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ABSTRACT 

 
 

The human face contains important organs which perform vital functions such as 

eating and breathing, sensory functions such as seeing and smelling, as well as signaling 

sex, emotions, and identity. It is also quite variable within and across human populations. 

Very little is known about the evolution of facial shape in humans, or the genetic 

architecture underlying the development of facial shape. In this dissertation, I have 

investigated the evolutionary genetics of certain aspects of the three-dimensional shape of 

the human face. In chapter one, I provide a literature review of the various hypotheses 

regarding the evolution of facial shape and the current evidence supporting them. In chapter 

two, I used a quantitative genetic framework to test the hypothesis that human variation in 

the shape of the nose seems to have been influenced by local adaptation to temperature. 

The results from this chapter suggest that the evolution of certain aspects of human nose 

shape, such as nostril size and nasal ridge may have been driven by local adaptation to 

temperature. In chapter three, I used an admixture mapping approach to identify three 

genomic loci associated with nose shape variation in a sample of individuals with mixed 

African and European ancestry. The nearest genes to the admixture peaks are LHX8 (LIM 

Homeobox 8), MITF (Micropthalmia-associated transcription factor), and, UACA (Uveal 

autoantigen with coiled-coil domains and ankyrin repeats). Chapter four is an investigation 

in the effects of genetic heterozygosity on traits such as facial asymmetry, facial 

masculinity, and height, which are thought to signal genetic quality and 

immunocompetence. Finally, in chapter five, I discuss the evolutionary implications of 

these results and future directions for this research.  
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Chapter 1  
Introduction  

Facial shape exhibits extensive variation, both within and among human populations. 

Similarities between twins, within families, and among individuals with similar ancestries suggest 

that facial shape is highly heritable. In spite of this, the genetics underlying human facial shape 

variation is poorly understood. The broad purpose of this research is to investigate the evolutionary 

genetics underlying facial shape variation in humans. Since this is a very broad topic of research, I 

have focused on two main questions: i. Is there evidence of climate-driven selection on nose shape 

in humans? ii. Are facial traits such as fluctuating asymmetry and masculinity indicative of mate 

quality, as measured by genetic heterozygosity?  

Background 

Several anthropometric studies have been conducted with the aim of describing the 

differences in face shape within and among populations [1ï3]. For example, an extensive study 

was conducted by Farkas et al (2005) where 14 measurements of the face were used to describe 

variation within and across twenty six population from all over the world [1]. Vioarsdottir et al 

showed that there are significant average differences in adult facial shape among contemporary 

human populations and that linear discriminant analyses can be used to distinguish populations 

based on facial shape [3]. These authors also conclude that major differences in facial morphology 

across populations are established early in development [3,4]. Earlier studies of facial morphology 

were carried out with measurements derived from a relatively small set of anatomical landmarks, 

which are points that can be placed consistently and reliably across individuals, e.g. nasion, alare, 



2 

and pronasale. Recent developments in dense-correspondence landmark based techniques have 

enabled the characterization of more subtle variation in facial shape across populations [5]. 

An important aspect of facial shape that is clearly relevant from an evolutionary perspective 

is sexual dimorphism. The overall male face is, on average, more rectangular than the overall 

female face, which is more round in comparison [6].  Sex differences in specific features have also 

been reported, such as a greater protrusion of the brow-ridge and chin in males relative to females 

[7]. Additionally, it has been shown that significant sexual dimorphism in face shape exists even at 

birth and this is, at least partly, related to circulating levels of prenatal testosterone in the mother 

[8,9]. Furthermore, the ontogenetic growth trajectories of male and female crania are known to 

diverge from each other with some regions of the male cranium, such as the brow ridge and 

mandible, experiencing increased growth relative to females, especially after the onset of puberty 

[9]. These observations suggest that the development of sexual dimorphism in the face is likely 

dependent on levels of circulating androgens. In fact, clinical reports of males with androgen 

insensitivity syndrome (AIS) include female genitalia, breasts, and an overall feminine appearance 

[10]. 

What do we know about selection on the human face? 

The relative importance of drift and selection in the evolution of human craniofacial form 

is widely debated [11ï13]. Most, if not all, of the heritable variation in the human cranium has long 

been thought to be due to neutral processes [14]. This is supported by the result that cranial 

morphology, when taken as a whole, shows little between-population differentiation (~10% of the 

total variation is due to differences between populations) [14] similar to that seen with neutral 

genetic markers, and is consistent with the isolation-by-distance model [15]. Because of this, 
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cranial morphology has been used as a reliable proxy for phylogeny and population history [16,17]. 

However, adaptive explanations have also been invoked.  

Variation in mandibular shape, for example, is thought to have been due to diversifying 

selection because of differences in subsistence strategies. The idea behind this being that a shift 

from hunter-gatherer to agriculturalist strategies has led to changes in mandibular shape due to 

changing requirements in terms of masticatory stress [18]. Indeed, the mandible has been reported 

to deviate from non-neutral expectations [19]. Another interesting hypothesis that has received 

considerable attention is that the shape of the nose has evolved across populations as a result of 

adaptation to climate [20]. An important function of the nose is to warm and humidify inspired air 

so as to prevent damage to the mucosal walls of the respiratory tract, and to facilitate gaseous 

exchange in lungs. Thus, it was hypothesized that climate variation may have had a role in 

influencing nose shape variation across the globe [20ï22].  This hypothesis has been tested several 

times through craniometric studies. For example, Roseman (2004) showed, using linear distances 

measured on crania from ten populations, that the height of the nasal temperature is correlated with 

temperature [11]. This result has been replicated several times [23ï25]. Recently, in an interesting 

study by Noback et al (2011), landmarks were used to measure the shape of the inner nasal cavity 

in one hundred crania from ten populations representing five different stress levels in terms of 

climate. They showed that the shape of the nasal aperture and the inner nasal cavity show significant 

correlations with both temperature and humidity [26]. 

What is known about sexual selection with respect to facial shape? 

It is clear from a whole suite of sexually dimorphic traits (e.g. height, strength, musculature, 

voice-pitch, facial hair, and masculinity) that sexual selection has likely played an important role 

in hominin evolution. The two major forms of sexual selection in humans are thought to be contest 



4 

competition and mate-choice [27]. It is suggested that the ñtwo-dimensionalityò of the human 

mating landscape may have made it easier to monopolize females, and thus, male-male competition 

may have been the primary form of sexual selection in human populations [27]. In populations 

where male-male competition is high, we would expect positive selection for alleles associated 

with traits that signal strength and dominance, such as large body size, high musculature, deep 

voice, and high facial masculinity [28,29]. Assuming they are all influenced to varying degrees by 

levels of circulating androgens, we would also expect to see a greater degree of sexual dimorphism 

in these traits. 

Facial masculinity in males has also been used to test hypotheses regarding mate choice. 

Examples of sexually selected ornaments such as eye-spots on the trains of peacocks, which are 

thought to indicate the physiological condition of males to females, are common in the animal 

kingdom [30]. In fact, the horn of a male rhinoceros beetle, which is also thought to be a sexually 

selected ornament, is now known to be directly linked to a maleôs physiological condition [31]. In 

humans, aspects of facial shape such as a strong brow ridge and an angular jaw are regarded as 

ornaments which are thought to signal the physiological óqualityô of males, especially with respect 

to immune function. The premise behind this is that high levels of testosterone, which are needed 

for the development of masculinity-related traits, suppress immune function [32,33]. As such, facial 

masculinity might have been an indicator to females of the immunocompetence of males. Another 

phenotype that is often discussed in the context of mate-choice is bilateral symmetry. Stress during 

development, both due to genetic and environmental causes, can lead to perturbations in the 

symmetry of bilateral traits such as facial shape [34]. While small fluctuations in symmetry are 

common because of the randomness inherent in natural processes, larger deviations can be 

indicative of developmental instability. As such, it is thought that facial symmetry may have 

advertised the availability of ógood genesô and low levels of developmental stress to mates [35]. 
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How does one show that a trait is under divergent selection across populations? 

On a genome-wide level, most of the genetic variation in humans is due to the action of 

genetic drift. To show whether selection is acting on a locus, one must show that the pattern of 

genetic variation at that locus deviates significantly from that expected under genetic drift. A widely 

used statistic in this regard is Wrightôs Fst, which measures the degree of genetic differentiation 

between two or more populations. Higher values of Fst at a locus relative to the genomic 

background, as a measure of divergence due to genetic drift, can be indicative of positive selection 

in one or more populations [36,37].  

Similarly, in order to provide support for the hypothesis that a trait has been under divergent 

selection across populations, one would have to show that the observed divergence in the trait 

among populations is more than that expected under genetic drift alone. A statistic that is often 

used in this regard is Qst [38], a quantitative genetic analogue of Wrightôs Fst [39]. Qst is a measure 

of the genetic differentiation in a quantitative trait across populations. It has been shown that, in 

principle, the Qst of a quantitative trait that has evolved under genetic drift alone is expected to be 

equal to the Fst calculated from neutral genetic markers [40,41]. This expectation can be used to 

test whether a phenotype has evolved under divergent selection (Qst > Fst), or if it has evolved 

under uniform or stabilizing selection (Qst < Fst) [42]. Relethford (1994) was one of the first to use 

this approach with craniometric measurements to show that the variation in the human skull was 

consistent with neutral evolution [14]. Roseman (2004) also used Qst to show that aspects of nasal 

morphology and the shape and size of the cranial vault were more differentiated among populations 

than expected under genetic drift alone [11]. More recently, Qst was used by Guo et al (2014) in a 

study of soft tissue morphology to show that the nose, brow ridge, and cheek bones have been under 

accelerated evolution between people of European and Han-Chinese ancestry [43]. While these 

results are promising, there are limitations in the theoretical and methodological approaches used 
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in these studies which need to be overcome in order to identify aspects of facial shape that have 

been under divergent selection in the recent past. 

What do we know about the genetic variants underlying normal-range facial shape variation? 

An important step in achieving a comprehensive understanding of the evolutionary history 

of facial variation is to outline the underlying genetic basis. Most of the genetic information 

underlying the development of craniofacial form comes from linkage studies of rare Mendelian 

disorders.  This approach has been highly successful in identifying mutations with large effects that 

cause conditions with characteristic craniofacial dysmorphologies such as Pfeiffer Syndrome [10]. 

Pfeiffer Syndrome, which often manifests with craniosynostosis and midface hypoplasia, has been 

linked to mutations in FGFR1 and FGFR2. The Online Mendelian Inheritance of Man (OMIM) is 

replete with descriptions of such conditions and putative mutations that might be associated with 

them [10]. Despite this, most of the genetic variants underlying normal-range variation in 

craniofacial shape remain elusive. Advances in high dimensional phenotyping and genome-wide 

association studies (GWAS) have made practical the search for variants contributing to normal 

range facial variation [5,44,45]. However, because of the nascency of this field, the list of loci 

known to be associated with facial shape is quite short. In fact, PAX3 is the only locus that has been 

replicated across independent studies [44,45]. While this is promising, many more loci need to be 

identified before we can use this information in a population genetic framework to study the 

evolutionary history of facial form. 
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Outline of Chapters 

In this dissertation, I propose to explore some key hypotheses regarding the evolutionary 

genetics of the three dimensional (3D) morphology of the human face. In doing so, I have provided 

discussions on the limitations involved in studying the evolution of complex traits, especially, if 

the genetic variants underlying them are not known. 

Chapter two is an investigation of the hypothesis that the divergence of nose shape 

across populations is due to local adaptation to temperature and/or humidity. The chapter 

begins with a discussion of the methodological limitations of previous studies and how they can be 

overcome using a combination of high-dimensional genetic and phenotypic data. I describe the 

variation in nose shape within and across four human populations (West Africans, North 

Europeans, East Asians, and South Asians) and explore, using Qst ï Fst comparisons, whether 

certain aspects of nose shape seem to be more differentiated across populations that expected under 

genetic drift alone. In contrast to previous studies, I will also test whether these aspects of nose 

shape are heritable within- and between-populations. Finally, I explore the association between 

nose shape and climate to test whether the differentiation of nose shape is driven by climate 

adaptation.  

The goal of chapter three is to identify genetic variants underlying aspects of nose 

shape that appear to be accelerated evolution across populations and to test whether these 

variants show signals of climate adaptation. I will be using an admixture mapping approach to 

identify loci that are associated with nose shape in individuals with mixed African and European 

ancestry. Ancestry informative markers (AIMs) are loci that have high allele frequency differences 

across populations. Admixture between two (or more) populations creates linkage disequilibrium 

(LD) between AIMs over long genomic distances [46]. Strong admixture LD has been observed to 
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extend to 17cM in African Americans [47,48]. This can lead to increased power to map traits that 

have diverged among the parental populations. To achieve this goal, we have designed an 

Affymetrix Axiom custom genotyping array with thousands of AIMs uniformly distributed along 

the genome. In addition, the array is designed to densely tag ~400 craniofacial candidate genes as 

well as regions flanking these genes up to 1 Mb on either side to capture variation in regulatory 

elements. Variants identified through the admixture mapping will then be tested for signatures of 

climate-driven selection.   

In chapter four I investigate evidence for the ógood-genesô hypothesis in humans. I 

test this by asking whether traits such as height, facial masculinity, and facial asymmetry reflect 

underlying genetic quality, as measured by genome-wide heterozygosity and heterozygosity at the 

MHC locus. 

The final chapter will summarize the results from the previous three chapters and present 

conclusions that can be made regarding the evolution of facial shape in humans. I will discuss the 

significance of this study and its implications in basic research, anthropology, and medicine. 

Finally, I will discuss limitations and how future research can help to provide a better, more 

comprehensive understanding of the subject.  
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Chapter 2  
 

Investigating the Case of Nose Shape and Climate Adaptation 

Introduction  

 

The shape of the nose, like many other parts of the face, varies across human populations. 

The distance between the nasal alae (wings of the nose) has been shown to be significantly larger 

in individuals of African, South Asian, and East Asian ancestry as compared to persons with 

European ancestry [2]. The nasal index (width/height of the nasal aperture of the skull) has also 

been reported to vary significantly among populations [2,22]. Whether these population differences 

in nose shape are due primarily to genetic drift or natural selection is unclear.  

A vital function of the nose is to warm inspired air to core body temperature and saturate 

it with water vapor before it reaches the inner respiratory tract [21]. One reason this is important is 

to maintain proper functioning of the mucociliary apparatus which is essential for trapping particles 

and pathogens and removing them from the airways. Low humidity in the respiratory tract leads to 

impaired ciliary function and increases the risk of both upper and lower respiratory tract infections. 

In fact, impaired mucociliary clearance is thought to be the primary cause in the development of 

lung disease in patients with Cystic Fibrosis [49]. Most of the air conditioning occurs as it passes 

though the turbinates, the walls of which are lined with blood vessels and mucus producing goblet 

cells [50]. Several studies have shown that the efficiency of the conditioning process depends on 

the flow dynamics of the inspired air, which in turn, depends on the geometry of the nasal cavity 

and inlets [51,52]. 

Because of the function of the nose as a conditioning apparatus, it is thought that 

geographical variation in nose shape may be due to climate adaptation [20,21]. This hypothesis 

finds some support in the literature. Roseman (2004) used linear distances on crania from ten 
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populations to show a positive correlation with height of the nasal aperture and temperature [11]. 

Hubbe et al. (2009) report similar results with a larger set of populations [24]. More recently, 

Noback et al. (2011) reported significant correlations between the geometry of the inner nasal 

cavity and both temperature and humidity [26]. Most of the studies conducted so far have focused 

on craniometric measurements, which has left the fine-scale variation of the external nose, the first 

barrier between climate and the internal respiratory tract, unexplored. Recent developments in 

dense-correspondence based techniques and geometric morphometrics have allowed more detailed 

and accurate quantification of facial shape [53,54]. Guo et al. (2014) recently used ~30,000 points 

measured on the soft tissue of the face to show that the 3D shape of several facial regions, including 

the nose, are significantly different between individuals with European and East Asian ancestry 

[43]. They also conclude that the magnitude of this differentiation is larger than that expected purely 

due to genetic drift alone. While this may be true, their methodology, which has also been used by 

others to address similar questions [14,24,55], is anticonservative, and generates dramatically 

inflated test statistics. 

Here we carried out a detailed exploration of the variation in the shape of the external nose, 

as well as a thorough treatment of the underlying genetics to investigate whether global variation 

in nose shape has been driven by adaptation to climate. We used 709 quasi-landmarks to quantify 

the variation in nose shape within and across four human populations (West Africans, Northern 

Europeans, South Asians, and East Asians). We used quantitative genetic theory to test whether 

nose shape varies more between populations than expected under genetic drift alone. We compared 

the differentiation of nose shape with two other traits, height and skin pigmentation, which are 

thought to have been under divergent selection in the recent past. We found that the surface area of 

the nose and the size of the nostrils exhibit signatures of accelerated evolution between populations. 

We also report heritability estimates for both these traits in Europeans. Finally, we tested whether 

geographical variation in nose shape is correlated with temperature and humidity. We find that 
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nostril size is correlated with temperature but not with humidity, and conclude that this is a signal 

of long-term adaptation and not of phenotypic plasticity. However, we think that climate may not 

have been the only non-neutral force responsible for the differentiation of nose shape, and other 

forces such as sexual selection need to be considered. 

Results 

Describing variation in nose shape 

To quantify variation in nose shape, we first captured high resolution 3D images of 

participantsô faces using the 3dMD Face system (3dMD Atlanta, GA). Five positioning landmarks 

(two on the inner corner of the eyes, two on the outer corners of the mouth, and one on the tip of 

the nose) were placed in order to establish facial orientation. An anthropometric mask comprised 

of 10,000 quasi-landmarks (QLs) was mapped on each original image as well as its reflection. 

Generalized Procrustes Superimposition (GPS) [56] was carried out on both sets of images (original 

and reflected) to remove differences in size, position, and orientation. The Procrustes coordinates 

of the original and reflected image for each participant were then averaged to remove effects of 

bilateral asymmetry following Claes et al. [5]. Of the 10,000 QLs, 709 that comprise the nasal 

region were selected for downstream analyses. Principal Components Analysis (PCA) [57] was 

carried out on the x, y, and z coordinates of the 709 QLs for 2,031 individuals (Methods). The top 

four nose principal components (nPCs), which together explain >90% of the total variance in nose 

shape were then used in further analyses (Fig. S1 in Appendix A). These nPCs can be used as 

proxies to represent variable aspects of nose shape, which can be studied with the help of shape 

transformations and heatmaps (Fig. 2-1). 
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Figure 2-1. Effects of the first four nPCs on nose shape: The first two columns show the 

transformations of 3D nose shape along nPC (-/+ 3 SD). The third column shows a heat map of 

the effects of nPC on area ratio, i.e., a region will be red if its area increases along nPCs in the 

positive direction and blue if the area decreases. The heatmaps are scaled to the magnitude of 

changes in area seen along nPC1, which explains the most variation in the shape of the nose. 
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Figure 2-2. Comparison of the first four nPCs with standard anthropometric measurements: 
A) Landmarks used to calculate linear distances and angles. Paired landmarks are written with a 

subscript indicating the side of the face (left/right) on which they were placed. B) Matrix of pie 

charts showing the correlation between nPCs and anthropometric measurements. Positive 

correlations are shown in blue and negative correlations are shown in red. The strength of the 

correlation is represented by the darkness of the color and size of the slice. 

 

To assist in the interpretability in the effects of nPCs, we also compared nPC scores against 

linear distances and angles computed from standard anthropometric landmarks that are typically 

used to describe nose shape [58,59]. Fig. 2-2 shows the correlations between nPCs1-4 and these 
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measures, as well as with the external surface area of the nose (Methods). It is clear from both Figs. 

1 and 2 that each nPC captures variation in several aspects of nose shape. For example, among the 

distance measures, nPC1 is positively correlated with the distance between the alare (alr ï all, acr ï 

all) and negatively correlated with distances measuring the forward protrusion of the nose tip (prn 

ï sn, prn ï (alr ï all), prn - al). NPC1 is also strongly negatively correlated with the external surface 

area of the nose, with high nPC1 scores corresponding with lower external surface area (Fig. 2-2). 

These observations agree with the changes seen in the 3D shape of the nose along nPC1 in Fig. 2-

1. NPC2 appears to capture the length of the nasal ridge and height of the nose, as seen by its 

correlation with the distance between the nasion and pronasale, and to a lesser extent, with the 

distance between the nasion and subnasale. It also seems to be capture the tilt in the tip of the nose 

(Fig. 2-1). According to Fig. 2-1, the effects of nPC3 on area appears to be localized to the nares 

and the nostrils. Fig. 2-2 is in agreement with this observation, which shows that nPC3 is correlated 

with measurements describing the shape of the nostrils and the alare. It appears that nPC3 is also 

capturing variation in the length of the nasal ridge (Fig. 2-2). The effects captured by nPC4 seem 

to be localized to the columella, and to a lesser extent, the nostrils (Fig. 2-1 and Fig. 2-2).  

In Fig. 2-3, we show the distribution of height, skin pigmentation (melanin index), and the 

first four nPCs by sex and across four human populations: West African, East Asian, Northern 

European, and South Asian. We used height and skin pigmentation alongside nPCs in our analyses 

to compare the degree of differentiation in nose shape with other polygenic traits that are known to 

be heritable and have been well-studied with respect to phenotypic divergence in humans [60ï68]. 

Interestingly, all phenotypes, including nPCs are sexually dimorphic in most populations. There 

are important population-level differences in nose shape that can be observed in Fig. 2-3. The 

distribution of nPC1 shows that N. European and S. Asian noses have a more outward projecting 

ridge and a larger surface area than W. African and E. Asian noses. Looking at the patterns in nPC3, 
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it seems that W. Africans and S. Asians, on average, have larger nostrils compared to N. Europeans 

and E. Asians. 

. 

 

Figure 2-3. Boxplots of phenotypes by population and sex overlaid with the actual data points. 

Height is measured in centimeters and melanin index is measured in percentage reflectance. The 

nPCs are in arbitrary units. Points are individual observations and the color of the boxplots and 

points represents the sex with red indicating males and blue indicating females. 

 



16 

Tests for accelerated evolution 

We used a quantitative genetic framework to test for accelerated evolution in facial shape 

across four populations. Qst is a measure of the genetic differentiation in a quantitative trait across 

populations and is analogous to Wrightôs Fst [38,39]. It is defined as: 

Qst =             (1) 

where  „  and „  are the components of phenotypic variance due to additive genetic 

effects between and within populations respectively. It has been shown that, in principle, the 

distribution of Qst of a quantitative trait that has evolved under neutral drift alone is expected to be 

equal to Fst of neutral genetic markers [40,41]. This expectation allows one to compare Qst to Fst 

to test whether genetic drift alone is sufficient to explain the divergence of a trait among 

populations. If the Qst of a trait across a set of populations is much greater than the Fst, it means 

that the phenotypic divergence exceeds the expectation of neutrality. A recent review on the 

theoretical and methodological advances in Qst can be found in Leinonen et al. [42].  

Estimation of „  and „  is ideally carried out in ócommon-gardenô experiments in which 

the effects of environment can be controlled [42]. This is often not possible in non-model 

organisms, especially in humans. Alternatively, knowledge of the causal variants underlying the 

trait of interest, their allele frequencies, and effect sizes can be used to estimate the additive genetic 

components [69,70]. While linkage-based studies and genome-wide association studies (GWAS) 

have been successful in identifying variants for a large number of diseases, accurate knowledge of 

causal loci and their effect sizes is still limited for most anthropometric traits [71]. While some 

recent studies have had success in mapping certain aspects of facial shape to regions of the genome, 

these findings need to be replicated, more loci need to be discovered, and precise estimates of effect 

sizes need to be ascertained before these findings can be effectively employed in a quantitative 
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genetic framework [5,44,45]. Alternatively, we should be able to calculate Qst directly from 

phenotypic data using the following equation [72]: 

Qst =  =  
 

   
          (2) 

Here „ and „  are among- and within-population components of the phenotypic 

variance and c and h2 are proportions of „ and „  that are due to additive genetic effects, 

respectively. Both c and h2 can range from 0 (none of the variance is due to additive genetic effects) 

to 1 (all of the variance is due to additive genetic effects). Without prior information, we must make 

an assumption regarding the ratio c/h2 in the calculation of Qst since separate estimates of both c 

and h2 are not required [72]. We assumed c/h2 = 1 in our calculations of Qst, i.e., the proportion of 

phenotypic variance due to additive genetic effects is the same between and within populations. 

Qst calculated this way is sometimes referred to as Pst [73]. However, we will continue to use the 

term Qst to avoid confusion and will evaluate the validity of the assumption that c/h2 = 1 in the 

following section. 

We calculated Qst, for each of the first four nPCs, standing height, and skin pigmentation, 

across four human population groups: i) West African, ii) North European, iii) East Asian, and iv) 

South Asian. We used a non-parametric bootstrap approach to calculate the confidence intervals 

around Qst and to test whether the observed value of Qst is much higher than the Fst across 

populations (Methods).  The statistic we used is Qst ï Fst, which under the null hypothesis of 

genetic drift, is expected to be zero. Thus, the empirical p-value of this test is the proportion of 

bootstrapped values of Qst ï Fst that are less than zero. The results of the test are illustrated in Fig. 

2-4 and the p-values are listed in Table 2-1. Itôs clear from Fig. 2-4 and Table 2-1 that skin 

pigmentation, nPC1, and nPC3 show significant deviations from neutrality across all populations 

(Bonferroni corrected ‌ = 0.05/6 = 0.008). 
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Figure 2-4. Qst ï Fst results across all populations: The distributions of Qst - Fst are compared 

against the expected value of zero under neutrality (horizontal dashed line) for all six phenotypes 

(Height, Skin, nPC1, nPC2, nPC3, and nPC4). Values of Qst ï Fst that are significantly greater 

than zero (Qst >> Fst, P-value < 0.008) are indicated with red asterisks. 

 

Table 2-1. Qsta across all populations and results for Qst ï Fst test 

Phenotype Qst (Qstlcl, Qstucl) P-valueb 

Height (N = 321) 0.136 (0.083, 0.188) 0.2260 

Skin Pigmentation  

(N = 283) 

0.681 (0.571, 0.774) <1e-4 

nPC1 (N = 321) 0.538 (0.478, 0.596) 0.0012 

nPC2 (N = 321) 0.031 (0.006, 0.069) 0.6758 

nPC3 (N = 321) 0.463 (0.391, 0.533) 0.0017 

nPC4 (N = 321) 0.072 (0.027, 0.134) 0.4035 

a Qst calculated from full dataset, and Qstlcl and Qstucl are the lower and upper 95% confidence intervals 

respectively. The confidence intervals and P-value were calculated using a non-parametric bootstrap 

approach. 
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Evaluating validity of assumptions regarding c and h2: 

We assumed in our estimation of Qst that c/h2 = 1. This means that we assume that the 

proportion of between-population variance in the trait due to additive genetic effects is the same as 

the proportion of within-population variance due to additive genetic effects. This can be an 

incorrect assumption if the mean difference in the trait between populations is mostly due to direct 

environmental effects (i.e., phenotypic or developmental plasticity). In our case, if the true value 

of c/h2 is drastically lower than 1.0, our phenotype-derived estimates of Qst would be inflated 

resulting in false-positive signals of accelerated evolution. This fact has largely been ignored in 

previous studies of human morphological divergence where instead ócorrectedô Qst values were 

calculated by using a value for h2 less than one (h2 for craniofacial traits was assumed to be 0.55 in 

these studies) while implicitly keeping c at a value of one [11,14,24,43]. While this might be true 

for some traits, this is an anticonservative approach in our opinion because it assumes that more of 

the phenotypic differences between populations is due to additive genetic effects compared to the 

phenotypic differences within populations i.e., c/h2 > 1. In contrast, our approach is to calculate Qst 

assuming c/h2 = 1 and evaluate the sensitivity of our results to the case where c/h2 < 1 [72]. We did 

this by lowering the value of c/h2 below 1 to determine the ócritical valueô at which the 95% lower 

confidence limit of Qst meets the 95% upper confidence limit of Fst (Fig. 2-5). We did this only 

for the case where Qst across all populations was calculated. A low critical value means that our 

results are robust to the situation where the true value of c is lower than the true value of h2. We 

observe in Fig. 2-5 that in the case of skin pigmentation, the critical value of c/h2 is around 0.2. In 

the case of nPC1, it is around 0.55, and in the case of nPC3, it is around 0.65. 
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Figure 2-5: Sensitivity plots showing critical values of c/h2: Change in Qst of skin pigmentation, 

nPC1, and nPC3 across all populations is shown as a function of c/h2 (solid red line). Mean Fst is 

shown as a blue solid line. The 95% confidence intervals for Qst and Fst are shown as dashed red 

and blue lines, respectively. The critical value (solid black line) is the value of c/h2 at which the 

lower confidence limit of Qst meets the upper confidence limit of Fst. A critical value of 0.20 (as 

in the case of skin pigmentation) means that Qst will be greater than Fst even if c/h2 is as low as 

0.20.  
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In addition to the sensitivity analysis, we estimated h2 for nPC1, nPC3, height, and skin 

pigmentation. The within-population component (h2), or narrow-sense heritability, is traditionally 

estimated from data collected on large sets of twins, both identical and fraternal, or from pedigrees 

where the genetic relationships among individuals are known. Yang and colleagues introduced a 

linear mixed model approach, which can be used to estimate an alternative statistic in unrelated 

individuals; the proportion of phenotypic variance explained by genotyped SNPs (hg
2) [60]. 

Estimates of hg
2
 based on genotyping arrays tend to be conservative and generally much lower than 

h2 for reasons which are discussed elsewhere [60,74]. We used this method, implemented in the 

GCTA software [75], to calculate hg
2  for nPC1, nPC3, height, and skin pigmentation using 118,420 

autosomal SNPs in a sample of 1,731 unrelated Europeans (Methods). The first ten eigenvectors of 

the genetic relationship matrix were included as covariates to correct for population structure, along 

with sex, age, and BMI. The restricted maximum likelihood (REML) estimates of the total 

phenotypic variance (Vp), the variance due to additive genetic effects of genotyped SNPs (VG), the 

residual variance (Ve), and hg
2 are given in Table 2-3. While the standard errors are large due to the 

relatively small sample size (N = 1,718), the point estimates of hg
2 for nPC1 (h2

g = 0.38, S.E. = 

0.18) and nPC3 (h2
g = 0.41, S.E. = 0.18) are high suggesting that the aspects of nose shape captured 

by these nPCs are highly heritable, at least in Europeans. Our estimates of hg
2 for height (h2

g = 0.39, 

S.E. = 0.17, N = 1,816) are very similar to those reported earlier using this method [60]. Skin 

pigmentation was not very heritable in our sample (h2
g = 0.18, S.E = 0.26, N = 1,231). This is likely 

because, relative to other populations such as Africans, there might not be much variability in 

Europeans with respect to melanin index. This can be observed to a certain extent in Fig. 2-3. 
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Table 2-2. Estimates of variance components and hg2 for height, skin pigmentation, nPC1, 

and nPC3 

 
Height  

(N = 1,816) 

Skin Pigmentation  

(N = 1,231) 

nPC1 

(N = 1,718) 

nPC3 

(N = 1,718) 

Source Variance SE Variance SE Variance SE Variance SE 

V(G) 16.66 7.44 1.54 2.32 0.16 0.08 0.03 0.01 

V(e) 25.67 7.34 7.23 2.32 0.26 0.08 0.04 0.01 

Vp 42.33 1.42 8.77 0.36 0.42 0.01 0.06 0.00 

hg
2 =  

V(G)/Vp 0.39 0.17 0.18 0.26 0.38 0.18 0.41 0.18 

 

Estimation of c is more difficult since, in most cases, the genetic effects between 

geographically distant populations are confounded with direct environmental effects (i.e., due to 

developmental or phenotypic plasticity). This parameter is often reliably estimated through 

ócommon gardenô experiments, in which individuals of different genetic backgrounds can be raised 

under similar environmental conditions to remove any systematic differences in the environment 

which might be confounded with genetic differences. However, this approach is only possible in 

non-model organisms, which are amenable to experimental manipulation. In humans, a different 

approach must be taken.  

The process of admixture brings together genetic material from different populations in the 

same individuals. Initial admixture, followed by recombination, results in segments of DNA from 

the parental populations segregating in admixed individuals. As such, in principle, if the phenotypic 

variation between populations has an underlying genetic component, then we would expect to see 

a correlation between phenotype and genetic ancestry in recently admixed populations. As such, 

we calculated the correlation between nPC score and proportion of W. African ancestry in a sample 

of 129 African Americans, who derive most of their genetic ancestry from West Africans and 

Northern Europeans (see methods, Fig. 2-11). Sex, age, and BMI were included as covariates. The 

slope between nPC1 and ancestry is significantly different from zero (t = 3.21, r2
partial = 0.048, p-

value = 1.72 x 10-3), as well as that between nPC3 and ancestry (t-stat = 6.353, r2partial = 0.241, p-
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value = 3.87 x 10-9). As expected, the slope between skin pigmentation and ancestry is also very 

significant (t = 7.296, r2
partial = 0.308, p-value = 5.86 x 10-11). 

These results suggest that genetic differences underlie the phenotypic variation in skin 

pigmentation, nPC1 and nPC3, at least between W. Africans and N. Europeans. However, we 

would like to caution against interpreting the coefficients of determination presented above as 

reliable estimates of c. Significant associations between phenotype and global ancestry in a recently 

admixed population, such as African Americans, are likely driven by ancestry stratification [76]. It 

is also possible that such associations are due to environmental factors that covary with ancestry 

[77]. As such, we recommend estimating c using a linear mixed model approach from the 

proportion of phenotypic variance explained by local ancestry (hɔ
2) as presented recently in Zaitlen 

et al. [74]. This approach corrects for ancestry stratification by including global ancestry as a fixed 

effect, essentially estimating variance in the phenotype explained by randomly segregating 

segments of ancestry within óancestry strataô. The downside to this approach is that it requires data 

from a large number of admixed individuals to accurately estimate the variance components, which 

were not available for this study. 

Phenotype-Climate Association 

Testing for Adaptation to Climate 

It has been suggested previously that climate has played an important role in the recent 

evolution of human nose shape [11,26]. In order to investigate this, we evaluated the association 

between nPCs and two climatic variables: i) mean annual temperature (hereafter referred to as 

temperature) and ii) mean annual aridity index (AI). This was carried out in a subset of the 

individuals used in the Qst analyses who reported their parents having been born in a region that 



24 

coincided with their continental ancestry (N = 86) (Fig. 2-6). The reason for this is to use the climate 

value at their parentsô birthplaces as proxy for the ancestral climate. It is helpful to note here, to 

avoid confusion, that high values of AI mean high humidity and vice versa. We used a linear mixed 

model approach to test the association between nPCs and climate variables while correcting for age 

and BMI as fixed effects (Table 2-4). We corrected for autocorrelation due to genetic similarity by 

allowing the covariance between observations to be determined by the genome-wide kinship matrix 

(see Methods). Sex was not included as a covariate as we only retained females for this analysis 

(Methods). Similarly, we tested for a significant association between skin pigmentation and 

ground-level ultraviolet-B (UVB) levels in order to compare with a phenotype that is known to 

have evolved in response to climate (Table 2-4). 
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Figure 2-6: Geographic distribution of parentsô birthplaces and locations where individuals 

grew up. A) Individual points represent the birth locations of the parents with a line connecting 

two parents. A single point indicates that the two parents were born in the same location. Climate 

values at these locations were used to test for signals of climate adaptation.  B) Individual points 

represent locations in which individuals spent most of their childhood growing up. The climate 

values at these locations were used to test for signals of phenotypic plasticity.  






















































































































































































































































