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Abstract

Genetic resemblances among groups are non-randomly distributed in humans. This

population structure may influence the correlations of traits and environmental

drivers of natural selection leading thus complicating the interpretation of the fossil

record when modern human variation is used as a referential model. In this paper,

we examine the effects of population structure and natural selection on postcranial

traits that reflect body size and shape with application to the more general issue of

how climate — using latitude as a proxy — has influenced hominin morphological

variation. We compare models that include terms reflecting population structure,

ascertained from globally distributed microsatellite genotype data, and latitude on

postcranial phenotypes derived from skeletal dimensions taken from a large global

sample of modern humans. Moreover, we use a series of evolutionary simulations to

illustrate how population structure can confound relationships between population

means and spatially distributed drivers of natural selection. We find that models

with a population structure term fit better than a model of natural selection along a

latitudinal cline in all cases. A model including both latitude and population struc-
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ture terms is a good fit to distal limb element lengths and bi-iliac breadth, indicating

that multiple evolutionary forces shaped these morphologies. In contrast, femoral

head diameter and the crural index were best explained by a model that included

only a population structure term. The results demonstrate that population structure

is an important part of human postcranial variation, and that clinally distributed

natural selection is not sufficient to explain among-group differentiation. The dis-

tribution of human body form is strongly influenced by the contingencies of modern

human origins, which calls for new ways to approach problems in the evolution of

human variation, past and present.

Key words: natural selection; population structure; ecogeographic variation;

Bergmann’s rule; Allen’s rule; comparative method.

Introduction1

Variation among recent and living groups of humans plays a key role in condi-2

tioning our expectations for and formulating research problems about the human3

fossil record (Wolpoff, 1993; Lahr and Foley, 1998; Lieberman et al., 2000; Roseman4

et al., 2011). Taxonomic efforts to distinguish and recognize species and systematic5

studies seeking to establish patterns of relatedness among them often use human6

variation as a benchmark for deciding how much variation is allowable in a good7

hypodigm, as well as which characters might be useful for reconstructing phylogeny8

(Kramer et al., 1995; Wood and Lieberman, 2001; Harvati and Weaver, 2006). When9

it comes to evolutionary processes, what constitutes evidence of the action of natural10

selection, gene flow, or random genetic drift in the fossil record is often arbitrated11

using recent human variation as a referential model (Ruff, 1991, 1994; Ackermann12

and Cheverud, 2004; Smith et al., 2007; Weaver et al., 2007; von Cramon-Taubadel13

and Lycett, 2008; Weaver et al., 2008). Figuring prominently in this literature is the14
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study of ecogeographic variation — the associations between phenotypes and geog-15

raphy in the context of regional or global climate (Mayr, 1956; James, 1970; Graves,16

1991; Holliday, 1995; Ashton et al., 2000). The distribution of body form — body17

size, body breadth, limb length, and the proportional relationships among them —18

in recent humans is foundational in the study of human adaptation and variation,19

and is a key part of models used to propose hypotheses about the evolution of body20

form in fossil hominins (Ruff, 1991, 1994).21

Heretofore, most studies of the ways in which natural selection and environment22

affect the distributions of phenotypic states across groups assume that each group is23

no more genetically similar to any other group and evolve by natural selection (e.g.24

Graves, 1991; Ruff, 1994; Auerbach, 2007); (cf. Lovegrove and Mowoe, 2013). Genetic25

dependencies among the mean phenotypic values of human groups arising from a26

strong and complex population structure can exert substantial influences on patterns27

and magnitudes of morphological variation (Relethford et al., 1997; Roseman, 2004;28

Whitlock, 2008; Stone et al., 2011). Genetically similar groups will resemble one29

another in ways that are shaped by the history of population fissioning, admixture,30

gene flow, accumulation of neutral mutations, and fluctuations in population size.31

Further complicating matters is the fact that climate and other factors that are32

thought to motivate natural selection on human body form are often structured33

geographically, perhaps in ways that are similar to patterns of genetic differences34

among human groups. For instance, most genetic variation in humans with recent35

ancestry outside of Africa is traceable back to Africa some 45-70 Ka (Henn et al.,36

2012). An origin in the tropics coupled with a founder effect during an expansion37

from Africa in a partly northward direction could profoundly affect the sampling38

distribution of measures of association between phenotypic variation and latitudinally39

distributed variables thought to cause adaptive evolution in humans in the complete40
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absence of natural selection. These issues are similar to concerns that motivate work41

in phylogenetic comparative methods (e.g. Martins, 2000; O’Neill and Dobson, 2008)42

including recent applications to problems in species with population structure (Stone43

et al., 2011). In the absence of an evolutionary model of how phenotypes vary among44

groups of humans, we do not know how to interpret estimates of correlations or45

model terms (e.g. regression coefficients) that we use to summarize the relationships46

between climate or other natural phenomena and group means.47

In what follows, we examine different scenarios for the evolution of bodily form48

by using computer simulations and generalized linear mixed models. The simula-49

tions provide a theoretical demonstration of how relatedness among populations can50

influence the distribution of phenotypes that might lead us to accept adaptive eco-51

geographic hypotheses more often than would be otherwise warranted. We use the52

mixed model approach to fit and compare models of the distribution of phenotypic53

means of populations that include terms reflecting both natural selection and the54

selectively neutral resemblances among groups arising from population structure.55

Comparing the fits of different models will allow us to make stronger statements56

about the evolutionary processes that generated human variation.57

Model fitting yields estimates of both the proportion of the among-group mor-58

phological variance attributable to population history and structure (similar to a59

heritability estimate) and estimates of the linear relationships of the traits with lati-60

tude, used as a proxy for climate (following Ruff, 1994; Holliday, 1999). Comparison61

of the goodness of fit for the different models and the estimates of the model terms62

allow us to directly differentiate several models of the evolution of proposed ecogeo-63

graphic patterns. Parameter estimates and the relative goodness of fit of the models64

guide us in making evolutionary interpretations of the evolution of modern human65

body form. This, in turn, provides an empirical check on the degree of confidence we66
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have in using the results of comparative studies of modern human variation as a guide67

to variation in the fossil record. Morphological patterns observed among modern hu-68

mans that are shown to result from population history, rather than natural selection,69

would have significant implications for the reconstruction and interpretation of fossil70

hominin body forms.71

This study focuses on characteristics commonly used in research into ecogeo-72

graphic patterns of human variation, including the lengths of limb elements (tibia,73

femur, radius, and humerus), femoral head diameter (taken to be an indicator of74

body mass), and a characteristic with a distribution of among-group differences that75

may reflect the action of natural selection motivated by climate (bi-iliac breadth)76

(Roberts, 1978; Ruff, 1991; Auerbach, 2012). We also examine ratios of the upper77

limb (brachial) and lower limb (crural) elements, both important traits that appear78

to be correlated with latitude to one degree or another (Trinkaus, 1981; Ruff, 1994;79

Holliday, 1997). All of these traits are featured in models of human thermoregula-80

tion and are thus key to problems about the relationship between climate and human81

evolution (Ruff, 1994; Holliday, 1999; Auerbach, 2007).82

Ecogeographic variation in recent humans83

Ecogeographic patterns in body shape and size have been described in a variety84

of endothermic organisms, including passerine birds, hares, macaques, and humans85

(e.g. Mayr, 1956; James, 1970; Stevenson, 1986; Graves, 1991; Holliday, 1995; Pa-86

terson, 1996; Blackburn et al., 1999; Ashton et al., 2000). The explanation of the87

correlation of population means for certain traits with climate (usually temperature)88

stems from a model based on two thermoregulatory principles developed from pub-89

lications by Bergmann (1847) and by Allen (1877). Both of these principles were90

redefined by multiple researchers over the last century, and dubbed “rules” by Mayr91
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(1956). Numerous authors have argued over whether the variation is related to ther-92

moregulation or other physiological features of organisms (Rensch, 1938; Hamilton,93

1961; Ashton et al., 2000; Yom-Tov et al., 2002), but collectively agree that the94

pattern is present in various taxa. The most influential of the interpretations of95

these rules for biological anthropologists is the “thermoregulatory imperative” and96

cylindrical model advocated by Ruff (1991, 1994), which followed the anthropomet-97

ric work of Hiernaux (Hiernaux and Froment, 1976; Hiernaux, 1985) and Roberts98

(1978), among others (Crognier, 1981; Trinkaus, 1981). In sum, this model argues99

for the optimization of surface area to volume ratios for efficient regulation of body100

temperature.101

The peopling of the globe resulted in different groups coming into contact with102

a variety of environments. This prehistoric set of events and processes set up what103

have been characterized as a set of natural experiments (Auerbach, 2007; King, 2010),104

suitable for studying questions about the relationships between various phenotypes105

(e.g., body shape, body size, and proportions) and a series of environmental variables106

(e.g., temperature, humidity, and seasonality). Research on humans has demon-107

strated empirical patterns of the morphological differences across populations that108

appear to support the thermoregulatory argument. For example, studies of Eurasian109

and African groups show associations of several phenotypes with latitude (a proxy for110

climate); humans from lower latitudes have relatively longer limbs (compared with111

torso height), longer distal limb lengths, lower body masses, and absolutely narrower112

bi-iliac breadths (Ruff, 1994; Holliday, 1997; Ruff, 2002). Some of these associations113

are evident early in ontogeny (Ruff et al., 2002; Temple et al., 2011; Cowgill et al.,114

2012; Garofalo, 2012). Further research demonstrated potential differences in sensi-115

tivity to climatic and biomechanical factors in the limbs (Stock, 2006; Higgins and116

Ruff, 2011), some effects on body size or proportions arising from diachronic changes117
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in subsistence (e.g. Malina et al., 2004; Auerbach, 2011b; Stock and Pinhasi, 2011),118

and that some observed variation in limb length results from general allometry (Hol-119

liday and Ruff, 2001; Sylvester et al., 2008; Auerbach and Sylvester, 2011). Even in120

light of the apparent effects of these additional factors, body size, shape and propor-121

tions present empirical ecogeographic patterns in Eurasia and Africa, regardless of122

ultimate evolutionary and environmental mechanisms.123

Scientists have provided ad hoc explanations for deviations from ecogeographic124

expectations on the part of different phenotypes. For example, a maintenance of125

presumably ancestral body shape and proportions among Upper Paleolithic humans126

in Europe (Holliday, 1997), Yayoi in Japan (Temple et al., 2008), and Arikara in127

the North American Great Plains (Auerbach, 2010) all were presented by these au-128

thors (including one of the authors of this paper) as evidence for long temporal gaps129

between the peopling of novel environments and changes in morphology caused by130

selection. This argument was also made for studies of variation in the Americas,131

where some dimensions generally match ecogeographic expectations, such as intral-132

imb indices, while others like body size and bi-iliac breadth have reduced among-133

population variation and poor correspondence to climate (Auerbach, 2007, 2012);134

Auerbach (2007; 2012) resorted to equivocating between natural selection, random135

genetic drift, and phenotypic plasticity as influencing these morphologies dissimilarly.136

None of the studies to date, though, have included explicit models of evolutionary137

mechanisms. In short, we are becoming more refined in our understanding of pat-138

tern, but we are still unable to address the evolutionary processes and environmental139

effects that cause them.140

Although the exact evolutionary processes that contribute to the ecogeographic141

patterns in human morphological variation have not been identified with certainty,142

variation in the body proportions of fossil humans has been explained in terms of143
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these patterns through an adaptationist perspective. Multiple studies have argued144

that Neandertal body morphology was caused by natural selection acting to opti-145

mize thermoregulation in the glacial environments of Pleistocene Europe (Trinkaus,146

1981; Ruff, 1991; Holliday, 1997; Weaver, 2003; Ruff, 2010). Others have cited al-147

ternative factors, such as terrain (Higgins and Ruff, 2011), as influencing phenotypic148

states. Likewise, central African hominins (e.g., Homo ergaster) exhibit postcranial149

morphologies argued to correspond with efficient thermoregulation in tropical envi-150

ronments (e.g. Ruff, 1991; Potts, 1998; Weaver, 2003). The morphological differences151

between these hominins are readily apparent, but, as in the studies of modern human152

ecogeographic variation, accounts of the causes of the evolution of the characteristic153

form of Neandertals and Homo ergaster are quite provisional.154

We should emphasize here that this is not a study to test the empirical pat-155

terns associated with Bergmann’s or Allen’s rules among modern humans. Multiple156

studies, as cited above, have expressly assessed these, and collectively show at least157

some correspondence of ecogeographic expectations with the empirical patterns of158

human body form. We demonstrate the same with our morphological data (see mor-159

phological trait correlations with latitude in Table 1). Multiple factors could drive160

processes that could lead to a correspondence between the distribution of a pheno-161

type and latitude (e.g., climate, nutrition, and disease). We are interested in using162

multiple sources of information to compare the plausibility of different combinations163

of variables as explanations for the patterns.164

Models and simulations of the evolution of ecogeographic patterns165

The core of our argument is based on multi-model comparison using combined166

morphological and molecular data and computer simulation. To demonstrate why167

we might want to consider models that include a population structure term from168
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a theoretical standpoint, we use simulations of several different scenarios represent-169

ing extremes of sampling strategies used in the literature. One scenario reflects a170

case where all groups used in the present analysis (121 groups) are evolutionarily171

independent, which is an implicit assumption made for evolution in the human eco-172

geographic literature. Two alternative scenarios reflect the evolution of heritable173

phenotypes under random genetic drift when populations share common ancestry174

and exchange migrants.The different sampling scenarios represent both the data set175

under investigation in this study (121 groups; see the Methods) and a data set used176

in a previous study of human postcranial variation that includes a smaller number177

of groups (Holliday, 1995, 14.).178

Following the validation of the theoretical justification for being concerned about179

population structure, we use a Bayesian generalized linear mixed model approach180

to model the evolution of morphological traits in humans. We fit and compare181

three models, one including a term reflecting clinal selection along latitude, another182

reflecting random genetic drift and gene flow, and a third that combines the terms183

from both models. This allows us to evaluate whether natural selection or neutral184

evolution is responsible for among-group variance or if a blend of the two is the best185

explanation for the distribution of among-variation in humans.186

The first model (latitude model) is a rendition of the clinal model, which posits187

that the means of populations are structured along a latitudinal gradient of optimal188

phenotypic states (Figure 1A). Directional selection has long since moved popula-189

tions toward the optimal state and stabilizing selection has kept them close to their190

latitudinally optimal state. Drift and gene flow have negligible effects on the dis-191

tribution of the phenotypes in this account and all groups are regarded as having192

evolved independently.193

Our second model (structure model) focuses on population structure in the form194
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of an among-group covariance matrix estimated using a large panel of microsatellite195

genotype data. The matrix is used as a random effect. It models mean phenotypic196

variation among groups as a function of shared common ancestry and gene flow. This197

is similar to how one might use a relationship matrix from a pedigree to estimate198

heritability in a group of related organisms. We do not attempt to separate gene flow199

from shared common ancestry (a goal of Stone et al. (2011)), which is not possible200

in this particular case. Instead, the resulting variance component summarizing the201

effect of the population structure is interpreted as an among-group neutral genetic202

variance term. The ratio of among-group genetic variance to total genetic variance203

has a similar interpretation to heritability within populations with all the attendant204

cautions and limitations. If among-group differentiation in the phenotypes has a205

neutral additive genetic basis, we expect the distribution of among-group variation206

to be well predicted by the population structure. An illustration of a simple case207

involving evolution by random genetic drift along a tree is given in Figure 1B.208

The third model (latitude and structure model) that we consider is a combina-209

tion of both of the first two models. It includes both the fixed effect of absolute210

latitude and the random effect of population structure. This model is based on one211

suggested for use on problems related to Bergmann’s and Allen’s rules by Hadfield212

and Nakagawa (2010). A fit of the combined model that is better than the other two213

models gives us reason to think that both natural selection and neutral evolutionary214

forces might be influencing the among-group variation in a phenotype.215

Materials and methods216

Data217

To meet the two general goals of this study, a large global sample of human218

phenotypic data consisting of dimensions associated with ecogeographic patterns of219
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variation is necessary. We used the Goldman Data Set (1538 skeletons; Auerbach220

and Ruff, 2004) and Auerbach’s Americas Data Set (2749 skeletons; Auerbach, 2007,221

2010, 2011a), both of which consist mostly of postcranial measurements, and both of222

which were measured by one of the authors (B.M.A.). Portions of these two data sets223

overlap, but together they represent human populations from Eurasia, Africa, Ocea-224

nia and the Americas, spanning a wide climatic range from the equator to the arctic.225

While high elevation has been shown to be associated with body form (Stinson, 1990;226

Ruff, 1994), only one group in the data set used here lived at high elevation and is227

thus not likely to be a confounding factor. Two additional data sets were added to228

fill in data gaps in Africa by the gracious generosity of Trent Holliday and Chris229

Ruff. Holliday’s data consist of modern human skeletons sampled from Europe and230

Africa (Holliday, 1995). A previous assessment of interobserver measurement errors231

between B.M.A. and Holliday showed high correspondence between the measure-232

ments taken by these two individuals (measurements in this study with less than one233

percent error; Auerbach, 2007). Ruff’s data consist of measurements taken from two234

East African skeletal samples, one from Uganda and the other from Kenya.235

Individuals that were of indeterminate sex and samples that were poorly prove-236

nienced were discarded, and all four data sets were reconciled. Duplicated individuals237

across the Goldman, Americas, and Holliday data were identified and removed. The238

final, aggregated skeletal data set used in this study consists of 2,187 individuals (all239

males), aggregated into 121 groups. We used only males to maximize the global rep-240

resentation of the sample, and to avoid complicating effects of sexual dimorphism.241

These groups are shown graphically as open squares on the map in Figure 2. A242

list of the groups and their sample sizes may be found in Table S1 of the Online243

Supporting Information. We examine six dimensions from each skeleton that are244

commonly used in explorations of ecogeographic variation: the maximum lengths of245
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the humerus, radius, femur, and tibia; anteroposterior diameter of the femoral head;246

and bi-iliac breadth. These measurements were defined by Martin (1928), and de-247

scribed in detail elsewhere (Auerbach and Ruff, 2004; Auerbach, 2007). To minimize248

the effects of directional bilateral asymmetry, limb bone measurements were taken249

from both sides and averaged (Auerbach and Ruff, 2006).250

In addition to the above six raw dimensions, two indices typically used in eco-251

geographic studies were estimated from the individual data. Brachial and crural252

indices are intralimb proportions of the upper limb and lower limb, respectively. The253

brachial index is equal to the maximum length of the radius divided by the maximum254

length of the humerus. Crural indices have been defined as maximum tibial length255

divided by bicondylar femoral length (Davenport, 1933), but as maximum and bi-256

condylar femoral lengths are nearly perfectly correlated with low variance (Auerbach,257

2011a), and as maximum length is what we examine in the model, we chose to use258

the maximum femoral length rather than extrapolate bicondylar length from that259

dimension.260

Morphological characteristics are expressed in raw millimeters or dimensionless261

ratios for the crural and brachial indexes. Means and standard deviations of all262

measurements for each group are presented in a supplementary data file (see Ta-263

ble S1 of the Online Supporting Information). All of the individual Goldman and264

Americas data used in this study are available upon request; the Goldman Data Set265

is also available for download from B.M.A.’s web site (http://web.utk.edu/ auer-266

bach/GOLD.htm). Raw data shared by Holliday and by Ruff may be accessed by267

direct request to those individuals.268

Pemberton et al. (2013) aggregated data from eight major data sets of human269

microsatellite variation at 645 loci from 5,795 individuals comprising 267 popula-270

tions across the world. These data may be accessed at the Rosenberg lab web site271

12

http://web.utk.edu/~auerbach/GOLD.htm
http://web.utk.edu/~auerbach/GOLD.htm
http://web.utk.edu/~auerbach/GOLD.htm
http://www.stanford.edu/group/rosenberglab/data/
http://www.stanford.edu/group/rosenberglab/data/


(http://www.stanford.edu/group/rosenberglab/data/). Of the total number of pop-272

ulations sampled, a subset of 59 groups, comprised of 2,610 individuals, were matched273

to the morphological data sets (see below). The geographic locations for microsatel-274

lite group data used is shown graphically in Figure 2 (plus signs).275

Eriksson and Manica (2011) provide persuasive evidence that many of the loci276

in the data set that we use may be subject to ascertainment bias leading to higher277

than average levels of allele similarity across Eurasia. While there are data sets278

that include many more loci and may be less susceptible to ascertainment, they279

do not have the geographic breadth of coverage of this microsatellite dataset. Our280

preference here is for greater geographic coverage and more sampled populations281

than for high precision in the estimates of the relationships, as the main source of282

uncertainty for our analytical approach is going to be due to the number of groups283

used to fit the model and the mismatches among groups (see below). Furthermore,284

the inherently large evolutionary variance of individual phenotypic characteristics285

(Rogers and Harpending, 1983; Lynch, 1990) will likely dwarf any bias or uncertainty286

in introduced by ascertainment bias or population mismatch.287

Matching the two data sets288

To set up the evolutionary models (see below) used in this analysis, we needed289

to match microsatellite molecular data with the phenotypic skeletal data. None of290

the microsatellite data come from the individuals measured for morphological traits291

in this study. We made matches between the genetically sampled living groups292

and groups represented in the skeletal data. These were prioritized first to exact293

group matches when possible (for example, the San, Biaka Pygmies, French, Orkney294

Islanders, Japanese, and indigenous Australians). When this was not possible, geo-295

graphic approximation and known linguistic relationships were used to link genetic296
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and skeletal groups. In a few cases, there was some uncertainty as to which group297

in a microsatellite sample should be used for a given skeletal sample even though298

the geographic locations of both were known. When these instances occurred, we299

took the mean of the covariance among groups for all of the groups in a region. For300

example, in the case of Europeans without exact matches, an average of the genetic301

among-group covariance matrix was calculated from all of the European groups.302

No samples known to represent recently admixed groups were included. Table S1303

lists the microsatellite sample groups with their respective morphological groups;304

the numbers listed for the microsatellite groups are associated with populations in305

Pemberton et al. (2013).306

One criticism of this method is that it is prone to error from poor matches between307

groups sampled for the different kinds of data. We acknowledge uncertainty may arise308

because of a number of factors, especially given the temporal differences between the309

skeletal samples (most of which date to the last 2,000 years) and living groups. In no310

case, however, are we matching skeletal samples with geographically distant genetic311

groups (e.g., we are not using microsatellite data from southern Africa for a group312

from north Africa). Mismatches will be local, and therefore trivial when compared313

with the breadth of the global data used in this study. This follows from the fact314

that patterns of genetic similarities among groups point to a hierarchical structure315

where populations are nested within clusters (Long et al., 2009; Hunley et al., 2009).316

So long as we assign a group to the correct low-level local or regional cluster, little317

harm will be done by way of mismatches.318

Using regional averages of among-group to match multiple groups sampled for319

phenotypic variation, which we do in the case of North and South America and some320

groups in Europe, introduces a bias into the analysis. By assigning equal levels of321

genetic resemblance among groups in regions that are phenotypically oversampled322
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and genomically under-sampled, we are treating those groups as though they are323

all evolutionarily independent with respect to one another and equally genetically324

similar (or different) to the remainder of the world. If there is substantial population325

structure within these regions, this will tend to understate the effect of population326

structure in the entire analysis.327

Among-population relationship matrix328

Using the 618 loci that were represented in all groups in our combined analysis, we329

estimated an among-group relationship matrix (C) to serve as the basis for the sim-330

ulations of phenotypic evolution and as the random effect representing population331

structure in our mixed model. In this case, the aim is to predict the dependen-332

cies among group means, much in the same way that we might with coefficients of333

relatedness derived from the structure of a pedigree when we are interested in esti-334

mating heritability using an animal model (Henderson, 1953; Thompson, 2008). Our335

approach here is similar to the Relethford-Blangero method for estimating among-336

group genetic dependencies for phenotypes (Relethford and Blangero, 1990; Releth-337

ford et al., 1997). We take advantage of the fact that the sum of the repeat lengths338

of the alleles at a microsatellite locus is a completely heritable quantitative trait.339

After centering all repeat counts on zero by subtracting the mean and standardizing340

all loci to unit variance by dividing through by the standard deviation of each locus,341

we estimated k locus by g group matrices of group deviations from the centroid of342

all standardized microsatellite repeat scores (∆). We then estimated C as343

C = ∆V−1∆′ 1

k
(1)

where V is a k×k matrix in which all off-diagonal elements are set to zero (assuming344

no linkage among loci). The diagonal elements of V are set to the average within345
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population repeat variance. The matrix C represents the expected among-group346

covariance of genetic population values of a quantitative trait relative to what one347

would expect in a single randomly mating group. Before using C as a random effect,348

we standardized the matrix by the mean deviation of populations from the centroid349

(the mean of the diagonal entries).350

This formulation does not allow us to distinguish between gene flow and random351

genetic drift acting along shared common ancestry in a population history. It does352

give us an expectation about how the means of groups should be genetically depen-353

dent on one another in the absence of natural selection under the assumption that354

the microsatellite loci are approximately neutral. A small proportion of the variance355

attributable to population structure could mean that natural selection is acting on356

the population and/or environmental (non-genetic and non-evolutionary) effects are357

affecting the growth of individuals in different populations.358

Simulating the worldwide distribution of an ideal neutrally evolving phenotype359

To assess the strength of the model fit to the available data, we simulate three360

different random cases to mimic the effect of population structure on the different361

relationship between population means and latitude. The g × g relationship matrix362

C is estimated from the microsatellites as detailed above. A total of 100,000 random363

draws were each then correlated with the latitude for each of the groups and recorded364

to form a test distribution. We repeated this procedure once for each of three sce-365

narios: 121 uncorrelated means, 121 correlated means drawn from the multivariate366

normal using our estimated C matrix, and one with 7 groups from Africa and an-367

other 7 from Europe. The last configuration is made to approximate the sampling368

scheme used in Holliday’s (1995) canonical study of the distribution of body form,369

and therefore the strength of the model fit within a latitudinally diverse but smaller370
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data set.371

Model fitting372

To meet the challenges presented by multifactorial causation and non-independence,373

we adopt a mixed fixed and random effect model fitting approach (Henderson, 1953,374

1976, 1984; Meyer, 1985; Pemberton, 2008; Thompson, 2008). Versions of it are375

widely used in comparative biology with applications to both interspecific (Hous-376

worth et al., 2004; Lynch, 1991) and intraspecific problems (Stone et al., 2011).377

We fit and compare the three different kinds of models described in the intro-378

duction to the various phenotypes. In the first case (latitude model), we model the379

group means of a phenotype using absolute latitude as a fixed effect reflecting the pu-380

tative effects of natural selection from climate. The second model (structure model)381

includes the random effect of population structure reflecting an assumption that382

only random genetic drift, mutation and gene flow are occurring in the population.383

Our third model (structure and latitude model) combines the effects of population384

structure and latitude into a single model as fixed and random effects, respectively.385

We also use the structure model to predict absolute latitude. There may be an386

association between among-group relatedness and latitude, much in the same way387

that one can have a genotype-by-environment correlation that confounds estimates388

of quantitative genetic parameters within groups. This is important to know because389

the interpretation of the combined population structure and latitude model can be390

complicated if the two effects are highly confounded with one another. We might find,391

for instance, that the effect of latitude is substantial and yet prefer the structure-only392

model. This may take place if the latitude and structure terms have very similar393

effects on a phenotype such that combining both overfits the model.394

Models were fitted using in the R statistical computing environment (R Core395
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Team, 2013) using the MCMCglmm package (Hadfield, 2010). This method is a396

Bayesian approach that uses a Markov Chain Monte Carlo sampling strategy to397

estimate the posterior distributions for model terms and assess the goodness of fit398

of models. Posterior distributions for model variables were estimated by sampling399

every 50 iterations over a span of 100,000 iterations of a Markov chain after a burn-400

in period of 100,000 iterations. We used inverse gamma distributed priors for the401

random effect and residual terms, each with one degree of freedom, and a mean402

set to half of the observed among-group variance. The random effect of population403

structure was made up of the matrix C subject to singular value decomposition and404

fit using a constant covariance function following (Stone et al., 2011). Multiple bouts405

of sampling from the Markov chain indicated that Monte Carlo error was minimal.406

The fits of the models were compared using the deviance information criterion407

(D.I.C.), with lower D.I.C. values reflecting better fitting models (Spiegelhalter408

et al., 2002). This is very similar in concept and application to the Akaike information409

criterion. We used the differences in the D.I.C. (∆D.I.C.) to compare the fits of the410

three different models for each phenotype. According to the criteria of Spiegelhalter411

et al. (2002), a value of |∆D.I.C.| within 2 indicates that two models are roughly412

equivalent. Moreover, values in the range 2 ≤ |∆D.I.C.| < 7 indicate moderate413

support for the better fitting model and those with values of seven or greater have414

very strong support.415

We also estimate Pearson’s correlations and their 95% confidence intervals (±2s.e.)416

among group means for the morphological traits and absolute latitude to place them417

in the context of the rest of the literature.418

All analyses were written in and using packages from the R statistical computing419

language (R Core Team, 2013). Packages used include MCMCglmm (Hadfield, 2010),420

and ape (Paradis et al., 2004). Data and simulation and analysis code, including the421
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implementation of the mixed model using the MCMCglmm, are available from the422

authors.423

Results424

Correlations among group means and absolute latitudes along with their confi-425

dence intervals are presented in Table 1. A number of traits present robust correla-426

tions with latitude in accordance with ecogeographic predictions.427

Figure 3 shows the results of computer simulations of the evolution of a single428

neutral characteristic for a number of independently evolving groups equal to the429

number of groups used in this analysis (121), a similar number of non-independently430

evolving groups structured using the among-group genetic relationship matrix used431

in our comparative analysis here, and a small number (14) of non-independently432

evolving groups from Africa and Europe that mimic the geographic distribution and433

sampling scope of previous studies of human variation (Holliday, 1997). Each of434

100,000 draws from a multivariate random normal distribution were correlated to435

absolute values of the latitudes associated with the groups sampled for genetic data.436

It is very clear that strong spurious relationships between population means and437

putative causes of natural selection — in this case those associated with latitude —438

will occur even when a relatively large number of groups are sampled. Very small439

samples (i.e., the 14 representing a latitudinal distribution) are likely to show strong440

correlations (r2 > 0.5) of group means with latitude simply because of the presence441

of an underlying population structure. Note that the estimates of correlations of442

some traits with latitude presented in Table 1 that appear to be different from zero443

under the model of independent evolutionary outcomes are quite likely under the444

neutral model presented in the simulation.445
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The results of the three model fits for each morphology are presented in Table446

2. For all phenotypes, the model that included population structure fits better than447

a model that only included the fixed effect of absolute latitude. In each case, a448

substantial proportion of the among-group variance in trait means is attributable449

to population structure. While the differences in the modal values of the posterior450

distributions of different traits may seem substantial, the widths of the posterior451

credibility intervals give us pause in declaring one trait to be more affected by pop-452

ulation structure than another.453

Combining the fixed effect of latitude with the random effect of population struc-454

ture leads to moderate to high improvements (decrease of D.I.C. > 2) in fit over455

the population structure model in the case of bi-iliac breadth, radial length, tibial456

length, and the brachial index. In each of these cases, the 95% posterior credibility457

interval of the estimate of the latitude term does not include zero within its bounds,458

indicating a substantial effect of latitude on the traits. Radial length presents an459

interesting case in that the latitude-only model does not show a substantial effect of460

climate (latitude again as its proxy) on the distribution of group means. The effect461

of selection is not apparent until relatedness among groups is taken into account.462

In the case of the humeral and femoral lengths, the model fits for the population463

structure and the structure and latitude models are almost equivalent (difference of464

|D.I.C.| ≤ 2). The 95% posterior credibility interval for the latitude term overlaps465

with zero in both the latitude-only model and the structure and latitude model.466

Femoral head diameter presents an interesting case, in that the population structure-467

only model appears to be the best fit among the models. When population structure468

is combined with the latitude term, the model has a poorer fit and the 95% poste-469

rior C.I. of the latitude term includes zero within its bounds. This stands in stark470

contrast to the latitude-only model, which shows a very strong and positive effect of471
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latitude on femoral head diameter, though this is evidently spurious.472

Likewise, the structure-only model for the crural index fits the data much bet-473

ter than either of the other two models. This is in spite of fairly strong negative474

estimates of the latitude term in both the latitude-only and combined latitude and475

structure models. This unusual result could reflect a strong confounding of popu-476

lation structure and latitude by a chance association between the effects of random477

genetic drift and latitude.478

This interpretation of the crural index is all the more plausible given the results479

we obtained from fitting latitude as a trait using the population structure model.480

Doing so yields a high proportion of variance in latitude associated with population481

structure (mean of the posterior distribution, 0.61; C.I. 0.51 to 0.70). This points482

to dependencies between the two on account of the spatial distribution of genetic483

similarity among human groups.484

Discussion485

We draw three primary conclusions from these results. First, population structure486

is an important part of the global distribution of human body shape and size. Second,487

ecogeographic patterning is motivated by a variety of evolutionary forces. Finally,488

since what we take to be ecogeographic patterns are in part a result of population489

history and structure, referential models based on among-group variation in humans490

may be misleading as the population history of humans is a unique event. Taken491

together, our conclusions suggest that a new synthesis of comparative, experimental,492

and theoretical work is needed to understand hominin phenotypic evolution.493
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Multiple causes of among-group variation494

Population structure accounts for a substantial portion of the among-group vari-495

ance in all traits considered in this study. There is low support for models that496

do not include the term representing population structure. This indicates that the497

distribution of group means of traits is in large part a function of the particular498

population history that led to the distribution of human genetic variation that we499

see today. Relationships between a trait and a putative driver of natural selection500

or an environmental effect (e.g. nutritional status) will reflect a combination of this501

particular history (i.e., gene flow and random genetic drift) and whatever general ef-502

fect of natural selection may be at work. The concordance between genetic distances503

estimated using cranial traits and those from molecular characteristics (Roseman,504

2004; Harvati and Weaver, 2006; von Cramon-Taubadel, 2009) suggests that the505

same problem will affect evolutionary studies of morphologies from other anatomical506

regions in addition to aspects of postcranial form (Betti et al., 2012, 2013).507

The results of the simulations of the evolution of a single neutral characteristic508

(Figure 3) show that spurious relationships between the distribution of population509

trait means and putative selection pressures in globally distributed samples will be510

common if among group variance is attributable to neutral additive differences among511

groups. Situations where the sampled groups are distributed along what amounts512

to a single geographic axis that runs parallel to a putative selective pressure will ex-513

acerbate this problem. This worst case scenario is exemplified by the circumstances514

represented by the solid black line in Figure 3, where seven groups from Africa and515

seven from Europe were sampled (similar to the modern human sampling by Holliday,516

1995, but using a different method). In this case, the latitude differences between the517

sampled groups lies along a major axis of human genetic variation, virtually guar-518

anteeing substantial correlations (positive or negative) between latitude and group519
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means. Indeed, the hypothesis of no relationship, typically the null hypothesis for520

tests in the human comparative literature, is a substantially less likely outcome than521

very strong correlations. This result will be generalizable to statistics other than522

Pearson’s correlation coefficient.523

Studies of among-group variation in humans using small numbers of sampled524

groups are likely to misinform researchers about the evolutionary causes of among-525

group variation when they use traditional methods. Even in studies that sample more526

groups, we will expect great variance in the estimates of terms modeling relationships527

between traits and hypothesized drivers of natural selection. As our sample is much528

larger and globally representative than is typical, it represents the present best-case529

scenario, and yet our estimates are beset with very high degrees of uncertainty.530

This is not just a concern for studies struck from an ecogeographic approach or531

adaptationist mold. Our results indicate that there is substantial residual variance532

among groups, not all of which may be attributable to natural selection. We know533

that environment can have strong effects on phenotypes related to long bone length534

and other skeletal traits, and the distribution of nutritional status or disease across535

geography may lead to phenotypic variation among groups (Wells and Stock, 2011).536

This poses steep challenges for the study of population structure using quantitative537

traits, which assume that all among-group variance is genetic and assume that all538

deviations from neutrality are attributable to natural selection (Brommer, 2011).539

While the neutral null hypothesis has been used to great effect in building a better540

understanding of human variation in the cranium (Roseman and Weaver, 2007) and541

post-cranium (Betti et al., 2012, 2013) alike, rejecting the null hypothesis probably542

cannot be taken as an indicator that natural selection is uniquely responsible for the543

observed deviation from a neutral expectation.544

We can draw two larger points from all of this. First, if among group trait vari-545

23



ation is substantially the result of genetic variation on groups, then human popula-546

tions are not “natural experiments” (Auerbach, 2007; King, 2010), as their entangled547

prehistories render them non-independent from one another. Bouts of selection in548

ancestral populations, along with the cumulative effects of random genetic drift and549

gene flow, will all shape the variation among groups. Perhaps more importantly,550

however, is the reinforcement of the notion that among-group human phenotypic551

variation is shaped by multiple environmental and evolutionary forces. This is not552

a new idea and it represents the core of a consensus that is coalescing in the field553

(e.g. Lynch, 1990; Relethford and Blangero, 1990; Relethford, 1994; Relethford et al.,554

1997; Harvati and Weaver, 2006; Smith et al., 2007; Wells and Stock, 2011; Auerbach,555

2012; Betti et al., 2012; von Cramon-Taubadel et al., 2013; Betti et al., 2013). In556

combination with this growing body of literature, our results gesture toward the need557

to bind theory and method in an explicit way that allows us to compare complex558

models that reflect the diverse causes of variation.559

Ecogeographic patterns and evolutionary processes560

Ecogeographic patterning of human body form is not entirely attributable to cli-561

nally distributed natural selection. Population structure arising from random genetic562

drift, mutation, and gene flow over human population history plays a role in struc-563

turing among-group morphological differences. The picture of human body form564

variation that we draw from these results is multifactorial, evolutionarily dynamic,565

and population historically contingent.566

Our results here do not overturn the previous notion that natural selection moti-567

vated by climate influences human body form (Hiernaux and Froment, 1976; Roberts,568

1978; Trinkaus, 1981; Ruff, 1991), If anything, we add strength to and round out these569

claims by showing that they are probably not entirely the product of random genetic570

24



drift and gene flow. The distal elements of the limbs (radius length and tibia length)571

show signs of being subject to natural selection and population structure alike, such572

that shorter distal elements are associated with latitudes farther from the equator.573

This accords well with adaptive accounts of human body form variation meant to574

explain the apparent conformation of limb proportions to Allen’s rule (Holliday,575

1999; Ruff, 2002). Neither the lengths of the humerus nor the femur show a strong576

relationship with latitude in any model.577

The hypothesis that there is natural selection on bi-iliac breadth as predicted578

by the cylindrical model of Bergmann’s rule (Ruff, 1994) is also supported in our579

results. Both of our estimates of the effect of latitude, however, are much smaller580

than the one arrived at by Ruff (1994), who reported an effect of latitude on bi-iliac581

breadth of 0.78 mm/degree (C.I. [±2s.e.] 0.66 to 0.91) in his mixed sex analysis.582

Reanalysis of the sexes separately yielded estimates of 0.85 mm/degree (C.I. [±2s.e.]583

0.69 to 1.01) for females and 0.74 mm/degree (C.I. [±2s.e.] 0.56 to 0.92) for males584

(reanalyzed using data presented in Ruff 1994, Table 2). Our latitude-only model585

(males only) yielded an estimate of 0.46 mm/degree (C.I. 0.29 to 0.60), and we found586

an estimate of 0.31 mm/degree (posterior C.I. 0.13 to 0.49) for the combined latitude587

and structure model.588

In the case of the latitude-only model, the difference between the two studies589

may be explained by the difference in sample composition, in that our sample draws590

more heavily on the Americas than does Ruff’s (as variance in body breadth is591

smaller in the Americas; see Auerbach (2012)). Strictly speaking, however, this592

should not matter if all populations are independent from one another so long as593

we have roughly similar coverage across latitude, which we do. The much shallower594

slope of the latitude term estimated using the latitude and structure model, on the595

other hand, suggests that Ruff’s estimate is influenced by population structure and596
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sample selection.597

In the case of the femoral head diameter, the latitude-only model shows a strong598

effect of latitude on the distribution of the phenotype, while the combined latitude599

and structure model does not (the posterior C.I. of latitude overlaps zero). This may600

suggest that the observed robust relationship between latitude and femoral head601

diameter (slope = 0.07 mm/degree latitude, r = 0.48. Tables 1 & 2) is an artifact602

of population structure. Conversely, the effect of latitude on radial length is not603

apparent until population structure is taken into account. In these cases, we may be604

more confident that latitude and population structure are not hopelessly confounded.605

This multi-causal and evolutionary dynamic view of the distribution of human606

body form complements recent results in the study of body mass (Foster and Collard,607

2013) and other post-cranial skeletal morphologies (Betti et al., 2012, 2013), which608

suggest that population structure and episodic bouts of selection are important for609

the global distribution of human body form. Betti et al. (2013) showed that there are610

at least regional dependencies of genetic distances estimated from pelvic morphology611

and geographic distances (a proxy for overall genetic distance). Foster and Collard612

(2013) argued that the relationship between body mass and latitude did not hold up613

except when extremes of latitude in the northern hemisphere were included in their614

analysis. This suggests that selection is appreciably strong only at the extremes of615

latitude (and, ostensibly, climatic factors) (as also argued using empirical trait dis-616

tributions by Auerbach (2007)), and that other forces of evolution and environment617

predominate in the remainder of the comparisons.618

Caution is essential, however, in interpreting the results of our analyses. The619

results for the crural index are a good case-in-point, where the population structure620

only model is the best fit despite a substantial apparent effect of latitude in the com-621

bined model (Table 2). Because latitude is distributed in a way that can sometimes622
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be very similar to the distribution of a neutrally evolving trait, it is possible that623

selection and random genetic drift might be highly confounded in some cases. This624

confounding of terms in the model may account for this result rather than a genuine625

lack of effect of latitude. As there is such high evolutionary variance for phenotypic626

characteristics (Rogers and Harpending, 1983; Lynch, 1990), we do not expect it to627

happen all of the time, but it is a concern that we all should carry forward into future628

investigations.629

Put another way, our model assumes that the genetic differences among groups630

were laid out before natural selection acted on the populations. This is most cer-631

tainly an oversimplification given what we know about how humans came to occupy632

the landscape in extremely cold environments during the Pleistocene and Holocene.633

The majority of the genetic variation in humans living in temperate and arctic en-634

vironments is recently derived from a tropical or near-tropical region (Henn et al.,635

2012). Genetic drift and directional selection acting on ancestral populations could636

have occurred at the same time and our present analysis may be affected by this637

omission.638

Implications for modeling the fossil record639

A central conclusion of this study is that the evolution of human body form is640

population historically contingent and partly or entirely stochastic in nature. This641

has a number of implications for the way in which we conceptualize evolutionary642

problems in the hominin fossil record. First among these is the fact that the particular643

history that went into generating modern human variation today is unique and not644

referable to any arbitrary point in the past. When researchers estimate the effects645

of hypothesized causes of natural selection in fossil taxa phenotypes using modern646

humans as a referential model (Ruff, 1991; Holliday, 1995), their estimates may647
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largely reflect this history (Betti et al., 2012, As also shown by). It may not be648

possible to articulate generalizable principles of how human populations respond to649

natural selection in the absence of explicit accounts of population history.650

Hominin evolution and migration have followed the same broad geographic pat-651

tern for various groups (e.g., Homo erectus and Neandertals) in that migrations from652

Africa to areas in higher latitudes are featured more than once in the fossil record653

(Gunz et al., 2009). This could cause a similar entanglement of geographically dis-654

tributed putative drivers of selection in fossil groups as we see in Holocene Homo655

sapiens. Each hominin taxon will be subject to idiosyncratic population histories,656

and correlations between geographic dispersion and selection factors are likely to be657

a regular feature of recent hominin evolution. Moreover, recent studies of ancient658

DNA, for example, suggest population substructure among late Pleistocene hominins659

(Dalen et al., 2012; Meyer et al., 2013). Given that genetic drift shaped the mor-660

phological variation among late Pleistocene groups and humans living today (Weaver661

et al., 2007; Weaver, 2009), we may expect similar effects among fossil hominin groups662

in other phenotypes.663

Referential models have also been extensively used to argue that some traits664

are more useful for reconstructing population and species relationships Smith et al.665

(2007); von Cramon-Taubadel and Smith (2012); Smith et al. (2013). Our results666

suggest that none of the traits examined herein are more reflective of population667

structure than others because the posterior credibility intervals of the estimates of668

the proportion of variance attributable to population structure overlap quite a bit.669

Rogers and Harpending (1983) pointed out that a single completely heritable char-670

acteristic has as much evolutionary information as a single dinucleotide locus, which671

is to say, very little. The conclusion that we draw from the combination of this672

theoretical insight with our empirical result is that there is no good reason to believe673
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that we will be able to identify characteristics that are better for reconstructing phy-674

logeny or population history. Even if some traits were more useful in a given set of675

populations, there is no theoretical reason to suppose that this is a general property676

across all groups we study. In light of this, we conclude that limiting characteris-677

tics for use in phylogenetic or population structural analyses based on criteria from678

comparative studies likely excludes perfectly good data.679

Conclusions680

Our results provide evidence for multifactorial and population historically con-681

tingent evolutionary causes of among-group variation in a range of postcranial phe-682

notypes. We suggest here that modeling natural selection in terms of a cline that683

can be represented by a regression term may not be appropriate. Drawing on the684

entanglement of latitude and population history evident in our results, we may profit685

from building models that are spatially and temporally explicit and include neutral686

forces of evolution and natural selection alike. This has been done in a post hoc687

manner in many studies of human phenotypic evolution to explain deviations from688

natural selection-based models of phenotypic variation in terms of population history689

(e.g. Auerbach, 2012), and to explain deviations from neutral models in terms of690

natural selection (Roseman and Weaver, 2004). The theoretical and methodological691

foundations of this synthesis are already available in evolutionary biology (Hansen,692

1997; Hansen et al., 2008). Our study advocates for the great potential of bringing693

these approaches into biological anthropology, and adding the assets of functional694

morphological, molecular, archaeological, and paleontological approaches to bear on695

the study of hominin evolution.696
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Figure captions997

Figure 1998

Plots of phenotypic states vs. latitude demonstrating the theoretical underpin-999

nings of two evolutionary models used in this study. Figure 1A (left side graph)1000

represents a clinal model for trait variation among human groups that is motivated1001

by natural selection as a linear function of absolute latitude. Stabilizing selection1002

(represented by the arrows) maintains each group at a latitudinally appropriate op-1003

timum. In contrast, Figure 1B (right side graph) represents trait variation among1004

groups geographically apportioned due solely to random genetic drift along a popu-1005

lation history represented by a phylogenetic tree. The similarities in the geographic1006

distribution of the groups and their relatedness led to among-group differences being1007

latitudinally structured from random genetic drift alone.1008

Figure 21009

Map of geographic locations of sampled groups used in this study. Open boxes in-1010

dicate the morphological sample. In some instances, squares represent the geographic1011

mean of more than one proximate site. Crosses indicate the sites used from the mi-1012

crosatellite DNA data set (sampled from Pemberton et al., 2013). Supplementary1013

Table 1 contains a list of names and geographic coordinates of the samples.1014

Figure 31015

A density plot of the distribution of Pearson’s correlations between absolute lat-1016

itude and simulated neutrally evolving phenotypes. The dashed grey line represents1017

the results of simulations involving 121 random draws from an ordinary normal dis-1018

tribution in each iteration. The solid grey line represents results of draws from a1019
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multivariate random normal distribution from the relationship matrix used as a ran-1020

dom effect in the analysis of phenotypes in this study. The black line line represents1021

the results using multivariate random normals with a subset of 14 groups, 7 from1022

Africa and 7 from Europe. Each distribution is made from 10,000 iterations of their1023

respective simulations.1024

45



A B





-1.0 -0.5 0.0 0.5 1.0

0
1

2
3

4
Random correlations with latitude

Pearson's correlation

D
en
si
ty



T
a
b
le

1
.

C
or

re
la

ti
on

s
of

m
or

ph
ol

og
ic

al
tr

ai
ts

w
it

h
ea

ch
ot

he
r

an
d

w
it

h
la

ti
tu

de
.

U
pp

er
ri

gh
t

tr
ia

n-
gl

e:
P
ea

rs
on

’s
pr

od
uc

t
m

om
en

ts
.

Lo
w

er
le

ft
tr

ia
ng

le
:

95
%

co
nfi

de
nc

e
in

te
rv

al
s

of
P
ea

rs
on

’s
pr

od
uc

t
m

om
en

t.
A

bb
re

vi
at

io
ns

:
B

i-i
lia

c
br

ea
dt

h
–

B
IB

;
fe

m
or

al
he

ad
di

am
et

er
–

F
H

D
;

hu
m

er
us

le
ng

th
–

H
M

L;
ra

di
us

le
ng

th
–

R
M

L;
fe

m
ur

le
ng

th
–

F
M

L;
ti

bi
a

le
ng

th
–

T
M

L;
br

ac
hi

al
in

de
x

–
B

ra
c.

;c
ru

ra
l

in
de

x
–

C
ru

r;
an

d
la

ti
tu

de
–

LA
T

.

B
IB

F
H

D
H

M
L

R
M

L
F
M

L
T

M
L

B
ra

c.
C

ru
r.

LA
T

B
IB

0.
65

0.
37

0.
25

0.
33

0.
22

-0
.1

7
-0

.1
7

0.
49

F
H

D
0.

59
–0

.7
1

0.
54

0.
34

0.
54

0.
30

-0
.3

3
-0

.4
7

0.
48

H
M

L
0.

23
–0

.5
1

0.
45

–0
.6

3
0.

82
0.

88
0.

81
-0

.1
3

0.
02

0.
12

R
M

L
0.

09
–0

.4
1

0.
20

–0
.4

8
0.

80
–0

.8
4

0.
85

0.
90

0.
40

0.
32

-0
.1

6
F
M

L
0.

19
–0

.4
7

0.
45

–0
.6

3
0.

87
–0

.8
9

0.
84

–0
.8

6
0.

91
0.

04
-0

.0
0

0.
07

T
M

L
0.

05
–0

.3
9

0.
15

–0
.4

5
0.

79
–0

.8
3

0.
89

–0
.9

1
0.

90
–0

.9
2

0.
27

0.
41

-0
.2

0
B

ra
c.

-0
.3

4–
0.

00
-0

.4
7–

-0
.1

9
-0

.3
1–

0.
05

0.
27

–0
.5

3
-0

.1
4–

0.
22

0.
11

–0
.4

3
0.

54
-0

.5
0

C
ru

r.
-0

.3
4–

0.
00

-0
.5

8–
-0

.3
6

-0
.1

6–
0.

20
0.

17
–0

.4
7

-0
.1

8–
0.

18
0.

28
–0

.5
4

0.
45

–0
.6

3
-0

.6
3

LA
T

0.
38

–0
.6

0
0.

37
–0

.5
9

-0
.0

6–
0.

30
-0

.3
3–

0.
01

-0
.1

1–
0.

25
-0

.3
7–

-0
.0

3
-0

.6
0–

-0
.4

0
-0

.7
0–

-0
.5

6



Table 2: Model fit summaries for morphological traits. D.I.C. values for models with the best
fit for each trait are in bold. The “Latitude” column gives the fixed effect estimate as a slope.
“Structure” is the proportion of variance attributable to population structure. Posterior modes
and 95% credibility intervals (C.I.) for each model are indicated in parentheses.

Trait Model DIC Latitude (C.I.) Structure (C.I.)
Bi-iliac breadth Latitude 908.5 0.46 (0.29 – 0.60)

Structure 849.7 0.68 (0.44 – 0.79)
Latitude & structure 847.5 0.31 (0.13 – 0.49) 0.58 (0.33 – 0.76)

Femoral head Latitude 477.2 0.07 (0.05 – 0.09)
Structure 450.7 0.57 (0.33 – 0.71)
Latitude & structure 456.2 0.03 (-0.01 – 0.06) 0.50 (0.20 – 0.66)

Humeral length Latitude 930.5 0.11 (-0.06 – 0.25)
Structure 894.1 0.46 (0.28 – 0.76)
Latitude & structure 894.1 -0.07 (-0.27 – 0.13) 0.54 (0.28 – 0.75)

Radial length Latitude 888.1 -0.11 (-0.25 – 0.01)
Structure 843.2 0.60 (0.38 – 0.82)
Latitude & structure 835.8 -0.20 (-0.36 – -0.04) 0.70 (0.41 – 0.82)

Femoral length Latitude 1030.0 0.10 (-0.14 – 0.32)
Structure 995.1 0.58 (0.26 – 0.76)
Latitude & structure 993.1 -0.16 (-0.46 – 0.13) 0.56 (0.27 – 0.77)

Tibial length Latitude 1009.9 -0.24 (-0.46 – -0.03)
Structure 970.2 0.63 (0.33 – 0.84)
Latitude & structure 964.3 -0.38 (-0.66 – -0.13) 0.60 (0.34 – 0.82)

Brachial index Latitude 438.5 -0.06 (-0.08 – -0.04)
Structure 411.4 0.61 (0.35 – 0.81)
Latitude & structure 407.0 -0.05 (-0.07 – -0.02) 0.42 (0.18 – 0.75)

Crural index Latitude 380.8 -0.07 (-0.09 – -0.05)
Structure 338.4 0.71 (0.50 – 0.89)
Latitude & structure 351.8 -0.05 (-0.07 – -0.03) 0.46 (0.19 – 0.71)



TABLE S1. Summary data for groups used to calculate phenotypic and genotypic variation.!!!!

!
a Phenotypic group names presented here reflect the general region or population name when possible, though for archaeological sites these names reflect specific sites, time periods, and/or ascribed names for past groups. Additional information about these data may be found in Ruff (1994), Holliday (1995), Auerbach and Ruff (2004), and Auerbach (2007), as well as online at http://web.utk.edu/~auerbach/GOLD.htm.!!
b Genotypic group names are those provided by Pemberton et al. (2013). Groups were matched as closely as possible based on geographic and linguistic similarities.!!
c These numbers correspond with microsatellite group data presented in Pemberton et al. (2013).!!
d This is the maximum total number of males used from each sample. Please note that fewer individuals were measured for some dimensions, depending on preservation and the availability of skeletal remains.!!
e Latitudes and longitudes are approximate based on available provenience records. In the case of samples comprised of multiple sites, these are averaged latitudes and longitudes.!!
f Data sources for phenotypic data came from four sources: ADS, Auerbach’s American Data Set; GDS, Auerbach’s Goldman Data Set; CBR, data provided by Christopher Ruff; TWH, data provided by Trenton Holliday.

Phenotypic group 
namea

Name of genotypic 
group(s) matchedb

Pemberton et al. 
(2013) data match c N d Phenotypic group 

latitudee
Phenotypic group 

longitudee Data sourcef
Bi-iliac breadth (mm) Femoral head diameter (mm) Humerus maximum length Radius maximum length Femur maximum length Tibia maximum length

Median brachial index Median crural index
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

San San, !XunKxoe 494, 1274 15 -27.22 23.20 GDS, TWH 214.8 14.5 39.68 2.54 292.45 18.97 228.02 14.83 424.91 23.90 356.67 22.15 78.27 84.01

Uganda Sukuma, TutsiHutu 1193, 1249 12 0.31 32.59 CBR 241.4 15.3 42.57 2.24 333.67 13.64 265.83 11.68 474.38 17.64 408.00 19.83 79.73 85.76

Biaka Pygmy
MbutiPygmy, Bedzan, 
Bakola, Baka, 
BiakaPygmy

488, 489, 1112, 1113, 
1114 8 2.20 13.30 GDS, TWH 219.4 17.4 37.72 3.29 276.56 26.83 212.25 24.08 377.03 40.58 320.97 37.71 75.94 85.20

West Africa
Yoruba, Bassange, 
Igbo, Igala, Gwari, 
Hausa-Nigeria, Ashanti, 
Brong, Wimbum

465, 1159, 1185, 1186, 
1187, 1188, 1189, 1206, 

1207, 1254
16 8.96 4.84 TWH 233.5 14.6 43.44 2.31 317.44 9.75 258.56 11.47 456.16 10.39 388.38 15.60 81.27 84.57

Kikuyu
Kikuyu, Mbugwe, Turu, 
Sandawe, Burunge, 
Rangi

1102, 1104, 1105, 1106, 
1107, 1229 15 0.00 36.83 CBR 241.9 15.9 43.93 2.90 327.47 19.27 258.73 14.53 458.84 34.47 391.40 31.74 78.75 84.55

Nubia Shilook, Nyimang, Nuer, 
Dinka 1191, 1268, 1269, 1270 37 23.18 32.74 GDS, TWH 255.8 13.9 44.13 3.13 313.41 19.69 245.50 15.88 438.62 27.51 375.66 26.78 78.76 85.35

Kerma BejaBanuamir 1190 32 19.60 30.41 GDS, TWH 257.0 13.7 44.25 3.33 324.75 20.32 256.75 17.05 467.53 29.02 395.42 26.58 79.10 84.18

Egypt Palestinian, Temani, 
Bedouin 36, 38, 1280 83 30.01 31.20 GDS, TWH 257.5 14.2 44.39 2.58 315.23 17.65 247.37 14.65 447.21 23.43 376.72 21.86 78.35 83.75

Iron Age Italy Tuscan 29 13 43.53 10.32 GDS 272.3 17.0 45.42 2.38 313.10 18.83 234.40 14.71 433.23 36.06 358.30 26.47 75.00 82.46

Sicily Italian 27 19 37.08 15.29 GDS 255.6 12.7 44.70 3.03 308.41 15.10 234.21 13.94 428.80 20.90 360.21 22.60 75.66 84.28

Russia Russia 22 32 56.86 47.49 GDS 263.1 18.5 47.26 2.60 322.18 17.05 239.70 11.40 439.63 24.13 357.06 22.19 75.07 80.76

Orkney (Newark Bay) Orcadian 20 20 58.98 -2.96 GDS, TWH 273.4 14.2 45.47 3.65 315.72 19.63 242.73 16.92 445.57 28.18 355.93 18.71 76.24 79.89

Medieval France French 25 25 48.86 2.35 GDS, TWH 272.9 13.5 46.08 2.81 316.05 16.38 238.98 14.77 444.57 21.85 368.81 21.02 75.04 82.80

Belgium
Orcadian, Adygei, 
Russian, Basque, 
French, Italian, 
Sardinian, Tuscan

20, 21, 22, 23, 24, 25, 
26, 27, 28, 29 25 50.39 3.95 GDS 274.9 17.2 47.29 3.91 320.61 21.15 241.19 12.46 447.80 28.62 369.32 26.16 75.38 81.80

Austria
Orcadian, Adygei, 
Russian, Basque, 
French, Italian, 
Sardinian, Tuscan

20, 21, 22, 23, 24, 25, 
26, 27, 28, 29 48 48.37 16.30 GDS 272.8 15.5 45.78 3.41 317.06 19.63 244.38 16.11 442.88 26.71 367.15 21.62 77.11 82.83

Bavaria
Orcadian, Adygei, 
Russian, Basque, 
French, Italian, 
Sardinian, Tuscan

20, 21, 22, 23, 24, 25, 
26, 27, 28, 29 102 48.84 11.72 GDS, TWH 276.9 18.7 47.60 3.13 330.14 18.95 250.14 14.82 465.07 27.04 382.66 25.16 75.94 82.22

Hungary
Orcadian, Adygei, 
Russian, Basque, 
French, Italian, 
Sardinian, Tuscan

20, 21, 22, 23, 24, 25, 
26, 27, 28, 29 23 47.47 19.05 GDS 262.7 14.5 47.05 2.53 324.07 15.23 239.81 12.44 442.95 21.78 356.80 18.24 74.48 80.59

Poland
Orcadian, Adygei, 
Russian, Basque, 
French, Italian, 
Sardinian, Tuscan

20, 21, 22, 23, 24, 25, 
26, 27, 28, 29 24 52.23 21.01 GDS 275.6 15.4 48.46 2.71 330.64 19.79 245.55 15.90 455.47 30.97 366.40 28.49 74.06 80.46

Bohemia
Orcadian, Adygei, 
Russian, Basque, 
French, Italian, 
Sardinian, Tuscan

20, 21, 22, 23, 24, 25, 
26, 27, 28, 29 22 50.20 14.25 TWH 277.0 12.3 48.65 2.04 327.59 17.43 246.90 13.34 458.19 20.35 378.81 20.61 75.62 82.59

Bosnia
Orcadian, Adygei, 
Russian, Basque, 
French, Italian, 
Sardinian, Tuscan

20, 21, 22, 23, 24, 25, 
26, 27, 28, 29 48 42.71 19.37 TWH 278.5 16.2 49.03 2.50 328.65 17.29 247.25 11.75 463.87 23.40 385.52 22.34 75.38 83.04

Iron Age England
Orcadian, Adygei, 
Russian, Basque, 
French, Italian, 
Sardinian, Tuscan

20, 21, 22, 23, 24, 25, 
26, 27, 28, 29 24 50.71 2.47 GDS 276.7 16.2 47.53 2.69 326.56 16.50 246.29 15.10 450.81 24.98 367.79 23.36 75.50 81.38

Medieval England
Orcadian, Adygei, 
Russian, Basque, 
French, Italian, 
Sardinian, Tuscan

20, 21, 22, 23, 24, 25, 
26, 27, 28, 29 18 50.70 -2.45 GDS 266.4 13.2 45.72 3.12 313.81 20.49 237.11 16.16 435.84 25.20 357.68 22.08 76.14 82.04

Ireland
Orcadian, Adygei, 
Russian, Basque, 
French, Italian, 
Sardinian, Tuscan

20, 21, 22, 23, 24, 25, 
26, 27, 28, 29 20 53.34 -6.26 GDS 271.9 18.9 47.64 2.80 329.30 19.79 243.28 15.62 457.85 25.46 368.04 22.84 73.44 80.58

PaleoAleut TundraNentsi 690 13 52.93 -170.13 ADS 276.9 10.1 46.09 1.57 306.54 21.14 236.33 10.46 422.77 21.83 343.46 17.19 76.62 80.69

NeoAleut TundraNentsi 690 37 53.03 -170.46 ADS 263.0 13.4 45.47 2.09 302.09 18.68 230.11 13.72 415.51 26.41 336.09 22.25 76.35 80.91

Ikogmuit TundraNentsi 690 29 62.22 -160.35 ADS 264.9 16.2 45.73 2.26 313.28 16.84 233.94 13.79 425.53 26.41 348.53 22.23 74.14 81.86

Kuskowagamiut TundraNentsi 690 14 61.33 -159.87 ADS 265.1 14.0 45.91 2.22 307.84 12.17 230.10 8.62 422.89 15.79 333.18 12.03 74.37 78.80

Point Barrow TundraNentsi 690 16 71.39 -156.48 ADS 275.3 14.2 46.77 2.10 306.86 14.72 231.07 13.15 431.39 20.07 352.00 21.45 75.32 81.13

Point Hope TundraNentsi 690 41 68.34 -166.80 ADS 278.0 12.3 46.57 2.31 303.14 17.17 227.67 12.77 425.95 25.92 347.40 22.72 75.17 82.04

Western Hudson Bay TundraNentsi 690 14 63.11 -91.19 ADS 274.0 19.0 47.81 3.40 306.80 10.22 226.39 10.71 434.88 14.22 352.82 10.16 73.54 80.80

Antler Plain Cree 812 15 49.17 -100.02 ADS 285.1 18.9 47.75 1.61 328.50 20.48 260.12 15.58 463.79 17.29 387.84 23.15 80.01 83.37

Donaldson Site Ojibwa 813 5 44.50 -81.26 ADS 295.9 8.3 47.26 2.32 350.85 7.89 274.20 9.67 490.00 15.54 413.75 14.62 78.46 84.57

Red River Caddo Chipewyan, Cree, 
Ojibwa 811, 812, 813 11 35.41 -90.75 ADS 284.3 16.2 46.94 3.00 334.98 18.58 259.80 16.28 462.61 24.31 389.80 22.51 77.19 83.92

Black River Caddo Chipewyan, Cree, 
Ojibwa 811, 812, 813 11 32.34 -91.81 ADS 273.7 18.6 46.40 1.85 322.28 8.18 252.36 10.68 450.84 17.84 374.18 15.18 78.97 83.72

Bear, Creek and Jones 
Sites

Chipewyan, Cree, 
Ojibwa 811, 812, 813 15 38.13 -121.71 ADS 287.3 14.9 46.80 1.67 323.16 13.21 252.57 12.75 463.71 16.43 385.73 14.93 78.97 83.46

Blossom Site Chipewyan, Cree, 
Ojibwa 811, 812, 813 20 38.24 -121.45 ADS 280.4 14.1 47.33 2.77 324.79 16.38 257.15 13.59 457.51 24.18 383.49 21.57 78.86 83.47

La Jolla Chipewyan, Cree, 
Ojibwa 811, 812, 813 11 32.52 -117.20 ADS 285.5 0.7 44.58 2.50 305.89 11.84 238.07 10.62 438.41 21.79 361.79 16.08 79.11 84.06

North Channel Islands Chipewyan, Cree, 
Ojibwa 811, 812, 813 12 33.87 -119.51 ADS 260.7 12.2 45.30 1.69 310.38 12.90 245.88 12.04 432.92 16.03 363.54 13.32 78.77 83.63

South Channel Islands Chipewyan, Cree, 
Ojibwa 811, 812, 813 6 33.25 -119.50 ADS 259.8 8.1 43.57 2.38 306.75 13.30 236.44 8.34 427.55 11.77 362.75 6.84 77.72 84.14

Cook Site Chipewyan, Cree, 
Ojibwa 811, 812, 813 15 38.36 -121.98 ADS 277.2 13.7 46.34 2.06 322.89 12.95 250.62 12.57 456.77 15.91 384.50 19.67 77.12 84.52

Tulamniu Chipewyan, Cree, 
Ojibwa 811, 812, 813 6 35.09 -119.45 ADS 265.2 5.3 44.17 2.63 319.33 16.36 244.17 13.37 440.00 24.21 372.08 15.34 76.02 84.43

Eillis Landing Chipewyan, Cree, 
Ojibwa 811, 812, 813 12 37.93 -122.40 ADS 277.1 14.1 47.45 2.85 312.69 12.49 246.25 12.94 446.10 18.30 370.00 16.52 78.81 83.11

Sacramento River 
Valley Sites

Chipewyan, Cree, 
Ojibwa 811, 812, 813 8 38.43 -121.50 ADS 269.1 19.3 45.63 3.78 322.29 24.71 253.29 20.04 447.09 35.16 378.00 32.98 78.61 84.67

Karlo Chipewyan, Cree, 
Ojibwa 811, 812, 813 2 40.55 -120.31 ADS 278.0 45.53 0.19 314.50 9.19 247.75 7.42 448.38 20.68 368.75 12.37 78.78 82.27

Mustang Mound Chipewyan, Cree, 
Ojibwa 811, 812, 813 10 38.78 -121.62 ADS 276.9 11.9 47.21 1.14 317.42 18.50 250.00 15.31 448.85 20.00 379.15 17.05 78.31 83.96

Need 1 Site Chipewyan, Cree, 
Ojibwa 811, 812, 813 15 38.29 -121.38 ADS 280.2 14.6 45.78 2.55 317.25 15.98 247.09 13.18 442.60 16.88 375.13 19.92 78.18 84.43

Point Sal Chipewyan, Cree, 
Ojibwa 811, 812, 813 15 34.91 -120.67 ADS 262.7 10.8 44.03 1.50 314.19 10.81 240.86 8.62 427.00 14.43 365.54 19.12 77.85 85.22

Ryan Mounds Chipewyan, Cree, 
Ojibwa 811, 812, 813 40 37.57 -122.03 ADS 269.5 15.2 44.74 2.12 312.88 13.31 243.76 9.37 435.84 16.37 364.88 14.22 77.67 83.77

West Berkeley Chipewyan, Cree, 
Ojibwa 811, 812, 813 7 37.87 -122.28 ADS 281.9 4.5 46.51 2.04 320.32 8.31 249.18 11.39 452.89 15.04 380.00 15.34 78.03 84.08

San Francisco Bay Chipewyan, Cree, 
Ojibwa 811, 812, 813 8 37.71 -122.38 ADS 277.8 16.5 45.64 2.80 312.16 13.08 248.56 13.63 447.09 24.10 373.84 15.75 80.28 83.52

Yuma III Chipewyan, Cree, 
Ojibwa 811, 812, 813 3 32.52 -117.20 ADS 276.5 26.2 46.80 3.33 311.17 19.14 259.75 29.34 439.58 26.17 378.00 20.39 81.04 85.15

Ackmen Chipewyan, Cree, 
Ojibwa 811, 812, 813 7 37.57 -108.79 ADS 269.3 10.0 42.44 2.94 304.29 15.35 240.14 16.43 430.45 25.78 365.20 30.41 77.57 82.66

Bayshore Chipewyan, Cree, 
Ojibwa 811, 812, 813 7 27.82 -82.76 ADS 272.0 43.71 2.29 299.60 4.83 235.67 15.92 415.25 17.33 351.35 13.54 75.75 84.16

Palmer Chipewyan, Cree, 
Ojibwa 811, 812, 813 18 27.21 -82.50 ADS 266.6 15.6 44.94 1.71 317.09 9.47 241.43 10.51 446.30 13.86 373.59 14.84 75.34 82.91

Tick Island Chipewyan, Cree, 
Ojibwa 811, 812, 813 3 29.10 -81.44 ADS 256.0 5.7 45.05 1.46 321.33 5.13 250.17 8.81 430.33 23.44 371.50 20.51 77.98 84.63

Windover Chipewyan, Cree, 
Ojibwa 811, 812, 813 38 28.62 -80.82 ADS 265.4 10.9 44.75 2.38 314.85 16.07 249.84 13.70 448.64 19.19 379.78 16.18 79.23 84.80

Irene Mound Chipewyan, Cree, 
Ojibwa 811, 812, 813 13 32.15 -81.15 ADS 268.6 17.4 44.44 3.71 325.62 20.63 251.81 13.71 451.88 27.75 378.98 15.64 78.29 85.84

Albany Mounds Chipewyan, Cree, 
Ojibwa 811, 812, 813 11 41.79 -90.21 ADS 255.3 10.8 45.45 2.82 328.25 15.40 245.84 20.07 453.15 17.80 377.15 16.16 75.03 83.12

Dickson Mounds Chipewyan, Cree, 
Ojibwa 811, 812, 813 26 40.38 -90.13 ADS 283.0 14.8 46.02 2.08 327.74 12.53 254.72 11.06 457.59 20.41 383.69 19.30 77.94 83.52

West Illinois Hopewell Chipewyan, Cree, 
Ojibwa 811, 812, 813 45 39.07 -90.32 ADS 274.2 15.2 44.88 2.49 323.38 16.84 253.58 13.45 448.72 24.49 379.85 21.01 77.89 84.69

Kuhlman Mounds Chipewyan, Cree, 
Ojibwa 811, 812, 813 8 39.88 -91.44 ADS 270.3 8.9 43.99 1.58 318.28 10.68 246.72 9.04 440.16 13.46 374.63 14.39 78.16 85.45

Modoc Rock Shelter Chipewyan, Cree, 
Ojibwa 811, 812, 813 7 38.05 -90.04 ADS 273.7 21.1 45.30 3.07 324.32 22.76 251.39 16.95 454.04 31.42 391.46 31.27 77.17 85.94

Indian Knoll Chipewyan, Cree, 
Ojibwa 811, 812, 813 31 37.27 -86.98 ADS 258.7 10.8 42.69 2.12 319.28 16.26 246.12 11.33 438.52 21.81 367.71 17.44 76.96 83.73

Maine Chipewyan, Cree, 
Ojibwa 811, 812, 813 6 44.13 -69.24 ADS 263.1 13.2 44.17 2.30 320.25 17.32 245.92 15.46 444.25 26.85 370.17 19.48 76.59 83.56

Massachusetts Bay Chipewyan, Cree, 
Ojibwa 811, 812, 813 12 42.30 -71.01 ADS 263.7 8.5 44.56 2.27 324.92 18.07 257.25 19.08 457.10 26.47 383.40 22.94 79.08 84.11

Winnemucca Lake Chipewyan, Cree, 
Ojibwa 811, 812, 813 3 40.09 -119.32 ADS 48.06 4.96 305.00 247.00 28.99 447.50 31.82 371.63 38.01 74.26 82.95

Delaware Chipewyan, Cree, 
Ojibwa 811, 812, 813 10 41.28 -74.78 ADS 262.2 12.4 45.80 2.04 323.95 13.64 254.39 8.75 456.31 14.01 386.38 13.00 79.18 85.80

Fort Ancient Chipewyan, Cree, 
Ojibwa 811, 812, 813 15 39.42 -84.07 ADS 270.1 10.5 46.98 2.73 325.88 7.79 254.19 8.67 452.32 13.93 381.93 10.79 77.40 84.33

Libben Chipewyan, Cree, 
Ojibwa 811, 812, 813 24 41.51 -83.04 ADS 271.9 17.5 45.89 1.42 333.56 9.44 266.67 12.40 460.90 16.95 392.01 15.49 79.06 84.73

Madisonville Chipewyan, Cree, 
Ojibwa 811, 812, 813 19 39.16 -84.38 ADS 273.0 15.8 46.23 2.23 315.00 14.06 247.66 12.09 447.30 24.33 375.21 22.54 78.40 83.59

Arikara Chipewyan, Cree, 
Ojibwa 811, 812, 813 70 45.16 -100.48 ADS 280.2 13.1 45.95 2.42 318.93 15.48 252.20 11.16 445.85 19.26 381.67 17.64 79.06 85.48

Averbuch Chipewyan, Cree, 
Ojibwa 811, 812, 813 27 36.31 -86.83 ADS 275.4 15.9 46.12 2.43 324.65 14.83 253.38 11.88 450.79 20.74 376.49 18.83 78.24 83.47

Ledbetter Chipewyan, Cree, 
Ojibwa 811, 812, 813 14 35.92 -87.80 ADS 274.6 10.8 44.55 1.53 318.54 10.73 246.14 12.90 443.18 15.21 376.46 10.77 77.52 84.91

Cherry Chipewyan, Cree, 
Ojibwa 811, 812, 813 15 36.14 -88.19 ADS 255.6 11.0 43.54 2.14 316.87 17.91 246.93 16.86 437.48 26.29 369.65 24.73 77.71 84.23

East Tennessee 
Woodland

Chipewyan, Cree, 
Ojibwa 811, 812, 813 11 36.24 -83.55 ADS 268.4 9.9 43.21 3.03 326.48 19.75 250.45 17.74 448.36 29.53 380.61 25.17 77.25 85.19

Eva Chipewyan, Cree, 
Ojibwa 811, 812, 813 17 36.06 -88.00 ADS 254.0 12.3 43.37 2.80 308.22 18.86 242.85 16.31 434.28 26.17 362.53 22.14 78.89 82.83

Hiwassee Island Chipewyan, Cree, 
Ojibwa 811, 812, 813 20 35.43 -85.00 ADS 271.9 13.8 45.37 2.36 322.29 13.88 251.00 10.67 445.64 26.24 370.87 20.95 78.05 82.35

Ledford Island Chipewyan, Cree, 
Ojibwa 811, 812, 813 22 35.43 -84.80 ADS 269.9 13.5 44.25 2.02 321.06 15.28 250.89 9.74 448.60 16.32 375.96 14.46 78.30 83.59

Thompson Village Chipewyan, Cree, 
Ojibwa 811, 812, 813 13 36.41 -88.03 ADS 274.6 12.8 45.01 2.59 312.67 10.93 241.71 10.40 435.17 18.54 363.27 14.46 75.89 83.16

Toqua Chipewyan, Cree, 
Ojibwa 811, 812, 813 18 35.57 -84.18 ADS 271.9 12.9 44.56 2.83 318.93 14.87 242.94 10.63 441.18 16.44 366.22 13.62 75.52 83.07

Caplen Chipewyan, Cree, 
Ojibwa 811, 812, 813 4 29.50 -94.52 ADS 267.5 3.5 43.56 2.44 310.25 13.05 250.67 14.74 434.75 16.58 361.56 8.10 80.12 83.46

Ernest Whitte Chipewyan, Cree, 
Ojibwa 811, 812, 813 8 29.64 -96.72 ADS 244.0 46.74 2.40 327.08 21.13 253.29 16.51 454.40 24.21 370.70 15.25 77.27 83.11

Fox Site Chipewyan, Cree, 
Ojibwa 811, 812, 813 11 30.64 -97.39 ADS 267.3 13.8 45.00 1.60 325.70 12.31 257.18 7.43 455.48 17.30 386.30 16.27 78.31 84.87

Mitchell Ridge Chipewyan, Cree, 
Ojibwa 811, 812, 813 10 29.25 -94.91 ADS 281.8 13.9 45.22 2.99 320.70 14.05 251.20 13.10 455.75 17.67 388.68 17.44 77.91 85.88

Caldwell Village Chipewyan, Cree, 
Ojibwa 811, 812, 813 5 40.52 -110.82 ADS 256.5 19.1 41.21 3.82 309.20 18.13 240.30 13.10 419.50 33.01 355.83 29.54 77.49 86.04

Duna Leyenda Chipewyan, Cree, 
Ojibwa 811, 812, 813 4 37.27 -109.56 ADS 267.8 1.8 43.76 2.22 302.83 9.93 233.67 9.96 416.33 14.36 347.83 13.87 77.38 83.13

Evans Mound Chipewyan, Cree, 
Ojibwa 811, 812, 813 5 38.29 -112.26 ADS 263.0 5.9 44.25 1.40 298.75 6.01 242.19 1.30 417.58 2.65 350.75 8.47 81.27 84.57

Polley-Secrest Site Chipewyan, Cree, 
Ojibwa 811, 812, 813 6 38.57 -109.55 ADS 263.2 12.3 43.50 1.42 301.92 9.54 238.42 8.74 418.88 12.83 358.63 11.19 78.78 85.59

Columbia River Sites Chipewyan, Cree, 
Ojibwa 811, 812, 813 9 48.24 -122.41 GDS 263.8 13.3 45.14 2.26 308.78 16.07 242.42 20.77 424.69 19.70 345.08 20.42 79.81 81.03

Prince Rupert Harbor Chipewyan, Cree, 
Ojibwa 811, 812, 813 41 54.29 -130.32 ADS 276.7 9.8 46.74 2.32 310.49 11.01 241.21 7.61 420.46 15.04 345.41 14.36 77.53 82.30

Nuuchanulth Chipewyan, Cree, 
Ojibwa 811, 812, 813 29 49.42 -124.75 ADS 264.7 12.6 43.96 2.58 307.62 15.64 237.99 11.42 416.54 19.47 342.56 15.51 77.37 82.50

Coast Salish Chipewyan, Cree, 
Ojibwa 811, 812, 813 10 50.51 -121.08 ADS 266.2 10.6 44.29 2.22 304.88 12.33 237.68 10.43 425.50 12.38 349.48 9.69 77.58 82.38

Kwak’waka’wakw Chipewyan, Cree, 
Ojibwa 811, 812, 813 5 50.50 -127.00 ADS 269.8 14.5 42.48 2.97 306.20 11.71 227.50 12.69 398.50 18.29 330.33 7.88 73.97 83.00

Tierra del Fuego Huilliche 834 14 -55.00 -69.15 GDS 271.5 16.8 45.51 3.35 308.04 18.71 243.77 18.04 429.88 26.83 357.50 23.79 78.23 84.39

Canyon del Muerto Pima 87 18 36.18 -109.43 ADS 265.6 16.3 43.78 2.51 309.46 13.16 245.19 13.27 428.46 21.32 367.83 19.27 78.98 85.74

Carter Ranch Pima 87 9 34.55 -109.94 ADS 270.6 12.6 44.31 1.69 315.17 11.87 247.50 8.90 430.47 16.45 370.09 12.01 79.01 86.38

Grasshopper Pueblo Pima 87 27 34.08 -110.66 ADS 264.7 10.0 43.20 2.57 314.84 16.72 245.76 12.40 433.03 21.31 370.69 19.58 77.84 85.64

Kinishba Pima 87 13 33.47 -110.02 ADS 269.0 12.7 42.61 3.22 306.10 19.21 242.13 17.03 430.08 27.42 370.70 29.84 78.85 85.32

Point of Pines & Turkey 
Creek Pima 87 9 33.41 -109.75 ADS 258.7 14.0 42.89 2.52 310.56 13.15 241.28 11.04 428.69 20.96 367.28 20.10 77.81 85.71

Chaco Canyon Pima 87 8 36.06 -107.96 ADS 272.5 13.2 43.33 3.18 313.69 17.79 245.38 14.29 442.43 27.09 372.86 21.97 78.35 83.86

Chamisal Pima 87 7 35.08 -106.47 ADS 261.7 14.5 43.16 2.33 307.75 10.80 240.32 14.75 419.75 28.08 350.58 21.24 77.42 84.62

Gallina Springs Pima 87 8 33.96 -107.08 ADS 270.0 9.5 42.11 2.95 307.56 19.67 238.06 17.46 419.72 22.56 355.46 21.78 77.81 85.29

Hawikuh Pima 87 30 35.07 -108.84 ADS 264.0 10.7 42.14 2.05 303.38 15.39 235.46 13.56 424.83 21.68 357.85 21.12 77.52 84.58

Mimbres Pima 87 9 32.68 -107.94 ADS 266.1 7.7 44.27 1.22 311.39 12.16 243.61 9.76 431.81 13.71 364.56 7.59 78.02 84.62

Paa-Ko Pima 87 14 35.24 -106.21 ADS 272.6 12.5 43.65 2.21 317.13 9.78 241.92 11.30 434.90 20.12 365.31 15.99 77.12 84.82

Pottery Mound Pima 87 24 34.74 -106.93 ADS 263.5 10.0 42.37 2.05 304.33 12.16 238.01 9.89 423.74 17.02 359.34 15.84 78.16 85.07

Puye Pima 87 17 36.93 -106.16 ADS 264.8 16.6 41.35 2.69 302.09 12.93 232.78 11.40 419.65 21.19 352.87 22.41 77.17 83.62

Glenn Canyon Pima 87 42 37.76 -110.47 ADS 267.6 12.3 43.60 2.21 312.84 12.03 246.95 11.43 435.31 17.13 374.20 17.45 78.75 86.00

Peten Maya 86 10 16.47 -90.52 ADS 272.3 8.6 44.70 2.76 318.97 19.46 240.97 12.38 436.06 29.57 368.47 24.04 78.00 84.49

Ancon Quechua 838 28 -11.79 -77.18 ADS, GDS 269.2 13.9 46.09 2.82 300.15 10.91 233.71 10.67 416.72 15.74 353.70 17.67 78.09 84.64

Cuzco Quechua 838 9 -13.53 -71.97 GDS 275.8 9.0 43.39 2.22 306.61 15.66 238.53 12.87 414.44 17.80 351.69 15.92 78.02 84.95

Aramburu Aymara 833 4 -12.08 -77.10 ADS 270.8 11.7 44.19 3.07 301.44 11.64 234.56 8.81 405.50 23.54 342.08 21.34 78.52 85.58

Nazca Valley Aymara 833 10 -14.84 -74.98 ADS 274.4 26.2 45.02 2.10 308.40 17.91 241.32 15.43 422.88 17.13 364.48 19.95 78.26 86.45

Canete Valley Aymara 833 7 -13.01 -76.45 ADS 44.08 1.51 286.11 12.63 224.70 10.99 410.18 19.07 342.00 17.18 80.25 83.01

Toba Ache 836 16 -27.43 -58.98 GDS 262.2 18.1 46.12 2.85 315.94 13.70 252.14 11.90 444.14 27.86 371.13 19.60 80.04 83.91

Ayalán TicunaArara, 
TicunaTarapaca 845, 846 4 -2.57 -80.18 GDS, ADS 245.0 43.62 1.49 306.56 13.90 242.50 7.40 426.31 11.00 359.50 13.85 80.20 84.65

Edo Period Japan Japanese 684 32 35.01 135.77 GDS 256.1 14.3 45.40 2.23 296.01 10.53 227.22 9.94 415.03 16.90 336.47 14.62 76.63 81.01

Jomon Japanese 684 25 34.68 137.28 GDS 256.4 12.7 43.96 2.36 283.37 11.57 232.02 7.72 411.96 17.05 344.56 16.09 82.00 83.46

Australia Australian 1222 19 -25.27 133.77 GDS 249.1 10.5 43.78 2.18 318.92 15.76 249.25 15.90 446.43 25.68 377.29 27.52 78.45 84.15

Tasmania Australian 1222 1 -41.36 146.62 GDS 250.0 38.75 283.25 230.25 421.50 349.25 81.29 82.86

Solomon Island Saposa, Teop, Aita, 
Nasioi 1033, 1034, 1035, 1037 4 -9.72 160.12 GDS 234.4 11.5 40.14 1.65 317.19 9.70 251.94 11.64 438.25 26.43 378.06 24.59 78.23 86.16
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