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ABSTRACT 

 

 

The study of human cranial morphology has a long and contentious history. This 

study is the first large scale analysis of ecoregion specific human cranial modularity and 

integration. It utilizes an analysis of morphometric craniofacial variation and ecoregion 

affinity to better understand the environmental contribution to biological shape. This 

study tested three hypotheses. First, that there was variation in craniofacial shape that was 

linked to an individual’s ecoregion. Second, that there were ecoregion specific patterns of 

cranial modularity. And third, that the patterns of cranial integration (or the level of 

covariation between any two modules) were also associated with an individual’s 

ecoregion, and that different environments would result in different patterns of modular 

dependence and independence. Three-dimensional scans of 298 human crania were 

collected from museums, representing four higher level ecoregions and 11 lower-level 

ecoregions. Each cranium was mapped and placed within two hierarchical ecoregions. By 

examining ecoregions, instead of individual climatic variables, this analysis gives a more 

complete picture of how the environment is influencing cranial variation. Modules, or 

relatively independent morphological regions of the crania, were identified and their level 

of integration was assessed for every ecoregion. Modular integration is an analysis of the 

relative strength of the covariation between any two modules, and previous research 

theorized that changes in integration reflected changes in modular independence during 

development (Bastir and Rosas, 2005; Hall, 2005; Raff, 1996). The variation in strength 

between modules, both intrapopulation and interpopulation, was assessed and various 

explanations were explored. This analysis found that each ecoregion exhibited 
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significantly different craniofacial shape from one another. Patterns of integration were 

also variable by ecoregion, suggesting that the ecological shape variation observed was 

solidified early in development. This study also identified the presence of a nasal module 

in each ecoregion. Overall, the findings of this study demonstrate that human crania are 

variable by ecoregion and that environmental conditions have led to ecoregion specific 

patterns of cranial modular integration. 
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CHAPTER 1 

INTRODUCTION  

The expansion of anatomically modern humans out of Africa led them into new 

and inhospitable environments. As populations migrated farther from Africa, they 

became more widely distributed and isolated, reducing gene flow between groups while 

also being exposed to unique environmental conditions. Exposure to these unique 

environments has long been the focus of scientists attempting to understand adaptation. 

Darwin (1859) studied adaptation via natural selection as a mechanism of speciation, but 

also argued that natural selection is a driver of both intra and interspecific variation. 

Darwin (1859) proposed that increased isolation and exposure to differing environmental 

stressors were integral to the development of population level variation. The extent to 

which human cranial diversity has been affected by the environment has a long history of 

study (i.e. Boas and Boas, 1913; Beals et al., 1983; Betti et al., 2009; Carey & 

Steegmann, 1981; Cottle, 1955; Crognier 1981a, 1981b; Davies, 1932; Evteev et al., 

2014; Franciscus, 2003; Franciscus & Long, 1991; Franciscus & Trinkaus, 1988; Gravlee 

et al., 2003; Hanihara, 1996; Harvati & Weaver, 2006; Hiernaux & Froment, 1976; 

Hubbe et al., 2009; Howells, 1973, 1989; Hylander, 1977; Lieberman et al., 2004; 

Manica et al., 2007; Noback et al., 2011; Relethford, 1994, 2004, 2009; Roseman, 2004; 

Roseman & Weaver, 2004; Sardi et al., 2006; Thomson, 1913;  Thomson & Buxton, 

1923; Weiner, 1954; Woo & Morant, 1934; Yokley, 2009). The aims of this study are to 

understand the role of ecoregions in shaping the human face and to advance our 

understanding of the biological origins of human cranial variation. 
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I. SOURCES OF MORPHOLOGICAL VARIATION  

When morphological variation is observed between human populations, parsing 

out the evolutionary and non-evolutionary forces is essential for understanding the 

origins of variability. A multitude of factors can lead to phenotypic differences between 

widely distributed or isolated populations including natural selection, genetic drift, 

developmental plasticity, acclimatization, ecological inheritance, and cultural factors (e.g. 

Allen, 1877; Badyaev and Oh, 2008; Baker, 1984; Baldwin, 1896; Beals et al., 1983; 

Betti et al., 2009; Betti et al., 2014; Carey and Steegmann,1981; Cheverud, 1996; 

Crognier, 1981a.b.; Davies, 1932; Foster, 2013; Handley et al., 2007; Hanna and Brown, 

1979; Harvati and Weaver, 2006; Hubbe et al., 2009; James, 2010; Lewontin, 1983; 

Lieberman et al., 2002; McBrearty and Brooks, 2000; Pigliucci and Finkelman, 2014; 

Potts, 2013; Relethford, 1994, 2002). Of these mechanisms, the modern anthropological 

study of cranial variation has focused on plasticity, natural selection and genetic drift as 

the main forces that explain localized morphological characteristics. A brief overview of 

the history of our species provides context for this research. 

Homo sapiens originated in Africa between 350,000 and 250,000 years ago and 

expanded out of Africa in two series of dispersals (120–60 ka years ago and 60–30 ka 

years ago) (Callaway, 2017; Douka et al., 2017; Hublin et al., 2017; Mounier and Lahr, 

2019; Schlebusch et al., 2017). As human populations expanded, they entered new 

environments, established new settlements, and developed population specific cranial 

shape patterns (Betti et al., 2014; Crognier, 1981a,b; Douka et al., 2013; Hanihara, 1996; 

Howells, 1973, 1989; Lieberman et al., 2002; Maslin et al., 2014). Two distinct models 
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were developed to examine the underlying evolutionary forces that led to localized 

variation: Isolation by Distance (IBD) and Regional Selection (RS). The IBD model 

proposes that observable phenotypic differences between populations are a result of 

genetic drift (Wright, 1943). It predicts that most morphological differences are 

determined by the geographic distance from the point of origin in Africa, the distance 

between human populations, the level of gene flow between all populations, estimated 

migration routes, and any geographic barriers to migration (Handley et al., 2007; Jay et 

al., 2013; Relethford, 1994, 2002, 2004, 2009, 2010, 2013). As the distance between 

populations increases, and they become more isolated, the gene frequencies between each 

population becomes more variable (Masel, 2011; Wright, 1943). An implication of the 

model is that if drift is the main driver of cranial shape differences, then there would be 

very little correlation between shape and the environment (Handley et al., 2007; Jay et al., 

2013; Relethford, 1994, 2002, 2004, 2009, 2010, 2013). 

While previous research into cranial shape variation has suggested that drift 

explains much of the population level differences, drift does not explain all the variation 

in every population (Bastir et al., 2011; Cabanac and Caputa, 1979; Churchill et al., 2004; 

Davies, 1932; Dean, 1988; Harvati and Weaver, 2006a,b; Hubbe et al., 2009; Mariak et 

al., 1999; Noback et al., 2011; Roseman, 2004; Roseman and Weaver, 2004). Distance 

from Africa was more strongly associated with morphological variation among 

individuals in more temperate environments, however researchers consistently found a 

strong correlation between craniofacial shape and extremely dry or cold environments 

(Bastir et al., 2011; Cabanac and Caputa, 1979; Churchill et al., 2004; Davies, 1932; 

Dean, 1988; Harvati and Weaver, 2006a,b; Hubbe et al., 2009; Mariak et al., 1999; 
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Noback et al., 2011; Roseman, 2004; Roseman and Weaver, 2004). Even though drift 

explains a significant portion of interpopulation variation, drift does not explain all the 

observable variation in cranial shape, other models are needed to understand regional 

morphological differences.  

 The Regional Selection (RS) model describes an alternative explanation for 

phenotypic variation among different populations. The RS model predicts that 

interpopulation phenotypic differences are likely the result of localized selective pressure 

(Lasker, 1969). Environmental pressure leads to selection at the local level resulting in 

new phenotypes that arise from environmental pressure, differing fitness from cultural 

changes (niche construction) in new environments, and differential survivorship because 

of cultural or physiological demands. When examining selection in different regions, it is 

important to identify the geographic and climatic differences that may be influencing 

morphological differences. If RS is a better model for cranial shape variation between 

groups, then localized environmental conditions are likely influencing morphological 

differences (Lasker, 1969). From previous work, the evidence so far suggests that if 

selection is acting on the crania, it may be limited to extremely cold or dry environments 

(Beals et al., 1984; Betti et al., 2009; Betti et al., 2010; Harvati and Weaver, 2006; 

Roseman, 2004). One contribution of this study will be to examine crania in terms of the 

ecoregion that they lived in. Ecoregions are a way of subdividing the earth into distinct 

climatic divisions that are useful in understanding intraspecies biological environmental 

variation. Because ecoregions are defined by a combination of climatic factors, 

geographic features, solar radiation, oceanic currents, and a suite of other environmental 

variables it allows for an analysis of the environment as a whole, rather than isolated 
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individual climate variables (i.e., rainfall, temperature, or humidity). If a population-

based approach obscures shape variation associated with the environment, then pooling 

individuals based on their environment should reduce the influence of a population’s 

distance from Africa on the analysis. Because ecoregions are globally distributed, 

focusing on ecoregion affinity should more effectively address the issue of the 

environment’s effect on variation independent of a group’s distance from Africa. 

Moreover, an ecoregion approach provides a more comprehensive framework of 

environmental variability than descriptions of single measures of climate (e.g., 

temperature). 

Many studies presume that selection is the primary means by which the 

environment influences biological shape. Multiple studies and lines of evidence reflect 

this focus. For example, a classic case is the explanation of variation in body shape and 

form that correlates with environment. For most mammals, biological shape follows 

Allen’s and Bergmann’s ecological rules (Ashton et al., 2000; Meiri and Dayan, 2003; 

Nudds and Oswald, 2007); Allen’s (1877) rule states limbs and extremities are shorter in 

colder environments and Bergmann’s (1847) rule states that body mass is correlated with 

temperature. Both rules examine the relative variation in body shape and size in cold 

environments, with Bergmann (1984) finding that body mass increased in colder 

temperature ranges, and Allen (1877) finding that distal surface area decreased in colder 

environments leading to shorter limbs and smaller extremities. 

 Allen’s and Bergmann’s rules appear to apply to some human populations, with 

cold temperatures affecting limb, hands, feet, body, and skull shape and size (Betti et al., 
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2015; Foster and Collard, 2013; Katzmarzyk and Leonard, 1998; Ruff, 1994). However, 

Bergmann’s (1847) and Allen’s (1877) rules only apply to groups in the northern 

hemisphere due to the lack of populations living in cold temperature ranges in the 

Southern Hemisphere (Foster and Collard, 2013). Some work has a narrower focus on 

cranial morphology. These studies demonstrated that broad shape differences were 

associated with latitude, but the researchers did not explicitly seek to examine the 

underlying forces leading to the variation (Betti et al., 2015; Foster and Collard, 2013). 

Cranial shape was correlated with cold climate, with skulls having greater breadth, 

greater cheek height, and greater nasal openings than crania from warmer locations 

(Hubbe et al., 2009). In general, humans exhibit rounder heads in cooler temperature 

ranges, and more narrow heads in warmer areas (Steegmann, 1975). These broad 

temperature-based differences are believed to be in direct response to thermoregulation 

(Cole, 1982; Eccles, 2002; Naftali et al., 2005; Steegmann, 1975). However, these reports 

do not directly focus on the underlying evolutionary forces causing the shape differences, 

but rather on ecological factors associated with morphological differences, and in theory 

could reflect either developmental plasticity or selection. 

 Within anthropology the focus on environmental correlates of cranial variation 

has mostly been on the nasal region, often proposing that the entire nasal complex 

reflects climatic adaptation (Bastir et al., 2011; Cabanac and Caputa, 1979; Carey and 

Steegmann, 1981; Churchill et al., 2004; Cottle, 1955; Davies, 1932; Dean,1988; 

Franciscus, 1995; Franciscus and Trinkaus, 1988; Harvati and Weaver, 2006a,b; Hubbe 

et al., 2009; Maddux et al., 2016; Marks et al., 2019; Mariak et al., 1999; Noback et al., 

2011; Roseman, 2004; Roseman and Weaver 2004; Negus, 1958; Woo and Morant, 
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1934). The shape of the nasal region is likely variable due to the differing demands of 

thermoregulation in localized temperature and humidity conditions (Evteev et al., 2014; 

Maddux et al., 2011; Marks et al., 2019; Noback et al., 2011; Yokley, 2009). The nasal 

region is essential in modifying both the temperature and humidity of the external air, 

with air modifications happening in both the external portion of the nasal complex 

(Churchill et al., 2004; Keeler et al., 2016; Mlynski et al., 2001; Segal et al., 2008) and in 

the internal portions (Cole, 1982; Elad et al., 2008; Ingelstedt, 1956; Keck et al., 2000; 

Ma et al., 2018; Naftali et al., 2005). The internal shape of the nasal complex follows two 

patterns: tall and narrow in cold-dry environments, and short and wide in hot-humid 

environments (Maddux et al. 2016). These patterns are associated with functional 

changes that mitigate the effects of temperature and humidity on the respiratory system, 

which are believed to be under selective pressure (Yokely, 2009). Cold dry environments 

introduced more environmental stress on the nasal sinuses, due to increased moisture 

demands, and hot humid environments exhibited less stress on the nasal complex 

resulting more variation in nasal shape (Maddux et al., 2016; Maddux et al., 2017). In the 

study of absolute humidity and nasal index (Nasal Aperture/Nasal Height x 100), the 

nasal index was smaller in cold-dry and cold-wet environments and larger in hot-dry and 

hot-wet environments (Maddux et al., 2016; Maddux et al., 2017). The variation in nasal 

morphology did not produce large variations in the morphology of the rest of the maxilla 

(Maddux et al., 2016; Maddux et al., 2017). In addition, internal sinus shape was found to 

influence maxillary morphological variation, in response to the effects of functional 

cooling and moisture retention on the surface of the nasal passage (Maddux et al., 2016; 

Maddux et al., 2017).  
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Beginning about 20 years ago, investigators began to more directly query the 

evolutionary mechanisms responsible for the associations between craniofacial 

morphology and the environment by considering the potential effects of drift and 

selection together. Using a series of correlation analyses, these studies compared 

biological shape, environmental variables, and estimated genetic distances (Relethford’s 

Fst, which estimates the genetic relationship based on craniometric variables) between 

worldwide populations (Havarti and Weaver, 2006a; Hubbe et al., 2009; Roseman 2004). 

These analyses found that nasal morphological variation deviates from what would be 

expected under genetic drift alone (Harvati and Weaver, 2006a; Hubbe et al., 2009; 

Roseman 2004). Consistently, in very cold environments, nasal shape was strongly 

associated with temperature variables, and not with the estimated genetic distances 

(Havarti and Weaver, 2006a; Hubbe et al., 2009; Roseman 2004). When climatic 

variables were examined independently, nasal shape was strongly correlated with colder 

mean temperatures, facial projection was correlated with mean rainfall, and facial breadth 

was weakly correlated with humidity (Hubbe et al., 2009). However, when cold dwelling 

populations were removed from these analyses, there was not a strong correlation 

between shape and temperature in the remaining populations, leading researchers to 

conclude that the effects of moderate environments did not constitute a selective pressure 

on shape (Havarti and Weaver, 2006a; Hubbe et al., 2009; Roseman 2004). They 

concluded that most shape variation outside of cold environments were more likely the 

result of drift rather than selection (Havarti and Weaver, 2006a; Hubbe et al., 2009; 

Roseman 2004). 
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But there are issues with these studies and especially the use of the Fst statistic 

they employ. Relethford’s Fst is a measure of cranial variability and inheritance based on 

the cranial morphology itself. It also requires heritability estimates to be reliable, which is 

not always accurate, and in some cases the threshold for calculated heritability is arbitrary 

(Devor, 1987; Hubbe et al., 2009; Sparks and Jantz, 2002). Heritability rates are also 

population specific, and there are issues with comparing heritability estimates across 

populations. Studies utilizing Relethford’s Fst use estimated heritability rates, based on 

observational (morphometric data) which tend to inflate the estimate of underlying 

genetic differences. This approach can lead to conclusion that there is selection when 

other evolutionary forces (i.e., caused by environmental variation or dietary differences) 

may be influencing variation.  

Other causes of morphological variation are equally important to consider. Diet 

and environment also play a role in influencing cranial shape and size. In Boas’s (Boas 

and Boas, 1913) study of the children of immigrants in the United States, he found that 

the cephalic index (cranial width×100/cranial breadth) increased in foreign born children 

raised in the United States. The differences in sizes were relatively small, an increase 

from an average cephalic index of 78 to an average index of 80 (Boas and Boas, 1913). 

While Boas had included more anthropomorphic measurements in his study, including 

facial breadth, only changes in the cephalic index were statistically significant (Boas and 

Boas, 1913). The validity of Boas’s data and interpretation has been widely debated 

within modern anthropology, with researchers supporting Boas’s conclusions on the 

cephalic index (Gravlee et al. 2003) or rejecting his findings as insignificant (Sparks and 

Jantz, 2002; Sparks and Jantz, 2003). Fundamentally, both reanalyses of Boas’s work 
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(Boas and Boas, 1913) confirms that there are small changes in the cephalic index 

associated with migration from Europe to the United States. But the work of Sparks and 

Jantz (2002, 2003) question the conclusion that it is the result of only plasticity. Sparks 

and Jantz (2003) concluded that the majority (99%) of the variation in cephalic index was 

due to among group variation rather than place of birth and was equally likely to reflect 

temporal morphometric change.  

Correlations between environmental and morphological variation can also be the 

result of developmental plasticity. Environmental stressors can lead to variation in form 

throughout growth and development and impact adult phenotypes. Some important 

evidence documenting the impact of environmental stress on growth comes from studies 

on captive animals. In a study on temperature and growth in rats, the effects of the 

environment were limited to the extremities and did not lead to large scale growth 

disruptions to the body (Serrat et al., 2008; Serrat, 2014). Specifically, cold exposure 

during the initial stages of development lead to shorter extremities, but animals were able 

to regulate their core temperature and minimize growth changes to functionally important 

regions of the body such as the cranium or core body (Serrat et al., 2008; Serrat, 2014). 

These reductions in extremity length and size were a result of the temperature affecting 

cartilage and the mineralization of bone in cartilage. Growth disruptions resulted in 

permanent alterations and animals did not catch up in extremity size if animals switched 

to a warmer environment (Serrat et al., 2008; Serrat, 2014). Among humans, however, 

temperature associated changes in growth and development were mitigated by a higher 

quality diet (Katzmarzyk and Leonard, 1998; Ruff, 1994) and this possibility was not 

considered in the animal studies cited above. 
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Poor nutrition results in similar changes in cranial circumference (and by proxy 

the cephalic index) (Dixon et al., 1997). In extreme cases of malnourishment, the relative 

size of the cranium can be affected with an increase in splanchnocranium size and a 

decrease in the size of the masticatory and optic regions of the face (Dressino and 

Pucciarelli, 1997; Miller and German, 1999; Oyhenart et al., 2003; Pucciarelli et al., 

1990). Head circumference decreases significantly in babies and young children with 

poor nutrition (Cusick and Georgieff, 2016; Dressino and Pucciarelli, 1997; Kennedy et 

al., 1999; Miller and German, 1999; Oyhenart et al., 2003; Sindhu et al., 2019; Tigga et 

al. 2016). However, most children in clinical studies of extremely malnourished children 

in India did not continue to exhibit low head circumference after three years of age, with 

only 20 percent of extremely malnourished children continuing to exhibit low head 

circumference after two years of age (Sindhu et al., 2019; Tigga et al., 2016).  

 In the field of anthropology, altitude is one extreme environment that has 

garnered a great deal of attention in the study of plasticity in human variation. At high 

altitudes, chronic hypoxia and nutritional stress have led to physical and physiological 

changes in populations above 3,500 meters (Frisancho and Baker, 1970; Katzmarzyk and 

Leonard, 1998; Leonard, 1989; Leonard et al., 1990, 1995, 2000; Leonard and 

Katzmarzyk, 2010; Little et al., 2013,). Changes in oxygen transport systems were found 

to be the result of developmental plasticity, as individuals who migrated to high altitudes 

as children exhibited the same physiological function as individuals born at altitude 

(Greska et al., 1985; Greska and Beall, 1989; Frisancho and Greska, 1989; Frisancho et 

al., 1997; Weitz et al., 2002, 2013). Growth in children raised at altitude was delayed and 

resulted in short adult stature, but these results were also intrinsically tied to poor 
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nutrition, each a developmentally plastic response to environmental stressors during 

growth (Frisancho and Baker, 1970; Katzmarzyk and Leonard, 1998; Leonard, 1989; 

Leonard et al., 1990, 1995, 2000; Leonard and Katzmarzyk, 2010; Little et al., 2013). 

There have been no studies on the hypoxic effect on cranial shape variation, or variation 

in the size or shape of the functional morphology of the nasal complex. In sum, while 

there is evidence that developmental plasticity affects the post-cranial skeleton and 

cranial size, the effects on overall cranial shape are thought to be limited. 

Developmental plasticity is having some effect on human morphology, however 

the amount of variation in population specific cranial shape is likely mitigated by several 

factors. The relatively fixed patterns of facial morphology and strong genetic control 

during development limit the potential effects of plasticity on final overall cranial shape, 

but not cranial size (Bastir and Rosas, 2005; Cusick and Georgieff, 2017; Dixon et al., 

1997; Dressino and Pucciarelli, 1997; Hall, 1996; Kennedy et al., 1999; Miller and 

German, 1999; Oyhenart et al., 2003; Raff, 1996; Sindhu et al., 2019; Tigga et al. 2016). 

In humans, there has been limited evidence for developmental plasticity in the cranium, 

due to a conserved development pattern and the strong genetic component to craniofacial 

shape, and evidence from animal studies suggest that potential variation during 

development due to environmental stress (low quality diet, temperature) would be 

minimal in functionally important regions such as the skull (Frankino and Raff, 2004; 

Gonzales et al., 2011; Holton et al., 2018; Marks et al., 2019; Scheuer and Black, 2000; 

Sperber et al., 2010; Von Cramon-Taubadel, 2009a,b, 2014). Nutritional stress has 

affected cranial size, as a result of growth reduction and in brain size reduction (Cusick 

and Georgieff, 2017; Dressino and Pucciarelli, 1997; Kennedy et al., 1999; Miller and 
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German, 1999; Oyhenart et al., 2003; Sindhu et al., 2019; Tigga et al. 2016), but studies 

analyzing both poor nutrition and craniofacial shape have been limited. Furthermore, it 

has been proposed that any changes to the cranium due to these environmental stressors 

would affect size, rather than shape, and would lead to minimal variation for population 

shape means (Zelditch et al., 1992; Zelditch et al., 2004; Zelditch et al., 2006; Zelditch 

and Carmichael, 1989; Zelditch, 2005). Because morphometric statistical procedures 

remove size from the analysis, population specific shape patterns are not likely to reflect 

morphometric variation from acute nutritional deficiencies during growth or 

development.  

 Additional evidence for conserved population specific shape patterns can be 

found in the analysis of shape and ontogeny. Consistently, research into cranial ontogeny 

and adult shape has found that shape patterns form early in development and are retained 

into adulthood (Bastir and Rosas, 2004; Freidline et al., 2012; Gunz et al., 2010; Gunz et 

al., 2012; Gunz, 2012; Krovitz, 2003; Lieberman et al., 2002; McNulty et al., 2006; 

Mitteroecker et al., 2004; Ponce de León and Zollikofer, 2001; Rogers et al., 2002; 

Viðarsdóttir et al., 2002; Williams et al., 2002). In a study of diagnostic population 

specific cranial patterns and growth and development, researchers found that the adult 

patterns of cranial shape developed early and were present at birth (Viðarsdóttir et al., 

2002, Smith et al., 2013). In a study on the ontogeny of human temporal bone shape, 

temporal bone morphology exhibited population specific patterns prior to the eruption of 

the first molar (Smith et al., 2013).  The retention of population specific shape patterns is 

not specific to modern humans, but is likely a hominin trait, with natal and post-natal 

forms exhibiting species specific shape (Bastir et al., 2007; Bastir and Rosas, 2004; Cobb 
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and O'Higgins, 2004; Freidline et al., 2012; Freidline et al., 2013; O'Higgins and Jones, 

1998; O'Higgins et al., 2001; Richtsmeier et al., 1993; Viðarsdóttir et al., 2002; 

Viðarsdóttir and Cobb, 2004). While some differences between modern humans and 

other species within genus Homo can be explained by allometric scaling, many species-

specific shape patterns and variation were likely developed in utero and retained into 

adulthood (Friedline et al., 2012). This retention of shape likely reduces the influence of 

plasticity on broad cranial morphology as the adult shape form is fixed before birth. 

Therefore, it is likely the results of this study can provide insight on the selective 

pressures effecting variation in human craniofacial morphology. 

 

II. THE ENVIRONMENT 

Past research has focused on bivariate correlation analysis between descriptors of 

climate (e.g., temperature, humidity, altitude, latitude, or rainfall) and cranial 

measurements. The result of that simplistic characterization of the environment is that the 

relationship between craniofacial features and the larger ecosystem remains unknown 

(Cabanac and Caputa, 1979; Churchill et al., 2004; Davies, 1932; Dean, 1988; Evteev et 

al., 2014; Maddux et al., 2011; Mariak et al., 1999; Noback et al., 2011; Yokley, 2009). 

The local ecosystem is not just individual climate variables that can be parsed out and 

examined separately, it is a system of interrelated and inseparable geographically unique 

characteristics referred to as ecoregions (Bailey, 2009). Individual raw climatic data, and 

even combined raw data, can mask these relationships, artificially identifying climate 

zones as distinct (Bailey, 2009). This study will extend prior work by assessing 
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worldwide cranial morphological variation in terms of ecoregions rather than individual 

(or isolated) climate variables. Furthermore, this study will focus on aspects of cranial 

shape that are believed to be developmentally constrained, and more likely to differ due 

to environmental selective pressures. Through an ecoregion framework, this study can 

use a whole environment approach to the study of cranial variation instead of obscuring 

the signal of environmental variation by the compounding factor of distance from Africa 

that is the focus of many studies. 

 The ecoregion framework originates in the field of study of biogeographic 

regionalization, which refers to any division schemes of the globe utilized to study the 

effects of localized environmental conditions on organisms (Callow, 1998). The 

overarching biogeographic regionalization is the biome, made up of the plants and 

animals that exist in and respond similarly to specific climates (Cain et al., 2014; 

Clements, 1917; Möbius, 1844). There are many different biogeographic regionalizations 

that divide the environment into different smaller zones, the more common schemes are 

divided into ecoregions. Ecoregions provide a useful way for examining whether the 

environment affects a biological variable (Bailey, 2014). To examine an environmental 

factor, like temperature, it is necessary to look at how the other aspects of a local climate 

interplay to create a unique ecosystem (Bailey, 2014). Ecoregions, and their divisions, are 

not unique to an isolated location or individual climate variable and can provide 

important insight into the additional ecological factors that influence phenotypic variation 

across multiple locations (Bailey, 2014). 
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There are two main ecoregion organizational frameworks, Bailey (2014) and the 

World Wildlife Fund (WWF) ecoregions (Olson et al., 2001). Bailey’s (2014) ecoregion 

structure is more focused on long term environmental change (both past and future) while 

maintaining divisions based on climatic variables. While the WWF is better for mapping 

regional biodiversity, the classification of ecoregions is strongly influenced and 

organized by the ecological ranges of flora and fauna that inhabit a specific place but is 

not as well correlated to environmental conditions (Olson et al., 2001). The WWF 

ecoregion system focuses on understanding the environmental conditions that are leading 

to reductions in species diversity (or species extinction), rather than the environmental 

conditions that lead to organism (or within species) diversity itself (Olson et al., 2001). 

Ecoregion analyses are as simple or as complex as a research design requires, as divisions 

and subdivisions are hierarchically arranged. This allows for an analysis of the 

relationships between sub-categories (divisions) within each broadly defined domain and 

biological variation (Bailey, 2014) and is another improvement over the focus on 

individual environmental factors.  

This study utilizes Bailey’s (2014) approach, which defines both oceanic and 

continental ecoregions, each involving separate climatic influences. Continental 

ecoregions are defined by the interrelationship between latitude, elevation, continental 

position, moisture zones, temperature zones, and the Koppen climate scale (Bailey, 2009, 

2014). The Koppen climate scale is classified utilizing temperature, moisture, and 

seasonality (Koppen, 1884). As noted above, regional climate is multifaceted and is not 

determined by individual climate data points (temperature, humidity, etc.), but the 

interaction among multiple climate variables, biodiversity, and the seasonal variation in 
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climate (Bailey, 2014). Continental ecoregions are divided into seven domains, each with 

their own sub-divisions for a total of 31 separate regions (Bailey, 2014).The four main 

divisions are Polar (26% of all available land), Humid Temperate (15.35%), Dry (32%), 

and Humid Tropical (26.64%) (Bailey, 2014). Each domain is further divided into 

divisions, with each domain having between two and six divisions (see Figure 1.1). 

Latitudinal divisions are based on thermal properties within given ranges, but also 

consider humidity, plant distribution, wind, and general geography (Bailey, 2014).  

Continental position accounts for the aspects of climate that are dependent on the 

interaction between the land and the sea, including water temperature, precipitation, and 

currents (Bailey, 2014). See Figure 1.1 for a map of all the ecoregions (Bailey, 2014). 

These divisions are even further subdivided into mountain and non-mountain 

environments. These allow for very broad comparisons between groups, which then can 

be subdivided into smaller divisions for fine grained analysis (Bailey, 2014). Using these 

ecosystems as a starting point to examine localized or regional differences in phenotypic 

expression can identify populations where the localized climate must be explored further 

as a potential variable. 
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Figure 1.1: Bailey’s (1995) Ecoregions. Map of the continental ecoregions defined by 

Bailey (1995). Includes Domain, Division, and Mountain subdivisions. 

 

 

III. Cranial Morphology 

 This study will examine how the environment, described using an ecoregion 

framework, effects cranial variation that is described using 3-dimensional cranial 

morphometrics. The study of cranial morphometrics in the United States originated in the 

19th century as a tool to classify individuals, either for identification or comparative 

purposes. Much of the early work was centered within the now-rejected racial sciences 

and focused on identifying the underlying biological origin of perceived social or 

hierarchical differences between racial categories (Lewis et al., 2011; Morton, 1839, 
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1844). These early methods focused on quantifying cranial capacity and comparing two-

dimensional measurements of the skull (Morton 1839, 1844). 

 By the mid-late 20th century, cranial morphometrics moved away from the racial 

science and was rooted in the study of biodistance (Devor, 1987; Howells, 1973, 1989, 

1995, Relethford 1994). Modern morphometric methods were derived from the 

pioneering work analyzing phenotypic differences between worldwide populations by 

Coon and Hunt (1965), Howells (1973) and Jantz (1973). Work during this time, 

provided the methodological framework for future analyses and contributed to the initial 

theories regarding the causes of biological shape differences between populations (Dover, 

1987; Howells, 1973, 1989, 1995; Relethford, 1994). This work provided the tools to 

compare crania in meaningful ways, by developing and codifying a suite of cranial 

landmarks, curvatures, and measurements (Howells, 1973, 1989, 1995; Martin, 1928). 

While researchers had utilized landmarks and inter-landmark distances to study cranial 

shape since the 19th century, the first morphometric landmark and measurement standards 

were not established until the 1990s (Buikstra et al., 1994). Modern landmark standards 

are comprised of points defined by Martin (1928), Howells (1973, 1989, 1995), and 

Buikstra et al. (1994). 

 Twenty-first century cranial morphometrics is a multi-disciplinary field 

combining attributes from forensic applications, anthropological biodistance studies, 

medical morphology, and biological distance studies (Weber and Bookstein, 2010). Point 

theory, biological distance, ancestry identification, 3D applications, and modern 

visualization methods have all been incorporated within modern cranial morphometrics 
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(Weber and Bookstein, 2010). The combination of methods allows for increased accuracy 

of biodistance studies as well as more detailed investigations of the underlying causes of 

variation. This study incorporates these multi-disciplinary approaches to use  

3-dimensional measurements and modern visualization methods to examine the 

relationships between cranial shape and environmental conditions to further our 

understanding of human cranial variation. Furthermore, this research considers the skull 

from the standpoint of its structural-functional and developmental organization. 

 

Module organization of the skull  

 The human crania can be subdivided into anatomical regions (modules). These 

regions, identifiable in the adult cranium, may reflect the developmental history of 

functional units of the skull, but this is debated (e.g., Chinn et al., 2006; Bastir, 2008; 

Weinstein, 2008; Esteve-Altava et al., 2013; Esteve-Altava et al., 2015; Hall, 2005; von 

Cramon-Taubadel, 2011) and depends on the definition of the modules. Traditionally, 

analyses of human cranial modularity have defined modules by only including whole 

bones (i.e. one module representing the complete maxilla, or one module representing the 

maxilla, nasal bone, and zygomatic bone). More recently, the analysis of modularity has 

begun to focus on function-based modules, or subdivisions associated with the visual, 

masticatory, olfactory, and auditory regions of the skull. However, this approach has also 

used a whole bone module approach (i.e. examining masticatory differences through a 

single module representing the whole maxilla) (von Cramon-Taubadel, 2011).  
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For most analyses, human cranial modularity has been defined as three distinct 

modules; the vault, the face, and the cranial base (Ackermann, 2005; Bastir and Rosas, 

2005; Bookstein et al., 2003; Cheverud, 1982; Lieberman et al., 2002; Mitteroecker and 

Bookstein, 2008). But some researchers theorized that these modules were too restrictive 

and did not accurately reflect the organization of the crania. The Single Function 

Hypothesis (SFH), proposed by von Cramon-Taubadel (2014), created modules based on 

the functional regions of the cranium. The SFH expanded on the Functional Module 

Hypothesis (FMH) of Moss and Young (1960) that focused on the interrelationship 

between the functional regions and the surrounding bone. von Cramon-Taubadel’s (2014) 

SFH analysis was particularly strict and did not analyze the zones of influence around 

proposed functional modules (von Cramon-Taubadel, 2014). The issue with subdividing 

the cranium based only on the SFH, or more strict functional modules, is that it ignores 

the role of the sinuses (as identified in the FMH) in modifying facial shape and does not 

consider how variation in the shape of the functional regions changes the shape of the 

surrounding bone. It also has traditionally been completed utilizing whole bones only, 

which is particularly problematic with the maxilla as it overlaps several functional 

regions. This study will analyze 3 module schemes, including module schemes developed 

from both whole bone morphology and functional zones and investigate the number of 

modules (subdivisions) of the crania. 
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Module integration in the skull 

 Whereas modularity analysis provides insight into the number and meaning of 

subdivisions of the crania, integration analysis examines the covariation between 

modules. Patterns of covariation are important because they provide insight into whether 

(and how) the integration of modules differs between environments. If multiple 

ecoregions exhibit the same modularity, an integration examination will demonstrate 

whether the modules are covarying in the same way across groups. Although the human 

cranium is highly integrated overall, there is variation in the pattern of how different parts 

of the cranium are related (Cheverud, 1996; Klingenberg, 2009; Olson and Miller, 1958). 

Traditionally, integration analyses have been focused on the strength of integration 

between the classic divisions of the crania; the vault, the face, and the cranial base 

(Ackermann, 2005; Bastir and Rosas, 2005; Bookstein et al., 2003; Cheverud, 1982; 

Lieberman et al., 2002; Mitteroecker and Bookstein, 2008). The findings have been 

varied with some researchers suggesting the complete integration of the cranium, 

concluding that no divisions of the crania were valid (Ackerman 2005), while others 

finding less integration between the cranial base and the face (Bastir and Rosas, 2005), 

and others demonstrating that that all modules are relatively independent (Bookstein et 

al., 2003).  

 This study will approach integration by examining the level of independence 

between all adjacent modules in each ecoregion domain and the divisions within those 

domains. By examining integration for each ecoregion, fluctuations in the strength or 

weakness of the covariation between modules by environment can be analyzed. The 
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study of integration, on top of a study of modularity enables an analysis of whether the 

integration in specific sub-regions of the crania is varying by ecogeographic regions. 

 

IV: OVERVIEW 

 This study will utilize a multidisciplinary approach, combining virtual 

anthropology, evolutionary morphology, geography, and the perspective of 

biogeographic regionalization. The present study has three aims: first to quantify 

variation in craniofacial morphology within and between ecoregions; second, to identify 

whether the craniofacial portion of the cranium can be similarly subdivided across 

ecoregions; and finally, whether the anatomical components of the craniofacial complex 

have a common pattern of integration across ecoregions. Morphological variation will be 

described based on environmental (ecoregion) variation rather than geospatial positions 

while also expanding the study beyond an examination of the discrete environmental 

variables done in prior work. This study represents the first large scale global analysis of 

ecoregion based craniofacial variation, modularity, and cranial integration. This analysis 

could ultimately lead to insight regarding the relative roles of natural selection, genetic 

drift, and developmental plasticity in shaping worldwide craniofacial morphological 

variation. It will also provide important groundwork for any future analysis of variation 

in environmentally driven human cranial modularity. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

I. Overview 

This study is focused on identifying the extent of craniofacial morphological 

variation between different ecoregions, with the aim of examining environmentally 

variable anatomical modularity and integration. This study examines three hypotheses: 

that there is ecoregion specific craniofacial morphological variation; that there are 

ecoregion specific patterns of cranial modularity; and that modular integration varies by 

ecoregion. To examine cranial variation between ecoregions, samples from a variety of 

locations and ecoregions were three-dimensionally scanned, digitized, and measured. The 

3D morphological measurements capture a high level of morphological detail of the 

craniofacial complex and facilitate the identification and analysis of the modular  

divisions of the craniofacial complex of the human skull. 

 

II. Datasets 

Ethical Considerations 

 This study followed the ethical guidelines laid out by the American Association of 

Physical Anthropologists (http://physanth.org/about/committees/ethics/aapa-code-ethics-

and-other-ethics-resources/). Handling and scanning procedures were developed to 

ensure long term preservation of crania and to minimize any potential wear or damage 

from the digitization process. Procedures included increased padding of armatures and 

http://physanth.org/about/committees/ethics/aapa-code-ethics-and-other-ethics-resources/
http://physanth.org/about/committees/ethics/aapa-code-ethics-and-other-ethics-resources/
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the turntable of the scanner to ensure that the crania were not subject to undue stress and 

their exposure to hard surfaces was limited. Damaged or fragile crania were not used, and 

the physical handling of crania was minimized. Care was taken to follow best handling 

practices outlined by descendent populations, when known, including the use of gloves, 

protective lining, and culture specific requirements to ensure that the scanning procedure 

was conducted in a respectful way.  

Some of the populations utilized in this study fall under foreign and domestic 

remains laws, including the Native American Graves Protection and Repatriation Act 

(NAGPRA) in the United States and the Return of Indigenous Cultural Property Program 

in Australia.  Images and 3-dimensional scans collected from these populations will not 

be displayed, but the raw data will be used in analyses. All steps have been taken to 

follow proper analyses protocol to ensure safe, ethical, and considerate handling of these 

remains for this project. Several populations utilized in this study have been repatriated or 

are in the process of being repatriated to their living ancestors. Several populations 

scanned at the Penn Museum, American Museum of Natural History, and at Temple 

University are in the processes of identifying descendant populations and are likely to be 

repatriated in the coming years. NAGPRA information for the Penn Museum can be 

found at: https://www.penn.museum/about-collections/statements-and-policies/nagpra-

compliance/repatriations. NAGPRA information for the American Museum of Natural 

History can be found at: 

https://www.amnh.org/research/anthropology/projects/descendant-communities. 

NAGPRA information for Temple University can be found at: 

https://www.penn.museum/about-collections/statements-and-policies/nagpra-compliance/repatriations
https://www.penn.museum/about-collections/statements-and-policies/nagpra-compliance/repatriations
https://www.amnh.org/research/anthropology/projects/descendant-communities
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https://www.tuanthmuseum.com/nagpra-at-temple. Repatriation information is not 

available for the Musee de l’Homme.  

Specimens for this study were examined and digitized at the American Museum 

of Natural History, the Musee de l’Homme, Temple University, and the University of 

Pennsylvania. Specific collections were chosen to broadly sample populations from a 

diverse selection of geographic and ecological locations (See Figure 2.1). Three hundred 

and twenty-five crania were scanned, with 298 crania being analyzed in this study. 

Individuals were selected based on age, condition, and available sample size. No 

individuals utilized in this study demonstrated signs of acute nutritional stress (cribra 

orbitalia, enamel hypoplasia, etc). There were several reasons why individual specimens 

were removed from the final study. In some cases, it was necessary to exclude specimens 

based on the condition of the preserved craniofacial surface or the ambiguity of 

supporting location documentation.  

 

  

https://www.tuanthmuseum.com/nagpra-at-temple
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Figure 2.1: Geographic Locations and Ecoregion association for all crania. Sample 

location for this study and the associated ecoregion domain based on Bailey (1995). 

 

 

⚫ Polar ⚫ Humid Temperate ⚫ Humid Tropical ⚫ Dry 

 

Most of the crania included in the study (83.88%) were derived from 19th and 20th 

century inhabitants of the geographic locations shown in Table 2.1. The table includes 

geographic location, temporal information, and the number of specimens for each group. 

The remaining specimens are from archaeological collections. Males and females were 

not separated for analyses due to the findings in previous studies that demonstrated the 

limited effect of between-sex variation analysis in inter-population comparisons (Sardi et 

al. 2005).  

An important consideration for this data is that it relies on location and ancestry 

data collected between the 18th and early 20th century. For some collections, both ancestry 
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and location were collected from secondary sources. Most of these collections have been 

extensively studied, so the assumption is that the location, ancestry, and other 

demographic data is correct. It should be noted that most of the classification methods 

(3DID, FORDISK, etc.) utilize these collections to create methods to check the ancestry 

of crania.  Archaeological specimens, as well as more recent acquisitions have more 

accurate location and ancestry data that is verifiable through primary sources. Older 

collections, such as the Morton Collection at the University of Pennsylvania as well as 

the von Lushan collection at the American Museum of Natural History, relied more on 

secondhand acquisitions and demographic data. Whenever possible demographic data 

was confirmed based on primary sources. 
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Table 2.1 Geographic Source of Crania 

 

Continent Country Location Age n 

Africa 

Democratic 

Republic of the 

Congo 

Ituri 19th Century 2 

  Egypt Abydos 7th Century BC or earlier 1 

    Cairo 19th Century 7 

    Dashur 2613–2589 BC 1 

    El Gourna 7th Century BC or earlier 6 

    Memphis 7th Century BC or earlier 5 

    Thebes 7th Century BC or earlier 2 

  Ghana Elmina 19th Century 2 

    Abuakwa 19th Century 8 

  Liberia Bopolu 19th Century 2 

    Caldwell 19th Century 1 

    Monrovia 19th Century 2 

    Coastal 19th Century 1 

    General 19th Century 1 

  Namibia General 19th/20th Century 1 

  Nigeria Enugu 19th Century 2 

  South Africa Cape Town 19th/20th Century 2 

    Douglas 19th/20th Century 1 

    Griekwastad 19th/20th Century 1 

    Beaufort West 19th/20th Century 1 

    Murraysburg 19th/20th Century 2 
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    Rouxville 19th/20th Century 2 

  Tanzania Dodoma 19th/20th Century 1 

    Mara 19th/20th Century 1 

    
Mount 

Kilimanjaro 
19th/20th Century 3 

    Zanzibar 19th/20th Century 1 

Artic Greenland Avannaata 19th Century 1 

    Disko Island 19th Century 5 

    General 19th Century 2 

    Qeqertarsuaq 19th Century 1 

Asia India West Bengal 19th Century 7 

  Indonesia Ambon 19th Century 1 

    Surabaya 19th Century 1 

  Iran Tepe Hissar 3rd Century 9 

  Japan Hyogo 19th Century 9 

  Java Jakarta 19th/20th Century 4 

    Madura 19th/20th Century 4 

  Mongolia Kalgan Urga 19th Century 1 

  Singapore General 19th/20th Century 10 

  Syria Aleppo 19th/20th Century 6 

    Damascus 19th/20th Century 3 

  Vietnam Ho Chi Minh 19th Century 3 

    
Han-San 

(danang) 
19th Century 1 

    Sơn Tây 19th Century 1 

    
Central 

Highlands 
19th Century 3 
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General 

Annam 
19th Century 1 

Australia Australia Port Phillip 19th Century 1 

    Moreton Bay 19th Century 2 

    
South 

Australia 
19th Century 6 

    Sydney 19th Century 2 

    Tasmania 19th Century 1 

Central 

America 
Mexico Ajacuba 13th Century 2 

    Doxey 13th Century 1 

    Cuicuilco 13th Century 1 

    Acapantzingo 13th Century 1 

    San Lorenzo 13th Century 1 

    Tacuba 13th Century 1 

    Tlascala 13th Century 1 

Europe Finland Uusimaa 19th Century 1 

  France Corsica 19th Century 9 

    Tregeux 19th Century 8 

  Germany Berlin 19th Century 3 

    
Frankfort-on-

the-main 
19th Century 1 

    Tubingen 19th Century 5 

  Greece Peloponnesus Undated Archaeological  10 

  Hungary 
Keszőhidegkú

t 
Undated  9 

  Russia Kholopovitsy 19th Century 1 
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Chukotka 

Autonomous 

Okrug 

19th Century 2 

    Kalmykia 19th Century 1 

    Moscow 19th Century 5 

    
Saint 

Petersburg 
3rd Century 3 

  Sweden Södermanland 19th Century 1 

    Ostrogothia Undated Archaeological 1 

    Svealand 
19th 

Century/Archaeological 
3 

Melanesia 
Papua New 

Guinea 

Gazelle 

Peninsula 
Undated  8 

North 

America 
Canada 

Vancouver 

Island 
Undated  9 

  Alaska Point Hope 2nd-8th Century 8 

    Point Barrow 15th Century  6 

  California Santa Barbara 19th Century 6 

  Florida 
St. Andrew's 

Bay 
Undated Archaeological 1 

    Hog Island Undated Archaeological 1 

    John's Pass Undated Archaeological 5 

  Illinois Quincy 19th Century 1 

  Massachusetts Nantucket 19th Century 2 

  Michigan General 19th Century 6 

  Pennsylvania Eastern 
19th 

Century/Archaeological 
2 

  Rhode Island General 19th Century 2 
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  Wisconsin General 19th Century 1 

Polynesia 
Marquesas 

Islands 
Ua Huka Undated Archaeological  2 

    Hiva-Oa Undated Archaeological  1 

    Nuka Hiva Undated Archaeological  6 

South 

America 
Peru Pachacamac 

19th 

Century/Archaeological 
11 

    San Mateo 
19th 

Century/Archaeological 
5 

Total       298 

 

Base maps from ArcGIS (https://www.arcgis.com/home/group.html) were used 

for mapping the geographic positions of individual specimens. Location data for all 

crania were derived from museum or archeological records. Typically, the records 

included the country, county/region, city, town, village, or geographic feature of origin. 

Individual specimens without specific location data were assigned to the nearest 

identifiable region based on available collection data and any cultural and historic data 

associated with the specimen or collection. The boundaries of such regions were 

established by time appropriate geopolitical locations, available ethnographic 

information, and available geographic landmark information. Specimens with only broad 

geographic information were only included in analyses including their positively 

identified geographic position.  

An ecoregion analytical framework was utilized to examine the relationship 

between environmental conditions and craniofacial morphological variation. Ecoregions 

were defined by Bailey (2014) utilizing latitude, moisture zones, continental position, 

https://www.arcgis.com/home/group.html
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elevation, Koppen-Trewartha classification data, and microclimate data. Individuals were 

parsed into groups at the domain and division-level ecoregions for analysis. Domains are 

the larger scale unit and divide the continents into four zones: Polar, Humid Temperate, 

Dry, and Humid Tropical. Subdividing the domains are the fifteen divisions, Icecap, 

Tundra, Subarctic, Warm Continental, Hot Continental, Subtropical, Marine, Prairie, 

Mediterranean, Tropical/Subtropical Steppe, Tropical/Subtropical Desert, Temperate 

Steppe, Temperate Desert, Savanna, and Rainforest. Each division also has a mountain 

counterpart. For this study, Hot and Warm Continental divisions were combined due to 

the low number of Hot Continental individuals and the relative similarity in 

environments. In addition, all mountain groups were merged with their overall division, 

except for the Rainforest divisions, due to sample size. See Tables 2.2 for a list of the 

number of individuals by all possible ecoregions. All four domains were represented in 

this study, but only 11 divisions. In part, the limited number of divisions represented in 

this study is a result of differential preservation, divisions which are uninhabitable, and 

research access to crania. 
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Table 2.2 Distribution of Individuals to Domain and Division Groups 

Domain Division N 

   

Dry Tropical Subtropical Desert 32 

  

Tropical Subtropical Desert 

Mountain 0 

  Temperate Desert 0 

  Temperate Desert Mountain 0 

  Tropical Subtropical Steppe 12 

  

Tropical Subtropical Steppe 

Mountain 0 

  Temperate Steppe 0 

  Temperate Steppe Mountain 0 

  Total 44 

Humid 

Temperate 
Marine 

28 

  Marine Mountain 6 

  Mediterranean 20 

  Mediterranean Mountain 10 

  Prairie 11 

  Prairie Mountain 0 

  Subtropical 22 

  Subtropical Mountain 15 

  Hot 2 

  Hot Mountain 1 

  Warm 21 

  Warm Mountain 0 

  Total 124 

Humid 

Tropical 
Rainforest 

40 

  Rainforest Mountain 26 

  Savanah  21 

  Savanah Mountain 2 

  Total 89 

Polar Icecap 0 

  Icecap Mountain 0 

  Subarctic 0 

  Subarctic Mountain 0 

  Tundra 5 

  Tundra Mountain 15 

  Total 20 
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 Baileys Ecoregion data (Bailey, 2009, 2014) was downloaded from the Oak Ridge 

National Laboratory Distributed Active Archive Center for Biogeochemical Dynamics 

(ORNL DAAC, https://daac.ornl.gov/). See figure 1.1 for a map of Bailey’s (2009) 

ecoregions. Once each specimen’s geographic location was plotted, the Bailey’s 

Ecoregion shapefile was overlaid on the ArcGIS map to identify the ecoregion domain 

and division associated with each specimen. The crania were then placed into groups 

based on their respective domains and divisions. 

 

III. CRANIAL MORPHOMETRICS 

Three-dimensional Data Capture 

Three-dimensional scans of crania were recorded with a NextEngine 2020i 

surface laser scanner (www.nextengine.com). The NextEngine scanner records 2x40k 

points per square inch and a color photograph for each scan. The data set for each 

cranium was comprised of a minimum of 28 scans with .03 mm accuracy across all 

points. Once crania were scanned, the scans were trimmed of excess data and the digital 

crania were aligned to the Frankfurt plane. Scans were imported into RapidWorks 64 3.5 

to fuse the individual scans into a single solid model of the cranium. The fused model for 

each individual specimen was then imported into Stratovan Checkpoint 64 

(https://www.stratovan.com/products/checkpoint) to place landmarks on the surface of 

the models. 

 

http://www.nextengine.com/


 
 

37 
 

Landmarks and Modules 

 Cranial shape differences are measured and analyzed through the placement of a 

set of points or curves on the surface. The number of points is variable between analyses 

but are from a standard suite of points derived from the pioneering work of Martin 

(1928), Howells (1973), Moore-Jansen et al. (1994), Ousley and McKeown (2001), and 

Buikstra and Ubelaker (1994). There is considerable overlap between all sets of 

morphometric points, but many were developed independently to test specific regions of 

the skull based on evolutionary or biological hypotheses. The number of standard points 

collected varies between 34 and well over 100 (Martin, 1928; Howells, 1973; Moore-

Jansen et al., 1994; Buikstra and Ubelaker, 1994; Ousley and McKeown, 2001; Slice and 

Ross, 2005).  

 In cranial morphometrics, there are three types of curves that are of interest 

(Weber and Bookstein, 2010). First, observed curves, which are the intersection between 

two biological surfaces such as sutures (Weber and Bookstein, 2010). Second, ridge or 

crest lines, which follow natural vertexes on the object of study such as brow ridges or 

the orbits (Weber and Bookstein, 2010). Finally, symmetry curves, which aim to capture 

information on both sides of a constructed curve, useful in asymmetry analysis (Weber 

and Bookstein, 2010). Not all curves are useful for all analyses, and only need to be 

included in research if they are necessary (Weber and Bookstein, 2010). Landmarks need 

to represent homologous anatomical loci and represent a biological point that is easy to 

be placed repeatedly across multiple specimens but that is also an important point for 

analysis (Weber and Bookstein, 2010). Importantly each point must be independent from 
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one another, and not occupy the same exact geographic space within specimens (Weber 

and Bookstein, 2010). 

 Six types of landmarks are useful for the analysis of morphological shape 

variation; the most common being Type 1 and Type 2 landmarks (Bookstein, 1991). Type 

1 landmarks are characterized by the intersection of tissues such as sutures; Type 2 

landmarks are characterized as being the point of maximum curvature in a localized area 

(Bookstein, 1991). Type 3 are the localized meeting of multiple curves, Type 4 are 

semilandmarks on curves, Type 5 are semilandmarks on surfaces, and type six are 

semilandmarks that do not fall into Type 4 or 5 semilandmarks (Weber and Bookstein, 

2010). These types of landmarks have proven useful for understanding large regional 

variation and can be reliably used for the classification of unknown crania (Slice and 

Ross, 2005; Weber and Bookstein, 2010). Type 4, 5, and 6 semilandmarks are useful for 

both 2D and 3D morphometric analysis of variation in a structure or object that cannot 

easily be explained by traditional landmarks (Bookstein, 1991). Semilandmarks can be 

defined by a researcher, based on curvature or other criteria, and are flexible to the needs 

of a study (Bookstein, 1991). All landmarks, and semilandmarks must be unique, 

repeatable, and cannot overlap with any other landmark on the object being analyzed 

(Weber and Bookstein, 2010).  

 For this study, 86 unpaired landmarks were placed on the left side of each 

cranium. Forty of the landmarks were traditional landmarks derived from previous 

research (Martin, 1928; Howells, 1973; Buikstra and Ubelaker, 1994; Moore-Jansen et 

al., 1994; Ousley and McKewon, 2001; and Slice and Ross, 2005). An additional 46 
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semi-landmarks were placed to more fully describe functional anatomical areas that 

include standard and the hypothesized modules. Modules represent groups of landmarks 

that are hypothesized to be more integrated with each other, than with other landmarks. 

Semi-landmarks are points placed along curves of the cranium that connect traditional 

landmarks on the cranium. They are uniformly placed between landmarks automatically, 

based on specific distances between the anatomically defined landmarks and follow point 

density requirements (Bookstein, 1997a, 1997b). Semilandmarks must be placed between 

anatomically defined landmarks for repeatability, avoid foramina, holes, or other defects.  

 For this study, the semilandmarks and landmarks were divided into three curves 

and two surfaces, comprised of 13 to 16 equally spaced landmarks, based on anatomical 

structures or previous research. Curve 1 was defined by the anterior wall of the nasal 

aperture and was comprised of 5 Type 1 landmarks with two evenly spaced landmarks 

between them (5 landmarks, 8 semilandmarks). Curve 2 was defined by the lower border 

of the eye orbit, between dacryon and frontomalare anterior (6 landmarks, 10 

semilandmarks). Curve 3 was defined by the lower border of the alveolar portion of the 

maxilla between nasospinale and the maxillary tuberosity (6 landmarks, 8 

semilandmarks). Surface 1 was defined by the division between the nasal and oral 

components of the functional matrix hypothesis (Cheverud, 1982; von Cramon-Taubadel, 

2014) with a line between subspinale and the maximum maxillary curvature (2 

landmarks, 11 semilandmarks). Surface 2 was defined by the bisection of the maxilla, 

between the mesial canine rim and the lower orbital border (based on estimated nasal and 

maxillary sinus location) (3 landmarks, 11 semilandmarks)  See Table 2.3 for a list of 
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traditional landmarks and Figures 2.2-2.5 for the placement of the landmarks and semi-

landmarks. All landmarks were placed using Stratovan Checkpoint 64.   
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Table 2.3 List of Landmarks Used in this Study 

# Landmark 

1 Bregma 

2 Nasion 

3 Basion 

4 Opithsion 

5 Asterion 

6 Lamda 

7 Frontomalare temperale 

8 Upper orbital border 

9 Maxillary Tuberosity 

10 

Maximum maxillary 

curvature 

11 Zygomaxillare anterior 

12 Zygotemperale Inferior 

13 Zygotemperale Superior 

14 Jugale 

15 

Deepest point on nasal bone 

profile 

16 Nasomaxillary suture pinch 

17 Anterior incisive canal 

18 Incisive canal 

19 Palatine 

20 Palatine foramen 

21 Posterior canine alveolare 

22 Inferior vomer 

23 Nasospinale 

24 Semilandmark 

25 Semilandmark 

26 Most inferior nasal border 

27 Semilandmark 

28 Semilandmark 

29 Alare 

30 Semilandmark 

31 Semilandmark 

32 Nasal inferius 

33 Semilandmark 

34 Semilandmark 

35 Rhinion 

36 Dacryon 

37 Semilandmark 

38 Semilandmark 

39 Zygofacial Orbitale 

40 Semilandmark 

41 Semilandmark 
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42 Zygoorbitale 

43 Semilandmark 

44 Semilandmark 

45 Orbitale 

46 Semilandmark 

47 Semilandmark 

48 Ectoconchion 

49 Semilandmark 

50 Semilandmark 

51 Frontomalare anterior 

52 Prosthion (estimated) 

53 Semilandmark 

54 Semilandmark 

55 Mesial Canine Rim 

56 Semilandmark 

57 Semilandmark 

58 Mesial Premolar 2 Rim 

59 Semilandmark 

60 Ectomalare 

61 Semilandmark 

62 Semilandmark 

63 Subspinale 

64 Semilandmark 

65 Semilandmark 

66 Semilandmark 

67 Semilandmark 

68 Semilandmark 

69 Semilandmark 

70 Semilandmark 

71 Semilandmark 

72 Semilandmark 

73 Semilandmark 

74 Semilandmark 

75 Semilandmark 

76 Semilandmark 

77 Semilandmark 

78 Semilandmark 

79 Semilandmark 

80 Semilandmark 

81 Semilandmark 

82 Semilandmark  

83 Semilandmark 

84 Superior infraorbital 

85 Semilandmark 

86 Semilandmark 
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Figure 2.2: Anterior Landmarks 

 

⚫ Landmarks ⚫ Semi-landmarks 
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Figure 2.3: Superior Landmarks 

 

⚫ Landmarks  
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Figure 2.4: Inferior Landmarks 

 

⚫ Landmarks 
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Figure 2.5: Lateral Landmarks  

 

⚫ Landmarks ⚫ Semi-landmarks 
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IV. RESEARCH DESIGN 

Study Aim 1: Analysis of morphological variation between ecoregions  

Null Hypothesis: Craniofacial morphology does not differ between ecoregions. 

Alternative Hypothesis: Crania analyzed by their ecogeogrphy will exhibit shape 

differences.  

 

Preliminary Three-dimensional Data Handling 

Before any statistical analysis can be performed on the crania, each cranium must 

be scaled, rotated, and combined into the same coordinate system through a Generalized 

Procrustes 

 Analysis (GPA). This is done to ensure that the specimens have the same 

alignment and that the information under analysis is only the shape variation rather than a 

reflection of the differences in size between the specimens. GPA rotates and aligns each 

cranium to a target specimen, it then scales each cranium to a similar size (Rohlf and 

Slice, 1990; Ross et al., 2004). The resulting dataset is then made up of 295 crania, with 

size removed, to ensure that only shape differences analyzed between groups. The GPA 

also retains size information in the form of centroids for each specimen and group. The 

centroid is the square root of the sum of squared distances for all landmarks. The GPA 

was performed using MorphoJ, developed by Klingenberg (2011). The resulting data is 

then analyzed for outliers as a check on the quality of the data. Any deviations in 

landmark placement or specimens were reanalyzed within Stratovan Checkpoint for 
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landmarking errors. Outliers were typically the result of either misplaced landmarks, or 

missing data. Misplaced landmarks were corrected, and specimens with missing data 

were removed from the analysis and are not included in the specimen totals. Covariance 

matrixes for all groups were generated for the GPA transformed coordinates of all 

ecoregion groups.  

 

Statistical Analyses of Variation and Comparison of Shape 

All multivariate analyses were conducted using the MorphoJ software 

(Klingenberg, 2011: Version 1.07a: https://morphometrics.uk/MorphoJ_page.htm). 

MorphoJ is a program that provides a suite of morphometric statistical procedures for 

analyzing 2D and 3D data developed by Klingenberg (2011) in partnership with the 

University of Manchester. It provides a single platform to analyze morphological 

variation, covariation, and comparison and was designed to run all common 

morphometric statistical procedures within one piece of software without needing to code 

additional statistical procedures (Klingenberg, 2011). Further information on the software 

package and its handling of statistical procedures can be found at 

https://morphometrics.uk/MorphoJ_guide/. See Table 2.4 for the organization and order 

of statistical procedures used for this study. 

 

https://morphometrics.uk/MorphoJ_page.htm
https://morphometrics.uk/MorphoJ_guide/
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Figure 2.4: Order of Statistical Operations 

Order Statistical Procedure Input Data  Product 

1 Generalized Procrustes 

Analysis 
• Raw Data • GPA Transformed 

Coordinates  

• Centroid Sizes 

• Covariance Matrices 

2 Procrustes Analysis of Variance • GPA Transformed Coordinates • Group Differences in 

Size and Shape 

• Procrustes Distances 

3 Canonical Variate Analysis  • GPA Transformed Coordinates 

• Covariance Matrices 

• Canonical Variates – 

describe between group 

shape  

• Mahalanobis D2 Table 

4 Landmark Mapping • GPA Transformed Coordinates • Reorganizes landmarks 

based on proposed 

modules 

• Separate Landmark Map 

for each modular scheme 

5 Evaluate Modularity • Landmark Maps 

• GPA Transformed Coordinates 

• RV Values associated 

with each modular 

scheme 

6 Evaluate Integration • Landmark Maps 

• GPA Transformed Coordinates 

• RV Values associated 

with each pair of 

adjacent modules  
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A Procrustes Analysis of Variance (Procrustes ANOVA) was conducted on the 

Procrustes transformed coordinates to assess whether there was any variance in size or 

shape amongst the individuals between the groups under analysis. Two Procrustes 

ANOVA statistical analyses were completed simultaneously. One using the centroid sizes 

produced during the GPA. The second one analyzes the Procrustes landmark distances 

between groups, in an analysis that is an extension of the Goodall’s F Test (Goodall, 

1991; Klingenberg and McIntyre, 1998; Klingenberg et al., 2002). The Procrustes 

ANOVA provides information on whether the groups in a data set differ in size or shape. 

If groups do not differ by shape or size, then further analysis would not be necessary. 

Results are considered significant at the <0.01 or <.001 level.  

A canonical variate analysis (CVA) was then completed using the Procrustes 

transformed landmarks, mean group shape and the linear combinations of the landmark 

measurements. In a CVA analysis, a priori group membership is used to produce a 

distance matrix that maximizes the variation between groups while minimizing the 

variation within groups. A CVA procedure in MorphoJ generates a Mahalanobis distance 

matrix and canonical variates (CVs). CVs are numerical representations of the variation 

between the groups (scaled for within group variation). The amount of variation that each 

CV accounts for is also given. Mahalanobis D2 is a multivariate representation of 

Euclidean distance and is an analysis of the measurements that explain group similarities 

and differences. Mahalanobis D2 utilizes group mean shape to examine the shape 

differences between groups relative to the within group shape Mahalanobis D2 includes a 

t-test (Hotelling's T-square distribution) of significance for Mahalanobis distance. Results 

are considered significant at the <0.01 level. 
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Study Aim 2: Analysis of ecogeographic variation of anatomical subdivisions of the 

crania.  

Null Hypothesis: The number of anatomical subdivisions of the crania (modules) are 

uniform across ecoregions. 

Alternative Hypothesis: Cranial subdivisions, referred to as modules, vary between 

ecoregions.  

The statistical workflow for Study Aim 2 begins with mapping the proposed 

modules within MorphoJ. Module mapping is done by selecting each Procrustes 

transformed landmark on the cranium and assigning it to a proposed module or on a 

shared border between two modules. Every landmark must be assigned to a module or 

border. The step is completed for each of three modular schemes, that are defined as 

follows; the Traditional Module Scheme in which the cranium is divided into two 

modules, The Nasal Module Scheme in which the cranium is divided into three modules, 

and the Nasal Alveolar Module Scheme in which the cranium is divided into four 

modules. Modularity is then assessed through a covariation analysis, which identifies 

whether the covariation between and two contiguous modules is stronger or weaker than 

any alternative divisions of the cranium (Klingenberg, 2009) and can indicate the number 

of cranial subdivisions that is best supported. The analysis is done for each ecoregion and 

the patterns across ecoregions are compared. 
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Defining Modules 

 Modules are subdivisions of the surface of an anatomical structure defined by 

developmental, functional, or anatomical regions. To examine different regions of the 

cranium, landmarks were organized into modules. Modularity is a way to examine the 

interaction and covariation between sets of landmarks. Prior analyses of human cranial 

modularity have often selected anatomical modules that either represent individual bones 

of the cranium or modules represented by multiple whole bones (von Cramon-Taubadel, 

2014) that may or may not represent functionally integrated regions. But modularity 

analyses can investigate the potential for multiple modules to be present within a highly 

integrated structure, such as multiple modules within a single bone or anatomical 

structure (Klingenberg, 2008; Klingenberg et al., 2003; Klingenberg and Zaklan, 2000; 

Badyaev and Foresman, 2000; Badyaev and Foresman, 2004). Functional Development 

Modules (FDM) are based on both the established developmental and functional 

organization of the cranium and are more likely to be responsive to natural selection 

(Klingenberg, 2008).  

 Three different schemes to subdivide the craniofacial complex into sets of distinct 

modules were used in this analysis. The first scheme, referred to as the Traditional 

Modular Scheme, includes two anatomical modules and is based on previously published 

works (Figure 2.6 derived from von Cramon-Taubadel, 2011; Esteve-Altava et al., 2013; 

and Esteve-Altava et al., 2015). Two new additional FDM-based schemes were 

developed for this study (Figure 2.7 and 2.8). The first of these new schemes, referred to 

as the Nasal Modular Scheme, divides the maxillary portion of the facial module into two 
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modules, breaking out a portion surrounding the nasal opening, and naming it the nasal 

module. The second of the new schemes – The Nasal and Alveolar Module Scheme – 

further divides the traditional facial module, naming the new division the alveolar 

module. In both schemes, the portion of the traditionally defined facial module that is not 

included in either the nasal or alveolar modules retains the name “facial module”. In each 

scheme, the term facial module refers to different proportions of the splanchnocranium 

depending on the scheme. 
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Figure 2.6: 3D Landmark Map of the Standard (or Traditional) Cranial Module Scheme. 

Landmark map is a 2D representation of 3D dimensional Data. This landmark 

configuration consists of the neurocranium and facial modules, the associated landmarks, 

and the connections between the landmarks. Modified from: Esteve-Altava et al. (2015). 

See Table 2.3 For the Landmark Key. 

 

 

⚫: Landmarks and Semilandmarks of the Facial Module   

⚫: Landmarks and Semilandmarks of the Neurocranial Module 
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Figure 2.7: 3D Landmark Map of the Nasal Module Scheme. This landmark 

configuration includes three modules: the nasal, neurocranium, and maxillary modules, 

their associated landmarks, and the connections between the landmarks. See Table 2.3 

For the Landmark Key 

 

⚫: Landmarks and Semilandmarks of the Facial Module   

⚫: Landmarks and Semilandmarks of the Neurocranial Module 

⚫: Landmarks and Semilandmarks of the Nasal Module 
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Figure 2.8: 3D Landmark Map of the Nasal and Alveolar Module Scheme. This landmark 

configuration includes four modules: the alveolar, nasal, neurocranium, and maxillary 

modules, their associated landmarks, and the connections between the landmarks. See 

Table 2.3 For the Landmark Key 

 

⚫: Landmarks and Semilandmarks of the Facial Module   

⚫: Landmarks and Semilandmarks of the Neurocranial Module 

⚫: Landmarks and Semilandmarks of the Nasal Module 

⚫: Landmarks and Semilandmarks of the Alveolar Module 
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Statistical Analysis of Modularity 

 The analysis of modularity is completed within the Modularity: Evaluate 

Hypothesis statistical procedure within MorphoJ. In the analyses, Procrustes coordinates 

are first mapped onto the hypothesized modules (See Figures 2.6-2.8). Mapping is done 

within MorphoJ and involves manually selecting each landmark that belongs to each 

module, Figures 2.6 to 2.8 are the visual representation of the mapping procedure. The 

mapped landmarks for each module are then subdivided into separate covariance matrices 

calculated as,  

 

where S is the joint covariance matrix for each pairwise comparison of modules. S1 and 

S2 are the covariance matrixes of each module, and S12 and S21 are the matrices of 

covariances between each module (S21 is the transposed matrix of S12) (Klingenberg, 

2009). The measure of covariation for each pair of modules is calculated and reported as 

an RV coefficient, which is a squared correlation coefficient representing the covariation 

of any two subsets of the crania (Escoufier, 1973; Klingenberg, 2008; Klingenberg, 

2009). The RV coefficient for comparing two modules is calculated as, 
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where trace (S12 S21) is a measure of the squared variation of the two modules, and trace 

(S1 S1) and trace (S2 S2) are the squared covariances within the modules (Klingenberg 

2009). For comparing multiple modules, the multi-set RV coefficient is calculated with 

the average RV coefficients from each pair of modules and is calculated as, 

 

where k is the number of modules and RV(i,j) is the RV coefficient for sets i and j 

(Klingenberg 2009). 

 The RV is a measure of the covariation of the modules, scaled by the variation 

within the modules (Klingenberg, 2009). RV values measure between 0 and 1, with 1 

being complete covariation between the modules under examination and zero indicating 

no covariation between any of the modules. There is no direct statistic to test the 

differences in RV coefficients between analyses, but the RV coefficients across 

populations under the same modularity test are utilized to interpret the range of RV 

coefficients. For modular schemes to be more likely to reflect biologically significant 

morphological divisions, the RV value should be low and with few to no alternative ways 

to divide the morphology under analysis. For modularity analyses with three or more 

modules, the statistical process utilizes a multi-set RV coefficient, which is the average 

RV coefficient across all landmark pairs (Klingenberg, 2009).  

 Additional modularity tests (10,000) are also completed to find alternative, 

potentially better-fitting, modular divisions in the proposed areas. These additional tests 
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calculate the RV value of 10,000 alternative modularity patterns possible from the 

landmark maps. If the covariation RV of the hypothesized module scheme (i.e. the 

Traditional, Nasal, or Nasal Alveolar Scheme) is lower than all other possible partitions, 

then there is evidence that the hypothesized module scheme is a meaningful division of 

the cranium. Strong covariation between elements of different modules would indicate 

that the modules under consideration do not meet the criteria for distinct biological 

modules, and the hypothesis of modularity must be rejected (Klingenberg, 2008; 

Klingenberg, 2009). 

 By analyzing modularity at both levels of ecoregions it will be possible to detect 

patterns of modularity between larger domains and smaller divisions. The division level 

analysis will demonstrate whether modularity is variable in the different ecoregions 

within a domain. As a modularity hypothesis analysis, however, does not examine which 

individual modules vary in their level of integration with and independence from others. 

Any differences in modularity found between ecoregion divisions or domains will be 

examined with an integration analysis (see Study Aim 3).   
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Study Aim 3: Assessing cranial module integration between ecoregions  

Null Hypothesis: Cranial module integration is consistent across ecoregions.  

Alternative Hypothesis: Cranial module integration is affected by ecogeography. 

 The statistical workflow for Study Aim 3 follows the same process as Study Aim 

2. The difference between the two analyses is that in Study Aim 3 only two modules at a 

time will be analyzed using a two-block Partial Least Squares: Subsets of Landmarks in a 

Single Configuration (2 Block PLS) (Rohlf and Corti, 2000; Klingenberg and Zaklan, 

2000; Bookstein et al., 2003; Klingenberg et al., 2003). Each pair of modules was 

analyzed as a complete block, for each modular scheme, for each domain and division.  

The 2 Block PLS utilizes the modules identified and defined in Study Aim 2 to 

analyze the level of covariation between two connected anatomical regions using the 

Procrustes coordinates assigned to each module. For an analysis of the integration of two 

partitions of a single configuration, or block, (two modules, in one anatomical structure) 

the statistical procedures assume a level of interdependence and re-tests the Procrustes fit 

for each round of the integration analysis (scaling, transposing, and rotating each of the 

modules to the same shape space). Because this analysis examines two modules in 

isolation from the rest of the cranium, the Procrustes refit is necessary to reduce the effect 

of the added interdependence from the Procrustes fit of the whole skull. The PLS 

between a configuration of landmarks utilizes a joint Procrustes fit to examine the level 

of association between any two connected blocks of landmarks (Klingenberg et al., 2003; 

Klingenberg 2009). The PLS identifies the level of covariation between two distinct 

modules (or blocks), and the relative strength of that integration can be inferred using the 
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RV coefficient (see Study Aim 2). A two-block PLS identifies the level of integration 

between two modules on a scale of zero to one, with one indicating complete integration. 

Higher integration between the modules is an argument against complete independence. 

The analysis includes 250 reanalyses of the PLS (of both the individual values and 

pairwise PLS correlations) and reports a p-value for the null hypothesis of complete 

independence for the two-block Partial Least Squares: Subsets of Landmarks in a Single 

Configuration. Results are considered significant at the p<0.01 and p<0.001 level of 

probability. 

By assessing the level of integration between modules in different ecoregions, this 

study can establish whether modularity is variable in different ecoregions or whether 

there is one modular scheme that is more meaningful for all environments. The null 

hypothesis for Study Aim 3 is rejected if integration patterns vary between ecoregions, a 

uniform pattern of integration across domains or divisions would support the null 

hypothesis that integration patterns are the same across environments.  

A total of 135 pairwise comparisons, between modules, were performed for the 

three module schemes (See Table 2.5). Four pairwise comparisons for every domain for 

each scheme, and 11 pairwise comparisons for every division for each scheme. For the 

Traditional Module Scheme one comparison was made; a Two-Block PLS was run on  

neurocranium and facial integration. For the Nasal Module Scheme three comparisons 

were made; a Two-Block PLS was run on maxilla and neurocranium integration, nasal 

and maxilla integration, and nasal and neurocranium integration. For the Nasal Alveolar 



 
 

62 
 

Module Scheme a Two-Block PLS was run on maxilla and neurocranium, maxilla and 

alveolar, nasal and maxillary, nasal and alveolar, and nasal and neurocranium integration. 

 

Table 2.5: PLS Pairwise Comparisons Between Modules in different Schemes   

Module Scheme 

# of Domain 

comparisons 

# of 

Division 

comparisons  Module 1 Module 2 

Traditional Module Scheme  4 11 Facial Neurocranium 

Nasal Module Scheme 4 11 Maxillary Nasal 

  4 11 Maxillary Neurocranium 

  4 11 Nasal  Neurocranium 

Nasal and Alveolar Module 

Scheme 4 11 Alveolar Maxillary 

  4 11 Alveolar Nasal 

  4 11 Maxillary Nasal 

  4 11 Maxillary Neurocranium 

  4 11 Nasal  Neurocranium 

  



 
 

63 
 

CHAPTER 3 

RESULTS 

 

To understand the level of variation present within human populations within 

different ecoregions, human crania were 3D scanned, modeled, measured, and a 

composite representation of the crania from each ecoregion was created after which their 

mean shape differences were determined. Their associated ecoregion was determined and 

mapped (See Figure 2.1 and Table 2.1). The variation between each ecoregion domain 

and division was assessed. Crania were subdivided into anatomical modules, the number 

of cranial modules were analyzed, and the level of integration between those modules 

was examined. These analyses were performed on 298 crania from 29 countries, 

representing four broadly defined ecoregion domains and 11 more narrowly ecoregion 

divisions. 

 

I. Study Aim 1: Analysis of morphological variation between ecoregions.  

Domain Level Morphological Variation 

The results of the two Procrustes ANOVAs demonstrated that there are size and 

shape differences between all domain level groups (centroid size: F-stat = 7.45, degree of 

freedom= 3, p<0.0001; shape, F-stat = 5.33, degree of freedom=753, p<0.0001). The 

main features of shape variation between domain-level ecoregions were examined using a 

CVA. Wireframes graphs, 2D representations of 3D morphometric shape depicted with 

lines connecting landmarks, depict the shape differences between domains are shown in 
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Figures 3.1-3.6. It is not possible to attribute the variation between groups in the CVA to 

individual points, as all points are contributing to the variation in the craniofacial 

complex for each CV (movement for each point can be along the x, y, or z axis) 

(Chapman, 1990; Klingenberg, 2013; Rohlf and Slice, 1990; Siegel and Benson, 1982; 

Walker, 2000). The largest shape differences appear to be in the neurocranial, orbital, and 

nasal regions and are seen in two sets of comparisons: between the Humid Tropical 

domain and the Polar domain (Figure 3.5)  and between the Dry domain and the Polar 

domain (Figure 3.3). Compared with the Polar domain, the Dry, Humid Temperate, and 

Humid Tropical all have a reduced facial complex but greater nasal height. In addition, 

the maxilla and facial width are greater in all domains relative to Polar, however, in the 

Polar domain, the orbit shape appears to be much wider and taller than in other regions.
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Figure 3.1: 3D Wireframe comparison between the Dry domain (in blue) and the Humid 

Temperate domain (in magenta) (Magnified by 4). The shape differences depicted in this 

wireframe are the mean shape differences between the Dry and Humid Temperate 

domains. Given the scale factor, there is slight variation in cranial length, orbit height, 

and nasal height. See Table 2.3 For the Landmark Key 
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Figure 3.2: 3D Wireframe comparison between the Dry domain (in blue) and the Humid 

Tropical domain (in magenta) (Magnified by 4). The shape differences depicted in this 

wireframe are the mean shape differences between the Dry and Humid Tropical domains. 

Given the scale factor, there is variation in cranial length, cranial width, cranial height, 

nasal width, nasal height, and alveolar shape. See Table 2.3 For the Landmark Key 
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Figure 3.3: 3D Wireframe comparison between the Dry domain (in blue) and the Polar 

domain (in magenta) (Magnified by 4). The shape differences depicted in this wireframe 

are the mean shape differences between the Dry and Humid Tropical domains. There is 

shape variation in all neurocranium shape distances, orbit height, maxillary shape, nasal 

height, nasal width, and alveolar shape. See Table 2.3 For the Landmark Key 
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Figure 3.4: 3D Wireframe comparison between the Humid Temperate domain (in blue) and 

the Humid Tropical domain (in magenta) (Magnified by 4). The shape differences depicted 

in this wireframe are the mean shape differences between the Humid Temperate and Humid 

Tropical domains. There are shape differences between cranial height, cranial width, and 

nasal height. See Table 2.3 For the Landmark Key 
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Figure 3.5: 3D Wireframe comparison between the Humid Temperate domain (in blue) 

and the Polar domain (in magenta) (Magnified by 4). The shape differences depicted in 

this wireframe are the mean shape differences between the Humid Temperate and Polar 

domains. There is shape variation in all neurocranium shape distances, orbit height, 

maxillary shape, nasal height, nasal width, and alveolar shape. See Table 2.3 For the 

Landmark Key 
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Figure 3.6: 3D Wireframe comparison between Humid Tropical Domain (in blue) and 

Polar Domain (in magenta) (Magnified by 4). The shape differences depicted in this 

wireframe are the mean shape differences between the Humid Tropical and Polar 

domains. There is shape variation in all neurocranium shape distances, orbit height, 

maxillary shape, nasal height, nasal width, and alveolar shape. See Table 2.3 For the 

Landmark Key 
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The strength of ecoregion domain differentiation was examined through pairwise 

analyses of group mean shape using a CVA. The first three canonical axes explain 100% 

of the variation between ecoregion domains: 52.72%, 26.55%, and 20.73% respectively. 

When CAN 1 and 2 are plotted (Fig. 3.7) it shows that the Polar group is the most 

morphologically distinct, while the Dry, Humid Temperate, and Humid Tropical groups 

cluster more closely together on the CV1 axis, suggesting skulls from these environments 

have relatively similar shapes. Nonetheless, they are still identifiable as separate groups 

with virtually no overlap and the Mahalanobis distance results demonstrate that all groups 

are significantly different in shape (p < 0.001; Table 3.1).  

 

Table 3.1 Domain Mahalanobis distance matrix.  

  Dry 

Humid 

Temperate 

Humid 

Tropical Polar 

Dry        

Humid 

Temperate 8.8586 0    

Humid Tropical 7.9196 7.4131 0   

Polar 15.0277 12.1537 14.9609 0 

• All Mahalanobis p-values <=0.001 
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Figure 3.7 Canonical Variate Scatterplot of Individual Crania between Domains. The plot of CAN1 and CAN2 explains 

79.27% of the variation between the Domain level groups. The circles represent the 95% confidence ellipses for the domain 

groups. There is significant separation for all domains along CAN1 and CAN2.  



 
 

73 
 

Division Level Morphological Variation 

The results of the Procrustes ANOVA demonstrate that there are shape 

differences, but not size, between all division level groups (centroid size: F-stat = 1.74. 

degree of freedom= 10, p= 0.0718; shape, F-stat = 2.95, degree of freedom=2540, 

p<0.0001). The main features of shape variation between division-level ecoregions were 

explored using a CVA. One hundred percent of the variation between ecoregion divisions 

can be explained by the first 10 canonical axes: 23.9%, 18.85%, 13.84%, 10.69%, 7.76%, 

7.17%, 6.07%, 4.69%, 3.83%, and 3.16% respectively.  

When CAN 1 and 2 are plotted (Fig. 3.8) it shows that the Tundra division (Polar 

domain) is the most distinct, separating from the remaining groups. The Dry domain 

divisions separate along both CAN 1 and CAN 2. The divisions of the Humid Tropical 

domain cluster together, with the Savannah and Rainforest divisions clustering on CAN 2 

and the Rainforest Mountain and Rainforest clustering on CAN 1. Finally, the Humid 

Temperate divisions separate into two patterns: Mediterranean, Marine, Subtropical, and 

Prairie cluster along CAN 1; and Subtropical, Prairie, and Warm cluster along CAN 2.  

There are two multi-domain clusters that are also of note: the overlap of Savannah 

(Humid Tropical domain) and Marine (Humid Temperate domain) and the overlap of 

Tropical/Subtropical Desert (Dry domain) and Warm (Humid Temperate domain). This 

suggests that these pairs of groups have similar biological shape along CAN 1 and CAN 

2 even though neither pair of ecoregions shares substantial environmental or geographic 

characteristics. Marine and Savannah are both characterized by periods of drought but 

otherwise share few climatic or geographic patterns. Tropical/Subtropical Desert and 
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Warm do not share any climatic or geographic conditions. The Mahalanobis distance 

results found that all groups are significantly different from each other (p <0.0001) (See 

Table 3.2). 
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Figure 3.8: Canonical Variate 1 and 2 Scatterplot between Divisions. CAN1 and CAN2 explain 40.8% of the morphometric 

variation between division groups. The circles represent the 95% confidence ellipses for the division groups. There is 

significant overlap between the Marine and Savannah along CAN1 and CAN2 and slight overlap between Subtropical and 

Prairie, and Warm and Desert. 
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Table 3.2 Division Level Mahalanobis distance matrix. Produced in the CVA.  

 Marine Mediterranean       Prairie                 Rainforest Mountains Rainforest  Subtropical               Desert Steppe Tundra               Warm      

Mediterranean       16.42                   

Prairie                20.20 20.51                 

Rainforest Regime Mountains 18.04 18.06 21.11               

Rainforest no mountain 16.39 17.26 19.88 14.23             

Subtropical               16.91 17.35 18.20 17.84 12.03           

Tropical Subtropical Desert 17.30 19.44 19.70 15.99 12.93 13.20         

Tropical Subtropical Steppe 22.99 21.23 29.38 20.49 19.71 22.25 22.76       

Tundra               22.68 23.49 24.60 23.66 22.45 18.22 24.64 26.96     

Warm Continental        18.04 18.13 17.10 18.96 14.54 14.57 13.93 23.23 24.23   

Savannah                  16.23 16.58 21.83 14.05 11.05 12.60 15.99 18.09 20.01 17.99 

 

• Mahalanobis p-value <0.001 for all groups 
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II. Study Aim 2: Analysis of ecogeographic variation of anatomical subdivisions of 

the crania. 

Ecoregion Modularity 

A module scheme is determined to be a meaningful proposed division when the 

RV value is low and there are few (or no) possible alternative ways to divide the cranium. 

In every domain the Nasal Alveolar Module Scheme is, overall, the best fit relative to the 

other cranial modular schemes; no alternative sub-divisions of the crania could be 

generated that have a lower RV. The three individual modularity models, the number of 

possible alternative module divisions, and the associated RV coefficients are presented in 

Table 3.3. Only 10,000 possible partitions were analyzed for each module scheme. Note 

the low number of possible alternative partitions between the Nasal and Nasal Alveolar 

Module schemes for the Overall results, Humid Temperate, and Humid Tropical. Only 15 

alternatives to the Nasal Module Scheme can be generated when considering the samples 

overall, and the number of possible alternative ways to divide the cranium are also low 

(<50)  in the Humid Tropical and Humid Temperate regions. Importantly the Traditional 

Modular Scheme was the least well supported in this analysis.  

The modularity analysis among ecoregion divisions showed that for all division-

level groups, but one (Warm, in the Humid Temperate domain), the Nasal Alveolar 

Modular Scheme is best. However, seven of 11 groups (64%) show little difference 

between the Nasal Modular Scheme and Nasal Alveolar Modular Scheme (Table 3.4). 

Only 10,000 possible partitions were analyzed for each module scheme. Note that Desert, 

Subtropical, Warm, Rainforest, Rainforest Mountain, Savana, and Tundra have a low 
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number of alternative partitions for both the Nasal and Nasal Alveolar Module Schemes. 

The two lowest RV Coefficients were in the Marine and Warm Continental divisions, 

which are both in the Humid Temperate domain; this is consistent with the lower level of 

covariation within that domain. The four highest RV coefficients were found in the 

Mediterranean, Prairie, Savanah, and Subtropical Tropical Steppe division 
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Table 3.3 Domain Modularity Results.  

Ecoregion Traditional Module    Nasal Module   Nasal Alveolar Module   

Domain 

Number of Possible 

Alternative Partitions* RV 

Number of Possible 

Alternative Partitions RV 

Number of Possible 

Alternative Partitions RV 

Overall 1892 0.56 15 0.50 0 0.39 

Polar 1864 0.62 396 0.59 0 0.50 

Dry 4157 0.73 237 0.66 0 0.55 

Humid Temperate 2345 0.55 49 0.49 0 0.38 

Humid Tropical 1227 0.61 2 0.55 0 0.47 

 

*Number of possible alternative modular divisions that would result in a lower RV value (10,000 partitions analyzed)  
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 Table 3.4 Division Modularity Results.  

Ecoregion   

Traditional 

Module   Nasal Module  

Nasal Alveolar 

Module  

Domain Division 

Number of 

Possible 

Alternative 

Partitions* RV 

Number of 

Possible 

Alternative 

Partitions RV 

Number of 

Possible 

Alternative 

Partitions RV 

Dry Tropical Subtropical Desert 4571 0.72 31 0.63 0 0.55 

  Tropical Subtropical Steppe 429 0.72 133 0.73 0 0.62 

Humid Temperate Marine 1654 0.61 28 0.57 0 0.47 

  Mediterranean 3065 0.75 234 0.7 0 0.61 

  Prairie 1732 0.76 380 0.74 1 0.66 

  Subtropical 2548 0.71 9 0.62 0 0.53 

  Warm 343 0.6 0 0.56 0 0.47 

Humid Tropical Rainforest 3204 0.68 17 0.6 1 0.54 

  Rainforest Mountain 478 0.67 16 0.66 0 0.57 

  Savanah 578 0.73 4 0.69 0 0.63 

Polar Tundra 3486 0.7 445 0.64 0 0.54 

 

*Number of possible alternative modular divisions that would result in a lower RV value (10,000 partitions analyzed)  
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III. Study Aim 3: Assessing Cranial Modular Integration Between Ecoregions 

Domain Level Modular Integration  

The modularity analysis completed under Study Aim 2 demonstrated that there is 

no support for the Traditional Module Scheme, therefore integration of the modules in 

this scheme was not analyzed. The Nasal Alveolar Scheme was universally the best 

among all eco domains and divisions, but the Nasal Module Scheme was also well 

supported in many cases. Therefore, integration analysis was completed for both of them. 

In the Nasal Module Scheme, the mean RV coefficient, which indicates the 

overall integration of the crania, is strongest in the Polar domain, followed by the Dry 

and Humid Tropical domain. The Humid Temperate domain is the least integrated overall 

(Figure 3.9, Table 3.5). For all pairwise module comparisons, a null hypothesis of 

complete independence of the cranial modules was rejected in all cases (Table 3.5) but 

the extent of integration shows a consistent pattern across all ecoregion domains with the 

maxillary and neurocranial modules being most highly integrated, followed by the nasal 

and maxillary, and the least integrated (most independent) being the nasal and 

neurocranial modules (Fig. 3.10). 
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Figure 3.9 Mean RV in Each Ecoregion Domain for the Nasal Module Scheme.  

 

 

 

Figure 3.10 RV Values for the Nasal Module Scheme Domain Ecoregion Integration.  
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Table 3.5 Domain Level Nasal Module Scheme Integration Analysis  

 Maxilla x Neurocranium Nasal x Maxilla  Nasal x Neurocranium 

Ecoregion RV PLS1% P-Value RV PLS1% P-Value RV PLS1% P-Value 

Dry 0.676 61.383 <0.001 0.611 32.946 <0.001 0.555 63.802 <0.001 

Humid Temperate 0.554 62.885 <0.001 0.497 33.385 <0.001 0.374 59.459 <0.001 

Humid Tropical 0.600 78.462 <0.001 0.575 53.236 <0.001 0.498 74.28 <0.001 

Polar 0.691 33.35 <0.001 0.670 31.704 <0.001 0.568 43.585 <0.001 
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Analysis of the Nasal Alveolar Module Scheme, in which the maxillary module is 

further dived into a maxilla and alveolar module, show that the order of the integration 

between modules, based on the overall strength of the integration, changes between 

domains. For the Nasal Alveolar Module Scheme, overall integration of modules in the 

Humid Temperate and Humid Tropical domains is highest, followed by the Polar domain, 

and the Dry domain is the least integrated (Figure 3.11, Table 3.6). For all pairwise 

module comparisons, a null hypothesis of complete independence of the cranial modules 

was rejected in all cases (Table 3.6) but the most highly integrated set of modules varies 

by domain (Figure 3.12). In particular, within the Polar domain the maxilla and 

neurocranial modules appear to be relatively less integrated (i.e. these subdivision of the 

crania are more independent) than the maxilla and alveolar; in all other domains the 

levels of integration in these pairs of modules are quite similar or reversed in the strength 

of integration.  
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Figure 3.11 Mean RV in Each Ecoregion domain for the Nasal Alveolar Module Scheme. 

Mean of RV Values for each module within the scheme. Note the relative shift in the 

strength of the mean RV value with the inclusion of the alveolar module (compared with 

Figure 3.9). Subdividing the maxilla further reduces the integration between the modules 

in the Polar and Dry domains. 
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Figure 3.12 RV Values for the Nasal Alveolar Module Scheme Domain Ecoregion 

Integration 
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Table 3.7 Domain Level Nasal Alveolar Module Scheme Integration Analysis  

 Nasal x 

Neurocranium 

Maxilla x   

Neurocranium 

Maxilla x   

Alveolar 
 Nasal x 

Alveolar 
 Nasal x 

Maxilla 
 

Ecoregion RV PLS1% P-Value RV PLS1% P-Value RV PLS1% P-Value RV PLS1% 
P-

Value 
RV PLS1% P-Value 

Dry 0.555 63.802 <0.001 0.572 56.513 <0.001 0.569 40.137 <0.001 0.576 37.066 <0.001 0.533 39.532 <0.001 

Humid 

Temperate 
0.374 59.459 <0.001 0.415 60.462 <0.001 0.404 31.796 <0.001 0.440 33.274 <0.001 0.421 26.597 <0.001 

Humid 

Tropical 
0.498 74.28 <0.001 0.468 66.773 <0.001 0.511 57.172 <0.001 0.535 54.017 <0.001 0.490 55.321 <0.001 

Polar 0.568 43.585 <0.001 0.597 37.43 <0.001 0.591 41.29 <0.001 0.588 29.911 0.008 0.543 38.515 <0.001 
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Division Level Modular Integration 

The findings at the ecoregion division level analyses reveal far more complex 

patterns. For the Nasal Module Scheme, the Tropical Subtropical Steppe (Dry domain) 

Prairie (Humid Temperate domain), Tundra (Polar domain) and Savanah (Humid 

Tropical domain) have the highest level of overall integration across modules (see Table 

3.7). The Warm (Humid Temperate domain), Tropical Subtropical Desert (Dry domain), 

Rainforest (Humid Tropical domain), Rainforest Mountain (Humid Tropical Domain), 

Marine (Humid Temperate domain), Subtropical (Humid Temperate domain), and 

Mediterranean (Humid Temperate domain) have the lowest levels of integration. Relative 

levels of overall integration for all eleven divisions are shown in Figure 3.14. Notably, 

the order does not reflect the hierarchy of ecoregions.  

Considering all pairwise module comparisons a null hypothesis of complete 

independence of the cranial modules was rejected in all cases (Table 3.7). Variation in the 

pattern of integration occurs across divisions, but again cannot be ascribed to how 

ecoregion divisions are hierarchically clustered within domains. A general pattern 

emerges in that the maxilla and neurocranium are most highly integrated in about half the 

divisions (55%), which is reminiscent of the Domain level comparisons, with a maximum 

RV value of nearly 0.85 in the Tropical Subtropical Steppe (Dry domain) division. In 

45% of the divisions, the nasal and maxilla are most strongly integrated with a maximum 

RV value of nearly 0.85 in the Tundra (Polar domain) (Figure 3.14).  
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Figure 3.13 Mean RV Values for Each Ecoregion Division for the Nasal Module Scheme.  

 

 

  

0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

Mediterranean

Subtropical

Marine

Rainforest

Rainforest No Mountains

Tropical Subtropical Desert

Warm

Savannah

Tundra

Prarie

Tropical Subtropical Steppe



 
 

90 
 

Figure 3.14 RV Values for each Ecoregion Division for Each Pair of Modules in the Nasal Module Scheme 
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Table 3.7 Ecoregion Division Nasal Module Schemes Integration Analysis  

 

Maxilla x 

Neurocranium Nasal x Maxilla  Nasal x Neurocranium 

Ecoregion RV PLS1% P-Value RV PLS1% P-Value RV PLS1% P-Value 

Marine 0.608 62.491 <0.001 0.615 29.771 <0.001 0.479 61.364 <0.001 

Mediterranean 0.699 63.058 <0.001 0.537 41.319 <0.001 0.510 59.014 <0.001 

Prairie 0.726 44.898 0.008 0.806 39.81 0.004 0.785 58.34 <0.001 

Rainforest Mountain 0.631 66.663 <0.001 0.678 37.238 <0.001 0.544 60.408 <0.001 

Rainforest 0.675 70.629 <0.001 0.609 49.849 <0.001 0.572 60.294 <0.001 

Subtropical 0.684 64.781 <0.001 0.638 38.057 <0.001 0.420 53.522 <0.001 

T/S Desert 0.708 61.62 <0.001 0.647 48.181 <0.001 0.593 67.063 <0.001 

T/S Steppe 0.762 63.382 <0.001 0.843 45.818 <0.001 0.685 57.755 0.004 

Tundra 0.691 33.35 <0.001 0.670 31.704 <0.001 0.568 43.585 <0.001 

Warm 0.541 45.191 <0.001 0.591 48.971 <0.001 0.514 49.218 <0.001 

Savannah  0.722 70.445 <0.001 0.717 54.234 <0.001 0.611 70.274 <0.001 
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 For the Nasal Alveolar Module Scheme, the Prairie (Humid Temperate domain), 

Tropical Subtropical Steppe (Dry domain), Savanah (Humid Tropical domain), and 

Rainforest (Humid Tropical domain) have the highest level of overall integration across 

modules (See Table 3.9). The Subtropical (Humid Temperate domain), Marine (Humid 

Temperate domain), Mediterranean (Humid Temperate domain), and Warm (Humid 

Temperate domain)  have the lowest levels of integration (Figure 3.15, Table 3.8). 

Considering all pairwise module comparisons a null hypothesis of complete 

independence of the cranial modules was rejected in the majority of cases (Table 3.8) 

except for the maxillary and alveolar modules in the Mediterranean and Prairie divisions, 

and the nasal and alveolar modules in the Prairie division. 

 Beyond these observations, the variation in integration across divisions does not 

break down by domains (Figure 3.16). The modular comparisons including the 

neurocranium module are the most variable across the divisions, but when those modular 

comparisons are not included, the integration within the facial complex follows four set 

patterns, A through D. Three of the four patterns of integration within the facial complex 

are associated with divisions within specific domains, and the fourth included multiple 

domains. In Pattern A, the dry domains (Tropical Subtropical Steppe and Desert) both 

have a more integration between the nasal and alveolar modules, followed by the maxilla 

and alveolar modules, and with the nasal and maxillary modules being the least integrated 

(Figure 3.17). In Pattern B, two of the Humid Tropical divisions (Rainforest (Mountain) 

and Savannah) exhibit the most integration between the maxillary and alveolar modules, 

followed by the nasal and maxillary modules, and having the least integration between 

the nasal and alveolar modules (Figure 3.18). In Pattern C, two of the Humid Temperate 
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divisions (Mediterranean and Prairie) have the most integration between the nasal and 

maxillary modules, followed by the nasal and alveolar modules, and having the least 

integration between the maxillary and alveolar modules (Figure 3.19). Pattern D, the last 

pattern (Figure 3.20) includes divisions of the Humid Temperate (Marine, Subtropical, 

and Warm), Polar (Tundra), and Humid Tropical (Rainforest) domains. In Pattern D, the 

most integration is between the maxillary and alveolar modules, followed by the nasal 

and alveolar modules, and the nasal and maxillary modules having the least integration. 

  

Figure 3.15 Mean RV values in Each Ecoregion Division for the Nasal Alveolar Module 

Scheme. Within the division analyses, there is less change in relative integration between 

the divisions with the inclusion of the alveolar module (compare with Figure 3.11) 
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Figure 3.16 RV Values for Each Ecoregion Division for Each Pair of Modules in the 

Nasal Alveolar Module Scheme 
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Table 3.8 Ecoregion Division  Nasal Alveolar Module Scheme Integration Analysis  

 Nasal x Neurocranium Maxilla x Neurocranium Maxilla x Alveolar  Nasal x Alveolar  

Nasal x 

Maxilla  

Ecoregion RV PLS1% p-Value RV PLS1% p-Value RV PLS1% p-Value RV PLS1% p-Value RV PLS1% p-Value 

Marine 0.479 61.364 <0.001 0.550 62.179 <0.001 0.585 34.815 <0.001 0.567 38.02 <0.001 0.516 46.46 <0.001 

Mediterranean 0.510 59.014 <0.001 0.637 51.95 <0.001 0.431 40.739 0.1* 0.468 41.677 0.004 0.591 38.048 <0.001 

Prairie 0.785 58.34 <0.001 0.653 42.261 <0.001 0.700 46.885 0.184* 0.724 44.125 0.056* 0.830 50.4 <0.001 

Rainforest Mountain 0.544 60.408 <0.001 0.459 50.701 <0.001 0.693 49.628 <0.001 0.612 44.784 <0.001 0.619 57.055 <0.001 

Rainforest 0.572 60.294 <0.001 0.565 64.957 <0.001 0.648 58.748 <0.001 0.600 55.477 <0.001 0.482 52.383 <0.001 

Subtropical 0.420 53.522 <0.001 0.555 65.082 <0.001 0.654 41.328 <0.001 0.620 32.777 <0.001 0.608 39.599 <0.001 

T/S Desert 0.593 67.063 <0.001 0.576 55.849 <0.001 0.608 47.903 <0.001 0.616 49.359 <0.001 0.497 42.099 <0.001 

T/S Steppe 0.685 57.755 0.004 0.720 78.238 <0.001 0.753 53.01 <0.001 0.808 47.5 <0.001 0.669 46.595 <0.001 

Tundra 0.568 43.585 <0.001 0.597 37.429 <0.001 0.591 41.286 <0.001 0.588 29.911 0.008 0.543 38.515 <0.001 

Warm 0.514 49.218 <0.001 0.499 36.617 0.016 0.535 49.329 <0.001 0.5195 54.42 <0.001 0.490 40.848 <0.001 

Savannah 0.611 70.274 <0.001 0.646 60.813 <0.001 0.688 58.009 <0.001 0.626 52.745 <0.001 0.637 48.163 <0.001 
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Figure 3:17 RV Values for the Facial Complex Integration Pattern A (Dry Domain). 

Pattern of the integration strength of the modules of the facial complex. While the 

strength of the integration differs between the two divisions within the Dry Domain, the 

pattern of integration remains the same (Nasal and Alveolar is the strongest, followed by 

the maxilla and alveolar, and the weakest being the nasal and maxilla). 
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Figure 3:18 RV Values for the Facial Complex Integration Pattern B (Humid Tropical). 

Pattern of the integration strength of the modules of the facial complex. Two divisions of 

the Humid Tropical domain follow a very similar pattern, both in strength and order of 

integration.  
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Figure 3:19 RV Values for the Facial Complex Integration Pattern C (Humid Temperate 

Domain). Pattern of the integration strength of the modules of the facial complex. While 

the strength of integration is different between these two divisions in the Humid 

Temperate domain, the pattern is the same. Higher integration between the nasal and the 

maxilla, followed by the nasal and alveolar, and exhibiting the lowest level of integration 

between the maxilla and alveolar.  
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Figure 3.20 RV Values for the Facial Complex Integration Pattern D. Pattern of the 

integration strength of the modules of the facial complex. The remaining integration 

pattern is followed by divisions from several different domains (Humid Temperate, 

Humid Tropical, and Polar). While the relative strength of integration is more variable, 

the pattern remains the same. Stronger integration between the maxilla and alveolar, 

followed by the nasal and alveolar, and with lower integration between the nasal and 

maxilla modules. 
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CHAPTER 4 

DISCUSSION 

 

 The purpose of this study was to expand our knowledge of variation in human 

cranial morphology. The most basic goal was to determine whether there was ecoregion 

specific variation and then to examine environmental variation associated with human 

cranial modularity and integration. The data generated allow for new inferences on the 

evolutionary processes that may explain variation in human cranial form. Within 

anthropology, the discussion of cranial variation has looked at regional variation in terms 

of how much of the variation among populations could be explained by the evolutionary 

processes of drift or selection. Consistently, in those analyses, there was evidence that 

extreme climates (very cold or very dry) were associated with specific shape patterns, 

which were inferred to be the result of selection (Bastir et al., 2011; Cabanac and Caputa, 

1979; Churchill et al., 2004; Davies, 1932;  Dean, 1988; Harvati and Weaver, 2006a,b; 

Hubbe et al., 2009; Maddux et al., 2016; Maddux et al., 2017; Mariak et al., 1999; Marks 

et al., 2019; Noback et al., 2011; Roseman, 2004; Roseman and Weaver, 2004). 

Typically, these studies used individual climatic variables to assess the effect of climate 

or environment on the observed shape patterns. 

 This study differs by using an ecoregion approach. Ecoregions are defined by 

multiple interacting climatic and geographic variables to give a more complete picture of 

the local environment. The present study uses ecoregions as the basis of group affinity 

and because the same ecoregion can be various distances from Africa, it minimizes the 

influence of geographic distance from Africa (as a stand in for the effect of drift) on the 
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analysis. This study also uses advanced morphometric techniques that transcend the 

traditional landmark-based analysis of cranial form. An analysis of cranial modularity 

and integration was also completed to examine the influence of the environment on the 

organization of the functional zones of the human skull. Collectively, the analyses 

described here allow for a more in depth look at the nature of cranial variation in all 

environments and strengthen the inference that selection has been an important cause of 

differences in the in human cranial shape. 

 The main findings of this study are as follows. First, each ecodomain and division 

exhibits quantifiably different cranial shape that can be identified through a 

morphometric analysis. Second, in the analysis of cranial modularity, the inclusion of a 

newly defined nasal module was supported for each ecoregion defined group. However, 

the results suggest that there is variation in which modular scheme is more appropriate. 

Depending on the ecogroup under consideration there was support for the Nasal Module 

Scheme in some, The nasal Alveolar Module Scheme in others, or a similar level of 

support for both. The Traditional Module Scheme, i.e. dividing the skull into only two 

components, the neurocranial and facial modules, was not supported in any case. Finally, 

this study found variation in the pattern and strength of integration between the modules, 

and four distinct patterns of modular integration in the facial complex were identified.  

 

I. Cranial Variation in Ecoregions 

 The first aim of this study was to establish whether there was measurable cranial 

variation among ecoregions. The morphology of the human crania is influenced by 
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several factors, including developmental plasticity, dietary plasticity, drift, mutation, and 

selection. Previous analyses of interpopulation cranial variation have proposed that the 

environment only influences cranial shape in extremely cold or extremely dry 

environments. If craniofacial variation were limited to very cold or very dry regions, then 

there should be little evidence for cranial shape variation associated with other 

ecoregions. The reason for this analysis was to understand the extent of cranial variation 

that could be associated with different environments and whether environmentally 

associated craniofacial variation was limited to extreme environments. To investigate 

variation into the organization of the human crania, a baseline of morphological variation 

must first be established. If there is not widespread variation, there is no reason to suspect 

that selection (or plasticity) is acting in more temperate ecoregions. 

 It is important to recognize that groups defined in this study are constructed, 

which in this context means that they are not geographic or genetic based populations, 

but rather crania were grouped based solely on affinity with specific ecogeographic 

ranges. The methods utilized in this study prioritized grouping by environmental zones 

(ecoregions) and thereby attempted to limit the compounding factor of drift from the 

analyses. The expense of utilizing ecoregion-based populations is the complicated nature 

of direct comparisons to previous work, as it is difficult to accurately compare the results 

from studies utilizing geographic based populations with those using constructed 

populations. 
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This study rejects the null hypothesis and supports the alternative hypothesis that 

there are distinctive shape differences based on ecoregions. Importantly, cranial 

morphology in every ecoregion, whether at the domain or division level, differs 

significantly. The results demonstrate that the environment is playing a role in shape 

variation in all environments, and not just in extremely cold or extremely dry regions. As 

expected, the results from the polar regions confirm the findings of previous research that 

circumpolar populations exhibit more distinct shape characteristics than individuals in 

temperate, dry, or tropical environments. However, the results of this study show that the  

latter three clearly differ from one another. 

 The findings of this study also provide a more fine-grained picture of variation 

among ecoregions. First, biological shape differences are larger between divisions from 

different domains and exhibit the least amount of shape variation between divisions 

within  the same domain level ecoregion. This is not surprising because of the 

hierarchical nature of ecoregion classification. Second, there may be a latitudinal pattern 

to the variation, as there is a an increasing magnitude of shape differences between one 

ecoregion to another as the latitude increases. (See Figure 4.1 for a latitudinal based 

representation of domains and divisions).  
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Figure 4.1 Worldwide Ecogeographic Domain and Division Patterns. From Bailey 

(2014). Global snapshot of general ecoregion pattern across latitude. This represents the 

general ecoregion patterning for continents and the patterns would extend similarly 

across longitude. 

 

 
 

 

  

 

 

 



 

105 
 

 The finding that there are significant morphological differences between all (not 

just extreme) environments differs from previous research and may be partially explained 

by the choice of data used to characterize the environment. There are several possible 

reasons that may explain why prior studies have not found morphology to differ across 

temperate regions. One explanation is that the analysis of individual climate variables is 

too specific in an analysis of cranial shape variation, and that a whole ecosystem 

approach is necessary to identify ecoregion specific cranial variation. The second 

possibility is that the morphometric frameworks designed for population affinity tests do 

not adequately examine the zones of the crania that reflect ecoregion specific variation. 

The final explanation is that the primary evolutionary force responsible for 

morphological variation in temperate environments may be drift, but that localized 

environmental conditions are also contributing to shape patterns within every ecoregion. 

The relatively low level of variation in non-extreme environments was likely overlooked 

in previous analyses that focused on distance from Africa. This is an important finding, 

one that demonstrates the importance of examining complex environmental variables.  

 What is the importance of identifying an environmental component to shape 

variation? Drift is an integral force behind human variability, but as evident from 

previous research, it was not the only explanation for observed variation (Beals et al., 

1983; Betti et al., 2009; Carey & Steegmann, 1981; Cottle, 1955; Crognier 1981a, 1981b; 

Davies, 1932; Evteev et al., 2014; Franciscus, 2003; Franciscus & Long, 1991; 

Franciscus & Trinkaus, 1988; Hanihara, 1996; Harvati & Weaver, 2006; Hiernaux & 

Froment, 1976; Hubbe et al., 2009; Howells, 1973, 1989; Noback et al., 2011; Hylander, 

1977; Lieberman et al., 2004; Manica et al., 2007; Relethford, 1994, 2004, 2009; 
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Roseman, 2004; Roseman & Weaver, 2004; Sardi et al., 2006; Thomson, 1913;  

Thomson & Buxton, 1923; Weiner, 1954; Woo & Morant, 1934; Yokley, 2009). 

Importantly, this research does not dismiss the role of other evolutionary forces driving 

human cranial diversity, but it does demonstrate that regional variation in environment 

results in measurable shape differences not observed in previous research, i.e., that there 

is variability in cranial shape in all environments, and that even temperate environments 

lead to such variation. It is likely that the results include some shape differences 

associated with distance from Africa, however each ecoregion group encompasses 

individuals from populations at varying distances from Africa, so the ecoregion groups 

should be reflecting the shape differences from ecoregions alone.  

 

II. Function over Form 

 Another main investigation of this study was to examine whether the organization 

of the crania differed by environment. This was done through a modularity analysis to 

examine how the skull was organized and to consider whether that organization differed 

based on the environment. It was clear that subdividing the skull into just the 

neurocranium and facial portions was not useful for analysis given that up to five better 

subdivisions of the skull could be identified. 

 Moreover, this study rejects the null hypothesis and supports the alternative 

hypothesis that modularity is variable by ecoregion. This analysis found strong support 

for a nasal module being present in all ecoregions in that while the Nasal Alveolar 

Module Scheme was better than all possible alternatives there were very few alternatives 
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that could improve upon the Nasal Module Scheme. Specifically, the Dry and Polar 

domains had stronger support for the modular divisions proposed by the Nasal Alveolar 

Module Scheme. The divisions within the Humid Temperate and Humid Tropical 

domains were more variable with some divisions supporting either the modular divisions 

of the Nasal Module Scheme, the divisions of the Nasal Alveolar Module Scheme, or 

indicating no difference in the strength of support for either of the divisions of the 

Schemes. Thus, while there is some ambiguity in the modularity analysis results, 

particularly with regard to whether there is a distinctive alveolar module, they do support 

a conclusion that there is variability in modularity between ecoregions.  

 The results of this study differ from previous work in two important ways. The 

first, is that the modularity results do not match what has previously been found (von 

Cramon-Taubadel, 2011; Esteve-Altava et al., 2013; and Esteve-Altava et al., 2015). The 

rejection of the Traditional Module Scheme is consistent with the results of just one 

previous study (Martínez-Abadías et al., 2002) but differs from all other investigations of 

human cranial modularity. However, the study by Martínez-Abadías et al. (2002) did not 

examine alternatives to the Traditional Module Scheme. Other past studies have looked at 

human modularity at the species level, rather than the population level, so intraspecific 

differences in modularity were overlooked. Secondly, unlike prior work, this study 

identified a new nasal module that was present in all populations.  

 Another key difference between this study and past investigations of human 

cranial modularity is the approach used to organize and identify modules. Previous 

cranial modularity analyses have consistently used individual, whole cranial bones as the 
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unit of analysis, with each module being comprised of whole bones considered either 

singularly or in groups. The Traditional Module Scheme tested here was based on 

previous work that used the whole bone approach, where the crania were divided into two 

distinct regions, the vault and the face (von Cramon-Taubadel, 2011; Esteve-Altava et al., 

2013; and Esteve-Altava et al., 2015). In the Traditional Module Scheme the face was 

considered likely to reflect regional selection, and the vault more likely to reflect neutral 

genetic data (von Cramon-Taubadel, 2011, 2014). But evidence from studies involving 

the sinus cavities, and other functional zones in the human face, have demonstrated that 

alterations to functional zones affects the surrounding bone (Maddux and Butaric, 2016; 

Butaric et al., 2010; Butaric, 2015; Holton et al., 2011; O’Higgins et al., 2006; Smith et 

al., 2010; and Ito and Nishimura, 2016). These functional zones impact the shape of 

multiple parts of individual bones and multiple whole bones. If previous research is 

correct, and the environment is leading to differences in cranial shape because of 

selection or plasticity, then variation in these functional zones is an important avenue of 

study not addressed by the classic perspective. By looking at whole bones only, the 

influence of the functional zones on modularity has been overlooked. 

 Newly defined modules, for this study, were defined based on modification of the  

cranial divisions proposed in the Functional Matrix Hypothesis (Moss and Young, 1960; 

Cheverud, 1982). In this case the definition of modules is based on sensory organ 

development, the region of the nasal cavity, and the location of the maxillary sinus; in 

addition, set anatomical landmarks are used as connecting points (see Figure 4.2). The 

Nasal Module Scheme was based on the presence of a proposed nasal functional zone and 

is novel to this study. It is intended to cover the surface area associated with the nasal 
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complex (nasal bones, nasal aperture, nasal notch, and the maxillary bone over the nasal 

sinuses). The Nasal Alveolar Module Scheme then subdivides the Nasal Module and 

identifies a module reflecting the area likely affected by an alveolar functional zone. The 

alveolar module is based on the FMH and the subdivisions of the cranium by von 

Cramon-Taubadel (2014). 

Figure 4.2 Sensory Constraints for Modularity. The highlighted regions cover the 

approximate locations of the sinuses below the surface of the facial complex. Locations 

are approximate due to individual and group variation in size and shape (Cheverud, 1982; 

Marks et al., 2019; Moss an Young, 1960) ⚫ Nasal Cavity (Approximate)⚫ Maxillary 

Sinus (Approximate) ⚫ Alveolar Plasticity zone of influence (approximate) 
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Figure 4.3 Modified Orofacial components of the Functional Matrix Hypothesis. Color 

overlay represents the functional zones of the crania described by Moss and Young 1960, 

Cheverud 1982, and von Cramon-Taubadel 2014. Each color zone represents a region of 

functional significance. ⚫ Frontal ⚫Nasal ⚫Orbital ⚫Masticatory ⚫Oral  

 

 

 
 

 

 One specific example clearly illustrates the value of the function based approach. 

Utilizing a whole bone approach is particularly problematic for the maxilla. The maxilla 

is a complex bone comprised of several different functional zones (Scheuer and Black, 

2000; Maddux and Butaric, 2016; Butaric et al., 2010; Butaric, 2015; Holton et al., 2011; 

O’Higgins et al., 2006; Smith et al., 2010; and Ito and Nishimura, 2016). It develops from 

four ossification centers: one around the nasal capsule, the premaxilla, the maxilla body, 

and the zygomatic (Scheuer and Black, 2000; Macklin, 1914; Macklin, 1921; and Augier, 

1931). Behind these ossification centers are the developing maxillary sinuses, which have 

been demonstrated to have a large effect on the size and shape of the surrounding bone 
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(Maddux and Butaric, 2017). Differences in these structures, based on environmental 

factors, would result in variation in the integration of the maxilla between groups that 

would not be evident if modules were defined by whole bones. 

Sinus shape and size also affects the shape of the human maxilla. An analysis of 

worldwide nasal and maxillary sinus shape found broad differences among geographic 

ranges for nasal and maxillary sinus shape that was independent of population affinity 

(Szilvássy et al., 1985). There were patterns of maxillary sinus shape based on 

continental populations, and individuals among different populations in the same 

continent exhibited similar size and mass patterns (Szilvássy et al., 1985). More recent 

research has found that the maxillary sinus works as a zone of accommodation, shifting 

in response to variation in the nasal capsule (Maddux and Butaric, 2016; O’Higgins et al., 

2006; Smith et al., 2010; and Ito and Nishimura, 2016). Further research has suggested 

that there is an inverse relationship between nasal and maxillary sinuses (Maddux and 

Butaric, 2016; O’Higgins et al., 2006; Smith et al., 2010; and Ito and Nishimura, 2016). 

Butaric (2015) found that the relationship between sinus resulted in cold dry dwelling 

populations having larger maxillary sinus volumes, and hot humid populations having 

smaller maxillary sinus volumes. Within this one bone, multiple functional and 

ossification zones are influencing the final shape. Only looking at the maxilla in its 

entirety overlooks the individual parts of the maxilla that may be contributing to 

differences in shape and modularity. The approach utilized in the present study is 

responsive to the limitations of studying only whole bones. 
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In sum, it is important that researchers focus their analyses on function and not 

only form. Subdividing the crania into functional zones is a more appropriate way to 

analyze modularity and integration when studying variation associated with the 

environment. By only focusing on whole bone morphology, or on groups whole bones, 

researchers have missed the shape differences apparent in functionally integrated regions 

of the craniofacial complex. Further work in this area is needed; studies should focus on 

ontogenetic differences in functional zones and the effect of shape differences on the 

surrounding tissue. But importantly, more carefully defined functional regions and their 

effect on craniofacial shape in the facial complex cannot be overlooked in future analyses 

of modularity. 

 

III. Cranial Integration across Environments 

 The modularity analysis provides important data on the organization of the crania 

across environments, but it does not explain whether there are differences in the 

independence or covariation of modules among ecoregions. The integration analysis 

examines the relative covariation between each pair of contiguous modules. Examining 

the fluctuating integration of all modules of the human face between ecoregions will shed 

light on variation in the functional regions of the craniofacial complex. In an integration 

analysis, the fluctuations in the strength and pattern of covariation between modules in 

different ecoregions is the focus. The primary modular scheme discussed is the Nasal 

Alveolar Module Scheme, as the findings in the modularity analysis found that those 

modular divisions were vest supported in the majority of comparisons. However, it is 
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challenging to compare the results of the integration analysis to previous research 

because the definition of cranial modules used in the analysis differ from previous work, 

as does the definition of population used here to refer to members of an ecoregion and not 

concordant with distance from Africa. 

 This study rejects the third null hypothesis and accepts the alternative hypothesis 

that cranial modular integration is affected by ecoregion affinity. There are two ways to 

examine differences in modular covariation between ecoregions. The first is to compare 

the relative strength of the modular covariation between ecoregions. The second is to 

examine the pattern of modular integration between ecoregions. Integration strength for 

all domains and divisions are on a spectrum, and demonstrates that the overall integration 

between modules is weaker in the Dry and Polar domains and stronger in the Humid 

Temperate and Humid Tropical domains. In other words, functional portions of the crania 

(modules) vary more independently from one another in the Dry and Polar domains, and 

less so in the other domains.  More generally, the spectrum of integration among 

ecodomains seems to suggest that there is higher overall integration in more temperate 

environments, and that integration decreases in less temperate (or more extreme) 

environments.  

 The strength of integration between the divisions is much more complex and does 

not fully align with the pattern found between domains. The divisions within the Humid 

Tropical, Humid Temperate, and Dry domains are more variable and do not follow the 

same patterns of strong to weak integration. The four least integrated divisions are the 

(Warm, Mediterranean, Marine, and Subtropical) are all found in the Humid Temperate 
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domain. The most integrated divisions are scattered among all four domains. They are the 

Prairie (Humid Temperate domain), Tropical Subtropical Steppe (Dry domain), and 

Savannah and Rainforest (both divisions in the Humid Tropical domain). Moderate 

strength of integration was found in the Tundra (Polar domain) and Tropical Subtropical 

Desert (Dry domain) divisions. 

 By looking at the patterns of covariation, there are four distinct patterns of 

modular integration among ecodivisions. The first pattern is characterized by a higher 

level of integration in the facial and alveolar modules, followed by the nasal and alveolar 

modules, with the least amount of integration between the nasal and facial modules. This 

pattern is followed by three divisions within the Humid Temperate Domain (Marine, 

Subtropical, and Warm), the Tundra division (Polar domain), and the Rainforest division 

(Humid Tropical division). This pattern suggests that there is stronger evidence for the 

integration of the alveolar module with all other facial modules, while there is less 

integration between the nasal and facial modules. This provides support for relative 

independence of the nasal module. Less covariation between the nasal module and facial 

module demonstrates that changes to the nasal region have less of an impact on the 

overall shape of the remaining portion of the maxilla (i.e. the facial module), and that 

changes to the maxilla have less of an impact on nasal shape. It is interesting that this 

pattern encompasses almost all the divisions in the Humid Temperate domain but does 

not include Mediterranean and Prairie.  

 The second pattern is found in all divisions of the Dry domain (Tropical 

Subtropical Desert, Tropical Subtropical Steppe). This pattern is subtly different from the 
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first. It is characterized by a higher level of integration in the nasal and alveolar modules, 

followed by the facial and alveolar module (a reversal of the first pattern), with the lowest 

levels of covariation between the nasal and facial modules. In sum, there is some 

similarity between the two patterns in that the alveolar and the other modules that 

incorporate portions of the maxillary bone are more highly integrated than the facial 

mand nasal modules. Overall, seven (63.6%) of the divisions have the lowest level of 

integration between the nasal and facial modules. Thus, the second pattern provides 

further support for the relative independence of the nasal module. Based on previous 

research, the relative independence of the nasal module is not unexpected in the Polar and 

Dry domains, however it is interesting that three Humid Temperate divisions and the 

Rainforest division (Humid Temperate domain) also follow this pattern. Careful attention 

to the functional value of the nasal region in these environments is clearly warranted.  

 The remaining two patterns are observed in the remaining divisions of the Humid 

Temperate and Humid Tropical domains. The third pattern, observed in the 

Mediterranean and Prairie divisions (Humid Temperate domain), is distinctly different 

from the first two in that the facial and nasal to be the most integrated, followed by the 

nasal and alveolar modules, and the facial and alveolar modules exhibiting the lowest 

level of integration. Finally, the fourth pattern found in the Rainforest Mountain and 

Savannah divisions (Humid Tropical domain) finds the highest level of integration 

between the facial and alveolar, followed by the nasal and facial modules, and the lowest 

level of integration between the nasal and alveolar modules. More generally, in both 

these patterns there is a a higher level of integration between the nasal module and the 

facil module, with the difference being the level of integration between the alveolar 
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module and the other modules of the maxilla. It may be possible that diet is affecting the 

variable integration of the alveolar, but dietary patterns and ecogeographic locations are 

complex and this study did not address dietary variation. 

 The results of the integration analysis are also challenging to compare with 

previous research but there are some aspects of past human cranial integration studies 

that provide insight. Typically, integration analyses of human crania have focused on the 

overall integration of the cranium or the covariation between the neurocranium, 

basicranium, and the face (Bookstein et al., 2003; Bastir and Rosas, 2005, 2006; 

Gkantidis and Halazonetis, 2011; Gunz and Harvati, 2007; McCane and Kean, 2011; 

Makedonska et al., 2012; Mitteroecker and Bookstein, 2008; Singh et al., 2012). 

However, when interspecies cranial modularity is examined, researchers have included 

more facial modules in the analyses (Makedonska et al., 2012, Marroig et al., 2009; Porto 

et al., 2009). Marroig et al. (2009) examined cranial regions (oral, nasal, zygomatic, 

vault, base, face, neurocranium, and neuroface) in a multi-species analysis of modularity 

and integration. Marroig et al. (2009) analyses indicated that there might be less 

integration in two key areas of importance for this analysis. Homo and Gorilla crania 

exhibited a lower level of integration with the nasal subdivisions and face subdivisions 

than most other mammals (Marroig et al. 2009). This is supported by the findings in this 

study, where most ecoregions exhibited similar patterns of low covariation between nasal 

modules and the other modules. It may be that the low covariation of the nasal module is 

the ancestral pattern, and the groups exhibiting a higher level of covariation with the 

nasal module and the surrounding modules represent more important variation. With the 

inclusion of more individuals, from more ecoregions, a better understanding of the 
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worldwide pattern of integration will help to determine which patterns represent the more 

typical range of integration. 

 The findings of this study reinforce some other integration findings in previous 

research. The present works show that, on average, the face is less integrated with the 

neurocranium than other parts of the crania, which supports previous findings (Lieberman 

et al., 2000; Bookstein et al., 2003; Bastir and Rosas, 2004; Singh et al., 2012; Esteve-

Altava et al., 2013; Esteve-Altava et al., 2015). Independence of modules from one 

another is associated with dry and polar environments suggesting that the functional 

regions of the craniofacial complex are less integrated in more extreme environments. 

This result supports the previous research that proposed that nasal shape differences are 

associated with altered respiratory function due to low humidity or low temperature 

(Bastir et al., 2011; Bastir and Rosas, 2016; Leonard et al., 2005; Maddux et al., 2016; 

Rosas and Bastir, 2002; Snodgrass et al., 2005). In a study of the evolvability of modules, 

researchers have theorized that increased integration results in lowered evolvability and 

constrained variability (Martin et al., 2005; Goswami and Polly, 2010). This would 

suggest that the increased integration in the Humid Temperate and Humid Tropical 

domains would result in less variability. However, both domains exhibit two different 

patterns of integration at the division level, indicating that a higher level of integration 

does not necessarily lead to lower levels of variation.  

 Overall, the integration analyses further our understanding of the interrelationship 

of FDMs in the human crania. This study found support for four modules in the human 

crania (Nasal, Alveolar, Facial, and Neurocranium). However, further analyses of 
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additional subdivisions matching animal studies may be necessary to understand the 

extent of human modular integration. An additional module based on the location of the 

premaxilla may also provide insight into the variable integration between the nasal, 

facial, and alveolar modules.  There is evidence for the importance of the alveolar region 

in influencing nasal and facial integration, potentially reflecting dietary differences. In 

two divisions (Mediterranean and Prairie) the results suggested that the alveolar module 

was completely independent. This result was unexpected, in part due to the relatively 

high integration in the cranium generally, but the low level of integration demonstrates 

the variability of the alveolar module between ecoregions. But the amount of dietary 

variety in each domain and division is great, except for Polar, potentially suggesting that 

there may be other ecogeographic influences on the alveolar region. This study 

demonstrates the importance of subdividing anatomical structures based on functional 

and developmental regions. Most of the variation in the integration of modules was due 

to variation in different areas of the maxilla. If this analysis were repeated and the maxilla 

was treated as a single module, very little variation between the groups would  be found.  

 

IV. Selection and Plasticity 

 Are the differences in cranial shape, modularity, and integration the result of 

selection, drift, or plasticity? Previous work on human cranial morphology has concluded 

that most cranial variation is the result of some combination of plasticity, mutation, drift, 

and selection (Bastir et al., 2011; Davies, 1932; Cabanac and Caputa,1979; Churchill et 

al., 2004; Dean, 1988; Harvati and Weaver, 2006a, 2006b; Hubbe et al., 2009; Mariak et 
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al., 1999; Noback et al., 2011; Roseman, 2004; Roseman and Weaver, 2004). However, 

those studies did not consider cranial variation in multivariate-defined ecoregions, and 

only sought to understand the role of individual climatic variables in explaining 

variability. These studies repeatedly found variation in cold and dry environments that 

could not be explained by the process of drift but may have overlooked cranial variation 

associated with more temperate environments due to the strong signal of drift obscuring 

the effect of the environment. But what remains unclear is whether the variation observed 

is a result of the exposure to the environment during development (developmental 

plasticity), other environmental factors, or whether it is the result of new genetic traits 

derived from a genetically based adaptation to the environment (selection).  

 There are several results from this study that may reflect selection, and one result 

that suggests that cranial variation may be affected by differences in dietary toughness. 

The variation in the shape of the nasal region, as well as the variation in the integration of 

the nasal module and surrounding modules may be the result of selection. Nasal shape 

has been found to be strongly tied to genetic variation, and shape differences in the nasal 

region are more likely to reflect selection rather than plasticity (Claes et al., 2018; 

Pickrell et al., 2016; Shaffer et al., 2016; Zaidi et al., 2017). From the analysis of the 

internal structure of the nose, only the concha was found to differ in shape due to 

developmental plasticity, and variation in the shape of the nasal concha did not alter the 

shape of the rest of the nasal or facial complex (Marks et al., 2019). If these findings hold 

true, then the variation in the shape of the nasal region found in this study may be the 

result of selection. 
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 Evidence of variable modularity and integration may also be more likely to reflect 

selection. By examining FDMs rather than whole bone modules, this study is examining 

regions of the crania less likely to be influenced by plasticity. The functional regions are 

relatively conserved regions, fixed early on in development, and less susceptible to the 

influence of plasticity (Cheverud, 1996; Wagner, 1996; Wagner and Altenberg, 1996; 

Bastir and Rosas, 2005; Klingenberg, 2008). Morphological variation in modularity and 

integration are theorized to more likely reflect selection (Cheverud, 1996; Wagner, 1996; 

Wagner and Altenberg, 1996; Bastir and Rosas, 2005; Klingenberg, 2008). Furthermore, 

quantitative genetic theory proposes that the morphology of functional developmental 

modules will be reflected in the genetic system (Cheverud, 1996; Wagner, 1996). 

Variation in the integration between modules that represent functionally (or 

developmentally) linked morphological regions are the result of variation in the genetic 

integration and likely reflect selection (Cheverud, 1996; Wagner, 1996). If there is 

evidence for differences in craniofacial shape (specifically the nasal region) by ecoregion, 

and if there is variation in craniofacial modularity and integration by ecoregion, then 

there is additional evidence for selection rather than plasticity. 

 However, without genetic evidence it remains an open question as to whether the 

variation presented in this analysis is the result of selection or developmental plasticity. 

Human migration into many of these ecoregions only provides a small window of time 

for the evolution of new genetic and phenotypic traits to emerge. While some of the 

individuals represented in this study are arguably representative descendants of older 

migrations out of Africa, some individuals likely represent descendants of populations 

that migrated into new ecoregions relatively recently (5-20k years ago). Some human 
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traits have evolved in less time, but it is a short time for novel climate-adapted traits to 

develop and be subject to selection (e.g., Wilde et al., 2014). 

 While some variation in modularity and integration may reflect selection, the 

variability in the presence or absence of an alveolar module, as well as the variability of 

the integration between the alveolar module and other modules, may reflect plastic 

morphological responses in the alveolar bone due to differences in dietary toughness 

between ecoregions. Because diet can affect alveolar shape (von Cramon-Taubadel, 

2009a, 2009b, 2014) it is likely affecting some of the alveolar module integration both in 

the analysis of the Nasal Alveolar Module Scheme and in the integration analysis 

between the alveolar module and the surrounding modules. A further analysis of diet and 

alveolar integration would be necessary to explore that issue further, as diet was not 

included in this analysis. The cranial shape variability in this study is also not likely to 

reflect shape changes associated with acute nutritional stress, as poor nutrition is more 

likely to reflect size changes (head circumference) than shape. Importantly, none of the 

individuals used in this study exhibited pathologies associated with acute nutritional 

deficiencies. Although more studies on facial shape variation and poor nutrition are 

needed to fully understand if acute childhood nutritional stress leads to adult shape 

differences. If the theory that variation in modularity and integration reflects selection is 

valid, then there is some evidence in this study that supports the Regional Selection 

hypothesis, but more work is needed to conclusively explain the evolutionary origins of 

ecoregion based cranial variation.  
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V. The Essential Environment 

The results of this study demonstrate the importance of taking the environment 

and climate into account when analyzing differences in phenotype. It is impossible to 

remove the influence of the environment from the development and evolution of cranial 

morphology of an organism. This study focused on the environment and cranial 

variability, cranial modularity, and cranial integration, other investigations into human 

variability should also be analyzed with an ecoregion approach.  

 One major issue in analyzing ecoregion variation is the lack of a standard 

ecoregion scheme or framework. Whether the study utilizes biomes, Bailey’s (2014) 

ecoregions, WWF’s scheme, or other ecoregion schemes; there needs to be consistency to 

the framework used. While Bailey’s is the best current map of ecoregions to examine 

species level diversity, the future of human ecogeographic analyses is dependent on a 

shared biogeographic map. Any new ecogeographic frameworks should be based on the 

needs of anthropology and applicable to intraspecific variation. Paleoclimate modeling 

will also likely be increasingly important as researchers attempt to understand how 

climate change and variability has impacted human morphology.  

A critical issue with the analysis of cranial shape and environment is applying 

time appropriate climate and ecoregion data. For this study, modern climate data and 

ecoregion mapping were used to examine cranial variation and environmental conditions. 

This was done, in part, to conform to the methods of contemporaneous research and past 

research. But the modern climate record does not reflect the actual climate throughout 
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human history, and the deviations in climate or ecoregion position could alter the specific 

ecoregion into which populations migrated.  

Examining past changes in worldwide ecoregions is a matter of time scale and 

climate modeling. Accurately modeling past climate (beyond temperature and humidity 

estimates) is complicated and not available for all areas of the world. The modern 

climate, during the Holocene epoch, has been relatively stable during the last 9,000 years 

(Allen et al., 2020; Bailey 2009). However, the climate during the last 500,000 years has 

gone through many large-scale fluctuations (see figure 4.2) (Bailey, 2009; Fairbridge, 

1963). Figure 4.4 depicts the climate modeling of the four major ecoregion domains and 

their relative fluctuation in latitudinal position over the last 300,000 years (Bailey, 2009; 

Fairbridge, 1963). Over the last 150,000 years, the global climate has fluctuated due to 

the glacial/inter-glacial climate cycle (see Figure 4.5 for variation in the global mean 

temperature) (Allen et al., 2020; Bailey, 2009). These fluctuations may be of evolutionary 

importance and deserve further scrutiny.  
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Figure 4.4: Variability in the Four Major Climate Zones*. Long term climate fluctuations 

by Latitude for major continents and countries. Fluctuations are based on long term 

climate analyses and data from core samples. 

 

*Fairbridge (1963) as modified in Bailey (2009) 
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Figure 4.5: Mean Global Temperature 150,000 BP to Present*. Fluctuations in mean 

global temperature throughout the last major climate cycle, between the last two 

interglacial periods (approximately the last 150,000 years). 

 

  

*Mitchell (1977) as modified in Bailey (2009) 

 

The variation in climate over time is not uniform in all locations. Populations 

living nearest to the equator experienced less fluctuations in ecoregions than those 

towards the poles due to the climate shifts associated with glaciation (Allen et al., 2020; 

Bailey, 2009). The climatic fluctuations throughout North America, Northern Europe, 

and Asia were more drastic and varied more during each glacial period than other regions 

(Allen et al., 2020; Bailey, 2009). While the climate is fluctuating for most of human 

history, the relative averages of temperature and the average ecoregion positioning are 

relatively stable over the whole period, but no region of the earth was immune to climatic 

shifts during human history (Allen et al., 2020; Bailey, 2009). See Figure 4.6 and 4.7 for 



 

126 
 

present and estimated global biomes at four different time periods (Allen et al., 2020). It 

is difficult to say what the effect of a population living in one climate for the last 10,000 

years would be after being exposed to fluctuating climate for 100,000 years. How much 

time is necessary to develop ecoregion specific novel phenotypes? This is a question that 

can only be answered through examining the long-term ecoregion map for each 

population under analysis coupled with a genetic analysis. With the current state of 

paleoclimate modeling, the Bailey (2014) ecoregion model is the best representation of 

the climatic conditions of the past 10,000 years. As paleoclimate ecoregion modeling 

improves, it will be easier to repeat the analysis of this study with environmental data 

covering a population’s entire span of occupation. Understanding how humans have 

adapted and changed to a fluctuating environment is also vitally important to our 

understanding of future climate change.  
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Figure 4.6:   Modern Biome from Allen et al. (2020). Modern biome distribution (Compare with past bioms in Figure 4.7). 

This map is based on similar data utilized by Bailey (2014) in his ecoregion maps. 
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Figure 4.7: Projected Biomes from 10, 22, 114, and 126 ka BP from Allen et al. (2020). Estimated past biomes based on 

climate modeling (compare to Figure 4.6). Past climate data is not available for all locations, and these maps represent 

projections for locations without data from locations with analyzed pollen core samples. 
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VI. Future Directions 

 

This study represents the first large scale study of ecoregion specific cranial 

variation, modularity, and integration, it provides an important first step in analyzing the 

diversity of biological shape associated with ecological conditions. Because this study 

examined 298 individuals from 11 ecodivisions (73.3%), future studies should expand 

both the number of individuals, but also the number of ecoregions included. An analysis 

that also includes the mountain subdivision for every division would also help to 

understand whether there are any differences associated with mid to high altitude 

environments as would be predicted based on the study of living populations. With 

increased sample sizes, and increased coverage of worldwide ecosystem variation, it will 

create a more complete picture of the relationship between humans and their 

environment.  

Further work is needed on the analysis of FDMs, their relationship with 

ecoregions not included in this study, and the effect of diet on the alveolar plasticity. The 

modularity analysis completed for this study included an analysis covering many of the 

developmental, functional, and ossification zones of the human maxilla. The results 

indicated that there was considerable variation in how these portions of the maxilla were 

interrelated. But not all the ossification zones were covered in the analysis. The zone for 

the human premaxillary bone was not considered, in part because it was beyond the scope 

of this study. The division level pattern and strength of the modular integration of the 

maxilla and alveolar modules were highly variable. It could be because that portion of the 

maxilla is the intersection between functional modules, ossification centers, and the 
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formation of the teeth buds (Scheur and Black, 2000). More research into the formation 

and stability of FDMs during growth and development would also be essential for 

examining function-based module schemes.  It may be possible as digitization techniques 

improve to better capture the interrelationship between the developmental units of this 

area of the maxilla throughout growth and development and between ecoregions. But 

further analyses of the integration between the maxilla should examine the role of the 

premaxilla in maxillary integration. 

 An important first step would be to utilize computerized tomography (CT) scans 

of crania in similar ecoregions and examine differences in sinus shape. A better 

understanding of any differences in sinus shape and volume between ecoregions would 

further our understanding of the differences in the maxillary and nasal regions due to 

environmental differences. It is important that any future ecoregion cranial analysis 

examine whether there are any internal, functionally important zones, that are variable 

between environments. The results from previous work indicate there are differences in 

the sinus shape and size and in the size of the nasal cavity associated with temperature 

and humidity, but it is unclear whether utilizing an ecoregion approach would find that 

the variation extended to other environments (Maddux et al., 2016; Maddux et al., 2017; 

Marks et al., 2019). CT scans would allow for a more complex investigation into 

ecoregion based cranial variation.  
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VII. Conclusions 

Homo sapiens are uniquely well suited to thrive in many different environments. 

The expansion out of Africa into new locations has led to population specific 

morphological variation. Previous research concluded that the variation observed was 

likely the result of drift, with some correlation between nasal shape and extremely cold or 

extremely dry environments suggesting the influence of selection (Bastir et al., 2011; 

Davies, 1932; Cabanac and Caputa, 1979; Churchill et al., 2004; Dean, 1988; Harvati and 

Weaver, 2006a, 2006b; Hubbe et al., 2009; Marks et al., 2019; Mariak et al., 1999; 

Noback et al., 2011; Roseman, 2004; Roseman and Weaver, 2004). This study 

investigated the role of the environment with four procedures. The first was to examine 

the variation between groups based on the environment they lived in. The second was to 

determine the number of modules in the facial complex. The third was to determine 

whether there was any variation in modularity between ecoregions. The final procedure 

examined whether there were any differences in the integration between modules. This 

study attempted to mitigate the effects of drift by focusing on the environment 

individuals resided in, combining individuals from various distances from Africa into 

each ecoregion, rather than studying continental populations. This study also sought to 

investigate morphological variation that would more likely reflect selection. By focusing 

on the modularity and integration of functionally important (and likely more conserved) 

regions, the analyses allowed for greater certainty that any variation was less likely to be 

a plastic response to environmental conditions. 
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The results of this study indicate that the environment influences craniofacial 

shape in all ecoregions, not only in cold and dry extremes. Each ecoregion exhibited 

morphologically distinct variation and the results are consistent with earlier studies that 

individuals that lived in Polar regions were more morphologically distinct. This study 

identified a pattern of human modularity, finding strong support for neurocranium, 

maxilla, nasal, and alveolar modules. While there was consistent support for a nasal 

module in all populations, there was more variation in the support of an alveolar module. 

The alveolar module represents a more plastic area of bone, known to fluctuate based on 

dietary preference. Further, the results indicate that selection may be acting on the 

integration of modules that represent functional zones of the crania, although genetic 

evidence is required to definitively answer the question of selection. The results confirm 

that there is a lower level of integration (i.e., greater independence) between the modules 

in environments that are very cold or very dry. This decrease in integration, or increase in 

the independence of these functional models, potentially reflects the evolvability of the 

Functional Developmental Modules (FDMs). Decreased integration is one indicator that 

selection can act on modules more independently. In contrast, in more temperate regions, 

the entirety of the facial complex is more integrated, potentially reflecting weaker 

selection acting on the FDMs. Overall, this study demonstrates that there is 

ecogeographic cranial variation, limited ecogeographic modularity variation, and specific 

ecogeographic patterns of cranial integration. It is essential that human diversity 

continues to be examined in terms of our place as a species in the environment. 

 

 

 



 

133 
 

BIBLIOGRAPHY 

 

 

Ackermann, R. R. (2005). Ontogenetic integration of the hominoid face. Journal of  

Human Evolution, 48(2), 175-197. 

 

Allen, J. A. (1877). The influence of physical conditions in the genesis of species.  

Radical review, 1, 108-140. 

 

Allen, J. R., Forrest, M., Hickler, T., Singarayer, J. S., Valdes, P. J., & Huntley, B.  

(2020). Global vegetation patterns of the past 140,000 years. Journal of 

Biogeography, 47(10), 2073-2090. 

 

Ashton, K. G., Tracy, M. C., & Queiroz, A. D. (2000). Is Bergmann’s rule valid for  

mammals?. The American Naturalist, 156(4), 390-415. 

 

Augier, M. (1931). Squelette céphalique in Poirier-Charpy. Traité d'Anatomie humaine, 1  

(1). 

 

Baldwin, J. M. (1896). Heredity and instinct. Science, 3(64), 438-441. 

 

Badyaev, A. V., & Foresman, K. R. (2000). Extreme environmental change and  

evolution: stress-induced morphological variation is strongly concordant with 

patterns of evolutionary divergence in shrew mandibles. Proceedings of the Royal 

Society of London. Series B: Biological Sciences, 267(1441), 371-377. 

 

Badyaev, A. V., & Foresman, K. R. (2004). Evolution of morphological integration. I.  

Functional units channel stress-induced variation in shrew mandibles. The 

American Naturalist, 163(6), 868-879. 

 

Badyaev, A. V., & Oh, K. P. (2008). Environmental induction and phenotypic retention  

of adaptive maternal effects. BMC Evolutionary Biology, 8(1), 1-10. 

 

Bailey, R. G. (2009). Ecosystem geography: from ecoregions to sites. Springer Science &  

Business Media. 

 

Bailey, R. G. (2014). Ecoregions: The Ecosystem Geography of the Oceans and  

Continents. Second Edition. Springer, New York.  

 

Baker, P. T. (1984). The adaptive limits of human populations. Man, 19, 1-14. 

 

Bastir, M. (2008). A Systems-Model for the Morphological Analysis of Integration and  

Modularity in Human Craniofacial Evolution. Journal of anthropological 

sciences= Rivista di antropologia: JASS, 86, 37-58. 

 



 

134 
 

Bastir, M., Godoy, P., & Rosas, A. (2011). Common features of sexual dimorphism in the  

cranial airways of different human populations. American Journal of Physical 

Anthropology, 146(3), 414-422. 

 

Bastir, M., O'Higgins, P., & Rosas, A. (2007). Facial ontogeny in Neanderthals and  

modern humans. Proceedings of the Royal Society B: Biological Sciences, 

274(1614), 1125-1132. 

 

Bastir, M., & Rosas, A. (2004). Hierarchical nature of morphological  

integration and modularity in the human posterior face. American Journal of 

Physical Anthropology, 128(1), 26-34. 

 

Bastir, M., & Rosas, A. (2005). Hierarchical nature of morphological integration and  

modularity in the human posterior face. American Journal of Physical 

Anthropology, 128(1), 26-34. 

 

Bastir, M., & Rosas, A. (2016). Cranial base topology and basic trends in 

the facial evolution of Homo. Journal of Human Evolution, 91, 26–35. 

 

Beall, C. M. (2013). Human adaptability studies at high altitude: research designs and  

major concepts during fifty years of discovery. American Journal of Human 

Biology, 25(2), 141-147. 

 

Beall, C. M. (2007a). Detecting natural selection in high-altitude human populations.  

Respiratory physiology & neurobiology, 158(2-3), 161-171. 

 

Beall, C. M. (2007b). Two routes to functional adaptation: Tibetan and Andean high- 

altitude natives. Proceedings of the National Academy of Sciences, 104(suppl 1), 

8655-8660. 

 

Beall, C. M. (2006). Andean, Tibetan, and Ethiopian patterns of adaptation to high- 

altitude hypoxia. Integrative and comparative biology, 46(1), 18-24. 

 

Beals, K. L., Smith, C. L., & Dodd, S. M. (1983). Climate and the evolution of  

brachycephalization. American Journal of Physical Anthropology, 62(4), 425-

437. 

 

Bergmann, C. (1847). "Über die Verhältnisse der Wärmeökonomie der \Thiere zu ihrer  

Grösse". Göttinger Studien. 3 (1): 595–708. 

 

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. 

 

 



 

135 
 

Betti, L., von Cramon-Taubadel, N., Manica, A., & Lycett, S. J. (2014). The interaction  

of neutral evolutionary processes with climatically-driven adaptive changes in the 

3D shape of the human os coxae. Journal of Human Evolution, 73, 64-74. 

 

Bigham, A. W., Kiyamu, M., León-Velarde, F., Parra, E. J., Rivera-Ch, M., Shriver, M.  

D., & Brutsaert, T. D. (2008). Angiotensin-converting enzyme genotype and 

arterial oxygen saturation at high altitude in Peruvian Quechua. High altitude 

Medicine & Biology, 9(2), 167-178. 

 

Bigham, A. W., Wilson, M. J., Julian, C. G., Kiyamu, M., Vargas, E., Leon‐Velarde, F.,  

& Shriver, M. D. (2013). Andean and Tibetan patterns of adaptation to high 

altitude. American Journal of Human Biology, 25(2), 190-197. 

 

Boas, F., & Boas, H. M. (1913). The head-forms of the Italians as influenced by heredity  

and environment. American Anthropologist, 15(2), 163-188. 

 

Bookstein, F. L., Gunz, P., Mitteroecker, P., Prossinger, H., Schaefer, K., & Seidler, H.  

(2003). Cranial integration in Homo: singular warps analysis of the midsagittal 

plane in ontogeny and evolution. Journal of Human Evolution, 44(2), 167-187. 

 

Buikstra, J. E. Douglas Ubelaker, eds. (1994). Standards for Data Collection from  

Human Skeletal Remains: Proceedings of a Seminar at The Field Museum of 

Natural History. Fayetteville: Arkansas Archeological Survey Research Series, 

(44). 

 

Butaric, L. N. (2015). Differential scaling patterns in maxillary sinus volume and nasal  

cavity breadth among modern humans. The Anatomical Record, 298(10), 1710-

1721. 

 

Butaric, L. N., & Klocke, R. P. (2018). Nasal variation in relation to high‐altitude  

adaptations among Tibetans and Andeans. American Journal of Human Biology, 

30(3), e23104. 

 

Butaric, L. N., McCarthy, R. C., & Broadfield, D. C. (2010). A preliminary 3D computed  

tomography study of the human maxillary sinus and nasal cavity. American 

Journal of Physical Anthropology, 143(3), 426-436. 

 

Cabanac, M., & Caputa, M. (1979). Natural selective cooling of the human brain:  

evidence of its occurrence and magnitude. The Journal of Physiology, 286(1), 

255-264. 

 

Cain, M., Bowman, W., Hacker, S. (2014). Ecology (Third ed.).  

Massachusetts: Sinauer. 

  

 



 

136 
 

Callaway, E. (2018). Israeli fossils are the oldest modern humans ever found outside of  

Africa. Nature, 554(7690), 15-17. 

 

Calow, P. P. (2009). Encyclopedia of ecology and environmental management. John  

Wiley & Sons. 

 

Carey, J. W., & Steegmann Jr, A. T. (1981). Human nasal protrusion, latitude, and  

climate. American Journal of Physical Anthropology, 56(3), 313-319. 

 

Cheverud, J. M. (1982). Phenotypic, genetic, and environmental morphological  

integration in the cranium. Evolution, 499-516. 

 

Cheverud, J. M. (1996). Developmental integration and the evolution of pleiotropy.  

American Zoologist, 36(1), 44-50. 

 

Chinn, D. J., Cotes, J. E., & Martin, A. J. (2006). Modelling the lung function of  

Caucasians during adolescence as a basis for reference values. Annals of Human 

Biology, 33(1), 64-77. 

 

Churchill, S. E., Shackelford, L. L., Georgi, J. N., & Black, M. T. (2004). Morphological  

variation and airflow dynamics in the human nose. American Journal of Human 

Biology, 16(6), 625-638.. 

 

Claes, P., Roosenboom, J., White, J. D., Swigut, T., Sero, D., Li, J., ... & Weinberg, S. M.  

(2018). Genome-wide mapping of global-to-local genetic effects on human facial 

shape. Nature Genetics, 50(3), 414-423. 

 

Clements, F. E. (1916). The development and structure of biotic communities. Journal of  

Ecology, 5, 12-21. 

 

Cole, P. (1982). Modification of inspired air. In D. F. Proctor & I. Andersen 

(Eds.), The nose: Upper airway physiology and the atmospheric environment 

(pp. 351–375). New York: Elsevier Biomedical Press. 

 

Coon, C. S., & Hunt, E. E. (1966). The living Races of Man. Cape. 

 

Coop, G., Witonsky, D., Di Rienzo, A., & Pritchard, J. K. (2010). Using environmental  

correlations to identify loci underlying local adaptation. Genetics, 185(4), 1411-

1423. 

 

Cottle, M. H. (1955). The structure and function of the nasal vestibule. 

Archives of Otolaryngology, 62, 173–181. 

 

Crognier, E. (1981a). Climate and anthropometric variations in Europe 

and the Mediterranean Area. Annals of Human Biology, 8, 99–107. 



 

137 
 

Crognier, E. (1981b). The influence of climate on the physical diversity 

of European and Mediterranean populations. Journal of Human Evolution, 

10, 611–614. 

 

Cusick, S. E., & Georgieff, M. K. (2016). The role of nutrition in brain development: the  

golden opportunity of the “first 1000 days”. The Journal of pediatrics, 175, 16-21. 

 

Darwin, C. (1859). On the origin of species by means of natural 

selection, or preservation of favoured races in the struggle for life. 

Retrieved from 

https://search.library.wisc.edu/catalog/9934839413602122 

 

Davies, A. (1932). A re-survey of the morphology of the nose in relation to climate. The  

Journal of the Royal Anthropological Institute of Great Britain and Ireland, 62, 

337-359. 

 

Dean, M. C. (1988). Another look at the nose and the functional significance of the face  

and nasal mucous membrane for cooling the brain in fossil hominids. Journal of 

Human Evolution, 17(7), 715-718. 

 

Devor, E. J. (1987). Transmission of human craniofacial dimensions. Journal Of  

Craniofacial Genetics And Developmental Biology, 7(2), 95-106. 

 

Dixon, A. D., Hoyte, D. A., & Ronning, O. (2017). Fundamentals of craniofacial growth.  

Crc Press. 

 

Douka, K., Bergman, C. A., Hedges, R. E., Wesselingh, F. P., & Higham, T. F. (2013).  

Chronology of Ksar Akil (Lebanon) and implications for the colonization of 

Europe by anatomically modern humans. PloS one, 8(9), e72931. 

 

Dressino, V., & Pucciarelli, H. M. (1997). Cranial growth in Saimiri sciureus (Cebidae)  

and its alteration by nutritional factors: a longitudinal study. American Journal of 

Physical Anthropology, 102(4), 545-554. 

 

Eccles R. (2002). An explanation for the seasonality of acute upper respiratory tract viral  

infections. Acta Otolaryngology. 122: 183 – 191. 

 

Elad, D., Wolf, M., & Keck, T. (2008). Air-conditioning in the human nasal cavity.  

Respiratory Physiology & Neurobiology, 163(1-3), 121-127. 

 

Escoufier, Y. (1973). Le Traitement des Variables Vectorielles. Biometrics, 751-760. 

 

 

 

 

https://search.library.wisc.edu/catalog/9934839413602122


 

138 
 

Esteve‐Altava, B., Marugán‐Lobón, J., Botella, H., Bastir, M., & Rasskin‐Gutman, D.  

(2013). Grist for Riedl's mill: a network model perspective on the integration and 

modularity of the human skull. Journal of Experimental Zoology Part B: 

Molecular and Developmental Evolution, 320(8), 489-500. 

 

Esteve-Altava, B., Boughner, J. C., Diogo, R., Villmoare, B. A., & Rasskin-Gutman, D.  

2015). Anatomical network analysis shows decoupling of modular lability and 

complexity in the evolution of the primate skull. PLoS One, 10(5), e0127653. 

 

Evteev, A., Cardini, A. L., Morozova, I., & O'Higgins, P. (2014). Extreme climate, rather  

than population history, explains mid‐facial morphology of Northern Asians. 

American Journal Of Physical Anthropology, 153(3), 449-462. 

 

Fairbridge, R. W. (1963). Nile sedimentation above Wadi Halfa during the last 20,000  

years. Kush, 11, 96-107. 

 

Foster, F., & Collard, M. (2013). A reassessment of Bergmann's rule in modern humans.  

PloS One, 8(8), e72269. 

 

Frankino, W. A., R. A. Raff. 2004. Evolutionary importance and pattern of phenotypic  

plasticity: Insights gained from development. Pp 64-81 in: Phenotypic Plasticity, 

Functional and Conceptual Approaches. T. J. DeWitt and S. M. Scheiner, eds. 

Oxford University Press. 

 

Franciscus, R. G. (1995). Later Pleistocene Nasofacial Variation in Western Eurasia And  

Africa and Modern Human Origins. The University of New Mexico. 

 

Franciscus, R. G. (2003). Internal nasal floor configuration in Homo with special  

reference to the evolution of Neandertal facial form. Journal of Human Evolution, 

44(6), 701-729. 

 

Franciscus, R. G., & Long, J. C. (1991). Variation in human nasal height and breadth.  

American Journal of Physical Anthropology, 85(4), 419-427. 

 

Franciscus, R. G., & Trinkaus, E. (1988). Nasal morphology and the emergence of Homo  

erectus. American Journal of Physical Anthropology, 75(4), 517-527. 

 

Freidline, S. E., Gunz, P., Harvati, K., & Hublin, J. J. (2012). Middle Pleistocene human  

facial morphology in an evolutionary and developmental context. Journal of 

Human Evolution, 63(5), 723-740. 

 

Freidline, S. E., Gunz, P., Harvati, K., & Hublin, J. J. (2013). Evaluating developmental  

shape changes in Homo antecessor subadult facial morphology. Journal of 

Human Evolution, 65(4), 404-423. 

 



 

139 
 

Frisancho, A.R., Baker, P.T., (1970). Altitude and growth: a study of the patterns of 

physical growth of a high altitude Peruvian Quechua population. American 

Journal of Physical Anthropology. 32, 279e292. 

 

Frisancho, A.R., Greksa, L.P., (1989). Developmental responses in the acquisition of 

functional adaptation to high altitude. In: Little, M.A., Haas, J.D. (Eds.), Human 

Population Biology: a Transdisciplinary Science. Oxford University Press, New 

York, pp. 203e221. 

 

Gkantidis, N., & Halazonetis, D. J. (2011). Morphological integration between the cranial  

base and the face in children and adults. Journal of Anatomy, 218(4), 426-438. 

 

Gonzalez, P. N., Hallgrímsson, B., & Oyhenart, E. E. (2011). Developmental plasticity in 

covariance structure of the skull: effects of prenatal stress. Journal of Anatomy, 2

 18(2), 243-257. 

 

Goodall, C. (1991). Procrustes methods in the statistical analysis of shape. Journal of the  

Royal Statistical Society: Series B (Methodological), 53(2), 285-321. 

 

Goswami, A., & Polly, P. D. (2010). Methods for studying morphological integration and  

modularity. Quantitative Methods in Paleobiology, 16, 213-243. 

 

Gravlee, C. C., Bernard, H. R., & Leonard, W. R. (2003). Boas's changes in bodily form:  

The immigrant study, cranial plasticity, and Boas's physical anthropology. 

American Anthropologist, 105(2), 326-332. 

 

Greksa, L. P., & Beall, C. M. (1989). Development of chest size and lung function at high  

altitude. Human Population Biology: A Transdisciplinary Science, 222-238. 

 

Greksa, L. P., Spielvogel, H., & Caceres, E. (1985). Effect of altitude on the physical  

growth of upper-class children of European ancestry. Annals of Human Biology, 

12(3), 225-232. 

 

Günther, T., & Coop, G. (2013). Robust identification of local adaptation from allele  

frequencies. Genetics, 195(1), 205-220. 

 

Gunz, P. (2012). Evolutionary Relationships Among Robust and Gracile Australopiths:  

an “Evo-Devo” Perspective. Evolutionary Biology, 39(4), 472-487. 

 

Gunz, P., Neubauer, S., Maureille, B., & Hublin, J. J. (2010). Brain Development After  

Birth Differs Between Neanderthals and Modern Humans. Current Biology, 

20(21), R921-R922. 

 

 

 



 

140 
 

Gunz, P., Neubauer, S., Golovanova, L., Doronichev, V., Maureille, B., & Hublin, J. J.  

(2012). A uniquely modern human pattern of endocranial development. Insights 

from a new cranial reconstruction of the Neandertal newborn from Mezmaiskaya. 

Journal of Human Evolution, 62(2), 300-313. 

 

Hall, R. L. (2005). Energetics of nose and mouth breathing, body size, body composition,  

and nose volume in young adult males and females. American Journal of Human 

Biology, 17(3), 321-330. 

 

Hancock, A. M., Witonsky, D. B., Ehler, E., Alkorta-Aranburu, G., Beall, C.,  

Gebremedhin, A., & Di Rienzo, A. (2010). Human adaptations to diet, 

subsistence, and ecoregion are due to subtle shifts in allele frequency. 

Proceedings of the National Academy of Sciences, 107(Supplement 2), 8924-

8930. 

 

Handley, L. J. L., Manica, A., Goudet, J., & Balloux, F. (2007). Going the distance:  

human population genetics in a clinal world. TRENDS in Genetics, 23(9), 432-

439. 

 

Hanihara, T. (1996). Comparison of craniofacial features of major human groups.  

American Journal of Physical Anthropology. 99(3), 389-412. 

 

Hanna, J. M., & Brown, D. A. (1979). Human heat tolerance: biological and  

cultural adaptations. Yearbook of Physical Anthropology. 22:163-186.  

 

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

preservation of population history and climate signatures. The Anatomical Record 

Part A: Discoveries in Molecular, Cellular, and Evolutionary Biology: An 

Official Publication of the American Association of Anatomists, 288(12), 1225-

1233. 

 

Harvati, K., & Weaver, T. D. (2006b). Reliability of cranial morphology in  

reconstructing Neanderthal phylogeny. In Neanderthals Revisited: New 

Approaches and Perspectives (pp. 239-254). Springer, Dordrecht. 

 

Hiernaux, J., & Froment, A. (1976). The correlations between anthropobiological 

and climatic variables in Sub-Saharan Africa: Revised estimates. 

Human Biology, 48, 757–767. 

 

Holton, N. E., Yokley, T. R., Froehle, A. W., & Southard, T. E. (2014). Ontogenetic  

scaling of the human nose in a longitudinal sample: Implications for genus Homo 

facial evolution. American Journal of Physical Anthropology, 153, 52–60. 

 

 

 



 

141 
 

Holton, N. E., Piche, A., & Yokley, T. R. (2018). Integration of the nasal complex:  

Implications for developmental and evolutionary change in modern humans. 

American Journal of Physical Anthropology, 166(4), 791-802. 

 

Howells W. W. (1973). Cranial Variation in Man. A Study by Multivariate  

Analysis of Patterns of Differences Among Recent Human Populations. Papers of 

the Peabody Museum of Archeology and Ethnology, vol. 67, pp. 259. Cambridge, 

Mass.: Peabody Museum. 

 

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, vol. 79, pp. 189. Cambridge, Mass.: Peabody Museum. 

 

Howells W. W. (1995). Who’s Who in Skulls. Ethnic Identification of Crania from  

Measurements. Papers of the Peabody Museum of Archaeology and Ethnology, 

vol. 82, pp. 108. Cambridge, Mass.: Peabody Museum. 

 

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

differentiation of worldwide modern human populations. The Anatomical Record: 

Advances in Integrative Anatomy and Evolutionary Biology, 292(11), 1720-1733. 

 

Hublin, J. J., Ben-Ncer, A., Bailey, S. E., Freidline, S. E., Neubauer, S., Skinner, M. M.,  

... & Gunz, P. (2017). New fossils from Jebel Irhoud, Morocco and the pan-

African origin of Homo sapiens. Nature, 546(7657), 289-292. 

 

Hylander, W. L. (2011). The adaptive significance of Eskimo craniofacial morphology.  

In Orofacial Growth and Development (pp. 129-170). De Gruyter Mouton. 

 

Ingelstedt, S. (1955). Studies on the conditioning of respired air in the respiratory tract.  

Acta Oto-laryng., 131, 7. 

 

Ito, T., & Nishimura, T. D. (2016). Enigmatic diversity of the maxillary sinus in  

macaques and its possible role as a spatial compromise in craniofacial 

modifications. Evolutionary Biology, 43(3), 414-426. 

 

James, G. D. (2010). Climate-Related Morphological Variation and Physiological  

Adaptations in. A Companion to Biological Anthropology, 20, 153. 

 

Jantz, R. L. (1973). Microevolutionary change in Arikara crania: A multivariate analysis.  

American Journal of Physical Anthropology, 38(1), 15-26. 

 

Jay, F., Sjödin, P., Jakobsson, M., & Blum, M. G. (2013). Anisotropic isolation by  

distance: the main orientations of human genetic differentiation. Molecular 

Biology and Evolution, 30(3), 513-525. 

 



 

142 
 

Katzmarzyk, P. T., & Leonard, W. R. (1998). Climatic influences on human body size  

and proportions: ecological adaptations and secular trends. American Journal of 

Physical Anthropology. 106(4), 483-503. 

 

Keck, T., Leiacker, R., Heinrich, A., Kühnemann, S., & Rettinger, G. (2000). Humidity  

and temperature profile in the nasal cavity. Rhinology, 38(4), 167-171. 

 

Keeler, J., & Most, S. P. (2016). Measuring nasal obstruction. Facial Plastic Surgery  

Clinics, 24(3), 315-322. 

 

Kennedy, T. S., Oakland, M. J., & Shaw, R. D. (1999). Growth patterns and nutritional  

factors associated with increased head circumference at 18 months in normally 

developing, low-birth-weight infants. Journal of the American Dietetic 

Association, 99(12), 1522-1526. 

 

Kimura, M. (1968). Evolutionary rate at the molecular level. Nature. 217,  

624–626  

 

Klingenberg, C. P. (2008). Morphological integration and developmental modularity.  

Annual Review of Ecology, Evolution, and Systematics, 39, 115-132. 

 

Klingenberg, C. P. (2009). Morphometric integration and modularity in  

configurations of landmarks: tools for evaluating a priori hypotheses. Evolution 

and Development. 11(4) 

 

Klingenberg, C. P. (2011). MorphoJ: an integrated software package for geometric  

morphometrics. Molecular Ecology Resources, 11(2), 353-357. 

 

Klingenberg, C. P., Barluenga, M., & Meyer, A. (2002). Shape analysis of symmetric  

structures: quantifying variation among individuals and asymmetry. Evolution, 

56(10), 1909-1920. 

 

Klingenberg, C. P., Mebus, K., & Auffray, J. C. (2003). Developmental integration in a  

complex morphological structure: how distinct are the modules in the mouse 

mandible?. Evolution & Development, 5(5), 522-531. 

 

Klingenberg, C. P., & McIntyre, G. S. (1998). Geometric morphometrics of  

developmental instability: analyzing patterns of fluctuating asymmetry with 

Procrustes methods. Evolution, 52(5), 1363-1375. 

 

Klingenberg, C. P., & Zaklan, S. D. (2000). Morphological integration between  

developmental compartments in the Drosophila wing. Evolution, 54(4), 1273-

1285. 

 

 



 

143 
 

Köppen, W. (1884). Die Wärmezonen der Erde, nach der Dauer der heissen, gemässigten  

und kalten Zeit und nach der Wirkung der Wärme auf die organische Welt 

betrachtet. Meteorologische Zeitschrift, 1(21), 5-226. 

 

Krovitz, G. E. (2003). Shape and growth differences between Neandertals and modern  

humans: grounds for a species-level distinction?. Cambridge Studies in Biological 

and Evolutionary Anthropology, 320-342. 

 

Lachenbruch, P. A. (1967). An almost unbiased method of obtaining confidence intervals  

for the probability of misclassification in discriminant analysis. Biometrics, 639-

645. 

 

Lasker, G. W. (1969). Human biological adaptability. Science, 166(3912), 1480-1486. 

 

Lee, M. M., Chu, P. C., & Chan, H. C. (1969). Magnitude and Pattern of Compensatory  

Growth in Rats After Cold Exposure. Journal of Embryology and Experimental 

Morphology, 21(3), 407-416. 

 

Leonard, W. R. (1989). Nutritional determinants of high‐altitude growth in Nuñoa, Peru.  

American Journal of Physical Anthropology, 80(3), 341-352. 

 

Leonard, W. R., Dewalt, K. M., Stansbury, J. P., & McCaston, M. K. (2000). Influence of  

dietary quality on the growth of highland and coastal Ecuadorian children. 

American Journal of Human Biology, 12(6), 825-837. 

 

Leonard, W. R., DeWalt, K. M., Stansbury, J. P., & McCaston, M. K. (1995). Growth  

differences between children of highland and coastal Ecuador. American Journal 

of Physical Anthropology, 98(1), 47-57. 

 

Leonard, W. R., & Katzmarzyk, P. T. (2010). Body Size and Shape: Climatic and  

Nutritional Influences on Human Body Morphology. In Human Evolutionary 

Biology, (pp. 157-169). Cambridge University Press. 

 

Leonard, W. R., Leatherman, T. L., Carey, J. W., & Thomas, R. B. (1990). Contributions  

of nutrition versus hypoxia to growth in rural Andean populations. American 

Journal of Human Biology, 2(6), 613-626. 

 

Leonard, W. R., Snodgrass, J. J., & Sorensen, M. V. (2005). Metabolic adaptation in  

indigenous Siberian populations. Annual Review of Anthropology, 34, 451-471. 

 

Lewis, J. E., DeGusta, D., Meyer, M. R., Monge, J. M., Mann, A. E., & Holloway, R. L.  

(2011). The mismeasure of science: Stephen Jay Gould versus Samuel George 

Morton on skulls and bias. PLoS Biology, 9(6), e1001071. 

 

 



 

144 
 

Lewontin, R. C. (1983). Gene, organism and environment. In Evolution from  

Molecules to Men. Edited by D. S. Bendall, 273–285. Cambridge, UK: 

Cambridge Univ. Press. 

 

Lieberman, D. E., Pearson, O. M., & Mowbray, K. M. (2000). Basicranial influence on  

overall cranial shape. Journal of Human Evolution, 38(2), 291-315. 

 

Lieberman, D. E., McBratney, B. M., & Krovitz, G. (2002). The evolution and  

development of cranial form in Homo sapiens. Proceedings of the National 

Academy of Sciences, 99(3), 1134-1139. 

 

Lieberman, D. E., Krovitz, G. E., Yates, F. W., Devlin, M., & Claire, M. S. (2004).  

Effects of food processing on masticatory strain and craniofacial growth in a 

retrognathic face. Journal of Human Evolution, 46(6), 655-677. 

 

Little, M. A., Thomas, R. B., & Garruto, R. M. (2013). A half century of high‐altitude  

studies in anthropology: Introduction to the plenary session. American Journal of 

Human Biology, 25(2), 148-150. 

 

Ma, J., Dong, J., Shang, Y., Inthavong, K., Tu, J., & Frank-Ito, D. O. (2018). Air  

conditioning analysis among human nasal passages with anterior anatomical 

variations. Medical Engineering & Physics, 57, 19-28. 

 

Macklin, C. C. (1914). The skull of a human fetus of 40 mm. American Journal of  

Anatomy, 16(3), 317-385. 

 

Macklin, C. C. (1921). Preliminary note on the skull of a human fetus of 43 MM.  

Greatest length. The Anatomical Record, 22(4), 251-265. 

 

Maddux, S. D., & Butaric, L. N. (2017). Zygomaticomaxillary Morphology and  

Maxillary Sinus Form and Function: How Spatial Constraints Influence 

Pneumatization Patterns among Modern Humans. The Anatomical Record, 

300(1), 209-225. 

 

Maddux, S. D., Butaric, L. N., Yokley, T. R., & Franciscus, R. G. (2017). Ecogeographic  

Variation Across Morphofunctional units of the Human Nose. American Journal 

of Physical Anthropology, 162(1), 103-119. 

 

Maddux, S. D., Yokley, T. R., Svoma, B. M., & Franciscus, R. G. (2016). Absolute  

humidity and the human nose: A reanalysis of climate zones and their influence 

on nasal form and function. American Journal of Physical Anthropology, 161(2), 

309-320. 

 

 

 



 

145 
 

Maddux S. D., Yokley T. R., Butaric L. N., Franciscus R. G. (2017).  

“Ecogeographic variation across morphofunctional units of the human nose.” 

American Journal of Physical Anthropology. 162: 103-119. 

 

Makedonska, J., Wright, B. W., & Strait, D. S. (2012). The effect of dietary adaption on  

cranial morphological integration in capuchins (Order Primates, Genus Cebus). 

PloS One, 7(10), e40398. 

 

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

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

348. 

 

Mariak, Z., White, M. D., Lewko, J., Lyson, T., & Piekarski, P. (1999). Direct cooling of  

the human brain by heat loss from the upper respiratory tract. Journal of Applied 

Physiology, 87(5), 1609-1613. 

 

Marks, T. N., Maddux, S. D., Butaric, L. N., & Franciscus, R. G. (2019). Climatic  

adaptation in human inferior nasal turbinate morphology: Evidence from Arctic 

and equatorial populations. American Journal of Physical Anthropology, 169(3), 

498-512. 

 

Martin, D. P., Van der Walt, E., Posada, D., & Rybicki, E. P. (2005). The evolutionary  

value of recombination is constrained by genome modularity. PLoS Genetics, 

1(4), e51. 

 

Martin, R. (1928). Lehrbuch der Anthropologie. 2n ed., 3 vol., Jena.  

 

Marroig, G., Shirai, L. T., Porto, A., de Oliveira, F. B., & De Conto, V. (2009). The  

evolution of modularity in the mammalian skull II: evolutionary consequences. 

Evolutionary Biology, 36(1), 136-148. 

 

Martínez‐Abadías, N., Esparza, M., Sjøvold, T., González‐José, R., Santos, M.,  

Hernández, M., & Klingenberg, C. P. (2012). Pervasive genetic integration directs 

the evolution of human skull shape. Evolution: International Journal of Organic 

Evolution, 66(4), 1010-1023. 

 

Masel, J. (2011). Genetic Drift. Current Biology. 21(20): R837-838. 

 

Maslin M. A., Trauth M. H. (2009) Plio-Pleistocene East African Pulsed  

Climate Variability and Its Influence on Early Human Evolution. In:  

Grine F.E., Fleagle J.G., Leakey R.E. (eds) The First Humans – Origin and Early 

Evolution of the Genus Homo. Vertebrate Paleobiology and Paleoanthropology. 

Springer, Dordrecht 

 

 



 

146 
 

Maslin, M. A., Brierley, C. M., Milner, A. M., Shultz, S., Trauth, M. H., & Wilson, K. E.  

(2014). East African climate pulses and early human evolution. Quaternary 

Science Reviews, 101, 1-17. 

  

McBrearty, S., & Brooks, A. S. (2000). The revolution that wasn't: a new interpretation  

of the origin of modern human behavior. Journal of Human Evolution, 39(5), 

453-563. 

 

McCane, B., & Kean, M. R. (2011). Integration of parts in the facial skeleton and cervical  

vertebrae. American Journal of Orthodontics and Dentofacial Orthopedics, 

139(1), e13-e30. 

 

McNulty, K. P., Frost, S. R., & Strait, D. S. (2006). Examining affinities of the Taung  

child by developmental simulation. Journal of Human Evolution, 51(3), 274-296. 

 

Meiri, S., & Dayan, T. (2003). On the validity of Bergmann's rule. Journal of  

Biogeography, 30(3), 331-351. 

 

Miller, J. P., & German, R. Z. (1999). Protein malnutrition affects the growth trajectories  

of the craniofacial skeleton in rats. The Journal of Nutrition, 129(11), 2061-2069. 

 

Mitteroecker, P., & Bookstein, F. (2008). The evolutionary role of modularity and  

integration in the hominoid cranium. Evolution: International Journal of Organic 

Evolution, 62(4), 943-958. 

 

Mitteroecker, P., Gunz, P., Bernhard, M., Schaefer, K., & Bookstein, F. L. (2004).  

Comparison of cranial ontogenetic trajectories among great apes and humans. 

Journal of Human Evolution, 46(6), 679-698. 

 

Möbius, A. F. (1844). Über die Zusammensetzung gerader Linien und eine daraus  

entspringende neue Begründungsweise des barycentrischen Calculs. Journal für 

die reine und angewandte Mathematik, 28, 1-9 

 

Moore-Jansen P. H., Ousley S. D., Jantz R. L. (1994). Data Collection Procedures  

for Forensic Skeletal Material. Knoxville, TN: Department of Anthropology,The 

University of Tennessee, Report No.: 48. 

 

Morton, S. G., & Combe, G. (1839). Crania Americana; or, a comparative view of the  

skulls of various aboriginal nations of North and South America: to which is 

prefixed an essay on the varieties of the human species. Philadelphia: J. Dobson; 

London: Simpkin, Marshall. 

 

Morton, S. G. (1844). Crania Aegyptiaca: or, Observations on Egyptian ethnography,  

derived from anatomy, history, and the monuments (Vol. 9). J. Pennington. 

 



 

147 
 

Moss, M. L., & Young, R. W. (1960). A functional approach to craniology. American  

Journal of Physical Anthropology, 18(4), 281-292. 

 

Mounier, A., & Lahr, M. M. (2019). Deciphering African late middle Pleistocene  

hominin diversity and the origin of our species. Nature Communications, 10(1), 1-

13. 

 

Naftali, S., Rosenfeld, M., Wolf, M., & Elad, D. (2005). The airconditioning 

capacity of the human nose. Annals of Biomedical Engineering, 

33, 545–553 

 

Negus, V. (1958). The Comparative Anatomy and Physiology of the Nose and  

Paranasal Sinuses. E. & S. Livingstone. 

 

Nei, M. (2007). The new mutation theory of phenotypic evolution. Proceedings of the  

National Academy of Sciences, 104(30), 12235-12242. 

  

Noback, M. L., Harvati, K., & Spoor, F. (2011). Climate‐related variation of the human  

nasal cavity. American Journal of Physical Anthropology, 145(4), 599-614. 

 

Nudds, R. L., & Oswald, S. A. (2007). An interspecific test of Allen's rule: evolutionary  

implications for endothermic species. Evolution: International Journal of Organic 

Evolution, 61(12), 2839-2848. 

  

O'Higgins, P., Chadfield, P., & Jones, N. (2001). Facial growth and the ontogeny of  

morphological variation within and between the primates Cebus apella and 

Cercocebus torquatus. Journal of Zoology, 254(3), 337-357. 

 

O'Higgins, P., & Jones, N. (1998). Facial growth in Cercocebus torquatus: an application  

of three‐dimensional geometric morphometric techniques to the study of 

morphological variation. Journal of Anatomy, 193(2), 251-272. 

  

O'Higgins, P., Bastir, M., & Kupczik, K. (2006). Shaping the human face. In  

International Congress Series. Vol. 1296, pp. 55-73. Elsevier. 

 

Olson, D. M., & Dinerstein, E. (1998). The Global 200: a representation approach to  

conserving the Earth's most biologically valuable ecoregions. Conservation 

Biology, 12(3), 502-515. 

 

Olson, D. M., Dinerstein, E., Wikramanayake, E. D., Burgess, N. D., Powell, G. V.,  

Underwood, E. C., ... & Kassem, K. R. (2001). Terrestrial Ecoregions of the 

World: A New Map of Life on Earth. A new global map of terrestrial ecoregions 

provides an innovative tool for conserving biodiversity. BioScience, 51(11), 933-

938. 

 



 

148 
 

Olson, E. C., & Miller, R. L. (1999). Morphological integration. University of Chicago  

Press. 

 

Ousley, S., & McKeown, A. (2001). Three dimensional digitizing of human skulls as an  

archival procedure. Bar International Series, 934, 173-186. 

 

Oyhenart, E. E., Techenski, M. F., & Orden, A. B. (2003). Nutritional status in two  

Mbyá-Guaraní communities from Misiones (Argentina). Homo, 54(2), 170-179. 

 

Pickrell, J. K., Berisa, T., Liu, J. Z., Ségurel, L., Tung, J. Y., & Hinds, D. A. (2016).  

Detection and interpretation of shared genetic influences on 42 human traits. 

Nature Genetics, 48(7), 709-717. 

 

Pigliucci, M., & Finkelman, L. (2014). The Extended (Evolutionary)  

Synthesis Debate: Where Science Meets Philosophy, BioScience. 64(6): 511–516. 

 

Ponce de León, M. S. P., & Zollikofer, C. P. (2001). Neanderthal cranial ontogeny and its  

implications for late hominid diversity. Nature, 412(6846), 534-538. 

 

Porto, A., de Oliveira, F. B., Shirai, L. T., De Conto, V., & Marroig, G. (2009). The  

evolution of modularity in the mammalian skull I: morphological integration 

patterns and magnitudes. Evolutionary Biology, 36(1), 118-135. 

 

Potts, R., (1998). Environmental hypothesis of hominin evolution.  Yearbook  

of Physical Anthropology. 41: 93-136. 

 

Potts, R., (2013). Hominin evolution in settings of strong environmental  

variability. Quaternary Science Reviews. 73: 1-13. 

 

Potts, R., & Faith, J. T. (2015). Alternating high and low climate variability: The context  

of natural selection and speciation in Plio-Pleistocene hominin evolution. Journal 

of Human Evolution, 87, 5-20. 

 

Pritchard, J. K., Pickrell, J. K., & Coop, G. (2010). The genetics of human adaptation:  

hard sweeps, soft sweeps, and polygenic adaptation. Current Biology, 20(4), 

R208-R215. 

Pucciarelli, H. M., Dressino, V., & Niveiro, M. H. (1990). Changes in skull components  

of the squirrel monkey evoked by growth and nutrition: an experimental study. 

American Journal of Physical Anthropology, 81(4), 535-543. 

 

Raff, M. C. (1996). Size control: the regulation of cell numbers in animal development.  

Cell, 86(2), 173-175. 

 

Relethford J. H. (1994). Craniometric variation among modern human populations.  

American Journal of Physical Anthropology. 95:53–62. 



 

149 
 

Relethford J. H. (2002). Apportionment of global human genetic diversity 

based on craniometrics and skin color. American Journal of Physical 

Anthropology. 118:393–398. 

 

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

morphological data. Human Biology, 499-513. 

 

Relethford, J. H. (2009). Race and global patterns of phenotypic variation. American  

Journal of Physical Anthropology, 139(1), 16-22. 

 

Relethford, J. H. (2010). Population‐specific deviations of global human craniometric  

variation from a neutral model. American Journal of Physical Anthropology. 

142(1), 105-111. 

 

Relethford, J. H. (2013). Understanding human cranial variation in light of modern  

human origins. The Origins of Modern Humans: Biology Reconsidered. Hoboken: 

John Wiley & Sons, Inc, 321-337. 

 

Richtsmeier, J. T., Corner, B. D., Grausz, H. M., Cheverud, J. M., & Danahey, S. E.  

(1993). The role of postnatal growth pattern in the production of facial 

morphology. Systematic Biology, 42(3), 307-330. 

 

Rogers Ackermann, R., & Krovitz, G. E. (2002). Common patterns of facial ontogeny in  

the hominid lineage. The Anatomical Record, 269(3), 142-147. 

 

Rohlf, F. J., & Corti, M. (2000). Use of two-block partial least-squares to study  

covariation in shape. Systematic Biology, 49(4), 740-753. 

 

Rohlf, F. J., & Slice, D. (1990). Extensions of the Procrustes method for the optimal  

superimposition of landmarks. Systematic Biology, 39(1), 40-59. 

 

Rosas, A., & Bastir, M. (2002). Thin-plate spline analysis of allometry and 

sexual dimorphism in the human craniofacial complex. American Journal of 

Physical Anthropology, 117, 236–245. 

 

Roseman, C. C. (2004). Detecting interregionally diversifying natural selection on  

modern human cranial form by using matched molecular and morphometric data. 

Proceedings of the National Academy of Sciences, 101(35), 12824-12829. 

 

Roseman, C. C., & Weaver, T. D. (2004). Multivariate apportionment of 

global human craniometric diversity. American Journal of Physical 

Anthropology, 125, 257–263. 

 

 

 



 

150 
 

Ross, A. H., Slice, D. E., Ubelaker, D. H., & Falsetti, A. B. (2003). Population affinities  

of 19th century Cuban crania: implications for identification criteria in South 

Florida Cuban Americans. Journal of Forensic Science, 49(1), 1-6. 

 

Ruff, C. B. (1994). Morphological adaptation to climate in modern and fossil hominids.  

American Journal of Physical Anthropology, 37(S19), 65-107. 

 

Sardi, M. L., Novellino, P. S., & Pucciarelli, H. M. (2006). Craniofacial morphology in  

the Argentine Center‐West: consequences of the transition to food production. 

American Journal of Physical Anthropology. 130(3), 333-343. 

 

Scheuer, L., & Black, S. (2000). Developmental Juvenile Osteology. San  

Diego, CA: Elsevier Academic Press. 

 

Schlebusch, C. M., Malmström, H., Günther, T., Sjödin, P., Coutinho, A., Edlund, H., ...  

& Jakobsson, M. (2017). Southern African ancient genomes estimate modern 

human divergence to 350,000 to 260,000 years ago. Science, 358(6363), 652-655. 

 

Segal, R. A., Kepler, G. M., & Kimbell, J. S. (2008). Effects of differences in nasal  

anatomy on airflow distribution: a comparison of four individuals at rest. Annals 

of Biomedical Engineering, 36(11), 1870-1882. 

 

Serrat, M. A. (2014). Environmental temperature impact on bone and cartilage  

growth. Comparative Physiology. 4(2):621-655.  

 

Serrat, M. A., King, D., & Lovejoy, C. O. (2008). Temperature regulates limb length in  

homeotherms by directly modulating cartilage growth. Proceedings of the 

National Academy of Sciences, 105(49), 19348-19353. 

 

Serrat, M. A., Efaw, M. L., & Williams, R. M. (2014). Hindlimb heating increases  

vascular access of large molecules to murine tibial growth plates measured by in 

vivo multiphoton imaging. Journal of Applied Physiology, 116(4), 425-438. 

 

Shaffer, J. R., Orlova, E., Lee, M. K., Leslie, E. J., Raffensperger, Z. D., Heike, C. L., ...  

& Weinberg, S. M. (2016). Genome-wide association study reveals multiple loci 

influencing normal human facial morphology. PLoS Genetics, 12(8), e1006149. 

 

Sindhu, K. N., Ramamurthy, P., Ramanujam, K., Henry, A., Bondu, J. D., John, S. M., ...  

& Mohan, V. R. (2019). Low head circumference during early childhood and its 

predictors in a semi-urban settlement of Vellore, Southern India. BMC pediatrics, 

19(1), 1-11. 

 

Singh, N., Harvati, K., Hublin, J. J., & Klingenberg, C. P. (2012). Morphological  

evolution through integration: a quantitative study of cranial integration in Homo, 

Pan, Gorilla and Pongo. Journal of Human Evolution, 62(1), 155-164. 



 

151 
 

Slice, D. E., & Ross, A. H. (2004). Population affinities of ‘‘Hispanic’’crania:  

implications for forensic identification. Proceedings of the American Academy of 

Forensic Science, 10, 280-281. 

 

Slice, D. E. (2007). Geometric morphometrics. Annual Review of Anthropology, 36. 

 

Smith, K. D., Edwards, P. C., Saini, T. S., & Norton, N. S. (2010). The prevalence of  

concha bullosa and nasal septal deviation and their relationship to maxillary 

sinusitis by volumetric tomography. International Journal of Dentistry, 2010. 

 

Snodgrass, J. J., Leonard, W. R., Tarskaia, L. A., Alekseev, V. P., & Krivoshapkin, V. G.  

(2005). Basal metabolic rate in the Yakut (Sakha) of Siberia. American Journal of 

Human Biology, 17(2), 155-172. 

 

Sparks, C. S., & Jantz, R. L. (2002). A reassessment of human cranial plasticity: Boas  

revisited. Proceedings of the National Academy of Sciences, 99(23), 14636-

14639. 

 

Sparks, C. S., & Jantz, R. L. (2003). Changing times, changing faces: Franz Boas's  

immigrant study in modern perspective. American Anthropologist, 105(2), 333-

337. 

 

Sperber, GH., Sperber, SM. and Guttmann, GD., (2010). Craniofacial  

embryogenetics and development. PMPH-USA. 

 

Steegmann Jr, A. T. (1975). Human Adaptations to Cold. In Albert Damon  

(ed), Physiological Anthropology, Oxford University Press, New York. 130-166.  

  

Stojanowski, C. M., & Schillaci, M. A. (2006). Phenotypic approaches for understanding  

patterns of intracemetery biological variation. American Journal of Physical 

Anthropology, 131(S43), 49-88. 

 

Szilvássy, J., Kritscher, H., & Vlček, E. (1985). Die Bedeutung röntgenologischer  

Methoden für die anthropologische Untersuchung ur-und frühgeschichtlicher 

Gräberfelder. Annalen des Naturhistorischen Museums in Wien. Serie A für 

Mineralogie und Petrographie, Geologie und Paläontologie, Anthropologie und 

Prähistorie, 313-352. 

 

Thomson, A. (1913). The correlations of isotherms with variations 

in the nasal index. International Congress of Medicine London, 17, 

89–90. 

 

Thomson, A., & Buxton, L. D. (1923). Man's nasal index in relation to certain climatic  

conditions. Journal of the Anthropological Institute of Great Britain and Ireland, 

92-122. 



 

152 
 

Tierney, J. E., deMenocal, P. B., & Zander, P. D. (2017). A climatic context for the out- 

of-Africa migration. Geology, 45(11), 1023-1026. 

  

Tigga, P. L., Mondal, N., & Sen, J. (2016). Head circumference as an indicator of  

undernutrition among tribal pre-school children aged 2–5 years of North Bengal, 

India. Human Biological Review, 5(1), 17-33. 

 

Viðarsdóttir, U. S., & Cobb, S. (2004). Inter-and intra-specific variation in the ontogeny  

of the hominoid facial skeleton: testing assumptions of ontogenetic variability. 

Annals of Anatomy-Anatomischer Anzeiger, 186(5-6), 423-428. 

  

Viðarsdóttir, U. S., O'Higgins, P., & Stringer, C. (2002). A geometric morphometric  

study of regional differences in the ontogeny of the modern human facial 

skeleton. Journal of Anatomy, 201(3), 211-229. 

 

von Cramon‐Taubadel, N. (2009a). Congruence of individual cranial bone morphology  

and neutral molecular affinity patterns in modern humans. American Journal of 

Physical Anthropology, 140(2), 205-215. 

 

 

 

von Cramon-Taubadel, N. (2009b). Revisiting the homoiology hypothesis: the impact of  

phenotypic plasticity on the reconstruction of human population history from 

craniometric data. Journal of Human Evolution, 57(2), 179-190. 

 

von Cramon-Taubadel, N. (2014). Evolutionary insights into global patterns of human  

cranial diversity: population history, climatic and dietary effects. Journal of 

Anthropological Sciences, 91, 1-36. 

 

Wagner, G. P. (1996). Homologues, natural kinds and the evolution of modularity.  

American Zoologist, 36(1), 36-43. 

 

Wagner, G. P., & Altenberg, L. (1996). Perspective: complex adaptations and the  

evolution of evolvability. Evolution, 50(3), 967-976. 

 

Warner, K., Hamza, M., Oliver-Smith, A., Renaud, F., & Julca, A. (2010). Climate  

change, environmental degradation and migration. Natural Hazards, 55(3), 689-

715. 

 

Weber, G. W., & Bookstein, F. L. (2011). Virtual anthropology: a guide to a new  

interdisciplinary field. Springer Verlag. 

 

Weiner, J. S. (1954). Nose shape and climate. American Journal of Physical  

Anthropology, 12(4), 615-618. 

 



 

153 
 

Weinstein, K. J. (2008). Thoracic morphology in Near Eastern Neandertals and early  

modern humans compared with recent modern humans from high and low 

altitudes. Journal of Human Evolution, 54(3), 287-295. 

 

Weitz, C. A., Garruto, R. M., & Chin, C. T. (2016). Larger FVC and FEV 1 among  

Tibetans compared to Han born and raised at high altitude. American Journal of 

Physical Anthropology, 159(2), 244-255. 

 

Weitz, C. A., Liu, J. C., He, X., Chin, C. T., & Garruto, R. M. (2013). Responses of Han  

migrants compared to Tibetans at high altitude. American Journal of Human 

Biology, 25(2), 169-178. 

 

Weitz, C. A., Garruto, R. M., Chin, C. T., Liu, J. C., Liu, R. L., & He, X. (2002). Lung  

function of Han Chinese born and raised near sea level and at high altitude in 

Western China. American Journal of Human Biology, 14(4), 494-510. 

 

 

 

Wilde, S., Timpson, A., Kirsanow, K., Kaiser, E., Kayser, M., Unterländer, M., ... &  

Burger, J. (2014). Direct evidence for positive selection of skin, hair, and eye 

pigmentation in Europeans during the last 5,000 y. Proceedings of the National 

Academy of Sciences, 111(13), 4832-4837. 

 

Williams, F. L., Godfrey, L. R., & Sutherland, M. R. (2002). Heterochrony and the  

evolution of Neandertal and modern human craniofacial form. Human Evolution 

Through Developmental Change, 405-441. 

 

Woo, T. L., & Morant, G. M. (1934). A biomechanical study of the “flatness” 

of the facial skeleton in man. Biometrika, 26, 196–250. 

 

Wright, S., (1943). Isolation by Distance. Genetics. 28: 114-138. 

 

Yokley, T. R. (2009). Ecogeographic variation in human nasal passages.  

American Journal of Physical Anthropology, 138,11–22. 

 

Zaidi, A. A., Mattern, B. C., Claes, P., McEcoy, B., Hughes, C., & Shriver, M. D. (2017).  

Investigating the case of human nose shape and climate adaptation. PLoS 

Genetics, 13(3), e1006616. 

 

Zelditch, M. L., Hallgrímsson, B., & Hall, B. K. (2005). Variation: a central concept in  

biology. Developmental Regulation of Variation, 249-276. 

 

Zelditch, M. L., & Carmichael, C. (1989). Ontogenetic variation in patterns of  

developmental and functional integration in skulls of Sigmodon fulviventer. 

Evolution, 43(4), 814-824. 



 

154 
 

Zelditch, M. L., Bookstein, F. L., & Lundrigan, B. L. (1992). Ontogeny of integrated  

skull growth in the cotton rat Sigmodon fulviventer. Evolution, 46(4), 1164-1180. 

 

Zelditch, M. L., Lundrigan, B. L., & Garland Jr, T. (2004). Developmental regulation of  

skull morphology. I. Ontogenetic dynamics of variance. Evolution & 

Development, 6(3), 194-206. 

 

Zelditch, M. L., Mezey, J., Sheets, H. D., Lundrigan, B. L., & Garland Jr, T. (2006).  

Developmental regulation of skull morphology II: ontogenetic dynamics of 

covariance. Evolution & Development, 8(1), 46-60. 

 


