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Abstract 

Modern humans are acknowledged to have expanded across Earth from Africa. Biological measures 

have appeared to reflect this expansion, such as genetic diversity and cranial sexual size dimorphism. 

Admixture is known to be an issue for using diversity to locate where the expansion set out from in 

Africa; using cranial dimorphism should make admixture less of an issue. Therefore, cranial 

dimorphism could be of importance for clarifying the origin. This study used data sourced from the 

Howells dataset to infer if cranial form and shape dimorphisms indicate the expansion, and understand 

why cranial size dimorphism looks indicative. Form and shape dimorphisms were calculated through 

RMET. Size dimorphism was calculated beforehand. Cranial form and shape dimorphisms increased 

with distance from Africa. Form dimorphism suggested an area of origin which was predominantly in 

Africa and marginally in Asia. For shape dimorphism, locations spanned much farther beyond Africa. 

Hence, cranial form dimorphism seemed to be quite indicative of the expansion, unlike cranial shape 

dimorphism. Form is known to feature size and shape – cranial form dimorphism may signify the 

expansion mainly, or only, due to cranial size dimorphism. It seemed unsettled why cranial size and 

form dimorphisms seem related to the expansion because it was vague whether cranial size indicates 

the expansion more for males than females. Previously, a collective estimate of the origin (from 

biological measures including cranial size dimorphism) pointed to southern Africa; in the collective 

estimation process, cranial size dimorphism supported the south as would cranial form and shape 

dimorphisms. 

 

Introduction 

Attempts to explain a number of occurrences in biology refer to modern humans having 

globally expanded from a specific continent – Africa (e.g., Ramachandran et al., 2005; von Cramon-

Taubadel & Lycett, 2008). Whilst Africa does appear to be where a global expansion began (e.g., 

Ramachandran et al., 2005), there are different impressions of the part, or parts, of Africa in which the 

expansion had its origin (e.g., Manica et al., 2007; Tishkoff et al., 2009), such as the east (Ray et al., 

2005) or the south (Cenac, 2023b). Nevertheless, genetic data fits with the existence of bottlenecks in 

the expansion (Prugnolle et al., 2005), with bottlenecks in the founding of new populations giving rise 

to a greatening of genetic drift (Ramachandran et al., 2005); expansion generates an explanation for 

why within-population diversity lowers with the build-up of geographical distance from Africa (Betti 
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et al., 2009; Ramachandran et al., 2005), and for why the biological distance between populations 

greatens with the geographical distance separating populations (Ponce de León et al., 2018; 

Ramachandran et al., 2005) (see Figure 1).  

There has been discussion on what factors explain sexual dimorphism (e.g., Frayer, 1980; 

Smith, 1980). For instance, the popularity of sexual selection as a determiner of dimorphism has been 

referred to (Kleisner et al., 2021). Unpublished research has given consideration to whether sexual 

dimorphism is related to the expansion from Africa (Cenac, 2022a, 2022b), and such consideration 

was also given in the present study.1 

 

Figure 1 

Relationship Between Genetic Diversity and Distance from Africa 

 

 

 

 

 

 

 

 

 

Note. The ability of expansion to explain relationships i) between genetic diversity and how far away 

(geographically) populations are from Africa, and ii) between interpopulation genetic distance and geographical 

distance (Ramachandran et al., 2005) is represented in Figure 1. Each square is a population. In each square, 

diversity is embodied by the distribution of black, grey, and white. Grey gets more prevalent as geographical 

distance from the origin greatens (genetic drift) – genetic diversity decreases as geographical distance from 

Africa builds up. Research is supportive of expansion having gone along different routes (Reyes-Centeno et al., 

2014), so, in Figure 1, the geographically further apart populations are in the expansion route, the greater their 

interpopulation genetic distance. The linear fall of genetic diversity (Prugnolle et al., 2005) is represented. 

 

Cranial dimorphism: Size 

The cranium of modern humans is sexually dimorphic in size, shape, and form (Milella et al., 

2021). For cranial size dimorphism, variation between populations has not been attended to in many 

studies (Del Bove et al., 2023). Nevertheless, some research (unpublished) has occurred with respect 

to whether expansion from Africa can explain how populations vary in cranial sexual size dimorphism 

(Cenac, 2022a, 2022b). It has been found that cranial sexual size dimorphism has a positive 

correlation with geographical distance from Africa (Cenac, 2022b). Moreover, the dimorphism 

increases most strongly when geographical distances are measured from any one of a set of locations 

which cover a geographical region in Africa alone (rather than when distances are from elsewhere) 
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(Cenac, 2022b). And so, expansion from Africa could very well have had some effect on cranial size 

dimorphism (Cenac, 2022a, 2022b). Clarity is wanting on why cranial size dimorphism seems 

attached to the expansion – it has been speculated that the relationship between distance from Africa 

and (adjusted for absolute latitude) cranial size dimorphism could be explained by male cranial size 

having changed more in the expansion than female cranial size did (Cenac, 2022a).2 

Cranial dimorphism: Shape and form 

Previous research on the sexual dimorphism of the cranium has concerned not only cranial size, 

but also shape (e.g., Jantz & Ousley, 2020) and form (e.g., van Vark et al., 1989), with cranial form 

having both size and shape attributes (e.g., Matsumura et al., 2022). Is an increase in dimorphism with 

distance from Africa found when the dimorphism is of cranial shape or cranial form? Based on prior 

research (Cenac, 2022a, 2022b, 2023b; Hubbe et al., 2009; Kleisner et al., 2021; Matsumura et al., 

2022; Messer et al., 2013), the answer might be yes.  

As the geographical distance between populations rises, so too does the interpopulation 

distance in cranial shape (Hubbe et al., 2009). In a preprint, cranial shape distance (between 

populations) seemed to exhibit a stronger signal of the expansion from Africa for male crania than for 

female crania (Cenac, 2023b). Therefore, it should not be unforeseen for cranial shape dimorphism to 

be correlated with geographical distance from Africa. In terms of facial shape (which included the 

lower jaw, lips, etc.), previous research has found Africans (two populations) to have less sexual 

dimorphism than Europeans (four populations) and South Americans (two populations) (Kleisner et 

al., 2021); hence, given geographical distances from Africa (e.g., Li et al., 2008), one might predict a 

positive correlation between cranial shape dimorphism and geographical distance from Africa.  

Cranial form has features of size and shape (e.g., Matsumura et al., 2022). Therefore, given that 

cranial size dimorphism elevates with geographical distance from Africa (Cenac, 2022b), and cranial 

shape dimorphism could possibly increase too, it would not be surprising if cranial form dimorphism 

increases with distance from Africa. Moreover, the comparatively high and low dimorphism of Pacific 

Islanders and Africans respectively has been noted (Messer et al., 2013) – this is consistent with 

cranial form dimorphism greatening in the expansion (Cenac, 2022a). Furthermore, correlation 

coefficients for relationships between dimorphism and distance from Africa, are, on average, positive 

when coefficients are averaged across cranial form dimensions (Cenac, 2022b). Consequently, cranial 

form dimorphism might be expected to greaten with geographical distance from Africa.  

Origin of expansion and admixture/ancestry 

Admixture generally 

Admixture is one of the issues in trying to find whichever sector of Africa the expansion set off 

from (Colonna et al., 2011). Diversity has been used in a number of instances to indicate the origin 

using different methodologies (e.g., Manica et al., 2007; Ramachandran et al., 2005; Tishkoff et al., 

2009). The idea is that diversity is greatest where the expansion originated, and it descends gradually 

whilst distance from the origin increases (Ramachandran et al., 2005). So, if various locations across 
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the world are employed like they are each the origin, then the origin of the expansion is indicated by 

the level of the decline in diversity (e.g., Luca et al., 2011; Ramachandran et al., 2005; Tishkoff et al., 

2009) – see Figure 2; a complication with using diversity to indicate the origin is an increase in 

diversity because of admixture (Bergström et al., 2021). There would be no clear reason for cranial 

size, shape, or form dimorphisms to generally be increased/decreased by admixture. Therefore, cranial 

size dimorphism may not only be an indicator of the origin (Cenac, 2022b) but a particularly useful 

alternative to diversity, as may cranial shape and form dimorphisms if they too indicate the expansion. 

 

Figure 2 

Diversity and Geographical Distance from Different Continents 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Diversity (cranial shape of females) (Cenac, 2022b) and geographical distances are from previous research 

(Cenac, 2022a); the Howells (1973, 1989, 1995, 1996) data were used in that research to calculate the cranial 

shape diversity (Cenac, 2022b), and the geographical distances are from four of the Howells data populations. 

The correlation coefficients had been found in Cenac (2022b), and yet they were calculated newly for Figure 2. 

The map uses coordinates which feature in Figure 4 of Betti et al. (2013) (the author had previously used the 

Africa coordinates from Betti et al., 2013, to construct figures, e.g., Cenac, 2022b). Therefore, the map is based, 

to some level on Betti et al. (2013) (and its colouring inspired, to an extent, on Figure 2B in Manica et al., 

2007). Cranial shape diversity is known to indicate the expansion (Cenac, 2022b; von Cramon-Taubadel & 

Lycett, 2008). It should not be implied that the origin indicated by female cranial shape diversity spans all of 

mainland Africa – it does not (Cenac, 2022b).3 
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Non-African ancestry within Africa 

Whilst it is acknowledged that mixing between populations usually increases diversity, results 

amongst Africans of admixed heritage have been in line with genetic diversity (heterozygosity) falling 

with rising Eurasian ancestry (Haber et al., 2016). And so, as African populations may be particular 

determiners of where the origin is estimated to be, it has been reasoned that non-African ancestry in 

Africa may have a tangible effect on the estimate – this has previously been addressed to some point 

by estimating the origin using autosomal diversity of only sub-Saharan Africans, with the diversity 

having, or not having, been adjusted for the population level of non-African ancestry (Cenac, 2022b). 

Cranial size dimorphism appears to track the expansion, so an estimate of the origin generated by 

cranial size dimorphism (Cenac, 2022b), likely would be affected by non-African ancestry in Africa. 

If cranial form and shape dimorphisms are linked to the expansion, then estimates of the origin 

derived from them would also be affected.  

This study 

Cranial form and shape dimorphisms 

A focus of the present study was on whether cranial form and cranial shape dimorphisms may 

be related to the global expansion. Size is a component of cranial form, as is shape (Matsumura et al., 

2022), and cranial size dimorphism seems related to the expansion (Cenac, 2022b). Therefore, even if 

cranial form dimorphism is a product of the expansion, it would seem redundant as a measure of the 

expansion.  

Cranial size 

An additional focus of this study was on understanding why cranial size dimorphism is related 

to geographical distance from Africa (Cenac, 2022a, 2022b). As mentioned above, the relationship 

could be because the cranial size of females changed less in the expansion, compared to males 

(Cenac, 2022a). If so, this does not necessarily mean that females have less of an expansion signal in 

cranial size than males. For instance, even if cranial size changes more for males than females as 

geographical distance from Africa increases, that would not mean that a correlation between distance 

from Africa and cranial size is different for males than it is for females. Finding the signal to be 

weaker for females than males would therefore help with explaining why cranial size dimorphism 

correlates with distance from Africa. The idea is that cranial size dimorphism indicates the expansion 

(Cenac, 2022b) due to female cranial size changing less (than males) with distance from Africa 

(Cenac, 2022a) which reflects a weaker expansion signal in female cranial size (than males). Hence, 

this study examined whether an expansion signal in cranial size differs between males and females. 

Sub-Saharan Africa and outside of Africa 

To minimise a possible influence of non-African ancestry inside Africa when estimating an 

origin, a previous study limited some analyses solely to sub-Saharan Africans (Cenac, 2022b); in the 

present study, analyses regarding the area of origin were repeated (for cranial form and shape 

dimorphisms, and cranial size) only with populations which are either in sub-Saharan Africa or 
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outside of Africa. Moreover, this geographical restriction was also applied when doing a re-analysis of 

Cenac (2022b) with respect to the origin indicated by cranial size dimorphism. 

   

Method 

This study used cranial (form) measurements from the Howells cranial dataset (modern humans 

from the Holocene – 26 populations with male [1,256] and female [1,156] crania) (Howells, 1973, 

1989, 1995, 1996). The dataset can be found via http://web.utk.edu/~auerbach/HOWL.htm. 

Additionally, cranial shape measurements of 56 dimensions from those populations in the Howells 

data had been calculated in prior studies (Cenac, 2022a, 2022b), and were used in the current study; 

the dimensions used in the present study regarding cranial form were the same 56 dimensions used 

concerning cranial shape. Moreover, from previous research, this study used the mean cranial sizes 

(mean geometric means) of males and females in the 26 populations, and cranial size dimorphism 

from 23 populations, and those mean sizes and size dimorphism had been calculated using 

measurements from the 56 dimensions in the Howells data (Cenac, 2022a). Geographical distances 

were sourced from preceding research (Cenac, 2022a, 2022b). All calculations occurred through R 

Version 4.0.5 (R Core Team, 2021), RMET 5.0 (Relethford & Blangero, 1990), and Microsoft Excel. 

The designs of Figures 2 to 8 are from, or based to some level on, Cenac (2022a, 2022b, 2023a, 

2023b). For instance, Figures 5 and 8 have some basis in Cenac (2022b, 2023a, 2023b), who used 

coordinates found in a figure in Betti et al. (2013). In previous research, correlation coefficients have 

been represented on a map regarding i) genetic diversity and geographical distance (Luca et al., 2011; 

Ramachandran et al., 2005), and ii) linkage disequilibrium and geographical distance (Henn et al., 

2011); the present study used such representations regarding distance from Africa and i) cranial size 

dimorphism (Figures 5A and 8B), ii) cranial shape dimorphism (Figure 5B), and iii) cranial form 

dimorphism (Figure 5C). Southern Africa was defined as a region following Choudhury et al. (2021). 

Cranial distance 

As in previous research (Pinhasi & von Cramon-Taubadel, 2009), RMET 5.0 (Relethford & 

Blangero, 1990) was employed to calculate squared cranial shape distances (D2). Like before (Cenac, 

2023b), the square root of D2 was cranial shape distance (D); the measure of cranial sexual shape 

dimorphism was the within-population cranial shape distance between males and females. Similarly, 

RMET was used to calculate squared cranial form distances from which were found cranial form 

distances, and the cranial form distance between males and females was the measure of sexual 

dimorphism in cranial form. RMET had previously been used in the calculation of cranial form 

distances (Betti et al., 2010). As prior studies have done (Betti et al., 2010; von Cramon-Taubadel & 

Pinhasi, 2011), a heritability of 1.00 was used. Sexual dimorphism can be calculated in a number of 

ways (e.g., Messer et al., 2013; Schutz et al., 2009); the author is unaware of previous research having 

used D derived from RMET as a measure of sexual dimorphism. 

Correlation  
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It was tested whether geographical distance from Africa correlates with i) cranial form 

dimorphism, and ii) cranial shape dimorphism. Geographical distance was from the geographical 

location in Africa ranked highest in terms of likely origins across various cranial and genetic variables 

(Cenac, 2023b). Those distances were also used on the x-axes of Figures 3B, 3D, 4, 6, and 7. As part 

of the correlation analyses, it was considered whether datapoints were atypical. Atypicality was 

defined as a datapoint that had an absolute z-score standardised residual surpassing 3.29 (e.g., Field, 

2013). Positive spatial autocorrelation was tested for by calculating (through a spreadsheet) a spatial 

Durbin-Watson (DW) upon which bounds for the DW statistic can be employed (Chen, 2016), and 

were indeed applied using 5% DW bounds from Savin and White (1977). In the event that positive 

spatial autocorrelation was indicated, or if it was unclear if it was indicated, the spreadsheet (including 

a graph) was consulted in order to suggest which population(s) the autocorrelation (or uncertainty) 

arose from. Because shape is in form (e.g., Matsumura et al., 2022), the correlation test regarding 

cranial shape dimorphism and distance from Africa was treated as a follow-up to the test concerning 

cranial form dimorphism and distance from Africa. Therefore, an adjustment to p-values (e.g., Holm, 

1979) was not applied (see, e.g., Judd et al., 2009). 

Origin 

The origin of the expansion has been estimated before using the Bayesian information criterion 

(BIC) (see Manica et al., 2007, for details). For instance, the BIC has been used regarding estimating 

the origin through cranial diversity (Manica et al., 2007) as well as cranial size dimorphism (Cenac, 

2022b). Various locations in Africa (99 from Betti et al., 2013) and worldwide (32), including Asia 

(e.g., locations for Andaman, Delhi, and Tel Aviv) and Europe (von Cramon-Taubadel & Lycett, 

2008), were employed like each was the geographical origin (the same origins used as in Cenac, 

2022b). A BIC was found for the relationship between geographical distance from each origin, and i) 

cranial form dimorphism, ii) cranial shape dimorphism, iii) cranial size, and iv) cranial size 

dimorphism. BICs are used as a way of estimating the area in which the expansion originated from 

(e.g., Betti et al., 2009); the area is assembled from the origin that delivers the lowest BIC, as well as 

the other origins whose BICs are not dissimilar to the lowest (within four BICs) (Manica et al., 2007) 

– that method was used in this study. BICs were calculated via a formula (Masson, 2011).  

An area of origin which is unique to the African continent (e.g., Manica et al., 2007), or 

predominantly there, does seem consistent with a variable being indicative of the global expansion 

(Betti et al., 2013). As with cranial size dimorphism beforehand (Cenac, 2022b), the present study 

looked for the geographical area from which there is the strongest increase in i) cranial form 

dimorphism, ii) cranial shape dimorphism, iii) cranial size, and iv) cranial size dimorphism – the 

locations giving the strongest increases would constitute the indicated area of origin; for each origin 

was also found the correlation coefficient for the relationship of geographical distance from the origin 

and each variable (cranial form dimorphism, cranial shape dimorphism, cranial size, and cranial size 

dimorphism).  
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Why look for the geographical area made of the strongest increases? Given reasoning in the 

Introduction, one would expect the areas of origin for cranial form and shape dimorphisms to be 

comprised of origins which yield positive correlation coefficients. As for cranial size, one can see a 

positive gradient regarding distance from Africa (x-axis) and cranial size (y-axis) (Cenac, 2022a). 

Therefore, as Africa is the origin of the expansion (e.g., Ramachandran et al., 2005), the area of origin 

made using cranial size should be composed of locations that produce positive correlation coefficients 

regarding cranial size and geographical distance. Cranial size dimorphism is known to rise with 

distance from Africa, and research has previously defined the area of origin to be made of positive 

correlation coefficients (Cenac, 2022b), and so the strongest increases were also looked for in the 

present study. Indeed, analysis with respect to cranial size dimorphism (e.g., BICs, correlation 

coefficients etc.) in the present study redid analysis of previous research (i.e., Cenac, 2022b), but 

without the Egyptian population from the Howells (e.g., 1996) data.  

To infer whether the signal of the expansion is different for male cranial size than female 

cranial size, it was seen whether the lowest BIC for positive relationships between cranial size and 

geographical distance are lower for females than males or vice versa (using the four-BIC method, like 

what has been done with cranial shape diversity, Cenac, 2023b). Inference was also based on the 

indicated area of origin found through cranial size – the area found using female cranial size was 

descriptively compared to the area found using male cranial size. 

Sub-Saharan Africa and outside of Africa 

As noted in the Introduction, the process of calculating origin areas (including BICs and 

correlation coefficients) was, at times, done just using sub-Saharan Africans and populations beyond 

Africa in order for the estimate of the origin to potentially be less influenced by non-African ancestry 

within the African continent. In prior research, the area of origin with respect to cranial size 

dimorphism (and geographical distance) had been calculated in the presence of the Egyptian 

population (Cenac, 2022b). Origin areas were initially calculated in the present study for cranial form 

and shape dimorphisms, and cranial size, using the Egyptian population. However, in the current 

study, the area of origin (and correlation coefficients) regarding each of the cranial dimorphisms (size, 

form, and shape) and geographical distance, and cranial size and geographical distance, was 

recalculated in the absence of the Howells Egyptian population.4 Therefore, in Africa, only sub-

Saharan African populations5 and populations outside of Africa (e.g., Relethford & Smith, 2018) were 

included in the recalculations. Relethford and Smith (2018), who also used the Howells data (but 

more populations in the data), also did their analyses with and without the Egyptian population. 

 

Results and discussion 

Cranial form dimorphism 

Regarding testing whether there is a correlation between sexual dimorphism in cranial form and 

geographical distance from Africa, there was uncertainty over whether positive spatial autocorrelation 
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was present, spatial DW = 1.44. The Ainu population (Howells, 1989, 1995, 1996) was indicated to 

lead to this uncertainty. Without Ainu, positive spatial autocorrelation was absent, spatial DW = 2.06, 

and there was a positive correlation between cranial form dimorphism and geographical distance from 

Africa, r(23) = .52, p = .008 (Figure 3B). BICs indicated that the strongest increases in cranial form 

dimorphism were when geographical distances were from locations in an area which was across 

Africa, and went into Asia partially (Tel Aviv coordinates in von Cramon-Taubadel & Lycett, 2008) 

(Figure 4A and 4B). So, cranial form dimorphism was not all the way congruent with indicating the 

global expansion, but it generally was congruent.  

This can be contrasted with cranial size dimorphism, which not only increases with 

geographical distance from Africa, but the strongest increases in cranial size dimorphism occur only 

with distances from Africa (Cenac, 2022b). Therefore, cranial size dimorphism possibly has a stronger 

signal of the expansion (Cenac, 2022b) than cranial form dimorphism does. 

 

Figure 3 

Cranial Form and Shape Dimorphisms 

Note. Figure 3A and 3B are for cranial form dimorphism, and 3C and 3D are for cranial shape dimorphism. For 

3A and 3C, dimorphisms were averaged for populations by continent. From previously (Cenac, 2022a), the 

continents of populations were known by the author, and the continental groupings were applied in this study. 

3B and 3D show dimorphism at the population level.  

 

Cranial shape dimorphism 

Whilst cranial shape dimorphism increased with geographical distance from Africa, r(24) = .39, 

p = .048, spatial DW = 1.78 (Figure 3D), the strongest increases were not only found when distances 

were from Africa, but also found for locations in Europe and some in Asia (Tel Aviv, but also 
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Andaman and Delhi coordinates from von Cramon-Taubadel & Lycett, 2008) (Figure 4C and 4D). 

Therefore, it can be inferred that the area with the strongest increases was notably larger for cranial 

shape dimorphism than for cranial form dimorphism – it covered more of Asia, and at least some of 

Europe. And so, it seems particularly uncertain whether cranial shape dimorphism indicates the global 

expansion.  

 

Figure 4 

Cranial Dimorphisms in Relation to Distance from Africa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. For cranial form dimorphism (Figure 4A and 4B) and cranial shape dimorphism (4C and 4D), BICs are 

shown (4A and 4C) as well as correlation coefficients (4B and 4D). As before (Cenac, 2023b), the unbroken red 

line is the lowest BIC, whilst the dotted red line is four BICs above it – BICs from the unbroken line up and 

lower than the dotted line signify locations from which the increase in dimorphism is at its strongest. Figures 4 

and 7 feature BICs and correlation coefficients (datapoints) for just 32 of the origins. 

 

In a preprint which estimated the origin through different variables including biological 

diversities (Cenac, 2023b), cranial size dimorphism would have given its support to southern Africa6 

(see Figure 5A). Cranial shape dimorphism may only be a weak indicator of the expansion, or it may 

not even be an indicator (Figures 3 and 4). Therefore, when using different variables to construct an 

estimate for the geographical source of the expansion (e.g., Cenac, 2023b), it would seem pointless to 

include cranial shape dimorphism. Nevertheless, for cranial shape dimorphism, southern Africa 

appears to be where the numerically highest correlation coefficients are (Figure 5B). Therefore, 

inclusion of cranial shape dimorphism in the cross-variable estimate would give further favour to the 

south being the origin. Similarly, if a cross-variable estimate (e.g., Cenac, 2023b) included cranial 
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form dimorphism, then cranial form dimorphism would seem to complement support for southern 

Africa. However, cranial form is comprised of not only size but also shape (Matsumura et al., 2022), 

meaning that cranial form dimorphism would be redundant to cranial size and shape dimorphisms 

when estimating the origin. Given a general indication of a southern origin (Cenac, 2023b), finding 

the numerically highest coefficients to be in the south for cranial shape dimorphism does add some 

credence to the expansion being represented, to some level, in cranial shape dimorphism.  

 

Figure 5 

Relationships with Distance from Africa: Cranial Size, Shape, and Form Dimorphisms 

 

 

 

 

 

 

 

 

 

 

Note. Figure 5A exhibits correlation coefficients calculated in Cenac (2023b) for relationships which are with 

respect to the cranial size dimorphism of 24 populations (cranial data being sourced from the Howells dataset) 

and geographical distance from Africa. Figure 5B has coefficients, with cranial shape dimorphism rather than 

cranial size dimorphism, whilst Figure 5C has coefficients regarding cranial form dimorphism and distance. 

 

In the context of a prior study (Milella et al., 2021), perhaps it should not be surprising for there 

to be a weak, or absence of, indication of the global expansion in cranial shape dimorphism. In that 

study, which used crania of Italians, there was a significant difference between males and females in 

cranial form, size, and shape (Milella et al., 2021). However, whilst sex explained 18% of the 

variance in cranial form, and 46% of the variance in cranial size, it explained just 2% of the variance 
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in cranial shape (Milella et al., 2021). Indeed, there was a notable coinciding in cranial shape between 

males and females (Milella et al., 2021). Therefore, if cranial shape dimorphism truly does hold a 

signal of the expansion from Africa, it should not be unforeseen for this signal to be weak. 

So, which type of cranial dimorphism (size, shape, or both) is responsible for cranial form 

dimorphism appearing to be quite in sync with the expansion from Africa? Cranial size dimorphism 

and the expansion seem to be associated (Cenac, 2022b), and there is a vagueness regarding the 

situation with cranial shape dimorphism (Figure 4C and 4D), meaning that the answer likely is: 

cranial size dimorphism, either principally or only. 

Across cranial dimensions, the correlation between cranial form dimorphism and geographical 

distance does appear to generally have its numerical strongpoint when Africa is where geographical 

distances are from (Cenac, 2022b; see also Cenac, 2022a). This also happens regarding the 

dimorphism of cranial shape dimensions (Figure 6). Compared to correlation coefficients found with 

cranial dimensions for form dimorphism and distance from Africa (Cenac, 2022b), fewer coefficients 

would seem to be positive for relationships between the shape dimorphism of dimensions and distance 

from Africa (Figure 6); perhaps the correlation between cranial shape dimorphism and distance from 

Africa mainly results from just a few shape dimensions.  

 

Figure 6 

Correlation Coefficients: Cranial Shape Dimorphism of Dimensions and Geographical Distance 

 

Note. For principal components derived from hip bone shape, dimorphism has been calculated as a difference 

between averages (males, females) (Betti, 2014); in the present study, for cranial shape dimensions, dimorphism 

was calculated as the absolute difference between averages – absolute values were used for consistency with 

overall cranial shape distances being positive distances. Smaller circles are correlation coefficients for how 

much the dimorphism of a shape dimension is related to geographical distance from an origin. Each larger circle 

is the average of correlation coefficients for an origin (i.e., across dimensions). The process of averaging 

correlation coefficients followed Corey et al. (1998). In Figure 6, the legend (continents) is for the larger circles. 
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Could the signal of expansion from Africa be stronger in cranial size for males than females? 

Regarding cranial size and geographical distance from origins, for origins delivering positive 

correlation coefficients, the lowest BIC for males was in Africa, as was the lowest BIC for females. 

Overall, for origins giving positive correlation coefficients, the lowest of the BICs was for males, 

however, the lowest BIC for females was only 3.13 BICs above it. Therefore, if there is an expansion 

signal in cranial size, BICs suggested that the signal is not substantially greater for males than 

females. BICs, and also correlation coefficients, were used to indicate the geographical area of origin 

(Figure 7). For males, the area was in Africa and Asia – all of the African origins were in the area, 

along with two origins outside of Africa, which were Delhi and Tel Aviv. For females, BICs had no 

value in distinguishing an area of origin, leaving only correlation coefficients as the determiner – the 

area (positive coefficients) was across Africa, in Asia, Europe, North America, and South America. 

This is suggestive of a weaker expansion signal in cranial size for females than males, or even an 

absence of an expansion signal in female cranial size. 

 

Figure 7 

Cranial Size and Expansion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Figure 7A and 7B are for male crania, whilst 7C and 7D are for female crania. BICs are in 7A and 7C, 

whilst correlation coefficients are in 7B and 7D. The red lines in Figure 7A function like the red lines in Figure 

4. Here, they suggest the range of origins which gave the strongest increases in cranial size. Such lines are not 

shown in Figure 7C. This is because such a method of showing lines to discriminate between origins would not 

be clear in Figure 7C (i.e., for female crania). Indeed, BICs were without use for discriminating between origins 

when using female cranial size – only the sign of correlation coefficients (7D) was used.  
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These analyses regarding cranial size were done with 26 populations. However, the correlation 

of cranial size dimorphism and distance from Africa was found using 24 populations, with two 

populations omitted due to positive spatial autocorrelation (Cenac, 2022b). In the present study, when 

the analyses regarding cranial size were repeated using the 24 populations, results were similar to 

when 26 were used. 

All in all, a comparison of the lowest BICs for males and females is not supportive of the 

expansion signal being greater for males, whereas descriptive analysis with the area of origin does 

appear supportive. Consequently, it seems unclear whether an expansion signal in cranial size (if there 

is one) can be characterised as being stronger for the crania of males than the crania of females. 

Sub-Saharan Africa and outside of Africa 

The areas of origin found with dimorphism in cranial size (Cenac, 2022b), form, and shape 

(present study), and cranial size, were recalculated in the absence of the Egyptian population in order 

to reduce the possible impact of non-African ancestry with respect to origin estimation (see 

Introduction and Method). Without the Egyptian population, the areas of origin suggested by cranial 

form dimorphism and cranial shape dimorphism were indicated to match the areas found when the 

Egyptian population was included. As for cranial size, areas of origin were generally similar to those 

found with the inclusion of the Egyptian population. However, the area found using male crania of the 

now 25 populations was smaller than when 26 populations were used, with Delhi no longer being in 

the area of origin.  

 

Figure 8 

Relationships with Distance from Africa: Cranial Size Dimorphism Without Egypt 

 

Note. In Figure 8A, an origin in Africa is indicated through the relationship between cranial size dimorphism 

and geographical distance from Africa. Figure 8B presents correlation coefficients for the relationship. 

 

Previously, when including the Egyptian population, cranial size dimorphism has produced an 

area of origin which was not anywhere apart from Africa (Cenac, 2022b). Without the Egyptian 

population, it can be seen that the area of origin is still completely within Africa (Figure 8A). 
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Moreover, even without that population, correlation coefficients still indicate that cranial size 

dimorphism would be supportive of southern Africa being the origin (Figure 8B) if cranial size 

dimorphism is featured when constructing a collective estimate of the origin with biological variables 

like in Cenac (2023b); this support for a southern origin is likely not because of non-African ancestry. 

This should add some further confidence to the south of Africa being the geographical region which 

the global expansion set out from. 

Speculations and future research 

Cranial shape dimorphism: Accounting for diversity 

Cranial shape diversity appears to signify expansion from Africa, declining as geographical 

distance from the continent increases whether for males (von Cramon-Taubadel & Lycett, 2008) or 

females (Cenac, 2022b). In the present study, the measure of cranial shape dimorphism did not take 

into account the decline of diversity. It is possible to take diversity into account when calculating 

dimorphism (Schutz et al., 2009). A method which does that (Schutz et al., 2009), and has been used 

amongst humans regarding hip bone shape dimorphism, calculates dimorphism by finding a squared 

Procrustes distance (between males and females) and dividing it by the sum of variances for males 

and females (Betti, 2014). Squared Procrustes distances were not used in the present study. 

Nevertheless, in future research, it may be desirable to use such a method (dividing distance by 

summed diversity) (Schutz et al., 2009) when calculating cranial shape dimorphism. Given the decline 

in cranial shape diversity (Cenac, 2022b; von Cramon-Taubadel & Lycett, 2008) and the increase in 

cranial shape dimorphism with distance from Africa (Figure 3D), it could be argued that results in the 

present study are likely to have underestimated the expansion signal in cranial shape dimorphism. 

Selection 

To reiterate, the expansion appears to be represented less for females than males in cranial 

shape (Cenac, 2023b), and it is not clear if this can also be said for cranial size (present study). 

Extending some findings and discussion from Zichello et al. (2018), perhaps future research might 

consider whether selection in the global expansion could have resulted in the expansion being 

represented more strongly in male crania than in female crania.  

In Zichello et al. (2018), for hominoids, genetic variation between taxa seemed to be reflected 

less readily in cranial shape for females than males. This could possibly be due to selection having 

acted to hamper cranial shape variation of females in some taxa (compared to males) (Zichello et al., 

2018). Could this selection theory of Zichello et al. (2018) be applied amongst modern humans with 

respect to cranial shape and cranial size? If yes, then, compared to male crania, female crania would 

be i) less diverse and ii) show genetic distances less well.  

Amongst Homo sapiens, cranial shape diversity does not appear to be smaller for females than 

males (Zichello et al., 2018). Indeed, for modern humans, cranial shape diversity is no different for 

females than it is for males (Milella et al., 2021). What about genetic distances? There is a correlation 

between interpopulation distance in cranial shape and genetic distance (Harvati & Weaver, 2006). 
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Geographical distance has been utilised in place of genetic (Hubbe et al., 2009); interpopulation 

cranial shape distance and interpopulation geographical distance are correlated (Hubbe et al., 2009) 

and not more weakly for females compared to males (Cenac, 2023b). This, therefore, indicates that 

the correlation between cranial shape and genetic distances (Harvati & Weaver, 2006) would not be 

lower for females than males. Hence, it seems unlikely that the logic of Zichello et al. (2018) can be 

extended to explain why previous research (Cenac, 2023b) found an indication that a weaker global 

expansion signal may be present in cranial shape for females than males. 

Can the Zichello et al. logic be applied to cranial size? The cranial size diversity of modern 

humans is greater for males than females (Milella et al., 2021). However, a relationship would not 

seem to be present between interpopulation cranial size distance and genetic distance (Harvati & 

Weaver, 2006). Nevertheless, the expansion from Africa could still have resulted in more of a change 

for males than females in cranial size (Cenac, 2022a), which, assuming that geographical distance can 

be used to represent genetic distance (Hubbe et al., 2009), may i) suggest a greater change in cranial 

size for males than females as genetic distance from Africa increases, and ii) therefore indicate that 

genetic distance (from Africa) is shown in cranial size at least for males. Nonetheless, it appears 

uncertain if cranial size has a greater global expansion signal amongst males than females (present 

study). What if the signal is stronger for males? If so, then, extending the reasoning from Zichello et 

al. (2018), research could focus on whether selection is responsible. 

Conclusion 

For modern humans, there does appear to be a pattern to interpopulation variation in cranial 

dimorphism for size (Cenac, 2022b), form, and shape (Figure 3). For populations, their geographical 

distance from Africa has relationships with cranial size dimorphism (Cenac, 2022b), cranial form 

dimorphism, and cranial shape dimorphism (Figure 3). Nonetheless, the global expansion from Africa 

seems to be represented in cranial size dimorphism (Cenac, 2022b), but perhaps less so in cranial 

form dimorphism, and even less (or not represented) in cranial shape dimorphism (Figures 3 and 4); if 

cranial form dimorphism is connected to the global expansion from Africa, then this connection may 

be more, or solely, due to cranial size dimorphism rather than cranial shape dimorphism. However, the 

reason for why there is a possible expansion signal in cranial size dimorphism (Cenac, 2022b), and 

therefore cranial form dimorphism, is unclear given that it is uncertain if the expansion signal is 

greater in cranial size for males than females. The origin of expansion indicated by cranial 

dimorphism should be less affected by admixture than the origin indicated by diversity (see 

Introduction). Therefore, cranial size dimorphism may be particularly useful for deducing the segment 

of Africa in which began the global expansion. Indeed, a cross-variable estimate from biological 

variables backs the south (Cenac, 2023b), and cranial size dimorphism (in the estimate) is inclined to 

the south (e.g., Figure 5A), which supports the cross-variable estimate. 

 

Footnotes 
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1 Parts of the current study were presented in a poster by the author at the Anatomical Society Winter Meeting of 

2024 (Cenac, 2024). 

2 A correlation has not been evident between geographical distance from Africa and (adjusted for absolute 

latitude) cranial size (Cenac, 2022a). This does likely suggest that there is no correlation between (unadjusted) 

cranial size and distance from Africa. Testing for such a correlation was not of interest in the present study. 

Nonetheless, the expansion may be expressed better through tests of whether distance from Africa correlates 

with cranial size dimorphism than through tests of whether that distance correlates with cranial size (with size 

dimorphism and size adjusted for absolute latitude) (Cenac, 2022a). It has been implied/speculated that this 

could be because a potential relationship between climate and size may be better accounted for by using an 

(adjusted) cranial size dimorphism variable than an (adjusted) cranial size variable (Cenac, 2022a). The 

correlation of adjusted dimorphism and distance from Africa could indicate a greater shift in size for males than 

females in the expansion (Cenac, 2022a). If there is a greater change for males (Cenac, 2022a), this suggests that 

the cranial size of males does actually change with geographical distance from Africa. And so, analysis with 

cranial size dimorphism (Cenac, 2022b) may suggest an expansion signal in cranial size for males at least. 

3 Von Cramon-Taubadel and Lycett (2008) presented cranial shape diversity of males at geographical distances 

from Africa and Asia. 

4 Research points to the crania of the Howells Egyptian population having a kinship with populations beyond the 

African continent (Algee-Hewitt, 2011). 

5 The Howells dataset features Dogon, Teita, San, and Zulu populations (Howells, 1989, 1996). These are sub-

Saharan African populations (e.g., Relethford & Smith, 2018). When adding up ancestries presented in Tishkoff 

et al. (2009), about half of the ancestry of Dogon appears to be non-African (Cenac, 2022b). However, Tishkoff 

et al. used just nine Dogon. Across 24 Dogon, however, African ancestry is indicated to be between 98% and 

100% (Xing et al., 2010). Teita are with respect to Kenya (e.g., Relethford, 2004). Kenyan Africans have 

predominantly African ancestry (Tishkoff et al., 2009). The ancestry of San is largely African (Tishkoff et al., 

2009), as is the ancestry of Zulu at the least (Gurdasani et al., 2015). 

6 The highest correlation coefficient for the relationship of cranial size dimorphism and distance is when 

distance is from coordinates in southern Africa (Cenac, 2022b). There does seem to be a geographical pattern to 

how good geographical locations are at being candidates for the origin (e.g., Ramachandran et al., 2005). 

Therefore, it seems likely that cranial size dimorphism favoured southern Africa in the estimation.  

 

References 

Algee-Hewitt, B. F. B. (2011). If and how many ‘races’? The application of mixture modeling to 

world-wide human craniometric variation [Doctoral dissertation, The University of Tennessee, 

Knoxville]. Tennessee Research and Creative Exchange. 

https://trace.tennessee.edu/utk_graddiss/1165/ 

Bergström, A., Stringer, C., Hajdinjak, M., Scerri, E. M. L., & Skoglund, P. (2021). Origins of 

modern human ancestry. Nature, 590(7845), 229-237. https://doi.org/10.1038/s41586-021-

03244-5 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 13, 2024. ; https://doi.org/10.1101/2024.02.11.579824doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.11.579824
http://creativecommons.org/licenses/by/4.0/


18 

 

Betti, L. (2014). Sexual dimorphism in the size and shape of the os coxae and the effects of 

microevolutionary processes. American Journal of Physical Anthropology, 153(2), 167-177. 

https://doi.org/10.1002/ajpa.22410 

Betti, L., Balloux, F., Amos, W., Hanihara, T., & Manica, A. (2009). Distance from Africa, not 

climate, explains within-population phenotypic diversity in humans. Proceedings of the Royal 

Society B: Biological Sciences, 276(1658), 809-814. https://doi.org/10.1098/rspb.2008.1563 

Betti, L., Balloux, F., Hanihara, T., & Manica, A. (2010). The relative role of drift and selection in 

shaping the human skull. American Journal of Physical Anthropology, 141(1), 76-82. 

https://doi.org/10.1002/ajpa.21115 

Betti, L., von Cramon-Taubadel, N., Manica, A., & Lycett, S. J. (2013). Global geometric 

morphometric analyses of the human pelvis reveal substantial neutral population history effects, 

even across sexes. PLoS ONE, 8(2), Article e55909. 

https://doi.org/10.1371/journal.pone.0055909 

Cenac, Z. (2022a). Indicators of migration from Africa in the human cranium: Dimorphism and 

diversity [Unpublished manuscript]. 

https://www.researchgate.net/publication/340935838_Indicators_of_migration_from_Africa_in

_the_human_cranium_Dimorphism_and_diversity 

Cenac, Z. (2022b). Modern human expansion from (southern?) Africa: Origin, non-African ancestry, 

and linearity. bioRxiv. https://doi.org/10.1101/2022.07.31.500977 

Cenac, Z. (2023a). Y-chromosomal microsatellites and expansion from Africa. bioRxiv. 

https://doi.org/10.1101/2023.04.29.538812 

Cenac, Z. (2023b). The global expansion from southern Africa by modern humans? Its signal may be 

shown more through the cranial shape of males than females. bioRxiv. 

https://doi.org/10.1101/2023.09.25.559024 

Cenac, Z. (2024, January 4). Cranial sexual dimorphism and the out of Africa expansion of modern 

humans [Poster presentation]. The Anatomical Society Winter Meeting, Liverpool, United 

Kingdom. 

Chen, Y. (2016). Spatial autocorrelation approaches to testing residuals from least squares regression. 

PLoS ONE, 11(1), Article e0146865. https://doi.org/10.1371/journal.pone.0146865 

Choudhury, A., Sengupta, D., Ramsay, M., & Schlebusch, C. (2021). Bantu-speaker migration and 

admixture in southern Africa. Human Molecular Genetics, 30(2), R56-

R63. https://doi.org/10.1093/hmg/ddaa274 

Colonna, V., Pagani, L., Xue, Y., & Tyler-Smith, C. (2011). A world in a grain of sand: Human 

history from genetic data. Genome Biology, 12, Article 234. https://doi.org/10.1186/gb-2011-

12-11-234 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 13, 2024. ; https://doi.org/10.1101/2024.02.11.579824doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.11.579824
http://creativecommons.org/licenses/by/4.0/


19 

 

Corey, D. M., Dunlap, W. P., & Burke, M. J. (1998). Averaging correlations: Expected values and bias 

in combined Pearson rs and Fisher’s z transformations. The Journal of General Psychology, 

125(3), 245-261. 

Del Bove, A., Menéndez, L., Manzi, G., Moggi-Cecchi, J., Lorenzo, C., & Profico, A. (2023). 

Mapping sexual dimorphism signal in the human cranium. Scientific Reports, 13, Article 16847. 

https://doi.org/10.1038/s41598-023-43007-y 

Field, A. (2013). Discovering statistics using IBM SPSS statistics (4th ed.). Sage. 

Frayer, D. W. (1980). Sexual dimorphism and cultural evolution in the late Pleistocene and Holocene 

of Europe. Journal of Human Evolution, 9(5), 399-415. https://doi.org/10.1016/0047-

2484(80)90050-0 

Gurdasani, D., Carstensen, T., Tekola-Ayele, F., Pagani, L., Tachmazidou, I., Hatzikotoulas, K., 

Karthikeyan, S., Iles, L., Pollard, M. O., Choudhury, A., Ritchie, G. R. S., Xue, Y., Asimit, J., 

Nsubuga, R. N., Young, E. H., Pomilla, C., Kivinen, K., Rockett, K., Kamali, A., … Sandhu, M. 

S. (2015). The African Genome Variation Project shapes medical genetics in Africa. Nature, 

517, 327-332. https://doi.org/10.1038/nature13997 

Haber, M., Mezzavilla, M., Bergström, A., Prado-Martinez, J., Hallast, P., Saif-Ali, R., Al-Habori, M., 

Dedoussis, G., Zeggini, E., Blue-Smith, J., Wells, R. S., Xue, Y., Zalloua, P. A., & Tyler-Smith, 

C. (2016). Chad genetic diversity reveals an African history marked by multiple Holocene 

Eurasian migrations. The American Journal of Human Genetics, 99(6), 1316-1324. 

https://doi.org/10.1016/j.ajhg.2016.10.012 

Harvati K., & Weaver, T. D. (2006). Human cranial anatomy and the differential preservation of 

population history and climate signatures. The Anatomical Record Part A, 288A(12), 1225-

1233. https://doi.org/10.1002/ar.a.20395 

Henn, B. M., Gignoux, C. R., Jobin, M., Granka, J. M., Macpherson, J. M., Kidd, J. M., Rodríguez-

Botigué, L., Ramachandran, S., Hon, L., Brisbin, A., Lin, A. A., Underhill, P. A., Comas, D., 

Kidd, K. K., Norman, P. J., Parham, P., Bustamante, C. D., Mountain, J. L., & Feldman, M. W. 

(2011). Hunter-gatherer genomic diversity suggests a southern African origin for modern 

humans. Proceedings of the National Academy of Sciences of the United States of America, 

108(13), 5154-5162. https://doi.org/10.1073/pnas.1017511108 

Holm, S. (1979). A simple sequentially rejective multiple test procedure. Scandinavian Journal of 

Statistics, 6(2), 65-70. 

Howells, W. W. (1973). Cranial variation in man: A study by multivariate analysis of patterns of 

difference among recent human populations. Papers of the Peabody Museum of Archaeology 

and Ethnology Volume 67. Harvard University. 

Howells, W. W. (1989). Skull shapes and the map: Craniometric analyses in the dispersion of Modern 

Homo. Papers of the Peabody Museum of Archaeology and Ethnology Volume 79. Harvard 

University. 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 13, 2024. ; https://doi.org/10.1101/2024.02.11.579824doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.11.579824
http://creativecommons.org/licenses/by/4.0/


20 

 

Howells, W. W. (1995). Who’s who in skulls: Ethnic identification of crania from measurements. 

Papers of the Peabody Museum of Archaeology and Ethnology Volume 82. Harvard University.  

Howells, W. W. (1996). Howells' craniometric data on the internet. American Journal of Physical 

Anthropology, 101(3), 441-442. https://doi.org/10.1002/ajpa.1331010302 

Hubbe, M., Hanihara, T., & Harvati, K. (2009). Climate signatures in the morphological 

differentiation of worldwide modern human populations. The Anatomical Record, 292(11), 

1720-1733. https://doi.org/10.1002/ar.20976 

Jantz, R. L., & Ousley, S. D. (2020). Sexual dimorphism variation in Fordisc samples. In A. R. Klales 

(Ed.), Sex estimation of the human skeleton: History, methods, and emerging techniques (pp. 

185-200). Elsevier. https://doi.org/10.1016/B978-0-12-815767-1.00012-2 

Judd, C. M., McClelland, G. H., & Ryan, C. S. (2009). Data analysis: A model comparison approach. 

Routledge. 

Kleisner, K., Tureček, P., Roberts, S. C., Havlíček, J., Valentova, J. V., Akoko, R. M., Leongómez, J. 

D., Apostol, S., Varella, M. A. C., & Saribay. S. A. (2021). How and why patterns of sexual 

dimorphism in human faces vary across the world. Scientific Reports, 11, Article 5978. 

https://doi.org/10.1038/s41598-021-85402-3 

Li, J. Z., Absher, D. M., Tang, H., Southwick, A. M., Casto, A. M., Ramachandran, S., Cann, H. M., 

Barsh, G. S., Feldman, M., Cavalli-Sforza, L. L., & Myers, R. M. (2008). Worldwide human 

relationships inferred from genome-wide patterns of variation. Science, 319(5866), 1100-1104. 

https://doi.org/10.1126/science.1153717 

Luca, F., Hudson, R. R., Witonsky, D. B., & Di Rienzo, A. (2011). A reduced representation approach 

to population genetic analyses and applications to human evolution. Genome 

Research, 21(7), 1087-1098. https://doi.org/10.1101/gr.119792.110 

Manica, A., Amos, W., Balloux, F., & Hanihara, T. (2007). The effect of ancient population 

bottlenecks on human phenotypic variation. Nature, 448(7151), 346-348. 

https://doi.org/10.1038/nature05951 

Masson, M. E. J. (2011). A tutorial on a practical Bayesian alternative to null-hypothesis significance 

testing. Behavior Research Methods, 43, 679-690. https://doi.org/10.3758/s13428-010-0049-5 

Matsumura, H., Tanijiri, T., Kouchi, M., Hanihara, T., Friess, M., Moiseyev, V., Stringer, C., & 

Miyahara, K. (2022). Global patterns of the cranial form of modern human populations 

described by analysis of a 3D surface homologous model. Scientific Reports, 12, Article 13826. 

https://doi.org/10.1038/s41598-022-15883-3 

Messer, D. L., Ousley, S. D., & Tuamsuk, P. (2013, April 9-13). Human craniometric sexual 

dimorphism and Rensch’s Rule [Conference presentation abstract]. Eighty-second annual 

meeting of the American Association of Physical Anthropologists, Knoxville, TN, United 

States of America. American Journal of Physical Anthropology, 150(S56), 197. 

https://doi.org/10.1002/ajpa.22247 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 13, 2024. ; https://doi.org/10.1101/2024.02.11.579824doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.11.579824
http://creativecommons.org/licenses/by/4.0/


21 

 

Milella, M., Franklin, D., Belcastro, M. G., & Cardini, A. (2021). Sexual differences in human cranial 

morphology: Is one sex more variable or one region more dimorphic? The Anatomical Record, 

304(12), 2789-2810. https://doi.org/10.1002/ar.24626 

Pinhasi, R., & von Cramon-Taubadel, N. (2009). Craniometric data supports demic diffusion model 

for the spread of agriculture into Europe. PLoS ONE, 4(8), Article 

e6747. https://doi.org/10.1371/journal.pone.0006747 

Ponce de León, M. S., Koesbardiati, T., Weissmann, J. D., Milella, M., Reyna-Blanco, C. S., Suwa, 

G., Kondo, O., Malaspinas, A.-S., White, T. D., & Zollikofer, C. P. E. (2018). Human bony 

labyrinth is an indicator of population history and dispersal from Africa. Proceedings of the 

National Academy of Sciences of the United States of America, 115(16), 4128-4133. 

https://doi.org/10.1073/pnas.1717873115  

Prugnolle, F., Manica, A., & Balloux, F. (2005). Geography predicts neutral genetic diversity of 

human populations. Current Biology, 15(5), R159-R160. 

https://doi.org/10.1016/j.cub.2005.02.038 

R Core Team (2021). R: A Language and Environment for Statistical Computing (Version 4.0.5) 

[Computer software]. https://www.R-project.org 

Ramachandran, S., Deshpande, O., Roseman, C. C., Rosenberg, N. A., Feldman, M. W., & Cavalli-

Sforza, L. L. (2005). Support from the relationship of genetic and geographic distance in human 

populations for a serial founder effect originating in Africa. Proceedings of the National 

Academy of Sciences of the United States of America, 102(44), 15942-15947. 

https://doi.org/10.1073/pnas.0507611102 

Ray, N., Currat, M., Berthier, P., & Excoffier, L. (2005). Recovering the geographic origin of early 

modern humans by realistic and spatially explicit simulations. Genome Research, 15(8), 1161-

1167. https://doi.org/10.1101/gr.3708505 

Relethford, J. H. (2004). Global patterns of isolation by distance based on genetic and morphological 

data. Human Biology, 76(4), 499-513. https://doi.org/10.1353/hub.2004.0060 

Relethford, J. H., & Blangero, J. (1990). Detection of differential gene flow from patterns of 

quantitative variation. Human Biology, 62(1), 5-25.  

Relethford, J. H., & Smith, F. H. (2018). Cranial measures and ancient DNA both show greater 

similarity of Neandertals to recent modern Eurasians than to recent modern sub-Saharan 

Africans. American Journal of Physical Anthropology, 166(1), 170-178. 

https://doi.org/10.1002/ajpa.23413 

Reyes-Centeno, H., Ghirotto, S., Détroit, F., Grimaud-Hervé, D., Barbujani, G., Harvati, K. (2014). 

Genomic and cranial phenotype data support multiple modern human dispersals from Africa 

and a southern route into Asia. Proceedings of the National Academy of Sciences of the United 

States of America, 111(20), 7248-7253. https://doi.org/10.1073/pnas.1323666111 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 13, 2024. ; https://doi.org/10.1101/2024.02.11.579824doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.11.579824
http://creativecommons.org/licenses/by/4.0/


22 

 

Savin, N. E., & White, K. J. (1977). The Durbin-Watson test for serial correlation with extreme 

sample sizes or many regressors. Econometrica, 45(8), 1989-1996. 

https://doi.org/10.2307/1914122 

Schutz, H., Polly, P. D., Krieger, J. D., & Guralnick, R. P. (2009). Differential sexual dimorphism: 

Size and shape in the cranium and pelvis of grey foxes (Urocyon). Biological Journal of the 

Linnean Society, 96(2), 339-353. https://doi.org/10.1111/j.1095-8312.2008.01132.x 

Smith, F. H. (1980). Sexual differences in European Neanderthal crania with special reference to the 

Krapina remains. Journal of Human Evolution, 9(5), 359-375. https://doi.org/10.1016/0047-

2484(80)90048-2 

Tishkoff, S. A., Reed, F. A., Friedlaender, F. R., Ehret, C., Ranciaro, A., Froment, A., Hirbo, J. B., 

Awomoyi, A. A., Bodo, J.-M., Doumbo, O., Ibrahim, M., Juma, A. T., Kotze, M. J., Lema, G., 

Moore, J. H., Mortensen, H., Nyambo, T. B., Omar, S. A., Powell, K., … Williams, S. M. 

(2009). The genetic structure and history of Africans and African Americans. Science, 

324(5930), 1035-1044. https://doi.org/10.1126/science.1172257 

van Vark, G. N., van der Sman, P. G. M., & Dijkema, J. (1989). Some multivariate tests for 

differences in sexual dimorphism between human populations. Annals of Human Biology, 

16(4), 301-310. https://doi.org/10.1080/03014468900000432 

von Cramon-Taubadel, N., & Lycett, S. J. (2008). Brief communication: Human cranial variation fits 

iterative founder effect model with African origin. American Journal of Physical Anthropology, 

136(1), 108-113. https://doi.org/10.1002/ajpa.20775 

von Cramon-Taubadel, N., & Pinhasi, R. (2011). Craniometric data support a mosaic model of demic 

and cultural Neolithic diffusion to outlying regions of Europe. Proceedings of the Royal Society 

B: Biological Sciences, 278(1720), 2874-2880. https://doi.org/10.1098/rspb.2010.2678 

Xing, J., Watkins, W. S., Shlien, A., Walker, E., Huff, C. D., Witherspoon, D. J., Zhang, Y., Simonson, 

T. S., Weiss, R. B., Schiffman, J. D., Malkin, D., Woodward, S. R., & Jorde, L. B. (2010). 

Toward a more uniform sampling of human genetic diversity: A survey of worldwide 

populations by high-density genotyping. Genomics, 96(4), 199-210. 

https://doi.org/10.1016/j.ygeno.2010.07.004 

Zichello, J. M., Baab, K. L., McNulty, K. P., Raxworthy, C. J., & Steiper, M. E. (2018). Hominoid 

intraspecific cranial variation mirrors neutral genetic diversity. Proceedings of the National 

Academy of Sciences of the United States of America, 115(45), 11501-11506. 

https://doi.org/10.1073/pnas.1802651115 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 13, 2024. ; https://doi.org/10.1101/2024.02.11.579824doi: bioRxiv preprint 

https://doi.org/10.1111/j.1095-8312.2008.01132.x
https://doi.org/10.1101/2024.02.11.579824
http://creativecommons.org/licenses/by/4.0/

