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Abstract 1 

Africa is the birthplace of the species Homo sapiens, and Africans today are genetically more diverse 2 

than other populations of the world. However, the processes that underpinned the evolution of 3 

African populations remain largely obscure. Only a handful of late Pleistocene African fossils (~50-12 4 

Ka) are known, while the more numerous sites with human fossils of early Holocene age are patchily 5 

distributed. In particular, late Pleistocene and early Holocene human diversity in Eastern Africa 6 

remains little studied, precluding any analysis of the potential factors that shaped human diversity in 7 

the region, and more broadly throughout the continent. These periods include the Last Glacial 8 

Maximum (LGM), a moment of extreme aridity in Africa that caused the fragmentation of population 9 

ranges and localised extinctions, as well as the ‘African Humid Period’, a moment of abrupt climate 10 

change and enhanced connectivity throughout Africa. East Africa, with its range of environments, 11 

may have acted as a refugium during the LGM, and may have played a critical biogeographic role 12 

during the heterogeneous environmental recovery that followed. This environmental context raises 13 

a number of questions about the relationships among early Holocene African populations, and about 14 

the role played by East Africa in shaping late hunter-gatherer biological diversity. Here, we describe 15 

eight mandibles from Nataruk, an early Holocene site (~10 Ka) in West Turkana, offering the 16 

opportunity of exploring population diversity in Africa at the height of the ‘African Humid Period’. 17 

We use 3D geometric morphometric techniques to analyse the phenotypic variation of a large 18 

mandibular sample. Our results show that (i) the Nataruk mandibles are most similar to other 19 

African hunter-fisher-gatherer populations, especially to the fossils from Lothagam, another West 20 

Turkana locality, and to other early Holocene fossils from the Central Rift Valley (Kenya); and (ii) a 21 

phylogenetic connection may have existed between these Eastern African populations and some 22 

Nile Valley and Maghrebian groups, who lived at a time when a Green Sahara may have allowed 23 

substantial contact, and potential gene flow, across a vast expanse of Northern and Eastern Africa.  24 

 25 
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Introduction 1 

Africa is the birthplace of our species, Homo sapiens, from where all human populations diversified. 2 

The earliest fossils that show the unique, universal characteristics of a modern human morphology 3 

are found in East Africa 200,000 – 160,000 years ago (Ka) (Day, 1969; Leakey, 1969; White et al., 4 

2003; Fleagle et al., 2008), while recent proposals for an earlier origin for the species would extend 5 

this date to ca. 300 Ka (Hublin et al., 2017). Africans today are genetically more diverse than other 6 

populations of the world, reflecting the population size and time-depth of modern human presence 7 

in the continent (Liu et al., 2006; Li et al., 2008). Genetic data further point to significant population 8 

change associated with the expansion of food-producing populations in the last 4000 years (Tishkoff 9 

et al., 2009). However, between these two extremes in time, the historical, ecological and adaptive 10 

processes that underpinned the evolution of African populations remain largely unknown. Only a 11 

handful of late Pleistocene sites (~50-12 Ka) with human remains are known (Grine, 2016), and these 12 

are mostly located in North or South Africa. This period includes the Last Glacial Maximum, a 13 

moment of extreme aridity in Africa (Gasse, 2000; Clark et al., 2009) that caused the fragmentation 14 

of population ranges and localised extinctions. East Africa, with its diversity of environments and 15 

high relief, may have acted as a refugium (Mirazón Lahr and Foley, 2016), thus playing a critical 16 

biogeographic role within the continent during phases of late Pleistocene aridity. Contrastingly, the 17 

early-to-mid Holocene (12-5 Ka) – the ‘African Humid Period’ (AHP) – was a moment of abrupt 18 

climate change (deMenocal et al., 2000) and enhanced connectivity throughout Africa, including the 19 

expansion of productive biomes and greening of the Sahara (Larrasoaña et al., 2013). However, the 20 

timing of environmental recovery was not synchronous throughout the continent (Carolin et al., 21 

2013), creating the opportunity for the differential expansion of those populations who first 22 

experienced ameliorated conditions (Mirazón Lahr, 2016). This environmental context raises a 23 

number of questions about the relationships among early Holocene African populations and, in 24 

particular, about the role played by East Africa in shaping late hunter-gatherer biological diversity in 25 

the continent. The number of sites and human fossil remains of early Holocene age in Africa is 26 

greater than earlier phases, but these are patchily distributed. In particular, the late Pleistocene and 27 

early Holocene human diversity of Eastern Africa is still poorly known, precluding any analysis of the 28 

potential factors that shaped human diversity in the region, and more broadly throughout the 29 

continent. 30 

This paper describes the variation and affinities of a new group of fossil mandibles from the site of 31 

Nataruk in West Turkana, Kenya, dating to ~10 Ka (Mirazón Lahr et al., 2016). In the context of a 32 

scarce African fossil record, the discovery in August 2012 of this new Kenyan site is important. 33 

Nataruk is located ~30 km southwest of Lake Turkana, and ~2 km from the paleoshore of Lake 34 

Turkana during the AHP. The site is at the Eastern edge of a small depression that would have 35 

formed a lagoon during periods of high precipitation, abutting small dunes rising ~4 m above the 36 

surface. Small- to medium-sized gravel, lying loosely over a layer of lake sediments, covers the 37 

surface of the ridge and mounds largely characterised by shell and carbonate deposits. The majority 38 

of the fragmentary faunal remains recovered are aquatic/lake-edge species. The site has been dated 39 

using radiocarbon from shells and sediment samples associated with the human remains, optical 40 

luminescence dating and uranium-series dates that yielded an age estimate of ~10.5-9.5 Ka (Mirazón 41 

Lahr et al., 2016). A minimum of 27 fossil individuals, among which 12 are represented by partially 42 

complete skeletons, were uncovered at Nataruk. Ten skeletons show evidence of human-inflicted 43 

trauma and the site was described as being the scene of inter-group conflict between hunter-fisher-44 
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gatherer groups and the earliest evidence of warfare (Mirazón Lahr et al., 2016). Most of the 12 1 

articulated skeletons are reasonably well-preserved; however, the crania are broken or partly 2 

missing. For four specimens (KNM-WT 71258, 71259, 71260, and 71265), the skull is fragmentary; 3 

another four individuals lack most of the upper face (KNM-WT 71251, 71255, 71256 and 71263), 4 

KNM-WT 71253 lacks most of the occipital and basicranium, and KNM-WT 71254 preserves only the 5 

right parietal, the frontal and the right zygomatic. KNM-WT 71257 and 71264 skulls are almost 6 

complete, but their calvaria are deformed due to trauma. However, with the exception of KNM-WT 7 

71258, 71259, 71260 and 71265, all the specimens have well-preserved mandibles that exhibit 8 

minimal traumatic lesions, although most mandibular condyles are missing; the right ascending 9 

ramus of KNM-WT 71254 has a linear perforation on its antero-lateral surface (see Mirazón Lahr et 10 

al., 2016; Fig. 1 and 2, Table 2), but this lesion has not affected its overall shape. Therefore, while the 11 

cranial remains from Nataruk are either fragmentary or show evidence of violent trauma, which 12 

precludes unbiased morphometric study, the well-preserved mandibular remains offer the 13 

opportunity of exploring population diversity in Africa at the height of the ‘African Humid Period’.  14 

In this paper we examine the phenotypic variation of the people of Nataruk in order to understand 15 

their phenetic affinities with worldwide populations, and, more specifically with African populations. 16 

The population affinities of the people of Nataruk have not been explored before, although our 17 

expectation is that they will show a close relationship to neighbouring fisher-forager groups from the 18 

early Holocene of Turkana, and more broadly, to early Holocene Eastern African forager groups. 19 

While this hypothesis is based on the spatial and temporal proximity that would have promoted the 20 

connectivity among these groups, the potential relationships of the Nataruk population to other 21 

African populations is unmapped. Thus, this paper aims to test both this hypothesis and describe the 22 

broad phenetic relationships among some Holocene African populations, both of which depend on 23 

the presence of a signal of population history in mandibular morphology.  24 

The mandible as a source of evolutionary information 25 

The human cranium is often used to reconstruct morphological and phylogenetic affinities among 26 

populations and species because variation in its morphology is largely explained by a model of 27 

neutral evolution, i.e., the result of stochastic processes of mutation and genetic drift (Roseman and 28 

Weaver, 2004; Nicholson and Harvati, 2006;  Smith, 2009; von Cramon-Taubadel, 2009a; Betti et al., 29 

2010; Galland, 2013; Katz et al., 2017 ). However, skull morphology must still be compatible with a 30 

number of different functions. These include protection of the brain and sensory organs, food 31 

processing and maintenance of the respiratory airways (Daegling, 2010). As a consequence, certain 32 

regions of the skull also reflect those functions and the external factors that influence them, to 33 

different degrees (von Cramon-Taubadel, 2014; Noback and Harvati, 2015b;). Notably, it has been 34 

suggested that the upper face – especially the nasal cavity (Noback et al., 2011; Zaidi et al., 2017) – is 35 

influenced by climate, while the mandible together with general cranial shape might be more 36 

influenced by diet (Harvati and Weaver, 2006; Smith, 2009; von Cramon-Taubadel, 2009b, 2011; 37 

Noback and Harvati, 2015a). Nevertheless, such shape differences associated with climatic (Zaidi et 38 

al., 2017) and dietary pressures (Katz et al., 2017) are relatively small, most strongly expressed at the 39 

extremes of the adaptive range (i.e., among populations who live in very extreme environments), 40 

and overlap between populations is considerable, indicating that the impact of these factors on skull 41 

morphology may be less significant than previously hypothesised.  42 
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A recent study by Katz and colleagues (2017) suggests that the phenotypic differences due to diet in 1 

both mandible and cranium tend to be smaller than typical differences between sexes, groups of 2 

average relatedness and between individuals, further indicating that differences attributable to 3 

subsistence strategy may appear somewhat magnified when comparing populations which are 4 

closely related. The study, nevertheless, points towards modest directional shape differences 5 

between foragers and farmers, as has been advocated before (see von Cramon-Taubadel, 2011). 6 

This can be explained by a decrease in masticatory stress associated with the transition from tougher 7 

or harder foraged foods to tender or soft processed agricultural ones (González-José et al., 2005; 8 

Lieberman, 2008; von Cramon-Taubadel, 2011; Noback and Harvati, 2015a; Katz et al., 2017 ). 9 

However, if the magnitude of shape difference induced by diet is relatively small, it may be assumed 10 

that neutral evolution (i.e., genetic drift, gene flow reflecting population history) is the primary 11 

evolutionary process by which the human cranial and mandibular phenotypic diversity has been 12 

shaped (Katz et al., 2017). Therefore, while discerning between the contributions of adaptation and 13 

plasticity to cranial and mandibular shape variation is complex, adult cranio-mandibular morphology 14 

does record evolutionary history and can be used to track population history. Its known sensitivity to 15 

environmental and lifestyle factors acting at different temporal scales, and expressed to different 16 

degrees in particular morphological regions of the skull and mandible, has, nevertheless, to be taken 17 

into account.  18 

The present study uses mandibular morphology to assess the phenetic relationships of the Nataruk 19 

population, while discussing environmental and lifestyle factors that could have influenced the 20 

morphological diversity observed. We provide a complete morphological description of the eight 21 

best-preserved mandibles from Nataruk, as well as an assessment of their morphological variation 22 

using geometric morphometric techniques. We aim to quantify the morphological diversity observed 23 

in the Nataruk mandibles to clarify their affinity to other prehistoric and historic human populations 24 

both within and outside Africa.  25 

 26 

Materials and methods 27 

Materials 28 

The study sample is composed of eight mandibles from Nataruk (Fig. 1 and 2, Tables 1 and 2; 29 

Mirazón Lahr et al. 2016). The state of preservation of the sample is varied, but all individuals 30 

included preserve the mandibular body and at least most of one of its mandibular rami. In order to 31 

assess the morphological variability and affinity of the Nataruk mandibular sample, we compared 32 

these specimens to a sample of 304 adult modern human mandibles. The comparative sample, listed 33 

by population (Table 1) and by sites in case of fossils (Table 2) was chosen to cover a wide range of 34 

chronological and spatial variation. Chronologically, the range incorporates examples from the late 35 

Pleistocene (100 - 12 Ka, n=49), early Holocene (12 - 6 Ka, n=14), late Holocene (6 - 2 Ka, n=63) and 36 

19th and 20th centuries (n=178); geographically, the specimens originate from sub-Saharan Africa 37 

(n=77), North Africa (n=101), continental Asia (n=12), South Asia (n=31), Europe (n=28), Oceania 38 

(n=37) and Greenland (n=18). The recent European mandibles (n=17) originate from England (n=10) 39 

and from Eastern Europe (n=7) in order to capture more of the European morphological variation. 40 

We selected a high percentage of African specimens, not only because Africa offers the best 41 

comparative framework with which to understand the morphological variation of the Nataruk 42 
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population, but also because Africa shows the highest genetic diversity compared to other regions of 1 

the world and represents a wide range of adaptive niches. Additional information on the remainder 2 

of the comparative sample can be found in the Supplementary Online Material (SOM) Table S1. 3 

The sample is estimated to be composed of 35.3% female and 64.7% male individuals (SOM Table 4 

S1). The sex was established from previous studies; however, for almost half of the sample (i.e., 5 

47.11%), this information was lacking in the literature, and sex determination was established on the 6 

secondary sexual characteristics of the skull (see Buikstra and Ubelaker, 1994; White et al., 2011). 7 

The sex ratio (n females/n total *100) for each population is indicated in Table 1. 8 

 9 

Table 1 and Table 2 10 

 11 

Methods 12 

Morphological description The morphology of the eight Nataruk specimens is described in detail, 13 

and the main morphological features of the mandibles are analysed in light of known morphologies 14 

generally considered to be specific to modern humans and Neandertals. 15 

 16 

Geometric morphometric analyses Mandibular shape was captured through 54 landmarks (six 17 

medial and 24 bilateral landmarks) selected to maximise the characterisation of the mandible’s 18 

morphology whilst taking into consideration the state of preservation of the specimens. Missing 19 

landmarks were estimated by mirroring and, where mirroring was impossible, by a thin-plate-spline 20 

(i.e., TPS) interpolation using the available landmarks (Bookstein, 1989). In order to evaluate the 21 

performance of TPS in estimating the missing landmarks, we simulated missing landmarks on 30 22 

complete cases and tested the averages and variances of the simulated imputations (SOM, Fig. S1). 23 

To correct for bilateral asymmetry in each specimen, the right and left configurations were scaled to 24 

unit centroid size, before being aligned using a Generalized Procrustes Analysis (i.e., GPA, see 25 

Gower, 1975; Rohlf and Slice, 1990) and rescaled to their original size. The mean coordinates, based 26 

on a total of 30 landmarks per specimens (SOM Table S2, Fig. 4), were used to perform the 27 

subsequent analyses on the mandibles.  28 

Each landmark data set was then superimposed using a GPA, which allows for the isolation of the 29 

size (i.e., centroid size) from the shape component (i.e., Procrustes residuals). The two variables can 30 

be analysed independently to identify phenetic signals in the data.  31 

 32 

Statistical analyses To explore the patterns of morphological variation within the mandibular sample, 33 

and to decipher the phenetic affinities of the Nataruk mandibles, we ran three different sets of 34 

analyses. Firstly, an analysis of size variation, represented by the centroid size extracted from the 35 

GPA; secondly, an analysis of shape variation, represented by the Procrustes residuals and the 36 

principal components obtained after between groups principal components analyses (i.e., bgPCA), 37 

and finally, phenograms were built using a neighbour-joining algorithm (Saitou and Nei, 1987) based 38 
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on Euclidian distances calculated from shape data. All analyses were run from the same database 1 

organised in different groups. First, we analysed the 23 worldwide populations of the database, we 2 

then analysed 10 meta-populations which regroup some of the previous populations within 3 

geochronological coherent categories, and finally, we focused on the African sample only, 4 

considering both extant and prehistoric samples (Tables 1 and 2). 5 

To visualize the difference in size between the groups, we built boxplots using the centroid size 6 

(Table 3) extracted from the results of the GPA (Fig. 3).  7 

The shape variation within the sample was explored using bgPCA based on the Procrustes residuals 8 

(Fig. 4, 5 and 6, SOM Table S3). The bgPCA tests the significance of the between group distances 9 

(Tables 4, 5 and 6). We used the worldwide populations, meta-populations and the African 10 

populations as group variables.  11 

Finally, in order to infer the biological affinity and population history of the Nataruk mandibles, we 12 

built neighbour-joining phenograms (Fig. 7) using all PCs from PCAs (SOM Table S4) run on 13 

population mean shapes to compute Euclidean distances. Ten thousand bootstrap replications were 14 

run on the obtained phenograms in order to test for the stability of tree topology. 15 

All analyses were performed on the R platform using the Morpho (version 2.1; Schlager, 2013) and 16 

Geomorph (version 2.1.2; Adams and Otárola-Castillo, 2013) packages for the 3D geometric 17 

morphometric analyses, the Ade4 (version 1.7-4; Dray and Dufour, 2007) package for the bgPCA, and 18 

the Phangorn package (Schliep, 2011) for the neighbor-joining analyses. 19 

 20 

Results 21 

Morphological description 22 

The Nataruk mandibles are large and strongly built as exemplified by their centroid size (see 23 

Centroid size below), which is, on average, larger than the other meta-populations of the 24 

comparative sample (Table 3). Additionally, they show wide rami and mandibular corpora (Fig. 1 and 25 

2). 26 

 27 

Table 3 28 

 29 

On the symphyseal region, we note a strongly developed mentum osseum in most of the specimens 30 

showing the characteristic modern human inverted ‘T’ chin (Schwartz and Tattersall, 2000). The 31 

mentum osseum is slightly less salient on KNM-WT 71263 (Fig. 2C), but this may be due to the cracks 32 

on the anterior surface of the symphyseal region of this specimen. It is important to note that the 3 33 

females of the Nataruk sample show a strongly developed and projecting mentum osseum. The 34 

alveolar region is strongly curved, with a well-marked incurvatio mandibulae, and the incisors 35 

project beyond the edge of the symphysis. This feature is less developed on the KNM-WT 71251 and 36 

KNM-WT 71256 fossils; however, KNM-WT 71251 is strongly distorted in this region, with the 37 
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incisors being compressed antero-posteriorly, and KNM-WT 71256 lacks both the crowns of the 1 

incisors and some alveolar bone surrounding the missing 2nd left incisor root.  2 

The upper and lower margins of the mandibular corpora diverge strongly towards the front. A 3 

mandibular corpus with parallel margins is more characteristic of older hominin fossils (Mounier et 4 

al., 2009). Additionally, the lower margin of the corpus displays a strongly marked inferior curvature. 5 

This character seems to relate to size, with larger mandibles having a more curved lower margin (see 6 

below and Figure 6). On the lateral surface of the mandibular corpus, the mental foramen is 7 

positioned either at the level of the M1-P4 septum (KNM-WT 71251, 71254, 71257, 71264) or at the 8 

level of the P4 (KNM-WT 71253, 71255, 71256, 71263), which is positioned slightly backwards 9 

compared to most modern humans (Mounier et al., 2009). The prominentia lateralis is also 10 

positioned backwards, as it is found either under M2 (KNM-WT 71256 and 71263) or even at the M2-11 

M3 level. A prominentia lateralis positioned under the third molar is often considered a Neandertal 12 

apomorphy (Mounier et al., 2009); however, it is also linked to the general dimensions of a 13 

specimen, and in large modern human mandibles such a morphology is not uncommon. In norma 14 

lateralis, there is no retromolar space between the third molar and the ascending ramus, but we 15 

note the presence of a rather large oblique retromolar surface on all the mandibles.  16 

Figure 1 17 

 18 

The ascending rami are relatively wide, and the projection of the anterior-most part of the ramus on 19 

the mandibular corpus accounts for almost half of the mandibular total length. The deepest point of 20 

the mandibular notch is generally positioned in a posterior position, which has been described as a 21 

Neandertal characteristic feature in the past (Rak et al., 2002). However, this configuration of the 22 

mandibular notch can be found in modern humans, and as is the case with the prominentia lateralis, 23 

it also seems to be related to the general size of the specimen (Mounier et al., 2009). The condyle 24 

and coronoid process are equally elevated in most specimens, with the exception of KNM-WT 71253 25 

and 71254, in which the condyle is slightly higher than the coronoid process. The mandibular notch 26 

joins the condyle in a lateral position, as is usually the case in modern humans. The gonial angle is 27 

regular and strongly everted in almost all specimens (with the exception of KNM-WT 71254 and 28 

71255 which are both females), indicating strong muscle attachments.  29 

The medial aspect of the mandible, unsurprisingly, does not display a planum alveolare. The 30 

mylohyoid line is well marked and usually inclined, with the exception of KNM-WT 71257 in which it 31 

is more diagonally orientated, a character that recalls the Neandertal morphology (Rosas, 1992; 32 

Creed-Miles et al., 1996). The mylohyoid line is positioned relatively low at the M3 level, except for 33 

KNM-WT 71251 and 71255; again, although this trait is observed in modern human mandibles 34 

(Mounier et al., 2009), it has been argued to be more common among Neandertals (Rosas, 1992; 35 

Creed-Miles et al., 1996). 36 

In sum, the Nataruk mandibles, while having a very clear modern human morphological pattern, 37 

show a number of features that are common in other hominin species, such as the Neandertals. 38 

Such a phenotypic pattern has been described before in other early Holocene African populations, 39 

for instance the specimens from Assie-el-Habiod in Northern Mali (Dutour, 1989; Mounier et al., 40 

2009) and Iwo Eleru in Nigeria (Harvati et al., 2011). However, most of the archaic morphological 41 
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traits may be linked to size, which, in the case of Nataruk, is not surprising considering the large 1 

dimensions (see Centroid size below) of the fossils. 2 

 3 

Figure 2 4 

 5 

Centroid size 6 

A comparatively large average centroid size is one of the distinguishing features of the Nataruk 7 

mandibles. Here we compare the differences in centroid size between the populations and meta-8 

populations of our sample (Table 3). 9 

Figure 3 shows the distribution of the centroid size for each specimen according to their worldwide 10 

populations, meta-populations and within the African sample only. First, we note that the extant and 11 

pre-Dynastic populations are generally smaller than the early Holocene and Pleistocene specimens. 12 

The extant and pre-Dynastic specimens appear to have similar size with the exception of the gracile 13 

sub-Saharan Khoisan, the South-East Asian Andamanese Negritos, and, to a lesser extent, the pre-14 

Dynastic Badari which are the smallest populations of our sample (Figure 3A). Figure 3B shows that, 15 

when considered as meta-populations, there is virtually no size difference between the pre-Dynastic 16 

and recent populations. On the contrary, the Nataruk mandibles are in the higher range of size 17 

variation of our comparative sample in both cases. Their size is only matched by the late Pleistocene 18 

fossils from North Africa (Afalou and Taforalt) and by the North African fossil Nazlet Khater 2. Most 19 

of the Holocene fossils from the Central Rift Valley (i.e., Elmenteita A, D and F1, Gamble’s Cave 4 and 20 

5, Nakuru IX and Wiley Kopje II) and the European Pleistocene specimens (i.e., Dolní Věstonice 3, XIII, 21 

XV, Pavlov I, Předmostí 4 and 3, Abri Pataud 1, Chancelade, Kostenski 14, Oberkassel 2) tend to be 22 

smaller than the North African fossils and Nataruk; they fit within the range of variation of the extant 23 

human sample. Finally, the mandibles from Lothagam appear to be slightly bigger than the Nataruk 24 

specimens, and the largest of the comparative sample. When looking at Figure 3C, we note that all 25 

of the Central Rift Holocene specimens, except one mandible from Elmenteita, are within the extant 26 

range of size variation while, again, the Nataruk specimens, along with Lothagam and the North 27 

African Pleistocene fossils, are larger. 28 

 29 

Figure 3 30 

 31 

Shape variation – between groups PCA 32 

Figure 4 shows the first two bgPCs (56.58% of the total variance, SOM Table S3) of the bgPCA based 33 

on the Procrustes residuals of the analysis of the individual specimens grouped according to the 23 34 

worldwide populations. Along bgPC1 (29.78% of the total variance) the shape deformation in the 35 

negative values represents a mandible with a strongly developed incurvatio mandibulae and 36 

mentum osseum, a deep mandibular body with margins that are strongly converging backwards, and 37 

a vertical wide and short ramus. On the positive side of the axis, the mandibular corpus is low with 38 
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almost parallel margins, and the ramus is narrow and tall, making a wide open angle with the corpus. 1 

Additionally, the general length of the mandible increases along bgPC1. Along the second 2 

component (26.80% of the variance), the mandibular corpus and the mandibular ramus become 3 

thinner and more elongated; additionally, the general width of the mandible increases. 4 

 5 

Figure 4 6 

 7 

The dispersion of the cloud of points within the morphospace shows little separation among the 8 

comparative populations. We can, however, see that the Asian populations along with the Inuit, 9 

Papuan and, to a lesser extent, Australian specimens tend to share the morphospace represented by 10 

positive bgPC1 values; the Africans and Europeans are mainly positioned at the centre of bgPC1, 11 

while the chronologically older samples (Afalou, Taforalt, Nazlet Khater 2, Holocene Central Rift and 12 

Lothagam) present negative values on bgPC1. It is worth noting that the Pleistocene specimens from 13 

Europe do not follow this pattern as they group at the centre of the chart with extant populations. 14 

Most populations are not discriminated along bgPC2, with the exception of the North African 15 

Pleistocene specimens (Afalou and Taforalt) from Nataruk and Lothagam samples. In more detail, 16 

the Nataruk specimens (black) are positioned at the margin of the main cloud of points, along with 17 

the Early Holocene specimens (red) from Lothagam and, to a lesser extent, from the Central Rift. 18 

This last group displays, nevertheless, a much wider variation, as exemplified by the 90% confidence 19 

interval ellipse of the group which extends into the central part of the morphospace. The 20 

permutation test results run on the bgPCs (Table 4) indicate that, despite the overlap of most of the 21 

populations within the morphospace, the pairwise group differences are, in most cases, significant. 22 

The Nataruk specimens cannot be distinguished from Lothagam, the Holocene Central Rift 23 

specimens and from the Nazlet Khater 2 isolated fossil. Their morphology appears different from 24 

that of the other populations considered. 25 

 26 

Table 4 27 

 28 

The second bgPCA was run between meta-populations, regrouping different populations into larger 29 

coherent geo-chronological groups. The first two bgPCs displayed in Figure 5 represent 67.97% of 30 

the total variance of the shape data (bgPC1: 39.68%; bgPC2: 28.29%). The mandibular shapes 31 

described are very similar to those of the first bgPCA, with reverse polarity along bgPC1, and an 32 

added general decrease in length of the mandible from negative to positive values, with mandibular 33 

corpus margins that become more parallel along bgPC2. 34 

 35 

Figure 5 36 

 37 
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The morphospace (Fig. 5) displays a good separation between the means of each extant meta-1 

population. BgPC1 separates individuals from Oceania and Asia from Africans and Europeans, while 2 

bgPC2 sets apart Europe, Asia and the North African Nile Valley specimens. Only the Inuit and sub-3 

Saharan mandibles cannot be separated within the morphospace. The African early Holocene and 4 

Pleistocene samples present positive values on the first component, hence, occupying a different 5 

morphospace from the rest of the sample. This is not the case of the European Pleistocene 6 

specimens, which group around the Inuit and extant sub-Saharan African mandibles at the centre of 7 

the chart. It is worth noting the difference in shape between extant and Pleistocene Europeans, the 8 

prehistoric sample being more similar to extant sub-Saharan African and Inuit specimens than to 9 

current Europeans. The second component separates Nataruk and most of the early Holocene 10 

Kenyan specimens from the North African Pleistocene fossils. Looking at the permutation test results 11 

(Table 5) confirms these visual observations, as Nataruk and the early Holocene specimens from 12 

Kenya are the only groups which are not statistically different. 13 

 14 

Table 5 15 

 16 

The last bgPCA was run on the African populations only. Figure 6 presents the two first bgPCs, 17 

representing 61.84% of the variance. Along the first component (36.09% of the total variance) the 18 

general length of the mandible decreases from negative to positive values, the mandibular ramus 19 

becomes thinner and more elongated and the mentum osseum becomes more strongly developed 20 

along with the incurvatio mandibulae. The shape deformation associated with bgPC2 (25.75% of the 21 

variance) in the positive values represents a mandible with a deep mandibular body, the margins of 22 

which are strongly converging backwards, and a vertical ramus; on the negative side of the axis, the 23 

mandibular corpus is low with almost parallel margins, and the ramus is narrow, making a wide open 24 

angle with the corpus.  25 

 26 

Figure 6 27 

 28 

The morphospace (Fig. 6) separates on bgPC2, extant and pre-Dynastic Nile Valley populations from 29 

the Pleistocene and early Holocene ones, with the notable exception of Nakuru IX and one of the 30 

Gamble’s Cave mandibles, which are positioned within the point clouds of recent Africans. On 31 

bgPC1, the sub-Saharan populations are separated from the Naqada and Kerma pre-Dynastic groups, 32 

while Badari and Jebel Moya appear to be more similar to the Somali, Bantu and Haya specimens. 33 

Regarding the Nataruk fossils, once again they are very similar to the mandibles from Lothagam, and 34 

to some of the Central Rift Valley fossils from Elmenteita and Gamble’s Cave. It is worth noting that 35 

the shape of Willey Kopje II is closer to the North-African Pleistocene populations from Afalou and 36 

Taforalt than to the other early Holocene East African mandibles. The pairwise comparison of the 37 

group differences (Table 6) indicates first that groups with a low number of individuals (i.e., 38 

Gamble’s Cave, Elmenteita, Nakuru, Willey Kopje and Nazlet Khater) cannot be assessed accurately, 39 

as they tend to show no significant differences to any of the other populations. Second, that the 40 
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other populations can be generally distinguished, although the sub-Saharan groups are similar to 1 

each other, with the exception of the Khoisan. Finally, that the Nataruk mandibles are once again 2 

indistinguishable from those from Lothagam.  3 

 4 

Table 6 5 

 6 

Phenetic affinities of the Nataruk specimens – phenograms  7 

Finally, to assess the phenotypic affinity of the Nataruk specimens, we analysed the mean shape of 8 

each population through PCAs and Neighbour-Joining trees based on the Euclidian distances with a 9 

10,000 replication bootstrap. We performed this analysis separately on the 23 worldwide 10 

populations (Fig. 7A), the 10 meta-populations (Fig. 7B) and on the African populations only (Fig. 7C).  11 

Figure 7A depicts the pattern of affinity between the 23 worldwide populations. On the left, the plot 12 

of the first two PCs from the PCA (56.23% of the variance) clearly shows the relatively unusual shape 13 

of the mandibles from Nataruk and Lothagam, which are similar only to the Pleistocene North-14 

African Nazlet Khater 2 specimen. Most sub-Saharan African populations tend to cluster around the 15 

centre of the chart, while some Nile Valley groups and Eurasians occupy the lower left part of the 16 

morphospace. It is worth noting the apparent affinity in mandibular shape between the Inuits and 17 

some sub-Saharan populations (Haya and Bantu) and with the Pleistocene European fossils. The late 18 

Pleistocene North African fossils from Afalou and Taforalt occupy a central bottom position in the 19 

morphospace, along with the early Holocene Central Rift specimens, the shapes of which are, 20 

nevertheless, less extreme. On the right, the unrooted phenogram appears divided into two main 21 

clusters. The upper part of the tree contains recent human populations, with the exception of the 22 

samples from Badari and Jebel Moya, and of Pleistocene European fossils, which cluster loosely with 23 

the Khoisan (18% of 10,000 bootstrap replications) and the Inuits (9%). sub-Saharan (Somali, Bantu 24 

and Haya) and Nile Valley (Badari and Jebel Moya) populations cluster on both sides of this group. 25 

The rest of this cluster is composed of South-East Asian and Oceanian populations, with a strong 26 

association of Australians and Andamans (42%) on the one hand, and of Papuans and Nicobarese 27 

(36%) on the other. The second main cluster is composed mainly of early Holocene or Pleistocene 28 

African specimens, as well as extant Eurasian mandibles. The North African samples from Afalou and 29 

Taforalt cluster together (43%), before grouping with a cluster that includes, sequentially, two Nile 30 

Valley populations, Naqada (27%) and Kerma (26%), and China and Europe (33%), which are closely 31 

associated (62%). Finally, the rest of the cluster is composed of the early Holocene Kenyan 32 

populations (Lothagam and Holocene Central Rift) and the North African Pleistocene mandible from 33 

Nazlet Khater, which are grouped around the Nataruk fossils. Nataruk is strongly associated with 34 

Nazlet Khater 2 (62%) and Lothagam (26%).  35 

 36 

Figure 7 37 

 38 
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Figure 7B, which depicts the results based on the 10 meta-populations, shows a clearer phenetic 1 

signal. The morphospace defined by the first two PCs (67.85% of the variance) is divided between 2 

groups with PC1 values ≥ 0 and PC2 values ≤ 0 (Pleistocene North Africa, Holocene Kenya and 3 

Nataruk) and the opposite (all extant worldwide populations, as well as, again, the Pleistocene 4 

Europeans). Oceania, Asia and Europe tend to show an extreme of mandibular variation along PC1 5 

(left of the morphospace), while extant sub-Saharan African, Inuit and, to a lesser extent, Nile Valley 6 

and Pleistocene European samples occupy a more central position. Pleistocene Europe and 7 

Pleistocene North Africa occupy opposite extremes along PC2. The unrooted tree on the right 8 

highlights a coherent phenetic pattern. The upper part of the tree shows the relationships between 9 

extant populations, with the sub-Saharan meta-population clustering (19%) with a group formed by 10 

Oceania and Asia (29%) and Europe and the North African Nile Valley (5%); the Inuit cluster with the 11 

Pleistocene Europeans (40%). The lower part of the phenogram is composed of the Pleistocene 12 

North Africans grouped with Nataruk (44%) and the other early Holocene East Africans (65%).  13 

 14 

Finally, the last analysis concerns the African populations only, and allows us to compare Nataruk to 15 

individual sites from the Holocene Central Rift Valley of Kenya (Gamble’s Cave and Elmenteita and 16 

the Neolithic sites of Willey Kopje and Nakuru). The morphospace depicted on Figure 7C represents 17 

56.48% of the variance and indicates that recent African populations, along with Jebel Moya and the 18 

pre-Dynastic Badari, share a common morphospace in the bottom centre of the chart. The other 19 

populations are more dispersed, and the oldest specimens tend to occupy the top of the 20 

morphospace. It is worth noting that Nakuru IX shows an extreme morphology which is nevertheless 21 

persistently closer to the Maghrebian fossils from Afalou and Taforalt than to any other sample or 22 

individual in the dataset, while Nataruk, Lothagam and Nazlet Khater share a common shape 23 

pattern. The unrooted phenogram (Fig. 7C, right) has two main branches. The first one is composed 24 

of recent sub-Saharan Africans (40%) grouped together with the prehistoric population from Sudan, 25 

Jebel Moya, and the pre-Dynastic Egyptians from Badari (22%), with two strongly supported clusters: 26 

Bantu-Haya (69%) and Khoisan-Jebel Moya (48%). The second branch supports two groups: a mostly 27 

Northern African one, with two Nile Valley populations (Naqada and Kerma, 48%) and the late 28 

Pleistocene fossils from Taforalt and Afalou (28%), and which includes the East African Nakuru IX 29 

specimen (48%); and a mostly East African one, which clusters all the other Central Rift Valley fossils 30 

(with a branch linking the fossils from Gamble’s Cave and Willey Kopje II, 44%), along with a branch 31 

that includes the Elmenteita samples (45%) and a sub-cluster that groups the Nataruk-Lothagam 32 

mandibles (30%), with the Egyptian fossil from Nazlet Khater (64%).  33 

In sum, while not all the resulting population clusters follow coherent affinity patterns, we note that 34 

some groupings reflect aspects of population history: the populations from Oceania with South 35 

Asians (Sri Lanka, Nicobar Is. and Andaman Is.), a mainland Eurasian grouping of Chinese and 36 

European populations, and most of the sub-Saharan groups which cluster tightly together. 37 

Additionally, the analyses highlight the diversity among the prehistoric Nile Valley populations, with 38 

two (Naqada and Kerma) recurrently associated with the late Pleistocene specimens from Afalou 39 

and Taforalt, as well as with the early Holocene Central Rift fossils, and the other two (Badari and 40 

Jebel Moya) more similar to extant sub-Saharan populations. Considering the phenotypic affinity of 41 

the Nataruk sample within both a worldwide and an African context, the analyses highlight the 42 

strong affinities that exist between Nataruk and other early Holocene populations from East Africa 43 
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(i.e., Lothagam, Gamble’s Cave and Elmenteita). They also show strong relationships with 1 

Pleistocene specimens from North Africa, Afalou and Taforalt and, more surprisingly, with the much 2 

older Nazlet Khater 2 specimen. These results place Nataruk within an East African, fisher-hunter-3 

gatherer morphological continuum in the early Holocene, which shares strong affinities with late 4 

Pleistocene fossils from Northern Africa.  5 

 6 

Discussion 7 

This study of the mandibles from the site of Nataruk brings new information on the morphological 8 

variation of early Holocene populations from Eastern Africa. While previous studies have stressed 9 

the role of diet in shaping mandibular morphology (Lieberman, 2008; von Cramon-Taubadel, 2009b), 10 

recent evidence has weakened this interpretation (Katz et al., 2017). Both von Cramon-Taubadel 11 

(2009b) and Katz et al. (2017) conclude that the shape of the mandible does reflect subsistence 12 

strategy. However, von Cramon-Taubadel (2009b) suggests that this effect is very significant, to the 13 

extent that it erases the signature of past populations’ history, Katz and colleagues (2017) have 14 

shown that mandibular phenotypic variation is mostly due to individual variation, which, when 15 

examined at a population level, shows that the impact of diet is dwarfed by neutral evolutionary 16 

processes. Results from the present study tend to support the second hypothesis, as without 17 

considering any environmental factors in the phenetic analyses of our mandibular sample, our 18 

results provide a clear recurrent phenetic and/or population history signal.  19 

For instance, when looking at the size of the mandible of different populations, we note that 20 

populations representing different environments and dietary adaptations, such as Australians and 21 

Inuit (hunter-gatherers), and Europeans and Papuans (farmers/horticulturalists), cannot be 22 

distinguished in terms of centroid size (Fig. 3A). In fact, between group centroid size variation in our 23 

sample is surprisingly low when considering extant human populations (Fig. 3A and B), with the 24 

exception of the Andaman Islanders, a group of Negritos from Southeast Asia. The small mandibular 25 

size of the latter is part of their distinctive overall small body size, reflected in a mean adult stature 26 

for males of ca. 148 cm (Stock and Migliano, 2009). Only the early Holocene and late Pleistocene 27 

fossils tend to be larger, and, in that respect, the Nataruk sample centroid size is within the expected 28 

variation from an early Holocene fisher-gatherer population from East-Africa (Fig. 3). 29 

In terms of the shape of the mandible of extant human populations, subsistence strategy does not 30 

seem to have a major impact on the results obtained. For instance, the results from the first bgPCA 31 

(Fig. 4) show that some of the hunter-gatherer groups (Australians and Andamanese) are not 32 

particularly separated from farmer/horticulturalist populations: the Andamanese are similar to the 33 

geographically close specimens from the Nicobar Islands, and Australians share similarities with the 34 

Nile Valley populations from the sites of Naqada and Kerma. The Neighbour-Joining analysis (Fig. 7A) 35 

shows a somewhat more ambiguous signal, as we note the clustering of the Australians with the 36 

Andamanese along with the clustering of Papuans with Nicobar Islanders. This pattern of similarities 37 

between hunter-gatherer on the one hand and farmer/horticulturalist on the other goes against 38 

genomic data which indicates a strong phylogenetic relationship between Australians and Papuans 39 

(Malaspinas et al., 2016). They, nevertheless, cluster into two closely related groups, which fall 40 

within a larger South-East Asia-Oceania cluster (i.e., Sri Lanka, Australia, Andaman, Papuan and 41 

Nicobar, see Fig. 7A). This association could depict the complex phenetic links between those 42 
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populations that may reflect the differential retention of an ancient signature of dispersal (Lahr and 1 

Foley, 1994; Lahr, 1996; Reyes-Centeno et al., 2014; Pagani et al., 2016), the hypothesis of a deep 2 

genetic divergence of these groups from other South Asian populations (Bergström et al., 2016), and 3 

the shared pattern of archaic genomic admixture (Malaspinas et al., 2016; Mondal et al.; 2016)). The 4 

influence of population of origin in shaping the mandibular phenotype is also exemplified by some 5 

well-described phenetic patterns in the Neighbour-Joining trees (Fig. 7). For instance, in the 6 

worldwide population analysis, besides the clustering of the populations from Oceania and South 7 

Asia, the Chinese and Europeans are closely associated, a result that is also coherent with recent 8 

genomic studies (Mallick et al., 2016; Pagani et al., 2016).  9 

The shape analyses also show that all the specimens older than 5,000 years BP (i.e., early Holocene 10 

and Pleistocene) occupy the same sector of the morphospace defined by the first 2 PCs of the PCAs 11 

run on the mean shape of the different populations (Fig. 7), the only exception being the Pleistocene 12 

European sample, which tends to share affinities with the Inuit and recent Sub-Saharan (especially 13 

Khoisan) populations (Fig. 7A and B). Such an association between geographically and/or 14 

chronologically distant hunter-gatherer groups (Pleistocene Europe, Khoisan and Inuit), may 15 

nevertheless not be indicative of a functional response of mandibular morphology to their shared 16 

subsistence strategy, since morphological and ancient genomic results suggest that both the South 17 

African Khoisan and the Inuit may preserve signatures of complex ancestral relationships with 18 

Pleistocene Europeans (Grine et al., 2007; Raghavan et al., 2014; Flegontov et al., 2016; Schlebusch 19 

et al., 2017). Some of the prehistoric populations of the Nile Valley (Naqada and Kerma) show strong 20 

similarities with the late Pleistocene North African fossils from Afalou and Taforalt (Fig. 7A and C). 21 

This affinity seems to represent phylogenetic proximity, as those populations lived in different 22 

environments and did not share a common subsistence strategy: Afalou and Taforalt were hunter-23 

gatherers (Aoudia-Chouakri, 2013) while Naqada and Kerma were early farmers (Simon, 1989; 24 

Hendrickx, 1999). However, the other Nile Valley populations cluster differently: Jebel Moya and 25 

Badari show similarities with sub-Saharan African samples (Khoisan, Somali, Haya and Bantu). This 26 

latter pattern is recurrent, and may be partly explained by the complexity of the site of Jebel Moya. 27 

The site, which includes three occupation phases (Gerharz, 1994; Brass and Schwenniger, 2013), lies 28 

at the boundary between North and sub-Saharan African geographic spheres (Brass, 2014) and may 29 

preserve an admixed population exhibiting a mosaic of features that are reminiscent of both sub-30 

Saharan and North African peoples (Irish and Konigsberg, 2007). The sub-Saharan affinities of the 31 

early pre-Dynastic population from the Egyptian site of Badari observed recurrently in our analyses 32 

should be investigated further. The best evidence that mandibular morphology captures phenetic 33 

relations is the close association between the Nataruk and Lothagam mandibles observed in every 34 

analysis performed. These two samples originate from sites that are spatially and temporally close, 35 

and probably represent sub-groups from a single population of fisher-foragers of Southwest Turkana 36 

during the early phase of the African Humid Period. Mandibular morphology captures the underlying 37 

phenetic signal that describes this close relationship. 38 

As a whole, our morphometric data provide a phenotypic signal that can be interpreted clearly in a 39 

phenetic framework.  40 

 41 

Who were the Nataruk people? – Phenetic affinity of the mandibles from Nataruk 42 
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The results from this study recurrently show that the Nataruk mandibles share their strongest 1 

affinities with the Lothagam specimens as hypothesised: they are similar in size (Fig. 3A and C) and 2 

similar in shape, as illustrated by both the bgPCAs results (Fig. 3, 4 and 5) and by their mean 3 

Procrustes distance and position in the Neighbour-Joining trees (Fig. 7A and C). This affinity is 4 

expected, since the two sites are in close geographical proximity (about 25 km apart) and of overall 5 

similar age (Robbins, 1974; Mirazón Lahr et al., 2016), and could represent sub-groups from the 6 

same population. The second expectation, that the Nataruk mandibles would share shape affinities 7 

with early Holocene specimens from East Africa, here represented by a sample from the Central Rift 8 

Valley, is also met, as exemplified by the clustering of most of the Central Rift specimens with 9 

Nataruk in all three Neighbour-Joining trees (Fig. 7). Those affinities are supported by strong 10 

bootstrap values which underline the likely phylogenetic links between Eastern African populations 11 

dated between 10,000 and 6,000 thousands years BP. Nakuru IX is the only one of the Holocene 12 

Central Rift Valley specimens not to cluster around the Nataruk sample. This morphological 13 

difference may be explained by different factors. First, being a single specimen, we are aware that its 14 

morphology may not adequately reflect the phenotype of its population of origin, and that the 15 

Nakuru IX mandible may represent an extreme of the morphological variation of its people. Second, 16 

the site of Nakuru is younger (Neolithic) than most of the early Holocene sample of the study; 17 

however, another Neolithic specimen from the same area, Willey Kopje II, does cluster around 18 

Nataruk along with the other Holocene Central Rift Valley specimens (Fig. 7C), suggesting that age 19 

and subsistence is not what pulls the fossil of Nakuru IX apart from other Holocene East Africans. 20 

Instead, Nakuru IX persistently shares strong affinities with the North African late Pleistocene fossils 21 

from Taforalt and Afalou (15,000 to 11,000 years BP), which, as observed in the worldwide analysis, 22 

also cluster with the Nile Valley North African fossils from Naqada and Kerma. Similarly, the much 23 

older (36,000 years BP) Nile Valley fossil from Nazlet Khater clusters with the early Holocene Eastern 24 

African specimens, suggesting an ancient connection between East Africa and the Nile Valley. 25 

It is interesting to note that the third Neighbour-Joining tree including only African specimens (Fig. 26 

7C) depicts clearly three different branches, each associated with a set of older populations – (1) 27 

extant sub-Sahara Africans, including the pre-Dynastic Badari, and the Nubian Jebel Moya; (2) early 28 

Holocene Eastern Africans (including Nataruk) and the fossil from Nazlet Khater 2; and (3) a similar 29 

diachronic and geographically dispersed association among late Pleistocene groups from the 30 

Maghreb (Afalou and Taforalt), the pre-Dynastic and Nubian samples from Naqada and Kerma from 31 

the Nile Valley, and the Neolithic fossil (Nakuru IX) from the Central Rift Valley of Kenya as observed 32 

above. The last two clusters seem to share more affinities between themselves than with the extant 33 

sub-Saharan Africans.  34 

In sum, the Nataruk mandibles are part of a continuum of morphological variation that links 35 

Pleistocene and Holocene populations from Eastern and Northern Africa (Maghreb, Nile Valley and 36 

the Kenyan Rift Valley) to the almost complete exclusion of the recent African sample.  37 

Such a pattern can be interpreted first through the global climatic change that impacted the world at 38 

the end of the Pleistocene. The last deglaciation, which started in the Northern Hemisphere around 39 

19,000 years ago and in the Southern hemisphere around 15,000 years ago, led to two abrupt rises 40 

in sea level (Clark et al., 2009), leading to the onset of an interglacial period worldwide and, in the 41 

case of Africa, to a period of greatly increased precipitation known as the African Humid Period 42 

(deMenocal et al., 2000). In this framework, the greening of the Sahara (Larrasoaña et al., 2013) may 43 
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have allowed hunting–fishing populations to spread from the Northern Kenyan lakes to the Nile and 1 

across the Sahel into North Africa (Mirazón Lahr, 2016). The African Humid Period lasted until 2 

around 5,000 years ago (de Menocal, 2015), presumably creating multiple opportunities of increased 3 

population connectivity between Eastern and Northern Africa for 10,000 years. It is of interest to 4 

note that most of the populations representing North Africa in our sample date to within this time 5 

span, when aquatic corridors would have allowed some connection and, presumably, gene-flow: the 6 

specimens from Afalou and Taforalt, which are dated between 15,000 and 11,000 years BP (Aoudia-7 

Chouakri, 2013), and the specimens from Naqada, Badari and Jebel Moya, who lived in the Nile 8 

Valley from 6,000 to 5,000 years ago (Gerharz, 1994; Hendrickx, 1999). Only the Kerma specimens, 9 

dated to around 3,500 years BP (Simon, 1989), and the Nazlet Khater 2 fossil dated to 36,000 years 10 

BP (Crevecoeur, 2006), are outside of the temporal span in which this North-East African connection 11 

would have existed, although they may reflect both lagged patterns of survivorship/affinity (Kerma) 12 

and biogeographically recurrent connections (Nazlet Khater).  13 

Additionally, the site of Nataruk is located at the edge of a large paleolake (Turkana). The lithic 14 

assemblage that was uncovered at the site is similar to other Later Stone Age assemblages in that 15 

area (Robbins, 2006; Beyin, 2011), including fragments of barbed bone harpoons typical of early 16 

Holocene fisher-foragers of Turkana (Robbins, 1975). As a result, the Nataruk people have been 17 

described as representing a hunter-fisher-gatherer population (Mirazón Lahr et al., 2016). Within the 18 

comparative sample of the present study, other populations present similar characteristics in terms 19 

of chronology and lifestyle: the Lothagam sample, which originates from a site that is also situated at 20 

the edge of Lake Turkana and is dated to a similar period (Robbins, 1974), and the Central Rift Valley 21 

specimens that originate from populations that lived in the Nakuru-Elmenteita Basin between 8,000 22 

and 6,000 years BP. Although Nakuru and Elmenteita are two different lakes nowadays, they formed 23 

a much larger paleolake during the early Holocene (Dühnforth et al., 2006), which may have also 24 

supported a fisher-forager subsistence strategy during the African Humid Period, consistent with the 25 

presence of a bone harpoon at the site of Gamble’s Cave (Oakley, 1961). Although more complete 26 

information concerning the life-style of the hunter-gatherers who lived in the other sites of the area 27 

at the time, such as Elmenteita (Leakey, 1970), is wanting, the geographic, ecological and 28 

chronostratigraphic position of the populations living at the edge of the Nakuru-Elmenteita 29 

paleolake in the early Holocene suggest that they may have experienced similar conditions and may 30 

have shown similar adaptive responses to the Nataruk-Lothagam population, as well as possibly 31 

shared ancestry. Lastly, the Afalou and Taforalt North African groups lived near the Mediterranean 32 

coast and have also been described as hunter-fisher-gatherers (Aoudia-Chouakri, 2013); their 33 

relationship to AHP Saharan and Nile Valley populations remains to be fully explored.  34 

Finally, it is interesting to note that neither the late Pleistocene North African sample, nor the early 35 

Holocene Eastern African specimens, including the Nataruk fossils, show strong affinities to the 36 

specimens representing the extant African populations in our sample. As it has been pointed out in 37 

the morphological description of other late Pleistocene/early Holocene African fossils (Harvati et al., 38 

2011; Tryon et al., 2015; Crevecoeur et al., 2016), these specimens tend to exhibit distinctive 39 

characteristics and higher phenotypic diversity than do extant African populations, to the extent that 40 

they show more affinities with Middle to early late Pleistocene fossils (Crevecoeur et al., 2016). Such 41 

a phenotypic pattern may explain the affinity shared by the Nataruk fossils and the late Pleistocene 42 

fossil from Nazlet Khater 2 in our analyses, and highlights the role of an early Holocene Filter in 43 

shaping current patterns of human diversity, particularly in Africa (Mirazon Lahr, 2016).  44 
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 1 

Conclusion 2 

This study attempts to establish the phenetic affinities of the people of Nataruk, a hunter-fisher-3 

gatherer population from the early Holocene of West Turkana (Kenya), on the basis of their 4 

mandibular morphology. Our findings resonate with previously observed patterns of phenotypic 5 

plasticity in the human mandible, the morphology of which reflects, in part, recent adaptations to 6 

environmental and behavioural factors. However, the main signal in our analyses is one that appears 7 

to reflect population history. In the case of the people who were killed at Nataruk, we show their 8 

strong affinities with other early Holocene hunter-fisher-gatherer populations from West Turkana in 9 

particular, and Eastern Africa more generally, but also, and more surprisingly, the apparent phenetic 10 

connection that may have existed between these Eastern African populations and some Nile Valley 11 

and Maghrebian groups which lived at a time when a Green Sahara may have allowed substantial 12 

contact, and potential gene flow, across a vast expanse of Northern and Eastern Africa. It is possible 13 

that the shared aquatic fisher-forager strategies of populations who lived geographically separated 14 

by the Sahara could have led to a common adaptive response that is reflected in the shape of the 15 

mandible, thus convergently accounting for the strong affinities observed in the data. However, such 16 

overriding functional convergence is not supported by the results of the worldwide analyses that 17 

recurrently cluster groups of different subsistence strategy, nor with the totality of the observed 18 

phenotypic pattern among the early Holocene African samples. This is further stressed by the fact 19 

that this morphological association is not exclusive to AHP fisher-foragers, but also includes 20 

populations in both the Nile Valley and Kenyan Central Rift Valley who practised a pastoralist and/or 21 

agriculturalist subsistence strategy around the end of the African Humid Period. Given the limited 22 

number of late Pleistocene/early Holocene African fossils available and the poor understanding of 23 

the archaeological context of some of the Central Rift Valley specimens, further research is needed 24 

to bring additional insight into the history of early African populations. 25 
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Figures legends 1 

 2 

Figure 1 3 

Four of the mandibles from the site of Nataruk (West Turkana, Kenya) showed in norma lateralis, 4 

norma facialis, norma occipitalis and normal superalis (from left to right). (A) KNM-WT 71251, (B) 5 

KNM-WT 71253, (C) KNM-WT 71254, (D) KNM-WT 71255. The mandibles are scaled in relation to 6 

each other. 7 

 8 

Figure 2 9 

Four of the mandibles from the site of Nataruk (West Turkana, Kenya) showed in norma lateralis, 10 

norma facialis, norma occipitalis and normal superalis (from left to right). (A) KNM-WT 71256, (B) 11 

KNM-WT 71257, (C) KNM-WT 71263, (D) KNM-WT 71264. The mandibles are scaled in relation to 12 

each other. Norma lateralis is reversed for KNM-WT 71256.  13 

 14 

Figure 3 15 

Boxplots showing centroid size according to the three different grouping of our sample. (A) 16 

worldwide populations, (B) worldwide meta-populations, and (C) African populations. The size of the 17 

Nataruk mandible is similar to Pleistocene specimens, and to the Lothagam sample. 18 

 19 

 20 

Figure 4 21 

bgPCA showing the variation in shape within the mandibular sample grouped per worldwide 22 

populations. The ellipses represent the 90% confidence interval for the estimated distribution of the 23 

specimens of each population. Each specimen is linked to the centroid of its group of origin. The 24 

Nataruk specimens are closer in shape to the Lothagam (red) and late Pleistocene Afalou and 25 

Taforalt (brown) specimens. NK2 stands for Nazlet Khater 2. 26 

 27 

Figure 5 28 

bgPCA showing the variation in shape within the mandibular sample grouped per worldwide meta-29 

populations. The ellipses represent the 90% confidence interval for the estimated distribution of the 30 

specimens of each population. Each specimen is linked to the centroid of its group of origin. The 31 

Nataruk specimens are closer in shape to the Kenyan Holocene (red) and North Africa Pleistocene 32 

(brown) specimens. 33 

 34 
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Figure 6 1 

bgPCA showing the variation in shape within the mandibular sample grouped per African 2 

populations. The ellipses represent the 90% confidence interval for the estimated distribution of the 3 

specimens of each population. Each specimen is linked to the centroid of its group of origin. The 4 

Nataruk specimens are closer in shape to the Lothagam (red) and Nazlet Khater 2 (i.e., NK2, brown) 5 

specimens. 6 

 7 

Figure 7 8 

PCAs run on the mean shape of each population and associated unrooted Neighbour-Joining trees 9 

with a 10,000 replications bootstrap. (A) worldwide populations, (B) worldwide meta-populations, 10 

and (C) African populations. In each tree, the Nataruk and Lothagam specimens (Holocene Kenya in 11 

7B) cluster together. 12 

 13 
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Table legends 1 

 2 

Table 1: Specimens used in the study 3 

Bold type indicates that the original fossils were examined. 4 
*The sex ratio corresponds to the number of females divided by the total population number.  5 
a
 Individual fossil specimens that compose this sample are listed in Table 2. 6 

b
 References for chronology are listed in Table 2. 7 

 8 

Table 2. Description of fossil specimens. 9 

Bold type indicates that the original fossils were examined. 10 

 11 

Table 3. Comparison of the centroid size for each meta-population and population of the study.  12 

 13 

Table 4. Between groups PCA – worldwide sample. p-values of pairwise group differences – based 14 

on permutation testing. 15 

Bold types: p-values > 0.05, indicating that the pairwise group difference is not significant. 16 

 17 

Table 5. Between groups PCA – worldwide meta-populations. p-values of pairwise group 18 

differences – based on permutation testing. 19 

Bold types: p-values > 0.05, indicating that the pairwise group difference is not significant. 20 

 21 

Table 6. Between groups PCA – African sample. p-values of pairwise group differences – based on 22 

permutation testing. 23 

Bold types: p-values > 0.05, indicating that the pairwise group difference is not significant. 24 

 25 
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Supplementary Online Material : 1 

 2 

SOM-1 3 

 4 

Sample description 5 

 6 

Table S1. Description of the specimens studied in the study 7 

a ‘?’ indicates when the sex has been established using secondary sexual characters of the skull (see, 8 

Buikstra and Ubelaker, 1994; White et al., 2011). 9 

b Indicates where the specimens are kept and in the case of Nazlet Khater whom gave access to the 10 

CT scan: DC = Duckworth Collection, Cambridge, UK; IPH = Institut de Paléontologie Humaine, Paris, 11 

France; MH = Musée de l’Homme, Paris, France; Brno = Anthropos Institute, Brno, Czech Republic; 12 

ORS = Open Scan Research Archive, University of Pennsilvania Museum of Archeology and 13 

Anthropology, USA; NMK = National Museums of Kenya, Nairobi; IC = Isabelle Crevecoeur.  14 

c Percentage of missing landmarks that were estimated using TPS. 15 

 16 

Table S2. Description of the landmarks used in the study (see Fig. 4) 17 

 18 

Between group PCA and PCA 19 

 20 

Table S3. Between groups PCs eigenvalues and variance Description of the bgPCs of the bgPCAs run 21 

on Procrustes residuals according to worldwide populations, worldwide meta-populations and 22 

African-populations. 23 

 24 

Table C.2. PCAs – eigenvalues and variance  25 

Description of the PCs of the PCAs run on the mean shape of the populations according to worldwide 26 

populations, worldwide meta-populations and African-populations. 27 

 28 

SOM-2 29 

Test of TPS performance in estimating the missing landmarks 30 

PCs scores of the subsamples used to test the performance of TPS in estimating landmarks, along 31 

with T-test results on mean and variance for each estimated landmark. The differences in mean and 32 

variance are not significant. 33 

 34 
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Figure Legend 1 

Figure S1. 2 

PCA of 30 subsamples of 30 specimens without missing landmarks. Each of the missing landmarks 3 

estimated through TPS in the main analysis has been deleted in one of the subsamples, before being 4 

estimated through TPS, creating 31 groups of 30 specimens. Each of the group was given a colour 5 

code on the PCA graphs. The 930 resultant specimens were aligned (i.e., GPA) and a PCA was run: (A) 6 

PCA PC1 and 2; (B) PC3 and 4; (C) PC5 and 6; (D) missing landmarks estimated. Estimation of missing 7 

landmarks through TPS does not affect fundamentally the results of the PCA.  8 
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Table 1: Specimens used in the study 

Meta-populations and 
Populations 

n 
Sex 

ratio* 
Provenance Chronology 

Reference 
(chronology) 

Nataruk 8 0.36 Kenya 10,500-9,500 BP 
(Mirazón Lahr et al., 

2016) 

Extant Sub-Sahara (n=63) 
 

 
   

Haya 24 0.33 Tanzania 19th century - 

Somali 
Daarod (14); Ainhao (2);Hahr Jalo (2) 

18 0.11 Somalia 20th century - 

Khoisan 11 0.54 South Africa 19th century - 

Bantu 10 0 South Africa 19th century - 

Extant Asia (n=43)      

Andamanese 11 0.54 Andaman Islands, India 19th century - 

Nicobarese 11 0.45 Nicobar Islands, India 19th century - 

Chinese 12 0.1 China 19th century - 

Sri Lankan 
Veddah (4); Singhalese (3);Tamil (2) 

9 0.22 Sri Lanka 19th century - 

Extant Oceania (n=37)      

Papuan 16 0.38 Papua New Guinea 19th century - 

Australian 21 0.43 Australia 19th century - 

Extant European (n=17)      

European 17 0.47 Europe 19th century - 

Extant Inuit (n=18)      

Inuit 18 0.4 Greenland 19th century - 

Nile Valley (n=63) 
 

 
   

Kerma (Nubian) 16 0.5 Sudan 3,750-3,480 BP 
(Collett, 1933; Simon, 

1989) 

Jebel Moya (Nubian) 14 0.57 Sudan 5,000-2,100 BP 
(Brass and 

Schwenniger, 2013) 

Badari (Pre-Dynastic) 18 0.39 Egypt 5,440-5,110 BP (Hendrickx, 1999) 

Naqada (Pre-Dynastic) 15 0.47 Egypt 5,000-4,000 BP (Hendrickx, 1999) 

Holocene Kenya (n=14) 
 

 
   

Lothagam 7 0.43 Kenya 9,000-6,000 BP (Robbins, 1974) 

Central Rift
a
 7 0.29 Kenya 8,210-5,000 BP -

b 

Pleistocene North Africa (n=38) 
 

 
   

Taforalt - Grotte des Pigeons 20 0.35 Morocco 15,000-10,000 BP 
(Aoudia-Chouakri, 

2013) 

Afalou Bou Rhummel 17 0.12 Algeria 15,000-11,000 BP 
(Aoudia-Chouakri, 

2013) 

Nazlet Khater 2
 

1 0 Egypt 35,000 BP (Crevecoeur, 2006) 

Pleistocene Europe (n=11)      

Europe
a
 11 0.5 - 50,000-12,000 BP -

b 

Total 312 0.35 
   

*The sex ratio corresponds to the number of females divided by the total population number.  
a
 Individual fossil specimens that compose this sample are listed in Table 2. 

b
 References for chronology are listed in Table 2. 
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Table 2: Description of fossil specimens 

Specimen Sex Site Chronology Chronology references 

Holocene              Nataruk   

KNM-WT 71251 M Nataruk, West Turkana, Kenya 10,500-9,500 BP 
(Mirazón Lahr et al., 

2016) 

KNM-WT 71253 M Nataruk, West Turkana, Kenya 10,500-9,500 BP 
(Mirazón Lahr et al., 

2016) 

KNM-WT 71254 F? Nataruk, West Turkana, Kenya 10,500-9,500 BP 
(Mirazón Lahr et al., 

2016) 

KNM-WT 71255 F Nataruk, West Turkana, Kenya 10,500-9,500 BP 
(Mirazón Lahr et al., 

2016) 

KNM-WT 71256 F Nataruk, West Turkana, Kenya 10,500-9,500 BP 
(Mirazón Lahr et al., 

2016) 

KNM-WT 71257 M Nataruk, West Turkana, Kenya 10,500-9,500 BP 
(Mirazón Lahr et al., 

2016) 

KNM-WT 71263 M Nataruk, West Turkana, Kenya 10,500-9,500 BP 
(Mirazón Lahr et al., 

2016) 

KNM-WT 71264 M Nataruk, West Turkana, Kenya 10,500-9,500 BP 
(Mirazón Lahr et al., 

2016) 
             Lothagam   

KNM-LT 13702E M? Lothagam, West Turkana, Kenya 9,000-6,000 BP (Robbins, 1974) 

KNM-LT 13704B M? Lothagam, West Turkana, Kenya 9,000-6,000 BP (Robbins, 1974) 

KNM-LT 27710 M? Lothagam, West Turkana, Kenya 9,000-6,000 BP (Robbins, 1974) 

KNM-LT 27712C M? Lothagam, West Turkana, Kenya 9,000-6,000 BP (Robbins, 1974) 

KNM-LT 27714 F? Lothagam, West Turkana, Kenya 9,000-6,000 BP (Robbins, 1974) 

KNM-LT 27715B F? Lothagam, West Turkana, Kenya 9,000-6,000 BP (Robbins, 1974) 

KNM-LT 27717B F? Lothagam, West Turkana, Kenya 9,000-6,000 BP (Robbins, 1974) 

             Central Rift Valley   

Elmenteita A M Elmenteita, Bromhead, Kenya 7,410±160 BP (Protsch, 1978) 

Elmenteita D M Elmenteita, Bromhead, Kenya 7,410±160 BP (Protsch, 1978) 

Elmenteita F1 F Elmenteita, Bromhead, Kenya 7,410±160 BP (Protsch, 1978) 

Gamble's Cave 4 M Gamble’s Cave, Kenya 8,210±260 BP (Protsch, 1978) 

Gamble's Cave 5 M Gamble’s Cave, Kenya 8,210±260 BP (Protsch, 1978) 

Nakuru IX F Nakuru, Kenya Early Pastoral Neolithic (Leakey, 1970) 

Willey Kopje II M Willey Kopje, Kenya Early Pastoral Neolithic (Leakey, 1970) 

Pleistocene              Afalou 
  

Afalou A.1 M Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 

Afalou A.2 M Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 

Afalou A.3 F Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 

Afalou A.5 F? Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 

Afalou A.10 M Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 

Afalou A.12 M? Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 

Afalou A.13 M Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 

Afalou A.14 M Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 

Afalou A.28 M Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 

Afalou A.30 M? Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 

Afalou A.34 M? Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 

Afalou A.46 M? Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 

Afalou A.47 M? Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 

Afalou A.48 M? Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 

Afalou A.49 M? Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 

Afalou B 4 M? Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 

Afalou Md 2-3 M? Afalou Bou Rhummel, Algeria 15,000-11,000 BP (Aoudia-Chouakri, 2013) 
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              Taforalt   

Taf I F? Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf IX M Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf VIII PB M Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XI-B.C2 M Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XI-C1 M? Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XII-C1 M Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XIV F? Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XIX-C1 F? Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XV-C2 M? Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XV-C5 M Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XVI-C2 F? Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XVII-C2 F Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XVIII M? Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XX-C1 M? Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XX-C2 F? Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XXI M? Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XXV-C3 F? Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XXV.2 M? Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XXVII-C1 M? Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

Taf XXVII-C2 M Taforalt, Grotte des Pigeons, Morocco 15,000-10,000 BP (Aoudia-Chouakri, 2013) 

              Europe   

Brno 3 F Brno, Czech Republic 26,300 BP (Smith, 1982) 

Dolní Věstonice 3 F Dolní Věstonice, Czech Republic 29,000-26,000 BP 
(Trinkaus and Svoboda, 

2006) 

Dolní Věstonice 13 M Dolní Věstonice, Czech Republic 29,000-26,000 BP 
(Trinkaus and Svoboda, 

2006) 

Dolní Věstonice 15 M Dolní Věstonice, Czech Republic 29,000-26,000 BP 
(Trinkaus and Svoboda, 

2006) 

Pavlov I M Pavlov, Czech Republic 29,000-26,000 BP 
(Weninger and Joris, 

2004) 

Předmostí 4 F Předmostí, Czech Republic 26,000 BP (Svoboda, 2008) 

Předmostí 3 M Předmostí, Czech Republic 26,000 BP (Svoboda, 2008) 

Abri Pataud 1 F Abri Pataud, France 21,000 BP 
(Bricker and Mellars, 

1987) 

Chancelade M Chancelade, France 17,000-12,000 BP 
(Sonneville-Bordes, 

1959) 

Kostenski 14 M Kostenski-Borshchevo, Russia 38,700-36,200 BP (Marom et al., 2012) 

Oberkassel 2 F Oberkassel, Germany ~12,000 BP (Street et al., 2006) 

              Nazlet Khater   

Nazlet Khater 2 M Nazlet Khater, Egypt 35,000 BP (Crevecoeur, 2006) 

Bold type indicates that the original fossils were examined. 
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Table 4. Between groups PCA – worldwide sample. p-values of pairwise group differences – based on permutation testing 
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Jebel Moya 0.0004 
             

        

Naqada 0.2664 0.0065 
            

        

Badari 0.0004 0.1373 0.1886 
           

        

Haya 0.0001 0.0125 0.0002 0.0718 
          

        

Somali 0.0002 0.0376 0.0192 0.1417 0.0016 
         

        

Khoisan 0.0001 0.0913 0.0001 0.0172 0.0340 0.0017 
        

        

Bantu 0.0012 0.2409 0.0315 0.2023 0.7179 0.0856 0.1197 
       

        

China 0.0004 0.0516 0.0058 0.0040 0.0012 0.0003 0.0050 0.0365 
      

        

Sri Lanka 0.0004 0.0007 0.0056 0.0009 0.0001 0.0001 0.0002 0.0044 0.0886 
     

        

Andaman 0.0001 0.0166 0.0003 0.0049 0.0286 0.0003 0.0214 0.1457 0.1585 0.2219 
    

        

Nicobar 0.0001 0.0135 0.0002 0.0029 0.0184 0.0001 0.0140 0.1097 0.2199 0.0326 0.7160 
   

        

Papua 0.0001 0.0014 0.0033 0.0001 0.0001 0.0001 0.0001 0.0040 0.0554 0.0365 0.0320 0.0017 
  

        

Australia 0.0223 0.0001 0.1790 0.0003 0.0001 0.0002 0.0001 0.0010 0.0002 0.0001 0.0001 0.0001 0.0034 
         

Europe 0.0001 0.0218 0.0001 0.0225 0.0007 0.0087 0.0761 0.0245 0.0005 0.0001 0.0001 0.0001 0.0001 0.0001         

Inuit 0.0286 0.0321 0.2117 0.0247 0.0001 0.0042 0.0001 0.0486 0.0278 0.0062 0.0046 0.0055 0.0850 0.4329 0.0001        

Holocene 

Central Rift 
0.0131 0.0112 0.1004 0.0805 0.0087 0.1086 0.0066 0.2595 0.0012 0.0001 0.0012 0.0006 0.0008 0.0267 0.0104 0.0339       

Lothagam 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0002 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0004      

Pleistocene 
Europe 

0.0001 0.0053 0.0002 0.0068 0.0001 0.0016 0.0218 0.0107 0.0001 0.0001 0.0007 0.0008 0.0001 0.0001 0.0187 0.0004 0.0064 0.0001     

Afalou 0.0012 0.0001 0.0012 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0157 0.0001 0.0001    

Taforalt 0.0001 0.0001 0.0007 0.0004 0.0001 0.0001 0.0001 0.0010 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0333 0.0001 0.0001 0.0018   

Nazlet 
Khater 2 

0.0825 0.1341 0.0850 0.2392 0.1264 0.2187 0.1915 0.2894 0.0422 0.0444 0.0709 0.0701 0.0237 0.0577 0.2407 0.0747 0.4750 0.7183 0.3679 0.0911 0.4273  

Nataruk 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0002 0.0028 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0109 0.1527 0.0001 0.0001 0.0003 0.8049 

Bold types: p-values > 0.05, indicating that the pairwise group difference is not significant. 
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Table 5. Between groups PCA – meta-populations sample. p-values of pairwise group differences – based on permutation testing 

  N
il
e

 V
a

ll
e

y
 

S
u

b
-S

a
h

a
ra

 

A
s

ia
 

O
c

e
a

n
ia

 

E
u

ro
p

e
 

In
u

it
 

H
o

lo
c

e
n

e
 

K
e

n
y

a
 

P
le

is
to

c
e

n
e

 

E
u

ro
p

e
 

P
le

is
to

c
e

n
e

 

N
o

rt
h

 A
fr

ic
a

 

Sub-Sahara 0.0001 
        

Asia 0.0001 0.0001 
       

Oceania 0.0001 0.0001 0.0004 
      

Europe 0.0001 0.0001 0.0003 0.0001 
     

Inuit 0.0001 0.0047 0.0001 0.0001 0.0001 
    

Holocene Kenya 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
   

Pleistocene Europe 0.0001 0.0003 0.0001 0.0003 0.0001 0.0188 0.0001 
  

Pleistocene North Africa 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
 

Nataruk 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.2109 0.0001 0.0001 

Bold types: p-values > 0.05, indicating that the pairwise group difference is not significant. 
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