Classification Latitude Longitude Specimen  Taxonomic Classification Latitude Longitude 

ZD.1925.5.12.1 Papio anubis 19.00 8.67 ZD.1961.790 Papio kindae -13.25 24.17 

ZD.1930.12.1.1 Papio anubis 1.75 31.58 ZD.1967.1658 Papio kindae -15.03 25.92 

ZD.1935.2.14.1 Papio anubis 0.47 33.00 ZD.1967.1659 Papio kindae -15.27 25.97 

ZD.1939.1021 Papio anubis 19.00 8.67 ZD.1969.555 Papio kindae -14.38 26.28 

ZD.1939.1033 Papio anubis 4.58 36.05 ZD.1969.556 Papio kindae -14.62 26.62 

ZD.1947.586 Papio anubis 8.92 -11.82 ZD.1969.561 Papio kindae -14.98 26.02 

ZD.1951.532 Papio anubis 3.63 31.80 M-102018 Macaca fascicularis -6.88 108.40 

ZD.1971.2352 Papio anubis 9.50 -2.00 M-103652 Macaca fascicularis -1.82 109.95 

ZD.1971.2355 Papio anubis 9.42 0.62 M-103662 Macaca fascicularis -1.82 109.95 

ZD.1973.1291 Papio anubis -3.25 36.73 M-106285 Macaca fascicularis -1.93 111.82 

Cam.II.85 Papio anubis 7.00 13.00 M-107094 Macaca fascicularis 0.42 109.75 

U.144 Papio anubis 0.67 36.33 M-107095 Macaca fascicularis 0.42 109.75 

M-161737 Papio cynocephalus -12.52 34.18 M-107096 Macaca fascicularis 0.42 109.75 

ZD.1897.10.1.11 Papio cynocephalus -15.37 35.37 M-107100 Macaca fascicularis 0.32 109.90 

ZD.1924.1.1.4 Papio cynocephalus -6.82 37.00 M-107556 Macaca fascicularis -8.12 115.10 

ZD.1924.1.1.6 Papio cynocephalus -6.82 37.00 M-30622 Macaca fascicularis 4.13 117.78 

ZD.1924.1.1.7 Papio cynocephalus -6.37 37.32 ZD.1894.6.12.13 Macaca fascicularis 4.58 113.97 

ZD.1972.1291 Papio cynocephalus -3.25 36.73 ZD.1903.2.6.4 Macaca fascicularis 6.53 101.23 

ZD.1916.2.26.2 Papio kindae -15.28 29.98 ZD.1908.1.25.1 Macaca fascicularis 2.80 104.22 

ZD.1961.734 Papio kindae -13.25 24.17 ZD.1909.4.1.26 Macaca fascicularis 1.00 104.50 

ZD.1961.737 Papio kindae -13.25 24.17 ZD.1909.4.1.35 Macaca fascicularis 1.00 103.33 

ZD.1961.753 Papio kindae -13.25 24.17 ZD.1910.12.24.1 Macaca fascicularis 16.45 97.64 

ZD.1961.756 Papio kindae -13.25 24.17 ZD.1910.4.5.20 Macaca fascicularis -0.97 114.87 

ZD.1961.758 Papio kindae -13.25 24.17 ZD.1914.12.8.11 Macaca fascicularis 10.15 98.60 

ZD.1961.762 Papio kindae -13.25 24.17 ZD.1914.12.8.17 Macaca fascicularis 12.08 99.00 

ZD.1961.764 Papio kindae -13.25 24.17 ZD.1939.181 Macaca fascicularis 3.15 101.71 

ZD.1961.768 Papio kindae -13.25 24.17 ZD.1939.892 Macaca fascicularis 12.70 100.78 

ZD.1961.772 Papio kindae -13.25 24.17 ZD.1939.894 Macaca fascicularis 8.70 106.60 

ZD.1961.773 Papio kindae -13.25 24.17 ZD.1951.67 Macaca fascicularis 2.71 113.78 

ZD.1961.775 Papio kindae -13.25 24.17 ZD.1955.1523 Macaca fascicularis 5.78 103.02 

ZD.1961.782 Papio kindae -13.25 24.17 M-102763 Macaca fascicularis -2.97 104.77 

ZD.1961.784 Papio kindae -13.25 24.17 M-103644 Macaca fascicularis -1.82 109.95 

ZD.1961.785 Papio kindae -13.25 24.17 M-107562 Macaca fascicularis -8.20 114.45 

 
  



 

Page 518 of 547 
 

  

 



 

Page 519 of 547 
 

Specimen  Taxonomic Classification Latitude Longitude Specimen  Taxonomic Classification Latitude Longitude 

M-187215 Macaca fascicularis 16.33 121.56 KAS-218 Macaca fuscata fuscata 35.07 135.84 

ZD.1909.1.5.24 Macaca fascicularis -7.68 108.67 KAS-23 Macaca fuscata fuscata 33.25 131.52 

ZD.1909.4.1.31 Macaca fascicularis 1.00 103.42 KAS-245 Macaca fuscata fuscata 35.15 139.11 

ZD.1914.8.22.3 Macaca fascicularis 13.75 99.42 KAS-288 Macaca fuscata yakui 30.35 130.51 

ZD.1919.11.12.8 Macaca fascicularis -1.90 101.30 KAS-290 Macaca fuscata yakui 30.35 130.51 

ZD.1939.180 Macaca fascicularis 3.15 101.71 KAS-294 Macaca fuscata yakui 30.35 130.51 

ZD.1939.891 Macaca fascicularis 12.70 100.78 KAS-302 Macaca fuscata yakui 30.35 130.51 

ZD.1955.1510 Macaca fascicularis 3.73 101.25 KAS-303 Macaca fuscata yakui 30.35 130.51 

ZD.1955.1511 Macaca fascicularis 6.53 99.17 KAS-279 Macaca fuscata yakui 30.35 130.51 

ZD.1955.1513 Macaca fascicularis 1.42 103.91 M-112740 Macaca mulatta 16.70 98.57 

M-107559 Macaca fascicularis -5.75 112.57 M-112971 Macaca mulatta 26.35 96.15 

ZD.1955.1519 Macaca fascicularis 6.37 96.67 M-112972 Macaca mulatta 25.87 95.57 

ZD.1955.1520 Macaca fascicularis 2.45 104.52 M-27573 Macaca mulatta 18.88 109.70 

ZD.1955.1522 Macaca fascicularis 9.50 100.00 M-27574 Macaca mulatta 18.88 109.70 

ZD.1955.1524 Macaca fascicularis 2.80 104.22 M-27578 Macaca mulatta 18.88 109.70 

ZD.1955.1527 Macaca fascicularis 2.30 104.12 M-54679 Macaca mulatta 16.03 99.24 

M-102015 Macaca fascicularis -6.88 108.40 M-60038 Macaca mulatta 18.75 109.65 

M-106565 Macaca fascicularis -3.22 102.55 ZD.1845.1.8.5 Macaca mulatta 27.72 85.52 

ZD.1876.10.4.9 Macaca fascicularis 15.00 121.00 ZD.1897.6.5.2 Macaca mulatta 27.33 117.50 

ZD.1909.11.1.2 Macaca fascicularis 6.58 99.67 ZD.1914.7.10.3 Macaca mulatta 29.83 79.75 

ZD.1955.1508 Macaca fascicularis 2.58 104.33 ZD.1914.7.10.4 Macaca mulatta 29.38 79.46 

ZD.1955.1518 Macaca fascicularis 2.67 103.77 ZD.1914.7.10.6 Macaca mulatta 29.83 79.75 

ZD.1905.11.3.4 Macaca fuscata 30.33 130.50 ZD.1915.5.5.5 Macaca mulatta 25.97 95.78 

ZD.1905.11.8.5 Macaca fuscata 30.33 130.50 ZD.1915.9.1.1 Macaca mulatta 27.03 88.25 

ZD.1906.1.4.3 Macaca fuscata 34.00 134.25 ZD.1921.7.9.4 Macaca mulatta 25.80 93.07 

M-201287 Macaca fuscata 36.20 138.25 ZD.1931.1.11.12 Macaca mulatta 26.50 93.97 

ZD.1842.1.19.95 Macaca fuscata 30.33 130.50 ZD.1931.1.11.13 Macaca mulatta 28.02 96.23 

ZD.1905.11.3.1 Macaca fuscata 30.33 130.50 ZD.1931.1.11.14 Macaca mulatta 28.02 96.23 

ZD.1905.11.3.2 Macaca fuscata 30.33 130.50 ZD.1931.1.11.26 Macaca mulatta 23.70 94.16 

ZD.1905.11.3.3 Macaca fuscata 30.33 130.50 ZD.1931.1.11.3 Macaca mulatta 21.00 73.67 

ZD.1939.1050 Macaca fuscata 34.00 134.25 ZD.1937.12.3.75 Macaca mulatta 25.42 97.25 

KAS-19 Macaca fuscata fuscata 34.48 134.23 ZD.1972.1333 Macaca mulatta 25.97 95.78 

KAS-26 Macaca fuscata fuscata 33.25 131.52 M-26646 Macaca mulatta 20.02 110.33 
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Specimen  Taxonomic Classification Latitude Longitude Specimen  Taxonomic Classification Latitude Longitude 

M-43086 Macaca mulatta 25.02 98.48 ESC11 SK5183 Homo sapiens 50.84 -0.78 

M-54816 Macaca mulatta 15.85 99.12 ESC11 SK2322 Homo sapiens 50.84 -0.78 

M-57039 Macaca mulatta 38.03 114.47 ESC11 SK3310 Homo sapiens 50.84 -0.78 

M-84474 Macaca mulatta 24.48 118.40 ESC11 SK1105 Homo sapiens 50.84 -0.78 

ZD.1841.12.25.1 Macaca mulatta 24.97 82.83 ESC11 SK2504 Homo sapiens 50.84 -0.78 

ZD.1843.5.27.2 Macaca mulatta 22.70 78.20 ESC11 SK4309 Homo sapiens 50.84 -0.78 

ZD.1845.1.8.223 Macaca mulatta 27.72 85.52 EU.1.5.105 Homo sapiens 51.47 -2.18 

ZD.1910.10.19.5 Macaca mulatta 23.70 94.48 EU.3.5.01/712 Homo sapiens 59.13 -3.30 

ZD.1914.7.10.1 Macaca mulatta 29.83 79.75 1583 Homo sapiens 25.73 32.62 

ZD.1921.7.9.3 Macaca mulatta 21.76 72.12 3275 Homo sapiens 25.73 32.61 

ZD.1922.5.16.2 Macaca mulatta 27.17 85.50 F 161 Homo sapiens 31.23 29.96 

ZD.1923.11.4.1 Macaca mulatta 33.92 73.42 1627 Homo sapiens 25.73 32.62 

ZD.1923.9.1.118 Macaca mulatta 32.10 76.27 3276 Homo sapiens 25.73 32.61 

ZD.1926.10.8.7 Macaca mulatta 22.00 92.00 4300 Homo sapiens 26.18 31.92 

ZD.1931.1.11.8 Macaca mulatta 26.83 89.33 5096 Homo sapiens 31.88 34.92 

ZD.1937.12.3.76 Macaca mulatta 22.80 95.93 EU.1.4.20 Homo sapiens 52.23 -0.27 

T4/8 Macaca mulatta 33.33 75.82 EU.1.4.92 Homo sapiens 57.80 -7.07 

RCSOM/B 27 Homo sapiens 52.80 -1.40 EU.1.3.278 Homo sapiens 57.80 -7.07 

RCSOM/B 124 Homo sapiens 52.80 -1.40 EU.1.4.3 Homo sapiens 51.69 -1.24 

RCSOM/B 14 Homo sapiens 52.80 -1.40 EU.1.4.96 Homo sapiens 57.80 -7.07 

RCSOM/B 17 Homo sapiens 52.80 -1.40 JT12/198 Homo sapiens 53.87 -0.59 

RCSOM/B 57 Homo sapiens 52.80 -1.40 EU.1.3.172 Homo sapiens 51.87 -1.94 

RCSOM/B 1 Homo sapiens 52.80 -1.40 EU.1.3.240 Homo sapiens 53.58 -1.38 

RCSOM/B 110 Homo sapiens 52.80 -1.40 242 Homo sapiens 52.26 0.03 

RCSOM/B 71 Homo sapiens 52.80 -1.40 EU.1.3.5 Homo sapiens 53.84 -0.43 

RCSOM/B 94 Homo sapiens 52.80 -1.40 1029 Homo sapiens 53.96 -1.09 

RCSOM/B nn28 Homo sapiens 52.80 -1.40 EU.1.2.362 Homo sapiens 53.04 -0.97 

RCSOM/B 105 Part 1 Homo sapiens 52.80 -1.40 EU.1.2.225 Homo sapiens 52.37 0.43 

ESC11 SK1606 Homo sapiens 50.84 -0.78 EU.1.2.266 Homo sapiens 53.95 -1.06 

ESC11 SK4606 Homo sapiens 50.84 -0.78 EU.1.2.284 Homo sapiens 51.73 -1.45 

ESC11 SK2241 Homo sapiens 50.84 -0.78 443 Homo sapiens 52.18 -0.04 

ESC11 SK3638 Homo sapiens 50.84 -0.78 EU.1.1.113 Homo sapiens 52.21 0.12 

ESC11 SK4611 Homo sapiens 50.84 -0.78 EU.1.1.27 Homo sapiens 52.20 0.12 
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Specimen  Taxonomic Classification Latitude Longitude Specimen  Taxonomic Classification Latitude Longitude 

EU.1.1.9 Homo sapiens 52.20 0.12 6073/MIC 001 Homo sapiens -1.36 176.45 

1749 Homo sapiens 3.79 21.48 AF 1376 Homo sapiens 13.46 33.30 

4220 Homo sapiens 31.70 34.94 EU.1.5.076 Homo sapiens 53.37 -1.20 

5041 Homo sapiens -22.35 46.83 EU.1.5.082/39 Homo sapiens 51.34 -1.75 

1204/SAS 13 Homo sapiens 36.53 75.16 MEL 382 Homo sapiens -9.65 160.16 

1811/POL 105 Homo sapiens -12.50 177.07 MEL 396 Homo sapiens -7.98 157.49 

AM.44.0.2 Homo sapiens -33.05 -71.61 MEL 406/OC.14.0.2 Homo sapiens 34.02 -119.77 

AM.45.0.1 Homo sapiens -54.81 -68.32 MEL 483/OC.19.0.1 Homo sapiens -17.71 178.07 

ANI 047 Homo sapiens 7.08 93.80 NA 087/1861 Homo sapiens 49.21 -122.91 

OC.3.0.3 Homo sapiens -20.92 142.70 SA 008 Homo sapiens 4.79 115.27 

1778 Homo sapiens 8.05 -2.81 SEA 061 Homo sapiens 1.55 110.36 

1082/BK.FOL.63 Homo sapiens -2.27 40.90 1777 Homo sapiens -5.85 13.46 

1798/POL 067 Homo sapiens -17.65 -149.43 EU.45.4.1 Homo sapiens 39.95 4.11 

4576/SEA 065 Homo sapiens 1.55 110.36 5064 Homo sapiens 35.24 24.81 

5423/AF 1177 Homo sapiens 10.19 6.26 99/6689 Homo sapiens 72.70 -77.96 

AF.15.0.14 Homo sapiens 9.45 45.30 99/6690 Homo sapiens 72.70 -77.96 

ANI 23 Homo sapiens 12.50 92.75 Gambles Cave IV Homo sapiens 0.55 36.09 

MEL 478 Homo sapiens -21.49 165.59 Wajak I Homo sapiens -7.63 111.19 

1773 Homo sapiens 30.55 31.78 Ofnet 4K1802 Homo sapiens 48.82 10.45 

5343 Homo sapiens 15.65 32.48 Ofnet 4K1811 Homo sapiens 48.82 10.45 

4434/AF 1195 Homo sapiens 6.75 -1.52 La Brea woman Homo sapiens 34.06 -118.36 

4556/SEA 045 Homo sapiens 1.55 110.36 Kennewick Man Homo sapiens 46.21 -119.14 

AF.21.0.6/AF 886 Homo sapiens 3.12 35.60 Matjes River Homo sapiens -34.01 23.42 

AF.23.0.19 Homo sapiens -1.33 31.81 Fish Hoek I Homo sapiens -34.13 18.42 

CA 010 Homo sapiens 14.23 -61.35 Oberkassel I Homo sapiens 50.72 7.16 

SA 006/2017 Homo sapiens -20.23 -70.14 Oberkassel II Homo sapiens 50.72 7.16 

1717 Homo sapiens 28.29 -16.63 Tepexpan I Homo sapiens 19.62 -98.94 

1731 Homo sapiens -8.84 13.29 Keilor Homo sapiens -37.71 144.83 

5060 Homo sapiens -1.31 11.28 Brunn III Homo sapiens 49.20 16.61 

5332 Homo sapiens 62.04 129.68 Zhoukoudian UC 101 Homo sapiens 39.69 115.93 

1168/2133 Homo sapiens -31.25 146.92 Zhoukoudian UC 102 Homo sapiens 39.69 115.93 

1250/SAS15 Homo sapiens 34.09 71.16 Furfooz I Homo sapiens 50.22 4.96 

1812/POL 099 Homo sapiens -12.50 177.07 Brno II Homo sapiens 49.20 16.61 
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Specimen  Taxonomic Classification Latitude Longitude Specimen  Taxonomic Classification Latitude Longitude 

Dolní Věstonice III Homo sapiens 48.89 16.64 Zuttiyeh MPH 32.86 35.53 

Předmostí IV Homo sapiens 49.47 17.44 Tabun I Homo neanderthalensis 32.67 34.95 

Abri Pataud Homo sapiens 44.94 1.01 La Quina H5 Homo neanderthalensis 45.51 0.29 

Cro-Magnon II Homo sapiens 44.94 1.01 Spy 1 Homo neanderthalensis 50.48 4.70 

Combe Capelle Homo sapiens 44.75 0.85 La Chapelle Homo neanderthalensis 44.99 1.73 

Cro-Magnon 1 Homo sapiens 44.94 1.01 Guattari Homo neanderthalensis 41.24 13.05 

Předmostí 3 Homo sapiens 49.47 17.44 Gibraltar 1 Homo neanderthalensis 36.15 -5.35 

Mladeč 1 Homo sapiens 49.71 17.02 Le Moustier 1 Homo neanderthalensis 44.98 3.60 

Mladeč 2 Homo sapiens 49.71 17.02 Amud 1 Homo neanderthalensis 32.87 35.50 

Djebel Irhoud 1 Homo sapiens 31.58 -9.02 Krapina C Homo neanderthalensis 46.16 15.87 

Omo 1 Homo sapiens 4.80 35.97 Krapina E Homo neanderthalensis 46.16 15.87 

Liujang Homo sapiens 24.26 109.33 Saint-Césaire I Homo neanderthalensis 45.75 0.51 

Qafzeh 9 Homo sapiens 32.68 35.30 Shanidar I Homo neanderthalensis 36.80 44.24 

Skhūl V Homo sapiens 32.62 34.95 Shanidar V Homo neanderthalensis 36.80 44.24 

Herto Homo sapiens 10.29 40.53 Solo VI Homo erectus -6.91 112.59 

Border Cave 1 Homo sapiens -27.02 31.99 Sangiran 17 Homo erectus -7.46 110.83 

Chancelade Homo sapiens 45.20 0.66 Zhoukoudian XII Homo erectus 36.69 115.93 

Bodo MPH 10.58 40.53 KNM-ER 3773 Homo ergaster 3.95 36.19 

Kabwe MPH -14.43 28.45 KNM-ER 3883 Homo ergaster 3.95 36.19 

Ndutu MPH -3.00 35.00 Dmanisi D4500 Homo georgicus? 41.33 44.21 

Saldanha MPH -33.03 17.92 Dmanisi D2282 Homo georgicus? 41.33 44.21 

Dali MPH 25.61 100.27 DH1  Homo naledi -25.92 27.78 

Maba MPH 24.80 113.58 KNM-ER 1813 Homo habilis 3.95 36.19 

Petralona MPH 40.37 23.17 OH 24 Homo habilis -2.99 35.35 

Arago 21 MPH 42.84 2.75 KNM-ER 1470 Homo rudolfensis 3.95 36.19 

Sima de los Huesos 5 MPH 42.39 -3.51 Sts 5 Australopithecus africanus -26.02 27.73 

Steinheim MPH 51.88 9.09 KNM-WT 17000 Paranthropus aethiopicus 4.14 35.91 

Ceprano MPH 41.54 13.51 KNM-ER 406 Paranthropus boisei 3.95 36.19 

Narmada MPH 21.88 73.56 KNM-ER 732 Paranthropus boisei 3.95 36.19 

Florisbad MPH -28.77 26.08 OH 5 Paranthropus boisei -2.99 35.35 
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APPENDIX II - COMPARISONS OF HOMININ CASTS, CT, AND REAL 

DATA 

 

MATERIALS AND METHODS 

 

A pilot study was conducted to test for the effect of hominin 3D data type (models from CT 

data, laser scans of fossil casts, or original fossils). Comparative data was available for eight 

hominins included in this study (see table A.II.I). Original data consisted of CT data or 3D 

laser scans of the original fossil, and cast data took the form of 3D laser scans of research-

quality plaster or resin casts.  

 

 

 

 

 

Two methods were used to assess the accuracy of the casts. First, overall accuracy was 

tested using point cloud data for the entire cranium. Second, standard landmark methods 

were used to test specific inaccuracies in landmark placement and the likely effect of any 

cast inaccuracy on morphometric studies. 

 

POINT CLOUD METHOD 

 

Surface models of original and replica data were converted into point clouds using Meshlab 

v1.3 (Visual Computing Lab ISTI - CNR). Pairs of original and cast point clouds were then 

aligned in CloudCompare v2.8 (CloudCompare, 2016), using the Iterative Closest Point 

algorithm (ICP), following manual alignment. Absolute distances between pairs of points in 

each cloud were then calculated, visualised through the production of distance-based heat 

maps, and exported for the calculation of descriptive statistics. Mladeč 1 was not included 

Specimen Species CT data 
Laser scan of 

original  
Laser scan of 

cast 

Bodo Homo heidelbergensis ✓  ✓ 

Gibraltar 1 Homo neanderthalensis  ✓ ✓ 

Kabwe 1 Homo sapiens  ✓ ✓ 

LH18 Homo sapiens ✓  ✓ 

Mladeč 1 Homo sapiens ✓  ✓ 

Ndutu Middle Pleistocene hominin ✓  ✓ 

Skhūl V Homo sapiens ✓  ✓ 

Spy 1 Homo neanderthalensis ✓  ✓ 

Sts 5 Australopithecus africanus ✓  ✓ 

Table A.II.I - Details of specimens included in this study 
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due to limitations in the data collection stage which meant that the entire cranium could not 

be recorded. 

 

LANDMARK METHOD 

 

Up to 31 standard craniometric landmarks (see table A.II.III) were placed on seven of the 

cranial specimens, with the Spy and Laetoli hominin calvaria being excluded due to lack of 

sufficient facial preservation. In addition, landmarks were placed on 3D surface models of 15 

Post-Medieval Homo sapiens crania from Chichester Cathedral, with landmarks being 

placed three times on two of the specimens; this allowed comparison of distances between 

cast and original configurations to inter-individual and intraobserver distances. 3D surface 

models were collected using the NextEngine laser scanner. All landmarks were placed in 

Landmark Editor software (Wiley et al., 2005).  

 

Separate datasets were created for each specimen, containing coordinate data for the 

original and cast specimens, along with a sample of between three and six Chichester 

specimens, depending on comparative landmark preservation, and the intraobserver 

configurations. These were aligned using GPA as outlined in Chapter 5, then scaled by CS. 

Procrustes distances between the original and cast specimens were compared to 

intraobserver distances and inter-individual distances using boxplots and t-tests.   
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Landmark Definition Bodo Gibraltar 1 Kabwe Sts 5 Ndutu Skhūl V 

Alare The most lateral points on the nasal aperture in a transverse plane ✓✓ ✓✓ ✓✓ ✓✓ ✓✓ ✓✓ 

Alveolon 
The point on the hard palate where a line drawn through the most posterior points 

of the alveolar ridges crosses the midline 
✓  ✓ ✓  ✓ 

Auriculare 
The points on the lateral aspect of the root of the zygomatic process at the 

deepest incurvature ✓ ✓ ✓ ✓✓ ✓ ✓✓ 

Basion The midline point on the anterior margin of the foramen magnum   ✓ ✓  ✓ 

Dacryon The intersections of the lacrimo-maxillary suture and the frontal bone ✓✓ ✓✓ ✓✓  ✓✓ ✓✓ 

Ectoconchion 
The intersections of the most anterior surface of the lateral border of the orbit and 

a line bisecting the orbit along its long axis 
✓ ✓✓ ✓✓ ✓✓ ✓ ✓✓ 

Ectomolare 
The most lateral points on the outer surface of the alveolar borders of the maxilla, 

often opposite the middle of the second molar tooth 
✓ ✓ ✓✓ ✓✓  ✓✓ 

Frontomalare 
Anterior 

The most anteriorly positioned points on the frontozygomatic suture  ✓ ✓✓ ✓✓ ✓✓ ✓ ✓✓ 

Frontomalare 
Temporale 

The most laterally positioned points on the frontozygomatic suture ✓✓ ✓✓ ✓✓ ✓✓ ✓ ✓✓ 

Frontotemporale 
The points where the temporal line reaches its most anteromedial position on the 

frontal 
✓ ✓ ✓✓ ✓✓ ✓ ✓✓ 

Glabella The most anterior midline point on the frontal bone ✓ ✓ ✓ ✓ ✓ ✓ 

Jugalia 
The deepest points in the curvature between the frontal and temporal processes of 

the zygomatic bones  ✓✓ ✓✓ ✓✓  ✓✓ 

Nasion The point where the frontonasal suture and the midsagittal plane intersect ✓ ✓ ✓ ✓ ✓ ✓ 

Nasospinale 
The point where a line drawn between the inferior-most points of the nasal 

aperture crosses the midsagittal plane 
 ✓ ✓ ✓ ✓  

Opisthion The midline point at the posterior margin of the foramen magnum    ✓  ✓ 

Post-toral Sulcus 
The point of maximum concavity behind the supraorbital torus in the midsagittal 

plane 
✓ ✓ ✓ ✓ ✓ ✓ 

Prosthion 
The most anterior point on the maxillary alveolar processes in the midsagittal 

plane 
✓ ✓ ✓ ✓  ✓ 

Subspinale The deepest point below the anterior nasal spine in the midsagittal plane ✓ ✓ ✓ ✓  ✓ 

Zygomaxillare 
anterior 

The intersections of the zygomaxillary suture and the limit of the attachment of the 
masseter muscle ✓✓ ✓✓ ✓✓ ✓✓ ✓ ✓✓ 

Zygoorbitale The intersections of the orbital margin and the zygomaxillary suture ✓ ✓✓ ✓✓ ✓✓ ✓ ✓✓ 

Table A.II.II - Landmarks used in this study, along with their definitions and presence (LR) on the specimens included in the landmarking method 

 

Table A.II.II - Landmarks used in this study, along with their definitions and presence (LR) on the specimens included in the landmarking method 
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RESULTS 

 

POINT CLOUD METHOD 

 

Boxplots of absolute distances between original and cast hominin point clouds are shown in 

figure A.II.I. As can be seen, the distances varied between specimens, with Sts 5, Skhūl V, 

and Kabwe 1 having the lowest overall absolute distances between original and cast data, 

and LH18 and Ndutu having the largest. Point cloud heat maps of the paired-point distances 

(figure A.II.II) reflect this variance in cast accuracy. The Sts 5 cast appears to be the most 

accurate, being mostly blue with some areas of distances of 1 to 2mm, and smaller areas of 

3 to 4mm around the orbits, zygomatic arch and lower maxilla. The Skhūl V cast had large 

areas of 1 to 2mm absolute distances across the neurocranium and face, with few areas of 

over 2mm absolute distance. The Kabwe 1 and Bodo casts have slightly more areas of 

inaccuracies, with both having large areas of 0 to 2mm error, although Bodo showed 

absolute distances of 4 to 10mm in the orbits and nasal aperture. The Spy 1 calvarium cast 

shows many areas of approximately 2mm error, with increasing distances of up to 5mm 

towards the inferior aspects. The Gibraltar 1 and LH18 casts appear to have even larger 

areas of absolute distances of 5 to 10mm, shown by the red areas on the maxilla and cranial 

vault of Gibraltar 1, and the red and black areas around the supraorbital torus and temporals 

in LH18.  

 

 

 

 

 

Figure A.II.I - Boxplots of absolute distances (mm) between point clouds of original and cast surface models 
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Figure A.II.II - Point cloud heat 

map comparisons between real 

and cast data, coloured 

according to distance (see 

scale) for the following 

specimens (top to bottom, left to 

right): Sts 5, Skhūl V, Kabwe1, 

Bodo, Spy 1, Gibraltar 1, LH18 
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Landmarking Method 

 

Figure A.II.III shows the comparison of Procrustes distances between original and cast data 

to boxplots of intraobserver error and inter-individual distances for each dataset. As can be 

seen, the Procrustes distances between landmarks for the original and cast specimens are 

below the range of inter-individual distances, and in the mid-to-upper range of intraobserver 

error distances for all specimens analysed.  

 

 

 

 

 

 

 

CONCLUSION 

 

The results of this study indicated that while the accuracy of research-quality casts of 

hominin fossils varies between specimens, the differences between these casts and original 

data is less than intra-populational variation within Homo sapiens, and within the range of 

intraobserver error when considering standard 3D cranial landmarks. This would support the 

conclusion that any error introduced by the use of hominin casts will not affect the results of 

a taxonomic study. 

  

Figure A.II.III - Boxplots of Procrustes distances between original and cast landmark configurations (shown in 

black), compared to corresponding distances between Chichester individuals (dark grey) and intra-observer 

distances (light grey) 
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APPENDIX III - RESULTS OF GAMES-HOWELL POST-HOC TESTS FOR CENTROID SIZE ANOVA 

 

 

    Mean 
Difference 

Std. 
Error 

p 95% Confidence Interval     Mean 
Difference 

Std. 
Error 

p 95% Confidence Interval 

GB GG -0.03666 0.01635 0.665 -0.09389 0.02057 PP PT -0.10694 0.00894 0 -0.13831 -0.07557 

  PP 0.24128 0.01356 0 0.19337 0.28919  PA 0.12611 0.01316 0 0.07928 0.17295 

  PT 0.13434 0.01318 0 0.08774 0.18093  PC 0.11218 0.02424 0.049 0.00037 0.224 

  PA 0.36739 0.01634 0 0.30987 0.42492  PK 0.21905 0.0136 0 0.16909 0.26901 

  PC 0.35347 0.0261 0 0.24146 0.46547  MFa 0.5132 0.0113 0 0.47332 0.55308 

  PK 0.46034 0.0167 0 0.40073 0.51994  MFu 0.41299 0.01523 0 0.35643 0.46956 

  MFa 0.75448 0.01488 0 0.70215 0.80682  MM 0.42027 0.01137 0 0.38003 0.46051 

  MFu 0.65427 0.01805 0 0.58935 0.7192  HS -0.30849 0.00778 0 -0.33608 -0.28089 

  MM 0.66155 0.01494 0 0.60899 0.71412  MPH -0.43075 0.02034 0 -0.51195 -0.34955 

  HS -0.0672 0.01243 0 -0.11145 -0.02296  HN -0.39083 0.01548 0 -0.45183 -0.32984 

  MPH -0.18946 0.02253 0 -0.27524 -0.10368  HEsl -0.26822 0.0354 0.006 -0.44467 -0.09178 

  HN -0.14955 0.01827 0 -0.21734 -0.08176  HHa -0.11115 0.00671 0 -0.13558 -0.08673 

  HEsl -0.02694 0.03671 1 -0.20124 0.14736   ParB -0.07974 0.06807 0.97 -0.82763 0.66815 

  HHa 0.13013 0.01179 0 0.0878 0.17246 PT PA 0.23305 0.01276 0 0.18755 0.27855 

  ParB 0.16154 0.06876 0.655 -0.55954 0.88262  PC 0.21913 0.02403 0.001 0.10717 0.33108 

GG PP 0.27794 0.01316 0 0.2317 0.32419  PK 0.326 0.01322 0 0.27718 0.37482 

  PT 0.171 0.01277 0 0.12615 0.21585  MFa 0.62015 0.01084 0 0.58194 0.65835 

  PA 0.40405 0.01601 0 0.3478 0.46031  MFu 0.51993 0.01489 0 0.46431 0.57556 

  PC 0.39013 0.0259 0 0.27829 0.50196  MM 0.52722 0.01091 0 0.48863 0.56581 

  PK 0.497 0.01638 0 0.43857 0.55542  HS -0.20154 0.0071 0 -0.22618 -0.1769 

  MFa 0.79115 0.01452 0 0.74027 0.84202  MPH -0.3238 0.02009 0 -0.40456 -0.24304 

  MFu 0.69094 0.01776 0 0.62705 0.75482  HN -0.28389 0.01515 0 -0.34421 -0.22357 

  MM 0.69822 0.01458 0 0.6471 0.74933  HEsl -0.16128 0.03526 0.076 -0.33805 0.01549 

  HS -0.03054 0.01199 0.449 -0.0729 0.01181  HHa -0.00421 0.0059 1 -0.02495 0.01653 

  MPH -0.1528 0.02229 0 -0.23796 -0.06764   ParB 0.0272 0.068 1 -0.72378 0.77819 

  HN -0.11289 0.01797 0 -0.17977 -0.04602        

  HEsl 0.00972 0.03656 1 -0.16474 0.18418        

  HHa 0.16679 0.01133 0 0.12648 0.2071        

  ParB 0.1982 0.06868 0.513 -0.52576 0.92216        

 

Table A.III.I - Results of Games-Howell post-hoc comparisons between species (part 1 of 3). List of abbreviations can be found in chapter 6. Non-significant (p<0.05) 

differences are highlighted in grey. Negative differences show that the second indicated species is larger than the first, while positive values show that the second indicated 

species is smaller than the first for the lnCS of the recorded morphology  

 

Table A.II.I – Results of Games-Howell post-hoc comparisons between species. List of abbreviations can be found in chapter 6. Non-significant (p<0.05) differences are 

highlighted in grey. Negative differences show that the second indicated species is larger than the first, while positive values show that the second indicated species is smaller 

than the first for the lnCS of the recorded morphology (3 tables) 
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  Mean Difference Std. Error p 95% Confidence Interval   Mean Difference Std. Error p 95% Confidence Interval 

PA PC -0.01393 0.02590 1.000 -0.12585 0.09800 MFa MFu -0.10021 0.01642 0.000 -0.16013 -0.04029 

 PK 0.09294 0.01637 0.000 0.03422 0.15167  MM -0.09293 0.01291 0.000 -0.13844 -0.04742 

 MFa 0.38709 0.01452 0.000 0.33578 0.43840  HS -0.82169 0.00991 0.000 -0.85694 -0.78644 

 MFu 0.28688 0.01775 0.000 0.22276 0.35101  MPH -0.94395 0.02124 0.000 -1.02685 -0.86104 

 MM 0.29416 0.01457 0.000 0.24262 0.34570  HN -0.90404 0.01665 0.000 -0.96760 -0.84047 

 HS -0.43460 0.01198 0.000 -0.47774 -0.39145  HEsl -0.78143 0.03593 0.000 -0.95684 -0.60601 

 MPH -0.55686 0.02229 0.000 -0.64214 -0.47157  HHa -0.62436 0.00909 0.000 -0.65719 -0.59152 

 HN -0.51695 0.01797 0.000 -0.58405 -0.44984  ParB -0.59294 0.06835 0.077 -1.32974 0.14385 

 HEsl -0.39433 0.03656 0.000 -0.56883 -0.21984 MFu MM 0.00728 0.01647 1.000 -0.05282 0.06738 

 HHa -0.23726 0.01132 0.000 -0.27852 -0.19601  HS -0.72148 0.01423 0.000 -0.77549 -0.66747 

 ParB -0.20585 0.06868 0.487 -0.92987 0.51817  MPH -0.84374 0.02357 0.000 -0.93289 -0.75458 

PC PK 0.10687 0.02613 0.067 -0.00545 0.21919  HN -0.80383 0.01954 0.000 -0.87661 -0.73104 

 MFa 0.40102 0.02500 0.000 0.28942 0.51262  HEsl -0.68122 0.03736 0.000 -0.85512 -0.50731 

 MFu 0.30081 0.02701 0.000 0.18743 0.41418  HHa -0.52415 0.01368 0.000 -0.57695 -0.47134 

 MM 0.30809 0.02504 0.000 0.19648 0.41970  ParB -0.49273 0.06911 0.105 -1.20127 0.21581 

 HS -0.42067 0.02362 0.000 -0.53305 -0.30830 MM HS -0.72876 0.00999 0.000 -0.76446 -0.69306 

 MPH -0.54293 0.03019 0.000 -0.66400 -0.42186  MPH -0.85102 0.02128 0.000 -0.93402 -0.76802 

 HN -0.50302 0.02715 0.000 -0.61727 -0.38876  HN -0.81111 0.01670 0.000 -0.87482 -0.74739 

 HEsl -0.38041 0.04185 0.000 -0.56070 -0.20011  HEsl -0.68850 0.03595 0.000 -0.86387 -0.51312 

 HHa -0.22334 0.02329 0.001 -0.33619 -0.11048  HHa -0.53143 0.00918 0.000 -0.56478 -0.49808 

 ParB -0.19192 0.07163 0.548 -0.82780 0.44395  ParB -0.50001 0.06836 0.107 -1.23635 0.23632 

PK MFa 0.29415 0.01492 0.000 0.24025 0.34805        

 MFu 0.19394 0.01808 0.000 0.12810 0.25977        

 MM 0.20122 0.01497 0.000 0.14710 0.25533        

 HS -0.52754 0.01247 0.000 -0.57443 -0.48065        

 MPH -0.64980 0.02255 0.000 -0.73607 -0.56353        

 HN -0.60989 0.01830 0.000 -0.67856 -0.54121        

 HEsl -0.48728 0.03672 0.000 -0.66168 -0.31288        

 HHa -0.33021 0.01183 0.000 -0.37565 -0.28477        

 ParB -0.29879 0.06877 0.272 -1.01962 0.42204        

Table A.II.I - Results of Games-Howell post-hoc comparisons between species (part 2 of 3). List of abbreviations can be found in chapter 6. Non-significant (p<0.05) 

differences are highlighted in grey. Negative differences show that the second indicated species is larger than the first, while positive values show that the second indicated 

species is smaller than the first for the lnCS of the recorded morphology 
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    Mean Difference Std. Error p 95% Confidence Interval 

HS MPH -0.12226 0.01960 0.001 -0.20232 -0.04220 

  HN -0.08235 0.01450 0.003 -0.14168 -0.02302 

  HEsl 0.04026 0.03499 0.991 -0.13718 0.21771 

  HHa 0.19733 0.00394 0.000 0.18367 0.21100 

  ParB 0.22875 0.06786 0.420 -0.52822 0.98571 

MPH HN 0.03991 0.02373 0.932 -0.05067 0.13049 

  HEsl 0.16252 0.03971 0.076 -0.01227 0.33731 

  HHa 0.31959 0.01920 0.000 0.24001 0.39918 

  ParB 0.35101 0.07041 0.195 -0.31619 1.01820 

HN HEsl 0.12261 0.03746 0.244 -0.05152 0.29674 

  HHa 0.27968 0.01395 0.000 0.22094 0.33842 

  ParB 0.31109 0.06916 0.252 -0.39559 1.01778 

HEsl HHa 0.15707 0.03476 0.086 -0.02098 0.33512 

  ParB 0.18848 0.07614 0.594 -0.36976 0.74673 

HHa ParB 0.03141 0.06774 1.000 -0.73046 0.79329 

Table A.III.III – Results of Games-Howell post-hoc comparisons between species (part 3 

of 3). List of abbreviations can be found in chapter 6. Non-significant (p<0.05) differences 

are highlighted in grey. Negative differences show that the second indicated species is 

larger than the first, while positive values show that the second indicated species is 

smaller than the first for the lnCS of the recorded morphology 
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are highlighted in grey. Negative differences show that the second indicated species is 
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smaller than the first for the lnCS of the recorded morphology 
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3). List of abbreviations can be found in chapter 6. Non-significant (p<0.05) differences 
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larger than the first, while positive values show that the second indicated species is 

smaller than the first for the lnCS of the recorded morphology 
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APPENDIX IV - RESULTS OF HOMOGENEITY OF SLOPES TESTS 

 

 GB GG PP PT PA PC PK MFa MFu MM HS HN MPH HEsl HHa ParB 

GB 1 0.476 0.01 0.001 0.216 0.739 0.265 0.03 0.509 0.373 0.001 0.041 0.001 0.001 0.619 0.525 

GG 0.476 1 0.007 0.001 0.074 0.849 0.164 0.025 0.699 0.413 0.001 0.022 0.001 0.003 0.643 0.433 

PP 0.010 0.007 1 0.383 0.003 0.17 0.039 0.016 0.041 0.034 0.32 0.656 0.045 0.196 0.014 0.625 

PT 0.001 0.001 0.383 1 0.001 0.351 0.022 0.007 0.012 0.012 0.002 0.172 0.029 0.083 0.103 0.405 

PA 0.216 0.074 0.003 0.001 1 0.817 0.758 0.27 0.455 0.413 0.001 0.002 0.001 0.001 0.791 0.292 

PC 0.739 0.849 0.17 0.351 0.817 1 0.513 0.868 0.94 0.989 0.134 0.102 0.014 0.107 0.595 0.592 

PK 0.265 0.164 0.039 0.022 0.758 0.513 1 0.36 0.664 0.428 0.068 0.031 0.002 0.001 0.776 0.316 

MFa 0.030 0.025 0.016 0.007 0.27 0.868 0.36 1 0.614 0.67 0.002 0.006 0.001 0.006 0.593 0.575 

MFu 0.509 0.699 0.041 0.012 0.455 0.94 0.664 0.614 1 0.93 0.007 0.031 0.001 0.004 0.794 0.547 

MM 0.373 0.413 0.034 0.012 0.413 0.989 0.428 0.67 0.93 1 0.003 0.019 0.001 0.008 0.621 0.506 

HS 0.001 0.001 0.32 0.002 0.001 0.134 0.068 0.002 0.007 0.003 1 0.469 0.012 0.027 0.147 0.38 

HN 0.041 0.022 0.656 0.172 0.002 0.102 0.031 0.006 0.031 0.019 0.469 1 0.243 0.484 0.044 0.176 

MPH 0.001 0.001 0.045 0.029 0.001 0.014 0.002 0.001 0.001 0.001 0.012 0.243 1 0.259 0.074 0.069 

HEsl 0.001 0.003 0.196 0.083 0.001 0.107 0.001 0.006 0.004 0.008 0.027 0.484 0.259 1 0.031 0.055 

HHa 0.619 0.643 0.014 0.103 0.791 0.595 0.776 0.593 0.794 0.621 0.147 0.044 0.074 0.031 1 0.121 

ParB 0.525 0.433 0.625 0.405 0.292 0.592 0.316 0.575 0.547 0.506 0.38 0.176 0.069 0.055 0.121 1 

Table A.IV.I – Matrix of p values from comparisons of group allometric trajectories, using homogeneity of slopes test. Abbreviations can be found in table 6.1.II 

 

Table A.III.I – Matrix of p values from comparisons of group allometric trajectories, using homogeneity of slopes test. Abbreviations can be found in table 6.1.II 

 

Table A.IV.I – Matrix of p values from comparisons of group allometric trajectories, using homogeneity of slopes test. Abbreviations can be found in table 6.1.II 

 

Table A.III.I – Matrix of p values from comparisons of group allometric trajectories, using homogeneity of slopes test. Abbreviations can be found in table 6.1.II 



 

Page 540 of 547 
 

  

 



 

Page 541 of 547 
 

APPENDIX V - RESULTS OF GEOGRAPHY AND PROCRUSTES 

DISTANCES CORRELATIONS, BY GROUP 

 

RESULTS OF GEOGRAPHY AND PROCRUSTES DISTANCE CORRELATIONS  

 

GORILLA GORILLA 

 

Monte-Carlo test 

 

Observation: -0.009936313  

 

Based on 1000 replicates 

 

Simulated p-value: 0.5324675  

Alternative hypothesis: greater  

 

      Std.Obs   Expectation      Variance  

-0.1961251977  0.0003971782  0.0027760503  

 

GORILLA BERINGEI 

 

Monte-Carlo test 

 

Observation: 0.09881374  

 

Based on 1000 replicates 

Simulated p-value: 0.08891109  

Alternative hypothesis: greater  

 

      Std.Obs   Expectation      Variance  

 1.4571200129 -0.0009487858  0.0046875318  
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PAN PANISCUS  

 

Monte-Carlo test 

 

Observation: 0.06973962  

 

Based on 1000 replicates 

Simulated p-value: 0.1828172  

Alternative hypothesis: greater  

 

    Std.Obs Expectation    Variance  

0.830200047 0.001081075 0.006839490  

 

PAN TROGLODYTES 

 

Monte-Carlo test 

 

Observation: -0.01229225  

 

Based on 1000 replicates 

Simulated p-value: 0.5194805  

Alternative hypothesis: greater  

 

     Std.Obs  Expectation     Variance  

-0.215334720  0.002076623  0.004452640  

 

 

PAPIO ANUBIS 

 

Monte-Carlo test 

 

Observation: -0.05522321  

 

Based on 1000 replicates 

Simulated p-value: 0.6413586  
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Alternative hypothesis: greater  

 

     Std.Obs  Expectation     Variance  

-0.483353540 -0.006324616  0.010234414  

 

PAPIO CYNOCEPHALUS 

 

Monte-Carlo test 

 

Observation: 0.05588075  

 

Based on 1000 replicates 

Simulated p-value: 0.4545455  

Alternative hypothesis: greater  

 

    Std.Obs Expectation    Variance  

 0.15060659  0.01539888  0.07224920  

 

 

PAPIO KINDAE 

 

Monte-Carlo test 

 

Observation: 0.07505486  

 

Based on 1000 replicates 

Simulated p-value: 0.2927073  

Alternative hypothesis: greater  

 

      Std.Obs   Expectation      Variance  

 0.5355355242 -0.0009888768  0.0201627741  
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MACACA FASCICULARIS 

 

Monte-Carlo test 

 

Observation: -0.0778331  

 

Based on 1000 replicates 

Simulated p-value: 0.8321678  

Alternative hypothesis: greater  

 

     Std.Obs  Expectation     Variance  

-0.891621986 -0.003639845  0.006924163  

 

MACACA FUSCATA  

 

Monte-Carlo test 

 

Observation: 0.01196342  

 

Based on 1000 replicates 

Simulated p-value: 0.3186813  

Alternative hypothesis: greater  

 

     Std.Obs  Expectation     Variance  

 0.091288791 -0.003137672  0.027364147  

 

MACACA MULATTA 

 

Monte-Carlo test 

 

Observation: 0.1523572  

 

Based on 1000 replicates 

Simulated p-value: 0.03696304  

Alternative hypothesis: greater  
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     Std.Obs  Expectation     Variance  

1.9194117318 0.0008323695 0.0062320527  

 

HOMO SAPIENS 

 

Monte-Carlo test 

 

Observation: 0.04597493  

 

Based on 1000 replicates 

Simulated p-value: 0.1628372  

Alternative hypothesis: greater  

 

     Std.Obs  Expectation     Variance  

0.9610558320 0.0009180724 0.0021979838  

 

ANATOMICALLY MODERN HUMANS 

 

Monte-Carlo test 

 

Observation: -0.0298345  

 

Based on 1000 replicates 

Simulated p-value: 0.5094905  

Alternative hypothesis: greater  

 

     Std.Obs  Expectation     Variance  

-0.185771003 -0.001201229  0.023756694  

 

EARLY MODERN HUMANS 

 

Monte-Carlo test 

 

Observation: -0.1565845  

Based on 1000 replicates 
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Simulated p-value: 0.7942058  

Alternative hypothesis: greater  

 

     Std.Obs  Expectation     Variance  

-0.934503587 -0.003175196  0.026948915  

 

MIDDLE PLEISTOCENE HOMININS 

 

Monte-Carlo test 

 

Observation: -0.02862559  

 

Based on 1000 replicates 

Simulated p-value: 0.5464535  

Alternative hypothesis: greater  

 

     Std.Obs  Expectation     Variance  

-0.209922911  0.002768516  0.022365388  

 

HOMO NEANDERTHALENSIS 

 

Monte-Carlo test 

 

Observation: 0.2214921  

 

Based on 1000 replicates 

Simulated p-value: 0.1338661  

Alternative hypothesis: greater  

 

     Std.Obs  Expectation     Variance  

 1.237342692 -0.005808585  0.033745938  
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HOMO ERECTUS SENSU LATO 

 

Monte-Carlo test 

 

Observation: 0.0520092  

 

Based on 1000 replicates 

Simulated p-value: 0.3736264  

Alternative hypothesis: greater  

 

     Std.Obs  Expectation     Variance  

 0.273088634 -0.001299442  0.038105527  

 

PARANTHROPUS BOISEI 

 

Monte-Carlo test 

 

Observation: 0.9700584  

 

Based on 1000 replicates 

Simulated p-value: 0.3536464  

Alternative hypothesis: greater  

 

    Std.Obs Expectation    Variance  

 1.31472697  0.02965125  0.51163556  


